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Induced Chirality Enhancement**
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Sabine Friihbeifier, Franziska Grohn, Sabine Maier, and Rik R. Tykwinski*

Abstract: Conformational changes in the conjugated back-
bone of poly- and oligodiacetylenes (PDAs and ODAs) play
an important role in determining the electronic properties of
these compounds. At the same time, conformational changes
can also result in a folded structure that shows helical chirality.
Using D-camphor as a chiral building block, we have designed
a high-yielding, iterative synthesis of monodisperse, optically
pure cis-oligodiacetylenes (ODAs). cis-ODAs up to the
tridecamer have been formed, which is the longest monodis-
perse cis-ODA reported to date. UV/Vis spectroscopy suggests
a large effective conjugation length in THE, likely the result of
a linear, planar conformation in this solvent. High-resolution
STM/AFM measurements of the nonamer cast from THF onto
HOPG show a linear structure. In iPrOH, circular dichroism
(CD) spectra suggest the formation of chiral aggregates for
ODAs with at least nine D-camphor units, based on a strong
CD response.

P olydiacetylenes (PDAs) have been extensively studied,!!
while oligodiacetylenes (ODAS) often serve as useful models
to examine or predict the properties of PDAs.”! For example,
it is well known that trans-PDAs show chromatic properties,
a feature that can be applied to form molecular switches and
sensors.!!! The electronic properties of PDAs often depend on
their effective conjugation length (ECL)P! and therefore
conformational perturbations are important,™ such as helical
folding of the m-conjugated backbone. trans-PDAs/ODAs
typically show a higher ECL than cis-ODAs, due to the folded
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conformation of cis-ODAs in solution.”! While a helical
conformation may limit the ECL, it confers “handedness”, in
other words, chirality. The ability to control the “twist-sense”
bias of a helical foldamer allows one to manipulate chirality,
opening doors to applications as chiral molecular sensors and
switches® and as chiral conducting polymers.”

trans-PDAs/ODAs are well known since the pioneering
work of Wegner,®! while much less is known about cis-PDAs/
ODAs”! To date, cis-ODAs have only been formed by
iterative synthetic routes.>'” An efficient cis-ODA synthesis
must prevent cis—trans isomerization, which can be achieved
through use of a ring system to enforce the cis geometry.
Examples of this strategy include the use of a cyclopentene
ring reported by Hirsch and co-workers,””! and using an aryl
ring to give the structurally related class of oligomers, the
ortho-arylenethynylenes.!']

We envisioned a chiral hydrocarbon ring for the develop-
ment of optically pure, monodisperse ODAs, whose confor-
mation might be dynamically controlled by solvophobic
interactions.'?¥) Several design criteria were crucial to
achieve this goal; namely the building block must: 1) prevent
cis—trans isomerization of the olefin, 2) offer a source of
chirality and solubility, and 3) not conjugate into the back-
bone so that studies reflect only the properties of the enyne
framework. Finally, the group should be hydrophobic, ena-
bling solvent-driven assembly to form chiral secondary
structures. D-Camphor was identified as a suitable building
block, and we report herein the synthesis and characterization
of optically pure, monodisperse cis-ODAs with unique and
switchable chirooptical properties (Figure 1).

Readily available (+)-3-bromocamphor provided the
synthetic basis for the desired ODAs (Scheme 1), and it was
converted to the bromovinyl triflate 1 by an adaptation of
a published protocol.!! Initial attempts to use 1in a Sonoga-
shira cross-coupling reaction!™ with trimethylsilylacetylene
(TMSA) were surprisingly unsuccessful. Negishi coupling,®
on the other hand, resulted in selective functionalization at
the vinyl triflate and furnished 2 in 82% yield. Attempted
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Figure 1. Generic structures of a) trans-polydiacetylenes (trans-PDAs)
and trans-oligodiacetylenes (trans-ODAs), b) cis-PDAs and cis-ODAs,
and c) p-camphor-based cis-ODAs.
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Scheme 1. Synthetic route to ODA monomers 5a,b. LIHMDS = lithium
hexamethyldisilazide, NIS = N-iodosuccinimide.

cross-coupling of 2 with either TMSA or triisopropylsilylace-
tylene (TIPSA) under either Sonogashira or Negishi con-
ditions offered only traces of the desired enediyne product.
Thus, vinyl bromide 2 was converted to vinyl stannane 3 and
then vinyl iodide 4 using a protocol developed by Knochel
et al.'? Vinyl iodide 4 readily reacted with TMSA or TIPSA
under Pd catalysis to provide 5a (78 %) and 5b (86 %) in good
yield.

The initial chain-elongation protocol appended two
camphor units to the nascent oligomer backbone per coupling
step (Scheme 2). Exhaustive desilylation of 5a gave the
terminal acetylene, which efficiently reacted with vinyl iodide
4 under Sonogashira coupling conditions to give trimer 6.
Repetition of this desilylation and Pd-catalyzed cross-cou-
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pling sequence produced pentamer 7 (73%), heptamer 8
(87%), nonamer 9 (64%), undecamer 10 (77%), and
tridecamer 11 (71 %) in satisfactory yields. Compounds 6-11
form Series A of the optically pure cis-ODAs, and to our
knowledge, compounds 8-11 are the longest monodisperse
cis-ODAs reported to date.'®!

The synthetic protocol for ODA Series A gives oligomers
composed only of an odd number of repeat units. Oligomers
in Series A also possess a regiochemical “disconnect” at the
central camphor unit arising from the initial deprotection and
coupling sequence with 5a. It was not known whether either,
or both, of these factors might influence conjugation through
the ODA framework. Therefore, SeriesB ODAs were
assembled in which the chain length was increased by only
a single camphor unit per desilylation/cross-coupling iteration
(Scheme 3). Briefly, the trimethylsilyl group of compound 5b
was removed and this product used in a cross-coupling
reaction with vinyl iodide 4 to give dimer 12. Elongation of
the oligomer was subsequently accomplished to give trimer 13

SiiPr SiiPrg
Y 4 FZ
_a,
A A
5b SiMe3 SiMe;
n

15 n=5(79%) 12 n=2(73%) Ya
16 n=6(74%))a 13 n =3 (68%) da
8 14 n=4(74%)
Scheme 3. Synthesis of ODAs 12-16 (Series B). Reagents and condi-

tions: a) 1. K,CO;, MeOH/THF, RT; 2. 4, [Pd(PPh;),], Cul, NEt;, THF,
RT.

(68 %), tetramer 14 (74 %), pentamer 15 (79 % ), and hexamer
16 (74 %). By the length of the hexamer 16, it was clear that
the electronic absorption behavior of Series A and B are quite
similar, and the rather labo-
rious chain extension of
Series B was abandoned.
We measured the UV/
Vis spectra of the ODAs in

7 x=2(73% .
X=2(73%) ) a THF solution (ca. >1 mm).

8 x=3(87%) The electronic absorption
9 x =4 (64%) ) characteristics versus
a length for the ODAs are

10 x=5(77%) obvious, from the colorless
la dimer (12) through the
orange tri- and tetramers

(6, 13, 14), to the red pen-
tamers (7 and 15) and
beyond. @ The UV/Vis
absorptions of Series A
ODAs (THF) are shown in
Figure2  (SeriesB  are
found in Figure S1), and
Amax Values are listed in

Scheme 2. Synthesis of ODAs 6-11 (Series A). Reagents and conditions: a) 1. K,CO;, MeOH/THF, RT; 2. 4,

[Pd(PPh;),], Cul, NEt;, THF, RT. For tridecamer 11, the gray and black colors designate “halves” of the
molecule created by the regiochemical disconnect at the center camphor unit (see text for discussion).
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Table 1. Absorption trends
versus length for Series A
and B are similar, suggest-
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Figure 2. UV/Vis spectra of ODA Series A as measured in THF, n is
the number of enyne units (A, and A, are identified with * and +,
respectively, for heptamer 8; see text for discussion).

Table 1: Electronic absorption properties of the ODAs 6-16 measured in
THF.

Compound nt# Amaa [nM] ([€V]) Amaxe [nM] ([V])
12 2 357 (3.5) 382 (3.2)
6 3 399 (3.1) 430 (2.9)
13 3 400 (3.1) 430 (2.9)
14 4 432 (2.9) 465 (2.7)
7 5 453 (2.7) 492 (2.5)
15 5 454 (2.7) 492 (2.5)
16 6 471 (2.6) 510 (2.4)
8 7 480 (2.6) 524 (2.4)
9 9 496 (2.5) 538 (2.3)
10 1 502 (2.5) 545 (2.3)
1 13 504 (2.5) 553 (2.2)®

[a] n is the number of b-camphor enyne units in the ODA. [b] Estimated
from shoulder absorption by deconvolution of the spectra.

ing a minimal electronic influence from the regiochemical
disconnect in Series A.["! For shorter oligomers (n < 6), two
distinct 1,,,, values are found: 1,,,,, at higher energy and 4,,,.,
at lower energy (labeled * and +, respectively, for heptamer 8
in Figure 2). Values for A,,, and A,,, show a consistent
decrease in the energy as a function of increasing oligomer
length, reaching a value of 4,,, =553 nm (2.2 eV) for the
tridecamer 11.% It is evident from the spectra in Figure 2 that
Amax Values are reaching the ECL, that is, the length at which
additional repeat units (n) no longer reduce the energy of
Amax- Meier and co-workers have suggested an empirical
method to estimate the saturation value for optical absorp-
tions in conjugated polymers and to provide an estimate of
ECL.5 The 4,,,,, values of 6-16 have been analyzed following
the Meier protocol which gives an estimate of A, = (556 &
1.0) nm (2.2 eV) at an ECL of nge =17 (see Figure S2). This
is a surprising result, since 4., is at much lower energy than
suggested by, for example, Takayama and co-workers, who
predicted 4., for cis-ODAs to be roughly 345 nm with an
necL <5 (presumably due to folded structures in solution).”
On the other hand, literature reports for trans-ODAs offer
estimates from A, =494 nm (npc; ~8), 1, =532 nm (ngep
not provided),” to A, = 551 nm (ngq = 10).!

www.angewandte.org
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Brédas and co-workers have examined the origin of ngq
values in terms of the energy barrier to rotation about a Cy,—
C, bond (torsional barrier) in frans-ODAs.*! This work
suggests ngc ~6 for trans-ODAs, which corresponds to
a torsional barrier of roughly 1.8 kcalmol™!. By comparison,
the value of npc =17 for 6-16 suggests that these ODAs
maintain a planar, conjugated conformation in THF with
a relative high C,,—C,,, rotational barrier of approximately
4.7 kcalmol 1™ Three factors, in principle, govern deviations
from a planar structure in 6-16, 1) the the barrier to rotation
about the C,,—C, bond, 2)the strength of interactions
between the pendent camphor groups and solvent in
a planar structure, and 3) favorable intramolecular interac-
tions between camphor units in a folded, nonplanar structure.
Thus, moving from THF to a more hydrophilic solvent should
favor a nonplanar and, perhaps, folded helical conformation.
Following this hypothesis, UV/Vis absorption profiles for
ODAs were examined in iPrOH. ODAs with n>9 show
a significant blue shift for 1., values relative to those
measured in THF; for example, nonamer 9 shows A=
438 nm in i{PrOH (Figure S3). This switch in the absorption
profile is also concentration dependent; for 9 it occurs at
concentrations greater than 0.01 mm in /PrOH, which sug-
gests that it originates from intermolecular interactions (i.e.,
aggregation). Variable-temperature (VT) UV/Vis experi-
ments for 9 were carried out from 20-70°C (Figure 3a) and
show that aggregation is reversible. As the temperature is
increased, 4,,,,, undergoes a red shift, and the spectral features
at 70°C are analogous those found for 9 in THF; in other
words, the molecule is switched to an extended, planar
conformation.

Circular dichroism (CD) spectra of ODAs measured in
THF show no significant Cotton effect (e.g., nonamer 9 in
Figure 3b), consistent with an extended planar structure.
Conversely, a strong Cotton effect is observed in spectra
ODAs 9-11 measured in /PrOH, indicating a chiral confor-
mation during aggregation,® as demonstrated for nonamer 9
in Figure 3b.”¥ The CD spectra of 9 in iPrOH are temper-
ature dependent. The intensity of the CD signal steadily
decreases upon heating and disappears completely by 70°C
(Figure 3a). The change in the CD signal is concurrent with
a shift in the UV/Vis spectra from an “aggregated” profile at
20°C to that of an extended, planar ODA at 70°C. When the
sample is cooled, the original CD and UV/Vis profiles are
restored, indicating that the chiral aggregates are re-estab-
lished. Thus, the aggregation is fully reversible.*!

Dynamic light-scattering (DLS) experiments were per-
formed on solutions of 9 to shed light on the aggregates and
aggregation process in [PrOH (Figures S4 and S5). As
expected, based on the UV/Vis and CD experiments, no
aggregates were observed for DLS analyses of 9 in THF. In
iPrOH (1 um and 2 pm solutions), however, measurements of
9 showed a variety of particle sizes with hydrodynamic radii
ranging from Ry=8nm to Ry=370nm. Time-dependent
light-scattering measurements reveal no distinct trend in
aggregation versus time other than that aggregation is
spontaneous in iPrOH and larger aggregates are formed at
higher concentrations.

Angew. Chem. Int. Ed. 2014, 53, 310-314
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Figure 3. a) VT UV/Vis and CD spectra of nonamer 9 in iPrOH and
b) CD spectra of nonamer 9 in iPrOH (1.2 pm) and THF (0.82 pm).

The aggregation of oligomer 9 was explored by scanning
tunneling microscopy (STM) and atomic force microscopy
(AFM) measurements. From these studies, it is clear that the
behavior of 9 on surfaces is also strongly solvent dependent.
Nonamer 9 forms a film when drop-cast from THF (2 pum)
onto either mica or HOPG (Figure 4a). On the other hand,
drop-casting from iPrOH on mica produces clusters that are
several hundred nanometers in size (Figure 4b). Molecularly
resolved STM measurements of 9 adsorbed on HOPG from
THF solution also support a planar geometry for the ODA
(Figures 4 c,d).”™ An unambiguous model for the assembly or
ordering of 9 could not, however, be assigned due to the
complex appearance in the STM images. Scanning tunneling
spectroscopy shows distinct peaks at —1.8 V and +04V
(Figure S6), which are attributed to the HOMO and LUMO,
respectively. STM measurements thus predict a HOMO-
LUMO gap of 2.2eV, which closely matches the values
obtained by UV/Vis absorption studies.

We have successfully synthesized optically pure cis-ODAs
with a maximum oligomer length reaching 13 repeat units,
which are the longest cis-ODAs reported to date. These cis-
ODAs show a bathochromic shift in the UV/Vis absorption
maxima versus oligomer length, and a limiting value of 4,,,, =

Angew. Chem. Int. Ed. 2014, 53, 310-314
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Figure 4. a,b) AFM topographies (recorded in tapping mode) showing
the solvent-dependent aggregation of 9 drop-cast on a mica surface
from a) THF solution and b) iPrOH solution at a concentration of

2 uM. ¢,d) Low-temperature constant-current STM image of 9 drop-
cast on HOPG from THF (0.1 um) along with a possible molecular
arrangement in (d). Note that the HOPG lattice of the substrate is
resolved on either side of the molecules (U=—1.4V, =107 pA).

556 nm at the effective conjugation length of ng, =17. The
unexpectedly low absorption energy for the longest ODAs
indicates that the oligomers exist in a planar, extended
conformation in THF. UV/Vis and CD spectroscopic meas-
urements in /PrOH imply that oligomers n>9 undergo
solvophobic-induced chiral aggregation. This premise is
supported by AFM, STM, and DLS analyses. The chiral
aggregation is temperature dependent and reversible. To our
knowledge, this is the first example of chiral aggregates based
on cis-ODAs. The exact conformation and composition of
these chiral aggregates have yet to be determined, and further
studies are underway to elucidate more defined details.
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