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The reaction of N-Boc triprotected cyclam with bis(chloromethyl)biphenyl followed by the corresponding
deprotection of the nitrogen atoms allows the preparation of receptor 3 containing an azonia spiro
subunit. This receptor shows slightly increased basicity than cyclam, in particular for the formation of the
appropriate triply charged species as a consequence of the reduced capacity of the structure present in 3
to stabilize the species with lower protonation degrees through the formation of intramolecular hy-
drogen bonds. The properties of 3 as a receptor for Cu?>* and Zn?* and the anions derived from
PO3~ (Pi), P,O%~ (PPi), P303; (TPP) and ATP have been studied by pH-metric titrations carried out in
aqueous solution. While Cu?* forms a CuL>* complex and two hydroxylated species of moderate stability,
Zn®** forms only hydroxylated complexes. The association constants obtained for the 1:1 A:L anion
complexes denote significant stability for Pi, PPi and ATP; the stability of the HsLA complex found in the
case of TPP being lower. '"H NMR spectra for the ATP:L carried out at pD=5.8 show features attributable to
the occurrence of intermolecular T—m stacking between the biphenyl unit of 3 and the adenine ring of
the nucleotide. DFT calculations have been carried out to rationalize some of the results found, in par-
ticular the remarkable different basicity between receptor 3 and cyclam.

Keywords:
Supramolecular chemistry
Macrocycles

Polyaza cyclophanes
Anion recognition

Metal complexes

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Polyazamacrocyclic motifs and, in particular polyaza cyclophane
moieties, represent a common structural feature for many abiotic
anion and cation receptors.! The propensity of nitrogen atoms to
form coordinative bonds with transition metal cations is at the
basis of their behaviour as cation receptors.? Recognition of anionic
guests by those systems is usually based on the easy protonation, in
aqueous media, of the nitrogen atoms to form the corresponding
polyammonium compounds containing multiple charges concen-
trated in a small region as defined by the macrocyclic structure.
Moreover, ammonium groups can donate hydrogen bonds to ap-
propriate electronegative atoms of the anionic species.>* However,
the occurrence of the different positively charges species is con-
fined to pH limits defined by the protonation constants of the
polyamine. Therefore, a second, alternative strategy consists of the
development of structures containing quaternized ammonium

* Corresponding authors. Tel.: +34 964 728 239; fax: +34 964 728 214; e-mail
addresses: enrique.garcia-es@uv.es (E. Garcia-Espana), luiss@qio.uji.es (S.V. Luis).
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groups providing a permanent charge independent of the pH of the
medium.

The presence of aromatic subunits in polyazamacrocyclic com-
pounds confers interesting characteristics to the resulting ligands.
This has been clearly shown, for instance, in the work carried out by
our groups in the study of the host—guest chemistry of polyaza[n]
cyclophanes,® cyclic pseudopeptides and related systems.” A simple
variation on the nature of the aromatic moiety can afford receptors
with tailor-made properties, including their capacity to act as
fluorescent chemosensors® or as simple molecular machines.>!°
The introduction of biphenyl moieties provides a way to prepare
macrocyclic receptors with a dynamic behaviour, in which the di-
hedral angle of the biphenyl subunit can also contribute to regulate
the properties of the resulting receptor. The synthesis and study of
biphenyl crown ethers like 1 was reported, some time ago, by
Rebek,'!2 and our group has been involved in the development of
different polyaza biphenylophanes like 2.3 Those biphenylo-
phanes represent a straightforward evolution of the polyaza[n]
cyclophanes we had previously developed. Nevertheless the
preparation of azonia spiro receptors, such as 3 (Chart 1) represents
a new approach to the synthesis of biphenyl based receptors. The
combination of the quaternized nitrogen atom with the ring
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containing the biphenyl fragment can provide those systems with
some unique properties. Here we present our results on host 3,
referring to its acid—base properties as well as its capacity to act as
receptor for Cu®*, Zn** and for the anionic species derived from
phosphate (Pi), pyrophosphate (PPi), tripolyphosphate (TPP) and
5’-adenosine triphosphate (ATP).
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Chart 1. Olyoxa and polyaza macrocycles containing biphenyl subunits.
2. Results and discussion
2.1. Synthesis of receptor 3

The synthesis of receptor 3 was carried out by reaction of bis-
(bromomethyl)biphenyl (4) with N-Boc triprotected cyclam (5),
which afforded the Boc protected derivative 6. Using anhydrous
K,CO3 as the base and equimolar amounts of 4 and 5, compound 6
was obtained in 86% yield after three days of reaction and following
chromatographic purification. Deprotection of the Boc groups was
carried out using aqueous HBr in ethanol to give 3 in 80% as the
corresponding bromide.

This reaction seems to work also for related systems. Thus, the
application of the same synthetic procedure but using the dipro-
tected cyclam 7 and 2 mol of bis(bromomethyl)biphenyl allowed to
obtain the diprotected derivative 8 in 52% yield. After deprotection,
using the same protocol, the corresponding dicationic polyaza
macrocycle 9 was obtained in 90% yield (Scheme 1).
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compound 3 (X=Br) were studied by the use of pH-metric titra-
tions. All the titrations were carried out, as has been fully de-
scribed,® at 298.1 K using NaCl 0.15 M to maintain a constant ionic
strength. The program PASAT was used for data acquisition.!” The
program HYPERQUAD was employed for the analysis of the elec-
tromotive force measurements and for the calculation of the sta-
bility constant and the program HYSS was used to obtain the
distribution diagrams.'® The stability constants for the protonation
of 3 obtained in this way are presented in Table 1. For comparison,
the stability constants for the protonation of cyclam and compound
9 have been also included."®

Table 1

Logarithms of the stepwise protonation constants® for macrocycles 3, 9 and cyclam
Reaction® 3 9 Cyclam?
H-+L=HL 10.27(4)° 9.17(4) 115
H+HL=H,L 4,54(4) 3.79(4) 10.5
H-+H,L=H5L 2.77(4) 1.5
H-+HsL=H4L 0.9
Log § 17.58 12.96 24.4

3 Determined in 0.15 mol dm~> NaCl at 298.1 K.

b Charges omitted.

¢ Values in parentheses are standard deviations in the last significant figure.
d Data taken from Ref. 19.

As can be seen in Table 1, the stepwise protonation constants
for 3 follow the expected trends for polyaza macrocycles and
polyaza cyclophanes,?®?! with the presence of one large constant
and two smaller ones. This agrees with a situation for which only
the first protonation can occur onto a distant enough nitrogen
atom from the quaternized nitrogen to minimize the electrostatic
repulsion between them. The second and third protonations
cannot avoid locating the new charge on a nitrogen atom con-
tiguous to a charged one. When comparing the constants with
those reported for cyclam,®

HBr(aq)/EtOH
80%

NBoc

HBr(aq)/EtOH
90%

Scheme 1. Synthesis of spiro macrocycles 3 and 9.

The preparation of N-Boc diprotected and triprotected cyclam
(5 and 7) was carried out following the methodology described by

Guilard et al.®

2.2. Protonation studies

In order to understand the effect of the quaternized nitrogen
atom and the presence of the aromatic rings, a study of the prop-
erties of 3 as a receptor for cations and anions in water was un-
dertaken. For this purpose, the protonation behaviour of 3 was
initially determined as the first step. Acid—base properties of

It can be observed that the first protonation constant of 3 is
comparable with the second protonation constant of cyclam. This is
reasonable as the first protonation of 3 corresponds to the formation
of a doubly charged species and thus must be compared with the
second protonation of cyclam. Nevertheless, the second protonation
constant for 3 is significantly larger than the third protonation
constant for cyclam (Alog K=3.04). The same trend, but to a lesser
extent, is observed when comparing the third protonation constant
of 3 with the fourth protonation constant of cyclam (Alog K=1.87).
Interestingly, this phenomenon is still further enhanced in macro-
cycle 9. The first protonation of this compound is notably larger than
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the third protonation constant of cyclam (Alog K=7.67) and even
larger than the second protonation constant of 3 (Alog K=4.63). A
similar trend is observed for the second constant (Alog K=2.89).
The former trends are not easy to rationalize. In order to under-
stand the origin of those differences in the values of the protonation
constants, we have carried out a computational study at different
levels of theory for cyclam and macrocycle 3, in order to predict the
proton affinities of each basic nitrogen atom at the different pro-
tonation steps.?? Initially, a Montecarlo conformational search with
the MMEFF force field algorithm as implemented in Spartan’04 was
carried out for each protonated species. The parameters for this cal-
culation were MAXCONFS=500 WINDOW 50.0 TEMP 20,000 in order
to have a wide window of conformers. This conformational search
was made for any possible combination of protonated nitrogen atoms
for all protonation steps and taking into consideration the presence of
symmetry-equivalent protonated structures. The energies obtained
for the most stable conformer in each case are presented in Table 2. In
the table, the different structures considered have been identified by
indicating the protonated nitrogen atoms, which have been num-
bered consecutively. For 3, N1 corresponds to the nitrogen atom
separated from the quaternary nitrogen by an ethylenic chain.

Table 2
Calculated energies for the minimum energy conformers for each step in the
protonation of 3 and cyclam

Cyclam? Emmrr (kcal/mol) 32 Emmrr (kcal/mol)

— 37.80 — 87.77

N1 22.82 N1 145.94

N1,N2 94.54 N2 139.07

N1,N3 88.35 N3 140.98

N1,N4 97.86 N1,N2 284.82

N1,N2,N3 249.60 N1,N3 283.33

N1,N2,N3,N4 461.32 N2,N3 286.27
N1,N2,N3 492.40

2 Nitrogen atoms being protonated. Nitrogen atoms haven been numbered con-
secutively. For 3, N1 corresponds to the nitrogen atom separated from the quater-
nary nitrogen by an ethylenic chain.

Results in Table 2 allows to predict, for a given protonation step,
the proton affinity of each individual nitrogen atom as the differ-
ence in energy between the corresponding HyL and Hy_1L species.
Thus, this allows predicting for cyclam the expected and known
protonation trends. Once the first nitrogen atom is protonated, the
most basic is the one located opposite in the cycle (N3), while the
third protonation occurs at any of the 2 equiv nitrogen atoms N2 or
N4. A similar pattern is determined for receptor 3. The first pro-
tonation takes place preferentially at the nitrogen atom farther
away from the quaternized nitrogen atom (N2), which is the most
basic. The two remaining unprotonated nitrogens (N1 and N3) are
then equally basic for the second protonation. The general process

is depicted in Scheme 2.

l L

made with water selected as the solvent.?> From the energies
obtained, the proton affinities could be calculated as described
above. According to the presence of clearly defined preferential
protonation sites at each protonation step, the proton affinities for
the successive protonation steps of cyclam and 3 (Scheme 2) have
been gathered in Tables 3 and 4.

Table 3
Calculated proton affinities for each successive protonation step (kcal mol~!)
obtained at the different levels of theory for cyclam?®

Reaction®* Ewmrr  B3LYP/  B3LYP/  B3LYP/ B3LYP/
6-31 6-31+G+ 6-31G 6-31G
G Egibbs Ecibbs Egibbs pcm Epcmt®
(N1) H+L=HL —14.98 —255.83 —242.79 —294.81 -306.50
(N3) H+HL=H,L 65.53 —-172.18 —166,16 —293.80 -301.37
(N2) H+H2L=HsL 161.25 —55.72 —54.09 —253.46 —261.82
(N4) H+H3L=H4L 211.72 -13.36 -7.52 -269.63 —280.56

2 All energies were calculated for a minimized geometry at the specified level of
theory.

b Charges omitted for clarity.

¢ The preferential protonation site considered is indicated in parentheses.

d Total energy in solution with all non electrostatic terms as calculated with the
SCRF PCM method.

Table 4
Calculated proton affinities for each successive protonation step (kcal mol!)
obtained at the different levels of theory for 3*

Reaction®* Emwrr  B3LYP/  B3LYP/  B3LYP/ B3LYP/
6-31G 6-31+G* 6-31G 6-31G
Ecibbs Ecibbs Egibbs pcv Epcu®
(N2) H+L=HL 51.30 —189.45 -182.73 —293.67 —304.46
(N1) H+HL=H,L 145.75 —87.83 —83.69 —264.44 —-274.18
(N3) H+H,L=HsL 207.58 —-29.23 -23.75 —-270.14 —279.67

2 All energies were calculated for a minimized geometry at the specified level of
theory.

b Charges omitted for clarity.

¢ The preferential protonation site considered is indicated in parentheses.

d Total energy in solution with all non electrostatic terms as calculated with the
SCRF PCM method.

The calculated protonic affinities show, for both receptors, the
same trends experimentally observed. The only exception should
be the last proton affinity calculated at the PCM level for cyclam and
3, which seem to be overestimated. On the other hand, it is worth
mentioning that, in agreement with the experimental results, all
levels of theory predict that the second protonation constant of 3 is
significantly larger than the third one of cyclam, which corresponds
to the formation of a tri-charged species. This is particularly evident
in the case of PCM calculations affording essentially the same en-
ergy values (Egibbs pcm) for the first protonation of 3 and the second
protonation of cyclam (AG<0.3 kcal mol~!). Those energy values,
however, are clearly different when comparing the second pro-

ReN-h R o=}
AV Wk

Scheme 2. Preferential protonation sites for the successive protonation steps for compound 3.

Using the minimum energy conformers as initial structures, for
both cyclam and 3, the geometries were minimized at the B3LYP/6-
31G and B3LYP/6-31G* levels of theory in the gas phase using the
program Gaussian 03. Additionally, in order to take into consider-
ation the role of the solvent, a minimization at the B3LYP/6-31G
level of theory with the polarizable continuum model (PCM) was

tonation of 3 with the third protonation of cyclam. As it is observed
experimentally (AGopserved=4.01 kcal mol™1) monoprotonated 3,
a dicharged species, is predicted to be more basic
(AG=10.98 kcal mol~!) than diprotonated cyclam.

The origin of those differences is easily understood when the
minimized structures for each protonation step are compared in
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detail. The optimized geometries at the B3LYP/6-31G PCM (water as
the solvent) obtained from the MMFF minimum energy conformers
for the most stable species at each protonation step are shown in
Figs. 1 and 2 for cyclam and 3, respectively.

cyclam Hcyclam H,cyclam
(d) ; é (e)
Hscyclam H4cyclam

Fig. 1. B3LYP/6-31G PCM (water) optimized geometries from the MMFF minimum
energy conformer with the hydrogen bonds showed as dashed lines for cyclam main
protonated species. (a) Cyclam. (b) Monoprotonated cyclam. (c) Diprotonated cyclam
(at N1 and N3). (d) Triprotonated cyclam. (e) Tetraprotonated cyclam.

Hs3

o
Fig. 2. B3LYP/6-31G PCM (water) optimized geometries from the MMFF minimum
energy conformer with the hydrogen bonds showed as dashed lines for 3 main pro-

tonated species. (a) Free base. (b) Monoprotonated 3 (at N2). (c) Diprotonated 3 (at N1
and N2). (d) Triprotonated 3.

It can be observed that, in general, cyclam and derived species
are able to form a higher number of intramolecular hydrogen bonds
than compound 3 and its protonated derivatives (hydrogen bonds
shown as dashed lines in Figs. 1 and 2) in particular for the lower
degrees of protonation. Thus, while diprotonated cyclam is pre-
dicted to be able to form two hydrogen bonds, the monoprotonated
3 will be forming just one hydrogen bond. In this regard, we must
bear in mind that quaternization of a nitrogen atom removes its
capacity to form hydrogen bonds. On the other hand, the presence
of the azonia spiro junction and the biphenylic subunit seems to

reduce the conformational freedom of the polyaza macrocycle,
difficulting a proper disposition of nitrogen and hydrogen atoms to
favour H-bonding.

The changes occurring in the number of hydrogen bonds at
each protonation step are summarized in Table 5. As expected,
the number of hydrogen bonds observed in the optimized
structures decreases for the structures with a higher degree of
protonation, as this is accompanied by a decrease in the number
of acceptor atoms available. Nevertheless, the most interesting
observation regards the formation of the triply charged species
for cyclam and 3 (Hscyclam and Hj3). This protonation step is
associated with the stepwise protonation constants of concern:
K3 for cyclam and K; for 3. It can be observed that this step, for
cyclam, is accompanied by the unfavourable loss of two hydrogen
bonds. In the case of the spiro derivative 3, only one single hy-
drogen bond is lost when the second protonation takes place,
which is energetically more favourable. This difference seems to
be the responsible of the differences measured for the corre-
sponding protonation constants.

Table 5
Hydrogen bonds® found in the optimized geometries for reactants and products at
the different protonation steps for cyclam and 3

Reaction Cyclam 3

Reactants Products Reactants Products
H+L=HL 2 2 1 1
H-+HL=H,L 2 2 1 0
H-+H,L=HsL 2 0 0 0
H+HsL=H,4L 0 0 — —

2 Number of hydrogen bonds detected as defined by an N—H distance <2.2 A; the
same results are obtained if the number of hydrogen bonds is defined through the
Wiberg Bond Index at the B3LYP/6-31+-G~ level of theory.?42>

2.3. Interaction with cations

Although the macrocyclic cavity present in compound 3 presents
a positive charge corresponding to the quaternary ammonium spi-
ranic centre, it still contains three nitrogen donor atoms being able to
interact with transition metal cations. Thus, the interaction of 3 with
the divalent cations Zn?>* and Cu?* was studied by potentiometric
titrations in aqueous solution over the 2—11 pH range, by titrating
solutions of the metal ions in the presence of the hydrochlorides of
the ligands with a strong base. Competition between the metal ions
and the protons for binding to the ligand was high enough to permit
an accurate determination of the Experimental data. The stability
constants obtained are presented in Table 6.

Table 6
Logarithms of the stability constants for the interaction of compound 3 with
Cu®* and Zn** determined at 298.0+0.1 K in NaCl 0.15 mol dm 3

Reaction Cu(II) Zn(I1)
L+MsLM? 10.07(1)°

L+M+H,0 < LM(OH)+H 2.19(1) -235(3)
L+M+2H,05 LM(OH),+2H —8.66(1) ~10.94(3)
LM+H,0 < LM(OH)+H —~7.88(2)

LM(OH)+H,0 < LM(OH),+H —~10.85(2) —8.59(4)

2 Charges omitted.
b Values in parentheses are standard deviations in the last significant figure.

Formation of an ML complex is only detected for Cu?*, and the
value of the constant is about four orders of magnitude smaller
than that found for simple tetraaza ligands. The other constants
detected correspond to the formation of hydroxylated complexes.
In the case of Zn>* only the constants for the formation of the
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hydroxylated complexes [ZnL(OH)]** and [ZnL(OH),]* are detec-
ted. Thus, for instance, the related biphenylic receptor 2 presents
logarithms of the association constants of 18.7 [CuL]*" and 8.7 for
[ZnL]?*.13P The values shown in the Table 6 are more comparable
with the ones shown by ligands having only three nitrogen atoms
available for the formation of the complex. This is the case of the
tetraaza paracyclophane p-B323 (see Chart 2) containing the four
nitrogen atoms separated by similar aliphatic spacers, in which
only three out of the four nitrogen atoms can be simultaneously
coordinated to the same metal cation.?® In this case the values
for the formation and hydrolysis constants of [CuL]** are 13.02
and —9.10 logarithmic units, respectively. Similar values were
obtained for related systems, such as the tretraaza metacyclophane
m-B323.27 As a matter of fact, the stability constant for the for-
mation of [CuL]>* for 3 (log K=10.07) is still lower than the value of
log K=10.89 observed for the interaction of Cu?* with the
monoprotonated form of p-B323 to give the equally charged species
[CuHL]?", reflecting, most likely, the conformational constrains
associated to the azonia spiro junction. On the other hand, the
constants observed for 3 are about three orders of magnitude
higher than values obtained by us recently for some diaza ligands.”
The same happens for receptors with three nitrogen atoms located
in such a way that only two of them can simultaneously coordinate
to the metal, as is the case of the triaza paracyclophane p-B33, for
which the [CuL]** complex shows log K=7.97.2% Overall, it seems
that the presence of the quaternary ammonium group produces
a clear destabilizing effect on the formation of the corresponding
metal complexes, although the data suggest that the three
remaining nitrogen donor atoms are able to efficiently coordinate
the metal centre.

HNj HNj Eé D \Nj
o~ o~ L o~

p-B323 m-B323 p-B33 Me,p-B323

Chart 2. Structures of polyaza cyclophanes p-B323, m-B323, p-B33 Me4p-B323.

The situation is nicely illustrated by the distribution diagrams
obtained from the data in Table 6 and shown in Fig. 3. In the case of
Cu?t, [CuL]®* predominates over the pH range 4—8, while
[CuL(OH)]?** starts to be formed at relatively low pH values (above
pH=6) and is predominant at pH values higher than 8. [CuL(OH),]™ is
only formed at pH values higher than 10.

To know how the different basicities of the ligands influence the
extent of metal ion complexation, it is useful to build distribution
diagrams for the mixed systems Cu:L:L1 and represent the per-
centages of complexed metal to one or other ligand as a function of
pH. As an example, we have done this for the system Cu?*:3:p-B323
and the plot of complexed Cu®* is shown in Fig. 4.

In such a plot it can be observed that in spite of forming less
stable complexes, the lower basicity of 3 with respect to p-B323
makes Cu®* to be preferentially complexed to 3 at lower pH values
(pH 3-5), while the higher stability of the Cu?>* complexes of
p-B323 makes Cu* to be bound at a major extent to p-B323 above
pH 5.

For Zn®*, the complex species are only present at basic pH
values, with the dihydroxylated [ZnL(OH),]" species being clearly
predominant at pH>9. The [ZnL(OH)]?>" species is only slightly
predominant over the other species in a very narrow pH range in

Cu(ll)+3

100 A

80 A
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40 o

20 1

% formation relative to Cu

Zn(l1)+3

100 1
80
LZnH,,
60 1

20 1

% formation relative to Zn

0 T T T T
2 4 6 8 10

pH

Fig. 3. Distribution diagrams for the interaction of receptor 3 with Cu(ll) (top) and
Zn(II) (bottom).
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pB323-Cu

%Complexation

pH

Fig. 4. Plot of the percentages of complexed Cu?* versus pH in the system
Cu?*:3:p-B323 calculated for a 10~ M concentration in the three reactants.

the vicinity of pH=8. The easy deprotonation of the water mole-
cules coordinated to the ML?>* complexes as a consequence of the
small number of donor atoms provided by the ligand, might be of
interest for the development of biomimetic catalytic systems,
reproducing, for instance, some of the characteristics of the active
site of some enzymes like the HCA.?°

2.4. Interaction with anions

The presence of a quaternary ammonium group can be consid-
ered a favourable feature for the interaction with anions at different
pH values. In this regard, the interaction of 3 with different phos-
phate anions (phosphate (Pi), pyrophosphate (PPi), tripolypyr-
ophosphate (TPP) and ATP) was studied by potentiometric titration
in aqueous solution over a broad pH range.>® The association con-
stants for the formation of the respective complexes were
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determined at 298.1 K in water and we have chosen 0.15 M NaCl to
maintain a constant ionic strength due to the similarity of this
concentration with that found in biological tissues. The results
obtained are gathered in Table 7 and in the distribution diagrams
of Fig. 5.

Table 7
Logarithms of the stability constants for the interaction of compound 3 with the
different phosphate anions determined at 298.0+0.1 K in NaCl 0.15 mol dm—3

Reaction® Pi PPi TPP ATP

L+A+H=HLA 12.79(9)
L-+A+2H=H,LA 21.68(3) 20.34(5)
L+A+3H=HsLA 31.9(1)° 28.21(4) 25.54(5)
L+A-+4H=H,LA 36.7(1) 32.97(4) 29.49(5)
L+A+5H=HsLA 39.92(9) 36.33(3) 34.83(4) 32.66(6)
HL+A=HLA 2.52(9)
HL+HA=H,LA 3.27(3) 3.69(5)
HL+H,A=H;LA 3.4(1) 3.73(3) 5.00(5)
HoL+HoA=H4LA 3.7(1) 3.96(3) 4.43(5)
HsL+H,A=HsLA 4.1(1) 4.54(3) 3.54(4) 4.78(6)

2 Charges omitted.
b Values in parentheses are standard deviations in the last significant figure.

All anions form with 3 adducts of 1:1L:A stoichiometry with
protonation degrees varying from 3 to 5 for Pi, 2 to 5 for PPi and
1 to 6 for ATP. However, for TPP just the species H5L(TTP) was
detected in the studied 2.5—11.0 pH range. To analyse the associ-
ation constants gathered in Table 7, care has to be exerted in
comparing the right equilibria and values of stability constants.
Since both the receptor and the anions participate in overlapping
proton-transfer processes, translating the cumulative stability
constants shown in the top entries of Table 7, into representative
stepwise ones is not always straightforward. To do so, one has to
consider the basicities of 3 and of the different anions involved and
assume that the interaction will not be affecting much the pH
range of existence of the protonated species of the anions and 3. If
this is considered, the stepwise constants shown in the bottom
rows of Table 7 can be inferred. Such constants show that

Pi+3
100 -
80
o R
o MR b HLRi
40 - )

% formation relative to Pi

20 -

pH

TPP+3
100

H,TPP
80 -

HsLTPP
60 °

40
1 H,TPP
20 -

% formation relative to TPP

pyrophosphate adducts are more stable than phosphate and tri-
polyphosphate ones, while they seem to be a little bit less stable
than the ATP adducts. However to balance the different basicities
and offer proper selectivity criteria, effective constants defined as
the quotient at a given pH between the overall amounts of com-
plexed anion and the overall amounts of free receptor and anions
are appropriate parameters (Eq. 1).%!

Ker = Y _[HijjLA]/ > [Hil] x Y "HjA (1)

When these effective constants are calculated, one can observe
that according to the conclusions derived from the stepwise con-
stants, PPi and ATP adducts are clearly more stable than the Pi and
TPP adducts, however, ATP and PPi present close effective constants
with relative stabilities that change with pH (Fig. 6).
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Fig. 6. Plot of the effective constants versus pH for the systems 3:Pi, 3:PPi, 3:TPP and
3:ATP, calculated for a 10-> M concentration of all reactants.

Another way to visualize these results consists of calculating the
distribution diagram for the system Pi:PPi:ATP:3 for 1:1:1:1 M ratio
and represent the percentage of bound anions to 3 as a function of
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Fig. 5. Distribution diagrams for the interaction of receptor 3 with different anions: Pi, PPi, TPP and ATP>~.
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pH (Fig. 7). TPP has not been included due to its much lower in-
teraction. Fig. 7 has a similar profile to Fig. 5, and shows larger extent
of complexation of ATP and PPi with respect to Pi over all the pH
range covered. Again, it can be seen as the percentages of complexed
PPi and ATP depend on pH. The percentages of complexed ATP are
slightly larger than those of PPi in the pH range 2.5—6 and above pH
8.5, while the reverse situation occurs from pH 5.0 to 8.5.

It is interesting to analyse the effect of the permanent charge and
conformational constraints present in 3 in relation to related non-
quaternized cyclophanes. To make such comparisons, the intrinsic
charge included in 3 has to be taken into account so that the equi-
libria considered involve equally charged cationic and anionic species.

50
45 :L
40 - \/ PPi

35 4
30 4

% Complexation
N
w
L

pH

Fig. 7. Plot of the percentages of complexed anion versus pH for a system containing
simultaneously 3, Pi, PPi, and ATP, all of them 10~ M concentration.

Thus, for the tetraaza paracyclophane p-B323, a value of 3.87
logarithmic units was obtained for the formation constant of the
H4LPi2+ species (H3L3++H2Pi*), which matches quite well with
the value of 3.66 logarithmic units obtained for the formation of the
H4LPi** species calculated for the interaction of H2(3)>* with
H,Pi~ 32 In the case of PZO‘%’ (PPi), the same receptor shows a value
of logKk=4.15 for the formation constant of HsLPPi*
(HsL3*+H,PPi%") that for 3 can be compared with the value asso-
ciated to the process HoL3*+H,PPi%®~. The related N-tetramethy-
lated cyclophane Me4p-B323, that was designed to implement the
interaction with anionic species, also displays comparable values:
log K=3.83 for the equilibrium H4L*'+H,PPi? =HgLPPi** and
log K=4.10 for the equilibrium H4L**+H,TTP3~=HgLTTP*.3> Again,
the effective constants as defined by Eq. 1 (Fig. 8) provide better
ways for establishing selectivity ratios for given pH values. Fig. 7
shows that at acidic pH values the interaction of PPi with 3 is in-
termediate between those with p-B323 and Me4p-B323, while at
more basic pH values the larger effective constants are those of the
tetramethylated receptor.

6
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Fig. 8. Plot of the effective constants versus pH for the systems 3:PPi, p-B323:PPi, and
Me4pB-323:PPi, calculated for a 107> M concentration of all reactants.

In the case of ATP, 3 displays association constants that are slightly
higher than those for p-B323 (log K 3.82 for HL**+H,ATP> =
HGLATP?* in p-B323 versus 4.78 for HzL**+H,ATP? =HsLATP?*
in 3), while they are smaller than in other receptors better
optimized for the interaction with this guest (log K=5.4 for
HaL** +H,ATP?~ =HGLATP?in the case of Me4p-B323 and 6.01 for 2).
In particular, in the case of the biphenylic macrocycle BF323 (2), the
related constants are always 1.5—2 orders of magnitude higher.'>?
The plot of the effective constants with pH indicates that in the
ATP systems, practically throughout all the pH range covered, the
interaction of ATP with 3 is intermediate between that of ATP with
p-B323 and those observed for the non-quaternized biphenylophane
BF323and the tetramethylated Me4p-B323 and (see Fig. 9), which
interestingly are very similar over all the pH range.

LogKeff

pH

Fig. 9. Plot of the effective constants versus pH for the systems 3:ATP, p-B323:ATP, and
Me4p-B323:ATP, calculated for a 10> M concentration of all reactants.

It is worth mentioning that the aromatic subunits seem to play
a significant role in the recognition process of ATP by receptor 3.
Addition of a threefold excess of ATP to a solution of 3 in D;,0
produces some changes in the aliphatic signals of the receptor that
seem to be slightly shifted and clearly broadened. The changes are
more significant in the aromatic region, where an appreciable up-
field shift of the aromatic signals of 3 is observed (A§>0.2 ppm)
along with some broadening and splitting (Fig. 10). Interestingly,
the signals for the aromatic and anomeric protons of ATP also ex-
periment upfield shifts (Ad>0.1 ppm). As expected, the observed
shifts are more intense when a threefold excess of the receptor 3 is
present in a D0 solution of ATP (Ad 0.24—0.31). Minor variations
are observed for the aliphatic region of ATP. This evidences that, as
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Fig. 10. Aromatic region of the '"H NMR spectra (D,0) for ATP, receptor 3 and the
corresponding complexes in the presence of an excess of ATP (ATP:3=3) or an excess of
3 (ATP:3=0.33). Chemical shifts are given in parts per million.
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in the case of 2,”*® and opposite to what is observed for other

polyaza[n]cyclophanes like Megp-B323,32 the adduct displays
a structure in which the adenosine fragment of the ATP is located
above the biphenyl moiety.

3. Conclusions

The incorporation of an azonia spiro junction into the cyclam
structure, along with the incorporation of a biphenylic fragment,
produces some interesting effects on the properties of the resulting
macrocyclic structure (3). Although the protonation tendencies of
both polynitrogenated systems follows similar patterns, the second
and third protonation constants of 3 are significantly higher than the
third and fourth constants for cyclam, in which protonated species
with the same charge are formed. Detailed computational studies
also show the same trends and predict that the higher basicity of
some of the protonated species derived from 3 can be associated to
the small number of intramolecular hydrogen bonds that are present
in those species. The sequential protonation of either cyclam or 3,
passing from HyL to Hy 1L, is accompanied by a decrease in the
number of intramolecular hydrogen bonds available, which is an
unfavourable energetic contribution. This unfavourable factor is, ac-
cordingly, less important in 3 than in cyclam as the number of hy-
drogen bonds lost is lower and could explain its higher basicity. The
presence of the quaternized nitrogen atom has an important effect on
the interaction of 3 with metal cations. The stability constants with
Cu(Il) and Zn(II) are lower for 3 than for other related tetraazama-
crocycles even when the formation of the monoprotonated species
(MHL) is considered for them to take into account the formation of
species with the same charge. The conformational constrains asso-
ciated to the presence of the spiranic junction and the biphenyl
fragment can be important in this regard. Nevertheless, the low sta-
bility of the metal complexes is accompanied by an easy formation of
the corresponding mono- and dihydroxylated species that can be of
interest for biomimetic catalytic purposes. On the contrary, the ability
of protonated species derived from 3 is much less affected by the
presence of the quaternary ammonium group. The association con-
stants determined for the interaction of 3 with different phosphate
anions (Pi, PPi, TPP and ATP) reveal that this new compound can act as
an efficient anion receptor.

4. Experimental section

4.1. General procedure for the synthesis of N-Boc protected
aza spiro derivatives

An excess of anhydrous K,CO3 was added to a solution of di- or
triprotected cyclam (1 mmol) in dry CH3CN (50 mL) and then a solu-
tion of 2,2’-bis(bromomethyl) biphenyl (1 or 2 mmol) in the same
solvent was added. The suspension was kept at reflux with strong
stirring for 3—4 days. The resulting mixture was filtered and the sol-
vent was vacuum distilled to give a residue that was purified by col-
umn chromatography over silica with CH,Cl;/MeOH as the eluent.

4.1.1. 5,7-Dihydro-6H-dibenzo(c,e)azepinium-6-spiro-1'-[4,8,11-
tris(tert-butyloxycarbonyl)-1,4,8,11-tetraazatetradecane] bromide
(6). Yield (86%).3C NMR (CDCls, 6 ppm): 27.7, 40.8, 44.0—48.0, 55.1,
55.4, 62.1, 79.1, 79.6, 80.1, 126.3, 128.2, 128.8, 131.0, 132.1, 140.2,
155.0. Calcd for C39gHs59BrN4Og: C, 61.65; H, 7.83; N, 7.37. Found: C,
61.65; H, 7.82; N, 7.37. MS-ESI: 680 [M+H].

4.1.2. 5,7-Dihydro-6H-dibenzo(c,e)azepinium-6-spiro-1'-[4,11-bis-
(tert-butyloxycarbonyl)-1,4,8,11-tetraazatetradecane]-8-spiro-6"-
(5",7"-dihydro-6"H-dibenzo(c,e)azepinium) dibromide (8). Yield
(52%).'>C NMR (CDCls, 6 ppm): 28.1, 47.5, 47.9, 53.5, 54.0, 55.7, 63.2,
126.3, 129.1, 129.7, 131.9, 132.5, 132.7, 140.3, 141.4, 155.9. Calcd for

CagHg2BraN4O4: C, 62.74; H, 6.80; N, 6.10. Found: C, 62.77; H, 6.91;
N, 6.17. MS-ESI: 380 [M?*].

4.2. General procedure for the deprotection of N-Boc
protected spiro macrocycles

A concentrated aqueous solution of HBr (9 mL/1 mmol) was
added dropwise, at 0°C, to a solution of the N-Boc protected
macrocycle dissolved in EtOH (1 mmol/10 mL). Once the addition
was completed the stirring was continued at room temperature
until no more precipitate was formed. The resulting solid was
filtered and vacuum dried.

4.2.1. 5,7-Dihydro-6H-dibenzo(c,e)azepinium-6-spiro-1'-(1,4,8,11-
tetraazatetradecane) bromide (3). Yield (80%). 'H NMR (CDCls,
6 ppm): 2.17 (m, 2H), 2.35 (m, 2H), 3.44 (m, 6H), 3.67 (s, 4H),
3.79-4.04 (m, 4H), 7.50—7.67 (m, 8H). 3C NMR (CDCls, 6 ppm):
19.2, 19.7, 36.9, 37.7, 37.8, 41.0, 41.6, 42.2, 51.3, 55.4, 64.6, 127.0,
129.9, 130.1, 132.8, 133.0, 141.8. Calcd for Cy4H35BrN4+3HBr+
1.5H,0: C, 39.53; H, 5.67; N, 7.68. Found: C, 39.55; H, 5.67; N, 7.69.
MS-ESI: 380 [M+H].

4.2.2. 5,7-Dihydro-6H-dibenzo(c,e)azepinium-6-spiro-1'-[1,4,8,11-
tetraazatetradecane|-8-spiro-6"-(5",7"-dihydro-6"H-dibenzo(c,e)
azepinium) dibromide (9). Yield (90%). *C NMR (CDCls, 6 ppm):
21.1,37.3,42.1, 51.9, 55.2, 65.2, 127.5, 130.7, 131.0, 133.7, 141.8. Calcd
for C3gH4gBroN4+2HBr+2H,0: C, 49.80; H, 5.72; N, 6.11. Found: C,
50.02; H, 5.81; N, 6.04. MS-ESI: 279 [M?*].

4.3. Computational details

DFT calculations were performed using the Gaussian 03 software
package. All structures were computed using density functional
theory using the non-local hybrid Becke’s three-parameter exchange
functional (denoted as B3LYP) with the 6-31G and 6-31G* basis set.
Solvation in water was performed with the PCM approximation with
the same level of theory. Initially, conformers of the compounds were
constructed and computed using the MMFF level of theory with the
Montecarlo conformer search implemented in PC Spartan’04.34 The
most stable ones were selected for the full DFT calculation.

44. Emf measurements

The potentiometric titrations were carried out at 298.1+0.1 K
using 0.15 mol dm~> NaCl as a supporting electrolyte. The experi-
mental procedure (burette, potentiometer, cell, stirrer, microcom-
puter, etc.) has been fully described elsewhere.!® The acquisition of
the emf data was performed with the computer program PASAT."”
The reference electrode was an Ag/AgCl electrode in saturated KCl
solution. The glass electrode was calibrated as a hydrogen-ion con-
centration probe by titration of previously standardized amounts of
HCl with CO,-free NaOH solutions and the equivalent point was
determined by the Gran method,> which gives the standard
potential Eo’, and the ionic product of water (pKw=13.73(1)).

The computer program HYPERQUAD was used to calculate the
protonation and stability constants.’® The pH range investigated
was 2.0—11.0. The different titration curves for each system (at least
two) were treated either as a single set or as separated curves
without significant variations in the values of the stability con-
stants. Finally the sets of data were merged together and treated
simultaneously to give the final stability constants.
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