Epoxidation, Dihydroxylation, and the Utility of Epoxides and Diols
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Ready Darzens Condensation

Condensations: general scheme

? Mo _LG oM )
0]
R) + Y —_— R)\rR —_— R/<1/R
R LG

(carbene equiv) LG = leaving group

Darzens condensation
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OEt : @] 0
Ph 62% '
11dr PN - o—/
O
J
Cl_-SiMeg SBuLi CI\rSiMeg R R/I>/SiMe3
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Si stabilizes a anions (and § cations)
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Magnus, JACS, 1977, 4536



Ready Sulfur Ylide Condensations

Corey-Chaykovsky Epoxidation JACS, 1965, 1353

Two flavors of sulfur ylides are common:

® dimsyl anion (DMSO/NaH) ® © e 9 NaH ﬁ
(Me),S—CHs; » | (Me),S—CH, HZC—(%(Me)z -~ H3C—%(Me)2
Dimethyl Sulfonium ylide Dimethylsulfoxonium ylide
more reactive less reactive
less stable adds reversibly (thermodynamic product)
generated/used low T
adds irreversibly (kinetic product)
o %) NaH/DMSO
0
* Hc—SMe),r @ —20C o o
@ 67%
O
O E (M )fé? oH
[ e -
Ry Sl -
t-Bu\% t-Bu * tBu ?
® O . : O
(Me),S—CH, 17:83 :
" >
o 1 '
_ . ' © 1
HC—S(Me), 100:0 : H,C—S(Me),
' ©)



Ready Sulfur Ylide Condensations: Enantioselective Variants

Catalytic generation of and catalytic enantioselective epoxidation with sulfur ylides

'I's
~NJ 10% Bn(Et)3NCI
Q N” “Na o C 3 o
A Ar r ee's ~ 90
salt of tosyl hydrazone 59, S dr's ~ 50-1
pretty limited scope
O
aka
Bamford- a-elimination A
Stevens Rxn (-NaTs)
Y ArCHO
W Rh,(OAC)
N N, RN © o
)l > A Ar'/\SRz*

Ar

(can start with aryl diazo)

Aggarwal, Chem Rev 2007, 5841



Ready Epoxidation with Peroxides: general considerations

Most common peroxides:
AcOOH, mCPBA, MMPP, Oxone (KHSO:), DMDO

.~ H---0 electrophilic reagents:
720, /Ik rate INCREASES with EDG on olefin
@) EWG on peracid

EWG on olefin requires basic conditions. Epoxidation via stepwise

->o* e i .
Tec =~ O 00 stereospecific mechanism:

spiro transition state .
P concerted reaction
No -> Mee

40
N + R—0—0° —» RO—-0
Z “EWG © R—0-0 O EnG

R=HortBu
mCPBA /<=l o /=]
RJNTECN H” 0,
H\ 1 @) ' @]

H202
NaOH
—_— (@)
71%

Ph CN tBUuOOH pp CN
\=< R4,NOH
—_—

Ph O Ph
R\/ or electron-poor olefins: generally bad substrates




Ready Epoxidation with Peroxides

Payne Oxidation: mechanistically similar to peracids, but under basic conditions.

H,0 H20,
J OH CH23C2N H\N----H J OH PhCN, MeOH o
% KHCO;3 | | | -CH3CONH; A/OEt KHCO4 OFEt
—_——
—| M0 o Qﬁ/
HC™ O OEt °

OEt
‘peroxy imidic acid’
epoxidation driven by cleavage of
OO bond and by formation of amide

Dimethyl Dioxirane: Very strong oxidant; very easy to use
Organic Reactions, 2002, vol 61, p219 - ref includes prep for DMDO and experimental conditions for use.

prep: (I? ¥~ sold as oxone: 2KHSOseKHSO4¢K,S0,
0 KO—S—0O—OH
1l Oo—-0

)]\ 0 - )k Can be prepared in situ or as ~0.1M soln in acetone
Like peracids, reacts via spiro transition state

Most useful for prep of sensitive epoxides b/c byproduct is acetone

BnOL _O OBz DMDO [N>
—» v
quant. O K)i)

BF3; DMDO Z S
—_— N

For even more hOI’SGpOWGI’I

2%
note: e- poor; no B.V. oxidation 0—-0 1000x as reactive as DMDO
CE Prepared in situ (JOC, 1988, 3890; 1995, 3887)
3




Ready

Enantioselective Epoxidation with Dioxiranes

Several groups have developed chiral ketones as catalysts for asymmetric epoxidation. The most
successful has been the Shi epoxidation. The catalyst is easily prepared from fructose and displays

broad generality. Shi, Accts, 2004, 488

0 X

OH 0}
L2 — L7
SSNon 2 A Y70

HO : O :
HO )YO 1
D-Fructose
H/ﬂ,Fﬁ
HSOs
/
R oo>(o
3/\|/ v
Ro )YO [ 0
0 0]

Spiro (A)

Spiro (B)
Disfavored

O Fh
0 0 e e
CsHm‘/{"”CS 13 Ph oMe PP F‘h,J(l‘,lr_j,m|-|:,1

95% ee 92% ee 95% ee 97% ee
Ph o ¢
.0 o
o Q  _coMe N .
CioHzs o
86% ee 94% ee 98% ee 97% ee
O TMS
T NN 8 Z
= OEt “6 SiMes  py -
94% ee 92% eg 96% ee

e OO@@

80% ee 93% ee 91%ee 95% ee BB% ee

Principle drawbacks:
requires slow addition of two reagent solutions
Enantiomeric catalyst more difficult to access

But: one of the most effective catalysts for AE.



Ready Sulfur Ylide Condensations: Application

Several epoxidations en route to periplanone: Still, JACS, 1979, 2493 and Classics, chap 13.

OTMS

OTMS
KH/18-C-6; mCPBA J
é

TMSCI

g

Sop op OP
conversion of silyl enol ether to an a-hydroxy 75% y
ketone via epoxidation is known as the ’
Rubottom oxidation: Rubottom, TL, 1974, 4319.
Note selectivity for 1 of 3 olefins.

1 diastereomer

OoTBS OTBS
O @)
1. TBAF ® O
2. PDC (Me),S—CH, tBUOOH, KH
- e 1 dr
singe diastereomer 4—74% »

69% vy

periplanone B

PERIPHERAL
ATTACK

S-trans configuration favored for dienes

OH config not mentioned



Ready

Metal-Catalyzed Epoxidation: VO(acac); brief review

OH V(O)(acac),

)\/\+ tBuOOH —— >

Ox to VY under rxn conditions
induced proximity

0
OsIN, | BuoH  QF
RO” I \J )\<]\
O 0

Sharpless, JACS, 1973, 6136
Review: Evans, Chem Rev. 1993, 1307

activation of peroxide

Sy

Substrate k™" (diastereoselectivity®)
paracid Ma{CO)g VO{acac);
@ 1.00 1.00 1.00

OH
OI 0.55 (92 8) 4.5098;2) =200 (98 2)

Key point: V and Mo show increased
reactivity and high selectivity

Entry Substrate Selectivity Entry Substrate Selectivity
Me
Me OH
1 [ 9:1 (U-)
single epoxide (o)
Ma
oH
O.,
2 (%\ single epoxida (B)
Me H iPr Me™ SoTas
EtO 0/‘

Me

Ma

HO

Me

oMo

Me

Key points: VO(acac), reliable, chemoselective
and stereoselective



Ready Metal-Catalyzed Epoxidation: VO(acac); origin of selectivity

ca. 40° (vs mCPBA ~ 120°)

Rgem [O] R R
R R ——> R : R:R R
N trans %\‘( . Yl>‘/
OH_) \ﬁ\( o 0

R—\®=—\“ Preferred conformation OH Ry OH R OH R

erythro threo

Entry Substrate  VO(acac), Mo(CO)g m-CPBA

Me 4:1 1:1 1:15

OH
3 Ma\y/\rrﬁa 25:1 1:15  1:1.7
QOH
Me
4 Z 1:24 1:5 1:19
R, .. (‘\r
| Me OH
5 Me Me 1.5 1:19 1:19
Me OH

For table: R1 = Me - threo; R2 = Me - erythro

Can use conformational analysis to understand and predict
A, 5 strain between R, and R j; favors threo

A, , strain between R ., and R, favors erythro

Interaction b/w L and R, favors erythro

G-y n* favors erythro



Ready Metal-Catalyzed Epoxidation: Ti(OiPr)4

R Ti(OiPr)4/(-)-diethyl tartrate (cat) Ti(OiPr)4/(+)-diethyl tartrate (cat) R

HO\/*}/R < BUOOH, 3AMS, CH;Clp, -20°C R tBUOOH, 3AMS, CH,Cly, -20°C HO\)W/R
© OH o

R R
R # H, kinetic resolution

See lecture notes from Synthesis and Catalysis

See handout from Andrew Myers
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¢ fuaaead gp) 7 (waasad el | G CUoEEoUdsp = § C[OURLTMAN PUT SRUGOQIED Wsseod < U0 SNalng = | oy puR )P g aog ua
aad b ransarsd gz rooeaaad g2 T eead gy g cOeesaad |90 luasad g e ciueesaad g | ueoasd ogh 7 “fuzaaad gl 1 o wansad
a6k € iEsd (g 7 iwanead gg) | R uensaeadap = 8 i) = 70003830 JUM0WNG = | CF PUB ‘3 '3 'R a0 CsIS0xXan=1 Je sisayuiy op Fy
$S0j0D|BE - SE O] as0p|- BEONG - S5 0INH="1 BE0OULDKY -] BECH|7-7 ago)y-1
el bt gl il L T g r
EE 22 2 oz Gl 2]] Ll 1
HO HO HO HO HO HO HO HO
OH OH oM OH OH OH OH OH
HO HO HO HO QH OH OH @H
HO HO OH OH HO HO OH OH
OH HO HO OH OH HO HO OH
OH OH oHD QHDZ OHD OH2 OHD OMD
N/ \ \ \
L e Tt -
Sl ¥l £l 2
HO HO HO = WO
o [+] — OVA. |— o
O o - }— 0
[+ [+ L - |
o nvA 0 — o
d & Uds Yydg — Yd & —
L }
g} | %oe (hed)| % 6L (g:l) | %E9 Legl) | % LL
il e —_ -
I I 6 2]
HO HO HO HO
o 0 o |_n,..,
2 0 nVA | u_VA.
2 ° mﬂu
HO HO HO HO
(r=0z¢)  (1:02¢) (1024} n___h.....wﬂ
WEL WL % vB Bl
av(-) v (+) “._4__.7 v+
ql HO*HZ =3 g9
-] ] OH3=3 Bpg
Ho H0—D9
g avA
[&] Le]
_.\\ F | Z13 J
3 {1:02) (1oz)
a6 % en
T v
T Eiudnio = ¥
MO
- ey -
{1:02¢) 4 F |
OHD HO HO
% €6 o {z:8) o (102 ou
P Lot
i n.vA oIl %26 WO
¥ (1ozd)
WO Ud s HO
MVA % b8
OH2




Ready Metal-Catalyzed Epoxidation: inspiration

Much research has gone into mimicking cytochrome P450, natures oxidant. The objectives are generally
three-fold: 1) Identify highly reactive catalysts. 2) use H202 as the terminal oxidant and 3) induce asymmetry.

Cytochrome P450 mechanism

©

HO,C
H20, "‘*\-\\ "
e
o OH
HO
AP 0 0 H*, -H,0 Ke
H
or)\

Fe (IV) Oxo Fe(V) Oxo Fe hydroperoxide
(Ligand radical)

successive electron transfer steps can be avoided by using H,O,



Ready Metal-Catalyzed Epoxidation: MTO

Rev on epox with H202: Chem Rev 2003, 2457.

MTO: methyl trioxorhenium
Hermann, ACIEE, 1991, 1638

O
O
H,0 | H,0 0—0
R” ‘L H:.;C_Rle\Q ‘L H3C—\Re/<(?
_ exe O @]
AN
HsC lcl o) 5 5

MTO, Re(VIl), ~$120/g (Aldrich)

o o
Beneficial effect of added pyridine
Sharpless, JACS, 1997, 6187
Faster reaction
Prevents cat decomp
Buffers reaction
Sharpless favors py as ligand; no asymmetric version

0.5% MTO, 12% py (amount is critical)

2L or LH3NUo stereospecific
high yields
O mild conditions

NN

0

©§O | Oct/<(I)

92% 96:4 dr 82% (48h)



Ready

Metal-Catalyzed Epoxidation: Epox with H202

TMTACN: Trimethyl-triazacyclononane (TACN)

Discovered by group from Unilever (oxidative stain removal)

De Vos, TO, 1998, 3221

A TMTACN (0.15%), MnSO, (0.1%), Oxalic acid (0.3%) .

H,0O, (1.3 equiv)

Fe-based system
White, Doyle, Jacobsen, JACS, 2001, 7194

N/ \/
N N
= IN N | Fe[SbFgl,
N N
e e >
AcOH, H202
CH3CN
Pt-based system
Strukul, JACS, 2007, 7680
Asymmetric version: JACS, 2006, 14006
Phs OTf
P /OHZ
,Pt\ (2 mol%)
P CgH

Ph, © 7

e - >

H,0, (1 equiv) o
H,O/DCE

TMTACN
Expensive ligand (difficult to make)
Mostly GC yields
Minimal Functionality demonstrated

Assembles into di-iron core (2 AcO bridges)
Mimic of MMO

Good yields for terminal olefins
Little functionality allowed

Propose addition to Pt-coordinated olefin, but details
have evolved

Good yields for terminal, unhindered olefins
Very sensitive to sterics and electronics



Ready Metal-Catalyzed Epoxidation: Jacobsen Epoxidation

Background: Collman (review: Science, 1993, 261, 1404) showed metal porphyrin complexes could catalyse epoxidation
Kochi (JACS 1986, 2309) showed that (salen)Mn and (Salen)Cr complexes could catalyze epoxidation

Burrows (JACS, 1988, 4087) showed that (salen)Ni complexes could catalyze epoxidation

Katsuki (TL, 1990, 7345) showed moderate enantioselectivity with (salen)Mn complexes

Ligand synthesis:

—O0 —
2" oH *
\ / / OH HO \

SALicylaldehyde Ethylene diamine (EN) salen ligand
deriviative derivative

Catalytic epoxidation:

t-BUACgO | ob—tsu o
0.1- 4mo|%

/—\ + NaOCl A
Cepn R (pH 10-13) Cep2 R
R R R R
\ — / — R Ar
Ar Ar R — \_\=/ \—
87-98% ee " 92-98%ee  up to 97%ee >90%ee >80%ee 80's
JACS, 1991, 7063 JOC, 1994, 4378 trans epoxide!
TL, 1995, 5123 TL, 1991, 6533 e a3

JOC, 1993, 6939

Warning: Csp3 _ Csp3 and /=/ poor substrates (SlOW, poor ee) Review: Chem Rev. 2005, 1563
Ar



Ready

Metal-Catalyzed Epoxidation: Jacobsen Epoxidation: application

(salen)MnCl Cat. H,SO,4
OQ # NaOCl ——————> + Nacl _CHsCN _
R3N™-O O

J

~ H-,O
|/ OH +AcOH  -——2— 0

amine oxides in Jacobsen AE:
TL, 1996, 3271

NH2 NJ\

CHj

Known as Ritter reaction

OH Ph
H \' oH I/\ N N
N - N , _
\n/\/\/ N
O CONH(iPr)

Indinavir - HIV protease inhibitor

no byproducts

oo~

(Merck) Senanayake, Reider, Jacobsen, Org. Syn, 1999, 76.




Ready Metal-Catalyzed Epoxidation: Jacobsen Epoxidation: Mechanism

in general, three different mechanisms possible for metal oxo epoxidation:

[2+2] concerted —7
O \7
. _ 0 @) (@) @)
| — 3 — e > g e D
electron transfer
e
S A el VA b
M" )
Experimental data:
secondary KIE's H/kD 0.82 H/kD =091
kH/kD—loo kH/kD 0.90

Recall enynes and dienes
R
\=\_/R (salen)MnO \—\_< /_/W/
cis trans

Radical traps Ph
R> (salen)MnCl w various ring-opened
— —_— products

NaOCl RzO Ph RzO Ph
Ry Ph epox : ring-opened
Mn |\/|n P : g-0p
Norby, Akermark, ACIEE, 1997, 1723 H 'V'e 100:0

Note: these authors interpret the data in terms of a [2+2] mechanism Me H 56:44



Ready Epoxide Ring-Opening: Overview

Three common classes of epoxide ring-opening reactions

Nucleophilic addition
"o‘ Nu »
’ Nu : ifi
): o generally stereospecific

OH
Isomerization

— Lewis acid L 3
y:o  EE— \L generally stereospecific
\

O
Elimination H
!
N Base N
);O — > Stereoretentive
OH
General considerations:
M
Nu H/M* (') o- Nu Addition to more stable partial cation
> ’ —_— )—\ Common for solvolysis
0 8"'/'A OH Common with strong Lewis or protic acids

Total SN1 = loss of stereochemistry

/= 0

> Addition to less hindered C
Nu- N Often good reaction for H-, RO-, RS-, CN-, N3-, R2N

Common with weak Lewis acids (esp R2N, CN-
Stereospecific

Generally, bond-breaking more advanced than bond-
making with epoxides.



Ready Epoxide Ring-Opening: Overview
Regioselectivity: cation-stabilizing groups can alter selectivity
Ph Ph
@)
\ wo
+ Ph——1Li E—
Ar OH Ar
X X =NO2 1:>99
X =0OMe TL 2004, 9265
0 Ph Ph
Lewis Acid AN Vi
+  Ph—=—Li — HO
Ph OH Ph
BF3-Et,0 80:20 TL, 1991, 6617
LiClO4
R O
10% CSA HO ﬁ
CH,CI -
HO 2Ll . HO e o)
R O i H
endo exo
(anti-Baldwin) (Baldwin)
R =
$\COR 0:100 Nicolaou, JACS, 1989, 5330
§/\/COZR 60:40
100:0

N



Ready

Epoxide Ring-Opening: Diaxial opening

Furst-Plattner Rule: experimentally observed that cyclohexene oxides react such that the nucleophile approaches along an axial

trajectory.

Nub

)

/Oiifo - Xy
@)

Furst, Helv Chem Acta, 1949, 275
Barton, " 1954, 4284

T

T

" H
O('O:) H,O, cat. H,SO, HO
v

HO

Ny
path a '
——> 4 —_— Nu
0 OH
twist-boat-like TS ;
+ ~5 Keal/mol disfavored
Nu
path b X Nu
O 7, —_—
o OH
Chair-like TS favored

Notes: Faster-forming product may be less stable product
Same analysis applies to conjugate additions, additions to halonium
ions, additions to cyclic imines.
H Also known as 'trans-diaxial rule' for obvious reasons

‘y

~
~

T

HO

LiAIH,

2

HO
MeOH

6

MeO

T
+
Illlt f



Ready

Epoxide Ring-Opening: Carbon nucleophiles

Addition of carbon-centered nucleophiles usually involves organocopper chemistry

O +

Cupraie /(equiv.)

n-BuaCu(CN)Liz (1.1)

28
38 {1.3)
38 (1.3)
38 (2.0
~
38 (1.3}
38 (3.0
~
Et2Cu(CNILi> (2.0)
n-PraCulCNILiz (2.0)
PhzaCu(CNILip (2.0}
2
}_g (1 1)

(3,CulCNILip  (1.3)
a0

o~

R,CU(CN)Li,

low temp,

THF or Et,O -

OH

Review: Lipshutz, Tet, 1984, 5005.
Generally high yielding, stereospecific
Addition to less substituted C

Often waste 1 equiv R

Rotio  Yield(%)'

85 :

Conditions® Product(s)
OH
-20°C, 2h H
n=-By
-4Q°C, 2h phr’v‘ + Ph"{m
oH
-209(;‘ 2h th
OH
0°C, 6h (j_r\
n-Bu
OH
OH
0°c, 3h oA + on
0°C, &h —
OH
'l“‘\
0°C, 6h
=‘J0H
0¢C‘ sr. G’ula/’\
OH
g Ph
r.t. 10h d
1
-45°C, 1.5h P"\e%r\w + P"'v\fo 34 1
H
0°C, 5h "OJQA»

95°¢

93

96

74

61

g8

86

S8

94

Problems:

Tetrasubstituted

Hindered trisubstituted
Vinyl epoxides (good Sn2’)



Ready Epoxide Ring-Opening: Additions to epoxy alcohols

base )\/I
—» )\/\
Payne rearrangement
(Major from SAE) (Major from SAE - KR)

@]
Ph O\/<l/\
Y OH 05N KOH, Et,NH
>
Ph ﬂ slow
OH OH Sharpless
Ph O\)\/I 05NKOH ELNH _ ph o Aldrichimica Acta, 16, 1983, 67
Y "0 Fast \r : NEt
e P ] Ph____._. )
Lewis-Acid promoted addition:
Sharpless, JOC, 1985, 1557, 1560 R N
o) + NUH 1.5 equiv Ti(OiPr), :
/\/<l/\OH u > ] T"'O —_— /\/\l/\OH
[
generally >5:1 regioselectivity
Nu = R,NH, ROH, RSH, TMSN3,
o 0 OH O Nu O KCN, NHz4X, NH,OBz
/\/<l)]\ —_— /\/\l)]\ + /\)\/U\ Ti increases rate and selectivity
X X - X
Nu OH e.g. WEtNH: +Ti 20:.1 (90%y)
. ) o o -Ti 3.7:1 (4%y)
X = OH, NHBn Nu = Et2NH +Ti 1:20 origin of selectivity:
) 6:1 orbital overlap? Least motion? Charge distribution?
OH R R 1.2
R [CH3OCH,CH,O]AIH,Na \/\(\OH
\/I>/\OH > R OH OH hex 1:1
O 1 ) CH,OBn 5:1

i OBn 40:1
Sharpless, JOC, 1982, 1378; Kishi, TL, 1982, 2719



Ready

Lewis-acid catalyzed rearrangement of epoxides

(& _
/%

cat. MeAl(OAr),

Yamamoto, JACS, 1989, 6431

88% ee

OBz

Rearrangement to more stable carbocation
Often high degree of stereospecificity

Ph cHo

10% MeAIl(OAr),
"Yamamoto's catalyst' -

90% ee

Shi, JACS, 1999, 4080

tBu
OAr= O Br
tBu
/OTBS
OTBS Br CHO
O cat. MeAI(OR),
Chen, JACS, 2009, ASAP
Ph
g/go 0
RN
OH OBz
_>



Ready Conversion of epoxides to allylic alcohols

Deprotonation

HO., H
LiNEt, | K;
D\ O >
tBu R2N—Ili syn elimination tBu

milder conditions:

O TMS-OTf/Lutidine: OTMS OTMS
—_—
H >

H—"OTf

intermediate observed by NMR
OTf addition to more substituted carbon

OTMS OTMS
CO,Me )\/\/K/OTMS
E>—OTMS

OTMS
79% (only isomer) 66% (from epoxy alcohol) 87% 59%
OTMS
T™MSO poor substrates: acyclic di- or
o —> mono-substituted epoxides
OTMS Noyori, JOC, 1979, 2738.
0,
38% 80% (more substituted C, 100%

more accessible H)



Ready Conversion of epoxides to allylic alcohols

Addition/oxidation/elimination

(PhSe),
NaBH,

PhSeNa

Reductive opening of epoxy alcohols

0] O Perkin I, 1979, 1358
N N _PPhly
I
OH Zn/AcOH l
0 OH

» A A

~

Znl TL, 1982, 5413



Ready

Dihydroxylation — general considerations

Dihydroxylation: general scheme

AR

KMnOy4 - some uses; mostly replaced by OsO4
KMnO4

N, o,
Y 8%

KMnO4

OH H

0
Jj\/\/\/\L/o»XC (@)
/N

//\\

)

RuQ,4 - generated in situ from RuClj (cat.) and NalOg4

Stark, OL, 2006, 3433

Chem Comm. 2005, 5636

RuQ4, KMnQg4, OsO4 most common

H,O HO OH Stereospecific (cis-dihydroxylation)
> Diol cleavage potential side reaction
O
KMnO4
R4NX Ph
Ph—=——2=C3H; —————>
ST 8% o
OH OH Scheme 3. RuO,-Catalyzed Oxidative Cyclization
TBDPSO™ S N SN OTBDPS
6

0.2 mol % RuCl,,
NalO, on wet silica,
THF,0°C,6h

83% (=98 : 2 dr)

TBDPSO,\Al/Q\l/\/\OTBDPS
HYH

HO OH
2




Ready

Dihydroxylation — OsO,,

Best conditions for dihydroxylating olfefin: Upjohn conditions
1 mol% OsOy, 1.05 equiv NMO

— / H,O/Acetone

/

NMO:
Catalytic Os

Easy workup ([H-], H+)
R3N may accelerate rxn

Upjohn Co
TL, 1976, p1973

@)

A

~
~

\ OH
(D~

OH

@)

Y)Y

(from cis olefin)
>95%
OH
91%

DN

-NR;3

5

N-methyl-morpholine-N-Oxide

(NMO)

OH

OAc

OH

H
9 OH

78%

3
O‘;OIS=O
NR3
Os(VIII)
Yy
O:0s-0
O\
NR;
Os(VI)
P Ho0
O=0s-0H °
o’y
NR3 HO
Os(VI)
HO
OH
~A
OH
65%



Ready

Sharpless Asymmetric Dihydroxylation: overview

Sharpless asymmetric dihydroxylation
Shapless, Chem Rev 1994, 2483.

General considerations:

Strategy based on observation that tertiary amines accelerate reaction.
Monodentate ligand required for turnover

Ligands based on cinchona alkaloids

Simple experimental protocol

One of the most general enantioselective reactions

R3N*/OsO, (cat)
oxidant

> HO OH

RaN* = inkers:
3 Linkers: N—=N
. 72N\ .
. Lig— —L
llinker]O Oflinker] g—0— __ /—©O~Lg
N " “
N .
NF Pseudo-enantiomers N Phthalazine
(PHAL)
used in AD-Mix;
OMe MeO. N therefore most used
Dihydroquinidine (OH) Dihydroquinine (OH)
(DHQD) (DHQ) Ph
Lig—O O—Li
Lig—O—<_>—O—Lig NW&N
Pyridazine Ph
(PYDZ2) Pyrimidine
(PYR)

Lig—O O O—Lig
e

Anthraquinone

(AQN)
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Sharpless Asymmetric Dihydroxylation: details

KsFe(CN)g 0.94 g (3 equiv)
AD-Mix a (Lig = DHQ) K,CO3 0.41 g (3 equiv)
AD-Mix B (Lig = DHQD) | Lig-PHAL 7.8 mg (1 mol%)

K,0sO,(OH);  0.74 mg (0.2 mol%)

13649
>_<— >
tBuOH:H,0 (1:1)

1 mmol

AD-Mix-B
HO
AD-Mix-B Re'";
AV / RL
Re~.—__—Ry
RL>_<H \

/" R3N'OSO4 \

OSO4

HO OH 0

2K,CO4 0O
2H.0 ° HOL Il _OH

oK
. HO. T _OH 4H,0
HO” 1 0
OH

Os,
HO™ | "'OK
OH
Os(VIIN) Os(VI)

>~

2K,Fe(CN)g 2K3Fe(CN)g
2KHCO4 2K,CO3

Fe(ll) Fe(ll)

net reaction
— + 2H,0 + 2K,CO3 + 2K3F€(CN)6

HO OH *

\ / + 2KHCOg + 2K4Fe(CN)6

Re
AD-Mix-a. Rs""? <
HO

AD-Mix-a

Proposals to rationalize stereochemistry:
Corey, JACS, 1995, 10805; 1996, 319
Sharpless, JACS, 1994, 8470

OH
Gl IRM

(| IRM
OH



Ready Sharpless Asymmetric Dihydroxylation: scope

OCOAr
- < >—< R terminal,
Class _/ =< /—\ \—\ — | 1,1-, tri, and
trans-di
R
Best Ligand PYR PHAL PD-PHAL PHAL PHAL PYR PYDz
DPP DP-PHAL DP-PHAL PHAL
DPP
common ee range (%) 80 - 99 70 20-80 >90 >90 20-97 >05

Chem Rev. 1994, 2483 and
JACS, 1995, 10805

Olefin 1a (1b) (PHAL) 2a (2b) (PYR) 3a (3b) (DPP)  4a (4b) (DP-PHAL)
A~ 79; R 88: R 78: R 80; R
NN 84; R (80: S) 89: R (76; S) 89; R (81; S) 87 R (85; S)
A 63; S 70; S 68; S 77; S
X\ 64; R (66; S) 92; R (87;5) 59; R (65; S) 67; R (73;S)
O/\ 88: R 96; R 89; R 91; R
C(\ 97; R (97;S) 80; R 99; R (97; 5) 98; R (96; S)
-
(:@@ 99: R ~99.5; R 97: R
N 78: R 76: R 78: R 81: R
O~ 94; R (93; S) 69; R 96; R (92; S) 94; R (94; S)
SN 97: R.R (93;S,5) 88: R.R 96;R.R (94:5,5)  97:R,R (97;S,5)
PP 98; R (95 S) 87: R 98: R (94; S) 99; R (91; S)
O 35; 1R, 25 68; 1R, 25 63; 1R, 2
15; 1R, 25 7. 1R, 25 40; 1R, 2S 56; 1R, 25
42; 1R, 25 35; 1R, 25 20; 1R, 25 s3;1k, 25 Shapless, JOC,
1995, 3940
Ho—" 08z 64; 1S, 2R 82;1S, 2R 73; 1S, 2R



Ready Sharpless Asymmetric Dihydroxylation: mechanism

A non-linear Eyring plot is taken as evidence for a stepwise mechanism. Sharpless interpreted these
data to support a mechanism involving [2+2] cycloaddition (to yield an osmaoxetane) followed by ring

expansion.
—/. 0 O . . 0
VooN 242 Il ring expansion -
\O_—El)ls, /<O [2+2] TOEOSEO g L <Ot O|S:O fast hydronS|s»
NRs NRs NRs3
SR 0s04 (1 equiv) o oH o ~—— T [°C]
RTY A~ -ODHQD R/H/ 3.00 %0 15 -25 —-50 =75 —9{]90
4:R = R' = n-Butyl ~ IN OH
5 R=Ph R =H _
6: R =n-Octyl, R' = H (2-20 equiv) 2,50k 4 85
5
I 2.00} 75 r
n # 1.50 + 65 €€ 7]
1.00 -
M\ﬁ.\_‘_\' *
0.50 1 1 25

3.00 3.50 4.00 4.50 5.00 5.50
1037 K™Y —

P=e.r.

Sharpless, ACIEE, 1993, 1329



Ready Sharpless Asymmetric Dihydroxylation: mechanism

Corey observed enzyme-like kinetics which he interpreted in terms of reversible binding followed by
rate-limited [3+2] cycloaddition (aka Criegee mechanism).

Lo m“":
9.0 10"
80 10"
7.0 m"‘f
6.0 1075

50 105 o

olefin

2Fe(ll)
. L*OSO4
K
2Fe(Ill) fast ‘N '

L*OsO; L*OsOy(olefin)

fast
kcat
1
O~
\Os\

4.0 " v T T v T T v " " T
0.00 0.05 0.1
IStyrene|,

: "\
O

0.20

JACS, 1996, 319



Ready Sharpless Asymmetric Dihydroxylation: mechanism

Houk, Singleton and Sharpless performed natural abundance KIE studies of the dihydroxylation of tBu
ethylene. The data are more consistent with a concerted [3+2] addition. JACS, 1997, 9907

\:\\ O 2 2 "'(l) . . O /NNNNO
\ \ll/O % V& _ ring expan3|on> | . || o
- S< O0—0s ;O O0—0s=0 VS N A
=<0 | SO | Yo O—Olszo
NR
NR; 3 NR3 NR;
[3+2]
Htrans
C2
H1 =
C1 Hcis
tBu
H("2 Hci'\ Htr;m‘. CE CJ
Calculated”
(a) “(3 +2)”
0.05 2 0907 0.913 0.921 1.025 1.025
3 0909 0.912 0.921 1.025 1.024
0 : . . .
L] (b) Formation of an Osmaoxetane
g 0342 6 0.892 0.957 0.972 1.050 1.026
g -0.05 [3+2] 7 0885 0.962 0.980 1.051 1.025
> H2 Hcis Htrahsd Cc2 c1 E [2+2] 8 0.832 0.927 0.937 1.046 1.021
% -0.1 - O expansion (¢) Ring-Expansion
9  0.880 0.964 1.094 0.989 1.039
-0.15 10 0933 0.976 1.068 0.984 1.047
Experiment”
0.2 1 0.906(9)  0.919(5) 0.925(7) 1.027(1) 1.028(3)
2 0.908(4)  0.917(8) 0.926(14) 1.026(3) 1.025(3)




Ready Sharpless Asymmetric Dihydroxylation: applications

no other known organic reaction comes close to achieving such enormous scope coupled with such great
selectivity.” — Sharpless in Chem Rev.

o}
BnO (DHQD},PHAL BRHO, o S Pd?:)z(CHlagle E A
CH.Cl,, -78°C ( mol %)
P Cl,, ; .‘\\OH + ()9
O 70% 1 ‘_. PhH 60°C PhS
80 HOBnG OTBDMS

oTBDMS (-)-9 (99% yield) {-)-10
10% Pd-C, H2¢ 84% 92% ee

(13:1 mixture by "H NMR})
Acetone, rt

L Patvmert HO. 1. 0s04 (10 mol %), DABCO 0 0 o) OH
atymeric \OH K;Fe{CN)g K,COy z i :
B:;H“;)Mg 0 g O t-BuOH/H,0 (1:1),35°C i~ Li(O-t-BuhAlH Z
- - ——
0 OTBOMS 12 43 Ho OTBOMS P

r

2. Pb(OAG), PhH, 30°C | o THF, 0°C
Quinone-methide [?0% yield) {_)_1!.' {85% yield} (_)_3
l 4% OEt L S > s
HO A0 Tk [ Li o OH
0 o Picoline, aniene E
: 5 SR LN + b | t-BulLi I \]ﬁj’{)) 3
61% o Et,0O 0 PhS /"
(2 >, B e O
8 OTEDMS 1a OTBDMS O -78°C 0% then aq HCI
Sikea t-BuOMe
C;r:rr:'l:tography 5 13 {36% vyield)
IHFN(ED: Cassiol (1) ™oH
CHCN, 20°C to 4 °C o
-~ e OL, 2009, 293. Often AD-Mix is best way to do

OL, 2008, 5007 (95% ee) dihydroxylation regardless of stereochemistry

OTBDPS OTBDPS
Men

. . (—)-pestalotiopsin A (1)
d.r. 4:1 (15 major); [O)/[H-]: 9:1 (14 major); ACIEE, 2008, 3426



Ready Sharpless Asymmetric Dihydroxylation: applications

(-Hpc,B  CI
TBSO Q2 Z jj 0 ome Diol-to-epoxide is common
—_— h . . T .
a) application of AD. ‘d’ in scheme is
21 1. TsCl. 2. K,CO, Furstner, ACIEE,
2006, 5510, From the conclusion:
macrolide is now covered. Nevertheless, we are well aware
TBSO  OMe OH 0 that this vcnlL.n'c is no more but an auspicious start for the
conquest of this challenging natural product because of the as
OH of yet unanswered stereochemical issues delineated in the
25 C 26 Gl introduction. Undaunted, however, we are now actively
pursuing possible end games with the hope of reaching this
monumental target soon.
Scheme 2. Asymmetric Desymmetrization of Diene 104 OBn
Y, E><0HB
/ 4 4 dihy droxylatmn OMe
OR L -
— OR OH o 0504 PPTS
OBn \ \
d\o OBn
OBn OBn OBn 26, R=TBS 29 R =TBS 30, R=0TBS
22,R=H 2 28, R = PMBz 3.LR=PMBz  32,R=0PMBz
10, R=TBS
yield of 29:30
OBn entry substrate conditions 29 + 30 (%) (or 31:32)
/ 1 26 NMO 82 1:2
e 3 . - .
wOTBS R 2 26 (DHQD)PHAL 78 1:6
. o 3 26 (DHQ).PHAL nd? 1:2
"OH GLO 4 28 NMO 80 1:3
0B oo 5 28 (DHQD),PHAL 65 1:2
25 26,R=0TBS,R'=H 6 28 (DHQ),PHAL nd 1:8

27,R=H,R'=0TBS

Synthesis of amphidinolide A: Trost, JACS, 13589.
In scheme 2: d: 11:1 24/25, 90%ee.



