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Modular Synthesis of Rigid Polyacene Dimers for Singlet Fission
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ABSTRACT: An improved, modular synthesis of rigid,
geometrically well-defined, alkyne-substituted tetracene (1)
and pentacene (2) dimers is reported. The synthesis is rooted
in sequential Diels—Alder reactions of a norbornyl tetraene with
triisopropylsilylacetylene-substituted (TIPS-acetylene) quinone
dienophiles. The incorporation of solubilizing and stabilizing
TIPS-acetylene groups early in the synthesis affords a mild and

reliable route, providing access, for the first time, to norbornyl-
bridged pentacene dimers. A preliminary exploration of the
excited state behavior of these molecules is also described.

S inglet fission (SF) is a photophysical process wherein a
singlet excited state is converted first to a singlet-coupled
pair of triplet states (“TT) and then to separate triplets.l’2
Initially invoked in crystalline polyacene systems (anthracene’

and tetracene®’) to understand processes competing with
fluorescence, recent interest has focused on the application of
SF to solar energy strategies as SF permits high-energy photons
to proportionate into multiple excitations, thereby utilizing
excess energy that would be otherwise wasted as heat.”®” Of
particular interest has been the study of molecular dimers, as
these are the simplest systems capable of SF and offer a
platform based on homogeneous samples for understanding
mechanistic details for the development of efficient SF
systems.” ™" With few exceptions,'”"’™"" the dimer subunits
are connected by rotatable single bonds (chromophore-to-
chromophore or chromophore-to-bridge) such that conforma-
tional freedom in the ground and excited states becomes a
significant part of the mechanistic landscape. Rigid dimers have
the advantage of offering a greater degree of certainty as to the
nature of the electronic states, their relative energetics, and their
couplings, all of which are impacted by the relative orientation
of the chromophore subunits. Inspired by bis-naphthalene
energy transfer systems explored by Paddon-Row,”’ we have
been studying a platform consisting of acene arms joined by a
central bicyclo[2.2.1]heptane (ie, norbonyl) moiety (e.g,
Figure 1).">'7'92'72% In this platform, variation in the
structural and electronic properties of polyacene dimers is
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Figure 1. Dimeric targets 1 and 2.

-4 ACS Publications  © 2018 American Chemical Society

457

3@(&#~

OOOOQ)OOOO

ik

2: pentacene-derived dimer R= E

1: tetracene-derived dimer

TIPS

possible, and we have been interested in establishing design
rules to understand and control rates and yields for important
photophysical events within SF. Key issues involve the role of
orbital syrnmetry in pathways affecting electronic coupling
between states” ~* as well as the role of state energetics during
photoreactions. In this paper, we report the synthesis of
norbornyl-linked acene dimers, including a pentacene-derived
dimer that impacts energetics. Our approach is amenable to the
preparation of other, related molecules that can also address the
impact of symmetry and allows us to prepare other geometries
by altering the substrates employed in the synthesis.

Our route builds on prior work we recently reported that
describes the preparation of norbornyl-linked tetracene
dimers."” In that work, we prepared a central moiety consisting
of a norbornyl core functionalized with two exocyclic diene
units (3, Scheme 1).”*7*° The dienes were then employed to
install the two acene arms via sequential Diels—Alder reactions
with 1,4-anthracenedione (4a) to provide bis(quinone) 6a.
Functionalization of this product then provided the desired
target molecule, 7a, for photophysical studies.'” This synthesis
provided the desired material in useful yields; however,
application of this route to the synthesis of the corresponding
pentacene homologue (7b) failed. We encountered difficulties
in handling several of the intermediates, which were poorly
soluble in common solvents used for chromatography, and
which underwent partial decomposition to a greater extent than
the analogous intermediates in the synthesis of the correspond-
ing tetracene dimers (7a as well as an unsubstituted version).
Despite extensive efforts, we were unable to overcome these
obstacles and sought an alternative approach that addresses the
issues of solubility and stability early in the synthesis.

It is well-known that the incorporation of TIPS-acetylene
into acene structures provides enhanced solubility and stability
toward oxidation and other decomposition pathways. In the
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Scheme 1. Prior Synthesis of Tetracene Dimer 7a and Efforts
toward the Synthesis of Analogous Pentacene Dimer 7b
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4a: toluene, 70 °C; Al,O3, air 60%, two steps
4b (with dashed bonds): toluene, 90 °C; Al,O3, air
63%, two steps

5a: neat 220 °C, then Al,O3, air 65%, two steps
5b (with dashed bonds): poor yields and solubilities;
irreproducable results under a variety of conditions.

fOO‘OﬁO‘OO

6a: metalated TIPS-acetylene; SnCI2 / HCI 81%, two steps
6b (with dashed bonds)

R= §—=——TIPs
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1
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7a (tetracene dlmer)
7b (with dashed bonds, pentacene dimer; not observed)

case of pentacene, the optimal placement of this substituent is
at the central ring as in 227 In our prior work, incorporation
of the TIPS-acetylene substituents occurred very late in the
synthesis and also did not afford the optimal placement on the
pentacene as it was not on the central ring (compare
compounds 2, Figure 1, and 7b, Scheme 1). We hypothesized
that this suboptimal placement offered insufficient protection
from oxidative decomposition, and we sought an alternate
approach that incorporates the TIPS-acetylene moieties in the
optimal position early in the synthesis. This also offers
enhanced solubility for the synthetic intermediates, a problem
that was encountered in our previous route. Our studies, first
on a model system and then on the desired compound, are
described below.

We wished to maintain elements of our prior synthesis in our
revised approach, including the use of tetraene 3 as a central
structure from which to construct the acene arms. Our
retrosynthesis, with tetraene 3 as a structure goal, is shown in
Scheme 2 Our previous studies'” and other precedence in the
literature*™*° suggested that the Diels—Alder reactivity of 3
would preclude a one-pot, double Diels—Alder reaction, and we
therefore planned a synthesis with sequential Diels—Alder
reactions to construct the two acene arms.”” The latter Diels—
Alder reaction in the synthesis would then be between diene 8a
or 8b and quinone 9a or 9b, while the initial Diels—Alder
would be between tetraene 3 and the same quinone (9a or 9b).
Synthesis of quinone 9b was envisioned to proceed by the
addition of metalated TIPS-acetylene to quinone 10b (Scheme
3),>° which is a known homologue of quinizarin (10a;
Scheme 3), providing our desired functionalized quinone with
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Scheme 2. Retrosynthesis of Dimeric Targets 1 and 2
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2: pentacene dimer (with dashed bonds)
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Scheme 3. Synthesis of Dimeric Targets 1 and 2
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8a: 83%, two steps
8b: 64%, two steps (with dashed bonds)

9a: 67%, two steps
9b: 56%, two steps (with dashed bonds)
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2. A|203, air

4 1. NaBH,
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11a: 67%, two steps
11b: 63%, two steps (with dashed bonds)
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1: 76%, two steps
2: 56%, two steps (with dashed bonds)

enhanced solubility.”’ We first studied this approach on a
model using the more readily available quinizarin, rather than
quinone 10b, and prepared compound 1, a constitutional
isomer of our previously synthesized tetracene dimer 7a, as
described below.

Our synthesis began with the addition of metalated TIPS-
acetylene (prepared via deprotonation with i-PrMgCl) to
quinizarin to provide the corresponding diol. This compound
was not isolated but treated with acid (HCl) in situ to promote
the loss of two molecules of water and provide quinone 9a in
67% yield over two steps (Scheme 3). Quinone 9a was then
utilized in a Diels—Alder reaction with tetraene 3 (toluene, 80
°C) to provide the mono-Diels—Alder adduct. This material
was not isolated but subjected to aromatization (Al,O;, air) to
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provide diene 8a in 83% yield over two steps. Diene 8a was
then subjected to a second Diels—Alder reaction with quinone
9a (toluene, 90 °C) to provide the Diels—Alder adduct, which
was directly subjected to aromatization (Al,O, air) to provide
bis(quinone) 11a in 67% yield over two steps. Bis(quinone)
11a was then reduced with NaBH, to provide the
corresponding tetraol as a mixture of isomers and subsequently
treated with SnCl,/HCI to provide tetracene dimer 1 in 76%
yield over two steps. A direct comparison of this route to the
one that we have previously reported'” reveals that the yield for
each corresponding step is comparable or slightly higher. More
importantly, the conditions for the second Diels—Alder
reaction are significantly milder (90 °C in toluene vs 210 °C
as a neat film). The intermediates are well behaved, bench
stable (we have not observed degradation for the duration of
this work, a period of several months with storage at room
temperature), and display enhanced solubility relative to the
corresponding compounds in our original route.

Encouraged by this result, we then prepared quinizarin
homologue 10b as described by Patney via the Friedel—Crafts
reaction of 2,3-naghthoic anhydride and hydroquinone (AICl;-
NaCl, 210 °C).”" Addition of metalated TIPS-acetylene
(prepared via deprotonation with i-PrMgCl) to 10b followed
by acidic workup and treatment with TFA provided quinone 9b
in 56% yield (Scheme 3). Quinone 9b was then subjected to a
Diels—Alder reaction with tetraene 3 (toluene, 90 °C) to
provide the mono-Diels—Alder adduct. This material was not
isolated but subjected to aromatization (ALO;, air) to provide
diene 8b in 64% yield over two steps. Diene 8b was subjected
to a second Diels—Alder reaction with quinone 9b (toluene,
100 °C) to provide the Diels—Alder adduct, which was directly
subjected to aromatization (Al, O, air) to provide bis(quinone)
11b in 63% yield over two steps. The bis(quinone) (11b) was
then reduced with NaBH, to provide the corresponding tetraol
as a mixture of isomers and then treated with SnCl,/HCI to
provide bis(pentacene) compound 2 in 56% yield. We note
that both 1 and 2 are stable for extended periods of time under
nitrogen.

The UV—vis absorption spectra for compounds 1 and 2
exhibit interesting features characteristic of these types of rigid
dimers. In Figure 2 are shown normalized data collected in

combination of the two individual chromophore transition
dipole moments, whereas the redder peak arises due to the in-
phase combination.'”"? Because of the obtuse angle between
chromophores imposed by the norbornyl bridge, the bluer
transition in the Davydov split pair is weaker than its redder
counterpart. Also observed for these two molecules is a single
vibronic progression in the visible, with a significant red shift
for the pentacenic 2 (the lowest energy and peak transition in
this progression is at 530 nm for 1 and 637 nm for 2). That no
Davydov splitting is observed for either molecule in this lower
energy spectral region is the expected result given that the
S, « Sy transition in monomer models is short-axis polarized.
In these rigid dimers, the out-of-phase combination of
transition dipole moments represents a dark transition and
only the in-phase combination is observed.

A preliminary exploration of excited-state behavior was made
using ultrafast transient absorption spectroscopy applied to
compounds 1 and 2 at room temperature in toluene. The
difference between the excited and ground state absorption
spectra was recorded at two time-points: 1 and 10 ps after
photoexcitation (top and bottom of Figure 3). For the
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Figure 3. Transient absorption spectra collected for 1 (top) and 2
(bottom) at 298 K in toluene following ~S50 fs pulsed excitation at 530
nm (1) and S50 nm (2). See the Supporting Information for
experimental details.

— tetracene dimer (1)
— pentacene dimer (2)

normalized absorbance
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Figure 2. Normalized UV—vis spectra for 1 (red) and 2 (blue)
collected at 298 K in chloroform.

chloroform at 298 K. The key element of these spectra that
highlights dimer character is the two-peaked feature in the UV
(290 and 326 nm for 1 and 308 and 333 nm for 2). This
heralds Davydov splitting of what is normally a single S; < S,
transition in monomer models, and it occurs because the
S; « Sy is polarized along the long axis of the chromophore:
the bluer peak in the dimer arises due to an out-of-phase
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tetracene-derived dimer (1), there is little notable evolution
of features during the first 10 ps, suggesting that 'TT
formation, i.e., the initial stage of SF, is either not occurring
(as has been seen for the constitutional isomer 7a'’) or is a
minor component in the excited-state evolution (as has been
seen for the parent tetracene dimer with no TIPS-acetylene
substituents'”). A more detailed exploration over a longer time
range is needed to fully characterize this system, as the
hallmarks of fission can be subtle in cases where the
photoghysmal reaction is slightly endergonic, as is expected
here.'

In stark contrast, in the pentacene-derived dimer (2), there is
a marked evolution of features. In particular, the broad excited-
state absorption (ESA) between 450 and S80 nm observed at 1
ps gives way to a spectrum at 10 ps that is dominated by a sharp
ESA transition at 518 nm and a higher energy vibronic shoulder
at 480 nm (Figure 3, bottom). This overall spectrum is a
hallmark of triplet electronic character that has been previously
observed to form rapidly in SF dimer systems that take
advantage of TIPS-acetylenepentacene-like chromophores.'”"!
The time scale at which this feature also arises in 2, significantly
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less than 10 ps, rules out triplet formation by intersystem
crossing (as this process generally occurs on much longer time
scales) and is strong evidence that 'TT forms rapidly and
efficiently in this system where the photophysical reaction is
now more exergonic. A detailed study to establish rate
constants and further probe the photophysical behavior of
these molecules is underway.

The successful preparation of the norbornyl-bridged bis-
(pentacene) dimer 2, culminating in the observation of rapid
'TT formation following photoexcitation, illustrates the
importance of considering not only the properties of the target
molecule but also those of the intermediates in the synthesis.
By altering our approach to incorporate stabilizing substituents
early in the synthesis, we have solved issues of solubility and
stability of the intermediates, and have a streamlined and
flexible route. We expect this approach to be useful for the
preparation of other sensitive, norbornyl-bridged bis(acene)
dimers.
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