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CONSPECTUS

The improvement of molecular diversity is one

of the major concerns of chemists since the
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this respect, cyclic p-amino acids are of great

interest with applications in various fields of ik :

chemistry. Beside intrinsic biological properties,
ABOC

they are important precursors for the synthesis of i

new generations of bioactive compounds such as

antibiotics, enzyme inhibitors and antitumor agents.

They have also been involved in asymmetric

synthesis as efficient organo-catalysts in their free form and as derivatives. Finally, constrained cyclic f-amino acids have been incorporated into
oligomers to successfully stabilize original structures in foldamer science with recent successes in health, material science and catalysis. Over the
last ~10 years, we focused on bicyclic f-amino acids possessing a bicyclo[2.2.2]octane structure. This latter is a structural key element in
numerous families of biologically active natural and synthetic products and is an interesting template for asymmetric synthesis. Nonetheless,
reported studies on bicyclic carbo-bridged compounds are rather limited compared to those on bicyclic-fused and hetero-bridged derivatives. In
this Account, we particularly focused on the synthesis and applications of the 1-aminobicyclo[2.2.2]octane-2-carboxylic acid, named ABOC, and
its derivatives. This highly constrained bicyclic f-amino acid, with a sterically hindered bridgehead primary amine and an endocyclic chiral
center displays drastically reduced conformational freedom. In addition, its high bulkiness strongly impacts the spatial orientation of the
appended functionalities and the conformation of adjacent building blocks. Thus, we have first expanded a fundamental synthetic work by a wide
ranging study in the field of foldamers, in the design of various stable peptide/peptidomimetic helical structures incorporating the ABOC residue
(11/9-, 18/16-, 12/14/14- and 12/10-helices). In addition, such bicyclic residue was fully compatible with and stabilized the canonical oligourea
helix whereas very few cyclic B-amino acids have been incorporated into oligoureas. Besides, we have pursued with the synthesis of some ABOC
derivatives, in particular the 1,2-diaminobicyclo[2.2.2]octane chiral diamine, named DABO, and its investigation in chiral catalytic system.
Covalent organo-catalysis of the aldol reaction using ABOC containing tripeptide catalysts provided a range of aldol products with high
enantioselectivity. Moreover, the double reductive condensation of DABO with various aldehydes allowed to build new chiral ligands that proved
their efficiency in the copper-catalysed asymmetric Henry reaction.
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ligands whose combined with Cu(OAc); led to efficient catalysts for the asymmetric Henry

reaction of nitromethane with various aldehydes.

1. INTRODUCTION

B-amino acids are of great interest in various fields of organic and bioorganic chemistry such
as medicinal, supramolecular chemistry and asymmetric catalysis.” They have been frequently
found in numerous bioactive natural products from various microorganisms and are essential
monomers in natural antitumor agents such as taxol and bleomycin.’ Compared to the common
a-amino acids, they possess one extra backbone carbon atom, which improved their stability and,
B-peptides are inert to proteases. Consequently, they have been widely incorporated into peptides
to generate peptidomimetics exhibiting significantly improved pharmacokinetic profiles.
Furthermore, the early works from Seebach, Gellman, and co-workers have shown that 3-amino
acid oligomers can fold into original architectures reminiscent of the protein secondary
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structures, and gave rise to the field of foldamers. In this context, great efforts have been

made to enlarge the B-amino acid family by developing conformationally constrained cyclic -
amino acids.'' To date, a broad range of single ring systems of different sizes have been
synthesized and successfully used as precursors of various bioactive compounds such as
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antibiotics, enzyme inhibitors, antitumoral compounds. They have also been involved in

asymmetric synthesis as efficient organo-catalysts both in their free form and their

. 14,15
derivatives.

Their incorporation into oligomers significantly enlarged the diversity of
foldamer structures, and allowed the development of innovative foldamers as therapeutic

candidates'® as well as catalysts of complex chemical reactions.'’



Over the past ten years, we focused on highly constrained amino acids built around a
bicyclo[2.2.2]octane structure. Bicyclic molecules are less flexible and bulkier than single-ring
compounds, and such a strengthened conformational restriction has been successfully used in the
optimization of relevant molecules. Some bioactive natural and synthetic products containing a
bicyclo[2.2.2]octane skeleton were reported,'™'? while derivatives of this scaffold were used as

templates for organic and asymmetric synthesis.”**'

In the B-amino acid series, bulky bicyclic
side chains significantly reduce the accessible range of backbone torsion angles, but also strongly
influence the spatial orientation of adjacent chemical groups and building blocks. It is
noteworthy that bicyclic carbo-bridged scaffolds have been less studied than bicyclic-fused and
hetero-bridged systems. Among them, the synthesis of bicyclo[2.2.1]heptane derivatives was the
most reported along with few examples of the synthesis of 3-aminobicyclo[2.2.2]octane-2-

. . S 22-24
carboxylic acids and derivatives.

In the following parts, we discuss our efforts towards the
synthesis of the enantiopure (R)- and (S)-1-aminobicyclo[2.2.2]octane-2-carboxylic acid
(ABOC),” a highly constrained bicyclic p-amino acid bearing a bridgehead amino group as well
as its diamine derivative, the 1,2-diaminobicyclo[2.2.2]octane (DABO).*® Our first motivation
was to investigate the propensity of such building blocks to accommodate secondary structures

in hybrid/mixed oligoamides'~*"** and in oligoureas.”**~° Then, we assessed ABOC and DABO

derivatives as effective enantioselective catalysts.*'
2. SYNTHESIS OF ENANTIOPURE ABOC AND DABO

The route towards the original bicyclic f-amino acid ABOC involved an asymmetric Diels-Alder
cycloaddition between the aminodiene 2 and the acrylate 1 equipped with the pantolactone-based
chiral auxiliary (Scheme 1).* The Diels-Alder cycloaddition between the dienophile (S)-1 and

the diene 2 under microwave irradiation in solvent-free conditions resulted in a mixture of the



expected cycloadducts in good yield (91%). Despite the moderate endo/exo selectivity (67%), an
excellent facial selectivity (90%) allowed to isolate the (S)-1-aminobicyclo[2.2.2]octane-2-
carboxylic acid (S5)-3 [(S)-ABOC] after separation by column chromatography, cleavage of the
chiral auxiliary and concomitant hydrogenation/hydrogenolysis. The (R)-ABOC (R)-3

enantiomer was obtained using the same procedure starting from the dienophile (R)-1.

Scheme 1: Synthesis of H-(S)-ABOC-OH 3.
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We then explored the pathway towards the bridged bicyclic diamino derivative of ABOC, i.e.
(R)- and (S)-DABO 17 (Scheme 2). The high interest in chiral diamines and their derivatives lies
on their occurrence in biologically active compounds as well as their importance in

stereoselective catalytic processes in a broad variety of organic reactions.>



Scheme 2: Synthesis of enantiopure (R)/(S)-DABO 17.
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A straightforward strategy to synthesize the diamine DABO proceeded through the
rearrangement of the carboxylic acid moiety of ABOC to an amine. Hofmann experimental
conditions were explored, starting from the saturated rac-6 or unsaturated “mix”-7 derivatives of
Z-ABOC-OH obtained using non-asymmetric Diels-Alder cycloaddition between the diene 2 and
neat methyl acrylate 4 under microwave activation at 150°C (Scheme 2A.).%° The cycloadduct
“mix”-5 was isolated in good yield but as a rather complex diastereomeric mixture due to both

poor endo/exo and facial selectivity. Hydrogenation of the double bond in the presence of



Wilkinson's catalyst followed by saponification of the methyl ester yielded the racemic N-
benzyloxycarbonyl protected ABOC [rac-Z-ABOC-OH, rac-6)] whereas direct saponification
yielded “mix”-7. The Hofmann rearrangement of the bicyclo[2.2.2]oct-5-ene amide derivative 9
carried out under mild conditions®* (Scheme 2B.) led mainly to the expected 1,2-diamine 12. By
contrast, an unexpected divergent outcome investigated by DFT® was observed under the same
experimental conditions when using the saturated amide 8, affording mainly the corresponding
cyclic urea 10 via an intramolecular trapping of the isocyanate intermediate by the carbamate
nitrogen. After screening a few chiral alcohols to resolve the rather complex stereoisomeric
mixture of unsaturated “mix”-7, pyrrolidinone 14 was identified as the most efficient auxiliary
(Scheme 2C.). Thereby, the two pairs of diastereoisomers were obtained in good yield. Then,
Hofmann rearrangement of each pair of the corresponding amide derivatives 9, followed by N-
protection of the free amine by a trifluoroacetamide group (Tfac) to ease the purification,
saponification and hydrogenation/hydrogenolysis in AcOH yielded the enantiopure (R)- and (S)-

DABO 17 as a diacetate salt.
3. HELICAL PEPTIDE/PEPTIDOMIMETIC FOLDAMERS

We first studied the constrained ABOC building block as a folding element in peptide
sequences (Figure 1 and 2). The carboxylic acid and amino groups of the ABOC residue were
locked in a synclinal position that could potentially favour a turn within peptides. Reverse turns
that are key structural motifs in biologically active peptides and proteins, have been often
substituted by dipeptide mimics and to a lesser extent by B-amino acids.”>**>>" Therefore, we
have evaluated the ability of the ABOC motif to induce a turn in peptide sequences. For that
purpose, following the Boc standard peptide strategy in solution, we have synthesized two model

peptides, incorporating the ABOC motif in central position and varying the capping groups, i.e.



Z-Ala~(S)-ABOC-Phe-NHiPr 18 and iPrCO-Ala-(S)-ABOC-Phe-OCH; 19.' Their structures
were studied in solution by circular dichroism (CD), Fourier transform infrared (FTIR) and
nuclear magnetic resonance (NMR) spectroscopies, and in the solid-state by X-ray diffraction
(XRD). These techniques were combined with molecular dynamics (MD) and DFT calculations.
We showed that ABOC was able to induce a reverse turn both in organic solvents and in the
solid-state. The crystal structure of 18 showed Cy and C;; hydrogen bonds (Figure 1A). Thereby,
these promising results have encouraged us to extend our investigations in the field of peptide

foldamers.
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Figure 1: Hybrid oligoamide structures composed of (S)-ABOC and a-AA.

We focused on the use of ABOC motif in heterogeneous backbone systems that have

significantly enlarged the diversity of attainable molecular architectures.” In this context, we



synthesized hybrid oligomers of various lengths by combining ABOC and proteinogenic o-
amino acids (a-AAs), first with a 1:1 alternation of a-AA/(S)-ABOC residues, and then by
decreasing the ABOC content, with 2:1 and 3:1 alternations (Figure 1B and 1C).>*” Although the
1:1 a-AA/(S)-ABOC crystal structure showed a 9/11-helix consistently with our previous model
tripeptide, we detected a chain-length-dependent conformational polymorphism between the
9/11- and a wider 18/16-helix in solution (Figure 1B).”” The tetramer 20 adopted a 9/11-helix
like in the solid-state, while the hexamer 21 structure was in equilibrium between the 9/11- and
the 18/16-helices, and finally only typical NOE correlations of the 18/16-helix could be detected
for the octamer 22. We hypothesized that the constraints imposed by the crystal lattice and the
packing interactions might favour the 9/11-fold in the solid-state. Interestingly, the
interconversion between the two helices in solution involved a unique rotation of about 90° of
the a-AA ¢ angle, while the other backbone dihedral angle values remained nearly unchanged.
Conformational polymorphism between a 11- and a 14/15-helix was previously reported by
Gellmann and co-workers for oligomers alternating a-AAs and trans-2-aminocyclopentane
carboxylic acids (ACPCs).” On the other side, the 2:1 a-AA/(S)-ABOC sequences 23-25
adopted a single original 12/14/14-helix in solution stabilized by hydrogen bonds with opposite
directionality, forming intramolecular 12- and 14-membered pseudocycles (Figure 1C).” The
geometry of hexamer 24 was particularly attractive since the orientation of a-AA side chains
matched rather well with those in the canonical a-helix. Finally, attempts to further dilute the
ABOC residue among a-amino acids failed to give rise to stable architectures, e.g. short 1:3 a-

AA/(S)-ABOC oligomers did not fold (unpublished results).

In parallel, we investigated ABOC-based B-peptides. In particular, we focused on (S)-ABOC

homo-oligomers and oligomers with a 1:1 alternation of p*-homoamino acids (B*-hAAs) and (S)-
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ABOCs, i.e. B’-hAA/(S)-ABOC mixed oligomers (Figure 2).* B-peptide helices could adopt
various shapes including the 10-, the 10/12-, the 12- and the 14-helices, depending on the f-
amino acid substitution patterns.”” Among them, the 14-helix composed of acyclic p>-hAAs was
extensively studied for therapeutic purposes including protein-protein interaction inhibitors and

drug delivery compounds.*"*

Besides, various homo-oligomers composed of cyclic motifs have
been successfully synthesized and reported in the literature, affording an important contribution
to the field of foldamers.”’ In our case, despite great efforts to obtain homo-ABOC oligomers
and the successful syntheses of various homo-oligomers composed of cyclic motifs reported in
the literature, we failed to elongate the poly-ABOC chain beyond two units. Indeed, the dimer 26
crystal structure showed a flat ribbon structure devoid of hydrogen bonds, both monomers
sharing similar torsion angle values, i.e. ¢ = 59 £ 2°, 0 = 45 + 2° and y = -111 £ 13°
(unpublished results, Figure 2A). Both the rigidity and the steric hindrance of ABOC prevented
the required approach of the third residue for the formation of a subsequent amide bond. In

addition, the flat ‘N-shape’ adopted by consecutive ABOC residues in compound 26 might be

incompatible with helical structures.
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Figure 2: B-peptide structures composed of (S)-ABOCs and B*-hAAs. Comparison of the main

helical parameters for the 9/11-, 18/16-, 12/14/14, and naturally occurring a- and 3;¢-helices.

These results prompted us to study mixed oligomers alternating p*-hAAs and (S)-ABOCs in a
1:1 pattern.”® Incorporation of commercially available acyclic substituted p- homologated
proteinogenic amino acids bearing a broad range of functional groups would allow the
development of versatile oligomers for applications. We successfully synthesized 1:1 pB°-
hAA/ABOC oligomers 27 and 28 of various lengths. Hexamer 28 adopted a stable 12/10-Helix
conformation in various organic solvents (Figure 2B). The mixed hydrogen bonds forming Cjj
and Cj, pseudo rings were in opposite directions along the helix axis, resulting in a smaller
macrodipole generally inducing a weaker stability in polar solvent compared to unidirectional
helices. However, the real plus of the p°>-hAA/ABOC helices was that their stability was not

solvent-dependent while other building block combinations underwent partial or total loss of
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structure in polar solvents.*** We showed by DFT calculations that the strength of the Cjj
hydrogen bonds was significantly higher than in acyclic p>-hAA/B*-hAA model oligomers. The
NH and CO vectors were locked in optimal directions to establish strong C;o hydrogen bonds.
Moreover, the amino group at the ABOC bridgehead involved in the C;( was protected from the

solvent.
4. HELICAL OLIGOUREA FOLDAMERS

In the meantime, we studied the effect of incorporation of bicyclo[2.2.2]octane rings in
oligoureas.>””° Guichard and co-workers have shown earlier that oligoureas derived from
acyclic p>-hAAs, i.e. composed of (S)-2-amino alkyl carbamoyl (AAC) residues, adopt typical
12/14-helices stabilized by bifurcated hydrogen bonds (Figure 3B and 3D).* In this context, the
perspective to develop highly stable helices incorporating a few motifs combining both
constrained bicyclic motifs and bifurcated hydrogen bonds stabilization brought by urea
linkages, have stimulated these researches. Moreover, the longer urea link could significantly
reduce the steric hindrance between bicycles and might allow the synthesis of homo-bicyclic

amino carbamoyl oligomers, i.e. BAC oligoureas.

Thus, we have first successfully synthesized short (S)-BAC oligomers 29, 30 and 31 by
stepwise assembly using the Boc standard strategy and the succinimidyl carbamate derivative of
ABOC [Boc-(S)-BAC-OSu] (Figure 3A).* (S)-BAC oligomers adopted robust right-handed
12/14-helices both in solution and in the solid-state. Topological parameters were closed to those
of the oligourea canonical helix with 2.5 residues per turn, a pitch of 5.1 A, although the ¢ and 0,
torsion angles values were swapped, i.e. ¢ = 63 £ 6°, 0; = 54 = 9°, and 6, = -109 £+ 21° in the

crystal structures (Figure 3C, left panel and 3D). It was noteworthy that only two BAC residues
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already initiated the 12/14-helix conformation and no cis-trans urea bond isomerization was
detected in solution by NMR. Moreover, CD spectra of hexamers showed that the homo-(S)-
BAC oligourea 31 helix displayed a greater stability than the acyclic oligourea 32 helix (Figure
3E). Indeed, both compounds exhibited similar signatures with strong positive maxima around

204 nm but 31 showed a higher intensity.
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Figure 3: Formula of succinimidyl carbamate derivatives. Canonical acyclic [(S)-AAC]sg

oligourea 33 (cede750017)* and BAC-containing oligoureas: poly-(S)-BAC tetramer 30 and (S5)-
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AAC/(R)-BAC octamer 37 crystal structures. Comparison of the hydrogen bond networks and

CD profiles of the various oligourea foldamers.

The next step was to incorporate specific side chains to lead to functional platforms while
taking advantage of the bicycle constraints. For that purpose, the (S or R)-BAC residues were
mixed with (S)-p>-hAla and (S)-B’-hPhe, converted into their corresponding N-(2-
aminopropyl)carbamoyl (APC) and N-(2-amino-3-phenylpropyl)carbamoyl (APPC) units
respectively, in a 1:1 pattern using the Boc standard strategy (Figure 3C, right panel).”” The
succinimidyl carbamate (OSu) derivatives Boc-(S or R)-BAC-OSu, Boc-(S5)-APC-OSu and Boc-
(S)-APPC-OSu (Figure 3A) were prepared from Boc-(S or R)-ABOC-OH, Boc-(S)-p’-hAla-OH,
and Boc-(S)-p-hPhe-OH, respectively. We synthesized oligoureas of various lengths 34-37 for
the (R)-BAC/(S)-AAC and 38-41 for the(S)-BAC/(S)-AAC sequences. While the (R)-BAC/(S)-
AAC hexamer 36 displayed the characteristic oligourea helix CD signature with a strong
negative minimum around 204 nm (indicative of a left-handed screw sense), the CD signal of the
(S)-BAC/(S)-AAC hexamer 40 was atypical and weak, around 10,000 deg.cm?.dmol™ (Figure
3E). Moreover, the CD signal of the (S)-BAC/(S)-AAC sequences did not increase with the

oligomer’s length as typically observed for folded oligomers.”

NMR studies confirmed that homochiral oligomers were unfolded, while the heterochiral
sequences adopted left-handed 12/14-helices in solution. The crystal structure of the (R)-
BAC/(S)-AAC octamer 37 helix was obtained (Figure 3C, right panel). Nevertheless, the helix
axis was significantly bent by the presence of solvent molecules (H,O and CH3OH) intercalated
into a hydrogen bond network, acting as bridges between urea amide protons and carbonyl
groups (Figure 3D). A close inspection of the (R)-BAC/(S)-AAC structures revealed that the

AAC side chains were projected in inadequate intermediate positions generating steric clashes
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with the adjacent backbone carbonyls. The steric hindrance in the heterochiral helix was partially
offset by the solvent molecule’s insertion. In homochiral oligoureas, the AAC side chains would
be in the axial orientations and would prevent the oligourea helix folding. Starting from these
results, we anticipated that a simple reversal of the bicycle swapping the bridgehead position,
and the 2-position within the final oligoureas, should lead to stable helices with AAC side chains
in optimal lateral orientation.*® Indeed, the reverse bicyclic amino carbamoyl unit ("BAC) shared
similar torsion angle values with the acyclic AAC residues in the canonical oligourea helix, and

the (S)-rBAC/(S)-AAC oligoureas would ideally fold with AAC substituents in lateral positions.

Poly-(S)-AAC (S)-AAC/(S)-rBAC 1:1
R'—HMR R = B-Ala-OBg, Me w Superimposition
L 4 R =Brz 33vs 45
75
-~ \ n=1:42
~ X .8 ”L“HO 45 ‘ n=2:43 \"\M
/’\,L \NH N Y n=3:44 \*g_l
7 ;g n=4:45
\7 ))\ 33 E 7 o t, }--. FH
o A, </l5 5 §
s / S [ 6\
J“E S Bicycle reversal i J
4 ')-? , : 5
1}“)—3 = , N 4+ A
A N o Ly
20 CHHNL :> ) X 3
kY < "} )
et P sac ,{"\g
1 R
£~ N “
E N \/N' Je
. Urea bond H g - \ _ IT

[ ]aac

Figure 4: Acyclic [(S)-AAC]g oligourea 33 and (S)-AAC/(S)-rBAC octamer 45 crystal

structures.
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The synthesis of the mixed oligoureas 42-45 required the use of the chiral (S)-1,2-
diaminobicyclo[2.2.2]octane motif [(S)-DABO] previously developed in our group (Scheme 2).%
The first coupling was performed by adding an equimolar amount of H-(S)-DABO-Boc to the
succinimidyl carbamate of H-B-Ala-OBn (Suc-OCO-B-Ala-OBn) in the presence of N,N-
diisopropylethylamine (DIEA). The peptide chain was elongated using a Boc standard strategy in
solution. Freshly activated H-(S)-DABO-Boc with N,N’-disuccinimidyl carbonate (DSC),
leading to Suc-OCO-(S)-DABO-Boc, was used to correctly incorporate the (S)-vBAC residue
and reduce formation of the cyclic biuret by-product by limiting the activation time, and by
repeating the coupling step until completion of the reaction. The CD spectra of (S)-AAC/(S)-
rBAC eligemers hexamer 44 displayed the typical oligourea 12/14-helix signature (Figure 3E).
NMR and crystal structures showed that the (S)-AAC/(S)-yBAC oligomers adopted the typical
right-handed 12/14-helix both in solution and in the solid-state, which was well-superimposed
with the canonical oligourea helix composed of acyclic f’-hAA derivatives (Figure 4A). AAC
side chains were ideally oriented in lateral position, perpendicularly to the helix axis and this
latter was perfectly straight. Interestingly, both the homo-(S)-BAC and (S)-AACAS)-rBAC
oligomers of same length shared comparable CD signal intensities, indicating a similar helix

stability despite two times less bicyclic constrained motifs in the mixed oligourea (Figure 3E).
5. ASYMMETRIC CATALYZED REACTIONS

Asymmetric catalysis relies essentially on the ability of a chiral catalyst to interact with reaction
substrates, and to exclusively stabilize the transition state towards the formation of a single
preduet stereoisomer product. For that purpose, geometric constraints are key features of chiral
catalysts to tune their steric properties and to control occupation of the three-dimensional

chemical space. These properties are found in living systems where complex asymmetric
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biochemical reactions are achieved by enzymes with well-defined three-dimensional structures in

thoroughly organized active sites.

In this context, the bicyclo[2.2.2]octane structure was applied to the design of novel peptide
catalysts for asymmetric synthesis. Short peptides have received increasing attention in
asymmetric organo-catalysis of diverse reactions as they possess a high degree of structural
diversity and complexity, and are rather simple to synthesize.*® Over the past 20 years, many
highly efficient peptide catalysts have been developed to promote the asymmetric aldol reaction,
some of them exhibiting very high enantiomeric excesses and low catalyst loadings.*’
Nevertheless, only a few examples involve B-amino acids. Thus, this reaction is particularly
attractive to evaluate the impact of the constrained ABOC B-amino acids in catalysis. Therefore,
a variety of a,p-peptides 46-60 containing proline and ABOC have been synthesized in solution
using typical Boc strategies. They were tested for their catalytic properties in the asymmetric
aldol reaction between p-nitrobenzaldehyde and acetone (Figure 5A). Dipeptides 46-49 were less
effective than tripeptides and for these latter, the rate and stereoselectivity of the reaction was
highly dependent on both the absolute configuration of the ABOC and on the nature of the C-
terminal amino acid. As a general result, the heterochiral sequences gave better results than
homochiral sequences, and the tripeptide 59, i.e. H-Pro-(R)-ABOC-Asp-OCHj3, was the most
effective. The absence of a third chiral centre (peptides 50-53) or of a carboxylic acid function
(peptide 58), as well as the presence of a second carboxylic acid function on the C-terminal
amino acid (peptides 54-55), led to a lower enantioselectivity in both homo- and heterochiral

sequences.
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All reactions were carried out at 25°C using 0.05 mmol of p-nitrobenzaldehyde and 20 mol% of
catalyst in 0.9 ml of acetone:DMF (1:2). Conversion and enantioselectivity of aldol products
were determined by analytical chiral HPLC analysis on a chiralpak AS-H column, detection at
270 nm. The absolute configuration of the major enantiomer was assigned by comparison with
literature data. “The four examples involving dipeptide catalyst yielded the aldol product of
absolute configuration (R). PReaction carried out at the optimal temperature of —20°C.

Figure 5: ABOC containing peptides as organocatalyst in the asymmetric aldol reaction and

comparison of the structures of tripeptides 59 and 60.

The best peptide catalyst 59 was used in the aldol reaction between diverse benzaldehyde and
acetone under the optimised experimental conditions providing high yields and good
enantioselectivities (up to 88%) in the presence of only 5 mol% catalyst. Given the important
efficiency gap between heterochiral and homochiral catalysts, we studied the impact of the

ABOC absolute configuration on the conformations of tripeptide 59 and 60 conformations. The
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crystal structure of heterochiral peptide 59 showed a turn structure with a salt-bridge between the
amine function and the carboxylic acid both involved in the catalytic mechanism (Figure 5B.).
The close proximity between the two reactive functions was consistent with effective aldol
reactions with high degrees of stereoselectivity. Unfortunately, we could not obtain suitable
monocrystals of peptide 60, therefore we compared the structures of 59 and 60 using DFT
calculations (Figure 5C). Both tripeptides adopted turn structures driven by the ABOC residue,
most of the structures exhibited a salt-bridge between the secondary amine and the carboxylic
acid. Additionally, a hydrogen bond between the ABOC HN and the carboxylate group was
observed in structures of 59 (Figure 5B, left panel), while conformations of the homochiral
peptide 60 were further stabilized by a Cy pseudoring, according to the iPrCO-Ala-(S)-ABOC-
Phe-OCH; model tripeptide crystal structure previously described (Figure 5B, right panel).' Like

3% Wwe noticed the stabilization of a turn maintaining both the amine and

previous reports,
carboxylic acid functions in direct vicinity that could correlate to efficient catalytic activities.
Nevertheless, the difference of rate and stereoselectivity between heterochiral and homochiral
peptides was difficult to rationalize. DFT calculations showed an enhanced flexibility for the
heterochiral compound 59 compared to its homochiral analogue 60, suggesting that a greater
flexibility could guarantee a high adaptability, while 60 might be trapped in suboptimal
conformations. This study, although not improving precedent reported results, provided valuable

information about the relationship between conformation and efficiency of these catalysts that

could be extremely useful in the development of future catalytic systems.

Capitalising on these results, we pursued by designing ligands based on the DABO
residue to catalyse another well-documented reaction, the copper-catalysed asymmetric Henry

reaction. Chiral 1,2-diamines are precursors of privileged chiral ligands such as salen-type
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ligands and bidentate ligands that play a key role in transition metal-based catalytic systems.
Usually based on constrained cyclic diamine scaffolds, these ligands often possess C,-
symmetrical structures where their symmetry axis reduces the number of possible transition
states and reaction pathways, for a catalysed reaction.”””® C,-symmetric scaffolds are less
commonly used, although they have proven to be effective in asymmetric transformations.”’ The
copper-catalysed asymmetric Henry reaction is achieved with very high enantiomeric excesses
typically using C,-symmetric ligands such as bisoxazolines.”> However, very few examples of
non-symmetric ligands have been reported. In this context, the evaluation of DABO as chiral
ligands was particularly interesting. Indeed, DABO provided such a C;-symmetric structure and
was used as a precursor to synthesize bidentate and tetradentate ligands using classical
procedures for reductive amination of diverse aldehydes. These ligands were utilised in the
copper-catalysed asymmetric Henry reaction between p-nitrobenzaldehyde and nitromethane
(Figure 6). If the use of salen-type tetradentate ligands 61 and 62 resulted in a very slow reaction
with modest enantioselectivity, bidentate ligands 63-70 substantially accelerated the reaction and

provide up to 80 % enantiomeric excesses.

o) L* (12 mol%) OH

Cu(OAC), (10 mol%) __NO, Ligands R Time (h) Yield (%) ee (%)
H o+ MeNO, —— —————> /@N Tetra- tBu (61) 168 88 60°
ON Solvent, T°C - 4 N dentate H (62) 144 78 50
) p-Cl-Ph (63) 60 78 64p
, ll m-Cl-Ph (64) 48 50 560
Jl Diamine ligands 7~ Bi 0-CI-Ph (65) 7 66 500
NHHN dontaie | 1maPHtYI (66) 72 95 80b
RﬁNH HNﬂR R OH HO R 2-napthyl (67) 60 74 64v
o » Anthracyl (68) 48 66 300
. -OMe-Ph (69) 240 72 640

Bi-dentate - °

Tetra-dentate Furyl (70) 12 77 790

Yields are isolated yields after column chromatography. Enantioselectivity of nitro-aldol
products were determined by analytical chiral HPLC analysis of the crude on a chiralpak OD-H
column, detection at 214 nm. * Reaction performed in toluene at room temperature,” reaction
performed in isopropanol at 0 °C,® incomplete conversion.

21



Figure 6. Evaluation of diamine ligands (L*) derived from DABO in copper-catalysed

asymmetric Henry reaction

Ligands with diverse aromatic substituents were tested to probe the effect of bulkiness and

electronic properties. The ligand 66 with 1-naphtyl substituents on the amine groups provided the

best yields and enantioselectivity. A broad range of Henry’s substrates were tested under these

experimental conditions, and moderate to very good yields as well as good enantioselectivities

were obtained using both aromatic and aliphatic aldehydes (Figure 7A).

In an attempt to rationalize asymmetric induction in this reaction, theoretical studies of the

transition structures were carried out (Figure 7B). The transition state of the reaction was

considered to be composed of the ligand-copper complex with one acetate group, the 4p-

nitrobenzaldehyde and the nitronate anion.
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Free energies and energy barriers were obtained for a few transition-state structures, and
calculations were optimized to obtain the most favoured calculated transition state. It exhibited
an approach of the nitronate from the Re face of the aldehyde leading to a product with §
configuration as observed experimentally. It is worth noting that the C;-symmetry of the ligand
allows to hinder a large area in the surrounding of the copper atom making a single quadrant

available for the substrates to react, in this favoured transition state structure.
6. SUMMARY AND OUTLOOK

Topological restraints encoded in 1-aminobicyclo[2.2.2]octane-2-carboxylic acid were
successfully used as driving forces to guide the folding of helical architectures when mixed with
naturally-occurring a-AAs and commonly used B’-hAAs in peptide foldamers. The bulky
bicyclo[2.2.2]octane induced a high steric pressure, which locked the ABOC backbone torsion
angle values and affected the spatial arrangement of adjacent and remote residues. It provided
robust helical shapes for only short sequences with limited effects of external factors such as
temperature and solvent, thus ensuring the stability of the oligomers structure, while the a- and
B*-hAA brought versatile side chains. The 9/11-, 18/16-, 12/14/14- and 10/12-helices exhibited
various topological parameters (pitch, residue per turn, diameters, etc.) and thus rather different
side chains positioning patterns. On the other side, all these helices share common features,
which are intrinsically related to the chemical nature and the resulting preorganization of the
ABOC monomer. In the whole structures, the (S)-ABOC residue exhibited backbone torsion
angle values around ¢ = 80°, 6 = 50° and y = -90°, the NH and CO vectors being directed up and
down, and exclusively promoted helices with mixed hydrogen bond networks. Nonetheless,
compromises must be found between molecular rigidity allowing stable folds and adaptability to

accommodate local steric hindrance. The bicyclic motifs were prone to induce strong steric
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hindrance due to higher rigidity and crowding compared to single ring systems, which could
limit their incorporation. Thus, strong clashes prevented the elongation of homo-ABOC
oligoamides while the use of longer urea bonds as linkages pushed aside the consecutive bicycles
and allowed the conception of highly stable oligourea helices. DABO derivative, i.e. Y/BAC, have
shown to be fully compatible with the oligourea canonical helix and could be incorporated in
high contents. Since a broad range of applications were developed for this foldamer family,**"*
rBAC could be highly valuable to tune the oligourea properties by increasing their global and
local stability, and by limiting the flexibility of proximal side chains. In parallel, the singular
frameworks of ABOC and DABO residues were successfully used in asymmetric synthesis to
design efficient chiral catalysts, i.e. short a,B-peptide catalysts and chiral diamine ligands, to
catalyse asymmetric adol and Henry reactions, respectively. The broad range of tested
compounds have allowed the emergence of general rules to optimize both class of catalysts. In
the future, the screening of new chiral catalysts for various reactions will be a huge task since
multiple possibilities arose from both ABOC and DABO, varying the nature of the substituents
and the achievable reactions. Besides, multiple prospects were opened for foldamers in health
and in biomaterial areas. In particular, overlaps between the side chains of the naturally
occurring o-helix and the 12/14/14-helix made this latter attractive as a-helix mimics. Likewise,

the stable 10/12-helix could be readily faced for membrane recognition to develop antimicrobial

compounds and vectors for the delivery of biologically active agents.
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