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ABSTRACT

Mixed amide/amine macrocyclic anion hosts of varying sizes and with different amine substituents have been synthesized and characterized.
Host 2, containing a 28-membered ring and secondary amines, has shown selective binding for HSO4

- over other oxo anions and halides in
DMSO-d6 using NMR titrations. Crystal structures of SO4

2-, HPO4
2-, H2PO4

-, and H2P2O7
2- with the 28-membered ring hosts indicate different

macrocyclic conformations depending on the N-substituent. Anion affinities appear to be correlated with macrocycle conformation.

Widespread interest in understanding the underlying concepts
of anion coordination chemistry has led to the design and
synthesis of a variety of anion receptors.1,2 Polyamine3,4 and
polyamide5-11 macrocycles have been agressively pursued
in this regard. Polyamines display generally high affinities
for anions,4 especially in their polyprotonated forms. Polya-
mides play a major role as biological receptors in proteins

and enzymes. For example, the phosphate and sulfate binding
proteins (PBP and SBP, respectively) are biological anion
hosts that show selective binding for tetrahedral anions.12
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Our systematic approach to probing the basic chemistry
of anion binding led us to incorporate both amines and
amides as functional groups into the same monocyclic
receptors for anions.7,8 Our prototype hosts involved simple
condensations of bis(2-aminoethyl)methylamine (Medien)
with isophthalic (1a) or pyridine diacid chlorides (1b)
(Scheme 1, pathway A). The use of the methylated amine
circumvented undesirable side products from condensation
at a secondary amine site. The resulting macrocycles
exhibited selectivity for oxo acids, which we attributed to
the presence of protonatable secondary amines resulting in
a synergistic acid/base influence in the presence of oxo
acids.7 Furthermore, macrocycle 1b showed generally higher
anion binding than the m-xylyl analogue 1a. We attributed
this observation to preorganization of the macrocycle due
to internal H-bonding involving the pyridine lone pair and
the contiguous 2,5-disubstituted amide H-atoms.8

The next step in our approach was to increase the
macrocycle size by changing the aliphatic linkers of 1 from
ethyl to propyl chains. Our initial attempts were thwarted;
the major products were small 1 × 1 adduct macrocycles
instead of the desired 2 × 2 adducts (Scheme 1, pathway
B). Rybak-Akimova has reported anion9 and transition-metal
complexes10 involving similar adducts. When the methyl
substituent on the central amine of Medien was replaced by
a larger, more cumbersome Boc group, the desired 2 × 2
adducts were obtained as the major product upon condensa-
tion and deprotection (Scheme 1, pathway C). This new route
allowed us to compare the relative influences of several

factors on anion binding: secondary vs tertiary amine
functionalities and also steric bulk for Boc-protected tertiary
amines.

In other work, Jurczak and co-workers studied size effects
on anion binding with a series of tetraamide macrocycles
containing various alkyl linkages,11 and Rybak-Akimova
reported the binding of larger diacids to tetraamide macro-
cycles with a longer flexible scaffold.9

In our study, the influence of secondary vs tertiary amine
functionalities on anion binding using 2 and N-methylated
3 and of the bulky Boc N-substituent (4) were also assessed.
N-Substitution was previously shown to result in diminished
binding in polyammonium macrocycle hosts for nucle-
otides.13 Anion binding of the smaller 1 × 1 adduct 5, the
24-membered 1b, and the 27-membered 3 were also com-
pared.

Macrocycle 2 was synthesized by selective protection and
deprotection using dipropylenetriamine (dipn) with phthaloyl
and Boc groups14 (see the Supporting Information for
experimental details). First, the two terminal amines were
protected with phthaloyl groups, followed by protection of
the central secondary amine with di-tert-butyl dicarbonate
((Boc)2O). After deprotection of the terminal amines, the
macrocycle was formed by condensation with 2,6-pyridine
dicarbonyl dichloride to yield 4. This condensation yielded
a 14-membered 1 × 1 adduct, a 28-membered 2 × 2 adduct
(4), a 42-membered 3 × 3 adduct, and a 56-membered 4 ×
4 adduct. Product distribution details are provided in the
Supporting Information. Host 2 was obtained by deprotection
of 4 with trifluoroacetic acid. Methylated 3 was obtained
from reaction of 2 with CH3I.
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Scheme 1. Synthesis of Hostsa

a Boc ) tert-butoxycarbonyl.
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Crystal structures were obtained for SO4
2- and H2PO4

-

complexes with 2; SO4
2-, HPO4

2-, and H2P2O7
2- com-

plexes with 3; and the Boc-protected free base 4 (Sup-
porting Information). The SO4

2- complex of 2 was
crystallized from an CH3CN/MeOH solution of 2 in the
presence of excess of [n-Bu4N][HSO4]. The H2PO4

-

complex of 2 was crystallized from an CH3CN/MeOH/
H2O solution of 2 in the presence of excess of H3PO4.
Crystals were grown from solutions of 3 dissolved in
MeOH/EtOH/CH3CN/H2O containing [n-Bu4N][HSO4],
CH3CN/CH3CO2C2H5 containing [n-Bu4N][H2PO4], and
MeOH/H2O containing H4P2O7.

The C2-symmetric sulfate complex of H222+ crystallizes
as the hexahydrate [H22(SO4)(H2O)6]. Sulfate is held inside
the cavity with 10 (five unique) H-bonds: four from amide
H-atoms (N···O ) 3.06 and 3.31 Å), two from protonated
amines (N···O ) 2.76 Å), and four from surrounding H2O
molecules (O···O ) 2.71 and 2.79 Å) (Figure 1a). Hay and

co-workers predict 12 to be the ideal maximum H-bonding
for SO4

2- based on computational studies.15

A key finding is that a small modification to the macro-
cycles permits two different forms of phosphate to be
isolated: H2PO4

- in 2 and HPO4
2- in 3. The H2PO4

- structure
with 2 crystallizes with two anions per macrocycle. This
finding is reminiscent of the high target ion specificities of
SBP (SO4

2-) and PBP (HPO4
2-).12 Figure 1b shows that

a pair of H2PO4
- anions binds with H22+ to form

[H22(H2PO4)2]. Since the reactant was H3PO4 this means that
two protons from the neutral acid were relocated to the
macrocycle, resulting in a neutral complex. The phosphates
are H-bonded to each other (O · · ·O ) 2.61 Å) across a
crystallographic inversion center and to the four amide H
atoms (N· · ·O ) 2.92 and 3.00 Å) of a single receptor. One
O atom of each H2PO4

- is also H-bonded to a H2O molecule
H atom.

Three oxoanion salts of H232+ were crystallized and
structurally characterized: [H23(SO4)(H2O)3(C2H5OH)2],
[H23(HPO4)(H2O)3(CH3OH)3(CH3CO2C2H5)], and [H23
(H2P2O7)(CH3OH)3]. Similar host conformations and
anion-binding patterns were observed in all three com-
plexes (Figure 2). Each macrocycle folds along the amine

N· · ·N vector around a solvent molecule. For the SO4
2-

complex, the S atom lies nearly on the amine N· · ·N vector
(Figure 2a). For the two phosphate-based structures, a P
atom lies off the N· · ·N vector slightly outside the receptor
“pocket” (Figure 2b and c). Each anion is H-bonded to
its associated macrocycle and also forms a H-bonded
network that extends throughout the crystal. The source
of the H atoms on the macrocycles is not totally accounted
for from the reactant anion species as they were for the
di-H2PO4

- complex of 2.
The SO4

2- complex uses H2O molecules to bridge sym-
metry-related anions. Oxygen atoms from a single SO4

2- are
H-bonded to two protonated amines, one CH3OH O atom
and four H2O molecules. Each HPO4

2- is involved in eight
H-bonding interactions: two with protonated amines, three
with H2O molecules, one with a MeOH O atom, and two
H-bonds through a dimeric association with another HPO4

2-

anion. Each H2P2O7
2- dianion is involved in 11 H-bonds:

two with amine and four with amide N atoms, one with a
MeOH oxygen atom, and four between H2P2O7

2- anions.
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Figure 1. Crystal structures for (a) sulfate, [H22(SO4)], and (b)
dihydrogenphosphate, [H22(H2PO4)2], complexes of H222+. Figure 2. Crystal structure packing views for the sulfate, phos-

phate, and pyrophosphate complexes of H232+: [H23(SO4)]2 (a),
[H23(HPO4)]2 (b), and [H23(H2P2O7)]2 (c).
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The Boc-protected free base 4 crystallizes without solvent.
The Boc group carbonyl O atom on the right of Figure 3 is

H-bonded to two amides (N· · ·O ) 2.90 and 2.97 Å). The
other pseudoinversion related Boc carbonyl is H-bonded to
a single amide (N· · ·O ) 2.89 Å).

Binding studies with macrocycles 2-5 were performed
by 1H NMR titrations in DMSO-d6 solutions of the appropri-
ate anions. Binding constants (Table 1) were calculated by

EQNMR16 (Figure 4). The results indicated that 2 is very
selective for the tetrahedral oxoanions SO4

2- and H2PO4
-.

The expanded N-methylated 3 showed less anion affinity
compared to the smaller 1b. The lower affinity of the Boc-
substituted 4 may be due to the intramolecular amide
H-bonds and increased steric bulk of the Boc groups. Binding
was not observed for the 14-membered 5 in DMSO-d6,
probably because of size. It should be noted that in the case
of the protonated macrocycles, one must heed the possibility
that there is an equilibrium between protonated and non-
protonated macrocycle. We are currently exploring the use
31P NMR to see if this effect can be captured kinetically.

There are several key findings in this study comparing the
influence of macrocyclic size as well as degree of amine
functionalization on binding. Host 2, with the secondary

amine and associated additional H-bond donors, showed
higher anion affinity than 3 and 4 with functionalized amines,
especially for the SO4

2- complex of 2, where a binding
constant of 64000 was observed. Not only do the secondary
amines provide additional H atoms for H-bonding, but the
resulting hosts appear to prefer different conformations from
those with the N-methylated amines, relatively flat macro-
cycles in structures of 2 and folded ones for structures
involving 3. Based on the decreased binding in 3, the folded
conformation may be less accommodating to the relatively
bulky oxo anions, which are not “surrounded” by the
macrocycles but instead “float” at the peripheries.

In conclusion, mixed amide/amine macrocycles with
secondary and tertiary amines were synthesized with propyl
spacers. The secondary amine-containing receptor 2 showed
very strong selective binding for SO4

2-, while the degree of
functionalization of the amine (secondary vs tertiary) seemed
to influence the form of bound phosphate, HPO4

2- vs
H2PO4

-. These studies emphasize that minor modifications
of the ligand structure can result in major changes in anion
binding propensities.
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Figure 3. Crystal structure view for the free ligand 4.

Table 1. Association Constants (K, M-1)a of 1-4 with Selected
Anions

anion 18 2 3 4

F- 410 b b b

Cl- 490 140 33 27
Br- 510 15 <10 <10
HSO4

- 110 6.4 × 104 73 <10
H2PO4

- 1.1 × 104 4.4 × 103 500 430
CH3CO2

- 1.6 × 103 100 120 230
a In DMSO-d6 at room temperature. Errors <10%. b Calculation

complicated due to irregular chemical shifts.

Figure 4. Chemical shift of the amide NH proton for 2 (2 mM)
upon increasing concentration of [A-][nBu4N+] in DMSO-d

6
.
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