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allowed

- Cycloadditions are step and atom economic

- Thermal [2+2] cycloadditions have the potential for larger substrate scope than 
photochemical counterpart

- Concerted thermal [2+2] cycloadditions are forbidden by the Woodward-Hoffman 
rules but may be induced to proceed by radicals pathways, donor-acceptor complexes 
and metals among others.

Important references

Allenes:                              B. Alcaide, P. Almendros, C. Aragoncillo. Chem Soc. Rev. 2010,
                                            39, 783
Metal catalyzed:                K. Parthasarathy, C. Cheng. Comprehensive Organic Synthesis II. 
                                            2014, 5, 222
Cyclobutane synthesis:   Z. Rappoport, J. Liebman. (2005) The Chemistry of Cyclobutanes.
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82% 76%; 97:3 drProceeds through 
zwitterionic intermediate, 
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-High temperatures
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Using a chiral auxiliary for a radical cycloaddition

Dictates the facial selectivity of
tetrafluoroethylene
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O
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O
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Mehta et al. J. Org. Chem. 1994, 59, 6131
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O
LUMO
ketene

HOMO
alkene

-Can be viewed as a thermally allowed 2πs + 2πa process
-Concerted process predicts stereochemical outcomes well
-However, believed to be a stepwise mechanism

Via ketenes

OTBDMS

O
C

CNtBu

+
PhH, reflux, 20h

tBu
NC

TBDMSO

O

61%Gives kinetic product
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Thermal [2+2] Cycloadditions

Fe(CO)3
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E CAN
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-20°C
3-4h

E = CO2Me

E
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E
E E
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[9]-ladder
22%

[3]-ladder 2%
[5]-ladder 4%
[7]-ladder 19%
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[13]-ladder 2%
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E
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50%

-Formally a 
series of [4+2]s

-Does a 4π 
electrocyclic ring 
opening followed by 
retro [2+2] to cleave 
off phthalate

O
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OBn

O

1. Cl3CCOCl, ZnCu
Et2O, r.t., 1h

2. NaBH4
iPrOH, 0oC, 10 min

Me OH

*RO
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44%; 4:1 dr

Bu3SnH, 
AIBN

PhH, 
reflux, 24h

Me OH

*RO
72%

Me OBn

HO

More reactive analogue of parent 
ketene - chlorides are easily cleaved
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55-73%
95-99 dr

R = Ts, Bz
X = CO2Me, Ph

neat

80°C
11-22h
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PhMe, reflux, 12h
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Attack from bottom
with quinine

Attack from top
with quinidine

Quinine: R1 =
N
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MeO

N
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MeOQuinidine: R1 = H
R2 =

R2 = H

C
O O

CCl3H
+

Amine catalyst 
(2 mol%)

PhMe, -25oC

O

O

Cl3C

89%; 98 ee

Wynberg et al. J. Org. Chem, 1985, 50, 1977
Pasto et al. J. Org. Chem. 1992, 57, 12
Kimura et al. J. Am. Chem. Soc. 1997, 119, 10869

Nair et al. Synthesis. 2002, 12, 1655
Padwa et al. J. Am. Chem. Soc. 1995, 117, 7071
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Et2O

160oC
48h

R = Et          50.5                            27.3                         15.4
R = iBu        48.2                            27.2                          24.7
R = iPr         55.0                            20.0                          25.0
R = tBu        55.0                               -                             35.3

Allenes Allenes 10-11 kcal/mol 
more strain comapred to 
alkenes - more reactive
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•
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•
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R = Me, Br
64-77%

PhH
80°C

80-98%

Outcome rationalized from radical stability
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neat, 
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O-
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Δ
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Me
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43%; 2:1 dr
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H
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(±)-Hedychilactone

(±)-Hedychenone

OTBS
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OTBS

Me

O

O CF3

O

O

CF3

N+B
o-tolyl

PhPhH

Br3Al

10 mol%

DCM, -78oC, 30 min
+

99%; 99:1 dr; 98 ee

Murakami et al. Org Lett. 2006, 8, 5857
Murakami et al. Org Lett. 2007, 9, 46
Boxer et al. Org Lett. 2005, 7, 3127
Canales et al. J. Am. Chem. Soc. 2007, 127, 12686
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O

O
N
O

O

Ph
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O

O OH
OH

PhPh

Ph Ph

10 mol%

TiCl2(OiPr)2

petroleum ether, toluene
0oC, 1h

64-96%; 80-98 ee

NEt2

R

O

MeCN, 85oC

+

O
Et2N

R

H

H

Ficini reaction (non catalyzed)

N

R1

R2 Ts
OO

tBuO+
cat. I (10 mol%)

(Et3O)PF6, DCM, 55oC

O

R2TsN

R1

tBuO2C

R1 = Ph, Cy
R2 = Bn, Me

60-75%; 70-99.5 ee

N N

P
Ph2

P
Ph2

Ru
Cl

Cl

cat. I

Enantioselective Ficini reaction - proceeds by double carbonyl chelate

Hayashi et al. Chem. Lett. 1989, 793
Ficini. Tetrahedron. 1976, 32, 1449
Schotes et al. Angew. Chem. Int. Ed. 2011, 50, 3072

+
TTMSSO

O

OPh
Ph

Ph

O 2
AlNTf2

3 mol%

DCM, -40oC, 4h

TTMSSO OPh

O

10:1; 84%

Catalyzed - Lewis acid
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Ito et al. J. Am. Chem. Soc. 2004, 126, 4520
Takenaka et al. Tetrahedron, 2007, 63, 510
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+

cat. II (20 mol%)

DCM, -78oC
H

CO2Me
SPh

O

67%; 73 ee

Ficini type Cu reaction has been employed in natural product synthesis

O
O
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O CuCl2, AgSbPF6

TESO
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(+)-TricycloclavuloneH

CO2Me
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O

H

O

H

OLi

H

(+)-Precapnelladiene

Thermal selectivity problems of allenes can be overcome with Ni catalysts:

C

E

E = nC6F13, C6F5, CO2Et,

Ni(PPh3)4 (10 mol%)

PhMe, -10oC to r.t., 30 min

E

E

71-81%

Ni(COD)2:P((2-Ph)PhO)3
          1     :       1

20oC, >30 min(liquid)

36%

Nio Ni

H

H

H

H

Ni

As temperature, time and 
conversion of 1,3 butadiene 
increase, 1,2 divinyl cyclobutane 
is converted to 1,5 cyclooctadiene

Grubbs et al. J. Am. Chem. Soc. 1978, 100, 7416
Heimbach et al. Angew. Chem. Int. Ed. 1967, 6, 800
Yamamoto et al. J. Am. Chem. Soc. 2000, 122, 10776

(Ph3P)3Ni

PhMe, 0oC, 72h

2.3mM

80 psi
72%

Metallacyclopentanes - Ni
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R1

R2

+

RuH2(PPh3)4 
(10-20 mol%)

PhH, 80-100oC
6-120h

R1

R2

Nickel seems to react only with norbornene whereas Ru is not as picky:

R1 or/and R2 = Ph, 
Cy, Et, Me, CO2Me, 
CH(OEt)2, CO2Et

23-91%

-Large scope of disubstituted acetylenes
-Similar reaction scopes with various other catalysts: RuH2CO(P(p-PhF)3)3; 
RuH2CO(PPh3)3; RuCOD(COT)

+
N

S
O O

Ph
R

R

Cp*RuCl(COD) 
(5 mol%)

THF

NR2
*

Ph

R
R

98%; 131:1 drR = H, CH2OMe, Br

R

R
R

R

RuH2(PPh3)4

Ruo

2 x

R

R

R

R

Ruo

RuII R

R

R

R

R1

R2

E

E
E

E

E
E

E
E

E
E

E = CO2Me

Mitsudo et al. Angew. Chem. Int. Ed. Engl, 1994, 33, 580
Mitsudo et al. J. Org. Chem. 1987, 334, 157
Mitsudo et al. J. Org. Chem. 1979, 44, 4492
Mitsudo et al. JCS. Chem. Comm. 1976, 722

Ruthenium

-Dr. Take-Aki Mitsudo, Kyoto University, 
Dept. of Energy and Hydrocarbon Chemistry

-Big name in early studies on ruthenium 
catalysts for [2+2] cycloaddition
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E

E

CBDFe(CO)3

CAN
[4+2]

E
E

DMAD

RuH2CO(PAr3)
E
E

E

E

[2+2]

E
E

E
E

E
E

Warrener et al. J. Am. Chem. Soc. 1994, 116, 3645
Villeneuve et al. Angew. Chem Int. Ed. 2004, 43, 610
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COOCH3

COOCH3

+

[Rh(COD)napth]SbF6
(5 mol%)

DCE, 80oC, 3h

COOCH3

COOCH3

Me

65%
(+ 28% of

[2+2+2] product)

Shibata et al. Org. Lett. 2006, 8, 1343
Wender et al. Organometallics. 2009, 28, 5841
Trost et al. J. Am. Chem. Soc. 1993, 115, 5294

Hilt et al. Org. Lett. 2010, 12, 1536
Shen et al. J. Am. Chem. Soc. 2002, 124, 6534
Lawlor et al. J. Org. Chem. 2000, 65, 4375

CO2Me

R

+
CO2Me

Ar

R = both EWG
       and EDG

Up to 98%; 99 ee

Rh(COD)(H8-BINAP)BF4
(5 mol%)

DCE, 60oC

Rh catalyst gives excellent 
stereoselectivity on the 
model norbornene system

PPh2

PPh2

(S)-H8-BINAP

Rhodium

n

n = 1 or 3

Ph

R

+
Ph

R

H

H

Co(dppp)Br2
Zn, ZnI2

DCM, 25oC

n

Sensitive to ligand - dppe gives 
Alder-ene product (1,4 diene 
adduct) as major adduct

R = Ph, nBu, CCPh
34-99%

Cobalt

CTIPS

N
Ts

R

F

F

TsN

F
F

TIPS

R

Mo(CO)6 (10 mol%)

DMSO/PhMe, 100oC

57-92%

Rare example of Mo use in a 2+2Molybdenum

PhS

O
N2

Rh2(OAc)4 
(2 mol%)

DCM, 40oC, 3h

H

H SPh

O
Proceeds via Rh 
catalyzed “thia - Wolff 
rearrangement”

96%; 11:1 dr

PhS

O
RhLn

N2
Rh2(OAc)4

O

S+ CH-
Ph

RhLn

O
C

HPhS

4% TCPCHFB

4% P(O-o-tolyl)3DCE, 80oC DCE, 80oC

E
E

E

E
E

E

H H

Pd

E

E
E H

H

H

CO2CH2(CF2)2CF3

CO2CH2(CF2)2CF3

CO2CH2(CF2)2CF3

CO2CH2(CF2)2CF3

EMe

H
H

E
E

TCPCHFB =

85%
52%

Palladium
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X
N

Me

N

Me

N

iPr

iPr iPr

iPr
Fe

N2 N2

cat. IV ( mol%)

C6D6, 23oC, 5 min - 5h
X

H

H

X = CH2, C(CO2Et)2, NtBu, NBn, NBoc
24-95%

cat. IV (iPrPDI)

Example of a redox active ligand for the cycloaddition of unactivated alkenes

-Original report proposes a ligand metal pair with constant Fe(II) oxidation state: 
(iPrPDI)2-FeII <-> (iPrPDI)oFeII

-Follow up studies revises this mechanism to another pair: (iPrPDI)1-FeI <-> (iPrPDI)1-FeIII

The reduced ligand accounts for an FeI/FeIII cycle preventing the formation of Feo and 
catalyst death

Chirik et al. J. Am. Chem. Soc. Comm. 2006, 128, 13340
Chirik et al. J. Am. Chem. Soc. 2013, 135, 4862

N
R

N
Ar

R

N
Ar

Fe
N2 N2

Va: R = Et
       Ar =

Vb: R = Me
       Ar =

Vc: R = Me
       Ar =

Me

Me

Me

Me

cat. V

R cat. Va or b (1 mol%)

neat, 23oC, 48h

RR

R = Me, nBu, Bn, amyl, iBu, (CH2)2Ph,
       N-methylene-pyrrole

32-95%

myrcene
(also tested 

various other 
1,3 dienes)

R

5 equiv.

cat. Vc (5 
mol%)

C6D6, 
23oC, 48h

R

R = nBu, iBu, Bn, (CH2)2Ph, CH2
tBu, amyl, cyclohex-3-ene

30-95%
>95:5 dr

+

Chirik et al. Science, 2015, 349, 960
Sweiss et al. J. Am. Chem. Soc. 2004, 126, 7442

Iron

-Professor Paul Chirik, Princeton University

-Advancing the field of [2+2] cycloaddition 
using the more abundant first row T.Ms - 
iron in particular

OTIPS

R

O

+
AgNTf2 (5 mol%)

DCM, 20oC

O
TIPSO

R

R = nBu, Bn
68-73%

Rearrangement into ketene then 1,4 conjugate addition

AgNTf2

AgNTf2

TIPSO

R

O+

C

TIPS

R Ag-NTf2

O

C

O

R

O+
TIPS Ag-NTf2

H

H

Silver
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When applied to 1,3 dienes, only the [4+2] product is observed. 
The ruthenium catalyst below avoids this.

C
X

H

Me

X

H

H

H

Me

RuH2Cl2(PiPr3)2 (5 mol%)

DCE, 45oC

X = C(CO2Me)2, NTs, O
72-86%

Teller et. al. Angew. Chem. Int. Ed. 2010, 49, 1949
Gulias et al. J. Am Chem. Soc. 2011, 133, 7660

Zhang. J. Am. Chem. Soc. 2005, 127, 16804
Aikawa et al. J. Am. Chem. Soc. 2011, 133, 20092

C
X

Me

Me

Ar

cat. VI (5.5 mol%)
AgBF4 (5 mol%)

DCM, 0oC to r.t.
X

Ar

H

H

Me

Me

O
P+

OMeO

MeO

R R

R R

N
Me

Ph

Ph
Me

R = p-tBu-Ph

Au-Cl

cat. VI

X = C(ester)2 or C(sulfone)2 or NTs
Ar = 4-OtBu-Ph, 4-OMe-Ph, 2-OMe-Ph,
        2-napthyl

52-98%
81-99% ee

Enantioselective allene-alkene using a gold catalyst

Gold

N
H

O

O

R2

R1

Indole
O

O

R2

R1

Au+

O+

O
Indole

R

R

Au
O

O

C

Indole

R

R

Au+

N
H

O+

O
R

Au
R

N
H+

O

O

Au
R

R

N
H

O

O

R

RH

AuClPPh3 + AgSbF6 
(1 + 1 mol%)

DCM, r.t., 2-12h

69-98%

Gold effectively catalyzes an indirect [2+2] on indoles

9
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R2

R1

F3C

O

O

OEt+
cat. III (1-5 mol%)

DCM, -40oC to r.t.

O
R2

R1 CO2Et
CF3

PPh2

Ph2P
Pd2+

2SbF6
-

cat. IIIR1, R2 = p-MeOPh, p-NO2Ph, Me,
              I, Bpin, thiophene i.a.

88-99% 
81-99 ee

Hetero [2+2]

Ar CO2Et

OHF3CO

For R2 = Ar and R1 = SiMe3

H+
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Akiyama et al. Org. Lett. 2003, 5, 3691
Tanaka et al. J. Org. Chem. 1994, 59, 3040

ENDO
P(OEt)2

O

Pd2(dba)3•CHCl3 (2 mol%)
PPh3 (8 mol%)

DIPEA, CO (30 atm)

THF, r.t. to 70oC, 5h
C
O

Pd

Pd+
O

N
R2

-O

Pd
N

R1
O

R1

O

R2

H H

N

R1

O

O R2

H H

Pd+
N-O
R2

R1

Pd
N

O

R2

H H

N
O R2

H H
R1

R1

N
R2

N
R2

R1

O

R1

Pd+X-

Pd

CO

O Pd+X-

base

R1 = Ph, 2-furyl, CH2CH(OMe)2 i.a.
R2 = Ph, OMe, Bn, PMB, PMP i.a.

27-86% 11-63%

β-Lactam synthesis
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C

RMeO
N

Ts

EtO2C

+

R = SiMe3, SiMe2Ph, SiiPr3,
       GeEt3

N

[Cu(MeCN)4]BF4
(R)-tol-BINAP

(10 mol%)

THF, -78oC

OMe
R

Ts

EtO2C

P(p-tol)2

P(p-tol)2

(R)-tol-BINAP

H+

60-92%
58-97% ee

EtO2C

NH O

R

Ts


