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Abstract This Graphical Review provides a concise overview of the manifold and mechanistically diverse meth-
ods that enable the functionalization of sp> C-H bonds in amines and their derivatives.
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1 Introduction

The development of methods for the C-H bond functionalization of amines continues to be a
topic of significant interest. Given the potential to lead to real-world applications, coupled with
the intellectually stimulating nature of the field, this sustained high level of interest is hardly
surprising. A plethora of approaches have emerged over the years, exhibiting significant mech-
anistic diversity. In addition, an almost overwhelming number of contributions continue to be
published at an ever-accelerating pace, making it challenging to keep up with what has already
been accomplished, and to put new discoveries into perspective. The rapid speed of develop-
ment can also obscure what has already been done well versus which transformations need
further improvement (regarding scope, ease of use, cost, scalability, etc.), and which worth-
while unsolved challenges remain to be addressed. The goal of this Graphical Review is to pro-
vide a concise overview of the manifold methods that achieve the functionalization of sp?> C-H

Graphical Review of
mechanistically distinct methods

H
r‘~j r‘j
L*N )n o, B, v, and remote ¢ )
1
R

C-H bond functionalization 1

bonds in amines and their protected derivatives (e.g., amides, carbamates, N-aryl amines, etc.).
We aim to cover the most important methods while highlighting the underlying mechanisms.
Throughout, we have attempted to trace the origin of each approach back to a seminal report
or important literature precedent. A focus is placed on historical contributions, key innova-
tions, and the most recent cutting-edge advances. While reactions are grouped by mechanism,
clear categorization of a given process is not always possible. Clearly, certain transformations
would fit well into different categories. Due to the format of this review and the vast number of
contributions published to date, this overview could not possibly be comprehensive, nor does
it aim to be. Coverage extends to the end of 2020, with selected contributions from early 2021.
We hope that this review will offer something of value to novices and experts alike. Feedback
from the community is welcomed, so that a future, updated version of this review can be im-
proved upon.

Regarding the structure of this Graphical Review, abbreviated references including prior re-
views are provided within the Figures at the appropriate places. Full references are shown in
the reference section and are grouped by Figure number. A note on the use of color: Amine
substrates are shown in black, while groups that are being added are colored in light or dark
blue. Catalysts are shown in purple or green. Other colors are used on occasion to highlight
certain aspects (e.g., green for directing groups, red for hydrogens that are being functional-
ized, and orange for curly arrows).
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Notable features

* No protection and deprotection steps required.

* Regioselectivity controlled by the base.

e For Lewis acid activated tertiary amines, deprotonation,
electrophile capture, and decomplexation are generally
carried out in one pot.

Seminal studies

Me HoC—D
CizHa5—N Hz5C12—N,
Me o Me
i) +-BuLi, 25 °C, 4 d 5%
< +
,Me i) then D,O H,C—D
HasC12—R CiaHas—R
Me Me
51%
(1a) Peterson, J. Org. Chem. 1965, 30, 1939.
Me BuLi, then n-Bul _MMe
) n-BuLi, then n-Bu
Ph—N 3
Vi Ph—N
Me
33%

(1b) Lepley, J. Org. Chem. 1966, 31, 2055.

Further reading

Additional seminal work:
(1i) Lepley, J. Org. Chem. 1966, 31, 2061.
(1j) Lepley, Chem. Commun. (London) 1967, 1198.

Reviews on o-deprotonation and functionalization:
(1k) Kessar, Chem. Rev. 1997, 97, 721.
(11) Katritzky, Tetrahedron 1998, 54, 2647.

Deprotonation and functionalization of other Lewis acid
amine complexes:

(1m) Mioskowski, Angew. Chem., Int. Ed. Engl. 1996, 35, 430.

(1n) Vedejs, J. Am. Chem. Soc. 1997, 119, 6941.
(10) Simpkins, Tetrahedron 1998, 54, 12923.
(1p) Kessar, J. Am. Chem. Soc. 2007, 129, 4506.

Other applications of the deprotonation methodology:
(1q) Harmata, Tetrahedron Lett. 1996, 37, 6267.

(1r) Kovacs, J. Org. Chem. 2019, 84, 7100.

(1s) Kovéacs, J. Org. Chem. 2020, 85, 11226.

Figure 1 Deprotonation of tertiary amines.’
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Regioselective deprotonation and functionalization in the presence of a superbase

()

s-BuLi/KOt-Bu (1.2 equiv)

()

n-OctylBr (1 equiv), =78 °Ctort, 16 h

N N
HoC. ether,0°C, 1 h CHoM
H M= LiorK
key intermediate

(1c) Ahlbrecht, Tetrahedron Lett. 1984, 25, 1353.

Intramolecular activation of amines containing
a second donor atom

E i) +-BulLi (1.18 equiv), s-BulLi (1.1 equiv), =78 °C, 1 h then HCI N

' Me -30°Ctort, stirdd Me OH o
. i) PACOPh (1.17 equiv), Vie N THF (solvent) AN

LN -30°Ctort, 2h N Ph  FsB H FsB Li

: [ Me \)<Ph ° ° OH
Py Me pentane .Me

- '}' Selected scope with other electrophiles 79%

! Me Me

: MeO

1 (1d) Strohmann, J. Am. Chem. Soc. 2008, 130, O O O N

po 14412, N N N MeO “Me

E Other systems where similar deprotonation and k[(\ K[(Ph NK/ O SN OMe
! trapping is observed: N HO |

: 0 o ZSom

: NMe Me\N/\N,Me 5
E 2 k ) 69% from 50% 65% 88% synthesis of 41%

! . N methyl acrylate  from benzonitrile from jodine from cyclohexanone (x)-laudanosine

' ‘NMe, |

! Me (1e) Kessar, J. Chem. Soc., Chem. Commun. 1991, 568. (1f) Kessar, Tetrahedron Lett. 1991, 32, 3221.

| Functionalization of enantioenriched aziridines 7] ! Addition of p-amino carbanions to arenes
: M s-BulLi (1.5 equiv) M M i . )

: e TMEDA (1.5 equiv) ne Mel quench e . s-BuLi (2.2 equiv) U

i Me, N Me, N (i — > Me, N Me : ~78°C, 30 min :

: I\ ether, 0°C, 3.5 h 1 1 :

: Ph Ph Ph i N THF \

: 96% ee 85%, 96% ee ' l\llle l\llle

' Selected scope i ) )

H ! s-Buli (3 equiv)

H 'YI Me OH II’)-PI‘ I|3n ! Selected scope PhCI (3 equiv)

H Key features . —78 °C, 45 min

i Me,, N _siMe; Me,, N Z"Z: P, N pn Ph, N P v ; R % Yield then to rt. 4-5 h

i OH oH  Temperature-dependent : R _—

! regioselective lithiation. 3-MeO-CgH, 51

: +Bu H Ph H : 3-Cl-CgHs 29 Ph

: 62%", dr=98:2 56%" dr=87:13 Solvent-dependent 5 N 2-Me-CeHs 31 yja benzyne

! 65%, 96% ee 84%, 96% ee 96% ee 96% ee stereochemical outcome. Me formation

' (1g) Luisi, Chem. Eur. J. 2011, 17, 286.  (* THF was used as the solvent) ! (1h) Singh, Org. Lett. 2012, 14, 2202. 38% Ne

Selected scope

O O R % Yield
N N PhCHOH 73
k {-BuCHOH 41
I\P)E\Me R i-PrCHOH 62
70% This methodology is also applicable to

N-methylpyrrolidine and triethylamine.

()

Lewis acid complexed o-metalation of tertiary amines

PhCHO (1.1 equiv), -78t0 0 °C, 1 h
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Disadvantage: Harsh deprotection conditions required.
Other protecting groups used

MeO

——> MeO

Further reading
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CLy
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Reviews:
(2p) Seebach, Angew. Chem., Int. Ed. Engl. 1975, 14, 15.
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Notable features ' Functionalization of cyclic and open-chain nitrosamines Phosphoramides as substrates
H i iv) —78 ° i i) n- i —75° R % Yiel
* Rate of deprotonation depends on stabilization of the : ) i) LDA (1.045 equiv), —78 OC’ 10 min ) i) rl'qgllj_:‘c') 7755 % % Yield
electron-rich C—Li bond by a nearby empty orbital or ' g if) BnBr (1.06 equiv), =78 °C, 3 h " h=0,90% O H i) P O Ph B
; . ! 2 I iii) quench with H,O i -Bu 65
electron-withdrawing group. i N7 TH THE N™ "Bn n=1,60% 1o \-Po )\ MeoN-P~ OH Ph 68
* Precomplexation of the substrate with the organolithium &\~ NO €2N"1 "N~ “Ph e2N" 1 N 4-CI-CeHs 70
occurs prior to deprotonation. : EtO |\I/|e THF EtO I\I/Ie 6
* Lithiate stabilized by dipoles of amide (or similar ! Substrate scope Key features (2h) Savignac, Tetrahedron Lett. 1974, 15, 2651. (2i) Savignac, J. Organomet. Chem.
functional groups) and hence termed "dipole stabilized H e )
carbanions". ' Me KMe Directed lithiation to a 1:9;77’::7 ,54{;:1‘;:1;.818624a|22:3(2]> Magnus, Synthesis 1980, 575. (2k) Seebach, Helv.
' 4 : : im. , 64, .
: Me)\N Me nHex< ANg o SN Ph }gglsgl;){ecarbon atomiis Extension to other systems
Seminal discovery ] | \ | ible. N
: NO OH NO NOpo Ph |
'Yle 'Yle . Facile denitrosation Pz N\P:NMez N._.NMe, 9
N M NaOD C,25h N ' 85% S0 90% using Raney Ni/H, 4 NMe; HO F-NMe, [MeoNL Py -
1.3 aOD, 100 °C, 2.5 ' (0]
[ ] D>[ j<D ! (2c) Seebach, Angew. Chem., Int. Ed. Engl. 1972, 11, 1101, Me OH
l}l D,0 D l}l D (2d) Seebach, Synthesis 1979, 423.
o N°O . See also: (2e) Seebach, J. Med. Chem. 1974, 17, 1225. 529 64% 83%
i Access to o,0'-difunctionalized pyrrolidines (from cyclohexyl iodide)
(2a) Keefer, J. Am. Chem. Soc. 1970, 92, 5747. : D D Hex Key constituents of the venom Deprotection is facile by refluxing with aqueous methanolic hydrochloric acid.
First example of C-C bond formation ] o of the South African fire ant, Amid bstrat
[ Bn H Bn Et H Solinopsis punctaticeps. mides as sul stra e's )
H i) LDA, —80 °C, 10 min HO. _Ph: i) s-BULI/TMEDA (1.25 equiv),
) ii) PhCHO, =80 °C, 5-10 h : 66% 33% (2f) Fraser, Synthesis 1976, 540. -78°C,5h Ar= i-Pr
Me-y Me P i ii) PACHO (1.22 equiv) o v
N\ THF/hexane ,{l . Application to natural product synthesis N H - N
o o OH AFAO Ar/go OH i-Pr i-Pr
95% 1 MeO
: O MeO (2l) Beak, J. Am. Chem. Soc. 1984, 106,1010.  30%
(2b) Seebach, Angew. Chem., Int. Ed. Engl. 1972, 11, 301. ' N.o
(2q) Beak, Chem. Rev. 1978, 78, 275. : (2g) Seebach, Tetrahedron Lett. 1980, 21, 1927. (+)-macrostomine
2r) Beak, Chem. Rev. 1984, 84, 471. H L . - . . .
EZS)) Clayden, Tetrahedron Organic Chemistry Series : Formamidines as substrates Chiral Formamidines in asymmt‘etrlc sy‘ntheS|s (?n) Meyers, Tetrfahedron 1987, 43, 5095.
2002, 23, 9. ! iy BuLi (1.1 equiv), —78 °C MeO i) +-BuLi (1.1 equiv), =78 °C, 30 min
Seminal work and other directing groups: H i) warmed to —20 °C, 1 h e ii) cooled to =100 °C followed by
(2t) Fraser, Can. J. Chem. 1973, 51, 1109. ' @in iii) cooled to —78 °C, 10 min @. addition of Mel (1.1 equiv), 30 min MeO
(2u) Lyle, Tetrahedron Lett. 1976, 17, 4431. P NN~y V) CICOMe (1.3 equiv), 78100 °C, 3 h N~ NCOMe MeO N\I Me i) NHo2NHo/ACOH in EtOH, 50 °C
(2v) Seebach, Angew. Chem., Int. Ed. Engl. 1976, 15, 313. . k AUS H l\ll MeO NH
(2w) Seebach, Angew. Chem., Int. Ed. Engl. 1978, 17,274. \N ether/THF \N 7 Me THF + ©
(2x) Meyers, J. Am. Chem. Soc. 1980, 102, 7125. : Bl Bl H s Me Me
. tBu -Bu .
o e S | TR e
, J. . . y , . ' — 0o,
(2aa) Gawley, J. Org. Chem. 1989, 54, 3002. ; PhCHO, PhSeSePh, Br(CHz):Cl, nBul 1= 52°  Asymmetric alkylation of B-carbolines: Ho ey 61%, 95% ee
(2ab) Meyers, J. Org. Chem. 1993, 58, 6538. : —2 919 (20) Meyers, Tetrahedron 1992, 48, / 0 Facile deprotection under
X ! n ,91% t-Bu P
(28.0) Slngh, Synth. Commun. 2006, 36, 3339. ' (2m) Meyers, J. Am. Chem. Soc. 1984, 106, 3270. 2589. t-Bu acidic conditions.

Figure 2 Deprotonation of protected amines, part |.2
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Notable features Access to o,0'-difunctionalized cyclic amines via sequential deprotonation and electrophile trapping

(3g) Dieter, Tetrahedron Lett. 1995, 36, 3613.

Extension of lithiation trapping to other systems: Improved procedure: (3h) Dieter, J. Org. Chem. 1997, 62, 7726. (3j) Dieter, J. Org. Chem. 1997, 62, 3798.

(3n) O'Brien, Org. Lett. 2005, 7, 4459. See also: (3i) Dieter, J. Org. Chem. 1996, 61, 2930. See also: (3k) Dieter, J. Org. Chem. 2000, 65, 8715.

(30) van Maarseveen, Tetrahedron Lett. 2005, 46, 2369.

(3p) Hodgson, Angew. Chem. Int. Ed. 2007, 46, 2245. TMEDA-free lithiation trapping of N-Boc heterocycles High temperature batch and flow lithiation trapping of N-Boc-pyrrolidine
(3q) Coldham, Chem. Eur. J. 2013, 19, 7724.

Bn i) s-BulLi (1.3 equiv), —30 °C, 5 min i) s-BULi/TMEDA (1.3 equiv), —20 °C, 2 min
| iiy DMF (2 equiv), =30 °C, 10 min ii) TMSCI (1.5 equiv) or DMF (2 equiv),

Bn
T
N then to rt over 15 min N { 5 —20 °C, 10 min then warmed to rt over 1 h O\ ) H
[ j [ H N S|M93
N

Application to natural product synthesis:
(3r) Feringa, Org. Biomol. Chem. 2008, 6, 3464.
(3s) Stoltz, J. Am. Chem. Soc. 2008, 130, 13745.

N

N
! 2-MeTHF '

1
N THF Boc Boc O

. Boc
Transmetalation to organocuprates: !

E S ) ) N A=l . ’ synthesis of
*Boc group is easy to install and remove. ! i) f%utlz)' izg%gq:“;)‘ UIEEE e sl ) f%utlal g‘gzgq;'x)’ EEER AU (+)-solenopsin A
D ngzgiiz::on of the organometallic intermediate through : ii) cooled to —78 °C. ii) cooled to —78 °C.
« Lithiation trapping of N-Boc heterocycles is amenable 5 O iii) MexSO4 (1.03 equiv), =78 °C to rt O iiiy DMF (1.27 equiv), =78 °C, 10 min Q %Me
to scale-up through a flow process. l}j ether Me [}] S Me" '?l CHO Me™ ” ;
i BoS N-Boc-piperidine and -pyrrolidine also Boc Boc
Historical precedent ! underwent sequential difunctionalization. 62% 63% 49%. dr > 20:1
M M ' (3c) Beak, J. Org. Chem. 1993, 58, 1109. dr not determined
CNRAN CNREaN '
)N\ H )N\ Me | Access to gem-disubstituted piperidines FAC CFs Intramolecular cyclization
-BuLi, TMEDA : i i i
o So TP o o ! i) n-BULiTMEDA (1.52 equiv), cl i) -BUL/TMEDA (2.1 equiv),
t-Bu tBu — > tBu tBu | —78°C, 1h i 75783 0’28 h 78°C. 3 h
: ii) Allyl bromide (2 equiv), ii) BnBr (2 equiv), —78 °C, [ Q W
! —78 °C, 2 h then warm to rt N ;
' , Me Bn N
1 /(j overnight m N THF H H Li
A H . Ph ’}‘ THF PH l}l ITI Ph Boc Other electrophiles used: 72% intermediate
71% : Boc Boc Boc TMSCI, n-Bul, PhCOPh, Allyl bromide
(2w) Seebach, Angew. Chem., Int. Ed. Engl. 1978, 17, 274. ! 43% 61%, dr=1:1 Relatively high acidity of the cyclopropyl hydrogen facilitates deprotonation
! (3d) Xiao, Lavey, Tetrahedron Lett. 2005, 46, 7653. synthesis of NK 1 of the tertiary position in the presence of an available secondary position.
) ! See also: (3e) Coldham, Synlett 2017, 28, 2765. receptor antagonist (3f) Beak, J. Org. Chem. 1994, 59, 276.
s-BuLi, then TMSCI '
[}j H l}j T™S - Copper cyanide/palladium-catalyzed coupling with aryl iodides Transmetalation to o-aminoalkyl cuprates
Boc Boc : i) s-BuLi (1.2 equiv), TMEDA (2.2 equiv), =78 °C, 2 h i) s-BuLi/(-)-sparteine (2 equiv), =78 °C, 1 h
949 ; i) PA[(p-MeOCgH4)3P1s (5 mol%), CUCN (10 mol%) ii) CUCNe2LiCl (1 equiv), —78 to —55 °C, 45 min
(3a) Beak, Tetrahedron Lett. 1989, 30, 1197 S O i) Zgl °((1:'22461qhuw)' 787G ovenight O\ O " Nsl?hél asccm?f f;eiqgli\l‘/g}?\gshm (6 equiv) e
a) Beak, Tetrahedron Lett. , 30, . . iii , =55 °C, in, .
See also: (3b) Beak, J. Org. Chem. 1990, 55, 2578. ' ON N~ Ph N Q\)
: Boc ether/THF Boc Boc THF )
H Boc
: H Other carboxylic acid derivatives employed
Further reading 47% include amides and thioesters 94%
(3t) Dieter, Tetrahedron Lett. 1997, 38, 783. : Boc Boc O 68% 66%
(3u) Dieter, J. Org. Chem. 2002, 67, 847. |« The use of more coordinating solvents such as THF and  71% Under flow, lithiation can be performed at without TMEDA  52% 52%
] ) ) ‘ 2-MeTHF is crucial in absence of TMEDA. 0 °C in THF. However, short lithiation times of

Transmetalation to organozinc species: 1 o N-Boc-piperidine and -azepine do not react. 3-4 s and the use of TMEDA are critical to the
(3v) Coldham, Org. Lett. 2008, 10, 3923. ' reaction efficiency.

i rien, Org. Lett. , 12, . m rien, Tetrahedron , 81, .

' (3l) O'Brien, Org. Lett. 2010, 12, 4176 (3m) O'Bri Tetrahedron 2021, 81, 131899

Figure 3 Deprotonation of protected amines, part I1.3
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First enantioselective C—H functionalization of N-Boc cyclic amines

i) (-)-sparteine/s-BulLi (1.3 equiv), =78 °C, 4 h
ii) TMSCI (1.5 equiv), =78 °C to rt, 3 h

N
1

Boc ether

l coordination

rate-determining step (rds)

TMSCI T

178
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Asymmetric deprotonation using a (+)-sparteine surrogate

i) (+)-sparteine surrogate/s-BulLi (1.3 equiv),
-78°C,4h

()

N TMS O\ ii) TMSCI (1.5 equiv), ~78 °C to rt, 16 h &
| N~ H N TMS
Boc I ether !

Boc Boc

76%, 96% ee

The sparteine surrogate enables access to enantioenriched 84%, 90% ee

2-substituted piperidines inaccessible with (-)-sparteine.

Palladium-catalyzed o-arylation of N-Boc-pyrro

Selected scope

R % Yield (ee)
COH 90 (76)
SnBus 82 (76)
N"TR Ayl 75 (50)

|
Boc

(4c) O'Brien, J. Am. Chem. Soc. 2002, 124, 11870.

lidine

\\ i) (-)-sparteine/s-BulLi (1.2 equiv), =74 °C, 3 h
e N N ii) ZnCl, (0.7 equiv), =74 t0 20 °C, 1 h
N™ LT Me” i) PhBr (1 equiv), Pd(OAc), (5 mol%

), t-BusPeHBF, (6 mol%)

lithiation/deprotonation ; 20°C,16h
o tBuO™ "0 (+)-sparteine surrogate N H
- - - - Inaccessibility of i i
R % Yield (ee) (+)-sparteine motivated the Selected scope with other electrophiles
Selected scope development of a surrogate _
Me 76 (95) by O'Brien and co-workers. N
\\ NH Me
NN O BusSn 70 (94) . @ ISY N (/I
"R COH 55(88) Enantiocomplementary l " '}l éoc S

N PhoC(OH) 75 (90) selectivity to (-)-sparteine e it Boc CO,Et
Boc CH,OH 60 (59)

(-)-sparteine

was observed.

(4a) Beak, J. Am. Chem. Soc. 1991, 113, 9708.
See also: (4b) Beak, J. Am. Chem. Soc. 1994, 116, 3231.

60%, 92% ee
(coupling at 60 °C)

(4d) Campos, J. Am. Chem. Soc. 2006, 128, 3538.

77%, 92% ee

S

82%, 92% ee

Boc

67%, 92% ee 72%, 92% ee

Further reading

Diastereoselective arylation of substituted piperidines

(4p) O'Brien, J. Am. Chem. Soc. 2005, 127, 16378.

Reviews: - Me i) s-BulLi (1.2 equiv), TMEDA (1 equiv), Me 4-MeOCgHyl (0.7 equiv) Me O
y ! -78°C,4h Pd(dba), (2 mol%)

(2r) Beak, Chem. Rev. 1984, 84, 471. ! N . o ) PCy,

(f) %‘Brli(en, ?rtg ﬁegd' 22(:)12% 17060'1235157'04 . ii) ZnCl, (1.2 equiv), =78 °Ctort, 1 h SPhos (2 mol%), 0to 55 °C, 15 h MeO OMe SPhos

(4g) Barker, Tetrahedron . 76, . : N other s THF N | X ‘

Other selected contributions: ' Boc Boc Boc % _

(4h) Beak, J. Org. Chem. 1995, 60, 7092. : key intermediate oM

(4i) Beak, Org. Lett. 2000, 2, 155. - 78%, dr > 99:1

(4j) Kozlowski, J. Am. Chem. Soc. 2004, 126, 15473. : Selected scope

(4k) Coldham, J. Org. Chem. 2010, 75, 4069. i 6-Methylpiperidinyl substrates do not form the expected

(4l) Coldham, J. Am. Chem. Soc. 2012, 134, 5300. ! Ph OTIPS Me 2,6-disubstituted products but instead yield 2,5-disubstituted
H trans-products via 1,2-migration of [Pd].

Use of other chiral ligands: !

(4m) Alexakis, Tetrahedron Lett. 2003, 44, 8893. ' N N x ’}‘ | \ Ar Ar % Yield (dr)

(4n) O'Brien, Org. Biomol. Chem. 2003, 1, 3977. ' | ) | Boc

(40) O'Brien, Chem. Commun. 2006, 2607. ; Boc CN Boc S~ COzEt Ph 90 (93:7)
! Me™ "N 4-CF3-CeHs 82 (96:4)

Catalytic asymmetric deprotonation with a "dummy" ligand: : 79%, dr > 99:1 83%, dr = 95:5 69%, dr > 99:1 59%, dr = 95:5 Boc 3-pyridinyl 60 (95:5)

Figure 4 Deprotonation of protected amines, part I1l.4

(4e) Knochel, J. Am. Chem. Soc. 2011, 133, 4774.
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Asymmetric substitution of Boc-protected cyclic amines via Dynamic Kinetic Resolution

i) s-BulLi (1.2 equiv), TMEDA (1 equiv), =78 °C, 3 h TMSCI (4 equiv), =20 °C

O ii) n-BuLi (1.5 equiv), L (1.5 equiv), —78 to —20 °C, rt O Ky Q slow addition over 1 h O O\H/D Limitation
l}l THE l}l “rLisL K N LisL THE N “TMS '}‘ - Enantioselectivity is dependent on
Boc Boc 2 Bo Boc Me L \OH the electrophile, limiting the scope.
(5a) Coldham, Chem. Eur. J. 2010, 16, 4082. configurationally unstable at 20 °C. 60%, 90% ee
B-C-H Arylation of N-Boc-piperidines Selected scope H.. .L
R % Yield (B/o) A “Pd-p,
i))s-B(L;Li ((1 2 equiv)), TME[éA (1.2 equiv), ether, =78 °C, 3 h L\pd\o -
i) ZnCly (1.2 equiv), =78 °C, 0.5 hthento rt, 1 h GE R . N N
iii) 4-F4C-bromobenzene (0.7 equiv), Pda(dba)s (2.5 mol%), 8 83 Vo 2 EEE ~ o
ligand (5 mol%), PhMe, 60 °C, 17 h B 2 57 (62:18) OtBu L
) gf,. 70 (82:18) N”~znCi
e 55 (88:12)
I o Boc
Boo N b NMe> 48 (78:22) Fi
Boc P/ov=91:9, 59% Boc
Ar Pd(0) )
Reactions of substituted N-Boc-piperidines and trans—decahydroquinoline are diastereoselective. & Computed H-Pd-Ar
N catalytic cycle NV
Me @ O\ Boc
2 P(i-Pr), < /_\—N o
OMe v L
N 1 t Bu
Me" l}l ligand l}l Ar H o w5 Ar-Pd H o Ar— Pd H
Boc Boc %N\( ‘T N
reductive < N
Blo > 98:2, 76%" Blo > 98:2, 61%" Blo. = 96:4, 57%" - F/‘* =ﬂ?6:.14’ ! 1% ol OFBU glimination OtBu \(O
(5b) Baudoin, Chem. Sci. 2013, 4, 2241. (* coupling at 80 °C) ormaf synihesis of preclamo T OtBuU

Enantioconvergent Negishi cross-coupling with unactivated secondary alkyl electrophiles Key features

S

86%, 93% ee

i) s-BuLi (1.6 equiv), TMEDA (1.5 equiv), =78 °C, 3 h

i) Znl, (0.75 equiv), =78 °C, 0.5 hthentort, 1 h

iii) Cyclohexyl iodide (1 equiv), NiCl,eglyme (15 mol%),
ligand (17 mol%), rt, 60 h

Access to enantioenriched 2-alkyl

pyrrolidines starting from racemic

metalated carbamates and achiral

O\ alkyl iodides.
N H

éoc ether/THF

good selectivity.
Selected scope with other electrophiles

~, Me . yMe
(b Yy N s were SN0y (S
Boc Boc Boc Boc Boc Me Boc Boc CFs 0C Ve
82%, dr > 99:1 82%, dr > 99:1

96%, 92% ee 91%, 82% ee 96%, 94% ee 85%, 90% ee
(5¢) Fu, J. Am. Chem. Soc. 2013, 135, 10946. (5d) Fu, Angew. Chem. Int. Ed. 2017, 56, 5821.

85%, 58% ee

91% ee 91% ee

Figure 5 Deprotonation of protected amines, part IV.>

Further extension of this methodology
to control vicinal stereocenters with

Me

Further reading

Reviews on o-deprotonation and functionalization:
(5€) Beak, Acc. Chem. Res. 1996, 29, 552.

(5f) Campos, Chem. Soc. Rev. 2007, 36, 1069.
(59) Maes, Chem. Eur. J. 2012, 18, 10092.

1 Dynamic thermodynamic resolution and catalytic dynamic
| resolution:

(5h) Coldham, Angew. Chem. Int. Ed. 2002, 41, 3887.
(5i) Gawley, J. Am. Chem. Soc. 2010, 132, 12216.

o- and B-arylation of Boc-protected acyclic amines:
(5j) Baudoin, Angew. Chem. Int. Ed. 2014, 53, 2678.

1 Application to potential pharmaceuticals and natural product
1 synthesis:

(5k) Dieter, Snyder, J. Org. Chem. 2004, 69, 6105.

1 (5) Campos, J. Org. Chem. 2008, 73, 4986.

(5m) Campos, O'Brien, J. Org. Chem. 2011, 76, 5936.
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(6a) Jun, Chem. Commun. 1998, 1405. Ru-catalyzed o-C-H arylation

Further reading

Other selected contributions:

(6f) Murai, J. Am. Chem. Soc. 2001, 123, 10935.
(6g) Shibata, Org. Lett. 2009, 11, 1821.

(6h) Ackermann, Org. Lett. 2014, 16, 1876.

(6i) Opatz, Org. Lett. 2014, 16, 4201.

(6j) Yu, J. Am. Chem. Soc. 2015, 137, 11876.

(6k) Yu, Angew. Chem. Int. Ed. 2017, 56, 10530.
(6l) Bull, Org. Lett. 2018, 20, 3948.

(6m) Sawamura, J. Am. Chem. Soc. 2020, 142, 589.
(6n) Hartwig, J. Am. Chem. Soc. 2020, 142, 7912.
Reviews on transition-metal-catalyzed amine functionalization:

Ru3(CO);2 (3.3-6.6 mol%)
Ph/Q\H Me. /—C +BuCOMe (5 equiv) Ph’Q @\ Ph’Q ©\
><: CF COCHs

* M
€
Cr

Selected scope

=
=2

B-Ar s
d 150 °C, 4-19 h N N

1.2 equiv 76%, dr = 3:1 45% (trans only)

@N© L LN LO xT

THIEME
SynOpen S. Dutta et al.
Notable features ' Seminal work with different metal catalysts Iridium
» Functionalization of relatively unactived C—H bonds is enabled by ; Palladium SN H [Ir(cod),]BF, (10 m°|:/°) )
various directing groups. : Pd(OAc), (10 mol%) | )\ Ph (S)-toIBINAP (10 mol%) XN P
* Intermediates with discrete carbon—-metal bonds allow for diverse ! I (1.6 equiv) = N Et i / R | )\ :
transformations. . t—BuO\(O PhI(OAc), (1.6 equiv) t—BuO\I?O H DME, 75-95 °C, 48-72 h A
« Fine-tuning of outcomes is possible through the use of additives. !
) b peuN~-T DCE, 24-60°C, 40-72h ey ~-OAC
First example Me ! (6c) Shibata, Org. Lett. 2011, 13, 4692. 69%, 83% ee
X | o
X Me Ru3(C0O)12 (10 mol%) | ' Selected scope 83% Rhodium
» + nBuT N NH .
N~ NH PhMe, 130 °C, 6 h P /K ; Boc Boc O\ [RhCI((:%C:)%z a(;:n r)nol %) RoH  68%
\ | Boc -
H Ph n-Bu Ph: Me N\/OAC ] N N\/OAC N H HQC=CH2 (5 atm) N Me 3-Me 73:/0
95% : Meo~ N ~rOAC | 2 ) 4-Me 73%
. : Ph e % 3N ) . XN 5-Me 84%
Proposed mechanism ! Cl | \) i-PrOH, 160 °C, 40-60 h | 6-Me 12%
' 4N/
(j:Me e | 85% 96% 87% e Ze R// 5.CF, 15%
| - | P - (6b) Yu, Org. Lett. 2006, 8, 3387. (6d) Murai, J. Am. Chem. Soc. 2000, 122, 12882.
/N\)N\H NN ! Selected directi
1 Selected directing groups v
n-Bu Ph kph E | /Nt jlw\ S (o] | N
' oy | | N Me~pn7'S —S N v B
M [Ru’] : S Py X L N Y NN
~ Ve Me | | CN 0” R 07 NEt, L @ N MeO OMe
» : N
N NH i R = aryl or alkyl
|| I : I |
| [R“ 1< o X . X 4
: K\N o N = IN e v NHC,F, jw\ s O /::»w\ s
H = BnO., =
n-Bu PN ooy | N Mé “N" R s7 > tB
J [Ru”]< e : R*) Z 2 ) i-Pr -Pr
- : Me M : :
el 'R =H, Me, CF; C,F; = 4-F4CCsFs R =Me, tBu, CFg, CoFs e Ve

(59) Maes, Chem. Eur. J. 2012, 18, 10092. : N

(60) Yu, Chem. Rev. 2017, 117, 8754. :

(6p) Schniirch, Chem. Soc. Rev. 2018, 47, 6603. ! . ) )

(64) Zhang, Chem. Commun. 2019, 55, 13048. : 62%, dr = 6:1 62%, dr = 5:1 72%, dr = 3:1 57% (trans only) 38%
(6r) Hsu, Adv. Synth. Catal. 2020, 362, 4513. : | (6e) Sames, J. Am. Chem. Soc. 2006, 128, 14220.

Figure 6 Transition-metal-catalyzed reactions with substrates containing directing groups, part 1.6
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Pd-catalyzed transannular C-H functionalization

H Ar
Pd(OAc), (10 mol%)
H.., ~H Arl (1-2 equiv) H.., H
CsOPiv (3 equiv)

N +AmyIOH, Ny N

MeNNHCﬂ% 130°C, 18 h MeNNHCﬂ%
Me Me
O (¢}

Selected scope C7F7 = 4-F3CCqF,4

NBoc
N7 / Other functional
_ | groups tolerated:
Ar= N ArF, ArOH, ArBr,
- ~ e ArOMe, ArCHO
|
74% 80% 59%

For products shown below, reactions were perfomed with 30 equiv
of Arl under neat conditions at 150 °C. OMe

181
THIEME

Picolinamide-directed y-C—H arylation

Pd(OAc), (5 mol%)

Selected scope

AgOAc (1.1 equiv) = Br
H Arl (4 equiv) OMe [ H
N H N~ N
PAT""Me neat oxN PA
130-150 °C, 112 h 0 Me
(7d) Daugulis, J. Am. Chem. Soc. 2005, 127, 13154. 76% 72%
Picolinamide-directed y-C—H alkylation
Pd(OAc), (10 mol%) Pd(OAc), (10 mol%)
(BnO),PO,H (20 mol%) . (BnO),PO,H (20 mol%)
NHPA Mel (3 equiv) NHPA Mel (5 equiv)
Me H  Ag»COj3 (1 equiv), Nal (30 mol%) Me Me A&NHPA Ag>COs3 (2 equiv)
PhMe/t-AmylOH (9:1), argon PhMe/t-AmylOH (9:1), argon
110°C,2-20 h 86% 110°C,2-20 h

(7e) Chen, J. Am. Chem. Soc. 2013, 135, 2124.

Picolinamide-directed intermolecular alkoxylation & intramolecular amination

ZT

PA~ Me

54%

Me

Me

NHPA
7%

Norbornene substrates provide isopropyl-substituted products via multiple methylations.

O Pd(OAc), (10 mol%) NHEA Pd(OAc), (5 mol%) _PA
OMe NHPA PhI(OAc), (2.5 equiv) PhI(OAc), (2.5 equiv) N N,PA
OMe D
N Me MeOH/p-xylene (1:4) q AcOH (2 equiv) M / Me/Q"../OAC
>(&o argon, 110 °C, 2-12 h R PhMe, argon, 110 °C, 24 h AcO
0 Me Me 92% 82% yield, dr > 20:1 72% yield, dr > 20:1
449 46% (7f) Chen, J. Am. Chem. Soc. 2012, 134, 7313. (79) Chen, J. Am. Chem. Soc. 2012, 134, 3. (7h) Chen, J. Am. Chem. Soc. 2017, 139, 561.
o o
Amidoxime-directed o-C-H Alkylation
N
NHOF (& Ir(cod),NTf, (10 mol%) Jn [(}){A (S)i
Mﬁe 77 NHC,F, NHOLE N~ H olefin (8 equiv) N COEt N CO,Et N=1,86% (65% B, 21%L) N~ "H  The amidoxime moiety
o N wr )\ )\ + 2= n=2,25%L /k adds modularity and
(e} / N>(§O FoC N additive, PhCI FoC SN Me FsC SN n=23,70% (25% B, 45% L) FoC SN provides stability.
] 85°C,12-48 h |
55% omee Me O md Me Opn 29 : OBn OBn OBn
62% 33% branched (B) linear (L)

(7a) Sanford, Nature 2016, 531, 220.
(7b) Sanford, J. Am. Chem. Soc. 2018, 140, 5599.
(7c) Sanford, Angew. Chem. Int. Ed. 2021, 60, 11227.

Further reading

7j) Daugulis, J. Am. Chem. Soc. 2012, 134, 7.
7k) Shi, Chem. Sci. 2013, 4, 3712.

71) Chen, Adv. Synth. Catal. 2014, 356, 1544.
7m) Wang, Org. Lett. 2015, 17, 3698.

7n) Dong, Angew. Chem. Int. Ed. 2016, 55, 5299.

Selected scope

F

N
30*’}1 M

OB

Ph/O\/COZEt
e
n

83%" (48% B, 35% L)

(* 0.1 equiv of AgSbFg or HBF,sEt,0 as additive) o-Substituent restricts free rotation of DG.

Me
Me Facile removal of amidoxime directing group
N Me Ph
N o Me Ph Ph
F CAN Me FsC™ °N DIBAL-H (5.0 equiv)  Ph
N ) OBn N CsHo
OBn PhMe N CaHo
45% (from internal olefin) FsC” >N 0 °C, 30 min H

70%* L |

+ 6% disubstituted product OBn

91%

NHC,F H B2

70) Sheppard, J. Org. Chem. 2018, 83, 2495. (7i) Yu, J. Am. Chem. Soc. 2020, 142, 5117.

Figure 7 Transition-metal-catalyzed reactions with substrates containing directing groups, part Il.”
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Reviews on directing-group-based C—H functionalization
of amino acid derivatives:

(8r) Brimble, Chem. Rev. 2014, 114, 8775.

8s) Chen, Acc. Chem. Res. 2016, 49, 635.

(
(8t) Ackermann, Angew. Chem. Int. Ed. 2018, 57, 14700.
(

8u) Chen, CCS Chem. 2020, 2, 1797.

[e) . X
| H Arl (2.5 equiv) |
N, 5 equi AN
N/ //S\\ : OMe AgOAc (1.5 equiv) N //S\\ OMe
©o HFIP, 150 °C, 4-6 h 0o

p-tol
70%, dr > 20:1

p-tol Me

(8h) Carretero, Chem. Sci. 2013, 4, 175. 72%

Figure 8 Transition-metal-catalyzed reactions with substrates containing directing groups, functionalization of amino acid derivatives.®

D |
Me N~ °s? OMe

7\

oo

THIEME
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8-Aminoquinoline-directed acetoxylation and arylation of o-amino acid derivatives 2-Thiomethylaniline-directed arylation
Pd(OAc), (20 mol%)
Oxone (5 equiv) Pd(OAc), (20 mol%) X =
acetic anhydride (10 equiv) o 0 Arl (4 equiv) Pd(OAc); (5 mol%) H
Mn(OAc), (1.2 equiv) H AgOAc (1.5 equiv) NPhth Phl, AgOAc NPhth 5N
N g g
H Ph
MeNO,, 80 °C, 22 h, air j\)kAQ neat, 110 °C, 1.5 h ~"cox PhMe, 60 °C ~"cox
OAc o /-Pr 60 h
8-aminoquinoline R H 78% 2-thiomethylaniline
3% 60/0
(8a) Corey, Org. Lett. 2006, 8, 3391. (8b) Daugulis, Angew. Chem. Int. Ed. 2012, 51, 5188.
8-Aminoquinoline-directed 3-C—H arylation of proline and azetidine-2-carboxylic acid derivatives
Pd(OAc), (10 mol%) Br Br
Pd(OAc), (5 mol%) Removal of auxnlary group H (BnO),POH (20 mol%)
H AgOAc (1.8 equiv) Ph H o AgOAc (2 equiv) Boc,O, MeCN
Phl (1.8 equiv) M 1-bromo-4-iodobenzene (3 equiv) DMAP
AQ NH> B ——
N neat, 110 °C, 20 h MO0 N N AQ DCE, 110°C, 24 h H O Hs0s, LIOH H O
Cbz O Cbz o] Cbz O O)\CFa then NH3/MeOH S THF/MeOH
86% i N "“"Q 50°C, 20 h N OH
single diastereomer ol stereospecific H I|300
(8c) Bull, Org. Lett. 2014, 16, 4956. (8d) Bull, Eur. J. Org. Chem. 2016, 139. (8e) Schreiber, J. Am. Chem. Soc. 2017, 139, 11300. 57% 69%
Ligand-controlled C-H arylation of unnatural c-amino acids Selected scope
Pd(TFA), (10 mol%) Me PhthN 0 NPhth NPhth
L1 or L2 (20 mol%) k : <
. Ph CONHAr
NPhth TFA (20 mol%), Phl (1.5 equiv) NPhth | = | A Nep, NPhh CONHAr
H : Ph : pZ P Pd
~" CONHAr Ag»COj3 (1.5 equiv) ~"ConHAr  Me” N N ~0” “Me UL CONHAr
DCE, 100 °C, 20 h
Ar = 4-F3CCgF4 L1 L2 Intermediate Me MeO,C >
. o
(8f) Yu, Science 2014, 343, 1216. 94% 91% 86%, dr >20:1 single diastereomer
Further reading 1 Picolinamide-directed arylation of o-amino acid derivatives Selected scope
: | COM
Other selected contributions: ' Pd(OAc), (10 mol%) 2M€  pa - CO,Me
(8i) Shi, Chem. Sci., 2013, 4, 3906. ' CO,Me Ag2CO; (1 equiv) NHPA x
(8)) Chen, J. Am. Chem. Soc. 2013, 135, 12135. ; + - 4o NHPA
(8k) Chen, Chem. Sci. 2014, 5, 3952. i+ H  NHPA +-BuOH, 80 °C, 24 h
(8l) Yu, J. Am. Chem. Soc. 2014, 136, 16940. 1 OMe TsN
(8m) Shi, Angew. Chem. Int. Ed. 2014, 53, 3899. ; i OMe . 0 _ NHPA
(8n) Shi, J. Am. Chem. Soc. 2015, 137, 8219. ; L @y e 83% 95%
(80) Yu, Chem. Eur. J. 2016, 22, 4748. 1 (8g) Chen, Angew. Chem. Int. Ed. 2011, 50, 5192.
(8p) Shi, J. Am. Chem. Soc. 2016, 138, 10750. H _Duri i . I . -
(8) Shi. Angew. Chem. Int. Ed. 2018, 57, 5858. ' N-(2-Pyridyl)sulfonyl-directed y-arylation of o-amino acid derivatives Selected scope
: N Pd(OAc), (10 mol%) N o

43%, dr > 20:1
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Enantioselective Pd-catalyzed y-C—H arylation Selected scope
M
[PACIx(MeCN),] (5 mol%) € oA O
H NHPA Arl (1 5 equiv) OO B
ligand (25 mol%) O\P,/O N| = NHPA O
Me NHPA \ Z NHPA
Me Cs,CO3 (2.5 equiv) OO o OH e
neat, 110 °C, Np, 24 h
2 O me 0 O mdte
(9a) Chen, Angew. Chem. Int. Ed. 2016, 55, 15387. 97%, 91% ee ligand 83%, 95% ee 92%, 89% ee
Enantioselective Pd-catalyzed o-C—H functionalization Ar
Pd,(dba)z (5 mol%) OO o o
; o, R= N .
(S)"AH 1 u?ggd(p;_?gl /:?v) )n n =0, 40%, 96% ee -Pr , :’ Other functional groups tolerated:
d e ( B'..Ph n=1,84%, 96% ee % o ©OH
/’L H KHCO3 (2 oquiv) /’L n =2, 62%, 91% ee OO ArF, ArCI, ArBr, ArOMe, ArCHO,
8 ) n =3, 54%, 97% ee ArCOMe, ArCOOMe.
R s PhB(OH), (2-3 equiv) R s o S Pr Pr Ar

tAmylOH, N,, 65-85 °C, 16 h Ar = 9-anthracenyl

ligand

48%, 86% ee

Selected scope
Me o
U@ Q©7
N (0}
K, s

71%, 94% ee 78%, 87% ee
(9b) Yu, Nat. Chem. 2017, 9, 140.

().

N

A

47%, 75% ee

Me

O O CN
Y YT

78%, 96% ee 68%, 75% ee
See also: (9¢c) Gong, Angew. Chem. Int. Ed. 2019, 58, 1803.

R™ S

76%, 86% ee

Enantioselective Rh-catalyzed o-C-H arylation Enantioselective Ir-catalyzed o-C—H borylation

OMe CF;
NHPA O NHPA
A Me
| Me O mde
Br

97%, 92% ee 97%, 90% ee

Exclusive regioselectivity in steric environments
Me

"
H ""'Ph

N
K

78%, 91% ee 77%, 88% ee

e

s

R

H Ph
Me/\)\N/\Me

A

53%, 84% ee

R™ S

86%, 96% ee

N
o D

[Rh(C2H4)>Cl] (5 mol%) : Ph,  Ph Ph,  Ph
+Bu.__S ligand (20-30 mol%) +Bu.__S ; H [IrCl(cod)], (2.5 mol%) Bpin )—\ N
b LiO#Bu (3 equiv) b PRy NEt, CBL (5 mol%) A NEt, Ph NN N Ph NN
N _H N._.Ph AR N ST N | B’ \Q | B’
@(J/ Phl (1.1 equiv) (:Lj S 0 Bopin, (1.5-3 equiv) VoL 0 =N éiMeEt —=N éiMe
THF, 90 °C, 14 h : n n-hexane, 70-80 °C, 18-48 h n ph o2 ph o2
: _ Ph Ph
87%, 91% ee 5 n=0-5 CBL1 CBL2
Selected scope ' Selected scope
0, 1 :
) n_ % Yield (ee) Eh ph_Ph : Ho ey N % Yield (ce)
n
oY 0  63(77 o) Q ' @ CO . O\ i
Nooen 9 Sl [ ] Me P—ph | CBL1 N__NEt, NNPD,  cBL2 N~ Bpin [ iB L1 88(%)
N ph Mo o g : i e N~ EP 3 86(90)
t—Bu/gS 2 80(85) JY o 0 : Bpin O Bpin O EtLN" S0 A 4 70(92)
3 57(92) N PH b, E ELN” S0
48%, 97% ee ligand 5 90%, 94% ee 97%, 93% ee 99%, 94% ee

(9d) Glorius, Angew. Chem. Int. Ed. 2018, 57, 9950. (9€) Xu, J. Am. Chem. Soc. 2020, 142, 12062.

Figure 9 Transition-metal-catalyzed reactions with substrates containing directing groups, catalytic enantioselective approaches.’
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Notable features

« Installation and removal of directing groups occurs in situ.

* Selective y-C—H activation dominates due to facile formation of
five-membered metallocycles.

* Pd(Il)/Pd(IV) catalysis is typically involved.

Seminal work
Pd(OAc), (10 mol%)

NH, TDG (20-50 mol%) ) NHBoc
Phl (2 equiv) i) 2N HCI

AgTFA (2 equiv) ii) 10 N NaOH

HFIP/ACOH (19:1) Boc,O Ph
1 He0O (10 equiv), 120 °C, 12 h 86%

Proposed mechanism
3
/ \ WNHz
4 R2 R HO
H0 R 1, AcOH

K

(\
| <
2 N~ SOH

R4
RG
AgTFA Agl .
o . LO._N
7/&( A x= CF3002 RN N L
or AcO® R2 Rt
\ R4 I\ Ph R4
/.O_N O._N HX
R Y r—( D
N ¥ *j- N =
R? 21 h R2 1t h
R Phl TR

(10a) Yu, J. Am. Chem. Soc. 2016, 138, 14554.

Further reading

Bulky salicylaldehydes and alkyl acetals as TDGs:
(10f) Murakami, Angew. Chem. Int. Ed. 2017, 56, 1073.
(10g) Bull, Chem. Eur. J. 2018, 24, 17838.

Reviews:

(10h) Bull, Org. Biomol. Chem. 2018, 16, 4582.
(10i) Ge, ChemSusChem 2019, 12, 2955.

(10j) Gaunt, Chem. Rev. 2020, 120, 2613.
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Glyoxylic acid monohydrate as a TDG for amine y-arylation
Pd(OAc), (10 mol%)

Carbon dioxide mediated amine y-arylation
Pd(OAc), (10 mol%)

: HO,CCHO#H,0 (20 mol%) R! AgTFA (1.5 equiv) R

' /\/’t*z Phl (1.5 equiv) /\/’t*z “NH Phl (1.5 equiv) “NH

©H uMe  AgTFA (1.5 equiv), HoO (4.0 equiv) Ph uMe Rzﬂi\/\ H  CO, (1-2 equiv), H0 (4 equiv) Hzé}s\/\ Ph

' AcOH, air, 100 °C, 15 h AcOH, 90-110 °C, 12-14 h X

H 74% 30 equiv of CO, are used for
Selected scope Selected scope secondary amines.

E HaN Ph NH OH

: Me NH, o N e : n=0,57% 2 oA R

| Ph/\/O PhAMMe 8] mMe ) n=1,62% Me | X Pldll N

5 CF e n=2,64% AcO~ \\)v 2

; ¢ Z ! Z>Ph s

H 55% 61% 72% 61% putative

| (10b) Ge, Nat. Chem. 2017, 9, 26. (10c) Young, J. Am. Chem. Soc. 2018, 140, 6818. intermediate
v-C—-H and distal 5-C—H arylation of amines by different TDGs

! i) Pd(OAc), (10 mol%), TDG1 (20 mol%) i) PA(OAC), (10 mol%), TDG2 (40 mol%)

; NHBoc L1 (50 mol%), (Het)ArBr (2.0 equiv) L2 (50 mol%), (Het)Arl (2.0 equiv)

: AgTFA (3—4 equiv), HFIP H AgTFA (3 equiv), HFIP

5 H,O (10 equiv), 150-160 °C, 12 h NH, H H,O (5 equiv), 120 °C, 48 h NHBoc
: N

' | i) quench, then Boc protection R! R2 i) quench, then Boc protection Me Me

i N. ¢

; ~R 65%, dr > 10:1
iR %Yield MeO:C cl

CH 65 N FaC QMe O 0N NHBoc N7

i 6CFy 73 | © | OH | N \HE

i . Pz oc
L e o N OH N”oH 0 N” OH Me

! 5-Me 72 M M

. 4-CFg 50 Ph” ~H e e

' TDG1 L1 TDG2 L2 45%, dr > 10:1 32%, dr > 10:1
(10d) Yu, J. Am. Chem. Soc. 2018, 140, 17884, |
f 2-Hydroxynicotinaldehyde-enabled amine y-fluorination

E Ve oL Pd(0A), (10 mol%), TDG (50-120 mol%) EtsN

! NH, | x4 ligand (50—200 mol%), AgTFA (1.5 equiv) MeONH,eHCI NHBz mo FsC | B
\ +

; H/\)\Me Me” N “Me N-fluorobenzenesulfonimide (3 equiv) BzCl F Me N7 oM N7 OH
H ": HFIP, 70-120 °C, 12-16 h

: . 48% TDG ligand

H 2 equiv

1 Selected scope

g NHBz E 8,

f BzHN/\/\F H  NHBz NHBz F NHBz Me HN"PZE

. S A~ Meo N , nwez L L AL

! Me Me F F F Me Me Me Me
' NHBz F

: 61% 44%

H 44% 25% 62% 70% 70% 70% dr=3.76:1 dr=9:1

(10e) Yu, J. Am. Chem. Soc. 2020, 142, 9966.

Figure 10 Transition-metal-catalyzed reactions involving transient directing groups (TDGs).'°

Ag salts must be present for methylene fluorination and absent for methyl fluorination.
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Notable features

» Native-amine-directed transformations typically take place in a
single step and without the addition of exogenous DGs,
exploiting the innate coordinating ability of the nitrogen atom.

* Methods minimize the formation of stable and unreactive

185
THIEME

C-H carbonylation of unhindered aliphatic amines

Pd(OAc), (5—-10 mol%)
CO (balloon)

NH Cu(OAc), (10 mol%)

Application to complex molecule synthesis
O

Me 3
N N
o ﬂ]
Oy LI, A
)\Me AdCO,H (10 mol%), additives © o

Me PhMe, 120 °C, 3-24 h Me 1a 1b BQ
89%

bis(amine) complexes and B-hydride elimination.

Seminal work
Pd(OAc), (5 mol%)

Me, Me PhI(OAc), (1.5-2.5 equiv) Me, Me Selected scope  Ad = adamantyl group; additives = BQ and 1a or BQ and 1b
Ac,0 (2 equiv,
S A O WS S o oL
—80 © O > o)
\[H(Me PhMe, 70-80 °C, 12 h \”)(Me N N oSy NP N Me)\N O\ o
le) o Me l\ll:/(
(11a) Gaunt, Nature 2014, 510, 129. 74% Me Me Me Mé’ Me Me
Proposed mechanism
Me Me Me Me 80% 87% 71% 75% 52% 71% 60%
(11c) Gaunt, Science 2016, 354, 851.
N NH
OY? OW V/J<Me Enantioselective Pd-catalyzed C-H amination Carboxylate-assisted oxidative addition to aminoalkyl Pd" complexes
Me Me
0,
Pd(OAc), (10 mol%) Me Me

(R)-TRIP (20 mol%)
AgOAc (3 equiv), I5 (2 equiv) N

Br Pd(OPiv), (10 mol%)
AgOAc (2 equiv)

OPiv
a -
z N W

NNEL 4 H
H CHClg3, 80 °C, 20 h

HOOC

—y XA
Ve OAC Me Me OAC T Me EtOAc, 90 °C, 1-23 h \")>Me
) Ll o) 0] bl
/\(,N—P\d'v - d
OW OAc 1 QA X =0, 70%, 93% ee 70%
4 MeM OW v e X = N-phenyl, 78%, 87% ee
e
o} e (11d) Gaunt, J. Am. Chem. Soc. 2017, 139, 1412. (11e) Gaunt, Angew. Chem. Int. Ed. 2019, 58, 9054.
"\ M é" OAc Enantioselective Pd-catalyzed C-H arylation of free cyclopropylmethylamines
AcOH N--PdlY {--pg! Pd(TFA), (10-15 mol%)
J bo-onc O/\(/ Y e ACOH LH y ligand (10-15 mol%)
e Ag20 (2.0 equiv) Boc protection
M o~ 92 q p
0" Me g Me “NHz + /©/
Phl- PhI(OAc), | HFIP, 90 °C, 12 h

(11b) Gaunt, J. Am. Chem. Soc. 2015, 137, 10632. Ph

Further reading

3 equiv
Selected scope

Other selected contributions:

(11g) Gaunt, Nat. Chem. 2015, 7, 1009.

(11h) Gaunt, Angew. Chem. Int. Ed. 2017, 56, 11958.
(11i) Shi, Org. Chem. Front. 2017, 4, 2097.

(11j) Gaunt, Chem. Sci. 2018, 9, 7628.

(11k) Bannister, ACS Catal. 2019, 9, 4887.

(111) Gaunt, Nat. Chem. 2020, 12, 76.

Reviews:
(11m) Gaunt, Chem 2019, 5, 1031.

(10j) Gaunt, Chem. Rev. 2020, 120, 2613.

Me
H

)
1

63%, 94% ee

48%, 98% ee
(11f) Yu, J. Am. Chem. Soc. 2020, 142, 12015.

42%, 93% ee

46%, 93% ee

52%, 91% ee

62%, 95% ee 51%, 93% ee

o 0] ' Me Me
} Pd(OAc), : %NH
Cox Me

Figure 11 Native-amine-directed transition-metal-catalyzed reactions."
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(12e) White, Nat. Chem. 2018, 10, 583.
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Notable features Regioselective borylation of C-H bonds in alkylamines Further reading
Bapinz (1 equiv) o
* Cleavage of the C—H bond does not rely (n8-mes)lr(Bpin); (2-4 mol%) Me Other selected contributions:
on coordination of the metal catalyst Et Meaphen (2-4 mol%) Et n-Pr Ao N, Boi (12i) Sanford, Org. Lett. 2016, 18, 4258.
with the substrate. 1] - 4 Boi 9 i (12j) White, J. Am. Chem. Soc. 2017, 139, 14586.
* Regioselectivity is based on reactivity Me” >"H neat, 120 °C, 24-48 h Me” ~""Bpin npr SN BPIN = ~N" | “Bpin
differences of C—H bonds. 9 equl _— o Me™ = Bpin Reviews:
equiv: g 8 e (12k) Hartwig, ACS Cent. Sci. 2016, 2, 281.
(12a) Hartwig, J. Am. Chem. Soc. 2014, 136, 8755. (12l) Glorius, ACS Cent. Sci. 2021, 7, 245.
Terminal-selective C—H oxidation of aliphatic amines Borylation of primary and secondary C-H bonds
KoPtCly (1-5 mol%) [Ir(OMe)(cod)]; (2.5 mol%) O
CuCl; (1 equiv) H 2-mphen (5 mol%) Bpin X NH;\Bpm
I PPN HoSO4 (1.1 equiv) n-Pr\N/\/\C| H,0O Me Bopins, (2-3 equiv) _
b H H — N OH ) ) N” Me 63%
H,0, 150 °C, 24-48 h l}l n cyclooctane, 100 °C, 20 h N n | N
5 equiv key intermediate 97%_ R Boc Z ?’OC
vp=81 n=0,51% 2-mphen n-Bu/N\/\/\Bpln
In situ protonation masks the amine functionality. n=1, 54?’ . . 49%%
(12b) Sanford, J. Am. Chem. Soc. 2015, 137, 12796. (12f) Hartwig, Science 2020, 368, 736. ~ N=2,41% fy=6:1 o
Remote oxidation of aliphatic C—-H bonds by masking amines with HBF, or BF3 20 B-Selective C-H silylation of aliphatic amines
R_‘
2
i) HBF 4Et,0 (SbFe)2 [Ir(cod)OMe], (2 mol%)
i or BFg*Et,0 (1.1 equiv), G ligand (5 mol%) Cy
CH.Cl, norbornene (1.5 equiv) N
NCMe g -~ 7 N\
N Me N Me SiMeH N Naim \
) Me ii) catalyst (5 mol%), AcOH ) Me NCMe )\/H THF, 4°C, 17 h It =N N~ gy
Me H,0,, MeCN, 12-24 h Me Me Me”
Me
catalyst
via BF3-amine intermediates 52% 80%, 83% ee ligand
R
(12c) White, J. Am. Chem. Soc. 2015, 137, 14590. R=H
See also: (12d) White, Nat. Chem. 2019, 11, 213. R =2,6-(CF3)2CeHs (12g) Hartwig, J. Am. Chem. Soc. 2018, 140, 18032.
Benzylic C-H amination C—-H hydroxylation of amine derivatives
Cl Cl
Me Me Cl cl H catalyst (5 mol%
N HBF 4*Et0 or BFg*Et,0 (1.1 equiv) N cl o yst (5 mol%)
catalyst (10 mol%) N N Me Hsl0g, CF3SO3H
AgSbFs (10 mol%) et H Me ACOHIF,0 (1:1), 4 h
Phi=NTces (2 equiv) N, N= cl
N Mn/ Selected scope
benzene, 5 A MS, 40 °C, 8-16 h Mn” X N4
H NHTces Cl W Cl OH )Mi/\/?;l
N
0 NHTces " 58% ol o E e BnHN \iMe
Tces = -3-S— 2
§-8-0CH,CCl3 o ° oY RoH 59% . . tBu
J 61% 54%
X = SbFg R=Me 71%
50% catalyst
catalyst

(12h) Sigman, J. Am. Chem. Soc. 2017, 139, 9503.

Figure 12 Undirected transition-metal-catalyzed reactions.'?

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



187
THIEME

SynOpen S. Dutta et al.

Notable features ! Application of group V metals to amine o-functionalization (13c) Hartwig, J. Am. Chem. Soc. 2007, 129, 6690. (13d) Hartwig, J. Am. Chem. Soc. 2008, 130, 14940.

* Atom-economical process using early transition metals
that are abundant and exhibit low toxicity.

* Reactions proceed through metalaziridine intermediates.

Catalyst % Yield The chloroamido complex [ClzTa(NMePh),], catalyzes
the same reaction effectively at 90 °C while Ta(NMey)s
Ta[N(CH3)2]5 96 A :
Nb[N(CHz)s]s a5 shows no activity at this temperature.

Ph.. .Me Catalyst (4 mol%) Ph{,~ n-Hex
H + > pHex H \M/
e

PhMe, 160-165 °C, 24 h

1.5 equiv Zr[N(CHs)2]a 0.1 -
Seminal discovery 4 88% none 0 D retention Catalyst
Ta[NMe,ls Selected scope (* with 8 mol% of catalyst) with 1.25 equiv of 1-octene Ph. n-Hex 92%  Ta(NMez)s
Me  nBy  (7Smal) e Me H/Y 45%  [Cl;Ta(NMePh),]
v Ph. T™MS Ph. -Pent Ph. Bn M o sla(NVeFh)al,
e T 2 Prve 20070, 1500 FN n-Bu N N Ph Ph. N e
H H Me “N N H o .
132) M Synthesis 1980. 305 Me Me H H Me A mechanistic study suggests formation of an
i) Lletgpiere, Stz ’ ’ Me azametallacyclopropane (n2-imine complex) as the
Proposed mechanism: 66%* 76%* 88%"*, dr=1:1 96%, dr = 3:1 77% turnover-limiting step.
/\n—Bu Application of group IV metals to intramolecular amine o-functionalization
Ta[NMezls === [Me,N]sTa_| Lo . |
Active —HNMe; CH, = i) Ti(NMe3), (5 mol%) oh . -
Me PhMe, 160 °C, 72 h Me H Zr catalyst (20 mol%) ( AL €2
Catalyst H . r.
Me - — Me Me ‘Me 74 N NMe,
Me Me NH ii) TsCl, pyridine HN. NH; PhMe, 145 °C, 24 h NH =/,
H \)\ N 2 0-25°C,20 h Ts 2 T
-~ -Bu
Me n-Bu HNMe [MegN]aTa/\l 46%, dr = 5:2 91%, dr = 2:1
Selected scope (Branched:Linear) Selected scope

Me n-Bu

Me :
X )\ ’% I 4 e
~ N i Pho B
[MegN]3T3< n-Bu : N/\r n Ph. e Bn " . Q\Me
NMe, HNMe, : H e ” N/\( Me Me Me”
: NH, NH,

H NH ;
(13b) Nugent, Organometallics 1983, 2, 161. Me Me 2 Ph NHz

Also see Refs 13d and 13h. . 84% (1:1) . _a. _o. _o. _10-
94% (9:1) ) ey S 80% (19:1) 90%, dr = 3:1 43%, dr = 2:1 54%, dr = 2:1 51%, dr = 19:1
Further reading (13e) Doye, Angew. Chem. Int. Ed. 2009, 48, 1153. (13f) Schafer, J. Am. Chem. Soc. 2009, 131, 2116.

Intermolecular hydroaminoalkylation with group lll metals ' Enantioselective intermolecular o-functionalization

Reviews:

(13i) Roesky, Angew. Chem. Int. Ed. 2009, 48, 4892. 'Y'e ) SiPhoMe

(13)) Beller, ChemSusChem 2009, 2, 715. LN [Sc(CH2CgH4-0-NMey)3] (5 mol%) Phe _Me Nb catalyst (10 mol%) Ph\N/\(S'Mes HNMe

(13k) Schafer, Synthesis 2014, 46, 2884. n-Bu € [PhgC][B(CeFs)4] (5 mol%) H + 2 siMes H 2

(13l) Schulz, Organometallics 2018, 37, 4313. + o i’ CeDs, 100 °C, 48 h Me O-Y ~NMe,

PhMe, 70 °C, 24 h —

(18m) Schafer, Chem. Commun. 2018, 54, 12543. @ Me” “n-Bu 2 equiv 82%, 98% ee 9) ’LM\NMeg
e

An early example of a catalytic asymmetric reaction: 87% . §

(13n) Schafer, Angew. Chem. Int. Ed. 2009, 48, 8361. SiPhoMe

Other selected contributions:

(130) Doye, Eur. J. Org. Chem. 2001, 4411.

(13p) Odom, J. Am. Chem. Soc. 2006, 128, 9344.
(13q) Zi, Chem. Commun. 2010, 46, 6296.

(13r) Hultzsch, Organometallics 2011, 30, 921.
(13s) Schafer, Org. Lett. 2013, 15, 2182.

(13t) Doye, Chem. Eur. J. 2017, 23, 4197.

(13u) Doye, Angew. Chem. Int. Ed. 2021, 60, 9936.

Me

MeO F.
PhJ Cy Ph. Me
H/Y \©\N/\rph \©\N/\/Cy HW
_N. N N Me H H
Me Cy O Me Me

93% 82% 85%
(13g) Hou, Chem. Sci. 2016, 7, 6429.

93%, 73% ee

92%, 91% ee 73%, 71% ee (140 °C)

(13h) Hultzsch, J. Am. Chem. Soc. 2012, 134, 3300.

1.1 equiv Selected scope ' Selected scope
E 92%, 81% ee

Figure 13 Hydroaminoalkylation.?
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Notable features Mercury-promoted formation of enamines and subsequent transformations

* Operationally simple approach to access iminium ions. Hg(OAc), (4.8 equiv)
 Mostly applicable to tertiary amines. O\ AcOH (5% Vv/v), heat, 2 h @\ 65% HCIO4:EtOH (1:1) O\ nucleophlle MgBr
* Substrate dimerization can occur via enamine ’ ’ Nu KCN MgCl

intermediates. )
* Compatible with a range of different nucleophiles.
* Yields are typically moderate to low.

Me Me Me CIO " Me
45% over two steps

Seminal example Elminium salts, selected scope Dimerized products Selected nucleophile scope

i) Hg(OAc), (4 equiv)
iiiy MeMgl (2 equiv) ®/ ®/ K CN CN Bn Ph
N™ “Me N" "Me Me” N “me N™ “Me
N N Me ciod Me cio? Me CIO4 Me Me Me Me
Ph 82% 97% 96% 82%
0, O, O, O,
ove:tg goteps S7% 66% 66% n=0,24% dr unknown dr unknown
39% o
(14c) Leonard, J. Am. Chem. Soc. 1957, 79, 5279. n=1,67%
(14a) Leonard, J. Am. Chem. Soc. 1955, 77, 439. == =mommmsmmssmmssosesosns ettt ettt ettt
: Application in total synthesis 0
Proposed mechanism : acetone (1 equiv) Hg(OAc)2 (9 equiv)
] CH,0 (2 equiv) AcOH (5% v/v), 95 °C, 1 h Wolff-Kishner reduction
Hg(OAc), LN ———— NN ) \
A — No ™o | o®HN. AOH,refiux,3h I N NN
OAc
TOAC T equiv 13%
H ‘GC))Ac : i ° 10% (+)-sparteine, 57%
: 1 (14d) Tamelen, J. Am. Chem. Soc. 1969, 91, 7372.
_— '
E)\kl}l\e)ﬂ - Hg®, — HOAc , Examples using lead tetraacetate as an oxidant
H9-0nc OAc , i) Hg(OAC)>:EDTA (1:1) OAc OAc
' ii) NaBH, Pb(OAc)4
izati : N N
T L y benzene (0.07 ) i
N N ] Me M 70 min, rt Me M
® o - HOAc ' e e
Qe : 19%

=7\ % =
e O

e o MeO
cIoS : j@@ ACOH, HO(OAG) i) ACOH (0.04 M), 80 °C
: N 70-75 °C, 30 min N i X i
! MeO MeO ||)1P7b£8Ag)ﬁ (1.05 equiv),
(14b) Morrow, J. Am. Chem. Soc. 1958, 80, 371. : Me iif) 25% NH4OH (aq), 0 °C
i R . R
H o R=Et 54% S
Further reading : R =Me 30%
! R=H 6% OMe
(14!) Haginiwa, Tetrahedron Lett. 1969, 19, 1485. : With R = H, competing Hofmann-type elimination is observed. yield not determined
(14j) Butler, Chem. Rev. 1984, 84, 249. ! (14f) Whittaker, J. Chem. Soc. 1963, 1449. (14h) Szantay, Tetrahedron 1976, 32, 1019.

Figure 14 Oxidative methods, stoichiometric metal-based oxidants.*
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Notable features Oxidation with DDQ Selected scope
* Various nonmetallic reagents are suitable for amine oxidation. R" DDQ (1.1 ) R" oloie) MeO.
« Typically, no catalyst is required. r(t 3 ﬁquw) 0o
N - N Cl CN N N
R R" MeO
Early examples with stoichiometric oxidants MeNO, (0.15 M)
R' O.N R' Cl CN O2N O2N
N cio o) &
| 2 pH 7 o, )
A~ H 95% 71%
N Me ———> + M 15e) Todd, Tetrahedron Lett. 2009, 50, 1199.
He0 Me._N._Me e\)J\H (15e)
Me Oxidation with BPO Selected scope

. L Lo . Benzoyl Peroxide (BPO)
Formation of an iminium species is followed by hydrolysis. BPO (1.5 equiv)

CF3TMS (3 equiv) X N X
= o+ = ~o N
AN CHoClp (0.25 M), reflux R R g I R (j)k i
8]

(15a) Rosenblatt, J. Org. Chem. 1963, 28, 2790.

O ClOg, pH 9-11 Q R" CFs CFs
N~ OH N~ O
(L) H0 L A B 82% 46%
(15f) Qing, Chem. Commun. 2010, 46, 6285. (A:B =3.4:1) (single product)
67% Oxidation with tropylium tetrafluoroborate Selected scope

(15b) Hortmann, J. Am. Chem. Soc. 1988, 110, 4829. Tropylium salt

tropylium salt (1 equiv) CN

E KCN (2 equi i N
) (PhIO),, TMSCN, CH,Cl ER\NAR... (2 equiv) Ry /I\F{"' ® BF, NNen )\rMe
751025 °C, 3h LR MeCN (0.17 M) ) Me t8

: Me' Me

O ii) HCI (gas) Q B
H N CN 71% 84% 77%
(15g) Lambert, J. Am. Chem. Soc. 2011, 133, 1260. regioselectivity > 20:1
79%
) Oxidation with trityl perchlorate Selected scope
(PhlO),, H,O, 0 °C for 1 h .
O thenrtfor4 h (l RBFTngEO(Lb(I;t)eq(lgV) ) (\
3K or > (2 equiv, = N
No No 3 N
N N“~o m\ Necgz CBz CBz cBz CBz
CBz CHoClo (0.1 M), 1t, 2 h
58% R Ph” “Me Ph | Ph” ~OBn
15h) Lou, Liu, A . Chem. Int. Ed. 2014, 53, 3904. —1- _q.
(15¢) Moriarty, Ochiai, Nagao, Tetrahedron Lett. 1988, 29, 6913. | (o) Lo Liu, Angew. Chem. In »9% 85%, dr = 1:1 91% 89% 79%, dr = 1:1
See also: (15d) Xiong, Tetrahedron Lett. 2015, 56, 5628. Oxidation with oxoammonium salts Oxoammonium salts
(e}
. Fe(OTf,) (10 mol%) I
Further reading nucleophile (1.2 equiv) i Me oxoammonium salt Il (1.2 equiv) N
oOxoammonium salt | (1.2 equiv, N Me~| © Me i i ~
(15k) Zhdankin, Tetrahedron Lett. 1995, 36, 7975. CO\‘ (1.2 equiv) “Ac % . 1 nucleophile (2 equiv) Ph
(151) Hu, New J. Chem. 2013, 37, 1684. N CH,Cl» (0.2 M EtO OEt 4 . 0 N
(15m) Nguyen, J. Org. Chem. 2018, 83, 1000. Ac 2Clz (02 M) X Pho HO(025M) 60°C, 240 TS
(15n) Zhang, Luo, J. Org. Chem. 2019, 84, 2542. O O 1(X =H) x %
(150) Li, Eur. J. Org. Chem. 2020, 103. 709, I (X = NHAc) 92%
(15p) Singh, Synthesis 2021, 53, 1556. (15i) Manchefio, Eur. J. Org. Chem. 2010, 4460. (15j) Li, Xie, Eur. J. Org. Chem. 2016, 3559.

Figure 15 Oxidative methods, stoichiometric nonmetallic oxidants.'
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Notable features Oxidation of lysine Hypervalent iodine mediated oxidation

- . . alkaline NaOCI Proposed pathway

» Oxidation of typically unprotected amines (2 equiv), 3 h, rt

to access versatile synthetic building J/j\ S (PhIO), (1 equiv) (1 O\

- —_— N
blocks that can be further functionalized. HoN"H,N” > COOH N y \ / N/} N D T H / N)
. H CD.Cly, rt, 15 min LN i

Reviews via J/\L\ N Ph™ (TOH
(16a) Murahashi, Chem. Rev. 2019, 119, HoN NH ) —Phl, HyO
4684. 100% NMR yield ’
(16b) Largeron, Eur. J. Org. Chem. 2013, (16¢) Franck, Angew. Chem., Int. Ed. Engl. 1966, 5, 131. Oxidative decarboxylation of L-proline to the 1-pyrroline trimer is also feasible using this method.
5225. (16d) Spenser, Can. J. Chem. 1969, 47, 445. (160) Ochiai, Nagao, Moriarty, Tetrahedron Lett. 1988, 29, 6917. See also: (15c) Moriarty, Ochiai, Nagao, Tetrahedron Lett.

NCS-mediated oxidation 1988, 29, 6913. (16p) Suéarez, Tetrahedron Lett. 1999, 40, 5945. (16q) Lee, Helv. Chim. Acta 2002, 85, 1069.

Oxidative deamination of benzylamines
O NCS (1.05 equiv) KOH (2.34 equiv) O j " ; " Y ) o o KO3S. N S|-(|33K
> — N N > remy's salt (10 equiv) in KO—-S—N—-S—0K o'
N ether,0°Ctort,2h N EtOH, reflux @ D\/LN 5% NayCO3 (aq) solution n oL n N’
H Cl;l s N Pﬁ ° 2 3 (aq) 000
68% tripiperideine rt,2 h
Fremy's salt

Also applicable to substituted piperidines and pyrrolidines. ﬂ 88% v
(16e) Grisar Org. Synth. 1977, 56, 118. (16f) Kessler, J. Org. Chem. 1977, 42, 66. (16r) Castedo, Tetrahedron 1982, 38, 1569. See also: (163) Wang, Blechert, key intermediate

H
(16g) Joullie, J. Am. Chem. Soc. 1982, 104, 5852. (16h) Davis, Org. Lett. 2002, 4, N N Angew. Chem. Int. Ed. 2011, 50, 657. (16t) Stahl, Org. Lett. 2012, 14, 2850. (16u) Gao, ACS Catal. 2015, 5, 5851.
103. (16i) Poupon, Tetrahedron 2006, 62, 5248. (16j) O'Reilly, Chem. Eur. J. 2016, T tate-catalyzed oxidati f d . to nit

22, 12692. (16k) Lehn, J. Am. Chem. Soc. 2018, 140, 5560. (16l) Orru, Ruiter, Eur. VAT ungstate-catalyzed oxidation of secondary amines to nitrones

J. Org. Chem. 2019, 5313. . . Na;W04°2H,0 (0.4 equiv) )
isotripiperideine 30% H,05 (aq) solution (2.2 equiv) o A ~MIBr (2 equiv) Me
Silver-catalyzed oxidation % Yield N M ry Me N
. e ° ° |
NayS,0g (1 equiv) ) ), . A B H H,O0,0°Ctort, 3.5h oo THF,0to 4°C,3.5h OH
NaOH (2 equiv) (S\n _
{ { \)n AgNO; (0.5 mol%) NT N N 0 _ <5 Proposed mechanism 76% 46%
Oh - . .
. H,0, 10°Ctort, 2.5-17 h ( N):> 0 N ; 520 48 IW]OH + H0p, ——— [W]—OOH + H0 [W] = WO3~ or WOg
" b 3 - 03 o *

) o~ -OLH

Proposed mechanism A o B . O\ O-\ll\ll ©) Q [W]—OOH @\
radica — + e e} R N~ "Me
2. N Me
[S)n S,08% / Ag* ) comblnahon @N N@ H Me H/N ‘ 6H [O] (I)e
H via Ag>* N Me - [W}-OH
N,N-coupled
aminyl radicals are involved product (16v) Murahashi, J. Chem. Soc., Chem. Commun. 1984, 874. (16w) Murahashi, J. Org. Chem. 1990, 55, 1736.
as intermediates. Nitrones from hydroxylamine Application to the total synthesis of piperidine alkaloids
Polymer )
n
T 0 H,O o (J)\N [ ) IBX (1.5 equiv) Z ®/>
HoN MJ\H =< P = Q)n '}l B — N —
n N n(t/N OH CHzc|2‘ rt,2h 8

(16m) Nomura, Chem. Lett. 1977, 693. This method is only suitable for the 88% (-)-lobeline
(16n) Nomura, J. Chem. Soc., Perkin Trans. 11982, 3031. preparation of 1-pyrroline trimer (n = 1). | (16x) Goti, Org. Lett. 2015, 17, 4082. (16y) Snyder, Angew. Chem. Int. Ed. 2018, 57, 15162.

Figure 16 Oxidative preparation of building blocks.'®
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: Alkynylation of N,N-dimethylanilines
CuBr (5 mol%)

Notable features

» Metal catalysis enables the use of readily available
oxidants such as peroxides in the oxidation of amines.

* Radical intermediates are involved in some if not most
reactions.

FeCl, (10 mol%)

* Substrate scope is often limited to N-arylamines.

t-BuOOH (1.0-2.0 equiv) M (t-BuO), (2.0 equiv)
Me . e 1
i alkyne (1 equiv) Me N alkyne (1 equiv) Me
©/N\Me 100 °C, 3 h == D/ “Me 100 °C, 24 h, air N N,
Me

(170) Chen, ChemSusChem 2020, 13, 4776.

H =
. : Me
Seminal work 1 2equiv 74% 1.5 equiv 88%
Me rOOt-Bu ! (17¢) Li, J. Am. Chem. Soc. 2004, 126, 11810. (17d) Vogel, Org. Lett. 2009, 11, 1701.
| o, H
N‘Me RuCIz(I';’g:;,);;O(';S e}z N‘Me  Arylation of N-aryltetrahydroisoquinolines Selected scope
i X
; indole (1.2 equiv) | & &
93% ; @ CuBr (5 mol%), --BuOOH (1.3 equiv) Z “Ph @\
(17a) Yonemure, J. Am. Chem. Soc. 1988, 110, 8256. : N\Ar neat, 50 °C N MeO N Z OMe
' e
Proposed mechanism 1 NH
tBUOOH  +BuO" ——— tBuOO" + tBUOH ! (17¢)Li, J. Am. Chem. Soc. 2005, 127, 6968. 86% 89% S5
P« Alkylation of secondary amino esters Selected scope
HAT: ; Cu(OAc)*H,0 (10 mol%) _~_Me Me
CuBr CuBr(OH)  Hydrogen Atom Transfer pyrrolidine (30 mol%) o HN’Ar |
. 0 t-BuOOH (1.5 equiv) X
1 H\)j\ OR O HN O HN O HN
LA R acetone (0.2 M), rt Me o__M O._Me O.
P A (¢} ( ) d Me ~-Me Me)K/H( ~ Me Bn
H,O+ t-BuOO" t-BuOOH The rate of HAT; is greater Oo Oo ?,
than or equal to the rate of . (17f) Huang, Angew. Chem. Int. Ed. 2010, 49, 10181. 73% 54% 71%
t-BuO"  t-BuOH HAT. i Alkynylation of N-oxides Selected scope
}-—4& : Cu(acac), (10 mol%) Me Me Me -Me
HAT; i ¢ i : : . = N
. ' [e) alkyne (1 equiv) _Me . N Pz N /\N Z
-B ! = ) = ) o) = ) |
(t@ (p e ; M G/)N‘M DCE (0.25 M), 110 °C R/\I\,}/ll Me Me @ Me e
N « Me” | Me b D ° e
= N Noar “Ar' Me & Me
W OOt-Bu ; 2equiv N-oxide acts as an internal oxidant
! (17g) Bao, J. Org. Chem. 2011, 76, 6901. 84% 85% 89% 93%
tBuOO"  tBuOH CuBr ! .
' Propargylation with internal alkynes ' Further reading
: [Cp*Fe(CO),(th)]BF4 (20 mol%) :
H ' M PhaCBF4 (1_.7 equiv) ) \ (17i) Li, Acc. Chem. Res. 2009, 42, 335.
Lo = € 2,4,6-(Me)s-pyridine (1.8 equiv) N‘co Me i (17j) Dong, Chem. Rev. 2011, 11, 1215.
= tBuOOH Z o Ar N. + 2 1 (17k) Jiao, Chem. Soc. Rev. 2012, 41, 3464.
o : CO,Me PhCF3 (0.2 M), 60 °C, 48 h P Me ' (171) Li, Angew. Chem. Int. Ed. 2014, 53, 74.
t-BuOO ; ) ] = . (17m) Luo, Chem. Rev. 2017, 117, 9433.
: 1.5 equiv 1 equiv Ph 67%. dr < 1:1 i (17n) Li, J. Org. Chem. 2019, 84, 12705.
i b, dr =1: '

(17b) Klussmann, ACS Catal. 2016, 6, 3253. (17h) Wang, Chem. Sci. 2020, 11, 12316.

Figure 17 Metal-catalyzed cross-dehydrogenative-coupling (CDC) reactions.'’

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



192

CuBr (5 mol%) LD
t-Bu,bipy (5 mol%), ketoBNO (5 mol%) Nu [e) HN Me
R H O (1 atm) or air, nucleophile (1.5-3 equiv) H X H
W e R\N)W/N\Bn N PMP\N)W/N\Bn
H THF (0.5 M PMP N.

. CUC'Z

(18b) Klussmann, J. Org. Chem. 2014, 79, 12033.

9/
e}

Further reading (18g) Kanai, Chem. Sci. 2012, 3, 3249.

93% 60%

18i) Yang, Green Chem. 2014,16, 2428. Selected
18j) Polyzos, Chem. Commun. 2015, 51, 334. Cul (15 mol%) elected scope

18k) Gogoi, ChemistrySelect 2016, 1, 4620. TEMPO (20 mol%) R

H
F
C0) o)y O e (i
NO NO L NO
K-COj3 (2.5 equiv) 2N NO, H 2 H 2 N NO> & ” 2
H

MeNO, (0.1 M), 80 °C H

(

E

(18l) Schnirch, Monatsh. Chem. 2017, 148, 91.
(18m) Zhang, RSC Adv. 2017, 7, 1229.
(
(
(
(
(

18n) Le, Zhu, Synthesis 2018, 50, 2775.

180) Chandrasekharam, Adv. Synth. Catal. 2018, 360, 4080.
18p) Turner, Greaney, ACS Catal. 2018, 8, 10032.

18q) Dong, Adv. Synth. Catal. 2021, 363, 1185.

18r) Anilkumar, Eur. J. Org. Chem. 2021, 1776. 1 (18h) Zhang, Org. Chem. Front. 2020, 7, 425.

THIEME
SynOpen S. Dutta et al.
Notable features Copper-catalyzed aza-Henry reaction Ruthenium-catalyzed aza-Henry reaction
« Metal catalysis enables the use of oxygen as the : G-RuO, (2 mol%)
terminal oxi)&ant. ve i CuBr (5 mol%) MeNO, (3 equiv)
« Substrate scope is often limited to N-arylamines. (:@ MeNO, (2 equiv), Oy (1 atm) N\A | B O (1 atm) N\A
: r r
. : Near H,0 (0.5 M), 60 °C, 16 h AN, H,0 (0.17 M), 60 °C, 24 h
Seminal example ! NO» NO,
NaCN (1.2 equiv) : 9% 89%
Me RuClz (5 mol%) ' (18c) Li, Green Chem. 2007, 9, 1047. (18d) Wu, Org. Lett. 2012, 14, 5992.
! 02 (1 atm) |
X N‘Me ' Vanadium-catalyzed arylation Selected scope
P © MeOHAOH U : V05 (10 mol%)
88% ' indole (1.2 equiv)
° : @O el Nar N-pup
18a) Murahashi, J. Am. Chem. Soc. 2003, 125, 15312. :
(18a) Murahashi, J. Am. Chem. Soc. 2003, 125, 153 : N\Ar H,0 (0.5 M), 100 °C, 24 h Vi N s o
] e
Proposed mechanism of CuCIz-cataIyzed reactions ' R \ NH NH NH NH 2 O NH
] 71% 50% 64% 58%
N 1 (18e) Prabhu, Chem. Commun. 2011, 47, 11787.
CuCly “Ph !
: Copper-catalyzed alkylation with organozinc reagents Selected scope
1/2 0, ' CuCly (10 mol%)
: ZnR; (3.0 equiv)
: (j@ O, (1 atm) ! N
: - “Ph
CuCl + HCI il : N pr,  MeGN (0.1 M), 60°C, tt, 4 h I Ph
CuCl + HCI @ Ph | Me
CUC'z | (18f) Menche, Org. Lett. 2015, 17, 3982. 92% 85% 5% 60%
E Examples of dual catalysis involving aminoxyl radicals Selected scope

89% 47% 36% 56%

Figure 18 Metal-catalyzed cross-dehydrogenative-coupling (CDC) reactions with oxygen as the terminal oxidant.'®
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Notable features

« Its low toxicity renders iodine an ideal catalyst.
* Peroxides or oxygen act as terminal oxidants.

Historical precedent with stoichiometric iodine

I> (4 equiv) MeO.
D@ reflux 4h
ethanol MeO

(19a) Lete, J. Heterocycl. Chem. 1984, 21, 525.

Oxidation of benzylamines with I,

I (20 mol%)

+BuOOH (aq) (10 equiv)

N,Me
H

Proposed mechanism

MeCN (0.5 M), 70 °C, 18 h

H . tBuO

12 1,

=

1©

__

®oH + +BuOOH

t—BuO. + Ar/\N/R - Y =
H — +-BuOH
+-BuOO;
+-BuOO hydrogen atom donor
R
Ar N Path A
+BuOH /l
)OL . [0]
Ar” N7
H

(19b) Adimurthy, J. Org. Chem. 2017, 82, 13632.

Further reading

(19h) Lei, Chem. Asian J. 2015, 10, 806.
(19i) Baruah, Synlett 2017, 28, 461.
(19j) Maiti, ACS Omega 2019, 4, 20410.

82%

+BuOO’

+-BuOOH

+

.Me

AC7=

H.O
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i lodine-catalyzed alkylation
I (10 mol%)

(19c) ltoh, Org. Lett. 2013, 15, 574.
Oxygen as the terminal oxidant
O, (1 atm), visible light

I2 (5 mol%)
AcOH (5 equiv)

MeCN (0.1 M)

(19d) ltoh, RSC Adv. 2013, 3, 10189.

Oxidative 1,3-dipolar cyclization

@O\JVCOQR

Kl is oxidized to I, in situ by a peroxide.

' 1 (19f) Reddy, Sridhar, Adv. Synth. Catal. 2012, 354, 2985.

Figure 19 lodine-catalyzed cross-dehydrogenative-coupling (CDC) reactions.'?

Selected scope

Selected scope

53%

Selected scope

1.2 equiv H Ié(1(0 mol%) )
3-6 equiv.
+ 22 d 1 Ny _cosRr
EWG DMF (0.2 M), 80 °C /
[ EWG EWG
EWG
1 equiv
(19e) Gao, Li, J. Org. Chem. 2014, 79, 1084
Examples of more complex reaction cascades
i) EtOH, rt, 3 h
Ph ii) KI (20 mol%),
H t+-BUOOH (aq) (4 equiv), overnight, rt O2N
o) iiiy MeNO, (0.25 M)
+ N
NHz e By
N Ph
1 equiv
73%

84%

Me.

.Me

Me

4 equiv

NSH (0.1 M) (\
H 2 equiv
O 605 I . ! N O
N Ar \©\ Me  MeO OMe
Nu NO, NO, OMe
Enolates require addition of AcOH (5 equiv).
93% 79% 70% 63%

| N
O ‘ : N N Sas!
N\Ar NuH (2-5 equiv) Ar \©\ \©\ Me cl
Nu Me” “NO, OMe NO, Cl 3

32%
X
N CO,Et | N
\ 7 CO,E
\
(6]
O
N O '\i o
Ph
Me
96% 83%
Kl (20 mol%)
indole (1 equw)
TBPB (6 equiv)
PivOH (5 equw)
DMSO (0.5 M) Q
60 °C, 16 h
91%

(19g) Wang, Org. Biomol. Chem. 2012, 10, 9519.
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(20a) Liang, Org. Biomol. Chem. 2010, 8, 4077.

O & (|)I 2 OH CI OH Me( Me
Me N, | N Me
Further reading B O B j:/ Ru_ j: Me £l Cl, Me/&“”e
r r Me \N/ | \N/ Me / \ Me Me Ir‘\CI}n\ Me
20m) Milstein, J. Am. Chem. Soc. 2014, 136, 2998. O N. O CI " Cl
20n) Li, ChemSusChem. 2014, 7, 2788. HO o) OH N O O Me

200) Zhang, Org. Lett. 2017, 19, 3390.

(

5

(20p) Tung, Wu, Acc. Chem. Res. 2018, 51, 2512. Br
(

(

NG
K .

eosin Y Ru(bpy)s(PFeg)2 Co(dmgH),pyCI Co(dmgH)(dmgH,)Cl, [Cp*IrCl;]

20q) Lei, J. Am. Chem. Soc. 2018, 140, 13128.
20r) Lei, Chem. Rev. 2019, 119, 6769.

THIEME
SynOpen S. Dutta et al.
Notable features ! Photochemical o-arylation Photochemical o-alkylation of amino acid esters
» Coupling with concomitant release of hydrogen gas obviates the ' eosin Y (20 mol%) OMe OMe
need for a stoichiometric oxidant. H G-Ru0, (0.3 mol%) O Ru(bpy)3(PFg)2 (10 mol%)
* Thermal, photochemical, and electrochemical variants have H indole (3 equiv) N\Ph o) o) Co(dmgH),pyCl (5 mol%)
been developed. : ! - . + Hy HN . HN + Hp
: “Ph HpO (0.2 M), 1t N OEt OEt  MeCN (0.025 M), rt 0
. ' hv (A > 450 nm) hv (A = 450 nm) CO,Et
Seminal example : NH o) CO,Et
5 88% 2 equiv 80%, dr = 1.4:1
PtCl, (10 mol%) | (20b) Wu, J. Am. Chem. Soc. 2013, 135, 19052. (20d) Wu, ACS Catal. 2015, 5, 2391. Relative stereochemistry of major
N + Hy 1 See also: (20c) Wu, Org. Lett. 2014, 16, 1988. See also: (20e) Zhang, J. Org. Chem. 2019, 84, 3559. diastereomer not established.
MeNOg/Hzo (10 1) “Ph E
5AMS, 85 °C ' Photochemical a-phosphonylation Thermal cross-coupling
NO, .
N ' Ru(bpy)3(PFs)2 (5 mol%) Ruj3(C0)y2 (1 mol%)
80% : Co(dmgH)(dmgH,)Cl (10 mol%) Xantphos (3 mol%)
Proposed mechanism ! Me PhCOzNa (0.5 equiv), Me O naphthol (1.2 equiv) OH
' N phosphite (1 equiv) NP p-TSA (10 mol%)
Nu H “Me ~~ "OEt + Hp N N + Hp
. MeCN/DCE, rt, 24 h OEt | PhMe (0.2 M), 120 °C i OO
+ SR : blue LEDs Bn Bn
P g 2 equiv 99% 60%
E (20f) Lei, Chem. Commun. 2018, 54, 1659.
1 See also: (20g) Yang, Chem. Commun. 2014, 50, 8529. (20h) Zhang, Org. Lett. 2020, 22, 4781.
E Intramolecular coupling Asymmetric electrochemical cross-coupling hydrogen evolution
: . catalyst/TfOH (10 mol%)
' [CpIrCl;] (2.5 mol%) o graphite anode, Pt cathode
H N ligand (5 mol%) N N
' | +H ©© 30V “Ph
h 2 + + Hy
—(Py° N P HRN CF5CHZOH, reflux N Neph 0.1 M LiCIO4 in MeCN
R- 0 R™ : BN
N:— (Pt~ /N_/ : © | © 5 equiv n-Pr
® . _
a’ R s N™ ~“oH e N 75%
! (20i) Yan, Adv. Synth. Catal. 2013, 355, 2179. e dr=7:1,95% ee
i 1 See also: (20j) Xiao, Org. Lett. 2013, 15, 2394. "'NHg
H-abstraction i (20k) Yan, Org. Biomol. Chem. 2015, 13, 7381. (201) Luo, Org. Lett. 2017, 19, 2122.
Catalysts

Figure 20 Acceptorless cross-dehydrogenative-coupling (CDC) reactions with hydrogen evolution.?°
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Seminal asymmetric example i Palladium-catalyzed alkylation with malonates catalyst
. Pd catalyst (2 mol%) 0 o
alkyne (1 equiv) (Boc),0 (1.1 equiv) % { O Ar
CuOTf (10 mol%) N 0 0o o DDQ (1 equiv over 10 h) o N. - RAT
N ligand (15 mol%) | A < S J\/U\ = Boc I\Dd'OTf
N : > o FPr o’ CH,Clp (0.06 M), rt 0 o 0 5 OTf
| +BuOOH (1 equiv) | | H F-Pr F-Pr ( O | Ar
R/ Z THF, 50 °C, 2 d 1 equiv o 0O o) Ar
R
Selected scope 2 (21d) Sodeoka, J. Org. Chem. 2008, 73, 5859. 90%, 82% ee Ar = 3,5-Me,CeH3
OMe Dually catalytic alkylation with aldehydes
ligand
N O 4 & i) CuBr (10 mol%), catalyst (30 mol%), catalyst
T AN AcOH (50 mol%), t-BuOOH (1.5 equiv), rt, 17—42 h A
o | o ii) NaBH,, EtOH, 0 °C Ar
| | | N \ )J\/Me N
N N H OTms
= Scope includes aryl pyrrolidines.

5 equiv Ar= 3,5'(F30)206H3

(21e) Chi, Angew. Chem. Int. Ed. 2012, 51, 3649. 66%, dr = 64:36, 96% ee (major)
Dually catalytic alkenylation catalyst
56%, 69% ee 67%, 63% ee Cu(OTf), (10 mol%),
talyst (20 mol% M
(21a) Li, Org. Lett. 2004, 6, 4997. o ca aoys“( atr?)o ) N« PMe Aj
(21b) Li, Tetrahedron: Asymmetry 2006, 17, 590. + 2 PMP N
N-pup H 0

Organocatalytic alkylation with ketones CHyClp, 11, 24-72 h

Sy oH
catalyst (20 mol%) R N~
i-PrOH (20 mol%) (21f) Wang, J. Am. Chem. Soc. 2012, 134, 12334. 72%, 90% ee
DDQ (1 equiv)
Alkenylation with a bifunctional organocatalyst catalyst
CHZCIZ, rt, 24-72 h =_ _H
o catalyst (20 m_ol%) N
N DDQ (1 equiv) X Me Me H N
RS + n-Boc o : S
| 1 CHCls, 35 °C, 96 h ﬁ/} tBu NP N
talyst t-Bu |
cataly N M H H N
Bn 1.4 equiv e =
COLH (21g) Wang, Org. Lett. 2014, 16, 5358. 69%, 90% ee MeO
Zinc/iron-catalyzed alkynylation ligand Selected scope
73%, dr = 8:1, 90% ee 75%, dr = 3:1, 84% ee /\

Zn(NTf,), (20 mol%) E N
Fe(OTf), (3 mol%) R"_. _R"
R" ligand (23 mol%) N N\/\

|
RN g alkyne (1.2 equw}: R'/\ O/f\ 0o eo
O, (1 atm), NaBAr', R™ ;\‘H HN
DCE, 5 A MS 35 °C Ar Ar

Ar= 2,4,6—(i—Pr)305H2
(21h) Feng, ACS Catal. 2017, 7, 5654. 50%, 99% ee 42% 88% ee

(21c) Wang, Chem. Sci. 2013, 4, 2645.

Further reading

(21i) Xu, Tetrahedron Lett. 2015, 56, 3703.

(21j) Yang, Synlett 2017, 28, 159

(21k) Gandhi, Org. Biomol. Chem. 2019, 17, 9683.
(211) Pombeiro, Catalysts 2020, 10, 529.

i 2 equiv 4 AMS, NapSO,
(21m) Vila, Adv. Synth. Catal. 2021, 363, 602. ;

Figure 21 Catalytic enantioselective cross-dehydrogenative-coupling (CDC) reactions.?'
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Notable features  Dehydrogenation with DEAD followed by cascade reactions with azides o,f3-Dioxygenation with DIB

* Mechanistically diverse methods access enamines from amines as a : Me” N"Me
platform for B- and multifunctionalization. ' Ng )
* Applicable to both linear and cyclic tertiary amines. i 0=S=0 ’}‘ OAc
LM N e DEAD (1 equiv) 0=%=0 O PhI(OAC); (2.2 equiv) (I
' +
Seminal example : I\Me 1,4-dioxane (0.3 M) ’}‘ PrOH (0.1 M) l}l OAc
o) ' 10-15°C, 1 h, thenrt, 4 h Ph 5AMS, 1, 6h Ph
: Me
Me™ N"me  TPAANEH e ™S e, : _ 42%
) ) ' 1 equiv Me
Me ether Me” 07 “CF, | (22b) Weng, J. Am. Chem. Soc. 2008, 130, 14048. 76%
' See also: (22c) Zheng, Wang, Chem. Commun. 2009, 47, 7372. (22d) Liang, J. Org. Chem. 2009, 74, 7464.
91% :
Proposed mechanism ! Platinum-catalyzed o,B-difunctionalization Iron-catalyzed B-alkylation
Me” N"M 2 9 5 O.N FeCl; (5 mol%) o
€ e M = [(CoHs)sN(CFsCO)) PLCI, (10 mol%) X DMAP (7.5 mol%)
M e) FsC~ "0~ “CFs : (:(\VNOZ O (1 atm) [ j (+BUO); (2.5 equiv) [X])\
i +
o poN oH 1,4-dioxane/H,0 (2:1) N nitroolefin (1 equiv) N NO,
. D Ph 5 AMS, 80 °C o Mes  DCE (0.2 M), 18 h, 60 °C i
Py FaC” H Ph Mes
HO™ “CF, ; . . X =C, 70%
1 1.5 equiv 1 equiv 65% Applicable to linear amines. X=0,58%
6 0 SN ES o : X =S, 44%
. C)J\OJ\CF « N | €0 ; X = NBoc, 54%
3 3 Et Et eo CF 1 (22e) Liang, J. Org. Chem. 2010, 75, 2893. (22f) Kanai, Oisaki, Org. Lett. 2013, 15, 1918.
3 '
l : Oxidative B-sulfonylation with NIS Oxidative -sulfonylation with iodine
l Different mechanisms could account for ' . ) 00 ’ ) 0 O
the formation of the enamine intermediate. DG i ) R (e Qe HEO Ll (& e R
o ' ii) sodium sulfinate (1.5-2 equiv) (j/ \©\ NaHCOj3 (2 equiv) @/ \©\
Reaction involves double acylation of the : N N ; A
e p ; ! 1 THF (0.11 M), 1,2 h N Me ) sulfonyl hydrazide (2 equiv) N Me
Me )N/j‘\mza enamine with TFAA. : Bn ||3n Ph 1,4-dioxane (0.1 M), 100 °C, 3 h IIDh
M O~ CF NaH is added to achieve full conversion. : 9 9
© 8 ! (229) Talbot, Willis, Chem. Sci. 2018, 9, 2295. S <
1 See also: (22h) Fan, He, J. Org. Chem. 2020, 85, 15600. (22i) Xia, Gu, Eur. J. Org. Chem. 2021, 701.
(22a) Schreiber, Tetrahedron Lett. 1980, 21, 1027. :
, Complex reaction cascade leading to o-keto-enaminones Selected scope
Further reading ; CuCl,#2H,0 (10 mol%) o Me O
! acetophenone (1.0 equiv di { ide (DCP
(22k) Archard, Chem. Eur. J. 2015, 21, 14319 : DCP (1 oquiv) TE,EAPOS eéuiv) Ph R ,\eﬂ( ) Ph
(221) Zhang, Synlett2017, 28, 1630. : ’ | o |
(22m) Zhou, Chem. Commun. 2017, 53, 8770. ! N MeCN (0.25 M), 80 °C, 24 h, air N ] Me O\O Me N 0]
(22n) Fan, Chem. Commun. 2017, 53, 4002. ! Ph ’ ’ ’ ) PhX )
(220) Opatz, Adv. Heterocycl. Chem. 2018, 125, 107. i Ph Me Ph
(22p) Fan, Zhang, J. Org. Chem. 2018, 83, 6524. ' o o
(22q) Fan, Zhang, He, Chem. Commun. 2019, 55, 12372. ; 53% 55%
(22r) Jia, Yuan, Org. Lett. 2019, 21, 5030. 1 (22j) Fan, Zhang, J. Org. Chem. 2020, 85, 2220.

Figure 22 Oxidative B-functionalization.?
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Notable features S,Cl,-DABCO complex
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Synthesis of 1,2-dithiol rings

‘N
* S,Cl, serves as a sulfurating, chlorinating, /\ ‘N [NJ S,Cl, (10 equiv) R o) _ o
oxidizing, and dehydrating agent. A\‘ S,Cly [NNJ [NJ Je . DABCO (5 equiv) HCO,H, reflux, 1 h Moo N R= gl:lzléfh COE ggojo
* Formation of sulfur-rich heterocycles. [NJ _— S/ oo =— S MeYNYMe \r s CHZCHZCNZ ) 91;
/ _40° 2CHCN, o
Reviews g C A‘a Me Me CHClg, 40 °C Me g CHaCHaNg,  77%
j J then rt, 72 h Cl
Cl N
(23a) Rak!t!n, Rees, Chem. Rev. 2004, 104, 2617. S,Cl,-DABCO 2Cl -
(23b) Rakitin, Chem. Heterocycl. Compd. (Engl. Transl.) 2020, 56,837. “ "= """~ . e e e
From Hiinig's base to bis([1,2]dithiolo)[1,4]thiazine
Me S,Cl,-DABCO Me ° Me S,Cl,-DABCO Me Mew cl S,Cl,-DABCO cl Mej cl S,Cl,-DABCO Me
or S,Cl, ) 3 or $;Cl; D ve. N or S,Cl; N or S,Cl, S WN s
Me.__N._Me Me. _N.__Me —> Me. N _Me Me N e e @ — > 07 Ng® —mm——
Y T g T s TS R s I s
/ Me ) S S \ /
Me Me Me Me Me Me IS S ¢l C| S~ Ng” S
40%
(23c) Rees, Rakitin,Torroba, Angew. Chem., Int. Ed. Engl. 1997, 36, 281.
Synthesis of bis[1,2]dithiolo[1,4]thiazines and bis[1,2]dithiolopyrroles from Hiinig's base Direct synthesis of fused 1,2,3,4,5-pentathiepins 5
Me S2Cl» (10 equiv) Mew S,Cly (7 equiv) S S,S—s S—S‘s
DABCO (10 equiv) HCOH, reflux, 1 h s o [ ) DABCO (7 equiv) Et3N, reflux, 3 h S S R=Me, 31% T /Z—ﬁ\ ]
Me._N__Me X N I Et, 20% Ssg s>
Y PhCI, —40 °C, 15 min \ /) & CHCl3, -20 °C, 15 min @ o tBu31% N
Me Me thenrt, 72 h o = then rt, 48 h o Me)\Me
R
25% 31%
(23d) Rakitin, Rees, Torroba, Chem. Commun. 1997, 879. (23i) Rakitin, Rees, Org. Biomol. Chem. 2005, 3, 3496.
See also: (23j) Rakitin, Russ. Chem. Bull., Int. Ed. 2006, 55, 2081.
Conversion of Et3N into a heptathiocane and a thienopentathiepin
Me Me Se s-S~g
h S,Cly (1 equiv) s Et, CHCls, reflux, 2 h s>g d %
Me. N _Me + N N—-Et + S,Cl,-DABCO —M — /S
Y COH THF, ~40 °C, 15 min s L I s Et EtN  5.g-S l_g\
Me Me then rt, 72 h, reflux, 3 h S S S EtoN™ Ng” ~NEt,
0.2 equiv 42% 0.5 equiv 10% 23%
(23e) Rees, Rakitin, Torroba, J. Org. Chem. 1998, 63, 2189.
See also: (23f) Rakitin, Rees, Torroba, J. Chem. Soc., Perkin Trans. 12000, 3421. (23k) Rakitin, Rees, Org. Lett. 2003, 5, 1939.
Synthesis of N,N-bis(5-chloro-3-oxo[1,2]dithiol-4-yl)amines Synthesis of 4,6-dinitrobenzo[clisothiazole
R S,Clp (10-15 equiv) o R R Et 19% NO, S,Cl, (10 equiv) NO»
Me l{l Me DABCO (5-12 equiv) HCO.H, reflux, 1.5 h . / N : o) ﬁﬂgga o 12?; Me DABCO (8 equiv) EtsN, reflux, 1 h _
\M( \M( DCE, —40 °C, 15 min S c|rss PhthCH2 CH2' 200; CHClg, 1t, 72 h \N/S
e Me thenrt, 72 h Cl 2L, 2U%0 OxN NH, O.N
90%

(239) Rees, J. Chem. Soc., Perkin Trans. 11999, 2237.

Figure 23 Oxidative formation of sulfur-rich heterocycles.??

(283l) Shevelev, Mendeleev Commun. 2010, 20, 353.
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Polonovski-Potier Reaction Iminium ion formation Application to the Pictet-Spengler reaction Enamine formation
Oxidation of tertiary amines to N-oxides CF.CO0),O
enables iminium ion formation via acylation Me\’C:’l,Me (CFsCO Me.®.Me % QO
followed by elimination. Me/ oo — CF3COsH I CF,
Reviews:
(24a) Koskinen, Heterocycles 1984, 22, 1591.
(24b) Grierson, Org. React. 1990, 39, 85.
Me. ®_Me 0 o
Application to complex natural product synthesis: /Y eo
(24c) Potier, J. Am. Chem. Soc. 1976, 98, 7017. Me O oF _<CF + (CF3C0)20 25% + (CF3C0)20 65%
(24d) Fukuyama, Angew. Chem. Int. Ed. 2011, 3 3
50, 4884. (249) Kende, J. Am. Chem. Soc. 1995, 117, 10597.
(24€) Potier, J. Am. Chem. Soc. 1968, 90, 5622. (24f) Sakai, Tetrahedron 1973, 29, 2015. See also: (24h) Wenkert, Synth. Commun. 1973, 3, 73.
Roussi reaction Gold-catalyzed C-H functionalization
Treatment of tertiary amine N-oxides with LDA leads to deoxygenative formation H
of azomethine ylides that subsequently engage in (3+2) cycloadditions. M | | m-CPBA (1 equiv), 1 h Me (0] m-CPBA (1 equiv), 1 h (o]
e then PhgPAuUNTf, (5 mol%) N N then Ph3PAuUNTf, (5 mol%)

o Ph, Ph N N

o Ph  LDA (3.5 equiv) IS CHzClp, 0°C, 1h Ve CHoClz, 0°C, 2 h

| @ = —_—
Me NS *+  /— s Me Me . .

Me PH THF,0°C, 3 h l?l 63%, dr > 50:1 % 89%
Me Et precursor of
1.1 equiv 80%, dr = 2:1 (24q) Zhang, J. Am. Chem. Soc. 2009, 131, 8394. ()-cermizine C (24r) Zhang, Chem. Commun. 2010, 46, 3351.

Additional scope
LDA (3.5 equiv)
Ph—=—Ph N A

LN THF,0°C, 4 h // Q Q o \\ Computed mechanism
Me® Oe ) (0] N
1.1 equiv Ph + T
6% @‘ o
Me N Ph” N
N, o~

Z®
+

(24i) Roussi, Chem. Commun. 1983, 31. (24j) Roussi, Heterocycles 1985, 23,
653. (24k) Roussi, J. Org. Chem. 1985, 50, 2910. (24l) Roussi, J. Org. Chem.

1988, 53, 3808. See also: (24m) Davoren, Synlett 2010, 2490. Me

®
=_ regioisomeric ratio = 2:1 (73% combined yield) [Au]e —[Au]
o H
4\/0@ O/~ LDA (3.5 equiv) - A The electronically less activated C—H bond is
{ " S ) functionalized preferentially.
N THF, -78 to — 20 °C fj [Au] heteroretroene 0
©0 Bn le) N/\)S
H 1
35% Q ? © ol O [AU]
(24n) Takano, Heterocycles 1992, 34, 1519. )I\/N N
Mechanistic studies: (240) Williams, Aust. J. Chem. 2014, 67, 1309. EtO An alternate reaction mechanism involving a 1,6-hydride
Me CO.Me shift was found to be energetically less favorable.
Review on amine N-oxides:
(24p) Woodward, Org. Prep. Proced. Int. 2009, 41, 173. 66% 65%, dr = 6:1 (24s) Zhang, Houk, J. Am. Chem. Soc. 2012, 134, 1078.

Figure 24 Reactions involving amine N-oxides.?*
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i Selected examples of acceptorless dehydrogenation of amines utilizing metal catalysts

catalyst _— catalyst _—
= conditions = x R-LC / conditions R-LC T
R_\| jR'—> R | and/or N\ _ > \
N

Historical precedent

Rh(PPh3)5Cl (4 mol%)
O Qp T O

H —indole . —H, ~ N/)_R H —Ho H
100% conversion H
solvent 16 examples
' Ir-catalyzed systems Ru-catalyzed systems
(25a) Nishiguchi, J. Org. Chem. 1975, 40, 237. H Me OMe ®
See also: (25b) Otsuka, J. Chem. Soc., Chem. Commun. 1979, 870. 1 B\QMG °
(25¢) Murahashi, J. Chem. Soc., Chem. Commun. 1985, 613. ' M —‘ PFs PPh;
! € Me
. - @ | SN
Seminal work H cl—I —N +—N I
r N N
: Q | ~Ru” Ph™ T “ph R{
Ir catalyst (14 mol%) : N N Ir‘Ppha Pl MH Me Ru Me 4 i
o t-Bu ' —= e RS
Cy\N/\Me Cy\Ny\Me i W N\ 7 \ / 3 H OHy ||3Ph Oc/ \CO \E;\
H o ' 3 i-Pr
PhMe, 200 °C Me |
94% :
-Bu i i
(1=qui) ; 251, 25m 25n, 250 25p 251, 255 25t 254
(25d) Jensen, J. Mol. Catal. A: Chem. 2002, 189, 119. ' (25l) Fujita, Yamaguchi, J. Am. Chem. Soc. 2014, 136, 4829. (25r) Szymczak, J. Am. Chem. Soc. 2013, 135, 16352.
1 (25m) Yamaguchi, Fujita, J. Am. Chem. Soc. 2009, 131, 8410. (25s) Paul, Szymczak, ACS Catal. 2016, 6, 4799.
. ) ' (25n) Xiao, Angew. Chem. Int. Ed. 2013, 52, 6983. (25t) Hong, Adv. Synth. Catal. 2012, 354, 3045.
"F’V\N/""r Ir catalyst (10 mol%) i-Pr\N/i-Pr +Bu 1 (250) Xiao, Angew. Chem. Int. Ed. 2015, 54, 5223. (25u) Holscher, Bera, J. Am. Chem. Soc. 2018, 140, 8662.
k + W ! (25p) Crabtree, J. Organomet. Chem. 2015, 792, 184. See also: (25v) Yu, Organometallics 2018, 37, 584.
Me p-xylene, 90 °C K Me | See also: (25q) lwai, Sawamura, Org. Lett. 2020, 22, 5240. (25w) Blacquiere, Organometallics 2017, 36, 1692.
t-Bu ; o R R R e R R e L e L R R R R e L LR LR E
\— BRI S0 Selected examples of transition-metal-free systems for the dehydrogenation of amines
P(f-BU)z
H Acceptorless Aerobic
Ir catalyst Ir:H (C4Fs)sB (5 mol%) NHPI (20 mol%) o
p-xylene, 150 °C x MeCN, 80 °C, air
P(tBu), m \ N—OH
N° Me —He N Me N —He0 N
(25€) Knapp, Goldman, Chem. Commun. 2003, 2060. H Me Me .
See also: (25f) Chihara, J. Catal. 2005, 230, 204. 92%
(259) Yi, Organometallics 2009, 28, 947. 88% NHPI
(25i) Brayton, Chem. Commun. 2014, 50, 5987. See also: (25y) Grimme, Paradies, Angew. Chem. Int. Ed. 2016, 55, 12219. (25aa) Luo, Adv. Synth. Catal. 2020, 362, 3905.

(25j) Goldman, J. Org. Chem. 2020, 85, 3020.

(25k) Liu, Huang, Chin. J. Chem. 2020, 38, 837. TEMPO (10 mol%)

BusNBF4 (40 mol%) _
NaOt-Bu (3 equiv)

C(+)|Pt(0) 7 mA
(jj MeCN/H,0, rt m Ve >O<Me (jj 0, (1 atm), DMSO, 60 °C X
P N/ 4 N P

Further reading

25ad) Yu, Adv. Synth. Catal. 2019, 361, 3958. N

EZSae; Kanai. J. Am. Chom. Soc. 2017, 139, 2204, H -H, Me™ N Me N -H0 N
(25af) Inee, Hong, Chem. Sci. 2021, 12, 1915. o

(25ag) Li, Angew. Chem. Int. Ed. 2017, 56, 3080. 82% TEMPO 65%
(25ah) Jones, J. Am. Chem. Soc. 2014, 136, 8564. (25ab) Xie, Cai, J. Org. Chem. 2020, 85, 7501.

(25ai) Brookhart, J. Am. Chem. Soc. 2007, 129, 14544. (25z) Lei, ACS Catal. 2018, 8, 1192. See also: (25ac) Song, Wang, Chem. Eur. J. 2018, 24, 2065.

(25h) Jensen, J. Organomet. Chem. 2009, 694, 2854. . (25x) Kanai, Angew. Chem. Int. Ed. 2016, 55, 12224.

Figure 25 Dehydrogenation/aromatization.?
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Notable features

 Powerful tool for the formation of both C—C and C-N bonds.
* No need for prefunctionalizing the amine, alcohol, or aldehyde

coupling partners.

* Typically initiates by oxidation of a substrate by the catalyst and
ends with reduction of an intermediate to regenerate the catalyst.

Historical precedent

( ) + Ph” T OH

N
H

RhH(PPhg); (5 mol%)

solvent

(26a) Grigg, J. Chem. Soc., Chem. Commun. 1981, 611.

Seminal work

(N> + Ph” T OH

[Ru(p-cymene)(tbppbs)Cl]
(1.5 mol%)

<"

200
THIEME

i B-Functionalization of N-benzyl amines

[Ru(p-cymene)(tbppbs)Cl]
Q (2.5 mol%)
CSA (8 mol%

B-Functionalization of piperazines

o5 1.8

IS : Ff ®
NP )J\ [Ru(p-cymene)(tbppbs)CI] (2 mol%) [Ru(p-cymene)Cly], (5 mol%) —
H |\ Ph” "H PhMe, 140 °C CSA (10 mol%) ‘P
i Ph Sen PhMe, 4 A MS, 140 °C [
N i )
E 2 equiv 82% N N
{ 5 : Both electron-donating and -withdrawing groups on the aryl group are tolerated. I\Ille Me
N Pyrrolidines, piperidines, azepanes, morpholine and THIQ are viable substrates.
Aryl substitutents tolerated: F, Cl, Br, CF3 NO,. 66%
kPh (26¢) Bruneau, J. Am. Chem. Soc. 2011, 133, 10340. D SRS WIEEEE (7, Ch 216 Eig, WOE °
o (26€) Suresh, Chem. Commun. 2017, 53, 10448.
99% B-Functionalization of an N-alkyltetrahydroisoquinoline (THIQ)
NO,

[Ru(p-cymene)Cls], (5 mol%)
CSA (20 mol%), PhMe, 150 °C

i N i then, HCOZH (1.5 equiv)
H o, ' 2
2.5 equiv ci:DSh?/Ig% gnooié) kph PhMe, 150 °C [ j then, HCO2H (2 equiv), 150 °C [N]/\Ph
o i R =CHyCHyPh 1 i 90%
Plausible mechanism 80% : avre equ N N
(simplified) Z 5 1 Other aldehydes based on benzofurans, thiofurans, and indoles are also tolerated. Me i\llle
N :
H CSA Z ﬁ > isomerization ! (26d) Bruneau, J. Org. Chem. 2012, 77, 3674. 1.2 equiv 73%
—H,0 J o ! o, B-Difunctionalization of N-benzyl amines Electron donating and withdrawing groups on aldehyde tolerated.
>.< pn~~ RSO3 ; Alkyl aldehydes also tolerated.
' Ru(p-cymene)(OAc); (4 mol%)
[Ru] [RU]H + H Me Me ' O O/ DPPBSA (4 m0|0/° ( (26f) SUI’ESh, Adv. Synth. Catal. 2021, 363, 453.
' +
el e} ! N HO PhMe. 140 °C B-Functionalization with a boron catalyst
N h ) ~Bn
RSO . N
o 3 : :
2[Ru] 2 [RuH o Jooph 2.5 equiv
3 Ph : 0 . /
® f ' 62 /o, dr > 25:1 o)
2R s () zormemn
g Ir(Cp*)(dppbs)CI (2 mol%) oH o + o D 550 N
Ph ; CSA (5 mol%) ' d Mes
% PrcHo,csa () | O m : C
o, N : p-xylene, 150 °C N 1.2 equiv 86%
) RSOE; )N - HxO Ph) : 1.5 equiv Bn Pyrroles are formed upon heating to 120 °C.
: (22k) Bruneau, Chem. Eur. J. 2015, 21, 14319. 51% (269) Yang, Ma, Org. Lett. 2020, 22, 7797.
(26b ) Bruneau, Adv. Synth Catal. 2010, 352, 3141. H
Me, Me M
+Bu Fh Ph Ph Me, Me Me e Further reading
P P Ph _/ Sip Ph / Te ~Me C' &
OH OH tBu.l ..RU T / Sipr Phpu |f / -Pr  (26h) Bruneau, Angew. Chem. Int. Ed. 2012, 51, 8876.
<. g PN oRu iPr / (26i) Bruneau, Green Chem. 2013, 15, 775.
1~0 0 O Cl )I\ / OAc C' Review on ruthenium-catalyzed hydrogen autotransfer:
TBPPB%A DPPBSg ﬁ\\o Me' 0 ﬁ\o (26j) Bruneau, Top. Organomet. Chem. 2014, 48, 195.
tert-butylphenylphos- diphenylphosphino- O " F;e\ﬁe\&/ on alk)gz;tion \ga hyg r<1)ger; ? UtgtrSQSfer'
[Ru(p-cymene)(tbppbs)Cl] Ru(p-cymene)(OAc), Ir(Cp )(dppbs)CI [Ru(p—cymene)CI2]2 (26k) Kempe, Chem. Rev. 2019, 119, 2524.

phinobenzenesulfonate benzenesulfonate

Figure 26 Hydrogen borrowing.?®
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Notable features

* Simple method for obtaining substituted aromatic
heterocycles from their (partially) saturated azacycles.

* Formation of pyrroles from 3-pyrroline or pyrrolidine, and
indoles from indoline, are redox-neutral. One equivalent
of aldehyde serves as oxidant in the formation of pyridines
from piperidine, and isoquinolines from 1,2,3,4-tetrahydro-
isoquinoline.

* Reactions are mostly limited to arylaldehydes.

Seminal discovery
PhCHO (1.2 equiv)

neat, 250 °C, 6 h Bn_ - Bn
| ~
A First step is likely hydrolysis of N
/& the amide to piperidine yield
Ph™ ~O ;
ambiguous

(27a) Rugheimer, Ber. Dtsch. Chem. Ges. 1891, 24, 2186.
(27b) Rugheimer, Ber. Dtsch. Chem. Ges. 1892, 25, 2421.

Improved procedure

PhCHO (2 equiv)

O AcOH (1.4 equiv) Bn | X BN
N PhMe (0.6 M) N
H reflux (Dean—Stark), 24 h
43%
(27c) Poirier, J. Org. Chem. 1961, 26, 4275.
Further optimization
PhCHO (3.3 equiv)
O PhCOOH (5 equiv) Bn S 2l
N PhMe (0.2 M), 3 A MS N
H uW, 200 °C, 25 min
89%

(27d) Seidel, Tetrahedron Lett. 2015, 56, 3147.
Other selected contributions

(27€) Burrows, J. Org. Chem. 1962, 27, 316.
(27f) Sainsbury, Tetrahedron 1968, 24, 427.
(279) Dannhardt, Arch. Pharm. 1986, 319, 977.
(27h) Cook, Lett. Org. Chem. 2004, 1, 1.

(27i) Toma, Synth. Commun. 2009, 39, 1871.
(27j) Yu, Org. Lett. 2011, 13, 6054.

(27k) Lodeiro, Chem. Eur. J. 2014, 20, 6684.

201
THIEME

Isoquinolines from 1,2,3,4-tetrahydroisoquinoline

Pyrroles from pyrrolidine

AcOH (0.7 equiv) Bn Bn
= PhMe (0.47 M) Z AN { \ PhMe (0.5 M) {/ \S
| + PhCHO | N + PhCHO ——m——— N
X NH reflux (Dean—Stark), 48 h x~eN B 200 °C, 20 h 1
n
2.2 equiv 34% 2 equiv 47%
(271) Burrows, J. Org. Chem. 1963, 28, 1180. (27m) Oda, Tetrahedron Lett. 2007, 48, 9159.
Pyrroles from 3-pyrroline Indoles from indoline
OMe o
— PhCOOH (10 mol%) M\ PhCOOH (20 mol%) \
[ " \ . PhMe (2.5 M) [ . \ N + PhCHO PhMe (0.5 M) N
|
H 110°C,5h IIDMB H uW, 200 °C, 15 min Bn
1.2 equiv 77%
1.5 equiv CHO 85%
(270) Pan, Chem. Eur. J. 2010, 16, 13352.
(27n) Tunge, J. Am. Chem. Soc. 2009, 131, 16626. (27p) Seidel, Org. Lett. 2011, 13, 812.
Computationally determined lowest-energy pathway for the acetic acid catalyzed reaction between benzaldehyde and pyrrolidine
O—H._ o
ad 0 AcQ
PhCHO ., PhCHO Ph Ph
AcOH O\H AcOH O\ [\ AcoH o \
{ y — -N —_— —_— N OAc — N B — N/ B — N
N~ —HO Lo -Acon ph~ @ P ~AcOH ] P -H;0 J
H Ph” "o Ph Ph Ph Ph
M azomethine ylide .
e key intermediate ~ enamine
intermediate
° Carb_oxyliclacliq plays ”_‘U'“P'e rqles. (has been trapped via (dimers of enamines have been isolated)
* No simple iminium ion intermediates! (3+2) cycloaddition)
* Related redox reactions follow similar
mechanistic pathways.
Ph Ph
Ph Ph Ph Ph Y, Y,
I\ \ AcOH \ ]\ AcOH
® ®
N -~ AcO N -~ (€] N -~ N - N/ - N OAc
— AcOH | — AcOH — AcOH
Ph) Ph) Ph) F’h/k OAc Ph) © Ph)

(27q) Breugst, Seidel, Chem. Eur. J. 2016, 22, 18179.

azomethine ylide
intermediate

azomethine ylide
intermediate

[has been trapped via (3+2) cycloaddition]

Figure 27 Condensation-based methods involving azomethine ylide intermediates, aromatization.?’
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Notable features Intramolecular (3+2) cycloaddition Synthesis of bicyclic oxazolidines

* Azomethine ylides resulting from condensation of a secondary amine with a CHO

CHO lidh
carbonyl compound undergo pericyclic reactions. + —>xylene 01\ Ko%:rr(%(lj Ir?]il%)
 Redox-neutral method enabling rapid increase of molecular complexity. O/\/\CO Me HN reflux. 2.5 h
2 ) &
Seminal work: (3+2) cycloaddition 1 equiv uv\l;’h:\él}g (()%Z?SM%M

2 equiv

(28c) Grigg, Tetrahedron 1990, 46, 6449.

O
pyrrolidine
+ A COMe — —————*>
N~ O MeCN, 80 °C, 3 h

Benzoic acid catalyzed variant operates at room temperature

H

PhCOOH N~ O

CHO 20 mol% /
O D

AN\, ~ PhMe (0.1 M)
S COzMe 3AMS, 1, 12h
1.2 equiv cl Cl
72%

= N
0 /A/l THIQ H COoPh
0

)J\¢O o N > H . Less reactive amines (e.g., piperidine, morpholine) react at elevated temperatures.  96% (28e) Hajra, Chem. Commun.
Ph Me MeCN, 80 °C, 3 h o o (28d) Seidel, Org. Lett. 2014, 16, 5910. 2014, 50, 2951.
N g g S S S g gy g g g g g
M’e 6n-electrocyclizations
75%, endo:exo = 7:1 p-TSA (0.5 equiv) Ph pyrrolidine (5 equiv) H Ph
via: o O ( 5 xylenes (1 M) = (e} PhCOOH (1 equiv) :
R R R
0 el 0 ! ® , reflux, 3 h
4 N' R ~§ N_R $ N_R 3 equiv Ph Fh
J; — I | — P° 53% 7%
*% O «é 00 ~§ o) (28f) Seidel, Tetrahedron Lett. 2010, 51, 2945. (289) Seidel, Chem. Commun. 2015, 51, 10648.

(28a) Grigg, J. Chem. Soc., Chem. Commun. 1986, 602 6n-electrocyclization followed by Grignard addition

: +
i Ph)J\/U\Ph N uw 280°C, 10 min N~ Ph/\)l\Ph PhMe (0.1 M), 3 A MS N~

Me Me
t+Bu 0 ) D
Seminal work: 6n-electrocyclization " /@ K2COj3 (1.5 equiv) tBu N RMgX tBu N
e + - - > !
N, ci® 0 TFE (0.2 M), 1t = R
2-formylpyridine (2 equiv) ) tBu OH
L PhMe (0.0067 M) 1.2 equiv +Bu tBu
reflux (Dean—Stark), 35 h (28h) Qu, Org. Lett. 2015, 17, 4758. 95%, dr > 20:1 mostly trans
Related transformation with primary amines
80%
(28b) Grigg, Tetrahedron 1990, 46, 1599. ° +Bu PhMe, 25 °C tBu N Ph i) R"MgX (6 equiv), 0-25 °C
JN\H2 —24 h Nl TMEDA (1 equiv), 1-24 h NH;
Other selected contributions R
Ph R H OH ii) I2 (1.2 equiv), NaOH (5 equiv) Ph R =
(28)) Risch, Synthesis 1996, 367. +Bu t-Bu MeCN, 0 °C, 10-15 min
(28k) Miao, J. Org. Chem. 2016, 81, 11201. ) ) R = Me, 94%
(281) Wu, ChemistrySelect 2017, 2, 10762. 1 equiv not isolated R = Ph, 80%
(28m) Zanoni, Protti, Molecules 2019, 24, 1318. (28i) Dixon, Chem. Sci. 2019, 10, 3401.

Figure 28 Condensation-based methods involving azomethine ylide intermediates, pericyclic reactions.?®
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Notable features

* Mirrors classic amine condensation reactions with
incorporation of a C—H functionalization step.

* Merges reductive N-alkylation with oxidative o-C—H bond

functionalization in an overall redox-neutral sequence.
* Reactions are often catalyzed/promoted by simple
carboxylic acids.
* Water is the only byproduct.

Classic condensation-based transformations

RCHO
HNu
(\S )n (catalyst) @ )n
—_—
N — N
: P
R Nu

via iminium ion
or equivalent
)I intermediate

Strecker, Mannich,
Friedel-Crafts
alkylation,

R Kabachnik—Fields, etc.

Complementary redox-transformations

RCHO
HNu
—_—
N™ 'H _ N” "Nu
H H.0 )
R
b
N via an azomethine ylide
J intermediate
R
Reviews

(29p) Seidel, Org. Chem. Front. 2014, 1, 426.
(29q) Seidel, Acc. Chem. Res. 2015, 48, 317.
(29r) Jana, Chem. Rec. 2016, 16, 1477.

Other selected contributions

(29s) Seidel, Org. Lett. 2013, 15, 4358.

(29t) Jana, Org. Lett., 2015, 17, 3762.

(29u) Tong, Chem. Eur. J. 2016, 22, 7084.

(29v) Zhou, Asian J. Org. Chem. 2016, 5, 1204.

(29w) Meng, Chem. Commun. 2017, 53, 1684.

(29x) Qu, Org. Lett. 2018, 20, 668.

(29y) Jana, Org. Biomol. Chem. 2019, 17, 1800.

(29z) Deb, Baruah, Org. Biomol. Chem. 2020, 18, 6514.

203
THIEME

Redox-Strecker reaction
2-EHA (20 mol%)

@)n OH PhMe (0.1 M) (\gin ne
N + _— N"CN n=
H Ph™ "CN W, 200220 °C P n=
20—40 min Ph
1.3 equiv

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

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

Redox-A3 reaction

2,6-dichlorobenzaldehyde n=0, 81:/0, rr>25:1
)n phenyl acetylene (1.5 equiv) )n n=1,91%, =71
Cu(2-EH), (15 mol%) n=2,61%, rr=5:1
N N \\
H PhMe (0.25 M) P Ph
W, 150 °C, 15 min Ar

1.5 equiv
Ar = 2,6-CloCgH3

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

Redox-Friedel-Crafts alkylation

Cy

n=0, 96%, rr > 25:1
2,6-dichlorobenzaldehyde n=1,16%, rr > 25:1
(slow addition over 5 h)

2-naphthol (1.5 equiv)

N
H PhMe (0.2 M) Ar = 2,6-CloCets
1.5 equiv reflux, 5 h

Other viable nucleophiles:

indol les, phenol
(29f) Seidel, Org. Lett. 2014, 16, 730. indoles, pyrroles, phenols

See also: (29g) Jana, Asian J. Org. Chem. 2014, 3, 44.

B-C-H Functionalization via enamine intermediates cl

( > benzaldehyde (1.1 equiv)
N° OH PhMe (0.25 M)

O uW, 200 °C, 15 min H

H (0]
O - N
= q*: 25— H
via: Hoy Ph 75%
H=>N

(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.

Figure 29 Condensation-based methods involving azomethine ylide intermediates, redox-neutral 3-component coupling reactions.?

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

Initial observation:
Regioisomers undergo equilibration in the presence of benzoic acid.

Ph)\CN Ph) Ph)\ CN

84%, rr=18:1
(thermodynamic equilibrium ratio)
without PhCOOH: 91%, rr = 1:5

PhCOOH (20 mol%)
PhMe (0.1 M)

+
uW, 200 °C, 20 min

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

Asymmetric

. PhCHO (1.4 equiv) ligand e
variant 1-decyne (1.4 equiv) =
Cul (1 mol%) HN"">Ph

ligand (2.2 mol%)
PhCOOH (5 mol%)

@\vah
I

n-CgHq7
98%, 94% ee

(29d) Ma, Angew. Chem. Int. Ed. 2014, 53, 277.
See also: (29e) Ma, Org. Chem. Front. 2014, 1, 338.

Ik

n

PhMe (0.5 M), 4 A MS NN
40°C, 12h

Redox-Mannich reaction

o0 i
o
A~ NH Me)l\Ph

benzaldehyde
PhCOOH (20 mol%)

PhMe (0.25 M) o
4AMS,50°C,12h

1.5 equiv 1.5 equiv 46% Ph
(29k) Seidel, Org. Lett. 2014, 16, 3158.
Redox-Ugi reaction .
benzaldehyde (2 equiv) AN
NC AcOH (5 equiv) |
| X . H,0 (10 equiv) Z N._-Ph
= NH
PhMe (0.1 M), reflux, 3 h HN 0
. |
5 equiv Cy 69%

(291) Seidel, Org. Lett. 2016, 18, 631. See also:
(29m) Feng, Synthesis, 2016, 48, 3730. (29n) Jana, Green Chem. 2018, 20, 3463.

LA o

Redox-aza-benzoin condensation

benzaldehyde (2.4 equiv)

catalyst (20 mol%) N._Ph
XN PhCOONa (20 mol%) \-8 BF4
l A NH ; ™
PhMe (0.1 M), 4 A MS Ph™ 0 CeFs
60 °C,24 h 88% catalyst

(290) Wang, Chin. J. Chem. 2020, 38, 135.

© 2021. The Author(s). SynOpen 2021, 5, 173-228

Georg Thieme Verlag KG, RiidigerstraRe 14, 70469 Stuttgart, Germany



204
THIEME

SynOpen S. Dutta et al.

Notable features Redox-Pictet-Spengler reaction Redox-annulations of 2-formylaryl malonates

P rful hod f i | li i i
owerful method for generating polycyclic amines via pyrrolidine (1.3 equiv)

(29r) Jana, Chem. Rec. 2016, 16, 1477. _

CoH4Cl, (0.1 M)
CN reflux, 12 h

2 Me
NC N if) Pd(OH)», Ho, AcOH (1 equiv), O
Other selected contributions H NO PhMe (0.1 M), 85 °C, 4.5 h
2 annulation: 73%
1.3 equiv 61%, dr = 4:1 denitration: 65%

overall: 47%

(30s) Seidel, Org. Lett. 2017, 19, 6424.
(30t) Wu, Synlett 2018, 29, 1061.
(30u) Chusov, J. Org. Chem. 2020, 85, 9347.

redox-neutral ring-annulation of alicyclic amines. : Me . :
» Azomethine ylides are key intermediates. ' VNG THIQ (3 equiv) CHO 2-EHA (10 equiv)
* Reactions are often catalyzed/promoted by simple ! CHO xylenes (0.1 M) PhMe (0.1 M)
i i ' _— CO,Et
carboxylic acids. ' A\ W. 250 °C 4 A NS, reflux, 1.5 h ’
* Water is the only byproduct. - H u éO min ) CO,E J v EtO,C COEt
First example ' 2-EHA = 2-ethylhexanoic acid 76%
pyrrolldlne :
i (3 equiv) ! (30i) Seidel, Chem. Sci. 2011, 2, 233. (30j) Seidel, Chem. Eur. J. 2015, 21, 12908.
CHO  EtOH (0.25 M) :
):> . Asymmetric redox-annulations of y-nitroaldehydes Redox-annulations of -ketoaldehydes
Me NH, Trefox, 180 :
eN ' 0 Ph THIQ (2 equiv) . ) MeO.
o 1 AcOH (10 equiv) o amine (1.5 equiv)
95% | H)kl/lyNog . y AcOH (10 equiv) oo N "
H e e e
(30a) Seidel, J. Am. Chem. Soc. 2008, 130, 416. : R . {’ *l\‘/l'\ge (Of-|1 '\")1 . Me PhMe (0.18 M) H
(30b) Seidel, Houk, J. Org. Chem. 2013, 78, 4132. : » retlux, CHO Me JAMS. roflux. 15 h Me
(30c) Seidel, Synthesis 2013, 45, 1730. ] » ’ ’ o)
See also: (30d) Dang, Bai, Org. Lett. 2008, 10, 889. i R=Me (96% ee) R =Me, 71%, dr = 2:1 (both 95% ee) slow addition )
+ R=H (95% ee) R=H, 61%, dr=9:1, 94% ee (+)-tetrabenazine
. L : 50%, dr = 6:1
Variants with (thio)salicylaldehydes ! (30k) Breugst, Seidel, J. Org. Chem. 2015, 80, 9628. (301) Seidel, Org. Lett. 2016, 18, 1024.
THIQ (1.3 equiv) : Redox- lati f het ti Ikyl aldehyd Redox- lati f 2-(2- thyl I t i
AcOH (y equiv) 1 Redox-annulations of heteroaromatic o-alkyl aldehydes edox-annulations of 2-(2-oxoethyl)malonates Formation of
C[CHO PhMe (0.1 M) ©\/\ ' 5-membered rings
\ : : X N
g f 1.5 equiv) N .
xH  SAMS.60°C : cHo  prycmine (1.2 | THIQ (2 equiv)
' e/AcOH (1:1,0.1 M q
: ;\(ji ( ) 7 COLE PhCOOH (20 mol%)
THIQ = : =z reflux, 1.5 h OHC -
tetrahydroisoquinoline =0,98%,3h (y=1.0) | Me 0] CO,Et PhMe (0.1 M), 4 AMS .
=S,93%,05h (y=0. 1) ' 85% o/ reflux, 1.5 h EiO,C
. © (30m) Seidel, Org. Lett. 2017, 19, 2841. 79%
(30e) Houk, Seidel, J. Am. Chem. Soc. 2014, 136,6123.  : See also (30n) Wang, Adv. Synth. Catal. 2017, 359, 2191.
(30f) Houk, Seidel, Org. Lett. 2014, 16, 3556. ! Catalytic enantioselective variant: (300) Wang, Org. Biomol. Chem. 2017, 15, 6474.  (30p) Seidel, Org. Lett. 2018, 20, 4090.
See also: (30g) Jana, RSC Adv. 2014, 4, 46214. !
(30h) Roberts, Chem. Commun. 2020, 56, 9118. ' Redox-annulations of o-cyanomethyl benzaldehydes Traceless redox-annulations of o-nitromethyl benzaldehyde
Reviews . . ] i) amine (1.3 equiv),
, ' CHO amine (1 equiv) CHO PhCOOH (1.3 equiv), N
(29q) Seidel, Acc. Chem. Res. 2015, 48, 317. ' AcOH (20 equiv) DCE (0.1 M), uW, 150 °C, 5 min

(30q) Seidel, Org. Lett. 2020, 22, 976. (30r) Seidel, SynOpen 2020, 4, 123.

Figure 30 Condensation-based methods involving azomethine ylide intermediates, redox-annulations.3°
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Notable features Key contribution Memory of chirality

@ (\X N n-BuOH

X
N\H 7BuOH, A N N (\ /?H reflux, 2 h N
e - mdH — Me
L [1.51H H (A Az 7
77>z

* Redox-neutral method for amine a-C—H bond functionalization involving
intramolecular H-transfer followed by cyclization. Can involve oxidation
state changes prior to or after the key step.

« Historically categorized under the term “Tert-Amino Effect”: originally
defined as cyclizations of tertiary anilines containing unsaturated bonds at
the ortho-position.

 “Tert-Amino Effect” reactions are not mechanistically uniform. Distinction
between 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-
sigmatropic rearrangements and electrocyclic ring closures.

| ! CNCN
1 H N N

X = -, CHp, O, NR', etc. 7oz c ¢

Z,7'=CN, COR", COOR" 8oz

Many variants are known enantiopure

enantiopure

(31e) Reinhoudt, J. Org. Chem. 1984, 49, 269.

See also: (31f) Reinhoudt, J. Org. Chem. 1989, 54, 199. (31g) Reinhoudt, J. Org. Chem. 1989, 54, 209.

Seminal discovery C-N bond formation Example of a Lewis acid promoted process

Me CFs BF3eEt,0
N. ~ A n-BuOH 3°El
/@: Me Sn HCI /@i /@ N” r reflux, 5 d G/ (2 equiv)
—_—
Me NO, Me N CHLCl reflux, 24h Mooza
Me
i Ar = 4-MeCgH COE
lreductlon T - H,0 H = 64 EtOEC CO,Et
Me 66% 76%
'{lj [1 " N (31h) Reinhoudt, Tetrahedron Lett. 1984, 25, 4309. (31i) Noguchi, J. Chem. Soc., Perkin Trans. 11998, 3327.
oy e O =
Me N : N N Formation of a 5-membered ring In situ formation of a dienamine
) c') OH
Q PhMe, MeO,C COZMe DMSO, 4 A MS H_CO:Me
(81a) Pinnow, Ber. Dtsch. Chem. Ges. 1895, 28, 3039. ~ 110°C, 24 h \L e8He MeO,C > H
See also: (31b) Vasella, Helv. Chim. Acta 2011, 94, 785. U PR T D “han e
COyMe , Me0,G | CO2Me COMe , MeOC— N
Other early work COMe .
H H 86%, dr =1.7:1 1.2 equiv 70%, dr = 94:6

R ‘7/R
(31e) Reinhoudt, J. Org. Chem. 1984, 49, 269.
See also: (31]j) Reinhoudt, J. Am. Chem. Soc. 1983, 105, 4775.

(31k) Viehe, Tetrahedron Lett. 1994, 35, 1185. See also: (311) Viehe, Bull. Soc.

P
EtOH, acid & Chim. Belg. 1993, 102, 663. (31m) Viehe, Tetrahedron 1995, 51, 13239.

oxidation
o L Uiy
é [1,6]-H N

Example of higher order H-transfer An alkynyl Fischer carbene as an H-acceptor

N >§

NC (CO)sCr. MeO Cr(CO)
(81c) Meth-Cohn, Chem. Commun. 1967, 1157. oN DMSO, argon O H OMe e H Cr(CO
See also: (31d) Volochnyuk, J. Org. Chem. 2007, 72, 7417. O / 110 °C,8h CCNN //H sealéd tube @ﬁ\/(u\OMe
—_— —_—
. [1 7]-H >—Ph 25h N~ Ph
Reviews N N /\
\—Ph Ph Ph
31q) Meth-Cohn, Adv. Heterocycl. Chem. 1972, 14, 211.
31r) Meth-Cohn, Adv. Heterocycl. Chem. 1996, 65, 1. 94% L Ph | 98%

' (31n) Matyus, Synlett 2008, 2846.

E
(31s) Matyus, Synthesis 2006, 2625.
( ' See also: (310) Matyus, Synlett 2010, 2109.

31t) Morzherin, Chem. Heterocycl. Compd. (Engl. Transl.) 2013, 49, 357. (31p) Barluenga, Angew. Chem. Int. Ed. 2008, 47, 6594.

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

© 2021. The Author(s). SynOpen 2021, 5, 173-228
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Notable features Bronsted acid catalyzed formation of aminals Lewis acid catalyzed Reinhoudt reaction
* Redox neutral [1,n]-hydride transfer/ring-closure reactions that BANH. (1.2
fall within the broader category of the “Tert-Amino Effect.” CHO 'PfOHZ (20 9‘1}3/"’) eOZC COsMe
* Application of Lewis and Brgnsted acid catalysis has H EtOI(-I r?lo e) 75% (n = 0) o CO.Me o
significantly increased the scope of these transformations. . 65% (n=1) Gd(OTf)3 (5 mol%) CO,Me 900/° (n=0)
N " O 82% (n = 2) MeCN, rt 910/0 (n=1)
Reviews -2 85% (n = 3) N 82°/° (n=2)
(32a) Maulide, Chem. Eur. J. 2013, 19, 13274. f 81% (n=3)
(32b) Seidel, Angew. Chem. Int. Ed. 2014, 53, 5010. .
(32c) Kim, Chem. Rec. 2016, 16, 1191. (32e) Seidel, J. Org. Chem. 2009, 74, 419. "
(32d) Xiao, Org. Chem. Front. 2021, 8, 1364. See also (32f) Akiyama, Chem. Lett. 2009, 38, 524. (32g) Seidel, Org. Lett. 2009, 71, 129.
Divergent reactivity based on the catalyst Larger rings from donor/acceptor cyclopropanes
Ph § Me / Ph MeO,C_ CO;Me H
IPrAuOTf (5 mol%) 0 Sc(0Tf)3 (10 mol%) H Sc(OTH)x (5-30 mol%
MeCN, t, 3 h | CoHyCly, reflux, 35 h / o} H T,(_|F 33;\( MS. 60 OC°) COzMe 82//( rsn 5 ;))
) ) b (n =
n N—<_ COzMe 77% (n = 2)
N N/\ N Me N 80% (n = 3)
22% k/o L_o L_o £ A
(32h) Zhang, Chem. Commun. 2010, 46, 6593. 86%, dr = 15:1 (82r) Kim, Org. Lett. 2017, 19, 1334.
Redox-isomerization/Grignard addition Dearomative cyclizations OH
)\ CF R =H, 88%
— o,
N C2H4Cly, 80 °C N~ O RMgX (2 equiv), 0 °C N R = Ph, 76% I R Br 4%
CHO R = i-Pr, 75% RN i
H H OH R =allyl, 82% 13 - ’
R = Cy, 45% 3 equiv
. Solvent plays a critical role as a weak Bronsted acid/hydrogen bond donor.
not isolated
’ h (32s) Xiao, Chem. Sci. 2018, 9, 8253. See also:
(32i) Maulide, Angew. Chem. Int. Ed. 2012, 51, 1950. (321) Xiao, J. Org. Chem. 2019, 84, 1833. (32u) Xiao, J. Org. Chem. 2019, 84, 13935.
Annulation with doubly nucleophilic species to access larger rings Cascades with two consecutive hydride transfers
nucleophile
(1.1-2 equiv) A Ph B Q H
CHO diphenyl phosphate N n Yb(OTf)3 Bn cF
H (5-20 mol%) 7 N—Ph I cF _ (Gmole) /< [1,5]-H "
N x Ph
PhMe, pW N Nf oh T e H N\
150 °C, 15 min reflux, 48 h ph\/
he Ph—" by
d u [1 14]'H 86%
O,
83% 59% 72%

Divergent reactivity ([1,6]-H/[1,5]-H) is observed when the highlighted Bn group is replaced with H.
(32j) Seidel, J. Am. Chem. Soc. 2011, 133, 2100. See also: (32k) Sun, Xu, Eur. J. Org. Chem. 2015, 6727. (32I) Xu, Sun,
J. Org. Chem. 2015, 80, 1155. (32m) Xiao, Org. Lett. 2018, 20, 138. (32n) Wang, Chem. Commun., 2018, 54, 7928.
(320) Wang, Li, Org. Lett. 2019, 21, 6225. (32p) Xiao, Org. Lett. 2019, 21, 8904. (32q) Xiao, J. Org. Chem. 2019, 84, 11839. (32v) Akiyama, J. Am. Chem. Soc. 2014, 136, 3744.

Figure 32 Lewis and Brensted acid catalyzed internal redox transformations involving [1,n]-H transfers.3?

© 2021. The Author(s). SynOpen 2021, 5, 173-228
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First highly enantioselective catalytic variant

Mg(OTH), (20 mol%)
ligand (22 mol%)

O
N"H O O A O™ 70
CoH4Clo, 4 AMS N N
\ N)I\O reflux, 30 h ‘\< N
-/ Ph PH
88%, dr = 3:1 ligand
93% ee
(33a) Seidel, J. Am. Chem. Soc. 2009, 131, 13226.
First organocatalytic enantioselective variant
catalyst
Xy -CHO catalyst (30 mol%) H
| (-)-CSA (30 mol%) CHO Ar
1,1,2-trichloroethane H
20°C.9d N OTBDMS

57%, dr =90:10
91% ee

Ar = 3,5(CF3)2'05H3

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

Enantioselective gold-catalyzed cascade reaction

Ph

N

N L(AUCI); (5 mol%)
AgOTf (5 mol%)

MeCN, rt

93% vyield, 96% ee

Ar= 3,5-({-BU)2'4-MEOCGH2
(33f) Zhang, Chem. Eur. J. 2011, 17, 3101.

Reviews Additional examples

(33l) Wang, ChemCatChem 2013, 5, 1291.
(33m) Wang, Xiao, Chin. J. Org. Chem. 2018, 38, 328.

(33n) Feng, Chem. Eur. J. 2015, 21, 1632.
(330) Gong, Chem. Eur. J. 2013, 19, 5232.
(33p) Lin, Synlett 2016, 27, 546.

(33q) Wen, Xu, Tetrahedron 2018, 74, 7480.

Figure 33 Catalytic enantioselective internal redox transformations involving [1,n]-H transfers.
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Enantioselective phosphoric acid catalyzed Reinhoudt reaction

Ph Hydride transfer, not ring closure,
is enantiodetermining L _

- catalyst
OH @
MeO,C.__CO,Me X H Ar
| catalyst (10 mol%) CO.Me O
PhMe, 80 °C, 40 h CO:Me e o_ ,0
N — B e
N™ “Ph ® )N ‘Ph S O O ©OH
N
) ) Ph Ar
(CFs)

83%, 95% ee Ar = 2,4-(CF3),CgHs

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

Enantioselective cobalt-catalyzed Reinhoudt reaction

MeO,C._CO,Me
| Co(BF4)2*6H,0 (10 mol%) COoMe
ligand (10 mol%) CO,-Me ® ®
H 2 OQ\ N\/\/’N (0}
N CHgC|2, 0 oC, 48 h N (0] .

ligand
Ar = 2,6-IPI'ZCGH3

90%, 88% ee

(33h) Feng, Org. Lett. 2011, 13, 600. See also: (33i) Luo, Chem. Commun. 2013, 49, 847.

Enantioselective aminal formation

NH

GOEt 2 catalyst (10 mol%) 05 .>H PMP
PhMe, 115 °C, 3d e
[0} N
* H

O S

OMe

1.25 equiv

(383j) Gong, Tetrahedron Lett. 2011, 52, 7064. 90%, dr = 14:1, 80% ee

Enantioselective cascades with two consecutive [1,5]-hydride transfers

MeO,C.__CO,Me A
l i) Mg-phosphate (10 mol%)
| mesitylene, 60 °C, 4 d o, 0
H H " A
)\ ii) Yb(OTf)3 (10 mol%) O O-—TMg
N Ar CgH4C|2, 60 °C, 30 min o
Me Me '\Ar Ar = 4-Br-CgHg 2

96%, dr = 11.5:1
96% ee R =2,4,6-Cy3CgH>

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

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



SynOpen S. Dutta et al.

Seminal discovery, formation of a symmetrical diazaditwistane

(€]
N
CN Me It
N MeOH ¢ Me
H | Ne
H /] 150°C,6h L AH
e =, A |
e [1,5]-H N/
e -
CN Me CN

(34a) Grabowski, J. Org. Chem. 1976, 41, 3159.

Seminal catalytic example

MeOC, COMe  pycy, (30 mol%)

CHsCly, 1t, 38 h
e ——
N— 2 )
] [1,51-H N-F
MeO,C H ! H
2 CHO Meo.C H &0

77%, dr > 15:1

(34e) Sames, J. Am. Chem. Soc. 2005, 127, 12180.

Synthesis of bridged bicyclic amines

H
PhMe
160°C, 20 h HQ Me
—_—
[1,51-H |
O”ph ph NH
PMP
80%, dr = 5:1

(34i) Frontier, Org. Lett. 2016, 18, 4896.

Alkaloid synthesis

N—" Yb(OTf)3 (10 mol%)
PhMe, reflux
—_—_—
Rare example of a
[1,4]-H transfer

N
MeOZC

MeOzC COgMe

(341) Anderson, Angew. Chem. Int. Ed. 2019, 58, 18040.

Meng CO,Me

H
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Biomimetic total synthesis of methyl homosecodaphniphyllate, serendipitous discovery and originally proposed mechanism

(84b) Heathcock, J. Org. Chem. 1992, 57, 2544. (34c) Heathcock, PNAS 1996, 93, 14323. (34d) Tantillo, Org. Lett. 2016, 18, 4482.

An alkyne as a hydride acceptor Intramolecular hydride transfer/external nucleophile

Me

H
oy

\_~
¢

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

phenylacetylene (3 equiv)
ZnBr; (20 mol%)
PhMe, 100 °C, 24 h

Me Ph

=
Me
N\/\
X
J: H
Me’ Me

73%

COM
MeO,C,, j -2V Ptl, (5 mol%)

MeOC, COoMe
MeCN, 120 °C, 7 h [N

Consistent with either

N~ H [1,5-H
) [1,5]-H or [1,6]-H transfer

Me

68%

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

Hydride transfer initiating from a remote C-H bond Synthesis of carbacycles

JTs ) Ts NH
Ph—=——N TfOH (5 equiv) | Sc(0Tf)3 (10 mol%)
) CH,Cly, —60 °C, 15 min H_N | (6] hexanes, reflux, 15-26 h H NH
| g
Me [1,5]-H ph:gg H [1,5]-H ) @]
H Me Me Me Diastereomers interconvert under "NBny

NBn; the reaction conditions; the less

soluble diastereomer precipitates.

(34k) Mori, Chem. Lett. 2018, 47, 868.

96%, dr > 20:1

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

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

MeOzC COQMG
| |
| | | e
Yb(OTf)3 (5 mol%) < v Well-known N
N\/§ | CoHy4Cly, reflux, 24 h \ '\N)\H many different promoters N
H H._Ph +
—CO,Me Y Also reported are RN [1,5]-H H, :<H
TO.M N Ph [1,7]-H/1,5]-H ' 7
BE ~ transfer cascades 7 R R'
H

85%, dr > 20:1:1:1
(34m) Mori, Org. Lett. 2019, 21, 9334. Also see Figures 32 and 33.

Review: (34n) Ma, Org. Chem. Front. 2014, 1, 1210.

Figure 34 Internal redox transformations involving [1,n]-H transfers in non-conjugated systems.?*

© 2021. The Author(s). SynOpen 2021, 5, 173-228
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Notable features Catalytic enantioselective -alkylation

* Intermolecular hydride transfer from amine to B(C¢Fs)s generates an iminium ion and a B(CgFs)3 (10 mol%) X
H-B(CgFs5)3 anion. The iminium ion is alkylated directly or undergoes deprotonation to form an H O O Sc(OTf)3 (10 mol%) Et0O.C O O |
enamine which typically reacts further. The H-B(CgFs)3 anion reacts with a pronucleophile or /\)J\ JJ\ ligand (12 mol%) )j\ (0] N/ O,
reduces the immediate product of enamine alkylation. + EtOC N~ O : N™ O | \J
* Some reactions are intermolecular variants of transformations shown in Figures 31-34. N ‘N . CH,Cly, 60 °C, 24 h N": H N . N N—/
| / IMe ] ’ / 7 ‘/Me . ‘_'_
Landmark study: Catalytic enantioselective a-alkylation PMP Bn Me PMP Bn Me P s
1.5-2 equiv 83%, dr = 3:1 Also reported: Formation of 3-substituted
o 90% ee enamines via use of one additional equiv-
O\H 'ﬁ (((:g'.:l:"f))3 ((11% r::c))llé’ )) O O alent of the conjugate acceptor as oxidant.
l}l + 9 2 i )j\ (35f) Wasa, J. Am. Chem. Soc. 2021, 143, 2441.
Ar o o ligand (12 mol%) 5\1 I~ N~ 0 Catalytic enantioselective a-alkynylation with alkynylsilanes: (35g) Wasa, J. Am. Chem. Soc. 2020, 142, 16493.
Ar : )
CHyCly, 22 °C, 12 h - ) . .
\)J\NJ\O 202 H™ Meq. o-Alkylation with silyl ketene acetals Pseudo-intramolecular reaction
A
Y Ar = 4-methoxy-2,6- 88%, dr = 4.3:1 d H-TMS + Me
e dimethylphenyl 94% ee Ar = m-Cl-CeHq OTMS o
& " B(CFs)3 (10 mol%) HM
H e ©
. N + W)\ . N
Mechanism o | OMe THF, 22 °C, 12 h '}‘ > OMe
(7 . Ar Me Ar Me Me
N oM , Ar = 4-methoxy-2,6- . il
2 equiv dimethylphenyl 90% o
B(CGF5)3 (10 m(zl /o) B(CsF5)3 acts as
(35h) Wasa, Org. Lett. 2019, 21, 984. CZHEEEZ g io C a hydride shuttle

1
Ar
/\)\X
\/ B(CoFs)s

oM
i @ oA QH
I ©

B-Alkylation with p-quinone methides

OH
; i B(C6Fs) t+Bu tBu
Ar t-Bu tBu 6" 59 i i
Al H-B(CsFs)s O Et\'Tl ~_H . (10 mol%)
\)J\ M/ Et | m-xylene £
* 140°C, 48 h ~
Ar H_B(CGFE)S 5 equiv Ph E Ph
t (35)) Paradies, Chem. Eur. J. 2018, 24, 16287.
(35i) Yang, Zhao, Ma, Chem. Commun. 2019, 55, 1217. 77% See also (35k) Wang, ACS Catal. 2019, 9, 295.
(35a) Wasa, J. Am. Chem. Soc. 2018, 140, 10593. Seminal work [stoichiometric B(CgFs)3]: . o . .
(85b) Santini, Eur. J. Inorg. Chem. 2002, 3328. (35c) Erker, Chem. Eur. J. 2017, 23, 4723. Silylative ring closure Bronsted acid catalyzed B-alkylation
A . B(CgFs)3 (20 mol%) EtO,C
Silylative f-annulation Me3SiOTf (40 mol%) /\ H
i) B(CgFs)s (10 mol%) ~_H  PhgSiH (2 equiv) BnN o TfOH (10 mol%)
Ca0 (50 mol%) Bl (_siPh +H: + U - -
N CgHsCl, 120 °C 12h _H p-xylene, 150 °C, 2 h b N FsC” “CO.Et  CoH4Cly, 60 °C
H +MePhSiH, +H, A
) ii) B(CgFs5)3 (5 mol%) 65% ) Ar = 2-naphthyl
Me 5 equiv 120 °C,12h 1.2 equiv 94%
dr=2.3:1
(35l) Oestreich, Angew. Chem. Int. Ed. 2021, 60, 8542. (35m) Li, Xiao, Org. Lett. 2019, 21, 8543. r

71%, dr = 6:1

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

Additional examples: (35n) Wasa, J. Am. Chem. Soc. 2019, 141, 14570. (350) Shao, Xiao, Org. Lett. 2020, 22, 776. (26h) Yang, Ma,
Org. Lett. 2020, 22, 7797. Reviews: (35p) Ma, Hou, Chem. Soc. Rev. 2021, 50, 1945. (35q) Pulis, Chem. Soc. Rev. 2021, 50, 3720.

Figure 35 (Redox-neutral) methods involving intermolecular hydride transfer.>
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Notable features

* Rapid access to imines from unprotected alicyclic
amines via their in situ generated Li-amides.

* Oxidation of Li-amide is fast at —78 °C, generating cyclic
imines under mild conditions.

* Method prevents imine decomposition and formation of
undesirable, and typically unreactive, imine trimers.
[see: (36a) Fandrick, Org. Lett. 2016, 18, 6192.]

Historical precedent

L J 0 /\NI OH
+ _—
N )]\
. Ph
Li Ph” “Ph -
Proposed mechanism
. I .
Li. _ hydride Li
NGO transfer ~o

TS| LA -

210
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Application to amine a-functionalization (36e) Seidel, Nat. Chem. 2018, 10, 165.

Ketone oxidants:

i) n-BuLi (1 equiv), =78 °C, 10 min n=0,60%
ii) ketone oxidant (1.2 equiv), =78 °C, 10-90 min n=1,61% o
@ iiiy PhLi (1.5 equiv), ~78 °C to t, 2 h @lﬂ n=2 55% Ph)J\R
n=3,80%
N H ether N° Ph 1-870%  R=Ph,CFy tBu
Selected scope Bn Ph
YO (e O OL T
z 2 =
N y/ N N Ph Ph
Ho |l N”Ph N Ph N
H s N H H H H

n-Bu

?NH

63%
F O\
N
H% CL
N Ph
H

anabasine, 58%

62%

72%, dr > 25:1 58%, dr > 25:1

Iz

Reactions of a-substituted amines are

regioselective for the o'-position:
Ph)\/Nj TR Q
H
65%, dr > 25:1

H |/ ) Ph
N

Cl
70%, dr > 25:1

ee of starting material (SM) is maintained:

"Ph
N n-Ho3Cyi© "N” "Me
H 23V 11 H
53%, dr > 25:1 (-)-solenopsin A, 66%
90% ee dr=4:1,>99% ee

(from SM with 90% ee)

H N~ ~Ph N~ >n-Bu CFs
L J/ L J |\ J L J H H Other functional groups tolerated:
Nt N Nt N 62%, dr > 25:1 73%, dr > 25:1 56%, dr > 25:1 64% 61% ArF, ArCI, ArBr, ArOMe, alkyl-OSiRg
Li Li L I e
E Extension of concept to - and multi-functionalization (36f) Seidel, Nat. Chem. 2020, 12, 545.
N H . . .
0 aldol N OH H i) n-BuLi (1.5 equiv), . .
LNJ " )]\ T | : ether, =78 °C, 5 min key intermediate '
i Ph” “Ph PhPh : i) PhCOCF3 (1.5 equiv), LDA (1.5 equiv) BnBr (1 equiv) Bn NaBHy (4 equiv), MeOH Bn
; O ~7810 0 °C, 15 min O 0°C,1h el o 0°C, 14h 0°Ctort, 1h
! P R ——— =2 —_— P
(36b) Wittig, Chem. Ber. 1962, 95, 2377. See also: ' N N N Boc protection, workup '}‘
(36c¢) Wittig, Liebigs Ann. Chem. 1971, 746, 174. : access to imine monomer enables deprotonation endocyclic PhLi (3 equiv) Boc
(36d) Wittig, Liebigs Ann. Chem. 1971, 746, 185. i 1.5 equiv 1-azaallyl anion o 72%
: -78°Ctort, 2h
Further reading :
' +Bn n-BuLi (3 equiv) .Bn PhCOCFj3; (2.5 equiv) .Bn .Bn
Review on Li-amides as reductants: H -78°Ctort,2h Q —7810 0 °C, 15 min (1 Q
(36g) Majewski, J. Organomet. Chem. 1994, 470, 1. : -~ X
Precedent for adding organolithiums to cyclic imines: ' n-Bu H Ph workup N™ “Ph H Ph workup ” Ph
(86h) Scully, J. Org. Chem. 1980, 45, 1515. i 7%. dr = 8:1 1%, dr = 6:1
Addition of TMSOTf or BF3 etherate enables expansion of . Selected scope 57%, dr = 8: 61%, dr = 6:
scope to Grignard reagents, Li-acetylides, and others: '
(36i) Seidel, J. Am. Chem. Soc. 2019, 141, 8778. ' Me
(36j) Seidel, Org. Lett. 2021, 23, 797. ' Me -Me Me
= i Cl ~Bn ! \
Annulation: ' = o \)\ N N__..Bn Me
(36k) Seidel, Org. Lett. 2021, 23, 3729. ! ) 4 Q Me N A [ l
Decarboxylative alkylation of imines: v N e N N N Ph = H | N Ph
(361) Seidel, Angew. Chem. Int. Ed. 2021, 60, 1625. ' Boc Boc H s/ ] H MeO cl
See also: (36m) Ellman, J. Am. Chem. Soc. 2021, 143,126.
H 47% 45% 70%, dr = 6:1 50%, dr=1.3:1 63%, dr = 5:1 69%, dr = 10:1 40%, dr > 20:1

Figure 36 Li-amide-based imine and 1-azaallyl anion generation from unprotected azacycles.®
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Notable features
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Examples of metal-free, thermal and photochemical reactions

* Powerful method for C—H bond functionalization
involving carbene or metal carbenoid intermediates.

* Typically proposed mechanistic pathway involves
insertion into C—H bond. Alternatively, an ion pair is
generated by intermolecular hydride transfer to the
carbene, followed by recombination.

* Most common starting materials are diazo
compounds and tosyl hydrazones.

Pioneering catalytic enantioselective intramolecular variants

t+Bu  Rhy(5S-MEPY
/\/\N/ 2((1 mo|°/°) )4 Et N/t-BU n-Pr. N/t'B“
—_—_—
[©) R
H/g CHCly, reflux
N, o o]

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

(379) Doyle, Tetrahedron Lett. 1992, 33, 7819. See also:
(37h) Doyle, J. Am. Chem. Soc. 1993, 115, 9968. (37i) Hashimoto, Synlett 1994, 1031.

Pioneering catalytic enantioselective intermolecular variants
) Rhy(S-DOSP),

(1 mol%) H H
{ N 3 . CO,Me —50 to —58 °C MeO,C_ CO,Me
I - :
Boc No ii) TFA, CHoCly Ph I|30c Ph
6 equiv 78%, 97% ee

O stereochemistry

not established

Ph KOt-Bu
o j)k PhMe
N O reflux
TsHN
50%

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

Rh(5S-MEPY),
(1 mol%) n

CHCly, reflux

e

(37j) Doyle, Synlett 1995, 1075.

0 67%,97% ee
1 31%, 31% ee

Catalytic enantioselective synthesis of indolines

H

Ph

60%

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

not formed

46%, 97% ee

i Rhy(R-DOSP), COxMe
> .
@KCOZMQ (0.5 mol%) Q—;\
N/\Ph n-hexane N Ph
i 22°C,12h Ts
S

82%, dr=11:1

(371) Davies, J. Am. Chem. Soc. 1999, 121, 6509. See also: (37m) Winkler, J. Am. Chem. 86% ee
Soc. 1999, 121, 6511. (37n) Davies, Org. Lett. 2001, 3, 1773. (370) Davies, J. Am. Chem.
Soc. 2003, 125, 6462. (37p) Davies, Bioorg. Med. Chem. Lett. 2004, 14, 1799. (37q) Wirth, Eur. J. Org. Chem. 2017, 1889.
Deoxygenative cyclization Cyclization without pre-functionalization
0 Mo(CO)g (2.4 equiv) (diacetoxyiodo)benzene
3,5-(t-Bu),-1,2-benzo- (1.5-2 equiv) o]
Ph quinone (1.2 equiv) O O NaH (2.3 equiv) Me 0]
N PhMe, 135 °C, 24 h Me)l\/U\N(i-Pr)2 THF,0°Ctort,3h Me N
N\
. i . . Me -Pr
corresponding indole is via an iodonium ylide
also formed in 22% yield ~ 68%, dr =71:29 71%

(37s) Asako, Takai, J. Am. Chem. Soc. 2019, 141, 9832.

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

_NHTos
|N NaOMe ©2N
OoN diglyme
—_—
’\Q reflux N
40%
(37d) Garner, Tetrahedron Lett. 1968, 9, 221.
See also: (37e) Kehler, Synthesis 2010, 4287.
(37f) Fillion, Chem. Eur. J. 2012, 18, 68.
2 (0]
Bn
B”\N)k?NZ Rhy(5S-MEPY), \N,<
: (1 mol%) R
—_— -
0 o o CHCly, reflux m
Ph Ph

75%, 85% ee
(37k) Doyle, Adv. Synth. Catal. 2002, 344, 91.

Simple hydrazones as carbene precursors

N-NHe
| Rh,(R-PTAD), Ph
Ph (1 mol%)
MnO,, CHCln N
0°Ctort

O

97%, dr > 95:5

99% ee
(37r) Shaw, Angew. Chem. Int. Ed. 2018, 57, 15213.
catalysts
aigeZiidiey
/ S
N x H Rh
C/< ~Rh N Rh N4 ? |
2 SOAr O & Bia,
CO.Me .
Ar = p-(Me(CHz)10-12)-CeHa Rhy(R-PTAD)
Rhy(5S-MEPY), Rhy(S-DOSP), R = 1-adamanty!

Additional examples: (37u) Doyle, Tetrahedron Lett. 1996, 37, 1371. (37v) Sulikowski, Tetrahedron 1997, 53, 16521. (37w) Sulikowski, Tetrahedron Lett. 1999, 40, 8035. (37x) Compain, Org. Lett. 2006, 8, 4493. (37y) Compain,
Tetrahedron Lett. 2007, 48, 8531. (37z) Davies, Nat. Commun. 2015, 6, 5943. (37aa) Chen, Arnold, ACS Catal. 2020, 10, 5393. Reviews: (37ab) Davies, Chem. Rev. 2003, 103, 2861. (37ac) Davies, Nature 2008, 451, 417. (37ad)
Doyle, Chem. Rev. 2010, 110, 704. (37ae) Davies, Chem. Soc. Rev. 2011, 40, 1857. (37af) Sultanova, Chem. Heterocycl. Compd. (Engl. Transl.) 2015, 51, 775.

Figure 37 Reactions involving carbenes or metal carbenoids.?’

© 2021. The Author(s). SynOpen 2021, 5, 173-228

Georg Thieme Verlag KG, RiidigerstraRe 14, 70469 Stuttgart, Germany



SynOpen S. Dutta et al.

Notable features

* Involves an intramolecular Hydrogen Atom Transfer (HAT)
process with a chair-like TS.

» Typically selective for 8 C—H bonds.

* Reactivity can be modulated by varying the substituents
on the N-atom.

Seminal discovery

N
Br H

(38a) Hofmann, Chem. Ber. 1883, 16, 558.

i) HoSO,, 140 °C
ii) NaOH

_—

—_—

A N.
I B Me

%
M

|

N/ N/ Me

(38b) Loffler, Freytag, Chem. Ber. 1909, 42, 3427.

General proposed mechanism

Aor hv
H or
1 ~ 1 1
RT N, == RN, —— R7 .,
% R I, 'R®  radical 4 R
X < Br. CI initiator
=Br, .
=X 4 5HAT \
R! Y
. [ ) base >/;> X , /. \
R N - X N <« R N,
| _ - p2 H I R
B2 HX H |1| R B

Further reading

Reviews on HLF and related reactions:

(38i) Wolff, Chem. Rev. 1963, 63, 55.

(38j) Stella, Angew. Chem., Int. Ed. Engl. 1983, 22, 337.
(38k) Sarpong, Chem. Sci. 2013, 4, 4092.

(38l) Nagib, Synthesis 2018, 50, 1569.

Other selected contributions:

(38m) Wawzonek, J. Am. Chem. Soc. 1950, 72, 2118.
(38n) Corey, J. Am. Chem. Soc. 1960, 82, 1657.
(380) Fan, J. Org. Chem. 2007, 72, 8994.

(38p) Yu, Org. Lett. 2015, 17, 1894.

(38q) Herrera, Org. Lett. 2015, 17, 2370.

(38r) Nagib, Angew. Chem. Int. Ed. 2016, 55, 9974.
(38s) Roizen, Chem. Sci. 2020, 11, 217.

Figure 38 Hofmann-Loffler-Freytag (HLF) reaction.?®
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Suarez modification of the HLF reaction Catalytic HLF cyclization using a hypervalent iodine oxidant
Me Cetliz I (0.5 equiv), hv Me CeHiz Me oM lp (2.5 mol%) e
H PhI(OAc); (1.1 equiv) TsHN% Phi(mCPBA), (1 equiv)
° i CHxCl)o, 11, 12 h N
cyclohexane, 90 °C, 70 min N-YNO, (CH2Cl)2 N
Selected scope 98%
HN-NO, 77%
Key features Extension to other systems Me X % Yield o
No preformed N-haloamine required as Me (\
N-I bond is generated in situ. o] (PhO)A(0)P F 86 NTs
N 5 Br 82 N
Circumventing harsh reaction conditions N Mer N Me 93 Ts
by employing electron-deficient protecting . Ts X OMe 82
groups [e.g., CN, NO, and P(O)(OEt),]. MeO” >~ "OMe CCPh 77 99%, dr > 25:1 799%
(38c) Suarez, Tetrahedron Lett. 1985, 26, 2493. OMe
(38d) Suéarez, J. Org. Chem. 2003, 68, 1012. (38e) Muiiz, Angew. Chem. Int. Ed. 2015, 54, 8287.
3 C—H bromination via an interrupted HLF cyclization Cooperative-lodine and photoredox catalysis in the HLF reaction Ph
NHNs Cu(TFA), (10 mol%) NHNs H TPT (1 mol%), I (5 mol%) O\ N BE h
phenanthroline (10 mol%) TSHN N~ Ph | -
4D Me i Me Ph HFIP/DCE, rt, 18 h N —
i NBS (3 equiv), TMSN; (3 equiv) L blue LED .
DCE, 60 °C, 18 h r 81% TPT
68%, dr = 2:1 Selected scope :
Selected scope Me u =
NHNs H B NHNs Me Ms 92 N\ /
Me CF Ns 60
Me COzMe @A ¢ " . SES 52 s
Br i COPh 82 N T\
Br NHNs Ts R COCF; 70 Ts
67%, dr = 1:1 78%, dr = 1:1 72%, dr = 2:1 81% 73%
(38f) Yu, Angew. Chem. Int. Ed. 2017, 56, 306. (389) Reiher, Muiiiz, Angew. Chem. Int. Ed. 2017, 56, 8004.
Enantioselective 5 C—H cyanation via an interrupted HLF cyclization Ts
Cu(OTH), (3-4.5 mol%) Ts Ts i Ts
5 (3-4. b NH
T NH NH NH
S L1 or L2 (7.5 mol%) Ts Selected scope CN CN CN CN
NF Me3SiCN (1.8 equiv) NH
H CN OMe F A A
MeCN/DMAG, tt, 18 h P !
Ph Ph COEt S
(38h) Nagib, Chem 2019, 5, 3127. 89%*, 90% ee 82%*, 92% ee 66%", 90% ee 56%", 93% ee 70%*, 92% ee

Access to chiral B-arylpiperidine motifs

BF3Et,0 (1 equiv)

(AL1 was used, *L2 was used)

BupAlH (3 equiv) NH,

Et3SiH (5 equiv) Application to a short

synthesis of the core

\‘x/ Ph— +—Ph
0O "~-O o?\ro
| I\) [ |\> Ts
N N~ N Nw NH
L1 L2 Ph

CH.Cly, =78 °C tort, 6.5 h

Ph
(j/ of the anti-cancer
N drug niraparib.
Ts N, 50%, 93% ee g nirap
71%, 99% es

>99% es

© 2021. The Author(s). SynOpen 2021, 5, 173-228
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Notable features Tin hydride mediated cyclization

BusSnH (2 equiv) o
AIBN (5 mol%) )I\ R

PR™ N G0yt
WCOZE‘[ benzene reflux G//

Redox-Neutral oo C-H amination

O
L O
MeCN N, D
Z N, NH ' K/O Ph/go

* HAT reactivity dependent on BDE and bond strength.

« Energy difference between C(sp?) and C(sp®) radicals
favor HAT from an alkyl C—H to an aryl/vinyl C-H.

* HAT mediated by C-centered radicals are rarer than
their heteroatom counterparts.

BF4 1.3equv  gojacted scope 76% key intermediate Extension to intermolecular trapping of radicals )
Seminal discovery Me Me Me Ph trap Ph R % Yield
N o v | :
o ! R % Yield O _N. O _N. -
BF4 Na H o R Ph. _O ,N\) Ph. O _N PhYO NNy ———— Me <= >~-SnBus Me nB?]u gg
) Cu powder ) Y |N Y |N I Me 86 AcO. AcO. C 27
N HNH) HNH) Me HNH) Ph 42 X BuSnD --»> o Y
acetone/H,O ! _ <
H 4 55% 3 819% tBu t-Bu
° ° Alkynylation of w-amino hydrazones 41%, dr=5.7:1 47%, dr = 4:1
(39a) Hey, Turpin, J. Chem. Soc. 1954, 2471. (39d) Maulide, Org. Lett. 2016, 18, 345. furnishes 1,4-diamines.

(39e) Snieckus, Curran, J. Am. Chem. Soc. 1990, 112, 896.

Proposed mechanism of the Cu(l)-catalyzed process (39) Curran, Tetrahedron 1993, 49, 4821.

Radical hydroxylation of C-H bonds

Me\N,Me 0 2@ o Coupling to carbonyls using samarium iodide
ON, 1,6-HAT o ( }
LA, [ \ Et3B (6 equiv), air ) [}j Me Me
O N l "t 36h Me Sml, (3 equiv) Et\N)XEt
? |
BF, - Me Me OH Intermediate Et)l\ THP/HMPA, —10 °C, 4 h HO Et
N 35 equiv 79%, dr = 1.38:1 iffevefslg’/% ajds
| O ! (39i) Yoshimitsu, Nagaoka, J. Am. Chem. Soc. 2005, 127, 11610. ciliolaceuyees, Me
> ) . 1.2 equiv Et )\ 74%
HN’Me \@ Me Iron-c)atalyzed a-amino arylation | Selected scope SN Smi,
i <_m| ® { -
- " Fe(acac); (5 mol%) " Fe-
O _HcHo @A " N~ | PhMgBr (1.2 equiv) N7 Phon=1.84% N Ph N tBu .
. ® n=2, o
hydrolysis Cu Cu ether, t, 30 min n=3, 82% h) HO Me organosa(narium ) nd Et
(39b) Cohen, Tetrahedron 1966, 22, 1527. 87%% species 889%
See also: (39¢c) Cohen, J. Am. Chem. Soc. 1968, 90, 6866. key intermediate ° °
Other substrate scope . (399) lto, J. Org. Chem. 1992, 57, 793.
Further reading X % Yield i ; i
Me Me Me Me Me Extension to intermolecular o-C-H alkylation
Reviews on HAT chemistry: D |\ H 91 O
(381) Nagib, Synthesis 2018, 50, 1569. P >N"'Ph YOS F 91 kN)\/kMe [ j BusSnH (2 equiv) [
(391) Gevorgyan, Chem. Sci. 2020, 11, 12974. Bn Bn Ay cl 88 Bn N COsMe  AIBN (10 mol%) COgMe
Other selected contributions: . ) OMe 90 . i b fx 9 h
(39m) Robertson, Tetrahedron Lett. 1996, 37, 5825. 40%, dr = 1.7:1 _— 69% enzene, reflux,
(39n) Murphy, Org. Lett. 2003, 5, 2971. (39j) Nakamura, J. Am. Chem. Soc. 2010, 132, 5568. 3 equiv 66%
(390) Storey, Angew. Chem. nt. Ed. 2004, 43, 95. Intramolecular C-H arylation mediated by 1,6-HAT
(39p) Renaud, Org. Lett. 2007, 9, 4375. Tz° \‘S’/ Selected scope
(39q) Yoshimitsu, Tanaka, Org. Lett. 2007, 9, 5115. Me, Me Me, Me 2%
(39r) Tanaka, Tetrahedron Lett. 2008, 49, 4473. Nir,o  K2S:0 (2 equiv) Nets Et N O\)\ O\)\
(39s) Kalyani, Org. Lett. 2013, 15, 5986. EEEEEEEE—— l}l SN Me CO.Me [ j\/|\ CO,Me
(39t) Ragains, Angew, Chem. Int. Ed. 2015, 54, 7837. N0 MeCN, 100 °C, 2 h N0 Et 2 CO,Me N

Bn

(39u) Xu, Chem. Commun. 2016, 52, 6455. { { Triazene group acts as a
(39v) Zeng, Org. Lett. 2016, 18, 5536. Et Et radical initiator in the 65% Bn 419, 66%
(39w) Qi, Zhang, Tetrahedron Lett. 2016, 57, 1600. (39k) Fu, Sci. Rep. 2016, 6, 19931. 65% presence of an oxidant. (39h) Undheim, Tetrahedron 1994, 50, 13697.

Figure 39 Miscellaneous radical-based methods.*°
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Notable features

* Obviates the need for chemical oxidants.

* Shono oxidation involves a formal hydride transfer occurring through
an electron transfer/proton transfer/electron transfer sequence.

* Electroauxilliaries can be used to direct regioselectivity and lower
the oxidation potential, broadening the scope.

Early work
anodic
N’Me oxidation Me
[ 3.0M KOH ©/\
C Me MeOH, rt C koMe
12% 48%
(40a) Weinberg, J. Org. Chem. 1966, 31, 4058.
Landmark study: Shono oxidation
anodic
OX|dat|on
@/ —_—
0.8M Et4NOTs N MeOH Me N” “OMe
CO Me MeOH, rt CO,Me CO,Me
70%

/(j\ OTMS  TiCls (1 equiv) m
Me” N ome * A T Me N Ph

| Ph CH,Cl,, =70 °C |
CO,Me 22 CO,Me

1.1 equiv 74%

(40b) Shono, J. Am. Chem. Soc. 1981, 103, 1172.

Further reading

'Indirect' cation pool method:

(40h) Yoshida, J. Am. Chem. Soc. 2006, 128, 7710.

Use of electroauxilliaries to lower potentials and direct oxidation:
(40i) Yoshida, Tetrahedron Lett. 1987, 28, 6621.

(40j) Yoshida, Electrochim. Acta 1997, 42, 1995.

Application of electroauxilliaries for amine o-functionalization
of C-Si and C-S bonds:

(40k) Yoshida, Electrochemistry 2006, 74, 672.

(401) Suga, Beilstein. J. Org. Chem. 2018, 14, 1192.

Review on Cation Pool and Cation Flow:

(40m) Yoshida, J. Synth. Org. Chem. Jpn. 2013, 71, 1136.
Applications of Shono-type oxidations:

(40n) Jones, Banks, Beilstein J. Org. Chem. 2014, 10, 3056.
Comprehensive review on electroorganic synthesis:

(400) Yoshida, Chem. Rev. 2008, 108, 2265.

Figure 40 Electrochemical approaches, cation pool method.*
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THIEME

Cation pool method and application to amine o-functionalization

. anodic
OSiMes L) oxidation (o}

L, e (O fowe woisoren towe ¥ - O o
P 0.3 M BusNBF,4 R —— =
N + or N R COsMe CHoClo. 725G CO-Me \ Yz
) IV si ) 2Cl2, 002Me MeOQC
COMe  allyl silane CO,Me

> . 1 equiv
equiv
I | |
COgMe COgMe CO,Me CO,Me MeOQC MeOQC MeO,C Me
82% 87% 68% 88% 65% 72% 57%
(40c) Yoshida, J. Am. Chem. Soc. 1999, 121, 9546. Reduction of a Cation Pool
cathodic
RMgCI (2 equiv) PR /\—/\ R (5-8 equiv) O\/\
® ® —_— .
N N~ R N TIOH (50 equiv) N N R
| | | I I
CO,Me COo,Me CO,Me COoMe COoMe
(Iome (e (X O\ LA ~come WCOZMG M
|
COgMe MeOZC COgMe COgMe CO,Me COgMe COzMe
o o o o o 77% 71%
65% 57% 45% 58% 84% PAS n sl
(40d) Yoshida, Tetrahedron Lett. 2001, 42, 2173. O\/\ Me Me
Azanucleoside derivative synthesis N CO.Me N CO,Me N COzMe
COoMe COzMe MeO,C COzMe
{ ) anodic oxidation {®, Nu(2-3equiv) O\ 41%
N N ———— > N7 N 53% 63% -
pGg 1.0 MLIiCIO4 CHsNO, PG PG ‘
AcOH, 0 °C (40e) Yoshida, J. Am. Chem. Soc. 2002, 124, 30.
also tolerated (for PG = COCHCHy)
AcO, AcO_ NP NHBz o o
Y | N B N
O\ Aco\ﬂ /S/K from ¢ N
N~ TSPh ACOJp\SPh from PhSH NN NHB <N | J HNT N < )\
! ) PG N HoN N /\(
COsMe CO,Me NHBz H "
e
91% 71%, dr=1:1 PG = CO.Me 54%, dr = 1:1 adenosine cytosine guanine
PG = COCHCH, 90%, dr =1.5:1 Bz = benzoyl Bz = benzoyl 67% dr =5:6

allyl silanes and electron-rich aromatics also tolerated

(40f) Chiba, Chem. Commun. 2013, 49, 6525. (40g) Chiba, Angew. Chem. Int. Ed. 2017, 56, 4011

74% dr =1.3:1

© 2021. The Author(s). SynOpen 2021, 5, 173-228
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Notable features

* Aminoxyl mediators enable a concerted hydride transfer, bypassing
the traditional Shono oxidation sequence.

* Low oxidation potential of aminoxyl compounds allows for broad
functional group tolerance.

Historical precedent

anodic
idati
MeQMe ﬂ» Me@Me
M~ N° "Me osmLcio, Me N Me
O- MeCN/H,0O ®
TEMPO TEMPO
NH
® 2,6-lutidine (8 equiv) CN
'.\l' Me T MeoN ©/
20 mol% 7%
NH,
Me@M 2,6-lutidine (8 equiv)
Me g Me MeCN/HZO
20 mol% 97%

(41a) Semmelhack, J. Am. Chem. Soc. 1983, 105, 6732.
TEMPO-mediated electrooxidation of THIQ

®
£\ GO OO
Bromide- - e —HBr
mediated
anodic Héo
oxidation [ ]
TEMPO
NH NH
(41b) Little, Electrochim. Acta 2013, 114, 560. 49%

Further reading

(41f) Kashiwagi, Chem. Commun. 1999, 1983.

(419) Kashiwagi, Chem. Pharm. Bull. 2001, 49, 324.

Review on the use of N-oxyl species in electrocatalytic reactions:
(41h) Stahl, Chem. Rev. 2018, 118, 4834.

Review on electron—proton transfer mediators in electrosynthesis:
(41i) Stahl, Acc. Chem. Res. 2020, 53, 561.
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THIEME

Additive-free vs ABNO-mediated oxidation

R . R
alnodllc 0COPh R
oxidation MeOH Q ﬁj @ H-0 (50 equiv)
®/
N 0.17 M Et4NOTs N OH N 0.1 M NaClO4
) MeCN/H.0O 1 ) .0 N~ O
COMe COMe COMe COMe MeCN, rt Lore
2
R =4- MeOC5H4, n.d R= 4-M6006H4 Phc02ABN0
R=H, 89% 60 mol% 62%
. Application to o-cyanation
Mechanism
ABNO (10-20 mol%)
0COPh R TMSCN (1.5 equiv)
MeOH (0.5 equiv) remove electrolyte
o R RT —————— R
N N 0.1 M TBAPFg N CN then, TsOH N CN
o N H MeCN, rt H Hz “ors
CO,Me
Selected scope
hydride Ph
anodic  transfer R N=(
oxidation <O O N
Ph, OH Y Y
) GL, Gl G,
! ® ® ® ® Lo
N COzMe N~ NCN N7 YCN N7 NCN N~ CN FoC N7 YN
HO Ho o He o Ho o Ho o Ho o
OTs OTs OTs OTs OTs
77%, dr > 20:1 69%, dr > 20:1 61%, dr > 20:1 78% 54%, dr > 20:1
(41c) Stahl, Angew. Chem. Int. Ed. 2018, 57, 6686.  (41d) Stahl, J. Am. Chem. Soc. 2018, 140, 11227.
Enantioselective alkynation using a dual catalytic system T
Cu(OTf), (10 mol%)
ligand (13 mol%) ligand
rZ TEMPO (20 mol%) i 9
x N\R, + R'—=—H N\R, PMP PMP
TBAPFg (1 equiv)
H : TFA (3.5 equiv)
1.5 equiv MeCN, rt | |
Selected scope PMP PMP
R
| X N M | X
e
AN N 0 \@ AN Me
%
I © I SO e L.
PMP = p-methoxyphenyl
PMP PMP 73 SiMes

72%, 93% ee 73%, 94% ee

Figure 41 Electrochemical approaches, 9-azabicyclo[3.3.1]nonane N-oxyl (ABNO) catalysis.*'

63%, 95% ee

63%, 95% ee (41e) Mei, Angew. Chem. Int. Ed. 2020, 59, 15254.
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Notable features

* Intramolecular Hydrogen Atom Transfer (HAT) represents a key step
in many photochemical C—H bond functionalizations of amine
derivatives.

« Initial products are useful starting materials for further
transformations.

Historical precedent: Norrish-Yang cyclization

oM hv OH “
—_—— +
Me)u MS/&

OH

Met

Norrish type Il Norrish-Yang
cleavage cyclization
(42a) Norrish, Nature 1937, 140, 195.
(42b) Yang, J. Am. Chem. Soc. 1958, 80, 2913.
Seminal work
Ph Hg lam OH
N/\Me [¢] p | Me
Ph |
(e} |\ ether |—N
Me \—Me
26%
OH Ph
1,5-HAT < -
Phe Ao \(\Nk Me
0 O Me
" H" > Me

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

Further reading

Other 1,6-HAT reactions:

(421) Griesbeck, Tetrahedron Lett. 1999, 40, 3137.
(42m) Peféfory, J. Org. Chem. 2009, 74, 1223.
1,8-HAT reactions:

(42n) Nishio, Helv. Chim. Acta 2005, 88, 78.

(420) Nishio, Helv. Chim. Acta 2005, 88, 996.

(42p) Nishio, Helv. Chim. Acta 2005, 88, 2603.
Reviews:

(429) Nechab, Bertrand, Chem. Eur. J. 2014, 20, 16034.
(391) Gevorgyan, Chem. Sci. 2020, 11, 12974.

Figure 42 Intramolecular hydrogen atom transfer (HAT).#2
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THIEME
Synthesis of -, y-, and é-lactams
0 Hg lamp Me. ,Ph
| L benzene g N ph
Ph
70%

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

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

(42f) Wessig, Tetrahedron: Asymmetry 1998, 9, 4459.
Cyclization of o-ketoamides and subsequent applications

blue LED
N B —————
O
o)\f
Ph
o-Arylation

Pd,(dba);*CHCI; (5 mol%)
RuPhos (10 mol%), ArBr (1.2 equiv)

N Ar
Cs,CO3 (1.2 equiv) (0]
PhMe, 40 °C, 24 h O
Ph
For Ar= Ph n=1,81%
n=2,76%
(42j) Sarpong, ACS Catal. 2020, 10, 2929. n=3,70%
B-Alkynylation
TIPS
TIPS——Br (1.2 equiv) =
Pd(dba)3*CHCI; (5 mol%)
RuPhos (10 mol%) N
Cs,CO3 (1.2 equiv) O
PhMe, 40 °C, 24 h O
Ph
(42j) Sarpong, ACS Catal. 2020, 10, 2929. 53%

Hg lamp
) N OH
U +-BUOH COzMe
O CO,Me o)
70%, dr = 1:1 (x)-isoretronecanol

(42g) Gramain, J. Org. Chem. 1985, 50, 710.

Synthesis of pyrrolidines

0 M CO,Me OH
A A Hg lamp “OH COue
MeO,C N >CO,E Qi o i
'i's benzene/naphthalene l}l CO,Et l}l CO,Et
20°C Ts Ts
enantiopure 40% 7%
92% ee 88% ee
(42h) Giese, Angew. Chem. Int. Ed. 1999, 38, 2586.
Synthesis of benzopyrrolizidinones
9 pn @
NJ Hg lamp Ph
4 B — 7 N
- \ O benzene, rt \ .wOH
N =N M
Me H ©
78%
(42i) Zhang, Synthesis 2009, 1821.
Indolizidine synthesis EWG
—/ (3 equiv)

[Rh(OH)(cod)]2 (5 mol%)
Xantphos (15 mol%)

KoCOj3 (1.1 equiv), PhMe, 100 °C, 20 h

cod = cyclooctadiene
92%, 74:26 dr

(42k) Sarpong, J. Am. Chem. Soc. 2020, 142, 13041. for EWG = CO,Me

‘ PPh,  PPh,
ph/\)]\/\Ph PO Oi-Pr
dba ‘ Me Me
dibenzylideneacetone RuPhos Xantphos

© 2021. The Author(s). SynOpen 2021, 5, 173-228
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Notable features

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

* Direct HAT photocatalysis can be combined with other forms of
catalysis to achieve previously elusive transformations.

Historical precedent: Intermolecular Yang C-H Functionalization

OH
(@] hv
)j\ + —_— Me
Me' Me Me
8 equiv 12%
(42b) Yang, J. Am. Chem. Soc. 1958, 80, 2913.
Seminal work
)Oj\ Ph.-Me Hg lamp Phoy -~ OH
+ e
Ph Ph I\Ille benzene I\I/Ie PhPh
1.5 equiv 12%
)o\- Ph.-Me HAT ﬂ* Ph.,,-Me
Ph P ) Ph™ ~Ph !

H

(43a) Davidson, Chem. Commun. 1966, 575.

Further reading

Early review on photoreduction by amines:

(42d) Cohen, Chem. Rev. 1973, 73, 141.

A uranyl cation and eosin Y as HAT photocatalysts:
(43i) Mei, Shi, Chem. Eur. J. 2020, 26, 16521.

(43j) Singh, Tetrahedron Lett. 2019, 60, 1333.

Polarity matching effect, and its application in HAT catalysis:
(43k) Roberts, Chem. Soc. Rev. 1999, 28, 25.
Benzophenone-mediated enantioselective alkynylation:
(43l) Inoue, Chem. Asian. J. 2015, 10, 120.

Selected general reviews on HAT:

(43m) Ravelli, Eur. J. Org. Chem. 2017, 2056.

(43n) Ravelli, Green Chem. 2020, 22, 3376.

Figure 43 Direct hydrogen atom transfer (HAT).*?

MeOPh

DT = decatungstate anion W;q03,%"
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THIEME

Cyanation

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

/\—f/\%
+ TsCN

'}‘ . MeCN, Hg lamp, rt )
Boc 2 equiv Boc
Morpholines and acyclic amines also tolerated. n=1,94%
n=2,74%
(43b) Inoue, Synthesis 2013, 45, 874. n=3,85%

Aldoximation and further functionalization

T‘OBn { \ 4-benzoylpyridine (1 equiv)
+ N N _NOBn

) CHCl,, Hg lamp, rt |
Boc Boc

8 equiv 84%

A: 10% aq HCI, HCHO,
N O or Q\/NHOBn THF, 1t

|
Boc H Boc B: NaCNBHS; (1.5 equiv)
A B AcOH, rt

72% quant.

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

Alkylation

2-CIAQ (10 mol%)

j\ozph O\j\ozph
+
N N SO,Ph
SO,Ph éoc CHJCly, 365 nm LED, rt éOC

5 equiv 89%

Morpholines and proline esters also tolerated.
(43d) Kamijo, Org. Lett. 2016, 18, 4912.

Direct Hydrogen Atom Transfer agents

® Q 0
W g — Wm0 o
1 Ooo/ | 9.0 4Na

(0]
(0]

o} > N~ A7 Cl
2 T e T
R TR,

WS /O,W OO/

—_— e O

2-CIAQ
2-chloroanthraquinone

Arylation
Br (BugN)4DT (1 mol%)
{ 5 Ni(dtbbpy)Br, (5 mol%) O\
BN + N~ TAr
[ = ! K3POy4 (1.1 equiv), MeCN |
X e 390 nm LED, rtto 35 °C A
X=C,N 5 equiv For Ar = m-F3C-CsH4N, 53%

dtbbpy = 4,4'-di-tert-butyl-2,2'-bipyridyl
(43e) MacMillan, Nature 2018, 560, 70.
benzaldehyde (50 mol%)

NiBraeglyme (10 mol%)
dtbbpy (10 mol%)

Br
N [)
=

| R+ N N
Boc KoHPO, (2 equiv), acetone, Boc
UVA lights, rt
5 equiv For R = Ph, 80%

Functional groups on aryl group tolerated: F, CF3, Me, OMe, CN, CF3
Alkyl bromides also tolerated as coupling partners.

(43f) Hashmi, Org. Lett. 2019, 21, 6329.

Oxidation
NasDT (1 mol%)
[(})n H,05 (2.5 equiv), HoSO, (1.5 equiv) m”
N H,O/MeCN, 365 nm LED, 25 °C N

Protonation of the amine deactivates the oo C—H bond, n=1,65%

allowing HAT to occur at the B- or y-positions. n=2,68%"

Selective hydroxylations and iminations also possible. n =3, 58%
* mixture of

(43g) Schultz, Angew. Chem. Int. Ed. 2017, 56, 15274. regioisomers.

Trifluoromethylation at distal positions

_ Na;DT (1 mol%)
[ (E)n (C CuCly (5 mol%) h
N i o . N
H H>S04 (1.2 equiv), HoO/MeCN H
390 nm LED, 20-30 °C

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

1.25 equiv

* mixture of

(43h) MacMillan, Nat. Chem. 2020 12, 459. regioisomers.
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Notable features

* High redox potentials of photoexcited catalysts allow for either
oxidative or reductive single-electron transfer (SET) to a wide variety
of substrates.

* Redox potentials of the photocatalysts can be tuned via aromatic
substitution of bipyridine ligands

* Photoredox catalysis can be combined with other forms of catalysis
to achieve previously elusive transformations.

Seminal work
N.

EWG and EDG on aryl groups tolerated 92%

{ \ Ir(ppy)2(dtbbpy)PFg (1 mol%) O\/N 0

N MeNO,, 15 W CFL, rt ’?‘
Ph Ph

40% conversion
27% yield

Ir(ppy)2(dtbbpy)PFg (1 mol%) | N
= N

MeNO,, 15 W CFL, rt “Ph

NO,

Proposed mechanism

(ﬁ

.N ®

~ N
Ph _Hol® Z " ph

m Il
\ SET [O] o2 or MeNO,
|||

02N
(44a) Stephenson, J. Am. Chem. Soc. 2010, 132, 1464.
Further reading

Other enantioselective strategies:

(44n) Kang, Chem. Commun. 2017, 53, 7665.

(440) Zhang, Chem. Commun. 2017, 53, 12536.

Selected examples of redox neutral C—H functionalization of THIQ:
(44p) Pandey, Reiser, Org. Lett. 2012, 14, 672.

(44q) Nishibayashi, Chem. Eur. J. 2012, 18, 16473.

(44r) Yoon, J. Org. Chem. 2013, 78, 4107.

Selected reviews on organic dyes as photocatalysts:

(44s) Sharma, Org. Biomol. Chem. 2019, 17, 4384.

(44t) Nicewicz, Chem. Rev. 2016, 116, 10075.

Figure 44 Photoredox approaches, part .44

218
THIEME

Cyanation
Ir[(ppy)2bpy]PFs (1 mol%)

(j@ KCN (1.2 equiv), AcOH (5 equiv)
N‘Ph MeCN, 5 W CFL N\Ph

CN
(44b) Rueping, Chem. Commun. 2011, 47, 12709.
See also: (44c) Stephenson, Org. Lett. 2012, 14, 94. 94%
Acetylation
Ru(bpy)s(PFg)2 (1 mol%)
L-proline (10 mol%) N
Ph
N\ph acetone (10 equiv) Me
MeCN, 5 W CFL S
(44e) Rueping, Chem. Commun. 2011, 47, 2360.
See also: (44f) Xia, Chem. Commun. 2012, 48, 2337. 95%
Enantioselective acylation
Ru(bpy)sCls (1 mol%)
N NHC catalyst (5 mol%)
“Ph  1,3-dinitrobenzene (1.2 equiv) @(>
+ N
o CHaCl, blue LED, rt ¥ Ph
~_-Me
M
e\)J\H O
'O, o,
1.5 equiv —N‘ Br 67%, 91% ee
N\”/N
Br
Br
NHC catalyst

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

Photocatalysts

7\ \

7\ \

Ru(bpy)sX2 X =Clor PFg  Ru[(bpy)x(dtbbpy)](PFs)2

Ir[(ppy)2bpy]PFsg

Phosphonylation

Ir[(ppy)2bpy]PFg (1 mol%)
) (EtO),POH (3 equiv) )
“Ph “Ph

PhMe/H,0, 5 W CFL

O=P-OEt
OFt
(44d) Rueping, Chem. Commun. 2011, 47, 8679. 89%
Alkynylation
. X
Ph H (5 equiv) E
(j@ Ru[(bpy)2(dtbbpy)](PFg) (1 mol%) 7 CO,Me
Nco,Me  (MeCN),CuPFg (10 moi%) ll
CH,Cl,, 5 W CFL
Ph
(449) Rueping, Chem. Eur. J. 2012, 18, 5170. 88%
Enantioselective synthesis of 3-amino esters
Ru(bpy);Cl> (1 mol%), CCly (4 equiv)
@G MeCN, blue LED, rt N
" “Ph
Nepp, then thiourea (20 mol%) i
silyl ketene acetal (2 equiv) CO,Me

MTBE, —-60 °C
72%, 95% ee
silyl ketene acetal CFs ° °
/\| +Bu S
OTBS
S \n/\N CF3
OMe \
thlourea

acts as an anion-binding catalyst
(44i) Jacobsen, Stephenson, Chem. Sci. 2014, 5, 112.

Organic-based photocatalysts

®
e
PFe O
COzNa
Br. O BN O Br
NaO O 0]
Br Br

eosin Y
(44j) Tan, Green Chem. 2011, 13, 2682. (44k) Wu, Chem. Eur. J.

2012, 18, 620. (44l) Tan, Green Chem. 2011, 13, 3341. (44m) Fu, J.
Fluorine Chem. 2012, 140, 88.

Rose Bengal
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Notable features

» Wide functional group tolerance on both coupling partners.
e Low catalyst loadings and mild conditions can be combined
with flow chemistry to prepare grams of material.

Landmark study
CN

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

N
DMA, 26 W CFL,23°C |

N EWG
1
Bh Ph

3 equiv

EWG
ForEWG=CN n=1, 96%
n=2,98%
n=3,91%

CN Z \ O\\.\
# EWG
© HOAc + Na
NaOAc

SET |rIV(ppy)3 Z >

*Ir'"(ppv)s F'>h

Proposed mechanism

©
CN

EWG

lr'"(ppy)

|
Ph

(45a) MacMillan, Science 2011, 334, 1114.

Further reading

Seminal work implicating SET:

(45j) Cohen, J. Am. Chem. Soc. 1968, 90, 165.
(45k) Lewis, J. Org. Chem. 1981, 46, 1077.
Dehydrative allylation with allylic alcohols:

(451) Murakami, Org. Lett. 2020, 22, 4467.
Hydroaminoalkylation with conjugated dienes:
(45m) Rovis, J. Am. Chem. Soc. 2017, 139, 15504.
Selected reviews:

(45n) MacMillan, J. Org. Chem. 2016, 81, 6898.
(450) Wencel-Delord, Beilstein J. Org. Chem. 2020, 16, 1754.
(10j) Gaunt, Chem. Rev. 2020, 120, 2613.

Figure 45 Photoredox approaches, part I1.4°
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Vinylation
w)n Ir[dF(CFg)ppy(])%&dt:obpy)Pl;s (1 mol%) )
CsOAc (3 equiv n
Ph Z
028\/\” " N DCE, 26 W CFL, rt '}‘ A
Ph ’ ’ Ph
2.5 equiv For Ar=Ph n=1, 84%
n=2,84%
Functional groups on Ar tolerated: Me, F, CO,Me, CF3 OMe. n =3, 98%
(45b) MacMillan, J. Am. Chem. Soc. 2014, 136, 11602.
Acylation
Ir[(ppy)2(dtbbpy)]PFg (1 mol%)
)O]\ )O]\ ({’))n Ni(cod); (5 mol%), dtbbpy (7.5 mol%) Jn e
+ t
Et” 07 Et N quinuclidine (1.5 equiv) N
ﬁh DMF, blue LED, 25 °C Ph O
1.5 equiv n=1,83%
n=2,60%
(45c) Doyle, Angew. Chem. Int. Ed. 2016, 55, 4040. n=3,75%
Regioselective alkylation
Me (0] _~,,-Ph
Irl(Ppy)2(dtbbpy)IPFe (5 mol%) Ph™ N
~~,,-Ph  methyl vinyl ketone (2 equiv)
Ph N
Me solvent, 450 nm LED, rt Ph N/Ph Me
Me O
74% 84%
(in CHoCly) (in MeCN)

(45d) Liu, Ready, J. Am. Chem. Soc. 2020, 142, 11972.

Photocatalysts

Ir[(ppy)2(dtbbpy)]IPFg

Ir[dF(CF3)ppyl2(dtbbpy)PFg Acridinium catalyst

Heteroarylation

cl Ir[(ppy)2(dtbbpy)]PFg (0.5 mol%) R
P NaOAc (2 equiv) N/
N TNe !
_J H>O/DMA, 26 W CFL, 0 °C X
LX/) |I3h 2 lé’h N/
1.5 equiv For X=CH and R = p-COEt  77%
Cl
)\ ) Ir[(ppy)2(dtbbpy)]PFe (0.5 mol%) )
X7 SN . / { E n NaOAc (2 equiv) "oy
7NN H,O/DMA, 26 W CFL, 1t N R‘@
__ X Ph Ph —"R
R
1.5 equiv ForX=0 n=1,92%

n =3, 94%
Functional groups on Ar tolerated: Me, F, COEt, CF3, OMe. °

(45e) MacMillan, Chem. Sci. 2014, 5, 4173.

Arylation
| ) Ir[dF(CF3)ppyla(dtbbpy)PFg (1 mol%) )
( E \ " NiClyeglyme (10 mol%), BiOx (30 mol%) n
| A R T - Ar
P Ié’h KOH (3 equiv), DMF, blue LED, rt Ié’h
3 equiv For Ar= p-Me-CsHs n=1,84%

n=2,27%
Functional groups on Ar tolerated: CO,Me, F, CF3, OMe, indoles. n = 3, 52%

(45f) Doyle, Chem. Sci. 2016, 7, 7002.

Regioselective Alkylation of N-Boc amines

/\—6/\)n I )
S~ _R + Acridinium catalyst (5 mol%) n
e N N R

CH,Cly, 455 nm LED, rt

| |
Boc Boc

3 equiv ForR=COMe n=1,87%
Functional groups tolerated: CO,Me, SO,Ph, CN, CO.Ph. S, 89%
IBZ ?z
NG [ j Acridinium catalyst (5 mol%) [Nj\/\
CHCly, 456 nm LED, 0 °C l}l R
Boc Boc
3 equiv For R = COMe

(459) Nicewicz, J. Am. Chem. Soc. 2018, 140, 9056. 81%, 21:11r

(45h) Nicewicz, Org. Lett. 2020, 22, 679.
See also: (45i) Nicewicz, ACS Catal. 2021, 11, 3153.
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Notable features

* High redox potentials of amides and protected amines prevent them
from undergoing SET with typical photoredox catalysts. Indirect
hydrogen atom transfer (HAT) circumvents this issue by using
photoredox catalysts to oxidize or reduce a secondary catalyst or
reagent, which then undergoes HAT with the substrate, generating

the reactive o-carbamyl radicals.

Seminal work

OMe Ru(ppy)sCla (1 mol%)

(NH4)2S205 (5 equiv)

blue LED, 25 °C

MeO OMe MeO

+ DMF (solvent)

Proposed mechanism

o 12
0-S-0-
o ¢ s o 2Lz
0-$-0-0-5-0 iy‘
O O Ru"
persulfate anion seT RUT(PPY)s (0}
*Ru''(ppy)s -
SET* N
Me
h\;"“ﬂ Ru'(ppy)s @j\
%N H
0 Me
Nu/\l}lJ\H Nu
Me

* Oxidation with persulfate also possible
(46a) Stephenson, J. Org. Chem. 2012, 77, 4425.

Further reading

Applications on acyclic amines:

(46i) Zhu, Chem. Commun. 2016, 52, 7596.

(46j) Miller, Knowles, Nature 2016, 539, 268.

(46k) Rovis, Nat. Chem. 2018, 10, 1037.

(46l) Rovis, Angew. Chem. Int. Ed. 2019, 58, 4002.
Other indirect HAT catalytic systems:

(46m) Cresswell, Angew. Chem. Int. Ed. 2020, 59, 14986.

(46n) Rovis, J. Am. Chem. Soc. 2021, 143, 2729.
(460) Xu, Angew. Chem. Int. Ed. 2020, 59, 14275.

Figure 46 Indirect hydrogen atom transfer (HAT).4®

OMe

89%

75% at 55 °C with
no photocatalyst
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Benzylic arylation

CN Ir(ppy)3sPFs (0.5 mol%)

thiocarboxylic acid (1 mol%)

O
“Me K,HPO,, DMA, 425 nm LED, rt

CN 2 equiv

Applicable to other amines with an a-benzylic C—H bond.

Functional groups tolerated: F, Cl, CO,Me. CN
(46b) Hamashima, Chem. Sci. 2018, 9, 8453. 94%
See also: (46c) Hamashima, ACS Catal. 2021, 11, 82.
Cyanation
Ir[dF(CF3)ppyl2(5,5'-dCFbpy)PFg (1 mol%)
), BINOL phosphoric acid (5 mol%) ),
+ TsCN CN
N KoCOs3 (2 equiv), CHoClp, 430 nm LED, rt '}l
Boc 1.5 equiv Boc
) ) ’ . n=1,95%
Applicable to morpholines, piperazines, THIQ. n=2 77%
(46d) Oisaki, Kanai, Chem. Eur. J. 2018, 24, 8051. n=3,85%
Cross-dehydrogenative heteroarylation
H
X Ir[dF(CF3)ppyla(dtbbpy)PFg (1 mol%) X
X (NH4)2S20g (4 equiv)
[ Jm -
Z N TsOH (2 equiv), DMSO, 420 nm LED, 25 °C ’}l Ar
Boc Boc
X=C,N,O,S ForX=0, 81%
1.5-3 equiv Ar = pyrimidine

Aryl groups tolerated: pyridines, pyrimidines, pyrazines, pyridazines,

quinolines.
(46e) Grainger, Johnson, Chem. Sci. 2019, 10, 2264.
Photocatalysts

20 tBu

F F

Ru(ppy)sCl2 Ir[dF(CF3)ppylz(dtbbpy)PFg

Ir[dF(CF3)ppy]2(5,5'-dCFbpy)PFs

Arylation
Br Ir[dF(CF3)ppyl2(dtbbpy)PFg (1 mol%)
) 3-acetoxyquinuclidine (1.1 equiv) )
. / £ \ n NiBra (1 mol%), 4,7-dOMe-phen (1 mol%) (Sn\
N . N~ “Ar
HoO (40 e , DMSO, blue LED I
L >0 (40 equiv) u Boc
COgMe
‘Ar' 2 equiv n=1,81%
) _ n=2,42%
Functional groups on aryl group tolerated: F, CF3, Me, 5
n =3, 69%

pyridines, pyridazines.
(46f) MacMillan, Science 2016, 352, 1304.

Alkylation Ir[dF(CF3)ppylx(dtbbpy)PFs (1 mol%)

quinuclidine (10 mol%)

(%))n NiBr, (1 mol%), 4,4'-dOMe-bpy (10 mol%) ((3)1
R—Br +

N KoCOj3 (1.5 equiv), HoO/MeCN N R

Boc blue LED, rt to 50 °C Boc
2 equiv For R = cyclohexyl n=1, 58%
Functional groups tolerated: CN, CO,Et, OPh, halides n=2, 42:/°
and other alkyl groups. n=3,83%
(469) MacMillan, Nature 2017, 547, 79.
Ir[dF(CF3)ppyl2(dtbbpy)CI (1 mol%)
dimethyl maleate (1 equiv)
’}‘ benzene, blue LED '}‘ CO,Me
Bz Bz CO,Me

96%, dr = 53:47
Chiloride is used as the HAT catalyst.

(46h) Barriault, Angew. Chem. Int. Ed. 2018, 57, 15664.

Hydrogen Atom Transfer (HAT) catalysts

! ! O\ .0
R
e

BINOL phosphoric acid

N

R = H, quinuclidine
R = OAc, 3-acetoxyquinuclidine

o ) 9 9 €]

F )J\ 0-S-0-0-S-0
Ph”” “SH o) o

thiocarboxylic acid persulfate anion
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Notable features i Deconstructive amination Deconstructive fluorination

« Different approaches facilitate the ring cleavage of cyclic amines. i) (S,S)-Fe(PDP) (15 mol%), .
« Allows for the rapid formation of highly functionalized linear amines. H205 (5 equiv), AcOH (0.5 equiv), NBn, AgBF, (4 equiv) F
OMe MeCN (0.5 M), rt, 75 min Selectfluor (4 equiv)
N OMe ~

* Enables the late-stage modification of peptides.

Early work Ns O iiy amine (1 equiv), NaB(OAc)sH (3 equiv), HN N acetone/H,0 (1:9) N"“o
CHCl, (0.06 M), rt, overnight Ns O Piv 40°C,1h Piv
70%
{ \ CuCl (2 mol%) PDP = [N,N'-bis(2-pyridylmethyl)]-2,2'-bipyrrolidine 59%
NH, "N NaNO; (2 equiv) OMe Products obtained can arise from C—C or C—N bond
)\/\/H Aldehyde intermediates can also be modified otherwise (e.g., reduction and olefination). cleavage with substrate-dependent mechanisms.
(0] methanolic HCI MeO “Bz
(3%, 4.5 equiv) (47d) White, Nature 2016, 537, 214. (47e) Sarpong, Science 2018, 361, 171.

m2d 82% : Deconstructive chlorination .
(47a) Weinreb, Tetrahedron Lett. 1994, 35, 5813. ‘ AgNO;3 (4 equiv) al |)) l\cl;al\égb(z(ez%uiv) - !)l {
. ~ . . . H (NH4)2SZOB (4 equiv) 1] u 4 mol“o), N\
Ruthenium-catalyzed oxidative cleavage of amides : H\)OI\ )Min/OM NCS (4 equiv) R phenylacetylene (2 equiv) N
: e H
' N -
Ru(TMP)CI, (0.6 mol%) - - H acetone/Hz0 (1:9) P N\)J\N OMe O Me
2,6-dichloropyridine N-oxide 0 0 v Piv. O iPr () rt. 30 min ) = M H\)]\
O\«OH (2 equiv) I : ’ Piv O iPi 0 HN N N)\[(O""e
N HO OH ! 41% Pv O ipr 10
/g ] benzene (0.16 M) HN ! o v -Pr
Ph™ ~0O overnight, 40 °C "Bz | NBS is effective in the corresponding bromination
915, ! (47f) Sarpong, Nature 2018, 564, 244. poncing ' 72% over two steps
TMP = tetramesitylporphyrin ° .
1 Proposed mechanism using silver (l)
(47b) Higuchi, J. Am. Chem. Soc. 2005, 127, 834. . AgBF, + F-TEDA O
Ring opening with difluorocarbenes : O \ . HAT ©, exchaﬁge O
5 E N N H ﬂ —_— N HF —7 —_— C') v
H TMSCF,Br (4 equiv) Hr o N0 F-atom coupled )\ F (\ \\ )\\ Y \\ Y \\
(:t:)N VP NH4OAc (4 equiv) ( |//O ! electron transfer (FCET) O- ~Ag(|l \) Ph™ "0---Ag()) ) Ph ~Ag(l) ol
H DCE (0.4 M), 1t, 12 h N\pmp | FCET involves oxidative addition and single-electron H-TEDA
H : transfer steps.
49 : F
Applicable to late-stage functionalization of 7 ' The overall HAT process involves lower-lying singlet F-TEDA (\ F-TEDA O\
biologically active compounds. . and triplet electronic states and is characterized as P
| a two-state reactivity event. N (0] N
(47c) Seo, Chang, Nat. Commun. 2020, 11, 4761. ! Ph \ h)\\O_.Ag(l)
H °) ) <} +®TEDA *®TEDA + Ag(l) + HF
Further Reading ! 2BF4 2BFs 2BF
H 20 20 For the reaction below, a decarboxylative pathway is also plausible.
(47h) Sashida, Tetrahedron Lett. 2008, 49, 2786. : Y (\ (‘ >l H
(47i) Liang, J. Org. Chem. 2011, 76, 342. ! F
(39d) Maulide, Org. Lett. 2016, 18, 345. ; [,N N ok F-TEDA -©TEDA Q
(47j) Huigens, Chem. Eur. J. 2017, 23, 4327. H F H NH %
(47k) Morcillo, Angew. Chem. Int. Ed. 2019, 58, 4044. 1 » - . |
(471) Shi, Su, Org. Biomol. Chem. 2019, 17, 4970. - [F=UER F=ELL SUERE \ \ Ag(l)
(47m) Smolobochkin, Russ. Chem. Rev. 2019, 88, 1104. ! [©] +®TEDA o H-TEDA + CO + Ag(l) Ph
(47n) Song, ACS Cent. Sci. 2020, 6, 1819. | (479) Sarpong, Musaev, J. Am. Chem. Soc. 2021, 143, 3889.

Figure 47 Deconstructive functionalization.*’
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