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u  Born: Lynbrook, NY 1953
u  B. S. – MIT 1975

o  Richard H. Holm
•  Ferredoxin analogs

o  Daniel S. Kemp
•  Functionalized cyclophanes

u  D.Sc.Tech. – ETH Zürich 1980
o  Albert Eschenmoser

•  Stereochemistry of SN’ reaction
u  Reynold C. Fuson Professor of Chemistry - UIUC 
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Holm, R. H.; et al. J. Am. Chem. Soc. 1975, 97, 1032-1045.
Kemp, D. S.; et al. J. Org. Chem. 1979, 44, 4469-4473.
Denmark, S. E. J. Org. Chem. 1981, 46, 3144-3147.
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Presentation Outline

1.  Carbanion-Accelerated Claisen Rearrangement
2.  Allyl-Si and Allyl-Sn Additions

3.  Si-Enolate Aldol Reactions

4.  R–Si Cross-Coupling Reactions

5.  Lewis Base Catalysis

6.  Nitroalkene Cycloaddition Chemistry

Not covered:
•  Phase Transfer Catalysis
•  Assorted Organometallic Chemistry
•  Phosphorus-Stabilized Anions
•  Dioxirane Chemistry
•  Silicon-Directed Nazarov Cyclization
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Carbanion-Accelerated Claisen Rearrangement
 

Denmark, S. E.; Harmata, M. A. J. Am. Chem. Soc. 1982, 104, 4972-4974.
Denmark, S. E.; Harmata, M. A. J. Am. Chem. Soc. 1983, 48, 3369-3370.
Denmark, S. E.; Harmata, M. A. Tet. Lett. 1984, 25, 1543-1546.
Denmark, S. E.; Marlin, J. E. J. Org. Chem. 1987, 52, 5742-5745.
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o  Stereosel. Consistent w/ chair-like TS‡

u  Initial study

u  Vicinal quat. centers
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u  Asymmetric Claisen
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Allylmetal Addition
 

Denmark, S. E.; Weber, E. J. Helv. Chim. Acta 1983, 66, 1655-1660.
Denmark, S. E.; Weber, E. J. J. Am. Chem. Soc. 1984, 106, 7970-7971.
Denmark, S. E.; et al. Tetrahedron 1989, 45, 1053-1065.
Denmark, S. E.; et al. J. Org. Chem. 1994, 59, 6161-6163.
Denmark, S. E.; Fu, J. J. Am. Chem. Soc. 2000, 122, 12021-12022.
Denmark, S. E.; Fu, J. J. Am. Chem. Soc. 2001, 123, 9488-9489.
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Allylmetal Addition
 

Denmark, S. E.; Wynn, T. J. Am. Chem. Soc. 2001, 123, 6199-6200.
Denmark, S. E.; Fu, J. Org. Lett. 2002, 4, 1951-1953.

u  Propargylation

u  Stereochemical model

N

N
P (CH2)5

O
Me

Me
2

N
Me

5c

u  Synthesis of serotonin antagonist LY426965
o  Evidence shows always chair-like TS‡ 

with phosphoramide catalysis
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Enoxysilacyclobutane Aldol
 

Denmark, S. E.; Henke, B. R. J. Am. Chem. Soc. 1991, 113, 2177-2194.
Denmark, S. E.; Lee, W. J. Org. Chem. 1994, 59, 707-709.
Denmark, S. E.; Griedel, B. D.; Coe, Diane M. J. Org. Chem. 1993, 58, 988-990.
Denmark, S. E.; Griedel, B. D. J. Org. Chem. 1994, 59, 5136-5138.

u  59-96% stereoselectivity u  Fast, uncatalyzed
u  Direct [Si]-group transfer
u  Non-Zimmerman-Traxler selectivity
u  Boat-like TS‡ proposed
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Trichlorosilyl Enolates 

Denmark, S. E.; et al. J. Am. Chem. Soc. 1996, 118, 7404-7405.
Denmark, S. E.; Wong, K.-T.; Stavenger, R. A. J. Am. Chem. Soc. 1997, 119, 2333-2334.
Denmark, S. E.; Stavenger, R. A.; Wong, K.-T. Tetrahedron 1998, 54, 10389-10402.
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u  Phosphoramide enantiomer gives 1:1.5 anti : syn
u  Electron-poor aldehydes give higher dr’s
u  Stereocenter on aldehyde: Felkin-Anh

(1 eq)
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Mechanistic Duality
 

Denmark, S. E.; Su, X.; Nishigaichi, Y. J. Am. Chem. Soc. 1998, 120, 12990-12991.
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Trichlorosilyl Enolates
 

Denmark, S. E.; Stavenger, R. A. J. Am. Chem. Soc. 2000, 122, 8837-8847.
Denmark, S. E.; Pham, S. M. Org. Lett. 2001, 3, 2201-2204.
Denmark, S. E.; Wynn, T.; Beutner, G. L. J. Am. Chem. Soc. 2002, 124, 13405-13407.

u  Syn-selectivity of catalyzed reaction: 
two-ligand mechanism, chair TS‡
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u  Bidentate ligand 
encourages chair-like TS‡

u  Alkyl substrates: 
49-71% y, 89-93% dr, 68-95% er

u  Silyl ketene acetals
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Denmark, S. E.; Fan, Y. J. Am. Chem. Soc. 2002, 124, 4233-4235.
Denmark, S. E.; Fan, Y. J. Am. Chem. Soc. 2003, 125, 7825-7827.
Denmark, S. E.; Beutner, G. L. J. Am. Chem. Soc. 2003, 125, 7800-7801.
Denmark, S. E.; Bui, T. PNAS 2004, 101, 5439-5444.

u  Addition to ketones

Method Expansion

u  “The First Catalytic, Asymmetric α-
Additions of Isocyanides” 

u  Vinylogous aldol
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u  Crossed-aldol of aldehydes
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Denmark, S. E.; Bui, T. J. Org. Chem. 2005, 70, 10190-10193.
Denmark, S. E.; Chung, W. J. Org. Chem. 2005, 73, 4582-4595.
Denmark, S. E.; et al. J. Am. Chem. Soc. 2007, 129, 14864-14865.
Denmark, S. E.; Wilson, T. W. Nat. Chem. 2010, 2, 937-943.

u  Acetaldehyde-derived enolate

Trialkylsilyl Nucleophiles

u  Glycolate-derived enolate

u  Silyl ketene imine addition

u  Silyl oxyketene imine addition
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Denmark, S. E.; et al. J. Am. Chem. Soc. 2009, 131, 11770-11787.

u  Stereochemical model for bidentate ligand

Trialkylsilyl Nucleophiles: Mechanism

u  Full catalytic cycle
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Denmark, S. E.; Fujimori, S. J. Am. Chem. Soc. 2005, 127, 8971-8973.

u  Synthesis of antifungal RK-397

Total Synthesis
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u  20 steps

transetherification

diastereoselective aldoldiastereoselective aldol

enantioselective aldol

HWE
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R–Si Cross-Coupling
 

u  Silacyclobutanes

u  Also works with Ar–Si
u  Exceptional exotherm observed when 

adding TBAF to silacyclobutane

u  Vinylsilanol reactivity

o  via

Denmark, S. E.; Sweis, R. F. Acc. Chem. Res. 2002, 35, 835-846.
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R–Si Cross-Coupling
 

u  Silanol cross-coupling u  Reagent availability

Denmark, S. E.; Sweis, R. F. Acc. Chem. Res. 2002, 35, 835-846.
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Sequential processes
 

u  “Net hydroarylation”

u  Metathesis-coupling: “aryl-homoallylation”

Denmark, S. E.; Sweis, R. F. Acc. Chem. Res. 2002, 35, 835-846.
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Fluoride-Free Cross-Coupling Reactions 
 

Denmark, S. E.; Sweis, R. F. Acc. Chem. Res. 2002, 35, 835-846.
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Fluoride-Free Cross-Coupling Reactions 
 

Denmark, S. E.; Regens, C. S. Acc. Chem. Res. 2008, 41, 1486-1499.

u  Alkynylsilanols

u  Heterocyclic silanolates

u  Sequential cross-coupling
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Silanolate Salts
 

Denmark, S. E.; Regens, C. S. Acc. Chem. Res. 2008, 41, 1486-1499.
Denmark, S. E.; Werner, N. S. J. Am. Chem. Soc. 2010, 132, 3612-3620.

u  Cross-coupling with aryl bromides u  Cross-coupling with aryl chlorides

O

F3C CF3
4,4'-(trifluoromethyl)dibenzylideneacetone (22)
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Synthetic Applications
 

Denmark, S. E.; Regens, C. S. Acc. Chem. Res. 2008, 41, 1486-1499.
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Further Developments
 

Denmark, S. E.; Baird, J. D. Tetrahedron 2009, 65, 3120-3129.
Denmark, S. E.; et al. J. Org. Chem. 2015, 80, 313-366.

u  Sequential Larock annulation-coupling

+

Br

[allylPdCl]2 (2.5 mol %)
toluene, 70 °C, 2 h

N N N N

Ph

Ph Ph

Ph
(5 mol %)

(1.5 eq) (1.0 eq)

Me
Si

OKMe
Me

Me

90% y, 95% er

u  Enantioselective cross-coupling
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Mechanism of Selenolactonization
 

Denmark, S. E.; Edwards, M. G. J. Org. Chem. 2006, 71, 7293-7306.

u  VT-NMR and React-IR
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Catalytic Selenocyclization
 

Denmark, S. E.; Edwards, M. G. J. Org. Chem. 2006, 71, 7293-7306.
Denmark, S. E.; Kalyani, D.; Collins, W. R. J. Am. Chem. Soc. 2010, 132, 15752-15765.

u  VT-NMR and React-IR

NMe

NMe

Ph
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N

O

O
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P
S
N

(10 mol %) OPh

ArSe

100% y, 69:31 er34
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Catalytic Enantioselective Thiocyclization
 

Denmark, S. E.; Kornfilt, D. J. P.; Vogler, T. J. Am. Chem. Soc. 2011, 133, 15308-15311.
Denmark, S. E.; Jaunet, A. J. Am. Chem. Soc. 2013, 135, 6419-6422.
Denmark, S. E.; Chi, H. M. J. Am. Chem. Soc. 2014, 136, 8915-8918.
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R' = Me or H

O

O SPh
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61-92% y
52-97% er
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S
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1

NMe

NMe
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(10 mol %)
MsOH (1.0 eq)

DCM, -20 °C, 48 h

O
Me

Me

PhS

71% yield
17:1 endo:exo

96:4 er

HO
Me

Me

R=aryl: endo
R=alkyl or H: exo
68-93% yield
63-97% er
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Catalytic Halocyclization
 

Denmark, S. E.; Burk, M. T. Proc. Natl. Acad. Sci. 2010, 107, 20655-20660.
Denmark, S. E.; Burk, M. T. Org. Lett. 2012, 14, 256-259.

DCM, 23 °C

NBS (1.2 eq)
cat. (5 mol%)

-No catalyst
-Ph3P=S

180 min
8 min

13% yield
82% yield

Ph

HO

O

Ph

O

O

Br

25:1 endo:exo
91:1 endo:exo

DCM, -45 °C

NIS (1.2 eq)
cat. (5 mol%)
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-Ph3P=S
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1 h

4% yield
92% yield
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HO

O
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O

O
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5.5:1 endo:exo

HO

Ph

AcOH (1.0 eq)
DCM, 23 °C, 5 min

NBS (1.2 eq)
Ph3P=S (5 mol%)

Ph
O

Br

80% yield
<1:19 endo:exo

HO
TFA (5 mol%)

DCM, -45 °C, 2 h

NIS (1.2 eq)
n-Bu3P=S (5 mol%)

75% yield
23:1 endo:exo

Ph
O

Ph
I
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Miscellaneous Intermolecular Reactions
 

Denmark, S. E.; et al. J. Am. Chem. Soc. 2014, 136, 13016-13028.
Cresswell, A. J.; Eey, S. T.-C.; Denmark, S. E. Nat. Chem. 2015, 7, 146-152.

u  Syn-dichlorination

u  Silyl enol ether α-sulfenylation
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Early Studies
 

Denmark, S. E.; Dappen, M. S. J. Org. Chem. 1984, 49, 798-806.
Denmark, S. E.; Dappen, M. S.; Sternberg, J. A. J. Org. Chem. 1984, 49, 4741-4743.
Denmark, S. E.; Cramer, C. J.; Sternberg, J. A. Helv. Chim. Acta 1986, 69, 1971-1989.

u  Intramolecular nitrosoalkene [4+2]

u  Nitrosoalkene synthesis

R
R'

Cl
O 1) H2NOH

2) Et3N

R
R'

N O

"instantaneous"

observed by UV-Vis

Cl
N

O
TBS

Me

OMe
CsF, MeCN

20 °C, 20 h

N

Me

O OMe
H

83%

u  Intermolecular nitroalkene [4+2]

N
O O

+

SnCl4 (1.2 eq)
DCM, -78 °C, 5 h

(5 eq)

N
O O

81% 14%

H

H

H +
ON

O

N
O O
SnCl3

H

1,2-shift N
O O
SnCl3

N
O O

H

H

H
LiAlH4

THF, 66 °C
NH2

HH

HO

66%

N
O O

H

H

H
MeLi / Et2O

-10 - 5 °C
N

HH

HO

91%

HO
Me

u  Intramolecular vinylnitrosium [4+2]

N
Cy O TMSOTf;

KCN
N

Cy O H
Me
HH

51%

O

(+/–)

Me
NC

OH

N
Cy O

OTMS

Me

• “nitronate”
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Intramolecular cyclization
 

Denmark, S. E.; et al. Tetrahedron 1990, 46, 7373-7392.
Denmark, S. E.; Cramer, C. J.; Dappen, M. S. J. Org. Chem. 1987, 52, 877-887.
Denmark, S. E.; Moon, Y.-C.; Senanayake, C. B. W. J. Am. Chem. Soc. 1990, 112, 311-315.

u  Intramolecular nitroalkene [4+2]

u  Tandem [4+2]-[3+2]

Me

N
O O Me SnCl4, toluene

65 °C, 1.5 h
Me

N
O O Me

H
HH

95%
(exo)

Me

N
O O SnCl4, toluene

-78→20 °C, 7 h

EtO

O
+

Me Me

MeMe

e- poor e- rich

Me

N
O O

EtO

O

Me
Me
Me
Me

e- poor e- rich

H

N
O Me

Me
Me
Me

H
O

H MeEtO

O

72%
single diast.

u  Reduction to lactone
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Tandem Cycloaddition Stereochemistry
 

Denmark, S. E.; Senanayake, C. B. W.; Ho, G.-D. Tetrahedron 1990, 46, 4857-4876.
Denmark, S. E.; Schnute, M. E. J. Org. Chem. 1991, 56, 6738-6739.
Denmark, S. E.; Schnute, M. E.; Senanayake, C. B. W. J. Org. Chem. 1993, 58, 1859-1874.

u  Chiral auxiliary for asymmetric process

94% y
17:1 α:β

1.2 eq vinyl ether
3.0 eq TiCl2(Oi-Pr)2

-78 °C, 8 h

u  Reversal of stereoselectivity by Lewis acid

Me
Al

OO

Me Me

t-Bu

t-Bu

t-Bu

t-Bu

MAPh
o  L. A. Sterics affect O–vinyl rotation è facial & exo/endo sel.
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Additional Substrates
 

Denmark, S. E.; Senanayake, C. B. W. J. Org. Chem. 1993, 58, 1853-1858.
Denmark, S. E.; Schnute, M. E. J. Org. Chem. 1994, 59, 4576-4595.
Denmark, S. E.; Marcin, L. R. J. Org. Chem. 1993, 58, 3857-3868.

u  Propenyl ethers

u  2-(Acyloxy)vinyl ethers
o  Higher [O] state
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Additional Substrates
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