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Introduction

Representative monophosphine-contaning helicenes
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(P)-carbo[6]helicene (M)-carbo[6]helicene
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Wang, Y.; Wu, Z.-G.; Shi, F.* Chem Catalysis 2022, 2, 3077-3111




Metal-Catalyzed Synthesis of Helicenes

Intramolecular [2+2+2] cycloaddition Intermolecular [2+2+2] cycloaddition
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Metal-Catalyzed Synthesis of Helicenes

Intramolecular [2+2+2] cycloaddition (Co and Ni)

Ni(cod); (20 mol%), L5 (40 mol%) . CO o~
THF, -20 °C O O PPh,
SORNICU N

53% vyield, 48% ee h o

Ni(cod), (10 mol%), L6 (20 mol%)
THF, -20 °C

Y

PPh,

OMe
g O L6

X =C, up to >99% yield, 64% ee |_ y
X = N, racemic pyrido[6]helicene

C1 (10 mol%)

\

460 W lamps, THF

up to =99% vyield, 25% ee

Stara, I. G. et al. Tetrahedron Letters 1999, 40, 1993-1996; Heller, B. et al. Journal of Organometallic Chemistry 2013, 723, 98-102
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Metal-Catalyzed Synthesis of Helicenes

Intramolecular [2+2+2] cycloaddition (Rh)

O/\ [Rh(cod),]BF, (20 mol%)
| ‘ (R,R)-Me-Duphos (20 mol%)
DCM, 40 °C -
Lot O O\/
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Tanaka, K.*; Kamisawa, A.; Suda, T.; Noguchi, K.; Hirano, M. J. Am. Chem. Soc. 2007, 129, 12078-12079




Metal-Catalyzed Synthesis of Helicenes

Intermolecular [2+2+2] cycloaddition (Pd)

O‘ oTt GO2R Pd,dbaz*CH5Cl (5 mol%)
| | Ligand (12 mol%)
+ »
s CsF (4.0 eq.), CHsCN/DCM
o
R = Me, 49%, 96% ee

R = Et, 32%, 92% ee
R = t-Bu, 50%, 82% ee

o
_N
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Ligand = (S)-QUINAP
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up to 50% yield, 96% ee
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Yubuta, A.; Hosokawa, T.; Gon, M.; Tanaka, K.; Chujo, Y.; Tsurusaki, A.; Kamikawa, K.* J. Am. Chem. Soc. 2020, 142, 10025-10033
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Metal-Catalyzed Synthesis of Helicenes

Hydroarylation (Au)

y

Vi
N Au Catalyst (5 mol%)
AuCI(SMe,) (30 mol%) O AgSbFg (5 mol%)
(R)-BINAP (15 mol%) »-
> Q O )  CeHsF or DCM, -20 °C
AgOTf (45 mol%), (CH,CI),

A

up to 96% yield, 67% ee
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Nakamura, K.; Furumi, S.; Takeuchi, M.; Shibuya, T.; Tanaka, K.* J. Am. Chem. Soc. 2014, 136, 5555-5558
Gonzalez-Fernandez, E.; Fares, C.; Lehmann, C. W.; Alcarazo, M.* J. Am. Chem. Soc. 2017, 139, 1428-1431




Metal-Catalyzed Synthesis of Helicenes

Olefin metathesis (Ru)

Cat. (4 mol%), vinylcyclohexane (10.0 eq.) +
C6F61 rt. -
38% conv., 80% ee \
s A
t f
. Me Bu Bu
/\ RU:\  — R MeO N N—Me
a’ R P \K\\CI
rJRU=\
CI” 1 pn
olefin additive alters propagating species Cat. PCy,
\. J

Grandbois, A.; Collins, S. K.* Chem. Eur. J. 2008, 14, 9323-9329
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Metal-Catalyzed Synthesis of Helicenes

Oxidative coupling (V)
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Cat. (10 mol%), CCly, O,, 60°C
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O V.
o \.0

O OH
O "
Ar

Ar = 3,5-Ph206H3

By
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Intermolecular
oxidative coupling

) ‘ + SM, + 02, - Hzo
(=S

up to 86% vield, 94% ee

SM

Sako, M.; Takeuchi, Y.; Tsujihara, T.; Kodera, J.; Chujo, Y.; Kawano, T.; Sasai, H.* J. Am. Chem. Soc. 2016, 138, 11481-11484
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Organocatalytic Synthesis of Helicenes

Fisher indole synthesis (CPA catalysis)

PIB
Cat. (5 mol%), Amberlite CG50

|
N
\ ~ + r o
_: NH; \P DCM, -7 °C, 72 h
Z

up to 98% vyield, 92% ee

A

Kotzner, L.; Webber, M. J.; Martinez, A.; Fusco, C. D.; List, B.* Angew. Chem. Int. Ed. 2014, 53, 5202-5205
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Organocatalytic Synthesis of Helicenes

[4+2] Cyclization (Chiral squaramide catalysis)

Cat. (10 mol%)

DCM, 40 °C, 36 h

A

(52
{ )
\/

Jia, S.; Li, S.; Liu, Y.; Qin, W.; Yan, H.* Angew. Chem. Int. Ed. 2019, 58, 18496-18501




Organocatalytic Synthesis of Helicenes

[3+2] Cyclization (Chiral squaramide catalysis)

1) Cat. (10 mol%), K;HPO,4+3H,0, CHCl3, r.t., 6 d

Y

Cat. (10 mol%), K,HPO,*3H,0

2) DBU, THF, MW, 100 °C, 20 min

foy

peir

up to 98% vyield, >99% ee

DBU, THF, MW, 100 °C

[
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v

-HNO,

Liu, P.; Bao, X.; Naubron, J.-V.; Chentouf, S.; Humble, S.; Vanthuyne, N.; Bonne, D.* J. Am. Chem. Soc. 2020, 142, 16199-16240
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Introduction

carbo[6]helicene
AGexpt = 35.9 kcal/mol
AGcact = 36.9 kcal/mol
configurationally stable
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oxa[5]helicene
AGggct = 15.7 keal/mol

25,5, calc = 36.4 ms (R =H)

unstable

O
O

carbo[5]helicene
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Project Synopsis

configurationally
unstable
OZN—\R - - OzN—\R
3
(P)-b (M)-b
s ~\ [H]
]
Ar=Ph, R=Ph
AGearct = 16.8 keal/mol ' .
t calc = 11.4 ms (at -10 °C) centra.'_anqlhehcal hgllca[
L ) chiralities phosphine ligands
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Ph 1
H

1a

iPI’ N Br
PPh,
@] NH
I LPh
R" “NHBoc

P1: R' = Me, 84% yield, 26% ee
P2: R ='Pr, 88% vield, 46% ee
P3: R' ='Bu, 85% vyield, 61% ee

Ph

+ (]
Ph
oN—

R2 + BI'_
PPh,
O NH
j: kPh
Bu NHBoc

P4: R2 = Me, 87% vyield, 44% ee
P5: RZ = Bu, 87% yield, 80% ee

Optimization of Reaction Conditions

P (10 mol%)
Cs,CO5 (4.0 eq.)

toluene (0.01 M)
r.t., 4 h,=20:1dr

‘Bu + Br

PPh,
T
Bu

NH R3
P6: R® = Me, 85% yield, 78% ee
P7: R3 =3,4,5-OMe-CgH,
87% vyield, 81% ee

NHBoc
R3

P8
88% yield, 88% ee

92% yield, 92% ee (-10 °C, 24 h)
92% yield, 92% ee (-10 °C, 24 h, 2 mol%)
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Substrate Scope

Pg (2 mol%), Cs,CO3 (4.0 eq.)

=H, 92% yield, 92% ee

= 3-Cl, 99% yield, 96% ee

= 3-OMe, 98% yield, >99% ee
= 4-F, 97% yield, 94% ee

= 4-Cl, 99% yield, 92% ee

= 4-OMe, 96% yield, 93% ee
= 4-OEt, 96% yield, 96% ee

Ph Oszu--
OZN"""‘ 0

(@]

14, 99% vyield, >99% ee

15, X = 0, 98% yield, 96% ee
16, X = S, 97% yield, 98% ee

17, 88% yield, 78% ee

Toluene (0.01 M), -10 °C, 24 h

19, R = Et, 69% yield, 80% ee

8, R = 4-OPh, 94% yield, 90% ee

9, R = 4-Me, 80% yield, 92% ee

10, R = 4-Et, 82% yield, 87% ee

11, R = 4-Ph, 97% yield, 97% ee

12, R = 3,5-Me, 98% yield, >99% ee
13, R = 3,5-OMe, 99% yield, >99% ee

OMe
"y Y
OR
3
O// MeQO //P |
Ph o
OZN"""' Ph
Y OQN"""'
@]
18, R = Me, 88% yield, 92% ee 20

89% vyield, 5:1 dr, 97% ee (major)
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Substrate Scope

»)
[

g ‘ P8 (2 mol%), Cs,CO3 (4.0 eq.)
+

O/ﬂ'b y 5 Toluene (0.01M),10°C, 24 h
O,N
o)

o

24, 98% yield, >99% ee

OMe

OMe

23, 97% yield, >99% ee

25, 97% yield, >99% ee
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Optimization of Reaction Conditions

1b 1, >20:1 dr, 92% ee 26
Entrylal [O] Solvent T(°C)/ (h) Yield (%) Ee (%)
1 MnO, CH,Cl, 0 (48) <5 -
2 PhlI(OAc), CH,ClI 0 (48) <5 -
3 DDQ CH,Cl, 40 (48) <5 -
41b) CAN MeCN/H,0 rt. (8) <5 -
5 Ag,0 CH,Cl, rt. (48) <5 -
6 Cu(NO,), CH,Cl, rt. (72) 11 92
70 Cu(OH), Toluene 30 (48) 85 92

[a] Condition: 1a (0.12 mmol), 1b (0.1 mmol), P8 (0.002 mmol), Cs2CO3 (0.4 mmol) in 10 mL toluene at 10 °C for 24 h. After the reaction
completed, the reaction mixture was filtered to remove Cs2CO3, and the residue was directly conducted under the following condition: oxidant
(0.5 mmol) in 10 ml solvent. [b] MeCN/H20 (v/v = 4/1). [c] With Cu(OH)2 (1.5 mmol) under N2.
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Substrate Scope

o OO P8 (2 mol%), Cs>,CO3 (4.0 eq.)

i ‘ Toluene (0.01 M), -10 °C, 24 h

P + -
O/,L\O Q . then Cu(OH), (15 eq.)

N», 30 °C, 48 h

26, R =H, 85% yield, 92% ee

27, R = 3-Cl, 87% yield, 96% ee
28, R = 3-OMe, 83% yield, 98% ee
29, R = 4-F, 90% yield, 95% ee
30, R = 4-Cl, 92% yield, 92% ee
31, R = 4-OMe, 82% yield, 93% ee
32, R = 4-OFEt, 81% yield, 95% ee

33, R = 4-OPh, 78% yield, 88% ee
34, R = 4-Me, 76% yield, 92% ee

35, R = 4-Et, 77% yield, 86% ee

36, R = 4-Ph, 77% yield, 97% ee

37, R = 3,5-Me, 89% yield, 99% ee
38, R = 3,5-OMe, 92% yield, >99% ee

OMe
QL
. =
MeO Np?” |
o/
Ph
05N 4
(@]
39, 89% yield, >99% ee 40 X = O, 80% vyield, 96% ee 42 73% yield, 78% ee 43 R = Me, 86% yield, 92% ee 45
41, X =8, 82% yield, 98% ee 44 R = Et, 66% vyield, 80% ee 73% vyield, 5:1 dr, 97% ee (major)
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Substrate Scope

P8 (2 mol%), Cs,COj3 (4.0 eq.)
Toluene (0.01 M), -10 °C, 24 h

49, 79% yield, >99% ee

then Cu(OH), (15 eq.)
N5, 30 °C, 48 h

50, 83% yield, >99% ee

OMe

OMe

(M)-46
(CCDC 2245557)
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Gram Scale & Transformations of Products

Cu(OH), (15 eq.)
N,, 30 °C, 48 h

Y

43, 99% yield, 92% ee
AG* = 28 .45 kcal/mol
12%,2 = 22447 3 h

AcOK (2.0 eq.)
DMF,0°C,3h

Y

f
1b P
(1.56 g, 4 mmol) \ 0/|1|\O
Q

= 3,5-OMe-CgHs

13, 99% yield, >99% ee (2.8 g) 51, 90% vyield, 92% ee
AG¥ = 26.12 kcal/mol
25, = 443.8 h




Transformations of Products

Pd/C, Hs, MeOH, rt

OMe
TsCl, Et;N o =
quantitative DCM,0°C
OMe
-
13 52
o ®
W
(O—CcooH
- O
DCC, DCM @)
54, 67% yield, >99% ee
52 From Isoxepac
&
e 7
N\H = \H
O

lelu.

(o]
O O
(0] O
55, 79% yield, >99% ee
From Oleic Acid

56, 81% yield, >99% ee 57, 89% yield, >99% ee
From Linoleic Acid From Isoxepac




Transformations of Products & Evaluation of 59

7\
Y

7

- -
-

o
DMF, 0 °C, 10 h MTBE, r.t., 6 h
N ‘ Ph 63% yield 4 O Ph 45% yield O Ph
o 0

13, >99% ee 58, >99% ee 59, >99% ee
AG* = 26.32 keal/mol
25, =6246 h

By . ®

e
R Q{
Mol /E/ ‘ AcOK (2.0 eq.) DIBAL-H MaG w4 ‘
‘s

o di

\ -
Ph [Pd C3Hs)Cl),, 59, BSA, DCM, LIOAC\ [Pd(C3H5)Cl],, 59, BSA, DCM, KOAc Ph/\/'\l:’h
62, 99% yield, 92% ee .
(S-isomer) OAc 66, 98% yield, 87% ee

/\)\ (R-isomer)
Ph

Ph
N / OBn
- Ph/\/LPh
[Pd(Cs

Hs)Cll, 59, CS,CO3, DCM [Pd(C3H5)Cllp, 59, CS,CO4, DCM

Y

68, 78% yield, 93% ee
64, 95% yield, 94% ee (R-isomer)
(R-isomer)
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Mechanism Study

8.5
/. OMQAGO
& 84 _
2l OO MeO ) OMe /\ onte
Z 831 d I standard conditions |
' J * P ™ MeO F/ 5
B osl I P (2 mol%
e ond Ph H (2 mole) o? ‘
2
8., ./ . Med OMe Oy O Ph
O
il TREN- 2 JUIP A 1b 13a
ratio of 13a/P8 13
Bu + Bu + Bu +
= 130 \l/\PthMe Y\PPthe \l/\PPhZIVIe
s - - -
T 12001 @] N | O N | (@] N I
£ @ “H “Me “H
e H H Me
. Bu” N7 Bu” N~ ‘Bu” YN~
g Boc Boc Boc
L]
- 900
2 P8 P8-1 P8-2
9 8001 o 99% vyield, >99% ee (toluene) 96% yield, 14% ee (toluene) 97% vield, 72% ee (toluene)
- 47% yield, 0% ee (MeOH)

02 03 04 05 06
c(P8)/[c(P8)+c(13a)]

0.7 038
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Mechanism Study

With (P)-b
0P &
\ -OsN
./Ff'--\dg;{ NG .
. -‘ .\P-. T Z
OZN_\R g
M ph
si-attack re-attack ' S
TS1-(P)-si TS2-(P)-re O 1\12/\@“/]e
lead to (M)-1 lead to (P)-1 %/ “H -
- R
- 1 N—H .\P_. " e
With (M)-b : i A= Y
) \ ¥ g \({ o \\L,—-—'l’f
1 o |G
O IS ||
?:,>
oY\ (—— p /f\ Y
2.'.( R S
o, @& - N\ X TS4-(M)-si
O/ \. @ 2 —\R
re-attack si-attack
TS3-(M)-re TS4-(M)-si (favourable)

lead to (P)-1 lead to (M)-1 (agree with experiment)




Summary

O
1l
- configurationally O/P
unstable
OZN_\R = = ON “R
’
(P-b (b

2
Ar=Ph,R=Ph O,N « |
AGoyct = 16.8 keal/mol ©
t,, calc = 11.4 ms (at -10 °C) central and helical helical
L ) chiralities phosphine ligands

O Excellent stereoselectivities and reactivities (2 mol% PPS)

O Broad substrate scope and novel phosphorus-containing helicene scaffolds
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The Last Paragraph
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Representative Examples

O Since their discovery by Witte and Meisenheimer in 1903, such distinctive topologies have
greatly fascinated chemists due to their superiority in material sciencess. (distinctive: JH4F8Y)

O Amongst them, transition metal-catalyzed enantioselective synthesis of these scaffolds is widely
considered the most general approach to date. (Amongst them: ===+ Z. )

O These limited asymmetric protocols and disproportionate development vastly impose restrictions
on their versatility in asymmetric catalysis. (disproportionate: FaCEEFIRY, AEERY)
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