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Adamantane-dipyrromethane (AdD) receptors [di(pyrrole-2-yl)methyladamantane (1), 2,2-di(pyrrole-2-
yl)adamantane (2), 1,3-bis[di(pyrrole-2-yl)methyl]adamantane (3), 2,2,6,6-tetra(pyrrole-2-yl)ada-
mantane (4)] form complexes with F~, CI7, Br~, AcO~, NO3, HSOz, and H,POz. The association constants
of the complexes were determined by '"H NMR titrations, whereas the geometries of complexes 1-F~
(2:1),2-F (2:1),2-C1" (2:1),2-AcO™ (2:1),and 4-F (1:1) were determined by X-ray structural analysis.
The most stable complexes are of 2:1 stoichiometry with F~ and AcO™. The stability constants are in
accordance with the anion basicity and the ability of AdD receptors to place the hydrogen bonding donor
groups in a tetrahedral fashion around anions. The binding energies of the complexes between receptors
1-4 and F~ anion are calculated using quantum chemical methods. The calculated results show that the

solvent polarity is important for the complexation of fluoride ion with AdD receptors 1-4.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, anion complexation has attracted attention and
become an intensively studied area of supramolecular chemistry.!
Considerable interest has been focused to produce a variety of new
selective anion receptors? for different applications such as: fluo-
rescent and chromogenic anion sensors,” ion selective electrodes,*
phase-transfer catalysis,” or templates in supramolecular synthe-
sis.® In biological systems, anions have important roles in signalling,
and transport events and are becoming a subject of interest in
medicine. These demands initiated the tremendous growth in the
field of supramolecular chemistry of anions and there is a con-
tinuing challenge to design new selective receptors for detection,
transport or extraction of anionic species.

One of the important interactions between receptor and anion is
related to hydrogen bonding. Pyrrole derivatives can act as anion
complexing agents due to their acidic NH protons, which can bind
anions forming hydrogen bonds. Polypyrrolic macrocycles’
(calixpyrroles, porphyrins) were the first examples of these
receptors. Substitution of the pyrrole moiety with the additional

* Corresponding authors. Tel.: +385 14680 196; fax: +385 1 4680 195.
E-mail addresses: majerski@irb.hr (K. Mlinari¢-Majerski), ganguly@csmcri.org
(B. Ganguly).

0040-4020/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2010.01.018

hydrogen bond donating groups, such as amide® or guanidinium,®

lead to the development of better hosts, potent in complexing an-
ions with higher selectivity and affinity. On the other hand, dipyr-
rolylquinoxalines are simple receptors bearing only two pyrrole
units, which bind inorganic anions with appreciably high binding
constants.!® These findings motivated us to investigate whether the
dipyrromethane moiety with two NH sites, can function as an
anionic receptor. Dipyrromethanes are simple molecules that can
be easily synthesized and purified,!! and therefore, could be readily
available for the anion binding essays.

The representative examples of the anionic receptors containing
rigid spacers are the urea and the thiourea derivatives of norbor-
nene.!” Recently we prepared a series of substituted dipyrro-
methane derivatives bearing rigid adamantane subunits.!?
Incorporation of the rigid bulky adamantane unit was expected to
decrease rotational mobility of the pyrroles and thus increase the
stability of the complexes with anions. Furthermore, the lip-
ophilicity of the adamantane could be a great advantage in the
applicability of the dipyrromethanes as anion transfer agents in the
extraction studies. We also reported that adamantane-dipyrro-
methanes (AdD) receptors bind the following anions: F~, CI~, Br,
HSO7 and H,POz.!4

In this paper we report further investigation of the anion
binding ability of the AdD receptors including two additional
oxo-anions with planar Y-shaped geometry, acetate and nitrate.
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Particular emphasis is given to understanding the reasons for the
formation of the observed unexpected complex stoichiometries.
Therefore, we investigated the crystal structures of the AdD com-
plexes with anions. Finally, we performed a theoretical study of the
anion binding by quantum chemical calculations. These results
should contribute to better understanding of the intermolecular
interactions, and particularly, use of the multiple hydrogen-bond-
ing sites, that give rise to the formation of supramolecules char-
acterised by specific geometries. In addition, the information from
the crystal packing may appoint implementations of these ada-
mantane-derivatives as preorganized receptors in coordination
chemistry of anions, and possibly, in the field of crystal
engineering.!

2. Results and discussion
2.1. Synthesis and association constants
Adamantane-dipyrromethane receptors 1-4 (Chart 1) were

prepared by following the published procedure for the synthesis of
phenyldipyrromethane 5.1

N
H \ / = -

Chart 1.

The AdD derivatives 1-4 were prepared from pyrrole and the
corresponding adamantane carbonyl derivatives: adamantane-1-
carbaldehyde (6), adamantan-2-one (7), adamantane-1,3-dicar-
baldehyde (8) and adamantan-2,6-dione (9), in 51%, 29%, 37% and
15% yield, respectively, (e.g., Scheme 1).

@ , TFA
NH

Scheme 1.

We have reported binding of AdD receptors 1-4 with three
spherical halogenides (F~, CI~ and Br~) and two oxo-anions with
tetrahedral geometry (HSOz and H,POz)."* We showed that AdD
receptors bind Cl~, Br~, HSOz and HyPOgz, forming 1:1 complexes
characterised by moderate association constants (~10> M~1). Fur-
thermore, AdD formed very stable complexes with F~ (association
constants in the range 103-10°> M—2) characterised by the stoichi-
ometries (AdD-F~) 2:1 for derivatives 1-3, or 1:1 and 1:2 for AdD 4.
In order to investigate the influence of the geometry of the anion on
the stability constant of the AdD complexes, the binding study with
two additional planar anions (AcO~ and NO3) was performed. As

previously described,'® the binding of the anions was investigated
by 'H NMR titrations with tetrabutylammonium salts. The titra-
tions were performed at rt by recording spectra in CDCl3 solution.
Although ion pairing could occur in CDCls,'® this solvent was cho-
sen for titrations to get comparable results with our previous
report.'* In addition, the titration results obtained in that solvent
wherein stabilization of the charges by solvation is not as pro-
nounced as in polar solvents, should principally be more compa-
rable with the calculations results performed for the gas phase
(vide infra). For 4, because of its insolubility, the spectra were
recorded in DMSO-dg.

The changes observed in the spectra upon addition of AcO™ to
the solution of AdD derivatives can be demonstrated on the ex-
amples of AdD 2 and 3. The addition of 2.5 equiv of the AcO™ to the
CDClj3 solution of 2, shifted downfield the NH signal from the initial
value of ¢ 7.8 to 12.3 ppm. In addition, changes of the chemical
shifts of the pyrrole C3-H and C4-H protons (upfield shift of
0.25 ppm) were observed. Chemical shifts of the bridgehead ada-
mantane protons changed ~0.4 ppm to lower magnetic field.
Similar features in the spectra were observed during the titrations
of 3 with AcO~. However, the changes were more pronounced than
with 2. Already a small quantity of acetate (0.125 equiv) had a dra-
matic effect on the spectra. The signal of the free pyrrole NH at 6 7.9
disappeared and the new, broadened one appeared at 8.8 ppm.
With the addition of 2 equiv of AcO~ the NH signal moved to
11.5 ppm. Besides changes in the chemical shift of the NH signal,
smaller effects were seen on the chemical shifts of the pyrrole CH
and the dipyrromethane meso protons. Similar, albeit smaller,
changes were observed upon titration of other AdD receptors with
AcO™, as well as on titration with NO3. Although additions of NO3
to the solution of 1 and 2 showed pronounced changes of the NH
chemical shift, the association constants (vide infra) revealed very
low stability of the nitrate complexes.

The binding stoichiometries and the association constants with
AcO~ and NO3 were estimated using the EQNMR program.!” The
constants are compiled in Table 1, together with the association
constants with F~, CI7, Br~, HSOz, H,POz. In addition, Job plot18
analyses were used to reveal the formation of the complexes with
specific stoichiometry depending on the anion used. The results of
the binding are compared with those obtained with dipyrro-
methane having the phenyl substituent in the meso position (5).
The fitting of the titration results with AcO™ for 1, 2, and 3 indicated
the presence of two complexed species in the solution, complexes
1:1 and 2:1, whereas for 4 and 5 the presence of only 1:1 complexes
was indicated with the association constants being lower by two
orders of magnitude. It is interesting to compare these results with
the binding of other ions. Generally, except for 4, 2:1 stoichiometry
of binding was observed with F~ and AcO~, and the association
constants were high. On the other hand, the other anions formed
1:1 complexes with much lower association constants. The logical
presumption that arises from this finding is that two ligand mol-
ecules are needed, and four hydrogen bonds should be formed with
the anion to create the stable complex. Furthermore, the stability of
the complex could be related to the anion basicity, rather than its
geometry. However, the geometry of the AdD receptor plays an
important role in the binding. For an example, AdD 3 has in prin-
ciple two binding sites, but the dipyrromethane arms may adopt
a conformation wherein the complex with an anion would be
formed with four hydrogen bonds. In AdD 4, two dipyrromethane
moieties are further apart, but as suggested from the values of the
association constants, the binding is cooperative. That is, when
the first F~ is bound, providing sufficiently high F~ concentration,
the second F~ is being bound with the higher association constant
by an order of magnitude. Although it is known that in the presence
of the basic F~ a deprotonation of the pyrrole could take place,'5>1°
it is not the case for receptor 4. During the titration with F~, the
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Table 1
The association constants of the complexes of dipyrromethanes 1-5 with anions determined by 'H NMR titration®
Compound. Fed c Br ¢ HS0z¢ H,P0z¢ AcO~ NO3
1 (1£0.1)x10% (2:1) 80+10 (1:1) 2244 (1:1) 65+3 (1:1) 15010 (1:1) 110+7 (1:1) and 50+4 (1.1)
(2.5+0.6) x10° (2:1)
2 (4.440.1)x10% (2:1) 6846 (1:1) 3843 (1:1) 2242 (1:1) 18249 (1:1) 766486 (1:1) and 63+9 (1.1)
(2.2+0.5) x10* (2:1)
3 (4.84£0.5)x10° (2:1); NDf NDf (1.4+0.8)x 103 (1:1) NDef 261+70 (1:1) and NDf
~1x10%(2:1)% and (9.7+0.8) x10° (2:1)
~1x10% (1:1)8
4° 150+40 (1:1) and ND" ND" ND" 74420 (1:1) 2643 (1:1) ND!
(3.3+0.7)x 103 (1:2)
5 170420 (1:1) and 2242 (1:1) 48408 (1:1) 6+1(1:1) 3242 (1:1) 3143 (1:1) NDf
(2.340.2)x10% (2:1)

2 The titrations were performed in CDCls solution unless stated otherwise. The anions were added as tetrabutylammonium salts. The association constants were determined
by fitting the dependence of the chemical shift of the NH signal (Ad) to the anion concentration, using EQNMR program. The complexes were formed in 1:1 stoichiometry
giving Kq; (mol~!dm?), 2:1 giving K»; (mol~2dm®) and 1:2 (4x2F") giving K;, (mol~2 dm®).

b The titration was performed in DMSO-ds because of insolubility in CDCls.
¢ Content of water was at<5 wt%.
d Results are from Ref. 14.

€ Titration was performed in CD3CN because of precipitation during the titration in CDCls.

f Titration data could not be fitted to 1:1 or 1:2 stoichiometries or their combination.

& The titration of 3 was also performed in DMSO-dg; however the data could not be fitted well; indicating the presence of the mixture of 1:1 and 2:1 complexes. The observed

lower binding constant is in accord with the polarity of used solvent.'®
" No binding observed.

signal of the pyrrole NH protons constantly shifted downfield from
10.09 to 13.37 ppm, and no change in the peak intensity was
observed upon addition of 2.5 equiv (see Supplementary data p.
S2). To find answers to the above mentioned different topologies
we turn to the crystal structures of the complexes and the theo-
retical studies.

2.2. Crystal structures

Single crystals of the complexes: 1-F~ (2:1), 2-F (2:1), 2-Cl~
(2:1), 2-AcO™ (2:1), 4-F (1:1) and receptor 2 were obtained by
slow evaporation of different solvent mixtures (see Experimental
section). In the crystal structure of 2 (see Supplementary data,
Fig. 9S), the molecule adopts a conformation with two pyrrolyl
moieties pointing in opposite directions (vide infra, conformation
2a, Fig. 7). On the other hand, in the crystal structures of the anion
complexes, the pyrroles adopt a conformation wherein NH are
pointing to the same side forming hydrogen bonds with anions
(Figs. 1-6, Table 2).

In all crystal structures, the adamantyl moieties have C;
symmetry and are therefore located in general positions. Two
adamantyl molecules per asymmetric unit are found in 2-F,

U

Figure 1. Distorted tetrahedral environment about the fluoride ion (located on the
crystallographic two-fold axes) in the crystal structure of 1-F~. The fluoride anion has
been depicted as a sphere of an arbitrary radius. Symmetry operator: (i) X, y, 1+z.

2-AcO~ and 2-CI". As each receptor molecule of 2 provides two
proton donor groups, two receptor molecules are required to sta-
bilize the anion with four hydrogen bonds (Figs. 2,5 and 6; the
asymmetric unit of the crystal comprises two molecules). The an-
ions and tetrabutylammonium counterions are also located in
general positions, except in the complex of 1-F~ (2:1), in which
both cation and anion have C, symmetry. Regarding the geo-
metrical orientation of the adamantyl moieties in the complexes
(vide infra, Charts 2 and 3) in 2-F (2:1) they are syn-oriented,
whereas in the other complexes the adamantanes are in the anti-
orientation.

The crystal structures of the complexes are particularly in-
formative regarding the topology of the complexes. They reveal: (a)
overall conformations of the receptor moieties that define a cavity
suitable for accommodation of particular anion, and (b) the orien-
tations of proton donor groups that should be accessible to the
anion for hydrogen bonding. In the investigated complexes, the
anions are acceptors of four hydrogen bonds (Table 2). It is in-
teresting to correlate the association constants of the complexes
(Table 1) with the hydrogen bond length. However, for the stability

Figure 2. Distorted tetrahedral environment about the fluoride ion in the crystal
structure of 2-F~. The fluoride anion has been depicted as a sphere of an arbitrary
radius.
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Figure 3. Distorted tetrahedral environment about the fluoride anion in the crystal
structure of 4-F. A tetrabutylammonium cation is nearby, although no close contacts
could be observed. The fluoride anion has been depicted as a sphere of an arbitrary
radius. Symmetry operators: (i) x, 2—y, /> +z.

of the complexes, the spatial arrangements of the proton donor
groups are essential for optimal hydrogen bonding with anions. The
small F~ anion fits well into a cavity between two dipyrromethane
moieties and has a distorted (flattened) tetrahedral environment
(Figs. 1-4). It is also the strongest acceptor of hydrogen bonds
among the studied complexes. The larger, more polarisable CI~ and
AcO~, cannot fit into the cavity between two dipyrromethane
moieties. Therefore, the spatial arrangement is different; four al-
most coplanar hydrogen bonds are located on the one side of the
anion (Fig. 5 and 6). The AdD pyrrolyl NH donors form a half-sphere
around the anion; the other half is surrounded either by a tetra-
butylammonium cation (compensating the charge of the chloride
anion, Fig. 5) or hydrophobic parts of the adamantyl moieties
(surrounding the methyl group of the acetate anion, Fig. 6). The
hydrogen bonding geometry is typical of NH---CI~ and NH---O
bonds?®® (Table 2).

Figure 4. Infinite hydrogen bonded chains of alternating adamantyl donors and
fluoride anions in the structure of 4-F~. The chains are parallel to [001] and are gen-
erated by a c glide plane. The fluoride anions have been depicted as spheres of an
arbitrary radii.

Figure 5. Environment of the chloride anion in the crystal structure of 2-Cl". The four
hydrogen bonds are roughly coplanar, forming a half-coordination sphere, while the
other half of the anion makes weak contacts with a tetrabutylammonium cation (Cl---N
and Cl---H distances are longer than sums of van der Waals radii). The chloride anion
has been depicted as a sphere of an arbitrary radius.

Figure 6. Environment of the acetate anion in the crystal structure of 2-AcO". The four
hydrogen bonds are roughly coplanar, forming a half-coordination sphere around the
carboxylic group, while the methyl group is surrounded by hydrophobic parts of two
molecules of 2.
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0.0
2a TS 2b

3.2

Rotational
Barrier = 4.3 kcal/mol

Pyrrole NH are
on opposite side

Pyrrole NH are
on same side

Figure 7. Semi-empirical PM3 optimized geometries and relative energies (kcal/mol)
for two possible conformer of 2 (2a and 2b) and transition state (TS) with rotational
barrier. (Grey: carbon; blue: nitrogen; white: hydrogen).

The stability constants of the complexes with CI~ are lower by
several orders of magnitude compared with the fluoride com-
plexes. The F~ coordination in 4-F (1:1) can be regarded as
a transition state between a planar and a flattened tetrahedral
environment. The nearby located tetrabuytlammonium cation uses
a space available in the vicinity of the complex (Fig. 3). The donor
molecules in 4-F~ (1:1) are capable of hydrogen bonding to two
different anions, creating infinite zig-zag hydrogen bonded chains,
which extend in the direction [001] and are generated by a c glide
plane operation (Fig. 4). The hydrogen bonds between receptor
molecules and anions reveal the same motif described by the
graph-set symbol 2R} (7).%!

Investigation of the Cambridge Structural Database (CSD)?? in-
dicates that in the solid state the pyrrole moiety is ubiquitous
complexing agent for CI~ (62 structures), whereas there is a paucity
of structural data on pyrrole complexes with F~ (7 structures) and
AcO~ (3 structures). In half of the CI~ complexes, the CI~ anion is
acceptor of four hydrogen bonds from four pyrrole NH groups,

Table 2
Geometric parameters of the hydrogen bonds in crystal structures presented in this
paper

d(D-H)/A d(H:--A)/A d(D---A)/A (D-H---A)/> Symm. op. on A

1-F
N13-H13---F1  0.86 1.85 2710 (2) 176 Xy, 14z
N18-H18--F1  0.86 1.86 2716 (2) 176 X,y 1+z
2.C-

N12A-H12A---CI1 0.86 2.53 3.374(2) 168 XY,z
N12B-H12B---Cl1 0.86 2.53 3342 (2) 159 X9,z
N17A-H17A---Cl1 0.86 242 3280 (2) 173 X9,z
N17B-H17B---Cl1 0.86 243 2.368 (2) 166 X,z
CIA-H1A--CI1 098 2.80 3.761(3) 168 X,z

2.F

N12A-H12A---F1 0.86 1.99 2.822 (4) 161 X,z
N12B-H12B---F1 0.86 1.96 2.799 (4) 164 2-%2-y,-2
N17A-H17A--F1 0.86 1.86 2716 (4) 171 X,z
N17B-H17B---F1 0.86 1.84 2,696 (4) 175 2% 2-y,—2
C3B-H3B--F1 0.8 2.38 3.310(5) 158 2-X,2-y,—2
2-AcO-

N12A-H12A--02 0.86 218 2.996 (6) 158 X0,z
N12B-H12B---01 0.86 2.08 2.898 (5) 159 X,z
N17A-H17A---02 0.86 1.94 2.781(6) 166 X,z
N17B-H17B---01 0.86 1.99 2.823 (6) 162 X,z
C3A-H3A--02  0.98 2.60 3.524 (6) 157 X,z
N3B-H3B--01 098 2.54 3.464 (5) 157 X, 9,z

4.F

N12-H12---F1  0.86 1.91 2.729 (4) 159 X, 2-y, —1/2+z
N17-H17--F1  0.86 1.98 2.839(5) 178 x,2-y, —12+z
N22-H22--F1  0.86 1.84 2.700 (4) 179 X, 9,z
N27-H27--F1  0.86 1.98 2792 (5) 156 X,z
C1-H1---F1 0.98 2.54 3.458 (4) 156 x,2-y, —12+z
C7-H7---F1 0.98 2.54 3454 (4) 155 X,z

syn-2F" (2:1) anti-2-F (2:1)

Chart 2.

which are usually coplanar forming a half-sphere similar to one in
Figure 5. There are also 17 structures with a three-coordinated Cl~,
where the donors are roughly coplanar, and usually, in a half-
sphere fashion. Among the reported complexes with Cl~, most host
molecules are calixpyrroles or extended porphyrins, and therefore
are not directly related to our structures. However, Sessler et al.
reported Cl~ complexes with dipyrromethanes®® and Gale et al.
reported coordination of a pyrrolic amide derivative.?*

In the reported crystal structures with F~, binding of the anion is
most often accomplished with four hydrogen bonds, but three
hydrogen bonds (pyrrole NH and two amide NH),%° and five hy-
drogen bonds surrounding (with pyrrole NH) have also been
reported.?® The most common motif in four-coordinated complexes
is the structure of calixpyrrole wherein F~ sits on a cone formed by
four pyrrole NH. Furthermore, Sessler also reported one dipyrro-
methane complex with F~.”8 The geometry of that complex is very
similar to 1-F~ (Fig. 1), however, the anion is surrounded by four,
almost coplanar hydrogen bonds, whereas in 1-F~ a distorted tet-
rahedral environment allows a stronger complexation. In the

syn-4F (2:1)

Chart 3.
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reported structures with AcO™, the anion is surrounded by three®’
or four hydrogen bonds?® and sits on the cone of the calixpyrrole, or
forms two hydrogen bonds with an amide H-atom and one with the
pyrrole NH in the complex with amidopyrrole.?

In the crystal packing, the discrete hydrogen bonded receptor-
anion units [or 1 D in the structure of 4-F~ (1:1)] do not display
hydrophobic/hydrophilic layered organisation typical of amphi-
philic adamantyl compounds. Rather, isolated hydrophilic com-
plex-units and chains [in the complex of 4-F~ (1:1)] are embedded
into a hydrophobic, nonpolar matrix of adamantyl moieties and
tetrabutylammonium cations. Therefore, 3D packing is achieved
only through weak dispersion interactions. This explains the diffi-
culties in growth of the crystals, their small size, softness, and poor
diffraction (see Supplementary data). The only exception is ligand
2, which has a layered structure typical of amphiphilic compounds,
despite a lack of hydrogen bonds.

2.3. Computational results

Although crystal structures give the best information regarding
the geometry of the complexes, this geometry is restricted to the
solid state, and is not necessarily the same in the dynamic solution
system. To examine the binding energies of receptors 1-4 with the
fluoride ion, quantum chemical calculations were performed.
Considering the fact that the sizes of receptors are relatively larger
in these cases, initially semi-empirical PM3 calculations*® were
employed to examine the binding energies for AdD receptors 1 and
2 with F~ ion. However, the reliability of semi-empirical PM3
methods was evaluated with additional calculations for 1 and 2
towards complex formation with fluoride ion at B3LYP/6-31+G*
level of theory.3! The calculated binding energies for 1-F~ (1:1) and
2-F~ (1:1) were found to be comparable at both B3LYP/6-31+G*
and PM3 levels (Table 3). After establishing the efficacy of PM3
method, larger systems 3 and 4 were also computed at this PM3
level. For more accurate predictions of binding energies employing
PM3 calculated geometries, single point calculations were per-
formed using ONIOM method at (B3LYP/6-31+G*:PM3) level.3?

The ONIOM calculations were performed by dividing the com-
plex of 1-4 with fluoride ion in two layers: pyrrole rings and
fluoride ion was treated with B3LYP/6-31+G* (high layer) and other
atoms were treated with semi-empirical PM3 model (low layer).
The connecting atoms between the pyrrole rings and adamantane
moiety were also treated at B3LYP level (see Supplementary data
Fig. 14S). The Charts 2 and 3 show the possible geometries of the
complexes with F~ for the receptors 1-4. The calculated binding
energies using PM3 and ONIOM (B3LYP/6-31+G*:PM3)//RHF/PM3
for these complexes are given in Table 4.

The binding energies calculated with both methods reveal that
1-F (2:1) is energetically preferred over 1-F~ (1:1). This is in
agreement with the experimental reports (vide supra). In addition,
two geometries of the 1-F~ (2:1) complex can be formed, with
adamantyl moieties oriented syn- or anti-. The complexation of
fluoride ion with syn-1-F~ (2:1) and anti-1-F~ (2:1) is comparable
in binding energy (Table 4). However, in the crystal structure, the
molecules adopt the conformation with two adamantyl moieties in
the anti-orientation.

For AdD 2, two conformers were calculated, with pyrrole
nitrogens pointing to opposite sides (2a, Fig. 7) and with pyrrole
nitrogens pointing to the same side (2b, Fig. 7). Both conformers

Table 3
B3LYP/6-31+G* and PM3 (in parenthesis) calculated binding energies (kcal/mol) for
1 and 2 interacting with fluoride ion in 1:1 ratio

Complex Binding Energy (kcal/mol)
1-F (1:1) —57.3 (-60.8)
2-F (1:1) —57.4 (-57.5)

Table 4

Semi-empirical PM3 and ONIOM (B3LYP/6-31+G*:PM3)//RHF/PM3 (in parenthesis)
calculated binding energies (kcal/mol) for receptors 1-4 interacting with fluoride
ion in different ratio

AdD-F~ (1:1) anti-(2:1) syn-(2:1) (1:2)

1-F -60.8 -95.9 —96.8 —
(-56.2) (—88.7) (—88.1)

2-F —57.5 [-47.1]* -89.1 —92.1[-78.5]° —
(-52.5) [(—43.8)]* (-81.1) (—84.0) [(—74.6)]°

3-F —57.3 [-81.6]° -92.3 —87.9 -783
(—54.1) [(—74.8)]° (-86.7) (-78.7) (-69.5)

4-F —-86.1 -100.4 -97.1 -81.3
(-65.4) (-97.4) (-87.7) (=75.1)

2 Nitrogen of the pyrrole rings are anti to each other and only one NH group
interacted with the fluoride ion.

b Nitrogen of both pyrrole rings are anti to each other in both receptor molecules
and only one NH group of each molecule interacts with F~.

¢ Fluoride interacted with all four NH, forming a basket like geometry syn-3-F~
(1:1).

were optimized by PM3 method and it was found that 2a is more
stable than 2b. The computational results are in a good agreement
with the observed crystal structure, wherein the two pyrrole rings
are pointing to the opposite sides. On the other hand, the com-
plexation of 2b with F~ is more preferred than that of 2a in both 1:1
and 2:1 ratio (see Table 4, and Supplementary data Fig. 15S). The
same orientation of the pyrrole rings was also seen in the crystal
structure of the complex 2-F~ (Fig. 2). Thus, in the complexation
process, the pyrrole ring rotates to adopt the conformation capable
of forming two hydrogen bonds with the anion. The barrier for the
rotation of the pyrrole ring from 2a to 2b is calculated to be 4.3 kcal/
mol, (Fig. 7). However, the calculated energy of the binding in 2:1
complexes, wherein four hydrogen bonds are formed (Table 4), far
exceeds the value needed for the rotation of the pyrrole ring. The
calculation data also showed that binding of AdD 2 with F~ in a 2:1
ratio is energetically more favoured compared with the 1:1 com-
plex. In addition, two conformations of the complex are possible
with dipyrromethane moieties oriented syn or anti (Chart 2, Fig. 8),
and the former one is more stable (3 kcal/mol) at both levels of
theory. These results also corroborate the observed crystal struc-
ture of 2-F~ (vide supra).

For AdD 3, four different conformers were optimized and 3a was
found to be the lowest in energy (Fig. 9). Therefore, further calcu-
lations were performed using the 3a conformer. To examine the
complexation process of 3 with F~, calculations were performed
with 1:1, 1:2 and 2:1 ratios. For 1:1 complexation two geometries
were optimized: (a) 3-F (1:1) in which only two pyrrole N-H were
interacting with F~, and (b) syn-3-F~ (1:1) in which all four pyrrole
N-H interact with F~, forming a basket-like structure (Fig. 10).
Calculated binding energies suggest that F~ binds more strongly in
syn-3-F~ (1:1) than in 3-F (1:1) (Table 4). In 3-F (1:2), two
fluoride ions were interacting with one AdD 3 molecule showing
complexation of each F~, with two pyrrole NH. For the 2:1 complex
with F~, binding energies were calculated for two possible orien-
tations, syn-3-F~ (2:1) and anti-3-F~ (2:1). In both geometries of

QL
¥

2

2675 2688

Figure 8. Semi-empirical PM3 optimized geometry of 2:1 complexes of syn-2-F~ (a)
and anti-2-F~ (b) showing pyrrole nitrogen-fluoride distances (A).
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0.0 f 5.1

3a 3b

Pyrrole NH are
on same side
(on side of C-H)

Pyrrole NH are
on opposite side

7.4

3¢

Pyrrole NH are
on same side
(opposite to C-H)

All pyrrole rings are in close
position forming a basket

Figure 9. Semi-empirical PM3 optimized geometries and relative energies (kcal/mol)
for various conformers of 3. (Grey: carbon; blue: nitrogen; white: hydrogen).

the complex, F~ interacts with four pyrrole NH atoms (from two
molecules). Unlike the 2:1 complexes of 2 with F~, the anti con-
figuration of 3-F~ was found to be more stable than the syn. The
binding energy for anti-3-F~ (2:1) was found to be higher com-
pared to other binding complexes of 3.

For AdD 4, PM3 calculations showed a similar trend to 3.
However, ONIOM calculated binding energies show the preference
towards the formation of 4-F~ 1:2 over 4-F 1:1 (Table 4). Fur-
thermore, the calculation by both methods suggested that forma-
tion of anti-4-F~ (2:1) is energetically more favourable than 1:1 or

24.8 0.0

3-F (1:1) syn-3-F (1:1)

Figure 10. RHF/PM3 optimized geometries and relative energies (kcal/mol) of two
possible conformers of the 1:1 complex of 3-F~: (a) 3-F~ (1:1) and (b) syn-3-F~ (1:1).
(Grey: carbon; blue: nitrogen; cyan: fluoride; white: hydrogen).

Table 5
PM3 calculated binding energies (kcal/mol) for receptor 1-4 interacting with fluo-
ride ion in different ratio for 1-3 (in CHCl3) and 4 (in DMSO)

AdD-F. (1:1) anti-(2:1) syn-(2:1) (1:2)
1-F -19.2 -37.5 -38.5 —
2-F -16.9 -32.2 -36.6 =
3-F —16.1 (-27.4)* -34.0 -31.2 —26.2
4-F -10.2 -20.5 —-18.9 -19.9

2 Fluoride ion interacted with all four nitrogens forming a basket like geometry
[syn-3-F (1:1)].

1:2 (Table 4). This is however in contradiction with the observed
results in solution. AdD 4 does not form 2:1 complex with F~ (vide
supra).

It should be noted that different solvents (CDCl3 and DMSO-dg)
were used in the experimental study to estimate the association of
F~ with 3 and 4. For 3, when CDCl3 was used, a 2:1 complex was
observed, whereas the NMR titration performed in DMSO-dg in-
dicated the presence of 1:1 and 2:1 complexes. Therefore, it is
important to examine the role of the solvent in the complexation of
F~ with 3 and 4.

To account for the solvation effect, additional calculations were
performed with PM3 optimized geometries of 1-4 with fluoride
jon.2? For receptors 1-3, CHCl; was used as a solvent, and DMSO
was considered for receptor 4. The calculated energies with CHCl3
show that the trends are similar to the gas phase data for 1,2 and 3
with F~ (Table 5). In all the three cases 2:1 complex is preferred
over the 1:1 complex. Interestingly, the computed results showed
that the 1:2 complex is comparable to 2:1 complex for receptor 4
(Table 5). The observed results indicated the formation of 1:2
complex for 4 with F~ ion in solution. There is nothing unusual in
the intrinsic ability of 4 to change the complexation trend from 3.
The changes observed for 3 and 4 seems to be due to the difference
in solvent polarity or the influence of solvent towards binding with
the fluoride ions.

3. Conclusion

Adamantane-dipyrromethane receptors 1-4 form complexes
with the following anions: F~ ~AcO~>HSOz >>H;P03 >>>Cl~, Br~
and NO3. The stability constants of the complexes can be related to
the basicity of the anion, the cavity shape around the anion, formed
by the AdD receptor, and the accessibility of the proton donor
groups for hydrogen bonding with anions. The most stable com-
plexes are of 2:1 stoichiometry, and are observed with the most
basic anions F~ and AcO™. In these complexes two receptors with
four proton donor groups are bonded to anion. Stability of the
complex is also related to the anion size. Small F~ fits well in the
cavity formed by two AdD receptor molecules forming four hy-
drogen bonds in tetrahedral fashion. Larger CI~ cannot fit well in
such a cavity, and in the solid state, a 2:1 complex with four co-
planar hydrogen bonds is formed, whereas in the solution 1:1
complex occurred. The binding of the other anions is much weaker
due to the lower basicity, larger size and larger dispersion of the
charge in these anions. Therefore, in the dynamic solution system,
less-flexibile AdD receptors form only weak 1:1 complexes with
Cl—, Br7, NO3, HSOz, and HyPOjz. The calculated binding energies
for the AdD complexes with F~ reveal the prevalence for the for-
mation of 2:1 complexes wherein the binding with four hydrogen
bonds is accomplished. The gas phase calculations for the AdD
derivatives 3 and 4, which principally have two binding sites, also
indicated preference for the formation of 2:1 complexes, rather
than 1:1 or 1:2. The observed formation of the 1:1 and 1:2 stoi-
chiometry with 4, on the other hand, could be ascribed only to the
difference of solvating ability of DMSO.
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The information of the anion coordination presented in this
study is of significant value in the design of new receptors that will
be characterised by better binding activity and selectivity.

4. Experimental section
4.1. General

H and 3C NMR spectra were recorded on a Spectrometer at 300
or 600 MHz. All NMR spectra were measured in CDCl3 or DMSO-dg
using tetramethylsilane as a reference. High-resolution mass
spectra (HRMS) were measured on an FTMS 2001 DD using electron
impact ionisation mode. Melting points were obtained using an
Original Kofler apparatus and are uncorrected. Silica gel (0.05-
0.2 mm) was used for chromatographic purifications. Solvents were
purified by distillation. Adamantane-1-carbaldehyde (6)* ada-
mantane-2-one (7),>> adamantane-1,3-dicarbaldehyde (8)%® and
adamantane-2,6-dione (9)>” were prepared according to the pro-
cedure described in the literature.

4.2. General procedure for preparation of the receptors 1-4

In a two neck flask under a stream of nitrogen one equivalent of
carbaldehyde/ketone 6-9 in 40 equiv of pyrrole was dissolved. By
use of a syringe, to the reaction mixture was added 0.1 equiv of TFA
and the mixture was stirred at rt, while the progress of the reaction
was followed by TLC using CH»Cl; as an eluent. Upon the disap-
pearance of the starting carbaldehyde/ketone, the reaction was
quenched by the addition of an aqueous solution of NaOH (0.1 M,
~20 mL). To the mixture CH2Cl, (20 mL) was added and the layers
were separated. The aqueous layer was extracted two more times
using CH,Cl; (2x20 mL) organic extracts were washed with water
(20 mL), collected and dried over anhydrous MgSQy,. After filtration,
the solvent was evaporated on a rotary evaporator and the excess of
pyrrole removed from the residue by a distillation under reduced
pressure. The obtained dark residue was chromatographed on
a column filled with silica gel using CH,Cl; (or CH,Cly/diethyl-ether
mixture) as an eluent.

4.2.1. 1-Di(pyrrole-2-yl)methyladamantane (1). Obtained by react-
ing adamantane-1-carbaldehyde (6, 236 mg, 1.44 mmol) with pyr-
role (3.89g, 58 mmol, 40mL) in the presence of TFA (10 L,
0.14 mmol). After stirring over 1 h at rt the reaction was quenched
and worked-up following the general procedure. After chroma-
tography reaction furnished 207 mg (51%) of product 1 in the form
of colourless crystals, which were further purified by recrystalli-
sation from benzene/hexane mixture to remove the traces of
unreacted pyrrole. Colourless crystals, mp 168-169 °C; 'H NMR
(CDCl3, 600 MHz) 6 1.49-1.61 (m, 12H), 1.89 (br.s, 3H), 3.50 (s, 1H),
6.03-6.13 (m, 4H), 6.55-6.60 (m, 2H), 7.90 (brs, 2H); 3C NMR
(CDCl3, 150 MHz) 6 28.6 (d, 3C), 36.7 (t, 3C), 36.9 (s, 1C), 40.4 (t, 3C),
51.4(d, 1C), 106.5 (d, 2C), 108.2 (d, 2C), 115.7 (d, 2C), 130.1 (s, 2C); IR
(KBr) 3369 (s), 2927 (m), 2903 (m), 2864 (m) cm™'; MS m/z (%): 279
(100, M—H™); HRMS, calculated for CigH»3N> 279.1861; observed
279.1859.

4.2.2. 2,2-Di(pyrrole-2-yl)adamantane (2). Obtained by reacting
adamantane-2-one (7, 250 mg, 1.66 mmol) with pyrrole (4.47 g,
66 mmol, 4.6 mL) in the presence of TFA (13 uL, 0.17 mmol). After
stirring over 1.5 h at rt the reaction was quenched and worked-up
following the general procedure. After chromatography reaction
furnished 143 mg of product 2 in the form of colourless crystals,
which were further purified by rechromatography to yield 128 mg
(29%). Colourless crystals, mp 183.4-185.2°C; 'H NMR (CDCls,
300 MHz) 6 1.69-1.87 (m, 8H), 2.16-2.26 (m, 4H), 2.64 (br.s, 2H),
6.04-6.07 (m, 4H), 6.56-6.58 (m, 2H), 7.78 (br s, 2H); 13C NMR

(CDCl3, 75 MHz) 6 27.3 (d, 2C), 33.6 (t, 4C), 33.9(d, 2C), 38.1 (t, 1C),
45,0 (s,1C),103.9 (d, 2C), 107.3 (d, 2C), 116.1 (d, 2C), 137.9 (s, 2C); IR
(KBr) 3382 (s), 3097 (w), 2950 (m), 2924 (m), 2890 (m), 2894 (m),
1107 (m), 1028 (m), 787 (m), 727 (s) cm™'; MS m/z (%): 265 (100,
M-H"); HRMS, calculated for CigHpN, 265.1705; observed
265.1706; Anal. Calcd. For CigH:N»: C, 81.16; H, 8.32; N, 10.52.
Found C, 81.17; H, 7.60; N, 10.71.

4.2.3. 1,3-Bis[di(pyrrole-2-yl)methylJadamantane (3). Obtained by
reacting adamantane-1,3-dicarbaldehyde (8, 244 mg, 1.27 mmol)
with pyrrole (6.82 g, 102 mmol, 7.05 mL) in the presence of TFA
(9.4 puL, 0.12 mmol). After stirring over 1 h at rt the reaction was
quenched and worked-up following the general procedure. After
chromatography (eluting with CH,Cl, and by increasing polarity by
the addition of diethyl-ether, up to 20%) reaction furnished 200 mg
(37%) of product 3 in the form of colourless crystals, which were
further purified by recrystallisation from the benzene/hexane
mixture and dried on high vacuum. Colourless crystals, mp 110-
112 °C; 'H NMR (CDCl3, 300 MHz) 6 1.55-1.38 (m, 12H), 1.96-2.02
(m, 2H), 3.55 (br.s, 2H), 6.00-6.19 (8H), 6.58-6.65 (m, 4H), 7.92 (br.s,
4H); 13C NMR (CDCls, 75 MHz) 6 28.9 (d, 2C), 35.9 (t, 1C), 37.8 (d,
2C),39.3 (t, 4C), 43.9 (s, 2C), 50.9 (d, 2C), 106.5 (d, 4C), 108.2 (d, 4C),
115.8 (d, 4C), 129.9 (s, 2C); IR (KBr) 3382 (s), 2901 (s), 2847 (m), 720
(s) cm~!; MS my/z (%): 423 (100, M—H™); HRMS, calculated for
CasH31N4 423.2549; observed 423.2542.

4.24. 2,2,6,6-Tetra(pyrrole-2-yl)adamantane  (4). Obtained by
reacting adamantane-2,6-dione (9, 200 mg, 1.2 mmol) with pyrrole
(6.44 g, 96 mmol, 6.6 mL) in the presence of TFA (9 pL, 0.12 mmol).
After stirring over 1.5h at rt the reaction was quenched and
worked-up following the general procedure. After chromatography
(eluting with CH,Cl, and by increasing polarity by the addition of
diethyl-ether, up to 20%) reaction furnished 75 mg (15%) of crude
product 4 in the form of colourless crystals, which were further
purified by recrystallization. Colourless crystals, decomposition
above 215 °C; 'H NMR (DMSO-ds, 300 MHz) 6 1.83-1.95 (m, 8H),
2.63-2.72 (br s, 4H), 5.73-5.86 (m, 8H), 6.42-6.50 (m, 4H), 10.09 (br
s, 4H): 13C NMR (DMSO-dg, 75 MHz) 6 29.2 (t, 4C), 31.2 (d, 4C), 44.3
(s,2C),103.7 (d, 4C), 106.5 (d, 4C), 115.2 (d, 4C), 138.2 (s, 4C); IR (KBr)
34009 (s), 3379 (s), 2959 (m), 2925 (m), 2899 (m), 2861 (m), 720 (s)
cm~!; MS m/z (%): 395 (75, M—H™), 328 (100); HRMS, calculated for
CasH27N4 395.2236; observed 395.2236.

4.3. '"H NMR titrations

Typical proton NMR experiment was carried out in such a way
that to a 0.5 mL of the CDCl3 solution of 1-3 or 5 was added a so-
lution of BuyNF (1 M in THF, containing <wt 5% H,0) or BusNCl,
BusNBr, BusyNHSO4, BugNH,PO4, BusNOAc, BuyNNO3 (~0.5M in
CDCl3). In the case of 4 the titration was performed in DMSO-dg and
anions were added as CDCl3 solutions, except in the case of BugNF,
which was added as 1 M solution in THF. The concentration of the
1-4 or 5 in the NMR experiment was typically 0.05 M. The con-
centrations of the anions ranged from 0.01-0.1 M, reaching the
maximal ratio of anion-AdD=3:1. After each addition, NMR spectra
were recorded. As mentioned above association constants were
determined by fitting the dependence of the chemical shift of the
NH signal (Ad) to the anion concentration, using EQNMR program'”
(examples of the fittings are shown in Supplementary data, Figs.
1S-7S).

4.4. Crystallography
Single crystals of compound 2 and complexes of 1 and 2 with

various anions were obtained by slow evaporation of acetonitrile/
hexane (~1:1) solutions of the receptors and appropriate salt at the
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4 °C. Single crystal of the complex of 4 with TBAF was grown from
the DMSO-dg in the NMR tube at the room temperature. Complex of
2 with TBACI was obtained by vapour diffusion of ethanol into
a CH(l; solution containing the salt and ligand at the 4 °C. Single
crystals 4-F~ and 2-F~ were measured on an Enraf-Nonius CAD-4
diffractometer using a graphite monocromated CuKo radiation at
room temperature. Three standard reflections were measured each
120 min as intensity control. 2, 2-Ac™, 2-Cl~ and 1-F~ were mea-
sured on an Oxford Diffraction Xcalibur Nova R (CCD detector,
microfocus Cu tube) at room temperature. Program packages Cry-
sAlis PRO*® and XCAD-4>° were used for data reduction. The
structures were solved using SHELXS97%° and refined with
SHELXL97.%° The models were refined using the full-matrix least
squares refinement; all non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were located from difference Fourier
maps whenever possible; otherwise they were treated as con-
strained entities, using the command AFIX in SHELXL97.4° Molec-
ular geometry calculations were performed by PLATON,*' and
molecular graphics were prepared using ORTEP-3,%? and CCDC-
Mercury.*? Crystallographic and refinement data for the structures
reported in this paper are shown in Supplementary data. Crystal-
lographic data for the structural analysis has been deposited with
the Cambridge Crystallographic Data Centre, CCDC 747952-747957.
Copies of the data can be obtained, free of charge, on application to
CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: +44 1223
336033 or e-mail: deposit@ccdc.ac.uk).

4.5. Computational methods

All geometries were fully optimized in gas phase with semi-
empirical PM3 method.>° The harmonic frequency analysis has also
been performed for stationary points to confirm minima at the
same level of theory. For more accurate predictions of binding
energies employing PM3 calculated geometries, single point cal-
culations were performed using ONIOM method at (B3LYP/6-
31+G*:PM3) level.>? Solvent calculations were performed with
PM3 optimised geometries using polarized continuum salvation
model (PCM) at same level of theory.>> Chloroform was used as
a solvent for receptors 1-3 and their complexes with F~, however,
DMSO was used for receptor 4 and their complexes with F~. All
calculations were carried out with the Gaussian 03.44
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