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Chemical reduction of a vertically expanded pentacene, TIPS-peri-
pentacenopentacene (TIPS-PPP), with sodium metal in THF rea-
dily afforded a doubly-reduced product isolated as [{Na*(THF)s},
(TIPS-PPP?")]. Single-crystal X-ray diffraction revealed the formation
of a n-complex of TIPS-PPP?>~ with two {Na*(THF)s} moieties. The
sodium ion is coordinated to three C-atoms at the most negatively
charged edge sites and at the lateral ethynyl group. The delocalisation
of the charge on the ethynyl function is accompanied by its notable
elongation (4 = 0.015 A) coupled with the contraction of the adjacent
single C—C bond (4 = 0.033 A). Bond length analysis supported by
Harmonic Aromaticity Oscillator Model (HOMA) shows that the dianion
can be written with four aromatic sextets in agreement with the Clar
representation. Although TIPS-PPP?>~ has 36 r-electrons (4n), it does
not show a global magnetic paratropic response. The rings with the
most negative charge density have a very low paratropic response,
while the other rings have a low diatropic response. Overall, the dianion
is a non-aromatic molecule.

Linear acenes, composed of laterally fused benzene rings, have
attracted significant interest from fundamental and applied
viewpoints."? While these organic materials have been studied
for well over a century, their use in optoelectronic applications
such as organic light emitting diodes (OLEDs), photovoltaic
devices (OPVs), and organic field-effect transistors (OTFTs) has
generated a resurgence of interest in recent decades.®® Penta-
cene and its derivatives are regarded as representatives of the
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most active small-molecule semiconductor materials for organic
thin-film transistors due to their high charge carrier mobility, low-
lying triplet states, low ionization potentials, small optical gaps, and
high electron affinities. Furthermore, the singlet fission (SF) effect,
which produces more than one charge-carrier per one absorbed
photon, may yield photovoltaic efficiencies up to 200%.'*™"

However, despite these advances, investigation into neat
longer acenes is fraught with stability, reactivity, and solubility
issues.

The seminal work by Anthony et a reported the pre-
paration of a pentacene functionalized with two triisopropylsi-
lylethynyl groups (TIPS, denoted as TIPS-pen, Fig. 1) that lead to
an efficient facetoface m-m stacking in the solid-state, yielding
good semiconducting properties. As a conceptual vertical expansion,
TIPS-peri-pentacenopentacene (TIPS-PPP, Cs¢H;6Si,) was synthesized
recently as a m-expanded functionalized pentacene.'” TIPS-PPP
behaves as a p-type semiconductor and has enabled a six-fold
increase in charge mobility in OFET devices compared to TIPS-pen.'®

In our recent work, we have shown that the parent penta-
cene serves as a two-electron acceptor in chemical reduction
reactions with all group 1 metals."® Specifically, the group 1
congeners all form m-complexes in which the alkali metal is
coordinated to the central six-membered ring, consistent with
computational and 'H NMR spectroscopic investigations
demonstrating that the negative charge is concentrated on
the central acene ring. In addition, one solvent-separated ion
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Fig. 1 General depiction of acenes, TIPS-pen, and TIPS-PPP.
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product was isolated with the help of benzo-15-crown-5 ether
enabling the formation of the ‘naked’ pentacene dianion. In
this work, we aimed to investigate the chemical reduction
behavior of the n-expanded and functionalized pentacene deri-
vative, TIPS-PPP. We revealed that it readily accepts two elec-
trons in the Na-induced reduction reaction. The resulting
product was isolated and fully characterized by X-ray crystal-
lography, UV-vis and NMR spectroscopy. The change in tropi-
city upon double reduction is also highlighted by theoretical
calculations such as nucleus-independent chemical shifts
(NICS) and anisotropy of the induced current density (ACID)
plot.”°

The chemical reduction of TIPS-PPP with Na metal was
investigated in THF at room temperature and monitored by
UV-vis absorption spectroscopy (Fig. S1, ESIt). The first reac-
tion step is accompanied by the appearance of a light brown
color, which quickly changes to a dark brown color, indicating
the formation of a doubly-reduced product in solution.
Through slow diffusion of hexanes into the THF solution, dark
brown needles deposited in moderate yield. Single-crystal X-ray
diffraction analysis confirmed the formation of a m-complex,
namely [{Na'(THF);},(TIPS-PPP*>")] (Scheme 1), abbreviated
Na,-TIPS-PPP>~

Na,-TIPS-PPP>~ crystallizes in centrosymmetric triclinic space
group P1 with Z = 1. In the crystal structure, there are two crystal-
lographically equivalent Na* ions coordinated to one TIPS-PPP>~
dianion with Na-C distances spanning over (2.6342(7)-2.8254(6) A)
range (Fig. 2). More specifically, Na* ions are coordinated to three
carbon atoms on the edge and to the adjacent acetylenic carbon of
the TIPS functional group. Each Na' ion is also capped by three THF
molecules with the Na---Opgr bond distances ranging from
2.2340(7) to 2.2531(6) A (Fig. 2). All Na-C and Na-O distances are
comparable to those previously reported.””” In the solid-state
structure (Fig. 3), extended 1D columns are formed by strong
C-H: - -1 interactions between the TIPS-PPP*~ anions and the catio-
nic {Na'(THF);} moieties measured at 2.284(4) A (Fig. S8, ESI¥).

Importantly, the ethynyl groups that participate in the
coordination of the {Na'(THF);} cations are affected by the
reduction and by the delocalization of the negative charges
(Fig. 4). Specifically, the acetylenic bond is elongated to
1.2217(8) A in TIPS-PPP>~ versus 1.207(5) A in TIPS-PPP,
while the adjacent bond is notably contracted to 1.4039(7) in
TIPS-PPP?>~ versus 1.438(4) A in TIPS-PPP. While the polyaro-
matic core of TIPS-PPP remains almost planar after the acquisi-
tion of two electrons, the bond length alternations (BLAs) at the
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Scheme 1 Chemical reduction of TIPS-PPP with sodium metal and Clar
structure of TIPS-PPP?~,
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Fig. 2 Crystal structure of Nay-TIPS-PPP?~, along with the Na-C
distances.
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Fig. 3 Solid-state packing of Naz-TIPS-PPPZ’, ball-and-stick and space-
filling models.

periphery are significantly modified between the neutral form
and the doubly-reduced form (Fig. 4).

It should be noted that, although the aromatic sextet was
initially positioned only on the B rings for the neutral form,"”
the BLAs around the A rings average around 0.045 A, which is
similar to the BLAs observed for naphthalene (see ESIY).
Although the HOMA value of the A rings is lower than that of
a naphthalene due to a long bond length between the A and B
rings, it is likely that the aromatic sextet is distributed between
the A and B rings, as shown in Fig. 1.

In contrast of the neutral TIPS-PPP, its reduced form con-
tains four aromatic sextets on A and D rings according to
the Clar structure of TIPS-PPP*>~ (Scheme 1). The two-fold
reduction of TIPS-PPP generates two pyrene moieties with
negative charge concentrated on C rings that can easily be
delocalized on B rings and on the ethynyl groups without
altering the aromatic sextets. The molecular electrostatic
potential map (MEP, Fig. 5b) of TIPS-PPP> is consistent with
these assumptions. To a much lesser extent, the delocalization
of the negative charge occurs partially on the D rings.

According to the MEP, the location of sodium ions is
controlled by the charge density of the carbon sites. The
presence of the TIPS-ethynyl fragment probably plays a central
role in sodium ion coordination, not only through its own
charge density, but also by controlling steric hindrance around
the center of the molecule and therefore the packing. Thus, the
study of the reduction of TIPS-pen is interesting in this regard
and may give valuable information about the role of the
presence of TIPS-ethynyl groups.
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Fig. 4 Crystal bond lengths of TIPS-PPP (top) and TIPS-PPP?~ (bottom)
generated with Mercury software (https://www.ccdc.cam.ac.uk/solu
tions/software/free-mercury/), as well as bond length alternation (BLA)
and HOMA values inside the rings. See Table S3 (ESIf) for more details.

The crystal structure of TIPS-PPP>~ fits very well with the
Clar representation regarding the bond lengths. Bond length
analysis for the backbone of TIPS-PPP>~ reveals that E rings
have the shortest bond length (bond marked in red) of 1.353 A
that is as short as that of the typical localized double bond
observed in the outer rings of acenes or in the center rings of
pyrene molecule.'” The center C rings that holds the largest
negative charge have the longest bond lengths at the periphery,
around 1.427 A with the longest bond lengths on the inside
(bonds marked in brown, Fig. 4 bottom). The D rings have a
BLA as small as 0.007 A, suggesting an aromatic sextet. The B
rings have a BLA of 0.021 A, observed in a similar way in the
second and fourth rings of the doubly-reduced pentacene for
which the BLA values vary from 0.014 to 0.021 A depending on
the nature of the metal used and the reliability factor.'® Finally,
the A rings have a BLA of 0.016 A at the periphery and a BLA of
0.004 A on the edge suggesting an aromatic sextet.

Analysis of the harmonic aromaticity oscillator model (HOMA)**
agrees with the bond length analysis at the periphery and edge and
shows that in TIPS-PPP*~ the highest values are observed for A
(0.90) and D (0.85) rings, which is consistent with the fact that these
are the aromatic sextets (Scheme 1). It should be noted that a
HOMA value of 0.90 corresponds to the value obtained for the
aromatic sextets in pyrene (see ESIf). The lowest HOMA value is
observed for C rings (0.56) followed by rings E (0.70) and B (0.72).
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Fig. 5 (a) m-only ACID plots with NICS (1.7),,, values based on crystal
structures; (b) molecular electrostatic potential maps of TIPS-PPP (left)
and TIPS-PPP? (right).

Although TIPS-PPP>~ can be written with 4 aromatic sextets,
it has 4n (36) m-electrons like any antiaromatic system. How-
ever, under magnetic field, it does not show a global magnetic
paratropic response as observed during the two-fold reduction
of pentacene, even though the dianion of pentacene can be
written with two aromatic sextets on the outer rings.'® On the
contrary, the ACID plot of TIPS-PPP>*~ shows that a weak
clockwise diatropic ring current is located on D and E rings
and very weak one on A rings (Fig. 5a). Consequently, the
negative NICS values on these rings are low. Only rings B and
C, which have the highest density of negative charges, have very
low positive NICS values and no counter-clockwise paratropic
current is observed in the ACID plot. As a result, based on the
magnetic response, the dianion can be considered as a non-
aromatic molecule overall.

Notably, the doubly-reduced form TIPS-PPP*>~ behaves dif-
ferently under a magnetic field than the doubly-oxidized form
TIPS-PPP** for which all the rings retain a diatropic ring current
but with a much lower intensity than for TIPS-PPP.>* Given that
the Clar structures of the two ionic species are the same and
that the delocalization of negative or positive charges is very
similar according to the MEP maps (see ESIt), the difference in
tropicity of the two charged species comes from the orbitals
that contribute significantly to the ring current, for which
usually HOMO and LUMO contribute the most.>>*® As the
shape of the HOMO and LUMO of the two species are different,
their tropicity is different. It is interesting to note that the
HOMO of TIPS-PPP”~ is similar to the LUMO of TIPS-PPP and
the LUMO of TIPS-PPP>" is similar to the HOMO of TIPS-PPP
(see ESIY).

The doubly-reduced TIPS-PPP*>  anion is stable in THF
solution in the absence of moisture and air and exhibits
characteristic signals in the 'H NMR spectrum at —80°C

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 H NMR spectra of TIPS-PPP at 25 °C (a) and TIPS-PPP®~ at —80 °C
(b) in THF-dg with integration and peak assignment.

(Fig. 6). The addition of two electrons to TIPS-PPP is accom-
panied by strong upfield shifts of the protons of the core that
are only visible at low temperatures (Fig. S5, ESIt), as observed
during the reduction of pentacene.'® Interestingly, the upshift
is most pronounced for Hy (ca. 6.9 ppm) and Hy (ca. 5.7 ppm)
protons and least pronounced for protons Hy (ca. 3.4 ppm).
This is consistent with the additional electron density concen-
trated towards the center of the PPP core and ethynyl fragment
and the tropicity of the rings. In contrast to the protons of the
core, a minimal upfield shift is observed for the isopropyl
protons of the side-group.

In summary, the first chemical reduction study of a vertically
expanded functionalized pentacene and successful X-ray struc-
tural characterization of the doubly-reduced product have been
accomplished. The use of sodium metal allowed the isolation of
contact-ion complex in which the central edge of the polyaro-
matic core together with an acetylenic carbon provide the
coordination site for the Na" ions. Bond length analysis shows
that the dianion can be written with four aromatic sextets in
agreement with the Clar representation. Although TIPS-PPP>~
has 36 m-electrons (4n), it does not show a global or local
magnetic paratropic response. On the contrary, on the whole,
the dianion should be considered as a non-aromatic molecule.
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