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1, 3 Dipolar Cycloadditions
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Stereospecificity
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Regioselectivity

- Dominated by Frontier Molecular Orbital (FMO) interactions
- Sterics can also play a role
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If the energies of the two interactions are similar, both reactions can occur.
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1,3 Dipolar Cycloadditions of Azides and Alkynes



The Cu(I) Catalyzed 1,3 Dipolar Cycloadditions of Azides and 
Alkynes
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Generation of The Cu(I) Catalyst

C CHR1
N N N R2

N
N NR2

Cu(I) salt
1.0 eq. 2,6-lutidine

Formation of Byproducts

RR diacetylenes
C CHR N N N R2 N N

R1

Cu(I) salt = CuOTf.C6H6, CuBr, CuI

1.0 eq. 2,6 lutidine

5- hydroxyltriazoles
N

N NR1

HO R
( ) 6 6

bistriazoles

Cu(II) salt (0 25 2 0 mol %)

NN

N

R1

R

N N

N

R1

R

Cu(II) salt (0.25-2.0 mol %)
Na ascorbate and/or
ascorbic acid (5-10 mol %)C CHR1

N N N R2
N

N N

R1

R2
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- high yielding
- wide in scope
- stereospecific
- inoffensive byproducts
- simple reaction conditions
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A Stepwise Mechanism is Proposed

Himo, F.; Lovell, T.; Hilgraf, R.; Rostovtsev, V.; Noodleman, L.; Sharpless, K. B.; Fokin, V.  J. Am Chem. Soc. 2005, 127, 
210.



The Unexpected Formation of Trisubstituted Triazoles
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Mechanistic Rational for the Formation of Trisubstituted Triazoles
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The Use of N-Sulfonyl Azides as 1,3 Dipoles

Finzi, P.; Grunanger, P.  Tetrahedron Lett. 1963, 4, 1839.
Yoo, E.; Ahlquist, M.; Kim, S.; Bae, I.; Fokin, V.; Sharpless, K. B.; Chang, S.  Angew. Chem. Int. Ed.  2007, 46, 1730.
Bae, I.; Han, H.; Chang, S.  J. Am. Chem. Soc.  2005, 127, 2038.



Proposed Route to Sulfonamides
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A Cu(I) Catalyzed Cascade to Form Azetidinimines
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Reaction Scope: the Imine Component
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Synthesis of N-Sulfonyl-1,2,3-Triazoles

Yoo, E.; Ahlquist, M.; Kim, S.; Bae, I.; Fokin,V.; Sharpless, K. B.; Sukbo, C.   Angew. Chem. Int. Ed.  2007, 46, 1730.



Fu’s Extension to Azomethine Imine Dipoles

Fu, G.; Shintani, R.  J. Am. Chem. Soc.  2003, 125, 10778.



Asymmetric Extension
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Asymmetric Extension
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Reaction Scope: The Azomethine Imine Component

Fu, G.; Shintani, R.  J. Am. Chem. Soc.  2003, 125, 10778.



Reaction Scope: The Alkyne Component

Me

N
N

O

H Ph
R

5% CuI
0.5 eq. Cy2NMe

N
N

O

R

Ph
5.5% ligand

P
Me

Me

Me

Me
MeO

NiPr
Fe

H Ph 1.2 eq. Ph Me

Me
Me

O

N
N

Ph CO2Et N
N

O

N
Me

Ph

77%, 88% ee

Ph

100%, 94% ee

O

N
N

O

N
N

O

Ph

73%, 88% ee

Ph

63%, 74% ee

Fu, G.; Shintani, R.  J. Am. Chem. Soc.  2003, 125, 10778.
- erosion of regioselectivity observed for electron rich alkynes



Application to Kinetic ResolutionApplication to Kinetic Resolution

Downey, W.; Fu, G.; Suarez, A.  J. Am. Chem. Soc.  2005, 127, 11245.



Limitations to the Kinetic Resolution of Azomethine Imine Dipoles

Downey, W.; Fu, G.; Suarez, A.  J. Am. Chem. Soc.  2005, 127, 11245.



Other Cu(I) Catalyzed 1,3 Dipolar Cycloadditions



Synthesis of Pyrazoles: A Direct Approach
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R2 = aryl, alkyl



Initial Attempts to Form Pyrazoles Using 

Cu(I) as a PromoterCu(I) as a Promoter

Ready, J.; Qi, X.  Angew. Chem. Int. Ed.  2007, 46, 3242.



Reaction Scope: The Alkyne Component
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A Concerted Mechanism
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An Unexplained Side Product
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Synthesis of β−Lactams
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The Kinugasa Reaction
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Pioneering Efforts by Miura

Miura, M.; Enna, M.; Okuro, K.; Nomura, M.  J. Org. Chem.  1995, 60, 4999.



Attempts at Asymmetric Induction in the Kinugasa Reaction
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A Chiral Auxiliary Based Approach
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Fu’s Use of a Chiral Ligand to Induce Asymmetry
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Variation of the Nitrone Component

Lo, M.; Fu, G.  J. Am. Chem. Soc.  2002, 124, 4572.



Intramolecular Attempts With the Kinugasa Reaction
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Intercepted Intermediate

Shintani, R.; Fu, G.  Angew. Chem. Int. Ed.  2003, 42, 4082.



Other Attempts to Induce Asymmetry in the Kinugasa Reaction

Coyne, A.; Muller-Bunz, H.; Guiry, P.  Tetrahedron: Asymmetry.  2007, 18, 199.
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1,3 Dipolar Cycloadditions of Azomethine Ylides Catalyzed by 
Chiral Metal Complexes



Highly Endo Selective Cycloadditions of Azomethine Ylides
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Endo Selectivity Scope Continued
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47% yield
94% ee
endo/exo = 67:33

N CO2MePh CO2Me

Cu(CH3CN)4ClO4
(3 mol %)
ligand (3 mol %)

Ph

CO2MeMeO2C

Et3N, -10 oC N
H

CO2Me
Ph

endo

MeO2C

89% yield
>99% ee

d / 90 10endo/exo = 90:10

Cu(CH3CN)4ClO4
(3 mol %) OHC

N CO2MePh
CHO (3 mol %)

ligand (3 mol %)
Et3N, -10 oC N

H
CO2Me

Ph

endo

Me Me

Cabrera, S.; Arrayas, R.; Carretero, J.  J. Am. Chem. Soc.  2005, 127, 16394.

48% yield
69% ee
endo/exo = >98:<2



Highly Exo-selective and Enantioselective Cycloadditions of 
Azomethine Ylides

O
t BCuI (5 mol %) Ht B O C Ht B O C

Fe PAr2
N t-Bu

N CO2MeAr

H

CO2t-Bu
CuI (5 mol %)
ligand (5.5 mol %)

base (10 mol%)
-25 oC N

H
CO2MeAr

Ht-BuO2C

N
H

CO2MeAr

d

Ht-BuO2C

exo endo

Ar base exo/endo yield (exo, %) ee of
exo

o-ClPh Et3N 76/24 76 98

p-MePh DBU 97/3 61 89

OM Ph 97/3 82 91p-OMePh DBU 97/3 82 91

Gao, W.; Zhang, X.; Raghunath, M.  Org. Lett.  2005, 7, 4241.



Mechanism
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N
OMe
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N
OMe

R1R2O2C

Ar

Gao, W.; Zhang, X.; Raghunath, M.  Org. Lett.  2005, 7, 4241.
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N
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Varying the Electronic Nature of the Ligand to Change 
Stereoselectivityy

Yan, X.; Peng, Z.; Zhang, Y.; Zhang, K.; Hong, W.; Hou, X.; Wu, Y.  Angew. Chem. Int. Ed.  2006, 45, 1979.



Proposed Mechanism
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OMLn OMLn

N

CO2Me

R
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O

OMe

n

R2
NO2

CO2Me 3

MLR2O2N

NR
O

OMe

MLn

R2 NO2
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O

OMe

R2 NO2
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H

R CO2Me

RO2N

R R2

Yan, X.; Peng, Z.; Zhang, Y.; Zhang, K.; Hong, W.; Hou, X.; Wu, Y.  Angew. Chem. Int. Ed.  2006, 45, 1979.



Summary of Cu(I)-Catalyzed Processes

Regioselective formation of 1,4 disubstituted triazoles

R1 N N N R2 N
N N

R1

R2 1

4

cat. Cu(I)

1, 4 regioisomer obtained exclusively

Cascade reactions

HC C R1

N N N SO R

CuI (0.1 eq), base

R1HNR2R H O

N
SO2R

N
R1 R3

R1

H
N

S
R N

SO2Tol
R1

N N N SO2R
N

R2

R1

R3

HNR2R, H2O, or N
R2 O

R1 S
O2 N

PhPh

amidines sulfonamides azetidinimines



Summary of Cu(I)-Catalyzed Processes
Reactions of other 1,3 dipoles

O
O

Ph Cu

BnO
N2

H
N

N
OBn

O

Ph H

Kinugasa reaction

C NR1

N

O

R1

Ph

R2

O

CC CuLnPh

C
H

NR O
R2

Lewis acid activation

O LnCuX Cu
LL

X CO2R2R1 R1R2O2C

N
OMe

Ar
N

OMe

O
Ar N

H O

OMeArBase
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Azide-Acetylide Mechanism
R2 H

CuLn (CuLn)2 R2 H
CumLn

B BH

R2 Cu2Ln R2 Cu2Ln

2

R1N3

Cu
L
L

Cu

R2

N
N

R1

N

N

• Cu
L L

Cu

R2

N
N
R1

N
N

NR1

R2LnCu2

N
N

NR1

R2LnCu2

R
R2

B BH
N

N
NR1

R2H

Kinetic Studies:
Process is 2nd Order in Cu when process is catalytic in Cu.

- Increasing [Cu] causes less reactive metal aggregates to form ->Increasing [Cu] causes less reactive metal aggregates to form >
indicate that Cu1 acetylide species is changing in solution.

- complexation may play a role.
- 2nd Cu atom is likely is to activate the azide functionality, or complex with the acetylide

(causing a reduction in alkyne electron density, favoring cyclization)

Overall, little is known about the copper acetylide complex.

Bock, V.; Hiemsra, H.; van Maarseveen, J.  Eur. J. Org. Chem.  2007, 51.



An Explanation for the Stereochemical Outcome

LnCu

NPh
O

OMe

LnCu

CC

Yan, X.; Peng, Z.; Zhang, Y.; Zhang, K.; Hong, W.; Hou, X.; Wu, Y.  Angew. Chem. Int. Ed.  2006, 45, 1979.

C1C4



Stereochemical Explanation Continued

Yan, X.; Peng, Z.; Zhang, Y.; Zhang, K.; Hong, W.; Hou, X.; Wu, Y.  Angew. Chem. Int. Ed.  2006, 45, 1979.
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