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Abstract: A concise synthetic route towards a new family
of phosphorus-containing polycyclic aromatic hydrocar-
bons starting from the versatile acridophosphine has been
established. The structural and optoelectronic properties
of these compounds were efficiently modulated through
derivatization of the phosphorus center. X-ray crystallo-
graphic analysis, UV/Vis spectroscopic, and electrochemi-
cal studies supported by DFT calculations identified the
considerable potential of these scaffolds for the develop-
ment of organophosphorus functional materials with tail-
ored properties upon further functionalization.
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Polycyclic aromatic hydrocarbons (PAHs) are of great interest
for the development of functional materials for diverse applica-
tions such as organic solar cells, field-effect transistors, and
light emitting diodes."” However, the crucial step towards
these applications is the ability to tailor the properties of PAHs
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by means of synthetic organic chemistry. Controlling the size
and shape of the m-conjugated system allows to adjust the
energy levels of frontier molecular orbitals (FMOs) and conse-
quently to modulate the UV/Vis absorption and emission char-
acteristics.”” A particularly potent strategy to tune the proper-
ties of PAHs involves the incorporation of different heteroa-
toms into the sp? carbon framework.?™

In this context, the highly tunable electronic nature of triva-
lent phosphorus renders phosphorus-containing PAHs promis-
ing candidates for novel functional materials.®” Hence, the ox-
idation of trivalent phosphorus with its Lewis basic lone pair
affords electron-withdrawing pentavalent phosphoryl species.
In these systems m back donation from the filled p orbital at
the oxygen into the antibonding o* orbital at the phosphorus,
called negative hyperconjugation, results in a highly polarized
phosphorus—-oxygen bond. This effect concomitantly increases
the relative electronegativity of the phosphorus center, turning
it into an electron acceptor.®®® In this regard, acridophos-
phines with their bridging carbonyl moiety represent an ap-
pealing compound family for molecular engineering.”'”
Hence, the reactive carbonyl group provides for the introduc-
tion of functional groups in the periphery through carbonyl
chemistry, while the derivatization of the phosphorus center
enables fine tuning of the resulting compounds in terms of
their optoelectronic properties.""! Despite their indisputable
synthetic versatility, acridophosphines remained largely dor-
mant until we recently recognized their potential to realize a
series of dicyanomethylene-bridged scaffolds with tunable
electron acceptor properties."" The ability of the bridging car-
bonyl to undergo a Knoevenagel condensation with malononi-
trile stimulated us to explore its reactivity towards 7t expansion
in order to achieve a new type of phosphorus-containing
PAH:s.

Herein, we report the first, to the best of our knowledge,
Barton-Kellogg olefination of acridophosphine, which was fol-
lowed by Mallory photocyclization to achieve unprecedented
phosphorus-containing PAHs of general formula A (Figure 1).
Subsequent derivatization of the phosphorus center provided
for fine-tuning of the FMO energy levels and the photophysical
properties of the newly synthesized phosphorus-containing
PAHs. In fact, the newly synthesized PAHs represent organo-
phosphorus analogues of the hitherto elusive dibenzonaph-
thanthrene  (8H-benzo[ghlnaphtho[1,2,3,4-pgrltetraphene).!?
Boron-containing counterparts B of this interesting PAH were
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A dibenzonaphthanthrene B
this work elusive Wagner (2015)

Figure 1. The relation of the heteroatom-containing PAHs to their hitherto
elusive all-carbon congeners.

recently realized as exceptionally stable redox-active lumino-
phores by Wagner and co-workers.!™

Parent compound 1 was synthesized by carbanion-mediated
cyclization of a carbamoyl-substituted triphenylphosphine
oxide precursor according to Snieckus and co-workers (for syn-
thetic details, see the Supporting Information).”' Reaction of
compound 1 with Lawesson’s reagent afforded thioketone 2
as a dark blue crystalline solid (Scheme 1). Thioketone 2 was
subjected to a Barton-Kellogg olefination™ reaction with di-
phenyldiazomethane (S2) followed by reduction of the result-
ing intermediate thiirane with copper to afford diphenylvinyli-

Lawesson's
reagent, 80 °C, 20 h

dene-bridged 3 as a white crystalline solid in an overall yield
of 90%. In accordance with the recently reported successful
oxidative photocyclizations of m-expanded phosphole sulfides
by Hissler and co-workers," Mallory reaction involving 3 af-
forded a mixture of the monocyclized compound 4 (52%
yield) and the fully cyclized counterpart 5 (29% yield), both as
pale-yellow solids. Increasing the reaction time did not im-
prove the yield of 5. Both compounds are air stable and can
be readily purified by column chromatography on SiO,. It
should be emphasized that the attempted syntheses of 5 (and
4) by Lewis acid-mediated oxidative cyclodehydrogenation
(Scholl reaction) from 3 as well as from the corresponding
phosphine oxide and the trivalent phosphine failed,"® most
likely due to incompatibility of the reactive phosphorus center
with the required reaction conditions.

To explore the impact of phosphorus functionalization on
the properties of the dibenzonaphthanthrene scaffold, the thi-
ophosphoryl unit in 5 was reduced with P(nBu); to afford triva-
lent phosphine 6 in 88% yield as a white solid. Phosphine 6 is
fairly stable in the solid state but oxidizes readily in solution
under ambient conditions in air towards phosphine oxide 7.
On a preparative scale, phosphine oxide 7 was accessible in
89% yield from oxidation of 6 with H,O,. Methylation of 5 and
6 with methyl triflate furnished the phosphonium salts 8 and
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Scheme 1. Synthesis of phosphorus-containing PAHs 3-10. PO: propylene oxide.
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9, respectively. In addition, phosphine 10 was synthesized
upon reduction of precursor 3 (72% yield) as a model com-
pound in order to evaluate the impact of cyclization on the
structural and optoelectronic properties (Scheme 1). The
3P NMR resonances of compounds 3-5 and 7-9 (25.7, 22.8,
21.1, 7.3, 29.2 and 0.0 ppm, respectively) in CD,Cl, at room
temperature appear low-field shifted in comparison to the tri-
valent phosphines 6 and 10 (6: —37.0 ppm, 10: —17.7 and
—25.2 ppm); this is in accordance with their increased elec-
tron-deficient nature. Whereas only sharp signals are observed
in the room temperature '"H NMR spectrum of the twofold cy-
clized phosphine 6, the model compound 10 shows broad-
ened signals under the same conditions, thus indicating the
occurrence of a conformational process.

This process is most likely analogous to the wing-flip motion
of the butterfly-shaped phosphaanthracenyl fragment, as al-
ready described for related acridophosphines (Figure 2)."""”
From the variable-temperature (VT) 3'P NMR line-shape analysis
(see the Supporting Information), a Gibbs free activation
energy AG”™ of 15.6 kcalmol™' was obtained for the proposed
wing-flip in 10, with AH” =16.1 kcalmol™" and AS” =1.8 calm-
ol”'K™". Considering the increased steric demand of the
phenyl moieties, the value of AG” is slightly higher as that re-

b)
N\ 100°C
Ww’/
,ul‘ \ 90°C
Wr\\n 70°C
|
A N\ 50°C
| Iy W, S
25°C
| N
T T ™ T T
-15 20 -25 -30 35
Conformer B ppm

Figure 2. a) Schematic representation of the conformational equilibrium and
b) selected VT *'P NMR spectra (121 MHz) of phosphine 10 in 1,1,2,2-
[D,]tetrachloroethane.

ported previously for the dicyanovinylidene-bridged system
with AG” = 14.3 kcal mol'.["

Single crystals of compounds 3-5 and 7 suitable for X-ray
crystallographic analysis were obtained by slow evaporation of
the compound solutions in CH,Cl,/n-hexane mixture
(Figure 3)."® The noncyclized phosphine sulfide 3 exhibits a
characteristic distorted butterfly-shaped conformation caused
by the spatial demands of the phosphorus center in combina-
tion with the repulsion of the diphenylvinylidene moiety and
the adjacent hydrogens at the phosphaanthracenyl fragment.
Each cyclization step enforces a more planar polycyclic scaf-
fold. The fully cyclized phosphine sulfide 5 and phosphine
oxide 7 comprise a [4]lhelicene-like subunit embedded within
the organophosphorus m system. The helical pitch as ex-
pressed by the distance “ortho-ortho” carbons differs only
slightly between compounds 5 (2.96 A) and 7 (2.95 A), and is
in good agreement with the value reported for 4-methyl-
[4]helicene (3.00 A; for a definition of the structural parameters,
see the Supporting Information)." In contrast, the dihedral
angle of the [4]helicene fragment is much larger for the phos-
phine sulfide 5 (28.2°) and the phosphine oxide 7 (34.3°) in
comparison to 4-methyl-[4]helicene (13.0°). In this context it is
worth mentioning that our attempts to separate the enantio-
mers of the twofold cyclized compounds by chiral HPLC were
not successful, most likely due to the low energy barrier of rac-
emization comparable to unsubstituted [4]helicene." All stud-
ied compounds show pyramidalization around the phosphorus
atom ranging from X(C-P-C) 312.2(3)° for the monocyclized
phosphine sulfide 4 to 314.6(6)° for phosphine oxide 7. These
values are in range of those observed for the dicyanovinyl-sub-
stituted acridophosphines previously.""

The impact of planarization along with the phosphorus func-
tionalization on the optoelectronic properties of the com-
pounds was investigated by UV/Vis absorption spectroscopy in
CH,Cl, at room temperature (Figure 4 and Table 1). Solutions of
the noncyclized phosphine sulfide 3 and phosphine 10 are col-
orless and consequently show absorptions exclusively in the
UV region with lowest-energy absorption maxima at 303 and
332 nm, respectively. For compounds 4-9 a significant batho-
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Figure 3. X-ray crystal structures of 3, 4, 5, and 7 at the 50% probability level (hydrogens are omitted for clarity).
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Figure 4. a) UV/Vis absorption (solid lines) and scaled emission spectra
(dashed lines; 4: 1.,=384 nm, 6: 1,,=371 nm, 7: 1,,=395 nm, 8:

Aex =416 Nnm, 9: A, =360 nm) recorded in CH,Cl, at room temperature;

b) Calculated UV/Vis absorption spectra at the COSMO-BHLYP/TZVP level of
theory. The theoretical spectra are red-shifted by 0.3 eV to account for the
systematic overestimation of excitation energies of the BHLYP density func-
tional.

Table 1. Photophysical and electrochemical data of the phosphorus-con-
taining PAHs.

Compound A, [nm]® Egap Dem Stokes shift ~ E,,
(em'em™)  [eV®  [m]®¥  [cm']
\Y|
3 303 (11300) 3.64 - - -
4 374 (4700) 3.17 417 2757 +0.98
5 382 (12600) 3.13 - - +0.88
6 371 (3100) 3.12 416 2295 +0.57
7 381 (5000) 3.15 411 1916 -
8 416 (16800) 2.86 460 2300 -
9 399 (6600) 2.98 431 1861 -
10 332 (4800) 3.66 - - -

[a] In CH,Cl,. [b] Optical bandgap calculated from the end absorption
wavelength.

chromic shift with the longest-wavelength absorption maxima
(Amay) ranging from 371 nm for phosphine 6 to 416 nm for
phosphonium salt 8 are observed, which is mostly due to the
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enlarged m system, see below. Interestingly, the consecutive
planarization of the m system when going from noncyclized 3
via 4 to twofold cyclized 5 leads to considerably increased ex-
tinction coefficients with the concomitant appearance of the
vibronic fine structure for the dibenzonaphthanthrene scaf-
folds 5 and 7. Compounds 3 and 5 do not feature any emis-
sion, which is presumably a consequence of the heavy atom
effect of the sulfur promoting spin-orbit coupling in the excit-
ed state.”” However, the partially cyclized compound 4 is
weakly fluorescent with a quantum yield (@) of 0.02 although
it comprises a thiophosphoryl unit. The twofold cyclized com-
pounds 6 (©=0.14), 7 (©=0.16), 8 (»=0.02), and 9 (®=
0.29) are emissive with Stokes shifts ranging from 1861 cm™'
for phosphonium salt 9 to 2300 cm™' for phosphonium salt 8.

The redox properties of 4-8 were investigated by cyclic vol-
tammetry in CH,Cl, containing nBu,NPF; as the supporting
electrolyte. The potentials were referenced against the ferroce-
nium/ferrocene (Fc*™/Fc) redox couple. The cyclic voltammo-
grams of compounds 4-6 exhibit a single irreversible oxidation
event at +0.98, +0.88, and +0.57 V, respectively (see the Sup-
porting Information). The cyclic voltammograms of phosphine
sulfide 3 and phosphine oxide 7 show no redox events within
the electrochemical window of CH,Cl, (between ca. —2.0 to
+2.0V vs. Fc*/Fc). Phosphonium salt 8 features one irreversi-
ble reduction event at —1.55 V. These findings not only illus-
trate the effect of different substituents at the phosphorus
center but also highlight the impact of cyclization on the elec-
tronic nature of these organophosphorus polycyclic scaffolds.

Further insight into the electronic character of the com-
pounds was obtained by density functional (DFT) calculations.
Molecular geometries were optimized by using the B3LYP den-
sity functional® including the Grimme D3 correction for dis-
persion interactions.”? Solvent effects were captured by the
conductor-like screening model® (COSMO) with &,=8.93 mim-
icking CH,Cl,. To expand the MOs, we used the def2-TZVP
basis®” from the Turbomole basis set library. UV/Vis absorption
spectra and frontier molecular orbitals (FMOs) were calculated
adopting the BHLYP density functional,®’ which provides a
more adequate description of charge-transfer excitations than
B3LYP; otherwise, the computational setup of the ground-state
calculations was kept. Further computational details can be
found in the Supporting Information.

For all molecules, the energetically lowest absorption band
corresponds to the HOMO —LUMO excitation, which can be
characterized as a m—m transition. The frontier orbitals of com-
pounds 3-6 are shown in Figure 5, illustrating the effect of the
cyclization: as the cyclization proceeds, the conjugation in the
polycyclic scaffold enhances and the HOMO-LUMO gap de-
creases leading to the observed red-shift of the lowest absorp-
tion band with cyclization, Figure 4b). The effect of the sub-
stituent at the phosphorus atom is apparently smaller: there is
some interaction to the MOs on the polycyclic scaffold, but
this does not change their principal shape, see for example,
FMOs of 5 and 6 in Figure 5 (FMOs of 5-9 in the Supporting
Information). Depending on the substituent, the HOMO-LUMO
gap of the fully cyclized molecules varies in a range of 0.3 eV
leading to the different lowest absorption energies of com-

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Frontier molecular orbitals (FMOs) of compounds 3-6 (COSMO-
BHLYP/TZVP level of theory).

pounds 5-9, however without changing the overall appear-
ance of the spectra (Figure 4).

In summary, starting from readily accessible acridophosphine
we have established a concise synthetic strategy towards a
new family of phosphorus-containing PAHs. The polycyclic
scaffolds can be regarded as organophosphorus congeners of
the hitherto elusive PAH dibenzonaphthanthrene. Our synthet-
ic approach relies on a sequence of Barton-Kellogg olefination
followed by Mallory photocyclization as the key steps. Based
on UV/Vis spectroscopic and electrochemical studies support-
ed by DFT calculations, we have revealed the role of the sub-
stituent at the phosphorus center together with the size and
shape of the polycyclic m system on its electronic nature.
Taking into account the versatility and robustness of our syn-
thetic approach, we are convinced that our findings are of con-
siderable potential for the development of organophosphorus
m-conjugated materials with tailored properties and functions.
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