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Selected Milestones of Vinyl Cation
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Stability of Vinyl Cation
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Bryne, P. A. et al. J. Am. Chem. Soc. 2017, 139, 1499.



Ring Tension of Cyclic Vinyl Cations
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Solvolysis Reactions of Vinyl Cations
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Bryne, P. A. etal. J. Am. Chem. Soc. 2017, 139, 1499.
Cozens, F. L. etal. Can. J. Chem. 1999, 77, 2069.



Addition to Vinyl Cation: Activation Control

Bryne, P. A. et al. J. Am. Chem. Soc. 2017, 139, 1499.



High Intrinsic Barrier
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Distortion-Interaction Analysis
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Direct Solvolysis: First Attempt

(0
Br 80% EtOH
>
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Grob, C. A. and Cseh, G. Helv. Chim. Acta, 1964, 47, 194.



Direct Solvolysis: Harsh and Not Useful

For alkyl substituted substrate, direct solvolysis of vinyl
halides/sulfonates require highly polar solvents(usually protic solvents)
and relatively high temperature.

X=OTs, OBs
X 50%\l\ﬂe0H R X 50% MeOH y . o
> "R RE O '
/ _,\ 60 °C j—< 130 C 7 \)l\

18 days ~10

rtransl rcis

Peterson, P. E. and Indelicate, J. M. J. Am. Chem. Soc. 1968, 90, 6515.
Peterson, P. E. and Indelicate, J. M. J. Am. Chem. Soc. 1969, 97, 6194.

/ 58

H/D OTf 80% EtOH (o) 23 OoTf 80% EtOH /
—_— —
; ( 76 C > \)l\ />_<D 76 C /

ky/k, ° = kyl/k, ° = only product
H/Xp(100 C) =1.20 \/ 9 H/Xp(78 C)=2.09 yp

Stang, P. J. J. Am. Chem. Soc. 1969, 91, 4600.

Hanack, M. Acc. Chem. Res. 1970, 3, 209. 13



Cyclic Enol Triflate
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Hanack, M. Acc. Chem. Res. 1970, 3, 209.



Strained Vinyl Cations: Stronger Leaving Group

Relative Leaving Ability

nucleofuge relative leaving ability
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Okuyama, T. et al. J. Am. Chem. Soc. 1995, 117, 3360. Miyamoto, K. et al. Angew. Chem., Int. Ed. 2009, 48, 8931.



Silylium lons: Eager for Coordination

b Free silylium ions

Si! i
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4
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Walker, J. C. L. et al. Nat. Rev. Chem. 2020, 4, 54. 16



R,Si*-WCA Strategy for Aryl Fluoride
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Shao, B. et al. Science 2017, 355, 1403. 18



R;Si*-WCA- System for Vinyl Triflate

[Ph3C]+[HCB11CI11]- \& 11V /uy
OTf Et,SiH (1.5 equiv) Alk
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Popov, S. et al. Science 2018, 361, 381.



Li*-WCA- : Higher Compatibility

Using weaker LA Li* instead of silylium lons, higher compatibility of
functional group can be achieved, but stralned vinyl cations cannot be

generated. o

OT Tio A: [PhsCH[B(CgF5)al~ (5 mol%)
_ Ar LiIHMDS (1.5 equiv)
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o
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OMe R = Me, halide,
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7 8 9

42% yieldab.c 38% yield 38% (29%) yield
ca. 79% yield of cd. 376 yield.of ca. 48% yield of
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olefin isomers 84 /o yleld 68% 8%) yielda 48%b (4 4%) yield

(3.3:1 tetra tri) B

Q OTBS Q
T &

*e

10
60% (46%) yieldd 50% (45%!) yield 46% (35%) yield 66"/ |e| . 19, X=F, 72% yleldbb I 21
97% yield of ca. 88% yield of ca. 75% yield of (81 titetra) 20, X = Cl, 82% yleld 96% (90%) yield
olefin isomers olefin isomers? olefin isomersd g B A

Wigman, B. et al. J. Am. Chem. Soc. 2019, 141, 9140. 20



Lithiated Ureas: Also Work, even Better

catalyst 9 (10 mol%)

9 catalyst (20 mol%) oTt LIHMDS (2.4 equiv)
LiHMDS (x equiv) 4-methylanisole (2.0 equiv) . MeO
e
0-DFB (0.0167 M), Temp 0-DFB, 30 °C
1 2 @ 8
X o 0 0 ] 19 ' via CO 20
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H H H I Ar— N N- Ar
i H H OTf
3: X =8, Ar = 3,5-bisCF3CgH3 9: Ar = 3,5-bisCF5CgH3 5: Ar = 3,5-bisCF3CgH; catalyst 4 (20 mol%)
4:X =0, Ar=3,5-bisCF;CsH; R =Me CO;R LiH (3.0-5.0 equiv) _
6: X =0, Ar=2-CF3CgH, 4-Li: Ar = 3,5-bisCF3CgH3 1 ., = i
7:X = O, Ar = 3-CF,C4H, R=Li R 0-DFB, 70 °C R CO,R
8 X=O Af— 4‘CF3C6H4
. i . - MeO
b) Computationally-optimized structure of the dimer of the lithium salt of
the urea CO,Me CO;Me CO;Me
P [ ¢ Cl
7
64% yreld 53% yield 50% yield

b [ : 1 MOMO
sl J" .'h}
02Me C02 COZME
pinB

lithiated 1,3-bis[3,5-bis(trifluoromethyl)phenyljurea dimer
LiUr, 1
(LiUr, 1) 41% yre.’d 38% yreld 33% yield @
Bagdasarian, A. L. et al. Org. Lett. 2020, 22, 7775.
Lee, W. et al. J. Org. Chem. 2023, 88, 3403.
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IDPi: Milder for Phenyl Aryl Tosylate

OTs IDPi (12 mol%) TN
Tol ™ allyl silane (1.3 equiv) H
(¢] =
Ph NTf  Cyclohexane (0.2M) N 2a
65°C, 72 h Tol
1a Ph
>20:1d.r.
Entry IDPi X Silane Conv. Yield %ee
1 3A H allyl TIPS 70% 56% 52%
2 4B CF3; allyl TIPS 89% 79% 85%
3 5B CF; allyl TIPS 95% 72% 60%
4 6B CF3; allyl TIPS 13% 11% 84%
5 7B CF3; allyl TIPS 93% 84% 85%
6 8B CF; allyl TIPS 81% 72% 91%
7 8B CF3 allyl TMS 38% 34% 89%
8 8B CFsz allyl S(TES)3  full 91% (81%)" 91%
9 8B CF3 none 0% 0% =
TN TN
TN o Q H
H H
H
- PMP Q PMP
a Ph Q Q
s
F OMe
2jt8, 40% yield 2Kk, 65% yield 2nt, 78% yield 20t, 60% yield 2p, 54% yield 2q°, 60% yield  2r, 66% yield 2s*, 64% yield
>20:1 d.r. >20:1d.r. >20:1 d.r. >20:1 d.r. >20:1d.r. >20:1 d.r. >20:1 d.r. >20:1 d.r.
90% ee 88% ee 91% ee (>99% ee)”  93% ee (>99% ee)" 90% ee 90% ee 91% ee 87% ee

Sepand, K. N. et al. Science 2022, 378, 1085. 22



Electrochemical Approach

BPin
EN
R ’
R
F
X
>N
[
6
81%
F
BN

15
68%

Wigman, B. et al. Angew. Chem. Int. Ed. 2022, e202113972.

TBAF+(H,0); (5 equiv)
TBABF, (0.1M)
MeCN (20mM)

Pt(-)/C(+) 1.8V
r.t. 15 min.

7
82% (71%)?
F

S

10
59%

nBu

nBu

13
2%

16
45%°

Boc,

1
47%

nBu
nBu

14
55%

N
H

7
39% (30% recovered s.m.)

BPin

o

26
single isomer

¢) Friedel-Crafts reactivity

BF,K

X

d) C-H insertion reactivity

BF,K

=

29

H

TBAF-(H,0)5 (5 equiv)

TBABF, (0.1M)
MeCN (20mM)

Pt(-)/C(+) 1.8 V
r.t. 15 min.

H>O (15 equiv)
TBABF, (0.1M)
MeCN (20mM)

Y

F
m Ph
o
27

35% yield?
6.25:1 Z.E

Pt(-)/C(+) 1.8V
r.t. 15 min.

CN “ (10 equiv)

H>O (20 equiv)
TBABF, (0.4M)
MeCN (20mM)

Y

T \EH
—~N_~ H
e2
[
~
o 28

48% yield (2.7:1 C2:C3)

Pt(-)IC(+) divided cell

Ece"=3.5V
rt.1h

—-e
—_
1 st
oxidation

- e_
-
2nd
oxidation

- cz2{C1
30
12% yield

(5.1:1 styrene products
C1=C2:C2=C3)ab
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Electrophilic Addition to Alkyne by Carbocation

Il HBF, ™~ """
H,0 (1 equiv)
X HFIP, it v | me| |

Ill

z both enantiomers accesible from
(5 mol%) Me

| | HBF, Br © Me Vasiiy avallable enantiomeric epoxide’s/ © Me
CHzBrz 77 : ent-17

Alonso, P. et al. Org. Lett. 2018, 20, 1659.
Fontaneda, R. et al. Org. Lett. 2016, 18, 4626.

TFA
| | CH,Br,
| 78 C
Il HCOOH
|
m Xu, Z. et al. Angew. Chem. Int. Ed. 2020, 59, 19919.

Lansbury, P. T. et al. J. Am. Chem. Soc. 1975, 97, 394. Liang, X. et al. J. Am. Chem. Soc. 2020, 142, 8116.
Garcia-Pedrero, O. et al. Chem. Commun. 2022, 58, 1089

euphoranginol C (—)-spirochensilide A
(H.-X. Lou and co-workers) {J.-H Chen, Z. Yang and co-workers)

Y



Intermolecular Capture

j‘:\ 1) Et3Al,Cls (1.0 equiv) Pr |f—| | npy
i i H Pr
' Et;SiH (1.0 equiv) ; np
H i |
+ e +
1 ? 2) H;0 79% (4.6:1) < 5%

Reaction Pathway:

+ 1 H [ ”Pr ' ' ”P
T — +—”F‘r —-

Pr & ‘Pr
Etﬁﬁ\lzclSt 0 ¢{ H _J roanrth
: C-H insertion 79%, {4 6: -1:'
'Pro"2 Cl 4 < 5% -

Biermann, U. et al. Angew. Chem. Int. Ed. 2006, 45, 3076.
Niggemann, M. and Gao, S. Angew. Chem., Int. Ed. 2018, 57, 16942

\VY 111v17/9)

OH R’ Ca(NTfZ)zz 5 mol%) NHTs
Bu,NPFg
+ | | + TsNH, > R
DCE, 60 °C 7
R2 R?

Gao, S. et al. Org. Lett. 2015, 17, 5080.
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Gold Catalysts

R4
1 R® o (Aul 36 R4
R
LAu(NCMe)SbFg (10 mol% 3 p4
— u( e)SbFg (10 mo Lx R’ [Au]R-.,,R /. cyclo- R3
X DCE (0.05 M), rt 1,2-R shift propanation R'  [Au]
\ 13 examples, 24%-94% yield X ,;_-j,
R2 gy, +BU _|®SbF{§ H X H
36 *P-Au-NCMe 37
H
36-E R2
36-A R?
LAU(NCMe)SbF
1,2-H shift Cope
5 rearrangement
> ] R3
R 4
R [Ay LR
H

24%, d.r. > 20:1 79%, d.r. = 1511 56%, d.r. > 20:1

C-H

Pr
94%, d.r. = 10:1 74%, d.r. > 20:1 66%, d.r. > 20:1 @
a) LAu(NCMe)SbFg (20 mol%) and 4 A MS were used.

Cai, P. et al. Org. Lett. 2014, 16, 5898. Wang, Y. et al. J. Am. Chem. Soc. 2020, 142, 2777.

Liu, X. et al. Sci. China Chem. 2022, 65, 20. 26



Outline

e Introduction

o Generation of Vinyl Cations
o Reaction of Vinyl Cations

e SumMmary

o Acknowledgement

27



Carbene-like Reactivity

NR, OR
a) Methylene unoccupied b)  Vinyl Cation
e prorbital .. sp H
-Q H ® @
| ke H H ®NR, ®or
i : C-H
| occupied i : occupied {E?_ : :
carbene lone pair  H A’ polarized m-orbital B

ground state triplet

Niggemann, M. and Gao, S. Angew. Chem., Int. Ed. 2018, 57, 16942
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C-H Insertion: Electrophilic Process

a) Electronic effects of aryl groups in C—H insertion reactions

AG
(kcal/mol)

A

®
Ar”
H
16.6
16¢c
11.2
16b
0
16a
TfO =)
Gl oTf
Ar 14
—88.6
vinyl triflate
15a, 15b, 15¢

A

-8.3
18c
=11.1

18b
—12.5

18a

1§a

[Ar]

——  Pyridyl
——  Phenyl
—— p-Anisyl

-10.8
20c

—15.2
20b

—24.3
20a

Lee, W. et al. J. Org. Chem. 2023, 88, 3403.

Reaction Coordinate



Intramolecular C-H Insertion: Only for endo-

e

(0

o*ci
H \//\/ A EtALcl, EtsiH I-

R1
_ R2 |—»
DCM, -15 C to rt L

H
@
not observed

Biermann, U. et al. Angew. Chem. Int. Ed. 2006, 45, 3076.

)-8
H

38%

79%

74%

40%



Intramolecular C-H Insertion: Only for endo-

- % - %
O)
@)= \ H
( % \
_ _ i ' _ O Favored Disfavored

l v OTf OEt
50% EtOH 1 1
100 ¢
5 5
© o H 12%

Lamparter, E. et al. Eur. J. Inorg. Chem. 1972. 105, 3789.
Biermann, U. et al. Angew. Chem. Int. Ed. 2006, 45, 3076. 31




Regioselectivity: 1,5-Insertion Favored

b) Investigation on regioselectivity in C—H activation by vinyl cation

AG
(kcal/mol)

A

[Ar] = pyridyl!
—— 1,4 activation
—— 1,6 activation

—— 1,5 activation

@ 2
Ar/Ht 3
3 4 TH
6
H (. -
16¢ 1@
* H
18e

18d

\J

Reaction Coordinate

Lee, W. et al. J. Org. Chem. 2023, 88, 3403.



Asymmetric Intramolecular C-H Insertion

C This work: enantioselective vinyl cation C-H insertion reactions

OTs H X
NS /\v H
—1Siy—>» H
X J
List’s IDPi

>20 examples

up to 95% yield,
>20:1 d.r. & 93% ee

S

« enantiocontrol over a dicoordinated vinyl carbocation

- organocatalytic asymmetric functionalization of unactivated C(sp®)-H bonds

IDPi (3A) (15 mol%)

[3.2.1] bicycles

TsO allyl Si(TES)5 (1.3 equiv)
uaternar — > common natural product motifs
L TN NN center i cyclohexane (0.025M) e
H H Me H 15 65°C, 72 h 16 strained bicyclic ring systems
H 0 o H i chiral if ® =@
Preliminary studies
Ph PMP Ph
O Ph Rl Ph

2a, 81% yield
>20:1d.r.
91% ee (>99% ee)’

28, 40% yield
>20:1 d.r.
75% ee

2ut8, 81% yield
>20:1 d.r.
55% ee

Nistanaki, S. K. et al. Science 2022, 378, 1085.

2v”, 72% yield
3.5:1d.r.
57% ee

Ph
D=

16a, 48% yield
77% ee

e

16¢c, 55% yield
73% ee

16b, 46% yield
73% ee
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Asymmetric Intramolecular C-H Insertion

TiN
conditions
SO —l'*o 2a - E DFT analysis of insertion TS sleatrastatio polential
8.1 % = surface map
Tol' Ph  yield 91% ee Substrate 1a w/ IDPi 8B
C)
(E)-1a Tol—= N\, - 1t
NTf
TsO linear vinyl
conditions 5 cation i
— . ; -
Tol —>88% a intermediate 2537 4g
yield 90% ee Tl
L, " Major
(2)-1a AAG™ = 0.0 keal/mol
observed: 91% ee
T predicted: 92% ee
H N
e Jo no H/D i #
..... > DA D scrambling
D H observed
Ph Ph
N N .
£ Minor
AAG™ = 2.1 keal/mol
H Me Sl no methyl @ G
) """ = H Me shift observed
PMP—: =
Ph PMP Ph

Nistanaki, S. K. et al. Science 2022, 378, 1085.



Intermolecular C-H Insertion

In nonpolar solvents, there’s little solvation stabilization for
carbocations, so non-classical carbocations are preferred.

oTt
1 11:1 19:20 Experimental ratio MD ratio
oyt b 2 sefecnwry
Y 7 : . 11:1 (19:20)  50:7 (19:20)
“
mixture : 16
of ~€-e-eee-- 3 68% yreldT 6% yJeId T
19& 20 : Cy
. AU ot 13:120:19 cy
e selectivity
; —_— + 1:13 (19:20)  9:46 (19:20)
;nrermedrare
non-operative carbocation rebound 17 20 19
78% yieldt 6% yield t
B

INT 42

\
. , i ;
P i path 1 (major)
7??;( :' > direct 1,1-insertion ~C S\ 12-H shift
> = N —_—
L 132,

» 1,2-H shift
— > INTyp

Popov, S. et al. Science 2018, 361, 381.
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C-H Insertion vs. Hydride Shift

For C-H bond: electron-rich C-H bonds prefer hydride shift

GreI )

(o)
10
0
(0)
| @

0

[ERANVISITRRRAV]]

1l TReVvIV WVl

LI I NS AV s S AV S Bl S e

TRINIIVTV T P I v

I\ wivly

* o
E—- >H‘\© —_
@
-0.7

-0.7

+
(o)
L » N —_—
I
®
-30.1

Cleary, S. E. et al. J. Am. Chem. Soc. 2019, 141, 3558.

+
(o)
-19.8

t
(o)
@
-31.4



C-H Insertion vs. Hydride Shift

For vinyl cation: when the carbene-like resonance is disfavored, the
concerted C-H insertion is not preferred

a Proposed pathway of the C-C bond forming event of vinylogous acyl triflates
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Rearrangement: General Law
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Migration in Destabilized Vinyl Cation
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Migration in Destabilized Vinyl Cation
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Summary and Outlook

e Stability: no significantly more labile than normal
trisubstituted carbocations, albeit harder in generation

e Carbene-like reactivity: spatial controlled C-H insertion

e Generation of vinyl cation: need for mild condition with
better functional group compatibility
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