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1. Summary

The electronic properties of graphene nanoribbons (GNRs) are intricately linked to their
shape, width, and most importantly, their edge structures. Cove-edged GNRs are of special
interest, due to the potential chirality arising from the non-planarity induced by steric
repulsion in the cove regions. However, their low configurational and conformational
stability hinders their practical applications. Additionally, the synthesis of GNRs via
bottom-up synthesis is often considered an insurmountable challenge. Addressing these
obstacles, this thesis is focused on developing atomically precise, bottom-up stereospecific
synthesis of GNRs, where [n]helicenes are employed as a strain inducing moiety to ensure

the configurational and conformational stability of a cove-edged pyrene NR.

In the first two projects, the influence of molecular symmetry and ring fusion on the
chiroptical response of pyrene fused [5]- and [7]helicenes was highlighted. The molecules
with C; symmetry containing a central heptagonal ring in the helicenes exhibited higher
configurational stability, along with enhanced chiroptical properties relative to the C>
symmetric pyrene K-region fused helicene with a central hexagonal ring. The molecules
with the [7]helicene moieties exhibited superior (chir)optical responses compared to their

corresponding [S]helicene congeners.

Driven by the intriguing chiroptical responses of the C; symmetric molecules from the first
two projects, in the third project the goal was to synthesize a monkey saddle-shaped pyrene-
bridged double[7]helicene compound incorporating two heptagonal rings. Unfortunately,
all the efforts lead to over-oxidized products due to uncontrollable Scholl
cyclodehydrogenation. Despite the setback, a C; symmetric pyrene bridged
double[7]helicene compound comprising one hexagonal and one heptagonal rings was
synthesized, merging the C; and > symmetric molecules from the second project. Notably,
this molecule exhibited higher configurational stability along with improved chiroptical

responses compared to the monomeric congeners discussed in the second project.

While the first three projects emphasize the influence of molecular symmetry on the
(chir)optical properties and configurational stability of n-extended helicenes, the fourth
project emphasized on the bottom-up synthesis of a helically twisted NRs, where
[7]helicenes were stitched to the terminal K-regions of the conjugated pyrene NR through
a stereospecific annulative m-extension (APEX) reaction. The cove-edged NRs exhibited

exceptional configurational stability along with precise control over conformational
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stability with a relative Boltzmann population of the helical NR amounting to 99.9% at
room temperature. Notably, the structurally robust helical NR with 171° end-to-end twist,

ranked as the second most twisted acene core.

This thesis highlights the potential of employing helicenes as a molecular wrench to
produce atomically precise helically twisted nanoribbons. The efficient bottom-up
synthetic methods introduced in the thesis facilitate rapid access to n-extended helicenes in

abundant enantiopure quantities, and with distinct functionalities.

1. Zusammenfassung

Die elektronischen Eigenschaften von Graphen-Nanobdndern (GNRs) sind eng mit ihrer
Form, Breite und vor allem ihren Kantenstrukturen verbunden. Besonders interessant sind
Strukturen mit einer Cove-Kante aufgrund der potenziellen Chiralitét, die durch sterische
AbstoBung und damit Nicht-Planaritit in den Cove-Regionen entsteht. Thre geringe
Konfigurations- und Konformationsstabilitit behindert jedoch ihre praktische
Anwendbarkeit. Dariiber hinaus wird die Bottom-Up-Synthese von GNRs oft als
uniiberwindbare Aufgabe angesehen. Um diese Herausforderungen anzugehen, beschéftigt
sich diese Arbeit mit der Entwicklung einer atomar prézisen und von Grund auf
stereospezifischen Synthese von GNRs, bei der [n]Helicene als spannungs-induzierende
Gruppe verwendet werden, um die Konfigurations- und Konformationsstabilitit eines

Pyren-NR mit Cove-Kanten zu gewihrleisten.

In den ersten beiden Projekten wurde der Einfluss der Molekiilsymmetrie und der
Ringfusion auf die chiralen Eigenschaften von Pyren-verkniipften [5]- und [7]Helicenen
hervorgehoben. Die Molekiile mit C1-Symmetrie, die einen zentralen heptagonalen Ring in
den Helicenen enthalten, zeigten eine hohere Konfigurationsstabilitdt sowie verbesserte
chirale Eigenschaften im Vergleich zu den C>-symmetrischen Pyren-K-Region-fusionierten
Helicenen mit einem zentralen hexagonalen Ring. Die Molekiile mit [7]Helicenen wiesen
bessere (chir)optische Eigenschaften verglichen mit ihren entsprechenden [S]Helicen-

Verwandten auf.

Motiviert durch die faszinierenden chiroptischen Eigenschaften der Ci-symmetrischen
Molekiile aus den ersten beiden Projekten war das Ziel des dritten Projekts, eine
Affensattelformige, Pyren-verbriickte Doppel-[7]Helicenverbindung zu synthetisieren, die

zwei heptagonale Ringe enthdlt. Leider flihrten alle Bemiihungen zu iiberoxidierten



Produkten aufgrund unkontrollierbarer Scholl-Cyclodehydrogenierung. Trotz des
Riickschlags wurde eine Ci-symmetrische, Pyren-verbriickte Doppel-
[7]Helicenverbindung hergestellt, die einen hexagonalen und einen heptagonalen Ring
enthilt, und somit die Ci- und C>-symmetrischen Molekiile aus dem zweiten Projekt
vereint. Bemerkenswert ist, dass dieses Molekiil im Vergleich zu den monomeren
Kongenern aus dem zweiten Projekt eine hohere Konfigurationsstabilitdt und verbesserte

chiroptische Eigenschaften aufwies.

Wihrend die ersten drei Projekte den Einfluss der Molekiilsymmetrie auf die
(chir)optischen FEigenschaften und die Konfigurationsstabilitit von m-erweiterten
Helicenen zeigten, konzentrierte sich das vierte Projekt auf die Bottom-up-Synthese von
helikal verdrehten Nanobédndern (NRs), bei der [7]Helicene an die terminalen K-Regionen
des konjugierten Pyren-NRs durch eine stereospezifische annulative -
Verldangerungsreaktion (APEX) angehingt wurden. Die NRs mit Cove-Kante zeigten eine
auBBergewoOhnliche Konfigurationsstabilitit sowie eine préizise Kontrolle tber die
Konformationsstabilitdt mit einer relativen Boltzmann-Population des helikalen NRs von
99,9% bei Raumtemperatur. Bemerkenswert ist, dass das strukturell robuste helikale NR
mit einer End-zu-End-Verdrehung von 171° als der am zweitmeisten verdrehte Acen-Kern

eingestuft wurde.

Diese Dissertation zeigt das Potenzial der Verwendung von Helicenen als molekulares
Werkzeug zur Herstellung atomar préziser helikal verdrehter Nanobédnder. Die effiziente
Bottom-up-Synthese, die in der Dissertation vorgestellt wird, ermoglichen einen schnellen
Zugang zu m-erweiterten enantiomerenreinen Helicenen in iippigen Mengen und mit

unterschiedlichen Funktionalitéten.



2. Introduction

Benzene is typically the first molecule that comes to mind when discussing aromatic
hydrocarbons. It can combine multi-dimensionally to form a wide range of polycyclic
aromatic hydrocarbons (PAHs).! PAHs can be categorized based on their fusion type— (i)
linearly fused one dimensional (1D) [n]acene, and their zig-zag analogue [n]phenacene. (ii)
two-dimensional (2D) peri fused graphene flakes called nanographene and (iii)
orthogonally fused three-dimensional (3D) carbo[n]helicene. Additionally, 2D graphene
sheets can stack in parallel on top of each other, resulting in graphite, a well-recognized
carbon allotrope. Geim and Novoselov were awarded the 2010 Nobel Prize in physics for
isolating graphene sheets from graphite?, an accomplishment that sparked considerable
interest among material chemists for in-depth research of nanographenes in the last decade,

aiming to explore their functional properties and applications.

(a)
1D acene @’0‘
1D phenacene 2D nanographene 3D [n]helicene
Hexabenzocoronene (HBC)
(b) nanographene graphene

-« - >

graphene molecules

graphene nanoribbons
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1nm 5nm 30 nm 100 nm 10 um

Figure. 2.1. (a) Representative structures of different groups of PAHs (1D — 3D), (b)

Schematic representation of graphene terminology based on their sizes.

Nanographenes (NGs) are broadly characterized as finite graphitic units, primarily
composed of fused six-membered sp* hybridized carbons, with sizes between 1-100 nm
(Figure 2.1b). The excitonic properties of these small segments of NGs can be more easily
tuned by modifying the aromaticity, molecular symmetry, hetero atom doping and ring
defects, thereby making them well-suited for optoelectronic devices. The electronic

properties of NG are exquisitely sensitive to their size, shape, and edge structures. NGs



bearing armchair or cove edges usually manifest semi-conducting properties, while the
zigzag-edged NGs are associated with remarkable spin-polarization due to the multi-

electron correlation of unpaired electrons present on the zigzag edges.

bay or armchair

zig-zag

Figure. 2.2. Representative edge structures of nanographene.

GNRs, usually 3 — 30 nm in size, have attracted significant interest in recent years owing
to their potential applications in transistors, photovoltaics and quantum electronic devices.
In response to the escalating demands for GNRs, material scientists commonly employ top-
down methodologies such as — (i) lithographic cutting of graphene?, (ii) sonochemical
extraction from expanded graphite* and (iii) unzipping of carbon nanotubes.’” The
synthesis of GNRs through bottom-up processes, involving the fusion of smaller PAHs, has
conventionally been deemed unrealistic. However, recent advancements in Scholl
cyclodehydrogenation have played a pivotal role in the success of the bottom-up
approach.® External mechanical deformation or distortions can affect GNRs, leading to
the adoption of twisted geometries and resulting in different electronic properties.'® The
GNRs with zig-zag and arm-chair edges can undergo twisting via bulky substitution or
periodic benzyl annulation along the edges.!! Whereas, GNRs with cove and fjord edges
can adopt a twisted conformation, either helical or waggling, due to steric congestion in the
cove/fjord regions or when subjected to external strain. Their potential for chirality arises
from the non-planarity caused by steric hindrance in the cove or fjord regions. Prior to the
establishment of graphene chemistry, the twisting of planar structures was well established

through phenyl substitution of acene.

Acenes are the linearly fused benzene rings with a general formula of C4n+2H2n+2, known
for its small optical gap, energetically low triplet states, low ionization potentials and high
electron affinities.'?"!* These properties make acenes of high importance for application in
semiconductors, organic field-effect transistors (OFETs) and in singlet fission research.

While acenes are flat, they can be manipulated into helical or waggling conformations
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through the strategic application of crowded substitutions. Pascal Jr. et. al. pioneered the
act of twisting acenes in the late 1990s.!*!® The current record for highest end-to-end twist

in a solid state acene is 184° by Kilway et al.*°

To propagate a twist from one end to other,
all the zig-zag positions in the acene need to be substituted, which is synthetically

cumbersome and challenging, explaining the 15 years gap between synthesis of pentacene

19-20

analogue (I) to hexacene analogue.

I 11 111

Pascal Jr. 2004 Gidron 2018 Wudl and Zhang 2.012
No end-to-end twist

Helical end-to-end twist = 144°  Helically locked end-to-end twist = 38°

\% R = 2,6-diisopropylphenyl VI
King 2012 Wang 2017 Mastalerz 2020
R = H and/or Bu, Waggling twist Helical end-to-end twist = 170° Helical end-to-end twist = 49.6°

Itami 2016
R = H, Helical end-to-end twist = 80.5°

Figure 2.3. Strain induced twistacenes (I, II and III) and twisted pyrene cored molecules

(IV, V and VI).

Twistacences usually possess a low enantiomerization barrier. The twisted pentacene (I)
with 144° twist racemizes within 9.5 hours at 25 °C, while twistacenes with a twist lower
than 100° racemize within minutes. The enantiomerization barrier can be increased by
incorporating bulky substituents on the outer edges, thereby enhancing the twist, and
creating a crowded transition state.”! More recently, Gidron et. al. engineered helically
locked tethered anthracenes (II), which can be isolated in an enantiopure form, achieving
an end-to-end twist of up to 38°.22->* Several attempts were made to incorporate promising
n-electron-rich cores, such as pyrenes, into twisted acenes, aiming to produce longer acene-
cored molecules with a high enantiomerization barrier and better functional properties.?

Wudl and Zhang developed a molecule with a pentacene core terminally locked by two



pyrenes (IIT).2° However, it failed to propagate a uniform twist from one end to the other
as the twist reverses at the central benzene ring due to the absence of steric groups at crucial
positions in the central acene core. King et. al. prepared a K-region phenanthrene annulated
pyrene exhibiting waggling conformation (IV).?” In contrast, later Itami ez. al. achieved the
helical conformation of IV with an unsubstituted core.?® Wang et. al. in 2017 developed
helically twisted decatwistacene (V) with a remarkable end-to-end torsion twist of 170°
arising from the steric hindrance between imide groups and benzene rings in the cove
region.”” Recently, eight phenyl substituted dibenzo[e, 1]pyrene (VI) by Mastalerz et. al.

showed the helical structure with an end-to-end twist of 49.6°.3°

'Bu )
/\:/
Bu 'Bu
VII VIII
Campana 2020 Wang 2020
Waggling twist Helical end to end twist = 117°
By Bu Bu Bu

BU Bu Bu Bu Bu Bu

IX
Miillen 2021
Helical end to end twist = 83°

Figure 2.4. Strain induced twisted nanographenes with fjord region. The molecular
structures (VII and VIII) are adapted with permission from ref. [33] and [32]. © 2020,
American Chemical Society and Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

The nanographenes with fjord region®!, such as supertwistacene (VIII) by Wang et al.>

and triply conjugated HBC (hexa-peri-hexabenzocoronene) (VII) by Campana et al.¥—
display a significantly higher barrier, allowing their chiral resolution at room temperature.
The end-to-end twist (117° in supertwistacene) is significantly enhanced compared to the
twistacenes, attributed to their ability to adopt the helical or single handed conformation
because of the steric repulsion from the neighboring bulky fert-butyl group and the
peripheral hydrogens in the [S]helicene sub-units in the fjord region. The increase in twist

ultimately results in increasing the enantiomerization barrier to 44.7 kcal mol!. Miillen et



al. developed a fully fjord edged nanographene (IX) with an end-to-end twist of 83° by
31

employing Suzuki coupling and Scholl cyclodehydrogenation reactions.

R =-§-©—0R
X XI

Chalifoux 2017 Chalifoux 2018
Helical end to end twist = 28° Helical end to end twist = 35°

v @ XII R ©
'Pr 'Pr

Wiirthner 2022 Bu
Helical end to end twist = 76°

Figure 2.5. Strain induced twisted nanographenes with bay region.

The nanographenes with the bay region are relatively difficult to twist, as the majority of
the rings lie flat in the orthogonal plane with limited options for substitution. Chalifoux et
al. achieved a 28° end-to-end twist by substituting all four sites in the bay region of
peropyrene(X).** Later they achieved 35° end-to-end twist in teropyrene by substituting
only one side of the bay region (XI)*, while Wiirthner et al. substituted all positions in the
bay region, resulting in an enhanced twist of 76° in quaterrylene bisimide (XII) with a
enantiomerization barrier of 30 kcal mol™'.3® From the discussed molecules, it is evident
that both the size of nanographene and appropriate substitution play a crucial role in
achieving a higher end-to-end twist. Miillen ez al. synthesized a gulf-edged NR exceeding
200 nm in length by employing Diels-Alder polymerization, followed by Scholl

cyclodehydrogenation.’’

While the previously mentioned examples of strain induced twisted nanographenes are
impressive in terms of structural beauty, they lack the ability to regulate the conformation
of the molecule. The solid-state structure can adopt either a helical or waggling form based
on the steric congestion and cannot be effectively regulated. Moreover, the conformational

population attained by the helical or waggling conformation is quite moderate at room



temperature, raising questions about their suitability for chiroptical applications. To achieve
precise conformational and configurational control over the NR, the first step is to increase
the twist angle, which is easier to attain in cove-edged NRs (e.g, pyrene NRs). However, to
maintain the twist, annulation with a steric, yet flexible molecules, such as [n]helicenes are
necessary. Secondly, the annulation of bulkier groups (e.g, tert-butyl groups) is required for

t38

additional buttressing effect” and to make the transition state crowded, elevating the barrier

resulting in an increased configurational stability.

)\ R=CBH13

XIII
Mateo-Alonso 2022
Helical end-to-end twist =126°

Figure 2.6. Strain induced single handed helical nanoribbon.

Recently, Mateo-Alonso ef al. synthesized a helical NR (XIII), which closely resembles to
NR (V) with pyrene-coronene core, whereas enantiopure 1,1’-binaphthyl-2,2’-diamine was
fused at both terminal ends to form a [5]helicenoid with four cove region [4]helicene
subunits.>* The molecule exhibits an overall end-to-end twist of 281° due to the strained
octagonal ring at the terminal K-region of pyrene, while the inner core has a twist of only
126°. While there is no mention of configurational stability, the helical conformer of the
NR showed a 94 % relative conformational population at room temperature. The VT-CD
(variable temperature circular dichroism) measurements challenges the robust chirality of
the NR, as the CD signals vary significantly with respect to the temperature. The presence
of nitrogen atoms in the non-aromatic octagonal ring of [5]helicinoids along with the two

imide groups exclude it from being classified as an aromatic NRs.



Brief history of [n]helicenes

(@) (b) (c)

&y @‘O

C :
o> YO
(P)-7helicene (M)-Thelicene X =0, NH, SiMe,

Figure. 2.7. (a) IUPAC numbering of [7]helicene, (b) enantiomers of carbo[7]helicene,
(¢) heteroatom doped [7]helicene.

According to IUPAC, helicenes are classified as “ortho-fused polycyclic aromatic or hetero
aromatic compounds in which all rings (minimum five) are angularly arranged so as to give
helically shaped molecules, which are thus chiral.”! Currently being considered as one of
the dynamically evolving field of research interest, the first isolation of a helicene traces
back to 1903, with Meisenheimer and Witte isolating 7-aza[S]helicene and 7.8-
diaza[5]helicene. Weitzenbdck synthesized the first carbo[n]helicenes (n =4 and 5) in the

1910s. Later Mclntosh ef al. confirmed the helical structure of [S]helicene through X-ray

40-41 42-43

crystallography. In 1956, Newman's successful resolution of [6]helicene
revolutionized the helicene research which was later led by Mallory*** Carruthers*,

Scholz*’* and Martin*-3.

Structural features of [n]helicene

outer
helix

Figure 2.8. Structural characteristics of [5]helicene.

The intriguing structural arrangement of [n]helicenes highlights several notable

geometrical features.>* All the carbon atoms present in a [n]helicene can be categorized into
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three helices according to their position (Figure 2.8). (i) inner helix and (ii) middle helix,
each containing n+1 carbons, and (iii) outer helix with 2n carbons. In comparison to
benzene (mean: 1.39 A), the C—C bond length is larger in the inner helix (mean: 1.41 A),
but smaller in the outer helix (mean: 1.36 A). Although there is no direct correlation
between the dihedral angle of the inner helix with the angularly fused benzene units (n), a
typical dihedral angle exists around 23° + 0.5° (Figure 2.9a). The pitch length increases
gradually from inner to outer helix. The helical pitch calculated from the centroid of the
rings increases from n = 4 — 6 (the distance between terminal rings is considered here),

while for higher helicenes [n > 7], the pitch length decreases (Figure 2.9b).

(a) (b)
23.5- . .~
éﬁ 4.0+ ST
- | e a4 ..
2 230- ¢ *
2 .
< <36 ; .
8 2251 ¢ ~ ;
o K - ’
x 22.0- ‘
= 3.24
=
2 2151
£
. 28 .
210+———— ; : , : ‘ : : :
5 6 7 8 9 10 4 5 6 7 8 9
[n] [n]

Figure 2.9. (a) inner helix dihedral angle and (b) Helical pitch calculated from DFT
optimized (DFT-D2-B97-D/TZVP Level) structures of [n]helicenes (n = 4-10).%

Configurational stability of [n]helicene

45

w w N
<] 5 o
L 1 L

AG* (298 K) / keal mol™

n
[9)]
1

7
(]

Figure 2.10. Exponential increase of AG*(298 K) values for [n]helicenes (n = 5-9).
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Majority of twistacenes undergo rapid racemization under ambient conditions, with a half-
life of few minutes. Conversely, [n]helicenes demonstrate increased barriers to
racemization (Figure 2.10). While [5]helicene racemizes within few days at room
temperature, [n]helicenes (n > 6) demand notably higher energy for inversion. The
alternation of handedness in helicenes involves an achiral conformation at the transition

state, as suggested by Martin et al.>°

and later supported by subsequent theoretical
calculations. The racemization of [r]helicene is a concerted process for n = 4—7, whereas
higher helicenes utilize a multi-step mechanism involving 2n-14 intermediates.”’ The
configuration stability (AG*) tends to be significantly influenced by factors such as — (i)
substitution at the inner and/or middle helix, (i1) ring defects (iii) the helical diameter and
pitch, and (iv) hetero atom doping.>*¢!

Commonly in hetero[#n]helicenes, heteroatoms are doped in the outer helix and linked to
ring defects.®? For instance, oxa-, sila- and aza[n]helicene are commonly depicted with a
pentagonal ring (Figure 2.7c). However, using the same nomenclature when heteroatoms
are in the middle helix or in absence of any ring defects, can lead to confusion.®
Alternatively, it is prudent to specify the position of the heteroatoms in the helicene as per
IUPAC convention. Unsubstituted hetero[n]helicenes generally exhibit a relatively low
barrier for enantiomerization when compared to their carbo[n]helicene congeners, i.e.,
aza[7]helicene®, sila[7]helicene®, oxa[9]helicene®® show enantiomerization barriers of
29.5, 37.4, 39.6 kcal mol ™! respectively, compared to the 41.2 kcal mol ! barrier observed
for carbo[7]helicene.’® Direct comparison of configurational stability between heteroatom
doped- and carbo[n]helicene is challenging, as the enantiomerization barrier depends on
the presence of ring defects and position of the heteroatoms. For instance, when one carbon
atom in the outer helix of [S]helicene is replaced with nitrogen, the helicene with nitrogen
at the 4-position of the [S]helicene showed a slightly higher barrier of enantiomerization
compared to substitutions at any of the 7 available sites.®* In cases where multiple
heteroatoms are present in the outer helix of helicene, the configurational barrier usually
remains lower than the corresponding carbo[n]helicene congener.®”-%® However, this can be
improved through suitable lateral n-extensions.®’ It is advisable to use a chiral n-extender

over the planar molecules, for achieving better configurational stability due to presence of

multiple chiral sub-units.
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Photophysical properties of [n]helicene

(a) (b)
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Figure 2.11. (Chir)optical properties of [r]helicenes. (a) Specific optical rotation
(experimental), (b) fluorescence quantum yields (experimental), (c) absorptive
dissymmetry factor and (d) cos 6 values, 6 is the angle between transition electric and

magnetic dipole moments (calculated at RICC2/TZVPP level).”

Helicenes are recognized for their exceptionally large specific optical rotation (OR)
compared to point or axially chiral molecules. The OR value increases exponentially with
the helicity, with [13]helicene reaching an experimental value of 10,000° (Figure 2.11a).
The P and M helicenes display clockwise or counterclockwise rotations of plane polarized
light, respectively.”® The molar extinction coefficient (&) for the lowest energy transition in
[n]helicene decreases as the helicity increases, possibly due to a decrease in effective m-

conjugation on increasing helicity. Helicenes demonstrate low fluorescence quantum yields
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(FQYs), which diminish from 4% for [S]helicenes to <1% for [14]helicene (Figure
2.11b).7'72 The low FQYSs can be attributed to the competitive intersystem crossing and an

enhanced rate constant for S; — T transition with increased helicity.”

Helicenes exhibit circular dichroism (CD) and circular polarized luminescence (CPL) due
to their inherent chirality arising from their helical shape.”*’® The magnitude of CD is
quantified by the absorption dissymmetry factor (gabs), defined as the ratio of difference in
molar extinction coefficients of left and right-handed circularly polarized light (Ae = e1—
er) to net molar extinction coefficients (= 0.5%(er+ er)).”” In quantum chemical

calculations, gabs is expressed as gabs = 4R/D, where R (rotational strength) = |ze||gm|  cos

0 and D (dipole strength) = |ge|* + |£m|?, st and zan represent the transition electric and
magnetic dipole moments (TEDM and TMDM, respectively), and 6 is the angle between
them.>> While there is no direct correlation between e and zm, the |cos 6] value increases
linearly with helicity (Figure 2.11d). In general, s is significantly smaller than s, but the
mutual compensation between & and tm, and cos € results in an enhanced gans with an
increase in helicity (Figure 2.11¢). However, the gabs value remains much smaller than the
maximum theoretical value of £2. Similar to CD, CPL can be quantified in terms of
luminescence dissymmetry factor (gum). Although no systematic study has been reported
in literature for pristine [r]helicenes, it is reasonable to assume that the gjum value increases
with helicity, following the global regression expression of gum = 0.6*gaps for [n]helicene
and helicinoids.”” To quantify the brightness of CPL, Bari et al. defined the term Bcpr as
the product of molar extinction coefficient, FQY and emission dissymmetry factor (giym).*
Through appropriate structural modification or hetero atom doping, it is possible to increase
the FQY to unity, along with higher molar extinction coefficient. Therefore, the overall CPL

brightness can be tuned regardless of lower giym.5!"¢

Practical applications of any CPL-active materials require a high CPL brightness value,*
which is not achievable for carbo[n]helicenes as FQY is less than 0.05. The key to increase
the CPL brightness in [n]helicene is to enhance the FQY and increase the gum by bringing
the ratio of magnitude of TEDM and TMDM close to unity. It is well established that the
FQY and fluorescence lifetime can be regulated by the proper design of the molecular
structure. However, there is limited information available in the literature regarding the
tuning of TEDM and TMDM, and, until now, it has largely relied on a trial-and-error basis.
Isobe et. al. achieved FQY of 0.8 and a grum of 0.152 by tunning the TMDM to nearly 28
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times that of TEDM in a carbon nanohoop with cylindrical helicity.®” The perfect alignment
(parallel or anti-parallel) of TEDM and TMDM (cos 8 ==1) increased the rotatory strength,
and ultimately the dissymmetry factors. Mori et. al. reported that, with proper molecular
design in terms of molecular symmetry, the arrangement of TEDM and TMDM can be
tuned.®® Tanaka et. al. achieved gium of 0.032 by incorporating a central pentagonal ring in

a [7]helicene derivative.*

[7]helicene (7,12)-Cyano-[7]helicene  (7,12)-Cyano-(3,16)-methoxy-[7]helicene
FQY 0.02 0.08 0.17
Gium 0.006 0.004 0.013
TMDM 0.045 0.17 2.37

(102 erg G
Figure 2.12. Improved chiroptical parameters of [7]helicene upon substitution.”

Matsuda et. al. tuned the TEDM and TMDM in [7]helicene by substituting electron
donating and/or electron withdrawing group at the selective position in outer helix where
molecular orbital coefficients are high (Figure 2.12).°° The substitution altered the
symmetries of FMOs resulting in 100 times higher oscillator strength than that of pristine
[7]helicene. The difference in symmetry and shapes of FMOs affect the magnitude of
TEDM and TMDM. The TMDM of substituted [7]helicene is 50 times higher than that of
pristine [7]helicene (Figure 2.12).

In summary, to enhance the gum (and ultimately CPL brightness) the following points
should be considered. (i) The TMDM and TEDM must be parallel or antiparallel to each
other and preferably propagates along the helix of the [n]helicene.?’ (ii) Achieving different
symmetries of frontier orbitals involved in Sp and S state through proper functional group
substitutions.”® (iii) Lowering the ratio of TEDM and TMDM (usually TEDM>>TMDM)

91-93

by H-type aggregation or by designing charge transfer type electronic state with lower

orbital overlap between HOMO and LUMO*.
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Effect of twist on aromaticity of [n]helicene

[7]Helicene [8]Helicene [9]Helicene

Figure 2.13. Calculated NICS(1)zz values for [n]helicenes (n = 4-9) at the B3LYP/6-
311+G* level .”®

To evaluate the effect of twisting on aromaticity of [n]helicenes (n = 4-9), the nucleus-
independent chemical shift (NICS)’® values were computed by Poater and Sola et. al.”®
Given the twisted structure of [n]helicenes, the NICS(1)zz values are considered for precise
comparison. All the benzene rings within the [n]helicenes exhibited negative NICS(1)zz
values, signifying their aromatic nature (Figure 2.13). The terminal rings exhibited
relatively higher NICS values compared to benzene (9.7 ppm), showing a gradual

decrease on moving towards the central ring of [n]helicene.”®’

Applications of [n]helicene

Due to their elevated thermodynamic stability and distinct chiroptical characteristics
compared to acenes, [n]helicenes have been applied in wide range of applications. They
serve as chiral auxiliaries in asymmetric synthesis*®, used as semiconductors and constitute

attractive optoelectronic devices such as CPL-OFETs*'%, CPL-OLEDs (organic light

)101—103 109-111

emitting diodes , perovskite solar cell'®1%¥ transistors , non-linear optics''? and

function as enantioselective fluorescent sensors''*''>. Additionally, their flexible and
compressible structures make them versatile materials for molecular springs and

inductors.!16-118
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Brief history of Pyrene

Pyrene, an ortho- and peri-fused polycyclic aromatic hydrocarbon (PAH) composed of four
benzene rings, forms a planar aromatic system. Grdbe proposed the correct chemical
formula of pyrene in 1871, while the chemical structure was elucidated by Bamberger and
Philip in 1887.11%120 Applying Clar’s sextet rule, pyrene can be represented with two sextets
and two double bonds (Figure 2.14). The two double bond regions, termed as the K-region,

display more double bond character rather than solely aromatic bond characteristics.

Nodal plane of HOMO/LUMO (2, 7)

¢ / electrophilic reactions (1, 3, 6, 8)

4
-5-}K region (4, 5, 9, 10)

Figure. 2.14. Different reaction sites of pyrene.

The positions 1, 3, 6, and 8 in pyrene are electron-rich, making them particularly
susceptible to electrophilic substitutions. In contrast, the 2 and 7 positions, situated on the
nodal plane of HOMO-LUMO orbitals of the pyrene, are the least reactive among the all
the sites. The presence of bulky groups at 2, 7 hinder the electrophilic substitution at 1, 3,
6 and 8 positions, thereby directing the substitution towards the K-regions (Scheme 2.1).

Pyrene demonstrates remarkable photophysical attributes, with emission between 370 —
400 nm, a long fluorescence lifetime, and high fluorescence quantum yield. It can form
excimer which emits around 460 nm, displaying a red-shifted emission compared to its
monomer. These remarkable characteristics have led numerous attempts towards
integration of pyrene with larger PAHs to enhance the overall photophysical properties of
the resultant hybrid molecule. The binding capabilities of pyrene, involving n-stacking and
C—H-—n interactions, are highly regarded. These distinctive features have found widespread
applications in the non-covalent modification of various extended planar n-systems, such

as carbon nanotubes and graphene sheets.!?!123
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Pyrene embedded cove-edged NR

The selective functionalization of pyrene is challenging due to the presence of multiple
reaction sites with similar reactivity. The use of aluminum chloride as a Lewis acid in
conjunction with fert-butyl chloride, enables effective alkylation at 2 and 7 positions,

which then acts a directing agent, facilitating access to the K-region of pyrene.'?*

Bpin Bpin

[Ir(OMe)(cod)]>
dtbpy, szlnz ‘ ‘

Bpin
AICI3 BuCl

[Ir(OMe)(cod)]» B
dtbpy, B2p|n2 pin Bpln Bpln Bpin
Bpln

Scheme. 2.1. One-pot iridium catalyzed borylation of pyrene using bis(pinacolato)di-boron

by Marder et al.

The direct borylation of pyrene at positions 2 and 7 was achieved by Marder et al.,'®

in the
presence of an Iridium catalyst and bipyridyl ligand (Scheme 2.1). Subsequently, in
presence of bulky tert-butyl group the borylation selectively directs to the K-region
(Scheme 2.1).!?° Alternatively, K-region of 2,7-di-tert-butylpyrene can be directly
brominated, however purification of brominated pyrene substrates is cumbersome
involving multiple repetitive recrystallization.'?’

As previously mentioned, the cove-edged NRs, have drawn considerable attention due to
the chirality arising from the cove region, offering the potential to enhance macro chirality
in a single-handed helical conformation of NRs. Among the pyrene-incorporated NRs, fully
cove-edged hydrocarbon NRs are a rarity. In 2016, Zhao and Ba et al. attempted the bottom-
up synthesis of ladder-type cove-edged pyrene NRs (XIV) by employing successive Suzuki

coupling and Scholl cycloehydrogenation reactions using the K-region borylated pyrene

developed by Marder et al.'*’ Despite the apparent promise of the synthetic route, longer
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pyrene NRs could not be synthesized due to incomplete Scholl reactions or chlorination in

the terminal K-region.

Bu Bu Bu
X1V XV XVI
Zhao and Ba 2016 Miillen 2015 Miillen 2022

Figure. 2.15. Reported fully cove-edged pyrene nanoribbons.

Significant contributions in the development of fully cove-edged hydrocarbon NR have
been made by Miillen ef al. XV was synthesized from 11,11’-dibromo-5,5'-bischrysene by
employing Ullmann coupling followed by Scholl cyclodehydrogenation.'?® However once
again, the production of longer NRs was hindered by incomplete Scholl reactions. The
bottom-up synthesis of XVI was achieved using transition metal-catalyzed alkyne

annulation followed by Scholl cyclodehydrogenation under harsh acidic condition.'*

waggling helical

Single crystal structure Side view
Figure 2.16 DFT (0B97XD/6-31G(d,p)) calculated conformational isomers and single
crystal structure of XIV with relative total energy and population at 298 K. Hydrogen atoms

in all and fert-butyl groups in calculated structures are omitted for clarity.

Directing the cove-edged NRs to achieve a single-handed helicity presents considerable
challenges, given their tendency to adopt waggling conformation, resulting in tilted upward

and downward topologies. Based on the helicity all cove-edged NRs exhibit broadly three
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possible conformations— (a) single handed helicity (P or M), (b) double handed opposite
helicity (resembling like a butterfly structure) with no end-to-end twist (c) waggling
conformation. Moreover, the minimal energy difference between conformers makes them

prone to racemization in absence of significant external strain (or annulation of bulky

groups).

For example, the conformational stability of XIV was assessed through DFT calculations
(Figure 2.16). At room temperature, the waggling conformer of XIV prevails as the most
stable, constituting 78% of the population, while the remaining portion corresponds to the
helical conformer which is only 0.56 kcal mol™! higher in energy. These calculations were
supported by the obtained single crystal structure of XIV, revealing a waggling twist. With
no net end-to-end twist, the twist direction reverses in the middle. To control the twist and
achieve unidirectionality, opposite strain should be induced on the terminal K-regions of

XIV, which is the primary objective of this thesis.
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3. Motivation and Objective

Among the variety of nanoribbons (NRs), cove-edged NRs stand out as an important class,
as their nonplanar structure enhances solubility, offers distinctive solid-state packing, and
facilitates easy access for further tuning of electronic properties.'*® However, the synthesis
of fully cove-edged graphene NRs poses significant challenges due to the absence of
efficient synthetic strategies and precise precursor designs. The production of longer cove-
edged graphene NR has proven to be difficult, often resulting in formation of small
28

oligomers. !

134

49, 131-132 and twistacenes !> 1929133 being helically twisted m-conjugated PAHs!4,

Helicenes
present unique opportunities to explore various phenomena arising from their inherent axial
chirality and distinctive optoelectronic properties. Both classes of molecules have been
extensively studied, with various synthetic methods and structural alternations for diverse
applications. The concept in this thesis was to incorporate helicene at both ends of cove-
edged pyrene NRs to dictate the overall conformation of NR by utilizing the structural and
chiral information encoded in the [n]helicenes. Despite recent advancements in n-extended

[n]helicene embedded compounds, there are still several challenges yet to be addressed.

(i)  Obtaining sufficient quantity of enantiomerically pure n-extended helicenes.

(i1)) Conducting a systematic study on the effect of molecular symmetry on n-extended
helicenes.

(111) Ensuring high configurational stability under ambient conditions.

(iv) Controlling the conformation of helically twisted molecular ribbons.

To tackle the aforementioned challenges, this thesis is centered on bottom-up stereospecific
synthesis of nanometer-sized, helically twisted chiral NRs with well-defined structural

conformations.

(i)  Obtaining enantiopure [n]helicenes through chiral stationary phase—high performance
liquid chromatography is cumbersome and falls short in meeting the requirement of
gram quantities. As an alternative, separating enantiomers can be achieved through
routine column chromatography in gram quantities, employing a chiral auxiliary to
the racemic mixture.'*>

(i1) Despite recent advancements, a thorough investigation focused on the effect of
molecular symmetry on the functionalities of m-extended helicenes has not been

adequately addressed in the literature. To conduct a comprehensive study, pyrene is
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(iif)

(iv)

chosen as the m-extender because of its multiple reaction sites, which could be
accessed differently by varying reaction conditions, resulting in pyrene-helicene
hybrids with different molecular symmetry.

The configurational stability of [n]helicene embedded PAHs can be enhanced through
inner helix substitutions or by buttressing effect from appropriate substitutions.*®
While the conformational stability relies on locking of a specific conformation of the
PAHs through induced strain facilitated by bulkier group substitutions.

The incorporation of enantiopure [n]helicene of same helicity, with terminal K-
regions of pyrene can potentially result in three twists within the central core — helical
(P or M) and waggling. DFT-optimized geometries and calculations have revealed
that the most stable conformation involves the opposite helicity between the helicene
and the central core, whereas identical helicity results in the highest energy
conformation. TD-DFT calculations indicate that as the size of the central core
increases, the twist angle amplifies, thereby generating a highly twisted NR with an

increased dissymmetric factor (gabs and gium).
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4. Summary of the research projects

During this thesis, while working on the synthesis of the helically twisted nanoribbon, a
range of m-extended [n]helicene—pyrene molecules were developed by altering the fusion
mode of [n]helicene with pyrene, thereby resulting in PAHs of different molecular

symmetries. These molecules are classified into following three categories.

(1) Pyrene Fused [5]- and [7]Helicenes Connected via Hexagonal and Heptagonal Rings'3¢-
137

S0 O
- =00
@O‘ ‘O‘ -~ “

1 2
AG* = 39.7 kcal mol™! 46.0 kcal mol™
@ = 0.04 0.30

(2) Pyrene Bridged Double [7]Helicenes Embedded with a Heptagonal Ring!3®

C¢1 Symmetric C41 Symmetric C> Symmetric

AGT = 426 432 34.1 keal mol™
@ = 0.34 0.46 0.04

(3) Helically Twisted Nanoribbons Using [7]Helicenes as Molecular Wrench
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4.1. Pyrene Fused [5]- and [7]Helicenes Connected via Hexagonal and

Heptagonal Rings

Polycyclic aromatic hydrocarbons fused with [n]helicenes offer, in addition to intriguing
physical properties, a feature of chirality, which results in non-superimposable mirror-
image structures of these compounds that can be resolved into optically active enantiomers.
This process, however, is cumbersome, which largely restricts the availability of materials
in an optically active form and represents a great hurdle for their applications. The
stereospecific synthesis of C>- and Ci-symmetric pyrene-fused [5]helicene molecules 1 and
2 — connected via hexagonal and heptagonal rings — was achieved through a one-pot
Suzuki coupling—C—H activation and two-step Suzuki coupling—Scholl reaction,
respectively, ~ from  enantiopure  2,2'-diiodo-8,8'-dimethyl-1,1'-binaphthalene.'®
[S]helicene-pyrene hybrid molecules 1 and 2 exhibited a high barrier for the
enantiomerization due to the presence of methyl groups in the inner helix, as revealed by
kinetics measurements along with distinctive functional properties, which was attributed to
the fusing mode of [S]helicene with the pyrene and molecular symmetry. Notably, the
estimated Gibbs activation energy for enantiomerization (45.8 kcal mol™!), and the
absorption dissymmetry factor (2.3 x 10°) for 2, are one of the highest reported values for

any m-conjugated molecules incorporating the [5]helicene-moiety.

Figure 4.1. Pyrene fused [5]- and [7]helicenes. Org. Lett. 2021, 23 (4), 1339; J. Org. Chem.
2022, 87 (2), 993.

Subsequently, the substitution of [S]helicenes with the [7]helicene through a similar
stereospecific approach resulted in formation of (C>- and Ci-symmetric pyrene-fused
[7]helicene molecules 3 and 4, derived from enantiopure 3,3'-dibromo-4,4'-
biphenanthrene.'?” Similar to the observations with [5]helicene congeners, the [7]helicene-

pyrene hybrid molecules 3 and 4 exhibited high configurational stability and distinct
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functional properties, which was attributed to the fusion mode of [7]helicene with the
pyrene and molecular symmetry. In comparison to the previously studied pyrene-fused
[S]helicene congeners, the molecules featuring a [7]helicene moiety exhibited an enhanced
chiroptical response with increased brightness values for circularly polarized luminescence
(Figure 4.2 and 4.3).8° The findings provide valuable insights into the influence of
molecular symmetry on the (chir)optical properties and configurational stability of m-

extended helicenes.

Effect of methoxy group on (chir)optical properties

Bu B Q\ B
O Na, MeOH ,B J\
Br Cul, DMF 8 nBULi,THF  BPin
15 min, 135°C 15 h _78°-25°C ‘ BI’
Bf —m———————— OMe OMe O
25-32% 41 57% ,
Bu

52%1 [PA(PPh3),], K,CO3,

THF/H,0, 48h, 85 °C

64%

DDQ, MsOH é
4h,0°C “ +
-— % OMe

[PA(CH3CN)4](SbFg)a,
(5 mol%)

o-chloranil (4.0 equiv.),
By DCE, 80 °C, 4h

Na, MeOH
O Cul, DMF O
“ 15 min, 135 °C ‘
N TN oW p

79%

31%

tBu PBU

Scheme 4.1. K-region methoxylated pyrene fused [7]helicenes.

The (chir)optical parameters of [n]helicenes can be readily tuned upon suitable substitution
with electron-donating and/or -withdrawing groups along the outer helix of [n]helicene.”®
To prepare the targeted twisted ribbon (9), the synthesis of K-region functionalized
molecules of 3 and 4 was aimed for. However, attachment of two different functional
groups in pyrene proves to be quite challenging because of multiple reaction sites with
similar reactivity (Figure 2.14). Even when functional groups are added stoichiometrically,

it often leads to the formation of multiple products. However, with careful optimization and
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monitoring, the reaction can be intermittently quenched to yield the desired product in
moderate yields. A similar strategy was employed to transform 4,9-dibromo-2,7-di-tert-
butylpyrene into 4-bromo-2,7-di-tert-butyl-9-methoxypyrene, which was subsequently
boronated to generate the desired methoxylated pyrene precursor for Suzuki coupling with
3.,3'-dibromo-4,4'-biphenanthrene (Scheme 4.1). (P)-3_OMe was obtained with a 52%
yield, accompanied by 26% of the uncyclized product. The latter was then subjected to
Scholl cyclodehydrogenation, resulting in the production of (P)-4_OMe with a 64% yield.
Alternatively, (P)-3_OMe can be conveniently synthesized through a palladium catalyzed
K-region annulative n-extension (APEX) reaction using readily available 2,7-di-tert-butyl-

4-methoxypyrene and (P)-dimethylsila[7]helicene.
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Figure 4.2. UV-Vis absorption (solid) and emission (dashed) spectra of 3 (dark blue), 4
(dark pink), 3_OMe (light blue) and 4 OMe (light pink) in dichloromethane (c~10° M).

The Ci-symmetric compounds ((P)-3_OMe and (P)-4_OMe) exhibited red-shifted
absorption and emission spectra profiles compared to (P)-3 and (P)-4 (Figure 4.2). The
lowest energy transition in all four compounds consisted of a HOMO — LUMO transition,
with similar oscillator strengths of 0.14 for (P)-3 /3_OMe and 0.52 for (P)-4 / 4 OMe.
Although the time-resolved fluorescence decay was similar for (P)-3/3_OMe and (P)-4 /
4 OMe, the methoxylated compounds exhibited higher FQY (0.17 for 3_OMe, 0.46 for
4 OMe) compared to compounds without the methoxy group (0.04 for 3, 0.34 for 4). The
higher FQY is possibly due to a reduced optical energy gap and a higher radiative rate

constant.
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Figure 4.3. ECD (solid) and CPL (dashed) spectra of (a) 3 (dark blue), 4 (dark pink) and
(b) 3_OMe (light blue), 4_OMae (light pink) in dichloromethane (c~107 M).

The molecular dipole strength increased 23 times for (P)-3_OMe and 8 times for (P)-
4_OMe due to the presence of the electron-donating methoxy group in the K-region of the
pyrene. The chiroptical parameters remain quite similar for (P)-3_0OMe compared to (P)-
3; however, the CPL signal is opposite to the lowest energy CD signal. i.e, (P)-3_OMe
showed a positive CD signal in the lowest energy CD signal, while exhibiting a negative
CPL upon photoexcitation (Figure 4.3). This phenomenon can only occur when the
electronic transitions involved in absorption and emission are different.° In contrast to (P)-
3 and (P)-3_OMe, the chiroptical parameters of (P)-4_OMe are slightly higher compared

to (P)-4 due to a higher transition magnetic dipole moment.

4.2. Pyrene Bridged Double [7]Helicenes Embedded with a Heptagonal
Ring

To develop efficient circularly polarized materials with [n]helicene-embedded polycyclic
aromatic hydrocarbons, it's essential to enhance the (chir)optical responses. Previous two
studies on pyrene fused mono[#n]helicene (n =5 and 7) have illustrated that the fusing mode
and molecular symmetry can significantly influence the resultant (chir)optical
properties.'*¢137 To further consolidate this outcoming,'*¢137 a synthesis similar to the
previously reported stereospecific method was employed to prepare pyrene bridged double

[7]helicenes.
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Figure 4.4. Pyrene bridged double[7]helicenes featuring a heptagonal ring and a pyrene
fused heptagonal[7]helicene incorporating an axially chiral biphenanthrene unit. Org.

Chem. Front. 2023, 10 (15), 3714.

The one pot Suzuki coupling and partial C—H activation between 3,3’-dibromo-4,4'-
biphenanthrene'’ and 2-(2,7-di-tert-butylpyren-4-yl)-4,4,5, 5-tetramethyl-1,3,2-
dioxaborolane!?® followed by Scholl reaction produced Ci-symmetric pyrene bridged
double [7]helicenes (5).!*® The helicene units are connected via hexagonal and heptagonal
rings, merging two molecules from the previous study of pyrene fused [7]helicene (3 and
4).137 This hybrid molecule exhibited a unique combination of properties inherited from
both molecules, with particular emphasis on the characteristics of the heptagonal ring. In
line with single helicene congener, Ci-symmetric heptagon containing double helicene
exhibited higher absorption (2.7 x 10%) and emission dissymmetric factors (2.5 x 107)
along with a significant increase in FQY (0.46) as well as enhanced configurational stability
(43.2 kcal mol™). Furthermore, the compound (6) derived from only Suzuki coupling,
followed by partial Scholl reaction in presence of catalytic amount of methanesulphonic
acid (MsOH), produced a heptagonally fused [7]helicene and an axially chiral
biphenanthrene unit, which exhibited enhanced (chir)optical properties (FQY = 0.41,
dissymmetric factor ~ 3.2 x 10~*) compared to the monomer congeners (3 and 4). These
findings offer valuable insights into the influence of molecular symmetry on the

(chir)optical properties of both single and double helicenes.
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4.3. Helically Twisted Nanoribbons using [7]Helicenes as Molecular

Wrench

As mentioned earlier in the introduction section, the conformational stability of strain-
induced twistacene was improved significantly with phenyl substitution along zigzag
edges, leading to the isolation of stable conformers of twisted pentacenes. This approach
was later then applied to create twisted bay and fjord-edged nanoribbons (NRs) by
substitution of bulkier groups. Most of these NRs exhibit limited chiroptical responses due
to their moderate end-to-end twist. On the other hand, cove-edged NRs can achieve a higher
degree of twist due to their increased flexibility. However, controlling the stereoselectivity
of cove-edged NRs is challenging because of their dynamic nature, as they fluctuate
between helical and waggling conformations because of low energy barriers. In this study,
the conformation and twist of cove-edged NRs was systematically adjusted by

incorporating terminal [7]helicenes as strain-inducing tensors, effectively acting as

39

molecular wrenches to determine the overall NR conformation.!

(P, P)-T (P)-8

(P, P)-9
(M)-Helical end-to-end twist = 171°

Figure 4.5. Strain induced helically twisted nanoribbons. Chem. Sci. 2024,
10.1039/D4SCO1814A.

A palladium catalyzed double C-Si/C-H activation through stereospecific and site-
selective annulative m-extension (APEX) reaction was employed for the late stage
incorporation of enantiopure [7]helicenes at the terminal K-regions of a cove-edged pyrene
NR to produce single handed twisted NR with opposite helicity to the [7]helicene. The end-
to-end twist in (P, P)-9 is nearly twice that of (P, P)-7 and significantly higher from (P)-8,
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illustrating that the terminal [7]helicenes act as a molecular wrench in maintaining the
stereoselective twist. The helically twisted NR (9) with an end-to-end twist of 171° records
the second most twisted acene core after twisted hexacene (184°) by Kilway et al.?°
Extensive quantum chemical calculations provided insights into the energetically favored
conformers and their relative Boltzmann populations. These chiral NRs exhibited
exceptional configurational (37.7 kcal mol™! for 7) and conformational stability with a
relative population of helical NR amounting to 99.9% at room temperature. The gradual
increase in chiroptical responses from (P, P)-7 to (P, P)-9 highlights the emergence of
macro chirality resulting from the overall twist of the NR. The structural robustness of (P)-
8 and (P, P)-9 was evident from the unchanged chiroptical responses with variation of
temperature. The outlined strategy, allowing the late-stage introduction of [r]helicene units
by APEX reaction, holds promise for facilitating the synthesis of diverse cove edge NR

variants with desired conformations.
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ABSTRACT: In this paper, we describe the stereospecific synthesis and functional properties
of C,- and C,-symmetric pyrene-fused [S]helicene molecules 1 and 2 connected via hexagonal
and heptagonal rings, respectively. Both molecules showed high configurational stability and
distinct functional properties, which were attributed to the fusing mode of [S]helicene with
the pyrene and molecular symmetry. The estimated Gibbs activation energy for
enantiomerization of 2 is one of the highest reported values for any 7-conjugated molecules

incorporating [S]helicene moiety.

n the past few years, polycyclic aromatic hydrocarbons

(PAHs) fused with one or multiple [n]helicene’ units have
gained significant attention as they offer improved optical and
electronic properties compared to naked carbo[n]helicenes.”
On the other hand, the PAHs benefit from inherent helical
chirality and excellent chiroptical properties® of [n]helicenes.
Most synthetic approaches toward helicene-fused PAHs yield a
mixture of stereoisomers that are typically separated using
HPLC employing chiral stationary phase columns. This
process, however, is cumbersome and restricts the available
quantity of enantiopure compounds, hence their applicability.
The enantioselective synthesis of unfunctionalized hydro-
carbon molecules is challenging and still in the development
stage, which offers limited substrate scope.” However, the en
route key precursors used in the synthesis of helicene-fused
PAHs can be obtained in an enantiopure form either using
asymmetric catalysis or by chiral resolution using the readily
available optically active auxiliaries.” Employing the enantio-
pure starting materials and adequate synthetic method would
allow the synthesis of large helicene-fused PAHs in a
stereospecific manner with the desired stereochemistry.
Following this strategy, recently we achieved the stereospecific
synthesis of a propeller-shaped PAH (CgH,s) in gram
quantities as a single enantiomer by nickel-mediated
Yamamoto-type [2 + 2 + 2] cyclotrimerization of configura-
tionally stable (M)-9,10-dibromo([7]helicene.® Our synthetic
design took advantage of the thermodynamic stability of
stereoisomers of the product and kinetic (in)stability of
[n]helicenes.”

Herein, we show the stereospecific synthesis of pyrene-fused
[S]helicene compounds 1 and 2 via one-pot Suzuki coupling—
C—H activation and two-step Suzuki coupling—Scholl reaction,
respectively, from enantiopure 2,2'-diiodo-8,8’-dimethyl-1,1'-
binaphthalene (6). The earlier examples of pyrene-fused
[n]helicenes suffer from low configurational stability and
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limited (chir)optical properties.” The helicene—pyrene hybrid
molecules 1 and 2 showed a high barrier for the
enantiomerization process—owing to the two methyl groups
in the fjord region of [5]helicene subunit—revealed by kinetics
measurements. The functional properties of 1 and 2 were
investigated by UV—vis absorption, emission, and electronic
circular dichroism (ECD) spectroscopies as well as the cyclic
voltammetry.

Synthesis of enantiopure 1 was achieved in six steps from 8-
methylnaphthalen-2-ol (3) as depicted in Scheme 1. Oxidative
homocoupling of 3 using Cu-TMEDA catalyst yielded (+)-4
in 78% vyield” Compound 4 could be resolved into
enantiomers using (1S)-10-camphorsulfonyl chloride as a
chiral auxiliary. Esterification of 4 with (1S)-10-camphorsul-
fonyl chloride gave a diastereomeric mixture which was
separated using routine column chromatography on silica gel
followed by removal of auxiliary afforded enantiopure 4 in 78%
yield over two steps. The synthesis was continued separately
with each enantiomers of 4. The key intermediate (S)-6 (er
96:04, er = enantiomeric ratio) was obtained in two steps via
functional group transformation from hydroxyl to iodo: (i)
conversion of hydroxyl groups to amines using 2-bromopro-
pionamide in an enantioselective switchable Smiles rearrange-
ment'® and (i) diazotization—iodination'' of amines 5. The
one-pot Suzuki coupling—C—H activation'” reaction between
(S)-6 and 2-(2,7-di-tert-butylpyren-4-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane—using Pd(PPh,), and K,COj in a 3:1
THEF/H,0 mixture—took place in an enantioselective manner
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Scheme 1. Synthesis of 1 and 2

(P*1

Crystal structure of 2

“Stereospecific synthesis of 1 and 2: (a) Cu-TMEDA, DCM, 25 °C, 50 min, 78% yield; (b) (1S)-10-camphorsulfonyl chloride, DMF/
triethylamine, DMAP, 0 °C, 15 h, 91% yield of mixture of diastereomers which were separated by column chromatography; (c) (+)-diastereomer,
NaOH, THF/MeOH, 90 °C, 15 h, 86% yield; (d) (i) 2-Bromopropionamide, K,CO;, KI, DMSO, 50 °C, 12 h, (ii) KOH, 150 °C, 4 h, 81% yield;
(e) (i) Triflic acid, NaNO,, 0 °C, 50 min, (ii) KI, H,0, 25 °C, 20 min, 76% yield (er 96:04); (f) 2-(2,7-di-tert-butylpyren-4-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane, Pd(PPh,),, K,CO;, 85 °C, 20 h, solvent system 1: THF/H,0 (3:1), 59% yield of 1 (er 95:05) and 28% yield of 7, solvent
system 2: toluene/EtOH/H,0 (5:3:1), 62% yield of 7; (g) triflic acid, DDQ, DCM, 0 °C, 30 min, 86% yield (er 96:04). The M-enantiomers of 1
and 2 were synthesized from (R)-6 in comparable yields and enantiopurity. ORTEP diagram of 2. Thermal ellipsoids are shown at the 50%

probability level. Hydrogen atoms are omitted for clarity.

to give the target compound (P)-1 (er 95:05) in 59% yield as a
major product together with an uncyclized compound 7 in
28% vyield. The er of (P)-1 is similar to that of the initial
material (S)-6 indicating >99% stereoselectivity of this reaction
step. When the same reaction was performed using a different
solvent system—toluene/EtOH/H,0 (5:3:1)—exclusively 7
was formed in 62% yield. The ratios and yield of 1 and 7 were
varied depending on the reaction conditions (Table S1). The
Scholl-type oxidative cyclodehydrogenation reaction'” of 7, to
our surprise, selectively yielded compound (P)-2 (er 96:04)
with a heptagonal ring'* in 86% yield with the retention of
configuration. This is another example of an unexpected Scholl
reaction providing an intriguing product. The selective ring
closure at position 1 of pyrene during the Scholl reaction can
be attributed to the higher aromaticity of the corresponding
ring.15

The structures of 1 and 2 were confirmed with the aid of
COSY, NOESY, HMBC, and HSQC 2D NMR experiments by
unambiguous assignment of all proton and carbon resonance
signals to their respective atoms (Figure S11). Compounds 1
and 2 showed 8 and 16 resonance signals in the typical
aromatic region of 'H NMR spectrum (Figure 1b,c),
corroborating with their C,- and C;-symmetric structures,
respectively. The nucleus-independent chemical shift (NICS)
calculations were performed to gain insight into the
aromaticity of each ring and obtain the values of chemical
shift—NICS(1), values of respective rings shown in Figure
la. The experimental NMR spectrum of 1 was well reproduced
by calculations. The larger downfield shift of protons e and f is
because of the through-space interaction in the cove region
which was also supported by NOESY experiments. For both
compounds, six-membered rings showed the negative
NICS(1),, values in the range —2.43 to —30.88 ppm
corresponding to aromaticity.'® Only the heptagonal ring in
2 exhibited a positive NICS(1),, value indicating antiaroma-
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Figure 1. (a) Calculated NICS(1),, values and assignment of 'H
NMR signals. "H NMR spectrum of (b) 1 and (c) 2 in CDCl, and
CD,Cl,, respectively, recorded at 298 K.

ticity, which could also account for the upfield shift of proton
e. Additionally, the structure of 2 was confirmed by single-
crystal X-ray analysis (Scheme 1). All attempts to grow single
crystals of 1 failed; therefore, the structural features of 1 and 2
were compared using the DFT-optimized geometries. Interest-
ingly, the [S]helicene subunit of 1 (1.45 A, 28.0°) and 2 (1.4S
A, 29.1°) showed average C—C bond length and torsional twist
at the inner helix comparable to that of the 1,14-dimethyl[S]-
helicene'” congener (1.45 A, 28.1°). The main geometrical
difference between the [S]helicene units of 1 and 2 is the
distance between the carbon atom (attached to methyl groups)
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Table 1. Summary of Optical, Electrochemical and Kinetics Parameters

E“ Ana” (FL)
compd (e%/) (nm) (o 751, (ns)
1 279 471 0.04  2.60 (8.13)
2 2.80 502 030  2.83
[S]helicene® 3.54 360 0.04 255
2,7-di-tert-butylpyrene”  3.55 378 0.12

kond 1/2¢ m S
¢ _ h}R_l ox1 HOMO + 1
ke (10%s71) (107s7) V) (eV) AG?* (T) (kcal mol™")
154 (492) 369 (11.8) 0.65 —5.81 39.7 (493 K)
106 24.7 0.54 —-5.70 45.8 (503 K)
1.57 3.76 25.0 (503 K)

“Estimated from crossing of absorption and fluorescence spectra. bFluorescence band. “Rate constant for the radiative decay. “Rate constant for the
nonradiative decay. “Volt vs Fc/Fc* in DCM. “Eyonmo = —(EY2[vs Fe/Fc*] + 5.16). SReferences 3¢, 17, and 20 "Reference 8d.

in the inner helix. Owing to the saddle shape curvature of the
heptagonal ring, the distance between these two carbon atoms
was much larger in 2 (3.68 A) in comparison to 1 (3.36 A).

Typically, PAHs with a [S]helicene subunit exhibit poor
configurational stability (AG* (503 K) = ~25 kcal mol™!). Our
previous study on configurational stability of carbo[n]helicenes
suggested that the enantiomerization barrier of [S]helicenes
can be significantly improved by introducing substituents in
the inner helix.'”'® To ensure the stereostability, 1 and 2 were
subjected to kinetic measurements, following the change in ee
with time at a temperature of 493 and 503 K, respectively
(Figure SS). The influence of the methyl substituent on
configurational stability was well reflected in the estimated
AGH(T) for 1 (39.7 keal mol™") and 2 (45.8 kcal mol™'). The
latter is the highest reported value for any [S]helicene
compound and also substantially larger than that of [9]-
helicene (AG*(503 K) = 44.1 kcal mol™)."” The exceptionally
high AG*(T) for 2 was attributed to the additional steric effect
by the neighboring tert-butyl group of the pyrene unit as well
as the larger distance between the carbon atoms in the inner
helix, which may stabilize the ground-state structure to a
greater extent than the transition state structure involved in the
enantiomerization process. It should be noted that compound
1 possesses, in addition to a configurationally stable [S]-
helicene subunit, two configurationally labile [4]helicene units
which are in dynamic equilibrium at room temperature (Figure
S6)—the NMR spectrum of 1 ruled out any possibility of the
diastereomeric mixture at room temperature.

The optical properties of 1 and 2 were investigated by UV—
vis absorption and emission spectroscopy in dichloromethane
(DCM). The UV—vis absorption and fluorescence spectra of 1
and 2 showed a considerable bathochromic shift compared to
[S]helicene and 2,7-di-tert-butylpyrene (Figure 2, Table 1).
While both compounds showed distinct absorption spectra, the
optical energy gap is similar (2.79—2.80 eV) and much smaller
than that of [S]helicene (3.54 eV)®° and 2,7-di-tert-
butylpyrene (3.55 eV).*! TD-DFT calculations provided
further insights into electronic transitions (Figure S8, Table
S4). The absorption spectra of C,-symmetric 1 exhibited the
same characteristic low energy transition as for [S]helicene.
The two lowest energy transitions were accordingly, mainly
composed of HOMO — LUMO+1/HOMO-1 — LUMO
and HOMO — LUMO transition with oscillator strengths ()
of 0.01 and 0.14, respectively. Interestingly, for C,-symmetric
molecule 2, the order of these two transitions—HOMO —
LUMO and HOMO — LUMO+1/HOMO-1 — LUMO with
f = 0.40 and 0.03, respectively—was reversed. This clearly
shows the effect of molecular symmetry on the shape and
intensity of electronic transitions, which was further reflected
in their emission properties. The fluorescence spectrum of
compound 2 (5071 cm™") showed a much larger Stokes shift
compared to 1 (3706 cm™"). While the fluorescence quantum
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Figure 2. UV—vis absorption (solid line, c= ~107° M) and emission

(dashed line, excitation at 28249 cm™ for 1 and 24691 cm™ for 2, ¢ =

~107% M) spectra of 1 and 2 in DCM.

yield (FQY) of 1 (0.04) is similar to that of [5]helicene,” 2
(0.30) showed a roughly 8-fold increase. The low FQY of 1
can be attributed to the forbidden S1 state as revealed by TD-
DFT calculations and the higher rate of nonradiative decay.
The FQY of 2 is three times higher than that for the recently
reported large negatively curved nanographenes with [S]-
helicene subunit and heptagonal as well as octagonal rings,
which can be attributed to its structural rigidity.”' Time-
resolved fluorescence decay of 1 and 2 could be fitted with bi-
and monoexponential function giving the fluorescence lifetime
of 7, =2.60 ns, 7, = 8.13 ns, and 7, = 2.83 ns, respectively, both
of which are much shorter than that for [S]helicene (Table 1).
The biexponential fluorescence decay of 1 is likely due to its
dynamic structure.””

The CV of 1 and 2 in DCM revealed one and two reversible
oxidation processes, respectively. No reduction redox process
was observed in the solvent window. The first oxidation couple
for 1 and 2 occurred at half-wave potentials of 0.65 and 0.54 V,
respectively, versus Fc/Fc* as an internal standard (Figure S1).
Accordingly, the calculated HOMO energy level for 1 (—5.81
eV) is slightly lower than that for 2 (—5.70 eV).

ECD measurements were performed to assign the absolute
configuration and probe the chiroptical properties of 1 and 2.
The absolute configurations were assigned by comparing the
experimental CD spectra with TD-DFT-calculated spectra for
a P-enantiomer (Figure S9). The P/M enantiomers of both
compounds showed perfect mirror-image CD spectra with
opposite Cotton effects (Figure 3). While the lowest energy
transition for 1 showed a weak and positive Cotton effect, that
for 2 was much stronger and negative. Accordingly, the
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absorption dissymmetry factor (g,,) for 2 (2.3 X 107> at 415
nm) was slightly higher compared to 1 (1.5 X 107> at 415 nm)
(Figure S4).

In conclusion, we have demonstrated a straightforward
stereoselective synthesis of configurational stable pyrene-fused
helicene compounds 1 and 2 utilizing a one-pot Suzuki
coupling—C—H activation and two-step Suzuki coupling—
Scholl reaction, respectively, from enantiopure starting material
6. The synthesis can be easily scaled up, and enantiopure
compounds can be obtained in gram quantities. In comparison
to 1 and naked [S]helicene, 2 showed substantially higher
fluorescence quantum yields as well as exceptionally high
configurational stability. Our study revealed that the z-
extended helicene with seven-membered ring exhibit beneficial
functional properties. In our future work, we aim to synthesize
negatively curved functional chiral nanographenes incorporat-
ing seven-membered rings, which are stable toward enantio-
merization.
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ABSTRACT: In this manuscript, we portrayed a stereospecific
synthesis of C,- and C,;-symmetric pyrene-fused [7]helicene
compounds 1 and 2, respectively. Compounds 1 and 2 were
synthesized via a one-pot Suzuki coupling—C—H activation and
two-step Suzuki coupling—Scholl reaction, respectively, with
complete retention of configuration. The synthesized molecules
differ in the fusing mode of [7]helicene units with pyrene via six-
and seven-membered rings for 1 and 2, respectively. There was a
significant difference in the functional properties and enantiome-
rization barrier of both compounds because of their distinct
molecular symmetry as well as fusing mode to pyrene moiety. The
heptagon-containing molecule 2 showed remarkable photophysical
and chiroptical properties with commendable configurational
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stability compared to 1 and pristine [7]helicene as well as its [S]helicene congener.

B INTRODUCTION

Over the past decade, a number of trials have been made to
ameliorate the functional properties of [n]helicenes' by
stitching them with polycyclic aromatic hydrocarbons
(PAHs). Significant attempts were made to improve the
overall functional properties of [n]helicene-attached PAHs by
combining the chiroptical properties of [n]helicene with
photophysical properties of PAHs.” However, in the majority
of cases the synthetic route suffered from the cumbersome
separation of a stereoisomeric mixture, providing enantiopure
compounds in limited quantities. On several occasions the
configurational stabilities of these hybrid structures decreased
drastically compared to their parent [n]helicenes, which
ultimately limits further exploration.” Recent studies from
our group demonstrated that a large-scale stereospecific
synthesis of helicene-fused PAHs* and phthalocyanine’ with
appropriate stereochemistry is feasible utilizing enantiopure
starting materials with stereospecific synthetic strategies. In our
previous report, we developed pyrene-fused methyl-capped
[S]helicene compounds6 and studied their configurational
stability as well as electronic and (chir)optical properties,
which were remarkably superior to those of gristine [5]-
helicene,” [5]helicene-embedded nanographenes, 5 and other
pyrene-based helicenes.” But for practical applicability, further
improvements on functional properties are desired. Recent
investigations on [n]helicene—PAH hybrids show that higher
homologues of [n]helicenes boost the chiroptical and
electronic properties signiﬁcantly.z‘i’c’10

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications 993

Herein, we report stereospecific syntheses of pyrene-fused
[7]helicene compounds 1 and 2, connected via hexagonal and
heptagonal rings, respectively. The functional properties of 1
and 2 were thoroughly investigated by means of UV—vis
absorption, emission, electronic circular dichroism (ECD),
circularly polarized luminescence (CPL), and cyclic voltam-
metry (CV). Experimental data were supported by the
quantum-chemical calculations—with a comparison to their
[S]helicene congeners.6

B RESULTS AND DISCUSSION

The syntheses of enantiopure 1 and 2 from separate
enantiomers (R- and S-) of 4,4'-biphenanthrene-3,3'-diol (4)
(er > 99%) was accomplished as shown in Scheme 1. A chiral
separation of rac-4 was achieved with the aid of (1S)-10-
camphorsulfonyl chloride acting as a chiral auxiliary following
the known potocols."' The key precursor (S)-6 was
synthesized from (S)-4 over two steps: (i) a functional
group transformation from hydroxyl to amine using 2-
bromopropionamide in an enantioselective switchable Smiles
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Scheme 1. Stereospecific Synthesis” of (P)-1 and (P)-2
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“Stereospecific synthesis of (P)-1 and (P)-2: (a) Cu-tetramethylethylenediamine (TMEDA), DCM, 2S5 °C, 1 h, 76% yield. (b) (1S)-10-
Campbhorsulfonyl chloride, DCM/triethylamine, DMAP, 0 °C, 30 min, 86% yield of mixture of diastereomers, which were separated by column
chromatography. (c) (+)-diastereomer (er 98:02), THF/MeOH, 90 °C, 1S h, 86% yield. (d) (i) 2-Bromopropionamide, K,CO; KI,
dimethylsulfoxide (DMSO), 50 °C, 8 h, (ii) KOH, 150 °C, 4 h, 82% yield; (e) NaNO,, BrCCl,, acetic acid (AcOH), DCM/H,0 (1:1),25°C, 1 h,
78% yield; (f) n-BuLi, THF, 4 h, 72% yield, (g) Pd(PPh,),, K,CO,, THE/H,0 (3:1), 85 °C, 15 h, 87% yield (er 98:02); (h) Pd(PPh,),, K,CO,,
THF/H,0 (3:1), 85 °C, 2 h, 81% yield; (i) DDQ, Triflic acid, DCM, 0 °C, 4 h, 71% yield (er 98:02). The M enantiomers of 1 and 2 were duly
synthesized from (R)-6 with comparable yields and enantiopurity. ORTEP diagram of (P)-1. Thermal ellipsoids are shown at the 50% probability

level. Hydrogen atoms are omitted for clarity.

rearrangement'~ with a yield of 82% and (i) a Sandmeyer-type
conversion of amine to bromine with BrCCl; (78%)."” Unlike
our previous studies on [1,1’-binaphthalene]-2,2’-diamine, the
iodination of diazonium intermediates of [4,4’-biphenan-
threne]-3,3’-diamine ((S)-5) produced a mixture of over-
iodinated product at the 9 and/or 10 position. A one-pot
Suzuki coupling —C—H activation'* between (S)-6 and 2-(2,7-
di-tert-butylpyren-4-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
using [Pd(PPh;),] and K,CO; in a tetrahydrofuran (THF)/
H,O (3:1) mixture was executed in an enantioselective manner
giving (P)-1 (er 98:02) as the major product in excellent 87%
yield along with ~9% of uncyclized (R)-8. A significant
increase in the yield of cyclized (P)-1 was observed compared
to its [S]helicene congener where coupling was performed
with an iodo counterpart.” (R)-8 was also synthesized from
(S)-6—via a selective mono-debromination by lithiation with
n-BuLi and an addition of MeOH/H,O to give (R)-7—
followed by a Suzuki coupling with 2-(2,7-di-tert-butylpyren-4-
y1)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane in 58% yield over
two steps. A Scholl-type oxidative cyclodehydrogenation'® of
(R)-8 produced the intriguing (P)-2 embodied with a
heptagonal ring'® in 71% yield, while retaining the original
configuration (er 98:02). Influenced by the higher aromaticity
of the corresponding ring of pyrene, the unusual ring closure at

994

the 1 position of the pyrene moiety occurred selectively.'” The
enantiopurity of 1 and 2 (er 98:02) is similar to that of (S)-4
(er > 99%) indicating the exceptional stereospecificity of the
overall reaction scheme. The (M)-enantiomers of both the
compounds were synthesized from the corresponding (R)-6
with comparable yields and enantiopurity.

The structures of 1 and 2 were validated by an unambiguous
assignment of proton and carbon resonance signals to their
respective atoms (Figure S11) with the help of COSY,
NOESY, HMBC, and HSQC two-dimensional (2D) NMR
experiments. The C, and C, symmetry of 1 and 2 clearly
manifested from the 11 and 22 resonance signals, respectively,
present in the aromatic region of "H NMR spectrum (Figures
S12 and S18). Additionally, the structure of compound 1 was
confirmed by single-crystal X-ray diffraction (Scheme 1).
However, all the attempts to grow single crystals for 2 were
unsuccessful. Therefore, to compare the geometrical features,
the structure of both the compounds was optimized using
density functional theory (DFT) at @wB97XD/6-31G(d,p). The
main geometrical difference between these two compounds lies
at the torsional twist in the inner helix and the distance
between two terminal benzene rings. Because of the saddle-
shaped geometry of the heptagonal ring, compound 2 showed
a slightly higher torsional twist and, consequently, a longer
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distance between two terminal rings (26.5°, 4.47 A) compared
to that of 1 (23.9°, 3.77 A). The experimental NMR spectra
were in harmony with the calculations (Table S6). In both
compounds, six-membered rings showed negative NICS(1),,
values in the range between —0.8 and —30.4 ppm correlating
to their aromaticity (Table S4). The heptagonal ring in 2
showed a positive NICS(1),, value of 15.5 ppm justifying its
antiaromatic character.

To gain insights into the effect of ring fusion and -
extension on the inversion process and configurational
stability, the kinetics measurements were performed at elevated
temperatures. The configurational stability for 1 and 2 was
evaluated using the Gibbs activation energy AGH(T) for
enantiomerization. The values of AG¥*(T) of 1 and 2 were
calculated by following the decay of the enantiomeric excess
(ee) of the enantio-enriched samples at 438 K for 1 and 498 K
for 2 over time (t) by high-performance liquid chromatography
(HPLC) on a chiral stationary phase column (Supporting
Information section SS). To our surprise, compound 1 showed
a much smaller AG* (438 K) of 34.1 kcal mol™!, whereas 2
showed a slightly enhanced inversion barrier (AG* (498 K) =
42.6 kcal mol™") compared to that of [7]helicene (AG* (300
K) = 41.2 kcal mol™)."” The high configurational stability of 2
can be attributed to the additional steric effect from the
neighboring tert-butyl group of the pyrene unit and the
inclusion of a seven-membered ring instead of the typical six-
membered ring. As per our previous studies on [$]helicenes,”’
the configurational stability for both 1 and 2 can be further
improved by the introduction of suitable substituents in the
inner helix. In addition to configurationally stable [7]helicene
subunit, (P)-1 also possesses two configurationally labile
[4]helicenes that lead to three possible diastereomers (Figure
S6). In the solution, all three diastereomers likely coexist in a
dynamic equilibrium at room temperature, as any possibility of
a diastereomeric mixture has been excluded by the 'H NMR
spectra as well as a chiral stationary-phase HPLC (Figure S4b).
Concomitant with single-crystal X-ray structure, the DFT
calculation showed that, among the three possible diaster-
eomers, the one with the opposite helicity for [7]- and
[4]helicene subunits is thermodynamically the most stable
isomer. The bulky tert-butyl group in the bay region of
compound 2 may also lead to another possible diastereomer
(Figure S7). However, for steric reasons, it is unlikely that this
diastereomer is formed during the reaction, which is 25.8 kcal/
mol higher in energy.

The photophysical properties of 1 and 2 were investigated
by UV—vis absorption and emission spectroscopy in dichloro-
methane (DCM) (Figure la). Both UV—vis absorption and
fluorescence spectra for 1 and 2 showed considerable
bathochromic shifts compared to [7]helicene and 2,7-di-tert-
butylpyrene. Spectroscopic profiles are identical to those of a
[S]helicene congener6 with an enhanced magnitude of molar
extinction coefficients, which can be attributed to the extended
7-conjugation. On the one hand, irrespective of their distinct
absorption spectral features, both 1 and 2 showed similar
optical energy gaps (2.83—2.85 eV), which are slightly higher
than those of their [S]helicene congeners (2.79—2.80 eV).° On
the other hand, the energy gap is much lower compared to
[7]helicene (3.06 ¢V)”*" and 2,7-di-tert-butylpyrene (3.55
eV).”> Time-dependent (TD) DFT calculations provided
further insights into electronic transitions. Irrespective of
their different symmetry, both 1 and 2 showed similar
characteristic low-energy transitions, mainly composed of
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Figure 1. (a) UV—Vis absorption (solid line) and emission (dashed
line) spectra (excited at 29 152 cm™ for 1 and at 24 876 cm™" for 2)
of 1 and 2 in DCM (¢ = 1075 M). (b) Time-resolved fluorescence
decay (excited at 24154 cm™') of 1 and 2 in DCM. (inset)
Monoexponential fitting residuals of 1 and 2.

highest occupied molecular orbital (HOMO) — lowest
unoccupied molecular orbital (LUMO) and HOMO -
LUMO+1/HOMO—-1 — LUMO transitions with oscillator
strengths (f) of 0.14 and 0.27 for 1 and 0.57 and 0.02 for 2,
respectively (Figure S8, Table S3a). In addition to this,
HOMO — LUMO+2/HOMO-2 — LUMO transitions also
have a major contribution with oscillator strengths (f) of 0.83
in the case of 1. The lowest energy transition in both 1 and 2
differ from that of [7]helicene, where it is mainly composed of
HOMO —» LUMO+1/HOMO—-1 —» LUMO and HOMO-2
— LUMO transitions.” Both the compounds appeared to be
emissive in solution as well as solid state (Figures la and S2).
In DCM, 1 and 2 exhibited distinct emission profiles with large
Stokes shifts. The fluorescence spectrum of 2 (4509 cm™)
showed an almost double Stokes shift than that of 1 (2476
cm™') indicating a much higher structural relaxation in the
excited state of 2 due to the nonplanar heptagonal ring.

To understand the excited-state dynamics, the time-resolved
fluorescence decay of 1 and 2 was measured in DCM using a
pulsed laser light (excited at 24 154 cm™") (Figure 1b). Decay
curves of 1 and 2 were well-fitted with the monoexponential
function giving lifetimes of 5.76 and 2.31 ns, respectively, both
of which are much shorter than that of [7]helicene (13.8 ns).
While the fluorescence quantum yield (FQY) for 1 (4%) is
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Table 1. Summary of Optical and Electrochemical and Kinetics Parameters of 1, 2, and [7]Helicene

compound E %V ®y g, ns kFL,b 10° 57! ke, 107 57!
1 2.83 0.04 5.76 6.94 16.67
2 2.85 0.34 2.31 147.18 28.57
[7]helicene” 3.06 002 138 1.45 7.10
2,7—di—tert—butylpyrenek 3.55 0.12

gabs,d 107 gy 107 E2'V  Eyomol eV AGH (T), keal mol™

2.64—7.47 127 0.56 -572 34.1 (438 K)

2.95-7.96 2.64 0.41 -5.57 42.6 (498 K)
-5.36' 412 (298 KY

“Estimated from a crossing of absorption and fluorescence spectra. PRate constant for the radiative decay. “Rate constant for the nonradiative
decay. dWavelength range from 250 to 450 nm. “Wavelength range from 450 to 600 nm.*Volts vs F¢/Fc* in DCM. ®Eyopo = —(El/z[vs Fc/Fc'] +

5.16). "Refs 7 and 21. "Ref 25. /Ref 19. *Ref 9c.

‘ox1

twice that of [7]helicene (2%), 2 showed a 17-fold increase
(34%).”" The very high FQY of 2 compared to that of 1 can be
explained because of a larger oscillator strength for S5 — S
transition and a much higher radiative rate constant (Table 1).
The fluorescence quantum yield for 2 is among one of the
highest reported for [7]helicene-embedded nanographen-
es.”>® Fluorescence measurements in the solid state are
largely dependent on the texture of the compound, which
reasonably affects the quantum yield. As compared to solution,
crystalline 1 retained the fluorescence quantum yield (3%), but
powdery 2 suffered a nearly fourfold aggregation caused by
fluorescence quenching (9%).%*

The redox properties of compounds 1 and 2 were evaluated
by means of cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) in dichloromethane (Figure S1). The CV
plot showed one and two (quasi)reversible oxidation processes
for 1 and 2, respectively. The first oxidation couples for 1 and
2 were observed at 0.56 and 0.41 V, respectively, with Fc/Fc*
as an internal reference. Correspondingly, the estimated
HOMO energy for 1 (—5.72 eV) is lower than that of 2
(—5.57 eV). The trend is duly followed from their [S]helicene
congeners with marginally reduced HOMO energy.

Furthermore, chiroptical properties were investigated by
ECD and CPL measurements. An absolute configuration for
enantiomers of 1 and 2 was assigned with the aid of TD-DFT
calculated CD spectra for the P enantiomer (Figure S9). The P
and M enantiomers for both 1 and 2 showed complementary
mirror image CD spectra with opposite Cotton effects in the
UV—vis region (Figure 2a). The Cotton effect of the lowest
energy transition differs in both compounds; while 1 showed a
weak and positive Cotton effect, 2 showed relatively larger and
negative Cotton effect. A similar trend was also observed in our
previous studies with [S]helicene congeners; however, as
anticipated the CD signals are significantly enhanced by
replacing the [S]helicene with the [7]helicene substructure.
The absorption dissymmetry factor (g,,) increased consid-
erably from the [S] to [7]helicene congener for 1 (2.5 X 1073
at 421 nm) and 2 (2.7 X 1073 at 402 nm) (Figure 2b). Both 1
and 2 showed good CPL responses, as P and M enantiomers
showed complementary mirror images, which are in accord
with corresponding CD signals (Figure 2a). The luminescence
dissymmetry factor (g,) for 2 (2.6 X 107> at 490 nm) is
slightly higher than that of 1 (1.3 X 107> at 471 nm) (Figure
2b), while both of their [S]helicene counterparts exhibit a
similar g, (2.1X 1073) (Figure S3b). The gm/gus Value as a
measure of the excited-state relaxation for 1 (0.53) closely
resembles the linearly fitted regression value of 0.61 for
helicenes and helicenoids,”® while for 2 it is significantly higher
and close to unity (0.94), corroborating its structural rigidity””
and making it a strong contender for further exploration. In
order to quantify the efficiency of a CPL emitter, recently Bari
et al. coined the term “Brightness of CPL” following the
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Figure 2. (a) Electronic CD spectra (250—450 nm) and CPL spectra
(450—600 nm) of P and M enantiomers of 1 and 2 in DCM at 25 °C
(c # 107 M). (b) Absorption dissymmetry factor (gy,) (250—450
nm) and luminescence dissymmetry factor (g,,) (450—600 nm) of 1
and 2.

principle of fluorescence brightness, which is defined as
product of molar extinction coefficient (¢) and quantum
efficiency (¢) with emission dissymmetry factor (gy,)>*
glum
By = €=

The calculated CPL brightness for compound 1 is 0.28 M
cm™', whereas 2 showed a much higher brightness (9.21 M~
cm™") that was nearly twice that of its [5]helicene congener.
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The latter is one of the highest reported CPL brightnesses
compared to homologues [7]helicene compounds.*®

B CONCLUSION

In conclusion, a straightforward stereospecific pathway has
been shown for pyrene-fused [7]helicene compounds 1 and 2
with a fully retained enantiomeric excess. On the basis of
symmetry and fusion mode to pyrene, both compounds
showed distinct functional properties, while the heptagon-
fused compound 2 stands out with enhanced (chir)optical
properties and configurational stability. Moreover the CPL
brightness for 2 is significantly enhanced compared to that of
the [S]helicene congener. In the future, we aim to achieve the
stereospecific synthesis of pyrene-bridged manifold helicenes
incorporating multiple heptagonal rings with further improved
photophysical and chiroptical properties.

B EXPERIMENTAL PROCEDURES

General Information. All chemicals and solvents were purchased
from commercial sources and were used without further purification
unless stated otherwise. Compounds 4—6 were prepared with a slight
modification of the literature procedure,""* while 2-(2,7-di-tert-
butylpyren-4-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was synthe-
sized according to known literature protocols.”® The reactions and
experiments sensitive to dioxygen were performed using Schlenk
techniques and with nitrogen-saturated solvents. All the glassware and
NMR tubes prior to use for experiments were dried in an oven at 80
°C for 12 h.

NMR Spectroscopy. The NMR experiments were performed at
298 K on NMR spectrometers operating at 400 MHz proton and 101
MHz BC frequencies. Standard pulse sequences were used, and the
data were processed using twofold zero-filling in the indirect
dimension for all 2D experiments. Chemical shifts () are reported
in parts per million relative to the solvent residual peak ('H and '*C
NMR, respectively): CDCl; (8 = 7.26 and 77.2 ppm), and ] values are
given in hertz. Structural assignments for compounds 1 and 2 were
made with additional information from gCOSY, gNOESY, gHSQC,
and gHMBC experiments.

High-Resolution Mass Spectrometry. The electrospray ioniza-
tion high-resolution mass spectrometry (ESI-HRMS) and atmos-
pheric pressure chemical ionization (APCI-HRMS) were measured
on a Bruker micrOTOF, while the matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) HRMS spectra were
measured on Bruker ultrafleXtreme. trans-2-[3-(4-tert-Butylphenyl)-
2-methyl-2-propenylidene]malononitrile (DCTB) dissolved in
chloroform was used as supporting matrix in the MALDI-TOF-
HRMS measurement.

UV-Vis and Fluorescence Spectroscopy. UV—Vis spectra
were measured on a JASCO V-670 spectrometer, while emission
spectra were measured on an Edinburgh FLS 980 photoluminescence
spectrometer. The fluorescence lifetimes were measured in DCM
using a 418.6 nm pulsed laser diode with a pulse frequency of 1/50 ns.
The fluorescence quantum yields were measured in DCM using the
same spectrometer with a 450 W xenon arc lamp as the light source
and a calibrated integrating sphere. The solid-state fluorescence
quantum yield was measured with a Hamamatsu Absolute PL
Quantum Yield Measurement System CC9920—02 upon excitation at
350 and 400 nm. The system is composed of a 150 W continuous
wave (CW) xenon lamp as the excitation source, a monochromator
(250—700 nm, full width at half-maximum (fwhm) 10 nm), an
integrating sphere, and a multichannel spectrometer capable of
simultaneously measuring multiple wavelengths between 300 and 950
nm.
CPL and CD Spectroscopy. CPL and CD spectra were recorded
with a customized JASCO CPL-300/J-1500 hybrid spectrometer.

Cyclic Voltammetry. Cyclic voltammetry experiments were
performed in DCM with 0.1 M [Bu,N][PF] as the supporting
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electrolyte using a Gamry Instruments Reference 600 potentiostat. A
standard three-electrode cell configuration was employed using a
platinum disk working electrode, a platinum wire counter electrode,
and Ag/AgCl serving as the reference electrode. The redox potentials
were referenced to the ferrocene (Fc)/ferrocenium (Fc*) redox
couple.

Single-Crystal X-ray Crystallography. The crystal data of 1
were collected on a Rigaku XtaLAB Synergy-S diffractometer with an
Hybrid Pixel Array Detectors (HPAD) and multilayer mirror
monochromatic Cu Ka radiation. The structure was solved using an
intrinsic phasing method,®’ refined with the ShelXL program,g’2 and
expanded using Fourier techniques. All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were included in structure
factors calculations. All hydrogen atoms were assigned to idealized
geometric positions. The geometry of solvent molecules (hexane) was
constrained using restraints on 1—2 and 1-3 distances. The
displacement parameters of atoms in disordered residues were
restrained to the same value with similarity restraint. Solvent
molecules were refined isotropically.

Crystal data for 1: CsHgy, M, = 751.01, orange needle, 0.338 X
0.040 X 0.029 mm?® space group C2/c, a = 21.9510(2) A, b =
21.30729(17) A, ¢ = 18.62947(18) A, a = 90°, f = 108.5271(10)°, y
=90° V = 8261.74(14) A’, Z = 8, p_yeq = 1.208 g-em ™, p = 0.508
mm™!, F(000) = 3216, T = 100.01(10) K, R, = 0.0670, wR, = 0.1550,
8923 independent reflections [260 < 160.498°] and $54 parameters.

Quantum-Chemical Calculations. DFT calculations were
performed using the Gaussian 16 suite.”> Geometries were optimized
using the @B97XD functional and the 6-31G(d,p) basis set in the gas
phase. A frequency analysis was performed to verify the stationary-
state geometry. In all cases no imaginary frequency was found. TD-
DFT calculations were performed on ®wB97XD/6-31G(d,p) opti-
mized geometries at the B3LYP/6-31g(d,p) level. The effect of the
solvent was accounted for using the polarizable continuum model
(PCM) (with dichloromethane as the solvent).

Synthesis. 16,21-Di-tert-butylbenzo[a]lnaphtho[8,1,2-jkl]-
phenanthro(3,4-s]picene ((P)-1). In a Schlenk tube (S)-6 (88.0 mg,
0.20 mmol, 1.0 equiv) and 2-(2,7-di-tert-butylpyren-4-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (89.5 mg, 0.20 mmol, 1.0 equiv)
were dissolved in THF (3 mL); K,CO; (112.3 mg, 0.81 mmol, 4.0
equiv) was dissolved in water (1 mL), and both solutions were
degassed for 10 min separately and mixed together. To this mixture
Pd(PPh,), (15.5 mg, 0.015 mmol, 7.5 mol %) was added under a
nitrogen flow and degassed again for 10 min. The reaction flask was
then sealed and heated at 85 °C for 15 h in an oil bath. The reaction
was quenched by adding water and extracted with ethyl acetate, dried
over anhydrous sodium sulfate. The solvent was evaporated under
reduced pressure using a rotary evaporator, and the crude product was
purified by column chromatography on silica gel using 1% ethyl
acetate in petroleum ether to yield 99.4 mg (87%) as a green
fluorescent crystalline solid (P)-1. Melting point 391—394 °C. er
98:02. Together with (P)-1, ~9% of (R)-8 was also isolated in the
above reaction as a side product. '"H NMR (400 MHz, CDCl,, 25
°C): § [ppm] = 9.30 (d, ] = 1.7 Hz, 2H), 9.09 (d, J = 8.6 Hz, 2H),
8.28 (d, J = 1.7 Hz, 2H), 8.16—8.14 (m, 4H), 7.77 (d, ] = 8.5 Hz,
2H), 7.52 (d, ] = 8.4 Hz, 2H), 7.36 (d, ] = 8.4 Hz, 4H), 6.99 (t, ] = 7.9
Hz, 2H), 6.57 (t, ] = 8.4 Hz, 2H), 1.73 (s, 18H). BC{*H}NMR (101
MHz, CDCl, 25 °C): § [ppm] = 148.3, 132.1, 131.1, 131.1, 129.6,
129.5, 128.8, 128.7, 128.1, 127.7, 127.7, 126.9, 125.8, 125.6, 125.2,
125.1, 125.0, 124.9, 123.7, 123.5, 122.1, 35.7, 32.1. HRMS (MALDI-
TOF): m/z: [M] Calcd for [Cs,H,o] 664.3130; Found 664.3116.

9,14-Di-tert-butyldiphenanthro[3',4'":4,5;4'',3"":6,7]cyclohepta-
[1,2,3-cd]pyrene ((P)-2). In a Schlenk tube (R)-8 (50.0 mg, 0.075
mmol, 1.0 equiv) was dissolved in dry DCM and stirred at 0 °C for 10
min. The solution was added dropwise to a flask containing 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (17.1 mg, 0.07S
mmol, 1.0 equiv) and stirred at 0 °C for 20 min followed by an
addition of triflic acid (7.95 uL, 8.90 umol, 12 mol %). The reaction
mixture continued to stir at 0 °C for 4 h under a nitrogen atmosphere.
The reaction was quenched by a saturated NaHCO; solution; the
organic layer was extracted with DCM and dried over anhydrous
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sodium sulfate. The solvent was evaporated under reduced pressure
using a rotary evaporator, and the crude product was purified by
column chromatography on silica gel using 1% ethyl acetate in
petroleum ether to yield 35.4 mg (71%) as the green fluorescent solid
of (P)-2. Melting point 258—260 °C. er 98:02. 'H NMR (400 MHz,
CDCl,, 25 °C): & [ppm] = 8.58 (s, 1H), 8.39 (s, 1H), 8.25 (d, ] = 1.7
Hz, 1H), 8.16 (d, J = 1.8 Hz, 1H), 8.03—8.01 (m, 2H), 7.98—7.96 (m,
1H), 7.74—7.66 (m, 3H), 7.53 (d, J = 8.7 Hz, 1H), 7.48 (d, ] = 8.6
Hz, 1H), 7.44 (dd, ] = 8.2, 1.4 Hz, 1H), 7.41-7.34 (m, 2H), 7.11—
7.06 (m, 2H), 7.01 (t, ] = 6.8 Hz, 1H), 6.96 (d, ] = 8.3 Hz, 1H),
6.66—6.59 (m, 2H), 6.43 (d, ] = 8.4 Hz, 1H), 1.67 (s, 9H), 1.57 (s,
9H). *C{'H} NMR (101 MHz, CDCl,, 25 °C): § [ppm] = 149.2,
148.5, 144.0, 143.7, 140.0, 137.1, 136.5, 134.3, 134.1, 133.9, 133.6,
1329, 1329, 132.5, 132.3, 131.9, 131.2, 130.9, 130.7, 130.6, 130.3,
130.0, 129.1, 129.1, 128.2, 127.9, 127.7, 127.7, 127.5, 127.3, 127.2,
1272, 127.1, 126.8, 126.6, 126.1, 125.7, 1254, 124.3, 1242, 123.1,
122.9, 121.9, 121.6, 38.0, 35.3, 35.2, 32.0. HRMS (MALDI-TOF): m/
z: [M] Calcd for [Cg,H,o) 664.3130; Found 664.3128.

rac-[4,4'-Biphenanthrene]-3,3'-diol ((+)-4). 3 (500 mg, 2.6
mmol) was dissolved in dry DCM (8 mL), and then Cu-TMEDA
(59 mg, 5.0 mol %) was added in portions over 10 min to the flask.
The reaction mixture was then stirred for 50 min at 25 °C and
quenched by 1 M HCl followed by an extraction with 25 mL of DCM.
The organic layer was dried over anhydrous sodium sulfate, and the
solvent was removed under reduced pressure using a rotary
evaporator. The crude product was purified by column chromatog-
raphy on silica gel using 15% ethyl acetate in petrol ether to yield 378
mg (76%) of (+£)-4 as a white solid. Melting point 124—126 °C. 'H
NMR (400 MHz, CDCl,, 25 °C): & [ppm] = 5 8.09 (d, J = 8.7 H,
2H), 8.03 (d, J = 8.7 Hz, 2H), 7.84 (t, ] = 8.2 Hz, 4H), 7.74 (d, ] = 8.7
Hz, 2H), 7.45 (d, ] = 8.6 Hz, 2H), 7.40 (m, 2H), 6.95 (m, 2H), 5.03
(s, 2H). *C{"H} NMR (101 MHz, CDCl,, 25 °C): § [ppm] = 153.0,
133.9, 132.5, 130.1, 129.8, 129.1, 128.9, 127.7, 127.0, 126.5, 126.3,
125.1, 117.7, 116.6. HRMS (ESI): m/z: [M—H]~ Calcd for
[C,sH,,0,] 385.1234; Found 385.1246.

rac-[4,4'-Biphenanthrene]-3,3'-dicamphorsulfonicester. rac-4
(12.0 g 31.1 mmol, 1.0 equiv) was dissolved in dry DCM (200
mL) and triethylamine (20 mL, 140 mmol, 4.5 equiv) followed by an
addition of 4-dimethylaminopyridine (DMAP) (2.28 g, 18.7 mmol,
0.6 equiv). The reaction mixture was then stirred at 0 °C for 30 min.
(1S)-(+)-10-Camphorsulfonyl chloride (27.3 g, 108 mmol, 3.5 equiv)
was dissolved in 45 mL of dry DCM at 0 °C and added to the reaction
mixture dropwise. The reaction mixture was stirred at 0 °C for 20 min
and then warmed to 25 °C and stirred for 15 h. The reaction was
quenched with water, and the product was extracted with DCM and
dried over anhydrous sodium sulfate. The solvent was removed under
reduced pressure using a rotary evaporator. The crude product was
purified by column chromatography on silica gel using 0.5% ethyl
acetate in DCM to isolate both diastereomers separately. Yield: 21.7 g
(86%) (9.5 g of P and 12.2 g of M) as a white crystalline solid. er
98:02. Melting point 129—131 °C. 'H NMR (400 MHz, CDCl,, 25
°C): 6 [ppm] = 8.11 (d, ] = 8.6 Hz, 1H), 8.06 (d, ] = 8.7 Hz, 1H),
7.92-7.86 (m, 3H), 7.72 (d, ] = 8.7 Hz, 1H), 7.46 (t, ] = 7.9 Hz, 1H),
7.02 (t, ] = 7.9 Hz, 1H), 2.42 (d, ] = 14.8 Hz, 1H), 2.27-2.20 (m,
1H), 2.02—1.93 (m, 2H), 1.89 (d, J = 14.8 Hz, 1H), 1.78 (d, ] = 18.4
Hz, 1H), 1.32—1.17 (m, 3H), 0.82 (s, 3H), 0.63 (s, 3H). BC{'H}
NMR (101 MHz, CDCly, 25 °C): § [ppm] = 213.5, 145.7, 133.5,
131.8, 1312, 130.8, 130.6, 129.0, 128.7, 127.4, 127.3, 126.8, 126.7,
125.8, 121.5, 57.6, 48.2, 47.8, 42.8, 42.4, 26.9, 24.6, 19.5, 19.4. HRMS
(ESD): m/z: [M + Na*] Calcd for [C,gH,c04S,Na] 837.2501; Found
837.2526.

(S)-[4,4'-Biphenanthrene]-3,3'-diol ((S)-4). (S)-[4,4’-Biphenan-
threne]-3,3'-dicamphorsulfonicester (2.0 g, 2.7 mmol) was dissolved
in THF (40 mL), MeOH (20 mL), and 5 M NaOH (20 mL) and
refluxed at 90 °C in an oil bath for 15 h. Then 1 M hydrochloric acid
was added to the reaction mixture until it was acidic (pH 3—4). The
reaction mixture was then concentrated by evaporating methanol
under reduced pressure using a rotary evaporator, and the product
was extracted with DCM, dried over anhydrous sodium sulfate. The
solvent was then removed under reduced pressure, and the crude
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product was purified by column chromatography on silica gel using
5% ethyl acetate in petroleum ether to yield 1.08 g (86%) of (S)-4 as
white crystalline solid. er 99:01. Melting point 124—126 °C. '"H NMR
(400 MHz, CDCl,, 25 °C): 6 [ppm] = 8.09 (d, J = 8.7 Hz, 2H), 8.03
(d, ] =8.7 Hz, 2H), 7.84 (t, ] = 8.2 Hz, 4H), 7.74 (d, ] = 8.7 Hz, 2H),
7.45 (d, J = 8.6 Hz, 2H), 7.40 (m, 2H), 6.95 (m, 2H), 5.03 (s, 2H).
BC{'H} NMR (101 MHz, CDCl,, 25 °C): § [ppm] = 153.0, 133.9,
132.5, 130.1, 129.8, 129.1, 128.9, 127.7, 127.0, 126.5, 126.3, 125.1,
117.7, 116.6. HRMS (ESI): m/z: [M—H]~ Calcd for [C,sH;,0,]
385.1234; Found 385.1246

(S)-[4,4'-Biphenanthrene]-3,3'-diamine ((S)-5). K,CO; (1.07 g
7.7 mmol, 3.0 equiv) and 2-bromopropionamide (1.18 g, 7.7 mmol,
3.0 equiv) were dissolved in DMSO (5 mL) and stirred for 20 min at
25 °C. KI (42.9 mg, 0.25 mmol, 0.1 equiv) was added to the solution
and stirred for 10 min. (S)-4 (1.0 g, 2.59 mmol, 1.0 equiv) was added
to the reaction mixture, which was stirred for 8 h at 55 °C in an oil
bath. Once all the starting material was consumed, as confirmed by
thin-layer chromatography (TLC), KOH (1.74 g, 31.0S mmol, 12
equiv) was added to the reaction mixture and heated at 150 °C for 4 h
in an oil bath. The reaction was then quenched with water and
extracted with ethyl acetate. The solvent was removed under reduced
pressure using a rotary evaporator, and the crude product was purified
by column chromatography on silica gel using 40% ethyl acetate in
petroleum ether to yield 816 mg (82%) as an off-white solid (S)-5.
Melting point 111—-113 °C. '"H NMR (400 MHz, CDCL, 25 °C): §
[ppm] = 8.24 (d, ] = 8.7 Hz, 2H), 7.89 (d, ] = 8.5 Hz, 2H), 7.78 (d, ]
= 8.8 Hz, 4H), 7.60 (d, ] = 8.7 Hz, 2H), 7.35 (t, ] = 7.3 Hz, 2H), 7.16
(d, ] = 8.4 Hz, 2H), 6.92 (t, ] = 7.8 Hz, 2H), 3.56 (s, 4H). The broad
amine peak can be seen around 3.56 ppm. “C{'H} NMR (101 MHz,
CDCl,, 25 °C): § [ppm] = 143.2, 133.9, 130.8, 130.7, 130.1, 128.5,
128.1, 127.9, 126.5, 125.9, 125.4, 124.6, 119.3, 118.1. HRMS (ESI):
m/z: [M + Na*] Calcd for [CpsH,(N,Na] 407.1519; Found 407.1541.

3,3'-Dibromo-4,4'-biphenanthrene ((S)-6). (S)-5 (1.0 g 2.6
mmol, 1.0 equiv) and NaNO, (1.8 g, 26.0 mmol, 10.0 equiv) were
dissolved in dry DCM (8 mL) followed by the dropwise addition of
BrCCl, (1.2 mL, 10.4 mmol, 4.0 equiv). Eight milliliters of H,O was
added to the reaction mixture and stirred at 25 °C for S min. Then
glacial AcOH (2.9 mL, 52.1 mmol, 20.0 equiv) was added and stirred
at 25 °C for 1 h. The reaction was quenched by adding a sodium
thiosulfate solution, and the organic layer was extracted with DCM.
The solvent was removed under reduced pressure using a rotary
evaporator, and the crude product was purified by column
chromatography on silica gel using 1% ethyl acetate in petroleum
ether to yield 1.04 g (78%) of (S)-6 as a white powder. Melting point
191-193 °C. 'H NMR (400 MHz, CDCl,, 25 °C): 8 [ppm] = 7.98—
7.93 (m, 4H), 7.89—7.82 (m, 6H), 7.79 (d, ] = 8.7 Hz, 2H), 7.39 (t, ]
= 8.7 Hz, 2H), 6.93 (t, ] = 8.7 Hz, 2H). *C{'H} NMR (101 MHz,
CDCl,, 25 °C): § [ppm] = 141.3, 133.5, 133.2, 132.0, 131.4, 130.7,
130.3, 129.0, 128.8, 127.5, 126.9, 126.7, 125.8, 124.9. HRMS (APCI):
m/z: [M + H*] Calcd for [CygH,,Br,] 510.9697; Found 510.9670.

3-Dibromo-4,4'-biphenanthrene ((R)-7). (S)-6 (280 mg, 0.55
mmol, 1.0 equiv) was dissolved in dry THF (20 mL), degassed, and
stirred at —78 °C for 1 h. n-BuLi (0.22 mL, 2.5 M in hexane, 1.0
equiv) was added dropwise, and the reaction mixture was stirred for 4
h at —78 °C. Once the lithiated product formation was confirmed by
TLC, the reaction was quenched with a methanol (MeOH) and water
mixture and warmed to 25 °C. The organic layer was extracted with
ethyl acetate, and the solvent was removed under reduced pressure
using a rotary evaporator. The crude product was purified by column
chromatography on silica gel using 1% ethyl acetate in petroleum
ether to yield 170 mg (72%) of (R)-7 as a white powder. Melting
point 113—115 °C. '"H NMR (400 MHz, CDCl,, 25 °C): § [ppm] =
8.09—8.03 (m, 2H), 7.95—7.80 (m, 8H), 7.76 (d, ] = 8.8 Hz, 1H),
7.63 (t, ] = 8.0 Hz, 1H), 7.43 (t, ] = 8.0 Hz, 1H), 7.35 (t, ] = 8.0 Hz,
1H), 7.16 (d, J = 8.7 Hz, 1H), 7.06—7.01 (m, 1H), 6.90—6.84 (m,
1H). BC{'H} NMR (101 MHz, CDCl,, 25 °C): § [ppm] = 142.5,
1417, 133.9, 133.8, 133.4, 133.1, 131.4, 130.9, 130.8, 130.4, 129.8,
129.8, 129.5, 128.8, 128.7, 128.7, 128.1, 128.0, 127.8, 127.3, 126.6,
126.5, 126.1, 125.4, 125.2. HRMS (APCI): m/z: [M + H*] Caled for
[C,sH 4Br] 433.0599; Found 433.0592.
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4-([4,4'-Biphenanthren]-3-yl)-2,7-di-tert-butylpyrene ((R)-8). In a
Schlenk tube (R)-7 (120.0 mg, 0.28 mmol, 1.0 equiv) and 2-(2,7-di-
tert-butylpyren-4-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (122.0
mg, 0.028 mmol, 1.0 equiv) were dissolved in dry THF (3 mL);
K,CO; (153.1 mg, 1.11 mmol, 4 equiv) was dissolved in water (1
mL), and both solutions were degassed for 10 min separately and
mixed together. To this mixture Pd(PPh,), (24.0 mg, 0.02 mmol, 7.5
mol %) was added under a nitrogen flow and degassed again for 10
min. The reaction flask was then sealed and heated at 85 °C for 2 h in
an oil bath. The reaction was quenched by adding water, and the
organic layer was extracted with ethyl acetate, dried over anhydrous
sodium sulfate. The solvent was evaporated under reduced pressure
using a rotary evaporator, and the crude product was purified by
column chromatography on silica gel using 1% ethyl acetate in
petroleum ether to yield 149.8 mg (81%) as a clear white oil of (R)-8.
Melting point 164—166 °C. '"H NMR (400 MHz, CDCl,, 25 °C): §
[ppm] = 8.47 (d, ] = 8.5 Hz, 1H), 8.27 (d, ] = 8.3 Hz, 1H), 8.17 (d, ]
= 8.1 Hz, 1H), 8.06 (d, ] = 8.9 Hz, 1H), 7.98—7.91 (m, 4H), 7.84—
7.78 (m, 3H), 7.68 (d, ] = 8.0 Hz, 1H), 7.58 (t, ] = 7.9 Hz, 1H), 7.41
(t, ] = 8.0 Hz, 1H), 7.36 (d, ] = 1.8 Hz, 1H), 7.23 (t, ] = 8.5 Hz, 1H),
7.17-7.11 (m, 2H), 7.06=7.04 (m, 2H), 6.98 (d, ] = 8.9 Hz, 1H),
6.93 (t,] = 8.6 Hz, 1H), 6.79 (t, ] = 7.6 Hz, 1H), 6.67 (s, 1H), 1.47 (s,
9H), 1.34 (s, 9H). C{'H} NMR (101 MHz, CDCl,, 25 °C): 6
[ppm] = 147.9, 147.2, 142.1, 140.2, 139.3, 137.4, 134.1, 134.0, 133.3,
1327, 131.8, 131.3, 130.4, 130.3, 130.3, 130.1, 130.0, 129.9, 129.2,
129.2, 128.8, 128.5, 1284, 1282, 128.1, 128.0, 127.8, 127.7, 127.3,
127.3, 127.1, 126.9, 126.6, 126.3, 126.2, 126.0, 125.9, 125.5, 123.7,
122.1, 122.0, 121.8, 121.4, 121.2, 121.1, 32.0, 31.9. HRMS (MALDI-
TOF): m/z: [M] Calcd for [Cs,H,,] 666.3287; Found 666.3352.
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Pyrene bridged double[7]helicene embedded with
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To utilize [nlhelicene-embedded polycyclic aromatic hydrocarbons in the development of circularly
polarized materials high luminescence quantum yield and dissymmetric factors are essential to boost
(chir)optical properties. Previously we have shown that the (chir)optical properties of pyrene fused mono
helicenes can be significantly influenced by the fusing mode and molecular symmetry. We report in this
manuscript the stereospecific synthesis and (chir)optical properties of C; symmetric pyrene fused double
[7Inelicene, where the helicene units are connected via hexagonal and heptagonal rings. In line with
single helicene congeners, lower symmetric heptagon containing double helicene exhibited higher
absorption and emission dissymmetric factors along with a significant increase in fluorescence quantum
yield. Our findings in this manuscript provide further insights into the effect of molecular symmetry on
the (chir)optical properties of single and double helicenes.
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which allows us to synthesize configurationally stable enantio-
pure helicene-containing functional molecules. %%
Recently, we reported stereospecific synthesis of C, and C;

Introduction

A rapid growth in the development of [n]helicene chemistry' ™

Published on 15 May 2023. Downloaded by Universitaetsbibliothek Wuerzburg on 7/25/2023 2:56:10 PM.

was witnessed during the last decade because of their wide
range of demanding applications in organic electronics,*”
asymmetric catalysis,"® molecular machines,” and bio
imaging'® owing to their inherent chirality. Overcoming the
shortcomings of pristine [r]helicenes, helicene fused polycyc-

symmetric pyrene fused [5]helicenes’® and [7]helicenes,*® with
excellent stereoselectivity. While investigating photophysical
properties, we found a significant enhancement in (chir)
optical properties from [5]helicene to [7]helicene-embedded
compounds (Fig. 1, molecules 1 and 2). Especially heptagon-

lic aromatic hydrocarbons (PAHs) have shown a significant
increase in the overall functional properties."'* Moreover
during the last few years multiple [n]helicene-embedded nano-
graphenes with numerous aromatic cores have been
developed.****7° Preserving their core properties, multi[n]heli-
cene showed unique characteristics due to an increased
n-conjugation and molecular packing.>*2*~*¢ Although these
molecules provided an opportunity for synthetic chemists to
explore the limits of aromaticity and n-bonding by designing
extremely twisted PAHs,*”** often the key challenge remained
with the configurational stability and isolation of enantiopure
[n]helicene derivatives as well as their stereoselective synthesis.
Several stable conformers are possible for multiple [r]helicene-
embedded PAHs, hence the isolation and availability of enan-
tiopure multi[n]helicenes are cumbersome.**** To overcome
these challenges, we follow a stereospecific synthetic pathway,

(a) Previous Work

C,-symmetric C4-symmetric

(b) This Work

Julius-Maximilians-Universitdt Wiirzburg, Institut fiir Organische Chemie, Am
Hubland, D-97074 Wiirzburg, Germany. 3
E-mail: princekumar.ravat@uni-wuerzburg.de

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
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Cq-symmetric

Fig. 1 Pyrene embedded mono and double [7]helicenes.
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ally fused®®** C; symmetric 2 showed remarkable improve-
ment in fluorescence quantum yield and configurational stabi-
lity compared to hexagonally fused C, symmetric congener 1
as well as other pyrene fused helicenes.***° Inspired by the
overall functional properties of 1 and 2, we envisage to investi-
gate whether heptagonal-fused-[7]helicene will be dominant
over the hexagonally-fused-[7]helicene if stitched together with
pyrene (molecule 3). Also, to further improve (chir)optical pro-
perties, we aimed to prepare a monkey-saddled®® molecule 9
with two heptagonal rings.

We herein report the stereospecific synthesis of pyrene-
bridged double[7]helicene 3 connected via hexagonal and
heptagonal rings. Additionally, to compare the photophysical
properties, we synthesized (P,M)*-diastereomers of 3. We inves-
tigated their (chir)optical properties through UV-vis absorp-
tion, emission, electronic circular dichroism (ECD), and circu-
larly polarized luminescence (CPL) spectroscopies as well as
kinetic measurements to estimate the inversion barrier.
Experimental data were well fitted to quantum-chemical calcu-
lations (ESI Section S41) with a thorough comparison to their
distinctive monomeric [7]helicene congeners.*’

Results and discussion

The stereospecific synthesis of enantiopure (P,P)- and (M,M)-3
was achieved in two steps from corresponding (R)- and (S)-3,3"-
dibromo-4,4"-biphenanthrene (4), respectively (Scheme 1).2%>"*>
The one-pot Suzuki coupling followed by C-H activation
between 4 and 2-(2,7-di-tert-butylpyren-4-yl)-4,4,5,5-tetra-
methyl-1,3,2-dioxaborolane (5),°>*® in presence of [Pd(PPh;),]
and K,CO; in a tetrahydrofuran (THF)/water (3 : 1) mixture pro-
duced 6 and 7. Due to the low R; (0.07-0.04) difference
between the two products in the thin layer chromatography
and tailing of products in the column chromatography, 6 and
7 could not be isolated in complete pure fraction. But two
different fractions were collected with a major component of 6
and 7, respectively, from silica column chromatography. The
two fractions showed distinct mass spectra peaks in
MALDI-HRMS (ESI Fig. 521 and S227). The fractions of 6 and 7
were used in a Scholl-type oxidative cyclodehydrogenation
reaction®”*® without any further purification. The reaction of 6
with methanesulfonic acid (MsOH) and 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) gave 3 in 57% yield as a yel-
lowish-green fluorescent solid compound. The unusual ring
closure®® is mainly driven by the higher ring aromaticity of the
corresponding pyrene®® ring compared to others, as observed
in our earlier studies with [5] and [7]helicenes. To obtain
double-saddled compound 9 from 7, two successive ring clo-
sures are necessary. Under the above-mentioned mild acidic
condition, only one ring closure was observed leading to com-
pound 8. The oxidative Scholl reaction was then repeated with
7 and also with 8 in various combinations of acids (such as
Trific acid,*®' MsOH, and Boron trifluoride etherate®®) and
oxidants (such as DDQ, chloranil, and ferric chloride®) at
various reaction temperatures (—30 to 50 °C), however all

53,54
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attempts produced a mixture of multiple over-oxidized pro-
ducts, which could not be isolated. It is previously observed
that the [n]helicene-containing PAHs readily convert to quasi
[n]circulene during oxidative Scholl reaction.®>** To under-
stand the failure of second ring closure in molecule 8 under
mild reaction conditions, we calculated the spin density for
the radical cation of 8. The calculations revealed that the spin
densities are primarily distributed over pyrene and the hepta-
gonally attached [7]helicene (Fig. 2). There are no spin den-
sities detected over the axially attached biphenanthrene unit.
Considering the radical cation mechanism for the oxidative
cyclodehydrogenation step, the lack of positive spin density
over the phenanthrene units hinders the ring closure with
pyrene.®®® The enantiopurity of 3 (er 98:02) is retained to
that of 4 (er 99:01). Both (P,P) and (M,M) enantiomers of 3
were synthesized from S- and R-enantiomers of 4, respectively,
in comparable yields and enantiopurity following identical
reaction conditions. To synthesize (P,M)*-diastereomer of 3,
the Suzuki coupling - C-H activation was performed with a
rac-4 and 5. The resolution of a diastereomeric mixture of 3
with HPLC equipped with chiral stationary phase columns
(CSP-HPLC) showed the formation of diastereomers (P,P)*-3
and (P,M)*-3 in a ratio of 4.3:1. Attempts for enantiomeric
resolution of (P,M)*-3 were not successful. The structures of (P,
P)-3 and (P,M)*-3 were confirmed by the unambiguous assign-
ment of 'H peaks to the respective atoms (ESI Fig. S61) by
gCOSY, gNOESY, and gTOCSY 2D NMR measurements.

(P,P)*-3 and (P,M)*-3 are assigned to C; symmetry. The two
tert-butyl groups attached to pyrene showed two singlets at
1.72 and 1.81 (1.83 for (P,M)*-3) ppm each corresponds to 9
protons in the "H NMR spectrum due to unresolved Ji; coup-
lings as well as the shorter effective correlation time because
of the rapid rotation of methyl groups along with the tert-butyl
group. The four larger downfield shifted protons in "H NMR
spectrum of both (P,P)*-3 and (P,M)*-3 correspond to the two
[4]helicene cove regions present in the structure, confirmed by
NOESY experiments. Steric hindrance between the adjacent
protons in the cove region caused higher deshielding of those
proton signals. To get insights into the ring aromaticity of the
molecules, nucleus-independent chemical shift (NICS) calcu-
lations were performed on ®B97XD/6-31G(d,p) optimized geo-
metry at GIAO-B3LYP/6-311+G(2d,p) level (ESI Table S4t). The
NICS(1),, values are negative for all the six-membered rings
present in the structures of (P,P)-3 signifying their aromaticity
character, while the positive NICS(1),, value of 14.45 ppm for
the heptagonal ring in (P,P)-3 indicates its anti-aromatic char-
acter. Nevertheless in both [7]helicene units the aromaticity
decreased on moving from external to central rings, which is
quite similar to pristine [7]helicene.®”*® The major geometri-
cal features in two different types of [7]helicenes because of
their central hexagonal and heptagonal rings are (i) the dis-
tance between the terminal benzene rings and (ii) the torsional
twist of the inner helix of [7]helicene. The distance between
the centroid of terminal benzene rings of [7]helicene is 3.78 A
and 4.48 A, respectively, for hexagonally and hepatgonally
attached [7]helicenes. However, the torsional twist in the inner
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[Pd(PPhs)a] (10%), K»,COj3 (5 equiv.)
THF : H,O (3:1), 15 h, 85 °C

DDQ (2 equiv.), Bu
MsOH (0.02 equiv.)
DCM, 4 h, 0°C

(P,P)-3
57%, er 98:02

DDQ (2 equiv.),
MsOH (0.07 equiv.)
DCM, 4 h,0°C
e

Scholl-type
oxidation

Scholl-type
oxidation

Scheme 1 Stereospecific synthesis of (P,P)-3 and (P)-8.
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Fig. 2 Calculated spin density distribution for the radical cation of 8. Fig. 3 Plot of In(de;/deo) against t for (P,M)*-3 fitted linearly to obtain
Hydrogen atoms are omitted for clarity. the kq and AG* (T) values.
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Fig. 4 UV-vis absorption (blue, ¢ ~ 10~ M) and emission (red, ¢ ~ 107°
M), spectra of (a) (PP)-3, (PM)*-3 (black) and (b) (P)-8 in
dichloromethane.

helix of both [7]helicenes is quite similar (23°). Similar geo-
metrical parameters were also observed in case of (P,M)-3.
Although our synthetic pathway allows firm control over the
chirality of the [7]helicenes, there are six possible diastereo-
mers for 3 based on the helicity of the [4]helicene sub-units
present on top and bottom of the hexagonally fused ring (ESI
Fig. S47) along with the positioning of the tert-butyl group to
the heptagonally fused [7]helicene. The TD-DFT optimized

Table 1 Summary of (chir)optical and kinetic parameters

View Article Online
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geometry and energies showed the diastereomer with opposite
chirality of [4]helicenes to [7]helicene is more stable compared
to other diastereomers. The diastereomer with tert-butyl group
positioned away from the heptagonal [7]helicene is more
stable by 28.4 kcal mol™". The two configurationally labile [4]
helicene sub-units exist in dynamic equilibrium at room temp-
erature as no diastereomeric mixture signals were observed in
'H NMR spectrums of (P,P)-3 and (P,M)*-3 recorded at room
temperature.

To confirm the configurational stability, the diastereomeric
mixture of (P,M)*-3 was heated at 523 K to observe the for-
mation of the (P,P)*-3 diastereomers with time. The Gibbs acti-
vation energy AG* (523 K) for diastereomerization of 3 was
obtained by following the decay of the diastereomeric excess
(de) over time (¢) by CSP-HPLC. The rate of diastereomeriza-
tion (kq) was calculated from the linear fitting of In(de,/de,)
against time (Fig. 3). The AG* (T) value was calculated using
the equation AG* (T) = —RT In(kqh/xkksT), where R is the gas
constant (R = 8.31446 ] K "), & is the Planck constant (& =
6.62607 x 107°* J s), ky is the Boltzmann constant (kg
1.38064852 x 107>* J K™ "), and « is the transmission coefficient
(« = 0.5 or 1). The transmission coefficient x = 0.5 was used
because the diastereomerization of 3 is a reversible first-order
process. The obtained AG* (523 K) for diastereomerization of 3
is 43.2 keal mol ™", which is slightly higher than the inversion
barrier for pristine [7]helicene (41.2 kcal mol™) and 2
(42.6 keal mol™).>%>7% The higher value of the diastereomeri-
zation barrier of 3 is because of the inclusion of the heptagon
ring along with the steric repulsion from the neighboring
tert-butyl group of pyrene along with relatively larger distance
between terminal rings of the [7]helicene which may stabilize
the ground state structure to a greater extent.

The photophysical properties of (P,P)-3 and (P,M)*-3 and
(P)-8 were studied by absorption and emission spectroscopy
(Fig. 4). The optoelectronic features of 3 are unaffected by the
conformational change in the [7]helicenes as (P,P)-3 and (P,M)
*-3 showed nearly identical absorption and emission spectra
suggesting the electronic structure in both ground and excited
state are similar for (P,P)-3 and (P,M)*-3. Observation of such
similarity despite different configurations of [7]helicenes is
rare in the literature*®”*™”> but not unknown.?"’® Moreover,
the calculated frontier molecular orbitals of 3 remained identi-
cal regardless of the configuration of [7]helicenes (ESI

Amax abs (nm)/s Amax em AG* (T)/
Compd (em™M™) (nm) EfleV  @p  tm/ns  ke/10°5T' kww/10°sT' gs107 giuw/107° w/D° keal mol™
1 430 (8509) 470 2.83 0.04 576  0.07 1.67 2.64-7.47  1.27 0.06 34.1 (438 K)
2 414 (19 464) 491 2.85 0.34 231 147 2.86 2.95-7.96  2.64 0.27  42.6 (498 K)
(P,P)-3 445 (9366) 504 2.67 0.46  3.197  1.44° 1.69° 2.43-2.68  2.47 021  43.2 (523 K)
(P,M)*-3 448 (9534) 500 2.67 043  3.67° 1.17° 1.55° — — 0.31
(P)-8 410 (6718 498 2.81 041 221  1.85 2.67 2.63-3.15  3.17 — —
[7]helicene 423 (200) 4437 3.06 0.02 13.8 0.01 0.71 30.0" 6.07 — 41.2 (298 K

“Estimated from crossing of absorption and fluorescence spectra. b Tavg = (a1112 + az‘rzz)/(alrl + ay7,). “Calculated for 7,yg. dWavelength range

230-450 nm. ® Calculated dipole moment.” Ref. 80. ¢ Ref. 3 and 70.
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Table S21). An increase in n-conjugation results in bathochro-
mic shifted absorption and emission spectra for 3 compared
to monomer congeners 1 and 2. The optical energy gap calcu-
lated from intersection of absorption and emission spectra for
8 (2.81 eV) is, similar to that of 1 and 2 (2.83 and 2.85 eV,
respectively) while that for 3 (2.67 eV), is slightly smaller
(Table 1). Nevertheless, both compounds showed much lower
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Fig. 5 Time resolved fluorescence decay (excited at 24 154 cm™) of (a)
(P,P)-3, (b) (P.M)*-3, (c) (P)-8 in dichloromethane (c ~ 10~° M). Inset —
exponential tail-fitting residuals.
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optical energy gap compared to the [7]helicene (3.06 eV)’”""®
and 2,7-di-tert-butylpyrene (3.55 eV).”®

TD-DFT simulated spectra provided further insights into
the electronic transitions of 3 (ESI Fig. S5at). Similar to 1 and
2, the lowest energy transition of (P,P)-3 is mainly stemming
from HOMO — LUMO at 445 with an oscillator strength (f) of
0.35 (ESI Table S3at). This differs from pristine [7]helicene,
where the lowest energy transition is assigned to HOMO —
LUMO+1, HOMO-1 — LUMO, and HOMO-2 — LUMO.%%%!
Apart from this, another major transition mainly stemming
from the hexagonally attached [7]helicene was observed at
390 nm with an oscillator strength of 0.43 corresponding to
HOMO — LUMO+1 and HOMO-1 — LUMO transitions. With
both low-energy key transitions of 1 and 2 present in com-
pound 3, the absorption profile of 3 resembles a combination
of 1 and 2 (ESI Fig. S1af). Similar features were also observed
in the calculated spectra of (P,M)-3 (ESI Table S3bt).

Both 3 and 8 are emissive in solution and solid state. The
emission maxima in dichloromethane for 3 and 8 are recorded
at 504 nm (19 841 cm™") and 498 nm (20 080 cm™"), respect-
ively. The fluorescence quantum yield (FQY) for (P,P)-3, (P,M)
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Fig. 6 ECD spectra (blue) and CPL spectra (red) of (P,P) (solid line) and
(M,M) (dashed line) enantiomers of (a) 3 and (b) 8 in dichloromethane (c
~107° M).
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*-3, and (P)-8 is 46%, 43%, and 41%, respectively. Both (P,P)-3
and (P,M)*-3 showed a huge increase in the FQY compared to
that of 1 (4% in dichloromethane). While the radiative rate
constant of (P,P)-3 remained similar to 2, the lower non-radia-
tive rate constant of (P,P)-3 (1.69 x 10® s™) compared to 2 (2.86
x 10® s7") corroborated its high FQY (Table 1). The molecular
dipole moment of 3 is directed from hexagonally attached [7]
helicene towards hepatogonally attached [7]helicene through
the short axis of pyrene (ESI Fig. S4t). The anti-aromatic char-
acter along with the saddle curvature of the heptagonal ring,
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Fig. 7 Absorption dissymmetry factor (g.ps) (blue) and luminescence
dissymmetry factor (g,m) (red) of (P,P) (solid line) and (M,M) (dashed
line) enantiomers of (a) 3 and (b) 8 in dichloromethane (c ~ 1075 M).
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lowers the delocalization of the m-electrons making it a less
delocalized region for the m-electrons of the molecule, result-
ing in the direction of the dipolar moment from hexagonally-
fused-[7]helicene to heptagonally-fused-{7]helicene.

To gain a further understanding of the excited-state
dynamics, the time-resolved fluorescence decay of (P,P)-3, (P,M)
*-3, and (P)-8 were measured via time-correlated single photon
counting technique using a pulsed laser light excited at
24154 cm™ " (Fig. 5). Unlike mono-exponential fitting of 1 and
2, the decay curves of 3 were fitted with bi-exponential func-
tion giving two lifetimes with different fractional contri-
butions. The fitted lifetimes for (P,P)-3 are 2.26 ns (0.98) and
11.87 ns (0.02), while for (P,M)*-3 are 2.17 ns (0.96) and 10.99
ns (0.04). The area-weighted average lifetime®* of (P,P)-3 and
(P,M)*-3 is calculated to be 3.19 ns and 3.67 ns, respectively,
which are significantly shorter than that of [7]helicene (13.8
ns).®? The decay curve of (P)-8 was fitted with a mono-exponen-
tial function to give a lifetime of 2.21 ns similar to that of 2.

The chiroptical properties of 3 and 8 were investigated
through ECD and CPL measurements in dichloromethane
(Fig. 6). The absolute configuration of the (P,P) enantiomer of 3
was verified by TD-DFT calculated ECD spectra (ESI Fig. S5b¥).
The enantiomeric pair of 3 and 8 showed complementary
mirror image ECD spectra with multiple opposite Cotton effects
in the UV-vis region. Both (P,P)-3 and (P)-8 exhibit a negative
and relatively small Cotton effect for the lowest energy tran-
sition than that for the higher energy transition. However, the
pristine [7]helicene shows the opposite phenomenon: a strong
and positive cotton effect for the lowest energy transition.
Unlike the absorption spectra where major transitions of 1 and
2 manifest in 3, the ECD spectra of 3 resemble that of 2 with a
diminished intensity for the S, — S; transition.

The experimentally determined absorption dissymmetry
factor (gaps = Ae/e) of 3 is in the range of 2.43 x 10°-2.68 X
107 and for 8, it is in the range of 2.63 x 107°-3.15 x 107°
(Fig. 7), which is similar to that of 1 and 2. The experimental
Zabs for 3 was in harmony with the TD-DFT calculated dissym-
metry value (Table 2). Although 3 showed nearly three-fold
lower magnetic transition dipole moment (u'y,) for Sp — Sy
transition compared to 1 and 2, the similar g,,s values are
because of much higher |cos 6| for 3.

Both (P,P) and (M,M) enantiomers of 3 and 8 showed comp-
lementary mirror image CPL signals (Fig. 6), which are in
harmony with their respective lower energy CD signals, signify-
ing that both low energy absorption in S, — S; and emission
(S; = So) involved same electronic transitions. The shifted CPL

Table 2 Calculated electric and magnetic transition dipole moments, and dissymmetry factor for Sg — S; and S; — Sg transitions for 1, 2 and (P,P)-3

So = S S1—So
Compd  |pe|/107 esuem  |p'm]|/107*%erg G™' |cos @] |abs|/107°  |ue|/107*° esuem  |pm|/107%erg G |cos@]  |guml|/107°
1 363.86 1.32 0.11 1.6 478.20 1.34 0.11 1.2
2 711.16 1.29 0.29 2.1 987.54 1.72 0.21 1.5
(P,P)-3 587.14 0.42 0.76 2.2 913.89 0.55 0.65 1.6
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(b)

(@)

J7n

Fig. 8 The spatial arrangement of electric (4e) and magnetic (4',,,) dipole moment vectors for the So — S; transition of (a) (P)-1 (4'c decreased by
200) (b) (P)-2 (u'e decreased by 400 and u'r, increased by 2) (c) (P,P)-3 (4’ decreased by 400 and 'y, increased by 5). Hydrogen atoms are omitted
for clarity.

Hem

Fig. 9 The spatial arrangement of electric (4.) and magnetic (u,) dipole moment vectors for the S; — Sq transition of (a) (P)-1 (u. decreased by 300
and up, increased by 5) (b) (P)-2 (4. decreased by 800 and ., increased by 5) (c) (P,P)-3 (u. decreased by 400). Hydrogen atoms are omitted for
clarity.
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maxima to that of fluorescence can be explained because of
different measurement angles set up for light path in the
respective instruments and different calibrations in both
spectrometers.®*® The CPL and fluorescence spectrometers
follow a 180° and 90° path set up, respectively, for measure-
ments. The experimentally obtained luminescence dissymme-
try factor (gjum) of 3 and 8 is 2.47 x 10> (at 494 nm) and 3.17 X
107° (at 484 nm), respectively. 3 showed nearly double the g,m,
of 1 and similar to that of 2 (Fig. 7). From the TD-DFT calcu-
lations for the S; — S, transition, gj,m was calculated to be 1.6
x 107* for 3 (Table 2). The solid-state CPL spectra for enantio-
mers of 3 and 8 were measured in a drop-casted thin film (ESI
Fig. S2bt). The enantiomers exhibited consistent CPL signals
in both solution and solid-state measurements. The solid-state
luminescence dissymmetry factor (gium, solia) of 3 and 8 is 1.41
x 107% (at 507 nm) and 1.33 x 10~ (at 489 nm), respectively,
which is slightly less than that in dichloromethane.

The spatial arrangement of u. and u, in the case of 1 and 2
is quite different from 3. For 1 and 2, the dipole moments
move out of the molecular plane mainly originating at the
central ring of the [7]helicene, unit whereas for 3, u. and
mainly move along the pyrene plane. The similar spatial
arrangement of electric and magnetic dipole moments in both
So — S; (Fig. 8) and S; — S, transitions (Fig. 9) of 3 implies the
comparable electronic structure involved in these transitions
corroborating the structural rigidity of 3. Also, the gium/gabs
value for 3 and 8 is nearly unity symbolizing its higher struc-
tural rigidity. The gijym,gabs value is much higher than the line-
arly fitted regression value of 0.6 for conventional [r]helicene
and helicenoids.’® Comparison of dissymmetry factors
between 3 and 8 indicates that the key (chir)optical responses
are dominated by the heptagonal [7]helicene compared to the
hexagonally attached [7]helicene.

Conclusion

In summary, we achieved a stereospecific synthesis of C; sym-
metric pyrene bridged double [7]helicene, (P,P)*-3 and (P,M)
*-3, employing Suzuki coupling - C-H activation and Scholl-
type oxidative cyclodehydrogenation. Irrespective of [7]helicene
conformation, (P,P)*-3 and (P,M)*-3 showed identical absorp-
tion and emission spectra, suggesting that the conformation of
[7]helicenes in 3 does not affect electronic structural properties.
No significant changes were observed in the dissymmetry
factors despite the addition of a [7]helicene to 1 and 2. Major
photophysical properties of 3 were dominated by the heptagon-
ally fused [7]helicene compared to the hexagonally fused [7]heli-
cene. However, considerable enhancement in FQY is observed
for double helicene 3, compared to 1 and 2. The Gibbs acti-
vation energy barrier for diastereomerization of 3 is determined
to be 43.2 keal mol™", which is among the highest experimental
values reported for [7]helicene fused PAHs. The compound 8
consists of a heptagonal embedded [7]helicene and axially
chiral biphenanthrene unit was also fully characterized. Also 8
exhibited enhanced FQY to 1, 2 and comparable to 3.

This journal is © the Partner Organisations 2023
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Experimental section
General information

All chemicals and solvents were purchased from commercial
sources and were used without further purification unless
stated otherwise. 3,3'-Dibromo-4,4"-biphenanthrene,*® and 2-
(2,7-di-tert-butylpyren-4-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lane®® were synthesized according to literature known proto-
cols and purity was confirmed by "H NMR.?*"® The reactions
and experiments sensitive to dioxygen were performed using
Schlenk techniques and with nitrogen-saturated solvents.
Before using all the glassware and NMR tubes were dried in
the oven at 80 °C for 12 h.

Synthesis of 6 and 7

In a Schlenk tube (S)-3,3-dibromo-4,4"-biphenanthrene
(70.0 mg, 0.13 mmol, 2.0 equiv.) and 2,2'-(2,7-di-tert-butylpyr-
ene-4,9-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)
(36.5 mg, 0.065 mmol, 1.0 equiv.) were dissolved in 3 mL THF,
and potassium carbonate (44.5 mg, 0.32 mmol, 5.0 equiv.) was
dissolved in water (1 mL), and both solutions were degassed
for 10 min separately and mixed. To this mixture tetrakis(tri-
phenylphosphine)palladium(0) [Pd(PPhj),] (7.5 mg,
0.0065 mmol, 10.0 mol%) was added under nitrogen flow and
degassed again for 10 min. The reaction flask was then sealed
with Teflon tape and heated at 85 °C for 15 h in an oil bath.
The reaction was quenched by adding water and extracted with
ethyl acetate. The collected organic phase was dried over anhy-
drous sodium sulfate. The solvent was removed under reduced
pressure using a rotary evaporator, and the crude product was
passed through a silica column using 1-2% ethyl acetate in
petroleum ether to isolate two different fractions corres-
ponding to 6 and 7 in 63% (41.3 mg) and 21% (13.8 mg) yield
respectively. For 6 and 7, containing fractions the 'H NMR
spectrum showed densely populated aromatic signals, out of
which major parts could not be integrated, possibly because of
the detection of diastereomeric protons. The HRMS of two
fractions were listed below.

For 6 HRMS (MALDI-TOF) m/z: [M] caled for [CgoHse)
1016.4382; found 1016.4397.

For 7 HRMS (MALDI-TOF) m/z: [M] caled for [CgoHsg]
1018.4539; found 1018.4569.

Synthesis of (P,P)-3

In an oven dried Schlenk tube, the isolated 6 (40.0 mg,
0.04 mmol, 1.0 equiv.) was dissolved in dry dichloromethane
(DCM) and stirred at 0 °C for 10 min. The solution was added
dropwise to a flask containing DDQ (17.9 mg, 0.08 mmol, 2.0
equiv.) and stirred at 0 °C for 20 min followed by addition of
methanesulfonic acid (MsOH) (0.1 mL, 1.54 pmol, 0.02 equiv.).
The reaction mixture was continued to stir at 0 °C for 4 h
under the nitrogen atmosphere. Once the TLC confirmed full
consumption of 6, the reaction was quenched by saturated
NaHCO; solution and extracted with DCM. The collected
organic phase was dried over anhydrous sodium sulfate. The
solvent was evaporated under reduced pressure using a rotary
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evaporator, and the crude product was purified by column
chromatography on silica gel using 5% ethyl acetate in pet-
roleum ether to yield 22.6 mg (57%) as a green fluorescent
solid of (P,P)-3. The (M,M)-3 was prepared following the above-
mentioned reaction conditions with similar yields from (R)-4.

Characterization of (P,P)-3

Melting point: 240-244 °C.

HRMS (MALDI-TOF) m/z: [M] calcd for [CgoHs,] 1014.4226;
found 1014.4235.

'H NMR (400 MHz, CD,Cl,, 25 °C): § [ppm] = 9.47 (s, 1H),
9.31-9.25 (m, 2H), 9.13 (d, J = 8.5 Hz, 1H), 8.76 (s, 1H), 8.43 (d,
J=1.6 Hz, 1H), 8.31 (d, J = 8.6 Hz, 1H), 8.23 (d, J = 8.7 Hz, 1H),
8.13 (d, J = 8.4 Hz, 1H), 7.94 (d, J = 8.4 Hz, 1H), 7.87 (d, ] = 8.6
Hz, 1H), 7.83 (d, J = 8.6 Hz, 1H), 7.80 (d, J = 8.2 Hz, 1H), 7.75
(d, J = 8.7 Hz, 1H), 7.66 (d, J = 8.7 Hz, 1H), 7.59-7.34 (m, 11H),
7.16-7.06 (m, 3H), 7.04-6.98 (m, 2H), 6.75-6.68 (m, 2H),
6.61-6.52 (m, 3H), 1.81 (s, 9H), 1.72 (s, 9H).

BC NMR (101 MHz, CD,Cl,, 25 °C): § [ppm] = 149.18,
147.35, 144.44, 144.31, 140.13, 137.59, 136.19, 134.53, 134.32,
134.25, 133.25, 133.21, 133.11, 133.10, 132.49, 132.37, 131.63,
131.41, 130.91, 130.88, 130.54, 130.23, 130.05, 129.76, 129.73,
129.57, 129.11, 129.09, 129.03, 129.01, 128.99, 128.77, 128.75,
128.61, 128.58, 128.45, 128.12, 128.08, 127.97, 127.95, 127.91,
127.85, 127.78, 127.74, 127.73, 127.15, 127.11, 127.05, 127.03,
126.59, 126.57, 126.12, 126.01, 125.97, 125.79, 125.53, 125.42,
124.71, 124.68, 124.63, 124.05, 123.16, 123.09, 122.33, 38.60,
35.82, 34.91, 31.99.

Synthesis of (P,M)*-3

To obtain (P,M)*-3, the Suzuki coupling-C-H activation was
performed under identical reaction conditions for (P,P)*-3
using a 1:1 mixture of (S)- and (R)-3,3'-dibromo-4,4"-biphenan-
threne followed by Scholl-type cyclodehydrogenation reaction
with the diastereomeric mixture of 6. The isolated diastereo-
meric mixture of 3 from column chromatography was injected
into CSP-HPLC to separate (P,P)*-3 and (P,M)*-3 in a 4.3:1
ratio.

Characterization of (P,M)*-3

Melting point: 239-244 °C.

HRMS (MALDI-TOF) m/z: [M] calcd for [CgoHs,] 1014.4226;
found 1014.4251

"H NMR (400 MHz, CD,Cl,, 25 °C): § [ppm] = 9.53 (s, 1H),
9.32 (s, 1H), 9.09 (d, J = 2.2 Hz, 1H), 9.07 (d, J = 1.7 Hz, 1H),
8.70 (s, 1H), 8.39 (d, J = 1.3 Hz, 1H), 8.23-8.13 (m, 3H),
7.86-7.74 (m, 4H), 7.71-7.74 (m, 2H), 7.60-7.53 (m, 5H),
7.48-7.43 (m, 2H), 7.42-7.34 (m, 3H), 7.21-7.13 (m, 2H),
7.11-7.09 (m, 1H), 7.05-6.96 (m, 3H), 6.73-6.67 (m, 2H),
6.61-6.55 (m, 2H), 6.49 (d, J = 8.5 Hz, 1H), 1.83 (s, 9H), 1.72 (s,
9H).

BC NMR (151 MHz, CD,Cl,, 25 °C): § [ppm] = 149.57,
149.47, 143.91, 143.39, 140.40, 137.08, 136.59, 134.62, 134.35,
133.96, 133.28, 133.24, 133.07, 132.76, 132.67, 132.51, 132.49,
131.95, 131.52, 131.39, 131.31, 130.80, 130.55, 130.50, 130.49,
130.27, 129.77, 129.75, 129.73, 129.65, 129.11, 129.06, 128.98,
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128.95, 128.91, 128.80, 128.73, 128.60, 128.58, 128.49, 128.16,
128.14, 127.94, 127.91, 127.74, 127.69, 127.15, 127.12, 126.96,
126.57, 126.49, 126.11, 126.08, 125.88, 125.79, 125.71, 125.69,
125.55, 125.40, 125.39, 125.34, 125.30, 124.75, 124.64, 124.01,
123.21, 122.44, 122.14, 38.52, 35.17, 32.01, 30.08.

Synthesis of (P)-8

In an oven dried Schlenk tube, 7 (20.0 mg, 0.02 mmol, 1.0
equiv.) was dissolved in dry DCM and stirred at 0 °C for
10 min. The solution was added dropwise to a flask containing
DDQ (8.9 mg, 0.04 mmol, 2.0 equiv.) and stirred at 0 °C for
20 min followed by addition of MsOH (0.1 mL, 1.54 pmol, 0.07
equiv.). The reaction mixture was stirred at 0 °C for 4 h under
the nitrogen atmosphere. Once the TLC confirmed full con-
sumption of 7, the reaction was quenched by saturated
NaHCOj; solution and extracted with DCM. The collected
organic phase was dried over anhydrous sodium sulfate. The
solvent was evaporated under reduced pressure using a rotary
evaporator, and the crude product was purified by column
chromatography on silica gel using 5% ethyl acetate in pet-
roleum ether to yield 8.4 mg (42%) of (P)-8 as green fluorescent
solid.

Melting point: 133-137 °C.

HRMS (MALDI-TOF) m/z: [M] calcd for [CgoHse] 1016.4382;
found 1016.4389.

'H NMR (400 MHz, CD,Cl,, 25 °C): § [ppm] = 8.51 (d, J =
8.7 Hz, 1H), 8.41 (s, 1H), 8.29 (d, J = 8.1 Hz, 1H), 8.24 (d,J = 8.1
Hz, 1H), 8.10 (d, J = 8.9 Hz, 1H), 8.03-8.00 (m, 2H), 8.00-7.96
(m, 2H), 7.93 (d, J = 8.3 Hz, 1H), 7.75 (d, J = 8.0 Hz, 1H),
7.71-7.64 (m, 3H), 7.60 (d, J = 8.2 Hz, 1H), 7.49 (t, J = 7.7 Hz,
2H), 7.46-7.41 (m, 2H), 7.40~7.34 (m, 2H), 7.31-7.25 (m, 2H),
7.13-7.09 (m, 2H), 7.08-7.04 (m, 2H), 7.03-7.00 (m, 2H),
6.97-6.91 (m, 2H), 6.81-6.77 (m, 1H), 6.69-6.61 (m, 3H), 6.40
(d,J = 8.2 Hz, 1H), 1.53 (s, 9H), 1.34 (s, 9H).

3C NMR (101 MHz, CD,Cl,, 25 °C): § [ppm] = 148.22,
148.19, 144.24, 144.16, 142.37, 140.40, 139.42, 139.30, 137.42,
137.16, 135.82, 134.49, 134.39, 134.35, 134.14, 133.62, 133.53,
133.20, 133.19, 132.95, 132.86, 132.13, 131.97, 131.84, 131.40,
130.79, 130.74, 130.61, 130.55, 130.53, 130.20, 130.01, 129.99,
129.39, 129.34, 129.11, 129.00, 128.86, 128.41, 128.24, 128.19,
128.17, 128.04, 127.96, 127.93, 127.82, 127.73, 127.70, 127.67,
127.61, 127.29, 127.23, 127.05, 127.01, 126.93, 126.67, 126.57,
126.54, 126.48, 126.21, 125.94, 125.85, 125.69, 124.62, 124.55,
122.82, 122.49, 121.01, 120.53, 37.92, 35.28, 35.04, 31.76.
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Helically twisted nanoribbons via stereospecific
annulative t-extension reaction employing [7]
helicene as a molecular wrench
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Over the past decade, significant progress has been made in synthesizing atomically precise carbon
nanostructures, particularly graphene nanoribbons (NRs), employing advanced synthetic methodologies.
Despite these advancements, achieving control over the stereochemistry of twisted NRs has proven to

be a formidable challenge. This manuscript presents a strategic approach to achieve absolute control

over the single-handed helical conformation in a cove-edged NR. This strategy leverages enantiopure
helicenes as a molecular wrench, intricately influencing the overall conformation of the NR. [7]helicenes
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stitched to the terminal K-regions of a conjugated pyrene NR through a stereospecific annulative 7t-

extension reaction to produce a helically twisted NR with an end-to-end twist of 171°. Furthermore,

DOI: 10.1039/d4sc01814a

rsc.li/chemical-science quantum chemical calculations.

Introduction

The electronic properties of graphene nanoribbons (NRs)'*®
composed of linearly fused polycyclic aromatic hydrocarbons
(PAHs) depend on their size, shape, and most importantly, edge
structures. Based on the edges NRs can be classified as cove-
edge, armchair-edge, and zigzag-edge NRs.*® The cove-edge
NRs™ are of special interest as they have the potential to be
chiral as a result of the non-planarity arising from the steric
hindrance in the cove regions. Cove-edged NRs can adopt
a twisted configuration, whether helical or waggling (randomly
twisted), contingent upon specific steric congestion along their
edges.”™™® However, they suffer from low configurational
stability and the minimal relative energy difference between
helical and waggling conformers due to the rapid flipping of the
inner cove's chirality.'**>** The NRs with fjord regions—such as
supertwistacene* by Wang et al. and triply conjugated HBC
(hexa-peri-hexabenzocoronene)** by Campana et al—exhibit
a slightly higher barrier, allowing room temperature chiral
resolution. The nanographenes with bay regions are relatively
difficult to twist, as the majority of the rings lie flat in the
orthogonal plane with limited options for substitution.

“Julius-Maximilians-Universitit Wiirzburg, Institut fiir Organische Chemie, Am
Hubland, 97074 Wiirzburg, Germany. E-mail: princekumar.ravat@uni-wuerzburg.de
Julius-Maximilians-Universitdt Wiirzburg, Institut fiir Anorganische Chemie, Am
Hubland, 97074 Wiirzburg, Germany

1 Electronic supplementary information (ESI) available. CCDC 2315652 and
2315653. For ESI and crystallographic data in CIF or other electronic format see
DOI: https://doi.org/10.1039/d4sc01814a

© 2024 The Author(s). Published by the Royal Society of Chemistry

a detailed investigation of the impact of twisting on the conformational population was studied by

Chalifoux et al. achieved a 35° end-to-end twist by substituting
only one side of the bay region,*® while Wiirthner et al
substituted all positions in the bay region, resulting in an
enhanced twist of 76° in quaterrylene bisimide with an enan-
tiomerization barrier of 30 kcal mol™*.2*

The strategy of strain-induced twist has been widely applied
to achieve longitudinally twisted acenes (‘twistacenes’), the
narrowest NRs, which can be manipulated into helical or
waggling conformations through the strategic application of
crowded substitutions or benzyl annulations (Fig. 1).***” In the
late 1990s, Pascal Jr et al. pioneered the twisting of acenes by
employing bulky phenyl substitutions reaching an astonishing
end-to-end twist of 144° (I).>**° This record was surpassed by
Kilway et al. in 2018 with the hexacene derivative, achieving an
end-to-end twist of 184°.*' In twistacenes, the strain-induced
helical twist propagates along the aromatic ring planes.
However, often twistacenes owing to the low configurational
stability cannot be resolved into enantiomers. Gidron et al
engineered helically locked tethered anthracenes (II), which can
be isolated in an enantiopure form, achieving an end-to-end
twist of up to 38°.%>** Several attempts were made to incorpo-
rate promising m-electron-rich cores, such as pyrenes* into
twisted acenes. In most cases, the attachment takes place at the
K-region of the pyrene, as it offers greater accessibilities
compared to other reaction sites of pyrene. Wudl and Zhang
developed a molecule (III) containing a pentacene core termi-
nally locked by two pyrenes.*® However, it failed to propagate
a uniform twist from one end to the other as the twist reverses at
the central benzene ring due to the absence of steric groups at
crucial positions in the central acene. King et al. prepared a K-

Chem. Sci.
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(a) Strain induced twistacene

Pascal Jr. 2004, Helical twist (144°)

(b) Pyrene fused twisted PAHs

I
Wudl & Zhang 2012, No end to end twist  King 2012, R = H and/or Bu, Waggling ~ Mastalerz 2020, Helical twist (49.6°)
Itami 2016, R = H, Helical twist (80.5°)
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(e) This work: Stereoselective strain induced helical twist
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Gidron 2018, Helical twist (38°)

1 Bu VIII

Ravat 2021, Helical twist (50°) Ravat 2022, Helical twist (44°) Clennan 2022, Helical twist (47°)

(P, P)1 (P)-3
(M)-Helical twist ( 87°) (M)-Helical twist (121°) (M)-Helical twist (171°)

(P, P)-2

Fig. 1 Selected previous examples of twisted molecules (a)—(d) and newly synthesized helically twisted NRs (e). The helical end-to-end twist is

reported in parenthesis.

region phenanthrene annulated pyrene exhibiting waggling
conformation (IV).*® In contrast, later Itami et al. achieved the
helical conformation of IV with an unsubstituted core.?” Lately,
eight phenyl substituted dibenzo[e, /Jpyrene (V) by Mastalerz
et al. showed the helical structure with an end-to-end twist of
49.6°.% Recently, we introduced [n]helicene as a strain-inducing
tensor for generating twisted acene core within a pyrene-fused
[n]helicene moiety, achieving end-to-end twist of 50° by

Chem. Sci.

incorporating methyl substituted [5]helicene at the K-region of
pyrene (VI) and a 44° end-to-end twist upon using [7]helicene
(VII).*>"** The helicity of twisted core was dictated by the helicity
of the attached [r]helicene, which was opposite to each other.
This approach was then followed by Clennan to produce a 47°
end-to-end twist in a [7]helicene-incorporated anthracene
(VIII).”> Mateo-Alonso et al. consequently employed this concept
in making a pyrene-coronene cored helical nanoribbon (X),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where enantiopure 1,1-binaphthyl-2,2’-diamine was fused to
form [5]helicenoid at both terminal ends containing distorted
octagonal rings with four cove region [4]helicene subunits
achieving an end-to-end twist of 126° for the central core.® It is
worth mentioning that, similar to X, Wang et al. in 2017 re-
ported a helically twisted decatwistacene (IX) with a much
higher end-to-end torsion twist of 170° which was achieved
solely through steric hindrance between imide groups and
benzene rings in the cove region, without the use of any external
steric tensor such as [n]helicinoids, as shown in X.** The axially
chiral binaphthyl moiety within the ribbon X is not fully
conjugated and possesses multiple nonaromatic rings with two
nitrogen atoms, as well as two imide moieties. Furthermore, in
this ribbon, the cove-region gained additional configurational
stability from the buttressing effect*® of imide moieties. The
conformation of X was susceptible to temperature fluctuations
because of the dynamic nature of the cove regions. Hence, the
challenge of developing a sturdy cove-edged hydrocarbon
nanoribbon with a precisely stable conformation remains
unaddressed.

Earlier investigations into strain-induced twisting suffered
from limitations in controlling stereochemistry and low config-
urational stability, making it a challenging endeavor to synthe-
size helically twisted chiral hydrocarbon NRs in a stereospecific
manner. To address this challenge, we aimed to exert precise
control over the twist of cove-edged NRs by integrating configu-
rationally stable enantiopure [n]helicenes**° at the terminals
preceding our earlier work where we attain 99.5% conforma-
tional stability for VII. The incorporation of enantiopure [r]hel-
icene on both ends of NRs gives rise to three potential
stereoisomers: left-handed, right-handed, or waggling. In this
study, we demonstrate that the overall conformation and twist of
cove-edged NRs can be systematically adjusted by employing
terminal helicene moieties, effectively acting as a molecular
wrench. This article presents a strategic methodology focused on
achieving helically twisted chiral nanoribbons, featuring
a central pyrene core NR, securely anchored at terminal K-
regions through one or two [7]helicenes via stereospecific APEX
reactions (Fig. 1e). The influence of [7]helicene on stabilizing the
conformers was explored using DFT-optimized structures and
single-crystal structure analysis. The (chir)optical properties were
comprehensively examined through UV-Vis absorption, emis-
sion, electronic circular dichroism (ECD), and circularly polar-
ized luminescence (CPL) spectroscopies. Furthermore, the
inversion barrier of compound 1 was estimated through kinetic
measurements. The experimental findings were effectively
correlated with quantum chemical calculations, providing
a comprehensive understanding of the synthesized helically
twisted chiral nanoribbons and their intriguing properties.

Results and discussion
Synthesis and characterization

The most straightforward instance of cove-edged nanoribbons
(NRs) involves a linearly fused pyrene connected at the K-region.
In this study, a central NR comprising three linearly fused
pyrene units (3Py) was selected. The peri-fused benzene rings in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pyrene served to anchor essential points necessary for trans-
mitting twists from one end to the other. Recently, we developed
a stereospecific method for incorporating [n]helicene at the K-
region of pyrene through a one-pot Suzuki coupling - C-H
activation process.**™*! Initially, we applied the same strategy to
synthesize (P, P)-1 by conducting a one-pot Suzuki coupling -
C-H activation reaction between (S)-3,3-dibromo-4,4’-biphe-
nanthrene*® (ee > 99%) and 2-(2,7-di-tert-butylpyren-4-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane.* (P, P)-1 was successfully ob-
tained with a moderate 35% yield, considering two Suzuki
coupling and two C-H activation reaction steps (ESI Section
S2t1). However, this approach proved unsuitable for synthe-
sizing 2 and 3 due to inaccessibility of required pyrene-NR (3Py)
with boronic ester group. To surmount these obstacles, we
adopted the K-region specific annulative m-extension (APEX)
reaction developed by Ito and Itami (Scheme 1).*

(P, P)-1 and (P, P)-2 were synthesized from 2,7-di-tert-butyl-
pyrene and 3Py,*” and (P)-dimethylsila[7]helicene (ee > 99%),*
through a palladium-catalyzed double C-H/C-Si coupling (K-
region APEX reaction).® A mixture of the respective pyrene
precursor and (P)-dimethylsila[7]helicene was heated at 80 °C
for 15 hours in the presence of [Pd(CH;CN),](SbFe), and o-
chloranil, producing the double annulative (P, P)-1 and (P, P)-2
with stereospecificity. The second competitive addition of [7]
helicene occurs selectively at the K-region of the pyrene possibly
due to its high olefinic character,* compared to the two K-
regions of the first annulated [7]helicene where aromatic char-
acter is dominant.>* This selectivity can be rationalized by the
presence of neighboring conjugated Clar's sextet. In the K-
region of pyrene, four peri-fused benzene rings shared two
Clar's sextets, whereas in the K-region of [7]helicene, it conju-
gates with two neighboring Clar's sextets. The APEX reactions
also produced single annulated (P)-3 and (P)-VII (ref. 40) with
moderate yield. Similarly, (M, M)-1 and (M, M)-2 were synthe-
sized from (M)-dimethylsila[7]helicene in comparable yields
and enantiopurity. The identical enantiopurity of 1 (ee > 99%) in
APEX reaction and Suzuki coupling-C-H activation confirms the
stereospecificity of the APEX reaction (ESI Fig. S1t). To the best
of our knowledge, these are the first examples of site-selective
and stereospecific APEX reactions, as the enantiomeric excess
(ee) was retained throughout the reaction scheme.* The struc-
tures of 1, 2 and 3 were confirmed by unambiguous assignment
of 'H and "3C peaks to the respective atoms by COSY, NOESY,
HSQC, and HMBC NMR measurements (ESI Fig. S107). Addi-
tionally, the structure of 1 and 3Py was determined by single-
crystal X-ray diffraction (ESI Fig. S9t).

Pyrene bridged double [7]helicene

Before exploring longer fused pyrene NRs, an extensive study was
conducted on conformational stability of pyrene bridged double
[7]helicene (1). DFT optimized geometry and energy level anal-
yses of (P, P)-1 revealed that the diastereomer with an opposite
chirality in the cove region to [7]helicene (left-handed helical
conformation) is notably most stable, constituting a relative
Boltzmann population of 99.9% (Fig. 2a). The remaining 0.1%
encompasses the higher energy waggling conformation of (P, P)-
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(P)-3 (R = H) 13%,
(P)-3_CI (R =Cl) 7%

Scheme 1 Synthesis of (P, P)-1, (P, P)-2 and (P)-3 via stereospecific APEX reaction.

1. The theoretical calculations were substantiated by the ob-
tained single crystal structure of (P, P)-1 (Fig. 2c), where all four
[4]helicene subunits adopt the M conformation. The resem-
blance between the experimental (87°) and calculated (96°) end-
to-end twists confirm the precision of the DFT optimized struc-
tures. In the case of (P, M)-1, pyrene bridged by two [7]helicenes
with opposite chirality, the scenario reverses, just the opposite of
(P, P)-1. The waggling conformation with opposite helicity to [7]
helicene in the cove is the most stable, representing 99% of the
relative population (Fig. 2b). The remaining 1% comprises the
helical conformation. Notably, in both (P, P)-1 and (P, M)-1, the
conformer with similar helicity in the cove and adjacent [7]hel-
icene represents the highest energy conformation, with an
almost negligible relative population.

The 99.9% conformational stability of (P, P)-1 allow us to
assess the configurational stability, unlike the dynamic nano-
ribbon (VII) reported by Mateo-Alonso et al. where mixture of
conformations exists at variable temperature for fixed helicity of
the [5]helicenoid.* (P, P)-1 was heated at elevated temperature to
observe formation of other isomers. Upon heating two new peaks
appeared in HPLC, which were assigned to (M, M)-1 and (P, M)-1
(ESI Fig. S2at). Using Eyring equation the AH and AS values were
calculated to be 44.1 kcal mol™" and 21.4 cal K~ ! mol ™, respec-
tively (ESI Fig. S3bt). Accordingly, the Gibbs activation energy AG*

Chem. Sci.

(298 K) for diastereomerization of 1 was calculated to be
37.7 kecal mol™?, lower than the enantiomerization barrier of
pristine [7]helicene (41.2 kcal mol *).#%*%7 It should be noted
that, both AH and AS for the diastereomerization of 1 are
significantly higher than those for the enantiomerization of the
[7]helicene (AH = 40.4 keal mol ™", AS = —2.8 cal K" mol™").*
Hence the decreased AG* for 1 can be rationalized for the much
higher and positive AS value—an entropically favored process.
AG* (438 K) of 1 (35.3 kcal mol ) is slightly higher than that of VII
(34.1 keal mol™")* indicating a more ordered conformation upon
locking the structure with the second [7]helicene.”® Upon pro-
longed heating (P, P)-1 reaches to a diastereomeric equilibrium of
(P*, P*)-1 to meso (P, M)-1 at a ratio of 3.6 : 1 (ESI Fig. S1 and S27),
similar to the ratio (3.8: 1) obtained from racemic reaction (ESI
Fig. S17). This is well in accordance with the calculated relative
population of two diastereomers (3.8:1) by DFT.

Conformation isomers of conjugated cove-edged NR (3Py)

The cove-edged nanoribbons showcase a nonplanar geometry
primarily attributed to steric repulsion between two hydrogen
atoms positioned at the inner core of recurring [4]helicene units,
resulting in tilted upward and downward topologies. The
conformational stability of 3Py was evaluated through DFT

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(b)

Waggling

5.91
kcal mol -1
(0.0%)

Helical

3.11 kcal mol-* (1.0%)

87° (experimental)

96° (calculated)

End-to-end twist

Fig.2 DFT (wB97XD/6-31G(d,p)) calculated conformational isomers of (a) (P, P)-1, (b) (P, M)-1 with relative total energy and population at 298 K.
(c) Single crystal structure of (P, P)-1. Hydrogen atoms in all and tert-butyl groups in calculated structures are omitted for clarity.

calculations (Fig. 3). At room temperature, the waggling
conformer of 3Py prevails as the most stable, constituting 78% of
the population, while the remaining portion corresponds to the
helical conformer. The calculations were substantiated by the
obtained single crystal of 3Py, revealing a waggling twist. Notably,
there is no net end-to-end twist observed, as the twist from one
terminal to the other end does not continue consistently but
instead reverses the twist direction in the middle pyrene. The
rapid flipping of adjacent pyrene in waggling twist is evident
from the "H NMR experiment, where all tert-butyl groups exhibit
only one distinct sharp singlet at 1.63 ppm (ESI Fig. S151).

Helical, 0.56 kcal mol-' (22%)

Waggling, 0.0 kcal mol -1 (78%) j

waggling

helical
Single crystal structure

Side view

Fig. 3 DFT (wB97XD/6-31G(d,p)) calculated conformational isomers
and single crystal structure of 3Py with relative total energy and
population at 298 K. Hydrogen atoms in all and tert-butyl groups in
calculated structures are omitted for clarity.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Effect of one terminal [7]helicene on conformational stability
of cove-edged NR

Next, we investigated the influence of one (P)-{7]helicene unit on
the conformation of 3Py. Although (P)-3 appears as flexible as
3Py, the left-handed helical conformation emerges as the most
stable, constituting a relative population of 87.9% (Fig. 4).
Conversely, the lowest waggling conformer, slightly higher in
energy (1.91 keal mol™"), accounts for a relative population of
6.3%, while combined population of all four waggling
conformers amounts to 12.09%. The highest energy right-
handed helical conformer (5.17 kecal mol™") comprises only
0.01% of the population. Despite numerous attempts in various
solvent combinations and at low temperatures, obtaining
a single crystal of (P)-3 remained elusive. However, the twisted
structure of the C, symmetric (P)-3 is discernible in the "H NMR,
where all three sets of tert-butyl groups exhibit three distinct
singlet signals, each corresponding to 18 protons (ESI
Fig. S32t). Consequently, rapid flipping of adjacent pyrenes in
the waggling conformation just as 3Py is not applicable to (P)-3.
The end-to-end twist of (P)-3 measures 121°, which is 34° higher
than that of (P, P)-1.

Effect of two terminal [7]helicenes on conformational stability
of cove-edged NR

The (P)-[7]helicene-locked nanoribbon (P, P)-2 follows a similar
trend as (P)-3 and (P, P)-1 established by DFT calculated ener-
gies. The left-handed helical nanoribbon represents the most
stable conformer with a relative population of 99.9%, while the
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Right-handed helical ribbon

Waggling ribbon ———

5.17 kcal mol -1
(0.01%)

1.91- 5.16 kcal mol -
(12.09%)

Side view

Fig. 4 DFT (wB97XD/6-31G(d,p)) calculated conformational isomers of (P)-3 with relative total energy and population at 298 K. The lowest
energy waggling conformation of (P)-3 is depicted here. Refer to ESI Section S67 for additional waggling conformations. Hydrogen atoms and

tert-butyl groups are omitted for clarity.

waggling conformers account for the remainder (Fig. 5a). The
right-handed helical ribbon represents the highest energy
conformer (9.22 kcal mol™') with a negligible population.
Notably, upon locking both terminal K-regions by (P)-[7]heli-
cene in 2,7-di-tert-butyl pyrene and 3Py, the left-handed helical
ribbon becomes stabilized by 4.37-4.38 kcal mol " from the
lowest waggling conformer and by 8.79-9.22 kcal mol™* from
the right-handed helical ribbon. In the case of (P, M)-2, where
helicenes of opposite chirality attached to the terminal of NR,
the waggling conformer is stable by 2.57 kcal mol * from the
helical conformer, constituting a relative population of 65%
(Fig. 5b). Although (P, P)-2 possesses twice the number of labile
[4]helicene subunits in comparison to the pyrene-coronene
nanoribbon (X) described by Mateo-Alonso et al,* its left-
handed helical conformer shows significantly greater stability
than the waggling conformers, comprising a relative population
of 99.9% versus 93.8%. The end-to-end twist of (P, P)-2 measures
171° making it as the second-most twisted central acene core
following the twisted hexacene reported by Kilway et al.>* The
end-to-end twist in (P, P)-2 is nearly double that of (P, P)-1 and
increased significantly from (P)-3 demonstrating that the
terminal [7]helicenes act as a molecular wrench in maintaining
the twist. The average torsion angle per benzene ring* measures
21.75° and 21.38°in (P, P)-1 and (P, P)-2, respectively, in contrast
to 17.3° in (P)-3 and 14.8° in (P)-VII, which highlights the
increased strain resulting from the conformational lock
imposed by the second [7]helicene. The distance between the
terminal benzene centroids of [7]helicene substructure
decreased significantly from 4.13 A in (P, P)-1to 3.77 A in (P, P)-
2, while the torsional twist slightly increased from 22.4° (1) to
22.9° in 2. This highlights the additional strain imposed by the
[7]helicene in (P, P)-2 to maintain such a high level of twist in

Chem. Sci.

the central core. Regardless of its size (~3.1 nm), and the
extensive aromatic core comprising 100 carbon atoms, (P, P)-2
demonstrates excellent solubility in a wide range of organic
solvents, owing to the highly twisted structure.

Nucleus-independent chemical shift calculations

To evaluate the effect of twisting on the aromaticity, the nucleus-
independent chemical shift (NICS) values were computed for all
discussed molecules (Fig. 6). All benzene rings exhibited negative
NICS(1),, values, indicative of their aromaticity, except for H4
ring in (P)-3 and (P, P)-2. The marginally positive value NICS(1),,
for ring H4 in (P)-3 and (P, P)-2 corroborates to its highly distorted
structure compared to other rings. In the [7]helicene subunit of
NRs, the aromaticity increased on moving away from the central
rings (H4 to H1) similar to pristine [7]helicene.”* Aromaticity
within the acene core (P1 to P6) decreases on moving away from
terminal rings into the central core in 3Py. However, this trend
reverses in (P, P)-1 and (P, P)-2 as terminal rings (P1 or P6) show
smaller NICS(1)zz values with a gradual increase to the inner
core. Away from the centrally tethered twisting, the P7-P9 rings in
the pyrene exhibit relatively higher negative NICS(1),, values, as
do the H1 and H2 rings of the [7]helicene. In general, the
NICS(1),, values of the waggling conformer of 1 and 2 are
significantly higher than those of the left-handed helical
conformer of (P, P)-1 and (P, P)-2, likely due to absence of an end-
to-end twist (ESI Table S67).

Chiroptical properties

The absorption and emission spectra of (P, P)-2 and (P)-3 closely
resemble each other, with a slight red shift compared to (P, P)-1,
due to an increase in t-conjugation (Fig. 7a). The optical energy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a)

Right-handed helical ribbon

/9.22 kcal mol -
(0.0%)

Waggling ribbon, 0.0 kcal mol-' (65.0%)

Side view

Fig. 5 DFT (wB97XD/6-31G(d,p)) calculated conformational isomers of (a) (P, P)-2 and (b) (P, M)-2 with relative total energy and population at
298 K. The lowest energy waggling conformation of 2 is depicted here. Refer to ESI Section S67 for additional waggling conformations. Hydrogen
atoms and tert-butyl groups are omitted for clarity.

(P, P)-2

Fig. 6 Calculated (GIAO-B3LYP/6-311+G(2d,p)) NICS(1) values for 3Py, (P, P)-1, (P, P)-2 and (P)-3. tert-Butyl groups are omitted for clarity.
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gap for (P, P)-1, (P, P)-2, and (P)-3 falls within the range of 2.79-
2.83 eV, notably lower than that of [7]helicene (3.06 eV)** and
3Py (2.92 eV) (ESI Table S2f). TD-DFT (B3LYP/6-31g(d,p))
calculations revealed that for all three compounds the lowest
energy absorption band mainly stemming from HOMO —
LUMO transition with similar oscillator strength of 0.13-0.14
(ESI Table S57). The emission maximum for (P, P)-1, (P, P)-2 and
(P)-3 were recorded at 473, 492 and 493 nm respectively with
fluorescence quantum yields (FQYs) of 0.05, 0.15 and 0.19 in
dichloromethane. The decrease in FQY of (P, P)-2 compared to
(P)-3 can be attributed to twist-enhanced inter system crossing
as observed in twisted acenes.®®* The fluorescence decay life-
times of (P, P)-1, (P, P)-2, and (P)-3 range between 5.07-5.55 ns,
significantly shorter than that of [7]helicene (13.8 ns).**

The absolute configuration of the enantiomers of 1, 2, and 3
was assigned comparing experimental and TD-DFT calculated
CD spectra (ESI Fig. S81). The lowest energy CD signals are
stronger for 2, followed by 1 and 3 respectively (Fig. 7b). The
experimentally obtained luminescence dissymmetry factor
(glum) of 2 is 1.54 x 1077, nearly three times that of 3 (0.63 x
107°) and 1 (0.54 x 10~%) (ESI Fig. S71). The increase in chi-
roptical response of 2 can be attributed to the increased twist in
the NR core, resulting in macro chirality. This was further
supported by TD-DFT calculations, which showed enhanced
excited state magnetic transition dipole moment and higher
cos d values for 2 compared to those for 1 and 3 (ESI Table S37).
In contrast to dynamic pyrene-coronene NR (X) reported by
Mateo-Alonso et al.,* the variable temperature (278-333 K) ECD
and CPL measurements showed minimal change (ESI Fig. S6f7),
indicating the robust chirality of the (P, P)-2, corroborating its
higher gjum/gabs ratio of 0.81.%

Conclusion

In summary, we have succeeded in achieving unparalleled
control over the conformation of cove-edged graphene NRs.
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Leveraging enantiopure [7]helicenes as molecular wrenches, we
have integrated these helical motifs into the terminal K-regions
of a conjugated pyrene NR through a stereospecific APEX reac-
tion. Among these acene-cored NRs, (P, P)-2 displayed an
impressive end-to-end twist of 171°. These robust chiral NRs
exhibited exceptional configurational and conformational
stability with a relative population of helical NR amounting to
99.9% at room temperature. The progressive increase in chi-
roptical responses from (P)-3 to (P, P)-2 highlights the emer-
gence of macro chirality resulting from the overall twist of the
nanoribbon. Our study not only addresses the longstanding
challenge of controlling the stereochemistry of twisted hydro-
carbon NRs but also sheds light on the impact of twisting on the
conformational population. Through extensive quantum
chemical calculations, we have provided a detailed under-
standing of the energetically favored conformers and their
relative populations. The outlined strategy, allowing the late-
stage introduction of helicene units by APEX reaction, holds
promise for facilitating the synthesis of diverse cove edge NR
variants with desired conformations.
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S1. Materials and characterization

All chemicals and solvents were purchased from commercial sources and were used
without further purification unless stated otherwise. The 8-methylnaphthalen-2-ol (3) and
2-(2,7-di-tert-butylpyren-4-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane were synthesized
according to literature known protocols!?. The reactions and experiments sensitive to
dioxygen were performed using Schlenk techniques and nitrogen-saturated solvents. All
the glassware and NMR tubes prior to use for experiments were kept in oven at 80 °C for
12 h.

Chromatography:

Open-column chromatography and thin-layer chromatography (TLC) were performed on
silica gel (Merck silica gel 100-200 mesh). Chiral stationary phase HPLC separations were
performed by SHIMADZU 223.

NMR spectroscopy:

The NMR experiments were performed at 298 K on NMR spectrometers operating at
400 MHz proton and 101 MHz 3C frequencies. Standard pulse sequences were used and
the data was processed using 2-fold zero-filling in the indirect dimension for all 2D
experiments. Chemical shifts () are reported in parts per million (ppm) relative to the
solvent residual peak (*H and 3C NMR, respectively): CDCls (6 =7.26 and 77.16 ppm),
CD.Cl2 (6 =5.32 and 53.84 ppm) and J values are given in Hz. Structural assignments for
compound 1 and 2 were made with additional information from gCOSY, gNOESY,
gHSQC and gHMBC experiments.

HRMS:

The ESI-HRMS were measured on Bruker micrOTOF while the MALDI-TOF-HRMS
were measured on Bruker ultrafleXtreme. trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB) dissolved in chloroform was used as supporting
matrix in the MALDI-TOF-HRMS measurement.

Melting point:

Melting points were measured using an OptiMelt Automated Melting Point System.
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UV-vis and Fluorescence spectroscopy:

UV-vis spectra were measured on JASCO V-670 spectrometer, while emission spectra
were measured Edinburgh FLS 980 photoluminescence spectrometer. The fluorescence
lifetimes were measured in DCM using a 418.6 nm pulsed laser diode with a pulse
frequency of 1/100 ns. The fluorescence quantum yields were measured in DCM using
same spectrometer with a 450 W xenon arc lamp as a light source and a calibrated

integrating sphere.

Circular dichroism spectroscopy:

CD spectra were measured on JASCO J-810 spectrometer.

Optical rotation:

Optical rotations were measured on JASCO P-1020 polarimeter with WCG3-100 cell.
Cyclic voltammetry:

Cyclic voltammetry experiments were performed in DCM with 0.1 M [BusN][PFs] as
supporting electrolyte using a Gamry Instruments Reference 600 potentiostat. A standard
three-electrode cell configuration was employed using a platinum disk working electrode,
a platinum wire counter electrode, and an Ag/AgCl serving as reference electrode. The

redox potentials were referenced to the ferrocene (Fc) / ferrocenium (Fc*) redox couple.
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S2. Synthetic details and analytical data

rac-8,8'-dimethyl-[1,1'-binaphthalene]-2,2'-diol ((£)-4)

Cu-TMEDA (3 mol%) Q
DCM G
90 - o
HO 50 min, 25°C Oe o

3 ()-4

78%

3 (500 mg, 3.16 mmol) was dissolved in dry DCM (8 mL) then Cu-TMEDA (44 mg, 3.0
mol%) was added in portions over 15 min to the flask. The reaction mixture was then stirred
for 50 min at 25 °C. The reaction was quenched by 1 M HCI followed by extraction with
25 mL of DCM. The organic layer was dried over anhydrous sodium sulfate. The solvent
was removed under reduced pressure using a rotary evaporator. Crude product was purified
by column chromatography on silica gel using 20% ethylacetate in petrolether to yield 392
mg (78%) of ()-4 as white crystalline solid. Melting Point 255.8 °C.

'H NMR (400 MHz, CDCl3, 25 °C): 6 [ppm]=7.94 (d, J = 8.9 Hz, 1H), 7.74 (d, J = 9.3
Hz, 1H), 7.30 (d, J = 8.9 Hz, 1H), 7.19 (d, J = 6.5 Hz, 1H), 5.04 (s, 1H), 1.85 (s, 3H). (1H
integrated under the CDCls residual peak at ¢ 7.26 ppm)

13C NMR (101 MHz, CDCls, 25 °C): J [ppm] = 153.4, 134.1, 133.1, 133.0, 131.1, 130.6,
128.2,124.0, 116.9, 113.8, 22.7.

HRMS (ESI): m/ z: [M—H]~ Calcd for [C22H1702] 313.1234; Found 313.1231

8,8'-dimethyl-[1,1'-binaphthalene]-2,2'-dicamphorsulfonicester

R-SO;Cl (6 equiv)

QG DMAP (0.05 equiv) QG
DMF, Et;N

oH - 0SO,R

OSO,R
eI &

(1)-4 R=% 91%
“g (o]

Rac-4 (10.0 g, 31.8 mmol, 1.00 equiv) was dissolved in dry DMF (30 mL) and triethylamine
(20 mL, 143 mmol, 4.50 equiv) followed by addition of DMAP (200 mg, 1.63 mmol, 0.05
equiv). The reaction mixture was then stirred at 0 °C for 30 min. (1S)-(+)-10-

Camphorsulfonyl chloride (50.0 g, 199 mmol, 6.27 equiv) was dissolved in 45 mL dry
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DMF at 0 °C and added to the reaction mixture dropwise via syringe. The reaction mixture
was stirred at 0 °C for 20 min, then warmed up to 25 °C and stirred for 15 h. The reaction
was quenched with water and the product was extracted with DCM, dried over anhydrous
sodium sulfate. The solvent was removed under reduced pressure using a rotary evaporator.
Crude product was purified by column chromatography on silica gel using 5% ethylacetate
in toluene to isolate both the diastereomers separately. Combined Yield: 21.56 g (91%) as
white crystalline solid. Melting Point 166.5 °C.

IH NMR (400 MHz, CDCls, 25 °C): é [ppm] = 7.95 (d, J = 9.0 Hz, 1H), 7.78 (d, J = 7.9
Hz, 1H), 7.62 (d, J = 8.9 Hz, 1H), 7.43 - 7.37 (m, 1H), 7.30 (d, J = 7.0 Hz, 1H), 2.59 (d, J
=14.8 Hz, 1H), 2.28 — 2.17 (m, 2H), 1.96 (m, 4H), 1.91 — 1.83 (m, 1H), 1.79 (d, J = 18.5
Hz, 1H), 1.47 — 1.16 (m, 3H), 0.82 (s, 3H), 0.61 (s, 3H).

13C NMR (101 MHz, CDCls, 25 °C): é [ppm] = 213.4, 146.2, 136.1, 133.1, 132.6, 131.4,
131.3,127.7,126.2, 126.0, 120.1, 77.5, 77.2, 76.8, 57.6, 48.7, 47.9, 42.8, 42.4, 26.9, 24.7,
23.5,19.5,19.4.

HRMS (ESI): m/z: [2M + Na*] Calcd for [C42H4608S2Na] 765.2526; Found 765.2540

(S)-8,8'-dimethyl-[1,1'-binaphthalene]-2,2'-diol ((S)-4)

QG NaOH R
THF, MeOH, H,0 G

0SO,R
_—
0SO,R

S e S oH
H

R=
"‘r..

(5)-4

o 86%

(S)- 8,8'-dimethyl-[1,1'-binaphthalene]-2,2'-dicamphorsulfonicester (2.0 g, 2.7 mmol)
was dissolved in THF (40 mL), MeOH (20 mL) and 5 M NaOH (20 mL) and refluxed at
90 °C in an oil bath for 15 h. Then 1M Hydrochloric acid was added to the reaction mixture
until it was acidic. The reaction mixture was then concentrated by evaporating methanol
under reduced pressure using a rotary evaporator and the product was extracted with DCM,
dried over anhydrous sodium sulfate. The solvent was then removed under reduced pressure
and the crude product was purified by column chromatography on silica gel using 5%
ethylacetate in petroleum ether to yield 1.08 g (86%) of (S)-4 as white crystalline solid. er
96:04. Melting point 255.7 °C.
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IH NMR (400 MHz, CDCls, 25 °C): d [ppm]=7.94 (d, J = 8.9 Hz, 1H), 7.74 (d, J = 9.3
Hz, 1H), 7.30 (d, J = 8.9 Hz, 1H), 7.19 (d, J = 6.5 Hz, 1H), 5.04 (s, 1H), 1.85 (s, 3H). (1H
integrated under the CDCl3 residual peak at 6 7.26 ppm)

13C NMR (101 MHz, CDCls, 25 °C): 6 [ppm] = 153.4, 134.1, 133.1, 133.0, 131.1, 130.6,
128.2,124.0, 116.9, 113.8, 22.7.

HRMS (ESI): m/ z: [M—H] Calcd for [C22H170,] 313.1234; Found 313.1231

(S)-8,8"-dimethyl-[1,1'-binaphthalene]-2,2'-diamine ((S)-5)

Q i) K2CO3 (12 equiv), Kl (0.1 equiv) Q
2-Bromopropionamide (4 equiv) G
OH DMSO, 12 h, 50 °C NH,
NH,
OO i) KOH (12 equiv), 4 h, 150 °C OG
(5)4 (S)-5

81 %

K2COs3 (1.58 g, 11.4 mmol, 3.0 equiv) and 2-Bromopropionamide (1.70 g, 11.4 mmol, 3.0
equiv) were dissolved in DMSO (3 mL) and stirred for 20 min at 25 °C. Kl (63.1 mg, 0.03
mmol, 0.1 equiv) was added to the solution and stirred for 10 more minutes. (S)-4 (1.2 g,
3.8 mmol, 1.0 equiv) was added to the reaction mixture and stirred for 12 h at 50 °C in an
oil bath. Once all the starting material was consumed, confirmed by TLC, KOH (1.7 g, 30.4
mmol, 8.0 equiv) was added to the reaction mixture and heated at 150 °C for 4 h in an olil
bath. The reaction was then quenched with water and extracted with ethyl acetate. The
solvent was removed under reduced pressure using a rotary evaporator and the crude
product was purified by column chromatography on silica gel using 40% ethylacetate in
petroleum ether to yield 965 mg (81%) as off-white solid (S)-5. Melting Point 249.8 °C.
'H NMR (400 MHz, CDCls, 25 °C): 6 [ppm]=7.75 (d, J = 8.7 Hz, 1H), 7.63 (d, J = 7.3
Hz, 1H), 7.15-7.07 (m, 2H), 7.05 (d, J = 8.7 Hz, 1H), 1.90 (s, 3H). The broad amine peak
can be seen around 3.30 ppm.

13C NMR (101 MHz, CDCls, 25 °C): ¢ [ppm] = 140.5, 134.2, 133.2, 131.4, 130.9, 130.6,
128.1, 123.3,118.4, 118.2, 23.1.

HRMS (ESI): m/z: [M + H] Calcd for [C22H21N2] 313.1705; Found 313.1699
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Synthesis of (S)- 2,2'-diiodo-8,8'-dimethyl-1,1'-binaphthalene ((S)-6)

i) NaNO3 (3.6 equiv)

Qe CF3COOH, QG

0,
NH, 50 min, 0°C

e NH,
i) KI (10 equiv) / H20 e
g 20 min, 25 °C O
(8)-5 (S)-6
76%

(S)-5 (200 mg, 0.64 mmol, 1 equiv) was dissolved in triflic acid (8 mL) and stirred at 0 °C
for 10 minutes followed by addition of NaNO2 (155 mg, 2.24 mmol, 3.5 equiv). Then the
reaction mixture was continued to stir at 0 °C for 50 min followed by dropwise addition
using syringe into a solution of 1.06 g KI (6.40 mmol, 10 equiv) in 4 mL H2O. After 20
min stirring at 25 °C, the reaction was quenched with 10% solution of NaHCO3z and washed
with saturated solution of Na»S>0s. The product was extracted with DCM, dried over
anhydrous sodium sulfate. The solvent was removed under reduced pressure using a rotary
evaporator and the crude product was purified by column chromatography on silica gel
using 1% ethylacetate in petroleum ether to yield 260 mg (76%) of (S)-6 as white solid.
Melting Point 189.3 °C. er 96:04.

'H NMR (400 MHz, CDCls, 25 °C): 6 [ppm] = 7.99 (d, J = 8.6 Hz, 1H), 7.78 (d, J = 8.6
Hz, 1H), 7.61 (d, J = 8.7 Hz, 1H), 7.44 — 7.36 (m, 1H), 7.24 (s, 1H), 1.79 (s, 3H).

13C NMR (101 MHz, CDCls, 25 °C): ¢ [ppm] = 148.3, 135.5, 135.0, 134.4, 133.5, 130.9,
130.8, 128.2, 126.4, 104.8, 24.8.

HRMS (MALDI-TOF): m/ z: [M] Calcd for [C22H16l2] 533.9341; Found 533.9362

12, 17-di-tert-butyl-4,5-dimethyldinaphtho[2,1,8-def:1",2"-s]picene ((P)-1) and (S)-
2,7-di-tert-butyl-4-(8,8'-dimethyl-[1,1'-binaphthalen]-2-y)pyrene ((S)-7)

e >?L ii‘chhé’:éﬁ.f;m'% SoUsHERO Yo
THF : H20 (3:1) . + “
e 2 O @ T

(S)-6 (P)-1 (8)-7
59% 28%

In a Schlenk tube (S)-6 (30.0 mg, 0.056 mmol, 1 equiv) and 2-(2,7-di-tert-butylpyren-4-
yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (30.0 mg, 0.067 mmol, 1.2 equiv) were
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dissolved in dry THF (3 mL) and K>COs (38.7 mg, 0.28 mmol, 5 equiv) was dissolved in
water (1 mL) and both solutions were degassed for 10 min separately and then mixed
together. To this mixture Pd(PPhas)s (6.50 mg, 0.0056 mmol, 0.1 equiv) was added under
high nitrogen pressure and bubbled with nitrogen for 10 additional min. The reaction flask
was then sealed and heated at 85 °C for 20 h in an oil bath. The reaction was quenched by
adding water and extracted with DCM, dried over anhydrous sodium sulfate. The solvent
was evaporated under reduced pressure using a rotary evaporator. The crude product was
purified by column chromatography on silica gel using 1% ethylacetate in petroleum ether
to yield 19.5 mg (59%) as a green fluorescent oil of (P)-1. Melting Point 150.7 °C. er 95:05.
Optical rotation: [a]?®> = + 940

'H NMR (400 MHz, CDCls, 25 °C): 6 [ppm] = 9.17 (d, J = 1.7 Hz, 1H), 9.03 (d, J = 8.8
Hz, 1H), 8.25 (d, J = 1.7 Hz, 1H), 8.17 (d, J = 8.9 Hz, 1H), 8.12 (s, 1H), 7.93 (d, J = 7.6
Hz, 1H), 7.56 — 7.49 (m, 1H), 7.18 (d, J = 6.8 Hz, 1H), 1.68 (s, 9H), 1.19 (s, 3H).

13C NMR (101 MHz, CD,Cly, 25 °C): 6 [ppm] = 148.2, 135.4, 133.0, 132.9, 131.1, 129.4,
129.1, 128.5, 128.2, 127.6, 127.5, 126.1, 125.8, 125.5, 124.9, 123.9, 123.4, 122.0, 35.6,
32.1,23.1.

HRMS (MALDI-TOF): m/z: [M] Calcd for [C4sHa0] 592.3130; Found 592.3119

The above reaction also produced 9.4 mg (28%) as pale yellow crystalline solid 9. Melting
Point 259.6 °C.

IH NMR (400 MHz, CDCls, 25 °C): 6 [ppm] = 8.07 (d, J = 1.8 Hz, 1H), 8.04 (d, J = 8.5
Hz, 1H), 7.97- 7.94 (m, 2H), 7.93 — 7.86 (m, 2H), 7.81 (d, J = 1.8 Hz, 1H), 7.53 (d, J = 8.3
Hz, 1H), 7.50 — 7.46 (m, 1H), 7.42 (d, J = 1.8 Hz, 1H), 7.39 (s, 1H), 7.38 — 7.29 (m, 3H),
7.25-7.18 (m, 2H), 7.05 (dd, J = 7.1, 1.4 Hz, 1H), 6.62 — 6.52 (m, 1H), 2.21 (s, 3H), 1.92
(s, 3H), 1.43 (s, 9H), 1.42 (s, 9H).

13C NMR (101 MHz, CD,Cly, 25 °C): 6 [ppm] = 148.2, 147.9, 141.3, 139.9, 138.9, 138.2,
136.7, 135.6, 134.5, 134.4, 134.0, 132.9, 131.1, 130.6, 130.3, 129.7, 129.6, 128.9, 128.6,
128.5, 128.3, 128.0, 127.7, 127.5, 127.1, 127.1, 125.8, 124.9, 123.3, 122.6, 122.1, 121.8,
121.4,121.3, 35.3, 35.1, 32.0, 31.9, 25.2, 24.2.

HRMS (MALDI-TOF): m/ z: [M] Caled for [CasH42] 594.3287; Found 594.3228
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Table S1. Optimization of Suzuki coupling with different reaction conditions.

Catalyst Base Temp / °C Solvent system Yield”/ %
(3 equiv) 1:7
Pd(PPh3)4(10%) K>COs 100 Toluene: EtOH:H,O 0:62
(5:3:1)

Pd(PPh3)4(7.5%) | K2COs (5 equiv) 85 THF:H,O (3:1) 59:28

Pd(PPhs;)4 (10%) NHCO; 85 THF:H,O (3:1) 32:20

Pd(PPh3).Cl» K>COs 85 THF:H,O (3:1) 31:16
(10%)

Pd(PPh;).Cl, NHCO:s 85 THF:H,O (3:1) 36:15
(10%)

PdCILx(PCy)s Cs2COs 110 Dioxane 40:13
(10%)

“Isolated yield after column chromatography.

Synthesis of 11,16-di-tert-butyl-4,5-dimethyldinaphtho[2*,1":4,5;1",2"":6,7]cyclohepta
[1,2,3-cd]pyrene ((P)-2):

YOO e, LI
rthc acl . equiv),

O “ DCM, 1h,0°C - O

SCRS

(8)-7 (P)-2
86%

o
S

In a Schlenk tube (S)-7 (8.00 mg, 0.013 mmol, 1 equiv) was dissolved in dry DCM and
stirred at 0 °C for 10 min. Then the solution was added dropwise to a flask containing DDQ
(15.0 mg, 0.067 mg, 5 equiv) and stirred at 0 °C for 20 min. Then triflic acid (0.14 mL,
1.50 pmol, 0.12 equiv) was added to the reaction mixture and continued to stir at 0 °C for
30 min under nitrogen atmosphere. The reaction was quenched by saturated NaHCOs3
solution in water, extracted with DCM and dried over anhydrous sodium sulfate. The
solvent was then evaporated under reduced pressure using a rotary evaporator. The crude

product was purified by column chromatography on silica gel using 1% ethylacetate in
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petroleum ether to yield 6.8 mg (86%) as green fluorescent solid of (P)-2. Melting Point
332.1 °C. er 96:04.

Optical rotation: [a]3° = + 308

'H NMR (400 MHz, CDCls, 25 °C): 6 [ppm] = 8.40 (s, 1H) , 8.38 (s, 1H), 8.24 (d, J = 1.7
Hz, 1H), 8.18 (d, J = 1.8 Hz, 1H), 8.00 — 7.97 (3 doublets merged, 3H) , 7.79 (d, J = 6.7
Hz, 1H), 7.64 — 7.62 (2 doublets merged, 2H), 7.41 — 7.35 (m, 2H), 7.30 — 7.25 (m, 1H),
7.14 (d, J = 8.4 Hz, 1H), 7.02 (d, J = 7.9 Hz, 1H), 6.73 (d, J = 8.5 Hz, 1H), 1.62 (s, 9H),
1.56 (s, 9H), 1.38 (s, 3H), 1.26 (s, 3H).

13C NMR (101 MHz, CD,Cly, 25 °C): 6 [ppm] = 149.6, 148.6, 143.5, 143.2, 141.0, 136.9,
136.8, 135.5, 135.3, 135.1, 134.7, 134.5, 134.5, 133.6, 132.3, 131.4, 131.2, 131.0, 130.9,
130.4, 129.9, 129.7, 129.3, 128.2, 127.6, 127.5, 127.4, 127.2, 126.9, 126.8, 126.0, 125.7,
123.4,123.1, 121.9, 121.6, 38.1, 35.5, 34.9, 32.0, 23.5, 22.4.

HRMS (MALDI): m/ z: [M] Calcd for [CasHa0] 592.3130; Found 592.3162
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S3. Cyclic voltammetry

|/ uA

T ' T T r T

0.0 0.3 0.6 0.9 1.2
E/V vs Fc/Fc*

0.0 0.2 04 0.6 0.8 1.0 1.2
E/V vs Fc/Fc™

Figure S1. Cyclic voltammograms of (a) 1 and (b) 2 in DCM at 0.2 V/s scan rate, with
0.1M (n-C4Hq)sNBF4 as supporting electrolyte, versus ferrocene/ferrocenium (Fc/Fc*) at

room temperature.
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S4. Fluorescence lifetime

104 -
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e 2
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Figure S2. Fluorescence decay profile of 1 and 2 in DCM.
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S5. Chiral stationary phase HPLC and CD

@) —(r)6
------ (S1-6 |
0 5 10 15 20
tz / min
(b) [— (P)1
------ (M)-1 '
0 3] 10 15 20
Iz / min
(©) [----- (M)-2 .
— (P)-2
0 5 10 15 20
tz / min

Figure S3. HPLC chromatogram of (a) 6, (b) 1 and (c) 2 using chiral stationary phase

column.
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Table S2. Overview of parameters for HPLC separation of enantiomers of 1, 2 and
6.

Eluent First Secand
Compound n- fractio frgg?irc])n oP Rs® er
hexane/iPrOH n
6 97:3 (S) (R) 112 | 1.22 95.84:4.16
1 97:3 (P) (M) 1.05 | 0.61 95.31:4.69
2 97:3 (M) (P) 143 | 233 95.91:4.09

#Phenomenex Lux i-Amylose-3 5 um (250 x 4.6 mm). Sample injection: 5 uL of a 1
mg/mL solution in hexane. Separation conditions: Eluent, flow rate: 0.5 mL/min, 25 °C.
bSelectivity parameter: a = tro /tr1, where tr1, and tr2 are elution times for first and second
fraction, respectively. “Resolution parameter: Rs = 2(tr2 — tr1)/(W1 + W2), where w1 and
w; are peak widths for first and second fraction, respectively.

Absorption dissymmetry factor

Gabs (28 /£Xx107%)

-4 : T : T g T
250 300 350 400
Al nm

Figure S4. Absorption dissymmetry factor of 1 and 2.
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S6. Determination and analysis of activation parameters of
enantiomerization

The values of the Gibbs activation energies (AG* (T)) for enantiomerization of 1 and 2
calculated by following the decay of the enantiomeric excess (ee) of the enantioenriched
samples dissolved in diethylene glycol dibutyl ether (1-(2-(2-butoxyethoxy)ethoxy)butane)
at 493 K for 1 and 503 K for 2 over time (t) by HPLC on a chiral stationary phase. To
estimate the AG* (T) value, the In(ee/eeo) values were plotted against the t and the data set
was linearly fitted (Figures S5 (a) and (b)). Following the equations In(eeveeo) = —Kract,
where krqc IS the rate constant of racemization, and krac = 2ke, Where ke is the rate constant
of enantiomerization, the ke values were obtained and used to calculate the corresponding
AG* (T) values by using the Eyring equation AG* (T) = —RT In(keh/xksT), where R is the
gas constant (R = 8.31446 J K1), h is the Planck constant (h = 6.62607 x 10734 J s), ks is
the Boltzmann constant (ks = 1.38064852 x 102 J K1), and « is the transmission
coefficient (k = 0.5 or 1). The transmission coefficient kK = 0.5 was used because the

enantiomerization process is defined as a reversible first order reaction.

The AG* (T) value for 1 was determined at 493 K, where racemization could be followed
within a ~10-12 h period of time. Because the AG* (T) values of 1 and 2 differ significantly,
it was not possible to follow the racemization process for both compounds at the same
temperature i.e., at 493 K without the process for 2 being too slow. Hence the AG* (T) value
for 2 was determined at 503 K, where the racemization was followed up to 3 days.
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Figure S5. Plot of In (eei/eeo) against t for (a) 1 and (b) 2 and fitted linearly to obtain the
krac, t1/2-rac, ke and AGI Va|ueS.
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S7. Quantum chemical calculations

DFT calculations were performed using Gaussian 16 suite.®> Geometries were optimized using
B3LYP functional and 6-31G(d,p) basis set in the gas phase unless stated otherwise. Frequency
analysis was performed to verify the stationary state geometry. In all cases no imaginary frequency
was found. TD-DFT calculations were performed on B3LYP/6-31G(d,p) optimized geometries at
the B3LYP/6-31g(d,p) level. The effect of the solvent was accounted for using PCM (with
dichloromethane as the solvent). SpecDis and Avogadro software were used to analyze the TD-

DFT calculated spectra and to generate graphical images of frontier molecular orbitals (FMOs),

respectively.

0.0 kcal mol? 7.1 kcal mol-1 3.5 kcal mol—1

Figure S6. Relative Gibbs’s free energies of diastereomers of 1.

Figure S7. Optimized geometries of 2 and 7. Hydrogen atoms are omitted for clarity
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Table S3. Frontier molecular orbitals of 1 and 2.

FMOs 1 2

LUMO+1

LUMO

HOMO

HOMO-1
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Figure S8. Comparison of experimental (solid) and TD-DFT calculated (dashed, shifted
by 0.08 eV) UV-vis spectra of (a) 1 and (b) 2 along with assignments of key transitions.
H=HOMO, L =LUMO, f = oscillator strength.

98



Table S4. Summary of TD-DFT calculated key low energy transitions.

Excited | Wavelength | Energy Major transitions Contribution | oscillator
e | m | fev o
1
1 410.73 3.02 HOMO—LUMO+1 0.41 0.01

HOMO-1-LUMO 0.56
2 393.03 3.15 HOMO—LUMO 0.65 0.14
3 361.09 3.43 HOMO-1—LUMO 0.41 0.63
HOMO—LUMO+1 0.57
4 347.51 357 | HOMO-1—-LUMO+I 0.65 0.43
HOMO—LUMO 0.23
2
1 415.67 2.98 HOMO—LUMO 0.68 0.40
2 384.18 3.23 HOMO—LUMO+1 0.68 0.03
HOMO-1—-LUMO 0.16
3 361.25 3.43 HOMO-1—-LUMO 0.61 0.13
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(a)

______ 1-P Calculated
—— 1-P Experimental
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Figure S9. Comparison of experimental (solid) and TD-DFT calculated (dashed, shifted
by 0.08 eV) CD spectra for P-enantiomer of (a) 1 and (b) 2.
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NICS calculations: The Nucleus Independent Chemical Shift (NICS) calculations were
performed on B3LYP/6-31G(d,p) optimized geometry at GIAO-B3LYP/6-311+G(2d,p)
level. Considering the non-planarity of molecule the NICS (1)zz values were obtained by

placing dummy atom at 1 A above and below the each ring.

S
o

>
%@

Py

%@

Table S5. The calculated NICS(0) and NICS(1)zz values for 1 and 2.

1 2
Ring N'(Cjél))zz '\::;:j\illrziz NICS(0) N'(Cjél))zz '\:'DC;S;;Z NICS(0)
A ~3.83 ~8.91 ~8.28 ~10.15 ~8.40 ~7.64
B ~7.09 ~1.27 ~5.64 ~6.14 -5.39 ~6.94
C ~2.93 ~3.38 ~3.41 12.12 14.94 7.61
D - - - ~10.17 ~9.09 ~7.04
E - - - ~10.72 ~13.19 ~7.59
F ~2.43 ~0.84 ~9.60 ~30.88 ~27.69 ~9.57
G ~3.05 ~3.17 1.42 ~9.65 ~14.90 ~2.45
H ~2.50 ~2.47 ~3.37 ~14.66 ~14.81 -3.13

| - - - ~32.28 ~30.18 ~10.06
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S8. X-Ray crystallography

The single crystals of 2 were grown by slow diffusion of hexane to solution of 2 in
chloroform in an NMR tube. Single Crystal X-ray diffraction data were collected at 100 K
on a Bruker D8 Quest Kappa diffractometer with a Photon 11 CPAD area detector and multi-
layered mirror monochromated CuKa radiation. The structures were solved using direct
methods, expanded with Fourier techniques and refined with the Shelx software package.*
All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included in
the structure factor calculation on geometrically idealized positions. Crystallographic data
have been deposited with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC 2052372 for 2. These data can be obtained free of charge from The

Cambridge Crystallographic Data Centre via www.ccdc.ac.uk/data.request/cif.

Figure S10. Crystal packing of 2. Hydrogen atoms are omitted for clarity.
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Table S6. Crystallographic table for 2.

CCDC number
Chemical formula
M

Crystal system, space group
Temperature (K)
a, b, c(A)

a, p,y (°)

V (A%

VA

Radiation type
u(mm™)

Crystal size (mm)
Tmin, Tmax

No. of measured, independent and
observed [1 > 2o(1)] reflections

Rint
(sin 8/A)max (A1)
R[F2> 26(F?)], WR(F?), S

No. of reflections/parameters

2052372
CasHao-CHCl:
677.70
Triclinic, P-1
100

8.4265 (6), 12.964 (1), 17.6847 (13)
110.250 (4), 97.265 (4), 99.701 (4)
1750.5 (2)

2

Cu Ka

191

0.23 x 0.03 x 0.02

0.639, 0.754

29713, 6872, 6142

0.031
0.618
0.035, 0.095, 1.04

6872/ 450
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S9. NMR spectroscopy
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Figure S11. 'H (blue) and *C NMR (red) peaks assigned to respective atoms in (a) 1 and (b) 2.
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S10. High resolution mass spectrometry (HRMYS)
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Figure S34. ESI-HRMS of 4.
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Figure S35. ESI-HRMS of 8,8'-dimethyl-[1,1'-binaphthalene]-2,2'-dicamphorsulfonicester.
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Figure S36. ESI-HRMS of 5.
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Figure S39. MALDI-TOF HRMS of 7.
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S1. Cyclic voltammetry
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Figure S1. Cyclic voltammograms of (a) 1 and (b) 2 in DCM with 0.1 M (n-CsHg)sNPFg

as supporting electrolyte

E/V vs Fc/Fc*

, versus ferrocene/ferrocenium (Fc/Fc*) at room temperature with

different scan rate. (Inset: DPV curve)
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Figure S2. Solid-state emission of (a) 1 and (b) 2.
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S3. CPL properties of [5]helicene congeners
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Figure S3. (a) CPL spectra and (b) Emission dissymmetry factor (giwm) of [5]helicene
congeners—OL 1 (Bcp =0.37 Mt ecm™) and OL 2 (Bcp =5.98 Mt cm™).
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S4. Chiral stationary phase HPLC

(@)

(b)

—— a5

E—)
""" 4R M
T T e
0 5 10 15 20 0 5 10 15
t/ min £/ min
© —2p
------ 2M
0 5 10 15 20

t/ min

Figure S4. HPLC chromatogram of (a) 4, (b) 1, and (c) 2 using chiral stationary phase

column.

Table S1. Overview of parameters for HPLC separation of enantiomers of 1, 2 and 4.

Eluent First Second
Compound n- fractio frgg?ir;n oP Rs® er
hexane/iPrOH n
4 80:20 S R 1.11 1.03 >99.0
1 97:3 M P 1.13 0.83 98.1:1.9
2 97:3 M P 1.23 | 142 98.3:17

aPhenomenex Lux i-Amylose-3 5 um (250 x 4.6 mm). Sample injection: 5 uL of a ~1
mg/mL solution in hexane/iPrOH. Separation conditions: Eluent, flow rate: 0.5 mL/min,
25 °C. PSelectivity parameter: a = tro /tr1, Where tr1, and tr, are elution times for first
and second fraction, respectively. °Resolution parameter: Rs = 2(tr2 — tr1)/(W1 + W2),
where wi and w are peak widths for first and second fraction, respectively.
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S5. Determination and analysis of activation parameters for
enantiomerization

The values of the Gibbs activation energies (AG* (T)) for enantiomerization of 1 and 2
calculated by following the decay of the enantiomeric excess (ee) of the enantioenriched
samples dissolved in diethylene glycol dibutyl ether (1-(2-(2-butoxyethoxy)ethoxy)butane)
at 438 K for 1 and 498 K for 2 over time (t) by HPLC on a chiral stationary phase. To
estimate the AG* (T) value, the In(eei/eeo) values were plotted against t and the data set was
linearly fitted (Figures S5 (a) and (b)). Following the equations In(eeveeq) = —kract, where
krac IS the rate constant of racemization, and krac = 2ke, Where ke is the rate constant of
enantiomerization, the ke values were obtained and used to calculate the corresponding AGH
(T) values by using the Eyring equation AG* (T) = —RT In(keh/xksT), where R is the gas
constant (R = 8.31446 J K1), h is the Planck constant (h = 6.62607 x 103* ] s), kg is the
Boltzmann constant (ks = 1.38064852 x 1072 J K1), and « is the transmission coefficient
(k=0.5 or 1). The transmission coefficient k = 0.5 was used because the enantiomerization

process is defined as a reversible first order reaction.

The AG*(T) value for 1 was determined at 438 K, where complete racemization could be
followed within a ~5 h period of time. Because the AG*(T) values of 1 and 2 differ
significantly, it was not possible to follow the racemization process for both compounds at
the same temperature i.e., at 438 K without the process for 2 being too slow. Hence the
AG* (T) value for 2 was determined at 498 K, where the racemization was followed up to
10 hours.
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Figure S5. Plot of In(eev/eeo) against t for (a) 1 and (b) 2 and fitted linearly to obtain the
Krac, t/2-rac, ke and AG* values.
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S6. Quantum chemical calculations

0.0 kcal mol 3.14 kcal mol-! 6.86 kcal mol-*

Figure S6. Relative Gibbs’s free energies of diastercomers of 1. Hydrogen atoms are

omitted for clarity.

(A) 0.0 kcal mol (B) 25.80 kcal mol

Figure S7. Relative Gibbs’s free energies of diastercomers of 2. Hydrogen atoms are

omitted for clarity.
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Table S2. Frontier molecular orbitals of 1 and 2 (isosurface value 0.02).

FMOs

LUMO+1

LUMO

HOMO

HOMO-1
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T N 1 Calculated [ 08
352 nm, f=0.83
H-2—-L
H—L+2
= 1378 nm, f= 0.27 >
(\] _ \ ’ (M)
= 0.2 H{sL -0.4 -
L HoL+1
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N
0.0 0.0
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A/ nm
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: —— 2 Experimental
------ 2 Calculated
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® 054 % Loy HoL+1 -05 o
< c
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1 H—L
0.0 T T ‘ T T T T I T 1 T T T 0.0
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A/ nm

Figure S8. Comparison of experimental (solid) and TD-DFT calculated (dashed) UV-vis
spectra of (a) 1 (shifted by 0.08 eV, 10 nm) and (b) 2 (shifted by 0.10 eV, 13 nm) along
with assignments of key transitions. H=HOMO, L = LUMO, f = oscillator strength.
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Table S3a. Summary of TD-DFT calculated key low energy transitions.

Excited | Wavelength | Energy Major transitions Contribution | oscillator
slrggtleet i i eV strei?)gth
1
1 430.79 2.88 HOMO—LUMO 0.68 0.14
2 378.89 3.27 HOMO-1-LUMO 0.50 0.27

HOMO—LUMO+1 0.42
3 352.99 3.51 HOMO—LUMO+2 0.58 0.83
HOMO-2—LUMO 0.35
2
1 414.68 2.99 HOMO—LUMO 0.69 0.57
2 385.79 3.21 HOMO—LUMO+1 0.67 0.02

Table S3b. Calculated electric and magnetic transition moments, and absorption
dissymmetry factor for So—S; transition.

Electric Magnetic Rotatory strength
felEnl trirz)sr:(ia?\rt] 8 ij)o;e nﬁgseir:ito(Tnﬂ;p/O{% S 1040 erg( F;gu cm G- E1]?)b*s~°”
10 esu cm 20erg G 1 !
1 363.86 1.32 0.11 51.67 1.6
2 711.16 1.29 -0.29 —267.76 271
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Figure S9. Comparison of experimental (solid) and TD-DFT calculated (dashed) CD
spectra for P-enantiomer of (a) 1 (shifted by 0.08 eV) and (b) 2 (shifted by 0.10 eV).
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NICS calculations: The Nucleus Independent Chemical Shift (NICS) calculations were
performed on ®B97XD/6-31G(d,p) optimized geometry at GIAO-B3LYP/6-311+G(2d,p)
level. Considering the non-planarity of molecule the NICS(1)zz values were obtained by
placing dummy atom at 1 A above and below the each ring.

&5
6
Q. B

e
ps @00®0 0@0

-—

Table S4. The calculated NICS(0) and NICS(1)zz values for 1 and 2.

1 2

Ring N'(Cl‘j’él))zz '\::;:j\illrziz NICS(0) N'(CSS)ZZ '\:'DC;S;;Z NICS(0)
A -1.49 -3.34 -5.55 -16.20 -17.72 -11.54
B -1.44 -3.08 -5.12 -12.83 -10.65 -7.60
C -5.13 -1.43 -6.63 -5.37 -6.20 -5.67
D -2.76 -2.77 -5.21 13.61 15.52 24.67
E - - - -9.81 -8.22 -6.66
F - - - -11.78 -13.73 -6.67
G - - - -18.93 -16.74 -11.02
H -2.22 -0.76 711 -31.26 -27.56 -13.76
| -2.99 -2.96 -7.43 -8.01 -13.81 8.97
J -2.39 -2.47 -7.30 -14.53 -13.87 6.16
K - - - -31.74 -30.41 -14.47
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S7. X-Ray crystallography

The single crystals of 1 were grown by slow diffusion of hexane to solution of 1 in DCM
in an NMR tube. Crystallographic data have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC 2103307 for 1.
These data can be obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.ac.uk/data.request/cif.

Figure S10a. ORTEP diagram of (P)-1. Thermal ellipsoids are shown at the 50%

probability level. Hydrogen atoms are omitted for clarity.
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Figure S10b. Crystal packing of 1. Hydrogen atoms are omitted for clarity.
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Table S5. Crystallographic table for 1.

Data

1
CCDC 2103307
Empirical formula CssHsa
Formula weight (g-mol?) 751.01
Temperature (K) 100.01(10)
Radiation, A (A) Cuk.1.54184
Crystal system
Space group C2/c
Unit cell dimensions
a (A) 21.9510(2)
b (A) 21.30729(17)
c (A 18.62947(18)
a(°) 90
B (°) 108.5271(10)
() 90
Volume (A% 8261.74(14)
z 8
Calculated density (Mg-m~2) 1.208
Absorption coefficient (mm1) 0.508
F(000) 3216
Theta range for collection 2.968 to 80.249°
Reflections collected 63377
Independent reflections 8923
Minimum/maximum transmission 0.494/1.000
Refinement method Full-matrix least-squares on F2
Data / parameters / restraints 8923 /554 /58
Goodness-of-fit on F? 1.051

Final R indices [1>2c(1)]

R1 = 0.0586, wR? = 0.1485

R indices (all data)

R: = 0.0670, wR? = 0.1550

Maximum/minimum residual electron
density (e-A3)

0.722/-0.434
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S8. NMR spectroscopy

Aromatic  Exp. Cal.
Proton Shift Shift
Position (ppm) (ppm)

a 736 7.63
b 657 6.7
c 6.99 7.3
d 735 745
e 752 768
f 777 797
g 816 838
h 9.09  9.39
i 930  9.77
j 8.28 848
k 814 838

Aromatic  Exp. Cal.
Proton Shift Shift
Position (ppm) (ppm)

a 6.43 6.81

b 6.60 6.74

C 7.01 7.17

d 7.39 7.41

e 71.37 7.41

f 7.52 7.66

g 173 781

h 6.96 7.17

i 8.39 8.74

j 801 832

k 7.97 8.24

| 8.16 8.39

o s Lo m 825 862
128.24 n 8.58 8.8
AN o
p 803 824

q 768 781

r 7.48 7.66

3 S 7.44 7.56

, t 7.08 7.17

u 6.64 6.74

\Y; 7.07 7.41

Figure S11. *H (blue) and *C NMR (red) peaks assigned to respective atoms in (a) 1 and
(b) 2 and Table S6. Comparison between experimental and calculated aromatic *H NMR
shift values for 1 (top) and 2 (bottom).
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S9. High resolution mass spectrometry (HRMS)
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Figure S36. MALDI-TOF HRMS of 1.
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Figure S37. MALDI-TOF HRMS of 2.
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Figure S39. ESI-HRMS of 8,8'-dimethyl-[1,1'-binaphthalene]-2,2'-dicamphorsulfonicester.
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S1. Experimental Details

Chromatography. Open-column chromatography and thin-layer chromatography (TLC)
were performed on silica gel (Merck silica gel 100-200 mesh). Chiral stationary phase
HPLC separations were performed on SHIMADZU 223.

NMR Spectroscopy. The NMR measurements were performed at 298 K on NMR
spectrometers operating at 400 MHz 'H and 101 MHz *3C frequencies (151 MHz for (P,
M-3)). Standard pulse sequences were used, and the data was processed using 2-fold zero-
filling in the indirect dimension for all 2D experiments. Chemical shifts (¢) are reported in
parts per million (ppm) relative to the solvent residual peak (*H and *C NMR,

respectively): CD2Cl2 (0 =5.32 and 53.84 ppm) and J values are given in Hz.

High-resolution mass spectrometry (HRMS). The matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) - HRMS were measured on Bruker ultrafleXtreme.
Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB)
dissolved in chloroform (30 mg/mL) was used as a supporting matrix, while Cesium iodide
dissolved in acetonitrile (40 mg/mL) used as a reference in the MALDI-TOF-HRMS

measurement. The calculated mass was exported from mMass software.

Melting point. Melting points were measured using an OptiMelt Automated Melting Point

System.

UV-vis and Fluorescence spectroscopy. UV—vis spectra were measured on the JASCO
V-670 spectrometer, while emission spectra were measured Edinburgh FLS 980
photoluminescence spectrometer in DCM (OD = 0.05). The fluorescence lifetimes were
measured in DCM (OD = 0.05) using a 418.6 nm pulsed laser diode with a pulse frequency
of 1/50 ns. The fluorescence quantum yields were measured in DCM in three different
concentrations (OD = 0.2 — 0.5) using the same spectrometer with a 450 W xenon arc lamp

as a light source and a calibrated integrating sphere.

CPL and CD spectroscopy. CPL and CD spectra were recorded with a customized JASCO
CPL-300/J-1500 hybrid spectrometer.
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S2. Photophysical Properties

A. Comparison of UV-vis absorption, emission, and CD plots in DCM.
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Figure S1. (a) UV-vis absorption and emission spectra of 1, 2, 3, and 8 in

dichloromethane. (b) Electronic CD spectra of 1, 2, 3, and 8 in dichloromethane.

B. Solid state emission and CPL spectra.
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Figure S2. Solid state (a) emission spectra and (b) CPL spectra of 3 and 8 (excited at 380

nm).

152



S3. Chiral stationary phase HPLC data

(P, P+ (P, M)-3

L e cmcccaremaees ~—mmaa S ee s mceccac_e_ .-

t/ min

Figure S3. HPLC chromatogram of diastereomeric mixture of 3 using chiral stationary
phase column. (The chromatogram detector was set at 375 nm with a bandwidth of 4 nm.)

Table S1. Overview of parameters for HPLC separation of stereoisomers of 3.

Eluent First Second | Third b .
Compound ) ) g . a Rs er
n-hexane/iProH | fraction | fraction | fraction
3 94:6 MM PM* PP 1.36 | 2.48 | 98:2

aPhenomenex Lux i-Amylose-3, 5 um (250 x 4.6 mm). Sample injection: 30 uL of a ~1
mg/mL solution in hexane/iPrOH. Separation conditions: Eluent, flow rate: 0.5 mL/min,
25 °C. PSelectivity parameter: a = tro /tr1, Where tr1, and tr, are elution times for first
and second fraction, respectively. “Resolution parameter: Rs = 2(tr2 — tre)/(W1 + W2),
where wy and w; are peak widths for first and second fraction, respectively. Note « and

Rs for 3 was calculated only for PP and MM.
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S4. Quantum chemical calculations

DFT calculations were performed using Gaussian 16 suite.> Geometries were optimized
using ®B97XD functional and 6-31G(d,p) basis set in the gas phase. Frequency analysis
was performed to verify the stationary state geometry. In all cases no imaginary frequency
was found. TD-DFT calculations were performed on ®wB97XD/6-31G(d,p) optimized
geometries at the B3LYP/6-31g(d,p) level. The effect of the solvent was accounted for
using PCM (with dichloromethane as the solvent). SpecDis® and Avogadro* software were
used to analyze the TD-DFT calculated spectra and to generate graphical images of frontier

molecular orbitals (FMOs), respectively.

(3D) 0.0 kcal mol ™! (3E) 28.4 kcal mol !

Figure S4. Relative Gibbs’s free energies and optimized geometries of diastereomers of 3.

Hydrogen atoms are omitted for clarity.

154



Table S2. Frontier molecular orbitals of (P, P)-3 and (P, M)-3 (isosurface value 0.02).

Hydrogen atoms are omitted for clarity.

FMOs (P, P)-3A (P, M)-3C

LUMO+1

LUMO

HOMO

HOMO-1
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Figure S5. Comparison of experimental (solid) and TD-DFT calculated (dashed) (a) UV—
vis absorption (b) ECD spectra of (P, P)-3 (shifted by 0.07 eV, 10 nm) and (P, M)*-3
(shifted by 0.04 eV, 15 nm) along with assignments of key transitions. H=HOMO,
L=LUMO, f = oscillator strength.
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Table S3a. Summary of TD-DFT calculated key transitions of (P, P)-3.

E?<cited Wavelength | Energy Major transitions Contribution | oscillator
s;rggtleet i i eV strei?)gth
1 445 2.78 HOMO—LUMO 0.69 0.35
3 390 3.18 HOMO—LUMO+2 0.53 0.43
HOMO-1—-LUMO 0.33

8 359 3.45 HOMO—LUMO+4 0.56 0.35
HOMO-3—-LUMO 0.34
Table S3b. Summary of TD-DFT calculated key transitions of (P, M)-3.

E?<cited Wavelength | Energy Major transitions Contribution | oscillator
s;rggtleet i / eV strei?)gth
1 448 2.76 HOMO—LUMO+1 0.57 0.12

HOMO—LUMO 0.20
2 438 2.83 HOMO—LUMO 0.65 0.36
4 398 311 | HOMO-1-LUMO+I 0.49 0.45
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NICS calculations: The Nucleus Independent Chemical Shift (NICS) calculations were
performed on ®B97XD/6-31G(d,p) optimized geometry at GIAO-B3LYP/6-311+G(2d,p)
level. Considering the non-planarity of molecule the NICS(1)zz values were obtained by

placing dummy atom at 1 A above and below the each ring.

Table S4. The calculated NICS(0) and NICS(1)zz values for (P, P)-3.

Ring NI((:SS)ZZ N(Igg\f\;lg)zz NICS(0)22 NICS(0)iso Ring NI((ZLSJS)ZZ N(Igsv(vlg)zz NICS(0)2z NICS(0)iso
A —12.28 —13.42 —9.75 —0.18 J —4.16 -3.75 18.57 1.15
B —10.49 —7.59 —7.69 —4.89 K —26.23 —28.82 —10.78 —8.73
C -3.00 —-3.64 —4.81 —6.50 L —30.30 —33.08 -17.14 —9.30
D 11.05 14.45 21.30 8.48 M —21.17 —20.94 —6.54 -5.17
E —7.50 —6.09 -5.99 —6.67 N —15.95 —9.66 —4.73 —5.03
F -9.04 -11.82 —6.81 —4.82 (0] —6.31 —6.50 6.15 —-1.10
G —15.08 —12.88 —9.32 -9.23 P —10.26 -16.67 —4.79 —-5.03
H —28.71 —22.15 —9.52 —7.88 Q —21.39 —21.66 —6.40 —5.23
| —6.97 —13.54 8.78 -1.63 R —33.42 —30.53 -16.91 —9.32
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Table S5. Mulliken charges and spin densities for radical cation of 8.

Atom Mulliken Spin Atom Mulliken Spin Atom Mulliken Spin
no. charges densities no. charges densities no. charges densities
1 -0.163482 0.264863 26 -0.146228 | 0.067297 51 0.067740 -0.000944
2 0.108330 -0.104373 27 0.086285 | -0.015958 52 -0.167475 0.001073
3 -0.006361 0.044216 28 -0.032250 | 0.017031 53 -0.150528 0.001419
4 0.106025 -0.057983 29 -0.132121 | -0.015118 54 -0.142390 0.000910
5 -0.189932 0.195718 30 -0.125709 | 0.014679 55 0.075095 0.001266
6 0.138253 -0.115557 31 -0.123569 | -0.012248 56 0.026335 -0.001290
7 0.007890 -0.041204 32 -0.156031 0.012179 57 -0.167624 0.002457
8 0.072874 0.007984 33 0.037175 | 0.027447 58 -0.120807 -0.000823
9 0.107371 0.073733 34 0.079624 | -0.015933 59 -0.134576 0.001511
10 -0.167386 0.067456 35 -0.129754 | 0.041661 60 -0.133960 0.001937
11 0.078877 -0.038924 36 -0.153901 | -0.020690 61 0.020046 -0.005642
12 -0.050876 0.190418 37 -0.143256 | 0.009807 62 0.076593 0.008120
13 -0.202123 0.144692 38 0.084343 | 0.040544 63 -0.162581 -0.006486
14 0.035401 0.000081 39 -0.042643 | -0.050226 64 -0.164339 0.008810
15 -0.167778 | -0.042328 40 -0.120786 | 0.008774 65 0.031451 0.002949
16 0.000808 0.156844 41 0.010749 | 0.076786 66 0.068010 -0.002468
17 -0.132083 0.003815 42 -0.014392 | 0.001654 67 -0.141615 0.006084
18 -0.126061 | -0.002488 43 0.005813 | -0.012079 68 -0.157420 -0.004168
19 -0.124110 0.005056 44 0.025105 | 0.115327 69 -0.162862 0.001673
20 -0.156758 | -0.004181 45 -0.082325 | 0.000686 70 -0.121489 -0.001602
21 -0.152639 0.008820 46 -0.042610 | 0.013987 71 -0.140683 0.001625
22 -0.132695 -0.002825 47 -0.113216 0.000334 72 -0.122927 -0.001429
23 0.078908 0.006681 48 0.013668 | -0.015999 73 -0.056146 0.002043
24 0.033430 -0.001935 49 -0.133005 | 0.000600 74 -0.337779 0.000622
25 -0.159308 | -0.038487 50 0.029218 | 0.003147 75 -0.346806 0.000192
76 -0.344055 | -0.000681 78 -0.345135 | -0.001746 80 -0.339585 -0.001888
77 -0.074939 0.006345 79 -0.360332 | -0.000012
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S5. NMR spectroscopy
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Figure S6. 'H NMR peaks assigned to respective atoms in (P, P)-3 (blue), (P, M)-3 (red).
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Figure S11. *H — 'H TOCSY NMR spectrum of (P, P)-3 (400 MHz, CD.Cl).
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S6. High-resolution mass spectrometry (HRMS)
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S1. Experimental Details

General Information. All chemicals and solvents were purchased from commercial
sources and were used without further purification unless stated otherwise. 3,3'-Dibromo-
4.4'-biphenanthreneltl, 2 7-di-tert-butylpyrenel®,  2,2'-(2,7-di-tert-butylpyrene-4,9-
diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) and 2-(2,7-di-tert-butylpyren-4-yl)-
4,45 5-tetramethyl-1,3,2-dioxaborolanel®!, 2,2',6,6'-tetrabromo-4,4'-di-tert-butyl-1,1'-
biphenyl™ and [Pd(CHsCN)4](SbFe); 81 were synthesized according to literature known
protocols and purity was confirmed by *H NMR. The reactions and experiments sensitive
to dioxygen were performed using Schlenk techniques and with nitrogen-saturated
solvents. Prior to use all the glassware and NMR tubes were dried in oven at 80 °C for 12

hours.

Chromatography. Open-column chromatography and thin-layer chromatography (TLC)
were performed on silica gel (Merck silica gel 100-200 mesh). Chiral stationary phase
HPLC separations were performed by SHIMADZU 223.

NMR Spectroscopy. The NMR measurements were performed at 298 K on NMR
spectrometers operating at 400 MHz proton and 101 MHz 3C frequencies. Standard pulse
sequences were used, and the data was processed using 2-fold zero-filling in the indirect
dimension for all 2D experiments. Chemical shifts (J) are reported in parts per million
(ppm) relative to the solvent residual peak (*H and *3C NMR, respectively): CDCls
(0=7.26 and 77.2 ppm), CD2Cl> (6 =5.32 and 53.84 ppm) and J values are given in Hz.
Structural assignments for all synthesized compounds were made using additional
information obtained from gCOSY, gNOESY, gHSQC, and gHMBC experiments.

High resolution mass spectrometry (HRMS). The matrix assisted laser desorption
ionization-time of flight (MALDI-TOF) - HRMS were measured on Bruker ultrafleXtreme.
Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB)
dissolved in chloroform (30 mg/mL) was used as supporting matrix, while Caesium iodide
dissolved in acetonitrile (40 mg/mL) used as reference in the MALDI-TOF-HRMS

measurement. The calculated mass was exported from mMass software.[®!

Melting point. Melting points were measured using an OptiMelt Automated Melting Point

System.
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UV-Vis and Fluorescence spectroscopy. UV—Vis spectra were measured on JASCO V-
670 spectrometer, while emissiosn spectra were measured Edinburgh FLS 980
photoluminescence spectrometer in DCM (OD = 0.05). The fluorescence lifetimes were
measured in DCM (OD = 0.05) using a 418.6 nm pulsed laser diode with a pulse frequency
of 1/50 ns. The fluorescence quantum yields were measured in DCM in three different
concentration (OD = 0.2 — 0.5) using same spectrometer with a 450 W xenon arc lamp as a

light source and a calibrated integrating sphere.

CPL and CD spectroscopy. CPL and CD spectra were recorded with a customized JASCO
CPL-300/J-1500 hybrid spectrometer.

Single-Crystal X-ray Crystallography. The crystal data were collected on a RIGAKU
XTALAB SYNERGY - R diffractometer with a HPA area detector and multi-layer mirror
monochromated Cuk. radiation. The structure was solved using intrinsic phasing method!,
refined with the SHEL XL program!® and expanded using Fourier techniques. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were included in structure
factors calculations. All hydrogen atoms were assigned to idealized geometric positions.

Quantum chemical calculations. DFT calculations were performed using Gaussian 16
suite.””) Geometries were optimized using ®B97XD functional and 6-31G(d,p) basis set in
the gas phase. Frequency analysis was performed to verify the stationary state geometry.
In all cases no imaginary frequency was found. TD-DFT calculations were performed on
©B97XD/6-31G(d,p) optimized geometries at the B3LYP/6-31g(d,p) level. The effect of
the solvent was accounted for using PCM (with dichloromethane as the solvent).
SpecDis!% and Avogadrol'!! software were used to analyze the TD-DFT calculated spectra,

and to generate graphical images of frontier molecular orbitals (FMOs), respectively.
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S2. Reaction Procedures and Characterizations

Synthesis of (P)-Dimethylsila[7]helicene.

&O nBuLi (2.5 equiv.) @
Br  SiMe,Cl, (3.0 equiv.) .
O O Br  THF, -78-25°C, 4h

(P)—Slla[7]hel|cene
67%

(P)-Dimethylsila[7]helicene was synthesized with a modified literature procedure.l*? In a
Schlenk tube 3,3'-Dibromo-4,4'-biphenanthrene (450 mg, 0.88 mmol) was dissolved in 25
mL of dry THF (tetrahydrofuran). The reaction mixture was degassed for 20 minutes at —
78 °C. 1.2 mL (2.20 mmol) of nBuLi was added dropwise and stirred for 30 minutes. The
TLC confirmed the completion of lithiation process, MezSiCl2 (0.32 mL, 2.64 mmol) was
added to the reaction mixture dropwise. The reaction mixture was slowly warmed to room
temperature and stirred for 4 h. The reaction was quenched with water, and the organic
layer was extracted with ethyl acetate and dried over sodium sulphate. The combined
organic layer was evaporated under reduced pressure. The crude product was then purified
with silica gel column chromatography using petrolether to yield 241 mg (67%) of

sila[7]helicene as yellow crystalline solid.

Characterization of (P)-Dimethylsila[7]helicene.

HRMS (MALDI-TOF) m/ z: [M] Calcd for [C3oH22Si] 410.1491; Found 410.1508

IH NMR (400 MHz, CDCls, 25 °C): 6 [ppm] = 7.84 (d, J = 7.3 Hz, 2H), 7.78 (d, J = 7.4
Hz, 2H), 7.66 (d, J = 8.7 Hz, 2H), 7.51 (d, J = 8.7 Hz, 2H), 7.36 (d, J = 9.4 Hz, 2H), 7.32
(d, J=9.2 Hz, 2H), 6.97 — 6.91 (m, 2H), 6.37 — 6.33 (m, 2H), 0.60 (s, 6H).

13C NMR (101 MHz, CDCls, 25 °C): ¢ [ppm] = 147.73, 139.58, 134.25, 132.14, 130.33,
128.96, 128.88, 127.72, 127.25, 126.72, 126.53, 126.05, 125.05, 122.99, —2.60.

Synthesis of 3Py.

By ‘Bu Bu 'Bu
[Pd(PPhs)a], KoCO3
O THF/H,0 (3:1)
85°C, 72 h
Br — 3
Bpin'
DDQ, BF;0Et,
DCM, 0°C, 15 h
By Bu ‘Bu 'Bu
3Py
78%

3Py was synthesized with a modified literature procedure.[*®! In a Schlenk tube 2-(2,7-di-

tert-butylpyren-4-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (30 mg, 0.068mmol) and
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2,2',6,6'-tetrabromo-4,4'-di-tert-butyl-1,1'-biphenyl (20 mg, 0.034 mmol) were dissolved in
3 mL dry THF and potassium carbonate (14.1 mg, 0.102 mmol) was dissolved in water (1
mL) and both solutions were degassed for 10 min separately and mixed together. To this
mixture tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3)4] (4.0 mg, 10.0 mol %) was
added under nitrogen flow and degassed again for 10 min. The reaction flask was then
sealed with Teflon tape and heated at 85 °C for 72 h in an oil bath. The organic layer was
extracted with ethyl acetate and dried over anhydrous sodium sulfate. The solvent was
evaporated under reduced pressure using a rotary evaporator and crude product was passed
through small plug of silica column using 1-2% ethyl acetate in petroleum ether to remove
inorganic impurities. The crude product was then dissolved in dry DCM (3 mL) and
subjected to Scholl-type cyclodehydrogenation in the presence of DDQ (10 mg, 0.044
mmol) and BF3OEt2 (0.15 mL, 1.21 pumol) at 0 °C and warmed up to room temperature
overnight (15 h). The reaction was quenched with sodium bicarbonate and the organic layer
was extracted with DCM. The collected organic phase was dried over anhydrous sodium
sulphate. The solvent was evaporated under reduced pressure using a rotary evaporator and
crude product was passed through silica gel column using 10% ethyl acetate in petroleum

ether to isolate 3Py in 78% vyield (23.8 mg) as yellow solid over two steps.

Characterization of 3Py.

HRMS (MALDI-TOF) m/ z: [M] Calcd for [CssH70] 886.5477; Found 886.5469

IH NMR (400 MHz, CDCls, 25 °C): 6 [ppm] = 9.26 — 9.28 (m, 8H), 8.30 (d, J = 1.5 Hz,
4H), 8.15 (s, 4H), 1.63 (s, 54H).

13C NMR (101 MHz, CDCls, 25 °C): § [ppm] = 148.48, 148.28, 131.19, 129.51, 129.12,
128.96, 127.68, 123.38, 123.24, 123.00, 122.95, 122.37, 36.02, 35.67, 32.41, 32.28.

Synthesis of (P, P)-1 by one pot Suzuki coupling — C-H activation.

Bu

By
@ [Pd(PPha)s], Ko,COs
) 5 Bpin THF/H,0 (3:1)
r
85°C, 72h
Br T “ -
‘o0 e

By

In a Schlenk tube (S)-3,3'-dibromo-4,4'-biphenanthrene (70.0 mg, 0.13 mmol) and 2,2'-
(2,7-di-tert-butylpyrene-4,9-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (36.5 mg,
0.065 mmol) were dissolved in 3 mL dry THF and potassium carbonate (44.5 mg, 0.32
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mmol) was dissolved in 1 mL water and both solutions were degassed for 10 min separately
and mixed together. To this mixture [Pd(PPhs)s] (7.5 mg, 10.0 mol %) was added under
nitrogen flow and degassed again for 10 min. The reaction flask was then sealed with
Teflon tape and heated at 85 °C for 72 h in an oil bath. The reaction was quenched by
adding water and extracted with ethyl acetate. The collected organic phase was dried over
anhydrous sodium sulfate. The solvent was evaporated under reduced pressure using a
rotary evaporator and crude product was passed through silica column using 1-2% ethyl

acetate in petroleum ether to isolate (P, P)-1 in 35% (24.3 mg) yield.

Characterization of (P, P)-1.

Melting point: 196-198 °C

HRMS (MALDI-TOF) m/ z: [M] Calcd for [CgoHs4] 1014.4226; Found 1014.4251

'H NMR (400 MHz, CDCl3, 25 °C): 6 [ppm] = 9.39 (s, 4H), 9.12 (d, J = 8.6 Hz, 4H), 8.20
(d, J=8.7 Hz, 4H), 7.80 (d, J = 8.5 Hz, 4H), 7.55 (d, J = 8.2 Hz, 4H), 7.43 (d, J = 8.9 Hz,
4H), 7.39 (d, J = 8.0 Hz, 4H), 7.04 — 7.00 (m, 4H), 6.64 — 6.59 (m, 4H), 1.89 (s, 18H).
13C NMR (101 MHz, CDCls, 25 °C): J [ppm] = 148.47, 132.26, 131.09, 129.64, 129.53,
128.90, 128.56, 128.23, 128.19, 127.78, 126.96, 125.90, 125.59, 125.36 (overlapped with
two signals), 125.22, 124.05, 123.87, 123.78, 36.30, 32.38.

Synthesis of (P, M)-1. The Suzuki coupling—C-H activation was performed with 2,2'-(2,7-
di-tert-butylpyrene-4,9-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) and rac-3,3'-
dibromo-4,4'-biphenanthrene. The HPLC chromatogram of isolated diastereomeric
mixture of 1 showed formations of chiral (P*, P*)-1 to meso (P, M)-1 in a 3.8:1 ratio. The
(P, M)-1 *H NMR s similar to that of (P, P)-1 with a mere shift of 0.02 — 0.05 ppm in

chloroform at room temperature.

Synthesis of (P, P)-1 by APEX reaction.

Bu

‘O @ [PA(CH5CN)I(SbFe),
Q (5 mol%)
. sil + _‘ o-chloranil (4.0 equiv.),
o O

—_—

Bu

36%

(P)-Dimethylsila[7]helicene (69 mg, 0.167 mmol, 3.5 equiv.), 2,7-di-tert-butylpyrene (15
mg, 0.048 mmol), [Pd(CH3CN)4](SbFe)2 (1.8 mg, 5.0 mol%) and o-chloranil (47 mg, 0.191

mmol) were dissolved in dry dichloroethane (DCE) (2 mL) and degassed for 20 minutes.
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The reaction mixture was heated at 80 °C for 15 h in an oil bath. The reaction mixture was
cooled down to room temperature and DCE was evaporated under reduced pressure using
rotary evaporator. The crude mixture was passed through silica column with petroleum
ether — 2% ethyl acetate in petroleum ether to recover 7 mg (0.022 mmol) of 2,7-di-tert-
butylpyrene along with (P, P)-1 in 7% (1.9 mg, 0.002 mmol) and (P)-4 in 36% (6.2 mg,
0.358 mmol) conversion. (The conversion efficiency is calculated considering the amount
of 2,7-di-tert-butylpyrene reacted.) The isolated (P, P)-1 was passed through chiral
stationary phase HPLC to show single peak confirming the stereoselectivity of the reaction.

Synthesis of (P, P)-2, (P)-3 and (P)-3_CI by APEX reaction.

[
Bu By

'Bu
. Si( + “““ o-chloranil (5.5 equiv.), (P, P)-2
\ /. O DCE, 80 °C 3%
'Bu

—_—

Bu Bu
‘ 0 O [PA(CH3CN)](SbF)
@ (15 mol%)
Bu Bu

(P)-3 (R = H) 13%,
(P)-3_CI (R=Cl) 7%

(P)-Dimethylsila[7]helicene (56mg, 0.135 mmol), 3Py (20 mg, 0.022 mmol),
[PA(CH3CN)4](SbFe)> (2.5 mg, 15.0 mol%) and o-chloranil (30.5 mg, 0.124 mmol) were
dissolved in 2 mL dry DCE and degassed for 20 minutes. The reaction mixture was heated
at 80 °C for 15 h in an oil bath. The reaction mixture was cooled down to room temperature
and DCE was evaporated under reduced pressure using rotary evaporator. The reaction was
repeated four times and the combined crude mixture was passed through silica column with
petroleum ether — 2% ethyl acetate in petroleum ether to recover 38 mg (0.043 mmol) of
3Py along with (P)-3 in 13% (7.6 mg, 0.006 mmol) and (P)-3_Cl in 7% (4.3 mg, 0.003
mmol) conversion. Further ethyl acetate concentration in the eluent mixture was increased
gradually by 1 ml in each addition of 1000 ml of solvent to isolate (P, P)-2 in 3% (2.1 mg,
0.001 mmol) conversion. (The conversion efficiencies are calculated considering the

amount of 2,7-di-tert-butylpyrene reacted.)
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Characterization of (P, P)-2.

HRMS (MALDI-TOF) m/ z: [M] Calcd for [C124Hes] 1587.7702; Found 1587.7721

H NMR (400 MHz, CDCly, 25 °C):  [ppm] =& 9.44 (d, J = 1.5 Hz, 4H), 9.40 — 9.35 (m,
8H), 9.20 (d, J = 8.5 Hz, 4H), 8.27 (d, J = 8.6 Hz, 4H), 7.86 (d, J = 8.6 Hz, 4H), 7.59 (d, J
=9.0 Hz, 4H), 7.45 (d, J = 9.4 Hz, 4H), 7.42 (d, J = 9.5 Hz, 4H), 7.07 — 7.03 (m, 4H), 6.64
—6.60 (m, 4H), 1.80 (s, 36H), 1.71 (s, 18H).

13C NMR (101 MHz, CDCly, 25 °C): 6 [ppm] = 149.05, 148.95, 132.53, 131.40, 130.22,
129.80, 129.76, 129.69, 129.22, 129.04, 128.87, 128.57, 128.37, 127.94, 127.18, 126.19,
125.76, 125.57, 125.46, 125.44, 124.72, 124.05, 123.69, 123.27, 122.93, 36.33, 36.29,
32.44, 32.31.

Characterization of (P)-3.

HRMS (MALDI-TOF) m/ z: [M] Calcd for [CosHsa] 1237.6563; Found 1237.6581

'H NMR (400 MHz, CDClIs, 25 °C): 6 [ppm] = 9.40 (d, J = 1.3 Hz,, 2H), 9.35 - 9.28 (m,
8H), 9.16 (d, J = 8.5 Hz, 2H), 8.31 (d, J = 1.7 Hz, 2H), 8.21 (d, J = 8.7 Hz, 2H), 8.16 (s,
2H), 7.81 (d, J = 8.6 Hz, 2H), 7.56 (d, J = 8.4 Hz, 2H), 7.45 (d, J = 8.5 Hz, 2H), 7.39 (d, J
=7.4 Hz, 2H), 7.05 - 7.01 (m, 2H), 6.64 — 6.60 (m, 2H), 1.78 (s, 18H), 1.66 (s, 18H), 1.64
(s, 18H).

13C NMR (101 MHz, CDCls, 25 °C): 6 [ppm] = 148.52, 148.38, 148.35, 132.26, 131.22,
131.08, 129.66, 129.59, 129.53, 129.21, 129.07, 129.03, 129.00, 128.92, 128.66, 128.24,
128.19, 127.76, 127.71, 126.97, 125.91, 125.64, 125.34, 125.29, 125.24, 124.40, 123.78,
123.59, 123.42, 123.27, 123.11, 123.04, 122.98, 122.80, 122.41, 122.21, 36.16, 36.06,
35.70, 32.43, 32.38, 32.30.

Characterization of (P)-3_CI.

HRMS (MALDI-TOF) m/ z: [M] Calcd for [CosHg3Cl] 1271.6183; Found 1271.6189

'H NMR (400 MHz, CDCls, 25 °C): 6 [ppm] = 9.41 (d, J = 1.7 Hz, 2H), 9.35 — 9.28 (m,
7H), 9.19 (d, J = 1.6 Hz, 1H), 9.16 (d, J = 8.5 Hz, 2H), 8.78 (d, J = 9.4 Hz, 1H), 8.35 (d, J
=1.7 Hz, 1H), 8.27 (d, J = 9.5 Hz, 1H), 8.21 (d, J = 8.6 Hz, 2H), 7.81 (d, J = 8.6 Hz, 2H),
7.56 (d, J = 8.5 Hz, 2H), 7.47 — 7.42 (m, 2H), 7.39 (d, J = 8.0, 2H), 7.05 — 7.01 (m, 2H),
6.64 — 6.60 (m, 2H), 1.82 — 1.76 (m, 27H), 1.68 — 1.64 (m, 27H).

13C NMR (101 MHz, CDCls, 25 °C): ¢ [ppm] = 149.37, 148.56, 148.52, 148.37, 148.34,
143.60, 132.26, 131.08, 130.92, 129.87, 129.65, 129.57, 129.52, 129.50, 129.42, 129.37,
129.33, 129.20, 129.11, 129.09, 129.03, 128.92, 128.87, 128.63, 128.26, 128.20, 127.78,
127.50, 126.97, 125.91, 125.61, 125.35, 125.30, 125.23, 125.09, 124.70, 124.47, 123.97,

178



123.86, 123.78, 123.61, 123.41, 123.39, 123.20, 123.09, 123.00, 122.76, 122.72, 122.68,
122.58, 122.57, 122.51, 37.63, 36.16, 36.08, 35.74, 32.43, 32.41, 32.38, 32.30, 32.25,
30.87, 29.90.

S3. Chiral stationary phase HPLC

(M, M) rac reaction for 1
(M, M)
(P, P)
______ . APEX reaction (P, M)
""" (M, M) 0 5 10 15 20 25
E t/ min
Suzuki coupling—
e e e eeeeee R C-H activation
(b’ P) | | | |
(II’:, M) 1 1 1 1

0O 5 10 15 20 25 30
t/ min

Figure S1. HPLC chromatogram of 1 using chiral stationary phase column. (The

chromatogram detector was set at 354 nm with a bandwidth of 4 nm.)

Table S1. Overview of parameters for HPLC separation of enantiomers of 1.

Eluent First Second | Third . .
Compound ) ; . . a Rs er
n-hexane/iProH | fraction | fraction | fraction
1 97:3 MM PP PM 1.63 | 1.79 | 99:1

4Phenomenex Lux i-Amylose-3 5 um (250 x 4.6 mm). Sample injection: 30 uL of a ~1
mg/mL solution in hexane/iPrOH. Separation conditions: Eluent, flow rate: 0.5 mL/min,
25 °C. PSelectivity parameter: a = tro /tr1, Where tr1, and tr, are elution times for first
and second fraction, respectively. °Resolution parameter: Rs = 2(tr2 — tr1)/(W1 + W2),
where w1 and w; are peak widths for first and second fraction, respectively. Note o and
Rs was calculated only for PP and MM.
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S4. Determination and analysis of activation parameters for
diastereomerization of 1.

(@) (b)

6.5h ﬁtm, My (PP (P.M) 1004
I S —

0 5 10 15 20 25 30 0 2 4 6 8

Figure S2. HPLC chromatogram of (P, P)-1 upon heating at 173 °C over time using chiral
stationary phase column. (The HPLC chromatogram detector was set at 354 nm with a
bandwidth of 4 nm.)

The Gibbs activation energies (AG* (T)) for diastereomerization of 1 calculated by
following the decay of the diastereomeric excess (de) of (P, P)-1 dissolved in diethylene
glycol dibutyl ether (1-(2-(2-butoxyethoxy)ethoxy)butane) at 423, 433, 443, 453 K over
time (t) by HPLC on a chiral stationary phase. To estimate the AG* (T) value, the In (dei/deo)
values were plotted against t and the data set was linearly fitted (Figure S3). Following the

equation

I (det)— k.t
"\de,) =

the kq (diastereomerization rate constant) values were obtained.

The enthalpy (AH) and entropy (AS) values were obtained using the following equation

n(7)=((5)+%) - (7))

T h R R J\T
where, R is the gas constant (R = 8.31446 J K1), h is the Planck constant (h = 6.62607 x
10734 J s), kg is the Boltzmann constant (ks = 1.38064852 x 1072 J K1), and « is the

transmission coefficient (x = 0.5 or 1). The transmission coefficient k = 0.5 was used

because the diastereomerization process is defined as a reversible first order reaction.
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Figure S3a. Plot of In(dey/deo) against t for 1 fitted linearly to obtain the kq value.

-151 e T=423 K-453K

-16 -

In (ky/T)

-17 -

AH = 44 1 keal mol™
AS =21.4 cal K" mol™
AG* (298 K) = 37.7 kcal mol™

-18 4

-19-+— - . : ‘ : . ‘ ‘
0.00220 0.00224 0.00228 0.00232 0.00236
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Figure S3b. Plot of In(kq/T) against 1/T for (P, P)-1 fitted linearly to obtain the AH and AS

values.
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S5. Photophysical Studies

a. Absorption and Emission Spectroscopy
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Figure S4. UV-Vis absorption (blue) and emission (red) spectra of (a) (P, P)-1 and (P, M)-
1, (b) (P, P)-2, (c) (P)-3 and (P)-3_ClI, (d) 3Py in dichloromethane (c~10"° M).

Table S2. Summary of (chir)optical parameters.

Compound

(P, P)-1
(P, M)-1
(P, P)-2
(P)-3
(P)-3_ClI
3Py

3Estimated from a crossing of absorption and fluorescence spectra bravg =

Amaxabs (nm)/
€ (cm-1 M-1)

431 (7325)
430 (7167)
425 (13393)
426 (12533)
428 (13691)
420(1293)

Amax
em
(nm)
473
472
492
493
480

461

for Tavg dWavelength range 230 — 450 nm

Eg/
eVa

2.83
2.83
2.79
2.80
2.84
2.92

DrL

0.05
0.04
0.15
0.19
0.22
0.21
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L /
ns

5.55°b
5.62b
5.07
5.13
5.09»
3.92b

krL/

108s71

0.09¢
0.07¢
0.29
0.37
0.43

0.54
[14] _

knr /
108s71

1.72¢
1.71¢
1.68
1.58
1.53¢
2.01¢

gabsd /
10-3

2.64-1.17
4.05-1.92
243-1.16
3.46 - 0.87

Jlum /
10-3

0.63
1.54
0.54
0.83

(a1 7% + 02 2%)/ (01 71+ 02 72) “Calculated



b. Time resolved fluorescence decay.
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Figure S5. Time resolved fluorescence decay (excited at 24154 cm™) of (a) (P, P)-1, (b)
(P, M)-1, (c) (P, P)-2, (d) (P)-3, () (P)-3_ClI (f) 3Py in dichloromethane (c~107°M). Inset-

fitting residuals.
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c. ECD and CPL spectroscopy
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Figure S6. ECD (blue) and CPL (red) spectra of (a) 1, (b) 2, (c) 3 and (d) 3_Cl in
dichloromethane and variable temperature ECD (solid) and CPL (dotted) spectra of (e)
(M)-3, (f) (M, M)-2 in toluene (c~107° M).
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d. Absorption and luminescence dissymmetry factors.

(a) (b)
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Figure S7. Absorption dissymmetry factor (gabs) (blue) and luminescence dissymmetry
factor (gium) (red) of enantiomers of (a) 1, (b) 2, (c) 3 and (d) 3_ClI in dichloromethane (c ~
10°M).

Table S3. Calculated electric and magnetic transition moments, and dissymmetry factor
for So—Siand S1—So transitions.

Compound So—>S1 S1—-So
W] /1020 |m’| /10-  |cos®’|  |gabs| / [u|/10-20  |m[/10-20 [cosB] = |gm|/
esucm 20erg G1 10-3 esucm erg G1 10-3
1 353.23 0.10 0.94 1.0 461.35 0.33 0.31 0.9
2 366.92 0.77 0.96 8.0 395.89 0.80 0.94 7.6
3 356.51 0.13 0.64 0.9 331.29 0.08 0.63 0.6
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S6. Quantum chemical calculations
Conformational diastereomers: Hydrogen atoms and tert-butyl groups are omitted for

clarity.

(a) Relative Gibbs’s free energies and optimized geometries of diastereomers of 3Py.

Helical-3Py Waggling-3Py
(0.56 kcal mol ™) (0.0 kcal mol ™)

(b) Relative Gibbs’s free energies and optimized geometries of diastereomers of 1.

Right handed Helical
(P,P)-1 (8.79 kcal mol ")

- 2 U D
7 / \ o ’/ I/

Waggling Helical
(P,P)-1 (4.38 kcal mol ™) (P,M)-1 (3.11 kcal mol 1)

Left handed Helical Waggling 1
(P,P)-1 (0.0 kcal mol ) (P,M)-1 (0.0 kcal mol ™)
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(c) Relative Gibbs’s free energies and optimized geometries of diastereomers of (P)-3.

Waggling 4
(P)-3 (5.16 kcal mol ™)

Right handed Helical
(P)-3 (5.17 kcal mol 1)

Waggling 2
(P)-3 (2.50 kcal mol ™)

Waggling 3
(P)-3 (2.54 kcal mol ™)

Left handed Helical

Waggling 1
(P)-3 (1.91 kcal mol ™)

(P)-3 (0.0 kcal mol™")
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(d) Relative Gibbs’s free energies and optimized geometries of diastereomers of (P, P)-2.

Waggling 6 Waggling 5
(P,P)-2 (13.29 kcal mol™) (P,P)-2 (12.23 kcal mol ™)
B :", Mg Y 3
Waggling 4 Right handed Helical

(P,P)-2 (11.15 kcal mol ™) (P,P)-2 (9.20 kcal mol ™)

Waggling 3 Waggling 2
(P,P)-2 (6.98 kcal mol ™) (P,P)-2 (6.71 kcal mol ™)

Waggling 1 Left handed Helical
(P,P)-2 (4.37 kcal mol ) (P,P)-2 (0.0 kcal mol ™)
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(e) Relative Gibbs’s free energies and optimized geometries of diastereomers of (P, M)-2.

Waggling 6 Waggling 5
(P,M)-2 (7.51 kcal mol ™) (P,M)-2 (6.79 kcal mol ™)

Waggling 4 Waggling 3
(P,M)-2 (4.34 kcal mol ™) (P,M)-2 (4.04 kcal mol ™)

Helical Waggling 2
(P,M)-2 (2.75 kcal mol ™) (P,M)-2 (0.38 kcal mol ™)

Waggling 1
(P,M)-2 (0.0 kcal mol_l)
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Table S4. Frontier molecular orbitals of 1, 2 and 3 (isosurface value 0.02). Hydrogen

atoms are omitted for clarity.

FMOs 1 3

LUMO+1

LUMO

HOMO
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Figure S8. Comparison of experimental (solid) and TD-DFT calculated (dashed) UV-Vis
absorption (left) and ECD spectra (right) of (a) (P, P)-1 (shifted by 0.09 eV, 14 nm), (b)
(P, P)-2 (shifted by 0.09 eV, 15 nm) and (c) (P)-3 (shifted by 0.08 eV, 13 nm) along with
assignments of key transitions. H=HOMO, L = LUMO, f = oscillator strength.
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Table S5a. Summary of TD-DFT calculated key low energy transitions of 1.

Excited | Wavelength | Energy Major transitions Contribution | Oscillator
sisrtlgtleet i i eV streé?)gth
1 431 2.87 HOMO—LUMO 0.69 0.13
2 378 3.28 HOMO-2—LUMO 0.51 0.95

HOMO—-LUMO+2 0.41
3 350 354 | HOMO—LUMO+4 0.53 1.05
HOMO—-LUMO+5 0.24
Table S5b. Summary of TD-DFT calculated key low energy transitions of 2.
Excited | Wavelength | Energy Major transitions Contribution | Oscillator
ertlgtI:t i / eV streé]rcl)gth
1 439 2.82 HOMO—LUMO 0.68 0.14
HOMO—-LUMO+4 0.44

9 378 3.28 0.87
HOMO-3—-LUMO 0.31
HOMO—-LUMO+5 0.34

15 358 3.46 0.84
HOMO-1—-LUMO+3 0.31
HOMO-1—-LUMO 0.36

19 353 351 1.06
HOMO—-LUMO+6 0.28

Table S5¢. Summary of TD-DFT calculated key low energy transitions of 3.

Excited | Wavelength | Energy Major transitions Contribution | Oscillator
ertlgtI:t /nm / eV strei?)gth
1 440 2.82 HOMO—LUMO 0.67 0.13
6 379 3.27 HOMO-2—LUMO 0.47 0.36
10 352 352 | HOMO—LUMO+4 0.28 0.74

HOMO-1-LUMO+2 0.41

193




NICS calculations: The Nucleus Independent Chemical Shift (NICS) calculations were
performed on ®B97XD/6-31G(d,p) optimized geometry at GIAO-B3LYP/6-311+G(2d,p)
level. Considering the non-planarity of molecules, the NICS(1)zz values were obtained by

placing dummy atom at 1 A above and below the each ring.

Table S6a. The calculated NICS(0) and NICS(1)zz values for (P, P)-1 and (P, M)-1..

(P, P)-1 (P, M)-1
Ring | NICS(1)z | NICS(1)z | NICS(0) | NICS(1)z | NICS(1)z | NICS(0)
z (Up) z (Down) iso z(Up) | z(Down) iso
A —29.54 —32.46 -9.29 -32.30 —34.16 -9.39
B —20.89 —20.58 -5.13 —21.88 —21.45 —5.17
C —15.63 —9.55 —5.05 —18.68 -12.11 —4.98
D —9.55 —4.52 -1.01 —7.82 —7.82 -1.01
E —5.83 —5.84 0.57 -3.13 -3.17 1.18
F —26.33 —26.57 —8.33 —21.53 —28.70 —8.18
G -3.17 -3.13 1.18
H —7.81 —7.81 -1.01
| -18.71 —12.09 —4.98
J —21.90 —21.47 -5.19
K -32.11 -34.11 —9.37
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Table S6b. The calculated NICS(0) and NICS(1)zz values for (P, P)-2 and (P, M)-2.

(P, P)-2 (P, M)-2
Ring | NICS(1)z | NICS(1)z | NICS(0) | NICS(1) | NICS(1)z | NICS(0)
z (Up) z (Down) iso zz (Up) | z(Down) iso
A -11.99 —14.24 —9.37 —27.09 —30.49 -9.31
B —10.76 —9.28 —5.24 —19.59 —19.17 -5.05
C -3.15 —1.96 —4.94 —13.37 —7.75 —4.95
D 2.08 1.37 —-1.09 —2.88 -3.04 -1.05
E -2.90 -3.39 1.58 —4.55 —14.55 1.19
F —20.29 —14.09 —8.23 —26.67 —24.69 —8.23
G -3.79 -3.83 0.61 —5.29 -5.19 0.98
H -5.94 —6.18 1.04 -1.32 -1.25 1.23
| —26.99 —26.88 —8.26 —13.26 —24.02 -8.13
J -1.20 -1.10 1.30
K —6.07 —6.11 0.66
L —26.71 —24.84 -8.21
M -3.65 -3.72 1.53
N -3.31 -3.33 -1.13
@] -13.71 -8.01 —4.94
P —19.69 —19.34 -5.01
Q 2751 | -3091 | -9.32
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Table S6c¢. The calculated NICS(0) and NICS(1)zz values for (P)-3 and 3Py.

(P)-3 3Py

Rin | NICS(1)z | NICS(1)z | NICS(0) | NICS(1) | NICS(1)z | NICS(0)
g z (Up) z (Down) iso zz (Up) | z(Down) iso
A —11.96 —14.05 —9.35 —26.37 —30.95 -9.40
B —10.87 —9.22 —5.22 —14.56 —14.56 —2.92
C -3.26 -1.85 —4.99 —30.95 —26.36 -9.40
D 1.92 151 —1.02 —4.04 —4.04 1.36
E —3.66 -3.88 1.20 —2.74 —2.74 0.99
F —20.39 —14.34 —8.29 —26.07 —-16.19 —8.32
G -3.28 -3.23 0.88

H —6.07 —6.06 1.01

| —26.90 —27.24 —8.31

J —6.14 —6.51 0.86

K -3.45 -3.36 0.58

L —15.26 —23.35 —9.54

M —7.63 -8.11 -1.99
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S7. X-Ray crystallography

The single crystals were grown by slow diffusion of hexane (HPLC grade) to solution of
(P, P)-1 and 3Py in DCM (HPLC grade) in a NMR tube. Crystallographic data have been
deposited with the Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC 2315652 and 2315653. These data can be obtained free of charge from the

Cambridge Crystallographic Data Centre via www.ccdc.ac.uk/data.request/cif.

(@)

Figure S9. ORTEP diagram of (a) (P, P)-1 and (b) 3Py. Thermal ellipsoids are shown at
the 50% probability level. Hydrogen atoms are omitted for clarity.
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Table S7. Crystallographic table for (P, P)-1 and 3Py.

Data (P, P)-1 3Py

CCDC 2315653 2315652
Empirical formula C33H50C|6 C70H74C|4
Formula weight (g-mol?) 1270.01 1057.09
Temperature (K) 100.01(10) 100(2)

Radiation, A (A) Cuka, 1.54184 Cuko, 1.54184
Crystal system triclinic triclinic

Space group P1 PL

Unit cell dimensions

a(A) 14.6922(4) 14.16160(10)

b (A) 15.4658(4) 14.61250(10)

c (A 16.5251(4) 15.92860(10)

a () 114.189(3) 66.4050(10)

B (°) 109.595(3) 76.5680(10)

v (°) 93.418(2) 74.1110(10)
Volume (A3) 3140.90(17) 2876.94(4)

z 2 2

Calculated density (Mg-m~3) 1.343 1.220
Absorption coefficient (mm) 2.862

F(000) 1320 1124

Theta range for collection 3.191t0 73.493° 3.057 to 75.002°
Reflections collected 31564 123212
Independent reflections 31564 11428
Minimum/maximum 0.64500/1.00000 0.675/1.000
transmission

Refinement method Full-matrix least-squares on F? | Full-matrix least-squares on F?
Data / parameters / restraints 31564 /1648 / 235 11428 /687 /413
Goodness-of-fit on F? 1.052 1.072

Final R indices [1>2c(1)] R1 =0.0936, wR, = 0.2424 R1 =0.0643, wR, = 0.1687
R indices (all data) R: =0.1143, wR, = 0.2691 R1=0.0671, wR, =0.1710
Maximum/minimum residual | 0.831/-0.807 1.170/-1.228
electron density (e-A3)

Flack parameter 0.003(19)

For (P, P)-1: Structure was refined as two component twins. Solvent molecules
(dichloromethane) were fitted to idealized geometry. Two of these molecules showed
positional disordered. Atomic displacement parameters (ADPs) off all disordered atoms
were restraint with similarity restraint (SIMU), rigid-body restraint (RIGU) and isotropic
restraint (ISOR).

For 3Py: Two tert-butyl groups were rotationally disordered. The displacement parameters
of opposite atoms belonging to these groups were constrained to each other with EADP
keyword. Additionally, all ADPs were restraint with RIGU keyword in ShelXL input
(‘enhanced rigid bond' restraint for all bonds in the connectivity list), similarity restraint
SIMU and their Uji parameters were restrained with ISOR keyword to approximate

isotropic behavior.
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S8. NMR spectroscopy

Sila[7]helicene 3Py 1

1.80 32.31 1.71 32.44

7.87 8.27

7.59 126.19 128.57,
31.4Q 9.20

Marked carbons can't be assigned
125.57 . from HSQC and HMBC
6.6 130.22, 128.37, 123.69

Figure S10. *H (blue) and C NMR (red) peaks assigned to respective atoms in discussed

molecules.
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Figure S12. 3C(*H) NMR spectrum of (P)-Sila[7]helicene (101 MHz, CDCls).
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S9. High resolution mass spectrometry (HRMS)
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Figure S42. MALDI-TOF HRMS of (P)-3.
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