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The investigation of new synthetic routes towards positively charged N-heterocycles is of high importance for
the further development of medicinal chemistry, functional materials, catalysis and other areas of application.
For accessing acridinium dyes, we previously reported an approach based on an aryne-imine-aryne coupling
followed by the subsequent oxidation of the acridane intermediates. Herein, we now present an unusual reaction
outcome when phenanthryne is used as aryne component. Under optimized conditions, this two-step synthetic
methodology led to the formation of a helical tetrabenzophenanthridinium derivative. Furthermore, the
susceptibility of this product to photoinduced cyclodehydrogenation was observed, providing a highly
fluorescent planar polycyclic aromatic hydrocarbon with a positively charged nitrogen. The photophysical and
electrochemical properties of the mesityl-phenyltetrabenzophenanthridinium tetrafluoroborate were also
determined.
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Introduction

Tremendous advances in the field of nitrogen-based
heterocyclic chemistry achieved over the last decades
led to a broad range of applications for pharmaceut-
icals, agrochemicals, dyes, functional materials, and
many more.[1 –3] Acridinium salts are particularly useful
scaffolds and have emerged as an efficient and
sustainable class of cationic organic photocatalysts.[4–6]

In recent studies, we investigated a short two-step
route towards diverse acridinium salts involving the
aryne-imine-aryne coupling reaction[7] followed by the
subsequent oxidation of the acridane intermediate
(Scheme 1,a).[8,9]

Herein, we now disclose the utilization of this
methodology for larger polycyclic aryne substrates.
The unique reactivity of arynes containing an ex-
tended π-system under typical aryne-imine-aryne

coupling conditions thereby lead to the notable
formation of the tetrabenzo[a,c,i,k]phenanthridin-17-
ium system (Scheme 1,b).

Supporting information for this article is available on the
WWW under https://doi.org/10.1002/hlca.202100182 Scheme 1. Background and scope of the work.
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Results and Discussion

We started our investigation of the aryne-imine-aryne
coupling reaction with polycyclic arynes by selecting
the Kobayashi aryne precursor 10-trimeth-
ylsilylphenanthryl 9-trifluoromethanesulfonate 2 and
imine 3 as suitable starting materials and then
proceeded to their synthesis utilizing standard
procedures.[10] Having the required compounds 2 and
3 in hand, we centered our attention on the aryne-
imine-aryne coupling under conditions comparable to
the two-step acridinium synthesis (Scheme 2).

Interestingly, upon NOBF4-mediated oxidation of
the intermediate obtained from imine 3 and the aryne
generated from precursor 2, we observed that not the
acridinium salt, but 18-mesityl-17-phenyltetrabenzo
[a,c,i,k]phenanthridin-17-ium tetrafluoroborate 1 was
formed.

Notably, the aryne-imine-aryne coupling reaction
was described to proceed through the formation of
aza-ortho-quinone methide intermediate III, which
then reacts with the corresponding aryne to form a
product possessing an acridane core (Scheme 3, path-
way a).[7] However, in the case of phenanthryne, the
formation of 1,2-dihydrobenzoazete II and intermedi-
ate III might be impacted by unfavorable steric
interactions between the mesityl group and the
extended system of the phenanthrene moiety. This
increased steric bulk around the reactive center of
phenanthryne could lead to a divergent mechanism of
the aryne-imine-aryne coupling, which involves the
nucleophilic attack of the imine at the phenanthryne,
leading to the generation of intermediate I. A reaction

with a second phenanthryne would subsequently
result in the 17,18-dihydrotetrabenzo[a,c,i,k]
phenanthridine derivative 4 (Scheme 3, pathway b).

To our delight, oxidation of the obtained com-
pound 4 with nitrosonium tetrafluoroborate gave the
final product 1 with a 30 % yield over two steps. The
structure of the corresponding product was confirmed
by NMR spectroscopy and X-ray crystallography.
Remarkably, compound 1 displays a helical structure
within an ortho-condensed aromatic motif and can
therefore be viewed as a 7-aza[5]helicenium
derivative.[11,12] It was earlier shown that monoaza[5]
helicenes rapidly racemize at room temperature and
that racemization barriers are lower than for the
corresponding carbon analogues.[13] Furthermore, the
position of the nitrogen significantly impacts the

Scheme 2. Synthesis of 18-mesityl-17-phenyltetrabenzo[a,c,i,k]
phenanthridin-17-ium tetrafluoroborate 1.

Scheme 3. Possible pathways for the aryne-imine-aryne cou-
pling to the acridane (pathway a) and the dihydrotetrabenzo-
phenanthridine product 4 (pathway b).
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configurational stability[14] and relatively low barriers
were observed for the racemization of cationic diaza[5]
helicenes.[15] We thus examined the racemization of
the synthesized compound 1 after separation by HPLC
on a chiral stationary phase. A sample of enantioen-
riched 1 in acetonitrile was heated to 40 °C and the
racemization was monitored by HPLC (Figure 1). Inter-
estingly, besides confirming substantial racemization
after 18 hours, the formation of another compound (5)
was also observed.

Considering the tendency of [5]helicenes to under-
go either light- or oxidant-promoted cyclodehydroge-
nation resulting in the formation of planar products,

we assumed that the appearance of the new signal in
the HPLC data could be rationalized by a cyclization
process.[16–22] We therefore turned to photostability
studies of compound 1 using UV-visible absorption
spectroscopy. Irradiation of a degassed solution of 1 in
acetonitrile (λmax = 467 nm) resulted in significant
change of the absorption spectra, indicating the
formation of a compound which was assigned to the
nitrogen containing, positively charged, polycyclic
aromatic hydrocarbon 5 (PAH, Figure 2). High-resolu-
tion mass spectrometry (HR-MS) of a solution obtained
after two hours of irradiation further supported the
photocyclodehydrogenation process yielding in com-
pound 5.

A plausible mechanism for this reaction involves
the formation of the partially planarized cyclic inter-
mediate which gives access to the final product 5 after
hydrogen abstraction (Scheme 4).

Further support for this ring-closure was obtained
from emission spectra of a freshly prepared degassed
solution of 1 in acetonitrile and the same solution
after 30 min irradiation (467 nm, Figure 3). Since only

Figure 1. Overlay of HPLC traces for the thermal isomerization
of 1 at 40 °C (Chiralcel OJ-RH was used as chiral stationary
phase).

Figure 2. Changes in absorption spectra of 1 in dry degassed
MeCN (15 μM) upon irradiation with blue LED light (Kessil
PR160L-467 nm, 44 W, 25 % intensity).

Scheme 4. Photocyclodehydrogenation to the nitrogen con-
taining PAH salt 5.

Figure 3. Alterations in the emission spectra of the degassed
solution of 1 in acetonitrile (15 μM) upon irradiation with blue
LED light (Kessil PR160L-467 nm, 44 W, 25 % intensity).
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the emission intensity but not the λmax changed over
time, the emission throughout the measurements was
assigned to the cyclic product 5 so that a non-emissive
7-aza[5]helicene derivative 1 is converted to the highly
fluorescent compound 5 upon light illumination
during the measurement.

We next examined the redox chemistry of the
synthesized tetrabenzo[a,c,i,k]phenanthridin-17-ium
derivative 1. The cyclic voltammogram of 1 in dry
degassed acetonitrile reveals a ground state reduction
potential E1/2 of � 0.48 V against SCE with a scan rate
of 1 V/s. Notably, a possible oxidative cyclodehydroge-
nation leading to compound 5 is also reflected by the
voltammograms collected at different scan rates (Fig-
ure 4). A non-linear dependency of the peak currents
on the square root of the scan rate along with the
change of the voltammogram shape indicates, that
the electron transfer is coupled with the reaction of
the helically shaped tetrabenzo[a,c,i,k]phenanthridin-
17-ium system (1).

To support the notion of a cyclodehydrogenation,
we performed the light-promoted cyclization on a
scale sufficient to isolate product 5. To our delight, the
reaction was successfully carried out on 15 μmol scale,
yielding the desired product 5 with 50 % yield after an
operationally simple isolation by filtration of the clean
product that precipitated during the reaction
(Scheme 5). Overall, this methodology with an alter-
native reaction path of the aryne-imine-aryne coupling
provides a practical route to both the helical tetraben-
zo[a,c,i,k]phenanthridin-17-ium system (1) and the
planar nitrogen containing PAH salt dibenzophenan-
throphenanthridin-15-ium tetrafluoroborate (5).

Conclusions

In conclusion, we describe that the larger polycyclic
structure of phenanthryne in the aryne-imine-aryne
coupling leads to a unique reaction pathway and the
formation of a tetrabenzophenanthridinium salt upon
oxidation. The photophysical and electrochemical
properties of this helically shaped product were
determined and a light-promoted cyclodehydrogena-
tion was observed. The formation of the planar cyclic
nitrogen containing polycyclic aromatic hydrocarbon
highlights the capacity of the aryne-imine-aryne
coupling for the rapid synthesis of larger nitrogen
heterocycles and cationic polycyclic aromatic hydro-
carbons.

Experimental Section

General Information

All reaction solvents and reagents were obtained from
commercial suppliers and were used without further
purification unless stated otherwise. Solvents for
extractions and chromatography were technical grade.
Syringes were used to transfer air and moisture
sensitive liquids and solutions. Analytical thin layer
chromatography (Merck silica gel 60 F254 plates) was
utilized for monitoring reactions visualized by UV light
(254 nm and 350 nm). Flash chromatography was
performed with SiliCycle silica gel 60 (230–400 mesh).
Concentration in vacuo was performed by rotary
evaporation to ca. 10 mbar at 40 °C and drying at ca.
10� 2 mbar at room temperature. 1H-NMR spectra were
recorded on Bruker DPX 400 MHz or Bruker DRX
500 MHz spectrometers at 298 K in the indicated
deuterated solvent supplied by Cambridge Isotope
Laboratories. Chemical shifts (δ) are reported in parts

Figure 4. Cyclic voltammograms of 1 in deaerated 0.1 mol L� 1

tetra-n-butylammonium hexafluorophosphate in MeCN meas-
ured at different scan rates between 0.2 and 2 V/s.

Scheme 5. Light-promoted cyclodehydrogenation of 1 (hν=

Kessil PR160L-467 nm, 44 W, 25 % intensity, 10 cm distance from
the light source).
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per million [ppm] and referenced to the residual
solvent peak (δ= 7.26 ppm for CDCl3 and 1.94 ppm for
CD3CN). The multiplicities are reported in Hz as: s=

singlet, br. = broad singlet, d=doublet, t= triplet, q=

quartet, m=multiplet. 13C- and 2D-NMR spectra were
recorded with 1H-decoupling on Bruker DRX 500 MHz
spectrometers at 298 K in the indicated deuterated
solvent supplied by Cambridge Isotope Laboratories.
Chemical shifts (δ) are reported in parts per million
[ppm] and referenced to the residual solvent peak (δ=

77.16 ppm for CDCl3 and 1.32/118.26 ppm for CD3CN).

Melting points were measured on a Büchi B-565
melting point apparatus. IR spectroscopy was meas-
ured on an ATR Varian Scimitar 800 FT-IR spectrometer
and reported in cm� 1. The intensities of the bands are
reported as: w= weak, m= medium, s= strong. High-
resolution mass spectrometry (HR-ESI) was recorded
by Dr. Michael Pfeffer of the University of Basel on a
Bruker MaXis 4G QTOF ESI mass spectrometer.

Photocatalytic transformations were performed us-
ing the following conditions: The vial was placed on a
stirring plate, laterally in 10 cm distance to a Kessil
PR160L-467 nm 44 W lamp, adjusted to 25 % intensity.
A sideward fan was used to keep temperature at ca.
30 °C.

HPLC data was collected using a Chiralcel OJ-RH
column (5 μm, 150 × 4.6 mm) and H2O/MeCN solvent
system at 20 °C.

Steady-State Measurements

All steady-state absorption and luminescence spectra
were measured using a Cary 5000 spectrometer from
Varian and a Jasco FP-8600 with Jasco ETC-815 Peltier
thermostated cell holder at 25 °C in a 1 cm cuvette.
The solutions used for luminescence spectroscopy
were sufficiently diluted to avoid filter effects.

Cyclic Voltammetry (CV)

Cyclic Voltammetry was performed in dry, degassed
0.1 mol L� 1 tetra-n-butylammonium hexafluorophos-
phate in MeCN (or other solvents if noted). Voltammo-
grams were recorded with a Versastat3-200 potentio-
stat from Princeton Applied Research employing a
glassy carbon disk working electrode, SCE reference
electrode and a silver wire counter electrode. The
glassy carbon electrode and Ag wire were polished
prior to measurement.

Precursor Synthesis

10-(Trimethylsilyl)phenanthren-9-yl Trifluorome-
thanesulfonate (2). Step 1: Prepared according to the
literature procedure starting from phenanthren-9-ol
(2.00 g, 10.3 mmol) to yield the product as a white
solid (1.45 g, 5.31 mmol, 52 %). NMR corresponds to
the literature data.[10]

Step 2: Prepared according to the literature
procedure[23] starting from 10-bromophenanthren-9-ol
(1.45 g, 5.31 mmol) to give the product as an orange
solid (1.81 g, 4.54 mmol, 86 %). NMR corresponds to
the literature data.[10]

N-Phenyl-1-(2,4,6-trimethylphenyl)methanimine
(3). Aniline (1.40 g, 15.0 mmol), mesityl aldehyde
(1.48 g, 10 mmol), and p-TsOH·H2O (95.0 mg,
500 μmol) were dissolved in 20 mL of dry toluene. 4 Å
Molecular sieves were added to the obtained solution.
The reaction mixture was refluxed for 18 h. The
volatiles were removed under reduced pressure
(5 mbar) and subsequently under high vacuum (<
0.1 mbar, 60 °C, to remove excess of aniline) to yield
product 3 as a beige solid (2.07 g, 9.29 mmol, 93 %).
NMR corresponds to the literature data.[24]

18-Mesityl-17-phenyltetrabenzo[a,c,i,k]
phenanthridin-17-ium Tetrafluoroborate (1). 10-
(Trimethylsilyl)phenanthren-9-yl trifluoromethanesulfo-
nate (117 mg, 290 μmol) was dissolved in dry THF
(0.6 mL) and added in one portion to a mixture of
anhydrous CsF (163 mg, 1.07 mmol), 1-mesityl-N-phe-
nylmethanimine (3, 30.0 mg, 134 μmol), and dry
acetonitrile (1.4 mL). After 16 h, the solvent was
removed under reduced pressure, the residue dis-
solved in CH2Cl2 (30 mL) and washed with water
(30 mL). The aqueous phase was extracted with CH2Cl2
(2 × 10 mL), the combined organic layers were dried
over Na2SO4 and the solvent was removed under
reduced pressure. The residue was purified by prepa-
rative thin layer chromatography over silica gel
(cyclohexane/Et2O, 20 : 1, Rf 0.61). The obtained inter-
mediate was dissolved in dry CH2Cl2 (10 mL) and
nitrosonium tetrafluoroborate (31.3 mg, 268 μmol) was
added. The mixture was stirred for 1 h at ambient
temperature, was diluted with CH2Cl2 (10 mL) and
washed with water (20 mL). The aqueous phase was
extracted with CH2Cl2 (2 × 10 mL), the combined
organic layers dried over Na2SO4 and the solvent
removed under reduced pressure to give the product
1 as a red solid after oxidation (25.7 mg, 39.0 μmol,
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30 %, decomp. at 193.2 °C). IR (neat): 3648w, 3067w,
2920w, 1728w, 1606w, 1571w, 1524m, 1446m, 1388m,
1342m, 1264w, 1217w, 1174w, 1047s, 860w, 753s, 727s,
860w, 753s, 727s, 695s, 657w, 613w. 1H-NMR (500 MHz,
CDCl3): 8.68 (2 H, dd, 3J= 16.8, 8.2, C4H, C12H); 8.61 (2
H, dd, 3J= 8.2, 3.2, C13H, C5H); 8.36 (1 H, d, 3J= 8.3,
C8H); 8.25 (1 H, d, 3J= 8.3, C9H); 7.87 (1 H, t, 3J= 7.5,
C6H); 7.83–7.69 (3 H, m, C3H, C11H, C14H); 7.51– 7.38
(4 H, m, C3’’H, C5’’H, C10H, C7H); 7.36–7.27 (5 H, m,
C4’’H, C6’’H, C1H, C2H, C15H); 7.26–7.17 (1 H, m,
C16H); 7.14 (1 H, dd, 3J= 7.9, 1.9, C2’’H); 6.95 (1 H, s,
C3’H); 6.85 (1 H, s, C5’H); 2.32 (3 H, s, C4’-CH3); 1.96 (3
H, s, C6’-CH3); 1.81 (3 H, s, C2’-CH3). 13C-NMR (126 MHz,
CDCl3): 154.2 (C18); 142.7 (C8b); 142.0 (C4’); 141.2
(C1’’); 138.6 (C18b); 136.4 (C2’); 136.3 (C6’); 134.2 (C6);
134.1 (C4b); 134.0 (C16a); 132.8 (C8); 132.0 (C4a); 131.1
(C3); 131.09 (C16b); 131.0 (C11); 130.56 (C14); 130.5
(C1’); 130.4 (C3’); 130.3 (C8d); 130.1 (C9); 129.9 (C4’’);
129.7 (C3’’); 129.5 (C5’); 129.1 (C15); 128.9 (C1); 128.5
(C18a); 128.4 (C16); 128.1 (C12a); 128.0 (C7); 127.8
(C5’’); 127.5 (C10); 127.3 (C2’’); 126.3 (C18c); 126.0 (C2);
125.6 (C8a); 125.4 (C6’’); 124.5 (C12, C4); 124.4 (C5);
124.0 (C13); 121.9 (C12b); 21.3 (C4’-CH3); 20.8 (C6’-CH3);
20.4 (C2’-CH3). 19F-NMR (376 MHz, CDCl3): � 154.29;
� 154.34. HR-ESI-MS: 574.2533 (C44H32N+, M+; calc.
574.2529).

16-Mesityl-15-phenyldibenzo[c,i]
phenanthro[1,10,9,8-klmna]phenanthridin-15-ium
Tetrafluoroborate (5). 18-Mesityl-17-phenyltetraben-
zo[a,c,i,k]phenanthridin-17-ium tetrafluoroborate (1;
9.92 mg, 15.0 μmol) was dissolved in deuterated
chloroform (1.0 mL). Argon was bubbled through the
solution for approximately 3 min, and the resulting
mixture was stirred and irradiated for 23 h with a Kessil
PR160L-467 nm lamp (44 W, 25 % intensity, 10 cm
distance from the light source). According to the NMR,
no starting material was left. The precipitate formed
during the reaction was collected, washed with cold
chloroform and dried under reduced pressure to yield
the product as an orange solid (4.92 mg, 7.46 μmol,
50 %, decomp. at 309 °C). IR(neat): 3065w, 2922w,
1602w, 1600w, 1531w, 1459m, 1394m, 1340w, 1279w,
1230w, 1223w, 1057s, 859w, 763m, 710w. 1H-NMR
(500 MHz, CD3CN): 8.82 (1 H, d, 3J= 7.7, C8H); 8.79 (1 H,
d, 3J= 7.9, C7H); 8.75 (1 H, d, 3J= 8.2, C4H); 8.73– 8.69
(2 H, m, C5H, C10H); 8.67 (1 H, d, 3J= 7.8, C11H); 8.43 (1
H, dd, 3J= 8.5, 4J= 1.3, C14H); 8.07 (1 H, t, 3J= 7.9, C6H);
7.98 (1 H, t, 3J= 7.7, C9H); 7.90–7.85 (2 H, m, C3H,
C10H); 7.84 (1 H, dd, 3J= 8.5, 4J= 1.2, C1H); 7.55 (1 H,
ddd, 3J= 8.5, 3J= 7.0, 4J= 1.2, C13H); 7.46 (ddd, 3J= 8.4,
3J= 6.9, 4J= 1.3, C2H); 7.28–7.20 (1 H, C4’’H); 7.14– 7.05

(4 H, m, C2’’H, C3’’H, C5’’H, C6’’H); 7.03 (2 H, s, C3’H,
C5’H); 2.36 (3 H, s, C4’-CH3); 1.94 (6 H, s, C2’-CH3, C6’-
CH3). 13C-NMR (126 MHz, CD3CN): 153.8 (C16); 145.5
(C1’’); 143.1 (C4’); 142.1 (C14b); 138.5 (C2’, C6’); 134.8
(C14b1); 134.5 (C16a); 133.8 (C6); 133.5 (C4b); 132.9
(C12); 132.8 (C7a); 132.6 (C4a); 132.3 (C1’); 131.3 (C3);
131.0 (C4’’); 130.7 (C9); 130.6 (C14); 130.3 (C3’, C5’);
129.9 (C7b); 129.8 (C10b); 129.6 (C2’’, C6’’); 129.45 (C3’’,
C5’’); 129.4 (C2); 128.7 (C13); 128.1 (C1); 127.8 (C16b);
125.7 (C4); 125.6 (C11); 125.3 (C8); 125.2 (C10a); 125.1
(C10); 124.5 (C14a); 124.1 (C7); 124.0 (C5); 122.2
(C16a1); 120.8 (C4b1); 120.0 (C7b1); 21.4 (C4’-CH3); 21.3
(C2’-CH3, C6’-CH3). ESI-MS: 572.2376 (C44H30N+, M+;
calc. 572.2373).
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