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Design of Protonated Polyazamacrocycles Based on Phenanthroline Motifs
for Selective Uptake of Aromatic Carboxylate Anions and Herbicides

Carla Cruz,”” Vania Calisto,™ Rita Delgado,™ ‘! and Vitor Félix**

Abstract: Three novel large polyaza-
macrocycles containing two 1,10-phen-
anthroline (phen) units connected by
two polyamine spacers of different
length, [32]phen,N,, [30]phen,Ns and
Me,[34]phen,N,, have been synthesised
and their protonated forms used as re-
ceptors for binding studies with several
aromatic carboxylate anions (benzoate
(bzc™), 1-naphthalate (naphc™), 9-an-
thracenate (anthc™), pyrene-1-carboxyl-
ate (pyrc), phthalate, (ph?"), isophtha-
late (iph?"), terephthalate (tph*"), 2,5-

tate (2,4-D7) and glyphosate (PMG?"))
in water solution. The [30]phen,Ng re-
ceptor was found to be the most suita-
ble for binding the anions considered
in a 1:1 stoichiometry. The three recep-
tors exhibit a remarkable binding selec-
tivity towards the extended aromatic
anion pyrc~ at low pH values. Their
binding affinities for the monocarboxy-
late anions decrease with the extension
of the aromatic system in the order
pyrc >anthc™ >naphc™ >bzc™, which
indicates the presence of m—mn stacking

interactions in the molecular recogni-
tion of these anions. Molecular dynam-
ics simulations carried out for the bind-
ing  of  {H,30]phen,Ng}**  and
{HMe,[34]phen,Ng}**  with  pyrc,
anthc™, naphc, iph* and btc* in
water showed that these receptors
adopt a folded conformation with the
anion inserted between the two phen
heads and that the molecular recogni-
tion is governed by m—m stacking inter-
actions and multiple N—H--O=C hy-
drogen bonds. The binding free ener-

dihydroxy-1,4-benzenediacetate

(dihyac*") and, 1,3,5-benzenetricarbox-
ylate (btc*")) and three herbicides (4-
amino-3,5,6-trichloropyridine-2-carbox-
ylate (ATCP~), dichlorophenoxyace-

Keywords:
dynamics

Introduction

Anion recognition by cationic receptors is, nowadays, an
active area of research.!'”! Aromatic carboxylate anions are
widespread environmental contaminants of agricultural land
causing ground water contamination that disrupts aquatic
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gies estimated theoretically are very
similar to those found by potentiomet-
ric methods, which supports the pro-
posed binding arrangement.

molecular

life cycles.®! For example, the herbicide 4-amino-3,5,6-tri-
chloropyridine-2-carboxylic acid, H(ATCP), commonly used
to control deeply rooted herbaceous weeds and woody
plants, pastures, and small grain crops, is very toxic and is
rapidly absorbed from ground water."!

Thus, the development of receptors capable of sensing
and extracting pollutants containing carboxylate groups with
environmental impact, such as herbicides and pesticides, is
essential.” However, these types of anions have a variety
of special features, such as charge, size, pH dependence, sol-
vation and geometry, that should be taken into account in
the molecular design of receptors capable of their effective
uptake."""?! With this main goal in mind, we have been in-
volved in the development of artificial receptors containing
phenanthroline (phen) units linked through polyaza alkyl
spacers (Scheme 1). The protonated forms of these receptors
offer an apparently rigid structure and several potential N—
H binding sites suitable for the uptake of carboxylate anions
with different net charges and geometric binding require-
ments (see Scheme 2). Therefore the binding selectivity is
assisted by a combination of multiple and cooperative inter-
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Scheme 1. Bis-phenanthroline macrocyclic receptors.

molecular interactions, such as hydrogen bonds and electro-
static and m—m stacking interactions.*”!

In a previous study we found that in the solid state the re-
lated dioxatetraaza {Hs[30]phen,N,O,}’" receptor (see
Scheme 1) accommodates chloride and bromide anions in a
“horseshoe” shape conformation with the two phen rings
adopting an almost parallel arrangement.'¥! Furthermore,
the results of solution binding studies with some aliphatic
and aromatic anionic substrates suggested that this confor-
mation is adopted in the binding of aromatic anions with ex-
tended m systems (pyrc™) or high negative charge (btc’)
leading to the formation of supermolecules with high associ-
ation constants. By contrast, the affinity of this receptor for
aliphatic anions is much lower, which suggests that other
types of interactions and/or other conformational binding ar-
rangements are adopted.'® To obtain further insights into
the dynamic binding behaviour, we present herein a com-
prehensive binding study of new receptors of this series, pro-
tonated [32]phen,N,, [30]phen,N, and Me,[34]phen,N,, with
several aromatic anions (see Scheme 2), including the
common herbicides ATCP™ and 2,4-D". For comparison pur-
poses, an aliphatic herbicide PMG*~ was also considered.
The anion-binding abilities of these receptors were evaluat-
ed by potentiometry and '"H NMR spectroscopy and the as-
sociation constants determined. The binding arrangements
between the {H,[30]phen,N¢}** and {HMe,[34]phen,N¢}°*
receptors and selected anionic substrates (pyrc™, anthc™,
naphc™, iph*~ and btc’™) in water solution were established
by molecular dynamics simulations (MD). The entropic and
enthalpic contributions to the binding free energies were es-
timated and compared with experimental values.
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Scheme 2. Carboxylate and herbicide anions studied in this work.

Results and Discussion

Synthesis of receptors: The macrocycles [32]phen,N,,
[30]phen,Ng and Me,[34]phen,N,; were prepared by [2+2]
cycloaddition reactions of 1,10-phenanthroline-2,9-dicarbal-
dehyde!' with 1,6-hexanediamine, diethylenetriamine and
N,N-bis(3-aminopropyl)methylamine, respectively, followed
by reduction with sodium borohydride, as described for re-
lated compounds."® The macrocycles were isolated as chlo-
ride salts in yields of 80, 60 and 50 %, respectively.

A few other related bis-phen macrocycles have been pre-
pared from the same phen-dialdehyde derivative and differ-
ent diamines™ or by the reaction of 2,9-bis(chloromethyl)-
1,10-phenanthroline and sulfonamide."” In the first case
only Schiff bases were prepared, whereas in the second case,
the small macrocycle obtained contains only two tertiary
amines.

Acid-base properties of the receptors: The acid—base behav-
iour of the three macrocycles was studied by potentiometric
methods in water for [30]phen,Ns and Me,[34]phen,N, and
in H,0/MeOH (50:50, v/v) for [32]phen,N, at 298.2 K and
an ionic strength of 0.10m in KCI. The protonation constants
were determined by using the HYPERQUAD program.?’!
The overall protonation constants (logfy,s,) are given in
Table S1 in the Supporting Information and the stepwise
constants are listed in Table 1. Seven protonation constants
were determined for [30]phen,Ns, and Me,[34]phen,Ng
whereas only five were found for [32]phen,N, in the 2-11
pH range.

The first four protonation constants for the three com-
pounds are relatively high, with values ranging from 9.81 to
6.03. These values correspond to the successive protonation
of the four secondary nitrogen atoms of the aliphatic amine
linkages contiguous with the phen heads. The following two
constants for the [30]phen,N4 and Me,[34]phen,Ny macrocy-
cles were assigned to the protonation of the remaining two
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Table 1. Protonation constants (log K;)* for [32]phen,N,, [30]phen,Ng
and Me,[34]phen,N; at 7=298.2 K and /=0.10m in KCI.

Equilibrium [32]phen,N,! [30]phen,N/ Me,[34]phen,N !
quotient

[HL)/[L][H] 9.76(1) 9.70(1)  9.36(3)  9.81(1)
[H,L)/[HL][H] 8.91(1) 8.86(1) 8.88(4) 9.26(1)
[H;L)/[H,L][H] 7.86(1) 8.16(1) 8.06(6) 8.21(1)
[H.L)/[HL][H] 7.08(1) 6.03(1) 5757 6.99(2)
[HsL)/[H,L][H] 2.09(2) 327(1) 330(5)  6.29(1)
[HLY[HsL][H] - 2.56(2) 2.59(4)  5.70(1)
[HL)/[HL]H] - 1.95(2) 2.16(4H)Y  1.84(2)

[a

] The values in parentheses are standard deviations on the last signifi-
cant figure. [b] Determined in H,O/MeOH (50:50 v/v). [c] Determined in
aqueous solution. [d] Determined by '"H NMR titration in D,O (see refer-
ences [21,22]).

aliphatic nitrogen centres located in the middle of the tria-
mine linkages. These constants for [30]phen,Ny are much
lower than those found for Me,[34]phen,N¢ due to the short-
er length of the chains between the amine centres in
[30]phen,Ng and the consequent stronger electrostatic repul-
sion between the ammonium ions formed. The last con-
stants, the fifth for [32]phen,N, and seventh for [30]phen,N,
and Me,[34]phen,Ng, have been assigned to the protonation
of a nitrogen donor from a phen unit as observed for the re-
lated receptor [30]phen,N,0,.'*!

The acid-base behaviour of the three macrocycles is illus-
trated by their speciation diagrams®®! shown in Figure S1 in
the Supporting Information. It is possible to see from these
diagrams that the tetraprotonated form, H,L*", is the main
species in solution at pH=~~4 for [32]phen,N, and
[30]phen,N¢; whereas, at the same pH, compound
Me,[34]phen,N; is completely in its hexaprotonated form,
HcL’*. They also highlight the different behaviour of the
three compounds at a pH below 6, which derive mainly
from the low logKs and log K, values of [30]phen,N, and
result in a narrow pH range (4.0 to 52) in which
{H,[30]phen,N¢}** predominates.

The protonation sequence of [30]phen,N; was confirmed
by the '"H NMR titration shown in Figure S2. The protona-
tion constants were also determined with the HypNMR pro-
gram® and they are compared in Table 1 with those deter-
mined by potentiometric methods. All the proton resonan-
ces (see Scheme 1 for the numbering) were assigned on the
basis of NOESY experiments. Cross-peaks were observed
between the doublet H, resonance and the singlet H, and
triplet H, resonances, which allowed the doublet at a lower
field to be assigned to the H, protons. It is apparent from
the titration experiment that the first four successive proto-
nations occur at the secondary amine centres adjacent to the
phen rings, as the Hy, H, and H,, resonances shift downfield
as well as, but to a lesser extent, the H, and H; resonances.
The next three protonations take place almost simultaneous-
ly at the central aliphatic nitrogen centres and at one of the
nitrogen atoms of a phen unit, as revealed by the H; and H,
resonance shifts as well as by the downfield shift of the
three aromatic resonances. In fact, the protonation constants
for the last three protonations are of the same order and
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occur in the same pD region. The fact that the phen protons
start to shift at pD~3, when the protonations mainly occur
at the central amines, is also an indication that the macrocy-
cle adopts a folded conformation.

Similar protonation schemes were also found for the relat-
ed macrocycles R,[30]phen,N; (with N-pendant arms on the
middle nitrogen atoms, R =2-(aminoethyl)-2-naphthalen-1-
ylmehyl)?* and [30]phen,N,0,.ll The protonation sequence
and the calculated constants are entirely consistent with the
potentiometric data.

Binding studies of the receptors with anionic substrates

Potentiometric measurements: The binding constants of the
protonated forms of the macrocycles {H,[32]phen,N,}'* (i=
2-5), {H[30]phen,Ns}* and {HMe,[34]phen,No}* (j=2-7)
as receptors and the anionic substrates represented in
Scheme 2 were determined at 298.2 K and an ionic strength
of 0.10m in KCl by using the HYPERQUAD program.”"!
For the first receptor H,O/MeOH (50:50 v/v) was used as
the solvent for reasons of solubility, whereas the other two
were studied in water. The binding constants determined
and the corresponding equilibria are collected in Table S3 in
the Supporting Information. The values of the protonation
constants reported in the literature for the studied anions
exhibit large discrepancies,®! so that they were determined
under the experimental conditions reported in this work.
The values for most of the anions in water were presented
earlier™ and the new ones are compiled in Table S2 in the
Supporting Information.

The receptors are able to interact with the anionic sub-
strates to form several species with different protonation
states, all of them with a 1:1 receptor/substrate stoichiome-
try, which was confirmed by a Job plot® (see Figure S3 in
the Supporting Information). This indicates that the recep-
tors and the anions take part in several overlapping protona-
tion equilibria. The stepwise equilibria that effectively
occur, for all those that can be established for each case, are
unambiguously indicated by the plot of the effective binding
constants (K.;) as a function of pH, as described previous-
ly.1221 K . is defined as the quotient between the total
amount of supramolecular species formed and the total
amounts of the free receptor and free substrate at a given
pH: K.+=X[H,LA)/X[H,A]X[H.L] (in our case, n=3-8, a=
0-3 and i=0-7). The plots for the studied systems are
shown in Figure 1 and the effective equilibria for each
system and the corresponding stepwise thermodynamic con-
stants are compiled in Table 2. In fact several equilibria can
be conceived taking into account the different protonated
species available for each receptor and each anion leading
to the same associated species as obtained with the model
of the overall constants presented in Table S3. Therefore, it
is essential to ascertain a criterion to choose the stepwise
equilibria that have chemical significance, which is given by
the K., as described in ref. [16].

These results show that {H[32]phen,N,}'" is the weakest
receptor for the anionic substrates studied and

www.chemeurj.org — 3279


www.chemeurj.org

CHEMISTRY

V. Félix et al.

A EUROPEAN JOURNAL

a) 4.0+ B s PMG™
©0Co00gq,, o bze
i ..ggogooooo., *24-D
3.54 bt 5
o 'o‘ Coo, .0. *Eh}
93882 “Sagh i
e * <iph”
' 30_¢..t;;;€; 223222333’“”“:&5 Dog var:]t]lC.
R P R '
i(o % *,**t**:‘-* ’ gxg a *A—!;S_p
i=] ﬁﬁ** kA X xRk X gdd9dd9dqq *x Y ¢ SRS
t‘t ok ke p a9 < * ¥ 1
254 298ei3cenne ntliisgﬁ@!‘ g
qqqeéﬁggggﬁﬁénﬂnﬂ ;ggéﬁﬁkﬁgz...ﬂ...; ‘mh .
Eeeeeeeeeeeeeeeeeseeeeeeeeeeg;ﬁ,;i‘ , edihyac
2.0 65*5
20000000 og!
s0 °°°°°°°0Goa@, EH
09300000000
o
1.5 T T ! : c'
3 4 5 8 7 ’
pH
by 8
(o]
7 090
)
%o
6 S5

.'..0000300000....’
*

& S $vvvvvvv %00, .”0..
2 wEEE K, VVog DoD AN
4 " 694488 e
ege-ggﬁﬁfgtSSQ,,’"ﬁaaggggo
BKKK)K;E*
3 00333..§f“"**gi§ gggﬂ!taﬂggﬁ Qg
®do00gaadiaa W
EBEE! A o 3 Q“ §
- L}
LI T T T T 1
3 4 5 6 7 8
pH
¢} 61
0000,
54 Cog
o
wfosgge
I SAE LR 215 TP
v v
5 4] o0t Qgggg
e Py 0’ 888
o * cqedetdiday 0.. 8y
3] ot ***¥*¥¥¥*¥¥**t664 .,
ggﬁgﬁngngi EERR R ARy i!‘? «
gﬁ:tﬁigi-sag§g|!,,.i g f
zg.;5;:#Bu::ﬁzoooooaaagaii!!i gaogao
w¥s00°” a% .
T T T T T T T T T 1
3 4 5 6 7 8

pH
Figure 1. Plots of logK.; values versus pH for the systems
a) {(H[32]phen,N,A}'*, b) {H;[30]phen,N,A}'*+ (i=3-7) and
¢) {HMe,[34]phen,N,A}* (j=3-8), with A the anionic substrates pre-
sented in Scheme 1 (C =C,=2x10"m). The figure is presented in
colour in the Supporting Information.

{H,[30]phen,N¢}* is the best. This clearly shows the impor-
tance of the presence of the triammonium binding sites due
to the higher electrostatic charge complemented by the suit-
able positions of the N—H groups for the establishment of
N-H--O hydrogen bonds. The {H;[30]phen,Ns}J* receptor
presents remarkably high binding affinities (logK.;>7 at
pH 3 with pyrc™ and 5.5 with btc>~ at pH~4) and good se-
lectivity between pyrc™ and all the other anions studied,
even btc’™ or anthc™. This receptor also discriminates rather
well the related substrates anthc™ and naphc™ (see below).
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Note that, in spite of the larger overall basicity of
{HMe,[34]phen,N¢}'*, which can be protonated at all of the
six amine centres at pH~4.5, this receptor does not exhibit
the largest association constant with any of the studied
anions. In contrast, {H,[30]phen,N}'*, which at the same pH
has only four ammonium centres, has the best affinity with
almost all of the anions. This is a clear indication that elec-
trostatic interactions, although important for the overall
binding interaction of the anions, are not the most important
contribution to the recognition of these partners. In addi-
tion, all three receptors exhibit larger affinities for three of
the studied anionic substrates, pyrc™, btc®™ and anthc™. The
{H,[30]phen,N¢}'* receptor also exhibits large affinities for
tph*” and ATCP~ at pH <3.5 and for iph?~ and dihyac*" at
pH~S.

The differences in binding interaction of the three recep-
tors for the same anion are illustrated in Figure 2 for three
anionic substrates, pyrc™, btc>~ and ATCP~, versus pH. The
binding affinities for pyrc™ with each of the three receptors
are higher in the low pH range (up to 4), decreasing at
higher pH values. In contrast, btc*~ becomes the preferred
substrate for the {H,[30]phen,N}'* and
{HMe,[34]phen,Ng}'* receptors at pH>4.5. On the other
hand, the {HMe,[34]phen,Ng}* receptor exhibits similar ef-
fective binding constants for btc>~, pyrc™ and anthc™ at pH
values between 4.5 and 6.5, but above pH 6.5 the affinity of
this receptor for the two extended aromatic anions is defi-
nitely more favourable (see Figure 1). These results suggest
n—n stacking interactions between the phen fragments of
the receptors and the aromatic moiety of the anions are im-
portant interactions in the whole recognition process.

On the other hand, the {HMe,[34]phen,N¢}J* receptor
presents not only lower binding constants with the studied
anions when compared with {H;[30]phen,Ns}'*, but also it
poorly discriminates several pairs of anions (see Figure 1c),
such as pyrc/btc®”, btc*/ph®~, pyrc /anthc™ or anthc™/
naphc™, which can be readily separated by {H,[30]phen,Ng}'*
(at pH=~3, 5, 2 and 2, respectively). These conclusions con-
cerning the selectivity of the receptors can be better visual-
ised by competitive binding diagrams,®” which are presented
as selectivity plots of the overall percentages of the associat-
ed species as a function of pH for systems containing equi-
molecular amounts of one of the receptors and several
anions.

The cases of {H;[30]phen,Ns}J* in solutions containing
four anions, namely, a) btc®>~, pyrc”, ATCP~ and PMG*~ and
b) pyrc™, anthc™, naphc™ and bzc™, are shown in Figure 3.
The behaviour of the other two receptors in solutions con-
taining the same mixtures of anions is shown in Figure S4 in
the Supporting Information.

For these two mixtures of anionic substrates,
{H,[30]phen,Ng}* is the most appropriate for the selective
uptake of btc*” and pyrc™ from the mixture (a) and for the
selective uptake of pyrc™ from the mixture (b). Indeed, the
plot for this receptor for the mixture (a) displays an isose-
lectivity point at pH 4.5 at which the amounts of btc*~ and
pyrc” bound to {H,[30]phen,N}'* are equal. The uptake of
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Table 2. Stepwise binding constants (log Ky, ) for the indicated equilibria.l

FULL PAPER

Reaction” bzc™ naphc™  anthc™  pyrc” ph*~ iph?~ tph®~ btc*~ ATCP~ 24D~ PMG?>  dihyac*
[32]phen,N,
HL+HA=HLA - - - - - - - 3252 - - - -
HL+HAHLA - - - - 281(2)  2392) 267(2) 336(1) - - 236(3)  3.0902)
HL+HA=HLA  187(4) 215(6) 326(4) 382(3) 304(1) 246(2) 252(1) 3751) - 267(4) - 3.05(2)
H,L+A=H,LA 163(5)  221(4) 3.13(3) 342(2) 320(1) 274(1) 280(1) 365(1) 238(1) 246(4) - -
H.L+HA=H,LA - - - - - - - - - - 2593) -
H,L+A=H,LA 156(6) 2065 2.83(4) 299(3) 2732) 214(3) 2502) 2912) 2113) 227(6) - 3.08(1)
[30]phen, N
HL+HA=HLA - - 462(4) - - - - - - - - -
HL+HA=HLA - - - - - - - - - - - 3.19(6)
HL+HA=HLA 3.16(3) 3832) 44209) 7275) 3792) - 5025) - - - - -
HL+HAHLA - - - - - - - 545(1) - - 218(5)  3.90(3)
HL+HA=HLA  279(4) - - 623(3) 3.092) 388(1) 381(4) 582(1) - - 281(4)  4.00(3)
HL+A=HLA - - - 696(3) - - - - 458(1)  3.132) - -
H,L+A=H,LA 256(4)  315(3) 413(3) 4524) 281(3) 406(1) 363(2) 5751) 3.68(1)  3.04(1) - 3.74(2)
HL+HAHLA - - - - - - - - - - 340(4) -
HL+HACHLA - - - - - - - - - - 295(3) -
H,L+A=H,LA 220(4)  193(7) 324(3) - 217(4)  2712)  245(5) 421(1) 2472) - - -
Me,[34]phen,N!

HL+HACHLA - - - - - - - - - - 214(1) -
HL+HASHLA - 293(2)  396(1) 5.55(1) - 255(2)  258(5) 427(1) - - 268(1) -
H,L+A=HLA 214(3)  2322)  473(1)  453(1)  3511)  367(1)  331(1) 481(1) 283(1) 251Q2) - 3.26(1)
HL+HACHLA - - - - - - - - - - 207(1) -
H,L+A=H,LA 205(4)  239(1)  468(1) 447(1) 311(1)  338(1) 316(2) 472(1) 284(1)  2.03(5) - 3.06(1)
HL+HA=HLA - - - - - - - - - - 198(1) -
HL+A=HLA - 2202)  435(1) 418(1) 244(2) 2.82(2) 274(2) 383(2) 238(2) 2283) - 2.82(1)
HL+A=HLA - - 364(1)  3582) - 228(2) 2433) 266(4) - - - -

[a] L=[32]phen,N,, [30]phen,N4 and Me,[34]phen,N¢; A=anion. /=0.10M in KCI at 298.2 K. [b] Charges omitted for clarity. [c] Determined in H,O/

MeOH (50:50 v/v). [d] Determined in H,O.

btc*™ is around 80% at pH values >4.5, whereas at pH 3.0
the uptake of pyrc™ by this receptor is around 90 % from the
anionic mixture. On the other hand the uptake of pyrc™ by
{H;[30]phen,N¢J'* in the mixture (b) is almost 100% at
pH 2. Through similar diagrams it is possible to see that
{H,[30]phen,N¢J'* is the receptor that better discriminates
between tph?~ and ph*~ (almost 80 % at pH 3.5) or between
anthc™ and naphc™ (about 80 % at pH 2).

NMR measurements: The binding affinity process between
{H,[32]phen,N,}*+, {H,[30]phen,Ng}** and
[H,Me,[34]phen,Ng}°" with the bzc™, naphc™, ph®", iph*,
tph*", btc*”, ATCP", 2,4-D~ and PMG?*" anionic substrates
was also evaluated by 'HNMR titrations. Separated
'"H NMR signals were found for the receptor and the sub-
strate protons upon formation of the receptor-substrate
entity, which indicates a fast exchange between the free and
associated species on the NMR timescale.

An illustrative example is shown in Figure 4 for the inter-
action of {H,[30]phen,Ng}** with btc>~ at pD =4.95. The for-
mation of the supramolecular entity is accompanied by a
significant broadening of the signals of the receptor and the
anion. Moreover, the addition of the anion causes significant
upfield shifts of the H,, H, and Hy resonances in relation to
the free receptor, only minor changes in the H, doublet and
the two triplets from H., and H; move downfield. The
'H NMR chemical shifts (Ad =0g—0d,) that result from the
addition of solutions of the studied anions to the three re-
ceptors are listed in Table S4 in the Supporting Information.

Chem. Eur. J. 2009, 15, 32773289
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The pD was kept at 4 for {H,[32]phen,N,}** and ~5 for the
other two during the titrations, within +0.25 pD units, at
which the three receptors are in the protonated forms
{H,[32]phen,N,}*+, {H,[30]phen,Ng}** and
{H¢Me,[34]phen,Ng}*", respectively, and most of the anions
are deprotonated.

The titrations of the three receptors with the btc*~ and
ATCP~ substrates for the H, and H, resonances are shown
in Figure 5. All the curve profiles are consistent with a 1:1
receptor/anion stoichiometry and this was confirmed by the
Job  plots®  The  corresponding  plots  for
{HgMe,[34]phen,Ng}*"/btc*™ and {H,[30]phen,Ng}**/ph*~ are
included in Figure S3 in the Supporting Information.

The binding constants determined from the 'H NMR ti-
trations by using the HypNMR program®! are compiled in
Table 3. The values found are in good agreement with the
corresponding constants obtained by potentiometric meas-
urements, taking into account the fact that these titrations
were performed in D,O instead of water, the ionic strength
was not controlled and no buffer was used to maintain the
pH.

2D NMR experiments: The associations of bzc™, naphc™,
ph?~, iph*", tph?~, btc*~, ATCP, 2,4-D~ and PMG?~ with the
{H,[30]phen,Ng}** receptor were also studied by NOESY
experiments. The supramolecular entities formed exhibit
cross-peaks between the H,, H,, H, and H, resonances and
all the resonances of tph®~ (singlet), bzc™ (two triplets and
doublet) and iph*~ (singlet, doublet and triplet). With the re-
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Figure 2. Plots of logK. versus pH for {H[32]phen,N}J* (<),
{H;[30]phen,N,}i* (@) and {H;Me,[34]phen,N¢}* (o) with a)pyrc,
b) btc’™ and c) ATCP". The figure is presented in colour in the Support-
ing Information.

maining aromatic anions (naphc~, btc’~, ph®~ and 2,4-D")
only strong cross-peak signals occur with the aromatic pro-
tons (H,, H, and H,). These results suggest that these anions
and the receptor are involved in m—m stacking interactions,
which is consistent with a binding arrangement in which the
anion is inserted between the two phen moieties, as shown
below.
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Figure 3. Overall associated

percentages of the
{H,[30]phen,Ng}'* as a function of pH in mixtures containing the follow-
ing anions: a) pyrc”, anthc™, naphc™ and bzc™ and b) btc*~, pyrc™, ATCP~
and PMG?". The concentration of the receptor and each anion is 2x
10~*m. The figure is presented in colour in the Supporting Information.

species  of

In contrast, the interaction between {H,[30]phen,Ng}**
and the aliphatic herbicide PMG?® is characterised by strong
intermolecular NOE signals between the two singlets of the
anion and the Hy, H, and H; resonances of the aliphatic part
of the receptor, which suggests that PMG?™ interacts with
the macrocycle through N—H---O hydrogen bonds. Some of
the NOESY spectra are shown for this receptor in Figure S5
in the Supporting Information. Figures S6 and S7 also show
the NOESY spectra of the associated entities formed by
[H,[32]phen,N,}** with PMG®~ and naphc’, and
{HeMe,[34]phen,N¢}** with PMG?~ and 2,4-D".

X-ray single-crystal structure of {H[30]phen,N¢}** with the
phthalate anion: The single-crystal X-ray diffraction struc-
ture of the supramolecular aggregate formed between
{He[30]phen,Ng}°* and the phthalate anion shows that its

Chem. Eur. J. 2009, 15, 32773289
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Figure 4. '"H NMR spectra of A) the free receptor {H,[30]phen,N¢}** in
D,0 and B) upon the addition of 0.2 equiv and C) 1.0 equiv of btc*~ solu-
tion at pD =4.95 (Cg=2.50x103m, Cs=2.65x107>m).

crystal structure is built from an asymmetric unit composed
of one half of the macrocyclic cation, two aromatic anions
and four water molecules. The receptor exhibits a crystallo-
graphic centre of symmetry with all six aliphatic N—H bind-
ing groups protonated. Furthermore, the charge balance re-
quires an extra proton, crystallographically independent, lo-
cated between the carboxylate groups of the two phthalate
anions, which leads to the formation of the dimer [ph(p-
H)ph]*~ with O-H distances of 1.20 and 1.26 A and a OO
short distance of 2.45 A. The O-+H--O angle is 173°. The di-
mensions of these structural distances are similar to those

FULL PAPER

Table 3. Binding  constants  (logK)®  for  {H,[32]phen,N,}**,
{H,[30]phen,N¢}** and {H¢Me,[34]phen,N¢}** with the studied anions de-
termined in D,O at 300 K.

Anions  {H,[32]phen,N,}**  {H,[30]phen,Ng}** {HeMe,[34]phen,Ng}°+
bz 1.922) 3.20(3) 1.97(2)
naphc™  2.14(2) 3.54 (4) 2.60(1)
ph™ 3.14(1) 3.33(4) 3.01(2)
iph*  251(2) 412(5) 3.40(3)
ph> 272(1) 3.83(3) 3.26(2)
bte”  3.84(5) 5.0 4.55(5)
ATCP 247(1) 3.99(5) 2.85(1)
24D 2.50(1) 3.08(5) 2.70(1)
PMG* - 2.65(3) 2.16(3)

[a] Values in parentheses are standard deviations in the last significant
figures given directly by the program.’!

found in the solid state of other dimers composed of benzoic
acid derivatives.’” Hence, the molecular formula of the
supramolecular compound described is definitively
[{He[30]phen,Ng}|[ph(u-H)ph],-8H,0, with a receptor/anion
ratio of 1:4, which is different to the equimolar stoichiome-
try found in the experimental binding studies and suggests
that packing effects play an important role in the crystal
structure. Nevertheless, suitable crystals for X-ray diffrac-
tion studies could only be grown from a solution containing
an excess of phthalic acid. The overall structure of
[{He[30]phen,N¢}][ph(u-H)ph], is shown in Figure 6.
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Figure 5. '"H NMR titrations of {H,[32]phen,N,}**, {H,[30]phen,N¢}** and {HeMe,[34]phen,Ng}°* with a) btc*~ and b) ATCP~ anions in D,O; Ad for H,
(left) and Hy (right) as a function of the number of equivalents of substrate added. The symbols are: {H,[30]phen,N¢}** (2), {H¢Me,[34]phen,Ng}** (o)
and {H,[32]phen,N,}** (®). The figure is presented in colour in the Supporting Information.
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Figure 6. PLUTON view of [{Hg[30]phen,N¢}][ph(u-H)ph], showing its
overall structure. The figure is presented in colour in the Supporting In-
formation.

The {H([30]phen,Ng}°* recep-
tor and the two [ph(u-H)ph]*~
dimers are held together in a
centrosymmetric binding ar-
rangement by multiple and co-
operative N—H--O hydrogen
bonds with H--O distances
ranging from 1.85 to 2.55 A.
Furthermore, the two [ph(p-
H)ph]*~ dimer units are clearly
located outside of the macrocy-
clic cavity with the aromatic
ring of one of the ph*~ units of
these two supramolecular enti-
ties and the phen rings of the
receptor adopting roughly par-
allel dispositions at interplanar
distances of 3.48 A (see below),
which seems to suggest that m—
n stacking interactions may also
contribute to the stabilisation
of the supramolecular associa-
tion described. The bond
lengths and angles found for
the receptor are within the
range of expected values and
the endocyclic torsion angles
are consistent with a conforma-
tion of ladder-type shape. For
both ph®>~ anions, each carbox-
ylate group displays two non-
equivalent C—O distances that
vary between 1.230(2) and
1.288(2) A for the first anion
and 1.230(2) and 1.265(2) A for
the second one. In agreement
with the formation of a [ph(p-
H)ph]>~ dimer through a C=

3284
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O--H--O=C bridge, the longer C-O distances involve two
hydrogen-bonded oxygen atoms.

Two different views of the crystal packing diagram of
[{He[30]phen,Ng}][ph(u-H)ph],-8H,O are presented in
Figure 7. The first one (top) illustrates the m—m stacking in-
teractions between the phen regions of the receptor and one
aromatic ring of the [ph(u-H)ph]*~ dimer units established
along the [100] crystallographic direction. The correspond-
ing interplanar distances between the centroid of the ph ring
and the two phen mean planes are 3.48 and 3.73 A. The
crystal structure can be described as intercalated layers of
{H([30]phen,Ng}°* and [ph(u-H)ph]*~ connected by water
molecules through extensive N—H-+-O and O—H:-O hydro-
gen-bonding interactions (see Figure 7, bottom view) leading
to the formation of open channels that accommodate several
solvent water molecules.

Figure 7. Crystal-packing diagram of [{H;[30]phen,Ng}][ph(u-H)ph],-8H,O showing the [ph(u-H)ph]’~ units in-
tercalated between {Hg[30]phen,Ng}°* molecules (top) and the formation of the open channels along the [100]
crystallographic direction (bottom). The figure is presented in colour in the Supporting Information.
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Molecular modelling studies: Further insights into the bind-
ing molecular recognition between the bis-phen macrocyclic
receptors {HgMe,[34]phen,N¢}°** and {H,[30]phen,N¢}** and
the anions pyrc™, anthc™, naphc™, btc®>~ and iph?~ were ob-
tained by molecular dynamics (MD) simulations with the
GAFF force field®"! within the AMBER 9 softwarel® using
a water solvent explicit model. As reported above, in solu-
tion these two receptors and anions form supramolecular
entities of different protonated states. However, the molecu-
lar modelling studies were carried out with only the hexa-
and  tetraprotonated  forms of  the receptors
{HeMe,[34]phen,Ng}°*" and {H,[30]phen,Ng}**, respectively,
and the fully deprotonated forms of the anions, which are
the dominant species in the pH range 4.5-5.0. The anions
were selected by taking into account the extension of their
aromatic systems and the number of carboxylate groups to
evaluate the role of the net charge of the anions, as well as
the hydrogen bonding and m—m stacking interactions in the
dynamics of the molecular association process.

The docking studies between the receptor and the anion
in an equimolar ratio were carried out in the gas phase by
MD quenching runs (see the Experimental Section). Two
distinct binding scenarios were found. The lowest-energy
structures for the associated entity with
[H,Me,[34]phen,N}°" display an open conformation with
the two phen moieties twisted with respect to each other
(arrangement A). The other significant binding arrange-
ment, B, with a higher energy, adopts a folded conformation
with the anion inserted into the macrocyclic cavity between
the two phen units, establishing m—x stacking interactions
with both phen heads. These two binding arrangements are
illustrated in Figure 8 for {(HgMe,[34]phen,N¢)(pyrc)}’*. For
the polyaromatic anions, the energy difference between the
B and A arrangements (Ez—E,) decreases with increasing
extension of the anion aromatic system, being 31.08, 26.20
and 12.43 kcalmol ™" for naphc™, anthc™ and pyrc™, respec-
tively. For the btc*~ and iph*~ anions this energy difference
is 16.68 and 8.80 kcalmol !, respectively. As found in our
preceding studies for {(Hs[30]phen,N,O,)(X)}** (X=pyrc~
and naphc™) complexes,'® the folded binding arrangement
becomes progressively more stable with the enlargement of
the aromatic ring, which gives a clear indication that the m—
nt stacking interactions play an important role in the molecu-
lar recognition of the aromatic carboxylate anions (repre-
sented in Scheme 2) by the synthetic receptors based on two
phen moieties (outlined in Scheme 1). In line with this ob-
servation, note that for the {H,[30]phen,Ng}** supramolec-
ular entities, the arrangement B is systematically favoured
with the naphc™, anthc™ and pyrc™ anions by 8.45, 10.08 and
28.31 kcalmol !, respectively. For anions with a single aro-
matic ring this arrangement is stabilised relative to the ar-
rangement A by 2.89 kcalmol ™' for btc*~ and by 28.43 kcal
mol~' for iph®~.

Subsequently, the dynamic behaviour of the associations
of {H¢Me,[34]phen,N.}°" and {H,[30]phen,N.}** with the
pyrc™, anthc™, naphc, btc®™ and iph?~ anions was investigat-
ed in water solution for 8 ns. As a consequence of the dock-

Chem. Eur. J. 2009, 15, 32773289
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Figure 8. Two alternative binding models found for the docking of
{(HeMe,[34]phen,N)(pyrc)}°*: arrangement A (top) and arrangement B
(bottom). The figure is presented in colour in the Supporting Informa-
tion.

ing results, for the larger receptor two independent simula-
tions were performed by using as starting models the bind-
ing arrangements A and B, whereas for the 30-membered
macrocycle only the arrangement B was considered. The
binding geometry B, with the anion encapsulated between
the two phen moieties, is favoured for all
{H¢Me,[34]phen,Ng}*" associated entities, reversing the
trend observed in the gas phase. The conversion of A into B
was evaluated by measuring the distance between the pyrc™
anion and the two phen rings, as shown in Figure 9.

It is evident that the open binding conformation (grey
line) is retained during the first 0.5 ns of the simulation.
After that period, the binding arrangement A is converted
into B, which subsequently remains stable until the end of
the simulation. On the other hand, the folded binding ar-
rangement B (black line) is stable over the entire course of
the simulation. A similar dynamic binding behaviour was
observed for {(H¢Me,[34]phen,N)(anthc)}*+ and
{(HeMe,[34]phen,N4 (btc)}’*; the conversion of A into B
occurs after 2.5 and 4 ns of simulation, respectively. This
suggests that the stability of the open binding arrangement
increases with a reduction in the extension of the aromatic
system of the substrate, which underlines the role of the aro-
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Distance / A

Time / ns

Figure 9. Distances between the centroids defined by the carbon atoms of
the phen units for the system {(HMe,[34]phen,N)(pyrc)}’* in arrange-
ments A (grey line) and B (black line). The figure is presented in colour
in the Supporting Information.

matic system of the anion in the molecular recognition pro-
cess. Analysis of the hydrogen bonds between
{HeMe,[34]phen,N¢}®* and {H,[30]phen,N¢}** and the five
anions (arrangement B) for 8 ns of simulation using a cut-
off of 2.5 A for the H-O distances and 120° for the N—
H:-O angles showed that the anion-binding is assisted by
multiple and cooperative N—H--O hydrogen-bonding inter-
actions. Furthermore, the N—H binding groups of the recep-
tor as well as the oxygen donors of the carboxylate groups
involved in the molecular recognition process vary during
the molecular dynamics simulation, yielding low occupancies
for all potential N—H--O hydrogen-bonding interactions, as
exemplified for the association of {(H¢Me,[34]phen,Ng)-
(pyrc)P*.l. However, in all cases, at least one hydrogen
bond is observed throughout the entire simulation period.
Subsequently the binding free energies of the supramolec-
ular associations were estimated in water solution by the
MM-PBSA methodology (molecular mechanics/Poisson—
Boltzmann surface area).* Simulations were also undertak-
en for the isolated receptors and anions. Thus, three inde-
pendent trajectories were used in the MM-PBSA calcula-
tions to allow the entropic and internal energetic contribu-
tions associated with the receptor conformational changes
that occur upon binding to be taken into account. The
values of the enthalpic and entropic terms of the binding
free energies for the geometric arrangement B were calcu-
lated with snapshots taken throughout the entire simulation,
as described in the Experimen-
tal Section, and they are listed
in Table 4. The individual con-

chanics energy and the unfavourable polar solvation free
energy.

As would be expected, the values of the energetic term
TAS indicate that the binding of the anions is entropically
disfavoured leading to the binding free energies listed in
Table 4. The binding free energies calculated for the associa-
tions of pyrc’, anthc™, btc’™ and iph*" anions with
{H,[30]phen,Ng}** are overestimated by —3.0, —2.1, —2.3
and —3.4 kcalmol ', respectively, when compared with those
obtained from potentiometric data. The unique exception is
the binding association with naphc™ for which the theoreti-
cal binding free energy is only 0.1 kcalmol * higher than the
experimental one. The theoretical binding affinity of
{HeMe,[34]phen,N¢}** with btc’~, naphc™ and iph® is under-
estimated by 2.2, 1.6 and 3.3 kcalmol™', respectively, where-
as the energy difference between the theoretical and experi-
mental binding free energies for pyrc™ and anthc™ is —2.4
and —0.6 kcalmol ™, respectively. Hence, the binding affinity
of both receptors for mono-charged aromatics follows the
order pyrc >anthc™ >naphc”, which indicates that the
strength of the binding interaction decreases with a decrease
in the extension of the substrate aromatic system. These re-
sults show, undoubtedly, the role of m—m stacking interac-
tions in the molecular recognition process of this type of
anion. Furthermore, it is also evident that supramolecular
association with {H,[30]phen,Ng}** is more suitable for ac-
commodating all anions in a folded arrangement.

Finally, when these calculations were repeated for the
open binding arrangement A using the portion of the simu-
lation in which this scenario is retained (see above), positive
unfavourable values of AG,;,, were obtained. This result
leads us to the conclusion that the experimental data corre-
sponds to the folded binding arrangement B, with the encap-
sulation of the aromatic anions in the macrocyclic cavity.

Conclusion

This work clearly shows that of the three studied receptors,
{H,[30]phen,N¢}'*, with a smaller cavity size, is the best for
the selective binding of aromatic carboxylate anionic sub-
strates, including the herbicide ATCP". This receptor is par-
ticularly suitable for the uptake of extended aromatic
anions, such as pyrc™ and anthc™, or of highly charged
anions (btc®"). Indeed, it is capable of sensing and recognis-
ing these substrates from a complex mixture of anions that
includes other aromatic anions.

Table 4. Energetic contributions to the binding free energies (in kcalmol ™) for the association between the re-
ceptors {H¢Me,[34]phen,Ng}°* and {H,[30]phen,Ng}** and five selected anions.

tributions to the enthalpic term

{HeMe,[34]phen, N+

{H,[30]phen,Ng}**

f h bindi iati Anion AH o TAS  0*  AGyg 0f AH of TAS 0%  AGyu o*
or eac 1naing association are

iven in Tablesgss and S6 in the PY© 2717 019 1784 001 —933 019 2607 018 -IS1L 001 1096 0.8
& , _ anthc™  —2450 019 —1744 001 -706 019 -2491 018 -1525 001 —9.66 0.8
Supporting  Information. The paphe- 1873 019 —17.01 002 -172 019 —1842 017 -1392 001  —450 017
enthalpy is basically dictated by = bte™  —2347 018 —1929 002 -418 018 -2585 017 -1562 001 -1021 0.17
the balance between the favour_ iph27 -19.15 0.18 —17.69 0.02 —1.46 0.18 —24.19 0.13 —15.32 0.01 —8.87 0.13

able internal molecular me-
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This comprehensive study also shows that the dipropyl-
enetriammonium spacers, in spite of their higher positive
net charge (+3), are less appropriate than diethylenetriam-
monium ones (+2) for the design of receptors for the selec-
tive binding of aromatic carboxylate anions. Furthermore,
experimental binding studies coupled with MD simulations
have allowed us to establish that the folded conformation,
with the aromatic anion inserted between the phen rings, is
the most probable dynamic structure adopted in solution.
This arrangement is stabilised by multiple and cooperative
interactions, N—H--O hydrogen bonds complemented by n—
nt stacking interactions.

Experimental Section

General: Microanalyses were carried out by the ITQB Microanalytical
Service. The 'H and >C NMR spectra were recorded with a Bruker CXP
400 spectrometer.

1,10-Phenanthroline-2,9-dicarbaldehyde was prepared by the reaction of
2,9-dimethyl-1,10-phenanthroline with selenium dioxide.'”? 2,2-Oxydie-
thylamine was purchased from Acros and hexane-1,6-diamine, diethyl-
enetriamine, N,N-bis(3-aminopropyl)methylamine and sodium borohy-
dride from Aldrich. All chemicals were of reagent grade and used as sup-
plied. The reference used for the '"H NMR spectra in D,O was the [D,]3-
(trimethylsilyl)propanoic acid sodium salt. For *C NMR spectroscopy, di-
oxane was used as the internal reference.

[32]phen,N;: 1,10-Phenanthroline-2,9-dicarbaldehyde (0.45 g, 1.93 mmol)
was dissolved in hot methanol (45 mL) and then cooled to RT. This solu-
tion was added dropwise to a methanol solution (25 mL) containing
hexane-1,6-diamine (0.28 g, 2.41 mmol) over 10 min. The resulting mix-
ture was stirred overnight. The white solid formed was filtered off and
dissolved in ethanol (30 mL). Sodium borohydride (0.3 g, 7.93 mmol) was
then added in small portions to the cooled mixture (in an ice bath). Then
the solution was stirred for 12 h at RT. The solvent was removed under
reduced pressure and the resulting residue was treated with water and re-
peatedly extracted with chloroform (6 x30 mL). The organic phases were
combined and completely evaporated under vacuum and then dissolved
in ethanol. The pure compound was precipitated from hydrochloric acid
solutions as a green powder easy to filter after 12 h at about 4°C. Yield:
80%; m.p. 209-210°C; 'H NMR (400 MHz, D,0, 25°C): 6 =1.46 (m, 8H;
NCH,CH,CH,), 181 (m, 8H; NCH,CH,CH,), 324 (m, 8H;
NCH,CH,CH,), 4.67 (s, 8H; phenCH,N), 7.78 (d, 4H; phen), 7.92 (s,
4H; phen), 8.49 ppm (d, 4H; phen); *C NMR (400 MHz, D,0, 25°C, di-
oxane): 0=269 (NCH,CH,CH,), 27.1 (NCH,CH,CH,), 49.1
(NCH,CH,CH,), 51.5 (phenCH,N), 124.6, 128.6, 130.4, 140.5, 144.1,
152.8 ppm (phen); MS (ESI): m/z: 641.4 [L+H]"; elemental analysis
caled (%) for CyHgsCisNOq: C 51.59, H 7.04, N 12.23; found: C 51.32, H
7.17, N 12.28.

[30]phen,N;: Diethylenetriamine (0.382 g, 3.70 mmol) was dissolved in
methanol (35 mL) and then slowly added dropwise to a cooled methanol
(80 mL) solution of 10-phenanthroline-2,9-dicarbaldehyde (0.87 g,
3.68 mmol). The white solid of the macrocyclic Schiff base formed was
filtered off and dissolved in ethanol (30 mL). Then the same procedure
as described for [32]phen,N, was used. The rose-coloured pure com-
pound was precipitated as the hydrochloric salt from methanol solution
at a low temperature (4°C). Yield: 60%; m.p. 229-230°C; 'H NMR
(400 MHz, D,0O, 25°C): 6=321 (t, 8H; NCH,CH,N), 3.48 (t, 8H;
NCH,CH,N), 4.52 (s, 8H; phenCH,N), 7.28 (d, 4H; phen), 7.63 (s, 4H;
phen), 7.95 ppm (d, 4H; phen); *C NMR (400 MHz, D,0, 25°C, diox-
ane): 6=47.9 (NCH,CH,N), 48.1 (NCH,CH,N), 54.0 (phenCH,N), 125.1,
129.7, 131.4, 141.6, 145.9, 153.5ppm (phen); MS (ESI): m/z: 615.4
[L4+H]*; elemental analysis caled (%) for CsHs;ClsN,Os: C 48.45, H
6.07, N 15.64; found: C 48.74, H 6.48, N 15.79.
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Me,[34]phen,Nq: 1,10-Phenanthroline-2,9-dicarbaldehyde (0.65 g,
2.75 mmol) was dissolved in hot methanol (60 mL) and then cooled to
RT and then added dropwise into a methanol solution (30 mL) containing
N,N-bis(3-aminopropyl)methylamine (0.40 g, 2.75 mmol) over 10 min.
The resulting mixture was stirred for six days and then concentrated to
30 mL under vacuum and sodium borohydride (0.3 g, 8.0 mmol) was
added in small portions when the mixture had been cooled in ice bath.
After that the solution was stirred for 12 h and then heated at reflux for
5 h. The resulting solution was evaporated, NaOH was added until pH >
8 and then the solution was extracted with chloroform (5x30 mL). The
brown oil was dried, precipitated as the hydrochloride salt and recrystal-
lised from hot methanol to give a yellow solid that was dried and stored.
Yield: 50%; m.p. 238-239°C; 'H NMR (400 MHz, D,0, 25°C): §=2.36
(m, 8H; NCH,CH,CH,N), 296 (s, 6H; NCH;), 349 (t, 16H;
NCH,CH,CH,N), 353 (t, 16H; NCH,CH,CH,N), 471 (s, 8H;
phenCH,N), 7.83 (d, 4H; phen), 8.02 (s, 4H; phen), 8.58 ppm (d, 4H;
phen); "“CNMR (400 MHz, D,0, 25°C, dioxane): 0=22.7
(NCH,CH,CH,N), 415 (NCH;), 463 (NCH,CH,CH,N), 53.6
(NCH,CH,CH,N), 54.6 (phenCH,N), 124.6, 128.7, 130.5, 140.6, 145.7,
152.7 ppm (phen); MS (ESI): m/z: 699.46 [L+H]*; elemental analysis
caled (%) for C,HCIN,Oy: C 46.71, H 7.28, N 12.97; found: C 46.55,
H 7.66, N 13.27.

Crystals of [{H¢[30]phen,Ng}1[ph(n-H)ph],:8H,0: Potassium hydrogen
phthalate (2.5 equiv, 40 mL, 7x107>m) in D,O was added to a solution of
the receptor {H,[30]phen,Ng}** (600 puL, 5.5x107>m) in D,O and the pD
adjusted to 3.2. The solution was left in the NMR tube at RT and brown
crystals were obtained in 3 days.

Preparation of the anionic substrates: A 1.0m aqueous potassium hydrox-
ide solution (1.0-3.0 equiv depending on the number of acidic functions)
was added to a stirred aqueous solution of the acid form of the substrates
(10.0 mmol, 20 mL). The solvent was then evaporated and the salts were
recrystallised from acetone and dried under vacuum.

Potentiometric measurements

Reagents and solutions: The potentiometric titrations were carried out in
H,0 or H,O/MeOH (50:50, v/v) solutions at 298.2+0.1 K using KCl
(0.10m) as the supporting electrolyte. The solutions of the anions were
standardised by titration with a standard HCI solution. Carbonate-free
solutions of KOH were freshly prepared in H,O or H,O/MeOH (50:50,
v/v) by dilution of concentrated solutions of titrisol ampoule (Merck),
maintained in a closed bottle and discarded when the percentage of car-
bonate was about 0.5% of the total amount of base, as verified by the
Gran method.” The demineralised water used was obtained from a Mil-
lipore/Milli-Q system.

Equipment and working conditions: The equipment used has been de-
scribed previously.?® The temperature was kept at 298.240.1 K. Atmos-
pheric CO, was excluded from the cell during the titration by passing pu-
rified nitrogen across the top of the solution in the reaction cell.

Measurements: The [H*] of the solutions was determined by the mea-
surement of the electromotive force of the cell, E=E=+ Qlog[H*]+
EE’=. Q, E; and K,,=[H*][OH ] were obtained as described previous-
ly.”* The term pH is defined as —log[H*]. The value of K,, was found to
be equal to 107**m? in aqueous solution and 10*'m* in H,0/MeOH
(50:50, v/v).”"! The measurements were carried out by using 20.00 mL of
~2.0x107°M receptor solutions and the substrate concentration was
varied from 2x 107 to 5x 10> m. At least three titrations were performed
in the 2-10 pH range at receptor (R)/anion (A) concentration ratios of
1:1,1:2 and 1:3.

Calculation of equilibrium constants: The protonation constants of the
three macrocycles and of all the substrates, By, =[H,L]/[H]"[L]", were
determined from the experimental data by using the HYPERQUAD pro-
gram.””) All these constants were taken as fixed values in order to obtain
the equilibrium constants of the associated species from the experimental
data corresponding to titrations of different R/A ratios. The different ti-
tration curves of the same system were first considered as a single set
and finally all the data were merged together and simultaneously evaluat-
ed to give the final model of binding constants. In addition, back titra-
tions (from alkaline to acid pH) were also performed to check the rever-
sibility of the reactions. The initial computations were obtained in the
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form of overall stability constants, By,a,=[H,LAJ[H]"[L][A]". The
errors quoted are the standard deviations of the stability constants given
directly by the program for the input data, which include all the experi-
mental points of all the titration curves. The species considered in a par-
ticular model were those that could be justified by the principles of
supramolecular chemistry.

'"H NMR spectroscopic titrations

Reagents and solutions: The concentrations of [32]phen,N,, [30]phen,Ng
and Me,[34]|phen,Ng (0.01 m) solutions in D,0O were determined by titra-
tion with DCI (0.1M in D,0O) or CO,-free KOD freshly prepared (0.10m).
Solutions of {H,[32]phen,N,}**, {H,[30]phen,Ng}*+ and
{HMe,[34]phen,N¢}** (2.0x10>m) were prepared by dissolution of the
macrocycles in 0.5 mL of D,O and then the pD was adjusted to ~5.0.
The anion solutions were prepared at 1.2-2.2x10m by dissolution of
the potassium salts in 0.5 mL of D,O. The potassium salt of each anion
dissolved D,0 was added in portions of 0.01 mL to solutions of the pre-
pared receptors in D,O at 298.2 K by using a Hamilton syringe (Microli-
ter 700 series of 25 uL). About 15 additions were necessary for each titra-
tion until no further change in the chemical shift was observed, and each
solution was left 15-20 min to stabilise. No effort was made to maintain a
constant ionic strength, but care was taken to maintain the pD value
within a range of £0.25 and to avoid CO, absorption from the atmos-
phere. The pH*=—log[H*] (pH* refers to the value directly measured in
the pH meter of solutions in D,O upon calibration with buffers prepared
in H,0) values were directly measured in the NMR tube with a micro-
electrode Hamilton SpinTrode coupled with an Orion 420A instrument.
The pH meter was calibrated with aqueous buffered solutions at pH 7.20
and 4.00. The final pD was calculated from pD =pH*+ (0.4040.02).7"!
The NOESY experiments were performed by collecting 1024(t,) x 512(¢,)
data points by using standard Bruker pulse programs. A 5.0 us pulse
width corresponding to a 90° flip angle and a mixing time of 150 ms was
used for the receptor (pD =4.95) and 500 ms for the supramolecular enti-
ties.

Determination of the association constants: Changes in the chemical shifts
of all the protons were recorded and the association constants of the vari-
ous species formed in solution were determined from the experimental
data by using HypNMR,?!! which requires as input the concentration of
each component and the observed chemical shift. Initial calculations pro-
vided the overall stability constants fBg s, (Bra,=[RAJ[R]TA]’, with
R ={H,[32]phen,N,}**, {H,[30]phen,N¢}** and {HMe,[34]phen,N¢}°").
Only species with a 1:1 stoichiometry were found in all cases. The errors
quoted are the standard deviations of the overall stability constants given
directly by the program from the input data, which includes the experi-
mental points for most of the resonances of each compound.

Job plots: Stock solutions of the receptors (conc. from 2.00 to 3.00 mm)
and the potassium salts of the substrates (under the same concentrations)
were prepared in D,0O. Ten NMR tubes were filled with 500 pLL solutions
of the receptor and substrate in the following volume ratios: 50:450,
100:400, 150:350, 200:300, 250:250, 300:200, 350:150, 400:100, 450:50 and
500:0. The changes in the chemical shifts of the resonances for each solu-
tion were measured and then the plot of the product between the incre-
ment in the chemical shift and the receptor concentration as a function
of the molar fraction of the receptor was performed. The maximum of
the curve indicates the stoichiometry of the new entity formed. [C]=
[R]o(Oobs—OR)/(Omax—Or), in which [R], is the total receptor concentration,
O4bs 18 the observed chemical shift, dg is the chemical shift of the free re-
ceptor and J,, is the chemical shift of the associated entity. As
(Omax—Or) is a constant, the concentration of the associated entity is pro-
portional to AJ[R], [with Ad=(J4—0g)]. All these curves exhibit one
maximum at X =0.5, which indicates a 1:1 stoichiometry for the associat-
ed species.””! The plots of [30]phen,N; as a function of ph®>~, and of
Me,[34]phen,N; as a function of btc*~ are presented in Figure S3 in the
Supporting Information, as typical examples.

Crystallography: The X-ray data for [{Hg[30]phen,N¢}][ph(u-H)ph],-8H,0
were collected on a CCD Bruker APEX II instrument at 100(2) K using
graphite monochromatised Moy, radiation (1=0.71073 A). The crystal
was positioned at 35 mm from the CCD and the spots were measured by
using a counting time of 80s. Data reduction and empirical absorption
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were carried out by using the SAINT-NT software package from Bruker
AXS. The structure was solved by direct methods and subsequent differ-
ence Fourier syntheses and refined by full-matrix least-squares on F* by
using the SHELX-97 suite of programs.® Anisotropic thermal parame-
ters were used for all non-hydrogen atoms. Hydrogen atoms bonded to
carbon and nitrogen atoms were placed at calculated positions. The
atomic positions of the hydrogen atoms of the water molecules and the
O—(p-H)—O bridging hydrogen atoms were taken from difference Fouri-
er maps. The water hydrogen atoms were refined with O—H distances re-
strained to 0.83 A. All hydrogen atoms were refined with U, =1.2U,, of
the parent atom except for the bridging hydrogen, which was refined
with isotropic thermal parameters. The residual electronic density ranging
from —0.404 to 0.530 e A~ was within the expected values. Molecular di-
agrams were drawn with PLATON.® The crystal data are summarised in
Table S7 in the Supporting Information. CCDC-688493 contains the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif

Molecular dynamics simulations: Molecular modelling simulations and
free-energy calculations were performed with AMBER 9P with the
atomic parameters taken from the GAFF force field.” The starting
models for {HgMe,[34]phen,Ng}*+ and {H,[30]phen,N¢}** were generated
from the crystal structure of [30]phen,N,0,.['! The partial atomic charges
for the receptors and anions (pyrc~, naphc”, btc®", iph*~ and anthc™)
were calculated by using the Gaussian 03 program!®! at the HF/6-31G(d)
level of theory with the RESP methodology.*!! Docking between the re-
ceptor and the anion, with a stoichiometry of 1:1, was investigated by
using molecular dynamics quenching runs as follows: the initial structures
were energy-minimised by molecular mechanics calculations and subse-
quently submitted to a MD run at 2000 K in the gas phase for 1 ns using
a time step of 1 fs. A total of 10000 conformations were generated and
then minimised by MM.

For each supramolecular system two different binding arrangements
were selected and solvated using the TIP3P water model, giving cubic
boxes containing between 2231 and 2832 water molecules. The isolated
anions and receptors were also solvated to give three independent simu-
lations for free-energy calculations. The electrostatic neutrality of the sys-
tems was achieved by the replacement of water molecules by the equiva-
lent number of chloride anions depending on the total charge of the
system. The chloride anions were described with force-field parameters
taken from ref. [42]. The systems were equilibrated with a multistage pro-
tocol composed of two successive MM energy minimisations to eliminate
undesired contacts. An NVT (constant number of particles, volume and
temperature) simulation for 50 ps was run to increase the temperature
from 0 to 300 K and, finally, an NPT (constant number of particles, pres-
sure and temperature) simulation over 150 ps to adjust the system’s den-
sity to the experimental density of liquid water at the considered temper-
ature. After the equilibration process, the dimensions of the boxes were
in the range of 40.9-48.3 A. Finally, the MD data collection was run for
8 ns using an NPT ensemble and a time step of 2 fs. The bonds involving
hydrogen atoms were constrained by using the SHAKE algorithm, the
long-range electrostatic interactions were described by the Particle Mesh
Edwald method and the non-bonding van der Waals interactions were
subjected to a 12 A cut-off. Frames were saved every 0.2 ps throughout
the MD simulation.

The binding free energy between the two receptors and the five aromatic
anions were calculated by post-processing the trajectory files of the indi-
vidual simulations carried out with assembled species and the isolated re-
ceptors and anions by using the MM-PBSA (Molecular Mechanics/Pois-
son-Boltzmann Surface Area) methodology.* The enthalpic contribu-
tions were determined by solving the Poisson-Boltzmann equations by
the Delphi approach!®! with a solute interior dielectric constant set to 2.0
and 3.0, which are acceptable values for small organic molecules. Howev-
er, generally, the free binding energies calculated with the smaller value
display a better fitting with the experimental ones. The entropic contribu-
tions were determined through normal mode analysis, as implemented in
AMBER 9.2 The average binding free energy was calculated by using
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4000 binding scenarios extracted with a frequency of 10 from the MD
trajectories. Molecular diagrams were drawn with PyMOL.1
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