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g; ABSTRACT: We demonstrate facile and efficient construction of conjugated double helical ladder oligomers from the saddle-

shaped cyclooctatetrathiophene (COTh) building blocks. The key step involves deprotonation of tetra[3,4]thienylene (B,3-COTh)
23 with n-BuLi which displays remarkably high ipsilateral selectivity. Three racemic double helical ladder oligomers, rac-DH-1, rac-
24 DH-2 and rac-DH-3, containing two, three and five COTh annelated moieties are efficiently synthesized by diastereoselective
25 coupling of the racemic precursors. The X-ray crystallographic studies of rac-DH-1, rac-DH-2 and rac-DH-3 unambiguously re-
26 vealed that each double helical scaffold has two single helices intertwined with each other via the C-C single bonds. Following
27 removal of TMS groups, double helical ladder oligomer rac-DH-1-D had sufficient solubility to be resolved via chiral HPLC, thus
28 enabling determination of its chirooptical properties such as CD spectra and optical rotation. (+)-DH-1-D has a large barrier for
29 racemization, with lower limit of AG” > 48 kcal mol™', which may be compared to DFT-computed barrier of 51 kcal mol™. The en-
30 antiomers of DH-1-D show an order of magnitude stronger chirooptical properties than the carbon-sulfur [7]helicene, as determined
31 by the anisotropy factor g = Ag/e =—0.039, based on Ag,=—11and £ =2.8 x 10* L mol ' cm ™' in cyclohexane at 327 nm.
32
33
34 INTRODUCTION cyclooctatetrathiophene, o,-COTh) and tetra[3,4]thienylene
35 Thiophene-based oligomers and polymers play prominent ([3,ﬁ-cyclooctatetrathiophene, B’B‘COTh) (Figure 2).may be
36 role in the development of organic materials for technological conceived as composed of double helical polymers with alter-
37 applications."” The mainstream research has largely focused nating connectivity of a,ﬁ-COTh and B’,B'COTh- L11.<ew1se,
38 on linear a-oligothiophenes, such as o-sexithiophene, and their the all-thlophene double. helices [rsr]lay be V‘?Wed as conjugated
39 analogous fused thiophenes (thienoacene) oligomers, such as d_ouble hehcal ladder ohgon.lerg. Such oligomers are of par-
40 pentathienoacene (Figure 1)."" Significant effort has been ticular .mterest, dge to their 1mag1nat1ve gnd extraordinary
41 made in the design of highly annelated oligothiophenes that ae.:sthetlcally plgasmg structures Wlth potential to possess very
42 lead to novel zero- and one-dimensional (0-D and 1-D) car- hlgh racemlzatlon barriers, propensity for stropg %gf(ze]rmolecu-
43 bon-sulfur molecules and oligomers. Among notable examples lar interactions, and strong chirooptical properties.
44 are sulflower (0-D)," and helical annclated B-oligothiophene, Figure 2. D,-symmetric fragment of two-dimensional (2D)
45 such as [7]helicene (1-D) (Figure 1),[5’6] These novel structures carbon-sulfur structure (geometry optimized at the AM1-level)
46 have received considerable attention because not only that and all-thiophene double helices with alternating connectivity

they are aesthetically pleasing, but also with great potential in
47 the design of organic functional materials with unique and
48 tunable optical/electronic properties.” s
B aYaYavayava e

S s s s” s s
51 a-sexithiophene «,p-COTh
52 « o s -
53
LI ¢

54 s s s S KA s s
55 pentathienoacene ¢/ \ & g B,-COTh
56 S [7]helicene
57 _ sulflower of 0,3-COTh and B,3-COTh.
58 Figure 1. Oligothiophenes and annelated carbon-sulfur The double helical motifs connected by covalent bonds per-
59 molecules and oligomers. tain to exotic macromolecules that are distinct from those non-
60 We are motivated to explore the two-dimensional (2-D) car- covalently linked helices derived from supramolecular assem-

bon-sulfur structure. Alternating connectivity of the saddle-
shaped tetraarylenes such as tetra[2,3]thienylene (o,f3-

bly of single strands by metal ion complexation,"*! aromatic
interaction'*"” and hydrogen bonding."*'” Design and syn-
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thesis of such macromolecules with double helical motif is
highly challenging. The primary challenge lies in diastereose-
lective (homochiral) connection of sterically hindered precur-
SOrS.

In the pioneering work by Rajca”, Marsella, and
Wong,!""! pre-installation of halogens into the building blocks
were pivotal for chemoselectivities and couplings (Figure 3).

(Rajca, 1997)

[10,18]

tetra-o-phenylene

(Marsella, 2000)

nBu Sl /” Bu — sz (dba)s
|/\ e 2 4,61 trlMePh
N Cul BuyNI
— NH(i-Pr),

28%

(Wong 2015)

%@» .

Figure 3. Syntheses of double helical molecules.

Rajca’s tetra-o-phenylene-based double helix 1, with four
biphenyl moieties, was synthesized in 4% yield via CuBr,-
promoted oxidative homocoupling of a racemic tetra-o-
phenylene precursor. As a continuation of Rajca’s work,
Wong[“] recently synthesized the optically pure homologues
of octaphenylene 1 with 3, 4, 5, and 6 biphenyl moieties via
the Suzuki cross-coupling reaction and the copper-mediated
oxidative homo-coupling reaction; in particular, starting from
enantiopure tetra-o-phenylene precursor, the CuCl,-mediated

homo-coupling gave octaphenylene la, an analogue of 1, in 16%

yield. Octaphenylene 1a and its higher homologues were ob-
tained in low yields (5-9%) via random homo-coupling of
enantiopure precursors with two and three biphenyl moieties
(Figure 3).""" Marsella’s conjugated double helical oc-
tathienylene 2 was obtained in 28% yield via Sonogashira
cross-coupling of the saddle-shaped racemic o,3-COTh build-
ing block. The building blocks with bulky substituents and low
diastereoselectivities presumably contributed to the reported
low CC-bond coupling efficiencies, starting from racemic
precursors, although the introduction of the bridging acetylene

units should help release the steric hindrance in the latter case.
[18]

Development of convenient and efficient approaches to
double helical oligomers is still highly sought, which should in
turn spur the advances of this challenging field.

Our groups have been actively involved in the synthesis of
oligo(thienylene) derivatives.” """ We discover that rac-B,p-
COTh-TMS, (rac-3) preferentially undergoes stepwise ipsi-
lateral deprotonation. This prompts us to explore iterative
deprotonation/coupling strategy for the synthesis of double
helical molecules and oligomers, as shown in Scheme 1. In
principle, these oligomers should adopt double helical geome-
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try that is enforced by covalent C-C bond linkage. We note the
two critical factors for this strategy. First, selective control of
stepwise ipsilateral deprotonation of the highly strained oli-
gomers with bulky substituents must be efficient. Second, the
highly twisted racemic double helices and the thienylene
building blocks should induce significant diastereoselectivity
in the CC-bond forming coupling reaction.

Scheme 1. The synthetic route to double helices.

X/
Negishi Coupling *Sl\ 8IS
$ S
\ / n-BuLi Q_g
™S ™S (2 equiv) B, BY
TMS._~ N TMS Zn<:|2 Si \
Lo = s

rac-3 BuLi
higher (2 equiv)
order
oligomers | 2) Oxidative Coupling

Here we report the iterative ipsilateral deprotona-
tion/coupling strategy to construct the double helical motifs
from a,-COTh and B,3-COTh building blocks (Scheme 1
and 4). With this synthetic strategy, we obtain racemic double
helices rac-DH-1, rac-DH-2 and rac-DH-3 (Chart 1) in re-
markable yields (26%42%). Rac-DH-3 is the longest =-
conjugated thiophene-based double helix, possessing 6
bithienylene units. X-ray crystallographic studies of rac-DH-1,
rac-DH-2 and rac-DH-3 unambiguously reveal that each dou-
ble helical scaffold has two single helices intertwined with
each other via the C-C single bonds.

Chart 1.
T™MS TMS TMS T™S TMS TMS TMS

™S TMS ™S T™MS TMS  TMS TMS

rac-DH-1 rac-DH-2

TMS T™MS TMS TMS TMS T™S

T™S TMS TMS TMS TMS T™S
rac-DH-3

RESULTS AND DISCUSSION

Regioselective deprotonation of B,-COTh. We first ex-
plored the possibility of regioselective deprotonation of B,3-
COTh, which is the key for successful construction of double
helical motif. Although the first synthesis of B,3-COTh was
reported by Kauffmann™'! in 1978, there has been no report on
its regioselective deprotonation.

Scheme 2. Regioselective deprotonation of ,3-COTh.

s s
P\ /S DnBuli@-10eq) pyg [ _A—TMs
N 2 e0°C, THF
p 2) TMS-CI ™MS—7 N—TMS
s s
s \ g s
B,-COTh

73%
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We first attempted to deprotonate all eight a-CH positions

in B,B-COTh using 10 equivalents of n-BuLi in THF at —78 °C.

After the reaction mixture was warmed to 60 °C for 2 hours,
and quenched with TMS-CI, to our surprise, only the product
with four TMS substituents (3) was obtained in 73% yield
(Scheme 2), rather than the anticipated octa-TMS-substituted
product. The ipsilateral substitution patterns were also notable,
possibly due to lithium chelation.”” We reason that selective
deprotonation of B,3-COTh might originate in the intermedi-
ate (B,B-COTh-Li,) bearing a double-bridged dilithium moie-
ties, as suggested by Xi™** in the case of 1,4-dilithio-1,3-
butadiene. This might be the key factor for the observed selec-
tivity. We then explored the loading range of #n-BuLi from 4 to
10 equivalents and obtained the same results. We next careful-
ly investigated the effect of temperature. We found that the
deprotonation of B,3-COTh with #-BuLi showed very low
efficiency below -60 °C, but greatly improved in the tempera-
ture range of -30 — 60 °C, in which 3 was obtained in the
yields of 74-80% (Table S1, SI). We also carried out reactions
using s-BuLi and #-BuLi and found similar results to that of n-
BuLi (Table S2, SI). Lastly, even weaker base such as LDA
provided 3 in 67% yield. When the reaction of f,3-COTh with
n-BuLi was quenched with D,0, 99% yield of B,3-COTh-d,
was obtained (Table S2, SI). Therefore, we conclude that
deprotonation of B,3-COTh is highly selective to give carbo-
tetraanion/salt when >4 equiv of n-BuLi is used. The carbo-
tetraanion/salt of B,3-COTh are quite stable over a wide tem-
perature range, even as high as 60 °C. The structure of 3 was
confirmed by X-ray crystal diffraction analysis (Figure 4).

Next, we turned our attention to the deprotonation of 3,
which has four equivalent peripheral a-CH positions. Note that
regioselective formation of carbodianion/salt via ipsilateral
deprotonation of 3 is the prerequisite for our synthetic ap-
proach to double helices (Scheme 1). Treatment of 3 with 2.0
equiv n-BuLi in diethyl ether at —78 °C, then warming up to 60
°C for 2 h, and then quenching with iodine provided the ex-
pected ipsilateral diodide 4 in 70% yield (Scheme 3). Similarly
to the deprotonation of B,3-COTh, the deprotonation of 3
shows temperature dependence (Table S3, SI). The yields of 4
can reach up to 65-72% when the reaction temperature was in
the 0-60 °C range. When 4.5 equiv n-BuLi was employed, a
tetra-iodo substituted compound 5 was produced in 69% yield
(Scheme 3). Structures of both 4 and 5 were confirmed by X-
ray crystal analyses (Figure 4). We speculate that deprotona-
tion of 3 may have occurred in a stepwise fashion, i.e., two
ipsilateral deprotonations in sequence.

Page 4 of 11

Scheme 3. Regioselective deprotonation of rac-3.

[
s s ) ) SN /%

n-BuLi n-BuLi TMS— ~—TMS
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d AN
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S \ s S
[
g ! 4

69 % 70 %

Syntheses of rac-DH-1, rac-DH-2 and rac-DH-3. The suc-
cess in highly selective deprotonations of ,3-COTh and 3
offered us the possible synthetic pathway to novel double heli-
cal oligomers, as summarized in Scheme 4. The synthesis has
three main features: (1) the precursors are racemic, (2) direct
annelation of two building blocks, o,3-COTh and B,3-COTh,
without any linkage, and (3) TMS groups provide protection
and solubility.

Scheme 4. The synthetic route to racemic double helical mol-
ecules

1) n-Buli (2.1 eq)

60 °C 1) n-B:Li (2.1 eq)
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o
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33%
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Figure 4. The crystal structures of 3, 4 and 5 (from left to right). Carbon, silicon, sulfur and iodine atoms are depicted with thermal
ellipsoids set at the 30% probability level. All hydrogen atoms are omitted for clarity.
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(R.R,R)-DH-1

Dimer-A

(S,S,5)

(R,RR,RR,R)-DH-3

|

(S,S,S,S,S,S)-DH-3

(S,S,S)-DH-1

(S,S,5)

meso-DDH-1-Cl,

Figure 5. The possible formation of rac-DH-3 from rac-DH-1. (R)/(S) labels indicate configuration of chiral axes associated with

3,3’-bithienylene moieties.

The tris(bithienylene) rac-DH-1 was obtained by treatment
of rac-3 with 2 equiv of n-BuLi followed by trapping with
ZnCl, and subsequent Negishi coupling with 2,2'-dibromo-
5,5'-di(trimethylsilyl)-3,3"-bithiophene (6). The overall yield
was 33%. Likewise, the tetrakis(bithienylene) rac-DH-2 was
readily produced by CuBr,-mediated oxidative coupling of
rac-3-Li, in a higher 42% yield over two steps. Further depro-
tonation of the rac-DH-1 at its only two o-CH positions, using
2.5 equiv of n-BuLi at 60 °C, again displays high ipsilateral
selectivity, as evidenced by isolation d,-quenching product
rac-DH-1-d, in 99% yield. Upon treatment of rac-DH-1 with
2+ equiv of n-BulLi, followed by the addition of CuCl,, result-
ed in oxidative dimerization of the likely rac-DH-1-Li, inter-
mediate. As a result, a higher order homologous double helix,
namely hexakis(bithienylene), rac-DH-3 was obtained in 26%
yield (over 2 steps). Two side products were also identified to
be DH-1 bearing two ClI groups, such as meso-DDH-1-Cl, and
DH-1-Cl, isolated in 11% and 22% yields, respectively
(Scheme 4).[9’25] NMR spectra of crude reaction mixtures for
rac-DH-2, produced by CuBr,-mediated oxidative coupling of
rac-3-Li,, indicate absence of similar bromo-substituted by-
products (Figure S24, SI). These results clearly demonstrate

the efficiency of the iterative deprotonation/coupling strategy
in the construction of the double helical oligomers.

As evident in preparation of COThs,"***"?**"l construction

of eight-membered thienylene-derived rings generally results
in very low yields, presumably due to highly disfavored strain
residing in the products. In comparison, the more twisted ge-
ometries in the double helical motifs should induce additional
molecular strains, and consequently gives poorer yields (e.g., 4%
coupling yield for making octaphenylene 1 by Rajca’). How-
ever, our approach to the double helical oligomers exhibits
reasonably good coupling efficiency. The key attribute is the
formation of highly stable lithiated carbodianions after ipsilat-
eral deprotonation of the TMS-thienylene precursors at 60 °C.
The subsequent coupling provides rac-DH-1, rac-DH-2 and
rac-DH-3 in 33%, 42% and 26% yields, respectively. Very
low yields of products and various side products were ob-
tained if the deprotonation reactions were run at —78 °C, possi-
bly due to a slow or incomplete deprotonation process. We
believe that highly efficient formation of lithiated carboanions
is the key for preparation of the double helical oligomers.
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Figure 6. X-ray crystal structures of rac-DH-1 (a), rac-DH-2 (b), rac-DH-3 (¢), the crystal cell of rac-DH-3 (d) and meso-DDH-1-Cl, (e)
(side view). rac-DH-3 (d) showing two repeat units of one supramolecular polymer chain that form across the two vertex angles of cell.
Carbon, silicon, sulfur and chlorine atoms are depicted with thermal ellipsoids set at the 30% probability level. All hydrogen atoms are

omitted for clarity.

Table 1. Data for X-ray crystal structures®

Averaged Dihedral Angle (°)
Compound

Averaged Inner Angle (°)

TMS4-a,8-COTh 37.7 (A" 128.4 (A)"
TMS,-B,B-COTh (3) 51.0 (B) 121.9 (B)
Ay B, Ay B, Aj Ay B, Ay B, A,
rac-DH-1 420 51.1 126.6 121.9
rac-DH-2 420 49.7 51.6 126.5 1222 122.7
rac-DH-3 40.7 50.1 39.0 50.3 40.6 127.1 1223 1277 1222 1272

* A corresponds to TMS,-a,-COTh moiety and B corresponds to TMS,-B,3-COTh (3) moiety.

To date, the syntheses of chiral double helices strictly re-
quires optically pure starting materials.!'"*>*! In the present
work, we utilized a racemic mixture ((R,R R)-DH-1 and
(S,S,5)-DH-1), where the (R)/(S) labels for three chiral axes

pertain to the three 3,3’-bithienylene moieties, as the precursor
for DH-3. We note that DH-3 has six chiral axes, which
means only three isomers, two enantiomers (R,R,R,R,RR)-
DH-3 and (S,S,S,S,S,5)-DH-3, and a plausible meso-DH-3
could be obtained from dimers A, B and C (Figure 5), respec-

ACS Paragon Plus Environment



Page 7 of 11

©CoO~NOUTA,WNPE

e
[Ny

U OO A DMBEBRAMDIMBAEDIAMDIMNDMOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOUPRRWNRPOOO~NOURARWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOOMWN

tively. The dimers A, B and C might be formed by coupling of
(R,R,R)-DH-1 and (S,S,S)-DH-1. The next ring closure cou-
pling can occur within the dimer A and B to generate rac-DH-
3 in 26% yield. Meanwhile, the side-product, meso-DDH-1-
Cl,, was generated in 11% yield, due to the failure of the ring
closure of dimer-C (meso compound). The yield of rac-DH-3
is about twice to that of meso-DDH-1-Cl,, which implies a
significant diastereoselectivity for the initial C-C bond for-
mation between homochiral DH-1 building blocks leading to
dimers A and B."*”

The X-ray crystal structure analyses of double helical oli-
gomers. The three double helical oligomers, rac-DH-1, rac-
DH-2, and rac-DH-3, as well as meso-DDH-1-Cl,, can be
crystallized from chloroform/methanol; they crystallize in
monoclinic/space point P2(1)/c, monoclinic/space point C2/c,
triclinic/space point P-1 and triclinic/space point P-1, respec-
tively. Their crystal structures are shown in Figure 6, from
which the double helical molecular structures can be visual-
ized directly. Rac-DH-1, rac-DH-2 and rac-DH-3 have two,
three and five COTh moieties, respectively. These COTh moi-
eties are sequentially annelated together in the molecules,
which contain double helical structures intertwined with each
other via the C—C single bonds. The molecular lengths extend
from 7.884 A (S2...C26) to 11.921 A (C39...C53) and 17.956
A (C11...C69) for rac-DH-1, rac-DH-2 and rac-DH-3, re-
spectively. In addition, the dihedral angle of the two terminal
thiophene rings of each strand (blue or red strand, Fig.5) in the
double helical oligomer are measured, and the average value
increased from 127° to 196° and 298° for rac-DH-1, rac-DH-
2 and rac-DH-3, respectively.

In packing of rac-DH-3, two enantiomers ((R,R,R,R,R,R)-
DH-3 and (S,S,S,S,S,S)-DH-3) per unit cell are shown in Fig-
ure 6d. Only two HI1A--HI12A short interactions (2.261 A)
between the repeat two enantiomer units form one supramo-
lecular polymer chain across the two vertex angles of cell.
Similar observations were reported in the self-aggregation of
helicenes,?” and tetra(phenylacetyl)-a,3-COTh.!"¥ In addition,
another two H11B--H44A short interactions (2.325 A) be-
tween two adjacent enantiomers from two neighboring supra-
molecular polymer chains link the polymer chains to form
crystal packing pattern.

In the crystal of meso-DDH-1-Cl,, one molecule per unit
cell packing one by one is shown along the a-axis. Only in-
termolecular interaction between S1---H27C is observed with
distance of 2.911 A. Each molecule combines with two mol-
ecules of chloroform. The distance between two Cl1 atoms is
7.505 A, and the distance between two C16 atoms (Figure 6e)
is 7.093 A. Such distance implies significant disfavored steric
interaction for ring closure coupling to generate meso-DH-3
from dimer-C.

More interestingly, rac-DH-1, rac-DH-2 and rac-DH-3 are
independently constructed by one o,-COTh and one f3,B3-
COTh, one o,p-COTh and two [,B-COTh, and three a,f3-
COTh and two B,3-COTh, respectively. The averaged dihedral
angles (0) and averaged inner angles () of a,3-COTh and f3,$3-
COTh moieites bearing four TMS groups are measured to be
37.7°, 51.0° and 128.4°, 121.9° (Table 1), respectively. It is
also interesting to note that all a,-COTh and B,-COTh moie-
ties in the three double helical oligomers retain their parent
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conformations because the angles 0 and o within the moieties
are similar to those in a,3-COTh and B,-COTh molecules.
This suggests that little, if any, extra strain is introduced in the
annelation process leading to the double helical oligomers.

The electronic absorption spectra of double helical oligo-
mers. UV-vis absorption spectra of o,3-COTh and B,3-COTh
were used to evaluate electron delocalization in rac-DH-1,
rac-DH-2 and rac-DH-3 (Figure 7). B,3-COTh shows two
peaks at 232 nm and 265 nm (shoulder). Meanwhile, (TMS),-
0,B-COTh shows two peaks at 234 nm and 290 nm, and a
weak band at ~350 nm. Double helices rac-DH-1, rac-DH-2
and rac-DH-3 show four absorption bands at ~230 nm, ~265
nm (shoulder), ~300 nm, and a very weak band at ~350 nm
(shoulder). Besides the significant increases in absorbance,
peaks at ~ 230 nm remain at the same wavelength, while the
other bands show small bathochromic shifts with increasing
length of the double helix. We rationalize this behavior by
noting that a,3-COTh and B,-COTh moieties are sequential-
ly annelated in the double helical oligomers, forming cross-
conjugated m-system of 2,2’°-bithienyls, which shows signifi-
cant increases in absorbance but weak bathochromic shifts.
This behavior is analogous to that observed in cross-
conjugated carbon-sulfur [n]helicenes (Figure 1).°%"

——pB,p-COTh
—3
0.6 TMS,-,3-COTh
) rac-DH-1
2 rac-DH-2
b rac-DH-3
<]
3
< 0.34
74 —\k
0.0+

T T T T 1
200 250 300 350 400 450
Wavelength (nm)

Figure 7. UV-vis absorption spectra in dichloromethane at
room temperature ([C] =1 x 10~ M).

Resolution of double helix DH-1-D: barrier for racemi-
zation and chirooptical properties. For resolution of double
helical oligomers, we chose chiral AD-H column, which gave
baseline resolution of enantiomers in racemic carbon-sulfur
[n]helicenes (n = 7, 9, 11).5%**3!1 Thus, we were disappoint-
ed to find out that the chromatograms for rac-DH-1, rac-DH-2
and rac-DH-3 showed only a single sharp peak (Figures S1-
S3, SI). Therefore, we removed TMS groups using trifluoroa-
cetic acid to obtain cleanly the corresponding deprotected
double helices rac-DH-1-D, rac-DH-2-D and rac-DH-3-D.
However, only rac-DH-1-D had sufficient solubility in organ-
ic solvents to permit resolution with chiral HPLC;DZ] we ob-
tained a fraction of mg of (+)-DH-1-D and (-)-DH-1-D with
99+% enantiomeric excess (ee) (Figure S1, SI).

Since pure enantiomers had a melting point of 294 °C, we
attempted racemization of (+)-enantiomer at 298 °C on air
using melting point capillaries and following the progress of
the reaction by chiral HPLC. However, even after heating at
298 °C for 120 min, the chromatograms of these samples show
only one peak, with a broad shoulder near the baseline (Figure
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S4, SI). Thus, assuming that up to 5% of (-)-enantiomer has
formed, we estimate the lower limit for the barrier for racemi-
zation as AG” > 48 kcal mol”. This barrier is significantly
higher than the barrier AG” = 43.5 kcal mol™ for racemization
of [9]helicene™ but most likely lower than B3LYP and MP2-
computed barrier of about 79 kcal mol™ for ring inversion in
tetra-o-phenylene.?**!

Enantiomers of double helix DH-1-D possess moderate op-
tical rotations, e.g., for (-)-enantiomer, [a]p = —176 (c 0.036,
cyclohexane) 107 deg cm® g”,B®® which is significantly
weaker than [o]p = —1019 10" deg cm’® g for carbon-sulfur
[7]helicene. CD spectra show helicene-like spectral pattern
with the sign of the longest wavelength Cotton effect corre-
sponding to the sign of [a]p, i.e., the sign is negative for the (-
)-enantiomer with Ag, ~—11.0 L mol ' cm ™' at 327 nm (Fig-
ure 8).5¢>

T
<

rac-DH-1-D
TD DFT fit

£ (103 L mo|‘1cm‘1)

)

cm
3

1

T

Az (L mol

(+)-DH-1-D
—— ()-DH-1-D
——— TDDFTfit

T T
200 300 400 500
A (nm)

Figure 8. UV-vis absorption spectra and CD spectra for DH-
1-D in cyclohexane (solid lines).®*) TD DFT-computed spec-
tra at the CAM-B3LYP/6-31+G(d,p)/IEF-PCM-UFF (cyclo-
hexane) level of theory. Both computed spectra were shifted
by -0.15 eV and scaled vertically.

The strength of chiroptical properties in absorption may be
measured by the corresponding anisotropy factors (g-
values).””*® Thus for (-)-DH-1-D, g = Ag/e = —0.039, based
on Agp=—-11.0and ¢ =2.8 x 10° L mol' cm ' at 327 nm in
cyclohexane, may be compared to g = Ag/e = —4 x 10~ for
carbon-sulfur [7]helicene, in which Ag,,=-117 and € =3.1 X
10* L mol™ cm™ at 285 nm.”*** This implies significantly
stronger chirooptical properties for the double helix (-)-DH-1-
D than for carbon-sulfur [7]helicene.

High barrier for racemization and the significant strength of
chiroptical properties in DH-1-D indicate thiophene-based
double helical oligomers with their unique structures have a
potential to become a significant player in the field of chiral
materials, analogously to tetraphenylenes.[12‘39] Moreover, thi-
ophene-based double helices may provide a new chiral molec-

ular architecture for the emerging field of chiral organic con-
ducting systems."*"!

DFT modelling of barrier for racemization and CD spectra
for DH-1-D. All geometries were optimized at the B3LYP/6-
31G(d,p)+ZPVE level of theory; transition states were charac-
terized by intrinsic reaction coordinate (IRC) computations.™*'

As expected, global minimum structures for a,3-COTh,
B,B-COTh and DH-1-D possess D,, D,g4, and C, point groups
of symmetry, respectively (Table 2). The planar structures of
a,3-COTh, B,3-COTh and DH-1-D, with Dy, Dyy-, and Cy,-
symmetries, are at 29.77, 47.09, and 138.03 kcal mol ™ above
their corresponding global minimum structures and correspond
to the critical points with multiple imaginary frequencies. The
transition states (one imaginary frequency) for ring flip in a,f3-
COTh and B,B-COTh, with C; and D, point groups of sym-
metry, are at 29.51 and 45.24 kcal mol” above their corre-
sponding global minimum structures, that is, only slightly
below the planar structures.

Table 2. Barriers for ring inversion (racemization) in
tetrathienylenes and in double helix DH-1-D at the B3LYP/6-
31G(d,p)+ZPVE level of theory.

Point group of]
symmetry Relative
Compound (number of Crit.ical energy
imaginary point (keal mol™)
frequencies)
a,B-COTh D, (0) minimum 0.00
a,B-COTh Ci (1) TS 29.51
a,B-COTh Dy, (3) 29.77
B.p-COTh Dy, (0) minimum 0.00
B,B-COTh Dy (1) TS 45.24
p.p-COTh Dy (4) 47.09
DH-1-D C, (0) minimum 0.00
DH-1-D G, (0) minimum 39.52
DH-1-D G (1) TS 42.75
DH-1-D Ci (1) TS 51.03
DH-1-D Gy (7) 138.03

For DH-1-D, two transition states were identified at 42.75
and 51.03 kcal mol’ above the global minimum. The C,-
symmetric global minimum structure may be viewed as pos-
sessing three 3,3’-bithienylene moieties associated with the
three chiral axes of the same configuration. IRC computations
revealed that both transition states are connected to the global
minimum on one side and to the second C,-symmetric mini-
mum on the other side, which is 39.52 kcal mol" higher in
energy. The second minimum structure possesses two terminal
3,3’-bithienylene moieties with opposite configurations and
the center 3,3’-bithienylene moiety is flattened. The process of
racemization of DH-1-D is complex because it involves inver-
sion of the chiral axes associated with three 3,3’-bithienylene
moieties (Figure 9). This process of racemization may be
thought as involving two chiral axes at the same time. First,
the two 3,3’-bithienylene moieties flatten, forming the lower
energy transition state with nearly planar a,3-COTh moiety.
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Second, the terminal 3,3’-bithienylene moiety within o,f3-
COTh moiety acquires inverted configuration forming the
second minimum structure, and then next the other terminal
3,3’-bithienylene moiety flattens, forming the highest energy
transition state with nearly planar ,3-COTh moiety. Finally,
the two 3,3’-bithienylene moieties within nearly planar f3,f-
COTh moiety invert their configuration, thus forming enanti-
omer of DH-1-D.

Theoretical modelling of the UV-vis absorption and CD
spectra was carried out at the CAM-B3LYP/6-31+G(d,p) level
in IEF-PCM-UFF-modelled cyclohexane and using B3LYP/6-
31G(d,p)-optimized geometries.*"! Both computed spectra
were shifted by -0.15 eV and scaled vertically to obtain rea-
sonable fit to the experimental data (Figure 8).

215 2
g
*}.,j_“a-f*'ﬁ
X300 / s108
Lﬂ ﬂ,, S RS2
f a7 N
[ (9)-Ts1 5
i ’*‘;‘:ﬁ
3952
(RS)-DH-1-D
e %1
A3 "
’ ,),-«.'.g
M { *wt,
0.00 0.00
(S5,9)-DH-1-D

(R,R,R)-DH-1-D

Figure 9. Potential energy surface for racemization of DH-1-
D at the B3LYP/6-31G(d,p)+ZPVE level of theory

CONCLUSIONS

We demonstrate a facile and efficient “iterative deprotona-
tion/ CC-bond coupling” strategy for the construction of con-
jugated double helical ladder oligomer, starting from the achi-
ral, saddle-shaped B,3-COTh building block. The highly regi-
oselective deprotonation of B,3-COTh, using n-BulLi, is the
key step in the synthetic strategy. Diastereoselectivity is cru-
cial for the formation of double helices rac-DH-2 and rac-
DH-3 from racemic precursors (rac-3 and rac-DH-1), in
which rac-DH-3 showcases the longest double helix. These
distinctive features provide a possibility to establish a general
guideline for preparation of double helical oligomers with a
defined length. Furthermore, the X-ray crystallographic stud-
ies on the three double helical oligomers clearly show the mo-
lecular structures of z-conjugated double helical ladder oligo-
mers. Resolution of rac-DH-1-D allowed us to establish both
strong chirooptical properties and large barriers for racemiza-
tion of the lowest double helical homologue. Although the
resolution of the higher homologues was not successful, this
work will facilitate the synthetic approaches to enantiopure
double helical ladder oligomers and provide a configurational-
ly stable framework for the construction of organic materials
based upon chiral z-conjugated systems.
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