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Hydrophobic and hydrophilic, monotopic and ditopic carboxamide

pincer hosts containing ethyl, hexyl, 2-hydroxyethyl and 2-hydro-

xyethyl ethyl ether pendant arms were synthesized. Solubility

trends indicated that solubilities in water or hydrocarbon solvents

varied depending on the nature of the pendant arms. Binding con-

stants for hydrophilic pincers were larger in general than their

hydrophobic analogs. Significant synergistic binding effects for the

ditopic hosts were not observed.

Designing supramolecular hosts that bind anions has been a
challenge facing supramolecular chemists for a number of
years. In addition to the important role of intermolecular
interactions, solvent also has a major influence on the binding
affinity as a result of solvation and desolvation influences.1

The magnitude of these thermodynamic effects can vary
greatly considering the nature of the solvent. An especially
active area of host–guest chemistry research is the design of
hosts that display selective binding in water. Nature’s solvent
is water, and thus understanding supramolecular interactions
in water is of great importance. However, this quest of hosts
capable of high binding in aqueous solutions is also due to
the challenge of overcoming steep hydration energies in order
to form strong host–guest interactions.2 Since many guests of
Nature involve anions, significant focus has been on supramo-
lecular host–guest chemistry of anions in water.

Anion coordination chemistry depends on various non-
covalent interactions such as hydrogen bonding and anion-π
stacking, and now boasts a variety of applications, ranging
from sensors, to anion separations, transport, and catalysis.3

Isophthalamides and the related pyridine-based picolinamides
have been widely studied as anion hosts4 since the first

seminal paper of Crabtree and Kavallieratos describing
bromide binding in the pincer pocket of a simple phenyl
appended isophthalamide.5

Recently, our interest in macrocyclic hosts containing pyri-
dine-2,6-dicarboxamides led to our synthesis of a ditopic
analog of the NNN pincer, e.g., a “duplex” pyridine-2,3,5,6-tet-
racarboxamide pincer.6,7 An appealing aspect of this new class
of ligand/host systems is the ease with which the pendant
groups can be modified, which led us to speculate whether
hydrophilic or hydrophobic chains could influence the effec-
tiveness of anion binding in different solvents. Furthermore,
anion binding in ditopic versus monotopic dicarboxamides
could potentially reveal synergistic influences on binding a
second anion. Here we compare anion binding between the
monotopic 2,6-pyridine dicarboxamides traditionally utilized
for anion recognition and the potentially ditopic 2,3,5,6-pyra-
zine tetracarboxamides. We also report the solubility prefer-
ences of the two classes of hosts (Fig. 1).

The methyl ester of 2,6-pyridine dicarboxylate was used
from a commercially available source. Tetramethyl pyrazine-
2,3,5,6-tetracarboxylate was prepared by the reaction of pyra-
zine-2,3,5,6-tetracarboxylic acid with thionyl chloride followed
by reaction with methanol. The di- and tetra-carboxamide-
based (1a–d and 2a–d, respectively) derivatives were syn-
thesized by the condensation reaction of various amines with
pyridine-2,6- and pyrazine-2,3,5,6-methyl esters, respectively
(Scheme 1). Yields ranged from 96 to 58% for the monotopic,
and 87 to 64% for the ditopic pincers, varying from higher to
lower for shorter to longer pendant arms, respectively. The

Fig. 1 Monotopic pyridine (1) and ditopic pyrazine (2) pincers with both
hydrophobic (a and b) and hydrophilic (c and d) pendant chains.
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characterization data correspond to the structures of com-
pounds 1a–d and 2a–d (Fig. S1–S3†).

The impetus for our design strategy was to determine if
host solubility could be manipulated in simple dicarboxamide-
and tetracarboxamide-based hosts/ligands for future appli-
cations in separations. The hydrophobic ligands, a, ethyl (Et)
and b, hexyl (Hex), were soluble in organic solvents such as
acetone, DMSO, and DMF. The hexyl derivatives were also
soluble in CHCl3 and hexane, aided by sonication. The hydro-
philic hosts, c, hydroxyethyl (EtOH) and d, hydroxyethyl ethyl
ether (Gly), were soluble in water, alcohols, DMSO and DMF. A
more comprehensive solubility table is provided in the ESI
(Table S1†).

While our solubility predictions were satisfied for the most
part, the key question was whether the hosts were capable of
overcoming solvation and desolvation influences in the
respective media. We fully realized of course that these are not
the ideal hosts, in terms of containing only two amide binding
sites. However, the goal was to obtain some idea of the influ-
ence of hydrophobic (a and b) vs. hydrophilic (c and d) chains
as part of the immediate “coordination area” of the anion.
Due to the anticipated weak binding of most of these hosts, we
used a mixture of 9 : 1 CD3CN : DMSO-d6.

Both monotopic and potentially ditopic hosts were screened
for qualitative binding with anions F−, Cl−, NO3

−, HSO4
−,

OAc−, and H2PO4
− as determined by downfield shifts of the

amide NH signal. However, only F−, OAc−, and H2PO4
− experi-

enced significant shifts, typically >1 ppm. Table 1 contains the
association constants for each of the pincers with the three

selected anions, F−, OAc−, and H2PO4
−. FHF− formation may

have affected some of the F− titrations.
Binding constants (K) were obtained by EQNMR least-

squares analysis from 1H NMR titrations,8 and double checked
using BindFit plots.9 Monotopic hosts, 1, binding constants
were calculated using a 1 : 1 stoichiometry model, while
duplex, tetracarboxamide hosts, 2, were calculated from 1 : 1
and 1 : 2 models (Fig. S4–S12 and Table S2†).

While affinities were not very high, certain trends were
noticeable. Both the monotopic and ditopic hydroxyl group-
containing hosts underwent some deprotonation during F−

titrations. For hosts with longer chains, 1d and 2d, deprotona-
tion occurred after 1 equivalent F−, while for the shorter chain
hosts, 1c and 2c, deprotonation was delayed until 2 equiva-
lents. For all hydrophilic hosts, deprotonation led to the
appearance of HF2

− ions at 16.1 ppm in 1H NMR and at
−143 ppm in 19F NMR (Fig. S13 and S14†).

Binding for the monotopic hosts was relatively straight-
forward, but not very strong (Table 1). Very low affinities (K <
300 M−1) were observed for the hydrophobic di(Et), 1a, and di
(Hex), 1b receptors. The hydrophilic di(EtOH), 1c, and di(Gly),
1d, hosts showed slightly higher interactions (most >1000
M−1), probably due to the additional hydrogen bonding
hydroxide groups and hydrophilic cavities. In all four binding
curves, F− consistently showed the largest downfield chemical
shifts (Fig. 2).

K11 binding constants for the ditopic hosts, 2, were for the
most part higher than their monotopic analogs, 1. Whether
this is related or not to their ditopic nature is not clear. As

Scheme 1 Synthesis of pincers with pendant chains. R: a = –CH2CH3

(Et); b = –CH2(CH2)4CH3 (Hex); c = –CH2CH2OH (EtOH); d =
–CH2CH2OCH2CH2OH (Gly).

Table 1 Association constants (K1, M
−1) of 1 and 2 for anions in 9 : 1

CD3CN : DMSO-d6

Anion

Log K1/M
−1

Hydrophobic Hydrophilic

1a 2a 1b 2b 1c 2c 1d 2d

H2PO4
− 1.64 2.77 2.01 2.99 3.29 2.67 2.87 2.80

OAc− 2.17 2.58 2.05 2.95 3.49 3.21 2.79 3.30
F− 2.40 2.69a 2.43a 2.79 >4 >4 3.00 3.15

a Complicated by induction period (more prominent in 1b).

Fig. 2 Binding curves for the (a) di(Et), 1a, (b) di(Hex), 1b, (c) di(EtOH),
1c, and (d) di(Gly), 1d, hosts showing only the amide signal shifts with
[nBu4N

+][A−] where A = F, OAc, H2PO4.
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anticipated, the hydrophilic hosts, c, and d, displayed higher
affinities than hydrophobic receptors. Notable was the obser-
vation that the H2PO4

− binding curves with the hydrophobic
hosts 2a and 2b displayed larger downfield shifts compared to
those of F− (Fig. 3(a) and (b)), the reverse of what was observed
for the monotopic analogs (Fig. 2). However, considering the
lack of any crystallographic data, assumptions about any direct
binding between anions with host amide groups in solution
should be kept at a minimum. We have noted in previous
structures with dicarboxamide pincer hosts that frequently
anions don’t bind directly with amide NH groups, but instead
through water molecules.10 These water bridges were especially
notable with phosphates, which may also be the case here.

K12 binding constants tended to be low for most of the
ditopic hosts (Table S2†). As an example, six log K12s were
≤1.0. While this observation is due in part to negative coopera-
tivity from A−⋯A− repulsion, determination of ditopic (or
higher order) binding constants in solution is significantly
more complicated. For example, as Thordarson pointed out
with phenyl tetracarboxamide analogs known as pyromellita-
mides, one of the structural effects in ditopic binding for
this class of hosts (with two pairs of adjacent carbonyls),
results from carbonyl O⋯O repulsion of adjacent carbonyl
groups. The problem arises when the amide hydrogens are
aligned (or preorganized) for anion binding within the pincer
cavities.11 These relatively shorter O⋯O distances are observed
in some of the crystal structures of the free bases discussed
below.

The three exceptions to the low K12 values were 2a, the tetra-
ethyl host, with F−, and 2c and d, the hydrophilic hosts, with

H2PO4
−. All three have interaction cooperativity parameters (α

= 4K12/K1) that are greater than 1.0.11,12 Values greater than 1.0
indicate that binding of the first anion has a positive affect on
the binding of the second ion. The hydrophilic hosts are by
nature more complex due to the ionizable OH group, while F−

tends to have complications due to FHF− formation. In the
absence of crystallographic results showing the exact mode of
binding, we don’t have enough information to speculate on
the exact cause of the higher log K12s.

We isolated crystal structures of all four free base hosts, one
of which has been reported,6 however, no structures with
anions have been obtained despite numerous efforts. Even so,
it is interesting to compare the structures of the uncomplexed
hydrophilic and hydrophobic, short and long chain hosts,
especially with consideration for possible preorganization for
anion binding.

The structures of the short chain hosts are relatively unre-
markable. The previously reported ethyl host 2a di(Et) shows no
significant intramolecular hydrogen bond except the antici-
pated inward oriented amide NH groups with the pyrazine
nitrogen atoms (Fig. 3(a)). The planar pyrazine with adjacent
carboxamide groups is ideal for promoting stacking, which is
indeed the case for 2a. In the crystal structure, the hydrophobic
host stacks in columns of 11 crystallographically independent
pyrazine pincers, each slightly offset from the one below and
one above.6 The intramolecular carbonyl O⋯O distances the
averaged over the 11 independent molecules is 3.195(3) Å.

The hydrophilic tetrahydroxyethyl host 2c, tetra(EtOH), shows
some similarities with the tetraethyl analog 2a, tetra(Et), as seen
in the overhead views (Fig. 4(a) and (b)). The intramolecular car-
bonyl O⋯O distances are closer (3.007 and 3.015 Å) compared to
>3.10 Å observed for 2a. While 2c also packs in columnar arrays,
each pincer is distinctly more offset, with intervening water
molecules providing linkages between the hosts, as shown in a
trimeric slice of the stack (Fig. 4(c) and (d)).

The longer chain hosts are, as anticipated, more complex crys-
tallographically. The tetrahexyl chains in 2b possess an especially

Fig. 3 Binding curves for the (a) tetra(Et), 1a, (b) tetra(Hex), 1b, (c) tetra
(EtOH), 1c, and (d) tetra(Gly), 1d, hosts showing only the amide signal
shifts with [nBu4N

+][A−] where A = F, OAc, H2PO4.

Fig. 4 Crystal structure perspective views of the short-chain pyrazine
tetracarboxamides including overhead views of (a) 2a (Et) and (b) 2c
(EtOH) hosts; and trimer arrays of the side views of (c) 2a and (d) 2c.
Hydrogen bonds are shown in black and close interactions in blue.
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elegant, slightly offset stacking motif due to extended inter- and
intra-molecular hydrophobic interactions between the long alkyl
chains. Intra-molecular C–C distances in the chains are as short
as 4.07 Å, with ortho substituted chains pointed along the same
directions (Fig. 5(a)). The closest approaches are found between
pyrazine heterocycles, from the pyrazine nitrogen atoms to adja-
cent carbon atoms at 3.950(6) Å. Stacking is promoted by the
orientation of the amide groups. Adjacent carbonyls are pointed
in the same direction, upward on one side of the pyrazine and
downward on the other, leading to strong intermolecular hydro-
gen bond-held stacking interactions between the hydrophobic
hosts (Fig. 5(c)). The weaker anion binding interactions with both
the pyridine and pyrazine hydrophobic a and b hosts could be
due to the stronger hydrophobic intramolecular and inter-
molecular interactions between the chains. The tetrahexyl deriva-
tive 2b readily forms gels, which will be reported elsewhere.

As in the hydroxyethyl (EtOH) host, the tetracarboxamides of
the ethyl hydroxyethyl ether (Gly) receptor contain additional
hydrogen binding sites given the presence of the terminal
hydroxide. This undoubtedly plays a significant role in its
organization in the solid state. We obtained two structures from
two different batches of host. Both were almost identical in the
solid state. Again, the pyrazine group acts in an organizational
fashion, and the adjacent carbonyl groups are relatively close at
2.998(3) Å. The molecule does not show ordered stacking as
seen in the tetraethyl-substituted duplex. However, the hydroxyl
group of two trans pyrazine chains curl around to form intra-
molecular hydrogen bonds with the carbonyl group of adjacent
chains (OH⋯O = 2.765(3) Å). These hydroxyl groups also form
intermolecular hydrogen bonds with those of adjacent mole-
cules. In total, twelve intermolecular hydrogen bonds link each
molecule to surrounding neighbours.

Conclusions

In summary, we have designed and synthesized a series of
“bare bones” monotopic and ditopic pincers adorned with

hydrophobic and hydrophilic chains. Our aim was to explore
hydrophobic and hydrophilic effects on anion binding as well
as monotopic vs. ditopic binding for coordination sites on the
same heterocycle. As expected, all hosts displayed, in general,
relatively low binding, with monotopic pincers exhibiting
slightly lower affinities compared to their extended ditopic
analogs in 9 : 1 CD3CN : DMSO-d6. Both mono-and ditopic
hydrophilic pincers displayed higher anion compared to the
hydrophobic hosts, possibly attributed to the additional
OH⋯A− binding, as well as the more inviting nature of the
hydrophilic pincer cavity. Cooperative binding of the second
anion was not observed to a significant extent, with the excep-
tion of the H2PO4

− anions for the hydrophilic hosts 2c and 2d,
and F− with the tetraethyl host 2a. The lack of significant
ditopic interactions may be due to the proximity of the anion
binding sites, as well as distortion of the binding cavities due
to repulsion between adjacent carbonyl groups. The results of
this study may lead to more complex synergistic binding and
solubility control in supramolecular ligand designs.

Author contributions

J. L. did the characterization and binding studies. H. T. did the
original synthesis and characterization of the pincers. S. P.
refined the synthesis of several pincers and repeated some of
the binding studies. J. L., H. T., and S. K. did the
crystallizations. K. B. J. designed the project. J. L. wrote the
preliminary draft of the paper, and K. B. J. and S. P. finalized
the paper. V. W. D. performed the crystal structures and
assisted in the writing of the paper.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

K.B-J. thanks the Chemical Sciences, Geosciences and
Biosciences Division, Office of Basic Energy Sciences, U.S.
Department of Energy (Grant DE-SC0018629), for support of
this work and the NSF (Grant CHE-0923449) for the purchase
of the X-ray diffractometer.

Notes and references

1 (a) H.-J. Schneider, Angew. Chem., Int. Ed., 2009, 48, 3924–
3977; (b) V. D. Jadhav, E. Herdtweck and F. P. Schmidtchen,
Chem. – Eur. J., 2008, 14, 6098–6107.

2 (a) G. V. Oshovsky, D. N. Reinhoudt and W. Verboom,
Angew. Chem., Int. Ed., 2007, 2366–2393; (b) G. Alibrandi,
V. Amendola, G. Bergamaschi, S. Kubik, C. Reyheller and
S. Stüwe, J. Incl. Phenom. Macrocycl. Chem., 2005, 137–187;
(c) S. Kubik, Chem. Soc. Rev., 2010, 3648–3663.

Fig. 5 Crystal structure perspective views of the long-chain pyrazine
tetracarboxamides including overhead views of the (a) 2b (hexyl) and (b)
2d (hydroxyethyl ethyl ether) hosts; and trimer arrays of the side views
of (c) 2b and (d) 2d. Hydrogen bonds are shown in black and close inter-
actions between the adjacent carbonyl groups in blue dotted lines.

Organic & Biomolecular Chemistry Communication

This journal is © The Royal Society of Chemistry 2021 Org. Biomol. Chem., 2021, 19, 8516–8520 | 8519

Pu
bl

is
he

d 
on

 0
9 

se
tte

m
br

e 
20

21
. D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 0
7/

05
/2

02
5 

8:
48

:1
6.

 
View Article Online

https://doi.org/10.1039/d1ob01605a


3 (a) N. Busschaert, C. Caltagirone, W. V. Rossom and
P. A. Gale, Chem. Soc. Rev., 2015, 115, 8038–8155;
(b) N. H. Evans and P. D. Beer, Angew. Chem., Int. Ed., 2014,
53, 11716–11754; (c) K. Ariga, H. Ito, J. P. Hill and
H. Tsukube, Chem. Soc. Rev., 2012, 41, 5800–5835;
(d) Supramolecular Chemistry: From Molecules to
Nanomaterials, ed. P. A. Gale and J. Steed, John Wiley &
Sons, Chicester, U.K., 2012; (e) X. Wu, E. N. W. Howe and
P. A. Gale, Acc. Chem. Res., 2018, 51, 1870–1879;
(f ) J. T. Davis and P. A. Gale, Chem. Soc. Rev., 2020, 49,
6056–6086; (g) D.-X. Wang and M.-X. Wang, Acc. Chem.
Res., 2020, 53, 1364–1380; (h) R. Hein, P. D. Beer and
J. J. Davis, Chem. Rev., 2020, 120, 1888–1935.

4 (a) M. J. Chmielewski, T. Zieliński and J. Jurczak, Chem. –
Eur. J., 2005, 11, 6080–6094; (b) P. Dydio, D. Lichosyt and
J. Jurczak, Chem. Soc. Rev., 2011, 2971–2985;
(c) I. V. Korendovych, M. Cho, P. L. Butler, R. J. Staples and
E. V. Rybak-Akimova, Org. Lett., 2006, 3171–3174;
(d) I. V. Korendovych, M. Cho, O. V. Makhlynets,
P. L. Butler, R. J. Staples and E. V. Rybak-Akimova, J. Org.
Chem., 2008, 4771–4782; (e) P. A. Gale, J. Garric,
M. E. Light, B. A. McNally and B. D. Smith, Chem.
Commun., 2007, 1736–1738; (f ) G. W. Bates, P. A. Gale and
M. E. Light, Chem. Commun., 2007, 2121–2123; (g) K. Choi
and A. D. Hamilton, Coord. Chem. Rev., 2003, 240, 101–110;
(h) A. Dorazco-González, H. Höpfl, F. Medrano and
A. K. Yatsimirsky, J. Org. Chem., 2010, 75, 2259–2273;

(i) P. Kumar, S. Kaur, R. Gupta and K. Bowman-James,
Pincers Based on Dicarboxamide and Dithiocarboxamide
Functional Groups, ed. D. Morales-Morales, Elsevier, 2018,
ch. 14, pp. 295–325.

5 (a) K. Kavallieratos, S. R. de Gala, D. J. Austin and
R. H. Crabtree, J. Am. Chem. Soc., 1997, 119, 2325–2326;
(b) K. Kavallieratos, C. M. Bertao and R. H. Crabtree, J. Org.
Chem., 1999, 64, 1675–1683.

6 J. Lohrman, H. Telikepalli, T. S. Johnson, T. A. Jackson,
V. W. Day and K. Bowman-James, Inorg. Chem., 2016, 55,
5098–5100.

7 J. Lohrman, E. A. Vázquez-Montelongo, S. Pramanik,
V. W. Day, M. A. Hix, K. Bowman-James and G. A. Cisneros,
Inorg. Chem., 2018, 57, 9775–9778.

8 M. J. Hynes, J. Chem. Soc., Dalton Trans., 1993, 2, 311–
312.

9 (a) P. Thordarson, Chem. Soc. Rev., 2011, 40, 1305–1323;
(b) For BindFit online software see http://www.supramole-
cular.org.

10 S. Pramanik, V. W. Day and K. Bowman-James, Chem.
Commun., 2020, 56, 3269–3272.

11 (a) J. E. A. Webb, M. J. Crossley, P. Turner and
P. Thordarson, J. Am. Chem. Soc., 2007, 129, 7155–7162;
(b) E. N. W. Howe, M. Bhadbhade and P. Thordarson,
J. Am. Chem. Soc., 2014, 136, 7505–7516.

12 K. A. Connors, A. Paulson and D. Toledo-Velasqu, J. Org.
Chem., 1988, 53, 2023–2026.

Communication Organic & Biomolecular Chemistry

8520 | Org. Biomol. Chem., 2021, 19, 8516–8520 This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 0
9 

se
tte

m
br

e 
20

21
. D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 0
7/

05
/2

02
5 

8:
48

:1
6.

 
View Article Online

https://doi.org/10.1039/d1ob01605a

	Button 1: 


