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Abstract: Synthetic ditopic receptors,
designed for the molecular recognition
of dimannosides, have been prepared
by bridging two monotopic units effec-
tively recognizing mannosides with
linkers of the appropriate size and flex-
ibility, endowed with hydrogen-bonding
groups. Affinities toward the o and 3
glycosides of the biologically relevant
Mana(1-2)Man  disaccharide = were
measured by NMR spectroscopy and

in polar organic media (30-40% DMF
in chloroform). Significant selectivities
and affinities in the micromolar range
were observed in most cases, with two
newly designed receptors being the
most effective receptors of the set, to-
gether with a distinct preference of the
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dimannosides for the (S) enantiomer of
the receptor in all cases. A 3D view of
the recognition mode was elucidated
by a combined NMR spectroscopic/mo-
lecular modeling approach, showing
the dimannoside included in the cleft
of the receptor. Compared to the mon-
otopic precursors, the ditopic receptors
showed markedly improved recognition
properties, proving the efficacy of the
modular receptor design for the recog-

isothermal titration calorimetry (ITC)

Introduction

Molecular recognition of carbohydrates has become a topic
of high interest in the past decade. The impetus for research
in this field is largely provided by the prominence of carbo-
hydrate recognition events in biological processes,"! which
stimulated the development of artificial biomimetic recep-
tors,””! not only to mimic the natural receptors and to under-
stand recognition mechanisms in biological systems, but also
to develop new therapeutic and diagnostic tools for medi-
cine and technology.

In biological systems, carbohydrate recognition is exerted
by dedicated classes of biomolecules, such as lectins and an-
tibodies, which govern the interaction between living cells
and other cells or pathogens through the specific recognition
of the saccharidic chains of glycoconjugates exposed on cell
or pathogen surfaces.! The epitopes involved in the recog-
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nition of disaccharides.

nition processes are usually the terminal mono- or oligosac-
charides, among which mannosides are frequent and play a
central role in both pathological and therapeutic processes.
Indeed, mannosides are recognized by a variety of lectins®!
and are involved in infections caused by several high-risk
pathogens, like pathogenic yeasts (Candida),”! bacteria (mi-
cobacterium tubercolosis),”! and viruses (HIV and Hepatitis
HCV).”! On the other hand, antibodies, such as 2G12" or
PGT128,¥ lectins, such as cyanovirin-N,”’) microvirin,"”! or
actinohivin,'! and other natural non-peptidic molecules,
such as benanomicin A and pradimicin A, which show
potent antiviral activity, owe their antiviral properties to the
specific recognition of terminal oligomannosides on the
pathogen surface.

A particularly relevant example of pathological conse-
quences of mannose recognition is the binding of the DC-
SIGN lectin of the immune system dendritic cells to the
viral glycoprotein gp120 on the HIV envelope, which trig-
gers the infection of human cells by HIV.'®! In this binding
event, the Mana(1-2)Man dimannoside motif is the smallest
fragment of the Man9 epitope of the gp120 glycans required
for recognition by the DC-SIGN lectin.™"

It thus appears that oligomannosides are targets of high
interest in the design of artificial receptors, especially in the
search for effective carbohydrate binding agents (CBAs) for
therapeutic purposes.® However, the endeavor dedicated
to the design of structures for the recognition of carbohy-
drates has been so far focused mainly on monosaccharidic
targets, to an extent that examples of biomimetic receptors
selectively recognizing oligosaccharides through noncovalent
interactions are still rare.™™ Most remarkably, although re-
ceptors showing preference for the most commonly availa-
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ble cellobiose, maltose, lactose, and sucrose saccharides
have been reported, displaying excellent recognition proper-
ties in some cases,!™ to the best of our knowledge, we are
not aware of any report on the recognition of dimannosides
or oligomannosides through synthetic receptors.

In the course of our studies on the design of biomimetic
receptors for carbohydrates, we have described a family of
aminopyrrolic tripodal structures showing the highest affini-
ties and selectivities for a- and f-mannosides reported to
date.'” Due to the biological significance of oligomanno-
sides, the results obtained encouraged us to further explore
the recognition of dimannosidic targets by adjusting the ar-
chitecture of our mannose-selective receptors.

We would like to describe here the successful design of a
new generation of ditopic diaminopyrrolic structures featur-
ing unprecedented recognition properties toward the glyco-
sides of the Mana(1-2)Man dimannoside. The results assess
the new structures as the first receptors reported in the
chemical literature capable of effectively recognizing diman-
nosides in polar organic media. Although admittedly recog-
nition in water could not be evaluated, due to the insolubili-
ty of the receptors, we believe that the described structures
represent a significant leap in the recognition of biologically
relevant oligomannosides.

Results and Discussion

Design: Having available a family of structures effectively
recognizing monomannosides, the logical evolution of our
studies involved choosing biologically relevant dimannosidic
targets and modifying the architecture of the receptors to
optimize the affinities and the selectivities toward the
chosen dimannosides. Because the Mana(1-2)Man motif is
encountered in important recognition processes, the a- and
B-octyl glycosides of the Mana(1-2)Man dimannoside (Oct-
(aMan)oMan and Oct(aMan)BMan) were chosen to test
the binding abilities of the modified structures, whereas the
diaminopyrrolic receptor 1, which was prepared in both
enantiomerically pure forms!'”! and gave best recognition re-
sults with the related monomannosides OctaMan and Octf3
Man,'® was selected as the appropriate building block to
construct modified architectures.

The design of the receptors was based on the idea of
bridging two units of 1 by an appropriate linker to build a
ditopic structure capable of recognizing the two mannose
units of the dimannoside through a tweezer-like architec-
ture. Because markedly different recognition properties
were exhibited by the two enantiomers of 1 toward Octf
Man, the derived ditopic receptors were also expected to
show selectivity in the recognition of the dimannosides and
were thus prepared in both enantiomerically pure forms for
recognition studies.

Synthesis of glycosides: Because Oct(aMan)aMan and Oct-

(aMan)pfMan were not commercially available, the target
glycosides were prepared as described in Schemes 1 and 2.

Chem. Eur. J. 2013, 19, 11742-11752

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Bn
OAc
BnO -0
BnO
2 o NH
f CCls
OBn OBn
4
- b)
BnO BnO
Bno/& BnO
(0] (0]
3 \(\/); \(‘/);

Oct(aMan)aMan 7 7

Scheme 1. Synthesis of n-octyl(a-p-mannopyranosyl)-(1—2)-a-b-manno-
pyranoside (Oct(aMan)aMan). Reagents and conditions: a) n-octanol,
trimethylsilyl trifluoromethanesulfonate (TMSOTf), CH,Cl,, 0°C, 15 min,
61%; b) CH;ONa 1M solution in CH;OH, RT, 45 min, 95%; c) com-
pound 2, TMSOTf, CH,Cl,, 0°C, 50 min, 60%; d) CH;ONa 1M solution
in CH;OH, RT, 1.5h, then H,, [Pd(OH),]/C, CH,Cl,/CH;0H 1:1, RT,
16 h, 84 %. Bn=benzyl.
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The octyl chain was necessary to ensure the solubility in
polar organic solvents required for binding measurements.

The synthesis of the a-octyl glycoside was achieved by a
standard glycosidation procedure. The trichloroacetimidate
201 was glycosidated with n-octanol, deacetylated, and gly-
cosylated on the free hydroxyl group with a second equiva-
lent of compound 2. The resulting a-dimannoside was de-
protected to the desired Oct(aMan)aMan in good yields
(see Scheme 1 for yields, reagents, and conditions).

For the synthesis of the B-octyl glycoside, because of the
well-known difficulty of obtaining (-mannosides, Oct-
(aMan)BMan was prepared through the intramolecular agly-
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Scheme 2. Synthesis of n-octyl(a-p-mannopyranosyl)-(1—2)-f3-p-manno-
pyranoside (Oct(aMan)fMan). Reagents and conditions: a) n-octanol,
2,3-dichloro-5,6,-dicyano-1,4-benzoquinone (DDQ), CH,Cl,, RT, 1h;
b) 2,6-di(tert-butyl)-4-methylpyridine (DTBMP), AgOTf (Tf=triflate),
SnCl,, CH,Cl,, RT, 3.5h, 72%; c) compound 2, TMSOTf, CH,Cl,, 0°C,
1h, 63%; d) K,CO;, CH;0H, RT, 3 h, then H,, [Pd(OH),]/C, CH,Cl,/
CH;0H 1:1, RT, 16 h, 71 %.

cone delivery (IAD) proce-
dure.™ The mannosyl fluoride
6 was reacted with n-octanol
under oxidative conditions to
give the benzylic octylacetal in-
termediate. The latter trans-
posed under Lewis acidic catal-
ysis to deliver the octyl agly-
cone to the anomeric position

Scheme 3). The gem-dimethyl group in the linker induces a
convenient twisting of the two pyrrolic moieties of the dia-
Idehyde 10,21 and presumably of the two halves of the di-
topic structure as well, which may appropriately match the
twist of the two mannose units of the dimannoside.”” On
the other hand, the single carbon hinge may impose confor-
mational restrictions to the structure, which may hinder
ligand binding.

The more flexible CH,NHCH, bridging moiety was thus
implemented in the structure of compound 12, which was
prepared by condensation of compound 11 with the corre-
sponding dialdehyde 13, followed by reduction of the Schiff
base (Scheme 3). In addition to providing a more flexible
linker, the hydrogen-bonding ability of the aminic group
may result beneficial to the recognition properties of the
structure. The dialdehyde 13 was prepared by condensing.
the mono-protected pyrroledialdeyde 14! with ammonia,
reducing the Schiff base, and subsequently deprotecting the
formyl groups (Scheme 4).

The rigid, non-hydrogen bonding, p-xylyl moiety imple-
mented in the structure of compound 15 served as a refer-
ence to evaluate the impact of the hydrogen-bonding groups
in the linker of the previous structures and the role of the
size and the rigidity of the bridging moiety. Receptor 15 was
prepared from terephthalaldehyde following the general
procedure shown in Scheme 3.

from the same face, stereoselec-
tively giving the P-glycoside 7 Q
in good overall yields. Com-

pound 7 was subsequently gly- o
cosylated on the free hydroxyl
group with compound 2 and de-
protected to Oct(aMan)fMan
through the same procedure de-
scribed for the corresponding o
anomer (see Scheme?2 for
yields, reagents and conditions).

Synthesis of the receptors: The
ditopic receptor 9, featuring a
single carbon linker, could be
prepared by condensing the di-
pyrrylmethane dialdehyde 10!
with the aminic precursor 116
of the monotopic receptor 1,
and reducing the resulting
Schiff base with NaBH, (see

(R)-9
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Scheme 3. Synthesis of receptors 9, 12, and 15 from enantiomerically pure (R)- and (S5)-11. Reagents and con-
ditions: a) 5,5'-(propane-2,2-diyl)bis(1 H-pyrrole-2-carbaldehyde), CHCl;, 70°C, 3 h, then NaBH, suspension in
CH;OH, RT, 3 h, 46%; b) compound 13, CHCl,, RT, 18 h, then NaBH, suspension in CH;OH, RT, 3 h, 40 %;
c) terephthalaldehyde, CHCl;, RT, 18 h, then NaBH, suspension in CH;OH, RT, 4 h, 58 %.
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Scheme 4. Synthesis of linker 13. Reagents and conditions: a) NHj,
CH;0H, 60°C, 3 h, then NaBH,, RT, 2 h, then compound 14; CH;OH,
RT, 3 h, then NaBH,, RT, 2 h, 80%; b) HCI 1™, H,O, RT, 2.5 h, 72%.

Eventually, a receptor featuring the narrowest cleft of the
set was obtained by replacing the diaminocyclohexane frag-
ment of the pyrrolic bridge with a simple amine moiety in
structure 16. The latter would provide information on the
cleft size required for the binding to a disaccharidic ligand.
Receptor 16 was prepared starting from the dibromo-mono-
azido reactant 17! as described in Scheme 5. Compound 17
was reacted with sodium acetate, and the resulting diacetate
was hydrolyzed to the diol and oxidized to the dialdehyde
18 by pyridinium chlorochromate (PCC). The dialdehyde
was condensed with the mono-BOC-protected diaminocy-
clohexane and the Schiff base was reduced and deprotected

N3 N3
a-c)
Br o\
|
Br [¢]
17 18

de WNHQ
Ox ) NHBOC

N —
NH H o= NH,
NH HN NH N
N, N =~ A
’ A\ ! \
R)-20
(S)-20 (R)-19

Scheme 5. Synthesis of receptor 16. Reagents and conditions: a) AcONa,
DMEF, 100°C, 2 h, >99%; b) K,CO;, CH;0H, RT, 70 h, >99 %; c) pyridi-
nium chlorochromate, CH,Cl,, RT, 2 h, 95%; d) N-tert-butoxycarbonyl-
1,2-diaminocyclohexane, CHCIl;, 80°C, 15 h, then NaBH,, CH;OH, RT,
3h, >99%; e) trifluoroacetic acid (TFA), CH,Cl,, RT, 3 h, 63%; f) pyr-
role-2,5-dicarbaldehyde, CHCl;, RT, 15h, then NaBH,, CH;OH, RT,
1.5 h, 96 %; g) PhP;, H,O, THF, RT, 15 h, 87 %; h) pyrrole-2,5-dicarbalde-
hyde, CHCl;, RT, 15 h, then NaBH,, CH;0H, RT, 1 h, 70%. BOC=tert-
butoyloxycarbonyl.
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to the tetramine 19. The latter was condensed with 2,5-di-
formyl pyrrole and reduced to the tetraminopyrrolic inter-
mediate 20, featuring the cyclic unit of the receptor. Stau-
dinger reduction of the azide, followed by further condensa-
tion with 2,5-diformyl pyrrole gave, after reduction of the
Schiff base, the ditopic receptor 16.

To obtain enantiopure receptors of opposite chirality, all
the described syntheses were performed starting from the
enantiopure diaminocyclohexane reagents of (R,R) and
(8,S) configuration, providing structures of all-R and all-S
configuration, respectively.

It should be noted that the designed structures are confor-
mationally flexible, thus, not preorganized in a tweezer-like
conformation. This conformation may be achieved upon
complexation if the correct binding geometry would provide
the required energy gain. Improved binding capabilities with
respect to the monotopic receptors would therefore suggest
a convergent arrangement of the two units into a tweezer-
like conformation and would support the efficacy of the
modular design.

Recognition studies: To assess the improvement achieved
through the described structure modifications, the affinities
of the ditopic receptors for Oct(aMan)aMan and Oct-
(aMan)pMan were determined in a polar organic medium.
Association constants were measured by '"H NMR spectro-
scopic titrations according to a previously described proto-
col,” which consists in the simultaneous fit of the complex-
ation induced shifts®” of all the available signals from both
the receptor and the glycoside to the appropriate association
model by nonlinear regression analysis.

The main issue to be addressed in this study was the selec-
tion of an appropriate medium that would provide the solu-
bility of both reactants required for binding measurements,
as the dimannosides were soluble in strongly polar solvents,
whereas the receptors were soluble in solvents of low per-
mittivity, but not in water. A mixture of CDCl; and DMF
turned out to be the medium of choice, ensuring an overlap
of the solubility ranges by allowing the appropriate tuning
of the polarity by simply changing their mole ratio. We
found that 30% of DMF in CDCl; (v/v) was an appropriate
polar medium to run the whole set of measurements. We
also found that binding constants measured in this medium
were comparable to those measured in acetonitrile, when
using the values obtained in the latter solvent for the bind-
ing of 1 to monomannosides as reference,'*! giving an indi-
cation of the competitivity of the medium, which can be
useful to compare results with previous data. The results ob-
tained for receptors 9, 12, 15, and 16 with Oct(aMan)oMan
and Oct(aMan)PMan are reported in Table 1, together with
those obtained for receptor 1 and with OctaMan and Octf}
Man for a direct comparison of the binding properties of
mono- versus ditopic receptors, and of mono- versus diman-
nosides in the same medium.

Because multiple complex species were found in most
cases, affinities were assessed from the measured binding
constants through the BCJ, parameter, a binding descriptor

— 11745

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

S. Roelens et al.

A EUROPEAN JOURNAL

Table 1. Cumulative formation constants (log/3)[" and intrinsic median binding concentration (BC2) for receptor to glycoside (R/G) complexes of

octyl mannosides and octyl dimannosides in CDCL;/DMF 70:30.

Receptor' OctaMan OctpfMan Oct(aMan)oMan Oct(aMan)pfMan
logB (R/G) BCY, [um]  logf3 (R/G) BCY, [um]  logB (R/G) BCY [um]  logf (R/G) BCY, [um]

(R)1 (341+£0.02) (1:1)  (352+18)  (2.66£0.07) (1:1)  (1453+128) (2.76:£0.04) (1:1)  (1585+140) (2.49+0.09) (1:1)  (1908166)
(5.83£0.06) (2:1) (4.70+0.08) (2:1) (4.5140.09) (2:1) (5.04£0.02) (2:1)
(4.96£0.17) (1:2) (4.80£0.06) (1:2)

($)1 (3.59+£0.02) (1:1)  (238+9)  (3.56+0.08) (1:1)  (228+29)  (3.15+0.05) (1:1)  (556+47)  (3.00+£0.07) (1:1)  (890+112)
(6.13£0.05) (2:1) (6.5120.09) (2:1) (5.84+0.07) (2:1) (5.160.12) (2:1)
(4.93£021) (1:2)

(R)-9 (2.380£0.003) (1:1)  (4173£28)  (239+0.03) (1:1)  (2253486)  (3.03£0.01) (1:1)  (940+3) (2.88+£0.01) (1:1)  (1324+31)

(4.95+0.04) (2:1)

($)-9 (2.82+£0.03) (1:1)  (1289+82)  (3.00£0.08) (1:1)  (782+100)  (3.49+0.08) (1:1) (311£54)  (4.80+£0.10) (1:1)  (1543)
(4.71£0.12) (1:2) (529+0.15) (1:2) (5.56+0.50) (2:1) (8.28+0.17) (2:1)

(R)12 (324+0.04) (1:1)  (504+38)  (3.3240.07) (1:1)  (386+43)  (3.11£0.14) (1:1)  (4204£58)  (3.50+£0.06) (1:1)  (299439)
(5.41£0.07) (1:2) (5.860.09) (1:2) (6.42+0.11) (2:1) (5.73+0.28) (2:1)

()12 (3.56£0.07 (1:1) (242430)  (3.66£0.08) (1:1)  (200+£30)  (3.63£0.06) (1:1)  (1018) (419£0.04) (1:1)  (64+6)
(6.05£0.10) (1:2) (6.12£0.17) (1:2) (7.75+0.08) (2:1) (10.39+0.16) (2:2)

(R)15 (2228+0.002) (1:1)  (5913+33)  (2.020+£0.002) (1:1)  (9541453)  (2.75+0.03) (1:1)  (1023+76)  (2.5240.009) (1:1)  (2993+61)

(5.35+£0.10) (1:2)

($)-15 (276+£0.01) (1:1)  (1659+73)  (2.554=0.001) (1:1)  (2796+8)  (3.15+0.08) (1:1)  (662£108)  (2.81£0.01) (1:1)  (133230)
(3.99£0.28) (1:2) (52140.32) (2:1) (4.66:£0.03) (1:2)

(R)16 (2.97+£0.06) (1:1)  (828+86)  (2.9440.02) (1:1)  (709+30)  (3.16£0.04) (1:1)  (613+£46)  (3.30+£0.02) (1:1)  (430421)
(5.27+0.11) (1:2) (5.88+0.05) (2:1) (5.220.15) (1:2) (5.64-£0.10) (1:2)

(5)-16 (3.30+£0.04) (1:1)  (407426)  (3.1240.03) (1:1)  (68146)  (3.40+£0.05) (1:1) (368437)  (3.45+£0.04) (1:1)  (250420)

(5.8140.19) (1:2) (5.0440.18) (1:2)

(5.75+0.1)6 (2:1) (6.4320.11) (1:2)

[a] Measured by 'H NMR spectroscopy (400-900 MHz) from titration experiments at 7=298 K. Formation constants were obtained by nonlinear least-
square regression analysis of the NMR data by simultaneous fit of all available signals from both reagents. [b] Calculated from the log[3 values by using

the “BC;, Calculator” program (see ref. [28]). [c] See reference [17].

that quantitatively defines the overall affinity of a receptor
for a ligand.” The BCY, values calculated for the investigat-
ed systems through the “BCs, Calculator”! are also report-
ed in Table 1. Gratifyingly, it can be appreciated that all the
ditopic receptors consistently bound the dimannosides more
effectively than the monomannosides, whereas the opposite
was true for the monotopic receptor 1.

Although the design of the ditopic receptors appeared
well suited for the recognition of the disaccharides, the re-
sults clearly showed that the bridging arm played a crucial
role. Receptor 15, featuring the p-xylyl moiety in the linker,
gave the worst results of the set showing, with a single ex-
ception, affinities in the millimolar range toward both
mono- and dimannosides. On the contrary receptor 9, fea-
turing a dipyrrolic bridge, gave the best affinity of the whole
set, showing toward the -dimannoside a BCY, value in the
low micromolar range. Even more interestingly, the [-di-
mannoside was recognized by the chiral receptor with an
outstanding enantioselectivity, the (S) enantiomer being
more effective than the (R) enantiomer by nearly two
orders of magnitude. On the other hand, the best affinity for
the a-dimannoside was shown by receptor 12; the latter
gave excellent BC), values for both dimannosides, but
showed rather shallow enantioselectivity and o/f discrimina-
tion.

The above-discussed results indicate a substantial contri-
bution to the recognition from the pyrrolic groups of the
linker, where the twisted bridge of receptor 9 appears to be
determinant for the matching of the enantiomers to the
ligand, whereas the more flexible linker of 12 seems to favor
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the adaptivity of the receptor at the expenses of selectivity.
In agreement with these conclusions, receptor 16 behaves
much like receptor 12, although exhibiting weaker affinities:
most likely, the smaller size of the flexible, monopyrrolic
bridge does not affect the binding capabilities of 16, but the
lack of one of the two pyrrolic rings results in increased
BCY, values. Altogether, bridging monotopic binding units
with a linker of appropriate size and flexibility and endowed
with effective binding groups proved to be a successful strat-
egy.

To confirm the interesting results obtained, we challenged
the binding abilities of the best performing receptors 9 and
12 toward Oct(aMan)aMan and Oct(aMan)pMan in a more
competitive medium. To this end, the amount of DMF in
the mixture was raised to 40% and the extent of the weak-
ening effect of the increased polar solvent on the affinities
was assessed by replicating the NMR spectroscopic titra-
tions. A typical example is depicted in Figure 1, in which a
marked shift of the signals of both reactants is evident,
showing that binding of (§5)-9 to Oct(aMan)fMan is still
substantial in the more competitive medium. Because multi-
ple complex species were still detectable, to avoid ambigui-
ties in the definition of the equilibrium model, two inde-
pendent titrations at different concentrations of the reac-
tants were performed for each receptor/ligand system inves-
tigated, and the two set of data were simultaneously fitted
including all available signals from both the receptor and
the dimannoside. This approach drastically reduced the cor-
relation of the data, providing well-defined models and reli-
able binding constants. The results obtained are shown in

Chem. Eur. J. 2013, 19, 11742 -11752
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finities are still monitored in
most cases, indicating that rec-
ognition properties tolerate

well the increasing competition
from the medium.

The binding affinities ob-
tained by NMR spectroscopy

were further confirmed by iso-
thermal titration calorimetry
(ITC), as an independent tech-

nique, in 40% DMF in CHCI,.
The issue of the presence of

multiple complex species was
addressed through the same ap-

o L

proach followed for the NMR
data, by combining independent

I rERLL

N

titrations run at different reac-
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tant concentrations into a si-
multaneous fit of all data, when
necessary to remove ambigui-

8 (ppm)

9.74

&
2

chemical shifts
chemical shifts

9.51
4.2+

corresponding  NMR  spectro-
scopic titration and data treat-
ment displayed in Figure 1. The

-~ binding constants measured by
o~ ITC and the BCY, values calcu-
lated for receptors 9 and 12

vy

5 15 25 35
point number

Figure 1. '"H NMR spectroscopic titrations (400 MHz, CDCL/DMF 60:40, 298 K) of Oct(aMan)fMan
(12.7 mm, set 1; and 6.03 mm, set 2) with (§)-9 (12.5 mm). a) Selected spectral regions from the 'H NMR spec-
tra of a single titration (set 1) showing the signal shifts observed for an increasing receptor to glycoside (R/G)
mole ratio. Representative signals of the receptor (left) and of the glycoside (right) are reported: o NH-Pyrr’
(endocyclic pyrrole), « NH-Pyrr (exocyclic pyrrole), @ CH-1la (aMan anomeric proton), m CH-1 (octyl fMan
anomeric proton). b) Plot of the complexation-induced shifts of the corresponding receptor (left) and glycoside
(right) proton signals along the titrations. Symbols are experimental data points; lines (— set 1, ----- set 2)
are best fit curves obtained through nonlinear regression by simultaneous fit of all available signals from the

two independent titrations at different reactant concentrations.

Table 2, where the measured binding constants and the cal-
culated BCY, values for receptors 9 and 12 toward the two
dimannosides are reported. Comparison of the results with
the corresponding data from Table 1 shows, apart from the
expected affinity decrease, that the binding abilities follow
essentially the same trend in the two different media, featur-
ing the (S) enantiomers performing better than the (R)
enantiomers for both receptors, although exhibiting better
selectivities for receptor 9 and higher affinities for receptor
12. What appears to suffers the most from the more compet-
itive medium is the selectivity; indeed, the main difference
appears to be the shallower enantiomeric as well as anome-
ric discrimination, the larger affinities being affected more
heavily than the smaller ones. Nevertheless, micromolar af-

Chem. Eur. J. 2013, 19, 11742-11752

as o~ ties in the definition of the

,"“ ,,'" model. The ITC results of (S)-9

,1‘ 5.0 pd with Oct(aMan)pMan are re-

‘,-: ,-r“ ported in Figure 2 as an illustra-

4§ ; e tive case, to be compared to the
5 15 25

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a5 with Oct(aMan)aMan and Oct-
(aMan)pfMan are reported in
Table 3.

Comparison of the observed
affinities with those obtained
by NMR spectroscopy shows a
generally good agreement, al-
though not excellent in all
cases. The discrepancy is clearly
apparent in the models detect-
ed from the two techniques, as
up to four binding constants
were measured by NMR spectroscopy, whereas no more
than two could be obtained by ITC. Such a discrepancy can
be ascribed to the higher definition of the equilibrium sys-
tems that can be obtained by NMR spectroscopy with re-
spect to ITC, because the larger number of data points
(many shift data for several signals of both reactants) and
the higher sensitivity of the shift modulation to the presence
of different complex species, allow for a much finer decon-
volution of the binding isotherm by the former technique.
As a result, the number of species (and therefore of binding
constants) that can be appreciated by ITC is limited by the
intrinsic resolution of the technique.™”

However, taking into account the formation constants for
the 1:1 complexes, which give the most relevant contribution

point number
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Table 2. Cumulative formation constants®! and intrinsic median binding
concentration® for receptor to glycoside (R/G) complexes of octyl di-
mannosides in CDCly/DMF 60:40 from NMR spectroscopic data.

Oct(aMan)aMan Oct(aMan)BMan
log 8 (R/G) BC), [iv]  logf (R/G) BC), [uv]

(R)-9 (2.310.04) (1:1) (3743£310) (2.23+£0.02) (1:1) (3376+73)
(3.6140.18) (1:2) 431+0.02) (12)
(6.3440.24) (2:2)
(5)-9 (2.9240.03) (1:1)  (1103£75)
(4.7940.07) (2:1)
(3.7440.34) (1:2)
(3.3040.10) (1:1) (387+58)
(5.9540.18) (2:1)
(5.3240.28) (1:2)
(8.734+0.35) (2:2)
(S)-12 (3.4840.08) (1:1) (297+41)
(5.3840.27) (2:1)
(5.3340.14) (1:2)
(9.154+0.17) (2:2)

[a] Measured by 'H NMR spectroscopy (400-900 MHz) from titration ex-
periments at 7=298 K. Formation constants were obtained by nonlinear
least-square regression analysis of NMR data by simultaneous fit of all
available signals from both reagents. [b] Calculated from the log/ values
by using the “BCs, Calculator” program (see ref. [28]).

Receptor

(32340.19) (1:1) (2314:33)
(6.9740.14) (2:1)
(9.9040.17) (2:2)
32040.02) (1:1)  (540+19)
(5.7140.03) (2:1)

(R)-12

(3.6440.06) (1:1) (212425)
(6.1840.11) (2:1)

to the affinity, it can be clearly seen that the agreement be-
tween the NMR spectroscopic and the ITC values is very
good indeed, the data for (5)-12 showing the only significant
deviation. Thus, within the discussed limits, the overall affin-
ity pattern and the measured binding constants are essential-
ly confirmed by the two independent techniques.

Structural studies: A description of the binding mode char-
acterizing the investigated receptor—carbohydrate complexes
in solution was attempted by combining NMR techniques
with molecular modeling calculations. This approach was
complicated by some basic issues affecting these systems:
indeed, the occurrence of multiple complex species of com-
parable stability at room temperature prevented the identifi-
cation of suitable conditions for an NMR spectroscopic in-
vestigation, which required the 1:1 complex to be the preva-
lent species; on the other hand, the structures of the recep-
tors were too flexible to obtain well-defined energy minima
in the conformational space of the investigated complexes.
Fortunately, we found that titration data obtained at 50°C
could be adequately fitted to the 1:1 model, thus allowing
the selection of conditions under which useful amounts of
the desired complex could be formed in solution, despite
the lower affinity of the receptor for the disaccharide at that
temperature.

The complex of receptor (5)-9 with Oct(aMan)pBMan was
selected as a representative system and its structural fea-
tures were studied at 50°C in CDCIl,/[D;]DMF 60:40 by
NMR techniques. Under these conditions, a logS value of
(2.51£0.04) was measured for the 1:1 complex from a titra-
tion of the glycoside with (§5)-9, which would cause nearly
80% of complex to be formed at a concentration of diman-
noside and receptor of 5 and 15 mwm, respectively, the free
reactants accounting for the rest of the species in solution.
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Figure 2. ITC results of Oct(aMan)fMan with (S)-9 in CDCly/DMF
60:40 at T=298 K. a) Titration of (5)-9 (0.48 mm) with Oct(aMan)BMan
(771 mm). b) Titration of Oct(aMan)fMan (0.27 mm) with (S)-9
(19.2 mm). c) Plot of the experimental data points for titrations a) (m)
and b) (e). Crosshair symbols (+) are calculated points obtained by si-
multaneous fit of all data through nonlinear regression.

A further issue was the severe overlap of the saccharide
signals with those of the receptor. This issue was addressed
by following the proton resonances along the titration
through HSQC 2D spectra, which deconvoluted the overlap-
ped signals over the "*C dimension and provided chemical
shift variations for all dimannoside signals. Signal assign-
ments were unambiguously obtained through HSQC, DQ-
COSY, and TOCSY 2D spectra. The chemical shifts of the

Chem. Eur. J. 2013, 19, 11742 -11752


www.chemeurj.org

Pyrrolic Receptors for the Molecular Recognition of Carbohydrates

Table 3. Cumulative formation constants® and intrinsic median binding concentra-
tion® for receptor to glycoside (R/G) complexes of octyl dimannosides in CDCly/

DMF 60:40 obtained from the ITC data.

FULL PAPER

straints. The protocol returned a few families of
structures, only one of which was in agreement with
the observed chemical shift data (Figure S1 in the

Receptor | R/gCt(“Man)aMaélco . R/gCt(“Man)ﬁMa];lco Supporting  Information). The lowest-energy
ogh (RIG) o (] 0gf (RIG) s L] member of the family (eighteen structures were
(R)-9 (2.66:£0.01) (1:1) (169838)  (2253+0.004) (1) (5589454) g0 within an energy window of 6.1 kJmol-') was
(4.88£0.08) (2:1) . ) ) L
(5)-9 (2812£0003) (1:1)  (1542412)  (3.426£0007) (1:1)  (335+4)  let to relax in a single-point energy minimization
(5.98+0.02) (2:1) removing all constraints, resulting in the structure
(R)-12 (3.16+0.01) (1:1) (552+12) (3.2040.01) (1:1) (445+11) reported in Figure 4 as the global minimum.
(5.82+0.02) (2:1) (6.18+0.03) (2:1) Several intermolecular hydrogen bonds between
(5)-12 (3.90:£0.02) (1:1) (107-+5) (4.036+0.008) (1:1)  (91+2)

(7.1240.09) (2:1) (6.0640.04) (2:1)

pyrrolic/aminic NH groups of the receptor and OH

[a] Measured by ITC titration experiments at 7=298 K. Formation constants were ob-
tained by nonlinear least-square regression analysis of calorimetric data by simultane-
ous fit of combined titrations. [b] Calculated from the log B values using the “BCs,

Calculator” program (see ref. [28]).

Table 4. Chemical shifts and chemical shift differences of the relevant
protons of Oct(aMan)pMan free and Oct(aMan)BMan bound to (S)-9 in
the 1:1 complex in CDCly/[D,]DMF 60:40 at T=2323 K.1"

Nucleus!™ o [ppm] CSD [ppm]
free bound
H-1a 4.6719 4.1694 0.5025
H-3a 3.1989 2.6143 0.5846
H-4a 3.1796 1.4186 1.7610
H-5a 3.5150 3.0325 0.4825
H-1 3.8998 3.5482 0.3516
H-2 3.4532 3.1216 0.3316
H-4 3.0821 2.5815 0.5006
H-7 3.2481 2.7940 0.4541
H-7 2.8692 2.3697 0.4995

[a] Chemical shifts were obtained by nonlinear regression of the experi-
mental data from titration of Oct(aMan)fMan with (S)-9. [b] Nuclei la-

[t}

beled with lower-case “a” belong to the aMan fragment of Oct-
(aMan)pfMan.

free and bound dimannoside obtained from the titration are
reported in Table 4; the corresponding chemical shift differ-
ences (CSD) are depicted in Figure 3.

It can be immediately seen that all protons experience an
upfield shift caused by the aromatic shielding effect, indicat-
ing the inclusion of the dimannoside in the cleft of the re-
ceptor; most remarkably, the H-4a proton, showing an out-
standing shift of nearly 2 ppm, which demonstrated its loca-
tion in close proximity to the aromatic moiety of one of the
two subunits of the receptor. This feature is analogous to
that observed for the (§5)-1/0OctaMan complex, the binding
mode of which was elucidated in a previous paper.'®! This
evidence suggested that modeling calculations may take ad-
vantage of the latter structure as a starting point for a con-
formational search on the (S)-9/Oct(aMan)BMan complex.
The two dihedral angles about the a-glycosidic linkage, de-
termining the relative orientation of the two monosacchar-
ides, were also included among the constraints for the con-
formational search, by using the value reported in a study
on the dimannoside conformation.”®! The conformational
search was then performed following a well-established mo-
lecular mechanics protocol (see the Supporting Informa-
tion),*! imposing, in a first approximation, the above con-

Chem. Eur. J. 2013, 19, 11742-11752
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groups of the disaccharide could be found in the
structure of the complex, showing that both the
monosaccharidic units are interacting with the mon-
otopic subunits of the ditopic receptor. This feature

2.0000

1.6000

1.2000

CSD (ppm)

0.8000

0100 I8 I8 IF 10 0

H1a H-3a Hda HB5a H1 H2 H4 HT HT

Figure 3. Plot of the chemical shift differences between free Oct-
(aMan)pMan and Oct(aMan)fMan bound to (S)-9 in the 1:1 complex in
CDCly/[D,]DMF 60:40 at T=323 K.

not only accounts for the observed high affinity of (S)-9 for
Oct(aMan)pMan, but also explains the preference for di-
mannosides shown by the ditopic receptors with respect to
their monotopic counterparts, therefore validating the mod-
ular design of our architectures.

An independent support to the calculated structure was
obtained by NOESY spectra, that were run under the
above-described conditions (Oct(aMan)pfMan, 5 mm; (S)-9,
15 mm; CDCly/[D,]DMF 60:40; T=323 K) (Figure 5). Inter-
molecular NOE cross peaks between the pyrrolic NH
groups of the receptor and the CH protons of the sacchari-
dic backbone were unambiguously detected in the 2D
NOESY map, demonstrating the inclusion of the disacchar-
ide in the receptor cleft. The interatomic distances calculat-
ed from the global minimum structure for the experimental-
ly observed NOE contacts reported in Table 5 are in good
agreement with a disposition of the a-mannosyl residue with

Table 5. Observed intermolecular NOE contacts and corresponding in-
teratomic distances calculated from the global minimum structure of the
complex of (S)-9 with Oct(aMan)pMan. !

(5)-9 Oct(aMan)pMan (interatomic distance [A])
NH-A H-3a (3.80)
NH-B H-1a (3.02)
NH-B H-2a (3.54)

[a] From the 500 MHz NOESY spectrum of a 3:1 receptor-to-glycoside
mixture in CDCl,/[D,]DMF 60:40 at T=323 K.
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Figure 4. Global minimum structure obtained from a search of the con-
formational space for the complex between (§)-9 and Oct(aMan)BMan.
Hydrogen bonds involving pyrrolic and aminic NH groups are depicted
as dashed lines. Selected hydrogen bond length [A]: N—H(B)--OH-2a
2.48, O—H(2a)-~-NH 2.27, O—H(3a)-~NH 2.30, N-H--OH-4a 2.27, N—
H(A)-+OH-3 2.15, N-H--OH-3 2.37, N—H(B)-~-OH-6 2.69, O—H(6)--NH
2.74. Nuclei labeled with lower-case “a” indicate the aMan fragment of
Oct(aMan)pMan; NH-A/NH-B indicate the NH protons of the exocyclic
and endocyclic pyrroles, respectively; NH indicate the aminic NH pro-
tons (see Figure 5).

its B face over the aromatic scaffold, which causes the ob-
served large shift of the H-4a proton, and confirms the con-
sistency between the calculated structure and the combined
NMR experimental data. The NOE cross peaks between the
pMan fragment of Oct(aMan)pfMan and the other subunit
of the receptor, which could be expected from the global
minimum structure, could not be identified unambiguously
because of the severe overlap of inter- and intramolecular
cross peaks from the reacting partners.

Finally, further support to the calculated structure is pro-
vided by the NOE contact observed between the H-1a and
the H-2 protons of the dimannoside (Figure S2 in the Sup-
porting Information), which is in agreement with the dihe-
dral angles about the glycosidic linkage between the two
mannose units obtained from the global minimum structure.
We believe that the calculated structure gives a close de-
scription of the actual binding mode characterizing the mo-
lecular recognition of the dimannosides by ditopic amino-
pyrrolic receptors.

Conclusion
The results described in this paper have clearly shown that

bridging two units of an effective receptor for mannosides
through an appropriately designed linker does indeed lead
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9.4 5 (ppm)

NH-AH-3a

NH-B/H-1a

Figure 5. 500 MHz NOESY spectrum of a (5)-9 to Oct(aMan)pfMan 3:1
mixture in CDCl,y/[D,]DMF 60:40 at T=323 K. Intermolecular NOEs be-
tween the NH-A and NH-B protons (the NH protons of the exocyclic
and endocyclic pyrroles, respectively) of (5)-9, and the H-1a, H-2a, and
H-3a protons of the dimannoside are indicated by solid squares. Intramo-
lecular NOEs of the receptor are indicated by dotted circles. A schematic
representation of the intermolecular NOEs found between (S)-9 and Oct-
(aMan)pMan is depicted on the bottom.

to new ditopic structures capable of recognizing biologically
relevant dimannosides with improved affinities with respect
to their monotopic counterparts. Among the structures pre-
pared, receptors 9 and 12 gave the most interesting results,
the (S) enantiomer of the former giving the highest selectivi-
ty toward Oct(aMan)fMan, the latter showing affinities
toward both dimannosides in the micromolar range even in
a very competitive polar solvent. In all cases, the (S) enan-
tiomer proved to be more effective than the (R) enantiomer,
demonstrating a distinct enantiodiscrimination of the diman-
nosides toward the ditopic structures.

A combined approach through NMR techniques and mo-
lecular modeling calculations to the complex between Oct-
(aMan)pfMan and (S)-9 provided a description of the bind-
ing mode characterizing the recognition of the investigated
dimannosides by the newly designed ditopic receptors and
also provided a rationale for the observed preference for di-
mannosides exhibited by the ditopic receptors compared to
their monotopic counterparts.

Although highly polar and very competitive, the medium
used in this study (30-40% DMF in chloroform) is still
quite far from an aqueous medium, thus, admittedly, the ob-
served recognition properties were not detected under bio-
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mimetic conditions. Yet, the binding abilities exhibited by
the ditopic receptors appear very promising for the future
development of biomimetic recognition in a physiological
medium. Considering that recognition of oligomannosides
by artificial receptors is not documented in the chemical lit-
erature, the structures reported in this work enriched the
carbohydrate recognition toolbox of hitherto unprecedented
biomimetic receptors for dimannosides.
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