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@ n-Extended Pleiadienes by [5 + 2] Annulation of
1-Boraphenalenes and ortho-Dihaloarenes

Matthias Schnitzlein*,”’ Chongwei Zhu*,”" Kazutaka Shoyama,” and Frank Wiirthner*®

Abstract: Palladium-catalyzed [5+2] annulation of 1-bora-
phenalenes with ortho-dihaloarenes afforded negatively
curved m-extended pleiadienes. Two benzo[1,2-i:4,5-i"1di-
pleiadienes (BDPs) featuring a seven-six-seven-membered
ring arrangement were synthesized and investigated. Their
crystal structure revealed a unique packing arrangement and
theoretical calculations were employed to shed light onto the

~

dynamic behavior of the BDP moiety and its aromaticity.
Further, a naphthalene-fused pleiadiene was stitched togeth-
er by oxidative cyclodehydrogenation to yield an additional
five-membered ring. This formal azulene moiety led to
distinct changes in optical and redox properties and
increased perturbation of the aromatic system.

J

Introduction

Pleiadiene — cycloheptalde]lnaphthalene (Scheme 1 top right) -
represents one of the most fundamental heptagon-containing
polycyclic aromatic hydrocarbons (PAHs). It was first mentioned
in 1933" and its close relative acepleiadiene was first synthe-
sized in 1951.”2 The synthesis of pristine pleiadiene was finally
reported in 1956.% Initially hypothesized to show similar
aromaticity to anthracene and phenanthrene, Boekelheide and
Vick reasoned that Hiickel's rule could not be justified for peri-
fused PAHs, prompted by their experimental results such as the
readily undergone Diels-Alder reaction of pleiadiene with
maleic anhydride.”! Apart from their intriguing anti- or non-
aromaticity, such non-alternant PAHs also exhibit compelling
structural, optoelectronic and magnetic properties. Particularly
through further embedment of the pleiadiene heptagon into a
larger carbon scaffold, negative curvature and thus a saddle-
shape can be obtained. This was first shown in 1988 through
the synthesis and structural elucidation of [7]circulene.””’ Since
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Scheme 1. Synthetic approach towards seven-membered ring buildup by [5
+ 2] annulation with chemical structures of the new molecules 1-4
presented herein.

then synthetic progress was limited, presumably due to a lack
of synthetic strategies for the construction of seven-membered
ring systems. As such, the last decade saw a growing number of
studies on the synthesis of these carbon scaffolds. Common
strategies include intramolecular cyclodehydrogenation,”® Frie-
del-Crafts acylation,” m-expansion of cycloheptanones,”® ring
expansion of cyclohexanones® and HF elimination of aryl
fluorides on activated alumina,"® and thus require special
precursors. Transition metal-catalyzed C—C bond formation
reactions offer greater flexibility through a broader substrate
scope, but to date only few examples have been published
including palladium-catalyzed intramolecular C—H arylation,""
[3+2+21" [4+3]" and [5+2] annulation reactions,"¥ as
well as cobalt-catalyzed cyclotrimerization." Recently, our
group has reported a method for the construction of heptagon-
embedded PAHs by palladium-catalyzed [5-+2] annulation of
cyclic borinic acids with aryl halides (Scheme 1 top left)."® Since
then we have used this strategy to synthesize PAHs with two
embedded azulene units,"” as well as PAHs with both negative
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and positive curvature.'”® We conjectured that by using 1-
boraphenalenes as the borinic acid precursor for this synthetic
method a series of pleiadiene derivatives could be synthesized.

Herein, we present the synthesis of a series of m-extended
pleiadienes (1 and 2) and benzol[1,2-i:4,5-i'ldipleiadienes (BDPs,
3 and 4) and investigate their aromaticity. The seven-membered
rings were constructed by [542] annulation of 1-boraphena-
lenes and ortho-dihaloarenes. A formal azulene moiety could be
generated by a following oxidative cyclodehydrogenation,
wherein the orthogonal naphthalene moiety of 1 was fused to
its seven-membered ring. Investigations of these molecules’
aromatic character revealed significantly lower antiaromaticity
of the heptagonal ring compared to pristine pleiadiene and a
correlation between its antiaromaticity and the oxidation
potentials.

Results and Discussion
Synthesis

We first describe the synthesis of the borinic acid precursors
9a/b and 10 through our one-pot C—H borylation protocol
(Scheme 2)."” We started synthesis from NHC-borane complex
5, which was transformed to its corresponding borenium cation
6 under liberation of hydrogen gas by treatment with the
Bronsted superacid bistriflimidic acid (HNTf,).'” This reactive
species then facilitated hydroboration and electrophilic boryla-
tion of alkenes 7a/b and 8. Following TEMPO-mediated
dehydrogenation and hydrolysis produced the borinic acids 9a/
b and 10 in good yields of 43-49%."" Borinic acid 9b
underwent annulation with 2,3-dibromonaphthalene (11) to
give 1 in a moderate yield of 45%. Subsequent oxidative
dehydrogenation with one equivalent of 2,3-dichloro-5,6-dicya-
no-1,4-benzoquinone (DDQ) in triflic acid/dichloromethane
afforded 2 with a formal azulene moiety in 39% vyield. For the
benzodipleiadienes the seven-membered ring formation of
1,2,/4,5-tetrabromobenzene with 9a lead to an inseparable
mixture of two regioisomers due to the inherent C, symmetry
of the cyclic borinic acids (i.e. C-symmetric 3 and its C.-
symmetric counterpart with both phenyls on the same side).
We therefore utilized 1,4-diiodo-2,5-dibromobenzene (12) as
halide coupling partner for 9a and 10. Under standard [5+ 2]
annulation reaction conditions BDPs 3 and 4 were obtained in
19% and 10% yield, respectively, without the formation of
regioisomeric products. Whereas 1 exhibits excellent solubility
in common organic solvents, 2 and 3 only possess limited
solubility and 4 is only sparingly soluble, even in chlorinated
solvents. All compounds are bench-stable for extended periods
of time as solids.

Structural properties
We were able to grow single crystals of 1, 3 and 4 suitable for
X-ray diffraction analysis and thus could assess their structure

and solid-state packing (Figure 1).%” All three compounds
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Scheme 2. Synthesis of 1-4 by [5+ 2] annulation. a) 1.2 equiv. 5, HNTf

(1.22 equiv.), PhCl, rt, 90 min. b) alkene (1.0 equiv.), PhCl, 110°C, 5 h. ¢)
TEMPO (2.3 equiv.), PhCl, 80°C, 36 h. d) hydrolysis (yield over four steps). e)
11 (2.0 equiv.), [Pd,(dba);]- CHCl; (1.5 mol %), P(‘Bu); - HBF, (3.6 mol %), Cs,CO,
(3.3 equiv.), H,0 (10 equiv.), '"AmOH, 100°C, 42 h. f) DDQ (1.0 equiv.), TfOH,
CH,Cl,, 0°C, 15 min. g) borinic acid (2.4 equiv.), [Pd,(dba),] - CHCl; (6 mol %),
P(‘Bu);-HBF, (14 mol %), Cs,CO; (6.6 equiv.), H,0 (20 equiv.), ‘AmOH, 100°C,
42 h. Tf: trifluoromethanesulfonyl, TEMPO: 2,2,6,6-tetramethylpiperidinyloxyl,
dba: dibenzylideneacetone, DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none.

exhibit comparable bond lengths in their seven-membered
rings each featuring a shorter bond with a length between
1.345A and 1351 A between the heptagon C—H and the
orthogonal phenyl/naphthyl groups. These bond lengths are in
line with the values usually obtained for conjugated double
bonds like in styrene (—C=C—, 1.339A)?" and hint at a
pronounced olefinic character of these bonds. This is further
corroborated by the chemical shifts of the corresponding
heptagon proton in their '"H NMR spectra, where the proton
signal is shifted significantly upfield to values between
6.70 ppm and 6.97 ppm, indicating shielding. For 1 the other six
bonds in the seven-membered ring have bond lengths ranging
from 1.436 A to 1.497 A and thus are significantly longer than
aromatic C—C bonds (—C,,~C,—, 1.397 A)?" and comparable to
single bonds between aromatic systems (—C,—C,—, 1.490 A).?"
For the BDP moieties however, the bond bordering on the
central benzene ring exhibits a length of 1.407 A for 3 and
1.409 A for 4 and as such matches the bond length of aromatic
C—C bonds. The five remaining bonds of their heptagon moiety
are elongated compared to typical aromatic bond lengths and
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d)

Figure 1. Solid state structures of molecules 1, 3 and 4 (left to right). a—c) Crystal structure with ellipsoids set at 50% probability. d—f) Solid state packing and
select distances and angles. All lengths are given in A, hydrogens omitted for clarity in e) and f).

range between 1.417 and 1.497 A. The seven-membered ring
and its saddle-shape strongly tilts the fused naphthalene and
pyrene moieties out of plane. The BDP core induces a stronger
tilt with angles around 40° in 3 and 4, whereas the single
heptagon of 1 only amounts to an angle of 36°. Further, the
benzol[1,2-i:4,5-i'|dipleiadiene core induces a slipped stack
packing arrangement, in which m-mt interactions between the
central benzene ring and the peripheral naphthalene/pyrene
moieties are present (Figure 1d,f). The distance between the
peripheral m-system amounts to 3.40 and 3.43 A for 3 and 4,
respectively. The distance between the central benzene rings
measures 4.11 A in the case of 3 and 3.95 A in the case of 4.
Expectedly, the latter thus exhibits stronger m-m interactions
since it also features the larger m-scaffold. These packing
arrangements with their close stacking also explain the rather
limited solubility of both BDP-containing scaffolds. Conversely,
1 with its sole seven-membered ring and great solubility
features only very weak intermolecular interactions in the solid
state. As such, only C—H-m interactions between the orthogonal
naphthyl groups and the cycloheptanaphthalene moieties were
observed with distances of 2.65 A and 2.89 A, respectively.

In order to obtain insight into the conformational properties
of 3 and 4 we performed theoretical calculations. Both
compounds exclusively exhibit a transoid, S-shape in their
crystal structure (Figure Te, f). Through inversion of one of the
seven-membered rings a cisoid, C-shaped conformation can be
obtained. Calculations of 3 at the B3LYP/6-31+G(d) level of
theory put both confirmations at the same energy with a
miniscule difference of only 1.1 kJ/mol. Further, a transition
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state with one planarized seven-membered ring and a very low
barrier of only 30 kJ/mol was obtained computationally (Fig-
ure 2).

Electrochemical and optical properties

We then conducted electrochemical measurements to assess
the oxidation potentials of the synthesized compounds (Ta-
ble 1). The parent compound to these heptagon-embedded
PAHs, cycloheptatrienyl (C,H,), is markedly non-aromatic, but
obtains aromaticity by one-electron oxidation to the 6mx

Table 1. Optical and oxidation properties of 1-4.

Aanslnm] (€ [L mol™" cm™ )™ Aem [NMI® E VI

(D)
1 378 (8900), 300 (17400) 474 (0.23) +0.72
2 441 (14100), 320 (24900), 277 (49300)  n.d. +0.55
3 402 (20600), 328 (33000), 298 (32400) 558 (0.07) +0.57, +0.89
4 437 (20500), 345 (26100), 302 (49900) 624 (0.02) +0.47, +0.69

[a] UV/Vis absorption spectra were measured in dichloromethane (c~1x
107° m) at 298 K. [b] Fluorescence spectra were measured in dichloro-
methane (c~1x 1077 m) at 298 K with the highest wavelength absorption
maxima as excitation wavelength. [c] Absolute fluorescence quantum
yields were measured in dichloromethane (c~1x107° m) 298 K and are
uncorrected. [d] CV and SW/DPV spectra were measured at room
temperature in dry, degassed dichloromethane (c~2.5x107*m) with
0.1 m (n-Bu),NPF¢ under an argon atmosphere and are calibrated to the
ferrocene/ferrocenium redox couple. n.d.=not detected.
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Figure 2. Interconversion between the transoid and cisoid conformers of 3
by inversion of the seven-membered ring as calculated at the B3LYP/6-31
+ G(d) level of theory.

tropylium cation, satisfying Hiickel's [4n+ 2] rule. In accordance
with such a gain in aromaticity, compounds 1 and 2 exhibit one
rather low-lying oxidation potential. The decrease in oxidation
potential is typical for PAHs with formal azulene moieties
compared to their seven-membered ring containing
analogues."*'”' The BDP-type compounds 3 and 4 feature two
oxidation processes at even lower potentials of +0.57 V/+
0.89V and +0.44 V/+0.69 V, respectively. The lower oxidation
potential of 4 than that of 3 might be attributed to a more
extended mt-system of 4.

Optical measurements revealed strong ultraviolet absorp-
tion of compounds 1-4 with extinction coefficients between
17400 and 49300 L mol™' cm™' (Table 1, Supporting Information
Figures S13-16). PAHs 1 and 3 exhibit weak absorption bands
between 375 and 405 nm causing their yellow color. Compared
to 1, the second seven-membered ring of the BDP moiety in 3
causes slightly higher wavelength absorption with significantly
increased extinction coefficients. The absorption of 2 and 4 is
further bathochromically shifted with maxima around 440 nm
and extinction coefficients around the low 10°Lmol™ cm™
range responsible for their red color. Upon excitation 1 emits
blue light (1., =474 nm) with a quantum yield of 23 %, whereas
the BDP moiety leads to higher wavelength emission in the
yellow (4., =558 nm) or red domain (1., =624 nm) for 3 and 4,
respectively. Conversely, fluorescence is quenched for 2 in
dichloromethane solutions presumably due to the energy loss
of its excited state by flipping motion and intramolecular
charge transfer as seen often for azulene-containing PAHs. Both
BDP-embedded compounds 3 and 4 feature drastically reduced

Chem. Eur. J. 2022, 28, €202202053 (4 of 6)

quantum vyields compared to 1 which might originate from
their biradical character and structural relaxations in the excited
state.

NICS and AICD analysis

Intrigued by their unique non-benzenoid structures, we inves-
tigated the aromaticity of pleiadienes 1-4 by theoretical
calculations. Therefore, nucleus-independent chemical shifts
(NICS)® were calculated and anisotropy of the induced current
density (AICD)® plotted (Figure 3). Due to their non-planar
nature, the NICS,, values one Angstrom above and below the
plane of reference differ and were averaged for an accurate
assessment of NICS(1),, values (Supporting Information
Table S4).*" As a baseline we also calculated the NICS(1),,
values for pristine pleiadiene which amounted to values of —20
for both benzenoid rings and 30 for its peri-fused seven-
membered ring (Supporting Information Table S4).

The BDP moiety of 3 and 4 is characterized by a central
aromatic benzene ring with nucleus-independent chemical
shifts of —17 adjoined by antiaromatic seven-membered rings
with NICS(1),, values of 14 and 16, respectively, indicating rather
strong antiaromaticity. Due to non-planarity these values are
smaller than that for pristine pleiadiene. Both values can also be
correlated to their respective oxidation potentials with higher
antiaromaticity also corresponding to more facile oxidation.
Furthermore, the peripheral naphthalene and pyrene moieties
retain their individual aromaticity. The pyrenes of 4 even display
a strong difference between very aromatic rings with values of
around —30 and weaker aromatic rings with around —13. This
is akin to pristine pyrene, which displays a rather strong olefinic
character in the two central benzene rings explained by its
optimal distribution of Clar sextets. These findings are corrobo-
rated by the respective AICD plots. Similarly, the naphthalene
moieties of 3 behave almost like individual naphthalene with
strong aromaticity evidenced by NICS(1),, values of around
—25, similar to the orthogonal phenyl groups with a shift of
—28. As such, 3 and 4 can be regarded as naphthalenes and
pyrenes slightly disturbed by fusing them onto the BDP scaffold
with only localized aromaticity in its central benzene ring. Their
frontier molecular orbitals, however, are located over the whole
molecule excluding the orthogonal phenyl groups. Singly
heptagon-embedded 1 exhibits a similar phenomenon: The two
naphthalene units fused to the seven-membered ring remain
strongly aromatic but interacting through the central heptagon
with a NICS(1),, value of 15 as evidenced by delocalized frontier
molecular orbitals over the whole molecule. Interestingly, the
orthogonal naphthalene moieties also retain their individual
aromaticity upon additional C—C bond formation, so that in 2
three quasi-individually aromatic naphthalenes are present.
They are then perturbed and interacting through a formal
azulene moiety with a strongly anti-aromatic seven-membered
and a weakly anti-aromatic five-membered ring with NICS(1),,
values of 18 and 7, respectively. The naphthalenes also display
aromatic ring currents in their AICD plots adjoined by anti-
aromatic, counterclockwise currents of the azulene. Thus, the
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Figure 3. AICD plots and NICS(1),, values of molecules 1 (a), 2 (b), 3 (c) and 4 (d) calculated at the B3LYP/6-31+ G(d) level of theory with aromatic clock-wise

ring currents colored in red and anti-aromatic, counterclockwise ring currents in blue.

non-interacting orthogonal naphthalene unit of 1 is incorpo-
rated in the scaffold of 2 and increases the antiaromaticity of its
heptagonal ring. This is most likely causing the notable bath-
ochromic shift observed in the UV/Vis absorption and the
increased susceptibility of the seven-membered ring to oxida-
tion.

Conclusion

To summarize, we were able to extend our recently introduced
[5+2] annulation protocol to furnish novel pleiadienes with
either a benzo[1,2-i:4,5-i'ldipleiadiene (BDP) core or an azulene
moiety. Through the BDP moiety a warped, S-shape with a
distortion of around 40° is imparted onto the scaffold as
confirmed by single crystal X-ray analysis. These transoid or S-
shaped conformers rapidly undergo conformational flipping of
the heptagonal ring at room temperature towards the cisoid, C-
shaped conformers via an activation barrier of only 30 kJ/mol.
Further, facile oxidation potentials are imparted through the
seven-membered rings that are in line with their anti-
aromaticity as described by their NICS(1),, values. The formation
of the azulene moiety by oxidative cyclodehydrogenation leads
to significant increase in absorbance and a bathochromical shift
thereof in conjunction with fluorescence quenching and a
decreased oxidation potential compared to its parent molecule
with only a seven-membered ring. Theoretical calculations
revealed that all systems feature quasi-independent aromatic
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moieties adjoined by anti-aromatic seven- and five-membered
ring systems with delocalized frontier molecular orbitals.

Experimental Section

Synthesis of 1: In a Schlenk tube equipped with a magnetic stirring
bar were weighed in borinic acid 9b (31 mg, 0.70 mmol, 1.0 equiv.),
2,3-dibromonaphthalene (57 mg, 0.20 mmol, 2.0 equiv.),
[Pd,(dba);]-CHCl; (1.6 mg, 1.5 pmol, 1.5mol%), P(‘Bu);-HBF,
(1.0mg, 3.6 pmol, 3.6 mol%) and cesium carbonate (0.11g,
0.33 mmol, 3.3 equiv.). Under nitrogen atmosphere distilled water
(18 uL, 1.0 mmol, 10 equiv.) and tert-amyl alcohol (3 mL) were
added by syringe. The mixture was stirred at room temperature for
1 h and then at 100°C for 42 h. It was cooled to room temperature,
filtered through celite and the filter cake was washed with ethyl
acetate. After evaporation of the solvent from the filtrate the
residue was purified by silica-gel column and preparative thin-layer
chromatography (eluent n-hexane:ethyl acetate 19:1 by volume)
followed by washing with methanol.

Synthesis of 2: In a Schlenk tube equipped with a magnetic stirring
bar were weighed in PAH 1 (12.0 mg, 29.7 umol, 1.0 equiv.) and
DDQ (6.73 mg, 29.7 umol, 1.0 equiv.). Under nitrogen atmosphere
the solids were dissolved in dry dichloromethane (15 mL). After
cooling to 0°C triflic acid (0.15 mL) was added, whereupon the
reaction mixture turned black. After stirring for 15 min at 0°C the
reaction was quenched by addition of saturated aqueous sodium
bicarbonate. The phases were separated, the aqueous phase
extracted with dichloromethane (2x20mL) and the combined
organic phases washed with water (3x25 mL) before drying over
magnesium sulfate. The crude was then purified by silica gel
column chromatography (eluent cyclohexane:dichloromethane 4:1
by volume) and washed with methanol.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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General procedure for the synthesis of BDPs 3and 4: In a Schlenk
tube equipped with a magnetic stirring bar were weighed in borinic
acid 9a or 10 (24equiv.), 1,4-dibromo-2,5-diiodobenzene
(1.0 equiv.), [Pd,(dba);]-CHCl; (6 mol %), P('Bu);-HBF, (14 mol %) and
cesium carbonate (6.6 equiv.). Under nitrogen atmosphere distilled
water (20 equiv.) and tert-amyl alcohol were added by syringe. The
mixture was stirred at room temperature for one hour and then at
100°C for 42 h. After cooling to room temperature, the reaction
mixture was filtered through celite and eluted with ethyl acetate
and dichloromethane. After evaporation of the solvent from the
filtrate the residue was purified by two-time silica gel column
chromatography (eluents n-hexane:ethyl acetate and n-hexane:
dichloromethane).
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