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2.4.1 Epoxidation: Introduction

Often Used (Ep)Oxidation Reagents

Me
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Principles for Catalytic Activation via Lowering of the LUMO of the Reagent
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2.4.1 Epoxidation: Jacobsen

The Classical Jacobsen Epoxidation for Cis Olefins

SALEN
N N
/Mn\ t
'Bu O ¢ O Bu
" 2 Bu tgy 5 mol% R1 R2
\—/ +  NaOCl > N7 67-96%
DCM @) 89-98% ee
Mechanism Model for Selectivity
RX RS
Ar R Ar A \—/
: — : A a d‘ﬁﬁ?ﬁ - : i ; i
H H - [w) "~ - H D H
+ . 0 —
- HIII H
0 d,,?\ o H R N_ QO N
( _Mn_ = E.Ofl‘:affijnl 7\74 AN (2
.{__'__:..f Y a'D e Ar (8] H /Mn\ t
¥ '‘Bu o) O Bu
H=alkyl H t t
Y = CI', pyridine N-oxide derivative \_Bu/ \BU/

(1) Jacobsen, E. N.; Zhang, W.; Muci, A. R.; Ecker, J. R.; Deng, L. J. Am. Chem. Soc. 1991, 113, 7063-7064. (2) Palucki,
M.; Finney, N. S.; Pospisil, P. J.; Guler, M. L.; Ishida, T.; Jacobsen, E. N. J. Am. Chem. Soc. 1998, 120, 948-954.



2.4.1 Epoxidation: Jacobsen

Electronic Influence on Selectivity Q
HIII H
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Opara = Hammet parameter = strenght of electron-withdrawing effect

(1) Palucki, M.; Finney, N. S.; Pospisil, P. J.; Guler, M. L.; Ishida, T.; Jacobsen, E. N. J. Am. Chem. Soc. 1998, 120, 948-
954,



2.4.1 Epoxidation: Jacobsen

Electronic Influence on Selectivity

X =H
X=NO, ) y; = MeO
; 7
N
X = NG,
Ar a
W x=H 'D
XLMDx NI,
Y 9
O
Y Y
Ar R
\—/

Reaction Coordinate

Hammond Postulate: structure of transition state similar to reactive intermediate

(1) Palucki, M.; Finney, N. S.; Pospisil, P. J.; Guler, M. L.; Ishida, T.; Jacobsen, E. N. J. Am. Chem. Soc. 1998, 120, 948-
954,



2.4.1 Epoxidation: Counter Anion directed

List: achiral salen complex with chiral countera anion?

RS

R1 R2
N/ + PhIO chiral Ilgand achiral ligand
N""H N—’|| =
N Ar N/ \N /Mn 0 O/Mn 0
| N, Q\ Bu OtB i}
o O\P/’O 'Bu O’M'n\o Bu
_ 0/ \o@ Cl achiral coumeranlon O\:/ -—
| tBu tBu —\ chiral counteranion
NN 0
Ar SALEN =N.ii .N=
10 mol% 10 mol% R
DCM
Y
R1 RZ
\W/ 81-98%
o) 32-96% ee

(1) Liao, S. H.; List, B. Angew. Chem., Int. Ed. 2010, 49, 628-631.



2.4.1 Epoxidation: Ketones as Catalysts

Shi: Use of Chiral Ketones as Catalysts

>=__

R? R3 Oxone

Synthesis of Catalyst

N\

o

o o)
L
N O

D-Fructose

R O
70-94%
R? R3  74-98% ee

Good ee for trans-disubstituted
and trisubstituted olefins

Q =
Me O 20 mol%
Me
>
DCM, 23 °C
Me
Me
9) O)<
M .., °
1) Me”~ Me, H* '
O
2) PCC

> o 3
Me)rO
Me

(1) Wang, Z. X.; Tu, Y.; Frohn, M.; Zhang, J. R.; Shi, Y. J. Am. Chem. Soc. 1997, 119, 11224-11235. (2) Shi, Y. Acc. Chem.

Res. 2004, 37, 488-496.



2.4.1 Epoxidation: Ketones as Catalysts

Mechanism O

; O
0 P
Ro )ﬂ-o o O
B( 1 OB{] O O
00 0 O ol B.V 5
I/\/\t.f o OH +
e, : 0 -
. / (@] O —
S X 0-S0,

(1) Wang, Z. X.; Tu, Y.; Frohn, M.; Zhang, J. R.; Shi, Y. J. Am. Chem. Soc. 1997, 119, 11224-11235. (2) Shi, Y. Acc. Chem.
Res. 2004, 37, 488-496.



2.4.1 Epoxidation: Ketones as Catalysts

Use of Acetonitrile/Hydrogen Peroxide as Oxidant

(1) Wang, Z. X.; Tu, Y.; Frohn, M.; Zhang, J. R.; Shi, Y. J. Am. Chem. Soc. 1997, 119, 11224-11235. (2) Shi, Y. Acc. Chem.
Res. 2004, 37, 488-496.



2.4.1 Epoxidation: Ketones as Catalysts

Model for Selectivity

8]
Spiro D R Planar D R
— S
|¢~:{ R Oxygen non-bonding | <R Oxygen non-bonding
i‘@ orbital TR orbital

» . _
Olefin a* orbital Olefin x* orbital

Spiro (A) Spiro (B) Spiro (C) Spiro (D)
Disfavored Disfavored Disfavored

(1) Wang, Z. X.; Tu, Y.; Frohn, M.; Zhang, J. R.; Shi, Y. J. Am. Chem. Soc. 1997, 119, 11224-11235. (2) Shi, Y. Acc. Chem.
Res. 2004, 37, 488-496. 10



2.4.2 Aziridination

Evans Copper Catalyst with BOX Ligands!?

Me Me
o~ Nro
3/'\' N\)

z -|I_S
Ph 6 molos Ph N
Ar Ar o
N\ —— + PhI=NTs > \Z_\ 63-76%
R 5 mol% CuOTf R 94-97% ee
DCM, 23 °C

Jacobsen Copper Catalyst with Diimine Ligands?

52,

of —N N= Cl
Cl ClI 'Il's
10 mol% N £0.79%
+ PhI=NTs > VAN -(9%
/N _0Q0
Ar R 10 mol% CuOTf Ar R 66-98% ee
DCM, 23 °C

(1) Evans, D. A.; Faul, M. M.; Bilodeau, M. T.; Anderson, B. A.; Barnes, D. M. J. Am. Chem. Soc. 1993, 115, 5328-5329.
(2) Li, Z.; Conser, K. R.; Jacobsen, E. N. J. Am. Chem. Soc. 1993, 115, 5326-5327.



2.4.2 Aziridination

Possible Mechanism

H. R H._R H. R

b T phis -
N, - N\\ 3~ SOR N, N,}Hﬂ'h
[ c:u—ﬂ:_- Cu Cu. _SOR"
# N/ 40
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H‘JLH HJ\FI HJ'LF!
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R' \n" "?‘\H‘:’,,HHI H R ' H R H'
N_ N, " +’) N_ N \fr /'-\_:-F{ \I\n.l/ W/
I CLI\ ;,SDH E Cu"" ‘SDHH TS51 ~ MM“~ TS52 ~ /N“~
N O - 7 — Cu_ ,SOR" [ Cu_ ,SOR'
N /0 N O
HJ‘H ’ J_ 9 ,TIL Iy
H™ R H" R 10 Hor 1
. N
NOUN_ O \~ N_,O
P W 7 7 : , :
Cu_ S Cu? S, Singlet and Triplet are very close in
by b Y
N-’ 0’ R _ NJ O R energy
Triplet Intermediate Singlet Intermediate

(1) Brandt, P.; Sodergren, M. J.; Andersson, P. G.; Norrby, P. O. J. Am. Chem. Soc. 2000, 122, 8013-8020.



2.4.3 Cyclopropanation: Introduction

Cyclopropanation with Diazo Compounds

.® ©
[>—co,Et Mbn NN co,Et N. @
2 -k “Ny_CO,Et
,}y///" © 2
Ns @
| ~_ he
ML, ML,
Several Pathways for Cyclopropanation Stepwise
CO,Et
f )
<mh "
=
CO,Et
=~
rCOZEt ML,
| > | >—CO,Et + ML,
ML Synchronous

” \_“/COZEt _CO,Et Reductive Elimination

ML, ML,

Dual Activation

13



2.4.3 Cyclopropanation: Early Examples

Cyclopropanation of Styrene: One of the First Catalytic Asymmetric Reaction?
X
oL
O'CIU'O
Me\rNﬁ

Ph 1mol%
72%
Ph” XX + Ny CO,Et > Ph/q + PhA/COZEt 6%ee
CO,Et 1:2.3 cis:trans
Nakamura: Towards Useful Enantioselectivity?3
e
Me Me ’/H_O\Me Me
/N_O\CI)HZ/N\
2 -
/F\g Me N\O H/O " RY 3-979
- 13-97%
R + Nax COEt > R ‘ 33.88% ee

CO,Et

(1) Nozaki, H.; Takaya, H.; Moriuti, S.; Noyori, R. Tetrahedron 1968, 24, 3655. (2) Nakamura, A.; Konishi, A.; Tatsuno, Y.;
Otsuka, S. J. Am. Chem. Soc. 1978, 100, 3443-3448. (3) Nakamura, A.; Konishi, A.; Tsujitani, R.; Kudo, M.; Otsuka, S. J.
Am. Chem. Soc. 1978, 100, 3449-3461. 14



2.4.3 Cyclopropanation: Early Examples

Pfaltz: Vitamin B, Inspired Semicorrin Ligands?

1 mol%
CN
1 N CO.Et > L1 q/CO Et
R TR DCE, 23 °C R 2
60-75%
68-97% ee

63:32-85:15 trans:cis

YT

tBu 1 mol% —tBu

Evans: BOX Ligands?

1 mol% Cu(OTf), /q/
X N > CO,Et
P + ~_CO,Et 2
Dt CHClg, 25 °C Ph
77%
99% ee

73:27 trans:cis

Vitamin B,

(1) Fritschi, H.; Leutenegger, U.; Pfaltz, A. Angew. Chem., Int. Ed. Engl. 1986, 25, 1005-1006. (2) Evans, D. A.; Woerpel,

K. A.; Hinman, M. M.; Faul, M. M. J. Am. Chem. Soc. 1991, 113, 726-728.

15



2.4.3 Cyclopropanation: Early Examples

Nishiyama: Ru-Pybox Catalyst!

| A
=
N—Ru—N
| cl’a =
Pr amole T Py 62-87%
X+ Nps _CO,R > CO,R 88-96% ee
Ph PN CH,Cl,, 25 °C Ph 90:10-97:3 trans:cis

Also ligands with C1 symmetry can be successful?

| X
2
N—Ru—N
i cl’ cl
" 1mol% /4/ 57-93%
N N CO.R - CO.R 71-92% ee
Ph A CH,CI,, 25 °C Ph 2 83:17-100:0 trans:cis

(1) Nishiyama, H.; Itoh, Y.; Matsumoto, H.; Park, S. B.; Itoh, K. J. Am. Chem. Soc. 1994, 116, 2223-2224. (2) Nishiyama,

H.; Soeda, N.; Naito, T.; Motoyama, Y. Tetrahedron: Asymmetry 1998, 9, 2865-2869. 16



2.4.3 Cyclopropanation: Rh Catalysis

Doyle: Rh-Catalyzed Intramolecular Cyclopropanation

1
RWZ\[]/%NZ 1 mol% RhZL*4> RL Z
RZ " 0 )

DCM R2 n

O R™ N
wH wH \H wH
AR A X LN AN

’d
(I)/O I}I,N COoMe CI)/O ’\|l, CO,CH,CMej; (?,o N/ CO,Me (I)/O l}|/ CO,Me
IR RIRE AIRp RIR
NO o NC o NO o NC o
Rh,(5S-MEPY), Rh,(5S-NEPY), Rh,(4S-MEOX), Rh,(4S-MPAIM),
Model for Selectivity
Me
0
0
M C
eooc—@ E e E E
H
NoCHCOOR
@"'O—T“‘é@ o @--0% or @
(+N2) C C
? 9/7 ? o 0 © RR
® ®f @/
25 26 27

(1) Doyle, M. P.; Austin, R. E.; Bailey, A. S.; Dwyer, M. P.; Dyatkin, A. B.; Kalinin, A. V.; Kwan, M. M. Y,; Liras, S.; Oalmann,
C. J.; Pieters, R. J.; Protopopova, M. N.; Raab, C. E.; Roos, G. H. P.; Zhou, Q. L.; Martin, S. F. J. Am. Chem. Soc. 1995,
117, 5763-5775. 17



2.4.3 Cyclopropanation: Rh Catalysis

Corey: Rh-Catalyzed Cyclopropanation of Alkynes

N Ph
CF"'f'”’_ H,, CO,Et
— 0.5 mol% A 62-90%
R—— + szCOZEt > R H 92-95% ge
CH.ClI,, 23 °C

Model for Selectivity

e
¥ ocoeBu

'O=—Rh=—0
o t-Bu

_\'": [l
HTFlih-:-D
H""‘cﬂbEt

() Lou, Y.; Horikawa, M.; Kloster, R. A.; Hawryluk, N. A.; Corey, E. J. J. Am. Chem. Soc. 2004, 126, 8916-8918. (2) Lou,
Y.; Remarchuk, T. P.; Corey, E. J. J. Am. Chem. Soc. 2005, 127, 14223-14230. 18



2.4.3 Cyclopropanation: Rh Catalysis

Calculation: Tetrabridged Structures and Direct Cyclopropanation are Favored

H
[2.90]

: ' Me, &

f H \ NT"0

! 2\ 2

it Rh——Rh

Model for Selectivity

(1) Nowlan, D. T.; Singleton, D. A. J. Am. Chem. Soc. 2005, 127, 6190-6191.



2.4.3 Cyclopropanation: Alternative Radical Mechanism

Zhang: Cobalt porphyrin catalysts favoring a radical rebound mechanism

R* Ar R*

HN 2 mol%
o
_NHTris . R+
N + RO,C__NHAC R Ar g WCOR _T2-98%
A \ﬂ/ PhCI, 4 °C Ar A 53-99% ee
A ’ € 53:47-90:10 dr

N
M, N 1 : b -
- COzR 1 ase /U\
Ar

NHR? SN AT TH
3 = 1
Wal metalloradical
s substitution activation
2RHN $O2R

+-Co(lll)- o MRC a-Co(lll)-
Aminoalkyl Benzyl
Radicals | H' B - g H ° Ar Radicals

H \( 'RO,C NHR? Y

] radical addition |

Nt

Lee, W.-C. C.; Wang, D.-S.; Zhang, C.; Xie, J.; Li, B.; Zhang, X. P. Chem 2021, 1588-1601.



2.4.3 Cyclopropanation: Alternative to Diazo Compounds

Hypervalent lodine as Carbene Precursor: Rh Catalyst!

O
AL
L* = N_(IH
CO,H
O

5 mol% Rh,L*
A PN 2L7a
R+ Meo,c” co,Me > R/q/COZMe 56-75%

MS 4 A, Phl=0O, MgO, DCM COMe 82-98% ee
2
Ph
via: lI
M902C COzMe
Hypervalent lodine as Carbene Precursor: Cu Catalyst?
Me_ Me
oj)aro
|,
S/N N
Ph 2.4 mol%:Ph
45-84%
RN +  Me0,c” > NO, > R/q/COZM‘* 68-98% ee
2 mol% CuCl, 2.4 mol% AgSbFg NO 82:18-95:5 dr
2

MS 4 A, Phi=O
Na,CO3, benzene, 23 °C

(1) Muller, P.; Ghanem, A. Org. Lett. 2004, 6, 4347-4350. (2) Moreau, B.; Charette, A. B. J. Am. Chem. Soc. 2005, 127,
18014-18015.



2.4.3 Cyclopropanation: Alternative to Diazo Compounds

Toste: Propargylic Ester as Au-Carbenes Precursors

OPiv
Me

Mechanism

2.5 mol%
5 mol% AgSbFg

»

MeNO,, 23 °c

Ph

| Ph
| TOAc ([Dm:
Au® ‘ﬁ‘

path B

‘Bu
= i—Q*OMe
t

DTBM-Segphos

AL

PivO Me

Ph-_==

Phs. Al
OAc
£ paih A H i H
Fh
H s, H| Fh
: Ph.~ OAC
L H

60-85%
76-94% ee
> 20:1 cis:trans

Ph
|
~ Ph \v/[ﬂ.ﬁ.c
Ph i
" OAC

(1) Johansson, M. J.; Gorin, D. J.; Staben, S. T.; Toste, F. D. J. Am. Chem. Soc. 2005, 127, 18002-18003



2.4.3 Cyclopropanation: Alternative to Diazo Compounds

Zhuo: From carbonyl groups using a Mo catalyst and phosphine as reductant

H|||
—N_O N_
A II/
Ph;Si o “ \ SiPh,
(0] 1 R1
0=/,
X 10 moI% “JuR®  67-96%
R*4 > 84-97% ee
- (1]
Z x/\/ PR, toluene 120 °C

3 x PR, 2 x 1b
2 s O Ar
x ;
N AT» [Mo],0 0 [Mo] =
Mo-12 [Mo] %
¢ °"‘"’M‘o =0 Mo(lll = =N N=
Bu Y N 3x 0= PRy o(lll) O/v N~ g
‘Bu O o Mo
u ‘B Int-1 20 ‘Bu o"\ Mo ‘Bu
-Mo- 2x O=PR
(S, 5)-Mo-1 2x PR, 3 {
o}

Mo(VI)

[Mo],0
Mo-11
MO(V) 2x 2b

(1) Cao, L.-Y.; Wang, J.-L.; Wang, K.; Wu, J.-B.; Wang, D.-K.; Peng, J.-M.; Bai, J.; Zhuo, C.-X. J. Am. Chem. Soc. 23
2023, 145, 2765-2772.



2.4.4 Dihydroxylation: Sharpless

1. Generation Sharpless Dihydroxylation?

Cl
MeO @)
25 mol%
R1 R3 HQ OH
2>=< . > R]_\\ 'IIR3
R R 0.4 mol% OsO, R? R*
O
[@j acetone/H,0, 0 °C
N

Me 0©
2. Generation Sharpless Dihydroxylation: Dimeric Ligands and Ad-Mix?3

Dimeric Ligands

RL  R® MeSO,NH, HOU  OH
> > RUMIT\"R3
R2 R4 < 1 mol% K,0sO,(OH), R2 R4
K,COs, K3Fe(CN)g
"Ad-Mix"

tBUOH/H,0, 0 °C

(1) Wai, J. S. M.; Marko, I.; Svendsen, J. S.; Finn, M. G.; Jacobsen, E. N.; Sharpless, K. B. J. Am. Chem. Soc. 1989, 111,
1123-1125. (2) Sharpless, K. B.; Amberg, W.; Bennani, Y. L.; Crispino, G. A.; Hartung, J.; Jeong, K. S.; Kwong, H. L.;

Morikawa, K.; Wang, Z. M.; Xu, D. Q.; Zhang, X. L. J. Org. Chem. 1992, 57, 2768-2771. (3) Kolb, H. C.; Vannieuwenhze,

M. S.; Sharpless, K. B. Chem. Rev. 1994, 94, 2483-2547. 24



2.4.4 Dihydroxylation: Sharpless

Ligands for Asymmetric Dihydroxylation

/ﬁ Etzy
Et
N N

, wOH
HO.,, H H .
- «
N N
Dihydroquinidine Dihydroquinine
DHQD DHQ
_N

N
MeO Et/ﬁ
N—N N

N—N
H ’/,O / \ \
N
@/Et OMe MeO
(DHQD),-PHAL (DHQ),-PHAL

OMe

25



2.4.4 Dihydroxylation: Sharpless

N
z

9
MeO Et%
© Ph N

H ‘1,
O\K\(OII,, H
N Et
W N\|¢N N OMe MeO

Ph z
N

OMe

(DHQD),-PYR

O
@) OMe MeO

S
»
N
DHQD-IND DHQ-IND
Olefin 5 /K f LA 5
coss | X : /ﬁ NN *\(
Preferred| PYR | E :. | ' PYR
PHAL ! - P .
gand | PHAL AL | IND ,: PHAL | HAL DrAL
ecrange | 30-97% | 70-57% | 20-80% ' 90-998% ! 90-99% | 20-97 %
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2.4.4 Dihydroxylation: Sharpless

Mechanism for Dihydroxylation Using NMO

R R

=

-

HO OH
D = ’I ..-Oj/q

trioxo Os(VIII) glycnlate

NMM
O— ,;’/ anar}r Secandar}r O ”.-O R
D'f" ‘i\o Cycle j/ m 0— 05~ _"_'}/\H

(low enantioselectivity)

(high cnannoselectwn}!} R
Q
L 05 />_H -
O;CTS—D
L R R
R H.0
N 2
N
R HO OH
low ee

27



2.4.4 Dihydroxylation: Sharpless

Mechanism for Dihydroxylation Using Add Mix

R
R E\ + L
H R
0‘_:‘..'::)‘5_0
L
R A ©
L
OH 0

ﬂrgamc

ﬁqueous

2.
20H 8] 2 OH
2 Hy0 HO-_ cl}I _OH - ]
0 Path A G‘”Cl;" ~
7| ™o
040, / 0 I|. \ Tﬁ
L i 0=
D{fciﬁ‘“o
2 o—c:
2 Fe(CN)g* o~ | *~0
L

2 Fe(CN)s>
28




2.4.4 Dihydroxylation: Sharpless

o _ o Major pathway
Origin of Enantioselectivity

Bystander
T methoxyquinoline
Osmaoxetane -
Intermediate

Stacking
Stabilization

Best isomer (A), leads to (R)-diol,

CHOOS

N good attractive stabilization and
minimal repulsion
% Minor pathway
H
RO
o,

Os=

HI

Active alkaloid
moiely

Severe
repulsion

Binding cleft, set up by the phthalazine
ring system as the floor and the bystander
methoxyquinoline as a perpendicular wall

Stacking
Stabilization

Steric repulsion destabilizes this
isomer (B), an (5)-diol precursor

29



2.4.4 Dihydroxylation: Sharpless

Importance of Structure and Mnemotechnic Model

Its presence has a
small effect on the
rates; however, it A
increases the binding [— M

The configuration is important;
only ervihro allows high
rates and binding

The nature of R has a ™
very large effect on the B
rates, but only a small

influence on the binding

_D-,,
T L

S

OMe

\\_ Increases

binding to

Oxygenation is essential to
allow binding to Qs - a
carbon substituent 15 too bulky

D50y as well
as rates

The presence of a flat, aromatic
ring system increases binding
and rates; the nitrogen has no

influence

Dihydroquinidine

Derivatives
‘HO OH"
f-face

Dihydroquinine
Derivatives

NE

30



2.4.4 Dihydroxylation: Sharpless

Corey: The Importance of n—x Interactions for Selectivity

X
X/f, OH
g OH X =0OH: 18% ee
AD-Mix 7, X = OTIPS: 13% ee
> H X = OBn: 90% ee
(DHQ)2-PHAL X = p-MeO-BzO: > 99% ee
MeO OMe MeO OMe

Kinetic Resolution Using Sharpless Dihydroxylation

O R O R 0O
= AD-Mix
O)\/ - 0)\/ . O/\l/\OH
(DHQ),-PHAL OH
MeO MeO

S Factor: 20-79

g

MeO

(1) Corey, E. J.; Guzmanperez, A.; Noe, M. C. J. Am. Chem. Soc. 1995, 117, 10805-10816. (2) Corey, E. J.; Noe, M. C;
Guzmanperez, A. J. Am. Chem. Soc. 1995, 117, 10817-10824. 31



2.4.4 Dihydroxylation: Sharpless

Model for Selectivity

Allyl of
Substrate

Pyridazine

::;;:gffi = Oxygen . = Osmium

(1) Corey, E. J.; Guzmanperez, A.; Noe, M. C. J. Am. Chem. Soc. 1995, 117, 10805-10816. (2) Corey, E. J.; Noe, M. C;
Guzmanperez, A. J. Am. Chem. Soc. 1995, 117, 10817-10824. 32



2.4.4 Aminohydroxylation: Sharpless

Sharpless: Asymmetric Aminhydroxylation

TsNH O
(DHQD)Z-PHAL> ] . .
AD-Mix 53-71% ee
OH
0 O\\S//O
/\)J\ /©/ \I\Ile Na@
RT X OR
Cl
Me
Chloramine T TSNH O
> R/'\)J\OR 52-65%
(DHQ),-PHAL z 77-81% ee
OH
Best Nitrogen Sources
Q\S/P cl Co .Cl e
7N ”7 s\ - P OIS ’Br
R RO R™N
S Na® S Na® e ,®

(1) Li, G. G.; Chang, H. T.; Sharpless, K. B. Angew. Chem., Int. Ed. Engl. 1996, 35, 451-454. (2) Bodkin, J. A.; McLeod, M.
D. J. Chem. Soc. Perkin Trans. 1 2002, 2733-2746. 33



2.4.5 C-H/X-H Functionalization: Introduction

Radical Rebound
CH Functionalization

4

Fast Introduction of Functional Groups

4

Short and Efficient Synthesis

X
1 >  R-XH + ML ‘
ML, n
Synchronous Outer Sphere
Inner Sphere Less Waste

i RX

R "ML, H=ML, Reductive Elimination

or or

R o

H ML, R-ML,

Dual Activation

Yo - YH Y
—_—
ML, ———— ML, RY =+ Mby
Y\
Y,Ml_n
MR
H

34



2.4.4 C-H Functionalization: Oxygen Transfer

Karasch-Sosnovsky Allylic Oxidation

Pfaltz: Cu BOX Ligands!?

0.
N 0"~ 'Bu
(

n

Andrus: Minor Improvements?

(1) Gokhale, A. S.; Minidis, A. B. E.; Pfaltz, A. Tetrahedron Lett. 1995, 36, 1831-1834. (2) Andrus, M. B.; Zhou, Z. N. J. Am.

Chem. Soc. 2002, 124, 8806-8807.

Me  Me

T

t T
BU 5.8 moly BY

O
5 mol% CuOTf o 61-80%

51-84% ee
CH3CN, CHCI5

Et, Et

T

t T
BU 15 molo BU

79-99% ee
CH4CN, -20 °C NO;
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2.4.4 C-H Functionalization: Oxygen Transfer

Proposed Mechanism

(1) Gokhale, A. S.; Minidis, A. B. E.; Pfaltz, A. Tetrahedron Lett. 1995, 36, 1831-1834. (2) Andrus, M. B.; Zhou, Z. N. J. Am.
Chem. Soc. 2002, 124, 8806-8807.

51.6 (4 6}
CuPF, o
bis-0x.
CD:CN
€« 168.8 (1.4) %
£BY Cu ey
Et. _Et 128.0 L*
\%r P H‘Cu*
1w
not:
! 25.6
E Et +1
O
per- l I
ester + BuOH " N\
Ci #Bu
Ygr O,CAr
AY -
G-I/‘, HrBu - +Lou
g O “°2
A O s
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2.4.4 C-H Functionalization: Carbenes

Doyle: Intramolecular C-H Insertion?

O
N

/4 ~H

’
75 N CO,Me
1 mol% N,th\,th
Iy o j
N }
o Ny Rh ,(4S-MPPIM), £0.98%
> Q 87-97% ee
DCM, 40 °C .
R R
Davies: Intermolecular C-H Insertion?
C12H25\©\

//\\

I ,O |
1 mol% . \Rh

O | O/ I

O~ o CO,Me
N> Rh,(S-DOSP
'S 2 )a _ Ar2381%
) Ar COZMe ) 88-96% ee
n DCM, 40 °C n

(1) Doyle, M. P.; Vanoeveren, A.; Westrum, L. J.; Protopopova, M. N.; Clayton, T. W. J. Am. Chem. Soc. 1991, 113, 8982-
8984. (2) Davies, H. M. L.; Beckwith, R. E. J. Chem. Rev. 2003, 103, 2861-2903. (3) Davies, H. M. L.; Manning, J. R.
Nature 2008, 451, 417-424, 37



2.4.4 C-H Functionalization: Carbenes

Different Kinds of Carbenoids

N2 N2 N2
X X X X
Y Y Y
O O O O
Acceptor Carbenoid Acceptor-Acceptor Carbenoid Donor-Acceptor Carbenoid
Fast Dimerization Dimerization Slow Dimerization
Tendence Towards Cyclopropanation Tendence Towards Cyclopropanation Tendence Towards Insertion

Compared Reactivity of Substrates with Rh,(S-DOSP), and Donor-Acceptor Carbenoids

O L 4 (_E;Cc:f
1 0.66 E 0.011 1700]

1
0
Q = |:»‘|-.f”“~~‘§§7 PhgtBuSil—lH @
2700 24,000 I | 24,000 28,000

(1) Davies, H. M. L.; Beckwith, R. E. J. Chem. Rev. 2003, 103, 2861-2903.




2.4.4 C-H Functionalization: Carbenes

Davies: Asymmetric Synthesis of Erogorgiaene

ClZH25
_N
PN
oo |

0

I . OI/O

2 mol% ,Rh\/th
Me O 0O o
N> Rh,(S-DOSP)
2 4
O‘ " Meo C)J\/\Me >
Me 2 DCM, 23 °C
Me
% Z
| 4 steps | |
Me Me Y
H 39%, 90% ee
Me | Me
| Me0,C”~
Me~ “Me

erogorgiaene

(1) Davies, H. M. L.; Walji, A. M. Angew. Chem., Int. Ed. 2005, 44, 1733-1735. 39



2.4.4 C-H Functionalization: Carbenes

Model for Selectivity

ME
-.1'?' ‘\r \oH S)-4
Me— -ﬂ::-”'-.,___‘_j H (S) - P;ie
l ]
e N Me” ey
__f’:}:\ "‘“--, - P
(X)) / - st )
Mg ¥ ¥ (R-dosp) L
(£)-4 catalyst OMe
/ enanticdivergent transition state 6
+ g (substrates approaching from front)
oM \ €
N~ U\ \‘\\ L ,J
5 Me " j_ } (R)-4
e hfle
Me.__. LAy
:—\%COQMB e " g’COEMe
: rn | § A=
e S Me H Me
(R-dosp) 7
catalyst

(1) Davies, H. M. L.; Walji, A. M. Angew. Chem., Int. Ed. 2005, 44, 1733-1735.



2.4.4 X-H Functionalization: Carbenes

Fu: Cu-Catalyzed Insertion into OH Bonds! Me Me

Me@\Me

Me’ |
Fe

= T

]
Me. Fe& _Me

Me 3.8 mol%
@) (@)

Ar 2 mol% Cu(OTf), Ar
R-OH + OMe > Z “OMe 85-95%

N 4 mol% H,O, DCE, 23 °C HO H 65-96% ee

Zhou: Cu-Catalyzed Insertion into NH Bonds? or water?

CF,
@B ) BARF
4
CF,
? 5 mol% CuCl 2 i
mol Cu
A Ar
R'NHR? + r%om > Ar),)\om or %ORC’
or H,0 N, 6 mol% NaB;oARF 1R2RN H HO H
DCM, 25 °C 51-96% 70-91%
85-98% ee 50-92% ee

(1) Maier, T. C.; Fu, G. C. J. Am. Chem. Soc. 2006, 128, 4594. (2) Liu, B.; Zhu, S. F.; Zhang, W.; Chen, C.; Zhou, Q. L. J.
Am. Chem. Soc. 2007, 129, 5834. (3) Zhu, S. T.; Chen, C.; Cali, Y.; Zhou, Q. L. Angew. Chem., Int. Ed. 2008, 47, 932. 41



2.4.4 Carbene multi-functionalization

Hu: Rh-Catalyzed multi-functionalization cascade

Ph
/

Ph 4.1 mol%
2 mOIO/O [Rh(C2H4)2CI]2

toluene, RT

Vo

Ar
X~ TOR’® 42-85%

N } No, 88:12->95:5dr

H = 2 75:25-97:3 er

2
meo,c  COR

Ar'-NH
N> .l
Ph
; MEDEC>>—\
Ar CDE Me - iy, REOEG N DE
RH
Ci 2\ ‘\4\ Product 4
! phl
4
N A
; Ph Ph RA.
Ar 4
Ph” “RH I Rzﬂgc"/ O, _oMe
Cl CO,Me ArhN@I v
H, Ph
H
Ar'NH H,
) 2 ,&\ Ar M?AH /(
I o HEDZCJAN N
MeO” “ORhL* 3 ?
Ar! v
HN™
hr/#CGEMe <—‘ e/ Ph
H ) =
1,2)-H sh
N-H insertion |21 shit Ph” “ryf
product cl’

Ma, X.; Jiang, J.; Lv, S.; Yao, W.; Yang, Y.; Liu, S.; Xia, F.; Hu, W. Angew. Chem. Int. Ed. 2014, 53, 13136.
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2.4.4 Carbene multi-functionalization

Waser: Multi-functionalization with EBX (Ethynylbenziodoxolone) hypervalent iodine reagents

H (0) (0)
2.5 mol%
> _~ TCOAr
T 2 mol% CuCl R
2 mol% AgNTf, 78-99%
chlorobenzene, 35 °C 82-97% ee
favored disfavored
R——I (o)
] \
0. E
N :_. \Cu/ \\“<_-’N'\ /\N
L\ (o) |——R 5 Cu
H
° H

Hari, D. P.; Waser, J. J. Am. Chem. Soc. 2017, 139, 8420-8423. 43



2.4.4 C-H Functionalization: Nitrenes

Du Bois: Rh-catalyzed nitrene insertion with hypervalent iodine!

Ts
_N
e
’
Igh'ogh’N
2 2 mol%
O\\s//O © CI)N ;!1 ’ Y/
H,N""~0 Rh,(S-nap), HN"" "0
’
Ar/\) PhlO, MS 3A Ar/'\)
° 45-98%
CH,Clp, 23°C 56-99% ee
Blakey: Ru-catalyzed nitrene insertion with hypervalent iodine?
| X
(o)
|Br.N" \)
N—Ru—N '
— Br ”/ O
\ 7/ \
H,N"">0 5 mol% HN">~0
Ar/\) 5 mol% AgOTf Ar/'\)
PhI(OZCtBU)Z 42-68%
75-92% ee

MgO, benzene, 22 °C

(1) Zalatan, D. N.; Du Bois, J. J. Am. Chem. Soc. 2008, 130, 9220. (2) Milczek, E.; Boudet, N.; Blakey, S. Angew. Chem.,
Int. Ed. 2008, 47, 6825. 44



2.4.4 C-H Functionalization: Nitrenes

Zhang: Co-catalyzed nitrene insertion via radicals?

\\S//
HN” O 88-94%
84-96% ee
R
2 [\ —— —— 9 \N 1y
R....S. — N ‘ ke
NS NH R, NN
iR d gt — — 3 \\‘\ //-f;
s - // \\ rd l\/KR‘
[Co(Por*)]
enantioselective }/ radical radical N, N, T
. . \
C-N bond substitution activation
formation?

R MRC R

ﬁ ‘R ' I e - P COIH -
— ——— t aCllOn " 2 ESpa  —

(1) Li, C. Q.; Lang, K.; Lu, H. J.; Hu, Y.; Cui, X.; Wojtas, L.; Zhang, X. P., Angew. Chem.,

Int. Ed. 2018, 57, 16837-16841.




2.4.5 Other Reactions: Azidation of Radicals

Bao: Iron-catalyzed carboazidation?!

d
Ar-X + TMSN; + CBr, :-lz
_N
Fe_ )
N =0
°
(o] S A
N N [L2FemOTI]" miz- 815.1146
Aro‘l\( Y A L2FemOCOR]* miz: 865.3208
Ar Ar Ny
1.5 mol% . *LFem(X) (M=) FI M
1 mol% Fe(OTf), ar~-f N o
Y LPO, Et,O \ R X
R . B
N, {(H |
/'\/CBr3 H'.. Steric hindrance TS g [L2Fem(Ng)]*
Ar Q N g® miz:70B.1728
3
37-85% N) : Xl N D
70-90% ee ’ S ~Fe.)
$ M
T SET ' og
c +
(L2 FeanOCOR N4
miz: 907 .3364

Also possible starting from benzylic C-H bonds?

(1) Ge, L.; Zhou, H.; Chiou, M.-F; Jiang, H.; Jian, W.; Ye, C.; Li, X.; Zhu, X,; Xiong, H.; Li, Y.; Song, L.; Zhang, X.; Bao, H. ,4
Nat. Catal. 2021, 4, 28. (2) Cao, M.; Wang, H.; Ma, Y.; Tung, C.-H.; Liu, L. J. Am. Chem. Soc. 2022, 144, 15383-15390.



2.4.5 Other Reactions: Reaction of Oxy-Allyl Cation

Jacobsen: Lewis acidity enhancement o o CFs
Bu N~
z — (0]
N N CF 2 1
OTMS 0 \ﬂ/\ H 3 R0, AR
RL/\/ORZ + ) 5 mol% -~ 55-96%
TESOTf, MTBE, -78 °C 66-96% ee
0R2 R3 R3
Enhanced
Lewis acid L}iFE;,
O [}'::3
» j;t A
s N N‘ '
H H
o 2
MeQ,, R D S/ “
@ o ‘CF; ~ OSiR;
R..= OMe
R | OMe
Enantiodefermining o 0 Rate-determining
cycloaddition j:( ionization
o . JAr + RaSIiOTE
w A Y ’ R1SIOMe
H H

47

R £ ._,C'ME‘ \e-;/ :
5
i o’ CF,
Banik, S. M.; Levina, A.; Hyde, A. M.; Jacobsen, E. N. Science 2017, 358, 761-764



2.4.5 Other Reactions: Amination of Enolates

Yamamoto: Acid-Catalyzed Nitroso-Aldol Reaction with Enamines:
Amination or Hydroxylation Depending on Catalyst

99
OH
OH O

0 O\ /Ph
30 mol% o N 69-89%
) H 70-93% ee
Et,0, -78 °C n
Ar Ar
|\/|e><O \‘\\ OH
TADDOL
Me o) OH
Ar-  Ar O Cl)H
30 mol% Npn 69-89%
> ) 70-93% ee
toluene, -78 °C n

(1) Momiyama, N.; Yamamoto, H. J. Am. Chem. Soc. 2005, 127, 1080-1081.
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2.4.5 Other Reactions: Sulfide Oxidation

Ellman: Asymmetric Oxidation of Disulfide

'‘Bu
—N OH
'‘Bu OH
0 ©
By 3 mol% 0
g /S\S}Bu . : /S@ 1Bu 904%
2 mol %VO(acac),, H,0,, 23 °C Bu S 91% ee
Synthesis of Ellman’s Auxiliary
@ @ . A-E e e .
O t. 20 o ':]_‘ .
9@ ) LiNH,, NH3, THF (:) . R: iLG mechanism o nversion F(E{NU
D el g
Bu NH2 ° +Nu- sulfurane + LG

91% ee -
° Ellman Auxiliary SM /
mechanism ' S0 T

>99.9% ee after recrystallizatiot Nu- .'?’__LG
R

(1) Blum, S. A.; Bergman, R. G.; Ellman, J. A. J. Org. Chem. 2003, 68, 150-155.
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2.4.5 Other Reactions: Asymmetric Chlorination

Bohran: Chlorolactonization?

MeO

OMe

10 mol % z
OH N
R (DHQD),-PHAL (0] 61-84%
(o) Cl > o 43-90% ee

/ R Cl

benzoic acid
=0  cHcl IHex, -40 °C
Ph N 3

MeO

Nicolaou: Dichlorination?

(DHQD),-PHAL
Cl OH

20 mol %
S - 35-84% [y
R/\) AriCl, R/'\) 25-81% ee

Ql'l

electrophilic chlorine

(1) Whitehead, D. C.; Yousefi, R.; Jaganathan, A.; Borhan, B., J. Am. Chem. Soc. 2010, 132, 3298. (2) Nicolaou, K. C.;

Simmons, N. L.; Ying, Y. C.; Heretsch, P. M.; Chen, J. S., J. Am. Chem. Soc. 2011, 133, 8134.
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2.4.5 Other Reactions: Asymmetric Fluorination

Toste: Enantioselective oxyfluorination based on phase-transfer of the cation!

O.__Ar Selectfl
(E\/Y |:|ﬁﬁet§ubl-ilg;ﬂfi_6|
o NH CD’ 0 ~Na* z.’fwj 2BF”

NaHCO,

2a
,—ClI o MNa,C0; e ¢l P
['g BF, NaBF, [N/ BFs
N~ e
F®BF,
~Cl (1
Selectfluor 0. 20 ﬂ‘u* “O.p D) (:thﬂg NJ fP*ca
Na,CO3, CgHsF, 23 °C o Oon I o
2b 13 chiral ion pafr
12
anti-
#F fluorocyclization 0 Ar
o
; “ ®
67-96% 5 6

79-97% ee

Rauniyar, V.; Lackner, A. D.; Hamilton, G. L.; Toste, F. D. Science 2011, 334, 1681-1684. -



2.4.5 Other Reactions: Via Sulfonium

Denmark: intermolecular sulfonium formation?

SO,
N __Se

P
0 N NR,
0 OO Me
10 mol%
( R NSPh -
o EtSO;H, CH,Cl,, -20 °C
R1 (0}

Jacobsen: intramolecular sulfonium formation?

* L
Qwh
AL 6 H H

10 mol%
.

)

X

7 mol% ArSO3;H
4A MS, toluene, -30 °C

A :’!
X wn
Py
N

+

A

w

=|=

IrZ /i

5

<~ YSPh
R?2 R!

61-92%
60-92% ee

67-99%
60-94% ee

(1) Denmark, S. E.; Jaunet, A. J. Am. Chem. Soc. 2013, 135, 6419. (2) Lin, S.; Jacobsen, E. N. Nat. Chem. 2012,

4, 817.



2.4.5 Other Reactions: Via Sulfonium

O Me
N Se
P

N N(-Bu); {O
LT e 0
(S)1 3 4-Tol

o EiSO, 08

{ '8 catalyzed uncatalyzed (

0 & pathway pathway o o
fy. ATl r:}‘/* I-r!l Tal

° QO RN 1

< Me O 4To|
1

Om EtS0, @;‘(NH Ph

3 4-Tol

(1) Denmark, S. E.; Chi, H. M. J. Am. Chem. Soc. 2014, 136, 3655. (2) Denmark, S. E.; Hartmann, E.;
Kornfilt, D. J. P.; Wang, H. Nat. Chem. 2014, 6, 1056.



2.4.5 Other Reactions: Via Sulfonium

Ph
Ph z \[
" ag S
n
R R ‘“ ’JL -Ar HH ccl Eprsulfnmum—
M -.g\' =2 jon formation
_|

-
-

|| - ]
Re aromatization 2 1
ECI;
Ar= penitrophenyl "

AP
7 JL A H'.“‘ '-“ T
N YA NN
Ph oA . HOR T
}EBn {  ———= Ph,__S8n
o, o
Ph N \[
o P 0
SOAr
. / )
. |
s
R* . J-L_ _Ar
v —
I: N
&+ O, 0O i
H.| 1 -
o o7 "|I-|'.~+ 0" Ar Hucleophilic addition
&+ pp | A
Ph

Rate- and enantic-determining step

Lin, S.; Jacobsen, E. N. Nat. Chem. 2012, 4, 817.



2.2.4 Other Reactions: Hypervalent lodine

4 N\
N A X,, ] X
! X=l=Y X~ x
R R R
lodane A3-iodane A3-iodane
lodine(l) lodine(lll) lodine(V)
8 electrons 10 electrons 12 electrons
. J

« Hypervalent with involvement of 5p orbitals

* Only partial bond character (4 electrons-3 centres bond)

« Exceptional reactivity

OAc
AcO F;,C—I—O

R——|—O0
AcO’ I=NTs @
. Ph,| o) o

Dess-Martin Evans Gaunt, Sanford Togni Zhdankin, Waser




2.4.5 Other Reactions: Hypervalent lodine

Ishihara: Oxidative cyclization with inorganic hypervalent iodinel2

I/\ N A"Ie % /\|
NS A ® N X
N
(o) Ph | |
\ NN A NS A ? Ph
RIS , |\) 1-10mol% R N »\J\rN 84-99%
(AR NS 30% H,0,, Et,0/H,0 A~o "R? | \/) 70-93% ee
Ishihara: Oxidative Spirolactonization3
MesHN \HLNHMes
OH (o)
N CO,H 10 mol% XX ” O  40-94%
R R 0 83-90% ee
% mCPBA, CHCl;, CH;NO,, 0 °c %

(1) Uyanik, M.; Okamoto, H.; Yasui, T.; Ishihara, K. Science 2010, 328, 1376. (2) Uyanik, M.; Hayashi, H.; Ishihara,
K. Science 2014, 345, 291. (3) Uyanik, M.; Yasui, T.; Ishihara, K. Angew. Chem., Int. Ed. 2010, 49, 2175.



2.4.5 Other Reactions: Hypervalent lodine

Kita: Oxidative Spirolactonization?

OH

CO,H

(™
o
| 10 mol%

(=

\ 7/

mCPBA, CHCls, 0 °C

(R)-2b'

L = Ligand
(mCBA, OAc, etc.)

0]

X /=0  50-96%
> Ry 0 84-92% ee
Re-face attack

COzH iodine-oxygen
bond length
(ca.2.2 A)
0.0 'D&
\mCPBA A
regenertion product
of the catalyst (R)-4

(R)-2b'

(1) Dohi, T.; Takenaga, N.; Nakae, T.; Toyoda, Y.; Yamasaki, M.; Shiro, M.; Fujioka, H.; Maruyama, A.; Kita, Y. J.

Am. Chem. Soc. 2013, 135, 4558.
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2.4.5 Other Reactions: Hypervalent lodine

. . . . . HOTH HOAC s
Muniz/lshihara: Diacetoxylation of olefins? .00 L o) _l“i
«.(Ii.':" ':Ilj._ - b I:F OTf
Arts H- 0L O H, N A i ,J:D """ H-i-”'
o o._k_o. At A O A O A
YT T T
Ar' HN NHAr' ~F T one
2': -I_.i_ +
Me H,0 ! A i".f' Af
10 mol% AcO  OAc ' 1‘
> 3 !
Al 5 mol% TfOH, AcO,H, AcOH,RT  / AcOH + /| IAS
then Ac,0, DMAP, pyridine s a
56-93% o | o AcD YT
80-90% ee ;. ’_,L\_:’DH Ao, J“*N"!"' oar” MO HL A
H I er [ - B Al J%jfonjfi“‘o
3¢ " H i
Muniz: Diamination? o
AQ OH HQ O Ho Ofo O °
Arq ' ArfT - HOAC Ar/:
iP N j)LN iP
iPr, iPr, l A0 2oc® o,
Ac)  DAc \h:ﬁ\'-iﬂé H. . Ar
10 mol% o MsoN NMs, i HATE '
pr— /‘ l|ll'|r.-- Ar o A
AY mCPBA, HNMs, A > Y
r
MTBE/HFIP, - 5 °C 59-81%
91-98% ee c

(1) Haubenreisser, S.; Woste, T. H,; Martinez, C,; Ishihara, K;; Muniz, K. Angew. Chem., Int. Ed. 2016, 55, 413-417. (2)
Muniz, K.; Barreiro, L.; Romero, R. M.; Martinez, C. . Am. Chem. Soc. 2017, 139, 4354-4357.
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2.4.5 Other Reactions: Hypervalent lodine

Jacobsen/t2 Gilmour:3 enantioselective difluorination.

BnO

0,
A AR 20 mol% R2 45-93%
R Pyr<9HF, mCPBA, CH,Cl,, -20/-50 °c £ 64-96% ee
E [7his work e Ar . Arl =
_ (i T B |—F
[O] F. F ! 0
- /\T,Gc:rf Catalyst T covy g, ~CONH CONH; HDJI-V
A1 R A A
GG‘f = @ster or amide, R = H or alkyl [ 2a-B=H CO.Mea
* = naw steraccantar - . 28-F ="Pr
. . . snantioselective &
High enantioselectivity Ea—— A=Me, 1a
1,2-fluoroiodination l A= EBn, 1b
= - Ar ~F=
__F FaesH=F _
i e CONH ) o m | WHP 1 CONH;
~ CONH;  raginselactive staraospacific .33
1,1-diflucrination fluoride 1] shanonium ion Il (ref. 33) 1,2-difluorination
(856% oo at ) addition formation [93% oo at 4 *C)

Banik, S. M.; Medley, J. W.,; Jacobsen, E. N. Science 2016, 353, 51-54. (2) Banik, S. M.; Medley, J. W.; Jacobsen, E. N. J.
Am. Chem. Soc. 2016, 7138, 5000-5003. (3) Scheidt, F,; Schafer, M,; Sarie, J. C;; Daniliuc, C. G.; Molloy, J. J,; Gilmour, R.
Angew. Chem.-Int. Edit. 2018, 57, 16431-16435. 59



2.4.5 Other Reactions: Hypervalent lodine

Jacobsen/Houk: Calculated best transition states Spiro

_t /l . )
{ A2

TS2a-S AAG* = 0.0

01= 81.5° \ 1 )

n
o

Periplanar

TS2a-R AAGY = 2.2

Jacobsen, E. N.; Houk, K. N.; Xue, X. S, . Am. Chem. Soc. 2018, 740, 15206-15218. 60



