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Introduction

» The preparation of Nitrogen-containing molecules: ubiquitous structural units in
drugs, agrochemicals and organic materials

Photoredox catalysis SET

to access nitrogen-centered radical
Transition-metal-based protocols MacMillan, Yoon, Nicewicz et al.
Buchwald, Hartwig, Ullmann, Chan-Lam 2 &

Buchwald-Hartwig coupling Chan-Lam coupling

X * HN, % ’I‘L & +[M] HN,

Early stage 2008 2008 2013 2015
lonic pathways Nitrogen-centered radical Hydroxylamines derivatives
Traditional approach Minisci, Forrester, Zard, Newcomb et al. as nitrogen-radical precursors

Daniele Leonori (This work)

QP

NO2 4 Reduction N
° 2. Functionalizatio \O




Content

» Nitrogen Radicals: Classification and General Reactivity



Nitrogen Radicals: Classification and General Reactivity

» Classification of Nitrogen Radicals (based on N-hybridization and substituents)

N' \N' /\N- HN.
N+
Structure

oA L L

A B C D

Name iminyl amidyl aminyl aminium
Configuration o L1 11 L
Philicity ambiphilic electrophilic ~ nucleophilic  electrophilic

» General Reactivity of Nitrogen Radicals

1) Ii) 1ii) iv) N f\\

N- N- N- N- N-

1 N L P PR
exo-trig cyclization 1,5-HAT Norrish | addition to Tr-systems

€ These reaction modes are not shared by all classes of nitrogen-radicals as their philicity
Is responsible for the stabilization of the respected transition states.

J. C. Walton, Acc. Chem. Res. 2014, 47, 1406.
J. Lessard, J. Am. Chem. Soc. 1980, 102, 3262.
Y. L. Chow, Chem. Rev. 1978, 78, 243. 7
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Hydroxylamines as Nitrogen-Radical Precursors

» Formation of nitrogen radicals using hydroxylamines

For photoredox catalysis
electrophorew + e— O‘X =
SET > I
M /" N
0o’ [> o} _ reductive ) | N *
| | 1
_N _N e - O'X . .+_/—>
SET —>» I<l
weak bond ~ 50 kcal mol™’ L 1
oxidative

Excellent precursors

€ Advantages: the electrophore redox properties can be tailored by simple structural
modification and are typically independent of the substituents on the N atom.

Y.-R. Luo, Handbook of Bond Dissociation Energies in Organic Compounds 2003, CRC Press.



Hydroxylamines as Nitrogen-Radical Precursors

» Most common types of electrophores

O._R R _coH
Y ar Ry
N’O N'O N’O
Structure J\ J\ J\
E F G
O-acyl O-aryl a-N-oxyacids
SET reduction reduction oxidation
Electrophore T+ or w+o* n+oc+0
0. R -, A2
P R%O'
Mode of 50 X5-0 X5-0
Fragmentation j‘i j‘i i.‘\
e f g
homolysis homolysis two B-scissions

€ The identification of these simple classes of electrophores has provided a strong
foundation for the development of many photochemical protocols based on different
redox requirements.
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» Four main classes of Hydroxylamines Nitrogen-radicals reactions
a) Intramolecular Cyclizations

b) Intramolecular H-Abstractions: 1,5-HAT

c) Fragmentations

d) Addition to Olefins and Aromatics
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» Four main classes of Hydroxylamines Nitrogen-radicals reactions
a) Intramolecular Cyclizations

12



Intramolecular Cyclizations

» Reductive SET of Hydoxylamine Precursors (iminyl radicals)

» 6-endo cyclization

’ . ’ ) |f(ppy) (2 mOIOAJ) ’ Y ‘ Y
(\ :) 3 (\ ,)
“.4 \_& » ./ \ . ) E1red = - 0.79 V
Ar =
N 0 DMF, rt =N
\ 30 W CFL E[*Ir(ID/Ir(IV)] = -1.73 V
R (0] R CF;
1 Ar 2
O-benzoyl oximes
Succesful modes of cyclization Selected examples
w CO Et CO,Et °
é WA : o’ I\/E : 9o
=N
Ne S N- § Me < O N
iminyl radicals 2a, 88% 2b, 90% (3:1) 2c, 90% 2d, 93%

€ In general, the 6-endo cyclization to give pyridines necessitated the presence of an
ester group at C-3, indicating the polarization required for efficient reactivity.

Y. Zhang, Angew. Chem. Int. Ed. 2015, 54, 4055.
S. Yu, Org. Lett. 2015, 17, 2692.
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Intramolecular Cyclizations

» Reductive SET of Hydoxylamine Precursors (i

5-exo-trig hydroiminations

eosin Y (2 mol %)

1,4-CHD (2 equw)
JOAr K,CO3 (2 equiv.)
2 2C0; (
j\/\;\ > )‘5
1 acetone, rt
R R 30 WCFL

Proposed mechanism R2 »
hv EY \ / S N
SET R
~ O — )
“EY Ev* HAT
— |
SET 9
H R . R'I
N,OAr R2 N"_\ R2 N
—).
RWR1 RJWkR“ R
H |
Iminyl radical

€ 1,4-CHD serves a double role as both H-atom
donor and reductant for the oxidised EY**.

D. Leonori, Angew. Chem. Int. Ed. 2015, 54, 14017.
B. Kénig, Chem. Commun. 2014, 50, 6688.

iminyl radicals)

E3®d =09V
E(EY++/*EY) = -1.08 VV

Selected examples
Me

PhD O/O
4a, 78% = 4b, 78% 4c, 78%
Me
H
N N
)@ Y
H

Ph Ph Me

4d, 70%, 3:1 4e, 29%

€ Tri-substituted olefins was challenging

the increased stability of the tertiary
carbon led to slower H abstraction.

14



Intramolecular Cyclizations

» Reductive SET of Hydoxylamine Precursors (iminyl radicals)

» Direct photochemical activation of oximes in the absence of EY

R2
1
NOAT o EtsN (2 equiv.) HOG-R
NN > N
R Z R CH4CN, rt
3 30 W CFL R
&
Proposed mechanism
p = NOZ
Electron uﬂ
donor r NO, R3N Fragmentation 0o
= hv Cycllzatlon
—~N0, —> Wi
N—O N,O
——
J R Oxidation NO2
Supramolecular EDA complex Radic:tl(l ion pair

Selected examples

£ R m

8a, 85% 57% 8¢, 77%, dr 3:1 29%, dr1 1

€ Control experiments suggested a mechanism via a rebound reaction, with the NO,
group serving as the oxidant via concurrent reduction to the nitroso.

M. W. Paixao, ACS Catal. 2016, 6, 13809. s



Intramolecular Cyclizations

» Reductive SET of Hydoxylamine Precursors (amidyl radicals)

» 5-exo-trig and 5-exo-dig cyclizations

eosin Y (2 mol %) R3
R. .OAr 3 1,4-CHD (2 equiv.) R
N R K,CO3 (2 equiv.) R. R?Z R,
J\ /\2\ 2 > 3 5
0™ X R acetone, rt J"X )\X
R? green LEDs O ©
9,X=C,0,S 10 10
Ar = 2,4-(NO;),-CgH;
O-aryl-hydroxylamides
Cyclization vs direct H-abstraction Selected examples
radical electrophilicity ' Me Me
R R
N (\ vs L K\HO

ow OW
Amidyl radicals unwanted pathway 10a, 65% 10b, 79% (dr 2:1) 10c, 65%

very electrophilic

€ A broad range of substrates including spirocyclic, o\)\ ~Me
tricyclic derivatives and modification of drugs D "
and terpenes.
10d, 70% (dr 1.7:1) ©10e, 38%

D. Leonori, J. Am. Chem. Soc. 2016, 138, 8092.
D. Leonori, Eur. J. Org. Chem. 2017, 2108.
16



Intramolecular Cyclizations

» Oxidative SET of Hydoxylamine Precursors (only iminyl radicals)

* Imino-functionalization reaction transition metal-free

Me 0 2
COzH MesAcrClO4 (5 mol%) R
Meﬁ/ Base (1-2 equiv.) R'3_x
N-© R2 +  X-Y > " E14% = +1.6V
solvent, r.t. Fukuzumi’s catalyst, *E® = +2.1 V
RJ\/\/\W blue LEDs
14 15i—xiv

Scope of the quenchers R
EtozgH ., i EWG R I . Studer: Michael acceptors (xi)
H F CI Br | N; EtO,CN°  PhN" SePh SCF; 1)\R CN %  Leonori: divergent strategy
Ao dododoa L L L L encompassing 14 diferent
i i vV vi vii viii ix  x xioxii xiii xiv functionalizations (i-x, xii-xiv)
Accessible pyrrolines and modification of thevinone
Me Ph X
Me X X X
H
Ph Ph Ph Ph H MeO 0" "oMe
15A 158 15C 15C' 15a, 43%
quaternary primary secondary late-stage modification of
centres thevinone

A. Studer, Angew. Chem. Int. Ed. 2017, 56, 12273.
D. Leonori, Angew. Chem. Int. Ed. 2017, 56, 13361.
S. Fukuzumi, Org. Biomol. Chem. 2014, 12, 6059. 17



Intramolecular Cyclizations

» Mechanistic analysis for redox neutral iminofunctionalizations

RAL.X
difficult SET @ ) easy SET
Y N Y
SET = -0
Ye 15 v
Electron poor Electron poor
*PC pc+ radical radical pC- *PC
=t Electrophilic “X” X~-Y
group K)
2
R J R
.0OA
3
Reductive SET Nucleophilic Oxidative SET
species

€ The effectiveness of the oxidative with respect to the reductive one can be rationalized by
the electronic requirements necessary to render the overall process redox neutral.

18
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» Four main classes of Hydroxylamines Nitrogen-radicals reactions

b) Intramolecular H-Abstractions: 1,5-HAT

19



Intramolecular H-Abstractions: 1,5-HAT

» Reductive SET of Hydoxylamine Precursors (iminyl radicals)

Oﬁ,Ar
0 Ir(Ppy)3 (1 mol %) 7
N AcOH (1 equiv)
: - @O
MeCN-H,O (4:1), rt
1
Ar = p*CF3-CsH4 17
________________ O-acyl oximes
Individual steps B
.y NH NH
+H* 1.5-HAT cvclization —
L . . R H20
Iminyl radicals R R R
M N (o)
Selected examples
(0] O (0] (0]
Me 0
Me | Me Ph 5 P v Bicyclic chromanones
Me Me v ' i
Me Ph s H H Tricyclic chromanones
17a, 54% 17b, 75% 17¢c, 77% 17d, 90%

€ Be facilitated by a Bronsted acid via protonation of the iminyl radical (M), enhancing its
electrophilicity and lowering the enthalpic requirements for the HAT.

C. Nevado, Angew. Chem. Int. Ed. 2017, 56, 1881.

A. R. Forrester, J. Chem. Soc., Perkin Trans. 1 1979, 632. 20



Intramolecular H-Abstractions: 1,5-HAT

» Oxidative SET of Hydoxylamine Precursors (iminyl radicals)

* y-Chlorination and fluorination

NCS (4.0 equiv) NCI
MesAcrCIlO, (5 mol%), Cs,CO3 (1.0 equiv)

> MR1
Me / toluene, r.t. 45 min R Stable

Me—Y~ S blue LEDs B R?
N,O
R selectfluor (2.0 equiv)
RJ\/\( MesAcrCIO, (5 mol%), AgCO3 (25 mol%
R2
23

) o
\ Cs,CO03 (1.0 equiv) ;
L
CH3CN—'H20, rt. 15 min F R2
26

a-imino-oxy acids blue LEDs

Selected examples

NCI NCI NCI
Cl | XN Me Br Me PhWArMe
N~ Cl Me Cl Me Cl Me Me
25a, 45% 25b, 53% 25¢, 34%
£ 0
F
Ph N3 Me Me
N. F Me
26a,82%  0°° 26b, 79% .
HO b 26¢, 71%, dr 1.3:1
v" High functional group compatibility v Modification of a lithocholic derivative

D. Leonori, Angew. Chem. Int. Ed. 2018, 57, 744.
21
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» Four main classes of Hydroxylamines Nitrogen-radicals reactions

c) Fragmentations

22



Fragmentations

» Oxidative fragmentation to access distally functionalized nitriles

Me
CO,H
Me—\'/ 4 MesAcrCIO, (5 mol%)

No
base (1.0 equiv.) NC. 4" .R D
On + X=Y > \/67( Ma <><R1
v R

P

R solvent, r.t. X R!
blue LEDs 29
h R

28 Iminyl radicals
a-imino-oxy acids

Selected examples
Cl
NC";_ F NC
Z_S CN CN
29a, 44%, dr 3:1 29b, 64% 29¢, 50% 29d, 63% 29e, 72%
N.
Ph_ Ph Ari

< S via \)

IN /N
Ts Ts AcO
29f, 71% 29g, 72%, dr:1.3:1 29h, 62%, dr: 3:1
C-4 functionalization Selective deconstruction and functionalization

€ Limitation: This process only been applied to the ring opening of cyclic oximes,
6- and 7-MRs was possible only on a-aryl substrates.

D. Leonori, Angew. Chem. Int. Ed. 2018, 57, 744
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Fragmentations

» Reductive approaches for the generation of iminyl radicals

OYA" Ir(ppy)s (1 Mmol%)
3 0
0 R2 base (1.0 equiv.) v
N + )\
R'" MeOH or DMF, rt
R blue LEDs
X
30

Ar = p-CF3-C6H4
4-MR O-acyl oximes

Selected examples

Ar OTMS O
:( R%Ar O

Ar
NC

31a, 60% 31b, 80% 31c, 70%

=~

€ Demonstrated the ring opening using various Tt-acceptors to trap of the y-nitrile

radicals.

L. Zhou, Chem. Commun. 2017, 53, 11544.
W.-J. Xiao, Angew. Chem. Int. Ed. 2018, 57, 738.
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» Four main classes of Hydroxylamines Nitrogen-radicals reactions

d) Addition to Olefins and Aromatics
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Addition to Olefins

» The first asymmetric reaction of nitrogen-radicals using organocatalysis

0 0 34 (30 mol%)
2,6-lutidine (1.7 equiv.)
G - - A
! DMSO-CH3CN, -15 °C
R ODNs 26W CFL
32 33

Proposed mechanism
35

Me\ (@) 32
el
34

33 Electrophilic s

amidyl radical
radical chain propagation

D. W. C. MacMillan, J. Am. Chem. Soc. 2013, 135, 11521.

33

|

Photochemical initiation

o)

O,N R1
2 N'I‘JJLORz
o)
-
OO0

O,N

26



Addition to Olefins

» Demonstrated in the divergent assembly of polyfunctionalised carbamates

O
R‘OJLN’OYO Ir(I11)
H white LEDs
Ar
39
Y Y Y Y
.Ac
O Troc Ar N Troc OH O OBn
A AN, AN o AT K NHTRoc
40A 40B 40C 40D
a-amino 1,2-diamines 1,2-aminoalcohols
ketones
AR AR Ar—= Z > 0OBn A ZA0oBn
DMSO CH3CN DMSO-H,0 DMSO

€ Critical for the success of this strategy was the choice of solvent, with DMSO utilized to
achieve Kornblum oxidations leading to 40A and 40D.

S. Yu, Org. Lett. 2017, 19, 29009.
S. Yu, Org. Lett. 2018, 20, 401.

27



Addition to Aromatics

» General mechanism for amination of aromatics using nitrogen radicals
O - ‘

hv% PG \
N,
pdoth |
“PC pC™ '
X
N
P

ser/ L
=<

J )
1
-N,
RO ] «N,

N,
RO
v w

€ This reactivity is restricted to amidyl and aminium radicals, with a limited iminyls and
no current reports of aminyls;

€ The key radical addition is influenced by polar effects, so the best combination
between electron rich aromatics and electrophilic nitrogen radicals.

D. Leonori, Angew. Chem. Int. Ed. 2017, 56, 14948.

28



Addition to Aromatics
» Strategies for the amination of aromatics using nitrogen radicals

Sanford Yu Leonori Leonori
Tan
° S
Me. .Bs
’ 1
©::N -OTFA N AN R N
I
Y OBs OAr OAr
41 33 42 43
| | | |
Ir(ppy)s (x mol%) EY (2 mol%) Ru(bpy)sCls (2 mol%) | ©
'r(pgﬁ%ﬁ T‘t"%) NaHCO3 (x equiv.) K,CO3 (2.0 equiv.) HCIO, (2.0 equiv.)
3CFI.' i DMF, r.t. acetone, r.t. CH5CN, r.t.
white LEDs green LEDs blue LEDs

Phtalimidyl radical

Amidyl type radicals

\ \
Oﬁ-\’é > Me
N O N:BS

Amidyl radicals

Y

Aminium radicals

*R

NvR1

46 47
Selected examples 0 0
NHBoc

0 Me O O Ph N“Y” "0

Me\N N Bs B l/
l I>_N N ’ (/_\S\ . S o

1

Me O " "N Gl L Me Me

44a, 45% 44b, 51% 45a, 97% 45b, 63% 46a,77% Me

M. S. Sanford, J. Am. Chem. Soc. 2014, 136, 5607; S. Yu, Org. Lett. 2014, 16, 3504.
D. Leonori, J. Am. Chem. Soc. 2016, 138, 8092; T. Wang, Org. Lett. 2017, 19, 56609.
D. Leonori, Angew. Chem. Int. Ed. 2017, 56, 14948.

HCIO, was required
to access the highly
electrophilic aminium
radicals

e OMe
MeO N

N MeO,C" N )(@,m
\
Ac Me

47a, 56% O

29



Summary

» Significant progress has been made in the
development of methods for the generation of
nitrogen radicals from hydroxylamines.

» Challenges:
« Enantioselective variants of these reactions are especially needed,;

« Limitation of 1-5 HAT process to the functionalization of tertiary C-H bonds;
« Generation of nitrogen radicals often require multiple steps;

» New, more direct methods to access the active species should be explored;

» Expanding these methods on larger, preparative scale where the in-situ generation of
nitrogen radical precursor is particularly attractive.

/
H i) direct and selective ?
+ - >
©/ HT 0 being scaled ©/ ©

@. Leonori, Nat. Chem. 2019, 11, 426. /
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Intramolecular Cyclizations

> Reductive SET of Hydoxylamine Precursors (iminyl radicals)

B) Cascade processes using silyl enolethers

0] Ar R1
T oTMS  Ir(pPY)s (2 mol%) R AF
L 1 + ’
J P Par oMF N4
~
Ar R 6 30 WCFL Ar
5 7

extended this approach for iminyl radical generation and cyclization via the
introduction of an additional C—C bond forming step

limited to iminyl radicals with an a-aromatic substituent and terminal aryl silyl enol
ethers.

32



Intramolecular Cyclizations

» Reductive SET of Hydoxylamine Precursors (primary amidyl radicals)

stereodivergent oxy-amination

O Ar [Ir(ppy)2(dtbpy)I(PFe) (2 mol%) R R
T amine (1.0 equiv.) OAr wOAr
HN” > 1N or HN
}\ CH3CN, 50 oC }\ }\
0PN X TN R blue LEDs 0% X 0% ~X
1, X=C, 0 12 13
Ar=Bn, p-CF;-CgH,4 amine: EtsN PhsN
Diastereoselectivity models
HN - 5-exo-trig J{ H--0,CAr
d N, — w X0
O X R then ,4 \oH .../ ®H
L oxidation t H Ar
© 0,CAr M

amine used as the stoichiometric electron donor and base, products of syn (12) or anti (13)
addition were selectively obtained upon ring-opening by ArCO2— Depending on the basicity of
the it

33



Intramolecular H-Abstractions: 1,5-HAT

» Oxidative SET of Hydoxylamine Precursors (iminyl radicals)

« y-Alkylation via radical 1,4-addition by Studer

Me._ _CO,H

3z ZEWG (2.0 equiv)
N'O [Ir(dFCF3ppy) dtbbpy](PFg) (1 mol%) o
1 CsF (2.0 equiv)
RJI\/\(R > RJW\/ EWG
24 blue LEDs 27
Selected examples
O O 0] O
CO,M CO,M
S O2Me b, wa Ph/u\/Y\/u\Me
N/ Me Me ph Ph Me Me
27, 70% 27, 73% 27, 31%

€ Cascade process leading to y-C—C bond formation using Michael acceptors in the
presence of an Ir-based photocatalyst to give a broad range of products.

A. Studer, Angew. Chem. Int. Ed. 2018, 130, 1708.
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Intramolecular H-Abstractions: 1,5-HAT

» Thermodynamic analysis of the 1,5-HAT process

BDE analysis Reaction Parameters
fH | E N .f\\
N H He& kealimar - H  AG¥=13.7 kcal mol-'
Me : Me . -1
Ph g 2 FD AG" = 4.2 kcal mol
95.6 kcal mol :
Me : Me

€ The similarity in BDEs results in no significant enthalpic gain in the H-abstraction
step, which is also slightly endothermic.

€ Limitation of the 1,5-HAT methodologies the requirement for tertiary centres to allow
efficient functionalization.

D. Leonori, Angew. Chem. Int. Ed. 2018, 57, 744.
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Addition to Olefins

» The first reported enantioselective reaction of nitrogen-radicals

amidyl radicals

34 (30 mol%)

1
0 o 2,6-lutidine (1.7 equiv.) 0 R
HJH p Rl > HJH,N OR?
! DMSO-CH3CN, -15 °C \ﬂ/
32 33 35
Selected examples
O I\l/le I
N. N
H Boc COzMe COzMe COzMe
Ph NPhth

35a, 79%, 92% ee 35b, 71% 86% ee 35¢, 76%, 90% ee 35d, 77%, 90% ee

D. W. C. MacMillan, J. Am. Chem. Soc. 2013, 135, 11521.
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Addition to Olefins

- -
Troc—NH + Ar'CO,
8 9
A A
1

Arzh""-"'N"Troc I

10
2
Me
l . )
LH CH4CN A2 ~_N
Ar “Troc 11
12 Ritter reaction
Ar‘CD{l
®
@J\Ar1
/J\‘_& J Acyl transfer
Me”™ "N

S. Yu, Org. Lett. 2017, 19, 2909.

14
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Addition to Olefins

a) Reaction rationale

g
o OBn A a2 H OH
A AN AICONHPG ~ + # “OBn L A ANANHPG
r 6 Ir(Ppy)s 3 2a Ir(t-Buppy)s r f
hv, DMSO hv, DMSO/H,0
___________________________ .
.0 5 IV
Komblum [ pmso : )-\/NHPG 5 : PhCHO
oxidation ' Ar | *NHPG | + ArCOy
| C (ref 8a) DMSO | A B H,0
2a j’: Pl\h Fh
OBn itV . Voot N s
5 OBn 1 H® O HAT H O H =0
A A NHPG A — LI HAT, \
Ar /\)\,NHPG .I\,NHPG AN NHPG PN NHPG NMNHPG
H G I J K
A+ 0Bn . jl)\ OBn .
' T ) '
QL_ k,NHpe Aoy, O)F\,NHPG :

S. Yu, Org. Lett. 2018, 20, 401.
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