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The Career of K. Barry Sharpless
Biographical Sketch

B Education

® BA, Dartmouth College (T. A. Spencer), 1963
® PhD, Stanford University (E. E. van Tamelen), 1968

® postdoctoral, Stanford University (J. P. Collman), 1968

® postdoctoral, Harvard University (K. Bloch), 1968

B Faculty Positions

©® Massachusetts Institute of Technology, 1970-1977, 1980-1990

® Stanford University, 1977-1980

® The Scripps Research Institute, W. M. Keck Professor, 1990-present
® Skaggs Institute for Chemical Biology of TSRI, 1996-present

W International Awards
® the Nobel Prize (with Noyori and Knowles), 2001
® Wolf Prize in Chemistry (with Kagan and Noyori),
2001
® King Faisal Prize for Science, 1995
® Tetrahedron Prize (with Noyori), 1993
® Prelog Medal, 1988
® Janssen Prize, 1986

B 400 Publications

B U.S./ACS Awards

® Chemical Sciences Award, National Academy
of Sciences, 2000

® Top 75 Contributors to the Chemical Enterprise,
1998

® Arthur C. Cope Award, 1992

® Roger Adams Award in Organic Chemistry,
1997

® Arthur C. Cope Scholar, 1986

® Award for Creative Work in Organic Synthesis,
1983




Sharpless Asymmetric Epoxidation
A Powerful and Highly Enantioselective Reaction for Allylic Alcohols

Ti(OR),
NN farrate /<?/\OH
alkyl hydroperoxide
CHyCl,

B Readily available starting materials
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(-)-diethyl tartrate  (DET)  (+)-diethyl tartrate
W Allylic alcohol mustbe present

W Low catalyst loadings (>1%) due to the ligand acceleration effect (LAE) of tartrate
® usually 5% Ti/6% tartrate to 10% Ti/12% tartrate

B Addition of molecular sieves enhances reactivity
W In situ derivatization is possible when catalytic Ti is used
B Selectivities are easily rationalized by inspection of the catalyst structure

B Generally, good chemical yields (>60%) and excellent enantiofacial selectivity (80-99%)

Asymmetric Epoxidation - Substrate Scope
Mneumonic for Predicting Enantiofacial Selectivity

B Nearly all substitution patterns are epoxidized in good yield with high enantiofacial selectivity
D-(-)-DET (unnatural)

Rz Ry
T o
Ti(O i-Pr),, TBHP Rs
CHaClp, 20°C o
o
L __oH
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W Ti-catalyzed AE is compatible with a majority of functional groups

Compatible Functional Groups. Imcompatible Groups
acetals, ketals azides ketones silyl ethers amines (most)
acetylenes carboxylic esters nitriles sulfones carboxylic acids
alcohols (remote) epoxides nitro sulfoxides mercaptans
aldehydes ethers olefins tetrazoles phenols (most)
amides hydrazines pyridines  ureas phosphines




AE Catalyst Structure
Spectroscopic Studies
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B Structure of the active catalyst is a dimer
® Average Molecularity of [Ti(tartrate)(OR)2ly in solution is 2
® "Hand '3C is consistent with the catalyst structure
® 70 NMR shows two different tartrate alkoxides - of terminal and bridged alkoxides - rules out 2
® 70 NMR shows one type of monodentate alkoxide .
rules out 1
® FTIR shows only terminal isopropoxides, ruling out bridging alkoxides .

® Crystal structure of related tartramide catalysts show the catalyst structure ..

Finn, M. G.; Sharpless, K. B. J. Am. Chem. Soc. 1991, 113, 113.

Active 2:2 Ti:Tartrate Catalyst Complex

Fluxional Properties
W Ability of Ti(IV) to exchange bound alkoxide in VT NMR of Carbinol Methines of Tartrate Ester
solution is essential o
iy A Temp (K)  kexch (320}
M Binding tartrate oxygen provides rigid framework so N e i
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B Unimolecular fluxional process

® when OR is large, association mechanism for exchange .
blocked

%37 123

2710 3010
B VT NMR shows non-equivalent nature of carbinol
methines in dimer complex

2527 0o

W Lability of bound tartrate carbonyl allows free Observed Calculated

i i i i Fij 5 Dy NMR band-shape analysis of THDET){OrBu); in
coordination sites for ligand exchange OB s 5 o region displayedy. g

® [Ti(tartrate)(Oi-Pr),], and i-PrOH - "H NMR signals coalesce at RT
® Ti(Oi-Pr), and i-PrOH - well-resolved signals at RT

Finn, M. G.; Sharpless, K. B. J. Am. Chem. Soc. 1991, 113, 113




AE Active Titanium Catalyst
Support of a 2 : 2 Titanium : Tartrate Complex in Solution
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B A single 2: 2 Titartrate structure [Ti(tartrate)(OR) »]» was found in NMR studies to comprise >80% of .
solution mixture

B Other structures are 2:1 Ti:tartrate complex Th(tartrate)(OR)g (3.6 times slower than 2:2 complex) and
Ti(OR), (2.6 times slower than 2:2 complex)

M Because the 2:1 complex is slower than the 2:2 complex, no disproportionation of the catalyst complex .
is believed to occur

Pseudo-First-Order Rate Constants for Epoxidation
of (E)-2-hexen-1-ol

rate order

RO o entry catalyst rateg”  rategy  in iPrOH

I [TUDIPTNOPrl; 115 100 20401

R 2 TiyDIPT)OIPr); 18 028 -14£02

0o/ 3 Ti(OiPr, 437 038 -10%02
ROTTEQ™TRS! i [TUDNBATHOMP], 034 003
or R R 5 Ti,(DNBaT){OiPr) 132 012

Tiy(tartrate)(OR); “[Tijpure = 0.0130, [iPrOH] = 0300, and [TBHP] = 0.0150.
DNBAT, (R,R)-N,N-dibenzyltartramide

Finn, M. G.; Sharpless, K. B. J. Am. Chem. Soc. 1991, 113, 113
Berrisford, D. J.; Bolm, C.; Sharpless, K. B. Anfew. Chem. Int. Ed. Eng. 1995, 34, 1059

Mechanism for the Asymmetric Epoxidation

rate = ¢ lallylic alcohol][Ti-tartrate][ROOH
[ROHP

k. = rate of epoxidation

k = ReK1K:
keKiko K1,Kz = equilibrium constants

M first-order in allylic alcohol holds for several substrates over a 10-fold concentration range
B active Ti-tartrate complex not thought to change molecularity during the reaction

THOR), + tartrate— 289 [TiGartrate)OR);] % [Ti{tartrate)(OR)(QO1BY))

Ky
AQH = allylic aleohal |
OA = allylic alkoxide ROH [|AOH K;' K, AOH]|ROH
OE =epoxy alkoxide I

K
[Tittarirate)(OA)OR)) ?O": [Tittartrate ))OA)(OOLBu))]
b
orn ROC L. oxygen transfer | ke
RO., 1 o)_ i
—_— O/h@&;/' [Ti(tartrate)(OE)OtBu)]
B 1
ad ﬁn/

Woodward, S.S.; Finn, M. G.; Sharpless, K. B. J. Am. Chem. Soc. 1991, 113, 106
Burns, C. J.; Martin, C. A.; Sharpless, K. B. J. Org. Chem. 1989, 54, 2826




AE Mechanism
Tartrate and Alkoxide Binding to Titanium

B Tartrate species displaces two alkoxides - Ti complex is always a thermodynamic structure

B Alkyl peroxide is bidentate at oxygen centers

® Kyg<1 for Ti(DIPT)(O i-Pr), and Ti(DIPT)(Ot-Bu),
® Coordinated alkyl peroxide is more sterically demanding than ROH = bidentate ..

Equilibrium Constants for the Exchange of
Hydroperoxide for Alkoxide Ligands

Ti(X),{OR) + R'OOH = Ti(X),(O0OR’} + ROH
Ke = [Ti(X);{OOR)][ROH] /[ Ti(X)5(OR)] [R'OOH]

entry Ti(X),(OR) R'OOH Koy
I Ti(OiPr), (Mc);COOH K, =K, =354 1.0
2 Ti(DIPT)(OiPr); (Me);COOH 0.7 +02
3 Ti(DIPT)OBu}, (Me),COOH 0.34 £ 0.1
4 Ti(OiPr), {Ph),COOH 0201
5 Ti(DIPT)(QiPr); (Ph);COOH ~0.01

W Ti(O i-Pr)4 is a less active epoxidation catalyst although ligands exchange faster =
Ligand Acceleration Effect

B Asymmetric dependence on steric bulk of the peroxide
nBuOOH 94% e.e

TrOOH . .gg9% e.e.

TBHP

AE Mechanism
Tartrate and Alkoxide Ligand Effects on the AE

W 2: 2 is the optimal Ti:tartrate ratio
® less than 1 equivalent of tartrate decreases e.e. due to the non-asymmetric epoxidation
® excess tartrate inhibits reactivity by forming the inert complex Tartrate),

W Dimethyl, Diethyl, and Di-iso-propyl tartrate (DMT, DET, DIPT) all induce asymmetry
® (B)-allylic alcohols - DET gives greater e.e. than DIPT
@ allyl alcohol - DIPT gives higher yield than DET

@ efficiency of kinetic resolution increases with steric bulk of the tartrate alkyl ester, hydroperoxide ..
alkyl moiety, and trans olefin substituent

M | relative rates at -20 C, 15h
OH % e.e. DIPT DET DMT
sHio >96 74 28 15

B Free alcohol inhibits catalyst reactivity
® addition of mol sieves is essential to remove moisture
® CH,Cl, with MeOH stabilizer resultsin 10% decrease in reaction rate

W Added alcohols have no effect of the relative rates of kinetic resolutions - free ROH is not
associated with the active complex for oxygen transfer

Woodward, S. S.; Finn, M. G.; Sharpless, K. B. J. Am. Chem. Soc. 1991, 113, 106




Other Efficient Substrates
AE is a powerful and expansive transformation

B Most Olefin Classes give good chemical yield and excellent enantiofacial selectivity

R R R
RJ\/OH \L/OH E/OH R]\/OH

>95 e.e. >94% e.e. slowest substrates most extensively used .
variable selectivity >91% e.e.
>80% e.e.

R-«— smaller substituents - better e.e.

smaller substituents - better e.e. R ? 86%
i > e.e.
>80% e.e. \ LOH | OH :
R

Me " Me. TBOMS ~ TBDMSO! Ve

0 0 ¢ o 0
e on oH Qe & _OH
M Me’

Me 60%e.e. >95% e.e. 86% e.e. >95% e.e.

A2
M
o | ..D/.i"\“é‘: 4 TBDMS
3 —~
Pt E10,C7

"Loaded Catalyst" ™S 85% yield

>90% e.e. 53% e.e.
(6 equiv Ti catalyst)

Substrate Scope
Allyl Alcohol

()-DIPT N0
o Lo
(+)-DIPT |,
€ o

B Products could not be isolated until after the addition of molecular sieves became standard
B In situ derivatization allows for 3 differentiated carbon centers

50-60% yield
88-92% e.e.

OH

B-adrenergic
OO ——— blocking
agents
Eo/o\ /O\ recrystallizable
8 NO,
2

B optically active glycidol is the most versatile epoxy alcohol prepared by AE

CI\8/©\No

2

2

Sharpless, K. B.; etal. J. Am. Chem. Soc. 1987, 109, 5765
Klunder, J. M.; Ko, S. Y.; Sharpless, K. B. J. Org. Chem. 1986, 51, 3710




Exploiting the Payne Rearrangement
Epoxide Rearrangement of 2,3-epoxy-1-alcohols

R RﬁH

(@)

|

W Thiolate trapping of product of the Payne equilibrium

R RGO #BUSD R .WOH 1. MegOBF, R .OH
"(O —_ —_— _—
% oH St-Bu 2. NaH
HO
o o

® slow addition of thiolate is necessary to suppress attack at C2 and C3 of undesired epoxide ..

W Diol sulfonate method
R R_ LOH R _OH
. K>CO.
“0 1. MsClLEtN_ 23, loss of enantioselectivity
LK OH 2 H0" o \AOMs MeOH L
o

B Amines prefer to react at C1 of epoxide

1. MesNH, MegyNOH Ac NMe, OAc
base + - + /\/k/\
Me/\/cl)>/\OH _— e NMe, Me/\/Y\OAc Me' - 'OAc

2. A . z
C20; pyr OAc OAc
78% yield

zZh

Me,
15.5 3.7 1.0

Behrens, C. H.; Ko, S. Y.; Sharpless, K. B.; Walker, F. J. J. Org. Chem. 1985, 50, 5687

Epoxidation of Symmetrical Allylic Alcohols
High Selectivity is Still Observed

HO | 7 HO o A L 175 7
2 OH . 2 OH 2 OH

<<

Distribution of bis-epoxides is determined by (S1 + S2)(S3 + S4)
S1 = selectivity for major epoxide ~ S2 = selectivity for minor epoxide
S3/S4 = major/minor selectivity for second epoxidation

W Selectivity for first and second expoxidation assumed to be the same value
W 90% e.e.= 19:1 selectivity —————» (19+1)(19+1) = 361:38:1 or 3:4:3', or 2 99.45% e.e.

Hoye, T. R.; Suhadolnik, J. C. J. Am. Chem. Soc. 1985, 107, 5312




Kinetic Resolutions
Exceptional Selectivities for the AE

W stereogenic center at C1, one enantiomer is more
reactive than another

B Mathematical representation can predict the
outcome of the kinetic resolution

® k.| = 25, need 60% conversion for 100% e.e.

B Ti-tartrate catalytic AE gives erythro products

2,
L(OH — l%/JH e
R R

% ee Remaining Alcahol
-
&

+
o
I

R ol i .
[s] 50 [[ss)
tllvreo erfythtro % Genversion
slow as
unreacted allylic aloohol® epoxy
T gw el doohol  TitQ+P), VO(cad),
————————  kpg/  product  TBHPF TBHPY
allylic alcohol time? config?  obsd® calod! Kslow EjT# E|T EIT
) P~ R2dars R 5% 100 83 9971 5347 7528
OH
OH
® :j’v]\ 15k R 9% 100 49U e B0
1
(€] Q)\f\g 15h R >96 9713 37/63 7921
. OH
-olefin
(2-olefin__ @i /‘\C 15h T 2/98 2/98 16/84
)’\”io
(5) l»/\/\/ 2 days R g2k 95.2 16 40/60 4/96 22/78
oH
J\ !
(6) E 6 days R 91 ~20 81/19 5/95 25/75

Catalyst System Effects on Kinetic Resolution
Size Does Matter

W Steric bulk on tartrate esters increase kg
® dicyclohexyl tartrate (DCT) and dicyclododecyl tartrate have been used

W Steric bulk at the (3E) position increases kg

Me Me
Me |
Me. krel (-20°C) = 104 Me Krel (-20°C) = 300 Me>Si Krer (-20°C) = 700
H H H
(C)-CeHy1 sH1q (C)-CeHy4

W Cyclic structures show lower selectivities

® conformational restraints inhibits planar formation of olefin and carbinol needed for AE ..

H H oH
(TJ — (5 o | L O O
HO' HO! HOW
30% e.e. 80% e.e.

B Chemically similar olefins are discriminated with excellent selectivity

Me. (-)-DIPT  Me;
| Ti(OiPr)4 35% vield
—_— o yiel i i "n
TBHP_ S95% ee. 8 possible faces for epoxide attack!!!.
(0.5 equiv)

X




Other Useful AE Kinetic Resolution Reactions

B SiRg, |, Cl, and SnR3 are tolerated at the (3E) position

Allylic Alcohol Allylic Alcohol Epoxy Alcohol
Ry Ro Yield (%) %e.e. Yield (%) %e.e.

CsHiy SiMe; 42 >99 42 >99

Re CH,0Bn SiMes 43 >99 48 >99

\L(OH (CH)sCOsMe  SiMe; 43 599 45 599
CsHy4 | 49 >99
Ry Ph | 43 >98
CsHyq ¢] 43 >99

CsHiy SnBug 40 >99 84

CH,OPh SnBug 40 >99

TMS: Kitano, Y.; et al. J. Chem. Soc., Chem. Commun. 1986, 1323
Kitano, Y.; et al. Tetrahedron. 1988, 44, 4073

I, Cl: Kitano, Y; et al. Tetrahedron Lett. 1987, 28, 6351

SnBuj: Kitano, Y.; et al. Chem. Lett. 1987, 1523

W Converting epoxy alcohol into desired allylic alcohol

(+)-DIPT JI\/ 0
Me)kﬁm Ti(Oi-Pr),4 Ve OH + v OH

TBHP
n-Bu Bu n-Bu

M R Naj,Te JI\/OH
5,0 e Ms 22 o e

n-Bu n-Bu

St

Discordia, R. P.; Dittmer, D. C. J. Org. Chem. 1990, 55, 1414

Sharpless Asymmetric Dihydroxylation (AD)

A Powerful and Practical Transformation for Enantioselective Synthesis

Os catalyst H
SR cinchona ligand R
—_—
e reoxidant R

OH

B No directing functional group is required
B Low levels of osmium catalyst are needed, due to the ligand acceleration effect (LAE)
B Cinchona alkaloid ligands are readily available

B Cinchona alkaloid diastereomers (quinine and quinidine) fulfill enantiomeric function

[]ID
I

Dihydroquinidine (R=H) Dihydroquinine (R=H)
DHQD DHQ

B AD reactions are tolerant to air and water, work best at high concentrations =
suitable for large scale preparations of enantiomerically pure diols




Mneumonic to Predict Enantioselectivity
dihydroquinidine DHQD (AD-mix-8 )

WO O S
E K,050,(0H), st>—<' oy
R H

K3Fe(CN)g, Ko.CO3 . RO H

tBuOHH,0 (1:1 viv) RRL HR
511, [\ \Ry
HO ;)H

dihydroquinine DHQ (AD-mix-a)
B SE and NW corners provide modest steric barriers
B SW corner is attractive for flat aromatic or, in their absense, large aliphatic groups

Scheme 11, Imaginary Asymmetrie Catalyst Surface: A Mnemonic Device for Predicting Enantiofacial Selection?

Quinidine-Based Catalyst Quinine-Based Catalyst
#The olefin is drawn as in Scheme I (ie. large ball = R', methyl = R®, medium ball = R?, hydrogen = RY),
J. Org. Chem. 1991, 56, 4585
AD Catalytic Cycles

Two Pathways for Dihydroxylation

W/ )
OH A OH
Y=o

i i
0= 00
L\ o 3
1 4
J- i \
first cycle o] -0 sacond cycle
(high enantiosslectiviy) 3 o:‘{?“'oj( (low enantioselactivity) i[o]
L |
crystals obtained
ﬁ . c‘ of1,2,4 )
— sl Ol L0
t ﬁs“o ~ 0310‘-.5 oy
R 5
ok oM ’J\(

HO. L \

W Extent of participation in secondary cycle depends on the rate of hydrolysis of 3

B Rate of turnover in the second cycle is slower and tends to tie up the catalyst

W Second cycle is minimized with slow olefin addition and the addition of acetate

B NMO hydrolysis is slow and reversible so a second olefin has increased access to 3

B B
. - y
R o R
NM Ho0
—(otc!”o Mo _(Oj?sg% e —2 nj\‘/R + NMM + OsQ.L
IS 0%l \N)VI slow
2 L L OH

J. Am. Chem. Soc. 1989, 111, 737
(@) J. Am. Chem. Soc. 1989, 111, 1123
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AD - Discovery Process
The Search for Enantioselectivity

B 1936 - Creigee showed that pyridine accelerates the rate of the reaction of stoichiometric OsO4
with olefins

M 1976 - Sharpless and Akashi introduced tert-butyl hydroperoxide as cooxidant;
Upjohn Process introduced N-methylmorpholine N-oxide (NMO) as cooxidant

W 1979 - Sharpless and Hentges employed chiral pyridine ligands, low enantioselection observed;
cinchona alkaloids gave good asymmetric induction in the stoichiometric dihydroxylation

R Ro R B
>_< . A®B) 1. OsQ,, toluene m“} 2Rs EKQ/N§
Ry Ry 2. LAH HO OH AcOy, ”
olefin ligand  configuration % vyield % e.e. 3 OMe
styrene A S 90 65
B R 62 61
(2)-1-phenylpropene A SR 82 27
B RS 85 26
(B)-1-phenylpropene A S,S 90 46
B RR 66 49
(E)-stilbene A S,S 90 83
B RR 85 82
(Z2)-4,4-dimethyl-2-pentene A 78 <5
(E)-4,4-dimethyl-2-pentene A 78 37 N
(B)-3-hexene A s 69 50 B, DHQ-OAc

Sharpless, K. B.; Akashi, K. J. Am. Chem. Soc. 1976, 98, 1986
Hentges, S. G.; Sharpless, K. B. J. Am. Chem. Soc. 1980, 102, 4263.

AD Discovery Process
Discovery of a Catalytic, Ligand-Accelerated System

B 1987 - Sharpless and Marko combined the cinchona ligands with Upjohn's NMO reoxidation
procedure, Jacobsen uncovers the ligand acceleration effect = catalytic asymmetric

dihydroxylation
\ Me O
N 62% ee. 65% e.e. N
3h 5h O 88°/;he.e.

O cis olefins, terminal olefins, alkyl olefins are still problematic
LAE of AD of styrene at 25 C

Kk (M~ min-7)

S
00 02 o4 78 o8 e w o e o o
Figure 1. Plot of the concentration of alkaoid ligand 1vs abserved rate

B a [atkaiolc)
[amine] (M) o
. . . - CONSLant ke (@) 2nd % ce (&) for the catalytic dihydroxylation of
(point) a - no added amine, b - quinuclidine, ¢ - (DHQD)OBZ  smanssiitbene. Conditions: 28 °C, (030,], = 38 X 10 M, [NMO];
= 0.2 M, [stilbene], = 0.1 M.

B Cinchona alkaloids exhibit a large ligand acceleration effect, quinuclidine has a deceleration effect
W optimal e.e. values are found with extremely low levels of alkaloid, well below that required to
achieve rate saturation

B LAE proposed to be caused by formation of the OsO4*L complex, which, for styrene, is 23 times
more reactive than free OsOy4

Jacobsen, E. N.; Marko, I.; Mungall, W. S.; Schroder, G.;Sharpless, K. B. J. Am. Chem. Soc. 1988, 110, 1968
Jacobsen, E. N.; Marko, |.; France, M. B.; Svendsen, J. S.;Sharpless, K. B. J. Am. Chem. Soc. 1989, 111, 737
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AD Discovery Process
Finding the Optimal Catalytic System

B Wai found the non-enantioselective second cycle, slow addition of the olefin and the addition of an
acetate nucleophile could serve as a partial remedy. J. Am. Chem. Soc. 1989, 111, 1123

catalytic®

stoichiometrid  original acetate®  slow addition

M
©/\V ° 87% e.e. 65 73 86 (5h)

Me” N\ Me 69% e.e. 20 64 70 (10h)

a reactions run at 0°C with (DHQD)CLB ° 2 equiv NH4OAc-4H,0

B Kwong applied the biphasic ferricyanide re-oxidant system, eliminating the second catalytic cycle
and the need for slow addition of the olefin. Tetrahedron Lett. 1990, 31, 2999

B Amberg found the "sulfonamide effect" - the addition of organic sulfonamides facilitates catalyst
turnover for substrates whose osmate esters resist hydrolysis J. Org. Chem. 1992, 57, 2768

Avoiding the Second Catalytic Cycle with K3Fe(CN)g

R
RN

.
[N ?/>‘H2 green

o”cis_o1 OH l

Interface | N
20H q 2 2 20H
2 H,0 HOr g OH Ho"ﬁs‘o
2 HO” 1l YOH Ho" 10
o] o
’ A |
>—< maroon

2 OH 2 H,0
2 Fe(CN)g> 2 Fe(CN)g*

W K>COgsis needed to hydrolyze ester 1, KsFe(CN)g alone produces no reaction
B Os(VI) species 2 was isolated as an ammonium salt

B Reaction has characteristic color changes in non-polar solvents
Ogino, Y.; Chen, H.; Kwong, H.-L.; Sharpless, K.B. Tetrahedron Lett. 1991, 32, 3965




AD Discovery Process
Ligand Modifications in the 1990s

OMe derivatization at the Cq position was
found to be the most effective

DHQD

B First Generation Monomeric Ligands

OAIk* X
Ch oAK* NZ oAk
Chlorobenzoate (CLB) Phenanthryl Ether (PHN) 4-Methyl-2-quinolyl Ether (MEQ)
J. Am. Chem. Soc. 1988, 110, 1968 Tetrahedron Lett. 1990, 31, 3817.
J. Org. Chem. 1991, 56, 4585
B Second Generation Dimeric Ligands
Diphenylpyrimidine (PYR) Phthalazine (PHAL) Anthraquinone (AQN)
J. Org. Chem. 1993, 58 3785 J. Org. Chem. 1992 57,2768 Angew. Chem. Int. Ed. Eng 1996, 35, 448

Ph

Diphenyl phthalazine (DP-PHAL)
J. Org. Chem. 1995, 60, 3940

h
AIKO. OAIK* N—N \ OAIK* Ne AlK*O: OAIk*
NI AIk'O—é:;’OAIk' Alk'04§=>70mk Q
\( o)

Diphenyl pyrazmopyndazme (DPP)

Ph

J. Org. Chem. 1995, 60, 3940

Rationalization for Face Selectivity
Steric and Substitutent Ligand Effects for Sharpless Model

Major pathway Minor pathway

B Enantioselectivity may arise from two factors: ©

1. transition state destabilization between an . A" g
oxetane substituent and H(9) of the ligand [ R Ds=o
2. transition state stabilization by favorable E s ¢ N
stacking interactions between oxetane R i
substituents and aromatic shelf of ligand %5 R A
23
B the AD is thus primarily dependent on non- (R)-L-rotamer B (S)-Il-rotamer B (S)-I-rotamer A
gﬁgsvk?g\tl cl)r:taebrgc;l;)arlsk i?]lgce both diastereomers :":‘m:':“;‘::":':"l?w : S pisi s s Tty

M (S)-ll-rotamer B may have increased H - H(9) interactions in the oxetane rearrangement

W alkaloid core is ideally set up to ensure high rates,
binding and solubility

W rates and enantioselectivities are influenced
by the nature of the O9

W the binding to OsO, is independent of the 09
substituent, but the oxygenation is essential for binding

and rates: the nitsogen has no
influence

Norrby, P.-O.; Kolb, H. C.; Sharpless, K. B. J. Am. Chem. Soc. 1994, 116, 8478
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Face Selectivity Models
B The Corey Model

Subaleats { OMe o Ohle
t‘- A:\ / N - =)
Q ~4} oL ( y1@ E(,* ¢ " Do@i?' N

A g ,l /v"kfﬁ(d(d ) “%"‘0." n L

) ;
Pyridatine (ytidazina in roar) ~

@ carbon 7 nitrogen () oxygen @ osmium

® U-shaped binding pocket, set up by two parallel methoxyquinoline units
® OsO, is bound to one quinuclidine unit in a staggered conformation

@ aryl-aryl interactions of the substrate position it in the pocket

@ olefin w-orbital and low-lying d-orbitals on Os(VIII) interact

@ directly produces energetically-favored pentacoordinate Os(VI) ester

@ relief of N-Os eclipsing interactions when substrate binds to oxygens

@ there is no 3-D arrangement for effective binding in U-shaped pocket if substrate comes from ..
opposite face

Corey, E. J.; Noe, M. C. J. Am. Chem. Soc. 1996, 118, 11038

Face Selectivity Models

B The Sharpless model

@ |_-shaped binding cleft formed by aromatic linker and methoxyquinoline - one of the ..
most stable conformations of the ligand (J. Am. Chem. Soc. 1994, 116, 1278)

® aromatic substrates give good stabilization of oxetane-like transition state .

O stacking interactions with the PHAL floor, edge-to-face interactions with
methoxyquinoline ring

® Sharpless model can rationalize first generation ligands as well

O lower selectivities with first generation ligands arise from poorer binding due to
lack of the bystander aromatic system and loss of edge-to-face interactions

Norrby, P.-O.; Kolb, H. C.; Sharpless, K. B. J. Am. Chem. Soc. 1994, 116, 8478
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AD Mechanism
[3+2] Creigee-Corey-Noe or [2+2] Sharpless Pathway?

[3+2] Cycloaddition
kS
Q +L L ﬁ) 9
o= ! - O=gis/\ — 0=OiL e O=CIJ|)_

/X0 L So //_43; 7
o [o] o} o]

| =~

_CZH“} +CoHy +CoHy

= L
Oo)/ﬁi“o == 0=0s-0 _;L o=ﬁs’—Lo —_— O=§£O
: o i—j T o OAJ

[2+2] Osmaoxetane Formation

B The mechanistic studies are inconclusive to date, though recently the [3+2] pathway has become
favored.
B Eyring Plots - [2+2]

B Hammett studies - inconclusive Sharpless ACIEE 1993, 32, 1329
Sharpless J. Am. Chem. Soc. 1997, 119, 1840
B Theory - [3+2] B Kinetic Isotope Effects - [3+2]

Maseras J. Am. Chem. Soc. 1999, 121, 1317 Corey, Noe Tetrahedron Lett. 1996, 37, 4899
Morokuma J. Am. Chem. Soc. 1996, 118, 11660 Sharpless, Houk J. Am. Chem. Soc. 1997, 199, 9907
Frenking ACIEE 1996, 35, 2817 W FMO - [3+2]
Houk, Norrby J. Am. Chem. Soc. 1999, 121, 10186 Sharpless J. Am. Chem. Soc. 1997, 119, 1840

Temperature Effects on the AD
Evidence for a Stepwise Mechanism

-« T(C)

B 50 - R
e S PN 60 1:5 2|5 \ 7? 90
1 2 3 3.0 T T T T 90
85
Me 2 ODHQD 4 (DHQD),Pyr 25T +
5 (DHQD)PHN 1 75
6 (DHQD)MEQ
. 7 (DHQD)CLB T 201 7 4 T
65
InP 154 4+ ee
%
— T(©)
1.0 + 4 45
60 15 -25 -50 -75  -90 3
3.0 : : —t 90 /\
85 05 t | t } 25
254 4 30 35 40 45 50 55
75 1P T K] ——
T 2.0+ 4 1 T
65 mPr =kmajordio/k'minordiol
InP 154 -+ ee . . . . . .
% M 2 linear regions with an inversion point
10 5 a4 W Can be explained by a reaction pathway with
o4+ —mM8M8 —4 4 N .
— 5 at least two enantioselective steps whose
/‘7\ 6 influences depend on temperature
05 } I } } 25 B Supports a stepwise [2+2] mechanism
30 35 40 45 50 55 and not a concerted [3+2] mechanism

10° T K] —

15



Hammett Kinetic Studies
Something More Complex than Expected is Operating

B Non-linearity first observed in the linear free energy plots

-1.50
X x Y\\ py\éol,o -138
0sO; + || + E/j toluene_ -0 240
x/ & N/ 25C © N D 208
/\X =
-3.30
@ only minor differences in ceiling rate constants for pyridines 373

of different basicities

B No amine acceleration gives a LFE linear

correlation (p =0.9)

B Not a phenomenon just observed with pyridine
Quinuclidine

06y oy aw,
ICH O O SNy

2.0 % i
g

doos
24 - i “'i'i’f

25 —
0.50 000 a Q50 1.00

Figure 9. Hammett plot based on the observed pseudo-first-order rate
constants for the quinuclidine-accelerated osmylation of substituted
styrenes in toluene at 25 °C ([0sO4], = 200 x 10~ M, [styrene], =
400 > 107 M, [quinuclidine], = 1.25 x 10-1 M).

0,50 oo (50 1.0

Figure 7. Combined Hammett plots based on the measured pseudo-
first-order rate constants for osmylations of substituted styrenes (@ =
4-pyrrolidinopyridine, © = pyridine, # = 4-cyanopyridine, © = 3,5-
dichloropyridine: [0sO4], =2.00 x 10~ M, [styrene], = 4.00 x 10-*
M, [pyriding], = 1.25 x 10! M)

DHQD-CLB
GOCHy i) 4Ny
¥ 0
a0 -
az.
A
&4
g
g
A

50 000 050 1L
[a]

Figure 10. Hammett plot based on the observed rate constants in the
DHQD-CLB-accelerated osmylations of substituted styrenes in toluene
at 25 °C ([0sO4], = 2.00 x 10-* M, [styrene], = 4.00 x 107 M
[DHQD-CLB], = 5.00 x 102 M),

Extending the Hammett Studies
Non-linearity applies to all amine-accelerated reactions

B Substituted styrenes exhibit non-linear behavior

J
ZA \
I base\lcl) 0. ="
1 n
0s0, + X D™D + base —ouene, 4
5C bas: CI> (o]
/P N
X X
A4CCH)y  Ad-H)y SE-CFR 440G M) LHCF 43400HDy 43 ML SAHCRDe
SO AP 494G e 5 P38, 15
I E——
2z. %
=
23, 4 0 Y
24 - 4 EN
2 3 &£-15 - *
- ‘\‘ I3 =
28 N 20 .
27! pOS L.
2.8 o 24 -
050-025 00 325 050 075 0,500,25 DD 0.25 0.50 0.75

DMAP

25 4+
-0.80<.25 000 0.25 O.50 0.75
feg

Quinuclidine DHQD-CLB

B Deviation of linearity appears to be related to the ability of the amine to coordinate to Os

® DMAP, quinuclidine - strong curvature, stronger binding
® 4-cyanopyridine, DHQD-CLB - moderate curvature, weaker binding

B Alkene structure - mono-, di-, or trisubstituted (not shown) - shows no simple correlation
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Concluding the Hammett Studies
What does it all mean?

B What is observed

® all substrates show a non-linear behavior

® amount of curvature is dependent on basicity of amine, but ceiling rate constants do not drastically .
deviate

® minima position values depend on electronic character of styrenes or binding constant of amine ..

B Keep in mind:

® LFE plot of non-amine-catalyzed osmylation shows the expected linear behavior ..

® both [2+2] or [3+2] mechanisms should be close to linear - no charge build-up in the transition state for
either pathway

B What can be concluded

® the rate-determining step is not uniform, even with closely-related reactions
® two distinct mechanisms for amine-accelerated reactions ..

® a positive p value is consistent with a nucleophilic [3+2] pathway
a negativep value is consistent with an electrophilic [2+2] pathway .

® taken with temperature studies that show an inversion point in Eyring plots, two different operating
mechanisms need to be strongly considered

Hammett studies are inconclusive and do not favor one definite mechanism

Frontier Molecular Orbital Considerations
Analogy to 1,3-Dipolar Cycloadditions

B Sustmann proposed an FMO model based on pericyclic cycloadditions to explain non-linear

Hammett relationships Sustmann, R. Tetrahedron Lett. 1971, 2721
CEPOLARFHILE WITH
WLE DIFOLARIPHILE ELECTRON-DUNATING
+ BLCSTTRENT
iy = Nam
L | - T
|ﬁ l Bl |
T Eq- By
e
o ket |

B Three types of 1,3-dipolar cycloadditions

Type | - HOMO of dipole, LUMO of dipolarophile; accelerated by EDG on dipole and EWG on dipolarophile ...

Type II- HOMO/LUMO of dipole and dipolarophile are roughly equal in energy; ideally would result in parabolic
Hammett plots

Type Ill- HOMO of dipolarophile, LUMO of dipole; accelerated by EWG on dipole and EDG on dipolarophile ...

B FMO cannot explain the change in minima on the Hammett plots as a function of ligand
O Ligand acceleration steric effects must override the electronic effects...
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Kinetic Isotope Effects
Support of a [3+2] Mechanism

Hoas,  fe HQ  OH
C=C; —_— H ‘C‘_C%"H
2 .
H? R tranﬁms

B Houk, Sharpless, and Singleton - calculated and experimental kinetic isotope effects
® R = tertbutyl, regioisomeric control by forcing C to bind away from the Os center.

® C; would be expected to have a large KIE due to the rate-limiting osmaoxetane rearrangement in
[2+2] pathway.

® C; and G, would be expected to have similar KIE in the concerted [3+2] cycloaddition...

Hea Ha Hirums Gy (s
Calculated®
(a) {3+ 2"
2 0.907 0913 0921 1.025 1.025
3 0909 0912 0.921 1.025 1.024
(b) Formation of an Osmaoxetane
6 0892 0.957 0972 1.050 1.026
7 0885 0.962 0.980 1.051 1.025
8 0832 0.927 0937 1.046 1.021
(c) Ring-Expansion
9 0880 0.964 1.094 0.989 1.039
10 0933 0976 1.068 0.984 1.047
Experiment’
| 0006(9) 0919(5)  0.0257)  1.02%1)  1.028(3)
2 0008(4) 0.917(8)  0926(14) 1.026(3)  1.025(3)

W Corey, Noe - Experimental Tests for 2¢/1%c Isotope Effects

1.000
1.009 °'9§9 0.998 0590 / Lot
1034 > " Ng 4
102 1026
1032 7 0997 4 \ OMe 1.005
1.082 > 1.045 >
0.999  1.001

Theory Strongly Refutes a [2+2] Pathway

Osmaoxetane Formation is Energetically Disfavored

M Metalloxetanes are known to form stable adducts, but the barrier to the osmaoxetane
formation is believed to be prohibitive to the initial cyclization

o 1%
ol
43.3| 39
- °=f?s\o".] : \
5 o (R 17.1
£ 1.9 Voot
g 40,0 keal/mol :
o 0s0, \
-15.8 ?’> -15.8 ?/>
0=0s_ 0=0s_
(¢}

W With NH3 added to computations, activation barrier increases to 50.3 kcal/mol while the [3+2]
adduct becomes more exothermic by about 8 kcal/mol.

W Calculations carried out on B3LYP level of density functional theory

B Computations were done with many different levels of theory, but all of them exhibit the same
trend. (These values taken from J. Am. Chem. Soc. 1996, 118, 11660)
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Cinchona Alkaloid Ligands and their Substrate Preferences
Recommended Ligands by Olefin Class
B Second Generation Ligands have the broadest scope

B Phthalazine (PHAL) ligands are most widely used due to their availability and broad scope

® PHAL ligands gave inferior results for aliphatic olefins, especially if the substituents
are small or branched near the double bond

R
e R RN e . R
” 2 X
Olefin Class R /K R '/\ )\/Ra R;
Ry R, | Ry L
R = aromatic R;. R, = aromatic | R;.R,=aromatic Acyclic
Preferred DPP, PHAL DFP, PHAL DPP PRAL "o PHAL, PYR, PHAL
2 _ —_— A ) DPP, AGN ]
Ligand R = aliphatic Ry. R, = aliphatic | Rj. R, = aliphatic Cyclic ’
AQN AQN AQN PYR, DPP,
AQN
R = branched R;. R, = branched
PYR - PYR

W "The AQN derivatives are the ligands of choice for the AD reaction, except for olefins with aromatic
or sterically demanding substrates"

B PYR ligands - sterically encumbered olefins, terminal alkyl olefins

B DPP, DP-PHAL - aromatic olefins and certain cis-1,2-disubstituted olefins, DPP usually better than
DP-PHAL

M IND ligands - cis-1,2-disubstituted olefins
9-O-indolinylcarbamoate
N

(IND
O)‘OAIk'
a-Alkyl Styrenes
Reveral of Facial Selectivity with PHAL and PYR ligands
DHQD (AD-mix-
"HO( g’: f) Ry R,  BestLigand
"magnet" for NwW NE aromatic H PHAL
aromatic groups (PHAL) R H o
oralkyl groups (PYR) R‘/t{ y aliphatic H PYR
> | sw %ZSE aromatic  aliphatic PHAL
"Ho | oH . ,
DHQ (AD-mix- &) aliphatic aromatic PYR

%
%

82 -59

92

82 8 ' a)V 70 -24

HETHE
.
&

B Enantioselectivity drops with increasing chain length (entries 1-8)
B No reversal in bicyclic cases, unless system is held in an unfavorable conformation (entries 9-11)
B Enantioselectivity decreases with increasing cycloalkyl ring size (entries 12-16)

Vanhessche, K. P. M.; Sharpless, K. B. J. Org. Chem. 1996, 61, 7978

19



Asymmetric Dihydroxylation of Dienes
A Study in Regioselectivity

H
AD-mix i
Ph Ph  84% yield
Ph/\/\/ _— Ph%/\/ 990/: )e/.e.

OH

B Unsymmetrical dienes show preference for:

1. the most electron-rich olefins
2. transover cisolefins
3. terminal olefins in a,B,,y-unsaturated esters

B Unconjugated dienes follow these rules as well, yields are lower due to overoxidation

H
AD-mix 56% yield
M NS — Me%/\/ + M A0 1311 regioisomer ratio
OH SH 94% e.e.

B K3Fe(CN)g/KoCO3 must be used to produce ene-diols, NMO overoxidizes to the tetraol

® the ene-diol would be preferentially oxidized over the diene in the second catalytic cycle
® the ene-diol would have a stronger affinity for the trioxo Os(VI) glycolate than the diene

P _om
never accessed with - Nl Ph
KsFe(CN)g/KoCOs P o | |
catalytic cycle 0\\0 R 4 OH HO' O\ﬁ,.o

Xu, D.; Crispino, G. A.; Sharpless, K. B. J. Am. Chem. Soc. 1992, 114, 7570.
Zu, D.; Park, C. Y.; Sharpless, K. B. Tetrahedron Lett. 1994, 35, 2495

Asymmetric Dihydroxylation of Enol Ethers
Enantioselective Formation of a-Hydroxy Ketones

L ji/
R R
R,O xHe R; xHe

Rg = CHg or TBS

W alkyl and silyl enol ethers are tolerated OH
B good Z/E ratio is not necessary to obtain useful enantioselectivity
% e.e.
enol ether R EIZ ratio AD-mixf AD-mix-o.
R Me 4/96 95 96
N TBS 25/75 89 86
Me
' Me 33/67 85 85
Pi Ve TBS 1/>99 97 n.d.
R
L/V\/\ Me 33/67 94 92
P Ve TBS 1599 99 99
R Me 0/100 99 98
Nl 100/0 90 n.d.
Ph TBS 3/97 97 n.d.

Hashiyama, T.; Morikawa, K.; Sharpless, K. B. J Org. Chem. 1992, 57, 5067
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Double Diastereoselection
AD of Chiral Olefins

B Matched/mismatched cases with the diastereoselectivity for chiral olefins

OH QH
CO,i-Pr CO,i-Pr 2 CO,i-Pr
O/\_/\/ 2 0sO4 o™ 2+ o/\_-/\;/ 2
AV _\—-G OH JVO o1
no ligand 28 : 1
(DHQD),PHAL 39 : 1
(DHQ),PHAL 1:13

M Ligands cannot always override inherent
diastereoselectivity

Ligand Ratio 1:2

BnO none 10.3:

) OH OH BnOg~ DHQD-CLB 1.3:1
LN O0Me T (A0 CO,Me e DHQ-CLB  205:1

OM
RYel .
1 H 2 OH none 1:22
Ph&%,, >< DHQD-CLB  1:53
1:1.6

DHQ-CLB

Qo

B Used to set the final two stereocenters in squalestatin 1

BuOtCO_ OH
ocoteu 9804, KsFe(CN)g

J / KzCO3, MeSONH, ~ / oo
“—0C0Bu tBUOH-H,0 OH
B0 'oH DHQD-CLB BnO
matched one diastereomer

Kolb, H. C.; VanNieuwenhze, M. S.; Sharpless, K. B. Chem. Rev. 1994, 94, 2483

New Developments in Dihydroxylation
Osmium-Catalyzed Dihydroxylation of Olefins in Acidic Media

- 100
—
e 710) ,
" (os) « )
et

(8.63)

Optimal activity
with pH = 4-6
|—-— ric Acd

—a&— No Additives 0

% convarsion
2

Yield of diol 2
2

¢ 5 1 15 20 25 30 3
time [h]

B Citric acid is the additive of choice

® neutralizes NMM formed, buffers the reaction
® keeps active Os(Vl)iii in solution, acts as a ligand for Os.
R

oH H,0 —
R R
R o R Q
HO 1 30570 R_,0-0s-0. R
h % o o P ii
i R o l o\,

o
Hz0
J First MM Second 2
o ,?50 Cycle I Cycle N on
NMO 1

R R i {
R 0~0s:0
J\cl;-< e
® turnover with acidic NMO reoxidant system is locked in the second cycle v

® acid blocks precipitation of iv, which is very stable and inert to hydrolysis




Osmium-Catalyzed Dihydroxylation of Olefins with Citric Acid
Enhanced Reactivity, Expanded Scope

B Unsaturated esters, amides, phosphonates, nitriles,
tertiary amines, tetrazoles can now be dihydroxylated in
good yields

B Reactions can now be heated to 100°C without
catalyst or oxidant decomposition.

B Trimethylamine oxide (TMO) can be used as the
reoxidant = easier purification of diol products

M Adding 10 mol % sodium citrate to AD results in 0%
e.e. =y citrate forces system into second catalytic cycle.

B Reactions can now be heated to 100°C without
catalyst or oxidant decomposition.

W Chiral acid sources give initial e.e.'s up to 70%
Angew. Chem. Int. Ed. Eng. 2002, 472

TsHN
o oMo pH=s
0O —FV > AN
o o H ROL™ Y 40-70% e.e
Ph 6H o

RO,C

NMO, 1.1 equiv oH

- ©s04, 0.2 mol % R
R Sy —_—
(a) watar/acatone-BUOH, 5:2:1

HO
(b) waler#t-BucH, 1:1
citric acid, 25 mol

Yield [%]

Entry Product {a) standard (b) new
conditions conditions
oH ©
1 . 50 [
OH
0 Q
EtO. OEt
2 <10 76
H H
oH 0
3 )\(u\og 45 67
OH
OH g
4 “r{Pn <40 78
0
HO
HO O

'I:I<0E| 30 g
OEt
OH

Dupau, P.; Epple, R.; Thomas, A. A.; Fokin, V. V.;
Sharpless, K. B. Adv. Synth. Catal. 2002, 344, 421

Sharpless Asymmetric Aminohydroxylation (AA)
A Route to Optically Active Vicinal Amino-Alcohols

]
e
NGt 0s0,, ligand

R reoxidant

SIC)Y] NHX

W A challenge in regioselectivity, chemoselectivity, and enantioselectivity

B No directing functional group is required

B Aza-analogue to the AD, uses cinchona alkaloids to induce chirality

W Active osmium catalyst trioxo(imido)osmium (VIIl) is generated in situ

(@)
0]

’}L\
e

M Olefin scope is limited ————) still a new reaction under investigation

B X = sulfonamide, carbamate, amide
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Asymmetric Aminohydroxylation Catalytic Cycle
Similar to the AD Mechanism

B Ho,0
Rl A X
E/\NHX |
H Oy H\ \O
O’/
Primary Cycle L Secondary Cycle ﬁ
high e.e. low e.e. R \OS—O
Oz, /|
O/,j*“:N\X €] o

N

[
L i L
Z15
g 3
R R R

1 —

HO NHX

H Inhibit secondary cycle by increasing the rate of hydrolysis
® reactions run in 50% water

® large, hydrophobic groups on nitrogen decrease the rate of hydrolysis .

Sharpless, K. B. Angew. Chem. Int. Ed. Eng. 1996, 35, 451
Rudolph, J.; Sennhenn, P. C.; Vlaar, C. P.; Sharpless, K. B. Angew. Chem. Int. Ed. Eng. 1996, 35, 2810

Development of an Asymmetric Aminohydroxylation
20 years of an Asymmetric Procedure

W 1975 - first report of non-catalytic oxyamination to form 1,2 amino-alcohols with OsO3(Nt-Bu)
1976 - addition of Chloramine T makes the oxyamination catalytic
1996 - Cinchona alkaloid ligands make the first asymmetric and catalytic hydroxyamination

B Alkylimidoosmium compounds (1975)

ICI) H NHt-Bu H
Re LAH R
Ja— = R R
/ o 25\\’\‘ e > —"» p 2, R 2 R; 2
R °© Me
4 H
Me

® N-C bond is formed at the least hindered carbon .
® reaction rates : mono- > di-, trisubstituted olefins .
@ trans are faster thancis aminohydroxylations

@ high functional group compatability

® only +-BuNH;, forms (alkylimido)osmium complexes

, kX e L
- < "2 (OHCl “ ipyridine)

® t-Bu amine is hard to cleave fex ] hu -
. N NiMein 4.26 1.63
® Hammett plots show parabolic behavior . oMe Lo 104
Me 114 101
® pyridine enhances diol formation . p_&l :.gu Il;‘ﬁ
. .y e . . C .95 28
® quinuclidine addition suppresses diol formation cN P 153

Sharpless, K. B.; Patrick, D. W.; Truesdale, L. R.; Biller, S. A. J. Am. Chem. Soc. 1975, 97, 2305
Patrick, D. W.; Truesdale, L R.; Biller, S. A.; Sharpless, K. B. J. Org. Chem. 1978, 43, 2628
Hentges S. G.; Sharpless, K. B. J. Org. Chem. 1980, 45, 2257
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Development of an Asymmetric Aminohydroxylation
Addition of Sulfonamides and Carbamates as Alternate Nitrogen Sources

B Chloroamine T (TsHNCI) makes the oxyamination catalytic

©® AgNO; is needed to precipitate Cl, which inhibits catalyst cycle
® Alkyl 1,1-disubstituted olefins and strained cyclic olefins are poor substrates Lb

® Addition of BnEtzNCl as a phase-transfer catalyst replaces the use of silver

Sharpless, K. B.; Chong, A. O.; Oshima, K. J. Org. Chem. 1976, 41,177
Herranz, E.; Sharpless, K. B. J. Org. Chem. 1978, 43, 2544

B N-Chloro-N-argentocarbamates
1% OsOy

CH3CN, H,O
+ AGNO. + = _CHsCN, B0 \Q/NI + AgCl + NaNOs
j\N,u MNOs + Ny — (g > g

e@Na

RO’

® Better regioselectivity than sulfonamides, more efficient for electron deficient olefins ..
©® Addition of E4NOAc* 4H,0 accelerates the reaction
® Use of Hg(NG;), for trisubstituted and less reactive mono- and disubstituted olefins

Herranz, E.; Biller, S. A.; Sharpless, K. B. J. Am. Chem. Soc. 1976, 100, 3596
Herranz, E.; Sharpless, K. B. J. Org. Chem. 1980, 45, 2710

Development of an Asymmetric Aminohydroxylation
Cinchona Ligands make an Asymmetric System

B Using the same conditions as the stoichiometric Os system, cinchona alkaloids are added
to the reaction (33-81% e.e.)

(DHQD),PHAL (DHQ),PHAL
Ko0sO,(0OH), TsHN TsHN
/\/ﬁ\ _TsHNCI-3H0 )\)L
PH OMe CHGCN/HZO Ph OoMe + Ph Y~ “OMe
6H
71% e.e. 81% e.e.

89% e.e. (tBUOH/H,0)
>99% e.e. (recryst. MeOH)

W Electron-deficient olefins give good regioselectivity, good yields

NHTs NHTs

CO,M A H

MeOZC/\/ Me MeOzC/\_./COZMe Me/\/COQMe — Me/\_/COEMe
77% e.e. (93% e.e)  OH 74 % e.e. BH
(40% e.e. for AD)
B Cis olefins can give useful levels of selectivity
- HQ  NHTs
= 2 _Ph
i O — O
50% e.e. (tBUOH/H,0) NHTs 45% e.e.
(>99% e.e.) (>99% e.e.)

B Trans olefins follow the mneumonic for predicting AD facial selecitvity

Li. G.; Chang, H.-T.; Sharpless, K. B. Angew. Chem. Int. Ed. Eng. 1996, 35, 451
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Asymmetric Aminohydroxylation
A Challenge in Chemoselectivity

Me Me Me
OMe 1, 0s05(Nt-Bu) 1 OMe OMe
" Ligand "
N DME +BUHN : HO Me
We 2. LiAlH, A Me B Mo H
% %6 [y ot ;
27 | ' . ” < L (o)
C o : 3 LR L ZN 2 LN 3
% . s * 2 j !
3 40 4,7 403 —
o _ s J S
™ iTT 4 s ) o @/ (1‘
al.d . &+ oridos = ste wtr 5 onc -
= f 4 + ridon m s ; 2 AN N\7 5
3¢ - g
o I . 5  __-- =
[T ’ - Lo @ . .
S E, =TT = MW All bind more tightly to Os
2 1ig-- - — = center than pyridine
S LU =TT e
[ -7
—r - o M Ratio of A:B correlates to the
R R nucleophilicity of the ligand
Molar Ratio of A:B
B Temperatures about 25°C increase diol formation
B Cinchona alkaloids thus provide access to optically active amino-alcohol as major products

Hentges, S. G.; Sharpless, K. B. J. Org. Chem. 1980, 45, 2257

0. Sulfonamide AA & o
S SN
He™ N The Smaller, the Better <)
® Na . ®Na
Chloramine-M ° Chloramine-T

B Smaller residues on the sulfonamide give better yields, scope, and reactivity
® Chloramine-M is more effective than Chloramine-T .
® Chloramine-M has a ligand accelerating effect, Chloramine-T has a decelerating effect ..

(DHQ),PHAL
: :
P OMe n-PrOHH,0 Ph Y “OMe Ph Y~ “OMe
25°C SH NHSO,Me
Chloramine-T (3.5h) 76 (60% e.e.) - 24
Chloramine-M (40 min) 90 (89%e.e.) 10

B Sulfonyl acidifies the N-H bond allow for N-alkylation under basic conditions

TsHN
/T\/lol\ 1. MsCl, EtzN D
PH’ Y OMe ———— >

2. base PH CO,Me

&g

K

oM
W Sulfonamide cleavage is difficult - Birch conditions, Red-Al, 33% HBr/HOAc

B 2-Trimethylsilylethanesulfonamide is comparable to Chloramine-M

O,
s NH
s> = T coup
- -Pr
o OO — Y
: OH

B
Rudolph, J.; Sennhenn, P. C.; Vlaar, C. P.; Sharpless, K. B. Angew. Chem. Int. Ed. Eng. 1996, 35, 2810
Weinreb, S. M.; Demko, D. M.; Lessen, T. A. Tetrahedron Lett. 1986, 27, 2099
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Carbamate AA

W best results in 1:1 n-PrOH:H,0
B smaller carbamates show better enantioselectivity, regioselectivity, and yield
® suppression of the second catalytic cycle, better fit into the catalyst binding pocket ..

ROJ\NC\Na

n-PrOH/H,O

OMe  (DHQ),PHAL
—_—

W Sodiocarbamates are superior to their silver or mercury analogues

B Cinnamates, acrylates, terminal olefins make good substrates
® TEMPO oxidation (TEMPO/NaOClI) gives optically active arylglycines from AA of styrenes

NHZ

NHZ NHZ NHZ
MeO. __OH MeO. ‘__OH MeO *_OH MeO. i _OH
— —
BnO BnO
OMe OMe

9:1 regioselectivity

3:1 regioselectivity

e
76% yield for AA 71% yield for AA
e 90% e.e.
Li, G.; Angert, H. H.; Sharpless, K. B. Angew. Chem. Int. Ed. Eng. 1996, 35, 2813
Reversal of Regioselectivity with AQN alkaloids
A Phenomenon for Carbamate and Amide AA
Carbamate AA OH NHCBz
N CO:Me CBZNCINa N COMe N COMe
| cat. [Os] | |
. NHCBz OH
e (DHQAQN R B
R B:A  %e.e. (%yield)
H 79:21 95 (58)
4-F 82:18 91 (67)
4-Br 80:20 89 (51)
4-Me 78:22 93 (nd)
4-OMe 78:22 94 (67)
2,6-(Me0),  75:25 91 (50)
4-0Bn 66:34 87 (40)
Acetamide AA QH NHCBz
| N _Acetamide AA N N
(DHQD),L mHCB o OH
R/ R/ (o] § R/ D
Alk*
N R L C:D % e.emajor
! PHAL  1:1.1 91
N 1.
7 H o aan 13:d 88
o o PHAL 1:25 96
AQN OMe  AoN 9:1 86 Tao, B.; Schiingloff, G.; Sharpless, K. B.

Tetrahedron Lett. 1998, 39, 2507
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Amide AA

Comparable in Scope to the Carbamate Variant

B Terminal olefins (i.e. styrenes) are the best substrates
B Small substrate scope M AQN ligands reverse the regioselectivity

Various Amides as the Nitrogen Source Olefin Scope
o oo D et i,
. +P.('\io|p, 40% {DHORPHAL R BH o + Ry 2 0% CHO)P 3 e
Ta LN Ao 1.3 9q.LICH Ry P
1 HBUOHHO 23 3 OH s FOUOHMO 23 s H
enty  hromosmide TCC) ormvorsica®yield®  6o®  region N ontry olefin ot yidd" e”  regio-
1a
2 FC 96K W% 98% 20:1 i) % 8% 2:1
/\jLNHDr GJNH
= Pr i
F) e s e eme 2ol P e
G HDr ’ GH

1e
2 ppkj FC I T 9% 1201 O\i .
NHOr I d@/\ - % 9% 25:1
d ™ -
2 SO 8% % 8% 20-1 - "
HDr M
10 3 m\j\ % 9% 13:1
2 O S 3Hh 7% 20:1 ©/\ WH
HDr @,\,OH
LU
2 G 7 42047 a3% 25:1 %
HEr x| A6 S0 25:1
P HN .
Mg c

Demko, Z. P.; Bartsch, M.; Sharpless, K. B. Org. Lett. 2000, 2, 2221

Asymmetric Epoxidations in Natural Product Synthesis

W Sharpless and Masamune - L-hexoses (Science 1983, 220, 949)
RO.
SAE 0
N (+)-DET NG 1. NaOH, PhSH
Q OH ——> Q OH ——

Me)('o 76%yield E)ro 2. protect
>20:1d.s.

Me Me Payne conditions

CHO HO
OH OH OH OH

B Nicolaou - (+)-amphoteronolide L-allose L-altrose

(J. Am. Chem. Soc. 1988, 220, 4660)

SAE
+)-DET
© HO 080
o * AN
HO L "08n '
SAE " Y
ODET | 4 o -
\/ly\OBn Amphoteronoide B. R = H

o *
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Asymmetric Epoxidations in Natural Product Synthesis

B Evans - Cytovaricin (J. Am. Chem. Soc. 1990, 112, 7001)

Kinetic Resolution

OH
/(L/\/\ el 9
96%ee M A

*

Cytovaricin H

B Spivey - studies toward Hypoglaunine B (Angew. Chem. Int. Ed. Eng. 2001, 40, 768)

M CN Ve 70% Ti( IOI Pr) !
)-DIPT ’\@/ b yield, 10-20% e.e. AcD
_ TBHP Zr(Oi-Pr)y Ac
GH 76% yleld 92% e.e.
-0 hypoglaunine B
Ti(Oi-Pr)4
40% yield, 14% e.e.
Zr(Oi-Pr)4

59% yield, >95% e.e.

OH SH O

AE of 1,1-disubstituted allylic alcohols! .

AD in Natural Product Synthesis

B Campthothecin  (Fang, F. G.; etal. J. Org. Chem. 1994, 59, 6142)

1. (DHQD),PYR N,

NarOMe  KgFe(CN)g, KoCOg | A
| K20s0,(0H)4 _
_———

Z
t-BuOH:H,0 Ev.,
MeSO,NH, y

2.3, CaCOg o
94% e.e. (+)-Campthothecin

(o]
E A

W Dihydroxylation of Squalene (Crispino, G. A.; Ho, P. T.; Sharpless, K. B. Science. 1993, 259, 64)

e Me Me 1. AD-mix-o

. ~ S Ve 2. acetonide
Ve N N = 3. repeat 1&2, 2x
Me Me Me 4. ag. HCI,MeCN

Me QH
T oM

79% overall yield
100% e.e.
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AD and AE in Natural Product Synthesis

B Taxol (Sharpless) 1. (DHQ),PHAL (0.1%) j’\
o K>0s0,(OH)4 (0.2%) QH O PhSNH O
S NMO (1.45 equiv) : s
'OMe t-BuOH K OMe —p» . OMe
2. recrystallize PhMe OH BH
BocNCINa 72% yield
Kp0805(0H)4 99% e.e. 69% yield
(DHQ)2PHAL 92% e.e.
0
P )LNH o AA: Acta. Chem. Scand. 1996, 50, 649
: AD: J. Org. Chem. 1994, 59, 5104
A
OH
Taxol
B Zaragozic Acid (Nicolaou, et al. Chem. Eur. J., 1995, 1, 467)
PMBO. OSEM PMBO. o

"Super" AD-mix-f ¥ . : :

—_— X — +)-zaragozic acid
PMBO/\)\/( MeSONM, PMBO/\)\:‘(*\/OSEM p—— (+) g

CO,Me MeO,C" OH o
30% yield (44% recov. SM) oH
83% e.e. 347 OhAc
"Super" AD-mix: e \! Ph
KsFe(CN)s, K2COs, (DHQD),PHAL, Kz0s05(OH)4 (3:3:0.1: 0.01) Horgzc
3
H
OH

AA and AD in Natural Product Synthesis

B Vancomycin (Nicolaou, K. C.; et al. Angew. Chem. Int. Ed. Eng. 1998, 37, 2708
Nicolaou, K. C.; et al. Angew. Chem. Int. Ed. Eng. 1998, 37, 2714
Nicolaou, K. C.; et al. Angew. Chem. Int. Ed. Eng. 1998, 37, 2717)

Bn
AA with
(DHQD),AQN
/ 87% e.e.
Bn HO (WNHCBz \
CO,Et ™~
i
& Bn T Me
Me
CO,Et
) / Me
. AD-mix$ /
92% e.e.
NGO
HOM . 1 Vancomycin
COzEt
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AA in Natural Product Synthesis

M Dragmacidin A (Jiang, B.; et al. Tetrahedron: Asym. 2002, 13, 383)

Boc— NHBoc
N
%(9 @ OH NHBoc
/@U/\ K20502 (OH)4 W D\j/\/
DHQ )oPHAL
64% yleld 13% yleld
94% e.e. Ts
N, Br
e |
\_p N
—_— \

Dragmamdm A

W Ustiloxin D (Jouillie, M,; et al. J. Am. Chem. Soc. 2002, 124, 520)

0OBn OBn
-‘EtMe O. gtMe
BnOCONH,, t-BuOCI
omom __Ka0sOo(OH)s, NaOH LOMOM —
H n-PrOH:H,0 HN -

z Boc 20°C, 1th BocHI OHBDC

) H 7
CO,Et 58% vyield f
: 5:1 regioselectivity CO:Et MeHN

91:9d.r. Ustiloxin D, R=H
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Conclusions
Pioneering Asymmetric Synthesis
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B Sharpless Asymmetric Epoxidation on allylic alcohols - high yield, excellent enantioselectivities
W Sharpless Asymmetric Dihydroxylation of olefins to 1,2-diols

@ cinchona alkaloid ligand variations make most olefins good substrates in terms of yields
and enantioselectivities

©® most studied area in terms of reaction mechanism understanding

W Sharpless Asymmetric Aminohydroxylation of olefins to 1,2-aminoalcohols

® good yields and enantioselectivities, limited substrate scope
® most recent development
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