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Stereoselective Radical Reactions :
The Concept
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Complex Controlled Diastereoselective

Conjugate Addition

Fragmentation

Reactions
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Complex Controlled Diastereoselective
Conjugate Additions

o}

2b R =Ph, Ry =i-Pr
2¢ R=Me, Ry =Et

o O R
)LNj\/\R Lewis acid (2 eq) Oj\ /U\/E
Q 7 i-Prl (10 eq), BuzSnH (5 eq) Yy N R
", 700, -,
CHPh, EtsB/O,, solvent, 3h, -78°C CHPh,
Ak 2 fotenss

Table 1. Effect of Lewis Acids and Solvents on Diastereoselective
Conjugate -Radical Addition?

Table 3. Effect of Solvent and Yb(OTf): Stoichiometry on
Selectivity?

Lewis acid

entry (equiv) solvent® yield (%)° drd
1 Yb(OTH:(2)  CHXChL 50 (40  1.3:1
2 Yb(OTH:(2)  CH.CL/ELO (4:1) 90 9:1
3 Yb(OTE):(2) toluene/THF (4:1) 90 11:1
4 Yb(OTH:(2)  THF 90 15:1
5 Yb(OTE): (2) CH,CL/THF (4:1) 90 20:1

H,O (6 equiv.)

6 Yb(OTE):(2) CH,Cl/THEF? (4:1) 93 25:1
7 Yb(OT:(2)  CH,CL/THF (4:1) 60 1.7:1

H,0 (30 equiv.)

8 Yb(OTE):(2) CH:CL/THF (4:1) 93 25:1
9  Yb(OTH:(1) CH.CL/THF (4:1) 90 25:1
10 Yb(OTD:(03) CH,CL/THF (4:1) 90 20°1
11 YbOTD:(0.1) CH,CL/THF (4:1) 88 16:1

@ Five equivalents of Pr—I, 2 equiv of Bu:SnH, and 2 equiv of Et;B
were used at —78 °C. ? Commercial THF and CH,Cl» were used without
any attempt to predry or predistill them. € Yields are for isolated and
column-purified materials. 9 Diastereomer ratios were determined by
'H NMR (400 MHz). ¢ The yield in parentheses 1s for the reduction
product.

Table 5. Effect of Temperature on Diastereoselectivity

entry substrate Lewis acid solvent product yield (%)® ratio®
1 (R)-la none CH)CL 2a 3(4de 1.3:1
2 (R)la Yb(OTf); CH,CL/THF (4:1) 2a 93f 25:1
3 (R)-1b Yb(OTf); CH,CL/THF (4:1) 2b 94f 45:1
4 (R)-la Y(OTi)s CH,CI/THF (4:1) 2a 88/ 24:1
5 (R)-la Sm(OTf); CH,CL/THF (4:1) 2a 90/ 18:1
6 (R)-la Sc(OThH: CH,CI/THF (4:1) 2a 82 9:1
7 (R)-la La(OTi)3 CH,CI/THF (4:1) 2a 93/ 7:1
8 (R)-la Z:«ClL CH,CI/THF (4:1) 2b 90 7:1
9 (R)-la MgBr*OEt; CH,CI/THF (4:1) 2a 90 6:1
10 (R)-1a MgBr*OEt; CH)Cly/ether 2a 90 6:1
11 (R)-1la Mgh CH,CL/Et;O (4:1)  2a 80 6:1
12 (R)-1la ZoCL(2) CH,CL/Et;O (4:1)  2a 90 6:1
13 (®)-la ZaCL((2) CHClL 2a 304e 1.3:1
14 (R)-la ZnoCL(2) CH)CL/THF (4:1) 2a 204 1.3:1
15 (R)-1la Zn(OT):(2) CHCL/EL,O (4:1)  2a 50 (20) 3:1
21 (R)-1a BF:.EnO CH)C1, 2a 80(5) 1.3:1

@ Two equivalents of the Lewis acid, 10 equiv of Pr—1, 5 equiv of
BusSnH, and 10 equiv of Et:B were used at —78 °C. b Yields were
determined by NMR integration, except when purified yields are
indicated. Yields in parentheses are for the alkene reduction product.
¢ Diastereomer ratios were determined by 'H NMR (400 MHz).
4 Starting material accounted for most of the remaining mass balance.
¢ Sixty percent of the starting material was recovered. * Purified yield.
£ The Lewis acid was insoluble.

entry temp (°C) yield (%)? dr®
1 —78 93 25:1
2 —40 920 15:1
3 0 80 (15%)° 5:1
4 25 30 (65%)° 4:1

?Yields are for isolated and column-purified materials. Five
equivalents of 'Pr—1I, 2 equiv of BuzSnH, and 2 equiv of Et;B were
used. ® Diastereomer ratios were determined by 'H NMR (400 MHz).
¢ The yield in parentheses 1s the yield of the reduction product 5.

Sibi, M. P. etal J. Am Chem Soc. 1999, 121, 751



Complex Controlled Diastereoselective
Conjugate Additions

O
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(fast) TH-transfer Buaan

(fast)

RX LA.
R
BusSne i/K
A X
L \IO c
ladd
xc)\/\ (slow)
Tin Addition

Does Not Occur

Sibi, M. P. etal J. Am Chem Soc. 1999, 121, 751



Complex Controlled Diastereoselective

Conjugate Addition

Fragmentation

Reactions
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Ph/_ CH,Clo/hex/THF Ph/_ Ph/_
70 71 72
1.3 1
Yb(OTf), (2 equiv.) 25 1
0O o O o O o
SnBu
O)LN)S/ N 3 O*N O)kN/LK:/
—, Br —, * / :
“—Ph -78 °C, “—Ph “—Ph
/— /= —en |
Ph Et,B/O, Ph Ph
66 67 68
1 1.8
MgBr; (1 equiv.) 39 1

Sibi, M. P. et al J. Am Chem Soc. 1999, 121, 751
Sibi, M. P. et al J. Am Chem Soc. 2000, 122, 887



Complex Controlled Diastereoselective
Trapping of Radicals

Table 3. Effect of Substrate Stereochemistry and Reaction
Temperature on Product Diastereoselectivity

Yb(OTfy, CHyCl,, THF,
o, 22 o
3 3
@ & R
CHPh, :<73n8u3

Table 2. Effect of Substrate Stereochemistry and Reaction
Temperature on Product Diastereoselectivity

MgBr,, CHCl,,
j\/ Ha Et3B/O, -
=I<—SnBua

‘CHPh,

CHPh2
tora 9 R=H 8 R=H Tor2 9 R=H 8 R=H
10R=CH; 12R=CH,; 10R=CH 12R=CH,
11 R =CO,Me 13R =COMe 11R=COMe 13R =CO:Me
substrate substrate
entry  stereochem temp R % yield*® ratio® entry  stereochem temp R % yielde® ratio°
1 R -78°C H 70 39:1(S) 1 (R) -78°C H 46 (49) 2:1(5)
2 (S) —-78°C H 91 39:1(S) 2 (S) —-78°C H 90 5:1(S)
3 R 0°C H 90 >50:1(S) 3 ®) 0°C H 95 50:1 (S)
- (S) 0°C H 92 >50:1(S) 4 (S) 0°C H 93 50:1(S)
5 R RT H 82 >50:1(S) 5 (R) RT H 92 >50:1 (S)
6 (S) RT H 88 >50:1(S) 6 (S) RT H 95 >50:1(S)
7 R —78°C Me 78 24:1(S) 7 (R) —78°C Me 81 1:1
8 (S) —78°C Me 92 12:1(S) 8 (S) —78°C Me 93 1:1
9 R 0°C Me 78 >50:1(S) 9 (R) 0°C Me 88 >50:1(S)
10 (S) 0°C Me 95 20:1(S) 10 (S) 0°C Me 86 22:1(S)
11 R RT Me 75 >50:1(S) 11 (R) RT Me 71 >50:1 (S)
12 (S RT Me 95 30:1 (S) 12 (S) RT Me 95 20:1 (S)
13 (R) —78°C COMe 25(50) 3:1(5) 13 (R) —78°C CO;Me 41 (45) 1:2(R)
14 (S —78°C COMe  90(10) 1:1 14 (S) —78°C COMe  70(23) 122 (R)
15 (R) 0°C CO;Me 72 43:1(S) 15 (R) 0°C CO:Me 81 4:1(S)
16 (S) 0°C CO;Me 70 23:1(S) 16 (S) 0°C CO:Me 95 4:1(S)
17 (R) RT CO;Me 80 40:1(S) 17 (R) RT CO:Me 70 5:1(S)
18 (S) RT CO.-Me  68(27) 20:1(S) 18 (S) RT COMe 76 4:1(S)

@ Yield of isolated product. ? Yield of recovered starting material in

parentheses. € Diastereomer ratios were determined by

spectroscopy (400 MHz).

'H NMR

@ Yield of isolated product. ® Yield of recovered starting material in

parentheses. < Diastereomer ratios were determined by

spectroscopy (400 MHz).

Sibi,

'H NMR

M. P. etal J. Am Chem Soc. 2000, 122, 887



Complex Controlled Diastereoselective
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Complex Controlled Diastereoselective

Conjugate Addition
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Enantioselective Conjugate Addition

O O

O O R

O)LNJI\/\ R, Lewis acid, Ry |, BuzSnH ,[L
/

Et3B/0,, CH,Cly, -78 °C

OJMR‘ W

7a Ry = Ph, R2 =-Pr
7b R] = CH3, Rz =1-Bu
7c Ry = CH3, Rz =C-CGH11

R R
6a: R =t-Bu (S,S)
6b: R=i-Bu (S,S)
6c: R =Ph (S,5)
Table 1. Enantioselective Conjugate Radical Additions using E:‘l‘)ﬁ i ci dlgnantloselectl\-e Radical Additions using Catalytic Chiral
Stoichiometric Chiral Lewis Acid? :
- - T . r - Lewis LA®
entry substrate product ligand” Lewisacid® yield (%)° ee (%) entry substrate product acid/ligand (equiv) vyield (%) ee (%)?
1o 7a SS-6a Zn(OTD; 61 37(R) 1 sa 7a  Mgly/6b 1.0 88 82
2 Sa 7a SS-6a  Mg(OTi), 61 45(R) 5 5a 7a MoaL/6b 05 36 79
3 5a 7a  SS-6a MgBn 92  77(R) 3 P 72 MoLieb 0 26 st
4 Sa 7a SS-6a Mgl 88 61 (R) 4 ;“ 7a MZI:v"Gb 0‘65 57 40
5 Sa 7a SS-6b Mgl 88 82 (R) 5 ;;3 7{) MZI:::v"Gb 1'0 38 74
6 = 7a S5S-6c Mgl 88 4109 6 sb 7b  Mghieb 02 73 66
7o 7a RR-6c  MgBrn 84 121 7 5D 7o Zn(OTfh/6c 1.0 90 82
8 Sa Ta SS-6¢  Zn(OTi), 88 61 (S) 3 ;b b Zn(OT O:6c 0',) 71 76
9 5b Tc RR-6¢  Zn(OTf), 66 72 (R) - . —
10 5b 7b  RR-6¢c Zn(OTf) 90 82(R) @ For experimental conditions, see supporting information. A 1:1
11 5b 7b  RR-6c Mg(OTi), 60 55(R) ratio of Lewis acid to ligand was used. ¢ Yields are for column or
12 5b 7b RR-6c  Mg(ClOs); 71 64 (R) preparative TLC purified material. ¢ Enantiomeric excess was deter-
13 5b 7b  SS-6a MgBn 78 82 (R) mined by chiral HPLC analysis.
14 5b 7b SS-6b Mgl 88 74 (R)

@ For standard experimental conditions, see supporting information.
® One equivalent of the ligand was used. ¢ One equivalent of the Lewis
acid was used. 9 Yields are for column or preparative TLC purified
material. ¢ Enantiomeric excess was determined by chiral HPLC
analysis. The absolute stereochemistry of the product was determined
by independent synthesis, X-ray analysis of a derivative, or hydrolysis
(see supporting information for details).

O O s-trans O O s<cis O 0 R

JLN/H’:_‘ J\N’k//\m . N J
a_kxll;— (i_% N :
8a Ry=Ph
8b Ry =CHs

9a Ry =Ph Ry=iPr MgBr, 52%ee
9% Ry =CHj Rp=t-Bu Zn(OTf,) 72%ee

Sibi, M. P. et al J. Am Chem Soc. 1996, 118, 920



Enantioselective Conjugate Addition

0O

O O 0
d Li
)LNJJ\/\Ph l._ems acid, Ligand O)LN o (1)
< / i-Prl, BuzSnH /
1

Et3B/05, CHaClo
2

Table 1. Enantioselective Radical Additions Using Mgl Table 2. Enantioselective Radical Additions Using Mgl

as Lewis Acid. Effect of Ligand Structure? and Ligand 3f. Effect of Stoichiometry and
: Temperature?
ligand
entry (stereochem) yield? (%) % ee (er)°d stereochemistry® entry Lewis acid® (mol %) T (°C) vyieldc (%) eed (%) ere
1 3a (S5S) 88 47 (2.8:1) S 1 100 —78 88 93 28:1
2 3b (SS9 87 37 (2.1:1) S 2 50 —78 90 96 49:1
3 3c (4S,5R) 79 31 (2.0:1) S 3 40 -78 94 97 66:1
4 3d (4S5R) 88 36 (2.1:1) S 4 30 —78 91 97 66:1
5 3e (4S5R) 88 89 (17:1) R 5 20 —78 95 96 49:1
6 3f (4S5R) 88 93 (28:1) R 6 10 —78 88 95 39:1
7 3§ (4S,5R) 90 82 (10:1) R 7 5 -78 92 90 19:1
8 3h (455R) 92 82 (10:1) R 8 1 —~78 29 63 4:1
Ro Ra 9 30 —42 84 96 49:1
‘I)QFO 10 30 -20 93 95 391
Ry Ve " HR, 11 30 0 91 94 32:1
N N/ 12 30 25 87 93 281
2 y 13 20 -20 88 93 28:1
O @ 14 10 -20 83 86 13:1
a For reactions conditions see the Supporting Information. # A
3aR;=H Ry=R3=CH3 3e Ry =Rp=CHj 1:1 ratio of Lewis acid to ligand was used in all experiments.
3b Ry =H, Rz, R3 = (CH2CHy) 3f Ry, R = (CHaCHy) ¢ Yields are for purified and isolated materials. ¢ Ee's were deter-
3¢ Ry = CH3, Ro = Ry = CHy 3g Ry, Rz = (CHzCH2CHy) mined by chiral HPLC analysis using a Chiralcel OD column.
3d Ry = CHga, Rz, Rz = (CH,CHy) 3h Ry, Rz = (CHaCHRCH,CH2) ¢ Enantiomeric ratios are rounded off to the nearest integer.

Sibi, M. P. etal J. Org. Chem 1997, 62, 380



Enantioselective Conjugate Addition :
Role of Additives

chiral ligand 3
o O Zn(OTf),
additive (1a, 2a, 9-12)

R1—‘—/ R R

1 BugSnH 1
1:R'=H CHoCly 4 R1= , R=t+Bu
2:R'=Ph 5:R'=Ph, R=tBu

6:R'=Ph, R=iPr
7:R'=Ph, R=¢c-Hex
8:R'=Ph, R=Et

Table 1. Enantioselective Radical-Mediated Conjugate
Additions of tert-Butyl Radical to 1 or 2 in the Presence of
Zn(OTf); and 37

Et___Et 0 O

O3 r°
3 [ IJ 1a HNJJ\O 2a HNJKO
N Ny Ph——/ ?
Ph Ph Ph A
o MeN O
=/ = MeQO”™ “OMe Ph

Table 2. Enantioselective Radical-Mediated Conjugate

Additions of Isopropyl Radical to 2 in the Presence of 3 and
Zn(OT1),*

entry substrate additive yield (%)” ee (%)* config? entry additive yield (%)? ee (%)3 config®
1 1 none 88 9 S 1 none 72 32 S
2 1 la 86 41 S 2 2a 86 82 R
3 1 2a 78 52 S 3 9 74 13 S
4 2 none 80 3 S 4 10 89 14 S
5 2 2a 96 88 R 5 11 95 28 S
6 12 98 29 S

@ Stoichiometric amounts of catalysts were used (catalyst:substrate =
1:1). Zn(OTf):3:additive = 1:1:1. All reactions were carried out by use of
2 equiv each of #-Bul, Bu3SnH, and Et3;B for a substrate in CH>Cl, at —78
°C. b Isolated yield.

@ Stoichiometric amounts of catalysts were used (catalyst: 2 = 1:1).
Zn(OTf)>:3:additive = 1:1:1. All reactions were carried out by use of 2
equiv each of i-PrI, BusSnH. and Et;B for 2 in CH,Cl, at —78 °C. & Isolated
vield.

Murakata, M. et al Org. Lett. 2001, 3, 29¢



Enantioselective Conjugate Addition:
Role of Additives

chiral ligand 3

o O Zn(OTf), 0

R O
o /\)I\NJJ\O additve (12, 2,9-12) A )kN/”\ °

R1—‘—/ R R

1 BuaSnH 1
1.R'=H CH,Clo ) = R = t-Bu

-

AN
D T D T D

Table 3. Enantioselective Radical-Mediated Conjugate
Additions of Radicals to 2 in the Presence of Zn(OT{) ; and 3¢

chiral LA yield ee
entry R-I  (equiv) additive (%)? (%)*8! config?8!4
1 i-Pr 0.5 none 85 24 S
2 i-Pr 0.5 2a 87 84 R
3 i-Pr 0.25 2a 92 80 R
4 t-Bu 0.25 2a 72 83 R
5 c¢-Hex 1.0 none 80 4 R
6 c-Hex 1.0 2a 83 81 R
7 c-Hex 0.25 2a 86 84 R
8 Et 1.0 none 73 5 R
9 Et 1.0 2a 92 71 S
10 Et 0.25 2a 91 72 S

@ Stoichiometric (catalyst: 2 = 1:1) and substoichiometric (catalyst:2 =
1:2 or 1:4) amounts of catalyst were used. Zn(OTf)»:3:2a = 1:1:1. All
reactions were carried out by use of 2 equiv each of alkyl 10dide and BuzSnH
for 2, and Et:B (2—4 equiv for catalyst) in CH>Cl, at —78 °C. See ref 13.
b Isolated yield.

g (@ e (d)
.o ®) o o @
JJ MJ\J\‘ J‘ J _4..}{_~
. (¢) ) o bt )
m MU 5

LR B B B B B N N L B SR B LI N B BB B L S LA B R

4.65 455 4.50 4.00

Figure 2. 'H NMR (500 MHz) spectra: (a) 12: (b) Zn(OTf)>—3
and 12: (¢) Zn(OT1)>—3 and 12 with 2 equiv of 2: (d) 2a: (e) Zn-
(OT1);—3 and 2a: () Zn(OT1),—3 and 2a with 2.5 equiv of 2. @:
12 or 2a. O: 3.0: 2. A: water (contamination).

Murakata, M. et al Org. Lett. 2001, 3, 29¢



Enantioselective Conjugate Addition:
Manipulation of the Template

Entry Compd R! R? Lewis acid H-Atom donor (equiv) Yield [%]™ ee %]
1 1a Ph Me Mg(ClO,), Bu,SnH (2) 62 17
H 0 1.3 equiv Lewis acidfligand H o 2 b OBn Me Mg(CIO,), Bu,SnH (2) 61 22
1 I R. ! 1 3 lc I-naph Me Mg(ClOy), Bu,SnH (2) 55 47
R YNm/‘LOR? Etl, RySnH, E,B/0; R \[/N\L)Lonz 4 1d 2-naph Me Mg(CIO ) BusSnH (2) 7 85
a0 5 le 2-naph Bn Mg(ClO,), Bu,SnH (2) 57 68
O CH?C"‘ 78°C.3h o Et 6 1t 2-naph Bu Mg(CIO, ), Bu,SnH (2) 6 7
7 1d 2-naph Me MgBr, Bu:SnH (2) 57 27
8 1d 2-naph Me Mgl, Bu,SnH (2) 6 16
9 1d 2-naph Me Mg(OTI), Bu,SnH (2) B 3
N 2z 10 1d 2-naph Me Zn(OTI), Bu,SnH (2) 2 0
11 1d 2-naph Me Mg(ClOy), Bu,SnH (10) ™ 84
12 1d 2-naph Me Mg(ClOy), Ph,SnH (2) 50 85
13 1d 2-naph Me Mg(ClO,), Ph,SnH (5) 7 83
14 1d 2-naph Me Mg(ClO,), (TMS),SiH (2) 6 14
:WQ(CKi‘)z.
igand
o 2 o
5 " n RX, BusSnH, H
-na " .
p \ﬂ/ WH\OMQ EtzB0O, 2 naph\‘r Nf‘\OMO (3)
o CHClz, 0 R
-78°C,3h
1d 6-12
Entry RX Prod. Yield [% *) ee %] (config.)®
1 AcBr 6 76 80
2 MeOCH,Br 7 T 65
3 Etl 8 72 85(R)
4 iBul 9 76 79
S Prl 10 62 83 (R)
6 cHexI 11 62 S5(R) 13
7 Bul 12 54 27 (R)

Figure 1. 7-Membered chelate. Shielding of the Re-face is observed.

Sibi, M. P. et al Angew. Chem Int. Ed. 2001, 40, 12¢



Enantioselective Conjugate Addition:
Manipulation of the Template

0
i-Prl, BugSnH 0 Q
z < (1 S—N . _S—N R
Et3B/O2,CH2Cly, -78 °C o* MgBr»-Et,0, Ligand 2 (o]
(4)
38'9 RX, BU3SF\H, Et3B/02.
CHaCly, -78 °C

la-g
o<,
N N, 10 11 R=i-Pr
2 12 R = t-Butyl
13 R = Cyclohexyl

14 R = CH,OMe
15 R = Acetyl
Entry Comp Z Yi;lad' ee, % eny product temp,°C  Lewis acid (eqiv) hydride  yield % ee?%
= ¢ (Config) I 11 —78 none BusSnH <5 0
! 1m QN 2 18® 2 11  -78 MgBnEO(10) BusSoH 90 78
3 11 —78  MgBmEt;0 (0.3) BusSnH 80 80
HiC _N 4 11 —40  MgBEt;0 (0.3) BusSnH 71 59
\|;<‘N/ 5 11 0  MgBmnEt;O(0.3) BuzSnH 52 5
2 1b L 54 38" (R) 6 11 —~78  MgBrEtO (1.0)  PhsSnH 59 88
? 7 11 —78  MgBnEt;0 (0.3) Ph3SnH 35 80
N 8 11 —40  MgBnrEt;O (1.0) Ph3SnH 51 42
. 9 12 —78  MgBmnEt;0 (1.0) BusSnH 91 80
3 1c 66 15°(R) 10 12 —78  MgBmEt;0 (0.3) BusSnH 84 89¢
11 12 —78  MgBrnEt;O (1.0) Ph3SnH 32 78
o 12 13 —78  MgBnEt;O (1.0) BusSnH 96 89
4 1d trl\l/ 5 . 13 13 —78  MgBmEt;0 (0.3) BusSnH 71 82¢
4 15°(5) 4 13 ~78  MgBryEtO (1.0) PhsSnH 72 83
o 15 14 —78  MgBmEt;0O (1.0) Bu3SnH 91 86
U 16 14 —78  MgBmEt;0 (0.3) BusSnH 89 90
5 le OL_IN 80 65°(S) 17 14 —78  MgBnmn+Et;0 (1.0) Ph3SnH 95 87
18 14 —78  MgBnr+Et;0 (0.3) Ph3SnH 93 88
&/ 19 15 —78  MgBnEt;0 (1.0) BusSnH <25 18
6 1t M 76 42'©® @ Reactions were performed on a 0.2 mmol scale. ® No Lewis acid was
added. ¢ Isolated yields. 9 ee’s were determined from chiral HPLC analysis.
Eﬁ ¢ Reactions were performed on a 0.5 mmol scale with 30 mol % of the
7 1g N 67 28°(S) chiral Lewsis acid.
N‘Ph

@ Isolated yield. ? ee determined by optical rotation of the hydrolysis
product: see Supporting Information. € ee determined by chiral HPLC

analysts. Sibi, M. P. etal J. Am. Chem Soc, 2002, 124, 98



Enantioselective Conjugate Addition:
Manipulation of the Template

o

OB

E s-trans rotamer F s-trans rotamer s-trans rotamer

Oxazolidinone template 1e Oxazolidinone template 1e G Sultam template 10
and Ligand2 and Ligand 2 and Ligand 2
Arrow shows direction Arrow shows direction Arrow shows direction
of H-atom transfer of H-atom transfer of H-atom transfer

0

Sibi, M. P. et al J. Am. Chem Soc, 2002, 124, 98



Enantioselective Conjugate Addition:
Lost with Lanthanides

i j\ﬂ 30 mol% Ln(OTf)n, 3 j\:( M j)\
. BusSnH, EtsB, O2 O)OL h

Q7 N7y P (9 Ph l OH L/N

\/ EtO” ~O

CH,Cl, -78 °C
R=Ph 15
L 2 3 Me 16
Table 1. Effect of Lewis Acid on Enantioselectivity® ¢ Table 2. Effect of Additives
entry Lewis acid yield (%) ee (%) entry additive (equiv) yield (%)  ee (%)?
1 La(OTf)3 88 64 1 none 84 79
2 Nd(OTf)3 84 76 2 3 (1 equiv)© 72 64
3 Sm(OTH)3 84 79 3 3 (2 equiv)® 86 58
4 Eu(OTh3 62 58 4 ($)-2 (2 equiv) 84 499
5 Y(OTf)3 83 62 5 HOCH;CHz0H (2 equiv) 73 64
6 Yb(OTf)3 87 39 6 15 (1 equiv) 84 82
7 Hf(OTf)4 34 0 7 15 (2 equiv) 67 89
. : , . 8 15 (3 equiv) 63 89
a Entries arranged from large to small lanthanides. ® For reaction details, 9 6 (2 iv) 95 84
see Supporting Information. Values of ees were determined using chiral equiv
HPLC. < Configuration of 2 was established by comparison of the HPLC 10 MS 4 A (17 mg) 67 73
retention times with that in ref 6a. 11 MS 4 A (150 mg) 45 83
12 15 (2 equiv) + MS 4 A (150 mg) 63 92

a Isolated yields. The amount of Lewis acid used was 30 mol %. ® HPLC
analysis was used to determine ees. © Amount in parentheses refers to the
extra ligand added. ¢ See Supporting Information for calculation of the ee.

Sibi, M. P. et al Org. Lett. 2002, 4, 292



Enantioselective Conjugate Addition :
Application to Synthesis

N N.,
O o
X N = OoP Mal2
\__J 4
7X=CH, P =Ac .
8X=CHx P =Bn Br Cl B3B/O,, -78 °C
9X=O:P=AC 12

OMe 10X=0;P=Bn

o0 o \!/\/\g 13X =CH,; P = Ac

)L 14X =CHp; P = Bn
oP X" °N P 15X =0;P=Ac
(- 16X =0;P=Bn
1Ricciocarpin A 3 4
and
2 Ricciocarpin B entry  sm X P prod.’ yiejlciv e/e.
(%) %
)?\ (0] 1 7 CH, COCH, 13 31 84
21 8 CH, CH,C.H 14 <10 -
— /U\/\/\ LG ) ,CHy
o N oP + XM 09 O COCH, 15 70 95
4 10 O CHCH., 16 84 97
5 6 5¢ 10 O CHCH, 16 50 97
6' 10 O CHCH, 16 16 93

@ For reaction conditions, see Supporting Information. ?Isolated
yield after column purification. ‘Determined by chiral HPLC.
dPerformed with 100 mol % of the chiral Lewis acid. Performed
with 50 mol % of the chiral Lewis acid. /Performed with 30 mol %
of the chiral Lewis acid.

Sibi, M. P. et al Org. Lett. 2004, 6, 174



Enantioselective Conjugate Addition :
Application to Synthesis

j)\ o \JE/\/\CI CHAOH o WCI
0" N OBn . \o)J\/\/\osn
) 95%
16 17
Nal o = I LHmDS
Acetone \O/U\/\/\OBn
98% 781tort
97%

18

1. Pd(OH)2/H», Hex/EtOAc, -10 °C

2. TEMPO, KBr, NaOClI, std.NaHCOg3, 0 °C
76% over two steps

1 Ricciocarpin A
entry RM temp solv. time, yield, ratio’
°C h (%)°  1:20
K
1 4 \i -78 THF 6 33 1:3
© Li
2 4 \; -78 Ether 5 26 1:7.8
o)
MgBr
3 {/ \S -78 Ether 3 21 1:6
0]
Zn
4 ( B 0  Ether 10 8  1:3
° Ti(OiPr)3
5 4 \S -78 THF + 28 1:1
° Ti(OiPr)3
6 4 \S -78 Ether 4 85 5.7:1

(o)

a For reaction conditions, see Supporting Information. ® Isolated
yield after column purification. ¢ Determined by NMR. 4 Pseudo-

ephedrine was used as a ligand.

Sibi, M. P. et al Org. Lett. 2004, 6, 174



Enantioselective Radical Reactions :
Hydride Transfer

Bn

AN

B Mgl 7 Et0
<04 Qct]
o ~0 0 Y0

H®, CHCl; -78°C

1 3
a: R«CH20Me
b: RwCH;0Et
¢: ReCH,0Bn
d: R=Me
Run  Substrate Concentration Reagent Yield (%)? ee (%) Confign
of 1 (mM)
1 1a 1 Bu3SnH 75 12 R Chiral
2 1a 21 Bu3SnH 81 18 R 0 R Qi LA
3 1a 36 BusSnH 88 62 R R2>|)Lo R o/
4 1a 67 BusSnH 83 52 R I"a R! R
5 1a 36 BuiSnH 50 43¢ R
6 1a 37 Ph3SnH 74 39 R
7 1a 36 (Me3SinSiH d - -
8 1b 21 Bu3SnH 76 2 R
9 1b 37 Bu3SnH 84 65 R
10 1b 35 Ph3SnH 83 62 R
1 1c 21 Bu3SnH 80 28 R
12 1c 38 Bu3SnH 89 58 R
13 1c 35 Ph3SnH 85 46 R
14 1d 35 Bu3SnH 78 30 S
15 1d 30 Bu3SnHe 82 33 s
€A seacons wess carried ost according 0 Schero 1, mnleas oferwiso noted. For dotalls, soo experimantal section. Murakata, M. et al Chem Comm 1995, 481.

& Isolated yield. € Reaction was carried out at ~50 *C. 9 No reaction. € 2 equiv. of Bu3SnH was used.
Murakata, M et al Tetrahedron, 1999, 55, 1029



Fragmentation and Enantioselective
Trapping

o /\/SDBU:; .
MesAl, toluens, -78 °C
0" o 170, E1:B/0; o0 0
da-c 169
Enty R CLA(eq) Additive Yield (%) ee (%) OR
1 Me 1.0 . 72 2T(R
2 Me 10 EO 84 B81(R SiPhs o "0
3 CHOMe 10 . 75 10(S) OO :
4 CH;OMe 1.0 Etz0 85  82(R OH Me— A',..O
5 CH,OMe 10  #Pr0 B3  43(R OH : ‘O .
6 CH,OMe 1.0 THF 71 33(R OO | OEt
7 CH,OMe 10 NMP 50  3(R) SiPhg ?
8 CHOBn 1.0 - 72 39
9 CHOBn 1.0 Et;0 7% 91(RA

—
L)

CH,0Bn 02  ERO 73 82(R
11 CH,0Bn 0.1 Et,0 78 TR

Murakata, M. et al J. Am Chem. Soc. 1997, 119, 1171:

Murakata, M. et al Tetrahedron Asym 1998, 9, 208



Fragmentation and Enantioselective
Trapping

MXa /E
R1/\KEN/E + 2 Ry N + Z-Br (3)
=
o L/o Rz R /\;lil\})
1 2 4
a0

Fig 3 Rj3

Table 1. Lewis Acid Promoted Reactions of Allylsilanes
and Allylstannane?

3 yield,
entry R, R> R; config MX; Z % 4R4S

1 CH; CHs Ph (RR Zn(OTf); Sn(Bu); 842 29:71

2 CHs; CHj; Ph (RR Zn(OTf, Si(OEt); 652 20:80
3 tBu CH; Ph (RR Zn(OTf); Sn(Bu); 632 87:13
4 tBu CHs; Ph (RR Zn(OTf), Si(Me); 88c 955
5 tBu CHs; Ph (RR Mgl Si(Me); 86 16:84
6 'Bu CHs; Bu (5.5 Mgl Si(Me);  61¢  89:11
7 '‘Bu -(CHp- 'Bu (5.5 Mgl Si(Me); 65 94:6
8 'Bu CHs; ‘Bu (5.5 Mgl Si(Me); 83 919

a Reaction as described in eq 3. ? Isolated yield. ¢Yield based
on GC internal standard.

Porter, N. A. J. Org. Chem. 1997, 62, 6702



@]
Br\d/N

R
H
4-
5-
5.

164a-d

Me

C
C

OgMe

P

,

N

'n G

1

Fragmentation and Enantioselective
Trapping: Manipulation of the Template

MXg, Et3B/O;

CHCl,, temp.

0 =
\/\éN@R
166

MX5(eq.)

T('C) Yield (%) ee (%)

+ /\/SiMe;,
165
Entry Substrate Ligand

1 164a 120
2 164a 167
3 164a 168
4 164a 167
5 164a 167
6 164a 167
7 164a 167
8 164b 167
9 164c 167
10 164d 167
11 164a 167

Zn(OTf), (1.0)
Zn(OTf), (1.0)
Zn(OTf), (1.0)
MgBr5 (1.0)
Zn(OTf), (2.0)
Zn(OTf), (2.0)
Zn(OTH), (1.0)
Zn(OTf), (1.0)
Zn(OTf); (1.0)
Zn(OTf), (1.0)
Zn(OTf)5 (0.2)

-78
-78
-78
-78
-78
-20
-20
-20
-20
-20
-20

70
75
42
54
83
94
93
85
88
91
69

59 (S)
9 (S)
75 (R)
84 (R

>99 (S5)

95 (R)
91 (R)
70 (R)
67 ()
80 (S)
81(S)

¢

FPr

S
|
r N
N
168

0

N/

Pr

Porter, N. A. et al Tetrahedron Lett. 1999, 40, 671



A Comparison

a.) Lewis acid complexed to radical b.) Lewis acid complexed to alkene
LA® .
oA A . LA
DUWILESE $ 2
S N 5 ——— N —— Nj Ry® +/\A| j__, _N j
O TG aw G e e
L.A.* 3 a-e stannane o o
»’ \‘ ‘ M\ M
N BwSne b, R=cyclohexyl R~3 I R
o] C, R=9“|y| a,
0 Br k/ d, R=methyl a, Rz=Ph
2 a-e e, R=H b, Ra=alkyl

Table 1. Product Enantiomeric Excess for Reactions of R-1/1 or 2 a-d with Allyl Stannane
in the Presence of Zinc Triflate and Bisoxazoline 5a at -78°C.8:b

Precursor Lewis R=methyl R=ethyl R=c-hexyl R=t-butyl

entry acid eq.

1 1 0.2 22 30 34 54
2 1 0.6 56 62 76 84
3 1 L0 61 69 78 90
4 1 2.0 67 75 80 90
5 2 0.2 16 22 26 52
6 2 0.6 25 36 43 64
7 2 1.0 42 50 58 74
8 2 2.0 46 53 64 76

a. See Scheme 1 for a description of the transformation. b. Yields of isolated products were from

60-90%.

I.ZS-‘
a. :
) .
B 0.75
z
g 0.5
0.25 - A
0 1 1 1]
- 4
E's
1.25
b.)
|-
@ 0754
€
3’ 0.5 -
0.25 - A
0 1 1 1
o~ L) - sl o
- <
E's

Porter, N. A. et al Tetrahedron Lett. 1997, 38, 20€



Enantioselective Radical Reactions:
Tandem Reactions

Zn(OTf),, L*, Rl

J\/ /\/SnBU3

- O
CH,Cly, Et3B/O;
181 -78 °C 182
Entry Rl(eq.) L* 181:M:L* Solvent  Yield (%) ee (%)
1 c-Hexl (10) (S, S)-120 1:1:1 CH,Cl, 62 50 (S)
2 c-Hexl (10) (S, S)-120 1:1:1 ether 90 64 (S)
3 c-Hexl (10) (S, S)-120 1:2:2 ether 61 80 (S)
4 c-Hexl (1.5) (R, A-120 1:1:1.2 CHyClypent4:6 62 68 (RA)
5 c-Hexl(1.5) (R AF120 1:2.24 CHyClypent4:6 92 72 (R)
6 tBul (5) (S, 8)-120 1:1:1.2 CHyClopent46 78 88 (S)
7 tBul (5) (R, RA-120 1:1:1.2 CHClypent4:6 92 90 (A)
8 tBul (5) (R, R-120 1:2:21 ether 55 88 (RA)

allyl stannane

Porter, N. A. J. Am Chem. Soc. 1995, 117, 11029



Enantioselective Radical Reactions:

Tandem Reactions

o - )OL 0 Lewis acid, 6, RyX )Ci 0 Ry
o} Lewis acid, iPrl, AllylSnBug O : Et3B/0;, CH,Cly, -78 ° :
)L )J\/\ BB CHLGL yl 3 o] : X\_}NJ\/\R 3B/O, CS 2CHz 8°C )i_/N A @)
O\_/N Ph % A~ -SN(R2)s o
ON No X=0,R=Ph5 Re = BuorPh X=0,R=Ph10
5 X=0,R=CH;8 X=0,R=CH; 11
85 % X =CHy, R=CH;3 9 X = CHp, R = CHg 12
temp yield ee ) yield ee
entry  Lewis acid (equiv) °c (%)@ dr® (%)° entry  sub. RiX LA (0.3equiv) (%)* dr® (%)
1 Mgl (1) —78 82 19-1 86 1 5 MeOCH;,Br Mgl 80 20:1 72
2 Mgl (0.3) —78 93 37:1 934 2 5 E Mgl 79 32:1 77
3 Mgl (0.3) —40 70 36°1 65 3 5 c-HexI Mgl 80 60:1 92
4 MgBr; (0.3) —78 90 30:1 90 4 5 P Mgl 93 37:1 93
5 Mg(ClOy4); (0.3) —78 91 40:1 87 5 5  tBul Mgl, 84 99:1 97
6 Zn(OT1), (0.3) —78 69 33:1 —43 6 5 P Cu(OTi), 93¢ 3011 —79
7 Cu(OTH), (1) —78 84¢ 30:1 —76 7 5 tBu Cu(OTo), 90¢  99:1 —96
8 Cu(OT5); (0.3) —78 93¢ 301 —79 8 8 E Mg(ClOs), 83 4:1 61
9 8 c-HexI Mg(ClOs), 83 4:1 62
a Isolated yield. ® Determined by NMR and HPLC. ¢ Determined by 10 9 Etl Me(ClOs), 83 71 66
HPLC. “ Reaction using allyltriphenyltin gave 7 in 82% yield (36:1 dr 11 9 c-HexI Mé(CIO ) 84 71 69
and 91% ee). ¢ Allyltriphenyltin was used. 12 9 MeOCH,Br Mg(ClOs); 83 241 53
13 9 i-Prl Mg(ClOs), 84 7:1 76
14 9 i-Prl Cu(OTf), 954 10:1 =76
15 9  tBul Mg(ClOs), 85 191 92
16 9 -Bul Cu(OTi), 669 50:1 —83
o o 0 o N 0 o N
O)J\N)l\l/\Ph 2. OJ\N Ph iO/lLNJk:/\Ph @
(WA (- o g
1 12 13
yield%, (dr) yield%, (dr)
Ligand 6 83 (12:1) 82(7:1) Ligand 6
no ligand 87 (5:1) 84 (6:1) no ligand

Enantiomerof 6 87 (8:1) 84 (13:1) Enantiomer of 6
Key: ® Mg(CIQ4)5, AllylSnBug,Et3B/05, CHoCly, -78 °C

Sibi, M. P. J. Am Chem Soc. 2001, 123, 947:



Enantioselective Radical Reactions:
Application to an MMP Inhibitor (Maybe?)

Lewis acid

LI o T Ji

i -78 °C, EtaB/O2
o} CH,CI/THF
BugsT 7
1 5

entry Lewis acid time (h) yield (%)? dr¢
1 4 44 =99:1
2 Mgl 6 26 =99:1
3 Mg(C104)2 4 70 =99:1
4 Mg(OTf) 2 58 =99:1
5 Al(OTH)3 4 41 =99:1
6 In(OTH), 4 43 =99:1
7 Sc(OTH)3 4 56 =99:1
8 Y(OTHa 2 91 =99:1
9 Sm(OTH); 2 85 =99:1
10 Yb(OTf)3 4 67 =99:1

@ For reaction conditions, see Supporting Information. ? Isolated yield.
¢ Diastereomer ratio determined by !H NMR (500 MHz).

@Key: (a) TFA, CHxCly, 98%. (b) EDCI/HOBT/amino acid/
DMF 63% yield (36% of 18 and 27% of 19). (c) (i) THPONH,/
Sm(OT1);/THF, (i1) dilute HC1 workup. 75% over two steps.

Sibi, M. P. et al Org. Lett. 2002, 4, 334



Those Problematic Lanthanides

30 mol% Lewis Acid,5 o o 30 mol% Lewis Acid,5
/\/SHBUQ, Et3B/02
Lo oo g W I oy 20 B0,
2Clz. - Q N CH,Cly, -78 °C s
6
Ph 6
N
/J.\\ OH . o /12 oy b
Eto” o Entry R Product Yield (%) ee (%)
S

1 CICH, Ta 56 42
Entry Lewis acid Yield (%)* ee (%)° 2 Et 8 61 70

3 Et 8 46 66
| La(OTf), 56 0 4 n-Pr 7b 57 60
2 Ce(OTf)y 53 0 5 n-Bu Te 41 38
3 Sm(OTf), 35 52 6 i-Pr 7d 50 56
4 Er(OTf), 35 37 7¢ i-Pr 7d 67 68
5 Y(OTf), 61 A 8 t-Bu Te 40 24
o Y(O1D; - 20 9° -Bu 7e 48 24
7 Yb(OTf), 45 50 10 Bu e 46 42
8 Ybh(NTE,), 2 7 . ¢ * =
9 Se(OTf), 10 10 11 c-Hex " 53 31
* Isolated yields. * Isolated yields.
® Chiral HPLC analysis. ® Chiral HPLC analysis. JOL 0
€ 300 mg MS 4 A was used. € 100 mol% of the chiral Lewis acid was used. 0" N” “Ph

4 2 equiv. of 12 was used as an additive. /

12

Sibi, M. P. et al Tetrahedron 2003, 59, 1057



Conclusions

-Radicals can behave as expected under controlled circumstances, when
harnessed this represents a powerful methodology

-Diastereoselective radical reactions are well established and fairly well
understood

-Extension to enantioselective radical reactions is still a developing field
with much work need in a better understanding of the factors which control
the yield and enantioselectivity of the reaction

-Ligand design and the identification of catalytic protocols have contributed
to much of the recent success.

-Little application toward total synthesis has been accoplished



Table 3. Chemoselectivity and Scope of the Method?

Entry Acyl Oxazolidinone Substrate Hydroxylamine Time Product Yield®
concentration h %
M
0o o 0
H
n 8a 9a
. .. i BnO,
Table 1. Conversion of N-Benzoyloxazolidinone to 2 o\_z’j\/Y ot BrONH, @) ° " m’ﬁ\/\f 87
O-Benzylhydroxamide? Bn o 9b
(0] o)
0)L Nj\/_@ BnONH2 (4) B0
2 lal 3
Q N HZNOCHZCsHs N en NH (eqn 2 o § 0° 2 ° ) o 7
Lewis Acud |1| + Bn  COt-Bu tBuO,
Solvent Bn 8¢ e
o
C/E BnO.
§ . Nj\/\r 05 BnONHz (4) 5 m/u\/\( 84
entry Lewis acid (equiv) amine (equiv) solvent? yield* \—(Bn \costBu +800,C7
1 Sm(OTf)3 (1.0) 2 THF 90 &d o
2 Sm(OTf)3(1.0) 2 ether 83
3 Sm(OThs (1.0) 2 CHCN 88 N W ey o1 BrONHe 2 | Bno\lj\/—O "
4 Sm(OTf);(1.0) 5 THF 91 ' NHBoo " RHBoo
5 Sm(OTf)3 (0.5) 2 THF 90 8e %e
6 Sm(OTH)3 (0.3) 2 THF 78 /E o
7 Yb(OTfs (1.0) 2 THF 68 6. MMe 01 BrONH, (2) 1 B"QMOW %
8  Yb(OTf; (1.0) 2 ether 50 : °
9  Eu(OTf); (1.0) 2 THF 80 8 *
10 Eu(OTf)3 (1.0) 2 ether 85 o o
11 La(OTf)a (1.0) 2 THF 50 7. i 0.2 MeONHMe (4)° 72 Meo‘N/u\/_O 75
)
12 La(OTh3 (1.0) 2 ether 80 NHBoc Me NHBoc
9
a Reactions were carried out at rt. ® An average concentration of 0.1 e °
0.2 M was employed. ¢ Isolated yields for column purified materials.
8. O&L/\@ 0.2 NH20H (4)°¢ 72 HO\Ej\/\@ 60
Bn
8a oh

@ Reactions were carried out at room temperature using 0.3 equiv of Sm(OTH); as catalyst. ? Isolated yields for column purified materials. ¢ The reaction
was carried out by in situ generation of the amine (4 equiv) from the corresponding hydrochloride using triethylamine (3.8 equiv).

Sibi, M. P. et al Org. Lett. 2002, 4, 343



Enantioselective Radical Reactions:
Tandem Reactions

RX (10 eq)
Yb(OTf)3 (1 eq)
j\ 0 EtsB (3 eq) /loL o R
o NJK/ 0" °N (3)
(o “"snBu; (5e9) \_J
CHoClo-THF |
1 -78°C 3,14-20
entry RX product yield (%)*  dr? 0 0 Me ] [ o )
1 Etl 3R=Et 68 3.5:1 % R H
2 MeOCH;Br 14 R = MeOCH; 48 2.0:1 y H % P
3 i-Bul 15 R = i-Bu 63 2.6:1 Me SnBus
4 n-Bu 16 R= nBu 58 3.4:1 H 0oH
5 i-Prl 17R=iPr 63 3.0:1 SnB
6 c-hexyl I 18 R = c-hexyl 62 3.5:1 L nous | - . =
7 adamantylI 19 R = adamantyl 69 5.6:1 A favored B disfavored
8 t-Bul 20 R = #Bu 75 5.4:1 ﬂ ﬂ
\ If,I ZI)s.olated yield. ® Diastereomer ratio was determined by 'H NMR (500 syn product anti product
O O R Yb(OTf)3 (1 eq) O O R
PR EtsB (3 eq) L _ . _ _
0" N R QN R' (4) 0 CH
/ Br ~""snBu; (5eq) )J\ Me 3 o) . CHy
CH,Cl,-THF | %, CHg
21-24 4,25-27 y H % CHa><—<
Me SnBuj
temp yield H N
entry  starting material °C product  (%)4 dr? SnBus
1 21R=R!=H —78 25 78 3.0:1 B C - D
2 22R=H,R! = Me —78 26 78 2.1:1
3 23R=H,R! =Et —~78 3 85 2.9:1
4 24 R=R! = Me 20 27 74 1:1
5 24 R=R! = Me —~78 27 82 1.2:1

a Isolated yield.  Diastereomer ratio was determined by 'H NMR (500
MHz). Sibi, M. P. et al Org. Lett. 2002, 4, 343



Enantioselective Radical Reactions:
Tandem Reactions

R? 10
l/]\/\/ Rg |
0O o R 0O o
)LNJv\R‘ R snBu, ! OJ\N gt O
CHClo/THF 2:1 o re~ R
9a R=H Et3B. 0y, -78°C 12a-h /\“/
9b R = CO,Et
Lewis acid/ %
entry equiv R! Rz R} R*Y product yield®

Y(OTf)3/0.3 H H H H 12a 49
Yb(OTf)3/1.0 H CH; H H 12b 51
Y(OTf)3/0.3 H H CHz H 12c 50
Y(OTf)3/0.3 H H H CHs 12d 47

Y(OTf)3/0.3 CO:Bu H H H 12e 40
Yb(OTf)3/1.0 COBu CH; H H 12f 72
Y(OTf)3/0.3 CO:Bu H CHz; H 12g 49
Y(0Tf)3/0.3 CO2:Bu H H CHz 12h 47

00~ O G W N =

@ For reaction conditions see Supporting Information. ? Isolated yields
after chromatography. Diastereomer ratio was determined by NMR.

™ 16n=1
)y 17n=2
(0] I O o

-/ )n
9a CHoClo: THF 2:1 |
yoOs (1ea)  4gn_1,19% (1:1)
EtgB.02.-78°C 49122 149% (111)
O 0 H n
10 mol% Grubbs 11 3)  JL_ 20021, 96% (110
CH,Clp, 1mM : n=1,96% (1:
22 =2 N "4 21n=2,95% (1:1)
Reflux, 16 h

o off ‘ 0 o R R
O)LN , 10 mol% Grubbs Il (3) o '
/i pe CHoCly (1mM), \_/

R3’\W Reflux 18 h
12a-h
entry  diene product % vield"
X M h i
! ﬁ @ 4
ﬁ 12a 13a
0 o e
22
2 9N 88
H 12b 13b
o 0 SR O o
Wiod SO O
Jﬁ 12¢
o o X 9 o Ty
4 o ,NM o N’L\[ ‘ 60
N 12d I 134
o o - 0 o COstBu
5 olip%r-m q)L;v 20
3 - 13e
)J\ 0 o COzBu
6 )\ CO,t-Bu Q/‘kN 70
12¢ 131

)\ 0 o C-.'OZ"BU
; )K/L/c\ogl Bu o‘ff’“"@ 19
13g

12g
[e) ~ o 0
|
B )Q;m o E L e o
12h T 13h

2 For reaction condmons see Supporting Information. The diastereomeric
ratios for the products were the same as of those for the starting dienes.
b Isolated yields after column chromatography.

Sibi, M. P. et al Org. Lett. 2003, 5, 288



