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Design, synthesis, and properties of a
six-membered oligofuran macrocyclet

Anthony J. Varni, @2 Manami Kawakami, Stephanie A. Tristram-Nagle, ©°
David Yaron, €22 Tomasz Kowalewski @ ** and Kevin J. T. Noonan ) *2

Herein, we present the synthesis and properties of an ester-functionalized macrocyclic sexifuran (C6FE).
This molecule was prepared in a single step from a furan-3-carboxylate dimer using a commercially avail-
able palladium catalyst (SPhos-Pd-G3) and isolated in 34% yield. DFT calculations predict the macrocyclic
ring is planar, with minimal ring strain. The macrocycle is partially crystalline, as evidenced by powder
X-ray diffraction patterns. Furthermore, the solid-state organization can be altered by modification of the
ester side-chain. C6FE can also undergo two electron oxidation and reduction in solution as evidenced
by cyclic voltammetry. Quantum chemical investigations revealed how aromaticity along the entire sexi-
furan macrocycle may play a role in the reversible electrochemistry. Overall, we anticipate that the syn-
thetic approach detailed in this report can serve as a foundation to construct new furan-based conjugated
macrocycles.

Introduction

Conjugated macrocycles are of interest as components in
organic materials," host-guest chemistry,>® and supramole-
cular design.”® The properties of these shape-persistent cyclic
oligomers are dictated by the identity of the repeat unit, in
addition to the size and shape of the overall structure. Herein,
we present the optoelectronic and solid-state characterization
of an ester-functionalized, six-membered macrocyclic oligo-
furan (cyclo[6]furan-3-ester or C6FE in Chart 1). To our knowl-
edge, a macrocycle constructed purely from furan rings has
only been reported once before.” C6FE is synthesized in a
single step using Suzuki-Miyaura cross-coupling, capitalizing
on a steric interaction which destabilizes the anti configur-
ation and an H-bonding interaction that favours the syn con-
figuration of adjacent repeat units.'® Furthermore, quantum
chemical calculations are used to gain additional insight into
the electronic structure of C6FE and how global
aromaticity'*™** plays a role in redox-state stabilization.
Generally, the geometric features of conjugated macrocycles
are dictated by the choice of repeat unit, oligomer size, and
degree of strain. Benzenoids, for example, are quite versatile,
as a wide range of molecular shapes (belts, loops and bowls)
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can be accessed.” " Benzenoid macrocycles can also be con-
verted to planar constructs when the arene is substituted at
the 1 and 3 positions, and spacer groups (e.g. acetylene) are
inserted between the 6-membered rings, but these lack signifi-
cant conjugation due to the meta substitution pattern. Five-
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Chart 1 Families of macrocycles derived from heterocycles with no
spacers. A series of CT macrocycles have been isolated (m = 1-6).2” For
CPs, n = 1-3. For C4BFI, the R group is a 2-octyldodecyl chain.
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membered heterocycles provide unique geometric constraints
relative to benzenoids, and a 2,5-substitution on the five-mem-
bered ring can be used to maintain strong conjugation
between repeat units while still facilitating formation of a flat
cyclic structure.

Cyclopyrroles are an important class of expanded
porphyrins'®'® with no methine spacers between heterocyclic
repeat units (Chart 1). These have been synthesized with different
numbers of pyrroles (n = 1-3),’>** they can be complexed with
metals,” they have interesting electronic properties,® and the
doubly protonated forms have been examined using magnetic cir-
cular dichroism.*® For group 16 heterocycles, thiophenes have
been explored extensively to build macrocycles (Chart 1),>°> but
small rotational barriers about the interring bond can allow for
distortions from planarity.>® Furan repeat units, by contrast,
strongly favor coplanar geometry,””*® and are much more reluc-
tant to twist.*>*> Computational work has suggested that furan
building blocks can be used to create very compact, planar cyclic
oligomers when compared to thiophenes.*” Despite this potential,
only a few reports have appeared on furan-containing
macrocycles,’® > of which only a single report has appeared
without spacer groups (cyclo-4-bifurandiimide or C4BFI).’ Our
results suggest that non-covalent interactions are a powerful tool
to prepare CFs with minimal ring-strain.

Results and discussion
Synthesis

In prior work, we detailed the preparation of a helical poly(3-
hexylesterfuran) (P3HEF shown in Fig. 1).'° The electron-with-
drawing ester side groups resulted in spontaneous adoption of
a compact helical polymer conformation, driven by a 4.0 kcal
mol™" preference for syn coplanar orientation of adjacent
ester-functionalized furan units. Based on the number of
repeat units per turn (6.5 rings), we anticipated that the furan-
ester subunit could also template the synthesis of six and/or
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Fig. 1 Reaction conditions for one-step cyclization using Bpin-FE-Br
and the possible products (top). MALDI-TOF spectrum of the crude
product mixture when attempting the one-step macrocyclization with
Bpin-FE-Br (bottom).
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seven membered macrocycles. DFT calculations supported
this hypothesis, revealing low ring strains for both species
(Fig. S1-S37).

A commercially available palladium catalyst® (G3-Pd-
SPhos) was employed in all macrocyclization experiments. The
choice of catalyst for this reaction is critical to promote for-
mation of the macrocycle, as the M(0) catalyst is needed to
ensure no defects arise from the side group orientation.
Reduction of metal dihalides for example, would produce a
tail-to-tail orientation of esters,”»® and impact the confor-
mational preferences of adjacent furans (Fig. S47).

The combination of Bpin-FE-Br with G3-Pd-SPhos produced
a mixture of cyclic oligofurans, since ring-closing can occur
whenever oligomer ends are in proximity (C5FE up to C7FE,
Fig. 1). DFT calculations did indeed suggest that the uncy-
clized 5FE, 6FE, and 7FE satisfy this condition (Fig. S1}), and
that cyclized C6FE and C7FE have lower ring strain than C5FE
(Fig. S37). To facilitate preferential formation of macrocycles
containing the same even number of repeat units, a “dimer”
monomer was synthesized (Bpin-FEFE-Br, Fig. 2a). Only the
hexameric macrocycle (hex-C6FE) was formed upon cross-coup-
ling of Bpin-FEFE-Br with SPhos-Pd, in addition to polymeric
byproduct (P3HEF), as evidenced by MALDI-TOF mass spec-
trometry (Fig. 2a). This ring is predicted to be perfectly planar
with a 5.11 A cavity as determined using DFT calculations
(Fig. 2b). The hex-C6FE macrocycle was isolated using column
chromatography, in reasonable yield (34%) when compared to
other conjugated macrocycle syntheses.>>°

A single sharp aromatic resonance is observed in the 'H
NMR spectrum of Zex-C6FE, as expected for the 6 equivalent
furan rings (7.50 ppm, H,, Fig. 2¢). The diagnostic methylene
protons of the hexyl ester side chain appear as a triplet at
4.19 ppm (}Jyn = 7.2 Hz, Hy, Fig. 2c). The well-defined spec-
trum of hex-C6FE is in stark contrast to the "H NMR signals of
our previously reported helical polyfuran,'® which are remark-
ably broad due to the structure’s rigidity (resulting in inequiva-
lent chemical environments) and slow tumbling in solution.
The "*C NMR spectrum of hex-C6FE also supports the macro-
cycle assignment (Fig. 2d) with eleven total signals for the oli-
gomer (four aromatic, six aliphatic, and one carbonyl). The
signals at 149.1 ppm and 144.2 ppm correspond to the carbon
atoms adjacent to the furan oxygen (C2/C5), and the near over-
lapping signals at 116.4 ppm and 116.3 ppm correspond to the
C3/C4 positions.

Optical properties and aggregation in solution

Hex-C6FE absorbs mostly in the UV region, with a A, at
352 nm (g = 1.3 x 10° em™" M) (solid black trace in Fig. 3a).
This is in general agreement with the TD-DFT prediction of an
intense S, — S,/S; transition (dotted black trace in Fig. 3a).
The HOMO and LUMO orbitals have identical symmetry
(Fig. 3a), and therefore the S, — S, transition is forbidden
according to Laporte’s rule. The presence of distinct bands in
the spectrum is likely caused by an interplay between the
intrinsic vibronic structure expected in a rigid macrocycle, and
some intermolecular aggregation. Change of the overall sym-
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Fig. 2 (a) One-step synthesis of hex-C6FE from the “dimer-type” monomer (Bpin-FEFE-Br) using a palladium dialkylbiarylphosphine catalyst
(SPhos-Pd), with MALDI-TOF of the crude product (right). (b) Structure of me-C6FE optimized using DFT (B3LYP-D3 6-31G(d,p)). In all computational
work, alkyl chains were replaced with methyl groups to decrease computational time. (c) *H NMR (500 MHz) and (d) **C NMR (126 MHz) spectra of

hex-C6FE acquired at 22 °C in CDCls.

metry due to aggregation can be also invoked to explain the
presence of a weak band near the expected HOMO-LUMO
transition (~500 nm).

Self-association of molecules containing aromatic moieties
can be quantified by "H NMR, by fitting the characteristic
upfield shift of aromatic protons due to additional
shielding.””™° Analysis of the series of spectra acquired at
22 °C in a series of CDCI; solutions with concentrations
ranging from 8 pM to 1.7 mM was fit to a dimer model and
yielded an association constant of K, = 66 M™" at 22 °C in
CDCl; (Fig. S27 and S28%). This value suggests C6FE self-
associates, but not as strongly as other conjugated structures
such as C4BFI (K, = 725 M™" in CDCl; at 25 °C) or hexa-peri-
hexabenzocoronenes with dodecyl chains (K, = 898 M™' in
1,1,2,2-tetrachloroethane-d, at 30 °C).”** We hypothesize that
hex-C6FE produces a lower association constant than C4FBI
due to the larger density of side chains and weaker electron
withdrawing ester groups as compared to the diimide groups.

Solid-state organization and Raman spectroscopy

Transesterification was used to exchange the hexyl group for
an isopropyl group (Fig. 3b) to evaluate the impact of side
chain on solid-state organization. X-ray diffraction patterns of
both hex-C6FE and ipr-C6FE were acquired for powders pre-
pared by precipitation from highly concentrated CHCI; solu-
tions into methanol (Fig. 3c). Both patterns revealed the
samples were partially crystalline with two key sets of Bragg
peaks: (i) low q features with spacings corresponding to the
overall diameter of macrocycles (25.17 A for hex-C6FE and
20.20 A for ipr-C6FE), and (ii) high q features attributed to
n-stacking distances (3.37 A for hex-C6FE and 3.35 A for ipr-
C6FE). The higher number of additional distinct reflections in

This journal is © the Partner Organisations 2021

the pattern of ipr-C6FE is suggestive of a higher degree of
ordering in comparison with Aex-C6FE.

The higher order of ipr-C6FE was also evident in the micro-
Raman studies of thin films prepared by drop-casting from
CHCl; (Fig. 3d and e). Ipr-C6FE formed small, elongated
microcrystals while Zex-C6FE organized into spherulites remi-
niscent of those typically observed in partially crystalline poly-
mers. The dominant feature in the Raman spectra was a peak
at 1578 cm™", which corresponds to the symmetric C-C/C=C
stretching (“ya” mode),*” as well as several smaller peaks from
900-1400 cm™". Interestingly, the intensity of the Raman spec-
trum for ipr-C6FE differed depending on collection location
and crystallite orientation relative to the substrate, indicating a
high degree of anisotropy within crystallites. In contrast, the
Raman spectrum of hex-C6FE was minimally dependent on
sample location. Analysis of ipr-C6FE by IR revealed C=C
stretches at 1545 cm™" and 1593 cm™", as well as a prominent
carbonyl stretch at 1713 em™" from the ester side-chains, and
both the Raman and IR spectra are in good agreement with
the DFT predicted spectra (Fig. 3e, red plots).

Given that both ipr-C6FE and hex-C6FE readily formed par-
tially crystalline structures, considerable efforts were made to
produce diffraction quality single crystals using a variety of
methods such as slow evaporation, slow cooling and vapor
diffusion. In contrast with numerous previous studies with
other macrocycles of similar size,”>"?* none of these efforts
yielded crystals of quality sufficient for full structure determi-
nation. We hypothesize that this may be related to the asym-
metry of the structure, with two possible “heads-to-tails” and
“heads-to-heads” (as in stacked coins) arrangements of neigh-
bouring cycles. If neither packing pattern is favoured, mixing
of the two packing arrangements may make it difficult to
produce single crystals.

Org. Chem. Front,, 2021, 8,1775-1782 | 1777
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Fig. 3 (a) Normalized absorption spectrum of hex-C6FE collected in CHCl3 (solid line) and predicted by TD-DFT (dashed line, CAM-B3LYP-D3 6-
31G(d,p) IEFPCM(CHCIl3)). Also displayed are the calculated natural transition orbitals; the oscillator strength (f) for the Sog — S; transition (2.43 eV) is
0, and 1.73 for the degenerate So — S, and So — Ss transitions (3.57 V). (b) MALDI-TOF spectra before and after transesterification of hex-C6FE to
ipr-C6FE. (c) Powder X-ray diffraction patterns for hex-C6FE (top) and ipr-C6FE (bottom). (d) Optical microscope images of hex-C6FE (top) and ipr-
C6FE (bottom) illustrating the difference in solid-state organization upon drop-casting from CHCls. (e) Experimental (black) and DFT predicted (red,

B3LYP-D3 6-31G(d,p)) Raman and IR spectra for ipr-C6FE.

Cyclic voltammetry (CV)

CV scans of hex-C6FE acquired in CH,Cl, versus the saturated
calomel reference electrode (SCE) revealed a reversible oxidation
at 1.03 V (Ep,) and two quasi-reversible oxidations at 1.34 V and
1.52 V (Fig. 4). The first oxidation potential is similar to values
reported for oxidation of C4BFI and cyclo[6]pyrrole (~1.25 V and
0.95 V vs. SCE, respectively).”*' Notably, the first oxidation
potential of hex-C6FE is higher than a non-cyclic, partially alkyl-
ated sexifuran (Ep, ~ 0.6 V),** reflecting the electron withdraw-
ing nature of ester side groups. This higher resistance to oxi-

10
5-

-54
=101

Current (LA)

T T T

-15 -10 -05 0.0 0.5 1.0 1.5
Potential (V)

Fig. 4 CV of hex-C6FE in degassed CH,Cl, (5 mg mL™) using NBu4PFg
as the supporting electrolyte (0.1 M), with a scan rate of 35 mV s~*. The
voltammogram was referenced versus SCE using Fc/Fc* as an internal
standard (0.46 V vs. SCE). Determination of the electrochemical band
gap of hex-C6FE from the onsets of oxidation and reduction at +0.85
and —1.38 V respectively, yielded a value of E4 = 2.23 eV.

1778 | Org. Chem. Front., 2021, 8,1775-1782

dation is also evident in the difference of HOMO energies of
these respective species as predicted by DFT (Table S17).

Remarkably, zex-C6FE produced two reversible reductions
at —1.49 V (E,) and —-1.70 V (E,), and showed no signs of
instability after multiple reduction cycles (Fig. S71). These
values are cathodically shifted in comparison with C4BFI and
cyclo[6]pyrrole (~—1.0 V and —0.48 V vs. SCE, respectively).

There are only a few reports exploring electrochemical
reduction of furan oligomers, which may be related to the
experimental challenge stemming from their high LUMO
levels.?”*#%1:%2 The highly reversible electrochemical reduction
of C6FE can be partially attributed to the lowering of the LUMO
by the ester side groups (—2.61 eV, Table S1%). It is also remark-
able since the closely related C4BFI analogue and the helical
P3HEF undergo only irreversible reductions, despite the pres-
ence of electron-withdrawing side groups.”'® The natural ques-
tion to be raised in discussing the redox properties of cyclic con-
jugated molecules is the possible role of aromaticity, which is
often invoked in such cases. The extent to which this may apply
to C6FE is addressed in the next section.

Computed aromaticity of C6FE

Conjugated macrocycles are known to switch between aromatic
and antiaromatic states upon successive reductions/oxidations,
usually in accordance with Hiickel’s 4n + 2 rule, as shown pre-
viously for cyclo-para-phenylenes, for example.'> The enhanced

This journal is © the Partner Organisations 2021
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electron delocalization from aromatic pathways through the
cycle may then render reduced/oxidized states more stable. The
potential connection between this effect and C6FE’s redox pro-
perties was assessed by using DFT results to compute two
common aromaticity descriptors: the Nucleus Independent
Chemical Shift (NICS)*® and the Electron Localization Function
(ELF)**® (Fig. 5 and 6). In both instances, the calculations
revealed globally aromatic character of the dianion and dication,
in stark contrast with antiaromatic character of the neutral form.

In NICS calculations, aromaticity is manifested by highly
negative values of chemical shift inside of the ring, which are
indicative of enhanced diatropic current through the ring, creat-
ing a local magnetic magnetic field opposing the external mag-

a) [CBFE]* C6FE [CBFEJ?* -
- 20
2 | 4 -
F}T‘/\ F,\{ | o ' %
--20 N
E
[6FEI* 6FE [6FE2* 40 =
-60

Dianion Neutral Dication

Fig. 5 (a) NICS(1),, plots for the cyclic (C6FE) and linear (6FE) ester-
functionalized furan hexamer. The dianion (left), neutral (middle), and
dication (right) are shown. The color scale bar is shown where a more
negative value corresponds to a higher degree of aromaticity in the
encompassing ring (single furan or entire macrocycle), while a positive
number corresponds to a higher degree of antiaromatic character. (b)
Annulene-type resonance pathways highlighted by the blue bonds for a
six-membered furan macrocycle in the -2 (left), neutral (middle), and +2
states (right).
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netic field. The computed values of the zz components of NICS
at 1 A above the plane of C6FE indicate paratropic ring current
in the neutral form, corresponding to a formally antiaromatic
structure (Fig. 5a). In contrast, the dication and dianion both
have negative NICS values inside of the macrocycle and are for-
mally aromatic. These NICS results are consistent with the
dominant resonance structures shown for the neutral and
charged forms in Fig. 5b. For neutral C6FE, the 24z electrons
from the C=C bonds form the dominant resonance pathway
(blue bonds in Fig. 5b). This corresponds to 4n =n electrons,
which is Hiickel antiaromatic. Upon 2e~ oxidation or reduction,
the number of = electrons in the ring system is 4n + 2, and thus
delocalization through these cyclic pathways becomes Hiickel
aromatic. These proposed aromaticity pathways are also consist-
ent with the picture that emerges from Natural Resonance
Theory (NRT)*®*® analysis (Fig. S261). More specifically, NRT
indicates that the dominant resonance structures, which con-
tribute 83% to the overall electronic structure of the [C6FE],>
have one negative charge within the furan ring and one on the
carbonyl oxygen of the ester side chain.

Similar insights into the electron delocalization pathways
in different states of C6FE were obtained by the analysis of the
isosurfaces of the ELF, which is defined by ELF(r) = (1 + (D(r))/
Do(r)*)~". Both D(r) and Dy(r) are computed from the total elec-
tron density and correspond, respectively, to the kinetic energy
density due to Pauli repulsion and to the Thomas-Fermi
kinetic energy density.®>”° In order to selectively visualize the
delocalization of & electrons, the calculations were carried out
(using the Multiwfn wavefunction analysis package’"”?)
on combined electron densities from w-orbitals, which
were identified by the presence of the node in the plane of the
macrocycle. The isosurface value which results in bifurcation
of these orbitals along the ring pathway in question serves as a
direct indicator of aromaticity. An ELF, value of 1 indicates
perfect delocalization along the path, and benzene serves as a
reference point with an ELF, = 0.91 for all bonds.®*®’
Exploration of other polycylic aromatics suggests an ELF, = 0.7
as a threshold for aromaticity.***

Dianion Neutral Dication
1.0
0.9
- 08 L] . . . L] L]
E07) -0 200 %ee 200 ®sa %04
T 06
0.5

5 10 15 20
Bond Number

Fig. 6 ELF plots for the me-C6FE dianion (left), neutral (middle) and dication (right) plotted with isosurface values of 0.7. Bonds 1 through 4 are
labelled and the numbers continue around the macrocycle (24 total bonds). Interring bonds are 4, 8, 12, 16, 20, 24.
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For C6FE, the ELF, value for the interring bond between
furan heterocycles is critical to determine effective delocaliza-
tion across the entire macrocycle (bonds numbered as mul-
tiples of 4 in Fig. 6). The ELF, value of 0.48 for the interring
bond in the neutral state is indicative of limited delocalization
between heterocycles, while the dication and dianion have
ELF, values of 0.72 for the interring bond, consistent with aro-
matic character across the entire macrocycle. Overall, these
computational results suggest that, in combination with the
electron-withdrawing ester side chains, global aromaticity may
be a key factor underlying the redox behavior of C6FE.

Conclusions

In conclusion, we have reported the synthesis, characteriz-
ation, and computational investigation of a novel oligofuran
macrocycle (C6FE). A dialkylbiaryl phosphine palladium cata-
lyst was used to synthesize C6FE via Suzuki-Miyaura coupling,
which is facilitated by an energetic preference for syn geometry
of adjacent ester-functionalized furan repeat units.
MALDI-TOF and NMR were used to confirm formation of the
macrocycle, and solid-state characterization revealed partial
crystallinity that can be modified by varying side chain iden-
tity. Finally, quantum chemistry confirmed that aromaticity
played a key role in the observed electrochemical stability
upon introduction of charge carriers.'*™**

Looking forward, the synthetic strategy reported here will
be used as a platform to access other macrocycles derived
from furan with no linkers present between the repeat units. A
natural line of inquiry will be to explore how other heterocyclic
building blocks can be incorporated for the synthesis of more
complex structures. In particular, introducing sequence, both
main chain and side chain, will be of interest to better under-
stand how each of these components impact the properties of
these systems. Additionally, the observation that C6FE can be
oxidized and reduced reversibly sets the stage for deeper
exploration into aromaticity as a tool to enhance stability of
n-conjugated systems with furan, which is particularly challen-
ging. Clearly, cyclization of large n-systems offers additional
stability as bonding patterns and pathways for charge move-
ment become more diverse. Additional linear and circular
n-systems with furan will be explored in more detail in the
future.
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