Hypervalent lodine Chemistry

Nu

Nu . .
] I \\\\ ) | “\\\ °
Ph\'l"/OCOCF:; EDG_©_| \ pseudo- EWG_©_| ~.

rotation
—

EWG EDG

CT-complex

WETWAIET ]
Peking-Tsinghua Center for Life Sciences
Academy for Advanced Interdisciplinary Studies
Peking University

Dec, 21st. 2019




Content

> Introduction

» lodine(lll) Reagent
» Oxidative Functionalization
» Oxidative De-aromatization
» Oxidative Coupling
» Alkynylation & Arylation

» lodine(V) Reagent

» Catalytic application

» Summary & Acknowledgements

Luo Group Meeting (CCME@PKU)



N

Introduction (= |

ety
4 ) :
AcO ,OAC \g J
(" ) > |—OAc
c L
o .
Ph—I’ b
Cl Dess Martin periodinane
\. V. L (DMP) )
1811, B. Courtois 1850, - Wilgerods, PhCl, N 1950819908
Isolated from ash of seaweed nyp g ew organic loaine compounds
iodine compound & useful synthetic applications
1814, Gay Lussac 1914, C. Willgerodt, 2000 — now
ICl;, KIO, o
Inorganic hypervalent More than 500 hypervalent New organic _lodlne'cor{vpounds
Organic iodine compound & catalytic applications
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Phenyliodo diacetate 2-lodoxybenzoic acid Chlorodiphenyliodonium
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Introduction

» lodine(lll) Compounds

(I:I (I)Ac (I) CF;
e - e e
Ph I\: Ph I\: Ph ,\:

Cl OAc O\n/CF3
o

lodosobenzene Phenyliodo Phenyliodo
dichloride diacetate bis(trifluoroacetate)
(IBD) (PIDA) (PIFA)
X Ph—l"
Ph—I""" ~

I )\

lodonium salts iodonium ylides

» lodine(V) Compounds

HO OAc
o AcO
\? N—0Ac
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o o
2-lodoxybenzoic acid Dess Martin periodinane
(IBX) (DMP)

(I)Ts I
—_— .n\‘.' \
Ph—IN. o
OH
(o)
Hy?;gzyé;ﬂ:grl‘zxy) Ethynylbenziodoxol(on)es
(HTIB) (EBX)
Ph—I"
I
_N

iodonium imides

Why Ph- group??
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Introduction

» Hypervalent bonding
» Higher-lying d orbitals (dsp? or d?sp?)
» New type of highly ionic orbital (3c-4e)

» 3c-4e bond
> G. C. Pimentel & R. E. Rundle in 1951
CACAT>d —— antibonding MO
L.a’l,.. L c9 + @ - nonbonding MO
— | — . nonDon ll'lg
.

OO % bonding MO

» 6¢-10e bond in iodine(VIl) compound
» Similar to transition metal complexes

(G—bund R-I j

Cl

I Wwe
Ph—I

Cl

wo orthogonal L-I-L

R
L, I“.L
L/ i \L hypervalent 3¢ — 4e bonds

» oxidative addition, reductive elimination, ligand exchange, ligand coupling

Pimentel, G. C. J. Chem. Phy, 1951, 19, 446.
Rundlé;'R. EIQAME Chem (806 -1@51 78, 4321.



Introduction

» General Principles of Reactivity

106 times better

> Ligand Exchange & Reductive Elimination / than TfOr
(" \
L Phl
T (
— n\\‘.' - I “\\\.' + L-
Ph I\ v N ligand Ph ( I\ reductive Nu *
L exchange L elimination

pseudo-
rotation

Wt

Fl’h A
Nu—I" L—N
! I ligand !
L coupling
\ J
» Single-Electron Transfer Reactions
( )
OR i 7 OR | OR
Ph—]—OCOCF; N
Nu- !
PIFA SET
RO R ;
R' B _ R Phl R'
L CT-complex
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lodine(lll) Reagent

» Fluorinations

o
TO"FZ PhS
Phs\)J\ DCM, 0 Dem.ooC OR
53-72% F
F
>< > _TollF, _ R><
DCM, o°c R™
70-90%
Synlett, 1991, 3, 191.
> Brominations
ArCH,, hv
————— > ArCH,Br
IBr 95%
I
\
0 —_
F,C CF, O hv QB
e r
95%

J. Org. Chem, 1979, 44, 1779.

Me

Pummerer-type reaction
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Phs\)l\ PhS

OR + OR
H “~N
E-
0 (0]
PhS - £
OR PhSQJ\OR
F A E-
(0]
WJ\ o
o, o~
Br
/
I, cDClyrt,15h
quant.
Me

> MeO@Br

Chem. Commun., 2006, 1442.



lodine(lll) Reagent

» Oxidative Functionalization of Carbonyl Compounds

» 1986, Moriarty, R.M. g N
o MeO OMe 0 Q .
)J\/R' Phi(OAc), R)QrR- H30 RJK(RI R)K(
R KOH, MeOH |
OH OH Ph” “OAc
\_ J

Acc. Chem. Res. 1986, 19, 244.
> a-substituted ketones

i R"OH 0
1 ] 1 ]
RJ\/R > R)H/R OH
OR" )\/R'
R
HNIB ':’:f’fg
y PhlO (3 eq.) NH
o) TsOH+H,0 )j\ R
N
o Sm|2 » R’ MeCN, reflux R" NH " 7
R' R)H/ 2 5 R _<N |
R N R

|
| LU

o h NaN; R' OTs N =N
||+ — R - \/XR
N N
0 N,

\O\’o C')H R’

/
PN IN
Ph J. Org. Chem, 2003, 68, 6424.

o © Synth. Commun, 1997, 27, 4085.
HNIB ) Synth. Commun, 1999, 29, 2769.

Synth. Commun, 2000, 30; 4261



lodine(lll) Reagent

» Oxidative Functionalization of Silyl Enol Ethers

o o

TMSO . R .
W/\R' PhIO, BF3*E,0 R)H/ R /& PhIO, BF3Et,0 R)WR
R R"OH, 0 °C TMSO DCM, -40~25 °C
OR" (0]
J. Chem. Soc., Perkin Trans. 1, 1987, 1781. J. Chem. Soc., Perkin Trans. 1, 1987, 559.

» Oxidative Functionalization of Alkene

“OTs OTs
' OTs
PhlO, BF°Et,0 o
O 3=t2 > O | II: —_— —\I+  — O
. + A — ‘v
LiOTs I—0—B—F _) ' ‘OTs
I I TsO Ph
Ph F

Tetrahedron Lett. 1986, 27, 3971.
» Asymmetric Version

OMe -30°C OTs
P ¢ o — /'\/OTs
- 70-80% Ph
I OTs

Et OH up to 65% ee

Eur. J. Org. Chem, 2001, 8, 1569.
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lodine(lll) Reagent

» Oxidative Functionalization of Alkene
» Reversal of syn/anti selectivity

OAc i) Phl(OAc),, BF3*Et,0 OAc

: Ac,0, AcOH i) Ac,0 0
OAc OAc PR

93% 97%) COOMe

J. Org. Chem. 2011, 76, 9997.
» Asymmetric Version
Arl(OAc),, BF3Et,0 :
e Y S A
Ph OMe AcOH, TMSOAc Ph" R OMe 0~ ~cooMme
DCM, -80 °C to rt OAc I(OAc),
56% 96% oo Arl(OAc),
Chem. Commun, 2011, 47, 3983.
OAc
N . -
OMe AI’I(OAC)z, BF3°Et20 * \\OMe /L /:\
AcOH.DCM o MeoOC” ~O 0~ “CoOMe
COOMe cOH,
-80 °C to -40 °C I I(OAc),
60% Arl(OAc),
97% ee

Angew. Chem. Int. Ed. 2010, 49, 7068.
Luo Group Meeting (CCME@PKU)

11



lodine(lll) Reagent

» Oxidative De-aromatization
» To Quinones & Quinone Monoketals

o} o}
PIDA or PIFA OH
H,0, (MeCN) PIDA or PIFA
- y
IBX, DMF MeOH
o) MeO OMe
» Substituted Phenol
o ? o

' o}
I R'

__PIDA _ | R'

MeOH . OMe
I

R OMe . R OMe
9 | R R R'
oM
__PiDA © )\R- 0
OMe s
MeOH /
X

Org. Biomol. Chem. 2014, 12, 5656.
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lodine(lll) Reagent

» Oxidative De-aromatization to Quinones

» D-A reaction of Qumones PhPh

OTBS o]
10 mol% OHC °
> *
CHCl,, 55 °C *
53%

PIDA ?

_ on T
Ph Ph
o] Ny
N ) OTBS
P OTBS Z o
+ > : | )
= N D
o]
X |
o _

Org. Lett. 2013, 15, 5642. -
» Michael-type Addition

OH O
JK/COZtBU g
x:—\ PIDA X ] HO > X | Cs2CO;
~  MeCN, H,0 ' DCC, DMAP CO,Bu
31-80% 55.99% R o~<7
R OH

(o)

Org. Biomol. Chem. 2011, 9, 7849. Luo Group Meeting (CCME@PKU)



lodine(lll) Reagent

» Oxidative De-aromatization
» Possible mechanism options

Ar /'L
AriL Associative ath
©/ ] ——2 » ‘\ P ©< and/or Q/
Ligand exchange
) o o
R R' R
Dissociative path
: - -
-Arl, -L° ‘\
R
Ar
\I _L o o
-l
) R :
R . L - S
- Arl - Arl /| L
Ar
R R
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lodine(lll) Reagent

» Oxidative De-aromatization
» Trapped by C-Nucleophile

OH
R R R OH 0
PIDA, A~ TMS _ N PIDA (1.1 eq)
40-85% X9 TFE/IDCM, 40°C  x.[
/ = TS 35-85% \F
R R
Synlett, 2008, 20, 3226. Org. Lett. 2013, 15, 4046.
» Trapped by N-Nucleophile
N
/OH OH OH
0, = SO I OH
S\ ~ N—SO N—
| H PIDA o 2 [4+2] 1, ’
TFA, rt X
| P COOMe
OMe OBz
HO o 5 H
8:1 d.r himandrine )
Org. Lett. 2010, 12, 1760.
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lodine(lll) Reagent

» Oxidative De-aromatization
» Trapped by O-Nucleophile

OH o
PIDA Pd(OAc),, L - 4R \ N/ \N /

/—R' // AcOH, 80 °C T

R R OAc L*
29-89%
up to 62% ee
o
WOAC
* Rl
Pd(OAc),, L - H
O,, Tol./AcOH(1:9), 60 °C
2, Tol./AcOH(1:9) OAc
52-84%
up to 82% ee

OH o o

MeO PIDA MeO CHB MeO B MeO
r
———> MeO ——2 3  MeO —
MeOH NaHMDS Br
Br Br Br

Org. Biomol. Chem., 2013, 11, 5596.
Angew. Chem. Int. Ed. 2014, 53, 4675.
Org. Lett. 2015, 17, 2030.
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lodine(lll) Reagent

» Oxidative De-aromatization
» Induce Rearrangement

OH
_ o .
Ay | @ , ( ) 0| H0 ( | o
PIDA PO 292, o_ .
o /A1) T 64% }‘\
AT \r HOO
o |
Chem. Eur. J. 2010, 16, 11224.

X /.N u_ Nu
Br Et oS Et XX Et 0]

Br Br
X PIDA .~ v\ <
HFIP, rt, 2 min
HO 91% (o)

Br Br Br

Org. Lett. 2011, 13, 3406.

As of today, most mechanistic depictions given in the literature are based
on chemists’ interpretations of their experimental observations rather than

on accurate potential energy-based examinations of reaction coordinates.
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lodine(lll) Reagent

» Oxidative Functionalization of Phenyl Ether

» 1991, Yasuyuki Kita

OMe OMe OMe
N NH
PIFA, HFIP 3 LiAIH, 2
then TMSN; quant.
68%
OMe OMe OMe
'_ ............................................................................................
M
OMe +_OCOCF, +_OCOCF,
Ph—I1Z Ph—I1Z
PIFA OCOCF; TMSN, N3
—_— —_—
MeO OMe MeO OMe
OMe
n-complex n-complex
OMe OMe [ OMe ]
I~ N3 N3 |I—Ph
—_— @ H —_—
- H"'
| OMe OMe OMe
c-complex iodonium salt

Tetrahedron Lett. 1991, 31, 4321.
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lodine(lll) Reagent

» Oxidative Functionalization of Phenyl Ether
» 1994, Yasuyuki Kita, detected cation radical

OMe [~ . 7] OMe

Nu = N3, OAc, SCN, SAr

Ph—]—~OCOCF,
PIFA
_PIFA _SET
MeO R ; o

R | - | R
CT-complex cation radical
J. Am. Chem. Soc. 1994, 116, 3684.
B e °
OMe [ OMe

OMe

O PIFA, BF3"Et,0 O
OMe DCM, -40 °C OMe
Q.
OMe OMe

Chem. Commun. 1996, 1481.

PIFA, BF5°Et,0 O O
o
DCM, -78 °C

94%

Tetrahedron Lett. 2002, 43, 9241.
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lodine(lll) Reagent

» Oxidative Coupling
» First Met in 2008

X
PIFA (1 eq) =

BF;°Et,0 (2 eq) no homodimer
* > formation
DCM, -78 °C, 88% :():

X

i Ph—}—OCOCF, OO
A

- %

/ ) (]
B _ cation radical

2 H*
CT-complex .
cross-coupling
product
._ ............................................................................................ ..
Hypervalent lodine
R R yp R

Reagent R
IO RO e
C-C Cross-Coupling

Angew. Chem. Int. Ed. 2008, 47, 1301.
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lodine(lll) Reagent

» Arylation
EtOOCYCOOEt NaH, DMF o EtOOCXCOOEt
R then Ar,l*X" R Ar
J. Org. Chem. 1999, 64, 1338.
._ ............................................................................................ ..
+ o l;lu f;lu Nu—Ar Nu—Ar'
Nu + A —> Ar—I +  Ar—I — +
Ar' Ar- Ar Ar'—I Ar—I
Nu Nu8
I \\\ II \\ . Nu I
EDG Q S
EDGI\..
— e — +
EDG EWG
EWG
X EWG .
| Nu pseudo- minor
Ar—l i > rotation
Ar igand
exchange 5
Nu . Nu
|‘\‘\\ . ! \\ . Nu |
EWG I AN
. EWGI‘\
— T — +
EDG ARKIVOC, 2003, vi, 43. EWG EDG
EDG major
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lodine(lll) Reagent

> Trans-Boronation

+ + | + H
IPh - IPh B (IPh BPin
Fu ~ BF, LDA Fo R” TOAr E _ pinacol Fo
e . — L
H Li 7 B(OAN)2 72% R
C1oH21 C1oHz1 R' R C1oH21

J. Org. Chem. 2007, 72, 9617

» 1,5-C-H bond insertion

R R R
BUOK j < g
—_— . H —_—
Q— . DCM, rt o 70% -

F IPh BF4

Tetrahedron Lett, 2007, 49, 76.

» Metal-Catalyzed Reaction

*IPh COOMe H H
BF Pd(OAc),, Cul, NEt
Fo _— H—BF4 CO, PdC|2, NaHCO3 - Fo ~ H C10H21%Tph 4 ( )2_ 3> C10H21 Z S
MeOH, 73% E H Bu £ AN B
C1oH21 C1oH21 65% u
J. Fluo. Chem. 2004, 125, 527 . Org. Lett. 2003, 5, 573.
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lodine(lll) Reagent

> EBX R
OH
I/ // i) mCPBA, TsOH I
©:\<\o R—=—TMS _ <MR—=—B(OR),
|
BF;°Et,0, DCM \ iii) NaHCO; (sat.)
Y then MeOH ©:‘<° 71-90% COOH
34%
(0]
EBX
J. Org. Chem. 1991, 56, 5511. Chem. Eur. J. 2012, 18, 14242.

> 15t Alkynylation of C-Nucleophile

o)
TMS-EBX
COOMe  TBAF, THF, -78 °C COOMe
98% N
™S

0] 1;C/ 13|:I 2
C
) // ligand exchange fo) ||| ©:l§<COOMe
| > - 5
COOMe % path A - AT - Arl N
3c\
COOMe H
¢ 0 Not obsevred
Ar
| - o /‘- o) H
o / 1,2-shift _
/? > 13C‘H 7St 130//
PC~H - Arl
COOMe COOMe
COOMe

Chem. Eur. J. 2010, 16, 9457. Luo Group Meeting (CCME@PKU)
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lodine(lll) Reagent

» Reactions via Alkyliodine(lll) Intermediatesn
BnO

\; " BnO\E " (I)I HOI BnO\E
BnO,, A I BnO,, A I / BnO,,
X, e T - O
BnO - "IN/\ DCM, -10 °C BnO - "/N/\ 71% BnO - "IN/\
6« Ar 6\& Ar 6\& Ar
(0]

(0]
Tetrahedron Lett, 1992, 33, 1025.

R
XeF2
DCM, 45 °C 60- 76%
|

J. Org. Chem, 1992, 57, 2850.

X
Cl, or PIFA
LiClO4

81-95%

>

0,CIO

Tetrahedron Lett, 1986, 27, 1845.
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lodine(V) Reagent

> IBX ( HO )
\ //o
I\
OH o) o) o) o
OH
IBX, DMSO COOEt IBX COOEt
> > (o]
60-65 °C, 88% DMSO, H,0 .
2-lodoxybenzoic acid
50 °C, 80% (IBX)
\_ J/
» Dess Martin Periodiane
( N\
AcO_ OAC
O'Bu O'Bu O'Bu |\/0Ac
HO,, DMP < o
‘ - o)
Tol. 72 °C 0
HO" \_/ o
Dess Martin periodinane
L (DMP)
Synlett, 2001, 597.
» PhIO,

0
__Phio, _
AcOH 82%
o}
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Catalytic application

» Concept
» 2005, Yasuyuki Kita
(0] OMe
OH PIDA (0.1 eq) Br PIDA (0.125 eq) MeO
mCPBA (1.5 eq) mCPBA (0.75 eq) Br
BF3°OEt, (1.0 eq) BF;°OEt, (1.0 eq)
> °C t rt>
DCM, 73% DCM, -40 °C to
o OMe 59% Br
COOH OMe OMe
o) OMe
Angew. Chem. Int. Ed. 2005, 44, 6193.
» 2005, Masahito Ochiai Catalytic cycle o
OAc
Ph
PIDA (0.1 eq)
mCPBA (1.4 eq) Phi
O BF3.0Et2 (3.0 eq) O ACOH

HOAc, 86% CPBA

)J\/ — Ph)H/ o) K
Ph or OAc
Phi (0.2 eq) OAc )J\/V
mCPBA (1.4 eq) Ph ‘bh
BF3'0Et2 (30 GQ)
HOAc, 83% mCBA
OH
J. Am. Chem. Soc. 2005, 127, 12244. PhiL;

o]
)J\ /&
Ph Ph

Oxidant. mCPBA, Oxone®
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Catalytic application

» Based on I(lll) Species

OH
Arl (0.1 eq), mCPBA
COOH CHCI;,0°C
59-94%
R

( )
o o) | o)
. O‘ "o MesHN™ NHMes
R Arl

up to 90% ee S 4

Angew. Chem. Int. Ed. 2010, 49, 2175.

» Based on I(V) Species

OH o]
Arl (0.05 eq)
Oxone (2 eq)
MeNO,, 70 °C

Bu Bu

91%

! 17
Oxone - \
L, Ly
SO;Na >
Arl 2-iodylbenzene

sulfonic acid
(IBS)

J. Fluo. Chem, 2012, 137, 99.
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Summary

-
OR B 7
» 3c-4e bond Ph—}—~OCOCF;
PIFA
CQACOITD antibonding MO RO R’
.-:'.d ,‘l RI | |
" . T- I
L—I—L D «» D + nonbonding MO CT-complex
| lSET
R
CAOTCD % bonding MO OR ~ OR
Nu Nu-
Similar to Transition Metals ‘7
R’ Phl | R
\_ J
( j )
L Phl
% / 4
Ph—IL"" + Nu Ph—Iy"" Nu* + L
I\,- ligand ( I\,- reductive u
L exchange L elimination
pseudo-
rotation
Phl
Nu—I™ L—Nu
I ligand
L coupling
. lLuo Gl"ﬁlllh I\/Ipp’ring ((".(‘.I\/IF@DKI I) y,

28



