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A cyclopenta-fused macrocyclic tetraradicaloid, MC4-S, containing alternating phenanthrene (Phen) and
dibenzolb,d]thiophene (DBTh) units was synthesized and isolated in single-crystal form. Compared with
its all-carbon isoelectronic structure, CPTP-M, the incorporation of two sulfur atoms leads to a smaller
radical character and a larger singlet—triplet energy gap. X-ray crystallographic analysis reveals that the
spin—spin coupling through the DBTh unit is stronger than that through the Phen moiety. In addition, the
electron-rich sulfur atoms also raise the energies of both the HOMO and LUMO in MC4-S, but the
overall optical and electronic energy gaps are close to that of the CPTP-M. MC4-S displays global anti-
aromaticity according to the NMR measurements and theoretical calculations (NICS, ACID and 2D ICSS),
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dication becomes globally aromatic due to the existence of a dominant 34m-conjugation pathway. This
DOI 10.1039/d0sc06185a study sheds some light on the effect of heteroatoms on the electronic properties of open-shell

rsc.li/chemical-science polyradicaloids.

Introduction

Cycloarenes are polycyclic aromatic hydrocarbons consisting of
cata-fused benzene rings in a macrocyclic form." Kekulene,?
cyclo[d,e,d,e,e,d,e,d,e,eldecakisbenzene,® septulene,” and octu-
lene® are the representative examples of cycloarenes that have
been synthesized as model compounds to examine the potential
annulene-within-annulene  (AWA) electronic  structure.®
However, 'H NMR spectra of these synthesized cycloarenes
exhibit de-shielded inner protons, suggesting that cycloarenes
do not show global aromaticity, but with m-electrons predomi-
nantly localized at individual benzene rings.” On the other
hand, our recent studies demonstrated that cyclopenta (CP)-
fused cycloarene analogues could show global (anti)aroma-
ticity and even the long-sought AWA superstructure.® More
recently, Stepien's group® and our group® independently re-
ported the same cycloarene-like tetraradicaloid, CPTP-M
(Fig. 1a), which displayed open-shell radical character and
global anti-aromaticity. Replacing one or more benzenoid rings
with heterocycles would lead to heterocycloarene-based
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. . . . ) (a) From an all-carbon macrocyclic tetraradicaloid, CMTP-M, to
 Electronic supplementary information (ESI) available: Synthetic proceduresand 5 oW S-containing macrocyclic tetraradicaloid, MC4-S. (b) Repre-

characterization data of all new compounds; details for all physical gantative resonance forms of the Tt-conjugated backbone of MC4-S.
characterization and theoretical calculations; and additional spectroscopic data.  (|ar's aromatic sextets are shaded in blue color.

CCDC 1965057. For ESI and crystallographic data in CIF or other electronic
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polyradicaloids, which can be regarded as the isoelectronic
structures of the all-carbon analogues but may exhibit different
electronic properties. So far, only a handful of cycloarene-based
polyradicaloids®® and  N-heterocycloarene-based  poly-
radicaloids'* have been synthesized. Herein, we report a new
CP-fused, sulfur-containing macrocyclic tetraradicaloid, MC4-S,
which contains alternating dibenzo[b,d|thiophene (DBTh) and
phenanthrene (Phen) units (Fig. 1a). Its conjugated backbone is
an isoelectronic structure of that of CPTM-M, and five repre-
sentative resonance structures can be drawn (Fig. 1b): an open-
shell tetraradical form (A), a closed-shell form containing two
aromatic Phen units and two quinoidal DBTh units (B), another
closed-shell form possessing two quinoidal Phen units and two
aromatic DBTh units (C), and two open-shell diradical forms
with quinoidal DBTh (D) or Phen (E) units. The contribution of
each form to the ground-state electronic structure will be
determined by electronic coupling between the neighboring
spins. The recovery of two/four Clar's aromatic sextets from the
closed-shell to the open-shell diradical/tetraradical form would
be the major driving force for the possible open-shell diradical/
tetraradical character. In addition, the different spin-spin
interactions through the DBTh and Phen unit and the electron-
rich character of the sulfur atoms would lift the degeneracy in
CPTP-M and result in different electronic structures and phys-
ical properties.

Results and discussion
Synthesis

Compound MC4-S was synthesized according to Scheme 1.
Suzuki coupling reaction between 1 (ref. 9 and 10) and 2 under
optimal conditions (using Pd,(dba)s;-[(¢-Bu);PH|BF, as the
catalyst) gave the macrocyclic precursor 3 containing four
aldehyde groups in 32% yield after separation by preparative
recycling gel permeation chromatography. Then, the solution of
the tetraaldehyde 3 in dry tetrahydrofuran (THF) was treated
with 2-mesitylmagnesium bromide at room temperature to

5 Mes
4 MC4-S, 84% from 3

Scheme 1 Synthetic route of MC4-S: (i) Pd,(dba)s, [(t-Bu)sPHIBF,,
NaHCOs3, THF/H,0, 80 °C; (ii) (1) MesMgBr, THF; (2) BFs-OEt,, DCM;
(i) DDQ, toluene.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

generate the intermediate tetracarbinol. Without further puri-
fication, the crude product was subjected to BF;-Et,O mediated
Friedel-Crafts type cyclization in dichloromethane (DCM) to
provide the intramolecular-cyclized tetrahydro compound 4.
Finally, the oxidative dehydrogenation of 4 with 2,3-dichloro-
5,6-dicyano-p-benzoquinone (DDQ) in toluene at room
temperature afforded the target compound MC4-S in nearly
quantitative yield. MC4-S is a stable compound and can be
purified by routine silica gel column chromatography.

X-ray crystallographic analysis

The single crystals of MC4-S were obtained by slow diffusion of
acetonitrile into the DCM solution, and the X-ray diffraction
data were collected at 100 K."> The crystal is aligned in a triclinic
unit cell with the space group P1, and the asymmetric unit
contains half a molecule of MC4-S. As shown in Fig. 2a and b,
the molecule possesses a rigid, slightly distorted coplanar -
conjugated skeleton. The dihedral angles between the back-
bone and the mesityl substituents are found to be 61.3° or 78.7°.
The backbone has an overall rectangle-like geometry, with
nearly the same interior angles, £ C28-C13-C28’ = 89.83° and
£ C13-C28-C13’ = 90.17°, but the distance of C13-C28 (9.781
A) is significantly shorter than that of C13/~C28 (9.941 A). For
comparison, CPTP-M has a nearly square-like backbone, with
a side length of about 9.88 A." It is also noted that the bond
lengths of the C3-C28 (1.416 A) and C10-C13 (1.416 A) in the CP
rings linking the DBTh units are significantly shorter than those
of the C26-C28 (1.454 A) and C14-C13 (1.440 A) in the CP rings
linking the Phen units (Fig. 2¢). In addition, significant bond
length alternation was observed for the two benzenoid rings in
the DBTh unit, showing a dominant quinoidal structure as
shown in resonance form B in Fig. 1. Moreover, the harmonic
oscillator model of aromaticity (HOMA) calculations™ (Fig. 2c)
on individual rings revealed smaller HOMA values (0.63/0.63)
for the sextet rings in the DBTh unit than that in the Phen
unit (0.69/0.82). All these suggest that the anti-ferromagnetic
coupling between the neighbouring spin centers through the
DBTh spacer is stronger than that through the Phen spacer.
This means that MC4-S prefers form B rather than form C. On
the other hand, the lengths of the C-C bonds (C3-C28, C26-
C28, C10-C13, and C14-C13) in the CP rings linking the Phen

Fig. 2 X-ray crystallographic structure of MC4-S: (a) top view with
labels; (b) side view; (c) selected bond lengths (in A) of the backbone.
The red numbers in rings A—H are the calculated HOMA values.
Hydrogen atoms and aryl/alkoxy substituents are omitted for clarity.
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and DBTh units all are much longer than that of the typical
olefins (1.33-1.34 A), implying that there are significant
contributions from open-shell tetraradical form A and diradical
forms D/E to the ground-state electronic structure. DFT calcu-
lations are also in consistent with the single crystal structure,
indicating that form B is the most preferred (see also Fig. S9 and
Table S3t and discussion afterwards)."

Magnetic properties and multiradical character

The "H NMR spectrum of MC4-S in CD,Cl, at room temperature
showed broad and weak signals for the protons on the conju-
gated backbone, while the peaks began to emerge and sharpen
upon decreasing the temperature (Fig. 3a). This is a typical
phenomenon for many open-shell singlet diradicaloids, in
which the NMR broadening is due to the existence of thermally
populated triplet species.” At 193 K, all sharp peaks appeared,
and the protons were assigned to the desired structure
according to DFT calculations and with the assistance of the 2D
ROESY spectrum at low temperature (Table S4 and Fig. S13 in
the ESIt). Noticeably, the inner-rim protons a and b are highly
de-shielded (6 = 15.48 and 14.92 ppm, respectively), while the
outer-rim protons ¢ and d are highly shielded (6 = 4.62 and
4.08 ppm, respectively). In addition, the aromatic protons in the
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Fig. 3 (a) VT H NMR spectra of MC4-S in CD,Cl, (500 MHz); the
peaks labelled * indicate residual solvent. The resonance assignment
refers to the structure shown in Scheme 1. (b) I x T-T plot of MC4-Sin

frozen DCM and the red line is the fitted curve. The inset shows the VT
ESR spectra in DCM solution.
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mesityl groups (proton e) and butoxyl groups (proton f) are also
shielded (6 = 6.53 and 3.17 ppm, respectively). All these indicate
that MC4-S has a strong global anti-aromatic nature (vide infra).

Intense and broad ESR signals were observed in DCM at
room temperature and even at low temperature (—150 °C), with
ge = 2.003 (Fig. 3b), which was typically observed for largely
delocalized carbon-centered radicals. The magnetic properties
of MC4-S were further investigated by variable-temperature (VT)
ESR measurements (Fig. 3a), and the signal intensity (I) in
frozen DCM gradually decreased as the temperature (T) was
lowered, which is consistent with its open-shell singlet ground
state. Fitting of the VI-ESR data using the Bleaney-Bowers
equation®® gave a singlet-triplet gap (AEs_t) of —3.47 kcal mol "
(Fig. 3b), which is slightly larger than that of the all carbon
tetraradicaloid CPTP-M (AEg_r = —3.04 kcal mol™ ') under the
same measurement conditions (Fig. S1 in the ESIT). This is also
in agreement with the observation that the "H NMR spectrum of
CPTP-M in dg-THF was still significantly broadened even at low
temperature (193 K).** Therefore, replacement of two Phen units
by DBTh moieties led to an increased singlet-triplet energy gap.

The radical character and vertical excitation energies of
MC4-S were calculated by the restricted active space spin flip
(RAS-SF/6-31G*) method,'” which has been demonstrated to be
a good method to deal with strongly correlated electrons.
Calculations estimate that the excitation energies from the
singlet ground state to the lowest triplet and quartet states are
1.61 and 3.04 kcal mol ?, respectively. Natural orbital occupa-
tion number analysis of the singlet state reveals large occupancy
of the first and second lowest unoccupied natural orbitals
(LUNOSs), with nyyno = 0.72 and npyno+1 = 0.49 (Fig. 4a), which
are significantly smaller than those in CPTP-M (npyno = 1.00
and 7y yno+1 = 0.76).'° The number of unpaired electrons (Ny) as
a quantitative measure of the radical character was calculated to
be 2.0, which is smaller than that of CPTP-M (Ny = 3.52).
Therefore, incorporation of two S atoms led to a smaller radical
character. This could be due to the partial charge transfer
character from the electron-donating sulfur atom to the
electron-deficient quinoidimethane moiety. In addition, the
strong antiferromagnetic spin-spin coupling through the DBTh
The calculated
unpaired electron densities of frontier natural orbital profiles
(Fig. 4a) as well as spin densities (Fig. 4b) are delocalized
throughout the whole backbone, which can explain the good
stability of MC4-S well.

unit also decreases the radical character.

Optical properties, electrochemical properties, and global
(anti)aromaticity

Compound MC4-S in DCM showed an intense absorption with
a maximum (A,.x) at 678 nm, together with a long tail extending
to 1150 nm (Fig. 5a). The spectrum is similar to that of CPTP-M,
but the major absorption peaks are slightly blue shifted (see
comparison in Fig. S2 in the ESI{). The broad and weak tail is
consistent with its anti-aromaticity and large radical character,
and the spectrum is somehow in agreement with the time-
dependent DFT calculations (Fig. S4 in the ESIT). The optical
energy gap (Eg") was estimated to be 1.08 eV from the lowest

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Calculated (RAS-SF/6-31G*) frontier natural orbital profiles
of MC4-S at the open-shell singlet ground state. The numbers in the
parentheses are the calculated occupation numbers. (b) Calculated
(UB3LYP/6-31G**) spin density distribution map of MC4-S at the
open-shell singlet state.

energy absorption onset, close to that of CPTP-M (EgP* = 1.09
eV). MC4-S exhibited four quasi-reversible oxidation waves with

% at —0.39, —0.26, 0.44 and 0.70 V (vs. Fc'/Fc), respectively,
and four quasi-reversible reduction waves with E553 at —1.44,
—1.73, —1.88, and —2.09 V, respectively (Fig. 5b). The HOMO
and LUMO energy levels were estimated to be —4.37 eV and
—3.53 eV from the onset of the first oxidation and reduction
wave, respectively, and the electrochemical energy gap (E;* =
LUMO — HOMO) was thus small (0.84 eV). For comparison,
CPTP-M has a lower lying HOMO (—4.52 eV) and LUMO (—3.67
eV), with a slightly larger electrochemical energy gap (Ey° = 0.85
eV).’ Therefore, incorporation of two sulfur atoms raises the
HOMO and LUMO energy levels. The stability of MC4-S in DCM
at room temperature under ambient air and light conditions
was monitored by UV-vis-NIR measurements (Fig. S3 in the
ESIt) and a half-lifetime (¢,,,) of about 136 hours was estimated,
which is shorter than that of CPTP-M (¢,,, = 424 hours) under

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) UV-Vis-NIR absorption spectra of MC4-S and its dication
(MC4-5%*) in DCM. The inset shows photos of the solutions upon
charging. (b) Cyclic voltammogram (CV) and differential pulse vol-
tammogram (DPV) of MC4-S in DCM with 0.1 M n-Bu4N-PF6 as the
supporting electrolyte.

the same conditions (Fig. S3 in the ESI{). Such a difference can
be explained by the higher lying HOMO of MC4-S containing
two electron-rich sulfur atoms. Chemical oxidation of MC4-S
with two equivalents of oxidant NO-SbFs in DCM gave its cor-
responding dication, which showed two intense absorption
bands with Ap.x = 777 and 1408 nm, respectively (Fig. 5a), and
the observed spectrum is in agreement with the TD DFT
calculation (Fig. S5 in the ESIt).

The pure dication of MC4-S was isolated, and its '"H NMR
spectrum was sharp at room temperature (Fig. 6), indicating
a closed-shell singlet ground state. The assignment was con-
ducted with the assistance of the 2D NOESY technique as well as
DFT calculation (Fig. S15, S16 and Table S4 in the ESI{), and the

Mc4-s2*
298 K

° 8 7 6 El 2 3 4 5 6
Chemical Shift (ppm)

Fig. 6 H NMR spectra of MC4-S (measured at 183 K) and its dication
MC4-52* (measured at 298 K) in CD,Cl,; the peaks labelled * indicate
residual solvent. The dashed lines show the change of the chemical
shifts of the same protons.
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inner-rim protons a and b are highly shielded (6 = —4.71 and
—4.91 ppm, respectively) while the outer-rim protons c and d are
highly de-shielded (6 = 13.73 and 13.17 ppm, respectively)
(Fig. 6 and S15 in the ESIt). In addition, the aromatic protons in
the mesityl groups (proton e) and butoxyl groups (proton f) are
also de-shielded (6 = 8.09 and 5.84 ppm, respectively). This
phenomenon is opposite to that of the neutral compound and
suggests that MC4-S>* now has a global aromatic nature.

To better understand the observed global (anti)aromaticity
in the neutral compound and dication, nucleus independent
chemical shift (NICS)," anisotropy of the induced current
density (ACID)," and 2D iso-chemical shielding surface (ICSS)*
calculations were performed (Fig. 7). MC4-S shows a large
positive NICS(0) value (+15.39 ppm) in the geometric center,
while the dication MC4-8>* has a largely negative NICS(0) value
(—25.98 ppm), implying the global anti-aromatic and aromatic
character, respectively.

The ACID plot of the backbone of MC4-S (Fig. 7a) also clearly
displays a counter-clockwise (paratropic) ring current circuit
along the periphery, and a 367 conjugation pathway can be
drawn (Fig. S6 in the ESIt). Therefore, the molecule is globally
anti-aromatic following Hiickel's rule. On the other hand, the
ACID plot of the dication MC4-8>* exhibits a clockwise (dia-
tropic) ring current flow along the periphery (Fig. 7b), and a 347
conjugation pathway can be drawn along the conjugated
pathway (Fig. S6 in the ESIt), indicating its global aromaticity.
In both cases, the ring current circuits bypass the sulphur
atoms. The 2D-ICSS maps further confirm an inverse of
aromaticity from MC4-S to MC4-S>" (Fig. 7c and d). For the
backbone of MC4-S, the inner-rim protons are located in a de-

.
NICS(0)
-25.98 ppm

‘Xa)us(A)

Fig. 7 (a) Calculated ACID plots (contribution from 7 electrons only)
of MC4-S (a) and its dication MC4-S?* (b) in the singlet ground state.
The magnetic field is perpendicular to the XY plane and points out
through the paper. The blue and red arrows indicate the counter-
clockwise (paramagnetic) and clockwise (diamagnetic) current flow,
respectively. Calculated 2D-ICSS maps of MC4-S (c) and its dication
MC4-52* (d). The top and bottom images are mapped at the XY and XZ
planes, respectively.
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shielding chemical environment (negative ICSS(1),, value),
whereas the outer-rim protons are in a shielding chemical
environment (positive ICSS(1),, value) (Fig. 7c), which is also in
agreement with NMR experimental observations. The shielding/
de-shielding environments just became inverted in the dication
MC4-8** (Fig. 7d).

Conclusions

In summary, we have successfully synthesized a stable
cyclopenta-fused macrocyclic tetraradicaloid, MC4-S, contain-
ing alternating dibenzo[b,d]thiophene and phenanthrene units.
The incorporation of two electron-rich sulfur atoms resulted in
a small radical character and a larger singlet-triplet energy gap
compared with the all-carbon analogue CPTP-M. It also raised
the HOMO and LUMO energy levels. However, the optical and
electrochemical energy gaps are nearly the same. It was also
found that the intramolecular spin-spin coupling through the
DBTh spacer is stronger than that via the Phen spacer. The
global aromaticity <> anti-aromaticity switch was well demon-
strated between the neutral compound and its dication. These
results gave us a better understanding of the effect of the
heteroatom on the electronic properties of open-shell dir-
adicaloids and polyradicaloids.
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