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Chapter 1

1.1. Background
1.1.1. Polycyclic Heteroaromatic Compounds (PHAs)

The chemistry of PHA compounds, also described as heterocyclic nanographene, is a massive
discipline, covering more than a hundred years of research. This area has progressed over time,
including a mass of topics in physical chemistry, synthetic organic chemistry, molecular biology,
synthesis of natural products, catalysis, and applied materials science.™ 2 This rapidly growing field
can be traced back to the earliest investigations and isolation of natural dyes. In 1907, Scholl achieved
a quantum leap in this field by elucidating the unique structure of flavanthrone 2 which contains eight
rings (Scheme 1.1).2 However, the lack of analytical tools hindered the progress of the field for decades.
The decisive determination of different structures like xylindein 1, coerulein 3, tricycloquinazoline 5,
and tetrabenzotetraoxa[8]circulene 4 had taken decades, although, most of these compounds were
isolated earlier (Scheme 1.1). Even though these early examples were the first building blocks in this
great building of PHA molecules, their applications are inexhaustible, and until recent years, their
optical and electronic capabilities are being revisited and new directions are found for their
implementations.* In the subsequent years, the field steadily extended from dyestuff exploration, to
include new areas of theoretical as well as practical significance. In the 1950s, the PHAs field received
a push forward due to the huge interest in exploring their mechanism of carcinogenicity.

OH O
1

lindei coerulein
Xylhnden flavanthrone isolated 1871

isolated 1868 isolated 1901

tetrabenzotetraoxa[8]circulene tricycloquinazoline
isolated 1933 isolated 1908
Scheme 1.1. Early examples of polycyclic heteroaromatic compounds PHAs



Due to their unique optical and electronic features, PHAs are debatably the most adjustable class of
molecules to be implemented in numerous molecular post-silicon electronics, offering infinite potential
in molecular design. This exceptional structural adjustability can be used for programming the desired
characteristics into PHAs at molecular and even supramolecular levels opening new horizons in
different applications. (Scheme 1.2) shows most of the active and hot topic applications nowadays in
the field of PHAs chemistry.! These achievements have been made through significant and continuous
improvements in the synthetic protocols, which principally reduced the harsh conditions in the early
works. Hence, we were able to prepare different highly functionalized derivatives. At the beginning of
the twenty-first century, the discovery of the amazing properties of nanographenes and their potential
applications in molecular electronics especially as post-silicon semiconductors made a quantum leap
in this field. Despite the tremendous progress made by nanographenes, their further application is still
limited due to the pneumatic production and handling. So far, the available technologies do not provide
straightforward access to structurally uniform material. Additionally, the necessity of a non-zero
bandgap limits the applications of large-area graphene, especially its applications in the organic field-
effect transistors.®

1.1.2. Heteroatoms open up new horizons for more applications

In the field of molecular electronics, doping of graphene with heteroatom has a key role, as it modifies
and improves the electronic structure of graphene, opening new horizons for different applications.
Various good properties, such as charge polarization, electro actelectroactivityap opening could be
induced or enhanced via heteroatom doping.® In this context, PHAs combine both structural uniformity
and tunable electronic features. By adjusting both topology and heteroatom content of the PHA
molecule, various electronic features can be tuned including the optical absorption, redox behavior,
band gap, and photoluminescence. Due to this advantage, many families of PHAs have been studied
as Near infrared NIR active dyes,’ fluorescence sensors, and two-photon absorbers.® Since the first
days of PHAs, nitrogen has been considered the main “dopant”, as a result of the availability of its
synthetic methods and the stability of the N-containing scaffolds. Large effort is now being focused on
the advance of large hetero-aromatics to magnify the portfolio of functional heteroatoms offering an
extra variable in the design of PHA molecules.

The long history of this chemistry left us with a huge structural diversity that makes the classification
of PHAs too difficult. With the variation of these compounds’ size, number, and connectivity of
constituting aromatic rings as well as the heteroatoms’ types, numbers, and the way of their doping,
there is no only one classification that can cover all PHAs. However, some attempts based on the
connectivity between the rings, or the extent of benzenoid ring (graphene-like) fusion tried to afford
some suggested classifications.?° In the context of this introduction, we do not have opportunity to
present in details the different classes of PHAs which cover coronenoids, perylenoids, pyrenoids,
phenalenoids, and other classes with non-benzenoid fusion like circulenes. Instead, we will focus on
few examples of PHAs that received a lot of attention lately due to their high potential to be
implemented in various material-based applications, such as organic light-emitting diodes (OLEDS)
and organic field-effect transistors (OFETS).



t-Bu

aromatic cations

natual product
(arcyriacyanin A)

t-Bu

t-Bu t-Bu
17 18 19

organic field effect transistor (OFET) organic light-emitting diode (OLED) solar cells
Scheme 1.2. Most active areas of modern PHAs research



1.2. Heterodehydrohelicenes as a noble example of PHAs

Dehydrohelicenes, sometimes described as quasi-circulenes, are polycyclic aromatic compounds in
which the helical termini of the helicene precursor are connected via a sigma bond. Although there are
many examples of heterohelicenes®, and circulenes* that can be prepared via different methodologies,
there remained a great deal of mystery surrounding dehydrohelicene scaffolds and only a few examples
reported so far. In 1969, the first example of dehydrohelicenes was reported when Zander and Franke
introduced diaza-dehydro[6]helicene 22 synthesized from the precursor diaza[6]helicene 21 through
metal(Al)-mediated terminal ring closure at 150 °C (Scheme 1.3).*2 In all following schemes, the
chemical transformation in which the two helical termini will form sigma bond affording
dehydrohelicene was highlighted as the “key step” to be easily distinguished from other reactions.

HO OH phenylhydrazine O O (key step) O O
aq. NaHSO
q N gy NaCLAICL \H
reflux OO 150 °C OO

20
21 22
diaza[6]helicene diaza-dehydro[6]helicene
(6%) (49%)

Scheme 1.3. First report of synthesizing dehydrohelicene using chloraluminate method
Therewith, Wynberg and co-workers used a similar protocol (Scholl-type reaction) to access the
thiophene-based dehydrohelicenes 24 in high yields (up to 95%) from the corresponding helicenes 23

(Scheme 1.4). This intramolecular ring closure step is limited exclusively to hetero[5]helicenes and
hetero[6]helicenes as concluded from some unsuccessful examples (Scheme 1.5).%3
S Scholl-type S

stelr— NG s N INPO G RN
AICI, / NaCl E O‘ .
s R s
s ! S

S :

23a ,

24a 24b 24c
dehydro[6]helicene dehydro[5]helicene dehydro[6]helicene
tritia[6]helicene
______________________________________ 69%) ! (95%) (35%)
84 (3
o8 L
L) g8
S S S
24d 24e 24f 249
dehydro[6]helicene dehydro[6]helicene dehydro[6]helicene dehydro[6]helicene
(92%) (80%) (92%) (93%)

Scheme 1.4. Dehydrogenation of heterohelicenes by a Scholl-type reaction



23g 23h
Scheme 1.5. Unsuccessful examples for the preparation of thiophene-based dehydrohelicenes

Generally, most of the early dehydrohelicenes were reported during the trials to prepare the circulenes
as different class of PHAs. The importance and application of circulenes were realized at earlier stage
compared to the dehydrohelicenes.** While seeking to prepare carbo[7]circulene 27, Jessup and Reiss
got the first carbodehydro[6]helicene 26a upon irradiating a solution of the cyclophane diene 25a in
the presence of iodine as an oxidant (Scheme 1.6), but they did not study on its chiral properties.®®

-----------------------

O cyclohexane 'O O

R

25a 26a 27
cyclophane diene dehydro[6]carbohelicene carbol[7]circulene
(52%) (not obtained)

Scheme 1.6. Preparation of dehydro[6]carbohelicene

Later, Yamamoto and coworkers during their successful preparation of carbo[7]circulene 27,
confirmed the chiral nature of carbodehydro[6]helicen 26, and introduced another three derivatives of
chiral carbodehydro[6]helicenes 26b-26d upon irradiation of diene 25 (Scheme 1.7). However, the
low racemization barriers of these dehydro[6]helicenes 26 hindered their further study and
investigation.*®



rt, 1.5h (8.0 equiv.)
DME, reflux, 4 h

k t
O ( ey s eP) C n-BuLi OOO LiA|H4 OO
O hv, 6.5h, I, 0 (3.0 equiv.) . (2.0 equiv.) _
_— [ _—
O O cyclohexane '.O THF/DMF l!ﬂ O TiCl3 C O
i R
R R2
R 26d

25
) 26b R = Me (47%) 2
cyclophane diene 26¢ Br (42%) R4 = CHO (54%) (35%)

dehydro[6]carbohelicene dehydro[6]carbohelicene

Scheme 1.7. preparation of [7]circulene and some dehydro[6]carbohelicene derivatives

In 2009, Rajca described dehydrohelicenes as quasi-circulene for the first time, after getting three novel
thiophene-based dehydro[7]helicene 29 molecules from corresponding dibromohelicenes 28 by three
different methods; pyrolysis, tin-mediated, or palladium-mediated carbon-carbon bond forming

reactions (Scheme 1.8).%

vacuum pyrolysis
250-260 °C

(~70%)

n-BusSnH, AIBN
toluene, reflux, 2 h

(90%)
Pd[P(t-Bu)sly, KsPO4 dehydro[7]helicene
toluene, 60 °C, 48 h quasi[8]circulene

(~10%)

Scheme 1.8. Cyclization of thiophene-based [ 7]helicene at the two bromine-substituted termini

In 2013, Itami and Scott reported a grossly warped nanographene with a dehydrohelicene core 33, that
showed a superior behavior in terms of solubility, optical and electronic features compared to other
planar nanographene. It can be prepared from its precursor corannulene derivative 30 via Scholl
reaction using 10 equivalents of DDQ (Scheme 1.9). The cyclization process affixes the five polycyclic
wing-like substituents to the hydrocarbon core then suture them together to generate ten new C—C

bonds and five new seven-membered rings.*’
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DDQ (4.0 equiv.)
(72%)

DDQ (7.0 equiv.)
(23%)

DDQ (10.0 equiv.)
(40%)

Scheme 1.9. Preparation of a grossly warped nanographene with dehydrohelicene core

Later, the same group reported two similar corannulene-based heptagons 32 and 33 with similar
structural features and a high potential for application in functional materials. However, these
compounds racemize rapidly in solution which hindered the study of their chiroptical properties.*® To
overcome this challenge, Itami and Segawa reported in 2017, a saddle-helix molecule 36 (Scheme
1.10), that showed higher racemization barrier which enabled the chiral HPLC resolution of
dehydrohelicenes for the first time and subsequent study of their chiroptical features. This highly
distorted molecule was prepared via a step wise sequence including a MoCl,-mediated oxidative
coupling of compound 34 involving capping of reactive sites by chlorination and a subsequent Pd-
catalyzed dechlorination to afford compound 36.1°

= (key step)
‘ MoCl; (20.0 equiv.)

CH,Cly, 1t, O,

Pd/C (1.0 equiv.)

HCOOH, Et3N
pyridine, 130 °C

36 (94%)

35 (36%)

Scheme 1.10. Preparation of saddle-helix hybrid Molecule with dehydrohelicene core

Recently, Tanaka and Osuka introduced new dehydro[7]helicene and quasi-aza[8]circulene- molecules
38a and 38b with three pyrrole rings that exhibit interesting photophysical properties (Scheme 1.11).
The oxidative fusion reaction of 37a and 37b was conducted with DDQ-Sc(OTf)3z reagent in toluene
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under reflux to afford 38a,b in high yields. However, the fast racemization of these structures obstacle
their further study.?°

DDQ (5.0 equiv.)
Sc(OTf)3 (5.0 equiv.)

toluene, reflux

38a R=H (90%)

38b R = OMe (82°
37b R = OMe R OMe (82%)

Scheme 1.11. Preparation of triaza-dehydro[7]helicene derivatives

One year later, the same group reported a modified version of their dehydro[7]helicene 39c with a
significantly higher racemization barrier (~40 kcal mol™), which enabled their chiral resolution using
HPLC and investigating some of their promising chiroptical features such as CD spectra (Scheme
1.12).%

(key step)
PIFA NaBH,4 t-BuOK (10.0 equiv.) Bu-
(3.5 equiv.) (12.0 equiv.) n-Bul (200.0 equiv.)
CH,Cl,, MeOH THF, rt, 24 h
-78°C,3h rt,9h
MeO
38c (97%) 39c¢ (46%)

Scheme 1.12. Preparation of modified triaza-dehydro[7]helicene derivatives

Independently, Pittelkow reported two dehydro[7]helicenes 42a and 42b (Scheme 1.13) that showed
improved optical and electro-chemical properties compared to the corresponding helicenes 41a and
41b and [8]circulenes. These two dehydro[7]helicenes 42a and 42b can be afforded in high yields via
an intramolecular Scholl-type reaction upon treatment of the corresponding helicenes 41 with
BFs-OEt, and chloranil. On the other hand, the precursor helicenes 41 need a long synthetic protocol
to be prepared from readily available substrates over four steps and affording only 19% overall yield.
In spite of their estimated high racemization barriers, all attempts for HPLC chiral resolution of these
compounds 42a and 42b were unsuccessful which hindered their further study.??
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Bn

N
Q O (key step)
MeO HO OH OMe chloranil, BF3 OEt,
e
MeCN/ CH,Cl,
45 min, 25 °C
N
40 Bn
(~ 19% overall yield ) 42a X=8S (93%)

42b X = S0, (97%)

Scheme 1.13. Preparation of unique dehydro[7]helicene with three different heteroatoms

In 2021, Maeda and Ema reported another dehydro[7]helicene 44 that can be prepared via
intramolecular FeCls-mediated Scholl-type reaction from the precursor 43 (Scheme 1.14).%

Bn O FeCl (9.0 equiv.)
N MeNO; (50.0 equiv.) -
0 Q CH,Cl,, 0 °C, 1h
OMe I
R S\yOMe -
43 44 (93%)

Scheme 1.14. Facile synthesis of dehydro[7]helicene via intramolecular Scholl-type reaction

Despite the immense potential exhibited by heterodehydrohelicenes, there are no reports so far on their
straightforward construction including asymmetric synthesis. This could be due to the limitations
associated with the synthetic steps: low total yields, harsh reaction conditions (such as high
temperature), easy racemization of some examples, and/or overuse of oxidants (narrow functional
group tolerance.

1.3. Optical properties of heterodehydrohelicenes

Even though the first example of dehydrohelicenes was reported 50 years ago, their chemistry,
properties, and applications are not fully explored. This can be attributed to the fact that most of
dehydrohelicenes did not attract attention until recently and have viewed for a long time as side
products while trying to prepare the more valuable circulenes.*>!%%123 With the revolution occurred in
the last twenty years in the field of renewable energy and the various applications of small organic
molecules (SOMs) in materials science, there has been a tendency to revisit many scaffolds that were
obtained earlier to reconsider their potential for different applications. Dehydrohelicenes are among
the most important compounds that have been rehabilitated, especially with the recent progress made
in some measuring tools and chiroptical methods, such as Raman optical activity (ROA), vibrational
circular dichroism (VCD), and circularly polarized luminescence (CPL), that indorsed the study of
both electronic and geometric structures more extensively. Heterodehydrohelicenes, such as those
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incorporating sulfur, oxygen, and/or nitrogen, can afford further functionalities, exhibiting more
diverse applications compared to their carbodehydrohelicene counterparts.?* Among all their valuable
features, come the photophysical and chiroptical properties as the prominent features that open the gate
for their implementation in various material applications like OLEDs, and OFETs.?®

1.3.1. Photophysical properties of heterodehydrohelicenes

Upon photoirradiation, heterodehydrohelicenes display a high degree of luminesce as a result of their
structural rigidity that hinders the loss of thermal energy due to structural changes in the excited state.
There are a lot of photophysical methods that deal with the interaction between matter and
electromagnetic radiation. Among them we are focusing on the most common two methods that display
a great value in characterizing the electronic and optical properties of different PHAsS. These two
methods are UV-Vis spectrophotometry and photoluminescence (PL). The integration between these
two methods is the magic word in defining their real impact; as UV-Vis spectrophotometry refers to
the quantitative optical absorption of a substance to an incident electromagnetic radiation, while
photoluminescence describes the emission of the absorbed light. When an electromagnetic radiation is
directed onto a substance, it absorbs the photons and gains some energy that excites electrons to a
higher level. Subsequently, some excess energy is emitted again after electrons come back to their
original energy levels, which can be quantified by PL methods.?

The interest in studying the photophysical properties of heterodehydrohelicenes dates back to 2009,
when Rajca and coworkers studied the UV-Vis absorption of various thiophene-based
dehydro[7]helicenes. The studied structures 29a-c revealed good UV-Vis absorption spectra
characterized by a red-shifting with the increasing number of benzene rings (Figure 1.1).4

R

S R s
S \ =S )
W ks 3 e
S S — : S ,; \\._.LZQC n r.':\'.'nrc'u'jn;‘ 1 :,
s \ S ] A :
s . 7\ |

29a 20b / —\

Figure 1.1. Photophyscial properties of some thiophene-based dehydrohelicenes

Lately, the interest in studying the photophysical properties of dehydrohelicenes have expanded more
and more. In 2018, Tanka and Osuka studied their synthesized molecules that exhibited a red-shifted
absorption reaching up to 470 nm. The emission bands were shifted in a bathochromic way at 462 and
476 nm for compounds 38a and 38b respectively (Figure 1.2).2° Their modified dehydro[7]helicene
scaffolds were studied as well and showed red-shifted absorption pattern. The absorption spectrum of
38c is further shifted up to 474 nm compared to 38a (433 nm).2!
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Figure 1.2. Photophysical properties (UV-vis spectroscopy/ PL) of some triaza-dehydro[7]helicenes

In 2020, Pittelkow and coworkers reported a series of PHAs that includes hetero[7]helicenes 41,
heterodehydro[7]helicenes 42, and hetero[8]circulenes 45 as well. The photophysical properties (UV-
vis & PL) of this series was investigated in THF (Figure 1.3). Planarization of the scaffold has a big
impact on the photophysical properties which can be indicated by the bathochromic shift in the onset
of absorption shown in circulene compared to dehydrohelicenens and helicenes.??

2

£ (10°M'cm)
2

45a X =S,
45b X =S0,

Figure 1.3. UV-vis and PL spectroscopy of various PHAs with three different heteroatoms

1.3.2. Chiroptical properties of heterodehydrohelicenes

The unique helical chirality of some PHAs especially helicenes and dehydrohelicenes has led to
extraordinary chiroptical responses.?” Among the various chiroptical properties, the high-level optical
rotation (OR) and optical rotatory dispersion (ORD) considered as the most familiar features of small
organic molecules.”® However, recent reports ignore both ORD and OR due to their complex
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dispersive properties from an analytical point of view.?® Besides, there are other chiroptical methods
that started to gain attention like Raman optical activity (ROA) and vibrational circular dichroism
(VCD), due to their value in studying the configurational and conformational information of chiral
molecules.®® The only limitation related to these methods is their essential quantity and conditions
required for the measurement that often stop them from being applied in routine spectral investigations.
On the other hand, the electronic Circular Dichroism CD and Circularly Polarized Luminescence CPL
have gained an increasing interest recently as the most common and favorable tools to study the
chiroptical nature of small organic molecules. These two methods are superior compared to others in
terms of simplicity and sensitivity, hence, they became the most utilized in recent routine spectral
measurements. Moreover, these two methods, especially CPL, open the gate for studying the potential
application in optical information storage and transfer, in such cases the level of CPL can promote a
further dimension to the information content transported through light.®!

1.3.2.1. Electronic circular dichroism (CD)

Electronic CD spectroscopy is the main tool used to define the difference between the absorption of
left circularly polarized (CP) light and right CP light by chiral molecules, a phenomenon identified as
the Cotton effect (CE).*? CD is depends on the chirality in the ground state. In CD spectroscopy, the
molar circular dichroism (Ag) as a function of wavelength is a specific observable, which is the
difference between the molar extinction coefficients for left CP light () and right-CP light (er); i.€.,
Ag = g — gr. For instrumental convenience, the molar ellipticity ([0], in deg cm? dmol™) is also used
but is mutually convertible with Ag (in M cm™) by the following equation (Eq. 1).

[6] = 100 x % + % Ae = 3298A¢ Eq. 1

The molecular dissymmetry degree can be described via the absorption dissymmetry factor (gcp),
which is given by dividing the molar circular dichroism (Ae = g_— €r) by the molar absorption
coefficient (g), that is average between €. and r (EQ. 2).

eL—€eR Ag
gCD - (%)(SL+SL) T e Eq. 2

From the definition, the absorption dissymmetry factor (gcp) should be between —2 and +2.
Nevertheless, the (gcp) values reported for the m—t* transition of many SOM, including helicenes and
dehydrohelicenes, are much smaller (in absolute value) and typically in a range of 10 to 1072, leaving
huge room for further improvements.
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1.3.2.2. Circularly Polarized Luminescence (CPL)

CPL, sometimes described as luminescence/ or emission circular dichroism, is a chiroptical feature of
chiral molecules that is related to their excited states. CPL is quantified as the difference in the intensity
of left-CP and right-CP light emissions.®*3* The recently growing interest of CPL can be attributed to
the resolution of the circular polarization, that allows the development of smarter photonic materials
for advanced technologies. For example; information storage and processing,®® 3-D displays,®
spintronics-based devices or ellipsometry-based tomography.3” Moreover, the potential applications of
chiral materials with high CPL activities can be extended to include different areas like stereoselective
sensing, security inks, CPL lasers, and endoscope technologies. Generally, relatively high CPL has
been observed for metamaterials, molecular assemblies, liquid crystals, supramolecular aggregates,
and polymer systems, due to the chirality amplification effect, but this aggregation affects negatively
on the emission wavelengths and intensities. Hence, the interest in CPL-responsive small organic
molecules is growing exponentially in the last years due to their diversity and adjustability that can
improve or fine-tune the CPL responses without decreasing the emission intensities, 34383

In CPL spectroscopy, the differential emission intensity (Al) of the left-handed CP luminescence (/L)
and right-handed CP luminescence (/R) is recorded upon exposure to a beam of non-polarized
excitation light. Since the absolute emission intensity depends on many factors and hardly reproducible,
the luminescence dissymmetry is usually evaluated in terms of the luminescence dissymmetry factor
(gcrr) as a function of wavelength. By definition, the gcp. values should be in the range: —2 < gcpr <
+2. Thus, it is a common practice to track larger absolute gcpr values for superior CPL materials (Eq.
3).

IL-IR

gCPL = (%)(ILHL)

Eq. 3

Both CD and CPL can be described or defined in terms of the rotational strength (R) or the rotatory
strength. R, according to Rosenfeld, is the imaginary quantity of the scalar product of the electric and

magnetic transition dipole moments (ETDM and MTDM) of any transition between i and ; states (Eq.
4).

RZIm,u,-j.m,-j Eq.4

Both absorption intensity and emission intensity are proportional to the relevant dipole strength D,
which is defined by the following equation (Eq. 5).

D= luil* +|m]>  Eq.5

In isotropic solutions, the electric quadrupole moment is cancelled out in r and generally small and
negligible for D. The dissymmetry factors gu.»s and gum are thus given by the rotational and dipole
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strengths, and thus dissymmetric factor, can be predicted by theory as will be discussed later (Eq. 6)
(Chapter 4).%

Until now, the highest CPL values have been chiefly accomplished from lanthanide complexes, which
exhibit |gium| values within the range of 0.05-0.5,*! an outstanding value of 1.38 has been reported for
a europium(111) complex.*? Nonetheless, the emission efficiencies (quantum yields) of these complexes
are typically small, due to their metal-centered electronic transitions. This fact hinders their
implementation in many CPL applications (CPL lasing, for example). Some small chiral organic
scaffolds afford CPL levels which is smaller compared to lanthanide complexes, but can jump
exponentially when these molecules are hierarchically self-organized into non-racemic helical
polymers or supramolecular aggregates (|gium| typically within the 10°~10"! range).*® Even so, certain
chiral superorganized polymeric cholesteric crystals (PCCs) can afford extraordinary levels of CPL
(Figure 1.4).** As an example, an impressive |gum| value of about 1.6 has been reported for an OLED
involving a three-layered PCC reflector.*

Chiral dye

Enhanced CPL

Figure 1.4. Chiral super-organized polymeric cholesteric crystals (PCCs)

1.3.2.2.1. Helicene derivatives with CPL properties

Helicenes are ortho-fused aromatic polycyclic compounds with helical structures that can be distorted
by steric hindrance between the terminal aromatic rings. Even though helicenes do not mainly show
any asymmetric centers, their extended and twisted n-conjugated molecular scaffolds exhibit special
helical chirality and excellent CPL properties. Accordingly, helicenes and their derivatives have been
widely used in non-linear optical materials, optoelectronic devices, and so on.*® In 2003, Venkataraman
et al.*’ introduced the first helicene skeletons with CPL character (Scheme 1.15). The reported
structures (M)/(P)-46a and (M)/(P)-46b showed CPL properties with the gium of —1.1 x 1073/0.9 x 1073
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(Aem = 453 nm) and —0.7 x 107°/0.8 x 107 (Aem = 478 nm), respectively. This pioneering work opened
a new horizon for many new helicene derivatives with CPL properties. A lot of carbohelicenes and
heterohelicenes were reported following this early example of Venkataraman and proved to have good
CPL properties with giumup to 2.8 x 107248

oS
0
o O~
e, ]
(M)-46a g, = -1.1 x 103 (M)-46b g, = -0.7 x 103 \DDD\

(P)-46a gy, = 0.9 x 103 (P)-46b g;,,, = 0.8 x 103

Scheme 1.15. First report of helicenes that show good CPL properties

Table 1.1 summarizes most of the reported heterohelicenes as represtitave examples of PHAs. A lot
of carbohelicenes also reported to have such high CPL properties,®“° but I did not discuss here since
it is excluded from the umbrella of PHAs.

Table 1.1. Most of the reported heterohelicenes that show CPL character

No. Structure Solvent Oum 10>y  Year Reference

CHCl;

47 (xl06y) 2800 2014 48
CHCl;

48 (xl0oyy 1100 2014 48
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49 CH.Cl 290 2015 50
50 CH.Cl 320 2015 51
51 CHCl; 16.00 2015 52
& ) CHCl;
52 OO ° (2 x 10" M) 9.00 2016 53
53 C7Hs 0.83 2016 54
O
O b O CH,Cl,
54 Q Qxl0iyy 040 2006 55
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CH:Cl,

55 Qrl0iny 210 2016 55
56 @ 2}112081;4) 1.10 2016 55
57 a i}ﬁ)(_:sNM) 0.50 2016 56
58 @ fﬁlgile) 1.70 2016 57
59 @ S}ﬁ)gljw) 850 2016 58
60 CH,Cl 090 2017 59
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61 CH.Cl, 230 2017 59
62 CH.Cl 070 2017 59
63 a ?1%(-:51;4) 9.00 2017 60
64 CH.Cl, 850 2017 61
65 a 2}1%21;4) 3.00 2015 51
66 a ?112)(‘:31;\/1) 140 2015 51

22



67 CH.Cl, 110 2015 50
68 CH:Cl, 200 2015 50
69 a fﬁ%ihM) 450 2014 62
70 a fﬁ‘g?;w) 0.50 2014 62
71 a 2}1%21;4) 12.00 2014 62
72 3 CX%ENM) 030 2017 63

23



CH:Cl,

64
2017
1.50
-5 M)
10
(5 x
65
2017
! 0.95
3 (:2
7 10°w
(2 x 65
2017
1.10
I
o
2 x
74 (
66
2016
© 1.45
75 (Cﬁﬁgihd)
(1 x
67
2017
| : 1.00
2
o,
(1 x
68
| 2017
© 6.50
4
105w
(5 x
78
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1.3.2.2.2. Dehydrohelicene derivatives with CPL properties

The study of chiroptical properties of dehydrohelicenes is quite rare compared to the helicene scaffolds.
The main reasons for this, is the lack of available chiral dehydrohelicenes and their challenging HPLC
chiral resolution that was never achieved until 2017 by Itami and Segawa.'® In 2021, Maeda, Ema and
coworkers reported the only example of a CPL-responsive dehydrohelicene 44, that showed gium of
0.25 x 1073 (kem = 435 nm) (Figure 1.5).%

2
T T T T

400 450 500 550 I

wavelength / nm \

Figure 1.5. Only studied example about CPL of dehydro[7]helicene

In summary, we can realize that heterodehydrohelicenes represent an integrating scaffolds that show a
lot of good photophyscial and chiroptical properties. These scaffolds so far are quite rare compared to
other PHAs. Although of the recent progresses, still there are no reports on their straightforward
construction including asymmetric synthesis. Moreover, most of the reported protocols have some
synthetic limitations. This inspired us to start our study using an exceptionally new electrochemical
approach to develop a facile sequential synthesis of aza-oxa-dehydro[ 7]helicenes and some other PHAs.
After getting diverse molecules, we started to study their optical properties and design new scaffolds
that can improve chiroptical responses.

In Chapter 2 of this thesis, we discuss the sequential synthesis of aza-oxa-dehydro[7]helicenes via an
electrochemical oxidative hetero-coupling, dehydrative cyclization and intramolecular C-C bond
formation (Scheme 1.16) and how varying the conditions can generate different PHAs.

R1

!

g N . . rh w
HO N N
O 0 | Q Q O.O

Oxidative Q Intramolecular O
HO OR? hetero-
: HO Dehvd C-C bond
| ehydrative 2 0 2
coupling Qs furan OR formation OR

formation
80 83

Up to 86%
26 examples

Scheme 1.16. Sequential synthesis of aza-oxa-dehydro[7]helicenes
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In Chapter 3, we develop a stepwise enantioselective synthesis of aza-oxa-dehydro[7]helicenes that
combines both vanadium chemistry and electrochemistry (Scheme 1.17).

R!

/

N 1
1 o Ly R
v R N
HO N
79 complex O
() — (1) ——>o
* enatioselective | R20 O
HO OR? oxidative hetero- HO O
coupling Q‘ Q
81

80

OR?

83

7%, 929
(83%, 91% ee) (87%, 92% ee)
after recrystallization

Scheme 1.17. Step-wise enantioselective synthesis of aza-oxa-dehydro[7]helicenes

In Chapter 4, we study the photophysical properties of all synthesized PHAs and the chiroptical
characters of the chiral dehydrohelicenes, then design and synthesize some compounds that may boost
these features.
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Chapter 2

Electrochemical Sequential Synthesis of Aza-oxa-dehydro[7]helicenes and

Other PHAS

2.1. Introduction

Heterodehydrohelicenes derivatives represent a particular category of PHAs, and such molecular
systems show a high potential to be implemented in a wide variety of materials science applications.*
Despite the immense potential exhibited by heterodehydrohelicenes, there are no reports on their
straightforward construction. This could be due to the limitations associated with the synthetic steps:
low total yields,? harsh reaction conditions (such as high temperature),® easy racemization,* and/or
overuse of oxidants (narrow functional group tolerance).

In 2016, we reported an efficient vanadium-catalyzed synthesis of oxa[9]helicenes via the oxidative
coupling of arenols followed by intramolecular dehydrative cyclization.® Recently we also developed
the catalytic enantioselective oxidative hetero-coupling of arenols using a chiral vanadium(v)
complex.® Based on this radical-anion coupling mechanism, we envisioned applying an organic
electrochemical method to develop more environmentally benign syntheses of heterodehydrohelicenes.
Recently, the electrochemical metal-catalyzed C-H functionalization process has received extensive
attention as a useful strategy to construct PHAs.” Electrochemical domino processes are one of the
most sustainable methods to construct multiple chemical bonds with a single operation; they reduce
the requirement of chemicals and time for isolation and/or purification of synthetic intermediates,
enabling environmentally benign synthetic processes.® Indeed, many metal- and oxidant-free
electrochemical oxidative coupling reactions of arenols have been reported.” However, there have been
no reports of heterodehydrohelicenes and other related PHAs synthesis using arenol as a starting
material under electrochemical conditions. Herein, I describe the electrochemical synthesis of aza-oxa-
dehydro[7]helicenes 83 possessing multiple heteroaromatic rings through the oxidative hetero-
coupling of readily available arenols 79 and 80, followed by dehydrative cyclization and intramolecular
C-C bond formation sequence (Scheme 2.1).
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Scheme 2.1. Sequential synthesis of aza-oxa-dehydro[7]helicenes

2.2. Preliminary results

To investigate the electrochemical synthesis of aza-oxa-dehydro[7]helicenes 83, hydroxybenzo[c]
carbazole 79a and 7-methoxy-2-naphthol (80a) were selected as the model starting materials. We
assumed that single electron transfer (SET) from 79a would occur first to generate the electrophilic
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radical species at the anode because 79a is more easily oxidized than 80a. From cyclic voltammetry
studies of arenols at (MeCN) with BusNPFe (0.1 M): E79a0x) = 0.69 €V Egoaox)= 1.05 eV (Figure 2.1).
After radical-anion coupling between the radical cation species and 80a, followed by dehydrative
cyclization and intramolecular C-C bond formation sequence, aza-oxa-dehydro[7]helicenes 83aa
would be formed. Our preliminary optimization afforded aza-oxa-dehydro[7]helicenes 83aa in 61%
yield upon using CH>Cl; as a solvent (1.25 mM) with Pt-electrodes and BusNPFs as electrolyte (0.1
M) at 25 °C for 3 hours (Scheme 2.2).
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Figure 2.1. CV experiments of 79a and 80a (MeCN) as a solvent with BusNPFs (0.1 M) as electrolyte.
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Scheme 2.2. Preliminary results for sequential synthesis of aza-oxa-dehydro[7]helicenes

Despite aza-oxa-dehydro[7]helicenes 83aa was afforded in a moderate yield, we had to use excess
amount (4.0 equiv.) of 7-methoxy-2-naphthol (80a) to supress the formation of side products.
Decreasing the amount of 1.0 equiv. of 80a produced low yield of aza-oxa-dehydro[7]helicene 83aa
(Diol 81aa was isolated as the major side product 64%) as shown in (Scheme 2.3).
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Scheme 2.3. Synthesis of aza-oxa-dehydro[7]helicenes using 1/1 ratio of coupling partners

So far, the role played by the excess amount of 7-methoxy-2-naphthol (80a) to suppress the formation
of diol 81aa and encourage the formation of dehydro[7]helicene 83aa still elusive. But what baffled
us more at first is the nature of this side product 81aa, as our initial understanding of this reaction was
based on the assumption of diol 81 to be an intermediate that can be converted under our conditions to
the corresponding dehydro[7]helicene 83aa. The thing which does not seem to be correct in our case.
In order to shed some light on the nature of this sequential reaction, we have done some control
experiments before suggesting the most plausible reaction mechanism.

2.3. Control experiments and plausible reaction mechanism

The diol 81aa did not afford the corresponding dehydro[7]helicene 83aa under our electrochemical
conditions which supoorts that diol 81aa is not an intermediate in this sequential pathway (Scheme
2.4). However, it is possible to convert this diol 81aa to the corresponding [7]helicene 82aa via an
acid-mediated dehydrative cyclization which can be followed by an anodic oxidation to form
dehydro[7]helicene 83aa smoothly (Scheme 2.5).
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Scheme 2.4. Control experiment: study the conversion of diol under electrochemical conditions
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Based on the previous experiments (Schemes 2.4 and 2.5), and cyclic voltammetry studies (Figure
2.1), we can suggest the anodic oxidation of 79a to be the onset of this reaction. After that, single
electron transfer (SET) would occur to generate the electrophilic radical species II at the anode that
undergo radical-anion coupling with the more nucleophilic 80a. Further anodic oxidations can afford
intermediate IV that can either tautomerize to generate diol 81aa side product or readily undergoes
dehydrative cyclization to afford [7]helicene 82aa, followed by intramolecular C-C bond formation to
afford 83aa (Schemes 2.6).
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Scheme 2.6. Plausible reaction mechanism

Although we reached around 61% yield of dehydro[7]helicene 83aa under our preliminary optimized
conditions, we couldn’t push this yield forward anymore. We envitionisoed based on our understanding
to the mechanism that addition of some acid additives (such as BF3;.0OEt>) to our protocol, may help
the conversion of diol to the corresponding helicene 82aa, and subsequently dehydrohelicene 83aa. In
other words, we can modify the conditions to bring this side product diol 81aa back to the sequential
reaction as an intermediate. Besides, we can reoptimize some parameters to overcome other drawbacks
or limitations in the preliminary conditions associated with using excess amount of 7-methoxy-2-
naphthol (80a: 4.0 equiv.), super dilute concentration (1.25 mM) which hinders the scaling up of this
reaction, and surely the absence of enantioselective version of this reaction.
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2.4. Reoptimization of the reaction conditions to promote the efficiency

As we mentioned above, in an effort to overcome some of the reaction limitations and promote its
efficiency, we decided to screen some different reaction parameters like solvents (Table 2.1),
electrochemical parameters such as electrodes and electrolytes (Table 2.2), concentration and current
density (Table 2.3), and some additives (Table 2.4).

Table 2.1. Screening of solvents.?

p-tolyl = 0.4 mA/cm?
HO o< BJu4r\?P4F6 (?)IA M) Q D
HO * solvent (0.02 M) e HO N Q
80a 25°C, 14 h Q‘
(01 mmol) (1.0 equiv) (Undivided cell)
83aa 81aa
Aza-oxa dehydrohelicene Diol
entry solvent yield of 83aa (%)’ yield of 81aa (%)’
1 CH:Cl» 28 68
2 THF 17 70
3 CH;CN 14 50
4 CH;0H 12 57

“The reaction of 79a (0.1 mmol) and 80a (0.1 mmol) was carried out in the corresponding solvent
(5 mL) at 25 °C under air (1 atm). * Yields were determined by '"H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard.

Table 2.2. Screening of electrodes, and electrolytes.”

i

p-tolyl
prtolyl o o J=0.4 mAlem? " D
~ electrolyte (conc.)
HO * CHCl, (0.02 M) oo HO. "9 Q
o N s N
83aa 81aa
Aza-oxa dehydrohelicene Diol
entry electrode electrolyte (conc. M) yield of 83aa (%)”  yield of 81aa (%)”
1 Pt(+)-Pt(-) BusNPFs (0.1) 25 64
2 Pt(+)-C(-) BusNPFs (0.1) 22 55
3 Pt(+)-FTO(-) BusNPFs (0.1) 24 62
4 FTO(+)-FTO(-) BusNPFs (0.1) 28 68
5 FTO(+)-FTO(-) LiClO4(0.1) 15 50
6 FTO(+)-FTO(-) BusNCI104(0.1) 20 54
7 FTO(+)-FTO(-) BusNPF¢ (0.05) 15 60
8 FTO(+)-FTO(-) BusNPFs(0.2) 26 68

“The reaction of 79a (0.1 mmol) and 80a (0.1 mmol) was carried out in dichloromethane (DCM: 5
mL) at 25 °C under air (1 atm). ° Yields were determined by '"H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard.
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Table 2.3. Screening of concentration of 79a and current density.“

J =Y mA/cm?
HOO\ BusNPFg (0.1 M)
+
HO MeO
* CH,Cl, (conc.) HO ° O
80a 25 °C, time
. (Undivided cell)
(1.0 equiv)
83aa 81aa
Aza-oxa dehydrohelicene Diol

entry 79a (X mmol) J=Y mA/cm® time(h) yieldof83aa (%)’ yield of 81aa (%)’

1 0.025 0.4 3.0 22 63
2 0.05 0.4 6.5 25 64
3 0.1 0.4 14.0 28 68
4 0.1 0.8 12.5 32 64
5 0.1 1.2 10.0 37 60
6 0.1 1.6 7.0 30 55

“The reaction of 79a (X mmol) and 80a (X mmol) was carried out in DCM (5 mL) at 25 °C
under air (I atm). ? Yields were determined by 'H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard.

Table 2.4. Screening of additives.”

J = 1.2 mA/cm?
Additive (conc.)
HO o< BuyNPFg (0.1 M)
+ CH,Cl, (0.02 M)
25°C,10h
(Undivided cell)

p-tolyl

(0.1 mmol) (1.0 equiv)
83aa 81aa
Aza-oxa dehydrohelicene Diol
entry additive (conc. M) yield of 83aa (%)” yield of 81aa (%)’
1 acetic acid 0.05 50 35
2 TFA 0.05 55 21
3 BF; OEt, 0.05 57 28
4 BF; OEt; 0.1 68 20
5 BF; OEt; 0.2 84 0
6 BF; OEt, 0.3 76 0

“The reaction of 79a (0.1 mmol) and 80a (0.1 mmol) was carried out in DCM (5 mL) in presence of
additive (conc.) at 25 °C under air (1 atm). ® Yields were determined by 'H NMR spectroscopy using
1,3,5-trimethoxybenzene as an IS.
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After examining various conditions and performing sedulous optimization (Tables 2.1-2.4), a
sequential protocol generating aza-oxa-dehydro[7]helicenes 83aa in 84% yield (81% isolated yield,
current efficiency = 30%) was developed; fluorine-doped tin oxide (FTO) was used as electrodes and
BusNPFs as the electrolyte (0.1 M) at 25 °C, in the presence of BF3-OEt; (as an additive) in CH2Cla.
The structure of 83aa was confirmed by X-ray crystallography (Figure 2.2).
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Figure 2.2. X-ray structure of 83aa with ellipsoids at 30% probability
(H atoms were omitted for clarity).

A series of control experiments were subsequently conducted to understand the role of each reactant
(Table 2.5). To our delight, fluorine-doped tin oxide FTO electrodes showed the best performance
compared to others (entries 2-3). The FTO electrodes are commercially available, recyclable (>5 times)
and cheap.'® Doubling the current density reduced the yield of 83aa to 65% (entry 4); its reduction to
0.8 mA/cm® did not significantly affect the yield but prolonged the reaction time (entry 5). High
concentrations of the electrolyte, other solvents [THF, MeCN, and MeOH (5 mL)], and other
electrolytes such as LiClO4 (0.1 M) formed diol 81aa as the major side product in 9 to 22% yields
(entries 6-10). Decreasing the amount of BF3-OEt: or replacing it with other Bronsted acids (as acidic
additives) produced low yields of aza-oxa-dehydro[7]helicene 83aa (81aa was isolated as the major
side product in 5 to 20% yields) (entries 11-13). BF3-OEt; transformed diol 81aa to helicene
intermediate 82aa, which underwent facile anodic oxidation to form 83aa. No reaction occurred in the
absence of electricity (entry 14). Finally, to generalize this protocol, 83aa was synthesized using
ElectraSyn® 2.0 (designed by IKA);'! it exhibited comparable results (entry 15).
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Table 2.5. Variation from standard conditions.®

g N HOO\
80a
79a .
' (1.0 equiv)

J = 1.2 mA/cm?2
BF; OEt, (0.2 M)
BusNPFg (0.1 M)

CH,Cl, (0.02.M)
25°C,10 h
(Undivided cell)
Full conversion

83aa

Aza-oxa dehydrohelicene

entry variation from standard conditions yield of 83aa (%)
1 None 84 (81)

2 With C(+) / FTO(-) 42

3 With ETO(+) / Pt(-) 55

4 J=2.4mA/cm? 65

5 J=0.8 mA/em? 77

6 0.2 M of BusNPFs 65

7 LiClOg instead of BusNPFs 47

8 THF instead of CH>Cl» 21

9 MeCN instead of CH>Cl» 36

10 MeOH instead of CH>Cl» 435

11 Without BFs-OEt, 37

12 Using 0.1 M of BF3-OEt, 68

13 Using TFA instead of BFs-OEt, 67

14 No electricity No reaction ¢
15 ElectraSyn® 2.0 with Pt(+) / Pt(-) 75

¢ Electrolysis conditions: FTO anode, FTO cathode, constant current = 3 mA, 79a and 80a (0.1
mmol), BuNPFs (0.1 M), BF3-OEt, (0.2 M), CH2Clz (5 mL), 25 °C, 10 h. 12.5 h. ¢ No conversion.
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2.5. Substrate scope

Subsequently, the substrate scope of various hydroxycarbazoles 79 and 2-naphthols 80 were
investigated under the optimal reaction conditions (Scheme 2.7). N-Aryl- and N-alkyl-substituted
derivatives 79a—79f underwent facile conversion to aza-oxa-dehydro[7]helicenes 83aa—83fa in 78-
86% yields. Different combinations of 80 with 7-benzyloxy or allyloxy groups 80b—80¢ were used to
synthesize aza-oxa-dehydro[7]helicenes 83ab—83fc in 71-84% yields. A series of compounds 79
substituted by Me, Ph, and OMe groups at various positions on the aromatic ring formed products
83ga—83la in 76-84% yields. n-Expanded substrate 79i also reacted with 80a to form 83ia in 80% yield.
Hydroxycarbazole 79m with an electron withdrawing cyano group afforded 83ma in 67% yield.
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Scheme 2.7. Substrate-scope studies

In the absence of 7-alkoxy group from 80, aza-oxa-dehydro[7]helicenes cannot be afforded and only
the corresponding aza-oxa[7]helicene 82ad was afforded. This highlights the critical role of these
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groups to maintain the electron density at the helical termini that makes dehydro[7]helicene formation
possible. To our delight, the presence of this alkoxy group at the carbazole moiety instead of 2-naphthol
moiety allowed the formation of dehydro[7]helicene 83nd at low yield. Keeping the methoxy groups
at both helical termini did not eliminate the possibility of dehydro[7]helicene formation, but it
decreased the yield of 83na (27%). Although the low yield of the last two substrates 83nd and 83na
compared to others, they show the possibility of the dehydro[7]helicene formation with broader scope
of substrates, and possibly their yields could be further improved with more optimization.

2.6. Two-pot synthesis of aza-oxa-dehydro[7]helicenes

To establish the applicability of this method for concise synthesis, a two-pot protocol using
commercially available substrates p-benzoquinone 84 and N-phenyl-2-naphthylamine 85 was tested;
it produced aza-oxa-dehydro[7]helicene 83ba in 55% overall yield (Scheme 2.8).
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o

80a (1.0 equiv)

|
© Nepp, HaPO, O BF3-OEt, (0.2 M)
5 + (1.0 equiv) o BusNPF, (0.1 M)

_ zst?,'ge?g N CH,Cl, (0.02 M)
84 (1.5 equiv) 85 ’ without 25°C,10h
purification (Undivided cell)
83ba
55% overall yield
in two-pots

Scheme 2.8. Two-pot synthesis of 83ba from commercially available substrates 84 and 85.

2.7. Chemical transformations of aza-oxa-dehydro[7]helicenes

Transformations for the introduction of functional groups were subsequently investigated using various
aza-oxa-dehydro[7]helicenes 83. The benzyl group on the nitrogen of 83fa was removed using AlCl3
to give 830a, which underwent Pd-catalyzed N-arylation to form 83ba (Scheme 2.9.A). The carboxylic
acid derivative 83pa was formed after the hydrolysis of 83ma under basic conditions (Scheme 2.9.B).
Furthermore, a treatment of 83na with BBr3 at 25 °C afforded corresponding aza-oxa[8]circulene 86
in 92% yield (Scheme 2.9.C). This aza-oxa[8]circulene 86 considered as a new type of [8]circulenes.
All reported [8]circulenes belong to one of these three types; type I, II, and III (Figure 2.3).!

S

Type | Type I Tvoe Il Type IV (new)
6 x hexagons 4 x hexagons 8 x };F;ta ons 5 x hexagons
2 x pentagons 4 x pentagons P 9 3 x pentagons

Figure 2.3. Types of hetero[8]circulenes
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(A) Deprotection of N-substitution (B) Hydrolysis of cyano group

iodobenzene (2.0 equiv)

' N
AlCI; Pd(PPhg), (5 mol%) !
(1.0 equiv) K2CO3 (2.0 equiv) X aq. NaOH (10 M) D
83fa ————— " 83ba ' 8ma — ¢
, a?éso‘:% ) DMF, 90°C, 120 (750;) | EtOH/H,0 O
5°C, : reflux, 48 h O
| 0 COOH
: \
X 83pa (65%)
(C) Transformation to [8]circulene *

N .
BBr, O ¢ X T/\T
(3.0 equiv) BTN
CH,Cl, . g

25°C, 20 h O /
(- %

86 (92%) (CCDC 2183557)

Scheme 2.9. Derivatization of aza-oxa-dehydro[7]helicenes

2.8. Electrochemical synthesis of other PHAs

When the transformation of 81aa to heterodehydro[7]helicene 83aa was carried out in the absence of
BF3.0Et;, the double C-O insertions occurred to afford 87aa in 83% yield. The structure of 87aa was
confirmed via X-ray crystallographic analysis (Scheme 2.10).

Me Me >
't
™\

Ei )
TO FTO

r
N
=12 mA/cm
Q Bu4NPF5 (0.1 M) T/ j,——x

HO CH,Cl, (0.02 M)
25°C,6h
Under air

87aa

/
81aa (Undivided cell) ey ¥

0,
(83%) (CCDC 2057234)

Scheme 2.10. Electrochemical synthesis of compound 87aa

The homo-coupling of 79a was not possible under low intensities of electric current. However, after
modifying the electrochemical parameters (current density and electrodes), homo-coupling diol
product 88a was obtained which subsequently underwent double C-O insertions to afford 89a in 62%
yield (analogue of 87aa) under the same conditions. The structure of 89a was confirmed via X-ray
crystallographic analysis (Scheme 2.11).
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= 1.53 mA/cm? = 1.53 mA/cm?
AP =2 min AP =2 min
BusNPFg (0.1 M) BusNPFg (0.1 M)
e,

v e
HO CH,Cl, (0.02 M)
25°C
79a o

CH,Cl, (0.02 M)
(Undivided cell)

3.0 mA 3.0 mA
¢ & .
N

25°C,6h
(Undivided cell)
Full conversion

Scheme 2.11. Electrochemical synthesis of compound 89a

By increasing the intensity of electric current (up to 6.0 mA/ J = 3.06 mA/cm?), we observed the
formation of another homo-coupling product 90 (Scheme 2.12). After spectral analysis, we realized
that diol 88a afforded a new helicene 91 that subsequently underwent a chlorination to afford 90 in
24% yield. The structure of 90 was confirmed via X-ray crystallographic analysis. The only source of
this chloro- is CH>Cly, which is quite rare to be a chlorinating agent. Compound 89a was also afforded
as a major product under these conditions in 52% yield. Further studies are going on right now to
understand the reaction mechanism, improve the yield of 90, and explore its potential applications in

different fields.
6.0 mA

J = 6.03 mA/cm?
BusNPFg (0.1 M)
Q O CH,Cl, (0.02 M)
25°C,6h
HO L
79a O (Undivided cell)

(52%)

coupling

H 1,3-homo- Double C{!

/inertions

Dehydrative
cyclization

Scheme 2.12. Electrochemical synthesis of compounds 89a and 90
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Chapter 3

Stepwise Enantioselective Synthesis of Aza-oxa-dehydro[7]helicenes

3.1. Introduction

Although many reports are found on the enantioselective synthesis of helicenes,® there are no such
reports for dehydrohelicenes. Success in such a challenge will represent a quantum leap in this field.
Not only it can provide an easier and more efficient way to get the desired enantiomer, but also restore
hope for many stopped attempts to study the chiroptical properties due to the difficulty of HPLC chiral
resolution.? An efficient chemo- and enantioselective protocol for the oxidative hetero-coupling of
hydroxycarbazoles 790 and naphthols 80d using a chiral vanadium(v) complex 92, producing axially
chiral biaryl derivatives, has been previously reported (Scheme 3.1); based on this study, a stepwise
enantioselective synthesis of diol 81ba was examined, which was followed by electrochemical
transformation to the corresponding heterodehydrohelicenes (Scheme 3.2).

H
N

H
N
o Vicomplex (10 mol %) Q D
HO

(Y, v
HO +
LiClI (3.0 equiv) HO
1,4-dioxane, air
79 80d 30°C,9%h

Eox=0.71ev Eox = 1.271 ev

81o0d
(72% yield) High chemo-, regio-,
(74% ee) and enantioselectivities.

Scheme 3.1. Vanadium-catalyzed hetero-coupling of hydroxycarbazole with 2-naphthol

!

V
Enantioselective Sequential

vanadium catalyzed N electrochemical
HO OMe heterocouplmg Q O Synthesis
HO Dehydrative cyclization/

P
79b ' HO Intramolecula'r c-C
bond formation

81ba (M)-83ba
Dehydro[7]helicene

Scheme 3.2. Stepwise enantioselective synthesis of aza-oxa-dehydro[7]helicenes

3.2. Optimization of reaction conditions (first step)
3.2.1. Screening of vanadium complexes

Initially, chiral vanadium(v) catalysts were screened for oxidative hetero-coupling employing a 1:1
molar ratio of 3-hydroxycarbazole (79b) and 7-methoxy-2-naphthol (80a) under air (Scheme 3.3). The
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catalyst (Ra,S)-92a having a (R)-BINOL skeleton and a tert-leucine moiety afforded the axially chiral
hetero-coupling diol 81ba in good yield (85%) with a moderate enantiomeric excess (50% ee)

O\ V cat. (10 mol%)
1,4-dioxane (0.1 M)
HO O O 30°C, 96 h
LiCl (3.0 equiv)
79b i Under air
t-Bu
~N
\Z/ O
o0
N O :
(Ra S)-92a (R2,S)-92b (R.,S)-92¢
85% yield, 50%ee 74% yield, 35%ee 77% yield, 32%ee
t—Bu
; t Bu N _-0t-Bu
a o
~N
o) u\ O o “\ O OO \:/\/>:O

o35

HO o

(R, S)-92d

(S5 S)-92a
83% yield, 34%ee

(R4, S)-92e (Ra,R.R)-92f
72% yield, 33%ee 81% yield, 11%ee 69% vyield, 9%ee
t-Bu t-Bu -Bu
N

(O :
0 (5/\00

O

|

(R, 5)-92g
75% yield, 16%ee

(R4S,S)-92h
80% vyield, 20%ee

(SaS,S)-92h
82% yield, 25%ee

Scheme 3.3. Effects of vanadium complexes

47



3.2.2. Effects of temperatures and solvents

We tried to further improve the enantioselectivity through screening of different temperatures and
solvents (Table 3.1). CCls was found to be the optimum solvent for this reaction that can afford diol
(R)-81ba in good yield (83%) and moderate enantioselectivity (59% ee) at 30 °C under air (entry 18).
Screening lower temperatures did not improve the enantioselectivity, but decreased the yield and
prolonged the reaction time (entries 19-20).

Table 3.1. Screening of different solvents and temperatures.“

Ph !
’ N

N
o HO (Ra,S)-92a (10 mol%) Q O
HO Solvent (0.1 M)
O Temp., Time HO
79b 80a (1.0 equiv) Under air Q

)-81ba

entry temp. (°C) solvent time (h) yield of 81ba (%)’ ee of 81ba (%)°
1 10 CICH2CH:CI 24 45 36
2 20 CICH,CH:Cl 24 56 34
3 30 CICH2CH:CI 24 60 33
4 30 CICH2CH:C1 48 84 33
5 40 CICH,CH:Cl 24 71 30
6° 50 CICH2CH.Cl1 24 75 25
7 30 CLC=CCl, 48 75 39
8 30 PhCl 48 81 39
9 30 1,4-dioxane 48 85 44
10 30 toluene 48 80 43
11 30 o-xylene 48 80 Rac.
12 30 p-xylene 48 81 10
13 30 THF 48 65 35
14 30 Et,O 48 60 29
15 30 EtOAc 48 75 42
16 30 CH2Cl» 48 90 36
17 30 CHCI3 48 87 36
184 30 CCly 48 83 59
19¢ 0 CCly 48 57 59
20 -10 CCly 96 45 61

“The reaction of 79b (0.05 mmol) and 80a (0.05 mmol) with 10% mol of (R,,S)-92a (0.005 mmol)
was carried out in different solvents (0.5 mL) at different temperatures under air (1 atm). ° Yields
were determined by "H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard. ¢
Determined by HPLC (Daicel Chiralpak IB, hexane / EtOH = 2/1, flow rate 1.0 mL/min, T = 25 °C,
280 NM): tmgj = 5.6 Min, tmin = 6.9 min. ¢ Under these conditions trace amount of the corresponding
helicene 82ba was observed to be formed.
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3.2.3. Recrystallization of diol (R)-81ba

Science there was no real improvement in the ee% values upon trying lower temperatures (Table 3.1,
entries 19-20), we decided to apply the conditions in (entry 18), and try to improve the ee% of resulting
diol (R)-81ba via recrystallization (Scheme 3.4). After screening different crystallization conditions,
we decided to the layering between n-hexane and CHCIsz which improved the enantiopurity of (R)-
81ba to 91% ee (Figure 3.1).

g )
N N
O HO (R,.S)-92a (10 mol%) Q O
HO
CCly (0.1 M) HO
30°C,48h HO \
79b 80a Under air Q
(1.0 equiv)
R)-81ba
83%, 59% ee (91% ee)?
@ Recrystallization from n-hexane/CHCl;
Scheme 3.4. Enantioselective synthesis of diol (R)-81ba
' 20000
0
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: Chamel Name 220 0nm
2] Peak Nanw JCHICR Dmenf Arws [V anc ] [Hwight [0V] ] Arws [Ha gt 8] Cuaant 2y | NTF | fanoiation | Symmetey Facter
HUdknown 91 7400 1075754 ro6a|soare] syoval  NoAled0d]  som 1335
2 Usbnomm 9 10.200 1008577 52907 |45.621) 42022 N/AJE220 = N A 1375
200080 Chromatogram Name N-PhIMeOdiol[BHEtOH2 191 %e~-CHY
Sample Name
Charnel Name 220.0nm
2] Peak NameJCHIIR [men [ Araa [iV-sec i fHeaht L] Araas JHowhtS Jouantay [NTP [Reacstion ] Symmetry Factor
~~~~~ 1 Uknewn | 5] 7850 jeazans]  sestiofssais] se2eo]  nNoafesss]  edse 1483
-~ 2] Uknown | 8] 10213 284657 21008] 4681] 3710]  noajesis] NA 1207

100 " 120

Determined by HPLC (Daicel Chiralpak IB, hexane / EtOH = 3/1, flow rate 1.0 mL/min, T =25 °C, 280 nm): tmaj=
7.5 min, tmi, = 10.2 min.

Figure 3.1. HPLC chromatogram of diol (R)-81ba after recrystallization: Rac. (Above chart), 91% ee
(Below chart).
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3.3. Mechanism of vanadium-catalyzed hetero-coupling

A plausible catalytic cycle for the oxidative hetero-coupling of hydroxycarbazoles 79b with 7-
methoxy-2-naphthol (80a) is illustrated in (Scheme 3.5). The condensation of the mononuclear
vanadium(v) complex (R,,S)-92a with 79b generates intermediate A. Then, intermediate A undergoes
a single electron transfer (SET) from the carbazole moiety to vanadium (v) to generate the conceivable
electrophilic radical intermediate B, since 79b is more easily oxidized than 80a. This is followed by
an intermolecular radical-anion coupling to afford intermediate C with the formation of a new carbon-
carbon bond through the nucleophilic attack of 80a. Reoxidation of vanadium(iv) to vanadium(v) by
molecular oxygen proceeds in air followed by exchange with 79b, the hetero-coupling product 81ba
is obtained and intermediate A is regenerated.

t-Bu

Ph

mononuclear
V cat.

(R,.S)-92a

Nucleophilic
Attack

|
Ty

(R)-81ba
Scheme 3.5. Plausible reaction mechanism for the oxidative hetero-coupling of 3-hydroxycarbazole 79b
with 7-methoxy-2-naphthol (80a).
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3.4. Second step: electrochemical conversion of 81ba to dehydro[7]helicene 83ba

To our delight, applying our optimized electrochemical conditions on the diol (R)-81ba gave the
corresponding dehydrohelicene (M)-83ba in 87% yield without affecting on the optical purity (<92%
ee) (Scheme 3.6). To the best of our knowledge, this is the first example of the enantioselective
synthesis of any kind of dehydrohelicene derivatives.

@

= 1 2 mA/cm

BF5-OEt, (0.2 M)

HO Qs Q BusNPFg (0.1 M)

CH,Cl, (0.02 M)

25°C,10h
(R)-81ba Under air (M)-83ba
(91% ee) (Undivided cell) 87% yield
(92% ee)

Scheme 3.6. Stepwise enantioselective synthesis of dehydro[7]helicene (M)-83ba

3.5. Determination of the absolute configuration of (M)-83ba

The configuration of (M)-83ba was determined after comparing the CD spectrum of 83ba with that of
previously assigned (M)- and (P)-83aa via X-ray crystallographic analysis, and found the pattern of
83ba is matching with the (M) configuration (Figure 3.2). Hence, we can understand that 81ba has an
(R)-configuration; i.e. (R)-81ba will give exclusively (M)-83ba and vice versa. Moreover, these results
matching with our previous work?® in which similar substrates gave (R)-diols using this vanadium

complex (Ra,S)-92a.

83ba in CHCl, 83aa in CHCl,
40 150 0.0025
30 100 | { 0.0015
20 50 [\ o= ool
g 10 ’ N SeeaatN 4 0.0005
S 0 >
£ ! -0.0005
g -10 50 b
]
- 1 -0.001
20 -100 t 'l 0.0015
-30 % . . .
240 290 340 150 -0.0025
250 300 350 400

wavelength (nm)

(M)-83aa ==+ (P)-83aa
Figure 3.2. CD spectrum of 83ba and 83aa

3.6. Scale up the stepwise enantioselective synthesis of dehydrohelicene (M)-83ba

Taking one more step towards industrial implementation, we scaled up our enantioselective stepwise
protocol to the semi-gram scale as depicted in (Scheme 3.7). Using (3.23 mmol) of both 79b and 80a,
the diol (R)-81ba was afforded in 83% yield and 85% ee (after recrystallization). (R)-81ba can undergo
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the subsequent electrochemical transformation using larger FTO electrodes (4.5 x 5 cm?) with a little
higher intensity of electric current (5.0 mA) to partially compensate the decreased current density (J)
without affecting significantly the potential of the cell. The corresponding dehydro[7]helicene (M)-
83ba was afforded in 72% yield, and 85% ee (98% ee after recrystallization from n-hexane/EtOAC)

(Figure 3.3).
80a (1.0 equiv)
(R.,5)-92a (10 mol%) 5 mA
HO CCly (0.1 M) BF5-OEt, (0.2 M)
30°C, 79 h HO BuyNPFg (0.1 M)
Under air CH,Cl, (0.02 M)
3. 331"6m°' ) 25°C, 30 h Son
9 R)-81ba Under air (M)-83ba OO
(Undivided cell) 72% vyield, O
0,
;8? y|elg] 85% ee (98% ee)’! R S).92
[a] After recrystallization from hexane/CHCI,. (85% ee) ~0.62 (Rg,S)-92a
v (-09g) -0629)

[b] After recrystallization from hexane/EtOAc.

Scheme 3.7. Reaction scalability
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Determined by HPLC (Daicel Chiralpak IC-3, hexane/i-PrOH = 50/1, flow rate
tmin = 16.1 min.

1.0 mL/min, T =25 °C, 230 nm): tmsj= 12.9 min,

Figure 3.3. HPLC chromatogram of diol (4/)-83ba after recrystallization; Rac. (Above chart); 85% ee
(Middle chart), 98% ee (Bottom chart)
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Chapter 4

Optical Properties of Aza-oxa-dehydro|7]helicenes and Other PHASs

4.1. Photophysical properties of different PHAs

There are a lot of photophysical methods that deal with the interaction between matter and
electromagnetic radiation. Among them, we are focusing on the most common two methods that
display a great value in characterizing the electronic and optical properties of different PHAs. These
two methods are UV-Vis spectrophotometry and photoluminescence (PL), whose integration plays a
key role in defining their real impact.!

4.1.1. Photophysical properties of aza-oxa-dehydro[7]helicenes

Upon photoirradiation, heterodehydro[7]helicenes 83 display a high degree of luminescence as a result
of their structural rigidity that hinders the loss of thermal energy due to structural changes in the excited
state. All the helical dyes showed absorption in the wavelength range of 399-420 nm and fluorescence
maxima at 450 nm. Heterodehydrohelicene 83aa, for example, exhibited a maximum absorption at the
wavelength of 399 nm in CHCIz (20 uM) (Figure 4.1A). PL spectra of 83aa were shifted in a
bathochromic way to 412 nm and 431 nm when investigated in CHCIs (20 uM) (Figure 4.1B).
Remarkably, heterodehydrohelicenes exhibited a high solubility in various solvents like halogenated
(CHCI5), polar aprotic (THF), and non-polar solvents (n-hexane) which enabled the study of solvent
effect on their optical properties. Generally, all solvents showed similar absorption and emission
patterns, with relatively larger Stokes shift in CHCl3 and improved absorption in n-hexane.
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Figure 4.1. Photophysical properties of heterodehydro| 7]helicene 83aa: (A) UV spectra of 83aa in
(CHCIs, n-hexane, and THF) 20 uM solutions (B) PL spectra of 83aa in (CHCls, n-hexane, and THF) 20
UM solutions.
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The photophysical properties (UV-vis & PL) of other aza-oxa-dehydro[7]helicenes 83ea and 83ab
were also investigated in CHCI3 (20 uM), and exhibited a red-shifted absorption reaching up to 404
nm and 399 nm respectively. Moreover, their emission maxima were shifted in a bathochromic way at
412 nm and 435 nm for compound 83ea (Figure 4.2), and 416 nm and 432 nm for compound 83ab
(Figure 4.3).
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Figure 4.2. Photophysical properties (UV & PL) of 83ea in CHCIl; (20 uM) solutions.
1400
1
1200
08 1000
S 06 B0 3
g 2
o =
§ 600 %
0.4 =
400
0.2
200
0 0
270 320 370 420 470 520 570

wavelength (nm)

Figure 4.3. Photophysical properties (UV & PL) of 83ab in CHCI; (20 uM) solutions.
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4.1.2. Photophysical properties of other PHAS

Next, we started to study the photophysical properties (UV and PL) of other PHAs: for example,
hetero[7]helicene derivative 82ad revealed a maximum absorption at 406 nm and fluorescence maxima
at the wavelengths of 418 nm and 440 nm (Figure 4.4).
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Figure 4.4. Photophysical properties (UV & PL) of 82ad in CHCl; (20 uM) solutions.

Compounds 87aa and 89a showed analogous photophysical properties with red-shifted absorption
maxima reaching up to 405 nm and 406 nm, respectively. Also, their emission maxima were shifted in
a bathochromic way to 407 nm and 434 nm for compound 87aa (Figure 4.5), and 412 nm and 437 nm
for compound 89a (Figure 4.6).

08 350
0.7
- —-pPL —uUV 300
06 250
05
200
0.4 5
E 150 5
=1 0.3 'z
2 100 £
£ 02 =
0.1 50
0 0

280 330 380 430 480 530
wavelength (nm)

Figure 4.5. Photophysical properties (UV & PL) of 87aa in CHCIl; (20 uM) solutions.
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Figure 4.6. Photophysical properties (UV & PL) of 89a in CHCl; (20 uM) solutions.
More red-shifting was observed upon studying compound 90 which exhibited an absorption maximum

upon photoirradiation at the wavelength of 418 nm. With a very small Stock-shift in CHCI; solvent,
compound 90 showed emission maxima at 427 nm and 450 nm (Figure 4.7).
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Figure 4.7. Photophysical properties (UV & PL) of 90 in CHCl; (20 uM) solutions.
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4.2. Chiroptical properties of PHAs

The unique helical chirality of some PHAs (especially helicenes 82 and dehydrohelicenes 83) has led
to extraordinary chiroptical responses. As shown in chapter 1, these photophysical and chiroptical
properties play a key role in opening the gate for future implementation of PHAs in material science
applications like OLEDs, and OFETs.? Chiral molecules have the ability to interact with left and right
circularly polarized (CP) light in a different manner. This variance in the interaction between the left
and right CP light can be defined in terms of molecular dissymmetry which can vary with many known
and obscure parameters.® However, before taking a few steps in this direction, it is more reasonable to
study the chiral stability of our scaffolds. Molecules with low racemization barriers are less valuable
and cannot be applied in optical materials as they will lose their chiroptical merits rapidly. Hence, we
decided to conduct thermodynamic and kinetic studies for the racemization of the dehydro[7]helicenes
83 before studying their chiroptical features.

4.3. Racemization of dehydro[7]helicenens

The remarkably warped structure of our dehydro[7]helicenes 83 provoked us to study their
enantiomeric separation. Through screening of different chiral stationary phases and eluents, we
successfully separated dehydro[7]helicenes 83aa, 83ca, and 83fa -as representative examples to study
their racemization barriers- by HPLC using chiral stationary phase column (CHIRALPAK IC, n-
hexane/i-PrOH = 30:1, 10 mL/min.

4.3.1. Racemization barrier of 83aa

Since racemization is a first-order process, we could monitor the change in the enantiomeric excess
ratio (ee) with time at three different temperatures of 100, 130, and 150 °C (Figures 4.8). This tracking
could be achieved using optically pure (-) 83aa or (+) 83aa dissolved in DMF at concentration of 1.0
mg/mL, and ee% values were calculated using chromatographic peak area (Daicel Chiralpak IC-3,
hexane / IPA = 30/1, flow rate 1.0 mL/min, T =25 °C, 230 nm): tmaj = 9.3 min, tmin = 10.4 min).
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Figure 4.8 (a): Racemization of (-) - at100°C  Figure 4.8 (b): Racemization of (+) BHE at 130 °C
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Figure 4.8'(¢) Racemization of (+) §SH at 150 °C

Plotting the In of (ee) versus time produced a straight line whose slope can give the racemization rate
constant k at each temperature (Figure 4.9). Once we had the & values at different temperatures we
could draw the Eyring plot that shows the change in In(4/2T) versus 1/T (Figure 4.10). Using Erying
equation (Eq. 4.1), we calculated the thermodynamic parameters of dehydro[7]helicene 83aa
racemization, including the racemization barrier AG* and its constituent entropy AS*, and enthalpy

AHY,
Ln(k/2T) = - AHYR(UT) + In(ko/h) + ASHR  (Eq. 4.1)
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Figure 4.9 A plot showing In(ee) versus time in seconds to show racemization rate of (+) JBHl as it was
heated at 100, 130, and 150 °C, at 1.0 mg/mL concentration in DMF
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Figure 4.10! Eyring plot of J8#lll showing the change in In(k/2T) versus 1/T

After calculating the thermodynamic parameters of dehydro[7]helicenes 83aa, we realized that our
scaffold can exhibits a high racemization barrier > 141 kJ mol™ (~ 33.5 kcal mol ™). Next, we calculated
the racemization half lifetime at 25 °C that depends on the activation enthalpy AH* and entropy AS* as
well, using Erying equation (Eq. 4.5). The ti2 of compound 83aa was more than 16,350 years which
reflects the high chiral stability and low entropy (AS¥).

4.3.2. Racemization barrier of 83ca and 83fa

Similarly, we studied the racemization barriers of dehydrohelicenes 83ca and 83fa. After chiral
resolution of 83ca and 83fa using HPLC (CHIRALPAK IC, n-hexane/i-PrOH = 30:1, 10 mL/min flow
rate), the racemization of optically pure (+) 83ca and (+) 83fa was tracked at three different
temperatures of 100, 130, and 150 °C. Plotting the In of (ee) versus time produced a straight line whose
slope can give the racemization rate constant & at each temperature (Figure 4.11 and 4.13). Once we
had the k values at different temperatures we could draw the Eyring plot that shows the change in
In(k/2T) versus 1/T (Figure 4.12 and 4.14). Using Erying equation (Eq. 4.1), we calculated the
thermodynamic parameters of dehydro[7]helicenes 83ca and 83fa racemization, including the
racemization barrier AG* and its constituent entropy AS*, and enthalpy AH*.
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Figure 4.11. A plot showing In(ee) versus time in seconds to show racemization rate of (+) - as it
was heated at 100, 130, and 150 °C, at 1.0 mg/mL concentration in DMF
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Figure 4.12! Eyring plot of 888l showing the change in In(A/2T) versus 1/T.
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Figure 4.13. A plot showing In(ee) versus time in seconds to show racemization rate of (+) - as it was heated
at 100, 130, and 150 °C, at 1.0 mg/mL concentration in DMF
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Figure 4.14. Eyring plot of - showing the change in In(4/2T) versus 1/T.
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4.3.3. Racemization barrier of helicene 82aa

After the chiral resolution of 82aa using HPLC (CHIRALPAK IC, n-hexane/i-PrOH = 50:1, 10
mL/min), the racemization of enantioenriched (83% ee) (+) 82aa was tracked following the same
protocol to draw the Eyring plot (Figure 4.16) and calculate thermodynamic parameters AG*, AS*, and
AH* from Eyring equation.
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Figure 4.15. A plot showing In(ee) versus time in seconds to show racemization rate of (+) - as it was
heated at 50, 65, and 80 °C, at 1 mg/mL concentration in toluene
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Figure 4.16! Eyring plot of JBllll showing the change in In(k/2T) versus 1/T.
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4.3.4. Analyzing the thermodynamic parameters (helicene vs dehydrohelicene)

After comparing the thermodynamic parameters of dehydro[7]helicenes 83aa, 83ca, and 83fa, we
realized that our scaffolds can exhibit a high racemization barrier > 140 kJ mol™ (~ 33.5 kcal mol™)
opening the gate for wide applications that require significantly high chiral stability and sustained
racemization half-life time. The t12 of compound 83aa at 25 °C was more than 1.6 x 10* years which
reflects the high chiral stability and low entropy (AS*). Although changing the N-substituents of
dehydrohelicene 83, has no great effect on AG* values, other thermodynamic parameters showed
considerable variations, especially the AS* values which are revealed on the lower racemization half-
life times (Figure 4.17). Compounds 83 showed considerably higher barriers than most of the
previously investigated dehydrohelicenes by Itami and Scott in 2013 (1.7 kcal mol™),* or by Tanaka
and Osuka in 2018 (5.2-6.0 kcal mol™).> The calculated energy barriers AG* also showed comparable
results to the estimated AG* values of the reported quasi-aza[8]circulene by Tanaka and Osuka in 2019
(~40 kcal mol™).® To further show the superior chiral stability of dehydrohelicene 83aa, we wanted to
compare it with the corresponding helicene 82aa; hence we isolated that compound and separated its
two enantiomers by HPLC. After checking the racemization rate at different temperatures, and drawing
the Eyring plot, we observed the lower racemization barrier of 82aa =110 kJ mol™! (~ 26.3 kcal mol™)
and the dramatically shorter ti2 at 25 °C (only 5.74 days). In other words, compound 82aa racemizes
more than million times faster compared to the corresponding dehydrohelicene 83aa.
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Figure 4.17. Eyring plot for the racemization of dehydro[7]helicenes 83aa, 83ca, 83fa, and helicene 82aa.
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4.4. Chiroptical properties of dehydro[7]helicenes 83

Among various chiroptical methods, the electronic circular dichroism CD and circularly polarized
luminescence CPL showed superior performance in terms of simplicity and sensitivity.” Hence, they
became the most favorable tools to study the chiroptical nature of small organic molecules in recent
routine spectral measurements. These tools are used to define the difference between the absorption of
left circularly polarized (CP) light and right CP light by chiral molecules, a phenomenon identified as
the Cotton effect (CE).2 The magnitude of CD and CPL can be quantified by the absorptive (gans) and
luminescence dissymmetry factors (gium). In quantum chemistry, both CD and CPL are expressed by a
single electronic parameter, i.e. rotational strength R which is the imaginary part of the scalar product
of the electric and magnetic transition dipole moments of a given electronic transition between i and j
state (Eq. 4.18).3

R=1Im Mij . mj; (Eq. 4.18)

Both absorption intensity and emission intensity are proportional to the relevant dipole strength D,
which is defined by the following equation (Eq. 4.19).

D = |pyl* + |myl|? (Eq. 4.19)

In isotropic solutions, the electric quadrupole moment is canceled out in R and generally small and
negligible for D. The dissymmetry factors gu.»s and gum are thus given by the rotational and dipole
strengths, and thus dissymmetric factor can be predicted by theory (Eq. 4.20).°

4R
g = ry (Eq. 4.20)

Although CD and CPL share most of the common elements discussed above, there are some key
differences that exist between them. The information obtained from CD can describe the thermally
equilibrated electronic ground state, while CPL describes the emissive excited state. CPL has gained
an increasing interest recently due to its value in defining the information content transported through
the light, as its higher level can promote further dimensions for optical information storage and transfer.
From the above equations, we can understand that the luminescence dissymmetry factor (gium) becomes
stronger for electronically hindered and magnetically allowed transitions. Hence, most of the earlier
CPL observations are for Laporte-forbidden f-f transition of lanthanide complexes.® Very recently the
CPL of SOMs has been investigated. Although most of the reports so far show lower g, values
compared to lanthanide complexes for example, they show better photophysical features, higher
guantum yields and broader molecular diversity. Among most of chiral SOMs, helicenes with their
unique helical chirality showed special excellent CPL properties (see chapter 1). On the other hand,
dehydrohelicenes are less investigated and only one example of a CPL-responsive dehydrohelicene 44,
that showed gum 0f 0.25 x 10 (hem = 435 nm) was reported last year by Maeda, Ema.*
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4.4.1. Chiroptical properties of some dehydro[7]helicenes 83aa, 83ea, and 83ab

After HPLC chiral resolution as discussed before, the chiroptical properties (CD and CPL) of the
optically pure aza-oxa-dehydro[7]helicenes 83aa, 83ea, and 83ab were investigated. All the helical
dyes 83 showed Cotton effect and simmilar CD and CPL signals (Figure 4.19). Among the aza-oxa-
dehydro[7]helicenes, 83aa exhibited significant CPL activity with gium = 2.5x107 at Aem= 433 nm (>10
times higher than Maeda, Ema reported dehydrohelicene 44). CPL of dehydrohelicene 83aa was
studied in different solvents (n-hexane, THF, and CHCI3) showing equivalent luminescence patterns
with almost the same dissymmetry factors gum values (Figure 4.20). gium Values slightly decrease when
replacing the methoxy group in 83aa with benzyloxy group in 83ab (2.2x10?). Besides, upon
replacement of the p-tolyl N-substitution with a smaller methyl group, the gium value almost halved as
shown in 83ea (1.1x1073).
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Figure 4.19! CD and CPL spectra of some dehydro[7]helicenes (SSi/SSEa/ B88E) in CHCl; (2x10° M).
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4.4.2. Chiroptical properties of the corresponding [7]helicene 82aa

On the other hand, the Cotton effects and CPL intensities of the corresponding helicene 82aa proved
to be weaker and the gium value dramatically dropped to around (6.0x10%) (Figure 4.21).
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Figure 4.21. CD and CPL spectra of [7]helicenes (-) in CHCI; (2x1075 M).

4.5. Design multiple helicene/dehydrohelicenes towards boosting chiroptical features

4.5.1. Introduction and inspiration

Theortically, all chiroptical properties are dependant on the rotational strenght R, however, the factors
and mechanisms that control these properties in real molecules are not well explored. So far, there are
no reliable well established strategy for the rationale design of excellent CPL-responsive molecules.
12 Thus, the occasional successes in improving the chiroptical properties of SOMs mostly depends on
trial-and-error basis through inspiration or by chance.® A few trials showed that assembling or fusing
helicenes in specific arrangements affects positively on boosting their chiroptical properties. Tanaka
and coworkers showed this potential when they studied the CPL of their S-shaped double azahelicenes
48 in comparison with azahelicene monomers 93 (Scheme 4.1).*

CI\ N
> 10 time O \
S

93

Gum =-1.1X 102 9um <-1.0X 10°

Scheme 4.1. Enhanced CPL of S-shaped double azahelicenes 48
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Very recently, Mori and coworkers introduced a general protocol for a symmetry-based design of
multiple chiral units to boost the chiroptical responses. Based on this study, the alignment of two
hexahelicene monomers in a dimeric form (S-shaped or X-shaped) improved the CPL values at least
twice compared to the corresponding monomer 94 (Scheme 4.2)."

W
(A2
Y g
Vg oaY OQOQ y

Monomer 94 S-shaped 95 \ X-shaped 96
Gum =-0.9 X 1073 Guum = -2.1 X10° Jum = 2.5 X 103
um .

\

Scheme 4.2. Enhanced CPL of S-shaped and X-shaped double hexahelicenes

In 2019, Di Bari and Diederich presented a double helicene with a thiophene linker that showed one
of the highest gu.» values reported so far among helicenes (Scheme 4.3). They used various techniques
to improve the chiroptical properties, trying to benefit from the accumulated experience in this field.
Through designed symmetrical dimer molecules incorporating some chemical entities to explore the
push-pull effects they achieved gum value up to 0.025."°

) o7
Y \< Gum = -2.5 X 1072

Scheme 4.3. High CPL of helicene dimer 97

4.5.2. Design novel multiple helicenes and dehydrohelicenes to boost the chiroptical features
Although this field have gained more attention recently, we still have a lot to understand and discover.
Based on the previous available studies > !> '* !5 and in an attempt to apply the concepts of symmetry?
and assembly of chiral chromophores in multiple scaffolds, we put some preliminary designs of
multiple helicenes and dehydrohelicnes in order to push their chiroptical properties to another level
(Scheme 4.4).
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100 101
para-helicene dimer Para-dehydrohelicene dimer

102 103 104 105
para-helicene dimer para-dehydrohelicene dimer Meta-helicene dimer Meta-dehydrohelicene dimer

Scheme 4.4. Designed multiple helicenes and dehydrohelicenes to improve CPL properties

4.5.3. Synthesis of multiple helicenes and dehydrohelicenes

All the trials to prepare compounds 98 and 99 did not succeed as we couldn’t get their di-carbazole
precursor 109 (Scheme 4.5). Although, I tried to screen different conditions, reagents, and even
completely different synthetic approaches (Scheme 4.6), this precursor 109 was not afforded at all.
Hence, I decided to prepare other helicene and dehydrohelicene dimers 100-105. To our fortunate,
these compounds could be prepared from their precursors 118a, 118b, and 119 smoothly at low to
moderate yields (Scheme 4.7 - 7.9). The structures of these dimers was confirmed by all spectral data
and compound 100 was further confirmed by X-ray crystallographic analysis.
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Scheme 4.5. Unsuccessful trial to prepare helicene dimer 98 and dehydrohelicene dimer 99
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Scheme 4.6. Another unsuccessful trial to prepare helicene and dehydrohelicene dimers 98 and 99
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Scheme 4.7. Preparation of helicene dimer 100 and dehydrohelicene dimer 101
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Scheme 4.8. Preparation of helicene dimer 102 and dehydrohelicene dimer 103

71
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Scheme 4.9. Preparation of helicene dimer 104

4.5.4. Optical properties of some dimers

The photophysical properties (UV-vis & PL) of some helicene dimers 100 and 120 were investigated
in CHCIz (20 puM), and exhibited a red-shifted absorption reaching up to 406 nm and 407 nm
respectively. Moreover, their emission maxima were shifted in a bathochromic way at 415 nm and 439
nm for compound 100, and 417 nm and 440 nm for compound 120 (Figure 4.22).
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Figure 4.22. Photophysical properties (UV & PL) of 100 and 120 in CHCIl3 (20 pM) solutions.
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In spite of the promising photophysical properties of the prepared dimers, we couldn’t investigate their
chiroptical features so far. The HPLC resolution on chiral columns was challenging at this stage, as we
couldn’t find the appropriate conditions to isolate and study one optically pure isomer. This can be
attributed to the big number of isomers in each case (four isomers), which makes the separation more
challenging. Consequently, we decided to conduct a theoretical study based on TD-DFT calculations
to predict the luminescence dissymmetry factor gu» of these dimers as a quick measure until we can
separate them and evaluate their experimental gu.» values. This theoretical study gives us an additional
advantage to correlate the higher gi.,» values to the structural features and trying to find the trend in
which the CPL properties will improve. Also, we can design new molecules with expected outstanding
CPL values and try to synthesize them in the future.

4.5.5. Theoretical calculations of gi.» values of multiple helicenes and dehydrohelicenes

The theory of optical activity was well documented by Schellman in 1975, according to this theory the
luminescence dissymmetry factor gu» can be defined according to (Eq. 4.21).'° Where p and m are the
TEDM and TMDM vectors, respectively, and 0,,m is the angle between these two vectors. Based on
this key equation, CPL spectra can be predicted theoretically using time-dependent density functional
theory (TD-DFT) calculations in which the rotational strength R and the dipole strength D are
calculated in the excited state. This method (TD-DFT) showed comparable calculated gu.» values to
the experimental values as reported previously.'> !

4 |u|.Jm|.cos Bpy,m
lum —
[u]? + [m]|?

(Eq. 4.21)

By applying TD-DFT calculations at the TD-B3LYP/6-31G(d) basis set in the Gaussian 16 package,
we were able to calculate the parameters corresponding to the transition electric and magnetic dipole
moments (TEDM) and (TMDM). Based on these parameters and using (Eq. 4.21), we calculated the
rotational strength R and the dipole strength D of our dimers 98-105 in the excited states (Table 4.1).
These calculations enabled us finally to predict the gu.» values of our designed scaffolds (Figure 4.23).

Table 4.1. Electronic transition properties of helicene and dehydrohelicene dimers 98-105

c ™ D R G

pd 102 esuem 102 erg.G™! €08 Oum 1040 ggu2 cm? 1040 erg.esu.cmG! 1040 erg?. G2 8CPL caled
(M,P)-98 632 0.00 0.070 399877 0.0 0 0
(M,P)-99 398 0.28 0.510 158049 5.8 0.08 1.5x10*
(M,P)-100 679 0.52 -0.590 460922 -208.6 0.27 -1.8x1073
(M,P)-101 532 1.82 -0.014 283094 -13.5 3.32 -1.9x104
(M,P)-102 736 0.00013 -0.078 540949 -0.0076 2.0x108 -5.6x1078
(PM)-103 746 0.24 0.283 555874 50.5 0.057 3.6x10*
(PM)-104 704 0.78 0.277 495778 151.3 0.603 1.2x1073
(PM)-105 471 1.53 0.423 221878 305.7 2.354 5.5x1073
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Figure 4.23. Calculated gcp; values for multiple helicenes and dehydrohelicenes

Apart from compound 105, unfortunately most of the designed dimers did not show promising CPL
properties, even some of these scaffolds showed lower gcpr values than the corresponding monomers.
However, we were able to design some other multiple helicene or dehydrohelicenes whose transitions
are electrically hindered and magnetically allowed. The new designs showed more promising gcrr
values and some of them exceeds the highest CPL for all reported SOMs (Scheme 4.10). In the future,
we hope the preparation of these designed molecules can afford extraordinary CPL-sensitive materials
that will represent a quantum leap in the field of material science and application in optical devices.

(P,P)-121 (P,P)-122 (P,P)-123 ;

Yium =4.3*10°% Yium = 7-4 *10° Yium = 2.09*10""
Scheme 4.10. New designs that show high g, values
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Chapter 5: Conclusion

This study represents the first electrochemical approach for synthesizing heterodehydro[7]helicenes
via a sequential protocol of chemoselective hetero-coupling of hydoxycarbazoles and 2-naphthols,
followed by dehydrative cyclization, and intramolecular carbon-carbon bond formation.
Dehydrohelicenes are some of the most attractive chiroptical materials with unique helical chirality
that can be implemented in various material-based applications, such as organic light-emitting diodes
(OLEDs) and organic field-effect transistors (OFETs). However, there are no prior reports on their
direct construction involving asymmetric methods. In this thesis, I introduced one of the most efficient
and facile methods to prepare these scaffolds under mild conditions using an electrochemical domino
approach.

Also, I introduced the first efficient enantioselective synthesis of heterodehydro[7]helicene via a hybrid
chiral vanadium-catalyzed hetero-coupling and electrochemical oxidative transformations. The
synthesized heterodehydro[7]helicenes exhibited several interesting properties: intense blue-colored
circularly polarized luminescence (|gum| = 2.5 x 107 at 433 nm) (highest CPL for all dehydrohelicenes)
and significant chiral stability (studies on the racemization barrier indicated AG* > 140 kJ mol™ and
ti2> ca. 1.6 x 10* years at 25 °C).

Various polycyclic heteroaromatics PHAs were accessible using electrochemical approaches in high
yields. Some of these PHAs present unique chemical features with great opportunities to study them
and further improve their properties. In this thesis, I introduced for example a new type of
hetero[8]circulene, the first dehydrohelicene dimer, and new scaffolds afforded via double C-O
insertions. All these exceptional PHAs showed good photophysical properties with high potential for
optical material-based applications.

As a conclusion of my thesis, a new efficient approach for synthesizing PHAs, especially aza-oxa-
dehydro[7]helicenes, was introduced representing a significant contribution to the literature because it
shows an exceptional efficiency of electrochemistry in affording one of the key scaffolds in material
science applications. Also, the concepts of electrochemistry and chiral vanadium catalysis were
combined together to present the first enantioselective approach to heterodehydro[7]helicene. Most of
the prepared PHAs showed good photophysical and chiroptical properties with exceptional chiral
stability of dehydrohelicenes. Based on the current achievements, new designs of multiple helicene
and dehydrohelicenens were placed to boost the chiroptical features, and some of these suggested
designs showed exceptional result according to TD-DFT calculations.
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Chapter 6: Experimental Section
General information
The electrochemical reactions were performed in a 10 mL reaction vessel equipped with two FTO electrodes
(1.0 x 2.5 ¢cm?) connected to Cu wire (Figure 6.1a and 6.1b). The two electrodes are connected to DC power
supply (KIKUSUI PMX 35-1A) (Figure 6.1c¢). The reactions were carried out at rt, under air (1 atm.), and at a
constant current of 3 mA. Constant current mode of electrolysis —in the case of our substrates- offers many
advantages over constant potential mode; related to its easier setup and full conversion of the substrates.

Figure 6.1c: DC power supply (KIKUSUI PMX 35.0-1.0A)
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Experimental procedures for the synthesis of 79

H
N

Br

H
Pd(OAc), (2 mol%) N
NO, O PPh3 (2.5 equiv) o Q BBr3 (1.5 equiv) Ho
/CE + (HO),B K,CO3 (2.0 equiv) Me CHyCly, rt, 5 h
MeO (HO), ‘ 2CO3

0-DCB, 180 °C
124 125 overnight 790 (known)
(1.3 equiv) ’

NaH (2.5 equiv), NaH (2.5 equiv), O NaH (2.5 equw NaH (2.5 e

! . ) 5 eq.
p-tolyl chloride(1.1 equiv), | PhCI (1.1 equiv), (11 equiv), Mel (1.0 equiv), BnCI((1.1 eq.))

_ DMF-THF, rt, 12h _

DMF-THF, rt, 12h NaH (2.5 equiv), DMF-THF, rt, 12h DMF-THF, rt, 24h

% DMF- THF rt 12h

/
g8 g ) g
N g
HO Q HO Q ‘ HO HO
79f
79a ' 79b O HO Q 79 O
Y

y o)
oo, L e X
fo) CH,Cly, rt, 72 h Q
Br 79d

A
LI b

127 128 67%
(1.5 equiv)

7H-Benzo[c]carbazol-10-ol 790

A mixture of 2-bromo-4-methoxy-1-nitrobenzene 124 (574.6 mg, 2.48 mmol),
N naphthalen-1-boronic acid 125 (553.7 mg, 3.22 mmol), Pd(OAc), (11.1 mg, 0.05 mmol),
O PPh; (1.62 g, 6.19 mmol) and K»COs (684.5 mg, 4.95 mmol) in 0-DCB (5.0 mL) was
HO Q heated at 180 °C (oil bath temperature). After stirring for 20 h at the same temprature,
O the reaction mixture was filtrated through celite and concentrated in vacuo. The residue
was purified by silica-gel column chromatography to afford 10-methoxy-7H-
benzo[c]carbazole (126, 71% yield) as a deep green solid. Then, BBr3; (1.0 M in CH2Cly,
4.5 mL, 4.5 mmol) was added to a solution of 126 (592 mg, 3.00 mmol) in CH>Cl, (30 mL) at 0 °C, and then the
mixture was stirred for 5 h at rt. The reaction was quenched with sat. NaHCO3 at 0 °C and the resulting mixture
was extracted with EtOAc, drying over anhydrous Na>SOs, filtered, and evaporated in vacuo. The residue was
purified by silica-gel column chromatography to afford 790 (85% yield) as a brown solid (60% overall yield in
2 steps). 'TH NMR (400 MHz, (CD3),CO): J 10.58 (s, 1H), 8.67 (d, J= 8.7 Hz, 1H), 7.99-8.02 (m, 3H), 7.85 (d,
J=28.7Hz, 1H), 7.72 (d, J = 8.7 Hz, 1H), 7.68 (ddd, J = 7.8, 7.3, 0.9 Hz, 1H), 7.50 (d, J = 8.2 Hz, 1H), 7.43
(ddd, J=7.8,7.3,0.9 Hz, 1H), 7.02 (ddd, /= 8.7, 2.3, 0.9 Hz, 1H). *C NMR (100 MHz, (CD3),CO): § 152.33,
139.33, 134.40, 131.07, 129.97, 129.85, 127.66, 127.43, 125.16, 123.52, 123.20, 115.27, 114.59, 114.23, 112.76,
107.37. HRMS (APCI): calcd for CisH12NO: m/z 234.0913 [M + H]*, found 234.0910. IR (KBr): 3524, 3400,

3348, 1492, 1209, 1164, 832, 803, 753, 737 cm’!. mp: 212-214 °C.

7-(p-Tolyl)-7H-benzo[c]carbazol-10-o0l 79a
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L,
o)

To a stirring solution of DMF (0.27 mL) and NaH (171.5 mg, 4.29 mmol) was added a
solution of 1’ (401.2 mg,1.72 mmol) in THF (8.6 mL) at 0 °C. After stirring for 10 min
at rt, p-tolyl chloride (217.7 mg, 1.72 mmol) was added to the solution and the reaction
mixture was allowed to stir at 50 °C. After stirring for 12 h, water was added to the
reaction at 0 °C. The resulting mixture was extracted with EtOAc. The combined organic
layers were washed with brine, dried over anhydrous Na>SOs, filtered, and evaporated
in vacuo. The residue was purified by silica-gel column chromatography to afford 1a
(67% yield) as a white solid. 'H NMR (400 MHz, CDCl3): J 8.72 (d, J= 8.2 Hz, 1H),
8.07 (d,J=2.7Hz, 1H), 7.99 (d, /= 7.8 Hz, 1H), 7.80 (d, J= 8.7 Hz, 1H), 7.7 (ddd, J
=17.8,7.3,009 Hz, 1H), 7.52 (d, /= 9.2 Hz, 1H), 7.47 (ddd, /= 7.8, 7.3, 0.9 Hz, 1H),

7.40-7.45 (m, 4H), 7.35 (d, J = 8.7 Hz, 1H), 6.99 (dd, J = 8.9, 2.5 Hz, 1H), 4.90 (s, 1H), 2.51 (s, 3H). *C NMR
(100 MHz, CDCl3): 6 150.14, 139.48, 137.86, 135.65, 134.86, 130.61, 130.02, 129.31, 127.54, 127.07, 124.39,
123.14, 123.05, 114.90, 113.59, 112.01, 111.13, 107.41, 21.40 (Two carbons overlapped). HRMS (APCI): calcd
for C23H1sNO: m/z 324.1383 [M + H]*, found 324.1380. IR (KBr): 3317, 3052, 3033, 2920, 1619, 1585, 1515,
1196, 1164, 819 cm™. mp: 95-97 °C.

7-Phenyl-7H-benzo[c]carbazol-10-ol 79b

O

L
0

Following the same procedures as that of 79a. 79b (55% yield): a white solid. 'TH NMR
(400 MHz, CDCls): 6 8.73 (d, J=8.7 Hz, 1H), 8.08 (d, /=2.3 Hz, 1H), 7.99 (d, /= 8.2
Hz, 1H), 7.81 (d, J= 8.7 Hz, 1H), 7.71 (ddd, J = 7.8, 7.3, 0.9 Hz, 1H), 7.61-7.65 (m,
2H), 7.46-7.58 (m, 5H), 7.37 (d, /= 8.7 Hz, 1H), 7.00 (dd, /= 8.9, 2.5 Hz, 1H), 4.91 (s,
1H). 13C NMR (100 MHz, CDCl3): 6 150.24, 139.34, 137.58, 135.50, 130.04, 130.00,
129.40, 129.34, 127.92,127.74, 127.64, 127.13, 124.53, 123.15, 115.05, 113.63, 111.94,
111.11, 107.45 (One carbon overlapped). HRMS (APCI): calcd for C22HisNO: m/z
310.1226 [M + H]", found 310.1225. IR (KBr): 3318, 3062, 1620, 1589, 1503, 1446,

1388, 1197, 1156, 803 cm’'. mp: 81-83 °C.

7-(4-Chlorophenyl)-7H-benzo[c]carbazol-10-ol 79¢

HO

Cl

T

Following the same procedures as that of 79a. 79¢ (61% yield): a white solid. '"H NMR
(400 MHz, CDCl3): 6 8.70 (d, J= 8.2 Hz, 1H), 8.06 (d, /= 1.4 Hz, 1H), 7.99 (d, /="7.8
Hz, 1H), 7.82 (d,J=9.2 Hz, 1H), 7.71 (t, /= 7.6 Hz, 1H), 7.59 (d, /= 8.2 Hz, 2H), 7.48-
7.50 (m, 4H), 7.32 (d, J= 8.7 Hz, 1H), 7.00 (dd, J= 8.7, 2.3 Hz, 1H), 4.94 (s, 1H). 1*C
NMR (100 MHz, CDCl3): 6 150.42, 139.12, 136.12, 135.27, 133.55, 130.29, 129.92,
129.46, 129.36, 128.98, 127.83, 127.24, 124.68, 123.31, 123.15, 115.27, 113.79, 111.58,
110.86, 107.59. HRMS (APCI): calcd for C2oHsCINO: m/z 344.0837 [M + H]*, found
344.0836. IR (KBr): 3326, 3063, 1621, 1586, 1496, 1474, 1198, 1163, 802, 741 cm™.
mp: 88-90 °C.

7-(4-Bromophenyl)-7H-benzo[c]carbazol-10-ol 79d

HO

Br

e

A mixture of 127 (2.5 mmol), p-quinone 128 (3.75 mmol), and o-phosphoric acid (130
pL, 2.5 mmol) in CH2Cl> (25.0 mL) was stirred at rt. After stirring for 72 h, the reaction
mixture was quenched by water and further extracted with CH,Cl.. The combined
organic extracts were washed with brine and dried over anhydrous Na,SOs, filtered, and
evaporated in vacuo. The crude product was purified by silica-gel column
chromatography to afford 79d (67% yield) as a white solid. "H NMR (400 MHz, CDCl5)
0 8.72 (d, J= 8.7 Hz, 1H), 8.06 (d, J=2.3 Hz, 1H), 7.99 (d, /= 8.2 Hz, 1H), 7.82 (d, J
= 8.7 Hz, 1H), 7.70-7.77 (m, 3H), 7.50 (d, J = 8.7 Hz, 2H), 7.46 (dd, /= 6.4, 1.8 Hz,
2H), 7.34 (d, J = 9.2 Hz, 1H), 7.00 (dd, J = 8.7, 2.3 Hz, 1H), 4.83 (s, 1H). 3C NMR
(100 MHz, CDCl3) 6 150.42, 139.05, 136.66, 135.21, 133.27, 129.92, 129.48, 129.36,

129.29, 127.84, 127.25, 124.73, 123.33, 123.15, 121.45, 115.32, 113.80, 111.56, 110.86, 107.62. HRMS
(APCI): calcd for C2oH sBrNO: m/z 388.0332 [M + HJ*, found 388.0345. IR (KBr): 3358, 3061, 2955, 2925,
1620, 1493, 1472, 1162, 803, 742 cm’!. mp: 95-97 °C.
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7-Methyl-7H-benzo[c]carbazol-10-ol 79e

Following the same procedures as that of 79a. 79e (75% yield): a white solid. "TH NMR
N (400 MHz, (CD3),CO): 6 8.68 (d, /= 8.2 Hz, 1H), 8.04-8.06 (m, 2H), 8.02 (s, 1H), 7.93
O (d, J=9.2 Hz, 1H), 7.80 (d, J = 8.7 Hz, 1H), 7.69 (ddd, /= 7.8, 7.3, 0.9 Hz, 1H), 7.54
HO Q (d, J=9.2 Hz, 1H), 7.43 (ddd, J=7.8, 7.3, 0.9 Hz, 1H), 7.10 (dd, /= 8.7, 2.3 Hz, 1H),
' 4.02 (s, 3H). 3C NMR (100 MHz, (CD3)2CO): d 152.45, 139.96, 135.58, 130.94, 130.02,
129.65, 127.72,127.59, 124.56, 123.45, 123.20, 114.71, 114.51, 112.03, 110.79, 107.53,
29.53. HRMS (APCI): calcd for C17H1aNO: m/z 248.1070 [M + H]*, found 248.1068.

IR (KBr): 3189, 3072, 3036, 2923, 1616, 1528, 1479, 1173, 1156, 789 cm'. mp: 100-102 °C.

7-Benzyl-7H-benzo[c]carbazol-10-ol 79f
Following the same procedures used as that of 79a. 79f (80% yield): a white solid. 'H
NMR (400 MHz, CDCl3): 6 8.71 (d, J= 8.2 Hz, 1H), 8.06 (d, /= 2.3 Hz, 1H), 7.99 (d,
J=82Hz, 1H), 7.85 (d,J=8.7 Hz, 1H), 7.71 (ddd, J= 8.0, 7.6, 1.4 Hz, 1H), 7.58 (d,

O § J =92 Hz, 1H), 7.46 (ddd, J = 7.8, 7.3, 0.9 Hz, 1H), 7.36 (d, J = 8.7 Hz, 1H), 7.22-
HO Q 7.25 (m, 3H), 7.09 (d, J = 7.8 Hz, 2H), 7.02 (dd, J = 8.7, 2.3 Hz, 1H), 5.64 (s, 2H),
' 4.78 (s, 1H). 3C NMR (100 MHz, CDCl3): § 149.86, 139.01, 137.33, 134.8:6, 130.09,

129.31, 129.13, 128.61, 127.61, 127.33, 127.10, 126.29, 124.22, 122.99, 122.92,

114.64, 113.58, 111.07, 110.19, 107.68, 46.68. HRMS (APCI): calcd for C23HisNO:
m/z 324.1383 [M + HJ, found 324.1380. IR (KBr): 3335, 3061, 3033, 2926, 1698, 1620, 1475, 1353, 1170, 801

cm’!. mp: 92-94 °C.
ﬁ;l/o H3PO4 (1.0 equiv) O N
CH,Cly, 1t, 72 h
o 2 HO

Y

(1.5 equiv)

Synthesis of 79g-h

I

SORCE

129 ?
jj;/ro H3PO, (1.0 equiv) O
CH,Cl,, rt, 96 h
s
131
(1.5 equiv)

9-Methyl-7-(p-tolyl)-7H-benzo[ c]carbazol-10-o0l 79g/8,9-Dimethyl-7-(p-tolyl)-7H-benzo[c]carbazol-10-ol 79h
A mixture of 129 (582.8 mg, 2.5 mmol), corresponding dione 130/131 (3.75 mmol), and

orthophosphoric acid (130 uL, 2.5 mmol) in CH,Cl, (25.0 mL) was stirred at rt. After

stirring for 72 h, the reaction mixture was quenched by water and further extracted with

CH:Cl,. The combined organic extracts were washed with brine and dried over anhydrous

N NayS0Oy, filtered, and evaporated in vacuo. The residue was purified by silica-gel column

O chromatography to afford 79g (85% yield)/79h (70% yield) as white solids. "H NMR

HO Q (400 MHz, CDCl3): 0 8.70 (d, /= 8.2 Hz, 1H), 8.01 (s, 1H), 7.98 (d, /= 8.2 Hz, 1H), 7.78
' (d, J=8.7Hz, 1H), 7.69 (t, J = 7.6 Hz, 1H), 7.50 (d, J= 8.7 Hz, 1H), 7.44-7.48 (m, 5H),

7.23 (s, 1H),4.79 (s, 1H), 2.52 (s, 3H), 2.43 (s, 3H). *C NMR (100 MHz, CDCI3): 148.83,
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138.93,137.75,135.73, 135.03, 130.60, 129.84, 129.30, 129.24, 127.59, 126.84, 123.15, 122.91, 122.52, 122.36,
115.05,111.98,111.86, 107.02, 21.40, 17.06 (One carbon overlapped). HRMS (APCI): calcd for C24H20NO: m/z
338.1539 [M + H]*, found 338.1533. IR (KBr): 3393, 3059, 3035, 2920, 2858, 1620, 1517, 1260, 1176, 803 cm
' mp: 73-74 °C.

'H NMR (400 MHz, CDCl3): 6 8.72 (d, J = 8.7 Hz, 1H), 7.95-7.97 (m, 2H), 7.67-7.72

(m, 2H), 7.45 (t,J="7.3 Hz, 1H), 7.36 (d, J= 8.2 Hz, 2H), 7.31 (d, /= 7.8 Hz, 2H), 7.22

(d, J=8.7 Hz, 1H), 4.80 (s, 1H), 2.51 (s, 3H), 2.36 (s, 3H), 2.03 (s, 3H). 3C NMR (100

MHz, CDCls): 6 148.66, 141.26, 138.25, 137.89, 135.22, 130.09, 129.68, 129.41, 129.28,

O 129.21, 126.79, 126.77, 123.12, 122.85, 121.72, 121.61, 114.73, 112.37, 104.78, 21.45,

HO Q 15.70, 12.52 (One carbon overlapped). HRMS (APCI): calcd for CsH»nNO: m/z
352.1696 [M + H]", found 352.1694. IR (KBr): 3465, 3071, 2955, 2924, 2861, 1621,

' 1513, 1443, 1202, 822 cm™!. mp: 90-92 °C.

Synthesis of 79i

NaO'Bu (1.3 equiv)
NH BINAP (5 mol%) 128 (1.5 equiv)
/@/ 2 Pd(dba); (3 mol%) \©\ H3PO, (1.0 equiv) N
Br toluene, 90 °C, toluene, rt, 12 h HO O
overnight
133

(1.2 equiv) 79i '

N-(p-Tolyl)phenanthren-9-amine 134
A toluene solution (30 mL) of 132 (30 mmol), p-toluidine 133 (3.8 g, 36 mmol),
N Pd(dba), (3 mol%), BINAP (5 mol%), and NaOz-Bu (4.5 g, 40 mmol) was stirred at
OO \©\ 90 °C under N atmosphere. After stirring for 12 h, the reaction mixture was filtered
and the filtrate was directly purified on silica-gel to give 134 (54% yield). '"H NMR
(400 MHz, CDCls): ¢ 8.75 (d, J=7.8 Hz, 1H), 8.62 (dd, /= 6.4, 2.8 Hz, 1H), 8.14
(d,J=8.2Hz, 1H), 7.67-7.72 (m, 2H), 7.63 (ddd, J = 7.8, 7.3, 0.9 Hz, 1H), 7.51-7.54
(m, 2H), 7.49 (s, 1H), 7.14 (d, J = 7.8 Hz, 2H), 7.02 (d, J = 8.2 Hz, 2H), 5.89 (s, 1H), 2.34 (s, 3H). 3C NMR
(100 MHz, CDCls): 6 141.73, 137.87, 132.78, 131.44, 130.58, 129.98, 127.77, 127.41, 127.37, 126.92, 126.83,
126.58, 124.70, 123.31, 122.51, 122.14, 119.03, 112.67, 20.79. HRMS (APCI): caled for Co1HsN: m/z 284.1434

[M + HJ]*, found 284.1439. IR (KBr): 3411, 3052, 3024, 2911, 2862, 1600, 1518, 1325, 1239, 818 cm'. mp:
110-112 °C.

9-(p-Tolyl)-9H-dibenzo[a,c]carbazol-12-0l 79i

Following the same procedures as that of 79g. 79i (52% yield): a white solid. 'H
NMR (400 MHz, CDCls): 6 8.77-8.81 (m, 3H), 8.07 (d, J = 2.3 Hz, 1H), 7.78 (ddd,
J=1.8,73, 1.4 Hz, 1H), 7.60 (ddd, J= 7.8, 7.3, 0.9 Hz, 1H), 7.52-7.58 (m, 2H),
7.44 (d, J=8.2 Hz, 2H), 7.38 (dd, J= 6.4, 1.8 Hz, 2H), 7.29 (ddd, J=17.8, 7.3, 0.9
N Hz, 1H), 7.07 (d, J=9.2 Hz, 1H), 6.93 (dd, /= 8.7, 2.3 Hz, 1H), 4.82 (s, 1H), 2.56
‘ O (s, 3H). 3C NMR (100 MHz, CDCls): 6 150.52, 138.93, 137.75, 135.47, 131.01,
Q 130.94, 130.08, 128.87, 127.47, 127.26, 126.02, 125.88, 124.28, 123.92, 123.89,
' 123.68, 123.60, 123.51, 123.37, 113.69, 113.33, 111.79, 106.92, 21.57 (One carbon
overlapped). HRMS (APCI): calcd for Co7H20NO: m/z 374.1539 [M + H]*, found
374.1537. IR (KBr): 3382, 3086, 3034, 2924, 1701, 1609, 1512, 1375, 1202, 908

cm’!. mp: 73-75 °C.
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Synthesis of 79j

NaO'Bu (1.3 equiv)

B NH BINAP (5 mol%) H 128 (1.5 equiv)
“i /©/ 2 Pd(dba), (3 mol%) \©\ H3PO, (1.0 equiv) O
toluene, 90 °C, CH,Cly, rt, 48 h
overnight 0 HO Q

133 136 |
(1.2 equiv) '

3-Methoxy-N-(p-tolyl)naphthalen-2-amine 136
136 (89% yield): a white solid. 'H NMR (400 MHz, CDCl3): 6 7.65 (dd, J=7.8, 1.8
N Hz, 1H), 7.55 (dd, J = 8.2, 1.8 Hz, 1H), 7.44 (s, 1H), 7.24-7.29 (m, 2H), 7.16-7.22
\©\ (m, 4H), 7.11 (s, 1H), 6.35 (s, 1H), 4.03 (s, 3H), 2.36 (s, 3H). 1*C NMR (100 MHz,
? CDCls): 0 148.50, 139.28, 134.62, 131.98, 130.06, 129.81, 128.40, 126.36, 125.89,
124.22, 123.15, 120.77, 106.98, 105.33, 55.75, 20.94. HRMS (APCI): calcd for
CisHisNO: m/z 264.1383 [M +H]*, found 264.1382.1IR (KBr): 3419, 3007, 2982,2938,2917, 1608, 1524, 1257,
1017, 751 cmr!. mp: 76-78 °C.

6-Methoxy-7-(p-tolyl)-7H-benzo[c]carbazol-10-o0l 79j
Following the same procedures as that of 79g. 79j (56% yield): a white solid. 'H
NMR (400 MHz, CDCl3): ¢ 8.66 (d, J = 8.2 Hz, 1H), 8.04 (d, /= 1.8 Hz, 1H), 7.87
(d, J=8.0 Hz, 1H), 7.57 (ddd, /= 7.8, 7.3, 0.9 Hz, 1H), 7.44 (ddd, J=7.8, 7.3, 0.9
Hz, 1H), 7.28-7.33 (m, 4H), 7.13 (d, /= 9.2 Hz, 1H), 7.11 (s, 1H), 6.95 (dd, J = 8.6,

‘ 2.2 Hz, 1H), 4.90 (s, 1H), 3.75 (s, 3H), 2.49 (s, 3H). 3C NMR (100 MHz, CDCl): 6
HO Q 150.23, 147.81, 137.38, 137.29, 137.16, 131.41, 130.20, 129.13, 128.36, 127.66,
126.02,124.61, 124.23,123.53,122.87,117.12,113.83,111.78, 107.14, 104.83, 55.55,
' 21.43. HRMS (APCI): calcd for CasH2oNOa2: m/z 354.1489 [M + HJ", found
354.1486. IR (KBr): 3362, 3033, 2933, 2832, 1698, 1515, 1448, 1271, 1197, 812 cmx’
. mp: 75-77 °C.
Synthesis of 79k
NaOBu (1.3 equiv)
BINAP (5 mol%) H 128 (1.5 equiv)
“/\OTf /©/NH2 Pd(dba), (3 mol%) \©\ H3PO, (1.0 equiv) N
toluene, 90 °C, CHyClo, 1,96 O Q
133 24h 138

(1.2 equiv)

3-Methyl-N-(p-tolyl)naphthalen-2-amine 138
A coupling 137 with 133 was performed under the reported Buchwald—Hartwig
amination conditions. 138 (82% yield): a white solid. "H NMR (400 MHz, CDCl5):

N
j@\ 57.68 (d,J=8.2 Hz, 1H), 7.64 (s, 1H), 7.58 (d,J = 8.2 Hz, 1H), 7.48 (s, 1H), 7.33
(ddd, J=7.8,73, 0.9 Hz, 1H), 7.27 (ddd, J = 7.8, 7.3, 0.9 Hz, 1H), 7.16 (d, J = 8.5
Hz, 2H), 7.08 (d, J = 8.2 Hz, 2H), 5.49 (s, 1H), 2.44 (s, 3H), 2.35 (s, 3H). 13C NMR
(100 MHz, CDCLs): 5 141.37, 140.50, 133.46, 131.51, 130.10, 129.13, 129.08, 127.71, 126.94, 12622, 125.57,

123.37, 120.03, 110.38, 20.90, 18.45. HRMS (APCI): calcd for CisHisN: m/z 248.1434 [M + H]*, found
2438.1430. IR (KBr): 3423, 3055, 3019, 2918, 2860, 1613, 1524, 1313, 1248, 813 cm’!. mp: 79-81 °C.

6-Methyl-7-(p-tolyl)-7H-benzo[c]carbazol-10-0l 79k
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Following the same procedures used as that of 79g. 79k (69% yield): a white solid. 'H
NMR (400 MHz, CDCl3): 6 8.71 (d, J = 8.2 Hz, 1H), 8.07 (s, 1H), 7.90 (d, /= 7.8 Hz,
1H), 7.64 (ddd,J=7.8, 7.3, 1.8 Hz, 1H), 7.54 (s, 1H), 7.45 (ddd, J=8.1,7.1,2.3 Hz, 1H),
7.24-7.31 (m, 4H), 7.00 (dd, J = 8.7, 3.2 Hz, 1H), 6.94 (dt, J= 8.7, 2.8 Hz, 1H), 4.97 (s,
1H), 2.51 (s, 3H), 2.13 (s, 3H). '3C NMR (100 MHz, CDCls): § 150.13, 139.27, 138.69,
HO O Q 137.70, 137.12, 129.88, 129.53, 129.33, 129.04, 128.77, 128.24, 126.16, 123.99, 123.36,
123.11, 122.84, 115.61, 113.51, 111.54, 107.14, 21.48, 20.64. HRMS (APCI): calcd for
O C24H20NO: m/z 338.1539 [M + H]*, found 338.1536. IR (KBr): 3370, 3035, 2959, 2924,
1700, 1620, 1515, 1378, 1171, 740 c’!. mp: 82-84 °C.

Synthesis of 791
NaOBu (1.3 equiv)
BINAP (5 mol%) 128 (1.5 equiv)
OTf /©/NH2 Pd(dba), (3 mol%) \©\ HaPO, (1.0 equiv) ‘
Ph toluene, 90 °C, CH,Cly, rt, 72 h
24 h Ph HO
133
(1.2 equiv) '

Ph
6-Phenyl-N-(p-tolyl)naphthalen-2-amine 140

A coupling of 139 and 133 was performed following the same procedures used

N as that of 134. 140 (51% yield): a white solid. "H NMR (400 MHz, CDCl;): §

\©\ 7.93 (s, 1H), 7.78 (d, J=9.2 Hz, 1H), 7.67-7.71 (m, 4H), 7.47 (ddd, /="7.8, 7.3,

Ph 1.4 Hz, 2H), 7.38 (d, J=2.3 Hz, 1H), 7.35 (tt, /= 7.3, 1.5 Hz, 1H), 7.20 (dd, J =
8.7, 2.3 Hz, 1H), 7.10-7.16 (m, 4H), 5.82 (s, 1H), 2.34 (s, 3H). ¥C NMR (100

MHz, CDCls): 6 142.02, 141.43, 140.10, 135.98, 134.07, 131.63, 130.11, 129.60, 129.17, 128.93, 127.26, 127.07,

126.99, 126.20, 125.70, 120.06, 119.61, 110.02, 20.90. HRMS (APCI): calcd for C23H2oN: m/z 310.1590 [M +

H]*, found 310.1586. IR (KBr): 3421, 3060, 3021, 2922, 2857, 1605, 1523, 1445, 1307, 816 cm™. mp: 162-
163 °C.

3-Phenyl-7-(p-tolyl)-7H-benzo|[c]carbazol-10-o0l 791

Following the same procedures used as that of 79g. 791 (61% yield): a white solid. 'H
NMR (400 MHz, CDCl3): 6 8.77 (d, J = 8.7 Hz, 1H), 8.20 (d, /= 1.8 Hz, 1H), 8.09 (d, J
=23 Hz, 1H), 7.98 (dd, J = 8.7, 1.8 Hz, 1H), 7.86 (d, J = 9.2 Hz, 1H), 7.79 (dd, J =
N 7.3,1.37 Hz, 2H), 7.49-7.55 (m, 3H), 7.43-7.46 (m, 4H), 7.38-7.41 (tt, /= 5.8, 1.15 Hz,
O 1H), 7.36 (d, J= 8.7 Hz, 1H), 7.01 (dd, J = 8.7, 2.3 Hz, 1H), 4.86 (s, 1H), 2.51 (s, 3H).
HO Q 13C NMR (100 MHz, CDCl3): 6 150.26, 141.42, 139.61, 137.90, 135.78, 135.68, 134.87,
' 130.63, 129.68, 129.15, 129.00, 127.85, 127.55, 127.40, 127.26, 127.13, 126.48, 124.41,
123.64, 114.90, 113.75, 112.44, 111.22, 107.45, 21.40. HRMS (APCI): calcd for
C2H2NO: m/z400.1696 [M + H]*, found 400.1692. IR (KBr): 3355, 3058, 3032, 2922,

1698, 1588, 1516, 1366, 1167, 802 cm™. mp: 112-114 °C.

Ph
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Synthesis of 79m

NaO'Bu (1.3 equiv)

BINAP (5 mol%) i
oTf NH, ( o) 128 (1.5 equiv)
/@r Pd(dba); (3 mol%) O\ H3POy (1.0 equiv)
NG toluene, 90 °C, CHyClp,rt, 240 Q
overnight
133 79m
(1.2 equiv) '

CN
6-(p-tolylamino)-2-naphthonitrile 142

A coupling of 141 with 133 was performed following the same procedures as that

N of 134. 142 (72% yield): a yellow solid. 'H NMR (600 MHz, CDCl;): ¢ 8.05 (s,

@\ 1H), 7.73 (d, J= 8.9 Hz, 1H), 7.60 (d, J = 8.2 Hz, 1H), 7.47 (dd, J= 8.6, 1.7 Hz,

NC 1H), 7.28 (d, J=9.1 Hz, 1H), 7.18-7.22 (m, 3H), 7.13-7.16 (m, 2H), 5.99 (s, 1H),
2.37 (s, 3H). 3C NMR (150 MHz, CDClz): 8 145.27, 138.34, 136.73, 133.91,

133.41,130.29, 129.99, 127.24,127.22, 127.16, 121.35, 120.27, 120.12, 107.83, 105.48, 21.01. HRMS (APCI):

calcd for CigHisN2: mvz 259.1230 [M + HJ, found 259.1230. IR (KBr): 3357, 3060, 3026, 2914, 2857, 2217,
1533, 1407, 1314, 816 c’!. mp: 170-172 °C.

10-Hydroxy-7-(p-tolyl)-7H-benzo[c]carbazole-3-carbonitrile 79m
Following the same procedures used as that of 79g. 79m (52% yield): a yellow solid.
'"H NMR (600 MHz, (CD3),CO): 6 8.87 (d, J= 8.2 Hz, 1H), 8.54 (s, 1H), 8.34 (s, 1H),
8.09 (s, 1H), 8.00 (d, /=8.9 Hz, 1H), 7.96 (d, /= 8.2 Hz, 1H), 7.64 (d, /= 8.9 Hz, 1H),
7.51-7.58 (m, 4H), 7.34 (d, J = 8.9 Hz, 1H), 7.11 (d, J = 8.2 Hz, 1H), 2.51 (s, 3H). 13C
N NMR (150 MHz, (CD3).CO): 6 152.80, 140.44, 138.35, 134.82, 134.27, 131.63, 130.76,
o Q 128.37,127.85, 127.39, 124.06, 123.86, 119.37, 114.87, 114.56, 113.71, 112.20, 111.36,
110.60, 106.75, 105.68, 20.41. HRMS (APCI): calcd for C24H17N20: m/z 349.1335 [M
O + HJ", found 349.1323. IR (KBr): 3375, 3028, 3005, 2975, 2220, 1675, 1534, 1513,

CN 1180, 798 cm!. mp: 135-137 °C.

Synthesis of 79n

133 (1.2 equiv)

NaO'Bu (1.3 equiv)

BINAP (5 mol%) H 128 (1.5 equiv)

_0O Br Pd(dba), (3 mol%) _0 N H3PO4 (1.0 equiv) N
OO toluene, 90 °C, \©\ CHyClo, 11, 72 h ‘
overnight HO
143 144 79n '
(0]
\

7-Methoxy-N-(p-tolyl)naphthalen-2-amine 144
A coupling of 143 and 133 was performed following the same procedures used
0 H as that of 134. 144 was obtained in 72% yield as a white solid. "H NMR (400
d MHz, CDCl3): 6 7.60-7.65 (m, 2H), 7.26 (d, J= 2.3 Hz, 1H), 7.14 (d, J= 8.7
\O\ Hz, 2H), 7.10 (d, J= 8.3 Hz, 2H), 7.02 (dd, /= 8.7, 2.3 Hz, 1H), 6.93-6.96 (mm,
2H), 5.75 (s, 1H), 3.89 (s, 3H), 2.34 (s, 3H). *C NMR (100 MHz, CDCls): ¢
158.36, 142.51, 140.18, 136.12, 131.56, 130.07, 129.25, 129.05, 124.38, 119.74, 117.16, 115.86, 109.45, 104.79,

55.35,20.91. HRMS (APCI): calcd for CisHisNO: m/z 264.1383 [M + H]*, found 264.1378. IR (KBr): 3387,
3027, 2998, 2922, 2861, 1631, 1514, 1214, 1030, 817 cm’'. mp: 78-80 °C.
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2-Methoxy-7-(p-tolyl)-7H-benzo[c]carbazol-10-0l 79n
Following the same procedures used for preparation of compound 79g. 79n was obtained
in 56% yield as a white solid. "H NMR (600 MHz, CDCl3): 6 8.01 (d, /= 2.1 Hz, 1H),
7.99 (d,/=2.1Hz, 1H), 7.88 (d, /= 8.9 Hz, 1H), 7.73 (d, /= 8.9 Hz, 1H), 7.40-7.44 (m,
4H), 7.36 (d, /= 8.9 Hz, 1H), 7.33 (d, J = 8.3 Hz, 1H), 7.13 (dd, J = 8.6, 1.7 Hz, 1H),
N 6.98 (dd, J = 8.6, 1.7 Hz, 1H), 5.13 (s, 1H), 4.06 (s, 3H), 2.50 (s, 3H). *C NMR (150
O MHz, CDCls): 6 158.88, 150.05, 140.09, 137.81, 135.61, 134.92, 131.20, 130.76, 130.59,
HO O 127.55, 127.35, 124.52, 124.35, 114.33, 114.22, 113.26, 111.00, 109.47, 107.14, 103.33,
O 55.61, 21.40. HRMS (APCI): calcd for Ca4HaoNO»: m/z 354.1489 [M + HJ]*, found
354.1489. IR (KBr): 3381, 3035, 2954, 2923, 2853, 1624, 1516, 1228, 1157, 814 cm’!.

0\ mp: 82-84 °C.

General procedure for the sequential preparation of dehydrohelicenes

J=1.2 mA/cm?
BF;*OEt, (0.2 M)

HO OR®  Bu,NPF4 (0.1 M)
CH,CL, (0.02 M)
25°C,10h
(Undivided cell)
80 full conversion
(1.0 equiv)

A solution of benzo[c]carbazol-10-0l derivatives 79 (0.1 mmol), 2-naphthols 80 (0.1 mmol),
tetrabutylammonium hexafluorophosphate(V) (193.7 mg, 0.5 mmol) and BF; * EtO> (0.2 M) in CH>Cl, (5.0
mL) was transferred into an undivided electrolysis cell. This cell is equipped with two FTO electrodes (1.0 x 2.5
cm?), which are connected to DC power supply. At rt, a constant current electrolysis with a current density of

1.20 mA/cm? was applied. After stirring for 10 h, the electrolysis was stopped and purification of the crude
products by column chromatography (SiO», EtOAc/hexane) provided the desired dehydro[7]helicene 83.

Dehydro[7]helicene 83aa

83aa (81% yield): a yellow solid.'"H NMR (400 MHz, CDCls): 6 7.93 (dd, J= 7.6, 1.1 Hz,
1H), 7.89 (d, /= 8.7 Hz, 1H), 7.84 (d, /= 8.7 Hz, 1H), 7.80 (d, /= 8.7 Hz, 1H), 7.71 (d, J
= 8.7 Hz, 1H), 7.53 (d, /= 9.4 Hz, 1H), 7.50 (d, J = 8.7 Hz, 1H), 7.41-7.45 (m, 4H), 7.31-
7.35 (m, 3H), 7.25 (d, J = 8.7 Hz, 1H), 3.24 (s, 3H), 2.51 (s, 3H). '3C NMR (100 MHz,
CDCl3): 6 161.99, 156.28, 151.31, 140.73, 138.33, 137.32, 136.95, 135.06, 132.66, 130.83,
130.75, 130.70, 129.73, 128.77, 128.40, 128.05, 128.00, 127.73, 126.84, 126.80, 122.24,
120.20, 118.85, 118.17, 117.48, 115.84, 112.23, 111.54, 108.15, 107.99, 58.47, 21.45.
HRMS (APCI): calcd for C34H2oNOa2: m/z 476.1645 [M + H]*, found 476.1638. IR (KBr):
2955, 2925, 2853, 2321, 1516, 1457, 1296, 1269, 1020, 819 cm™'. mp: 310-312 °C.

11-(2-Hydroxy-7-methoxynaphthalen-1-yl)-7-(p-tolyl)-7H-benzo[c]carbazol-10-ol (81aa)
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During the optimization of reaction conditions, intermediary diol 81aa was formed as a
yellow solid. "TH NMR (600 MHz, CDCls): 6 8.01 (d, /= 8.9 Hz, 1H), 7.88 (d, /= 8.9
Hz, 1H), 7.76 (d, J= 6.9 Hz, 1H), 7.72 (d, J = 8.9 Hz, 1H), 7.52 (d, J = 9.3 Hz, 1H),
7.47-7.51 (m, 4H), 7.43 (d, J= 8.9 Hz, 1H), 7.29 (d, /= 8.9 Hz, 1H), 7.20 (d, /= 8.9 Hz,
1H), 7.14 (ddd, J=7.6, 6.9, 1.4 Hz, 1H), 7.06 (dd, J= 8.9, 2.7 Hz, 1H), 6.88 (d, J=2.7
Hz, 1H), 6.76 (d, J= 8.9 Hz, 1H), 6.67 (ddd, J=17.6, 6.9, 1.4 Hz, 1H), 5.25 (s, 1H), 4.95
(s, 1H), 3.61 (s, 3H), 2.55 (s, 3H). 3C NMR (150 MHz, (CD3), CO): 6 159.22, 155.27,
150.99, 140.59, 139.05, 137.42, 136.76, 135.63, 131.54, 130.62, 130.53, 130.46, 130.38,
129.32, 128.99, 128.65, 126.34, 126.30, 125.68, 125.33, 122.92, 118.46, 117.37, 116.91,
115.49, 115.44, 114.95, 112.34, 111.84, 105.45, 55.03, 21.26. HRMS (APCI): calcd for

C34H26NO3: m/z 496.1907 [M + H]*, found 496.1904. IR (KBr): 3498, 3331, 3059, 3032, 2940, 1624, 1516,
1276, 812, 747 coa!. mp: 275- 277 °C.

2-Methoxy-10-(p-tolyl)-10H-benzo[c]naphtho[1',2":4,5]furo[3,2-g]carbazole (82aa)

X
-5

During the optimization of reaction conditions, intermediary helicene 82aa was formed
as a yellow solid. "TH NMR (400 MHz, CDCls): J 8.49 (d, J= 8.2 Hz, 1H), 7.94 (d, J =
7.8 Hz, 1H), 7.91 (d, /= 8.7 Hz, 1H), 7.85 (d, /= 8.9 Hz, 1H), 7.84 (d, /= 9.2 Hz, 1H),
7.73 (d, J= 8.7 Hz, 1H), 7.71 (d, J= 8.7 Hz, 1H), 7.68 (d, J= 2.5 Hz, 1H), 7.58 (d, J =
8.7 Hz, 1H), 7.47-7.54 (m, SH), 7.32 (ddd, J=17.8, 7.3, 0.9 Hz, 1H), 7.02 (ddd, /= 17.8,
7.6, 1.2 Hz, 1H), 6.97 (dd, J = 8.7, 2.7 Hz, 1H), 2.62 (s, 3H), 2.55 (s, 3H). 13C NMR
(100 MHz, CDCls): 6 154.58, 153.11, 139.16, 138.46, 138.30, 134.85, 130.77, 129.73,
129.50, 129.20, 128.57, 128.27, 128.13, 127.94, 127.91, 127.68, 124.86, 124.55, 124.25,
123.24, 120.17, 117.50, 117.40, 116.14, 112.61, 111.85, 109.29, 109.08, 29.85, 21.46
(Two carbons overlapped). HRMS (ESI): calcd for C34H24NO»: m/z 478.1802 [M + H]*,
found 478.1792. IR (KBr): 3060, 2996, 2962, 2934, 1726, 1516, 1422, 1104, 1019, 803
cm’!. mp: 276-278 °C.

Dehydro[7]helicene 83ba

83ba (80% yield): a yellow solid. 'H NMR (400 MHz, CDCl3): 6 7.96 (dd, J=7.2,1.9
Hz, 1H), 7.93 (d,/=8.7 Hz, 1H), 7.88 (d, /= 8.7 Hz, 1H), 7.83 (d, /= 9.2 Hz, 1H), 7.73
(d,J=8.7Hz, 1H), 7.65-7.69 (m, 2H), 7.56-7.62 (m, 4H), 7.54 (d, /= 8.7 Hz, 1H), 7.31-
7.38 (m, 3H), 7.28 (d, J = 8.7 Hz, 1H), 3.27 (s, 3H). 1*C NMR (100 MHz, (CDCls): &
161.96, 156.31, 151.35, 140.57, 137.77, 137.35, 136.79, 132.68, 130.86, 130.79, 130.13,
129.75, 128.83, 128.50, 128.38, 128.24,127.97, 127.71, 126.80, 126.78, 122.32, 120.16,
118.89, 118.25, 117.58, 115.76, 112.16, 111.55, 108.09, 58.44 (One carbon overlapped).
HRMS (APCI): caled for C33H2oNO2: m/z 462.1489 [M + HJ', found 462.1483. IR
(KBr): 3054, 2957, 2934, 2835, 1712, 1595, 1501, 1425, 1297, 821 cm’!. mp: 312-314°C.

Dehydro[7]helicene 83ca

Cl

83ca (85% yield): a yellow solid. "H NMR (600 MHz, CDCl3): 7.95 (dd, J = 7.2, 1.7 Hz,
1H), 7.92 (d, /= 8.2 Hz, 1H), 7.87 (d, /= 8.9 Hz, 1H), 7.83 (d, /= 8.9 Hz, 1H), 7.72 (d, J
=8.9 Hz, 1H), 7.62 (d, J= 8.9 Hz, 2H), 7.52-7.55 (m, 3H), 7.49 (d, /= 8.9 Hz, 1H), 7.32-
7.37 (m, 2H), 7.30 (d, J = 8.9 Hz, 1H), 7.27 (d, J = 8.9 Hz, 1H), 3.28 (s, 3H). 3C NMR
(150 MHz, CDCl3): ¢ 161.93, 156.35, 151.41, 140.36, 137.44, 136.60, 136.32, 134.10,
132.73, 130.91, 130.84, 130.40, 129.77, 129.52, 128.94, 128.70, 127.83, 127.65, 126.73,
122.48,120.04, 118.98, 118.39, 117.81, 115.61, 111.79, 111.54, 108.22, 107.74, 58.35 (One
carbon overlapped). HRMS (APCI): calcd for C33H19CINO2: m/z 496.1099 [M + HJ",
found 496.1092. IR (KBr): 3054, 2955, 2926, 2853, 1606, 1496, 1259, 1091, 819, 785 cm
L mp: 311-313 °C.

Dehydro[7]helicene 83da
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83da (79% yield): a yellow solid. 'TH NMR (400 MHz, CDCls): § 7.92-7.97 (m, 2H), 7.89
o (d, J= 8.7 Hz, 1H), 7.85 (d, J = 9.2 Hz, 1H), 7.80 (d, J = 8.7 Hz, 2H), 7.73 (d, J = 8.7 Hz,
1H), 7.57 (d,J= 9.2 Hz, 1H), 7.49-7.51 (m, 3H), 7.32-7.36 (m, 3H), 7.29 (d, J = 8.7 Hz, 1H),
3.28 (s, 3H). 3C NMR (100 MHz, CDCL): § 161.97, 156.38, 151.45, 140.32, 137.46, 136.88,
136.56, 133.40, 132.76, 131.03, 130.94, 130.84, 129.86, 129.78, 128.96, 128.72, 127.87,
127.68, 126.76, 122.50, 122.07, 120.06, 119.02, 118.45, 117.88, 115.67, 111.79, 111.56,
108.25, 107.76, 58.38. HRMS (APCI): caled for Cs3H oBrNO,: m/z 540.0594 [M + HJ*,
found 540.0585. IR (KBr): 3054, 2957, 2928, 2854, 1731, 1605, 1493, 1259, 1022, 819 cnr
' mp: 344-346 °C.

Dehydro[7]helicene 83ea

83ea (78% yield): a yellow solid. 'H NMR (400 MHz, CDCl3): § 7.96 (dd, J=7.4, 1.7 Hz,
1H), 7.90-7.93 (m, 2H), 7.87 (d, J=9.2 Hz, 1H), 7.73 (d, /= 7.3 Hz, 1H), 7.70 (d, J=7.3
Hz, 1H), 7.64 (d, J= 8.7 Hz, 1H), 7.47 (d, J= 8.7 Hz, 1H), 7.28-7.35 (m, 3H), 4.05 (s, 3H),
3.24 (s, 3H). 13C NMR (150 MHz, CDCl3):  161.95, 156.22, 150.93, 140.39, 137.30,
136.50, 132.37, 130.72, 130.30, 129.78, 128.77, 128.34, 128.13, 127.76, 126.92, 126.80,
122.02, 120.12, 118.95, 117.82, 117.10, 115.91, 111.53, 110.95, 107.73, 106.71, 58.51,
30.18. HRMS (APCI): calcd for C2sHsNOa: m/z 400.1332 [M + H]", found 400.1333.
IR (KBr): 3039, 2957, 2927, 2853, 1518, 1460, 1259,1018, 819, 782 cm!. mp: 300-302 °C.

Dehydro[7]helicene 83fa

83fa (86% yield): a yellow solid. "TH NMR (400 MHz, CDCls): § 7.95 (dd, J = 7.6, 1.6

Hz, 1H), 7.92 (d, /= 8.7 Hz, 1H), 7.87 (d, J = 8.7 Hz, 2H), 7.72 (d, /= 8.7 Hz, 1H), 7.65

(d,J=9.2 Hz, 1H), 7.59 (d, /= 8.7 Hz, 1H), 7.41 (d, J= 8.7 Hz, 1H), 7.32-7.37 (m, 2H),
7.23-7.30 (m, 4H), 7.11-7.13 (m, 2H), 5.73 (s, 2H), 3.27 (s, 3H). *C NMR (100 MHz,
CDCl3): 6 161.90, 156.30, 151.10, 139.93, 137.33, 137.20, 135.89, 132.47, 130.78, 130.53,
129.78, 128.98, 128.84, 128.56, 128.00, 127.73, 127.69, 126.90, 126.77, 126.37, 122.13,
120.09, 119.05, 118.03, 117.34, 115.62, 111.55, 111.24, 108.01, 107.14, 58.37, 47.18.
HRMS (APCI): caled for C34H2oNO»: m/z 476.1645 [M + H]*, found 476.1640. IR (KBr):
3057, 2956, 2925, 1517, 1376, 1184, 1091, 819, 832, 755 cm!. mp: 320-322 °C.

Dehydro[7]helicene 83ga

83ga (76% yield): a yellow solid. '"H NMR (600 MHz, CDCl3): § 7.95 (dd, J=7.2, 1.7 Hz,
1H), 7.91 (d, J= 8.9 Hz, 1H), 7.86 (d, /= 8.9 Hz, 1H), 7.79 (d, J = 8.9 Hz, 1H), 7.75 (d, J
= 8.9 Hz, 1H), 7.45-7.55 (m, SH), 7.35 (dd, J= 7.2, 1.7 Hz, 1H), 7.33 (d, J = 7.6 Hz, 1H),
7.27 (d, J = 8.2 Hz, 1H), 7.16 (s, 1H), 3.24 (s, 3H), 2.70 (s, 3H), 2.54 (s, 3H). 3C NMR
(150 MHz, CDCl3): ¢ 161.99, 156.09, 150.37, 140.22, 138.23, 137.20, 137.14, 135.21,
132.67, 130.81, 130.69, 129.67, 128.57, 128.10, 128.05, 127.94, 127.66, 126.81, 126.77,
122.16, 120.48, 118.62, 118.23, 117.58, 116.27, 115.89, 112.19, 111.59, 108.66, 58.51,
21.46, 16.11 (One carbon overlapped). HRMS (APCI): calcd for C3sH24NOx: m/z 490.1802
[M + H]*, found 490.1801. IR (KBr): 3036, 2955, 2925, 2854, 1516, 1456, 1292, 1258,
1017, 819 cm™!. mp: 317-319 °C.

Dehydro[7]helicene 83ha
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83ha (79% yield): a yellow solid. 'H NMR (600 MHz, CDCls): 6 7.92 (dd, J= 6.9, 2.1 Hz,
1H), 7.89 (d, J=8.2 Hz, 1H), 7.83 (d, /= 8.9 Hz, 1H), 7.74 (d, /= 6.9 Hz, 1H), 7.72 (d, J
=6.9 Hz, 1H), 7.62-7.45 (m, 1H), 7.29-7.44 (m, 5H), 7.25 (d,J=8.9 Hz, 1H), 7.23 (d, J =
8.9 Hz, 1H), 3.21 (s, 3H), 2.62 (s, 3H), 2.53 (s, 3H), 2.06 (s, 3H). 3C NMR (150 MHz,
CDCls): 6 161.75, 155.57,150.89, 142.18, 138.57, 137.98, 137.04, 136.27, 132.82, 130.86,
130.57, 130.09, 129.61, 128.12, 127.92, 127.83, 127.55, 126.71, 126.60, 122.15, 120.82,
118.31, 117.76, 117.33, 116.95, 116.00, 115.86, 112.63, 111.59, 58.58, 21.52, 15.58, 12.63
(One carbon overlapped). HRMS (APCI): caled for C36H26NO»: m/z 504.1958 [M + H]",
found 504.1957. IR (KBr): 3043, 2953, 2924, 2854, 1602, 1514, 1167, 1019, 818, 750 cmr
! mp: 335-337 °C.

Dehydro[7]helicene 83ia

83ia (80% yield): a yellow solid. '"H NMR (600 MHz, CDCls): 6 8.67 (d, J = 8.2 Hz,
1H), 8.58 (d, /= 7.6 Hz, 1H), 7.94 (d, /= 8.2 Hz, 1H), 7.87 (d, J= 8.9 Hz, 1H), 7.72-
7.74 (m, 2H), 7.54-7.59 (m, 2H), 7.50 (d, /= 8.9 Hz, 1H), 7.42 (dd, J=8.3, 1.4 Hz, 1H),
7.39 (t, J=7.9 Hz, 1H), 7.31 (dd, /= 8.3, 2.1 Hz, 1H), 7.27-7.29 (m, 2H), 7.23 (dd, J=
6.9, 1.4 Hz, 1H), 7.06 (d, J= 8.9 Hz, 1H), 6.90 (dd, J="7.9, 2.4 Hz, 1H), 3.37 (s, 3H),
2.56 (s, 3H). 1*C NMR (150 MHz, CDCl3): 6 161.34, 156.23, 151.96, 139.14, 138.29,
137.14,136.87, 135.59, 132.80, 132.27, 131.00, 130.76, 130.56, 129.56, 129.30, 128.81,
128.43,127.65,127.59, 127.50, 126.33, 126.27, 125.72, 124.77, 123.73, 123.39, 123.12,
122.54, 120.46, 118.42, 118.35, 116.32, 114.99, 111.55, 108.68, 107.75, 58.20, 21.61.
HRMS (APCI): caled for C3gH24NO2: m/z 526.1802 [M + H], found 526.1792. IR
(KBr): 3052, 2955, 2925, 2854, 1733, 1595, 1501, 1426, 1296, 821 ¢cm™. mp: 325-
327 °C.

Dehydro[7]helicene 83ja

83ja (82% yield): a yellow solid. '"H NMR (600 MHz, CDCl5): 6 7.91 (d, J= 8.2 Hz, 1H),
7.86 (d, J=8.9 Hz, 1H), 7.83 (d, J= 7.6 Hz, 1H), 7.71 (d, J= 8.9 Hz, l1H), 7.51 (d, J =
8.9 Hz, 1H), 7.26-7.34 (m, 6H), 7.18 (d, J= 7.6 Hz, 1H), 7.13 (d, /= 8.9 Hz, 1H), 7.11
(s, 1H), 3.79 (s, 3H), 3.27 (s, 3H), 2.51 (s, 3H). 3C NMR (150 MHz, CDCl3): 6 161.87,
156.25, 151.44, 147.43, 138.18, 137.77, 137.38, 135.04, 132.70, 132.08, 131.91, 130.59,
129.31, 128.64, 128.53, 128.46, 128.13, 127.96, 127.81, 126.67, 123.17, 122.76, 120.28,
119.60, 118.76, 118.08, 115.85, 111.52, 108.85, 108.25, 105.18, 58.54, 55.53, 21.51.
HRMS (APCI): caled for C3sHuNOs3: m/z 506.1751 [M + HJ", found 506.1744. IR
(KBr): 3035,2957,2925, 2854, 1606, 1514, 1299, 1259, 1038, 819 cm™'. mp: 319-321 °C.

Dehydro[7]helicene 83ka

83Kka (80% yield): a yellow solid. '"H NMR (600 MHz, CDCls): 6 7.91 (d, J = 8.2 Hz,
1H), 7.85-7.87 (m, 2H), 7.72 (d, J= 8.2 Hz, 1H), 7.56 (s, 1H), 7.53 (d, J = 7.6 Hz, 1H),
7.50 (d, J=8.2 Hz, 1H), 7.40 (d, /= 8.2 Hz, 1H), 7.36 (d, /= 8.2 Hz, 1H), 7.27-7.31 (m,
3H), 7.24 (d, /= 8.2 Hz, 1H), 7.03 (d, J = 8.9 Hz, 1H), 3.24 (s, 3H), 2.53 (s, 3H), 2.16
(s,3H). ®*C NMR (150 MHz, CDCl3): 6 161.84, 156.20, 151.47, 140.03, 139.02, 138.51,
137.18, 136.40, 132.29, 130.80, 130.58, 130.03, 129.83, 129.46, 129.41, 128.59, 128.53,
128.12, 127.75, 126.63, 125.98, 122.88, 122.33, 120.34, 118.60, 118.18, 117.78, 115.83,
111.52, 108.67, 107.93, 58.50, 21.53, 20.21. HRMS (APCI): calcd for C35sH24NO2: m/z
490.1802 [M + H]", found 490.1794. IR (KBr): 3047, 2959, 2935, 2844, 1723, 1585,
1505, 1429, 1298, 827 cm™'. mp: 311-313 °C.
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Dehydro[7]helicene 83la

83la (84% yield): a yellow solid. "H NMR (400 MHz, CDCI3): § 8.18 (s, 1H), 7.95
(d,J=8.7Hz, 1H), 7.89 (dd, /= 8.9, 1.6 Hz, 2H), 7.75 (d, J = 8.7 Hz, 1H), 7.64-7.69
(m, 3H), 7.56 (td, J = 8.3, 0.9 Hz, 2H), 7.41-7.50 (m, 6H), 7.36 (d, J= 9.6 Hz, 1H),
7.29-7.33 (m, 2H), 3.32 (s, 3H), 2.54 (s, 3H). BC NMR (150 MHz, CDCl5): 6§ 162.04,
156.38, 151.35, 140.87, 140.80, 138.40, 137.01, 136.89, 135.03, 134.75, 133.23,
131.17, 130.89, 130.74, 128.87, 128.84, 128.73, 128.00, 127.87, 127.75, 127.44,
127.22, 127.03, 126.77, 126.06, 120.09, 118.85, 118.06, 117.41, 115.50, 112.66,
111.59, 108.20, 108.11, 58.36, 21.48. HRMS (APCI): calcd for C4H2sNO2: m/z
552.1958 [M + H]*, found 552.1955. IR (KBr): 3031, 2962, 2925, 2835, 1604, 1515,
1437, 1259, 1022, 796 cm'. mp: 338-340 °C.

Dehydro[7]helicene 83ma

83ma (67% yield): a yellow solid. "TH NMR (400 MHz, CDCls): 6 8.26 (d, J= 1.4 Hz,
1H), 7.99 (d, J= 8.7 Hz, 1H), 7.89 (d, J = 8.7 Hz, 1H), 7.83 (d, /= 8.7 Hz, 1H), 7.74
(d,J=8.7 Hz, 1H), 7.60 (d, J = 8.7 Hz, 1H), 7.59 (d, J= 9.2 Hz, 1H), 7.54 (d, J = 1.6
Hz, 1H), 7.47 (d, J = 7.3 Hz, 4H), 7.34 (d, J = 8.7 Hz, 1H), 7.31 (d, J = 8.7 Hz, 1H),
3.54 (s, 3H), 2.54 (s, 3H). BC NMR (150 MHz, CDCl3): J 161.48, 156.59, 151.61,
144.08, 141.90, 138.94, 137.74, 137.08, 134.40, 134.05, 134.02, 131.76, 130.88, 129.15,
128.21, 127.24,126.55, 125.56, 119.80, 119.63, 119.14, 118.91, 117.68, 117.46, 113.98,
113.59, 111.74, 108.90, 108.43, 104.78, 100.05, 57.46, 21.49. HRMS (APCI): calcd for
C35H21N202: m/z 501.1598 [M + HJ', found 501.1601. IR (KBr): 2954, 2925, 2870,
2853, 2224, 1712, 1600, 1516, 1260, 818 cm™!. mp: 340-342 °C.

Dehydro[7]helicene 83na

83na (27% yield): a yellow solid. "H NMR (400 MHz, CDCls): 6 7.95 (d,J= 8.7 Hz, 1H),
791 (d, J=8.7 Hz, 1H), 7.88 (d, J= 8.7 Hz, 1H), 7.76 (d, /J=9.2 Hz, 1H), 7.71 (d,J=9.2
Hz, 1H), 7.54 (d, J = 8.7 Hz, 1H), 7.45 (s, 4H), 7.40 (d, J = 8.7 Hz, 1H), 7.31 (d, /= 8.7
Hz, 1H), 7.22 (d, J = 8.7 Hz, 1H), 7.15 (d, J = 8.7 Hz, 1H), 3.48 (s, 3H), 3.45 (s, 3H), 2.53
(s, 3H). BC NMR (150 MHz, CDCl3): J 162.32, 162.09, 156.55, 151.56, 141.07, 138.26,
136.80, 135.15, 131.07, 130.96, 130.67, 128.81, 128.45, 128.19, 128.01, 127.88, 127.15,
126.17, 121.40, 120.50, 119.88, 119.19, 118.20, 117.61, 113.80, 112.09, 111.29, 110.41,
107.69, 107.67, 57.95, 29.85, 21.46. HRMS (APCI): calcd for C35sH24NO3: m/z 506.1751
[M + HJ*, found 506.1747. IR (KBr): 2958, 2922, 2851, 1712, 1596, 1516, 1457, 1261,
1024, 815 cm’!. mp: 278-280 °C.

Dehydro[7]helicene 83ab

83ab (79% yield): a yellow solid. "TH NMR (600 MHz, CDCls): 6 7.98 (d, J= 7.6 Hz,
1H), 7.91 (d, J=8.9 Hz, 1H), 7.88 (d, /= 8.9 Hz, 1H), 7.84 (d, J= 8.9 Hz, 1H), 7.75
(d, /J=8.9 Hz, 1H), 7.57 (d, J = 8.9 Hz, 1H), 7.54 (d, J = 8.9 Hz, 1H), 7.45-7.48 (m,
5H), 7.34-7.36 (m, 2H), 7.33 (d, /= 8.9 Hz, 1H), 7.18-7.21 (m, 3H), 6.93 (dd, /= 7.6,
2.1 Hz, 2H), 4.46 (d, J = 11.7 Hz, 1H), 4.07 (d, J = 11.7 Hz, 1H), 2.54 (s, 3H). 13C
NMR (150 MHz, CDCl3): 0 160.94, 156.26, 151.34, 140.77, 138.40, 137.66, 137.39,
136.97, 135.04, 132.47, 130.97, 130.82, 130.74, 129.85, 129.19, 128.78, 128.38,
128.21, 128.03, 127.74, 127.65, 127.48, 127.23, 126.93, 122.50, 120.33, 118.85,
118.17,117.93,117.46, 112.34, 111.81, 108.24, 108.07, 73.50, 21.48. HRMS (APCI):
calcd for C40H26NO2: m/z 552.1958 [M + HJ", found 552.1956. IR (KBr): 3044, 2947,
2944, 2837, 1718, 1597, 1505, 1427, 1299, 823 cm!. mp: 332-334 °C.
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Dehydro[7]helicene 83ac

83ac (80% yield): a yellow solid. "TH NMR (600 MHz, CDCls): 6 7.95 (d, J = 6.9 Hz,
1H), 7.91 (d, J= 8.2 Hz, 1H), 7.88 (d, /= 8.9 Hz, 1H), 7.83 (d, /= 8.9 Hz, 1H), 7.74 (d,
J=8.9 Hz, 1H), 7.56 (d, J = 8.9 Hz, 1H), 7.53 (d, J = 8.9 Hz, 1H), 7.45-7.50 (m, 4H),
7.40 (dd, J= 6.9, 1.4 Hz, 1H), 7.32-7.35 (m, 2H), 7.29 (d, /= 8.2 Hz, 1H), 5.58-5.64 (m,
1H), 4.96 (dq, J = 10.7, 1.6 Hz, 1H), 4.89 (dq, J = 17.2, 1.6 Hz, 1H), 3.95-3.98 (m, 1H),
3.67-3.70 (m, 1H), 2.54 (s, 3H). 3C NMR (150 MHz, CDCl5): 6 160.79, 156.25, 151.33,
140.73, 138.37, 137.53, 136.95, 135.06, 133.53, 132.47, 130.87, 130.72, 129.77, 128.93,
128.76, 128.39, 128.02, 127.71, 127.07, 126.86, 122.36, 120.28, 118.84, 118.15, 117.46,
117.35, 116.82, 112.25, 111.72, 108.19, 108.02, 72.16, 21.47 (One carbon overlapped).
HRMS (APCI): caled for C3H2uaNO>2: m/z 502.1802 [M + HJ", found 502.1794. IR
(KBr): 3038,2961, 2924, 2855, 1725, 1604, 1516, 1260, 1018, 820 cm™!. mp: 346-348 °C.

Dehydro[7]helicene 83bb

83bb (82% yield): a yellow solid. '"H NMR (400 MHz, CDCls): 6 7.98 (d, J= 6.9 Hz,
1H), 7.91 (d, J= 8.7 Hz, 1H), 7.89 (d, J=9.2 Hz, 1H), 7.85 (d, /J=9.2 Hz, 1H), 7.75
(d, J= 8.7 Hz, 1H), 7.54-7.69 (m, 7H), 7.48 (dd, /= 6.9, 0.9 Hz, 1H), 7.35-7.38 (m,
2H), 7.33 (d, /= 8.2 Hz, 1H), 7.18-7.20 (m, 3H), 6.92-6.94 (m, 2H), 4.47 (d,J=11.4
Hz, 1H), 4.09 (d, J = 11.9 Hz, 1H). ¥C NMR (150 MHz, CDCI3): J 160.94, 156.29,
151.40, 140.63, 137.77, 137.69, 137.38, 136.84, 132.52, 131.03, 130.83, 130.15,
129.85, 129.15, 128.82, 128.45, 128.41, 128.26, 128.20, 127.74, 127.65, 127.46,
127.22, 126.92, 122.56, 120.31, 118.91, 118.29, 117.86, 117.61, 112.24, 111.81,
108.14, 73.47 (One carbon overlapped). HRMS (APCI): calcd for C30H24NO»: m/z

538.1802 [M + HJ", found 538.1794. IR (KBr): 3060, 3034, 2925, 2859, 1595, 1500,
1296, 1020, 820, 744 cm!. mp: 301-303 °C.

Dehydro[7]helicene 83bc

83bc (81% yield): a yellow solid. '"H NMR (600 MHz, CDCls): 6 7.96 (d, J = 8.2 Hz,
1H), 7.92 (d, J = 8.9 Hz, 1H), 7.89 (d, /= 8.9 Hz, 1H), 7.84 (d, /= 8.9 Hz, 1H), 7.75 (d,
J=8.9 Hz, 1H), 7.67 (t,J=7.9 Hz, 2H), 7.60-7.63 (m, 2H), 7.56-7.58 (m, 2H), 7.54 (d,
J=8.9Hz, 1H), 7.41 (dd, J = 6.9, 1.4 Hz, 1H), 7.37 (d, J= 8.9 Hz, 1H), 7.34 (t, J="7.2
Hz, 1H), 7.29 (d, J = 8.9 Hz, 1H), 5.61 (qd, /= 10.9, 5.2 Hz, 1H), 4.96 (dd, J=11.7, 1.4
Hz, 1H), 4.89 (dd, J=17.2, 1.4 Hz, 1H), 3.97 (dd, J = 12.7, 5.2 Hz, 1H), 3.70 (dd, J =
12.7,5.2 Hz, 1H). 3C NMR (150 MHz, CDCl5) § 160.79, 156.28, 151.38, 140.57, 137.77,
137.56, 136.80, 133.51, 132.51, 130.92, 130.74, 130.15, 129.79, 128.87, 128.82, 128.48,
128.40, 128.26, 127.70, 127.05, 126.84, 122.44, 120.27, 118.89, 118.25, 117.58, 117.29,
116.84,112.17, 111.72, 108.12, 108.11, 72.13. HRMS (APCI): calcd for C3sH22NOa: m/z

488.1645 [M + H]*, found 488.1645. IR (KBr): 3051, 2955, 2925, 2853, 1595, 1501, 1425, 1296, 821, 734 cmv’
. mp: 317-319 °C.

Dehydro[7]helicene 83cb
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Cl

83cb (84% yield): a yellow solid. '"H NMR (600 MHz, CDCls): § 7.98 (dd, J = 8.3,
1.4 Hz, 1H), 7.91 (d, /= 8.2 Hz, 1H), 7.88 (d, /= 8.9 Hz, 1H), 7.86 (d, /= 9.6 Hz,
1H), 7.75 (d, /= 8.9 Hz, 1H), 7.64 (d, J = 8.9 Hz, 2H), 7.54-7.58 (m, 3H), 7.51 (d, J
= 8.9 Hz, 1H), 7.47 (dd, /= 6.9, 1.4 Hz, 1H), 7.36 (t, J= 7.6 Hz, 1H), 7.32-7.33 (m,
2H), 7.18-7.21 (m, 3H), 6.92-6.93 (m, 2H), 4.48 (d,J=11.7 Hz, 1H), 4.11 (d, J=11.7
Hz, 1H). 13C NMR (150 MHz, CDCl3): 6 160.93, 156.34, 151.46, 140.43, 137.78,
137.32, 136.66, 136.31, 134.17, 132.57, 131.07, 130.88, 130.43, 129.88, 129.55,
128.99, 128.95, 128.66, 128.22, 127.70, 127.68, 127.42, 127.18, 126.84, 122.74,
120.20, 119.01, 118.44, 117.83, 117.75, 111.90, 111.81, 108.31, 107.85, 73.39.
HRMS (APCI): caled for C39H23CINO»: m/z 572.1412 [M + HJ, found 572.1413. IR
(KBr): 3033, 2955, 2925, 2855, 1605, 1495, 1292, 1091, 1017, 819 cm™. mp: 324-
326 °C.

Dehydro[7]helicene 83cc

mp: 314-316 °C.

83cc (75% yield): a yellow solid. 'H NMR (600 MHz, CDCl3): 6 7.95 (d, J= 6.9 Hz, 1H),
791 (d, J=8.9 Hz, 1H), 7.88 (d, /= 8.9 Hz, 1H), 7.85 (d, /= 8.9 Hz, 1H), 7.74 (d, J =
8.9 Hz, 1H), 7.64 (d, J = 8.9 Hz, 2H), 7.54-7.57 (m, 3H), 7.50 (d, J = 8.9 Hz, 1H), 7.40
(dd,J=17.6, 1.4 Hz, 1H), 7.35 (d, J= 7.6 Hz, 1H), 7.31 (d, J= 8.9 Hz, 1H), 7.28 (d, J=
8.9 Hz, 1H), 5.58-5.64 (m, 1H), 4.96 (dd, /= 10.7, 1.7 Hz, 1H), 4.88 (dd, /=17.2, 1.4
Hz, 1H), 3.98 (dq, /= 13.6, 1.9 Hz, 1H), 3.72 (qd, /= 12.0, 4.8 Hz, 1H). *C NMR (150
MHz, CDCls): 6 160.77, 156.33, 151.44, 140.37, 137.65, 136.63, 136.33, 134.15, 133.45,
132.57,130.97, 130.80, 130.41, 129.81, 129.54, 128.93, 128.72, 128.68, 127.65, 127.02,
126.77, 122.60, 120.15, 119.00, 118.40, 117.81, 117.15, 116.84, 111.82, 111.72, 108.26,
107.80, 72.04. HRMS (APCI): calcd for C3sH2CINO,: m/z 522.1255 [M + H]*, found
522.1247. IR (KBr): 3049, 2955, 2925, 2855, 1496, 1425, 1298, 1091, 1016, 819 cm’!.

Dehydro[7]helicene 83db

Br

83db (81% yield): a yellow solid. '"H NMR (600 MHz, CDCls): § 7.98 (dd, J = 7.6,
1.4 Hz, 1H), 7.91 (d, J = 8.9 Hz, 1H), 7.87 (d, J = 8.2 Hz, 1H), 7.86 (d, J = 8.9 Hz,
1H), 7.78 (d, J= 8.9 Hz, 2H), 7.74 (d, /= 8.9 Hz, 1H), 7.56 (d, /= 7.9 Hz, 1H), 7.46-
7.51 (m, 4H), 7.36 (t,J= 7.6 Hz, 1H), 7.31-7.33 (m, 2H), 7.18-7.21 (m, 3H), 6.92 (dd,
J=172,2.4Hz, 2H), 448 (d, J=11.7 Hz, 1H), 4.11 (d, J= 11.7 Hz, 1H). ¥*C NMR
(150 MHz, CDCl3) 6 160.90, 156.33, 151.45, 140.32, 137.77, 137.31, 136.83, 136.54,
133.40, 132.57, 131.07, 130.87, 129.87, 128.94, 128.65, 128.21, 127.67, 127.40,
127.15, 126.82, 122.74, 122.08, 120.17, 119.00, 118.45, 117.85, 117.70, 111.88,
111.79, 108.30, 107.82, 73.36 (Three carbons overlapped). HRMS (APCI): calcd for
C39H23BrNO»: m/z 616.0907 [M + H]*, found 616.0909. IR (KBr): 3061, 3034, 2925,
2856, 1605, 1496, 1247, 1091, 1017, 819 cm™!. mp: 348-350 °C.

Dehydro[7]helicene 83dec

83dc (72% yield): a yellow solid. '"H NMR (400 MHz, CDCl3): § 7.96 (dd, J= 7.6, 1.1
Hz, 1H), 7.92 (d, J=8.2 Hz, 1H), 7.89 (d, J= 8.7 Hz, 1H), 7.85 (d, /= 8.7 Hz, 1H), 7.80
(d,J=8.7Hz, 2H), 7.74 (d,J=9.2 Hz, 1H), 7.57 (d, J= 8.7 Hz, 1H), 7.49-7.52 (m, 3H),
7.41(dd,J=7.3,1.4 Hz, 1H), 7.32-7.36 (m, 2H), 7.29 (d, J= 8.7 Hz, 1H), 5.56-5.66 (m,
1H), 4.96 (dq, J=10.5, 1.5 Hz, 1H), 4.88 (dq, J=17.3, 1.7 Hz, 1H), 3.98 (dtd, /= 12.8,
3.3, 1.7 Hz, 1H), 3.71 (dtd, J = 12.8, 3.4, 1.7 Hz, 1H). 3C NMR (175 MHz, CDCl3): ¢
160.77, 156.33, 151.44, 140.30, 137.65, 136.85, 136.54, 133.41, 132.56, 131.06, 130.97,
130.80, 129.87, 129.82, 128.95, 128.70, 127.64, 127.01, 126.75, 122.62, 122.09, 120.14,
119.00, 118.43, 118.25, 117.84, 117.17, 116.85, 111.82, 111.72, 108.28, 107.80, 72.05.
HRMS (APCI): caled for C3sH21BrNO2: m/z 566.0750 [M + H]*, found 566.0751. IR
(KBr): 3050, 3017, 2925, 2854, 1605, 1496, 1298, 1091, 820, 733 cm’!. mp: 342-344 °C.
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Dehydro[7]helicene 83eb

83eb (71% yield): a yellow solid. "H NMR (400 MHz, CDCls): 6 7.99 (dd, J = 7.6,
1.1 Hz, 1H), 7.94 (d, J = 8.7 Hz, 1H), 7.86-7.91 (m, 2H), 7.74 (d, J = 6.9 Hz, 1H),
7.72 (d, J= 6.9 Hz, 1H), 7.66 (d, J = 8.7 Hz, 1H), 7.49 (d, J= 8.7 Hz, 1H), 7.45 (dd,
J=17.3,1.4Hz, 1H), 7.34 (d,J= 7.8 Hz, 1H), 7.31 (d, J= 8.7 Hz, 1H), 7.17-7.21 (m,
3H), 6.91 (dd, J= 6.6, 2.5 Hz, 2H), 4.41 (d, /= 11.4 Hz, 1H), 4.06 (s, 3H), 4.04 (d, J
= 11.9 Hz, 1H). 3C NMR (150 MHz, CDCl3): 6 160.91, 158.74, 156.20, 151.26,
150.99, 140.47, 137.65, 137.39, 136.72, 136.53, 132.21, 130.76, 130.13, 129.89,
129.16, 128.80, 128.30, 128.20, 127.93, 127.65, 127.50, 122.28, 118.08, 116.98,
114.77, 111.79, 111.04, 107.81, 106.78, 105.90, 73.52, 70.30. HRMS (APCI): calcd

for C34H22NO2: m/z 476.1645 [M + H]*, found 476.1639. IR (KBr): 3062, 3033, 2926, 2854, 1702, 1625, 1515,
1455, 1018, 820 cm!. mp: 335-337 °C.

Dehydro[7]helicene 83ec

83ec (62% yield): a yellow solid. 'H NMR (600 MHz, CDCls): 6 7.96 (dd, J = 7.6, 1.4
Hz, 1H), 7.92 (d, /= 8.9 Hz, 1H), 7.90 (d, /= 8.9 Hz, 1H), 7.87 (d, J= 8.9 Hz, 1H), 7.73
(d,/=8.2Hz, 1H), 7.71 (d, J= 8.9 Hz, 1H), 7.64 (d, /= 8.9 Hz, 1H), 7.46 (d, /= 8.9 Hz,
1H), 7.38 (dd, J = 6.9, 1.4 Hz, 1H), 7.31 (t, J = 7.6 Hz, 1H), 7.27 (d, J = 8.2 Hz, 1H),
5.56-5.62 (m, 1H), 4.94 (dq, J=10.3, 1.4 Hz, 1H), 4.86 (dq, /= 17.2, 1.8 Hz, 1H), 4.04
(s, 3H), 3.91 (dtd, /= 12.7, 3.4, 1.7 Hz, 1H), 3.64-3.67 (dtd, J=12.8, 3.3, 1.7 Hz, 1H).
13C NMR (150 MHz, CDCls): 6 160.75, 156.19, 150.96, 140.36, 137.51, 136.49, 133.54,
132.21, 130.67, 130.37, 129.82, 129.06, 128.75, 128.30, 127.75, 127.09, 126.96, 122.14,
120.24, 118.96, 117.82, 117.52, 117.10, 116.88, 111.70, 110.96, 107.76, 106.74, 72.22,

30.17. HRMS (APCI): caled for C3oHaoNO3: m/z 426.1489 [M + HT*, found 426.1488. IR (KBr): 3036, 2925,
2888, 2855, 1604, 1517, 1257, 1144, 816, 782 cm'. mp: 323-325 °C.

Dehydro[7]helicene 83fb

83fb (77% yield): a yellow solid. "H NMR (600 MHz, CDCls): 6 7.98 (dd, J = 7.6,
1.4 Hz, 1H), 7.91 (d, J = 8.9 Hz, 1H), 7.88 (t, /= 8.9 Hz, 2H), 7.74 (d, J = 8.9 Hz,
1H), 7.66 (d, J = 8.9 Hz, 1H), 7.59 (d, /= 8.9 Hz, 1H), 7.47 (dd, /= 6.9, 1.4 Hz, 1H),
7.42 (d,J=8.9 Hz, 1H), 7.35 (d, J= 7.6 Hz, 1H), 7.32 (d, J = 8.2 Hz, 1H), 7.23-7.27
(m, 3H), 7.18-7.19 (m, 3H), 7.13 (d, J = 6.2 Hz, 2H), 6.92 (dd, J = 7.2, 2.4 Hz, 2H),
5.73 (s,2H),4.46 (d,J=11.7 Hz, 1H), 4.10 (d,J=11.7 Hz, 1H). '3C NMR (150 MHz,
CDCls): 0 160.85, 156.28, 151.14, 139.98, 137.64, 137.34, 137.18, 135.93, 132.32,
130.82, 130.68, 129.88, 129.19, 129.00, 128.83, 128.80, 128.50, 128.19, 127.71,
127.65, 127.48, 127.22, 127.04, 126.39, 122.38, 120.26, 119.07, 118.08, 117.80,
117.37, 111.79, 111.31, 108.07, 107.22, 73.39, 47.23. HRMS (APCI): calcd for

C40H26NO2: m/z 552.1958 [M + H]*, found 552.1951. IR (KBr): 3060, 3031, 2925, 1624, 1516, 1378, 1183,
1001, 831, 754 cm!. mp: 309-311 °C.

Dehydro[7]helicene 83fc

83fc (79% yield): a yellow solid. 'TH NMR (600 MHz, CDCl3):  7.95 (dd, J= 7.6, 1.4
Hz, 1H), 7.91 (d, J=8.2 Hz, 1H), 7.88 (d, /= 8.9 Hz, 1H), 7.87 (d, /=9.3 Hz, 1H), 7.73
(d,J=8.2 Hz, 1H), 7.66 (d, J= 8.9 Hz, 1H), 7.59 (d, /= 8.2 Hz, 1H), 7.42 (d, /= 8.9 Hz,
1H), 7.40 (dd, J= 7.4, 1.7 Hz, 1H), 7.32 (t, J = 7.6 Hz, 2H), 7.25-7.29 (m, 3H), 7.13 (d,
J=6.9 Hz, 2H), 5.75 (s, 2H), 5.57-5.64 (m, 1H), 4.96 (dq, J = 10.3, 1.4 Hz, 1H), 4.88
(dq, J=17.2, 1.6 Hz, 1H), 3.94-3.98 (m, 1H), 3.69-3.72 (m, 1H). ¥C NMR (175 MHz,
CDCl3): ¢ 160.69, 156.25, 151.10, 139.92, 137.51, 137.18, 135.89, 133.47, 132.28,
130.73, 130.56, 129.82, 129.00, 128.87, 128.81, 128.53, 127.70, 127.03, 126.94, 126.37,
122.25,120.18, 119.04, 118.03, 117.34, 117.19, 116.87, 111.71, 111.24, 108.03, 107.18,
72.04, 47.22 (One carbon overlapped). HRMS (APCI): calcd for C3sH2aNO2: m/z

502.1802 [M + H]J*, found 502.1802. IR (KBr): 3060, 3032, 2925, 2855, 1604, 1518, 1453, 1216, 819, 781 cm

I mp: 322-324 °C.
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Dehydro[7]helicene 830a

A solution of 83fa (22.38 mg, 0.05 mmol) in anisole (1 mL) was added to a suspension of
AICI; (26.67 mg, 0.2 mmol) in anisole (0.5 mL) at 0 °C under nitrogen atmosphere. After
stirring at 25 °C for 72 h, the mixture was poured into water and extracted with ethyl acetate.
The organic layer was washed successively with 5% NaHCO3, brine, dried over Na;SO4
and evaporated to dryness in vacuo. The residue was purified on column chromatography
(SiO, EtOAc/ hexane) to give 830a (67% yield) as a yellow solid. 'TH NMR (600 MHz,
CDCl3): 6 8.44 (s, 1H), 7.92 (d, J= 6.9 Hz, 1H), 7.89 (d, J= 8.2 Hz, 1H), 7.84 (d, /= 8.9
Hz, 1H), 7.78 (d, /= 8.9 Hz, 1H), 7.70 (d, J = 8.9 Hz, 1H), 7.55 (d, /= 8.9 Hz, 1H), 7.52
(d, /=8.9 Hz, 1H), 7.36 (d, J = 8.2 Hz, 1H), 7.29-7.33 (m, 2H), 7.25 (d, /= 8.9 Hz, l1H),
3.24 (s, 3H). 13C NMR (150 MHz, CDCls): 6 161.88, 156.13, 150.93, 139.34, 137.29, 134.88, 132.59, 130.77,
130.62, 129.77, 128.76, 128.40, 127.91, 127.59, 126.78, 126.76, 122.12, 120.02, 118.78, 118.50, 117.82, 115.63,
112.86, 111.52, 108.66, 107.94, 58.38. HRMS (APCI): calcd for C27HisNO2: m/z 386.1176 [M + H]*, found
386.1170. IR (KBr): 3409, 3045, 2960, 2934, 2836, 1605, 1518, 1257, 1020, 820 cm™. mp: 313-315 °C.

Dehydro[7]helicene 83pa

An aqueous solution of NaOH (10 M, 1 mL) was added to ethanol solution (1 mL) of
83ma (25.03 mg, 0.05 mmol). After refluxing for 48 h, the solution was acidified by
(1 M) HCI, and extracted with EtOAc. The organic layer was dried over Na>SOs,
filtered, and concentrated in vacuo. The residue was purified by column
chromatography (SiO2, EtOAc/hexane) to give 83pa (65% yield) as a yellow solid.
'"H NMR (400 MHz, CDCl3): 6 8.51 (d, J = 1.8 Hz, 1H), 7.96 (d, J = 8.7 Hz, 1H),
7.90 (d,J=9.2 Hz, 1H), 7.89 (d, J=9.4 Hz, 1H), 7.74 (d, /= 8.7 Hz, 1H), 7.71 (d, J
= 1.8 Hz, 1H), 7.58 (d, /= 8.7 Hz, 1H), 7.57 (d, /= 8.9 Hz, 1H), 7.45-7.49 (m, 4H),
7.35(d,J=8.7Hz, 1H), 7.30 (d, J= 8.7 Hz, 1H), 3.40 (s, 3H), 2.54 (s, 3H). 3C NMR
(175 MHz, CDCl3) 6 169.25,161.73, 156.47, 151.47, 141.65, 138.69, 136.98, 134.69,
134.63, 133.07, 131.22, 130.81, 130.25, 129.73, 129.20, 129.03, 128.97, 127.93,
127.48, 127.06, 126.64, 126.14, 119.82, 118.83, 117.86, 117.37, 114.82, 113.30,
111.68, 108.49, 108.33, 58.05, 21.50. HRMS (APCI): calcd for C3sH2oNO4: m/z 520.1543 [M + H]*, found
520.1533. IR (KBr): 3368, 2955, 2925, 2853, 1657, 1603, 1515, 1022, 817, 782 cm'. mp: 319-321°C.

Synthesis of aza-dioxa[8]circulene 86
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(30ecr|3;1|v _ 3 ./""\.T/\T
.O Zscgzcgéh . - T "B,
OQ 3 Q LY

83na 6 (92%)
(CCDC 2183557)

To a dry round bottom flask, 83na (50.5 mg, 0.1 mmol) was charged. The reaction flask was evacuated and
purged with argon three times. After 83na was dissolved in dry dichloromethane (40 mL), 1.0 M boron
tribromide solution in dichloromethane (0.3 mL, 0.3 mmol, 3.0 equiv.) was added via syringe at 0 °C, and the
reaction mixture was stirred at room temperature for 20 h. After quenched with saturated aqueous sodium
bicarbonate solution, the mixture was extracted with THF three times and the combined organic layers were
washed with water, brine and dried over anhydrous sodium sulfate. After removal of the solvents in vacuo, the
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residue was purified by column chromatography on silica with ethyl acetate/n-hexane as eluent to give product
86 as a yellowish white solid in 92% yield. "TH NMR (700 MHz, CDCls): 6 8.31 (m, 3H), 8.21 (d, /= 9.0 Hz,
1H), 8.06 (d, /= 8.6 Hz, 1H), 8.03 (d, /= 8.4 Hz, 1H), 8.02 (d, /= 8.6 Hz, 1H), 7.93 (d, /= 8.6 Hz, 1H), 7.72
(d, J=8.6 Hz, 1H), 7.69 (d, J = 8.6 Hz, 1H), 7.60 (d, J = 7.7 Hz, 2H), 7.54 (d, J = 8.2 Hz, 2H), 2.59 (s, 3H). 13C
NMR (175 MHz, CDCl3) ¢ 155.96, 155.87, 155.56, 151.15, 141.15, 138.76, 136.72, 134.88, 131.00, 130.84,
130.75, 130.42, 130.40, 128.68, 127.39, 126.51, 123.02, 122.14, 117.61, 117.17, 116.82, 115.69, 114.58, 114.52,
110.86, 110.60, 110.02, 109.59, 108.71, 108.46, 21.56. HRMS (APCI): calcd for C33HisNO»: m/z 460.1332 [M
+ H]*, found 460.1328. IR (KBr): 2956, 2923, 2869, 2850, 1604, 1516, 1262, 1099, 1026, 817 cm™!. mp: 295-
297 °C.

Synthesis of 8-Methoxy-17-(p-tolyl)-7,13-dioxa-17-aza-3,4 methanobenzo|jk]naphtho[1',8':
6,7,8]cycloocta[1,2,3,4-def]phenanthrene 87aa

f
@ ¢

N

J 1 2 mA/cm /"‘\’
O Bu,NPF, (0 1 M) T i
HO CH,CI, (0.02 M)
Q 25°C,6h
Under air
81aa (Undivided cell) 87aa

(83%) (CCDC 2057234)

bf

A solution of 81aa (0.1 mmol), tetrabutylammonium hexafluorophosphate(V) (193.7 mg, 0.5 mmol) in CH>Cl,
(0.02 M) was transferred into an undivided electrolysis cell. This cell is equipped with two FTO electrodes,
which are connected to DC power supply. At 25 °C temperature, a constant current electrolysis with a current
density of 1.2 mA/cm? was performed. After 6 h, the electrolysis was stopped and a purification of the crude
products by column chromatography (SiO,, EtOAc/hexane) provided 87aa (83% yield) as a yellow solid. 'H
NMR (400 MHz, CDCls): 6 7.81 (d, J= 7.8 Hz, 1H), 7.72-7.74 (m, 2H), 7.65 (d, J=9.2 Hz, 1H), 7.56 (d, J =
8.7 Hz, 1H), 7.32-7.48 (m, 8H), 7.30 (d, J= 8.7 Hz, 1H), 7.18 (d, J= 9.2 Hz, 1H), 4.02 (s, 3H), 2.52 (s, 3H). 13C
NMR (100 MHz, CDCls): ¢ 152.78, 151.28, 149.45, 141.32, 140.00, 138.99, 138.82, 138.73, 134.15, 131.53,
130.79, 127.45,127.04, 126.61, 125.79, 125.61, 123.31, 121.36, 120.94, 119.80, 119.20, 118.43, 116.39, 115.16,
114.57, 114.38, 112.48, 112.33, 57.43, 21.45 (Two carbons overlaped). HRMS (APCI): calcd for C34H22NO3:
m/z 492.1594 [M + H]", found 492.1593. IR (KBr): 3060, 2954, 2925, 2853, 1724, 1604, 1515, 1249, 822, 806
cm'. mp: 310-312 °C.

Synthesis of 89a

3.0 mA 3.0 mA
E
J =1.53 mA/cm? g
N

AP =2 min
BuyNPFg (0.1 M)
v

J =1.53 mA/lcm?
AP =2 min
BuyNPFg (0.1 M)

HO Q CHoClp (0.02 M)
25°C
79a o

(Undivided cell)

CH,ClI, (0.02 M)
25°C,6h
(Undivided cell)

Full conversion (62%)

A solution of 79a (0.1 mmol), tetrabutylammonium hexafluorophosphate(V) (193.7 mg, 0.5 mmol) in CH,>Cl,
(0.02 M) was transferred into an undivided electrolysis cell. This cell is equipped with two Pt electrodes, which
are connected to DC power supply (alternating polarity every 2 mins). At 25 °C temperature, a constant current
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electrolysis with a current density of 1.53 mA/cm? was performed. After 6 h, the electrolysis was stopped and a
purification of the crude products by column chromatography (SiO», EtOAc/hexane) provided 89a (62% yield)
as a yellow solid. "TH NMR (400 MHz, CDCls): § 9.08 (d, /= 8.2 Hz, 1H), 8.83 (s, 1H), 8.19 (dd, J=7.3, 0.9
Hz, 1H), 8.06 (d, J = 7.3 Hz, 1H), 7.83-7.92 (m, 4H), 7.64-7.67 (m, 3H), 7.55-7.61 (m, 3H), 7.46-7.54 (m, 7H),
7.43 (d, J = 8.7 Hz, 1H), 2.59 (s, 3H), 2.54 (s, 3H). 3C NMR (100 MHz, CDCl5): J 155.75, 151.04, 147.63,
142.41, 140.67, 139.30, 138.39, 138.03, 137.68, 137.50, 135.43, 134.89, 133.75, 133.39, 132.34, 130.75, 130.11,
129.79,129.69, 129.43, 127.93, 127.90, 127.27,127.21, 127.09, 126.47, 125.50, 123.84, 123.54, 123.49, 122.15,
118.83, 117.56, 117.10, 116.77, 114.14, 112.75, 112.11, 109.57, 108.80, 21.57, 21.47. HRMS (APCI): calcd for
C46H2sN2O2: m/z 641.2224 [M + H], found 641.2222.

Synthesis of 90

6.0 mA
N J =6.03 mA/cm?
BuyNPFg (0.1 M)
Q O CH,Cl, (0.02 M)
25°C,6h
HO e
79a O (Undivided cell)

(24%)

A solution of 79a (0.1 mmol), tetrabutylammonium hexafluorophosphate(V) (193.7 mg, 0.5 mmol) in CH,Cl»
(0.02 M) was transferred into an undivided electrolysis cell. This cell is equipped with two Pt electrodes, which
are connected to DC power supply. At 25 °C temperature, a constant current electrolysis with a current density
of 3.06 mA/cm? was performed. After 6 h, the electrolysis was stopped and a purification of the crude products
by column chromatography (SiO2, EtOAc/hexane) provided 90 (24% yield) as a yellow solid. "TH NMR (400
MHz, CDCl3): 6 9.92 (d, J = 8.7 Hz, 1H), 8.51 (d, J = 8.2 Hz, 1H), 8.12 (s, 1H), 8.00 (t, /= 7.6 Hz, 2H), 7.91
(d, J=9.2 Hz, 1H), 7.88 (d, J = 8.7 Hz, 1H), 7.84 (d, J = 8.7 Hz, 1H), 7.76-7.80 (m, 1H), 7.49-7.60 (m, 4H),
7.45-7.47 (m, 4H), 7.37-7.43 (m, 3H), 7.32-7.35 (m, 2H), 7.17 (td, J = 7.6, 1.4 Hz, 1H), 2.54 (s, 3H), 2.51 (s,
3H). HRMS (APCI): calcd for C46H29CIN,O: m/z 661.2041 [M + H]", found 661.2039.

Synthesis of dicarbazole 118a

p-phenylenediamine (0.5 equiv)
Pd(dppf)Cly-CH,Cly (5% mol) NH O o ©

HO DMAP, Pyr (2.0 equiv) TfO A
O (CF3S0,),0 (1.3 equiv) O dppf (10%mol), NaO'Bu (2.5 equiv) O (2.5 equiv)
° Toluene, 85°C,5h H3POy4 (2.0 equiv)
DCM, 0 °C, 16 h 4 4 °
‘ (94%) ‘ (46%) HN 72 h, toluene, 35 °C N
8od 145 146 (25%) Q O
@ o
O 118a

118a (25% yield): a gray white solid. "H NMR (400 MHz, CDCls): § 8.77 (d, J = 8.2 Hz, 2H), 8.12 (d, J = 2.3
Hz, 2H), 8.04 (d, J= 7.8 Hz, 2H), 7.90 (d, J = 9.2 Hz, 2H), 7.85 (s, 4H), 7.76 (td, J= 7.7, 1.2 Hz, 2H), 7.72 (d,
J=9.2Hz, 2H), 7.51-7.57 (m, 4H), 7.08 (dd, J = 8.6, 2.4 Hz, 2H), 4.84 (s, 2H). 3C NMR (100 MHz, CDCls):
§ 150.77, 139.19, 136.87, 135.25, 130.03, 129.58, 129.40, 128.97, 127.86, 127.28, 123.36, 123.22, 116.29,
115.59, 115.48, 113.93, 112.23, 111.76, 111.05, 107.70, 106.27. HRMS (APCI): calcd for CssHasNaOy: m/z
541.1911 [M + HJ*, found 541.1912.
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Synthesis of dicarbazole 118b

m-phenylenediamine (0.45 equiv) H H o o N
Br Pd(dppf)Cly-CH,Cly (5% mol) N N 3.0 ;gfiv)
O BINAP (10%mol), NaO'Bu (2.5 equiv)
H3POy4 (2.5 equiv)
147 0 Toluene, 80 °C, 48 h toluene, 45 °C N
(65%) 148 (39%)

118a (39% yield): brown solid. HRMS (APCI): calcd for C3sH24N205: m/z 541.1911 [M + H]*, found 541.1910.

Synthesis of dicarbazole 119
o}

o /‘\OH
4@ 151 (0.5 equiv)
(0] Br

DBU (2.0 equiv.)

(1.5 equw) Pd(PPh3),Cl, (5 mol%)
DPPB (10 mol%)
H3PO4 (1.5 equiv) H
Br pcm, 25°C, 72 h DMSO/H,0 (5/1) 0.1 M
80°C, 72 h
(67%) (56%)

119 (56% yield): yellow solid. "H NMR (400 MHz, CDCl3): 9 8.74 (d, J= 8.7 Hz, 2H), 8.09 (d, /= 2.3 Hz, 2H),
8.01 (d, J = 7.8 Hz, 2H), 7.84-7.87 (m, 6H), 7.74 (td, J = 7.6, 1.4 Hz, 2H), 7.62-7.64 (m, 4H), 7.60 (d, J = 9.2
Hz, 2H), 7.49-7.53 (m, 2H), 7.44 (d, J= 8.7 Hz, 2H), 7.03 (dd, J = 8.9, 2.5 Hz, 2H), 4.79 (s, 2H). HRMS (APCI):
calcd for Cs6HosN-O2: m/z 641.2224 [M + H]*, found 641.2213.

Synthesis of multiple helicenes and dehydrohelicenes

100 (26% yield): yellow solid. 'TH NMR (600 MHz, CDCL): 6 8.38 (d, J= 8.2 Hz, 2H), 8.31 (d, J= 8.2 Hz, 2H),
8.00-8.04 (m, 12H), 7.92 (d, J = 8.9 Hz, 2H), 7.85 (d, J= 8.9

0 0 Hz, 4H), 7.77 (d, J = 8.9 Hz, 2H), 7.34-7.39 (m, 4H), 6.95-
Q D O 7.00 (m, 4H). 3C NMR (150 MHz, CDCly): & 154.74,
NON ‘ 153.30, 138.79, 137.92, 137.33, 130.84, 129.90, 129.85,

129.80, 129.72, 129.48, 129.14, 128.59, 128.10, 128.04

CO O O 125.12, 124.66, 124.37, 123.61, 120.06, 117.96, 117.76,
© 116.63, 112.65, 111.58, 109.45, 109.06 (One -carbon
overlapped). HRMS (APCI): caled for CssH3oN»O2: m/z

789.2538 [M + H]*, found 789.2542.
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101 (31% yield): yellow solid. "H NMR (600 MHz, CDCly): § 8.02 (dd, J = 7.2, 1.7 Hz, 2H), 7.90-7.96 (m,
10H), 7.76 (t,J= 8.6 Hz, 4H), 7.67 (d, J = 8.9 Hz, 2H), 7.58 (dd,
J=18.3, 1.4 Hz, 2H), 7.37-7.41 (m, 4H), 7.31 (d, /= 8.9 Hz, 2H),
3.33 (s, 6H). 3C NMR (150 MHz, CDCL3): & 161.96, 156.45,
151.57, 140.38, 137.50, 136.62, 132.82, 131.05, 130.89, 129.85,
129.69, 129.04, 128.95, 128.86, 127.84, 127.70, 126.80, 126.76,
122.58, 120.09, 119.14, 118.60, 118.03, 115.56, 111.98, 111.60,
108.37, 107.94, 58.36. HRMS (APCI): calcd for CsoH32N204:
m/z 845.2435 [M + H]*, found 845.2421.

102 (44% yield): yellow solid. 'TH NMR (600 MHz, CDCL): 6 8.34 (d, J= 8.2 Hz, 2H), 8.27 (d, J = 8.2 Hz, 2H),
8.01 (d, J = 8.2 Hz, 2H), 7.99 (d, J = 8.2 Hz,
4H), 7.96 (d, J = 8.9 Hz, 2H), 7.93 (d, J= 8.2

o)
OO Q O Hz, 4H), 7.91 (d, J = 8.9 Hz, 2H), 7.78 (d, J =
O B 8.9 Hz, 2H), 7.71-7.76 (m, 4H), 7.69 (d, J = 8.9
NN O Hz, 2H), 7.62 (d, J = 8.2 Hz, 2H), 7.36 (t, J =
O O OQ 7.2 Hz, 2H), 7.33 (t, J = 6.9 Hz, 2H), 6.93-6.97
(0]

(m, 4H). ¥C NMR (150 MHz, CDCl): ¢

154.70, 153.24, 138.67, 137.79, 137.65, 133.56,
130.82,129.68, 129.65,129.48, 129.13, 128.56, 128.51, 128.36, 128.28, 127.99, 127.91, 126.67, 125.05, 124.63,
124.34, 123.54, 123.06, 120.06, 117.87, 117.66, 116.56, 112.64, 111.58, 109.35, 109.07. HRMS (APCI): calcd
for CscH36N202: m/z 889.2849 [M + H]+, found 889.2847.

104 (18% yield): yellow solid. "H NMR (600 MHz, CDCL): § 8.33 (d, J = 8.2 Hz, 2H), 8.25 (d, J = 8.2 Hz, 2H),
7.97-8.01 (m, 10H), 7.89 (d, J = 8.2 Hz, 2H), 7.80-7.83 (m, 4H),
7.72-7.77 (m, 4H), 7.30-7.36 (m, 4H), 6.91-6.95 (m, 4H).

0
C OQ HRMS (APCI): caled for CssH3N2Oo: m/z 789.2537 [M + H*,
a [ found 789.2535.
TSohane®
sOad]
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X-ray crystallographic analysis

83aa (CCDC 2091483) with ellipsoids at 30% probability. (H atoms were omitted for clarity).

i
{XT )
<"\1/_"\]/‘\r
"\,/_\/‘_\/"
M
Empirical formula C34H21NO2
Formula weight 475.551
Temperature/K 173
Crystal system monoclinic
Space group P2:
alA 9.1897(1)
b/A 23.1326(3)
c/A 10.5732(2)
a/° 90
/e 91.282(1)
v/° 90
Volume/A® 2247.11(6)
z 4
peatcg/cm® 1.406
w/mm? 0.686
F(000) 995.2
Crystal size/mm? 0.082 x 0.042 x 0.022
Radiation CuKoa (A =1.54184)

20 range for data collection/°7.64 to 161.2

Index ranges -11<h<11,-29<k<28,-13<1<13
Reflections collected 59505

Independent reflections 9585 [Rint = 0.0383, Rsigma = 0.0254]
Data/restraints/parameters ~ 9585/1/671

Goodness-of-fit on F? 1.051

Final R indexes [[>=2c (I)] R1=0.0358, wR2 = 0.0866

Final R indexes [all data] R1 =0.0406, wR2 = 0.0900

Largest diff. peak/hole / e A20.16/-0.18

Flack parameter -0.02(6)

99



Datablock: 200514Im-6

Bond precision:

Cell:

Temperature:

Volume
Space group
Hall group
Moiety formula
Sum formula
Mr

Dx,g cm-3

Z

Mu (mm-1)
FOO0O0

FO000’

h,k, lmax
Nref

Tmin, Tmax
Tmin’

Correction method= # Reported T Limits:

c-C = 0.0027 A

a=9.1897 (1)

alpha=90
173 K

Calculated
2247.11(6)

P 21

P 2yb

C34 H21 N 02
C34 H21 N 02
475.52

1.406

4

0.686

992.0

994.84

125 20,03
9866[ 5058]
0.966,0.985
0.945

AbsCorr = MULTI-SCAN

Data completeness= 1.90/0.97

R(reflections)= 0.0358( 8733)

S = 1.051

b=23.1326(3)
beta=91.282 (1)

Wavelength=1.54184

c=10.5732(2)
gamma=230

Reported
2247.11(6)
Pl 21 1

P 2yb

C34 H21 N 02
C34 H21 N 02
475.55

1.406

4

0.686

995.2

11,29,13
9585
0.862,1.000

Tmin=0.862 Tmax=1.000

Theta (max)= 80.600

Npar= 671

100

WR2 (reflections)=
0.0900( 9585)



The following ALERTS were generated. Each ALERT has the format
test-name_ALERT_alert-type_alert-level.
Click on the hyperlinks for more details of the test.

¥ Alert level G
PLATO05_ALERT 5 G

PLAT068_ALERT_

1

G

PLATO073_ALERT_1_G
PLAT398_ALERT _2_G
PLAT398_ALERT_2_G
PLAT769_ALERT 4_G

PLAT912_ALERT
PLAT960_ALERT__
PLAT978_ALERT
PLAT982_ALERT
PLAT982_ALERT
PLAT982_ ALERT
PLAT983_ALERT__

4_
3
e

3
1
1

G
_G
_G
G
G
G
_G

No Embedded Refinement Details Found in the CIF
Reported F000 Differs from Calcd (or Missing).
H-atoms ref, but _hydrogen_treatment Reported as
Deviating C-0-C Angle From 120 for 013
Deviating C-0-C Angle From 120 for 050 .
CIF Embedded explicitly supplied scattering data
Missing # of FCF Reflections Above STh/L= 0.600

Number of Intensities with I < —=2%8Xg(I) .as
Number C-C Bonds with Positive Residual Density.
The C-f’= 0.0192 Deviates from IT-value =
The N-I’= 0.0326 Deviates from IT-value =
The O-f’= 0.0524 Deviates from IT-value =
The O-f"= 0.0338 Deviates from IT-Value =

Please Do !
Please Check
constr Check
105.6 Degree
105.5 Degree
Please Note
68 Note
1 Check
2 Info
.0181 Check
.0311 Check
.0492 Check
.0322 Check

o O oo

0 ALERT level A = Most likely a serious problem — resolve or explain
0 ALERT level B = A potentially serious problem, consider carefully
0 ALERT level C = Check. Ensure 1t is not caused by an omission or oversight
13 ALERT level G = General information/check it 1s not something unexpected
6 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
3 ALERT type 2 Indicator that the structure model may be wrong or deficilent
1 ALERT type 3 Indicator that the structure quality may be low
2 ALERT type 4 Improvement, methodeclogy, query or suggestion
1 ALERT type 5 Informative message, check
> NOMOVE FORCED Prob = 350
m = 173
M
o~
o
L
o
o
I
o
&
o
&
(=)
o
1=
w
=
o~
7=}
J
-
=1
I
=
[=
—
[un
—
[
Z 126  200514Im-B F1211 R = 0.04 RES= 0 -63 X

101



82aa (CCDC 2128351) with ellipsoids at 30% probability. (H atoms were omitted for clarity).

1/
~TY
/j/\ix/\\
g
MO
Empirical formula C34H23NO2
Formula weight 477.567
Temperature/K 100
Crystal system triclinic
Space group P-1
alA 10.2477(5)
b/A 11.5049(6)
c/A 11.5650(5)
a/° 66.563(5)
B/° 76.852(4)
v/° 68.746(4)
Volume/A3 1160.37(11)
Z 2
peatcg/cm® 1.367
w/mm? 0.664
F(000) 501.6
Crystal size/mm? 0.12 x 0.04 x 0.03
Radiation CuKoa (A =1.54184)
20 range for data collection/°8.38 to 151.94
Index ranges -12<h<12,-12<k<14,-14<1< 14
Reflections collected 11350

Independent reflections 4657 [Rint = 0.0313, Rsigma = 0.0423]
Data/restraints/parameters ~ 4657/0/337

Goodness-of-fit on F? 1.023

Final R indexes [[>=2c (I)] R1=0.0419, wR2 = 0.0977

Final R indexes [all data] R1=0.0532, wR, = 0.1027

Largest diff. peak/hole / e A20.27/-0.23
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Datablock: Req143-1

Bond precision:

Cell:

Temperature:

Volume
Space group
Hall group
Moiety formula
Sum formula
Mr

Dx,g cm-3

Z

Mu (mm-1)
FOO0O0

FOO0O0’

h, k, Imax
Nref

Tmin, Tmax
Tmin’

Correction method= # Reported T Limits:
MULTI-SCAN

AbsCorr =

Data completeness= 0.961

R(reflections)= 0.0419( 3861)

S =1.023

c-C = 0.0023 A Wavelength=1.54184

a=10.2477(5)
alpha=66.563 (5)

b=11.5049 (6)
beta=76.852 (4)

c=11.5650(5)
gamma=68.746 (4)

100 K

Calculated Reported
1160.37(11) 1160.37(11)
p -1 P -1

-2 1 -P 1

C34 H23 N 02
C34 H23 N 02

C34 H23 N 02
C34 H23 N 02

477.53 477.57
1.367 1.367

2 2

0.664 0.664

500.0 501.6
501.42

12,14,14 12,14,14
4846 4657
0.969,0.980 0.925,1.000
0.923

Tmin=0.925 Tmax=1.000

Theta(max)= 75.970

WR2 (reflections)=
0.1027( 4657)
Npar= 337
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The following ALERTS were generated.

Each ALERT has the format

test—-name_ALERT_ alert-type_alert-level.
Click on the hyperlinks for more details of the test.

¥ aAlert level C

PLAT906_ALERT_3_C Large K Value in the Analysis of Variance ...... 4.801 Check
PLAT911_ALERT 3_C Missing FCF Refl Between Thmin & STh/L= 0.600 21 Report
¥ Alert level G
PLATOO5_ALERT _5_G No Embedded Refinement Details Found in the CIF Please Do !
PLATO068_ALERT_1_G Reported F000 Differs from Calcd (or Missing)... Please Check
PLATO073_ALERT_1_G H-atoms ref, but _hydrogen_treatment Reported as constr Check
PLAT398_ALERT 2_G Deviating C-0-C Angle From 120 for 0002 : 105.4 Degree
PLAT720_ALERT_4_G Number of Unusual/Non-Standard Labels .......... 60 Note
PLAT769_ALERT_4_G CIF Embedded explicitly supplied scattering data Please Note
PLAT912_ALERT_4_G Missing # of FCF Reflections Above STh/L= 0.600 169 Note
PLAT978_ALERT_2_G Number C-C Bonds with Positive Residual Density. 11 Info
PLAT982_ ALERT 1 G The C-f’'= 0.0192 Deviates from IT-value = 0.0181 Check
PLAT982_ALERT 1_G The N-f’= 0.0326 Deviates from IT-value = 0.0311 Check
PLAT982_ALERT_1 G The O-f’= 0.0524 Deviates from IT-value = 0.0492 Check
PLAT983_ALERT 1 G The O-I"= 0.0338 Deviates from IT-Value = 0.0322 Check
0 ALERT level A = Most likely a serious problem — resolve or explain
0 ALERT level B = A potentially serious problem, consider carefully
2 ALERT level C = Check. Ensure it 1is not caused by an omission or oversight
12 ALERT level G = General information/check it 1is not something unexpected
6 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
2 ALERT type 2 Indicator that the structure model may be wrong or deficient
2 ALERT type 3 Indicator that the structure quality may be low
3 ALERT type 4 Improvement, methodology, query or suggestion
1 ALERT type 5 Informative message, check
B NOMOVE FORCED Prob = 50
T Temp = 100

- (180522)

™ PLATON-Jul 27 00:12:19 2022
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83ma (CCDC 2158892) with ellipsoids at 30% probability. (H atoms were omitted for clarity).

|

)

“\

¢ L1
</\I N

Empirical formula Ca6.67H26.67N2.6702.67
Formula weight 667.415
Temperature/K 100
Crystal system monoclinic
Space group P2i/c
alA 12.7952(2)
b/A 13.3698(2)
c/A 14.2802(2)
a/° 90
/e 104.075(2)
v/° 90
Volume/A3 2369.56(6)
z 3
pealcg/cm? 1.403
w/mm? 0.694
F(000) 1043.4
Crystal size/mm? 0.06 x 0.05 x 0.04
Radiation CuKoa (A =1.54184)
20 range for data collection/°7.12 to 151.88
Index ranges -12<h<15,-13<k<16,-17<1<17
Reflections collected 13617

Independent reflections 4808 [Rint = 0.0262, Rsigma = 0.0326]
Data/restraints/parameters ~ 4808/0/355

Goodness-of-fit on F? 1.017

Final R indexes [[>=2c (I)] R1=0.0375, wR2 =0.0903

Final R indexes [all data] R1=0.0484, wR, = 0.0967

Largest diff. peak/hole / e A2 0.24/-0.21

105



Datablock: Req148-1

Bond precision: C-C = 0.0020 A Wavelength=1.54184

Cell: a=12.7952 (2) b=13.3698(2) c=14.2802(2)
alpha=90 beta=104.075(2) gamma=90
Temperature: 100 K
Calculated Reported
Volume 2369.56(6) 2369.56(6)
Space group P 21/c Pl 21/c X
Hall group —-P 2ybc -P 2ybc

Moiety formula

Sum formula

C35 H20 N2 02
C35 H20 N2 02

1.333(C35 H20 N2 02)

C46.667 H26.667 N2.667
02.667

Mr 500.53 667.41
Dx,g cm-3 1.403 1.403

Z 4 3

Mu (mm-1) 0.694 0.694

F000 1040.0 1043.4
F000’ 1043.01

h,k, lmax 16,16,17 15,16,17
Nref 4935 4808

Tmin, Tmax 0.959,0.973 0.692,1.000
Tmin’ 0.959

Correction method= # Reported T Limits:

AbsCorr = MULTI-SCAN

Data completeness= 0.974

R(reflections)= 0.0375( 3842)

S = 1.017

Tmin=0.692 Tmax=1.000

Theta (max)= 75.940

Npar= 355
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The following ALERTS were generated. Each ALERT has the format
test-name_ALERT_ alert-type_alert-level.
Click on the hyperlinks for more details of the test.

¥ Alert level C

PLAT911_ALERT 3_C

Missing FCF Refl Between Thmin & STh/L= 0.600

14

Report

¥ Alert level G
FORMUO1_ALERT_1_G There 1s a discrepancy between the atom counts in the

_chemical_formula_sum and _chemical_formula_moiety. This is

usually due to the moiety formula being in the wrong format.

Atom count from _chemical formula_ sum:

C46.66699 H26.66699 N2.667 02

Atom count from _chemical formula _moiety:C46.65499 H26.66 N2.666 02.66

PLATOO0S_ALERT_5_G
PLATO045_ALERT_1_G
PLATO068_ALERT_1_G
PLATO073_ALERT_1_G
PLAT230_ALERT_2_G
PLAT398_ALERT_2_G
PLAT720_ALERT_4_G
PLAT769_ALERT _4_G
PLATO912_ALERT 4 _G
PLAT960_ALERT_3_G
PLAT978_ALERT_2_G
PLAT982_ALERT_1_|
PLAT982_ ALERT_1_|
PLAT982_ALERT_1_|
1

G
G
G
PLAT983_ALERT_1_G

No Embedded Refinement Detalls Found in the CIF
Calculated and Reported Z Differ by a Factor ...
Reported F000 Differs from Calcd (or Missing)...
H-atoms ref, but _hydrogen_treatment Reported as
Hirshfeld Test Diff for Co1s —-—C025 E
Deviating C-0-C Angle From 120 for 0001 b
Number of Unusual/Non-Standard Labels
CIF Embedded explicitly supplied scattering data
Missing # of FCF Reflections Above STh/L= 0.600
Number of Intensities with I < — 2Asig(T) i
Number C-C Bonds with Positive Residual Density.

The C-I’= 0.0192 Deviates from IT-value =
The N-£I’= 0.0326 Deviates from IT-value =
The O-f’'= 0.0524 Deviates from IT-value =
The O-f"= 0.0338 Deviates from IT-Value =

Please
1.333
Please
constr
5.4
105.4
59
Please
109

2

8
0.0181
0.0311
0.0492
0.0322

Do !
Check
Check
Check
sS.u.
Degree
Note
Note
Note
Check
Info
Check
Check
Check
Check

ALERT level A
ALERT level B
level C
ALERT level G

o= OO
3

ALERT type
ALERT type
ALERT type
ALERT type
ALERT type

oW N W o
(S I SRR OV S

A potentially serious problem,

CIF construction/syntax error,
Indicator that the structure quality may be low

Improvement, methodology, query or suggestion
Informative message, check

107

Most 1likely a serious problem — resolve or explain
consider carefully

Check. Ensure it is not caused by an omission or oversight
General information/check it is not something unexpected

inconsistent or missing data
Indicator that the structure model may be wrong or deficient



oy

(180522)

™ PLATON-Jul 26 23:55:51 2022

€020 coat

Reql48-1

F12l/¢1

NOMOW

R =10.04

Prob = 50
Temp = 100
RES= 0 -74 X

108




86 (CCDC 2183557) with ellipsoids at 30% probability. (H atoms were omitted for clarity).

18
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X
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Empirical formula Cs3H17NO2
Formula weight 459.508
Temperature/K 100
Crystal system triclinic
Space group P-1
alA 8.0973(4)
b/A 11.6061(5)
c/A 11.6897(5)
o/° 77.674(3)
B/° 75.721(4)
v/° 76.630(4)
Volume/A3 1021.42(8)
Z 2
pealcg/cm® 1.494
w/mm' 0.736
F(000) 4775
Crystal size/mm?® 0.13 x 0.03 x 0.02
Radiation CuKoa (A= 1.54184)
20 range for data collection/°7.92 to 152.68
Index ranges -10<h<9,-11<k<14,-14<1<14
Reflections collected 10181

Independent reflections 4043 [Rint = 0.0342, Rsigma = 0.0524]
Data/restraints/parameters ~ 4043/0/326

Goodness-of-fit on F2 1.053

Final R indexes [[>=25 (I)] R1=0.0670, wR2 =0.1839

Final R indexes [all data] R1 =0.0831, wR2 =0.1994

Largest diff. peak/hole / e A< 0.80/-0.34
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Datablock: req214-1

Bond precision:

Cell:

Temperature:

Volume
Space group
Hall group

Moiety formula

Sum formula
Mr

Dx,g cm-3

z

Mu {(mm-1})
Faga

Faea"
h,k,1lmax
Nref

Tmin, Tmax

Tmin®

a=8.8973(4)

C-C

alpha=77.674(3)

leg K

= @.@843 A

b=11.6@61(5)

beta=75.721(4)

Wavelength=1.54184

c=11.6897(5)

gamma=76.638(4)

Calculated
1821.42(8)

P -1

-F 1

C33 H17 N O2
C33 H17 N O2
459,48

1.494

2

B.736

475.4

4377 .39
10,14, 14
4287
2.974,0.985
@.9a89

Reported
1021.42(8)

P -1

-F 1

C33 H17 N 02
C33 H17 N 02
459.48

1.494

2

8.736

476.8

10,14,14
4043
@.751,1.0080

Correction method= # Reported T Limits: Tmin=8.751 Tmax=1.888 AbsCorr =

MULTI-5CAN

Data completensess= @.943

R{reflecticns)= @.8675( 3171)

5 =8.798

The following ALERTS were generated. Each ALERT has the format
test-name_ALERT_alert-type_alert-level.
Click on the hyperlinks for more details of the test.

Npar= 326

Theta(max)= 76.342

WR2({reflections)= ©.2246(

4843)

2 Alert level C

DIFMX0Z2_ALERT_1_C The maximum difference density is > 0.1*ZMAX*0.75

The relevant atom site should be identified.

GOODFO1_ALERT_2_C The least squares goodness of fit parameter lies

outside the range 0.80 <> 2.00

Goodness of fit given =
PLATO94_ALERT_2_C Ratio of Maximum / Minimum Residual Density ....
PLATO97_ALERT_2_C Large Reported Max. (Positive) Residual Density

0.798

PLAT230_ALERT_2_C Hirshfeld Test Diff for 01

110

--C019

5.9 s5.U.

2.32 Report
0.72 eA-3



PLAT230_ALERT_2_C Hirshfeld Test Diff for C021 --C023 . 5.5 s.u.

PLAT240_ALERT_3_C Low Bond Precision on C-C Bonds ...ccvevvveenn 0.00429 Ang.
PLATQO6_ALERT_3_C Large K Value in the Analysis of Variance ...... 4.054 Check
PLAT911_ALERT_3_C Missing FCF Refl Between Thmin & STh/L=  0.600 56 Report

JAlert level G
PLATOOS_ALERT_S5_G No Embedded Refinement Details Found in the CIF  Please Do !
PLATO72_ALERT_Z2_ G SHELXL First Parameter in WGHT Unusually Large 0.17 Report

PLAT398_ALERT_2_G Deviating C-O-C Angle From 120 for O1 . 104.2 Degree
PLAT398_ALERT_2_G Deviating C-0O-C Angle From 120 for O2 . 105.6 Degree
PLAT720_ALERT_4_G Number of Unusual/Non-Standard Labels .......... S0 Note
PLAT912_ALERT_4_ G Missing # of FCF Reflections Above STh/L= 0.600 189 Note
PLAT97S8_ALERT_Z2_G Number C-C Bonds with Positive Residual Density. 13 Info

0 ALERT level A = Most likely a serious problem - resolve or explain
0 = A potentially serious problem, consider carefully
9 ALERT level C = Check. Ensure it is not caused by an omission or oversight
7 ALERT level G = General information/check it is not something unexpected

1 ALERT type 1 CIF construction/syntax error, inconsistent or missing data

9 ALERT type 2 Indicator that the structure model may be wrong or deficient
3 ALERT type 3 Indicator that the structure guality may be low

2 ALERT type 4 Improvement, methodology, query or suggestion

1 ALERT type 5 Informative message, check

> ORCED Prob = 50
- Temp = 100
(e}
o~
&
W
Q
-

™ PLATON-JuL 27 02:01:36 2022

107 req2l4-!| P -1 R = 0.07 RES= 0 30 X
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87aa (CCDC 2057234) with ellipsoids at 30% probability. (H atoms were omitted for clarity).

[
II
(XY
e
? il =
NN
Empirical formula C34H21NO3
Formula weight 491.550
Temperature/K 100
Crystal system triclinic
Space group P-1
alA 7.8183(2)
b/A 10.4498(3)
c/A 14.6113(4)
a/° 90.337(2)
pB/° 102.930(2)
v/° 99.636(2)
Volume/A3 1145.89(6)
Z 2
Pcalcglcm3 1.425
w/mm 0.725
F(000) 513.7
Crystal size/mm?® 0.106 x 0.073 x 0.039
Radiation CuKa (A =1.54184)

20 range for data collection/°6.22 to 151.76

Index ranges -9<h<9,-13<k<13,-18<1<18
Reflections collected 24136

Independent reflections 4643 [Rint = 0.0476, Rsigma = 0.0348]
Data/restraints/parameters ~ 4643/0/345

Goodness-of-fit on F2 1.041

Final R indexes [[>=26 (I)] R1=0.0414, wR2 =0.1052

Final R indexes [all data] R1=0.0503, wR2> = 0.1110

Largest diff. peak/hole / e A0.21/-0.23
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Datablock: No2020-7-3

Bond precision:

Cell:

Temperature:

Volume
Space group
Hall group
Moiety formula
Sum formula
Mr

Dx,g cm-3

Z

Mu (mm-1)
FOO0O0

FO0O0’

h,k, Imax
Nref

Tmin, Tmax
Tmin’

Correction method= # Reported T Limits:
MULTI-SCAN

AbsCorr =

Data completeness= 0.974

R(reflections)= 0.0414( 3881)

S = 1.041

C-C = 0.0020 A Wavelength=1.54184
a=7.8183(2) b=10.4498(3) c=14.6113(4)
alpha=90.337(2) beta=102.930(2) gamma=99.636(2)
100 K
Calculated Reported

1145.89(6) 1145.89(6)
P -1 P -1
=P 1 =P 1

C34 H21 N 03
C34 H21 N 03

C34 H21 N O3
C34 H21 N O3

491.52 491.55
1.425 1.425

2 2

0.725 0.725

512.0 51 317
513,52

9,13,18 9,13,18
4768 4643
0.938,0.972 0.862,1.000
0.926

Tmin=0.862 Tmax=1.000

Theta (max)= 75.880

WR2 (reflections)=
0.1110( 4643)
Npar= 345
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The following ALERTS were generated. Each ALERT has the format
test-name_ALERT_alert-type_alert-level.

Click on the hyper

links for more details of the test.

¥ aAlert level C

PLAT906_ALERT_3_C Large K Value in the Analysis of Variance ...... 2.296 Check
PLAT911_ALERT_3_C Missing FCF Refl Between Thmin & STh/L= 0.600 15 Report
¥ aAlert level G

PLATOO5_ALERT_5_G No Embedded Refinement Details Found 4in the CIF Please Do !
PLAT068_ALERT_1_G Reported F000 Differs from Calcd (or Missing)... Please Check
PLATO073_ALERT_1_G H-atoms ref, but _hydrogen_treatment Reported as constr Check
PLAT154_ALERT_1_G The s.u.’s on the Cell Angles are Equal .. (Note) 0.002 Degree
PLAT720_ALERT_4_G Number of Unusual/Non-Standard Labels .......... 59 Note
PLAT769_ALERT_4_G CIF Embedded explicitly supplied scattering data Please Note
PLAT912_ALERT_4_G Missing # of FCF Reflections Above STh/L= 0.600 111 Note
PLAT978_ALERT_2_G Number C-C Bonds with Positive Residual Density. 7 Info
PLAT982_ALERT 1 _G The C-f’'= 0.0192 Deviates from IT-value = 0.0181 Check
PLAT982_ALERT 1 G The N-I’= 0.0326 Deviates from IT-value = 0.0311 Check
PLAT982_ALERT_1_G The O-f’'= 0.0524 Deviates from IT-value = 0.0492 Check
PLAT983_ALERT_1_G The O-f"= 0.0338 Deviates from IT-Value = 0.0322 Check

ALERT level B
ALERT level C
ALERT level G

NN oo

ALERT type
ALERT type
ALERT type
ALERT type
ALERT type

oW =
s W N =

ALERT level A = Most likely a serious problem - resolve or explain

= A potentially serious problem, consider carefully
= Check. Ensure it 1is not caused by an omission or oversight
= General information/check it is not something unexpected

CIF construction/syntax error,

inconsistent or missing data

Indicator that the structure model may be wrong or deficient

Indicator that the structure quality may be low
Improvement, methodology, query or suggestion
Informative message, check

34 Y

(180522)
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89a with ellipsoids at 30% probability. (H atoms were omitted for clarity).

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pre

y/°

Volume/A3

Z

Pealc/ cm?
w/mm?

F(000)

Crystal size/mm?
Radiation

Cs2.57H32N2.2002.29
732.23

100

monoclinic

C2/c

19.3733(3)
18.8934(3)
17.7205(2)

90

101.3490(10)

90

6359.36(16)

7

1.338

0.643

2672.0

0.185 x 0.091 x 0.067
CuKo (L= 1.54184)

20 range for data collection/°6.598 to 150.796

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]

22 <h<24,-23<k<22,-22<1<21
31903

6466 [Rint = 0.0280, Reigma = 0.0218]
6466/0/453

1.045

R: = 0.0415, wR2 = 0.1106

R1 = 0.0446, wR; = 0.1129

Largest diff. peak/hole / e A 0.28/-0.24
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Datablock: req133-1

Bond precision: C-C = 9.8819 A Wavelength=1.54184
cell: a=1%.3733(3) b=18.8934(3) £=17.7285(2)

alpha=9@ beta=181.342{1) gamma=208
Temperature: 18 K

Calculated Reported

Volume £359.37(16) £359.36(16)
Space group C 2/c C12/c1l
Hall group -C 2yc -C 2yc
Moisty formula C46 H28 N2 02 [+ solvent] 1.143(C46 H28 N2 02)
Sum formula C46 H28 N2 02 [+ solvent] C45 H28 N2 02
Mr o4@.7e 648,78
Dx,g cm-3 1.338 1.171
il & 7
Mu (mm-1) 0.643 8.562
Fooa 2672.8 2338.8
Faea" 2679.55
h,k,lmax 24,23,22 24,23,22
Mref 8584 G456
Tmin, Tmax B.948,8,.953 2.9583,1.000
Tmin® B.%a1

Correction method= # Reported T Limits: Tmin=8.958 Tmax=1.088
AbsCorr = MULTI-SCAN

Data completeness= @.982 Theta(max)= 75.3%8

wR2{reflections)= @.1158(

R{reflections)= 8.8428{ 5936) 6466)

5 = 1.825 Npar= 453
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The following ALERTS were generated. Each ALERT has the format
test-name_ALERT alert-type_alert-level.
Click on the hyperlinks for more details of the test.

-
PLATS@E_ALERT 3 _C Large K Valus in the &nalysis of Variance ...... 2,283 Check
PLATZ11 ALERT 3_C Missing FCF Refl Between Thmin & STh/lL= &.508 3 Report

YAlert level G
FORMUB1 ALERT 1 G There is & discrepancy between the atom counts in the
_chemical_formulz_sum and _chemical_formula_moiety. This is
usually due to the moiety formula being in the wrong format.
Atom count from _chemical formula_sum:  C48 H2Z8 N2 02
Atom count from _chemical formula_moiety:C52.57799 H3Z2.8240@8 N2.286 02
FORMUB1 ALERT 2 G There is a discrepancy between the atom counts in the
_chemical_formulas_sum and the formula from the _atom_site® data.
Atom count from _chemical formuls_sum:C46 H28 N2 02
Atom count from the _atom_site data: C52.57143 H32 N2.285714 02.28571
CELLZ@1 ALERT 1 _G Difference between formula and atom_site contents detected.
CELLTZ®1 ALERT 1 G ALERT: Large difference may be due to a
symmetry error - see 5YMMG tests
From the CIF: _cell formula_units_Z 7
From the CIF: _chemical_ formula sum C4& H28 N2 02
TEST: Compare cell contents of formula and atom_site data

atom I*formula cif sites diff

C 322.88 I68.80 -45.08

H 195.8a 224,80 -25.08

M 14,98 lo.ed -2.88

a 14.@8 1.8 -2.88
PLAT@41 ALERT 1 G Calc. and Reported SumFormula Strings Differ Please Check
PLAT@42 ALERT 1 G Calc. and Reported Moiety Formula Strings Differ Please Check
PLAT@45 ALERT 1 G Calculasted and Reported Z Differ by a Factor ... 1.14 Check
PLAT@51 ALERT 1 G Mu(calc) and Mu(CIF) Ratic Differs from 1.8 by . 14.33 %
PLAT398 ALERT 2 _G Deviating C-0-C Angle From 128 for 0282 185.8 Degree
PLATE®S ALERT 4 G Largest Sclvent Accessible VOID inm the Structure 41 AFF3
PLAT728 ALERT 4 G Number of Unusual/Mon-5tandard Labels .......... 78 Note
PLATZ12 ALERT 4 G Missing # of FCF Reflections Above SThiL= @.508 118 Note
PLATO41 ALERT 3_G Average HKL Measurement Multiplicity ........... 4.9 Low
PLATS78_ALERT 2 G Number C-C Bonds with Positive Residual Density. 11 Info

@ ALERT level A = Most likely a serious problem - resclve or explain

a A potentislly serious problem, consider carefully

2 Check. Ensure it is not caused by an omission or oversight
14 ALERT level G = General information/check it is not something unexpected

7 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
3 ALERT type 2 Indicator that the structure model may be wrong or deficient
3 ALERT type 2 Indicator that the structure quality may be low

3 ALERT type 4 Improvement, methodology, guery or suggestion

@ ALERT type 5 Informative message, check

117



54 Y

(180522)

05:43 2022

™ PLATON-JulL 30 18

NOMOVE

FORCED

-
)
o
o

nn
an
=

100

-131

reql33-1

RES= 0-143 X

118




Empirical formula

90 with ellipsoids at 30% probability. (H atoms were omitted for clarity).

' [
OV
//\\/\/4/

R
Iy
Nd

C46H29CIN2O

Formula weight 755.61
Temperature/K 293(2)

Crystal system monoclinic

Space group Pn

alA 13.6336(2)

b/A 29.1177(3)

c/A 17.1765(2)

a/° 90

B/° 104.7280(10)

v/° 90

Volume/A3 6594.67(14)

Z 7

peatcg/cm® 1.332

w/mm' 1.340

F(000) 2752.0

Crystal size/mm?® 0.16 x 0.04 x 0.03
Radiation Cu Ko (A=1.54184)

20 range for data collection/°6.07 to 152.444

Index ranges -16<h<17,-36<k<36,-21<1<20
Reflections collected 69213

Independent reflections 69213 [Rint = ?, Rsigma = 0.0583]
Data/restraints/parameters ~ 69213/2/1810

Goodness-of-fit on F2 0.818

Final R indexes [[>=26 (I)] R1=0.0474, wR2> =0.1288

Final R indexes [all data] R1 =0.0548, wR, = 0.1361

Largest diff. peak/hole / e A= 1.74/-0.49

Flack parameter 0.029(4)
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Datablock: req186-1

Bond precision:

Cell: a=13.6336(2)
alpha=9a

Temperature: 293 K

Volume
Space group
Hall group
Moiety formula
sum formula
Mr

Dx,g cm-3

Z

Mu (mm-1)
Feea

Feas"

bk, Imax
Nref

Tmin, Tmax

Tmin'

Correction method= # Reported T Limits:

MULTI-5CAN

C-C = 8.8076 A
b=29.1177(3)

beta=104.728(1)

Calculated
6594.67(14)

Pn

P -2yac

Ca6 H29 C1 N2 O
C46 H29 C1 N2 O
661.16

1.332

B

1.348

2752.8

2762.89
17,36,21

27622[ 13829]
8.938,8.961
a.887

Data completeness= 1.78/6.89

R{reflections)= ©8.8537( 22251)

5 = 1.835

Npar= 1889

Wavelength=1.54184
©=17.1765(2)

Reported

6594.67(14)

P1n1l

P -Zyac

1.143({Ca6 H29 Cl1 N2 0)
C52.57 H33.14 Cl11.14 N2.29 01.14
755.61

1.332

7

1.348

2752.8

17,36,21
24568
®.975,1.088

Tmin=&.975 Tmax=1.888 AbsCorr =

Theta{max)= 76.222
wR2(reflections)= @.1593(

The following ALERTS were generated, Each ALERT has the format

test=name_ALERT _alert=type_alert-level.
Click on the hyperlinks for more details of the test,

? Alert level C
DIFMX02_ALERT_1_C The maximum difference density is > 0,1*ZMAX*0,75

The relevant atom site should be identified,
PLATOS4_ALERT_2_C Ratio of Maximum / Minimum Residual Density ....
PLATOS7_ALERT_2_C Large Reported Max, (Positive) Residual Density
'MainMol' Ueq as Compared to Neighbors of
‘MainMol' Ueq as Compared to Neighbors of
PLAT250_ALERT_2_C Large U3/ULl Ratio for Average U(i,j) Tensor ....
PLAT340_ALERT_3_C Low Bond Precision on C-C Bonds
PLATAE01_ALERT_?2_C Unit Cell Contains Solvent Accessible VOIDS of ,
PLAT911_ALERT_3_C Missing FCF Refl Between Thmin & STh/L= 0,600

PLAT241_ALERT_2_C High
PLAT241_ALERT_2_C High

120

3.43 Report
1,68 eA-3

CO5E Check

C04V Check
2.3 Note

............... 0.00757 Ang.

75 Ang**3
5 Report



PLAT971_ALERT_2_C Check Calcd Resid, Dens. 1.50Ang From C043 1.63 eA-3
PLAT987_ALERT_1_C The Flack x is >> 0 - Do a BASF/TWIN Refinement  Please Check

JAlert level G

CELLZ01_ALERT_1_G Difference between formula and atom_site contents detected,

CELLZ0O1_ALERT_1_G ALERT: check formula stoichiometry or atom site occupancies.
From the CIF: _cell formula_units_Z2 7
From the CIF: _chemical_formula_sum C52,57 H33.14 C|1,14 N2,29 01,14
TEST: Compare cell contents of formula and atom_site data

atom Z*formula cif sites diff
C 367.99 368.00 -0.01
H 231,98 232,00 -0.02

Cl 7.98 8.00 -0.02

M 16,03 16.00 0.03

0] 7.98 8.00 -0,02
PLATO45_ALERT_1_G Calculated and Reported Z Differ by a Factor ... 1.1432 Check
PLAT199_ALERT_1_G Reported _cell_measurement_temperature ..... (K) 293 Check
PLAT200_ALERT_1_G Reported _diffrn_ambient_temperature ..... {K) 293 Check
PLAT398_ALERT_2_G Deviating C-O-C Angle From 120 for 0006 104.,1 Degree
And 3 other PLAT398 Alerts
More ...
PLAT720_ALERT_4_G Number of Unusual/Non-5tandard Labels .......... 313 Note
PLAT790_ALERT_4_G Centre of Gravity not Within Unit Cell: Resd. # 2 Note

C46 H29 CI N2 O

PLAT910_ALERT_3_G Missing # of FCF Reflection(s) Below Theta(Min). 1 Note
PLAT912_ALERT_4 G Missing # of FCF Reflections Above STh/L= 0.600 181 Note
PLAT915_ALERT_3_G No Flack x Check Done: Low Friedel Pair Coverage 79 %
PLAT933_ALERT_2_G Number of HKL-OMIT Records in Embedded .res File 7 Note
PLATS78_ALERT_2_G Number C-C Bonds with Positive Residual Density. 0 Info

0 ALERT level A = Most likely a serious problem - resolve or explain

0 = A potentially serious problem, consider carefully

11 ALERT level C = Check, Ensure it is not caused by an omission or oversight
16 ALERT level G = General information/check it is not something unexpected

7 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
13 ALERT type 2 Indicator that the structure model may be wrong or deficient
4 ALERT type 3 Indicator that the structure quality may be low

3 ALERT type 4 Improvement, methodology, query or suggestion

0 ALERT type 5 Informative message, check
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100 (CCDC 2156335) with ellipsoids at 30% probability. (H atoms were omitted for clarity).

Empirical formula C77.33Ha2.67N2.6702.67
Formula weight 1051.81
Temperature/K 293(2)

Crystal system monoclinic

Space group 12/a

alA 22.2530(10)

b/A 4.4560(2)

c/A 37.5710(18)

a/° 90

pB/e 91.972(4)

v/° 90

Volume/A3 3723.3(3)

Z 3

peatcg/cm® 1.407

wmm™ 0.665

F(000) 1640.0

Crystal size/mm?® 0.09 x 0.08 x 0.05
Radiation CuKoa (A= 1.54184)
20 range for data collection/° 4.548 to 151.27
Index ranges 27<h<26,-5<k<5,-45<1<47
Reflections collected 9555

Independent reflections 3700 [Rint = 0.0380, Rsigma = 0.0486]
Data/restraints/parameters ~ 3700/0/281

Goodness-of-fit on F2 1.077

Final R indexes [[>=2c (I)] R1=0.0948, wR2 = 0.2554

Final R indexes [all data] R1=0.1204, wR, = 0.2737

Largest diff. peak/hole / e A®0.51/-0.42
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Datablock: req161-2

Bond precision:

Cell: a=22.253(1)
alpha=58

Temperature: 293 K

Volume
Space group
Hall group
Moiety formula
Sum formula
Mr

Dx,g cm-3

z

Mu {mm-1)
Faaa

Faaa "

h, k, lmax
Nref

Tmin, Tmax
Tmin®

C-C = 9.8066 A
b=4.4558(2)
beta=91.972(4)

Calculated
3723.3(3)

I 2/a

-1 2ya

(58 H32 N2 02
(58 H32 N2 02
788.86

1.487

4

2.665

1s48.8
1544.68
27,5,47

3875

9.942 8,967
2,942

Wavelength=1.54154
c=37.5718(18)

Reported

3723.3(3)

I12fal

-1 2ya

1.333(C58 H3Z2 N2 02)
C77.33 HA2.67 N2.67 02.67
1851.81

1.487

3

8.665

1548 .8

27,5,47
3700
8.772,1.000

Correction method= # Reported T Limits: Tmin=8.772 Tmax=1.88@ AbsCorr =

MULTI-SCAN

Data completeness= @.955

R(reflections)= ©.08948( 2787)

S =1.877

Npar= 281

Theta(max)= 75.635
wR2(reflections)= 8.2737(
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The following ALERTS were generated. Each ALERT has the format
test-mame_ALERT _alert-type_alert-level.
Click on the hyperlinks for more details of the test.

@ Alert level C

PLATD84 _ALERT_3_C High wR2 Value (i.e. = 0.23) .ivrevvreevnanens 0.27 Report
PLAT340_ALERT_3_C Low Bond Precision on C-C Bonds ......cecveees 0.00658 Ang.
PLAT906_ALERT_3_C Large K Value in the Analysis of Variance ...... 4,284 Check
PLAT911_ALERT_3_C Missing FCF Refl Between Thmin & STh/L= 0.600 30 Report

JAlert level G

FORMUO1_ALERT 1 G There is a discrepancy between the atom counts in the
_chemical_formula_sum and _chemical_formula_moiety. This is
usually due to the moiety formula being in the wrong format.
Atom count from _chemical_formula_sum: C77.33 H42.67 N2.67 02.67
Atom count from _chemical_formula_moiety:C77.31399 H42.65599 N2.666 02

PLATO12_ALERT _1_G No _shelx_res_checksum Found in CIF ...... Please Check
PLATO42_ALERT _1_G Calc. and Reported Moiety Formula Strings Differ  Please Checlk
PLATO45_ALERT _1_G Calculated and Reported Z Differ by a Factor ... 1.333 Check

PLATO72_ALERT _2_G SHELXL First Parameter in WGHT Unusually Large 0.13 Report
PLATO83 _ALERT 2 G SHELXL Second Parameter in WGHT Unusuzlly Large 23.24 Why ?
PLAT199 ALERT 1 G Reported _cell_measurement_temperature ..... (K) 293 Check
PLAT200_ALERT 1 G Reported _diffrm_ambient_temperature ..... (K) 293 Check

PLAT308 ALERT ? G Deviating C-O-C Angle From 120 for 0001 .  105.4 Degree
PLAT720_ALERT 4 G Number of Unusual/Mon-Standard Labels .......... 47 Note
PLATE70_ALERT 4 G ALERTS Related to Twinning Effects Suppressed .. 1 Info
PLATO12 ALERT 4 G Missing # of FCF Reflections Above STh/L= 0.600 145 Note
PLATO55 ALERT 1_G Reported (CIF) and Actual (FCF) Lmax Differ by . 1 Units

0 ALERT level A = Most likely a serious problem - resolve or explain

0 = A potentially serious problem, consider carefully

4 ALERT level C = Check. Ensure it is not caused by an omission or oversight
13 ALERT level G = General information/check it is not something unexpected

7 ALERT type 1 CIF construction/syntax error, inconsistent or missing data

3 ALERT type 2 Indicator that the structure model may be wrong or deficient
4 ALERT type 3 Indicator that the structure quality may be low

3 ALERT type 4 Improvement, methodology, guery or suggestion

0 ALERT type 5 Informative message, check
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