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Introduction

Wagner-Meerwein Rearrangement

1 4 protic acid or R R*
R\ /R Lewis acid RY 1. 2)-shift N\ /
R2 H > | R2 ® > @ R3
7\ 7\
X

R3 or solvolysis R3 . R "

initial rearranged

3 _
R® = hydrogen, alkyl, aryl carbocation carbocation

0 The generation of the initial carbocation: protonation of alkenes, alcohols,
epoxides or cyclopropanes, solvolysis of secondary and tertiary alkyl halides, or
sulfonates in a polar protic solvent, deamination of amines with nitrous acid, etc.

O Driving force: rearrange to a thermodynamically more stable structure.

O Order of migrating groups:c:HsoAQ— > @— > u@ > HC=C—>3°C> 2°C >1°C> CHy> H-




Introduction

Stereospecific cationic rearrangements
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Introduction

Stereospecific cationic rearrangements
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Catalytic semipinacol reactions

OH stereoselective
activation




Introduction

Catalytic semipinacol reactions (Transition-metal)
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Maruoka, K. et al. 3. Am. Chem. Soc. 2007, 129, 2410




Introduction

Catalytic semipinacol reactions (Transition-metal)
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Gaunt, M. J. et al. J. Am. Chem. Soc. 2017, 139, 9160




Introduction

Catalytic semipinacol reactions (Organocatalytic halogenation)
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Tu, Y.-Q. et al. J. Am. Chem. Soc. 2011, 133, 8818
Alexakis, A. et al. Angew. Chem. Int. Ed. 2013, 52, 9266
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Stereospecific cationic rearrangements
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Catalytic semipinacol reactions
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Arl-catalyzed difunctionalization

©
j ) E - F
H nucleophilic T
RW % 1,2-fluoroiodination : trapping /\/ .
@ ) Nu >R . | —— > R 7
I' L \_/ Nu H ‘:
F/ \ /I\ Nu--"
Ar F7™ A




Introduction

Arl-catalyzed difunctionalization

O

o cat. (10 mol%)
pyre9HF (2.8 eq.)

mCPBA (1.2 eq.
@ OR! Azed),
DCM, -50 °C
Z R
R' = Me, 'Pr, Bn, H
R? = alkyl

o)
|
@ o BnOZC\:/O o) CO,Bn
R?
F

single diastereomer
up to 86% yield
up to 96% ee

Jacobsen, E. N. et al. J. Am. Chem. Soc. 2016, 138, 13858
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Jacobsen, E. N. et al. J. Am. Chem. Soc. 2018, 140, 4797




Wagner-Meerwein Rearrangements

This work: enantioselective catalytic Wagner-Meerwein rearrangements
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Jacobsen, E. N. et al. J. Am. Chem. Soc. 2020, 142, 16090




Wagner-Meerwein Rearrangements
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Ar*l (20 mol%) F Fo E F
/\)G<R. mCPBA (1.1 eq.) /'\/kR /g\)<R BnO,C._ O o\rcoan
> | Ar : R | °" Ar - R
AR pye9HF (20 eq. HF) 5 1
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1 L 2G=Ar ) 3G =CHsH L CO,Me J

ie?— E variation of stationar
P F F
F CH3
H E : F3C
2a 2b P -

H3C
P CHz 2h
90% yield, 90% ee 87% yield, 93% ee : H : 82% yield 90% ee
P Cells ’ 5:1 dr

>20:1 dr >20:1 dr e B

HyCO,C %
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10:1 dr 4:1 dr
Substrate scope for the enantioselective, catalytic Wagner-Meerwein rearrangements. Reactions were carried out

using 0.52 mmol scale of styrenyl substrate 1, catalyst (20 mol %), mCPBA (0.57 mmol), and pyr-9HF (10.4 mmol
HF) in DCM (3.0 mL). 2100 equiv HF were employed.




Wagner-Meerwein Rearrangements

G
/\)<R'
ArT X R’
1
e F ......... -

3l
88% yield, 99% ee
>20:1 dr

Ar*l (20 mol%)
mCPBA (1.1 eq.)
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Wagner-Meerwein Rearrangements
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1,2-Difluorination of Cinnamamides

Arl-catalyzed difunctionalization (1,2- vs. 1,1-difluorination)
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Jacobsen, E. N. et al. J. Am. Chem. Soc. 2016, 138, 5000
Jacobsen, E. N. et al. Science 2016, 353, 51




1,2-Difluorination of Cinnamamides

Competition between 1,2- and 1,1-difluorination

Ar*l (20 mol%)
O mCPBA (1.3 eq.) Phy Me
N pye9HF (11 eq.) + F N NH,
Ph NH» DCM. 4 °C NH,
Me Me 1.1:1.0 F O
1,2-difluoride 1,1-difluoride
This work: Chemo-, diastereo-, and enantioselective 1,2-difluorination
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- mCPBA, py»9HF i F - chemoselectivity
ArTT X N > A N controlled by removable
H DCM, 4 °C H substituent 'Bu
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Jacobsen, E. N. et al. Org. Lett. 2019, 21, 4919




1,2-Difluorination of Cinnamamides

o i) o e
m e
/\Hk _R pY'gHF v /\PJ\ W BnOZC\/ \‘/COZBn
PR X N S
H DCM, 4 °C, 24h B
Me
1 (1,2- dIﬂUOI'Ide) 3 (1 1- dlfluorlde) CO,Me
\_ J
pyre9HF _ 2 yield 2 ee
entry substrate R (eq) 2:3 (%) (%)
1a la H 11 1.1:1.0 17 91
22 1b Me 11 1.1:1.0 38 95
3 1b Me 5.6 3.3:1.0 51 94
4 1c Et 5.6 4.3:1.0 61 95
5 1d i-Pr 5.6 4.8:1.0 56 95
6 le n-Bu 5.6 6.9:1.0 63 94
7 1f t-Bu 5.6 39:1.0 81 96
8b 1f t-Bu 11 5.9:1.0 65 96

aUnless noted otherwise, reactions were conducted on a 1.00 mmol scale and isolated yields of 2 are

listed. Reported ratios of 1,2-difluoride to 1,1-difluoride were determined by 1°F NMR analysis of crude
product mixtures. ? Reaction conducted on 0.10 mmol scale, with yields of 1,2-difluoride determined by
IH NMR against an internal standard.




1,2-Difluorination of Cinnamamides

- : 2
Ar*l (20 mol%)
(0]
mCPBA (1.3 eq.) R "\ w [Broc o O _CO,Bn
R Pye9HF (5.6 eq.) ; R+ F 3 N :
Ph” X N > ph N7 “R 2
H DCM, 4°C,24 h H Bn Bn
e Me F O
1 2 (1,2-difluoride) 3 (1,1-difluoride) L CO,Me )
F 0 E O E O
S i 1 F
PN AT ' F L
Me  Ph N Ph N Ph N
H H H
Me Me Me
4.3:1.0 2g:3g 3.4:1.0 2h:3h 2.1:1.0 2i:3i 1.1:1.0 2j:3

Reactions were conducted on a 1.00 mmol scale. Reported ratios of 1,2-difluoride to 1,1-difluoride were
determined by 1°F NMR analysis of the crude mixture.
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1,2-Difluorination of Cinnamamides

4 )
o Ar*1 (20 mol%) '
mCPBA (1.3 eq.) BnO,C O o) CO,Bn
_tBu__Py*9HF (5.6 eq.) \‘/
AT N 5 > Ar £
H DCM, 4°C, 24 h Bn Bn
R' R’
1 2 (1,2-difluoride) 3 (1,1-difluoride) CO,Me
. J

16:1.0 2m:3m

39:1.0 2f:3f >100:1.0 2k:3k 86:1.0 21:31
81% vyield, 96% ee 84% vyield, 98% ee 84% yield, 97% ee 72% yield, 98% ee
F
{ F O
HN—Bu
2.2:1.0 2n:3n 79:1.0 20:30 >100:1.0 2p:3p o .
40% yield, 98% ee? 83% yield, 98% ee 58% yield, 95% ee 2q 43% yield, 77% ee
6.5:1.0 2n:3n

60% yield, 97% ee®
Scope of the enantioselective 1,2-difluorination of N-tert-butyl cinnamamides. Reactions were conducted on 1.00 mmol scale with 5.6 equiv

of HF-pyridine. Ratios of 1,2-difluoride to 1,1-difluoride were determined by °F NMR analysis of crude product mixtures. Isolated yields of
diastereomerically pure 1,2-difluoride are reported unless otherwise noted. 2 Reaction conducted with 2.8 equiv of HF-pyridine. P Reaction
conducted on 0.20 mmol scale with 2.8 equiv of HF-pyridine and added pyridine (pyr/HF = 1:4.5). The reported yield was determined by 1H

NMR using nitrobenzene as an internal standard.




Summary

Enantioselective Wagner-Meerwein Rearrangements
F F
G

F F
R Ar*l (20 mol%), mCPBA (1.1 eq.) )\/kR /g\)<R
/\)< o) > Ar Y R’ or Ar Y R'
A X R’ py*9HF (20 eq. HF), DCM, -30 °C : H
G G
G=Ar G =CHs, H
up to 90% vyield up to 88% vyield
up to 92% ee up to 99% ee
L up to >20:1 dr up to >20:1dr
( Enantioselective 1,2-Difluorination of Cinnamamides )
O E O
f Ar*l (20 mol%), mCPBA (1.3 eq.) i b ;
~Bu - _Bu
AT N 5 Ar N
H pye9HF (5.6 eq.), DCM, 4 °C H
R1 R1
up to 84% vyield, up to 98% ee
L 1,2-difluoride:1,1-difluoride up to >100:1 y

Jacobsen, E. N. et al. Org. Lett. 2019, 21, 4919
Jacobsen, E. N. et al. J. Am. Chem. Soc. 2020, 142, 16090




The Structure of First Paragraph
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The First Paragraph

Carbocations are highly reactive intermediates that can undergo
skeletal rearrangements through the migration of strong o bonds,
thereby enabling access to valuable carbon frameworks. The
energetic barriers to o-bond migrations in free carbocations are
generally low, so control over selectivity in such rearrangement path-
ways Is intrinsically challenging. Successful strategies identified to
date for stereochemical control have relied on engagement of electro-
philes bearing excellent leaving groups as carbocation surrogates
that undergo stereospecific substitutions. For example, catalytic,
enantioselective semipinacol rearrangements have been developed
In which transient electrophiles generated stereoselectively by
coordination of chiral transition metal complexes or halonium ion
equivalents to 1r-systems undergo stereospecific migration of a C-C
or C-H bond from an adjacent carbinol. The weakly electrophilic
nature of the tr-adducts generally limits the scope of these reactions
to those generating oxocarbenium and iminium ions.




The First Paragraph

In considering approaches to enantioselective catalytic asymmetric
Wagner-Meerwein rearrangements, I.e., 1,2-migrations involving
nonheteroatom-stabilized carbocations, we were drawn to the
possibility of leveraging the configurational stability and extraordinar-
ily high electrophilicity of chiral alkyl iodane intermediates generated
via hypervalent iodine catalysis. Here, we report the successful
application of this approach to enantioselective catalytic rearrange-
ments of B-substituted styrene derivatives through the 1,2-migration
of aryl, methyl, or hydride groups. These reactions provide a novel
approach to chiral 1,3-difluorinated molecules possessing unique
conformational properties driven by the minimization of unfavorable
1,3-dipolar interactions.




The Structure of Last Paragraph
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The Last Paragraph

The C2-symmetric aryl iodide was shown to catalyze Wagner-
Meerwein rearrangements involving aryl, alkyl, and hydride migrations
to afford a variety of 1,3-difluorinated products in good yields and high
enantio- and diastereoselectivities. These reactions provide new and
compelling illustrations of the remarkably high electrophilicity and
versatile reactivity of the intermediate alkene-iodonium Tr-complexes
and alkyl iodanes. The most remarkable conclusion from these stud-
les, however, is that the mechanism of catalysis and identity of the
enantiodetermining event are dependent on the identity of the migra-
ting group. In reactions involving alkyl-group migration, intermolecular
fluoride attack is product- and enantiodetermining, whereas aryl rear-
rangement pathways proceed via enantiodetermining intramolecular
1,2-migration. It is noteworthy that both pathways are operative under
the same conditions for closely related substrates, and both are prom-
oted by the same chiral aryl iodide catalyst with high enantioselectivity,
thereby providing a compelling illustration of generality across reaction
mechanisms in asymmetric catalysis.




Representative Examples

Due to their known preference for adopting gauche conformations,
vicinal difluorides represent a particularly interesting subset of organofluorine
compounds. (B T+, = -FEBHN—RKLEY)

There has been remarkable progress over the past decade in the
develop-ment of enantioselective alkene difunctionalization reactions using
hyperv-alent iodine reagents and catalysts. (3 & +ExF - BELNEEEi#
&)

The direct, enantioselective 1,2-difluorination of alkenes represents a
most appealing approach to this class of compounds, but no general

methods have yet been identified for accomplishing such a transformation.

(BEAREER T




