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ABSTRACT: Hexakis(m-phenylene ethynylene) macrocycles 1 bearing multiple hydrogen-bonding side chains and containing
inner cavities modified with different functional groups are synthesized based on Pd-catalyzed (Sonogashira) coupling of
monomeric building blocks to trimeric precursors that are recombined and coupled to give macrocycles with different
substitution patterns of inward-pointing groups. Examining four representative macrocycles indicates that they all undergo the
same helical tubular assembly previously observed for macrocycle 1a but with different stacking strengths.

he development of molecular components that engage in
the same or similar assembly allows structural and
functional tuning on supramolecular assemblies by performing
modification at the molecular level based on established synthetic
methods. Persistent supramolecular motifs are invaluable in
uncovering unusual properties and functions that are only
expressed at the supramolecular level." For example, the stacking
of ringlike molecules leads to tubular assemblies with outer and
inner surfaces, along with internal pores that are defined by the
cyclic molecular constituents.”” Among various ring-shaped
molecules, those having rigid backbones and nondeformable
cavities are of particular interest* ® since the stacking of such
macrocycles results in tubular assemblies with precisely defined
outer and inner diameters, along with the possibility of placing
functional groups at specific sites. Of the nanopores with defined
diameters, those having a subnanometer (<1 nm) range have
been found to exhibit unique and, in many cases, unexpected
properties.1
One class of rigid macrocycles are those having oligo-
(phenylene ethynylene) backbones and have been extensively
studied.”> A major objective in developing such rigid macro-
cycles is to realize their tubular assembly.”*** However, the
tubular stacking of these macrocycles is known to be case-
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dependent, which often fails with even minor structural
modification on the macrocyclic building blocks.

We recently reported a strategy for enforcing the tubular
stacking of rigid macrocycles.” Equipping a class of well-studied
hexakis(m-phenylene ethynylene) (m-PE) macrocycles with side
chains capable of engaging in intermolecular H-bonding led to
several six-residue m-PE macrocycles as shown by general
structure A (Figure 1a).

Our study indicates that macrocycles A, with their H-bonding
side chains, undergo reliable tubular stacking, forming well-
defined helical nanotubular assemblies that are encased in 6-fold
H-bonded networks and further stabilized by z—n stacking
involving the backbones. With a noncollapsible, hydrophobic
sub-nanometer inner pore, the self-assembling tubes of A
exhibited extraordinary mass-transporting capabilities across
lipid bilayers by serving as ion channels with superb ion
selectivity and as efficient water channels.”

We have also probed the tubular stacking and mass transport
of several generations of rigid macrocycles we developed in
recent years.” Modifying the periphery of meta-linked aromatic
oligpamide (m-OA) macrocycles B (Figure 1b) resulted in the
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Figure 1. (a) m-PE macrocycles A equipped with H-bonding
(secondary amide) side chains; (b) first-generation meta-linked
aromatic oligoamide (m-OA) macrocycles B; (c) cavity-modified m-
PE macrocycles 1 derived from A.

second-generation macrocycles that stack into discrete tet-
ramers’ and the third-generation macrocycles that undergo
extremely strong stacking.'’

Exceptional mass-transport capabilities of sub-nanometer
pores was observed with the hydrophilic pores of the tubular
assemblies of m-OA macrocycles B and their derivatives. The
first-generation macrocycles B stack into transmembrane ion
channels with very large conductance.'’ More recently, we
developed the fourth-generation macrocycles by merging the
backbones of the m-PE and m-OA macrocycles, which allows the
placement of an inward-pointing functional group inside the
cavity of the resultant macrocycle. The tubular stacks of these
hybrid macrocycles, with different functional groups in the inner
pores, exhibited drastically different transmembrane ion trans-
port behavior such as the surprising rejection of proton or altered
cation/anion selectivities.'”

Our study shows that even a simple structural modification,
e.g., introducing just one functional group in the inner cavity of a
macrocycle, can have a major impact on the property of its
supramolecular assembly. The dramatic effect of simple
structural modification on the behavior of self-assembling
pores prompted us to perform systematic modification on the
inner cavities of rigid macrocyclic building blocks."

With numerous aromatic hydrogens that can be replaced with
other groups, m-PE macrocycles are very attractive for systematic
structural modification. Surprisingly, of the many known
examples of m-PE and other analogous macrocycles, few with
multiple H-bonding side chains were known until our recent
report.” In addition, except for small alkyl or alkoxy groups,
almost no other functional groups have been introduced into the
cavities of m-PE and analogous macrocycles.

Herein, we report the design and synthesis of macrocycles 1
(Figure 1c). By keeping the same set of H-bonding side chains,
macrocycles 1 are designed to build on the assembly of A to also
undergo tubular stacking. The inward-pointing groups of 1 will
not only alter the inner cavities but will also change the electronic
features of the m-PE backbones, which will lead to different
stacking propensities for the macrocycles. Achieving these
systematic tunings relies on the development of a synthetic
protocol that accommodates the needed modifications.

The preparation of 1 follows a convergent synthetic sequence
that involves (1) synthesis of monomeric building blocks bearing
different X groups that end up as the inward-pointing groups in
the cavities of the target macrocycles, (2) the preparation of
trimeric precursors by coupling different combinations of
monomers, and (3) ring-closure reaction involving different
pairs of the trimeric precursors.

The synthesis of trimers 4a—i and 6a—i is shown in Scheme 1
by coupling 2 equiv of 2a—g with 1 equiv of 3a—g (Scheme S1).
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Scheme 1. Synthesis of Trimeric Precursors
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This strategy allows the generation of 4 and 6 with a variety of
substitution patterns by combining different pairs of 2 and 3, as
exemplified by, but not limited to, the nine trimers of 4 or 6
prepared. The combinations of 2 and 3 and the yields of 4—6 are
shown in Table 1. The yields of 4 and 6 demonstrate that the
various types of X (and Y) groups do not compromise the
coupling reactions.

Table 1. Synthesis and Yields of Compounds 4, 5,” and 6°

entry 3 2 4 (%) 5 (%) 6 (%)
1 3a 2a 6a, 24 Sa, 88 6a, 96
2 3b 2b 6b, 40 Sb, 94 6b, 93
3 3¢ 2c 6¢, 38 S¢, 90 6¢, 92
4 3d 2d 6d, 44 5d, 92 6d, 92
S 3e 2e 6Ge, 22 Se, 81 6e, 70
6 3a 2c 6f, 34 Sf, 90 6f, 93
7 3c 2a 6g, 38 Sg, 91 6g, 94
8 3a 2f 6h, 28 Sh, 94 6h, 94
9 3a 2g 6i, 23 5i, 90 6i, 93

“Formed from 2 and 3 by treatment with Pd,(dba),, Cul, and PPh,
(2/3/Pd,(dba);/Cul/PPh; = 1:2:0.03:0.06:0.3) at 75 °C for 12 h.
“Formed from 4 and TMSA (trimethylsilylacetylene) by treatment
with Pd(PPh),Cl, and Cul (4/TMSA/Pd(PPh),;Cl,/Cul =
1:4:0.03:0.06) in THF/Et;N (15/8, v/v) at room temperature for
12 h. “Formed from 5 by treatment with Bu,NF (5/Bu,NF = 1:3) in
THEF at room temperature for 0.5 h.

Pd-catalyzed bimolecular coupling/unimolecular cyclization®
of 4 and 6 was performed under pseudohigh dilution conditions
(Scheme 2). The availability of the two types of trimeric
precursors allows a large number of macrocycles 1 to be
constructed. The pairings of 4 and 6 that correspond to the 12
macrocycles (1a—I) and their yields are shown in Table 2.

Macrocycles 1 were obtained in yields ranging from ~8% to
20% after extensive purification. While 1b, 1d, and le were
successfully synthesized, these macrocycles, which bear short
alkyl (n-butyl or isobutyl) side chains, were obtained in lower
yields most likely due to their limited solubilities that
complicated their purification. It was also found that maintaining
the reaction temperature at near 85 °C was important for the
formation of the macrocyclic products. At temperatures lower

DOI: 10.1021/acs.orglett.6b00718
Org. Lett. 2016, 18, 2094—-2097



Organic Letters

Scheme 2. Synthesis of Macrocycles 1
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Table 2. Synthesis of Macrocycles 17

entry trimer 4" trimer 6" macrocycle 1 (%)
1 4a 6a 1a, 20
2 4b 6b 1b,9
3 4c 6¢ 1c, 18
4 4d 6d 1d, 11
S 4e 6e le, 8
6 4 6g 1£, 18
7 4f 6f 1g 16
8 4a 6h 1h, 18
9 4h 6h 1i, 16
10 4a 6i 1j, 14
11 4i 6i 1k, 14
12 4i 6f 1], 12

“Formed from 4 and 6 by treatment with Pd,(dba);, Cul, and PPh,
(4/6/Pd,(dba);/Cul/PPh; = 1:1:0.5:1:5) in DMF/Et;N at 85 °C for
60 h. PReactants 4 and 6, each dissolved in 10 mL of DMF, were
added dropwise to Et;N (20 mL) in DMF (40 mL) over 48 h at 85
°C, followed by stirring for an additional 12 h at the same temperature.

than 85 °C the coupling reaction failed to proceed, while at
temperatures above 85 °C only byproducts were obtained.

Except for their side chains, macrocycles la—I have cavities
with different substitution patterns. Macrocycles 1a and 1b,
which have only H atoms in their cavities, were previously
reported by us.” Macrocycles 1h and 1j have a methyl and an
amino group, respectively. Multiple groups were also introduced
as shown by 1g (two fluorines), 1i (two methyls), 1k (two amino
groups), and 1f (three fluorines), as well as 1c, 1d, and 1e (six
fluorines). The versatility of our strategy is further demonstrated
by the preparation of 11 that has two different groups, an amino
group and a fluorine atom, in its cavity.

In addition to modifying cavities, the introduced groups also
result in m-PE backbones with different electronic features,
which should influence the stacking propensity of the resultant
macrocycles. For example, electron-withdrawing groups decrease
the electron density of the m-PE backbone and are known to
enhance the 7#—n stacking, while electron-donating groups
increase electron density and weaken such stacking,*

Our previous study established the tubular stacking of
macrocycles 1a and 1b both in solution and in the solid state.”
To probe the effect of backbones with altered electronic
properties on the assembly of m-PE macrocycles, an initial
study was performed by comparing macrocycles 1g, 1i, and 1k,
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each of which has two functional groups in its cavity, and lc,
which has six fluorine atoms in its cavity, with la.

The "H NMR signals of these four macrocycles, like those of
1a, are broadened in spectra recorded in CDCl, (Figure S37) but
not in DMF-d, or DMSO-d; (Figures S1—24) in the micromolar
range, indicating that these molecules undergo decreased motion
due to aggregation in CDCl,.

The stacking propensities of the macrocycles were assessed by
comparing absorption spectra measured in CCl,, CHCl;, THF,
and DMF (Figure S38). Macrocycle 1a (S uM) is known’ to
aggregate only in CCl, with a A, of 277 nm, while in the other
three solvents the A, of 1a shifts to 290 nm, corresponding to
the molecularly dissolved form (Figure S38a). Similar to 1a,
macrocycles 1g, 1i, and 1k (5 uM) give absorption bands around
277 nm in CCl,, which t indicate aggregation, and bands around
290 nm in CHCl;, THF, and DMF, which are due to a lack of
aggregation (Figure S38c—e). In contrast, the absorption bands
of 1cin both CCl, and CHCI, (5 M) are around 277 nm, which
indicates aggregation, and in THF and DMF the bands shift to
290 nm, which suggests free molecules (Figure S38b). Thus, in
CHCl;, with its six fluorine atoms, macrocycle lc aggregates
while 1a and the other three macrocycles do not.

Absorption spectra measured in CCl, at different temperatures
provide additional insights into the stacking strength of the
macrocycles (Figure $39). The absorption bands of 1a, 1i,and 1k
were found to undergo red shifts between 45 and 50 °C, from
around 276 nm toward about 290 nm, indicating the dissociation
of stacked molecules with rising temperature. A similar red shift
of bands was not observed for 1c¢ and 1g, which have two and six
fluorines, respectively, in their cavities, at up to 55 °C. These
observations suggest that fluorine substituents, which reduce
electron densities of the m-PE backbones, enhance the stacking
of macrocycles 1c and 1g.

The helical columnar stacking of 1aleads to similar CD spectra
in CCl, (Figure S40f) and in the solid state, with maxima
between 295 and 350 nm and minima around 275 nm.”
Macrocycles 1c, 1g, 1i, and 1k also show the same general
features, with maxima between 295 and 350 nm and minima
around 275 nm in spectra measured in CCl, (Figure 2). The CD
spectra of 1i (Figure 2c) are nearly the same as those of la.
Plotting the minima at 277 nm against temperature reveals a
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Figure 2. Variable-temperature CD spectra of (a) 1¢, (b) 1g, (c) 1i, and
(d) 1k measured in CCl, (10 uM).
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partial sigmoidal curve, indicating a cooperative assembly
desassembly transition (Figure S40e). These results suggest
that, like 1a, macrocycles 1¢, 1g, 1i, and 1k also stack into helical
assemblies. The additional band around 390 nm in the spectra of
1k is due to the red-shifted B-band caused by 7—z* transition
associated with the two benzene rings bearing amino groups.

In CHCl;, macrocycles 1c, 1g, and 1i give CD signals with the
same features observed in CCl,, while 1k gives weak, poorly
defined signals (see Figure S40a—d). The different CD spectra of
1k measured in CCl, and CHCI; thus indicate that the strength
of its stacking interaction is reduced due to the presence of the
two amino groups.

In summary, Pd-catalyzed coupling of monomeric building
blocks leads to the generation of a variety of trimeric building
blocks. Pairwise combinations of the trimeric building precursors
make it possible to synthesize a large number of different
macrocycles 1 that bear different types of side chains and, more
importantly, have cavities featured by different substitution
patterns of introduced groups, which demonstrates the feasibility
and efficiency of this strategy. In CCl,, four representative
macrocycles with distinctly different inward-pointing functional
groups adopt the same helical tubular assembly previously
observed for macrocycles 1a but show different stacking strength.
The aggregation of the macrocycles is interrupted in solvents of
high polarity. The availability of cavity-modified m-PE macro-
cycles that stack into the same nanotubular motif offers new
opportunities for constructing self-assembling nanotubes con-
taining functionally diverse and tunable subnanometer pores.
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