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Women Chemists in France in 2024

Guest Editor

Janine Cossy studied at the Université Champagne-
Ardenne in Reims, where she completed her PhD
in photochemistry under the supervision of Profes-
sor Jean-Pierre Pete. After a two-year post-doctoral
stay with Professor Barry M. Trost, at the University
of Wisconsin (USA), she returned to Reims where, in
1990, she became Director of Research at the CNRS.
The same year, she was appointed Professor of Or-
ganic Chemistry at the ESPCI Paris. Janine Cossy’s
research focuses on the synthesis of natural prod-
ucts and biologically active molecules (mainly with
anti-tumor and anti-inflammatory properties) and
on the development of selective synthetic methods
in a variety of fields (photochemistry, radical chem-
istry, rearrangements, organometallic couplings, en-
zymatic reactions, etc.). Currently, her work is fo-

ISSN (electronic): 1878-1543

Janine Cossy

cused on green chemistry, where she is develop-
ing catalytic synthetic methods using low-pollution
reagents.

Her research work has resulted in over 560 pub-
lications and 18 patents. She was elected to the
Académie des Sciences in 2017 and to the Académie
nationale de pharmacie in 2022. She was President
of the Organic Chemistry Division of the SFC (now
SCF), a member of the Organic and Biomolecular
Chemistry Division at IUPAC. She was associate edi-
tor of Organic Letters (ACS) and she is currently asso-
ciate editor of Tetrahedron and associate editor of the
Chimie edition of the Comptes rendus de I'’Académie
des sciences (a.k.a. Comptes Rendus. Chimie). She
is the co-founder of two companies, CDP-Innovation
and Acanthe Biotech.
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Foreword

Women Chemists in France in 2024

A Collection of Articles Highlighting Women

Chemists in France in 2024

Janine Cossy ®

Women in science are achieving groundbreaking
research across the world. But despite their involve-
ment, their dedication to research, and their discov-
eries, women still represent only around 33% of re-
searchers, and less than 4% of Nobel Prizes for sci-
ence have been awarded to women. In addition, only
11% of senior research roles are held by women in Eu-
rope. Their work rarely gains the recognition it de-
serves.

However, different institutions and organizations
are fighting to encourage women to take a scientific
career, to recognize their merits in sciences (IUPAC,
L'Oreal, UNESCO, UN etc.) and to advocate the cause
of women in science. We can cite Audrey Azoulay,
General Director of the United Nations Educational
Scientific and Cultural Organization, who said “by
advancing the cause of women, we can drive progress
in science”.

If, in 2024, we still have special prizes to help
empower more women scientists and to recognize
women’s scientific excellence, this means that we
still have a lot of work to do to reach gender equal-
ity and to encourage young girls to pursue a sci-
entific career. Women scientists still need to fight
to be judged purely on the merit of their discover-
ies and the potential of their work to change the
world.

ISSN (electronic): 1878-1543

In this context, the editorial board of the Compte
Rendus Chimie of the Academy of Sciences has de-
cided to have a special issue to highlight the scientific
achievements of women chemists in France in dif-
ferent areas of chemistry and to encourage younger
generations to pursue careers in chemistry. This is-
sue brings together 12 outstanding contributions in
different fields of chemistry.

In 2025, a second issue is planned and we do hope
that the Compte Rendus of the Academy of Sciences
will act as spokespersons for women scientists in
France in various fields.

For this 2024 special issue, I would like to thank
P Braunstein for enthusiastically accepting my pro-
posals, Justine Fabre and Julien Desmarets for all
their help and advice in producing this special issue.
Thanks also to all the authors and co-authors for their
willingness to take part in the adventure. I hope that
this special issue will be a source of inspiration for
readers and that it will lead to new collaborations.

Janine Cossy

ESPCI Paris

PSL University
France
janine.cossy@espci.fr

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

Women Chemists in France in 2024

Nucleophilic addition to carbonyl groups from
qualitative to quantitative computational studies.
A historical perspective

Odile Eisenstein ®%?

“1CGM Université de Montpellier, CNRS, ENSCM, Montpellier, France

b Department of Chemistry and Hylleraas Center for Quantum Molecular Science
0315 University of Oslo, Norway

E-mail: odile.eisenstein@umontpellier.fr

Abstract. Nucleophilic addition to carbonyl groups is one of the most important reactions in organic
synthesis. In the case of a prochiral carbonyl group, the preference for the addition of a nucleophile
to one face of the 7t system leads to unequal amounts of the two possible diastereoisomers. The
mechanism of this reaction for various nucleophiles (especially the early main group hydride and
the Grignard reagents) and the various noncyclic and cyclic aldehydes or ketones has fascinated
computational chemists for nearly 40 years. This article describes the research that has been done
on this topic, the incentive for the present author being that she started her research with this topic
and is returning to it in recent years.

Keywords. Reaction mechanism, Stereochemistry, Nucleophile, Carbonyl, Computational chemistry,
Analysis of intramolecular interactions.

Funding. French National Center for scientific Research (CNRS), Center of Excellence Hylleraas Center
for Quantum Molecular Science (Grant 262695), Pioneer Research Grant MetalSynergy (Grant 314009),
Norwegian Supercomputing Program (NOTUR) (Grant NN 4654K).

Manuscript received 27 January 2024, revised 1 February 2024 and 7 February 2024, accepted 7 Febru-
ary 2024.

1. Introduction chemistry”. The prize was shared with Paul Sabatier

for the discovery of the hydrogenation reaction in

Nucleophilic addition to wunsaturated organic
molecules is an essential reaction for the formation
of new bonds and, in particular new carbon—carbon
bonds. It has been a key reaction in organic synthesis
since Victor Grignard discovered the so-called Grig-
nard reagent in 1900. This groundbreaking achieve-
ment, published in a concise two-page single-
author communication in the ‘Comptes-Rendus de
I’Académie des sciences’ [1] earned Grignard the No-
bel Prize in 1912. The citation reads “for his discovery
that has greatly advanced the progress of organic

ISSN (electronic): 1878-1543

presence of metal [2]. The discovery of the Grignard
reaction is described in detail together with the au-
thor’s life in a review article by Bram et al. published
in 1997 [3].

Subsequently, numerous methods of forming
new bonds have been discovered and studied using
both experimental and various theoretical meth-
ods. This short review aims to outline a subset of
this extensive body of research. Specifically, it fo-
cuses on describing the theoretical studies related
to the reaction mechanism of nucleophilic addition

https://comptes-rendus.academie-sciences.fr/chimie/
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to carbonyl groups and to the understanding of its
stereoselectivity, a very important aspect of this re-
action. Given the importance of the topic, consid-
erable work was done. Therefore, this review gives
the opportunity to illustrate the evolution of compu-
tational methods applied to reaction mechanism in
organic chemistry. It is remarkable that the earlier
studies using very simple computational methods
and models were able to capture the essence of this
reaction. Recently, computations with elaborated
methods have provided information that could not
be obtained from experiments. Moreover, this reac-
tion is of particular interest to the author as it was the
subject of her early research and she has returned to
it in the most recent years. A fuller description of this
author’s scientific work, with a different focus than
this article, can be found in a Perspective article [4].

2. Directionality of the nucleophilic addition
from crystal structures and early calcula-
tions

2.1. Biirgi-Dunitz reaction path and Felkin-Anh
rule

In the mid-1970s, Hans-Beat Biirgi and Jack Dunitz
proposed to use a structure correlation method, ex-
tracted from the Cambridge data base, to obtain in-
formation about the molecular potential energy hy-
persurface which is itself informative about chemi-
cal reaction dynamics [5]. The basic assumption is
that the observed structures tend to concentrate on
the low-lying regions of the potential energy surface.
This also implies that the crystalline environment has
little influence on the molecular structure. By collect-
ing a series of related species and by looking for cor-
relations between the relevant structural parameters,
Biirgi and Dunitz established the pathways for sev-
eral reactions, namely the nucleophilic substitution,
the nucleophilic addition to an aldehyde or a ketone,
and the Berry rotation on phosphorus. The same
method was later used by Crabtree et al. to propose
the pathway for C-H bond activation by an unsat-
urated metal complex [6]. This input, derived from
crystal structures, is very useful although it was only
applied to few reactions.

The nucleophilic addition of an amine to a car-
bonyl group was studied by looking at the relative ar-
rangement of the amino and carbonyl groups in the

\ ':oz
1
1

R1|||III|---C O
R

Figure 1. Structural variables used by Biirgi
and Dunitz to define the reaction path of the
nucleophilic addition to a carbonyl group [5,7].

crystal structures of 14 molecules and by showing the
correlation between the N(amino)- - -C(carbonyl) dis-
tance and the N---C=0 angle (Figure 1) [7].

This study suggested that the amino group ap-
proaches the carbonyl group from the back of the
molecule (@ > 90°). This trajectory was later con-
firmed by ab initio calculations performed by Lehn
and Wipff et al. [8,9]. The theoretical model was
incredibly simple. The nucleophile was an isolated
hydride and the substrate was formaldehyde, with
all species in the gas phase. Optimization of the
whole system using the Hartree-Fock method and
a small basis set (the state of the art at the time)
for different distances between the hydride and the
carbon mirrored the path established by the crystal
structures.

This first computational study identified the most
important feature of the nucleophilic addition to a
carbonyl group, namely that the nucleophile does
not add perpendicularly to the C=0 bond. This fea-
ture was important because it provided information
about the short contacts that could occur during the
addition. Indeed, this pathway contributed to a more
robust interpretation of 1,2-asymmetric induction.
The preferred face for the addition of a nucleophile
to an aldehyde or a ketone, bearing an a chiral car-
bon (with small S, medium M and large L or polar X
substituents), has been a topic of great interest for or-
ganic synthesis. Several empirical rules, proposed by
Cram, Cornforth, Karabatsos and Felkin, have been
used to rationalize the formation of the major di-
astereoisomer. In these models, the nucleophile pref-
erentially attacked the less hindered face of the car-
bonyl with a given conformation of the chiral car-
bon. The problem was that each author had chosen
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Figure 2. Cram-Cornforth, Karabatsos and Felkin models for the nucleophilic addition to an « substi-
tuted carbonyl compound. Only the approach leading to the major diastereoisomer is shown. The nucle-
ophile is represented by a circle with 2 orange dots. The a angle is shown to be equal to 90° as assumed
in the original models. In the calculations R = H, X = Cl, L = CH,CH3, M = CH3, S = H, the nucleophile is
H™, 0 was rotated by 30° steps and a was optimized for each 0 value (average value around 105°).

a different conformation resulting in different rules
(Figure 2). The purpose of the computational study
was to establish which conformation determines the
diastereoisomeric preference.

The substrates chosen were ClI(CH3)HC-CH=0
and (CH3CH»)(CH3)HC-CH=0 to mimic systems
with polar (Cl) or large (CH,CH3s), small (H), medium
(CH3) and small (H) groups [10]. A naked hydride
was positioned at 1.5 A from the carbon with an opti-
mized H:---C=0 «a angle (average value around 105°).
The Hartree-Fock/STO-3G energies were calculated
as a function of the conformation of the chiral carbon
described by the 0 dihedral angle, X-C-C-0, X = Cl
or CH3CHy) (Figure 2) without further geometry opti-
mization. There was a clear preference for the Felkin
model, especially when the a angle was greater than
90°. Thus, the nucleophile prefers to add antiperipla-
nar to the substituent that is either polar (Cl) or the
largest (CH3CH>) on the face containing the smallest
substituent (H).

This conformational preference is rationalized by
being associated with the largest interactions be-
tween the highest occupied orbital (HOMO) of the
nucleophile (the doubly occupied 1s orbital of the hy-
dride) and the lowest unoccupied molecular orbital
LUMO T, of the carbonyl group (Figure 3). The
stabilizing interaction between these two frontier
orbitals increases as the energy gap between them
decreases and the overlap increases. Thus, lowering
the energy of 7, and increasing the overlap between
H™ and 7/, is favorable. Interestingly, the energy of
the 77, orbital depends on the conformation of the

chiral carbon especially in the case of a polar X group
or an atom such as Cl. In fact, the polar C-Cl bond
is associated with a low-lying unoccupied o _, or-
bital. When this orbital is parallel to the 7, orbital
(8 = 90° or 270°), the two orbitals overlap and form
a low-lying in-phase combination of 715, and o, y
(Figure 3). This interaction between the 7t and o or-
bitals is known as hyperconjugation. The best over-
lap between the hydride and 7, is obtained for an
obtuse a angle to reduce the overlap of the hydride
with the oxygen. Some direct overlap of the hydride
with o¢_y could also contribute. This obtuse a an-
gle brings the hydride in close proximity to either the
S or M group, with a natural preference for the for-
mer. This explains why the nucleophile enters an-
tiperiplanar to the X group and on the side contain-
ing the smallest group, as suggested by Felkin.

It should be emphasized that the Felkin rule was
associated with the best conformation for the nucle-
ophile addition and not with the most stable con-
formation of the isolated substrate. However, the
transition state was not really determined but as-
sumed by following the Biirgi-Dunitz studies. This
approach was acceptable until methodological ad-
vances made it possible to locate a transition state on
a potential energy surface. Naturally, the first studies
that included a transition state determination used
highly simplified models of the reacting partners. Re-
markably, these simplified models were useful and
encouraged further studies with better representa-
tion of the chemical systems and higher levels of
computation.



8 QOdile Eisenstein

Figure 3. The H™ occupied orbital (purple) sta-
bilized by the substrate LUMO in the Felkin
conformation. The substrate LUMO is the
in-phase combination of TE(*:O (red) and Gé_Cl
(blue). The main in-phase interactions are in-
dicated by wiggly lines. See ref [10] for further

details.

2.2. The Felkin-Anh and the Cieplak model, the
two visions of the antiperiplanarity rule

Interpreting the results in a language that chemists
could understand was considered as important by
many computational chemists. Explaining the stere-
oselectivity of the nucleophilic addition to cyclic ke-
tones was particularly challenging. One of the first
reviews that attempted to discuss the stereoselectiv-
ity of the nucleophilic addition to acyclic and cyclic
carbonyls was published by Nguyen Trong Anh, the
author’s PhD supervisor [11]. The Felkin—~Anh model
was not easy to apply. Therefore, an alternative in-
terpretation of the stereoselectivity was presented by
Cieplak [12-14]. This author presented an interpreta-
tion in which the bond antiperiplanar to the incom-
ing nucleophile acts as a donor towards the incipi-
ent 0,_,, empty orbital that is formed when the nu-
cleophile interacts with the carbon of the carbonyl
group. The preferred stereoselectivity would be asso-
ciated with the stronger donor frans to the incoming
nucleophile. This was a rather heterodox proposal

as it was pointed out by Frenking et al. [15] and
by Tomoda [16]. It does not follow the rules of or-
bital interactions, as established by the frontier or-
bital theory derived from quantum chemistry [17]. It
is also unclear how the C-Nu bond would be formed
by the delocalization of electrons into its o, _;, or-
bital. Although the Cieplak rule has been shown to
account for the observed stereoselectivity in some
cases [18-21], it will not appear any longer in the
most recent studies because it contradicts basic prin-
ciples of quantum chemistry. In contrast, the Felkin—
Anh rule, which obeys the frontier orbitals theory,
gives a qualitative interpretation of how the electron
density of the nucleophile is best transferred to the
carbonyl substrate and thus contributes to the for-
mation of the incipient bond. It has been used ex-
tensively and is still a subject of debate, as illustrated
by selected recent literature [22-26]. A publication,
in the 2023 issue of Helvetica Chimica Acta, dedi-
cated to the memory of J. D. Dunitz, used the crystal-
lographic method of Biirgi and Dunitz to rationalize
the diastereoselectivity in a peri-naphthalene deriva-
tive [27]. However, these antiperiplanarity rules were
not sufficient to explain the stereoselectivity of the
nucleophilic addition to carbonyl groups and the nu-
merous studies described in the following sections,
show the other effects that need to be considered.

2.3. The case of the 1,3-asymmetric induction

The stereoselectivity of 1,3-asymmetric induction
was considered in the case of [-ketoester with
NaBH4. The hypothesis in this work was that the
transition state is reactant like in non-chelating
conditions. Consequently, the preferred conforma-
tions of the substrates were considered to determine
the selectivity. This proposal gave results in good
agreement with experimental data. This is a rare
case where the nucleophile was not included in the
study [28].

2.4. Energetic aspects of the nucleophilic addi-
tion to carbonyl

Ion cyclotron resonance studies and Hartree-Fock
calculations for the reaction of alkoxy anions with
B,Hg provided information on the thermochemical
factors that are determining in these reaction path-
ways [29]. Later, the affinity of the carbonyl groups
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for anions was calculated with the MP2 method
(currently used in the 1990s for organic species) for
hydride to XYC=0 (X, Y = H, CH3, NH,, OH, and
F) and selected additional electrophilic compounds
(o, -unsaturated carbonyl, cycloalkanone, hetero-
carbonyl molecular compounds) with data in good
agreement with available experimental data [30].
This study was extended with the calculation of the
affinity of various anions Z~ (Z = H, CH3, NH,, OH,
E CH=CH,, CH=0, C=CH, C=N) for a large variety of
carbonyl systems [31].

The interpretation of the obtuse a angle for the
nucleophilic addition to a carbonyl, currently called
the Biirgi-Dunitz angle, has recently been recon-
sidered and quantified using energy decomposi-
tion analysis (EDA) [32] and the activation strain
model [33] in the case of the addition of CN™ to
(CH3)2C=0. With the EDA analysis, Bickelhaupt
et al. showed that the obtuse bond angle results from
the combination of three effects: the Pauli repulsion
between the HOMO of the nucleophile and the oc-
cupied 7t orbitals of the substrate, the stabilizing in-
teraction between the HOMO of the nucleophile and
the LUMO, 7, of the substrate and the electrostatic
interaction between the nucleophile and the sub-
strate. Combining the strain and the EDA analyses, it
was found that the preference for an obtuse a angle
results from a delicate balance between the strain
and the stabilizing energies. The strain energy, asso-
ciated with the deformation of the different chemi-
cal species prevents the a angle from becoming too
large. In contrast, the stabilizing energy, dominated
by the Pauli repulsion, prevents the same angle from
getting smaller (i.e. < 90°). These recent studies
demonstrate the importance of quantitative analysis
tools to determine the relative importance of the
attractive and repulsive interactions. This enriches
and quantifies the earlier qualitative analyses.

3. Early studies of the reaction pathway
3.1. Early studies with non-cyclic carbonyls

A quantitative computational study of the reaction
mechanism requires a reasonable representation of
all the reagents and the environment, in particular
the solvent, as well as an extensive exploration of
the chemical spaces and a proper calculation of the
thermodynamics of the chemical systems in solution.

These features have been slowly achieved over the
years and this section describes, through selected ex-
amples, the information that has been gained about
the nucleophilic addition to carbonyls and illustrates
the improvements in modeling and computation.

Soon after the very first studies, the naked hydride
was replaced by more realistic model of the nucle-
ophile. Borohydride was one of them but the cation
and the solvent were not yet included. The Hartree—
Fock study of the reaction of BH, with formaldehyde
showed that the formation of the anionic CH3OBH;
was thermodynamically favored and led to the lo-
calization of a transition state. The reaction was
found to be concerted although significantly non-
synchronous with the C-H bond being essentially
formed while the O---B bond was not. The two-
step pathway was also identified and found to be
at higher energy than the concerted pathway. Both
mechanisms were associated with high energy bar-
riers probably due to an overly simplistic modeling
of the chemical species which neither included the
cation nor the solvent [34]. A related study using
B,Hg as nucleophile showed that a BH3 coordinates
the oxygen [35]. Calculations showed that the ad-
dition of AlH3 to formaldehyde proceeds via a 4-
centered transition state and forms an energetically
favorable aluminum methoxide product [36].

A computational model still using a naked hydride
was proposed in the 1990s to analyze the face se-
lectivity in the case of sterically unbiased ketones.
Using also semi-empirical method (MNDO), the au-
thors were able to consider large molecules like sub-
stituted norbornanones and other bicyclic ketones.
The experimental selectivity was well reproduced.
The authors point out that the geometrical details
of the transition state seemed unimportant but the
presence of a hydride was necessary in the calcula-
tions [37].

3.2. Early studies with cyclic ketones

Considerable efforts have been devoted to the study
of the face selectivity for the addition of various nu-
cleophiles to substituted cyclohexanones. These 6-
membered ring ketones posed a great computational
challenge due to their ring flexibility. The studies
were all based on the determination of the reaction
pathway by identifying the transition states with
different nucleophiles that were modeling as well



10 QOdile Eisenstein

@)
anti syn

— > A <—

5
X

X: CF3’ COZMe, F, Cl, Br,
OH. +Bu, SiMe,

O
Z-isomer

 C—

E-isomer

—

X

X,Y : H, Me, Et, CH,Br, CO,Me,
CH,OCH3, CN, CCHs

Figure 4. 5-Substituted adamantanones (left) and substituted 7-norbornanones (right) and labels of the
isomers resulting from the addition of a nucleophile to the two faces of the carbonyl group.

as possible those used in the experiments. The sol-
vent also began to be included in the computational
studies, usually by means of a continuum method,
although not yet systematically. This improved the
representation of the electrostatic contribution. The
studies were aimed at finding the facial preferences
and also at understanding, at least in a qualitative
way, the various factors that determine these prefer-
ences.

The study of the addition of AlH3 to 5-substituted
adamantanones (Figure 4) confirmed the involve-
ment by hyperconjugation of the bond that is
antiperiplanar to the incoming nucleophile (the
essence of the Felkin~Anh model) and pointed out
the importance of torsional effects in the face se-
lectivity [38]. A study of the reduction of substi-
tuted 7-norbornanones (Figure 4) using the AM1
method emphasized the importance of determin-
ing the transition state and not just looking at the
electrostatic properties of the substrate. Using AlH3
to model the reactivity of NaAlH, reproduced the
stereoselectivity for a whole series of substituted
norbornanones [39].

LiH was shown to be associated with a 4-centered
transition state and a preference for addition of the
hydride to the axial face of the cyclohexanone (Fig-
ure 5). This preference, established for a small nu-
cleophile, was related to a distortion of the 7, or-
bital, which was more developed toward the axial
face. This distortion was shown to be due to the
hyperconjugation with the neighboring C-H and C-C
orbitals. Large nucleophiles had a preference for the

\ axial face
\ equatorial face

Figure 5. The two non-equivalent faces of 4-
tert-butylcyclohexanone and the numbering of
the carbon atoms.

equatorial approach due to steric hindrance on the
axial face [15]. Around the same time, the relative
importance of torsional strain and electrostatic in-
teractions was studied, with LiH and NaH as nucle-
ophiles and cyclohexanone and related substituted
cyclic carbonyl molecules. Some general trends have
emerged. Torsional strain at the transition state dis-
favors the equatorial attack, steric effects often disfa-
vor the axial attack and the electrostatic interactions
can dominate when polar substituents are present
on the ring. Substituents have stronger effects at the
axial site than at the equatorial site [40,41], and for
substituted 7-norbornanones [42]. In 1992, Li and
le Noble considered all the rules that have been pro-
posed and favored a rational that mixes the torsional
effects, the Felkin-Anh and Cieplak rules in different
amounts for each system [43].

Ion mass spectrometry studies showed that pen-
tacoordinated silicon hydride is also a nucleophile
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that can add to cyclohexanone and related
molecules [44]. This was of interest for the com-
putational studies because gas phase and solution
chemistry could be compared. Using SiH; as a sim-
plified model of the experimental pentacoordinated
alkoxide silicon hydride, the selectivity of the re-
duction of several cyclohexanone derivatives was
studied using Hartree-Fock and MP2 methods in the
gas-phase and the solution [45]. The transition state
is dominated by the hydride transfer and very little
Si-O bond formation. Axial reduction is preferred
for the cyclohexanone but the equatorial reduction
is preferred for dithianone, the preferences being
similar in the gas phase and in solution. However,
for dioxanone, the gas phase favors the equatorial
addition and the solution (methanol) favors the
axial addition. These computational results were
consistent with the observed selectivity of the re-
actions with NaBHy, LiAlH, and Grignard reagents
in solution. They were qualitatively rationalized as
coming from a balance between electrostatic inter-
actions which disfavors the axial approach and tor-
sional strain which disfavors the equatorial attack.
Further studies with hindered cyclohexanones and
various nucleophiles (hydride, methyl, acetylenic
Grignard and lithium reagents) were performed. The
reaction of CH3sLi or HC=CLi with non-substituted
cyclohexanone was carried out with an ab-initio
Hartree-Fock study but the same method could not
be applied for hindered cyclohexanones. In this lat-
ter case an adapted MM2 force field method was
used. This approach led to a good reproduction
of the observed selectivity. In this case also, the
selectivity resulted from a balance between steric
and torsional effects [46]. The intrinsic diastereos-
electivity of the reduction of a large series of cyclic
ketones by pentacoordinated silicon hydride ions
was investigated in the gas phase using the flow-
ing afterglow-triple quadrupole technique [47]. The
percent axial reduction was determined by collision-
induced dissociation experiments. The trend ob-
served in the condensed phase is consistent with
the results observed in the gas phase suggesting that
environmental effects are either unimportant or can-
cel each other out. Consequently, the diastereose-
lectivity was proposed to be related to the intrinsic
nature of the substrate and rationalized as resulting
from a competition between steric, torsional and
electrostatic effects.

3.3. The relative importance of the effects influ-
encing selectivity

Calculations were clearly able to reproduce the ob-
served stereoselectivity but they were not easy to in-
terpret. The energy difference between the approach
to the two faces of the carbonyl group is small (usu-
ally less than 1 kcal/mol) and it is a real challenge
to identify the driving effect (if there is one) among
the several competing interactions. The following
factors have been mentioned: (i) the charge transfer
of the nucleophile to the substrate also called delo-
calization or hyperconjugation (i.e. the Felkin—-Anh
or Cieplak rules), (ii) the electrostatic interaction,
(iii) the steric [48] and strain energies, and (iv) the
chelation. Another indicator of stereogenicity has
been proposed. It is intrinsic to the prochiral sub-
strate and can be derived from its molecular orbitals.
The determination of the transition state of the nu-
cleophilic addition can thus be avoided. In a prochi-
ral carbonyl group, the two faces of the 7t bond are
not equivalent. It means that the occupied 7t orbital
as well as the LUMO 7, have greater extension to-
ward one of the two faces of the carbonyl. Authors
have analyzed these distortions focusing on the car-
bon contribution. These different extensions result
from the mixing of the 2p and 2s carbon orbitals (Fig-
ure 6). An earlier version of this indicator was used
to justify the Cram rule [49]. This dissymmetry in
the occupied or empty orbitals has been considered
by Klein in particular for 5- and 6-membered ring
ketones [50,51]. An elaborate quantitative evalua-
tion of the expansion of the LUMO ¢, orbital was
developed by Tomoda [16].

The relative importance and validity of these var-
ious criteria were the subject of an entire issue of
Chem. Rev. in 1999, indicating how important these
criteria were to the community of chemists. For ex-
ample, in this issue, Dannenberg nicely discussed the
pros and cons of electronic criteria that were used in
those years [52]. He pointed out that it was unlikely
that a single rule could rationalize all cases. Ohwada
described how to use orbitals to rationalize the face
selection in sterically unbiased cyclic systems [53].
Cieplak presented his interpretation of the effect
of substituents on 7t-face selection [14]. Wipf and
Jung discussed the role of dipole effects [54], Mehta
and Chandrasekhar discussed various electronic ef-
fects for sterically unbiased ketones and olefins [55].



12 QOdile Eisenstein

”“'lu..

1y,

Figure 6. Qualitative illustration of the mixing of 2p and 2s orbitals for C and O when the carbonyl group
is prochiral. The mixing at carbon was the focus of attention.

Adcock and Trout discussed the case of rigid satu-
rated model substrates and in particular the influ-
ence of the substituents [56].

A study by Rosenberg et al. is notable by the num-
ber of systems studied experimentally and computa-
tionally and by the careful consideration of a large
number of factors [57]. These authors considered
a series of 2-X-4-tert-butylcyclohexanones (X = H,
CHj3, OCHg, E Cl, Br; with X equatorial or axial), stud-
ied their reactivity with LiAlH, and, performed com-
putational studies of the face selectivity. They used
the simplified model of the hydride that was cur-
rently selected in the early 2000s (LiH, NaH, BH3,
AlH3). They determined the transition states for
all the systems and obtained a calculated selectivity
which correctly identified the main isomer. The ex-
perimental trends were better reproduced by the cal-
culations when the X substituent was equatorial than
axial. The controlling factors appeared to be the elec-
trostatic interactions between the nucleophile and
the substituent X. When X was axial, the electrostatic
effect or the Felkin-Anh rule rationalized the results
but the Cieplak model failed.

Thus, in the early 2000s, it was clear that a large
number of factors were controlling the face selec-
tivity and that none was dominant. It was also en-
couraging that calculations were successful to de-
termine the major isomer, although the observed
trends were sometimes difficult to reproduce. Given
the very small energy difference between the tran-
sition states of the addition of the nucleophile on
the two faces of the carbonyl, this was very en-
couraging. Thus, in the following years, improved
calculations were performed. This includes a more
realistic modeling of the nucleophile, the presence
of the counter cation, the almost systematic inclu-
sion of the solvent which was represented either im-

plicitly (by a continuum) or explicitly by the presence
of one or two solvent molecules. This also includes
the use of more elaborate computational methods, in
particular DFT methods that were successful at rep-
resenting together the strong covalent bonding and
the weak non covalent interactions. The determina-
tion of the reaction pathway (transition states and in-
termediates) was systematic. This “static approach”
was the state of the art for many years. It was pow-
erful, relatively inexpensive and usually successful in
calculating selectivity in good agreement with the ex-
perimental data. However, with this static approach,
the ability to accurately represent the thermodynam-
ics of a very complex system of solute and solvent
could be limited.

3.4. Studies with improved representation of the
nucleophilic reagent

Calculations were performed with LiBH4, NaBH, or
LiAlH, as reagents. This allowed to understand how
the cation and the element (B or Al) carrying the hy-
dride cooperate to transfer the hydride to the car-
bonyl carbon. The solvent was often but not always
included although its presence seemed necessary in
presence of charged species. Besides the determina-
tion of the reaction pathway, the stereoselectivity for
acyclic and cyclic carbonyl remained the main goal
of these studies.

The computational study of the reaction of LiAlH,
with formaldehyde and cyclohexanone was carried
out in the gas phase [58]. The authors stated that
neglecting the solvent was justified because similar
stereoselectivity had been observed in the gas phase
and in solution [47]. Under these conditions, the cal-
culations were performed with the DFT method with
the widely popular B3LYP functional and a 6-31G**
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Figure 7. Transition states for the addition of LiAlH, to formaldehyde. Similar transition states were

located with cyclohexanone [58].

basis set (a good level of calculation in the early
2000s). Two types of transition states with either
bidentate (preferred) or tridentate Li/AlH3 bonding
were identified (Figure 7). All transition states yielded
the same intermediate where Li is still bound to the
oxygen. It rearranges to the more stable Al-O bound
final product.

The calculations carried out for the cyclohex-
anone show a preference for an axial approach,
which has already been found with nucleophiles
such as LiH, SiH;, BH3 etc. The strain energy is
again mentioned as disfavoring the equatorial attack.
The hyperconjugation effect is suggested to be small
since the C-H and C-C o bonds, next to the reactive
carbonyl group, do not lengthen or contract signifi-
cantly. Thus, the greater extension of the i, LUMO
towards the axial face was suggested to be a favor-
able factor for the attack on this face. A similar study
was carried out on the reduction of 2-X-substituted
cyclohexanones (X = OMe, SMe, SeMe) with LiAlH,4
in the gas phase [59]. To interpret the results, the ex-
tension of the 7tf,, LUMO towards one of the faces
of the carbonyl and the electrostatic potential were
considered. However, this was not sufficient because
the conformations of the 6-membered ring and the
complexation of X by lithium (Li) had a determin-
ing role in the stereoselectivity. To study cases where
the X---Li interactions did not exist, calculations were
also performed for X = CH3 and CH(CHjs)» [60]. The
conformational preferences of the 2-X-substituted
cyclohexanones in the transition state gave a prefer-
ence for the frans-isomer (Figure 8).

The reaction mechanisms for the addition of
LiBH, and LiAlH, to formaldehyde were compared

with the CAM-B3LYP/Aug-cc-pVTZ level for geom-
etry optimization and with single point calculations
at the CCSD(T)/Aug-cc-pVTZ level [61]. The solvent
(THF) was represented by an SCRE/PCM continuum
and selected calculations included an explicit mol-
ecule of THE The energy barrier was significantly
higher for LiBH,4 than for LiAlH,. Thus, in agreement
with the Hammond postulate, the transition state is
product like for LiBH, and reactant like for LiAlH,.
In the product, O-B or O-Al bonds are formed and Li
interacts either with the oxygen only (case of LiAlH,4)
or with the oxygen and the hydride (case of LiBH,).
From, the evolution of the charge density along the
reaction pathway, the authors suggested that the
reaction started with an electron transfer from the
hydride to the carbon of the carbonyl and is followed
by the hydrogen transfer. This mechanism has not
been suggested in other studies.

The experimental conditions were well repre-
sented in the relatively recent computational study
of the face selectivity for reactions of small and large
hydride species to 4-fert-butylcyclohexanone, cis-
2,6-dimethyl N-acylpiperidone and N-acyltropinone
(Figure 9) [62]. The substrates were considered in full
and, small and large hydrides were represented by
LiAlH, and by LiBH(CHj3)s, respectively. LIBH(CHgs)s
was used as a model for the experimental lithium
tri-sec-butylborohydride, L-Selectride, whose con-
formational complexity was beyond the reach of cal-
culations. The geometry optimization was carried
out at the B3LYP/6-31(d,p) and the energies were
refined by single point calculations with a larger ba-
sis set and implicit solvent effect represented with
a recently developed powerful continuum method
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Figure 8. Products resulting from the reaction of LiAlH, with 2-alkylcyclohexanones.
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Figure 9. 6-Membered ring ketones whose reactivity with small and large hydride species were studied

by calculations.

(SMD). These were high level calculations for such
systems 10 years ago. The calculated free energies of
activation (AG”) for the addition of the nucleophile
to the two faces of the carbonyls differ by less than
1 kcal/mol and systematically, the transition state
that yields the observed major isomer is calculated to
have the lower energy. Thus, small diastereoisomeric
excesses were correctly calculated. Small hydride
species preferentially added to the axial face of the
substituted cyclohexanones and tropinone. How-
ever, an equatorial attack to a twist boat conforma-
tion was preferred for the piperidone. In the case of
the bulky hydride, the equatorial face was preferred
in all systems. Torsional strain and steric effects con-
trol the selectivity and steric effects dominate in the
case of large hydride.

Recent years have seen an improved representa-
tion of solvation. Solvation has been implemented
in calculations for many years using a continuum
model which in particular allowed a correct rep-
resentation of the electrostatic effects in solution.
However, microsolvation was not present in im-
plicit solvation and its omission was becoming in-
creasingly questionable because microsolvation is
recognized to be important when polar reagents
are used. Thus, the selectivity of the reduction of
4-tert-butylcyclohexanone by LiAl(OR)sH (R = fert-

butyl for the experiments and methyl for the calcu-
lations) with THF mono- and bi-solvation was stud-
ied computationally with three functionals, B3LYP,
B3LYP-D3 and M06-2X [63]. Implicit solvation was
also included with the SMD method. Bi-solvation
was found to be preferred. A two-step reaction was
identified, with the first step describing the hydride
transfer to the carbonyl carbon and the second step
describing the formation of the Al-O bond. However,
the intermediate between the two transition states
is energetically high and close to the two transition
states, questioning the existence of a two-step reac-
tion and a strongly non-synchronous reaction can-
not be ruled out. In fact, a recent high-level calcu-
lation of the reduction of 2-X-substituted cyclohex-
anones (X = H, Cl, Br) by NaBH, in which the solvent
is explicitly represented by microsolvation and im-
plicitly represented by a continuum showed a single
transition state pathway [64]. This recent study high-
lights the need for this dual representation of the
solvent. The calculations gave a late transition state
with an almost formed C-H bond as actually found in
most previous studies. This late transition state was
said to be consistent with the mild reducing power of
NaBHj,. The observation that 2-halo cyclohexanones
are more reactive than cyclohexanone was only well
represented when both solvation and microsolvation
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were considered. Thus, even if the solvent (ethanol)
does not change the face selectivity, its explicit inclu-
sion is necessary to better model a reaction pathway
involving polar transition states. Today, the need for
an explicit representation of the solvent molecules
especially when highly polar or ionic species are
present is fully recognized. The question remains on
how to represent this explicit solvation. For years,
calculations were performed with a reasonably small
number of solvent molecules following some com-
putational tests and chemical intuition. Today, this is
an important issue in the study of reaction pathways
and other methods are starting to be used [65] (see
also below).

Computational chemists have also been con-
cerned with the quality of the calculations and in
particular with the method and level of calculation
that must be used to represent the strong bonds and
the weak interactions in a balanced way in order to
correctly determine the face selectivity. Such a study
has been carried out for substituted 2-X-substituted
cyclohexanones (X = Me, OMe, SMe, Cl) and LiAlH,
with eight different functionals, MP2 and CCSD(T)
methods [66]. The energy barrier is found to be more
sensitive to the calculation method than the confor-
mational properties of the substrate. MP2 appears
one of the poorest methods in this particular study.
The coordination mode of AlH, to Li at the transi-
tion state was found to depend on the calculation
method but not the face selectivity which is the same
for all methods. An interesting analysis of the strain
energy and steric effects, reinforces the accepted
understanding that face selectivity results from a
balance between them. The fact that the selectiv-
ity of the reaction does not vary with these already
high-level computational methods is encouraging
for further studies with more complex substrates and
nucleophiles.

4. What is in solution? Searching for the struc-
ture of the alkali and alkalino earth com-
plexes

4.1. The metal hydride cases

The nature of the solvated species present in ethe-
real solutions of LiAlH, has been studied by combin-
ing experiments and computations based on IR spec-
troscopy. The result of this study is that LiAlH4 in

ethereal solutions forms contact ion pairs. The dis-
sociated species are higher in energy than the associ-
ated species by about 2.3 kcal/mol and 4 kcal/mol for
THF and dimethyl ether, respectively [67].

Car-Parrinello molecular dynamics simulation of
NaBH, in methanol also suggested a preference for
a solvated contact ion pair and found that the disso-
ciation pair to be more than 4 kcal/mol higher in en-
ergy [68]. This led the authors to propose a transition
state for the reduction of ketone that incorporates
this finding in a set of static calculations. Using this
solvated contact ion pair as reagent for the reaction
with cyclohexanone derivatives dramatically lowers
the activation energy. It also leads to calculated se-
lectivities in very good agreement with observed val-
ues (4-methylcyclohexanone axial/equatorial: exp
= 86:14, calc = 80.9:19.1; 2-fert-butcyclohexanone
axial/equatorial: exp = 50:50, calc = 41:59). These
results were used to calculate the complete mech-
anism for the reduction of resorufin by NaBH, in
water [69]. As mentioned above, the effect of the sol-
vent (ethanol) on the stereoselectivity and reactivity
was also investigated in the case of the reduction of
2-X-substituted cyclohexanones (X = H, Cl, Br) by
NaBH, [64].

4.2. The Grignard reaction

The Grignard reaction is a prominent process in or-
ganic synthesis for the formation of carbon-carbon
bonds. Despite extensive experimental studies, the
mechanism of the reaction at the molecular level re-
mains unknown. This is because the nature of the
Grignard reagent in solution is still unknown. As
summarized by Dietmar Seyferth, “Generally written
as RMgX, the Grignard reagents in ethereal solution
are more complicated than this simple formula indi-
cates” [70]. It is currently recognized that the nomi-
nal reagent, RMgX is a condensed representation of
numerous mono- and poly-metallic species in rapid
equilibrium and that the exact nature of the species
is determined by the solvent. Thus, unfortunately,
most of the studies attempting to characterize these
species by the most advanced and diverse spectro-
scopic methods [71], and crystallization have iden-
tified them under conditions different from those of
the reaction itself. Traditional static computational
methods would also fail because they cannot prop-
erly calculate the free energy changes of the solvent
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organization and dynamics at close and intermedi-
ate distances from the organomagnesium species. A
method of calculations capable of representing the
thermodynamics of the solute and the solvent, as ac-
curately as possible, is the ab initio molecular dy-
namics (AIMD). This method has been used to de-
scribe solvated NaBH,4 as mentioned above [68] and
has thus been used to uncover the diversity of species
representing the global Grignard reagent in ethereal
solution and to propose a mechanism for the Schlenk
equilibrium (Equation (1)), for CHsMgCl in THF [72].

2RMgX = MgR, + MgCl,. 1)

It appears that the solvation of the magnesium
species is highly variable and also very dynamic. It
takes very little energy to add or remove a solvent
molecule from the coordination sphere of magne-
sium. As expected, solvation is higher when Mg is
bound to the electron withdrawing-chloride atom
than to the electron-donating methyl group. Thus,
dimethyl magnesium is best solvated by two THF
molecules, while magnesium dichloride prefers three
THF molecules in its coordination sphere. Thus, a
higher positive charge on Mg increases the solva-
tion. Several chloride and methyl-bridged dinuclear
magnesium species, which differ in their solvation,
are present in equilibrium, (Figure 10). The calcula-
tions suggest that the Cl/Me exchange between the
two magnesium centers is initiated by a solvation im-
balance between the two metal centers. The least
solvated attracts a bridging chloride more strongly.
The chloride unequally bound to the two magne-
sium centers becomes terminal to the closer magne-
sium promoting the transfer of a methyl group from
the terminal to the bridging position. This chloride-
methyl-bridged dimer achieves the Cl/Me exchange.
The dynamics of the solvent is thus essential in the
Schlenk equilibrium.

The Grignard reaction itself was studied with the
AIMD method by considering the reaction of ac-
etaldehyde with all identified forms of CH3MgCl in
THEF [73]. It was found that all forms are competent
in the Grignard reaction as the free energies of activa-
tion are within a narrow energy range. Since the dif-
ferent Grignard species are in rapid equilibria, they
can all contribute to the reaction in parallel. There-
fore, the reaction can occur via competing parallel
pathways resulting in unclear kinetic order. Addi-
tional solvation may also be required to achieve the

reaction. This is the case for the monomeric species,
of which Mg(CH3s), is found to be the most reac-
tive. A highly solvated u?-Cl dimagnesium species
is the most reactive dinuclear species. Importantly,
the substrate and the nucleophile are initially bound
to different magnesium centers and, in the transition
state the acetaldehyde is strongly electrophilically ac-
tivated by being O-coordinated to both magnesium
centers (Figure 11). Previous studies of the reaction
using traditional (static) DFT calculations also identi-
fied dinuclear magnesium complexes as the most re-
active [74-76]. The direct role of the solvent in modu-
lating the reaction pathway is the main reason for the
structural and energetic differences between the ear-
lier and later studies. Indeed, the AIMD calculations
indicate that the solvent is an essential active partner
in the reaction.

This study also clarified the issue of nucleophile
vs single electron transfer (SET) mechanism. The
SET mechanism has been proposed for substrates
with low reduction potential. Recent studies have
shown that the SET is rare and occurs only with aro-
matic carbonyl compounds [77,78]. The computa-
tional study was limited to the formation of the or-
ganic radical and thus to the calculation of the bond
dissociation energy (BDE) of the homolytic cleavage
of the CH3-Mg bond (DFT static calculations). The
carbon-magnesium BDE in CH3MgCl was calculated
to be high (about 60 kcal/mol) with very little in-
fluence of the solvent. This high BDE would indi-
cate that the radical cannot be formed. However,
when the substrate is bonded to the magnesium, the
carbon-magnesium BDE drops dramatically and the
drop is increased as the energy of the 7, orbital of
the substrate is decreasing. The reason is that the
single electron of the magnesium species remains lo-
cated on Mg in solvated MgCl species. However, the
MgCl(substrate) species has a low-lying LUMO that
is localized on the 717, empty orbital of the coordi-
nated substrate. Thus, the single electron goes to the
coordinated substrate néo orbital, where it is stabi-
lized compared to be located on Mg. In other words,
the substrate itself assists the formation of the or-
ganic radical and the lowering of its reduction poten-
tial reinforces the assistance. The calculations show
that the SET mechanism becomes competitive with
the nucleophilic addition in the case of fluorenone in
excellent agreement with Woerpel’s experimental re-
sults [77,78].
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5. Conclusion and perspective

This topic was of interest to the author as she was an
active member in the construction of the Felkin-Anh
rule. Recently, she returned to the addition of nu-
cleophiles to carbonyl groups with the Grignard re-
action. The description of important work done in
the field of nucleophilic addition to carbonyl groups
by many authors described in this perspective is well
representative of the way in which computational
chemistry has developed and accompanied experi-
mental studies. It is noteworthy that the direction of
approach of a nucleophile to a carbonyl group has
long been correctly captured with very simple cal-
culations. The attempts to quantitatively reproduce
the face selectivity illustrate the courage of compu-
tational chemists to try to capture small energy dif-
ferences that are computationally challenging but
chemically significant. Trying to interpret the fac-
tors that control the selectivity has also been a strug-
gle. Now everyone seems to accept that many fac-
tors contribute and none of them dominate. There
have been great improvements in the representation
of chemical systems and in computational methods
over the past 40 years. This has allowed small di-
astereomeric excesses can be calculated quite accu-
rately. Getting it right was not and is still not easy.
One of the greatest difficulties is to decide which
species to include in a model. Unfortunately, there
are no entities present in the experimental systems
that should be ignored a priori in the modeling. In
particular, it would be a serious mistake to ignore
the solvent. None of the species present in the re-
active media are total spectators but representing
the entire media is simply not possible. Computa-
tional chemists will proceed step by step using ei-
ther (or both) static and ab initio molecular dynam-
ics calculations. Static calculations, including ex-
plicit and implicit solvation, will be useful for well-
identified reactive systems as illustrated by the cases
reported in this article. Ab initio molecular dynam-
ics will be needed to study cases where the dynam-
ics of the solvent plays a role. It will also be needed
to analyze highly complex chemical media with un-
known solvent-dependent reactive systems as illus-
trated by the Grignard reaction. This topic is in-
deed pursued with the study of the synergistic role of
lithium salts [79] in the so-called Turbo Grignard [80].
This author is involved in the exploration of this sub-

ject [81] in a collaboration with Professor Michele
Cascella of the Hylleraas Center at the University of
Oslo.
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Abstract. Many natural, biologically active compounds are stereogenic with a unique tridimensional
structure that is on the origin of the specific interactions with the active binding site.

This concept of chirality goes beyond chiral stereocenters, englobing also atropoisomerism related
to a hindered rotation around an axis with the isolation of atropostable conformers at room temper-
ature. Atropoisomerism is well-known in biaryls, however this phenomenon is encountered in many
pharmaceutically relevant compounds such as heterobiaryl, diarylamines, benzamides and anilides.

Currently four FDA-approved drugs are atropostable and many others are in clinical trials. It is also
important to note that almost 30% of recent FDA-approved small molecules are “proatropisomeric”
and interact with a target in a specific chiral conformation.

Given this vivid interest in C-C but also C-N atropisomerically stable compounds, this account
will detail the new atropoisomeric strategies we developed and their applications in the synthesis of
relevant molecules and ligands.

Keywords. Atropoisomerism, C-H activation, Chiral sulfoxide, Natural products, Terphenyl ligands,
C-N coupling.
Manuscript received 8 November 2023, revised and accepted 13 November 2023.

1. Introduction the synthesis of axially chiral biaryls see [1-5]). Re-
cently asymmetric C-H activation has proved to be
The importance of axially chiral biaryl compoundsis efficient to control the chirality and more particularly
rapidly expanding. The main reason is their pres- to synthesize axially chiral biaryls [6,7].
ence in numerous biologically active natural prod-
ucts and therapeutic agents. They are also the priv-
ileged backbone of ligands and catalysts in asym-
metric catalysis. Regarding the importance of these
scaffolds, numerous strategies have been reported
and among them atropo-enantioselective metallo-
or organo-catalyzed cross-coupling reactions have
been successfully employed to efficiently synthesize
a large panel of these scaffolds (for recent reviews on

Over the past decade our laboratory has embarked
on a research program dedicated to the control of
atropoisomerism and we targeted at first differently
substituted biaryl and triaryl skeletons bearing one
or two atropisomeric axis. Our idea was to use a Pd-
catalyzed atropo-diastereoselective C-H functional-
ization process using as chiral auxiliary an enantiop-
ure sulfoxide, fixed on a configurationally unstable
biaryl. Secondly, we turned our attention to the con-
trol of a C-N atropisomeric axis in N-Ar units via
a Cu-catalyzed atroposelective aryl amination using
* Corresponding author hypervalent iodines as coupling partners (Figure 1).
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Figure 1. Csp?-H activation: Axially chiral biaryl and triaryl compounds/Control of C-N atropisomeric

axis via Ullmann-type C-N coupling reaction.

Capitalizing on our experience in total synthesis
of biologically active compounds, we applied our at-
roposelective methods towards the synthesis of nat-
ural products as well as a new family of terphenyl
ligands.

2. Results and discussion

Our first successful contribution to control atropoi-
somerism through a C-H activation-type protocol
concerns a diastereoselective approach by using a
chiral Directing Group (DG*). The chiral DG is uti-
lized in stoechiometric amount and several criteria
need to be fulfilled: the chiral DG must be (1) easy
to install and not expensive (2) traceless or highly
recyclable. The advantage compared to the enan-
tioselective approach is the obtention of separable
atropo-diastereomers. In addition the stereogenic
center is in close proximity to both metal and sub-
strate insuring an efficient chiral induction. We chose
a sulfinyl moiety as chiral DG because we had al-
ready an extensive experience in the use of sulfox-
ides as chiral auxiliary (for the use of sulfoxides in
Suzuki coupling reactions [8-10]). Moreover chiral
sulfoxides are easily accessible on a large scale and
the most important is its traceless character [11]. Sul-
foxyde motif can be easily transformed via sulfox-
ide lithium exchange followed by electrophilic trap-
ping with a myriad of electrophiles. Our initial hy-
pothesis envisioned to start from a preformed biaryl,
bearing the sulfinyl group in ortho position, and to
introduce a substituent at the ortho position to the
Ar-Ar’ linkage through a C-H functionalization pro-
cess. One atropo-diastereomeric metallacycle was

expected to be favored and the subsequent function-
alization should thus occur in a stereoretentive man-
ner, keeping the already fixed chirality. The removal
or modification of the chiral sulfinyl group would
allow the modular synthesis of axially chiral biaryls
(Figure 2).

Thus, the hypothesis was validated by designing
a Fujiwara-Moritani reaction with methyl acrylates
or styrenes. We were delighted to obtain the corre-
sponding coupling products in high yields and high
atropo-diastereoselectivities [12-14]. Remarkably,
the reaction is very tolerant towards many functional
groups. Progressively, similar C-H acetoxylation in
the presence of AcOH as well as the C-H iodination
in the presence of N-iodosuccinimide (NIS) were de-
veloped, delivering the atropostable biaryls in excel-
lent yields and stereoselectivities (Scheme 1) [15].

To rationalize these experimental results, a phe-
nomenon of dynamic kinetic asymmetric transfor-
mation has been proposed and corroborated by DFT
calculations. It was thus shown that the rotational
barrier between the two substrates S1 and S2 is much
higher than between the two palladacycles C1 and
C2 (a difference of 10 kcal/mol) (Figure 3). Accord-
ingly, the dynamic character of the overall transfor-
mation arises from a possible rotation around the
chiral axis once the metallacyclic intermediates are
formed whereas the substrate remains atropostable
under the reaction conditions.

To demonstrate the broad synthetic utility of this
atroposelective method, sulfinyl/Li exchange was
performed at —78 °C to avoid the epimerisation of
the atropisomeric axis and quenching with differ-
ent electrophiles allows the introduction of different



Sabine Choppin er al. 23

U (w)
. ‘ H C-H activation

DG* = S*OR

removal/
modification
of DG*

Figure 2. Axially chiral C-H functionalization of a biaryl moiety.

Atropostereoselective Fujiwara-Moritani (oxidative Heck) reaction

A O P X CO;Me

Pd(OAc), (10 mol %)

AgOAc (2 equiv)
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A .
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Atropostereoselective acetoxylation

Pd(OAC), (10 mol %)
(NH4)28208 (2 equiv)
H,O (2 equiv)

Br, Cl,

® ‘ &
(.

H‘pToI

AcOH/HFIP 1:1
25°C
79 to 98%

F, OMe, CF5,
Me, CO,Et

(de =80 to > 96%)

Atropostereoselective iodination

NIS (1.3 equiv) ‘
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3 ﬁ‘pToI

0 Pd(OAC), (5 mol %) .? S/,o
|

25°C
72 to 98%

ACOH/HFIP 1:1 O

(de = 82 to > 96%)

Scheme 1. Atropodiastereoselective oxidative Heck, acetoxylation and iodination.

functional groups with a total retention of the axial
chirality (Scheme 2).

We applied this strategy to the formal synthesis
of the biaryl subunit of (-)steganone that has been
often used to illustrate the efficiency of a new atro-
poselective method. Starting from bromobenzodiox-

ole we performed the most expedient synthesis in 10
steps with a 42.3% overall yield and with a total atro-
postereoselectivity (Scheme 3) [16].

Moreover, in collaboration with Speicher et al., we
applied our method towards the first total synthe-
sis of atropopure isoriccardin C. An atropostereose-
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Scheme 2. Traceless character of the sulfinyl group.

lective macrocyclization through an oxidative Heck  of the biaryl enabled the introduction of an OH group
type C-H activation process allowed complete con- (Scheme 4) [17].

trol of the atroposelectivity (de > 98%) and the trace- Following this work, we were interested in the
less character of the sulfinyl moiety in ortho position synthesis of doubly atropoisomeric, ortho-orientated
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Scheme 3. Formal synthesis of the biaryl subunit of (-)steganone.

dissymmetrical terphenyls that are truly appealing
for the design of chiral ligands. Following this idea
we explored the C-H arylation of a biaryl bearing
in the ortho position the chiral sulfinyl DG with or-
tho-substituted aryl iodides. After an extensive opti-
mization of the reaction conditions, we succeeded in
obtaining the terphenyl in moderate to good yields
but with excellent atropo-diastereoselectivity. What
is remarkable in this reaction is the control of the two
contiguous chiral axes in one step. An X-ray crystal
structure highlighted a unique architecture of these
scaffolds, featuring a cavity comparable to the one
of a seashell well designed for the coordination with
metal in organometallic catalysis (Scheme 5) [18].

Of particular interest is the atropoenantiopure ter-
phenyl scaffold A, bearing the sulfinyl group and the
bromine which can be obtained in good yield (49%),
with total atroposelectivity (>98:2) and on a gram
scale in one day, this compound can be transformed
by simple chemoselective lithium exchange and then
quenched by various electrophiles to give access to
a large variety of ligands. On the one hand, we per-
formed the double exchange with Li base giving ac-
cess to diphosphines BiaxPhos (Scheme 6) and, on
the other hand, we developed an elegant two-step se-
quential chemoselective functionalization to install
different coordinating groups like two different phos-
phines BiaxPhos* (Scheme 7) [19].

With the new ligands in hand, their poten-
tial in asymmetric catalysis, focusing mainly on
the Ir-catalyzed hydrogenation of imines, was ex-
plored [20]. After optimization of the reaction con-
ditions and catalyst screening, the desired chiral
amines were isolated in high yields and excellent
enantioselectivities under a remarkably low hydro-
gen pressure (Scheme 8) [19].

Intrigued by the growing interest of com-
pounds with C-N atropoisomeric axes in medici-
nal chemistry with unique kinase inhibitor activi-
ties [21-31], we turned our attention to their atropo-
stereoselective synthesis. However, the stereoselec-
tive control of the C-N axially chiral compounds
remains a big challenge due to their low configu-
rational stability compared to the well-developed
C-C atropisomers and also due to the harsh reaction
conditions generally required for the C-N coupling
reaction. The extremely challenging character of
these transformations is unambiguously illustrated
by the lack of literature precedents on asymmetric
Ullmann and Buchwald-Hartwig couplings.

Following such an ambitious goal, our idea was
to use highly electrophilic coupling partners such
as hypervalent iodines to perform the Cu-catalyzed
C-N Ullmann-type coupling at low temperature to
ensure the configurational stability of the C-N at-
ropoisomer formed. Besides, the sterecontrol could
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Scheme 4. Total synthesis of atropopure isoriccardin C.

be reached either with enantiomerically pure, stere-
ogenic iodanes bearing a sulfinyl moiety allowing an
atropo-diastereoselective C-N coupling with differ-
ent N-coupling partners or using chiral ligands com-
patible with an atropo-enantioselective C-N cou-
pling (Figure 4).

If we consider the atropo-diastereoselective
C-N coupling occurring via the chiral transfer from
the iodanes (sulfoxide-substituted iodanes were
prepared by C-H functionalization of the arylsul-
foxide with Koser’s reagent), we studied the C-N
coupling with indolines first as standard substrates,
and we obtained the desired coupling products at
room temperature in excellent yield and high at-
ropopurity. However, in the first two examples,
we noticed a slow racemization of the product
at room temperature. Therefore, to increase the
atropostability of the coupling products, substi-

tuted indolines at the C7 position or iodanes ortho-
substituted by a methyl, instead of a methoxy, were
used as coupling partners to obtain atropostable
products [32].

Remarkably, the reaction tolerates many func-
tional groups including chlorine, bromine, methoxy,
benzyloxy but also boronic ester compatible for fur-
ther functionalization (Scheme 9).

Subsequently, an atropo-enantioselective version
of this C-N coupling was explored. Drawing in-
spiration from Gaunt et al. and Mc Millan et al.
who investigated asymmetric copper-catalyzed cou-
pling reaction with hypervalent iodines, the BOX-
type ligand was preselected as the chirality source.
We rapidly established that a free amide as DG on
the iodine substrate was important to reach high
enantioselectivity whereas the optimization of the
BOX ligand revealed that the presence of benzyl
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Scheme 6. Synthesis of diphosphines BiaxPhos bearing the same phosphorus moiety.

groups as well as gem-dimethyl group was essential.
Optimization of the reactions conditions indicated
that the addition of a Lewis acid such as BF3-OEt;
warrants significantly increased yields [33].

The results, in most of the examples, show ex-

cellent enantioselectivities with moderate to good
yields. As previously, a substituent in the C7 position

of the indoline is necessary to guarantee atroposta-
bility of the newly formed axis. The presence of Cl-,
Br-, F-substituents is well tolerated either on the in-
doline or the iodane.

The X-ray crystal structure which shows the ab-
solute aR-configuration and a hydrogen bonding be-
tween the N atom of indoline and the free NH, is in
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Scheme 7. Synthesis of diphosphines BiaxPhos* bearing different phosphorus moieties.
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Figure 4. Cu-catalyzed atropo-stereoselective C-N coupling reaction.

agreement with the importance of the free amide as
DG (Scheme 10).

In order to highlight the synthetic potential of
this method, the post-modifications of the cou-
pling products were studied. Thanks to the trace-
less character of the sulfoxide, various functional
groups could be introduced such as, for example,
an aldehyde. The halogenated substrates allow mild
Stille- and Suzuki-coupling under micellar condi-

tions, thus overcoming the racemization issues. Oxy-
dation of indoline to indole works very well with
sulfinyl or amide DG. Moreover, indoline-2,3-dione,
a privileged synthetic intermediate of oxindole scaf-
folds could also be obtained by oxydation with ¢-
butylhydroperoxide in presence of copper. The
amide DG can be transformed in two steps into a
carboxylic acid with a complete atropostability (Fig-
ure 5).
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Scheme 9. Cu-catalyzed Ullmann-type C-N coupling using a chiral sulfinyl directing group.

In conclusion, this account summarizes our re-
cent efforts to control atropoisomerism in both biaryl
and aryl-N-(het)aryl molecules. The general meth-
ods described such as the C-H functionalization of
the biarylsulfoxide afforded complex molecules such
as biologically active natural products: steganone
and isoriccardin C. In parallel, the challenging C-
H arylation gives access to unprecendented ter-
phenyl ligands with two atropisomeric axes that
have been demonstrated to be highly efficient in Ir-
catalyzed asymmetric hydrogenation. Their orig-

inal scaffold as well as their modularity are ap-
pealing candidates for asymmetric catalysis in the
future.

In addition, the use of hypervalent iodines in Ull-
mann type C-N coupling at room temperature solved
the problem of the weak atropostability of the C-N
axis leading to C-N axially chiral compounds in high
stereoselectivities. This first example of atroposelec-
tive N-arylation, using hypervalent iodines, is open-
ing the way to synthesize different C-N axially chiral
products with different N-coupling partners.
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1. Introduction Furthermore, the interest of fluorine and its meth-
ods of introduction are still gaining increasing in-

Heterocyclic scaffolds represent the largest family of ~ terest as fluorination of an organic molecule sig-
organic compounds and have a role in many fields of nificantly impacts its biological characteristics. In
sciences such as medicinal chemistry [1,2], biochem-  SPite of the significant fascination for fluorine, the
istry [3] or agrochemistry [4,5]. More specifically, the ~ challenge of integrating this element into essen-
isoxazole skeleton is a very important motif found in ~ tial building blocks has postponed the examination

natural products or synthetic products such as an- and. comprehension of its impacts as well as its
tibiotics [6], analgesics [7], antirheumatic [8], anti- utlllZ&thl:l. No.netheless, notable advar'lcement has
inflammatory [9] or antidepressant compounds [10]. been achieved in the field over the previous decade.

Considering the size of the fluorine atom and its
electronegativity, the incorporation of a fluorine or
a trifluoromethyl group profoundly modifies both
the pharmacodynamics and pharmacokinetics of the
*Corresponding authors compounds such as lipid solubility, metabolic stabil-
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ity or acidity [11]. Moreover, it can increase the po-
tency of a substance’s engagement with a specific tar-
get protein.

Roughly 30% of all agrochemicals and 20% of
all pharmaceuticals encompass fluorine [12] within
their structures.

With the aim of continuing our investigations into
the synthesis of fluorinated carbocycles and hetero-
cycles [13-17], we envisaged to focus on a synthetic
pathway for the fluorination of an isoxazole function-
alized at C-5 by an acetal fragment, an area that has
been relatively overlooked in the literature despite
numerous molecules of interest featuring this motif
(Figure 1) [18-23]. The synthesis of 4-fluorinated
3,5-disubstituted isoxazole was reported by either
condensation of 2-fluoro-1,3-diketone [24,25] or
gold-catalyzed cascade cyclization-fluorination of 2-
alkynone O-methyl oximes [26] but only one method
for the direct fluorination in this position was re-
ported relying on the use of Selectfluor as the fluori-
nating agent and delivering the desired products in
moderate chemical yields ranging from 16% to 44%
(Figure 2) [27,28]. Furthermore, the products gener-
ated during the reaction cannot undergo additional
post-functionalization. In this context, the direct flu-
orination at the C-4 position of the 3,5-disubstituted
isoxazole core, as a late-stage functionalization, was
explored. With the substitution of an acetal group
at the C-5 position, the resulting fluoroisoxazoles
can undergo deprotection, opening-up numerous
possibilities for additional functionalization.

2. Results and discussion

A range of 3,5-disubstituted isoxazoles la-1k were
prepared from diversely substituted chloroximes
and bromovinyl acetals, according to a three-
step procedure developed previously [29]. Hav-
ing those substrates in hand, our study started with
a series of optimization experiments on 5-(1,3-
dioxan-2-yl)-3-phenylisoxazole 1la (Table 1). The
first experiment required 3.5 equiv of base and N-
fluorobenzenesulfonimide (NFSI) to afford the flu-
orinated isoxazole 2a in 47% yield for a conversion
of 63% at —78 °C (Table 1, entry 1). Other commer-
cially available electrophilic fluorinated agent such
as Selectfluor or N-fluoropyridinium triflate were
tested but no conversion was observed under these

N’O CF3 N
\
% F QA NH
" )
g
TRPV 1 modulator [18] D\/OH CXCRY7 receptor modulator [19]

-0
O
=
nE
~zZ
-

N< N T N pm
N
increases CFTR activity [20] V1a receptor antagonist [21]
0 OMe
N

inhibition of Bruton's
tyrosine kinase [22]

selective Smurf-1 inhibitor [23]

Figure 1. Examples of bioactive molecules
containing a 4-fluorinated isoxazole core.

conditions. Reducing the quantity of base and flu-
orinating agent to 1.2 and 2.0 equiv respectively led
to better conversions (72-74%) and higher yields in
2a (60-62%) (Table 1, entries 2-3). Subsequently,
the impact of the starting material concentration in
THF on the reaction outcome was examined. The
concentration was gradually increased step by step
from 0.1 mol/L to 1.0 mol/L (Table 1, entries 4-9),
leading to an optimized yield of 75% at 0.4 mol/L
(Table 1, entry 6). In fact, for a concentration higher
than 0.6 mol/L, the reaction medium reaches such
a viscosity that stirring stops after addition of the
electophile.

Carrying out the reaction at —40 °C to achieve a
full conversion led to complete degradation of the
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Table 1. Optimisation of the reaction conditions?

WJ P e G50 o WJ
o Solvant (C), T (° C) then r.t £ ©
1a 2a
Entry Base Solvent x (equiv) ¢ (mol/L) T t(h) Conversion® (%) Yield® (%)

1 n-Buli THF 3.54 0.05 -78°C 20 63 47
2 n-Buli THF 2.5¢ 0.05 -78°C 20 72 62
3 n-Buli THF 2.0 0.05 -78°C 2 74 60
4 n-Buli THF 2.0 0.1 -78°C 2 78 61
5 n-Buli THF 2.0 0.2 -78°C 2 82 73
6 n-Buli THF 2.0 0.4 -78°C 1 85 75
7 n-Buli THF 2.0 0.6 -78°C 0.5 89 71
8 n-Buli THF 2.0 0.8 -78°C 0.5 91 70
9 n-Buli THF 2.0 1.0 -78°C 0.5 90 70
10 n-Buli THF 2.0 0.2 -40°C 1 100 of
11 n-Buli Et;O 2.0 0.2 -78°C 3 20 nd
12 n-Buli MeTHF 2.0 0.2 -78°C 1 58 nd
13 LiHMDS THF 2.0 0.4 -78°C 0.5 0 nd
14 LiHMDS THF 2.0 0.4 0°C 0.5 0 nd
15 LiTMP THF 2.0 0.3 -78°C 0.5 100 of
16 LDA THF 2.0 0.1 -78°C 1.5 81 67
17 NaH THF 2.0 0.1 0°C 2 0 nd

3Reaction conditions: (1a, 0.43 mmol, 1.0 equiv), nBuLi (0.52 mmol, 1.2 equiv), NFSI (0.86 mmol,
2.0 equiv), THF (0.4 M, 1.1 mL), —78 °C to rt, under argon.

b After NMR 'H analysis of the crude reaction mixture.

CAfter isolation by column chromatography.

3.5 equiv of base were used.

1.5 equiv of base were used.

fOnly degradation was observed.

starting material (Table 1, entry 10). Other solvents
were tested such as Et,O or 2-MeTHE but lower con-
versions were observed (20% and 58% respectively,
Table 1, entries 11 and 12). The influence of the base
was also studied. The starting material was fully re-
covered when treated with LIHMDS at —78 °C and
0 °C or with NaH at 0 °C (Table 1, entries 13, 14 and
17). Unfortunately, LiTMP led to a complete degra-
dation of the isoxazole (Table 1, entry 15). Using LDA
gave an encouraging result of 81% conversion and
67% yield in 2a but was still inferior when n-BuLi was
used (Table 1, entries 16 vs 6).

Having these optimized conditions in hand, we
further explored the scope and limitations of the
reaction with 3,5-disubstituted isoxazoles previously
synthesized. This process allowed us to obtain the
corresponding fluorinated isoxazoles bearing vari-
ous electron-donating or -withdrawing substituents
in the para-position of the aryl ring such as t-butyl-
2b, chlorine 2¢, fluorine 2d or trifluoromethyl 2e
groups in yields between 59-70%. Compounds 2g
and 2h having a 3-chloro-4-fluorophenyl or a 2,6-
dichlorophenyl substituent were obtained in 44%
and 21% yield, respectively (Figure 3). Having a
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[C. E. Stephens et al. [27]]

N-O ) N-O
Selectfluor (1.05 equiv) |
/
Ph/K)\Ar MeCN, reflux Ph/S)\Ar
28-34% yield F

Ar = Ph, p-MeCgH,, p-OMeCgH,4 3 examples

(K. Sato, G. Sandford et al. [28] )

R Ar Sulfolane R Z S Ar
“a2=ph, 120 01($1|| bath), :

p-MeCgHy, p-OMeCgHy, 16-44% yield
p-CICgH,, p-CF3CgH4
R'=Me, Ar? = Ph

6 examples

n-BulLi (1.2 equiv)

N9 o thenNFSI20equv) N Qo
1 V7 S —— P/
R U\(j -78°C, THF R /S)\(j
o 20-75% vyield F O
1a-1k 2a-2k
R' = Ph, p-t-BuCgH,, m-MeCgH,, 11 examples

p-CF3C6H4, p-C|CeH4, O-diClCGH4,
p-FCgH4, 0-CICgH4, naphthyl, n-butyl,
2,2-difluorobenzo-1,3-dioxole

Figure 2. Synthesis of a 4-fluorinated 3,5-
disubstituted isoxazoles by direct fluorination.

methyl in meta-position (1f) led to 75% isolated yield
of the corresponding fluorinated product 2f. To ex-
tend the feasibility of our process, a bulky group such
as a naphthyl or a 2,2-difluorobenzodioxole was also
investigated and afforded the products 2i and 2j in
20% and 60% yields, respectively. The reaction was
also suitable for isoxazoles bearing a non-aromatic
substituent at the C-3 position and compound 2k,
bearing a n-butyl chain, was synthesized in 25%
yield.

Furthermore, our goal was to obtain a range of flu-
orinated isoxazoles that could be subsequently mod-
ified after deprotection of the acetal fragment at the
C-5 position. In this context, the acetal was depro-
tected in acidic media (HCI 1N, 5 equiv), in a mix-
ture of water/acetone (1/1) for 4 days at 90 °C afford-
ing the corresponding aldehyde 3a in 65% yield (Fig-
ure 4).

Isoxazole 3a is an intermediate in the preparation
of a bioactive compound that increases Cystic Fibro-
sis Transmembrane Conductance Regulator (CFTR)
activity [15]. Cystic fibrosis is a result of genetic mu-
tations in the CFTR gene, responsible for encoding

N-O nBulLi (1.2 equiv) N-O
/ O— then NFSI (2.0 equiv) / )
A e e " j
-78 °C, THF, 15 min
0 then 30 min, rt F 0
1a 2a-2k
e yield? (conv.)° _
N-O O N-O O
vt )
0 o)
F F
2a 2f
75% (85%) 75% (85%)

w}

9% (87%

Foans

44% 70%

ClMJ w}

21% 62%)

N-O O
)
o)
F
2i
20% (50%

, o]
ay
O
0 F
FsC 0

2e
63% (74%)

WW}

25% (74%)
* isolated yield after column chromatography
analysis of the crude reaction mixture.

68% (84%

-0
Lo~
g 99
F 2d

70% (85%)

O

60% 93%

b after 'H NMR

Figure 3. Scope of the fluorination.

a chloride channel that spans multiple cell mem-
branes in epithelial tissues. The loss of a functional
CFTR channel leads to a reduced lung function and
increases mucus viscosity resulting in chronic infec-
tion and inflammation [30]. Besides respiratory im-
pairment, CFTR also affects the regular operation of
additional organs such as the pancreas, intestine, or
gall bladder.

The effectiveness of this fluorination process
was supported by a scale-up experiment conducted
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N-O O I\”O o]
'/ }HCI 1N (5 equiv) 7
o———— H
F H,O/Acetone 1:1 F
2a 90 06,54.1,/days 3a
(conv. = 90%) °
o |
HN\Q
o
F ’(
\
N—-N OH

increase CFTR activity 11(¢)

Figure 4. Formal synthesis of a bioactive com-
pound that increases CFTR activity.

N-O n-BuLi (1.2 equiv) N-O
/ O~ then NFSI (2.0 equiv / O
Ph/k)\(\) 78 °04>TH(F 15q . ) Ph%;
- , , 15 min
o then 30 min, rt F 0
1a 61% 2a (657 mg)

(1.0 g, conv = 85%)

Figure 5. Scale-up experiment of the fluorina-
tion of 1a.

under the defined standard conditions using 5-
(1,3-dioxan-2-yl)-3-phenylisoxazole 1a (Figure 5) to
obtain the desired fluorinated product 2a in 61%
yield.

3. Conclusion

In conclusion, we succeeded in synthesizing a range
of new 4-fluorinated 3,5-disubstituted isoxazoles
bearing various substituents on the aromatic ring
at the C-3 position in 20-75% yields. This process
was also tolerant to bulkier substituents such as a
naphthyl or a difluorodioxobenzene and even a non-
aromatic substituent such as a n-butyl fragment. The
objective of this project was also to obtain a substrate
that could be subsequently functionalized. This was
achieved through the deprotection of the acetal, re-
sulting in a much more advantageous aldehyde for
subsequent post-functionalization. The usefulness
of this method was demonstrated through the formal
synthesis of a bioactive compound that increases
CFTR activity.
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Abstract. This review describes the synthesis of polyphosphorhydrazone (PPH) dendrimers, which are
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etc.) when the size of the dendrimer increases, the recovery and reuse of the dendritic catalyst,
the decreased leaching, and the entrapping of nanoparticles. In a second part, some even greener
approaches of catalysis with dendrimers will be displayed, such as catalysis in water, switchable
catalysis, and organocatalysis (no metal used). Different types of catalytic reactions have been studied,
such as Stille, Suzuki and Sonogashira couplings, Knoevenagel condensations, Michael additions,
asymmetric allylic alkylations, O- and N-arylation and vinylation reactions, [2+2+2]-cycloaddition
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1. Introduction quantitative, they can be repeated, by modifying the

terminal functions of the dendrimer, to render it suit-
The word “dendrimer” was created by Tomalia able for the reaction with the branched monomer,
etal. [1] to name a new class of hyperbranched  4ffording the second generation of the dendrimer

polymers, constituted of branched monomers as-  (gcheme 1). Quantitative reactions are the key-point
sociated stepwise and not by polymerization reac- oy the synthesis of dendrimers [2]. Each time the
tions. Most dendrimers are synthesized by a diver-  j;mber of terminal functions is multiplied, generally
gent process, starting from a multifunctional core, by two [3] or three [4], a new generation is created.

which is modified to become suitable for reaction When the number of generations increases, it be-
with a branc.hed monomer. SPCh process affords the .5 mes more and more difficult to draw the full struc-
first generation of the dendrimer. If both steps are tures, thus dendrimers can also be represented by

a linear structure, with parentheses after each level

. . of branching points, associated to a number which
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corresponds to the number of divergent ramifica-
tions for the branching point considered. Both the
full structure and the linear structure of the second-
generation dendrimer are represented in Scheme 1.
Dendrimers have a bowl-shaped structure, in partic-
ular for high generations. There is a limit to the num-
ber of generations attainable with dendrimers, which
depends on the length of the branches [5]. Indeed,
the surface available to accommodate the terminal
functions increases more slowly than the number
of terminal functions. Polyamidoamine (PAMAM)
dendrimers [6] and poly-L-lysine dendrimers [7]
were the first dendrimers synthesized up to the tenth
generation. Polyphosphorhydrazone (PPH) den-
drimers [8], which will be the main topic of this re-
view, were synthesized up to generation 12 [9], and
were, for a long time, the largest type of dendrimers
ever synthesized. Relatively recently, generation 13
was obtained with polytriazine dendrimers [10].

The presence of a large number of functional
groups, easily accessible on the surface, and poten-
tially modifiable at will, make dendrimers unique ob-
jects in the field of nanotechnologies. Indeed, den-
drimers have a nanometric size, but contrarily to
classical metal nanoparticles of the same size [11],
which pertain to hard matter, dendrimers pertain to
soft matter, as micelles and liposomes [12]. Modifi-
cation of the terminal functions of diverse families
of dendrimers has already opened the way towards
many potential applications in the fields of catalysis,
nanomaterials, biology [13], and also sensors, or elec-
tronic, to name a few [14].

Most dendrimers comprise a nitrogen atom
at each branching point. This is the case of the
PAMAM dendrimers [15], and poly-L-lysine den-
drimers [16], but also of polypropyleneimine (PPI)
dendrimers [17]. Besides, dendrimers constituted of
more inorganic elements such as phosphorus [18]
and silicon [19] particularly carbosilane [20] are also
known and have been reviewed [21,22]. The case
of phosphorus is particularly attractive for several
reasons, due to the richness of its chemistry [23], the
sensitivity and the wide window of 3!P NMR [24], as
well as the potential biocompatibility, as phosphates
are for instance the cement of DNA.

In this review, we will present the synthesis of
polyphosphorhydrazone dendrimers, and then
selected examples of their properties in the field
of catalysis, to illustrate the dendritic effect, the re-

cycling, the decreased leaching, and the entrapping
of nanoparticles. In a second part, other green ap-
proaches of catalysis with dendrimers will be dis-
played, such as catalysis in water, switchable catal-
ysis, and organocatalysis. An overview of the differ-
ent types of catalysis carried out with phosphorhy-
drazone dendrimers has been published [25], but
no emphasis on their specific properties has been
reported.

2. Synthesis of polyphosphorhydrazone (PPH)
dendrimers

Two steps are used for the synthesis of polyphos-
phorhydrazone (PPH) dendrimers, as for most
dendrimers. The core bears P-Cl functions in
most cases, based either on the thiophosphoryl
trichloride P(S)Cl3 (1a-Gg) [8] or the hexachloro-
cyclotriphosphazene N3P3Clg (2a-Gg) [26]. Start-
ing from the core, the first step is the reaction with
4-hydroxybenzaldehyde (AB) in basic conditions,
either using NaH or cesium carbonate. The sec-
ond step is the condensation of the aldehydes of
1b-Ggy or 2b-Gy with the thiophosphorhydrazide
H,NNMeP(S)Cl, (CD2) used as branched monomer,
and obtained by reaction of methylhydrazine with
P(S)Cl3 at low temperature (—60 °C). This second
reaction permits to double the number of chlo-
rides compared to the core la-Gg or 2a-Gg, and
thus affords the first generation of the dendrimer
1a-G; (Scheme 2A) or 2a-G; (Scheme 2B). Both
steps are quantitative, thus they can be used again
to get the second generation la-Gy or 2a-Gz, then
the third 1a-G3 or 2a-Gs, and so on. By starting
from N3P3Clg as the core, by using the same prin-
ciple, the 8th generation 2b-Gg can be obtained
(Scheme 2B) [27], whereas the 12th generation
1a-Gj2 can be obtained when P(S)Cl3 is used as
the core (Scheme 2A) [9].

Several other methods to prepare phosphorus
dendrimers have been elaborated, often based on
the Staudinger reaction [28] between phosphines
and azides, in particular using thiophosphoryl
azides [29], for the synthesis of highly sophisti-
cated dendritic structures [30]. However, this family
of phosphorus dendrimers has not found any prac-
tical use up to now, and the selected properties of
PPH dendrimers in the field of catalysis will only be
described.
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Scheme 1. Divergent synthesis of dendrimers. Generation 2 is represented twice: both the full structure,
and the corresponding linear representation with parentheses after each branching point.

3. Specificities of dendrimers as catalysts

The very first examples of dendritic catalysts, were
a silane dendrimer functionalized with aryl nickel
complexes, which was used in the Kharasch addi-
tion of polyhalogenoalkanes to carbon—-carbon dou-
ble bonds [31], and a small polyphosphine den-
drimer complexing palladium used in the electro-
chemical reduction of CO, to CO [32].

Different types of ligands have been grafted very
early on the surface of PPH dendrimers, in par-
ticular phosphines [33] for the complexation of
metals such as gold, enabling the characteriza-
tion by High Resolution Transmission Electron Mi-
croscopy (HRTEM) [26], but also the complexation
of iron and tungsten [34], palladium, platinum and
rhodium [35], ruthenium [36], and zirconium [37]
but none of them were used as catalysts. The first
examples of PPH dendrimers used as catalysts con-
cerned palladium and ruthenium complexes which
were utilized in Stille couplings, Knoevenagel con-
densations, and Michael additions [38]. Other exam-
ples of PPH dendritic catalysts concerned Pd com-

plexes for asymmetric allylic alkylations [39], and
C—C cross-coupling reactions [40].

3.1. Dendritic effect in catalysis

One of the most intriguing properties of dendrimers
is the so-called “dendritic effect” [41]. This effect
is observed when a functional group behaves dif-
ferently when it is alone or linked to a dendrimer,
and the effect is also depending on the generation
of the dendrimer. This effect is essentially unex-
plained, even if it is believed that it is related to
the multivalency effect, which is well-known in bi-
ology [42]. In the case of catalysis, a spectacu-
lar example of dendritic effect concerned the es-
ter hydrolysis catalyzed by peptide dendrimers com-
posed of histidine-serine. The generation 4 pep-
tide dendrimer was 140,000-fold more efficient than
the reference catalyst for ester hydrolysis, with a
4500-fold acceleration per histidine side-chain [43].
In the case of PPH dendrimers, another intriguing
example of the dendritic effect concerned pyridine-
imine ligands used for the complexation of copper.
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Scheme 2. Synthesis of polyphosphorhydrazone dendrimers, starting from either P(S)Cl3 (A) or N3P3Clg

(B) as core.

The monomer and generations 1 to 3 of the PPH
dendrimers were synthesized, and used as catalysts
for O- and N-arylation as well as for vinylations.
The most spectacular example concerned the ary-
lation of pyrazole, using the same quantity of cop-
per (10 mol%) for all the generations used. The ef-
ficiency of 1 equiv of generation 3 (2c-G3) was com-
pared to that of 2 equiv of generation 2 (2¢c-G2),
or 4 equiv of generation 1 (2¢c-Gp), or 48 equiv of

monomer (2c-M), as in all the examples displayed
in this review (Scheme 3). The monomeric catalyst
2c-M was found almost inactive as only 2% yield in
1-phenylpyrazole 3 was obtained when pyrrole was
treated with phenylbromide. The yield in 3 was in-
creased with generation 1 (40% yield), generation 2
(44% yield), and the best yield in 3 was obtained with
generation 3 (80% yield) [44].

A strong positive dendritic effect has been also
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Scheme 3. Illustration of the “dendritic effect” with copper complexes of pyridine-imine ligands used for
the arylation of pyrazole, using the same quantity of copper.

observed in both the yield and the enantioselectiv-
ity of Rh-catalyzed [2+2+2]-cycloadditions with den-
dritic phosphoramidite chiral ligands, leading to axi-
ally chiral biaryl compounds. As previously, the same
quantity of catalytic sites is used in all cases [45]
(Scheme 4). The monomer complex 2d-M-Rh and
the branch complex 2d-B-Rh have practically no
activity and no selectivity in the synthesis of the
biarylic compound 4. On the contrary, all the den-
drimers are active, and display an increasing effi-
ciency on going from the first generation 2d-G;-Rh
to the third generation 2d-G3-Rh, in both yield and
enantioselectivity.

Other examples of positive dendritic effects have
been observed in the isomerization of 1-octan-3-ol
catalyzed by dendritic Ru-complexes [46]. However,
it should be emphasized that a positive dendritic ef-
fect is not always observed with dendrimers. In some
cases, there is no change when using a dendrimer
compared to a monomer [47], or there is only a slight
difference, which depends on the reagents used [48].
In some cases, the absence of dendritic effect is due

to the cleavage of the catalytic entity from the den-
drimer when using hard conditions [49]. Some neg-
ative dendritic effects have been also reported [50],
but there is probably a bias in the reported number
of positive dendritic effects, as most negative results
have never been published.

3.2. Recovery and reuse of dendritic catalysts

Another important benefit of using dendritic cata-
lysts is the possibility to recover and reuse them in
several catalytic runs. The main reason is that den-
drimers are quite large compared to the reagents and
products, and thus they can be less soluble in some
solvents than small molecules. This is in particular
the case of phosphorhydrazone dendrimers, which
are soluble in several organic solvents, but not in di-
ethylether. Thus, the dendritic catalyst can be recov-
ered by precipitation in ether. This concept has been
applied several times generally for three runs (see for
example: [38,39,45,48]), but such property was ap-
plied in particular to the 4th generation dendrimer
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(2d-G; to 2d-G3) Rh complexes. Influence of the generation on the yield and the enantioselectivity.

2e-G4 bearing terpyridine terminal functions, suit-
able for the complexation of scandium. This den-
drimer was used in Friedel-Crafts acylations, under
microwave irradiation. It is worth mentioning that
12 runs can be achieved, with different substrates at
each run, and the efficiency of this dendrimer was
still very high even after 12 runs [51] (Scheme 5).
Another example of the dendritic catalyst recovery
concerned a biphasic experiment (water/heptane
1:1), utilizing dendritic ruthenium complexes of PTA
(1,3,5-triaza-7-phosphaadamantane) [52] in the iso-
merization of 1-octan-3-ol 5. The dendrimers are
soluble in water, whereas the reagents and products
are soluble in heptane. Catalysis occurred at the
interface, upon strong stirring. After stopping the
magnetic stirring, two phases are rapidly formed
and easily separated, the organic phase containing
the products, and the water phase containing the
dendritic catalysts. A positive dendritic effect on the

yield was observed from the monomer 2f-M (38%
conversion of 5) to the third generation 2f-G3 (98%
conversion of 5). The water phase was recovered
and reused in another run, including for the first
generation 2f-G;, which was efficiently reused for 3
runs [46] (Scheme 6).

The third recycling method used to recover the
dendritic phosphorhydrazone catalysts is very orig-
inal, as it uses magnetic nanoparticles as supports
of the dendritic catalysts, which are easily recovered
with a magnet [53]. The very first example concern-
ing the use of dendritic catalysts in such process was
obtained with generations 0 (6-Gg) and 1 (6-G;) of
PPH dendrimers having phosphine palladium com-
plexes on the surface and a single pyrene linked to
the core. At room temperature, the pyrene interacts
by mt-stacking with a few graphene layers encapsu-
lating the magnetic cobalt nanoparticles. The effi-
ciency of the m-stacking decreased when heating,



Anne-Marie Caminade and Valérie Maraval

Sc(OTf)s (10 mol %)

Ar—H j’\ dendrimer 2e-Gy (0.1 mol %) A" COR
or or

Het—H R X CHsCN, MW irradiation  et—c(0)R
R = Me, X = OCOMe
R=Me, X = Cl
R=Ph, X=0COPh

Run/ Substrates Product Yield (%)
Time (min)

= Qo O  MeOC

1 0, 99

< 15 E:O )\o)\ |

= 0O O  MeOC

2 S, 99

< 15 QS )\o}\ |

~ 0 0  meoc R

3 N 99

30 E:NH )J\O)J\ ]T\/)

MeO OMe OMe

: 0 o <::>

4 MeO COMe 99

30 AN

OMe OMe

MGOOOMG
5 O O MeO COMe 87
AN C<

45

Table continued
Run/ Substrates Product
Time (min)

Yield (%)

MeO OMe

“ MeO
MeO
A S5 Ss G W
( 30 MeO 6] MeO COMe
MeO. -~ OMe O  MeO OMe
8 @ Py 78
( 60 Me” ~Cl COMe
g MeO OMeQ O Meo\©:0'\"e 80
60 O pr” 07 “ph c—@
MeS O O ©
10 @)J\ I MeS—@—COMe 62
120 o
MezN O O —/COMe
<11 @ PSS MezN—@ 75

Scheme 5. Generation 4 dendrimer complexing scandium used as catalyst in Friedel-Crafts acylation,
under microwave irradiation. Recovery and reuse of the dendritic catalyst in 12 runs, using different
substrates at each step. Blue arrows indicate the recycling.

thus catalysis with these dendritic catalysts is per-
formed in solution. After completion of the catalysis,
the reaction medium is cooled down to room tem-
perature, the dendrimers go back to the graphene
entrapping magnetic nanoparticles, which are easily
recovered using a magnet, as illustrated in Scheme 7.
Such process has been applied to Suzuki couplings
of boronic acids with various aryl bromides, and in
particular for the synthesis of an anti-inflammatory
drug, Felbinac, which was isolated in 100% yield even
after 12 runs [54].

3.3. Decreased metal leaching

Leaching of metals during catalytic processes is
an important problem for both the loss of pre-
cious/expensive metals, and the difficult purifica-
tion of products, especially for the pharmaceutical
industry [55]. As shown in the previous paragraphs,

it is possible to recover and reuse dendritic cata-
lysts with a good efficiency even after several runs,
thus it is presumed that leaching should be reduced
when using dendrimers compared to monomers,
but it might also depend on the type of ligands. Two
families of dendrimers (monomer, generations 1
and 3) were synthesized, decorated with either triph-
enylphosphine (2g-MPPhg, 2g-G; PPhg, 2g-G3PPh3)
or thiazolyldiphenyl phosphine (2h-MthiazolP, 2h-
Gj thiazolP, 2h-GsthiazolP). They were involved in
Suzuki coupling reactions, after complexation of
palladium. Both families demonstrated a better ef-
ficiency of the first generations, compared to the
corresponding monomers (Scheme 8). Thus, their
recycling was studied. It was shown that the 1st
generation dendrimer decorated with Pd complexes
of thiazolyl phosphine (2h-G, thiazolP-Pd) was effi-
ciently recovered and reused, without loss of activity
for at least 5 runs. On the contrary, the efficiency
of the 1st generation dendrimer decorated with Pd
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complexes of triphenylphosphine (2g-G;PPh3-Pd)
decreased rapidly, and disappeared after 3 runs. To
elucidate this difference, palladium leaching with
the monomers and the 1st generation dendrimers
was measured by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS). Leaching was found very
high with both monomers, reduced for the triph-
enylphosphine linked to the dendrimer, and unde-
tectable for the thiazolyl phosphine linked to the
dendrimer (Scheme 8). Such a low level of palladium
leaching is very rare for Suzuki reactions in homoge-
neous conditions, and explains the efficiency of the
recovery and reuse of the dendritic catalyst [56].

3.4. Entrapping catalytic nanoparticles

Beside the grafting of discrete complexes on the
surface of dendrimers, examples of dendrimers in-
corporating metal nanoparticles used for catalysis
have been largely explored [57]. Most generally,
the starting complex has to be reduced to generate
the nanoparticles and to stabilize them, by entrap-
ping them inside the dendrimers or in between den-
drimers. A series of phosphorhydrazone dendrimers
was functionalized with 15-membered triolefinic tri-
azamacrocycles, generation 0 built from P(S)Cl; as
core (1i-Gp) and generations 0, 1 and 4, built from
N3P3Clg as core (2i-Gy, 2i-G;, and 2i-G4). These

macrocycles are suitable for complexing Pd(0), is-
sued from Pd;(dba), (dba = dibenzylidene acetone).
The use of a stoichiometric amount of palladium
(1 Pd per macrocycle) induces the formation of dis-
crete complexes, whereas the use of an excess of Pd
induces the formation of Pd(0) nanoparticles, stabi-
lized by the dendrimers. The average diameters of
the nanoparticles are between 3 and 5 nm, irrespec-
tive of the size (generation) of the dendrimers. Both
the discrete complexes and the nanoparticles stabi-
lized by the dendrimers were tested as catalysts in
Heck reactions, using the same quantity of palladium
in all cases. Generation 0 built from the P(S) trifunc-
tional core (compound 1i-Gg) was found the most
efficient after 4 h, with both the discrete complex
and the nanoparticles. However, no large differences
were observed after 24 h. In both cases, recycling
was attempted 5 times (Scheme 9). The most impor-
tant differences were observed after 4 h. The discrete
complex is easily recovered and reused with the same
efficiency. Surprisingly, the nanoparticles complexed
by the generation 0 dendrimers (1i-Gg) displayed an
increasing activity with the number of recycling runs,
with a yield in butyl cinnamate after 4 h increas-
ing from 36% after run 1 to 98% after run 6. This
contra-intuitive result is due to the decrease of the
nanoparticles size, with an average size from 4.1 nm
at the first run to 2.3 nm at the sixth run [58].
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Scheme 9. Macrocycles on the surface of dendrimers, used for complexing palladium as discrete com-
plexes or as palladium nanoparticles. Heck coupling reactions, and recycling.

Another way to generate catalytic nanoparticles
consisted in milling, under air, ruthenium chloride
(RuCl3), sodium borohydride (NaBH,4) and polyphos-
phorhydrazone (PPH) dendrons of generations 0 to 2,
having an alkyl chain (C12 or C16) at the focal point
and triarylphosphines on the surface (compounds
7-Go, 7-G1, and 7-G2). Ru nanoparticles obtained
in these conditions, were then used as efficient cata-
lysts in the hydrogenation of styrene, to afford ethyl-
benzene 8 (Scheme 10). No effect of the alkyl chain
length on the efficiency was observed. However, a
positive dendrimer effect was observed, as the Ru
particles stabilized with the second generation den-
dron (Ru@7-Gy) were the most efficient (85% yield
with generation 0; 96% yield with generation 2). This
is probably due to the fact that the surface of the
nanocomposite systems is less hindered when higher
generation dendrons are involved, as illustrated in
Scheme 10 [59].

4. Additional green approaches of catalysis

The different specificities of dendrimers in catalysis
shown in Section 3 are all relevant for green chem-
istry processes by decreasing the leaching of metal,
and by decreasing either the time or the tempera-
ture of the reaction, reusing the catalyst to decrease

the quantity of metal needed, and simplifying the pu-
rification of the products. Other types of green ap-
proaches are more classical and are known also with
monomeric catalysts.

4.1. Catalysis in water

Water can be considered as a green solvent, com-
pared to classical organic solvents. As the inter-
nal structure of the phosphorhydrazone dendrimers
contains numerous aromatic cycles, they are rather
hydrophobic, and can be soluble in water only if
the terminal functions are hydrophilic, bearing ei-
ther positive charges such as ammoniums [60-62]
or negative charges such as carboxylates [63-65],
phosphonates [66,67] or sulfonates [68], or neutral
polyethyleneglycol (PEG) [69,70].

As shown in Scheme 6, the positive charge on the
PTA (PhosphaTriazaAdamantane) ligand induces a
solubilization of the dendrimers in water and at the
interface between water and heptane [46]. Gener-
ations 0 (2f-Go) to 3 (2f-G3) of the same family of
PTA dendrimers have been also investigated, both
as catalysts for the hydration of phenylacetylene in
H,0/iPrOH, and for their interaction in phosphate
buffer (excepted 2f-Gg) with supercoiled DNA, to af-
ford relaxed DNA [71].
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Scorpionates such as tris(pyrazolyl) ligands, have
been grafted to the surface of a 1st generation den-
drimer 2j-G;, and used for the complexation of pal-
ladium. Complexes of the dendrimer (2j-G; -Pd) and
of the corresponding monomer (2j-M-Pd) have been
used as catalysts in both Sonogashira and Heck C-C
cross-coupling reactions in a HoO/CH3CN (1:6) mix-
ture (Scheme 11) [72]. Monomer 2j-M-Pd and den-
drimer 2j-G;-Pd complexes afford analogous effi-
ciency in the Sonogashira coupling, whereas the den-
drimer 2j-G; -Pd is more efficient than the monomer
2j-M-Pd in Heck coupling.

4.2. Switchable catalysts
Redox-switchable catalysis concerns an emerging

field of research, in which a redox-active functional-
ity is incorporated within a ligand framework. As the

redox process influences the electron-donating abil-
ity of the ligands, the coordinated metal centers can
be influenced in situ, thus modifying the catalytic
activity [73]. It has never been applied to dendritic
catalysts before our work. Ferrocene is a widely used
redox-active group, which displays a high degree
of reversibility. Furthermore, it can be easily func-
tionalized and has been frequently grafted to den-
drimers, including to phosphorus dendrimers [74].
The presence of an additional functionalization such
as phosphine complexes of palladium, enabled their
use in asymmetric allylic substitution reactions [47].
Later on, a monomer and a 1st generation den-
drimer (2k-G;) were functionalized with unsymmet-
rically disubstituted 1,1'-ferrocenylphosphine, in
which one cyclopentadienyl (Cp) ring is substituted
with a phenol for the grafting to the dendrimer, and
the other Cp is substituted with an aryl phosphine.
The phosphines were then used for complexing
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Scheme 11. Monomer and dendrimer bearing scorpionates for the complexation of palladium. Sono-

gashira and Heck coupling reactions.

ruthenium, and the complexes efficiently catalyzed
the isomerization of 1-octen-3-ol to 3-octanone.
Upon oxidation of the ferrocene (2k-G;-Red) to fer-
rocenium (2k-G;-0x), the experimental rate con-
stant dramatically decreased, due to the precipi-
tation of the oxidized dendritic catalysts 2k-G;-Ox
in the medium. Upon reduction to 2k-G;-Red, the
dendritic catalysts became again soluble, and the
rate constant dramatically increased, displaying an
ON/OFF/ON switching process (Scheme 12) [75].
This family of redox-switchable dendrimers was ex-
panded up to generation 3, and with the use of either
no linker or a biphenyl linker between the ferrocene
and the phosphine [76].

More recently, the same switching process was
successfully applied to dendrimers bearing chiral
ferrocenyl phosphines as terminal functions for
ruthenium-catalyzed transfer hydrogenation [77] of
acetophenone [78].

4.3. Organocatalysis

Organocatalysis, i.e. catalysis in the absence of any
metal, is particularly attractive in relation to the
principles of “green chemistry”, being both cheaper
and safer. The use of dendrimers as organocata-
lysts has been recognized early and reviewed [79].
Phosphorhydrazone dendrimers have been used as
supports of known organocatalysts in several cases.

In a first example, small polymers linked to the sur-
face of cobalt nanoparticles 21-NP (identical to those
used in Scheme 7) as well as dendrimers of genera-
tions 1 to 3 (21-Gy, 21-G» and 21-G3) were function-
alized with the Jorgensen-Hayashi catalyst [(S)-o, -
diphenylprolinol trimethylsilyl ether]. Both families
of compounds were used as catalysts in the Michael
additions of a wide range of aldehydes to differ-
ent nitroolefins. The addition of propanal to f3-
nitrostyrene was particularly studied to demonstrate
the recycling ability (Scheme 13). Among the den-
drimers, generation 3 (21-G3) was the most efficient
at the first run, and remained highly efficient over 4
runs. The cobalt nanoparticles covered with the cat-
alysts 21-NP were found as efficient as the dendrimer
21-Gg, but the recycling was surprisingly poorly effi-
cient. Indeed, at run 4, the catalytic efficiency of the
dendrimer 21-Gg was still 98%, whereas that of the
nanoparticles 21-NP was only 34% [80].

Cinchona alkaloids are natural products, which
derivatives have been used in many catalytic asym-
metric reactions [81]. One of these derivatives, (+)-
cinchonine, has been grafted on the surface of phos-
phorhydrazone (PPH) dendrimers in two different
ways for two different purposes. In the first at-
tempt, (+)-cinchonine was modified with a phenol,
to be reacted with the P(S)Cl, terminal functions
of the dendrimers of generations 1 (2m-G;) and 4
(2m-G4). A branch derivative (2m-B) was also syn-
thesized as a model compound bearing two (+)-
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Coupling of propanal to (3-nitrostyrene. Comparison of the efficacy in recycling experiments.
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Scheme 14. (+)-Cinchonine derivative linked to a monomer (2m-M), a branch (2m-B) and to generation
1 of dendrimer (2m-G;), and their use as organocatalysts for the x-amination of (3-dicarbonyl com-

pounds.

cinchonine derivatives (Scheme 14). These com-
pounds were tested in the «-amination of several
[3-dicarbonyl compounds. The reactions were very
fast, even with only 4 mol% of catalyst (to be com-
pared with 20 mol% in the case of the monomer 2m-
M), and went to completion in 2 min at 25 °C, and
in 10 min at —25 °C with the smallest compounds
(branch 2m-B, and 1st generation dendrimer 2m-
G1). The best enantiomeric excesses were obtained
with the branch and the 1st generation dendrimer.
Recycling experiments were successfully carried out
with the 1st generation 2m-G;, and ten runs were
carried out without loss of activity and enantiose-
lectivity. The scope of the catalytic enantioselective
amination of various active methylene compounds
was then evaluated, using cyclic and noncyclic esters,
cyclic 3-diketones and opened chain esters [82].

The second way to graft (+)-cinchonine required
the modification of the surface of the dendrimers in
three steps from the aldehydes, e.g. reduction with

BHj3-SMe;y, transformation to benzylic chloride with
SOCI, [83], and reaction with Nal to give benzyl io-
dide terminal functions. The next step was the quat-
ernization of the nitrogen of the quinuclidine of (+)-
cinchonine, containing different R groups in the O-
9 hydroxy group of the cinchonine unit. A small
quantity (0.1 mol%) of these functionalized den-
drimers 2n-Gj;a-d was then used as a phase trans-
fer catalyst in the asymmetric alkylation of a glyci-
nate Schiff base with benzyl bromide, at 25 °C, 0 °C,
and even —20 °C (Scheme 15). To simplify the analy-
sis, the resulting imines 9 were derivatized to the cor-
responding trifluoroacetamides 10 by their hydrol-
ysis with citric acid, followed by the protection of
the generated primary amines by reaction with tri-
fluoroacetic anhydride. The best results concern-
ing the yield and the enantiomeric excess were ob-
tained for 2n-G;b (R = allyl). This dendrimer was
also used in recycling experiments, at 0 °C. Five
runs were carried out, and yields were similar for
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Ph CHCl3/PhMe, 50 % KOHag
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Scheme 15. Alkylation of the nitrogen of the quinuclidine of (+)-cinchonine for the grafting to the 1st
generation dendrimer. Phase transfer catalyst in the asymmetric alkylation of a glycinate Schiff base with
benzyl bromide. Influence of the temperature and the R substituent. Recycling experiments with 2n-Gjb.

each run, but a slight decrease of ee was observed.
The scope of the catalytic enantioselective alkylation
of the N-(diphenylmethylene)glycine tert-butyl ester
with various alkylating agents was then also evalu-
ated. Good yields (76-87%) and enantioselectivities
(76-89%) were obtained in most cases [84].

5. Conclusions

We have shown in this review different aspects of the
use of dendrimers in catalysis. Very positive influ-
ences on the yield, the enantioselectivity, the easy re-
covery and reuse, make dendrimers especially attrac-
tive in the field of catalysis. However, it should be
emphasized that catalysis is only a part of the fields
that benefit from the use of dendrimers. The PPH
(polyphosphorhydrazone) dendrimers in particular

gave birth to two start-ups, one in the field of ma-
terials, in particular biosensors for diagnosis [85,86],
and one in the field of biology, in particular an anti-
inflammatory drug [87,88]. Thus, there is still plenty
of room to expand the use of dendrimers in general,
and more specifically of PPH dendrimers.
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1. Introduction turnover number of the catalysts by recycling them,
and to implement flow procedures to best meet in-
dustry needs. Kagan and his group pioneered this
field by describing the covalent attachment of a chi-
ral rhodium complex analogous to the DIOP ligand
to oxidized Merrifield resin and demonstrating its ac-
tivity in asymmetric hydrogenation and hydrosilyla-
tion reactions [1]. They already highlighted the ef-
fect of the nature of the support on the activity and
enantioselectivity of these reactions, which were sub-
sequently studied and optimized by Stille group [2,3].

Since its discovery over 50 years ago, asymmet-
ric catalysis has enabled the preparation of a wide
variety of enantioenriched synthons with different
functionalities, with an efficiency in line with green
chemistry concepts. A step forward has been taken
with the development of heterogeneous asymmet-
ric catalysis, aimed at separating the catalyst from
the substrates and reaction products in two different
phases (usually a solid and a liquid phase) for easy re-
covery and reuse of the precious chiral active species.
This process has made it possible both to increase the In Kagan's seminal paper, the rhodium active sites
were covalently anchored to the support to prevent

leaching of the metal and hence loss of activity, or

* Corresponding author even contamination of the products. This type of
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supported catalyst preparation may, however, re-
quire several synthesis steps to modify at least the lig-
and, but sometimes also the support, for strong graft-
ing via the formation of covalent chemical bonds. In-
terest has therefore been focused on the immobiliza-
tion of chiral catalysts via non covalent interactions
on different supports, with the aim of offering robust
systems with simpler preparation but also enabling
both the catalyst and/or the released support to be
recovered at will, for another use.

Original and long-standing approaches to sup-
ported asymmetric catalysis involving the modifi-
cation of natural chiral supports by metal cata-
lysts should be mentioned here, as did Schwab
and Rudolph who studied metal-supported cleaved
quartz surfaces [4] or Izumi et al., who used Pd dis-
persed on silk fibers [5]. This has led to disappointing
results in terms of activity and enantioselectivity val-
ues, but nevertheless remains a fundamental proof of
concept. On the other hand, other procedures were
examined in which a conventional metal catalyst was
modified by adsorption of natural chiral molecules.
This is the case, for example, with highly efficient hy-
drogenation catalysts such as tartaric acid-modified
Ni catalysts or cinchona-modified Pt catalysts. In
the presence of such metallic surfaces modified by
these chiral inducers, the asymmetric transformation
is due to the selective adsorption of the substrate
onto the chiral surface, leading to very convincing
results, for the hydrogenation of 3-ketoesters or 3-
diketones for the first catalyst, and for the hydrogena-
tion of o-ketoesters for the second one. This field of
research has been the subject of numerous reports,
including a comprehensive review by Blaser [6], and
these methods have also been successfully applied
on a large scale, for example in the preparation of
Benazepril, an angiotensin-converting enzyme in-
hibitor intermediate [7].

However, major difficulties have arisen in achiev-
ing reproducible reaction rates and optical yields, as
the selectivity of the transformations is highly depen-
dent on the catalyst preparation procedure and/or
its modification with the chiral inducer. Enantios-
electivity indeed results from specific interactions
between the substrate, the chiral modifier and the
metal, the nature of which remains largely unknown
and uncontrolled. Work in this field has now mostly
shifted to the use of well-defined chiral active cata-
lysts whose activity is more predictable and repro-

ducible thanks to their immobilization on different
supports [8-14].

Non-covalent immobilization of enantioselective
catalysts was described in exhaustive reviews nearly
15 years ago, concerning organometallic [15] or or-
ganic catalysts [16], organized according to the im-
mobilization method used. At that time, most of
them involved electrostatic, acid-base, hydrophobic
or coordination interactions, adsorption or some en-
trapment methods. Since then, new strategies have
emerged involving 7t-stacking or charge-transfer in-
teractions, coming from our group and others. Ac-
cordingly, this account will highlight some of the
most recent results describing non-covalent interac-
tions for the easy recovery and reuse of enantioselec-
tive catalysts, starting with a selection of articles deal-
ing with the use of ionic interactions with inorganic
supports to immobilize catalysts. Then asymmetric
catalysis with active chiral species immobilized by 7t-
stacking interactions will be summarized, as well as
examples implying the formation of charge transfer
complexes. Finally, we have chosen to present some
of the most recent examples of coordination interac-
tions, such as those leading to metal organic frame-
works (MOFs), as they also enable recent, contextual
and valuable asymmetric multicatalysis. The vast
majority of the examples we have chosen to highlight
here involve the use of the well-known salen com-
plexes, due to their ease of access and their high ef-
ficiency in a very large number of asymmetric cataly-
sis reactions.

2. Electrostatic interactions with inorganic
supports

As previously mentioned, the non-covalent immobi-
lization of chiral catalysts has already been widely de-
veloped and mainly involved anchoring complexes
on silica supports, modified accordingly to allow
predominantly ionic interactions via sulfonic acid
bonds. As an example, Kim and coworkers have
described the hydrothermal synthesis of sulfonic
acid-functionalized SBA-16 mesoporous silica [17].
The incorporation of active Co-salen moieties was
achieved by the addition of Co(II) complexes in
solution and subsequent oxidation in air leading to a
stable linkage in the form of ionic pairs with sulfonate
anions on the surface. The robustness of the solid
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Scheme 1. Immobilization by ion pair interac-
tions for the ARO of epoxides.

catalyst was tested for the Asymmetric Ring Open-
ing (ARO) of rac-epichlorohydrin by water or phenol
derivatives. The reactions even gave better results
than those carried out with analogous homogeneous
catalysts, i.e. with lower catalyst loading and shorter
reaction time. The targeted products were recov-
ered, after simple solid filtration, with enantioselec-
tivity values exceeding 98% in some cases and yields
reaching 45% (Scheme 1). A slight drop in activity
was observed when recycling was attempted in the
hydrolytic kinetic resolution of rac-epichlorohydrin,
leading to a polar diol, which may compromise ionic
pairing on silica. In the case of the formation of less
polar compounds, using phenols as nucleophiles for
example, no loss of activity was observed and the cat-
alyst could be reused. The authors proved that the
support could be recovered and reused after a new
Co-salen re-attachment; they also demonstrated that
no reaction occurred in the supernatant after catalyst
removal before complete conversion, as a proof of the
effectiveness of the heterogeneous procedure.

New developments include the use of a differ-
ent support, namely chiral silica, in the hope of
synergy for possible matching effects between the
two chiral elements, the support and the complex.
In this context, Sun and his group prepared a se-
ries of helical silica materials in a sol-gel procedure
doped with sodium lactate to affect chirality, and car-
ried out subsequent phenylsulfonylation before im-
mobilizing Mn-salen complexes in ionic pairs [18].
Comprehensive analytical studies were performed to
prove the immobilization of the chiral catalysts and
the integrity of the helical structure. These new
structures were tested as catalysts to promote the
hetero-Diels-Alder reaction between Danishefsky’s

diene and various aldehydes. Active and enantiose-
lective catalysts were obtained after immobilization
of achiral Mn-complexes, demonstrating the chiral
induction induced by the support alone. Immobi-
lization of a chiral catalyst improved enantioselec-
tivity values, the molecular catalyst being respon-
sible for product configuration and the chiral envi-
ronment for enantioselectivity enhancement. The
authors describe a series of four different aldehy-
des and the reaction with acetophenone with vary-
ing success, which they attribute to restricted con-
formational changes by hydrogen bond or other ad-
sorptions on the support, depending on the sub-
strate structure. The transformation of heptalde-
hyde, however, has been described with total con-
version and selectivity (Scheme 2). A major influ-
ence of solvents was observed, with ionic liquids in-
fluencing the product configuration and promoting
catalyst recyclability. Six cycles of the solid catalyst
in BMImBF, gave stable results in terms of product
yield (74%) and enantioselectivity (>99%). These chi-
ral helical silica supports have also been studied for
their ability to promote asymmetric epoxidations of
non-functionalized alkenes, in the presence of PhIO
or m-CPBA [19]. In this case the silica support has
been modified with pendant ammonium groups and
the Mn-salen derivative was modified on the aryl
moieties by a sulfonyl group, remote from the cat-
alytic center, to enable ion pair formation. Again,
an enantioselective transformation occurred in the
presence of the exclusive helical chirality, and syn-
ergistic effects were highlighted between the meso-
scopic and the molecular chirality, with match or
mis-match properties.

Other types of supports, namely layered zinc
or Lanthanum Hydroxide Nitrates (LHS, Lay-
ered Hydroxide Salts) have also been used as
ion-exchangeable supports to immobilize Mn-
salen complexes modified with sodium sulfonate
groups [20]. The lower inter-layer forces allowed in-
deed the intercalation of larger anions, even though
FT-IR analyses revealed only partial exchange of
nitrates by the anionic catalyst. The benchmark
reaction involved the enantioselective epoxidation
of styrene derivatives and the Zn-LHS-supported
Mn-salen sandwich structure gave the best results
in terms of activity and selectivity, achieving 79%
conversion and 99% ee for the epoxidation of o-
methylstyrene with iodosylbenzene (Scheme 3). Re-
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cycling can be achieved after simple filtration and
the epoxidation was successful for the following four
cycles.

Ionic links of different nature have further been
exploited towards immobilization of metal-salen
derivatives on silica supports. Bhaumik, Islam
et al. prepared a chemically transformed carboxylic
acid functionalized mesoporous silica (AFS-1) by
modification of the SBA-15 outer sphere [21]. A
methylammonium-modified Co-salen complex was
then immobilized by ionic exchange interactions be-
tween the anionic support and the cationic complex.
Asymmetric aminolysis of racemic and meso epox-

ides (10 examples) has been achieved with excellent
results under solvent-free conditions, leading for
example to the formation of 2-(phenylamino)phenol
in 97% isolated yield and >99% ee. The high recycla-
bility of the catalyst has been described, as it can be
engaged in successive transformations up to 5 times
with almost no loss of efficiency (Scheme 4A). An
analogous catalytic material was also prepared with
the corresponding Cu-complex and found to pro-
mote the asymmetric nitroaldol reaction between
various aryl- or alkylaldehydes and nitromethane (11
examples) with high enantioselectivity (up to 94%)
and TONs [22]. The recyclability of the procedure
was demonstrated by performing the multiple re-
action of p-nitrobenzaldehyde with nitromethane
with the same batch of catalyst in dichloromethane,
which proceeded successfully with only a slight loss
in activity (95% to 84% conversion) and an identical
enantioselectivity value (91%) for eight consecutive
cycles (Scheme 4B). Interestingly, this supported cat-
alyst has been used to prepare (R)-isoproterenol, a
non-selective (3-adrenoreceptor agonist.

The last example we have chosen to present
concerns the preparation of heterogeneous Mn-
salen complexes anchored on mesoporous ma-
terials functionalized with imidazole groups [23].
Modified silica supports were obtained by co-
condensation of tetraethyl orthosilicate and N-(3-
triethoxysilylpropyl) imidazole, resulting in function-
alized MCM-41, favoring homogeneous distribution
of organic species. Immobilization of the Mn-salen
complex was achieved in refluxing toluene to form
electrostatic bonds with the imidazole group, result-
ing in a solid catalyst offering high activity and enan-
tioselectivity similar to that obtained with soluble
catalysts, in the epoxidation of olefins (3 examples,
up to 99% conversion and 85% ee for the oxidation
of indene) (Scheme 5). It should be noted that very
small quantities of catalyst could be used, due both
to the high electron-donating capacity of the imi-
dazole ligand and the good accessibility of the cat-
alytic sites. Virtually no metal leaching was detected
by ICP-AES analysis (Inductively Coupled Plasma
Atomic Emission Spectrometry); nevertheless, the
supported catalyst progressively lost its efficiency
when subjected to recycling experiments (3 runs).

Other types of electrostatic interaction than those
reported previously are existing, namely hydrogen
bonding which has been used, however not specif-
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Scheme 5. Immobilization by ion pair interactions on MCM-41 for alkenes epoxidation.

ically for the immobilization of catalysts on a solid
support, but to bring two salen complexes together,
with the aim of promoting their cooperativity [24].
Hong and his group have prepared unsymmetri-
cal Co-salen complexes bearing complementary 2-
pyridone/aminopyridine moieties on each phenolic
group, capable of creating self-assembled dimers in
solution via hydrogen bonding. The reaction tested
was the Henry reaction, in which both the aldehyde
and the nitronate ion are activated by the cobalt cen-
ter so that the asymmetric catalysis can take place

in the presence of a tertiary amine, as a base. Con-
trol experiments revealed significant rate accelera-
tion using this assembled catalyst, as well as kinetic
studies indicated a second order relative to the cobalt
concentration, with excellent enantioselectivity val-
ues for a range of aldehydes (8 examples, up to 96%
ee, Scheme 6A). These authors demonstrated that
other functionalities, notably the urea unit, could be
used to create directional hydrogen-bonding interac-
tions for self-assembly [25]. Therefore, they prepared
various symmetrical Co-salen complexes functional-
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Scheme 6. Immobilization by hydrogen bonding for nitroaldol reactions and hydrolysis of epoxides.

ized with bis-urea units and studied their efficiency
in catalyzing the HKR (Hydrolytic Kinetic Resolution)
of rac-epichlorohydrin; these dimeric species (11 ex-
amples) were found to exhibit a significant rate ac-
celeration compared with the monomeric catalyst,
both in solution (in THE up to 92% ee) and un-
der solvent-free conditions (up to 93% ee), and this
proved true for the transformation of four different
terminal epoxides (Scheme 6B). In this case, kinetic
studies also showed that the rate laws were second-
order in the cobalt concentration and further mech-
anistic studies were carried out, consistent with the
fact that the observed rate enhancement was due to
the self-assembly by urea-urea hydrogen bonding.

3. m-stacking interactions with carbon sup-
ports

In 2008, Zhou et al. reported an example of enan-
tioselective hydrogenation of «-dehydroamino es-
ters catalysed by a Rh(I) complex immobilized via
a pyrene-modified PyrPhos ligand on Carbon Nan-
otubes (CNTs) [26]. This ligand is readily accessible
by simple amide coupling, and both the activity and
enantioselectivity of the corresponding catalyst are
unaffected by the presence of the pyrene-tag. Various
examples of substrates containing electron-donating
or electron-withdrawing para-substituted aromatic
groups have led to the targeted products in excellent
yields (>99%) and very good enantiomeric excess
values (92-96% ee). The main advantage of these
modified catalysts remains their solvent-dependent

adsorption capacity. As such, reactions can be car-
ried out under homogeneous conditions, and the
catalyst recovered by filtration after a simple change
of solvent for precipitation. The authors showed that
the lowest adsorption rate on CNTs was obtained
when using dichloromethane (50%), which was con-
sidered the best solvent because the catalyst was
fairly mobile and the active sites easily accessible.
On the contrary, the use of a solvent with a high
adsorption rate on CNT, as ethyl acetate, led to the
precipitation of the complex, making it suitable for
catalyst recovery and recycling by filtration. By play-
ing on this difference of adsorption, easy catalysts
recycling was performed by a simple solvent change
and 9 cycles were realized without affecting either
the conversion or the enantioselectivity (Scheme 7A).
A similar transformation was reported by Fernandez,
Khiar and their group in 2017, for which they pro-
posed a pyrene-tagged carbohydrate-based phos-
phorus/sulfur ligand for Rh(I) catalysis immobilized
on Single-Walled Carbon Nanotubes (SWCNTs) [27].
Here, the effect of carbon linker length on catalytic
activity was investigated for the hydrogenation of
methyl «-acetoamido-cinnamate. Notably, they
demonstrated low activity using a one-carbon linker,
whereas a three-carbon linker achieved the same
conversion and enantioselectivity as with a tradi-
tional Rh complex in dichloromethane (>99% con-
version, 90% ee). In addition, they also showed that
the presence of this pyrene-tag made the reaction
efficiency more solvent-dependent, probably due to
possible competitive complexation of Rh(I) with the
aromatic rings to form Rh(I)-nG-arene complexes.
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Scheme 7. 7t-stacking interactions on CNTs for Rh-catalyzed asymmetric hydrogenation.

As mentioned previously [26], the solvent also in-
fluenced the catalyst adsorption on CNTs, allowing
reactions to be carried out under homogeneous con-
ditions and the catalyst to be recovered by changing
the solvent. Here also, dichloromethane was the sol-
vent of choice to carry out the reaction. On the other
hand, while the reaction went poorly in ethyl acetate,
the use of this solvent enabled almost complete
adsorption onto the CNTs after one hour of soni-
cation, which allowed to switch to heterogeneous
conditions for easy catalyst recovery. Based on these
results, four successive runs were carried out with
the same batch of catalyst, starting with excellent

conversion (>99%) and enantiomeric excess (96%)
to dramatically decreased values at the end (<10%
conversion, 40% ee), probably due to the intrinsic
instability of the catalyst (Scheme 7B). Later, in 2020,
Shi et al. described a method for the asymmetric hy-
drogenation of dehydroamino acid esters under het-
erogeneous conditions [28]. They employed pyrene-
modified MonoPhos-Rh(I) complexes immobilized
on graphene, demonstrating both high catalytic ac-
tivity and enantioselectivity. The use of ethyl acetate
enabled the achievement of comparable catalytic
performance to classical homogeneous conditions,
coupled with high adsorption on graphene. The



64 Léa Ibos and Emmanuelle Schulz

[Rh] (1 mol %)@ [rGO COH
CB

MWCNT

EtOAc, CO/H, (18 atm), 20 °C

’

exo-product

t-Bu

[Rh] : Rh(COD)BF,
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study encompassed eight examples of substrates fea-
turing variously substituted aromatic groups. This
resulted quantitative yields and enantiomeric ex-
cess values ranging from 91 to 96% for the targeted
products (Scheme 7C). Notably, diverse analytical
methods were employed to confirm well-defined
immobilisation. 3!P Cross-polarization magic-angle
spinning (CP-MAS) NMR spectra demonstrated
that the Rh complexation pattern remained un-
changed after adsorption on graphene surfaces with
a 3 x 107 mmol-mg~! loading on graphene. Addi-
tionally, EDS TEM analyses (Energy Dispersive Spec-
troscopy for elemental mapping in Transmission
Electron Microscopy) illustrated a homogeneous
distribution of the Rh complex on the surface. BET
(Brunauer-Emmett-Teller) measurements indicated
a surface area for the immobilized catalyst reduced
by half compared to the raw graphene. The cata-
lyst exhibited reusability for up to 13 cycles without
compromising the conversion of the starting ma-

terial or enantiomeric excess values. However, it is
worth mentioning that the reaction time had to be
extended from 2 h to 10 h after seven cycles, likely
due to the instability of the filtrated intermediate in
the absence of a hydrogen atmosphere.

Another example of immobilised Rh(I)-catalysed
reaction on carbon surfaces has been developed by
Godard and his group in 2019 [29]. The authors fo-
cused on the asymmetric hydroformylation of nor-
bornene to preferentially obtain the exo-product,
utilizing new pyrene-tagged diphosphite ligands
supported on various carbon materials and adapted
for continuous flow conditions (Scheme 8). Ini-
tially, the authors designed new sugar-based lig-
ands to achieve good exo-product yields (>99%) and
enantiomeric excess values (62%) under homoge-
neous conditions. Optimization efforts revealed that
glucofuranose-diphosphite ligands exhibited better
enantioselectivity than xylofuranose-derivatives,
especially when introducing substituents on the
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biphenyl moiety. Moreover, the O-alkylation at the
glucofuranose-C5-position played a crucial role in
catalyst activity. Subsequently, the heterogenization
of the reaction was undertaken by adding a pyrene-
tag to the effective ligand, ensuring no modification
of the catalyst activity. The immobilization of the
tagged Rh(I)-complexes was studied on different
carbon materials (Multi-Walled Carbon NanoTubes
(MWCNTs), Reduced Graphene Oxide (rGO) and Car-
bon Black (CB)). The results were consistent when
using MWCNTs or rGO but significantly increased on
CBs, likely due to the entrapment of the complexes
in the material structure. The effect of carbon-linker
length was highlighted, with the four-carbon linker
on MWCNT showing the best results being selected
for the rest of the study. However, heterogeneous
catalysis resulted in significantly lower enantiose-
lectivity values, and in terms of the recycling ability
of the immobilized catalyst in batch conditions, no
conversion of the starting material was observed af-
ter three runs. ICP-MS (Inductively Coupled Plasma
Mass Spectrometry) analysis demonstrated high Rh
leaching during the reaction. Nevertheless, with
the most optimized conditions in hand, the authors
have tested continuous flow conditions. Injecting
the syngas mixture via a mass flow controller, they
optimized the reaction at 10 bar pressure to achieve
higher enantioselectivity in the flow mode (72%) than
in batch (62%). This improvement was attributed to
more efficient gas-mass transfer which increased
gas solubility, and better exposure of substrates to
the catalyst, resulting in a higher local catalyst con-
centration. Subsequently, the support was changed
for rGO or CBs, and similar enantioselectivity was
obtained with approximately the same substrate
conversion and lower decay. This was explained by
a larger surface area of rGO (450 m?-g™!) and CBs
(211 m?-g~!) compared to MWCNTSs (80 m?-g~') and
improved ligand interactions with those supports,
facilitated by the presence of functional groups on
rGO or entrapment in mesoporous CBs. Although in-
creasing the catalyst loading in CBs support allowed
to increase the conversion up to 35% with the same
enantiomeric excess value, Rh leaching remained a
significant drawback for this reaction.

In 2013, Schulz et al. described the use of im-
mobilized bis(oxazoline)-ligands for both copper-
catalyzed Henry and ene reactions (Scheme 9) [30].
The use of anthracene-tagged ligands was favored to

optimize the reaction conditions and study the recy-
clability of the supported catalysts. First, the Henry
reaction between benzaldehyde and nitromethane
was carried out using an anthracene-bis(oxazoline)-
tagged Cu(OAc), complex in ethanol under homo-
geneous conditions, which furnished excellent yield
(89%) and enantiomeric excess (90%). However, af-
ter immobilization on activated carbon, the yield and
enantioselective excess value slightly decreased (68%
isolated yield, 69% ee), indicating that the supportin-
terferes with the reaction, leading to less accessible
active sites. Moreover, formation of traces of elim-
ination by-products was observed, probably due to
the non-negligible acidity of the support, explaining
the loss of yield. Then, recycling of the catalyst was
achieved after centrifugation of the reaction medium
to recover the catalyst. After 6 runs, the reaction time
increased from 24 to 120 h for moderate yields and
enantiomeric excesses. A test reaction performed
with the supernatant after a recycling cycle gave
comparable results, showing that a non-negligible
amount of catalyst had been solubilized during the
washing. Then, the reaction scope was extended
to the ene reaction between ethyl glyoxylate and a-
methyl-styrene with the anthracene-bis(oxazoline)-
tagged Cu(OTf); catalyst in dichloromethane. In this
case, the same activity and enantioselectivity were
obtained compared with homogeneous conditions
(89% yield, 67% ee). However, throughout the runs, a
slight decrease in activity and enantiomeric excesses
was observed, as in the previous case. The catalyst
immobilization on charcoal was then experimented
and gave similar good results (85% yield, 70% ee). At-
tempts to recover and reuse the free ligand, exempt
of the anthracene-tag, gave poor results during the
recycling, indicating that those tags are really nec-
essary for the catalyst recovery, without affecting its
activity. Finally, to diversify supports, studies using
a pyrene-tag instead of an anthracene one has been
conducted to compare the effect of various carbon
surfaces: charcoal, fullerene and SWCNT. After one
run, some differences were already observable: all
supported Cu(OTf),-supported catalysts allowed to
obtain the desired product of the ene reaction with
excellent yields (89%) but with variable enantioselec-
tivity. The best enantiomeric excess was obtained
with the catalyst supported on charcoal (69% ee),
followed by SWNCT-supported reaction (64% ee) and
then fullerene (56% ee). Pyrene- or anthracene-tags
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Scheme 9. 71-stacking interactions on carbon supports for Cu-catalyzed nitroaldol and ene reactions.

showed no change in recyclability, despite a stronger
7—7t interaction in the former case. After seven runs,
the charcoal-supported catalyst showed a slight de-
crease in yield and enantiomeric excesses. For the
fullerene-based catalyst, the values remained more
stable due to strong stacking with the pyrene-tag,
which allowed easy recyclability throughout the cy-
cles, but with lower enantioselectivity. On the other
hand, the SWCNT-supported Cu(OTf), complex gave
better results in terms of activity, and values re-
mained constant. This support seemed to be the best
immobilization method, avoiding leaching, and pro-
moting strong interactions with the pyrene-tag to en-
sure a good anchoring of the catalyst for recycling.
Later, in 2021, Schulz et al. described the im-
mobilization of another type of organometal-
lic complex via a pyrene-tagged salen ligand for
both the Asymmetric Ring-Opening (ARO) of a
meso-epoxide and the hetero-Diels-Alder reaction
(HDA) (Scheme 10) [31]. Herein, different types of
chromium salen complexes have been designed and

their activity studied for the cyclohexene oxide ARO.
Indeed, one- and four-carbon linkers have been syn-
thesized and then, both respective symmetric and
unsymmetric ligands have been accessed to finally
compare the four ligand-tagged activity. First, in
homogeneous conditions, those new-designed cat-
alysts have shown a better activity with improved
conversion rates of starting materials compared to
the classical Jacobsen ligand, probably explained by
possible 7-stacking interactions between two cat-
alysts to form bi-metallic more active complexes.
However, symmetric catalysts seemed to be consid-
erably less enantioselective than unsymmetric ones.
Then, the immobilization of unsymmetric com-
plexes on rGO as a suspension with a 4:1 mass ratio,
characterised by UV-Vis and XPS (X-Ray Photoelec-
tron Spectroscopy) analyses, has been performed to
switch to heterogeneous conditions. Interestingly,
in this case, the catalyst activity was not affected by
the heterogenization although the enantioselectivity
slightly decreased after the first run. Nevertheless,
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as the recycling progressed, the enantiomeric ex-
cesses increased to reach the same values as the ones
obtained under homogeneous conditions. Next,
HDA of different aldehydes with Danishefsky’s diene
has been then performed to extend the application
scope of this new-designed unsymmetrical salen
chromium complex immobilized on rGO. Again,
the catalyst efficiency was not affected in terms
of yields and enantioselectivity with benzaldehyde
compared to the use of the classic salen complex.
Concerning the immobilization procedure, the na-
ture of the washing solvent which allowed the sup-
ported catalyst recovery after one run proved to be
very important. Indeed, both cold dichloromethane
and acetone afforded a non-negligible leaching of
the catalyst which affected the conversion of the
starting materials. Diethyl ether finally allowed to
perform seven cycles without any impact on either
the conversion or the enantioselectivity. Moreover,

the authors studied the ability of using the same
immobilized-catalyst batch for the transformation of
three different aldehydes, successively. Interestingly,
the reactivity, with the three different substrates,
remained stable even after two runs, showing the
robustness of the recovery procedure.

In the same year, Schulz and her group devel-
oped heterogeneous conditions to perform the
enantioselective formal [3 + 2]-cycloaddition of ox-
aziridine with ammonium enolates described by
Smith group [32]. This reaction was promoted by
an IsoThioUrea (ITU) catalyst on phenyl acetic an-
hydrides allowing to study the heterogenization of
the organocatalytic transformation by m-stacking
interactions (Scheme 11). Indeed, the organic cat-
alyst has been tagged with a pyrene group on the
benzotetramisole phenyl ring and the activity of
this newly designed species has been first evaluated
under homogeneous conditions. Fortunately, the
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Scheme 11. 7-stacking interactions on rGO for the enantioselective synthesis of oxaziridine derivatives.

same high activity as described with the unmodified
ITU was recorded and it was shown that using the
soluble Hiinig base instead of inorganic Cs,CO3 re-
sulted in improving the yields (92%) despite a slight
decrease in selectivity (55/45% dr(anti/syn), 89/89%
€€(nti/syn)) and the formation of a small amount
of N-tosylbenzylimine by-product. With those re-
sults in hands, the immobilised catalyst on rGO has
been engaged and both organic and inorganic bases
have been tested allowing to maintain quite the
same activity, a stable good activity along three runs
(60% yield, dr(anti/syn) about 50:50, and ee values for
both products varying between 85 and 93%). Using
dichloromethane was preferred as both reaction and
washing solvent. Finally, an extended scope was de-
veloped, using four different substituted homoanhy-
drides, and the same batch of reused catalyst enabled
the four different product mixtures to be obtained
successively in good yields, with moderate diastere-
oselectivity and high enantioselectivity values.

4. Formation of charge-transfer complexes

Schulz and collaborators, using Atomic Force Mi-
croscopy (AFM), were able to visualize the forma-
tion of weak bonds between two acceptor-donor
aromatic molecules, forming Charge-Transfer Com-
plexes (CTC). They indeed successfully functional-
ized a tip and a probe with electron-deficient TriNi-
troFluorenone (TNE (acceptor)) and electron-rich 1-
methanolanthracene siloxane (donor), respectively,
to quantify the reversible pull-off force between the
two species [33]. Furthermore, they showed that

CTC interactions could be influenced by the pres-
ence of competitive species. For instance, employ-
ing an apolar dodecane solvent revealed stronger in-
teractions (6.6 + 3.5 nN) than using aromatic apo-
lar 1-methylnaphthalene (1.7 £ 0.5 nN), which en-
gaged in competitive 7t-stacking interactions and sat-
urated the tip-accessible sites, leading to decreased
measurements. Various factors, such as time of con-
tact between the species, medium concentration,
viscosity, sweep time, and tip geometry, played cru-
cial roles in measuring bonding forces [34]. Build-
ing on these results, Schulz et al. exploited CTC
interactions for asymmetric catalysis. They devel-
oped an innovative recycling method by creating
solid CTC between a donor-tagged catalyst and a
good acceptor additive, facilitating simple recovery
through filtration at the end of the reaction. The
first described example involved the design of new
anthracene-tagged bis(oxazoline) ligands complexed
with Cu(Il) to proceed enantioselective Diels—Alder
reaction [35]. First, the activity of the new de-
signed complex was evaluated under homogeneous
conditions in dichloromethane and showed no im-
pact on both conversion (>99%) and selectivity (93%
de, 84% ee) after the first run, for the reaction be-
tween cyclopentadiene and 3-acryloyl-oxazolidin-2-
one. CTC formation was then achieved by adding
TNE and the resulting complex precipitated thanks
to pentane addition, enabling easy catalyst recovery
for subsequent runs without compromising activity.
Switching to another dienophile with the same re-
covered catalyst allowed for five more cycles at 20 °C.
Eleven runs were successfully processed with the
same batch, recovered by precipitation, and washing
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Scheme 12. Immobilization by CTC interactions for the Diels—Alder reaction.

with pentane, without impacting yields and enan-
tioselectivity (Scheme 12A). The following year, in
2007, the method was extended to three newly de-
signed bis(oxazoline) ligands in the Cu(II) promoted
Diels-Alder reaction [36], involving one (R)-valinol
and two fert-leucinol bis(oxazoline) derivatives, each
tagged with anthracene. At first, the reaction was
conducted under homogeneous conditions to assess
the impact of ligand modification on catalyst activity.
Concerning the (R)-valinol derivative, there was a sig-
nificant decrease on selectivity (22% ee), mainly ex-
plained by the partial loss of the C, symmetry of the
ligand after functionalization on the gem-dimethyl
group compared to classical bis(oxazoline). Then,
regarding the catalyst recovery, CTC were prior pre-
pared ex-situ before being introduced to the reac-
tion solvent with substrates. Fortunately, over six
runs, the recovered catalyst was re-engaged with new
substrates without compromising the enantioselec-
tivity. In parallel, similar study was conducted with
the two tert-leucinol derivatives as ligand (three- and
five-carbon linker) which appeared to have a lesser

impact on enantioselectivity than the first one (97%
ee after one run under homogeneous conditions).
However, initial tests in the presence of the corre-
sponding CTC-based catalysts were much less effec-
tive (15 and 33% ee). The reuse for a second at-
tempt with the same CTCs and new substrates sur-
prisingly resulted in significantly improved enan-
tiomeric excesses in both cases. Notably, the ad-
dition of molecular sieves was mandatory to pre-
vent the detrimental effect of water on copper com-
plex. PM3 calculations also revealed that in these
latter complexes, the distortion degree between fert-
leucinol-derivative ligands and the catalytic site was
larger than with (R)-valinol one, involving more steric
hindrance around the copper center. To overcome
this activity loss, it was demonstrated that the first
run needed to proceed without the electron-deficient
precursor to achieve better results (89% yield, 87%
ee), and the formation of the CTC must be exe-
cuted only at the end of the first transformation.
By adopting this approach, improved yields (89%)
and enantiomeric excesses (87% ee) were achieved
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after the second run with the same catalyst batch
and remained stable along two additional cycles. Fi-
nally, three more cycles were conducted by switch-
ing from previously used 3-(but-2-enoyl)-oxazolidin-
2-one to 3-acryloyloxazolidin-2-one, sustaining sat-
isfactory activity (Scheme 12B). In 2008, our group
proposed to use CTC interactions to prepare mimic
bidentate complexes from anthracene- and TNF-
tagged monodentate bis(oxazoline) [37]. We fo-
cused on the design of reversible copper(ll) cata-
lysts from copper triflate for use in asymmetric Diels—
Alder cycloaddition. Initially, unsymmetrical mod-
ified bis(oxazoline) was prepared by deriving from
(S)-valinol, (R)-phenylglycinol and (S)-tert-leucinol.
These three ligands were respectively tagged with
both anthracene as a donor and TNF as an acceptor.
With these six ligands in hand, catalytic tests were
attempted under homogeneous conditions to eval-
uate the tag impact on reactivity. Fortunately, good
conversion and enantioselectivities were achieved
using monodentates species independently, result-
ing in major formation of the endo-product with
the anthracene-tagged electron-rich ligand and exo-
product with the TNF-tagged electron-deficient one.
This phenomenon was particularly evident with fert-
leucinol derivatives and was explained by likely 7t-
stacking interactions between the tags, favoring the
formation of homodimeric copper complexes well
known to efficiently catalyze asymmetric transfor-
mations. Subsequently, mixtures of one electron-rich
and one electron-deficient ligand equivalent (1:1) af-
forded heterodimeric CTC. Unfortunately, as previ-
ously demonstrated [33,34], competitive 7t-stacking
could occur between aromatic moieties, leading to
the formation of homo-and hetero-dimeric biden-
tate complexes, resulting in poor yields and enan-
tiomeric excesses for the endo and exo products. Nev-
ertheless, a method has been developed for easily re-
covering the catalyst by precipitating the CTCs, fa-
cilitated by a simple pentane addition. The reuse of
those CTC complexes did not affect conversion and
enantioselectivity in two runs, demonstrating the ef-
ficiency of the procedure for recycling (Scheme 12C).

In the same year, Gennari et al. also reported
the formation of bidentate complexes via CTC in-
teractions between modified ligands, applied to
Rh-catalysed hydrogenation [38]. They first pre-
pared a library of tagged-ligands, consisting in eight
electron-rich (six BINOL-and two octahydro-BINOL-

based) and two electron-deficient pentafluoroben-
zyl phosphites (R and S). After isolating these com-
pounds, they engaged them separately into a solu-
tion with the Rh(cod)BF, pre-catalyst (L/Rh = 2:1) to
form homodimeric complexes, characterized by 3'P
NMR. In parallel, they applied the same method to
obtain heterodimeric CTC by mixing an equimolar
ratio of electron-rich, electron-poor, and Rh pre-
catalyst. In these cases, they observed the forma-
tion of the desired hetero-CTC (50%), but unfortu-
nately, also the formation of homo-complexes (50%)
due to competitive interactions. Consequently,
they decided to conduct attempts with homod-
imeric and heterodimeric complexes in the enan-
tioselective hydrogenation of dimethyl itaconate
(Scheme 13). The best outcome was achieved with
the mixture of (R)-electron-poor phosphite and (R)-
meta-dimethoxybenzylalcohol-modified electron-
rich ligand (99% ee). Other heterodimeric deriva-
tives yielded moderate to excellent enantioselectivi-
ties, generally exhibiting higher activity with (R)/(R)
mixtures compared to (R)/(S) ones. Additionally,
concerning homodimeric species, methoxyphenol
derivatives led to improved enantioselectivities (92—
99% ee) compared to methoxybenzylalcohol ones,
which delivered poor enantiomeric excesses (70—
84% ee) and octahydro-BINOL ones, which pro-
vided moderate values (50-54% ee). Finally, they
applied their library of bidentate complexes to the
same reaction on methyl acetamido acrylate and,
again, heterodimeric (R)-dimethoxybenzylalcohol
derivative/(R)-pentafluorobenzyl one was the most
successful trial (93% ee). Despite the heterodimeric
catalyst not being pure, the corresponding het-
erodimeric/homodimeric mixture turned out to be
the most active catalytic species.

In 2010, the Schulz group described a new im-
mobilization method based on the same CTC in-
teractions but involving the use of a modified-resin
solid support [39]. In this case, they thought to
functionalize a Merrifield resin with a TNF moiety
as an acceptor for immobilizing anthracene-tagged
ligands. The advantage of this method is that it
facilitates catalyst recovery and allows one cata-
lyst to be replaced by another to carry out different
reactions in sequence, while using the same sup-
port. The reaction chosen to highlight this strategy
was the Cu(Il) enantioselective Diels—Alder reaction
between 3-but-2-enoyl-oxazolidin-2-one and cy-
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clopentadiene. Initially, the efficiency of the newly
designed tagged ligand was evaluated under ho-
mogeneous conditions without any detrimental ef-
fect on activity (83% ee, 78% de). Subsequently, the
newly formed Cu(Il)-catalyst was engaged under
the same reaction conditions after its immobiliza-
tion was conducted ex situ by CTC formation with
the modified resin (0.5 mmol/g TNF loading, <50
mesh particle size). Once again, the same activity
was achieved, leading to the desired endo prod-
uct as the major compound (91% yield, 76% ee).
Five additional runs were achieved using the same
immobilized catalyst batch, recovered by simple
filtration, and washing with pentane. During the
first two reuses, the activity seemed stable, but from
the fourth recycling, the yield and selectivity began
to decrease, reaching very low values after the sixth
reuse (28% yield, 39% ee). Test reactions indicated
a partial leaching of the catalyst and weak CTC in-
teractions (Scheme 14A). Finally, the same support
was tested for different reactions; to this end, the first
attempts were run with a single anthracene-tagged
catalyst over four successive runs, revealing a loss of
activity during the last two runs. To change the cata-
lyst, toluene was introduced as a competitive solvent
for CTC interactions, facilitating the removal of the
catalyst from the solid support. The ent-catalyst
was then easily added in dichloromethane to bind
it to the recovered TNF-tagged solid support, and
the same antagonistic reaction was conducted. Four
additional runs were carried out using the same con-
ditions, furnishing the opposite enantiomer of the
target product with the same enantiomeric excesses

as before. This method has proved to be an effec-
tive approach for the recycle of the catalysts and
conducting multiple reactions using the same sup-
port, which could prove particularly useful in flow
chemistry, for example. The same group also de-
scribed another multi-reaction approach facilitated
by CTC assistance for Cu(Il)-catalyst recycling [40].
In this context, the aim was to use the same catalyst
batch for the asymmetric Henry nitroaldolization,
applied to multiple substrates. The study focused on
an anthracene-tagged bis(oxazoline) ligand, as pre-
viously described, complexed with Cu(OAc),-H,O.
The presence of the anthracene moiety was proven
to be not detrimental to the reaction activity (89%
yield, 90% ee). Conveniently, catalyst recovery was
achieved by adding TNF for CTC formation and
subsequent precipitation in pentane at the end of
the first run. After one recycling, the enantiose-
lectivity remained stable, indicating that the CTC
formation had no negative impact on the catalyst
activity. Notably, the reaction time increased over
the other runs, probably due to a leaching of the
catalyst, but six reuses were successfully conducted
while maintaining good results. This method was
then applied to various substrates, including five
aldehydes and two nitroalkane derivatives, result-
ing in seven different products with good yields
and enantiomeric excesses. Especially, reactions in-
volving nitroethane yielded a diastereoisomer mix-
ture, with the anti-isomer as the major product.
With these results in hands, they accomplished the
recycling of one catalyst batch for nine different
transformations, demonstrating that no impact on
selectivity was observed over the runs. Despite a
slight increase in reaction time during the subse-
quent runs, it is important to note that no traces
of the previous product were observed during the
next run, indicating that the recycling and washing
procedures had been well optimized. Finally, they
switched to heterogeneous conditions by grafting
TNF moieties onto activated silica and immobilizing
an anthracene-tagged Cu(Il) catalyst via CTC inter-
actions. The Henry reaction could be performed five
successive times with the same catalyst batch, with-
out additional precipitation in pentane, affording
the desired product with the same yields and enan-
tioselectivity values as under homogeneous condi-
tions (Scheme 14B). This method represents another
original example of immobilization and recovery of
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catalysts on a solid support by non-covalent CTC
interactions.

In 2011, our group proposed a new asymmet-
ric multi-reaction method facilitating the promo-
tion of additional Cu-catalyzed transformations,
namely ene and cyclopropanation reactions [41].
These transformations were already known to pro-
cess by bis(oxazoline) ligands with Cu(OTf),. This
study reported the use of anthracene-modified
bis(oxazoline) for the easy recovery and recycling
of the catalyst. The ene reaction was firstly car-
ried out under homogeneous conditions between
«-methylstyrene and ethyl glyoxylate, resulting in a
similar yield (89%) and enantiomeric excess (67% ee)
as with the parent symmetrical ligands. Secondly,
after the first run and TNF addition, a further nine
cycles of catalyst recycling were carried out with
no effect on catalyst activity. CTC Precipitation in
pentane was employed to ensure effective recovery
and similar results were achieved on the analogous
3,3,3-trifluoro-2-oxo-propionic acid methylester
over seven reuses using the same method. Likewise,
the cyclopropanation of styrene with ethyl diazoac-
etate was investigated with the same Cu-complex.
The initial trial also showed a good yield (69%) with
a mixture of diastereoisomers (2:3 ratio) and good
enantiomeric excesses (72% and 69% ee for each
diastereoisomers), in agreement with the results ob-
tained using conventional homogeneous catalysts.
These results were replicated over five cycles, with
a slight loss in activity observed from the sixth run
(41% yield, 67 and 69% ee). The main objective of this
work was therefore to execute these different reac-
tions using a single catalyst batch, thanks to the pre-
cipitation of CTC for catalyst recycling (Scheme 15).
As previously reported [35,36], Diels-Alder cycload-
dition was also achieved via this procedure and was
consequently considered. The reaction was first
carried out twice between 3-acryloyloxazolidin-2-
one and cyclopentadiene, then twice more times
between 3-(but-2-enoyl)-oxazolidin-2-one and the
same diene to yield another derivative. Subsequently,
the ene reaction was conducted three times with «-
methylstyrene and ethyl glyoxylate, yielding good
results. Finally, the same batch of catalyst was again
used for cyclopropanation, giving results in line with
those described above. This unprecedented multi-
reaction approach enabled the same catalyst batch
to be reused nine times without any loss of activity in

successive reactions with different substrates.

On another hand, in 2012, Schulz and Di-
dier described the immobilization of the same
bis(oxazoline) structures but tagged with an electron-
deficient TNF moiety [42]. Immobilization via CTC
interactions was therefore considered by adding
anthracene after the first reaction and introducing
apolar pentane to precipitate the formed CTC, facil-
itating a good catalyst recovery. The first attempt in-
volved the TNF-modified ligand and Cu(OTf); in the
well-known Diels-Alder cycloaddition between cy-
clopentadiene and 3-but-2-enoyloxazolidin-2-one.
At the end of the reaction, a precipitation procedure
and filtration were conducted to recover the solid.
Surprisingly, all the anthracene was recovered in so-
lution, indicating that the interactions with the CTC
were not sufficiently strong. In fact, regarding the
solubility of the TNF-tagged Cu-complex in different
solvents, it precipitated on its own when the solvent
was changed, and the addition of anthracene for the
CTC formation was not necessary for the catalyst
recovery. Subsequently, the solid TNF-complex was
reused with new substrates and proved effective in
fourteen runs with the same reactant, followed by a
further six runs with analogous 3-acryloyloxazolidin-
2-one. A lower temperature was required with this
latter substrate to inhibit competitive racemic trans-
formation. More recently, in 2019, Liang and collab-
orators described the use of CTC in the Hydrolytic
Kinetic Resolution (HKR) of epichlorohydrin, cat-
alyzed by Co(Ill)-salen complexes [43]. Since this
transformation involves a bimetallic system, where
one metal acts as a Lewis acid to activate the epoxide
and the other to activate the hydroxide, the forma-
tion of donor-acceptor complexes to bring two salen
molecules together was found to be highly benefi-
cial. Modification of the symmetrical salen-ligands
with two electron-poor diimide tags facilitated inter-
actions with additional polyaromatic species, allow-
ing the formation of acceptor-donor-acceptor CTC
sandwiches at an ideal distance of around 7-8 A, op-
timal for enhancing HKR reactions. The group syn-
thesized three generations of modified salen ligands
to explore various parameters. Their results revealed
that flexible alkyl ester linkers between the acceptor
and the salen core were more efficient than rigid
conjugated phenyl linkers, enabling favorable orien-
tation and geometrical arrangement of the bimetallic
system. In addition, the choice of polyaromatic
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donor species played a crucial role, improving the
catalyst activity when used in the proper quantity. In
this case, the best results were obtained with the sym-
metrical di-Pyromellitic Dilmide (PDI) acceptor in
the presence of pyrene or perylene (conversion rates

of 52% and 54%, >99% ee, respectively), outperform-
ing the classical Jacobsen salen (10 h vs. 42 h). The
face-to-face stacking of the bimetallic CTC probably
optimally aligned the Co(III)-salen cores, optimizing
the interactions between both substrates. This was
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supported by 'H NMR and UV-Vis studies, highlight-
ing donor-acceptor interactions between PDI and
pyrene moieties (Scheme 16A). In addition to this,
the same group reported another CTC-immobilized
bimetallic system for the same reaction, expanding
the scope to other epoxides and nucleophiles [44].
They designed new modified salen ligands, including
unsymmetrical Naphtalene Dilmide (NDI)/pyrene-
bi-tagged, mono-NDI or mono-pyrene, and symmet-
rical bi-NDI or bi-pyrene-tagged ligands, comparing
their activity with the non-substituted Jacobsen com-
plex. In the epichlorohydrin HKR, all catalysts led to
improved yields (50%-59%) and enantioselectivity

(>99%) compared to the classical salen, with partic-
ularly decreased reaction rates obtained in the pres-
ence of the unsymmetrical acceptor—donor tagged
ligand (3.5 h). Another noteworthy attempt, involv-
ing a mixture of both mono-substituted acceptor and
donor (1:1 ratio), yielded similar results (59% yield,
>99% ee). Further experiments involved committing
both CTCs to other terminal epoxides HKR, which
gave satisfactory results, with slightly better activity
observed with the mixture of two differently tagged
complexes, particularly on aliphatic and hindered
substrates. It also allowed to reduce reaction time
for the transformation of 1,2-epoxybutane and 1,2-
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epoxyhexane epoxide without affecting the selectiv-
ity. The higher activity was attributed to a more flexi-
ble bi-complex between two mono-tagged than two
bi-tagged ones, allowing an optimized arrangement
in the space between the two salen catalytic moieties
(Scheme 16B). Overall, these results were also ob-
served on more complex substrates, demonstrating
good solvent adaptability, high catalytic activity, and
enantioselectivity in the asymmetric ring opening of
epoxides.

5. Coordination links—Metal Organic Frame-
works (MOF)

Another strategy has been developed for the immo-
bilization of chiral organometallic catalysts involv-
ing the heterocombination or homocombination of
different mutitopic ligands with metal ions, lead-
ing to self-supported catalysts, active as heteroge-
neous species, or to self-supported dynamic cata-
lysts, mainly effective as homogeneous species [45].
To illustrate the first case, Ding and coworkers pre-
pared two different ligands both possessing ditopic
sites in the form of a bridged BINAP and a bridged
diphenyldiamine (Scheme 17) [46]. After coordina-
tion of ruthenium in the presence of the two lig-
ands, a one-dimensional structure is formed as a
self-supported Noyori-type catalyst, in the form of
an iso-propanol-insoluble light-brown solid. The se-
lectivity of this catalyst proved superior to that of
its homogeneous counterpart, promoting the hydro-
genation of acetophenone and seven other arylke-
tones with enantioselectivities in excess of 94.5%
ee, thus demonstrating the synergistic impact of the
supramolecular self-supported assembly on the cat-
alytic behavior. The insoluble catalyst was recov-
ered by filtration and reused seven consecutive times
without losing its efficiency.

Another related approach involves the homo-
assembly of multitopic ligands by metal coordina-
tion leading to a polymeric structure. What is looked
for in this case, is a catalyst that remains hetero-
geneous in its resting state at the end of catalysis,
yet capable of undergoing a reversible partial de-
coordination process in the reaction mixture to be-
come the active species. This concept was demon-
strated by Garcia et al., who prepared a new chiral
ditopic ligand bearing two azabis(oxazoline) groups

(Scheme 18) [47]. Using copper salts of weakly co-
ordinating anions with an equimolar amount of the
ditopic ligand in a non-coordinating solvent, forma-
tion of the desired coordination polymer occurred.
The reaction tested involved the cyclopropanation of
styrene with ethyldiazoacetate, as a strongly coordi-
nating species, leading to a de-coordination process
upon its addition and a reaction taking place in the
homogeneous phase with even higher enantioselec-
tivity values for both cyclopropane isomers (ee up to
97% for the trans product). After completion of the
reaction, the coordination polymer is formed again,
and can be easily recovered by filtration for its effi-
cient recycling (14 cycles).

This procedure was subsequently studied by the
Bellemin-Laponnaz group for the enantioselective «-
hydrazination of [3-ketoesters with polytopic (bis-,
tris- and tetratopic) bisoxazoline as ligands [48].
The use of the ditopic ligand in combination with
Cu(O0Tf); led to a highly efficient self-supporting cat-
alyst for reacting with acyclic and cyclic (3-ketoesters
(5 examples) delivering the desired products with
almost complete conversion and enantioselectivity
values of 99%. Depending on the substrate struc-
ture, six to ten runs could be performed without loss
of efficiency. Interestingly, increasing the topicity of
the ligand led to a worse recycling and more catalyst
leaching. The authors also studied NonLinear Effects
(NLE) to better understand the aggregation state of
the active species, conducting experiments in which
the optical purity of the ligand varied. Negative NLE
was observed, consistent with the preferential forma-
tion of a homochiral metallopolymer, in equilibrium
with the active monomeric species. These authors
applied further this concept for the preparation of
air- and moisture-stable nickel metallopolymers ef-
ficient as enantioselective catalysts for the Michael
addition of diester malonates to nitroalkenes [49].
A chiral ditopic cyclohexyldiamine-based ligand was
prepared generating a self-supported catalyst in the
presence of nickel salts (Scheme 19). The sub-
strate displaces a diamine ligand and generates an
active catalyst that contains only a single diamine
ligand, giving an efficient catalyst with greater ac-
tivity than the corresponding monomer and simi-
lar enantioselectivity. Five examples were described
(complete conversion and up to 93% ee), along with
a procedure for efficient recovery of the catalytic
species. It involves the addition of diethylether for
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Scheme 18. Self-supported dynamic copper catalysts for cyclopropanation reactions.

catalyst precipitation, filtration, washing and subse-
quent reuse in up to 13 cycles with stable enantios-
electivity and a slight decrease in substrate conver-
sion.

For over fifteen years now, metal organic frame-
works (MOFs) have also been studied as a response
to certain challenges in supported asymmetric catal-
ysis [50,51]. The activity of these heterogeneous cat-
alysts comes either from unsaturated metal coor-
dination sites, or from active linkers between met-
als, or both, particularly if these linkers are chiral
organometallic complexes. In addition, the wide
choice of porous structures available allows selective
limitations in terms of size and shape through well-
defined channels and pores. Thus, MOFs have been
reported fairly recently as effective heterogeneous
catalysts for a number of transformations, including

enantioselective reactions. A relatively early example
was described by the Lin’s group for the preparation
of homochiral porous MOFs from BINOL derivatives
as chiral bridging ligands containing bipyridyl units
as orthogonal functional groups (Scheme 20) [52].
They were able to produce colorless crystals in the
presence of CdCl, while the chiral dihydroxy groups
were accessible for reaction with Ti(Oi-Pr)4, enabling
the formation of an active heterogeneous catalyst for
the addition of Et,Zn to aromatic aldehydes. The au-
thors showed activity and enantioselectivity equiv-
alent to those obtained when homogeneous BINOL
was used as a ligand (8 examples compared), except
for some substrates bearing Frechet-type dendrons,
which were probably unable to access the catalytic
sites because they were too large. This result proved
that catalysis occurred inside the MOF pores, and
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Scheme 19. Ditopic cyclohexyldiamine-based ligand as self-supported nickel catalyst.

control experiments were also carried out to confirm
the heterogeneous nature of the reaction.

One year later, Nguyen and Hupp prepared an-
other microporous MOF with Mn-salen struts for
asymmetric epoxidation [53]. The Mn-salen was
modified with two pyridine units, and a robust struc-
ture, in the form of a pair of interpenetrating net-
works, was obtained from zinc salts associated with
biphenyldicarboxylate as the second ligand. For
the asymmetric epoxidation of chromene derivatives
and 2-(tert-butylsulfonyl)iodosylbenzene as oxidant,
the heterogeneous catalyst proved to be almost four
times more active than the corresponding homoge-
neous catalyst, with only a slight decrease in enan-
tioselectivity (from 88 to 82% ee). Simple recovery of
the MOF catalyst by filtration enabled it to be reused
for three cycles without any decrease in enantioselec-
tivity and with a slight loss of activity, probably due to
partial fragmentation of the particles.

Since these early examples, a great deal of work
has been devoted to the precise optimization of
the MOF structure in order to enhance its reactiv-
ity and selectivity according to the target. For in-
stance, a family of isoreticular chiral MOFs has been
prepared under solvothermal conditions from Mn-
salen derivatives bearing dicarboxylic acids func-
tions attached by spacer bonds of different sizes [54].
The corresponding materials therefore had differ-
ent structures depending on the solvent used to
synthesize them and adjustable open channel sizes,
which in some cases led to heterogeneous catalysts
that were as effective as homogeneous ones for the
asymmetric epoxidation of alkenes, while at the same

time being recoverable and reusable after simple
filtration.

The versatility of these crystalline structures for
asymmetric heterogeneous catalysis was demon-
strated by Liu and Cui, who prepared a porous Cr-
salen MOF (Scheme 21) and subjected it to a series
of four catalytic transformations involving different
mechanisms [55]. The crystalline catalyst was ob-
tained by heating the corresponding salen complex
with CdI, and NaOAc and was tested in the Nazarov
reaction of alkoxydienones, affording functional-
ized cyclopentenones with high selectivity. Although
the enantioselectivity remained slightly lower than
the value obtained with the homogeneous analog,
a higher diastereoselectivity was observed, which
was attributed to the steric constraints of the con-
fined network. Used in other reactions such as the
asymmetric aminolysis of trans-stilbene oxide, the
Diels-Alder and hetero-Diels-Alder reactions, it has
led to increased enantioselectivity values compared
with homogeneous cases, with confinement effects
allowing ideal location of the active sites. Size selec-
tivity was also demonstrated as a bulky benzalde-
hyde derivative could not undergo an hetero-Diels-
Alder reaction, indicating a unique catalytic activity
within the MOF pores. The catalyst was reused in
four aminolysis cycles, showing good stability.

Other advances involving the manipulation of
such heterogeneous catalysts concern their post-
synthesis modification. Ren and Jiang, for instance,
synthesized and fully characterized a 3D Cu-salen
MOF possessing a 1D open channel [56]. They
then carried out a reduction step in the presence of
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NaBH,, leading to the reduction of the salen imine
groups to a more basic and flexible skeleton, while re-
taining its structural integrity. Although the Cu-salen
MOF proved to be a poor catalyst in the Henry reac-
tion, the corresponding salan derivative afforded the
expected products with higher activity and enantios-
electivity (15 examples and ee up to 98%) and was
successfully recovered and reused for five successive
runs. Another post-modification of an existing MOF
was described by Liu and Cui, when they heated a
VO-salen MOF in the presence of a Cr-salen complex
with exactly the same structure; this solvent-assisted
linker exchange resulted in the partial replacement of
certain VO-salen units by Cr-ones as shown by Induc-
tively Coupled Plasma — Optical Emission Spectrom-
etry (ICP-OES analyses) [57]. While the first catalyst
was active in the cyanosilylation of aldehydes (with
up to 95% ee, 11 examples), the MOF exchanged by
Cr-salen was engaged in asymmetric kinetic reso-
lution with aniline, a reaction that is not catalyzed
by VO-salen complexes. Cis-stilbene oxide was ef-
ficiently converted (87%) to aminoalcohol (76% ee),
demonstrating the introduction, by exchange, of chi-
ral Cr-salen species leading to mixed MOE promis-
ing for cooperative or tandem catalysis. To illustrate
cooperative catalysis, the authors demonstrated the
presence of a synergistic pathway resulting from the
close location of two V-salen units in the open chan-
nels of a MOF [58]. They prepared two different het-
erogeneous MOFs catalysts resulting from Cd(NO3),
and a VO-salen complex or a mixture of a Cu- and a
VO-salen complex. Once the two networks had been
fully characterized, they were used in the test reac-
tion involving the asymmetric cyanation of aldehy-
des. The homometallic heterogeneous catalyst was
very active and selective, particularly at low loadings,
highlighting the positive effect of confinement. As
a result, the bimetallic Cu- and V-containing MOF
was far less active, as the synergistic VO-VO path-
way was blocked by the presence of the copper sites,
resulting in less efficient unimolecular activation of
the substrates. In the context of tandem cataly-
sis, they proposed a similar strategy for the post-
synthetic exchange of achiral ligands from Zr-based
UiO-68 MOF with chiral salen complexes, bearing the
same or different metal centers [59]. Consequently, a
Mn-salen derived UiO-68 was obtained, which can-
not be achieved by direct solvothermal synthesis.
Then, from Mn-salen derived UiO-68, mixed salen-

containing MOFs were obtained (Mn/Cr and Mn/V)
by another solvent-assisted linker exchange proce-
dure. These highly stable platforms were precisely
characterized using NMR spectroscopy, ICP-OES,
and Powder X-Ray Diffraction (PXRD). Excellent het-
erogeneous asymmetric activity of the newly formed
UiO-68-(monometallic salen) MOFs was achieved
depending on the nature of the trapped metal, such
as epoxidation for the Mn-containing material and
epoxide ring opening for Cr-one, for example. Fi-
nally, in the presence of the MOF UiO-68-(bimetallic
Mn/Cr salen), a sequential tandem transformation
(i.e. epoxidation followed by ring opening with ani-
lines) was carried out to give the targeted amino al-
cohol in very high yield and almost complete enan-
tioselectivity, with a low catalyst loading (0.5 mol%).
This bimetallic catalyst was recycled after extraction
of the products for at least 10 cycles without any loss
of efficiency.

A variation in the structure of MOFs was also
proposed by Ren, Jiang and their group when
they heated a mixture of tetracarboxyphenyl-
porphyrin and a Ni-salen complex in the presence
of Cd(NOs3), [60]. They obtained a porphyrin-salen
based chiral MOE with two different interpenetrated
networks, one in which the porphyrin core contains
Cd?**, the other being metal-free. Efficient coop-
erativity could be demonstrated using this MOF in
catalytic asymmetric cyanosilylation (8 examples),
due to the presence of the high Lewis acidic sites
of the Cd?*" ion in the porphyrin ring. The close
location to the enantiopure Ni-salen complex led
to high values in terms of activity (up to 96% con-
version) and enantioselectivity (up to 98% ee). Fi-
nally, we chose to highlight the immobilization of
bulky Spinol-based chiral phosphoric acids in sta-
ble Zr-MOFs, and their use as asymmetric Bronsted
acid catalysts to promote enantioselective multi-
component tandem reactions [61]. The structure
of the chiral organocatalysts was designed to pro-
tect them from coordinating with metal ions and to
allow the formation of MOFs with different chan-
nel sizes. The corresponding heterogeneous cat-
alysts were found to be more active than analo-
gous homogeneous catalysts, with increased acid-
ity in the two-component acetalization/Friedel-
Crafts tandem reaction for the synthesis of enan-
tioenriched 2,3-dihydroquinazolinones (11 exam-
ples, up to full conversion and enantioselectivity) or
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Scheme 22. Immobilization of a Spinol-based chiral phosphoric acid in Zr-MOFs for multi-component

tandem reactions.

iso-Pictet-Spengler reaction of o-aminobenzylindole
with trifluoromethylated ketones (7 examples, up
to 98% yield and 96% ee). The catalyst was reused
10 times for the first transformation without losing
its activity or enantioselectivity. A successful three-
component tandem reaction using indole, aldehydes
and p-toluenesulfonalide as substrates (Scheme 22)
demonstrated interesting synergistic effects with the
Lewis acid Zr(IV) sites.

Similarly, the recent description of supramolec-
ular coordination cages has also produced excel-
lent results for asymmetric catalysis [62]. For ex-
ample, various tetrahedral cages were prepared by
mixing four clusters of CpsZrs with six dicarboxy-
late ligands derived from metal-salen complexes.
These new nanoreactors were described in detail and

the authors succeeded in obtaining cages contain-
ing identical or different active catalytic sites [63].
Cages containing Mn-salen were used for the epox-
idation of chromene derivatives with iodosylben-
zene derivatives with enantioselectivity values higher
than those obtained with the monomer. On the
other hand, Cr-salen cages have been used success-
fully for the ring-opening of epoxides with aniline or
trimethylsilylazide. Consequently, the mixed Cr/Mn-
salen cage was tested in the sequential asymmetric
epoxidation/ring-opening reaction of alkenes with
TMSN3 (3 examples) or anilines (9 examples) and
gave excellent results in terms of activity and enan-
tioselectivity, outperforming those obtained using a
1/1 mixture of each cage containing either Cr-salen
or Mn-salen as the active species, demonstrating the
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positive confining effect of a mixed cage. These
few examples are only representative of a growing
number of articles in this field, which show the
value of these crystalline objects, which are per-
fectly defined and whose structure has been precisely
targeted to carry out extremely varied asymmetric
catalysis and asymmetric multicatalysis reactions, in
highly efficient recycling procedures.

6. Ship in a bottle procedure

Finally, a last strategy based on non-covalent inter-
actions to immobilize chiral catalysts is worth men-
tioning, namely the “ship in a bottle” strategy, which
consists of trapping a homogeneous catalyst in a
solid porous matrix, leaving the space for the en-
try of substrates and the exit of products. This
procedure proved effective in immobilizing a chi-
ral Co-salen complex inside the mesoporous cage of
SBA-16, by controlling the size of the pore entrance,
adapting the autoclaving time and the silylation pro-
cess [64]. The corresponding heterogeneous chiral
catalyst was successfully used for the asymmetric hy-
drolytic ring-opening of epichlorohydrin and propy-
lene oxide with, in each case, values correspond-
ing those obtained with the homogeneous counter-
part. Furthermore, this catalyst was reused after
simple filtration in ten recycles with propylene ox-
ide as substrate, showing almost no loss in activity
or selectivity, as a proof of the stability of the ma-
terial and its ability to effectively trap active salen
species. Another more recent example concerns the
encapsulation of Mn-salen complexes in a one-step
procedure for the synthesis of a highly porous MOE
namely NH,-MIL-101(Al), implying the linker, the
Mn-salen complex and AlCls [65]. The correspond-
ing crystalline material was characterized indicating
the presence of a salen complex in one cage out of six.
Although a lower conversion was obtained compared
to the homogeneous catalyst, the enantioselectivity
for the epoxidation of dihydronaphthalene remained
unchanged at 70% ee, probably due to the soft en-
capsulation strategy where the catalyst structure re-
mained unchanged, without influence of the MOFs
walls. The MOF-cage thus assembled around the
Mn-salen complex was tested for four recycles with
a slight decrease in activity and no loss of selectivity.

Further analytical studies of the solid catalyst and fil-
trate were carried out, showing an unchanged struc-
ture and no leaching, demonstrating the stability and
truly heterogeneous nature of the catalyst. A final ex-
ample involves the entrapment of a chiral Co-salen
catalyst in IRMOF-3 nanocages by adsorption. As
this support is derived from tetranuclear Zn4O clus-
ters linked to 1,4-dicarboxylic benzene linkers with
a functional amino group, subsequent acylation of
the free amino groups via the post-synthetic mod-
ification technique enabled the catalytic sites to be
trapped by reducing pores size and, therefore, ac-
cess [66]. The synthesis of enantioenriched cyclic
carbonates from epoxides and CO, was used as a test
reaction resulting in a product with slightly reduced
activity compared with the homogeneous case, prob-
ably due to reduced diffusion. The control experi-
ments nevertheless proved the existence of hetero-
geneous activity inside the pores, with the catalyst
easily recovered and effectively reused over four re-
peated runs.

7. Conclusion and outlook

The immobilization of enantiopure catalysts,
whether organic species or organometallic com-
plexes, via non-covalent interactions on various sup-
port is constantly evolving. The use of weak and
reversible interactions could lead to leaching of the
catalyst and hinder, for example, efficient recycling
or promote metal contamination of the target prod-
uct. While this may still be true for certain methods
of immobilization by electrostatic interactions on
silica-type supports, partly because of their polar
nature, many other solutions have been found, for
example by adapting the solvent so that the effective
recycling number reaches very high values. More
recently, 7t-interactions with carbon supports have
also been exploited in the field of asymmetric catal-
ysis, enabling simple procedures to be implemented
since no modification of the support is required. The
conservation of the activity and enantioselectivity of
the immobilized catalyst was described, as well as
numerous effective recycles, right up to implementa-
tion in flow procedures as proof of the robustness of
this heterogenization process. Future developments
of this method should involve the co-immobilization
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of different (chiral) active species on the same sup-
port in order to promote ambitious asymmetric mul-
ticatalytic reactions. The formation of charge transfer
complexes for the recycling of chiral catalysts is rarer,
but has also proved its worth, either by acting in the
homogeneous phase and being easily recovered by
the addition of an apolar solvent before filtration, or
by direct filtration when the CTC is formed directly
with a species anchored on a support. Examples
of numerous recycling processes are also described
here as an interesting method for recovering and
reusing, not only the catalyst but also the support,
through easy exchanges of active species thanks to
non-covalent interactions. These immobilization
procedures have also been used in multi-substrates
reactions, as well as in multi-reaction procedures
proving both their applicability and their robustness.
The use of MOFs for supported asymmetric catalysis
is growing rapidly; in fact, today’s perfect mastery of
the synthesis of these crystalline materials, whose
structure and porosity are controlled, means that we
can decide on the exact location of the catalytic sites,
spacing them out or bringing them closer together
as required, depending on the desired reactivity,
whether individual or cooperative. These perfectly
designed nanoreactors offer size selectivity, multiple
recycling without metal contamination and asym-
metric multicatalysis. The field of supported asym-
metric catalysis, involving the use of non-covalent
bonds, is still wide open to creativity, to easily carry
out numerous transformations using the support,
not only for the purposes of economy and recycling,
but also to control the placement of numerous ac-
tive catalytic sites for the discovery of increasingly
complex reactivities.
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1. Introduction year. IAS profoundly and negatively affect biodiver-
sity, economy, food security, water security, and hu-
According to recent data from IPBES (Intergovern-  man health. Among them, the Japanese knotweed, or

mental Science-Policy Platform on Biodiversity and  Fgllopia japonica, is one of the most fearsome plant
Ecosystem Services), 60% of species extinctions are  species. It is widely established in wetlands in Eu-
due to Invasive Alien Species (IAS) [1]. These latter  rope, Oceania, North and South America [2]. The
constitute one of the five main causes of biodiversity  uncontrolled development of E japonicastrongly im-
loss on a global scale and cost 400 billion dollars each  pacts the biological diversity of wetlands, on uses,

the weakening of banks and hinders flood manage-

ment. Arundo donax, also called the giant reed and
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present in temperate and tropical areas [3], is another
demonstrative example. Its long, fibrous, intercon-
nected root mats constitute a frightening obstacle to
ecosystems and affect the functioning of wetlands.
The growth of A. donax is 2-5 times faster than na-
tive competitors, and its vegetative reproduction al-
lows it to quickly invade new areas and completely
supplant native vegetation. Finally, A. donax is ex-
tremely flammable, increasing the likelihood and in-
tensity of wildfires.

While they constitute the largest reservoirs of car-
bonaceous organic matter, wetlands contribute to
mitigating extreme climatic phenomena (floods and
droughts), water purification, and preserving biodi-
versity. Thus, the rapid disappearance of wetlands,
which no longer ensure their regulatory action, is
worryingly reducing the resilience of neighbouring
ecosystems. Over the past ten years, wetland man-
agers have made considerable efforts to try to erad-
icate IAS. The technique is frequently based on the
extraction of rhizomes. This method is destructive,
expensive and has a major limitation: the slightest
residue of rhizomes or roots can grow uncontrollably.
The various eradication operations seem so far illu-
sory. Today, it is more realistic to study the imple-
mentation of solutions to refrain the proliferation of
IAS rather than aiming for their eradication. Thus, for
example, a less destructive management of the prolif-
eration of invasive species, F japonica and A. donax,
is being studied: rather than extracting the rhizomes
at the cost of significant and inconclusive efforts, re-
peated mowing of the aerial parts could deplete the
plant. This technique affects the vegetative dynam-
ics of the species and allows native species to recre-
ate habitats. These experiments must be designed
over several years to assess the process efficiency of
management control for each species. It is therefore
essential to find an economically viable valorization
of the harvested parts to support the ecological study.
To do so and particularly to limit IAS in wetlands over
the long term, the Grison group is studying the trans-
formation of harvested aerial parts into essential raw
materials for sustainable chemistry (Figure 1). Their
particular physiology and vegetative dynamics bear
witness to an unusual mineral composition [4]. They
complete the family of biosourced metal catalysts,
called ecocatalysts® [5-8].

Recently, we showed that ecocatalysts® derived
from FE japonica were composed of fairchildite,

a double carbonate of potassium and calcium,
K»Ca(CO3)2. This original structure led to very
good results in the Michael addition of di-activated
methylene to cyclic enones [9]. The study was here
extended to a reaction of industrial interest, the
transesterification of alkyl esters with glycerol. This
new application led to the green and biosourced
synthesis of emollients and non-ionic emulsifiers,
glyceryl caprylates and oleates. The structure and
reactivity of ecocatalysts® derived from E japonica
and A. donax were compared. After a detailed study
of the different parameters influencing the conver-
sion and selectivity of transesterification reactions,
the design of an experimental plan was carried out to
optimize the reaction conditions. The method was
then studied on larger quantities through a scale-up
study:.

2. Results and discussion
2.1. Characterisation of ecocatalysts®

Ecocatalysts®, Ecol-E-FA-JA and Ecol-E-AR-DO,
were prepared from aerial parts of E japonica and
A. donax, including stems, leaves and petioles. The
harvested parts were ground and thermally treated
under airflow, directly characterised by MP-AES and
XRPD and used as catalysts for the transesterification
of methyl and ethyl fatty esters.

2.1.1. Elemental composition of ecocatalysts®

Metallic compositions of ecocatalysts®, resulting
from the thermal treatment of aerial parts of F japon-
ica (Ecol-E-FA-JA) and A. donax (Ecol-E-AR-DO),
were studied by MP-AES analyses. Assays were per-
formed in triplicate for each sample to determine
the standard deviation of the measurement (Table 1).
The results showed that potassium was the major
mineral element in each ecocatalysts®. These val-
ues were significantly higher than the average values
of native plants present in the wetlands where the
harvests were carried out (potassium content usually
around 3-5%). It should be noted that Ecol-E-FA-
JA exhibited a high magnesium level, which is con-
sistent with the high level of chlorophyll in the leaf
biomass of F japonica [11].

2.1.2. XRPD analysis of ecocatalysts®

The structures of Ecol-E-FA-JA and Ecol-E-AR-
DO were investigated by XRPD (Table 2, Figures S1
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Figure 1. From the management of IAS in wetlands to green synthesis of glyceryl esters. (a) F japonica
and (b) A. donax [10]; (c, d) massive harvests of aerial parts; (e) transformation of aerial parts into
ecocatalysts®; (f) synthesis of glyceryl esters using ecocatalysts®. Pictures taken by the authors.

Table 1. Elemental composition of Ecol-E-FA-JA and Ecol-E-AR-DO determined by MP-AES.

Ecocatalysts® Composition (wWt% (%RSD))
Ca Fe Mg Na K Al
Ecol-E-FA-JA 9.09 028 390 0.10 30.16 0.13
(0.57) (4.33) (0.5 (0.66) (0.7) (3.52)
Ecol-E-AR-DO 2.71 0.05 1.49 0.12 37.16 0.03
(2.29) (2.93) (4.07) (0.63) (0.48) (1.10)

and S2 in ESI). The two ecocatalysts® presented
mostly crystalline potassium salts; neutral crys-
talline potassium salts were similar but the basic
ones differed. Indeed, Ecol-E-AR-DO exhibited
K»COs3, while Ecol-E-FA-JA revealed the presence
of KMgPO,-6H,0, crystallized as struvite-K. Surpris-
ingly no crystalline phase of fairchildite, K,Ca(CO3)3,
could be detected within Ecol-E-FA-JA, as it had
been previously observed [9]. The difference of struc-
ture between the two ecocatalysts®, which both de-
rived from the same plant species F japonica, might
be due to different locations and dates of collection.
Nevertheless, the presence of struvite-K was of high
interest since phosphates possess stronger basic
properties than carbonates.

The basicity of the two ecocatalysts® was hence
assessed and gave high pH values of 12 for Ecol-E-
AR-DO and 11.5 for Ecol-E-FA-JA (Table 2).

These two catalysts being therefore slightly differ-
ent, it was particularly interesting to compare their
reactivity in the basic-catalyzed transesterification of
triglycerides.

2.2. Application of the ecocatalysts® in the trans-
esterification of triglycerides

The preparation of glyceryl esters is based on three
possible strategies (Scheme 1):
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Scheme 1. General routes for the synthesis of glyceryl esters from literature and envisaged strategies for
the transesterification of alkyl esters with glycerol using ecocatalysis.

Table 2. Crystalline species of potassium salts Ecol-E-AR-DO and Ecol-E-FA-JA determined by XRPD

and pH of a suspension of ecocatalysts® in water

Ecocatalysts® Crystalline species pH*
KCl KzSO4 K2C03 KzCﬁ(COg)g KMgPO4'6H20 CaCO;;

Ecol-E-AR-DO Wiz - - . 12

Ecol-E-FA-JA - - 11.5

*pH was measured after stirring 100 mg of ecocatalyst® in 1 mL of distilled water for 15 min

and decanting.

» Hydrolysis of a triglyceride.

(Strategy 1): This strategy may seem attractive be-
cause it is direct. However, the hydrolysis of a triglyc-
eride into a monoglyceride is very difficult to control
as hydrolysis is increasingly rapid as the fatty chains
of the triglyceride are hydrolyzed [12,13]. The lit-
erature is therefore mainly based on enzymatic hy-
drolysis using specific lipases, which are more suited
to this situation [14,15]. However, the selectivities
remain moderate (>50%) and the reactions are de-
scribed on small quantities of substrates.

« Esterification of an activated fatty acid.

(Strategy 2): This sequenced method requires the
prior hydrolysis of the triglyceride into fatty acid,
followed by the activation of the acid to carry out
the esterification. Various activation methods are
described: activation of the fatty acid partner by
Brensted acids such as APTS [16], Zn or Ti salts
supported on zeolite [17,18], tungsten nanoparti-
cles in ionic liquid [19], cobalt salts supported on
hydroxyapatite [20], activation by enzymes [21-23],
formation of fatty acid chlorides [24-28], or acid
anhydrides [29,30]. Using glycerol as a nucleophile
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leads to unsatisfactory results despite the variety of
activation agents (drastic conditions in terms of tem-
perature and/or reaction time), and masked forms of
glycerol have been described to improve conversion
and selectivity. Thus, isopropylidene glycerol [30,31],
glycidol [32-36], epichlorohydrin [37] or 3-chloro-
1,2-propanediol [38] have been reported. This strat-
egy is hardly compatible with the principles of green
chemistry (protection/deprotection sequences of the
masked form of glycerol, toxic reagent, moderate or
even low overall yields).

 Transesterification of a methyl or ethyl fatty ester.
(Strategy 3): This strategy is probably the best com-
promise between efficiency and number of reaction
steps. The key intermediate here is the fatty methyl
ester (eventually an ethyl ester), widely described
since the emergence of biodiesel. However, only a
few examples of monoglyceride formation from fatty
esters are described in the literature. Among them,
the preparation of glyceryl oleate and caprylate has
been reported using sodium carbonate for 5 h at
180 °C [39]. The yield is not specified, but the re-
action conditions show that using alkaline carbon-
ates makes it possible to facilitate the transesterifica-
tion under reasonable reaction conditions in terms of
duration and temperature. Our recent work showed
that the ecocatalyst® derived from E japonica pre-
sented a reactivity that could be higher than the al-
kaline carbonates reactivity [4]. These encouraging
results led us to revisit this third strategy through
the transesterification of methyl and ethyl esters with
glycerol in caprylic and oleic series (Scheme 1).

2.2.1. Optimization of the transesterification condi-
tions of methyl caprylate 1 with glycerol

The preparation of glyceryl caprylate 2 by trans-
esterification of methyl caprylate 1 with glycerol was
chosen as the first model reaction. The solvent-free
reaction was promoted under microwave activation.
Glycerol plays the role of nucleophile as well as a
heating source absorbing microwaves (Figure 2). A
fine study of the reaction conditions was carried out
with Ecol-E-AR-DO. The influence of four parame-
ters were investigated on the conversion and the se-
lectivity of the reaction: temperature, reaction time,
catalyst loading and the quantity of glycerol. The
detailed results are summarised in the Table S1 of
the ESI. Given the number and range of experiments,
Pearson’s correlations were calculated to statistically

analyze these data (Figure 2a). Correlation values
greater than 0.50 and p-values less than 0.05 were
considered (in bold in Figure 2a). The correlation
matrix showing only the correlation of the four pa-
rameters and the two responses of the system high-
lights two statistically significant correlations: con-
version rate and selectivity with the catalytic loading
and the quantity of glycerol. Both conversion rate
and selectivity were positively correlated to the cat-
alytic loading. The influence of glycerol was more
complicated: conversion rate was negatively corre-
lated to the quantity of glycerol while selectivity was
positively correlated. The correlation coefficient of
—0.44 between the conversion rate and the quantity
of glycerol was considered, although it does not meet
the selectivity criteria. The use of ten equivalents
of glycerol was thus chosen, which was a compro-
mise to achieve a sufficient conversion rate without
affecting the selectivity. Experimental conditions
that take into account these initial results have been
tested. Indeed, the transesterification of methyl
caprylate 1 with glycerol (10 equiv) at 150 °C for 1 h
using Ecol-E-AR-DO (0.5 equiv in potassium) led to
an excellent yield (Figure 2b). The use of Ecol-E-FA-
JA led to excellent results as well (92% of conversion
and 96% of selectivity).

The recyclability of Ecol-E-AR-DO was then stud-
ied on a larger scale (8.5 mmol), called the interme-
diate scale, to allow distillation of the crude mix-
ture. Distillation of a mixture of glycerol and glyc-
eryl caprylate 2 under reduced pressure (145 °C,
0.04 mbar) was used to recover the ecocatalyst®
as the distillation residue. Ecol-E-AR-DO was re-
activated by thermal treatment and reused, giving
comparable yields during at least 4 reaction cycles
(Figure 2¢).

The MW-transesterification was scaled up on a
larger scale (85 mmol), called the large scale, using
a specific set-up. The reaction was performed with
Ecol-E-AR-DO on a pilot MW 1 L reactor equipped
with a distillation apparatus. MeOH was distilled to
shift the equilibrium while the temperature of the re-
action mixture was maintained at 160 °C, with a high
absorbance of MW power. Good conversion (81%)
and selectivity (81%) could be preserved at such a
scale.
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Figure 2. (a) Pearson’s correlation matrix of the experimental variables from 16 experiments for deter-
mining the key parameters of the transesterification of methyl caprylate 1 with glycerol using Ecol-E-
AR-DO, at a small scale (values in bold correspond to a p-value < 0.05); (b) best conditions found at dif-
ferent scales. *methyl caprylate 1 (1 equiv), glycerol (10 equiv) and ecocatalyst® (0.5 equiv in potassium),

¥
of Ecol-E-AR-DO at the intermediate scale.

Depending on the scale of the reaction, the
method used here led to yields ranging from 66%
to 89%. In the literature, the transesterification of
methyl caprylate 1 with glycerol was described using
a Ba-Al oxides catalyst at 140 °C for 16 h, leading
to a 96% yield [40]. This reaction required a long
reaction time and the use of a Ba—Al oxide catalyst,
which is questionable from an environmental point
of view [41], while our method relied on a biosourced
catalyst and a shorter reaction time which could be
decreased to 1 h or 2 h according to the reaction
scale.

Two work-up conditions were studied to separate
glycerol and glyceryl caprylate 2 (Figure S3 in ESI).
The first one relies on a conventional treatment by
adding water to remove glycerol, followed by a liquid-
liquid extraction of glyceryl caprylate 2 with Me-THE
Glyceryl caprylate 2 (100 g) could be obtained with
high purity (less than 1 wt% of glycerol) (Table 3).

Based on a cloud point experiment, an alterna-
tive work-up was investigated to avoid the use of sol-
vent and prevent waste formation. Glyceryl capry-
late 2 was added to a brine solution, and the mixture

conversion and selectivity were established using an HPLC-QDa calibration curve; (c) recycling studies

was stirred at 60 °C. Cloud points were determined
visually by noting the formation of two phases: brine
water/glycerol and glyceryl caprylate 2, which were
easily separated by hot decantation. This method led
to an excellent separation with only 4 wt% of glycerol.

2.2.2. Extension of the method to the transesterifica-
tion of methyl oleate 3 with glycerol

The best conditions obtained during the synthe-
sis of methyl caprylate 1 (150 °C, 10 equiv glycerol,
0.5 equiv in potassium, 1 h, microwave activation)
were transposed to the transesterification of methyl
oleate 3. However, the conversion rate collapsed
to 5%, probably due to the lengthening of the car-
bon chain. Ecol-E-FA-JA appeared far more efficient
to achieve this reaction with significant conversion
(Figure 3b).

A new set of experiments was then conducted to
improve the conversion rate and the selectivity by
studying the reaction time, the temperature and the
catalytic loading (Figure 3a). Results were again sta-
tistically analyzed by calculating Pearson’s correla-
tions, which showed time and temperature were pos-
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Figure 3. (a) Pearson’s correlation matrix of the experimental variables from 16 experiments for deter-
mining the key parameters of the transesterification of methyl oleate 3 with glycerol using Ecol-E-FA-
JA (values in bold correspond to a p-value < 0.05). (b) Transposed conditions from transesterification
of methyl caprylate 1 and examples of conditions used for the Pearson’s correlation matrix, *methyl
oleate 3 (17 mmol, 1 equiv), glycerol (10 equiv) and ecocatalyst® (0.5 equiv in potassium), MW activa-

tion, ¥

conversions and selectivity were established using an HPLC-ELSD calibration curve.

Table 3. Industrial specifications [42] and properties of glyceryl caprylate 2 obtained by extraction with

H,O/Me-THF

Industrial specifications

Sample properties

Acid value (mg KOH/g)
Peroxide value (m equiv/kg)
Free glycerol (%)
Monoglycerides (%)
Diglycerides (%)
Triglycerides (%)
Methanol (ppm)

<2.5 <2.5
<1 0.6
<2.5 <1
>80 >90
<20 <10
<5 <0.1
- <0.4

itively correlated to the conversion rate (correlation
coefficient > 0.5 and p-value < 0.05). Moreover, the
conversion was negatively correlated to the selectiv-
ity. For instance, an increase of the temperature led
to a conversion rate of 88% but with a selectivity of
only 45% selectivity, which can be explained by the
beginning of glycerol polymerization.

A design of experiment (DoE) approach was car-
ried out to determine the optimal settings of the
transesterification reaction parameters for the pro-
duction of glyceryl monooleate 4 [43].

The experimental space, shown in Table 5, was de-
fined by the upper and lower limits of three param-
eters: the temperature of the reaction (160-170 °C),
which was limited to 170 °C to avoid the glycerol
polymerization side reaction, the reaction time (40—
80 min) and the quantity of Ecol-E-FA-JA (0.25-
0.5 equiv in K) (Table 5). The studied response was
the yield in glyceryl monooleate 4. A design ma-
trix was generated using Modde 13.0 software ac-

cording to full fractional design, resulting in 11 ex-
perimental points that included 23 factor points and
three replications at the middle point to evaluate
the reproducibility. A polynomial model (see Fig-
ure 4b for the corresponding equation) for the glyc-
eryl monooleate 4 yield was obtained with a satis-
fying R? (0.954) and an acceptable fit between pre-
diction and experimental data (Q?> = 0.800). Fig-
ure 4a highlights that increasing the reaction time
and quantity of Ecocatalyst® significantly positively
impacts glyceryl monooleate 4 synthesis. The other
studied parameters have no significant impact. As
shown by the contour plots of Figure 4b, the hotspot
is located in the top right-hand area (i.e. Ecol-E-FA-
JA at 0.5 equiv in potassium and 170 °C), these opti-
mum conditions allowing the prediction of a theoret-
ical yield of 77%. These optimized experimental pa-
rameters were then tested in triplicate, leading to a
repeatable yield of 82%, slightly higher than the yield
predicted by the DoE model.
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(d) theoretical and experimental yields obtained using optimum conditions determined by DoE. ¥ Yields
in glyceryl oleate 4 were established using an HPLC-ELSD calibration curve.

This result can be advantageously compared to
the literature data regarding performances and soft
reaction conditions (Table 4). The same reaction was
described either with glycerol or using isopropyli-
dene glycerol. The use of glycerol relied on chemical
activation by P1 phosphazene [44] or Mg oxides [45]
athigh temperature or during long reaction time. Iso-
propylidene glycerol was used in enzymatic catalysis
in ahazardous solvent (hexane) and required a strong
acid-catalyzed deprotection step [46]. The solvent-
free way of synthesis presented here, which needs
low reaction times and the use of an eco-friendly
catalyst, is particularly attractive from a sustainable
point of view.

2.2.3. Transesterification of ethyl caprylate 5 by glyc-
erol

The transesterification of ethyl caprylate 5 by glyc-
erol presents a specific interest in producing 100%
biosourced monoglyceryl esters. Indeed, ethyl capry-
late 5 is derived from the transesterification of triglyc-
eride by ethanol rather than by methanol, which is
petroleum-based and neurotoxic. However, ethyl
caprylate 5 is less reactive than methyl caprylate 1.
The transesterification of ethyl caprylate 5 by glycerol

therefore required a specific study. The strategy pre-
viously used for methyl caprylate 1 and oleate 3 was
transposed identically. First, the influence of the re-
action time, temperature and catalyst loading on the
conversion rate and the selectivity was investigated
using Pearson’s correlations (Figure 5a). The correla-
tion matrix highlights that selectivity shows negative
correlations with the reaction time and the catalytic
loading, suggesting that decreasing the quantity of
ecocatalyst® increases the selectivity (Figure 5b). The
reaction time and catalytic loading are positively cor-
related with the conversion rate and temperature is
positively correlated with the selectivity, but their val-
ues of correlation coefficient are not statistically sig-
nificant (p-value > 0.05).

The optimal reaction conditions of ethyl caprylate
5 transesterification were then determined by DoE
with regards to three key parameters: the tempera-
ture of the reaction (150-160 °C), the reaction time
(15-30 min) and the loading of ecocatalyst® Ecol-E-
FA-JA (0.025-0.05 equiv). The response was the yield
in glyceryl monocaprylate 2. The same simple sys-
tematic design (full factorial design with 11 experi-
mental points) was used to estimate the main effects
and potential interactions. The coefficient values of
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(¢] Ecol-E-FA-JA, (¢]
M/\)I\ Glyserol /\/\A/U\
OFt & Hoﬁ/\OH PR f— O/\/\OH + EIOH
5 OH Mw 2 OH
@ _ _ i, (®) . .
variables conversion | selectivity ® —_ o conv.¥ | select.
: ecocatalyst cat. loading in K conditions
of 5 in2 5 2
cat. loading 0.46 —0.94 0.5 100% 60%
time 0.50 _0.58 Ecol-E-FA-JA 0.1 30 min. 160 °C | 100% 67%
0.05 45% 76%
temperature -0.22 0.57
conversion of 5 1 —0.65
selectivity in 2 —0.65 1

Figure 5. (a) Pearson’s correlation matrix of the experimental variables from 12 experiments for deter-
mining the key parameters of the transesterification of ethyl caprylate 5 with glycerol (values in bold cor-
respond to a p-value < 0.05); (b) examples of conditions used for Pearson’s correlations. *Ethyl caprylate

5 (17 mmol, 1 equiv), glycerol (10 equiv) and ecocatalyst®, under MW activation,

¥ conversions and se-

lectivity were established using HPLC-ELSD and HPLC-PDA (A = 211.3 nm) calibration curves.

Table 4. Comparison of processes from literature and using ecocatalysis

o} o
NN U UG N N N e NN N
OMe 4 Ho~ “R? 07> " oH
3 4 OH
/\ o, o .
HO R2 Reactant Conditions Yield in 4 Ref.
Glycerol Ecocatalyst® 170°C (MW), 1.3 h 82%  Present work
without solvent

Glycerol Phosphazene P1 rt, 16 h in DMSO 87% [44]

Glycerol Mg salts 220°C,5h >60% [45]
Isopropylidene glycerol Lipase EC3.1.1.3 (1)65°C, 48 h in hexane 88% [46]

(2) HCI (50% v/v)

the polynomial response model (R? = 0.905 and Q? =
0.677) are all significantly positive, except for the in-
teraction between temperature and reaction time,
meaning that an increase in the temperature, time
and catalyst tends to increase the yield in glyceryl
monocaprylate 2 (Figure 6a and b). Figure 6c shows

Table 5. Factors and their values used for the
experimental design.

Factors Levels
-1 +1
Temperature 160°C 170°C
Time 40 min 80 min
Ecol-E-FA-JA (equivK)  0.25 0.5

that the hotspot—again located at the top right-hand
zone (i.e. Ecol-E-FA-JA at 0.05 equiv in potassium
and 160 °C)—indicates that these optimum condi-
tions predict a theoretical yield of 70%.

This prediction was confirmed experimentally,
with an isolated yield of 67% of glyceryl monocapry-
late 2, slightly lower than the yield predicted by the 23
full factorial design model.

In an attempt to obtain better results, the in-
crease of each parameter independently was tested.
It led to similar results, with no increase of the yield
(Table S9). To our knowledge, no similar synthesis
were reported in the literature except in a patent,
which claims the possibility of carrying out the same
reaction by enzymatic catalysis, but without quanti-
tative performance indicators [47].
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Figure 6. (a) Regression coefficients of the model and the associated model equation with normalized
coefficients; (b) response contour of yield for the transesterification of ethyl caprylate 5 with glycerol

¥isolated yield.

3. Conclusion

In conclusion, we exploited two wetland Invasive
Alien Species (IAS), Arundo donax and Fallopia
japonica, by transforming these unwanted plant
species into valuable resources, ecocatalysts®. Their
characterization showed an interesting mineral
composition favoring transesterifications in a ba-
sic medium. These ecocatalysts® are eco-friendly
and harmless catalysts, which have proven to be very
effective for the preparation of glyceryl caprylate and
oleate. Using statistical tools such as Pearson’s cor-
relations and DoE, good to excellent selectivities and
yields were obtained under microwave activation,
without solvent and with a high degree of natural-
ness. Finally, this study encourages the valorization
of IAS, which aims to explore disruptive solutions
to support the management of IAS through their
transformation into new useful eco-materials for
sustainable chemistry processes.

4. Experimental part
4.1. Preparation of ecocatalysts®

Aerial parts of F japonica were harvested in April
2023, in the wetlands of Clapices, Aulas (South

of France) by BIOINSPIR company. Aerial parts
of A. donax were harvested in November 2021, in
Montferrier-sur-Lez (South of France). Ecocatalysts®
were prepared from aerial parts of the harvested
plants, which were first dried in an oven at 30 °C,
ground and then thermally treated in an oven un-
der airflow. The following temperature program was
used: 20 °C-350 °C in 1 h, 350 °C-550 °C in 1 h, then
4 hat 550 °C.

4.2. Characterization of ecocatalysts®

Mineral composition of the ecocatalysts® was
determined using an Agilent 4200 Microwave
Plasma-Atomic Emission Spectrometer (MP-AES)
coupled with an SPS4 autosampler. The samples
were digested in 6 mL of reversed aqua regia [hy-
drochloric acid (37%)/nitric acid (65%) = 1:2] under
an Anton Paar Multiwave Go microwave-assisted
digestion, with the following program: 20 °C-164 °C
in 20 min then 10 min isothermal at 164 °C. Sam-
ples were filtered and then diluted to 0.2 g-L™! in
nitric acid (1%). Three blanks were recorded for each
step of the dilute procedure. Three analyses were
carried out for each sample to determine the stan-
dard deviation of the measurement. X-ray diffraction
(XRD) analyses were performed on samples dried
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at 110 °C for 2 h by using a BRUKER diffractometer
(D8 advance, with a Cu Ka radiation 1 = 1.54086 A)
equipped with a LynxEye detector.

4.3. Procedure for the preparation of glyceryl
monocaprylate 2 from methyl caprylate 1

4.3.1. Small scale procedure

Methyl caprylate 1 (0.85 mmol), glycerol
(8.5 mmol) and Ecol-E-AR-DO (0.425 mmol of
potassium) were stirred in a 10 mL microwave re-
actor. A microwave oven (CEM Discover 2.0) was
programmed as follows: temperature gradient from
rt to 150 °C in 2 min, then constant temperature
for 1 h. The reaction mixture was filtered using a
sintered glass filter (porosity 4) and washed 3 times
with isopropanol. The reaction was placed in a
100 mL volumetric flask and analyzed by HPLC-
QDa by ion extraction in Single Ion Recording (SIR)
mode.

4.3.2. Intermediate scale procedure

This procedure allowed the study of the
ecocatalyst® recyclability. Methyl caprylate 1
(8.5 mmol), glycerol (85 mmol) and Ecol-E-AR-
DO (4.25 mmol of potassium) were stirred in a 20 mL
microwave reactor. A microwave oven (CEM Dis-
cover 2.0) was programmed as follows: tempera-
ture gradient from rt to 150 °C in 2 min, then con-
stant temperature for 2 h. The reaction mixture
was filtered using a sintered glass filter (porosity 4),
washed with isopropanol and analyzed by HPLC-
QDa by ion extraction in Single Ion Recording (SIR)
mode.

4.3.3. Large scale procedure

Methyl caprylate 1 (595 mmol), glycerol (5.95 mol)
and Ecol-E-AR-DO (59.5 mmol of potassium) were
stirred in a 1 L flask. A microwave oven (CEM MARS
6) was programmed as follows: temperature gradi-
ent from rt to 160 °C in 10 min, then constant tem-
perature for 1 h. During the reaction, the produced
methanol was distilled at atmospheric pressure. The
reaction mixture was filtered using a sintered glass
filter (porosity 4), washed with isopropanol and an-
alyzed by HPLC-QDa by ion extraction in Single Ion
Recording (SIR) mode.

4.4. Procedure for the preparation of glyceryl
monooleate 4 from methyl oleate 3

In a typical procedure, methyl oleate 3 (17 mmol),
glycerol (170 mmol) and Ecol-E-FA-JA (8.5 mmol of
potassium) were stirred in a 50 mL flask. A microwave
oven (CEM Discover 2.0) was programmed as follows:
temperature gradient from rt to 150 °C in 5 min, then
constant temperature for 1 h 20. During the reac-
tion, the produced methanol was distilled under a
vacuum (20 mbar). The reaction mixture was filtered
using a sintered glass filter (porosity 4) and washed 3
times with isopropanol. The reaction was placed in
a 250 mL volumetric flask, diluted 8 times and ana-
lyzed by HPLC-PDA and HPLC-ELSD.

4.5. Statistical studies for the preparation of glyc-
eryl monooleate 4 from methyl oleate 3

4.5.1. Design of experiments

Using the Modde 13.0 software, a DoE was per-
formed using the following factors to optimize the
experimental conditions for the preparation of
glyceryl monooleate 4 from methyl oleate 3 using
Ecol-E-FA-JA.

A first-order polynomial equation including cor-
relation terms was used to find the relationship be-
tween the factors and the response surface (Equa-
tion (1)):

Y=a0+Za,~X,'+Za’inin, 1
i 0]

where Y is the response (yield), X; are the factors, ag
is the constant term of the equation, a; are the linear
coefficients and «;; are the interaction coefficients.
The factors and their values are reported in Table 6.
The coefficients were determined using Multiple
Linear Regressions (MLR). The validity of the model
was assessed by analysis of the variance (ANOVA),
R?, Q? and the lack of fit. A full 23 factorial design,
with 3 replicated centered points to evaluate the re-
producibility, was used to fit the model. This de-
sign required 11 experiments. The results are pre-
sented in Table S5 of the ESI. The order of the ex-
periments was randomized to avoid bias. The yields
were obtained by using a calibration curve in HPLC.
To obtain a good fit between the dataset and the poly-
nomial equation, the correlation term Temperature
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Table 6. Factors and their values used for the
experimental design

Factors Levels
-1 +1
Temperature 150°C 160°C
Time 15min 30 min
Ecol-E-FA-JA (equivK) 0.025 0.05

x Catalyst was removed from the initial polynomial
equation. The analysis of variance shows a good
correlation between the obtained yield and the fac-
tors. The p-value of the regression model (p =
0.002 < 0.05) shows that the regression is statisti-
cally significant. The lack of fit (p = 0.571 > 0.05)
shows that the model has low replicate errors. The
model gives a very good coefficient of determination
(R? = 0.954) and a good cross-validation coefficient
(Q2 =0.800).

4.6. Procedure for the preparation of glyceryl
monocaprylate 2 from ethyl caprylate 5

In a typical procedure, ethyl caprylate 5 (17 mmol),
glycerol (170 mmol) and Ecol-E-FA-JA (0.85 mmol of
K) were stirred in a 50 mL flask. A microwave oven
(CEM Discover 2.0) was programmed as follows: tem-
perature gradient from room temperature to 160 °C
in 5 min, then constant temperature for 30 min. Dur-
ing the reaction, the methanol produced was distilled
under vacuum (220 mbar). The reaction mixture was
filtered using a sintered glass filter (porosity 4) and
washed 3 times with isopropanol. The reaction was
placed in a 250 mL volumetric flask, diluted 8 times
with isopropanol and analyzed by HPLC-PDA and
HPLC-ELSD.

4.7. Statistical studies for the preparation of glyc-
eryl monocaprylate 2 from ethyl caprylate 5

4.7.1. Design of experiments

A DoE was performed using the following fac-
tors to optimize the experimental conditions for the
preparation of glyceryl monocaprylate 2 from ethyl
caprylate 5 using Ecol-E-FA-JA.

As in the previous DoE, a first-order polynomial
equation including correlation terms was used to

find the relationship between the factors and the re-
sponse surface (Equation (2)):
Y:a0+ZaiX,'+Zain,-Xj, 2)
i i,j
where Y is the response (yield), X; are the factors, ag
is the constant term of the equation, «; are the linear
coefficients and a;; are the interaction coefficients.
The coefficients were determined using Multiple
Linear Regressions (MLR). The validity of the model
was assessed by analysis of the variance (ANOVA), R?,
Q? and the lack of fit. A full 23 factorial design, with
3 replicated centered points to evaluate the repro-
ducibility, was used to fit the model. Such a design
required 11 experiments. The results are reported in
Table S5 of the ESI. The correlation terms Tempera-
ture x Catalyst and Time x Catalyst were removed
from the initial polynomial equation to obtain a good
fit between the dataset and the polynomial equation.
The analysis of variance shows a good correlation be-
tween the obtained yield and the factors. The p-value
of the regression model (p = 0.003 < 0.05) and the
lack of fit (p = 0.124 > 0.05) confirm the statistical
significance. Moreover, the model gives a good coef-
ficient of determination (R, = 0.905) and an accept-
able cross-validation coefficient (Q, = 0.677).
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1. Introduction

For the past decade, the need to produce compounds
with more complexity in terms of group functionality
and chemical structure has expanded tremendously,
including drug discovery in the pharmaceutical field
and materials science. Moreover, the increasing pres-
sure to reduce energy consumption, protect the en-
vironment and conserve natural resources challenge
synthetic methods.

In response to this demand, the execution of
complex chemical syntheses requires expert knowl-
edge, usually acquired over many years of study and
hands-on laboratory practice. However, when cross-
fertilization of multi-competencies is achieved, the
outcome may lead to incredible avenue of innova-

ISSN (electronic): 1878-1543

tion and enlarge the vision on synthetic methods and
strategies. Among the different tools available to syn-
thetic chemists, enzymatic catalysis remains under-
used. Indeed, there is a lack of knowledge and train-
ing in this area which contribute mainly to the slow
progress.

Considering the significant advances in biotech-
nologies over the past two decades, the emergence of
plethora new enzymes has occurred. Contemporary
tools are facilitating the access to new ways of con-
ducting chemical transformations and should com-
plement chemical intuition.

By examining the current key concepts, this article
aims to demystify biocatalysis for bench chemists so
that they may embrace it as a tool rather than fear
it as a too complex technology. Spur the curiosity of
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synthetic chemists who are willing to fulfill the gaps
in knowledge and increase the number of successful
stories in biocatalysis, especially within the trends of
building multicatalysis approaches.

To familiarize yourself with biocatalysis, books
by Grogan [1] and Faber [2], and comprehensive
contemporary review which have been compiled by
Faber et al. [3] and Whittall et al. [4], are worth read-
ing. The recent review by Lin et al. [5] provides
a convenient correlation of enzyme catalyzed reac-
tions with named organic chemical reactions that or-
ganic chemists are familiar with.

2. Biocatalysis is in its Golden Age

The emergence of catalysis in the 18th century has
had a transformative impact over the decades in
many fields, including the production of chemicals,
healthcare, materials, agriculture and in the environ-
mental sector. A majority of all commercial chemi-
cals are produced by methods involving at least one
catalytic step. Still, research in catalysis remains one
of the most dynamic areas of chemical synthesis re-
search, and in addition, the quest for more sustain-
able methods encourages synthetic chemists to con-
sider catalysis as a central science and as a key con-
tributor.

Traditionally, catalysis has been subdivided into
three fields: heterogeneous catalysis, homogeneous
catalysis and biocatalysis. It can also be classified in
terms of thermo-, electro-, and photocatalytic pro-
cesses within the three fields. These disciplines have
been developed mostly independently to address
specific scientific and distinct catalytic challenges.
Since the late 1990s, a series of fundamental stud-
ies on metal-free chiral catalysts, such as ketones,
thioureas, amines and amino-acids for asymmetric
catalysis have sparked a new craze for organocataly-
sis [6]. It is a promising alternative, generally exhibit-
ing better moisture and air tolerance, as well as ex-
cellent compatibility with various functional groups.
However, their main limitation is their low efficiency.
In many cases, it is necessary to load a high quan-
tity of catalyst and the selectivity is difficult to con-
trol. Besides, in some cases the molecular weight
of the catalyst is superior to the weight of the de-
sired product. The need to develop highly chemos-
elective and efficient catalysts remains a challenge in

synthetic chemistry both in organocatalysis and in
organometallic catalysis.

In recent years, cross-fertilization between these
distinct fields and complementary hybrid ap-
proaches to catalysts design have begun to address
some of the inherent limitations of the traditional
fields. These efforts have enabled combining some
of the most attractive features of the disciplines, such
as chemocatalysis.

In this article, enzymatic chemistry will be the
main focus, highlighting the considerable progress
that has been made over the past two decades lead-
ing to a mature technology in organic synthesis. Ma-
jor advances in enzyme discovery and engineering
have brought with them a surge in the development
and implementation of biocatalytic reactions in or-
ganic syntheses executed in both academic and in-
dustrial settings. Moreover, they offer retrosynthetic
disconnections that can be quite distinct from typical
chemical small-molecule-mediated transformations.

2.1. State-of-the-art

The amazing efficiency with which living organisms
build complex molecules from abundant starting
materials has inspired chemists for centuries. To pro-
duce natural compounds, there are necessarily indi-
vidual enzymes that have specific tasks for specific
compounds. Enzymes excel at catalyzing chemical
transformations in complex cellular media and, de-
spite their selectivity, some of them are even evolv-
ing in vivo to specifically handle non-natural chemi-
cals [7].

Innovation inspired by nature has led to recent
significant achievements in the field of biocatalysis,
enabling scientists to mimic this approach by using
evolutionary strategies to create and tune enzymes
for a broad and diversified applications [8-11]. One
of the major advances has been the development of
directed evolution of enzymes which has enabled the
adaptation of enzymes and their optimization to the
needs of catalysis. The work on directed evolution
has been rewarded with the Nobel Prize in Chemistry
in 2018 to Professor Frances Arnold!.

INobel Price received with Gregory Winter and Georges P
Smith, for their work on directed evolution of peptides and anti-
bodies via phages.
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Enzymes have a promiscuous behavior which is
useful for exploring other types of reactions that have
not yet been discovered. Indeed, catalytic promiscu-
ity [12] is defined as the ability of an enzyme to cat-
alyze secondary reactions. Interestingly, promiscu-
ous enzymes provide the opportunity for new reac-
tion applications through molecular evolution in the
laboratory, through protein engineering techniques
and reaction engineering.

Another major breakthrough for the discovery of
new enzymes has been the extraordinary advances
in high-throughput DNA sequencing and also the
development of computer-assisted tools for protein
modeling combined with protein engineering tech-
niques. All these technical advances have made it
possible to enlarge the application of biocatalysis in
multiple synthetic routes [13,14]. Today, the num-
ber of reactions accessible by a biocatalytic approach
has considerably expanded [15]. However, for neo-
phytes, its use seems restricted to certain experts,
whereas it should be more widespread among syn-
thetic chemists.

For the synthetic chemists, biocatalysis offers a
number of advantages:

(1) enzymes as catalysts can typically deliver su-
perior regio-, stereo-, and enantioselectivity,

(2) biocatalysis can significantly shorten multi-
step synthesis routes by allowing reactions
and reaction sequences, which cannot be
carried out with classical chemical means,

(3) biocatalysis is generally associated with mild
reaction conditions, e.g., avoiding the use of
toxic reagents and high temperature or pres-
sure.

However, chemists have preconceived ideas on bio-
catalysis such as:

(1) enzymatic process is necessarily carried out
in very dilute conditions and can only work
in water,

(2) the enzymes are not stable,

(3) high-cost contribution of enzymes in the
process,

(4) the reaction does not work for compounds
that are not soluble in water,

(5) or native enzymes will not be active on sub-
strates that are chemically different from the
natural substrate.

These considerations are not anymore valid. Bio-
catalysis in organic synthesis has faced many chal-
lenges related to stability, substrate scope, and re-
stricted reaction conditions. Enzymes can be easy
to handle, and it should be acknowledged that enzy-
matic reactions can be carried out in combination of
water with organic solvents (even fully excluding the
presence of water) and, in addition the stability and
productivity of biocatalysts for commercial applica-
tions are now widely demonstrated [16]. Cost contri-
bution of the biocatalyst into the process is an impor-
tant milestone. General rules for cost analysis have
been established for biocatalyst production based on
biocatalyst format (whole cells, soluble or immobi-
lized enzyme), product cost, market size and value,
and the requirements for the implementation of bio-
catalytic processes [17] have been carefully analyzed.
Enzymes still are the exception rather than the rule
in the synthesis of fine chemicals and pharmaceuti-
cals; biocatalysis is often regarded as a second gen-
eration process. Although it holds great promise as
a powerful tool for application in process chemistry,
the number of applications at commercial scale is
still low. By means of enzyme and/or reaction engi-
neering, cost-effective process is achievable. For il-
lustration, in one of the following case study referring
to enantioselective aldolization to produce D-serine
at manufacturing scale, the biocatalyst cost contribu-
tion is less than 5%.

2.2. The experimental method for implementing
biocatalysis

When designing the retrosynthesis pathway to pro-
duce the targeted molecule, the integration of the en-
zymatic approach should be considered as it may en-
large the route alternatives and/or potential short-
cuts. To select the enzymatic step, the disconnec-
tion approach through functional group considera-
tion, will help to determine the appropriate enzyme
family. To plan the required tests to be carried out,
the following features have to be considered.

2.2.1. Access to enzymes

Enzyme providers, such as Protéus by Seqens,
offer enzyme collections in single vials and/or mi-
crotiterplate format for rapid screening (Seqenzym®
kits) and will ensure availability at larger scale.
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Cofactor-independent enzymes are usually pre-
ferred for organic synthesis because they don't re-
quire cofactor recycling. Nevertheless, there are
known methods to recycle cofactor-dependent en-
zZymes:

e« NADH can be recycled by adding
isopropanol or using Formate DeHydro-
genase (FDH) with formic acid.

 NADPH can be recycled using Glucose De-
Hydrogenase (GDH) and glucose or NADPH-
dependent FDH variants.

o Pyridoxal-5'-phosphate  (PLP)-dependent
enzymes usually do not need cofactor re-
cycling, but adding a small amount of PLP
maybe recommended for stability.

e Thiamine diphosphate in lyases is suffi-
ciently accessible and does not require recy-
cling.

o Efficient ADP recycling systems for ATP-
dependent enzymes are currently lacking,
so whole cells with glucose supplementation
are used.

2.2.2. Screening conditions

The enzyme screening approach needs to be com-
bined with adequate reaction conditions to evaluate
the technical feasibility and to determine the best en-
zyme candidates. Once the size of the enzyme li-
brary is addressed, the implementation of the most
appropriate analytical method is required for activ-
ity measurement. Regarding the reaction conditions,
the next features should be taken into account:

Most enzymes can tolerate the presence of or-
ganic solvents. Typically, the concentration of water-
miscible organic solvents (like DMSO, DME lower
molecular weight alcohols) should not exceed 10—
20% (v/v). Enzymes may tolerate water-non-miscible
solvents (toluene, ethers), leading to biphasic sys-
tems that can ease product isolation and potentially
favor product formation. Certain enzymes, especially
lipases, can be highly active in pure organic solvents.

Noteworthy, maintaining appropriate pH and tem-
perature is crucial for enzyme activity.

When working with enzymes, it is important to
evaluate the risk of substrate and product inhibition.

According to the activity results, further confir-
mation and statement on enzymes performance will
need to be carried out independently, in order to se-
lect the best enzyme candidate in respect of the tar-
geted criteria, such as stability and robustness un-
der the chosen reaction conditions. At this point,
acceptable specifications can be reached within the
selected enzyme. For industrial applications, the
choice of criteria acceptance and relevance at the
screening stage is very important prior to further de-
velopment studies.

Stability, selectivity and activity, are the prominent
criteria for all types of catalysis, homogeneous, het-
erogeneous and biocatalysis, but they may be eval-
uated in a very different way. Enzymes are proteins
and they may be typically stable in the range of mod-
erate temperatures and moderate pH values, unless
using extremozymes [18]. Under these conditions
they can be remarkably active. Several enzymes may
be limited only by diffusion of the starting material
to the active site, allowing however extremely high
turnover frequencies once the medium composition
is fulfilled. Air is often not a problem for enzymes,
while many homogenous and heterogeneous cata-
lysts will be oxidized and deactivated by air, even at
room temperature.

Choosing the best route depends on factors like
enzyme availability, starting material cost, solubility,
product isolation, and productivity. Careful evalua-
tion of the entire process is necessary before making
a decision.

2.2.3. Enzyme properties improvement

To achieve both an excellent selectivity and a
broad substrate scope, modern biocatalysis relies on
libraries of enzymes, similar to the catalyst libraries
used in chemoselective metal-based catalysis. Note-
worthy, compared to other catalyst-based chemical
transformations, when observing initial poor perfor-
mance with an enzyme, such as very low conver-
sion, it remains yet a good starting point for further
remarkable improvement, as recognition (or affin-
ity) between the enzyme and the substrate remains
the key feature. In the case where the diversity
of available libraries does not provide the desired
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specifications, nor within studied reaction condi-
tions, it may be required to engineer an existing bio-
catalyst for a specific substrate shape or even iden-
tify/evolve a new biocatalyst for a substrate for which
no catalyst is available at all.

Moreover, enzymes have a chiral 3D structure that
interacts at multiple contact points with the sub-
strate, thus explaining activity and selectivity. As a
result, through protein engineering, modifications of
protein sequences and therefore of their 3D struc-
tures, will alter the properties of a biocatalyst indefi-
nitely until reaching the targeted specifications. Con-
versely, the selectivity and reactivity of typical chem-
ical catalysts are more limited to the available struc-
tures of the catalysts themselves or of their ligands.

2.3. In the field of pharmaceuticals manufactur-
ing

The pharmaceutical industry has already adopted
biocatalysis as an essential tool [19] for providing ef-
ficient and sustainable catalytic routes toward APIs.
The synthesis of active pharmaceutical ingredients
(APIs) can be particularly challenging as they become
more complex molecules. Chemists recognize the
value of enzymes related to exceptional selectivity,
in terms of stereo-, regio-, and chemoselectivity in
many biotransformations. This field has gained im-
pressive developments offering robust, scalable pro-
cesses along with a very diversified panel of enzymes
that are required.

Today, the pharmaceutical industry is facing sig-
nificant challenges associated with environmental
regulations, including productivity and costs [20],
which provides the opportunity to expand synthetic
methods within green chemistry technologies. Con-
sequently, the identification of innovative, cost-
effective and environmentally responsible synthetic
methods becomes a “Must-Have”.

2.4. How sustainable is biocatalysis?

Enzyme catalysis is a clean, green, and sustain-
able alternative to traditional synthetic catalysts, as
enzymes exhibit an exquisite selectivity and effi-
ciency, and work under mild reaction conditions
(significantly less energy consumption), while elim-
inating the use of hazardous solvents and reagents

(less waste), making it a green alternative to classi-
cal strategies [21]. The conciseness, environmental
friendliness, and atom economy of synthetic meth-
ods have become important aspects of synthetic
chemistry (Figure 1).

In terms of process-based chemistry, biocataly-
sis is aligned with all the principles of green chem-
istry. Alignment with five of the principles is a conse-
quence of enzymes generally exhibiting high chemo-,
regio-, and stereoselectivities that are in general dif-
ficult to achieve with traditional catalytic methods.
In particular, the (near) perfect enantioselectivities
observed with highly engineered enzymes are prac-
tically inimitable.

The use of enzymes in organic synthesis has clear
economic and environmental benefits. Enzymes are
produced from readily available and inexpensive re-
newable resources and the cost of production is,
therefore, essentially stable and predictable. This
contrasts with the serious environmental costs of
precious metals and the disruptive price fluctuations
caused by competing demand from other indus-
tries [22]. Moreover, the significant costs associated
with removing traces of noble metals from end prod-
ucts to the very low levels that are demanded by phar-
maceutical regulatory authorities, are prohibitive.

Regarding the production of enzymes, you need to
know how they are produced, but a synthetic chemist
should focus on their use within the awareness of
mechanistic insights in the chemical transformation.

2.5. How are enzymes produced?

An enzyme is a polypeptide chain that includes on
average 200-600 amino-acids, hence it is necessar-
ily produced by fermentation. At industrial scale, de-
pending on the production host—for example: bac-
teria or yeast, the cultivation times are around 24 h-
72 h.

In most enzyme-based catalysis, the term bio-
catalyst refers typically to a crude cell extract from
the production strain (e.g., E. coli), which may con-
tain many other enzymes that, in general, do not
interfere with the intended reaction. The whole
cells containing the non-natural expressed enzyme
may also be used as catalyst preparation, thanks to
the recombinant DNA technology. Enzyme purifi-
cation by chromatography is prohibitively expensive
on a large scale, explaining the prevalence of crude
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Figure 1. Biocatalysis is aligned with the green chemistry principles.

preparations for biocatalysis applications. Certain
production strains (e.g., Yarrowia lipolytica, Pichia
pastoris) allow the secretion of enzymes into the
aqueous medium in which the production strain
grows, making separation straightforward and lead-
ing directly to a rather pure enzyme preparation.

In the following case studies, the use of either a
single enzyme (provided as crude preparation) or in
combination of different enzymes in one-pot have
been implemented. For illustration, below are cited
some of our work, where biocatalysis was applied
successfully with key considerations for limiting the
number of chemical steps, such as protection and de-
protection steps. But also, for replacing metal-based
catalytic process by an enzyme in an asymmetric re-
duction of alkenes, desymmetrization of prochiral
compounds, and in kinetic resolution steps to avoid
separative chromatography:.

3. Applications
3.1. Biocatalytic synthesis of (—)-Ambrox

The terpenoid molecule: (-)-8,12-epoxy-13,14,15,
16-tetranorlabdane, so-called (-)-Ambrox, is a valu-
able ingredient related to Ambergris, exhibiting am-
ber and woody scent. It is widely used in the fra-
grance industry. For alongtime, it has been produced
starting from the diterpenic alcohol, sclareol [23,24].
The latter is readily extracted in sufficient quantities
from clary sage (Salvia sclareaL.). The historical and
chemical synthesis consists of seven steps involv-
ing long reaction times and hazardous reagents such
as peracetic acid, lithium aluminum hydride, and
butyllithium, a stoichiometric oxidation with sodium
periodate, and the generation of enormous amounts

of waste in addition to the 76% global yield of the de-
sired product (Scheme 1).

Later, a green two-step process has been re-
ported [25], which involves the conversion of sclareol
to ambradiol, catalyzed by whole cells of Hyphozyma
roseoniger, followed by cyclization to (—)-Ambrox
over a Ca-Y zeolite at ambient temperature, both
steps proceeding in 98% yield (Scheme 2).

More recently, Eichhorn and Schroeder described
a new industrial method for producing (-)-Ambrox
starting from (E,E)-homofarnesol, which includes a
biocatalytic step using a Squalene Hopene Cyclase
(SHC) enzyme (Scheme 3) [26].

Squalene-Hopene Cyclase (SHC) enzymes are
remarkable because they transform the C30 ter-
pene squalene into the pentacyclic product hopene
through a unique cationic polycyclization process
involving multiple C-C bond formations. This trans-
formation is initiated by the protonation of the C=C
double bond of the terminal isoprene unit. The prop-
erties of the SHC enzyme were improved by evolving
the wild type enzyme to produce a biocatalyst suited
for application at industrial scale (Scheme 4) [27].

The engineering strategy generated a significant
range of new variants that were then tested experi-
mentallyin thereaction [27]. As aresult, the best vari-
ants resulted in the following:

e Improved (E,E)-homofarnesol conversion
properties. With one round of random muta-
genesis, 1.5- to 10-fold compared to the wild
type enzyme.

e Conversion of 125 g/L (E,E)-homofarnesol.
The maximal productivity observed was
about 10 g/L/h, with approximately a 10-fold
improvement with the best variant com-
pared to the wild type enzyme.
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Scheme 1. Chemical route to (—)-Ambrox starting from sclareol [1].
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Scheme 2. Chemo-enzymatic route to (—)-Ambrox starting from sclareol.
o Further optimization of the reaction condi- Following the hydrolysis of the natural product lo-
tions was carried out by DoE (Design of Ex- vastatin to give monacolin J, this latter was then con-
periments) with the best performing variant. verted to simvastatin by lactonization. Subsequent

protection of the hydroxyl group followed by acy-
lation to introduce the dimethylbutyryl side chain
yields the protected form of simvastatin, which is

Simvastatin is a lipolipidemic compound that low- then deprotected to yield simvastatin. The overall
ers the cholesterol and triglycerides circulating in the process needs six steps which are technically and
blood, this drug is marketed by Merck as Zocor. His- economically demanding.

torically, the manufacturing chemical route synthe- By integrating an enzymatic approach, the over-
sis, involved six chemical steps starting from lovas- all chemical steps could be reduced to only two steps

tatin, including protection and deprotection steps (Scheme 6), thanks to a regioselective acylation us-
(Scheme 5). ing an acyl transferase with a cheap acyl donor, e.g.
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Scheme 3. SHC-mediated (—)-Ambrox synthesis from (3-farnesene via (E,E)-homofarnesol.
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Scheme 4. Biocatalytic reaction with evolved SHC enzyme: work with Protéus by Seqens [4].

dimethylbutyryl phosphonate [28], and starting from
the lactone-hydrolyzed form of lovastatin. The bene-
fits of using acyl-phoshonates are:

¢ low cost acyl donors easy to produce,

e acyl transferases accommodate
phosphonates donors,

* non reactive leaving groups.

acyl-

3.3. Alkene asymmetric bioreduction

Danoprevir is a protease inhibitor used for the treat-
ment of hepatitis C virus (HCV). During the Covid-19
pandemic crisis, some antiviral drugs were evaluated
to repositioning on Covid-19 treatment. This product
was discovered by Array BioPharma (now Pfizer) and

first licensed to Roche for development and commer-
cialization. The modified-peptidic type macrocyclic
structure of Danoprevir is built according to a 20
steps convergent synthesis [29]. To build Danopre-
vir, the retrosynthetic pathway considers three main
disconnections, that lead to three fragments: an hy-
droxy proline 1, a protected amino ester 2, and a
substituted cyclopropane 3. The key steps will be
two peptide couplings and a ring closing metathesis
(Scheme 7).

Regarding the synthesis of 2, the unnatural o-
amino acid derivative possessing a terminal alkene,
was produced by a rhodium-catalyzed asymmet-
ric hydrogenation of the dehydroamino ester 4 [30]
(Scheme 8).
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Scheme 6. Biocatalytic route to simvastatin starting from lovastatin.

Despite a perfect enantio- and chemo-selectivity
for the conjugated alkene, the use of this transition
metal catalyst suffers from a tedious preparation of
the chiral diphosphine ligand and from the actual
price of rhodium, which has a commercial price that
has increased by a factor of 8-13 between 2015-2020.

A cheaper alternative was envisaged by using a
metal-free catalytic step, such as the reduction of
the enoate analog 4 by an ene reductase (ERED)
(Scheme 9) [31].

This NAD(P)-dependent ERED family of enzymes
can reduce selectively substituted alkenes conju-
gated to an electron-withdrawing group meaning
that chemo-selectivity between the two alkenes in 4
could be achieved. Generally, the ERED-catalyzed
reactions proceed with high enantio-selectivity in
mild conditions without hydrogen gas. An efficient
system for the regeneration of the NAD(P)H cofac-
tor could be easily implemented to afford a greener
process.
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Scheme 9. Enzymatic reduction of a dehydro-amino intermediate.

At Protéus by Seqgens, the asymmetric bioreduc-
tion of a dehydro-amino ester analog has been car-
ried out (Scheme 10). The EREDs tested have al-
lowed to selectively reduce only one of the alkene
functions.

A panel of twenty ene reductases (EREDs)
Segenzym® have been tested. Within the exclu-
sion of two enzyme candidates, all exhibited activ-

ity and the conversion rate during this first series
of screening was moderate (around 30%) but still
high degree of enantioselectivity were detected. Op-
timization of the reaction conditions is also on its
way.

Depending on the scale of production, replacing
a reaction catalyzed by a transition metal by an en-
zymatic reaction can result in a competitive process.
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Scheme 10. Bioreduction of dehydro-amino acid derivative with ERED Seqenzym®.

This is explained by the volatility of the price of tran-
sition metals compared to the stable prices of raw
materials used in the enzyme production (glucose,
mineral salts, etc.). In addition, there is a strong
scale effect with a cost reduction during the pro-
duction of a biocatalyst making the latter competi-
tive for the intermediate production on a large scale.
Furthermore, when evaluating the manufacturing
cost, the overall process must be considered, in-
cluding potential purification steps to remove some
impurities.

3.4. Desymmetrization strategy

Understanding that desymmetrization is the trans-
formation of a substrate that results in the loss of a
symmetry element, that precludes chirality (plane of
symmetry, center of symmetry), this concept is one
the most efficient strategy for obtaining enantioen-
riched molecules, within 100% attainable yield. The
exquisite advantage of enzymes being highly spe-
cific, makes enzymatic desymmetrization of prochi-
ral molecules an obvious and efficient method for ob-
taining enantiomerically pure compounds.

To desymmetrize 2-Me-propanedi-acetate and a
cyclopentan-diester analog, a screening test of 80
enzymes, such as lipases, were realized and imple-
mented at large scale. In both examples, we reached
high enantioselectivity (ee > 98%) (Scheme 11).

Lipases are astonishing catalysts with a vast
range of applications including the synthesis of
esters/acids, and polymers. The broad specificity of
the substrates, as well as their regio-, stereo-, and
enantioselectivity, are the differentiating factors of
these enzymes. They are also attractive biocatalysts
in the kinetic resolution of racemic mixtures and
they are highly robust in organic solvents.

3.5. Kinetic resolution

For the substituted aminoester 5, a lipase was iden-
tified in the collection of Seqenzym® for the kinetic
resolution of racemic 4-amino-butanoate derivative,
with high enantioselectivity (Scheme 12).

However, the lipase candidate suffered from ther-
mal stability issue during the course of the reaction.
Thus, it was decided to run an experimental statis-
tical strategy with DoE approach (Design of Experi-
ments), to immobilize the enzyme by absorption on
the most efficient resin support. Ten different resin
carriers were tested. This work resulted in imple-
menting a new biocatalyst. As shown in Figure 2, the
new immobilized enzyme, allowed running the reso-
lution process without the presence of the undesired
enantiomer, even at prolonged time. The resulting
biocatalyst had exclusive stereopreference in favor
of the (R)-configuration. Figure 2 exhibits the re-
sults obtained with the corresponding immobilized
enzyme.

We were able to measure the enantiomeric ra-
tio E = (kfat/Kﬁ)/(kgat/K,sn), which is a measure of
the intrinsic selectivity of the catalyst and therefore
gives a concise representation of the enantioselective
properties of an enzyme in reactions involving chi-
ral compounds [32]. As such, we obtained a value
of E > 150 with the new immobilized enzyme, to be
compared with the initial value of E = 60. Conse-
quently, we were able to improve the productivity by
a factor of 44. By reaching such high enantiomeric
ratio, this leads to the optimum process for ensur-
ing full chirality control, without the presence of the
undesired enantiomer at manufacturing scale and in
multi-batch campaigns.

In the second example represented in Scheme 13,
the kinetic resolution was carried out on a racemic
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Figure 2. Conversion and enantioselectivity
profiles during kinetic resolution with the cor-
responding immobilized enzyme.

compound: «-methyl x-alkyl aldehyde derivative us-
ing a ketoreductase (KRED) from Seqenzym®, lead-
ing to the desired enantioenriched f3-alcohol prod-
uct (ee > 98%). By working on the process condi-
tions, we were able to manufacture at large scale

starting with 400 g/L of substrate, the cofactor system
NAD*/NADH was regenerated by using isopropanol
(IPA) as co-substrate. Conversion was completed
within 8 h, and the desired product was isolated
within 47% yield, after trapping the remaining enan-
tioenriched aldehyde intermediate with bisulfite salt
reagent to make the isolation process easier.

The scope with other aldehyde substrates was in-
vestigated with KRED Seqenzym® family leading to
preferential (R)- or (S)-enantiomers as presented be-
low (Scheme 14).

3.6. Enantioselective aldolization

In this work, an enzymatic process, for producing
non-natural amino-acid e.g. D-serine, has been de-
veloped and implemented, which is a key building
block for the synthesis of several APIs. The enzymatic
aldolization step is carried out on glycine as starting
material (Scheme 15). This approach is an alternative
strategy to access D-serine and to avoid conventional
chromatographic separation process.

It is important to mention that this process lead-
ing to very high enantioselectivity is also carried
out at high substrate concentration (>300 g/L), and
that the cost impact of the biocatalyst added in the
process contributes to less than 5% of the overall
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Scheme 14. Scope of products formed with KRED Seqenzym® by kinetic resolution of racemic aldehy-
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(PLP: Pyridoxal-5'-phosphate) (ee > 99%)

Scheme 15. Enzymatic aldolization of glycine substrate.

chemical production cost. Noteworthy, enzyme 4. The emergence of multi-catalysis systems
residues in the final product isolation are below de-
tection limit. Besides, the enzymatic aldolization
conditions were implemented into a cascade reac-
tion for producing (S)-ketose [33] (Scheme 16).

Driven by the demand for more efficient and sus-
tainable chemical processes, and bringing solutions
for more complex molecules, the field of catalysis
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Scheme 16. Enzymatic cascade reaction from glycine to (3S)-ketose derivative. Step 2 and step 3 are

simultaneous.

continues to evolve rapidly. With the aim of mini-
mizing isolation and purification steps during mul-
tistep syntheses, concurrent catalytic cascades have
attracted increasing attention and, recently, there has
been a growing interest in developing multi-catalytic
systems.

The biocatalytic route developed by Merck & Co.
for the manufacture of the anti-HIV drug islatravir il-
lustrates how efficient cascades reactions are, along
with protein engineering for fine tuning enzyme per-
formances (Scheme 17) [34].

Multi-catalysis emerges not only to enlarge the
avenue of new methods but also to offer potential
new valuable short-cuts to the synthetic practitioner.
Within multi-catalytic processes, either multiple cat-
alysts execute single reactions, or precise sequences
of multiple catalytic reactions occur in a one-pot
fashion. Cascade reactions can achieve more than
the separated individual steps. This is particularly the
case when an equilibrium reaction is coupled with an
irreversible catalytic step.

The combination of several catalysts from differ-
ent fields, such as chemocatalysis and biocatalysis,
has been developed. For example, Bornscheuer and
coworkers developed a method for producing chiral
biaryl amines by combining a biocatalytic method,

with an amino transfer using an optimized transami-
nase enzyme, with a chemocatalysis Suzuki-Miyaura
Coupling (SMC) reaction [35] (Scheme 18).

The ability of such species to work under
“enzyme-compatible” conditions continues to trig-
ger the development of linear cascades.

5. Perspectives

Remarkably, multi-catalytic sequences can undergo
through otherwise unfeasible pathways thanks to, for
instance, prospectively unstable intermediates being
converted as soon as formed. Complex molecules
need to be produced, especially in the pharmaceu-
tical industry and the design of methods to access
these compounds in a minimum of steps is highly
desirable. For illustration, the synthesis of Eribulin
(Figure 3), targeting anticancer treatment, is a highly
complex molecule possessing 19 stereogenic centers.
It was designed [36] thanks to synthetic chemist’s
skills. Still, among the first process generation, a 62-
step sequence was required for the preparation of
this drug which obviously leaves room for further im-
proved productivity and route design, potentially by
using some biocatalytic steps.
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Scheme 18. Combination of the Suzuki-Miyaura cross-coupling reaction with engineered transami-

nases.

Figure 3. Eribulin structure.

6. The awareness of biocatalysis for synthetic
chemists must be strengthen

Some synthetic chemists might be hesitant to adopt
biocatalysis due to features like unfamiliarity with
the techniques, limited access to biocatalysts, con-
cerns about scalability, and perception that bio-
catalysis could be more complex than traditional
chemical methods. However, as biocatalysis contin-
ues to progress, its benefits such as high selectiv-
ity (chemo- and enantioselectivity) and environmen-
tally friendly conditions, begin to be recognized and
more chemists are going to be motivated to explore
its potential. However, most of synthetic chemists
are not familiar with the principles, techniques, and
applications of biocatalysis. Chemists who are more

accustomed to traditional chemical methods might
not have the necessary knowledge or experience to
effectively use biocatalysis in their work. This lack
of “familiarity” could lead to a reluctance to adopt
biocatalysis as a viable option for their synthetic pro-
cesses.

To address the unawareness of synthetic chemists
with biocatalysis, several features should be consid-
ered:

e Education and collaborations. Some aca-
demic? and industrial organizations® can of-
fer workshops, seminars, and training ses-
sions focused on biocatalysis. This would
help synthetic chemists understand the prin-
ciples, advantages, and techniques involved,
making them more comfortable with incor-
porating biocatalysis into their work.

e Access to biocatalysts. An increasing number
of commercially available enzymes (see foot-
note 3)—ready to be used are available. Nev-
ertheless, the need to establish repositories
or networks that provide synthetic chemists
with easy access to enzymes and biocatalyst-
related tools.

2ESAB: European Society of Applied Biocatalysis.

3Such as SEQENS.
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o Practical experience. Training opportunities
where synthetic chemists can work directly
with biocatalysts under the guidance of ex-
perts. Practical experience will demystify the
process and boost confidence in using bio-
catalysis.

By addressing the unfamiliarity through education,
cooperation, and practical experience, the barriers
preventing synthetic chemists from using biocataly-
sis can be gradually overcome. Communicating on
success stories with synthetic chemists can inspire
others and demonstrate the feasibility and benefits of
adopting biocatalytic approaches.

7. Concluding remarks

Current biotechnology offers a comprehensive arse-
nal of powerful approaches to discover, improve and
apply enzymes to produce value-added compounds.
Enzyme-catalyzed reactions have already expanded
the landscape of attractive retrosynthetic discon-
nections to selectively build new bonds and design
fundamentally new syntheses of complex molecular
structures.

Despite the growing impact of biocatalysis in in-
dustrial chemistry, the full potential of this technol-
ogy is yet to be unlocked, especially for reactions that
are highly underexplored in enzyme catalysis or not
yet known to the enzyme universe. We hope to bring
this knowledge to the attention of chemists to bridge
the educational gap between organic chemistry and
biocatalysis [37-39].

Within industrial organizations, manufacturing
active ingredients is paving the way by taking the best
from different fields of expertise, including synthetic
chemists, process engineers and technobiologists.

This leads to unique opportunity to collaborate
across each competency by sharing their knowledge,
know-how and perspectives for allowing the discov-
ery of new strategic paths which will enable consider-
able synthetic economies. Interdisciplinarity is also
highly associated with innovation.

Innovative organizations with integrated compe-
tencies and capacities, such as high throughput
screening platform, can offer these services, such as
Segens.
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Abstract. Bioinorganic chemistry and inorganic chemical biology are multidisciplinary fields dealing
with metal ions in biological systems. In this article we will describe a research journey in these fields.
This journey will take us from chemical design of inorganic metal complexes with a biological activity
(catalytic antioxidants) or a biological interest (metal-based probes) and their characterization out of
cellular context, typical of bioinorganic chemistry, to their studies in cells, typical of chemical biology.

First, we will focus on the description of a bio-inspired strategy to design metal-based catalytic
antioxidants. Starting from the description of the main features of an antioxidant cell-protecting met-
alloenzyme, the superoxide dismutase (SOD), we will delineate the main parameters to be controlled
to design low-molecular weight (LMW) metal complexes meant to mimic its activity: choice of the
metal cation, tuning of the redox potential, and modulation of the charge. The effect of the hydration
level and inertness with regard to metal ion release have also been explored. Methods to quantify the
SOD-like activity, out of cellular context and in cells, and analysis of the integrity of the metal-based
antioxidant in cells (through ion mobility coupled with mass spectrometry) will be described. Strate-
gies to develop peptide-based metal complexes through conjugation of a LMW complex with pep-
tides aimed at targeting specific organelle will be presented. Peptides can also be used to coordinate
the metal ion: a combinatorial approach, with an activity-based screening, or and a rationale design
using three-stranded coil-coiled, will also be presented.

The cellular activity of a molecule is strongly dependent on its sub-cellular location. A second
focus of this article will be X-ray fluorescence imaging and infra-red microscopy, as techniques to
image metal cations and metal-carbonyls in cells using the metallic core (M and M(CO)y). After a
brief overview, we will describe how metal-based probes can be developed, as trackers of organelles
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or tags, with application to mitochondria tracking and to the imaging of the Mn-based SOD mimics
previously described.

Overall, we hope this this story will provide an insight of what are bioinorganic chemistry and
inorganic chemical biology, showing how artificial metal-based systems can be chemically designed,
associated with their direct study in cells.
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Introduction

Bioinorganic chemistry is a multidisciplinary field
dealing with metal ions in biological systems. This
field aims to understand and control inorganic
molecules, mainly metal-based, within living or-
ganisms and cells, whether endogenous (e.g. met-
alloproteins) or exogenous (e.g. metallodrugs or
probes). The goal is to explain how these inorganic
molecules work in a biological context, and to de-
sign synthetic inorganic compounds with biological
activity. These compounds may be systems with no
endogenous equivalent, but which are likely to play
arole in a biological environment (such as cis-Pt act-
ing as anticancer drugs or contrast agents). In con-
trast, they may be inspired by biological molecules
(in which case we call them bio-inspired), and re-
produce the activity of a biomolecule (typically a
metalloenzyme) of industrial or therapeutic value.
In this last case, the metal-based compounds, meant
to be metallodrugs, should be studied directly in the
biological environment. Indeed, biological media
display some specific physico-chemical characteris-
tics, such as high viscosity, molecular overcrowding,
compartmented environment, high content in Lewis
bases and metal ions, that can impact kinetics and
thermodynamics [1], and may interplay with the
bioactivity of these metal complexes by modifying
their nature (speciation), and their reactivity.

In addition, to be active a molecule must reach
its target, that can be buried in a specific com-
partment of the cells: hence the knowledge of the
sub-cellular distribution of a molecule of interest is
also important to understand its bioactivity. To that

extent, metal-based tags and probes are interesting
tools to investigate the distribution of a molecule of
interest or to develop organelles trackers for non-
conventional bio imaging techniques appropriate for
metal-based compounds. A very attractive feature of
this kind of metal-based probes is the opportunity to
perform multimodal imaging using a very compact
structure that may not impact in a too large extent
the physico-chemical properties of the labeled mol-
ecule. Towards this goal, metal carbonyl complexes
[M(CO)(L)(L"] and, in particular Re complexes, are
well-suited and will be discussed.

Below, we describe approaches in inorganic cel-
lular chemistry developed in our group to design
and apply bioinspired metal-based antioxidants and
metal-based probes, with an interest for pathologies
linked to oxidative stress (https://ens-bic.fr/). Sub-
cellular metal imaging can be used to get access to
the bio-distribution of the complexes, which is, as
said above, a key parameter to their activity. Our ap-
proaches are highly integrated, from molecular de-
sign to study on cells, and require skills in organic
(ligands) and inorganic (complexes) synthesis, phys-
ical chemistry, cell biology and imaging techniques.

1. Antioxidant protective metalloenzymes: a
source of inspiration for catalytic antioxi-
dants

Aerobic living organisms face a flow of species de-
rived from dioxygen and that are much more ki-
netically reactive that dioxygen. These Reactive
Oxygen Species (ROS), such as superoxide (037),
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hydrogen peroxide (H,0,) or hydroxyl radical (HO*®)
are involved in a range of physio-pathological situ-
ations [2]. In the eustress mode [3], these species
play important physiological roles necessary to the
well-functioning of the cell. The natural contin-
uous flow of these ROS is controlled by an arse-
nal of protective antioxidant enzymes (SuperOxide
Dismutase (SOD), CATalase (CAT)...). A distress
mode [3] is activated when the natural defenses are
overwhelmed and no longer able to maintain a flow
weak enough to avoid irreversible oxidative damages
to biomolecules. That occurs in pathological or ther-
apeutic situations (for instance leading to side effect
of some medicines).

SuperOxide Dismutases (SODs), metalloenzymes
that catalyze the dismutation of superoxide O}, or
CATalases (CATs), metalloenzymes that catalyze the
dismutation of H,0,, are key players of the cellu-
lar antioxidant protective arsenal. Exogenous com-
pounds can limit oxidative distress by acting on the
flow of these ROS, either by converting them directly
(direct action, as stoichiometric or catalytic antiox-
idants) or by activating endogenous defenses (indi-
rect action, that will not be described further here but
was commented in Ref. [4]).

To date, the conventional drug design consists of
the quest for small molecules that stoichiometrically
react with biomolecules, including proteins or DNA.
One innovative alternative refers to catalytic drugs
displaying therapeutic properties based on cataly-
sis [5], which offers the opportunity to decrease the
effective dose with promising therapeutic perspec-
tives. Among catalytic drugs, Low Molecular Weight
(LMW) complexes catalytically activated anticancer
agents [6], complexes mimicking the rhodanese to
detoxify cyanide [7], and also complexes mimicking
the activity of SOD [4,8,9] or CAT [10] are prominent
examples [5,11].

2. SuperOxide Dismutases (SODs) physico-
chemical characteristics: a guideline for
chemists [8]

2.1. Main features of SODs, relevant to SOD
mimics design

SODs are metalloenzymes with either Cu(Il)/Cu(I)
(Zn), Mn(IIT)/Mn(1I), Fe(III)/Fe(II) or Ni(IIT)/(II) ions
at the active site for Cu-only SOD, Cu-Zn SOD, Mn

and Fe SODs and Ni SODs. They are very efficient en-
zymes, reacting with superoxide with a kinetics close
to the diffusion limit [12], and the parameters re-
sponsible for this efficient activity have been care-
fully analyzed [13]. All SODs show [8]:

(1) Aredox potential in a very narrow range [13]
(Figure 1). Interestingly, this redox potential
is tuned to the optimal value for superoxide
dismutation, id est the midpoint between the
two redox potentials for the redox couples
involving superoxide O3~ /H>02 and O2/05",
as indicated in Figure 1.

(2) An electrostatic guidance of the anionic su-
peroxide, with an overall negatively charged
protein (surface) but a positively charged
funnel of access for superoxide [13] (except
for Cu-only SOD in which the active site is
close to the protein surface and directly ac-
cessible to solvent [14]).

(3) Compartmentalization into specific or-
ganelles. Note that in this context of un-
resolved oxidative stress or distress, mito-
chondria appear as the fragile organelles to
be protected. This is the main cellular loca-
tion where superoxide is produced through
uncoupling of the respiratory complexes in-
volved in the reduction of dioxygen to wa-
ter. The imbalance in the production of su-
peroxide and the capacity of the protective
pathways, associated with other ROS and
Reactive Nitrogen species (RNS), induces ox-
idative damage leading to mitochondria and
cell dysfunction.

2.2. SOD mimics design

What metal ion to choose for the design of metal-
complexes as SOD mimic? Mn ion is described as
the “stress reliever” [19,20], as less prone to Fen-
ton chemistry than Fe and Cu, associated with the
catalysis of the Haber-Weiss reaction (Figure 2), with
potential oxidative stress exaltation by the produc-
tion of HO® [4,8,9,21]. This is why, although some
neurotoxicity has been described [22], Mn ion is
now the leading metal ion in the field of SOD mim-
ics design for therapeutic use. In the literature,
peptides-based Cu SOD-mimics are nevertheless de-
veloped (Sections 4.2 and 4.3), probably because
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(c) Simplified "ping-pong" mechanism for the
catalysis of superoxide dismutation

Figure 1. (a) Half-reactions of the redox couples involving superoxide (1) and (2), and standard redox
potentials E° pH 7 (V versus NHE). These are apparent potentials at pH 7 and with a concentration of
dioxygen of 1.23 mM, which is the one found in water under standard conditions, 25 °C and 100 kPa [15]
and Emidpoint = 0.36 V versus NHE [16,17]. Midpoint potential optimal for catalysis of the dismutation
(Emidpoint) [17], redox potentials reported for several SOD. (b) Spontaneous superoxide dismutation (3),
and (c) simplified ping-pong mechanism for the catalysis of superoxide dismutation. The kinetics are

from [12] and [18].

Cu(Il)-peptides complexes are easier to characterize
than Mn-peptides, as they are more stable.

Mn(Il), as a d® ion with no ligand-field stabi-
lization energy, has a low association constant for
most ligands, one of the lowest within the Irvin and
Williams series [23,24]. However, in biological sys-
tems, the endogenous ligands competing for Mn(II)
binding also have low association constants, render-
ing the criteria on the association constant within a
complex paradoxically less drastic for Mn(II) than for
other metal cations [8,25]. This is also why Mn(II) is
one of the most bio-available metal ion [26]. In this
context, one has to keep in mind that, even if bio-
logical media abound with metal ions, the pool of
loosely-bound metal ions, able to exchange, although
important for biological function such as signaling, is
way less abundant.

Nevertheless, exchange with other metal cations,
or reaction with an ancillary ligand leading to a
ternary complex can occur (for example see [27,28]).
Then, characterizing the nature of the Mn-complexes
in cells, or manganese speciation, is key.

Most of bioactive molecules are developed for
their toxicity, possibly selective towards cancer cells,
bacteria or fungi (for example see [29,30]). Therefore,
most bioanalyses, even for organometallics bioactive
compounds, are meant to evaluate their toxicity. In
contrast, SOD mimics must be non-toxic redox cata-
lysts meant to restore the basal activity in cells under
oxidative stress. Their characterization requires thus
the development of specific non-routine strategies to
evaluate their bioactivity.

The main challenge for chemists in the field of
antioxidants mimicking SOD [4,8-10,31] is thus to
design non-toxic stable and inert complexes, with a
tuned redox potential and positive charge for super-
oxide attraction, which react quickly with superox-
ide, showing a good cellular availability and possi-
bly an accumulation at the mitochondria, the most
fragile organelle in the context of oxidative stress.
Even more valuable, a SOD mimic should be a cat-
alyst for superoxide dismutation and, the faster, the
better. Indeed, there is a positive correlation be-
tween the catalytic kinetic constant for the superox-
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M(n+1)+/Mn+
H,O, + 02._ - >

with M™*: Cu(ll) or Fe(ll)

HO— +HO" + O

(6) Haber-Weiss reaction

Figure 2. Fenton and Haber-Weiss reactions: oxidation of low-oxidation state metal ion (Fe(II) and Cu(I))
by hydrogen peroxide and cycling back to low-oxidation state with superoxide. Haber-Weiss equation,
catalysis by MU+ /M"*+ with (M = Fe or Cu). For (1)-(3), see Figure 1.

ide dismutation, or k¢4 measured outside of any cel-
lular context (referred below as intrinsic activity [8,
32]), and the biological and potential therapeutic
effects [8,22]. Characterization in cells, with informa-
tion about speciation and location, will also be im-
portant to the understanding of the bio-activity (Sec-
tion 5.5).

3. Bio-inspired design of SOD mimics
3.1. Tuning the ligand to improve SOD activity

To obtain Mn-complexes with an appropriate redox
potential for SOD activity, we have chosen to use
an approach bio-inspired from Mn-SOD. In the ac-
tive site of this protein, the Mn ion is in a Trigonal
BiPyramidal (TBP) geometry in an N3O/water coor-
dination environment, with one monodentate car-
boxylate from an aspartate and two imidazole moi-
eties from histidine residues in the median trian-
gle/equatorial plane (in green in Figure 3), and a far-
ther histidine with a water molecule (H,O or HO™) in
the two apical positions.

The particular axially distorted TBP geometry at
the active site of SOD probably geometrically favors
Mn(IID), a d* ion S = 2 subjected to a Jahn-Teller
effect, over Mn(Il), a d®> S = 5/2 ion with no elec-
tronic geometric preferences. This contributes to
the tuning of the redox potential (see above and Fig-
ure 1) [34,35], which must be lowered from 1.51 V
versus NHE (for hexa-aqua Mn(III)/Mn(II)) down to
ca. 0.36 V versus NHE.

Starting from a tripodal amine, functionalized
with two imidazole and one carboxylato moieties, we
have modified the ligand to tune the redox potential
of the Mn(III)/Mn(II) (Figure 4, variations on the na-
ture of the coordinated Lewis bases). Figure 5 shows

Active site of the mitochondrial human MnSOD

Figure 3. Active site of SOD, structure from
Ref. [33].

the kcar for superoxide dismutation plotted against
the redox potential of the Mn(III)/Mn(II) redox cou-
ples of different SOD mimics. Porphyrins offer a
large range of possibilities for redox and charge varia-
tions [36,37] and we here compare them with the bio-
inspired series centered on a central amine or 1,2-
diaminoethane [25,28,32,35,38-40]. These two series
of structurally unrelated complexes show a positive
slope for E < 0.4 V/NHE and a negative slope for
E > 0.4 V. The two “lines” cross at about 0.4 V, which
is close to the optimal value for SODs (Figure 1), in
line with this value being the optimal one for SOD-
like activity.

We also explored the effect of an increased
bulkiness around the metal ion in the com-
plex (picolyl moieties in the Bis-Methyl-Pyridine-
Glycinate (BMPG) ligand, hexacoordination in
[Mn(TMIMA), ]2+ Figure 4) to disfavor dimerization
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Figure 4. Structure of the complexes discussed in the Section 3.1. S: possible solvent molecule. For the
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methyl-imidazole amine, BMPG for bis-methyl-pyridine glycinate. For the peptides: F, = (L)-cyclohexyl
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Triangles, up-ward: Mn(II) complexes directly
inspired from SOD active site (see Section 3.1);
blue triangle, down-ward: Mn(II)(ClOy4);
(Mn(II)-hexa-aqua); open-squares, purple (N):
negatively charged porphyrins; square with
a cross, pink: Mn(IIl)-porphyrins, 5+ charge.
Inspired from [8,22,35].

into Mn(III)-Mn(IV)-di-p-oxo that is a dead-end for
superoxide dismutation [35].

The optimal ligand in the series is enPI2, which
displays pentadenticity with the highest association
constant for the Mn(Il) complex [25,41] and a
Mn(III)/Mn(II) redox potential very close to that
of SODs (0.36 V/NHE, Section 2 and Figure 1) [42].

3.2. Modulation of the charge

The electrostatic attraction of the superoxide anion
down a positively charged funnel to the positively
charged active site is also key to the fast kinetics of
SODs. Can such an effect be seen for SOD mimics?
This is obvious along the vertical dash line in Figure 5,
with the couple showing a same potential but a nega-
tive charge (N), for which the kinetics is much slower
than the positive 5+ porphyrin. But the charge is not
all, and the topology of its distribution is important.
In the SODs, there is an overall negative charge for the
protein with a positive channel and a positive area
covering less than 1% of the total enzyme surface [43—
45]: the negative charge of the surface drives the su-
peroxide away to this positive area where the funnel
exerts a directional attraction to the active site. Spa-
sojevic et al. have studied a series of porphyrins bear-
ing pyridinium moieties on the meso-position, with
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atropoisomers either with all positive charge as a
crown on one side of the porphyrin plane or alternat-
ing charges. They have shown that the optimal distri-
bution is that with the positive charges on the same
side of the porphyrin plane, hence with a positive
crown, as a smaller 3D version of the positive charged
funnel in SODs, over the center metal ion [46]. In
the N-centered series, we have functionalized Mn1
with an oligoarginine (positive charged amino acid)
to modulate the overall charge (Figure 4). Interest-
ingly, an incremental favorable effect on the kinetics
was recorded for Argl (R) and Arg3 (R3), but no addi-
tional effect was observed for Arg6 (R6) and Arg9 (R9).
This makes sense as the oligoarginine are not struc-
tured and, if too far away and not organized in space
as a funnel, they should not display any effect [47].

3.3. Effect of the hydration level

The complexes in the N-centered series showed dif-
ferent hydration levels when they were isolated in
the solid state, with complexes bearing zero, one, or
two water molecules coordinated to the Mn(II) ion,
as evidenced by crystallography [35,48,49]. The con-
sumption of superoxide as a function of this hydra-
tion level in anhydrous dimethylsulfoxide (DMSO)
showed that the number of superoxide consumed
was correlated with the amount of water on the Mn
ion (Figure 6) [35]. This indicates the capacity of the
complexes to cycle between the Mn(II) and Mn(III)
redox states in the course of the reaction with super-
oxide (for a detailed description, see also Ref. [8]). In-
terestingly, H,O introduced in anhydrous dimethyl-
sulfoxide (DMSO) at the same concentration did not
react efficiently with superoxide in the absence of
complex.

3.4. Quantification of the intrinsic SOD activity
and in cells

3.4.1. Quantification of the intrinsic activity in water

The reactivity with superoxide can be studied in
water using the indirect assay developed by McCord
and Fridovich [8,50-52]. The xanthine/xanthine oxi-
dase system produces a slow and continuous flow of
superoxide reminiscent of what is found in biological
environments. All the complexes were found to be
active [28,35,38,47,48,53,54], with kinetic constants
knmecr [8,35] in the order of 105107 mol™!-L-s™!. The

kinetics was also studied using pulsed radiolysis to
produce a high concentration of superoxide [39] and
stopped-flow, with fast kinetic measurements with a
highly concentrated solution of KO, in DMSO or ace-
tonitrile (MeCN) and rapid mixing in water [47,53—
55], leading to kinetic constants consistent with that
from the McCord and Fridovich assay.

3.4.2. Studies in cells

To characterize the bio-activity of these SOD mim-
ics, we have developed three cellular models of oxida-
tive stress [56].

The SOD mimics from Figure 4 displayed an in-
trinsic SOD-activity (ca. kcar from a few 107 to a few
10% mol~!-s71) that is ca. 1% of the enzyme Mn-
SOD, which remains quite good since the kinetics
of these enzymes is only limited by diffusion [8,12,
13]. Among those SOD mimics, Mnl was studied
more thoroughly in cells. Mnl was shown to limit
ROS flow in macrophages [32] and to have an anti-
inflammatory activity, both in intestinal epithelial
cells, namely HT29-MD2 cells, and in mice [25]. In
the rest of this article, we will mainly focus on the
HT29-MD2 cells assay [25,27,28,53,54,56]. This cell-
model was constructed to increase the inflamma-
tory response involving both ROS production, in-
flammatory cytokine secretion (interleukin 8 IL8)
and expression of inflammatory markers (cyclooxy-
genase 2 COX2) upon bacterial LipoPolySaccharide
(LPS) stimulation [57]. The strong inflammatory ef-
fect, reminiscent of what is observed in Inflamma-
tory Bowel Diseases (IBD) [57], provides a large win-
dow to observe a return toward the basal state after
a 6-hour LPS stimulation upon treatment with a SOD
mimic. In this model, we have evidenced that Mn1
and its derivatives (Figure 4) (MnlP, MnlR,) [25,
27,54] are not toxic up to 200 uM, with an effective
anti-inflammatory effect with a dose response in the
range 10-100 uM (ca. 35% IL8 secreted in compari-
son to LPS at 100 uM; see Figures 7c and 20, down-
left). The redox inactive Zn(II) analogues, when stud-
ied [25,27,28,53,54], were found ineffective, stressing
the bioactivity is associated with the redox properties
of Mn(Il). Interestingly, upon LPS stimulation, cells
overexpress mitochondrial MnSOD in an active form,
as evaluated by Western Blot (WB), and such an ef-
fect has not been seen for the cytosolic CuSOD or
CAT. This shows that LPS induces deleterious super-
oxide flux at the mitochondrial level. HydroEthidine
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Figure 6. Schematic rationale for the number of superoxide equivalents (with regard to the Mn-complex)
consumed in anhydrous DMSO upon the number of bound water molecules. Adapted from Ref. [8]. For

details, see Refs [48] and [8].

assay (HE), a fluorescent marker oxidized by super-
oxide [58], showed that Mn1 reduces the basal super-
oxide content [25] but the link with the effect of LPS
could not be made and no increase of HE oxidation
upon LPS activation could be recorded, in contrast to
what was reported before [58]. We believe that this
is probably because of the cell antioxidant feedback
upon oxidative stress [3]: LPS stimulation induces ex-
pression of an active MnSOD that reacts faster with
superoxide than HE itself [25].

3.5. Towards higher inertia

Inertness and thermodynamic stability are two im-
portant features for metal-based drugs, since biolog-
ical media are very rich in metal ions and Lewis bases
that could compete with the native complexes. This

is particularly true for complexes involving open-
chain ligands such as Mn1 (Figure 4). Consequently,
inspired by the literature [59,60], in order to improve
inertness of the SOD mimic we develop, we have re-
placed the 1,2-diamino group of the ligand by a (+)-
trans-1,2-cyclohexyl diamine to rigidify the structure
(Figure 7a) [28]. Stability, inertness, and more gen-
erally bioactivity of the corresponding complexes
have been investigated. Note that the secondary
amine was propylated (in Mn1P and Mn1CP) in view
of a detection in cell lysates by mass spectrometry
to avoid deprotonation that could occur and would
lead to a more complicated mass spectrometry (MS)
spectrum.

Thanks to their rigidified skeleton, Mn1CP, and
to a lesser extent MnlC, were found to be more
resistant in the series to metal cation exchanges that
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Figure 7. (a) Structures of the manganese(II) complexes; (b) kinetics study of the metal exchanges occur-
ring between the manganese center of the SOD mimics and with Zn?*. The percentage of complexes that
underwent metal exchanges was monitored by UV-vis; (c) Quantification of the inflammatory marker
IL-8 in intestinal epithelial cells activated with LPS (0.1 pg/mL). IL-8 secretion was measured by ELISA in
supernatant of LPS-activated HT29-MD2 cells incubated for 6 h with the SOD mimics at different con-
centrations. The IL-8 amount measured for LPS-activated cells is set at 100% for each independent ex-
periment. Data represent mean + SEM for at least three independent experiments: the number of inde-
pendent experiments is indicated above each column. The p-values were calculated using the student
test (bilateral test with equal variances not assumed). The mean ranks of each column were compared
to that of the LPS control, each comparison stands alone. (***) p < 0.001, (**) p <0.01 and (*) p <0.05

versus LPS control, ns non-significant.

may lead to the formation of redox-inactive ana-
logues in a biological medium (Figure 7b). The mod-
ifications of the SOD mimics led to an improvement
of their anti-inflammatory and antioxidant activities
in epithelial intestinal cells HT29-MD2 under LPS-
mediated inflammation. Indeed, Mn1C displays the
best bioactivity, with significant effects when incu-
bated at 10 pM (Figure 7c). These improved effica-
cies at low incubation concentrations could be cor-
related to the higher bioavailability of the new SOD
mimics in the cellular environment associated with a
higher inertness. Note that, at this stage, we cannot
exclude the possibility of a different subcellular loca-
tion that could also be responsible for the better ac-
tivity of Mn1C. This is now under exploration.
Interestingly, thanks to higher inertness, the in-
tact complex Mn1CP could be identified and quan-
tified in cell lysates using Mass Spectrometry (MS),
which was not possible with its MnlP analogue,
more prone to metal exchange (Section 5.5). After
controlling that no exchange occurred during analy-

sis, a known quantity of internal standard (here the
cobalt complex having a phenol where the six car-
bons are '3C in order to distinguish them by mass)
was added. Using a previously established calibra-
tion curve, we were able to determine the amount
of Mn1CP in lysates from LPS-activated HT29-MD2
cells incubated for 6 h at 100 uM. The peaks cor-
responding to Mnl1CP (m/z = 504.2406), the inter-
nal standard Col1CP (514.2557 m/z), and the dissoci-
ated ligand are clearly identifiable in the mass spec-
tra (Figure 8). We also found that Mn1CP partially ex-
changed with Zn within the cells to give Zn1CP, but
to a much weaker extent than Mn1P (Section 3.6).

3.6. Ion mobility spectrometry (IMS) coupled to
detection in mass spectrometry (MS): an effi-
cient technique to detect and quantify LMW
labile complexes in cell lysates

For the more labile compounds, Mnl (m/z =
408.1465) and Mn1P (m/z = 450.1935), MS had to be
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Figure 8. Mass spectrometry analysis of a cell lysate of HT29-MD?2 activated cells incubated with Mn1CP
for 6 h and ultra-centrifugated at 10,000 rpm for 20 min. The lysate was diluted in a solution of 20%
NH,;C03/80% MeCN and the internal standard Co1CP (!3C) (0.4 uM) has been spiked before analysis.

coupled with a separation technique. Liquid chro-
matography (LC)-MS was not effective as metal ions
exchanges occurred in the system. We then turned
to Ion Mobility Spectrometry (IMS). This technique
consists of the separation of the ions according to
their size, or Collision Cross-Section (CCS), using an
electric field to accelerate ions and a gas flow to push
them further or slow them down (depending on the
set-up).

Interestingly, we have shown that IMS is capable of
separating low molecular weight (LMW) metal com-
plexes built on the same ligand with different diva-
lent metal cations (Mn, Fe, Co, Ni, Cu, Zn) although
they exhibit only small differences in ionic radii. The
collision cross-section (CCS) correlated with ionic
radii [61], as shown in Figure 9. In other words,
when a LMW ligand folds around a divalent transi-
tion metal cation, the weak difference associated to
that of the ionic radii of the metal cation changes the
CCS enough for the complexes to be discriminated in
IMS (differences down to 1% of the mass can be dis-
criminated). We applied that with a detection in MS,
to demonstrate the intracellular presence of two SOD
mimics Mnl and MnlP in the lysates of cells incu-
bated with the complexes. We were able to estimate

the intracellular concentration of Mn1P using a sim-
ilar standard analogue with a heavy ligand (}3C) and
a Co(II) cation.

4. Peptides-based catalytic antioxidants for
SOD and CAT activity

4.1. Conjugation of Mnl with peptides

A path explored to improve the biological activ-
ity of the SOD mimics was their functionalization
with peptides [54] and in particular cell penetrating
peptides (CPP) [62] -R9 (or -Arg9), and -RW9 (or -
RRWWWRRWRR), and a mitochondria targeting pep-
tide MPP designed by Kelley et al. (-Fx-r-Fx-K, with
(L)-cyclohexylalanine (Fx), (D)-arginine (r), and (L)-
lysine (K) residues) [42] (Figure 4). As indicated pre-
viously, mitochondria have been considered as the
organelle to be protected against oxidative stress,
which is the rationale for choosing these Arg-based
CPP and MPP.

These complexes Mn1-R9, Mn1-RW9 and Mnl-
MPP (Figure 4) have intrinsic SOD activities, and
dissociation constants similar to Mnl. However,
the cell-penetration of Mnl, already good probably
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Figure 9. Collision cross-section of complex
MnlP in A? plotted against the ionic radius of
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because this is a lipophilic charged compound [25],
was deceptively decreased by the functionalization
with the CPPs or MPP. The complexes Mn1-R9, Mn1-
RW9 and Mn1-MPP also showed a cellular distribu-
tion different from the homogeneously distributed
Mn1 [25], although this was difficult to follow due
to the low intracellular concentration. Their bioac-
tivity in epithelial intestinal cells (HT29-MD2) was
similar to that of Mnl when assayed at a concen-
tration of incubation of 100 uM. Interestingly, Mn1-
R9, Mn1-RW9 and Mn1-MPP showed a better anti-
inflammatory activity than Mnl when incubated
at 10 pM. Importantly, the redox-inactive analogue
Zn1-R9 was inactive. The situation was less clear for
Mn1-RW9 and Mn1-MPP for which a contribution of
the peptidyl moiety to the anti-inflammatory effect
independent of redox metal-based regulation was
observed as Zn1-RW9 and Zn1-MPP showed a weak
activity [54].

Overall, the functionalization with peptides im-
proved the anti-inflammatory activity: indeed, it was
possible to reduce the incubation concentration by
an order of magnitude, while retaining a significant
anti-inflammatory effect and enabling a better activ-
ity/concentration ratio, which is interesting for fu-
ture bio-applications.

4.2. Metallo-oligopeptides

Peptides are very attractive as ligand for metal com-
plexes because: (1) peptides are easily synthesized
on solid support and their synthesis is very versatile,
(2) proteolytic instability and rapid clearance of pep-
tides which were considered as main drawbacks, are
nowadays seen as key advantages since peptides do
not accumulate in tissues, are not metabolized in the
liver avoiding drug-drug interactions [63,64]; (3) pep-
tidyl ligands can be easily conjugated with peptides
or molecules in order to address them to specific or-
gans, cells or organelles and (4) peptidyl ligands can
be genetically encoded and thus produced by bac-
teria. However, the design of a sequence that binds
selectively a metal cation and leads to a stable com-
plex with the appropriate redox potential—redox po-
tential enabling the targeted antioxidant activity—is
very tedious. That is why a combinatorial approach
has been combined with activity-based assays to de-
velop efficient catalytic drugs that will be directly us-
able for oxidative stress resolution (Figure 10). Two
antioxidant activities have been targeted leading to
the development of SOD mimics and catalase mim-
ics involving copper as the redox center. Catalase is
an enzyme able to catalyze the dismutation of HyO;
into O, and H,O. For both mimic types, a combinato-
rial peptide library has been prepared by a split and
mix approach on solid support (bead) using a clas-
sical Fmoc strategy. This leads to the production a
variety of peptides within the beads collection, with
one given sequence per bead, each bead bearing sev-
eral copies of the same peptide. After peptide elon-
gation, the amino acids side chains have been depro-
tected, and the beads were incubated in a solution
containing the metal salts (typically, Cu(Il), Fe(II/III),
Mn(I), Ni(ID), etc.) to generate the complexes. At this
stage, washing the beads with 2,2/,2" 2" - (ethane-1,2-
diyldinitrilo)tetraacetic acid (EDTA) enables further
increasing the selective pressure and select only sta-
ble complexes. The beads bearing peptidyl com-
plexes have been then immobilized in an agarose
gel and screened by two different colorimetric as-
says, one specific to SOD activity [65] and the other
to catalase activity [66,67]. This original approach
yielded peptide-Cu(II) mimics of SOD [65] or cata-
lase [66,67] that are efficient in test tubes but also
in biological contexts. A Mn(II) hit was also ob-
tained but so far the Mn-peptide complex could not
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be properly characterized and remains unpublished.
This is probably due to the weaker affinity constants
of peptides for Mn(II) than for Cu(Il) that stem from
the intrinsic electronic properties of the metal as pre-
viously mentioned and the flexibility of the peptidyl
ligands.

Interestingly, even by starting with the same com-
binatorial library, the two different CAT or SOD as-
says lead to the selection of different peptide se-
quences. In addition, in the case of the SOD mimic,
the active species for catalysis is the complex involv-
ing one ligand for one copper whereas for the CAT
mimic, the active species is the one ligand—two cop-
per complex. This is consistent with the fact that su-
peroxide dismutation involves the transfer of a single
electron (Figure 1, SOD cycle) whereas H,O, dismu-
tation requires two electrons (Figure 11).

We can thus hypothesize that for the CAT mimic,
each copper center brings one electron and cycles
between the +II and +I redox states.

Importantly, the CAT mimic was found to have a
poor SOD activity and the SOD mimic no CAT activ-
ity. This means the screening approach was specific
of the activity selected.

4.3. De novo SOD mimics: rationale design of
artificial proteins mimicking SODs

Expanding the possibilities beyond low-molecular-
weight complexes and oligopeptides, rationally de-
signed self-assembling peptide scaffolds with well-
defined secondary and tertiary structures are valu-
able tools for mimicking enzyme structure and activ-
ity, leading to artificial de novo enzymes [68].
Because of the low association constant of Mn(II)
for any ligand (Section 2), we decided to go for a
mimic of Cu-based SOD. Designing heteroditopic
de novo scaffold with specific Cu and Zn sites was
not straightforward, as in the native CuZnSOD, and
we decided to go for a mimic of Cu-only SOD [14]
and not of the Cu-Zn SOD. For that, we used the
«3D family of proteins, originally designed by De-
Grado et al. and that consists of seven amino acid re-
peats in which the first and fourth residue of each
heptad is hydrophobic [69]. This sequence favors
the folding into an antiparallel three helices bun-
dle [69]. A metal-cations binding site can be intro-
duced inside the bundle, at the expense of thermo-
dynamic stability [70] and an elongated version with

an additional heptad, called Gra3D, was proposed by
Pecoraro et al. to compensate for this loss in thermo-
dynamic stability [70-73].

A series of four structures featuring chelation sites
for Cu(II) was generated, with histidine and aspar-
tate residues [73], as in the active site of the Cu-only
SOD [14]. More precisely, the chelation sites were H3
(His3), H4 (His4), H2DH (His3Asp with 2 His and 1
Asp in the same plane and one His above) and H3D
(His3Asp with 3 His in the same plane and one Asp
above). The corresponding complexes were charac-
terized by various techniques (UV-Xis, EPR and XAS),
showing they are good structural and spectroscopic
mimics of Cu-only SOD. All the complexes show SOD
activity with kcq in the range 1-3 x 105 M~!.s7! and,
although still three orders of magnitude lower than
Cu-only SOD, this makes them the first de novo Cu-
SOD mimics [73]. Note that a Mn-based de novo SOD
mimic had been previously published, but with a
very weak activity (ca. four order of magnitude slower
than SOD, ca. 10° M~ 1.s71) [74].

5. Imaging metal-based compounds

5.1. Direct detection of metal-based compounds
using micro-X-ray fluorescence or IR-
imaging

Because biological media, and especially cells, are
compartmentalized (cytosol, organelles, nucleus,
etc.), the bioactivity of a compound depends strongly
on its localization and ability to reach a specific tar-
get. This target can be a macromolecule (e.g. DNA
to silence or modify, or specific protein to activate or
inhibit). It can also be a small molecule (e.g. ROS).
Note that superoxide because it is negatively charged
is not able to cross membrane, whereas hydrogen
peroxide can [75].

The development of an innovative cellular inor-
ganic chemistry or inorganic chemical biology can
be bolstered by the exploration of analytical tech-
niques adapted to the mapping of metal complexes
at the sub-cellular level. Fluorescence in the UV-
vis is a widespread technique. A large variety of
probes are available, and they can be excited in a
range of energies (UV-vis); they can be used as con-
jugable tags or organelles trackers, conjugated to an-
tibodies and then used to detect specific proteins
and map their sub-cellular distribution. Many of
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Figure 11. Half-reactions of the redox couples
involving hydrogen peroxide HyO5.

the corresponding trackers/tags/antibodies are com-
mercially available [76].

However, these fluorescent probes are mostly
large hydrophobic moieties. If used to tag a macro-
molecule (protein, DNA, antibody ...), the physico-
chemical effect of the probe can be minimal and the
location of the tagged “chemical object” not modi-
fied. But when it comes to tagging a low-molecular
weight compound, such as those presented in Sec-
tions 3 and 4, a probe will most certainly modify
the physico-chemical properties of the compound
of interest (as exemplified in Section 5.5). This is
why we envisioned to try to detect the metal com-
plexes directly through the metallic core. This can
be done using X-ray fluorescence imaging. Another
interesting modality is IR absorption. In the mid-IR
(4000400 cm™1), molecules show specific signa-
ture (fingerprints) and chemical mappings can be
generated.

We detail below some basic principles for X-ray
Fluorescence Microscopy (XFM) and IR-microscopy
(n-IR), before explaining the design of multimodal
probes for these two modalities and classical fluores-
cence, along with a few applications.

5.1.1. X-ray Fluorescence Microscopy (XFM)

XFM has emerged as a highly efficient tech-
nique to image heavy elements, including metal
cations. Excellent reviews have detailed the un-
derlying physics, technical characteristics, biologi-
cal applications [76-81] and possibilities offered by
multimodal imaging (coupling of XFM with fluores-
cence [80] for instance).

In a nutshell, providing its energy is high enough,
id est above the absorption edge of the core elec-
trons, an X-ray beam can excite a core electron of a
heavy element, possibly a metal cation, to a photo-
electron. This leads to a more positive ion (+1) in an
electronic excited state. Deexcitation pathways, to a
cation in a less excited or in the ground state, can oc-
cur with an upper electron filling this core hole, with
the emission of an X-ray fluorescence light, detected
to perform micro-XFM [80]. Note that this emission
is isotropic and, to limit incident beam light record-
ing, the detectors are set at ca. 90° from the incident
beam. The energy of the emitted light informs on the
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Figure 12. X-ray Fluorescence (XRF) sum spec-
trum of A549 cells. Conditions: excitation en-
ergy: 13.5 keV, pixel size: 300 x 300 nm?, accu-
mulation time: 4.8 s/pixel [82].

nature of the metal ion and on the two levels involved
in the transition. Hence, each element emits a set of
X-ray bands that are specific. For elements heavier
than Si, these bands are clearly separated (Figure 12),
and if there is an overlap, one can expect that at least
one band in the emitted set is isolated.

This makes X-ray fluorescence an excellent tech-
nique for detection of heavy elements in a sam-
ple. Synchrotron-based radiations in the hard X-
ray (>2 keV, hence for elements heavier than Si) al-
low a brightness many orders of magnitude greater
than other sources [77]. The incident beam can be
focused to a size smaller than that of a cell (typi-
cal diameter of 20 um for eukaryotic cells), while
keeping enough power to detect diluted metal ions
in the small voxel of observation. Raster scanning
the sample through the beam makes subcellular bio-
imaging of metal ions possible. Recently, resolu-
tions better than 100 nm, down to 30 nm, have been
achieved [80,83].

It is possible to grow cells in a monolayer on a
window transparent in the X-ray (typically, silicon ni-
tride SizN, windows, sheets of Kapton® or Ultralene®
sheets [78,80,81,84,85]) and map them to determine
the metal ions content distribution at the subcellu-
lar level. The X-ray incident beam (excitation) and
the emitted X-ray signal are penetrating enough to
pass through the entire sample (thickness of one cell
in case of a monolayer) to provide elemental distri-
bution for the entire cellular depth [80]. Hence, at
each pixel, the map describes an integration of the
total content in the heavy element over the thick-
ness of the cell. For example, the potassium (K) is
homogeneously distributed in cells, and its map in
Figure 13 shows its distribution within a cell in false

colors indicating the content (red > black). The area
with a higher content in potassium (red) corresponds
to the location where the cell is the thickest. Inter-
estingly, by rotating the slide in the beam, tomogra-
phy of cells can be obtained [86], with a very long
time of acquisition, but opening new 3D opportuni-
ties for the characterization of metal ions distribution
in cells.

Sample preparation is a key aspect, for any kind
of spectroscopy and imaging. For classical optical
fluorescence, several methods of chemical fixation
of cells have been developed, such as paraformalde-
hyde, that are suitable for XFM a priori. However,
these techniques show issues associated with possi-
ble re-distribution of a molecule of interest. Let us
take the example of fixation using paraformaldehyde
(H,C=0, PFA) that reacts with amines present on
proteins, peptides, or any other type of molecule. In
a way, fixation with PFA casts some sort of a molec-
ular net on the cell, but leaves large holes in which
unfixed molecules can move and diffuse away. This
can lead to redistribution, either a more even distri-
bution within the cell or an accumulation in some
organelles. For X-ray fluorescence, it is necessary
to work with dry cells, and the drying process after
chemical fixations has been shown to lead to leak-
age of metal ions, with a significant lowering in the
apparent metal content [84]. This has been shown
to mostly affect highly diffusible metal ions (Ca,
K, CD), but also the loosely bound transition metal
ions pool that is not sequestered at the active site of
metalloproteins, whereas metal cations such as Zn
or Cu, highly controlled by proteins coordination,
are not much redistributed by the fixation-drying
procedure [81,87].

Cryofixation, with shock-freezing through plung-
ing in liquid hydrocarbons (ethane, typically), pos-
sibly associated with lyophilization (freeze-drying),
has been shown to better preserve both the sub-
cellular structure and the distribution of metal
ions [84,87]. After cryofixation, the frozen sample
can be mapped at low temperatures. An alterna-
tive is to lyophilize the sample at low temperature,
leading to a sample that can be handled at ambient
temperature. But the lyophilization process must
be performed steadily to ensure non-transition of
ice from amorphous to crystals that would disrupt
cell membranes (as crystalline water shows a lower
density than liquid water or amorphous ice, such a
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Figure 13. X-ray fluorescence mapping on cryofixed cells (human epithelial intestinal cells, HT29-MD2).
Potassium (K) and manganese (Mn) maps by X-ray fluorescence on cryofixed and freeze-dried cells
HT29-MD?2 incubated with Mn1 (100 uM). Images recorded on the 2-ID-D beamline of APS synchrotron
(excitation at 6.8 keV; integration time, 2 s pixel‘l; pixel size, 200 nm) (from Ref. [25]).

transition would lead to a dilatation responsible for
the damaging of the sub-cellular structure).

Nowadays, the consensual idea is that the less the
sample is manipulated before being mapped the bet-
ter, so as to avoid the effect of re-distribution but also
contamination with metal ions, that in our modern
world, can be found everywhere.

We have applied XFM to the imaging of Mn-based
SOD mimics. We have used cryofixed/lyophilized
cells incubated with the complexes at 100 pM, the
typical concentration at which we evaluate their anti-
inflammatory activity. As shown in Figure 13 for Mn1,
the Mn element is distributed over the whole cell, as
potassium, whereas a perinuclear distribution is seen
for Mn1Re (further discussed in Section 5.3).

5.1.2. Infrared microscopy (\-IR)

p-IR is extensively used for its ability to perform
detection using molecular chemical fingerprints in
the mid-IR (4000-400 cm™!, energy range where all
of the molecular vibrations are excited). IR-maps,
or chemical imaging, can be recorded to provide lo-
cal chemical endogenous information by determin-
ing distribution of specific chemical vibrational sig-
natures, for instance, IR-absorption of proteins at
ca. 1600-1700 cm™! (amide 1), or lipids at ca. 2900—
3000 cm™! (CH,™ and CH3™™) (Figure 14). IR bio-
imaging has been used, for instance, to follow cellu-
lar events, such as proteins acetylation [88].

In the course of our work, we have used specific
bands (amide, phosphate, lipids), or association of
bands (e.g. high amide + phosphate for the nucleus
for instance) [89,90], or ratio of bands to identify
specific organelles (membrane-rich organelle with

very intense CH stretching versus nucleus with
more intense CHj stretching) [91]. One asset is
that this chemical mapping of biological endoge-
nous compounds is label-free, avoiding issues as-
sociated with the requirements of tagging [92], and
can be implemented easily for bio-medical appli-
cations [93], with an easy process using bench IR-
microscopes [94]. Synchrotron sources for IR-light
are two to three-order of magnitude brighter than
thermal source, making SR-FTIR mapping sensitive,
with a lateral spatial resolution in the range of the
pwm (whereas bench-IR-microscope with a thermal
source the spatial resolution is no better than 5-10
wm) [95]. The resolution with an optical detection
is indeed physically limited by the light diffraction
and the Abbe criteria (about A/2, which is 2.5 pm at
2000 cm ™).

Sub-micrometric resolutions suitable for intracel-
lular mapping in the IR can be achieved using a near-
field technique, which involves exploring mechani-
cally a sample with a probe of sub-cellular dimen-
sions. This was made possible by photothermal in-
duced resonance, coupling an Atomic Force Micro-
scope (AFM) with an IR pulsed-laser. A pulsed irra-
diation in the IR at a wavelength tuned to the sam-
ple IR absorption induces an excitation in the vi-
brational levels. The only dissipation is heat-release
in the near environment. This induces a local dila-
tion [96,97] and the AFM-tip receives a “punch” at ev-
ery IR laser-pulse. The amplitude ofits oscillation has
been shown to be proportional to the deformation,
and in fine to the amount of IR-absorbing compound
below the tip. The resolution of the technique is that
of the AFM (ca. 10-50 nm).



132 Clotilde Policar et al.

""""" 2500

4000

cm

Transparency
energy range

— .1500
1 2000

" Amide |
proteins

Nucleic
acids

P=0

500

1000
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Sandt, SMIS beamline, synchrotron SOLEIL.

Interestingly, we were able to map the distribu-
tion of the [Re(LCp)(CO)3] compound indicated in
Figure 15 in MDA-MB231 cells. Its distribution was
colocalized with high spots of amide and phosphate,
pointed at a nuclear accumulation which is an or-
ganelle dense in proteins and DNA [89]. The colocal-
ization with the nucleus was checked in correlative
imaging (SR-FTIR imaging and classical fluorescence
of DAPI, a nucleus tracker) [98].

For sub-cellular imaging in the IR, the sample has
to be on a slide transparent in the IR (thin section of a
bio-sample or monolayer of cells grown on the slide):

e CaF; slides with chemical fixation (too frag-
ile for plunging and cryofixation). Note that
for multimodal imaging in optical fluores-
cence, optical IR-imaging and AFM-IR [99],
thin CaF; slides (100-200 um) can be used.
In the case of AFMIR the thin slides can be
laid on the sample holder with paraffin oil to
ensure a good optical contact and avoid air
gap [99]. For instance, we have performed
IR-imaging on tissue sections [100,101] or
cells grown on the slide [53,90,98,99,102,103],
with multimodal imaging (FTIR, AFMIR, and
classical X-ray fluorescence) in several cases.

e SigN, windows than can also be used for
multimodal imaging in classical and X-ray

fluorescence [104] with chemical or cryofix-
ation.

e ultralene thin film that can be used for mul-
timodal imaging in IR and X-ray fluores-
cence [101].

Note that mid-IR is absorbed by bio-samples and
thin samples (10 wm max) should be used in the
case of optical detection (the IR-light passes through
the sample). Interestingly, for AFM-IR a set-up (with
irradiation from above the sample) [105] allows thick
samples. But then they are probed only at the surface
(absorption of the IR-light or depth of the penetration
of the evanescent wave and the thickness probed
depends on the recording parameters [105]).

5.2. Design of IR or X-ray fluorescence probes

A wider availability of probes, as tags or organelles
trackers, would contribute substantially to the de-
velopment of these two unconventional bio-imaging
techniques to answer key biological questions [106].
Probes that can be detected by several complimen-
tary techniques offer the possibility of cross correla-
tive comparisons. The conventional way to develop a
multimodal probe is to covalently conjugate several
molecular moieties, one for each modality, leading to
large molecular entities, with risk of discrepancy if a
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Figure 15. AFM-IR Top: images of MDA-MB-231 cells. MDA-MB321 treated with a 10 um solution
of [Re(LCp)(CO)3] for 1 h at 37 °C. (1) AFM topography; (2-6) AFM-IR mappings at different wave-
lengths, with the AFM contours superimposed as black lines; the wavelengths correspond to the fol-
lowing bands: phosphate (2), amide (3), tricarbonyl (4 and 5), and out of band (6). Bottom: struc-
ture of [Re(LCp)(CO)s3]; IR-spectra of (a) pure [Re(LCp)(CO)s], (b) control cells, (c) cells treated with
[Re(LCp)(CO)3] (50 uM, ca. 50,000 cells), and (d) AFMIR spectrum recorded at the nucleus for a single
cell treated with [Re(LCp)(CO)3] (1 h, incubation concentration: 10 um). See Ref [89] for details.

moiety is cleaved. In contrast, we wanted to develop
a “swiss-knife” probe, more compact, as a single
molecular core for multimodal imaging (SCoMPI). To
that extent, rhenium(I) tricarbonyl complexes are in-
teresting. Indeed:

e Metal carbonyls (L)M(CO), feature intense
elongation vibration bands at ca. 2000-
2200 cm™! in the transparency window
of biological sample in the mid IR (1800-
2500 cm™!, see Figure 14). They have been
used as markers for immunoassay, for ex-
ample as pH or cation probes [107]. One
can also note that for the IR modality, only
vibrational modes are excited and it does not
involve transition into an electronic excited
state, whose reactivity, different from the
ground state, may lead to non-fluorescence
species. In other words, unlike what happens

for fluorescence probes, no photobleaching
of the probes is at stake in IR-imaging [108].
The sole deexcitation pathway after IR exci-
tation is heat release, which opens up pos-
sibilities to use them for all imaging tech-
niques relying on the photothermal effect
such as IR nanospectroscopy (AFM-IR).

¢ Rhenium tricarbonyl complexes bearing het-
eroaromatic ligands with low lying 7t* or-
bitals [Re(NAN)(CO)3]"™* display interesting
electronic properties at the origin of their
development as luminescent probes. They
show additional interesting features for use
in a biological context such as low toxicity
and good chemical inertness. The emission
of such complexes mostly arises from triplet
metal-to-ligand charge transfer (CMLCT) ex-
cited states and they display large Stokes
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shift. However, their quantum yield is low
(usually around 1%) and their excitation usu-
ally occur in the UV-A range.

* Re gives access to detection in X-ray fluores-
cence, with bands that can be identified in
a biological environment at its L-edge (one
band, the L-« is superimposed with K-« of
Zn, but the L-f3 is well-separated, as seen in
Figure 16).

e Rhenium tricarbonyl complexes with the
ligand pyta are easily synthesized and func-
tionalized. The pyta (4-(2-pyridyD-1,2,3-
triazole) ligand seen in Figure 17 is formed
through Cu-catalyzed Alkyne-Azide Cycload-
dition (CuAAC) chemistry and there is a large
variety of possible functionalizations of a
R-Ns.

5.3. Variation of the ligands to control the
physico-chemical properties of the probes

The  photophysical  properties of  these
[Re(NAN)(CO)3X] compounds have been well char-
acterized, particularly with the NAN ligand being a
bipyridine or a phenanthroline ligand. Their elec-
tronic properties can be tuned by modifications
of the di-imine or the axial X ligand. We have ex-
plored the impact of diverse structural modifications
around rhenium tricarbonyl complexes based on a
pyridine-triazole NAN ligand (see Figure 17).

To explore questions of cell penetration and toxic-
ity of [Re(pyta) (CO)3Cl] complexes, we have prepared
and studied complexes with pyta ligands functional-
ized with aliphatic chains of increasing length (C4,
C8, and C12) [109].

We showed that increasing the lipophilicity of
the complex by the increase in the carbon chain
length correlated with an enhanced cellular uptake,
as quantified by a correlative luminescence and in-
frared (IR) study, and thus an increased cytotoxic-
ity. This quantitative cellular study stressed out that
cytotoxicity values (ICsg) reflect intrinsic toxicity but
also the ability of the compound to penetrate inside
cells. Correlating the toxicity of a compound to its in-
ternal concentration and not to an incubation con-
centration as commonly performed requires the use
of such analytical techniques. We also showed that
the appendage of a long aliphatic chain (C12) on the

pyta ligand strongly impacted the photophysical be-
havior of the complexes in aqueous medium com-
pared to organic medium (such as acetonitrile) as op-
posed to shorter chains. The folding of the carbon
chain around the metal core in aqueous buffer was
proposed to shield the metal center from the emis-
sion quenching due to water.

In an attempt to optimize quantum yield and
excitation wavelengths—aiming for a bathochromic
shift of the Metal-to-Ligand Charge Transfer (MLCT)
bands in the visible range that is better adapted for
bioimaging—in these complexes, we studied struc-
tural variations of the pyta ligand (with X axial lig-
and as an halogen Cl or Br) [110]. Extending the
aromatic surface (from a pyridine to a quinoline) in
the quinta series, led to the expected bathochromic
shift but it was associated with a decrease in the
quantum yield. A satisfying compromise is challeng-
ing to reach. We identified the tapy (1-(2-pyridyl)-
1,2,3-triazole) ligand as a very interesting scaffold for
the design of rhenium tricarbonyl complexes. The
common pyta ligand displays a normal or regular
coordination through the N3. Inverting the bridge
between the pyridine and triazole rings, we gen-
erated the tapy ligand showing an inverse coordi-
nation through the less donor nitrogen N2. DFT
calculations confirmed the poorer electron-donor
ability of the tapy ligand in comparison with pyta,
with a stabilized LUMO level, leading to a smaller
gap and a bathochromic shift of the MLCT absorp-
tion band. The enhanced luminescence was pro-
posed later to arise from slower rates of non-radiative
decay. The corresponding complexes displayed a
strongly enhanced luminescence—particularly with
long aliphatic chains—compared to the pyta coun-
terparts, with quantum yields up to 3.5% in aqueous
medium. Despite their reduced stability in coordi-
nating solvents, the inverse coordination has inter-
esting potential in organometallic chemistry.

We further modified Re(CO)3 complexes bearing
pyta-C12 or tapy-C12 ligands (with long alkyl chains)
replacing the axial X ligand [111]. The introduc-
tion of benzenethiolate 7t-donating ligands results in
high lying filled orbital on sulfur and benzenethio-
late leading to a strong absorption band of mixed
MLCT/LLCT (LLCT: Ligand-to-Ligand Charge Trans-
fer) character around 330 nm. The emission of such
complexes depends both on the diimine and on
the axial benzenethiolate, offering an opportunity to
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Figure 17. Schematic structures of the [Re(pyta)(CO)3Cl] and [Re(tapy)(CO)3Cl] complexes and their

typical luminescence in aqueous medium.

tune the emission wavelength across a wide range ex-
tending to the near IR region (Figure 18).

5.4. LMW organelle trackers working with PFA
standard fixation

For co-localization studies by X-ray Fluorescence
(XRF), some endogenous elements can be indica-
tive of a subcellular compartment—e.g. phospho-
rus, sulfur, copper and zinc reveal nucleus loca-
tion [112]. Manganese has been shown to accu-
mulate in the Golgi apparatus in neural cells [113].
But this relative metal-specificity cannot be made
general for all the organelles. Hence the design
of probes for organelle tracking responsive in X-ray

fluorescence is of great interest [106]. Sealed carbon
nanotubes filled with heavy metals and decorated
with organelle-specific peptides have been designed
for nucleus targeting. But the attempt to track endo-
plasmic reticulum failed [114], showing this strategy
of peptide-targeting for specific organelle tracking is
not easy to extend. Metal-tagged antibodies have
been developed, for instance with lanthanides [115,
116] and some used for mitochondria tracking—
involving an antibody targeting a protein specific of
this organelle [117,118]. But the procedures involve
permeabilization with leakage of the loosely-bound
metal pool, that can be undesirable. Low-molecular
weight complexes targeting organelles can also be
used for their tracking [119-121] with compatibility
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with cryofixation. Recently, we have conjugated the
typical [Re(pyta)(CO)3X] core, with trisphenylphos-
phonium cations of various lipophilicities (see Fig-
ure 19). Trisphenylphosphonium cations are known
to accumulate at the mitochondria, due to their de-
localized positive charge over a lipophilic trisphenyl
core [62]. We chose here a procedure with PFA fixa-
tion, more accessible to users than cryofixation, that
was hopefully successful. Indeed, using their fluores-
cent properties, the [Re(L)(CO)3X] probes were first
co-localized with a fluorescent mitotracker. Then
XFM with the same PFA fixation showed that the
Re of the probe was easily detectable for the two
more lipophilic probes C2 and C3, and an accumu-
lation of Re (probe) around Zn (nucleus) was clearly
seen [121]. This example also shows here the interest
of the multimodality of the probes such as the metal-
carbonyl probe: the multimodality of a probe means
that it can be validated using a tried-and-tested tech-
nique, with a view to implementation using a less
conventional technique.

In another example, we have tagged a
TrisPhenylamine-based (TP) mitotracker with a Br
(TP-Br) or with a [Re(pyta)(CO)3]* (TP-Re) [122]. TP-
Br can be present in cells in a non-emissive off-state
and, as such, fluorescence imaging could not reflect
accurately the distribution of the probe. The TP-Br
was found to be co-localized with a fluorescent mi-
totracker, whereas the TP-Re was co-localized with
a lysotracker. In contrast with what happened with
the trisphenylphosphonium functionalization, the
[Re(pyta) (CO)3X] changed the localization of the TP
probe. Interestingly, this makes TP-Br and TP-Re
potential new organelle trackers for XFM.

Remembering that some of the [Re(L)(CO)s3X]
compounds we have studied have been shown to
be accumulated at the Golgi [102] or at the nucleus
(see Figure 15) [89], these Re(CO)-based compounds
constitute a series of multimodal organelle trackers
that can be followed by classical fluorescence, in
IR-imaging, and X-ray fluorescence.

5.5. X-ray fluorescence imaging: an original di-
rection to explore metal-complex integrity in
cells through distribution

As mentioned earlier, one challenge faced when
studying metal complexes in a biological environ-
ment is to ensure that the complex L-M remains in-
tact, despite the abundance of Lewis bases, and the
presence of other metal ions, even if they are mostly
found coordinated by proteins. One way to interro-
gate this is to use a ligand tagged with a heavy atom
(L*) and check if the two moieties (heavy atom as
a covalent tag of the ligand L* and metal ion) are
present in cells at the same location [79]. This can be
done by recording maps of cells incubated with a L* -
M complex in p-X-ray fluorescence. This has been
performed in the literature with a ligand tagged with
Br [123] or I [124,125].

As an example, the conjugate of Mn1 with a mul-
timodal Re-tricarbonyl probe (Mnl-Re, Figure 20)
was studied in the cellular model HT29-MD2 (Sec-
tion 3.4b). Its integrity was probed by analyzing
the Re and Mn colocalization by X-ray fluorescence
imaging, Re tagging the Mn-ligand. The Re-maps and
Mn-maps where not fully co-localized, with spots
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Figure 19. Structures of the [Re(pyta)(CO)3]* conjugated with a trisphenylphosphonium moiety and
elemental distribution of Zn and Re (XFM) in A549 cells incubated with C2 (4 h, 20 uM) before PFA fixation
and air drying (excitation at 14 keV; integration time, 300 ms per pixel; pixel size, 500 nm). XFM recorded
at synchrotron SOLEIL, on nanoscopium beamline [121].

where Re (ligand) was present and not Mn, reveal-
ing some degree of decoordination in cells, as an-
alyzed by IMS/MS (Section 3.6). Interestingly, Mn
and Re showed a perinuclear accumulation (see Fig-
ure 20). In contrast, Mnl has been seen homoge-
neously distributed (Figure 13, distribution of Mn
similar to that of K). Interestingly, the two com-
pounds, Mnl and Mn1-Re, showed a similar bioac-
tivity and similar concentration in mitochondria, de-
spite a higher overall cellular concentration of Mnl1-
Re (Figure 20). This is probably because the cellular
activity of these compounds is governed by the con-
centration reached at the mitochondria [53].

6. Conclusion

“[Naturam] si sequemur ducem, numquam
aberrabimus”, Cicero, De officiis, 1, 100.
Let Nature provide us guidance: we shall
never get lost.

We would like to end this article on a less scientific
note and comment on the research journey we have
just described in the fields of bioinorganic chemistry
and inorganic chemical biology, going from chemical
design of metal complexes to their studies in cells.

Biomimicry has emerged as a highly heuristic ap-
proach: why not learn from the strategies selected by
Nature during an evolutionary process spanning mil-
lions of years, and put them to use [126]? On a macro-
scopic scale, this might mean reproducing the move-
ment of an insect to create a highly mobile robot or
drawing inspiration from animal skeletons to create
highly resistant vaults, as Antoni Gaudi, the precur-
sor of biomimicry in architecture, did. This can be

translated to the molecular scale: as chemists, we
can seek to reproduce the way a biological system
works, and move towards the design of bio-inspired
catalysts of industrial or therapeutic value. The use
of the term “bio-inspiration” instead of “biomimicry”
aims to extend the approach beyond simple copying
of structures to the creative development of new sys-
tems based on fundamental molecular principles de-
ciphered in biology.

We have tried to illustrate this process in the case
of highly efficient SODs, with physico-chemical fea-
tures that could be implemented in low molecular
weight complexes, namely the tuning of the redox
potential to an optimal value for this redox cataly-
sis, and a positively charged funnel in an overall neg-
atively charged protein, for the electrostatic attrac-
tion of the negative substrate, superoxide. Trans-
posing to a scale other than what nature has set up
is not always straightforward, as we saw in the case
of electrostatic attraction for the transition from the
protein scale to those of low-molecular-weight sys-
tems, where simply increasing the overall charge was
not enough without 3D organization. However, such
approaches enable us to better understand Nature’s
challenge piece by piece and to learn—or at least
make progress in—mastering them at the molecular
level.

Came then the need to design dedicated cellular
assays to test these catalysts in biological environ-
ments. In a way, where biochemistry purifies met-
alloproteins from biological environments for study
in test tubes, cellular and biological inorganic chem-
istry reverses the process, with the chemical design
of metal complexes in the round flask which are then
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Figure 20. Up: elemental distribution of B K, Mn, Re, and Zn in an HT29-MD2 cell incubated with
MnlRe. The phosphorus (P), and zinc (Zn, K«-lines) maps are used to identify the nucleus area. The
overlay (top right) corresponds to the Mn (Kx-line) (magenta) and Re (L{3-line) (green) maps. The
regions corresponding to an overlap of both elements are displayed in white. Intestinal epithelial cells
HT29-MD2 were incubated for 2 h with Mn1Re (100 mM, 0.02% DMSO) before cryofixation and freeze-
drying. Images were recorded on the 2-ID-D beamline of the APS synchrotron (excitation at 12.0 keV;
integration time, 2 s per pixel; pixel size, 200 nm). Down left: C: control HT29-MD?2 cells, Mn1/Mn1Re:
HT29-MD2 cells incubated with Mn1/MnlRe (10 and 100 uM, 6 h). IL8 secretion in HT29-MD2 cells.
Intestinal epithelial cells HT29-MD2 were incubated for 7 h under different conditions indicated in the
figure. LPS (0.1 pg'mL™!) was added at the end of the first hour. Data represent means + SEM for 7—
10 independent experiments. (*) p < 0.05, (**) p < 0.01 versus LPS condition. Down right: C-control
cells, Mn1/Mn1Re-HT29-MD2 cells incubated with Mn1/Mn1Re (100 uM, 6 h). The total Mn content
in cell lysates was determined in acid-digested cell lysates by titration using EPR. Data represent mean
+ SEM for 4 independent experiments. (*) p < 0.05, (**) p < 0.01 versus C. The total Mn content
in mitochondria-enriched fractions was determined by ICP-MS. Mitochondria were isolated using a
mitochondria isolation kit (Thermo Fisher Scientific). Data represent mean + SEM for 7 independent
experiments; for details see Ref. [53].

Immediately, the question of sub-cellular location
arose and we embarked on the path of bio-imaging.
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XFM, suitable for metal imaging, was an obvious
technique to explore as we wanted not to modify
the low-molecular weight complex and its physico-
chemical properties too much.

The idea of developing metal-based IR-probes
came about in a different way: this was the story
of an encounter, as often in science, with a physi-
cist, Professor A. Dazzi (université Paris-Saclay), who
was developing a nano-IR imaging strategy (AFM-IR
technique mentioned above). This technique which
he had previously used to map biopolymers (DNA,
sugars, proteins) was so amazing that we wanted to
use it to detect and map non-endogenous molecules.
Because of its IR-signature, the M(CO)s moiety ap-
peared as the ideal molecular core to test that, and
their metal-core made them interesting probes to use
in XFM.

It also illustrates how science progresses, tackling
one question after another, one answer leading to
a new more important question or idea to follow.
Clearly, Nature is not only a formidable source of in-
spiration, but also an endless reservoir of interlock-
ing questions and challenges for chemists.

This whole journey was made possible in the con-
text of collaborative work. First, within the research
group (https://ens-bic.fr/) where we share a com-
mon interest in bioinorganic chemistry and redox
aspects, but with complementary expertise (peptide
chemistry, organometallic chemistry, ligand synthe-
sis, spectroscopies and now nanoparticles, redox bi-
ology and optogenetics). When you do not travel
alone, the path is easier and enriched by discus-
sions. But it also means collaborating with other dis-
ciplines: physicists, biologists, medical doctors, etc.
Working in a multi-disciplinary environment leads to
take that step aside that changes everything: it im-
plies being an expert (in one’s own field) and at the
same time an ignoramus (in another), with a renewed
sense of wonder when you begin to grasp something
new. It is also sharing with students, especially PhD
students, with whom we live in the laboratory for at
least a few years, and who bring a new vision and new
questions, making research a place where we are al-
ways being challenged.
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1. Introduction energy in the form of Adenosine TriPhosphate (ATP)
and is found in the structure of cofactors of many

The purine ring system, and especially adenine, is enzymes such as ATP, S-Adenosyl-L-Methionine

one of the most ubiquitous natural heterocyclic com-
pounds and plays major roles in various biological
processes. In addition of being a nucleobase and
building block of the genetic material and its tran-
scription and translation in proteins, adenine stores

*Corresponding author

ISSN (electronic): 1878-1543

(SAM or AdoMet), Nicotinamide Adenine Dinu-
cleotide (NAD), Flavin Adenine Dinucleotide (FAD)
and in substrates of metabolic pathways, as acetyl-
Coenzyme A (acetyl-CoA) (Figure 1). ATP is both
the source of energy at the cellular level, a precursor
to DNA and RNA synthesis and a cofactor of pro-
tein kinases to phosphorylate their substrates [1].
SAM is used as methyl donor by MethylTransferases
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Figure 1. The adenine scaffold (in blue) in biologi

(MTases) to methylate histones, DNA, lipids and
small biological molecules [2]. NAD™" is a cofactor
for redox reactions and has a central role in en-
ergy metabolism. It is also a coenzyme for non-
redox NAD*-dependent enzymes (CD38, sirtuins
and poly(ADP-ribose)) and is a substrate for Nicoti-
namide Adenine Dinucleotide Kinases (NADK) [3].
Some signaling molecules such as cyclic Adeno-
sine MonoPhosphate (cAMP) contain also an ade-
nine scaffold. cAMP is an ubiquitous second mes-
senger that regulates various biological processes,
interacting with protein effectors such as Protein
Kinase A (PKA), Exchange Proteins Activated by
cAMP (EPACs) and Cyclic Nucleotide-Gated (CNG)
channels [4].

Importantly, these biological pathways are dereg-
ulated in diseases and the aforementioned protein
families represent major therapeutic targets. Thus,
the adenine scaffold has been exploited to design
and develop therapeutic agents [5-7]. Chemical
modifications of the adenine scaffold—giving ade-
nine analogues—have been carried out to identify in-
hibitors of these pathways deregulated in diseases.
Kinases and MTases inhibitors, based on the ade-
nine scaffold are used for cancer treatment [8,9].

and antimetabolites
Antiviral agents
Anticancer agents

cal molecules and therapeutic agents.

Adenosine analogues inhibiting DNA/RNA synthe-
sis are widely utilized as anticancer and antiviral
agents [10,11]. NAD Analogues are investigated to
target NADK in the context of bacterial infection [12].
Finally, cAMP analogues are emerging as modulators
of EPACs, playing a role in inflammation, diabetes
and cardiovascular diseases [13]. Another example is
the use of adenosine receptor agonists as anticancer
agents [14].

Herein, we review the highlights of the use of the
adenine scaffold for the design of versatile therapeu-
tic agents and its role in biological processes. This
review is not meant to be exhaustive and presents
its chemical modulation in Medicinal Chemistry
through chosen examples of approved drugs and
inhibitors in clinical trials and preclinical studies for
selected therapeutic targets.

2. S-Adenosyl-L-Methionine/S-Adenosyl- L-
Homocystein (SAM/SAH) analogues to tar-
get SAM-dependent methyltransferases

S-Adenosyl-L-Methionine is one of the most
ubiquitous cofactors. It is mainly used by the
SAM-dependent MethylTransferases (MTases) as
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methyl donor to methylate their substrates (DNA,

RNA, proteins, carbohydrates and metabolites).

These methylated substrates contribute for exam-

ple to the epigenetic regulation, protein function

modulation, metabolites synthesis and degradation
. [15-19].

SAM is a hybrid compound of adenosine bonded
to the sulfur atom of methionine. The sulfonium
group that bears the methyl group confers the SAM’s
reactivity. Under the catalytic reaction, the nucle-
ophilic substrate (N-, C-, O- or S-nucleophiles) at-
tacks the electrophilic methyl group through an
Sn2-type mechanism generating S-Adenosyl-L-
Homocystein (SAH) as byproduct (Figure 2A) [20,21].
The methyl group transfer happens in the cat-
alytic site of MTase that is composed of two pock-
ets: a SAM binding site and a substrate binding
site [15].

SAM-Dependent MTases are a wide and diversi-
fied class of enzymes. They can be classified accord-
ing to their type of substrate. First, Histone Methyl-
Transferases (HMTs) catalyze the transfer of methyl
group on lysine and arginine residues of histones
and are partitioned into Protein Arginine Methyl-

Transferases (PRMTs) and Lysine MethylTransferases
(KMTs) (Figure 2B) [22,23]. Other protein methyl-
transferases methylate side chains of non-histone
proteins [24], especially N-Terminal MethylTrans-
ferases (NTMTs) have recently raised interest re-
cently [25,26]. Among the DNA MTases, C5 DNA
MethylTransferases (DNMTs) catalyze the methy-
lation of C5-position of cytosines (5mC) in DNA
(Figure 2B), which plays a major role in human dis-
eases, and for which we and other have developed
several inhibitors [27]. Most recently, the biologi-
cal role of RNA methylation states (as on adenine,
Figure 3C) is emergining. Additional MTases are
responsible for the methylation of small molecules
such as Nicotinamide N-MethylTransferases (NN-
MTs) that methylates nicotinamide and Catechol
O-MethylTransferases (COMTs) that methylate cat-
echolamines for neurotransmitter degradation [28]
(Figure 3D, E).

Due to the plethora of biological functions of
MTases but also to their involvement in various dis-
eases, SAM and SAH analogues have been developed
and exploited either as MTases inhibitors or as tools
to study the functions of MTases [29].


http://BioRender.com

146 Alexandra Fillion et al.

A HMT inhibitors

py-CHa NH,
I Nf 7 ~N
N |

7 l -,
COMH I\ <N 2 g \'!l/ N~y

R N < o

HaN o
OH OH Ok, OH
2
1
DOTIL: ICso = 120 nM EPZ-477T

DOT1L: K;=0.3 nM

NH,

N N
¢ S SN
T N N/) 4 | N/)
H fo) Br. =
N >
i OH OH HaN7 SN —

N
3
EPZ-5676 (Pinometostat)

4
JNJ-64619178 (Onametostat)
DOT1L: K;=0.08 nM

PRMT5: IC50 = 0.13 nM

B DNMT inhibitors
NH, NH,
HN
¢ J 7] ) N
NN o N N I
S S (o} N
HNQ’ o HO e} NP
NH, | N
HOG OH OH OH OH NN 7
s s H DNMTA1: ICs0 = 46 UM
DNMT1:  ICso=1.1 UM DNMT1:  ICs0=1.5 UM DNMT3A: ICs0 =4 UM
DNMT3b2: ICs0 = 0.3 UM DNMT3b2: ICs0 = 0.3 UM

C NTMT inhibitors

SPKRIA NHL O _NH

D NNMT inhibitors

N N . ’
N < f\f)N f\
Nj\N N N o <N

o]
NH,

NC
NH,
N
| y fN
[e] <N I N/)

NH,
NH,

~N N
» , f“
V9 l < 'N/)

I 0 ’lk/\/N :
U HO™ Y N o Ho N
HO™ OH OH NH, : Y o
NH, 2 NH, NH,
. OH OH on oH .
10
NAM-TZ-SPKRIA 1 12
ICso = 0.81 UM ICs0=29.2 UM  =0.51 nM ICs0.=3.7 nM
NH, . oy
HOOC._NH, 2 E  COMT inhibitors - R, NHR,
Ny 2 o} N N
¢ I Ny < I
1 NN ¢ I HN— NN
o OuN O NN Ho  OH o
N o
OH OH
P-PKRIA ).rrar OH OH
9 OH 14.R;=NO,, Ry =H ICs =9 nM
] 13 15.Ry = p-F-Ph, Ry=H ICso = 21 NM
TSty ICs0=2 UM 16.Ry = pF-Ph, Ry = n-CiH;  IC5p=9nM
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2.1. Histone MethylTransferases (HMT)
inhibitors

HMTs are a broad class of enzymes with more than 50
members of KMTs and 9 PRMTs [30]. KMTs catalyze
mono- (Kmel), di- (Kme2) or tri- (Kme3) methy-
lation of lysine residues, whereas PRMTs catalyze
monomethylation of arginines (Rmel) or dimethy-
lation of arginines (in a symmetrical (Rme2s) or
asymmetrical (Rme2a) manner) (Figure 2B). HMTs
are involved in various diseases, in particular can-
cers and infectious diseases, and are thus very in-
teresting therapeutic targets [31-35]. SAM and SAH
scaffolds were exploited to develop numerous HMT

inhibitors [36]. We chose few examples among the
large literature to show the design and application of
adenine-based inhibitors (Figure 3).

SAH is an endogenous inhibitor of many MTases
and shows, for example, a similar inhibitory po-
tency for PRMT4, G9a and DOTI1L (ICsp = 1.5 uM).
Hence, co-crystal structures of SAH complexed with
different HMTs were exploited to develop HMT in-
hibitors. DOT1L, the only HMT that catalyzes H3K79
methylation, attracted the interest notably because
it is a major target for acute leukemia with Mix Lin-
eage Leukemia (MLL) translocations. Interestingly,
DOTIL is a KMT that does not bear the catalytic
SET domain but rather shows a similarity in the 3D
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structure of the catalytic pocket with the PRMT’s
one, and exhibits a unique hydrophobic subpocket
in the adenosine binding site [37]. Following this
rational, Yao et al. designed a potent and selective
compound, 1 (Figure 3A), with a methyl substitution
on the N6 position of SAH (to protrude interactions
in the hydrophobic pocket specific of DOT1L) and
the C-S bond of SAH was replaced by a C-N bond
(DOT1L, ICsp = 120 nM) (Figure 3A) [38]. In 2011,
Epizyme Inc. developed a new potent DOTI1L in-
hibitor EPZ-4777, 2, where the 7-deaza SAM mimics
is linked to a bulky 4-tert-butylphenyl group to oc-
cupy also the substrate pocket (DOT1L, K; = 0.3 nM
+ 0.1) [39,40]. This compound is a SAM competi-
tive inhibitor and the 4- tert-butylphenyl group occu-
pies a newly opened hydrophobic subpocket. EPZ-
4777 efficiently inhibits the proliferation of MLL-
rearranged leukemia cell lines but the poor phar-
macokinetic properties of the compound blocked its
progress. To improve the pharmacokinetic parame-
ters, a new compound EPZ-5676, 3 (Pinometostat),
was developed. In EPZ-5676 the propyl chain of EPZ-
4777 is replaced by a cis-cyclobutyl ring and the ben-
zimidazole moiety replaces the aryl-substituted urea
group. Moreover, the adenosine part of SAM is con-
served in EPZ-5676 [41]. The compound is very po-
tent (DOTI1L, K; = 0.08 nM + 0.03) and is selective
towards DOTI1L. In addition, EPZ-5676 shows better
residence time (>24 h versus 1 h) and entered clinical
trials (NCT03701295). Interestingly, since EPZ-4777
weakly inhibits PRMT5 (at 30 uM), it served at start-
ing point for the development of new PRMT5 SAM-
competitive inhibitors. After extensive SAR explo-
ration, compound JNJ-64619178, 4 (by Johnson and
Johnson), was developed (Figure 3A). It is a bisub-
strate inhibitor composed of a 7-deaza SAM mim-
ics and a substituted quinoline moiety, occupying
the second substrate binding pocket. JNJ-64619178
is potent (PRMT5, IC5¢p = 0.13 nM) and selective
towards PRMT5; it displays favorable pharmacoki-
netic properties [42] and entered clinical trial no-
tably for the treatment of advanced solid tumors
(NCT03573310) [9].

2.2. DNA MethylTransferases (DNMT) inhibitors

DNA methylation, mediated by DNMTs, contributes
to maintain normal cell function and to embry-
onic development. DNMT1 catalyzes methylation of

newly synthesized DNA strands, while DNMT3A/B
are responsible for de novo DNA methylation [43].
In humans, DNA methylation mainly takes place on
position 5 of cytosine in a CpG dinucleotide con-
text and is generally associated with gene repres-
sion when in promoters. Abnormal DNA methylation
patterns and alterations in DNMTs activity can in-
duce tumor development and maintenance. DNMTs
are thus interesting anticancer targets [27]. Azaciti-
dine (Vidaza™) and Decitabine (Dacogen®), are two
DNMT inhibitors approved by the FDA (US Food and
Drug Administration) [44,45]. These drugs are cy-
tosine analogues that replace cytosine in DNA, and
in RNA for the former. However, they lack selec-
tivity towards CpGs and show poor stability. More
recently, a new class of reversible DNMT1-selective
inhibitors has been developed by GlaxoSmithKline
(GSK), targeting allosteric sites. The compound
GSK-3484862 that contains a dicyanopyridine moi-
ety is promising with its low cytotoxicity and great
specificity [46,47]. In addition, adenine analogues
have been investigated to mimic SAH. MethylGene
Inc. performed structural modifications of SAH and
showed that substituting the homocystein with a pro-
line mimics confers potent activity (compound 5 in
Figure 3B) [48], while the 7-deaza SAH, 6, showed
similar activity as SAH [49]. Finally, DNMT bisub-
strate inhibitors with a quinazoline moiety as ade-
nine mimic were developed by our laboratory and
others [50-53]. Compound 7 inhibited DNMT3A
and DNMT1 at 4 uM and 46 uM respectively (Fig-
ure 3B) [54].

2.3. N-Terminal MethylTransferase (NTMT)
inhibitors

Protein N-Terminal MethylTransferase 1 (NTMT1)
methylates the N-terminal amine of proteins and
recognizes the canonical motif X-P-K (with X = A,
P or S) [55]. Dysregulation of NTMT1 is associ-
ated with several cancers and aging processes [56].
NTMT inhibitors have been developed notably to
study the biological functions of Nx methylation. A
first NMT1 bisubstrate inhibitor NAM-TZ-SPKRIA, 8,
has been developed by Zhang et al. (Figure 3C) [57].
It is composed of 5'-N SAM analogue coupled to an
hexapeptide (SPKRIA) via a triazole linker. The com-
pound is very potent (IC59 = 0.81 + 0.13 uM) and
shows a 60-fold selectivity over other representative
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MTases. Later, Chen et al., developed a new se-
ries of NTMT1 bisubstrate inhibitors [58]. With a
new synthetic route, they replaced the first serine
residue of the SPKRIA peptide by a proline residue
giving the NAM-C3-PPKRIA, 9 (Figure 3C), exhibit-
ing an improved potency (ICsp = 35+ 2 nM) and
more than 100-fold selectivity over NTMT]1 against a
panel of MTases. However, the compound showed
a poor cell permeability preventing cell-based stud-
ies. Nonetheless, this work enabled to obtain the first
co-crystal structure of inhibitors with NTMT1 that
would help for the development of novel NTMT1 in-
hibitors.

2.4. Nicotinamide N-MethylTransferase (NNMT)
inhibitors

NNMT catalyzes methylation of nicotinamide us-
ing the SAM cofactor (Figure 2E). NNMT has a ma-
jor role in cell detoxification and metabolism. In-
deed, NNMT can recognize a broad range of sub-
strates (pyridines, quinolines, diverse heterocyclic
metabolites) and catalyzes their methylation, which
is followed by their excretion [59]. Nicotinamide is
also the precursor of NAD*. Moreover, NNMT bal-
ances SAM/SAH ratio that impacts indirectly gene
expression [60]. Indeed, it has been reported that
NNMT is also involved in the development and
progression of cancers, neurodegenerative diseases,
diabetes and obesity [61-63]. To better under-
stand the role of NNMT in these diseases, sev-
eral NNMT inhibitors have been developed, as po-
tent bisubstrate compounds composed of SAM and
nicotinamide mimics covalently bound through a
linker. In 2017, Van Haren et al. developed the first
bisubstrate compound 10 targeting NNMT (ICsp =
29.2 + 4.0 uM) [64], followed by other deriva-
tives [65,66]. In particular, Policarpo et al. synthe-
sized a new potent bisubstrate compound 11 with
an increased potency in the namomolar range (K; =
0.51 + 0.08 nM) [67]. They figured out that an
alkyne linker between the NAM-like and SAM-like
fragments was optimal to mimic the transition state
geometry. Recently, Gao et al. developed a novel po-
tent bisubstrate compound 12 (IC59 = 3.7 = 0.2 nM)
with a para-cyano substituted styrene scaffold in the
nicotinamide mimic that replaces the common ben-
zamide moiety [68]. However, the compound was not
potent in cell-based assays probably due to a poor

cell permeability. All these findings help the further
design and development of new NNMT inhibitors.

2.5. Catechol O-Methyltransferases (COMT) in-
hibitors

COMT catalyzes methylation of catecholamines (e.g.
dopamine and epinephrine) but also of Levodopa
(L-dopa) producing 3-O-Methyldopa (Figure 2D).
L-Dopa is the precursor of dopamine and is used to
treat the symptoms of Parkinson Disease (PD) [69].
Administrating COMT inhibitors avoids L-dopa
deactivation and prolongs the effects of PD treat-
ment [70]. COMT bisubstrate inhibitors were de-
veloped. Based on the crystal structure of COMT
with Mg2+, SAM and 3,5-dinitrocatechol, the bisub-
strate compound 13 was designed [71]. Compound
13 is a competitive inhibitor of SAM and a non-
competitive inhibitor of catechol. The potency was
increased by rigidifying the linker with a double
bond giving compound 14 (IC5p = 9 nM) [72]. To
avoid hepatotoxicity, the nitro group was replaced by
fluoro-substituted phenyl moiety giving the potent
compound 15 (IC59 = 21 nM) [73]. Substitution of
the OH at position 3 of ribose gave compound 16
(IC50 =9 l’lM) [74]

3. Adenine scaffold in kinase inhibitors

Protein kinases catalyze the transfer of a -
phosphate group from ATP to a substrate as for exam-
ple tyrosine, serine or threonine residues of proteins
(Figure 4A). Approximately 538 kinases have been
identified in the human genome so far [75]. Kinases
play major roles in numerous cellular processes
such as cell proliferation, transcription, apoptosis
and cell survival. However, they are also involved
in the development and progression of numerous
diseases, especially cancers but also inflammatory,
neurological and cardiovascular diseases [1]. Ki-
nases are thus validated drug targets. Over 70 kinase
inhibitors targeting more than 20 different protein
kinases have been approved with most of them used
for cancer treatment [76]. Kinase inhibitors can be
classified according to their binding mode: Type I
inhibitors are ATP-competitive inhibitors and bind to
the active conformation of kinases, Type II inhibitors
bind to the inactive conformation of kinases, Type III
inhibitors bind to an allosteric pocket adjacent to
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the ATP-binding pocket and Type IV inhibitors bind
to an allosteric pocket distant to the ATP-binding
pocket [77].

Most of the kinase inhibitors bind to the ATP-
binding site. =~ ATP mimics bind making hydro-
gen bonds to the kinase hinge backbone similarly
to the ATP adenine ring [77]. Different chemi-
cal scaffolds of adenine analogues are used (Fig-
ure 4B). Some of them present the purine scaffold
that occupies the adenine pocket such as Idelalisib,
17, (Zydelig®, by Gilead Sciences), a Phospholnosi-
tide 3-Kinase 6 (PI3Kd) inhibitor approved to treat
relapsed Chronic Lymphocytic Leukemia (CLL) [78].
Idelalisib establishes a type II binding [79]. The 5-
fluoroquinazolinone part binds to an induced hy-
drophobic specificity pocket and the purine moiety
occupies the adenine pocket by forming a key hy-
drogen bond between the N6 position of the ade-
nine ring and Val828 [80,81]. The pyrazolo aminopy-

rimidine scaffold is also used as adenine mimic in
inhibitors such as in Ibrutinib, 18, (Imbruvica®, by
Pharmacyclics Inc.), a Non-Receptor protein Tyro-
sine Kinase (NRTK) targeting Burton’s Tyrosine Ki-
nase (BTK) that was approved to treat mantle cell
lymphoma and CLL [82]. Crystallography stud-
ies showed that Ibrutinib is an irreversible BTK in-
hibitor, which covalently binds through Michael ad-
dition with Cys481 of BTK [83]. However, some in-
sights on the mechanism of action remain to be un-
derstand, as more recently, the determination of the
structure of Ibrutinib with SRC (a non-receptor pro-
tein tyrosine kinase, PDB ID: 6L8L) showed that Ibru-
tinib binds via a non-covalent manner to the pro-
tein [84]. Pyrrolo pyridine scaffolds are also used, as
in Vemurafenib, 19, (Zelboraf®, licensed to Roche),
an inhibitor of the serine/threonine B-Raf enzyme
(member of the Raf kinase family) approved for late-
stage melanoma [85]. The structure of Vemurafenib
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complexed with V60OE B-Raf, determined by X-ray
crystallography (PDB ID: 30G7), showed a type I in-
hibition mechanism. The pyrrolo pyridine core of Ve-
murafenib mimics the adenine core of ATP by form-
ing hydrogen bonds with hinge residue Cys532 and
GIn530. Moreover, the sulfonamide moiety interacts
through hydrogen bonds to the DFG residues and the
4-chlorophenyl moiety is exposed to the solvent [86].
Since resistance has appeared with mutations in the
protein, new inhibitors have been designed (Bel-
varafenib by Hanmi Pharmaceutical/Genetech and
Lifirafenib by Novartis for example) [87]. Kinase in-
hibitors with a fused six-membered ring system such
as a quinazoline, quinoline or isoquinoline moiety
are the most used ATP mimics (18 FDA approved in-
hibitors) [77]. For instance, Afatinib, 20, (Gilotrif®, by
Boehringer Ingelheim), composed of a quinazoline
moiety, is an irreversible inhibitor of Human epider-
mal growth factor receptor 2 (Her2) and Epidermal
Growth Factor Receptor (EGFR) kinase. It was the
first irreversible kinase inhibitor clinically approved
for treatment of Non-Small Cell Lung Carcinoma
(NSCLC) [88]. A type I binding mode was shown
with co-crystal structures of EGFR-Afatinib (PDB ID:
4G5)) and mutant T790M EGFR-Afatinib (PDB ID:
4G5P). The quinazoline core binds with a conserved
hydrogen bond to the hinge residue Met793 [89].

It is worth mentioning that kinase inhibitors are
also used to treat non-oncologic diseases such as in-
flammatory diseases, autoimmune diseases, cardio-
vascular diseases, diabetes and some neurodegener-
ative disorders [90]. Noteworthy, some promising ki-
nase inhibitors with as adenine scaffold are currently
in preclinical trials for Amyotrophic Lateral Sclerosis
(ALS) [91].

4. Nicotinamide Adenine Dinucleotide (NAD)
analogues to target Nicotinamide Adenine
Dinucleotide Kinases (NADK)

Nicotinamide adenine dinucleotide is an essential
cofactor in energy metabolism. NAD is a dinu-
cleotide containing an adenine and nicotinamide
linked together through a ribose-phosphodiester
backbone (Figure 5A). NAD can be in two forms:
in an oxidized form (NAD*) or in a reduced form
(NADH). NADK catalyze the phosphorylation of
NAD on the 3-OH of the adenosine to NADP,
which is further reduced to NADP(H) (Figure 5B-
C) [92,93]. NADK is the unique enzyme pro-
ducing NADP de novo and is essential to control
the balance of NADH and NADP(H) in various
metabolic pathways. NADK has crucial roles in
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pathogenic bacteria such as Mycobacterium tuber-
culosis, Staphylococcus aureus, Bacillus subtilis and
Listeria monocytogenes [12,94-98]. Thus, NADK is a
very promising therapeutic target for the develop-
ment of novel antibiotics [99,100].

A series of adenosine derivatives targeting re-
combinant L. monocytogenes and S. aureus NADKs
has been recently developed by the group of
Pochet [12,101-103]. This work led to the synthe-
sis of the first NADK inhibitor NKI1, 21 (Figure 5D),
showing activity in mice infected with S. aureus [12].
NKI1 is a dinucleoside of adenosine coupled through
a propargyl linker. This linker confers a restricted
conformation that is essential for the binding to the
NAD-binding site of bacterial NADK. It was suggested
that even more constrained compounds would have
better affinity and specificity for NADKs [104,105].
Thus, macrocycle compounds were investigated.
The potent compound 22 was developed and the
macrocyclization was performed by intramolecular
amide bond (Figure 5D). Compound 22 is active at
55 nM on recombinant NADK from L. monocytogenes
(LmNADKI1) and represents the best NADK-binder
described to date [106].

5. Adenosine analogues as adenosine receptor
agonists

Adenosine is a major cell regulator that is involved
in numerous physiological processes such as the ner-
vous system, vascular function, immune system, and
platelet aggregation. More precisely, adenosine inter-
acts with four G Protein-Coupled Receptors (GPCR)
Adenosine Receptors (ARs): Al, A2A, A2B and A3
(Figure 6A) [107,108]. ARs exhibit seven-passed
transmembrane «-helix structures, the amino termi-
nus being extracellular and the carboxyl terminus in-
tracellular. Receptors Al and A3 activate G; pro-
teins that inhibit the activity of the Adenylyl Cyclase
(AC) and consequently reduce the intracellular level
of cAMP. On the contrary, receptors A2A and A2B
are coupled to G; proteins that activate AC and in-
duce an increase in the cAMP level. ARs are dis-
tributed throughout the body, for example receptors
Al are distributed in the brain, the spinal cord, heart
muscles, kidney. Receptors A2A are mainly found in
the immune system and the stratum, while receptors
A2B are at high concentration in the respiratory path-
way. Receptors A3 are located into hippocampus,

thalamus, astrocytes, epithelial cells, inflammatory
cells etc... [109].

By their role, ARs are involved in various patho-
logical functions in several human diseases as
for example in central nervous system disorders,
cardiovascular diseases, asthma, and cancer. ARs
are thus interesting therapeutic targets and several
drugs including agonists, antagonists and allosteric
enhancers have been developed and approved. The
drugs targeting adenosine signaling pathways are de-
scribed in a recent review by Kutryb-Zajac et al. [14].
A major strategy for the design of agonists of ARs
consists in modifying the N-6 position of adenine
and the 5'-position of ribose.

5.1. Specific A2A receptor agonist

Regadenoson, 23 (Lexiscan®), is the only A2A re-
ceptor agonist that has been approved by the FDA
(Figure 6B). Regadenoson is a pyrazole derivative
of adenosine that induces coronaries dilatation by
binding to A2A receptors of the coronary arter-
ies [110,111]. Regadenoson is more than 100 times
more potent than adenosine as an agonist of A2A re-
ceptor. Itis used as a stress agent in conjunction with
Myocardial Potential Imaging (MPI) for diagnosis of
Coronary Artery Disease (CAD). Regarding its ther-
apeutic use, Regadenoson is currently in phase I/11
study for the treatment of COVID-19. Indeed, by in-
hibiting hyperinflammation, Regadenoson could re-
duce COVID-19 induced lung injury and ameliorate
recovery of patients [112].

5.2. Specific A3 receptor agonists

The A3 receptor is a promising therapeutic target be-
cause it is highly expressed in the skin of psoria-
sis patients, in inflamed tissues of arthritic patients
and in several solid tumor cells (breast, pancreatic,
melanoma...) [113-115]. Importantly, A3 agonists
inhibit cytokine production and downregulate the
NF-kB pathway in cancer and inflamed tissues. Picli-
denoson, 24 (Figure 6B), is an adenosine A3 agonist
showing anti-inflammatory effects in arthritis and in-
flammatory bowel disease [116,117]. A phase II study
showed that the drug was safe and well-tolerated for
patients with rheumatoid arthritis [118]. Piclideno-
son was tested in phase III to treat patients with mod-
erate to severe plaque psoriasis (NCT03168256) [119].
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Figure 6. (A) Schematic representation of adenosine signaling; (B) examples of adenosine receptor
agonists. AC: Adenylyl Cyclase. (Biorender.com was used to prepare panel A.)

The A3 receptor is also overexpressed in Hepa-
toCellular Carcinoma (HCC) tissues and it has been
shown that the A3 agonist Namodenoson, 25 (Fig-
ure 6B), inhibits tumor cell growth in vitro and in
vivo [120,121]. Namodenoson is currently in phase
III to treat advanced HCC (NCT05201404) [119].

Targeting adenosine receptors has shown promis-
ing results, however due to the complexity of the
AR signaling and the wide distribution in the body
of ARs, only a small amount of adenosinergic drugs
have been approved. Development of new drugs is
currently explored.

6. cyclic Adenosine MonoPhosphate (cAMP)
analogues as Exchange Proteins Activated
by cAMP (EPAC) agonist modulators

cAMP is a versatile chemical second messenger
that mediates extracellular signals to intracellular
responses in most types of cells. Many biologi-
cal processes are regulated by cAMP such as cell
activation, proliferation, migration or apoptosis
regulation [122]. The cAMP response is first initi-
ated by primary signaling molecules (hormones,
neurotransmitters or prostaglandins) that activate
mainly G-Protein-Coupled Receptors (GPCR), which
in turn activate adenylyl cyclases (Figure 7A). ACs
catalyze ATP cyclization to produce cAMP [123].
There are several intracellular receptors for cAMB,
as the Protein Kinase A (PKA) family, EPACs and

CNG channels [124-126]. Deregulations in lo-
cal cAMP signaling has been correlated to vari-
ous pathophysiological disorders such as cancer,
diabetes, cardiac dysfunction and immunological
diseases [127-129].

EPACs activate Ras-like small GTPases (Rapl and
Rap2) that are involved in cell-cell adhesion [122,125,
130]. EPAC1 and EPAC2 have been identified as po-
tent targets for several human diseases, as in cancer
and cardiovascular diseases, thus small molecules
modulating EPAC have been developed. EPAC mod-
ulators can be classified into cAMP analogues and
non-cyclic nucleotide molecules (for a specific re-
view see Wang et al.) [13]. Here we focused on the
cAMP analogues (Figure 7B). cAMP analogues dis-
play EPAC agonist activity. Bos et al. first showed that
2'-OH modification increases selectivity EPAC/PKA
selectivity. For example, substitution of the 2'-OH by
a methoxy group led to compound 26 with about 10-
to 60-fold selectivity EPAC/PKA [131]. Then, bulky
substitution on adenine at the C8-position gave EPAC
agonist 27 with an half-maximal EPACI1 activation
at 2.2 uM and about 100-fold EPAC/PKA selectiv-
ity [132]. However, compound 27 showed poor mem-
brane penetrating capability. Then, a prodrug, com-
pound 28 (Figure 7B) was developed with esterifica-
tion of the 4-phosphate group. Compound 28 was
over 100-fold more potent than compound 27 and
did not affect EPAC/PKA selectivity but acted also as
a PhosphoDiEsterases (PDE) inhibitor [133].
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7. Adenosine analogues as antiviral and anti-
cancer agents

Nucleoside analogues are widely used for antiviral
and anticancer therapy by targeting DNA or RNA
replication of the virus or the rapidly replicating can-
cer cells. Nucleoside analogues are mainly “chain ter-
minators” and belong to the inhibitors described as
anti-metabolites (Figure 8A). After penetration in the
cell, the nucleoside analogues are tri-phosphorylated
by viral or human cells. The triphosphorylated com-
pounds are then recognized by polymerases and in-
corporated into the growing DNA/RNA chain. Dur-
ing DNA/RNA chain elongation, the (n + 1) nucleo-
side triphosphate is attached to the 3’-OH of the n
terminal nucleotide of the growing chain. The 3'-OH
group is thus essential for chain elongation and “ob-
ligate chain terminators” nucleoside analogues lack
the 3’-OH group so that their incorporation conse-
quently results in chain termination [134]. Either the
3/-OH group is substituted with a non-reactive group
(-H, -Cl, -F -Br and -Nj3 for example) or the deoxyri-
bose is replaced by arabinose derivatives. In gen-
eral, only few modifications are performed on the
nucleobase in order to facilitate the incorporation
of the nucleoside analogues as its natural counter-
part [135]. Several adenosine analogues are used as
“chain terminators” for the treatment of cancer or vi-
ral infection.

7.1. Antiviral agents

One example of chain terminator antiviral agent
is Adefovir dipivoxil, 29 (Hepsera®), that was ap-
proved by the FDA in 2002 for the treatment of Hep-
atis B Virus (HBV) (Figure 8B) [136]. It is a es-
ter prodrug of a viral replication terminator Ade-
fovir that blocks the HBV reverse transcriptase and
is the prototype of acyclic adenosine phosphonate
analogues. The phosphonate bond (-PC-) mimics
the 5 -monophosphate of natural nucleotides and
enables Adefovir to be phosphorylated by kinases
to phosphono-diphosphate form. Adefovir diphos-
phate competes with the natural substrate dATP and
its incorporation results in blockage of the viral poly-
merase causing chain termination. The phospho-
nate bond is more stable than the phosphate bond
and cannot be cleaved by phosphodiesterases [137].
Based on this efficient strategy, several similar acyclic
nucleoside phosphonate compounds have been op-
timized. In parallel, some nucleoside analogues dis-
play a “delayed chain termination” mechanism [138].
These compounds exhibit a locked sugar conforma-
tion, and after their incorporation in the growing
chain, two or three other nucleotides can be fur-
ther incorporated. Then, due to steric hindrance and
displacement of the growing chain in the catalytic
site, strand elongation is impeded [134]. This mech-
anism was developed to avoid exonucleolytic re-
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moval of nucleoside analogues. For example, Remde-
sivir, 30 (Veklury®), is a delayed chain terminator
that has been recently approved by the FDA for the
treatment of COVID-19 [139,140]. More precisely,
Remdesivir is a prodrug of adenosine, the 1’-cyano
group avoids the translocation of coronavirus poly-
merases. According to molecular modeling data, re-
pulsion between the cyano group and S861 in the
protein pocket would inhibit the polymerase translo-
cation to position (n +4) [141].

7.2. Anticancer agents

Fludarabine, 31 (F-ara-A), was approved by the
FDA for the treatment of B-cell chronic lymphotic

leukemia (Figure 8B). After cell penetration in its
nucleoside form, Fludarabine is triphosphorylated
(forming F-ara-ATP) and competes with the natural
substrate. Incorporation of F-ara-ATP into DNA by
DNA polymerase triggers chain termination [142].
Then, to improve solubility, the 5'-monophosphate
derivative, 32 (Fludara®), was designed. Fludara® is
then converted into fludarabine by phosphatase (Fig-
ure 8B). Clofarabine, 33 (Clolar™, Genzyme), a next-
generation deoxyadenosine analogue, was approved
by the FDA in 2004 to treat relapsed or refractory
Acute Lymphoblastic Leukemia (ALL) (Figure 8B).
Clofarabine showed an improved stability in the
acidic gastric environment and in plasma, notably
thanks to the fluorine group at the 2’-position that
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increases its stability at acidic pH. After its triphos-
phorylation by kinases, Clofarabine competes with
the natural dATP for binding to DNA polymerase
—o and —e¢. At high ratios of Clofarabine/dATP, Clo-
farabine is inserted into internal and terminal sites
of DNA and inhibits DNA elongation [143]. The anti-
cancer activity of Clofarabine is also due to the inhi-
bition of ribonucleotide reductase and induction of
apoptosis [144]. These compounds belong to the an-
timetabolites that are used in the treatment of cancer
based on the higher proliferation of the cancer cells,
however they target all proliferating cells showing
the well-known side effects (e.g. hair loss).

8. Conclusion and perspectives

This review highlights the role of the adenine in the
biology of cells and shows through examples the de-
sign of adenine-based drugs and their use to treat hu-
man diseases, such as cancer, neurological or infec-
tious diseases. The adenine scaffold is involved in
many essential biological processes and participate
to a broad range of mechanisms, as energy source,
cofactor,.... As these mechanisms are aberrant in
diseases, they constitute potential targets for treat-
ment and thus the adenosine scaffold is a chemi-
cal starting point for the design of drugs in medic-
inal chemistry. Many chemical modifications have
been carried out on the heterocycle moiety and on
the side chain giving extensive chemical libraries of
adenine derivatives with comprehensive SAR studies.
Moreover, it enabled to develop and investigate novel
methods in purine synthesis [145-147].

Importantly, membrane permeability and
bioavailability remain an issue and many efforts are
carried out to improve the pharmacological prop-
erties and extend the adenine analogues repertoire
and explore adenine prodrugs. For example, adeno-
sine fleximers, in which the purine base is split into
two heterocycles connected by a bond allowing rota-
tion, have been developed (Figure 9A) [148]. Thanks
to their flexible structure, these derivatives have
shown advantages compared to the correspond-
ing purine-base nucleosides, as they can exert new
interactions with the protein partner that are not
possible with the corresponding nucleoside or their
extended structure can give access to new space in
the protein pocket [149]. Indeed, the replacement of
a guanine by fleximer in Acyclovir greatly improved

its biological activity and the ability of the fleximer
analogue to adopt the syn conformation was able to
inhibit efficiently a SAH hydrolase [150]. These com-
pounds have many promising applications in partic-
ular for their antiviral activity but also as molecular
probes and antitumor agents [150].

Another emerging and promising topic consists
of the development of new modified cyclic dinu-
cleotides targeting STimulator of INterferon Genes
protein (STING). STING recognizes 2'3’ cyclic GMP-
AMP (cGAMP), which is produced by the cyclic GMP-
AMP synthase (cGAS) after recognition of cytosolic
endogenous or exogenous DNA (Figure 9B) [151].
The STING activation induces a signaling cascade
and transcription of antiviral and proinflammatory
genes [152]. Several cyclic dinucleotides with adeno-
sine derivatives are developed to activate STING (Fig-
ure 9C), by mimicking cGAMP [153]. Such com-
pounds should be further explored and could be used
to improve vaccination, control autoimmune disease
or treat cancer.

It is worth mentioning that the quinazoline core
is also a common mimic of adenine and used more
broadly in the design of drugs as we can see in many
kinase and DNA methyltransferase inhibitors for ex-
ample.

Finally, the adenine scaffold is also used to de-
velop fluorescent probes. To confer and modulate
fluorescence properties, modifications are mainly
carried out on the C8-position of adenine (and few
examples with modifications on C2-position) (Fig-
ure 9D). By mimicking the natural non-fluorescent
adenine, these compounds have many biological
applications such as probing the structure of nu-
cleic acids and their interactions with biological
molecules [154-156]. Finally, purine chemical li-
braries are extended with the guanine scaffold that is
also used in many biological applications including
anticancer and antiviral therapy [5,157].

The interest in the design of analogues of cofactors
(SAM, NAD, ...) is increasing for both anticancer, an-
tiviral and antibiotics applications. Interesting, the
advances in the technologies to detect RNA modi-
fications (epitranscriptomics) pointed out their role
in diseases, increasing the research on the design of
analogues to target SAM-based enzymes, ribozymes,
deoxyribozymes [158-162].

To conclude, adenine plays a major role in various
biological processes but is also involved in processes
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efficient relaxation agent. Given the high doses required for in vivo MRI, Mn?* needs to be chelated
in thermodynamically stable and kinetically inert complexes, despite its natural presence in the body.
We survey here the latest developments in the chemistry and the preliminary in vivo MRI evaluation of
Mn?* complexes. We specifically focus on the molecular ligand design, including linear, macrocyclic
and bicyclic (bispidine) chelators that allowed for substantially enhanced kinetic inertness of the
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1. Introduction

Starting with the discovery of X-ray at the end of
the 19th century and its immediate application to
visualize the inside of the body [1], imaging tech-
nologies have revolutionized the way medical doc-
tors work. The imaging field witnessed a spectacu-
lar progress from the 1970s, with the introduction of
computerized image construction procedures as well
as novel technologies based on various physical phe-
nomena, including ultrasound, magnetic resonance

*Corresponding author

ISSN (electronic): 1878-1543

or radioactive emission. Imaging has also become a
major investigation tool in biological research to un-
derstand function and distribution of biomolecules
in vivo or in cellulo. Finally, the pharmaceuti-
cal industry is also increasingly integrating imag-
ing into the drug development process, to follow
drug biodistribution, metabolic fate or therapeutic
effect.

Introduced in the early 1980s, Magnetic Reso-
nance Imaging (MRI) has become a widespread and
powerful tool for establishing clinical diagnosis and
monitoring therapy. The use of paramagnetic metal
complexes as contrast-enhancing agents has greatly
contributed to this success [2]. MRI is based on
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the nuclear relaxation properties of mostly water
protons. Paramagnetic (or superparamagnetic) ma-
terials can substantially reduce the relaxation rates
of surrounding nuclei, thereby improving image con-
trast between different tissues [3].

Today, clinically approved MRI contrast agents are
complexes of the rare earth metal ion gadolinium
(Gd3*). With its seven unpaired electrons (S = 7/2)
and exceptionally slow electron spin relaxation due
to a symmetric electron configuration, Gd3* is the
most paramagnetic metal ion in the periodic table
and a very efficient relaxation agent. Gd3* com-
plexes were considered for a long time as safe drugs
which are fully eliminated from the body shortly
after their injection. However, since 2006, several
Gd3*-related toxicity cases were reported, mostly in
kidney-impaired patients presenting slow renal ex-
cretion [4]. In this novel, occasionally fatal disease
called nephrogenic systemic fibrosis, Gd deposition
was detected in the body, originating from the dis-
sociation of the injected agent releasing free, non-
complexed Gd®*. This could be directly related to
the low kinetic inertness, thus low resistance of the
chelates to dissociation. The drug safety agencies
in the USA and Europe rapidly responded by the
withdrawal of several, less inert chelates and by re-
stricting the use of any Gd®>*-based agent in kidney-
impaired patients. Long-term accumulation of very
small, but detectable amounts of Gd3* has been also
observed in various organs of patients, without toxic
effects [5]. Lately, the presence of Gd in river and
coastal waters due to contrast agent applications is
arising as an important environmental pollution is-
sue [6,7]. Altogether, these problems have promoted
intensive research in the community of coordina-
tion chemists to identify safer alternatives to Gd>*
complexes.

Among potential metal ions, Mn?" is the most
obvious candidate to replace Gd** in MRI con-
trast agent applications [8,9]. In its high-spin state,
Mn?* has five unpaired electrons (S = 5/2) and slow
electron spin relaxation, which are the most criti-
cal requirements for a significant relaxation effect.
The first relaxation agent used in MRI by Lauter-
bur was MnCl, [10], and Mn?* continues to be ap-
plied in specific animal experiments to track ex-
citable cells like neurons and cardiac cells where it
enters as a Ca’* surrogate (Manganese-Enhanced
MRI = MEMRI) [11].

Manganese is an essential metal, having multi-
ple biological roles. Despite the natural presence of
manganese in the body, injecting free Mn?* at the
typically high MRI contrast agent doses (0.05-0.30
mmol per kg body weight) could be problematic,
potentially causing neurotoxicity and Parkinson-
like symptoms [12]. Therefore, Mn?>" needs to be
chelated in stable and inert complexes for in vivo
applications.

In this context, a great number of novel ligands
have been proposed for Mn?* chelation during the
last decade [8,13]. Stable and inert complexation of
Mn?* is, however, a coordination chemistry chal-
lenge. Indeed, in the high spin d® electron config-
uration, Mn?* has no ligand-field stabilization en-
ergy, thus its complexes are less stable than those
formed with other divalent transition metal ana-
logues, including the most relevant biological com-
petitor Zn?>*. The thermodynamic stability of the
metal chelates is expressed by the stability constant,
log Ky, (Kyv = [ML]/[M][L], where the values in
brackets correspond to equilibrium concentrations
of the complex ML, the metal M and the fully depro-
tonated ligand L, respectively). Conditional stabil-
ities are often compared for different complexes in
order to get rid of the difference in ligand protona-
tion constants. For potential Mn?*-based contrast
agents, conditional stability is most commonly ex-
pressed with the pMn = —log[Mn] value, where [Mn]
is the equilibrium concentration of free Mn?*, cal-
culated for 10™> M total concentrations of the metal
and the ligand each, at pH 7.4 [14]. In addition to
the thermodynamic stability, the kinetic inertness,
i.e. resistance of the chelate to dissociation, which
would lead to the release of free metal ion in bio-
logical media, is another important requirement for
in vivo use. Dissociation of metal complexes typi-
cally occurs by acid- and metal-mediated processes.
Concerning the metal-catalysis, endogenous metal
ions, such as Cu?* or Zn?" are the most important
to promote transmetallation, thus Mn2* release [15].
Kinetic inertness is often regarded as even more rel-
evant than high thermodynamic stability, because
once the complex is injected into the body;, it is not in
thermodynamic equilibrium; yet it should stay intact
all along its way through the body until full excretion.
Mn?* complexes are typically labile, and until very
recently, it seemed extremely challenging to attain
substantial increase in their kinetic inertness.
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For good MRI efficiency, Mn?>* complexes need
to contain at least one water molecule in their in-
ner coordination sphere which makes high thermo-
dynamic stability and kinetic inertness even more
difficult to achieve. The MRI efficiency of a con-
trast agent is given by its relaxivity (r;), which is de-
fined as the paramagnetic enhancement of the lon-
gitudinal water proton relaxation rate induced by a
unity (millimolar) concentration of the probe (the
metal ion) [3]. The relaxation effect of the paramag-
netic metal complex on the surrounding water pro-
tons is governed by two major contributions, called
outer and inner sphere relaxivity, both linearly de-
pendent on S(S+1). This implies that relaxivities will
be lower for Mn?* (S = 5/2) than for Gd** (S = 7/2)
complexes provided the other determining parame-
ters are similar [16], thus higher doses might be re-
quired for Mn?* -based MRI agents to achieve a simi-
lar contrast enhancement effect.

Outer sphere relaxivity arises from dipole-dipole
interactions between the electron spin of the metal
and the nuclear spin of the water protons diffus-
ing around the complex. The inner-sphere term,
which is more interesting since it can be optimized
by rational molecular design, is related to water (or
proton) exchange between the inner sphere of the
metal ion and bulk water. As dipolar interactions
are strongly dependent on the distance between the
electron and nuclear spins, inner sphere protons ex-
perience a much stronger paramagnetic relaxation
effect, and this is then transferred to the surround-
ing water by chemical exchange of the inner sphere
water. Inner sphere relaxivity is thus dependent on
different structural and dynamic parameters of the
complex, such as the number of water molecules di-
rectly coordinated to the metal ion (hydration num-
ber, g), the rate of exchange of these water molecules
with bulk water (key), the rotational motion of the
complex characterized by the rotational correlation
time (7g), and the relaxation times of the electron
spin of the metal (T}¢ and T5¢). Inner sphere relaxiv-
ity is linearly proportional to the hydration number,
however, given the relatively low stability of Mn?*
complexes, it seems difficult to increase relaxivity by
designing bishydrated chelates.

One Mn?* complex was previously approved for
clinical contrast agent use (Teslascan®), but later
withdrawn. This non-hydrated MnDPDP chelate
(DPDP = N,N’-dipyridoxylethylenediamine-N,N’-

diacetate-5,5'-bis(phosphate); Scheme 1) is not sta-
ble in vivo, but releases free Mn2* which is mostly
responsible for its relaxation effect. Although no
toxicity problems were associated to the use of MnD-
PDP it is obvious that today no Mn?* complex with
such limited stability could be accepted for human
applications.

Beside the 2+ oxidation state, manganese can also
exist as a Mn3* cation in aqueous solution, includ-
ing under biological conditions. High spin Mn3* is
also paramagnetic. Although Mn3* has lower elec-
tron spin (S = 4/2) and typically faster electron spin
relaxation than Mn?*, several examples, in particular
in the family of Mn3* porphyrin complexes, evidence
that this higher oxidation state can also have interest-
ing relaxation properties with potential applications
in MRI [17].

In addition, the transformation between the Mn3*
and Mn?* forms mediated by biological redox active
species can be exploited for the design of redox re-
sponsive MRI probes. As the Mn3* and Mn?* states
are characterized by different relaxation properties, a
redox change will be detectable on the Magnetic Res-
onance images, and this can report on the redox state
of the biological environment [18].

We should also mention that Mn has a positron-
emitting radionuclide, >Mn, with interesting decay
features for application in Positron Emission Tomog-
raphy (PET) (f1/2 = 5.6 d, B*-decay intensity: 29.6%,
max. 3*-energy: 575 keV). The relatively long half-
life makes 5?Mn suitable for the imaging of the slow
biodistribution of macromolecules (such as mono-
clonal antibodies), over periods of days. For PET ap-
plications, highly stable and inert Mn chelation is
very important to prevent off-target signals originat-
ing from released free >’Mn.

The increasing interest in ®’Mn is also related
to the important advances in bimodal PET/MRI.
Mn?* is the only example where a unique metal
ion offers detection capability in both MRI and PET,
which obviously alleviates the chemical design of bi-
modal PET/MRI agents [19]. Instead of conjugat-
ing individual PET and MRI probes, an appropri-
ate isotopic °*/™Mn mixture provides the bimodal
PET/MR tracer with ease, ensures that PET and MR
reporter complexes are present in a concentration
adapted for each imaging modality (PET is >10°
times more sensitive than MRI) and have strictly
identical in vivo biodistribution.
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In overall, for any bioimaging application, Mn?*
needs to be chelated in complexes of high thermody-
namic stability and kinetic inertness. When MRI ap-
plications are concerned, such high stability and in-
ertness of the complex need to be maintained while
preserving one inner sphere water molecule to en-
sure relaxation efficiency. Another feature to con-
sider is the rich redox chemistry of Mn, which im-
plies that the ligand should stabilize the required re-
dox state under biological conditions. To meet all
these requirements together, novel ligands have to be
designed.

Here, we give an overview of the recent advances
in the development of Mn-based potential MR imag-
ing agents. In parallel to the on-going progress
in the chemistry of imaging agents, the first steps
have also been made towards clinical translation, as
two small molecular weight Mn?* chelates passed
to Phase 1 human trials as potential extracellular,
“general-purpose” MRI probes to replace the current
Gd3*-based agents [20,21]. Our objective is not to be
exhaustive in this review. We will mainly focus on the
chemical design of the ligand in order to tackle the
most challenging questions: how to improve the ki-
netic inertness for the Mn?* complexes and how to
achieve selectivity for Mn?* over the main biologi-
cal competitor Zn?*. While we will select examples
from different ligand families including also the de-
sign of smart imaging agents, derived from the best
chelators, we will survey more closely the latest re-
sults obtained with bispidine-type complexes, which
brought spectacular progress in these respects. Fi-
nally, concerning Mn3* chelates, there is much less
data available in the literature, but some recent ex-
amples indicate that novel opportunities might be
opened in this field.

2. Linear chelators for Mn’>* complexation

Mn?* complexes of ethylenediamine-tetraacetate
(EDTA) and its derivatives have been known for
more than 50 years. These chelates are typically
seven-coordinated with one inner sphere water mol-
ecule, which made them also interesting early on
for paramagnetic relaxation studies [22]. In the con-
text of MRI contrast agent development, deriva-
tization of MnEDTA with hydrophobic moieties
such as an ethoxybenzyl (EOB), a benzothiazole-
aniline (BTA) or a benzyloxymethyl (BOM) has

been more recently reported to target the liver
(Mn(EOB-EDTA), Mn(BTA-EDTA)) [23,24] or to in-
duce non-covalent binding to human serum albu-
min (Mn(EDTA-BOM)) [25] for angiographic imag-
ing (Scheme 1). These modifications influence the
biological fate of the complexes, but have limited
impact on their thermodynamic stability or kinetic
inertness, and in particular, this latter remains rel-
atively low. The relaxivity is slightly increased for
Mn(EDTA-BOM) or Mn(EDTA-BOM;) complexes
(3.60 and 4.30 mM~!.s7!, 20 MHz, 25 °C) [25] versus
MnEDTA (3.00 mM™!-s™1) [25], in accordance with
the increased molecular size.

The most important developments in this family
concern the rigidification of the ligand skeleton in
the objective of improving kinetic inertness. Several
design elements have been tested in this direction.
First of all, the ethylene backbone was replaced with
considerably less flexible moieties such as a cyclo-
hexane, a benzene or a pyridine ring, and this led to
improved resistance to complex dissociation. The
effect of rigidity was first demonstrated by com-
paring the kinetic inertness of MnEDTA and Mn(t-
CDTA) (t-CDTA = trans-1,2-diaminocyclohexane-
N,N,N’,N’-tetraacetate; Scheme 1) in Cu?>* exchange
reactions [26]. These evidenced a two orders of
magnitude slower proton-assisted dissociation for
Mn(z-CDTA), resulting in a dissociation half-life of
f1/2 = 12 h estimated for physiological conditions,
versus 0.076 h for MnEDTA (pH 7.4 and 107° M Cu?*
concentration). The two stereoisomer forms of the
cyclohexane-based CDTA ligand, the trans t-CDTA
and the cis c-CDTA provide a different coordination
cage for metal complexation; it is considerably larger
for +~-CDTA with a maximum distance of 4 A between
the two nitrogen atoms, as compared to 3.1 A for c-
CDTA [27]. Yet, DFT calculations indicate only minor
differences in the metal coordination environments
in the solution structures, with bond distances differ-
ing in less than 0.035 A. The DFT results suggest re-
markably higher stability for the trans than for the cis
analogue, with an energy difference of 35.4 kJ-mol ™.
This was linked to the more strained geometry of the
ligand in the cis- than in the trans-stereoisomer in
accommodating the relatively large Mn?* ion [28].
Experimental data confirm these findings. Al-
though the thermodynamic stability constants for
Mn(c-CDTA) and Mn(¢-CDTA) are similar (logKnynr,
values are 14.19 and 14.32, respectively), the
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conditional stability as expressed by the pMn
value is higher for Mn(z-CDTA) (8.68 versus 7.82;
cL = cvn = 1072 M, pH 7.4). The most striking dif-
ference is in the kinetic inertness of the complexes,
the trans-isomer being 250 times more inert than the
cis-analogue, as it was assessed in Cu®* transmeta-
lation reactions [28]. The t-CDTA was then used for
the development of a bifunctional chelator, and the
Mn?* complex was evaluated with respect to its MRI
properties [29].

The kinetic inertness is further improved with
the PhDTA ligand, where an aromatic benzene
ring rigidifies the molecular skeleton (PhDTA
= o-phenylenediamine-N,N,N’,N’'-tetraacetate;
Scheme 1). The dissociation half-life of MnPhDTA
is estimated to be t;,, = 19 h at pH 7.4 [30]. On the
other hand, the conditional stability constant (pMn
= 8.16) and the relaxivity (3.72 mM™!-s™!; 20 MHz,
25 °C) remain similar to those of Mn(z-CDTA). Other
ligands containing a pyridine in their backbone were
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also investigated, however, these ligands did not lead
to improved inertness of the Mn?%+ complexes [31].

Amphiphilic anionic ¢-CDTA derivatives have
been recently reported for specific uptake by hep-
atocytes through one or two bi-directional trans-
membrane Organic Anion Transporting Polypeptide
(OATP) transporters. The complexes have been char-
acterized through relaxivity measurements, in vivo
liver imaging in mice, and quantitation of in vitro cell
uptake through ectopically expressed human OATP1
transporters [32].

The group of Caravan developed the N-picolyl-
N,N',N’-trans-1,2-cyclohexylenediaminetriacetate
(PyC3A; Scheme 1) ligand by further rigidifying ¢-
CDTA by the substitution of one carboxylate with
a pyridine. MnPyC3A was proposed in 2015 as an
extracellular contrast agent alternative to Gd3*-
based contrast agents [33], and it reached Phase 1
human studies in 2022 [20]. MnPyC3A is endowed
with good thermodynamic and conditional stability
(logKmnr, = 14.14 and pMn = 8.17), and its kinetic
inertness exceeds that of the clinical contrast agent
GdDTPA; in the presence of 25-fold excess of 7n%t,
pH 6, 37 °C, the dissociation is 20-times faster for
GdDTPA than for MnPyC3A. The relaxivity of Mn-
PyC3Ais 3.3 mM~1.s7! (20 MHz, 25 °C), in coherence
with its molecular size and monohydrated nature,
and it is slightly increased in serum due to moderate
interaction with serum proteins.

Thanks to its slightly lipophilic structure, Mn-
PyC3A undergoes combined hepatobiliary and renal
excretion, and no in vivo degradation was detected
for the complex. MR Imaging evaluation of this po-
tential contrast agent has been realized in various an-
imal models with side-by-side comparison to clini-
cal agents. In anonhuman primate model, MnPyC3A
provided signal enhancement in arteries versus mus-
cle which was comparable to GADTPA in a standard
dynamic MR angiography protocol [34]. Pharma-
cokinetics was also found comparable to that of clin-
ically used extracellular Gd-based agents [34]. In rat
models of breast cancer and metastatic liver disease,
it was found to be equally efficient to delineate tu-
mors as the clinical Gd®" probes [35]. MnPyC3A
was recently tested in pigs for tissue characterization
of acute myocardial infarction, and it appeared to
be equally effective as gadolinium-based agents for
the assessment of myocardial infarction location and
size [36].

Several liver-specific probes have been also de-
rived from MnPyC3A. In a family of nine complexes, a
lead compound substituted with a benzyloxy-moiety
on the pyridine was retained based on its high re-
laxivity, rapid blood clearance and avid hepatocel-
lular uptake, the two latter properties directly corre-
lated with the logP values [37]. Injection of this lead
Mn(PyC3A-3-OBn) complex (Scheme 1) into a mouse
model with colorectal liver metastasis resulted
in excellent tumor visualization as hypointense
spots.

MnPyC3A was conjugated to bis-pyridyl-
ethylamine (BPEN), the well-known Zn?*-binding
moiety, to derive a responsive agent for the in vivo
detection of Zn?*released in different mouse tis-
sues, in particular to image (3-cell function in the
pancreas and glucose-stimulated zinc secretion in
the prostate [38]. Mn(PyC3A-BPEN) (Scheme 1),
like previously reported Gd-based zinc-responsive
agents based on BPEN, shows only a modest r;
increase in the presence of 7Zn%* alone, but when
Human Serum Albumin (HSA) is also present, a
ternary Mn(PyC3A-BPEN)-Zn-HSA complex forms
with significantly enhanced relaxivity, allowing for
Zn’* detection. Interestingly, the presence of the
BPEN unit was found to improve the kinetic in-
ertness of the complex toward transmetalation by
Zn?* and transchelation by HSA. Biodistribution
and excretory characterization studies indicated that
Mn(PyC3A-BPEN) is eliminated from mice without
dissociation, by combined renal and hepatobiliary
pathways.

Stasiuk and collaborators reported a pentaden-
tate Schiff-base type Mn?* complex, MnLM¢ which
was obtained in a single-pot template reaction [39]
(Scheme 1). In solution, this chelate has two inner
sphere water molecules, and correspondingly ele-
vated proton relaxivity which further increases in the
presence of serum albumin (r; = 5.7 mM~!-s™! and
21.1 mM L7 respectively, 298 K, 20 MHz). The in-
ertness of this complex might be insufficient for fur-
ther development. In the presence of 25-fold excess
of Zn?* at pH 6.4, MnLM®¢ was found to fully dissoci-
ate in ~10 min. After injection of MnLM® in a clinical
dose (0.1 mmol-kg™!) in a healthy mouse, urine sam-
ples were collected and analyzed by LC-MS, show-
ing that at 40 min post injection, 24% of the applied
MnLMe was excreted into the bladder in an intact
form.
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3. Macrocyclic chelators for Mn?* complexa-
tion

A great number of macrocycles of different sizes and
bearing various coordinating functions have been
investigated for Mn?* complexation in the last two
decades. The most important studies involve 9-, 12-
and 15-membered azamacrocycles and aza- or aza-
oxa crown ethers, many of these have been recently
reviewed [13]. We will only focus on 12-membered
rings, based either on the cyclen or on the pyridine-
containing pyclen macrocycle.

MnDOTA (DOTA = 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetate) is known for a long time to be
very stable and highly inert [15,40], however, with
eight coordinating functions from the ligand, there
is no space for inner sphere water in this complex,
which limits its relaxation efficacy to an outer sphere
effect. One has to remove at least two carboxylates
from DOTA to allow for inner sphere water coor-
dination in the Mn?* complexes. Interestingly, for
MnDO2A chelates, the hydration state depends on
the position of the two carboxylate functions. A com-
bined 170 NMR, NMRD (Nuclear Magnetic Relax-
ation Dispersion) and DFT study indicated a hydra-
tion equilibrium between nonhydrated (g = 0) and
monohydrated (g = 1) species in solution, with clear
prevalence of the monohydrated form for Mn(1,4-
DO2A) (average q is 0.9), while Mn(1,7-DO2A) was
essentially non-hydrated (1,4-DO2A = 1,4,7,10-
tetraazacyclododecane-1,4-diacetate; 1,7-DO2A
= 1,4,7,10-tetraazacyclododecane-1,7-diacetate;
Scheme 2) [41]. In accordance with this, proton
relaxivities amount to 2.1 mM~'-s™! for Mn(1,4-
DO2A) and to 1.5 mM™'s™! for Mn(1,7-DO2A)
(25 °C, 30 MHz). It is surprising that despite this
difference in the coordination mode, the thermody-
namic stabilities and the kinetic inertness of the two
isomers are comparable [42]. A detailed transmeta-
lation study of the complexes with Zn?* or Cu?* ions
revealed that the dissociation proceeds primarily
by acid catalysis, and metal-assisted pathways are
negligible. The complexes are about 20 times more
labile than MnDOTA, with dissociation half-lives of
48.3 h (Mn(1,4-D0O2A)) and 56.8 h (Mn(1,7-D0O2A))
estimated for pH 7.4, to be compared to 1061 h for
MnDOTA. 1,4-DO2A was further functionalized with
long aliphatic C12 and C16 chains on the secondary
amines to promote micellization in solution [43].
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For the corresponding Mn?* chelates, this leads to
important decrease in the rotational motion, with a
concomitant enhancement of the proton relaxivity,
up to seven-fold at 30 MHz, where rotation is an im-
portant factor for relaxivity [(r; = 15.3 mM~1.s7! for
the Mn(1,4-D0O2A)-(C16), derivative with two C16
chains, 298 K (Scheme 2)].

The incorporation of a pyridine into the 12-
membered cyclen macrocycle also rigidifies the
molecules, as in the case the linear chelators.
Monofunctionalization of this pyclen cycle with
one acetate (PClA = 6-carboxymethyl-3,6,9,15-
tetraazabicyclo[9.3.1] pentadeca-1(15),11,13-triene)
or one methylenephosphonate group (PCIP =
6-dihydroxyphosphorylmethyl-3,6,9,15-tetraazabicy
clo[9.3.1] pentadeca-1(15),11,13-triene) results in
Mn?* complexes which are six-coordinate with one
inner sphere water (Scheme 2), but they do not have
sufficient thermodynamic and redox stability, nor
kinetic inertness [44]. Two acetate functions were
introduced on the pyclen either at the 3,6 or at the
3,9 positions (3,6-PC2A and 3,9-PC2A, respectively,
Scheme 2), and the corresponding Mn?*complexes
were compared in a detailed physical-chemical
study [45]. In contrast to the DO2A analogues, there
is no difference in the hydration state of the Mn(3,6-
PC2A) and Mn(3,9-PC2A) chelates, which are both
monohydrated, as evidenced by 7O chemical shifts
and relaxation rates. The relaxivities are also similar,
and typical of small monohydrated chelates (2.72 and
2.91mM™"-s7!, for Mn(3,6-PC2A) and Mn(3,9-PC24A),
respectively, 298 K, 0.49 T). The regioisomer Mn(3,9-
PC2A) with the two acetate groups in trans position is
endowed with a slightly higher thermodynamic sta-
bility constant than Mn(3,6-PC2A) (logKynr = 17.09
versus 15.53, respectively) and conditional stability
(pM = 8.64 versus 8.03; ¢, = ey = 107° M, pH 7.4),
while kinetic inertness is better for Mn(3,6-PC2A), as
shown by the longer dissociation half-life calculated
(t1/2 = 63.2 h versus 21.0 h for Mn(3,6-PC2A) and
Mn(3,9-PC2A), respectively; pH 7.4). Interestingly,
DFT calculations showed important differences in
some nitrogen-Mn distances between the two iso-
mers, indicating more steric strain for Mn(3,6-PC2A),
which might be the reason for its lower stability. In
overall, both chelates satisfy the requirements of
good stability and inertness.

The symmetrical 3,9-PC2A has been cho-
sen for the design of various molecular imaging



168

R 0 /~ \ O
no N NDY N N
oL w0 Moz
H/ KN/ ‘ll\N) N'l’ N
R \_11_/{ g\\’l_/
o O
(0]

Mn(1,4-DO2A) R=H Mn(1,7-DO2A)

Mn(1,4-DO2A)-(C1g)2 R = CygHa33
A X
o L o
N o oW =0
ZN‘ian*N N--an*NX
PR (RN
H-o < N¢ K/“.‘\/‘?*H
!
TN ton
0

Mn(3,6-PC2A) Mn(3,9-PC2A) R=H

Daouda Ndiaye and Eva T6th

X X

| »

N N
N--Mn2*-N N--m 2+ N
VAN { Mn

H //\/N\/\\ H N~ \\\,\)
Q © QL
H H I\
o] o©
Mn(PC1A) Mn(PC1P)
Mn(3,9-PC2A-BPEN) R =
ESS
~ N \
N~
S
Y

Mn(3,9-PC2A-BP) R =

MnH(3,9-PC2A-EA) R = CH,CH,NH3*

Scheme 2. Mn?* complexes formed with macrocyclic ligands.

agents. The pH-responsive probe Mn(3,9-PC2A-
EA) (Scheme 2) [46] undergoes protonation on the
ethyleneamine side-chain with logK, of 6.88 which
can thus coordinate/decoordinate to/from the metal
ion as a function of its protonation state. As a con-
sequence, the hydration number, thus the relaxiv-
ity of Mn(3,9-PC2A-EA) increases from g = 0 and
r =2.04 mM1.s7!, respectively, at pH 8.4 to g = 1
and r; = 3.54 mM~'-s! at pH 6.0 (0.49 T, 25 °C).
By attaching the BPEN Zn?" sensitive unit to 3,9-
PC2A, the Zn2+-responsive probe Mn(PC2A-BPEN)
was prepared (Scheme 2) [47]. This probe functions
according to a similar mechanism described above
for Mn(PyC3A-BPEN) by forming a ternary complex
with Zn?* and HSA, accompanied by a relaxivity in-
crease. Mn(PC2A-BPEN) could be used to visualize
glucose-stimulated Zn?* secretion in the prostate of
a healthy mouse.

The same 3,9-PC2A unit was also derivatized
with a biphenyl moiety which induces HSA-binding
(Scheme 2) [48]. This leads to a prolonged residential
time of Mn(3,9-PC2A)-BP in the blood which makes
it interesting for angiographic imaging. Indeed, it
could be used to highlight microvasculature of the
mouse brain.

4. Bispidine chelators

All data on linear or macrocyclic Mn?* chelates in-
dicate that rigidity and preorganization of the lig-
and are key design elements to promote kinetic
inertness. This made us explore bispidine (3,7-
diazabicyclo[3.3.1]nonane) derivatives for Mn?*
complexation. Bispidine-type chelators constitute
a versatile family in coordination chemistry with a
highly preorganized and rigid structure [49,50]. The
bicyclic amine core can be appended with various
coordinating functions and in different positions in
order to match the coordination requirements of a
large variety of metal ions of various sizes, coordi-
nation numbers or coordination geometries. As a
function of the size and/or the position of the sub-
stituents, the bicyclic skeleton can adopt different
conformations and configurations, among which the
chair-chair conformer, with a “bicyclic coordina-
tion cage” is the best suited for metal complexation
(Scheme 3a). Bispidines were extensively studied
for the complexation of various transition metal and
lanthanide ions, and many recent reports were dedi-
cated to the development of bispidine complexes as
nuclear imaging agents [51]. Interestingly, Mn?" was
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rarely in the scope of such studies, and all previous
Mn?*-related data were restricted to the solid state
or to non-aqueous solvents.

We have first investigated the 2,4-pyridyl-
disubstituted bispidol derivative H4Bispl bearing
one carboxylate (from a lysine) for Mn?* complex-
ation [52]. This ligand can coordinate the metal in
a five-dentate manner, involving the nitrogens from
the two pyridines, the heterobicycle (N3 and N7)
as well as the methylene carboxylate (Scheme 3),
leaving one coordination site for a water molecule in
the coordination sphere of the metal ion, important
for good relaxivity in MRI application. The thermo-
dynamic stability of MnBispl, determined by pH-
potentiometry, is relatively modest (logKyn, = 12.21,
pMn = 6.65). However, once the complex is formed,
it is extremely resistant to dissociation. In a standard
transmetalation test carried out in the presence of 10
or 50 equiv. of Zn?>" at pH 6 and 37 °C, no dissocia-
tion at all was observed for 140 days, while the most
inert non-bispidine chelate, Mn(3,9-PC2A-BPEN)
has a dissociation half-life of 64.5 h under similar
conditions (37 °C, pH 6.0, 25 Zn?" equivalents) [47].
Such high kinetic inertness is unprecedented for a
Mn?* chelate. MnHBispl (protonated on the lysine
amine) has also excellent relaxation properties, com-
parable to those of Gd®"-based agents, despite the
difference in the electron spin of the metals. The
two non-coordinating carboxylate groups create an
additional second sphere contribution to relaxivity
which, together with the slightly higher molecular
weight with respect to typical small molecular weight
contrast agents, is responsible for the unusually high
relaxivity (r; = 4.28 mM~'s7! and 3.37 mM1.s7!
at 25 °C and 37 °C, respectively, 20 MHz, pH 7 in
water). The in vivo imaging potential of MnHBisp1
was evaluated in a preliminary MRI experiment in
healthy mice at 7 T. Following intravenous injec-
tion of MnHBispl at 0.06 mmol/kg dose, the sig-
nal intensity was monitored over time in various
organs, which showed renal clearance and practi-
cally no liver uptake (Figure 1). This was further
confirmed by ex vivo ICP-OES biodistribution mea-
surements of Mn in various tissues. Moreover, Bisp1
was successfully labeled with 5Mn?*, and the ra-
diocomplex proved to be stable in biological media.
In addition to the MRI potential of MnHBispl, this
opens interesting perspectives also for immunoPET
applications, after further conjugation of the

bifunctional ligand Bispl to biomolecules, such
as antibodies.

Analogous bispidine ligands bearing
methylenephosphonate (Bisp2) and methylenecar-
boxylate (Bisp3) substituents instead of the lysine
have been also synthesized, and their Mn?* com-
plexes have shown similarly remarkable inertness
and good proton relaxivities [53]. >Mn?* radiolabel-
ing of the phosphonate derivative was realized with
excellent yields and the radiocomplex showed high
stability.

In arecent comprehensive study combining struc-
tural NMR, potentiometric, relaxometric and kinetic
experiments with DFT calculations, we have ad-
dressed how the substituents on the two nitrogens
of the heterobicycle (N3 and N7) affect the confor-
mation of the Mn?* complexes [54]. In these stud-
ies, we have included a series of ligands Bisp3, Bisp4
and Bisp5 that possess methylenecarboxylate sub-
stituents at the N7 or N3 positions or both, respec-
tively (Scheme 3b). We could conclude that in this
family the conformation of the bispidine is deter-
mined by the nature of the N3 substituent (methyl or
methylenecarboxylate), with very important conse-
quences on the thermodynamic stability, kinetic in-
ertness, hydration state and relaxation properties of
the complexes. Only ligands without N3-appended
methylenecarboxylate adopt the chair—chair confor-
mation. Dissociation (as well as complex formation)
is several orders of magnitude slower for the Mn?*
chelates in chair—chair conformation. The hydration
number and the relaxation properties are also de-
pendent on the ligand conformation: Mn?* chelates
in boat-chair conformation have less than one inner
sphere water molecule, as shown by 170 NMR data,
which is unfavorable as it results in lower relaxivities.
In overall, we could evidence that chair-chair con-
formation is required for the favorable properties of
Mn?* bispidines. Another ligand, Bisp6 (Scheme 3b)
was also investigated to address how steric crowding
introduced on the « carbon of the N7 methylenecar-
boxylate substituent affects the kinetic inertness of
the Mn?* complex. As it was previously found in
the family Ln3* -tetraazamacrocycles [55], this modi-
fication on the methylenecarboxylate arm further in-
creases the resistance of the Mn?* chelate to disso-
ciation, leading to a dissociation half-life which is
roughly doubled for MnBisp6 with respect to the Mn-
Bisp3 analogue.
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Figure 1. MRI of healthy mice at 7 T following intravenous injection of MnBisp1 at 0.06 mmol/kg dose.
(a) Normalized signal intensity in the kidney, muscle, liver and aorta plotted as a function of time.
Measurements were performed every 2 min for 4 mice. (b) Sagittal T1-weighted MR images prior to
injection and at 4, 15 min and 1 h post intravenous injection of the complex. Reproduced with permission

from reference [52].

Bispidine ligands of higher denticity have been
also investigated for Mn?* complexation and
found to exhibit other extraordinary coordination
chemistry features. While high kinetic inertness, as
well as relatively high thermodynamic stability could
be now achieved for Mn2* chelates, none of them so
far provided selectivity for Mn?* over other transition
metal ions, in particular Zn?*, its major biological

competitor. This directly derives from the large ionic
radius of Mn?* and the spherical distribution of its
d electrons. The Irving-Williams series describes the
order of complex stabilities with a particular ligand
in the first row of divalent transition metal cations,
and Mn?* complexes are usually the least stable:
Mn?* < Fe?* < Co?* < Ni** < Cu®* > Zn?*. We hy-
pothesized that the rigid and preorganized nature of
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bispidines make them appropriate to design ligands
with high denticity and a perfectly adapted coordi-
nation cavity for the ~10% larger size of Mn?* versus
Zn?*. This cavity would be too large for Zn?*, which
could not accommodate all of the donor groups in its
coordination sphere. The higher number of coordi-
nating functions would then lead to a higher stabil-
ity for Mn?* as compared to Zn>*. Some previous
observations were already in support of preferen-
tial coordination of larger metal ions by the rigid
bispidine cavity, resulting in divergence from the
Irving-Williams series [56,57].

Hepta- and octadentate bispidine ligands Bisp7,
Bisp8 and Bisp9 have been thus synthesized
(Scheme 3) [58,59]. The Mn?* and Zn?* complexes
have been subject of solid-state X-ray and com-
putational studies to address their structure, and
pH-potentiometric, relaxometric and kinetic inves-
tigations have been conducted to characterize their
stability and inertness in aqueous solution. The
solid-state structures show octadentate coordination
for the Mn?*, and hexadentate coordination for the
Zn?* complexes, evidencing that the coordination
cavity provided by these ligands is well-suited for
Mn?* but too large for Zn?>*. The good match for
Mn?* and the misfit for Zn>* was further demon-
strated by empirical force field calculations which
indicated that Mn?* has an optimum size, while
Zn?* coordination induces a ligand-based strain
of ~50 kJ/mol. Thermodynamic stability constants
determined by pH-potentiometric (Zn?") or relaxo-
metric (Mn2") titrations, further corroborated with
'H NMR and UV-Vis data, confirmed the expecta-
tions from the structural and computational studies.
There is a spectacular, 5-10 orders of magnitude dif-
ference in stability in favor of the Mn?* complexes
over the Zn?* analogues (logKymr, = 24.2, 24.7 and
19.47 for MnBisp7, MnBisp8 and MnBisp9, versus
logKzn1, = 14.30, 14.70 and 15.04 for ZnBisp7, Zn-
Bisp8 and ZnBisp9, respectively). These complexes
represent the first examples of real Mn?* selectivity
in aqueous solution. The kinetic inertness of these
chelates also remains excellent, though slightly lower
than that of MnHBisp1.

MnBisp9 has been fully characterized for its relax-
ation properties [59]. Its relaxivity (4.44 mM~L.s71 at
20 MHz, 25 °C) is slightly superior to that of MnBisp1
which can be accounted for the 17% higher molec-
ular weight, thus slower rotation. This overbalances

the lack of second-sphere contribution to relaxiv-
ity which operates for MnBisp1l thanks to the non-
coordinating carboxylate groups, but which is not
present for MnBisp9 where the carboxylates are re-
placed by esters. A preliminary in vivo MRI study has
been carried out with MnBisp9 in mice at 7 T. Even at
an unusually low injected dose (0.02 mmol/kg, 80%
below typical doses), good contrast is observed in
the kidneys. The signal variation over time indicates
rapid renal clearance and no significant liver uptake.
Ex vivo ICP-MS data point to full elimination of the
complex from the mice after 24 h.

5. Mn®* complexes and redox-responsive MRI
agents based on the Mn?>*/Mn3* switch

The stabilization of the Mn3* state in aqueous solu-
tion and physiological pH is by far not obvious, due
to the strong tendency of this cation to hydrolysis as
well as to dismutation yielding Mn?* and Mn**. The
need for an inner sphere water in MRI applications
makes stabilization even more difficult, and indeed,
only few types of Mn3* complexes are known with
coordinated water molecule at pH 7. Among these,
Mn3* porphyrins represent a specific class endowed
with high stability, and they were indeed considered
in MRI and studied for their relaxation properties
a long time ago. Mn3" porphyrins have two water
molecules coordinated to the metal ion, above and
below the porphyrin plane. The relaxivities mea-
sured for some water soluble Mn®* porphyrins such
as the (5,10,15,20-tetrakis-(p-sulfonatophenyl) por-
phinate) derivative Mn(tpps) (Scheme 4) were con-
sidered as anomalously high for the given molecular
size and electron spin, and this was tentatively ex-
plained by the anisotropy of the electron density at
the metal center resulting in a closer approach of
the Mn3* spin density to the coordinated water pro-
tons [60,61]. More recently, there has been a renewed
interest in Mn3* porphyrins. Zhang and collabora-
tors added carboxylates on the porphyrin periphery
to increase hydrophilicity and facilitate in vivo clear-
ance of the Mntcp complex (Scheme 4) [17,62]. The
relaxivity, as well as the biodistribution have been
modulated by further structural modifications of
this carboxylated derivative, dimers endowed with
HSA-binding capability have been developed for
blood pool imaging [63], and specific liver target-
ing was generated by introducing a 4-ethoxyphenyl
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Scheme 4. Porphyrin Mn®* complexes.

substituent on the porphyrin [64]. Cell-penetrating
Mn3* porphyrin derivatives containing a Zn?*-
binding unit have been also developed and success-
fully used for 7Zn®* detection [65,66]. Phtalocyanine
complexes of Mn3* have been also investigated [67],
but like for porphyrins, water solubility remains
often limited.

Mn porphyrins have been further explored in the
objective of developing redox sensitive agents. The
redox state is an important characteristic of tissues,
and redox imbalance is associated to many patholo-
gies which can induce oxidative stress, generate re-
active oxygen species, etc. The redox homeostasis
in cells and tissues is governed by different biologi-
cal molecules, such as cysteine, glutathione, hydro-
gen peroxide, nicotinamide adenine dinucleotide
(NADH), etc., and their imaging detection has great
interest. Given the different relaxation properties
of Mn?* and Mn3*, this redox pair is very promis-
ing for the design of redox sensitive MRI probes
(Figure 2) [18]. For this, the system needs to satisfy
several requirements, including (a) stable and inert
complexation of both redox forms of the metal to
prevent free metal release, (b) a redox switch of the
probe which is rapid and occurs at a biologically rele-
vant potential, and (c) a significant relaxivity change
between the two redox states allowing for MRI
monitoring.

Following the pioneering work by Aime and col-
laborators on Mn?*/Mn3* (tpps) [68], as well as
other examples of redox responsive Mn-probes
based on linear chelators such as the Janus lig-
and JED (Scheme 5) [69-72], we have been recently
exploring a PEGylated Mn-porphyrin derivative,
Mn(pfpp(PEG)4) (Scheme 5) [73]. The PEG chains

have been introduced on the molecule to increase
water solubility, and additionally, fluorine atoms
have been added to modulate the redox potential.
Both Mn?* and Mn3®* forms are stably complexed
in aqueous solution, with a reversible switch be-
tween them. In the presence of ascorbic acid or
B-mercaptoethanol, the Mn3* form undergoes re-
duction, which is slowly but fully reversed in the
presence of air oxygen. This is accompanied by a
~150% relaxivity increase from the oxidized to the
reduced form at 20 MHz. No reduction was ob-
served with glutathione or cysteine, which can be
explained by the coordination of the glutathione
carboxylate to the metal ion by replacing one coor-
dinated water molecule as evidenced by NMR data.
Also, Mn(pfpp(PEG)4) had no detectable in vitro
cytotoxicity in the typical MRI concentration range.
With such fluorinated Mn-porphyrins, the re-
dox detection can be extended to 'F MRI in ad-
dition to 'H MRI, as we demonstrated with an-
other derivative, Mn(TPP-p-CF3) (Scheme 5) [74].
The two Mn redox states induce very different 'H
and '9F relaxometric properties which allow for dif-
ferential redox MRI detection. The '°F relaxation
rates in these paramagnetic systems are strongly de-
pendent on the Mn3*—F distance. In Mn3*(TPP-p-
CF3), it is 9.7-10 A, as determined from DFT cal-
culations. This distance seems well tailored to al-
low for adequate paramagnetic effect of Mn3* on '9F
relaxation without excessive line-broadening, which
would be detrimental for 'F MRI detection. Re-
duction of Mn3* (TPP- p-CF3) with ascorbic acid and
its re-oxidation with air oxygen can be monitored
by UV-Vis spectrometry, °F NMR and 'H relaxivity
measurements. Upon reduction, the 1H and 19FNMR
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Scheme 5. Mn?*/Mn3* complexes investigated as redox responsive probes.

signals of Mn3* (TPP-p-CF3) largely broaden and dis-
appear. The reduction/oxidation process can be
readily visualized on phantom '°F images acquired
in DMSO/water mixture (Figure 3).

19F MRI detection of Mn?*/Mn3* redox changes
was also realized using the HTFBED ligand

(Scheme 5) [72]. The complexes respond to dif-
ferent redox active species of the biological environ-
ment including ROS, ascorbic acid or glutathione
with concomitant changes in the '°F as well as in
the 'H MRI signal intensity. In particular, an eight-
fold increase of the '°F signal was detected upon
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Figure 3. Monitoring oxidation of Mn2* (TPP- p-CF3) (cMmpL = 1.6 mM in DMSO) by air oxygen. Variation
of the Signal to Noise Ratio (SNR) in MRI phantoms as a function of the oxidized Mn3+(TPP-p-CF3)
content (%). The 'F MRI phantom images for each point are represented above. B = 7 T; TR: 60 ms;
TE: 1.3 ms; FA: 90° NA: 256; acquisition time 8 min 11 s. The signal of the Mn?* complex was saturated
with a selective pulse. Adapted with permission from ref. [74].

oxidation from Mn?* to Mn3* form, and the
responsive properties of these probes could be also
validated at the cellular level in HepG2 cells.

6. Conclusion

Mn?* complexes represent the most viable alterna-
tives to replace Gd**-based MRI contrast agents in
the clinical practice. In this context, many chela-
tors, including open-chain, macrocyclic and bicyclic
structures, have been explored in the last years for
Mn2+ complexation, and recently there has been
important progress in substantially improving the
thermodynamic stability, the selectivity and the ki-
netic inertness of Mn?* chelates. Endowed with a
highly preorganized and rigid skeleton, bispidine lig-
ands proved to provide unprecedented properties in
Mn?* coordination chemistry, such as extreme ki-
netic inertness, complex stability and Mn?* selectiv-
ity, which can be further combined with excellent re-
laxation properties. An increasing number of Mn?*
complexes are successfully characterized in in vivo
preclinical imaging, and some of them have reached
human clinical trials as potential MRI agents. The
Mn3* state is also increasingly explored, mainly in
porphyrin complexes. Finally, efforts are still being
made in order to develop Mn-based redox responsive
agents.
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1. Introduction

Fluorescence imaging has become a groundbreaking
tool to study and image biological environments and
processes, in domains ranging from medical applica-
tions to fundamental research in biology. In that con-
text, a wide variety of fluorescent dyes and probes
have been developed as tools for high contrast mi-
croscopy and cell imaging [1]. Ideal fluorescent
probes should be bright, photostable and non-toxic.
Additional key parameters are their absorption range
and emission color. In terms of brightness, fluores-
cent organic dyes may be surpassed by luminescent
nanoparticles [2,3]. Indeed, in the last decades, in-
organic nanoparticles have attracted growing atten-
tion in the field of biophotonics, in relation with vari-
ous applications including new imaging modalities.
Among them luminescent metal-, semiconductor-
or oxide-based nanoparticles have been by far the
most widely studied [4]. Luminescent metallic and
semiconducting nanoparticles have been heralded as
major nanomaterials due to their unique electronic
and optical properties, giving rise to the blooming
field of plasmonics in the case of metallic nanopar-
ticles. In parallel, semiconductor quantum dots
(QDs) have motivated many studies and have be-
come extremely popular for bioimaging uses. Their
luminescence properties can be tuned in the visi-
ble to the near-infrared (NIR) region by adjusting
their size in relation with quantum confinement and
they may show giant brightness [4] (both one-photon
brightness [3]: up to 10 M~l.cm™!, and two-photon
brightness [5-8]: up to 10* GM). Yet, such lumi-
nescent inorganic nanoparticles suffer from several
drawbacks: their inorganic core is inherently water-
insoluble, requiring them to be coated by solubiliz-
ing agents (polymeric coating, surfactants, etc.) for
use in bioimaging. In addition, several luminescent
inorganic nanoparticles raise questions with respect
to environmental issues (ecotoxicity, biodegradabil-
ity) due to their content or composition (heavy metal
or toxic components). In that perspective, fully or-
ganic nano-objects may offer interesting alternatives.
The most widely used typically are polymeric such as
dendrimers [9-12], lipid-based [13] or “frozen” mi-
celles systems where fluorescent probes are either
encapsulated in [14,15] or covalently linked [16] to
the nanoparticle. In contrast, self-stabilized organic
nanoparticles generated from the nano-aggregation

of dedicated hydrophobic dyes in water represent
a much less traveled route. Actually, this type of
fully organic luminescent nanoparticles is often over-
looked in the literature and some prominent reviews
do not even mention them [3,17]. Yet they offer
promise for a wide range of applications, includ-
ing biological applications [18,19]. We propose to
name these organic nanoparticles dFONs (for dye-
based fluorescent organic nanoparticles) to distin-
guish them from the multitude of fluorescent organic
nanoparticles, which otherwise create a somewhat
fuzzy domain and some misunderstandings or con-
fusion. We stress that we use the name dFONSs to de-
scribe organic nanoparticles made only of pure dyes,
requiring no stabilizers or additives, nor coatings to
be made dispersible and stable in water or aqueous
environments.

The ultimate molecular confinement of pure dyes
may look like a counterintuitive approach as most of
the time this generates aggregation-caused quench-
ing of fluorescence (ACQ) due to symmetry reasons
(in the case of m-stacking notably) or to competi-
tive deactivation processes (such as photoinduced
electron transfer (PET) favored by the close proxim-
ity of dyes within dFONs) that inhibit fluorescence.
Yet by adjusting the electronic structure of the dye
(to prevent PET) while adding suitable bulky sub-
stituents that hinder 7t-stacking, such effects can be
circumvented. A supposedly similar strategy has
been used extensively in the so-called “aggregation-
induced emission” (AIE) [20] or aggregation-induced
emission enhancement (AIEE) domain. In com-
pounds designed for AIE, appending moieties pre-
venting 7t-stacking and allowing for efficient non-
radiative rotational deactivation processes in non-
viscous environments are added to dyes, thus gen-
erating loss of fluorescence in solutions. When such
dyes are placed in viscous solvents or in the solid
state where rotations are restricted, their fluores-
cence is restored.

2. dFONs design: polar and polarizable dyes
(PPDs) as dFONSs building blocks

Key criteria for luminescent nanoparticles to be of
interest for bioimaging purposes typically are large
brightness for enhanced sensitivity (with the ulti-
mate goal of detecting single emitters), photosta-
bility, colloidal stability as well as biocompatibility.
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In addition, for in vivo bioimaging in tissues or
small animals, they should preferably absorb and
emit light above 650 nm—i.e., within the biologi-
cal transparency window(s) (650-950 nm and 1000-
1200 nm) [21]. In that perspective, two-photon exci-
tation has attracted much interest giving rise to two-
photon laser scanning microscopy (TPLSM) [22],
which has nowadays become a popular fluorescence
bioimaging technique. Two-photon absorption (2PA)
is a nonlinear optical phenomenon defined by the
simultaneous absorption of two low-energy pho-
tons [23] by an excitable compound (Scheme 1). The
wavelength used for two-photon excitation is thus
favorably redshifted as compared to that used for
one-photon excitation and allows for instance the
replacement of excitation in the near UV-blue vis-
ible region by excitation in the deep red-NIR-I re-
gion. Dyes which have much higher two-photon ab-
sorption cross-sections (02) than endogenous chro-
mophores (typically orders of magnitude larger, i.e.,
over 103 GM) are thus required not only to allow
deeper imaging in biological tissues thanks to re-
duced scattering, but also to significantly reduce
background fluorescence and provide more selec-
tive excitation compared to standard one-photon ex-
citation [24]. In that perspective, we were inter-
ested in the design of biocompatible dFONs com-
bining tunable emission, giant brightness (both for
standard excitation, i.e., confocal fluorescence mi-
croscopy, and TPLSM), excellent colloidal and photo-
stability in bioenvironments, aiming at various imag-
ing modalities (including single particle tracking and
two-photon imaging).

Two main strategies are used to prepare dFONs
directly as a colloidal suspension in water (or aque-
ous media): (i) laser-assisted photofragmentation
of a suspension of micro-crystals in water [25] or
(ii) nanoprecipitation [26,27] (Scheme 2). In the
latter, a minute amount of a stock solution of the
dye dissolved in a water-miscible organic solvent
(typically THE ethanol, acetone, DMSO...)—which
acts as the good solvent for the hydrophobic dye—
is added in a large volume of pure water (or buffer
etc.) under either magnetic stirring or sonication.
For bioimaging applications, no more than 1% (v/v)
of organic solvent should be used and the resid-
ual amount can be eliminated by evaporation un-
der vacuum or dialysis. As the good (organic) sol-
vent for the hydrophobic dyes is dispersed in the

bad solvent (water), dyes aggregate to form clusters
then nanoparticles [26]. If nanoparticles are indeed
formed, a colored (thanks to the dispersion of hy-
drophobic dyes in water) and non-turbid (thanks to
the nanometric size of organic aggregates) aqueous
suspension is obtained. We stress that this process
is a kinetically controlled step contrary to crystalliza-
tion and that hydrophobic interactions play a defi-
nite role as water is used to conduct nanoprecipita-
tion. Hence, the organization of dyes within dFONs
might be different from that in the crystal obtained
by a thermodynamically controlled slow process.
dFONs prepared by nanoprecipitation usually have
a spherical shape. We emphasize that the colloidal
stability of such dFONs suspensions is a major issue
in view of their usefulness: their natural fate is to ag-
glomerate, then deposit upon evolution towards the
low-energy thermodynamic state. The nature of the
dyes as well as their self-organization are extremely
important in that respect as the kinetics of these pro-
cesses may be rendered extremely slow depending on
the type of dye and surface properties of dFONs.

To achieve dFONs that meet the requirements
mentioned above for bioimaging, we developed a
successful bottom-up strategy based on the molec-
ular engineering of specific chromophores, namely
Polar and Polarizable Dyes (PPDs) as dFONs build-
ing blocks. Such dyes bear electron-releasing (D) and
electron-withdrawing (A) moieties or substituents
that interact via 7t-conjugated linkers, giving rise
to intramolecular charge transfer(s) (ICT), i.e., elec-
tronic redistribution from the D to the A moieties
upon excitation. The ICT phenomenon is responsi-
ble for the strong absorption of PPDs as well as for
their unique nonlinear optical properties, especially
two-photon absorption [28-31]. PPDs may have dif-
ferent symmetry including dipolar, quadrupolar, or
octupolar dyes (Figures 1-2) [32—42].

The presence of dipolar subunits in those dyes has
strong implications that explain the specificity and
peculiarities of dFONs made from PPDs:

(i) The dipolar interactions between dyes are
strong and longer-ranged (o< 1/7°) than Kee-
som interactions (o 1/r%) due to the dyes’
immobilization and ultimate confinement
within dFONs. These electrostatic interac-
tions play a crucial role in the structural co-
hesion of dFONs and explain their structural
stability though there is no covalent bonding
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Fluorescence excited by :

1 photon 2 photons

@ 488 nm

Two-Photon Excited Fluorescence

(TPEF or 2PEF)

= Advantages in biological imaging :

e intrinsic 3-D resolution

e increased penetration in tissues

e reduced photodamage

e reduced background fluorescence

Brightness:
One-photon (standard fluorescence microscopy): e™a @
Two-photon (TPLSM): o,mady;

Scheme 1. Two-photon excited fluorescence: principles and advantages in bioimaging.

Dye stock solution in a
water miscible solvent

Nanoprecipitation

I

Stable colloidal
dispersion of dFONs

Scheme 2. Typical nanoprecipitation protocol
for the preparation of dFONs.

(i)

between dyes, contrary to polymeric organic
particles.

The dipolar interactions also play a major
role in the self-organization of PPD dyes
within dFONs during the nano-aggregation
process [43,44]. In that respect, molecu-
lar engineering of PPDs is crucial to pre-
vent antiparallel stacking of dipolar dyes
or mt-staking of quadrupolar dyes [45] that
are deleterious to fluorescence. To prevent
such processes, we have used dedicated ap-
pending moieties such as diphenylamino
end-groups (which have a non-planar pro-
peller shape and are also electron-releasing

(iii)

moieties), as in dipolar and quadrupolar
dyes shown in Figures 1 and 2. Alternatively,
conjugated linkers (or cores) including fluo-
renyl moieties bearing alkyl substituents that
extend above and below the plane of the
m-conjugated system have been used. These
substituents act as bulky spacers of tunable
size, as in bis-dipolar and quadrupolar dyes
shown in Figures 1 and 2. The geometry of
the dyes, as well as the position and size of
the bulky appending moieties, are very im-
portant in tuning their self-organization
upon aggregation and offer a powerful
handle for bottom-up engineering of the
dFONSs’ fluorescence properties (Figure 3).

The dipolar subunits create strong local elec-
tric fields in their close vicinity. As a re-
sult, due to the intrinsic high polarizabil-
ity of PPDs, these local electric fields may
change the polarization of the proximal dyes
resulting in a modification of their elec-
tronic distribution (and polarization) and
subsequently of their optical properties (i.e.,
modification of the electronic gap [46-51])
and even more markedly nonlinear optical
properties [30,52,53]. Hence, depending on
the self-orientation of the dipolar subunits
within dFONs and on the distance between
PPDs dyes (which can be tuned by adjust-
ing the geometry of the dyes as well as
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molecular engineering of bright dFONs for bioimaging. Adapted from Refs. [32-35,38,40,42].

(iv)

the bulkiness and position of substituents—
Figure 3), sizeable variations in the optical
properties can be expected for dyes with sim-
ilar optical (and NLO) properties in solution
as a result of confinement effects.

Finally, the nature of the PPDs may signifi-
cantly influence their orientation at the sur-
face of dFONs resulting in short-range or-
der [54]. We stress that almost all push—

pull dyes that we investigated bear electron-
withdrawing end-groups that are susceptible
to favor electrostatic interaction or H-bonds
with water molecules surrounding the sur-
face of the dFONs. Such orientations may
result in large surface potentials (as in lipid
membranes), emphasizing the specificity of
dFONs made from PPDs in terms of the na-
ture and properties of their surface.
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3. Bottom-up engineering of optical proper-
ties

In view of optical bioimaging, “redder is better” due
to improved penetration depth and easier detec-
tion. In that perspective, we have been keen on
red-shifting the absorption and emission of dFONs
(bathochromic shift) and increasing their one- and
two-photon response (hyperchromic effect) as well
as their one- and two-photon brightnesses.

3.1. Adjusting the strength of D and A moieties

A classical strategy involves the increase in the D/A
strength or the extension of the 7t-linker. Such a strat-
egy is illustrated in Figure 4A for dipolar dyes. We
note that a bathochromic shift is observed both in
solution and in dFONs when increasing the strength
of the donor or acceptor. A hyperchromic shift
is also observed, such that for dFONs of similar
size (i.e., same amount of dye subunits), the ones

with a stronger donor or acceptor have a larger ab-
sorptivity. A bathochromic shift of the emission
is also observed such that dFONs made from dipo-
lar dyes Dpsroa1 and Dparaas are respectively red-
orange and NIR-I emitters that show huge bright-
nesses in water, larger than those of QDs without
the need for surfactants or coating. We also note
the effect of the size of substituents on fluorescence
intensity: dFONs made from Dpsn2a; have an al-
most twice larger quantum yield than dFONs made
from Dpjsea1, emphasizing the role of substituent
size on the organization of PPDs within dFONs
(Figure 4A).

Subtle tuning can be achieved by tweaking the
donor strength or the acceptor strength both for
dipolar [33,40] and quadrupolar dyes [41] (Figure 4B).

3.2. Adjusting the mt-linker’s nature and length

Similarly, a hyperchromic and bathochromic shift
can be achieved by adjusting the length and nature
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of the 7t-linkers as illustrated in Figure 4A for dipolar
dyes and in Figure 5 for quadrupolar dyes [37,40].

We note that similar trends are observed for dyes
in solution and dFONs. On the other hand, the ob-
served changes in fluorescence quantum yield em-
phasize the impact of dye size and geometry on dye
packing within dFONSs in the case of quadrupolar
dyes. Indeed dFONs made from QIl,,3r1p1 Show
a much lower fluorescence quantum yield than
dFONs made from Q1p51r1p1 and Qlasor1p1 and
even than dFONs made from Qlps4r1p1 although
the latter are significantly redshifted (Figure 5).
As a result, dFONs made from quadrupolar dyes
Q1psrip1 And Qlaoaripl are respectively orange—
red and deep red emitters that exhibit a very large
brightness.

3.3. Adjusting the geometry of the PPDs and the
size of substituents to tune packing and flu-
orescence properties

Not only may the geometry of the PPDs significantly
influence the fluorescence quantum yield (and thus
affect the brightness) of dFONs, but it can also be
used to change the emission color by controlling
and exploiting the local environment created by lo-
cal dipoles within dFONs. Indeed, whereas dipolar
Da1mip1 and related octupolar Oayx1ps PPDs have

identical fluorescence properties in solution (fluores-
cence quantum yields and lifetimes) and show the
same emission solvatochromism (blue emission in
toluene, green emission in chloroform and orange
emission in DMSO), dFONs made from Daj1p; are
green emitters whereas dFONs made from Oajnx1pa
are orange emitters: the three-branched geometry of
Oa1mipsa imposes a different packing from the rod-
like Dajr1p1, generating a stronger local electric field
such that Oa1x1ps dyes experience a larger polarity
within dFONs (similar to DMSO) and its emission is
redshifted [32].

Another way to influence the packing of PPDs and
tune their luminescence properties is to adjust the
size of the bulky substituents. A striking example
is given in Figure 6 for a series of quadrupolar dyes
built from a fluorenyl core. All dyes bear the same
electron-withdrawing end-groups and 7t-linker, the
only difference being the nature of the substituents;
cyclopentyl, cyclobutyl and cyclopropyl for dyes with
a spirofluorene core or two isopentyl chains for dyes
with a bis-alkyl fluorene core. Whereas all quadrupo-
lar dyes show identical optical properties in solu-
tion, dFONs fluorescence is strongly affected [55].
Decreasing the size of the cycle in spirofluorenyl
derivatives generates a redshift of the dFONs fluo-
rescence, allowing one to tune the dFONs fluores-
cence from blue (cyclopentyl), to cyan (cyclobutyl)
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and to red—orange (cyclopropyl). This illustrates the
effect of subtle tuning of the side-chain size on the
packing of the dyes and thus on fluorescence. We

note that the quadrupole with two isopentyl chains
leads to dFONs whose fluorescence is both red-

shifted (green emission) compared to its spiro (cy-
clopentyl) analog and enhanced by a factor of 2,
demonstrating the effect of substituent size and bulk-
iness on dye packing and its consequences on optical
properties.
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3.4. Enhancing two-photon absorption. Effects
of confinement

The two-photon absorption of dipolar and
quadrupolar dyes can be modulated by molecu-
lar engineering, adjusting the donor and acceptor
groups as well as the length and nature of the
m-conjugated linker [28,29,31,52]. Increasing the
strength of the donor or acceptor groups in dipolar
thienothiophene [33] or bisthienyl [40] dyes allows
one to significantly increase their response in so-
lution as illustrated in Figure 7A. Yet, the molecu-
lar confinement of dipolar dyes within dFONs has
a major effect on their 2PA response; either a ma-
jor decrease (by a factor of 3 or 2 for Dagn3p1 and
Dasn3ps) or an increase (Daix3p1 and Dagn3pz) of

the 2PA cross-section of the dipolar dyes is observed
upon confinement within dFONs (Figure 7A). This
phenomenon can be ascribed to electrostatic inter-
actions between dipolar and polarizable dyes de-
pending on their relative orientation and proxim-
ity [11,30]. The striking difference between the 2PA
response of dyes Dasnsp1 and Dasrgpz into dFONs
illustrates the positive role of the Br substituent
in tuning the packing and allowing a cooperative
enhancement of the 2PA [11], as is also the case
for Daynsp1 (Figure 7A). Although the fluorescence
quantum yields of NIR-I-emitting dFONs made from
dipolar dyes Dagnspz and Dagnsps remain low in
water, their large 2PA response and number of dye
subunits in dFONs lead to a very large two-photon
brightness at 1070 nm (Figure 7A). As such, they
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provide interesting nanoprobes for NIR-II to NIR-I
bioimaging in living tissues.

The increase in length leads to a redshift of the
2PA as was the case for the 1PA, but it also induces
a major increase in the two-photon absorption re-
sponse of the quadrupolar dyes, both in solution and
as dFONs building blocks. (Figure 7B). The nature
of the elongating moieties (ethynyl, vinyl or thienyl)
influences not only the fluorescence quantum yield
and the emission color (see Section 3.2) but also the
2PA response: an enhancement is observed upon in-
creased conjugation [37]. Interestingly, in all cases,
confinement does not reduce the 2PA response of
the dyes but rather leads to broadening of the 2PA
spectrum [37]. Thanks to the combined variation of
the 2PA responses and of the fluorescence quantum
yields values, the orange-red and deep red emitting
dFONs made from Q151r1p1 and Q1 s, arin1 also
show the largest 2P brightness. As such, they rep-
resent bright nanoprobes for NIR-I to red bioimag-
ing [37].

3.5. Enhancing brightness by increasing size

The brightness of dFONs made from PPDs can be en-
hanced simply by increasing the size of the dFONs,
as is the case for QDs. This can be achieved by
adjusting the nanoprecipitation conditions, notably
the dye concentration of the stock solution in the
organic solvent [27]. Contrarily to QDs, this does
not lead to a change of the luminescence properties
(emission spectrum, fluorescence quantum yield) as
shown in the case of dFONs made from dipolar dye
Dain2p1 [35] and quadrupolar dye Qlpsrip; [36].
Hence, dFONs with a similar emission color but dif-
ferent sizes (and thus brightnesses) can be obtained
from PPDs, as can dFONs with a similar size but dif-
ferent emission colors [32,35,37].

4. Bottom-up engineering of surface proper-
ties

4.1. Molecular engineering of dFONs stability

Strikingly, molecular engineering of the PPDs also
allows tuning of the surface properties of dFONs.
dFONs made from PPDs show good colloidal stability
in relation with large surface potentials. This ki-
netic stability can be further enhanced by adjust-
ing the structure of the PPDs. As illustrated in

Figure 8, increasing the size of the 7t-conjugated
linker [35] or adding bulky substituents on the donor
end-group [33] or the nature of the acceptor end-
group [34] of dipolar dyes allow increasing the col-
loidal and structural stability of dFONs. The evolu-
tion of the fluorescence quantum yield values over
time is of major importance for the usability of
dFONs for bioimaging but also the signature of the
structural stability of dFONs made from dipolar dyes:
the decrease in fluorescence over time is related to
the exchange of dyes from the surface to the bulk wa-
ter back to the surface, leading to surface defects that
are responsible for fluorescence quenching. Hence,
the larger the interaction energy of the dyes with the
surface (i.e., the energy required to extract a surface
dye from the surface to the bulk), the slower the pro-
cess [54]. Therefore stronger electrostatic interchro-
mophoric interactions within dFONs and addition of
hydrophobic substituents allow improving their col-
loidal and structural stability. As a result, dFONs
made from Dasr2p3 show very high colloidal and
structural stability [34].

4.2. Molecular engineering of dFONs cell inter-
nalization and stealthiness

Strikingly, the interaction of dFONs with cell mem-
branes can also be “bottom-up-engineered” by ad-
justing the structure of the PPDs. dFONs made from
the dipolar dyes Dasn2ps were found to be non-
toxic and to internalize within cells while retaining
their structural integrity [34]. In contrast, articu-
lated dipoles (Ada1psrsr, Figure 1) bearing two long
hydrophobic chains were found to show no non-
specific interactions with cell membranes, exhibit-
ing an intrinsically stealth behavior [42]. Hence,
such dFONs made only of pure PPDs do not require
specific coatings (PEG or zwitterionic) to be made
stealth. As such, thanks to their high brightness
and intrinsic stealth character, they hold promise for
imaging of specific receptors in cells once surface-
functionalized with specific targeting moieties.
Similarly, dFONs made from quadrupolar
dyes built from a spiroflurenyl core (Q2cr3nsD1
and Q2crsmaaa) Were found to internalize within
cells [39] while retaining their structural in-
tegrity. In contrast, quadrupoles Qlasririp1 [361,

Qlazsoript 1371, Qlaznorinz (411, Qlazrzirps [41]
and Qlpsqaripi [37], with a rigid elongated
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conjugated system bearing four hydrophobic alkyl
chains were found to be non-toxic and to exhibit a
stealth behavior. Interestingly Q1,5,3r1p1 does not
show a stealth behavior indicating that both the pres-
ence of several lipophilic chains and the nature of
the 7t-conjugated system are decisive in controlling
the nano-bio interface [37,41].

Furthermore, thanks to their highly negative sur-
face potential, these dFONs can be surface-coated by
a polycationic polymer, resulting in a reversal of the
surface potential. This change in surface potential

triggers the internalization of the dFONs within cells,
opening a promising route towards innovative drug
delivery protocols [37].

5. Bioimaging applications (in vitro and in
vivo)

The unique combination of high colloidal stability,
small size, giant brightness and tunability of dFONs
made from PPDs makes them ideal candidates for
bioimaging in dilute conditions (i.e., nM range).
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Figure 9. Two-photon angiography in small animals. Left, 3D projection Two-Photon Excitation Fluo-
rescence (TPEF) and SHG (A\%F @820 nm) image 90 min after injection of dFONs made from Dajr1p1-
Right, 3D projection TPEF (A% @820 nm) image 90 min after injection of dFONs made from Oajn1pa-
For all images, the red color corresponds to the endogenous SHG signal (second harmonic generation at
410 nm) that arises from muscle tissue, while the green corresponds to the TPEF signal generated in vivo
by the dye (460-590 nm). Scale bar: 100 um. Adapted from Ref. [32].

5.1. Two-photon angiography in small living an-
imals [32]

As discussed earlier, the molecular design of PPDs
is crucial for dFONs properties with consequences
on bioimaging applications. A typical case is the
difference between dFONs made from dipolar dye
Daimipr and from its three-branched (octupolar)
version Oajx1psa When used as a contrast agent for
angiography [32]. Both dFONs show a very large two-
photon brightness (10° and 2 x 105 GM respectively
for dFONs of about 35 nm in diameter) [32], one be-
ing a green emitter and the other an orange emit-
ter. These dFONs were injected in the blood circu-
lation of living Xenopus laevis tadpoles. The tail of
the tadpole was then imaged by two-photon-excited
fluorescence (TPEF) 20 min and 90 min after injec-
tion. Both dFONs allow the high contrast and high

resolution visualization of blood vessels in the tiny
animal (Figure 9) by two-photon excitation in the NIR
region (820 nm) and detection of the green or red-
orange fluorescence emitted by dFONs made from
Dai1mip1 or Oairipa dyes. Thanks to their nanoscale,
the dFONs do not permeate through the walls of
the blood vessels, thus allowing their imaging with
high resolution. Furthermore, no toxicity is observed
for the dFONs made from Dajnxip1. Yet, this is no
longer true for the dFONs made from Oa11p4, which
quickly agglomerate into large micro-agglomerates
resulting in a deadly clogging of the blood vessels.
Hence, not only does the geometry of the dye in-
fluence the optical properties of dFONs (see Sec-
tion 3.3), but it also dramatically impacts the na-
ture of their nano-bio interface and consequently
their usability as a contrast agent for angiography
by TPEE
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5.2. Single-particle tracking in solutions, cells
and in the brain

Single-particle tracking (SPT) is a class of techniques
that allow one to dynamically follow the fate of sin-
gle molecules in living tissues. In this respect, QDs
are the most widely used nanoparticles thanks to
their unprecedented brightness and photostability.
Due to the giant brightness of dFONs made from
PPDs (similar or higher than those of QDs), they
represent promising candidates for SPT and their
usability for SPT in aqueous solutions was investi-
gated. A critical parameter in that respect is their
photostability. Organics are recognized to be much
less photostable than inorganics. Yet depending
on the structure of the PPDs, we found that the
brightness of dFONs made from dipolar (Dassr2ps)

or quadrupolar (Q2crsnsp1 and Qzcr3raas) dyes al-
lows performing single particle tracking with ade-
quate [34], good [39] to excellent photostability (up
to 3 min) [39]. The reconstruction of the trajecto-
ries of single particles gives access to the hydrody-
namic diameter of the nanoparticles. The hydrody-
namic size of dFONs made from articulated dipole-
based (Ada1psnsr1, Ada1psnsrz and Adaipsnsra) was
found to be similar to the dry diameter measured
by transmission electronic microscopy [42]. Inter-
estingly, SPT experiments conducted in saline aque-
ous buffer containing proteins (i.e., PBS with fe-
tal bovine serum) reveal that the hydrodynamic size
of articulated dipole-based (Ada1ps575R1, AdA1D57t5R2
and Ada1psnsr3) dFONs increases by ~30-40% (Fig-
ure 10) as compared to that determined in pure wa-
ter [42]. Such an increase reveals the formation of



Jonathan Daniel et al. 193

Q2¢R3ran4

Q2¢R3.5D1

Figure 11. Simultaneous bicolor single-particle tracking within COS cells. Simultaneous bicolor single-
particle tracking of dFONs made from Q2cgrasraas a0d Q2crssp1 in live COS7 cells; A. wide field, COS7
cell contour is drawn in black; B. Merged single particle tracks on green and red channels; C. Live tracking
of Q2¢R37raa4 dFONs (boxes) in COS7 cells on red channel; D. Live tracking of Q2¢r35p1 dFONs (boxes)
in COS7 cells on green channel; Scale bar = 5 um, excitation at 488 nm (P = 306 W-cm™2). Adapted from

Ref. [39].

a protein corona at the surface of the nanoparticles,
thus preventing aggregation of dFONs despite the
ionic strength of the solution. The presence of such
a corona is definitely an advantage for bioimaging in
live cells when dFONSs are used as tracers.

SPT experiments can also be performed with
quadrupolar dye-based (Qzcr3nsp1 and Q2crsnaas)
dFONSs within cells. Interestingly, due to their dif-
ferent sizes (43 nm and 14 nm for Qacr3nsp1 and
Q2cr3maa4, respectively) and different absorption
spectra (A% = 400 nm and 503 nm for Q2cr3nsD1
and Q2crsmnaas, respectively), the two dFONs show
similar and large brightnesses at 488 nm (wavelength
of the blue laser). Yet their emission can be discrim-
inated easily as dFONs made from Qzcr3nsp1 are
green emitters while dFONs made from Q2cr3mraas
are NIR-I emitters. Thanks to these unique prop-
erties, these dFONs that internalize into cells (see
Section 4.2) can be tracked at the single-particle
level and used together for simultaneous bicolor SPT
within cells (Figure 11) [39].

To date, the wealth of information provided by SPT
was mostly obtained in simplified systems such as
cell monolayers. However, the microenvironment of
a cell highly regulates its behavior and its molecular
dynamics. There is therefore a need to perform SPT
deep in intact tissues. Using small (10 nm in diam-
eter), bright red-emitting and stealth dFONs made
from quadrupolar dyes Q1as,r1r1p1, it Was possible
to explore the extracellular brain space deeper into
tissues than with the equivalent QDs (i.e., QD655).
The small dFONs diffuse deep into organotypic brain
slices and can be tracked down to 150 pm depth
while QD655 are no longer detected [36] (Figure 12).

6. Conclusion and perspectives

The molecular engineering of dedicated polar
(“push-pull”) and polarizable dyes as dFONs build-
ing blocks has proven to be a successful approach
to achieve ultrabright small luminescent organic
nanoparticles that compete with QDs for bioimaging
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Organotypic

Mouse brain hippocampal slice

hippocampus

Figure 12. Single-particle tracking deep into brain tissues.
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Single-particle tracking of small (10 nm)

dFONs made from Q1,,,1p; in organotypic brain slices. (A) Organotypic brain slices preparation after
extraction of the mouse brain and dissection of the hippocampus. (B) Trace of single-particle tracking for
11's, 150 pm below the surface of an organotypic brain slice. (C) Fluorescence images of single QDs-655
and Q155,:1p; dFONs recorded at the indicated depths (an intensity profile of single particle is provided
on the right). Fields of view are 6.5 pm wide. Adapted from Ref. [36].

purposes. Not only can their optical properties be
modulated, but their (photo)stability and surface
properties can be tuned by adjusting the structure of
the PPDs. This demonstrates that organics can also
play an important role in the field of Nanobiotech-
nologies, opening new routes for nanotools for drug
delivery or super-resolution imaging. dFONs made
from PPDs is a highly versatile approach benefiting
from the wide wealth of organic dyes. Compared
to inorganics, such dFONs may provide a safer and
more sustainable alternative: their toxicity can be
tuned by adjusting the structure of the dyes, while
their synthesis can benefit from green protocols.

An important aspect is their surface functional-
ization for applications such as early diagnostic, ul-
trasensitive sensing and super-resolution imaging.
In that respect, two main approaches are devel-
oped: non-covalent (electrostatic-based) functional-
ization [37] and covalent functionalization [56]. We
are currently investigating these routes.

Declaration of interests

The authors do not work for, advise, own shares in,
or receive funds from any organization that could

benefit from this article, and have declared no affil-
iations other than their research organizations.

Funding

The Conseil general d’Aquitaine is acknowledged
for financial support (Chaire d’Excellence Grant to
MBD). Financial supports for ODP and EK is pro-
vided through the MESRI via the University of Bor-
deaux. Continuous support from Univ. Bordeaux,
CNRS and Bordeaux-INP is acknowledged. This work
was also supported by the ERC COMET (101077364).

References

[1] L. D. Lavis, R. T. Raines, ACS Chem. Biol., 2008, 3, 142-155.

[2] A.H. Ashoka, I. O. Aparin, A. Reisch, A. S. Klymchenko, Chem.
Soc. Rev., 2023, 52, 4525-4548.

[3] W.R. Algar, M. Massey, K. Rees, R. Higgins, K. D. Krause, G. H.

Darwish, W.]J. Peveler, Z. Xiao, H.-Y. Tsai, R. Gupta, K. Lix, M. V.

Tran, H. Kim, Chem. Rev., 2021, 121, 9243-9358.

K. D. Wegner, N. Hildebrandt, Chem. Soc. Rev., 2015, 44, 4792-

4834.

R. Gui, H. Jin, Z. Wang, L. Tan, Coord. Chem. Rev., 2017, 338,

141-185.

[6] D. R. Larson, W. R. Zipfel, R. M. Williams, S. W. Clark, M. P.
Bruchez, E W. Wise, W. W. Webb, Science, 2003, 300, 1434-
1436.

[4

[5



[7]

(8l

191

(10]

(11]

[12]

[13]

(14]

(15]
[16]
(17]
(18]
[19]
[20]
[21]
[22]
(23]
(24]
[25]
[26]
[27]
(28]
[29]

(30]

[31]

[32]

Jonathan Daniel et al.

S.-C. Pu, M.-]. Yang, C.-C. Hsu, C.-W. Lai, C.-C. Hsieh, S. H.
Lin, Y.-M. Cheng, P-T. Chou, Small, 2006, 2, 1308-1313.

J. Dimitrijevic, L. Krapf, C. Wolter, C. Schmidtke, J.-P. Merkl,
T. Jochum, A. Kornowski, A. Schiith, A. Gebert, G. Hiittmann,
T. Vossmeyer, H. Weller, Nanoscale, 2014, 6, 10413-10422.

O. Mongin, T. R. Krishna, M. H. V. Werts, A.-M. Caminade, J.-P.
Majoral, M. Blanchard-Desce, Chem. Commun., 2006, 8, 915-
917.

A. Sourdon, M. Gary-Bobo, M. Maynadier, M. Garcia, J.-P.
Majoral, A.-M. Caminade, O. Mongin, M. Blanchard-Desce,
Chem. Eur. J., 2019, 25, 3637-3649.

E Terenziani, V. Parthasarathy, A. Pla-Quintana, T. Maishal,
A.-M. Caminade, J.-P. Majoral, M. Blanchard-Desce, Angew.
Chem. Int. Ed., 2009, 48, 8691-8694.

T.R. Krishna, M. Parent, M. H. V. Werts, L. Moreaux, S. Gmoubh,
S. Charpak, A.-M. Caminade, J.-P. Majoral, M. Blanchard-
Desce, Angew. Chem. Int. Ed., 2006, 45, 4645-4648.

J.J. Gravier, E P N. Y. Garcia, T. Delmas, FE Mittler, A.-C. Couf-
fin, E Vinet, 1. Texier-Nogues, /BO, 2011, 16, article no. 096013.
R. Méallet-Renault, A. Hérault, J.-J. Vachon, R. B. Pansu,
S. Amigoni-Gerbier, C. Larpent, Photochem. Photobiol. Sci.,
2006, 5, 300-310.

A. Reisch, P. Didier, L. Richert, S. Oncul, Y. Arntz, Y. Mély, A. S.
Klymchenko, Nat. Commun., 2014, 5, article no. 4089.

C. Grazon, J. Rieger, R. Méallet-Renault, G. Clavier,
B. Charleux, Macromol. Rapid Commun., 2011, 32, 699-
705.

O. S. Wolfbeis, Chem. Soc. Rev., 2015, 44, 4743-4768.

A. Patra, Ch. G. Chandaluri, T. P Radhakrishnan, Nanoscale,
2012, 4, 343-359.

S. Fery-Forgues, Nanoscale, 2013, 5, 8428-8442.

E Wiirthner, Angew. Chem. Int. Ed., 2020, 59, 14192-14196.

A. M. Smith, M. C. Mancini, S. Nie, Nat. Nanotech., 2009, 4,
710-711.

W. Denk, J. H. Strickler, W. W. Webb, Science, 1990, 248, 73-76.
M. Goppert-Mayer, Ann. Phys., 1931, 401, 273-294.

A.-C. Robin, S. Gmouh, O. Mongin, V. Jouikov, M. H. V. Werts,
C. Gautier, A. Slama-Schwok, M. Blanchard-Desce, Chem.
Commun., 2007, 1334-1336.

T. Asahi, T. Sugiyama, H. Masuhara, Acc. Chem. Res., 2008, 41,
1790-1798.

D. Horn, J. Rieger, Angew. Chem. Int. Ed., 2001, 40, 4330-4361.
H. Nakanishi, H. Oikawa, in Single Organic Nanoparticles
(H. Masuhara, H. Nakanishi, K. Sasaki, eds.), NanoScience
and Technology, Springer, Berlin, Heidelberg, 2003, 17-31.

E Terenziani, C. Katan, E. Badaeva, S. Tretiak, M. Blanchard-
Desce, Adv. Mater., 2008, 20, 4641-4678.

M. Pawlicki, H. A. Collins, R. G. Denning, H. L. Anderson,
Angew. Chem. Int. Ed., 2009, 48, 3244-3266.

E Terenziani, M. Morone, S. Gmouh, M. Blanchard-Desce,
ChemPhysChem, 2006, 7, 685-696.

M. Albota, D. Beljonne, J.-L. Brédas, J. E. Ehrlich, J.-Y. Fu,
A. A. Heikal, S. E. Hess, T. Kogej, M. D. Levin, S. R. Marder,
D. McCord-Maughon, J. W. Perry, H. Réckel, M. Rumi, G. Sub-
ramaniam, W. W. Webb, X.-L. Wu, C. Xu, Science, 1998, 281,
1653-1656.

V. Parthasarathy, S. Fery-Forgues, E. Campioli, G. Recher,
E Terenziani, M. Blanchard-Desce, Small, 2011, 7, 3219-3229.

[33]

[34]

[35]

(361

[37]

[38]

[39]

[40]

[41]

[42]

[43]
[44]

[45]
[46]
[47]
[48]
[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

195

C. Mastrodonato, P. Pagano, J. Daniel, M. Vaultier,
M. Blanchard-Desce, Molecules, 2016, 21, article no. 1227.

E. Genin, Z. Gao, J. A. Varela, J. Daniel, T. Bsaibess, I. Gosse,
L. Groc, L. Cognet, M. Blanchard-Desce, Adv. Mater., 2014, 26,
2258-2261.

K. Amro, J. Daniel, G. Clermont, T. Bsaibess, M. Pucheault,
E. Genin, M. Vaultier, M. Blanchard-Desce, Tetrahedron, 2014,
70, 1903-1909.

M. Rosendale, J. Flores, C. Paviolo, P. Pagano, J. Daniel, J. Fer-
reira, J.-B. Verlhac, L. Groc, L. Cognet, M. Blanchard-Desce,
Adv. Mater., 2021, 33, article no. 2006644.

P Pagano, M. Rosendale, J. Daniel, J.-B. Verlhac,
M. Blanchard-Desce, J. Phys. Chem. C, 2021, 125, 25695-
25705.

J.-B. Verlhac, J. Daniel, P. Pagano, G. Clermont, M. Blanchard-
Desce, C. R. Chim., 2016, 19, 28-38.

J. Daniel, A. G. Godin, M. Palayret, B. Lounis, L. Cognet,
M. Blanchard-Desce, J. Phys. D: Appl. Phys., 2016, 49, article
no. 084002.

P. Pagano, “Design and Synthesis of Ultra-Bright Organic
Nanoparticles (ONPs) for Bioimaging”, These de doctorat,
Université de Bordeaux, Bordeaux, 2017.

M. Rosendale, J. Daniel, E Castet, P. Pagano, J.-B. Verlhac,
M. Blanchard-Desce, Molecules, 2022, 27, article no. 2230.

M. Rosendale, G. Clermont, J. Daniel, C. Paviolo, L. Cognet,
J.-B. Verlhac, M. Blanchard-Desce, Proc. SPIE, 2020, 11360,
article no. 1136005.

E Wiirthner, Acc. Chem. Res., 2016, 49, 868-876.

L. Lescos, P. Beaujean, C. Tonnelé, P. Aurel, M. Blanchard-
Desce, V. Rodriguez, M.de. Wergifosse, B. Champagne,
L. Muccioli, E Castet, Phys. Chem. Chem. Phys., 2021, 23,
23643-23654.

J. Gierschner, S. Y. Park, J. Mater. Chem. C, 2013, 1, 5818-5832.
E. E. Jelley, Nature, 1936, 138, 1009-1010.

G. Scheibe, Angew. Chem., 1937, 50, 212-219.

J. Gierschner, J. Shi, B. Milidn-Medina, D. Roca-Sanjuén,
S. Varghese, S. Park, Adv. Opt. Mater, 2021, 9, article
no. 2002251.

M. Kasha, H. R. Rawls, M. Ashraf El-Bayoumi, Pure Appl.
Chem., 1965, 11, 371-392.

D. Bialas, C. Zhong, E Wiirthner, E C. Spano, J. Phys. Chem. C,
2019, 123, 18654-18664.

H. Zhang, Z. Zhao, A. T. Turley, L. Wang, P. R. McGonigal, Y. Tu,
Y. Li, Z. Wang, R. T. K. Kwok, J. W. Y. Lam, B. Z. Tang, Adv.
Mater., 2020, 32, article no. 2001457.

M. Barzoukas, M. Blanchard-Desce, J. Chem. Phys., 2000, 113,
3951-3959.

M. Barzoukas, C. Runser, A. Fort, M. Blanchard-Desce, Chem.
Phys. Lett., 1996, 257, 531-537.

J. Daniel, E Bondu, E Adamietz, M. Blanchard-Desce, V. Ro-
driguez, ACS Photon., 2015, 2, 1209-1216.

J. Daniel, “Nano Outils Moléculaires Biphotoniques Pour Le
Vivant”, These de doctorat, Université de Bordeaux, Bor-
deaux, 2015.

0. Dal Pra, J. Daniel, M. Blanchard-Desce, C. Grazon, “Surface
functionalisation of dye-based fluorogenic organic nanopar-
ticles: towards hyperbright biomarkers” (submitted).






ACADEMIE Comptes Rendus. Chimie
DES SCIENCES 2024, Vol. 27, Special issue S2, p.197-212
https://doi.org/10.5802/crchim.286

INSTITUT DE FRANCE

Research article

Women Chemists in France in 2024

Development of an analytical method for the
simultaneous determination of 22 Polycyclic
Aromatic Hydrocarbons (PAHs) in maternal
and umbilical cord blood

Stéphanie Swiha “?, Valérie Pichon *'%, Thierry Fournier ®?%¢, Sophie Gil »%¢ and
Nathalie Delaunay ®*

4 Laboratory of Analytical and Bioanalytical Sciences and Miniaturization, UMR CBI
8231 CNRS - ESPCI Paris, PSL University, Paris, France

b INSERM U1139, Faculté de Pharmacie, Paris, France
¢ Sorbonne Université, Paris, France
d Université Paris Descartes, UMR-S 1139, Sorbonne Paris Cité, Paris, France

¢ Fondation PremUP, Paris, France

Current address: LSABM, UMR CBI 8231 CNRS - ESPCI Paris, PSL University, 10 rue
Vauquelin, 75231 Paris cedex 05, France (V. Pichon)

E-mail: valerie.pichon@espci.fr (V. Pichon)

Abstract. Pregnant women and their fetuses, a very fragile population, are exposed to polycyclic
aromatic hydrocarbons (PAHs) and subject to potentially serious health risks. Consequently, the
determination of PAHs in maternal serum and umbilical cord blood is necessary but challenging, due
to their highly varied physico-chemical properties and trace presence. The aim of this project was
to develop a method enabling, for the first time, the simultaneous determination of 22 listed PAHs
from small volumes (100 pL) of maternal serum and umbilical cord blood, including a sample pre-
treatment reducing as far as possible the quantity of solvents used. A solid-phase extraction step on
C18-grafted silica was optimized by studying the effect of different parameters (nature and proportion
of organic solvent added to the sample, washing and elution conditions) on extraction yields. The
evaporation step was carefully controlled to limit the loss of the most volatile PAHs. Then, to break
any interactions between PAHs and serum proteins, a precipitation step prior to solid-phase extraction
was optimized using a design of experiments. The final sample processing procedure led to extraction
yields of between 27 and 57% and between 34 and 69% for 22 PAHs in serum and umbilical cord blood,
respectively, with standard deviation values of less than 11%. Limits of quantification between 0.2
and 3.1 pg/L were achieved for PAHs fluorescing in spiked real samples, close to the concentrations
expected in biological samples.

*Corresponding author

ISSN (electronic): 1878-1543 https://comptes-rendus.academie-sciences.fr/chimie/


https://doi.org/10.5802/crchim.286
https://orcid.org/0000-0002-7515-339x
https://orcid.org/0000-0003-3008-0286
mailto:valerie.pichon@espci.fr
https://comptes-rendus.academie-sciences.fr/chimie/

198 Stéphanie Swiha et al.

Keywords. Polycyclic aromatic hydrocarbons, Maternal serum, Umbilical cord blood, Solid phase

extraction, Liquid chromatography.

Funding. The authors gratefully acknowledge the Région Ile-de-France and the DIM Analytics for their

financial support.

Manuscript received 29 November 2023, revised 5 December 2023 and 8 December 2023, accepted

19 January 2024.

1. Introduction

Polycyclic Aromatic Hydrocarbons (PAHs) are pollu-
tants that are emitted naturally or produced by hu-
man activities, due to incomplete combustion or py-
rolysis of organic materials (industries, road traffic,
heating...) [1]. They are present in environment,
but also in food, leading to a constant exposure of
humans [2-4]. They are carcinogens and genotoxic
substances. After entering the human body, due to
their hydrophobic properties, PAHs are transported
to all lipid-rich tissues. This is why a long-term ex-
posure may lead to their accumulation in adipose
tissue, liver, and kidney [4,5]. They can also un-
dergo different metabolic transformations resulting
to the formation of reactive electrophilic intermedi-
ates able to bind cellular macromolecules such as
proteins and nucleic acids. It is now well established
that these pollutants are chemical hazard to human
health. Long-term exposure increases the risk of a se-
ries of cancers. Moreover, an exposure during preg-
nancy can lead to fetal malformations, prematurity
and even disorders in children and adults [6-8]. This
may come from a contamination of the placenta,
which ensures multiple functions directly involved in
the initiation and outcome of gestation, fetal growth
and possibly the initiation of parturition, and/or of
the fetal tissues through a transfer of PAHs via the
placenta. This is why it is highly interesting to de-
termine PAHs in both maternal and umbilical cord
bloods and also in placenta.

Today, 24 different PAHs are listed as priority pol-
lutants: 16 by the United State Environmental Pro-
tection Agency (US-EPA) and 16 by the European
Food Safety Authority (EFSA), eight of them belong-
ing to both lists. The 24 listed PAHs belong to a
wide range of Log P values reported in Figure S1 (see
Supplementary Information) [9-12], thus rendering
their determination in biological samples particu-
larly difficult but necessary as human contamination
has multiple sources and because the EFSA PAHs are
quite different from the US-EPA PAHs (higher num-
ber of aromatic cycles). Focusing on the determi-

nation of PAHs in blood, in most of the cases, only
the US-EPA PAHs were targeted [13] except Pleil and
coworkers who quantitated also 6 EFSA PAHs [14].
Typical blood, plasma, and serum used volumes
range from 1 to 12 mL, which are quite large values,
limiting the access to epidemiological cohort sam-
ples, with one exception of a study using pipette-
tip solid-phase extraction (SPE) and only 200 pL of
blood to determine the 16 US-EPA HAPs [15]. The
most used technique for sample pretreatment con-
sists in extracting the PAHs by liquid-liquid extrac-
tion (LLE) [6,14,16-26], but with some drawbacks
such as the large volumes of used solvent and being
time consuming as it involves several successive LLE
steps, often three, to improve the extraction yields.
Most of the time, the LLE steps were followed by
SPE using C18-bonded silica, silica or silica/alumina
packed in cartridge [17-19,21,24-26] to improve the
clean-up of the sample extract by removing matrix in-
terferents that could disturb the PAH quantitation.

SPE can also be used alone as an alternative ap-
proach to LLE to extract the PAHs from blood, plasma
or serum prior to their chromatographic analysis
[27-31]. It requires a lower volume of solvent than
LLE and simple less-time consuming manipulations.
Indeed, 1 mL [30] or 2 mL [28,29,31] of blood, plasma
or serum were percolated on an apolar sorbent, C18-
bonded silica when this information is given [27-29].
The SPE step was followed by an analysis with ei-
ther gas chromatography coupled to mass spectrom-
etry [27-29,31] or liquid chromatography (LC) cou-
pled to a fluorescence detection (FD) [30]. Unfor-
tunately, in some of these papers, several analyti-
cal data are missing, such as the nature of the SPE
sorbent [30,31], the enrichment factors [28,31], the
extraction yields in real samples [31], and the lim-
its of quantitation (LOQs) in the biological matri-
ces [28,31], whereas these data are necessary to be
sure that the presented results are consistent. More-
over, only between seven and 16 PAHs were targeted
and they only belong to the US-EPA list [27-31], even
for the last study dealing with miniaturized pipette-
tip SPE format involving 200 puL of sample [15].
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Concerning the detected concentrations of PAHs
in blood, plasma or serum, they were most often
normalized with lipid content and reported in ng/g
lipid. A study demonstrated that the mean lipid con-
tent in 283 maternal sera was 7.33 + 1.86 g/L [32].
Using this value for the lipid content, it is therefore
possible to convert the data reported in each
study in the same unit and then to compare these
estimated values, with the hypothesis that all the
reported values are consistent. The highest mean
values were observed by Song et al. with up to 37 pug/L
of benzo[a]anthracene (BaA) in the blood of heavy-
taste food consumers and a minimum mean value
of 0.3 ng/L of pyrene (PYR) in the blood of Chinese
non-smokers [27]. Similar values, between 0.05 and
2.7 nug/L, were determined for each of 13 US-EPA
PAHs in blood plasma collected from Hong Kong
residents [29]. These values are in accordance with
the ones determined in sera of autopsied people in
Tennessee, where the sum of the concentrations of
13 US-EPA PAHs varied between 0.1 and 12 ng/L [31].
Focusing on both maternal and cord sera, there are
two Chinese studies reported values between 0.1
and 2.5 ug/L for 11 of the 16 US-EPA PAHs (the five
other US-EPA PAH concentrations were below the
LOQs) [28] and between 0.1 and 9.5 pg/L for the 9
targeted US-EPA PAHs [30]. This gives an idea of
the PAH concentrations that one can expect in these
kind of samples.

Due to the lack of consistent data of contamina-
tion level in literature, especially for the PAHs listed
for food, there is still a great societal need to de-
termine PAH concentrations in biological tissues or
fluids to increase knowledge of their health effects,
especially on at-risk populations such as pregnant
women and their fetus. Therefore, the objective of
this study is to develop a simple and low solvent con-
suming sample preparation step able to extract si-
multaneously the maximum of the 24 listed PAHs
from maternal and umbilical cord sera. One of the
challenges of this work is to obtain the best possi-
ble sensitivity from low volumes of sera in order to
access to precious samples from epidemiological co-
horts. For this, a protocol involving protein precipita-
tion, SPE, and evaporation-redissolution before PAH
analysis was developed. The key parameters of each
sample pretreatment step were optimized. At last,
to highlight the potential of the developed method,
the extraction yields and LOQs were determined

in both real spiked maternal and umbilical cord
sera.

2. Materials and methods
2.1. Chemicals

HPLC grade methanol, acetonitrile (CH3CN),
propan-2-ol, and tetrahydrofuran (THF) were
supplied by Carlo Erba (Val de Reuil, France). High
purity water was dispensed by a milli-Q purification
system (Millipore, Saint Quentin en Yve-
lines, France). The PAH standards were
supplied by Cluzeau Info Labo (Sainte-
Foy-La-Grande, France): acenaphthylene
(ACY) 99%, cyclopentalcd]pyrene (CPcdP)
99%, benzolc]fluorene (BcF) 97%, benzoljlfluorene
(BjF) 99.7%, dibenzolallpyrene (DalP) 99.8%,
dibenzola,e]pyrene (DaeP) 99.8%, dibenzo[a,h]
pyrene (DahP) 99%, dibenzola,ilpyrene (DaiP) 99%
at 10 mg/L in CH3CN and a standard mixture of the
16 US-EPA PAHs at 100 mg/L in CH3CN.

A stock solution mixture containing 100 pg/L of
each PAH was prepared in CH3CN and stored at
4 °C until further use. An aqueous solution con-
taining 10% (w/v) sodium dodecyl sulfate (SDS) was
purchased from Thermofisher Scientific (Villebon-
Courtaboeuf, France). A synthetic serum was pre-
pared from Earle’s balanced salt solution contain-
ing albumin at 25 g/L and spiked with a mixture of
16 representative PAHs at 4 pg/L for each PAH in
CH3CN.

2.2. Apparatus and analytical conditions

The LC-diode array detector (DAD)/FD analyses
were performed using an Agilent 1200 series sys-
tem (Agilent Technologies, Massy, France) that was
controlled by the Chemstation software. The sep-
aration was performed on a Pursuit PAH column
(100 x 2.1 mm, 3 um, Agilent Technologies) main-
tained at 35 °C with a column oven (Croco-cil, Inter-
chim, Montlucon, France). Samples were analyzed
using a linear gradient elution with water (A) and a
mixture of CH3OH:CH3CN (6:4, v/v) (B). The gradi-
ent started at 50% of B and increased to 90% of B in
27 min, held for 13 min, and increased to 100% of B in
1 min, held for 10 min, and finally returned to initial
composition within 1 min and let 10 min to equili-
brate the system. The flow-rate was set at 0.2 mL/min
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Table 1. LOQs (S/N = 10) in pug/L obtained with fluorescence and UV detections and estimated by
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injecting 10 uL of a solution of PAHs at 1, 5, and 20 pg/L in CH3CN:water (1:1, v/v)

Compounds Ayy Mm) Aex, dem (nm)  LOQpp (ng/L) LOQuy (ng/L)
NAPH 220 269, 327 1.2 2.2
ACY 230 - - 2.1
ACE 230 227,315 0.5 2.3
FLO 260 227,315 1.1 13.2
PHE 250 250, 364 0.4 1.5
ANT 250 250, 364 09 0.7
FLT 230 234, 454 09 4.8
PYR 240 237,388 0.2 0.9
BcF 230 237,388 0.3 8.0
CPcdP 230 - - 6.8
BaA 275 265, 376 1.5 8.7
CHR 270 265, 376 0.1 6.3
5MCHR 270 265, 376 0.2 5.5
BjF 240 - - 4.9
BbF 260 290, 440 0.3 4.6
BKF 240 290, 440 0.1 5.7
BaP 260 290, 440 0.2 4.5
DahA 295 292,428 0.3 3.6
DalP 315 292,428 0.4 6.7
BghiP 285 292,428 0.3 159
IcdP 300 - - 9.3
DaeP 310 280, 404 0.8 5.7
DaiP 240 390, 439 0.4 6.2
DahP 310 260, 456 0.4 2.0

and the injection volume was 5 or 10 pL. ACY, CPcdP,
BjE and indeno(1,2,3-cd]pyrene (IcdP) were quanti-
fied by UV, at 230 nm for both ACY and CPcdP, 240 nm
for BjE and 300 nm for IcdP. For the other PAHs, a
time program of the excitation and emission wave-
lengths was performed and they were quantified
with FD. The wavelengths are reported in Table 1.

2.3. SPE procedure

The SPE cartridges were Hypersep (25 mg of trifunc-
tional octadecyl non-end-capped silica, 40-63 pum,
60 A, 520 m?/g, 21-23% carbon, ThermoFisher Sci-
entific), Versaplate (25 mg of trifunctional octade-
cyl end-capped silica, 40 wm, 60 A, 500 m?/ g, 17.4%
carbon, Agilent Technologies) and BondElut SPEC
(30 mg of trifunctional octadecyl non-end-capped

silica, 70 A, 220 m?/ g, 7% carbon, Agilent Technolo-
gies). The first SPE developments were carried out
by percolating ultra-pure water spiked at 5 png/L with
PAHs on the Hypersep cartridges. Except when it is
mentioned, the protocol was as follows: the cartridge
was conditioned with 300 puL each of THE CH30H,
and H,O0:CH3CN (1:1, v/v). After percolating 100 or
200 pLofa H,0:CH3CN (1:1, v/v) mixture spiked with
PAHs, a washing step with 100 uL of H,O:CH3CN
(1:1, v/v) was carried out and the cartridge was next
dried. Finally, the PAHs were eluted with 300 pL of
THE The elution fraction was diluted with water to
obtain a THF:H,O mixture (1:1, v/v) before injection
in LC-DAD/FD system or subjected to evaporation.
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2.4. Optimization of the evaporation step

To enrich the SPE elution fraction, the optimization
of an evaporation step was carried out by evaporat-
ing 200 pL of THF spiked with 5 ug/L of 20 PAHs to
dryness or partially when 10 or 40 pL of an aromatic
solvent (xylene, trimethylbenzene, or toluene) were
added to THE For both approaches, after the evapo-
ration step, the extract was recovered in CH3CN be-
fore its injection in LC-DAD/FD (5 uL).

2.5. Optimization of the protein precipitation
procedure with a design of experiment

The optimization of the protein precipitation pa-
rameters was performed with a design of experiment
(DOE). The DOE was constructed with two levels
for the percentage of CH3CN and heating and three
levels for the percentage of SDS. The DOE was real-
ized with an Earle’s balanced salt solution contain-
ing albumin at 25 g/L (synthetic serum) and spiked
at 4 pg/L with 16 PAHs (acenaphthene (ACE), fluo-
rene (FLO), phenanthrene (PHE), anthracene (ANT),
fluoranthene (FLT), PYR, BcE chrysene (CHR), 5-
methylchrysene (SMCHR), benzo[b]fluoranthene
(BbF), benzolk]fluoranthene (BkF), benzo[a]pyrene
(BaP), dibenzo[a,h]anthracene (DahA), DalP, DaeP,
and DahP) to prevent from wasting precious sera
samples. For these experiments, only 16 PAHSs
among the 24 were selected in order to cover the
whole range of hydrophobicity, except the less hy-
drophobic compounds, naphthalene (NAPH) and
acenaphthylene (ACY) because of their higher LOQs.
All samples were introduced in 2 mL Protein Lobind
tubes (Eppendorf, Montesson, France). The denatu-
ration and the precipitation of the albumin were car-
ried out by adding an aqueous solution containing
10% of SDS (w/v) to achieve a final concentration of
0.1 or 0.2%. Some samples were next heated at 60 °C
during 25 min. Then, different volumes of CH3CN
were added to obtain a final content of 50 or 70%
(v/v) and samples were vortexed. Finally, a centrifu-
gation at 4500 rpm at 4 °C during 30 min was carried
out and the supernatants were collected. Before SPE,
as the samples already contained 700 pL of CH3CN, a
dilution with water to achieve a final content of 50%
of CH3CN in the sample was implemented. After
conditioning the SPE cartridge, 400 uL of the diluted
supernatant were percolated. A washing step with

100 pL of H,O:CH3CN (1:1, v/v) was done and the
cartridge was dried. Finally, the PAHs were eluted
with 300 L of THF and a partial evaporation with the
addition of 40 uL of toluene and a recovered volume
of 35 uL. of CH3CN was performed before injection in
LC-DAD/ED system (5 pL). The measured responses
were the PAH extraction recoveries. The data treat-
ment was performed using JMP 10.0 (S.A.S Institute
Inc, Cary, NC, USA) software.

2.6. Extraction of PAHs from maternal and um-
bilical cord sera

2.6.1. Sample collection and storage

Biological samples were obtained following in-
formed written patient consent and approval from
our local ethics committee (CPP 2015-Mai-13909).
Umbilical cord and maternal blood were collected
with harmonized procedures from patients delivered
in Obstetric Units of Paris’ Hospitals. Sera were ob-
tained after blood centrifugation at 3000 rpm during
15 min and stored at —20 °C in Protein Lobind tubes.

2.6.2. Sera pretreatment procedure

100 uL of maternal or umbilical cord serum were
spiked at 10 pg/L with each PAH except at 20 pug-L™!
for CPcdP and IcdP. A solution containing 10% of
SDS was next added to achieve a final concentration
of 0.2% (w/v). Sample was vortexed and 225 uL of
CH3CN were added. A centrifugation at 4500 rpm
during 30 min at 4 °C was carried out. 300 pL of
supernatant were then collected and 120 pL of wa-
ter were added to obtain a final content of 50% of
CH3CN (v/v). 400 uL of this sample were perco-
lated on SPE cartridge. A washing step with 100 uL
of CH3CN:H,0 (1:1, v/v), a drying and an elution
with 300 puL of THF were implemented. 40 pL of
toluene were added to the elution fraction that was
next vortexed and evaporated. The final extract was
suspended in 100 uL of CH3CN:H,O (1:1, v/v) before
injection in LC-DAD/FD system (10 pL).

3. Results and discussions

3.1. Limits of quantitation of the LC-DAD/FD
analysis

The analysis of the 24 PAHs by LC-DAD/FD was car-
ried out with an Agilent Pursuit PAH (100 x 2.1 mm,
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3 um) column containing a polymeric C18-bonded
silica stationary phase, chosen for its shape selectiv-
ity towards PAHs [33]. Considering the wide polarity
range of the 24 targeted PAHs with log P values from
3.3 up to 7.7 (see Figure S1) [9-12], different temper-
atures (30 and 35 °C), mobile phases (CH3CN and
water, CH30H and water, CH30H plus CH3CN and
water), and gradients were tested to find optimal
conditions implementing a ternary gradient with wa-
ter, CH3CN, and CH3OH (see Figure S2).

The FD detection schedule was optimized by
studying the excitation and emission fluorescence
spectra of each PAH. Nevertheless, some compro-
mises were necessary as it is only possible to change
the wavelengths when the time gap between two
peaks is sufficient. Table 1 presents the LOQ values
(defined as the concentration level that gives a sig-
nal to noise ratio of 10) determined with the opti-
mized fluorescence schedule. They ranged from 0.1
to 1.5 pg/L for an injection volume of 10 pL. It is
worthwhile to notice that no values are given for four
PAHs (ACY, CPcdP, BjE and IcdP) in FD. Indeed, ACY
and CPcdP do not fluoresce while BjF have a poor flu-
orescence. Concerning Icdp, its quantification in UV
was preferred because the resolution was insufficient
to change the excitation and emission wavelengths in
order to better detect it in FD. The LOQs were also
determined in UV, at the maximal absorption wave-
length of each PAH (see Table 1), and are comprised
between 0.7 and 15.9 ng/L. As expected, except for
ACY, CPcdpP BjE IcdP and ANT, these LOQ values are
significantly better in FD than in UV, by factors of 1.8
to 63. This is why FD was used for quantitation of
all these PAHs. For ANT, LOQs in LC-UV and -FD are
very close and FD was chosen in order to exploit its
specificity for the analysis of real samples. It can also
be noticed that the obtained LOQs for these standard
solutions are close to the expected concentrations in
sera already determined in literature thus indicating
that the sample pretreatment method does not ne-
cessitate to provide a high enrichment factor. This
should favor the possibility of using reduced sample
volumes, which is often required by cohort leader.

3.2. Development of the SPE procedure

In order to determine PAHs at trace level in sera that
are complex biological samples, a purification and

extraction by SPE on C18-bonded silica-based sor-
bent was optimized in order to remove as much as
possible matrix components.

3.2.1. Choice of the percolation solvent

The solubility of some PAHs is very low in aqueous
solutions, particularly for the high molecular weight
PAHs. This can induce their adsorption on the vial or
cartridge walls and consequently their loss and then
the underestimation of their concentration in sam-
ples. The strategy to avoid their adsorption consists
in adding some organic solvent in the sample. More-
over, the treatment of serum samples as envisaged
in this study, generally required a first precipitation
step usually carried out in organic solvent that will
also prevent the risk of loss of PAHs by adsorption
to proteins. Therefore, the critical parameters are
the solvent nature and its proportion to add in the
sample without reducing too much the breakthrough
volume of the lowest molecular weight PAHs. Pre-
liminary experiments were performed by percolating
water containing 30% of CH3OH, CH3CN or iso-
propanol and spiked with CHR, BaP, and DaiP i.e.
three PAHs selected to be representative of some of
the most hydrophobic targeted ones. For the wash-
ing step, an CH3CN:H»O (1:1, v/v) mixture was cho-
sen to remove some potential interferents that could
be present latter in real samples since it has a slightly
higher eluent strength than the percolation media. A
volume of 100 uL of this solution was introduced to
limit the risk of reaching the breakthrough volume
of the most polar PAHs. For the elution step, one has
to select a solvent able to disrupt the interactions
between the analytes and the sorbent with a volume
as low as possible to either lead to some enrich-
ment or to limit the time of the potential subsequent
evaporation step. In literature, THF [34] or mixtures
of hexane:CH,Cl, (1/1) [28,29] and CH3CN:butyl
chloride (55/45) [31] or ethyl acetate [30] were used.
THF was selected, with an elution volume of 300
pL. Figure 1 shows the resulting average extraction
recoveries obtained with this SPE protocol, perco-
lating 100 pL of hydro-organic mixtures (7:3, v/v)
spiked at 5 pg/L with the three PAHs on 25 mg of a
C18-bonded silica (Hypersep). It appears that the
DaiP concentration in the elution fraction was below
the LOQ whereas it was not the case with CH3CN
and isopropanol. CH3OH appears as too polar to
ensure the solubilization of this highly hydrophobic



Stéphanie Swiha et al. 203

PAH (log P(DaiP) = 7.3), leading to its adsorption on
the vial or cartridge walls. Therefore, CH3OH was
removed for the end of the study.

An ANOVA test (@ = 5%) demonstrated that the
recoveries of the three PAHs obtained after perco-
lating them in 30% of CH3CN or isopropanol were
not significantly different. Nevertheless, CH3CN led
to lower standard deviation (SD) values than iso-
propanol and was thus preferred. Its proportion in
the sample was next increased up to 50% to favor the
PAH solubility, especially for the most hydrophobic
ones. It appears in Figure 1 that the obtained extrac-
tion recoveries did not significantly change for CHR
and BaP (ANOVA test, @« = 5%), but was increased for
DaiP. Therefore, for the rest of the development of
the SPE step, a content of 50% of CH3CN was added
in the percolation media.

3.2.2. Choice of the eluting solvent

Another solvent with a higher elution strength
(g9), CH3CN, was evaluated for the desorption of the
retained PAHs on the cartridge. The experiments
were performed with a spiked CH3CN:H,O (1:1, v/v)
mixture solution and the same washing conditions
described in Section 3.2.1 (n = 3). It was observed
that CH3CN did not allow the elution of DaiP, and
led to not significantly different extraction recover-
ies for CHR, and lower ones (47%) for BaP (ANOVA
test, @ = 5%) compared to THF (68%). Therefore, THF
was the best choice as eluting solvent and the results
were in good agreements with the £( values of CH3CN
(9 =3.1) and THF (&g = 3.7), which give a measure of
their elution strength on a C18-based sorbent [35].

3.2.3. Comparison of three different SPE sorbents

In order to select a C18-based sorbent favoring
the PAH extraction and leading to the best recov-
eries, three SPE cartridges containing 25 or 30 mg
of C18-bonded silica from different suppliers that
mainly differ by their carbon content were evaluated
(see Section 2.3) by applying the optimized condi-
tions. For these experiments, nine PAHs among the
24 were selected in order to cover the whole range
of hydrophobicity, except the less hydrophobic com-
pounds, NAPH and ACY, because of their higher
LOQ (see Table 1). After conditioning the SPE sor-
bents, 200 uL of HyO:CH3CN (1:1, v/v) spiked with
the nine PAHs were percolated. After washing and
drying, PAHs were eluted with 300 uL of THE Results

are reported in Figure 2. High extraction recoveries
between 65% and 98% were obtained. An ANOVA
test (@ = 5%) demonstrated that the recoveries ob-
tained on the three sorbents for each PAH were not
significantly different. The single exception was for
5MCHR, which has a significantly higher extraction
recovery with the Hypersep cartridge. Therefore, the
Hypersep cartridge was preferred for the end of the
study.

3.2.4. Study of the evaporation step

At this stage of the study, the SPE elution frac-
tion had never been evaporated before its LC
analysis. The introduction of an evaporation step
was next evaluated to improve the enrichment factor
and the method sensitivity, but this step can also
induce some loss of the most volatile PAHs. To evalu-
ate this risk, 200 uL of THF was spiked with 20 PAHs
and was evaporated to dryness and further recon-
stituted in 50 pL of CH3CN before analysis. Results
are reported in Figure 3. This evaporation step led to
the partial loss of the five most volatile PAHs (NAPH,
ACE, FLO, PHE, and ANT). Their recoveries ranged
from 15% (NAPH) to 54% (ANT) with SD values up to
20%. For the other PAHs, the losses were lower and
the recoveries were higher than 70%. To improve the
recoveries of the most volatile PAHs, a small volume
of an aromatic solvent having a low volatility and able
to develop 7—7t interactions with PAHs was added in
the extract before starting the evaporation and the
evaporation was stopped before a complete dryness
in order to trap all PAHs in this small residual volume
of the aromatic solvent, this volume being controlled
thanks to the shape of the used vials. For these ex-
periments, three aromatic solvents were selected:
toluene (boiling point (BP): 110.6 °C, vapor pressure
(VP): 0.29 kPa), xylene (BP: 144.4 °C, VP: 0.8 kPa), and
trimethylbenzene (BP: 175 °C, VP: 0.18 kPa). First,
10 pL of each aromatic solvent was added in 200 pL
of THF spiked at 5 pug/L with each PAH. The evap-
oration was stopped before dryness (last drop) and
the extract was diluted with 50 pL of CH3CN before
analysis. Figure 3 presents the obtained results.

With xylene, the quantitation of NAPH, BcE and
BaA was not possible because of the presence of
co-eluting peaks in the chromatogram due to xylene
and its impurities. There was a similar problem with
trimethylbenzene, which prevents from the quantita-
tion of ACE and FLO. Therefore, toluene was selected.
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Figure 1. Effect of the nature and the volume of organic solvent (30% or 50%) introduced in spiked
water on the extraction recoveries. SPE procedure (Hypersep cartridge): percolation of 100 puL of water
containing 30 or 50% of the organic studied solvent and spiked with 5 pg/L of each PAH, washing with
100 pL of CH3CN:H,0 (1:1, v/v), and elution with 300 uL of THE dilution of the THF extract with water
(THF:H»0, v:v, 1/1) (n = 3). * not quantifiable PAH.
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Figure 2. Comparison of the extraction recoveries obtained using three different SPE sorbents. SPE
procedure: percolation of 100 pL of CH3CN:H,O sample (1:1, v/v) spiked with 5 pg/L of each PAH,
washing with 100 uL of CH3CN:H, O (1:1, v/v) and elution with 300 pL of THF (n = 3).
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Figure 3. Effect of the nature and the volume of the aromatic solvent added in 200 pl of THF and spiked
with 5 ug/L of each PAH on extraction recoveries. The extract was recovered in 50 puL of CH3CN before
analysis (n = 3). * not quantifiable PAHs.
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Nevertheless, 10 uL of toluene were not sufficient to
ensure high recoveries for NAPH, ACE, FLO, and ANT.
Then, the effect of the addition of 40 uL of toluene
was evaluated. In that case, the recoveries for the
five most volatile PAHs were improved: about 50% for
NAPH, 60% for DahP, and above 80% for all the other
PAHs. Only DahP has a lower recovery than without
the addition of an aromatic solvent. The addition of
40 uL of toluene in the SPE extract before its evapora-
tion was then selected to limit the loss of most of the
PAHs.

Then, different volumes of CH3CN (50, 100, and
150 uL) were tested for the dilution of the extracts af-
ter evaporation and before injection in LC. Accord-
ing to the ANOVA test (@ = 5%), the extraction yields
were similar for all the tested volumes except for
DahP (data not shown) for which a volume of 150 pL
of CH3CN gave higher extraction recoveries (87%).
Therefore, 150 pL of CH3CN was selected for the op-
timization of the next step.

3.2.5. Optimization of the elution volume

As described previously, two elution solvents were
tested, CH3CN and THE and THF was preferred. At
this stage, 300 pL of THF were used for the elution
but it is important to ensure that this volume is suffi-
cient to elute the most hydrophobic PAHs from the
SPE cartridge. This is why an increase in the elu-
tion volume was studied. Three volumes of THF were
tested: 300, 400 and 500 pL and Figure 4 presents
the obtained recoveries. An ANOVA test (@ = 5%)
demonstrated that they are not significantly differ-
ent except for NAPH and IcdP. NAPH is the most po-
lar and the most volatile PAH and its recovery de-
creases when the elution volume increases. This
cannot be due to a problem of desorption from the
SPE cartridge but rather to the subsequent evapo-
ration step that takes a longer time, leading to an
increasing lost of this volatile compound. For IcdP,
there is a decrease in the recovery with the increase
in the elution volume. This unexpected result for
this highly hydrophobic compound may be also due
to the evaporation step. Indeed, with a higher elu-
tion volume to evaporate, the compound may ad-
sorb on the entire walls of the vials and may be-
come more difficult to recover within a resuspen-
sion volume of 150 pL of CH3CN even after vortex-
ing. This is why a volume of 300 uL of THF was finally
selected.

3.2.6. Improvement of the enrichment factor

At this stage of the study, almost all the param-
eters of the pretreatment steps were optimized ex-
cept the sample volume and the final volume of
solvent to recover compounds after the evaporation
just before analysis. Both are key parameters for
the recoveries and enrichment factors of the SPE
procedure, that have to be as high as possible to de-
tect the PAHs present at trace levels in real samples.
The loading volume was first increased from 200 to
400 pL. The obtained extraction recoveries are pre-
sented in Figure 5. For the first four less hydrophobic
PAHs, a dramatic decrease was observed. Indeed,
a loading volume of 400 pL followed by a washing
volume of 100 pL may exceed their breakthrough
volumes. For the other PAHs, the obtained extraction
recoveries were quite similar and SD values were
between 2 and 17% for both conditions. As the aim
of this study was to quantify the 24 listed PAHs at
trace levels, a compromise had to be made and a
loading volume of 400 pL was chosen to favor the
enrichment factor.

The volume needed for recovering all the PAHs
after the evaporation and before analysis was finally
studied. For this, three volumes of CH3CN were
tested: 35, 100, and 150 pl. According to the results
presented in Figure 6 and the ANOVA test (a = 5%),
the extraction recoveries were not significantly dif-
ferent. To improve LOQs, the injection volume of
5 uL used for all the injection achieved for the devel-
opment of the SPE procedure was increased to 10 uL,
which prevents from the use of 35 uL as volume use
to dilute the final extract after the evaporation step.
Therefore, a volume of 100 pL was selected. How-
ever, an injection volume of 10 uL of PAHs in CH3CN
induced a peak deformation for the first eluted PAHs.
Therefore, the 100 uL of CH3CN was replaced by
the addition of 50 uL of CH3CN for resuspension
followed by 50 pL of H»O. Finally, the optimized SPE
protocol with spiked pure media, at this stage, was:
percolation of 400 uL of H,O:CH3CN (1:1, v/v),
washing with 100 pL of H»O:CH3CN (1:1, v/v),
drying, elution with 300 uL of THE addition of 40 pL
of toluene in the elution fraction, partial evaporation
(last drop), and dilution of the extract with 100 pL of
H,0:CH3CN (1:1, v/v) before analysis.
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Figure 4. Optimization of the SPE elution volume. SPE procedure (Hypersep cartridge): percolation
of 200 uL of CH3CN:H,O (1:1, v/v) spiked with 5 pg/L of each PAH except ACY, CPcdP, BjE and IcdP
at 50 pg/L, washing with 100 uL of CH3CN:H,O (1:1, v/v), elution with THE and partial evaporation
(addition of 40 uL of toluene in the elution fraction). The extract was recovered with 150 uL of CH3CN

before analysis (n = 3).
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Figure 5. Optimization of the SPE percolation volume. SPE procedure (Hypersep cartridge): percolation
0f200 pL or 400 pL. of CH3CN:H, O sample (1:1, v/v) spiked with 5 png/L of each PAH except for ACY, CPcdP,
BjE and IcdP at 50 ng/L, washing with 100 pL of CH3CN:H,O (1:1, v/v), elution with 300 puL of THF and
partial evaporation (addition of 40 uL of toluene in the elution fraction). The extract was recovered with

150 pL of CH3CN before analysis (1 = 3).

3.3. Optimization of the protein precipitation
procedure by a DOE

Previous results were obtained for spiked pure me-
dia. Nevertheless, the analysis of real sera is targeted.
Therefore, it is necessary to proceed first to the pre-
cipitation of the proteins contained in the sera mini-
mizing PAHs losses that may occur due to their po-
tential interactions with the serum proteins. The
traditional approach involves the addition of an or-

ganic solvent, but also of a surfactant, such as
SDS [36-39]. The CH3CN percentage, SDS concen-
tration, and temperature may affect these interac-
tions. A DOE-based approach was selected to study
the potential effects and interactions of these three
factors and determine the optimum precipitation
conditions.

According to literature and the conventional pro-
tocols used for protein precipitation, the low and
high levels for the CH3CN content was fixed at 50
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Figure 6. Optimization of the resuspension volume after evaporation before LC analysis. SPE procedure
(Hypersep cartridge): percolation of 400 puL of CH3CN:H,0 sample (1:1, v/v) spiked with 5 pug/L of each
PAH except for ACY, CPcdP, BjE and IcdP at 50 pg/L, washing with 100 pL of CH3CN:H,O (1:1, v/v), elution
with 300 pL of THE and partial evaporation (addition of 40 pL of toluene in the elution fraction). The
extract was recovered with 35, 100 or 150 uL of CH3CN (n = 3).

and 70% (v/v), respectively [36,37], the three lev-
els of SDS were fixed at 0, 0.1, and 0.2% (v/w) [38],
and the precipitation was carried out at 25 °C (rt)
for 2 min or at 60 °C during 25 min [39]. Table 2
presents the coded and non-coded values for each
factor. The experiments were next carried out with
16 PAHs representative of the log P range of the 24
targeted ones (except for NAPH and ACY, the less hy-
drophobic compounds because of their higher LOQs)
and, it is worthwhile to notice it, with a synthetic
serum (Earle’s balanced salt solution containing al-
bumin at 25 g/L). Indeed, to carry out this DOE
with sera, 4.5 mL (300 pL x 15 experiments) would
have been necessary whereas sera are highly precious
samples.

The considered responses were the recoveries of
the 16 PAHs and these data are reported in Table S1.
A polynomial model was used to identify the factors
impacting the PAH recoveries during the protein
precipitation step. Using a classical least-squares
multiple linear regression, the model coefficients
were estimated to evaluate factor effects. Coefficient
significance was evaluated using a t-test comparing
the coefficient estimate to its standard-deviation ob-
tained from the repeated experiments and the results
are presented Figure S3. A factor or an interaction
was considered as significant with a 5% risk of the
first kind if the value of P > ¢ was lower than 0.05.
First, the change from 50 to 70% of CH3CN had no
significant effect for all the studied PAHs except for

FLO. It seems then that 50% of CH3CN are sufficient
to disrupt the PAH-protein interactions. Similarly,
the SDS content had no significant effect on the PAH
recoveries. Considering temperature, a negative ef-
fect on PAH recoveries was observed for all the PAHs
except DahP. Moreover, the interaction between SDS
content and temperature had also a significant neg-
ative effect for 11 of the 16 studied PAHs. Finally, the
interaction between the SDS content and CH3CN
percentage had a negative significant effect for
seven PAHs.

The Derringer’s desirability function was next
used to determine the precipitation conditions
giving rise to the highest PAH recoveries. Each re-
sponse was transformed on a scale between 0 (corre-
sponding to the most undesirable value) and 1 (rep-
resenting the value that most fulfilled the require-
ments). The value of each transformed response
was called “desirability value”. The global desirabil-
ity was calculated by multiplying all the individual
desirability values. Finally, this global desirability
was maximized to determine the predicted optimum
(see Figure S4): the coded values of the predicted
optimum were (1, —1, 3), which correspond to 70%
of CH3CN (v/v), 0.2% of SDS (w/v), and precipitation
done at rt for 2 min.

This optimum corresponded to one of the exper-
imental points tested during the DOE, for which it
appeared that the obtained PAH recoveries are very
close to the ones obtained with another experimen-
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Table 2. 2 x 2 x 3 factorial design with the different factors studied for their potential impact on the PAH
recoveries during the protein precipitation (test with a synthetic serum: Earle’s balanced salt solution
containing albumin at 25 g/L spiked with 16 PAHs at 4 ug/L each)

Order Coded values Experimental values
[CH3CN] Precipitation [SDS] [CH3CN]  Precipitation [SDS]
conditions (%, v/v) conditions (%, w/v)
1 +1 +1 3 70 25 min at 60 °C 0.2
2 +1 +1 1 70 25 min at 60 °C 0
3 +1 +1 1 70 25 min at 60 °C 0
4 -1 -1 2 50 2 min at 25 °C 0.1
5 +1 -1 2 70 2 min at 25 °C 0.1
6 +1 -1 3 70 2 min at 25 °C 0.2
7 +1 -1 3 70 2 min at 25 °C 0.2
8 -1 -1 3 50 2 min at 25 °C 0.2
9 -1 +1 1 50 25 min at 60 °C 0
10 -1 +1 1 50 25 min at 60 °C 0
11 +1 -1 1 70 2 min at 25 °C 0
12 +1 +1 2 70 25 min at 60 °C 0.1
13 -1 +1 2 50 25 min at 60 °C 0.1
14 -1 +1 3 50 25 min at 60 °C 0.2
15 -1 -1 1 50 2 min at 25 °C 0

tal condition using the same content of CH3CN (70%)
and no heating, but with only 0.1% of SDS. Therefore,
both experimental conditions were tested again, but
with the 24 PAHs at a spiking level of 10 ug/L. For the
predicted optimum, extraction recoveries were be-
tween 28 and 82% with SD values lower than 16%,
in agreement with the predicted recoveries, whereas
for the other experimental condition, they were be-
tween 33% and 81% with SD values lower than 14%.
An ANOVA test (@« = 5%) demonstrated that the ex-
traction recoveries were not significantly different for
both conditions (data not shown). Therefore, the pre-
dicted optimum by the DOE was preferred.

3.4. Extraction of the PAHs from maternal and
umbilical cord sera

After the optimization of the different steps of the
sample handling with spiked pure media and a syn-
thetic serum, the extraction efficiency of this proce-
dure was evaluated in real biological fluids for the
24 PAHs by spiking pooled maternal and umbilical
cord sera at 10 pug/L for each PAH except for CPcdP

and IcdP at 20 pg/L. 100 uL of pooled maternal and
umbilical cord sera were used for each experiment
carried out in triplicate. The protein precipitation
was made by adding 233 uL of CH3CN plus 0.2% SDS.
300 uL of the supernatant were taken and water was
added to decrease the CH3CN proportion from 70 to
50%. 400 pL of this mixture were percolated through
the SPE cartridge and were recovered after elution
and evaporation in 100 pL of H,O:CH3CN (1:1, v/v)
before analysis. Figure 7 shows the resulting chro-
matograms and Table 3 the calculated extraction re-
coveries. It is worthwhile to notice that the pooled
sera were also analyzed without spiking to evalu-
ate the potential presence of endogenous PAHs and
correct the resulting extraction recoveries, but no
PAHs were detected in this pooled sample.
Extraction recoveries were between 27 and 57% for
maternal sera and between 34 and 69% for umbilical
cord sera, with SD values lower than 11% thus high-
lighting the reliability of the developed method ap-
plied to complex samples. These recoveries are quite
inferior to the ones obtained with spiked pure me-
dia (between 24 and 82%) (Table 3), but for which
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Figure 7. LC/UV/FD chromatograms of the extracted pooled maternal (A) and umbilical cord (B) sera
spiked with 24 PAHs at 10 pg/L except CPcdP and IcdP at 20 pg/L. Other conditions: see Section 2.2. 1,
NAPH; 2, ACE; 3, FLO; 4, PHE; 5, ANT; 6, FLT; 7, PYR; 8, BcF; 9, BaA; 10, CHR; 11, 5MCHR; 12, BbF; 13, BKF;
14, BaP; 15, DahA; 16, DalP; 17, BghiP; 18, DaeP; 19, DaiP; 20, DahP.

no precipitation was involved. This may also result
from a matrix effect. Moreover, the extraction recov-
eries for maternal sera are lower than those obtained
with umbilical cord sera, especially for BaA to DahP.
Therefore, the matrix effect seems to be different for
both kinds of sera. Unfortunately, it was not possi-
ble to quantitate CPcdP and IcdP, because some im-
purities co-eluted with them. This is why it is pos-
sible to conclude that the developed whole sample
pretreatment led to good extraction recoveries for 22
of the 24 listed PAHs. These extraction recoveries are
inferior to the values given in literature [6,19,20,24],
ranging from 77 to 122%, but it is worthwhile to no-
tice that here 22 compounds with a wide range of log
P were targeted against only between five and 16 US-
EPA PAHs in literature.

The whole sample pretreatment led to ratio be-
tween the sample volume and the final extract vol-
ume of 0.95. Considering the extraction recoveries,
enrichment factors ranged from 0.3 to 0.5 and from
0.3 to 0.7 for maternal and umbilical cord sera, re-
spectively. This led to LOQs in sera between 0.2 and
3.1 ug/L for the 20 fluorescent PAHs and between
7.0 and 14.5 ug/L for the two others PAHs (calcula-
tion for a signal to noise ratio equal to 10), which
are close to the expected concentrations in real sam-
ples [6,14,21,27-31]. In literature, LOQ values be-

tween 0.01 and 2.5 pg/L were reached, but requiring
a serum volume at least 10 times larger, i.e. 1 or 2 mL
of serum [6,20,21,24].

The optimized sample handling, separation, and
detection steps require a total analysis time of 1 h 40
and the SPE and analytical steps can be automated.
This constitutes also a significant improvement over
the literature where serum sample handling always
required at least three LLE steps followed most often
by an additional SPE step [6,19-21,24,25]. After vali-
dation, it should allow the analysis of a large number
of real samples.

4. Conclusions

The analysis of the 24 listed PAHs by LC-DAD/FD
was developed. Then, different parameters govern-
ing the SPE procedure were studied to optimize the
extraction recoveries on C18 silica of the 24 PAHs
belonging to a large range polarity (lop P values
between 3.3 and 7.7). The use of an aromatic
solvent was proposed to minimize the loss of the
most volatile PAHs during the evaporation step. A
DOE was used to optimize the protein precipitation
conditions. The performances of the whole sample
pretreatment were determined for 22 PAHs and for
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Table 3. Extraction recoveries (R%) and SD (n = 3) of 24 PAHs in spiked CH3CN:H,O mixture, pooled

maternal and umbilical cord sera

PAHs Spiked CH3CN:H,O (1:1, v/v) Spiked maternal serum Spiked umbilical cord serum
R (%) SD (%) R (%) SD (%) R (%) SD (%)
NAPH 27 13 46 11 47 11
ACY 24 5 31 2 34 2
ACE 35 10 40 7 48 4
FLO 38 7 40 5 48 4
PHE 47 5 45 10 51 2
ANT 51 4 39 5 53 2
FLT 64 5 52 8 62 5
PYR 66 9 57 6 68 9
BcF 62 7 53 5 64 4
CPcdP 64 6 NQ - NQ -
BaA 55 5 51 4 68 2
CHR 67 7 55 3 69 3
5MCHR 71 8 51 6 64 4
BjF 71 2 41 6 60 2
BbF 68 7 51 3 69 5
BkF 69 8 51 4 67 4
BaP 68 8 48 3 65 4
DahA 74 9 46 2 68 7
DalP 70 6 33 1 66 10
BghiP 82 8 40 1 59 3
IcdP 75 6 NQ - NQ -
DaeP 77 9 37 2 61
DaiP 72 8 28 1 54 5
DahP 67 8 27 2 47 3

Precipitation step: 0.2% of SDS and 70% of CH3CN. SPE (Hypersep cartridge): percolation of 400 pL
of spiked sample with 10 ng/L of each PAH except for CPcdP, BjF and IcdP at 20 pg/L, washing with
100 pL of CH3CN:H,O (1:1, v/v), elution with 300 uL of THF and partial evaporation (addition of 40
uL of toluene in the elution fraction). The extract was further recovered with 100 uL of CH3CN:H,O

(1:1, v/v). NQ: Non-quantifiable.

a reduced volume of 100 1L of maternal and umbil-
ical cord sera. The LOQs obtained for both matri-
ces were between 0.2 and 3.1 pg/L for the fluores-
cent PAHs and between 7.0 and 14.5 ng/Lfor ACY and
BjF (UV detection). The optimized sample handling,
separation, and detection steps require a total anal-
ysis time of only 1 h 40 and the SPE and analytical
steps can be automated. The next step will consist in
validating this method, which will allow its use for the
analysis of numerous real samples. The consistency

of the resulting data will enable to carry out epidemi-
ologic studies.
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ACE, acenaphthene; ACY, acenaphthylene; ANT,
anthracene; BaA, benzola]anthracene; BaP,
benzo[alpyrene; BbE benzo[b]fluoranthene; BcE
benzol[c]fluorene; BghiP, benzo[gh,ilpyrene; BjE
benzo[jlfluorene; BKE benzo(k]fluoranthene; CHR,
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DahP, dibenzo[a,h]pyrene; DaiP, dibenzo[a,i]pyrene;
DalP, dibenzol[allpyrene; FLO, fluorene; FLT, fluo-
ranthene; IcdP, indeno[1,2,3-cd]pyrene; 5SMCHR, 5-
methylchrysene; NAPH, naphthalene; PHE, phenan-
threne; PYR, pyrene; SDS, sodium dodecyl sulfate.
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