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@ Design, Synthesis and Aromaticity of an Alternating

Cyclo[4]Thiophene[4]Furan

Manami Kawakami®,” Dhruv Sharma*,” Anthony J. Varni,” Stephanie Tristram-Nagle,®
David Yaron,™ Tomasz Kowalewski,** and Kevin J. T. Noonan*"

Abstract: A new class of conjugated macrocycle, the cyclo[4]-
thiophene[4]furan hexyl ester (CATE4FE), is reported. This
cycle consists of alternating a-linked thiophene-3-ester and
furan-3-ester repeat units, and was prepared in a single step
using Suzuki-Miyaura cross-coupling of a 2-(thiophen-2-
yl)furan monomer. The ester side groups help promote a syn
conformation of the heterocycles, which enables formation of
the macrocycle. Cyclic voltammetry studies revealed that
CATE4FE could undergo multiple oxidations, so treatment
with SbCl; resulted in formation of the [C4TE4FE]*" dication.

Computational work, paired with "H NMR spectroscopy of the
dication, revealed that the cycle becomes globally aromatic
upon 2e~ oxidation, as the annulene pathway along the outer
ring becomes Hiickel aromatic. The change in ring current for
the cycle upon oxidation was clear from 'H NMR spectro-
scopy, as the protons of the thiophene and furan rings shifted
downfield by nearly 6 ppm. This work highlights the potential
of sequence control in furan-based macrocycles to tune
electronic properties.

/

Introduction

Synthetic conjugated macrocycles have attracted attention for
host-guest chemistry, supramolecular assemblies and as elec-
tronic materials." Synthesizing these cycles purely from
aromatic building blocks imparts structural rigidity, while also
opening the way to redox switching between locally and
globally aromatic states upon 2e~ oxidation or reduction.” The
[n]cycloparaphenylenes (CPPs),®! cyclo[nlpyrroles (CPs)™ and
cyclo[nlthiophenes (CTs)* are all well-known classes of macro-
cycles which were first synthesized between 15 and 25 years
ago. The cyclo[n]furans (CFs) are a recent addition to the family
(Figure 1), where the small size of furan enables formation of
small macrocycles (5-8 repeat units),” and the large rotational
barriers for oligofurans” imparts rigidity to these m-conjugated
structures.
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Figure 1. Previously reported furan- and thiophene-based macrocycles®®

and the newly synthesized alternating thiophene-furan macrocycle.

We recently discovered that ester side groups can template
formation of macrocyclic® and helical oligo and polyfurans® in
a single synthetic step via cross-coupling of an appropriately
functionalized monomer or dimer. Computational studies
revealed that the regioregular, head-to-tail ester side groups
force adjacent furan rings to adopt a syn configuration, driven
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by intramolecular non-covalent interactions. Herein, we demon-
strate that this templating effect of ester side groups is
applicable to mixed thiophene-furan dimers, as we synthesized
an alternating cyclo[4]thiophene[4]furan hexyl ester macrocycle
in a single step (CATE4FE, shown in Figure 1). Tuning the
properties of conjugated macrocycles via sequence control has
been an active area of research for several decades,” and this
alternating cycle has unique electronic properties compared to
previously synthesized CFs and CTs.

These unique electronic properties can be partially attrib-
uted to the relief of ring strain and planarization of the
macrocycle. According to Gidron and coworkers, computational
analysis shows that CFs with 5-7 repeat units are planar or near
planar, while CTs of the same size are cone or bowl-shaped.”*”
In comparison to the strained cyclo[8]thiophene (C8T)""
computations predict the CATE4FE molecule studied here to be
planar, which enhances conjugation and opens the possibility
of aromaticity."” Below, we present computational results that
suggest C4TE4FE is weakly antiaromatic in its neutral state,
which is as expected given that the outer pathway of carbon
atoms is comprised of 165t bonds and 327t electrons (Hiickel 4n
system). Similarly, 2e~ oxidation makes CA4TE4FE globally
aromatic, and this is supported by both the 'HNMR and
absorbance spectra reported below. This is noteworthy com-
pared to cyclo[10]thiophene (C10T), where Nucleus Independ-
ent Chemical Shift (NICS) calculations have suggested that C10T
is non-aromatic.""” Moreover, the [C10T]>** dication was re-
ported to be a diradical species, with no evidence for global
aromaticity despite having 38w electrons and a [40]annulene
pathway of carbon atoms."?

Results and Discussion

In previous work we discovered that a syn conformation is
favoured for a-linked oligofurans when decorated with head-to-
tail ester side groups.” Here, we used torsional scans to
understand how inclusion of a thiophene would impact the
conformational directing effect of the ester side group. Two
head-to-tail regioisomers of a-linked thiophene-3-carboxylate
(TE) and furan-3-carboxylate (FE) were considered (TEFE and
FETE), and these were compared to the relevant homodimers

(FEFE and TETE) as shown in Figure 2. For all computed dimers,
the XCCX dihedral was constrained from 0° (syn) to 180° (anti)
at 15° intervals,”"'*! with optimization of each conformer at the
B3LYP-D3(BJ)/6-31G(d,p) level (Figure 2).'" For all quantum
chemical calculations, methyl ester groups were used to
minimize computational cost and the me prefix is used to
denote computed structures.

As expected from prior work, the syn conformation emerged
as the global energy minimum for the me-FEFE dimer, 3.5 kcal/
mol lower than the anti conformer (red trace, Figure 2B).®
Twisted non-planar minima were noted for the me-TETE
derivative (blue trace, Figure 2B), where steric interactions
between heteroatom lone pairs likely make the syn and anti
coplanar conformations less favorable. Strikingly, the rotational
barrier for the me-TETE derivative was ~4.5 kcal/mol lower than
that of the me-FEFE derivative. Generally, a-linked conjugated
oligothiophenes are known to twist easily from coplanarity"”
whereas the analogous oligofurans favour coplanar geometries
with higher rotational barriers,” so the results are in line with
expectation.

For the two mixed dimers, the syn coplanar conformation
was the lowest energy conformer in both instances (purple and
orange traces, Figure 2A), similar to the observation with the
ester-functionalized bifuran. The rotational barriers for me-TEFE
(5.8 kcal/mol) and me-FETE (6.5 kcal/mol) from the syn coplanar
conformation are close to the values noted for the me-FEFE
dimer (6.8 kcal/mol). Notably, the energy difference between
the syn and anti coplanar forms is markedly different for me-
TEFE and me-FETE. A ~6.1 kcal/mol difference in energy was
noted for the syn and anti forms of me-TEFE (purple trace,
Figure 2A), while only a ~0.5 kcal/mol difference was noted for
me-FETE (orange trace, Figure 2A). The strong syn coplanar
preference with the ester proximal to the furan, mirrors the me-
FEFE derivative. In contrast, the ester group proximal to the
thiophene ring in me-FETE leads only to a small energetic
difference between the syn and anti coplanar forms, which may
be due to attractive chalcogen-chalcogen interactions between
the carbonyl oxygen and sulfur atom of the thiophene ring
lowering the energy of the anti conformation."® Altogether, the
computed torsional potentials suggest that conjugated macro-
cycles should be possible upon buildup into longer oligomers,

syn anti
S, O.
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B (S N o =6
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Figure 2. Torsional potential energy scans calculated at the B3LYP-D3(BJ)/6-31G(d,p) level for the hetero and homo dimers (A and B, respectively) of methyl

furan 3-carboxylate and methyl thiophene 3-carboxylate.
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though the weaker syn preference for one of the isomers is
likely to impact the yield of the CATE4FE macrocycle.

Monomer synthesis and macrocyclization

As shown in Scheme 1, two different ester-functionalized
thiophene-furan dimers were synthesized to explore macro-
cyclization, mirroring the computed dimers but with hexyl ester
side groups to ensure good solubility upon oligomerization.
Suzuki-Miyaura coupling was first used to form the a-linked
thiophene-furan dimers as shown in Scheme 1 with the
commercially available [1,3-bis (2,6-diisopropylphenyl)imidazol-
2-ylidene] (3-chloropyridyl)palladium (Il) dichloride catalyst
(PEPPSI-IPr).

A directed metalation with 2,2,6,6-tetrameth-
ylpiperidinylmagnesium chloride lithium chloride complex sol-
ution (TMPMgCI-LiCl) followed by electrophilic quenching with
carbon tetrabromide (CBr,) resulted in bromination proximal to
the ester group, with TEFE-Br obtained in 589% yield and
FETE—Br obtained in 85% yield. Installation of the pinacol

XG-Br  pinB— ™" PEPPSLIPr, CsF, i ]
\ ] . \_/ THF/water / \
o o 60 °C

CeHi130 CeHig0 CeHis0” - CeftisO
TMP+MgCIsLiCl THF
Q\O CBr, ‘—78 °Cto0°C
o é B [Iré&gg)&osng?h
CgH130 OCoHis0 CeH130 ngH13O

Bpin-FETE-Br: X=0,Y =
Bpin-TEFE-Br: X=S,Y=0

S FETE-Br:X=0,Y =S
TEFE-Br: X=8,Y=0

catalyst
K3PO4°H,0
THF/water
50°C,24 h

CATE4FE

Scheme 1. Monomer synthesis and macrocyclization reaction.

Table 1. Catalyst choice for macrocyclization.”

Entry Monomer Catalyst (mol %) Yield of CATE4FE [%)]

1 Bpin-TEFE-Br Pd(PPh,), (10) 0
2 Bpin-TEFE-Br Pd—G3-SPhos (10) 5
3 Bpin-TEFE-Br  Ni(COD), (10), PCy, (20) 4
4 Bpin-FETE-Br Pd—G3—SPhos (10) 9
5 Bpin-FETE-Br Pd(PPh,), (10) 11
6 Bpin-FETE-Br Ni(COD), (10), PCy; (20) 1M

[a] Typical reaction conditions: 0.35 mmol of monomer, 0.035 mmol of
catalyst, 0.70 mmol of K;PO,-H,O0, 11.7 mL of THF:water (30:1), 50°C,
24 h.
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boronic ester at the sterically accessible 5'-position was
accomplished by an iridium-catalyzed borylation,"” with
Bpin—TEFE-Br obtained in 74% yield and Bpin—FETE—Br
obtained in 64% yield. The two synthesized monomers,
Bpin—TEFE—Br and Bpin—FETE—Br, were combined with three
different  commercially  available  catalysts:  Pd(PPh,),,
Pd—G3-SPhos""® and Ni(COD),/PCy; (Table 1, Entries 1-6). All
reactions were carried out with 10 mol% catalyst and 2 equiv-
alents of K;PO,-H,0 in THF/water at 50°C. The Bpin—FETE—Br
monomer afforded higher yields in all instances as compared to
Bpin—TEFE—Br (Table 1).

It is interesting to note that with Bpin-FETE-Br, each
coupling event results in the formation of the strongly preferred
syn conformer according to the computed torsional scans,
which may be related to the higher yield with this monomer.
For Bpin—TEFE—Br, yields ranged from 0-5% with the three
catalyst systems, while with Bpin—FETE—BYr, yields ranged from
9-11%. Though the yields are low to modest, the cyclization
can be accomplished from the dimer and does not require
laborious preparation via iterative coupling reactions.

Characterization

The formation of C4TE4FE was confirmed by MALDI-TOF mass
spectrometry and NMR spectroscopy (Figures3A and 3B).
Observed isotope signals matched well with the predicted
pattern as shown in Figure 3A. The powder X-ray scattering
pattern, absorption spectrum, and cyclic voltammogram (CV)
for CATEFE are shown in Figure 3C-3E, along with the
experimental data for the previously synthesized C6FE®? for
reference. Two aromatic resonances are observed in the '"H NMR
spectrum of CATE4FE, as expected for the equivalent thiophene
and furan rings (8.72 and 7.89 ppm, H, and Hg in Figure 3B). The
diagnostic methylene protons of the hexyl ester side chains
appear as a pair of overlapping triplets at 4.30 and 4.28 ppm
(Juy=6.7 and 7.0Hz, H. and Hp Figure 3B). The "CNMR
spectrum of C4TE4FE shown in the Supporting Information
offered further confirmation of the macrocycle assignment with
22 total signals for the cyclic oligomer (8 aromatic, 12 aliphatic,
and 2 carbonyl). A moderate ring strain energy was noted for
me-CATE4FE (12.5 kcal/mol), which was computed using a
hyperhomodesmotic"™ reaction equation at the B3LYP-D3(BJ)/
6-31G(d,p) IEFPCM(CH,CL,) level (Figure S25).

CATEA4FE crystallized as both long thin needles and small
plates from a liquid/liquid diffusion experiment where the
macrocycle was dissolved in dichloromethane and layered with
ethanol. Unfortunately, full structure determination using single
crystal x-ray diffraction was not possible which may be due to
the hexyl ester side chains. This is consistent with our previous
work on C6FE where single crystal structure determination was
not possible.®™™ Preliminary x-ray characterization was obtained
by analysis of the crystalline solid using powder X-ray diffraction
(Figure 3C) and it was compared to the all-furan derivative.

In both cases, a low q peak was observed at ~0.3 A", which
corresponds to the distance (~21A) between macrocycles
(governed primarily by the side chains). Bragg features in the

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85UB01 7 SUOWIWOD 8A18ID 8|qedl|dde aup Aq peusenob ale ssppie VO 8sn JO Sa|n. 10} A%eiq1auljuO 8|1 UO (SUOIPUOD-pUe-SWLR)/LI0D A8 1M Aleid Ul |UO//:SANY) SUORIPUOD pUe SWB 18Ul 88S *[£202/90/y2] Uo A%iqiTauliuo A8|IM ‘L.¥00£202 Weyd/200T OT/I0p/wod A3 | Aeiq puluoedoins-Alis iweyd//sdny woy pepeoumod Jo ‘S9.ETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article
doi.org/10.1002/chem.202300477

Chemistry—A European Journal

Ci 1.0iD
Isotope Patterns
1616.7 P P 3 —— CATE4FE
‘ 8 —— C6FE
L =
Observed -5; Syp— S transition
I c \ predicted by TD-DFT
Ll g ' with f; = 0
1616 1618 1620 1622 1624 —
Mass/Charge ‘6)’ \
[M]* = CggH1102054 ™
calc. m/z = 1616.6630 2 \ =~ | 7
1400 1500 1600 1700 1800 1900 2000 0.5 1.0 1.5 2.0 400 500 600 700
Mass/Charge Scattering vector q(A™) Wavelength (nm)
B " . E
He G o P Eonset=0.53 V
HeN e He(” Hr 5 |JA
CHCl, 0y o o
HA HB Ha 0 Eonse[ =-1.32V
% Hc
Hp
‘ Im A Eonset = 0.88 V
T 3 Eonset =-1.37'V Eg=2.25eV
90 80 7.0 60 50 40 30 2 -20 -15 -10 -05 00 05 10 15

ppm

Potential (V)

Figure 3. A) MALDI-TOF mass spectrum of C4TE4FE. B) 'H NMR spectrum (500 MHz) of CATE4FE collected at 25 °C in CDCl;. C) Powder X-ray diffraction patterns
for CATE4FE (top, blue trace) and C6FE (bottom, red trace). D) Normalized UV-Vis absorption spectra of C4TE4FE (blue trace) and C6FE (red trace) collected in
CHCl; and predicted by TD-DFT for me-C6FE and me-CATEAFE (dashed lines, CAM-B3LYP/6-31G(d,p) IEFPCM(CH,CL,)) E) Cyclic voltammograms of CATEAFE
(blue trace) and C6FE (red trace) in degassed CH,Cl, (0.63 mg/mL) using NBu,PF4 as the supporting electrolyte (0.01 M for C4TE4FE and 0.07 M for C6FE), with
a scan rate of 100 mV/s. The voltammogram was referenced using Fc/Fc* as an internal standard (0.46 V vs SCE).2" Determination of the electrochemical
band gap of C4TE4FE from the onsets of oxidation and reduction at 4-0.53 and —1.32 V respectively, yields a value of £,=1.85 eV.

mid q range (~1.4 A" can also be attributed to side chain
packing. The sharp Bragg peaks in the mid q range for C6FE are
indicative of more long-range order in this derivative, which is
not surprising given the high degree of symmetry for this
oligomer. Finally, intense m-stacking reflections were noted for
both macrocycles with m-stacking distances of 3.4 A and 3.5 A
for CATE4FE and C6FE, respectively. Altogether, the powder
patterns confirm that these materials are crystalline.

The UV-vis spectrum of C4TE4FE was assigned with the aid
of time-dependent density functional theory (TD-DFT) calcu-
lations on me-CATE4FE (dotted trace shown in Figure 3D). The
HOMO-LUMO transition is predicted to have zero oscillator
strength (f,=0) and is shown as a vertical line in Figure 3D. The
So—S, transition for CATE4FE appears at 415nm (e=1.1X
10° cm~'M™"). This value is in between the A, values for C8T
and C10T at 396 and 424 nm, respectively.>*” It is also similar
to the related cyclo[4]bifuran diimide which is comprised of 8
furan rings, with a A, =401 nm.*™ The symmetry forbidden
So—S; transition for CATE4FE appears at ~530 nm, near to the
predicted transition at 574 nm. The low intensity for the
symmetry forbidden S,—S, is similar to observations for C8T
and C10T. "* The M., for CATE4FE is red shifted by 60 nm
when compared to C6FE, which is not surprising given the
larger size of the macrocycle.

Chem. Eur. J. 2023, e202300477 (4 of 8)

Cyclic voltammetry studies of C4TE4FE measured in CH,Cl,
versus the saturated calomel reference electrode (SCE) with
NBu,PF; as the supporting electrolyte revealed three quasi
reversible oxidations at £,,=0.67 V, 1.14 and 1.37 V, respectively
(blue trace in Figure 3E). The first oxidation potential sits nearly
halfway between the reported oxidation potentials for
cyclo[n]furans® (E,,>1.0V) and cyclo[n]thiophenes (E,,>0.5-
0.6 V), demonstrating that the electronic structure of macro-
cycles can be tuned by altering the monomer composition. A
single reduction potential was noted for CATE4FE (E, =
—1.51 V), while two reversible reductions were noted for C6FE
(E,e =—1.49V and —1.70 V). Repeated scans suggested good
redox stability for the alternating macrocycle, as the voltammo-
gram was nearly identical with each repeated run.

The reduction noted for CATE4FE is more cathodic than the
related cyclo[4]bifurandiimide™ and cyclo[8]pyrrole”™ (respec-
tively —1.04V and —0.08V vs SCE). The cyclo[8]pyrrole is
reported to have four 1e” oxidations and a 2e~ reduction.
CATE4FE has a similar CV profile to cyclo[8]pyrrole with much
larger current passed for reduction as compared to oxidation. It
should also be noted that CVs for C4TE4FE were collected with
low concentrations of supporting electrolyte (0.01 M), since
higher concentrations led to a decrease in intensity for both
oxidation and reduction peaks. We hypothesize that the
CATEAFE aggregates more strongly with increasing concentra-

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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tions of NBu,PF, in CH,Cl,, as the color of the solution darkens
with increasing amounts of electrolyte.

To better understand the redox properties of C4TE4FE and
C6FE, optimizations and frequency calculations for consecutive
redox states were carried out at the B3LYP-D3(BJ)/6-31G(d,p)
and ®B97xD/6-31G(d,p) levels using a continuum solvation
model (IEFPCM) with CH,Cl, as the solvent (Figure 4). Two
functionals were used here as B3LYP has been noted to
overestimate conjugation.”? The energies relative to the neutral
form are shown in the top of Figure 4. The ionization potentials
(IP) and electron affinities (EA) for first and second redox steps
were then computed by taking differences between consec-
utive steps as shown in the bottom of Figure 4. For the doubly
oxidized/reduced states of both macrocycles, we considered
singlet and triplet spin multiplicities as C10T has been reported
to be a triplet upon double oxidation.?

The difference between the first oxidation (/P;) and first
reduction (EA,) serves as an estimate of the computed bandgap
and can be compared with the experimental data from cyclic
voltammetry. As shown in Figure 4, the difference between the
first ionization and reduction potential computed at the B3LYP-
D3(BJ)/6-31G(d,p) IEFPCM(CH,Cl,) level was in excellent agree-
ment with the electrochemical gap from cyclic voltammetry for

—
2+ — L — s —
S
10} S
0.82eV 045eV AErg  0.66eV -0.23eV
3 Sp1+ — —_
> B3LYP-D3(BJ)
o wB97xD
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w Otg —— —— —
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-5 2- S 4 S 7
0.26eV -010eV AErgs  0.05eV -0.57 eV
me-C6FE me-C4TE4FE
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Figure 4. Total energies and frequency calculations were used to obtain
Gibbs free energies (AGy) for each computed structure. Top - Comparison of
AG for computed redox states relative to the neutral macrocycle using
either B3LYP-D3(BJ)/6-31G(d,p) or ®B97xD/6-31G(d,p) levels of theory with a
continuum solvation model (IEFPCM) in CH,Cl,. The computed differences
between the singlet and triplet multiplicities for the 2+ and 2— redox states
are annotated on the plots (AE;s=E;—Eg). Bottom — The computed differ-
ences correspond to each individual redox step where IP, = AG{0)—AG{(+ 1)
and EA, = AG{—1)—AG0)).

Chem. Eur. J. 2023, e202300477 (5 of 8)

both macrocycles (2.1 eV for me-C6FE and 1.8 eV for me-
CATEA4FE).

The gaps computed using the ®B97xD functional were
roughly 0.5-0.7 eV higher than the experimentally determined
values. Both levels of theory predict 0.6-0.9 eV differences
between the first and second IPs and EAs which is larger than
what is observed experimentally (Figure 3E).

The spin multiplicity after double oxidation of the macro-
cycle connects to a long-standing question in linear conjugated
chains regarding the extent to which double oxidation results
in two singly-charged polarons (triplet state) versus one doubly-
charged bipolaron (singlet state).”® As shown in Figure 4, the
singlet state (denoted with S) or bipolaron is favored for both
me-C6FE and me-C4TE4FE using the B3LYP-D3(BJ) functional.
We then examined using computation how bipolaron formation
impacts bonds lengths in cyclo[4]thiophene[4]furan (C4T4F)
and the linear thiophene-furan octamer analog (L4T4F). Bond
length alternation plots for C4T4F*" and L4T4F?" are shown in
Figure 5. A repeating pattern is noted for the macrocycle, with
the bond lengths for each thiophene and furan ring being the
same, and the interring bonds being nearly equal around the
cycle. This is very different from the linear analog, where the
bond lengths of the individual heterocycles change from the
center of the linear chain to the ends, suggesting charges are
partially localized at the center for the linear derivative but
delocalized in the cyclic variant.

Aromaticity

To examine aspects of aromaticity with me-C6FE** and me-
CATEAFE**, DFT results were used to compute two aromaticity
descriptors: the Nucleus Independent Chemical Shift (NICS)?”
and the Electron Localization Function (ELF).”! The analysis of
the isosurfaces of the ELF was carried out similarly to our
previous work® (Figures $29-30). Briefly, ELF(r)=(1+ (D(n)/
Dy(nN»" where D(r) and Dy(r) are determined from the total
electron density and correspond, to the kinetic energy density
due to Pauli repulsion and the Thomas-Fermi kinetic energy
density. The Multiwfn wavefunction analysis package was used

| —

| —
Increasing Bond Number Increasing Bond Number

6 2+ 2 6 12t
3 5
s 5[\ | i
NWARY y
LAT4F?* CAT4F?
€1.44
o 1.42 a, .o
E i
> % O < < L,
8 1.4 VLV\O-vﬁ, .ofy g
%I) 1.38
© 136
4 8 12 16 20 24 28 32
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Figure 5. Bond alternation pathway calculated at the B3LYP-D3(BJ)/6-
31G(d,p) level for a linear (in blue) and cyclic (in red) alternating thiophene-
furan octamer. The open circles correspond to the interring bonds in each
case.
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to visualize m electron delocalization,”® and calculations were
carried out on combined electron densities from m-orbitals. The
isosurface value which results in bifurcation of these orbitals
around the cycle serves as an indicator of aromaticity, with the
interring bond being key to delocalization between rings. An
ELF, value of 1 indicates perfect delocalization, and an ELF,=
0.7 is normally considered a threshold for aromaticity.””

For me-C6FE and me-CATE4FE, the ELF, values for the
interring bond in the neutral state are indicative of limited
delocalization between heterocycles (0.51 and 0.54, respec-
tively), consistent with the picture of a more local aromaticity
for the heterocycles in the macrocycle. For both me-C6FE** and
me-CATE4FE?", ELF,, values greater than 0.7 were computed for
the interring bond. This is consistent with more global aromatic
character for the dications in each case.

For the NICS aromaticity criterion, negative values within
the ring correspond to diatropic ring current (aromatic) and
positive values correspond to paratropic ring current (antiar-
omaticity). Here, the zz components of NICS were computed at
1 A above the plane of the macrocycle and values are reported
in ppm and shown in Figure 6 (NICS(1),,). In this analysis, the
individual furan rings for me-C6FE are aromatic (NICS(1),,=
—9.7) while the center of the macrocycle itself is antiaromatic
(NICS(1),,=17.1). The NICS value for the individual furan rings in
the macrocycle are lower than the value for methyl furan-3-
carboxylate (NICS(1),,=—24.1, Figure S27). Upon double oxida-
tion, an NICS(1),,=—40.0 is noted for each furan ring while the
NICS(1),, at the center of the macrocycle was —27.9, suggesting
the cycle is globally aromatic (Figure 6). Similar effects were
noted in the alternating me-C4TE4FE macrocycle, though some
distinctions arise. First, the positive NICS(1),, value (11.7) for the

center of the alternating cycle is smaller than the calculated
value for me-C6FE. In addition, the individual NICS(1),, values
for the furan and thiophene rings (—2.9 and —8.5, respectively)
in the alternating cycle are smaller than the value computed for
the furans in me-C6FE. The negative NICS value for the center of
the me-CATE4FE®" suggests it is globally aromatic as denoted
by the heat map plots in Figure 6 (NICS(1),,=—32.1). The darker
blue for C4TE4FE does denote higher ring current for the larger
ring, though caution must be used when comparing across
these two systems given their different size.

We then examined whether chemical oxidation of C6FE and
C4TE4FE would result in the predicted singlet dication. Both
C6FE and CATE4FE were treated with a slight excess of SbCl; in
CD.Cl, at room temperature in a glovebox (4 equiv.). In the case
of C6FE, the reaction mixture became bright green while for
CATE4FE, the mixture became bright purple. Analysis of the
reaction mixtures using 'H NMR spectroscopy revealed remark-
able downfield shifts for all protons in each case (Figure 6).
Collection of the NMR spectra was an immediate indicator that
triplet diradicals were unlikely, as it would be expected that
linewidths would be broadened beyond detection in that case.
It should be noted that some broadening was observed in the
'HNMR spectrum of C6FE>" which we suspect is due to
incomplete double oxidation. Gidron and coworkers have noted
with cyclo[4]furandiimide that reduction of the carbonyl groups
enables facile chemical oxidation,”” and a similar approach
where the ester groups of C6FE are reduced may be needed
here given the oxidation potentials of this system (E,,>1.0V vs
SCE). The lower oxidation potential of CATE4FE is clearly a

me-C6FE

me-C6FE?*

C6FE aromatic|proton

ester CH,
CDHCl,

CBFE2* - 2(SbCly’) /

I l

CATE4FE
CDHCl ester CH,
aroma’ﬂc prgtons L
HA H

benefit in this case to achieve double oxidation.
:ﬂ;
1
JJU |

ICATE4FE?* - 2(SbClg

| f mJ

4 13 12 11 10 9 8 7 6 5 4 3 2

0

Figure 6. Left - NICS(1),, plots for me-C6FE (top) and me-C4TE4FE (bottom) in their neutral and dication state. The color scale bar is shown where a more
negative value corresponds to a higher degree of aromaticity in the encompassing ring, while a positive number corresponds to a higher degree of
antiaromatic character. Macrocycles are annotated with NICS values at the center of the cycle and the heterocycles. The NMR-GIAO method was used with
B3LYP-D3(BJ) functional and 6-31G(d,p) basis set on a polar grid placed 1 angstrom above the macrocycle plane to perform NICS calculations. Right - '"H NMR
spectra of neutral C6FE (top, black trace), [C6FE]**-2(SbCl") (top, green trace), C4TE4FE (bottom, black trace), and [C4TE4FE]*™ - 2(SbCls) (bottom, purple

trace) generated in situ in CD,Cl, (an asterisk designates SiMe,).
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For CATE4FE?", the two aromatic signals of the thiophene
and furan rings had shifted downfield ~5.9 ppm, from 8.62 and
7.78 ppm to 14.55 and 13.66 ppm, respectively (Figure 6). The
six signals in the aliphatic regions corresponding to the
sidechain also shifted downfield, but by a much smaller amount
than in the case of the aromatic protons. Computed NMR
shielding tensors using the Gauge-Independent Atomic Orbital
(GIAO) method for me-CATE4FE suggest a downfield shift of
more than 5ppm for the aromatic protons upon double
oxidation using B3LYP-D3(BJ)/6-31G(d,p) (Table S1). The change
in ring current for the dication results in a large downfield shift
for the aromatic protons of the thiophene and furan, providing
strong evidence for global aromaticity. EPR studies of this
reaction mixture also indicate minimal radical concentration for
the doubly oxidized species, offering further confirmation that
[CATE4FE]*" - 2(SbCly ") exists in the singlet state (Figure S21).

Two sharp bands were observed in the UV-vis spectrum for
[CATE4FE]*"-2(SbCly") at A,,,=560 and 1026 nm as shown in
Figure 7 (predicted bands from TD-DFT shown as dotted line).
Both the '"H NMR and UV-vis spectra point to the dication as a
singlet, and the spectrum closely resembles the previously
reported [8]cycloparaphenylene dication®® ([8]CPP?") with A,
values of 528 nm and 1102 nm. Interestingly, it also matches
closely with the reported spectrum for the C10T** with two
bands at 683 nm and 1334 nm."?

After confirming that oxidation with SbCl; could take place,
isolation of the dication was attempted. C4TE4FE was treated
with 4 equivs. of SbCl; in degassed CH,Cl, at room temperature
in the glovebox and stirred for 5 min. The solvent was removed,
and the resulting solid was washed with degassed hexanes.
[CATE4FE]*™-2(SbCls™) was obtained as a dark purple solid in
high yield. The 'H NMR spectrum for the isolated [C4TE4FE]**
-2(SbCl,") dication was nearly identical to that of the crude
reaction mixture, suggesting complete oxidation. The purple
solid was clearly air and moisture sensitive, but relatively stable
as a solid under a N, atmosphere even after 1 month at —40°C
with no loss in color. We did note some minor radical
contamination by EPR spectroscopy after dissolution of the
dication in different solvents, suggesting higher sensitivity in
solution.

Absorbancey (a.u.)
0 9O 9 9 O =
(=) N S (o] o] o

500 1000 1500 2000
Wavelength (nm)

Figure 7. Normalized UV-vis-NIR absorption spectra of [CATE4FE]** - 2(SbCl,")
in CH,Cl, at 22°C (Blue solid line) and predicted by TD-DFT for me-CATE4FE*"
(dashed lines, CAM-B3LYP/6-31G(d,p) IEFPCM(CH,Cl,)).
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Conclusion

In summary, a new class of heteroaromatic macrocycle, the
cyclo[4]thiophene[4]furan was synthesized using Suzuki-
Miyaura cross-coupling. This 8-membered macrocycle adds to
the family of isolable cyclo[n]thiophenes and cyclo[n]furans
whilst also expanding on the potential to make alternating
sequences in conjugated cyclic molecules. A relatively small
electrochemical bandgap of 1.85eV was noted for cyclo[4]-
thiophene[4]furan and chemical oxidation with SbCl; afforded
an isolable dication. The aromaticity of the dication was probed
using '"H NMR and absorption spectroscopy, along with compu-
tation. The significant downfield shift for the aromatic protons
of cyclo[4]thiophene[4]furan upon double oxidation was a clear
indicator of a ring current change, and future work with these
macrocycles will focus on obtaining a better understanding of
the accessible redox states.

Altogether, we have demonstrated that our macrocycliza-
tion strategy using ester side chains as templating groups can
be expanded to include other heterocycles in tandem with
furan. Computational data was instrumental in detailed analysis
of the redox chemistry of the cycle, while also pointing to
aromaticity as a factor in stability of the singlet state over the
triplet state upon double oxidation. This is a key consideration
in the design of organic materials, as cyclic systems could lead
to charge carriers with enhanced environmental stability. In the
future, we anticipate exploring how other sequences may
influence electronic properties of these flat conjugated macro-
cycles, as well as how they influence aggregation and
organization in the solution and in the solid.
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An alternating furan-thiophene mac-
rocycle has been synthesized without
the need for stepwise buildup of

oligomers. The ring is weakly antiaro-
matic due to the 4n & electrons along

4 equiv of SbCly,
CD,C, 22°C

2+
CeHiaO:C

CeHas0:

COCeHyy|  SbCl |1}

C0,CeH13

CoHy30;C

/ Isolatable in the glovebox
+ stable more than 30 days in the solid state under N

the outer annulene pathway of
carbon atoms. The macrocycle can be
made globally aromatic through
chemical oxidation with SbCls.
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Design, Synthesis and Aromaticity of
an Alternating Cyclo[4]Thiophene[4]- @
Furan
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