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ABSTRACT: Enantiopure hemicryptophanes designed from
the cyclotriveratrylene (CTV) unit display remarkable proper-
ties in selective host—guest recognition or as supramolecular
catalysts. The unprecedented control of the helical chirality of
the CTV unit by remote stereogenic centers of a tren moiety is
reported, providing an original access to this highly promising
class of host molecules. Although the chiral centers and the
CTV unit are separated by more than 10 A, one single
diastereomer is formed; the nature of the diastereoselective

Ag’a\ 40 80

‘é— o - /-%"\.“\Fr w0 ECD S “

2 ¥} A NH; " B 1 AN { ol | =0
.1':"' E \\?\j' 555- 3;( r"r \)I\ ] II'-.‘-){’-\ ——

Y €L T kv oY
ey e/\ e f & 240 250 280 300 320 340 350 380 400

M-555-4a

process is discussed and the procedure is exemplified using different enantiopure tren derivatives. This work also highlights the
influence of the chirality of the CTV unit on the whole cage structure.

he design of molecular cages is of great interest because

they can mimic biological systems like enzymes and can be
used as artificial receptors or molecular vessels to perform
catalytic reactions in the confined space of the active site." "’
Chirality plays a crucial role in most of the biological events and
chiral synthetic bioinspired supramolecular systems have been
designed to mimic and understand these processes.”” However,
the fast and easy synthesis of enantiopure molecular cages is a
difficult challenge because of the high complexity of such
molecules. Two main approaches have been followed to make
chiral cages: the use of chiral units that introduce dissymmetry in
the molecular structure or the inherent chirality of the host
arising from the bowl shape of the molecular scaffold. Among the
chiral molecular containers presenting an inherent chirality,
cryptophanes and hemicryptophanes, both based on cyclo-
triveratrylene (CTV) units, display remarkable properties.*"**
Convenient methods have been developed to produce sizable
amounts of enantiopure cryptophanes with ee >98%.>> They can
be used in the stereoselective recognition of small chiral
molecules such as chiral halogenomethanes** or epoxides.”
The related hemicryptophane host molecules introduce more
functionality at the molecular cavity level. They turned out to be
efficient supramolecular catalysts and molecular receptors.***’

-4 ACS Publications  ©2015 American Chemical Society 500

Two main strategies have been followed to prepare enantiopure
hemicryptophanes: (i) the resolution of racemic mixtures using
chiral semipreparative HPLC with the major drawback of not
being able to provide sizable amounts of compound”® and (ii) the
introduction of additional stereogenic centers to form
diastereomers.””**** However, their separation has proved
tedious and difficult in most cases. For instance, following the
latter strategy, enantiomerically and diastereomerically pure
hemicryptophanes M-SS8S-1 and P-SSS-1, containing three
asymmetric carbons at the benzylic positions with a controlled
stereochemistry, were synthesized (Figure 1). Although they
display remarkable properties for the enantioselective recog-
nition of carbohydrates, their synthesis is time-consuming and
their separation is harsh because it can be achieved only by
column chromatography followed by alumina preparative
TLC. 27d

Warmuth et alhave previously reported an elegant dynamic
thermodynamic resolution of a racemic mixture of CTV
derivatives: the reaction of a racemic trialdehyde CTV
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Figure 1. Structures of hemicryptophanes M-SSS-1 and P-SSS-1.

compound with a chiral diamine leads to the formation of only
one cryptophane stereoisomer.’® The vicinity of the chiral
centers and the CTV unit in the final cryptophane compound can
account for the high efficiency of this process. As the separation
of diasteromeric mixtures of hemicryptophanes derivatives
revealed to be tedious and difficult in most cases, we decided
to investigate if such a kinetic or thermodynamic resolution could
be applied to a racemic mixture of a CTV cap to afford
enantiomerically pure hemicryptophanes and thus avoiding the
separation of the two diastereomers. Moreover, we were
wondering whether the control of chirality of the CTV unit
could be achieved although the chiral centers and the helical
CTV cap are remote from each other. Herein we report on an
easy synthesis of enantiopure hemicryptophanes via a
thermodynamic resolution of a racemic CTV, leading to
enantiomerically pure compounds. Assignment of the absolute
configuration of the cage compounds was performed thanks to
X-ray diffraction and ECD spectroscopy. The thermodynamic
control of the resolution was further evidenced by DFT
calculations and cross experiments. This remote control of the
chirality of a CTV unit via stereogenic centers is unprecedented
and demonstrates the ability of a CTV unit to transfer its
stereochemical information through ten bonds (10 A), therefore
providing an easy access to enantiomerically pure hemi-
cryptophane derivatives.

We have previously reported a very convenient and efficient
modular approach for the synthesis of tren-hemicryptophane
compounds, where the size, shape, and functlonahtles in the
aromatic walls of the cavity could be easily modified.*" Following
this approach and using enantiopure tren derivatives should
provide an easy way to obtain enantiopure hemicryptophanes.
The reaction of the hemicryptophane precursor rac-2 bearing
three aldehyde moieties with the enantiopure tren SSS-3a in a
CHCl;/CH;0H mixture afforded the tris-imino-hemicrypto-
phane 4a. The chiral tren derivative SSS-3a containing isopropyl
groups was synthesized according to a known procedure that
relies on the reductive amination of N-protected nonracemic a-

amino aldehydes in the presence of ammonium acetate.’> The
reduction of the imine functions of 4a with sodium borohydride
gave rise to the tren-hemicryptophane Sa in 15% yield (Scheme
1). During the cyclization step, we expected the formation of
both diastereomers due to the P or M configuration of the CTV
moiety as observed in prev10us syntheses of enantlopure
hemicryptophane derivatives.””** Surprisingly, the 'H NMR
spectrum of the crude reaction mixture exhibited a single set of
sharp signals and several broad resonances, suggesting that only
one diastereomer was formed together with higher molecular
weight species. The silica gel column chromatographic
purification of the reaction mixture afforded only one
diastereomer. No other compounds could be identified by
mass spectrometry or 'H NMR in the different collected
fractions, suggesting that the reaction is highly diastereoselective.
This experiment was repeated three times, leading to similar
results (average yield: 15%).

The isolated diastereomers Sa were characterized by X-ray
diffraction of a single crystal grown by slow evaporation from a
dichloromethane solution. The molecular structure of Sa shows
the cage molecule with a well-defined molecular cavity, the three
stereogenic carbons of the tren moiety with the S configuration,
and the M configuration for the CTV unit, proving the exclusive
formation of the M-SSS-Sa hemicryptophane (Figure 2, Flack
parameter = 0.00(1)).

Figure 2. X-ray molecular structure of host M-SSS-5a.

The ECD spectra of this compound both in the solid state and
in dichloromethane solution were recorded (Figure 3a). Each
spectrum presents the classical behavior for hemicryptophane
molecules, which consists of two exciton patterns roughly
centered on the isotropic absorption of the 'Ly (290 nm) and 'L,

Scheme 1. Synthesis of Hemicryptophanes 4a—c and Sa—c
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Figure 3. (a) Experimental CD spectra of M-SSS-Sa in CH,Cl, solution
(298 K) and in the solid state; (b) TD-DFT calculated CD spectra of M-
8SS-5a on fully optimized and partially optimized (only H atoms)
geometries.

(240 nm) transitions. The absolute configuration of hemi-
cryptophanes is usually determined by comparing the sign of the
bands of the experimental ECD spectrum around the 'L,
transition with the calculated spectrum. As shown by Collet et
al, these signs are poorly sensitive to the nature of the
substituents,”® and M configuration can be assigned for
molecules which present in their ECD spectra a sequence of
signs positive—negative from high to low energy in the 'L,
region. In the present case (Figure 3a), we thus observe the
exclusive formation of the M-SSS-5a diastereomer and the P-2
CTV enantiomer provides only uncharacterized (probably
oligomeric) species.

This attribution was further confirmed by TD-DFT calculation
of the ECD spectra of M-58S-Sa and M-RRR-5a using three
hybrid functionals (B3LYP, BH&HLYP, and CAM-B3LYP) with
the SVP basis set. The similarity of solution- and solid-state
experimental ECD spectra demonstrates that there is no major
conformational rearrangement between the two aggregation
states and simplifies the spectral analysis. We considered only
two structures, in both cases at DFT/B3LYP/6-31G* level: one
derived from the XRD geometry (see below), where we
optimized only the H atoms; alternatively, we took the XRD
geometry and we fully relaxed it (Figure 3b and Figure S11,
Supporting Information). The functionals CAM and BH&HLYP
agree very well with the experimental spectra, while B3LYP
underestimates the rotational strengths of the transitions and
redshifts them by about 20 nm. Nevertheless, the signs sequence
is the same for all of them and matches those of the experimental
CD spectra, which confirms the configurational assignment.

Further insight into the diastereoselective reaction was
obtained through the study of the nature of the control, kinetic
or thermodynamic, of the resolution. A cross experiment was
performed (Scheme S-3, Supporting Information). The
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precursor rac-2 was first mixed with the enantiopure tren 3a,
leading to the formation of imine 4a observed by mass
spectrometry and "H NMR. After 24 h, no signal corresponding
to the aldehyde function was detected by "H NMR, indicating the
complete conversion of rac-2 to give either polymeric materials
or hemicryptophane compound 4a. Then, 1 equiv of tris(2-
aminoethyl)amine was added to the mixture. After S h, a new
peak at m/z 945 was detected by mass spectrometry, evidencing
the formation of the new imine 6. This demonstrates that, under
these conditions, the formation of the imine bonds is reversible,
in agreement with previous work, which showed that the
formation of imines is generally under thermodynamic control,
resulting from the reversible covalent bond formation and the
dissociation between an aldehyde and an amine.>*

Thus, the resolution of the racemic mixture of the precursor
rac-2 turned out to be under thermodynamic control.
Accordingly the M-SSS hemicryptophane imine should be
more stable than the P-SSS counterpart: the precursor M-2
provides the stable cage compound M-SSS-4, whereas the P-2
enantiomer gives only oligomers or polymers because of the low
stability of the related cage compound. We thus investigated
further the relative stability of the M-SSS-4a and P-SSS-4a imines
and addressed this issue by means of density functional theory
(DFT) calculations. Full geometry optimizations of both
diastereomers were carried out within a BP86/DFT framework.
The gas-phase calculations show that the M-SSS-4a diastereomer
is favored over the P-SSS-4a one by 17 kJ mol™’, giving an
equilibrium constant of 1000 (Figure S-13, Supporting
Information). This is consistent with our experimental results
and confirms that the resolution of the racemic CTV derivative is
under thermodynamic control. In his previous work,*® Warmuth
described the dynamic thermodynamic resolution of the racemic
CTV incorporating three aldehyde functions. Heating the
compound in the presence of two equivalents of (RR)-
diaminocyclohexane led to the enantiomerically pure P,P-
cryptophane. We carried out a similar reaction under the
Warmuth’s conditions (at 80 °C for 12 h, in the presence of a
catalytic amount of TFA) with compounds 2 and 3a. However,
no improvement of the yield was observed. This result was
attributed to the comparable stability of the M-SSS-4a hemi-
cryptophane and the (polymeric) compound containing the P-
CTV unit. Thus, under our standard conditions (room
temperature, no TFA), there is probably no equilibrium between
the enantiomer P and M of CTV 2 (the energy barrier for CTV
derivatives is around 115 kJ mol™ at room temperature),21b but
both CTV react in a reversible way, giving either a polymer or an
enantiopure cage.

To investigate further the scope of this diastereoselective
process, two other enantiopure tren reactants 3b and 3c were
tested, presenting, respectively, a less hindered methyl group or a
benzyl substituent on the stereogenic centers (Scheme 1). In
both cases, only one diastereomer was strongly favored. Each
experiment was repeated twice, leading to similar results. The
difference in the yields observed between Sa, Sb, and 5c (15%,
20%, and 22%, respectively) probably arose from the relative
stability of the polymeric species and the expected cage product,
although such differences appear difficult to explain and to fully
rationalize.>* The ECD spectra were ontained and showed that
the configuration of the CTV unit is M in both cases (Figures S-8
and S-9, Supporting Information). Thus, this thermodynamic
resolution seems to be independent of the nature of the
substituent on the stereogenic centers of the tren unit,
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highlighting the broad scope of this highly diastereoselective
process.

In summary, we have described a convenient way to synthesize
enantiopure hemicryptophane hosts involving a reductive
amination between a chiral enantiopure tren moiety and a
racemic CTV derivative. A thermodynamic resolution was
observed: only the M-SSS diasteromeric cage compound was
obtained allowing for an easy purification of the product. We can
also notice that this corresponds to a remarkable remote
stereocontrol of the chirality of the CTV unit by the stereogenic
centers of the tren moiety because it was achieved through 10
covalent bonds (10 A) whatever the nature of the substituents on
the tren’s asymmetric carbons. This constitutes an important
step in the development of enantiopure hemicryptophane
derivatives as chiral sensors or catalysts.
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