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Copper Catalyzed Allylic Oxidation
Kharasch-Sosnovsky Reaction
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Initial Discovery

);?\ o‘k @ PhCOZH ++-BuOOH
Pt Q’o\‘< Ph

0Bz
0.2% CuCl, PhH @ 90%
r\ 10 equiv.
\___.-l B PR - i OBz OBz
. rl L
, PhCO,),, CuCl
809G 0% O (PhCOy)z, Cu @ . ©

- 65:35

phthalimide + +-BuOOH

Kharasch, M. S., Sosnovsky, G. JACS. 1958, 80, 756

CuCl, PhH @
‘ Terminal olefin as major products. I

Kharasch, M. S.; Fono, A. JOC, 1958, 23, 324
Kharasch, M. S.; Fono, A. JOC, 1958, 23, 326

Effect of Copper Source on Selectivity

b

o \/\/\OOH
Cu(OAc),, soivent, 50°C
PN MeCO,t-Bu OAc OAc
copper, PhH, 70 °C /\/\)\/ + /\/\/\/'
OAc OAc 2° 1°
/\/\/v /\/\/\)
+ A Entry Solvent £ 2°/1°
2° 10
1 "~ EtOAc/AcOH 6.02 86:14
Entry Copper 2°/1° 2 CH3CN/ACOH 36.7 80:20
3 HCO,H 58 80:20"
1 CucCl 86:14 4 H,0/AcOH 78.5 78:22°
2 Cu(OAc), 89:11 5 AcOH/pyr 123 66:34
3 Cu(OAc),/pyr 70:30

* Formate esters are formed.
AlrabAle fArmaA

Walling, C.; Zavitsas, A. A. JACS, 1963, 85, 2084
Kochi, J. K.; Mains, H. E. JACS, 1965, 30, 1862

E EOEEer comEIex has different selectivitz. | l Solvent has little effect on selectivty. I




Substrate Scope-Acyclic Alkenes

Substrate Conditions Product Yield (%)
/K/ PhCOjyt-Bu, Cu(O,CR),, PhH, 70°C 71
OBz major
/‘Y PhCO;st-Bu, Cu(O,CR),, PhH, 70°C )\K 78
OBz
M PhCO;t-Bu, CuBr, PhH X{K 37
0Bz
OAc AcO
Ph/\/ CH;COst-Bu, CuCl, 70°C Ph)\/ +Ph/v (71:29)
20 10
OAc AcO
ph/\/ Cu(OAc), Ph)\/ +Ph/\) (67:33)
20 10
OAc AcO
ph/\/ t-BuOOH, AcOH, CuCl Ph)\/ +Ph/v (53:47)
2° 10
OAc AcO
Ph/\/ CH,CO4t-Bu, CuCl, 70°C Ph)\/ +Ph/\) (100:0)
20 1o
OAc AcO
ph/\/ t-BuOOH, AcOH, CuCl Ph)\/ +Ph/\) (52:48)
2° 10

’ With acyclic alkenes, terminal olefin products predominate. I

Andrus, M. B;; Lashley, J. C. Tetrahedron, 2002, 58, 845



Substrate Scope-Cyclic Alkenes

fable 5. Cyclic alkene substrates for allylic oxidation

Substrate Conditions Product Yield (%)

0Bz

PhCO3¢-Bu, CuBr, PhH @ 80
OAc

AcOH, t-BuOOH, CuCl @ 88

QAc
CH;COst-Bu, CuBr, PhH O 38
PhCO3¢t-Bu, Cu-Na-HSZ-320 zeolite 68

PhCOat-Bu, Cu(O,CR), O O 96
+
OBz

000 OO 00
s

71:29

PhCO;r-Bu, Cu-Na-HSZ-320 zeolite 98:2 82

OH

OH
(1) PhCO4-Bu, CuBr, PhH; (2) H,, Pd/C; (3) NaOH + + 36
OH
Et Et Et
3:2:2

Andrus, M. B.; Lashley, J. C. Tetrahedron, 2002, 58, 845



Chiral Substrates

Substrate

Conditions Product Yield (%)
OBz
PhCO;t-Bu, CuBr, PhH 85
[alp -80° {a)p 0°
éb CH;CO4t-Bu, CuBr, PhH OAC 85% 90, trans
OH
CH;CO;,t-Bu, CuBr, PhH/NaOH @ + @ 50, 30
OH
+-Bu OAc
\(:\k CH;COjt-Bu, CuBr, PhH/NaOH FBUK 26
PhCOat-Bu, Cu(O,CR), PhH 28,29

- O O

PhCO;t-Bu, Cu(O,CR), PhH

PhCOst-Bu, Cu(O,CR), PhH

E 0Bz
ol

+
Bz

29% (4:1)  16% (1.5:1)

OBz
E\? +

34% (4:1)  26% (4:1)

OBz
0Bz
+

I Diastereoselective allylic oxidation is possible. I



Radical Chain Mechanism

OAc OAc

P CuBr, 75-85 °C . )\/ N /\)

CH3CO3tBu

K/ 70-85%

Kochi, J. K. JACS. 1961, 83, 3102

89-94% 11-6%

-~

‘A common intermediate diverts to two products.l

XZ¢ Cufll) x—~c:uc1]
o h
4§

X Culy

¢ (\] — {3 HICM %

Kochi, J. K.; Mains, H. E. JOC. 1963, 30, 1862
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Trapping experiment and
isolation of by-product prove
its existance.
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How Cu(II) Oxidize Allyl Radical?

Product composition rechecked:

Qac A
~F CHLO B, Cold, FhH At A e
&
Cac Al
P N CHE O Ba, CkY, PRH T (%73
&
Oac Acty
E CHL O B, Cacl. PhH At s e

wm

6

75

Neﬁf :’3“3 Kiron) "x’:f . :'*
H [ 4 H
v v
allylic compd reagent X

$1]
*

Configurational stability of allyl cation or radical:

frans.
1-ene [-X-2-ene  [-X-2-zae

£ign

1-buiene HReQl 1 3 | I8
frans-2-butens BuQCP ) 26 Td
¢i5-1-butene -BeQClr € 37 63
but-1-2n-3-al oconc HCI* O 38 54 4
but-2-en-1-gl cone HOCP €1 1 S 13
3-chloro-but-1-cns® H.0* HO &7 EX|
rrans- | -chloro-but-2- H.O HO 56 44
ene?
cis-b-chloco-but-2-ene®  HOf HO 45 I 54

TAL 70 *C, photolysis, in benzene sobvent, eadical reaction. * At 0 °C,
ionic reaction. © Mixture of T0% rrans and 30% ofs somers. “Brubacher, L.
L; Triendl, |.; Rabertson, R. E. J. dAm. Chem. Soc. 1968, 00, 461 | -4516:
hydrodysis postulated 1o proceed mostly theough Syl. * At 40 *C.

| Under reaction conditions, allyl radical is configurationally stable. l

Rationale for the product

distribution:
e,
or - \-.a;f:;§ N
T CulinQRzX
£ )
J CafOBzX
T R, \.&"*3
2 bz E Caz
e, Yas, %

H Z

H ‘

t a=herd

- icAdlion D&%
P

1 i

‘ #

1 CulEICBZK xszt}Cu;nﬂl

o
OBz s “oaw 087

Transition state geometry explains
trans-product predominate.

/c"*.ﬁ ﬂzjc-,
:’J""C\ G
G { o
e _—

A - 5 5
g 0. ”__faé\c
G B0

Y1 teis procuey VI crars oenducty

Beckwith, A. L. ].; Zavitsas, A. A. JACS, 1986, 108, 8230



Early Efforts toward Development of Enantioselective Allylic Oxidation

TasLe 1

PEROXIDE REACTIONS I_’_‘_/
Rotation of
Carbox- allylic aloohol ; N .
COZEt Olefin ;;a.te Conditions degrees M{J” ) D‘ QO‘L’*\/\ _"OK(hYat
CO,Et Cyclohexene 111 2 days, 25° —10.1 7
COZH il O Cyclohexene v 16 hr., 50° +10.1
SO Cyclopentene II1 2 days, 25° ~13.8
Cu  FBUOH [a]p -10.1 Cyclooctene III 1 week, 65° +5.85
(pure S, [alp-112) Bicyclo-3,2,1-octene-2 I 2 days, 25° -5.21
2-Methyl-2-butene 111 1 week, 25° 0
1-Octene III 1 week, 70° 0
Cyclododecene II1 1 week, 25° 0
Denney, D. B. et al. JOC., 1965, 30,3151
COzH ©8Bz
CU20
59%
PhCOat Bu, 45% ee
PhCOH, PhH
0 { 3
@ . Y NG S
in CHyCN @ 8% o H_Cul H
QCO *:0 mol% ' )
2 OCOEt
O " CuoAc, smorss I
- T
PhC03f Bu,

EtCOzH, 20 °C, 16 1 39%
61% ee

" Chiral copper complex could provide asymmetric induction. I

Mugzart, J. el al. . Mol. Cat. A. 1991, 64, 381.
Muzart, J. et al. Tetrahedron Asy. 1995, 6, 147-156.



Bisoxazoline Copper omplexes Catalysts

1

. b R=tBu
R R ¢ R«Ph R

HiC_  CH, = |
o] (o] N
N N\> a R - /-Pr S/N N\>
3 R

R=iPr
Table I, Enantioselective allylic oxidation of cycloalkenesl2

o} O
PhCO3t-Bu \f
<= > (CcH
en 5 mol% Cu()OTt (Clgh Ph

Net,23 68 mor% L*
PhCOat-Bu
5 mol% Cu()OTS
6 mot% L* B
acetone, 0°C
OCOPh
j OCOPh
OCOPh
4 5 6
L* Composition (%) Enantiomeric Excess [%]b
4 6 4 5 6
2a 9 50 42 90 63 13
2h 8 42 50 73 37 42
2 Determined by

Substrate L Solvert®  Time Temp.  Conversion Yieldb ees

[days]  [°C) (%] [%] (%]

cyclopentens 2a CH3CN 4 23 57 74 74

2a CHACN 12 7 &0 31 77

2a acetane 14 )] 75 76 75

Ia Bectone X2 =20 67 66 §2

b CHiCN 4 23 13 68 74

2> CH3CN 12 7 65 65 79

2b CH4CN 12 D 100 64 &0

2b CHCN 22 ~20 68 61 84

2c acetone 5 23 9 g4 71

cyclohexene  2a HOCIONG I 4 kA 71 58

2a ACCIONG 3 23 9 &9 64

2a CH3CN 9 23 91 64 61

2L CHiCN 1 50 S0 44 51

2b CHiCN 7 23 63 68 &0

2b CHiCN 15 7 77 &4 77

2c acetone 3 23 100 77 67

3 CH3CN 23 95 80 7l

cycloheptene 2 CH3CN 2 S0 87 57 6%

2a CHaCN 23 78 75 74

2a CHaACN 14 7 63 44 82
MCHyCN/CHCly 3:1 or seeong/CHCTy 3:1. b Yield based on consumed perester, < Doersiined by HPLC on 1 chirg
colomn (hexancfisapropmenal 1000:1; Zcyclobexeny! benzoate: Chiraleel OF, 2eyelopentenyl benpoate: Chirzloe] oD,
?S)-cicmh:;puzr;fnbémm Chiraleel OD-H). Al produrs show negave opdoal rowmon vales and, tharsfare, have

GC (5% PhMe silicon). b Determined 4 : Chi
O1.6: Chingoe oD) ) rmined by HPLC (4 and §: Chiralcel

Pfaltz, A. etal. TL., 1995, 36, 1831.



Bisoxazoline-Copper Complexes Catalysts

Mo Me 1-Y=H, X=18
=¥=M, =BU
0 g@%@g i |
R/\/ + Ph)LOvOtBU Y NcuN / Y 3-Y=Me, X=Ph ? Ph
5 equiv. 1 equiv. X OT¢ X smol% R/\/
[Entry?  Olefin Productb Catalyst Solvent Temp.c %Yield®  %eed |
O o=
2 " t 1 CH3CN 20° 44 70
3 " " 2 " -20° 41 42
4 " " 3 " 200 49 81
O O
5 1 CH;CN 5 62 67
6 " " 1 " 200 43 80
7 " b 2 " 200 49 67
8 " " 3 " g 59 46
9 . " 3 ' 200 24 4
Q OBz
10 1 CH3CN -20° 44 13
11 " " 2 " -20° 43 0
0Bz
N
12 PANF Ph N 1 PhH 55 34 36
13 . " 1 CHiCN 7 50 0
o8B
/\/ /-\/
14 CsHiy CsHy 1 PhH 55 50 30
15 " " 1 CH3CN 5 13 0

20.5 mmol scale. ® 1H and 13C NMR characterization. Isolated yields based on perester. ¢5°
refrigerator. The freezer used for -20° C. din(egration of 1TH NMR,
shift reagent Eu(hfc)3 and compared 1o spectra of the racemic com

C was maintained by a

(500 MHz) signal for o-protons of the benzoate with chiral
pound.

Andrus, M. B. et al. TL. 1995, 36, 2945.
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Effects of Copper Source and Peresters

Table 2. Reaction of peresters and cyclohexene with copper(I) salts at 5 mol% without ligand at constant

temperature (5 °C).
(o}
O
.0 o} A
O + 22 | O"™BU . Copper(ll  GHyCN : l >z
A 5 mol% 5°C
5 equiv. 1 aquiv.
[ Perester Copper(l) Time (d) Yield% ]
2 m-Cl CuBr 5 42
" CuPFg*(CH3CN)4 5 6!
30-C1 CuBr 5 74
" CuPFg*(CHaCN)4 5 13
4 p-NO2 CuBr 5 23
" CuPFg*(CH3CN)y 5 15
o}
(o]
o) | | H l —_—
i O + z_ij')Lo ~Bu &N N\? 9%'1 : =
(o] 3 .20
0 N
L0~ 0%\0} CH3CN OJ\G—Z 5 equiv. 1 equiv. X CuPFg X 7d O
j + 22 r © Bu N Nw _— A F 15 mol%
N " 20 @
X Pereste 1gand
5 equiv. 1 equiv. X cuBr 7d {___Perester _Ligan Yield% ee%
15 mol% 1 p-Cl X=1Bu 73 75
" X=Ph 83
Perester Ligand Yield% eeh ] 75
2 m-Cl X=1Bu 46 72
1p-Cl X=1Bu 72 57 " X=Ph 69 74
" X=Ph 67 20 30-Cl X=1Bu 67 73
" X=Ph 78 1
4 p-NO; X=fBu 53 63 7
" =P 47 7 4 p-NO; =tBu 60 16
X=ph " X=Ph 71 76

No conclusive results

Andrus, M. B. et al. Tetrehedron 1997, 53, 16629.



Most Recent Results

Table 1. Asymmetric Allylic Oxidation of Cyclohaxana Table 2. Cxidation of Cyclopentana

. B R
2N P
X °‘f{:r" o QupFgsstisoc” 0 2
@ » m-ﬁm S_,“ N\) . 1 NGy *  pitro-PE. @
v PR | o) °
. oM - R QPR g O s CHQN, 20 °C &
- ..
CHCN, -20°C Bhiry R R ume ¢y % ybiP e
- , 1 1-Bu Me 10 52 79
eriry R R lime ¥ fferr e 2 Ph Me 10 49 82
1 -Bu Me 7 61 84 3 Bn Ma 10 25 75
2 - Me 21 43 R0 4 -Pr Me 10 42 51
3 Ph Mea 17 44 96 5 -Ru Et 10 31 38
4 R Me 6 30 71 & Ph Et X 41 99
5 t-Pr Ma 6 40 82 7 Bn Et 8 28 80
5 -Bu Et 14 25 16 8 +Pr Bt ) 36 1)
6 Ph Bt 13 5a 75
; Bo Bt 12 30 33 ° Tima in days, using a sealed vial placed in the fremzer with stiring.

i-Pr Et 5 26 78 5 Yields are far isalated, chromatographed materials hased an tha :
* Enantiomeric excesses were detarmined by chiral narmal phase HPLL,
° Time in days, using a seakd vial placed in the freaxer with stiming.

5¥ields are for isolated, chromatogrmphed materials basad an the parester,
“ Enantiomeric excesses were determined by chiral normal phasa HPLC,

4 Unsubstituted perester. tert-Rutyl perbenzoate used. Table 4. Asymmetric Oxidation of COD
Tabde 3. Onidation of Cyclohaptene D FeeS, Sbisox. d
1.5-C00 + nle-PE L 5
PROPIGO, CHyCN.-20 °C, 10d O
CLPF & Shisex.
chaptens + nroPE -—o-- 5 enky R R % yhad e
CHyCN, 20°C, 104 1 +-Bu Me 13 W
" 2 Th Me 46 4
Enry R R * Ykt eet 3 wbr Me 3 36
1 t-Bu Me 3 05 4 Ph Et 1 59
2 ph Me X 26 5 +Pr E 3 73
3 +Pr Me 14 oo
4 Ph Bt 12 26 *Yields are for isclated, chroatographed materinls basad on tha panester.

* Enantipmeric excesses ware determined by chiral normal phase HPLC.
*Yields are for isolated, chromatagrapbed materials based on the parester.
& Enantiomeric excesses were determined by chiral normal phase HPLC,

l Screening catalyst for each substrate is necessary. I

Andrus, M. B. et al. JACS 2002, 124, 8806.




Catalyst Resting Sta.. and Transition State Model

51.6 (4.6)

Et ol
CuPF, o E ‘ o 1" O ﬁ/ar
bis-ox. —N> [ \> —_ y
COCN a8 (1.9 o Y B ;
3 4 7Bu

Cyclic
Y~
><¢ o OBz
—~Cu" —
No @

minor

free
¥ E Et —'l+1
E__Et + 128.0 . 2
\3—' O/ Seter + BuOH +3,' !
Kc{h} * £BU Cl( ::;&1
By } 256 OCAr
; /
\Cu*

E Et 0—|+1
1) 2
*B§/ \06\ Wy . .Q)\@\N*L'C“'
.~‘) (oY
Lo Q.

N

o Lo
v(CN\C“fE‘O
~ "0/ 7 08Bz
R/.\/
R - s
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—
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Ci
AN 0 OBz
R “ 4
O,< / RJ\/
minor

Andrus, M. B. et al. JACS 2002, 124, 8806.



Pybox-Copper Complex Catalyst

]
Ny
o)
QT N W™ mRemopoy P °m/©\f° P
PR N\EN NS/ e b: R = Benzyl PhN\EN N§)<ph
% ¢: R = Methyl -

R 4 d: R = Phenyl

Table 6. Catalytic Enantioselective Allylic Oxidation of
Olefins with Chiral 4a—Cu(I) Complex Reduced in Situ
from 4a—-Cu(OTf); by Phenylhydrazine?
4a Cu(OTf),, PhNHNH,, acetons, QCOPh

PhCO4Bu, 4 A mol. sieves, rt /
68

n=1,2,34

Entry  Olefins Time® % Yield® % eed

1. D 04h 80 60
2. O 24h 73 75

3 O 24h 42 82
4. O 72h 28 81

2 The reaction was done at rt, which here refers to 28—30 °C.
bh for hour. ¢Isclated yield. “ Determined by HPLC on chiral
columns and by 400 MHz 'H NMR spectrum of a Mosher ester of
the corresponding alochol.

Ligands - Cu(OTi), PhNHNH, ~ QCOPh

@ PhCO31-Bu, 4 A, acetone, 1t

entry ligand time?® % yield® % eed
1 4a 24h
73
§ 4b 24h 79 6732
4c 02d 69 23
g 4d 36 h 57 11
7 24h 62 00

4 The reaction was done at rt, which here refers to 18-20 °C.

®h for hour and d for d < i i
on chira] oandd f ays. ¢ Isolated yield, ¢ Determined by HPLC

Singh, V. K. et al. JOC. 1998, 63, 2961.



Additive Effects /éé

Table 2. Effect of Phenylhydrazine and 4 A Molecular
Sieves on Catalytic Enantioselective Allylic Oxidation of
Cyclohexene with Chiral 4a— (CuOTf) Complex*

OCOPh Table 3. Effect of Ph .
4a-( CuOTin’hH, acetone, 2 Enantioselective Allylic Oi?g;]:i{)?z?g?e%?lsc at‘igtéﬁ
O PhCO4tBu, it @ 12° (CuOTY) Compor 17 with Chiral
4a- OCOPh
entry PhNHNH; 4A  time® %yield® % eed ( CH@ PhC< C;?B(sz‘)tz.PhH, acetone, Z
1 no No 06 d 87 73 (CHon |
2 yes No 05h 78 70 n=1,234

3 no Yes  21d 88 86 S8

4 yes Yes 10h 77 67 Entty  Olefing PhNHNH, Time® % Yield o 400

# The reaction was done at rt, which here refers to 18—20 °C. o e
51 for hour and d for days. “Isolated yield. 9 Determined by HPLC 1. D No 48 h 90 51
on Chiracel OJ and OD-H columns. 2. Yes Gh 62 54
— 3. No
<able 5. Effect of Solvent and 4 A Molecular Sieves on 4 @ 064 87 73
Catalytic Enantioselective Allylic Oxidation of ' Yes  osh 78 70
Cyclohexene with Chiral 4a—Cu(l) Complex Reduced in 5. No 65d
Situ from 4a—Cu(OTf); by Phenylhydrazine+ 8 ) 63 7
. Yes 06 h 35 72
OCOPh
4a - Cu(OTf),, PhNHNHy, T 7 No

PhCOst-Bu, rt 30d o8 &
8. Yes 245 26 81

2 The reaction was done at r

entry solvent 1A time®  %yield® % eed ®h for hours and d for days. E"I:‘;};;Ctgdhajglgefsgettzrl8723 “E .
1 benzene o 24h 55 28 II\_I/IE ghi :I;Sihlra}? columns and by 400 MHz TH NMR specrtrru:ri of Z
2 benzene yes 72h 70 35 er of the corresponding alochol,
3 acetonitrile no 10d 43 70
4 acetonitrile yes 15d 58 80
5 acetone no 24 h 65 71
6 acetone yes 24 h 73 75
7 acetone yes 30d 78 79

? All the reactions, except entry 7, was done at rt, which here
refers to 27—30 °C. The entry 7 was done at 10 °C. ? h for hours
and d for days. ¢ Isolated yield. ¢ Determined by HPLC on chiral

Phenylhydrazind additive can effectively enhance reactivity without compromising selectivity.

Singh, V. K. et al. JOC. 1998, 63, 2961.



Chiral Bipydine Copper Complex

\
ann!
Cu(OTH),

o

PhNHNH, alyl
alkene PCOaBu benzoate
38 ]
acetone, 0 °C
Alkene Time (h) Ester Yield (%) % ee
0Bz
@ 12 @ 80 59
0Bz
O 05 @ 96 49
(:)Bz
O 0.5 O 88 62

ct2

o ci4
Figure 1, ORTEP
scheme. Displacem,
level, H atoms are

diagram of 8-CH2C12 showin
€Nt parameters are shown at
shown ag spheres of arbitr

g the atom labcling
the 30% probability
ary radius,

Kocovsky, P. et al. Org. Lett. 2000, 2, 3047.
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Chiral Phenanthroline Copper Complex

Table 1. Asymmetric allylic oxidation of cycloalkanes catalyzed by Cu(I)-L* complexes?

Cu(OTf),, L*, PhANHNH,, QCOPh
o acetone, PhCO47Bu, 1t
n
9a, n=0 (S)-(-)-10a, n=0
9b, n=1 (S)-(-)-10b, n=1
9¢, n=2

(8)-(-)-10¢c, n=2
9, n=3 (S)-(-)-10d, n=3

Entry Olefin Ligand Time (h) Yield (%)° Ee (%)
1 Cyclopentene (+)-6 0.5 78 47

2 Cyclopentene (+)-7 0.5 86 57

3 Cyclohexene (+)-6 0.5 82 50

4 Cyclohexene (+)7 0.5 85 53

5 Cycloheptene (+)-6 0.5 81 63

6 Cycloheptene (+)-7 0.5 91 71

7 Cyclooctene (+)-6 168 - -

8 Cyclooctene (+)7 168 - -

* The reaction were carried out at room tem

perature in Me,CO in the presence of the catalyst (1 mol%), generated in situ by reduction of
Cu(OTf), with PANHNH,1°
® Isolated yields.

¢ Determined by chiral HPLC.!® The assignment of the absolute configuration is based on the sign of the optical rotation: Ref. 12.

Chelucdi, G. et al. TL. 2002, 43, 3601.



Tris(oxazoline) Copper Complex

3 R Yield (%)
AL _OH 4a Ph 40
He ’(\co H) HzN&/ Hcﬁo ) 4b  4-MeOCgH, 45
2 PPhg, CCl,, Et,N N (vg2/3  4c H 4-CF4CgH, 36
HaCN. 1t R 4d H 20
Table 1
Asymmetric allylic oxidation of cycloalkenes
(4 eq) +-BUOOCOPh (1 eq)
@) n Cu(OTH); {0.05 eq), ligand (0.075 eq) Q)\n
solvent »~OCOPh
Entry n _Ligand Solvent Temp. (°C) Time ) Yield (%)d) ee (%) _ Confign.b)
1 1 da (CH3)2CO It 10 46 65¢) R
29) | 3 (CH3),CO nt 16 83 76¢) N
3d l 4a (CH3),CO t 46 77 3109 R
4 1 4a CH3CN rt 21 69 63¢) R
5 | 4a CH3CO,CoH; rt 8 57 45¢) R
6 l 4a CH,Cl, It 7 77 74¢) R
7 1 4a (CHJ2Ch), It 7 78 76¢) R
8 1 da (CHCI), 0 48 80 83¢) R
9 l da (CH,CD), -20 210 400) 879 R
10 1 4a CsHg rt 7 77 34¢) R
11 1 4a CsHsCl rt 8 71 56¢) R
12 1 4b (CH Cl), rt 6 71 80¢) R
13 1 4b (CH2Cl), 0 48 73 85¢) R
14 1 4b (CH.Ch), -20 200 46¢) 89¢) R
15 1 4c (CH,Cl), 0 48 77 51¢) S
16 1 4d CH.Cl, rt 11 43 2¢) S
17 2 4b (CH,Cl), 0 48 80 82¢) R
18 2 4b (CH,Cl), -20 200 500) 86¢) R
19 3 4b (CH2ClIy, 0 48 64 88" R
20 3 4b (CH,Cly, -20 200 13¢) 920 R
21 4 4b (CH,Cly, rt 48 24 81¢c) R
22 4 4b (CH,Cl), 0 200 25¢) 85¢) R
a) Isolated yield. Yield was calculated

b) Determined by comparison of the s

c) Determincd by HPLC analysis (DAICEL CHIRALCEL O

intha nracance nf Mg-dA

based on the amoun( of t-butyl peroxybenzoate used.
pecific rotation (reference Te).

D-H, hexane/2-propanol=1000: 1).

Katsuki, T. et al. TL. 2000, 41, 3941.



Attempted Desymmetrization

/\,o /\—o OBz )VO
o - o +
)(AO '</\r\) ph) g 20/%/ O\Z%\

o) Cu(OTf) 5mol% + 12 %ee
PhCO3t-Bu, acetone,
n, 4hr MS, 69 hr /\—o
0
o) . o
achiral 36%

20%
81 %ee 58 %ee

N
HeT )('
wPh-
)ro /f\g n-p- °M°>3 \Z%’ OBz
°© Cu(OTh, 5mol% -

PhCO3f-BU, (CHzCl)z,

-20°C, 8d )VO
O. Z [ Zz
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* 85 %ee OBz

820
36% 339
72 %ee 0 Se

l Desymmetrization of meso allyl radical potentially can efficiently set multiple chiral centers. I

Katsuki, T. et al. Tetrahedron. 1997, 53, 6337.




Asymmetric Propargylic Oxidation

N N
Ph 5mol% Ph

RN

alkyne propargyl
Cu(CH4CN)4PFg ester
PhCOat-Bu,
CH3CN, 40°C, 5d
Substrate Sub/perester Ester Yield (%) % ee
OBz

5:1 80 21
\/k
OBz

1:1 38 21
\/k

REY

OBz
1:4 43* 20
&
OBz 7:3
) + Z
5:1 /\ /\ 73 15
BzO
0Bz
£ 1:4 95° 51
" I~
Ph
/\/ 0Bz
/ a
Z 1:4 92 46
T™MS /V

* Yield based on alkyne.

Clark, J. S. et al. TL. 1998, 39, 4913.



Conclusions

L. Radical chain mechanism accounts for copper catalyzed allylic oxidation reactions.

2. Copper catalyzes this reaction through a Cu(I)-Cu(II)-Cu(III)-Cu(I) redox cycle.

3. High degree of enantioselection has been achieved.

4. A highly active and enantioselective allylic oxidation catalyst(s) still needs to be found.
5. Desymmetrization of meso allyl radical and propargylic oxidation provide room for new
development.



