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Positive Cooperative Effect in lon-Pair Recognition by a Tris-urea

Hemicryptophane Cage

Delecluse, M., Colomban, C.,, Moraleda, D., de Riggi, L, Duprat, F., Michaud-Chevallier, S., Dutasta, J. P, Robert, V., Chatelet,

B., Martinez, A.

Abstract: The synthesis of a hemicryptophane cage combin-
ing a CTV unit with a C; symmetrical moiety bearing three
urea functions is reported. This host was found to bind
anions with higher binding constants than other previously
reported hemicryptophanes. Due to its heteroditopic charac-

ter this cage proved to be an efficient ion-pair receptor. The
best cooperativity effect was observed for the tetramethy-
lammonium bromide (TMABYr) salt, which was confirmed and
rationalized by DFT calculations.

Introduction

The design of receptors capable of simultaneously binding cat-
ions and anions have recently attracted a growing atten-
tion."""? The so-called heteroditopic ion-pair receptors indeed
displays remarkably improved binding affinities and selectivi-
ties compared to related single ion receptors. It has been pro-
posed that the positive cooperativity effect observed in these
systems arise from attractive electrostatic interactions between
the two co-bound ions. This emergent class of hosts have
found numerous applications ranging from salt solubilization,
ion sensing, ion extraction and transport of ion pairs through
membranes."® Among the various host molecules designed to
bind salts inside their cavity, hemicryptophanes have recently
emerged as a new class of receptors capable of recognizing
ion pairs. Contrary to the homotopic cryptophanes recep-
tors," the cavity of hemicryptophanes is heteroditopic in
nature as it is build from a cyclotriveratrylene (CTV) unit (upper
part), connected to another different C; symmetrical moiety
(lower part)."™ In particular, the ability of the hemicryptophane
1 to complex tetramethylammonium halide (TMA-halide) salts
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Figure 1. Structures of hemicryptophanes 1 and 2.
with a positive cooperativity has been demonstrated

(Figure 1)." It was shown that () the TMA cation become
trapped in the upper part of the cavity through cation-m inter-
actions with the electron rich aromatic rings of the CTV
moiety, and (ij) the anion is simultaneously bound in the lower
part of the cage through hydrogen bonding with the amide
functions. However, rather low binding constants (in the range
of 10°m~', typically) were observed for the encapsulation of
single anions, preventing reaching high binding constants in
the presence of the cation. On the other hand, the remarkable
affinity of urea groups for anions is well described."” Aiming
at increasing the affinity of hemicryptophanes for single
anions, we present herein the design and synthesis of a novel
heteroditopic cage 2, which combines a CTV moiety and an
amino-tris-urea unit (Figure 1). The positive effect of the incor-
poration of a urea motif in the hemicryptophane cage has
been evaluated through the study of the encapsulation of six
single anions. Furthermore, a remarkable positive cooperative
effect has been demonstrated by the simultaneous binding of
both anions and cations. Indeed, the hemicryptophane host 2
displays much better affinity for anions than our previously de-
scribed hemicryptophane 1 and can recognize ion pairs with a
strong positive cooperativity depending on the nature of the
co-bound ions.
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Scheme 1. Synthesis of hemicryptophane 2.

Results and Discussion

The synthetic pathway leading to the hemicryptophane 2 is
shown in Scheme 1. Cyclotriveratrylene derivative 3 is synthe-
sized following a previously described two-step procedure: the
reaction of 1,2-dibromoethane with vanillyl alcohol and subse-
quent cyclisation in the presence of scandium triflate in CH,CN
provide the CTV 3 in 11% yield."® The CTV 4 is then obtained
by mixing CTV 3 and p-hydroxybenzyl alcohol in DMF, using
Cs,CO; as a base. Compound 4 is then treated with sodium
azide in the presence of triphenyl phosphine to give the inter-
mediate 5 in 40% yield. Finally, the introduction of three isocy-
anate functions was achieved by bubbling CO, in a solution of
5 and triphenylphosphine; the subsequent reaction with the
tren(tris-(2-aminoethyl)amine) under highly dilute conditions
afforded hemicryptophane 2 in 13% yield.

The 'HNMR spectrum of hemicryptophane 2 in CDCl,
shows, on average, C; symmetrical features (Figure 2). It dis-
plays the characteristic signals of the CTV unit: one singlet for
the OMe group at 3.64 ppm, the AB system for the diastereo-
topic protons of the ArCH, bridges at 3.56 and 4.77 ppm, and
two singlets for the aromatic protons at 7.03 and 6.83 ppm.
The diastereotopic OCH,CH,O and ArCH,N methylene protons
of the arms appear as multiplets between 3.6 and 4.5 ppm.
The aromatic protons of the benzene ring of the linker give
two doublets at 6.63 and 6.27 ppm. The signals of the urea
and NCH,CH,N protons of the lower part of the cage appear
as broad signals at 5.90 and 5.50 ppm, and 3.00 and 2.37 ppm,
respectively.

The recognition of anions with host 2 was then investigated
by "H NMR titration experiments in CDCl,. Tetra-n-butylammo-
nim salts (TBA) (nBu,N*X~) were used because the TBA cation
is too big to enter inside the cavity of hemicryptophane
cages."™ The host-guest exchange was found to be fast on
the NMR timescale: only one set of signals was observed
during the titration experiments, as usually reported with hem-
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Figure 2. "H NMR spectrum (400 MHz, CDCl;) of 2. *solvents (CH,Cl, and
CH;OH).

icryptophane hosts. Upon progressive addition of a concentrat-
ed solution of the guest to a solution of 2 in CDCl;, the NH
protons exhibit a strong downfield shift, evidencing the pres-
ence of hydrogen-bonding interactions between these anions
and the urea unit of 2 (Figures 3a and S11-516). Signals of the
aromatic protons of the linkers also show significant shifts
during these titration experiments. In contrast, the other pro-
tons of the host appear less affected. Altogether these obser-
vations are consistent with a complexation of the anion by the
tris-urea moiety. The complexation-induced shifts of the H,
protons of the CTV unit have been chosen to be plotted as a
function of the guest:host ratio because of their sharp and
well-defined signals showing no overlapping with other peaks,
whatever the anion added (Figures S11-S16). The resulting ex-
perimental titration curves were modeled using Bindfit pro-
gram and the stoichiometry of host-guest complexes deter-
mined by fitting the titration curves using 1:1 or 1:2 host:guest
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Figure 3. a) Example of the 'H NMR monitoring of the titration of the host 2
(2.5 mm) with ClI~ (as a solution of TBACI salt, 25 mm) in CDCl;; b) Titration
curves of host 2 with TBA-halide salts in CDCl; (see Figure S17 for other
anions). The chemical induced shifts Ad of host's protons at 4.8 ppm were
measured and plotted as a function of the ratio [G]/[H] (dots). Curves were
fitted with the Bindfit program (lines). Blue: I; brown: Br~; Yellow: CI~;
orange: F~ (To avoid superposition, the titration curve of F~ is inversed
(=A9)).

ratios (Figures 3b and $17).%%% The 1:1 host:guest stoichiome-
try turns out to provide the best fit in all cases. The calculated
binding constants are reported in Table 1. From these results,
interesting features should be underlined. Firstly, the binding
constants obtained with cage 2 are markedly higher than
those previously measured with hemicryptophane 1. For in-
stance, the binding constants for ClI~ and H,PO,™ are increased
by a factor 40 and 800 using 2, respectively. Secondly, this
binding constant improvement is associated with a remarkable
increase of the selectivity. Contrary to host 1, which poorly dis-
criminates CI~ from |-, or H,PO,” from AcO~ with 5:1 and 4:1
selectivity, respectively, host 2 turned out to be much more se-
lective with ratios of 50:1 and 130:1 for the same anions.
Thirdly, for spherical halide anions, the following affinity is ob-
served: CI"~F >Br >1". This is in good agreement with the
hydrogen-bond-accepting ability of this class of anions and

Table 1. Binding constants K, (M~") for the 1:1 complexes formed be-
tween host 2 and anion guests.®

Guest K, [m~'], host 2 K, Im~'], host 1
F~ 3900 120

cl- 4100 100

Br~ 1050 65

I~ 80 20

AcO™ 1400 60

HSO,~ 24800 45

H,PO,” 184200 235

[a] K, was determined by fitting 'H NMR titration curves (CDCl;, 500 MHz,
300 K) on the Ha protons of the CTV unit (6 at 4.8 ppm for the free host)
with the Bindfit program. More details on the calculations results (cova-
riance and RMS) can be found in Table S1; estimated error 10 %.

supports that hydrogen bonding events between the urea
groups and the anions are responsible for this complexation. A
better match between the size of the cavity and the one of
the CI™ anion could possibly account for the almost identical
affinities observed for CI~ and F~. Fourthly, H,PO,  displays a
very high binding constant, probably because this tetrahedral
anion can bind simultaneously with the six hydrogen atoms of
the urea units.?" Hence, selectivities ranging from 1:8 to
1:2000, for I~ and HSO,™ respectively, are reached.

Motivated by the improved affinity of 2 for single anions,
we further investigate its ability to bind ion pairs. In a prelimi-
nary study we examined the binding of the tetramethylammo-
nium-picrate (TMAPic) salt by hemicryptophane 2. Due to its
size, the picrate anion cannot access the cavity to interact with
the NH functions of the host, therefore only the TMA cation
can bind the CTV unit inside the cavity of 2.'"

The "H NMR monitored titration studies reveals modification
of the signals corresponding to the TMA guest, which appears
upfield, confirming its complexation of TMA by through
cation-mt and CH-mt interactions (Figure S18). However, upon
progressive addition of host to a solution of the TMA guest,
the signals corresponding to the guest appears significantly
broadens preventing further titration curve drawing and bind-
ing constant determination. Nevertheless, this experiment evi-
dences the interaction between this cation and host 2. The
ability of hemicryptophane 2 to simultaneously bind cations
and anions was then studied. The [2-Me,N*] complex was first-
ly prepared from the soluble Me,N*Pic” guest because of the
lack solubility of the Me,N* halide salts in chloroform (Figur-
es $19-521). Then, a solution of nBu,N*X~ was progressively
added as source of halide anion guest. This allowed us to
build a titration curve and determine the apparent binding
constant (K,,,) corresponding to the complexation of anions in
the presence of a co-bound cation and thus to assess the co-
operativity effect (see Figure S22 for the titration curves). Inter-
estingly, the binding constants of anions are strongly improved
by the presence of one equivalent of TMA ion inside the
cavity, with K,,, up to 29.10°m~' for the TMACI ion pair
(Figure 4). The additional electrostatic interaction between the
anion and the cation already trapped inside the cavity can ac-
count for this positive cooperativity. The cooperativity factor



(Kype/Ks) is optimal for the Me,NBr ion pair (around 13). Inter-
estingly, the selectivity between F~ and Br~ is therefore invert-
ed by the presence of the co-bound cation. This behavior
could be explained by a closer match of the size and shape of
the cavity of the cage by the Me,NBr ion pair, allowing for
() maximized cation-m interactions with the CTV unit, (i) opti-
mal hydrogen bonding of the anion with the tris-urea moiety,
and (i) a tight contact between the two ions. For the Me,NF
ion pair, the cooperativity factor is much less important, proba-
bly because the three previously mentioned interactions
cannot be simultaneously optimized.
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Figure 4. Comparison of binding constants for anions@2 (K,, blue) and
anion@[2-Me,N ] (Kyppr PiNk) complexes. Cooperativity factors are given in
parentheses.

Further insight into this observed cooperativity was provid-
ed by analyzing the fully optimized geometry of ion-pair@he-
micryptophane complexes obtained using DFT approach
(Figure 5). In all cases hydrogen bonding can be observed be-
tween the anion guest and the urea units of the host: with N—
H--X~ bound typically in the range of 1.8, 2.4 and 2.5 A for F,
Cl~ and Br~ respectively. Similarly, cation-t and CH-m interac-
tions are also evidenced in both cases with distances between
some of the C—H of the ammonium guest and the aromatics
rings of the CTV around 2.7 A. Thus, host 2 can recognize both
anions, through hydrogen bonding with its lower part, and
cations, through cation-m interactions with its upper part, in
agreement with the changes in chemical shift observed during
the titration experiments. However, this kind of heteroditopic
hosts must also be able to reconstitute the ion pair in the
heart of their cavity. To examine this ability, we then compared
the distance between the ions in the gas phase and in the
cavity of hemicryptophane 2. The change in the halide-nitro-
gen distance induced by the encapsulation shows that for

Figure 5. DFT-optimized structures of a) 2-Me,N*F~, b) 2-Me,N*Cl~, and
c) 22Me,N"Br~.

TMABr and TMACI, a lower increase in the ion pair separation
is observed (The N*--X~ distances are, respectively 33, 22 and
23% greater in the host than in gas phase for TMAF, TMACI
and TMABY, respectively). Therefore, the coulombic interaction
is negligibly disrupted with these two guests, which accounts
for the enhanced observed cooperativity.

Conclusions

We have described the synthesis of a new hemicryptophane
host 2 including a tris-urea unit. We demonstrate that the in-
corporation of the urea motif in the hemicryptophane struc-
ture is a promising strategy for the developments of highly ef-
ficient receptors able to simultaneously bind anions and cat-
ions with high binding constants. When compared with a pre-
vious similar structure, hemicryptophane 2 reveals markedly
improved binding constants toward anions and selectivity. The
heteroditopic character of this new host was further demon-
strated through its ability to complex ion pairs with interesting
positive cooperativity. The performed DFT calculations allow
for a better understanding of the improved cooperativity
factor observed for the Me,NBr salt. Further investigations are
in progress in our laboratory aiming at assessing the ability of
hemicryptophane 2 to recognize zwitterions.

Experimental Section

Chemicals and materials. All chemicals were purchased from com-
mercial sources and used without further purifications. All reactions
were carried out under argon atmosphere and with anhydrous sol-
vent (excepted CCl,) purchased from commercial suppliers. THF
was dried thanks to a solvent purification system (MB-SPS-800)
under an argon flush. 'H and "*C NMR spectra were recorded in
CDCl; on a Briiker Avance Il (300 MHz and/or 400 MHz) and the re-
sidual solvent was used as internal standard. Chemical shifts (9) are
expressed in ppm and the coupling constant (J) are in Hz. Mass
spectra (HRMS) were recorded by the mass spectrometry service at
the Spectropodle Aix Marseille Université. Melting points were deter-
mined with a Blchi Melting Point B-545. IR spectra were obtained
using a Bruker Alpha Platinium ATR. Other compounds (CTV-Br)
were synthesized according to literature procedure.®

Synthesis of precursor triphenol 4. Hydroxybenzylalcohol (1.14 g,
9.2 mmol) and cesium carbonate (3.0 g, 9.2 mmol) were dissolved
in DMF (40 mL). CTV-Br 3 (2.0 g, 2.7 mmol) was added and the mix-
ture was heated at 40°C for 3 days. Then, the reaction was cooled
at room temperature and 100 mL of EtOAc and 100 mL of distilled
water were added. The two layers were separated, and the aque-
ous phase was extracted with EtOAc (330 mL). The combined or-
ganic layers were washed with a solution of sodium hydroxide
(10%) (3%x30 mL) and NaCl saturated (50 mL), dried over Mg,SO,
and filtered. The solvent was removed under vacuum to give a
white solid (1.76 g, 75 %).

'H NMR (CDCl;, 298 K, 400 MHz): 5 =7.24 (d, J=8.7 Hz, 2H, ArH),
6.95 (s, TH, ArH), 6.86 (d, J=8.6 Hz, 2H, ArH), 6.81 (s, TH, ArH), 4.74
(d, J=13.7 Hz, TH, ArCH,Ar), 4.60 (s, 2H, CH,OH), 4.41-4.21 (m, 4H,
OCH,), 3.73 (s, 3H, OCH,), 3.53 ppm (d, J=13.8 Hz, TH, ArCH,Ar).
BCNMR (CDCl;, 298K, 101 MHz): 6=158.34 (C,), 148.88 (C,),
146.88 (C,), 133.71 (C,), 133.44 (C,), 132.06 (C,), 128.76 (C,H),
117.30 (C,H), 114.89 (C,H), 114.18 (CH), 68.49 (OCH,), 66.74
(OCH,), 65.14 (CH,OH), 56.37 (OCH,), 36.62 ppm (ArCH,Ar). ESI-MS



m/z: observed 8763953 [M-+NH," (calculated: 876.3954 for
CsHssNO,, ). Mp: 228°C. IR: #=3368, 2921, 1508, 1247, 1214,
1142 cm™.

Synthesis of precursor triazide 5. To a solution of precursor tri-
phenol 4 (524 mg, 0.61 mmol) dissolved in CCl,/DMF (1/4) (20 mL)
under argon atmosphere, were added triphenylphosphine
(480 mg, 1.8 mmol) and sodium azide (142 mg, 2.2 mmol). The mix-
ture was heated at 90°C for 5 h then brought to room tempera-
ture and quenched by adding 10 mL of water. CH,Cl, was added
(30 mL) and the two layers were separated. The aqueous phase
was extracted with CH,Cl, (3x20 mL) and the organic solution was
washed with water (3x20 mL) and NaCl saturated (50 mL), dried
over MgSO,, filtered and evaporated. The crude product was puri-
fied by column chromatography on silica gel using petroleum
ether and ethyl acetate (1:4 then gradient to 1:1) to give a white
solid (228 mg, 40 %).

'HNMR (CDCl;, 298 K, 400 MHz): 6=7.22 (d, J=8.5Hz, 2H, ArH),
6.94 (d, J=8.4 Hz, 2H, ArH), 6.90 (s, TH, ArH), 6.83 (s, TH, ArH), 4.75
(d, J=13.8Hz, 1H, ArCH,Ar), 4.39-421 (m, 6H, O(CH,),0 and
ArCH,N;), 3.76 (s, 3H, OCH,), 3.54 (d, J=14.0 Hz, TH, ArCH,Ar).
BCNMR (CDCl;, 298 K, 101 MHz): 6=129.71 (C,H), 117.24 (C,H),
11497 (C,H), 114.21 (C,H), 68.42 (OCH,), 66.65 (OCH,), 56.27
(OCH,), 54.36 (CH,N,), 36.47 ppm (ArCH,Ar). ESI-MS m/z: observed
951.4149 [M+NH,]" (calculated: 951.4148 for Cs;HssN,,O5"). Mp:
56°C. IR: #=2927, 2090, 1607, 1507, 1246, 1215, 1142 cm .

Synthesis of hemicryptophane 2. Under argon atmosphere, pre-
cursor 5 (491 mg, 0.53 mmol) and triphenylphosphine (827 mg,
3.2 mmol) were dissolved in THF (20 mL). CO, was bubbled in the
solution for 5 minutes and the reaction was stirred overnight
under CO, atmosphere. Then, the CO, was replaced by argon and
the reaction mixture was placed in a syringe. In another syringe
was prepared, containing tris-2-aminoethyl amine (77.5 mg,
0.53 mmol) in THF (20 mL). The 2 syringes were added simultane-
ously dropwise in a 200 mL of THF. The reaction mixture was
stirred for an hour and the solvent was removed under vacuum.
The crude product was purified by column chromatography on
silica gel using CH,Cl, with a gradient of MeOH to give a white
powder (77 mg, 13%).

'H NMR (CDCl;, 298 K, 400 MHz): =7.03 (s, 1H, ArH), 6.83 (s, TH,
ArH), 6.63 (d, J=8.0 Hz, 2H, ArH), 6.27 (d, J=7.7 Hz, 2H, ArH), 5.90
(br, TH, NH), 5.50 (br, 1H, NH), 4.77 (d, J=13.6 Hz, 1H, ArCH,Ar),
436 (m, 2H,0CH,), 411 (m, 2H, OCH,), 3.91-3.67 (m, 2H,
ArCH,NH), 3.64 (s, 3H, OCH,), 3.56 (d, J=13.8 Hz, 1TH, ArCH,Ar),
3.00 (br, 2H, NH(CH,), N), 2.37 ppm (br, 2H, NH(CH,), N). *C NMR
(CDCl;, 298 K, 101 MHz): =159.11 (C=0), 157.37 (C,0), 148.42
(C,0), 146.30 (C,0), 133.19 (C,), 131.86 (C,), 131.60 (C,), 128.27
(C,H), 117.06 (C,H), 114.63 (C,H), 113.56 (C,H), 67.77 (OCH,), 67.68
(OCH,), 55.81 (OCH;), 54.98 (NH(CH.), N), 43.46 (ArCH,NH), 38.64
(NH(CH,), N), 36.45ppm (ArCH,Ar). ESI-MS m/z: observed
1080.5086 [M+NH,* (calculated: 1080.5077 for CgH;oN,0;57).
Mp: 116°C. IR: #=3306, 2949, 1658, 1630, 1508, 1254, 1221 cm .

Titration experiments. A solution of host 2 (1.0 mm in CDCl,,
500 pL) was titrated in NMR tubes with aliquots of a concentrated
solution (10 mm in the same solvent) of guests. The shifts Ao of
the host’s protons signals at 6.90 ppm were measured after each
addition and plotted as a function of the guest/host ratio ([G]/[H]).
Association constant K, was obtained by nonlinear least-squares fit-
ting of these plots using Bindfit program from Thordarson’s
group.?? K, covariance and RMS are reported for each carbohy-
drate in the supporting information.

Computational method. All electronic structure calculations were
carried out within density functional theory (DFT) framework. Since

the inspected systems are particularly flexible, intramolecular inter-
actions are likely to dictate their shape. Therefore, weak interac-
tions corrections were included by means of a nowadays current
procedure. The energy contributions arising from atoms polariza-
bilities are added on top of the DFT electronic energy.?>?¥ Full ge-
ometry optimizations were performed using the B3LYP functional
and 6-31G* a basis set in the Gaussian G09 suite of programs.””
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