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1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

R
' Unstable!!
\ N N 7 R'
\/ O
Bond strength
N-O T cc C-X
Bond energy ~ 57 Kcal/mol ~ 66Kcal/mol ~ 69-91 Kcal

What makes N-O bond weaker? — the repulsion of lone e-pairs on O and N.

Tabolin, A.; Loffe, S. L. Chem. Rev. 2014, 114, 5426-5476.



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

I'In situ synthesis

IR, R” = H, generally unstable due to tautomerization

to form oximes.

RI

\I'I\I\,R
Mo

X

Vi

1-A

——

RS’

R,R", X = any substituents

A,B = carbon, nitrogen, oxygen, sulfur etc. atoms

with proper number of substituents

Tabolin, A.; Loffe, S. L. Chem. Rev. 2014, 114, 5426-5476.
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1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

Common sigmatropic rearrangement

2
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3-(1), if A,B-carbon atoms
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o 0 0" 0 HN™ ~O
N NI i

3-(2), if A (and B) - heteroatoms



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

Bamberger rearrangement [1,5]

SERIE -

Bamberger-type rearrangement [1,3]

o) 0
. LA P}
RJ\N AICl; (2 equiv.) R)J\NH 0 /@ NH
N

) |
DCE, OMe )\
@ @r Y Yo
LA Ve ©

14 15 A 16 )

R = PhCH=CH, PhCH=C(Me), (E%rzfggﬂ/’";")

PhCH=C(Ph), Ph, MeCH=C(Me), ° sluggish From

CH2=CH, Me, PhCHzCHQ . .

R' = Me, Ac No para migration!! orno N-acetoxy
reaction

Bamberger, E. Ber. Dtsch. Chem. Ges. 1894, 27, 1347.
Kikugawa, Y.; Shimada, M. J. Chem. Soc., Chem. Commun. 1989, 1450.



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

Bamberger-type rearrangement [1,3]

0 0
_OH
A0 N
® o
18 56-76%
BU3P, CC|4 18
-CHC|3 /_\
2 %
@ \ s u
RN R” NH gPF-Bu

gutY 131 S
@ @
Cl Cl

R = Me, Ph, Ph(CH,),.
(Z)-PhCH=C(Ph)-

major byproducts- para hydorxy or chloro

Kikugawa, Y.; Mitsui, K. Chem. Lett. 1993, 1369.



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

[ ] [ —-InL
o--In, ﬁ[’t e
/ r_A N
710 In(OTf)s Ni

L 7 _ L 7 MeOH _
ortho para
attack attack

MeQ

©Nf,o owr @ @//)\Q’ 7®/ \<;>/
oy O ,@r o

Yang, B.; Miller, M. J. Org. Lett. 2010, 12, 392.




1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

Bamberger-type rearrangement [1,3] or [1,5]

S\

I
N-S—F but, DAST lead para-fluoro-substitution
/O

Uchida, Y.; Kozuka, S. Bull. Chem. Soc. Jpn. 1982, 5§, 1183.

Kikugawa, Y.; Matsumoto, K.; Mitsui, K.; Sakamoto, T. J. Chem.
Soc, Chem. Commun. 1992, 921.



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

Fridel-Craft type reaction

Sy1-type S\2-type
NOH TFSA
Q" @r ©_o ol
Ph
lb a, R= H,b,R—rBu 3b 4b

Table 1. Reaction of Phenylhyvdroxylamine with Benzene

Amounts of
acids (mol)?

CF,- CF, Benzene Pro- Product (%)?

Run CO,H SOH (mol)®  cedure 2 3a 4a
1 4 0 3.5 c e g 41 3 3
2 10 0 9.0 c e g 56 9 8
3 25 0 22.0 C, e g 46 12 11
4 25 0 22.0 c, € 12 5 5h
5 25 0.2 22.5 c, € 20 4 4
6 25 1.2 22.5 ¢ f 39 19 17
7 25 2.3 225 ¢ f 14 46 25
8 0 2.0 60.0 d, f 2 25 12
9 0 4.0 60.0 d f 1 32 16

10 0 20.0 60.0 d, f <1 48 23

Okamoto, T.; Shudo, K; Ohta, T. J. Am. Chem. Soc. 1975, 97, 7184.



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

Fridel-Craft type reaction

R
: _NOH
la
1b
4 )
NH
la TFSA-TFA
1b CH,
o
5
o-m- p- % mixture %

H 18 9 13

a, R=
\ b, R=tBu 18 11 17

v

Okamoto, T.; Shudo, K.; Ohta, T. J. Am. Chem. Soc.

R
NOH

NHR

Ph
Ph CH,

24%
44% 3%
NHR

PhCH,
1

7%
17%

NHR

197§, 97, 7184.




1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

Mechanistic consideration

NHR

NROH

-~
©f
N

Okamoto, T.; Shudo, K; Ohta, T. J. Am. Chem. Soc. 1975, 97, 7184.



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

[1,3]-migration

Tow of the ortho and para positions
are blocked.

B spontaneously
-Bu R3” “R2 or TsOH (cat.)
) > >
N®@
O
t-Bu O

24 unstable

R'CH=CR?R? = dimethyl fumarate, dimethyl maleate,
N-phenylmaleimide, maleonitrile, fumaronitrile

/ . t-Bu
© further decomposition 1
t-Bu N o products D 7~R
@) N )
26 -
f-Bu HO RaR

Dopp, D.; Kruger, C.; Makedakis, G.; Nour-el-Din, A. M. Chem. Ber. 1985, 118, 510.



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

What'’s the issue in this chemistry?? — instability of N-oxyenamine limits accessibility

Synthesis of some of the stable silyl nitroso acetals; by distillation or recrystallization

. NO,  Tmsx NOsSiMes | msx oo NSNS Zn(OTf), 5% Messlo‘lN |
R‘1/\ NEt3 R1JJ\‘ NEt3 R1/g CH2C|2 R1J\/OSIM63
R2 R2 R2 R2
46 47 48
R'=H, Ar, Alk, R? = H, Alk (9 examples,
X = Cl, Br, OTf 75-95%)

Tishkov, A. A.; Lesiv, A. V.; Khomutova, Yu. A.; Strelenko, Yu
A,; Nesterov, I. D,; Antipin, M. Yu,; loffe, S. L.; Denmark, S. E. J. Org.
Chem. 2003, 68, 9477.

1 1 1
R R R R 1. HzO/CHC|3| l'.t., 1d R R
2 \’\”) TMSX \’\() 2. NH,4F, MeOH (for R'#H) 7~ OH
/L No  NEt /E N or j _N
X~ 070 X" TO” "OSiMe;  TFAA, -78°Ctorit, X 0
49 50 then K,CO; MeOH 51

(16 examples,
50-99%, dr (for R'#H):
up to single diastereomer)

Dilman, A. D, Tishkov, A. A,; Lyapkalo, 1. M,; loffe, S. L;
Strelenko, Yu. A,; Tartakovsky, V. A. Synthesis 1998, 181



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

Alkylation of N-silyloxyenamine

. OTBS
/Kz TBSOTf 'BSO- + %TTBf? TBSO‘N’OTBS silicagel N*
EtN, 0°C )J\ R& R)J\/OTBS
1a: R=H 3a: R=H 4b: R=CH,
1b: R=CH, 3b: R=CH, (99%)
1c: R=n-C;H, 3c: R=n-C;H,
R'. Q ?
R'= S .
(’)’_\| or /\O
O v HCI N“JOTBS TBSO 0788 (Me;Sn), (1 equiv), benzene, 300 nm.
M
RJK/R R)j\/R' /l\/R
7 6a:R=H, R'=CH,SO,Ph

6b:R=CH,, R'=CH,SO,Ph
6C:R=H-C3H7, R'=CH2C02Et

Lee, J. Y.; Hong, Y.-T.; Kim, S. Angew. Chem., Int. Ed. 2006, 45, 6182.



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

Application to show the versatility

NO TBSO., .OTBS LOTBS o
g™ s m Pt
B g (Mesm, R R ome
300 nm
8 9 10: R=CH,SO,Ph 11: 93%

Lol ,/KFfDMF LBuESnH/mBN
r R._CN

13 12 84%
N—O 7 “SO,Ph ZCO,Et N—O
13
14b: 82% l:Ph 14a: 81%
N—O
14c: 80%

Lee, J. Y.; Hong, Y.-T.; Kim, S. Angew. Chem., Int. Ed. 2006, 45, 6182.



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

Application to show the versatility

o OTBS
PN TBSOTF L - N -OTBS
NO, Et.N |
15 ’ 16: 88% OTBS
Pt
OTBS | OTBS
1O . _OTBS OEt . PhSOBr
N BuSn), Bus. Phozs\MN,OTBs
O 20: 58% hv hv 17: 50%
HCI/MeOH HCI/MeOH
o—N\ O-N o)
\
MGOM PhOzS\/%) - PhOQS\)I\/\\\N’OH
O 21.81% 19: 79% 18

Lee, J. Y.; Hong, Y.-T.; Kim, S. Angew. Chem., Int. Ed. 2006, 45, 6182.



1. The basic principle of N-O bond cleavage,

rearrangement, and some related reactions

Tin-free alkylation

H3CC|) (|3H3 (|3H3 C|)CH3
V-70 =  H3CCH,C—C—N=N—C—CH,CCH
H;C CN CN CHy
NO 1) TBDPSCI, AgOTf TBDPSO. _OTBDPS
2 N
/I\ 2) Et,N
Ph CH,CI, 0°C o )\Ph Entry Substrate Product Yield [%]
1d 22: 92% . - OTBDPS
1 Ph028 | 61
Ph PhOzs/\)J\Ph
22+ Et0,c7 I Ak EtOMN’OTBDPS N OTERPS
2 CH,CI, 30 °C, o 2 Et;NOC” I Et;N\H/\)LPh 63
on 23: 83% O
l\J,cmacznps
23 3 NG 68
\ Ph NC/\/lkPh
22 V79 -OSi(tBu)Ph, - R._-~,-OTBDPS N-OTBOPS
[ fragmentation l}l ,L
OTBDPS 4 E0,C” EtO. Ph 72
0
1,2-phenyl transfer addition| 22
pheny CO,Et EO, N,OTBDF‘S
; X T 7
Et0,C Br EtO,C Ph
-Si(tBu)(OPh)Ph - R- 2
R= CH,CO.Et [a] Reaction conditions: V-70, CH,Cl,, 30°C, 9 h.

Lee, J. Y.; Hong, Y.-T.; Kim, S. Angew. Chem., Int. Ed. 2006, 45, 6182.



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

Umpolung strategy; concept

0 R X R%N,@‘-—LA R
1JJ\ R3NHX Lewis acid -
R , R‘J‘\ (X: OR) R1J\ RT™ ™Y
R R2 R? R2
1 L2 A B
s 1) Nu~
E 2) aqu:ous
X: alkyl B 7 work-up
el R .X. (NU R Ar)
N M R,
0 |
LK(E R Q(—Nu i
R’ R2 |:{111\(Nu
2
R . 2
3 - - 4

Miyoshi, T.; Miyakawa, T.; Ueda, M.; Miyata, O. Angew. Chem., Int. Ed. 2011, 50, 928.



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

Umpolung strategy: alpha alkylation of ketones

isoxazolidine - -
Z Jo;

0 (2 equiv) N
1 MgSO4
R L R1 AN
R2 CH»Cl»
16 h, RT
1 |
Entry Substrate Product: R Yield [96]™
1 Q Q 4a:Et 76
2 @ 1a éR 4b: iBu 69
3 4c: Me 72
(trans/cis=1:1)"
O O
4 /(:f b /(:f 4d:Et 71
Ph Ph R (trans/cis=1:1)"!
5 4e:{Bu 70

(trans/cis =1:3)®

10

O

RoAI (2 equiv) JYR

3-5h, RT

O

Me\ilj

o]

nBuJ\/ nPr

le

1f

g

RZ
4

o)
Me\é/R
o
nBu/U\/ nPr
R
o)
Ph&me
R
)
ph)H/Ph
R
0

Et)f\( Ph

R

4f: Et

4g: Et

4h: Et

4i: Et

4j: Et

74
(trans/cis =5:2)

78

51

44

61

Miyoshi, T.; Miyakawa, T.; Ueda, M.; Miyata, O. Angew. Chem., Int. Ed. 2011, 50, 928.



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

Umpolung strategy: alpha arylation of ketones

isoxazolidine

. :

(2 equiv) . A
R1J\ MgSQy R“J“\l ArsAl (2 equiv) R*’I\( r
r2  CHXCl R2 | 2-5hRT R?
16 h, RT
2 7
. (o]
Entry Substrate Product: Ar Yield o
[%6]) 14 MEWMB Ti MewMe 7n: 4-MeOCH, 71
6 5
1 7a: Ph 60 0 Ar
0] (o] O
2 7b: p-tolyl 64 )S/Me .
3 i‘j 1a )\Lj‘“ 7c: 4MeOCH, 68 15 A e Te Ph 70: 4-MeOCH, 29
4 7d: 4-FC,H, 60 o
5 7e: 4-CICH 61 0
o 160 L 1g Et)H/P“ 7p: 4-MeOCH, 47
6 7f: Ph 83 OAf
7 o Q 7g: p-tolyl 74 0 b
8 By P 1d nBuJ\(nPr 7h: 4-MeOC,H, 83 17 Me)J\/npr 1j Me)k(”’ 7q: 4-MeOCH, 81
9 Ar 7i: 4-FCeH, 75 Ar
10 7j: 4-tBuCiH, 85 0 0
o o 18 Me)w 1k Me)W 7r: 4-MeOCH, 75
A
1 /(j// b ,CE 7k: 4MeOC,H, 68 o
Ph Ph Ar 0o
L9 8 19 yebhon T Me)%m 7s: 4-MeOCH, 80
12 eﬁj 1c e\é " 71:4MeOCH, 60 Ar
a 9]
M
13 EtJJ\/Me 1h Etk( © 7m: 4-MeOC,H, 86

Miyoshi, T.; Miyakawa, T.; Ueda, M.; Miyata, O. Angew. Chem., Int. Ed. 2011, 50, 928.



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

One pot dinucleophilic addition

HO~.

0 1) Isoxazolidine (2 equiv)
2) Et:Al (2 equiv) 6/
1a 3) allyl MgBr (4 equiv) & (46%)

l ‘ allyl MgBr

_ EtEAID -
I'-.I u “AlEt N 2
f 2 Ft

5 | 4a

Miyoshi, T.; Miyakawa, T.; Ueda, M.; Miyata, O. Angew. Chem., Int. Ed. 2011, 50, 928.



The basic principle of N-O bond cleavage, rearrangement, and some related reactions

ortho acetoxy transfer from N-oxide

| O 7/ N\
213
R = H, p-Me, p-OMe,
p-OEt, p-Cl
R @] R
U \[C])/ . O A Demethylation
N N ¢ product
/N |
214 215
(32-58%) (11-30%)

Mechanism -> demonstrated by 180-labeling experiment.

Only two research articles cited this paper.

Oae, S.; Kitao, T.; Kitaoka, Y. J. Am. Chem. Soc. 1962, 84, 3366.



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

BrCN as electrophile

Ms |}| DABCO Ms > rxlq C”N Ms H
OH 3 C,O o’
248 N~
249 H,O l248

|
Ms H
N N—
250
(12%) Ms N
251
(19%)

Other electrophiles such as activated alkynes only gave
the rearranged product at C3.

Duarte, M. P.; Mendonca, R. F.; Prabhakar, S.; Lobo, A. M. Tetrahedron Lett. 2006, 47, 1173.



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

Pyridine N-oxide: Enantioselective Boekelheide rearrangement

Y
/

Ac,0O |

QA

\
gy

AN
S
I}l Reflux Hydrolysis N
O

o

Concerted? or lon Pair?

Andreotti, D.; Miserazzi, E.; Nalin, A.; Pozzan, A.; Profeta, R.;
Spada, S. Tetrahedron Lett. 2010, 51, 6526.



1. The basic principle of N-O bond cleavage, rearrangement, and some related reactions

Pyridine N-oxide: Enantioselective Boekelheide rearrangement

LiOH,

2

Ol e, fl O (T N

1

NE-R 7830°C, 122 70°C R RC(O)CI= W

, :
0o OH

339 o
a:R'=Me, R2=H 61-70%
b: R1, R2 = ‘(CH.?)Z' dr: 70:30 - 88:12
Solvent

c: R', R? = -(CH,)s-
AN ~ | ~ AN
e / |
N N N N
= ethyl acetate
| A A N N Or isopropanol
~ ~
N N NZ NG
OH OH HO OH

Andreotti, D.; Miserazzi, E.; Nalin, A.; Pozzan, A.; Profeta, R.;
Spada, S. Tetrahedron Lett. 2010, 51, 6526.

Tert-alcohol
Is dehydrated.



2. Conventional approaches to the heterocycles by N-O bond cleavage

[3+2]-[1,3] cascade

MsCI + NEt;
Ar H Ar
i WN&) [H,6=80,] R N
X “‘oe benzene, r.t., S | . azasultone
- 2-48 h 0-SO;
\\
, sulfene 27
N-arylnitrone
g _ (25-87%)

Y\SOQ Mf\
N~g

Truce, W. E.; Fieldhouse, J. W.; Vrencur, D. J.; Norell, J. R;
Campbell, R. W,; Brady, D. G. J. Org. Chem. 1969, 34, 3097.



2. Conventional approaches to the heterocycles by N-O bond cleavage

SnAr-[1,3] cascade

F F F
F F
F
E E KF, DMF _ HN i
100-110 °C, O
N,OH 3h
56%
A
I ] |ma
F
He¥sed®
O

Petrenko, N. 1; Gerasimova, T. N. Izv. Akad. Nauk SSSR, Ser. Khim. 1987, 1579,



2. Conventional approaches to the heterocycles by N-O bond cleavage

Cycloiomerization-cycloaddition; synthesis of azomethine ylide

« OH  COMe COMe
N “| Br, (1.0 equiv) <0 )@w(cozrvte
+ -
N Base (1.2 equiv) @://L 0 unexpected
S Ph CO,Me Solvent, rt Ph
Br
1a DMAD 2a
COQMB

Best conditions —

B1
Br,, NaOAc, CH,Cl, not observed
COsMe
CO,Me
R N 2 CO,Me
ANF 2O PACL(PPhg), (10 mol %) LN \ﬁ%\r(CO;_Me
Br 2 K,CO; (2.0 equiv) e
H,O/ DMF (1:5), it, 12 h ]
RIB(OH), R

Ding, Q.; Wang, Z.; W, J. J. Org. Chem. 2009, 74, 921.



2. Conventional approaches to the heterocycles by N-O bond cleavage

[6-endo-cycl]-[3+2]-[1,3] cascade

X
X _OH | RS
rifl : N Rl O™ AgOTH (10 mol %) RL=\ b 7
A Z>1ms  TBAF (3.0 equiv) \ /1N
RZ THF, 50 °C
RZ
fluoride
entry source solvent yield (%)*
Rﬂ—:m @ oTf AQOTf (cat) 1 KF MeCN trace
= 2 NaF MeCN trace
1 R2 3 LiF MeCN trace
\ 4 CsF MeCN 30
® O@ b AgF MeCN complex
{R @ ®|] 6 ZmnF, MeCN trace
PNF 7 MgF» MeCN trace
8 TBAF MeCN 37
9 TBAF toluene 47
10° TBAF toluene 48
11 TBAF THF 56
12°¢ TBAF THF 51
13 TBAF DCE 51
14 TBAF DMF 17
15 TBAF DMSO 17

“Isolated yield based on 2-alkynylbenzaldoxime 1a. ® The reaction
was performed at 70 °C. “ The reaction occurred at 30 °C.

Ren, H.; Luo, Y; Ye, S.; Wu, J. Org. Lett. 2011, 13, 2552.



2. Conventional approaches to the heterocycles by N-O bond cleavage

[3+2]-[1,3] cascade

; SCope

,OH
R1—' AgOTf (10 mol %) 1
| R N 0
TMS TBAF (3.0 equiv) \ / ) N

THF, 50 °C 3
R2
HaC,
N N N N
/ / /, /
Ph CgHap-Me CgHap-Cl Ph

3a: 12h, 56% yield 3b: 10h, 61% yield 3c: 10h, 62% yield 3d: 11h, 61% yield

Cl R R
(0] o] (0] (0]
eO N N N N
/, /| /) /,
Ph Ph Ph CgHap-Me
3e: 14h, 45% yield  3f: 10h, 62% yield 3g: 12h, 81% yield 3h: 10h, 65% yield

l : CBH4P Me ”CE;H11

16h, trace 3j: 12h, 50% vield 3k: 16h, trace

“Isolated yield based on 2-alkynylbenzaldoxime 1.

Ren, H.; Luo, Y,; Ye, 5.,; Wu, J. Org. Lett. 2011, 13, 2552.



2. Conventional approaches to the heterocycles by N-O bond cleavage

[3+2]-[1,3] cascade
: proposed mechanism

Ren, H.; Luo, Y,; Ye, 5.,; Wu, J. Org. Lett. 2011, 13, 2552.



2. Conventional approaches to the heterocycles by N-O bond cleavage

General strategy for [3,3]-sigmatropic rearrangement and cyclization

0\
B"\\Il\IH T o NH2 N Q

NH
/ 1) \ 85
O OH o QNHQ—*/ \

O
84 86

Tabolin, A.; Loffe, S. L. Chem. Rev. 2014, 114, 5426-5476.



2. Conventional approaches to the heterocycles by N-O bond cleavage

Trofimov pyrrole synthesis: [3,3]-[condensation]

OH=—pPh [ 0 - Ph Ph  Ph
N LiOH N \|I_ / “_ Ph
Ph Ph™>N Ph
Ph DMSO N '\"\/ on
o Ph NS
Ph 120 C B - C4, 50/0 70/0

C5, 12%

Trofimov, B. A.; Mikhaleva, AL Heterocycles 1994, 37,, 1193.
Trofimov, B. A.;; Mikhaleva, A. I. Zh. Org. Khim. 1996, 32, 1127— 1141



2. Conventional approaches to the heterocycles by N-O bond cleavage

Au catalyzed Trofimov reaction

R2 PhzPAUCI (10 mol %) R CO,Et R CO,Me
AgBF,4 (10 mol %)

.0
R/hlll\l \ECOERE' > RM n
R

M
toluene, 100 °C, 12 h N R N COMe

OH CO,Me DABCO CO,Me
N I | | omoi%) \2 1
_I_
R’ COQMB 12 h R
1 2 3 RY 4

Usually require higher temp.!, but Au catalyst allow relatively low temperature.

Ngwerume, S.; Camp, J. E. Chem. Commun. 2011, 47, 1857



2. Conventional approaches to the heterocycles by N-O bond cleavage

[3,3]-[condensation] scope

/ COEt  Ph  COEt
A
PR

CO,Et
éﬂ
N
H H

6a, 69% 6b, 57% 6c, 51%
CO.Me Ph COgMe Me CO,Me
CO,Me Ph CO,Me Ph CO,Me
H
R%=7a, H, 88% 7d, 79% 7e, 82%
7b, NO;, 83%
7¢, Br,61%
COsMe C02Me COsMe
H H
7f, 87% 79, (54%, 1:4)
COzl\f‘le \l_g{iozl\de COo,Me
COgMe CO,Me N CO;Me
H
7h, (61%, 2:3) 7i, 89%

Ph;PAUCI (10 mol %)
AgOTf (10 mol %)
or -

CO2Et {oluene, 100°C, 12 h

.OH CO.M
N 2

A
Ph
COzMG
1a 2 3

R, R! = 7a, CO,Me, Me, 88%
6a, H, Et, 22%

Michael ﬁ retro-Michael

N-O\ER 1.3 H-shift \[

|

Ph)\ COzR‘ Ph& CO,R!
8

~

CO,R!

f&

o
331 | o N
— R

NH CO,R!

/

Ngwerume, S.; Camp, J. E. Chem. Commun. 2011, 47, 1857



2. Conventional approaches to the heterocycles by N-O bond cleavage

Ir-catalyzed Trofimov reaction

d)IrCl], (5 mol %)
//\/O., [(CO 2
o = NH, NONN AOTH(10mol %) H .y
HCI NaBH, (10 mol %) "
Ar NaOAc (1 equiv) A THF.25°C
CN MeOH CN | NG Me
87% 75%

Ar = p-OMe-CgHa

Wang, H'.—Y.; Mueller, D. S.; Sachwani, R. M.; Londino, H. N;
Anderson, L. L. Org. Lett. 2010, 12, 2290.



2. Conventional approaches to the heterocycles by N-O bond cleavage

Ir-catalyzed Trofimov reaction; optimization and scope

Table 1. Optimization of the O-Allyl Oxime Isomerization

Catalyst
O O Fm
N catalyst (5mol %) J\ Me
Ar” “Me THF, 25°C, 18 h T AT e
1a 2a (EZ=1:2.4)
Ar = p-OMe-CgHy
entry catalyst yield (%)*
1 (PhsP)sRhCl/n-BuLi NR
2 [(coe)xIrCl]o/2PCys/2AgPFg NR®
3 [(cod)IrCl]o/2NaBH,/2AgOTf 85
4 [(coe)pIrCl]o/2NaBH,/2AgOTf 53
5 (cod);Rh(BF,)/NaBH/AgOTf 30
6 [(coe)sRhCl]o/2NaBH/2AgOTf NR
7 [(cod)IrCl]o/2LiAIH/2AgO TS 89
“ Determined by using 'H NMR spectroscopy with CH,Br, as a

reference. ” The reaction was done in THF and in 50:1 DCE:acetone.

Wang, H'.—Y.; Mueller, D. S.; Sachwani, R. M.; Londino, H. N;

N'O"‘"’?MME

R! 75°C, 24 h

dioxane, 4 AMS

R? 2(EZ~1:2)
Xz
s
= \

/
Me

3a (X = p-OMe, 84%) 3b (R =H, 58%)

3d (X = p-Br, 55%) 3i (R = Ph, 60%)

3e (X = p-CF3, 468%) 3j (R = COEt, 60%)
3g (X = 0-OMe, 57%)

H MeO H
Ph— N N
R Me Me M

e Me

3h (61%) 3k (51%)

N § N N
Me Me
Ar Me H Me /\(_Zhde t-Bu Me

3n (Ar = p-OMe-CgH,, 46%, 3:1%)

“ Regioselectivity ratio.

30 (73%, = 95:5)

Anderson, L. L. Org. Lett. 2010, 12, 2290.




2. Conventional approaches to the heterocycles by N-O bond cleavage

Ir-catalyzed Trofimov reaction: one pot procedure

Scheme 5. Conversion of O-Allyl Oximes to Pyrroles

RN [(cod)IrC1}, (5 mol %) a N
)Jj AGOTF (10 mol %), NaBH, (10 mol %) ‘W
Ar -
R1 1 THF E‘I Me 3
H
Ph I N
4
75°C
Me Et':lgc Me
3a (46%) 3h (40%) 3j (40%) 3p (42%)
Me H MeD H Br H MeQOC H
M M M M
reec L) L L) w
NG Me NG Me NG Me NG Me
3q (74%) 3r (75%) 3s (76%) 3t (30%)

Wang, H'.—Y.; Mueller, D. S.; Sachwani, R. M.; Londino, H. N;
Anderson, L. L. Org. Lett. 2010, 12, 2290.



2. Conventional approaches to the heterocycles by N-O bond cleavage

Bartoli indole synthesis

R* RS
: 4
" " MgBr R? R
X 2 3 equiv X
|\ [ (3eq )] \? | N—R3 ortho substituent is crucial.
A R XN
1 H
127 R

— C\O o — s, @\f% @D&}
N nt

Bos::o, M.; Dalpozzo, Ii;; Bartoli, G.; Palmieri, G.; Petrini M. J. Chem. Soc., Perkin Trans. 2 1991, 657




2. Conventional approaches to the heterocycles by N-O bond cleavage

Svynthesis of 2,3-disubstituted indole

R R

R’ || mcPBA ' H 231 R R 1331
\@\ CH,Cl, \G: 71/
N

r\
25°C, 12-19h r|~1
|

158
R = CH,0(4-XCgHy), X=Cl, Br; CH,0(3,5-diMeCgH),

R'=H, Me
)y UQR @\Jév
| N
O

1 59
(80-87%)

Thyagarajan, B. S;; Hillard, J. B.; Reddy, K. V.,; Majumdar, K. C. Tetrahedron Lett. 1974, 15, 1999.



2. Conventional approaches to the heterocycles by N-O bond cleavage

Benzofuran synthesis: general scheme

=
- X RY R? -H,0
O-aryl oxime q\ﬂ/ % | 2 96
N~ ~0 © S OHO (>70 examples,
yields up to 95%)

Tabolin, A.; Loffe, S. L. Chem. Rev. 2014, 114, 5426-5476.



2. Conventional approaches to the heterocycles by N-O bond cleavage

Benzofuran synthesis

R" = | R!
TFAT / DMAP —
S A \
N R? N\ X
TFAT= o OHzCly ? R?
r.t.
trifluoroacetyl 4 TFAT: CF3CO,SO0,CF3 5
triflate
entry 4 R! R? time (h) 5 yield” (%)

(strong promoter)

1 4a H H 1 5a 99
2 4b H  pBr 1.5 5b 96
3 4 H pNO; 5 5¢ 85 (9)
4 4d H pOH 2 5d 84
5 4d H  pOH 2 5n¢ 92
6 4 H  pOMe 2 5e 15 (12)
7 Af Me H 2 5¢ 82
8 4g Me pBr 2 5g 91
9 4h Me pOH 2 5h 86
10 4 Me pOMe 2 5i 26 (13)
11 4 H  mBr 2 5§ 94
12 4k H  mNO, 5 5k 95
13 4 H  mOH 2 51 86
14 4m H  mOMe 1.5 5m 93

@ TFAT (5 equiv) and DMAP (3 equiv) were used. ” Yields in parentheses
are for the recovered starting material. < 5n (R?> = p-OCOCFs3).

Miyata, O.; Takeda, N.; Naito, T. Org. Lett. 2004, 6, 1761.



. Conventional approaches to the heterocycles by N-O bond cleavage

Application to the natural products

Ce

o}

Copper salt (1 eq),
Amine (1.1 eq)
4b-

4Amol sieves,
B(OH), CzHiCl
24-48 h, rt.

m O (Eq 1)
R

@

e

Me/

two sieps

p

OH
RO
ONH, HCI
10 94%

OH Me

Pd(PPh3)4,
CsF
97%

Br
TFAT / DMAP O N
o

92%

Eupomatenoid 6
3

0
N—O. HaNNH, » H;0 HN-0,
R —_— > I (Eq2)
[0} ‘\, MeOH:CHCI; (3:1) _
R 12h, rt. 4R=H R
5R = mCF3

OH

@ ° :
ONH,

HCI

10)
@\ two steps
B(OH),

83%

92%
O

@\ | TFAT / DMAP m

95%

Stemofuran A 2

Miyata, O.; Takeda, N.; Naito, T. Org. Lett. 2004, 6, 1761.




3. Recent TM-catalyzed synthesis of heterocycles

[Cul-catalyzed [2,3]-[3+2]-[1,3] cascade

R4 R5 R6
. . . 2a(R=M

Olefin: dipolarophile O oR=tBe ., 20 H COMe COMe

"R ZR=PN) RLAR 2h  H COuPr CO.Pr

RY RS 2d (R = p-O;NCgHy) g6 2i COMe H COMe

\[ y %e (R = p-MeOCqH,) _ o
R2 RS R3 2a-f 2f(R=H) 2g-k A " ¥ 2
CONM
I , [CuCl(cod)ly, 5 % \REE/N < R 2k H H ©2
R - 1 ' ]
R 5 [b]

I\Ir 1 4-dioxane = o 6R Entry 2 t [h] 3 Yield [%]

R N0 or MeCN R 1 2a 20 3a 67
30-50 °C, 2-84 h 29

(25-91%) 2 2b 12 3b 61
_ . 3 2c 16 3¢ 77
O-propargylic oxime: 4 2d 12 3d 55
[1,3]-dipole precursor > 2e 24 e 67
6 2f 36 3f 39
7t 2g" 6 3g 63
gled 2h 6 3h 59
CudCl, [CuCl(cod)], - good gled] 2il" 6 3i 25
101 2je 18 3j 40
116 2k 84 3k 28

CuBr, CuCl,, Cu{@Ac), Aucl, PtCl,

[a] The reactions of Ta (0.2 mmol) and 2 (0.3 mmol) were carried out in
the presence of [{CuCl(cod)},] (5 mol%) in 1,4-dioxane (0.2 mL) at 30°C.
[b] Yield of isolated product. [c] Acetonitrile was used as solvent. [d] At
50°C. [e] Used 3 equivalents of 2. [f] Used 7 equivalents of 2. [g] Used
5 equivalents of 2.

Nakamura, I; Kudo, Y.; Terada, M. Angew. Chem., Int. Ed. 2013, 52, 7536.



3. Recent TM-catalyzed synthesis of heterocycles

Solvent effect for diastereoselectivity

P

A
- 0
N [{CuCl(cod)}>] (5 mol%)
o’ _ >
/J\ s 50°C
1j 2¢ (5 equiv) 0 HN 0 HAr::
(Ar = p-F3CCgH.) : /N : ~N
Ph—N ’&Ph *+ Ph-N A\\iph
0 HO h 0 H O Ph
(anti)

P
3t (syn) 3t' (anti

Entry  E/Z" Solvent t[h]  Yield [%]" 3t/3t
1 Z CH;CN 2 71 >99:1

2 Ze 1,4-dioxane 2.5 76 93:7
3l Z 1,4-dioxane 120 ol -

4 E0 CH,CN 72 63 >99:1

5 E 1,4-dioxane 24 67 69:31

6 E toluene 24 55 51:49

[a] The reactions of 1j (0.2 mmol) and 2 ¢ (1.0 mmol) were carried out in
the presence of [{CuCl(cod)},] (5 mol %) in solvent (0.2 mL) at 50°C.
[b] E/Z stereochemistry at the oxime moiety of 1. [c] Combined yields of
3t and 3t [d] The ratio was determined by "H NMR spectroscopy.

[e] Chiral substrate (R,Z)-1j (99 % ee) was used (3t:2% ee, 3t": 30% ee).
[f] The reaction was carried out in the absence of copper catalysts. [g] At
70°C. [h] Obtained 28 % of (E)-1j. [i] Chiral substrate (R,E)-1j (99 % ee)
was used (3t: <5% ee).

will be discussed in
Quiz 2.

Nakamura, I; Kudo, Y.; Terada, M. Angew. Chem., Int. Ed. 2013, 52, 7536.



3. Recent TM-catalyzed synthesis of heterocycles

Well-estabilished works: Intramolecular Heck type amination reaction

XO.. \ R?
t. Pdo/L
R"J\\/\/\R2 . - HN,{
R3

(E or Z isomer)

M. Kitamura, K. Narasaka, Chem. Rec. 2002, 2, 268 =277

Review papers _ _ |
K. Narasaka, M. Kitamura, Eur. J. Org. Chem. 2005, 4505-4519.



3. Recent TM-catalyzed synthesis of heterocycles

Intermolecular Pd-catalyzed annulation; between highly reactive two species

_OCOC4F

N % Ms N/

Saeh 00—
. SRS

3a 7a 6a
Entry Pd Ligand Pd/ligand Solvent (ratio) T[°C] Yield [96]"! butyronitrile - squbiIity
1 [Pd(dba),] P (o-tolyl); 1: CH;CN/tol (1:9) 110 trace . .
2 APC P (o-tolyl), 1:2 CH;CN/tol (1:9) 110 10% is bad for CsF. but h|gh bp
31 APC P (o-tolyl), 1:2 CH,CN/tol (1:9) 110 trace
4 APC P (o-tolyl)s 1:2 CH,CN/tol (1:1) 110 27
5 APC xphos 1:2 CH;CN/tol (1:7) 110 30 molecular sieve
69 APC dppp CH;CN 80 trace .
74 APC P (o-tolyl), 1:2 C,HsCN 100 40 Improved the yield
g APCH P (o-tolyl)s 1:2 C;H,CN 100 40
e APC P (o-tolyl)s 1:2 C;H,CN 120 67
101 [Pd(PPh;),] - C;H,CN 120 65
116 APCH dppp 1:1 CH,CN 120 53 No Beckman pI’OdUCtS
129 APCH xphos 1:2 C,H,CN 120 53
13 APCH - C,H,CN 120 60
14 APCH P (o-tolyl), 1:2 C;H.,CN 120 70 No interference Of the
150 APCH P (o-tolyl), 1:2 C;H,CN 120 74 .
16 - - CHACN 120 0 resulting heterocycle

[a] All reactions were carried out under an argon atmosphere using Pd (5 mol%), 7a (2 equiv), CsF
(3 equiv), c=0.42m for 20 hours. [b] Yield of isolated product. [c] Slow addition of 7a over 4 h. [d] 7a
(3 equiv) and CsF (4 equiv). [e] 2.5 mol %. [f] ¢=0.25 m in the presence of M.S. (4 A). [g] Similar yields
were obtained when dppe, P(2-furyl);, dppp, and johnphos were used as supporting ligands. dba=
trans,trans-dibenzylideneacetone, dppe= ethane-l,2-diylbis(diphenylphosphane), dppp = propane-l,3-
diylbis(diphenylphosphane), johnphos = 2-(di-tert-butylphosphino)biphenyl, Tf=triflate, tol =toluene,
TMS =trimethylsilyl, xphos = 2-dicyclohexylphosphino-2',4’,6'-triisopropylbiphenyl.

T. Gerfaud, L. Neuville and J. Zhu, Angew. Chem., Int. Ed.,
2009, 48, 572-577.



3. Recent TM-catalyzed synthesis of heterocycles

Scope ™S APC (2.5 mol %), xphos (5 mol %)
[:Ij CsF (1.3 equiv),
OTf  butyronitrile, 120 °C
7a 50 % CBHT
byproduct l
;Pd
9
\-OCOCeFs APC (2.5 %)
| TfO P(o-tolyl); (5%)
R=alkyl o : :@
T™MS CsF (3 equiv)
R’ 70 MS.(4A),
butyrenitrile, 120 °C
Keto-enol 3p: R=Me, R'=H 6p: R=Me, R'=H  24%
taut ation? 3q: R=Me, R'=NO, 6q: R=Me, R'=NO, 19%
autermization:= 3r. r=ipr, R'=H 6r: R=iPr,R'=H  29%

T. Gerfaud, L. Neuville and J. Zhu, Angew. Chem., Int. Ed.,
2009, 48, 572-577.



3. Recent TM-catalyzed synthesis of heterocycles

[proposed mechanism]

Pd(0)

Reductive Oxidative
Elimination Addition

f

N \\ NPd —PdX
. __69@\_!9!'99_
Rb Insertion
C-H . {
Activation Voo Insertion \X----
N™ CSFT

- Al :de TMS
: :OTf

T. Gerfaud, L. Neuville and J. Zhu, Angew. Chem., Int. Ed.,
2009, 48, 572-577.



3. Recent TM-catalyzed synthesis of heterocycles

Pd-catalyzed intralmolcular C-H amination

N,OAc catalyst (x mol%) H
| base? (1 equiv) _ @7
Ph 1a Toluene, 150 °C 2a Ph
entry catalyst base time (h) yield (%)°

1 Pd(dba), (100 mol %) — 4 70
2 Pd(dba), (10 mol %) K5;PO, 24 74
3 Pd(dba), (1 mol %) Cs,CO; 24 72
4 Pd(PCyj3), (1 mol %) Cs,CO;5 24 56

“The reactions were conducted on 0.05 mmol scale in 1 mL of
toluene. ” Dried in a furnace at 500 °C. © GC yields.

Y. Tan and ]. F. Hartwig, J. Am. Chem. Soc., 2010, 132,

3676-3677.



3. Recent TM-catalyzed synthesis of heterocycles

[proposed mechanism]

/ W_H [ OAc  Pd(dba), (1 mol%) H \
1.0 N Cs,CO3 (1 equiv) N
R T P | - R‘I_: p R3
R3 toluene, 150 °C =

R2 R2
Pd(dba), oxic{afive redgctr’ye Pd(dba),
addition elimination
OAc
C-H

I
R1 - N’[Pd] activation R1 X [Pd]NH
i . M
N Lo 7N NN RS
R Cs,CO;  CsOAc
\_ ¥ )

_.OCOCgxF
NI oo CGF5(O)CO\ ,PCy:j CSZCQS H
Phw)\ + Pd(PCys); Pd (1 equiv) N
—_— /s N R =
(1 equiv) Toluene  CyaP IN Toluene Y
Ph t Ph 150 °C

1n 56% 2h 23. Ph
isolated yield Ph 3 31% yield

(see Sl for X-ray)

Y. Tan and ]. F. Hartwig, J. Am. Chem. Soc., 2010, 132,
3676-3677.



3. Recent TM-catalyzed synthesis of heterocycles

Pd-catalyzed decarboxylative alkylation S [(Pd,(dba)] (2.5 mol%)
N-o ligand (10 mol%) A&Me
Ph— ~ Ph—Q
dioxane, 80 °C, 12 h
Me O Ve
Me . 2a

Entry  Ligand Conversion [%]®  Yield [%]™
1 PPh; 98 84
2 P(4-MeC¢H,); 91 76
3 P (4-MeOCgH,)s 98 83
4 P (2-furyl), 81 69
5 P (4-FCeH,);3 100 92

M 6 P(4-CF,C¢H,); 100 95 (871)
Q,J\\ { M] = [Pd] 7o PG 0 °
“_co, .\ 8 P(2-MeC¢H,), 14 1
. 9 P(2-MeOCH,), 9 0
4H-isoxazol-5-ones vinylnitrene complex 10 PBu;, 0 0
« N-O activation 1 PCy, 3 0
+ decarboxylation 12 P(tBu), 7 6
13¢ dppb 11 0
140 rac-binap 15 0

[a] The reaction was carried out with isoxazolone 1a (0.20 mmol),
[Pd,(dba),] (2.5 mol %), and ligand (10 mol %) in 1,4-dioxane (1.3 mL).
[b] The yields were determined by 'H NMR spectroscopy of the crude
products (see the Supporting Information). [c] Yield of the isolated
product. [d] 5 mol % of ligand was used. binap=2,2"-bis(diphenylphos-
phanyl)-1,1"-binaphthyl ,Cy = cyclohexyl, dba = dibenzylideneacetone,
dppb =bis(diphenylphosphanyl)butane.

K. Okamoto, T. Oda, S. Kohigashi and K. Ohe, Angew. Chem.,
Int. Ed., 2011, 50, 11470-11473.



3. Recent TM-catalyzed synthesis of heterocycles

[proposed mechanism]

N-
0O
N Ph—
R
Me [Pd] L 1a(R=Me)
2a (R =Me)

, oxidative
reductive addition
elimination

[Pd] AL
N N—[Pd] Ph O
R
Ph— or Ph #_‘ﬁ—R Me 1%
Me Me
c C’ R A

\ o], /fecarboxy,'aﬁon
N N
thR Ph— [P
and/or Me
M '
e B B R

K. Okamoto, T. Oda, S. Kohigashi and K. Ohe, Angew. Chem.,
Int. Ed., 2011, 50, 11470-11473.



3. Recent TM-catalyzed synthesis of heterocycles

Further functionalization of aziridines

Y
/ N Me conditions N
R1 N\ » R'1 7 Me
R? X

R2
2 59
Entry Aziridine Pyrroline Conditions Yield d.rk
[9]"
A
N MO c
y e
1 2a Ph AcOH 79 11
Me 5a
N
N 3
Ph—¢ | Me .
2 2a Me;SiNs, H,O 62 141
Me 6a
Br
N Me
/4
3 2a Ph Br, 73 2:1
Br Me

2a

2a

2d

Me Brz

H,, 5% Pd/C

H,, 5% Pd/C

63

67

54

61

>

3:1

K. Okamoto, T. Oda, S. Kohigashi and K. Ohe, Angew. Chem.,

Int. Ed., 2011, 50, 11470-11473.




3. Recent TM-catalyzed synthesis of heterocycles

Cu-catalyzed coupling reaction; oxime aceate and aldehdye

N
@/ﬂ\ . ©)LH [M], additive B
2 solvent, 120 °C O N ‘
1a 2a 3aa
entry catalyst additive solvent yield (%)

1 Cul - DMSO 30
N-OAc 0 2 Cul NaHSO4 DMSO 79
. { . 2l Y H CuBr (10 mol %) 3 CuBr NaHSO; DMSO 89
2R ., RE NaH182C())3¢,)CDMSO 4 CuCl NaHSO4 DMSO 77
6= 1 5 Cus0 NaHSO4 DMSO 61
33 examples up to 95% yield 6 Cu(OAc)2 NaH803 DMSO 60
7 CuBr NaHSO4 NMP 78
8 CuBr NaHSO,4 1,4-Dioxane 42
9 CuBr NaHSO;4 Toluene 35
10 CuBr Na,S0; DMSO 32
11 — NaHSO4 DMSO 0
12 Pds(dba); NaHSO4 DMSO 0

“ Reaction conditions: acetophenone oxime acetate 1a (0.9 mmol),
benzaldehyde 2a (0.3 mmol), catalyst (10 mol %), and additive (0.9
mmol) in solvent (5 mL) under Ar at 120 °C for 2.5 h.

Z-H. Ren, Z.-Y. Zhang, B.-Q. Yang, Y.-Y. Wang and Z.-H.
Guan, Org. Lett., 2011, 13, 5394-5397.



3. Recent TM-catalyzed synthesis of heterocycles

Scope
NaOAc
H_ CuBr, NaHSO; _ ) 10 89
z F”_ TDMSO,120°C g
n=1 or2
1a-1p 2a

rield
entry 1 product R! Eﬁ %) 11 90

1 H, 3aa 89

2 N'OAE G Me, 3ba 88

3 AL OMe, 3ca 90

m "~ =8

4 Rrﬂw » F.3da 80
1a-1f G N @ 12 78

5 ; , CL3ea 80

R R

6 Br, 3fa 85
13 61

7 3ga 90
14 68
8 3ha 90 15 63
16 56

9 3ia 91 “Reaction conditions: oxime acetate 1 (0.9 mmol), benzaldehyde

2a (0.3 mmol), CuBr (10 mol %), and NaHSO; (0.9 mmol) in DMSO
(5 mL) under Ar at 120 °C for 2.5 h.

Z.-H. Ren, Z.-Y. Zhang, B.-Q. Yang, Y.-Y. Wang and Z.-H.
Guan, Org. Lett., 2011, 13, 5394-5397.



3. Recent TM-catalyzed synthesis of heterocycles

Proposed mechanism

.IOAC CU+ N Cu+ N’CUE"' HN,-CU2+
| |
Ph)\ ) F’h)J\ ph)\ Ph&
Cu®*
1 A B c

Ph H 2
- - |
Ph Ph \ Ph)\/KPh
D NHQOAC E
Ph 2 Cu?* Ph
\ - N{_J,\? ;T. NI X
PASN
= =
(OH)CU2+ Ph Ph 2 Cut Ph Ph
F 3

Z.-H. Ren, Z.-Y. Zhang, B.-Q. Yang, Y.-Y. Wang and Z.-H.
Guan, Org. Lett., 2011, 13, 5394-5397.



3. Recent TM-catalyzed synthesis of heterocycles

Ni-catalyzed synthesis of pyridines; [4+2]

4
[Ni(cod),] (10 mol %) R
N OMe IPr (10 mol %) L
+ R{—=R3 >
R‘Jl\/\gz i-PrOH (5 equiv) = | = R2
toluene, 130 °C, 3 h
Pr
NS Pr N o
| i s e
Ph Ph  tBu Ph 4-F-CeHs
Pr
N/LX‘H-JP" i SN
I
e
F’h/J\fj\Me A-F-CgHs Ph  ph” ™% “4.MeO-CsHs
3ba 3ea 3ha
Pr Pr
Pr
® bf ;
o
Me Pt 4-MaO- CEH.s, = A~ pn
3ca Jab

Y. Yoshida, T. Kurahashi and S. Matsubara, Chem. Lett.,
2012, 41, 1498-1499.



3. Recent TM-catalyzed synthesis of heterocycles

Proposed mechanism

Ho
i
3 ____.—/I_I - i 1
aa NiH, Nio)/1Pr O
\ N
| |
Ph
—N ﬁ”e
|
Mi / Pr

H H
PH 'pr 10 /]\f\ 6
0 |

J
2/,
P”\

—N
H Ni >_<

Y el Ni-OMe

ﬁ—d
PHK Pr 9 o Ph’J\”/’\Ph 7
MeOH\ NN F'r/

| |
i-PrOH pp, Ph
Niome 8

Scheme 1. Plausible reaction pathway.

_ Ni(cod), (10 mol %) Pr
N-OFPr IPr (10 mol %) L
| + Pr—=—"pr - |
ph/l\:’/’\ph toluene, 130 °C, 3h o A~ Z~pp
1i 2a 3aa 88% vyield

Y. Yoshida, T. Kurahashi and S. Matsubara, Chem. Lett.,
2012, 41, 1498-1499.



3. Recent TM-catalyzed synthesis of heterocycles

Fe-catalyzed

. Me  OAc Me
synthesis of N ML, (20 mol %) =N
phenanthridine I N ) sovemsoc.2an

1a 2a
temp yield

entry ML, (mol %) solvent (°C) (%)°

1¢ Cul (20) DMSO 80 40

2 Cu(OAc), (20) DMSO 80 55

3 Cu(OAc); (20) AcOH 80 70

4 Fe(acac); (20) AcOH 80 96 (93)°

5 Fe(acac); (10) AcOH 80 90

6 Fe(acac); (20) AcOH 60 92

7 Fe(acac); (10) AcOH 60 51

8 Fe(acac); (5) AcOH 60 8

9 FeCl; (20) AcOH 60 48

10 Mn(acac); (20) AcOH 60 0?

11 Co(acac); (20) AcOH 60 04

12 Ni(acac)s (20) AcOH 60 0?

13 Fe(acac); (20) DMSO 60 5

14 Fe(acac); (20) dioxane 60 5

15 Fe(acac); (20) toluene 60 8

“The reaction was performed on a 0.2 mmol scale in 1.2 mL of the
solvent. ”Determined by 'H NMR using 1.1,2.2-tetrachloroethane
as an internal standard. “ Isolated yield 1s shown in the parentheses.
“Determined by GC.

I. Deb and N. Yoshikai, Org. Lett., 2013, 15, 4254-4257.



3. Recent TM-catalyzed synthesis of heterocycles

SCO e . . . . . .
“aldoxime acetate — unstable in this reaction conditions”
Me Me \ Me
Ry [OAc R3 =N = =N  Me(H)
N Fe(acac); (20 mol %) =N N\ / \ 7
R'.l\ \/HZ R‘I\\ \\ / \/RE O Q Q Q
/N AcOH, 80 °C, 24 h / < Q
— — — — F H(Me)
1 2 29, 55% 2h, 51% 2i + 2i', 82% (1:1)
=N =N =N =N OMe(H) —N Mo
\ 7 \ 7/ N\ / \ \ / -
Cl F
00 O OO0 O OO .
2a, 93% 2b, 90% 2¢, 87% H(OMe)  MeO
Me Me Me 2j + 2j', 80% (1:1) 2k, 77% 21, 77%
=N =N =N Et Ph
(A Dom { A Do (A e = ‘t.
N\ / N
- OO0 O

2m, 84% 2n, 75%

“ Unless otherwise noted, the reaction was performed on a 0.2 mmol
scale in 1.2 mL of AcOH. Yields refer to isolated yields.

I. Deb and N. Yoshikai, Org. Lett., 2013, 15, 4254-4257.



SUMMARY

cascade reactions; cycloaddtion
and rearragememt OR R

-> complex heterocyclic structures KK;[{]

R":' R’(N internal
KN/ H\/) oxidant

[1.3]

\ A/ B\\O
[3,3]
* o ')vN‘Rv
directed sp? C-H bond M
functionalization _X \
(not covered)
0 j NU '3 N or O-heterocycles
NOR R N 7
H

H o O _N  introduction of
new functional groups






Quiz 1.

COE CO,E R CO,Et
R 25t NaBH,CN, 2
e ‘ . ‘ | MeOH e) HCI ,0H|| .
10 min 1h N

X~">NHoH  ©OHC
R =H, p-Me, p-Cl, p-OMe, -
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Quiz 2.
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exo selective [3+2] cycloaddition is preferred..



Quiz 3.
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