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Helicenes
]

e  polycyclic aromatic compounds QOQ

ortho-fused

o helical structure OO

peri-fused

e characterized by several (4 or more) ortho-fused benzene rings

e very large specific rotations

helicene optical rotation [°]
[5] 1670
[6] 3640
[7] 6200
[8] 7170
[9] 8100
[10] 8940
[11] 9310
[13] 9620

Y. Shen, C. Chen. Chem. Rev. 2012, 112, 1463 — 1535; F. Vogtle: Reizvolle organische Molekiile; M. Gingras, G. Félix, R.
Peresutti. Chem. Soc. Rev. 2013, 42, 1007 — 1050.
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Nomenclature
]

J [n]helicene
= n = number of ortho-fused rings
- the use of prefixes is also common

e directionality
—> right-handed helicenes are denoted P (+)
left-handed helicenes are denoted M (-)

(P)-[7]helicene or
(P)-heptahelicene

helicene
numbering

(M)-[7]helicene or
(M)-heptahelicene

[5]helicene

Y. Shen, C. Chen. Chem. Rev. 2012, 112, 1463 — 1535.
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Chirality
]

e  axial chirality
— no stereogenic centers, but an axis of chirality

Axial chirality is most commonly observed in atropisomeric biaryl compounds

wherein the rotation about the aryl-aryl bond is restricted. z
SR
e helicity <‘w~ \
—> defined by a 3-dimensional space curve 1 /}
C_ LA

(R)-BINOL (P)-[6]helicen

(S)-VAPOL

Y. Shen, C. Chen. Chem. Rev. 2012, 112, 1463 — 1535; M. J. Narcis, N. Takenaka. Eur. J. Org. Chem. 2014, 21 — 34.



Special properties
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e  solubility

- much higher than that of similar planar polycyclic aromatic compounds,

solubilty can be improved by introducing appropriate substituents

(alkoxy and alkyl groups most effective)
. colour: [4], [5], [6] colourless
e  stability: [6]helicene vs. hexacene

—> dimerization, reaction with O,

° racemization

decreasing
stability

tetracene, orange

pentacene, blue

15
6

hexacene, blue-green

- [4]- and [5]helicene not stable as single enantiomers at RT

T. J. Katz, L. Liu, N. D. Willmore, J. M. Fox, A. L. Rheingold, S. Shi, C. Nuckolls, B. H. Rickmann. J. Am. Chem. Soc. 1997, 119, 10054 — 10063;

J. E. Anthony. Angew. Chem. Int. Ed. 2008, 47, 452 — 483.
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Racemization barrier
]

e  [5]-and [4]helicene racemize at RT 63

AAG ([6]helicene) = 36.2 kcal/mol s » o

AAG ([5]helicene) = 24.1 kcal/mol 912
10 "

[S]helicene

e hindering the racemization by

increasing the racemization barrier 2 introducing substituents on the
terminal rings (1-position effective)

compound t., [min] OOQ
[6]helicene 13.4 (221.7 °C) ‘ ’

1,16-dimethyl-[6]helicene 444 (270 °C)

R. H. Janke, G. Haufe, E.-U. Wirthwein, J. H. Borkent. J. Am. Chem. Soc. 1996, 118, 6031 — 6035; H. Scherlibel, U. Fritzsche, A. Mannschreck.
Chem. Ber. 1984, 117, 336 — 343; R. H. Martin, M.-J. Marchant. Tetrahedron Lett. 1972, 35, 3707 — 3708; J. H. Borkent, W. H. Laarhoven.
Tetrahedron Lett. 1978, 34, 2565— 2567.
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Racemization
]

o two different transition states for racemization

e TS-1: C,-symmetry, all atoms are coplanar
TS-2: C.-symmetry, terminal rings bending to the same side

£

. racemization of [6]helicene

‘O Reaction coordinate ‘O

-
>
-t
-

(P)-[6] (M)-[6]

Y. Shen, C. Chen. Chem. Rev. 2012, 112, 1463 — 1535; L. Adriaenssens, L. Severa, D. Koval, |. Cisarova, M. M. Belmonte, E. C.
Escudero-Adan, P. Novotna, P. Sazelov4, J. Vavra, R. Pohl, D. Saman, M. Urbanova, V. Kasicka, F. Teply. Chem. Sci. 2011, 2,
2314 - 2320.



First helicenes

H
e helicenes prepared before 1950 N
O Q0 AU : ’

synthesis of [6]helicene:
1956 Newman and co-workers
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z

1 2 3
1903 1903 1918

H
4

1

O

27

50(}'
OO coon OOH
5 6 7
1948

1933 1948

- Helicene chemistry took off!

Y. Shen, C. Chen. Chem. Rev. 2012, 112, 1463 — 1535;
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Synthesis of [6]helicene

e 1956 (Newman and Lednicer)

O O
COOEt MgBr O

EtOMOEt O
CHO = “COOEt COOEt

0.15 eq piperidine 1.0eq

0.09 eq benzoicacid COOEt

benzene, reflux, 5 h benzene, reflux, 45 min

9 56 % 10

3 70 %

2.6 eq LiAlH, 3 eq CH,S0,Cl 0-80CH,
benzene/ether, 1 h pyridine, 0 °C, 1 h 0O-S0O,CHj5
93 % 86 %
12

HF O O N2H4, NaOH
- . -
67 % DEG, reflux, 2 h,
HOOC COOCH o COOH 87 %

QO

1. KCN, DMF, 90°C, 2 h
2. 10 % NaOH, reflux, 1 h

55 %
13 14

‘ O 1 eq PCls, o-dichlorobenzene, 1 h ‘ 0 5 % Rh on Al,O4 ‘ 0

1eq SnCly, 1 h, 56 % 300 °C, 10 h O ‘
N2H4, NaOH 63 %
[v)
‘ coon DEG: reflux, 2, 89 % “ OO
16 17

15

M. S. Newman, W. B. Lutz, D. Lednicer. J. Am. Chem. Soc. 1955, 77, 3420 — 3421; M. S. Newman, D. Lednicer. J. Am. Chem.
Soc. 1956, 78, 4765 — 4770.



: , -
Resolution of [6]helicene ONFIDENTIAL

e resolution with (-)-TAPA

- 2-(2,4,5,7-tetranitro-9-fluorenylideneaminooxy)-propionic acid

\‘/COOH
.0
0 i \
>:N—O 4
Yy mewnson, oMY Ty 77 Tooon o7
- = -
18 NO, NO, NO, NO,
19 20
(-)-TAPA

e formation of a diastereomeric charge-transfer complex

- (-)-TAPA (acceptor) forms a charge-transfer-complex with (+)-[6]helicene
(donor)

(P)-[6]helicene ()-TAPA

(P)-[B]helicene - (-)-TAPA + (M)-[6]helicene
(M)-[6]helicene

2.27 g =2 this procedure and following recrystallization (8 times!)
- 11.9 mg! enantiomerically pure

M. S. Newman, W. B. Lutz, D. Lednicer. J. Am. Chem. Soc. 1955, 77, 3420 — 3421; M. S. Newman, D. Lednicer. J. Am. Chem.
Soc. 1956, 78, 4765 — 4770.
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Helicenes — synthetic approaches

e  oxidative photocyclization QO hy QQQ Ox. (1) QOQ
- H
21 22 =

e  only the cis-stilbene — _
is reactive

‘O O‘ 2 bermens. 21, OO‘ » 1967 first photoinduced
O O wer OO synthesis of [7]helicene

24 25

H. Jungmann, H. Gisten, D. Schulte-Frohlinde. Chem. Ber. 1968, 101, 2690 — 2696; M. Flammang-Barbieux, J. Nasielski, R. H.
Martin. Tetrahedron Lett. 1967, 8, 743 — 744.
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Photocyclization ONFIDENTIAL

problem: [2+2] cycloaddition O
A
: U, 9
stilbene dimerization & O

phenanthrene-stilbene cycloaddition o1 —~

- Oy
—> run reactions at very low concentrations! O O

regioselectivity

2 J
- bromine-directed photocyclization for higher yields! ’O

- higher helicenes: nt-stacking help organize transition state

Y. Shen, C. Chen. Chem. Rev. 2012, 112, 1463 — 1535; A. Sudhakar, T. J. Katz. Tetrahedron Lett. 1986, 27, 2231 —2234.
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Photocyclization ONFIDENTIAL

e examples:

[6]helicene CHO @ N\ ‘0
34 O O hv, I, benzene O ‘

17
substituted helicenes ([6]-Heliphos) %

>
<
o
o
(0]
>
N
[0}
>
(0]
N =
U=z
gw
S »

CHO
2eq
2 PPh; DMF /©/
reflux, 3 h Br 38
—_—
Br. Br 78 % BrPh;P PPhsBr NaOEt, EtOH
36 37 reflux, 2 h, 72 %

1. resolution (chiral HPLC)
O 2. n-Buli, THF, -78 °C
hv, I, toluene Q 3. Ph,PCl, -78 °C to RT O O
39 50 % Br- 40 % Ph,P
Jog SR
Br Br O

R. H. Martin, M. Flammang-Barbieux, J. P. Cosyn, M. Gelbcke. Tetrahedron Lett. 1968, 31, 3507 —3510; M. T. Reetz, E. W.
Beuttenmidiller, R. Goddard. Tetrahedron Lett. 1997, 38, 3211 — 3214.

:

12
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Diels-Alder approach

e  Katz and Liu 1990, first non-photochemical approach

toluene, reflux, 33 h 0]
+ > 0
17 %
N O
42 43
4 o

e vyields can be increased by increasing electron density on the diene

O
R1R1 N toluene, reflux
Ro Rz

43

6%, R1=H,R2=H

13 %, R1 =H, R2=OMe

47 %, R, = OMe, R, = H

42 %, R, = OTBDMS, R, = H

\

L. Liu, T. J. Katz. Tetrahedron Lett. 1990, 31, 3983 —3986; T. J. Katz, L. Liu, N. D. Wilmore, J. M. Fox, A. L. Rheingold, S. Shi, C.
Nuckolls, B. H. Rickman. J. Am. Chem. Soc. 1997, 119, 10054 — 10063

13



CONFIDENTIA(

Metal-catalyzed cyclizations

=
e double C-H arylation 10 mol% Pd(OAc),
X 20 mol% PCys * HBF,
MeO K,CO3/Ag,COs OMe
| _ DMA, 130 °C, 14 h
MeO _ o >
X X=1,48% OMe
\;@ X = Br, 30 %
NS
48

47

e  other Pd-catalyzed coupling reactions

T

40 mol% Pd[P(t.-Bus)],
SnMe, CsF, dioxane, 130 °C N

O SnMe3 82 % OO
0

5 mol% Pd(PPh3),
6 eq K2CO3 Ph
Br THF/H,0, 60 °C ‘
+ -
Br 32 %
° Ph
pin
9 53

1. n-BuLi, THF, -78 °C
Br 2. Me3SnCI

i Br 82 %

>

49

Bpin

KOXY,

B
52

K. Kamikawa, |. Takemoto, S. Takemoto, H. Matsuzaka. J. Org. Chem. 2007, 72, 7406 — 7408; X. Xue, L. T. Scott. Org. Lett.
2007, 9, 3937 — 3940; M. Shimzu, I. Nagao, Y. Tomioka, T. Hiyama. Angew. Chem. Int. Ed. 2008, 47, 8096 — 8099.

14



Metal-catalyzed cyclizations
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e  Co/Ni-catalyzed intramolecular [2+2+2] cycloisomerization
e first discovery in 1998 by Stary (helicene-like compounds)

R 0
7 0.4 eq CpCo(CO),
O O\/ 0.8 eq PPh,
decane, 140 °C R
| | halogen lamp, 0.5 h _ O O
o R
N :
54

55 89 %, R=H
70 %, R = Me

e utilized same approach to synthesize tetrahydrohelicenes and helicenes

[2+2+2] ‘ ‘ 6 eq DDQ, benzene, 100 °C, 40 h ‘ ‘
—_— >

H 00 90
2 .

N\ 7

56

58
I. G. Star3, I. Stary, A. Kollarovic, F. Teply, D. Saman, M. Tichy. J. Org. Chem. 1998, 63, 4046 — 4050; I. G. Star3, I. Stary, A.
Kollarovic, S. Vyskocil, D. Saman. Tetrahedron Lett. 1999, 40, 1993 — 1996.

15
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Other cyclization reactions

e approach with 1,1-binaphthyl precursors

. 1998 Gingras and Dubois, carbenoid coupling = [5]- and [7]helicene

OO 4.0 eq MeMgBr OO 2.05eq NBS OO Br
OTf 5 mol% Ni(dppp)Cl,, Et,0 N 3 x 1 mol% DBPO, CCl, N
oTt reflux, overnight reflux, 4 h Br
LT Oy O

59 60 61
LIHMDS, THF, HMPA O‘
0°C, 15 min R ‘

o 90

58

—> precursors are easily obtained either by coupling reactions or from 1,1°-
binaphthyl derivatives

- all reagents are inexpensive
—> fast reaction rates

M. Gingras, F. Dubois. Tetrahedron Lett. 1998, 39, 5039 — 5040; M. Gingras, F. Dubois. Tetrahedron Lett. 1999, 40, 1309 — 1312.

16



Application
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J asymmetric catalysis

e dye materials

e polymers

e  organocatalysis

e Liquid Crystals

e and many more

Y. Shen, C. Chen. Chem. Rev. 2012, 112, 1463 — 1535; M. Gingras. Chem. Soc. Rev. 2013, 42, 1051 — 1095.
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Asymmetric catalysis

e  Why helicenes?
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- rigidity, large chiral pocket, continuously chiral

e first application of an optically pure helicene in an enantioselective reaction

(Martin, 1986)

)

-

64

(P)-62

(M)-62

H202’ Hzo, MeOH @ e) H

pH = 8, 20 °C
63

92 %, 99.8 % ee

HQOZ, Hzo, MeOH @
pH =8, 20 °C 2, AH

’ S
, f 5
7 N

> H H

65
84 %, 97.6 % ee

M. J. Narcis, N. Takenaka. Eur. J. Org. Chem. 2014, 21 — 34; B. B. Hassine, M. Gorsane, F. Geerts-Evrard, J. Pecher, R. H. Martin,
D. Castelet. Bull. Soc. Chim. Belg. 1986, 95, 547 — 553; B. B. Hassine, M. Gorsane, J. Pecher, R. H. Martin, D. Castelet. Bull. Soc.

Chim. Belg. 1986, 95, 557 — 566.

18
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Asymmetric catalysis

e asymmetric hydrogenation (Reetz, 1997)

e first catalyst based on a helical chiral ligand

0.1 mol% (P)-41
0.1 mol% [Rh(COD),]BF 4 /'\/
COOMe
M -
MeOOCLCOO e MeOOC o7
66

H, (1 atm), CH,Cl, RT

-0

PhyP
Ph,P .

(P)-41

54 %, 39 % ee

M. T. Reetz, E. W. Beuttenmiiller, R. Goddard. Tetrahedron Lett. 1997, 38, 3211 — 3214.




Dye materials
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J unique structure = optical properties

e  Phthalocyanine dye materials

e donor-acceptor n-conjugated (D- t-A) dyes
in DSSCs (dye-sensitized solar cells)

T. Sooksimuang, B. K. Mandal. J. Org. Chem. 2003, 68, 652 — 655; Y. Ooyama,
K. Komaguchi, Y. Harima. Tetrahedron 2010, 66, 7268 — 7271.

G. Ito, H. Fukuoka, T. Nagano, Y. Kagawa, |. Imae,

20



Polymers
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e |adder polymers

e  Katz, 1997: first synthesis of novel ladder polymers

ne
HoN 71
1. 71, EtOH, reflux

95 %

2. Ni(OAc),, THF, EtOH, reflux  pe0

Y. Dai, T. J. Katz. J. Org. Chem. 1997, 62, 1274 — 1285.

21



Organocatalysis
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e desymmetrization of meso epoxides with chlorosilane

10 mol% cat OSiCly

0 iPr,NEt, CH,Cl, 48 h, -78 °C

A + SiCl,

R R

Cl

—> stereoselectivity is substrate-dependent

0

PhA Ph

0

AN

2Naph 2Naph

o)

AN

BnOHZC CHzan
O

(P)-73

80 % vyield
92 % ee

77 % yield
73 % ee

68 % yield
42 % ee

68 % vyield
22 % ee

(P)-74
77 % yield
94 % ee

76 % yield
92 % ee

72 % yield
65 % ee

74 % yield
33 % ee

N. Takenaka, R. S. Sarangthem, B. Captain. Angew. Chem. Int. Ed. 2008, 47, 9708 — 9710.

22



Liquid Crystals
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e helicenes, dissolved in achiral liquid crystals
can also be chiral dopants

ks
e few examples OO OQ o O

= (M)-helicenes of 17, 75 and 76
gave left-handed cholesteric phases

(0] OR
° further helicene-like derivatives ‘ o ‘ 0
oy RO
besihee
77
(0] 78 (0]

G. Gottarelli, G. Proni, G. P. Spada, D. Fabbri, S. Gladiali, C. Rosini. J. Org. Chem. 1996, 61, 2013 — 2019; A. Ferrarini, S.

Pieraccini, S. Masiero, G. P. Spada. Beilstein J. Org. Chem. 2009, 5, 1 — 8.

23
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[5]Helicene derivatives
|

e synthesis and investigation in a LC-host O‘ OO
X
() »
o derivatives of 79 are efficient inducers OO OO

58 79

e  Structurally related [5]helicenes?
e synthesis by carbenoid coupling

. [5]helicene derivatives need bulky substituents for stable enantiomers

a b

\{/é\{/ @ 2,13-disubstituted [5]helicenes stable
as single enantiomers?

24



2,13-Disubstituted [S]helicenes eI

1.4 eq Tf,0
1.5 eq NEt;

_4mol% DMAP
CH20I2, RT
MeO MeO o1 OTf

1.5 eq Bis(pinacolato)diboron 5 mol% PdCl,(PPhs),
3.0 eq CH;COOK 0.84q.79 OO
g, 5.M0l% PdCly(dppf) 1.5 4q. NaBO, MeO 24 O
Dioxan, reflux., 20 h Dioxan, reflux., 20 h
69 % 82 %
82

4 mol% DMAP
3eqBBry _ 1mol% CuTMEDA R OH _28eqTf,0, NEt;
CHQC|2 CHZCIZ, RT,20h R OH CH,Cl,, 0 °C - RT
MeO 84

\

/

R 5°c,3h HO

R = Ph(tert.-Butyl), 95 %

60%

OO 4 eq MeMgBr OO 2,2 eq NBS
R OTf 5 mol% NiCly(dppp) R 1 mol% DBPO
R OO OTf Et,0, reflux.,15h R OO CCl,, reflux. 4 h
87 88
90 % OO 86 % 63 %
R

focaomry. R OO‘ enantiomer separation on
THF, 0°C, 10 min a chiral stationary phase

90
40 %

25



H3C-O

2,13-Disubstituted [5]helicenes

CONFIDENTIAL

1.0 eq AdOH 2 eq K,CO4

10 steps

iCsH11_O

\
96
OO iC5H11_O iCsH»]»]_O
‘ OO 2.2eq NBS OO Br 10 eq LIHMDS
Ad 01eqDBPO  Ad 10 eq DMPU

97

Br 1.1 eq H,SO, AdBr 2 eq 1-lod-3-methylbutan
CH,Cly/heptane 1:3 EMK, reflux, 20 h _
HO 2 2/heP HO v iCeH{—O

o

93

0,
91 RT, 48 h 92 71 %

48%
1.5 eq Bis(pinacolato)diboron o
3.0 eq CH3COOK Ad é 1.05 eq Oxone Ad OH
5 mol% PdCl,(dppf) > ~0 H,O/acetone

dioxane, reflux., 20 h .~ . _ RT,20h  jCgHy—O
67 % iCsH=0" g, 87 % s

4 eq MeMgBr

iCsH11_O iCsH11_O
(1) «mavowe CO
1 mol% CuTMEDA Ad OH 28eqTfH0, NEt; Ad oTf 5 mol% NiCly(dppp)

OO Ad CGH121 reflux., 4 h Ad 5

r 0,

100a OO 32% OO 24 %
iCsH11_O iCsH11_O

98 99

* solubility
* 100 could be seperated into single enantiomers!

THF, 0°C, 10 min_

58 %

CH,CI,, RT, 3 h Ad OH CH.Cl,, 0°C-RT Ad OTf dioxane, reflux., 20 h
s e s e e
iCsH11_O

100

26



Crystal structures

CONFIDENTIA(

3,12-disubstituted [5]helicene 0 (90) in [°] O (100a) in [*]
o® " B3LYP/6-31G" 30.94 34.85

‘ ©(99) =27.7° MO06-2X 28.59 34.17
9 Ph experimental 32.19 33.53

0. Songis, J. Misek, M. B. Schmid, A. Kollarovic, I. Stara, D. Saman, I. Cisarova, I. Stary. J. Org. Chem. 2010, 75, 6889 — 6899.

27
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Thermal stability

e 90 & 100 are stable as single enantiomers at RT

e single enantiomer of 90 (99.0 % ee) was heated in toluene

> ee % after 1h50°C=99.0 OO
Ph(t.-Bu),
2 h 70 °C = 98.0 O

1h90°C=95.6 OO e

J same procedure with 100




Helical Twisting Power

e HTP’sin MLC-6260

4@ U
Ph(t.-Bu), O Ad
! l Ph(t.-Bu), Ad
O_iC5H11

90 100
compound HTP in [um]
90 1
100 almost measured
101 41
102 14
103 3

101

OO
OO

CONFIDENTIAL

LC-host MLC-6260

R = C,H5 (2 %) :\< =C3H7, Ry =CsHyq (4 %)

R = CqH, (2 %) R1 CaHy, Ry = CaHy (4 %)
R =CsHy1 (4 %) = C4Hg, Ry = C3H7 (4 %)
=C4Hg, Ry = C6H11( %)

N
=N CsHy;
10 %
R = C3H7 (8 %)

R =CsHy1 (8 %)
R = CHs (10 %)

CsH
R = C3Hy (5 %)

R =Cy4Hg (5 %)
16 %

R= C5H11 (5 %)
MeO
(t—Bu)zPh
(t—Bu)zPh
MeO 102 103

v

HTP decreases

29



Summary

CONFIDENTIA(

e still ayoung field

e powerful synthetic methods exist to generate helicenes

e different roles (catalysis, liquid crystals etc.)

. 2,13-disubstituted [5]helicenes can be stable as single enantiomers
- first example

e  bulky groups within the dopant molecule result in small HTP

30



