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Halofunctionalizations of olefins

Electrophilic addition
between an electrophilic
halogen source and an olefin
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The last chapter of a long story

1969 (Wynberg) : 1992 (Tagushi) : 1st
1st stable cyclic enantioselective
bromonium halolactonization

1870s (Fittig) : 1st
halolactonization

I | 2000
| I

i N ! N M'
! 1900 ! 1950 '
1850s (Reynolds): 1937 (Roberts and 2003 (Kang) :
1st electrophilic Kimball) : cyclic 1st catalytic
addition of halogen halonium ion enantioselective
to alkene proposed as halocyclization

intermediate



The main challenges

Decrease the rate of the uncatalyzed reaction
Save the catalytic activity in the presence of highly electrophilic species

‘ Generate stereoselectivity with highly reactive intermediates



Two possible mechanisms
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Haliranium vs B-halocarbenium

X SbF4/SO, &
.
NMR o
-80 and -60 °C
| @ Br @ ct @ o .

/\ /\ VAN N \_©
stable haliraniums Substrate-dependant acyclic p-fluoro-
at low temperature stability carbenium ion only
N 2N J

e YV
Diastereospecific Non-stereospecific
nucleophilic addition nucleophilic addition

Olah et al., J. Am. Chem. Soc. 1967, 89, 4744.
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Brown et al., J. Am. Chem. Soc. 1994, 116, 2448.



Haliranium absolute configuration stability
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Low
electronegativity

Fast
olefin-to-olefin
transfer

(low stereochemical stability)

Denmark et al., 3. Am. Chem.

High
electronegativity

Slow
olefin-to-olefin
transfer
(high stereochemical stability)

Soc. 2010, 132, 1232.




|. lodo- and bromocylizations

II. Chloro- and fluorocyclizations

l1l. Intermolecular halofunctionalizations



|. lodo- and bromocyclizations



Lewis acid catalysis - Concept
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Lewis acids polarize the Y-X bond, stabilize
the counteranion generated
and create the requisite chiral environment
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Kang’s iodoetherification

Reacts with I, to slowly
release ICI further activated by
the LA* and minimizes the uncatalyzed
racemic pathway

30 mol% Q 1. NCS (0.75 equiv)

=N N= Tol., rt 3.-78°C, 20h

Co g
t-Bu (0]

0 tBu 5 1, (1.2 equiv) R/UH
t-Bu  t-Bu -78°C

. High catalyst loading

Kang et al., J. Am. Chem. Soc. 2003, 125, 15748.

R .\\0
i R % ee
Me 96 67
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Kang’s iodoetherification

. NCS (0.7 equiv)
7 mol% \ K,CO; (0.5 equiv) l, (1.2 equiv)
=N_ N= Tol., rt -78°C, 20h
Cr 2 : R e

VA
t-Bu % I/ o t-Bu R/ﬁ\)oH
t-Bu tBu N e :

/ \ R
o- o+ OH 5= o+ H
| " \ |----- |~--\\
C- “l / \ |S|:' ~¥---0° H
H HH H
LEZn=H LN
=N__ r/ —N\Cr/
0/| —~0 | ~O0
Cl Cl
Favored Disfavored

Kang et al., Chem. Eur. J. 2008, 14, 1023. 13



Lewis base catalysis - Concept

5 o+
COYIEX ) X R®
\~."l \~.— ’ Rz
LB* _— —_— R Y
enantioselective Diastereospecific Nu
halenium transfer

cyclization

Lewis bases polarize the Y-X bond, stabilize the
the haliranium and create the requisite
chiral environment
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LB catalyzed bromoaminocyclization

R! R2 % ee !

R? LB* (20 mol%) i Ph Ph 15 79
RMNH(&NS) > + Et Ph 93 91
NBP (1.1 equiv) +i-Bu Ph 91 83 i

CH,Cl,/Tol (1:1) + Me 4-CICgH,4 62 59

-78°C, 5d r Me 4-MeOCgH,4 11 2

Yeung et al., J. Am. Chem. Soc. 2013, 135,1232.
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CMezEt

C, symmetric monofunctional
Lewis base

Ph,Se (5 mol%) o

NBS (1.2 equiv) Ph

' CH,Cl,, 23°C Br : ‘
t =180 min, 13% ! \ EtMe,C

without catalyst

t =8 min, 84%

Denmark et al., PNAS, 2010, 107, 20655.
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LB catalyzed diol desymmetrization

R2 OH LB-2* (5 mol%)
| MsOH (1.0 equiv) Three stereogenic centers
R OH » in one step
R3 NBS (1.2 equiv)

CH.CI, -78°C, 3d
up to 92%, 95% ee

New C, symmetric cyclic sulfide
as a monofunctional catalyst (LB*-2)

R2 OH
| R*\ /R*
OH S
NBS + MsOH RJ\/E/ 1 ©
R* R* ___ o R __FK R o Br Substituted
\S/ Sé @ B II “ a
-~ , OMs R2=S i w—OH THF

Yeung et al., J. Am. Chem. Soc. 2014, 136, 5627. 16



Bifunctional catalysis - Concept

Cat*
© Y’/ ‘\‘
| H
X® |

Activation of the halenium
source by H-bonding and nucleophile
activation - Use of bifunctional catalyst
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Bifunctional catalysis

cat (10 mol%)

lo) NBS (1.2 equiv)
CH,CI,
Temperature
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tH__; tH__;

R=H, 84% R=H, 18% R=H, 73%
(25°C) (25°C) (25°C)

e Double activation
Br of the Br* source

Yeung et al., J. Am. Chem. Soc. 2010, 132, 15474.

s
Ph\NJL

H

o

R =Ph, 0% ee
(-78°C)

U

Lewis basic sulfur
atom and H-bond are
not sufficient to provide
stereoinduction
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Bifunctional catalysis

Bromenium
activator

MeO gl

H Carboxylate
activator

cat (10 mol%) pTTTT T :

NsNH, (50 mol%) : R % ee !
R OH - : Ph 99 90 !
o) NBS (1.2 equiv) Z"ﬂoé??'ﬂ“ 2§ gg :
CHClj/tol (1:2) o S-VeLDLgHy :
-78°C : Me 81 41 :
; t-Bu 97 93 ;
@ SN
S R a T
o R COOH o ~ R
~____N <~__ON
ome 0T ome 0T

Yeung et al., J. Am. Chem. Soc. 2010, 132, 15474. 19



Bifunctional catalysis

cat* (10 mol%) Br
! OH NBP (1.2 equiv) l !
: > ‘ :
1 (] R '
: RWR 4AMS. :
HO CCls/hexane (4:7) '
E -60°C, 12h :
: R R % dr
: Ph Ph 93 84:16
' 4-C|CGH4 4-C|C6H4 92 76:24 E
' Ph t-Bu 91 94:6 :
' Me Ph 90 86:14 !
E Yeung et al., Angew. Chem. Int. Ed. 2014, 53, 5161. ;

cat* (20 mol%) Ph

' Oy PP NBS (1.1 equiv) R,

: Ph = & J o

: R Tol., -40°C, 4d o

; o) Ph

R % ee

: Ph 89 96

: 4-CICgH,4 87 90

! 4-MeOCgH, 89 78

' t-Bu 86 92

, Me 80 55

Yeung et al., Angew. Chem. Int. Ed. 2013, 52, 8597.



Bifunctional catalysis

CICH,CH,CI, rt 0" o .
0.5-10h ER)  Hooeereomeeeneosseseoeeeneoaes ;

R % ee
o cat* (20 mol%) (o) H ' H 71 90
. NBS (1.2 equiv) /]/i A L n-Pr 77 % !
o onSNAZ » o7 o Brl | tBu 72 90 |
R CICH,CH,CI, rt R + CH,OPMB 70 92 !
0.5-10h ,  TES 87 88
R2
2
R! R3 R R3
|| cat* (20 mol%) R! R % ee .
o NBS (1.2 equiv) o i+ R'=R?=R3=H 79 97
+ R'=R?=H, R3=CI / I
07 OH > 2( Ho o ! :

Tang et al., J. Am. Chem. Soc. 2010, 132, 3664. 21



lon pairing - Concept

Anion binding = the deprotonation
of the nucleophile generate a
chiral ion pair

Cat*
!
:
O Yo
*H

X® |\
Nu

Chiral counterion = the counteranion
was made chiral by H-bonding
with the catalyst

22



H-bonding and chiral counteranion formation

l’—-~\l'—-~\ : O :
0 LYF R LN
—_— e , ~ , [ . Rw

enantioselective
cyclization

Jacobsen et al., Angew. Chem. Int. Ed. 2010, 49, 7332. 73



H-bonding and chiral counteranion formation

cat* (15 mol%)

I, (15 mol%) = %
2 o ‘ Ph 7 4
ij\ > R“I 1 8 9

o) o~ "0 ' 4-MeOCgH, 91 48 :

i+ 4-Cl-CgH, 95 96 !

N—I 5 i-Pr 85 76 :

F e ;
o]
(1-2 equiv)

Tol., -80°C, 5d

R
1
oo

@
H/ % Simple iodiranium
5] T~ stabilization
Deprotonation/

cyclization controlled
by the chiral anion

Jacobsen et al., Angew. Chem. Int. Ed. 2010, 49, 7332. 24



Cs-symmetric trisimidazolines

/”\/\/lcl)\ Cat.* (10 mol%)
Ph OH

NBS (1.2 equiv)
CHCI;, rt

Reported 1:3 complex of
a trisimidazoline and a carboxylic acid

Ar (o) / \ (0] Ar

\H_ _N\ N\H/’ Y

P Ph/,,

Ph,  Ph
N _NH
H
N N
Phi.¢ /\>‘ph
N HN—/
Ph Ph

Csz-symmetric
chiral trisimidazoline
95%, 69% ee

Fujioka et al., Angew. Chem. Int. Ed. 2010, 49, 9174.
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Cs-symmetric trisimidazolines

/”\/ Cat.* (10 mol%)
X > R, L
R \/U\OH ! o o

0] ; '

B"\N ,/( ' R % ee : X % ee !
N-Br (DBDMH) @ ' Ph 99 91 i CMe, 96 81 !
o)%Me 1.0 equiv i 4-BrCH, 93 87 ! O 74 71
Me ' 4-MeOCgH, 74 80  NTs 89 75 !
Tol., -40°C, 4-46 h + cyclohexyl 95 72

| .

n-allyl cation ,)fl E

” o Cat* (10mc->l%) intermediate )R o X0
J kil 2L '
- t, :

R OH N rRf O O ! o : R % ee

» | @ : Ph 83 66
t-Bu” °N t-Bu ' [ R OH |

. ' 4-tBu-CgH, 88 82
(2.5 equiv) : + 4-tBuO-CgH, 85 2
Tol., 0°C : ' BnCH, 74 34

Fujioka et al., Angew. Chem. Int. Ed. 2010, 49, 9174.
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S
Cat* (20 mol%)

HO — OH
S 5 - o

NIPyr OO o 0° N2
—1 (1.2 equiv 81%, 62%
N—1 (1-2equiv) 0, 02% ee SiPh,

CH,CI,
0°C, 2-12h
MS 4A

Chiral phosphate as an
anionic Lewis base

=) == () o (O
M © Enantioselec. (\LQ

. . "". ‘. *
iNuH} [NuH}  cat NuH  NuH  cyclization NuH

~
- S

meso iodiranium

Hennecke et al., Org. Lett. 2011, 13, 860.
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II. Chloro-and fluorocyclizations



Enantioselective chlorolactonization

e

chlorine

(DHQD),PHAL (10 mol%) o R % ee !

DCDPH (1.1 equiv) o Ph 86 89 |

R OH = ' Ph 75(ent) 7o
o Benzoic acid (1.0 equiv) R 4-MeOCgH4 99 <5
CHClz/hexane (1:2) v 4-CF3CeH, 61 9

-40°C, 30-180 min :  cyclohexyl 55 43

(DHQD),PHAL

Borhan et al., J. Am. Chem. Soc. 2010, 132, 3298.
29



Enantioselective chlorolactonization 17

Cl

chlorine

®
cn;1<i::f\\
path a Ph COOH
(DHQD),PHAL (10 mol%) o
Jk/\ DCDMH (1.1 equiv) (o] 85%, 82% ee
Ph COOH > phv

PhCOOH (1.0 equiv)
CHCl3/Hex (1:1)
-40 °C

Cl

Cl

path b j\';\\
Ph"® COOH

Bridged chloronium or carbocation intermediate ?

» Face-selective chlorenium delivery ?

Stereochemical relationship between the chlorenium delivery and the nucleophilic attack ?

Borhan et al., J. Am. Chem. Soc. 2013, 135, 14524.
30



Enantioselective chlorolactonization

e

chlorine

Cl. CH, SbF/S0, Cl CH,
F
CHy NMR @
F CH,
-80 and -60 °C

Chlorofunctionalization of 1,1-substituted alkenes
does not imply the formation of a cyclic chloronium

D

| DCDMH (1.1 equiv) D
H oo
Ph COOH >
PhCOOH (1.0 equiv) Ph
CHCI3/Hex (1:1)
-40 °C

anti/syn 1:1

D Quinuclidine (20 mol%)
J/\/\ DCDMH (1.1 equiv) H?
Ph COOH > C,WO
PhCOOH (1.0 equiv) Ph
CHCI3/Hex (1:1) anti/syn 5:1
-40 °C

Formation of both diastereomers |:> Excludes the formation of a bridged chloronium

Borhan et al., J. Am. Chem. Soc. 2013, 135, 14524.
31



Enantioselective chlorolactonization

5S (8.7%) =

e

chlorine

> 5R (91.3%)

carbocations
b _ S HD H D
ClSH = < 500 < _O_o0
N Ph Ph
H D (DHQD),PHAL (10 mol%) Ph"® COOH = 5S,6R 5R,6R
jl/\/\ DCDMH (1.1 equiv) A anti (8.4%) syn (89%)
Ph COOH > Y
PhCOOH (1.0 equiv) c. A D, | D, H
CHCla/Hex (1:1) D +— 2 500 S 0o
40 °C ~ ¢t Cl”_ s
Ph"® COOH R Ph Ph
_ S 55,6S 5R,6S
syn (<0.3%) anti (2.3%)

Highly pro-R selective chlorenium transfer Two stereoselective

steps controlled by
a single catalyst

pro-R selective nucleophilic addition

Syn relative configuration excludes the formation of a bridged chloronium

Borhan et al., J. Am. Chem. Soc. 2013, 135, 14524.
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Chlorocyclization of unsaturated amides 17

Cl

chlorine

Br
Br (DHQD),PHAL (2 mol%) i : R % ee !
Ln DCDPH (1.1 equiv) o N : Ph 93 98
R > @“"\ / . 3-MeOCgH, 72 93
o) TFE, -30°C, 2h R i 4-CICgH,4 94 87
B
i R’ R? % ee !
: Ph H 91 99 !
R2 o (DHQD),PHAL (2 m_ol%) ! 4-BrCgH, H 85 93 .
1)\/\ DCDPH (1.1 equiv) ,O0°SN ! 4-MeOCgH, H 84 20 i
R H : > R/N ! Ph Ph 92 86
Br TFE, -30°C, 2h Ri" I cylal H 77 >99 .
@ [a] reaction was run in 1-nitropropane

Borhan et al., Angew. Chem. Int. Ed. 2011, 50, 2593.
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Fluorocyclization using anionic

9

chiral phase-transfer catalysis F

fluorine

®
® © ~ 0 0 ~ O 0
N-F X + ( by _— C P
o” Yoo N 0o~ oo
insoluble
soluble MX soluble chiral

hiral anion . x
chiral anio fluorination reagent

M@
_I /—Cl
* ® O (\
N N-F X = BF,”
0" Yoo
BF4
Selectfluor

Toste et al.,Science, 2011, 334, 1681.
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Fluorocyclization using anionic

chiral phase-transfer catalysis

R cat* (Smol%)

Selectfluor (1.25 equiv) R % ee

(o) Proton sponge (1.1 equiv) oF ﬁ 86 92
()\/NH > o) @ R 1 c 95 97
(o) CeHgF, -20°C, 24h (o) "i E t-Bu 96 95 .

cat* (10 mol%)

Br
Selectfluor (1.5 equiv)
o Na,CO; (1.25 equiv) F
‘ NH > 0 Br
O CgHgF/hexane (1:1) /

23°C, 24h N
87%, 93% ee

cat* (5 mol%) Br

Selectfluor (1.1 equiv) F Me
HN Na,CO; (1.1 equiv) £ 0 . Complexe mixture under
A\ > ' ' homogeneous conditions
S N

CeHgF, 23°C, 24h e ;

Br 69%, 90% ee

Toste et al.,Science, 2011, 334, 1681.
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Fluorocyclization using anionic

chiral phase-transfer catalysis

t-Bu

t-Bu

(R)-TCYP (10 mol%) N0
Selectfluor (1.5 equiv) |

Na;PO, (1.1 equiv)
CF3Ph, 36h, rt

Toste et al.,, Angew. Chem. Int. Ed. 2013, 52, 7724.

. Ph 90 691 92
I 4-CFsCeH, 94 1011 95
' 4-MeOCgH, 89 7.51 93

36



I1l. Intermolecular halofunctionalizations



Enantioselective bromoamination

R'HN o ,L o cat* (1 mol%) o) )—'( )
\— + \V\j - N R
R2 Tol., rt (o)

ene-carbamate

R R? M % ee |
! Cbz Me H 64 98
Cbz Me Ca 78 98 |
i Boc  Pr H 92 9 !
Boc Pr Ca 67  -81 !
i Cbz AN H 9 97

Masson et al., J. Am. Chem. Soc. 2012, 134, 10389.
38



Enantioselective bromoamination

CbzHN Br CbzHN Br
o Dowex Marathon-A o )_(
N Me o NH Me
(o)
MeO 87%, 97% ee
98% ee 0

Masson et al., J. Am. Chem. Soc. 2012, 134, 10389.
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Anionic phase-transfer catalysis

insoluble in

N-F* X
non-polar solvents

o/ \0- M+

*

C

o\P,/o_l

/ N\ N F+ H OQP/O j
NHBz S BzN-M2-0" Yo
xR > A F
non-polar solvent b
R
(R,R)-PhDAP (5 mol%) "‘F\‘
Selectfluor (1.2 equiv) R H Bh
R Na,CO; (1.2 equiv) RN g
HN_ _Ph {5, O
\ﬂ/ Tol, rt, 20h N
0 from 52 to 86%,
R = alkyl, aryl up to 98% ee
: N__Ph : N__Ph e, | N__Ph
Py Py P My
OBn O t-Bu0 O t-BuO O
66%, 94% ee

76%, 95% ee 76%, 1:1 dr, 99% ee (anti)

Toste et al.,, Angew. Chem. Int. Ed. 2012, 51, 9684

soluble in
non-polar solvents

Oxygen BzNH
nucleophile , F 3
——————» ROTIALS

ROH R

(R,R)-PhDAP

40



o,

LX)
H,,,‘/ ( R2
/W\

R1 H

Facial
selectivity

Xo

Enantioselective dihalogenation

regioselectivity
challenge
—>

>

enantiomers
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Enantioselective dichlorination

Free alcohol is essential to
ensure stereocontrol

Z

(DHQ),PHAL (20 mol%)
OH p-Ph(CgH,)ICI, (1.6 equiv) @)OH
Ar/v > Ar”
CH,Cl,, -78°C @ [y syn dichloro-compound
obtained starting with Z-olefins
from 63 to 90%, = diastereospecific reaction
up to 81% ee
MeO
H H N H
\/ ¢ Et
Et N o—g\o hll_?
N=N P ,I/
;:I\ Cl \Ar
(o)
H-bond
electrophilic

chlorine

Nicolaou et al., J. Am. Chem. Soc. 2011, 133, 8134.
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Enantioselective dibromination

Ligand* (20 mol%)

Br+ source (1.0 equiv)
OH Br- source (1.0 equiv) ,Bry OH
CH3N02/TOI (21), I:'B':\.
12h, rt

from 46 to 72%,
up to 85% ee

Br+ source = Et())S,/U\OEt Br- source = BrTi(Oi-Pr); Ligand* =
Br’ Br

Burns et al., J. Am. Chem. Soc. 2013, 135, 12690.

Ar Al'

o] OH
<ojiLOH
<

Ar® Ar
Ar = 2-naphtyl

43



Enantioselective dihalogenation

Br
AN =z
HO™ =~ "Ar HO > Ar o OFt
) 0=
BrTi(Oi-Pr); Br 4+ (I-PrO)Tis,_p—Br
(‘OH OEt
OH
+
) 3 i-PrOH - B0 %
¥* 12 /Ar
(\0 Br (-\ (0) y
OII, \_‘\\\ o ‘ 8B’r
o--i=~0 i
72 0°"\~~0
EtO /0 \ EtO—’ O
Brv" Ar —
Br OFEt | B  OEt _
(-*\
o ©
0/”11-‘r-‘\\\Br
o\ ~Q
Et0—’ O L\\
= Brii“—Ar
Brf OEt ©

Burns et al., J. Am. Chem. Soc. 2013, 135, 12690.
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conclude

Many examples for iodo- and bromocyclization but no general procedure described

Chlorofunctionalizations remain underdeveloped

Fluorofunctionalizations need activated double bonds to be efficient

Intermolecular halofunctionalizations still constitute a major challenge
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