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Abstract: The synthesis and characterization of a novel oligothiophene, in which the thiophene rings are
annelated into a [7]helicene with cross-conjugated sz-system, are described. Such [7]helicenes may be
viewed as fragments of the unprecedented carbon—sulfur (C,S), helix, possessing sulfur-rich molecular
periphery. Racemic synthesis of [7]helicene is based upon iterative alternation of two steps: C—C bond
homocouplings between the 5-positions of thiophenes and annelation between the a-positions of thiophenes.
Asymmetric synthesis is carried out using (—)-sparteine-mediated annelation of the axially chiral
bis(aryllithium) with electrophilic sulfur equivalent. Alternatively, enantiomers of the [7]helicene are obtained
via resolution using menthol-based chiral siloxanes. Racemic [7]helicene and four other macrocyclic products
of the annelation are characterized by X-ray crystallography. One of the solvent polymorphs of the [7]-
helicene possesses 7-stacked columns of opposite enantiomers and multiple short intermolecular contacts,
including both homochiral and heterochiral short S---S contacts, suggesting an effective intermolecular
electronic coupling in two-dimensions. The [7]helicene is configurationally stable at room temperature and
racemizes at 199 °C with a half-time of about 11 h. Selected physicochemical studies (UV—vis absorption,
CD, optical rotation, and cyclic voltammetry) of the [7]helicene are described.

Introduction FN N NN N\
Oligothiophenes are among the most studieslstems with s s s s s s
favorable electrical and optical properties for a wide range of o—sexithiophene

T University of Nebraska.
*Indiana University.
1) Katz, H. E.; Bao, Z.; Gilat, S. LAcc. Chem. Ref001, 34, 359-369. - . . .
(2) Fiehour D, Mater. Chem2000 16, 571 536, quasi-linear (C,S),, oligomer  helical (CS),, oligomer
(3) Roncali, JAcc. Chem. Re®00Q 33, 147-156.
(4) Tour, J. M.Acc. Chem. Re001, 34, 791-804.
(5) Izumi, T.; Kobashi, S.; Takimiya, K.; Aso, Y.; Otsubo, J. Am. Chem.
S0c.2003 125 5286-5287.
(6) (a) Kramer, J.; Rios-Carreras, |.; Fuhrmann, G.; Musch, C.; Wunderlin, S S
M.; Debaerdemaeker, T.; Mena-Osteritz, E;;JuBde, P.Angew. Chem., f \ f \ f \
Int. Ed.200Q 39, 3481-3486. (b) Gesquiere, A.; Jonkheijm, P.; Schenning,
A. P. H. J.; Mena-Osteritz, E.; Berle, P.; de Feyter, S.; de Schryver, F. S S S
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(7) Casado, J.; Pappenfus, T. M.; Miller, L. L.; Mann, K. R.; Orti, E.; Viruela,
P. M.; Pou-Amerigo, R.; Hernandez, V.; Navarette, J. TJ.LAm. Chem.

new technologie$:® Current efforts have been focused on

a-oligothiophenes, such assexithiophene (Figure 1), in which

thiophene rings are connectedapositions, forming a linearly

extended, conjugated-system:~1° However, analogous-oli- m
gothiophenes have received little attentidnis in part due to

S0c.2003 125, 2524-2534. [7]helicene 1
(8) Huynh W. U.; Dittmer, J. J.; Alivastatos, A. Bcience2002 295, 2425-
2427 Figure 1. Oligothiophenes:a-sexithiophene and annelated carbsulfur

9) Horownz G.; Bachet, B.; Yassar, A.; Lang, P.; Demanze, F.; Fave, J.-L.; ; ;
Garier, E.Chem. Mater1995 7. 13371341, (C,S), oligomers that are quasi-linear and helical.
(10) (a) Murphy, A. R.; Frehet, J. M. J.; Chang, P.; Lee, J.; Subramanian, V.
J. Am. Chem. So@004 126, 1596-1597. (b) Liu, J.; Kadnikova, E. N.;

Liu, Y.; McGehee, M. D.; Frehet, J. M. JJ. Am. Chem. SoQ004 126, the lack of efficient synthetic methodologi&sFurthermore,
9486-9487. ; ; ; ; ;

(11) p-Oligothiophene as a linear tetramer: Ye, X.-S.; Wong, H. NJ.®rg. ﬁ'o“gOthIOphenes are h'gh_ly tWIStG(_j ﬂt_ﬁ_“nk_ag_es’ except
Chem.1997, 62, 1940-1954. for the planar macrocyclic trimé?,leading to negligible electron
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delocalization. Notably, thiophene-based annelations of linear extended fijhelicenesl’32-34 |n this aspect, solution-based

f-oligothiophenes give helical carbesulfur (GS), oligomers
for large n, possessing moderate curvature characteristic of
helicenes (Figure %17 Such esthetically pleasing structures
are also associated with cross-conjugatedystems for the
carbon-carbon framework¥-2! In contrast, analogous carben
sulfur oligomers derived frona-oligothiophenes are planar,
quasi-linear, with conjugated-systems (thienoacene®Z).26

In these sulfur-rich annelated oligomers, all sulfur atoms are
positioned at the molecular periphery, facilitating multiple short
intermolecular S-S contacts, which may increase the effective
dimensionality of the electronic structure, leading to enhanced

(rather than photochemical) synthetic methodologies for non-
racemic plhelicenes and applications of]pelicenes as organic
materials have become topics of current intefest!

Following the preliminary communication of racemic syn-
thesis of [7]helicend (Figure 1)#> we now report the improved
racemic synthesis, asymmetric synthesis, and resolution of
carbon-sulfur [7]helicened#*648 Also, crystal structures,
determinations of barrier for racemization, and chirooptical and
cyclic voltammetric studies fot and related compounds are
described.

transport properties. The relevant examples are improved Results and Discussion

mobility in organic field effect transistorg;?8 formation of
neutral organic metaf, organic conductor-to-semiconductor
phase transformatior$8,and increased critical temperatures in
organic superconductotsFurthermore, cross-conjugateesys-

Racemic Synthesis of [7]Helicene 1The synthesis of [7]-
helicene ract consists of two iterations (Scheme 1). Each
iteration consists of two key steps, connection of thiophene
derivatives at theif3-positions and annelation to form a new

tems have attracted recent attention because of their unusuallfpiophene ring's

robust optical properties; however, the studies of their electronic

properties are in the early stagés?!

An additional motivation to develop syntheses of such
helically annelated3-oligothiophenes stems from the well-
known strong chiral, especially chirooptical, properties of

(12) -Oligothiophene as a cyclic trimer: Hart, H.; Sasaoka,JMAm. Chem.
Soc.1978 100, 4326-4327.
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1975 14, 713-714. (b) Kauffmann, TAngew. Chem., Int. Ed. Endl979
18, 1—-19.

(14) Miyasaka, M.; Rajca, ASynlett2004 177-182.
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M. S. M.; Zhang, H.; Zhao, X.; Wong, W. YChem. Commur200Q 75—

76.
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Sohn, H.; Gantzel, P. K.; Trogler, W. @. Am. Chem. SoQ001, 123
1199-1207. (b) Frapper, G.; Saillard, J.-¥. Am. Chem. So@00Q 122,
5367—-5370. (c) Chou, J.-H.; Rauchfuss, T.B.Natursforsch., B: Chem.
Sci. 1997, 52, 1549 — 1552. (d) Genin, H.; Hoffmann, Rl. Am. Chem.
So0c.1995 117, 12328-12335. (e) Gompper, R.; Knieler, R.; Polborn, K.
Z. Natursforsch., B: Chem. Sdi993 48, 1621-1624.
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Organic ChemistryTop. Curr. Chem1985 127, 1-76.
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C.; Tykwinski, R. R.; Gisselbrecht, J.-P.; Gramlich, V.; Skinner, P. J.;
Bosshard, C.; Guther, P.; Gross, M.; Diederich, Ehem.-Eur. 32001,

7, 3263-3280.

(19) (a) Zhao, Y.; Tykwinski, R. RJ. Am. Chem. S0d.999 121, 458-459.

(b) Zhao, Y.; McDonald, R.; Tykwinski, R. Rl. Org. Chem2002 67,
2805-2812.

(20) Gaab, K. M.; Thompson, A. L.; Xu, J.; Martinez, T. J.; Bardeen, Q. J.
Am. Chem. So2003 125 9288-9289.

(21) (@) Londergan, T. M.; You, Y.; Thompson, M. E.; Weber, W. P.
Macromolecules998 31, 2784-2788. (b) Wilson, J. N.; Windscheif, P.
M.; Evans, U.; Myrick, M. L.; Bunz, U. H. FMacromolecule®002 35,
8681-8683.

(22) a,0/-Bis(thieno[3,2b:2',3-d]thiophene) as an active layer in organic field
effect transistors: Li, X.-C.; Sirringhaus, H.; Garnier, F.; Holmes, A. B,;
Moratti, S. C.; Feeder, N.; Clegg, W.; Teat, S. J.; Friend, RJHAm.
Chem. Soc1998 120, 2206-2207.

(23) Mazaki, Y.; Kobayashi, KTetrahedron Lett1989 30, 3315-3318.

(24) sato, V.; Mazaki, Y.; Kobayashi, K.; Kobayashi,Jl.Chem. Soc., Perkin
Trans. 21992 765-770.

(25) Zhang, X.; Matzger, A. 1. Org. Chem2003 68, 9813-9815.

(26) Oyaizu, K.; lwasaki, T.; Tsukahara, Y.; TsuchidaMacromolecule2004
37, 1257-1270.

(27) Bromley, S. T.; Mas-Torrent, M.; Hadley, P.; Rovira, £.Am. Chem.
S0c.2004 126, 6544-6545.

(28) Xue, J.; Forrest, S. Rppl. Phys. Lett2001, 79, 3714-3716.

(29) Tanaka, H.; Okano, Y.; Kobayashi, H.; Suzuki, W.; KobayashBdence
2001, 291, 285-287.

(30) Laukhina, E.; Tkacheva, V.; Chekhlov, A.; Yagubskii, E.; Wojciechowski,
R.; Ulanski, J.; Vidal-Gancedo, J.; Veciana, J.; Laukhin, V.; Rovira, C.
Chem. Mater2004 16, 2471-2479.
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1988 55-58. (b) Williams, J. M.; Schultz, A. J.; Geiser, U.; Carlson, K.
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In the first iteration, 4,4dibromo-3,3-bithienyl ) is obtained
from 3,4-dibromothiophene, using optimized conditions for the
Li/Br exchange, followed by oxidation of the resultant 3-bromo-
4-thienyllithium with CuC}.*° Selective 5,5dilithiation (oo’

(32) (a) Newman, M. S.; Lutz, W. B.; Lednicer, D. Am. Chem. Sod.955
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31, 2135-2137. (c) Martin, R. H.; Libert, VJ. Chem. Res., Synop98Q
130-131.
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rings: Yamada, K.; Ogashiwa, S.; Tanaka, H.; Nakagawa, H.; Kawazura,
H. Chem. Lett.1981, 343-346. (b) Racemic [5], [7], [9], [11]helicenes
with alternate thiophene and benzene rings: Caronna, T.; Catellani, M.;
Luzatti, Malpezzi, L.; Meille, S. V.; Mele, A.; Richter, C.; Sinisi, Rhem.
Mater. 2001, 13, 3906-3914.

(35) (a) Urbano, AAngew. Chem., Int. E@003 42, 3986-3989. (b) Schmuck,

C. Angew. Chem., Int. EQ003 42, 2448-2452.
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C.; Katz, T. J.; Persoons, Aciencel998 282 913-915. (c) Nuckolls,
C.; Katz, T. J.; Katz, G.; Collings, P. J.; CastellanosJLAm. Chem. Soc.
1999 121, 79-88. (d) Paruch, K.; VyklinckyL.; Katz, T. J.; Incarvito, C.
D.; Rheingold, A. L.J. Org. Chem200Q 65, 8774-8782. (e) Phillips, K.
E. S.; Katz, T. J.; Jockusch, S.; Lovinger, A. J.; Turro, NJ.JAm. Chem.
Soc.2001, 123, 11899-11907. (f) Vyklincky, L.; Eichhorn, S. H.; Katz,
T. J.Chem. Mater2003 15, 3594-3601. .

(37) (a) Teply F.; Staral. G.; Starfy I.; Kollarovit, A.; Saman, D.; Vyskoit,
S.; Fiedler, PJ. Org. Chem2003 68, 5193-5197. (b) TeplyF.; Stafal.
G.; Stafy |.; Kollarovi¢, A.; Saman, D.; RukfOek, L.; Fiedler, PJ. Am.
Chem. Soc2002 124, 9175-9180.

(38) Ogawa, Y.; Toyama, M.; Karikomi, M.; Seki, K.; Haga, K.; Uyehara, T.

Tetrahedron Lett2003 44, 2167-2170.

(39) Carréw, M. C.; Garéa-Cerrada, S.; Urbano, A. Am. Chem. So001,

123 7929-7930.

(40) Tanaka, K.; Suzuki, H.; Osuga, Hl. Org. Chem1997, 62, 4465-4470.

(41) (a) Dubois, F.; Gingras, Mletrahedron Lett1998 39, 5039-5040. (b)

Gingras, M.; Dubois, FTetrahedron Lett1999 40, 1309-1312.

) (a) Field, J. E.; Muller, G.; Riehl, J. P.; Venkataraman JDAm. Chem.
So0c.2003 125, 11808-11809. (b) Field, J. E.; Hill, T. J.; Venkataraman,
D. J. Org. Chem2003 68, 6071-6078.

(43) (a) Larsen, J.; Bechgaard, B. Org. Chem.1996 61, 1151-1152. (b)
Larsen, J.; Bechgaard, Kcta Chem. Scand996 50, 71—-76; Acta Chem.
Scand.1996 50, 77—82.

(44) Racemic oligophenylenes with helical connectivity and low barriers for
racemization: Han, S.; Bond, A. D.; Disch, R. L.; Holmes, D.; Schulman,
J. M.; Teat, S. J.; Vollhardt, K. P. C.; Whitener, G. Bngew. Chem., Int.
Ed. 2002 41, 3223-3227. (b) Han, S.; Anderson, D. R.; Bond, A. D;
Chu, H. V.; Disch, R. L.; Holmes, D.; Schulman, J. M.; Teat, S. J,;
Vollhardt, K. P. C.; Whitener, G. DAngew. Chem., Int. EQ2002 41,
3227-3230.

(45) Rajca, A.; Wang, H.; Pink, M.; Rajca, 8ngew. Chem., Int. EQ00Q 39,
4481-4483.

(46) Determination of the absolute configuration ef{1 by vibrational circular
dichroism spectroscopy: Friedman, T. B.; Cao, X.; Wang, H.; Rajca, A.;
Nafie, L. A. J. Phys. Chem. 2003 107, 7692-7696.

(47) Miyasaka, M.; Rajca, A.; Pink, M.; Rajca, Shem.-Eur. J.in press.
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Scheme 1. Synthesis of [7]Helicene rac-12
Iteration 1 Br Br
Br B MO = ™S tms 8" Bl Tms
Br Br
o T i y™ s
—_— + A~
@ 0. S \s TG ) S\ N s $ s
R=H,2 . SN_¢/S N\ //
~ARY L =, =
i (~68%) (iii), (iv) (~40%) TMS b B TMS TMS Br o T™MS
R=TMS, 3 5 6
700,
(66-70%) %) (0.3%)
s B B tms
T S
z U
TMSS S Sa S TMS r
+ \ / W/ s
Br S Br Br \\S ),;
Br'’\S S/ Br ™S
™S ™S 8
7 (~30%)
(0.1-0.4%)
Iteration 2
Br Br
TMS# N
—_— [
) STNg7 S ) (i)
9
(~80%)
Br , Br
Om® (~60%) (36-47%)
(i), (iv) 8 S
S
10

(26 %)

aConditions: (i)n-BuLi (1.05 equiv), ether/hexane;78 °C for 2 h, then—50 °C for 15-30 min; (ii) CuCh (1.3—10 equiv),—78 °C to room temperature
for 2 d; (iii) LDA (2.3 equiv), ether/hexane, T for 2 h; (iv) TMSCI; (v) (PhSQ)2S (1.0 equiv), ether;-78 °C for 3 h, then room temperature for-t2;
(vi) TFA, CHCls; (vii) LDA (2.3 equiv), ether/hexane or toluene/hexané@for 2 h.

dilithiation) of 2 with LDA, followed by a TMS-quench,
provides3. Dilithiation of the two TMS-unprotected 2;2-
positions in3 with LDA, followed by the reaction with bis-
(phenylsulfonyl) sulfide, gives annelated produ&®® The
primary side product is polyme3. In addition, small amounts
of macrocyclic side products are obtained, such as ditper
chiral dimer6, and trimer7; the overall yield of the three
macrocycles (when isolated as a mixture) 594651

In the second iteration, one of the TMS groupsd4nis
removed to gived. The Li/Br exchange on dithienothiophefie
is followed by oxidation of the intermediate aryllithium, to
provide bis(dithienothiophend)l. Selectivity for the single Li/
Br exchange at the less hinderéepdsition of dithienothiophene
9 is further verified by the protonation and deuteration of the
intermediate aryllithium, giving 4-bromo-5-trimethylsilyl-
dithieno[2,3b:3',2'-d]thiophene 9-H) and its 4-D isotopomer
(9-D), respectively (Supporting Information). In the final step,
bis(dithienothiophene) 1 is annelated to give [7]helicene rac-

(49) When 4-bromo-3-thienyllithium was prepared-at0 °C, via addition of
ethereal solution of 3,4-dibromothiophenert®uLi in ether, isolation of
2in 52% yield was reported: (a) Gronovitz, S&cta Chem. Scand.961,
15, 1393-1395. (b) Gronowitz, S.; Moses, P.; Hornfeldt, A./&k. Kemi
1961 17, 237-247.

(50) The previously reported yield faf was 65% (ref 45, based upon three

reactions), and yields as high as 73% were obtained; however, after more

1. Two side products, dimet2 and polymerl3, are isolated
(Scheme 1).

Optimization of the reaction conditions for the two key steps
(connection and annelation) is carried out, as described in the
following paragraphs.

In the connection step® and11 are obtained via the €C
homocoupling reactions between the 3-thienyllithium deriva-
tives. Slight modification of the conditions for the Li/Br
exchange at-78 °C, that is, by allowing the reaction mixture
to attain—50 °C for 15—-30 min, prior to the addition of Cu¢l
at —78 °C, improves the isolated yields @fand11 from 40%
to 68% and 30% to 60%, respectivéfy>*

In the annelation steps, the efficient dilithiations3odnd11
are important for the yield of the target produetsand 1,

(52) Typical conditions for the formation of 4-bromo-3-thienyllithium or
3-thienyllithium employ BuLi and the corresponding bromothiophene in
ether at—70 °C, to affect the Li/Br exchange at th&position of the
thiophene. It has been reported that allowing 3-thienyllithiums to reach
room temperature for 5 min (or longer) leads either to the migration of
lithium to the more acidi@t-position or to the opening of thiophene ring:
(a) Gronowitz, S. Thienyl-Lithium Derivatives and Their Ring-Opening
Reactions. InOrganic Sulfur ChemistryStirling, C. J. M., Ed.; Butter-
worths: London, 1975; pp 20328. (b) Gronovitz, S.; Frejd, Acta Chem.
Scand.197Q 24, 2656-2658.

(53) Bis(dithienothiophené)L is obtained in 40% yield from a relatively large-
scale reaction.

than 40 reactions carried out by several students, the isolated yields average(54) In CC-homocoupling reactions, using Cu(ll) halides, good stirring, which

about 40%.
(51) For chiral dime6, HPLC with chiral column shows two partially resolved
peaks of equal intensity (Figure 3s, Supporting Information).

is more difficult with large amounts of relatively heavy Cu(ll) halide, was
found to be essential for good yields: Rajca, A.; Wang, H.; Bolshov, P.;
Rajca, S.Tetrahedron2001, 57, 3725-3735.

J. AM. CHEM. SOC. = VOL. 126, NO. 46, 2004 15213
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Figure 2. *H NMR (500 MHz, EsO/hexane with 3% of benzertk) spectra for products of lithiation dfl with LDA (~1 equiv). Plots A, B, C, and D
show spectra for consecutive additions ef){sparteine, that is, samples with 0, 1-510, and~80 equiv, respectively, as described in the Experimental
Section. In plot D, the left inset plot corresponds to the set of two singleisraf7.34 ppm for unreactedil; the right inset plot shows the analogous set
of two singlets in the reference sampleldfwith ~80 equiv of (-)-sparteine. Both inset plots have the spectral width of 0.013 ppm. Unknown impurities

are labeled with asterisks.

respectively?® Reactions oB and11 with LDA in Et,O/hexane
(with 3—10% of benzenek) are monitored with!H NMR

For 11 treated with~1 equiv of LDA,H NMR spectra show
a relatively slow formation oft-monolithiatedl1-Li; anda,o'-

spectroscopy with double solvent suppression, using conditionsdilithiated 11-Li, (Figure 2A)¢ In particular,a-monolithiated

similar to those in the preparative reactions.

For 3 treated with<1 equiv of LDA, the'H NMR spectrum
in the aromatic region shows tw resonances at 7.439 and
7.247 ppm, which are assigned ® and 2-monolithiated
intermediate8-Li; (Supporting Information), respectively. With
2.3 equiv of LDA, the expected Z;alilithiated intermediate
3-Li, (Supporting Information) is formed; that is, ni#

11-Li; possesses one resonante«(7.079 ppm) in the aromatic
region and two nearly coincident resonances in the TMS-region
(6 ~ 0.160 and 0.155 ppm). Addition 0f2.3 equiv of LDA
provides a much simpléid NMR spectrum, in which the only
singlet atdo ~ 0.094 ppm (with a shoulder) is assigned to the
methyl groups of the TMS group in,o'-dilithiated 11-Li;
(Figure 3A). Typically, the dilithiation is completed after 2 h

resonances are detected in the aromatic region, and a newat 0°C.5’

resonance at 0.283 ppm appears in the TMS region.

(55) The replacement of LDA with a more bulky lithium tetramethylpiperide

in the lithiation of3 did not improve yields o#.

15214 J. AM. CHEM. SOC. = VOL. 126, NO. 46, 2004

(56) For example, after 30 min at°C, and then 10 min at 300 K, conversion
of 11is less than 50% complete; after an additional 70 min at 300 K, the
reaction progress is barely detectable!byNMR integration <5%).
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Scheme 2. Asymmetric Synthesis of [7]Helicene (—)-1

NN Tms A y e
N = S S\ ES
(-)-sparteine 11-Liy !

In summary, the dilithiated intermediatesLi, and11-Liy,
are formed nearly quantitatively and are moderately persigtent.
These results indicate that the dilithiations are not limiting
factors in the annelation steps. Also, the efficient formation of

13
(4 %)

12 +
(4.5%)

S
(M)-(-)1
(20 - 37%)

In the first experiment, the mixture containiogmonolithi-
ated11-Lij, o,0-dilithiated 11-Li,, unreacted 1, and unreacted
LDA in Et,O/hexane/benzerds; which is obtained via the
reaction of1l with ~1 equiv of LDA (the sample shown in

the dilithiated intermediates is reflected in moderate molecular Figure 2A), is further treated with-()-sparteine (1.5;-10, and

weights for polymers8 (My, ~ 4.4—13 kDa) andl3 (My, ~ 8
kDa), for which predominant connectivity is likely derived from
3-Li, and 11-Li,, respectively.

Asymmetric Synthesis of [7]Helicene {)-1. (—)-Sparteine

~80 equiv per LDA). The initial addition of-)-sparteine (1.5
equiv) leads to the relatively fast increase in concentration of
11-Li; with the corresponding decrease 'f integration for
11and11-Li, (Figure 2B). Moreover, resonances fk-Lij in

has been shown to be an effective additive for induction of the aromatic region appear as two singlet®) a 7.142 and

enantiomeric excess (ee) in reactions involving organometallics,

and especially organolithiun¥88°Because the final annelation
leading to [7]helicend involves axially chiralo,o'-dilithiated
11-Liy, its complexation with {)-sparteine, followed by the
reaction with bis(phenylsulfonyl)sulfide, may provide non-
racemicl.

Treatment of bis(dithienothiophen#&}) with LDA (~2.0 or
~2.3 equiv) and {)-sparteine (3.5 equiv) in ether/hexane at 0
°C is followed by the addition of bis(phenylsulfonyl)sulfide at
—78 °C; [7]helicene ¢)-1 is isolated in 26-37% vyields and
ee’s of 19-47% (Scheme 2!

Nonracemic {)-1 with high ee’s and enantiopure-J-1 are
obtained by fractional recrystallizations. The absolute config-
uration of such nonracemie-§-1 was determined adv) (left-
handed helix) by vibrational circular dichroism stutfyThis
implies that a,a’-dilithiated 11-Li, with axially chiral ®)
configuration is primarily converted toM)-(—)-1 (Scheme 2).
Such ¢)-sparteine-mediated stereoinduction involving a4
configuration has another precedence in the Cu(ll) oxidation
of 2,2-dilithiobiaryls to derivatives ofo-tetraphenylené*
Notably, the higher yields of are associated with the lower
ee’s and vice versa.

The effect of addition of {)-sparteine oroi-monolithiated
11-Li; ando,o’-dilithiated 11-Li,, and the reaction of1 with
LDA, is monitored usingH NMR spectroscopy, as illustrated
by two experiments (Figures 2 and 3).

(57) Also, about 10 min at room temperature is required prior to acquisition of
the NMR spectrum.

(58) (a) For botlB-Li, and11-Li, in Et,O/hexane/benzend; no new resonances
are found in*H NMR spectra ove4 h atambient temperature. Dilithiated
intermediatel1-Li, is studied over a longer period; afterté at room
temperature, neH resonances are detectable. Upon quenching with water
and usual workupH NMR spectra and FAB MS indicatel and unknown
side products, although not simple products of migration of TMS. Migration
of TMS is a common reaction fat-lithiated thiophenes: for example, ref
14. (b) Studies of polyme®and13and their derivatives will be reported
elsewhere.

(59) (a) Beak, P.; Basu, A.; Gallagher, D. J.; Park, Y. S.; Thayumanavan, S.

Acc. Chem. Red4.996 29, 552-560. (b) Weisenburger, G. A.; Faibish, N.
C.; Pippel, D. J.; Beak, R. Am. Chem. S0d.999 121, 9522-9530.

(60) (a) Hoppe, D.; Hense, BRngew. Chem., Int. Ed. Engl997, 36, 2283~
2316. (b) Seppi, M.; Kalkofen, R.; Reupohl, J.;"Rlich, R.; Hoppe, D.
Angew. Chem., Int. EQ004 43, 1423-1427.

(61) (a) The replacement of-)-sparteine with R-(R*, R*)]-(+)-bis(@-methyl-
benzyl)amine give4 with negligible ee (6-5% range by NMR). (b) The
replacement of ether with hexane, toluene, or tetrahydrofuran for the
reactions using—)-sparteine leads to negligible ee’5% for 1.

7.105 ppm with the relative integrations of 1:0.8 (Figure 2B);
both singlets are downfield-shifted, as compared to the singlet
ato ~ 7.079 ppm forl1-Li; in the absence off)-sparteine in
Figure 2A.

The subsequent additions of \-sparteine (to a total of10
and~80 equiv) result in slight downfield shifts relative to the
benzeneads multiplet for all resonances, especially in the
aromatic region. However, the relative integration of 1:0.8 for
the two singlets fod 1-Li; is unchanged (Figure 2C and D). In
the TMS-region, théH resonances fot1-Li; are interpreted

benzene-dj

~

WB N ortdagne
I 7!3 7!2 I ppm|
M«MC i 4a i
[ 7?3 712 ] ppmI

e
T T T
0.3 0.2 0.1 ppm

Figure 3. *™H NMR (500 MHz, EO/hexane with 3% of benzertg} spectra

for products of lithiation ofL1 with LDA (~2.3 equiv). Plots A, B, and C
show spectra for consecutive additions ef){sparteine, that is, samples
with 0, 3.5, and~10 equiv, respectively, as described in the Experimental
Section. The broad resonancedats 0.27 ppm is assigned to excess of
LDA.
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Scheme 3. Resolution of [7]Helicene 142

PRl
0°"Ph
U = (-)-MenthSiCl
” r
S S
R (-)-MenthSt \

S— ()14 + (+)14
(96%) (93%)
R— (-)-MenthS 7 (ee 97+%) (ee ~93%)
s STS
. )15
R =TMS, rac-1 :I 0 ( 3?_ 50%)
R = H, rac-14 (+)-15
(82 - 93%) (40 - 45%)

aConditions: (i) TFA, CHCG4, room temperature overnight; (ii) LDA (2.3 equiv), ether/hexane/bendgr@*C for 2 h, then briefly room temperature;
(iii) (—)-MenthSiCl (2.5 equiv) in ether at25 °C, then 0°C for 0.5 h, and then room temperature overnight.

as two sets of peaks with unequal integrations: a downfield
broad singlet (with a shoulder) and two upfield singlets (Figure

2B, C, and D). These results are compatible with the diaster-

eomeric ratio of about 1:0.8 for the observed complexeklef
Li; with (—)-sparteine?

Notably, the resonances ftd in the aromatic region appear
as two unequal singlets at~ 7.343 and 7.341 ppm for the
sample with~80 equiv of ()-sparteine in Figure 2D. Although

Li, are configurationally stable, complete conversioribfto
11-Li, would annul any kinetic resolution during the reaction
of 11 with LDA in the presence of-{)-sparteine. However,
further studies would be needed to quantify contributions to ee
from the kinetic resolution versus the reaction of the diaster-
eomeric complexes df1-Li,/(—)-sparteine with bis(phenylsul-
fonyl)sulfide.

The configurational stability of bis(dithienothiopherig)may

accurate integration of such closely spaced singlets is problem-be discussed in terms of its hindered biaryl structure. Because
atic, their relative peak heights are clearly different, analogous dithienothiophenet is approximately planar, with the nearly

to those forl1-Li;. The reference sample @ with ~80 equiv
of (—)-sparteine in the identical solvent mixture shows two
singlets at the similar chemical shifts, but their peak heights

parallel C-Br bond axeg? bis(dithienothiophenell may be
viewed as an analogue of 1-fdinaphthtyl; the Br-substitution
in 11, occupying the “backside” positions, would correspond

are equal (right inset in Figure 2D). These results indicate that to the 8,8-disubstitution in 1,%tbinaphthyl. Notably, the

11 is configurationally stable on the laboratory time scale (at
leag 1 h at 300 K);furthermore, the observed diastereomeric
ratio for 11-Li; may arise from the partial kinetic resolution,
primarily caused by the accelerated reactioribfwith LDA
upon the initial addition of {)-sparteine.

In another experiment, the solutionsldf-Li, in Et;O/hexane/
benzeneds, which are obtained via the reaction bf with 2.3
equiv of LDA (the sample shown in Figure 3A), are further
treated with {-)-sparteine (3.5 ane-10 equiv). Although the
greater degree of lithiation dfl by the excess amount of LDA
leads to significant line broadening, the corresponditidMR
spectra in Figure 3B and C clearly show formation of a new,
upfield-shifted resonance at~ 0.13 ppm (broad singlet with
shoulders), with the concomitant decrease ofithe 0.094 ppm
resonance. This is consistent with the formation of the new
species, which is probably a diastereomeric complex of axially
chiral 11-Li, with (—)-sparteineé?63

The!H NMR spectroscopic monitoring included the reaction
mixtures for which dilithiations ol1 are carried out with LDA
in the presence of{)-sparteine (3.5 equiv). For several reaction
mixtures, such as those shown in Figure 3C, theNMR
monitoring is followed by the addition of bis(phenylsulfonyl)-
sulfide (Experimental Section)H NMR analyses of the

corresponding crude mixtures suggest that the addition of bis-

(phenylsulfonyl)sulfide at low temperature-18 °C) and
incomplete dilithiation ofL1 (presence oi1-Li;) are associated
with higher ee’s. Indeed, if axially chirdll, 11-Li;, and11-

15216 J. AM. CHEM. SOC. = VOL. 126, NO. 46, 2004

configurational stabilities of 1;dbinaphthyl-8,8-dicarboxylic
acid and its derivatives are overall only marginally better than
that of 1,1-binaphthyl®* Therefore, the thoroughly studied half-
time for racemization of 1;ibinaphthyl, which is about 10 h
at 25°C, may provide a rough estimate for the time scale for
racemization of11.6465 Analogously to 2,2dilithio-1,1'-bi-
naphthyl, o,o’-dilithiated 11-Li, should be configurationally
stable as welt5-67

Resolution of [7]Helicene 14.Because the-{)-sparteine-
mediated synthesis gives only a relatively low ee-6f-(,%8 a
resolution-based approach to nonracemic cassudfur [7]-
helicene is developed. Our approach adopts menthol-derivatized
chlorosiloxane, {)-MenthSiCl (Scheme 3), which has been
recently reported as a chiral silylation reagent for the determi-

(62) For complexes of)-sparteine with organolithiums, characterized by X-ray
crystallography, see: (a) Papasergio, R. I.; Skelton, B. W.; Twiss, P.; White,
A. H.; Raston, C. LJ. Chem. Soc., Dalton Tran&99Q 1161-1172. (b)
Hoppe, I.; Marsch, M.; Harms, K.; Boche, G.; Hoppe,Angew. Chem.,

Int. Ed. Engl.1995 34, 2158-2160.

(63) The presence of+)-sparteine (3.5 or 10 equiv) has no detectable effect
on the persistence dfl-Li..

(64) Cooke, A. S.; Harris, M. MJ. Chem. Soc. B963 2365-2373.

(65) Colter, A. K.; Clemens, L. MJ. Phys. Cheml964 68, 651—-654.

(66) 2,2-Dilithio-1,1'-binaphthyl: Brown, K. J.; Berry, M. S.; Waterman, K.
C.; Lingenfelter, D.; Murdoch, J. R.. Am. Chem. S0d.984 106 4717~
4723.

(67) Cu(ll)-mediated oxidation of 22lilithio-1,1'-binaphthyl at-78 °C to room
temperature gives the corresponding dimer without detectable racemiza-
tion: Rajca, A.; Safronov, A.; Rajca, S.; Wongsriratanakul, Am. Chem.
Soc.200Q 122 3351-3357.

(68) The enantiomer of<()-sparteine is not readily available: ref 60a; Smith,
B. T.; Wendt, J. A.; AubgeJ. Org. Lett.2002 4, 2577-2579.
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Chart 1.2

R=TMS, rac-16
R = (-)-MenthSi, (-)-17 and (+)-17

a(—)-MenthSi is defined in Scheme 3.

nation of the absolute configuration of alcohols by NMR
spectroscop$?

Starting with ract, both TMS groups are removed using TFA
in chloroform, to give ract4; the isolated yields are not nearly
guantitative due to the poor solubility of rd&:"° LDA-mediated
dilithiation of rac414 at botha-positions is monitored byH
NMR spectroscopy (with double solvent suppression), until no
1H resonance can be detected in the aromatic region. The
resulting suspension of dilithiated rdd-s quenched with chiral
chlorosiloxane {)-MenthSiCl. The diastereomeric mixture of
disiloxanes €)-15 (Rr = 0.31) and {)-15 (Rr = 0.27) is
separated by column or preparative thin-layer chromatography
on silica. The removal of the siloxanes using TFA in chloroform
gives [7]helicenes-)-14 and (+)-14 (Scheme 3).

The presence of two chiral auxiliaries, such as+)-(5and
(+)-15, is essential for good chromatographic separation of
diastereomers. The corresponding side produesly and (+)-

17 (Chart 1), in which only onex-position is functionalized
with the chiral auxiliary, have coinciding-values by TLC.

Probably, this precludes the effective resolution based upon the

somewhat more soluble [7]helicene ri8{Chart 1), which may
be readily obtained from ratvia selective removal of a single
TMS group.

Crystal Structures. Structures for [7]helicene rat-and
selected macrocyclic products of the annelation steps are
determined using X-ray crystallography (Table 1, Figure 4, and
Figure 5).

For the [7]helicenes, only the racemic crystals, including two
solvent polymorphs for rag; are studied; although nonracemic
[7]helicenesl and14 are crystalline, attempts to obtain data of
adequate quality, including an attempt to measure microcrystals
with synchrotron radiation fol, were not successful.

In both solvent polymorphs of rat-[7]helicene possesses
an approximaté&, point group. Also, its overall helix structure
is nearly identical in both solvent polymorphs; the helix of the
chloroform-containing polymorph is similar to that of phenylene-
based [6]helicene, as discussed in detail in the preliminary
communicatiorf>’* However, the local structures for both
solvent polymorphs of [7]helicene, as characterized by selected

intramolecular distances and angles, are somewhat different; for

example, the intramolecular BrBr distances are 3.90 and 3.72
A for the chloroform-containing and solvent-free polymorphs,
respectively.

(69) Chiral silylation reagents for the determination of absolute configuration
by NMR spectroscopy: Weibel, D. B.; Walker, T. R.; Schroeder, F. C.;
Meinwald, J.Org. Lett.200Q 2, 2381-2383.

(70) Nonracemicl4 is much more soluble in typical organic solvents as
compared to rad4.

(71) Fits of the (GS),C, thiophene-only and the ¢(S);CBr.Si
have weighed rms deviations of 0.145 and 0.192 i
respectively.

frameworks
for the atoms,

The structures of the macrocyclic dimérand12, and trimer
7 include one solvent molecule per formula unit (chloroform
for 5 and7, and benzene fot2). Chiral dimer6 crystallizes
without inclusion of solvent; however, the crystal is pseudo-
merohedrally twinned with a twin domain ratio of 70:30
(Supporting Information).

The dimers and the trimer possess two and three biaryl
moieties, respectively. These sterically hindered biaryls cor-
respond to bithienyl and bis(dithienothiophene) moieties-+7
and 12, respectively; each of such biaryls has a chiral axis. In
each of the approximatel@.n-symmetric dimer$ and12, the
biaryl moieties have opposite configurations (axals axial
9); for both dimers, the biaryls adopt cisoid conformations, with
the corresponding torsional angles of less thah (@able 2s,
Supporting Information). The dithienothiophene moieties in
dimer 12 are slightly more curved as compared to the
dithienothiophend; for example, the torsion angles along the
inner C-C—C—C backbone of the dithienothiophene moiety
(such as the C2C3—C5—CY7 torsion angle in dimet2) are in
the 11.713.6° range in dimerl2, as compared to 721in 4.

The structure of chiral dimeg shows that the molecule has the
approximateD, point group; one of the three approximaie
axes relates the homochiral bithienyl moieties with transoid
conformations (Figure 4 and Table 2s in the Supporting
Information). In trimer7, two of the bithienyl moieties possess
the same relative configuration; these two homochiral moieties
adopt cisoid conformations, while the third moiety has a transoid
conformation. Thus, the molecule has chiral conformation,
somewhat distorted from the, point group. The other possible
diastereomers of and 12, in which all biaryl moieties are
axially homochiral (analogous t6), have not been isolated.

For all four macrocycles, conformational mobility in solution
is expected to be highly restricted, especially due to the highly
substituted biaryl moieties. This is consistent with the lack of
broadened resonances in #ir€and'3C NMR spectra fo5—7
and 12; furthermore, the molecular symmetry in solution on
the NMR time scale corresponds to the approximate molecular
symmetry found by crystallography. Thus, the NMR spectra at
room temperature show only one type of thiophene moiety for
the Cyr-symmetric andD,-symmetric dimers, and three non-
equivalent thiophene moieties for ti&-symmetric trimer.

Crystal Packing. Because [7]helicen& and the macrocyclic
side products may be viewed as molecules with sulfur-rich
peripheries (e.g., Figure 1), a plethora of short intermolecular
S--S (and of S to other atoms) contacts are expected, especially
in polymorphs of [7]helicené. Both the feasibility ofr-stacking
and the stereochemistry ihare of interest in context of the
curvature of the helicak-system’273 (Individual planes of
thiophenes inl, which are nearly plandf;”* will be used as
reference planes.) Both short intermolecular contacts (especially,
S-+S) and z-stacking are known to facilitate high carrier
mobilities in organic semiconducto$28.75.76

(72) For substituent effects on chirooptical properties and analyses of solid-
state structures of [6]helicenes, see: Wachsmann, C.; Weber, E.; Czugler,
M.; Seichter, W.Eur. J. Org. Chem2003 2863-2876.

(73) Curtis, M. D.; Cao, J.; Kampf, J. W. Am. Chem. So2004 126, 4318~
4328.

(74) For individual thiophene rings in rac{CHCI;), mean deviations of the
least-squares planes between 0.01 and 0.04 A are calculated (ref 45).
Selected mean deviations in solvent-free polymorphlrace as follows:
0.02-0.03 A (thiophenes containing S2, S3, and S6) and 0.08 A (thiophene
containing S5).

(75) Pappenfus T. M.; Chesterfield, R. J.; Frisbie, C. D.; Mann, K. R.; Casado,

; Raff, J. D.; Mlller L. L.J. Am. Chem So2002 124 4184—4185
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Table 1. Summary of the X-ray Crystallographic Data

property rac-1 (CHClg)? rac-1 5 6 7 12

molecular C23ngBr2C|3S7Si2 ngngBrg&Sig C29H37BI’4C|3SGSi4 C23H358r4558i4 C43H55BI’GC|3SgSi6 C50H4zBr4sl4Si4
formula

formula weight 842.15 722.78 1116.30 996.93 1614.76 1523.68
temperature, K 173(2) 130(2) 173(2) 112(2) 109(2) 120(2)
wavelength, A 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
crystal/color colorless colorless colorless colorless colorless colorless
crystal system trigonal orthorhombic orthorhombic orthorhombic monoclinic triclinic
space group R-3 Pbca Pbcn Pbca B/n P-1
a, 36.319(2) 12.471(3) 19.699(2) 18.6063(6) 9.7758(2) 8.1993(3)
b, A 36.319(2) 13.846(3) 13.0798(15) 23.7325(8) 26.2874(6) 10.5684(4)
c, A 12.8012(8) 31.152(7) 17.734(2) 18.6074(6) 26.0709(6) 18.3955(7)
o, deg 90 90 90 90 90 91.3400(10)
p, deg 90 90 90 90 100.202(1) 92.7710(10)
y, deg 120 90 90 90 90 110.6170(10)
volume, & 14 623.8(16) 5379(2) 4569.3(9) 8216.5(5) 6593.8(3) 1488.81(10)
z 18 8 4 8 4
Dealedg cnm 3 1.721 1.785 1.623 1.612 1.627 1.699
reflns collected 50 542 61201 26 840 203 965 71707 23 666
unique reflns 7463 6240 4052 13053 19 254 8712
R (I > 20(1)) 0.0370 0.0678 0.0488 0.0303 0.0326 0.0295
WRe (I > 20(1)) 0.0857 0.1379 0.1113 0.0676 0.0663 0.0698
GOF 0.965 1.310 1.020 1.031 1.010 1.029

aPolymorph ract (CHCly), ref 45.
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Figure 4. Structures ofl and macrocyclic dimer§ and 6. The top and side views of the ORTEP plots at 50% probability levels are shown for each
molecule. The molecule of chloroform, included in the crystabois omitted for clarity.

The chloroform-containing polymorph, that is, ra¢cHCls), column of propellers are canted with respect to each other; that
crystallizes in theR-3 space group with 18 molecules per unit is, z-stacking is absent. However, close proximity between the
cell. The crystal packing may be described in terms ofG@ge  sufur-rich edges and the-systems of [7]helicenes causes a
symmetric “propellers”, consisting of three homochiral [7]-  plethora of short intermolecular contacts involving sulfur atoms,

helicenes (Figure 6). The propellers form columns along the \,qih homochiral (e.g., S8S3= 3.520 A) and heterochiral (e.g.,
crystallographia-axis; the nearest-neighbor propellers, which S3--S3=3.330 A S3-S4= 3492 A S1--S2 = 3.564 A

contain [7]helicenes of opposite handedness, are staggered Vi%l---C2= 3.451 A, S1--C3= 3.486 A, S4-C6 = 3.472 A)

an improper rotation §-axis). The [7]helicenes within the _ . . :
brop % ) [7] For each pair of the nearest-neighbor heterochiral [7]helicenes,
(76) High-performance field-effect transistors based upon single crystals of P€longing to different columns, the terminal thiophene rings
rubrene: Sundar, V. C.; Zaumseil, J.; Podzorov, V.; Menard, E.; Willett, zres-stacked. However, the degreemsbverlap is rather small,

R. L.; Someya, T.; Gershenson, M. E.; Rogers, JSAience2004 303 . . .
1644-1646. involving only sulfur atoms with short contact, 657= 3.726
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12

Figure 5. Structures of macrocyclic trimef and dimerl12. The top and side views of the ORTEP plots at 50% probability levels are shown for each
molecule. The molecules of chloroform and benzene, included in the crysté@larai 12, respectively, are omitted for clarity.

Figure 6. Unit cell showing molecular packing of rdc€CHCL;) as viewed
down the crystallographic-axis (top plot). The disordered molecules of
chloroform are omitted for clarity. Handedness of the highlighted [7]-
helicenes is color-coded; the [7]helicenes belonging to two distinct columns
of propellers are shown in wire frame and ball-and-stick.

A. (Also, two S++Br short contacts of about 3.73 A are present.)
Disordered molecules of chloroform fill the voids between the
columns. ] ] Figure 7. Unit cells showing molecular packing of solvent-free faas
The solvent-free polymorph, relg-crystallizes in the space  viewed down the crystallograph&axis (top cell) and as viewed from a
groupPbcawith 8 molecules per unit cell. The molecules pack selected direction (bottom cell). The enantiomers in twstacks (out of

P ” . . four for each cell) are color-coded in blue and magenta. Each of the two
in “z-stacked” columns extending along the crystallographic sr-stacks is shown either in stick or in stick-and-ball. Intercepted blue lines

a-axis (Figure 7). correspond to short intermolecular contacts.

Along the crystallographic-axis, the TMS-groups from the
neighboring columns are interlocked, forming a lamellar-like S3:-C12 = 3.459 A) and opposite enantiomers {S68 =
structure. Along the crystallographi-axis, multiple short 3.436 A and S#-C6 = 3.436 A). These contacts arise from
contacts are found between the columns, both between the saméhe approximately perpendicular (herringbone-like) relative
enantiomers (e.g., $2S5 = 3.551 A, S3-:S6 = 3.562 A, orientations of the molecules in the adjacent columns; that is,

J. AM. CHEM. SOC. = VOL. 126, NO. 46, 2004 15219
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Figure 9. Electronic absorption U¥vis spectra for [7]helicene rat-
dithienothiophenet4, and macrocycle$—7 in dichloromethane at room
temperature.

Figure 8. Selectedr-stacks of solvent-free rat-spanning 1.5 unit cells

along thea-axis as viewed normal and parallel to the mean planes of the . Th hortest at to-pl dist for th t
highlighted thiophene rings (shown in dark magenta color): plots A2~ 'NgS. Ihe shortest atom-lo-plane distances 1or the atoms

C3-C4—C5-C6) and plots B (S5C9—C10-C11-C12). Short contacts, ~ projecting inside the S3-, S4-, and S6-thiophene rings are as
S5--C3 = 3.442 A and S5-C4 = 3.413 A, are indicated with red  follows: S3-thiophene (3.794 A for C12), S4-thiophene (3.872

intercepted lines. A for C14), and S6-thiophene (3.752 A for C5). Although these
the sulfur-containing edges of [7]helicenes interact with the distances are relatively long, three atoms projecting near the
7-systems of the neighboring [7]helicenes. S4-thiophene ring have rather short atom-to-plane distances:

In each column, the nearest-stacked” neighbors have the ~ C15 (3.431 A) and C16 (3.315 A), and S2 (3.249 A).
opposite handedness. Even in this herringbone-like structure, 1hez-stacking within the columns and multiple short contacts
somer-overlap is retained within the column, as illustrated by Petween the columns (especially §) may result in an effective
the selected views of the threa-stacked” neighbors (Figure electronic coupling in two dimensions in solvent-free polymorph
8). Because of the helical distortions of thesystem ofl, the rac-1.

point-to-plane distances between selected atoms and the mean Molecular packing of the sulfur-rich macrocycless, 7, and
planes of the nearly planar thiophene rings are primarily 12 does not lead to any short-SS contacts. Only dimer§

employed to estimate the degree mfstacking between the and 12 possess intermolecular short contacts involving atoms

neighboring molecules in the colunif. other than hydrogen; that is, 4 short-BBr contacts foi6 and
The most significantz-overlap is associated with the intra- 12 are in the 3.4383.497 A range and 3.576 A, respectively.
stack short contacts, such as-S63 = 3.442 A and S5-C4 Barrier for Racemization of 1. At 199 °C, enantiomerially

= 3.413 A (Figure 8). In the projection on the mean plane of enriched [7]helicend racemizes in the solid state with a half-
the S2-C3—-C4-C5-C6 thiophene (S2-thiophene), S5 is life of 11 + 1 h. This corresponds to a free energy barrier for
projected inside of the S2-thiophene ring with the atom-to-plane facemization of 39.Gt 0.2 kcal/mol at 199°C (Supporting
distance of 3.342 A (Figure 8A). Two other atoms, C10 and Information, including Figure 1s). Analogously, thg hglf-lifg is
C12, which are projected very near the S2-thiophene ring, have@bou 5 h at 203°C. The propensity ofl for racemization is
atom-to-plane distances of 3.744 and 3.724 A, respectively similar to that of all-phenylene [6]helicerféThis is consistent
(Figure 8A). In the projection on the mean plane of the-S5 with the similar helical structures fdr and all-phenylene [6]-
C9—C10-C11—C12 thiophene (S5-thiophene), C3 and C4 are helicene‘¥_5v78 _
projected somewhat outside of the S5-thiophene ring but with UV —Vis Spectroscopy, CD Spectroscopy, and Cyclic
very short atom-to-plane distances of 3.110 and 3.190 A, Voltammetry. Electronlp absorption UVvis spectra for se-
respectively (Figure 8B). The only atom (C6) projecting inside lected compounds in dichloromethane are shown in Figure 9.
the S5-thiophene ring has an atom-to-plane distance of 3.759 The spectrum for rad-with Amax = 266 nm (with shoulder
A (Figure 8B). Because the interplanar angle between the S2-at 274 nm) is significantly blue-shifted, as compared g, =
and S5-thiophene rings of the stacked molecules¢°, the 390 nm fora-quaterthiophene, considering that batisystems
correspondingr-orbitals are pointing toward each other. In have an equal number of-€&C double bonds®®However, the
conjunction with the relatively short atom-to-plane distances, SPectra of [7]helicene rat-and dithienothiophenet are
this leads to a pronouncettoverlap between the parts of the significantly different, with respect to both a much greater
S.Z_ .and S5-thiophenes for each pair of neighboring molecules (77) Racemization of [6]helicene: (a) Martin, R. H.; Marchant, Mietrahedron
within the column. 1974 30, 347-349. (b) Janke, R. H.; Haufe, G.; Whwein, E.-U.; Borkent,
Additional 7-overlap within the column may be estimated J. H.J. Am. Chem. 504.995 118 603%6035.

. S . (78) Helical structure of [6]helicene: Navaza, |.; Tsoucaris, G.; Le Bas, G.;
using projections on the mean planes of the other thiophene  Navaza, A.; de Rango, Gull. Soc. Chim. Belgl979 88, 863-870.
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Figure 10. Top plot: UV—uvis electronic absorption spectra for [7]helicenes
(—)-1, (—)-14, and ()-15 in cyclohexane. Bottom plot: CD spectra for
(—)-1, (—)-14, (+)-14, (+)-15, and ¢)-15 in cyclohexane at room
temperature.

integrated absorbance and the bathochromic shift inlyas
compared to those h*° These spectral differences for formally

E (V vs SCE)

Figure 11. Main plots: cyclic voltammetry for dithienothiophedgtop)

and [7]helicenel (bottom) in dichloromethane (tetrabutylammonium
hexafluorophosphate as supporting electrolyte) at room temperature, using
200 mV/s scan rates; potentials are given vs SCE using ferrocene (0.46 V)
as the referenc®.Inset plots: HOMOs for dithienothiopher® and [7]-
helicenel4 at the semiempirical AM1 level of theory.

Table 2. Summary of Chirooptical Data for [7]Helicenes (—)-1,
(—)-14, and (—)-15 in Cyclohexane

Ama/nM Amadnm
compound (€maxL mol~t cm™Y) (A€madL mol~tcm™Y) [oot [@]
(—)-1 256 (4.7x 10% 285 (—117) —1019 —7370
(—)-14 246 (2.8x 10% 283 (—61) —1260 —7280
(—)-15 260 (4.2x 10% 290 (—110) —730 —9140

bathochromic shifts, as compared to those for nearly planar
dithienothiophenet. Chiral dimer6 also possesses the most
unigue conformation, including the smallest torsional angles
along the C-S—C—C linkages (46-48°) and the bithienyl
moieties with transoid conformations (Table 2s, Supporting
Information). However, the torsional angles associated with the
bithienyl moieties irb—7 are too close to 9Q with the smallest

cross-conjugated homologues may also be affected by helicaltorsions of 62-73° for two of the bithienyl moieties irv, to

distortion in raci. In addition, the involvement of sulfur atoms
in conjugation is feasibl& for example, the HOMOs for both
dithienothiophend0 and [7]helicenel4 have significant atomic
coefficients at the sulfur atoms (Figure 11). Macrocydes
may provide further insight on the role of sulfur atoms in
conjugation.

Interestingly, the long-wavelength band edges for nonplanar

macrocycles5—7, in particular for the chiral dime6, show

(79) Qualitative UV-vis spectra for cyclica,S-quaterthiophene (tetra[2,3-
thienylene]) showlmax~ 270 nm with a relatively weak and broad shoulder

extending to about 400 nm: Marsella, M. J.; Reid, R. J.; Estassi, S.; Wang,

L.-S.J. Am. Chem. So@002 124, 12507-12510.

(80) Oligo(thio-2,5-thienylenes): Nakayama, J.; Katano, N.; Shimura, Y.;

Sugihara, Y.; Ishii, AJ. Org. Chem1996 61, 7608-7610. Katano, N.;
Sugihara, Y.; Ishii, A.; Nakayama, Bull. Chem. Soc. Jpri998 71, 2695~

2700. Crystallographic data for one of the structures in the last reference
were corrected, see: March, R. E.; Kapon, M.; Hu, S.; Herbstein, F. H.

Acta Crystallogr., Sect. R002 58, 62—77.

have a significant contribution to the bathochromic shifts (Table
2s, Supporting Information). This suggests that the obis(
thienyl)sulfur chromophore, involving conjugation through
sulfur atom, affects absorption at the longest wavelength,
especially ir6 with the relatively small torsions along the-G—
C—C linkages®!

UV —vis spectra for [7]helicenes)-14, (—)-1, and ()-15
in cyclohexane show an intense, long-wavelength, structured
band withAmax = 246, 256, and 260 nm, respectively (Figure
10, Table 2). The corresponding CD spectra possess both
spectral envelopes and absorbances analogous to typical con-
jugated helicene¥. Based upon the assignment of absolute
configuration of £)-1 as M),*8 its negative sign of the longest

(81) Colonna, F. P.; Distefano, G.; Reichenbach, G.; Santiai, Satursforsch.,
A: Phys. Scil975 30, 1213-1214.
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wavelength CD band is consistent with all other known those for alkyl-substituted-sexithiophenesH;° = +0.80 and
helicenes; that is, the possible cross-conjugation does notEy° = +1.00 V) or polythiopheneH;® ~ +0.8 V)85

significantly impact the CD spectra of{-1and its derivatives. The highest occupied molecular orbitals (HOMOs) f6rand
_Asillustrated in Figure 10 and Table 2, silane-, and especially 14 possess significant atomic contributions from sulfur atoms
siloxane-, substituted [7]helicenes-X1 and (-)-15 have (Figure 11). Interestingly, the HOMO for [7]helicerid, with

relatively enhanced chirooptical properties, as compared to [7]- very low atomic contributions from six carbon and two sulfur
helicene {-)-14.7282The CD spectra for [7]helicene-{-1 and atoms, is largely nonbonding.

(—)-14 possess similar spectral patterns, although the spectrum
for (—)-1is much more intense and shows bathochromic shifts Conclusion
throughout the recorded wavelength range. The chirgh ( . )
menthol-based siloxane substituent in){15 induces a some- The syntheses of racemic and enantiopure carisaifur [7]-
what greater bathochromic shift in the longest wavelength CD helicenes, fragments of the {&) helix of annelated thiophenes,
band and significantly perturbs spectral shapes of the Shortprowde.anovel class of oligothiophenes. Although [7]helicene
wavelength CD bands, as compared to the spectra ol @nd 1 and its lower planar homologue are both formally cross-
(—)-14. The CD spectra for diastereomers)¢15 and @)-15 conjugated,l shows increased electron delocalization as evi-
are indistinguishable @t > 270 nm, while they are significantly ~ denced by both a significant bathochromic shift in the-tis
different at the shorter wavelengths, as expected for a perturba_absorption spectra and its reversible oxidation at relatively low
tion of the [7]helicene chromophore by the relatively weak and potentials; both conjugation through sulfur atoms and the helical
short-wavelength absorbing-J-menthol-based chromophore. distortion may play a role. However, the degree of electron
Finally, the CD spectra for{)-14 and ¢-)-14 are mirror images, delocalization il is significantly less as compared to analogous
as expected for enantiomers. a-oligothiophenes. Chirooptical properties of carbaulfur [7]-

Cyclic voltammetry of [7]helicenel gives two reversible helicenes are similar to those of conjugated helicenes. In the
waves atE® = +1.34 andE,° = +1.82 V, most likely solid state;r-stacking and multiple intermolecular short S
corresponding to oxidation to the radical cation and dication, contacts for the solvent-free polymorph of [7]helicénguggest
respectively. Fo#, only an irreversible redox process with the an effective intermolecular electronic coupling in two-dimen-
anodic peak potential at about1.8 V is found (Figure 11).  Slons.
Interestingly, chiral dime6 shows a reversible wave B{° =
+1.59; also, a second, nearly reversible waveAt= +1.89
V is observed (near the electrolyte solution limit), even at a
relatively slow scan rate of 50 mV/s.

The oxidation potentials for [7]helicerfemay be compared
to those obtained under similar conditions for typiaabligo-
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thiophenes$? The potentials forl are similar toE;° = +1.35 of the _X-ray Cl_rystal_lograpr_lic Laboratory at the Department_of
andE,® = +1.75 V reported for a derivative af-terthiophene, Chemistry, University of Minnesota, for X-ray crystallographic

that is, 3.4-dibutyl-2,5"-diphenyl-2,25,2"-terthiophend? How-  d€términation of dimes.

ever, these oxidation potentials are significantly higher than Supporting Information Available: Experimental section,

(82) An analogous effect of silicon substitution on chirooptical properties is including X-ray crystallographic files in CIF format. This

observed in [7]helicenes, which may be formally derived via the replace- material is available free of charge via the Internet at
ment of the center thiophene ring Inwith a benzene ring. Although for htto://oub

such helicenes, trimethylsilyl-substitution may be associated with flatter Nttp://pubs.acs.org.

helix, with lower helical climb, as determined by X-ray crystallography,

the effect of crystal packing on such helical structures is uncertain: ref 47. JA0462530

For the most studied all-phenylene [6]helicenes, the relationship between
the crystal structure (substituent-induced helical distortion) and optical

rotation could not be established: ref 72. (84) Graf, D. D.; Duan, R. G.; Campbell, J. P.; Miller, L. L.; Mann, R.R.
(83) For dichloromethane with TBARRs supporting electrolyte, potentials are Am. Chem. Socl997 119 5888-5899.

referenced to ferrocene couple80.46 V: Connelly, N. G.; Geiger, W. (85) Bauerle, P.; Segelbacher, U.; Gaudl, K.-U.; Huttenlocher, D.; Mehring, M.

E. Chem. Re. 1996 96, 877-910. Angew. Chem., Int. Ed. Endgl993 32, 76—-78.
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