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- First described by Meisenheimer (1926)
- commercialized in 1954

Oxidation of pyridines

.. MeReO3 (0.5 mol%), aq. H,O,
\ - abbreviation: PNO .
or HOReO3 (0.5 mol%), (Me3SiO),
| - >19,000 (1 step) reactions on Scifinder, not CH.CL
- including patents fon e
N+ - many drugs contain N-oxides 0-0
- standard aromatic reactions (like Sandmeyer )(
I . : Me” ~Me DMD
O- etc.) are not covered. Radical reactions also not DMD (excess)
covered, except for 1 example (full coverage CHyCl2, 0°C
would be a separate group meeting).
| X mCPBA X i X
Differences to pyridine N/ CH.Cly, r.t. N"/
- PNO is more nucleophilic ACOH. a0, HiO O
- PNO is more electrophilic - '1oqo. é 2
- higher dipole-moment [4.37 D (PNO) vs 2.03 D (pyridine)] e) B
- much weaker base [pKa = 0.79 (PNO) vs pKa = 5.2 (pyridine)] )J\ ACOH, UHP
N NF. neat, 85 °C
Mesomeric forms * H0;
UHP H,S04/H,0,
(Caro's Acid)
70-100 °C

GO i

H,0, procedure: Org. Synth. 1953, 33, 79; Org. Synth. 1963, Coll. Vol. 4, 828.
Oxidation can be chemoselective

: : : CsF7 F CaF7 F
> preferred attack of both electrophiles and nucleophiles at either )( )(
oxygen, the 2- or the 4-position X o X O\N
» O-protonated species reacts like deactivated pyridine P CuFo | _ C4Fo
» Reactions involving nucleophilic aromatic substitutions (SyAr) are N ‘W N m’
comparable (but faster) to the once of pyridine and are not 30 min = 30 min
covered in this group meeting. Mel 81% Me 76%

Resnati, Tetrahedron 1998, 54, 7831-7842

Oxidation with non-fluoro oxaziridines requires high reaction temperatures: Lam,
Tetrahedron 2011, 67, 8353-8359.



2
Baran Group Meeting

Andreas Weickgenannt Pyridine N'OXides June 9, 2012

1
Multiple oxidations can be tricky... 1 De-novo syntheses
I
mCPBA (1.0eq) : Me
CH.Cly, rt., 13h | ﬁ/ CuBr(PhsP)3 (10 mol%) Me
40% I Ph N/ Ph3P (10 mol%) Ph | N
I > B
: X 0 DMSO, 120 °C i
| . Ph™ "N
| 71% N
mCPBA (3.5 eq) _ | Ph O
CHxClp, rt,, 13 h I Nakamura, JACS 2010, 132, 7884-7886.
8% =~ o oo ~ .
O
1) Na,CO3 OR
CIH,C
AcOH, ag. Hy0, ) e m)LMe 2) ROH-HCI B
90 °C, 18 h MeO~ ~Me N 0 +/
73% HO' 67% o Me™ "N" "Me
. O
Tummel, J. Org. Chem. 1985, 50, 3635-3636. via
..oralmost impossible - Me
p Me
Meo  ©O

HOF-CH3CN

~N (F2+H,0+CH5CN) Iskander, Yagoub, J. Chem. Soc. Chem. Comm. 1981, 696-698.

AcOH, aq. H,0,

Matsumoto, Nehira, Kubo, Chirality 2011, 23, 543-548. Davies, Marcoux, OL 2001, 3, 209-211.

- B ([ | e e e e m e o e e e o e e e e e e o e e e e  E E E — E E — —E — —E — — — — — — — — — — — — — — — — — — — — — — — ———— -
70-75°C, 3 h N 0 °C, 5 min
70-80% >60% MeOZS 1) Cor M902S
u
Me.+*Me (105 eq)
Maerker, Case JACS 1958, 80, 2745. Rozen, Angew. Chem. Int. Ed. 1999, + c. | THF, rt.
E. J. Corey, JOC 1964, 30, 288-290. 38, 3472-3473.} N o | 2) H,NOH-HCI
-------------------------------------------------------------------- 1 | Me. AcOH, TFA
; M N7 N 85% Me
()
: e Me
| MeOQS
mCPBA (12 eq) ) ! presumably via
> >+ © ! = Cl
CH,Cly, r.t. N I [
overnight 1 .Me
99% | | N (@) 'Tl
1 = Me
1 Me N
|
I
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via condensation reactions K,CO3

|
|

Ph : EtOH

°C,5h

NaOAc Ph_~xPh I 6035(3:%5
+ HO- NH3 AcOH | B !
ClI reflux, 5 min Ph N* ~Ph :
|
|
|
|
|
|
|

97% Cl)
Au(IMes)OTf (5 mol%)
Buchardt, Act. Chem. Scand. 1970, 24, 3435-3443. CH,Cl,
NC CO,Et CO,Et rt., 30 min

96%
+ HO—N+H3 AN K2CO3: Yamanaka, Heterocygles 1986, 24, 2311-2314.
ol Eom N S [Au: Shin, Synlett 2008, 924-928.

reflux, 30 min ’}“ Deoxygenation without further functionalizations
PCl,

i
81% o :
Kim, Heterocycles 1998, 48, 1237-1248. 1 EtOAc, r.t,2h
1 96%
OH ! P(OEt);
cl COMe COzMe | EtOAG, r.t., 48 h
o “70°C.30n 1 70%
9 | PhsP
2 59% ! N j 3
| 230 °C, 35 min
____________________________________________ _KL'T_‘:_Q_L_Z_O_OP_' 2,343-35____ | N7 50%
via rearrangements/cycloadditions I 6 Raney-Ni, H, (1 atm)
1 r.t., hours
NC \’&/\ DBU | ~ 1 quantitative
_— > . |
= xylenes NS Fe, Zn, Sn
Ph reflux, 48 h H2N ,Tl Ph ! acids
6% o :

Chucholowski, THL 1990, 31, 1949-1952.

Br

PMHS (3 eq)

I
I
O I
[ j I (PhsP)sPd (1 mol%)
O-N N I | N orPdC m NaOH (5 eq) | A
MeO,C— ! P : Z THF 2 EtOH ~
I
I
I
I

+
/%)\ph é 'V'eOH N rt., 45 min N" 160 °C, 200 min N
Os5N 57%

O sealed tube
88% 99%
Nesi, Giomi, JOC 1992, 57, 3713-3716.

Chandrasekhar, Synlett 2002, Bjersvik, JOC 2005, 70, 3218-3224.
349-351. (see also for references on deoxygenations)
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Nucleophilic reactions on PNO Aminations — not this way...
In general, the oxygen atom attacks an electrophile followed by a

subsequent 1,2- vs 1,4-addition of a nucleophile displacing the O-LG
moiety. Additionally, SyAr can take place (not covered). pyridine (2 eq)

R R
TN . \ﬁ _DPPA(5eq) _ U
Chlorinations ~ B Cl E - 120 °C, 24 h [ E

Brominations usually done with Br, in CCl,. However, selectivities
are moderate and highly dependent on substituents:
Paudler, JOC 1983, 48, 1064-1069.

Yin, Xiang, JOC 2007, 72, 4554-4557.

1
| ; N
R R R R 1 'Tj 21%-quant. yield '\‘I /N
B LTI I T A B N R o NN
+
N+/ neat N+/ | _ | _ : Ph OMe
\ 110 °C | cl cI” >N N
o 2h o. ClCI : Ny o Me M o SN2
or A B c ; ol R |
B O i | ’TF ,Tl+ ,Tl+ Me ,Tl+ ’TF B '?l+ A
CONM62 1 O O 0} o O O
xCN N Cl P A NMe; ! 90% quant. 96% 71% 30% 81%
] | | | ! r.s. = 65:35
N N . . I Keith, JOC 2006, 71, 9540-9543. AB
| | 'Tl+ l}l" I Initial findings: lyengar, Chem. Lett. 1983, 1745-1748.
o o l
83% 93% 74% 82% 84% 80% : """""""""""""""""""""""""""""""""""
88:102  80:20:0 47:38:15  70:30 32:46:22 34:47:19 | ...but this way!
ratio given as A:B:C Yamanaka, Chem. Pharm. Buli. 1988, 36, 2244-2247. |
_____________________________________ I
- R tBuNH; (5-9 eq) R R
Brominations only rarely used I Ts,0 (2-4 eq) A TFA U
CO,Ph CO,Ph CO,Ph : | - PhCF3, CH,CI | ~ o | —
2 2 2 N* i N~ “NtBu n0°c N "NH;
Me OBn R NH NH 1 | 5-12°C, 15 min 26h
A POBr; (2eq) (N XXy~ ' 2 POBr; (3 eq) AN 2 ] O 71-92%
5 PhMe E - CH,Cl L : Ph Me OMe ClI  CO,Me
X7 N 80-100 °C N™ "Br  go°cq) N* : ?
o 1h 3h o : AN N Y Y Y X A
45% 58% e e gt |
R R R R S
Clark, J. Med. Chem. 2011, Lumeras, J. Med. Chem. 2009, . . . - _ . ,
54, 1511-1528. 52, 5531-5545. : o o © o o o ©
I 84% 92% 88% 90% 71% 92% 80% 82%
|
|
|
|
|

Fluorinations and iodinations usually done by S Ar.
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Special for imidazoles The scope of this reaction was further broadened:

Initial report: Abramovitch, Singer, JACS 1969, 91, 5672-5673.
Londregan, OL 2010, 712, 5254-5257

1
I
I
\\ // SO 1 I?,r
L el L ' O
PhCI “ 1 '
J 100-130 °C N '\\'\/\§ I N
hours - days =N 1 \ /
. I
(15 eq) | R PyBrop (1.3 eq) R
Ph CN , E iPrLEN (1.2 eq) E
Z + HNu > _
OMe N X A\ : N CH,Cl, N™ "NR;
| _ | _ NN o rt,15h
AN
N N/\B Me” "N I 28-96%
W Qe O Q.
6h 2h 3d 7d = _Me bz CO, Me CN
76% 78% 79% 51% I N" N N™ "0
(from 2,6-lutidine-N-oxide) I SO,Me Me Me CO,Me CO,Me
Keith, JOC 2008, 73, 327-330. |
_____________________________________________________________________ ,
Using PyBrop 5 PFs ' 63% 79% 60% 50% 61%
o : Londregan, OL 2011, 13, 1840-1843.
_P% b L .
O |
N I R R" oxalyl chloride (1.5 eq) R
¢ I E\/ﬁ HN” 2,6-lutidine (2.5 eq) [\/j
R : s CH,Cl - A R
R PyBrop (1.3 eq) X I N* o~ R 0°C > rt. 15h NN
E iPraEtN (1.2 eq) E | o L, )\
A + NHR, > ~ | 56-100% 07 R
rt, 15h
' I
A A A X A | X ! Me N-Me -Me | A Me
- - - | » 2 : j‘\ j‘\ Me” N j\
N” " NH, N7 °NH °N N/\§ N”NH N7 °NH N7 °NH
| 1 O Ph O Me (0] Me
Me \< 107 Me 07 “Me
| I 73% 100% 85% 66% 73%
X : Bilodeau, OL 2002, 4, 3127-3129.
58% 83% 95% 36% 65% 57% | Further contributions: Movassaghi, JOC 2009, 74, 1341-1344.
I
I
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Phosphorylation

0 0 ).L N!
/ 1

-
|

~ ~ ~
N~ >sAd N~ >sAd N SAd: Me,S04 OEt X

|
|
|
|

Sulfurylations

L

| OEt
| X NH, HSAd 67% N~ > p-OEt
- ACQO N I
’T‘ reflux = \Me ©
o Redmore, JOC 1970,35, 4114-4117.
Ad = Adamantyl Oxidation @ o
. X X e) X
Bauer, J. Heterocyclic Chem. 1985, 22, 771. | | ) ’Tl O)J\Me | D )J\ |
--------------------------------------------------------------------- I SN AcO O Me N~ 0" “Me H20 N~ 0
R R R SR’ : O reflux \n/ H
E\\ HS with or without EtzN E\/j + E\\ | } _L....O________ I
= + R AC,O NP SR N i Cyanation CN 1) Me»S0,
I reflux 1 1) AcCl (neat!)
0) A B | 2) KCN X X 2) KCN =
! P R W e
Me tBu I 81% *
1 N CN N A:B = 60:40 'Tl
O Q000 Lo "
1
- - - - - Reissert reaction modified Reissert reaction
+ + + + + 1
N N N N N h Feely, JACS 1959, 81, 4004.
O O O O O IR Me,NCOCI (1.0 eq) R R
R' = Me R' = tBu R' = Ad R' = tBu R' = tBu | \ X Me3SiCN (1.1 eq) _ |\ X ‘I\/Ie3S|CN (2.5€q) E\/j
with EtsN 41% (90:10) 35% (80:20) 33% (82:18) 48% (96:4) | | P CH,CI o ~ - MeCN £
without EtsN  38% (52:48) 62% (70:30) 44% (68:32) 41% (71:29) 48% (83:17) ! l}l+ rt f 52d N CN 110 o% 12h N
non-symmetrically substituted pyridines give more complex mixtures. : (0} o ' O_
Comprehensive review: Bauer, Heterocycles 1986, 24, 161-179. | Fite JOC 1983, 48, 1375-1377. Vorbriiggen, Synthesis 1983, 316-319.
Rationale for 3-substituted products | (received October 4, 1982) (received: October 18, 1982)
1 Me
(i 2 e A Me OH CO,H
g 2
e (Wl O O 00, OOl
—ACO N~ “SAd SN ! - - - - - -
O\[( N N 1 ’TF ,Tl+ Me ’Tr \ ’}F ’TF \ /4 ,Tl+
! o o o) o o o
@] |
: Fife 94% 100% 95% (90:5)  100%

Vorbr. 80% 41% 80% (50:50) 89% 73% 76%
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Alkylations, Alkenylations, Arylations, Alkynylations CIMg
Cl
. T
X 1) PhMgBr N . N tBu
| Pl S | notdireatly || THF,0-10°C

ITI l}l Ph | Acy0, reflux N Ph then
O OMgBr
fast Cl)k OiBu
and F pyridine, 110 °C
disrotatory 2.5 kg scale
80%

p38 MAP kinase inhibitor
(treatment of rheumatoid
arthritis and psoriasis)

g I
— >
X Ac,0, reflux X

l?l Ph l?l Ph e
OMgBr OWMG | R R R .
| X R'MgX X E* X7
e | L) nm | O, | €
Reaction: Kato, JOC 1965, 30, 910-913. | N©  THF —40°C N~ R | THRA0°C [+ g
Mechanistic understanding: Kellogg, JOC 1971, 36, 1705-1708. : (|) 6MgBr 6
I
_____________________________________________________________________ 1 OH Ph OH
I
R
X 1) RMgBr, THF R\, : (j)\nPr ph (j)\
E _ 2) ACQO, MWI, 120 OC‘ E/l I \N+ ’I,Ph + /,Ph + /, "y, nBu
N+ \N R' I | .
" @)
Bn
? : 59% 81% 50% 28% 60%
I
I
Me | Ph R
1 2 Raney Ni
63% 38% 81% 78% 45% 37% IRJ PhMe ., Hz (1 atm)
Almaqist, OL 2007, 9, 1335-1337. : 60 °C, 30 min | Me?”
Further optimization: Aimqvist, Chem. Commun. 2010, 3384-3386. | 86% 1% HC|
| R = CO,Me
I
I

Olsson, Almqvist, Angew. Chem. Int. Ed. 2009, 48, 3288-3291.
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1
Pd,dbas (2.5 mol%) Pd(OAC), (5 mol%) | H .
=
X-Phos (5 mol%) R tBuzP-HBF, (6 mol%) I o ~ }
E NaOtBu |\ N K,CO3 | /j\ I R———R Loy L”
- _AX : (1.5 eq) (40 eq)
e N Me T E AN Ni(cod), (10 mol%) Pd(OAc), (10 moi%) Rix
MW, 45 min O 110 °C | E . R CypsP (10 mol%) E Ag,CO3 (2.2 eq) |
N+ - - R
: N PhMe PhMe N* 7 "a
, O Rll r.t. 110 °C O' k\\\\ /')
N XN Me : : 9 examples 24 examples e
| | ! 54-81% 40-88%
+ pTol + . + !
N N , pTol Me pTol ’}1 I Nakao, Hiyama, Angew. Chem. Int. Ed. 2007,  Chang, JACS 2008, 130, 9254-9256.
o o Me O oTol 'r_f’?v_???%'ﬁ?f b
91% 90% o X 56% 59% I Radical reactions and photochemistry (separate GM necessary)
e "~ 1
Me N NC ' R R
(ﬁ/\/ . | N | |\/ﬁ TBHP |\\
. | . | + RH Ao +
K pTol ' g L < neat, 135 °C J/\ <
'}l OMe : pTol 'Tl Me : ’Tr sealed tube R ITIJ' R
o ! 0 | O (20eq) o
76% 70% ' 4%
: A B
Sequential: I
Pd,dbas (2.5 mol%) Pd(OAc); (5 mol%) |
N X-Phos (5 mol%) tBugP-HBF, (6 mol%) Me I A A A A A
() eoms 0 ) ) U DEyh
7 ' + + + + +
N7 Me AX_ ArX ! N N N Me” "N PhTON
O PhMe PhMe o o o} o o
MW, 45 min 110 °C I'rR= cyclopentyl R=cy R=cycloheptyl R=cy R =cy R=cy
Me o ' 40% 70% 61% 55% 75% 81%
ot ! 1 41 100: 2.2:1
(43% at inversed order of addition) |,  trace of B 5 : 00:0 <
| ratio given as A:B, if applicable. Itami, Li, Chem. Eur. J. 2009, 15, 333-337.

Initial report: Fagnou, JACS 2008, 730, 3266-3267. [~~~ "~ """ T T T m e

1
Optimization (and examples shown here): Fagnou, Tetrahedron 2009, 65, 3155. X
————————————————————————————————————————————————————————————————————— |l Ccuso, | X T\ 0
Ph Ph I ONR Lo \+’ R~ | W Y
Tebbe reagent I N H20, hv N" Y- N Y N

A - A | O low yields . H

| THF | =

- 0°C - 25 °C _ 5(?0'\(]) Angew. Chem. Int. Ed. 1 Base, R,NH |

l}l 2 h, 83% N Me , 39, 2529-2533. | Summary: , - ll
o I Fasani, Tetrahedron Lett. 1988, 44, 2591-2600. N R NR;
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@ 1) LDA, THF, =75 °C | N
< 2) electrophile, =75 °C <

Electrophilic substitutions

B H§8004 H§SOO4 SO3H N+ NH E” "N* "NH
3 3
Bry HgSO, N
\ / D NH  HO,C N NH
O Boc
80% 48% 73%

Br, (2 eq) Lﬁ
TI(OACc)3 (3 eq) H,SO,

Coordination helps:

AcCOH, HNO;4 OMe
70°C, 24 h o 80-90 °C OMe OMe
53% | N 1) LDA, THF, =75 °C
. ) < 2) electrophile, —75 °C
Br Et30"BF4 N02 [}j"'
CHCl3 -
Me fi XN XN ©
| A reflux | or | | T T | A B C
P AN - - I ! Theuseof LITMP | For electrophile = DCI: 83% A-B-C = 100:0:0
’Tj | ) N O,N” "N o gives much ! or electrophile = DCI: 6, A:B:C = 100:0:
N N* o o 1 ! For electrophile = I5: 80%, A:B:C = 81:5:14
O | 1 worse results. ! ,
o BFs i For electrophile = MeCHO: 61%, A:B:C = 100:0:0
Et” Quéguiner, J. Chem. Soc. Perkin Trans. 1 1995, 2503-2508.

The breakthrough: Using RMgBr instead of nBuLi as the base:
1) iPrMgCl or nBuMgCl R R

(1.7eq), THF, -78°C_ XXX ) N
nBuLli L 2) electrophile E i without JT\ g
(<]
Et,0, —65 °C THF, =78 °C —> r.t. N E E 'T' E
(O O

OBn
Cl OEt OEt Me Cl | AN ﬁ | X OMe Me I N Me
Me Me - - - Ph - Ph
() )y Yy ey oo . Ny N*
N+/ N+/ N+/ N+/ N+/ N+/ N+/ O O OH O O OH O OH
| | | | |
O' O' O O O O O 90% 65% 67% 86% 92%
7% 48% (atr.t) 56% 16% 41% (in THF) 72% 49% Almqvist, Tetrahedron Lett. 2008, 49, 6901-6903.
100:0 25:75 65:35 25:75 49:51 77:23 90:10 For related reactions using bromine/iodine-magnesium exchange, see:

R T
]
o
>

(ratio given as A:B) Abramovitch, JOC 1972, 37, 1690-1696. a) Quéguiner, Tetrahedron 2000, 56, 1349-1360; b) Duan, JOC 2009, 74, 939-942.



10
Baran Group Meeting

June 9, 2012

Pyridine N-Oxides

Andreas Weickgenannt

Cycloadditions

Me Me
X 7 N
» _ | = s 7\
N Me
- “ - N Me N
| Me Me
HO N o — 0
(0] 2] S
|[ AN Me Me
_ _ =
(1]
Me Me | N Me o) cl
Me e [1,5] = (@)
f b,,,,l//o < N ° VA ‘.Q | N 15 N0 R
Xy R |
N~ NR © NRILS o 0 NG
I 6] . X
o i o | NG [3]
F o
F
F [5]
| CFs | o
N F P a— N 3 Me AN Me Me
F e -0
A ) | L
F N SO,Ph > ~ .
F (I) N\‘
SO,Ph
[1] Larock, JOC 2006, 71, 4689-4691. The first intermediate can also be accessed by treating PNO with Ar,I"BF, resulting Me
in an O-arylation with subsequent addition onto the pyridine: Abramovitch, Tetrahedron Lett. 1977, 1109-1112. Me =, -0
[2] Lindner, Heterocycles 1997, 45, 811-816. ghoz
[3] Hisano, Chem. Pharm. Bull. 1990, 38, 605-611. N‘\\
[4] Hisano, Heterocycles 1992, 33, 179-188 and literature cited herein. SO,Ph
[5] a) Mailey, Ocone, JOC 1968, 33, 3343-3344; b) Makosza, Chem. Eur. J. 2008, 14, 2577-2589. \

[6] Jeschke, Bioorg. Med. Chem. Lett. 2005, 15, 2375-2379 and especially literature cited herein. PhO,S
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Just one rearrangement:

A
. MesSialyl) (2 eq) |
@ TBAF (10 mol%) N
- > |
N©  THF,0-5°C o:
| H ~ .
O 10 min Me’/s'\
Me

Functionalizations of the side-

X
0
"

chain with participation of PNO

X XX | N
— Cl - i Ac,O N
N CHCl3 N Me

reflux, 12 h (5

reflux, 15 min
78%

70-80%
Wieczorek, JOC 1968, 33, Bockelheide, JACS 1954, 76,
1530-1532. SeO, 1286-1291.
| AN
- 0
ITI+
O H

Drugs containing PNO's

Me
O
HAIR P _
E Formula N+ / N+ C|
| 7\ |
Eli:« (o} 00 o
B Dr Proctor’s Hair JPL-153
- Regrowth Shampoo (anti-HIV)

NH,>
S B
HN

i g
I
o 0 Me Me
cytotoxic pro-drug
CCRS5 antagonist
(anti-HIV)
| XN N CIO
I
¢ N
N

ITF H)ﬁ( N/j@
o FF O
F

P1 N-benzylamide thrombin inhibitor
(Merck)

L
m ,Tl+/ S/S\Me
A.S__S (o}

N S” ""Me
I natural product

o anti-bacterial activity
anti-bacterial activity
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Additional uses of PNO

PNOs can be used as oxidants in a number of transformations. For a
brief summary in the introduction, see: Sajiki, Eur. J. Org. Chem. 2011,
3361-3367.

(see also: KCN, PSB, Angew. Chem. Int. Ed. 2002, 41, 993-996)

PNOs can also be used as chiral ligands and organocatalysts:
a) Malkov, Kocovsky, Chem. Eur. J. 2007, 29-36; b) Chelucci,
Tetrahedron: Asymmetry 2004, 15, 1373-1389.

Very famous is their use as reagents in radical decarboxylations,
referred to as the Barton decarboxylation. For a recent review on the
applications of this transformation, see:

Almeida, Tetrahedron 2009, 65, 3563-3572.

For a related decarboxylation of acid anhydrides yielding aldehydes,
see: Richardt, Eichler, Kratz, Tetrahedron Lett. 1965, 233-236.
Reviews used for this Group Meeting

Albini, Pietra, "Heterocyclic N-Oxides", CRC Press, 1991.

Youssif, Arkivoc 2001, 242-268.
Charette, Chem. Rev. 2012, 112, 2642-2713.



