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Abstract: A six-step synthesis towards a tribenzotriquina-
cene (TBTQ) bearing three quinoxalinophenanthrophenazine
(QPP) units is presented. The optoelectronic properties are
investigated and the effect of the three-dimensional ar-

rangement of the individual QPP planes is examined using
optical spectroscopy, electrochemical analysis and quantum-
chemical calculations.

Introduction

Tribenzotriquinacene (TBTQ)" offers a conformational rigid
bowl-shaped framework of high symmetry (G,). Its unique or-
thogonal geometry, in which the three indane moieties are
aligned along Cartesian axes, makes TBTQ an interesting build-
ing block for the synthesis of three-dimensional structures,
such as curved nonplanar polycyclic hydrocarbons.? In the
field of supramolecular chemistry, TBTQ has been used for the
construction of three-dimensional assemblies, like for example
an octameric hydrogen-bonded capsule,®' organic nano-
cubes,”™ metallosquares®™ or as hosts for complexation of qua-
ternary ammonium cations® or Cy, and Cy, fullerenes.” It can
also be used to arrange several m systems within the same
molecule close in space but separated by an sp® carbon atom.
Examples are a linearly extended TBTQ derivative with three
tetracene units® or perylene bisimide substituted TBTQ deriva-
tives.”” Whereas in triptycene based compounds the m planes
are perpendicular to a common plane and are oriented mutu-
ally at 120°,"” TBTQ allows a 90° arrangement, which is other-
wise difficult to achieve,” except for spiro-bridged com-
pounds." In the field of organic electronics, molecules with
more than one chromophore, which can interact with each
other either “through-bond” or “through-space”,"*'? open up
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a wide area of interesting features, ranging from exciton ef-
fects,"™ energy!™ and electron transfer processes!"” or intramo-
lecular singlet fission.""*'2219 Especially for the latter one, an
orthogonal orientation has been proved beneficial."'" Apart
from this the integration of 2D building blocks into a 3D struc-
ture is also an effective method to tune the morphology of
thin-films of pentacenes and tetraazapentacenes'® or to
reduce aggregation and therefore to enhance solubility. This
has been demonstrated by incorporating pyrene-fused pyra-
zaacenes (PFPs) into a 3D triptycene-based structure. By this
approach, soluble PFPs with up to 22 fused rings could be syn-
thesized. Its diameter is approximately 11 nm, which is up to
date the largest soluble N-heteroacene derivative."” PFPs com-
bine high stability with desirable electronic properties,*” that
can further be tuned by appropriate substituents,*” making
them versatile target compounds for materials used for a wide
spectrum of applications, including organic field-effect transis-
tors (OFETs),?'9%4 organic light emitting diodes (OLEDs)*® or
photovoltaic cells.22e23d.9.24]

While there are examples for triptycene-based PFPs,
planar, star shaped PFPs®® or phenylene bridged PFP
dimers,””” no TBTQ based analogue has been realized so far.

Here, we present the synthesis of such a TBTQ-tris(quinoxali-
nophenanthrophenazine (TBTQ-TQPP) hybrid (Figure 1) bearing
three QPP units in an orthogonal arrangement. The electronic
communication between the individual QPP units were studied
by cyclovoltammetric methods and compared with a structur-
ally related triptycene based TQPP, as well as with smaller
model compounds.

[19,25]

Results and Discussion
Synthesis and characterization

The six step synthesis started from C, symmetrical triamino-
TBTQ 1 (Scheme 1).%*? First, the amino groups were protected

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. MM2-optimized model of targeted TBTQ-TQPP hybrid (9) top: side
view; bottom: view into the concave cavity.

as acetamides, giving TBTQ 2 in quantitative yields, followed
by a nitration with KNO; in trifluoracetic acid to give TBTQ 3 in
71% yield. Subsequently, the amide groups were cleaved
under acidic conditions to TBTQ 4, which occurred in 50%
yield. By the reduction with tin(ll) chloride in conc. hydrochlo-
ric acid hexaammonium hydrochloride salt TBTQ 5 was ob-
tained and used without further purification for the next
step.”® The corresponding hexaamino TBTQ was generated in
situ in the presence of potassium acetate,”® and condensed
with a slight excess (3.6 equiv.) of pyrene tetraone 6’ under

NHAc AcHN

acidic conditions to give TBTQ hexaone 7 in 63% yield. The
target compound 9 was finally synthesized by a second con-
densation with phenylene diamine 8% and isolated as bright
yellow powder in 51% vyield after recrystallization from etha-
nol/chloroform. The TIPS ethynyl groups are necessary to en-
hance solubility, as the unsubstituted TBTQ-TQPP congener
was insoluble in all tested solvents such as CHCI;, tetrachloro-
ethane or ortho-dichlorobenzene. In contrast, TBTQ 9 showed
good solubility in most organic solvents, except for polar ones,
such as MeOH or acetonitrile. All compounds were character-
ized by 'H and "*C NMR spectroscopy, IR spectroscopy, high
resolution mass spectrometry and elemental analysis (see Sup-
porting Information). Additionally, the structure of TBTQ 4 was
confirmed by single-crystal X-ray diffraction (see the Support-
ing Information). We compared TBTQ-TQPP 9 with its tripty-
cene based analogue 10, which was already published in a dif-
ferent context.”? In both structures three QPP planes are con-
nected through a rigid core (TBTQ vs. triptycene) and adopt a
different geometrical arrangement (C;, with orthogonal ar-
rangement of the extended planes vs. Dy, with 120° orienta-
tion of the planes). By comparison between these two TQPPs
the effect of the different spatial arrangement of the QPP units
onto the optoelectronic properties should become clear. In
order to gain a deeper insight into the structure-property rela-
tionship of the orthogonal arrangement of three extended =
planes, mono-extended model compounds for both TQPP de-
rivatives were synthesized as well. TBTQ-QPP 16 was synthe-
sized via a five-step route starting from TBTQ amine 115"
(Scheme 2). Adopted from a procedure for the corresponding
triptycene congener®?3? TBTQ amine 11 was first converted
to its acetamide by treatment with acetic anhydride. Subse-
quent addition of p-toluene sulfonic acid and an equimolar
amount of KNO; to the reaction mixture gave nitro-TBTQ acet-

Scheme 1. Synthesis of TBTQ-TQPP 9. Conditions: i) Ac,0, 4 h, rt, 99%; ii) KNO;, TFA, rt, 5 h, 71 %; iii) EtOH, conc. HCl, 85 °c, rt, 51 %; iv) SnCl,-2H,0, conc. HCl,

90°C, 18 h; inserted box bottom left: triptycene TQPP 10.2*¢)
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Scheme 2. Synthesis of model QPPs 16 and 18. Conditions: i) 1. Ac,0, rt,
2.5 h; 2. KNO,, p-toluene sulfonic acid, rt, 18 h, 64 %; i) NaOH, EtOH/H,0,
80°C, 5 h, 77 %; iii) SnCl,-2 H,0, HCl (37 %), CHCl;, 90°C, 24 h, 78 %; iv) CHCI,/
AcOH, 70°C, 20 h, 48%; v) CHCI;/AcOH, 70°C, 20 h, 72% (16), 82% (18).

amide 12 in 64 % yield. Hydrolysis of 12 under basic conditions
(NaOH) gave nitro-TBTQ amine 13 (77 %), which was then re-
duced with tin(ll) chloride in conc. hydrochloric acid and used
for the next step without further purification (78% yield). The
diammonium dihydrochloride salt 14 was then condensed
with pyrene tetraone 6 as previously described. After column

solvate a
(chloroform)

a‘ solvate B8

(toluene)

chromatography, dione 15 was obtained in 48% yield. A
second condensation with diamine 8 gave model QPP 16 in
72% vyield after column chromatography. Similarly, QPP 18 was
synthesized from dione 17%'% in 82% yield. All compounds
were fully characterized (See the Supporting Information for
analytical data and spectra).

Single crystals suitable for X-ray diffraction of QPP 18 could
be grown by vapor diffusion of MeOH in solutions of 18 in
either CHCI; (solvate a), toluene (solvate ) or by slowly cool-
ing a hot saturated solution in mesitylene (solvate y). In the a
and f solvate the QPP molecules form antiparallel m stacked
dimers with d, = 3.38-3.52 A (Figure 2a, b), which is frequently
found for triptycene end-capped compounds.?""*! Adjacent
dimers arrange in an edge-to-face orientation in a herring-
bone-type motif and interact via van der Waals forces (Fig-
ure 2¢c). In the § solvate non m stacked QPP molecules alter-
nate with it stacked dimers (Figure 2d). In the vy structure, me-
sitylene is 7 stacked onto the QPP plane (Figure 2e), forming
one-dimensional mixed stacked columns along the crystallo-
graphic c axis (Figure 2f). Noteworthy, out of 24 structures of
triptycene end-capped QPPs,*"™ this is the only structure, in
which no antiparallel 7 dimers are found (For a detailed crys-
tallographic discussion, see the Supporting Information).

Optoelectronic properties

TQPPs 9 and 10 and model QPPs 16 and 18 have been studied
by UV/Vis and fluorescence spectroscopy in n-hexane. Similar

¢

solvate y
(mesitylene)

Figure 2. Single crystal X-ray structures of QPP 18. a,b) m Stacked dimers found in crystals grown from CHCl; and toluene (d,=3.38-3.52 A). ¢) Solvate @ ob-
tained by vapor diffusion of MeOH into a CHCl; solution, triptycene units omitted for clarity. d) Solvate 3 obtained by vapor diffusion of MeOH into a toluene
solution, triptycene units and solvent molecules omitted for clarity. e) Face-to-face m stacking between QPP and mesitylene in solvate y. f) Solvate y obtained
by thermal crystallization from mesitylene, (d, ;=346 A, d,,=3.41 A, d,;=3.39 A).

Chem. Eur. J. 2021, 27, 2043 - 2049 www.chemeurj.org

2045

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry

Full Paper Europe
Chemistry—A European Journal doi.org/10.1002/chem.202003666 Socetes Puiehing

a) b) —— TBTQ-TQPP 9 Aex=458 nm for CH,Cl and A,,=464 nm for CH,Cl, (see the
- ——GQPP16 Supporting Information).
E 5 All compounds were investigated by cyclic voltammetry (CV)
S g and square-wave voltammetry (SWV) in dichloromethane
5 2 : (Figure 4). The first reduction potential was almost identical for
2 € —— Triptycene-TQPP 10 .
] b5 — QPP 18 all four compounds (E,.q; = —1.62 to —1.65 V). From the first
E E reduction potential at £y, = —1.62 V the electron affinity was
E £ estimated to be EA = —3.2 eV via the commonly used expres-
g 2 sion EA = —(EY,,—4.8) eV.”'¥ For both model QPPs 16 and

N

350 400 425 475 525 575
wavelength [nm] wavelength [nm]

Figure 3. Absorption (a) and emission spectra (b) of TQPPs 9 and 10 and
QPPs 16 and 18, measured in n-hexane (1x107° molL™") at room tempera-
ture.

spectra for all four compounds were obtained. Vibronically
well-resolved absorption peaks for 9 are found at 4,,, = 437,
428, 413, 404, 335 and 321 corresponding to mt—7t* transitions
(Figure 3a, top). For triptycene analogue 10 the relative inten-
sities of the bathochromic transitions, especially the absorption
at A,,s = 428 nm are increased compared to 9. For QPPs 16
and 18 dominant bands at 438, 421 and 398 nm for 16 and
439, 416 and 394 nm for 18 in the red-shifted region are found
(Figure 3a). To get a better understanding of the differences
found in the spectra of mono- and threefold extended com-
pounds, TD-DFT calculations (B3LYP/6-311G(d,p)) were carried
out for TQPP 9 and QPP 16 (see Supporting Information). For
QPP 16 the m-m* absorption bands are mainly attributed to
HOMO—-1-LUMO and HOMO—1-LUMO + 1 transitions, whereas
the HOMO-LUMO transition has only a weak oscillator
strength. For TQPP 9 the situation is more complex and a com-
bination of several transitions involving the HOMO/HOMO—1/
—2/—3/—4/-5 and LUMO/LUMO + 1/+2/+3 orbitals contrib-
ute to each absorption band, without a distinct HOMO-LUMO
transition, as this is symmetry-forbidden. The optical gap is
nearly the same for all compounds (approx. 2.8 eV). As expect-
ed, the extinction coefficients are much larger for TQPP 9 than
for QPPs 16 and 18. All four compounds have almost identical
emission spectra (Figure 3b). TQPPs 9 and 10 emit with a pho-
toluminescent quantum yields (PLQY) of 3.5% (9), respectively
5% (10)%9 with maxima at A.,=438 and 466 nm and two
shoulders at 450 nm and 493 nm. For QPPs 16 and 18 the
emission is similar, but bathochromically shifted by 2 nm with
a PLQY of 10% for 16 and 8% for 18. The PLQY of TBTQ-TQPP
9 increased to 11% in chloroform and THF. The Stokes shifts
are Eqoes=52 cm™' for 9 and 18 and increase to 157 cm™' for
10 and 207 cm™' for 16.

Absorption and emission spectra of TBTQ-TQPP 9 have been
also measured in different solvents (CHCl;, CH,Cl,, THF, tolu-
ene) and no pronounced differences are seen in the absorp-
tion spectra, however due to broader bands less peaks can be
distinguished compared to the spectrum in n-hexane (see the
Supporting Information). In polar solvents such as MeOH and
acetonitrile no spectra could be obtained due to the com-
pounds insolubility. In the corresponding emission spectra the
peak maximum shifts bathochromically from A.,=438 nm for
n-hexane, to A.,=446 nm for toluene over i,,=455 for THF to
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18 three reduction potentials are found at E,.q = —1.65, —1.98
and —2.39Vand E.4 = —1.64, —2.02 and —2.40V, respectively.
While the CVs of the TQPPs are poorly resolved due to overlap-
ping peaks, five distinct reduction potentials at £y = —1.62,
—1.88, —2.02, —2.16 and —2.44V can be distinguished in the
SWV spectrum of TBTQ 9 and for triptycene 10 (—1.64, —1.90,
—2.01, —2.20 and —2.44 V). These differences found in the vol-
tammograms of both TQPP derivatives 9 and 10 compared to
their corresponding monosubstituted model compounds 16
and 18 clearly illustrate that the three QPP units are electroni-
cally coupled in both compounds like in triptycene,* and is
not in agreement with previous assumptions that no electronic
coupling between individual chromophores occurs, which was
based on photophysical investigations with three equal chro-
mophores exclusively.?* ")

a) TQPP 9
el

5,

£ QPP 16
£

3

o

?

8 TQPP 10
©

£

—

o

= QPP 18
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Figure 4. a) Normalized square wave voltammograms (CH,Cl,, nBu,;NPF,
(0.1 M), amplitude: 20 mV, frequency: 25 Hz, scanning increment: 5 mV;
baseline-corrected) measured at room temperature with a Pt electrode and
a Ag/Ag* pseudo-reference electrode and Fc/Fc" as internal reference;

b) cyclic voltammograms (scanning speed: 100 mVs™") of TQPPs 9 and 10
and QPPs 16 and 18.
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To gain a deeper insight into the electronic structure and
how it is affected by the geometrical arrangement of the QPP
blades, the frontier molecular orbitals of all four compounds
were calculated by quantum chemical calculations (DFT-B3LYP/
6-311+ +G**) (Figures 5 and 6; Table 1). The band gaps be-
tween HOMO and LUMO levels are for all compounds in the
same range (between 3.0 and 3.2 eV) and comparable to the
ones estimated from the UV/Vis measurements (see above).

TBTQ QPP 16 has two degenerated HOMOs (Eyomo =
—6.10 eV) which are comparable in energy to the HOMO and
the two HOMO—1's of the three-blades TBTQ-TQPP 9 (Eyomo =

typical for molecules of C; symmetry.®2%3*<35 The atom orbital
coefficients of these orbitals of 16 show no contributions delo-
calized at the TBTQ core. This is in contrast to triptycene based
model compound 18. Here the orbital coefficients of the
HOMO (Ejomo = —6.06 V) are distributed over the whole mol-
ecule including the triptycene moiety, which is also found for
the HOMO of triptycene TQPP 10 (Eomo = —6.06 eV). This is in
agreement with a recently demonstrated example of homo-
conjugation.?*d The LUMOs and LUMO+1s of both three-
bladed QPPs 9 and 10 show a distribution of orbital coeffi-
cients mainly found in the periphery of the molecules, thus

—6.07 eV, Eyomo_; = —6.07 eV). The twofold degeneration is  suggesting that the first redox potential found by CV and SWV
nPs%Q%TlPS
-2.85— *
i -2.87 eV LUMO Q
N -2.88 eV LUMO
-2.90 — 9
’ (.au OG’Q (.e..
N\ N TBTQ-TQPP 9 N 4 2.94 eV
-2.95 — e o -2.95eV LUMO
\ /
— TIPS, TS TIPS’ B
3 -2.99 eV
£-3.00 — ' i | J
£ =54
g ”\ t8u Il +Bu
2_3.05 _ ‘Q TIPS
m N, TIPS,
-3.09 eV N S
310 -3.10 eV LUMO \2 e, TN
;/ =N t+Bu
-6.06 eV HOMO
| -6.07 eV HOMO
-6.10 —6.10 eV HOMO -6.10 eV
4 -6.12 eV HOMO

Figure 5. Molecular orbital levels versus vacuum of TBTQ QPP 16, TBTQ-TQPP 9, triptycene TQPP 10, and triptycene QPP 18 calculated using DFT-B3LYP:6-
311++G**. Propyl and tert-butyl groups were substituted by methyl groups and TIPS groups were omitted to reduce calculation time.

a)

i i HHE

HOMO(1) HOMO(2)

b)

LUMO © HOMO

HOMO

d)

HOMO

Figure 6. Comparison of Kohn-Sham molecular orbitals of all compounds calculated using DFT-B3LYP:6-3114++G**. a) QPP 16, b) QPP 18; c) TQPP 9, and

d) TQPP 10. [a] Please note that only one of the symmetrically identical LUMOs of triptycene 10 is depicted. All MOs are found in the Supporting Information.
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Table 1. Optoelectronic and electrochemical properties of TQPPs 9 and 10 and QPPs 16 and 18.
Cmpd 25" Aonse™  Aem M Eg™ @ Byopy ! Eea (Eea)”  AE B0 EAS BBV BT
[nm](lge)  [nm] (Aex D™ [em™T  [%] [eV] \2 (mV] evl  [eV] leV] leV]
9 437 (5.25) 444 438 (427) 52 3.5 (n-hexane) 2.8 —-1.62 (-1.62) 90 3 —-32 —6.07 —-3.10 297
11 (CHCly) —1.88 (—1.88) 90 1
11 (THF) —2.02(-202) 90 1
—2.16 (-2.16) 90 1
—2.44 (—242) 150 1
16 438 (4.34) 447 442 (428) 207 10 (n-hexane) 2.8 —1.65(—1.64) 70 3 -32 -6.10 —2.87 3.23
-1.98 (—-1.97) 100 3
—2.39 (na.) n.a. 1
10 435 443 438 (415) 157 5 (n-hexane)" 2.8 —1.64 (—-1.62) 80 6 -32 —6.12 —2.95 3.17
—1.90 (—1.90) 100 1
—2.01(-2.02) 100 1
—2.20(—2.21) 190 1
—2.44 (na) n.a. 1
18 439 (4.58) 446 440 (419) 52 8 (n-hexane) 2.8 —-1.64 (—1.62) 90 2 —32 —6.06 —2.88 3.18
19 (CHCl) —2.02 (—2.00) 120 2
—2.40 (—2.32) 130 1
[a] Measured in n-hexane at rt. [b] Absorption maximum at the longest wavelength. [c] Estimated from onset; Eg(opt):%, [d] Reduction potentials mea-
sured by cyclic voltammetry (CV) (Scan speed: 50 mVs™') or square-wave voltammetry (SQV) with a Pt electrode and nBu,NPF as electrolyte; ferrocene/fer-
rocenium (Fc/Fc') was used as internal reference. [e] Peak-to-peak separation (CV); AE, = E,,—E, . [f] Relative peak integral (SQV); the integral of the
peak at —2.42 V was normalized to 1. [g] Electron affinity estimated from EA = —(E$,,—4.8) eV. [h] Obtained from quantum-chemical calculations using
DFT-B3LYP/6-311 + + G**. [i] Taken from ref. [25c].

for both compounds are according to three electrons, creating
three negative charges located at the periphery of the arms.
Every additional electron is repulsed by Coulomb interactions
even stronger, which probably is the reason for the threefold
splitting of the “second” reduction waves.

The calculated electronic band gaps of all four compounds
are larger than the optical gaps and lie within E; = 2.97 eV
(TBTQ-TQPP 9) and E; = 3.23 eV (QPP 16). It has to be men-
tioned that this deviation of a few tenth of an eV is not unusu-
al due to the exciton binding energy stabilized by surrounding
solvent molecules of the excited state, which is absent in DFT
calculations performed for vacuum.®”

Conclusions

Tribenzotriginacenes as well as triptycenes with one or three
QPP blades were synthesized and compared by absorption
and emission spectroscopy, cyclic voltammetry and quantum-
chemical calculations. For both triptycene as well as the TBTQ
based QPP hints for an electronic communication of the three
blades via homoconjugation was observed during electro-
chemical reduction processes, which is contrary to previous
findings for TBTQ derivatives. Further and more detailed pho-
tophysical studies of both the triptycene as well as the TBTQ
QPPs as potential molecules for singlet fission will be studied
in due course.

Experimental Section

Crystallographic data: Deposition numbers 2005888, 2008016,
2008017, and 2008018 contain the supplementary crystallographic
data for this paper. These data are provided free of charge by the
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joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service.
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