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@ Introduction to PNO .(Pﬂ-
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+

First description of PNO by Meisenheimer in 19261
More than 20’000 1 step reactions of PNO (SciFinder) + patents

More nucleophilic than pyridine (t-back-donating character)
More electrophilic than pyridine (o-electron-withdrawing character)

Z.
N

Strong dipole moment (4.37 D vs 2.03 D for pyridine)
Weak base (pKa = 0.79 vs pKa = 5.2 for pyridine)

Attack from/to positions 2, 4 and 6 and O

o=+

'GZC>+
|
IO-ZD
]
I
|
O:Z<-|z>|

1. Meisenheimer, J. Ber dtsch. Chem. Ges. 1926, 59, 1848.
2. Review: Lam, J. N. Heterocycles 1992, 33, 1011.
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Eﬁ? Synthesis of PNO from pyridine Eglljﬂ!w

Simple oxidation of pyridine to PNO

MCPBA
DCM, It A
AcOH, H,0, H,0,
80 °C MeReO,, H,0,
DMDO > MO
DCM, 0 °C 2
@ AcOH, UHP _ @ § CF3CO5H
N“ neat, 85 °C 'd\)'/ MCPBA
Caro's acid = PhCN+NaOOH
80°C H,SOx
MeReO,, H,0,
DCM, rt

Denovo synthesis also possible (via condensation or rearrangement/cycloaddition)
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@ Reduction of PNO to pyridine .(Pﬂ-

6 ECOLE POLYTECHNIQUE
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Deoxygenation of PNO to pyridine

PCl,
AcOEt, rt

P(OEt)3
AcOEt, rt
PPh,
230 °C

@ Raney-Ni, H | X
N“ rt &

0

Y

Fe, Zn, Sn
Acids
Na

Alcohols
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@ Addition of Grignard .(Pﬂ-

6 ECOLE POLYTECHNIQUE
- FEDERALE DE LAUSANNE

Kato!: Isolation of the proposed N-hydroxydihydropyridine
Kellogg?: Revised later to be the pentadienal-oxime (standard + 'H NMR J coupling + IR)

Ollson3: Practical synthesis only 40 years later!

Increased conjugation in the linear system favors its formation
Ring opening via disrotatory electrocyclic opening
Ac,0 promotes ring closing through Beckmann-type rearrangement

X
| PhMgBr O\ ACZO reﬂUX A
+
> Ph |
N> Ph

THF, 40 °C

1 O-Z

43%
70% °

(\lL Ac,0, reflux ﬂ
SN NPh > SN “ph
d)Ac

OH

1. Kato, T.J. Org. Chem. 1965, 30, 910.
2. Kellog, R. M. J. Org. Chem. 1971, 36, 1705.
3. Ollson, R. Org. Lett. 2007, 9, 1335.
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(gj Addition of Grignard (2)

+

Highly selective for the 2 position vs the 4 one (N-O as DG)
With 3-picoline: only the C-2 arylation observed + no need for the acetic anhydride

(L, G, Q

38% 82%

Alkyl Gringnard: only modest yield (a-metalation)
R 63%

1) RZMgCI, THF, rt
> N Ph
2) AC0, MW | _ Ph
120 °C, 4 min N R? A
| 86% AN
N/ | 73%
X N
/

Ph MgCI (\/( /O/

TR
trace

43%

1. Ollson, R. Org. Lett. 2007, 9, 1335.
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@ Cyanation .(Pﬂ-
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Reissert-Henze reaction not working with PNO (increased aromaticity compared to quinoline)
Feely!: Methylation with Me,SO, (neat) then cyanation. Mixture of 2 and 4-cyanopyridine
Shioiri2: Selectivity solution using DEPC as activating and directing reagent

X 1) AcCl

@ 2) KCN N

NP ——K—> Ej\
N7 ~CN

6

-+

X 1) Me,S0O, CN
O 2) aq. KCN N

g - L o
6 NZ > CN lr\(

49% 32%

A
N
@ (NC)P(O)(OEt)2 @ ag. KCN S
NG > —_— |
N CN

N 0.0

Eto’d)Et 2504

1. Feely, W. E.J. Am. Chem. Soc. 1959, 81, 4004.
2. Shioiri, T. Heterocycles 1981, 15, 981.

The Synthesis of Pyridine Derivatives using N-Heteroatom Pyridinium Species



+

@ Cyanation (2) .(Pﬂ-

6 ECOLE POLYTECHNIQUE
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2 practical solutions: almost simultaneously (4.10 vs 18. 10)
Fifel: Dimethylcarbamyl chloride + TMSCN (carbamyl not susceptible to CN attack)

Vorbriiggen?: TMSCN without further activation

NC
| N R TMSCN, Me,NCOCI X TMSCN, (NaCN | N R
I (NaCN)

8 DCM, rt, 1-5d 5 MeCN, 110 °C, 12h S
- A — B -
HO,C OH
.. O L. O, ¢, X
N ~CN |N/ oN N NCN NZ~CN NZ~CN NZCN
A 94% 100% 100% i i 95% (95:5)
B 80% 89% 41% 76% 73% 80% (1:1)

G{i_ o X &
) ® o w7 | -
NG A Nz _ NG ‘\ ; M >LN ] t
| cw NC ] NG ¥

é CN Cl ‘CN |

o = 0 " 0 "
/ @) \ NMe MMe e
J_NMeZ Me2 b\TMSJ l\S/lles m/ \Y 2 Y 2 ‘\n/ 2
4] o]

1. Fife. W.K. J. Org. Chem. 1983, 48, 1375.
2. Vorbriiggen, H. Synthesis 1983, 316.
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1.
2.
3.

Reddy!: Azidation possible but unstable product
Keith?: Use of DPPA as activator + DG
Direct amination by Merck3: Tosyl anhydride as activator. Perfect C-2 selectivity

+

1O~

idi 120 °C
40% d) Pyridine,

+

N Ts,0O
’ e
S PhCF,, DCM, 10 °C NZ “NH'Bu 70 °C N7 NH,

84%

Reddy, K. S. Chem. Lett. 1983, 12, 1745.
Keith, J. M. J. Org. Chem. 2006, 71, 9540.
Yin. J. J. Org. Chem. 2007, 72, 4554.

A N
| PhSO,N N
+ - 273 - | AN
N > | - DPPA N
Heat NP SN NZ=N l |
3 N=N N7 > NN

N=N

90%
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(gj Azidation/Amination (2)
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+

Londregan: PyBrop as activating agent for amination® and other nucleophiles?

()
Q_EiBr PF,
o

PyBrop
iPr,NEt PyBrop
@ iPr,NE
| HNR, N AN
o — |l | HNu N
5 DCM, rt N NR, Z — |
C iy DCM, rt NZ >Nu
NZ SN NZ >N NP SNNF l\ NZ NZ I\(il\o
H H \? ~
S/\/ 0O
83% 93% 85%
68% 66% 28%
X le | ® en [
SN [ v s ®
? EtO N0
58% 95% 44%
50% 61% 96%

Londregan. A. T. Org. Lett. 2010, 12, 5254.

1.
Londregan. A. T. Org. Lett. 2011, 13, 1840.

2.

11
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Singer!: Through thermal rearrangement
Bilodeau?: In situ activation of the amide with oxalyl chloride/2,6-lutidine

Movassaghi3: In situ activation of the amide with Tf,0/2F-Py

N/
HN~ + | '4\-'/

X B X
Cl- “Ph | L pn O)\Rl X

> N N~

O)\Ph

47%

R2 D Tf,0, 2F-Py @ .
> SNZNN- 39-74%

NZ
o)\Rl ) DCM, -78 °C to It

DCM,0°Ctort

DCM, reflux

IO—Z\

I

P
\

+
+

N g

SN
. R2 RZ OTf |,
51 HR- N+ NZ
I >l N
Tfo)\Rl . 6 2 “R2
R 14

Singer, G. M. J. Am. Chem. Soc. 1969, 91, 5672.

Bilodeau. M. T. Org. Lett. 2002, 4, 3127.
Movassaghi, M. J. Org. Chem. 2009, 74, 1341.

1.
2.
3.

, N (CoCly2. N
R 2,6-lutidine | 2
R
> NP\

O)\Rl

56-100%

12
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1.
2.
3.

Often achieved via halogenation/substitution but regioslectivity issue + low yield
Bauerl?3: Adamantanethiol as Nu. Regioselectivity issue
Triethylamine can improve the selectivity but reduce the yield

0
CN
o N N NJ\ |\
| | H SAd
Xy “NH, NZNsAd NZNsAd

| AdSH
+
N/ Aczo reflux

6

Bauer, L. J. Heterocycl. Chem. 1985, 22, 771.
Bauer, L. Heterocycles 1986, 24, 161.
Bauer, L. J. Heterocycl. Chem. 1991, 28, 1051.
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EN? Sulfurylation (2) .(Pﬂ-
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1.
2.
3.

Various thiol + substitution pattern tolerated but yield + selectivity not perfect!-?3
Changing the activating agent can sometimes improves the yield + selectivity

Rl
RY RY
O HSR? R2S
| N flux ® ' ®
C,0, reflux
iy R2S7 N7 N
X X X X X
® ® ® ® ®
o) o) o) o) o)
R2~ Me ‘Bu Ad ‘Bu ‘Bu
with NEtg i 41% (9:1) 35% (8:2) 33% (82:12) 48% (96:4)

without NEt;  38% (52:48) 62% (7:3) 44% (68:32)  41% (71:29) 48% (83:17)

Bauer, L. J. Heterocycl. Chem. 1985, 22, 771.
Bauer, L. Heterocycles 1986, 24, 161.
Bauer, L. J. Heterocycl. Chem. 1991, 28, 1051.
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Robison?: initial report
Yamanaka?: yield not affected by electronic/steric but the selectivity yes

CN HO
POCI, X CN X CN X NCeN
> | P + | + |
Cl- N7 NZ

IO—ZC/%

neat, 110 °C N Cl
Major Trace Trace
R
- D o
Y e e — O Y Y
I
5 neat, 110 °C (])\E/CI NZ | Cl~ N? lN/
- o)
@]
NG N/ NG N N
0 o 6 6 b
83% 93% 74% 82% 84% 80%
47:38:15 70:30 32:46:22 34:47:19

88:10:2 80:20:0

1. Robison, M. M. J. Am. Chem. Soc. 1959, 81, 740.
Yamanaka, H. Chem. Pharm. Bull. 1988, 36, 2244.

15

2. , H.
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1.
2.

Bromination
6 ECOLE POLYTECHNIQUE
- FEDERALE DE LAUSANNE
Bromination with POBr, also possible!?
R
o _R
NH
S 2 POBr, NH,
NG DCM, 60 °C | ~ 40-60%
d NZ “Br
CO,Ph co.ph
OBn 2
| POBrs OB Xx=cla5%
X7 N Toluene, 90 °C | X =Br 49%
o NZ “Br

Clark, R. B. J. Med. Chem. 2011, 54, 1511.

Lumeras, W. J. Med. Chem. 2009, 52, 5531.
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EN? N-N Addition of Grignard .(Pﬂ-
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1-pyridinio-4-pyridone cation with the blocking methyl groups with Grignard!-3
No clean isolation possible of the dihydropyridine
Not working with organolithium

N N

61% 47%

68% 35% 90% 78% 53%

1. Katritzky, A. R. J. Chem. Soc. Chem. Comm. 1979, 137.
2. Katritzky, A. R. Angew. Chem. Int. Ed. Engl. 1979, 18, 792.
3.

Katritzky, A. R. J. Chem. Soc. Perkin Trans. 1 1980, 2480.

The Synthesis of Pyridine Derivatives using N-Heteroatom Pyridinium Species 17
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@ N-N Cyanation .(Pﬂ-
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1.
2.

Ohsawa'-2: addition of KCN to 1-(N-acylalklylamino)pyridinium
Mainly the 4-cyanopyridine but dependent of the [KCN]

N CN
l_l 7 ag. KCN ﬁj . @\ 6.2 M 89% of th.e 4—cyanopyridin§ |
NP | P NZ>en 12.5 M 1.4:1 ratio 2-/4-cyanopyridine

AN AN AN AN
I o I o I o I iz
I~ 1~ I~ -
N o N o N o N o
e \r e e e
Yield for C-4/C-2 89:3 88:0 92:0 0:13

Ohsawa, A. Chem. Pharm. Bull. 1963, 11, 780.
Ohsawa, A. Chem. Pharm. Bull. 1966, 14, 518.

The Synthesis of Pyridine Derivatives using N-Heteroatom Pyridinium Species
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S .

Sammes’?34: addition of KCN to 1-pyridinio-4-pyridone cation
Selectivity also dependent on the [KCN] (2-cyano = kinetic/4-cyano=thermo)

Use of methyl blocking group increase the selectivity

0.17 A between the methyl hydrogen and the hydrogen at C-2/C-6

@
O N
N conc HCI l}‘
NG + —_— N
| | | reflux | |
NH, HO,C” >N0O7 NCO,H
80%
| S
- Q4 CN
BF, '}'/ aq. KCN
" . S
B |
NZ
95%

Sammes, M. P. J. Chem. Soc. Chem Commun. 1975, 247.
Sammes, M. P. J. Chem. Soc. Perkin Trans. 1 1977, 327.
Sammes, M. P. J. Chem. Soc. Perkin Trans. 1 1979, 1698.
Sammes, M. P. J. Chem. Soc. Perkin Trans. 2 1985, 573.

BF, aq. KCN =
z | ol
N CN
SN
5% 87%

The Synthesis of Pyridine Derivatives using N-Heteroatom Pyridinium Species
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@ N-N Addition of Enolate .(Pﬂ-
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b o

Addition of lithium enolate at the C-4 position (steric). Isolation possible of the
dihydropyridine but reflux of AIBN affords the pyridine?!

Lithium enolate of ester/nitrile gave bad yield?
Increase the acidity of the enolizable center: addition of malonate and cyanoacetate?

and of nitroalkane?*

(e}
R3R2 4
X R
1
| ltl/)_R (@] RSRZO
BF, ) LDA | gt AIBN, CCly, reflux R4
| | R3 -78°C 4 or toluene, reflux | \—Rl
[ ] N
NaOEt
X
|, X _Y N R2 _NO,
;N \If 31) 2
e —  » _I NG R R3 NO,
MeCN BF,
l l " hY B I de X
| | | | 2) h™, Benzoyl peroxide | N g1

Katritzky, A. R. Angew. Chem. Int. Ed. Engl. 1979, 18, 792.
Sammes, M. P. J. Chem. Soc. Perkin Trans. 1 1981, 2476.
Sammes, M. P. J. Chem. Soc. Perkin Trans. 1 1981, 2835.
Katritzky, A. R. J. Chem. Soc. Perkin Trans. 1 1981, 588.
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@ N-N Addition of N/S/P .(Pﬂ-

6 ECOLE POLYTECHNIQUE
- FEDERALE DE LAUSANNE

b .

Addition of aniline to 4-chloro-1-pyridinopyridinium followed by cyanide or sulfinate

attack?!
1-pyridinio-4-pyridone cation with the blocking methyl groups with thiol?34
Initial addition reversible in water but driven to cleavage in MeCN (higher pK.,)

cl B R%N,Ar
- N I R2 Ar
BF4 || R2NHAr Y 'CNor SO,R N
RSP NRL > | A gl >
' 5 EtOH, reflux MeOH, rt
N_ BF, 4
Z+ | o
Q ]
[~ sr?2 7]
[, R
NP | ARt SR2
BF, R2SH

N
| | H,0O I{I f\—Rl
N

Katritzky, A. R. J. Chem. Soc. Perkin Trans. 1 1983, 973.
Katritzky, A. R. J. Chem. Soc. Chem. Comm. 1975, 247.
Sammes, M. P. J. Chem. Soc. Perkin Trans. 1 1977, 327.
Sammes, M. P. J. Chem. Soc. Perkin Trans. 1 1981, 1585.
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N-N Addition of N/S/P (2)

Addition of trialkylphosphite?!

1.

B I- . _
R20_+ PO(OR?):2

E\ - “P(OR?):

+ ) 1R 2

BF, '}'/ Nal, p(OR?)3 | Lgt N POOR)2
N N) | \
MeCN | N
[ ] { | -
| |

Katritzky, A. R. J. Chem. Soc. Perkin Trans. 1 1981, 668.
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1.
2.
3.

Akibal?: use of TBDMSOT( to activate pyridine

Excellent C-4 selectivity due to the steric of TBDMS

Better yield if isolation of the silylated pyridinium (10-20% more)

Facile reoxidation under air

Silyl chloride ineffective but silyl iodide as effective as OTf3
Organolithium = modest results / cuprate too soft / enolate attack the Si

X 1) RMgBr R
X TBDMSOTf @ _ 2) O, N X
| J jRF oTf ——— > I\ |
N

tBDMS N

R

O C
N7 NZ >R

R = Ph, 73%, 99.7/0.3
R =Pr, 79%, 99.6/0.4
R = "Hex, 72%, 99.5:0.5
R = Ph(CH2)2: 71%, 98.1/1.1

Akiba, K.-y. Tetrahedron Lett. 1982, 23, 3935.
Akiba, K.-y. Bull. Chem. Soc. Jpn. 1984, 57, 1994.
Riemer, R. Synthesis 1987, 931.

R
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24



+

@ N-S Addition of C-nucelophiles .(Pﬂ-

6 ECOLE POLYTECHNIQUE
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1.
2.

Addition of enolate exclusively at the C-4 position?
Rearomatization with KOtBu in DMSO / KOH in DMSO back to SM (reversible?)
Corey?: Addition of nucleophilic aromatic in high yield and selectivity

- o -
O 1 R? 0 2
2 R R
@ Rlﬂ\/R '‘BuOK R1
> _—
N/ szO, 0°Ctort I I DMSO, It I O
N N7
I
'Y y
e
Nu
NMe, Me \ \

Nu MeO
@ Nu, >0 o m 'BUOK ﬁj 86% 56% 67%
N DCM, -30 °C N DMSO, rt |
1 \is \(DQ A
-
\ o \

84% 38%

Katritzky, A. R. J. Org. Lett. 2001, 3, 2807.
Corey, E. J. Org. Lett. 2005, 7, 5535.

The Synthesis of Pyridine Derivatives using N-Heteroatom Pyridinium Species
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EN? Metalation: PNO vs pyridine .(Pﬂ-

ECOLE POLYTECHNIQUE
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S .

C-H protons very close in acidity — regioselectivity issues

C-2 may form preferentially but destabilization with N-lone pair = isomerization to the
4-pyridine

Dimerization to the bipyridine
Addition of the strong base to the ring

Preferential deprotonation of the side chains

Schlosser, M. Chem. Soc. Rev. 2007, 36, 1161.
Yus, M. ARCHIVOC 2007, 152.

Quéguiner, G. Tetrahedron 2001, 57, 4059.
Kondo, Y. Angew. Chem. Int. Ed. 2007, 46, 3802.

The Synthesis of Pyridine Derivatives using N-Heteroatom Pyridinium Species
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@ Metalation of PNO .(Pﬂ-

6 ECOLE POLYTECHNIQUE
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PwnNPE

Abramovitch®234: First report of deprotonation of PNO. Disubstitution is the major
side-product

2 - ? :
AR nBuLi then cyclohexanone S N
| - oY ¢+ o o
N Et,0, -65 °C NG PN°
5 ¢ °

Cl OEt OEt Cl
X X X X X A X
I iz I o2 I iz I iz I oz I iz I 2
o) o) e o) o) b o)
7% 48% (rt) 56% 16% 41% (THF) 72% 49%
100:0 25:75 65:35 25:75 49:51 77:23 90:10

Abramovitch, R. A. Chem. Commun. 1967, 55.
Abramovitch, R. A. J. Am. Che. Soc. 1967, 89, 1537.
Abramovitch, R. A. J. Org. Chem. 1972, 37, 1690.
Abramovitch, R. A. J. Org. Chem. 1972, 37, 3584.
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|
(gj Metalation of PNO
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+

Qéguiner?: Use of bulky amine base remove the possibility for direct nucleophile

addition
Almqvist3: deprotonation using Grignard. No disubstituted product
1) lPngCI or NBuMgCl
X AN
2 2 | FR 2F I
U LDA, then E+ A NG ,*\‘,/
| > H 5 THF, -78 °C to It 5
e\ X RPNE - -
o) S
OBn OBn OBn
® ® I N O >
| I t
PN ANy PN tA_Ph Buoc K+ | » | e | »
b b ow o4 D N !
- - - b e e
100% 62% 73% - - -
90% 65% 67%
X 5
t t
BuOC N ltl/ BUOC\H + 2 Ts N OMe N
d_) (i) | NG Ph l NG Ph
83% 57% 6 H d) H
86% 92%

Martin, J. C. J. Org. Chem. 1983, 48, 4156.
Quéguiner, G. J. Chem. Soc. Perkin Trans. 1 1995, 2503.

Almaqvist, F. Tetrahedron Lett. 2008, 49, 6901.

N

28
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@ Metalation of in situ activated Py .(Pﬂ-

6 ECOLE POLYTECHNIQUE
- FEDERALE DE LAUSANNE

S .

Martin!: Deprotonation of the adduct Py+(F,C),CO at low temperature
Kessar?3: Activation with BF, then LITMP
Knochel*: Cross-coupling with CuCN. Switch selectivity if BF,

tBu 1) LITMP tBu
+ [—
(CF3)2CO A 2 E CH;OD = 83%
DT If\'l/ e [ 2= 000
0 -lorFCtor PhCHO = 60%
N? © N >E ’
FsC~  CF,
N BF, OEt, [ | Lvethenpncio T
I 7 > ltl/ N7 Ph
N THF, 0 °C BE THF, -78 °C .
3
87%
1) BF3 OEt, N N
CN 2) -IC—:MCF:)[Z\]ZE.(Z:I?AQCI ‘Licl CN 1) 'I(;MCI?IZ\IZE_-(2:l|\/lgCI2 LiCl Br
N Br - 3)~u ! N Br 2) LULNeLI .~ | X
| Br | Br NP
S0 YT
63% 659%

Martin, J. C. J. Org. Chem. 1983, 48, 4156.

Kessar, S. V. J. Chem. Soc. Chem. Commun. 1991, 570.
Kessar, S. V. Chem. Rev. 1997, 97, 721.

Knochel, P. Angew. Chem. Int. Ed. 2010, 49, 5451.

The Synthesis of Pyridine Derivatives using N-Heteroatom Pyridinium Species
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+

N TM-catalyzed reaction of PNO

ML

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

b .

Pd'2: by Fagnou. N-O prevent binding with N lone-pair. Increase electron density of the

Py ring. Increase Brgnsted acidity of the C2-H bond
Cu34: by Daugulis

ArOTf, pd(OAc)2
P(Cy)3*HBF,, Rb,CO;

| N PivOH

N -

?’; Al Toluene, 100 °C

Arl, Cul
X bathophenantroline
@ base

+
NP >R > Ar
(5 DMF, 125 °C

Fagnou, K. J. Am. Chem. Soc. 2008, 130, 3266.
Fagnou, K. Tetrahedron 2009, 65, 4977.
Daugulis, O. J. Am. Chem. Soc. 2007, 129, 12404.
Daugulis, O. J. Am. Chem. Soc. 2008, 130, 15185.

Py
§+ />

NZ
d)_

|

R = Alkyl or aryl

ArOTf, pd(OAc)2
P(‘Bu),Me-HBF,
K,CO3, PivOH

Toluene, 110 °c

S

RZ N7

+

¢

|O—ZZ\+i/>

Py

ArBr, Pd,dbag

X-Phos, NaOtBu | N
L. + Ar
Toluene, 110 °C g’f

R =H, Ar = Ph, base = LiOtBu, 58%

R=H, Ar = pyr, base = KzPO,, 41%

R = Me, Ar = Ph, base = LiOtBu, 43%

R = Ph, Ar = 4-CF4Ph, base = LiOtBu, 80%
R =Ph, Ar = naphtyl, base = LiOtBu, 91%

The Synthesis of Pyridine Derivatives using N-Heteroatom Pyridinium Species
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ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

@ Conclusion and outlook .(I)ﬂ-

Pyridinium salts are easily accessed and versatile precursors to nitrogen containing
heterocycles

Methods have been developed to achieve regioselective addition for most of the
nucleophiles

Still some work to do:
e Sulfurylation, Halogenation
e Use of in situ activated pyridine in order to avoid additional steps

The Synthesis of Pyridine Derivatives using N-Heteroatom Pyridinium Species
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Answers .(Pﬂ-

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

.&z@

1.
2.

RZSJ\/; e S{D . Rsz — "0
AcC

Amino pyridinium salts undergo selective cyanation at the 4 position but direct [3+2]-
cycloaddition!-?

/7 N\
CN
| KCN N
@ — N
I~
NH, NZ l\
N
23%

Okamoto, T. Chem. Pharm. Bull. 1966, 14, 506.
Okamoto, T. Chem. Pharm. Bull. 1966, 14, 523.

The Synthesis of Pyridine Derivatives using N-Heteroatom Pyridinium Species
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Synthesis of y-lactams via transition metal

catalysed carbonylation reactions

Frontiers in Chemical Synthesis: Heterocyclic Chemistry
11.05.2015

Julia Pedroni




(AW | 1sic

pyrrolidinones, indolinones, isoindolinones

NH

t NH; %L/l ’ O
Levetiracetam 2/ seletracetam

treagment of epnepsy potential angiconvujsant PEN

o nirole Indirupine
oh | ROpifirole , - potentiaj ant tumor
o treatment of parkinson's gisease
DoXapram o
resp|ratory stimujant g,o > % i
Cl
Chlortajigone
N“ )|  treamment of hypertension z.p_rasujon(_a
antipSychotic
N7~ O
Q
NS~ HN
EtZN\)
0 Sunitinib
StaUrOSporine PagOCIOne antj tumor
potential antiiotic anxjolytic
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Syntheses of y-lactams

classjca|

o = d.sconnecuons {/\
? N’

carbonylation

2
= ®
Pd d; R
co .= ™ N
. R2
HN—R
7\ M

hetero-Pauson-Khand . H
RZJJ\)/

gt;,

RZ
(6{0) H
B }\/ N, R
hydroformylation

Rh, Co

~.._ CO | HN-R
N\
x» CO \RZ

CH2
CN

Co, Rh, Ru




B | 1sic Transition-metal catalysed carbonylation

* 0. Roelen, 1938: discovery of the OXO-process at BASF
 H. Adkins, G. Krsek, J. Am. Chem. Soc. 1948, 70, 383-386

Preparation of Aldehydes from Alkenes by the Addition of Carbon Monoxide and
Hydrogen with Cobalt Carbonyls as Intermediates

By HoMER ADKINS'AND GEORGE KRSEK

A U. S. patent issued to Otto Roelen! discloses
a most interesting and rather surprising reaction,
i.e.

o

90-200
RCH=CH; 4+ CO + H, ————» RCH;CH,CHO
125-200 atm.

* A. Schoenberg, R. Heck, J. Org. Chem. 1974, 39, 3327-3331

Palladium-Catalyzed Amidation of Aryl, Heterocyclic, and Vinylic Halides

A. Schoenberg and R. F. Heck*
Department of Chemistry, University of Delaware, Newadk. Delaware 19711
Received June 18, 1974

Aryl, heterocyclic, and vinylic halides react with CO and primary or secondary amines with a dihalobistriphen-
ylphosphinepalladium(II) catalyst at 100° or below and 1 atm pressure to form substituted amines in good yields.
If-the amines are weakly basie, a strongly basic tertiary amine must also be present in stoichiometric amounts.
The reaction is highly stereospecific with cis and trans vinylic halides.
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Basic mechanistic pathways

M= Pd
iy
R Nu
MO
M o
NuH
~
Rx/[M”]
co CO

R !
X/[M”]

carbonylation type
Nu = RO, RNH

M = Co, Rh

MI

[
H
|
NS
O]

Py

CcOo

hydroformylation type




(W | 1sic Basic mechanistic pathways

R o R
)’ [Ru) -
| ~¢
O
% R
=B

0 H
R R /
/||H [Ru”]
[ N ROY /
0 ‘\_T o)
CO

Hetero-Pauson-Khand

S. Murai et al., J. Am. Chem. Soc. 1998, 120, 5335-5336



(AW | 1sic Carbonylation of amines

A’ Gardano et aj’ J* Qfganometal’ Chem' 1985’ 285’ 293 303

O

Br RCo(CO)4
H >
N g 1 atm CO, NaOMe N-R
MeOH, 35 °C
R =H, Et, Bn, Ph o 5 examples, 47-84% yield

R_/\OJJ\}L

G’ CfiSp €t al’ Tetrahedron 1995’ 51’ 5585 5596

—

oTf Pd(PPhg),
»
NHR 1am CO* NBU, @i«/N_R
=012 3 MECN’'65 C'215h n
- n

5 examples' 89 100% yi€ld

O O

OTf Same conditions OTf Same conditions
> >
\I\:K/WBn Bn
NHBN NHBn

100% yield 63% yield




(AWl | 1sic Application: synthesis of dehydrolennoxamine

K. Orito et @l, J. org. Chem. 2009, 74, 5486-5495

F,c _°
OMe 3\(

HN
MeO |
+
H NC

Pd(0OAc)2, PPh3
>

1 atm CO, K,CO4
toluene, reflux

97%




(AW | 1sic Carbonylation of amines

R’ Gligg et al’ Tetrahedron Lett' 2003’ 44’ 6979 6982

F
@]
Pd
| '\\/J o
R + Ac
H,N* Br ° -R
benzylic, allylic 1 atm CO, K,CO4
propargylic, alkyl DMF, rt or 80 °C 11 examples, 33-85% yield

amino acid ester

benzylic amine
formed in situ

R’ Gfigg et al’ Tetrahedron Lett 2003 44’ 7441 7443

I O
R 4+ Pd(0Ac)2, PPhs R
HoN | 1 atm CO, Cs,CO;
EWG toluene, 90 °C, 24-48 h EWG
R = aryl, alkyl EWG = ester, amide, 20 examples, 52-95% yield

nitrile, ketone

from 2-iodo-benzylbromide and RNH, employing Pd(OAc), and PPhs: L. Kollar et al, Tetrahedron 2011, 67, 1036-1040



B | 1sic Carbonylation of imines

C’ Cho et a’ SyNth™ comm’ 2002’ 32’ 1821 1827

Br , o
PdCly(PPhs)2’ PPhs
O H,N- > N—R
20 atm CO, Na,CO4
MeCN, 100 °C
R = alkyl, benzyl, allyl 8 examples, 35-51% vyield o o
C’ ChO €t @l Tetrahedron Lett’ 2009’ 50’ 2097 2099 [Pd']  carbopalladation -R
o “ N\Rl R=Me, H [Pd”]
Br R PdCl(PhCN)2
H,N~” >
.0 7 10 atm CO -R
DMF, 100 °C, 24 h
R =aryl, alkyl, benzyl 15 examples, 30-86% yield
R’ Hua et a Tetrahedron [ett’ 2013’ 54’ 5159 5161 O O
cl i A [Pd'" - i A [Pd
i S Flzl PdCly(PCys3)2 = // Z N‘Rl // N\Rl
// Z N > N N Rl R2 R2
/ 5 atm CO, Cs,COj5 I -
R X G
toluene, 130 °C, 8 h =)

R = alkyl, benzyl, aryl

R2 = M-and p-Cl, p-F 9 examples, 31-83% yield

10
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Sonogashira-carbonylation tandem reaction

H' Alp€r et a|’ Org’ Lett’ 2008’ 10’ 5281 5284

O
|
PdClz PPhs 2’ Cul, DBU
@E Rl// HzN’R2 ( ) , > N-R?®
Br 1 atm CO, ionic |iquid \
R® = aryl, heteroaryl 110°C, 36 h R*
R? = glkyl, aryl, benzyl 7 examples, 51-95% yield
Question 1: what is the mechanism of this reaction?
Rl
! same conditi Z
int: _ 2 conditions
D G .
Cl cl
83%

11
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Incorporation of molecular nitrogen

M’ Shibasaki et al’ J° Am" Chem’ Soc’ 1989’ 111’ 3725 3727

Br
Pd(PPh3)s’ 3 eq. 1

R 1 atm CO, K,CO4
NMP, 120 °C, 24 h

>

1= -
R=H N-Pr, Ph Ti(NCO)-complex

Pd-catalysed carbonylation

O
o 1
AN i
[Til-NCO
\ - |
R

H

\

R

3 examples, 55-77% vyield

1. Mg, THF, 1 atm Ny, 1t

2.1 atm CO,, 1t

Preparation of 1:  TiCl,

>

/O
/4

[TI]\CO
@)

T
N_to

e

[3THF Mg,ClL,0 Ti(NCO)]
1

12



C-H activation-carbonylation tandem

(AW | 1sic

K. Orito et al’ 3. Am. Chem. Soc. 2004, 126, 14342-14343

Pd ’

| N H (OAC)2 Cu(OAc)z> N 1

SN R 1 atm CO/air |// MR
R? toluene, reflux, 2 h R

Rl =Pr, Bn 8 examples, 86-95% yjeld

R? = e-rich, e-poor, disubstituted

H same conditions
nh P : 1 87%yield (2 hz]

=2 64%yield (24 hy

O

" O
O\/H same condjtions
24 h 84% yield N— s
oy N

11/1

Further investigations: K. Orito et al, J. Org. Chem. 2006, 71, 5951-5958 13



(W | 1sic Application: synthesis of aristoyagonine

J. Heo et al, org. Lett. 2013, 15, 4718-4721

2 steps I:’Ol(OAc)z Cu(OAc)2 2 steps
— > MeO - _ >
1 atm CO, toluene o
reflux, 18 h

Bn
78%

Aristoyagonine

14



- (lil IRSien Application: synthesis of hericerin

L. Miranda et al, Tetrahedron Lett. 2013, 54, 2131-2132

(@]
MeO
MeO Ph
§ Nn—
MeO ~""Ph o
3 steps MOM OACc)2: Cu(OAcC)2
’ p = (OAc) ( L _ MOM
1 atm CO/air
H toluene, reflux o
Z 84% _

Hericerin

15



(AW | 1sic Hydroformylation of allylic amines

H. Alper et al, J. Org. Chem. 1992, 57, 3328-3331

1

HN~ 1 and [Ru(c0)sClz]z 1 X BPhy
48 ajm COJ/H, 1/1, DCM J:lﬁ“—Rl | \?
R2 100 ¢, 24 h R? h(cod)
RL= aryl, Bn, alkyl 8 examples, 17-72% yield 1
R2=H, Me

A’ Patti et @l Tetrahedron Letters 1997 38’ 4315 4318

/H [Rh(0AC)2]2: ligand HN‘_ >
.
HN 27 atm H,/CO, benzene bu

o 80 C, 20h

ligand H,/CO ratio  hydroformylation

PPhj 1/1 40

PPh, 9/1 95

PPh; 1/9 10
BIPHEPHOS 1/1 100

0 NH,
@f OME  OME

carbonylation

o\ O O d
p- P
60 d S
5
90 O BIPHEPHOS

0

Further examples of regio- and chemoselectivity: Da Rosa et al, J.

Mol. Cat. A: Chemical 2008, 294, 82-92.

16
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Hydroformylation of allylic amines

G’ Vasapo|l0 et a|’ Appl” Ofganometal’ Chem' 2002 16’ 537 542"

Pd(OAc)2’ dppb

O HY

NH,
R? YH
RLA @(
R1=H Me,Ph Y=0Q S
R2=H, Me
X =Br, Cl

40 atm H,/CQ, NEt,
toluene, 100 C, 48 h R?

W

£,
»

byproducts

5 examples, 10-65% yjeld

P’ Eilbracht et al’ Tetrahedron 1998’ 54' 4493 4506

@)

g + ,R3
Rl/ H,N
R1=H, Pr R3= alkyl, Bn
R2=Ph, Pr
lhydroformylation
Rl
condensation
—»

R2
H X
H O

Rh R?
(cod)BPh4 o N=R3
100 atm H,/CO 1/1 =

dioxane, 100 c,3d

S examples, 14-37% yijeld
carbonylative
cyclisation

Rl Rl

RZ . R2
HOX reduction HOX

—»
H N H” > NH
R3 R3

17
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Hydroformylation of 2-alkynyl anilines

S’ Takahashi et al’ Tetrahedron Lett’ 1995’ 36’ 6243 6246

R? 5
// Rhe(CO)16
> o)
R 100 atm CO, H,0, NEt;

H dioxane, 175 °C, 14 h }Rl
Rl=H, Me

’ 6 examples, 23-83% vj
RZ = aryl, aIkyI p yleld

Y' Chung et al’ Org’ Lett" 2008’ 10’ 4719 4721

R? R
FZ Co,Rh, /
>
3 _R1 20 atm CO, THF
R N 90 °C,5h R®
k1

R =H, alkyl, aryl, benzyl
R? = alkyl, vinyl, ary!
R3=H, Cl, tBu

R2
/ N R2
O
Ol OO
1 Rl

byproducts

11 examples, 58-92% yjeld
E/Z ratio ~ 10/1

18



- (fll INSlen Hydroformylation of 2-alkynyl anilines

B. Gabriele et al’ Eur. J. org. Chem. 2001, 4607-4613

MeO,C

Z ,
Z Pdl,’ KI /
1 . >
R2 N-X 20 atm COfair 4/1 O
H MeOH, 50-70 °C, 15 h R2
R =H, alkyl, Bn R
R2=H Me, Cl 6 examples, 48-64% yield
J.Lietal org. Lett. 2007, 9, 3413-3416
P Rt X Rt
Z PdX,’ CuX,
A > N
|/ _ 1 atm CO | o
R? NH, CgHg/THF, 1t, 4-48 h R/ Z N
_ X =Br, Cl 10 examples, 31-82% yield
1= : yie
R™ = aryl, alkyl E/Z ratio 3/1 to >99/1

RZ=H p-Cl, p-F, p NO,

19
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Carbonylation-C-H activation tandem reaction

J. Lietal Eur. J. org. Chem. 2014, 616-623

RS R* R3 ”
N | Pd(0ACc)2’ A92CO3 o /)
L AR 1 atm CO, PivOH | ] D=0
22N MeCN, tt, 12 h I
R ki
1= n
R2 _ Me, NBu, allyl 20 examples, 55-93% yield
R= = Me, ClI, ketone E/Z selectivity: 1/1 to 2/1
R3 = alkyl, (hetero)aryl, €ster, nitrile
R%=H, Ph

Question 2: what is the mechanism of this reaction?

20



(AW | 1sic Synthesis of the indolinone core

R’ Gfigg et al’ Tetrahedron Lett’ 1996’ 37' 695 698

B ‘
' Pd(0Ac)2’ PPhy )n
Rl )n > O 0]
N TO 1 atm CO, K,CO;

n=1 2 MeCN, 60 °C, 22-34 h }?1
R = Me, Bz | 3 examples, 49-61% vyield
carbonylation ) Heck
N O
[}
r R?

21



- ({1l TESeN Hetero-Pauson-Khand type

S. Murai et al’ J. Organomet_ Chem. 1999, 579, 177-181

R O
R
/ NAr Ru3(CO)12 A | N-Ar
5 atm CO, toluene
160 C 20 h
EtO,C" Lo Et EtO,C” Lo, Et
R = TMS, Ph, alkyl 4 examples, 43-66% yield

Ar = p-MeOCgH,

R
possible intermediates: /
_CH / =NAr oxidative
Insertion cyclisation
R
R [Ru]
I [Rup~ | N—Ar
NAr
EtO,C 0,Et EtO, O.Et

22



- ({1l TESeN Hetero-Pauson-Khand type

C. Mukai et al, Angew. Chem. Int. Ed. 2013, 52, 11138-11142

(@)
CH,
H ’ NH
{Rhci(co)dppp}2]
1
R toluene, reflux > R O
1 atm CO
R3
2 3
52 R
Rl — SOZPh, Me, H 13 examp|eS, 15-88% y|e|d

R2=H, OMe, CI, NO,
R®=H, OMe, NO,

23



- ({1l TESeN Hetero-Pauson-Khand type

C. Mukai et al, Angew. Chem. Int. Ed. 2013, 52, 11138-11142

o)
CH
T {Rhci(Co)dppp}2] NH
CN -
toluene, 80-110°C 2
Rl)j\/kRz 1 atm CO - R
R1= Me, iPr, NBu, tBu, CH,OTBS 13 examples, 16-83% yield
RZ = CN, CO,Et, SO,Ph, Piv, 0- and p NO,-C¢H,
C. Mukai et al, org. Lett. 2006, 8, 83-86
R?2 /Rg © R3
N/
\ QR
N Coz(CO)ss TMTU> N
benzene, 70 °C
1 atm CO
Rl Rl

R1= 4 Me, OMe, CI 10 examples, 5-66% yield

R?=TMS, alkyl, CH,OTHP, (CH,),OTBS

R3 = Me, aryl S

MezN)J\NMe2
T™MTU

24
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Syntheses of Esermethole and Flustramide B

C. Mukai et al, org. Lett. 2006, 8, 83-86

\\

0 20 mol% Coy(CO)s, 1.2 eq. TMTU

benzene, 70 °C, 1 atm CO

TMS
\\ 2 steps &
NH, = SPS
55%
Me Me

C. Mukai et al, J. org. Chem. 2007, 72, 6878-6884

T™MS N
I
NH, ¢
3 steps \\ N 30 mol% Coy(CO)s, 0-3 eq TMTU
toluene, 70 °C, 1 atm CO

72%

>

T™MS

TMS

Me

Me

Esermethole

r
Flustramide B

25
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Question 1

H' Alper et al’ Ofg’ Lett’ 2008’ 10’ 5281 5284

i
O ==
Br

PO | Cul, base

Rt in Pd

A
r 3 —=
: NHR z
O bdin pd Il NHERZ g ‘ NFR
Br
O

26



(Wil Een Question 2
J. Lietal Eur. J. Chem. 2014, 616-623
ur. - Org. hem ! PA(OAC), ZEm PdL,(OAC), |
NH
HY = PivOH and/or HOAc | HY
I Z R
[O] + Hi, Pd Lz‘f’z\ 1
PdoL, .

\ o
S H O P(OAc) (10 mol%) N .
g2LUs, FIVS
i + CO >N
H HN_ MeCN, r.t, 12 h N
1x (0.2 mmol) 2x (50%)
Y Pd(OAC), (5 mol-%)
AngOS_ PIVOH
Ph + CO /’:' / no reaction
| MeCN, rt, 12 h
Ph >95% of 1z was recovered
1z (0.3 mmol)

/
N ) o
o) N N
O \
\ -— Pd'LY,
2 —R " |
RE Pd''L,Y AR
I
SR /
1
L = MeCN @Epd L,Y:
D R

27
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DANIELE PERROTTA
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Questions

1. In the work reported by Hou ‘inversion of diastereoselectivity’ the
use of tBuOK as base instead of Et3N provides higher yields. Explain.

2. Draw the structure of the product (at least the correct diastereoisomer),
knowing that the reaction is concerted with an endo transition state.

© Ph
N Ph
| O EWG
) + @ Product
( EWG)@\ N> R2 g
RL H




Outline of the talk

- Introduction

- Metal catalyzed 1,3-dipolar cycloadditions of azomethine ylides

- Organocatalyzed 1,3-dipolar cycloadditions of azomethine ylides
- Conclusions and outlook

- Questions



Introduction

S
N

Group
transfer

1

PERICYCLIC
REACTIONS

Cheletropic

1,3-dipolar cycloaddition

Pericyclic reaction: concerted reaction, cyclic TS.

Cycloaddition: two or more unsaturated molecules (or parts of the same
molecule) combine with the formation of a cyclic adduct in which there

is a net reduction of the bond multiplicity.!

1 International Union of Pure and Applied Chemistry (IUPAC). "Cycloaddition“.




1,3-dipolar cycloaddition (DC)

General mechanism

1,3-dipole

®
¢
aP~cO

a/b\c
( — o\ d 2 bonds formed
d—
d=¢€
dipolarophile

e Atom economy
* Rapid access to chemical complexity
» Efficient method for the synthesis of highly functionalized heterocycles



1,3-dipoles

1,3-dipole: dipolar compound with delocalized electrons and a separation of charge over
three atoms ‘ )

Examples 0f 1,3-dipoles

©)
1 R3® O

® o R.® o ® "N

N=N=N C=N=N O//O\O@ él
R']_ RZ Rl \RZ
Azides Diazo compounds Ozone Nitrones

Linear Bent
Azomethine ylides:
e o
Octet structures \C//@\C/ - \C/@\\C/
| | | |
® ,L © S |l| ®

Sextet structures ~c-..~c~ =« >c-...¢~
| | |

e 4 electronsin 3 parallel t orbitals
e Bent-type structure
e Enable synthesis of nitrogen-containing heterocycles




1,3-DC of azomethine ylides

Mechanism:

( )

Azomethine Ylide

Dipolarophile

- J

Usually concerted mechanism
[rt*s + mt?s] = Suprafacial/suprafacial process
thermally allowed:

I:,,C/N\C,\\\

-
ik

HOMO-LUMO interactions:

s

LUMO

HOMO

Azomethine Ylide Dipolarophile

LUMO

HOMO




1,3-DC of azomethine ylides

Regiochemistry:

— —t —
U0
cNe
O ¢
00
A-B
"FAVORED -
Stereochemistry:
1,3-dipole:
4 2 N\
RL_N_ RS ZN® N R LN
~~ \6 RI R3 F\E@ o @13

W-Shaped Ylide

Rl

N

U-Shaped Ylide

=\

\( TRB cis
v

S-Shaped Ylide

|~

R
|
N
Rl;( J‘\\Rs trans
iy

J

-~ Qo

P

o>

Exo/Endo TS:
( RZ RZ
RL_ N\/R3 RL_ N\/R3
® 5 ® 5
) )
R2 R?
R:L;(NJ’R:‘; Rl N R3
”/R4 xQ;“

exo

endo




Enantioselective 1,3-DC of azomethine ylides

Enders: Chiral 1,3-dipole

Ar >
% | Rl el
RLSNH ArCHO Rl’\ly/) RI Ar

m \Ph CHCl, A m\\Ph 2
A A

exo

Feringa: Chiral dipolarophile

Ogasawara: Intramolecular 1,3-DC

PMPO
— " "Nogn A

\fl\\ \\OBn
W\g/ Electrocyclic | PMPO \NJ\g

Bn ring opening

R? R?

Rl\ Q\Ar

pvpo” = H ”// ~—COOH
/ ~>NoBn — &

— N —’ N~ ~COOH
Bi H 3

(-)-kainic acid

Meyer, |.; Runsink, J.; Raabe, G.; Enders, D, Tetrahedron 1998, 54, 10733.
Rispens, M. T.; Keller, E.; de Lange, B.; Zijlstra, R. W. J.; Feringa, B. L. Tetrahedron: Asymmetry 1994, 5, 607.
Takano, S.; lwabuchi, Y.; Ogasawara, K. J. Chem. Soc., Chem. Commun. 1988, 1204.



Metal catalyzed enantioselective 1,3-DC of azomethine ylides

Catalytic cycle: RISNTNCO,R?
B C-iminoester . .
A a-iminoester as precursor of
Rl\‘z ;,,CO R2 M azomethine ylide
H 2 Chiral Catalyst
Product
:B
Catalyst regeneration
(‘\:B
®8_H
H
Rl%ﬁ)\lgORz
M N,O-chelate
A B
. 7 i OR?
R1v Ty
N \g O5_H
HLM---"

Ylide formation

Cveloadditi Rl%ﬁ@ OR?
ycloaddition ] *L’\,AiI

|

[I;A

Dipolarophile




Pioneering works in catalytic enantioselective 1,3-DC

Grigg: Chiral Copper Catalyst

NS

(as solvent)

Grigg: Chiral Silver Catalyst

Me

N)\COzMe + R

Ph,P PPh,
iNj

“en

AgOTf (1 eq)

25°C

Allway, P.; Grigg, R. Tetrahedron Lett. 1991, 32, 5817.
Grigg, R. Tetrahedron: Asymmetry 1995, 6, 2475.

endo
84% vyield
96% ee

endo

R = MeCO 83% yjeld, 70% €€
R = SO,Ph 64% yield, 70% €€

Model for selectivity

OMe

( Model for selectivity

FZ/ OMe

(-
Ag--N R?
/Fl)/ ERll
o)

Me

\
1
\
\
1

7
N




Pioneering works in catalytic enantioselective 1,3-DC

Jorgensen: Zinc catalyzed 1,3-DC

~
~

IB “t RZOZC Rl
CO,R? Zn(OTf)2 BY N
R! EtsN (10 mol%), THF Ar N CO,Me
rtor-20 °C
Rl =H, CO,Me endo
R2 = Alkyl 12 to >95% yjeld

<510 94% ee

Model for selectivity:

Bipyramidal geometry
(dipolarophile coordinated):
Observed enantiomer

Tetrahedral geometry:
Wrong enantiomer

A. S. Gothelf, K. V. Gothelf, R. G. Hazell and K. A. Jgrgensen, ACIE, 2002, 41, 4236.



Pioneering works in catalytic enantioselective 1,3-DC

Zhang: Silver catalyzed 1,3-DC

COo,Me  AgOAc (3 mol%) MeO,C CO,Me
Rl/%N/\COZMe + | Ligand (3.3 mol%)

iPr,NEt mol% R1 CO,Me
I orQ°
Rl i, Iyl oulene, rt 0°C |

73 10 98% yield
70 to 97% ee

ey

NH HN
==

e PAr;  ArP

N
Ar = 3,5-dimethylphenyl

Ligand

Other dipolarophiles
CO,Me

88% yield, 52% €€ 85% yjeld, 87% €€ 90% yjeld, 60% ee

MeO,C Pro,C  CO,Pr MeO,C BuO,C
\—/

- A

85% vyield, 93% €€

85% vyield, 93% €€

Longmire, J. M.; Wang, B.; Zhang, X. JACS 2002, 124, 13400.




Komatsu: exo selective 1,3-DC

1
Cu(OTf)2 (2 Mol%) E
Ligand (2.2 mol%) o__N_o O
A SN ScoMe BN @mole) T | PPh, PPh,
_ _ DCM. -40 °C ,O\ Ligands PPh2 PPh,
Dipolarophiles ' Ar N CO,Me
H
up to 94% yield BINAP SEGPHOS
exo/endo 72:28 to >95:<5 (highest dr) (highest €€)
55-92% ee )
Stereochemical model
Dipolarophiles:
0 C ) O
R N N
' CO,Me S0 ©/ .
OQ&O —~ 7 . - S D
- Ph Ph ? '.
— MeO, N \ph .Ph L
R! = Ph, ‘.
Me (lower dr)

Oderaotoshi, Y.; Cheng, W.; Fujitomi, S.; Kasano, Y.; Minakata, S.; Komatsu, M. OL 2003, 5, 5043-5046

RO L

an exo-adduct an endo-adduct




Arai: exo’ selective 1,3-DC

1 Ph Ph
Ni(OAC)2 (10 mol%)  O2N R
Ligand (11 mol%) Ts/:ﬁ A o
0 .
AVAN/\COZMe + Rl/\/NOZ KoCO3 (10 mol%) _ ANy CcOo,Me \[ N
CH3CN, -10 °C H N
exo'/endo/exo/endo’ Ph)\
68:28:0:4 t0 92:7:0:1 X
64 t0 99% vyield X = Br, NO,
91 to 99% ee Ligand
oN & Catalytic cycle
(0]
" OMe
1
4 possible stereochemical outcomes R Hﬁ . MeOJ\’N““V R
3 3 exo' =
ON_ R ON R Manmq)/
le‘COZRZ RlvFNS\COZRZ
RISN-SCO,R? H H N REH

endo exo R! N. X
* E—— O O/T".
N i
— COM !
R3/\/NOZ O,N R3 O,N R3 / | H 2Me MBQ/K“/N\ gt

>~ b‘ ) ."-Jw-.‘.ho H N
? E X
RL N "’COZRZ =38 C02R2

N
H H NO.
2
endo’ exo' R2 X
Michael
L
_/"'\O L )
N & it
i . \
" \ﬁ Anti attack N
MeO._ .-, 2~ MeO o
) i S
o C3

T. Arai, N. Yokoyama, A. Mishiro and H. Sato, ACIE 2010, 49, 7895.



Jorgensen: Silver/Chiral base Catalyst

m

Hydrocinchonine

(5 Mol%)

N R30,C
3
1N > 4+ CO,R AgE (5 Mol%)
RISNSCOLR .y oF ( il Smcoyre
DCM, -24 °C H
R = Aryl, Alkyl R3 = Alky! endo
R? = Alkyl 63-95% yield
32-73% ee
CO,R /o\ OR l EWG
J M M j/ EWG
N' N R CO,R
. * * N 2
R) ‘B R )@ B*H N
Dipole-chiral base
ion-pair

No need of dry, inert atmosphere conditions.

Alemparte, C.; Blay, G.; Jgrgensen, K. A. OL 2005, 7, 4569-4572.



Li: H-bond mediated inversion of enantioselectivity

AgOACc (3 Mol%) (Xyl)2P Me
Ligand (3.3 mol%) MeO,C CO,Me N
Et;N (4 mol% R
Ar__N_ CO,R! * MeO,C B CO,Me 3N (4 ) - 0
AN \—/ 1
Et,0, -25 °C Ar= N\~ CO,R s
H UED)
endo R = NH,, NMe,
89 10 98% vyield )
R = NH, 36 t0 94% ee Ligand
R = NMe, -89 to -92% ee

H-bonding involved: addition of t-amylOH and EtOH lowers ee

Model for selectivity:

-~
N
M-sMy

Sm,

Zeng, W.; Chen, G.Y,; Zhou, Y. G.; Li, Y. X. JACS 2007, 129, 750-751.



Hou: inversion of diastereoselectivity

CuClO4 (10 mol%) e}

N R! O,N R? 0
L1orL2 (11 mol%) /[——g‘ I—)‘ \’N—>' ipr
'BuOK (10 mMol%) CAr N~ ~CO,Me O Ar N~ YCO,Me ?
H H c

- PAr,
4AMS, THF, 0 °C

ArSNCoMe t gy NO2

Rl = Alkyl =
Aryl, AKY exo endo
1 L L1 Ar=Ph
L2 Ar=35. -C
86:14 to 100:0 exoiendo  30:70 to 6:94 exo:endo Ar'=3,5-(CFg)2“6H3
64 to 96% yield 71 10 98% vyield Ligands
83 to 98% ee 88 to 98% ee | )
Model for selectivity: Ar
Q/ MLn, B ® ©
I‘ * N02
Exo TS /C3%

N

NO,
OMe

Undesired product

Favoured catalyst-

\

1,3-dipole complex

Yan, X. X.; Peng, Q.; Zhang, Y.; Zhang, K.; Hong, W.; Hou, X. L.; Wu, Y. D. ACIE 2006, 45, 1979-1983



Kobayashi: Calcium catalyzed 1,3-DC

o]
Ph_ N 2
\r/ vCOZR + R3vj\R4
Rl
Rl=H, Ph R3 = Alkyl
R*=N, O

Stepwise mechanism.
Anionic ligand.

Ca(0'Pr), (10 mol%)
Ligand (10 mol%)

THF, 4A MS, -30 °C

o)
R&-Y  R®
Pl (P icord
]
r1 N
endo

3210 99% yield
46 to 99% ee

et Qo

ON/T\{ my

R5 = tBU
R5=Ph

Ligands

T. Tsubogo, S. Saito, K. Seki, Y. Yamashita, S. Kobayashi JACS 2008, 130, 13321-13332.




R2
OFEt
Rl&NJ\P’—OEt

el

Rl = AryL Alkyl
R2=H, Me

Kobayashi: a-iminophosphonates

R3
+ —/

AgOTf (3 mol%)
Ligand (3 mol%)
KHMDS (3 mol%)

Toulene, 25 °C'

R3 = CO,'Bu, CO,Et,
CONMe, COMe, SO,Ph

CN, P(O)(OE1)2

a-aminophosphonates are less acidic than a-iminoester

R3

2
1\ R

exo

56 t0 99% vyield
82 to 99% ee

N” “P(0)(OE)2

P
O PAT,
.y

Ar = 3 5.'Bu,-4-MeOCgH,
Ligand

Model for selectivity:

Ar

1

Ar—pP
EooR 'Agv
l — 4
V. P

" NI f\Ar
: f\-’\ﬁ:
o

R'O
Ar

Ar—i:'
EEEJO\P,OJ,,.,,A/
tO-R” 9

Vo

|N F\

OR'
o=
RSN

N
H

endo

OR'
O

—_—

R N fe,

exo

OFEt
)

¢

P-oEt
o)

OEt

P~oEt
o]

Y. Yamashita, X.-X. Guo, R. Takashita and S. Kobayashi JACS, 2010, 132, 3262.




Reisman: double 1,3-DC

AgOAc (3 Mol%) MeO,C Y

Ligand (3 mol%)

DIPEA (3 molog) ~ BUOCr

CO,'Bu THF, -25 °C :
then Al

cinnamaldehyde (1 eq)

dipolarophile (5 €q)
pojaropi °(c 33 to 89%

A SN SCoMe =

_ X H
tBuOZC,,’ tBUDgC',':;iﬁ ;
Ar\wQ"/COZMe Ar/‘:rgj CO:Me
: /
endo i Ph

Only a,B-unsaturated aldehydes work for second 1,3-DC.

A. D. Lim, J. A. Codelli and S. E. Reisman, Chem. Sci., 2013, 4, 650

yield
44 to 94% ee

X = CO,Me, SO,Ph,
CHO, NO,
Y =H, Ph, Me




Carretero: a-silylimines

O
R1 Ré [Cu(CH3CN)4]PFs (10 MOI%) gR3 R4 <o O PAr
P /)\ , v Ligand (10 mol%) PA 2
TMS” N7 >CO,R é—" -~ CO,R2 o r
R THF, rt or 60 °C N7 RL 4 O
R = Aryl, alkyl H O
R2 = Alkyl 5-unsubstituted Ar = 3 5.1Bu,-4-MeOCgH,
pirrolidines )
Ligand
. - N
|
N
© © PhO,S RS
Products: \CO,Et WCO,R?
N 1 N 1
N" R N" R
50 to 79% yield 889% yield, 99% ee 48 10 82% yield
81 to 98% vyield 73 t0 99% €ee

J. Hernandez-Toribio, S. Padilla, J. Adrio and J. C. Carretero, ACIE, 2012, 51, 8854.



Carretero: a-silylimines

Catalytic cycle

P
CN)jPFs  * *(
oh Ph [Cu(CHs )4] 6 P
' N
o) o o o) o
H,0
-« R OMe
R
a9 OMe N ", OMe
i husd (o
) we e dd CsF
Product = imine or additive (CsF)
BTMs B-Tms ©
/\

J. Hernandez-Toribio, S. Padilla, J. Adrio and J. C. Carretero, ACIE, 2012, 51, 8854



Wang: [6+3] 1,3-DC

@] CuBF, (5 mol%) ICO Me Ph,P Me
Ligand (5 mol%) \ |2 -nCOzMe :
NS
RISNSco,Me * - @ “NHMe
DCM, -10 °C Aryl AIkyI Fe
dr>20:1 d)
it R1= Aryl, EtsN (15 mol%) dr > 20:1 VDN
if R = Alkyl, Cs,CO3 (2 q) 62 10 90% yield 55 to 78% yield
Catalyticcycle Meo2
I CuL? N N
+
EtaNH + ) 'R 3
EtsNH* EtsNH*
Steric bulk
NS
N"“-“C L* R C\U"‘P
VA MeHN
Ren 2

~

< o

H.-L. Teng, L. Yao and C.-J. Wang, JACS, 2014, 136, 4075.




Wang: [3+3] 1,3-DC

o E-UBFL& 5 rrr:]o;%j)) sz - S
igand (5 0 - CO,Me ’_> t
0 17X + Cs,CO3 (10 Mol%) N/\( SR
PN or  RYTNTSCO,Me NO - N_ _NH ? PPh
Ph™ °N Ne DCM, -20 °C Y e 2
g C R =
R = Aryl, Alkyl R2 = pry| Alkyl exo
v Aryl, A 67 to 94% yield Ligand
74 to 97% ee \
Catalytic cycle e 8:
N/YCOEMe N
B: + I NH v vc()zMe

/ By

intramolecular
cyclization

OMe

! \C&l\ Ph
SN N g
’LC{

oﬁ?/ng

P\Ctl\ Ph

MeO

Mannich

)\\ addition

=L

MeO

\!
‘z
oz @ '
/i

o

M.-C. Tong, X. Chen, H.-Y. Tao and C.-J. Wang, ACIE, 2013, 52, 12377.




Jorgensen: silylated prolinol catalyst

R! O o
O o
2 —

R Me Ar

R =H, OMe, Br
R2 =H, OMe, Me

R3 = OMe, OPh, Ph

1) Ph 10 mMol%)
N ph (
H TES Rl

Na,CO4 (3 €eq)
DCM, rt

2) PhsP=CHCO,Et 5
Et0,C° Ar
52 to 77% yjeld
76:24 t0 98:2 dr
96 to 98% ee

Model for selectivity:

E

e
R

2\@ i

=

20

O

(@]

N

<

(0]

-Ph>=
CN\/\yMe
R
Cyclization

AR
N
/®® OMe

®
@%'\éﬁ Favored
CN\/\V Co,Me

=

R

Co,Me Cyclization

R Favored

A. Fraile; D. M. S. Schietroma; A. Albrecht; R. L. Davis; K. A. Jgrgensen, Chem. Eur. J., 2012, 18, 2773.



Shi: chiral Brgnsted acid catalyst

COzEt

Catalyst (10 mol%)

H,N CO Et

She

Rl = Me, Ph

3A MS, Toluene, rt

0
Rl
—\ _CO,Et
Ar= S N7 SCO,EL
H

41 to 82% yield
80 to 98% ee

Ar

\F{/

O~ “OH
l g Ar

Ar = 9-anthracenyl
Catalyst

TSI

Bifunctional catalyst

_H-
*RO\F? OT
* PAES
RO™'S0 I

H
Ph @N

Ph

g\COZEt
EtO,

Ph

o>):\> ycoza

HPI/\N CO,Et
N /o
*RO" “OR*

TSI

F. Shi, S.-W. Luo, Z.-L. Tao, L. He, J. Yu, S.-J. Tu and L.-Z. Gong, OL, 2011, 13, 4680.

Stepwise mechanism




Shi: [3+3] with 3-indolyl methanol

o]
+ Catalyst (10 mol%)

DCM, 3A MS, 30 °C

R!=H, F, Cl, Br, Me 42 10 89% yield
RZ=H F Me 50:50 to 74:26 dr
Y 87 to 98% ee

Ar

O\ 7

O~ “OH

l:Ar

Ar = 9-fenanthrenyl
Catalyst

2 spiroquaternary stereocenters are formed.

F. Shi, R.-Y. Zhu, W. Dai, C.-S. Wang and S.-J. Tu, Chem. Eur. J., 2014, 20, 2597.



Shi: [3+3] with 3-indolyl methanol

Model for selectivity:

/\GDZEI:
(1's, 38)-5

TS Michael Addition TSl Pictet-Spengler Reaction

CO,Et o
A '
H,N“>Co,Et AT °H

TSI Michael Additian o o TS-I' Pictet-Spengler Reaction o

F. Shi, R.-Y. Zhu, W. Dai, C.-S. Wang and S.-J. Tu, Chem. Eur. J., 2014, 20, 2597.



Wang: chiral tertiary amine thiourea

R! N
|
N o N_o S
~ O @] Catalyst (25 mol%) = -

A SN >Sco,Me \V\_/v/ . s HNA/<w

= DCM, 4A MS, -20 °C ) HN—Ph

4A Arv 11CO,Me Q
RL= ary| Alkyl N 2
ryl, H Catalyst

64 to 89% yield
30 to 96% ee

Bifunctional catalyst

Chiral scaffold

J.-F. Bai, L.-L. Wang, L. Peng, Y.-L. Guo, J.-N. Ming, F.-Y. Wang, X.-Y. Xu and L.-X. Wang, Eur. J. Org. Chem., 2011, 4472



Conclusion and outlook

- Catalytic enantioselective 1,3-DC of azomethine ylides are powerful,
straightforward, atom economical method to synthesize enantioenriched
and highly functionalized nitrogen containing heterocycles

- More work on high order cycloadditions (new dipolarophiles, synthesis of
6-membered rings)

- More work on organocatalytic procedures

- More environmentally friendly methodologies
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(il Questions

1. What is the key step of Baskaran’s synthesis of Indolizidines
167B and 209D?

2. Could you identify the mechanism underlying Denmark’s
Castanospermine synthesis?




(Wl Outline

4

L)

* Introduction
» Selected Examples of Indolizidine Synthesis

)

L)

o0

Gephyrotoxin

Indolizidines 167B and 209D
Castanospermine

Lepadiformine

Allopumiliotoxins 339A and 267A
Rhazinilam

s Summary
¢ Questions




il

Introduction

INDOLIZIDINE ALKALOIDS

sources: ants, frogs, trees, legumes
activities: phytotoxic, insecticidal,
antibacterial, antiviral, etc.

some representatives could be
extremely toxic

the core limiting the family:

S 4 3
6 N
2
7
9
5 0

challenging structures, many synthetic
approaches were developed

main players: Kibayashi, Overman,
Denmark




-l Gephyrotoxin: General Features

» |solated from the skin extracts
> of the Dendrobates histrionicus

* neurological activities
e contains 5 asymmetric centers
» extremely scarce




- (il Gephyrotoxin: Kishi’s Approach

1. LiBH,4, THF
1. H, (60 psi), 10% Pd/C 2.1)KH, THF
£10,6_{ M _COEt __HCIO MeOH _ ko,c_ [ ). cogt __ii)BnBr. DMF
N 2. PhOCOCI, Py, DCM N 3. Ba(OH)y, H,0
Bn 88% over 2 steps Cbz 65% over 3 steps
1 2
HO, nO
? 1. MsCl, Ets;N, DCM
/| 2. LiBr, DMF 3 0 Y
“ 3. Hy, 10% Pd/C | q
N HCIO,, MeOH N 0, Py-TsOH, PhH [ )
€ ! € N iy N
H 83% over 3 steps z 85% BnO ' ” ! OH
O 5 O 4 OH 3
e 2

HO,

/,
”,
'I

v’ the 1st total synthesis of
gephyrotoxin

H v" introduction of stereocenters

through hydrogenation reactions

gephyrotoxin

/

Kishi, J. Am. Chem. Soc. 1980, 102, 7154-7156



- (il Gephyrotoxin: Saegusa’s Approach

THPO\v/\j/»\V/§§
NTMS CsF, MeCN, 4 h, 60%
+
NMe4 dr 4.5:1

OMe _ _ OMe 8a OMe 8b
6 THPO
H, (70 atm), 5% Rh/Al
| EtOH, 1.5 h
| 75%
P HO
N N
H H
0O 9b

v Finduced 1,4-elimination followed by
gephyrotoxin Diels-Alder cycloaddition

J

Saegusa, Tetrahedron Lett. 1983, 24, 2881-2884



('@ Indolizidines 167B and 209D: General Features

Alkylindolizidine alkaloids:

« noncompetitive blockers of
H neuromuscular transmission

 interaction with the ganglionic
N nicotinic acetylcholine receptor-
ion channels

« stepwise annulations and

R consecutive amination reactions
are the most commonly used
strategies




- (il Indolizidines 167B and 209D: Synthesis

3
10 11

0OsO,4, (DHQ),PHAL 1. MsCl, Et3N .
@\ MeSO,NH,, K,CO3, KsFe( CN O\ 1 2. K,CO4 - o \L
N 95% (both diastereomers) OH "N, 51% over 2 steps o
0 'N;

4 ) H

1. EtAICIZ, NaBH4
R,Cu(CN)MgBr 2. TsCl, Et3N

@3 - 2 u(CTON CI\:> -
v R = CyHsg, 75% ee, 68% 54% over 2 steps

z R = CsHq4, 74% ee, 74% yield 13
R™ TsO

\lln

R = CyHs — indolizidine 167B
R =CgH.4 —> indolizidine 209D

v epoxide-initiated cationic cyclization of azides

Baskaran, J. Org. Chem. 2004, 69, 3093-3101



- (i Indolizidines 167B and 209D: The Key Step

-+
O N3 O -
W LA LA-O
d)/ - > p —» LAO Y

HO LA :'2 LAO
&D <t Ty - &Q
v _

Baskaran, J. Org. Chem. 2004, 69, 3093-3101



(il Castanospermine: General Features

» the dominant alkaloidal
component of the Australian
legume Castanospermum
australe

* potent inhibitor of a variety of
glycosidases

» has shown antiviral activity

* most of the reported syntheses
use the intrinsic chirality of
carbohydrate precursors




il

(+)-Castanospermine: Retrosynthetic Analysis

O

HO
Q}
W /

HO i

OH OH O\Si ,(_) H
(+)-castanospermine t-Bu” “t-Bu
14

v tandem [4+2]/[3+2] cycloaddition

H, CO~N°
H 3

06 (3+2) O‘tog/OG
I
=/_\O\ ’O
/Si\
t-Bu” t-Bu
15
(4 +2)
G* = chiral auxillary
"0.+.0
N Cd
N oG
=/=\O O * |
>si; 17
t-Bu” t-Bu
16

Denmark, J. Am. Chem. Soc.

1999, 121, 3046-3056



il

(+)-Castanospermine: Synthesis

@)

/)

-0

\+
N~
A

O
Si

I
N

t-Bu” “t-Bu

16

1. K,OsO,(OH),, K,CO
A 0 0G* 2 2 4, RoLU3
" MA/PhOSCM N H,0, NaHCO3, K3Fe(CN)g
’ t-BuOH, (DHQD),AQN, 86%
> / H = 2. TsCl, Py, quant
2. A, PhH, NaHCO3, 4 h O\ 6 . , Y, q .
44% over 2 steps Si”
’ P t-Bu” “t-Bu
14
Owr -0 L0G”
Ph Ph HO," N
MAPh = AlMe G* = :”z.@ SO g
Ph : ~.._0O
2 ' /Sl\
t-Bu t-Bu
18
( N
HO 1. Hy, Ran-Ni
o - 160 psi, MeOH, 73%
HO' 2 2 HF, MeOH
OH OH 3. AG 50W-X8, 88% over 2 steps
+)-castanospermine
L (+) p )

Denmark, J. Am. Chem. Soc. 1999, 121, 3046-3056



-l Lepadiformine:; General Features

* isolated from Tasmanian ascidians

* bears a tricyclic ring system

« moderately cytotoxic toward various
tumor cell lines

 very active in the cardiovascular
system; has antiarrhythmic
properties




- (i Lepadiformine: Kibayashi’s Approach, 2000

0 0
NHOH N=0 OMOM
Bu,NI10,, H,O/MeO »
X 4aN10y, Ho N -
84%, dr 4,51 >~ : YP%
A A O—-N )
OMOM OMOM 21

1. Hy, Pd/C, MeOH
2. Na(Hg), Na,HPO,, EtOH
3. MsCl, Et;N, DMAP

Coria™ |\ 4. t+-BuOK, THF
_ _/N . t-BuOK,
N g O - 69% over 4 steps
HO
OMOM
22

lepadiformine

/

v hetero-Diels-Alder reaction of N-acylnitroso compounds

Kibayashi, J. Am. Chem. Soc. 2000, 122, 4583-4592



- (il Lepadiformine: Kibayashi’s Approach, 2002

O
OBn BnO__,. . o
NHBoc ~ _HCO,H, toluene/THF N
2 h, 88% oo B
NG
o CeH13
N 24 lepadiformine

\_ J

v N-acylaminium-ion-initiated olefin azacyclization

Kibayashi, Angew. Chem. Int. Ed. 2002, 41, 3017-3020



- (il Lepadiformine: Kibayashi’s Approach, 2002

@)

OBn
NHBoc HCO,H_ /\/\‘\/O\) —_— ‘;9#
P s CGH»] X X C6H1 1

C6H13 oC

N

|

|

B
23 l

CGH1 Bo
H i
COO 26

HCOO” “CgHys

CgH
e O CeH13
N ‘\\ O\
WISNAL Y BOCI v lil\
- Ha
Boclzﬁu BocIH

C6H13
B D

O

Kibayashi, Angew. Chem. Int. Ed. 2002, 41, 3017-3020



-l Allopumiliotoxins A: General Features

Me,, _R - one of the most structurally
complex indolizidines produced in
= nature

 stimulate sodium influx
« cause muscle rigidity
* very toxic




(il (+)-Allopumiliotoxin 339A

Me Me
Me,, =
N Z O><Me ‘t, O><Me
Me 'y Me . / 'I/O Me
N Me O CI"C|2, N|C|2> Me
DMF, 79% N ( Cr(lll)
H /- \O \/“
Me ©OBn H/2 O
27 | wmé OoBn 28 _
4 )
Me OH Me

Me 1. HCI, THF
2. Li, NH;, THF
71% over 2 steps

. 2~ YOH
Me OH Me OBn 29
(1)-allopumiliotoxin 339A v" intramolecular NHK-coupling
H H X,CrO H
roO=, S » !
l_r;“//\lN H“//\IN
OBn OBn
R R
29a 29b

Kibayashi, J. Am. Chem. Soc. 1992, 114, 10654-10656




il

(+)-Allopumiliotoxin 267A

Me
Me
Il TESH
NI(COD)Q, F)BUq>
N THF, 95%
H /- =0
Me OBn
30

v Ni-catalyzed ynal reductive cyclization

ZcﬁiN
]
Bro= T Me g
HT Yo
NiL, R

O5NiL,
EtsSi~L},

1. HF<Pyr, THF, 92%
2. Li, NH3, THF, 88"/;

Me‘bH

(+)-allopumiliotoxin
267A

Et;SiO i

N N OSiEt;

Me Me

BnO — 3 BnO > AN

e
H \‘\\R H \\\\R 1R
. OBn
NiL,, H
/
H

Montgomery, J. Am. Chem. Soc. 1999, 121, 6098-6099



C({H | Rhazinilam: General Features

N * interferes with tubulin
4 polymerization dynamics
M « potential anticancer agent
© * possesses a strained nine-
membered lactam ring, a biaryl
HN moiety and a quaternary
stereocenter




- (il Rhazinilam: Sames’ Approach

1. TfOH, DCM
2. CF;CH,OH
3. KCN
4. NH,OH
-
40% over 4 steps

32 COzMe

v Pt-mediated C-H bond functionalization

1. 10% Pd/C, dppb
CO (10 atm)
HCO,H, DME

2.i) NaOH, MeOH
i) HCI

52% over 2 steps

v macrolactam formation via direct carbonylation

Me

NH

—

N/

rhazinilam

Y,

Sames, J. Am. Chem. Soc. 2002, 124, 6900-6903



- (il Rhazinilam: Trauner’s Approach

M902C

e N

7 N 1. BCls 7 N

_ H _
DavePhos Me 2. |) NaOH, MeOH Me
Pd(OAc),, K2003> i) HCI
0, 0,
47% MOMN 51% over 2 steps HN

O O

35 9 rhazinilam )

Me,N v Pd-catalyzed biaryl coupling
@ v exceptionally concise synthesis

DavePhos

Trauner, Org. Lett. 2005, 7, 5207-5209



- (Gl Rhazinilam: Tokuyama’s Approach

OiPr

H 'e) (" )
PO [Au(PPh3)NTf,, KHSO, /N
T Me  jPrOH/1,4-dioxane = y
MWI 80 °C, 1 min*40 times ©
7 > Ve —3%
HN
CO,Me
O
36 37 COMe L rhazinilam |
v Au-catalyzed cascade cyclization
v’ protecting-group-free total synthesis
OR' [ OR o
H O H O ,
R'O)\/N M] R'o)\/!\f ROS ~\
— > " —— RO
Z A7 i
R i R™ ™ M| [M] 1
38 39 40 | 4t
- [M]
o) o)
+ R'O
/N . H R'O>/\N
—
=
R R
42 41

Tokuyama, Angew. Chem. Int. Ed. 2013, 52, 7168-7171



- (il Summary

INDOLIZIDINE ALKALOIDS

HO
@
W

HO H

v on me’ oH OH OH
(+)-allopumiliotoxin 267A (+)-allopumiliotoxin 339A (+)-castanospermine
HO
? H HO CeHi3
' CD
(RN R”
~ R = C,H5 — indolizidine 1678 lepadiformine
gephyrotoxin R = CgHy — indolizidine 209D
0
NH
FURTHER READING:
Me
-
N J. P. Michael, Nat. Prod. Rep. 2008, 25, 139-165

rhazinilam







(il Questions

1. What s the the key step of Baskaran’s synthesis of Indolizidines
167B and 209D?

2. Could you identify the mechanism underlying Denmark’s
Castanospermine synthesis?




i

1. Whatis the the key step of Baskaran’s synthesis of Indolizidines
167B and 209D?

Answers

v’ epoxide-initiated cationic cyclization of azides

- + -
N—N=N

NZ\:N
O N3 A& _
W LA LA-O

HO LAO jz LAO
N H SN - &3

+

TIn




il

Answers

2. Could you identify the mechanism underlying Denmark’s

synthesis of Castanospermine?

v’ tandem [4+2]/[3+2] cycloaddition

.0 oG*
HO N H, C~N
HO\\\ H ‘: /H\‘ S
OH OH O\ éH
S|~
(+)-castanospermine t-Bu” “t-Bu

(3+2)

G* = chiral auxillary

y

O_+_0_ L,OG*

/Si\
t-Bu t-Bu

u(4 +2)




-l Pt-catalyzed C-H functionalization

CF3CH20H

70°C, 72hrs
90% (NMR)
-CH,

Bu4NCI, CH2Cl2
quantitative

A

1. KCN
2. NHOH

60% from 7

30
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Questions.

1. Propose the mechanism for the following reaction (a key step in the synthesis of raltegravir):

OH

/

N
\ NH,
N-CBz

H

1) Me02C C02M9

CHCI3, A N

2) Xylene, A

OH
N\
> CBz. é)\

o

N COzme
52%

2. Which of the methods depicted below is more powerful and why?

Gould-Jacobs synthesis

Et0,C

L

CO,Et

o (o]
N CO,H
Ry | TN
= Ry~
N =
I Cl
R;

Grohe-Heitzer synthesis

R,NH,

—_—

CO,Et

+ —_—

CO,Et




Piperidine

Carmegliptin

Raltegravir

N
o

Claritin

Pyridine/piperidine

Pyrimidine

ring
heterocycles

Levofloxacin
(S)-Zopiclone

Quinolone Pyrazine/piperazine

X
s

N

Imiquimod

Pyrazolo-pyrimidone Sildenafil Imidazo-quinoline



Pyridine and piperidine containing drugs.

Claritin.

N
om

Claritin

Cl * An antiallergic drug

* A second generation inhibitor of H1-histamine

receptors

* Developed by Schering-Plough (now part of Merck & Co)
 FDA approved in 1993

Worldwide sales $ 250.000.000 (2013)




Pyridine and piperidine containing drugs.
Claritin.

Cl

| AN H,SO,, BuOH 1) n-BulLi, 2 eq. POCI;, A
— | S H
N~ >CN 97% 7< _ N 95%
N
1 <

2)
92% 30
MgCI

EtO.__ClI
HBF, N cl \[o(
—
N 2) HCI, H,0 o1 N | 79%
91% 6
N

Cl |

N
o

Claritin

D. P. Schumacher, B. L. Murphy, J. E. Clark, P. Tahbaz, T. A. Mann, The Journal of Organic Chemistry 1989, 54, 2242-2244.
http://www.evaluategroup.com/View/13982--1002-modData/product/claritin



Piperidine containing drugs.

Carmegliptin.
- _—
NH, e An antidiabetic drug (for type Il diabetes)
LN * A new generation of DPP-1V inhibitors
MeO /Nj/ o * Prevents deactivation of GLP1 (glucagon-like
Me0:©© 2 HCI peptide) and normalizes insulin secretion
Carmegliptin * |In the late stage of clinical trials

P. Mattei, M. Boehringer, P. Di Giorgio, H. Fischer, M. Hennig, J. Huwyler, B. Koger, B. Kuhn, B. M. Loeffler, A. MacDonald,
R. Narquizian, E. Rauber, E. Sebokova, U. Sprecher, Bioorganic & medicinal chemistry letters 2010, 20, 1109-1113.



Piperidine containing drugs.

Carmegliptin.

MeO

MeO

O ACzo

Ho,c._J__coH —
c

9 80%

KTCOZEt
MeO

)o@

MeO

12

7

o

10

NH,OAc,

MeOH, 50°C
70%

1) HCO,Me

2) POCI;, MeCN

1) EtOH, heptane, rt

MeO

MeO

OJjoio 2) 8, NaOAc, MeOH/H,0

81-86%

HCI

MeO

8
0]
gJ\/COZEt

MeO CH,0, MeOH

NH Hcl -
H,O
MeO
11
NH, NH,

g\jcoza

09

13

(+)-DBTA, EtOH

60°C, 24 h
93%

MeO

MeO

(S)-14

_)j/cozEt
m *(+)-DBTA

>99% de

Intermediate

S. Abrecht, J.-M. Adam, U. Bromberger, R. Diodone, A. Fettes, R. Fischer, V. Goeckel, S. Hildbrand, G. Moine, M. Weber,
Organic Process Research & Development 2011, 15, 503-514.




Piperidine containing drugs.

Carmegliptin.
NH, B o ] NHBoc
N CO2Et H “__CONH,
E 1) NaBH,, TFA, THF \ E
MeO : 2) Boc,0, PhMe/H,0 MeO LA < NH, MeO : PIDA, KOH,
m 3) NaOMe, HCONH THF' | N} et 80% m MeCN/H,0
MeO ’ z MeO ° MeO 85%
(S)-14 *(+)-DBTA 5 A
hydride delivery via top face
'd F ~N
NHBoc E BocHN OH BocHN
z o '. N E
:/j/NHz %:># :/j/ \H/\ﬁ 1) MsCl, NEt;, THF P N
MeO : \ (o) _ MeO - N (o) E > MeO :/j’ o
I:Q toluene, A I;Q 2) LiO'Bu, THF m 2 HCI
MeO MeO 3) aq HCI MeO
16 17 71-76%
Carmegliptin

S. Abrecht, J.-M. Adam, U. Bromberger, R. Diodone, A. Fettes, R. Fischer, V. Goeckel, S. Hildbrand, G. Moine, M. Weber,

Organic Process Research & Development 2011, 15, 503-514.



Pyrimidine containing drugs.
Raltegravir.

e Antiretroviral drug to treat HIV infection

* Targets enzyme Integrase and prevents
Y\ integration of viral RNA into chromosomes
N\ />—< * FDA approved in 2007
* Produced by Merck & Co

Raltegrawr

Worldwide sales: $ 1.6 billion (2013)




Pyrimidine containing drugs.

Raltegravir.
COzMe
OH Il N O~ CO:zMe
cN 1) NH3, MTBE CN NH,OH*HCl N 1) co,Me | I Xylene, A
CB NH2 2
\’<OH > \’<N’ z > CBZ\N NH2 C02M9 -
2) BnCOCI, DIPEA H KOH, MeOH N-CBz CHCI;, A H
0,
18 85% 19 88% H . o1
o] o
OH o "
HN 1) Bz,0, Py, rt ~N ~(  Hy PdIC, MeOH
- - o -
CBz. N~ "CO,Me 2)Me,SO,4 LiH, CBz. N~ ~CO,Me
H 529, dioxane, 60°C u
- 85% 23 24

Key intermediate

V. Summa, A. Petrocchi, F. Bonelli et al., Journal of medicinal chemistry 2008, 51, 5843-5855.



Pyrimidine containing drugs.
Raltegravir.

OEt | ]
OEt 1) KOH, EtOH

N-N EtO\[HJ\ N 60°C o) o)
0 e | L | e TS e

N NEt;, cfoluene -N, O 2) (COCI),, MeCN \N o
”s 5°C " 27 28
F
(o Ph Q
\TO Cl + Y | o_<0 CH,CI, H-N
N- 7 N o 0
N O N Et;N | MeOH, A
H,N 3 NI
28 24 OMe 78% N 70%
N\ />—\<
Raltegrawr

V. Summa et al., Journal of medicinal chemistry 2008, 51, 5843-5855.



Pyrazine-piperazine containing drugs.
Eszopiclone.

[ —Q/CI e A drug for treatment insomnia
* Binds to GABA, receptors
* (S)-enantiomer has 50-fold higher binding affinity

than (R)-enantiomer and therefore is more active

(/7 * Discovered and marketed by Rhone-Poulenc Rorer
(now part of Sanofi-Aventis)
(S)-Zoplclone

Worldwide sales: $ 630 million (2013)




Pyrazine-piperazine containing drugs.

Eszopiclone.

o]

E/0 HZNKE 1) H,0, A @ 1) KMnO, CO,H Ac,0 N
+ o

2) Na,CO [ [ I [
\0 H2N ) 2 3 N/
- 2) HCI conc. 93%
75-77%

o) o
N Cl N MeCN, reflux \ socl, N\ /N \ KBH,
[ T o+ - o2 [ HN (o] [ ) NJ\}Q -
N N~ "NH, ° reflux N — Dioxane-H,0
o 77%
34 39 36 ° O . 64%

(o)
N N
— | O
— JE—
N
OH

Key intermediate

Cotrel, C., Jeanmart, C., and Messer, M. N. (1975). US 3,862,149. (to Rhone-Poulenc S.A.).
Jeanmart, C., Cotrel, C., and Janot, M. M.-M. (1978). Chimie Organique, 377-378.



Pyrazine-piperazine containing drugs.

Eszopiclone.
Route A
[ O NaH, DMF, -10°C [ @CI D(+)-DBTA - [ j:lé O—CI
)J\ Chiral resolution
ﬁN cl 4%

38 _N J 39
(o) 43% (/7

Route B | Cl o cl Zopiclone (racemate)
oute

U

(S)-Zoplclone

Pyridine
\ 86%

NH

N

H,O0, MTBE,
60°C, 3 days

/\CI 37%, 99% ee

90%

o o)
N N Chirazyme-L2 N N -
T N D—cl Y R W N\ g .
— __ | acetone, 0°C
N ~ R
N
o o

/\CI
42 43

Chirazyme - immobilized form of lipase B from Candida ataractica

Cotrel, C. and Roussel, G. (1992). EP 0495717.
Palomo, J. M. et al. (2003). Tetrahedron: Asymmetry, 14: 429-438.




Imidazo-quinoline containing drugs.

Imiquimod.
>/\ * Animmune response modifier

N

:\\N * Used to treat skin diseases including skin cancer
* Used as a cream for topical administration

~

N NH, * FDA approved in 1997

Imiquimod * Marketed by Graceway Pharmaceuticals

Worldwide sales: $ 146 million (2013)




Imidazo-quinoline containing drugs.
Imiquimod. Route 1.

i
NH _co,Et
o isocyanoacetate 0 j/ 2 CN C02Et
g 1) CN___CO,Et 1) NBS, CH,Cl,, Et;N NHz

@Br 2) POCI,

\

NEt,;, DMF
71%

Br NaH, THF, rt
44 45 40%
2) AcOH-H,0

50%

Y\N/\\ 1) NaOH, HZO’ Y\N/\\ CUI K2CO3,

<N MeOH R N TMEDA ﬁ/\ 1) POCl,

CO,Et 2) (COCI),, THF CONH, toluene, reflux 2) NH4OH
Br 3) NH,OH Br \ 30¢
47 70% 48 36% 49 %

Y\N/\\

N
X
V7

N~ “NH,

Imiquimod

P. Allegrini, G. Castaldi, L. Colombo, E. Mariotti, EP 1529781 A1, 2005.



Imidazo-quinoline containing drugs.
Imiquimod. Route 2.

o o 1) K,CO, Etl OH
©iCOOH Ac,0, o 1) NaN3;, AcOH OH acetone S 1) AcOH, HNO;
NH, reflux N//K 2) NaOH-H,0 N\( 2) MeOK, DMF NN 2) MeSO,CI, Et;N
/ \ /
50 51 56% (2 steps) 52 N \N 53 N=N
N
OMs >/\
NO, 1)'BuNH,, b L >/\N/\\
Xy 02 1) ‘BuNH,, base xN PPhs, dichloro- (N 1) HCI, MeOH
N \,N 2) Pd/C, H, Ny benzene, A N/ N//PPh3 2) NaOH
N=N 3) HC(OMe), N=N
54 95 56
)
<N
~
N" °NH,
Imiquimod

Gerster, J. F.; Lindstrom, K. J. Process for Preparing Imidazoquinolinamines. WO Patent 97 48704, 1997.



Pyrazolo-pyrimidone containing drugs.
Sildenafil.

* Adrug for treatment of erectile dysfunction

and pulmonary arterial hypertension

Sold under commercial name Viagra

* Developed and manufactured by Pfizer
O=S
/]

°N
NN

Sildenafil

 FDA approved in 1998

Worldwide sales: $ 2.2 billion (2013)




Pyrazolo-pyrimidone containing drugs.

Sildenafil. Linear route.

/
N, HNO4/H,SO,

f
’ o

Cls
OEt

Et;N, DMAP

CH,Cl,
40%

EtO,C
o o NH,-NH, =N 4)yme,s0, HOC
/\)Uk - NH > N
- o
CO,Et 2) NaOH/ H,0
57 58 56% oo
Q 0
1) SOCl, N SnCI,/EtOH /
H,N ~ H,N
2) NH,OH 94%
78% O,N H,N
61 62
NaOH, EtOH EtO HN 1) CISO;H
HO N g
20 2) ﬁNH
64 N

OEt

é/\N
LN

Sildenafil

Bell, A. S.; Brown, D. EP 0463756 Al, 1992.

N. K. Terrett, A. S. Bell, D. Brown, P. Ellis, Bioorganic & medicinal chemistry letters 1996, 6, 1819-1824.




Pyrazolo-pyrimidone containing drugs.
Sildenafil. Convergent route 1.

OEt NH,
Me3A| NH4C| r N
OEt toluene O=g
. d \ EtO HN
58%
O=
¢ N
K/N\ O= ”S N
65
EtOH, HCI K/N
0°C
OEt OEt \ Sildenafil |
xylene, A
O:S 85%
/ \N
(o)
LN
67

Dunn, P. J.; Dunne, C. World Patent, WO 01/98284.



Pyrazolo-pyrimidone containing drugs.

Sildenafil. Convergent route 2.

EtO HN

/
H . toluene, A H Pd/C, TFA
Dean-Stark 200°C
O= O:S

SN 95% N 84%
(o] (o}

K/N\ N\

68 69

‘BuOK, ‘BuOH

// N
K/N

Sildenafil

95%

96%

Bunnage, M. E.; Levett, P. C.; Thomson, N. M. World Patent, WO 01/ 98303.
Achmatowicz, O. et al., World Patent, WO 01/22918.
Boolell, M. et al. Int. J. Impot. Res. 1996, 8, 47-52.




Quinolone Antibiotics.

Nalidixic acid

OH 1st
generation

\

h

o

N N
°~ A

Moxifloxacin

H
@t
H

N\

(0

Avelox® US sales $ 195.000.000 (2013)

4t a
8enerat‘io/

2nd
generation

/ HNQ A

Ciprofloxacin

3rd
xekneration

—~

\§

N

F
N N
o

Levofloxacin

J/

Levaquin® US sales S 1.5 billion (2011)




Quinolone Antibiotics.

The Gould-Jacobs sequence (1939)!

N Et0,C._ _CO,Et A EtOz COzEt
Ry + \[ —

Z>NH, OEt

72 73

OH O o]

o COEt R,.X N COzEt saponification N CO,
R L ey vy - rReE T

SN Base N N

I

IR. G. Gould, W. A. Jacobs, Journal of the American Chemical Society 1939, 61, 2890-2895.



Quinolone Antibiotics.

Ofloxacin.

l. Gould-Jacobs sequence -> Hayakawa synthesis (1984)

|J{ KI

F F c ,
10% KOH
F No, DMSO,rt F NO; K,CO,, acetone, A
F 29% OH 65%
78 79
C°2Et EtO,C CO,Et
C02Et E PPE
130-135°C F N 140-145°C
82 o\/L'% 64% for two steps

-

NH
F
DMSO 100°C

RN
um

F
I;\ Raney Ni, H,
F 5 NO, EtOH, rt
Sig 90%
(o)
o o
= 12 M HCI
F N AcOH, reflux

94%

830%

N o\/L"w

85 (*)-ofloxacin

~

|. Hayakawa, T. Hiramitsu, Y. Tanaka, CHEMICAL & PHARMACEUTICAL BULLETIN 1984, 32, 4907-4913.



Quinolone Antibiotics

Grohe-Heitzer sequence

o
CO,Et Mg(OEt) CO,Et H O CO,Et HC(OEt
N Cl + 2 2 I 2 3 _I AN 2 ( )3
1 o) CO2E | Ac,0
= cl COzEt 2 2
86 87
(0]
COzEt RZNHZ C02Et Base AN C02H
Rl _el ]
OEt NHR2 N
|
92 R

K. Grohe, H. Heitzer, Liebigs Annalen der Chemie 1987, 1987, 871-879.



Quinolone Antibiotics.
Levofloxacin.

Grohe-Heitzer sequence -> Chu-Mitscher Synthesis (1987)

H,N
o o
F CO,Et HC(OEt); F COzEt oo F |C°25t NaH
E E Ac,0,A g F S NH DMSO, rt
59%
F
93

o)
F CO,Et

F CO,Et CO,Et HN N— | 2

F N | H,O-THF, A N Py, A g (\N N

1 70% o 83% /NJ NN

OH L

Levofloxacin

97

L. A. Mitscher, P. N. Sharma, D. T. W. Chu, L. L. Shen, A. G. Pernet, Journal of medicinal chemistry 1987, 30, 2283-2286.



Conclusions and perspectives

* Six member heterocycles are very abundant among important top selling drugs

* Reduced forms of parent heterocycles (piperidines, piperazines...) are also
common structural elements of drugs due to their beneficial features
(hydrophilicity, H-bonding, role as a pharmacophore...)

* Further advances in synthetic methods are extremely important for
pharmaceutical industry




Thank you for your attention
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Selected examples of spirocyclic
natural product synthesis

Nicolas Gaeng

Frontiers in Chemical Synthesis — Heterocyclic Chemistry — May 11t 2015

ECOLE POLYTECHNIQUE

EEEEEEEEEEEEEEEEE




ECOLE POLYTECHNIQUE
EEEEEEEEEEEEEEEE

|
Table of contents

Introduction

Baeyer, A. Berichte der deutschen chemischen Gesellschaft 1900, 33, 3771.
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INfroduction — spirocyclic compounds

Structures with multiple rings connected through one atom

Nomenclature proposed by Adolf Baeyer in 1900

\
N 1'-methylspiro[indoline-3,3'-pyrrolidin]-2-one
1-bromospiro[4.5]decane
Br o) Horsfiline
N
H

Challenging quaternary carbon center

Baeyer, A. Berichte der deutschen chemischen Gesellschaft 1900, 33, 3771.
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Infroduction — spirocyclic compounds

Variety of different spirocyclic

Baeyer, A. Berichte der deutschen chemischen Gesellschaft 1900, 33, 3771.
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Main families

Spirooxindole:

Isolated from Apocynaceae and Rubiacae
- Biological activites

Spiroindoline:
Isolated from Strychnos
—> Antitumor activities

Vinblastine O\

Bindra, J. S. In The Alkaloids 1973, 14, 84.
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General consideration

NH
|\\\|
@)
N
H

Racemization through a retro-Mannich reaction

Oy

HN
1 ) !
N S racemization \
o — [ T -
N N
H N H

H

H

O +

/\NH

= i\
O
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/Oxidd’rive Rearrangements

One of the most common methods
Usual reagents: OsO,, Pb(OAc),, 'BuOCl, NBS, Na,WO,

From tetrahydro-f-carbolines (tryptoline)

O

”/[(R O QjQNH { NH, 0
N — —
el N R N HJ\R
N Cl H H
H

Bischler-Napieralski Pictet-Spengler
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/Oxido’rive Rearrangements

Cook’s studies on alstonisine

Cinchona type ligand

convex VS concave
Cook, J. M. et al. J. Org. Chem. 1995, 60, 120.

Cook, J. M. et al. Org. Lett. 2002, 4, 4237.
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Oxidative Rearrangements

Cook’s synthesis of alstonisine

Pearlman's cat:.
then NaOH

Pearlman’s cat.: Pd(OH),/C, H,

Cook, J. M. et al. J. Org. Chem. 1995, 60, 120.
Cook, J. M. et al. Org. Lett. 2002, 4, 4237.
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Oxidative Rearrangements

Danishefsky’s synthesis of spirotryprostatin A

CO,Me
NBoc NBS, AcOH _ _
N\ THF/H,0 y
N N MeO N OH
MeO H SPh MeO @H SPh H SPh

MeO

Danishefsky, S. J. et al. J. Am. Chem. Soc. 1999, 121, 2147.
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/Oxidd’rive Rearrangements

Williams’ studies on paraherquamide

N® H oH
) H H
o . .
HORS Cl Reo cl Reo
\Qa"'(p‘z‘" N N
NY o) o)
(Lo
H
N
p H

0 H®
N, NH H
\H — o >
: PGO
’ o) PGo \ N
o N O N
N o)

Williams, R. M. et al. Tetrahedron Lett. 1989, 30, 5575.
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Oxidative Rearrangements

Williams’ synthesis of paraherquamide A

OH

OH

Williams, R. M. et al. |. Am. Chem. Soc. 2003, 125, 12172.
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1,3-dipolar cycloaddition

Waldmann’s studies based on spirotryprostatin

NH,

[oe @L
O PPH,
e
/
+ >
O o) u(CH3CN)4PFg
N NEt,

Ar\W
|
NH
P_’c,z N NEt,
\ Cu
/ _— B

|
Fe Ph Ph \

<

@ |

Waldmann, H. et al. Nat. Chem. 2010, 2, 735.
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Azomethine Ylide Cycloaddifion

Palmisano’s synthesis of (-)-horsfiline

N
Meo\d%(o,,% ol MeO
O
NO,

860/0 de

Palmisano, G.J. et al. J. Org. Chem. 2001, 66, 8447.
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Asymmetric Addition-Elimination

Fuji’s synthesis of (-)-horsfiline

Ph
/ %Ph /i d

g OMe ///N02 I“\//NHCbZ

v\

NO —
o) 2 - 0 y O
N
Bn En Bn
>99% ee
OH c \
NHCbz N N
/ 1. MsCl, NEt, / MeO
N 2. NaH _ Meo - —_ .
. O 3. Pb(CF3CO,), O N
Bn 4. NaH, Mel N H

Fuji, K. L. et al. . Am. Chem. Soc. 1989, 111, 7921.
Fuji, K. L. et al. J. Org. Chem. 1999, 64, 1699.
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Pd-Catalyzed Heck Reactions

Overman’s synthesis of (-)-spirotryprostatin B

TfO Pd(OAc),
o) o)

H
AN O
N
NH [Pd(dba)s].CHCl,
N r (otol)sP, KOAC
P .
NS0
SEM

Overman, L. E. et al. J. Org. Chem. 1989, 54, 5846.
Overman, L. E. et al. Angew. Chem. Int. Ed. 2000, 39, 4596.
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Pd-Catalyzed Heck Reactions

Overman’s synthesis of gelsemine

Pd2(db3)3
AgsPO,

O NSEM
N

Y T4 o
MeOZCN

Br

Overman, L. E. et al. |. Am. Chem. Soc. 2005, 127, 18054.
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Pd-Catalyzed Allylic Alkylation

Trost’s synthesis of (+)-horsfiline

CO,Et
MeO
N OTIPS
N
PG
o) OEt @) OEt
MeO —F MeO N~
 —
0 _— - 0]
N
PG PG

Trost, B. M. et al. Org. Lett. 2006, 8, 2027.

[Pd(C3Hs5)Cl], O._ _OEt
Trost L* —
TBAT MeO o~
> @)
N
AcO™ F PG
84% ee

98% ee after recryst.

MeO o

Irz

e
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RINg Expansion

Carreira’s synthesis of (-)-spirotryprostatin B

| |
_R2 © _R2 _R?
le N N
1 1
Mgl R’ R R
N N N N
Bn Bn Bn

Iz

Carreira, E. M. et al. Angew. Chem. Int. Ed. 2003, 42, 694.
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Mannich Reaction

Danishefsky’s synthesis of (-)-spirotryprostatin B

B 7] MeO,C
12 MeO,Ca_ ®H
MeO,C OHC N NH )\
| y Z —
- A\ — O
NEt; N © N
N H

Danishefsky, S. J. et al. Angew. Chem. Int. Ed. 2000, 39, 2175.
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Retro-Mannich Reaction

White’s synthesis of elacomine

EtO,C _ _
) CO,Et
HN NH - N
hv retro-Mannic |
v CO,Et - o,
\ 2+2 COZEt [N
[2+2]  |\1e0 N_H MeO N CO,Et
MeO N oc Boc
Boc L _
l NaBH;CN
NH V
N NH  retro-Mannich \/k TFA <C02Et
/ - [N}
N N CO,Et
MeO N MeO N MeO Boc 2

White, J. D. et al. J. Org. Chem. 2010, 75, 3569.



ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE
T
-

Retro-Mannich Reaction

White’s synthesis of elacomine

NH BBr; CbzCl NCbz
A\ i
MeO HO CbzO N

oxidative
rearrangement

NH
H,/Pd
PR o
N N

Iz

NBS

NCbz

White, J. D. et al. J. Org. Chem. 2010, 75, 3569.
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_
Conclusion

Pros
 Variety of methods
* Metal-catalyzed processes promising
* Many more to come...

Cons
* Selectivity issue
e Auxiliary — not atom economic
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Outlook

Trost’s synthesis of marcfortine B

Trost, B. M. et al. |. Am. Chem. Soc. 2007, 129, 3086.
Trost, B. M. et al. |. Am. Chem. Soc. 2007, 129, 12396.

Boc

OMe

COzMe

T™MS

TMS\)%/OAC

CN
l- TMSOAG on
®
‘LPd.,,)
’ CN
©
> @) +
szdbag N
paphth COzMe
: 89% yield
N—P-BINOL 99% ee

3:1 cis/trans

O
HN
N

MeOQC

TMS\J\/OCOZMG I, I,

OMe

> O - O

Pd-cat.
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Outlook

Zhu'’s synthesis of horsfiline

MeO

Zhu, J. et al. Chem. Eur. ]. 2007, 13, 961.
Zhu, ]. et al. Synlett 2009, 18, 2997.

MeO

OTBS

Pd(dba),
\/f (S)—difluorophos> MeO
N X0 AgsPO4

| K4[Fe(CN)g]

Pd(OAC), TBSO
K4[Fe(CN)e] MeO

Iz
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Questions:

Question 1

Are 1,2 3-triazoles useful for other than
biofunctionalities, bioactivity and/or late stage
functionalization?

Question 2: can you provide a mechanism
for this reaction?

H
H,0 Ph NS
H N=N me [{CP RhCl,},]

NTS AbSbF, J
” CU(OAC), > OQ Ph
H h DCE
e

85 C’ Al 15hrS




1,2,3 Triazoles - a general introduction

General formula: C,H;N;

» Termodinamically tautomers

Strongly resistant to thermal, oxidative, reductive and hydrolitic conditions
6e-heterocycles with aromatic character

5/—{4 —w 5 4 . 5y==<4
- ’

2 P
@1\“’3 1\N13 1\ ! 3
2 2

Spectroscopic N and >N NMR data reveal that unsymmetrical 1,2,3- triazoles 4-5 exist in the 2H-tautomer form (70—
100%).

1H, 13C, *N and “N NMR shifts are identical for the hydrogen and carbon atoms in positions 4 and 5 and nitrogen atoms at
positions 1, 2 and 3 of 1,2,3-triazoles for both tautomers

N-Substituted isomers of 1H and 2H-1,2,3-triazoles can be differentiated based on their polarity.

the dipole moment of the 1H-isomer is substantially higher than for 2H isomer

1,2,3-Triazoles demonstrate amphoteric properties and can behave as a weak base or a weak acid.




Broad scope: all groups on alkyne widely tolerated

RZ\I{I,N\\ RZ\I{I’N\ °
- N + \N .
(4 )%/
\\g <
1 .
1-1

+

_N! -R
N% SN 2

Primary, secondar, tertiary and aromatic azides partecipated in the reaction R——

1.4 reqgioselective

Angew. Chem. Int. Ed., 2002, 41, No 14, Science Vol. 340 no. 6131 pp. 457-460

Synthesis of 1,4 disubstituted triazoles

High activation barrier (24-26Kcal/mol)
1:1 mixture of the two regioisomers

CUSO4'5H20 1mO0Jo4
Na Ascorpate 5mojo,

: >
H20/tBUOH 2:1' 't 8h



=
©/\N3 [RU]' 2MOI%
e

(RYZ
(R4~

= Cp'RUCI(PPh;), THF 65 C’ 30 Min
“[Cp RUCI]4 DMF: It 15min

Synthesis of 1,5 disubstituted triazoles

AT N,

e
RU

R, \\\‘ ~Cl
7l
N>

J. Am. Chem. Soc., 2005, 127, 15998-15999, Org. Lett., 2007, Vol 9(26), 5337-5339

N \CI

=R,

\\

NI\(

B

[Cp RUCI],” 10MOI9%

mw- 110 C' 20 Mj
DMF

s oo

) /:/
~N
Ar

[ N
Cp RUCI(PPh3)2 N’
CeHg’ Coho e 2h |
N
>
/
u
L\\\I \L Rl Nk
L 2



1,2,3 triazoles as ligands in catalysis

ST e The strenght of metal-N bond (sp? -hybridized
R_N‘ii' N nitrogen) depend from the degree of o-covalency
and 1r-back bonding effect
Established coordinative properties
e  Strong dipole moment

—

Z’llll
e
.

Lower e|ectron gensity
4 N'binding site ; N NG
\f N 3 k
\‘N '/ E “N > \NS-
}"J.IN' - N’ < :
,r\"‘ 5

{

4,

P
Y

z
//
/

z
\

pA

A
9

Organometallics 2012 31 1790-1800, Organometallics 2009 28 2352; Dalton. Trans., 2010, 39, 675;



N+ R CUSO45H20 1mMojos, 1 N
NZ SN 2 NaAscorbate 5mojo ~N-N
> "N
Rl —_— H20/tBUQOH 2:1' 't 8h =~
4
1
HZN/\?\N BN N<N oH N=N
: on Aok S AP
n
NZ > -gn BN/ NN N-B
N= \N=N =N

Org. Lett. 2004 6 2853

Polytriazoles as Cu(l)-stabilizing Ligands

soft ligands such as guanidines, imines, thiols, nitriles... are too labile
(compromise the redox stability of the metal center) or too strong

(copper catalytic activity is completely suppressed)

Tertiary amine is more basic and sterically

hindered: it accelerates the catalysis providing
additional electron density

N=N
N\A/N‘Bn

2 N
B\

Triazole: more labile, the metal center is
temporarily free to form the copper-

acetylide/ligand complex

2114

, J. Am. Chem. Soc 2007 129 12705;




NH-Triazole Rh complex

R
NaN, 1eq R 2
H_ _NO, )C])\ L Proljine 20% . 1\/I/N\NH
+ : -
Rl\IRz AT H DMSO 't Al N’

R2
Ry~ N - K2CO03 R
R; X 1 N
~n i/
Ar- =N Al

95%
% RA ek
NMN S <N [N
A\ A\ ]
4 Ne NN
[SIXY e
M pr/ M pr” ~Me

Organometallics, 2009, 28, 2352 - 2355



1,2,3 triazoles as ligands in

catalysis

RS
R, Ry
R NaBH,CN H'R N
/\H, 2 3 > // N~ 2 > R | B; \RZ
Ry Ry BH,CN T eN 93%
u
[AU] . AY H NHR*
\
NHR > N ~HR | Lur > \
R
R _BHR AU s
H H  BHR [AY]
* ®) |
Entry Catalyst Solvent ¢ Conv. Yield [PPhaAU(TA)]-TIO" )
hl A Pl %]

] " LT, 72 KT <5 o PPhyAUCIAGOTY 1 [PPhaAU(TA)*-TIO" + 3b ‘\

e 1 h, 10% decomposition |
Z PPhAUCH AgOTT CH,Cl;, 0.5 RT 19 17 PPhyAUCHAGOTF + 3b vl Ao
3 |F'fﬁ|.I.IE|ngD'|T CH,Cl;, 05 RT 15 11 100% dse:;ir?'lbosilion 20 h, 45% decomposition |
4 XPhosAuCl/AgOTf CH,Cl, 24 RT <5 n.d. ‘ H
5 [PPhAU-TA]'TRO™ CH,Cl, 72 RT <5 n.d. e ‘ .
B [¢PhosAu-TA]'TFO- CH,Cl, 72 RT <5 n.d.
8 [PPhAUTA]'TFO- DCE 24 20 35 24 XPhosAuGHAQOT! \ :
] [¢PhosAu-TA]'TFO- DCE 72 30 =99 93 \
10 [XPhosAu-TA]'TFO- THF 72 65 B85 3 XPhosAuCIAgOT! + 3b gxlihfosazug:gm-;gtign% .I‘uL
1 [XPhosAu-TA]'TFO- DMF 72 80 84 63 smin. —
12 [XPhosAu-TA]'TFO~ toluene 72 90 33 36 j0Ce decompcsion
13 [XPhosAu-TA]'TFO- MeCN 72 20 22 20 h.15%deoomposjtion U‘L

65 S Y U

ppm 45 40 35

Angew Chem. Int. Ed. 2014 53, 5418-5422

30 25 ppm 45 40 35 30 25
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TA-Au(l) complexes for intermolecular alkyne hydroamination

35 -
d covalent complexes: =
4 stable, low reactivity PP h3AuCI £
%33 i 2b-N1 isomer ] g
E] 2b-N2 isomer . 2a £
-§32 . e, Eau
£ . . PPh,Au-NTH, g
a3 34 3 3, s
& [:+]
N 30 - catalysts with potential balanced z
reactivity and thermal stability =
29 E
caticnic complaxes: )
2g o el ul R high reactivity, low stability
R NH
1)28 HzP0O,12WO;' TO
2) BHy THF Ry

PPh,
N_NA” AuPPhs 4A_PPh3
/ N N IN -
kf =N o <N OTf

h 2 oa 3
A) VT NMR of 2b By VT NMR of 3d
LJ -20°C _ﬂ}&f“kﬁ_
____________ _AHL_M___ﬂu%_ﬁﬁﬁﬂ_z/\f\x_“
_,,\JL_ UUC“_'_____/L
_.___J'-JL.“ 10" _,A_,ﬂ__
N
A v A
el e 2 e
0
m, ®
\H ~NH NH
Ph)\/H Ph)\/H PF)\/Pr Ph)\/H

J. Am Chem. Soc., 2009, 131, 12100;



Pyrazolil-TA mixed ligands for intramolecular alkyne hydroamination

R
— 2
. Ry R
_— >

2 /

N
Alkyn™ or Alken” pyfrojines or
amines Pyfrolidines

Organometallics, 2007, 26, 4335-4343 ,

&
(Ln)Rh C/_\NH
5+ ‘/

engo

N” ‘co
\

Organometallics 2012, 31, 1790

+8-IC-}/_\NH

(Ln)Rh\g"e\—/ 2

R

exo

12



Pyrazolil-TA mixed ligands for intramolecular alkyne hydroamination
NH, s an’ N
[My" 60 C N
C_ o~ O

H
o N o N
NH, [M] 110 C A HPh R /2 [Mjr 110 C
Q" > >

OC\ /CD BAr, n=1,PyT (1a)
= N TOF % Conv. % Conv.
GG\M Lo BArF, n=1,PyT(la) \“ﬁxNﬂnph ()  atSh  atd0h
sy n=0,1 .
\“E N=N_ Ph TOF’ | Time (h) at A Ny q0a | O ?“
A —'f"jn n=01 (h') | >98% Conv. Rh 46 7 93 (22 h)
- Ph—=—_-NH; ga | 7172 0.5 /\Q/NHz 100
— 7. Ph. Ph 9.5 75 =98(22h)
Ph— NH; 8b 144 4 A~ X _NH; 10¢
| Ph———. -NH: g3 =186 0.3 /\X,/NHz 10a| ¢ %
r p— Ir
T .
Ph NH, 8b 202 2.4 /\Q/ 16 71 92
= NH; 10b
Ph. Ph 75 75 98
X _NH; 10¢

* The efficiency varied significantly even with subtle changes to the ligand donor
set

* Formation of side product is largely reduced to a minimum

* New Py-TA ligands exhibit better reactivity than NHCs, Pyrazolil-Imidazole and
Phos ligands already in use.

Organometallics, 2012, 31, 1790- 1800; J. Am. Chem. Soc., 2008, 130, 1570-1571
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Clickphine and ClickPhos: a new P,N ligand class

Ph P Ph\N/ \\N
/ ‘7, . . . . .
2 ‘M/\l\(\l\l/ ):( :[M] * Bidentate P,N-type ligands are well known and applied in chemistry
[M]--N=N Al = +  Possibility of individual tuning of the substituent
) ) ) R, » Easiness of preparation
CliCkphine ClicCkPHOS
. BH3 R'N3
BH;  LNBULI g __,  Cusossizo BH3 ABCO
2\propargylpromijge sodjum ascorpate g
A PP oY > PP Z — —  Ph, /\4\N_R > PhZF’/\4\N_R
Ph,PH THF 78 C (99%) tBUOH-H20 2:1' I't Ny NQN'

Ph,P =
2 /\/\N_R [PdallyICl}, . thP\/\%N_R AgBF, thFi/\%N_R

[ O i _—N: ’/ I O __N: ’
DCM 't 45 min K)d N DCM' Tt" 1h kpd N

\J

Tl

Org. Lett., 2006, 8(15) 3227.3230; Org. Lett., 2005, 7 (22), 4907-4910
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Chiral TA-Phosphoric acids for CDC

Chiral phosphate could undergo anion exchange with a cationic oxidant ensuring that the phosphate would be in close proximity to form a tight ion-

pair

Preferential attack on one of the prochiral faces would provide an enantioenriched product

Ht

oOH

/\

amine-tethered tetrahydroisoquinoline, oxoammonium salt and various conventionally axially chiral PAs gave no results

( P ~o- o1 x-
\%‘J O BF4
O

NHAC
H
e e e e - N > N
Na PO,
@ij-o o) @j ‘ r catalyst (10%) 0
i tojuene: r't: 24h

: . [OFH
‘ NUC *~ chiral jon !
H 3 pair .
Chiral Phosphoric Chiral mﬂphnh ! Multifunctional Phosphate
Acid Catalysis Anion : Anion Catalysis?

Repulsive steric Repulsive staric ! Aftractive interaction between 15
interaction interaction : substrate and catalyst
; substituents

jacs 2013135 140044



Chiral TA-Phosphoric acids

CgH17 // 1) RNy’ CUBI" Et;N’ CgHyz

> NS
Ol 2. CC
OMOM 2) HCI* dioxane: 70 C 0_p<°

— ~
OMOM  3PQCIy py!” 95 C o” ~OH
9¢ ten K0 9¢
CgH17 A CgH17 ZN-R
N=

P~
o/ SOH
CgHi17 CgHy7 I I ~“ N
N=cH
97% yi€ld 88% yi€ld 93% yi€ld
839 €e 419, ee 4504 ee
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Hemilabile Click-TA Scorpionates

) @ |OW parrjer 9) ® O\ )

R, X )y k3/k2 interconversion . A
g @:E - = 'Ptfi > ‘Pr_L
) 4, 4

Organometallics 2012, 31, 225-237



1,2,3 triazoles as MICs in catalysis

NN’ N_N%

MO = N

J

R
NoT
M > N@l : i i FF\| lbd: l\vd IC%N
/ N@ R
/

Ag,O
e :
N/N / N/N
+ N |
/l\/@ Ag , [MICI(L), . /,\/@ I\Z)
K

J. Am Chem. Soc.,2008, 130, 13534-13535
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Dipp—NH,

1,2,3 triazoles as MICs in catalysis

1) tBUONO N

TMSN,’ MECN N Y
N

2y PhCCH . H

N)a ascorpate Dipp/

cat CUSO4 (&Q)

N2 N3
N1 c4
> )j;sf/ o i
J)Hﬁ — 7

—

an—
-

ROTf Y

Dipp/
CeDg 50°C
12hrs
N
N*
N
pipp’ R
N2 N3

Angew. Chem. Int. Ed., 2010, 49, 4759-4762

KN(SiMe3)2 F;\l
DCM . Et,O ,
- N@ 2 > N@ g
Dlp[f/ H TfO .

19



1,2,3 triazoles for C-H activation

O me OAC

O Ccoome MeOJSjMe o)
Pd(OAC), 5%MO]
H)j/Me OAe) 25 N Me
H
N
7\
S

| A PHI(OAC), 2:5%MO| ) + C>_<:/
_N 110C2an > O N
7\
in Tojuene 78% 7%
in ACOH 20% 27%
OAC
HNZ in"plane

» CyClizatjon

N HN-% =~ referreqd
Oé\E \\N R N/ $ \L p
N Ny AC
N \. /
=N
OAC

T = e - ~pg- out of plane -
TAAI N1ary|'1:2:3 TA Py N2 pyfidine’1-2:3 N- | ~L =SS TEVGTE Supstjtution
tfiazoje 4 carpoxylic acid triazoje 4carpoxylic acid AC ' f d

J. Am, Chem. Soc., 2013, 135, 2124-2127 Chemical science, 2013, 4, 3712-3716




1,2,3 triazoles for CH-activation

AC e}
N
7 WR
O //\\Q CyClization /b
N , > 2N
~N

OAC
AC (\@ R
o NH U _
° E\Q 0N OAC
;:N/ \ ;HH/\ N- dN supstitution A
— — \
\N/I{l_ . _{> \N/N_l@ _N
c N
78\
Pd(OAC), 5% MOl
R Pd(OAC), 5% Mol R R, (FA%)2 R R
i 74  PhI(OAC), 10% m0| 7\ Rl% ngl(gOHAZC()az 10% Mo| 1 2
q |
NH ) "TDCE AT 80 C 24m _ !
AATZ H anp-NHOH DCE AT 120 C 220 pav
Br
MeooC Meé  MeooC . Me Me
Meooc.(\/O |j TSN o
N N ! ] ]
87% 81% 70% AAT AAT AAT
AAT o AAT ¢ 0 81% 56% 88% .
dr=7:1 dr=20:1 dr=s:1

Chemical science, 2013, 4, 3712-3716



R

ﬂ@‘
Py Tar 1 NG

85%

1,2,3 triazoles for C-H activation

Pd(OAC), 10% Mol
Phi(OAS), 253 Mol Re

Meooc,
Py TA- 2 Py TA ACO Py TA ACO

DCE' AT 80 C 241 Py TA’Aco NH

H
AAT~-

al Z
D

Py TA”
76%

A N
| &
Z identical condijtions
dentical diti » No reactjons
N
N” °N

73% 80%

Chemical science, 2013, 4, 3712-3716

Pd(OACy, 10% MOl
PhI(OAC)y, 3% MOl

Rl
ACOH 15 €q
DCE AT 140 C 22h NH OAC

AAT-
Meooc, (g) h
Py TA- Py TA-

58% 68%
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1,2,3 triazoles for C-H olefination

Pd(O) [OX]’ Pd(':g pd(oAc)2

pate \

[Pd(OAC)]+
Al COOR
PdOAC _/
i ; i; r C
. Me
C 04 MO
Pd(OAC), 759 MO| A
R CUOTh, 10%
Z Tatm 0, 105% \ R Ok
N—
0 ©\/jyo Y )\? -
<20% <159 '
BN BN
' Pd(OACY, 109 MO !
N ( )2 N_
< MeSCOOH 20% <
Me N o . AgOAC 256q M€ N
EN /\B/ “BY TB5CE 120G 12nte HN
\ COO NBU

Org. Lett., 2014, 16, 4448-4451
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1,2,3 triazoles for C-H olefination

Ph

Mme
HN
od

BN
|

Ph N~N
\ A

HN

\ COO nBU
95%

BN BN
' Pd(OAC), 7°5% MO !
Y E:u o)TZf 109 Ph_ N
\ 1 ( )2 %o \ KI
N o . HOAC 2'5€q me
/\g/ ~"BY o, Dioxane oM’ HN
rs -
105 C 20H \_coonsu
BN BN BN
I I I
N
Ph *N Ph N~N me Ph N~N
F N\ Y G
HN HN HN
\_coo e \ Me \
COO NBU COO NBU COO NBU

90%

BN

Ph N\ s N

N Ph N Ph N

me %N Mme %N Mme g\;ﬁ
:< HN >\:/< HN :< HN

\ COOCH;, \ CN \ POsEt,

92%

Org. Lett., 2014, 16, 4448-4451

95% 86%

BN BN
N N

80% 90%
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1,2,3 triazoles as heterocycles precursors

*Broad spectrum of biological activities
*Triazole core should be an extremely robust heterocyclic unit, thus most of the relative chemistry revolves around its
functionalizazion

R R R R
/2/\N /2:N+_ =N" /2/\N
HN N === 1N N === PN N <= PhHN N
PH PH H

DiMroth Rearrangement

disrotation,
cyclic aromatic delocalization

+

na rotation, linear
a=conjugated delocalization

+1,2,3 triazoles (in solution) exist in a closed/opened form equilibrium with their diazocompounds

*This equilibrium is depending from solvent, temperature and nature of the substituents: halogen or EWG on 4 and 5
position push the equilibrium toward the diazoform, which could be explained in terms of non bonding repulsion between
the lone pair of electron on the the halogen and nitrogen atom in the periposition

sweak N1-N2 weak bond

“Chemistry of 1,2,3-triazoles” (Springer ed), Angew. Chem. Int.Ed., 2012, 51, 862



1,2,3 triazoles as heterocycles precursors

LM  NSO,R N, NSO,R L"M O

I =<— I o=

1)Rh s

N O O ] O

N="\ L N, N_g_R1 2)CN'R; N%N_g_Rz
—

Rl)\/ 8

J. Am. Chem. Soc., 2008, 130, 14972
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1,2,3 triazoles as heterocycles precursors

N
N~ “N-H

1€q

3€q

1) [RhyL,] 0'5%
DTBMP 1'2 €q

30C It +

/\©\ CHCI; 0'17M j
> .
¥ oMe  2)Tf20 1'05€q N ©\
ome

Cl
FsC
Entry Chiral catalyst Yield [26]" ee [%) /N 0, /N ““,
1 [Rh (S-NTA),] 68 23 + +
2 [Rh, (S-NTL),] 74 20 ome owme
3 [Rh,[S-NTPA),] 67 44 84% yi€ld 80% yi€ld
4 [Rhy(5-NTV),] 61 55 63% €€ 749 €€
5 [Rhy(5-NTTL),] 92 72
6 [Rh, (5-4-Br-NTTL),] 40 70
7 [Rhy(5-PTTL)) 15 46 EtOOC Meo
] [Rhy(S-TFPTTL), 56 70
g [Rh, (S-4-Me-PTTL),] 34 66
10 [Rhy(5-BPTTL)) i3 64
[ ). .
L L
t oMe t oMe
38% yield 34% yield 27
0% €€ 15% €€

Angew. Chem. Int. Ed., 2014, 53, 3452



1,2,3 triazoles as heterocycles precursors

> B _— 5 product

Angew. Chem. Int. Ed., 2014, 53, 3452
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Thanks for your attention!




N=N, Cp RhX,

N—TS
Ph)Q/

/ Ph

Answer:

NTS *
Rh_Cp* R‘
> N2 Ph—
ph 2 TS
@/ Ph

3N Ph me
Cp -Rh H
Ph
Q= ™t
/ Me 7
2 /
CUOAC < O’ Ph
D,O

2

30
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L-Histidine, a «passe- partout»
organocatalyst
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Questions

What are advantages of small peptide catalysts over enzymes ?

Can you explain the role of the co-catalyst in this reaction ?

t BU
H H
HO  OH NY\N N M® TBSO  OH
L AT O tmerm 2%
HO OH § TBSO 0
W \ )—SEt(Y mol%) TBSCI DIPEA Y\r
_— - _—

H
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Once upon a time...

Pleated sheet

Alpha helix

Pleated sheet

Amino acids

Angiotensin-converting enzyme 2

gy

~

Alpha helix ——

~
DS

Quaternary protein structure
protein consisting of more
than one amino acid chain

Tertiary protein structure
three-dimensional folding
pattern of a protein due to side
chain interactions

Secondary Protein structure
hydrogen bonding of the peptide
backbone causes the amino
acids to fold into a repeating
pattern

Primary Protein structure
sequence of a chain of
animo acids

Keidar, S.; Kaplan, M.; Gamliel-Lazarovich, A. Cardiovasc Res. 2007, 73, 463. Schomburg, |.; Chang, A.; Placzek, S.; S6hngen, C.; Rother, M.; Lang, M.;
Munaretto, C.; Ulas, S.; Stelzer, M.; Grote, A.; Scheer, M. Schomburg, D. Nucleic Acids Research 2013, 41, 764.
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.L-Histidine

A Amino Acids with Electrically Charged Side Chains
Positive Negative

A A '
“ Arginine Histidine ine * Aspartic Acid Glutamic Acid pKa 6 8 /\
(Arg) is) [J\sp] [Glu)
(R] ; 3 LE ]

L-Histidine

I ”‘ow 50
(@] (e}
NH NH, _
pka 5.0 nKI?M Ppragsy p Ka — 14’
NH - °
©o
NN N /S \edn /0 s
@ NH,
#Ka 1210
B.  Amino Acids with Polar Uncharged Side Chains €. Special Cases

Serine Threonine Asparagine Glutamine Cysteine Selenocysteine  Glycine Proline

{S«}e (The 0 [Asn) m (GI:\)@ [(ys\e (5ec) 0 (Gly) @ {Pro) 0
e

4o R S T T O"" Implied in:
O - Ae; wsxo NH, NH, n?‘:.‘lﬂl']‘J
Z}—m, | NH, NH, wéf =§7 s :%) e TEV proteases
o ° = « Cytomegalovirus proteases
NH,

N, e Chymotrypsin
D. inokcs i i e Chan _ | e Histidine kinases

Alanine Isoleucine Leucine Methionine Phenylalanine Tryptophan Tyrosine

Mh]o (ke ) o iLeu) o (Mat) @ (Phe} e (Trp) @ Tyr} 0
- T 2E

ki Data: CRC Handbook of Chemistry, w2010
Dan Ctjncari, Department of Medical Bophysics. University of Toronto, 2010

Kossel, A. Z. Physiol. Chem. 1896, xxii, 176. Hedin, S. G. Z. physiol. Chem. 1896, xxii, 191. Brenner, C.; Bieganowski, P.; Pace, H. C.; Huebner, K. J. Cell. Physiol.
1999, 181, 179. Stifel, F. B.; Herman, R. H. Am. J. Clin. Nutr. 1972, 25, 182.
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His

S

HNZZ N

W% pocket
) ITI/ i

L-Histidine impact in catalytic triads
Chymotrypsin

57

H\/}LN,R
I H
P ONH

N=/

H H—N

SALH ’o\op R\

|k

Hydrophobic

Gly 193

L

s
Jasi

;

~

0
Hij:W/J[i)

S

4 O
R N\/JLN,R
e,
N/

UCLA lllustrated Glossary of Organic Chemistry. Admiraal, S. J.; Herschlag, D. J. Am. Chem. S50c.1999, 121, 5837.

Histidine kinases

OH OH OH
HO-P_O-P_0-P_0O =N
8 o &8 O N\()\W/NHZ
7
N
HO TOH
ATP

OH OH OH
NHR HO—P—

*NHO

0-P-0-P-0O

Y8 ) )
K@’\N)\\\SNH
HO OH X

OH OH
HO-P_O-P_0O _N
8 & \LO QYNHZ
7
LN
HO TOH X
ADP
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Organocatalysis & chiral amines : an old romance

1960: Pracejus Ph\fo ~
O MeoH' 1 molg, BeNzoylquinine  H O N
111,Y
J\Ph Toluene: 110 C - PHMG 11150 X
7495 e 7

BeNnzoy|quinjne

1971: Hajos-Parrish-Eder-Sauer-Wiechert

O i 0
3% (S) Proline O
> HOZC“' N
DMF 5
@)

(S) Proline

“As yet there has been no compelling evidence that small polypeptides can approach the larger naturally occurring
proteolytic enzymes in terms of activity and specificity.” Matthews, B. W,; Craik, C. S.; Neurath, H. Proc. Nad. Acad. Sci. USA 1994, 91, 4103,

Pracejus, H. Justus Liebigs Ann. Chem. 1960, 634, 9. Hajos, Z. G.; Parrish, D. R. Ger. Pat. 1971, DE 2102623. Eder, U.; Sauer, G.; Wiechert, R. Ger. Pat. 1971,
DE 2014757. Eder, U.; Sauer, G.; Wiechert, R. Angew. Chem. Int. Ed. Engl. 1971, 10, 496.
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A pioneering work

O OH
I

HCN' (Ry OXynitrilase CN
T

(R) Mandelonitrile

Oxynitrilase

Isolated in 1908

_ R3HN,J CO,H
Hydrolysis R ' R? a-amino acids
_ R®HN. y—NH,
Reduction > o L R2 1,2-diamines
X Catalyst X CN
J‘L g
A T T o1 A HO ,—NH
R'™ "Rz HCN R™ R Reduction "/ ? 1,2-diamino alcohols
R1 R2
X=R3Nor0O
Hydrolysi 1O, jF0H hyd id
ydrolysis RV( a-hydroxy acids

R2

Rosenthaler, L. Biochem. Z. 1908, 14, 238. Becker, W.; Freund, H.; Pfeil, E. Angew. Chem. Int. Ed. Engl. 1965, 4, 1079.
Zuegg, J.; Gruber, K.; Gugganig, M.; Wagner, U. G.; Kratky, C. Protein Science 1999, 8, 1990. Gregory, R. J. H. Chem. Rev. 1999, 99, 3649.
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Diketopiperazine: an effective dipeptide catalyst

1979: Inoue and Oku

g
O Kg/ J HO CN

(2 moI%) .

HCN (1€q)’ benzene: 35 C

R Mangelonitrile

Diketopiperazine

Time reaction: 30 minutes = 40% conversion + 90% ee
960 minutes = 90% conversion + 21% ee

Racemization pathway
OH

OH OH
Base _ Base'H*
[::j/l\CN CN CN

Oku, J.; Inoue, S. Makromol. Chem. 1979, 180, 1089. Oku, J.; Inoue, S. J. Chem. Soc. Chem. Commun. 1981, 229.
Oku, J.; Ito, N.; Inoue, S. Makromol. Chem. 1982, 183, 579. Asada, S.; Kobayashi, Y.; Inoue, S. Makromol. Chem. 1985, 186, 1755.
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Reaction scope and mechanism propositions

Kg\[@

O (2 MOI%) HO CN Time reaction = 0.5-10h
)J\ — > “, Yield = 44-100%
R H HCN (29q)' tojuene: 20 C R H Enantiomeric excess = 4-97%

R = A" Np’ Furane: Cy’ Alkyl

Inoue proposition North proposition

Tanaka, K.; Mori, A.; Inoue, S. J. Org. Chem. 1990, 55, 181. Apperley, D.; North, M; Stokoe, R. B. Tetrahedron: Asymmetry 1995, 6, 1869.
Hogg, D. J. P,; North, M.; Stokoe, R. B.; Teasdale, W. G. Tetrahedron: Asymmetry 1993, 4, 1553.
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A reaction of interest

Catalyst is like a polymer but active under dimeric or oligomeric form

R! R! R! R?

__H O---H L __H O---H -
‘N/k~’// ‘N/H//O ‘N/k~’// N /O
N N

R2 R2 R2 R1
Head-to-Head Head-to-Tail
Ph
o O
~+.H H +!_|
“--.N, N
HN
_ | \>
N
H
R R

Shvo proposition

Shvo, Y.; Gal, M.; Becker, Y.; Elgavi, A. Tetrahedron: Asymmetry 1996, 7, 911. Schoenebeck, F.; Houk, K. N. J. Org. Chem. 2009, 74, 1464.
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Oxynitrilase vs Diketopiperazine: Who’s the best ?

H PN _
O N“ >NH o_ 0O \[ [\?
: , \ ( H
Serg, HiS,36 j/spzoa \I

O 2m0l%) HO CN
AN RJ\H HCN (1€qy’ benzene: 35° c R H
HN-CY7e Time Conv. ee (%)
- Entry Aldehyde (min.) (%) by1 by D-oxynitrilase
Hb—l\ 1 benzaldehyde 30 40 90 100
@{6 y N” o SHAN HO, £O 2 benzaldehyde 240 80 69 100
SP0s \—<His fpzog 3 benzaldehyde (p-Me) 30 80 33 28
k. 4 benzaldehyde (m-Me) 30 83 82 60
/ 5 benzaldehyde (o-Me) 30 67 70 not reported
S 6 benzaldehyde (m-MeO) 30 71 54 51
HE/ 7 benzaldehyde (m-PhO) 30 70 61 not reported
N 8 butyraldehyde 35 100 28 20
HLH 9 pentanal 40 100 43 31
HN o H-NTSN “O\fo 10 iso-butyraldehyde 35 100 35 25
Ser8>o_/ \_<Hi5236 S 11 cyclohexane carboxyaldehyde 15 100 25 not reported

Davie, E. A. C.; Mennen, S.; Xu, Y.; Miller, S. J. Chem. Rev. 2007, 107, 5759. Asada, S.; Kobayashi, Y.; Inoue, S. Makromol. Chem. 1985, 186, 1755.
Kobayashi, Y.; Asada, S.; Watanabe, I.; Hayashi, H.; Motoo, Y.; Inoue, S. Bull. Chem. Soc. Jpn. 1986, 59, 893. Gregory, R. J. H. Chem. Rev. 1999, 99, 3649.



Kinetic resolution of alcohols: dawn of a catalyst

O NHAC

HO  NHAS carayst 5 moigey Ac,0 A°C
O - O

(*)
Metal-free, mild conditions (no rigorous exclusion of moisture or oxygen), good substrate tolerance.

* Need conformational rigidity.
* Need to contain a functional group carrying catalysis.
O e
O e = M€
= Me N O
O N o N H
H,N H
2 \_)J\OH N H ’ A0 BOCHN I\, - .
E — BOCHN \O - - ; nM
—> - . H
NN \
\Q+
ACO 0

Davie, E. A. C.; Mennen, S.; Xu, Y.; Miller, S. J. Chem. Rev. 2007, 107, 5759.



Catalyst structure and its repercussions

O e Ve
HO  NHAC  (aays; (5 MOl AC,0 ACO NHAC U)\N M
/ _ - / N H
Toluene: 9 C BOCHN S /,H
- O”’ IIII\/Ie
(J_r) 84% €€ :
ST12°6 SN N\
O e
O e

ME ve

HZN\)J\
-~ ~OH oc ;
: B HN\_)\\O/, - 1 .
z 0 O-- BN
\
g\‘ Boc- "\ +H ----0
- Me

\N \
\< N oMme
= c k(R’R)/k(S'S) 28

Miller, S. J.; Copeland, G. T.; Papaioannou, N.; Horstmann, T. E.; Ruel, E. M. J. Am. Chem. Soc. 1998, 120, 1629.
Copeland, G. T.; Miller, S. J. J. Am. Chem. Soc. 1999, 121, 4306. Copeland, G. T.; Jarvo, E. R.; Miller, S. J. J. Org. Chem. 1998, 63, 6784




A peptidic bond in a small peptide: essential ?

I Mowe
HO  NHAC carayst 5 mology Ac,0 ACC,  NHAC . ZNB\\\\J\H/’%O
o > \ H
O Rt O Nj\*‘) """ o
S {
3 S Me

Miller, S. J.; Copeland, G. T.; Papaioannou, N.; Horstmann, T. E.; Ruel, E. M. J. Am. Chem. Soc. 1998, 120, 1629.
Copeland, G. T.; Miller, S. J. J. Am. Chem. Soc. 1999, 121, 4306. Copeland, G. T.; Jarvo, E. R.; Miller, S. J. J. Org. Chem. 1998, 63, 6784.
Vasbinder, M. M.; Jarvo, E. J.; Miller, S. J. Angew. Chem. Int. Ed. 2001, 40, 2824.
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: : N o)

An inflexible catalyst ? me A H;%
N Nt

IR A

HO  NHAC cagalyst 5 moiogy Ac,o ACQ,  NHAC % I ___0:8<

:<‘ . C BOC~ *H--~ ome

Toluene: o C -

krej ~ 7 Krey ~ 12

Miller, S. J.; Copeland, G. T.; Papaioannou, N.; Horstmann, T. E.; Ruel, E. M. J. Am. Chem. Soc. 1998, 120, 1629.
Copeland, G. T.; Miller, S. J. J. Am. Chem. Soc. 1999, 121, 4306.




A peptidic bond in a bigger peptide: still essential ?

Kre; ~ 50

Blank, J. T.; Miller, S. J. Biopolymers (Pept. Sci.) 2006, 84, 38. Vasbinder, M. M.; Jarvo, E. J.; Miller, S. J. Angew. Chem. Int. Ed. 2001, 40, 2824.



A boring screen ? Find a shortcut

HO NHAS cast 5 mogey Ac,0 A°Q,  NHAC

y s ACOH
Tojuene: g C

)

N . N « N
@ ‘OAC @
e Me

@)
catalyst

M NH
NON fluorescent Fluorescent

Copeland, G. T.; Miller, S. J. J. Am. Chem. Soc. 1999, 121, 4306. Harris, R. F.; Nation, A. J.; Copeland, G. T.; Miller, S. J. J. Am. Chem. Soc. 2000, 122, 11270.
Copeland, G. T.; Miller, S. J. J. Am. Chem. Soc. 2001, 123, 6496. Jarvo, E. R.; Evans, C. A.; Copeland, G. T.; Miller, S. J. J. Org. Chem. 2001, 66, 5522.




New purposes

Tertiary alcohols ?
U“”\H o

me N

NJ/\)\\O ”HN C

& - y

N ’BOC’N'H”"O{Phe ome C .

ve OH NHAC (10 m0|%) ve OQACNHAC CONVversion = 35748 9
F? Toluene: 23°C’ 72h F? krey 1950
® -
R = A" Np

Absence of amide function

O NHAC Caysy (5 M1y’ AC,0 ASQ NHAC O NHAC Caaysy (5 MOy’ AC,0 ASQ OncC
5 e - S 5 —wwwese - ()
(+) 84% ee (4 149, €e
Ve S~ 126 S=14

/~N
NG

A ESEIE RIS S C BN

O O i Pr O me
mMe- ot BU \(\NTrt /\/

Me OH @ 5 Moo/ M€ OAC conversjon = 40 50%
X ~ o > < kre; ~ 8'2'50

R™~H Toluene: 65 C’ 12h R™ ~H
(J_r) R~ A" Np’ Cy

Copeland, G. T.; Miller, S. J. J. Am. Chem. Soc. 2001, 123, 6496. Jarvo, E. R.; Evans, C. A.; Copeland, G. T.; Miller, S. J. J. Org. Chem. 2001, 66, 5522.
Fierman, M. B.; O’Leary, D. J.; Steinmetz, W. E.; Miller, S. J. J. Am. Chem. Soc. 2004, 126, 6967.



Total synthesis application

O é
«M Q—B"

. BOC~
\O/\?o 0 —<

co,Me
>
AC,O’ NEt,’ tojuene: o C
50% yi€ld

Mitosane core Mitomycin C

Antitumor agent

Papaioannou, N.; Evans, C. A.; Blank, J. T.; Miller, S. J. Org. Lett. 2001, 3, 2879. Papaioannou, N.; Blank, J. T.; Miller, S. J. J. Org. Chem. 2003, 68, 2728.



Remote desymmetrization at near-nanometer

e e
Me M me Me - me
’i‘ ’i‘
HO O O OH ACO O O OAC

Pro’stereogenic structuraj element

T l ‘ Unsactifactory
results
me

Me
R) (S)
HO O OAC ACO O O OH
5505 €€ at |OW conversjon Prochiral stereogenic

center

me
Me Me
CaralySt (5 MOloe)' AC0 ,
O O 575A
HO ACO OH -

Lewis, C. A.; Chiu, A.; Kubryk, M.; Balsells, J.; Pollard, D.; Esser, C. K.; Murry, J.; Reamer, R. A.; Hansen, K. B.; Miller, S. J. . Am. Chem. Soc. 2006, 128, 16454.
Lewis, C. A.; Gustafson, J. L.; Chiu, A.; Balsells, J.; Pollard, D.; Murry, J.; Reamer, R. A.; Hansen, K. B.; Miller, S. J. J. Am. Chem. Soc. 2008, 130, 16358-16365.

" 9.79 A




The catalyst, better than the enzyme ?

me

me me
CatalySt (5 MOj9g)y’ AC,0
— - O |\/|e|\/|e
CHCIy 30 C' 20h
SRS : w& WN% S
HO OH HO OAC s
S NHT
80% iSolated yi€ld Ot
95% €€ NHTft
No secondary kinetic resolution
e e e
MeM|\/|e |\/|eM|\/|e |\/|eM|\/|e
pMucor mienej
> R
o, T SA® SA®
ACO OAC HO OAC HO OAC
55% yi€ld 40% yi€ld
90% €€
Recycle

Lewis, C. A.; Chiu, A.; Kubryk, M.; Balsells, J.; Pollard, D.; Esser, C. K.; Murry, J.; Reamer, R. A.; Hansen, K. B.; Miller, S. J. . Am. Chem. Soc. 2006, 128, 16454.
Lewis, C. A.; Gustafson, J. L.; Chiu, A.; Balsells, J.; Pollard, D.; Murry, J.; Reamer, R. A.; Hansen, K. B.; Miller, S. J. J. Am. Chem. Soc. 2008, 130, 16358-16365.



Two plausible pathways

General base catalysis Nucleophilic catalysis

me me
I\//\N’ @) IJ\,//\N’
= @) Meme |, >/ = O Meme |,
HN N\)]\ )\g/N\)l\ )\/Ph BOCHN \)J\N)\g/N\)L )\/Ph
Ot BU NHTS e} Ot BU NHTS
NHTQ me NHT't

\/\/ " v \/\
O O Hydrogen bONding ACO_/—\\ H O O ,,"Hydrogen bonding
2 OH ~0 OH

Lewis, C. A.; Gustafson, J. L.; Chiu, A.; Balsells, J.; Pollard, D.; Murry, J.; Reamer, R. A.; Hansen, K. B.; Miller, S. J. J. Am. Chem. Soc. 2008, 130, 16358-16365.



A competitive catalyst

Lipase from pseugomonas Sp

HO/\‘/\OH _ HO/\‘/\OAC ACO/\‘/\OAC

OBN AC,0 (48q) OBN OBN
CHCI,’ 28 C' 24h 9604€€
57% 43%
CO,t BU
o -7
\J ’ o

e HN

HO/\‘/\OH (10 MOl9%) COzMe HO/\‘/\OAC ACO/Y\OAC

>
oBn AC,O (1 geCD oBn oBn
tojuene/DCM’ 55 C’ 24h 949€¢€
39% 61%

Lewis, C. A.; Sculimbrene, B. R.; Xu, Y.; Miller, S. J. Org. Lett. 2005, 7, 3021.
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Secondary alcohols less reactive R H
_co,t BU O

0 HN-
”\ H 0 BNO
W ~ "\ O
R VE 2 Y 2 o H’
WY o
I\NAN I\@ Gauche gauche conformaton
0
OH OH ﬁ\ I Nhisoc O “NH oBn OAC OH OAC OAC

Me
H
Me/H/LMe (10 mOl%) Bn)\COZMe _ Me/H/LMe Me)\/LMe Bnool_l%l\/le
oBn

AC,O oBn oBn
tojuene/pCM: 55 C' 24h 439p€€
49% 21%
u
o CouB
{ \ | 0
\\\\J\H/\f
Mme N HN
NMO I\@ Me
OH OH % I NHBOC O NH oBn OAC OH OAC OAC Me
Me/k./Lme (10 MOI%%6) Bn)\COZMe Me/k./Lme Me/'\/'\Me Bn(H)O
z - z z
OBn AC201 OBn OBn H
tojuene/DCM* 55 C’ 24h 179%€€e
38% 44%

Lewis, C. A.; Sculimbrene, B. R.; Xu, Y.; Miller, S. J. Org. Lett. 2005, 7, 3021.



How to be site-selective ?

Enantioselective Catalysis

} AAG(1) — Enantioselectivity

R’ R’ R’
Me._ Oy _~_LOH HO« . .OH HOW\_~_,0.__Me
b i Y g
C K W R? R RR R O

(+)-Enantiomer (—=)-Enantiomer

meso Substrate
Achiral Catalyst —» (AG”, - AG"|) = 0 —» Racemic

Chiral Catalyst —» (AG", - AG",)#0 —» Enantioenriched
Site-Selective Catalysis

AAG’(2) — Reversal of AAG’(3) — Inherent

Inherent Selectivity
Selectivity
R‘I
Me\n, HOL -~ OY Me
O R R* O
2 1

R*#R?
Achiral Catalyst —» (AG", - AG",) # 0 — Inherent Selectivity

Chiral Catalyst —» (AG", - AG";) # 0 —» Regioenriched
Lewis, C. A.; Miller, S. J. Angew. Chem. Int. Ed. 2006, 45, 5616.



Regio-selective functionalization of carbohyd rates

OH
Me HO O -
OH [N> HO Oon ot Aco on Oct
4 AC
HO O S m0|%) 0% 0
HO on oct AC,0 (1 €q 20%
o rowene/bct 0'C: 15h ORt
C o ]
" O@Oﬂ oc H()H&?w” oc
H
16% 64%
me
N//\N
Ny S (s HO HO
OH BOCHN N\_)LHLKN\‘)LHJ\COZMG HO On OCt ACO onh Oct
o = O Mme
0 = (@M% 0%
H(|)—| 0 on Oct AC,0 (1 €q) 112/0
o Tojuene/DCM’ 0 C' 15h OA
C - -
58% 22%

Griswold, K. S.; Miller, S. J. Tetrahedron 2003, 59, 8869.



Application on ErA}e/thomycin A

N
I\Il/\/> (10 M09

O
me Me
HO OH
Me,, OH .Ih/lg Nme,
MéE e ’ O M€
//O /, ,/O%
O O OoMé
me Me
OH

AC,0 (1€q)

mMe

N
|\||/ j (10 MOlo%5)

AC,0 (2€q) theN MeOH guench

BnJ\cone
AC,0 (2eq) then MEOH quench

Lewis, C. A.; Miller, S. J. Angew. Chem. Int. Ed. 2006, 45, 5616.




Regioselective phosphorylation,, 5 g?OH NHTT
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When a concept works...
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The three musketeers : C, P, S and... Si
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Question time

What are advantages of small peptide catalysts over enzymes ?

Easier diversification (bigger libraries)

Less substrate selective

Allow straightforward strategy

Faster reactions

Can work better

Better tolerance to organic solvent
Histidine can play more than only basic role

Can you explain the role of the co-catalyst in silylation work ?



Rationalization of co-catalyst role
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