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(57) ABSTRACT

A method is provided for using twisted acenes, and more
particularly to configurationally stable twisted acenes that
are imbedded into the structure of [ 7]helicene at the fulcrum
ring to form useable material structures. The helicene propa-
gates its chiral nature into the acene, while acting as a
locking mechanism to thermal racemization. These doubly-
helical compounds are part of a new homologous series of
polycyclic aromatic hydrocarbons, namely the [7]helitwis-
tacenes. Such [7]helitwistacenes have utility as materials
suitable for forming a circularly polarized organic light
emitting diode (CP-OLED) for direct emission of circularly
polarized (CP) light for the fabrication of high efficiency
electronic displays.
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SYNTHESES, CHARACTERIZATIONS, AND
APPLICATIONS OF HELI-ACENES

RELATED APPLICATIONS

[0001] This application is a non-provisional application
that claims priority benefit of U.S. Provisional Application
Ser. No. 62/843,829 filed May 6, 2019; the contents of which
are hereby incorporated by reference.

FIELD OF INVENTION

[0002] The present invention generally relates to twisted
acenes, and more particularly to configurationally stable
twisted acenes that are imbedded into the structure of
[7]helicene at the fulcrum ring. The helicene propagates its
chiral nature into the acene, while acting as a locking
mechanism to thermal racemization. These doubly-helical
compounds are part of a new homologous series of polycy-
clic aromatic hydrocarbons, namely the [7]helitwistacenes.
Such [7]helitwistacenes have utility as materials suitable for
forming a circularly polarized organic light emitting diode
(CP-OLED) for direct emission of circularly polarized (CP)
light for the fabrication of high efficiency electronic dis-

plays.
BACKGROUND

[0003] Sensitizers can be regarded as energy transfer or
electron transfer catalysts. Return electron transfer in the
radical-cation/radical-anion ion pair intermediates dimin-
ishes the efficiency of many electron-transfer sensitizers.
Photophysical and electrochemical properties of a series of
novel dicationic sensitizers have been reported.'” These
doubly-charged sensitizers were designed to prevent energy
wasting return electron transfer by promoting a competitive
rapid repulsive separation of an initially formed sensitizer-
radical-cation/substrate-radical-cation pair. Indeed, very
efficient electron-transfer catalyzed sulfide and alkene pho-
tooxygenations, Diels-Alder reactions, and retro-(2+2)
cycloadditions were observed. A detailed computational
study of a large number of structurally diverse dications led
to the suggestion of desirable properties in an optimally
designed sensitizer.® The dications previously reported'-* are
plagued by rapid reaction with water that makes them
difficult to use. However, viologens are nitrogen centered
dications that are impervious to reaction with water. Con-
sequently, they would be ideal electron transfer sensitizers if
one could increase the singlet excited lifetime of the parent
viologen (N, N'-dimethyl-4,4'-bipyridinum dication) which
unfortunately is less than a nanosecond. In an effort to
generate an improved polyaromatic dicationic sensitizer
with a substantially longer lifetime a heli-viologen as shown
in FIG. 3A has been synthesized.® This heli-viologen has
several unique and electronically beneficial characteristics
one of which is the fact that it is the most easily reduced
redox-active helicene known. This heli-viologen also has
sufficiently long singlet (E5,=59+0.1 kcal/mol; 5.8+£0.6 ns)
and triplet (54x1 kcal/mol; 40.620.4 ms) lifetimes to allow
bimolecular electron transfer reactions to occur. A pub-
lished* Stern Volmer study of the quenching of the heli-
viologen of FIG. 3A by a series of sulfides has verified its
substantial singlet (S,) lifetime and illustrates the potent
oxidizing character of S,. Furthermore, additional publica-
tions™*® contain a massive amount of material that directly
bear on the topic of the present disclosure and are accom-
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panied by over 160 pages of supporting information. These
new viologens also form charge transfer complexes and can
be used in molecular recognition devices.

[0004] Polyaromatic hydrocarbons (PAHs) have fasci-
nated organic chemists since they were first isolated in the
19" century.” This fascination at first was related to their
unusual reactivity in comparison to simple alkenes and to
less carbon rich materials. In the early 20” century chemical
giants such as Erik Hiickel, Eric Clar, and Linus Pauling
expanded on August Kekulé’s ideas to provide a theoretical
framework that is still used to this day to help understand the
structure and reactivity of these amazing molecules.® The
Kekulé valence structure,’ the Hiickel (4n+2)r electron rule,
the Pauling bond orders,® and the Clar aromatic sextet'! are
concepts that are familiar to all PAH scholars. Interest in
PAHs was re-invigorated in the late 20 and early 21*
century by the discovery of fullerenes**'* and graphene'*
and by the realization that these beautiful molecules have
important applications in electronic and optical devices.'®
Through combinatorial arrangements of ortho- and peri-
fused benzene, a seemingly endless array of these com-
pounds can be imagined, and this vastness necessitates the
categorization of PAHs into subclasses.

[0005] Classes of PAHs are organized based on structural
similarities forming homologous series, within which, com-
pounds deviate from one another only by the number of
rings that make up the structure. Certain trends of photo-
chemical, electronic, and thermodynamic properties may be
expressed in one class that greatly deviates from other
classes. Two such classes are centrally important to this
disclosure, namely the linear acenes and the chiral helicenes.
A detailed discussion of the properties, preparation, and
applications of these two classes will follow. A defining
feature of all PAHs is aromaticity and although many of the
unique properties of these compounds are explained through
this intrinsic trait, it remains true that there is no single
accepted definition for the term aromatic. However, as used
herein aromaticity refers to PAHs that contain a conduit of
conjugated electrons upon a planar skeleton of sp2 hybrid-
ized carbons. Resultant of this ensemble, is a property called
aromaticity.

[0006] The most elementary unit of PAHs is benzene and
the most well-known representation of this compound is the
Kekulé structure which is composed of a six-membered ring
with six equivalent sp” hybridized carbon atoms having six
completely delocalized electrons in its rt-system.> The next
largest PAH is naphthalene having two fused benzene rings.
Upon addition of more benzene units the number of possible
isomers greatly increases. Three or more annulated aromatic
rings can generate different structural peripheries that cause
a change in the stability, optical absorption spectra, and
electronic properties of the PAHs.* These two available
peripheries are called arm-chair (FIG. 1A) and zig-zag (FIG.
1B). In PAHs with five or more aromatic rings the arm-chair
periphery lays the foundation for periphery elements such as
the bay, cove and fjord regions (FIG. 1C).

[0007] Experimental and theoretical methods have
increased the palpability of aromaticity by quantizing the
aromatic resonance energy of benzene and other systems
and now local indices are available that enumerate the extent
of aromaticity of each ring within a PAH system. These
values can be quite telling when it comes to structure and
reactivity. The Mallory reaction is one of only a few syn-
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thetic tactics for accessing the larger helicenes, warranting
an exclusive section for this vital reaction.

[0008] FIGS. 2A-2G illustrate the remarkable structural
diversity of PAHs and includes fully aromatic PAHs in
which all electrons reside in a Clar sextet, as shown in prior
art FIG. 2A,'9 K-region PAHs, prior art FIG. 2B, generated
for example by annealing that of FIG. 2A with an additional
ring in the bay region, phenacenes, prior art FIG. 2C, that are
characterized by a zig-zag fused structure with alternating
Clar sextets, rylenes, prior art FIG. 2D, that are constructed
by peri-annulation of naphthylenes, non-planar PAHs such
as the bowl shaped corannulene, prior art FIG. 2E, or helical
[5]helicene, prior art FIG. 2F, and acenes, prior art FIG. 2G,
that are linearly fused benzoid hydrocarbons.

[0009] Helicenes (e.g., that shown in prior art FIG. 2F) are
ortho-fused PAHs that are well over 100 years old but have
recently experienced a renaissance because of their demon-
strated applications in enantioselective catalysis, in molecu-
lar recognition, in sensing, and in chiroptical, optical, and
supramolecular materials.'’® These applications take
advantage of their enhanced optical rotations and circular
dichroism features that are a direct result of their helical
architectures.

[0010] Acenes or polyacenes are a class of organic com-
pounds and polycyclic aromatic hydrocarbons made up of
linearly fused benzene rings. The larger representatives have
potential interest in optoelectronic applications and are
actively researched in chemistry and electrical engineering.
[0011] While aromatic compounds are often thought of as
flat, rigid structures. This notion however, is quickly shat-
tered with the mere existence of some PAHs such as the
DNA-like helicenes, which are an extreme example of the
structural distortions that can arise when strain is introduced
into an aromatic system. The helicenes however are not the
only spiral class of PAHs. Surprisingly, the acenes can also
be twisted forming a subclass of spiral PAHs called the
twistacenes. Like the helicenes, these compounds form a
helix, but the twist is propagated parallel to the ring plane
(longitudinal twist) rather than perpendicular to it. These
compounds have a surprisingly high propensity to flex as
demonstrated by the mere energetic cost of 3.2 kcal/mol to
twist naphthalene by 20° as predicted by quantum chemical
calculations.** The chiral nature of the twistacenes coupled
with their impressive electronic properties are an exciting
forefront of research with a wide array of potential appli-
cations.

[0012] The unique twisted structure of acenes combined
with the electronic characteristics of the acenes yields their
application as components in electronic devices. Several
twistacenes have been successfully employed in OLEDs>"-
20 with the electroluminescent twistacene 6,8,15,17-tetra-
phenyltetrabenzoheptacene (ta4) as a specific example, hav-
ing a quantum yield of fluorescence of 15%.>° Because of
the minimal response of the electronic properties of acenes
to twisting distortions, non-planar polyacenes can be fabri-
cated that are resistant to photooxidation, insolubility, and
dimerization that often plague the higher acenes.

[0013] Circularly polarized (CP) light is of interest in the
fabrication of high efficiency electronic displays. The cur-
rent method of generating CP light in high efficiency elec-
tronic displays is to pass plane averaged emission through a
series of filters. These filters generate unwanted bulk and
reduce the throughput of the CP light. These inadequacies
would be immediately resolved with the realization of direct
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emission of CP light from a circularly polarized organic light
emitting diode (CP-OLED). The remarkable electronic
properties of acenes have been exploited in the fabrication of
high efficiency OLEDs and naturally, twisted acenes are
ideal candidates for the fabrication of CP-OLEDs. However,
most twisted acenes synthesized to date exhibit half-lives of
specific rotation decay no greater than several hours at room
temperature, excluding their viability as components in
CP-OLED devices.

[0014] While there has been previous development of
homologous series of polycyclic aromatic hydrocarbons,
there continues to be a need for new PAH molecular
structures that have utility as materials suitable for forming
a circularly polarized organic light emitting diode (CP-
OLED) for direct emission of circularly polarized (CP) light
for the fabrication of high efficiency electronic displays.

SUMMARY

[0015] A new homologous series of polycyclic aromatic
hydrocarbons are provided, namely the [7]helitwistacenes.
Embodiments of the inventive [7]helitwistacenes have util-
ity as materials suitable for forming a circularly polarized
organic light emitting diode (CP-OLED) for direct emission
of circularly polarized (CP) light for the fabrication of high
efficiency electronic displays. Embodiments of the present
invention provide configurationally stable twisted acenes
that are imbedded into the structure of [7]helicene at the
fulcrum ring. The helicene propagates its chiral nature into
the acene, while acting as a locking mechanism to thermal
racemization.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The present invention is further detailed with
respect to the following drawings that are intended to show
certain aspects of the present of invention, but should not be
construed as limit on the practice of the invention, wherein:
[0017] FIGS. 1A-1C show prior art arrangements of three
or more annulated aromatic rings that can generate different
structural peripheries that cause a change in the stability,
optical absorption spectra, and electronic properties of
PAHs;

[0018] FIG. 2A shows a prior art fully aromatic PAH in
which all electrons reside in a Clar sextet;

[0019] FIG. 2B shows a prior art K-region PAH generated
by annealing that of FIG. 1A with an additional ring in the
bay region;

[0020] FIG. 2C shows a prior art phenacene that is char-
acterized by a zig-zag fused structure with alternating Clar
sextets;

[0021] FIG. 2D shows a prior art rylene that is constructed
by peri-annulation of naphthylenes;

[0022] FIG. 2E shows a prior art non-planar PAH such as
the bowl shaped corannulene;

[0023] FIG. 2F shows a helical [S]helicene;

[0024] FIG. 2G shows prior art acenes that are linearly
fused benzoid hydrocarbons;

[0025] FIGS. 3A-3E show a number of prior art Heli-
viologens;
[0026] FIG. 4 is a schematic diagram that illustrates the

use of temperature in the Mallory photocyclization dehy-
drogenation of four different bis-styrenyl substrates to
switch between exclusive formation of two of the three
possible isomeric products, providing an explanation for the
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counterintuitive regioselectivity of the Mallory reaction to
form the more sterically strained helical isomers when
access to more than one product is possible;

[0027] FIG. 5A illustrates the B3LYP/6-31G(d) calculated
structure of [7]n4 (hydrogens omitted for clarity) showing
the labeling of the rings, the helical core dihedral angle (*’s),
and outer rim carbons (+’s);

[0028] FIG. 5B illustrates a numbering system of the
[7]heliacenes using [7]n2 as a specific example;

[0029] FIG. 6 illustrates [7]n2 showing the steric interac-
tions in the two bay-regions;

[0030] FIG. 7 illustrates configurations and axes of the
acene and helicene domains of the [7]heliacenes;

[0031] FIG. 8 is a visual representation of HOMO/LUMO
orbitals of the [7]Series;

[0032] FIG.9A is a visual representation of B3LYP/6-31G
(d) optimized geometry for the TS structure viewed from
three different vantage points;

[0033] FIG. 9B is a visual representation of the B3LYP/
6-31G(d) optimized geometry of [7]n2 structure viewed
from three different vantage points;

[0034] FIG. 10 shows a new steric interaction that is
introduced between the substituents on ring E and the
hydrogens on ring F of the [7]helicene that illustrates E/F
strain;

[0035] FIGS. 11A-11D illustrate examples of multi-sub-
stituted [7]heliacenes;

[0036] FIG. 12 illustrates steric interactions in CN[7]n4
that govern twistomer formation;

[0037] FIGS. 13A and 13B illustrate B3LYP/6-31G(d)
optimized CN[7]n2 and its twistomer, respectively, with
hydrogens omitted for clarity;

[0038] FIG. 14 illustrate a Class 2 twistomer of octaMe
[7]n4 (hydrogens omitted for clarity) that are optimized at
the B3LYP/6-31G(d) computational level;

[0039] FIG. 15 illustrates the starting material and TS of
tetraPh[7]n4 optimized at the B3LYP/6-31G(d) computa-
tional level;

[0040] FIGS. 16A-16C show the B3LYP/6-31G(d) mini-
mized structure of CN[7]n2 (16A) and its TS (16B and 16C)
with the bay region hydrogens color coded red;

[0041] FIG. 17 show HOMOs and LUMOs of the CN[7]
Series calculated at the B3LYP/6-311+G(2d,p) computa-
tional level;

[0042] FIG. 18 illustrates an embodiment of a convergent
synthetic pathway to [7]n2;

[0043] FIG. 19 Illustrates an embodiment of a linear
synthetic pathway to [7]n2;

[0044] FIG. 20 is a chart showing various compounds
referred to in the disclosure;

[0045] FIG. 21 illustrates an embodiment of synthesis of
CN[7]n2;
[0046] FIG. 22 illustrates an unsuccessful linear synthetic

route to CN[7]n2;

[0047] FIG. 23 shows the proton-proton COSY spectrum
of [7]n2 with 1D 'H proton spectrum on top, and correct
assignment of each resonance as indicated by lettering
sequence;

[0048] FIG. 24 is a structure that shows the resonance
points of a [7]n2 structure with respect to Table 8;

[0049] FIG. 25 show a mapping of a [7]n2 structure used
to plot the experimental versus calculated chemical shifts
shown in Table §;
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[0050] FIG. 26 shows the proton-proton COSY spectrum
of CN[7]n2 with 1D 'H proton spectrum on top;

[0051] FIG. 27 is a structure that shows the resonance
points of a CN[7]n2 structure with respect to Table 9;
[0052] FIG. 28 show a mapping of a CN[7]n2 structure
used to plot the experimental versus calculated chemical
shifts shown in Table 9;

[0053] FIGS. 29A and 29B illustrates X-ray ORTEP rep-
resentations of [7]n2 and CN[7]n2, respectively at 50%
thermal ellipsoid probability, and below each structure is a
representative crystal from the batch of crystals that pro-
vided the X-ray diffraction results;

[0054] FIGS. 30A and 30B provide wire-frame depictions
of'the crystal lattice of [7]n2 viewed along the c-axis and the
a-axis, respectively, and hydrogens are removed for clarity;
[0055] FIG. 31 depicts B3LYP/6-311+G(2d,p) calculated
geometry and the crystal structure of [7]n2 with hydrogens
omitted for clarity;

[0056] FIG. 32 depicts B3LYP/6-311+G(2d,p) calculated
geometry and the crystal structure of CN[7]n2;

[0057] FIG. 33 is a HPLC chromatogram of CN[7]n2
showing chiral resolution, solvent: 100% acetonitrile, flow
rate: 1 ml/min, injection volume: 5 pl. of a saturated solution
of CN[7]n2 in DCM, detection wavelength: 360 nm;

[0058] FIG. 34 shows a circular dichroism (CD) spectra of
CN[7]n2;
[0059] FIG. 35 shows HPLC chromatograms of the

samples that produced the CD spectra in FIG. 4, where the
color of each chromatogram correlates to the color of the CD
spectrum that is produced by the injected sample;

[0060] FIG. 36 illustrates experimental and M06-2X/6-
311+G(2d,p) ECD spectra of (M)-(-)-CN[7]n2, where the
vertical lines are the calculated TD-DFT states.

[0061] FIG. 37 shows chromatograms of 100 ul aliquots
of an optically active sample of CN[7]|n2 taken after heating
in a 115° oil bath for 0, 119, 311, and 455 hours;

[0062] FIG. 38 illustrates the process of reversible inter-
conversion of (M)-(-)-CN[7]n2 to (P)-(+)-CN[7]n2;
[0063] FIG. 39 is a plot of equation 2 with respect to
reaction time using data from Table 11;

[0064] FIG. 40 is a plot of absorbance versus wavelength
of normalized UV-Vis spectra of [7]n2 and CN[7]n2 in
toluene;

[0065] FIG. 41 is an orbital correlation diagram and com-
position of the S;—S, transition for [7]n2 and CN[7]n2
calculated at the RTD-B3LYP/6-311+G(2d,p) level of
theory in toluene;

[0066] FIG. 42 illustrates fluorescence spectra of [7]n2
and CN[7]n2 in toluene, where A_.: [7]n2=333 nm, CN[7]
n2=435 nm,;

[0067] FIG. 43 is an orbital correlation diagram and com-
position of the S;—S, transition for [7]n2 and CN[7]n2
calculated at the RTD-B3LYP/6-31G(d) level of theory.
[0068] FIG. 44 shows the phosphorescence spectra of
[7]n2 and CN[7]n2 in toluene glass, where A, : [7]n2=333
nm, CN[7]n2=435 nm;

[0069] FIG. 45 is an orbital correlation diagram compar-
ing the ground (GS), first excited singlet (S;), and first
excited triplet (T,) states, as well as orbitals obtained
through single point energy calculations performed on the
corresponding optimized state at the B3LYP/6-31G(d) com-
putational level;

[0070] FIG. 46 is an orbital correlation diagram and com-
position of the S, —=S, transition for 9,10-dicyanoanthracene
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and 1,6-dicyanobenzo[b]triphenylene calculated at the
RTD-B3LYP/6-31G(d) level of theory;

[0071] FIG. 47 show the cyclic voltammogram of CNJ[7]
n2 with ferrocene as an internal standard at a platinum
electrode;

[0072] FIGS. 48A and 48B show the optimized structures
of the ground and S, states of [7]n2 and CN[7]n2, respec-
tively, overlaid for comparison, where green structures are
ground states, red structures are S, states (B3LYP/6-31G

(d));

[0073] FIG. 49 illustrates example embodiments of heli-
acenes;

[0074] FIG. 50 shows an embodiment of a homodesmotic

reaction used to extract stabilization energies of the acenes;
[0075] FIGS. 51A and 51B illustrate a homodesmotic
equation-a (blue) and equation-b (red), respectively, used to
extract the stabilization energy for the expansion through the
[7]Series;

[0076] FIG. 52 is a graphical representation of stabiliza-
tion energies of the acenes extracted using the homodes-
motic reaction shown in FIG. 57, where geometries are
optimized at the B3LYP/6-31G(d) computational level and
shows total electronic energies used;

[0077] FIG. 53 illustrates stabilization energies of the
[7]Series extracted using equation-a (blue line) and equa-
tion-b (red line);

[0078] FIG. 54 is a graphical representation of relative free
energies per carbon for the acene series, (B3LYP/6-311+G
(2d.p));

[0079] FIG. 55 is a plot that illustrates differences in

stabilization energies (ASE) for the [7]Series;

[0080] FIG. 56 is a plot that illustrates stabilization ener-
gies of the [7]Series including extrapolated electronic sta-
bilization energy for progression from [7]n0 to [7]nl;
[0081] FIG. 57 is a plot that illustrates stabilization ener-
gies of the acenes and [ 7]Series with B3LYP/6-31G(d), total
electronic energies used;

[0082] FIGS. 58A and 58B together illustrate transforma-
tion of [7]n0 to [7]nl showing the phenanthrene (red) and
triphenylene (blue) motifs in [7]n0 and [7]nl, respectively;

[0083] FIG. 59 illustrates a resonating sextet in tetracene
and [7]n3;
[0084] FIG. 60 a resonance form of [7]n4 with aromatic

sextet in fulcrum ring;

[0085] FIG. 61 illustrates singularly occupied orbitals of
[7]n10;
[0086] FIG. 62 is a graph of distortion energy as a function

of pentacene longitudinal twist for the imbedded pentacene
in [7]n4 (red) and free pentacene (black) as obtained from a
relaxed scan calculated at the B3LYP/6-31G(d) computa-
tional level;

[0087] FIG. 63 is a plot of distance between the bay-region
hydrogens (green) of [7]n4 as a function of pentacene
longitudinal twist. (B3LYP/6-31G(d));

[0088] FIG. 64A is a plot of distortion energies of [7]n0,
[7]nl, [7]n4, and CN[7]n4 as a function of increasing the
helical pitch by 0.2 A increments;

[0089] FIG. 64B illustrate the structure of [7]n4 with
outer-rim carbons used in the scan coordinate color coded
orange (M06-2X/6-31G(d));

[0090] FIG. 65 illustrates HOMA values for the rings of
[7]n2 (left) and CN[7]n2 (right), with bond lengths obtained
from crystal structures and from B3LYP/6-31G(d) opti-
mized structures for comparison;
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[0091] FIGS. 66A and 66B illustrate transitions and rota-
tory strengths of (M)-(-)-CN[7]n2 calculated using the
TDMO06-2X/6-31G(d) and TDM06-2X/6-311+G(2d,p) com-
putational levels, respectively;

[0092] FIG. 67 is a graph that shows optical rotations of
the (M)-(-)-[7]Series calculated at the M06-2X/6-311++G
(2d,p) computational level;

[0093] FIG. 68 is a graph that shows optical rotations of
the (M)-(-)-[7]Series calculated at the M06-2X/6-31G(d)
computational level;

[0094] FIG. 69 is a graph that shows optical rotations of
the (M)-(-)-CN[7]Series calculated at the M06-2X/6-31G
(d) computational level;

[0095] FIG. 70 is a graph that shows optical rotations of
modified geometries of octa-Ph[7]n4, where all structures
have Ph substituents replaced by hydrogens; a: rings E, F, G,
and H removed; b: rings F, G, and H removed; c: rings G,
and H removed; d: ring H removed; e: no rings removed; and
each structures acene twist is frozen and reoptimized under
this constraint;

[0096] FIG. 71 is a graph that shows optical rotations of
artificially twisted acenes, with accene twists frozen, and
where acene twists are indicated in parentheses, as calcu-
lated at the M06-2X/6-31G(d) computational level;

[0097] FIGS. 72A-72C illustrate the calculated CD spectra
of modified octa-Ph[7|n4 with phenyl groups replaced by
hydrogens and the acene twist frozen (FIG. 72C), the
isolated twisted acene domain (FIG. 72B), and the isolated
helical domain (FIG. 72A), which are calculated at the
M06-2X/6-31G(d) computational level;

[0098] FIG. 73 illustrates the typical mechanism for the
Mallory Photocyclization of trans-Stilbene;

[0099] FIG. 74 illustrates potential energy surfaces
involved in the reversible cis-Stilbene DHP interconversion;

[0100] FIG. 75 illustrates regioselectivity in Mallory pho-
tocyclizations;
[0101] FIG. 76 illustrates the bis-Mallory photocycliza-

tions of 6, 7, 8, and 9 focused on understanding the regi-
oselectivity observed in these reactions;

[0102] FIG. 77 illustrates the synthesis of bis-Mallory
photocyclization substrates 8 and 9;

[0103] FIG. 78 illustrates reactions with 10, 11, 12, 13, 14,
15, 16;
[0104] FIG. 79 are a set of plots that show relative product

composition as a function of temperature for the Mallory
photocyclizations of 6, 7, 8, and 9, wherer all reactions were
run under an atmosphere of air, however, the oxygenated
products are not included in the plots;

[0105] FIG. 80 illustratre potential intermediates in the
Mallory bis-photocyclization of 6;

[0106] FIG. 81 is an interconversion diagram for interme-
diates in the Bis-Mallory photocyclizations of 6, 7, 8, and 9,
where *hv or heat; cc cis-cis and ct cis-trans; subscripts on
all numerical and letter compound designations refer to its
number of Clar sextets; and

[0107] FIG. 82 illustrates DHP diastereomers formed dur-
ing Mallory photocyclization of 1,2-di-(2-naphthyl)cyclo-
pentene.

DETAILED DESCRIPTION

[0108] The present invention has utility as a new homolo-
gous series of polycyclic aromatic hydrocarbons, namely the
[7]helitwistacenes. Embodiments of the inventive [7]helit-
wistacenes have utility as materials suitable for forming a
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circularly polarized organic light emitting diode (CP-
OLED) for direct emission of circularly polarized (CP) light
for the fabrication of high efficiency electronic displays.
Embodiments of the present invention provide configura-
tionally stable twisted acenes that are imbedded into the
structure of [7]helicene at the fulcrum ring. The helicene
propagates its chiral nature into the acene, while acting as a
locking mechanism to thermal racemization.

[0109] It is to be understood that in instances where a
range of values are provided that the range is intended to
encompass not only the end point values of the range but
also intermediate values of the range as explicitly being
included within the range and varying by the last significant
figure of the range. By way of example, a recited range of
from 1 to 4 is intended to include 1-2, 1-3, 2-4, 3-4, and 1-4.

[0110] A dissertation of Jacob Weber entitled “[7]HELI-
ACENES: CONFIGURATIONALLY STABLE TWISTED
ACENES & THE ORIGIN OF THE PREFERENTIAL
FORMATION OF HELICENES IN MALLORY PHOTO-
CYCLIZATIONS (University of Wyoming) and all refer-
ences cited therein which are hereby incorporated by refer-
ence in their entireties provides a comprehensive discussion
of PAHs, helicenes, acenes, twisted acenes, photochemical
properties of PAHs, aromaticity, experimental approaches
and theory related to measurement of resonance energy of
PAHs, chiral resolution and application of helicenes, and
Mallory reactions. The dissertation also discloses a wide
array of computational studies as a function of acene elon-
gation for these [7]helitwistacenes. Furthermore, it was
discovered that temperature, as shown in FIG. 4, may be
used in the Mallory photocyclization dehydrogenation of
four different bis-styrenyl substrates to switch between
exclusive formation of two of the three possible isomeric
products, providing an explanation for the counterintuitive
regioselectivity of the Mallory reaction to form the more
sterically strained helical isomers when access to more than
one product is possible. The Mallory reaction is invaluable
for accessing the higher helicenes and other large strained
PAH systems.

[0111] Acenes are graphene nanoribbons with the closest
approach to zigzag-edged one-dimensionality compared to
any other class of polycyclic aromatic hydrocarbon (PAHs).
Acenes unique linear annulation dictates that only one
resonating Clar sextet be present regardless of length®* and
in turn, a vanishing band-gap and dramatic loss in stability
is observed throughout the series. With their impressive
scaled electronic properties, acenes have been used as
organic semiconductor components in field effect transis-
tors, photovoltaic cells, and light emitting diodes.>* How-
ever, solution based processing of these planar species is
vexed by low solubility, having strong van der Waals inter-
actions, and decomposition through dimerization and oxi-
dation.>®

[0112] Configurationally stable twisted acenes have been
synthesized with the use of aliphatic bridging groups caus-
ing them to deviate from true polycyclic aromatic hydro-
carbon (PAH) character. The synthesis and characterization
of two novel configurationally stable twisted acenes that are
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imbedded into the structure of [7]helicene at the fulcrum
ring are reported herein. The helicene propagates its chiral
nature into the acene, while acting as a locking mechanism
to thermal racemization. These doubly-helical compounds
are part of a new homologous series of polycyclic aromatic
hydrocarbons, namely the [7]helitwistacenes.

[0113] Longitudinally twisting the acenes out of planarity,
as introduced by Pascal,>* has been shown to produce only
marginal changes to their electronic properties,>® while
introducing an avenue for the fabrication of polyacenes with
resistance to insolubility, dimerization, and photooxidation.
36 These twisted compounds also have utility as circularly
polarized fluorescent materials, but most twisted acenes
have prohibitively low barriers of racemization,>” preclud-
ing their use as enantiopure components in emissive devices.
[0114] This problem is addressed by fusing a chiral
domain onto twisted acenes, which alone has a substantial
barrier to racemization, to lock in the configuration of the
twistacene. This allows for the isolation of enantiopure
twisted acenes. Specifically, acenes of different lengths are
attached onto the base-structure of [7]helicene at the fulcrum
ring creating a new polycyclic aromatic hydrocarbon (PAH)
series called the [7]heliacenes. The function of the helical
domain in these molecules is multifaceted, acting to: (i)
generate the twist and dictate the direction of twist (right or
left handed) in the acene through steric interactions at the
helicene/acene junction, (ii) lock in the configuration/hand-
edness of the twisted acene by correlating it with a high
barrier of racemization of the helical domain, and (iii) impart
added solubility and stability. In addition, in order to
enhance the chiroptical properties of the heliacene, the
ability of substituents to maximize and propagate the twist
down the longitudinal axis of the acene appendage are
studied.

[0115] The geometries of the [7]Series are optimized using
the B3LYP/6-31G(d) computational model. The optimized
structure of [7]n4 is shown in FIG. 5A illustrating the labels
of each ring in the [7]heliacenes. In FIG. 5B illustrates the
numbering system used for the [7]heliacenes with [7]n2 as
a specific example. In order to facilitate the discussion on the
structural features of the [7]heliacenes, some geometric
parameters must be defined. The helical pitch is the average
distance between the three outer-rim carbons (denoted by
+’s in FIG. 5A) and the corresponding opposing carbons in
the two terminal helicene rings (ring A and A' FIG. 5A). The
pitch is an estimate of the height of one complete helical turn
along the direction parallel to the helical axis and indicates
how open the helical jaws are. The helical core dihedral
angle is the dihedral angle formed by the four carbons
denoted with *’s in FIG. 5A and is an indication of the extent
of helical strain in the system. Finally, the acene twist is the
dihedral angle generated by the four outermost carbons in
the acene motif. For example, in [7]n2 the acene twist is the
dihedral angle formed by carbons 11, 12, 22¢, and 22d in
FIG. 5B. This term gives the magnitude of longitudinal
twisting in the embedded acene as defined by Pascal.>®
Adhering to these definitions, the geometric parameters of
the [7]Series are presented in Table 1 including the twist
angle of each acene ring.
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B3LYP/6-31G(d) Optimized geometric parameters of the [7]Series.

Helical = Helical Ring Ring Twisted

pitch core Acene twist Ring twist twist Ring twist Ring twist [7]Helicene acene

(A) dihedral* twist (D)* (E)* (F)* (G)* (H)* configuration configuration
[7In0 4.67 -28.2° 16.3° 16.3° M P
[7]nl 4.81 -32.5°  224° 20.2° 2.1° M P
[7In2 4.84 -33.8°  24.6° 21.7° 2.7° 0.1° M P
[7In3 4.87 -34.6°  26.2° 22.6° 3.3° 0.1° 0° M P
[7In4 4.88 -35.0°  27.2° 23.2° 3.6° 0.2° 0° 0° M P
[0116] Calculations predict a moderate twist for all These values are listed in Table 2, along with the calculated

embedded acenes in the [7]Series ranging from 22.4° for
naphthalene in [7]nl up to 27.2° for pentacene in [7]n4. As
these values indicate, the acene twist increases through the
series with the greatest change of 6.1° observed upon the
initial annulation of ring E. As more rings are added com-
pleting the series, the twist continues to increase by an
average value of 1° per ring. The acene twist is not equally
distributed in each ring, with an approximate 90% and 10%
expression in rings D and E, respectively, and little to no
twist observed in rings F through H.

[0117] The geometric parameters that monitor the helical
domain also increase through the series, with the greatest
change observed going from [7]n0 to [7]nl. Annulation of
ring E corresponds to an increase of 0.14 A and 4.3° for the
helical pitch and the absolute value of the helical core
dihedral angle, respectively. Subsequent annulations of rings
E through F bring about little change to the overall helical
core geometry (0.01-0.03 A for the helical pitch and 0.4°-
1.3° for the helical core dihedral angle).

[0118] Addition of ring E on [7]n0, forming [7]nl, gen-
erates two bay-regions at the helicene/acene juncture. These
bay regions are represented in FIG. 6 for [7]n2. The intra
H—H distance between bay-region hydrogens is approxi-
mately 1.95 A for all members in the [7]Series, well within
twice the Van der Waals radius of hydrogen (2.4 A) as
determined by Bondi.?® Steric crowding in the helicene/
acene bay regions facilitate geometric “communication”
between the two domains, allowing [7]helicene to propagate
its chiral nature into the acene domain. This results in an
acene twist that is both orthogonal and of the opposite
configuration to that of the [7]helicene core helix (FIG. 7).
The initial formation of the dual bay-regions going from
[7]n0 to [7]nl also explains the relatively large change in
geometric parameters between these two species.

[0119] The geometric parameters of the acene and [7]heli-
cene structural motifs of the [7]Series continue to change
when rings F through H are added, despite these rings being
sterically removed from the system (i.e., Hg and H,, closest
approach >2.4 A). This alludes to electronic “communica-
tion” between the acene and helicene domain and is
described further below this disclosure.

[0120] Population analysis at the B3LYP/6-311+G(2d,p)
computational level was used to calculate the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) and their orbital energies for
each member of the [7]Series. The HOMO/LUMO orbitals
of the [7]Series are visually presented in FIG. 8. The
band-gaps of each species was calculated by taking the
difference between the LUMO and HOMO orbital energies.

band-gaps of some representative acenes.

TABLE 2

B3LYP/6-311 + G(2d,p) band-gaps of the [7]Series
and select acenes. Calculated by taking the difference
of the LUMO and HOMO orbital energies.
Calculated band-gap
AE LUMO-HOMO (eV)

[7]Heliacenes

[7]n0 3.81
[7]n2 3.78 Acenes
[7In2 344 Anthracene 3.55
[7In3 2.86 Tetracene 2.75
[7]n4 2.33 Pentacene 2.19
[0121] As progression is made through the [7]Series (left

to right FIG. 8) the frontier orbitals become more localized
on the acene domain. In fact, the HOMO and LUMO of the
pentacene embedded species, [7]n4, resides almost entirely
on the acene with very little orbital leakage onto the heli-
cene. Furthermore, the band-gap steadily decreases through
the series, dropping from 3.81 eV in [7]n0 to 2.33 eV in
[7]n4, reaching values that are comparable to those of the
free acenes. For instance, the anthracene embedded species
[7]n2 has a lower band-gap than free anthracene, while the
band-gaps of [7]n3 and [7]n4 are only 0.11 and 0.14 eV
higher than those of their free acene counterparts, respec-
tively. The frontier orbital residency of the higher [7]heli-
acenes coupled with their relatively low bad-gaps, indicates
that these compounds are viable surrogates endowed with
the electronic characteristics of the corresponding planar
acene.

[0122] The transition state (TS) structures for the racem-
ization process of each compound in the [7]Series are
located at the B3LYP/6-31G(d) computational level. The
racemization TS for [7]n2 is shown in FIG. 9A from three
different perspectives. The corresponding perspectives of
the lowest energy conformation of the starting material (SM)
[7]n2 is shown for each TS perspective in FIG. 9B. Fre-
quency calculations are performed on each TS and SM in the
[7]Series and the racemization barriers are calculated using
the sum of the electronic and thermal free energies of each
structure. All calculated TSs had a single imaginary fre-
quency. The racemization barriers extracted using these
calculations are presented in Table 3.
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TABLE 3

B3LYP/6-31G(d) calculated barriers
of racemization for the [7]Series using the
sum of the electronic and thermal free energies.

AG=

(kcal/mol)
[7]n0 42.0
[7]n1 39.4
[7]n2 39.2
[7]n3 39.2
[71n4 39.1

[0123] The thermal racemization of [7]helicene has been
studied both experimentally (AG*#=41.7 kcal/mol)*® and
theoretically*’ and its TS is determined to adopt a saddle-
like structure. The TS for racemization of the inventive
[7]heliacenes also adopt a saddle-like structure in their TS
(FIG. 9A). These structures have no C, symmetry and no
helical axis. In turn, the acene twist angle is 0° and there is
a o, mirror plane, giving these saddle-like structures C,
symmetry. These findings are in accordance with the Ham-
mond postulate and provide a satisfying rationale for the
sign inversion of the acene twist angle that must occur
during interconversion between enantiomers.

[0124] The calculated barrier of racemization for [7]heli-
cene ([7]n0, 42 kcal/mol) is very close to what is experi-
mentally found by Martin (41.7 kcal/mol)*°, lending confi-
dence to the accuracy of the values calculated for the other
members of the [7]Series. Extension of the acene corre-
sponds with a decrease in the racemization barrier, with the
largest decrease of 2.6 kcal/mol observed with the annula-
tion of ring E. Addition of rings F through H had little to no
effect on the racemization barrier. The bay-region hydrogens
(FIG. 6) are further apart in the racemization transition
structure (2.28 A) than in the chiral heliacene (1.95 A). In
addition, the acene domain in the TS is not twisted and has
a twist angle of 0° consistent with its assignment to the
achiral C, point group. This is in contrast to the chiral
heliacenes that have twist angles of 22° to 27°. The dramatic
decrease in the racemization barrier upon addition of ring E
and much smaller decreases upon annulation of additional
rings suggest that relief of steric strain rather than an
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increase in orbital overlap in the transition structure is
responsible for this phenomenon. This is consistent with
Pascal’s calculation that reveals that it only costs 20 kcal/
mol to twist naphthalene by 20°.*

[0125] Lowering the racemization barrier from 41.7 kecal/
mol to 39.1 kcal/mol is not expected to adversely affect the
configurational stability of the [7]heliacenes at room tem-
perature. This can be demonstrated by using AG™=39 kcal/
mol as the lower limit to the racemization barrier. Using this
value in the Eyring equation, the rate constant for racem-
ization is calculated at room temperature and at 100° C. The
half-life for a first order racemization with a barrier of 39
kcal/mol is estimated to be over 100 million years at room
temperature and 200 years at 100° C. Needless to say, all of
the [7]Series up to [7]n4 are expected to be configurationally
stable both at room temperature and at moderately high
temperatures.

[0126] As previously suggested, steric interactions
between hydrogens in the bay-regions of the [7]heliacenes
play an important role in dictating the twist of the appended
acene. Consequently, it is reasonable to replace these hydro-
gens with different sized substituents in order to modulate
the magnitude of the acene twist. The viability of this
approach was verified by computationally studying heli-
acenes with substituents of varying sizes in a para-relation-
ship on ring E, at the acene/helicene juncture. Specifically,
this approach has studied the methyl, cyano, phenyl, iso-
propyl, and t-butyl substituted [7]heliacenes to create the
Me[7]Series, CN[7]Series, Ph|7]Series, iPr[7]Series, and
t-Bu[7]Series, respectfully. The geometric parameters and
racemization barriers were studied for all series, while the
electronic properties were only looked at for the CN[7]
Series. The effect of multiple substitutions of different
groups were also computationally studied along the longi-
tudinal axis of [7]n4 in order to determine if the magnitude
of twist can be increased and its direction faithfully propa-
gated down the acene axis.

[0127] All of the ring-E di-substituted [7]heliacenes were
optimized at the B3LYP/6-31G(d) computational level. The
geometric parameters of these compounds are listed in Table
4 using the same definitions as used in Table 1.

TABLE 4

Optimized geometric parameters of the E-ring di-substituted [7]heliacenes.
Calculated at the B3LYP/6-31G(d) computational level.

Helical pitch Helical core Acene Ring twist Ring twist Ring twist Ring twist Ring twist [7]Helicene Twisted acene
A) dihedral twist (D) (E) (F) (G) (H) configuration  configuration
[7]n0 4.67 -28.2° 16.3° 16.3°
CN[7]nl 493 -37.6° 39.8° 29.1° 10.5° M P
CN[7]n2 4.94 -39.6° 46.2° 31.9° 12.5° 1.5° M P
CN[7]n3 4.95 -40.2° 47.6° 32.7° 13.1° 1.4° 0° M P
CN[7]n4 4.97 -40.7° 48.4° 33.2° 13.4° 1.4° -0.1° 0° M P
Ph[7]nl 4.96 -40.4° 45.1° 33.0° 11.9° M P
Ph[7]n2 5.03 -42.6° 57.8° 35.9° 16.0° 5.6° M P
Ph[7]n3 5.05 -43.4° 60.5° 36.9° 16.8° 5.5° 0.6° M P
Ph[7]n4 5.06 -43.7° 61.9° 37.5° 17.4° 5.7° 0.7° 0° M P
Me[7]nl 4.94 -40.0° 45.1° 32.2° 12.8° M P
Me[7]n2 4.96 -42.8° 51.6° 36.1° 14.1° 0.9° M P
Me[7]n3 498 -43.5° 53.4° 37.0° 14.9° 1.0° -0.1° M P
Me[7]n4 498 -43.7° 54.6° 37.4° 15.4° 1.2° 0° 0° M P
iPr[7]nl 4.94 -41.6° 49.0° 34.7° 14.1° M P
iPr[7]n2 498 -44.1° 59.8° 38.5° 17.6° 3.2° M P
iPr[7]n3 4.99 -44.6° 61.9° 39.4° 18.4° 3.2° 0.2° M P
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TABLE 4-continued

Optimized geometric parameters of the E-ring di-substituted [7]heliacenes.
Calculated at the B3LYP/6-31G(d) computational level.

Helical pitch Helical core Acene Ring twist Ring twist Ring twist Ring twist Ring twist

[7]Helicene  Twisted acene

A) dihedral twist (D) (E) (F) (G) (H) configuration  configuration
iPr[7]n4 5.00 -44.8°  62.9°  39.9° 19.0° 3.20 0.1° 0° M P
t-Bu[7]nl 496 -45.5°  57.3°  40.7° 16.1° M P
t-Bu[7]n2 5.00 -47.9°  60.5°  445° 16.8° -1.7° M P
t-Bu[7]n3 5.03 -48.6°  62.6°  45.6° 17.7° -14° -0.4° M P
t-Bu[7]n4 5.05 -48.9°  63.6°  46.0° 18.2° -14° -0.4° 0° M P
[0128] The acene twist of the E-ring di-substituted [ 7]heli- in which steric interactions generate multiple geometric

acenes are all dramatically enhanced relative to their non-
substituted counterpart (Table 1 vs. Table 4). For example,
the acene twist of the pentacene embedded species of the
CN[7]Series, Me|[7]Series, Ph|7]Series, iPr[7]Series, and
t-Bu[7]Series are 48.4°, 54.6°, 61.9°, 62.9°, and 63.6°,
respectively, compared to 27.2° for [7]n4. These values
roughly correlate to the size of the substituents. With larger
groups in the bay-regions, there is enhanced steric “com-
munication” between the two domains in the [7]heliacenes,
thus allowing the [7]helicene motif to more effectively
impart its chiral nature into the imbedded acene. Also, a new
steric interaction is introduced between the substituents on
ring E and the hydrogens on ring F (FIG. 10). This so called
“E/F strain” propagates the twist further away from the
helicine core producing a large twist in ring E and a
non-trivial twist in ring F. Both the increased bay-region
steric interactions, and the introduction of E/F strain
accounts for the large increase in the acene twist of the
functionalized [7]heliacenes. E-ring substituents increase
the pitch and the internal dihedral angle of the helical core
of the [7]heliacenes. (columns 2 and 3 in Table 4)

[0129]
same direction in the substituted [7]heliacenes. In the t-Bu
[7]Series the bulk of the two t-butyl substituents are such
that the E/F steric interaction twists ring F against the overall

Most, but not all, the acene rings are twisted in the

torsional direction imparted by the CDE/C'DE bay region
interactions. Consequently, the twist in rings F, G, and H
have the opposite sign compared to that of rings D and E,

diminishing the overall acene twist in these species.

[0130]

the [7]heliacenes when substituents were placed on rings F,

Additional steric interactions were introduced in

G, and H, further propagating the steric “communication”
between the helicene and the acene domain. This was
computationally studied by incrementally substituting the
acene rings of [7]n4 in a para-related fashion with nitrile,
methyl, and phenyl substituents to create three different
series as illustrated in FIGS. 11A-11D. Multi-substitution of
the acene domain greatly complicates the potential energy
surface, opening up access to twistomers (twisted-isomers)

minima for a single [7]heliacene. An example of these steric
interactions for octaCN|[7]n4 is presented in FIG. 12. Two
broad classes of twistomers are discovered for the [7]heli-
acenes. In the first class of twistomers (class-a twistomers)
a C,-axis of symmetry exists perpendicular to the helical-
axis of [7]helicene. The C,-axis of symmetry in these
compounds is shared with the helical axis of the acene
domain and exists in the parent compound, [7]helicene.
FIGS. 13A and 13B are an example of two class-a twist-
omers of CN[7]n2. The second class of twistomers (class-b
twistomers) have no C,-axis of symmetry. The structure in
FIG. 14 is an example of a class-b twistomer. Each class-b
twistomer has para-related substituents that are puckered in
toward one another causing them to reside on the same face
of the acene plane. This puckering pattern of para-related
substituents alternates as one traverses from the [7]helicene
core, causing substituents on neighboring rings to reside on
the opposite face of the acene. For ease of discussion, the
class-a twistomers are named by preceding the compounds
established name by the ring juncture at which the acene
twist originating from the [7]helicene core is opposed.
Under this context, the twistomer of FIG. 13B is called
D/E-CN[7]n2. The directional change of the acene twist is
not limited to a single event within one species. For
example, the helicity of the acene in a D/E,G/H twistomer
changes direction twice and in the extreme example a
D/E,E/F,F/G,G/H twistomer has a longitudinal acene twist
that changes direction at each ring juncture in the appended
acene. A twistomer that has a longitudinal acene twist that is
not opposed down the entire length of the appended acene
has no modification made to its name and is referred to as
“fully twisted”. For instance, the fully twisted species of
FIG. 13A is CN[7]n2. Since only one form of class-b
twistomers have been located, these twistomers are desig-
nated by preceding the compounds name with CB. Under
this context, the twistomer in FIG. 14 is called CB-octaMe
[7]n4. All twistomers located were optimized at the B3LYP/
6-31G(d) computational level. The geometric parameters of
the appended acenes of these species are presented in Table
5.
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Geometric parameters of the appended acenes of the substituted [7]heliacene

twistomers. B3LYP/6-31G(d)

Relative Relative
Acene Ring twist Ring twist Ring twist Ring twist Ring twist energy pentacene SP
twist (D) (E) F) G) (H) (kcal/mol)  energies™®

CN[7]n2 46.2° 31.9° 12.5° 1.5° 0 NA
D/E-CN[7]n2 0.7° 10.6° -8.7° -1.3° 4.17 NA
CN[7]n3 47.6° 32.7° 13.1° 1.4° 0° 0 NA
D/E-CN[7]n3 -0.1° 10.4° -9.2° -1.3° 0° 4.62 NA
CN[7]n4 48.4° 33.2° 13.4° 1.4° 0° 0° 0 NA
D/E-CN[7]n4 -0.6° 10.2° -9.5° -1.3° 0° 0° 4.85 NA
hexaCN[7]n4 97.1° 36.9° 27.9° 20.8° 9.3° 1.3° 1.9 7.7
CB-hexaCN[7]n4 58.4° 34.3° 17.2° 5.1° 1.4° 0.2° 0 0

G/H-octaCN[7]n4 93.1° 36.8° 27.9° 22.8° 8.2° -3.6° 3.7 8.7
E/F,G/H-octaCN[7]n4 68.6° 36.9° 23.8° 34° -1.6° 5.4° 2.9 2

CB-octaCN[7]n4 58.2° 34.4° 17.1° 4.5° 1.3° 0.5° 0 0

hexaMe[7]n4 118.1° 41.0° 28.5° 27.6° 17.4° 2.3° 4.5 121
CB-hexaMe[7]n4 61.0° 38.1° 17.6° 3.3° 0.9° 0.3° 0 0

octaMe([7]n4 134.1° 40.5° 27.7° 28.7° 25.6° 10.2° 8.1 153
G/H-octaMe[7]n4 102.6° 40.8° 28.0° 26.3° 11.9° -5.6° 7.8 9.4
CB-octaMe[7]n4 62.0° 38.3° 18.0° 3.5° 1.0° 0.5° 0 0

octaPh[7]n4 157.7° 41.0° 33.2° 32.9° 30.8° 17.8° 0 4.6
E/F-octaMe[7]n4 -64.9° 31.3° -11.3° -33.5° -32.2° -18.5° 23.6 0

*Relative energies of the isolated pentacene of each twistomer, obtained by cutting the pentacene out of each species and adding hydrogens,

followed by single point calculations. (kcal/mol)

[0131] CNJ7]Series twistomers are listed in rows 1-6 of
Table 5. The difference between the two structures in FIGS.
13A and 13B is evident by looking at the positions of the
cyano groups. The cyano-groups and the helical arms are
staggered in the lower energy conformation but eclipsed in
the higher energy conformation. The twist of the acene is
also visibly diminished in the higher energy twistomer,
D/E-CNJ[7]n2. In fact, the acene twist in all of the D/E-
twistomers of the CN[7]Series were predicted to be negli-
gible, ranging from 0.7° in D/E-CN[7]n2 to -0.6° in D/E-
CN[7]n4. This is true despite a 10° twist in ring D, which is
counteracted by an approximate -10° combined twist of
rings E and F. The population of the higher energy twist-
omers in the CN[7]Series is interesting from a scholarly
viewpoint, however, they are not expected to have signifi-
cant impact on the chiroptical properties of the heliacenes.
They are much higher in energy (4.17 kcal/mol to 4.85
kcal/mol) and consequently are only 0.1% of the total
heliacene population.

[0132] An enthalpic transition state for interconversion of
the two CN[7]n2 twistomers is located 0.57 kcal/mol above
the highest energy twistomer. The negative frequency asso-
ciated with this transition state involves vibrations of the
cyano groups and a twisting vibration of the acene tail of the
heliacene. Relaxed scan calculations seem to suggest that a
second transition state very close to the lower energy twist-
omer also exists. However, despite several efforts this sec-
ond transition state was not located, probably due to the
shallow nature of the potential energy surface surrounding
this structure.

[0133] Multi-substituted twistomers are listed in rows
7-18 of Table 5. In addition to the steric interactions in the
dual bay-region and at the E/F juncture, the multi-substi-
tuted [7]helipentacenes in Table 5 have steric interactions at
the F/G and G/H junctures. These additional interactions
greatly enhance the value of the acene longitudinal twist for
the fully twisted species. As an example, hexaCN[7]n4,
octaMe| 7]|n4, and octaPh[7]n4 have impressive acene twist
values of 97.1°, 134.1°, and 157.7°, respectively. Notice
however, that only the phenylated species, octaPh[7]n4, has
a fully twisted form that is also the lowest energy isomer.
This is not the case for the multi-methylated and cyanated
species and shines a light on a trend for these compounds.
The lowest energy twistomers of the multi-methyl and
-cyano substituted [7]helipentacenes are the twistomers with
the smallest pentacene twist. Since the acene twist is lowest
for the class-b twistomers, these species have the lowest
relative energy compared to all other twistomers. The acene
twist of class-a twistomers decreases with an increasing
number of junctures that the acene twist is opposed from that
established by the fulcrum ring in the [7]helicene core.
Therefore, a higher number of these oppositions correlates to
a lower relative energy in the class-a twistomers. The
multi-phenylated [7]heliacenes are behaving fundamentally
different. Specifically, the fully twisted species are the
lowest energy twistomers. To help understand the origin of
this difference, the closest approach distance between steri-
cally interacting groups in the bay-region and ring junctures
are measured. These values are listed in Table 6 along with
the total atomic overlap, using an atomic radius of 1.20 and
1.70 A for hydrogen and carbon, respectively.
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Closest atomic approach distance of substituents in the bay-regions and at each
ring juncture of the functionalized [7]n4 species. Structures optimized at the B3LYP/6-31G(d)

computational level.

Closest approach distance (A)

Total atomic

Bay-region E/F F/G G/H overlap (A)*
hexaCN[7]n4 2.34(CH) 2.79(CC) 2.73(CC) 2.43(CH) 2.31
C2-hexaCN[7]n4 2.33(CH) 2.76(CC) 2.76(CC) 2.45(CH) 2.30
G/H-octaCN[7]n4 2.35(CH) 2.80(CC) 2.77(CC) 2.76(CC) 2.42
E/F,G/H-octaCN[7]n4 2.34(CH) 2.77(CC)  2.72(CC)  2.76(CC) 2.51
¢2-octaCN[7]n4 2.33(CH) 2.76(CC) 2.77(CC) 2.78(CC) 2.46
hexaMe[7]n4 2.16(HH) 2.10(HH) 2.20(HH) 2.19(HH) 0.95
C2-hexaMe[7]n4 2.16(HH) 2.10(HH) 2.16(HH) 2.14(HH) 1.04
octaMe[7]n4 2.16(HH) 2.11(HH) 2.22(HH) 2.05(HH) 1.06
G/H-octaMe[7]n4 2.16(HH) 2.09(HH) 2.12(HH) 2.14(HH) 1.09
C2-octaMe[7]n4 2.16(HH) 2.06(HH) 2.30(HH) 2.12(HH) 0.96
octaPh[7]n4 2.44(CH) 3.03(CC) 3.03(CC) 3.05(CC) 1.55
E/F-octaPh[7]n4 2.36(CH), 241(CH) 2.48(CH) 3.02(CC) 3.05(CC) 2.18

*Sum of the atomic oggrlap from the values in columns 2 through 5, using the atomic radii of hydrogen and carbon

determined by Bondi.

[0134] There are two governing factors that determine the
relative energy of a given twistomer. (i) The energy of the
free pentacene (far-right column, Table 5) has a higher
energy when it is twisted. This is most dramatically dem-
onstrated by the 15 kcal/mol energy increase in the free
pentacene of octaMe[7]n4 compared to the free pentacene of
CB-octaMe[7]n4 that is 72 less twisted. (ii) The relative
amount of steric strain between isomers plays a role in
determining the relative energies between twistomers. The
final column in Table 6 is an approximation of the overall
steric strain contained in a twistomer. For the cyanated and
methylated [7]n4 species the steric contributions to the
overall energy between isomers are predicted to be very
similar with total atomic overlap values deviating by no
more than 0.1 A. For the twistomers of octa-phenylated
species however, the total atomic overlap is 0.63 A higher in
the less twisted E/F-octaPh[7]n4 species compared to the
fully twisted octaPh[7]n4 isomer. Therefore, steric contri-
butions to the total energy of the non-twisted E/F-octaPh[7]
n4 species are expected to be much higher than in the fully
twisted isomer, octaPh[7]n4. This is due in part to an
additional steric interaction in the bay-regions of the E/F
twistomer.

[0135] The population of twistomers can potentially com-
plicate the use of substituted heliacenes for chiroptical
applications. The twistomers are diasteromers and can be
separated by conventional chromatography methods if their
interconversions are not rapid. Interconversion is slower
with the larger substituents. Consequently, to get an enantio-
pure heliacene it might require as a first step separation of
diastereomers by HPLC followed by separation of
enantiomers by chiral HPLC. However, the encouraging
results with the phenyl-substituted heliacenes suggest that
they might form with high diastereoselectivity. In addition,
the phenyl-substituted heliacenes are synthetically readily
accessible, and are the focus of future work in this area.
[0136] Frequency calculations were performed for the
starting materials and TS of each member of the disubsti-
tuted [7]heliacenes and their barriers of racemization were
extracted using the sum of their electronic and thermal free
energies. These barriers are listed in Table 7. The calcula-
tions were performed at the B31YP/6-31G(d) computational
level.

TABLE 7

Calculated barriers of racemization for the substituted
E-ring disubstituted [7]heliacenes.

AG=

(kcal/mol)
[7]n0 42.0
CN[7]nl 34.5
CN[7]n2 34.1
CN[7]n3 34.4
CN[7]n4 34.5
Ph[7]nl 34.0
Ph[7]n2 33.4
Ph[7]n3 33.9
Ph[7]n4 34.0
tetraPh[7]n4 44.6
Me[7]nl 31.6
Me[7]n2 32.3
Me[7]n3 32.6
Me[7]n4 32.9
iPr[7]nl 31.2
t-Bu[7]nl 33.8

[0137] The barriers of racemization for the di-substituted
species are 7.7 to 10 kcal/mol lower in energy than the
barrier calculated for [7]helicene. The transition states (TS)
adopt a butterfly geometry as illustrated for CN[7]n2 in FIG.
15. Important structural differences between the starting
materials and the TS in CN[7]n4 include: (i) the acene twist
angle is 48.4° in the starting material and 0° in the TS; (i) the
fulcrum ring twist angle decreases from 33.2° in the starting
material to 0° in the TS; (iii) the closest approach of two
carbons in the terminal rings of the helicene domain
decreases from 3.50 A in the starting material to 2.89 A in
the TS; and (iv) the distance between the bay region hydro-
gen (red hydrogen in the CN[7]n2 TS in FIGS. 16B and
16C) and the cyano carbon increases from 2.26 A in the
starting material to 2.51 A in the TS. The energetic cost of
increasing the fulcrum ring (ring D) twist from 16.3° in
[7]n0 (Table 4) to 33.2° in CN[7]n4, raising the energy of the
starting material, and the diminished bay region strain in the
TS state of CN[7]n4 in comparison to its starting material
both contributes to the 7.5 kcal/mol decrease in the racem-
ization barrier observed in CN[7]n4 in comparison to [7]n0.
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[0138] The starting material and TS for racemization of
tetraPh[7]n4 are presented in FIG. 15. In contrast to the
di-substituted [7]heliacenes, tetraPh[7]n4 has a racemization
barrier that is 3.6 kcal/mol higher in energy than that of
[7]helicene. This increase appears to be primarily a result of
increased cost of the phenyl-phenyl peri-interactions in the
TS (6=34.4°) in comparison to the starting material (6=40.
9°). The peri-interactions in tetraPh[7]n4 TS lead to a
boat-cyclohexane-like deformation that forces the peri car-
bons in ring E 12.7° and in ring F 4.8° out of the plane of
the acene. In addition, the 33.4° increase in the twist angle
and the 10.6 kcal/mol higher barrier for racemization in
tetraPh[7]n4 in comparison to Ph|7]n4 show that the second
pair of phenyl groups serves to simultancously increase the
acene twist and to provide additional protection from
increases in the rates of racemization.

[0139] The geometries of the CN[7]Series were optimized
at the B3LYP/6-311+G(2d,p) computational level and popu-
lation analysis was performed to obtain their orbital energy
levels. The HOMOs and LUMOs of these compounds are
illustrated in FIG. 17. The band-gap values of the CN[7]
Series, [7]Series, and some representative free acenes are
graphically represented in FIG. 18.

[0140] The CN[7]Series heliacenes have a lower band-gap
than their non-cyanated ([7]Series) analogue. This is unex-
pected since in general the effect of substituting electron-
withdrawing groups on aromatic systems is to lower the
HOMO and LUMO energy levels, with the HOMO energy
level loared to a greater extent. This would cause an increase
in the band-gap. However, the opposite effect is observed.
This can be explained by realizing that the HOMO and
LUMO orbitals in the heliacenes have little spatial overlap
which is easily seen by looking at the residency of the
HOMOs and LUMOs in the CNJ[7]series (FIG. 17). The
HOMO of CN[7]n1 resides primarily on the helicene, but as
the length of the acene is extended, it becomes increasingly
localized on the acene domain. In contrast, the LUMO is
highly localization on the acene domain for all members of
the CN[7]Series. Because the LUMOs reside primarily on
the acene domain where the nitrile groups are substituted,
their orbital energy levels are loared by the para-cyano
groups more compared to the helicene based HOMOs.
Consequently, the HOMO energy in CN[7|nl where the
HOMO resides nearly completely on the helicene (FIG. 18)
is not perturbed extensively by the cyano-groups while the
LUMO energy is loared dramatically leading to a substantial
decrease in the band gap in comparison to [7]nl (a-b=0.56
eV in FIG. 18). At the other end of the series (FIG. 18), in
CN[7]n4, the HOMO and LUMO orbitals have nearly
perfect spatial overlap. Consequently, the additions of the
cyano-groups to [7]n4 perturb the energies of the HOMO
and LUMO to nearly the same extent and have a diminished
effect on the band gap (c-d=0.2 eV in FIG. 18). It is worth
pointing out that the decrease in the disjoint character of the
HOMO and LUMO orbitals in CN[7]Series coincides with
a decrease in the charge transfer nature of the excited state
as depicted in FIG. 17.

[0141] Two novel [7]heliacenes, [7]n2 and CN[7]n2, have
been successfully synthesized and fully characterized.
Single crystal X-ray diffraction was used to unequivocally
establish their structures and to provide insight into their
geometries. Chiral resolution was performed for CN[7]n2
and its CD spectra and barrier of racemization are measured.
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Also, the photophysical and electrochemical properties of
these compounds were studied.

[0142] Two different synthetic pathways were devised to
make [7]n2. One is a more convergent pathway and is
depicted in FIG. 18. It is convergent because intermediate
Ket[7]n0 can be converted to several different heliacenes.
The other is a more linear approach and is presented in FIG.
20.

[0143] The convergent pathway (FIG. 18) began with the
radical bromination of phenanthrene quinone to give 3,6-
dibromophenanthrene quinone in high yield. This was fol-
lowed by conversion of the dione to the dimethoxy func-
tionality with dimethylsulfate followed by a Heck coupling
to make the bis-styrenyl substrate 7, both in moderate to
good yield. Following this, a bis-photocyclization dehydro-
genation under Mallory conditions gave the [7]helicene,
MeO[7]n0. The dimethoxy functionality was then converted
to the dione using a low yielding ceric ammonium nitrate
(CAN) oxidation, giving the key intermediate Ket[7]nO.
Finally, a sonication assisted bis-Wittig reaction gave the
[7]heliacene, [7]n2 in low yield.

[0144] Four major problems were encountered during the
synthesis of [7]n2 whose solution finally resulted in the
partially optimized synthesis shown in FIG. 18. These
included: (i) The 9,10-dione analogue of 7 (21) was com-
pletely unreactive under the bis-Mallory photocyclization
conditions used. This necessitated the replacement of the
9,10-dione functionality with methoxy groups prior to the
bis-Mallory step, creating two additional synthetic steps in
the final synthetic procedure (FIG. 19) including the low
yielding CAN oxidation that reestablishes the 9,10-dione
functionality to give Ket[7[n0. (ii) In the Mallory photo-
chemical closure of 7, the mono-closed [S]helicene precur-
sor is susceptible to self-sensitized singlet oxygen forma-
tion. Once formed, singlet oxygen cleaves the styrenyl arm
of the mono-styrenyl precursor to MeO[7]n0 forming the
aldehyde 154 (Chart 2-3) as a major by-product at about
36% relative yield. This problem was easily corrected by
careful exclusion of oxygen in the reaction mixture. 155 is
a new compound and is fully characterized. (iii) Ket[7]n0
slowly decomposes to the diester, 16, when concentrated in
the presence of light. This decomposition is followed via 'H
NMR as a function of time in ambient light. To minimize
this decomposition, Ket[7]n0 was used in its semi-crude
state in the CAN oxidation step. (iv) The planar dibenzo-
pentaphene isomer, 12b, is formed as a major by-product in
the bis-photocyclization dehydrogenation of substrate 7.
However, this is not detrimental to the formation of the
[7]helicene, as lower reaction temperatures effectively
excludes the formation of 12b. This temperature control of
regioisomeric distributions in Mallory photocyclizations is
described later in this disclosure.

[0145] The linear synthetic pathway in FIG. 19 began with
the bis-Wittig reaction of 3,6-dibromophenanthrene quinone
with o-(bis-triphenylphosphonium)xylene to form 3,6-di-
bromobenzo[f]tetraphene 17 in 46% yield. This was fol-
lowed by a Heck coupling to give the bis-styrenyl substrate
8. Finally, irradiation of 8 under Mallory conditions gave
[7]n2.

[0146] Two major problems were encountered in the syn-
thetic pathway to [7]n2 presented in FIG. 19. (i) In the
bis-Mallory reaction of substrate 8 singlet oxygen was
generated forming the aldehyde 15¢ as a major oxygenated
side-product in 42% relative yield. This was corrected by
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exclusion of oxygen from the reaction mixture prior to
irradiation. 15¢ is a new compound and was fully charac-
terized. (i1) Analytically pure samples of [7]n2 could not be
obtained. This is due to the formation of the planar regio-
isomeric by-product 12¢. Despite best efforts, a trace amount
of this compound would always accompany [7]n2, even
after flash column chromatography. However, as discussed
in further below in this disclosure, running the Mallory
reaction at reduced temperatures prevents formation of 12¢
(FIG. 20). FIG. 20, despite its linear construction, is an
attractive pathway for the formation of [7]n2, because it is
two steps shorter than that of FIG. 18.

[0147] CN[7]n2 was successfully synthesized using the
reaction presented in FIG. 21. The starting material, Ket[7]
n0, was synthesized as shown in FIG. 18. The attempted
synthesis of CN[7]n2 via the linear pathway shown in FIG.
22 failed in the final step; the bis-Mallory photocyclization.
[0148] The condensation of o-dicyanomethylbenzene with
Ket[7]n0 gave CN[7]n2 in 20% yield and in high purity. The
reaction conditions for this condensation are not optimized.
However, an alternative reaction pathway shown in FIG. 22
was devised to synthesize CN[7]n2. This route began with
the condensation of o-dicyanomethylbenzene with 3,6-di-
bromophenanthrenequinone to give 3,6-dibromo-9,14-di-
cyanobenzo[f]tetraphene, 19, in good yield. This was fol-
lowed by a Heck coupling to give the bis-styrenyl substrate
20 in moderate yield. Unfortunately, 20 was completely
unreactive under the Mallory reaction conditions. This
remained true despite the use of different solvents, reaction
temperatures, and a quartz reaction vessel.

[0149] Both [7]n2 and CN[7]n2 have been fully charac-
terized by 'H, '*C, proton-COSY, and HMQC NMR spec-
troscopy and their molecular weight was verified using high
resolution mass spectrometry (HRMS). Also, their 'H
chemical shifts have been calculated at the GIAO B3LYP/
6-311+G(2d,p) level using an implicit solvation model with
chloroform as the solvent.

[0150] With respect to [7]n2, the 2D proton-proton COSY
NMR spectrum of [7]n2 with the 1D spectrum overlaid on
the F2 axis is presented in FIG. 23. A plot of the experi-
mental versus computed chemical shifts shown in Table 8
for the corresponding [7]n2 structure shown in FIG. 24. An
excellent linear correlation is observed (R?=0.9956)
although the calculated shifts are 0.43+0.19 ppm downfield
of the experimental values.

TABLE 8

Experimental and calculated 'H chemical shifts of [7]n2.

'H NMR chemical shifts

Resonance Calculated* Experimental
a 9.83 9.27
b 9.57 8.95
c 8.69 8.20
d 8.51 8.07
e 8.09 7.67
f 7.97 7.62
g 7.75 7.40
h 7.55 7.77
i 7.34 6.93
J 7.31 6.89
k 6.80 643

*GIAO method at the B3LYP/6-311 + G(2d,p) level of theory, using an implicit solvation
model for chloroform.
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[0151] While resonances a, b, d, h, i, j, and k of [7]n2
could be assigned using the COSY spectrum in FIG. 23, the
computational data in Table 8 is required to assign reso-
nances c, e, f, and g unambiguously. In [7]n2, protons a and
b are the most downfield resonances, while resonances 1i, j,
and k are the most upfield. These groups of resonances with
aberrant chemical shifts are the result of two distinct struc-
tural features of the [7]heliacenes. The first is the bay regions
at the helicene acene junction. Steric compression of protons
a and b in this region deshields these protons so that they
appear 1.24 ppm and 0.88 ppm downfield of the chemical
shift for proton c, respectively. The second unique structural
feature of the heliacene, [7]n2 is the cofacial interaction
between the two terminal helicene rings (rings A and A,
FIG. 5A). In this “pi-sandwich” region, resonances h, i, and
j reside in a shielding cone generated by the opposite
cofacial ring. This causes these resonances to be uniquely
up-field of the residual chloroform solvent signal (See "H
NMR spectrum in FIG. 23). The chemical shift assignments
are also corroborated by their observed multiplicities. (FIG.
23)

[0152] The 2D proton-proton COSY NMR spectrum of
CN[7]n2 with the 1D 'H spectrum overlaid on the F2 axis
is presented in FIG. 26. The calculated and experimentally
determined chemical shifts are listed in Table 9 and a plot of
the experimental values versus computational values is
presented in FIG. 28. An excellent linear correlation is
observed (R®=0.9903) although the calculated shifts are
0.46£0.15 ppm downfield of the experimental values.

TABLE 9

Experimental and calculated 'H chemical shifts of CN[7]n2.

'H NMR chemical shifts

Res:Omlice Calculated Experimental
a 10.03 9.61
b 9.16 8.72
c 8.56 8.16
d 8.26 7.95
e 8.20 7.67
f 8.03 7.49
g 7.90 7.31
h 7.33 7.00
i 7.30 6.87
J 7.06 6.51

*Calculated using the GIAO method at the B3LYP/6-311 + G(2d,p) computational level,
with an implicit solvation model for chloroform.

[0153] The dual bay region and cofacial ring structural
features in [7]n2 are also present in CN[7]n2 and conse-
quently, the characteristic sets of protons responsible for the
most downfield and upfield in [7]n2 are also found in
CN[7]n2. (FIG. 27) In CN[7]n2 steric interactions between
hydrogen b and the cyano carbon induce a 0.66 ppm
downfield chemical shift in comparison to the analogous
proton in [7]n2. This makes resonance b easily distinguish-
able from resonance d. Resonances e and f in CN[7]n2 are
assigned with the assistance of the computational data
shown in FIG. 28.

[0154] The unique/diagnostic up-field chemical shifts of
hydrogens H,, H,, and H; in [7]n2 and CN[7]n2 provide an
opportunity to use them to detect formation of other heli-
cenes in complicated reaction mixtures. The ability of these
resonances to function as indicators of [7]helicene formation
in the presence of starting material and other potential
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product found in a reaction mixture is illustrated by the
stacked comparator "H NMR plots for [7]n2 and CN[7]n2,
respectively. These plots compare the 'H NMR spectra of
[7]n2 and CN[7]n2 (top spectra) to their corresponding
non-closed bis-styrenyl (middle spectra), and their non-
styrenylated (bottom spectra) precursors. The absence of
[7]helicene functionality in 8, 17, 19, and 20 puts all of their
chemical shifts up-field of the residual chloroform solvent
peak. This leaves the unique up-field chemical shifts of H,,
H,, and H; with their distinct splitting patterns in [7]n2 and
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of opposite configuration in neighboring sheets. The pi-
stacking distance for this approach is achieved between
helical ring B and acene ring E at 3.68 A, taken as the
average distance between heavy atoms in ring B and the
corresponding heavy atoms in ring E.

[0161] The geometric parameters of [7]n2 and CN[7]n2
measured from their crystal structures are collected in Table
10 along with the experimental geometric parameters of
[7]helicene ([7]n0) measured from data obtained by
Fuchter.”

TABLE 10
Helical pitch Helical core  Acene Ring twist Ring twist Ring twist [7]Helicene Twisted acene
A) dihedral twist (D) (E) (F) configuration  configuration
[7]n2 4.02 -29.5° -32.5° 23.5° 6.1° 2.7° M P
CN[7]n2 4.59 -34.5° -38.0° 28.8° 10.5° -1.1° M P
[7]n0* 4.14 -24.4° NA 15.4° NA NA M NA

*Geometric parameters measured from crystallographic data obtained by Fuchter.”

CN[7]n2 as quick indicators of their presence, even in
complex reaction mixtures. These diagnostic peaks are para-
mount to the analysis of the Mallory reaction for several
species containing a [7]helicene structural domain.

[0155] Stacked comparator 'H NMR plots of CN[7]n2
(top), 9,14-dicyano-3,6-bis-styrylbenzo[f]tetraphene (20,
middle), and 3,6-dibromo-9,14-dicyanobenzo[f]tetraphene
(19, bottom). Diagnostic peaks of CN[7]n2 are indicated by
*s.

[0156] The structures of [7]n2 and CN[7]n2 were unam-
biguously elucidated through single crystal X-ray diffraction
experiments. The X-ray ORTEP representations of each
compound at 50% thermal ellipsoid probability are pre-
sented in FIGS. 29A and 29B, respectively.

[0157] Yellow X-ray grade hexagonal prisms of [7]n2
(FIG. 29A, bottom) were grown from slow diffusion of
EtOH into a solution of the [7]heliacene in toluene. These
crystals are racemic, constructed by the self-assembly of
[7]n2 into helical columns of each enantiomer. This gener-
ated a checker-board pattern of each enantiomer seen view-
ing the lattice down the c-axis in FIGS. 30A and 30B. In this
figure, the P and M enantiomers are color coded green and
red, respectively. These structures are tightly packed as
evident by the space-fill view of the lattice along the c-axis,
which also shows that no toluene co-crystallized with the
[7]heliacene.

[0158] The closest approach distance between two mol-
ecules in the crystal lattice of [7]n2 is formed between two
structures of the same configuration in the same column. The
closest pi-stacking interaction for this approach is between
ring A in one structure and ring E in the other, with a distance
of 3.77 A taken as the average distance between each heavy
atom in ring A with the corresponding heavy atoms in ring
E.

[0159] Orange X-ray grade rectangular crystals of CN[7]
n2 (FIG. 29B) were grown from slow diffusion of EtOH into
a solution of the [7]heliacene in C,D,Cl,. The correspond-
ing crystal lattice obtained through an X-ray diffraction
experiment is generated. This lattice consists of alternating
enantiomeric P/M sheets of CN[7]n2. The solvent, C,D,Cl,,
fills the void space between the helical jaws of two enantio-
meric pairs in neighboring layers.

[0160] The closest approach distance between two CNJ[7]
n2 molecules in its crystal lattice is between two structures

[0162] The acene twist of the embedded anthracene in
[7]n2 is 32.5°. This twist is distributed in rings D, E, and F
that have 23.5°, 6.1°, and 2.7° twists, respectfully. Despite
having a helical core dihedral angle that is 5.1° greater in
magnitude than that of [7]n0, [7]n2 has a helical pitch that
is 0.12 A less than [7]helicene. This is due to tighter packing
in the crystal structure of [7]n2 compared to [7]n0. Alter-
natively, gas phase calculations predict that [7]n2 has a
helical pitch that is 0.17 A greater than that of [7]n0, while
maintaining helical core dihedral angles that are about the
same as found in the crystal structures (Table 1). This further
exemplifies the geometric perturbations that can arise in
these helical species due to crystallographic packing forces.

[0163] The acene twist of the embedded anthracene in
CN[7]n2 is 38.0° distributed throughout the acene domain
by twists of 28.8°, 10.5°, and -1.1° in rings D, E, and F,
respectively. CN[7]n2 has a helical core dihedral angle and
helical pitch that are 10.10 and 0.45 A greater in magnitude
compared to [7]n0.

[0164] The differences between the X-ray structural fea-
tures of [7]n2 and CNJ[7]n2 are due to greater steric inter-
actions between the helicene and acene domains of CN[7]
n2, brought on by the bulk of the bay-region cyano groups.
This increases the acene twist of CN[7]n2 by 5.5° compared
to [7]n2, and also opens the helical jaws of CN[7]n2 relative
to [7]n2 with a helical pitch and helical core dihedral angle
that are 0.57 A and 5.0° greater in magnitude, respectively.

[0165] Although crystallographic data is in accordance
with the general findings of the calculated geometries of
[7]n2 and CN[7]n2, there are some discrepancies between
the theoretical and experimental structures. This is illus-
trated by the superposition of the X-ray crystal and B3LYP/
6-311+G(2d,p) calculated structures of [7]n2 and CN|[7]n2
in FIG. 31 and FIG. 32, respectively. The calculated and
crystal structures are represented as red and green structures,
respectively.

[0166] For the most part, the experimental structures of
[7]n2 and CN[7]n2 were closely predicted by calculation,
other than a grievous overestimate of the helical pitch of
[7]n2 (FIG. 31). Another notable deficiency in the calculated
structures is the under and over estimation of the acene twist
angles of [7]n2 (24.6°, calculated; 32.5°, crystal) and CN[7]
n2 (46.2°, calculated; 38.0°, crystal), respectively. These
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deviations are due to differences in crystal packing forces in
the X-ray structures compared to calculations made in the
gas phase.

[0167] CN[7]n2 is subjected to chiral HPLC on a Lux
i-Cellulose-5 column to obtain enantiopure samples of (P)-
(+)-CN7n2 and (M)-(-)-CN7n2. The carrier solvent is 100%
acetonitrile at a flow rate of 1 ml/min. UV/Vis spectroscopy
is used as the detection method, monitored at 360 nm. A
resulting chromatogram of CN[7]n2 under these conditions
is presented in FIG. 33. Each peak is collected and circular
dichroism (CD) spectra are measured for each eluent. These
spectra are presented in FIG. 34 along with the normalized
UV-vis spectrum of the second eluent for comparison. The
samples that produced these CD spectra are reinjected onto
the chiral column, giving the chromatograms presented in
FIG. 35. The units that make up the y-axis of the CD spectra
in FIG. 33 (6(mdeg)) can be related to the difference in
absorbance of left (A)) and right (A,) circularly polarized
light by the following equation EQ (1):

(180In10)AA
-—

e EQ (1)

The absorbance term follows Beer’s law, Where AA (absor-
bance units)=A,-A,=(Ag)1c and Ae is the difference in the
extinction coefficient for left and right circularly polarized
light, and 1 and ¢ are the path length and concentration,
respectively.

[0168] Under the HPLC conditions the first eluent of
CN[7]n2 began to come off the column at 6.15 minutes, with
a base peak width of about 1 minute. The second eluent
began to come off the column at 8 minutes, also with a base
peak width of about 1 minute. The peak areas of the two
enantiomers of CN[7]n2 in FIG. 34 are 5.17 mAU*min and
5.57 mAU*min for the first and second eluents, respectively.
This is consistent with the resolution of a racemic mixture of
CN[7]n2. Slight tailing of the first eluent is probably respon-
sible for the 0.4 mAU*min difference in area between the
two peaks.

[0169] The CD spectra in FIG. 33 of the first and second
eluents of the chiral resolution of CN[7]|n2 are represented
in black and blue, respectively. Two conclusions can be
made based on these spectra:(i) The compounds that gen-
erated them are optically active, and (ii) they are enantiom-
ers of one another, as evident by the mirror image nature of
the spectra about the y=0 axis. Without further data, infor-
mation like the assignment of each CD spectrum to an
absolute configuration of CN[7]n2 is not possible. Fortu-
nately, theoretical and experimental data for carbo[n]heli-
cenes have been compiled, shedding light on some common
trends in the CD spectra of these species.’® A unique feature
of'the CD spectra of all carbohelicenes is a strong bisignate
(change of sign within the peak/band) Cotton effect (CE)
between 250-300 nm and 300-400 nm. The sign of these
bisignate CEs can be used as a tool to assign the absolute
configuration of the helicenes.>® The (P)-(+) configuration of
[S]helicene through [9]helicene is found to produce negative
CEs between 250-300 nm and positive CEs between 300-
400 nm. The first eluent of CN[7]n2 has a strong negative
CE between 240-310 nm and several weaker bands which
appear positive between 315-380 nm. Reinjection of the
resolved enantiomers of CN[7|n2 (FIG. 35) demonstrated
that (P)-(+)-CN[7]n2 is very pure (FIG. 35, top) but that the
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(P)-(+)-CN[7]n2 is contaminated with a trace amount of the
first eluent (FIG. 35, bottom) due to a tailing first peak.
Consequently, the configuration of the first eluent can be
assigned as (P)-(+)-CN7n2, producing the black spectrum in
FIG. 34, and the second eluent can be assigned with a
moderate level of confidence as (M)-(-)-CN7n2, producing
the blue spectrum in FIG. 34. Nevertheless, since the region
between approximately 310 and 450 nm is significantly
more complicated than observed with the carbo[n]helicenes,
these assignments were verified with the computational
studies described below.

[0170] The electronic circular dichroism (ECD) spectrum
of M)-(-)-CN[7]n2 was calculated using several different
functionals and basis sets. All of the calculations produced
a reasonable fit to the experimental data for the second
eluent in FIG. 34, however, the best fit is obtained using the
MO06-2X functional in conjunction with the 6-311+G(2d,p)
basis set as shown in FIG. 36. The theoretical CD spectrum
is produced by fitting the calculated TD-DFT states using the
wavefunction analyzer software Multiwfn.**

[0171] The calculation shown in FIG. 36 provides a com-
pelling case that the second eluent (blue CD spectrum, FIG.
33) is the (M)-CN[7]n2 enantiomer and that the first eluent
(black CD spectrum) is the (P)-CN[7]n2 enantiomer. How-
ever, the calculation does not confirm that the rotation of the
P enantiomer is (+) and the M enantiomer is (=) as is
consistently observed in carbo[n]helicenes.

[0172] A sample containing 94% (M)-(-)-CN[7]n2 and
6% (P)-(+)-CN[7]n2 in acetonitrile was heated at 115° C. for
several weeks in a pressure vessel. 100 ulL aliquots of this
sample were subjected to chiral chromatography after heat-
ing for 0, 119, 311, and 455 hours. An overlay of these
chromatograms are presented in FIG. 37. Relative concen-
trations of the first (A) and second (B) eluents are obtained
through the integration of these plots under the respective
peaks. These values are listed in Table 11, using an arbi-
trarily chosen combined (A+B) concentration of 1.

TABLE 11

Relative concentrations of (P)-(+)-CN[7]n2 (A) and (M)-(-)-CN[7]n2 (B) at
different time intervals at 115° C. in a pressure vessel. Calculated using
the area under peaks A and B in the chromatograms of FIG. 37.

time
(hours) [A] [B]
0 0.06 0.94
119 0.18 0.82
311 0.24 0.76
455 0.26 0.74

[0173] The data shown in Table 11 provided insight into
the dynamic racemization process shown in FIG. 45, where
(M)-(-)CN[7]n2 (B, second eluent) interconverts via the
saddle-like TS to (P)-(+)CN][7]n2 (A, first eluent). This is a
first-order equilibrium process. It is important to note that
the dynamic interconversion of the twistomer, D/E-CN[7]n2
to CN[7]n2 (FIGS. 13A, 13B) has a prohibitively low barrier
(=0.5 kecal/mol, B3LYP/6-31G(d)) and can’t possibly be the
source of the data in FIG. 37.

[0174] The forward and reverse rate constants (k-and k,)
in Scheme 2-5 can be related to concentration and time (t)
by equation 2:
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EQ®@
A]] = (kg + k)t

where [B],, is the concentration of (M)-(-)-CN[7]n2 at
equilibrium (1:1, A:B) and [A] is the relative concentration
of (P)-(+)CN[7]n2 at time t. [A] is equivalent to the relative
concentration of B lost at time t. A plot of In

vs. t was generated for the data in Table 11. This plot is
presented in FIG. 39. Linear regression gave a line with a
slope of 4%1077 and an R? value of 0.92. Equation 2 shows
that (kf+k,):4”‘10"7 s™'. Since k~k,, then 1(/;2”‘10"7 st
With this rate constant, the activation energy of racemization
can be calculated using the Eyring equation (equation 3)

[—LG*] EQ®3)
kp=2.083x 101070 RT

where T is the reaction temperature and R is the ideal gas
constant. Substituting 388 K (115° C.) for T yields an
activation barrier of 34.8 kcal/mol for the racemization of
CN[7]n2. This is remarkably close, especially for a single
rate constant determination, to the calculated barrier of 34.1
kcal/mol, obtained at the B3LYP/6-31G(d) computational
level for this compound.

[0175] The low boiling point of acetonitrile (82°) neces-
sitated the use of a sealed vessel during these racemization
experiments at 115° C. At this temperature the Antoine
equation using NIST parameters extracted from the work of
Dojcansky*® suggest that the internal pressure only reached
a value of approximately 2.5 atm. This is 1000 fold smaller
than the kbar pressures reported in the extensive review by
Eldik, Asano, and Noble needed to affect changes in equi-
librium constants.*® Consequently, the observed barrier of
34.8 kcal/mol is a reasonable estimate of the racemization
barrier at 1 atmosphere. In addition, the calculated B3LYP/
6-31G(d) volume of activation for the racemization process
of CN[7]n2 is negative since starting material and TS for the
CN[7]n2 racemization have molecular volumes of 686 A>
and 614 A® respectively. Consequently, higher reaction
pressures favors the racemization process and any barrier
measured in a sealed vessel is a lower limit to the actual
value at 1 atmosphere.

[0176] The ultraviolet-visible light (UV-vis) absorption,
fluorescence, and phosphorescence spectra of [7]n2 and
CN[7]n2 are measured in spectrophotometric grade toluene.
[0177] FIG. 40 shows UV-vis spectra of [7]n2 and CNJ[7]
n2. The lowest energy transitions of [7]n2 and CN[7]n2 are
summarized in the orbital correlation diagram in FIG. 41.
[0178] The UV-Vis absorption spectra of [7]n2 and CNJ[7]
n2 are shown in FIG. 40, depicted as blue and red lines,
respectively. [7]n2 has a A, at 333 nm with a featureless
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shoulder that extends into the visible region, falling to zero
absorbance at around 435 nm consistent with its observed
yellow color. The presence of the cyano groups bathochro-
mically shifts the absorption spectrum of CN[7]n2 by 24 nm
relative to [7]n2 to a A.,,,,,, of 357 nm. The cyano groups also
cause a much sharper S,—S, transition to arise with peaks
at 435 and 460 nm. These absorbances extend much further
into the visible region relative to [7]n2, causing the observed
deep orange color of CN[7]n2. The spacing of these peaks
is consistent with their assignment as vibronic fine-structure
in the S, excited state (AE=1249.4 cm™", C—=C aromatic).

[0179] The lowest energy transitions of both the cyanated
and non-cyanated [7]heliacenes (FIG. 41) are almost purely
HOMO/LUMO transitions with a 90% contribution from
these orbitals, taken as the square of the coefficient in the
configuration interaction (CI) expansion multiplied by 2
(B3LYP/6-311+G(2d,p)). In both cases, the HOMOs are C,
symmetric and the LUMOs are C, anti-symmetric, making
each transition symmetry allowed. The para-cyano groups in
CN[7]n2 act to lower the energy of the frontier orbitals
relative to those of [7]n2, with HOMO and LUMO energy
levels that are 0.50 eV and 1.05 eV less than those of [7]n2,
respectively. This is consistent with the observed bathochro-
mic shift of CN[7|n2 and corroborates the prior discussion
about the calculated band-gaps of these species. The HOMO
to LUMO transition, which is the dominant contributor to
the most bathochromic absorbance at (435+460)/2=448 nm
in CN[7]n2, is clearly a charge transfer (CT) band as
depicted in FIG. 41. Consequently, it is surprising that the
TD-DFT calculated shift of this CT band is at 516 nm only
64 nm bathochromic of the observed value. B3LYP often
does not do a good job predicting the position of charge
transfer excitations and the better performing cam-B3LYP
functional®” which is corrected for the long-range orbital-
orbital exchange interaction is often used in these situations.

[0180] The fluorescence spectra of [7]n2 and CN[7]n2 are
presented in FIG. 42. The S,—S, transitions for [7]n2 and
CN[7]n2 are summarized in the orbital correlation diagram
in FIG. 43.

[0181] The fluorescence spectrum of CN[7]n2 is red-
shifted by 135 nm relative to that of [7]n2 producing orange
and blue emissive solutions under blacklight, respectively.
(Table 12) The S, —S, transitions of both species are purely
HOMO/LUMO transitions with a >95% contribution from
these orbitals and are orbital symmetry allowed with C,
symmetric HOMOs and C, antisymmetric LUMOs. The
bathochromic fluorescence shift of CN[7]n2 relative to [7]n2
is consistent with a 0.41 eV decrease in the HOMO-LUMO
gap (FIG. 43). The RTD-B3LYP calculated fluorescence
emissions are at 521 nm and 647 nm within 66 nm and 57
nm, respectively, for the observed emission maxima for
[7]n2 and CN[7]n2.

[0182] The fluorescence quantum yields of [7]n2 and
CN[7]n2 were measured using the comparative method of
Williams,*® with anthracene and 9-cyanoanthracene as the
standards (Table 12). The fluorescence emission of CN|[7]n2
was found to be weaker under both experimental (®=0.054
vs. ®=0.078 for [7]n2) and theoretical (f=0.0225 vs. f=0.
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0780 for [7]n2) contexts. The biggest difference in the
S, =8, transition of CN[7]n2 in comparison to [7]n2 is the
smaller spatial overlap of the HOMO and LUMO orbitals. In
[7]n2 the HOMO/LUMO orbitals are distributed equally
throughout the acene and helicene domains. Alternatively, in
CN[7]n2 the LUMO resides almost entirely on the acene
domain while the HOMO resides almost entirely on the
helicene. The charge transfer nature of the orbitals involved
in the S;—=8, transition of CN[7]n2 results in an electronic
transition moment that is diminished due to the lack of
orbital overlap in the initial and final states. This coincides
with the lower oscillator strength and quantum yield
observed for CN[7]n2 compared to [7]n2, which has a
spatially allowed S;,—S, transition with full orbital overlap
between its initial and final states.

[0183] The phosphorescence spectra of [7]n2 and CNJ[7]
n2 were measured in toluene glass. These spectra are pre-
sented in FIG. 51. The ground (GS), first excited singlet (S,),
and first excited triplet (T,) states of [7]n2 and CN[7]n2 are
summarized in the orbital correlation diagram in FIG. 45.

[0184] The cyano groups act to red-shift the phosphores-
cence spectrum of CN[7]n2 relative to [7]n2, by about 100
nm. In both species vibronic fine-structure of the ground-
state is evident, manifesting as a shoulder in [7]n2 and
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TABLE 12

Photophysical properties data of [7]n2 and CN[7]n2.%?

[7]n2 CN[7]n2

"

(nm. M~tcm™)

333{46500 = 100} 460{10200 = 100}
435{10700 = 100}
390{26500 = 100}

357{54800 = 100}

hp(nm) 455 390
hp(nm) 635 708
775
Stokes shift (nm) 122 130
Eg (kcal/mol) 69.0 = 0.1 57503
E, (kcal/mol) 483 =04 43.0 £0.3
Eg 7 (kcal/mol) 20.7 14.7
D 0.078 = 0.001 0.054 + 0.003
T (ns) 6.0 +0.1 7.5 =03
T (ms) 39.0 £ 0.9 250 £ 0.6

“In spectrophotometric grade toluene at room temperature.
"Fluorescence quantum yields determined using the comparative method of Williams*®
with anthracene and 9-cyanoanthracene as standards.

TABLE 13

Photophysical values of related compounds obtained from the literature.

E, E, Esr
Compound (kcal/mol) (kcal/mol) (kcal/mol) O T (ns) T (us) ref.
[7]Helicene 64.3 48.9 15.4 0.021 13.8 670000 14, 15
Anthracene 76 42.5 335 0.3 53 670 13
Benzo[b]triphenylene 76.2 12.8 63.4 na 53.5 0.09 13
9-Cyanoanthracene 71 na na 0.93 15.6 600 13
9,10-Dicyanoanthracene 67.9 41.8 26.1 0.9 11.7 100 13
1,6-Dicyanobenzo[b]triphenylene 68.8 na na 0.15 54 na 16

something that looks more like a peak in CN[7]n2. The [0187] All of the photophysical properties of [7]n2 were

difference in energy between x,,,, and the shoulder peak of
CN[7]n2 is 1221 cm™" consistent with a C=C out of plane
bending frequency.

[0185] The T,—S, energy gap decreased from 3.42 eV in
[7]n2 to 2.89 eV in CN[7]n2 consistent with the bathochro-
mic shift in the phosphorescence spectrum of CN[7]n2. For
both compounds the T, energy level was predicted to be very
close to S; giving a AE, ~1-2 kcal/mol, which is much
smaller than the 20.7 kcal/mol and 14.7 kcal/mol AE, ¢
values experimentally observed for [7]n2 and CN[7]n2,
respectively. The large differences between the calculated
and observed (Table 12) AE . ¢ values for [7]n2 and CN[7]n2
are not too surprising given that the experimental triplet
energy is determined in a toluene glass which is not modeled
in the computational study.

[0186] The photophysical properties data of [7]n2 and
CN[7]n2 related to their UV-Vis absorption, fluorescence,
and phosphorescence spectra are presented in Table 12.
Photophysical properties data of related compounds
extracted from the literature are presented in Table 13.

intermediate between those reported for anthracene and
[7]helicene. The fluorescence quantum yield of [7]n2 is only
slightly higher than the low values reported for the unsub-
stituted carbohelicenes that have ®<0.05 for [5]helicene
through [14]helicene.*® However, there was about a 4 fold
increase in the fluorescence quantum yield of [7]n2 com-
pared to [7]helicene, probably due to the anthracenyl con-
tribution to the overall value. Although the photophysical
properties of [7]n2 are intermediate between [7]helicene and
anthracene, the values fall closer to those reported for
[7]helicene, reflecting a large frontier orbital residence on
the helicene domain with leakage onto the acene domain.
The Stokes shift for [7]n2 of 122 nm (Table 12) is over-
estimated since the sharp absorbance at 333 nm was used for
the calculation shown in Table 12. The lowest energy
transition is embedded in a bathochromically shifted fea-
tureless shoulder. It is estimated that the real Stokes shift is
as small as 55 nm (3000 cm™).

[0188] With the exceptions of the singlet energy and
singlet-triplet energy gap, which are 6.8 kcal/mol and 0.7
kcal/mol lower in energy than what is reported for [7]heli-
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cene, CN[7]n2 has photophysical quantities that are inter-
mediate between [7]helicene and anthracene. Addition of the
cyano groups to [7]n2 to form CN[7]n2 lowers the quantum
yield from 0.078 to 0.054. This is especially unexpected
since addition of two cyano-groups to anthracene to form
9,10-dicyanoanthrene increases the quantum yield from 0.3
to 0.9. It is however, comforting to see that the addition of
two rings to make 1,6-dicyanobenzo[b]|triphenylene caused
the quantum yield of fluorescence to decrease to 0.15°° from
0.9 reported for 9,10-dicyanoanthracene. The Stoke’s shift
in CN[7]n2 is 4800 cm™" much larger than the 3000 cm™
estimate for [7]n2. The larger Stoke’s shift in CN[7]|n2 is
attributed to the charge transfer character of its excited state
that requires a greater solvent reorganization than is neces-
sary in [7]n2 that has far less charge separation in its excited
state.’* The Stoke’s shift for [7]helicene is approximately
800 cm™! It is tempting to suggest that the larger Stoke’s
shift in [7]n2 is a result of flattening of the acene domain in
the optimized singlet excited state. (vide infra Table 15)
[0189] To gain insight into the lower than expected quan-
tum yield of fluorescence of CN[7]n2, the S, —S, transition
for 9,10-dicyanoanthracene (22) and 1,6-dicyanobenzo[b]
triphenylene (23) are examined at the B3LYP/6-31G(d)
computational level. The orbital correlation diagrams for
these transitions are presented in FIG. 53.

[0190] The inclusion of the phenanthrene motif onto 9,10-
dicyanoanthracene (22) to form 1,6-dicyanobenzo[b]triph-
enylene (23) decreased the quantum yield of fluorescence by
0.75 and the calculated oscillator strength by 0.076. This is
true despite a symmetry allowed S,—S, transition for 23.
This observation can arise from two factors that are reflected
in the behavior of CN[7|n2 (FIG. 41). (i) It has been
demonstrated that removal of degeneracy of the frontier
orbitals of [SThelicene (i.e. increase AE, HOMO/HOMO-1
and AE, LUMO/LUMO+1) through functionalization
increases fluorescence quantum yields.>* Putting these three
species in order of decreasing frontier orbital degeneracy
yields CN[7]n2, 23, and 22. This ranking is congruent with
increasing fluorescence quantum yields and calculated oscil-
lator strengths with D=0.05, £=0.02; (=0.15, =0.32; and
D=0.9, £=0.11 for CN[7]n2, 23, and 22 respectively. (ii)
There is less spatial overlap between the orbitals of S, and
S, in 23 compared to 22, which has complete overlap
between its HOMO and LUMO. In 23 heavy lobes reside on
the phenanthrene motif of the HOMO, while the LUMO
resides predominantly on the acene portion of the molecule
leaving the two peripheral phenanthrene rings relatively
empty in the excited state. The S;—S; in CN[7]n2 is even
more spatially disallowed, with a HOMO that resides
entirely on the [7]helicene domain and a LUMO that is
localized on the acene domain (FIG. 41). In addition, the
HOMO-LUMO gap is larger in 22 leading to a decrease in
the non-radiative decay, k,z, of the excited state and an
increase in the quantum yield of fluorescence (i.e. ®=k/
(kq+kyz)) With these considerations, the low fluorescence
quantum yield observed for CN[7]n2 can be rationalized.
[0191] The cyclic voltammogram of CN[7]n2 was mea-
sured in DMF in the presence of ferrocene as an internal
standard and is presented in FIG. 47.

[0192] The reduction potential of CN[7]n2 in DMF (E, ,
(Redn)=-0.89 V vs SCE) is given by the half-wave poten-
tial, (E,,, (Redn)=[E, (cathodic)+E,(anodic)]/2), measured
from a voltammogram at a platinum electrode using ferro-
cene as an internal standard calibrated vs. SCE. The volta-
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mmogram of CN[7]n2 is characterized by a one-electron
quasi-reversible peak (ip/ip,=-1.18; AE=76 mV) The
reduction potential at -0.89 V vs. SCE falls in close prox-
imity to the reduction potentials reported for the related
compounds 21 and 22.%° The reduction potential of CN[7]n2
and these compounds are summarized in Table 14.

TABLE 14

Reduction potential of CN[7]n2 and the reported
reduction potentials of 21 and 22.°°

Ereq

Compound (V vs. SCE)
CN[7]n2 -0.89
9,10-dicyanoanthracene (21) -0.92
1,6-diryanobenzo[b]triphenylene (22) -0.83

[0193] The first electronic excited state, radical anion, and
radical cation of [7]n2 and CN[7]n2 were optimized at the
B3LYP/6-31G(d) computational level. Their geometric
parameters are presented in Table 15 alongside those of the
ground state of each [7]heliacene. The optimized geometries
ofthe ground (green structures) and S, (red structures) states
of [7]n2 and CN[7]n2 are compared in FIGS. 48A and 48B,
respectively.

TABLE 15

Geometric parameters of the ground state, first excited electronic
state, radical anion, and radical cation of [7]n2 and CN[7]n2
calculated at the B3LYP/6-31G(d) computational level.

Helical Helical Ring Ring Ring
pitch core Acene twist twist twist
(A)  dihedral twist (D) (E) ®

[7In2 Ground state 4.85
First excited 4.77

-33.8° 24.6° 21.7° 2.7° 0.1°
-19.7° 10.4° 12.6° -1.8° -0.5°

electronic

state(S ;)

Radical 4.87 -27.9° 12.6° 13.3° -0.4° -04°
anion

Radical 4.96 -30.0° 22.5° 21.2° 1.2° -0.04°
cation

CN[7]n2 Ground state 4.94
First excited 5.00

-39.6° 46.2° 31.9° 12.5° 1.5°
-33.6° 41.2° 30.0° 9.7° 1.2°

electronic

state(S ;)

Radical 4.93 -38.2° 42.7° 29.8° 11.4° 1.3°
anion

Radical 5.11 -35.6° 46.1° 32.3° 12.1° 1.4°
cation

[0194] Time dependent density functional theory (TD-
DFT) optimizations of CN[7]n2 and [7]n2 gave excited state
geometries with reduced acene twists. The decrease in the
acene twist is especially large for [7]n2 going from an twist
angle of 24.6° in the ground-state to 10.4° in S,. Interest-
ingly, rings B and C are slightly twisted in the opposite
direction in the excited state, opposing the overall longitu-
dinal twist of the acene. This change in the structure of the
acene domain was accompanied by a helical core dihedral
angle in the excited-state that is 14.1 degrees less in mag-
nitude compared to the ground-state of [7]n2. Although this
is an indication of a dramatic change in the geometry of the
[7]helicene motif, there was surprisingly little change in the
helical pitch between the excited and ground states. All these
geometric features are easily observed in FIG. 48A, where
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the optimized excited-state (red) of [7|n2 is superimposed
with the ground-state (green) structure. The same structural
trends were observed upon excitation of the ground state of
CN[7]n2 to its S, excited state, albeit to a smaller extent than
observed in [7]n2 in FIG. 48B.

[0195] A decrease in the acene twist angle was also
observed for the radical anion and to a lesser extent the
radical cation compared to the neutral closed-shell species of
[7]n2 and CN[7]n2 structures. The difference was especially
stark for the radical anion of [7]n2, with an acene twist angle
12° less than in the neutral species. The radical cation
deviates much less, with an acene twist angle that is 1.9°
smaller than in neutral [7]n2. The acene twist angle of
CN[7]n2 deviates by no more than 5° in its S;, radical
cation, and radical anion. It is possible that the added bulk
of'the two nitrile groups in CN[7]n2 inhibits the flattening of
the acene in the excited and radical anionic states through
enhanced bay-region strain. The magnitude of geometric
deviation from the neutral ground states of [7|n2 and CN[7]
n2 follows the order: S,>radical anion>radical cation.
[0196] It has been determined that the [7]heliacenes have
acenes with twists that are of the opposite configuration and
orthogonal to those of the [7]helicene cores. Functionaliza-
tion of the acene tail with groups larger than hydrogen acts
to propagate steric communication between the [7]helicene
and acene motifs, enhancing the acene twist angle in most
cases. However, the potential energy surface is dramatically
complicated in the multi-functionalized species with the
possible formation of a large number of twistomers. For the
di-functionalized species these twistomers are expected to
have a negligible contribution to the solution ensemble, but
further functionalization to form the tetra-, hexa-, and octa-
functionalized species opens the door to a new class of
twistomers with no C,-axis of symmetry. In the case of the
cyano and methyl functionalized [7]heliacenes these twist-
omers are lower in energy compared to their fully twisted
counterparts. Alternatively, only one C, symmetric twist-
omer is located for the phenylated species that is over 20
kcal/mol higher in energy than its fully twisted counterpart.
This is true regardless of the extent of Ph-functionalization.
Furthermore, the phenylated [7]heliacenes have the highest
acene twists and multi-functionalization cause the racem-
ization barrier to increase in these species relative to the
parent helicene, [7]n0. This makes the multi-phenylated
[7]heliacenes valuable synthetic targets that should exist as
a single twistomers with exceptionally twisted acenes and
racemization barriers that are more prohibitive to enantio-
meric excess loss.

[0197] At least two novel [7]heliacenes, [7]n2 and CN[7]
n2 were synthesized. Following the prediction, the embed-
ded acene is twisted in these species. The para-cyano groups
in the bay-regions of CN[7]n2 act to further twist the acene
and lower the HOMO and LUMO energy levels compared
to [7]n2, as demonstrated through single-crystal X-ray dif-
fraction and photophysical studies, respectively. Chiral reso-
Iution of CN[7]n2 was performed followed by the acquisi-
tion and assignment of its CD spectra. The configurational
stability of the [7]heliacenes was bolstered by the measure-
ment of the racemization barrier of CN[7]n2, which indi-
cates that it stays enantiomerically pure at room temperature
indefinitely and at moderately high temperatures for hours.
Thus, configurationally locked twisted acenes were synthe-
sized.
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[0198] The polycyclic aromatic hydrocarbons (PAHs) are
well suited to the study of their properties as one advances
through each homologues series. The helicenes and acenes
are especially conducive to this treatment, since progression
from one member to the next entails the annulation of only
a single ring. These two classes of PAHs are combined,
fusing an acene tail onto the fulcrum ring of [7]helicene,
forming a novel homologues class of PAHs called the
[7]heliacenes. Since the spring-like helicenes and planar
acenes are divergent in their stability, solubility, chiroptical
and electronic behavior, the extent that each structural
domain is expressed becomes an important question; are the
[7]heliacenes more acene-like or helicene-like? This ques-
tion is answered in part by a rigorous computational study of
these compounds, entailing quantum chemical calculations
of thermodynamic, aromatic, and chiroptical properties as a
function of acene elongation. As previously described the
band-gap values of the [7]heliacenes are projected to
become acene-like in the higher members. FIG. 49 illus-
trates examples of heliacenes to be discussed further below.

[0199] The acenes have been found to be experimentally
less stable than their phenanthrene analogues.”® Pentacene
degrades in the presence of light through photooxidative®*
and Diels Alder>® dimerization pathways. The instability of
the higher members is further exacerbated by increasing
open-shell, diradical behavior.>® The stabilization energies
of the acenes, [S]heliacenes, and |[7]heliacenes were
extracted through homodesmotic equations and compared,
while the diradical nature of the higher members of the
[7]heliacenes were analyzed. The distortion energy corre-
sponding to longitudinally twisting the pentacene motif in
[7]n4, along with opening the helical “jaws” of the [7]Series
further described herein.

[0200] The stabilization energy (SE) of the acenes and the
[7]heliacenes disclosed herein correspond to the free energy
of'the isodesmic (homodesmotic) reactions as shown in FIG.
50, FIG. 51A, and FIG. 51B respectively. These homodes-
motic reactions involve reactions of the acenes and [7]heli-
acenes with a benzo-donor; naphthalene in the case of the
acenes in FIG. 50 and both naphthalene (blue-equation in
FIG. 51A) and triphenylene (red-equation In FIG. 51B) in
the case of the [7]heliacenes. The SE’s for these homodes-
motic reactions are given by the mathematical equations for
as follows (Equations 4 and 5):
SE gy 1I5AG 1 =AG )~ (AG g =
AG® phinatene) EQ4)

SE e 1=(AG 1=AG® )~ (AG  phenandirenc—
AG® piphenytone) EQ(5)

[0201] FIG. 52 and FIG. 53 are graphical representations
of the stabilization energies of the acenes and [7]heliacenes,
respectively. Table 16 lists the SEs for all the homodesmotic
reactions that are used to generate FIG. 52 and FIG. 53. The
blue and red stabilization energy plots for the [7]heliacenes
(FIG. 53) are identical but displaced vertically. This is
understandable because the stabilization energies for the
blue and red plots only differ in the magnitudes of the second
term in the SE equation shown in equations EQ(3) and

EQ®) (ie, (AGOBENZENE'AGONAPH%‘HALENE) for the blue

reaction and (AG”pyenvunrrrEne-AG” rriprENYLENE) TOT the
blue reaction).
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TABLE 16
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Stabilization energies of the acenes and [7]Series.

The Acenes

The [7]Series

Stabilization energy

Stabilization energy

Stabilization energy

The Acenes (kcal/mol) Equation-a (kcal/mol) Equation-b (kcal/mol)
Benzene — Naphthalene 0.00 (1.20)* [7]u0 — [7]nl 1.28 (-3.52)* [71n0 — [7]nl 0.18
Naphthalene — Anthracene 3.94 [7lul — [7]n2 1.67 [7lul — [7]n2 0.57
Anthracene — Tetracene 5.51 [7lu2 — [7]n3 4.40 [7Tu2 — [7]n3 3.30
Tetracene — Pentacene 6.23 [7Tu3 — [7]n4 5.65 [7Tu3 — [7]n4 4.55
Pentacene — Hexacene 6.60 [7Tu4 — [7]n5 6.29 [7Tu4 — [7]n5 5.19
Hexacene — Heptacene 6.80 [7Tu5 — [7]n6 6.63 [7Tu5 — [7]n6 5.53
Heptacene — Octacene 6.91

Octacene — Nonacene 6.97

[0202] The increasing stabilization energies from benzene
to octacene in FIG. 52 reflect an increase in (AG®,,,;-AG®,)
because (AG®z,.,...cne"AG° i ihatene) FEMains constant for all
the homodesmotic reactions. Consequently, the acenes
become destabilized as they are elongated. This is in accord
with incremental loss of benzenoid character through the
series as predicted by Clar theory.>” Interestingly, the mag-
nitude of the destabilization energy increases rapidly up to
pentacene, but slows until reaching a plateau around 7
kcal/mol for subsequent annulations in the higher members.
This behavior is characterized by a decrease in AE from AE,
to AE, in FIG. 52. This saturation-like behavior is intuitively
anticipated since addition of a single benzo-ring to a large
acene should have a smaller destabilizing effect than addi-
tion of a benzo-ring to benzene. The conclusion that benzo-
annulation is destabilizing is corroborated by a plot of the
B3LYP/6-311+G(2d,p) Free Energies of the acenes divided
by the number of carbons they contain shown in FIG. 54.

[0203] The stabilization energy for the [7]heliacene are
found to increase from [7]n0 to [7]n5 when calculations
were made using equation-a with naphthalene or equation-b
with triphenylene as a donor. (EQ(4) and EQ(5)) This means
that elongation of the acene-domain is destabilizing for the
[7]heliacenes. The destabilization energies appear to plateau
as previously observed in the acenes (EQ(4) and EQ(5)) also
indicating that the destabilizing effect of benzo-ring annu-
lation exhibits a saturation effect. However, the differences
in the adjacent destabilization energies, AE’s in FIG. 53, do
not decrease uniformly as you go from AE, to AEs. AE, is
0.39 kcal/mol only slightly larger than AEs (0.34 kcal/ml)
and does not fit into this trend established for AE, to AES,
which does conform to the behavior observed for the acenes.
The smaller AE, corresponds to a larger than anticipated SE
for the parent [7]helicene. It is tempting to attribute the
larger SE for [7]helicene, [7]n0, to the introduction of two
bay-region steric interactions that does not occur in the
homodesmotic reactions of [7]nl to [7]n5 using either
naphthalene or triphenylene as the benzo-donor. However,
the formation of an additional Clar sextet, is another unique
feature of the homodesmotic reaction of [7]n0 that is not
observed in the homodesmotic reactions of the other [7]heli-
acenes, but would lead to a lower than expected SE (i.e.

smaller (AG®,,, ,-AG®))) not the larger than expected SE that
is observed.
[0204] An interaction-free stabilization energy was deter-

mined for [7]n0 that eliminates the effect(s) that is(are)
responsible for the decrease in AE,. This was accomplished
by extrapolating the trend in stabilization energies estab-

lished by the homodesmotic benzo-annulations of [7]nl
through [7]nS. This is done by plotting the change in the
stabilization energies for the red reaction (AE’s in FIG. 53)
as shown in FIG. 55 (exponential fit R®*=0.9971) and
extrapolating to determine AE, (the difference in the desta-
bilization energies of the ([7]nl to [7]n2) and the ([7]n0 to
[7]n1) homodesmotic reactions). This value, AE,, which is
the intercept of the plot in FIG. 62 is 5.19 kcal/mol.
Subtraction of AE, from the 1.67 kcal/mol destabilization
energy for [7]nl (Table 16) gives an extrapolated value of
-3.52 kcal/mol for the ([7]n0 to [7]nl) homodesmotic
reaction.

[0205] The difference between the two stabilization ener-
gies for [7]n0, the extrapolated interaction free value at
-3.52 kcal/mol, and the calculated value at 1.28 kcal/mol,
shown in FIG. 56, is 4.8 kcal/mol. This value was deter-
mined by the contributions from both the energy of the
bay-region effect, E,,, ,.0n and the energy of the Clar
effect as given by 4.8:2Ebay_,egion-ECZa,. E ;.0 18 very small
since the additional Clar sextet only contributes to a small
subset of the many resonance structures that determine the
over-all energy of [7]n1 and that 4.8 kcal/mol is a reasonable
estimate of the value of 2 bay-region interactions.

[0206] The stabilization energies of the [7]Series and the
acenes are plotted in the same graph for comparison. The
extrapolated values for the first transformation in each series
are used, equation-a is used for the [7]Series.

[0207] Stabilization energies in the early members of the
[7]Series are much smaller than in the early members of the
corresponding free-acenes. However, the energetic response
to acene elongation in the higher members of the [7]Series
converge with their corresponding free-acenes. Both species
approach a capped stabilization value that is approximately
7 kcal/mol. vs.: The first transformation in the [7]Series,
[7]n0—[7]nl, is 4.72 kcal/mol more favorable than the
corresponding transformation in the acenes, [1]acene—[2]
acene. This large difference is easily explained under the
context of Clar theory. The first transformation in the
[7]Series entails progression from a partially filled phenan-
threne motif in rings 3 and 4 (red rings, FIG. 58A) in [7]n0
to a fully benzenoid triphenylene motif in rings 3, 4, and 5
(blue rings, FIG. 58B) in [7]nl, corresponding to the acqui-
sition of an additional Clar sextet. There is no change in the
number of Clar sextets in the first or any of the homodes-
motic transformation in the acene series. Beyond the first
homodesmotic transformation, the stabilization energies
remain less for subsequent transformations in the [7]Series
compared to those of the corresponding free-acenes. This
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can also be amply explained under the context of Clar
theory. The principle destabilizing event as progression is
made through the acene series is loss of aromatic character
as predicted by a single aromatic sextet being shared by an
increasing number of rings. The same decrease in aromatic
character occurs in the heliacenes as benzo-annulation is
increased. However, the resonating sextet in tetracene, (FIG.
59) is shared equally by all four rings. In contrast, in [7]n4
the aromatic sextet is primarily shared by only the three
terminal acene rings. Allowing the aromatic sextet to be
shared with the fulcrum ring in the [7]heliacenes (FIG. 60)
generates a resonance structure with only 3 Clar sextets
rather than 5 Clar sextets in the other resonance forms shown
in FIG. 59. Interestingly, the stabilization energies for
homodesmotic transformations that form species that share
the resonating sextet with the same number of rings in both
the acene and heliacene series are very similar. (e.g. —Tet-
racene, 5.51 kcal/mol vs.—[7]n4, 5.65 kcal/mol; —Penta-
cene, 6.23 kcal/mol vs.—=[7]n5, 6.29 kcal/mol)

[0208] The higher acenes have open-shell singlet, diradi-
cal ground states with degenerate SOMOs that reside on
opposite edges of the linear structures.>® Hexacene is the
first acene to have an open-shell ground state at the
UB3LYP/6-31G(d) computational level. Stability calcula-
tions of the [7]Series at the same computational level are
conducted for comparison. For those compounds found to
have a RHF—UHF instability, an unrestricted optimization
is performed at the UB3LYP/6-31G(d) computational level.
The SOMOs of [7]n10 are presented in FIG. 61.

[0209] Although the open-shell behavior of the acene-
embedded [7]Series is similar to the free-acenes, they devi-
ate in two ways. (i) As progression is made through the
[7]Series, an open-shell singlet diradical ground state is not
detected until [7]n6, which is the heptacene embedded
species. This is one benzo-annulation longer than the point
at which the acenes have an RHF—UHF instability. This is
due to higher benzenoid character in the [7]heliacenes than
the free-acenes (see FIG. 59). (ii) The SOMOs of the
[7]Series do not reside entirely on the acene motif, with
leakage of the radical-ribbon SOMOs onto the helical
domain. The ability of the dual-domain nature of the [7]heli-
acenes to curb diradical behavior has important conse-
quences related to their persistence, since open-shell
arrangements open pathways to decomposition in the
absence of light.

[0210] Houk has already studied the distortion energy for
twisting the acenes longitudinally.>® This experiment is
reproduced with a relaxed scan, longitudinally twisting
pentacene by 5° increments for 29 steps reaching an acene
twist of 145° in the final structure. The 145° twisted penta-
cene is 57.3 kcal/mol higher in energy than planar pentacene
in excellent agreement with the 60 kcal/mol value that
Houk>® reported for 144° twisted pentacene. For compari-
son, a relaxed scan is performed on [7]n4, increasing the
longitudinal twist of the imbedded acene by 5° for 25 steps.
This twisted the acene an additional 125° from a base value
of 27°, reaching a final acene twist of 152°. The distortion
energy as a function of acene longitudinal twist for both
experiments are presented in the same graph in FIG. 62,
while these energies and the corresponding scan coordinate
and resulting acene twists are listed in Table 17.
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TABLE 17

Distortion energies, scan coordinates, and acene twist values for the relaxed
scan experiments described for FIG. 69. (B3LYP/6-31G(d))

Pentacene [7]n4
Acene Distortion Acene Distortion
Twist 0* energy Twist 0* energy
(degrees) (degrees)  (kcal/mol) (degrees) (degrees) (kcal/mol)
0 0 0.00 27 0 0.00
5 5 0.07 32 5 0.06
10 10 0.27 37 10 0.26
15 15 0.60 42 15 0.57
20 20 1.06 47 20 0.99
25 25 1.66 52 25 1.53
30 30 2.39 57 30 2.22
35 35 3.25 62 35 3.04
40 40 4.23 67 40 4.01
45 45 5.33 72 45 5.11
50 50 6.57 77 50 6.36
55 55 7.95 82 55 7.76
60 60 9.48 87 60 9.32
65 65 11.15 92 65 11.02
70 70 12.96 97 70 12.87
75 75 14.89 102 75 14.88
80 80 16.96 107 80 17.04
85 85 19.17 112 85 19.35
90 90 21.53 117 90 21.83
95 95 24.04 122 95 24.46
100 100 26.69 127 100 27.21
105 105 29.50 132 105 30.14
110 110 32.45 137 110 33.24
115 115 35.55 142 115 36.51
120 120 38.80 147 120 39.92
125 125 42.20 152 125 43.49
130 130 45.75
135 135 49.45
140 140 53.31
145 145 57.33
*Scan coordinate
[0211] Pascal reported a distortion energy of only 3.2

kcal/mol for longitudinally twisting naphthalene by 20°.*2
This is one of the first indications that the acenes, a series of
compounds traditionally thought of as rigid, have a much
higher propensity to flex than originally anticipated. Penta-
cene can reach even higher twist values at lower distortion
energies (20° pentacene twist=1.1 kcal/mol, Table 17) since
each ring shares the overall acene twist. Small distortion
energies for twisting 20° are indicative of minimal loss of
orbital overlap. It has been noted that 97% overlap between
adjacent p-orbitals is maintained when heptacene is sub-
jected to an end-to-end twist of 24 to 27°.3° The heliacene
[7]n4 is significantly easier to twist about the longitudinal
axis of the acene moiety than pentacene. (FIG. 62) For
example, to access the 145° twisted structure in pentacene it
costs approximately 57 kcal/mol (Table 17) but only 39
kcal/mol in [7]n4. Twisting in the heliacene [7]n4 is facili-
tated by a concomitant decrease in the two H/H bay-region
interactions. The distance between the bay-region hydrogens
increase from 1.96 A to 2.45 A (FIG. 63) as the acene twist
angle is changed from 27° to 147°. This suggests that each
bay-region H/H interaction contributes approximately 9
kcal/mol to the strain energy that is released upon twisting
by 120° in [7]n4.

[0212] The distortion energy related to opening the helical
“jaws” of the [7]Series is calculated through a relaxed scan
in which the bond distance between the two outer-rim
carbons color coded orange in FIG. 64B is incrementally
increased by 0.2 A for 20 steps. This experiment is per-
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formed for the [7]Series and CN[7]n2. The distance between
the orange carbons is 430 A, 4.11 A, 4.15 A, and 4.14 A at
scan coordinate O for [7]n0, 7]nl, 7]n4, and CN[7]n2,
respectively. The distortion energies as a function of scan
coordinate are presented graphically in FIGS. 64A and 64B
and listed in Table 18. To better account for the dispersion
interactions between the terminal rings in the [7]helicene
motifs, the Minnesota functional,®® M06-2X, is used in
conjunction with the 6-31G(d) basis set.

TABLE 18

Relaxed scan coordinates and corresponding distortion
energies for FIGS. 64A and 64B;

Scan
Coordinate Distortion Energy (kcal/mol)
&) [7ln0  [7jnl  [7]n2 [7]n3 [7]n4  CN[7]n2
0.0 0.00 0.00 0.00 0.00 0.00 0.00
0.2 0.10 0.05 0.05 0.06 0.06 0.06
0.4 0.35 0.20 0.19 0.20 0.20 0.18
0.6 0.63 0.42 0.43 0.44 0.44 0.37
0.8 1.00 0.68 0.69 0.70 0.70 0.56
1.0 1.62 0.98 0.97 0.97 0.96 0.80
1.2 2.06 1.35 1.34 1.34 1.32 1.12
1.4 2.61 1.78 1.78 1.78 1.75 1.51
1.6 3.12 2.26 2.28 2.28 2.22 1.93
1.8 3.87 7.78 2.82 2.85 7.78 243
2.0 4.76 3.34 3.40 3.48 3.41 3.02
2.2 5.79 4.02 4.04 4.16 4.15 3.71
24 6.95 4.82 4.77 4.92 4.99 4.48
2.6 8.23 5.74 5.61 5.74 5.90 5.34
2.8 9.55 6.82 6.56 6.65 6.82 6.30
3.0 10.87 8.09 7.68 7.66 7.83 7.37
3.2 12.26 9.50 9.02 8.86 8.91 8.53
34 13.93 10.98 10.56 10.34 10.22 9.71
3.6 15.81 12.49 12.14 11.98 11.83 10.88
3.8 17.70 14.12 13.77 13.70 13.62 12.88
4.0 19.88 15.95 15.56 15.50 15.48 14.22
[0213] Three notable observations may be made from the

information in FIGS. 64A and 64B and Table 18. (i) The
energetics of all species studied are extremely resilient to
geometric distortions of the helical pitch, indicated by
distortion energies less than 5 kcal/mol for a 2 A increase in
helical pitch for each compound. This is an important
finding for those who seek to engineer helicenes as molecu-
lar tweezers for cationic species, since a single geometry is
not achieved in the helical domain, but rather a wide range
of geometries are sampled even at room temperature. This
also contradicts reports of inflexibility in the [7]helicene
scaffold.® (ii) Compared to [7]helicene, the acene annulated
species have lower distortion energies. This is caused by
relief of strain associated with an increased distance between
bay-region hydrogens with increasing scan coordinate. (iii)
Finally, the distortion energies of the cyanated species,
CN[7]n4, are only marginally less than those observed for
the non-cyanated analogue, [7]n4.

[0214] The aromatic nature of the acenes and helicenes
have previously been explored using the magnetic Nucleus
Independent Chemical Shifts (NICS), the geometric Har-
monic Oscillator Model of Aromaticity (HOMA), and the
electronic Para Delocalized (PDI) indices of local aroma-
ticity.%* The respective NICS(0), HOMA, and PDI values of
-9.67, 0.984, and 0.1047 originating from the archetypical
aromatic compound, benzene, serve as a good points of
reference for approximate values typically observed for fully
aromatic rings. Values that are less negative for NICS(0) and
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smaller for HOMA and PDI are indicative of rings that have
a lower expression of aromaticity compared to benzene. The
local aromaticity of the acenes and helicenes are indepen-
dently calculated using these widely used indices. These
findings confirm those reported in the literature, but addi-
tional insight is obtained when the results of each corre-
sponding homologue of the helicene and acene series areare
plotted on the same graph. Without this correlation, plotting
the aromaticity of the helicenes and the acenes can be
misleading. Correlator plots of the local aromaticity of the
(n)acenes and (n)helicenes are generated.

[0215] NICS(0) values greatly deviate from one ring to the
next within each helicene and acene studied. This is con-
sistent with the higher benzenoid character of the helicenes,
with species containing localized aromatic sextets, but is
inconsistent for the acenes, which have a single resonating
aromatic sextet shared by each ring. Even more concerning,
is the fact that NICS predicts local aromaticity values that
fluctuate to a greater extent in the acenes compared to the
helicenes. The HOMA and PDI indices agree with NICS(0)
for the helicenes and match the expected aromaticity pattern
for [S]helicene with only one optimal Clar resonance struc-
ture. However, these indices deviate dramatically from
NICS in their assessment of the aromatic behavior of the
acenes. Like NICS(0), these indices predict that the central
rings of the acenes are more aromatic than the terminal
rings, but values do not deviate by an appreciable amount.
This is especially evident with a side-by-side comparison to
the helicene isomers, with acene values forming relatively
flat plots. This is much more congruent with chemical
intuition and shines a light on a flaw of the NICS local
aromaticity index.

[0216] The local assessment of aromaticity via the NICS
technique is known to be perturbed by Global ring currents
in PAHs.%% For example, in pentacene there are benzene-,
naphthalene-, anthracene-, and pentacene-motifs, each with
their own ring current. It is impossible to get a NICS value
that represents a single ring in the presence of these global
ring-currents. To eliminate these global ring-currents each
ring is “cut” out, replacing C—C bonds with C—H bonds
when required, and separately analyzed their NICS values.
This approach is called the Isolated Ring Nucleus Indepen-
dent Chemical Shifts (IR-NICS) technique. The IR-NICS
approach is desirable for two reasons: (i) NICS values
cannot exceed those found for the archetypical aromatic
ring, namely benzene (NICS(0)=-9.67 @ B3LYP/6-31G
(d)). (i) Only the local ring-current contribution to NICS is
measured. The IR-NICS(0) values for the helicenes and
acenes are measured.

[0217] The IR-NICS technique gives local aromaticity
values that are much more constant through each ring of the
acenes compared to traditional NICS, while the aromatic
behavior of the helicenes remains the same. IR-NICS has a
much stronger correlation with HOMA, PDI, and chemical
intuition.

[0218] The local aromaticity values of the [7]heliacenes
were assessed using the NICS(0), HOMA, and PDI indices.
Included in these aromaticity studies are the structural
components that make up the [7]heliacenes, such as [7]heli-
cene, triphenylene and the corresponding free-acenes. Cor-
relator plots of the local aromaticity values of the [7]Series
and their structural components are part of the present
invention.
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[0219] There are three different types of rings in the
[7]heliacenes. (i) Helicene-like (rings 1-3). (ii) Acene-like
(rings 5-8). (iil) Ring 4 is the most unique, it is triphenylene-
like, behaving in its aromatic expression as the empty ring
in triphenylene. This indicates that there is minor contribu-
tion from resonance forms that contain an aromatic sextet in
the fulcrum ring like the structure in FIG. 60. To reiterate,
ring 4 remains empty through the series and rings 5 through
8 contain a resonating sextet. In [7]nl ring 5 is fully
benzenoid, but gradual loss in aromaticity is observed for
this ring as the sextet is shared by more rings.

[0220] Detection of the aromatic nature of the transition
state of the Diels-Alder cycloaddition has been used as a
qualifying test for aromatic indices.% The local aromaticity
of the transition states of racemization are assessed for the
[7]Series.

[0221] The aromatic response of the transition states of
racemization and the corresponding starting structures are
very similar.

[0222] The NICS(0), HOMA, and PDI aromaticity values
were calculated for the CN[7]Series.

[0223] Overall, there is not a marked difference in the
aromaticity of the CN[7]Series compared to the [7]Series.
As expected, ring 5 which contains two electron withdraw-
ing para-nitrile groups is less aromatic than the non-cy-
anated counterparts in all instances for HOMA and PDIL.
This is not universally true for NICS(0), probably due to
global ring perturbations.

[0224] Structural elucidation is achieved for [7]n2 and
CN[7]n2 through Single-crystal X-ray diffraction experi-
ments. An additional structure is obtained for CN[7]n2 when
a chiral crystal is analyzed. Bond lengths from these experi-
mentally observed geometries are used to calculate local
aromaticity through the HOMA index. These values are
graphically presented in FIG. 77 for [7]n2 (left) and CN[7]
n2 (right). For comparison, the HOMA values originating
from the corresponding computer optimized structures are
overlaid in each plot (B3LYP/6-31G(d)).

[0225] Experimental HOMA values of [7]n2 do not devi-
ate much from those obtained computationally. This is true
despite markedly different geometries in the crystal vs. the
calculated structure (acene twist, 32.5° vs. 24.6°; Helical
pitch, 4.02 A vs. 4.84 A; helical core dihedral, —29.5° vs.
-33.8°). This is an indication that orbital overlap is main-
tained with moderate geometric, torsional changes. Bond-
length equalization is maintained through longitudinal twist-
ing.

[0226] Two distinct crystals were grown for CN[7]n2, one
chiral and one racemic. Each of these crystals displayed
different packing motifs and different geometric parameters.
Despite these differences these compounds and the calcu-
lated structure presented very similar HOMA values.
[0227] How the chiroptical properties evolve through the
[7]heliacenes as a function of acene elongation is of interest,
since they have utility as chiroptical components in organic
electronic devices. As already described, the chiral resolu-
tion of CN[7]n2 and the measurement of its circular dichro-
ism (CD) spectra were presented. The CD spectra of CN[7]
n2 is also computer fitted, assigning its absolute
configuration. The evolution of the CD spectra and optical
rotation through the [7]Series and CN[7]Series were com-
putationally investigated as will now be described.

[0228] Previously, it has been found that the M06-2X
functional best reproduced the bisignate nature of the experi-
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mental CD spectrum of (M)-(-)-CN[7]n2. This calculation
is run using the computationally expensive 6-311+G(2d,p)
basis set. To see how the much smaller 6-31G(d) basis set
performed in conjunction with the M06-2X functional, a
side-by-side comparison is performed between these two
basis sets. The calculated transitions and rotatory strengths
of (M)-(-)-CN[7]n2 using these different basis-sets while
holding the functional constant (M06-2X) are presented in
FIGS. 66A and 66B for TDM06-2X/6-311+G(2d,p) and
TDM06-2X/6-31G(d), respectively.

[0229] Although the wavelengths of each transition are
offset by a uniform amount between each basis set, the sign
and intensity of the 10 most bathochromic transitions are
identical. To save computational resources the M06-2X
functional is used in conjunction with the smaller 6-31G(d)
basis set to calculate the CD spectra of the (M)-(-)-[7]
Series.

[0230] There are two primary trends in the CD spectra of
the [7]Series as the acene domain is extended: (i) The
bisignate strength between 300 and 350 nm gets incremen-
tally weaker up to the anthracene embedded species (M)-
(=)-[7In2 and is close to non-existent for the tetracene and
pentacene embedded species. This seems to be due to the
sudden development of two transitions around 325 nm with
approximately equal rotatory strengths and of the opposite
sign. (ii) Weaker bathochromic transitions appear as the
acene is extended. Longer acenes absorb at increasingly
longer wavelengths. The weak rotatory strength of these
acene transitions are indicative of the minimally twisted
nature of the acenes in the non-substituted [7]Series.

[0231] The CD spectra were also calculated for the (M)-
CN[7]Series. These spectra are calculated at the M06-2X/
6-31G(d) computational level.

[0232] The CD behavior of the CN[7]Series is similar to
that of the [7]Series. However, there are two noteworthy
differences. (i) The CN[7]Series has lower energy transi-
tions, coinciding with the experimentally observed
bathochromic absorption of CN[7]n2 relative to [7]n2. (ii)
These bathochromic transitions have higher rotatory
strength in the CN[7]Series compared to the most
bathochromic transitions of the [7]Series. This is consistent
with the experimental and theoretical observation that the
acene is more twisted in the cyanated [7]heliacenes, result-
ing in higher CD responses for the more twisted acene
chromophore in the CN[7]Series.

[0233] The optical rotations of the (M)-[7]Series were
calculated at the M06-2X/6-311++G(2d,p) computational
level as a function of acene elongation. An incident light
frequency of 579 nm was used for the electromagnetic field
perturbation. This calculation is repeated for the (M)-[7]
Series using the smaller 6-31G(d) basis set and an incident
light frequency of 589 nm, which is the sodium D-line.

[0234] Despite the difference in basis set, both plots in
FIGS. 67 and 68 predict optical rotations that decrease
through the [7]Series. A large value around 4500 for [7]heli-
cene steadily decreases to a value close to 0° for the
pentacene embedded species [7]n4. This is consistent with
the incremental migration of the frontier orbitals onto the
less optically active acene domain through the series. These
results are also in accord with the experimental observation
that benzo-annulation onto [7]helicene causes the optical
rotation to decrease.®*
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[0235] The optical rotations of the (M)-(-)-CN[7]Series
are calculated at the M06-2X/6-31G(d) computational level.
These values are plotted in FIG. 69 as a function of acene
elongation.

[0236] The optical rotations of the cyanated species
respond to acene elongation in a similar fashion compared to
their non-cyanated counterparts for the first few species. The
optical activity decreases steadily, leveling off at around
-1500° for (M)-(-)-CN[7]n3. However unexpectedly, the
optical activity of (M)-(-)-CN[7]n4 increases dramatically
reaching a rotation of -3111°.

[0237] It is noted that Mori et al.®® have shown that dual
helicenes can have enhanced chiroptical properties, depend-
ing on the orientation of each “chirophore” with respect to
one another. This phenomenon is explained by the coupling,
or vector addition of the electronic (i) and magnetic (u,,)
transition dipole moments of each optical domain of the dual
helicene structure. If the angle relating the summed elec-
tronic and magnetic transition dipole moments is close to
zero, then enhanced chiroptical properties are observed. The
X and S shaped dual helicenes studied by Mori’s group had
helicenes with the same configuration and helical axes
oriented in the same general direction. The inventive sys-
tems differ from these X and S shaped dual helicenes, in that
the two “chirophores” that make up the [7]heliacenes are of
the opposite configuration and have helical axes that are
orthogonal to one another. To investigate if constructive or
deconstructive coupling is present between the two chirop-
tical components in the inventive [ 7]heliacenes systems, the
optical rotation and CD spectra of each chiral component
isolated is first separately analyzed and then compared to the
results originating from the combined dual-domain species.
In this investigation, octa-Ph[7]n4 is used as a model sys-
tem, since it has large optical contributions from both the
[7]helicene and the acene (158° longitudinal acene twist)
domains. For ease of analysis and to cut down on compu-
tational time, the phenyl groups are removed (replaced by
hydrogens) and the acene twist is frozen. Removal of
Ph-groups from twisted acenes has been shown to have little
effect on their electronic properties.>S Under this constraint
the structure is allowed to relax. To generate a series, the
acene is incrementally shortened and the resulting acene
twist is again frozen and each structure is optimized under
this constraint. This generated a [7]heliacene series that is
studied as a function of elongation of a fully twisted acene
domain. For each of these structures, an optical rotation
calculation is performed at the M06-2X/6-31G(d) compu-
tational level. These values are presented in FIG. 70. A
comparable series without the helical domain is generated in
the same fashion starting with pentacene frozen at 158°.
Optical rotations for these structures calculated at the same
level of theory are presented in FIG. 71.

[0238] FIGS. 70 and 71 indicate that there is non-additive
coupling between the twisted acene and [7]helicene
domains. [7]helicene and 158° twisted pentacene have opti-
cal rotations of -4476° and -34155°, respectively. When
these two components are combined, the optical rotation is
-4562°, giving an absolute value of rotation that is 34069°
less than the sum of the two individual components.
[0239] The effect of coupling [7]helicene and twisted
acenes to make the [7]heliacenes on their CD spectra is
probed. For this experiment, TD-DFT calculations are per-
formed on the relaxed structure of octa-Ph[7]n4 with its
phenyls removed and its acene twist frozen. This is repeated
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on relaxed pentacene with its longitudinal twist constrained
to 158°, and on the isolated helical motif of octa-Ph[7]n4.
These are the purple, blue, and red structures in FIGS.
72A-72C, respectively. To the left of these structures are the
corresponding calculated CD spectra with the transitions and
rotatory strengths, calculated at the M06-2X/6-31G(d) com-
putational level.

[0240] The rotatory strength of the most bathochromic
transition of the purple structure is much stronger than that
produced by the dramatically less twisted acene in mini-
mized [7]n4 (. Compared to the free helicene, the cotton
effect sign is reversed between 300 and 350 nm for the
dual-domain purple structure. Interestingly, the transition
rotatory strengths are weaker in the free twisted acene,
despite this structure producing a huge optical rotation of
-34000°.

[0241] The rotatory strength of the most bathochromic
transition of the purple structure is much stronger than that
produced by the dramatically less twisted acene in mini-
mized [7]n4. Compared to the free helicene, the cotton effect
sign is reversed between 300 and 350 nm for the dual-
domain purple structure. Interestingly, the transition rotatory
strengths are weaker in the free twisted acene, despite this
structure producing a huge optical rotation of -34000°.
[0242] Isodesmic treatment of the acenes and the [7]heli-
acenes show that the inventive dual-domain systems have a
different energetic response to acene elongation for the first
few members, but become acene-like in the higher members.
For both species, an upper-limit of destabilization is
approached. This disclosure shows that it is energetically
more favorable to longitudinally twist the acene in the
hybrid systems compared to the free-acenes due to relief of
bay-region strain.

[0243] Correlator plots of NICS, PDI, and HOMA high-
lighted a shortcoming in the NICS technique. The large
fluctuations of aromaticity from one ring to the next for the
acenes as predicted by NICS(0) is inconsistent with the
geometric and electronic indices HOMA and PDI. This also
contradicts expected results from a single resonating sextet
under the context of Clar theory. A new index of aromaticity
is provided that analyzes the NICS behavior of each ring
independently. Removing global ring currents, this new
index produced results for the acenes that correlates with
HOMA, PDI, and chemical intuition. Application of the
local indices of aromaticity toward the [7]heliacenes gave
values that corresponded to rings that are helicene-, acene-,
and triphenylene-like in their aromatic expression. The
aromaticity of the fulcrum ring remained very low for the
entire [7]Series, confirming that the migrating aromatic
sextet does not reside on this ring to an appreciable extent.
[0244] Correlator plots of NICS, PDI, and HOMA high-
lighted a shortcoming in the NICS technique. The large
fluctuations of aromaticity from one ring to the next for the
acenes as predicted by NICS(0) is inconsistent with the
geometric and electronic indices HOMA and PDI. This also
contradicts expected results from a single resonating sextet
under the context of Clar theory. A new index of aromaticity
is provided that analyzes the NICS behavior of each ring
independently. Removing global ring currents, this new
index produced results for the acenes that correlates with
HOMA, PDI, and chemical intuition. Application of the
local indices of aromaticity toward the [7]heliacenes gave
values that corresponded to rings that are helicene-, acene-,
and triphenylene-like in their aromatic expression. The
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aromaticity of the fulcrum ring remained very low for the
entire [7]Series, confirming that the migrating aromatic
sextet does not reside on this ring to an appreciable extent.
[0245] The calculated CD spectra as a function acene
elongation showed decreasing bisignate character between
300 and 350 nm, and the development of weak bathochro-
mic transitions corresponding to the contribution of the less
twisted acene domain. The rotatory strength of these
bathochromic transitions is enhanced when the acene twist
is enhanced. The optical rotation incrementally decreased
through the [7]Series approaching a value of 0° in [7]n4.
Unexpected results are observed when the optical rotation is
analyzed for the CN[7]Series, where optical activity initially
decreased but increased dramatically in CN[7]n4. To under-
stand this behavior, the effect of coupling in the two chiral
components was explored in a series of experiments.
[0246] The Mallory photocyclization dehydrogenation
reaction is an important method for synthetically accessing
large, strained polycyclic aromatic hydrocarbons. Concern-
ing this valuable reaction, it was discovered that temperature
can be used to select final regio-isomeric product distribu-
tions. This discovery coupled with a deeper computational
investigation, has culminated into a satisfying rational for
the confounding tendency of Mallory photocyclizations to
often preferentially form helical products when less strained
regioisomers are available. This discovery is the basis for a
paper the inventors published in the Journal of Organic
Chemistry titled: Origin of the Preferential Formation or
Helicenes in Mallory Photocyclizations. Temperature as a
To0l to Influence Reaction Regiochemistry®® and is incorpo-
rated by reference herein in its entirety.

[0247] The Mallory photocyclization as shown in FIG. 73
was first observed in 1934 and provided, at the time, an
unknown by-product during the photochemically initiated
cis-trans isomerization of stilbene, 1t<s1c.5” This byproduct
was subsequently identified by Parker and Spoerri® in 1950
as phenanthrene. This reaction, although studied sporadi-
cally, was more or less dormant until Mallory and cowork-
ers® reported in 1962 its development into a preparatively
useful oxidative photocyclization by the use of 12, rather
than 02, as the oxidant (Scheme 1). The key step in the
mechanism of the Mallory photocyclization is the widely
recognized formation of a trans-dihydrophenanthrene
(DHP) intermediate’®”® by an orbital symmetry allowed
conrotatory electrocyclic closure. (FIG. 73) This skeletal
rearrangement in many diaryl-ethylenes is photochromic
and consequently has been utilized in the construction of a
large number of photoswitching devices.”* The dihydro-
phenanthrene, DHP, however, in the Mallory photocycliza-
tion is an intermediate, not an end-product, that is subse-
quently converted to the phenanthrene end-product by
abstraction of hydrogen and formation of HI.

[0248] A Mallory photocyclization was used during the
first synthesis of [7]helicene75 and opened the door for
decades of study of these fascinating polycyclic aromatic
hydrocarbons (PAHs).”®”° In addition, the importance of the
Mallory photocyclization has subsequently been amply
demonstrated by the publication of several reviews,**-** by
the development of useful modifications,®***? and most
recently by its use in the construction of carbon nanomate-
rials.”®> The sentence that appears in the elegant review of
Morin, Daigel, and Desroche;” “The photochemical dehy-
drogenation, or Mallory reaction, is probably the most
widely spread photochemical method for the preparation of
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carbon nanomaterials and PAHs.” is not hyperbole, and
given the seemingly endless applications of PAHs (polycy-
clic aromatic hydrocarbons) underscores the value of further
studies to understand the intimate details of this important
reaction.

[0249] The mechanistic details of the photochemical inter-
conversion of the cis-stilbene, 1c, to the dihydrophenan-
threne, DHP, (FIG. 73) step of the Mallory photocyclization
has been extensively examined from both experimental®**%
and theoretical®”"'%° perspectives. A two-dimensional slice
through the currently accepted potential energy surfaces
(PES) for this reaction step is depicted in FIG. 74. Upon
irradiation of either 1c or DHP an allowed transition to the
corresponding Franck-Condon PES, FC_,,, .~ or FC,.p,
occurs. Rapid movement on the Franck-Condon PES brings
the vibrationally excited state into proximity to a conical
intersection, Clp., where picosecond or sub-picosecond
internal conversion to S, takes place. Finally, both vibra-
tionally excited states move on the S; PES until they reach
the critical conical intersection region, CI, where ultrafast
deactivation forms either the cis-stilbene or the DHP on the
S, PES. The activation barrier, TS, on the S; PES, which
was predicted theoretically, provides an explanation for both
the observed temperature,'® and wavelength,'®> depen-
dence of the cycloreversion quantum yield for the DHP.
[0250] The detailed understanding of the cis-stilbene/DHP
interconversion step of the Mallory photocyclization, how-
ever, stands in stark contrast to our fundamental lack of
understanding, of perhaps the most unusual and distinguish-
ing feature of the Mallory reaction, which is its propensity
to form helicenes even when competing photocyclizations to
form more thermodynamically stable, sterically less encum-
bered, planar PAHs are available. This phenomenon is
illustrated in FIG. 75 with the reactions of 2,'°* and 3,52
which exclusively produced [6]helicene, 4, and benzo[b]
hexahelicene, 5, without a trace of the alternative photocy-
clization products.

[0251] Laarhoven et a used the Coulson free
valence numbers'®® to devise a set of rules to predict the
regiochemical outcome of Mallory photocyclizations. These
free valence numbers, X F*,, are measures of the “residual
affinity” for bond formation and are given by v3-Z P for
aromatic carbons where Z P is the sum of the bond orders for
the 3 bonds attached to the aromatic carbon in the excited
state. According to the Laarhoven rules when the sum of the
free valences of the two carbon atoms that form the new
bond in the Mallory reaction are less than 1 (i.e. £ F*,.<1.0)
photocyclization does not occur. This reactivity parameter
has been remarkably successful, however, other experimen-
tal parameters in addition to the identity of the substrate also
influence the extent of regioselectivity including, the con-
centrations of the oxidant (e.g. I,, O,) and substrate, the
identity of the solvent, and the temperature.'®” Despite the
predictive power of the Laarhoven rules they do not provide
a satisfying rationale or a framework to control the unusual
regiochemistry observed in many of these important photo-
cyclizations.

[0252] An experimental and computational study was con-
ducted of the bis-Mallory photocyclizations of 6, 7, 8, and
9 (FIG. 76) focused on understanding the regioselectivity
observed in these reactions. The experimental study
revealed that the product regiochemistry in the reactions of
6 and 9 responds very differently to changes in experimental
conditions and that the Mallory photocyclizations of 7 and

104,105
1



US 2020/0354294 Al

8 are intermediate in their behavior. The computational
results are used to argue that the photostationary state
established between competing DHPs plays an important
role in these reactions. In addition, in those reactions that
produce the helicene as the major product the photostation-
ary state lies on the side of the DHP precursor to the helicene
(DHP' FIG. 76). These results provided valuable insight into
Mallory photocyclizations that can be used to design new
efficient photocyclization reactions.

[0253] Bis-Mallory photocyclization substrates 8 and 9
were synthesized from 3,6-dibromophenanthrenequinone in
straightforward two-step procedures as outlined in Scheme
3. The key steps were the Mizoroki-Heck reactions'®® which
had previously been successfully used with 3,6-dibro-
mophenanthrene and 3,6-dibromo-9,10-dimethoxyphenan-
threne to make 6 and 7, respectively.'® Unfortunately,
3,6-bis-styrenylphenanthrene quinone, despite the fact that
is readily accessible from a Mizoroki-Heck reaction, could
not be used in this study. It is completely, unreactive under
our Mallory photocyclization conditions.

[0254] The bis-Mallory photocyclizations were conducted
by irradiation (600 W medium pressure mercury vapor
lamp) of a 0.5 mM toluene solution of 6, 7, 8, or 9 through
the walls of a Pyrex vessel containing 1.1 mM iodine, and
25 mM propylene oxide.®® As shown in FIG. 78 at room
temperature 9 reacts to give a mixture of all three Mallory
photocyclization products, the benzo[k]naphtho[1,2-a]tetra-
phene, 10d, the [7]helicene, 11d, and the dibenzo[c,m]
pentaphene, 12d. The benzo[k]naphtho[1,2-a]tetraphenes,
10a,b,c however, were conspicuously absent from room
temperature irradiations of 6, 7 and 8. However, oxidation
products 15b and 15¢ are formed in approximately 40%
yield during bis-Mallory photocyclizations of substrates, 7
and 8, respectively.''® In addition, di-ester, 16,''" is also
formed in approximately 5% yield in the reactions of 7. On
the other hand, no oxidative cleavage of the styrenyl double
bond was observed in any of the phenanthrenyl substrates,
6-9. This suggest that singlet oxygen formed by self-sensi-
tization is involved in these reactions since the singlet triplet
energy gap is 5.4 kcal/mol smaller''? and the intersystem
crossing rate constant''? to the triplet nearly 3 times larger
in the [S]helicene core''* of 13b,c, that is oxidatively
cleaved to form 15b,c, than in the phenanthrene core of 6-9,
which are oxidatively inert. The formation of di-ester 16 can
be attributed to the well-established enhanced reactivity of
singlet oxygen''>*'¢ with electron rich enol ethers and to the
even larger intersystem crossing rate constant of [ 7]helicene
in comparison to [5]helicene.!*® The amount of these oxi-
dation products, however, can be substantially reduced by
exclusion of oxygen from the reaction mixtures. Products
from further complications such as hydrogen shifts in the
dihydrophenanthrene, DHP, and bis-dihydrophenanthrene,
bis-DHP, intermediates, which have been observed in other
systems were not detected in the reactions of 6-9.%2

[0255] These reactions were typically conducted over-
night and the crude product mixtures analyzed by NMR
spectroscopy. Products 11a, 11b, and 16 are known, and
products 10d, 1lc, 12¢, 12d, 15b, and 15¢ were isolated,
purified, and fully characterized by 'H and '°C NMR
spectroscopy (with the exception of 12¢ whose limited
solubility precluded collection of its *C NMR spectrum),
and by high-resolution mass spectrometry. Diagnostic peaks
in the NMR spectra of these conclusively identified products
were then used to identify their homologues (11d, 12a, 12b,
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and 12c¢) formed in the other Mallory photocyclization
reactions. Stacked comparator ' NMR plots used in this
analysis are provided in the Supporting Information for the
11, and 12 homologous series. A diagnostic ddd for proton
H, (FIG. 78) showed up in the 11 comparator spectra at
approximately 6.4 ppm in all of the [7]helicenes 11a, b, c,
and d. This proton was upfield of all other peaks in the
reaction mixtures because it is located in the shielding cone
of the terminal ring on the other end of the helicene. The
dibenzo[c,m|pentaphenes, 12, were also easily identified
because Mallory photocyclization conditions (vide infra) are
available where these compounds are the major or exclusive
product of the reaction. Their most upfield peaks, between
7.6 and 7.7 ppm are also ddd’s and are readily assigned to
H, and Hs. The cis- and trans-3-strenyl[S]helicenes, 13 and
14, were identified as fleeting intermediates in the crude
reaction mixtures by their characteristic doublet-of-doublets
for the styrenyl double bond.

[0256] The product compositions at approximately 40° C.
during Mallory photocyclizations of 6-9 as a function of
irradiation time are determined. The mono-Mallory products
13 and 14 form rapidly followed by slower formation of the
[7]helicenes 11. In addition, the yields of the [7]helicenes
decrease in the order 6>7>8>9. The photocyclization of 9
was completed in approximately 5 h in comparison to the
10-12 hours of irradiation needed to produce the final
products in the reactions of 6, 7, and 8. The photocyclization
of 9 also produced 10d under these conditions as the
dominant product in approximately 85% yield. In contrast,
10a,b,c were not observed at any point during the photocy-
clizations of 6, 7, or 8.

[0257] The effect of temperature on the Mallory photocy-
clizations was examined by running each of the reactions in
a pyrex vessel submerged in an appropriate temperature-
controlled bath. The products were then analyzed by NMR
spectroscopy and their relative yields plotted versus tem-
perature as depicted in FIG. 79. The [7]helicenes, 11a, 11b,
and 11c were the exclusive products in the reactions of 6, 7,
and 8 at low temperatures (<0° C.). On the other hand, the
[7]helicene, 11d, is observed, but its % yield peaks at
approximately 0° C. and never becomes the major product
at any temperature between -30° C. and +150° C. In all four
Mallory photocyclizations the thermodynamically most
stable product (vide infra), the planar dibenzo[c,m]penta-
phene, 12, is the dominant product at high temperature.
[0258] The mechanisms of the bis-Mallory photocycliza-
tions of 6-9 are considerably more complex than the simple
photocyclization of cis-stilbene shown in FIG. 73. The
bis-Mallory substrates undergo two photocyclizations and
each photocyclization can occur at two different sites on the
phenanthrene core to give two different DHPs. This leads to
eleven different possible closed shell intermediates on these
very complicated reaction surfaces in addition to the three
possible products, 10, 11, and 12.

[0259] In order to facilitate the consideration of the com-
putational results and the upcoming consideration of poten-
tial mechanisms in the discussion section of the manuscript,
these intermediates are organized using the interconversion
diagram shown in FIG. 81. However, it is important to
recognize that this complicated interconversion diagram is
itself a simplification of the actual potential energy surface.
Both diastereomers of the DHP regioisomers depicted in
FIG. 80, which are generated by competing clockwise and
counterclockwise ring closures, are not explicitly included
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in the interconversion diagram. This is not a serious omis-
sion. A single diastereomer thermodynamically dominates in
most cases (Table 1) but even in those cases where two
stereoisomers might be simultaneously present (e.g. E,_, and
E,, in Table 19; see Supporting Information for detailed
structural information) it will not change the mechanistic
conclusions discussed below. Consequently, all the Tables in
this manuscript, except Table 19, contain only those values
calculated using the thermodynamic data for the most stable
diastereomer of each of the DHP regioisomers shown in
FIG. 80.

TABLE 19

Relative Free Energies® of bis-Mallory Reaction Stationary Points with Zero
Negative Frequencies.®

6(parent) 7(di-MeO) 8(Naphtho) 9(Bis-Ketal)

CyHy,, (Blue Region)® Bis-Mallory Reaction Intermediates®

A 0 0 0 0
B 49.8 50.7 52.8 524
Ba 44.2 44.8 46.0 48.1
C 46.1 45.8 42.8 39.1
Diooi 101.7 102.8 105.5 107.4
Doiio 84.3 85.0 90.6 96.7
Doioi 89.9 90.7 97.0 101.3
Etct 85.9 85.6 84.1 78.7
Ettt 85.2 85.8 83.4 78.1
Ftet 93.7 93.9 89.4 85.2
Fteta 97.1 97.5 93.7 88.7
Fttt 99.2 99.4 96.1 90.5
Fttta 92.3 92.1 89.0 85.5

CyHy,> (Red/Green Region)” Bis-Mallory Reaction Intermediates®

G 134 13.2 13.7 12.4
H 0 0 0 0

I 60.9 61.7 63.7 63.4
Ta 574 58.2 60.8 62.2
I 45.0 44.5 42.9 39.5
K 50.4 51.2 53.2 52.0
Ka 4.7 45.0 46.4 47.8
L 61.1 61.1 57.8 52.0
La 58.0 58.0 553 50.6

CxHy (Black)? Final Reaction Products®

10 13.2 13.7 13.3 11.9
11 24.2 244 255 234
12 0 0 0 0

“B3LYP/6-311 + G(2d,p) sum of electronic and thermal Free Energies in keal/mol.
5See Scheme 4 for region colors.

“X = number of carbons in 6-9; Y = number of hydrogens in the final reaction products,
10-12, of bis-Mallory photocyclization/oxidation of 6-9.

[0260] The A’s in the interconversion diagram represent
the cis-cis (cc), cis-trans (ct), and trans-trans (tt) isomers of
the bis-styrenyl starting materials, 6-9, and the subscripts
represent the total number of Clar sextets'*” (i.e., the number
of six membered rings with a localized aromatic 6z cyclic
array of electrons). The remaining letters (See FIGS. 80 and
81) represent either dihydrophenanthrenes, B, C, 1, J, K, and
L, each with 2 Clar sextets, or bis-dihydrophenanthrenes, D,
E, and F, with 1, 0, and O Clar sextets, respectively, or
mono-Mallory photocyclized intermediates, G and H, con-
taining 4 Clar sextets. To the left, emanating from A* is an
identical interconversion diagram differing only from the
one on the right by the trans-configuration of the styrenyl
double bond in intermediates B, C, G and H. The mecha-
nistic conclusions that can be deduced from either wing of
the interconversion diagram are identical so we will use the
expanded right hand wing for the remaining discussion.
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Intermediates in different colored regions of the diagram are
not interconvertible, either thermally or photochemically,
because it would require reversible loss of H,, which is
highly improbable. The *’s in the diagram are for micro-
scopic steps that can occur either thermally by a stepwise, or
concertedly by a controtatory photochemically allowed pro-
cess.

[0261] DFT based-methods with large basis sets have been
shown to perform well in thermochemical studies of large
polyaromatic hydrocarbons and in studies of delocalized
radicals.''® Consequently, we used the B3LYP/6-311+G(2d,
p) computational method to optimize and determine the
energies of all the diastereomers for the regioisomeric inter-
mediates located on the right hand side of FIG. 81, including
the products 10, 11, and 12. The energies are given in Table
19 and the optimized geometries are provided in the sup-
porting information.

[0262] The stabilities of the C;,H,, isomers (for 6) in the
blue region and the C;,H,, isomers in the green/red regions
decrease with the decreasing number of Clar sextets (blue:
A, “>B,=C,>E =F, and green/red: H,=G,>1,=],=K,=L,).
Superimposed on these primarily aromaticity driven stabil-
ity sequences there is also a strain/steric contribution. In the
reactions of 6 and 7 this internal strain raises the energy of
the most stable isomer of the tetrahydro[7]helicene D with
one Clar sextet above that of both E and F with zero Clar
sextets. In the reactions of all the bis-Mallory substrates, 6-9,
the embedded [S]helical structure in F raises its energy by 6
or more kcal/mol above that of E despite the fact that both
contain the same number of Clar sextets (zero). The internal
strain energy imparted by the helical architecture, and the
greater strain imparted by the [7]—relative to the [S]helical
architecture, is also expressed in the relative energies of the
final bis-Mallory products, (11>10>12) all of which can be
drawn with 4 Clar sextets.

[0263] The dihydrophenanthrenes, B and C, are key inter-
mediates in the blue region (FIG. 81) of the bis-Mallory
photocyclizations of 6-9. The most stable isomers of the
bis-dihydrophenanthrenes, D, E, and F, (Table 19) formed in
the blue region are approximately 42.6+6.0, 36.6+6.6, and
43.2+5.8 kcal/mol higher in energy than the least stable
dihydrophenanthrene and are unlikely to be involved in the
reactions. The B3LYP/6-311+G(2d,p) optimized structures
of' B and C formed in the photocyclization of 6 are shown in
Scheme 5 and have the trans-configuration of the hydrogens
at the dihydrophenanthrene ring closure junctions as dictated
by the allowed conrotatory closure. The two conrotatory
closures in B lead to diastereomers B and Ba. Diastereomer
B (PRR/MSS configuration) is 5.6 kcal/mol less stable than
diastereomer Ba (PSS/MRR configuration) as a result of the
0.36 A closer approach (1.765 A vs. 2.128 A). The two
conrotatory closures to form the C intermediates are very
close in energy at the B3LYP/6-31G(d) computational level
(AAG® (RB3LYP)=0.4 kcal/mol) so only the most stable
diastereomer was optimized at the higher B3LYP/6-311+G
(2d,p) computation level and included in Table 1.

[0264] The key dihydrophenanthrene intermediates in the
red and green regions (FIG. 81) of the interconversion
diagram, I, J, K, and L, which are formed in the photocy-
clization of 6. (P)-18a(S), 185(S)-Dihydro[7]helicene I, is
3.5 kecal/mol more stable than its isomer (P)-18a(R), 185
(R)-dihydro[7]helicene 1. Isomer I, is also likely to form
faster because it is formed by photocyclization on the least
hindered face of the [S]helicene intermediate, G. (P)-Naph-
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tho[1,2,b]-14a(R), 145(R)-dihydro[S]helicene, K, is signifi-
cantly destabilized, by 5.7 kcal/mol, relative to (P)-naphtho
[1,2,b]-14a(S), 145(S)-dihydro[Slhelicene, K, by the
energetically costly 1.78 A through space H,-H, ,, distance,
which is increased to a sterically more tolerable 2.23 A
H,-H, ,, closest approach distance in K, (H, blue atom and
H4,,14, red atoms in Scheme 6). (P)-1(R), 8a(S)-dihy-
dronaphtho[1,2,b]-[5S]helicene, L, is 3.1 kcal/mol less stable
than its isomer (P)-1(S), 8a(R)-dihydronaphtho[1,2,b]-[5]
helicene, La, due in part to the shorter H,-H, , through space
distance (2.60 A in L and 2.82 A in La) and by the increased
strain in the helical section of the intermediate as revealed by
a 3.1° increase in the C,, -C, ,,-C,,.-C,,, internal dihedral.

[0265] The DHPs are subsequently oxidized by stepwise
removal of two hydrogen atoms with photochemically gen-
erated iodine atoms. Aromatic resonance energy is recov-
ered as a result of the second hydrogen abstraction and as a
result the first hydrogen abstraction is likely to be the rate
determining step for formation of the fully polyaromatic
hydrocarbon product. The initial hydrogen abstraction can
occur from the terminal or internal ring of the DHP leading
to two different radicals, the A* and B* series, respectively.
The relative energies of these radicals generated by hydro-
gen abstraction from B, C, I, J, K, and L, in the reactions
of 6 and 9 are given in Table 20. Hydrogen abstraction is
prohibitively favored (AAG°z14.4 kcal/mol) from the ter-
minal ring to give the A* series when the DHP is part of the
helical domain (i.e. B, 1, and K,). On the other hand, the
energies of the A* and B* series radicals, formed by
hydrogen abstraction from the DHPs that reside in the acene
domain (i.e. C,J, and L), are nearly equal. Formation of the
A* series radicals from the helical embedded DHPs open up
the jaws of the helicene decreasing steric interactions while
formation of the B* series radicals closes the jaws and
increases the intra-helicene steric interactions. The forma-
tion of the A* series radicals in the helical domain embedded
DHPs are also likely kinetically preferred since the hydro-
gen on the terminal ring is on the periphery of the helicene
while the internal hydrogen is buried in the jaws of the
helical clef.

TABLE 20

Relative Energies of Radicals formed in
Mallory Cyeclizations of 6 and 9.%?

6 9

A* B* A* B*
B, 1.0 17.6 54 15.1
C 14 0 0 2.6
I, 14.2 28.6 19.8 27.6
I 0.6 0 0 2.83
K, 1.0 16.4 5.2 15.2
L 121 12.6 11.3 14.9

a

“Relative B3LPY/6-311 + G(2d,p) sum of electronic and thermal Free Energies in keal/mol
for the radicals generated from the most stable DHP diastereomer (See Table 1).
'A*-radical formed by hydrogen abstraction from the terminal ring of DHP; B*-radical
formed by hydrogen abstraction from internal ring of DHP.

“Calculated at the B3LYP/6-31G(d) level.

[0266] The UV-Vis spectra of the DHPs were calculated
using the TD-DFT/6-311+G(2d,p) computational model.
The lowest energy transitions are given in Table 21 along
with their oscillator strengths. The DHPs (i.e. B, and C, I,
and L, and K, and J) in the same colored region of FIG. 81
are thermally and photochemically interconvertible and are
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placed in the same rows of Table 21 for comparison. The
HOMO-LUMO determinant in all cases was the =99%
contributor to the excited-state wavefunction as determined
by taking two times the square of the coefficient for the
configuration interaction expansion. The absorbance
maxima are all between 580 and 750 nm consistent with the
transient formation of a colored intermediate noted in many
Mallory photocyclizations.”*® For example, the bathochro-
mic absorption maxima for DHPs 17, 18, and 19 (FIG. 102)
are reported at 603 nm, 448 nm, and 530 nm, respectively,
with extinction coefficients of approximately 10,000-12,000
M™! cm*.'?° The oscillator strengths (f) for the DHPs
embedded in helical domains (column 3) were 5 to approxi-
mately 9 times smaller than those embedded in acene
domains (column 6, Table 21).

TABLE 21

Wavelength Maxima and Oscillator Strengths of
Low Energy DHP UV/Vis Absorbances.®

Tagar” f Tagar” f

5

B, 683 0.0622 C 663 0.3135

1, 689 0.0628 L, 704 0.3325

K, 727 0.0527 I 662 0.4857
=

B, 688 0.0619 C 670 0.2946

1, 696 0.0631 L, 713 0.3154

K, 732 0.0514 I 670 0.4500
2

B, 717 0.0617 C 624 0.4144

1, 730 0.0629 L, 667 0.4358

K, 743 0.0683 I 630 0.5821
=2

B, 713 0.0877 C 585 0.4764

1, 720 0.0888 L, 601 0.5019

K, 730 0.1019 I 607 0.6746

a

“Calculated at the TD-DFT/6-311 + G(2d,p) level in toluene.
bWavelength of lowest energy transition.
“Oscillator strength.

[0267] The yields of the three products formed in the
bis-Mallory photocyclizations are sensitive functions of the
concentrations of the DHPs ([B], [I], etc.) and of the rate
constants for hydrogen abstraction, k., (e.g. k;, kg, etc.).
This is expressed mathematically in Eqns. 1, 2, and 3. The
yield of 11 for example is the product of the fraction of the
precursor B formed in the blue region @ and the fraction of
I formed in the red region @;. The yield of 10 on the other
hand has two terms since it can be formed in both the green
and red region.

%10 = [Q; P + O O] x 100 EQ (6)
kI ks [B] EQ (7)
%1l = = 100
01%s (k,[1]+kL[L]](kB[B]+kc[C]]X
k] kelC) EQ (8)
%12 = = 100
0s0c (k,w]+kK[K]](kB[B]+kC[C]]X

[0268] Several experimental and structural variables can
influence the concentrations of the DHPs and the rate
constants of hydrogen abstraction, k,,;,», whose magnitudes
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dictate product formation (Eqns. 1, 2, and 3). These include:
(1) The position of the photostationary state established
between the two competing DHPs; (2) the relative stability
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and J in 9 is especially large (7.0-10.1 kcal/mol) and
essentially precludes all but a trace of B,, 1,, and K, at
thermodynamic equilibrium.

@

TABLE 22

Differences in Enthalpies and Free Energies of Formation and for Hydrogen

Abstraction from DHPs with Jodine atom.

AAHP (6 AAHPZ (7)" AAHF (8)° AAHP (9 AAHg,” (6)7  AAHg,,” (97
B,C)  -2.6(-1.9) -1.9(-1.0)  +2.3(+3.2) +7.8(+8.3) +1.21(+1.61)  -2.29(-2.89)
I-L)  -1.2(-0.6) -0.6(+0.2)  +4.9(+5.5)  +10.1(+11.1)  +2.59(+2.72)  -2.58(-2.64)
K,T)  -1.0(=0.3) -0.3(+0.5)  +2.2(+3.5) +7.0(+7.8) +0.42(+0.63)  -2.62(-2.59)

“AAGY in parenthesis.

®In keal/mol calculated at the B3LYP/6-311 + G(2d, p), and,
“at the B3LYP/6-31G(d) computational level.

Calculated using equation 10.

of the competing DHPs; (3) the relative stabilities of DHP
radicals (A*) produced during hydrogen abstraction from
the competing DHPs; and (4) experimental variables such as
reaction temperatures.

[0269] The photostationary states established between the
two competing DHPs in the mutually inaccessible blue, red,
and green regions of FIG. 81 are given by equations 9a, 9b,
and 9c, respectively. These equations are analogous to the
equation for the photostationary state reached upon irradia-
tion of cis- and trans-alkenes'?! but differs because it is the
product of two photostationary equilibria, for example L<sG
and G<sl in the red region of FIG. 81. The ratio, of the
extinction coefficients, g;/e, at the A, of the
HOMO—-LUMO absorption peaks for the DHPs shown in
Table 21, are proportional to the ratio of oscillator
strengths'** (Table 21) when the band widths are the same.
This relationship also implies that the ratio of DHP concen-
trations will change with changing irradiation wavelength.
This is consistent with the observation of Fisher etal.''® who
observed a strong wavelength dependence on the ratio of
DHP,/DHP;- during the Mallory photocyclization of 1,2-di-
(2-naphthyl)cyclopentene.

8] _ s Bappeon) EQ (%)
[Cl  ep (Ppoa)Pasc)
Ul _a (Pe-1)(@r-6) EQ (%)
[L] & (Pr-c)dcoL)
(K] _ &5 @uk)bson) EQ (%)

V1 ex Bxow)du-s)

[0270] The relative stabilities of the competing DHPs in
the blue (B,-C), red (I,-L ), and green (K -J) regions of the
mechanism shown in FIG. 81 are compared in terms of both
their free energies in Table 19 and enthalpies in Table 22.
This data reveals that the DHPs in the reactions of 6 and 7
that are embedded in the helical domain, B, 1,, and K, and
are the precursors for formation of a helical product, are
equal or perhaps slightly more stable than the DHPs embed-
ded in the acene domain, C, L, and J. (Columns 2 and 3 in
Table 22). On the other hand Mallory substrates 8 and 9
exhibit the opposite behavior with their acene-embedded
DHPs, C, L, and J, more stable than their helicene-embed-
ded DHPs, B,, 1, and K,,. This stability preference for C, L,

[0271] The relative stabilities of DHP radicals formed in
reactions with the iodine atom/radical can also potentially
play an important role in the rates of hydrogen abstraction.
The relative stability’s of radicals generated by abstraction
ot hydrogen from the terminal unsaturated ring of the DHPs
(Series A* radicals) are given in Table 20. In the reaction of
6 the stability differences between radicals formed from
competing DHPs, B -C, 1 -L,, and J-K , are very small, -0.4,
+2.1, and -0.4 kcal/mol respectively. In stark contrast, these
energy differences, B,-C, 1,-L,, and J-K, +5.4, +8.5, and
-5.2 kcal/mol respectively, are much larger in the reaction of
9. These values can be used in conjunction with equation 10
to generate the differences in the enthalpies of reaction for
abstraction of the first hydrogen from the competing DHPs
with the iodine atom (Table 22 columns 5 and 6). In 6 these
endothermic hydrogen abstractions are energetically more
favorable from its acene-embedded DHPs, C, L,, and J,
while in substrate 9 they are more favorable from their
helicene-embedded DHPs (Table 22 columns 6 and 7). In
both cases, hydrogen abstraction is enthalpically more
favorable from the least stable set of DHPs.

[0272] Equation 10 to determine AAH®
Table 22.

for 6 and 9 of

Rxn

DHP+ I- — M HP-+HI AHY,,(DHP)
DHP + - — M HP* + HI AH%,,(DHP)

(AHR,,(DHP) = AH?(MHP-) + AHY (HI) - AH(DHP) — AH? (1)) -
(AHR,,(DHP) = AHY(MHP’ ) + AH? (HI) - AH?(DHP’) = AH? (I -))
AHE, (DHP) - AHS,,(DHP’) =
[AHY(MHP-) - AH? (MHP’ )] - [AH?(DHP) - AHS (DHP")]

[DHP = B,. I, and K,; DHP’ = C, L,, and J|

[0273] Increasing temperature can: (a) enhance the rate of
passage over the TS, barrier on the Mallory photocyclization
S, PES, (b) it can increase the rate of thermal decomposi-
tions of the DHPs, and (c) it can increase the rate of
hydrogen abstraction by iodine atom from the DHPs.

[0274] Duli¢ et al.'°* have examined the temperature
dependence of passage over the TS, barrier for a series of
cis-stilbene photochromic switches. The rate of approach to
the open/closed photostationary state is temperature inde-
pendent at temperatures above 0° C. where most Mallory
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photocyclizations are conducted. At temperatures below 0°
C. the quantum yields (e.g., $A—B, ¢,~H, etc.) may
exhibit small changes as a function of temperature, however,
to a large extent these changes are likely to cancel each other
in the quantum vyield ratios (e.g., [(pA—=B)(dC—A)]/
[(¢B—=A)($A—C)], etc.) that are directly proportional to the
steady state concentrations of the competing DHPs (Eqns.
9a, 9b, and 9c). trans-Stilbene but not cis-stilbene also
encounters an activation barrier on the way to the twisted
phantom intermediate on its geometric isomerization energy
surface and as a result competitive fluorescence is observed
in solution for the trans- but not the cis-isomer.'** This
barrier, however, is only 3.5 kcal/mol*** and, consequently,
unlikely to influence the cis-/trans-stilbene photostationary
state at temperatures used for Mallory photocyclizations. It
is also worthwhile to note that the 13/14 cis/trans photos-
tationary state is established early on the bis-Mallory pho-
tocyclization PES and is maintained throughout the reaction.
[0275] DHPs have been directly observed and their ther-
mal decompositions have been monitored.'*° Lifetimes of
the DHPs have also been measured but their accuracy, and
what is really being measured, is debatable because of the
wide range of processes including oxidation and rearrange-
ments that contribute to their decompositions. Nevertheless,
the thermal decompositions of the competing DHP isomers
in the blue, red, and green regions of the interconversion
diagram (FIG. 81) with the greatest internal energy are
expected to be more facile. The concerted thermal conrota-
tory openings of the DHPs reported here are not allowed,
however, their high-energy content (>39 kcal/mol relative to
their styrenyl precursor; Table 19) provides a driving force
for their homolytic cleavage initiated decompositions to
regenerate the Mallory substrates.

[0276] InDHPsB,,1,, and K, the two hydrogens available
for abstraction differ in their accessibility to the iodine atom
and lead to radicals of very different thermodynamic sta-
bilities (Table 20). In contrast, both hydrogens in DHPs C,
J, and L, are equally accessible for abstraction and lead to
nearly iso-energetic radicals. Consequently, the rate con-
stants for hydrogen abstraction will increase with increasing
temperature more rapidly for DHPs C, J, and L, than for
DHPs B,, I,, and K, since they enjoy an RIn2 symmetry
contribution to the entropy of activation.

[0277] The bis-Mallory photocyclizations of 6, 7, 8, and 9
are very complex reactions, (FIG. 81) and as discussed
above, depend upon a myriad of experimental conditions
and substrate structural features that can influence their
choice of reaction pathway. Detailed photophysical studies
will be required to unravel the precise mechanistic details
for each of these bis-Mallory substrates. Nevertheless, it is
useful to qualitatively examine how the factors discussed
above can influence the reaction pathways and product
distributions in these substrates.

[0278] At 0° C. and below Mallory substrates 6 and 7
exclusively produce the helicene products 1la and 11b,
respectively (FIG. 81). This is consistent with preferential
photostationary formations of B and I, since the ratio e/e5
and g,/¢; for 6 and 7, respectively, are equal to the ratios of
the oscillator strengths and the smaller oscillator strength of
the DHP precursor to 11a and 11b (e.g. £/f5(6)=(0.3135/0.
0622)=5.04 and f./f5(7) (0.2946/0.0619)=4.76; Table 21)
means that their concentrations build-up because they
absorbs less light. However, in order to attain [B]/[C] and
[1]/[L] ratios of 20 or greater (i.e. exclusive detection of 11a
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and 11b), it would also require that [(¢,_. ;) (@ )/ [($5_..)
04— and [P )@/ [($r—.c)ds-.L)] (See Eqn.
9a,b) have values of approximately 4 to 5. We argue that
values of 4 to 5 are reasonable and are consistent with the
Laarhoven effect that suggests (vide supra) that bonding
occurs between carbon atoms where the “residual affinity”
for bond formation is the greatest, which in many cases leads
to preferential helicene formation. Consequently, the Laar-
hoven (kinetic) effect in the photocyclizations of 6 and 7
requires the blue quantum yields, (¢, .5) and (¢s5_.,),
involving formation or extension of a helical structure to be
larger than the red quantum yields, (¢5_,,) and (¢, ;) that
involve loss or decrease of helical structure. This observa-
tion, coupled with the fact that the black quantum yields for
the photo-reversible formation of DHPs, that do not involve
formation, extension, loss, or decrease in helical structure,
are more comparable in magnitude, (¢ )~(¢,_., and
(¢;_.5)=(¢5_.,) support our contention that values of 4 to 5
for the ratio of quantum yields in equations 4a and 4b are
reasonable. As the temperature is raised the photostationary
state favoring helicene formation is not established, instead,
for example, in the case of 6, the 3.65 kcal/mol and 1.94
kcal/mol (Table 4) energetically preferred hydrogen abstrac-
tions from DHPs C and J, respectively, serve to shift the
B<C and K< equilibrium towards these more stable
DHPs and ultimately produce the high temperature products
12a and 12b.

[0279] At 0° C. the helicene, 11c, is the exclusive product
of the Mallory photocyclization of 8. However, the concen-
tration of the dibenzopentaphene product, 12c, becomes
approximately equal to the concentration of 11c at 30° C. to
40° C. at lower temperatures than observed for 6 and 7 (FIG.
79). This is consistent with the observation that DHPs, C and
J, on the way to 12¢ are 3.2 and 3.5 kcal/mol more stable
than their competitively formed DHPs B, and K, respec-
tively (Tables 19 and 22). Consequently, the rates of hydro-
gen abstraction, k [C][T'] and k JJ][T'], because of the higher
concentrations of C and J, can more effectively compete
with establishment of the photostationary state and enhance
the amount of 12¢ formed in the photocyclization. In com-
parison, in the reactions of 6 and 7, DHPs, C and J, on the
way to 12a and 12b, respectively, are far less stable relative
to their competitively formed DHPs B, and K, (Tables 19
and 22). As a consequence formation of 12a and 12b do not
compete as effectively with formation of 11a and 11b and a
higher temperature is required for their concentrations to
become equal (i.e., [12a]=[11a] and [12b]=[11Db]).

[0280] Photocyclization of 9 at -30° C. unexpectedly
generated benzo[k|naphtho[1,2-aJtetraphene, 10d, as the
only product (FIG. 79-d). In contrast to the other two
possible regioisomers, 11d and 12d, it can form either in the
red or green regions. However, irradiation of 9 is anticipated
to predominantly generate DHP C because it is 9 kcal/mol
more stable than B, (Table 19). Nevertheless, at -30° C.
hydrogen abstraction from DHP C does not enjoy as large a
symmetry advantage (TAS=TIn2) as it would have at higher
temperatures, and its lifetime is extended sufficiently to
allow formation of the photostationary state and DHP B,,.
Hydrogen abstraction to form G followed by exclusive
photocyclization to form L, driven by its very large ther-
modynamic stability (11.6 kcal/mol) relative to 1, (Table
19) subsequently generates the observed product, 10d.
(Note: for comparison I, and L, formed in the photocycl-
izations of 6 and 7 (Table 19) are nearly identical in energy)
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This scenario is supported by the fact that at slightly higher
temperatures the less stable [, is increasingly populated and
11d forms but then decreases as it succumbs to the thermo-
dynamic stability’s of DHPs C, and J on the way to the
thermodynamically most stable regioisomer 124.

[0281] It has been determined that Mallory substrates, 6,
7, and 8, react at low temperatures to exclusively produce
their helicene products, 11a, 11b, and 11c¢, despite the fact
that their regioisomers, 10a, 10b, and 10c, that can form
competitively are 11.0, 10.7, and 12.2 kcal/mol more stable.
This unusual, and synthetically useful, observation may be
attributed to three effects: (1) the energies of the DHP
precursors to these two sets of regioisomers are much closer
in energy (=5.5 kcal/mol) than the 10.7-12.2 kecal/mol sepa-
rating the energies of the final regioisomeric products; (2)
the extinction coefficients of the DHP precursors to the
helicenes are smaller than the extinction coefficients of DHP
precursors to their regioisomers by a factor of 4.8 to 9.2; and
(3) at low temperatures thermal decompositions of interme-
diates are suppressed. Consequently, these effects allow
attainment of the photostationary state while suppressing
thermal decomposition of the DHPs and simultaneously bias
the photostationary state towards population of the DHP
precursor to the helicene product. This provides a satistying
and compelling rationale for what many feel is the most
bizarre feature of Mallory photocyclization reactions; the
preferential formation of the thermodynamically least stable
helicene regioisomer.

[0282] As disclosed herein a method for unparalleled
control over product regiochemistry in Mallory photocycl-
izations is now available by rationale design of substrates to
influence dihydrophenanthrene (DHP) intermediate stability
and the magnitudes of their extinction coefficients. These
structural controls coupled with the ability to use tempera-
ture to influence approach to the DHP photostationary state
enhances the utility of one of the most widely used photo-
chemical methods for formation of polycyclic aromatic
hydrocarbons.

Examples

Instruments and General Methods

[0283] Materials

[0284] Ferrocene was obtained from Sigma-Aldrich, Inc.
and recrystallized from absolute ethanol. Anthracene was
obtained from Sigma-Aldrich, Inc. and purified via subli-
mation. 9-Cyanoanthracene was obtained from Sigma-Al-
drich, Inc. and used as is. Tetrabutylammonium perchlorate
was obtained from Fluka Division of Honeywell, Inc. and
was twice recrystallized from absolute ethanol. HPLC grade
acetonitrile was used from Sigma-Aldrich, Inc. as received
for chiral separation and circular dichroism spectroscopy
experiments. Spectrophotometric grade toluene was
received from Alfa Aesar of Thermo Fisher Scientific, Inc.
and used as is. All other reagents and solvents were received
from Sigma-Aldrich, Inc. and used without purification.
[0285] UV-Vis

[0286] UV-Vis spectra were collected on a Jasco V-670
Spectrophotometer. The lamps were preheated for at least 20
minutes prior to use to prevent baseline shift. A square
quartz cuvette with a path length of 1 cm is used. A baseline
was applied with the spectrophotometric grade solvent used
to dissolve each corresponding analyte.
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[0287] Fluorescence, Fluorescence Quantum Yield, and
Fluorescence Lifetime

[0288] Fluorescence spectra were recorded on a Cary
Eclipse Fluorescence Spectrophotometer. A square quartz
cuvette with a path length of 1 cm was used. A blank sample
consisting of the spectrophotometric grade solvent used to
dissolve each corresponding analyte was checked prior to
analysis. Excitation and emission slit widths were held at 5
nm for all fluorescence experiments.

[0289] Fluorescence quantum yields of [7]n2 and CNJ[7]
n2 were determined using the comparative method of Wil-
liams*® with anthracene (®,~0.27) and 9-cyanoanthracene
(©=0.93) as standards. These standards were cross-
checked with each other to demonstrate the accuracy of the
inventive method.'*> The fluorescence quantum yield of
anthracene obtained using 9-cyanoanthracene as the stan-
dard is 0.29, acceptably close to the literature value of
0.27.2¢ Spectrophotometric grade toluene (£=1.497) was
used for all quantum yield of fluorescence experiments.
Excitation wavelengths of 360 and 380 nm were used for
anthracene and 9-cyanoanthracene, respectively. Excitation
wavelengths of 333 and 356 nm are used for [7]n2 and
CN[7]n2, respectively. The fluorescence quantum yield pro-
tocol used was as follows:

[0290] 1. The UV-Vis absorbance spectra of samples
and the standard were measured. These experiments
were collected at a series of concentrations that gave
absorbances at the excitation wavelengths that are
approximately 0.02, 0.04, 0.06, 0.08, and 0.1. These
low absorbances were chosen to insure that reabsorp-
tion effects were minimized.'?’

[0291] 2. Fluorescence spectra were recorded using
these same solutions, keeping the instrument settings
the same between sample and standard measurements.
The areas under the emission bands were then deter-
mined using MATLAB.

[0292] 3. Graphs of integrated fluorescence intensity vs.
absorbance were plotted for the sample and the stan-
dard. Using the slopes from these plots (m), the quan-
tum yields were calculated as follows:

2
my \( 1

Oy = (DST(_)(TX]
mst A nsr

[0293] Where m is the solvent refractive index, @ is the
fluorescence quantum yield, m is the slope from the
integrated fluorescence intensity plot and the subscripts
X and ST indicate values for the sample and the
standard, respectively.

[0294] Fluorescence lifetimes were determined on an
Optical Building Blocks Co. Easylife X Instrument. The
instrument response factor (IRF) was collected on a dilute
colloidal silica solution. A 375 nm LED was used as the
excitation source for all samples.

[0295]

[0296] Phosphorescence spectra and phosphorescence
lifetimes were recorded on a Cary Eclipse Fluorescence
Spectrophotometer. The samples were dissolved in spectro-
photometric grade toluene prior to introduction to a 3 mm
quartz tube. This sample was then submerged in a glass

Phosphorescence and Phosphorescence Lifetime
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dewar containing liquid nitrogen, forming a toluene glass.
Phosphorescence spectra and lifetimes were then recorded at
-196° C.

[0297] Cyclic Voltammetry

[0298] Cyclic voltammograms (CVs) were collected with
a CH Instruments CHI600C Electrochemical Analyzer. All
CV were collected using a three-electrode system consisting
of a platinum working electrode, a silver wire reference
electrode, and a silver wire auxiliary electrode. After an
electrochemical response was observed for a sample, ferro-
cene was spiked with the sample as an internal standard.
Tetrabutylammonium perchlorate (TBAP, 0.1 M) was used
as the supporting electrolyte. Sample solutions were satu-
rated with argon prior to analysis.

[0299] Circular Dichroism (CD)

[0300] CD spectra were recorded at 20° C. using a Jasco
CD J-815 spectropolarimeter equipped with a Peltier tem-
perature control system. The conditions were as follows:
scanning speed 50 nm/min, data pitch 0.5 nm, DIT 1 s, and
bandwidth 4 nm. A quartz cuvette with a 1 cm path length
was used for CD experiments.

[0301] NMR

[0302] 'H NMR and *C NMR spectra were obtained on
either a Bruker Advance 400 or 600 MHz NMR and refer-
enced to TMS or the residual solvent signal.

[0303] X-ray

[0304] All X-ray experiments were carried out and ana-
lyzed on a Bruker SMART APEX II CCD by Dr. Arulsamy
Navamoney. A molybdenum X-ray source was used.
[0305] High Pressure Liquid Chromatography (HPLC)
[0306] Chiral resolution of CN[7]n2 was performed on a
Thermo Scientific Ultimate 3000 HPLC, with a LUX i-Cel-
Iulose-5 column. The carrier solvent was 100% HPLC grade
acetonitrile.

[0307] Light source Mallory photocyclizations were per-
formed using a 600 W medium-pressure mercury-vapor
Hanovia UV lamp, with Pyrex as a filter.

[0308] Computations

[0309] All computational calculations were made using
the Gaussian 09 software package produced by Gaussian,
Inc. of Wallingford, Conn. Para-delocalized index of aro-
maticity (PDI) calculations are made using the third party
program, Multiwfn™ version 3.3.8. The protocol for obtain-
ing PDI values are as follows:

[0310] 1. The polycyclic aromatic hydrocarbon (PAH)
of interest is optimized using Gaussian 09 and a for-
matted checkpoint (fchk) file is created.

[0311] 2. The fchk file is opened with the Multiwfn
software and a basin analysis is performed. The elec-
tron density is chosen as the real space function to be
integrated. A medium quality grid with 0.1 Bohr spac-
ing is then chosen.

[0312] 3. Once basins are generated, the localization
index (LI) and delocalization index (DI) are calculated
for the basins. Finally, the PDI value for each ring is
calculated by taking the average DI value of each
para-related set of carbons in each six-membered ring.

[0313] The circular dichroism (CD) spectra are calculated
using Multiwtn version 3.6. The protocol for calculating CD
using this software is as follows:

[0314] 1. A TD-DFT calculation is performed on the
optimized structure of the system of interest using
Gaussian 09.
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[0315] 2. The output file (log) from this calculation is
opened with the Multiwfn software and the electronic
circular dichroism (ECD) spectrum is plotted using the
velocity representation. For each plot, the full width at
half maximum is set to 0.5 eV.

[0316] Synthesis—FIG. 20

3,6-Dibromo-9,14-dicyanobenzo[f]tetraphene (19)

[0317] A solution of 3,6-dibromophenanthrene-9,10-dione
(0.22 g, 6.01x107* mol) in DMF (5 ml) was added drop-wise
to a stirred solution of o-dicyanomethylbenzene (0.17 g, 2
eq) and NaOMe (0.13 g, 4 eq) in methanol (5 ml). This was
stirred at room temperature overnight. The resulting precipi-
tate was filtered and washed with EtOH yielding a yellow
solid. (0.25 g, 80% yield) '"H NMR (400 MHz, CDCl,): 8
9.25 (d, 2H, J=8.9 Hz), 8.65 (dd, 2H, J=6.5, 3.2 Hz), 8.59 (d,
2H, J=2.0 Hz), 7.81 (dd, 2H, J 6.5, 3.2 Hz), 7.86 (dd, 2H,
J=8.9, 2.0 Hz). HRMS (MALDI-TOF) m/z: [M]* Caled for
C,,H, N,Br, 484.9290; Found 484.9219.

9,14-dicyano-3,6-di((E)-styryl)benzo[f]tetraphene
(20)

[0318] A mixture of 19 (30 mg, 0.06 mmol), tetra-nbuty-
lammonium bromide (46 mg, 0.144 mmol), and K,CO,
(9.95 mg, 0.072 mmol) in 3 mL of DMA was stirred and
heated to 120° C. under nitrogen. When 60° C. was reached,
the reaction mixture was charged with styrene (18.7 mg,
0.18 mmol). When 90° C. was reached, a prepared palladium
catalyst solution was added dropwise (Pd(OAc), (2.7 mg, 12
pmol), 1,3-bis(diphenylphosphino)propane (6.6 mg, 16
umol) in 2 mL of DMA). This reaction was then stirred at
120° C. for 48 h and then allowed to cool to room tempera-
ture. The reaction mixture was reduced in a vacuum oven
and the reaction product was washed with methylene chlo-
ride and then ethanol to give the product as a yellow solid.
(14.7 mg, 46%) 'H NMR (400 MHz, CDCL,): § 9.36 (d, 2H,
j=8.6 Hz), 8.64 (dd, 2H, J=6.8, 3.3 Hz), 8.63 (s, 2H), 7.94
(d, 2H, J=8.51 Hz), 7.91 (dd 2H, J=6.4, 3.1 Hz), 7.66 (d, 4H,
J=7.5 Hz), 7.46-7.33 (m, 10H). '*C NMR (400 Mz,
CDCl,): 9 139.9 (20), 137.0 (2C), 133.7 (2C), 132.3 (20),
132.1 (20), 131.9 (2C), 129.9 (2C), 128.9 (4C), 128.5 (2),
128.4 (2C), 127.8 (2C), 127.0 (4), 126.5 (20), 1264 (20),
125.5 (2C), 121.2 (2C), 118.6 (2C), 107.9 (2C). HRMS
(MALDI-TOF) m/z: [M]* Caled for C,,-C,5N, 533.2018;
Found 533.2029.

9,14-Dicyanonaphtho[2,3-L Jheptahelicene
(CN[7]n2)

[0319] A solution of Ket[7]n0 (17.3 mg, 4.24x107> mol) in
DMF (1.5 ml) was added drop-wise to a stirred solution of
o-dicyanomethylbenzene (6.6 mg, 1 eq) and NaOMe (9.2
mg, 4 eq) in methanol (1 ml). This was stirred at room
temperature overnight. Reaction product added to water (10
ml) and extracted with toluene (3x’s 10 ml). The organic
layer was dried over MgSO,, filtered and reduced yielding
an orange-yellow solid. The crude reaction product was
purified by triturating in acetonitrile to give a deep orange
solid (5.6 mg, 25%). 'H NMR (600 MHz, C,D,Cl,, 8): 6.53
(ddd, J=1.3 Hz, 6.9 Hz, 8.3 Hz, 2H), 6.80 (d, J=8.4 Hz, 2H),
7.02 (ddd, J=1.0 Hz, J=7.0 Hz, J=7.9 Hz, 2H), 7.32 (d, 7.9
Hz, 2H), 7.50 (d, J=8.5 Hz, 2H), 7.69 (d, J=8.5 Hz, 2H),
7.97-7.98 (m, 2H), 8.18 (d, 8.6 Hz, 2H), 8.70-8.71 (m, 2H),
9.57 (d, I=8.5 Hz, 2H). >C NMR (100 MHz, C,D,Cl,, d):
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106.7 (2C), 118.7 (2C), 122.8 (2C), 124.0 (2C), 125.0 (20),
125.1 (20C), 125.9 (2C), 126.0 (20C), 126.2 (2C), 126.9 (20),
127.5 (2C), 128.7 (4C), 128.8 (2C), 129.3 (2C), 129.9 (20),
131.7 (2C), 131.9 (2C), 133.7 (2C), 134.1 (2C). HRMS
(MALDI-TOF) m/z calculated for C,H, N, [M]*, 528.
1626, found 528.1634.

3,6-Di((E)-styryl)-9,10-bis-methoxyphenanthrene
O

[0320] A mixture of 3,6-dibromo-9,10-bis-methoxy-
phenanthrene (306.3 mg, 0.77 mmol), tetra-n-butylammo-
nium bromide (99.7 mg, 0.3 mmol), and K,CO;(534 mg, 3.9
mmol) in 3 mL of DMA was stirred and heated up to 120°
C. under nitrogen. When 60° C. was reached, the reaction
mixture was charged with styrene (241 mg, 2.3 mmol).
When 90° C. was reached, a prepared palladium catalyst
solution was added dropwise (Pd(OAc), (3.5 mg, 0.015
mmol), 1,3-bis(diphenylphosphino)propane (7.7 mg, 0.019
mmol) in 1 mL, of DMA). This reaction was then stirred at
120° C. for 48 h and then allowed to cool to room tempera-
ture and transferred to a separatory funnel along with 25 mL
of 6 N HCI. The reaction product was extracted with CH,Cl,
and washed with 6 N HCI and water. Removal of the solvent
produced a yellow-brown film (342 mg, 87%). 'H NMR
chemical shifts are consistent with literature values.'>®

Heptahelicene-9,10-dione (Ket[7]n0)

[0321] MeO[7]n0 (49.8 mg, 114 pmol) in acetonitrile (10
ml) was combined with a solution of ceric ammonium
nitrate (CAN) (155.7 mg, 284 pmol) in acetonitrile (10 ml)
and hand-shaken for 5 minutes. This was then poured into 20
ml of water and extracted with toluene (3x’s 20 ml). The
crude reaction mixture was reduced and purified by silica gel
chromatography (1:9 EtOAc:hexanes) giving a red solid
(17.3, 37%). "H NMR chemical shifts are consistent with
literature values.'>*

3,6-dibromobenzo| f]tetraphene

[0322] A CH,Cl, (32 mL) suspension of 3,6-dibro-
mophenanthrenequinone (0.25 g, 0.68 mmol) and o-xylyle-
nebis(triphenylphosphonium bromide) (0.625 g, 0.79 mmol)
was stirred until homogenous. The stir bar was removed and
15 ml of freshly prepared LiOH solution (3.36 M, 0.35 g Li
metal in 15 ml water) was added. The two-phase mixture
was sonicated for 80 min. The reaction product was
extracted with CH,Cl, and washed with water. The crude
product was purified by silica gel chromatography (toluene)
and was finally recrystallized from the eluent to give (90 mg,
30%) of 2, 13-dibromobenzo[bltriphenylene as colorless
needles. "H NMR (400 MHz, CDCl,, 8): 7.58-7.60 (m, 2H),
7.76 (dd, J=1.9 Hz, 8.7 Hz, 2H), 8.05-8.07 (m, 2H), 8.55 (d,
J=1.9 Hz, 2H), 8.58 (d, ]=8.8 Hz, 2H), 8.97 (s, 2H). *C{'H}
NMR (100 MHz, CDCl,, 8): 122.4 (2C), 122.4 (2C), 125.7
(20), 126.6 (2C), 126.8 (20), 127.6 (2C), 128.3 (2C), 129.5
(20), 130.8 (2C), 131.3 (2C), 132.6 (2C). See the Supporting
information on the details of the X-ray structure of 2,13-
dibrombenzo[b]triphenylene.

3,6-di((E)-styryl)benzo|f]tetraphene (8)

[0323] A mixture of 2,13-dibromobenzo[b]triphenylene
(66.5 mg, 0.14 mmol), tetra-n-butylammonium bromide
(108 mg, 0.34 mmol), and K,COj; (84.4 mg, 0.61 mmol) in
4 ml DMA was stirred and heated to 120° C. under nitrogen.
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When 60° C. was reached, the reaction mixture was charged
with styrene (47.5 mg, 0.46 mmol). When 90° C. was
reached a prepared palladium catalyst solution was added
drop-wise (Pd(OAc), (0.7 mg, 3 umol), 1,3-bis(diphenyl-
phosphino)propane (1.9 mg, 4.6 umol) in 4 ml DMA). This
reaction was then stirred at 120° C. for 48 h and then allowed
to cool to room temperature and transferred to a separatory
funnel along with 25 ml of 6 N HCI. The reaction product
was extracted with CH,Cl, and washed with 6N HCI and
water. Removal of the solvent produced an off-white solid in
nearly quantitative yield that was used in the next step
without purification. An analytically pure sample for char-
acterization was obtained by washing with acetone to give a
white solid. (30 mg, 44%)"H NMR (400 MHz, CDCl,, d):
7.32-7.48 (m, 10H), 7.58-7.61 (m, 2H), 7.68 (d, J=8.1 Hz,
4H), 7.93 (dd, J=1.4 Hz, 8.5 Hz, 2H), 8.11-8.13 (m, 2H),
8.71 (d, J=1.5 Hz, 2H), 8.79 (d, J=8.6 Hz, 2H), 9.09 (s, 2H).
3¢{H} NMR (100 MHz, CDCls, 8): 122.2 (2C), 122.2
(20), 122.3 (20), 124.3 (20), 125.2 (2C), 126.2 (2C), 126.7
(40), 127.9 (20), 128.2 (20), 128.4 (2C), 128.8 (4C), 128.8
(20), 128.9 (20), 129.6 (20), 129.9 (20), 132.4 (20), 136.7
(2C). HRMS (MALDI-TOF) nvz calculated for C; H,,
[M+H]*, 483.2113, found 483.2144.

3,6-di((E)-styryl)-9,10-bis-ethyleneketalphenan-
threne (9)

[0324] A mixture of 3,6-dibromo-9,10-bis-ethyleneketal-
phenanthrene (280 mg, 0.62 mmol), tetra-n-butylammonium
bromide (480 mg, 1.49 mmol), and K,CO; (103 mg, 0.74
mmol) in 6 ml DMA was stirred and heated up to 120° C.
under nitrogen. When 60° C. was reached, the reaction
mixture was charged with styrene (193 mg, 1.86 mmol).
When 90° C. was reached a prepared palladium catalyst
solution was added drop-wise (Pd(OAc), (28 mg, 0.12
mmol), 1,3-bis(diphenylphosphino)propane (77 mg, 0.19
mmol) in 6 ml DMA). This reaction mixture was then
allowed to stir at 120° C. for 48 h followed by removal of
the DMA using a vacuum oven. The residue was then treated
with hot ethanol and filtered. Recrystalization in EtOH gave
9 (120 mg, 39%) as off-white crystals. 'H NMR (400 MHz,
CDCls, d): 3.69 (broad s, 4H), 4.22 (broad s, 4H), 7.27-7.41
(m, 8H), 7.57-7.62 (m, 8H), 7.76 (d, J=8.0 Hz, 2H), 8.06 (s,
2H). *C{'"H} NMR (100 MHz, CDCl,, 8): 61.7 (broad, 4C),
92.9 (20), 122.5 (2C), 126.7 (2C), 126.9 (2C), 126.9 (40),
128.1 (2C), 128.4 (2C), 129.0 (4C), 130.1 (2C), 132.5 (40),
133.5 (20), 137.3 (2C), 139.2 (2C). HRMS(MALDI-TOF)
m/z calculated for C;,H,;0, [M]*500.1988, found 500.
1984.

[0325] General procedure for Mallory bis-photocycliza-
tion-dehydrogenation

[0326] A solution of the bisstyrylphenanthrene substrate
(0.5 mM), 1, (2.2 molar equivalent), and propylene oxide (50
molar equivalent) in toluene was heated or cooled to the
desired temperature and subsequently irradiated overnight in
a Pyrex vessel with a 600 W medium pressure mercury
vapor lamp. The reaction mixture was allowed to cool or
warm to room temperature and was washed with sodium
thiosulfate 3x’s and DI water 3x’s and finally with brine.
The toluene was removed and the sample was dried in a
vacuum oven overnight prior to NMR analysis. No precipi-
tate was visible in any of the NMR samples.
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5,6-Bis-ethyleneketal-naphtho[2,1-b]pentahelicene
(10d)

[0327] A solution of 9 (100 ml, 0.5 mM), I, (1.1 mM), and
propylene oxide (25 mM) in toluene was placed in an
ice-bath. The reaction mixture temperature was maintained
at 0° C. and irradiated for 13 hours with a 600 W medium
pressure mercury vapor lamp. The organic reaction product
was washed with sodium thiosulfate 3x’s and water 3x’s and
dried over MgSO,. The solvent was removed at reduced
pressure and the crude product was purified by silica gel
chromatography (1:4 EtOAc: hexanes) to give 10d as a
colorless solid. '"H NMR (600 MHz, CDCl,, 8): 3.40 (d,
J=11.1 Hz, 1H), 3.53 (dd, J=2.3 Hz, 11.1 Hz, 1H), 3.79 (1d,
J=2.5 Hz, 12.3 Hz, 1H), 3.94 (dd, J=2.1 Hz, 12.0 Hz, 1H),
4.11 (d, J=7.3 Hz, 2H), 4.60-4.68 (m, 2H), 7.0 (t, J=7.7 Hz,
1H), 7.34 (d, I=8.9 Hz, 1H), 7.42 (t, J=7.0 Hz, 1H), 7.61 (t,
J=7.2Hz, 1H), 7.63 (d, 8.7 Hz, 1H), 7.69 (t, J=7.7, 1H), 7.73
(d, J=8.7 Hz, 1H), 7.80 (d, J=8.8 Hz, 1H), 7.85 (d, J=8.4 Hz,
1H), 7.87 (s, 2H), 8.14 (s, 1H), 8.36 (d, J=8.6 Hz, 1H), 8.81
(d, J=8.3 Hz, 1H), 9.09 (s, 1H). *C{H} NMR (100 MHz,
CDCl;, 9): 59.1 (1C), 59.4 (1C), 63.5 (1C), 63.9 (1C), 92.7
(10), 93.2 (1C), 120.4 (1C), 123.0 (1C), 123.6 (1C), 124.1
(10), 126.5 (1C), 126.7 (1C), 126.8 (1C), 126.9 (1C), 126.9
(10), 127.7 (1C), 127.8 (1C), 128.0 (1C), 128.0 (1C), 128.6
(10), 129.5 (10), 129.5 (10), 129.6 (1C), 129.6 (1C), 130.3
(10), 130.4 (1C), 130.8 (10), 131.9 (1C), 132.3 (1C), 132.4
(10), 132.7 (10), 133.1 (1C), 1333 (1C), 134.8 (10).
HRMS (MALDI-TOF) m/z calculated for C;,H,,0, [M]",
496.1675, found 496.1680.

[0328] Naphtho[2,3-1]heptahelicene (11c)

[0329] To a solution of 9,10-[7]helicenequinone (6.2 mg,
15.2 umol), O-xylenebis(triphenylphosphonium bromide)
(21.5 mg, 27.4 pmol), and tetra-n-butylammonium perchlo-
rate (3 mg, 8.8 umol) in CH,Cl, (2 ml) 2 ml of freshly
prepared LiOH solution (0.5 M, 7 mg L.i metal in 2 m] water)
was added. The two-phase mixture was sonicated for 90
min. The reaction product was extracted with toluene and
washed with water. The crude product was purified by silica
gel chromatography (100% hexanes) to give 11c (1.3 mg,
18%) as a pale yellow solid. 'H NMR (600 MHz, CDCl,, 8):
6.43 (ddd, J=1.3 Hz, 6.8 Hz, 8.3 Hz, 2H), 6.89 (d, J=8.5,
2H), 6.93 (ddd, J=1.1 Hz, 6.8 Hz, 7.87 Hz, 2H), 7.27 (d,
J=7.9 Hz, 2H), 7.40 (d, J=8.5 Hz, 2H), 7.62-7.63 (m, 2H),
7.67 (d, J=8.5 Hz, 2H), 8.07 (d, J=8.4 Hz, 2H), 8.19-8.21 (m,
2H), 8.95 (d, J=8.6 Hz, 2H), 9.27 (s, 2H). *C{'H} NMR
(100 MHz, CDCl,, 9): 121.2 (2C), 122.3 (2C), 123.6 (20),
125.0 (20C), 125.4 (2C), 125.4 (20C), 126.0 (2C), 126.1 (20),
126.5 (20C), 127.2 (2C), 127.9 (20C), 128.3 (2C), 129.0 (20),
129.6 (2C), 129.7 (2C), 129.8 (20), 131.7 (2C), 131.8 (20),
132.4 (2C). HRMS (MALDI-TOF) m/z calculated for
C;sH,, [M]Y, 478.1722, found 478.1717.

Dibenzo|c,m]-naphtho[2,3.h]pentaphene (12¢)

[0330] A solution of crude 8 (100 mg, 0.21 mmol), I, (116
mg, 0.46 mmol), and propylene oxide (725 pl., 103.6 mmol)
in toluene (420 ml) was heated up to 95° C. in a 500 ml
Pyrex flask. Once the target temperature was reached, the
sample was irradiated with a 600 W medium pressure
mercury vapor lamp for 20 hours. The reaction solution was
allowed to cool to room temperature and then washed with
sodium thiosulfate to remove unreacted iodine and subse-
quently washed with water. The reaction product was passed
through a silica gel plug using toluene to give 12¢ (5§7.2 mg,
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58%) as a yellow solid. "H NMR (400 MHz, CDCl,, 8): 7.61
(dd, J=7.8 Hz, 7.8 Hz, 2H), 7.69 (dd, J=7.7 Hz, 7.7 Hz, 2H),
7.72-7.73 (m, 2H), 7.87 (d, J=7.6 HZ, 2H), 8.36-8.37 (m,
2H), 8.59-8.66 (m, 4H), 8.77 (d, J=8.5 Hz, 2H), 8.82 (d,
J=8.82 Hz, 2H), 9.67 (dd, J=3 Hz, 8.7 Hz, 2H), 9.78 (d,
J=5.6 Hz, 2H). HRMS (MALDI-TOF) m/z calculated for
CysH,, [M]Y, 478.1722, found 478.1714.

7,8-bis-ethyleneketal-dibenzo[c,m |pentaphene (12d)

[0331] A solution of 9 (100 ml, 0.5 mM), 12 (1.1 mM), and
propylene oxide (25 mM) in toluene was prepared in a 250
ml Pyrex glass pressure vessel. The reaction mixture was
heated to 157° C. and subsequently irradiated for 18 hours
with a 600 W medium pressure mercury vapor lamp. The
reaction mixture was washed with sodium thiosulfate 3x’s
and water 3x’s and dried over MgSO,. The solvent was
removed at reduced pressure and the reaction product was
purified by recrystallization in toluene/EtOH to afford 12d as
a colorless solid. 'H NMR (600 MHz, CDCl,, §): 3.84
(Broad s, 4H), 4.41 (Broad s, 4H), 7.64 (ddd, J=1.0 Hz, 7.1
Hz, 7.9 Hz, 2H), 7.70 (ddd, J=1.3 Hz, 7.1 Hz, 8.2 Hz, 2H),
7.82 (d, 1=8.8 Hz, 2H), 7.89 (d, J=8.8 Hz, 2H), 7.92 (d, 7.8
Hz, 2H), 8.62 (s, 2H), 8.82 (d, 8.3 Hz, 2H), 9.14 (s, 2H).
13C{H} NMR (100 MHz, CDCls, 8): 93.3 (2C), 121.1 (2C),
123.1 (2C), 124.2 (2C), 126.8 (20), 126.9 (2C), 127.0 (20),
128.3 (2C), 128.7 (2C), 130.4 (20), 130.6 (2C), 131.3 (20),
131.3 (2C), 132.2 (2C), 133.2 (2C). HRMS (MALDI-TOF)
m/z calculated for C;,H,,0, [M]*, 496.1675, found 496.
1676.

3,6-Bis-styrylphenanthrenequinone

[0332] A mixture of 3,6-dibromophenanthrenequinone
(100 mg, 0.27 mmol), tetra-nbutylammonium bromide (35
mg, 0.11 mmol), and K,CO; (189 mg, 1.37 mmol) in 1.5 ml
DMA was stirred and heated up to 120° C. under nitrogen
for 48 hours. When 60° C. was reached, the reaction mixture
was charged with styrene (85 mg, 0.82 mmol). When 90° C.
was reached a prepared palladium catalyst solution was
added drop-wise (Pd(OAc), (0.6 mg, 2.7 umol), 1,3-Bis
(diphenylphosphino)propane (1.4 mg, 3.28 umol) in 1.5 ml
DMA). The DMA was removed using a vacuum oven. The
reaction product was purified by silica gel chromatography
(3:2 Hexanes: Ethyl acetate) to afford 3,6-bis-styrylphenan-
threnequinone (20.8 mg, 19%) as a red film. 'H NMR (400
MHz, CDCl,, d): 7.26 (d, J=7.8 Hz, 16.0 Hz, 2H), 7.34-7.45
(m, 8H), 7.62 (d, J=7.7 Hz, 4H), 7.67 (d, 8 Hz, 2H), 8.15 (s,
2H), 8.23 (d, J=8.1 Hz, 2H).

5,6-Dimethoxy-2-pentahelicenecarboxaldehyde
(15b)

[0333] A solution of 7 (100 ml, 0.5 mM), I, (2.2 molar
equivalent), and propylene oxide (50 molar equivalent) in
toluene was irradiated overnight with a 600 W medium
pressure mercury vapor lamp. The organic reaction product
was washed with sodium thiosulfate 3x’s and water 3x’s and
dried over MgSO,,. The toluene was filtered and removed
under reduced pressure and the crude reaction product was
purified by slilica gel chromatography (1% EtOAc in
hexanes) to afford 15b as a yellow solid. 'H NMR (600
MHz, CDCl,, 9): 4.20 (s, 3H), 4.21 (s, 3H), 7.24 (ddd, I=1.4
Hz, 7.0 Hz, 8.3 Hz, 1H), 7.53 (ddd, J=1.0 Hz, 7.0 Hz, 7.9 Hz,
1H), 7.91 (d, J=8.5 Hz, 1H), 7.96-7.99 (m, 3H), 8.02 (dd,
J=1.5Hz, 8.6 Hz, 1H), 8.31 (d, 8.5 Hz, 1H), 8.39 (d, 8.4 Hz,
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1H), 8.40 (d, 8.5 Hz, 1H), 8.92 (s, 1H), 9.72 (s, 1H). *C{H}
NMR (100 MHz, CDCl;, §): 61.5 (1C), 61.5 (1C), 121.1
(10), 1229 (10), 123.5 (1C), 124.9 (1C), 125.8 (1C), 126.5
(10), 126.9 (1C), 127.0 (1C), 128.1 (1C), 128.3 (1C), 128.4
(10), 128.6 (1C), 128.7 (1C), 130.0 (1C), 130.7 (1C), 132.0
(10), 1323 (10), 132.7 (10), 133.1 (1C), 135.9 (1C), 144.4
(10), 146.9 (1C), 192.6 (1C). HRMS (MALDI-TOF) nv/z
calculated for C,sH, .05 [M]*, 366.1256, found 366.1257.

Naphtho[2,3-f]-2-pentahelicenecarboxylaldehyde
(15¢)

[0334] A solution of 8 (100 ml, 0.5 mM), I, (2.2 molar
equivalent), and propylene oxide (50 molar equivalent) in
toluene was placed in an ice-bath and irradiated for 14 hours
with a 600 W medium pressure mercury vapor lamp. The
organic reaction product was washed with sodium thiosul-
fate 3x’s and water 3x’s and dried over MgSO,. The toluene
was filtered and removed under reduced pressure and the
reaction product was purified by slilica gel chromatography
(1% EtOAc in hexanes) to afford (15¢) as a yellow solid. ‘H
NMR (600 MHz, CDCl,, §): 7.21 (ddd, J=1.3 Hz, 6.8 Hz,
8.3 Hz, 1H), 7.51 (ddd, J=1.0 Hz, 6.8 Hz, 7.9 Hz, 1H),
7.63-7.65 (m, 2H), 7.89 (d, 8.5 Hz, 1H), 7.92 (d, 8.6 Hz, 1H),
7.95 (dd, J=1.0 Hz, 8.0 Hz, 1H), 8.05 (d, 8.3 Hz, 1H), 8.06
(dd, I=1.6 Hz, 8.3 Hz, 1H), 8.14-8.19 (m, 2H), 8.38 (d, 8.4
Hz, 1H), 8.73 (d, 1.2 Hz, 1H), 8.74 (d, 8.6 Hz, 1H), 8.80 (d,
8.3 Hz, 1H), 9.07 (s, 1H), 9.19 (s, 1H), 9.73 (s, 1H). **C{H}
NMR (100 MHz, CDCl,, 8): 121.5 (1C), 123.1 (1C), 123 .4
(10), 124.8 (10), 124.9 (10), 125.2 (1C), 126.2 (1C), 126.6
(10), 126.8 (1C), 126.9 (1C), 126.9 (1C), 127.5 (1C), 128.0
(10), 128.2 (10), 128.3 (1C), 128.4 (1C), 128.4 (1C), 128.7
(10), 129.0 (1C), 129.3 (10), 130.5 (1C), 131.2 (1C), 131.4
(10), 132.2 (10), 132.9 (10), 133.1 (1C), 133.2 (1C), 133 .4
(10), 134.9 (10), 135.6 (1C), 192.1 (1C). HRMS (MALDI-
TOF) m/z calculated for C;,H,,0 [M]*, 406.1358, found
406.1358.

[0335] While at least one exemplary embodiment has been
presented in the foregoing detailed description, it should be
appreciated that a vast number of variations exist. It should
also be appreciated that the exemplary embodiment or
exemplary embodiments are only examples, and are not
intended to limit the scope, applicability, or configuration of
the described embodiments in any way. Rather, the forego-
ing detailed description will provide those skilled in the art
with a convenient roadmap for implementing the exemplary
embodiment or exemplary embodiments. It should be under-
stood that various changes may be made in the function and
arrangement of elements without departing from the scope
as set forth in the appended claims and the legal equivalents
thereof.
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1. A heli-twisted acene comprising:

an acene core; and

a helicene pendent from the acene core.

2. The heli-twisted acene of claim 1 wherein the heli-
twisted acene is used in at least one of a hole transport layer
and an emissive layer of a multi-layer organic light emitting
diode (OLED).

3. The heli-twisted acene of claim 2 wherein the OLED is
a circularly polarized OLED.

4. The heli-twisted acene of claim 2 wherein the OLED is
used in a biomedical device.

5. The heli-twisted acene of claim 1 wherein the acene
core is highly fluorescent.

6. The heli-twisted acene of claim 1 wherein the acene
core has an end to end twist of any of 30°, 60°, and 144°.

7. The heli-twisted acene of claim 1 wherein the acene
core has a specific rotation [«],>°=7400°.

8. The heli-twisted acene of claim 2 wherein the acene
core is longitudinally twisted.

9. The heli-twisted acene of claim 2 wherein the heli-
twisted acene is a carbocyclic heli-acene.

10. A process for synthesizing the heli-twisted acene of
claim 2, the process comprising:

performing a bis-Wittig reaction with 2,8-dibro-

mophenanthrene-5,6-dione to form an intermediate;
and

then reacting the intermediate with styene in the presence

of a Pd catalysis.
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