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ABSTRACT: Dicationic N,N'-dibenzylated cyclophane-type derivative 1 of a bisisoquinoline macrocyclic alkaloid,
S,S-(+)-tetrandrine, was prepared and characterized. In aqueous solution 1 undergoes dimerization, which was
studied by the concentration dependence of its '"H NMR signals. The salt effect on the dimerization constant was
analyzed by using different versions of Debye—Hiickel-type equations. "H NMR titration of 1 by 10 dicarboxylate
anions of different structures revealed strong peak binding selectivity for succinate in the series of a,w-dicarboxylates.
Aromatic carboxylates have larger binding constants and for o-phthalate the formation of both 1:1 and 1:2 host—guest
complexes is observed. Binding of nucleotides (AMP, ADP and ATP) to 1 is surprisingly insensitive to the guest
charge, indicating a major contribution of stacking interactions of the nucleobase with 1. Copyright © 2001 John

Wiley & Sons, Ltd.
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INTRODUCTION

Anions are important components of chemical and
biological systems, and their recognition by synthetic
receptors attracts considerable interest (for reviews, see
Ref. 1). Often fairly selective anion complexation via
hydrogen bonding to neutral receptors is efficient only in
aprotic solvents.” In protic solvents, in particular in
water, the main driving forces for anion complexation are
ion pairing and ionic hydrogen bonding.*”” With anions
possessing sufficiently large apolar moieties, additional
hydrophobic® and/or stacking® interactions with the
receptor apolar surface can also contribute significantly.
Large binding constants and significant selectivity were
reported for recognition of highly charged tricarboxy-
lates®'%!! and phosphates'>'® by polyprotonated aza-
macrocycles and cleft-type receptors containing multiple
ammonium or guanidinium groups. Complexation of
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dicarboxylates in water is generally weak and of low
selectivity.%"4 Ion pairing of dicarboxylates with open-
chain diammonium cations was found to be essentially
independent of the structure of both components with log
K =2.14 0.2 at zero ionic strength.'* A recently reported
cleft-type diamidinium receptor specially designed for
dicarboxylate binding shows high binding constants of
the order of 10* 1mol™!, but in non-aqueous media
(methanol), and demonstrates only marginal selec-
tivity.'

We demonstrated previously that the use of natural
macrocyles may be a viable and easily accessible
alternative to synthetic receptors.'® Specifically, the
cationic form of a bisisoquinoline alkaloid, d-(+)-
tubocurarine, was found to be an efficient receptor for
organic anions.'® The purpose of this work was to test
the dicarboxylate recognition properties of a semisyn-
thetic cyclophane-type receptor obtained by quaterniza-
tion of nitrogen atoms of another bisisoquinoline
alkaloid, S,S-(+4)-tetrandrine.

The crystal structure of tetrandrine shows that it has the
conformation of a triangle with a small cavity.!” We
expected that quaternization of both nitrogen atoms of the
alkaloid with large apolar groups would transform it into
a dicationic receptor with an extended cavity capable of
significant hydrophobic interaction with apolar moieties
of dicarboxylates. In addition, a rigid aromatic skeleton
of the macrocycle may create increased binding se-
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lectivity due to steric effects. With this in mind, we pre-
pared a bisbenzylated derivative (1) of tetrandrine which
indeed demonstrated significant complexation selectivity
towards dicarboxylates. For comparison, the complexa-
tion of adenosine mono-, di- and triphosphates with 1 was
studied.

EXPERIMENTAL

S,S-(+)-Tetrandrine, carboxylic acids, adenosine mono-,
di- and triphosphates, inorganic salts and components of
buffer solutions were purchased from commercial
suppliers and used without further purification. All
solutions were prepared in purified water (Milli-Q
Reagent Water System). NMR spectra were recorded
on Varian UNITY INOVA 400 and 500 MHz spectro-
meters.

N,N’-Dibenzyltetrandrine dibromide (1). To a solution of
S,S8-(+)-tetrandrine (0.467 g, 0.735 mmol) in acetone
(130 ml) a solution of benzyl bromide (0.38 g, 2.2 mmol)
in acetone (7 ml) was added and the mixture was refluxed
for 15 h. The solid precipitate was washed with acetone
and recrystallized from acetone—water affording 1
(0.596 g, 84%). FAB-MS: m/z 402.3 (1-2Br—, M*"),

Copyright © 2001 John Wiley & Sons, Ltd.

885.7 (1-Br~, MBr"). 'H NMR (DMSO-de, 500 MHz):
6=2.57 (s, 3H); 2.76 (d, J = 16.5 Hz, 1H); 3.14 (dd, 1H);
3.19 (s, 3H); 3.241 (d, J=6 Hz, 1H); 3.278 (d, /=6 Hz,
1H); 3.34 (s, 3H); 3.42 (m, 1H); 3.43 (m, 1H); 3.467 (s,
3H); 3.52 (m, 1H); 3.56 (m, 1H); 3.72 (d, J/=7.5 Hz, 1H);
3.76 (s, 3H); 3.78 (s, 3H); 3.88 (m, 1H); 4.34 (m, 1H);
4.40 (m, 1H); 4.515 (m, 1H); 4.54 (m, 1H); 4.59 (dd,
J=575, 11.25Hz, 1H); 4.644 (m, 1H); 4.939 (d,
J=9.5Hz, 1H); 6.05 (s, 1H); 6.4 (d, J=1.5, 1H); 6.56
(dd, J=2, 8.5Hz, 1H); 6.69 (dd, J=3, 8.3 Hz, 1H); 6.8
(s, 1H); 6.91 (dd, J =2, 8.5 Hz, 1H); 6.95 (d, J=8.5 Hz,
1H); 7.1 (dd, J=2, 8 Hz, 1H); 7.113 (s, 1H); 7.52 (m,
1H). Anal. calc. for C5,Hs5¢N,OgBr,-4H>,0 (1036.92), C
60.23, H 6.22, N 2.70; found, C 60.18, H 6.1, N 2.69%.
Assignment of "H NMR signals of 1 in DMSO-ds was
done by using standard two-dimensional techniques
(COSY, ROESY, TOCSY, HMBC and HMQC) (Table
1). Chemical shifts of 1 in water were poorly resolved and
concentration dependent (see Results and discussion).
Assignment of signals in water was made by comparison
of spectra recorded at the lowest possible concentrations
with that in DMSO-de. Benzylation of nitrogen atoms of
tetrandrine leads to the formation of two new chiral
centers and therefore a mixture to four stereoisomers can
be produced. There are, however, several pieces of
evidence in favor of the formation of a single isomer.
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Table 1. Assignment of "H NMR signals of 1°

Proton 6 in DMSO- dg(ppm) 6 in DO (ppm)
2-N-CHj; 2.57 2.428
2-N-CH, 4.515, 4.644 4317, -
2’-N-CHj; 3.34

2'-N-CH, 4.54, 4.644 4.346, -
1 4.939 4.783
I 4.59 4.467
3 3.88,4.34 -, 4.16
3 3.72, 4.40 3.63, -
4 3.278,3.42

4 3.241, 3.43

6 6.8 6.675
6 7.113 7.053
9 6.05 5.892
11 2.76, 3.52 2.636, —
11 3.14, 3.56 3.017,3.474
13 6.40 6.112
13 6.56 6.54
14 6.69 6.54
16 6.95 6.38
16’ 6.91 6.74
17 7.10 6.824
17 7.52 7.177
7-O-CH;, 3.76 3.674
7'-0O-CHj; 3.78 3.7
8-O-CH;, 3.19

15-0-CH; 3.467 34

* Chemical shifts of aromatic protons of benzyl groups appear between
7.33 and 7.55 ppm.

First, the "H NMR spectrum shows a single set of signals
for all hydrogens. Second, the reversed-phase HPLC
analysis of 1 shows a single elution peak under different
elution conditions (in a typical experiment a 40.3
mgml ™' stock solution of 1 in DMSO was prepared,
the injection volume was 50 pl, the chromatographic
column (C,g) was 250 x 4.6 mm i.d., the mobile phase
was 40% methanol —60% water, the flow-rate was 0.5 ml
min~', UV detection was used and the capacity factor
was k' =4.49).

"H NMR titrations. The diacids were converted into the
respective dianions by adjusting the pH of their solutions
in D,O to be 2-3 units above second pK, value by adding
Na,COs;. Titrations were performed on Varian UNITY
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Figure 1. Concentration dependence of the observed
chemical shift of H-11 of 1. The solid line is the fitting curve
in accordance with Egn. (3)

INOVA 400 and 500 MHz spectrometers by adding
aliquots of the dianion stock solutions (typically 0.4 M) to
aca 4 mM solution of 1 in D,O containing desired amount
of background NaCl electrolyte. All titrations were
repeated twice. The experimental data were fitted using
non-linear least-squares regression with the Microcal
Origin 3.5 program. At least 10 signals of different
protons of 1 were used for the fitting and the binding
constants obtained were averaged.

RESULTS AND DISCUSSION
Self-association of 1

In preliminary experiments we observed a significant
concentration dependence of the chemical shifts of 1 in
water indicative of self-association of the dication. Figure
1 shows as an example the concentration profile of the
observed chemical shift for the H-11 proton. Similar
upfield shifts of the proton signals were observed on
addition of NaCl to a solution of 1 in water (Table 2).
Self-association of charged hydrophobic species in water
is often observed, e.g. for charged porphyrins'® and
cyclophanes.'® A positive salt effect on such aggregation

Table 2. Effect of NaCl on chemical shifts of 4.15 mm 1 in water (selected signals which undergo largest salt-induced shifts) and

dimerization constants Kp at different NaCl concentrations

[NaCl] (m) H-11 H-9 H-13 H-13 H-16' Kp (Imol™")
0 272 5.97 6.15 6.55 6.76 23+8
0.05 2.64 5.88 6.1 6.53 6.72 34£5
0.1 2.57 5.85 6.09 6.525 6.71 42+6
0.15 2.53 5.82 6.07 6.52 6.69 49+7
0.2 2.51 5.79 6.06 6.51 5.68 53£8
0.3 2.48 5.71 6.05 6.505 6.67 63 £ 38

Copyright © 2001 John Wiley & Sons, Ltd.
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processes is also well documented and is attributed to
decreased repulsion of similarly charged species at higher
solution ionic strength.zo

Quantitative analysis of this and other similar profiles
for the chemical shifts of different protons shows that
they are perfectly fitted to a simplest model involving
dimerization of charged macrocycles according to the
equation

2M2+ = M24+ (1)

where M is the monomeric and M, is the dimeric species
with the equilibrium dimerization constant Kp, defined as

Kp = [My]/[M]* (2)

The equation for observed chemical shift 6., on
assumption of fast exchange between dimeric and
monomeric forms has the form

60bs :6M + (6D - 6M)

{1 T (1= /14 8KD[H]T)/4KD[H]T} (3)

where 6y and Op are the chemical shifts of monomer and
dimer, respectively, and [H]t is the total concentration of
the host. Fitting of concentration profiles for different
protons gives after averaging the value Kp=23+8
1 mol ™" in water without added electrolyte.

Since carboxylates and phosphates are charged
species, titration with them should be performed in the
presence of supporting electrolyte in order to minimize
the possible increase in the degree of dimerization of 1
with increase in titrant concentration. In order to estimate
the salt effect on K, we calculated K, values at different
concentrations of NaCl added by Eqn. (3) using data from
Table 2 and assuming that NaCl does not affect éy; and 6p
values taken from fitting the concentration dependences.
Averaged values of Kp calculated from salt-induced
shifts for different protons are given in Table 2.

It has been shown that salt effects on host—guest
equilibria can be treated satisfactorily in terms of a
simple Debye—Hiickel equation [Eqn. (4)] with the
apparent charges of reacting species equal to or some-
what lower than the true charges:7’21

logK = log K* — 0.5(zz> — zp°)VI/(1 +VI)  (4)

where I is the ionic strength, K° is the equilibrium
constant at I =0, zg”> is the sum of squares of charges of
reactants and zp> is the sum of squares of charges of
products. The fitting of the results from Table 2 to Eqn.
(4) shown in Fig. 2 (dashed line) gives Kp’ =22 1 mol !
and sz — zp2 = —2.42, which means that the dication of 1
behaves as a species with effective charge zp;=+1.1.
However, the fitting to the Eqn. (4) shows an obvious

Copyright © 2001 John Wiley & Sons, Ltd.
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Figure 2. Salt effects on the dimerization constant of 1 (Kp,
left axis, solid squares) and binding constant of terephthalate
anion to 1 (K, right axis, open squares). Solid lines are the
fitting curves in accordance with Egn. (6) and parameters
given in the text; dashed and dotted lines are the fitting
curves to Eqgns (4) and (5), respectively

systematic deviation from the experimental points. In a
search for a better fit we tested also an empirical Debye—
Hiickel type equation [Eqn. (5)] successfully employed
for a large number of ionic association equilibria with
both organic and inorganic ions:'**?

logK =log K® — (zx* — zp°)VI/(2 + 3V1)
+CI +DIVI (5)

where C=0.11p*+020 (> —2zp°), D=-0.075
(zr*> — zp°) and p* is the difference in number of moles
of reactants and products. The fitting to Eqn. (5) shown
in Fig. 2 by a dotted line gives Kp’=22 1mol' and
ZR> — 2p° = —3.5 (zm = +1.3), but the quality of the fitting
is even worse than that with Eqn. (4). Bearing in mind the
purely empirical nature of the fitting of these results to a
Debye-Hiickel-type equation derived for small, spherical
ions rather than for large organic ions possessing highly
dispersed charges, we tried also to use as an adjustable
parameter the size parameter B in the original Debye—
Hiickel equation:

logK =logK® — 0.5(zz* — 2p*)VI/(1 +BVI) (6)

The fitting to Eqn. (6) is shown in Fig. 2 by a solid line.
It is considerably better and gives Kp’=23 lmol ',
> — zp° = —1.68 (zp=+0.92) and B =0.074. Remark-
ably, the results of the application of all three equations
agree reasonably well with each other in spite of the
obvious difference in fitting quality. The equilibrium
constant at zero ionic strength is virtually the same for all
three fitting equations and the effective monomer charge
varies in a narrow range from 0.9 to 1.3. Most probably
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Table 3. Binding constants of anions to and complexation-induced changes in selected chemical shifts of 1 at saturation at 25°C

and /=0.05 in water®

Changes in chemical shifts at saturation

Anion K, molfl) H-11 H-11’ H-9’ H-13 H-13
-00¢” ™ coo" <10
.OOC/\/COO' 58.0+5.3 —0.033 —0.025 —-0.032 —-0.015 -
-00¢”™"coo" <10
- b
.OOC/\/\/COO —
.OOC/\/COO' 432 +4.2 —0.062 —0.040 —0.061 —0.042 -
- - _ _ _C _ _C
00C N elele} 46.7 + 4.1 0.024 0.013 <—0.008
. 11.6 £3.3 —0.38 —-0.21 —-0.33 —-0.43 —0.26
coo
i @ R 110+ 4 —-0.123 —0.115 —0.106 —0.107 —0.105
00C coo
QCOO' 489 1+ 3.6 —0.284 —0.236 —0.226 —-0.22 —0.205
-00C
(elolo} K,=135+12 —-0.017 —0.05 —0.033 —0.01 —0.01
@E K;=1244+1.5 —0.290 —0.06 —-0.25 —0.16 —0.13
coo"
AMP? K, =48+7 —0.081 —0.02 —-0.014 —-0.134 —0.079
K>,=55+10 —0.246 —0.14 —0.084 —0.201 —0.221
ADP? 39.6 3.6 —0.244 —-0.214 —0.11 —0.298 -
ATP* 110.2 £ 8.5 —-0.211 —0.155 —0.108 —0.264 -

4 Errors in K are the standard deviations from mean values calculated by the averaging of values obtained by fitting of experimental points for 10
NMR signals measured in duplicate; errors in changes in chemical shifts at saturation obtained as the second fitting parameter were typically within

+10%).
® No interaction detected.
¢ Not determined because of signal overlapping.

the estimated low effective charge of the dication reflects
a high degree of charge delocalization in 1.

In the practical sense, on the basis of above results we
chose for further studies the concentration of added NaCl
as 0.05M and that of 1 as ca 0.004 M. Under these
conditions ca 80% of 1 should remain in the monomeric
form on variation of the titrant concentration from O to ca
0.04 M, provided that the ‘ionic strength’ created by the
titrant is equivalent to that created by NaCl. Another
problem in the titration of a self-associating host is the
unknown degree of self-association of the host—guest
complex. If it is higher than for the free host, the observed
binding constant will be larger than its true value. The
positive salt effect on the dimerization of 1 indicates that
in principle neutral host-guest complexes may have
larger dimerization constants than the dicationic host.
Such a complexation-induced increase in the dimeriza-
tion constant should affect the shape of the titration

Copyright © 2001 John Wiley & Sons, Ltd.

curve, but within the limits of experimental errors the
deviation may be difficult to detect. On the other hand,
the contribution of this effect evidently should be larger
for higher host concentrations. Therefore, titrations with
several guests (isomeric phthalate anions) were per-
formed at different concentrations of 1 in the range 2—
8 mM in the presence of 0.05M NaCl. The observed
binding constants were found to be independent of the
host concentration, indicating a small if any contribution
of possible complexation-induced increases in the
dimerization constant.

Anion complexation

The anionic guests used in this study are listed in Table 3.
In all cases, addition of a guest anion induced upfield
shifts of proton signals of 1 and the plots of observed

J. Phys. Org. Chem. 2001; 14: 453-462
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Figure 3. Titration plots for 1 and malonate (triangles),
succinate (solid squares) and glutamate (open squares)

anions (chemical shifts for H-11). Solid lines are the fitting
curves in accordance with Egn. (7)

chemical shifts vs guest concentration followed Eqn. (7)
derived for a 1:1 complexation scheme:

Oobs = O + OSA(S([H]T + [G]T + 1/K
—\/(Hly + (Gl + 1/K)? — 4[H] [Gl,) /[H];
(7)

where 0y is the chemical shift of 1, Aé is the difference in
chemical shifts of complexed and free 1 (complexation-
induced shift at saturation, CIS), [H]t and [G]y are the
total concentrations of the host 1 and the guest and K is
the binding constant. Also, a simplified equation [Eqn.
(8)] which assumes the free guest concentration to be
approximately equal to its total concentration was used
when appropriate:

bobs = 01 + A(SK[G]T/(l + K[G]T) (8)

The 1:1 stoichiometry was confirmed by the construction
of Job plots for terephthalate as the guest using chemical
shifts of different protons.

Additions of anions of aliphatic monocarboxylic acids
did not induce any detectable changes in the "H NMR
spectra of 1, but dicarboxylates showed such changes, as
is illustrated in Fig. 3. Only the results for succinate show
sufficient curvature to allow an estimation of K and CIS
values. The respective binding constants and selected
(largest) CIS values for some protons are given in Table
3. With malonate and glutarate rather dispersed linear
dependences of chemical shifts on guest concentrations
are observed. In order to obtain at least an upper estimate
of the binding constants for these anions, the results were
fitted to Eqn. (8) assuming that the CIS values for these
anions are similar to those for succinate. Such estimates
show that the K values for both anions are lower than 10

Copyright © 2001 John Wiley & Sons, Ltd.
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Figure 4. Titration plots for 1 and maleate (triangles),
fumarate (solid squares) and benzoate (open squares) anions
(chemical shifts for H-11). Solid lines are the fitting curves in
accordance with Egn. (7)

1 mol~'. Additions of adipic acid did not induce notice-
able spectral changes.

The existence of a sharp optimum in the series of
guests ~OOC(CH,),COO~ might indicate the best
complementarity of guest negative charges and ammo-
nium charges of 1 at n =2, but the distance between the
N-2 and N-2' atoms in tetrandrine is 9.75 z&,” whereas
the distance between carboxylate oxygens of succinate
is only ca 6 A. Quaternization of nitrogens in 1 may
change the distance, but most probably it will be even
larger because of repulsion of ammonium cations.
Therefore, better charge complementarity should be
expected for guests with larger n and the optimum for
succinate may be due to the best complementarity of its
hydrocarbon chain to the host shape. Probably its
methylenes are included in the small and rigid host
cavity, which allows van der Waals contacts of both
carboxylates with ammonium sites, but owing to steric
restrictions larger chains cannot be accommodated inside
the cavity.

Typical titration plots for fumarate and maleate are
shown in Fig. 4. These anions have binding constants
similar to that for succinate (Table 3). Inspection of CIS
values (Table 3) for all three anions shows that although
they differ considerably in absolute magnitude, in all
cases complexation affects the chemical shifts of protons
situated around both ammonium groups of 1 and no guest
shows a preferable location around one of the host
nitrogens. It is worth noting that CIS values with all
anions studied show a non-specific pattern, being of
similar magnitude for very distant protons (Table 3).
Therefore, analysis of the complexation-induced shifts of
different signals is unfortunately of limited help for the
identification of the location of the bound guest in this
case. It seems that the association of anions with 1 leads
to the formation of a series of rapidly equilibrating, on the
NMR time-scale, isomeric complexes with each guest

J. Phys. Org. Chem. 2001; 14: 453-462
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Figure 5. Titration plots for 1 and terephthalate (solid
squares) and isophthalate (open squares) anions (chemical
shifts for H-11). Solid lines are the fitting curves in
accordance with Egn. (7)

and the observed changes in chemical shifts are the
averaged values. Hence one should rely more on
structure—affinity relationships in determining the mode
of anion binding to 1.

With aromatic carboxylates one may expect an
additional contribution from stacking or hydrophobic
interactions. Indeed, benzoate anion, in contrast to
aliphatic monocarboxylates, interacts with 1 although
with a small binding constant, (Table 3, Fig 4). As
discussed above for dicarboxylates, benzoate induces
changes in the chemical shifts of protons situated around
both ammonium groups (Table 3). Since the monoanion
certainly cannot form a salt bridge with both ammonium
groups of 1, the observation of considerable CIS values
for distant protons can be explained only by assuming
that benzoate participates in a fast equilibrium between
two or more isomeric complexes in which the carboxy-

3.69

1258

367} 7256

3.667 1254

Sobss ppm (H-7")
(11-H) wdd s

3.657 1252

3.64 T T T T T 2.50
0.00 0.01 0.02 0.03 0.04

[Guest], M

Figure 6. Titration plots for 1 and phthalate anions (chemical
shifts for H-7" and H-11). Solid lines are the fitting curves in
accordance with Egn. (9) and dashed lines in accordance
with Egn. (7)

Copyright © 2001 John Wiley & Sons, Ltd.
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Figure 7. Titration plots for 1 and ATP (solid squares) and
ADP (open squares) anions (chemical shifts for H-11). Solids
lines are the fitting curves in accordance with Egn. (7)

late group is in a contact with either the N-2 or N-2’ site,
in agreement with the assumption made above for
dicarboxylates.

Typical titration plots for terephthalate and isophtha-
late are shown in Fig. 5. Terephthalate has the larger
binding constant, but the CIS values for the less tightly
bound isophthalate are larger (Table 3). The situation
with the ortho-isomer is more complicated. Fitting of the
titration plots for o-phthalate monitored by the chemical
shifts of different protons was satisfactory, but the
binding constants were very much different for different
monitored protons, ranging from ca 5 to ca 100 1 mol .
As an example, Fig. 6 shows the titration plots for o-
phthalate monitored by the chemical shifts of H-7" and H-
11. Their fitting to Eqn. (7) shown by dashed lines gives
K=87 and 5.4 lmol™', respectively. Such behavior
indicates a more complex reaction scheme for this anion.
Fitting these results to the equation

Sobs = (6u + 6uG K1 [G] + buc, K1 K2[G]?) /(1
+ K1[G] + K1 K2 [G]?) (9)

where 6y, 0nyg and dyg, are chemical shifts of free host,
1:1 complex and 1:2 complex, respectively, and K; and
K, are stepwise formation constants of these complexes,
allowed us to obtain signal-independent binding con-
stants K; =135 and K, =12.4 1 mol~' with major CIS
values accompanying the formation of the second
complex.

The association constants for terephthalate were
determined at different concentrations of added NaCl
(Fig. 2). Evidently the salt effect on the association
equilibrium is much stronger than that on the dimeriza-
tion of 1. Fitting the results for terephthalate to Eqn. (6)
gives logk”=2.65 and zz” — zp° = 5.74 with B =0.074.
Assuming that terephthalate behaves as a ‘normal’
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Figure 8. Titration plots for 1 and AMP anions (chemical
shifts for H-17 and H-16’). Solid lines are the fitting curves in
accordance with Egn. (9) and dashed lines in accordance
with Egn. (7)

dianion with an effective charge of —2, one obtains from
these parameters an effective charge of 1 of +1.36, in
agreement with estimates from the salt effect on
dimerization (see above).

Titration plots for ADP and ATP are illustrated in Fig.
7 and the respective binding constants are given in Table
3. In the case of AMP as in the case of o-phthalate, fitting
to Eqn. (7) gives binding constants strongly dependent on
the signal used for the fitting. As an example, the titration
curves for two different protons are shown in Fig. 8.
Again, fitting to Eqn. (9) allowed us to obtain signal-
independent binding constants for the first and second
complexes (Table 3). It is worth noting that in the case of
AMP the experimental titration points do show clear
deviations from the fitting curve corresponding to a 1:1
binding isotherm.

Large CIS values for nucleotides similar to those for
aromatic carboxylates (Table 3) indicate possible con-
tributions of stacking interactions for both types of

guests. In the series of nucleotides the negative charge
increases from 2 to 4 on going from AMP to ATP but the
binding constants show little and irregular dependence on
the guest charge: K decreases on going from AMP to
ADP and then increases, but only by factor of ca 3, for
ATP. The situation resembles that recently reported for
nucleotide binding by a cationic porphyrin dimer.? Purely
electrostatic binding of ATP to diammonium dications of
different structures has K values of the order of 10°
1mol ™" at 7=0,> much higher than the K= 110 1mol "
found for ATP and 1. The association constants of ATP
with ammonium monocations are of the order of 10°~10°
Imol ™' at 1=0.** Taking into account the fact of the
formation of both 1:1 and 1:2 complexes between 1 and
AMP, in which the dianion apparently is bound to only
one of the host ammonium groups, we assume that ADP
and ATP also are bound to only one of the host
ammonium groups but the formation of 1:2 complexes
for these anions is unfavorable because of mutual
repulsion of highly charged guests. On the other hand,
the values of K and K, for AMP are too large for purely
electrostatic binding of a dianion to a monocation.
Typical values of association constants for such ionic
pairs are ca 10 Imol~' at 7=0."* The large binding
constants for AMP therefore indicate a contribution from
stacking interactions, which probably is less significant
for nucleotides possessing higher negative charges.
Trends in the complexation of dicarboxylates by 1 can
be considered together with extensive literature data on
ion pairing with these guests. Since any discussion of
ionic equilibria requires corrections for salt effects, we
estimated the association constants for dicarboxylates at
I=0 by using Eqn. (6) with parameters found for
terephthalate. Logarithms of the thus corrected binding
constants together with literature values for dicarboxylate
binding to different cations are given in Table 4. As
mentioned in the Introduction, purely -electrostatic
binding of dicarboxylates is rather non-specific. Dica-
tions possessing very different charge distributions, such

Table 4. Logarithms of association constants of dicarboxylates with 1 and other cationic species in water at /=0

1°* Ca®™  H3;N(CH,);NH;*™  H3N(CH,)NH;>™  H,N(CH,)¢NH5® 3>t 206+
Malonate <1 2.5 2.0 0.9
Succinate 2.4 2.0 2.11 2.0 1.1 3.15
Glutarate <1 1.78 1.86 1.55%f 3.36
Adipate - 2.2 2.61 3.41
Maleate 2.3 2.43 3.38
Fumarate 2.2 2.0 3.61
o-Phthalate 2.73 2.47 2.23 1.973f
Isophthalate 23 2.0 2.74
Terephthalate 2.65 2.05 2.15 2.27%f 2.85 4.40
@ Ref. 24.
® Ref. 14.
¢ Ref. 7.
4 Ref. 4.

¢ No binding.
f N,N'-Permethylated diamine.

Copyright © 2001 John Wiley & Sons, Ltd.
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as spherical Ca>" or diprotonated diamines with different
spacers between ammonium groups, all bind dicarboxy-
lates with logK ~ 2. As an example of recognition by
polyprotonated macrocycles, data for the macrobicyclic
anion receptor 2% are included, which show, of course,
larger binding constants but practically no discrimination
between aliphatic dicarboxylates. Complexation with the
aromatic dication 3’ is stronger owing to some contribu-
tion from stacking and/or hydrophobic interactions, but
also non-selective.

The most interesting feature of 1 in comparison with
other dications is the strong peak selectivity for succinate
in the series of «,w-dicarboxylates. The similar binding
constant for fumarate probably reflects similar conforma-
tions of this anion and succinate, but equally strong
binding of maleate seems surprising. Comparison of CIS
values (Table 3) shows that for maleate they are
substantially smaller than for succinate and fumarate. It
is possible, therefore, that in contrast to succinate and
fumarate, maleate is bound to only one of the ammonium
centers of 1 with its hydrocarbon moiety located outside
the macrocycle cavity. Indirect evidence in favor of this
assumption is the observation of formation of 1:1 and 1:2
complexes with o-phthalate, which possesses an arrange-
ment of carboxylate groups similar to maleate and
apparently forms complexes with each ammonium center
of 1. In the case of maleate, formation of the second
complex can be easily overlooked because of the very
small complexation-induced spectral shifts. Ion pairing
of dicarboxylates with monocations is usually weak, as
illustrated in Table 4 for malonate and succinate
complexes with monoprotonated diaminohexane, which
have association constants of only 10 1 mol~'. However,
as can be seen from the data for Ca>" (Table 4), maleate
and o-phthalate form more stable ion pairs than other
dicarboxylates owing to the higher charge density created
by proximate carboxylate groups.

Binding constants for isomeric phthalates are in the
range of values expected for ion pairing between
dicarboxylates and dianions (Table 4), and the com-
plexation is rather non-specific. An interesting feature is
the ability of o-phthalate to form both 1:1 and 1:2
complexes, apparently due to the above-mentioned effect
of higher negative charge density which allows suffi-
ciently strong binding to a single ammonium center.

CONCLUSIONS

The use of natural macrocycles for the development of
new receptors is promising in several respects. First, in
this way one avoids the usually difficult step of
macrocyclization inevitable in the preparation of syn-
thetic receptors. Second, natural compounds often
provide interesting three-dimensional arrangements of
functional groups, which potentially may create high
binding selectivity. Third, natural compounds are often

Copyright © 2001 John Wiley & Sons, Ltd.

chiral and are of a special interest for potential chiral
recognition. The results obtained in this paper with
bisbenzylated tetrandrine showed never before reported
high peak selectivity of complexation of o,w-dicarboxy-
lates. We also observed significant contributions of
stacking or hydrophobic interactions in the complexation
of benzoate anion and nucleotides. These results create
bases for further applications of 1 for more important
chiral recognition of anions, e.g. N-acylated amino acids.
Preliminary measurements with enantiomeric anionic
derivatives of phenylalanine showed that 1 does have a
significant capacity for chiral discrimination.

REFERENCES

1. (a) Bianchi A, Bowman-James K, Garcia-Espafia E (eds). The
Supramolecular Chemistry of Anions. Wiley: New York, 1997; (b)
Scheerder J, Engbersen FJ, Reinhoudt DN. Recl. Trav. Chim. Pays-
Bas 1996; 115: 307; (c) Schmidtchen FP, Berger M. Chem. Rev.
1997; 97: 1609; (d) Antonisse MMG, Reinhoudt DN. J. Chem.
Soc., Chem. Commun. 1998; 443; (e) Beer PD. J. Chem. Soc.,
Chem. Commun. 1996; 689.

2. (a) Werner F, Schneider HJ. Helv. Chim. Acta. 2000; 83: 465; (b)
Jagessar RC, Burns DH. J. Chem. Soc., Chem. Commun. 1997,
1685; (c) Raposo C, Almaraz M, Martin M, Weinrich V, Muss6ns
ML, Alcézar V, Caballero MC, Moran JR. Chem. Lett. 1995; 759;
(d) Fan E, Van Arman SA, Kincaid S, Hamilton DA. J. Am. Chem.
Soc. 1993; 115: 369; (d) Wilcox CS, Kim E, Romano D, Kuo LH,
Burt AL, Curran DP. Tetrahedron 1995; 51: 621; (¢) Hamann BC,
Branda NR, Rebek J Jr. Tetrahedron Lett. 1993; 34: 6873; (f)
Kavallieratos K, Bertao CM, Crabtree RH. J. Org. Chem. 1999; 64:
1675; (g) Gale PA, Sessler JL, Allen WE, Tvermoes NA, Linch V.
J. Chem. Soc., Chem. Commun. 1997, 665; (h) Hiiber GM, Glidser
J, Seel Ch, Vogtle F. Angew. Chem., Int. Ed. Engl. 1999; 38: 383;
(i) Valiyaveettil S, Engbersen JFJ, Verboom W, Reinhoudt DN.
Angew. Chem., Int. Ed. Engl. 1993; 32: 900; (j) Davis AP, Gilmer
JE, Perry 1J. Angew. Chem., Int. Ed. Engl. 1996; 35: 1312; (k)
Huang CY, Cabell LA, Anslyn EV. J. Am. Chem. Soc. 1994; 116:
2778.

3. (a) Dietrich B, Hosseini MW, Lehn JM, Sessions RB. J. Am. Chem.
Soc. 1981; 103: 1282; (b) Dietrich B. Pure Appl. Chem. 1993; 65:
1457.

4. Lehn JM, Méric R, Vigneron JP, Bkouche-Waksman I, Pascard C.
J. Chem. Soc., Chem. Commun. 1991; 62.

5. Kimura E, Sakonaka A, Yatsunami T, Kodama M. J. Am. Chem.
Soc. 1981; 103: 3041.

6. (a) Bencini A, Bianchi A, Burguete MI, Garcia-Espafia E, Luis SV,
Ramirez JA. J. Am. Chem. Soc. 1992; 114: 1919; (b) Bencini A,
Bianchi A, Burguete MI, Dapporto P, Doménech A, Garcia-Espafia
E, Luis SV, Paoli P, Ramirez JA. J. Chem. Soc., Perkin Trans. 2
1994; 569.

. Hossain MA, Schneider HI. Chem. Eur. J. 1999; 5: 1284.

. Yatsimirsky AK, Eliseev AV.J. Chem. Soc., Perkin Trans. 2 1991;
1769.

9. Sirish M, Schneider HJ. J. Am. Chem. Soc. 2000; 122: 5881.

10. Shinoda S, Tadokoro M, Tsukube H, Arakawa R. Chem. Commun.

1998; 181.
11. Metzger A, Lynch VM, Anslyn EV. Angew. Chem., Int. Ed. Engl.
1997, 36: 862.

12. Hosseini MW, Lehn JM, Mertes MP. Helv. Chim. Acta, 1983; 66:
2454,

13. Sebo L, Diederich F, Gramlich V. Helv. Chim. Acta, 2000; 83: 93.

14. Cascio S, De Robertis A, De Stefano C, Foti C, Gianguzza A,

Sammartano S. J. Chem. Eng. Data 2000; 45: 717.

15. Sebo L, Schweizer B, Diederich F. Helv. Chim. Acta 2000; 83: 80.

16. (a) Godoy C, Eliseev AV, Yatsimirsky AK. Bioorg. Med. Chem.
Lett. 1995; 5: 2993; (b) Godoy-Alcantar C, Nelen” MI, Eliseev AV,
Yatsimirsky AK. J. Chem. Soc., Perkin Trans. 2 1999; 353.

[eoiN]

J. Phys. Org. Chem. 2001; 14: 453-462



462 K. OCHOA LARA ET AL.

17. Gilmore JC, Bryan RF, Kupchan SM. J. Am. Chem. Soc. 1976; 98: 21. Schneider HJ, Kramer R, Simova S, Schneider U. J. Am. Chem.
1947. Soc. 1988; 110: 6442.

18. (a) Pasternak RF, Gibbs EJ, Gaudemer A, Antebi A, Bassner S, De 22. (a) De Robertis A, De Stefano C, Gianguzza A, Sammartano S.
Poy L, Turner DH, Williams A, Laplace F, Lansard MH, Merienne Talanta 1998; 46: 1085; (b) De Robertis A, De Stefano C,
C, Perrée-Fauvet M. J. Am. Chem. Soc. 1985; 107: 8179; (b) Gianguzza A, Sammartano S. Talanta 1999; 48: 119.
Pasternak RF, Bustamante C, Collings PJ, Giannetto A, Gibbs EJ. 23. De Stefano C, Giuffré O, Sammartano S. J. Chem. Soc., Faraday
J. Am. Chem. Soc. 1993; 115: 5393. Trans. 1998; 94: 1091.

19. Diederich F. Angew. Chem., Int. Ed. Engl. 1988; 27: 362. 24. Tam SC, Williams RIP. J. Chem. Soc., Faraday Trans. 1 1984; 80:

20. Morales-Rojas H, Yatsimirsky AK. J. Phys. Org. Chem. 1999; 12: 2255.
377.

Copyright © 2001 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2001; 14: 453-462



