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 Deprotonation of tertiary amines.1 

inal studies

) Lepley, J. Org. Chem. 1966, 31, 2055.

able features

 protection and deprotection steps required. 
gioselectivity controlled by the base. 
r Lewis acid activated tertiary amines, deprotonation,  
ctrophile capture, and decomplexation are generally 

rried out in one pot.

ther reading

itional seminal work:
 Lepley, J. Org. Chem. 1966, 31, 2061.
 Lepley, Chem. Commun. (London) 1967, 1198.

iews on α-deprotonation and functionalization:
 Kessar, Chem. Rev. 1997, 97, 721.

 Katritzky, Tetrahedron 1998, 54, 2647.

rotonation and functionalization of other Lewis acid
ne complexes:
) Mioskowski, Angew. Chem., Int. Ed. Engl. 1996, 35, 430.
) Vedejs, J. Am. Chem. Soc. 1997, 119, 6941. 
) Simpkins, Tetrahedron 1998, 54, 12923.
) Kessar, J. Am. Chem. Soc. 2007, 129, 4506. 

er applications of the deprotonation methodology: 
) Harmata, Tetrahedron Lett. 1996, 37, 6267.
 Kovács, J. Org. Chem. 2019, 84, 7100.
 Kovács, J. Org. Chem. 2020, 85, 11226.

Regioselective deprotonation and functionalization in the presence of a superbase
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H
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(1c) Ahlbrecht, Tetrahedron Lett. 1984, 25, 1353.
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(1g) Luisi, Chem. Eur. J. 2011, 17, 286.

Functionalization of enantioenriched aziridines

96% ee

         Key features

Temperature-dependent
regioselective lithiation.

Solvent-dependent
stereochemical outcome

(* THF was used as the solvent)
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 Deprotonation of protected amines, part I.2

inal discovery

ble features

te of deprotonation depends on stabilization of the
ctron-rich C−Li bond by a nearby empty orbital or
ctron-withdrawing group.
complexation of the substrate with the organolithium
urs prior to deprotonation.

hiate stabilized by dipoles of amide (or similar
ctional groups) and hence termed "dipole stabilized
banions".

her reading

iews:
 Seebach, Angew. Chem., Int. Ed. Engl. 1975, 14, 15. 
 Beak, Chem. Rev. 1978, 78, 275.
Beak, Chem. Rev. 1984, 84, 471.
 Clayden, Tetrahedron Organic Chemistry Series
, 23, 9.
inal work and other directing groups:
Fraser, Can. J. Chem. 1973, 51, 1109.
 Lyle, Tetrahedron Lett. 1976, 17, 4431.
 Seebach, Angew. Chem., Int. Ed. Engl. 1976, 15, 313.
 Seebach, Angew. Chem., Int. Ed. Engl. 1978, 17, 274.
 Meyers, J. Am. Chem. Soc. 1980, 102, 7125.
 Seebach, Tetrahedron 1983, 39, 1963.
 Gawley, J. Org. Chem. 1986, 51, 3076.
) Gawley, J. Org. Chem. 1989, 54, 3002.
) Meyers, J. Org. Chem. 1993, 58, 6538.
) Singh, Synth. Commun. 2006, 36, 3339.
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      Key features

Directed lithiation to a
tertiary carbon atom is
feasible.

Facile denitrosation
using Raney Ni/H2.

(2c) Seebach, Angew. Chem., Int. Ed. Engl. 1972, 11, 1101. 
(2d) Seebach, Synthesis 1979, 423.
See also: (2e) Seebach, J. Med. Chem. 1974, 17, 1225.

N
H

Bn Bn N
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66% 33% (2f) Fraser, Synthesis 1976, 540.

Functionalization of cyclic and open-chain nitrosamines

NO

Application to natural product synthesis
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iii) cooled to –78 °C, 10 min
iv) ClCO2Me (1.3 equiv), –78 to 0 °C, 3 h

                       ether/THF
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n
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N
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2589.

Access to α,α'-difunctionalized pyrrolidines
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CO2Me

g. Chem. 1997, 62, 3798.
ieter, J. Org. Chem. 2000, 65, 8715.

NMe CHO

EDA (1 equiv),

8 °C, 10 min

63%
dr not determined

n to α-aminoalkyl cuprates

 flow lithiation trapping of N-Boc-pyrrolidine

Boc
N
H

Me
Me

10

49%, dr > 20:1

synthesis of 
(±)-solenopsin A

, J. Org. Chem. 1994, 59, 276.

ecular cyclization

ther carboxylic acid derivatives employed
nclude amides and thioesters

y high acidity of the cyclopropyl hydrogen facilitates deprotonation
tiary position in the presence of an available secondary position.

i) s-BuLi/TMEDA (2.1 equiv),
   –78 °C, 8 h
ii) BnBr (2 equiv), –78 °C, 3 h

                    THF
N
H

Bn

72%Other electrophiles used:
TMSCl, n-BuI, PhCOPh, Allyl bromide

intermediate

N
H

Li

No

• B
• S
  c
• L
  to

N

Boc

SiMe3

 (1.3 equiv), –20 °C, 2 min
uiv) or DMF (2 equiv),
 then warmed to rt over 1 h

 2-MeTHF

                            68%
without TMEDA   52%

N

Boc

66%
52%

H

O

erformed at
lithiation times of
 are critical to the

(3m) O'Brien, Tetrahedron 2021, 81, 131899.
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 Deprotonation of protected amines, part II.3

rther reading

tension of lithiation trapping to other systems:
) O'Brien, Org. Lett. 2005, 7, 4459.
) van Maarseveen, Tetrahedron Lett. 2005, 46, 2369.
) Hodgson, Angew. Chem. Int. Ed. 2007, 46, 2245.
) Coldham, Chem. Eur. J. 2013, 19, 7724.

plication to natural product synthesis:
) Feringa, Org. Biomol. Chem. 2008, 6, 3464.
) Stoltz, J. Am. Chem. Soc. 2008, 130, 13745.

nsmetalation to organocuprates: 
) Dieter, Tetrahedron Lett. 1997, 38, 783.
) Dieter, J. Org. Chem. 2002, 67, 847.

nsmetalation to organozinc species:
) Coldham, Org. Lett. 2008, 10, 3923.

Access to α,α'-difunctionalized cyclic amines via sequential deprotonation and electrophile trap

storical precedent

N N TMS

s-BuLi, then TMSCl

Boc Boc

s-BuLi, TMEDA
MeI

u t-Bu

t-Bu

O O

N
Me

H

t-Bu t-Bu

t-Bu

O O

N
Me

Me

H

94%

71%

) Seebach, Angew. Chem., Int. Ed. Engl. 1978, 17, 274.

) Beak, Tetrahedron Lett. 1989, 30, 1197.
e also: (3b) Beak, J. Org. Chem. 1990, 55, 2578.

N

N
Bn

Boc

i) s-BuLi (1.3 equiv), –30 °C, 5 min
ii) DMF (2 equiv), –30 °C, 10 min
   then to rt over 15 min

                       THF N

N
Bn

Boc

H

O

71%

(3l) O'Brien, Org. Lett. 2010, 12, 4176.

TMEDA-free lithiation trapping of N-Boc heterocycles

N

Boc

i) s-
ii) C
iii) M
    –

      

(3j) Dieter, J. Or
See also: (3k) D

N NMe

i) s-BuLi (1.03 equiv), TMEDA (0.86 equiv),
   –78 to –40 °C, 1 h
ii) cooled to –78 °C.
iii) Me2SO4 (1.03 equiv), –78 °C to rt

                           ether

62%

i) s-BuLi (1.27 equiv), TM
   –70 to –30 °C, 2 h
ii) cooled to –78 °C.
iii) DMF (1.27 equiv), –7

                           ether

(3c) Beak, J. Org. Chem. 1993, 58, 1109.

N

Boc

i) n-BuLi/TMEDA (1.52 equiv),
   –78 °C, 1 h
ii) Allyl bromide (2 equiv),
   –78 °C, 2 h then warm to rt
   overnight

                   THF N
Boc

Ph Ph

43%

N
Boc

synthesis of NK1
receptor antagonist

(3d) Xiao, Lavey, Tetrahedron Lett. 2005, 46, 7653.
See also: (3e) Coldham, Synlett 2017, 28, 2765.

Access to gem-disubstituted piperidines

Transmetalatio

High temperature batch and

Boc Boc

Copper cyanide/palladium-catalyzed coupling with aryl iodides

N

Boc

N

Boc

i) s-BuLi (1.2 equiv), TMEDA (2.2 equiv), –78 °C, 2 h
ii) Pd[(p-MeOC6H4)3P]4 (5 mol%), CuCN (10 mol%)
    PhI (1.2 equiv), –78 °C, overnight
iii) 40 °C, 24 h

                            ether/THF

(3g) Dieter, Tetrahedron Lett. 1995, 36, 3613.
Improved procedure: (3h) Dieter, J. Org. Chem. 1997, 62, 7726.
See also: (3i) Dieter, J. Org. Chem. 1996, 61, 2930.

47%

(3f) Beak

Intramol

61%, dr = 1:1

O
i

• The use of more coordinating solvents such as THF and
  2-MeTHF is crucial in absence of TMEDA.
• N-Boc-piperidine and -azepine do not react.

Relativel
of the ter

N

Cl

Boc

table features

oc group is easy to install and remove.
tablization of the organometallic intermediate through
helation.
ithiation trapping of N-Boc heterocycles is amenable
 scale-up through a flow process.

N

Boc

i) s-BuLi/TMEDA
ii) TMSCl (1.5 eq
   –20 °C, 10 min

                          

Under flow, lithiation can be p
0 °C in THF. However, short 
3–4 s and the use of TMEDA
reaction efficiency.

N-Boc-piperidine and -pyrrolidine also
underwent sequential difunctionalization.

Ph

Ph

Me

F3C CF3
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 Transition-metal-catalyzed reactions with substrates containing directing groups, part I.6
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 Transition-metal-catalyzed reactions with substrates containing directing groups, functionalization of amino acid derivatives.8 

minoquinoline-directed acetoxylation and arylation of α-amino acid derivatives

minoquinoline-directed β-C–H arylation of proline and azetidine-2-carboxylic acid derivatives
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n) Schafer, Angew. Chem. Int. Ed. 2009, 48, 8361.
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o) Doye, Eur. J. Org. Chem. 2001, 4411.
p) Odom, J. Am. Chem. Soc. 2006, 128, 9344.
q) Zi, Chem. Commun. 2010, 46, 6296.
r) Hultzsch, Organometallics 2011, 30, 921.
s) Schafer, Org. Lett. 2013, 15, 2182.
t) Doye, Chem. Eur. J. 2017, 23, 4197.
u) Doye, Angew. Chem. Int. Ed. 2021, 60, 9936.
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 Oxidative methods, stoichiometric metal-based oxidants.14
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ostly applicable to tertiary amines.
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N
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S
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O
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i) Haginiwa, Tetrahedron Lett. 1969, 19, 1485. 
j) Butler, Chem. Rev. 1984, 84, 249.
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 Oxidative methods, stoichiometric nonmetallic oxidants.15

ther reading

k) Zhdankin, Tetrahedron Lett. 1995, 36, 7975.
l) Hu, New J. Chem. 2013, 37, 1684.
m) Nguyen, J. Org. Chem. 2018, 83, 1000.
n) Zhang, Luo, J. Org. Chem. 2019, 84, 2542.
o) Li, Eur. J. Org. Chem. 2020, 103.
p) Singh, Synthesis 2021, 53, 1556.
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 Oxidative preparation of building blocks.16
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 Metal-catalyzed cross-dehydrogenative-coupling (CDC) reactions.17
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posed mechanism
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 Metal-catalyzed cross-dehydrogenative-coupling (CDC) reactions with oxygen as the terminal oxidant.18
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bstrate scope is often limited to N-arylamines.
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) Polyzos, Chem. Commun. 2015, 51, 334.
) Gogoi, ChemistrySelect 2016, 1, 4620.
) Schnürch, Monatsh. Chem. 2017, 148, 91.

) Zhang, RSC Adv. 2017, 7, 1229.
) Le, Zhu, Synthesis 2018, 50, 2775.
) Chandrasekharam, Adv. Synth. Catal. 2018, 360, 4080.
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) Anilkumar, Eur. J. Org. Chem. 2021, 1776.
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 Iodine-catalyzed cross-dehydrogenative-coupling (CDC) reactions.19

able features

 low toxicity renders iodine an ideal catalyst.  
roxides or oxygen act as terminal oxidants.

torical precedent with stoichiometric iodine
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posed mechanism
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Oxygen as the terminal oxidant
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h) Lei, Chem. Asian J. 2015, 10, 806.
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 Acceptorless cross-dehydrogenative-coupling (CDC) reactions with hydrogen evolution.20

able features

upling with concomitant release of hydrogen gas obviates the 
ed for a stoichiometric oxidant.
ermal, photochemical, and electrochemical variants have
en developed.

ther reading

) Milstein, J. Am. Chem. Soc. 2014, 136, 2998.
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) Lei, Chem. Rev. 2019, 119, 6769.
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 Catalytic enantioselective cross-dehydrogenative-coupling (CDC) reactions.21 

) Wang, Chem. Sci. 2013, 4, 2645.
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 Oxidative -functionalization.22

able features

chanistically diverse methods access enamines from amines as a
tform for β- and multifunctionalization.
plicable to both linear and cyclic tertiary amines.

ther reading
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) Zhang, Synlett 2017, 28, 1630.

) Zhou, Chem. Commun. 2017, 53, 8770.
) Fan, Chem. Commun. 2017, 53, 4002.
) Opatz, Adv. Heterocycl. Chem. 2018, 125, 107.
) Fan, Zhang, J. Org. Chem. 2018, 83, 6524.
) Fan, Zhang, He, Chem. Commun. 2019, 55, 12372.
) Jia, Yuan, Org. Lett. 2019, 21, 5030.

NMe Me

Me

NMe

Me

CF3

O

CF3O

TFAA, NaH

ether

91%

N Me

e
F3C O

O

CF3

O
[(C2H5)3N•(CF3CO)2)]

N
Et

Et

Me O

O CF3

F3C H

O

HO CF3

O

N
Et

EtO

O

CF3

O

NMe

Me

CF3

O

CF3O

inal example

posed mechanism

Different mechanisms could account for
the formation of the enamine intermediate.

Reaction involves double acylation of the
enamine with TFAA.

NaH is added to achieve full conversion.

) Schreiber, Tetrahedron Lett. 1980, 21, 1027.

Me N Me

Me

N

N
SO O

Me

Me Me

DEAD (1 equiv)

1,4-dioxane (0.3 M)
10–15 °C, 1 h, then rt, 4 h

76%

Dehydrogenation with DEAD followed by cascade reactions with azides

(22b) Weng, J. Am. Chem. Soc. 2008, 130, 14048.
See also: (22c) Zheng, Wang, Chem. Commun. 2009, 47, 7372.

α

(2

N
Ph

NO2

OH N O

O2N

Ph

PtCl2 (10 mol%)
O2 (1 atm)

1,4-dioxane/H2O (2:1)
5  Å MS, 80 °C

65%

(22e) Liang, J. Org. Chem. 2010, 75, 2893.

Platinum-catalyzed α,β-difunctionalization Ir

(2

N

Bn
N
Bn

S
O O

i) NIS (4 equiv)
ii) sodium sulfinate (1.5–2 equiv)

          THF (0.11 M), rt, 2 h

Oxidative β-sulfonylation with NIS

84%
(22g) Talbot, Willis, Chem. Sci. 2018, 9, 2295.
See also: (22h) Fan, He, J. Org. Chem. 2020, 85, 15600.

N
Ph N

O
Ph

O

Ph

CuCl2•2H2O (10 mol%)
acetophenone (1.0 equiv)

DCP (1 equiv), TEMPO (1 equiv)

MeCN (0.25 M), 80 °C, 24 h, air

53%

O
Ph

Me

Me

dicumyl per

(22j) Fan, Zhang, J. Org. Chem. 2020, 85, 2220.

Complex reaction cascade leading to α-keto-enaminones

O

(2

S

Me

O O

N3

1 equiv

1.5 equiv 1 equiv

Me



Graphical ReviewSynOpe

Figure 23

No

• S
  ox
• F

Re

(23
(23

Sy

Sy

M

M

flux, 3 h

N

R

ClCl

S
S

S
S

S

N S
S
S

SSSS
S
S

S

Et2N S S S
S

SSSflux, 2 h

Et3N, reflux, 1 h

O2N

NO2

N
S

90%

(23

(23

(23
Se

 3, 3496.
 Ed. 2006, 55, 2081.

N

R
, reflux, 1 h

S
S

O
Me

Me
Cl

R = CH2Ph,               80%
       CH2CH2CO2Et,  94%
       CH2CH2CN,       91%
       CH2CH2N3,        77%

147.

Me

Me

N

S
S

Cl

2Cl

S
S

Cl

S

N
S

S S
S

S S
Me

40%

, 353.

Fro

MeMe

31%

R = Me,  31%
       Et,   29%
       t-Bu, 31%

10%

epins

d a thienopentathiepin

SEt2N NEt2

S
S

S
S

S

23%

CO
2

S2Cl2–DABCO
or S2Cl2

M

(23
197

S. Dutta et al.

© 2021. The Author(s). SynOpen 2021, 5, 173–228
Georg Thieme Verlag KG, Rüdigerstraße 14, 70469 Stuttgart, Germany

n

 Oxidative formation of sulfur-rich heterocycles.23 

table features

2Cl2 serves as a sulfurating, chlorinating, 
idizing, and dehydrating agent.

ormation of sulfur-rich heterocycles.

views

a) Rakitin, Rees, Chem. Rev. 2004, 104, 2617.
b) Rakitin, Chem. Heterocycl. Compd. (Engl. Transl.) 2020, 56, 837.

nthesis of bis[1,2]dithiolo[1,4]thiazines and bis[1,2]dithiolopyrroles from Hünig's base
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Me

N Me

Me

e

Me

S2Cl2 (10 equiv)
DABCO (10 equiv)

PhCl, −40 °C, 15 min
then rt, 72 h

25%

HCO2H, reflux, 1 h

R

N Me

Me

e

Me

S2Cl2 (10−15 equiv)
DABCO (5−12 equiv)

DCE, −40 °C, 15 min
then rt, 72 h

HCO2H, reflux, 1.5 h

N
R

S2Cl2 (7 equiv)
DABCO (7 equiv)

CHCl3, −20 °C, 15 min
then rt, 48 h

Et3N, re

N Et
Et

Et CHCl3, re

Me

NH2O2N

NO2 S2Cl2 (10 equiv)
DABCO (8 equiv)

CHCl3, rt, 72 h

c) Rees, Rakitin,Torroba, Angew. Chem., Int. Ed. Engl. 1997, 36, 281.
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e) Rees, Rakitin, Torroba, J. Org. Chem. 1998, 63, 2189.
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 Reactions involving amine N-oxides.24
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iews:
a) Koskinen, Heterocycles 1984, 22, 1591.
b) Grierson, Org. React. 1990, 39, 85.
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n) Takano, Heterocycles 1992, 34, 1519.
hanistic studies: (24o) Williams, Aust. J. Chem. 2014, 67, 1309.

i) Roussi, Chem. Commun. 1983, 31. (24j) Roussi, Heterocycles 1985, 23,
. (24k) Roussi, J. Org. Chem. 1985, 50, 2910. (24l) Roussi, J. Org. Chem.
8, 53, 3808. See also: (24m) Davoren, Synlett 2010, 2490.
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 Dehydrogenation/aromatization.25

torical precedent Selected examples of acceptorless dehydrogenation of amines utilizing metal catalysts

Rh(PPh3)3Cl (4 mol%)
 190 °C

– indole

a) Nishiguchi, J. Org. Chem. 1975, 40, 237.
 also: (25b) Otsuka, J. Chem. Soc., Chem. Commun. 1979, 870.

c) Murahashi, J. Chem. Soc., Chem. Commun. 1985, 613.

inal work

d) Jensen, J. Mol. Catal. A: Chem. 2002, 189, 119.

e) Knapp, Goldman, Chem. Commun. 2003, 2060.
 also: (25f) Chihara, J. Catal. 2005, 230, 204.

g) Yi, Organometallics 2009, 28, 947.
h) Jensen, J. Organomet. Chem. 2009, 694, 2854.
i) Brayton, Chem. Commun. 2014, 50, 5987. 
j) Goldman, J. Org. Chem. 2020, 85, 3020.
k) Liu, Huang, Chin. J. Chem. 2020, 38, 837.
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(25l) Fujita, Yamaguchi, J. Am. Chem. Soc. 2014, 136, 4829.
(25m) Yamaguchi, Fujita, J. Am. Chem. Soc. 2009, 131, 8410.
(25n) Xiao, Angew. Chem. Int. Ed. 2013, 52, 6983.
(25o) Xiao, Angew. Chem. Int. Ed. 2015, 54, 5223.
(25p) Crabtree, J. Organomet. Chem. 2015, 792, 184.
See also: (25q) Iwai, Sawamura, Org. Lett. 2020, 22, 5240.
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See also: (25y) Grimme, Paradies, Angew. Chem. Int. Ed. 2016, 55, 12219.
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ad) Yu, Adv. Synth. Catal. 2019, 361, 3958.
ae) Kanai, J. Am. Chem. Soc. 2017, 139, 2204.
af) Ihee, Hong, Chem. Sci. 2021, 12, 1915.
ag) Li, Angew. Chem. Int. Ed. 2017, 56, 3080.
ah) Jones, J. Am. Chem. Soc. 2014, 136, 8564.
ai) Brookhart, J. Am. Chem. Soc. 2007, 129, 14544. (25z) Lei, ACS Catal. 2018, 8, 1192.
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(26i) Bruneau, Green Chem. 2013, 15, 775.
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(26j) Bruneau, Top. Organomet. Chem. 2014, 48, 195.
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(26k) Kempe, Chem. Rev. 2019, 119, 2524.
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 Hydrogen borrowing.26 

able features
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 Condensation-based methods involving azomethine ylide intermediates, aromatization.27
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 Condensation-based methods involving azomethine ylide intermediates, pericyclic reactions.28 

er selected contributions
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PhMe (0.25 M)
4 Å MS, 50 °C, 12 h

Ph

O

46%

ction

nzaldehyde (2.4 equiv)
catalyst (20 mol%)
hCOONa (20 mol%)

hMe (0.1 M), 4 Å MS
60 °C, 24 h

N
N
N

C6F5

BF4
N Ph

OPh

88% catalyst

 condensation

NC

69%

N Ph

OHN

Cy

Me Ph

O

1.5 equiv

benzaldehyde (2 equiv)
AcOH (5 equiv)
H2O (10 equiv)

PhMe (0.1 M), reflux, 3 h

tt. 2014, 16, 3158.

tt. 2016, 18, 631.  See also: 
is, 2016, 48, 3730. (29n) Jana, Green Chem. 2018, 20, 3463.

. Chem. 2020, 38, 135.
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 Condensation-based methods involving azomethine ylide intermediates, redox-neutral 3-component coupling reactions.29 

ssic condensation-based transformations

table features

irrors classic amine condensation reactions with  
corporation of a C–H functionalization step.
erges reductive N-alkylation with oxidative α-C–H bond  
nctionalization in an overall redox-neutral sequence.
eactions are often catalyzed/promoted by simple 
rboxylic acids.
ater is the only byproduct.

(29a) Seidel, J. Am. Chem. Soc. 2012, 134, 15305.

iews
) Seidel, Org. Chem. Front. 2014, 1, 426. 
) Seidel, Acc. Chem. Res. 2015, 48, 317.
) Jana, Chem. Rec. 2016, 16, 1477.

er selected contributions
) Seidel, Org. Lett. 2013, 15, 4358. 
) Jana, Org. Lett., 2015, 17, 3762.
) Tong, Chem. Eur. J. 2016, 22, 7084.
) Zhou, Asian J. Org. Chem. 2016, 5, 1204.
) Meng, Chem. Commun. 2017, 53, 1684.
) Qu, Org. Lett. 2018, 20, 668.
) Jana, Org. Biomol. Chem. 2019, 17, 1800.
) Deb, Baruah, Org. Biomol. Chem. 2020, 18, 6514.

mplementary redox-transformations

via an azomethine ylide
intermediate

N
H

n

H N

n

Nu

R

N
H

n

RCHO
HNu

(catalyst)

– H2O N

n

R Nu

via iminium ion 
or equivalent 
intermediate

N

n Strecker, Mannich, 
Friedel–Crafts 
alkylation, 
Kabachnik–Fields, etc.

N

n

Initial 
Regio

N

Ph

2-EHA (20 mol%)
PhMe (0.1 M)

μW, 200–220 °C
20–40 min

OH

CNPh
+

1.3 equiv 2-EHA = 2-ethylhexanoic acid
rr = regioisomeric ratio

Use of cyanohydrin is more 
efficient than the three-component 
variant using PhCHO + TMSCN.

Redox-Strecker reaction

Redox-A3 reaction

2,6-dichlorobenzaldehyde
phenyl acetylene (1.5 equiv)

Cu(2-EH)2 (15 mol%)

PhMe (0.25 M)
μW, 150 °C, 15 min

Ar = 2,6-Cl2C6H3

N
H

n

RCHO
HNu

(catalyst)

– H2O

N

Ph

CN

n n = 0, 86%, rr = 18:1
n = 1, 61%, rr = 15:1
n = 2, 79%, rr = 11:1

1.5 equiv

N
H

n

(29b) Seidel, Angew. Chem. Int. Ed. 2013, 52, 3765.
See also: (29c) Yu, Org. Lett. 2013, 15, 5928.

N

Ar

n

n = 0, 81%, rr > 25:1
n = 1, 91%, rr = 7:1
n = 2, 61%, rr = 5:1

Ph NH

1

P

Asymmetric 
variant

(29d) Ma, Angew. C
See also: (29e) Ma, 

Other viable nucleophiles: 
indoles, pyrroles, phenols

Redox-Friedel–Crafts alkylation

2,6-dichlorobenzaldehyde
(slow addition over 5 h)
2-naphthol (1.5 equiv)

PhMe (0.2 M)
reflux, 5 h

Ar = 2,6-Cl2C6H3

1.5 equiv

N
H

n
N

Ar

n

n = 0, 96%, rr > 25:1
n = 1, 16%, rr > 25:1

(29f) Seidel, Org. Lett. 2014, 16, 730.
See also: (29g) Jana, Asian J. Org. Chem. 2014, 3, 44.

OH

NH

1.5 equiv

Redox-Mannich rea

N OH
benzaldehyde (1.1 equiv)

PhMe (0.25 M)

μW, 200 °C, 15 min

N O

H

H

Ph

Cl

Cl

75%H

N

Ph

O
Cl

H

H
via:

β-C–H Functionalization via enamine intermediates

NH

be

P

P

Redox-aza-benzoin

+

5 equiv

NH

+

Redox-Ugi reaction

(29k) Seidel, Org. Le

(29l) Seidel, Org. Le
(29m) Feng, Synthes

(29o) Wang, Chin. J
(29h) Seidel, Angew. Chem. Int. Ed. 2014, 53, 5179.  See also:
(29i) Wu, Org. Lett. 2016, 18, 3526. (29j) Jana, J. Org. Chem. 2018, 83, 8874.
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Figure 30
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See
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(30
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See
(30

Et

pyrrolidine (1.3 equiv)
2-EHA (10 equiv)

PhMe (0.1 M)

4 Å MS, reflux, 1.5 h

N

CO2EtEtO2C

76%

. Eur. J. 2015, 21, 12908.

2-EHA = 2-ethylhexanoic acid

ns of 2-formylaryl malonates

(±)-tetrabenazine
50%, dr = 6:1

ns of β-ketoaldehydes

N

O

MeO

MeO
H

Me

Me

amine (1.5 equiv)
AcOH (10 equiv)

PhMe (0.18 M) 
4 Å MS, reflux, 15 h

e

ett. 2016, 18, 1024.

ns of 2-(2-oxoethyl)malonates

annulations of o-nitromethyl benzaldehyde

2Et

t
THIQ (2 equiv)

PhCOOH (20 mol%)

PhMe (0.1 M), 4 Å MS
reflux, 1.5 h

N

EtO2C
EtO2C

72%

Formation of 
5-membered rings

 Lett. 2018, 20, 4090.

N
Me

i) amine (1.3 equiv),  
    PhCOOH (1.3 equiv),
    DCE (0.1 M), µW, 150 °C, 5 min

ii) Pd(OH)2, H2, AcOH (1 equiv),
    PhMe (0.1 M), 85 °C, 4.5 h

annulation: 73%
denitration: 65%
overall: 47%

pen 2020, 4, 123.
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 Condensation-based methods involving azomethine ylide intermediates, redox-annulations.30

st example

table features

owerful method for generating polycyclic amines via 
dox-neutral ring-annulation of alicyclic amines.
zomethine ylides are key intermediates.
eactions are often catalyzed/promoted by simple 
rboxylic acids.
ater is the only byproduct.

views

q) Seidel, Acc. Chem. Res. 2015, 48, 317.
r) Jana, Chem. Rec. 2016, 16, 1477.

er selected contributions

s) Seidel, Org. Lett. 2017, 19, 6424.
t) Wu, Synlett 2018, 29, 1061. 
u) Chusov, J. Org. Chem. 2020, 85, 9347.

Redox-Pictet–Spengler reaction

N
H

N

CN

Me

Me

95%

NH2

CHO

CN

Me
pyrrolidine
(3 equiv)

EtOH (0.25 M)

reflux, 18 h

a) Seidel, J. Am. Chem. Soc. 2008, 130, 416.
b) Seidel, Houk, J. Org. Chem. 2013, 78, 4132.
c) Seidel, Synthesis 2013, 45, 1730.
 also: (30d) Dang, Bai, Org. Lett. 2008, 10, 889.

XH

CHO

THIQ (1.3 equiv)
AcOH (y equiv)
PhMe (0.1 M)

 
3 Å MS, 60 °C X

N

X = O, 98%, 3 h (y = 1.0)
X = S, 93%, 0.5 h (y = 0.1)

iants with (thio)salicylaldehydes

IQ = 
ahydroisoquinoline

e) Houk, Seidel, J. Am. Chem. Soc. 2014, 136, 6123.
f) Houk, Seidel, Org. Lett. 2014, 16, 3556.
 also: (30g) Jana, RSC Adv. 2014, 4, 46214.

h) Roberts, Chem. Commun. 2020, 56, 9118.

64%

N
H

Me
CHO

Me

N
H

N

Me
Me

THIQ (3 equiv)
xylenes (0.1 M)

μW, 250 °C,
20 min

(30i) Seidel, Chem. Sci. 2011, 2, 233.

CHO

CO2

CO2Et

(30j) Seidel, Chem

Redox-annulatio

H
NO2

R

PhO THIQ (2 equiv)
AcOH (10 equiv)

PhMe (0.1 M)
4 Å MS, reflux, 1 h

N
H

O2N
Ph

R

+
N

H

O2N
Ph

R

R = Me (96% ee) 
R = H (95% ee)

R = Me, 71%, dr = 2:1 (both 95% ee)
R = H, 61%, dr = 9:1, 94% ee

Asymmetric redox-annulations of γ-nitroaldehydes

(30k) Breugst, Seidel, J. Org. Chem. 2015, 80, 9628.

Redox-annulatio

Me

O

CHO

M

Me

slow addition

(30l) Seidel, Org. L

Redox-annulations of heteroaromatic o-alkyl aldehydes

Redox-annulations of o-cyanomethyl benzaldehydes

Redox-annulatio

Traceless redox-

amine (1.5 equiv)
PhMe/AcOH (1:1, 0.1 M)

reflux, 1.5 h

N

Me

CHO
N N

85% O
O

(30m) Seidel, Org. Lett. 2017, 19, 2841. 
See also (30n) Wang, Adv. Synth. Catal. 2017, 359, 2191.
Catalytic enantioselective variant: (30o) Wang, Org. Biomol. Chem. 2017, 15, 6474.

CHO

CN

1.3 equiv 61%, dr = 4:1

(30q) Seidel, Org. Lett. 2020, 22, 976.

amine (1 equiv)
AcOH (20 equiv)

C2H4Cl2 (0.1 M)
reflux, 12 h

N

NC N
H

OHC
CO

CO2E

(30p) Seidel, Org.

CHO

NO2

(30r) Seidel, SynO
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Figure 31
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H

H

76%
J. Chem. Soc., Perkin Trans. 1 1998, 3327.

(31
See

CNNC

N

Me

N
Me

CN
CN

enantiopure
85%

enantiopure

(31g) Reinhoudt, J. Org. Chem. 1989, 54, 209.

Memory of chiralityNo

• R
  in
  st
• H
  de
  th
• “T
  be
  = 
  si

Re

(31
(31
(31
(31

Me

Me

hedron Lett. 1994, 35, 1185. See also: (31l) Viehe, Bull. Soc.
 102, 663. (31m) Viehe, Tetrahedron 1995, 51, 13239.

CO2Me

CO2Me

+

DMSO, 4 Å MS
135 °C

[1,6]-H
N

MeO2C H

MeO2C

CO2MeH

70%, dr = 94:6

 of a dienamine

H

H

Oth

N Ph

Ph

OMe

Cr(CO)5H

N Ph

Ph

MeO Cr(CO)5

H

•
THF, 90 °C
sealed tube

2.5 h

98%

Angew. Chem. Int. Ed. 2008, 47, 6594.

Lewis acid promoted process

BF3•Et2O
(2 equiv)

CH2Cl2, reflux, 24 h

own

er carbene as an H-acceptor

n-BuOH
reflux, 2 h

1.2 equiv
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 Internal redox transformations involving [1,n]-H transfers, the ‘tert-amino effect’.31

a) Pinnow, Ber. Dtsch. Chem. Ges. 1895, 28, 3039.
 also: (31b) Vasella, Helv. Chim. Acta 2011, 94, 785.

inal discovery

Key contribution

N

N R

N

N

R

N

N

R

oxidation

N N

Z Z'

X

X = –, CH2, O, NR', etc.
Z, Z' = CN, COR'', COOR''

H

H

N

Z Z'

X

H

(31e) Reinhoudt, J. Org. Chem. 1984, 49, 269.
See also: (31f) Reinhoudt, J. Org. Chem. 1989, 54, 199.

N

N N

EtO2C
O

(31i) Noguchi, 

c) Meth-Cohn, Chem. Commun. 1967, 1157.
 also: (31d) Volochnyuk, J. Org. Chem. 2007, 72, 7417.

N

MeO2C
H

CO2Me

86%, dr = 1.7:1

N

CO2Me
CO2Me

table features

edox-neutral method for amine α-C–H bond functionalization involving
tramolecular H-transfer followed by cyclization. Can involve oxidation
ate changes prior to or after the key step.
istorically categorized under the term “Tert-Amino Effect”: originally
fined as cyclizations of tertiary anilines containing unsaturated bonds at
e ortho-position.
ert-Amino Effect” reactions are not mechanistically uniform. Distinction
tween 1,n-hydride transfer vs 1,n-proton abstraction (n most commonly
5, 6) is not always clear. May also involve pericyclic steps such as 1,5-
gmatropic rearrangements and electrocyclic ring closures.

views

q) Meth-Cohn, Adv. Heterocycl. Chem. 1972, 14, 211.
r) Meth-Cohn, Adv. Heterocycl. Chem. 1996, 65, 1.
s) Matyus, Synthesis 2006, 2625.
t) Morzherin, Chem. Heterocycl. Compd. (Engl. Transl.) 2013, 49, 357.

NO2

N
Me

Me

N

N
Me

Sn, HCl

NH2

N
Me

Me

Me Me

+

N

N

Me

O

H
[1,5]-H

N

N

Me

Me
H

O

N

N
Me

Me
OH

reduction – H2O

(31e) Reinhoudt, J. Org. Chem. 1984, 49, 269.
See also: (31j) Reinhoudt, J. Am. Chem. Soc. 1983, 105, 4775.

n-BuOH, Δ

[1,5]-H

(31k) Viehe, Tetra
Chim. Belg. 1993,

MeO2C

N

H

In situ formation

er early work

EtOH, acid

[1,6]-H

N

CN
NC

H

N

H
CN
CN

N
Ph

Ph

OMe
(CO)5Cr

H

(31p) Barluenga, 

94%

DMSO, argon
110 °C, 8 h

[1,7]-H

Example of higher order H-transfer

Example of a 

Many variants are kn

H

H

An alkynyl Fisch

Formation of a 5-membered ring

PhMe, 
110 °C, 24 h

[1,6]-H

(31n) Matyus, Synlett 2008, 2846.  
See also: (31o) Matyus, Synlett 2010, 2109.

H

H H

N

CF3

N
Ar

N

N
Ar

H

F3C

MeMe

H

H

(31h) Reinhoudt, Tetrahedron Lett. 1984, 25, 4309.

66%

n-BuOH
reflux, 5 d

Ar = 4-MeC6H4

C–N bond formation
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. Lett. 2009, 11, 129.
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90% (n = 0)
91% (n = 1)
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n
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 is observed when the highlighted Bn group is replaced with H.
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O

O
O
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H

H

OH
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CF3F3C
solvent

ys a critical role as a weak Brønsted acid/hydrogen bond donor.

R

R = H, 88%
R = Me, 71%
R = CF3, 84%
R = Br, 84%
R = CN, 75%

. See also:
833. (32u) Xiao, J. Org. Chem. 2019, 84, 13935.

yclopropanes

–30 mol%)
MS, 60 °C

N

CO2Me

CO2Me
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 Lewis and Brønsted acid catalyzed internal redox transformations involving [1,n]-H transfers.32

table features
edox neutral [1,n]-hydride transfer/ring-closure reactions that 
ll within the broader category of the “Tert-Amino Effect.”  
pplication of Lewis and Brønsted acid catalysis has 
ignificantly increased the scope of these transformations.

views
a) Maulide, Chem. Eur. J. 2013, 19, 13274.
b) Seidel, Angew. Chem. Int. Ed. 2014, 53, 5010.
c) Kim, Chem. Rec. 2016, 16, 1191.
d) Xiao, Org. Chem. Front. 2021, 8, 1364.

Cascades with two consecutive hy

O

CF3
Bn

N

Ph

Ph

H H

Yb(OTf)
(5 mol%

PhMe
reflux, 48

[1,4]-H

(32v) Akiyama, J. Am. Chem. Soc. 20

N

CHO

N

N

BnNH2 (1.2 equiv)
TfOH (20 mol%)

EtOH, reflux

– H2O

H

N

MeO2C CO2

i) Maulide, Angew. Chem. Int. Ed. 2012, 51, 1950.

Sc(OTf)3 (10 mol%)
C2H4Cl2, 80 °C

CHO
N

OH

RH

H

N O

H

RMgX (2 equiv), 0 °C

not isolated

Sc(OTf)3 (10 mol%)
C2H4Cl2, reflux, 35 h

N

O

Ph Me

O

N

O

O

H

H
Me

Ph

IPrAuOTf (5 mol%)
MeCN, rt, 3 h

N
O

Ph

O

Me

H

NH

N
N

CHO
H

H
N

N

59%

Me

Me

N
N

N

72%

Ph

Ph

h) Zhang, Chem. Commun. 2010, 46, 6593.

(32g) Seidel, Org
(32e) Seidel, J. Org. Chem. 2009, 74, 419.
See also (32f) Akiyama, Chem. Lett. 2009, 38, 524.

75% (n = 0)
65% (n = 1)
82% (n = 2)
85% (n = 3)

Bn
H

n n

Brønsted acid catalyzed formation of aminals Lewis acid cata

H

n

nulation with doubly nucleophilic species to access larger rings

83%

86%, dr = 15:1

%

dox-isomerization/Grignard addition

Divergent reactivity ([1,6]-H/[1,5]-H)

ergent reactivity based on the catalyst

R = Me, 94%
R = Ph, 76%
R = i-Pr, 75%
R = allyl, 82%
R = Cy, 45%

nucleophile
(1.1–2 equiv)

diphenyl phosphate
(5–20 mol%) 

PhMe, μW 
150 °C, 15 min

H H

N

CHO
H +

O

O

1.3 equiv

Solvent pla

Dearomative cyclizations

R

(32s) Xiao, Chem. Sci. 2018, 9, 8253
(32t) Xiao, J. Org. Chem. 2019, 84, 1

Larger rings from donor/acceptor c

N

H

n

MeO2C CO2Me

Sc(OTf)3 (5
THF, 4 Å 

(32r) Kim, Org. Lett. 2017, 19, 1334.

j) Seidel, J. Am. Chem. Soc. 2011, 133, 2100. See also: (32k) Sun, Xu, Eur. J. Org. Chem. 2015, 6727. (32l) Xu, Sun, 
Org. Chem. 2015, 80, 1155. (32m) Xiao, Org. Lett. 2018, 20, 138. (32n) Wang, Chem. Commun., 2018, 54, 7928.
o) Wang, Li, Org. Lett. 2019, 21, 6225. (32p) Xiao, Org. Lett. 2019, 21, 8904. (32q) Xiao, J. Org. Chem. 2019, 84, 11839.
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Figure 33
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 Catalytic enantioselective internal redox transformations involving [1,n]-H transfers.33

O

N O

O

O

N O

O

N
H

H

H

O
O

N N
O

PhPh

ligand

N
H OTBDMS

Ar
Ar

Ar = 3,5(CF3)2-C6H3

CHO

N
N

CHO

H

H

a) Seidel, J. Am. Chem. Soc. 2009, 131, 13226.

b) Kim, J. Am. Chem. Soc. 2010, 132, 11847. See also: 
c) Kim, Adv. Synth. Catal. 2013, 355, 3131. (33d) Kim, Chem. Commun. 2014, 50, 222.
e) Kim, Org. Lett. 2014, 16, 5374.

(33g) Akiyama, J. Am. Chem. Soc. 2011, 133, 6166.

catalyst (10 mol%)
PhMe, 80 °C, 40 h

N

MeO2C CO2Me

Ph

Ph

HαHβ

MeO2C

Ph

N

MeO2C CO2Me

H

(33h) Feng, Org. Lett. 2011, 13, 600.  See also: (33i) Luo

N

CO2Et

O
+

NH2

OMe

catalyst (10 mol%
PhMe, 115 °C, 3 d

(33j) Gong, Tetrahedron Lett. 2011, 52, 7064.
N

O

O
H

Me

Ph

L(AuCl)2 (5 mol%)
AgOTf (5 mol%)

MeCN, rt
N

O

Me

O

H
MeO
MeO

PAr2

PAr2

Ar = 3,5-(t-Bu)2-4-MeOC6H2

L =

93% yield, 96% ee
f) Zhang, Chem. Eur. J. 2011, 17, 3101.

(33k) Mori, Akiyama, J. Am. Chem. Soc. 2018, 140, 6203

Additional examples

(33n) Feng, Chem. Eur. J. 2015, 21, 1632.
(33o) Gong, Chem. Eur. J. 2013, 19, 5232.
(33p) Lin, Synlett 2016, 27, 546.
(33q) Wen, Xu, Tetrahedron 2018, 74, 7480.

88%, dr = 3:1
93% ee

Mg(OTf)2 (20 mol%)
ligand (22 mol%)

C2H4Cl2, 4 Å MS
 reflux, 30 h

Co(BF4)2•6H2O (10 mol%)
ligand (10 mol%)

CH2Cl2, 0 °C, 48 h

CO2MeMeO2C

H

N

H

Ar
Me Me

Ar

i) Mg-phosphate (10 mol%)
    mesitylene, 60 °C, 4 d

ii) Yb(OTf)3 (10 mol%)
    C2H4Cl2, 60 °C, 30 min

Enantioselective cascades with two consecutive [1,5

Ar = 4-Br-C6H4

st highly enantioselective catalytic variant

57%, dr = 90:10
91% ee

catalyst (30 mol%)
(–)-CSA (30 mol%)

1,1,2-trichloroethane
20 °C, 9 d

H

H

Enantioselective cobalt-catalyzed Reinhoudt reaction

Enantioselective aminal formation

st organocatalytic enantioselective variant

antioselective gold-catalyzed cascade reaction

Enantioselective phosphoric acid catalyzed Reinhou

views

l) Wang, ChemCatChem 2013, 5, 1291.
m) Wang, Xiao, Chin. J. Org. Chem. 2018, 38, 328.

Hydride transfer, not ring closure, 
is enantiodetermining

1.25 equiv

catalyst



Graphical ReviewSynOpe

Figure 34
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AS 1996, 93, 14323. (34d) Tantillo, Org. Lett. 2016, 18, 4482.

N

OBn

NH

OBn

H

N

Me

e

e Me

H

N

Me

Me
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Intramolecular hydride transfer/external nucleophile

hem. Lett. 2018, 47, 868.

Sem erendipitous discovery and originally proposed mechanism

Per computational
analysis, an ene-reaction

rather than a stepwise
cyclization/hydride
transfer process is

operative.

73%

phenylacetylene (3 equiv)
ZnBr2 (20 mol%)

PhMe, 100 °C, 24 h

[1,5]-H

(34g) Nakamura, J. Am. Chem. Soc. 2012, 134, 2504.
See also: (34h) Ma, Chem. Sci. 2019, 10, 1796.

(34

HO
Ph

Me

(34

M

M

Alk

Syn

NH

O

NBn2

O H

NBn2

Sc(OTf)3 (10 mol%)
hexanes, reflux, 15–26 h

[1,5]-H

96%, dr > 20:1

Diastereomers interconvert under 
the reaction conditions; the less 

soluble diastereomer precipitates.

Sem

N H

R
R'

•
R'

HH

R

f carbacycles

Synthesis of allenes

N

+

Well-known 
many different promoters

[1,5]-H

Review: (34n) Ma, Org. Chem. Front. 2014, 1, 1210.
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 Internal redox transformations involving [1,n]-H transfers in non-conjugated systems.34

Ph

N

N
C

Me

Me

CN

HH

N

N

N
CN Me

CN

HH

N

N
Me

CN

CN
Me

H
H

a) Grabowski, J. Org. Chem. 1976, 41, 3159.

N
MeO2C CHO

CO2MeMeO2C
H

H

N

2C
CHO

CO2MeMeO2C

H H

e) Sames, J. Am. Chem. Soc. 2005, 127, 12180.

(34b) Heathcock, J. Org. Chem. 1992, 57, 2544. (34c) Heathcock, PN

NHNMe
H

OBn OBn

81%

MeOH 
150 °C, 6 h

[1,5]-H

[1,5]-H

77%, dr > 15:1

N

MeO2C
CO2Me

Cbz

68%

(34f) Sames, J. Am. Chem. Soc. 2009, 131, 16525.

An alkyne as a hydride acceptor

PtI4 (5 mol%)
MeCN, 120 °C, 7 h

Consistent with either 
[1,5]-H or [1,6]-H transfer

N

MeO2C CO2Me

H

H

Cbz
HH

M

M

(34k) Mori, C(34j) Evano, Angew. Chem. Int. Ed. 2016, 55, 4547.

inal discovery, formation of a symmetrical diazaditwistane Biomimetic total synthesis of methyl homosecodaphniphyllate, s

PtCl4 (30 mol%)
CH2Cl2, rt, 38 h

[1,5]-H

i) Frontier, Org. Lett. 2016, 18, 4896.

O

Ph

N
H PMP

H

PhMe
160 °C, 20 h

[1,5]-H
NH

O

H

Ph
PMP

MeHO

80%, dr = 5:1

l) Anderson, Angew. Chem. Int. Ed. 2019, 58, 18040.

N

N

eO2C

H

H

CO2Me
eO2C

N

N

MeO2C

H

CO2Me
CO2Me

H

H

aloid synthesis

Yb(OTf)3 (10 mol%)
PhMe, reflux

Rare example of a
 [1,4]-H transfer

80%

CO2MeMeO2C

N

PhH

Ph

H

N
H

Ph

Ph

H
H

H CO2Me
CO2MeYb(OTf)3 (5 mol%)

C2H4Cl2, reflux, 24 h

Also reported are
[1,7]-H/[1,5]-H 

transfer cascades

Cascades with consecutive [1,6]-H/[1,5]-H transfers

(34m) Mori, Org. Lett. 2019, 21, 9334. Also see Figures 32 and 33.

85%, dr > 20:1:1:1

thesis of bridged bicyclic amines Hydride transfer initiating from a remote C–H bond

Ph N
Ts

H
Me

Me

TfOH (5 equiv)
CH2Cl2, –60 °C, 15 min

[1,5]-H

N

Ph
Me Me

Ts

H

70%

NH

H

inal catalytic example

Synthesis o
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Figure 35
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sa, J. Am. Chem. Soc. 2020, 142, 16493.

Also reported: Formation of β-substituted
enamines via use of one additional equiv-
alent of the conjugate acceptor as oxidant.
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• In
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Bn Me
MeN

MP
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83%, dr = 3:1
90% ee

N
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OO
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i-Pri-Pr

(35
See

Mec

Me

Sily

77%

OH

t-Bu

Ph

OMe

O

Me Me

+TMS

90%

Brønsted acid catalyzed β-alkylation

(35j) Paradies, Chem. Eur. J. 2018, 24, 16287.
See also (35k) Wang, ACS Catal. 2019, 9, 295.

N

Me

Me

H
Me

B(C6F5)3 (10 mol%)
C2H2Cl4, 120 °C

24–48 h

N

Me

Me

Me H

98% 
dr = 1.1:1

B(C6F5)3 acts as
a hydride shuttle

Pseudo-intramolecular reaction

N
Ar

H
O

CO2EtF3C N
Ar

EtO2C OH
CF3

HTfOH (10 mol%)

C2H4Cl2, 60 °C
+

Ar = 2-naphthyl
94% 

dr = 2.3:1
(35m) Li, Xiao, Org. Lett. 2019, 21, 8543.

570. (35o) Shao, Xiao, Org. Lett. 2020, 22, 776. (26h) Yang, Ma,
. 2021, 50, 1945. (35q) Pulis, Chem. Soc. Rev. 2021, 50, 3720.
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 (Redox-neutral) methods involving intermolecular hydride transfer.35

O

N O

O

Me
Me

r

H O

N O

O

Me
MeH

N
Ar

B(C6F5)3 (10 mol%)
Mg(OTf)2 (10 mol%)

ligand (12 mol%)

CH2Cl2, 22 °C, 12 h

88%, dr = 4.3:1
94% ee

+

N
N

OO

N

ArAr

a) Wasa, J. Am. Chem. Soc. 2018, 140, 10593. Seminal work [stoichiometric B(C6F5)3]:
b) Santini, Eur. J. Inorg. Chem. 2002, 3328. (35c) Erker, Chem. Eur. J. 2017, 23, 4723.

dmark study: Catalytic enantioselective α-alkylation

B(C6F5)3

N
Ar

H

N
Ar B(C6F5)3H

X

O

[M]*

[M]*X

O

X

O
[M]*

H

N
Ar

N
Ar B(C6F5)3H

X

O
[M]*

r

O

X

H

Ar = 4-methoxy-2,6-
dimethylphenyl

(35f) Wasa, J. Am. Chem. Soc. 2021, 143, 2441.
Catalytic enantioselective α-alkynylation with alkynylsilanes: (35g) Wa

able features
termolecular hydride transfer from amine to B(C6F5)3 generates an iminium ion and a 
B(C6F5)3 anion. The iminium ion is alkylated directly or undergoes deprotonation to form an
amine which typically reacts further. The H–B(C6F5)3 anion reacts with a pronucleophile or
duces the immediate product of enamine alkylation.
me reactions are intermolecular variants of transformations shown in Figures 31–34.

O

N O
N

O

N
PMP

B(C6F5)3 (10 mol%)
Sc(OTf)3 (10 mol%)
ligand (12 mol%)

CH2Cl2, 60 °C, 24 h
+ EtO2C

Bn Me
Me

P

H

d) Chang, J. Am. Chem. Soc. 2018, 140, 13209.
 also: (35e) Park, Dang, Org. Chem. Front. 2020, 7, 944.

(35l) Oestreich, Angew. Chem. Int. Ed. 2021, 60, 8542.

Ar = m-Cl-C6H4

hanism

N + MePhSiH2

5 equiv

H

i) B(C6F5)3 (10 mol%)
   CaO (50 mol%)
   C6H5Cl, 120 °C, 12 h

ii) B(C6F5)3 (5 mol%)
   120 °C, 12 h

Si

N

Me Ph

+ H2

lative β-annulation

71%, dr = 6:1

O

Ph

t-But-Bu
Et

N
H

Et

B(C6F5)3 
(10 mol%)

m-xylene 
140 °C, 48 h

t-Bu

N
Et

Et

+

(35i) Yang, Zhao, Ma, Chem. Commun. 2019, 55, 1217.

β-Alkylation with p-quinone methides

B(C6F5)3 (20 mol%)
 Me3SiOTf (40 mol%)

Ph2SiH2 (2 equiv)

p-xylene, 150 °C, 2 h

BnN

Si Ph

Ph

BnN
H

H
+ H2

65%

Silylative ring closure

N
Ar

H
B(C6F5)3 (10 mol%)

THF, 22 °C, 12 h
+

Ar = 4-methoxy-2,6-
dimethylphenyl

OMe

OTMS

Me

Me
N

Ar

H

(35h) Wasa, Org. Lett. 2019, 21, 984.

Catalytic enantioselective β-alkylation

α-Alkylation with silyl ketene acetals

Additional examples: (35n) Wasa, J. Am. Chem. Soc. 2019, 141, 14
Org. Lett. 2020, 22, 7797.  Reviews: (35p)  Ma, Hou, Chem. Soc. Rev

Me

H

1.5–2 equiv

2 equiv

5 equiv
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Figure 36
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N
H Ph

65%, dr > 25:1
Cl

N
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72%

61%, dr = 6:1

quiv) NaBH4 (4 equiv), MeOH
0 °C to rt, 1 h

Boc protection, workup

PhLi (3 equiv)
–78 °C to rt, 2 h

N
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Ph N
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Phworkup
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5 min

N
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N
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ClMeO

40%, dr > 20:1

Boc

Cl
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N
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N
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Reactions of α-substituted amines are 
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H

Ph

H
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 Li-amide-based imine and 1-azaallyl anion generation from unprotected azacycles.36

torical precedent

‡
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Ph Ph
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Ph Ph

posed mechanism

able features

pid access to imines from unprotected alicyclic 
ines via their in situ generated Li-amides.
idation of Li-amide is fast at –78 °C, generating cyclic 
ines under mild conditions.
thod prevents imine decomposition and formation of  

desirable, and typically unreactive, imine trimers. 
e: (36a) Fandrick, Org. Lett. 2016, 18, 6192.]

hydride
transfer

+

ther reading

iew on Li-amides as reductants: 
) Majewski, J. Organomet. Chem. 1994, 470, 1.

cedent for adding organolithiums to cyclic imines: 
) Scully, J. Org. Chem. 1980, 45, 1515.
ition of TMSOTf or BF3 etherate enables expansion of
pe to Grignard reagents, Li-acetylides, and others: 
) Seidel, J. Am. Chem. Soc. 2019, 141, 8778.
) Seidel, Org. Lett. 2021, 23, 797.
ulation:
) Seidel, Org. Lett. 2021, 23, 3729.
arboxylative alkylation of imines:
) Seidel, Angew. Chem. Int. Ed. 2021, 60, 1625.
 also: (36m) Ellman, J. Am. Chem. Soc. 2021, 143, 126.

aldol

N OH

Ph
Ph

N OH

Ph
Ph

P

Keto

R = P

Selected scope

Application to amine α-functionalization (36e) Seidel, Nat. Chem. 2018, 10, 165.

i)   n-BuLi (1 equiv), –78 °C, 10 min
ii)  ketone oxidant (1.2 equiv), –78 °C, 10–90 min
iii) PhLi (1.5 equiv), –78 °C to rt, 2 h

                         etherN
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H N
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Extension of concept to β- and multi-functionalization (36f) Seidel, Nat. Chem. 2020, 12, 545.

N
H

i)  n-BuLi (1.5 equiv),
   ether, –78 °C, 5 min
ii) PhCOCF3 (1.5 equiv),
   –78 to 0 °C, 15 min

1.5 equiv

N

LDA (1.5 equiv)
0 °C, 1 h

BnBr (1 e
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N
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58%

N
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N
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access to imine monomer enables deprotonation

) Wittig, Chem. Ber. 1962, 95, 2377.  See also:
) Wittig, Liebigs Ann. Chem. 1971, 746, 174.
) Wittig, Liebigs Ann. Chem. 1971, 746, 185.
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(37r) Shaw, Angew. Chem. Int. Ed. 2018, 57, 15213.
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 Reactions involving carbenes or metal carbenoids.37

able features

werful method for C–H bond functionalization
olving carbene or metal carbenoid intermediates.
pically proposed mechanistic pathway involves
ertion into C–H bond. Alternatively, an ion pair is 
nerated by intermolecular hydride transfer to the
rbene, followed by recombination.
ost common starting materials are diazo
mpounds and tosyl hydrazones.

itional examples: (37u) Doyle, Tetrahedron Lett. 1996, 37, 1371. (37v) Sulikowski, Tetrahedron 1997, 53, 16521. (37w) Sulikowski, Tetrahedron Lett. 1999, 40, 80
rahedron Lett. 2007, 48, 8531. (37z) Davies, Nat. Commun. 2015, 6, 5943. (37aa) Chen, Arnold, ACS Catal. 2020, 10, 5393.  Reviews: (37ab) Davies, Chem. Rev. 
le, Chem. Rev. 2010, 110, 704. (37ae) Davies, Chem. Soc. Rev. 2011, 40, 1857. (37af) Sultanova, Chem. Heterocycl. Compd. (Engl. Transl.) 2015, 51, 775.

oc

Ph CO2Me

N2

+

i)  Rh2(S-DOSP)4
        (1 mol%)   
    –50 to –58 °C

ii) TFA, CH2Cl2
N
Boc

MeO2C

Ph
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CO2Me

Ph

78%, 97% ee
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N

O

Ph

N

KOt-Bu
PhMe 

reflux N

H

Ph

60%

(37c) Winkler, J. Org. Chem. 1998, 63, 9628.

l) Davies, J. Am. Chem. Soc. 1999, 121, 6509.  See also: (37m) Winkler, J. Am. Chem.
. 1999, 121, 6511. (37n) Davies, Org. Lett. 2001, 3, 1773. (37o) Davies, J. Am. Chem. 
. 2003, 125, 6462. (37p) Davies, Bioorg. Med. Chem. Lett. 2004, 14, 1799.

stereochemistry 
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N
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Ph
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N

O

Ph

50%

(37a) Corey, J. Am. Chem. Soc. 1965, 87, 2518.
See also: (37b) Hurst, J. Chem. Soc. C 1969, 2093.
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N
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O

Rh2(5S-MEPY)4
(1 mol%)

CH2Cl2, reflux

65%, 63% ee 9%, 73% ee

+

g) Doyle, Tetrahedron Lett. 1992, 33, 7819.  See also: 
h) Doyle, J. Am. Chem. Soc. 1993, 115, 9968. (37i) Hashimoto, Synlett 1994, 1031.
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(37j) Doyle, Synlett 1995, 1075.
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   (0.5 mol%)

n-hexane 
22 °C, 12 h

82%, dr = 11:1
86% ee

(37q) Wirth, Eur. J. Org. Chem. 2017, 1889.

Examples of metal-free, thermal and photochemical reactions

neering catalytic enantioselective intramolecular variants

Mo(CO)6 (2.4 equiv)
3,5-(t-Bu)2-1,2-benzo-
quinone (1.2 equiv)

PhMe, 135 °C, 24 hN

O

N

68%, dr = 71:29
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H
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also formed in 22% yield

xygenative cyclization

s) Asako, Takai, J. Am. Chem. Soc. 2019, 141, 9832.
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O
O
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Me
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71%

(diacetoxyiodo)benzene
(1.5–2 equiv)

NaH (2.3 equiv)

THF, 0 °C to rt, 3 h

(37t) Maulide, Chem. Eur. J. 2015, 21, 1449.

via an iodonium ylide

Cyclization without pre-functionalization

neering catalytic enantioselective intermolecular variants Catalytic enantioselective synthesis of indolines

TsHN

6 equiv
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Figure 38
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ngew. Chem. Int. Ed. 2015, 54, 8287.

NH

Ts

CN
F

66%^, 90% ee
(^L1 was used, *L2 was used) motifs

Application to a short 
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 Hofmann–Löffler–Freytag (HLF) reaction.38

inal discovery

able features
volves an intramolecular Hydrogen Atom Transfer (HAT)
ocess with a chair-like TS.
pically selective for δ C−H bonds. 
activity can be modulated by varying the substituents
 the N-atom.

ther reading

iews on HLF and related reactions: 
i) Wolff, Chem. Rev. 1963, 63, 55.
j) Stella, Angew. Chem., Int. Ed. Engl. 1983, 22, 337.
k) Sarpong, Chem. Sci. 2013, 4, 4092.
l) Nagib, Synthesis 2018, 50, 1569.

er selected contributions:
m) Wawzonek, J. Am. Chem. Soc. 1950, 72, 2118.
n) Corey, J. Am. Chem. Soc. 1960, 82, 1657.
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 Electrochemical approaches, cation pool method.40
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 Electrochemical approaches, 9-azabicyclo[3.3.1]nonane N-oxyl (ABNO) catalysis.41
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 Intramolecular hydrogen atom transfer (HAT).42

able features

tramolecular Hydrogen Atom Transfer (HAT) represents a key step
many photochemical C–H bond functionalizations of amine 
rivatives.
itial products are useful starting materials for further 
nsformations.

ther reading

er 1,6-HAT reactions:
l) Griesbeck, Tetrahedron Lett. 1999, 40, 3137.
m) Peñéñory, J. Org. Chem. 2009, 74, 1223.
HAT reactions:
n) Nishio, Helv. Chim. Acta 2005, 88, 78.
o) Nishio, Helv. Chim. Acta 2005, 88, 996.
p) Nishio, Helv. Chim. Acta 2005, 88, 2603.
iews:

q) Nechab, Bertrand, Chem. Eur. J. 2014, 20, 16034.
l) Gevorgyan, Chem. Sci. 2020, 11, 12974.

torical precedent: Norrish–Yang cyclization

Me

O
H hν OH

Me
Me

OH

Norrish type II
cleavage

Norrish–Yang 
cyclization

inal work

a) Norrish, Nature 1937, 140, 195.
b) Yang, J. Am. Chem. Soc. 1958, 80, 2913.

N

Me

Me
Hg lamp

ether N
Me

OH

N

Me

Me

H

1,5-HAT

O

N

Me

Me

H

(42e) Aoyama, Tetrahedron Lett. 1975, 16, 1901.

N

Ph
O

O

N

O

H

OH
Ph

N

O

H

OH
Ph

N

Ph

O
O
Ar

α-Arylation

Indolizidine synth

N

O

H

OH
P

(42k) Sarpong, J. A

(42j) Sarpong, ACS Catal. 2020, 10, 2929.

Pd2(dba)3•CHCl3 (5 mol%)
RuPhos (10 mol%), ArBr (1.2 equiv)

Cs2CO3 (1.2 equiv)
PhMe, 40 °C, 24 h

N

CO2MeO

O

(42g) Gramain, 

Synthesis of β-, γ-, and δ-lactams

Cyclization of α-ketoamides and subsequent applications

NMeO2C

O

T

Synthesis of pyrr

(42h) Giese, Ange

N

O

Synthesis of benz

(42i) Zhang, Synth

N

O

HN
Cbz

Ph

O

N

O

HHO Ph

N
H

Cbz
Hg lamp

CH2Cl2

n = 1, 70%, dr = 2.3:1
n = 2, 77%, dr = 3.4:1
n = 3, 82%, dr = 4.6:1

N

O

H

OH
Ph N

Ph
O

O

β-Alkynylation

(42j) Sarpong, ACS Catal. 2020, 10, 2929.

Br
Pd2(dba)3•CHCl3 (5 mol%)

RuPhos (10 mol%)

Cs2CO3 (1.2 equiv)
PhMe, 40 °C, 24 h

TIPS

(42f) Wessig, Tetrahedron: Asymmetry 1998, 9, 4459.

blue LED

TIPS

53%

For Ar =  Ph

O

N

Ph

Ph
Hg lamp

benzene N
Ph

PhMe

O

Ph

O

MeOH

Ph

Ph

O

Ph

c) Clasen, Sealers, Chem. Commun. 1966, 289.
 also: (42d) Cohen, Chem. Rev. 1973, 73, 141.

26%

O

Ph

dba
dibenzylidene

n n

(1.2 equiv)

70%

n n = 1, 66%
n = 2, 63% 
n = 3, 55%

n

n
n

n = 1, 81%
n = 2, 76%
n = 3, 70%

enantiopu



Graphical ReviewSynOpe

Figure 43

Not

• Hi
  fro
  ph
  thi
  the
• Di
  ca

Fur

Ear
(42d
A u
(43i
(43j
Pola
(43k
Ben
(43l
Sele
(43m
(43n

His

benzaldehyde (50 mol%)
NiBr2•glyme (10 mol%)

dtbbpy (10 mol%)

K2HPO4 (2 equiv), acetone, 
UVA lights, rt

N

Boc

For R = Ph, 80%

l groups on aryl group tolerated: F, CF3, Me, OMe, CN, CF3.
ides also tolerated as coupling partners.

N

Boc

dtbbpy = 4,4'-di-tert-butyl-2,2'-bipyridyl

N

Boc

Sem

(42

(Bu4N)4DT (1 mol%)
Ni(dtbbpy)Br2 (5 mol%)

K3PO4 (1.1 equiv), MeCN 
390 nm LED, rt to 35 °C

N

Ph

For Ar = m-F3C-C5H4N, 53%

methylation at distal positions

Na4DT (1 mol%)
CuCl2 (5 mol%)

H2SO4 (1.2 equiv), H2O/MeCN
390 nm LED, 20–30 °C

N
H

F3C
I

O

OF3C

n = 1, 68%
n = 2, 83%*
n = 3, 56%*

n

Na4DT (1 mol%)
H2O2 (2.5 equiv), H2SO4 (1.5 equiv)

 H2O/MeCN, 365 nm LED, 25 °C N
H

N
H

O

n = 1, 65%
n = 2, 68%*
n = 3, 58%

on of the amine deactivates the α C–H bond,
AT to occur at the β- or γ-positions.

 hydroxylations and iminations also possible.
P

(43

+

+

+

n
n

n

Ar

R

5 equiv

5 equiv

1.25 equiv

* mixture of
  regioisomers.cMillan, Nat. Chem. 2020 12, 459.

* mixture of
  regioisomers.

cMillan, Nature 2018, 560, 70.

hmi, Org. Lett. 2019, 21, 6329.

ultz, Angew. Chem. Int. Ed. 2017, 56, 15274.
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 Direct hydrogen atom transfer (HAT).43

able features

gh redox potentials of certain amine derivatives prevent them
m undergoing single-electron transfer (SET) with typical
otoredox catalysts. Direct hydrogen atom transfer (HAT) avoids
s issue by using a photocatalyst to abstract a hydrogen atom from
 substrate, generating the reactive α-amino radicals.

rect HAT photocatalysis can be combined with other forms of           
talysis to achieve previously elusive transformations.

ther reading

ly review on photoreduction by amines:
) Cohen, Chem. Rev. 1973, 73, 141.

ranyl cation and eosin Y as HAT photocatalysts:
) Mei, Shi, Chem. Eur. J. 2020, 26, 16521. 
) Singh, Tetrahedron Lett. 2019, 60, 1333.
rity matching effect, and its application in HAT catalysis:
) Roberts, Chem. Soc. Rev. 1999, 28, 25.
zophenone-mediated enantioselective alkynylation:
) Inoue, Chem. Asian. J. 2015, 10, 120.
cted general reviews on HAT:
) Ravelli, Eur. J. Org. Chem. 2017, 2056.
) Ravelli, Green Chem. 2020, 22, 3376.

torical precedent: Intermolecular Yang C–H Functionalization

Functiona
Alkyl brom

ArylationCyanation

benzophenone (20 mol%)
2,6-di-tert-butylpyridine (4 equiv)

MeCN, Hg lamp, rt N
Boc

CN

n = 1, 94%
n = 2, 74%
n = 3, 85%

Morpholines and acyclic amines also tolerated.

N
Boc

TsCN

Me Me

O hν
Me

OH

Me

12%

inal work

b) Yang, J. Am. Chem. Soc. 1958, 80, 2913.

X
R

Br

X = C, N

Trifluoro

N
H

Oxidatio

Protonati
allowing H
Selective

N
Boc

NOBn

MeOPh N
Boc

NOBn
4-benzoylpyridine (1 equiv)

CH2Cl2, Hg lamp, rt

84%

N

Boc

O

H
N
Boc

NHOBnor

A: 10% aq HCl, HCHO,
THF, rt

B: NaCNBH3 (1.5 equiv)
AcOH, rtA

72%
B

quant.

Aldoximation and further functionalization

(43c) Kamijo, Angew. Chem. Int. Ed. 2016, 55, 9695.

DT = decatungstate anion W10O32
4–

Direct Hydrogen Atom Transfer agents

W
O

O

O
WO O

W
O

O

O

W
O

OO

O

W
O

W
O

O

W
O

O

OO
W O

O

O

O

W
O O

O

O
O

W
O O

O

O

O

PhPh
N
Me

Ph Me
N
Me

Ph OH

Ph
Ph

12%

O

Phh
N

Ph Me HAT

H

OH

PhPh
N

Ph Me

a) Davidson, Chem. Commun. 1966, 575.

O

O
Cl

2-ClAQ
2-chloroanthraquinone

Alkylation

2-ClAQ (10 mol%)

CH2Cl2, 365 nm LED, rt
N
Boc

89%

N

Boc
SO2Ph

SO2Ph

SO2Ph

SO2Ph

Morpholines and proline esters also tolerated.

Hg lamp

benzene

4

+

+

+

+

n n

n

8 equiv

1.5 equiv

2 equiv

8 equiv

5 equiv

(43h) Ma

(43e) Ma

(43f) Has

(43b) Inoue, Synthesis 2013, 45, 874.

(43d) Kamijo, Org. Lett. 2016, 18, 4912.

R

Br

(43g) Sch

4Na
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(EtO)2POH (3 equiv)

PhMe/H2O, 5 W CFL
N

Ph
P

89%

n

hem. Commun. 2011, 47, 8679.
OEt

O OEt

2Me

Ru[(bpy)2(dtbbpy)](PF6)2 (1 mol%)

(MeCN)4CuPF6 (10 mol%)
CH2Cl2, 5 W CFL

N
CO2Me

hem. Eur. J. 2012, 18, 5170.

Ph

88%

N
H

N
H

S

CF3

CF3

t-Bu

N

O
S

h

Ru(bpy)3Cl2 (1 mol%), CCl4 (4 equiv) 
MeCN, blue LED, rt

then thiourea (20 mol%)
silyl ketene acetal (2 equiv)

MTBE, –60 °C

N
Ph

CO2Me

e synthesis of β-amino esters

Stephenson, Chem. Sci. 2014, 5, 112.

nic-based photocatalysts

Tan, Green Chem. 2011, 13, 2682. (44k) Wu, Chem. Eur. J.
, 18, 620. (44l) Tan, Green Chem. 2011, 13, 3341. (44m) Fu, J.
ine Chem. 2012, 140, 88.

Pro

72%, 95% ee

Ph (5 equiv)H

tal

acts as an anion-binding catalyst
thiourea
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 Photoredox approaches, part I.44

able features
gh redox potentials of photoexcited catalysts allow for either
idative or reductive single-electron transfer (SET) to a wide variety
substrates.
dox potentials of the photocatalysts can be tuned via aromatic        

bstitution of bipyridine ligands 
otoredox catalysis can be combined with other forms of catalysis    
achieve previously elusive transformations.

ther reading

er enantioselective strategies:
) Kang, Chem. Commun. 2017, 53, 7665.
) Zhang, Chem. Commun. 2017, 53, 12536.
cted examples of redox neutral C–H functionalization of THIQ:
) Pandey, Reiser, Org. Lett. 2012, 14, 672.
) Nishibayashi, Chem. Eur. J. 2012, 18, 16473.
) Yoon, J. Org. Chem. 2013, 78, 4107.
cted reviews on organic dyes as photocatalysts:
) Sharma, Org. Biomol. Chem. 2019, 17, 4384.
) Nicewicz, Chem. Rev. 2016, 116, 10075.

inal work

N
Ph

N
Ph

NO2

Ir(ppy)2(dtbbpy)PF6 (1 mol%)

MeNO2, 15 W CFL, rt

92%G and EDG on aryl groups tolerated

N

Ph

Ir(ppy)2(dtbbpy)PF6 (1 mol%)

MeNO2, 15 W CFL, rt

40% conversion
27% yield

) Stephenson, J. Am. Chem. Soc. 2010, 132, 1464.

Na

B

N
Ph

Ir[(ppy)2bpy]PF6 (1 mol%)
KCN (1.2 equiv), AcOH (5 equiv)

MeCN, 5 W CFL
N

Ph
CN

94%

Cyanation

(44b) Rueping, Chem. Commun. 2011, 47, 12709.
See also: (44c) Stephenson, Org. Lett. 2012, 14, 94.

N

Phosphonylatio

(44d) Rueping, C

Acetylation

Enantioselective acylation

N
Ph

Ru(bpy)3(PF6)2 (1 mol%)
L-proline (10 mol%)

acetone (10 equiv)
MeCN, 5 W CFL

N
Ph
Me

O

95%
(44e) Rueping, Chem. Commun. 2011, 47, 2360.
See also: (44f) Xia, Chem. Commun. 2012, 48, 2337.

Alkynylation

N
CO

(44g) Rueping, C

N
Ph

Ru(bpy)3Cl2 (1 mol%)
NHC catalyst (5 mol%)

1,3-dinitrobenzene (1.2 equiv)

CH2Cl2, blue LED, rt
N

Ph

O
Me

67%, 91% eeN
N N

Br

Br

Br

O

N
P

Enantioselectiv

(44i) Jacobsen, 

N

Ph

NO2

(44h) Rovis, J. Am. Chem. Soc. 2012, 134, 8094.

Orga

(44j) 
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H

N
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N
O O
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N
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2
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O
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– H–[O]
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[O]

X = Cl or PF6
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Ir[(ppy)2(dtbbpy)]PF6 (0.5 mol%)
NaOAc (2 equiv)

 H2O/DMA, 26 W CFL, 0 °C N
Ph N X

N

N
Ph

Ir[(ppy)2(dtbbpy)]PF6 (0.5 mol%)
NaOAc (2 equiv)

 H2O/DMA, 26 W CFL, rt N

Ph N

X

groups on Ar tolerated: Me, F, CO2Et, CF3, OMe.

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (1 mol%)
NiCl2•glyme (10 mol%), BiOx (30 mol%)

KOH (3 equiv), DMF, blue LED, rt
N
Ph

Ar

For Ar = p-Me-C5H4 n = 1, 84%
n = 2, 27%
n = 3, 52%groups on Ar tolerated: CO2Me, F, CF3, OMe, indoles.

N

Boc

Acridinium catalyst (5 mol%)

CH2Cl2, 455 nm LED, rt
N

Boc

R

groups tolerated: CO2Me, SO2Ph, CN, CO2Ph.

N

N

Boc

Bz

Acridinium catalyst (5 mol%)

CH2Cl2, 456 nm LED, 0 °C N

N

Boc

Bz

R

icz, J. Am. Chem. Soc. 2018, 140, 9056.
icz, Org. Lett. 2020, 22, 679.

45i) Nicewicz, ACS Catal. 2021, 11, 3153.

*IrIII

Pro

N

Ph

hν

For R = COMe n = 1, 87%
n = 2, 83%

For R = COMe
81%, 21:1 rr

n n

n n

n n

1.5 equiv

1.5 equiv

+

+

R

3 equiv

3 equiv

3 equiv

tive Alkylation of N-Boc amines

For X = CH and R = p-CO2Et

For X = O n = 1, 92% 
n = 3, 94%

77%

illan, Chem. Sci. 2014, 5, 4173.

, Chem. Sci. 2016, 7, 7002.
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 Photoredox approaches, part II.45

dmark study

able features

ide functional group tolerance on both coupling partners.
w catalyst loadings and mild conditions can be combined 
h flow chemistry to prepare grams of material.

ther reading

inal work implicating SET:
) Cohen, J. Am. Chem. Soc. 1968, 90, 165.
) Lewis, J. Org. Chem. 1981, 46, 1077.
ydrative allylation with allylic alcohols:
) Murakami, Org. Lett. 2020, 22, 4467.
roaminoalkylation with conjugated dienes:
) Rovis, J. Am. Chem. Soc. 2017, 139, 15504.
cted reviews:
) MacMillan, J. Org. Chem. 2016, 81, 6898.
) Wencel-Delord, Beilstein J. Org. Chem. 2020, 16, 1754.

) Gaunt, Chem. Rev. 2020, 120, 2613.

N

Ph

Ir(ppy)3 (1 mol%)
NaOAc (2 equiv)

DMA, 26 W CFL, 23 °C

N

WG

N

Ph EWG

n = 1, 96%
n = 2, 98%
n = 3, 91%

) MacMillan, Science 2011, 334, 1114.

Vinylation

N
Ph

Ar
PhO2S

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (1 mol%)
CsOAc (3 equiv)

 DCE, 26 W CFL, rt
N
Ph

Ar

For Ar = Ph n = 1, 84%
n = 2, 84%
n = 3, 98%Functional groups on Ar tolerated: Me, F, CO2Me, CF3, OMe.
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N

Cl

X N

Cl

Functional 

Regioselective alkylation

Acylation

N
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Ir[(ppy)2(dtbbpy)]PF6 (1 mol%)
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DMF, blue LED, 25 °C
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Ph

Et

O
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O

Et

O
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n = 3, 75%(45c) Doyle, Angew. Chem. Int. Ed. 2016, 55, 4040. Arylation
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(45d) Liu, Ready, J. Am. Chem. Soc. 2020, 142, 11972.
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idazines.

N
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K2CO3 (1.5 equiv), H2O/MeCN 
blue LED, rt to 50 °C

N
Boc

R

For R = cyclohexyl n = 1, 58%
n = 2, 42%
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P
O
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O

SHPh
thiocarboxylic acid

N
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an, Nature 2017, 547, 79.
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 Indirect hydrogen atom transfer (HAT).46

able features

gh redox potentials of amides and protected amines prevent them   
m undergoing SET with typical photoredox catalysts. Indirect           
drogen atom transfer (HAT) circumvents this issue by using             
otoredox catalysts to oxidize or reduce a secondary catalyst or        
gent, which then undergoes HAT with the substrate, generating      
 reactive α-carbamyl radicals.

ther reading

lications on acyclic amines:
) Zhu, Chem. Commun. 2016, 52, 7596.
) Miller, Knowles, Nature 2016, 539, 268.
) Rovis, Nat. Chem. 2018, 10, 1037.
) Rovis, Angew. Chem. Int. Ed. 2019, 58, 4002.
er indirect HAT catalytic systems:

) Cresswell, Angew. Chem. Int. Ed. 2020, 59, 14986.
) Rovis, J. Am. Chem. Soc. 2021, 143, 2729.
) Xu, Angew. Chem. Int. Ed. 2020, 59, 14275.

inal work

Ru(ppy)3Cl2 (1 mol%)
(NH4)2S2O8 (5 equiv)

blue LED, 25 °C

) Stephenson, J. Org. Chem. 2012, 77, 4425.
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N

X

R
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(NH4)2S2O8 (4 equiv)
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X
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X = C, N, O, S
1.5–3 equiv

Boc Boc
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HSO4

Arylation
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and other alky

N
B

R Br
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BINOL phosphoric acid (5 mol%)

K2CO3 (2 equiv), CH2Cl2, 430 nm LED, rt N
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CN
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n = 2, 77%
n = 3, 85%(46d) Oisaki, Kanai, Chem. Eur. J. 2018, 24, 8051.
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Functional groups tolerated: F, Cl, CO2Me.
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(46b) Hamashima, Chem. Sci. 2018, 9, 8453.
See also: (46c) Hamashima, ACS Catal. 2021, 11, 82.
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(46e) Grainger, Johnson, Chem. Sci. 2019, 10, 2264.
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 Deconstructive functionalization.47

able features

fferent approaches facilitate the ring cleavage of cyclic amines. 
lows for the rapid formation of highly functionalized linear amines.
ables the late-stage modification of peptides.
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transfer steps.

The overall HAT process involves lower-lying singlet
and triplet electronic states and is characterized as
a two-state reactivity event.

(47g) Sarpong, Musaev, J. Am. Chem. Soc. 2021, 143, 3889.

(47f) Sarpong, Nature 2018, 564, 244.
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