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Probing the Importance of Host Symmetry on

Carbohydrate Recognition

Anne-Doriane Manick*” Chunyang Li*,” Elise Antonetti,”’ Muriel Albalat,” Yoann Cotelle,”
Paola Nava,”” Jean-Pierre Dutasta,'” Bastien Chatelet,* and Alexandre Martinez*®

Abstract: The design of molecular cages with low symmetry
could allow for more specific tuning of their properties and
better mimic the unsymmetrical and complex environment of
protein pockets. However, the added value of lowering
symmetry of molecular receptors has been rarely demon-
strated. Herein, ;- and C,-symmetrical cages, presenting the
same recognition sites, have been synthesized and inves-
tigated as hosts for carbohydrate recognition. Structurally
related derivatives of glucose, galactose and mannose were

N

found to have greater affinity to the receptor with the lowest
symmetry than to their C-symmetrical analogue. According
to the host cavity modelling, the C, symmetry receptor
exhibits a wider opening than its C;-symmetrical counterpart,
providing easier access and thus promoting guest proximity
to binding sites. Moreover, our results show the high stereo-
and substrate selectivity of the C; symmetry cage with respect
to its C; counterpart in the recognition of sugars.

J

Introduction

In recent years, artificial molecular containers have attracted a
wide attention."” Their well-defined cavity mimics the binding
pockets of the proteins, giving rise to new receptors,?® or
supramolecular catalysts.”'” These bio-inspired cages differ
from naturals ones by various features, one of the most striking
being the level of symmetry."®?Y Indeed, cavities in proteins
present a low level of symmetry, affording complex unsym-
metrical environment around recognition or catalytic sites,
whereas synthetic cage compounds are of high symmetry
probably because of their easier and more direct synthesis and
more convenient analysis of the resulting systems. Artificial
cages with lower symmetry aroused recently a growing interest
as they may allow to tune more specifically the inner space of
the cavity, leading to a better control of its properties.'®2%
Indeed, biomolecules are scarcely highly-symmetrical com-
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pounds, thus lowering the symmetry of artificial receptors
appears as a promising strategy to bind such substrates."”
However, there is still a very limited number of cage
compounds with low symmetry that present improved proper-
ties compared to their highly symmetrical parents."®**' Herein
we report on the synthesis of two covalent hemicryptophane
cages that display the same lower and upper units as well as
the same linkers, and only differ by their symmetry. Their
recognition properties towards carbohydrates were investigated
and the C;-symmetrical host reveals much better affinities for
this class of guests than its Cs-symmetrical counterpart. The
same trend was observed in favor of the C;-symmetrical cage
when considering stereo- and substrate selectivity, underlining
the importance of the host symmetry in carbohydrates
recognition.

Results and Discussion

We have previously described the synthesis of the enantiopure
hemicryptophane cage C;-1 combining a cyclotriveratrylene
(CTV) moiety with an amino-trisamide unit exhibiting a C,
symmetry (Scheme 1).%¢ This low symmetry was due to an
unexpected arrangement of the substituents of the CTV cap,
although a conventional cyclisation in formic acid was used to
synthesize this unit. In order to compare the binding properties
of the C, symmetrical receptor C;-1 with its C; symmetrical
parent C;-2, attempts were performed to obtain the cage with
higher symmetry (Scheme 1). The use of scandium triflate, in
the presence of the cyclisation precursor 7, only provides
polymers. As conventional cyclisation procedure (HCOOH) gives
the unusual C; CTV moiety, we hypothesized that an unconven-
tional procedure for the synthesis of the CTV cap could lead to
the expected C; symmetry compound. We have recently
reported that the use of the bisulfate salt/HFIP (Hexafluoroiso-
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Scheme 1. Synthesis of C;-symmetrical cage C;-2 and the previously
obtained C,-symmetrical cage C;-1.%

propanol) combination strongly affects the regioselectivity of
the ring closure Friedel-Crafts reaction leading to CTV, allowing
for an easier access to the syn-cryptophane stereoisomers. This
prompted us to examine if the use of HFIP as co-solvent could
also promote the synthesis of hemicryptophanes and change
the selectivity of this cyclisation reaction.””!

The precursor 7 was synthesized in five steps following our
previously reported procedure (Scheme 1): 1,3-dibromopropane
reacted with vanillyl alcohol in ethanol, leading to compound 3
that was then protected with a THP group to give 4 (71% for
the two steps). Then, addition of sodium azide to 4 in DMF
solution afforded 5 with 92 % yield. The azide function was then
reduced using triphenylphosphine, providing 6 in 71% yield.
The subsequent reaction of nitrilotriacetic acid with compound
6 using DCC/HOBt as coupling agent gave the expected
precursor of cyclisation 7. The reaction of formation of the CTV
unit was performed in the presence of KHSO, (0.9 equiv.) using
a mixture of CHCI;/HFIP (1/1, v/v) as solvent and stirred
overnight at room temperature. The 'H NMR spectrum of the
crude reaction mixture showed signals corresponding to the C;-
symmetrical cage C;-1 and new signals that were attributed to
the G;-symmetrical hemicryptophane (-2 respectively in the
18:82 ratio (Figure 1). The use of chiral HPLC allowed for the
resolution of the racemic mixture C;-(£)-2, providing the two
enantiomers of C;-2 with high enantiomeric excess (ee > 99.5 %,
Figures S14 and S16). The chromatogram confirmed the ratio of
cage C;-1 to cage C;-2 measured by 'H NMR (Figure 2a). The
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Figure 1. 'H NMR spectra (300 MHz, CD,Cl,) of C;-1, C;-2 and the crude
reaction mixture using the HFIP procedure.
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Figure 2. (a) HPLC chromatogram of the mixture obtained after cyclisation in
HFIP ((S,5)-Whelk-O1; eluent: hexane/ethanol 4 Et;N 0.5 %/dichloromethane
(30/40/30)); (b) ECD spectra of C;-(+)-M-2 (green solid line) and C;-(—)-P-2
(red dotted line) in acetonitrile (C=0.25 mmol.L™").

electronic circular dichroism (ECD) spectra of the two enantiom-
ers of (-2 were then recorded to assign their absolute
configuration (Figure 2b). Indeed, the sign of the exciton
pattern centers on the 1La transition (~240 nm) can be
compared to a CTV of known absolute configuration as this
band weakly depends on the substituents linked to the CTV
moiety.” Thus, the C;-(+)-M-2 and C;-(—)-P-2 configurations
were assigned to the first and second eluted enantiomers,
respectively.

Although modest, the yield is in the same range of values as
those usually obtained in the synthesis of hemicryptophane
cages.” Indeed, this cyclization step involved the simultaneous
formation of three macrocycles and side reactions, leading to
oligomers or polymers, are difficult to avoid.



The NMR analysis of pure cage GC-2 supports the G
symmetry of this compound; the characteristic signals of the C;
symmetrical CTV unit appear in the '"H NMR spectrum: a singlet
for the OMe groups at 3.81 ppm, two doublets for the
diastereotopic protons of the CH, groups at 4.75 and 3.52 ppm
with the characteristic coupling constant of 13.7 Hz, and two
singlets for the aromatic protons (6.88 and 6.82 ppm). The
signals corresponding to NH and CH, of the trisamide lower
part can be observed at 6.52 and 2.66 and 2.09 ppm
respectively and finally those of the diastereotopic methylene
appears as a complex pattern between 3.58 and 1.61 ppm. This
result confirms that the use of HFIP allows for (i) the formation
of the CTV unit leading to hemicryptophane cage, (ii) a change
in the selectivity of this cyclisation step as previously observed
for cryptophane cages.”” This highlights the potential of this
new method for the synthesis of host molecules based on the
CTV moiety.

With these two cages C;-1 and G;-2 in hand, which differ
only in their level of symmetry, we decided to compare their
recognition properties using carbohydrates as guests. As the
complexation of carbohydrates is a key point in numerous
biological processes such as infection by pathogens®” or tumor
metastases,®” synthetic receptors®” including, for instance,
platforms,®? Macrocyles,”™ covalent or self-assembled cages®**
and foldamers,®® have been developed to create new tools for
therapies or diagnoses. Most of these receptors display a high
level of symmetry, and low-symmetry carbohydrate hosts have
been scarcely described. For instance, Davis et al. have reported
synthetic lectins presenting different ‘floor’ and ‘roof’ for the
selective recognition of glucose.””

In this context, the direct comparison of the binding
properties of carbohydrates by two cages bearing the same
complexation units but differing only by their level of symmetry
could shed light on the importance of host symmetry for the
recognition of chiral guests. Moreover, the recognition of
carbohydrates makes it possible to evaluate the influence of
lowering the symmetry both on the value of the association
constant and on the stereo- and substrate selectivity of the
recognition process. Indeed, most carbohydrates differ in the
stereochemistry of only one of the five stereogenic centers,
making substrate selective complexation hard to achieve. To
this end, NMR titrations experiments were performed with n-
octyl glucose, galactose, and mannose derivatives as guest
molecules (Figures 3 and S19, Table 1). A preliminary control
experiment was carried out using n-octane as guest and no
complexation was observed, ruling out any specific interaction
of the cages with the n-octyl chain of the carbohydrate
derivatives (Figure S69). It can be noticed that, during the
titration experiments with the carbohydrate guests, the signals
corresponding to the NH protons of the hosts amide functions
are downfield shifted supporting NH--O hydrogen-bonding
with the alcohol functions of the guests (Figure S24). Two
different sets of '"H NMR signals (CH,-NH- and -CH,-C(O)NH-)
were followed to obtain the titration curves which were fitted
using Bindfit software, providing binding constants shown in
Figure 3 and Table 1.%” It appears that the C, symmetrical cage
C;-1 exhibits much higher affinities for carbohydrates than its C;

(a)
K, (M7)
5000 1 4656 B Oct-a-Glc M Oct-B-Glc
HO HO
O (CH2)7CHy o  (CH)CHs
Hob e Hob—d
4000 o 3
HO OH HO OH
3000
2000
5 1624
1000
573
I 404
38 <1 <1 <1
0 < B
Cr(+)-1 Cr(-)-1 Cs(+)-2 Cs(-)-2
(b)
K, (M?)
5000 M Oct-a-Man M Oct-B-Man
HO HO
o  (CHy)CH3 o (CHa)CHs
HO' e HO: - o
4000
HO  OH HO  ©OH
3000
2236
2000
1000 666
— I 70 211129 145135
0 ] g | -
Cr(+)-1 Cr(-)-1 Cy(+)-2 Cs(-)-2
(c)
K, (M)
5000 B Oct-a-Gal B Oc
HO HO
0 (CHarCHs 0 (CHz;CH;
4000 HO "0 HO o
HO  ©H HO  ©H
3000
2000
1000 677
o ..
0 <1k <17 =B <1l <1
C-(+)-1 Cr(-)-1 Cs(+)-2 Cs()-2

Figure 3. Association constants using cages C;-1 and C;-2 as hosts and
glucose, mannose, or galactose as guests. K, was determined by fitting 'H
NMR titration curves (CD,Cl,, 500 MHz, 300 K) with Bindfit program.”” More
details on the calculations results can be found in Table S1; estimated error
10%.



obtained from the fit of the titration curves with Bindfit program.

Table 1. Affinity constants, K, (L.mol™") for the association between the hosts and the guests at 300 K in CD,Cl,. The results reported in this table have been

Guest K, M~

Host Octyl-a-Glc Octyl-$-Glc Octyl-a-Man Octyl-5-Man Octyl-a-Galac Octyl-B-Galac

G-(+)-1 4656 38 2236 248 <1 1229

G-(-)1 1624 <1 666 70 <1 2416

G-(+)-2 573 <1 211 129 249 677

G(—-)-2 404 <1 145 115 <1 <1

[al K, Is an average of two K, values obtained by modelling two different titration curves, following two different 'H NMR signals (CH,-NH- and -CH,-
C(O)NH-).
symmetrical analogue C;-2. For instance, the association NOESY experiments were performed on an equimolar

constant is ten times higher with C;-(4+)-1 than with G-(+)-2
when the Oct-a-Glc glucose derivative is used as the guest
(K,=4656 M~' and 573 M respectively). With the Oct-a-Man
mannose derivative, the similar trend is observed with a K, of
2236 M~ for C,-(+)-1 compared to 211 M~' determined with
the host C;-(+)-2. Although these two cages display exactly the
same recognition units, they differ greatly in their complexation
properties with respect to carbohydrates, the presence of a
larger opening in the C; symmetrical cage C;-1 could account
for this experimental result. Indeed, hosts C;-1 and C;-2 display
similar cavity sizes (146.7 and 144.4 A®, respectively) but shapes
strongly differ (Figure 4).°¥ Whereas the access to the inner
space of cage (5-2 is strongly limited by three narrow windows,
hemicryptophane C;-1 presents a much larger window, allowing
a better proximity with the recognition sites.

2) (b)

Heart of the cavity Heart of the cavity

Figure 4. Views of the shape of the cavities of (a) C;-1 and (b) G;-2, and their
calculated volumes (in green). Hydrogen atoms are omitted for clarity. (c)
Optimized DFT structure of the Oct-a-Glc@C;-(+)-1 complex.

solution of Oct-a-Glc and C;-(+)-1; however, signals overlap
precluded to assign unambiguously the intermolecular con-
tacts. DFT calculations of the Oct-a-Glc@C;-(+)-1 complex were
then performed (Figures 4c and S74). The structure of the
complex is more stable than the free guest and host by 9.75 kJ/
mol and shows a partial encapsulation of the guest near the
largest opening of the host cavity, a situation already observed
with hemicryptophane complexes.®” Two hydrogen bonds
between the NH of the cage and the OH of the guest can be
evidenced, in agreement with the downfield shifts of the amide
protons observed during the 'H NMR titration experiments.
Moreover, the distance between the two OH groups of the
guest involved in the H-bonding is 4.8 A, smaller than the size
of the window of the C, symmetrical cage C,-1 (5.8 A) but larger
than that of the C; symmetrical cage C;-2 (2.4 A). Thus, the
portal size of C, symmetrical cage C;-1 allows the carbohydrate
Oct-a-Glc to partially enter inside the cavity, what is not
possible with the C; symmetrical parent. The key role of the OH
unit of the guest was further investigated using C;-(+)-1 as host
and an Oct-a-Glc derivative presenting four acetate protecting
groups as guest. The binding constant was ten times lower with
the protected carbohydrate than with the parent Oct-a-Glc
compound, highlighting the importance of the alcohol func-
tions of the guest in the complexation process (Figures S70 and
S71). Thus, hosts C;-1 and G;-2 exhibit the same recognition
units and cavity size, but C;-1 is better preorganized to
accommodate carbohydrates. Indeed, its binding motifs, are
more easily accessible thanks to a wider window; hence much
better binding constants are reached with C;-1 than with G;-2.

Another trend can be observed: the o anomers of glucose
and mannose are better recognized than the 5 ones with both
the C; and G; symmetrical cages, the highest K, values for the a
anomers being always obtained with the cage C;-1. For
instance, a: diastereoselectivities of 100:1 and 10:1 are
achieved with the C;-(+)-1 hosts for glucose and mannose,
respectively. C,-(—))-1 and Gs-(—)-2 show even exclusive com-
plexation of the a anomer of glucose. In sharp contrast, when
galactose is used as guest, the § anomer is much better
complexed than the a one, with both the C; and C; symmetrical
cages (except with C;-(-)-2 that displays no recognition proper-
ties toward the two anomers of this guest). Indeed, an exclusive
diastereoselectivity is achieved with the C;-(+)-1 and C,-(—)-1
cages: the f-galactose is complexed with binding constant of
1229 M~ and 2416 M~ respectively, whereas no recognition



can be detected with a-galactose. The G5-(+)-2 cage displays a
lower 1:3 a-galactose/5-galactose diastereoselectivity. A mod-
est enantioselectivity is reached with both 1 and 2 when the
glucose is used as a guest. With mannose as guest, an
enantioselectivity of 3:1 is achieved with the C; symmetrical
cage C;-1 whereas a ratio of 1.5:1 is achieved with the G
symmetrical receptor C;-2. The C;-2 receptor exhibits remark-
able enantioselectivity for galactose, since the C;-(+)-2 cage
gives binding constant of 249 and 677 M for a-galactose and
pB-galactose, whereas its enantiomer C;-(—)-2 is not able to
complex these two guests. Finally, a striking substrate selectivity
is also evidenced, in particular with the C,-1 receptors. A K, of
4656 M~ is measured for C,-(4)-1 for a-glucose whereas the a-
galactose is not recognized; similarly, the C,-(—)-1 cage presents
a K, of 2416 M! for -galactose whereas no binding constant
can be determined with -glucose as a guest. Thus, these C,
symmetrical receptors can fully discriminate galactose from
glucose, offering the way to complex exclusively one or the
other. This is even more remarkable since these two carbohy-
drates have the same functional groups and almost the same
size and differ only by the stereochemistry of a single stereo-
genic center.

Conclusion

In conclusion, the use of HFIP allowed for the formation of the
C; symmetrical cage (-2, whereas the more “classical” con-
dition using formic acid, provided the C, hemicryptophane C;-1.
This highlights the significance of this former procedure that
strongly affects the selectivity of the formation of the CTV units,
when compared to previous methods. The C; symmetrical
receptor complexes carbohydrates much more efficiently than
its C; symmetrical counterpart. This is attributed to the presence
of the larger window in the C; symmetrical receptor, affording a
direct access to the recognition sites of the receptor. In sharp
contrast, the access to the cavity of the (5 symmetrical parent is
hampered by small windows. High stereoselectivity was also
reached with the dissymmetrical cage C;-1, that was also found
to discriminate galactose from glucose. Thus, the use of
lowered symmetry cages could give rise to receptors with
improved recognition properties, mimicking key features of
biological systems.

Experimental Section

General information: Commercial reagents were used directly as
received without further purification. Dichloromethane was dried
prior to use through standard procedures or obtained from a
solvent drying system (MB-SPS-800). 'H and ">C NMR spectra were
recorded on a Brucker AC 300, Brucker AC 400, Bruker 500 HD
spectrometers. Chemical shifts are reported in ppm on the 0 scale
relative to residual CDCl; (§=7.26 for '"H NMR and &=77.16 for *C
NMR), CD,Cl, (8=5.32 for 'H NMR and 53.84 for *C NMR) as the
internal references. Coupling constants (J) are reported in Hertz
(Hz). Multiplicities are described with the standard following
abbreviations: s=singlet, br=broad, d=doublet, t=triplet, q=
quadruplet, m=multiplet. Column chromatography was performed

with gel 60 (Macherey-Nagel® Si 60, 0.040-0.063 mm). Analytical
thin layer chromatography (TLCs) was carried out on Merck®Kiesel-
gel 60 F254 plates and achieved under a 254 nm UV light. High-
resolution mass spectra (HRMS) were performed on a SYNAPT G2
HDMS (Waters) spectrometer equipped with atmospheric pressure
ionization source (API) pneumatically assisted.

C,-symmetrical cage C;-1: Compound 7 (1g, 0.98 mmol) was
dissolved in formic acid (1 L). The mixture was stirred vigorously
and heated at 50°C for 1 day. Then the solvent was removed under
vacuum. The residue was dissolved in CH,Cl, (50 mL) and was
washed by 1 M NaOH solution (3x50 mL). The organic phase was
dried over anhydrous Na,SO,, then concentrated in vacuum to give
a yellow solid compound. The crude compound was purified on
silica gel column chromatography using a mixture solution of
CH,Cl,/MeOH (15:1) as eluent to give the pure 1 (294 mg, 42%).
White solid. Tm : 157°C. '"H NMR (300 MHz, CD,Cl,):  7.55 (s, TH),
7.13 (t, J=4.1 Hz, TH), 7.03 (d, J=8.5 Hz, 1H), 6.90 (s, TH), 6.87 (s,
1H), 6.83 (s, TH), 6.71 (d, J/=8.4 Hz, 1H), 6.47 (t, J=4.1 Hz, 1H), 5.77
(t, J=5.2 Hz, 1H), 4.74 (dd, J=16.7, 13.6 Hz, 2H), 4.43 (d, J=13.2 Hz,
1H), 4.25-4.05 (m, 5H), 4.01-3.94 (m, TH), 3.93 (s, 3H), 3.79 (s, 3H),
3.79 (s, 3H), 3.54 (dd, J=4.52 Hz, 19.2 Hz, 3H), 3.48-3.39 (m, TH),
3.39-3.28 (m, TH), 3.23-3.05 (m, 3H), 2.66 (d, /=16.8 Hz, 1H), 2.58
(d, J=5.5Hz, 1H), 2.46 (d, J/=16.6 Hz, 1H), 2.36 (d, J=16.0 Hz, 1H),
1.97-1.68 (m, 5H), 1.33-1.23 (m, 4H). *C NMR (101 MHz, CD,CL,): &
170.3, 170.1, 169.9, 150.9, 149.2, 148.9, 148.3, 146.4, 146.2, 134.3,
134.1, 133.9, 133.5, 1329, 132.2, 125.0, 118.3, 117.6, 115.7, 115.2,
113.4, 68.5, 67.9, 67.6, 60.6, 58.7, 57.8, 57.3, 56.3, 56.1, 36.5, 36.4,
36.2, 35.9, 29.8, 29.1, 28.8, 28.4. IR cm-1: 3622, 3395, 3283, 2920,
2830, 2449, 2260, 2184, 2069, 2031, 1659, 1654, 1517, 1483, 1442,
1377, 1263, 1205, 1149, 1133, 1083, 1005, 990, 964, 885, 738, 701,
620. HRMS (ESI): m/z [M+H]™ calcd for CyH,N,O,, 717.3494; found
at 717.3494.

C;-symmetrical cage (;-2: Compound 7 (160 mg, 0.16 mmol,
1.0 equiv.) was dissolved into 160 mL of chloroform/HFIP (1/1). After
complete dissolution of 7, KHSO, (21 mg, 0.15 mmol, 0.9 equiv.)
was added. The reaction mixture was stirred for 20 h. The solvents
were evaporated, and the resulting oil was dissolved in 20 mL of
dichloromethane, washed with water (30 mL) and extracted with
dichloromethane (2x30 mL). The combined organic layers were
dried over Na,SO, and evaporated. The crude compound was
purified on silica gel column by chromatography using a mixture
solution of CH,Cl,/MeOH (15:1) as eluent to give the pure 2
(31 mg, 27%). Beige solid. Tm: 180-181°C. '"H NMR (300 MHz,
CD.Cl,): 6 6.88 (s, 3H), 6.82 (s, 3H), 6.52 (t, J=6.2 Hz, 3H), 4.75 (d, J=
13.7 Hz, 3H), 4.16 (dd, J=4.8 Hz, 6.3 Hz, 6H), 3.81 (s, 9H), 3.58-3.47
(m, 3H), 3.52 (d, J=13.8 Hz, 3H), 3.15-3.02 (m, 3H), 2.66 (d, J=
15.9 Hz, 3H), 2.09 (d, J=15.9 Hz, 3H), 2.01-1.85 (m, 3H), 1.76-1.61 (m,
3H). *C NMR (75 MHz, CD,Cl,): 6 170.2, 149.1, 146.5, 133.4, 132.3,
117.5, 113.5, 68.1, 57.8, 56.1, 36.5, 36.3, 28.5. IR: cm™' 3467, 3305,
2921, 2850, 2411, 2355, 2260, 2069, 1658, 1603, 1536, 1441, 1376,
1265, 1205, 1182, 1046, 1023, 989, 968, 885, 737, 588, 534. HRMS
(ESI): m/z [M+H]* caled for CH,N,Oo, 717.3494; found at
717.3493.

Separation of compounds C;-1and C;-2on chiral stationary
phases: C,-symmetrical cage C;-1, C;-symmetrical cage ;-2 and
their enantiomers can be separated by chiral chromatography by
using (5,5)-Whelk-O1 (250x 10 mm) and Chiralpak IF (250 10 mm).
(M)-C;: ap®=+8.5 (c=0.18, CH,CL); (P)-C;: 0p”=—8.5 (c=0.15,
CH,CLy); (M)-C; : ap® = + 28 (c=0.2, CH,CL,); (P)-C; : ap”=—28 (c=
0.24, CH,CL,).

Titration experiments: A solution of host cage (1.0 mM in CD,Cl,,
500 pL) was titrated in NMR tubes with aliquots of a concentrated
solution (10 mM in CD,Cl,) of sugar. The chemical shifts of protons
of the host were measured after each addition and plotted as a



function of the guest/host ratio ([G]/[H]). The association constant
K, was obtained by nonlinear least-squares fitting of these plots
using the Bindfit program.
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