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\\V4
Extensively studied <— H <\> —>  Far less studied
H
* Calculated ring strain: 27.3 25.2 In comparison:
(kcal.mol?)
* pKa (in water): 7.98 11.3 In comparison:

—> High ring strain energy / Basic: Two key parameters for their reactivity

W *
ot ON, ON
Usually, activation through: R’ RorlLA R R or LA
Aziridinium Azetidinium

F. Couty, B. Drouillat, G. Evano, O. David, Eur. J. Org. Chem. 2013, 11, 2045-2056

17/05/2018 J. D. Dill, A. Greenberg, J. F. Liebman, J. Am. Chem. Soc. 1979, 101, 6814-6826

27.4

11.3
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High ring strain energy / Basic: BUT not the only one AE g strain= 2.1 kcal.mol™
\N/
g
: : : > From this rate difference:
* R th DMAP: N n
e opEning I BnO : - N &(NB@—/OB - AAG#= 5.6 kcal.mol™!
ON SN
/ \Bn Bn

1,7.10% times slower

:> Ring strain not the only important factor

—_N 0 Q Conformers ‘i
\ NSO —— \%\NO
! l

19.5 kcal.mol""!

Invertomers “ around 10 kcal.mol!

* Nitrogen inversion energy barrier:

H Invertomers

% | }i
B ' b \%\5/
Conformers

Invertomers
Often observable by NMR at rt

Not distinguishable in NMR at rt

17/05/2018 N. De Rycke, O. David, F. Couty, Org. Lett. 2011, 13, 1836-1839 4
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|. Introduction

Important to differentiate activated and non-activated substrates:

17/05/2018

Non-activated E Activated '
B R2 R3 E EWG R2 R3 E
N [ i N ] i
RVTORE R R | R" °R? I EWG |
J * Activation \ \
R 5 2 R3 |
RT_N® _R? R EWG  RZ_A EWG |
S ! ® O © |
i RT® |
N rich in electron EWG on the nitrogen
Nucleophilic substrates Electrophilic substrates

Difference of reactivities
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it S ] Synthesis of aziridine and azetidine

* Easy access to aziridines

From epoxides Hoch-Campbell synthesis
R? R3 \-COH
From B-amino alcohols \ / j|\/R3
o R? Aza-Darzens
2 1
R NHR N/R1 =
I S
HO R =~ = sz X/l\EWG or X
2 3 NR>
N + NH | RUENR, O H
R+ RS AcO R —] E— R2 X = R1/N\LG Aza-MIRC
in situ

Aziridination

@)

7

R1
v g = A,
>:< + EWG—N:MLn] 2U | From Diazo compounds
R* R® R N,
Metal-nitrene addition R’
h\l R3§>\@R
R2 SR;

Aza-MIRC: Aza Michael Initiated Ring Closure
"Aza Johnson-Corey-Chaykovsky"

To learn more about stereoselective synthesis of aziridines:
17/05/2018 L. Degennaro, P. Trinchera, R. Luisi, Chem. Rev. 2014, 114, 7881-7929
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e Several methods for the synthesis of azetidine

Reduction
4-exo-tet
Haloamination R3 R
won RY_— NHR
S LG NHR
4-exo-tet R’ R2
R o x / o
N__ EWG R! R3
LG S

/ NH insertion
NHR N,

N LG/\<CI) Epoxide opening

| I
®
R3 N S
R2ﬂ\( 1A , // \@
N R 0 R R
PG~ Ring extension
Norrish type 2 LG\é/NHPG

+ NuH
Favorskii-type ring contraction

For a more intensive look to the synthesis of azetidine:
17/05/2018 A. Brandi, S. Cicchi, F. M. Cordero, Chem. Rev. 2008, 108, 3988-4035
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FEDERALE DE LAUSANNE

Ring expansion with “CX, inclusion”:

Activation Opening
i MeO ) i
o) MeO O
: : R R )=0 .
* Double S, 2 inversion process N m)konne \N)GTO R—=N R R\NJ\O
/R )/R Cl ,/R
R: COAr, CO,R, Vinyl, acrylate CI@ - MeCl 85-97%
* Require an external nucleophile for other precursors:
Ph s\\\ . . .
"M Boc,0, Nal bam The released carbonate not sufficiently nucleophile
N O N |::> . e ge e
| Acetone b — Halogen salt added to open the aziridinium
0]

72%

T. B. Sim, S. H. Kang, K. S. Lee, W. K. Lee, H. Yun, Y. Dong, H-J. Ha, J. Org. Chem. 2003, 68, 104-108
L. Testa, M. Akssira, E. Zaballos-Garcia, P. Arroyo, L. R. Domingo, J. Sepulveda-Arques, Tetrahedron 2003, 59, 677-683
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FEDERALE DE LAUSANNE

Ring expansion with “CX, inclusion”:

. O @)
En 1) Lil Ca2t.), (';I'(I-)le/HMPA O)J\N/Bn O)J\N/Bn
1 . +
* Allow the trapping of CO, C.;—:-:Z\ \_K )_1
90%, 97:3
S

H

N TBAB (5 mol%), CS, SJ\NH

* Other heteroatoms can be introduced: CS,
THF, rt, 24 h
94%

—> When only alkyl substituents: C3 opening = On the less hindered carbon

M. T. Hancock. A. R. Pinhas, Tetrahedron Letters 2003, 44, 5457-5460
A. Sudo, Y. Moriaka, E. Koizumi, F. Sanda, T. Endo, Tetrahedron Letters 2003, 44, 7889-7891
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Ring expansion with “CX, inclusion”:

(Ph RNCO Ph j\
N MgBr; (10 mol%
* Isocyanates upon activation can be used: 9B (0mok) oy N-R Men: Menthyl
LN dioxane, rt k—{
c3 cpCO2Men 12-48 h CO,Men

R: Aryl, alkyl, Bn, Ts, COCl;  g5.959,

ANF
NCS . N
H P (2 equiv) )|\
* But also thioisocyanates N ZnBry (125 equiv) ~ HN™ 'S
Ph DCM, rt, 0.5 h Ph
75%

—> If Aryl or Ester substituted aziridine: C2 opening = On the most substituted carbon
(Between Ph and CO,R > opening at Ph position favored)

M. S. Kim, Y-W. Kim, H. S. Hahm, J. W. Jang, W. K. Lee, H-J. Ha, Chem. Commun. 2005, 25, 3062-3064
R. A. Craig, N.R. O’Connor, A. F. G. Goldberg, B. M. Stoltz, Chem. Eur. J. 2014, 20, 4806 — 4813
S. Stankovic, M. D’Hooghe, S. Catak, H. Eum, M. Waroquier, V. Van Speybroeck, N. De Kimpe, H-J. Ha, Chem. Soc. Rev. 2012, 41, 643-665
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Ring expansion of 2-haloalkyl azetidines

X) N X

* Proposed mechanism: E&‘ | el i
N OR N
R R

—> Calculations tend to favor this bicyclic intermediate in DMSO

Ph, Cl Ph,  OMs
Phy o~ ‘ Ph OMs
‘ DMF CHCl,
] L TN
. e N. reflux N N\Bn reflux |
Stereospecific: Bn Bn Bn
. . 75% 79%
—> Retention via double S, 2
CL Ph
Ph ' L3
2 Ph
/ljl\‘l/\ — > MefQ"/Ph
“Bn reflux |
Me Bn

F. Couty, M. Kletskii, J. Mol. Struct. THEOCHEM 2009, 908, 26—30
F. Couty, F. Durrat, D. Prim, Tetrahedron Letters 2003, 44, 5209-5212
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Ring expansion of 2-haloalkyl azetidines

* Possible ring expansion of iodo-azetidine in presence of another nucleophiles

Ph l, (3 equiv) /L_Xl R3NH, NHPr
NaHCO5 (5 equw (10 equiv) /O
R~ 3 - .
1 N)\/\ )j(\ Ph \ Ph N
H CH;CN CH;CN | DMSO, |
20 °C, 16 h 60°C,2h Bn 60 °C, 18 h Bn
97% 74%
RSNH 2 M NaOH overall
(10 equ V) DMSO, (Excess)
rt, 48 h
ol ﬁ
Ph 'Tl
Bn
78% overall 82% overall

A. Feula, S. S. Dhillon, R. Byravan, M. Sangha, R. Ebanks, M. A. Hama Salih, N. Spencer, L. Male, I.
17/05/2018 Magyary, W-P. Deng, F. Miiller, J. S. Fossey, Org. Biomol. Chem. 2013, 11, 5083-5093 13
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Huisgen et al., 1967: 1,3-dipolar cycloadditions via azomethine ylides

R R! R R
A R — ' N '
/"\lk - | e @ & . R R
R | DR Thermal T \6 1,3-dipolar —
Electrocyclic cycloaddition R" R
Opening

Azomethine ylide

COLEt EtO,C———CO,Et EtO,C CO,Et
N > Cis product
| 100 °C, 14 h EtO,C N CO,Et
Ar Ar
71%
CO.Et EtO,C———CO,Et EtO,C CO,Et
EtOZCV 2 3 equiv —
N - £1O.C "CO-Et Trans product
. 100 °C, 14 h 2 N 2
Ar Ar
98%

R. Huisgen, W. Scheer, H. Huber J. Am. Chem. Soc. 1967, 89, 1753-1755
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weanone: |||, Reactivity of non-activated aziridines and azetidines

Huisgen et al., 1967: 1,3-dipolar cycloadditions via azomethine ylides

R R' R R
'll A R \__TSS Rl N R'
A R'w ON__R' -
R R Thermal e 5 1,3-dipolar —
Electrocyclic cycloaddition R R
Opening
Azomethine ylide
CO.Et EtO,C————CO,Et EtO,C CO,Et
N > Cis product
. 100 °C, 14 h BIO,C™ N7 TCOAE
A Ar
71%
CO.Et EtO,C——=—=—CO,Et EtO,C CO,Et
EtOZC 2 3 equiv —
QN; - £1O.C "CO-Et Trans product
) 100 °C, 14 h 2 N 2
Ar Ar
98%

Question 1: How can you explain the stereoselectivity of these 2 examples?

17/05/2018 R. Huisgen, W. Scheer, H. Huber J. Am. Chem. Soc. 1967, 89, 1753-1755 15
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1,3-dipolar cycloadditions via azomethine ylides

————————————————————

<—OBn <OBn <OBn ~—OH
_ H — L H | O
. . = ) o) | - 0 P
* With non polarized alkenes - f@ .l (Q e N~ =OH
ﬁo Diphenyl ether, N o : N —,/H ) ! —
NBn 260 °C, 5 min Bn E Bn E
70% ~ cmommmmmemmmeee-ed (-)-dihydroheliotridane

—> Intramolecular + require very high temperature

R
R
Bn |
. [ CO5Bn
i Wlth a”enOates A (1.2 eqUiV)2 Ph § COEL 48-73%
Ph COEl  Toene, MW, ano.c? N\ With R: H, alkyl or Ph
150 °C, 15 min 2 o
CO,Bn tBu 0
'LB” (1.2 equiv)2 N
. o . . - + H
* Interestingly if N protected with tBu or Cy: AN, - m
80°C, 4 h BnO,C  Ph
65%

K. Hashimura, S. Tomita, K. Hiroya, K. Ogasawara, J. Chem. Soc., Chem. Commun. 1995,22, 2291-2292
F. M. Ribeiro Laia, A. L. Cardoso, A. M. Beja, M. R. Silva, T. M.V.D. Pinho e Melo, Tetrahedron 2010, 66, 8815-8822
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[1,2]-Meisenheimer rearrangement with N-oxide of azetidines

O@ R R R\
R~,\i Homolytic \N® N N
. . ® —_— @O/, O/ 0]
[1,2]-Meisenheimer rearrangement: cleavage ) ~ )
R' Rl
R' R'
Diradical intermediate
©
Nt CPBA @N\O [1,2]-Meisenheimer
. B m- an rearrangement
 Kurihara et al. 1993 and 1996: ; e E—— N A —
- . = < , T
Me CO,Me Nl\v|e H COo,Me
0
0 0
€ o) 0 OMe

{ | H,0, { OO | _THF. reflux < N % O N

© MeOH/CHCI; | © 0 0 Y O OMe
rt, 15 h 3
Then PtO, (cat) 64%

magallanesine

More details about mechanism: L. Menguy, B. Drouillat, J. Marrot, F. Couty, Tetrahedron Letters 2012, 53, 4697-4699
T. Kurihara, Y. Sakamoto, M. Takai, K. Ohuchi, S. Harusawa, R. Yoneda, Chem. Pharm. Bull. 1993, 41, 1221-1225
R. Yoneda, Y. Sakamoto, Y. Oketo, S. Harusawa, T. Kurihara, Tetrahedron 1996, 46, 14563-14576
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Photo-rearrangement of 3-benzoyl azetidine

o) Ph

e Padwaetal,, 1967: N Ph
N [
“tBu EtOH tBu
95%
o . OH Ph
: Ph Ph Ph— o Ph Ph ph—CH Ph =
* Proposed mechanism: v | 1,4-HAT Recombination m o
N "Norrish N *—N N * '}l
tBu \ \ tBu
Type 2" tBu Bu tBu H,0
o) Ph Ph oo
Ph/% PR by n ] PhLs )
N EtOH N N Via:  H)}
“tBu tBu tBu "N Ph
tBu
33% 67%
Via H Via H More stable benzylic radical

A. Padwa, R. Gruber, L. Hamilton, J. Am. Chem. Soc. 1967, 89, 3077-3078

17/05/2018 A. Padwa, R. Gruber, J. Am. Chem. Soc. 1968, 90, 4456-4458

18
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Cobalt-catalyzed carbonylation of azetidine

 Alper and Roberto, 1989

* Proposed mechanism:

e Stereospecific process:

H C0,(CO)g (5 mol%) H
Oj CO (3.4atm.) mo
—N, Benzene, N
o Me 80 °C, 24 h H' Me
- 76% ~
R2
o]0) 2 R?
R2 R2 Z_—< R
E( C0,(CO)g E(@ Neo ( ® K\(
N N=R' - (CO)3C?/ R (OC)“COWN‘W ﬁ’ N~
R Co(CO), ¢ o o
© m O Co,(CO O
Co(CO), O® Co(CO), Co(CO), 2(CO)g
—> Insertion in the less substituted C-N bond
" " C0,(CO)g (5 mol%) Me
E( © © CO (3.4 atm.)
~—N ' /ENr Benzene N\tBu t o Me "R
Me®  tBu Me”  tBu 125 °C. 40 h 5

Ratio 3/1

88%
Ratio 3/1

D. Roberto, H. Alper, J. Am. Chem. Soc. 1989, 111, 7539-7543
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IV. Reactivity of activated aziridines and azetidines

20
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* S\ 2-type ring opening-cyclization:

With enolates:

With enamine:

17/05/2018

EWG™ “CO.Et (3 equiv) 0

NaH (3 equiv) EWG,,

Cu(OTH), (20 mol%) N—SO,Ar

R']
THF, rt- 60 °C R2
Only one diastereoisomer

1) OTMS
N Ph 20 mol% R’

N rt, 30 min
[\
R2 2) K,CO3 (1 equiv), SIO R
THF, t, 5-7 h 2
78-90%

Single diastereoisomer

IV. Reactivity of activated aziridines and azetidines

/l(/) 0 EtO,C,,
. N—Ts
/i/fN—SOZ-4-tBuCGH4 o
Ph \
92%, >99/1 er 73%
EtO,C,, 7 Ts
/I:/fN_TS From: ‘ A
Ph % orms o %, OTBS
79%

RO,S,
TMSO [ \ N 2
H Ph SN _ “‘R
SO,R d ph1" NG LV
- R2NOH  Via:

M. K. Ghorai, D. P. Tiwari, J. Org. Chem. 2010, 75, 6173-6181
A. Rai, D. S. Yadav, Tetrahedron Letters 2013, 54, 3127-3131

21
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* S\ 2-type ring opening-cyclization:

Ts

Even with nitriles: TiF, (5.0 equiv)

Ts
/\ + R-C=N F3C\<iNh/R
F3C (1.5 equiv) DCE, 80 °C N

1-8 h 32-93%

_I_SI,/TiF4 /
N@\y :

____________________

Proposed intermediate

Ac

N BF,.OEt, (1 equiv) A H,0 HﬁzMe
. . 3--=7 .. MeO,C N
Retention of the stereochemistry: Me0,C7 AN 0 G o ‘Qz/ — NHAC
’ O 93%
90% ee 24h 90% ee

M. Yoshiki, R. Ishibashi, Y. Yamada, T. Hanamoto, Org. Lett. 2014, 16, 5509-5511
M. Bucciarelli, A. Forni, |. Moretti, F. Prati, G. Torre, Tetrahedron: Asymmetry 1995, 6, 2073-2080,
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 Formal [3+2] cycloaddition:

Formal [3+2]-cycloaddition
Stepwise via Sy¢-type mechanism

LA I i
- R\ EDG
EWG \—/ R\ & EDG R' EDG
N Activation > o t o bN
AR ) @ - NN > “EWG
L R
R :(\;I\il(ljs R/\/N\EWG R EWG
R: Alkyl, Ph - -
* Evidence: Presence of eliminated products
SiPhMe, . SiPhMe, ’ \ SiPhMe,
BF3.OEt, (15 mol%) : He
— NTs * — °
DCM, 0 °C, 30 min L N NHTs e
v H R
65% 28% (1.5/1 Trans/Cis)

17/05/2018 S.C. Bergmeier, S. L. Fundy, P. P. Seth, Tetrahedron 1999, 55, 8025-8038
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 Same observation without silylated moiety:

. Q (1.4 equiv) ph H Ph Ph H

| | NHTs ZJ'

N BF3.0Et; (1.0 equw)= Z_Q . —— ViaEy: )n
N n

P DCM, -78 °C, 20 min

Mixture 1/1
For n=1, 45% overall
For n=2, 51% overall

* With electron-enriched alkenes = no opened product BUT mixture exo/endo

@ BF3.OEt, (1.0 equiv) , 7
/ DCM, -78 °C, 20 min N X N X

Ts H Ts H

Exo/endo:1/1
X= 0, 80%
X=NTs, 90%

I. Ungureanu, P. Klotz, A. Mann, Angew. Chem. Int. Ed. 2000, 39, 4615-4617
I. Ungureanu, P. Klotz, A. Schoenfelder, A. Mann, Tetrahedron Letters 2001 42 6087-6091



)
et Y] Reactivity of activated aziridines and azetidines

FEDERALE DE LAUSANNE

* Same observation without silylated moiety:

. E} (1.4 equiv) oh H Ph ph H

' BF3.0Et, (1.0 NHTS @

N 3-OEt; (1.0 equiv) b, — ViaE;: )
/ N n

Ph DCM, -78 °C, 20 min

Mixture 1/1
For n=1, 45% overall
For n=2, 51% overall

Question 2: How can you explain this difference between these two examples ?

* With electron-enriched alkenes = no opened product BUT mixture exo/endo

@ BF3.OEt, (1.0 equiv) , 7
/ DCM, -78 °C, 20 min N X N X

Ts H Ts H

Exo/endo:1/1
X= 0, 80%
X=NTs, 90%

I. Ungureanu, P. Klotz, A. Mann, Angew. Chem. Int. Ed. 2000, 39, 4615-4617

17/05/2018 I. Ungureanu, P. Klotz, A. Schoenfelder, A. Mann, Tetrahedron Letters 2001 42 6087-6091

25
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* Yadav et al., 2012: Ring-expansion of 2-TBDPS methyl azetidine:

. : TsN
TBDPS 5 TBDPS ! " TBDPS Q-"TBDPS
~ TsN i | !
TsN BF3.0Et; (1 equiv) '"TBDPS + : | ! Ph
- | TsHN < : \ 25%
R DCM, 0 °C, 15 min R ! ; 70% (Elimination major)
TBDPS Formed in most cases TsN - "TBDPS
TSNQ<TBDPS
TsN > _ OTBDPS
e 2 80%
(from the 2,4-substituted azetidine)

* Mechanism: Siliranium ion invariably trans to R substituent

Siliranium ion
_ (Partial bonds)

TBDPS © ©
"5, TBDPS %o TsN
TsN BF5.OEt, Osg/ @M Osg”™ .\ TBDPS
———> | p-Tol” N — pTol” N ("1SiPh,tBu
R Activation ® R
i R R | BF,

17/05/2018 B. D. Narhe, V. Sriramurthy, V. K. Yadav, Org. Biomol. Chem. 2012, 10, 4390-4399
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* Taguchi et al., 2003: Radical [3+2] cycloaddition via lodine Atom Transfer:

Electron-rich

Alk . |
TS enes Et3BD(1 equiv) & Ts
ry air , ) N & — .
N + JL R Via: N
' = “Ts
R R
S beM TN/ g ./

2 equiv rt, 10 h
71%, 1/1.7 Cis/Trans 56% 62%
H Ts
ith ] O (@)
With: O\ U . 77O 61%, 93% ee
| | H
94% ee

O. Kitagawa, S. Miyaiji, Y. Yamada, H. Fujiwara, T. Taguchi, J. Org. Chem. 2003, 68, 3184-3189
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* Non-activated aziridine reactivity using donor-acceptor activated aziridines

Electron-rich alkenes, imine,
aldehyde, isocyanide

Nu T OR
Ts Lewis acid T oR TS OR |, ) A T8
N LA N Ar N O R A9 N0 NN _coaR
JANS =0 Q > | N CO,R
CO,R Ar , . ONud ks LA T’ u 2
Ar CO.R ~__LA X LA j 0
RO™ O RO”™ ~O L OR LA R
And not
RO,C._ _CO,R
: Ar\@giN/Ts
. . . 1 @ :
* Reaction with electron-rich alkene:
Ts A H
" Y(OTH)3 (5 mol%) : o
CO5R | > TsN dr > 20/1 for cyclic olefins
Ar :COZR 0 4/; 'V;SZ, '35)(;'\/', RO,C 0
102 RO,C
Y Y £y
Ar:
Me O,N Br
83% 74% 68%

17/05/2018 L. Li, X. Wu, J. Zhang, Chem. Commun. 2011, 47, 5049-5051

28



I CPr L

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

IV. Reactivity of activated aziridines and azetidines

Reaction with aromatic imine :

P-BFCGH4 P-BFC6H4
Bn~N"NTs Bn~N"NTs
COzMe COzMe
COzMe COzMe
Ts R 1 Ar NC MeO
Y (OTf)3 (5 mol% RLy™
N CO,R + ﬂ (OT0s ( °) N NTs 65%, ratio trans/cis >50/1 79%, ratio trans/cis: 3:1
Aco R Ar? 4 AMS, DCE, CO,R
Ar 2 rt, 2-8 h A COR p-BrCeH,
65-98% BN~N"NTs
dr trans/cis up to >50/1 CO,Me
— CO,Me
XU O
. . . 98%, ratio trans/cis 1/1
* Reaction with aromatic aldehyde:
Ar
i O Zn(OTf), (5 mol%)
n mol%
N 2 > @)
coR + ,J NTs
/ <CO R Ar 4 AMS, DCE, CO5R
Ar 2 50 °C, 6 h A?  CO,R
Both electron-rich and
poor aromatic aldehyde
17/05/2018

52-97%
Most cases:
Only cis diastereoisomer
X. Wu, J. Zhang, Synthesis 2012, 44, 2147-2154

Z. Jiang, J. Wang, P. Lu, Y. Wang, Tetrahedron 2011, 67, 9609-9617
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* Chen and Davies groups, 2009: Gold-catalyzed ring expansion:

Ts PPhsAuCI (10 mol%) Q
N AgOTF (10 mol%) 7\
THF/MeOH R’ N R®  59-99%
R’ N 2 (10/),1t Ts
LA Davies et al.:
In apolar solvents: AgX play on the regioselectivity
R2
/| h b
AulL
AuL = / \ / \
N( - - TS—N;(  AgOTfin DCM —> R? Ri—LR2
Ts— 1 R IIQ Il?

R Major

| .
AuL
Ts—Nij e AgOTs in DCM > Only prod. R1QR2
® R
R1

D-D. Chen, X-L. Hou, L-X. Dai, Tetrahedron Letters 2009, 50, 6944-694
P. W. Davies, N. Martin, Org. Lett. 2009, 11, 2293-2296
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-(lfl! V. Conclusion

FEDERALE DE LAUSANNE

* Activated and non-activated aziridines/azetidines:

Non-activated: Act as a nucleophile then ring-expansion

—,> Opposite reactivity

N

* Upon activation, regioselectivity of the 1,3-dipole different:

. e
N N
R1 1 ‘RZ R1 ‘R2
A Lewis acid
R — —
| / \ R R2 / \
RN gz _ R Ews | R 1 R EDG
- R N R R _EWG
\S__Z/ Electron-poor W \@/ N Electron-rich
EWG R Alkenes ® © Alkenes

17/05/2018

Activated: Act as an electrophile then ring-expansion

31
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-(lfl! V. Conclusion

FEDERALE DE LAUSANNE

* Allow the synthesis of a diversity of 5-membered azacycles

A A A D W S
pE gy =gy gy gl a gyt Ghys

* In many cases: good regio and stereoselectivity for the ring-expansions

 Still not much efficient enantioselective catalysis for the formal [3+2]

ﬂﬂﬂﬂ
.* Y

Ar

Ts 3 ®

| X - - - = . .

N COR + ﬂ Chiral Lewis acid _ X/\NTs ; (G;oog dr E

A< 2 . Goodee ;

Ar coR A 2>_+COZR
Ar" CO.R

17/05/2018
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Thank you for your attention
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17/05/2018

Questions
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-ﬂf_ lll. Reactivity of non-activated aziridines and azetidines

Huisgen et al., 1967: 1,3-dipolar cycloadditions via azomethine ylides

R R" R
\ A R =

0
L) N )
R R
@ >
| R’ N R’
Ru/é:kRv Thermal i \6 1,3-dipolar \g1
R R

Electrocyclic cycloaddition

Opening
Azomethine ylide
EtO,C. WCO,Et EtO,C CO,Et
N F100T=—"C0H N Cis product
‘ > EtO,C7N\” ~CO,Et P
Ar 110 °C 1
EtO,C. ,CO,Et EtO,C CO,Et
N FOLT =00 - Trans product
‘ > EtO,C7 >\~ 'CO.Et produ
Ar 110 °C |

Ar

Question 1: How can you explain the stereoselectivity of these 2 examples?

17/05/2018 R. Huisgen, W. Scheer, H. Huber J. Am. Chem. Soc. 1967, 89, 1753-1755 35
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FEDERALE DE LAUSANNE

Question 1: How can you explain the relative stereoselectivity of these 2 examples?

- Using Woodward-Hoffmann rules: 4n electrocyclic opening in a thermal process: Conrotatory

Conrotatory
W-shaped
CcOo,Me »() A /Ikr@)
N\ > M602C\7NVCOZMG
Ar o)
MeO,C_ _ CO,Me CO,Me \ MeO,C.  CO,Me
N = - Cis product
Ar MeO,C—=—=—COMe  Me0,C™>\~ ~CO,Me
|
COzMe /Ar A )i\l"@) / Ar
;@/rﬂ) — (/Nw@
CO,Me MeO,C  CO,Me
U-shaped
MeO,C CO,Me
MeOzC\_/COzMe A A OMAD N8
N Similarly (/NVCOZMe + MeOZCVNWe —_— Trans product
l Upon heating o MeO,C™ N~ "COzMe
Ar COZMe S.shaped COZMe |

Ar

17/05/2018 R. Huisgen, W. Scheer, H. Huber J. Am. Chem. Soc. 1967, 89, 1753-1755 36
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FEDERALE DE LAUSANNE

* Same observation without silylated moiety:

. E} (1.4 equiv) oh H Ph ph H

' BF3.0Et, (1.0 NHTS @

N 3-OEt; (1.0 equiv) b, — ViaE;: )
/ N n

Ph DCM, -78 °C, 20 min

Mixture 1/1
For n=1, 45% overall
For n=2, 51% overall

Question 2: How can you explain this difference between these two examples ?

* With electron-enriched alkenes = no opened product BUT mixture exo/endo

@ BF3.OEt, (1.0 equiv) , 7
/ DCM, -78 °C, 20 min N X N X

Ts H Ts H

Exo/endo:1/1
X= 0, 80%
X=NTs, 90%

I. Ungureanu, P. Klotz, A. Mann, Angew. Chem. Int. Ed. 2000, 39, 4615-4617

17/05/2018 I. Ungureanu, P. Klotz, A. Schoenfelder, A. Mann, Tetrahedron Letters 2001 42 6087-6091

37



)
-(lfl! Questions

FEDERALE DE LAUSANNE

Question 2: How can you explain this difference between these two examples ?

|
Ts
@ (1.4 equiv)
Ts Exo

N BF4.OEt, (1.0 equiv)

P DCM, -78 °C, 20 min

; pn Ph
@sﬁph . . k@

No NHTs

17/05/2018 l. Ungureanu, P. Klotz, A. Mann, Angew. Chem. Int. Ed. 2000, 39, 4615-4617
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FEDERALE DE LAUSANNE

Question 2: How can you explain this difference between these two examples ?

Ts PhoH PhoH
! O BF3.0Et, (1.0 equiv) gttj 3
+ | > +
an X DCM, -78 °C, 20 min N N
Ph Ts H X Ts H X

Exo/endo:1/1

_ X=0, 80%
Via X=NTs, 90%
O YO
=X Z_Q
NO @ NO B
Ts Ts

Exo Endo

High stabilization due to the mesomeric effect of X
Both intermediates stable

17/05/2018 I. Ungureanu, P. Klotz, A. Schoenfelder, A. Mann, Tetrahedron Letters 2001, 42, 6087-6091
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Il. Synthesis of aziridine and azetidine

e Addition of Metal-nitrenes to olefins

R1
ML [
=\ N=LG " N N
R2 R3 * R’ > From: PhI=N , N3—EWG | TsO/N\CO R » NH,~EWG
v R;Q\ s EWG 2 + Oxidant
1/N:ML" ML,: Cu, Co, Ru, Rh, Mn, Fe, Ag
R

Two possible pathways:

17/05/2018

1 _ 4 1. B L]
ML, R'N=ML, R'N-ML, R2 RS
Singlet Triplet

LM . =
R2 R3 ntVis /’\I\R1 R2 R3
R2‘ B \R3 Loss of the stereospecificity ?

41



Oxidative O-cyclizations for Oxacycles

0
| A A N
Focus on: _ | | | |
Q 0 0 0 o0 Yo

* Non-preactivated substrates
* 6-membered oxacycle construction pyrylium

* One-pot reactions =
* Most recent work in |
. K lizati O O O
Wacker-cyclization strategy 3,4-dihydropyran 3,6-dihydropyran  tetrahydropyrane
* C-H activation strategy

0
 HAT strategy @ @ @ Q C\A\o @

furan 2,3-dihydrofuran 2,5-dihydrofuran  THF y-lactone  furan-3(2H)-one

2H-pyran 4H-pyran 4-pyrone 2-pyrone

Briefly or Not Discussed:

X
, H
. . OH 0 - OH
e Oxidative cyclization of polyenes Ny QMH
» Oxidative lactonizations @ R R N
R R LR N-R
M

Sn1 HAT C-H act. Wacker
Key reviews Piccialli, V. Synthesis (Stuttg). 2007, No. 17, 2585-2607. Anilkumar, G. Tetrahedron 2016, 72 (47), 7394-7407.
Rovis, T. Angewandte Chemie - International Edition. 2018, pp 62—-101. Cekovi¢, Z. Tetrahedron 2003, 59 (41), 8073-8090.
Nagib, D. A. Synth. 2018, 50 (8), 1569-1586. Butt, N. A.; Zhang, W. In Topics in Heterocyclic Chemistry; 2013; Vol. 10, pp 77-107.
Liu, B.; Shi, B. F. Tetrahedron Lett. 2015, 56 (1), 15-22. Santamaria, J.; Valdés, C. Mod. Heterocycl. Chem. 2011, 3, 1631-1682. 1

Varela, J. A.; Saa, C. Synth. 2016, 48 (20), 3470-3478.



Wacker — cyclization, Seminal Works

Hosokawa, 1978 Pd(OAc), (10 mol%)
(-)-B-pinene (1 mol%)

E;(\/\ Cu(OAc),°H,0 (1 equiv) : ~
OH 0O,, MeOH:H,0O (19:1) O \
12% optical purity
62% yield

Hayashi, 1997

Pd(TFA), - Hayashi's ligand
benzoquinone (4 equiv)

Pz MeOH, 60°C, 24 h Rl N
R-T 0
OH

up to 99% ee

/

\

Hosokawa, T. J. Chem. Soc., Chem. Commun. 1978, No. 16, 687—-688.
Hayashi, T. . Am. Chem. Soc. 1997, 119 (21), 5063-5064.

R, N R
R2'[ N
a4
boxax 17
R'=Pr,R2=H
R'=H, R2=j-Pr
R'=Ph, R2=H

R'=CH,Ph, R2=H




Developments in Enantioselective Wacker — type cyclization

Sasai, 2001 _
Pd(TFA),, SPRIX ligand
benzoquinone (4 equiv)

AN =
HO OBz DCM:MeOH (1:1), 0°C
Zhang, 2007
Pd(TFA), - Zhang's ligand
benzoquinone (4 equiv)
% MeOH, 60°C, 24 h
R
OH

Hosokawa, T. J. Chem. Soc., Chem. Commun. 1978, No. 16, 687—-688.

Sasai, H. J. Am. Chem. Soc. 2001, 123 (12), 2907—2908.
Zhang, W. J. Org. Chem. 2007, 72 (24), 9208-9213.

OBz
O

70-86% vyield
70-80% ee

\‘\\

0]

60-86% yield
95 -98% ee

H
iPr
iPr

(M, S, S)-i-Pr-SPRIX

"// |\\H
| /l iPr
O/N N\O iPr

R =iPr, Ph, Bn




Developments in Enantioselective Wacker — type cyclization

Sasai, 2001 _
Pd(TFA),, SPRIX ligand
benzoquinone (4 equiv) H H ~  |wH
X = _ iPr | /l iPr
- 5 OBz iPr O/N N\O iPr
HO OBz DCM:MeCH (1:1), 0°C (M,S,S)-i-Pr-SPRIX
70-86% yield
70-80% ee
Zhang, 2007 ’
O
.,
‘R
T
R M /TR
bimetallic +0 /f:'g ,.}\
R complexation N
R N anaer N
: <N_ R
N NS \{_,O 0
2 (top view) Ri/ M \lR

(S.aR)-3 (5.25)-3 (S.aR)-4
disfavored favored disfavored
(not found) (not found)

Hosokawa, T. J. Chem. Soc., Chem. Commun. 1978, No. 16, 687—-688.

Sasai, H. J. Am. Chem. Soc. 2001, 123 (12), 2907-2908.
Zhang, W. J. Org. Chem. 2007, 72 (24), 9208-9213.



Application in Total Synthesis

Tietze, Vitamin E

Me Me  pd(Il) - Hayashi's ligand
MeO benzoquinone, MeOH

' o

Me .

84% yield
94% ee 3 steps

Yang, Micradilactone A vitamin E

P
. . . N_ N
_— o Micrandilactone A Q T \©

S

Me
Thiourea A

Pd(OAc), (10 mol%)
Thiourea A (10 mol%)

CuCl,, CO, THF, 70 °C, 8 h
95% yield

Tietze, L. F. Angew. Chemie - Int. Ed. 2004, 44 (2), 257-259.
Yang, Z. Org. Lett. 2005, 7 (5), 885—888. 4



Wacker - type cyclization

OH Pd" cat., [O]

O

TN

Pd" cat., [O]

Pd" cat., [O]
@/\)J\XH

Pd" cat., [O]

Oxidant: benzoquinone, Cu/ O2, O2 / DMSO

@X)éo Solvent: DMSO or other polar, coordinating solvent



Wacker - type cyclization

OH Pd" cat., [O]

O

TN

Pd" cat., [O] H

Pd" cat., [O] @)jo

Pdll cat., [O] /\EXJ

Oxidant: benzoquinone, Cu/ O2, O2 / DMSO

Stoichiometric
oxidant needs
to be removed

Copper competes with
Pd for the ligand

Solvent: DMSO or other polar, coordinating solvent



Wacker - type cyclization

OH Pd" cat., [O]

O

TN

Pd" cat., [O]

Pd" cat., [O]
@/\)J\XH

Pdll cat., [O] /\EXJ

Oxidant: benzoquinone, Cu/ O2, O2 / DMSO

Stoichiometric

. Copper competes with
oxidant needs

H Pd for the ligand
P to be removed
0
@X)éo Solvent: DMSO or other polar, coordinating solvent

DMSO is strongly donating,
coordinating solvent



Wacker - type cyclization, Stoltz, development

Uemura - 1999

@AOH

What is the role of molecular sieves?

Pd(OAc), (5 mol%)
pyridine (20 mol%)
Na,CO; (2 equiv) 1. Non-coordinating solvent

MSSA, Oz - ©AO 2. 02 as terminal oxidant
toluene, 80 °C 3. Accelerated by ligand



Wacker - type cyclization, Stoltz, development

What is the role of molecular sieves?

Uemura - 1999 Pd(OAc), (5 mol%)

pyridine (20 mol%)

Na,CO; (2 equiv) 1. Non-coordinating solvent
©AOH MSSA, O, - ©AO 2. 02 as terminal oxidant
toluene, 80 °C 3. Accelerated by ligand

Stoltz - 2005

Pd(TFA), (5 mol%)
pyridine (20 mol%)
Na,COj (2 equiv)

W MS3A, O, ©j><\
> X
OH @)

toluene, 80 °C




Wacker - type cyclization, Stoltz, development

Uemura - 1999

Stoltz - 2005

@AOH

cor
OH

What is the role of molecular sieves?

Pd(OAc), (5 mol%)
pyridine (20 mol%)

Na,CO; (2 equiv) 1. Non-coordinating solvent
MSSA, O, - ©AO 2. 02 as terminal oxidant
toluene, 80 °C 3. Accelerated by ligand

The more electrophilic the better

Pd(TFA), (5 mol%)
pyridine (20 mol%)
Na,COj (2 equiv)

o)

toluene, 80 °C



Wacker - type cyclization, Stoltz, development

Uemura - 1999

Stoltz - 2005

@AOH

cor
OH

What is the role of molecular sieves?

Pd(OAc), (5 mol%)
pyridine (20 mol%)

Na,CO; (2 equiv) 1. Non-coordinating solvent
MSSA, O, - ©AO 2. 02 as terminal oxidant
toluene, 80 °C 3. Accelerated by ligand

The more electrophilic the better

Pd(TFA), (5 mol%) .
pyridine izo mo|°/:; Monodentate pyridine- and

Na,COj; (2 equiv) nicotinate derivatives are the best

o)

toluene, 80 °C



Wacker - type cyclization, Stoltz, development

Uemura - 1999

Stoltz - 2005

Increases the rate, renders
catalyst less stable (Pd black)

@AOH

cor
OH

What is the role of molecular sieves?

Pd(OAc), (5 mol%)
pyridine (20 mol%)

Na,CO; (2 equiv) 1. Non-coordinating solvent
MSSA, O, - ©AO 2. 02 as terminal oxidant
toluene, 80 °C 3. Accelerated by ligand

The more electrophilic the better

Pd(TFA), (5 mol%) .
pyridine izo mol%) Monodentate pyridine- and

Na,COj; (2 equiv) nicotinate derivatives are the best

o)

toluene, 80 °C



Wacker - type cyclization, Stoltz, development

What is the role of molecular sieves?

Uemura - 1999 Pd(OAc), (5 mol%)

pyridine (20 mol%)

Na,CO; (2 equiv) 1. Non-coordinating solvent
©AOH MSSA, O, - ©AO 2. 02 as terminal oxidant
toluene, 80 °C 3. Accelerated by ligand
Stoltz - 2005
The more electrophilic the better
Pd(TFA), (5 mol%) -
pyr(idine)iZ(O i) Monodentate pyridine- and
Increases the rate, renders Na,CO; (2 equiv) nicotinate derivatives are the best

catalyst less stable (Pd black) W MS3A, 0, ©j><\
OH o

toluene, 80 °C

Highly selective to cyclization (vs alcohol oxidation) = substrate and Pd-source controlled.
Work-up = filtration through silica gel, often no need for purification

Uemura, S. J. Org. Chem. 1999, 64 (18), 6750-6755.
Stoltz, B. M. J. Am. Chem. Soc. 2005, 127 (50), 17778-17788. 6



Enantioselective Wacker - type cyclization

Aliphatic alcohols

Phenols Carboxylic acids
anitry substrate product time yeld entry substrate product time vyield
)
OMe OMe oH
MeQ MeQ 10min 86% 0 8h  80%
MeO OH MeO o
7
il g 36 3
0 0
2.0 XH « X=NTs 8h s8%
3k > - X=NOBn 4h 82%
38, 40 39, 41
0 CO,E
CO,Et /
4.0 0 a8h 3% °d
= =
42 43
CO,H 0.0
= 2
5. 62% °
a5
0
@“*“ @\, =~ »om
TEmin B3
@fj(\ >
uH
0
O e B,
g\/co,ﬂ @:): 12h 8%

49

entry substrate product time yield
OH
1> 0 3h 87%
=~ Q;f
28 29
0
2. G/\/\ OH @J 10h 93%¢
30 31
OH
3. g\/ m 75h 69%9
0
32 33
OH
©/\/ & 20 h 60°%2
0
34 35
4



Enantioselective Wacker - type cyclization

Enantioselective Wacker conditions
H N

N H
H

W sparteine (40 mol%)
OH (sp)Pd(TFA), (10 mol%)
Ca(OH), (2 equiv)

MS3A, toluene, O, 80 °C
36 h

O

72% conversion
76% ee

Substrate Scope

substrate product time yleld® get

SO O - -

(+)-2
m\ m 24h  64%
60 h @ 55°C 57%
(+)-8
U\I/\ m‘*—- 6h  47%
(-)-6
|"+J-4
=) 10

Trend, R. M.; Ramtohul, Y. K.; Stoltz, B. M. J. Am. Chem. Soc. 2005, 127 (50), 17778-17788.

B1%

88%
90%

B83%

86%

20%



Enantioselective Wacker - type cyclization

Enantioselective Wacker conditions Substrate Scope
H N substrate product time  yleld® gec
N = m\ CEXH 6h  87% B1%
H
W sparteine (40 mol%) ©j>\\§ (+)-2
OH (sp)PA(TFA), (10 mol%) o m\ m 2h 4% 88%
CG(OH)Z (2 equiv) . 60 h @ 55°C 57% 90%
\ 72% conversion 8
MS3A, toluene, O, 80 °L 76% ee (+)
36 h
U\I/\ m“h 6h  4T% B83%
Conversion and ee varied a lot with (-)-6
different Pd sources. \CL/\r\ \CD\-H. 6h  am B6%
Rate drops when sparteine is added. »
+
(=) 10

Trend, R. M.; Ramtohul, Y. K.; Stoltz, B. M. J. Am. Chem. Soc. 2005, 127 (50), 17778-17788.



Enantioselective Wacker - type cyclization

o
o
m
—
e
a
—
—_
)
T
= o
m
o

m E . E s : W~
anti ‘:L H @ __.__. E. H - "., ....... . —_— o

nucleophilic £ =D E D E
. E D fs) D 0 0] D .

attack .- OH E
3-d-54
Not observed
HO
j r-allyl _ [Pd" [Pa] c o\
EE P v N ) S - E o~
N - H(D)X Em\mm “HOX mmm (p\“{”} ,O.—E
&ﬂgEt o) (D)H "..rE
cis-3-d-53
:l sn\\

uxypalladatiun

.

0- [Fd] [F‘d] —D

l
Ry —

[Pd] [F'd]—H H

54

LTe)

D.,,

E
oF [Pdly o°

rn“‘

cis-2-d-55




Enantioselective Wacker - type cyclization

Alcohol substrate

Carboxylic acid

HO._O
substrate \f
D\“‘QR
R
Summary

(10 mol%)

</ \:N_Pd(TFA)Z pyridine (30 mol%)

Na,CO; 2 equiv), MS3A
toluene, O,, 80 °C

Na,COj; (2 equiv), MSA
(10 mol%) toluene, O,, 80 °C

(10 mol%)

</ \\N—Pd(TFA)Z pyridine (30 mol%)

Na,COj 2 equiv), MS3A
toluene, O,, 80 °C

Monodentate ligand > bidentate ligand
* Monodentate ligand > better stabilizes TS
* Monodentate ligand - difficult asymmetric-induction
Both syn- and anti-oxypalladation are possible

Syn-oxypalladation
Good yields
Fast reaction

Syn-oxypalladation

Moderate yields

Slow reaction

Alcohol oxidation as side reaction

Anti-oxypalladation
Moderate yields
Slow reaction



C-H activation

Yu, 2010 - seminal work

Pd(OAc), (5 mol%)

R
Li,CO5 (1.5 equiv
- WR 2CO3 ( quiv) _|
u ! R
N, OH PIDA (1.5 equiv) 70

CgFe, 100 °C, 36 h

PIDA

Yu, J. J. Am. Chem. Soc. 2010, 132 (35), 12203-12205.

Yu, J. Q.; Davies, H. M. L. J. Am. Chem. Soc. 2013, 135 (18), 6774-6777.

e Pd(ll) / Pd (IV) cycle

* FGs are tolerated on aryl

* Harsh conditions limit the scope

* Orthogonal to Pd(0) coupling chemistry

2b, 88% 2c, 83% 2d, 85% 2e, 76%°
b Cl
AT LI e 0
2f 75% 2g, 85% 2h, 86% 2i, 88%
1 : re : : MeQO,C’ :
2j, 85%° 2k, 91% 21, 83% 2m, 90%
n-Pr MeQ
3 Ph d Bn n- Pr o i-Bu
2n, 82% 20, 88% 2p, 91% 2q, 70%
Ph
Et
2r, 81%° 2s, 80%° 2t, 50%9 2u, 42%°




C-H activation

e Phenol directed
* Pd(0) / Pd(ll)
Pd(OAc); (5 mol%) * Airisthe oxidant

R OH IPr (10 mol%) R . _ o
MesCOONa (0.5 equiv) O Milder conditions
) 3

Liu, 2011

Y

K,CO, (2 equiv), MS3A Pivalate additive acts as proton shuttle
2 3 UIV , . . . . .
R 4,5-diazafluoren-9-one (10 mol%) * C-Ored. elim. is turnover limiting

mesitylene, 120°C, air, 2 h
O Pd(OPiv),, IPr

K,COs, toluene
O y OH 15 min, 90 °C
/ 90 °C, < 5%
120 °C, 58%
VPN
s Q

Pd(OAC), (5 mol%)

OH IPr (10 mol%)
o MesCOONa (0.5 equiv) O O

O K,COg3 (2 equiv), MS3A O
D 4,5-diazafluoren-9-one (10 mol%) (D)H

mesitylene, 120°C, air, 2 h

Y

24 hrs \

KIE=1.0

Liu, L. J. Am. Chem. Soc. 2011, 133 (24), 9250-9253.




C-H activation

Yoshikai, 2011
on Pd(OAc), (5 mol%) e Pd(Il)/Pd(IV) cat. system
-ni idi 0 O . e ey . .
Z 3-nitropyridine (5 mol%) R |  C-H bond cleavage is rate limiting and irreversible
R+ | BzOO1Bu (2 equiv) o
X .
CeFe/DMI, 90 °C, 2 h
50 - 72%
Zhu, 2011 Zhu, 2012
CuBr (30 mol%)
=
EWe R PivOH (1 equiv) EWG O,N O R Cul (1.5 equiv) ON
N Cs,CO3 (0.5 equiv) 2 O PivOH (1 equiv) - O Q
g . o R
OH DMSO, air, 140 °C OH DMSO, air, 140 °C | (@)
R
EWG = NO,, CN, CHO 15 examples, 62-72%

\J

(e '
O as above O O
OH (@) R
Yoshikai, N. Org. Lett. 2011, 13 (20), 5504-5507. O,N
Zhu, Q. Org. Lett. 2012, 14 (20), 5362-5365.
Zhu, Q. Org. Lett. 2012, 14 (4), 1078-1081. 22 examples, 32-82%

(overall)

NO,




C-H activation, White, Serial Ligand Catalysis

C-H oxidations include
* Amination
e Acetoxylation
e Alkoxylation
e Alkylation
* Macrolactonization

O\\ . ‘ ’/O
Ph-S . S>pn
Pd(OAC),
(10 mol%)

0
Cr(salen)CI (10 mol%) OAf

> 0
benzoquinone (2 equiv) R/'\k
dioxane [0.33M] X

45 or 65°C, 48-72 h

White, M. C. J. Am. Chem. Soc. 2005, 127 (19), 6970-6971.

S

H

White, M. C. J. Am. Chem. Soc. 2011, 133 (32), 12584-12589.
White, M. C. Angew. Chemie Int. Ed. 2008, 47 (34), 6448—-6451.

O\\ ! ‘ ’/O
ph-S . S Ph
Pd(OAC),

C-H cleavage

Me

R\//|\\ 9] BQ
- Pd
o functionalization
Rl/go
0
Mechanistic studies
O\\ 4 2 ’/o O\\ 6 2 ’/O
" ph-S  S>ph pn-S . Seph
© Pd(OAc),

White, M. C. J. Am. Chem. Soc. 2007, 129, 7274.

White, M. C. J. Am. Chem. Soc. 2009, 131, 11707.

White, M. C. J. Am. Chem. Soc. 2004, 126 (5), 1346-1347.
White, M. C. J. Am. Chem. Soc. 2006, 128 (28), 9032—-9033.

Y

RI

14



Selectivity and Scope

Comparison with SAP?

O\\ / p //O
ph-S . S ph
Pd(OAc), Demonstration of Chemo- and Regioselectivity
O-OH (10 mol%) o
Cr(salen)CI (10 mol%) 0" isolated dr
-G entry product yield”  (antisyn)’
R)\/\ benzoquinone (2 equiv)
dioxane [0.33M] X Q—f\fﬂ
H °C. 48-
45 or 65°C, 48-72 h 1 0 o 4 -
isolated dr
R product yleld® (anti:syn)® %
i-Pr (-)-6a 83 (80)° 9:1¢ "\f"ﬂ
2 0 8b 77 8:1
4-BrPh 6b 57 3:1 Ph d
n-Pent 6c 82 2:1
0
t-Bu 6d 22 11:1 3 ’:r 8 53 71
Me O  TCOH  geR=Ph 57 3:1 oS
R x 6f R=n-Bu 60 31 a’\f':'
0”7 CoH B nE.u\y\)\(D 8d 72 3:1
TK/\ (69 62 81
Bn 0
nPent T
N
" COH 5 O Be 52 21

NS (+)-6h 62 41



Extension of the Methodology, Substrate Scope

Lactone formation

-
S~

H

)

O\\ . ‘ ’/O
Ph=S ., S>ph
Pd(OAC),
(10 mol%)

0
Cr(salen)CI (10 mol%) oY

- 0
benzoquinone (2 equiv) R)\k
dioxane [0.33M] X

45 or 65°C, 48-72 h

16



Extension of the Methodology, Substrate Scope

Lactone formation 0./ \ 0 Ether bond formation 0./ \ 0

Ph~S . S Ph Ph-S . S>ph

0. OH Pd(OAc), Pd(OAi)Z

(10 mol%) o) (10 mol%)
0 O OH o O
o Cr(salen)CI (10 mol%) /\f /©/\/\/\ Cr(salen)CI (10 mol%) /@j/\
> Ne) o
RJ\A benzpquinone (2 equiv) R)W\ R AN benzoquinone (2 equiv) R
dioxane [0.33M] AN DCE [0.3 M], 45 °C, 16 h
H 45 or 65°C, 48-72 h

White, M. C. J. Am. Chem. Soc. 2014, 136 (31), 10834-10837.

16



Lactone formation

Scope

Extension of the Methodology, Substrate Scope

Oj/OH
O

S~

H

o/ \. O
Ph-—S ., S>ph
Pd(OAc),

(10 mol%)
Cr(salen)CI (10 mol%)

benzoquinone (2 equiv)
dioxane [0.33M]
45 or 65°C, 48-72 h

OH
R%
X

R' R2
OH
Pz

standard conditions

[
Y o

standard conditions

standard conditions

Y

Y

Ether bond formation O,/ \ O

ph-S . S~pn
Pd(OAc),
(10 mol%)

Cr(salen)CI (10 mol%)

/©/\/\/\ benzoquinone (2 equiv)

DCE [0.3 M], 45 °C, 16 h

o
* o

IS
R

White, M. C. J. Am. Chem. Soc. 2014, 136 (31), 10834-10837.

oo™

R' R?2

R2
R O
=

Chromans (20 ex., 57-88%)

Isochromans (4 ex., 65-76%)

Pyrans (4 ex., 41-86%)

16



Substrate Scope — A Closer Look

Chromans Isochromans

66% 81%

poor reactivity under Pd(0) allylic
subst. conditions

Tetrahydropyrans
O —o
0 0
G Oy GO
72% 76% 86%

Me Me

Ol Ot

65%

76%

no Thorpe-Ingold effect

(v

41% (79% brsm)

Thorpe-Ingold effect

17



C-H activation, Mechanistic Studies

Pd(OAc), * ligand (10 mol%
Isomerization / Oxypalladation pathway Cr((sa|ecn))2c;| ﬁgnmé|%)mo )

benzoquinone (2 equiv)
DCE [0.3 M], 45 °C, 16 h

OH

0 olefin isomerization/ OH o
CH; oxypalladation C-H activation L/\/\
o T
H PdL,,

\

Tsuji-Trost like reactivity

+6\ OH \Otpd

- — AN

outer sphere mechanism inner sphere mechanism

18



Isomerization/Oxypalladation vs C-H cleavage

Oxypalladation pathway o,/ \ 0

Ph=S . S ph

Pd(OAc),

(10 mol%)
/©/\Oj\/\ Cr(salen)CI (10 mol%) _ 0O N

R = benzoquinone (2 equiv)
dioxane [0.33M] R

45 or 65°C, 48-72 h

not observed

Deuterium labeling study

OH o D “ Entry R Rate (k(D)/k(H)
: \ ™ e
R

DD as above 2 NO2 3.3
Ome 1.7

OH H
% C-H cleavage is not completely RD
R N Deprotonation/functionalization is not completely RD

H H KIE reflects multiple steps

\J
w

Py
O
/g

Hartwig, J. F. Angew. Chemie - Int. Ed. 2012, 51 (13), 3066—3072. .



Outer Sphere vs Inner Sphere?

Role of Cr(salen)Cl

+é\

P S

Pd*L,

outer sphere mechanism

Q
o)
/
y, &
log(k/k0)

Ph

0/\P°
-S ., S-pp

Pd(OAc); 4 O~
(10 mol%)
- R

OH
H | R’©/\/\(% .
O-p¢g [Cr(salen)Cl {10 mol%)]

standard conditions

— N H
~ 1

With Cr:

p=0.55

=
L

inner sphere mechanism

6i, R=NO: | & with cr
v = 0.55x + 0.05
R?=0.96
Without Cr: = Without Cr
p=0.63 y = 0.63x-0.01
R? = 0.99

0.5 1

20



Outer Sphere vs Inner Sphere?

Tsuji-Trost like reactivity?

OH Od WP
Pd,dbas, ph=S . S<pp oH
R = dppp /©/\Oj/\ Pd(OAC),
OYO R Cr(salen)Cl R I N
OMe

Entry R Rate (k(R)/k(H) Yield R Rate (k(R)/k(H) Yield
1 H - 84% H - 79%
2 NO2 0.03 7% NO2 3.3 66%
3 CF3 0.1 11% CF3 2 81%

21



Outer Sphere vs Inner Sphere?

Tsuji-Trost like reactivity?

X
O
T
S
o
S &x
S o
T o
@
Y

oo
R

Entry R Rate (k(R)/k(H) Yield
1 H - 84%
2 NO2 0.03 7%
3 CF3 0.1 11%

Author’s conclusion:

e Quter sphere mechanism cannot be ruled out
» Dramatic change in reactivity = Inner sphere mechanism is likely
e Alternatively: different m-allylPd formation mechanism

O\\ ! p //O
Ph™= , T~Ph OH
~ Pd(OAc),
Cr(salen)Cl R N
H
Entry R Rate (k(R)/k(H) Yield
1 H - 79%
2 NO2 3.3 66%
3 CF3 2 81%



Design of an Enantioselective Transformation

Challenges

Pd(OAc), ¢ ligand (10 mol%)
Cr(salen)CI (10 mol%)
benzoquinone (2 equiv)
DCE [0.3 M],45°C, 16 h

o\\s 52
Ph—S ., S>Ph
R R
Sy ——=— " - o8
H C-H cleavage /CL/ > functionalization Y
Rl

White, M. C. Angew. Chemie - Int. Ed. 2016, 55 (33), 9571-9575.

White, M. C. Angew. Chemie 2008, 120 (34), 6548—6551.
22



Design of an Enantioselective Transformation

Challenges
Pd(OAc), ¢ ligand (10 mol%)
Cr(salen)CI (10 mol%)
. . benzoquinone (2 equiv)
Transient ligand DCE [0.3 M], 45 °C, 16 h
O\\ 4 ‘ ’/O
Ph-S . S>ph . .
Pd(OAc NAN BQ
RW/\ ( )2 . /|\ ) _ W/\
_Pd . L 0.0
H C-H cleavage /CL y functionalization Y
Rl

White, M. C. Angew. Chemie - Int. Ed. 2016, 55 (33), 9571-9575.

White, M. C. Angew. Chemie 2008, 120 (34), 6548—6551.
22



Design of an Enantioselective Transformation

Challenges
1 — 0 — 1t isomerization before C-O
bond forming step

Transient ligand
o,/ \.O

Ph-S . S>ph .
Pd OAc X
@) O
H C-H cleavage /g functionalization Y
R'

White, M. C. Angew. Chemie - Int. Ed. 2016, 55 (33), 9571-9575.
White, M. C. Angew. Chemie 2008, 120 (34), 6548—6551.

Pd(OAc), ¢ ligand (10 mol%)
Cr(salen)CI (10 mol%)
benzoquinone (2 equiv)
DCE [0.3 M],45°C, 16 h

22




Design of an Enantioselective Transformation

Challenges
T — 0 — 1 isomerization before C-O
bond forming step Pd(OAc), * ligand (10 mol%)
Cr(salen)CI (10 mol%)
. . benzoquinone (2 equiv)
Transient ligand DCE [0.3 MJ, 45 °C. 16 h
O\\ ! p ’/O
ph-S . S>Ph . .
Pd(OAc NAN BQ
RW/\ ( )2 . /|\ ) _ W/\
_Pd o 0._0O
H C-H cleavage o~ Y functionalization Y
RI
Rl /go
o]

BQ can compete with
other ligands, high cc.

White, M. C. Angew. Chemie - Int. Ed. 2016, 55 (33), 9571-9575.

White, M. C. Angew. Chemie 2008, 120 (34), 6548—6551.
22



Design of an Enantioselective Transformation

0\ (S,R) (S.R)

<. /R L1: R'=Ph ’>...,© L6: R2 = OMe
C{ N ("ArSOX") N

; tBu-ArSOX (L7)
L3: R'=IiPr

O/,S ) (iprsox?) eas
= " L4: R! =tBu “Re gs:g ACTFSOX (L8)
OH Pd(OAc), (10 mol%) Q CUNSoE) :
Ligand (10 mol%) o- 00 R*

H > O S B-.,,Ph O\’> “1Ph /© ® SO OO o) /—RS

N N Me (R,R)-L9 Me P-N_ 5

“ 2,6-DMBQ (1.1 equiv) S Me Me g ey

additive (10 mol%) O O’/S i s o/’ST/ O ‘}"”P" RY = 4-NOLCeHs
toluene [0.15M], 45 °C, 8 h 2 6-DMBQ o ) N e Sl
(8,8)-L2 (S,R)-L5 (S)-L10 (S)-L11
Entry Ligand Additive Yield [%6]¥  ee [%]"!

Requirements: 1 (SR)-LT none 8 83
* Non-coordinating oxidant 2 SR benzoicacid 13 84
) ) 3 (SR)-L1 (nBuO),PO,H 54 87
* Ligand effects C-H cleavage and C-O bond formation 4 (SR)LI (PhO).POH 47 82
5 (5,R)-L1 Ph.PO-H 63 87
6 (5,5)-L2 Ph,PO,H 32 19
Idea: 7 (5R)-L3 Ph,PO,H 31 76
. : i : I 8  (SR)L4 Ph,PO,H 8 25
Mlxed' P,'N ligands = mixed §,N ligands o (SRS Ph.PO.H y p”
1 —acidic/ o —donor oxazoline “BQ 10 (SR)-L6 Ph,PO,H 60 86
11 (S5,R)tBu-ArSOX (L7)  Ph,PO,H 70 92
12 (S,R)-CF;-ArSOX (L8)  Ph,PO,H 49 93
: . B 13° (R,R)-L9 Ph,PO,H 31 —6
White, M. C. Angew. Chemie - Int. Ed. 2016, 55 (33), 9571-9575. 149 (9110 Ph,PO.H 3 2

(
156 (9)- L'I'I Ph,PO,H <5 n.d.
(S,R)-L Ph,PO,H 59 77

—
=il
Sy



Scope and Catalyst Influence on Diastereoselective Cyclization

Scope Catalyst Influence on Diastereoselective Cyclization
Pd(OAc), (10 mol%) A) Me ) 3 JMe Me
OH " (s,R)-tBu-ArSOX (10 mol%) B Pd(OAC) (10mol%) N
" - o e OH Ligand (10mal%:) - o) P 0
R 2,6-DMBQ (1.1 equiv) R " :
N PhoPO,H (10 mol%) , L 3 PhaPOH (10mal%) g5 A PN
toluene, 45°C, 8h
Me Entry Ligand Yield d.rl”
0 Me 0 [%]"  (4a/4b)
S . . 1 meso-1,2-bis(phenylsulfinyl)ethane (L12) 16 1.5:1
, . _ 2 (5,R)-tBu-ArSOX L7 b2 =20:1
% 6% viokd, 62% 60 20 B0% eld, 59% o0 3 (RS)4Bu-ArSOX L7 49 1238
B) Me Pd(OAc), (10 mol2s) Me Me
or ~ § OH  Ligand (10moles) 1
) 5 i 2,6-DMBQ (1.1 equiv) 1o
- Z Ph,POH (10mal ) © Z0
mol%a :
= = 5 = 2tﬂlu?e~ne. 45°C ga L 6b ihh
2e 76% yield, 93% eel®  2f 61% yield, 91% eel*]
Cl Entry  Ligand Yield d.r.
3 (%]  (6a/6b)
F1C
- ! 1 meso-1,2-bis(phenylsulfinyl)ethane (L12) 60 3.6:1
h 2 (5,R)-tBu-ArSOX L7 67 = 20:1
2h 55% yield, 92% eel®!  2j 56% yield, 92% eelaldl  2j 75% yield, 93% ee 3 (R,S)-tBu-ArSOX L7 68 1:1.4

[a] Yield is that of the isolated product, average of three runs.
[b] Determined by '"H NMR analysis.



Scope and Catalyst Influence on Diastereoselective Cyclization

“2x activated” C-H Scope Catalyst Influence on Diastereoselective Cyclization

OH Pd(OAc) (10 mol%)

By Me
(5,R)-tBu-Ars0X (10 mnl%} Pd(OAC)2 (10mol%:)
Ligand {10mai%) - o * I 5
2,6-DMBQ (1.1 equiv) o H
PhPOH (10 mol2) PhzPO2H (10mal n] da b b

toluene, 45°C, 8h )

4

A

Me Entry Ligand Yield d.rl”
[%]"  (4a/4b)
meso-1,2-bis(phenylsulfinyl)ethane (L12) 16 1.5:1
2 5,R)-tBu-ArSOX L7 62 =20:1
2b 69% yield, 92% ee 2 68% yield, 93% ee ; f: p Si-tB:- sOx L7 25 g
B) Me Pd(OAc), (10 mol2s) Me Me
or ~ § OH  Ligand (10moles) 1
0 o | 26-DMBQ (1.1 equiv) || ) ., | =
- Z Ph;POsH (10mal ‘-::I © & ©
2PO 5 mol%s !
= = 5 o toluene, 45°C 6a & Bb  “u
2e 76% yield, 93% eel®  2f 61% yield, 91% eel*]
Cl Entry  Ligand Yield d.r.
|
) %] (6a/6b)
- 1 meso-1,2-bis(phenylsulfinyl)ethane (L12) 60 3.6:1
h 2 (5,R)-tBu-ArSOX L7 67 = 20:1
2h 55% yield, 92% eel®!  2j 56% yield, 92% eelaldl  2j 75% yield, 93% ee 3 (R,S)-tBu-ArSOX L7 68 1:1.4

[a] Yield is that of the isolated product, average of three runs.
[b] Determined by '"H NMR analysis.



Hydrogen Atom Transfer (HAT) based O-cyclizations

General mechanism

radical

o X initiator o 'x TSHAT OH recombination OH SN2
H - H B} "% - CO

or trapping by reagent
X

Kalvoda, 1962 Proposed mechanism by Lusztyk

OH

O K/CH:; O—l O_.I
I X2 (7
H H

0O OH OH
First example of direct generation of an alkoxy radical Q B — KA -~ K/ ’
I

Kalvoda, J. A. Helv. Chim. Acta 1962, 45 (4), 1317-1343.
Nagib, D. A. Synth. 2018, 50 (8), 1569-1586.
Courtneidge, J. L.; Lusztyk, J.; Pagé, D. Tetrahedron Lett. 1994, 35 (7), 1003—1006. 25



Hydrogen Atom Transfer (HAT) based O-cyclizations

1964-1994 Cekovic, Mihailovic, Trahanovsky, Kalvoda, Williams, Danishefsky etc.

//—\\ strong oxidant /O
Me OH " Me

O

Suarez, 1984 — seminal work

OH PIDA, I,

N (@)
PN - )=
R hv, 40°C

up to 90%

Suarez, E. Tetrahedron Lett. 1984, 25 (18), 1953—-1956.

Cekovié, Z. Tetrahedron 2003, 59 (41), 8073—-8090.
Cekovic, Z. J. Serb. Chem. Soc 2005, 70 (3), 287-318.

Reported conditions:

LTA, benzene
LTA, iodine, Cy
HgO, iodine, Cy
Ag,0, Br,, pentane
Ph,Se(OH)(OAc), iodine
(NH4)2Ce(NO3)g

* LTA /iodine dominates between 1962 — 1984
e Cerium and HgO are the alternatives
* Does not solve the problems with LTA

See details in the review of the reviews:
Cekovi¢, Z. Tetrahedron 2003, 59 (41), 8073—8090.

* Less toxic

* Milder condition

e Only 1 equiv PIDA and |2 (large excess of LTA and |2 is used)
* No complication by alpha-iodoether, and lactol formation
* Higher or comparable yields to LTA/iodine

e Often featured in total synthesis

26



Hydrogen Atom Transfer (HAT) based O-cyclizations

: H
HO Pb(OAc), O 1 ,5-HAT ©
Ryu, 1998 R R R
LTA (2 equiv)
CO (80 atm) 0.0 lco
Ro_~_~_0OH > \Ij o
benzene, 40 °C R 0.0 Il OH Ox. OH
1-5 days J\/\J J\/( Pb(OAc), J\)/
38-67% R R ) R
. o
Chiba, 2013 VPO / TEMPO
TEMPO (3 equiv) — L -— M\I/h T
> I or
R3 R2 /
R1J\/F2 DMF, 140°C, 8-31 h R R PH  temp OH N-O
R
N O N R2 - R2
X = OH or NHR 55-95% R°=H H‘ﬂj/‘ﬂ\gﬁﬂ -TEMPO-H R'" 7 R® L, RS
HR," ¢ R, D 2
Pierce, 2015
on DDQ (1 equiv) o DDA DDA éﬁ? :;hslﬂH n-OH
- PTSA (50 mol%) N~ % LT‘ |
jl'\ - > | >—R? F'h/l\ “SPh Y, Ph/l\ s >p
R >Ng R2 DMF, 150°C, 10 min - 3.5 h R S 1a DDQH stable unstable.
—_— DDQH
OH
NC Cl ) DDGH
Ryu, I. J. Am. Chem. Soc. 1998, 120 (34), 8692—-8701. o DDQH H OH
Chiba, S. Org. Lett. 2013, 15 (13), 3214-3217. O N e ) N-O@ N’
Pierce, J. G. Org. Lett. 2015, 17 (18), 4542-4545, DDQH Mg P vans A =
__DDQH, JPh 5 DDQH, pp” S Ph @S_) Ph
a



Wacker Vs C-H activation Vs

HAT

Wacker

C-H activation

HAT

Prefunctionalization Double bond
Enantioselective

5 membered ring

6 membered ring

Many similar
examples

Scope
FG tolerance
Mildness

Future potential

C(sp2)-H
allylicC-H

only
(di)benzofuran

not many examples

Not reported

Almost none

Photoredox.



Thank you for your attention



QUESTIONS

1) What is the role of molecular sieves?

Pd(TFA), (5 mol%)
pyridine (20 mol%)
Na,CO3; (2 equiv)

W MS3A, O, ©j><\
> X
OH O

toluene, 80 °C

2) Propose conditions for transformation 14 to 15!

allylic C-H
oxidation
TPSO  OH || ab_ TPso- 9 T'PSO
Sd b ”\E <
(>13
ref. 22 OH
SCH 351448 "..E—

30



Answers

Scheme 1. Plausible Reaction Pathway

Pd(OAc)PY;
H ~
+ 1/2
"0 ©: AcOH
ACOPd o A
MS3A LlAcOPd- 0
H a1
phydride
H.O, H,0, elimination

HO, H X
1 R2 0]
n‘xn-? ) )J\FF

HOOPJ(OAC)L, HPd(OAc)L, R!

31



Answers

¢) Reaktionen mit Bleitetracetat. - 37, 77a-Diacefoxy-18, 20§-oxido-Su-pregnan (17100 g
vorgetrocknetes Bleitetracetat und 30,0 g Calciumcarbonat wurden in 2,5 | Cyclohexan suspendiert
und 15 Min. unter Rithren und Riickfluss gekocht. Nach anschliessender Zugabe von 21,0 g
3f,11x-Diacetoxy-208-hydroxy-5a-pregnan (1I) kochte man das Reaktionsgemisch weiterc
19 Std. Die abgekiihlte Lbsung wurde filtriert, der Filterriickstand mit Methylenchlorid und
Essigester gewaschen und die vercinigten Filtrate nacheinander mit 500 ml eincr 5-proz. Kalium-

54

1330 HELVETICA CHIMICA ACTA

jodid- und mit 500 ml einer 10-proz. Natriumsulfit-Losung und mit Wasser ausgeschiittelt. Die
mit Natrinmsulfat getrocknete Losung lieferte nach Eindampfen im Wasserstrahlvakuum 23,8 g
eines farblosen amorphen Produktes. Dieses wurde zwecks Auftrennung in 100 ml Petroldther
geldst und an 600 g neutralem Aluminiumoxid (Aktivitit II) chromatographiert. Mit Benzol
wurden neben komplexen Gemischen, bestehend aus oxydiertem bzw. acetyliertem Ausgangs-
material, 4,73 g des rohen 3f, 11a-Diacetoxy-18, 208-oxido-5a-pregnans (IV) eluiert. Nach drei-
maligem Umléscn aus Ather-Petrolither schmolz das reine Priparat bei 143-143,5° und gab mit
dem weiter oben beschrichenen etwas weniger reinen Ather keine Smp.-Erniedrigung. [«]ff =
—22° (¢ = 1,031). Im IR.-Spektrum u. a. Banden bei 5,82 u (Acetate); 8,05; 9,70; 10,38 und
11,68 u.
CgsHy Oy (418,55) Ber. C71,74 H 9,15%  Gef. C71,72 H 8,97%

32



Answers

allylic C-H
oxidation
TPso ok | ab TPSO O Tlpsw
= =25
\/\H K/\E 072 Co,Me
(13 14
"'¢
ref. 22 OH
SCH 351448 “ . oBn
AR
(-)-16

“ Conditions: (a) NaH (3.0 equiv), BrAcOH (1.1 equiv), THE/DMF 0
°Cto RT (70%); (b) 10% 1, 10% Cr(salen)Cl, BQ (2.0 equiv), dioxane,
65 °C (83%, 3:1 crude dr, mixture of diastereomers taken forward); (c)
(1) LIHMDS (2.0 equiv), 1:1 v/v TMSCI/Et;N, THF, —78 °C then
reflux in toluene, (2) Mel (3.0 equiv), K,COj; (3.0 equiv), DMF, RT
(83%); (d) 10% wt of 5% Pd/C, H, (1 atm), EtOAc, RT (68% of >20:1
syn-diastereomer, 3:1 crude dr); (e) LiAlH, (2.0 equiv), THF, 0 °C; (f)
BnBr (2.0 equiv), NaH (2.0 equiv), DMF, 0 °C to RT; (g) 3 M HC],
EtOH, RT (74%, 3 steps).
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Title

g
Cu, |

O 07 "R
B R

N

e

Cc

O,N
| ‘
0

N H —_— 2a

-RCO,H

Cu
RCO;™
E

-RCO,H

~Cu
O

|

+ Cu(0)

RCO,H l 0,

CU{DQC R}
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L0,
*" S 2a: R = t-Bu
E H R 2b: R = i-Pr
"-i\ I 2c. E=Ph
g
2 (side view)
0 Q { 0 Q
R/Qf”\"?\ /Q ﬁ'}\ 5;;”"’""’35
~ R N
R N N. R RT SN=" SN IR
NS \N R R 0
:]/m{:-nnmetalllc \C,,HEJ D:f bimetallic ':I/
(S,aR)-3 complexation complexation (S,aR)-4
disfavored | | | ’ disfavored
p !
(9]
K‘N_i or
N= “eN
F’D O
R (SaS}3 R R R
favored top view favored

FIGURE 1.

SCHEME 1.
(L = Coordination Group)

LLl

IM
LL

(aR)

chelation with
L two metals

chelation with
one metal

L A

LL

L O L

M M

Ok

(ar)

Model figures of diastereomeric monometallic and bimetallic complexes with tetraoxazoline ligands.

Chelation-Induced Axially Chiral Metal Complexes Formed by Destroying the Molecular Symmetry

(aS) 35



Enantioselective Wacker - type cyclization

o) 0
3h, 99% } /\ D, ~ /\
_ . . , .
H/@R @R </ \:N—Pd(TFA)z pyridine (30 mol%)
R R — Na,CO; 2 equiv), MS3A
(10 mol%) toluene, O,, 80 °C
1: 07
0 0
4.5h,91% } /\ } /\
> ) + )
D R D R -
R R * Syn-oxypalladation
4:1 * Good yields
* Fast reaction
 Monodentate ligand
0 0
3h,91% 2 /\ - ’\
: B + 3
R R
R R
4 : 1
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Enantioselective Wacker - type cyclization

w~_OH

0
24 h, 51% : /\
H R
10
0
24 h, 54% : /\
> ' +
R
D R
10

(sp)Pd(TFA), (10 mol%)
(-)-sparteine (1 equiv)
Ca(OH), (2 equiv), MS3A
toluene, O,, 80 °C

+
R

18 h, 61% yield

\\\‘\\70
D\“‘QR
R

1

\\\‘\\70
5 ,[ ]rR
R

1

| X
N TFA Na,COj; (2 equiv), MSA
P (10 mol%) toluene, O,, 80 °C
Z>NT TFA
]

Syn-oxypalladation

Moderate yields

Slow reaction

Alcohol oxidation as side reaction
Bidentate ligand

+ 20% SM recovered




Enantioselective Wacker - type cyclization

24 h, 30%
R
D

@)
o~
H/@R
R

43 h, 26%
o R
R

</ \:N—Pd(TFA)z pyridine (30 mol%)
— Na,CO3 2 equiv), MS3A

(10 mol%) toluene, O,, 80 °C

* Anti-oxypalladation
* Moderate yields

* Slow reaction

* Monodentate ligand
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Enantioselective Wacker - type cyclization

0]
o o 9’< / \N—Pd(TFA)2 pyridine (30 mol%)
‘ 24h,30% S C— Na,COs 2 equiv), MS3A
5 R /@R (10 mol%) toluene, O,, 80 °C
H R

Hofo o * Anti-oxypalladation
O .
43 h. 26% : J< * Moderate yields
D\\\‘QR ] /@R * Slow reaction
R D R  Monodentate ligand
Summary

Monodentate ligand > bidentate ligand

* Monodentate ligand = better stabilizes TS

* Monodentate ligand = difficult asymmetric-induction
Both syn and anti oxypalladation are possible



Design of an Enantioselective Transformation

Challenges
oN /_\s”o
Ph/ ~Ph .
R A BQ R Pd(OAc), * ligand (10 mol%)
RW/\ (OAC)2 > /\ W/\ Cr(salen)CI (10 mol%)
H C-H cleavage o functionalization OYO benzoquinone (2 equiv)
/g R DCE [0.3 M], 45 °C, 16 h

White, M. C. Angew. Chemie - Int. Ed. 2016, 55 (33), 9571-9575.

White, M. C. Angew. Chemie 2008, 120 (34), 6548—6551.
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Design of an Enantioselective Transformation

Challenges
Transient ligand

O, /—\S ¥o

Ph/ ~Ph .
R A BQ R Pd(OAc), * ligand (10 mol%)

RW/\ (OAC)2 > /\ W/\ Cr(salen)CI (10 mol%)
H C-H cleavage o functionalization OYO benzoquinone (2 equiv)

/g R DCE [0.3 M], 45 °C, 16 h

White, M. C. Angew. Chemie - Int. Ed. 2016, 55 (33), 9571-9575.

White, M. C. Angew. Chemie 2008, 120 (34), 6548—6551.
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Design of an Enantioselective Transformation

T — 0 — Tt isomerization before C-O
Challenges bond forming step

Transient ligand

O‘\s 5

Ph~> . °“Ph
Pd(OAc) RoAa BQ R

N S N S
_Pd . L @) O
H C-H cleavage o Y functionalization Y
Rl
RIAO
O

White, M. C. Angew. Chemie - Int. Ed. 2016, 55 (33), 9571-9575.
White, M. C. Angew. Chemie 2008, 120 (34), 6548—6551.

Pd(OAc), ¢ ligand (10 mol%)
Cr(salen)CI (10 mol%)
benzoquinone (2 equiv)
DCE [0.3 M],45°C,16 h
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Design of an Enantioselective Transformation

T — 0 — Tt isomerization before C-O

Challenges bond forming step
BQ can compete with

TFramsiert Fasne other ligands, high cc.

0\\8/_\8,,0
Pth((SAc) Ph R~ BQ R Pd(OAc), « ligand (10 mol%)
RW/\ 2, ™ 9 . ~ Cr(salen)CI (10 mol%)
H C-H cleavage O/Pd\ functionalization OYO benzoquinone (2 equiv)
P Iy DCE [0.3 M], 45 °C, 16 h
R’ @]
0]

White, M. C. Angew. Chemie - Int. Ed. 2016, 55 (33), 9571-9575.

White, M. C. Angew. Chemie 2008, 120 (34), 6548—6551.
39



Design of an Enantioselective Transformation

T — 0 — Tt isomerization before C-O

Challenges bond forming step

Transient ligand
O,/ \.O
Ph-S . S-Ph
PA(OAG),

R W/\ 5 EA
H C-H cleavage functionalization Y
/& ;j

White, M. C. Angew. Chemie - Int. Ed. 2016, 55 (33), 9571-9575.

White, M. C. Angew. Chemie 2008, 120 (34), 6548—6551.

BQ can compete with

other ligands, high cc.

Y

N,

Pd*L, l

% /\/\j
PdL

outer sphere mechanism

Pd(OAc), ¢ ligand (10 mol%)
Cr(salen)CI (10 mol%)
benzoquinone (2 equiv)
DCE [0.3 M],45°C,16 h
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Design of an Enantioselective Transformation

Challenges

Transient ligand

S

H

O\\ ! p ’/O
ph=S ., S>ph
Pd(OAc),

R)\/

benzoquinone
(R,R)-Cr(salen)F

T — 0 — Tt isomerization before C-O

bond forming step

O\\ ! ‘ ’/O
Ph-S . S>pn
Pd(OAC),

Y

C-H cleavage

> R)\/

avg. 54% ee

White, M. C. Angew. Chemie - Int. Ed. 2016, 55 (33), 9571-9575.
White, M. C. Angew. Chemie 2008, 120 (34), 6548—6551.

BQ can compete with
other ligands, high cc.

Y

R \//|\\ o BQ
Pd
o N functionalization
/& R’
R' (@]
O

HO
/Y\J
H

(Ilr
/é+
/\/H\j
—_—
/’l‘\
PdJ'Ln l
Cr
/
O
/\g\j
Pd+Ln

outer sphere mechanism

Pd(OAc), ¢ ligand (10 mol%)
S Cr(salen)CI (10 mol%)
benzoquinone (2 equiv)
DCE [0.3 M],45°C,16 h

- Distant Cr* centre
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Yoshikai

Pd(OAc)z (5 mol %)

F}D H\ 3-nitropyridine (5 mol %)
— — BzOOBu (2 equiv) Q O
<‘- ’>_<‘> ‘J> CgFe/DMI, 90 °C, 5 min ‘_’
1a-3 yield = 34% 2a-d + 2a {3.8.1]
OH O

o T Pd(OAc)2 (5 mol %)
N 4/ N\ / 3-nitropyridine (5 mol %)

BzOOBu (2 equiv)

* - * (2)
OH CeF/DMI, 90 °C, 5 min 0 D,
e
= =—\_Ds total yield = 35% /A
\ 7/ N\ 7/ =
1a +1a-ds (1:1) 2a + 2a-d,; (4.4:1)
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Zhang 2011

Scheme 4. Proposed Reaction Mechanism

PR
A B -RCO,H
4 /Cu(O,CR),

O,N

(]
i OH WECR}E C
'“ |
owe
@)

gl —— 2a
- C
D
= RCO,H I 0,

‘ -RCO,H ‘
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Introduction

J
Rs © > R .
r AJLA O\ﬁ/Rs First discovered by Emmons in 1956
o-Nw e | Strained three-member ring
X hv )\ Weak N-O bond
Ry Ry Ry R2
Synthesis:
a) Oxidation of imines
N :<R1 R,CO3H _ /N%<R1
Rs Ry R: Ro
b) Amination of carbonyls
R O R
0 1 R4NHX . /N'A< 1
R2 X=Cl, OSO;H R: R
C) Conjugate addition of hydroxamic acids to propiolates
o)
O -
H NMM, MeCN

Emmons, W. D. J. Am. Chem. Soc. 1956, 78, 6208
Andreae, S.; Schmitz, E. Synthesis 1991, 327
Zong, K.; Shin, S.: Ryu, E. K. Tetrahedron Lett. 1998, 39, 6227



Kinetic Resolution of Oxaziridines

CF,

Ch Oo=y
F3C \\" N\?'\\r .
OH
FsC O BF,
Ts Cl

Cl
i ? CF O-N 0
C + | _Ts 3 o + | _Ts
M N Cs,CO3, tol t ~ Rio N
s , toluene, r
Ar R 2 3 Ar cl
R= n-alkvl racemic 1 cis-trans 8:1-15;1 (-)1
y 52-78%, 85-95% ee 15-26%, 76-99% ee
Shen, P.-L.; Chen, X.-Y.; Ye, S. Angew. Chem. Int. Ed. 2010, 49, 8412
Ph  Ph
@) \ _//O
N\H HN-=, Bisguanidinium
I hemisalt
N__ NHN\(N
R, NH Cycy,\}+ BAr, AI'OZS\
N\ o) Cy~ Ho Cy N—0 o o)
>—R1 + R /<’ll/SOZAr > R3——< :/[ )J\ + R \\\‘<,ll‘SOQAr
o’ O 3 THF, -78°C, 4AMS O =N~ "Ry 3
R, H
racemic . up to 98:2 d.r. (R, R)-1
azlactones racemic 1 and 92% ee up to 99% ee

Dong, S.; Liu, X.; Zhu, Y.; He, P.; Lin, L.; Feng, X. J. Am. Chem. Soc. 2013, 135, 10026



Kinetic Resolution of Oxaziridines

Ph ph
Ph
H
NYN/ (5 mol%)
P N, &Y 0 o
0] Cy 0]
@é-{ + R/<[l|/SOZAr > ~ “OAd * R\\\*<'1];802Ar
OAd ° THF, -78°C OH 3
racemic 1 up to 97% ee (-)-1

up to 99% ee

Lin, X.; Ruan, S.; Yao, Q.; Yin, C.; Lin, L.; Feng, X.; Liu, X. Org. Lett. 2016, 18, 3602



Enantioselective Oxaziridination

5

| N

NN (10 mol%)

0 Cinchona alkaloid
derived catalyst

OH .0
mCPBA, toluene -40°C
up to 97% vyield
R=aryl, alkyl Ep t094:/oyee
I/_ J N Ts. .
H + J\- ‘ll TS,
8] i R" O N
H"f — - - | — HD
' ( 1::+~~D/]’l Ar of} 0 r
0 3 R \f R’
L] ! A
OnS-N r
Ar

Lykke, L.; Rodriguez-Escrich, C.; Jgrgensen, K. A. J. Am. Chem. Soc. 2011, 133, 14932



Enantioselective Oxaziridination

Hf(OtBU)4 . (10 mOl%)
O)\CHPhZ

()
RSN - R/<' _Ts
MgO, CHP (2 eq), toluene, rt N
- up to 84% yield
R=aryl, alkyl up t098% ee
Olivares-Romero, J. L.; Li, Z.; Yamamoto, H. J. Am. Chem. Soc. 2012, 134, 5440
[ P-spiro chiral
SGSUWN N spiro chira
Ar, NR\N Ar, triaminoiminophosphorane
A, H /  Ary (5mol%) 0
RAN/SOZAr1 2 > R/<' ,SOzAH
H,0, (1.2 eq), CCI5CN (1.2 eq) N

L
Q toluene, 0°C up to 99% vyield
. & ’ up t098% ee

CCl CN Uraguchi, D.; Tsutsumi, R.; Ooi, T. J. Am. Chem. Soc. 2013, 135, 8161
3

Requisite activator
How it plays the role?
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2. Heteroatom transfer reactions: O vs N Transfer



Heteroatom transfer reactions: O vs N Transfer

Nucleophilic Attack:
Electronics Control
R R& 5+
Nu
Y N
R' N 6— \_‘I;‘.- ", \R" ”NU'N"
| ..\”/ N f R Os
R
smaller R" groups R, R"= EWG
Nucleophilic Attack:
Sterics Control
RX( o+
R N
ﬁ Nu ;;‘-" u
)VXO 5— ~_O
Rl N - fR' N'E’_ - Nu-O
|\ |
R IS
R" = bulky group R, R R"=EWG

Vidal, J.; Damestoy, S.; Guy, L.; Hanachi, J.; Aubry, A.; Collet, A. Chem. Eur. J. 1997,3, 1691



O Transfer

1) Oxidation of Sulfides O\\s p:

Davis Oxaziridine I N
Ph,S - Ph,SO P \7\®
o |/ Ly

93%
N-Sulfonyl Oxaziridines

. (Davis Oxaziridines)
Davis, F. A.; Lal, S. G.; Durst, H. D. J. Org. Chem. 1988, 53, 5004

2) a-Hydroxylation of enolates

1)  NaHMDS
2) O
o O o —Nag-Ph 0
0 Bn
ajor
—{ j . OH
Ph .. 86% dr - 94:6
. "'I'l;linn;h .
° 8 5
- -
En\/U\N 9 - BI‘I\HLX
/ Major c
§ OH

85% dr - 95:5

Evans, D. A.; Morrissay, M. M.; Dorow, R. L. J. Am. Chem. Soc. 1985, 107, 4346
10



O Transfer: a-Hydroxylation of enolates

0
o) (1) NaHMDS
)J\/Ph > Ph)JVPh
Ph (2) Z
OH
84% yield
95% ee

7 o

S O
O,

Towson, J. C.; Weismiller, M. C.; Lal, S. G.; Sheppard, A. C.; Davis, F. A. Org. Synth. 1990, 69, 158

0]
O OTMS L1 _S0AM 0°C, 12h O o
R™ °N ’
AN >
O then nBuy,NF/THF O OH

90% yield, 92% ee

Tanaka, N.; Tsutsumi, R.; Uraguchi, D.; Ooi, T. Chem. Commun. 2017, 53, 6999



O Transfer: a-Hydroxylation of enolates

R HO R
X DBFOX/Zn(ll) X ‘
O > (0]
N o N
R / R
1 N up to 97% ee ° o
S 0N N
3, L
0

\

(@] -
CO,R DBFOX/Ni(ll) OH Ph Ph
"LLL \\COZR
g DBFOX

[VAVaVaN

up to 97% ee

Ishimaru, T.; Shibata, N.; Nagai, J.; Nakamura, S.; Toru, T.; Kanemasa, S. J. Am. Chem. Soc. 2006, 128, 16488



O Transfer: Applications in total synthesis

OMe

(-)-albocycline

OMe
OMe 0
I >—Ph
R | N
LIHMDS Me | PhO2S .
THF, -78°C THF | then TMSOTf
X Li=N 78%, (4:1 dr)
O t-Bu” 0 0=S
‘t-Bu

Chatare, V. K.; Andrade, R. B. Angew. Chem. Int. Ed. 2017, 56, 5909



O Transfer: Applications in total synthesis

0

(-)-Crinipellin A

KHMDS, Davis'oxaziridine
THF,-78°C

-

nBuLi, (+)-(S)-N, S-dimethyl-

S-phenyl-sulfoximine, -78°C 0 NaBH(OAc);

-

> (-)-Crinipellin A

\j

Kang, T.; Song, S. B.; Kim, W. Y.; Kim, B. G.; Lee, H. Y. J. Am. Chem. Soc. 2014, 136, 10274



O Transfer: Epoxidation

Chiral Oxaziridinium Salt for asymmetric epoxidation of unfunctionalized alkenes

Ph
N®
N ~N
(@]

Ph

KHSO g o
5 Ph\|>\Ph
_N®

Luis, B.; Gilles, H.; Marie, L.; Xavier, L. Tetrahedron Lett. 1993,34, 7271

Epoxidation of alkenes

O
I Ph
PhO,S H Et3S|H CHZCIZ HO
N._N > 2 NN :
| CH20|2/MGOH 2:1 \OM H
N N N 0
\__/

chaetomlnlne

Malgesini, B.; Forte, B.; Borghi, D.; Quartier, F.; Gennari, C.; Papeo, G. Chem. Eur. J. 2009,15, 7922



N Transfer

Amination of nucleophiles with N-unsubstituted oxaziridines
O

O

N-acylamidation with N-substituted oxaziridines Rare
Challenging

But still meaningful!
NH
. d ¢ e
<N N-NH e
Ph" 0 91%
NO

Andreae, S.; Schmitz, E. Cheminform. 1991,22, 327

Y

16



N Transfer: Applications

o) O OH

OLi 0]
+ N/ \ > )S/ +
Ph)\/ Boc”  Ar Ph Ph Ar
NHBoc

Ar=4-CN (CeH4)

Hannachi, J.-C.; Vidal, J.; Mulatier, J.-C.; Collet, A. J. Org. Chem. 2004, 69, 2367

0 0
Ar / / Ar
CO2R; R{NA\Ph CO2R4 R{NA\Ph
N~""CORy g MS.DOM. 1t A COR.  Mah Ms.Dom it N—C O
R5 - alo, ) T r 2R glo, ; T R2/ CO,R;

R,=methyl, isopropyl [3+2] cycloaddition electrophilic N-transferRzzTS Bs, tert-butyl

Ghosh, A.; Mandal, S.; Chattaraj, P. K.; Banerjee, P. Org. Lett. 2016, 18, 4940

17



N Transfer: Applications

Me
i. THF, argon (g) Me
ii. NH4ClI (aq)
-78°C, 4 h; 0% —~Me
J 0°C, 7 h; 56% Me O/N
25°C, 2 h; 64%
OH
Hydroxylation
Me. Me
i. THF, argon (g)
ii. NH4Cl (aq)
° ; —B
25°C, 2 h; 86% Mé O/N n

Me Me
i. THF, argon ()
2T8:°C. 2h
md DN i NHLC (aq):
0O 50%
NH,
Amination
P i. THF, argon (g)
Me -78°C,3h
Mé N/O ii. NH4Cl (aq);
H” 81%

Gao, H.; Zhou, Z.; Kwon, D.-H.; Coombs, J.; Jones, S.; Behnke, N. E.; Ess, D. H.; Kirti, L. Nat. Chem. 2016, 9, 681

18



N Transfer: Applications

s~ Me._..N.__XEt O~_.Me

0
R '?J( 1:1 CD30D/D,0 0
' @X“ T 25mn ’
X 2.5 min
AcHN™ "COsMe
Ox

AcHN™ "COsMe AcHN™ "COoMe
51 N-transfer product O-transfer product
(NTP) (OTP)
H 0 H 0 FsC. o ©O
N~ Ng-Et N™ -Et N™N-Et
H H
Ox1 Ox2 Ox3
Conversion: 95% 93% 58%
Ratio (NTP/OTP): 5:1 12:1 2:1

(solvent: 100% CDL0D, 60%, 6:1)
(solvent: 5% CDs0D/D20, 95%, 18:1)

0
0
N NIy 4= N™ °N”
GS\ (or-i-Na) X S\ H or ) » S H Payload
ReACT (°"§'Ns) Click

Protein Protein Protein
L = Linker

Lin, S.; Yang, X.; Jia, S.; Weeks, A. M.; Hornshy, M.; Lee, P. S.; Nichiporuk, R. V.; lavarone, A. T.; Wells, J. A.; Tosta, F. D.; Chang, C. J.
Science. 2017, 355, 597

19
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3. [3+2] cycloadditions: C-O vs N-O vs C-N bond cleavage



[3+2] cycloadditions

_t-Bu t-Bu
O-N A N\o

86% yield ©j§)
o 0

Padwa, A.; Koehler, K. F. Heterocycles 1986, 24, 611

t-Bu
t-B
O-N u toluene N

X + AI’/\ > (@] Ph
Ph H reflux

Fabio, M.; Ronzini, L.; Troisi, L. Tetrahedron 2007, 63, 12896

Ph
o_n-BU ©iOTf CSF, Na,CO,
+ >
P~ ™S DME, 90°C o
77% yield

Kivrak, A.; Larock, R. C. J. Org. Chem. 2010, 75, 7381
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[3+2] cycloadditions

Ns
O)ZN/NS TiCl 6/+E; RN o-N .
Ph” H Bh R)\)_
N
Pho)le;NS [Sc(tmbox)Clz]; NS\&/QwPh R™™X Ns\)N;O)_Ph
R
Me_ Me

Partridge, K. M.; Anzovino, M. E.; Yoon, T. P. J. Am. Chem. Soc. 2008, 130, 2920
Partridge, K. M.; Guzei, I. A.; Yoon, T. P. Angew. Chem., Int. Ed. 2010, 49, 930

22



[3+2] cycloadditions

F
F
_CF3 R F Fj:O
O-N N/ . ><
F F F/_\F F N F
\
F o Cr,
78% yield
Lam, W. Y.; DesMarteau, D. D. J. Am. Chem. Soc. 1982, 104, 4034
Me Ph
_Bs Me,/’ O\(
N + N\ — N
)4 Me . "Bs
Ph H N N Me
H H

71% yield
Mithani, S.; Drew, D. M.; Rydberg, E. H.; Taylor, N. J.; Mooibroek, S.; Dmitrienko, G. I. J. Am. Chem. Soc. 1997, 119, 1159
2 mol% Cu(TFA),

0-N-ES . ©/\ 10 mol% HMPA _ >\Ph
phXH DCM, rt

S

87% yield

Michaelis, D. J.; Shaffer, C. J.; Yoon, T.

P. J. Am. Chem. Soc. 2007, 129, 1866
Michaelis, D. J.; Ischay, M. A.; Yoon, T. P.J

Al
. Am. Chem. Soc. 2008, 130, 6610
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[3+2] cycloadditions

o O-N
)—Ph [Cu" P H
N
Bs
Bs [Cu'"]
Ph O_N\BS
Ph” “H

[Cu”]/NY
ph” O

Benkovics, T.; Du, J.; Guzei, I. A.; Yoon, T. P. J. Org. Chem. 2009, 74, 5545

5 mol% Cu(Fgacac),

0-N-E8 . ©/\ 15 mol% (R)-PhBox :
- N
X acetone, rt ©/\ {

Ph”” “H
81% yield, 82% ee

Me_ Me

0 X o
TR
\—N N
Ph Ph
(R)-PhBox

Michaelis, D. J.; Williamson, K. S.; Yoon, T. P. Tetrahedron 2009, 65, 5118
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Conclusion

The chemistry of oxaziridines has developed in many diverse and unexpected
directions over the past 6 decades

Heteroatom transfer: O vs N transfer (steric and electronic properties)
[3+2]cycloaddition reactions: C-O vs N-O vs C-N bond cleavage (Lewis acid catalysis)
skeletal rearrangement reactions

Synthetic potential in total synthesis



Thanks for your attention!



Question 1: Please propose a possible mechanism for the [3+2] cyclization

Cl

Q o NHC
C + lll/TS »
Ar)kR

Proposed Mechanism:

0
o) N |
2 NHGC NHCR A <p TS NHC
_NRe AN L
Py 0N o R
Ar” R Ar O “ar
+
NHC
R ]
. o)\ﬁAr _ NHC
TsN_\‘/O

/Ts
O N

Ar

Cl



Question 2:

Please explain the role of CCI;CN in this transformation

Biso

Ar2 5 mol%

~

X _SO,A
R/\N/ 2Rl

i |

0
o<1 SOoAr
H,0, (1.2 eq), CCIsCN (1.2 eq N

toluene, 0°C up to 99% yield
up t098% ee

[\
N NN H,0,
O P
M A\ SN A2
Ar2 H / Ar2

H,N" >CCly
*P*H “OOH
NH
*P*H
“O" CCly CCI,CN
*P*H  NH
<% s0,A -o.
R ON-TY2AM 0~ >ccl,
< NH
Ar,0 S/Nj\“o\o)J\C(]
2 3 X _SO,Ar
R \ R/\N 2RIl
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1. Mechanistic Aspects of the Hetero Diels-Alder reaction (HDA)

HDA = [4+2] cycloaddition in which the diene or the dienophile contains at least one heteroatom.

R4_/ J)Ji - = X/\'_R4
\ R!” “R2 R1w
R2
X =0, NR®
1. Normal electron demand HDA Activation modes:
E LUMO-Lowering HOMO-Raising
A
LUMO
LUMO 0o
“ T X - . X SN\
EDG— EDG—; X X
e rich HOMO HOMO e poor X=0 N Lewi id : E . talvsi
diene dienophile ' ewis acl Bronsted acid namine catalysis
2. Inverse electron demand HDA Activation modes:
E LUMO-Lowering HOMO-Raising

A

LUMO LUMO @ oH R
= e l b6 — > § loebc X X N _N?
Loy ey AT s C C N0

_ HOM _
e poor HOMO OMO erich X=0,N

diene dienophile

Lewis Acid Braonsted Acid Enamine NHC
catalysis catalysis




1. Mechanistic Aspects of the Hetero Diels-Alder reaction (HDA)

3. Reaction pathway

EDG

X X
U +
R1 8+ 6_/
R2
concerted
asynchronous _—
OMe
') . _Me cat. )O:IM e
J + - =
Ph Z  0TMS Ph” "0
Me Me

trans

cat. (exo approach)

BF, 58
ZnCl, <2

EDG
X cis
—_— | or
=Y trans
R2

endo product

cis
(endo approach)

23
78

The regiochemistry is rationalized by the
favored electronics polar interactions

The stereochemistry outcome
depends of
the favored reaction pathway and
the substrates geometry.

And the substrates approach: endo/exo

High influence of the catalyst !

S. J. Danishefsky, E. Larson, D. Ashkin, N. Kato, J. Am. Chem. Soc. 1985, 107, 1246.



Early examples of catalytic enantioselective HDA of carbonyl compounds

Yamamoto:

BINOL-AIM
1.

l l SiAr;  Ar = 3,5-xylyl

(@)
~Al-Me

o)
dihydropyrones
OMe OO 10 mol%
o ~_R SiAr, R R
P - @[ N OQI (MeO);MeAl
Ph Z>0TMs 2. TFA PR o) Phv" o)

R R R
; Ph OMe
cis trans —
R=H, 91%,81%ee - T
R =Me, 90%,975ee 3%% /
. . . , -1
Re-investigation by Jgrgensen /13 keal mol
OMe \
)lo + \ 1. (R)-BINOL +A|Me3 10 molo/; O& prrrrrrrnrrrnnrrrnrrenrrenNer e \\\\
Ph oTMs 2. TFA Ph™ @ (MeO).MeAl \ T g \

(0]

Ar ]+
OO Ar = OMe OCgH13 CsH1s Ph) OTMS

OH

OH - P .- - OMe

A\
\ OMe OCgH13 C7H1s |
;

29%, 63%ee 50%, 96%ee 97%, 99%ee  95%, 87%ee Ph OTMS

(R)-BINOL

K. Maruoka, T. Itoh, Y. Araki, T. Shirasaka, H. Yamamoto, Bull. Chem. Soc. Jpn. 1988, 61, 2975. 5
Simonsen, K. B.; Svenstrup, N.; Roberson, M.; Jgrgensen, K. A. Chem. Eur. J. 2000, 6, 123.



Early examples of catalytic enantioselective HDA of carbonyl compounds

Yamamoto:

BINOL-AIM
1.

l l SiAr;  Ar = 3,5-xylyl

(@)
~Al-Me

(0]
dihydropyrones
OMe OO 10 mol%
o ~__R SiAr; o R e
J + > +
Ph Z>0TMs 2. TFA Ph"" o) Ph"" o)

cis trans
R=H, 91%, 81%ee -
R=Me, 90%, 975ee 3%%
Re-investigation by J@rgensen ) .
oM model for selectivity
e -
0
j . AN 1. (R)-BINOL + AlMe3 10 mol% 0(1 @ t,h
> ‘ D g
Ph OoTMs 2. TFA PR o o Q U- |
O:/ '%M}-‘--' ) O
Al _ k. @ =
O r Ar = OMe OCGH13 C7H15 Me Rl‘ﬂ-‘,‘:? “ .'—’] .O-“:;J
on B &
: O
OH - s Phe .7 f a L‘r“:: -
re-face s

(R)-BINOL 29%, 63%ee 50%, 96%ee 97%, 99%ee  95%, 87%ee

K. Maruoka, T. Itoh, Y. Araki, T. Shirasaka, H. Yamamoto, Bull. Chem. Soc. Jpn. 1988, 61, 2975.
Simonsen, K. B.; Svenstrup, N.; Roberson, M.; Jgrgensen, K. A. Chem. Eur. J. 2000, 6, 123.



Early examples of catalytic enantioselective HDA of carbonyl compounds

(selected exemples)

R = Ph, 85%, 75%ee
R = BnOCH,, 88%, 97%ee

Keck:
BINOL-Ti'V o _
Me 1.(R)-BINOL-Ti(O'Pr), (2:1)
j A 10 mol% ((1
+ >
R oTMs 2. TFA R o
R =aryl
and alkyl
Yamamoto:

CAB Catalysts
1

OPrO CO,HO

@] 1 /O
OMe opr ©97B 20 mol%
R
o . _Me Me
) © L
Ph Z>0TMS 2. TFA PR ™ o)
Me Me
R=H, 11%, 52%ee
R = Ph, 63%), 75%ee

R = O-M6006H4, 95%, 97%ee

R = CH,0Bn

OMe
2. Acetone O@
— >
o
n

OB

from furfural

98%, >99%ee

OMe
L-selectride o N . Compactin
) > K OH ~--c-- > and
éB Lovastatin
n

model for selectivity

R
O\\B\\\“O\
o) I iPr-O-
H

)

0
O-iPr

HO,C

Re face attack

Keck, G. E.; Krishnamurthy, D. J. Am. Chem. Soc. 1995, 117, 2363.
Gao, Q.; Maruyama, T.; Mouri, M.; Yamamoto, H. J. Org. Chem. 1992, 57, 1951.



Early examples of catalytic enantioselective HDA with imines

Yamamoto:
Chiral Boron .
OMe o Catalyst preparation:
N,Bn AN cat1
L — J CC CC
Ph OTMS N~ “Ph
N H
Bn OB-oPh | ~——— o+ B(OPh)
(5 mol%)
<5% yield cat1
(stochiometric) \ )

75% yield, 85% ee

Chart 1. Effect of Triphenylborate Loading with 5 mol % of
Wulff... 15 years later: VAPOL

O 100
C .
Ph OH

Ph OH 80

g
: 70 Dyield (%)
s Bee (%)

OMe ’O (0] 60

N-B § (S)-VAPOL (5 mol%) fjj s
a i '

OTMS B(OPh)3; (150 mol%) N Ph 40 -
Bn 5 10 15 30 &0 100 150 500

96% vyield, 92% ee Triphenylborate (mol%)

Ph

K. Hattori and H. Yamamoto, J. Org. Chem., 1992, 57, 3264; K. Hattori and H. Yamamoto, Tetrahedron, 1993, 49, 1749; K. Ishihara, M. Miyata, K.Hattori, T. Tada and H. Yamamoto, J. Am. Chem. Soc., 1994, 116, 10520.
C. A. Newman, J. C. Antilla, P. Chen, A. V. Predeus, L. Fielding, W. D. Wulff, J. Am. Chem. Soc. 2007, 129, 7216.



Early examples of catalytic enantioselective HDA with imines

Kobayahi:

model for selectivity

BINOL-Zr"
Zr(O'Bu), (20 mol%)

CC
OH
H

HO °
OMe (40 mol%) OH
\ o R? Br @ ) 17 examples e o
) > N R 47-98% vyield H N
Ar OTMS N, 64-93%ee OH
| > (60 mol%) Ar o
N

R?=H, Me ()
Me

+

Zr(O'Bu), (20 mol%) Re-face attack
Br O O Ar, ‘i
OO Switch of enantioselectivity ! . H
OH ?‘BU
on (40 mol%) O~ ---N
99 0”1 o
HO OMe Br O OH OO oBu H
@ U R? @ , 17 examples
N + N R 64-99% yield
B OTMS [N\> (:\K 80-91%ee
Ar R2 = H. Me \ (60 mol%) Ar\\(R) o) L )

Me

S. Kobayashi, S. Komiyama, H. Ishitani, Angew. Chem. Int. Ed. 1998, 37, 979.
S. Kobayashi, K.-I. Kusakabe, S. Komiyama and H. Ishitani, J. Org. Chem., 1999, 64, 4220-4221



Metal catalyzed enantioselective HDA of carbonyl compounds

Jacobsen:

Schiff base-Cr'!

Me
(1R, 28S)
N O
\C< 3 mol% Me

Me
0O X
J +
R Z “0SiR,
R = | Me
; alr: | unactivated
and alky dienes

/
() X = Cl or SbFg O@
2. TFA R\“ - e)

Me
many examples
yield up to 97%

generally > 99:1 dr

generally > 90%ee

A “two birds with one stone” application

TESO o
+ |l
\;g L\/\OTBDPS
BnO

TESO 0
+ |l
OoTBS

Me

(1S,2R)-CI-[Cr'"] OTBS

10 mol% SN

64%, 97%ee - .
>IN 1BDPSOT TN N0 I

OBn fastidious steps

OTES
(1R,2S)-CI-[Cr' N Me
5 mol% TBSO o
87%, 99%ee Ve

Concerted mechanism: O OTMS

Meo/QQ/JL\/J\Ph
[Crlll] %

OTMS
TMSO
[Crlll] _
+ O -
MeO~ ~O~ “Ph
PhCHO OMe ©
OH
8 H
s :
|\\\‘ O "’//"'/
CO,H H
2 Me Me

Me Me

(+)-Ambruticin

The most applied L.A. catalysts with unactivated diene !

O
TFA fjj
(cat.) o~ “Ph

Dossetter, A. G.; Jamison, T. F.; Jacobsen, E. N. Angew. Chem. Int. Ed. 1999, 38, 2398.

For the seminal work and mechanistic studies see: Schaus, S. E.; Branalt, J.; Jacobsen, E. N. J. Org. Chem. 1998, 63, 403.

Total synthesis of (+)-Ambruticin : P. Liu, E. N. Jacobsen, J. Am. Chem. Soc. 2001, 123, 10772.



Metal catalyzed enantioselective HDA of carbonyl compounds

Feng:

Schiff base-Cu'' with activated diene

\=o

Ar

Jgrgensen:

Box-Cu'" with activated carbonyl

D

)

oxo-ester

—N
t
OTMS Bu OH + Cu(OTf), 0
MeO™ X adam | o
“oMe 2. TFA MeO
exo major
Me
Brassard-type yield = 40 - 70%
diene generally de > 90%
generally ee > 95%
Ghosh and Shirai:
o%o
N  N—
; 2
BU cy(oTR, Bu o OMe
2 mol% 0 | AN
. J R1J\H/0R2 .
CO5R o) OTMS
yield ~ 60%

generally de =~ 90%
generally ee = 95%

Limitation !
Require activated dienes (e rich)
or activated aldehydes (e poor)

] R R
oY
| |
§/N N\?
R R

Cu(OTf), 5-20 mol%

0]

- f‘j,—coﬂ

(0] R
(selected exemples)

R; =R, = Me, 99%, 87%ee
R =Me, R, = Et, 52%, 96%ee

Lin, L.; Fan, Q.; Qin, B.; Feng, X. J. Org. Chem. 2006, 71, 4141.
Thorhauge, J.; Roberson, M.; Hazell, R. G.; Jorgensen, K. A. Chem. Eur. J. 2002, 8, 1888. Ghosh, A. K.; Shirai, M. Tetrahedron Lett. 2001, 42, 6231.
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Metal catalyzed enantioselective HDA with imines

Jgrgensen:

DiPhosphine-Cu!

_Ts

\=z

EtO,C

Hoveyda:
N,P-oligopeptide-Ag'

MGSD/OMe
HoN

R = alkyl

l l P(pTol),
g O P(pTol)2

CuClO4 (10 mol%)
- Et0,C TSN

exo major
85% vyield
83%ee

NS
saaas!
PPh, © OMe

AgOAc (5 mol%)
'ProH (1 equiv.)
MgSO,4 (2 equiv.)

then 10% HCI

5 examples
53-88% yield
90-95% ee

model for selectivity

exo approach

S. Yao, S. Saaby, R. G. Hazell, K. A. Jgrgensen, Chem. Eur. J., 2000, 6, 2435.
H. Mandai, K. Mandai, M. L. Snapper, A. H. Hoveyda, J. Am. Chem. Soc. 2008, 130, 17961.

11



Inverse Electron Demand HDA of carbonyl compounds

Jorgensen and Evans:

The Box-Cu' revenge
o\,><(o
catl = / | \)
Jorgensen t S/N\CU/N &
0 o B g ot BY
o OR3 cat1 or cat2 O. .OR3
2 ~
R*0 . [ 0.5-20mol% RO
N X X _\§+OTF
R’ R o o}
cat2 = Nl | \)
generally very good Evans \Cu/N %
1 I t S t
yield, de and ee !! Bu H,O OH, Bu
(selected exemples)
O o) o) o)
O. LOEt
o) o) 0.0
MeO | MeO O MeO O EtO N
with cat1 | | X | 5
o
Ph Ph Ph OBn
99%, 98de, 99%ee 96%, 100%de, 99%ee 76%, 100%de, 99%ee 81%, 100%de, 91%ee
o) o) o) o)
O. ,OEt o) O. _SEt O. OEt
B0y B0y 0 MeO™ N |
with cat2 OMe
Ph Ph Ph Me

93%, 90de, 97%ee

96%, 100%de, 97 %ee

94%, 90%de, 97%ee

99%, 100%de, 99%ee

model for selectivity

endo-E-syn approach

Audrain, H.; Thorhauge, J.; Hazell, R. G.; Jorgensen, K.A. J. Org. Chem. 2000, 65, 4487.
Evans, D. A.; Johnson, J. S.; Olhava, E. J. J. Am. Chem. Soc. 2000, 122, 1635.

12




Inverse Electron Demand HDA of carbonyl compounds

Feng:

N,N’-Dioxide-Cu"
R o

o Cu(OTf), R1/\)J\CO R?
' (0.5 - 1.5 mol%) + 2
D S
R?0,C7 0 DCM, -20 °C @

up to 65% yield
99%ee (jY
O
N\/\
\\O_

/N _O,,

Ar
Ar = 2,6- Pr2C6H3

L RGy

N,N’-Dioxide-Ni"

0O

N O- O,
R1/\)J\CO R2 Ar
+ 2 Ar = 2,6-Et2-4-MeCGH2
N co.R3 Ni(BF4), 6H,0
r COR (0.5 mol%)

Cu(OTf),
(0.1 - 0.5 mol%)

DCM, 25 °C

R'l

R%0,C.
H

0~ “CO,R?

up to 99% yield
> 90de
99%ee

R']

0”7 "CO,R?

up to 96% yield
96:6 to 99:1 endo/exo
92-97%ee

model for selectivity

Re face attacked

Y. Zhu, X. H. Chen, M. S. Xie, S. X. Dong, Z. Qiao, L. L. Lin, X. H. Liu, X. M. Feng, Chem. Eur. J. 2010, 16, 11963.
Y. H. Zhou, Y. Zhuy, L. L. Lin, Y. L. Zhang, J. F. Zheng, X. H. Liu, X. M. Feng, Chem. Eur. J. 2014, 20, 16753.

13



Inverse Electron Demand HDA with imines

Carretero:

" (1)

0
?\\/N N

g Ph

pH Ph-DBFOX

7 -0

§02(8—quinolyl)
Ar'__N__ \OPr

Arl _N Ny opr  Ni(ClO4)3¢6H,0 (10 mol%)
r - \EJ 10 examples
. | 52-75% yield

Kobayashi:
BINOL-Yb'': Povarov Reaction

I | OH
)

DTBP (1.0 equiv.)

= 95% dr
2
Ar 77-92% ee

+ Yb(OTf); + DBU
(10-20 mol%) X 0

HO
0L
N * [ ;
I R?~
R1
X. o)
2/‘

R™ 2>0rt # oty

52-92% vyields
>99:1 cis/trans
61-91%ee

Si face attack

model for selectivity

Si face attack

J. Esquivias, R. Gomez Arrayas, J. C. Carretero, J. Am. Chem. Soc., 2007, 129, 1480.
H. Ishitani, S. Kobayashi, Tetrahedron Lett. 1996, 37, 7357.

14



HDA of carbonyl compounds with chiral organocatalysts

Rawal: oo [ )
Dlng' model for selectivity
Chiral alcohol catalysis
ArCAT Ar = 1-Naph
ol
O\\‘ OH _ _
Ar Ar
TBSO.__~ R TBSO R o) R
. M 20 mol% | CH;COCI
N 0 > o) o)
NMe, NMe, 8 exemples
- - yields: 52-97%
ee: 86-98%
Terada:
Chiral phosphoric acid /gf
204 Y S
favored disfavored
O\P//O TS1, endo TS2, exo

Me 0~ “OH Me exo product
TBSO CO,Et OO 5 mol% TBSO._~_,CO,Et
+ f Ph ‘ 5 [
0] 0, 4 SO ‘\," -
|

disfavored
TS4, endo

OMe 6Me
92%, 99%de, 97%ee

Y. Huang, A. K. Unni, A. N. Thadani, V. H. Rawal, Nature 2003, 424, 146. Zhang, X.; Du, H.; Wang, Z.; Wu, Y.-D.; Ding, K. J. Org. Chem. 2006, 71, 2862. 15
N. Momiyama, H. Tabuse, M. Terada, J. Am. Chem. Soc. 2009, 131, 12882.



HDA of imines with chiral organocatalysts

Cordova:

Proline organocatalysis

oo

e N

model for selectivity

i
N

DMSO-H,0

n=1or2

H2N N
0 H
+ R (30 mol%)
jn HYO
H

Akiyama:

Chiral phosphoricacid OMe

OH OTMS
/©: CH3CO,H (1.2 eq.)
Me -

9 examples
72-99% vyield
76-91%ee OH

P
(5 mol%) ipr

10 examples
20-90% yield
94-99%ee

X

Si face approach n

OMe
X _OEt

OTMS
then PhCO,H

15 examples
63-91% vyield
93-99%ee

5

H,O
(Nn

y,
(o% =N
N\
Ar

\

Ar

model for selectivity

H. Sundén, I. Ibrahem, L. Eriksson, A. Cérdova, Angew. Chem. Int. Ed. 2005, 44, 4877.

T. Akiyama, Y. Tamura, J. Itoh and K. Fuchibe, Synlett, 2006, 141.J. Itoh, K. Fuchibe and T. Akiyama, Angew. Chem., Int. Ed., 2006, 45, 4796.

16



Inverse Electron Demand HDA of carbonyl compounds with organocatalysts

Jorgensen:

Enamine catalysis

0 Os__CO,R3 5 X
| 10 mol% cat1 HO., _O. _CO,R PCC Os_0._ _CO,R
oz | — | H,0
1 2 & Os__CO,R3
R R DCM/SIO, R ™Y RT ™ N~ R
R2 R2 =
9 examples o 1 e-rich R?
( ‘ 30-941% yield | R dienophile
= (o)
) | ¥
N & q O.__CO,R?
H Ph N~ R* U
cat1 O N Ph H R" ™Y
H  OSiMe; R2
) cat2
silica
Liu:
HO. _O. _CO,R3 H20
0 ONh Ho., 0. " Oy_O._CF U
H ) ;/ 20 mol% cat2= Ucpa 1. PCC U 3 N
R R DCM/SiO, R1 Y 2.MsCl, EtsN - Rt Y R?
R? R?
10 examples
46-97% yield
50-76%ee
K. Juhl, K. A. Jgrgensen, Angew. Chem. Int. Ed. 2003, 42, 1498. 17
Zhao, Y.; Wang, X.-J.; Liu, J.-T. Synlett , 2008, 1017.



Inverse Electron Demand HDA of carbonyl compounds with organocatalysts

Jorgensen:

Dienamine catalysis assisted

by H-bond directing strategy 0 0

N N/Ar
H H
NH*TFA

Ar = 3,5-(CF3)2CSH3

(16 mol%)
-~ .0 .
RZ/\/\/

0]

R1vj\cozfsu

R1
\R?
|

Bu0,C~ ~O o
42-82% yield

3:1 to >20:1 dr
75-93%ee

(0] O N R2

Ar tBUOzC 0]

RzWO ” Hz ~o
NH
H,O
H,0
1
RZMN R ,
e’ rich WR
dienophile HN |

o BUO,C” 07 W ON
HN H H
Ar Ji[
O

o) /
RV\)J\COZtBU Rzy\/\/N

R O HN
0]
, /
BuO O\H_N%
Ar O

t. Albrecht, G. Dickmeiss, C. F. Weise, C. Rodriguez-Escrich, K. A. Jgrgensen, Angew. Chem. Int. Ed. 2012, 51, 13109.
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Inverse Electron Demand HDA of carbonyl compounds with organocatalysts

Bode:
NHC catalysis
O o 0.5-2.0 mol% cat.
! @t RZJ‘V\RCE >
R Et;N/EtOAC
Cl
SOzAr
I 1 19 .
Ho N o 0 mol% cat

. )WW DIPEA (10 mol%)
H -

(0]
_SOLAr
CO,Et NSO N ?
pp?” NP Ph/\)\H
o]
Diels-Alder
0 R! 9examp|_es N
“ 62-93% yield Mes—p" H O Mes
R2 R3 80-94%ee \__ (
—N = N+
* EtOZC - \N
N /)
(2)-enolate d
O nuc. addition
/\)J\ ' H* transfer
EtO,C7 " H
OH |>/|es _ OH Mes
= N
EtOZC/\)\(N‘N Etozc/\/\//N\N
Breslow

N—4 N~/
"homoenolate"

intermediate

10 examples
51-90% vyield p N r )
> 50:1dr model for selectivity
97-99ee
Mes
- *N O\\ d
Cl > MeOCeH,~S—Ny _—=—R!

M. He, G. J. Uc, J. W. Bode, J. Am. Chem. Soc. 2006, 128, 15088.
M. He, J. R. Struble, J. W. Bode, J. Am. Chem. Soc. 2006, 128, 8418.
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Inverse Electron Demand HDA of imines with organocatalysts

Chen:

Prolinol catalyst

enamine dienamine

Ph
Phph Ph
Ok (10 mol%) OTMS
N OTMS  — Oxph — N
N Ph
! H OTMS Q:S
R J

3
OH RL_CHO T R4 ﬁ
95% erId T - R3 ~1S Ts ] o R3
99% dr - N AcOH (10 mol%) N, BzOH (10 mol%) N . \(
93-99% ee S = RH\/ARz = N R*
R’ R? CH3CN/H,0 CH5CN/H,0 R R?
Masson:
Bifunctional chiral phosphoric acid
R R
3 4 |
RT0C N ”/NHCOZR cat1 (10 mol%) N._,NHCO,R*
+ -
A R5 CH20|2, RT QRS
R2 RZ
57-84% yields
7:1-19:1 dr
70-95% ee

66-96% yields
97-99% ee

model for selectivity

iPr
R°0O,C =
\\I?‘I‘H-O. 0
ATO.ONH-G

iPr
Re face attack

B. Han, J.-L. Li, C. Ma, S.-J. Zhang, Y.-C. Chen, Angew. Chem. Int. Ed. 2008, 47,9971. B. Han, Z.-Q. He, J.-L. Li, R. Li, K. Jiang, T.-Y. Liu, Y.-C. Chen, Angew. Chem. Int. Ed. 2009, 48, 5474.
L. He, G. Laurent, P. Retailleau, B. Folleas, J.-L. Brayer, G. Masson, Angew. Chem. Int. Ed. 2013, 52, 11088.
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Conclusion and Outlook

Highly efficient and selective reactions to construct 6-membered N- and O-heterocycles

Stimulating field to develop new catalytic methodologies: Metal and Organo-catalysis.

New hetero-diene and —dienophile need to be expanded (unactivated dienes, S containing components...)

21



Questions

You, first...
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Questions

* You, first...

* Please, explain why Schiff base-Cr'"' Lewis acid (Jacobsen’s catalyst) is a very powerful catalyst for asymmetric HDA?

* Propose starting materials for this reaction sequence? Could you propose a model supporting the absolute

stereochemistry?
1. F><O O
F o PPh,

£ O PPh, HO,
> 1] —
(@) Mem ""Me

Cu(MeCN)4PFg (10 mol%) N-O

2. TBAF/AcOH

N o vi
3. NaBH, N\ /, 93% vyield (3 steps)

100% dr

99% ee
Y. Yamamoto, H. Yamamoto, Angew. Chem. Int. Ed. 2005, 44, 7082.
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Questions

* You, first...

* Please, explain why Schiff base-Cr'"' Lewis acid (Jacobsen’s catalyst) is a very powerful catalyst for asymmetric HDA?

catalyst

7\
O X = Cl or SbFg

* Propose starting materials for this reaction sequence? Could you propose a model supporting the absolute

stereochemistry?
1. F><O O
F o PPh,

£ O PPh, HO,
> 1] —
(@) Mem ""Me

Cu(MeCN)4PFg (10 mol%) N-O

2. TBAF/AcOH

N o vi
3. NaBH, N\ /, 93% vyield (3 steps)

100% dr

99% ee
Y. Yamamoto, H. Yamamoto, Angew. Chem. Int. Ed. 2005, 44, 7082.
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Questions

You, first...

Please, explain why Schiff base-Cr'"' Lewis acid (Jacobsen’s catalyst) is a very powerful catalyst for asymmetric HDA?

catalyst

7\
O X = Cl or SbFg

substrates
(0]
J
R

R = aryl
and alkyl

Me
X

~ “OSiR;
Me

unactivated
dienes

Propose starting materials for this reaction sequence? Could you propose a model supporting the absolute

stereochemistry?

1. g 0
I
O PPh,
e PPh,
>, L

Cu(MeCN)4PFg (10 mol%)

2. TBAF/AcOH
3. NaBH,

Y. Yamamoto, H. Yamamoto, Angew. Chem. Int. Ed. 2005, 44, 7082.

HO

Me1 ¢ YoM
N-O

e

\ N 93% yield (3 steps)
100% dr

99% ee

mechanism = concerted o OTMS
MeO X Ph
[Crlll])/(
TMSO OTMS
I
[cr' _
+ AN
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Questions

* You, first...

* Please, explain why Schiff base-Cr'"' Lewis acid (Jacobsen’s catalyst) is a very powerful catalyst for asymmetric HDA?

catalyst Me substrates y mechanism = concerted 0 OTMS
e
o AN MeO X Ph
: OTMS
| R 7 “OSiRs TMSO ol
N\ O R _ I Me [ r ] pZ
/Cr\ an; aaIrIZ | unactivated + X g
6] X = Cl or SbFg y dienes PhCHO  OMe MeO” O° 'Ph

* Propose starting materials for this reaction sequence? Could you propose a model supporting the absolute

stereochemistry?
1. F><O O
F o PPh,

£ O PPh, HO,
> 1] —
(@) Mem ""Me

Cu(MeCN)4PFg (10 mol%) N-O
N > —

g. LBQE/ACOH \ N 93% yield (3 steps)
. NaBH4 100% dr

99% ee

TIPSO | XY o

Mej_\Me '

Y. Yamamoto, H. Yamamoto, Angew. Chem. Int. Ed. 2005, 44, 7082.
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Questions

* You, first...

* Please, explain why Schiff base-Cr'"' Lewis acid (Jacobsen’s catalyst) is a very powerful catalyst for asymmetric HDA?

catalyst Me substrates e
0 X
: ] | R) Z “0SiR;
N\Cr © R = aryl Me -
& and alkyl unaf:tlvated
° X Clor S dienes

mechanism = concerted o OTMS
MeO X Ph
[Crlll])/(
TMSO OTMS
I
[cr' _
+ AN

* Propose starting materials for this reaction sequence? Could you propose a model supporting the absolute

stereochemistry?

+

TIPSO |\ Ne)
_N
Me / \ Me

1. 0
LD
F
O PPh,

£ O PPh, HO,
> 1] —
(@) Mem ""Me

Cu(MeCN)4PFg (10 mol%) N-O

\ N 93% yield (3 steps)
100% dr
99% ee

2. TBAF/AcOH
3. NaBH,

Y. Yamamoto, H. Yamamoto, Angew. Chem. Int. Ed. 2005, 44, 7082.

shielded




Questions

* You, first...

* Please, explain why Schiff base-Cr'"' Lewis acid (Jacobsen’s catalyst) is a very powerful catalyst for asymmetric HDA?

catalyst substrates
Me Me
j) X
| R Z 0S8R,
N O
\ / _ Me
/Cr\ ai; aaIrIZ):I unactivated
) X = Cl or SbFg dienes

mechanism = concerted o OTMS
MeO
[Crlll])/(
TMSO OTMS
I
[cr' _
+ AN

* Propose starting materials for this reaction sequence? Could you propose a model supporting the absolute

stereochemistry?

1. 0
LD
F
O PPh,

£ O PPh, HO,
> 1] —
(@) Mem ""Me

Cu(MeCN)4PFg (10 mol%) N-O
N > —

2. TBAF/AcOH \
3. NaBH,4

TIPSO | XY o

Mej_\Me

99% ee
Y. Yamamoto, H. Yamamoto, Angew. Chem. Int. Ed. 2005, 44, 7082.

N 93% yield (3 steps)
100% dr

(S)=difluorophos

TIPSO’ \ -Ph__ G\ .-“'f_-“‘\
N —FPh
kG R /
1 PFI-H.- 1 8
N N F‘r' AR
5
P,

TIPSO™ ™7, \[ ]/

22
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1) Introduction

Generation of ortho-quinone methides (oQM) :

PMP

Stable ortho-quinone
methide :

PMP = para-methoxy phenyl

o Yo
) P
oi/ !2\

g
I

«Harsh» activation
(strong acid, thermal)

oQM

)
7y o;) i
n?
n~o
(@)
1
P
]

\ d ortho-quinone methide
/ o

~)

G LG =Ts, OAc

=
I

Mild activation
(weak acid/base -
or fluoride)

4 >X  X=Cl,Br,]|

‘\
OSIR,

Q.

Mathias Mamboury (LSPN) Seminar May 18, 2018 3



1) Introduction

Generation of aza-ortho-quinone methides (aoQM) :

R
«Harsh» activation : @é\’o)
(thermal) ‘ﬁ,&o
: P aza-ortho-quinone methide
NH aoQM

Mild activation : @é\’)‘( X = Br, Cl
(weak base) NH

EWG EWG=Ts, Boc

Mathias Mamboury (LSPN) Seminar May 18, 2018



1) Introduction

Reactivity profile of (aza)-ortho-quinone methides :

; @)
= & R
1,4-additions *
X » Nu - out of the scope of this presentation...
L Nu X
X=0O,N X = OH, NHR,
"formal cycloadditions"
>
] 8-
R - R R 18° z
cycloadditions . F o o s A or v
» l* :r 8 8+: 8+%
unactivated X : - :
| - Y,Z=C,N
! or ’ ’
A ,,// X = OH, NHR,
]
]
. ) .
N 6n-electrocyclizations St
| > -
X II RN X7 x>~
X=0,N

Mathias Mamboury (LSPN)

Seminar

May 18, 2018



1) Introduction

Choice of this topic :

* Renewed interest for (a)oQMs although they are known for decades as
they are involved the biosynthesis of natural products.
* «Simple» reactivity profile but versatile chemistry :
* Organocatalysis
* Umpolung reactions
e (Cascade reactions

e Relevant applications :

* Heterocycles (medicinal chemistry, etc.)
e Total synthesis

Mathias Mamboury (LSPN) Seminar May 18, 2018



1) Introduction

Scope of this presentation :

e (Classification based on the structure of the products, not the mechanism

* Highlight on the most advanced examples of each category

* Examples of applications in total synthesis (not exhaustive)

[ Ortho-Quinone Methides in Natural Product Synthesis.
Bray, C. D. et al. Chemistry — A European Journal 2012, 18 (30), 9160-9173.

Ortho-Quinone Methide (0-QM): A Highly Reactive, Ephemeral and Versatile Intermediate in Organic Synthesis.
Chowdhury, S. et al. RSC Adv. 2014, 4 (99), 55924-55959.

The Domestication of Ortho-Quinone Methides.
Pettus, T. R. R. et al. Acc. Chem. Res. 2014, 47 (12), 3655—-3664.

The Emergence of Quinone Methides in Asymmetric Organocatalysis. .
Bernardi, L. et al. Molecules 2015, 20 (7), 11733-11764.

Reviews after 2010

Recent Advances in Catalytic Asymmetric Reactions of O-Quinone Methides. Asymmetric

Sun, J. et al. Synthesis 2015, 47 (23), 3629-3644. —  catalytic

reactions
Emerging Roles of in Situ Generated Quinone Methides in Metal-Free Catalysis.
Scheidt, K. A. & al. J. Org. Chem. 2016, 81 (21), 10145-10153.

Mathias Mamboury (LSPN) Seminar May 18, 2018 7
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1) [4+1] Cycloadditions

Synthesis of dihydrobenzofurans

- also works without base
- no reaction at lower temperatures

O _<_ TMG (1 equiv)
_—
NMez +
MeCN
OH reflux

A | -HNMe, TMGl -HBr

OO : Ph{Q U

N
() P
Newman projections : " Ar NH,
ROC™H
[ o
z _— Oe —= frans
N c1
Ar
COR N
208 e
Ar
B VI “' COR — g
o
Oe c2 L 63% 78%

Osyanin et al. J. Org. Chem. 2013, 78 (11), 5505-5520.

Mathias) Seminar May 18, 2018



1) [4+1] Cycloadditions

Synthesis of dihydrobenzofurans

Ph o Ph

Cs,CO; (2.5 equiv)
©\)\Ts sl g g @EHO
DCM
OH Br o O Okt

rt
99%, dr > 20:1

Ph

+ Ph Cs,CO; (2.5 equiv) 3 o
+R >
N ’ pev o 'pn

85%, dr = 95:5, er = 99:1

Mild generation of the oQM !

96%, er =90:10 23%, er = 98:2 73%, er = 94:6

82%, er = 99:1 98%, er = 99:1 63%, er =73:27

Zhou, Y.-G. al. Chem. Commun. 2013, 49 (16), 1660—-1662.
Waser, M. al. Chem. Eur. J. 2017, 23 (21), 5137-5142.

Mathias Mamboury (LSPN) Seminar
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1) [4+1] Cycloadditions

Synthesis of dihydrobenzofurans

Cat* (20 mol%)

o CsF (1 equiv) ; CF,
Br 18-crown-6 (1 equiv) 0] '
+ Ph_<=s/ o ©E>””/< ' o o) Ar =
oTBS \ toluene o ph ! N—NH HN— oF,

-20 °C ' ArHN NHAr
96%, er = 89:11 '

Proposed transition state : e

80%, er = 85:15 98%, er = 86:14 X=0:70%, er =72:28
X=8:97%, er =73:27

0, 4, o oo

93%, er = 83:17 98%, er = 86:14 98%, er = 75:25 90%, er = 75:25

Xiao, W.-J. et al. Eur. J. Org. Chem. 2017, 2017 (2), 233-236. VIP Paper!

Mathias Mamboury (LSPN) Seminar May 18, 2018 11
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1) [4+1] Cycloadditions

Synthesis of indoles

(o]
Cs,CO; (5
N Ph
H

xylenes
rt
H
Ph o 0 deprotonation o
+ ~/ —_— —_— > /
SN -\—S* N Ph N Ph
! V \ Ts
Ts

detected in
the reaction
mixture

82%

MeO
O b O b
O
R =OMe : 75% 68% 84% 71%

R=NO, : 87%

Xiao, W.-J. et al. Angew. Chem. Int. Ed. 2012, 51 (36), 9137-9140.

Mathias Mamboury (LSPN) Seminar May 18, 2018



1) [4+1] Cycloadditions

Synthesis of indolines

OO

(o]
Cs,CO; (1.1 equiv)

l
- O
xylenes N H

-25°C Ts
83%, er = 94:6

No deprotonation to form indoles !

C4
N

Ts

87%
er =95:5

OMe

Ts
I Ph
80% 87%
er =94:6 racemic!

g CRY IeRd, R,

70% 80%
er =81:19 er =93:7

Xiao, W.-J. et al. Chem. Eur. J. 2013, 19 (26), 8401-8404.

Mathias Mamboury (LSPN)

Seminar

May 18, 2018
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1) [4+1] Cycloadditions

Synthesis of indoles

Cat (20 mol%)

C(\C' O Cs,CO; (1.2 equiv) N\ _pn clo,
ok ’ Ph_<H > N : j:\\(w Simple starting materials !
' —

1,4-dioxane
Boc rt Boc

then MsOH 82%

T
7)\ Boc

s = : NH,
N N N N ' o,
Boc Boc Boc i FC 80% overall
R =OMe : 61% 90% 88% cl
R=Cl :72% ; -

1 5 \ ¢
0 IS Ay

R = OMe : 33% R = OMe : 92% 91% i c-Kitkinase inhibitor  Cl
R=Cl :80% R=Cl :88% :

.

Scheidt, K. A. et al. Angew. Chem. Int. Ed. 2014, 53 (36), 9603-9607.
Scheidt, K. A. et al. Chem. Commun. 2016, 52 (59), 9283-9286. (extension to azaindoles)

Mathias Mamboury (LSPN) Seminar May 18, 2018
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1) [4+2] Cycloadditions

Synthesis of chromenes

Seliel—

Cat* (5 mol%)
MgSO4

o-xylene
-10 °C

Cat* (5 mol%)

Seiel
|

CHCI3

then stOH

PMP O

(o)

77%, ee = 98%

PMP O

see

95%, ee = 90%

PMP
PMP O
@5%
OH O
0H2

Ar

0.0

O™ “NHTf

Ar  Ar = 2-naphtyl

Rueping, M. et al. Angew. Chem. Int. Ed. 2014, 53 (48), 13258-13263.

Schneider, C. et al. Angew. Chem. Int. Ed. 2014, 53 (30), 7923-7927.

Ar = 2,6-Me,-

4-tBu-CgH,

Proposed transition state :

Shi, F. et al. Synthesis 2017, 49 (09), 2035—-2044. (reaction with enaminone)

- better yields
- broader scope (PMP not necessary)

Mathias Mamboury (LSPN)

Seminar

May 18, 2018 17



1) [4+2] Cycloadditions

Synthesis of chromanes

Ar

Cat* (5 mol %) 0
OH + HN
DCM ° “OH
ACHN O
4 A MS

Ar
83%, ee = 99:1
Ar—23456Me5C6

83%, er =99:1 54%, er = 99:1 64%, er = 99:1 75%, er = 99:1 83%, er = 99:1

Schneider, C. et al. Chem. Eur. J. 2015, 21 (6), 2348-2352.

Mathias Mamboury (LSPN) Seminar May 18, 2018 18



1) [4+2] Cycloadditions

Synthesis of chromanes

Seh<l—

Cat* (5 mol%)
toluene

-60 °C
4AMS

Proposed transition state :

R o /
— """'"O\ ) *
L% T
O""‘”H’ N
endo Tf

R‘1

PMP Ar

)

86%, ee = 85%

o
o

N/
7\

SaW

Ar

Ar = 1-naphtyl

NHTf

Reaction with
unactivated alkene !

OMe OMe

9@

5

82%, ee = 99% 76%, ee = 90%

0\

o
Dy,

83%, ee = 93%

3]
-

93%, ee = 95%

Q

Rueping, M. et al. Angew. Chem. Int. Ed. 2015, 54 (19), 5762-5765.
Shi, F. et al. Angew. Chem. Int. Ed. 2015, 54 (18), 5460-5464. (similar)

Mathias Mamboury (LSPN)

Seminar

May 18, 2018 19



1) [4+2] Cycloadditions

Synthesis of chromanes

HO
(o]
Cat* (5 mol%)
H + / _— >
o cyclohexane
H rt
/ 5AMS

Proposed mechanisms :

84%, er = 99:1 : ®

Prins
%O pathb \ cyclization

MeO.

78%, er = 98:2 83%, er =99:1 83%, er =91:1 84%, er =99:1

List, B. et al. Angew. Chem. Int. Ed. 2017, 56 (18), 4936—4940.

Mathias Mamboury (LSPN) Seminar May 18, 2018
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1) [4+2] Cycloadditions

Synthesis of dihydrocoumarins

1st enantioselective [4+2] with oQM :

PMP ‘
Cat* (10 mol%)
<o ~ , TMSO O -
o o %\0 THF

Et -78 °C

Complete scope :

PMP

o 0" Yo

87%, ee = 80%

NO,

72% 79%
dr =8:1 dr =10:1
ee =72% ee =88%

Lectka, T. et al. Org. Lett. 2008, 10 (21), 4951-4953.

Mathias Mamboury (LSPN)

Seminar

May 18, 2018
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1) [4+2] Cycloadditions

Synthesis of dihydrocoumarins

Cat* (20 mol%)
CsF (2 equiv) '
o 18-crown-6 (2 equiv) Ph ' N

Br KOAc (1 equiv) \\| ' ~ "N*—Mes
oTBS \—/ CPME : Bn )
4 oc 0 0 :

71%, er = 85:15

Proposed transition state :

.‘.:;N.\ I‘?" Mes

N 65%, er = 88:12 67%, er =92:8

H
H HO"—“FN F

1

60%, er = 82:18 65%, er = 84:16

65%, er = 75:25

F. N Cli \
i W\ W\
X “*Sph “Sph
@(I\\Ph m m
(O 0] (02 0]
d i

56%, er = 82:18

Scheidt, K. A. et al. Chem. Commun. 2015, 51 (16), 3407-3410.

Mathias Mamboury (LSPN) Seminar

May 18, 2018
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1) [4+2] Cycloadditions

N-containing 6-membered heterocycles

Cat* (20 mol%)
CDI (2.0 equiv)

@\/\CI imidazole (0.6 equiv) o ' N
(0] Cs,CO; (2.5 equiv) ; g ‘N*—Mes
* > N"o : N ge-

| CPME ' —
Boc 4°C Boc '

71%, er = 85:15

Proposed transition state :

P L

= Boc
@

- N. N— Mes 82%, er = 92:8

N

H
H HO.'—\R

Boc—N =~

F

N~ SO

Boc
84%, er =92:8

Boc

81%, er = 98:2

N~ ~O F N~ SO

Boc
72%, er = 94:6

Boc

78%, er = 94:6

Boc
52%, er = 94:6

Scheidt, K. A. et al. J. Am. Chem. Soc. 2014, 136 (30), 10589-10592.

Mathias Mamboury (LSPN)

May 18, 2018
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1) [4+2] Cycloadditions

N-containing 6-membered heterocycles

l NHO

Cat* (10 mol%)

.% e

CHCI3
70%, er = 90: 10 Ar = 9-anthracenyl
. . . (
Derivatizations :
Ph Ph
Pd/C Ph
LiAIH, H, (1 bar)
N“ YO —— N~ OH ——>»
THF, rt MeOH, rt .
\E j 97% \E j 99% H
Ph
Pd/C Ph
PhMgBr H, (1 bar)
—_— N~ "‘Ph
THF, rt DCM/MeOH, rt ‘Y
87%, dr = 4:1 D 99% N 'Ph
HO
.
Schneider, C. et al. Angew. Chem. Int. Ed. 2018, 57 (17), 4774-4778.
Mathias Mamboury (LSPN) Seminar May 18, 2018
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1) [4+3] Cycloadditions

Benzoxepin derivatives

Cat* (20 mol%)
CsF (2.0equiv)

18-crown-6 (2.0 equiv) Ph
0] nBuyNOAc (0.3 equiv)
Br '
+ A
@(\ Ph/\)j\"' THF )
OTBS '18 oc O

64%, er = 96:4

\

Et
OH

¢ D
Ph Ph A\

Ph

homoenolate
addition

Scheidt, K. A. Aet al. . Am. Chem. Soc. 2013, 135 (29), 10634-10637.
Ye, S. et al. Angew. Chem. Int. Ed. 2013, 125 (33), 8769-8772. (similar)

o
Bt N—(" 2 Bt = %
1 1
Q/N"\ N, Q/N*-\ N,
e |)

Et

Et

N+§/Nlu

BF,”

64%, er = 96:4

o o]

64%, er =99:1

56%, er = 99:1

68%, er = 99:1

Mathias Mamboury (LSPN) Seminar
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1) [4+3] Cycloadditions

Benzoxepin derivatives

Ph OY\
Cat* (10 mol%)
MeO OH + N-‘N"
» toluene
OH Ph 80 °C

5AMS
70%, er = 95:5

Proposed transition state :

OMe

7 ) o-QM
= M
B—H--- 0\ J<Ph
4 il

eO F?h o
[4+3] TN Nb
Tl i Yy
Ph., /& NZ_ 0—/
/ H/‘Q\j% ”ph

Shi, F. et al. Chem. Commun. 2017, 53 (18), 2768-2771.

Sp7
P\

o ;.
L2

69%, er = 95:5

70%, dr = 95:5

Mathias Mamboury (LSPN) Seminar

May 18, 2018
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1) [4+3] Cycloadditions

Benzazepin derivatives

o
>\\Ph
Cl . f‘{
@ (o) Nach3 (11 eqUIV) N
+ + L
NH z ‘N-JLPh THF ,‘l
Ts rt Ts
99%
o) Bn
N o
I H Cat* (10 mol%) o R =N
c / Cs,CO; (1.5 equiv) wN___N%
- 7 " ~CeFs
NH * o > 7
I N EtOAc ’< BF,-
Ts \Bn rt N
4 ©

68%, dr = 4:1, er =93:7

58%, dr = 20:1, er = 90:10 75%, dr = 4:1, er = 95:5 55%, dr = 5:1, er = 94:6 59%, dr = 4:1, er = 99:1 73%, dr = 4:1, er = 94:6

Du, Z. Y. et al. RSC Adv. 2015, 5 (94), 76696—76699.
Enders, D. et al. Angew. Chem. Int. Ed. 2016, 55 (37), 11110-11114.

Mathias Mamboury (LSPN) Seminar May 18, 2018
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1) [4+4] Cycloadditions

1st report of [4+4] cycloaddition with oQM

00 R
N

\/ ’

o} Gl
OAc R 4820 TBAF (9.8 equiv) S
+ °N° »
oTBS H THF o

F 100 °C

R = 2-MeOBn in microwave

71%

/SNAr
R ('s?,’/o
\N/ 9’0
</H RN
F e

73% 90% 94%

93%

Hanson, P. R. et al. Org. Lett. 2010, 12 (10), 2182—-2185.
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1) Applications in total synthesis

Carpanone (Clardy, 1971)

PdCl, (0.5 equiv)
NaOAc (8.0 equiv)

[o] . z
<O MeOH/H,O < O

OH 38 °C

Carpanone

NaOAc
el
SYY.
s
0 6} dll/o

Clardy, J. C. et al. J. Am. Chem. Soc. 1971, 93 (24), 6696—6698.

5 contiguous
chiral centers

Proposed transition state :

Mathias Mamboury (LSPN) Seminar
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1) Applications in total synthesis

Hexahydrocannabinols HHC (Belicchi, 1986) :

(o}

OH
H Et,AICI (0.5 equiv)
+ '
toluene -
HO S
rt >\O
\ / 57%, ee = 76%
OH
| \
(o]

Lucidene (Watkin, 1999) :

o
+
OH MeCN/H,0 (1:1)

170 °C
(sealed tube)

a-humulene (2.05 equiv)

lucidene

32%

Belicchi, M. F. et al. J. Chem. Soc., Chem. Commun. 1986, 0 (3), 271-273.
Watkin, D. J. et al. Org. Lett. 1999, 1 (12), 1937-1939.

isolucidene

5%

Mathias Mamboury (LSPN) Seminar

May 18, 2018
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1) Applications in total synthesis

Approaches to Communesin B :

complete
epimerization

Boc \
1) Boc,0 N Cl y NBoc
7 2) NaH, Mel 7 D Cs,CO; (2.25 equiv)
+
HN

ZT

— >
N N DCM NH

N N | _78 °c N H
H Me Ts Me

Aurantioclavine

NHCO,Et
0CO,Ph 5

N > 70%
dichlorobenzene !

160 °C :

A\ '

N .
Me :

:\

Stoltz, B. M. et. al. Tet. Lett. 2003, 44 (6), 1203-1205.
Funk, R. L. et. al. Org. Lett. 2003, 5 (18), 3169-3171.

Mathias Mamboury (LSPN) Seminar May 18, 2018



1) Applications in total synthesis

Exiguamine A & B (Trauner, 2008) :

H,N

AgO (10 equiv)

1) BBr; MeOH / 2% HCOOH

—_—
2) HCOOH

[oxidation]

Nu attack &
tautomerization

Exiguamine A — 6n-electrocyclization

46% over 3 steps

Trauner, D. et al. Nature Chemical Biology 2008, 4 (9), 535-537.

Mathias Mamboury (LSPN) Seminar May 18, 2018 37



1) Applications in total synthesis

Isoschizogamine (Zhu, 2015) :

"N+ SePh
MeO o PivOH (20 equiv)
S “ 1,2-dichloroethane /
MeO H (o] CO,Me 1,2-dichlorobenzene

160 °C in microwave
(150 W, 30 min)

MeO.
SePh

MeO

1) NalO,, NaHCO;, MeO
MeOH, rt
-
2) Na,S0;, Et,NH MeO SePh

DCE, 55 °C

45%

...........................

Zhu, J. et. al. Angew. Chem. Int. Ed. 2015, 54 (49), 14937-14940.

Mathias Mamboury (LSPN)

Seminar

May 18, 2018
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1) Applications in total synthesis

Approaches to Psiguadial B (Cramer, 2017) :

_0
0 HO OH DMEDA (20 mol%)
+ |// + >

Ph HFIP

| rt
OH O |
Ph OH O

(3 equiv) (3 equiv)
psiguadial B

caryophyllene
8% (>2 g isolated)

Propose a plausible mechanism
for this transformation.

Cramer, N. et. al. Angew. Chem. Int. Ed. 2017, 56 (44), 13776—-13780.

Mathias Mamboury (LSPN) Seminar May 18, 2018
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1)

2)

3)

4)

5)

6)

7)

Introduction
[4+1] Cycloadditions
Dihydrobenzofurans
Indoles and indolines
[4+2] Cycloadditions
Chromenes, chromanes, dihydrocoumarins
N-containing 6-membered heterocycles
[4+3] Cycloadditions
Benzoxepin derivatives
Benzazepin derivatives
[4+4] Cycloaddition

Applications in Total Synthesis

. Conclusion & Questions

40




6) Conclusion & Questions

Summary :

The reactions involving (a)oQMs intermediates...
... allow the synthesis of numerous heterocyclic scaffolds and natural products
... use simple and readily available starting materials

... are usually metal-free and run under mild conditions

Perspectives :

* Development of novel catalytic asymmetric reactions

* Exploitation of (a)oQM intermediates for the synthesis of complex natural product

Thank you for your attention !

Questions ?

Mathias Mamboury (LSPN) Seminar May 18, 2018



6) Conclusion & Questions

Questions :

Propose a mechanism for the following transformations :

.................................................................

g oTf Ph—<0_ , CsF (4 equiv) A o !
1 + % :
5 @ETMS S S{ DMF th i Chandrasekhar, S. et al. J. Org. Chem. 2018, 83 (6), 3325-3332.
: r '

rt

87%
/O
HO OH DMEDA (20 1%
c P (20 mol%)
Ph HFIP Cramer, N. et. al. Angew. Chem.
o rt Int. Ed. 2017, 56 (44), 13776-13780.

|
Ph OH O
(3 equiv) (3 equiv)

psiguadial B
caryophyllene

8% (>2 g isolated)

..................................................................................................

Mathias Mamboury (LSPN) Seminar May 18, 2018
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6) Conclusion & Questions

Questions :

O
NMez
OTf csF NMe, z
X Ol ©ﬂo =
(0]
TMS cycloaddition
1a B Cc
o) Me
S@
[4+1] S Me
cycloaddition
D
Q GMez MeN O
Ph
CsF
O aromatization H O 0
e O\
3a F E

Chandrasekhar, S. et al. J. Org. Chem. 2018, 83 (6), 3325-3332.

Mathias Mamboury (LSPN) Seminar May 18, 2018
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6) Conclusion & Questions

a) Hetero-Diels—Alder

Questions :

Me MeH
acid-catalyzed acid-catalyzed @, .
isomerization cyclization H
.
- ° Me Me 2
Me
8 o cHO 10
== OH E
Ph Me
Me
HO 42 CHO 3
OH  epimerization hetero-Diels—Alder o
<—® e ——— \
X cHo - Me
Ph OH
psiguadial B (2) 9-epi-psiguadial B (13) "
b) Michael addition Me
Me H Me
e e o) cHo
M Michael addition
3 L OH 2
Ph 1 (Ba)
i HO & CHO Ph
on (E)-12
Me MeH proton transfer l—l-?/ﬂ-?
©
_ phenoxide cationic alkene  Me_ H / CHO
H OH  cyclization cyclization ~ Me |
- - e e
H CHO
Ph OH Me HO CHO
psiguadial B (2) 15
c) Alder-ene
keto—enol
Me H Y/ CHO tautomerization
and proton
OH transfer 15
+H /-

Cramer, N. et. al. Angew. Chem. Int. Ed. 2017

, 56 (44), 13776-13780.

Mathias Mamboury (LSPN) Seminar

May 18, 2018
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(Wl Outline

1. Introduction

2. Synthesis of Carbohydrate—NHC complexes
3. Structural Complexity

4. Applications in Catalysis

5. Applications in Medicinal Chemistry




- (Gl Why combine sugars and NHC?

NHC:
* Applications in catalysis.
« Strong e-donor but not just
OR phosphine-mimics.
o) « Chiral NHC: a developing field.
RO /\\

RO N__
OR

Cl—r Carbohydrates
—ClI Cheap, structural diverse, easily
ﬁ incorporating chiral motif.
* Increase water solubility.

» Biocompatible: applications in
medicinal chemistry.




i

Introduction: Medicinal Chemistry

Why build analogues with carbohydrate and

NHC?

« NHC: stabilizes metal center, ease of

synthesis and derivatization.

« Carbohydrate: good biocompatibility, ease of
tuning to achieve hydrophilicity and

lipophilicity.

« Studies suggest increased carbohydrate
uptake in cancer cells (“the Warburg effect”).

OAc

(o]
A%&/S_AU_PE%

AcO

Auranofin

Auranofin;

Well-known Au drugs, first used as anti-arthritic
medicine then anti-cancer activity was found.
Library of analogues can be built with NHC
ligand, instead of phosphine.

Sugar can be linked to NHC or acts as a ligand
as in Auranofin,

Other metal complexes are also discussed: Pt.

Science 2009, 324, 1029-1033.



il

Synthesis

Reported carbohydrate-NHC complexes

NHC part: all 5-membered rings from 3 families.

imidazolidinylidene

[\

|

+ X_

imidazolinium salt

imidazolylidene

+ X_

imidazolium salt

R: saccharide moiety
or other substituent

1,2,3-triazolylidene

N=N

.

!

/
R/N\)\Ru

1,2,3-triazole

Coord. Chem. Rev. 2017, 339, 1-16.



il

Synthesis

Reported carbohydrate-NHC complexes

Carbohydrate part:

ce, OH OH _OH
C4 c5_0 o
"%o (- OH HO OH
Cc3 OH oH
D-glucopyranose D-galactopyranose

Linkage to NHC: C1, C2, C3 and C6.

OH
HO

-0
|-IOHO OH

D-mannopyranose

and their
derivatives

Coord. Chem. Rev. 2017, 339, 1-16.



- (Gl Synthesis

Complexation of carbohydrate-NHC-metal complexes:

1. In situ deprotonation-complexation

/ \ tBuONa
R/N 3 N\ ] N N 7 N R = .
ANVZ R [M] ~ : saccharide moiety
+ X T or other substituent
[M]
2. Ag-NHC transmetallation
/ \ Ag,0 [M]X / \
N _ N, — . > /N\,N\ _N< .N—_.
R \+/ R acetone R Y R’ R > R
X
AgX AgX

Angew. Chem. Int. Ed. 2008, 47, 3122-3172; Organometallics 1998, 17, 972-975.



i

First Synthesis

Nishioka (2007)

« Stable carbene formed. N/
« IrCp* moiety points to a- OAc [ /> OAc _
face. Acoﬂ N AcO~ Sé;‘o\ / \
. . . AcO > AcO NoooN—
- X-ray diffraction studies AcO | ACO  Ygr
suggests strong o-
donation, comparable to Ag,0, acetone
known Cp*Ir-carbene
complexes.
OAc OAc
Aco/é ;o [/\ _[cpirchl, Aco/é ;o //\
AcO NoooN— DCM, 55% AcO Nio-N—_
=\ AcO AcO Y
NN~ Cl—Ir-ClI AgB
Y r ser
ci-Ir-ci Cp
Cp*

Organometallics 2007, 26, 1126-1128.
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Structural Complexity

Trans-syn and trans-anti conformations

Lin (2010): C6-bonded monosaccharide

Br

BzO (o) 1. Imidazole, THF
BzO >
BzO 2. RX, THF,

OMe 94-100%

\\ | /, MeONa MeOH

ﬁﬁ ﬁﬁ

72-93%

\ X
[ l>+
N R = Me, Et, n-Bu

e~

1. Ag,0, DCM 95-98%
2. PdBr,, MeCN 50-78%

\\ | //

ﬁﬁ ﬁﬁ

trans complex

Organometallics 2010, 29, 5959-5971.



- (il Structural Complexity

Trans-syn and trans-anti conformations

Lin (2010): C6-bonded monosaccharide
R = Me, Et, n-Bu

OBz
BzOlz 0\521;082 R
/ \
oM N m N
: m e [ :> - <: ]
U N\ Br( N
R o)
X(%@ X(Q:@ ZBOZO&
B20 Hme B20 ome
trans-syn trans-anti

* In solution: two forms observed.

« Solid state: a slight twist between two NHC planes (15-33°).

« Core bulkiness: slows down NHC—-Pd rotation on NMR timescale.
« (C6 spacer: allows flexibility on NHC so two rotamers co-exist.

Organometallics 2010, 29, 5959-5971.

10



- (il Structural Complexity

Trans-syn and trans-anti conformations

Glorius (2007) Nishioka (2011)

OAc
R = Me, Bn

@ OAc
Mes — \ 2\ Nmom

OAc

trans-anti only both forms

« Cl-bonded monosaccharide: no spacer Sugar, Sugar
effect. :

« Core bulkiness: [NiBr,] > [PdCl,].

* Nishioka: evidence of syn-R, and syn-
S, diastereomers at low temperature.

J. Organomet. Chem. 2007, 692, 4593-4602.
Dalton Trans. 2011, 40, 6778-6784. 11
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Diastereoselective Synthesis

Nishioka (2011)

* Chelated NHC-metal
complexes with
pseudo-tetrahedral
centre.

« Chirality controlled by
anomeric isomerism
of glucopyranoside.

OAc
AcO o //\ 1. Ag,0
AcO Ns. N *
N
HCl \\ y
OAc
AcO
O —
AcO N< _N
\I/ 2. [MCp*Cl,],
AcO -
~I
Cl N
S\

OAc

AcO
N\ - N

Y

cp*\\ M\N

CI\/

dr 85:15 (M = Rh)
85:15 (M =1Ir)

OAc
AcO

dr 10:90 (M = Rh)
5:95(M=1r)

Dalton Trans. 2011, 40, 4826—4829.
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Water-Soluble Catalyst

The “greenest” solvent
* Non-flammable, non-toxic, abundant.
« Easy separation of organic products.

« Easy homogeneous catalyst recycling.

» Applicable in industrial scale and in
chemical biology (e.g. reaction on
protein surface).

Water-soluble NHC complexes

« Sugar moieties: greatly enhance
hydrophilicity, easily incorporated,
well-defined and tunable chirality.

WATER-SOLUBLE NHC CATS

FEED HYDROPHILIC SUBSTRATES

Review on Water-Soluble NHC-transition metal complexes: Angew. Chem. Int. Ed. 2013, 52, 270-289.

13
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Water-Soluble Catalyst

Suzuki—Miyaura Cross-Coupling:

Lin (2010):
@/ : B(OH),

Nishioka (2015):

Neiom

Catalyst
(0 1 mol%)

MeONa TBAB
H,0, 100°C, 15 h

Catalyst
(10 4 mol%)
cho3, H,0 o
100°C, 16 h

v

80-97%

yield > 90% can be
maintained upto 3
catalyst reuse cycles

80%

Catalyst . .
|
I

Catalyst in situ deprotection

OAc C|I
N
o) N ,
A VAN
A N oy
\:(\ N
N/A\ NJ

\—/

* In both cases: bulky, e-donating groups on NHC give optimal yield.

Organometallics 2010, 29, 5959-5971,

Bull. Chem. Soc. Jpn. 2015, 88, 1135—-

1143.




Olefin Metathesis

il

Grubbs (2009): Combining carbohydrate and 2" generation Grubbs cat.

« Systematic comparison

OAc
p— AcO o /—_—\
PCy; Mes— NI N~ pes Mes— N 2N~ pes AcO AcO N3N ~Mes
| «Cl Y\m \Cl c Y
Ru— Ru— Ru— CI"’Ru_
ca”l % ca”l % ca”l % ca” | e
PCy PCy PCy PCy;
Grubbs-I Grubbs-lla Grubbs-Ilb Grubbs-IlI-Glc
Grubbs-lI-Gal
« Synthesis:
Mes
Nl OAc
OAc [ /> OAc AcO o [/
AcO o N AcO o /__—\ Grubbs-I AcO N S N\Mes
AcO MeCN AcO NogrN-mes 1BUONa AcO ., Y
""Ru—
AcO g, AgOTf AcO ¥ THF o Iu—\
OTf PCy, Ph

Glc deriv.: 30%
Gal deriv.: 47%

Grubbs-II-Glc: 33%
Grubbs-IlI-Gal: 17%

Organometallics 2010, 29, 403—-408.



il

Olefin Metathesis

Grubbs (2009):

PCy, Mes— NI 2N~Mes
| \Cl oCl
Ru— Ru—
7 | 7 |
Cl Ph ci Ph
PCy3 PCy3
Grubbs- () Grubbs-lla A
« ROMP:
1 mol% cat.
—
DCM Wn
100.00 HH DoOoOo
90.00 4 wga““““'n
80.00 -4 -
< 7000 :
T 6000 ¥
% 5000
L]
g 4000 4
© 3000 o & f = g™
20.00 A
10.00

0.00 -Mre
0.00 20,00 40.00 60.00 80.00

Time (min)

100.00 120.00 140.00

OAc
N/—_—\ AcO o /—_—\
Mes— Vo2 N\Mes AcO N N/ N\Mes
\( AcO
Ru‘\\cI CI"'Ru
7| N 7\
cl Ph cl Ph
PCY3 PCy3
Grubbs-Illb 4 Grubbs-IlI-Glc []
Grubbs-lI-Gal
« RCM:
EtOOC COOEt EtOOC COOEt
1 mol% cat.
_—
DCM

Grubbs-llb: 90%
Grubbs-lla: 80%
Grubbs-I: 60%
Grubbs-II-Gal: 60%
Grubbs-1I-Glc: 30%

Organometallics 2010, 29, 403—-408.

16
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Olefin Metathesis

Grubbs (2009):

PCy; Mes— N3 2N ~mes Me
| .CI Y\m
Ru= Ru—=
7N 7N
Cl Ph ci Ph
PCy3 PCy3
Grubbs-I Grubbs-lla

2.5 mol% cat.
+ —»
DCM

Phﬁ—OAc

Yield ~80% (all cases)
E/Z: 9:1-10:1 (1, lla, lb)
3:1 (ll-Glc and Gal)

OAc
— AcO o /—_—\
¥ Y
Ru‘\\cI CI"'Ru
7| N 7\
cl Ph cl Ph
PCY3 PCy3
Grubbs-llb Grubbs-II-Glc
Grubbs-II-Gal
 AROCM:

2.5 mol% cat.

Toluene 'il
= tBu
OAN/\O Yield > 80% (all cases)
| E/Z: 2.7 : 1 (I-Glc)
tBu

1.4: 1 (II-Gal)

» |I-Glc and lI-Gal are inferior to lla, comparable to lIb, in some case better

than |I.

« Speculation: decomposition of 1I-Glc and Gal; no evidence given though.
* No carbohydrate equivalent of lla for comparison.

Organometallics 2010, 29, 403—-408.



-l Asymmetric Ketone Reduction

Bower and Galan (2014): C2-bonded monosaccharide

R = Me, allyl, Bn,

° :
XL o mRe 0.0C

Cl” ~coD B—glucopyranosyl
/——\ OMe
N.__N - 0 MeQ
Y0 | O s om ﬁw
Rh
Cl©~ ~coD B—glucopyranosyl mannopyranosyl
O/ \O )]\ O/N\ ,N\O [Ru(COD)CI], O/N\ ,N\O
OR —> —> Y
DCM, MeOH Me;SiCl tBuOK
82-96% DCM 60-70% c|/ \COD
LiAlH, 60-74%

OEt

O/N/l-I_;\N Eto)\ O/N\ ,N\O [Ru(COD)CI], O/N?N\O

NH4CI tBuOK
73% 44-75% Ccl© “coD

Org. Biomol. Chem. 2014, 12, 9180-9183.
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Asymmetric Ketone Reduction

Bower and Galan (2014): C2-bonded monosaccharide

[\
QYO

OR
(o]
= RO
o Rg%/OR

B—glucopyranosyl

R = Me, allyl, Bn,

)@v“

OMe
Q- Meﬁﬁgvom

B—glucopyranosyl

MeO

mannopyranosyl

1. Catalyst (2 mol%)

2. aq. HCI

(0
)]\ Ph,SiH,, hexane, rt )\
>
Ph Ph”*

OH

upto 89% yield
62% ee

Best reactivity and ee achieved with
smallest R = Me.

No difference between sat. and
unsat. NHC.

Glucopyranosyl-NHCs are more
effective than mannopyranosyl-
NHCs.

Org. Biomol. Chem. 2014, 12, 9180-9183.
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Acceptorless Dehydrogenation

Albrecht (2017): C1-bonded 1,2,3-Triazolylidene complexes

OAc
AcO o
AcO B NaAsc AcO o /:( (Me3O)BF4 AcO /—(
r —
CuSO,, DMF AcO N\ .N tBuONa
AcO N THF
BF4
“Z 1. Ag,0, MeCN
Cp* p* 2. [IrCp*(Cl)2]2
|
OH C|2|I" Ph OAc C|2|r
HO o T—= HCI (0.5 M) Acow&/ >—< 3
HO N N MeOH N
HO SN+ i, 2 days NT+
> 80% 86%
Catalyst Yield A:B
0 Protected Glc 90% 5:1
2 Ph”” > NH _cattomol), PR SN Nph + ph N Ph
2 | 2.DCM. 150°C H Protected Gal 77% 4:1
20 min A B Deprotected Glc | >95% | 6:1
Deprotected Gal | > 95% 6:1
Ru complex ~ 60% 1:0

Inorg. Chem. 2017, 56, 12410-12420.




- (Gl Gold-catalysed Enyne Cyclization

Sollogoub (2013) NHC-capped cyclodextrin Au complex

Bno%.p ; o/%ﬁ . [ S 7% 7

M N
o o > Cl T3 Auci | )—auc
! o} 5
ORa vy BnO & ,}‘J
\ o)

DCM

TsN Ts N: 3
- /\ Au cat. (2 mol%)

77%, 59% ee

« 6-endo-dig product, structure selectivity is
thought to be linked to cavity size.

* Promising stereoselectivity.

* More evidences needed.

Angew. Chem. Int. Ed. 2013, 52, 7213-7218; Org. Biomol. Chem. 2016, 14, 4008-4017. 21



- (i Suzuki-Miyaura (again)
Sollogoub (2013): NHC-capped cyclodextrin Pd complex

O Catalyst | Yield | Solvent
Catalyst
Br BOH):2 41 mol%) A 83% | EtOH
+ —_ >
Cs,CO; o B 95% H,0
90°C, 16 h
C 99% EtOH

» Bis-NHC Pd complexes are needed for
stablility (cf. Lin and Nishioka’s works).

Eur. J. Org. Chem. 2013, 3691-3699. 29



- (Gl Auranofin and Au Drugs

Anti-cancer activity of Au drugs:

OAc
* Au binds to the selenocysteine residue at AcO 0
the active site of thioredoxin reductase AcO STAUTPEL
. AcO
(TrxR) protein.
« TrxR is needed in many processes that Auranofin
repair cells from oxidative damages.
« TrxR is overexpressed in cancer cells’s OAc
mitochondria and some parasitic cells. Aﬂg&/s—m—wc
 Inhibiting TrxR leads to controlled cell AcO
death. NHC analogues
Glucopyranosyl thiolate: NHC:
« Labile, displaced by biological * Mimic binding of phosphine in
thiols. Auranofin.
« Important for distributing Au drugs « Ease of synthesis.

in blood stream.

Coord. Chem. Rev. 2009, 253, 1670-1681.
Coord. Chem. Rev. 2017, 339, 1-16.



- (Gl NHC-Analogues of Auranofin

Baker (2005):

OAc OAc )J\ OAc

0 HBr/AcOH o HN" NH; o
O&o B A5 — Oms
AcO AcO then,
OAc R\ D AuCl
0 N Et;N, DCM
Ao s—Au— || =— R

R = Me, iPr, nBu, tBu, Cy

« Demonstrates the ease of synthesizing such complexes.
* Preliminary assay: no mitochondria swelling behaviour (i.e. no anti-
mitochondrial activity). No assay on actual cancer cells provided.

J. Organometallic. Chem. 2005, 690, 5625-5635.



- (Gl NHC-Analogues of Auranofin
Tacke (2013):

OMe

Aco 0 IN / 4
Aco S—Au—R| R= H\ | §—<\ | H\ |
N N

AcO

OMe

« Above 3 analogues show good IC., value against cancer cell lines:
renal (Caki-1) and breast (MCF-7), better than cisplatin.

Question: Suggest a reasonable explanation for the enhancement of anti-cancer
activity of these highly substituted NHC complexes. Hint: intracellular environment is

aqueous but the matrix of a mitochondrion is not.
What is the point of having a carbohydrate ligand?

Organometallics 2013, 32, 5551-5560.

Review: Coord. Chem. Rev. 2017, 339, 1-16. 25



- (il NHC-Au Complexes

D’Amora (2017):

OAc OAc
AcO o //\ AcO 0 /7 \ AcO o //\
AcO N. _N AcO N. N AcO NYN\

~ S~ ~ S~
AcO \( AcO Y AcO

Au +Au BF, +Au BF,
OAc |
cl * PPh,
PO Nmom
\:/ OAc

« Low mitochondrial uptake of many Au complexes is attributed to being

chargeless.
« Against prostate cancer cells: neutral Au-Cl complex shows weak

activity, [bis-Au]BF, less effective (too bulky), [AuPPh;]BF, is comparable
to cisplatin.

Eur. J. Inorg. Chem. 2017, 4955-4961.



- (il NHC-Pt Complex

Skander (2010): Analogue of “transplatin”

OAc OAc OAc
p— 1. Ag,0, acetone — 1.1,/ 0°C p—
Aco/ﬁoz /—\ 9 - Aco/ﬁoz /7 \ 2 - Aco/ﬁoz /7\

AcO NigzN~ 2 Pi(dvtms);, AcO NaooN~_ 2. toluene AcO NN
AcO Y Br xylene, 72% AcO \( AcO Y
Pt NH2 I—Pt—I
— ~—
X = Q |

NH,

(V)
MesSi. __Sitle; 31% O

« Demonstrate the synthesis of carbohydrate-NHC Pt complexes, amongst
other “transplatin” NHC analogues.

» Assay for other complexes in the series revealed cytotoxic activity
against cisplatin-sensitive and cisplatin-resistant cell lines. However, NO
studies on the carbohydrate complex were reported.

J. Med. Chem. 2010, 53, 2146-2154.



(P Conclusion

Catalysis:

« Potentially provide cheap and simple methods for
achieving water solubility and asymmetric
synthesis.

« Both aspects are underdeveloped.

« Chirality transfer from the ligand to product is
relatively poor.

« Future works: more complex carbohydrates, or
better ligand design to direct the chiral moieties
toward metal center.

Medicinal chemistry:

« Studies so far showed mixed results.

« Ease of modification on both carbohydrate and
NHC parts open up vast possibility for tuning
hydrophilicity and lipophilicity. No clear way of
incorporating carbohydrate in metal complexes
can be concluded just yet.

28
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Thank you for you
attention.




(il Questions

Mechanism?

TsN TsN™ X
N K[/(\ Au cat. (2 mol%) >
_— gl

DCM

~
~
~

77%, 59% ee

Question: Suggest a reasonable explanation for the enhancement of anti-cancer
activity of these highly substituted NHC complexes. Hint: intracellular
environment is aqueous but the matrix of a mitochondrion is not.

What is the point of having a carbohydrate ligand?

OAc (

oo N g , N
Lo s—Au—R|R= | — | — |

AcO N




(Wl Answer

Au H
/
/ Gu Au
TsN Y . TsN TsN [Aul
> 6-endo-dig
e e —_—
/\) pull push
+
1,2-H shift
Au
TsN™ X TsN™ X Aul

demetalation
-
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Related ligands

/ \
N7\ _4
Ligand in C-H Activation
and Photochemistry

R3:R3
O o)
Rz~§(/ |\>..|R2
N N
Ry R,

Box ligands

Ry/=—
/ \
\ N N-R,
| A
o) N* o)
RZ—SJN N|\)...R2
R4 R,

PyBox ligands

Ry Ry
/> <\
RZ_N N_Rz

Precursors of NHC
and 1,3,2-Diazaphospholenes
Chirik

/Ry )

I\)ullR
N 3

R,
\Stoltz, Hartwig, Sigmanj
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Related ligands

 Stoltz, 2011

SHie

« Hartwig, 2017

« Sigman, 2018

— O
e
(6% mol) B!
PA(OCOCF); (5% mol)
DCE, 60 °C, 12 hours ""@

99%, 93% ee

o

l‘\\

\ v \ oy

(4 5% mol)
[Ir(cod)OMel, (2% moI)

oA~ ©OH

norbornene (1.2 Equiv. )
Et,0, 50 °C, 24 hours

— 0O
02N4<\jN>_<\N

84%, 92% ee

“/tB (0] OH
(12% mol) =Y 0
Pd,dbas.CHCI; (5% mol)
2 L ZSMe
3A MS, DMF, 23 °C 0

then NaBH, in MeOH 90%, 98% ee

B. M. Stoltz, J. Am. Chem. Soc. 2011, 133, 6902
J. F. Hartwig, J. Am. Chem. Soc. 2017, 139, 12137

M. S. Sigman, J. Am. Chem. Soc. 2018, DOI: 10.1021/jacs.8b02751
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Related ligands

/ \
N7\ _4
Ligand in C-H Activation
and Photochemistry

R3R;
O o)
Rz I lllR
~S(N l\> 2
Ry R,

Ry Ry
Ris— 27—
2 Precursors of NHC
and 1,3,2-Diazaphospholenes
Chirik
i X /" Ry N\
N
N7 O |
I\)HIRZ N/ 0
N / NI\>”|R3
R4 Ry z
R

\Stoltz, Hartwig, Sigmanj

i N S 'N
Ritter Chirik : Huang, Lu
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ﬁg ﬁg
-2X
= A ™

Non-Innocent, or
Redox Active,

®
®

Ligand
 Chirik, 2015
e ™
N N
Fe] 5% mol N—
| * ZnBu (e 5% o * nBu N/\Fe/ Ar
5 Equiv. neat, 23 °C nBu iPr N
| 48 hours | | 2
43% conv. iPr
95 : 5 L [Fe] )

>95:5d.r.

P. J. Chirik, Science 2015, 349, 960 3
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Related ligands

y/ \
7\ _7
Ligand in C-H Activation

and Photochemistry

R3R;

o o
Rzimule
N N
Ry R,

Box ligands

Ry/=—
/ \
\ N N-R,
| A
o) N* o)
RZ—SJN N|\)...R2
R4 R,

PyBox ligands

(| AN ) 4 | X ) i A 4 = | N )
3 " S S

{

\_Ritter RN Chirik y, Huang, Lu \_ Uyeda J

Ry Ry
/> <\
RZ_N N_R2

Precursors of NHC
and 1,3,2-Diazaphospholenes
Chirik

/Ry )

I\)I"R
N 3

R,
\Stoltz, Hartwig, Sigmany
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 Dieck, 1985
Me
y; — Me
/ \ N/ \N
\_/
N\
M 2
—— ()70
= \ 7 Me 98% 2%
| N\ /Nu.
o
2 .
o~ - ()
80%
47% ee 20%
 Dieck, 1992
i-Pr Me
|IIN/ \Nll
N\ /
N Fe
Me i-Pr

Cl,
Me (0.5°/o moI) >
+ | C,HgMg (0.7 % mol) Me
NN neat, -17 °C, 14 days —

89%, 61% ee

H. tom Dieck, Angew. Chem. Int. Ed. Engl. 1985, 24, 781
H. tom Dieck, Angew. Chem. Int. Ed.1992, 31, 305
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. A/O\B—B/O\L [Ir(cod)CI], - ?/& 7\ T
7\0’ \°/T 80 °C, 16 hours ©/B\0 Q_Q

Typical ligand
Ligand Screening
Me Me\ __ Me
TN\ Me =N =N M (M
N\ // N N
Me Me
Me 5o, Me 5% 50% e
— — iPr — Me iPr — Ph iPr
\ 7N\ 2\ 7\ O_<\
N N \ N N \ N N \ N N
16% (B 4% 21% .o} 39% ipf
Substrate Scope
\ ,O\L \ ,O\L
~H- #J« ~H- o o
0.0 0,0 N 0T\~ o o7\~
B 92% 82%
o/
N—B
cl Cl FsC cl s o\
83% 47% 73% 86%

M. Nishida, Adv. Synth. Catal. 2004, 346, 1655 5
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< e

E /RU'uN/ 6
s ¥ NS
: \gP
' Yz 4.5% mol)
o | Z (4.5% m OH
F,C (2% mol)> Z E (:( HCO,H (1.5 ECIUIV-)>
NMP-H,0 (4/1) 76% | THF-H,0 (4/1) 76%
]

25 °C, 8 hours 55 °C, 48 hours
Air stable catalyst Air sensitive catalyst

Ru PFe> 1 Equiv. Me\,\‘,,R‘u'u

»
CH4CN, 60 °C [/f
Me g59,

Air stable catalyst

(More than two weeks to air)

S. Herzon, Angew. Chem. Int. Ed. 2014, 53, 7892
S. Herzon, Nature Chemistry 2014, 6, 22 6
S. Herzon, J. Am. Chem. Soc. 2014, 136, 7058
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< e

R " 7 6
@ CF, s—N N\
cl- {“\

Y

i = (4.5% mol)

Z
4 o . OH
Fi¢” ~ (2% mol) Z (:( HCO,H (1.5 Equiv.)
NMP-H,0 (4/1) 76% THF-H,0 (4/1) 76%

25 °C, 8 hours 55 °C, 48 hours
Air stable catalyst Air sensitive catalyst

6 /RU'I “ 6 Mew,,_Ru.,N~ 6 co > RU'UN s
\N \ Me Me,N" 2
Catalyst A Catalyst B Complex B

Veo (em™) : 1972
~ Complex (4.5% mol
~—~ Complex (4.5% mol) [o) OH
HCO,H (4.0 Equiv.)> 2
NMP-H,0 (4/1)
25 °C, 24 hours
Catalyst A >99% <1%

Complex A_
Veo (em™') : 1962

Catalyst B <1% 98%

S. Herzon, Angew. Chem. Int. Ed. 2014, 53, 7892
S. Herzon, Nature Chemistry 2014, 6, 22 6
S. Herzon, J. Am. Chem. Soc. 2014, 136, 7058
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CpRu Catalysis with Iminopyridine

« Application in the synthesis of (+)-Batzelladine B

NDMB

HN NN

-

// 6
No

3

H
BocN N

(+)-batzelladine B NH;

M ~ /R " (4 6

HCO,H (4.0 Equiv.) HO
PTSA (1.0 Equiv.)

@
PFO

HN NN

Me (15% mol)
—

6

>/....

NMP-H,0 (4/1)

v
H o O BocN N
25 °C, 24 hours BocN N\/(\ Hq5C; Y
71% ﬁ/ N .
NHBoc (o) H "H ‘CO,H

Boc

EDC.HCI
DMAP
DCM, 24 °C
77%
NH,* Y
BocN_ B°C oMB
HN™ "N C;Hys YN HNJ\N
_ TFA, Pd/C N A\
. argon 0 °C o \ ", O B
H* wil 7%

then H,, 24 hours o)

\)/\o o 40% . OAO
Y BocN._ _N

S. Herzon, Nature, 2015, 525, 507 7
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o)
NEt, Cu(OAc),.H,0 (5 %mol) ‘
Ligand (5.5 %mol) - @ °
iPr,NEt, MeOH, A
(Rac) 23 °C, 12 hours 1-endo 1-exo O 2 oS

L o oo
P(tBu),
PPh,

O PPh, :cb: PPh,
g Josiphos Q

Yield of 1 58 62 82 86

Ratio :
1-endo | 1-exo | 2 61/12 /27 78/6/16 971/31/0 >98/<2/0

1-endo (ee%) 60 42 90 95

Ligand Screening

Selected examples

Q e
68%, 91%

86%, 95% ee 71%, 89% ee ee 78%, 93% ee 48%, 98% ee
endol/exo >98/2 endol/exo >98/2 endol/exo >98/2 endolexo >98/2 endol/exo >98/2

X.-P. Hu, J. Am. Chem. Soc., 2012, 134, 9585 8
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L—wr x 8
Modification of metal electronics L—M
via ligand modification Ligand assisted substrate activation
B s
Spectator Ligand L—Mn Actor Ligand

| | s

L-X—M"*X L—M" —M" - 1

S S S S
Electron transfer to ligand Redox-active substrate complex

(Electron Reservoir)

For a perspective : B. de Bruin, ACS Catal. 2012, 2, 270 9
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Redox-Active Ligand

Spectator Ligand
l s
L-X—M"*X L—M"
| > |
S S

Electron transfer to ligand
(Electron Reservoir)

« Store electrons from the metal on the ligand

L—M"

« 1strow-transition metals often prefer one-electron redox events

« Avoid uncommon oxidation states, brings nobility to the metals

« Can confer nobility by combination

For a perspective : B. de Bruin, ACS Catal. 2012, 2, 270
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Spectator Ligand L—M n
l S
L-X—M"*X L—M"
| <> I
S S

Electron transfer to ligand
(Electron Reservoir)

Reduced ligand, Fe' Reduced ligand, Fe' , Fe' Reduced ligand, Fe'"
\U/ »
Z
N

>

\U/ L% x

P. Chirik, J. Am. Chem. Soc., 2006, 128, 13340 9
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Spectator Ligand L—M n
l S
L-X—M"*X L—M"
| <> I
S S

Electron transfer to ligand
(Electron Reservoir)

[ B [
+e +e
\ o -e \ -e N
M \R1 M \R1 \R1

K. Wieghlard, J. Am. Chem. Soc., 2008, 130, 3181 9
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FeCIZI-\l-nLi%andl(jmol%) Me \ 27—\ Ph

mo

A R, *+ R; g( ) 5 R1WR3 N N—Q_
Et,0, 23 °C,

R, R L,:R=H R
6 hours 2 D =
1.1 Equiv. Ly: R=TMS
Me Me
AN Z Me X Z Me
Me H

X
X: H=94% ;Cl =78%

F =86% :OAc=85% 60%, Regio :90/10

Me Me Me
X NF ZMe XNF
66%, Regio : 93/7 77%, Regio : >98/2

FeCl, + Ligand (2 mol%) Me >\ Ph
NN Ve Mg (4mol%) Ph\/\/\%\Me \_/ N—(
Et,0, 23 °C,

M
¢ 6 hours
1.1 Equiv.

T. Ritter, Org. Lett. 2009, 11, 337 10
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FeCl, ligand (4 mol% PinB

)
\J]\/\/MC O\B-H e - /\)Mi/\)m\e ]\/\)M\e
N N o Et,0, 23 °C, PinB” \F ZMe  Me ZSMe

3 hours linear branched

1.2 Equiv. in both cases : (E)-double bond exclusively
S Me i — iPr
L i N /TN )=
N | I N N \ /
N i
7 Me : iPY
CatA: 80% i CatB:78%
linear:branched / 93:7 i linear:branched / 17:83
]
i Me
N /\/@ | ! 7
] — Me I PinB Me
PinB/\/\Me PinB Me i Me
92%, I:b / 90:10 91%, I:b / 98:2 ] 91%
]
Me Me i /@
OMe d .
PinB/\/\Cy PinB” 7 i PinB
1)
68%, I:b / 94:6 71%, :b /94:6  OMe i 83%
| PinB
Me Me i \J\
! Me  ~ )
PinB/\/\SiMezPh PinBWCOZtBu i SiMe,Ph
91%, I:b / 99:1 66%, I:b / 94:6 ' 73%, I:b / 1:99

T. Ritter, J. Am. Chem. Soc. 2009, 131, 12915 11
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Pre-catalyst (5 mol%) Me

| Ligand (5 mol%) Me \J\
EtO);Si—H e .
\)J + (E1O):S1 Toluene, 23 °C, (EtO)3Si/\/\R (EtO)Si R

R 6-24 hours linear branched
1.2 Equiv.
Y 240\ » )
MeTE T \ I? N = I|2 T -

> N | N=~ N N=~
Fe Reductive Elimination \ /—NMe; T or ~ Fe
\N\ A . ~
I "Me
e

MezN
/\)/OMe Me o Me
i Z Me /\)\/\/
. & NEt
. . e 0, . .
89%, I:b / >99:1 96%, I:b / 97:3 83%, I:b /1 94:6
Me Me Me
COFt /\)\/\
. = .
(EtO)3Si\)D<C02Et (EtO);Si Z CO,tBu (Et0)3SI/\/kS|Me2Ph
66% 76%, I:b / 94:6 89%, I:b /1 99:1

T. Ritter, J. Am. Chem. Soc. 2010, 132, 13214 12
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Proposed Mechanism for 1,4-Addition

A

13
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Proposed Mechanism for 1,4-Addition

He \
Syn [-Hydride

R{N_  NR
Elimination oo
Hy—
Ph™ N\

Fe!! Oxidative
Coupling R, N

v Ye

Coordination

Reductive
Elimination

Reduced ligand, Fe'

Ph iPr
[ TN
2N-Fé
iPr
Reduced ligand
R1N\|: /NRZ
e
\/ \/ Reduced
\_( ligand, Fe'
R
iPr
O
2N-g¢
\\ r/ iPr
R

13
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Proposed Mechanism for 1,4-Addition

Fe'l
RN NR, Migratory
N_ A Insertion
H-X H—/Fe \
D -
R1N\ NR,
Oxidative H—Fe/
Coupling \)
X R
R1N\ /NRZ
Fe" Reduced -0 Rearrangement
/ \/
\\_( ligand, Fe'
R /—\
R1N\ /NRZ
I_|,Fe
Reductive
Elimination X =
R

\
R o=’

or Si(OEt); R

Fe!l

Fe!l

13
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1
—=——Ph IP.CoCl, (5 mol%) Ph !
Ph_ Ph NaBHEt; (15 mol%) :
O\—\ o - > /~H :
HH Toluene (0.5M) o : X N
\ 1.2 Equiv. 23 °C, 5 hours sitph, | (| [
— - i NcI iPr P N P
Ph : \v | |
! CO/N N—Co—N
i 2 %
77H Y : ifa c! %
° ‘\\N\ : 2 iPr iPr iPr
Co : . o
\N/ i 81% 5%
g i
n Ph Ph
N TsN 4
SiHPh; SiHPh, o) SiHPh,
72% 78% 65%
OO xS
CsHyq
a T 7
TeN SiHPh, SiHPh, SiHPh,
610/0 73% 540/0

Z.Lu, J. Org. Chem. 2016, 81, 8858 14
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— Ph IP.CoCl, (5 mol%) Ph Ph
g >?L? NaBHEt; (15 mol%) _
+ o-B- 2 ~Bpin ~ ~H
\—\\ H Toluene (0.5M) (o) o
2.0 Equiv. 23 °C, 5 hours H Bpin
A B
® i X - -
NGy P Ph : | Ph
iPr Z z
\7 | Z ! iPr N 0 )—H
C I —Co—
Cl O\A/H ! o’ %l O ‘Co
2 ¢ iPr E - Bn \_\/
Only A ! Ier Only B L \ i
T
o N : T
! S
: © N
N\—Ph N\—Ph :
! \ \
Bpin Bpin | HO Ph  HoO Ph
68% 54% i 72% 84%
Ts I
(0] 1
N i (o) Ts
\_° = "
\ e i HO \_( \ ‘;—z\’
Bpin Bpin E N\~ HO Me
85% 56% ! 64% 50%

Z. Lu, ACS Catal. 2017, 7, 1181 15
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Ph
EtO,C :— . || Catalyst - Et02C Et02C><:(/\’/
CN

Entry Catalyst (mol %) / Additive (mol %) Yield A (%) Yield B (%)
1 Cp*RuCl(cod) (5%) 58 21
2 CpCo(cod) (10%) 44 12
3 [Ir(cod)Cl], (10%) / dppe (20%) 48 5
4 (PPh3);RhCI (10%) 47 Traces
5 Ni(cod), (10%) / xantphos (20%) 21 Traces
6 Pd,(dba); (5%) / PPh; (10%) Traces Traces
7 FeCl,.4H,0 (5%) / P"IP (6%) / Zn (10%) 86 Traces
RCI 4 \ RCAr;D Ar
. : F.‘e N(/? Electron-deficient Metal |v'| » j Electron-rich Metal
R; A[;‘ Electron-rich triple bond E Electron-deficient triple bond
Ph—i=—=N Ph—= EN

A. Goswami, Org. Lett. 2017, 19, 3350 16
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— Ph Ph
EtO,C — Catalyst - EtO,C
+
I Et0,C
EtO,C 2 CN

Me
78% 81% 79% 69% 84°/
Principle Me == Alk
Xg&=cN [
R1 R1 R 5 o)
— 1 ———H
—==-R R@=cN /~p-- Ar—&=-CN
0] —>» 0 FeL,ClI (o) FeLZC_I_
—R> - @ T oN Me—&=—
R® R? ==
Ph [0)
: relatively electron-rich position o) /—:.-.:—/
@ : relatively electron-poor position —=—H 0 —a M
——=——Me

A. Goswami, Org. Lett. 2017, 19, 3350 16



B(PF\Wl | FOC 2018

Dinuclear Naphthyridine-Diimine

 Uyeda, 2014

* Dinuclear Ni(I)-Ni(l) complex

* Different reactivity than mononuclear
complexes

* Ligand-based redox activity

Metal-based redox activity Ligand-based redox activity
Y
X—Mm*1 / —M" —M—
Mn —Y \Mn+2 m L M X_Y m+2 L M X
—— + o |
M L—M" L—M"—Y
Y—m" m”
— —1+ — -
y NSARN N_ N NO N
~, Ni_ N Brn N N N  Ni N _Ni
N/r‘fldB N\\ + e No /N + e NS \,Ni/ +e N=NIE SO +e LGN
N °F Me| —> pN-Ni{| —» NI\ —> \ — \
1 Br Br \ \
L Me _ L i

C. Uyeda, Inorg. Chem. 2014, 53, 11770

For a perspective on Metal-Metal Bonds in Catalysis : ACS Catal. 2017, 7, 936
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H,

Catalyst (5%) C
X Zn (3.0 Equiv.)
’
22 °C, 24h
MeO MeO

DMA/CH,CI, (1/8)

—

Ar )
(= N \ N\ N A
p \ . . a ~ "TAr
P —N P ——Ni
\ N"""“cop '\ N—Ni
Cl
ipr ipr
Conv. : 82% Conv. : 52% Conv. : 38% Conv. : >99% Conv. : >99%
Yield : 8% Yield : 19% Yield : 2% Yield : 20% Yield : 69%

C. Uyeda, Angew. Chem. Int. Ed. 2016, 55, 3171 18



(Wl | FOC 2018 Mild Cyclopropanation

=
o
o E

Catalyst (5%)
X Zn (3.0 Equw)
22 °C, 24h
DMA/CH,CI, (1/8) MeO

Selected examples

CH, CH, CH, CH, CH,
%; *@ m W &
NHAc BPin Si(OEt); OMe

70% 60% 66% 70% 69%
CH, 0
TBSO
CH
\//," 2 Ph/\/ACHz QCHZ m Ph/[l/,‘ CH2
~ \ A
Me Me CO,Me Ph
83% 64% 99% 55% 72%

Comparison with Simmons-Smith

oBn [F'NDIINiy(CgHg) OBn
CH2 - (5 mol% EtZZn CH2|2 CH2
Zn CH2C|2

Me Me

C. Uyeda, Angew. Chem. Int. Ed. 2016, 55, 3171

19
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Cl °
A & A pn Catalyst (S.A:) - X
o) Cl Zn (3.0 Equiv.) (o)
Et,O0, DMA Ph

Principle Metal-Halogen
H H H  [M] X
Exchange .
>=C=N2 e >=C or —C C
R - N2 R R \

~

H A R : R|?#
>=C<L 0 H,z‘ﬁ —» H—R

Fritsch-Buttenberg-Wiechell
Rearrangement

Selected examples

0]
Qﬁ AT 04
g TsN
— o o OMe

62% 95% 66% 77% 86%
(E/Z = 1:3) (E/Z = 1:6) (E/Z = 1:3)

C. Uyeda, J. Am. Chem. Soc. 2017, 139, 11686 20
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* Mechanism

Two reversible reduction
events : -1.15 and -1.72 V
(Fc/F;* couple)

I
I
lipr NN /
N Zn is capable of accessing
I _ Cl .
_________________________ '- ipr only the first one
: s
: G-, |
: Ni '
; Ni”/\ H 5 | ph B Br-
: o ' P - |
: cr R' :[l NPHINE(CoHe) > Ni~ /Y
E a-chloride ' | R H Ph
1/2 Zn : °" migration ' . [X-Ray]
; a
E D D
: cl v Standard R
¢ Stepwise : r!l _Ni, v Conditions Cis/Trans
—Ni~ Vinylidene ] ' cl o D.__ =z Ph  1:4.0
\/ Transfer : N\ A S S Ar Ph
, Cl ! R! - cl
Pr R1 : H ' I Ph” X ]
¢ SR e b cl D
\ ) 7 R | Standard
R : o
| Conditions e Cis/Trans
: (\Ar 2 "Ph 37
| D Ph

C. Uyeda, J. Am. Chem. Soc. 2017, 139, 11686 21
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Catalyst (5%)

H Cr(CO)6 (0.5 Equiv.) H
TMEDA (0.5 Equiv.)
4 12 h, 100 °C, Cg¢Hg

Ring Strain Energies (kcal/mol)

. A7

|
|
|
|
|
|
28.1 26.9 7.4 E Dinuclear : C-C Oxidative Addition
|
|
i 7
/ | [P'NDIINi,CgHg ———
l - CgHe
14.4 19.2 34.7 i
]
|
Selected examples
H foé H fos H O H O H 9
Buo H TBso H '/\/<l H ph H Mes H
82% 36% 78% 76% 80%

C. Uyeda, J. Am. Chem. Soc. 2017, 139, 13672 22
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N;
Catalyst (5%
yst (5%) -
22 °C, 2h, CgHg
F;C

_Proposed intermediate :
Strong Product Binding Weak Product Binding n-interactions with the Ni-Ni
No Catalyst Turnover Efficient Catalyst bond (No H-atom abstraction)

Selected examples

" Y e OO
N
fostt > S0
A Fe —
I'\ 0 N=N
Ar Me @ Intramolecular

49% 82% 79% 88% >99% 80%

C. Uyeda, J. Am. Chem. Soc. 2018, 140, 4110 23
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Conclusion / Future direction

* Modification of known ligand

@
PFG>

i 6
ks

Anti-Markovnikov Hydration

Me
e
AN
e, )

Me Me Ar Me

Me Ar

 Redox-Active Ligands for catalysis

\_

/ o Hydroboration/Cyclization
N C-H Activation

4 of 1,6-Enynes

. \
Pr "N—I[M]

1,4-Addition of

Selective [2+2+2]
Unactivated Alkenes

Mild cyclopropation
Vinylidene Transfer

Carbonylative Rearrangement
via C-C Oxidative Addition

Azoarene synthesis

Enantioselective Markovnikov
Protoboration of a-Olefins

Enantioselective Pyridone
R' C-H Functionalizations

S.-L. Shi, Angew. Chem. Int. Ed. 2018, 57, 1376

N. Cramer, J. Am. Chem. Soc. 2018, 140, 4489 24
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 Question 1: Explain the selectivity for both reactions

OBn ['P’NDI]N|2(C6H6)
CH2 (5 mOI% Etzzn CH2|2
Zn CH2C|2
Me

Question 2 : Which reaction/reagent is based on this principle ?

H RI#
>=C=N2 H,~f » H——R
R Sl

C

Fritsch-Buttenberg-Wiechell
Rearrangement
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* Mechanism

©
0 PFe S -HCO2 p|=6
Ru' ”
IN S/Ru "N 7
*
H002
Me2HN MezHN

= <= PFs

M R PF6 /é/Ru.”N/ \
e\N' ”"N’ \ R ,H\/ﬁ\ =

2
/o MezHN@

Ru nuN~
2 N)D s
R/\/OH MezHN

J. Am. Chem. Soc. 2014, 136, 7058,7067
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Application and Synthesis of
Imidazole, Pyrazole and Thiazole in Medicinal Chemistry
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‘C\gﬁ :</N_N ®)‘\H T \[ h?__Rs

H,NO,S

Sung Hwan Park
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Top 200 Pharmaceutical Products by Retail Sales in 2016

Pharmaceutical Chemical

 Pharmaceutical Chemical
128 products (64%)

imidazole

* Heterocycle in Chemicals

pyrazole
105 product (82%)
* 5-membered ring with .
two heteroatoms : puri
thiazole |ne
31 products
oxathi
 imidazole, pyrazole and thiazole olane [a..|a
tetraz | is | tri
ole o..]a..

Non-heterocycle Biologics

Based on Njardarson Group, Top 200 Pharmaceutical Products by Retail Sales in 2016, J. Chem. Ed. 2010, 87, 1348 2
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Medicinal Compound

olmesartan medoxomil (Benicar)

Drug for high hypertension

Inhibition of the angiotensin Il-Induced
Pressor Response

83% inhibition
(6 h, Rat, Oral administration)

H. Yanagisawa et al. J. Med. Chem. 1996, 39, 323-338
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« diaminomaleonitrile (DAMN) reagent
N<

N" NH
N’

\

NC.__NH, nPr NP 0 O i

:[ MeO—I—OMe > NC—S\/NH — AN .
—
NC” NH, OMe CH4CN, reflux |/>—\_
N

96% NC )y °

o]

diaminomaleonitrile OH
olmesartan
-MeOH -MeOH medoxomil

(Benicar)

Synth. Comm. 2009, 39, 291-298

e, Noo NC NXnPr H\ﬁ'g\;l
—_— e
I \|<OMe MeOH I OMe — > NC—S\/NH
NCT ONHGTE TMEPT NCT NH,

NC

Encyclopedia of Reagents for Organic Synthesis, 2001, 1, Diaminomaleonitrile
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» Selected examples of In vivo tests, Inhibition of the All-Induced Pressor Response

e

R¥ N

dose % inhibition % inhibition % inhibition

(mg/kg) (1 h) (3 h) (6 h)
1 Pr CH,OH H 5-tetrazolyl 0.3 76 75 65
2 Pr CMe,OH H 5-tetrazolyl 0.3 83 77 78
3 Pr CMe,OH H CO,H 1 50 42 12
4 Pr CMe,0OH MDO  CO,H 1 72 70 70
5 Pr CMe,OH MDO 5-tetrazolyl - 66 77 83 olmesartan

H. Yanagisawa et al. J. Med. Chem. 1996, 39, 323-338 5
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Suppress gastric secretion

$ 2,032 M sales in 2016 (515t rank)

Inhibition of H*/K*-ATPase.

Esomeprazole (Nexium)

Nature Reviews Drug Discovery 2003, 2, 132-139
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@S K@
S

HoN OMe =< {gﬁ H g
HS— p—
HZND/ EtOH, A _< :©/ {\N@/

Esomeprazole (Nexium)

US 4255431 (Filed date: April. 05, 1979)
Org. Synth. 1950, 30, 56

O nPr \ nPr
7\174 N N N>—
AcOH
—_— \
o 700, O N>_nPlr @N\
NH, 120°C, 78% 5 O
o}

Cheor

telmisartan
(Micardis)

Beilstein J. Org. Chem. 2010, 6, No.25




M('HW | 1SIC | LCSA

Biological Activities

* |n vitro tests

esomeprazole

140% inhibition
than omeprazole

/7 \ H OL_F
O dory
e} N

pantoprazole

IC5, 1.0 pM (Rabbit gastric gland)

-

72\ H o

= <
0] N

omeprazole
(racemic mixture of esomeprazole)

IC5, 0.5 M (Rabbit gastric gland)

F4C,
—o
ASSS
0] N

lansoprazole

ICs, 0.4 uM (Rabbit gastric gland)

Bioorg. Med. Chem. Lett. 2008, 18, 4794-4797, Nature Reviews Drug Discovery 2003, 2, 132-139



(AW | 1SIC | LCSA

Medicinal Compound

cimetidine (Tagamet)

Suppress gastric secretion
15t Gen antihistamine drug

Inhibitor of histamine type 2 receptor
(H, receptor)

Synthesis of Essential Drugs 2006, Elsevier, 1sted., 231
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* Debus imidazole synthesis

R1

]
0 0 NH4OAc R 4
> R® “H R2 »\R3
5 N 2
]
R ‘ H,0
NH
2
i NH 101\
R ~H

« modified Debus imidazole synthesis

HoON

HN<_NH N

Se o™ N -~
PPh; Cl N /

SO,H
2 DMSO NG NH (@ —— NC
=N
-HCI cimetidine
HCI -S0,
A =
= PPh
SPPhy; —  J/ \ TPPhy — |\ \H 3
N__N . N
HN._ _NH -H,0 \f 1,5-H shift; Y

SO,H SO,H H* quench ylide SO,
2

Heterocyclic Chemistry in Drug Discovery 2013, Wiley, P.342 10
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Muscarninic Muscarinic
M, receptor l l_ antagonists

/O Gastrin

CCK; receptor

Parietal
cell

Proton pump

nhibitors

Nature Reviews Drug Discovery 2003, 2, 132-139

11
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CF CHF

N—N N—N
HoNOLS H,NO,S
PyraZOIe baSEd Celecoxib (Celebrex) deracoxib (Deramaxx)
medicinal molecules

C\Q\@M
// _OH \Q%/‘( ’NO
N— N—
S /

MeO
tepoxalin (Zubrin) rimonabant (Acomplia, Zimulti)

12
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* Drugs for
rheumatoid arthritis, osteoarthritis

« $733 M sales in 2016 (176" rank)

« Selective COX-2 (cyclooxygenase-2)
inhibitor

H,NO,S

celecoxib (Celebrex)

IC5y = 40 NM on COX-2
IC5, = 15000 nM on COX-1

T. D. Penning et al. J. Med. Chem. 1997, 40, 1347-1365 13
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« Knorr pyrazole synthesis
0 0o 0o 4< >_H \©\(>/Cﬁ
o) NaOMe, MeOH HoNO,S N—NH, ¢ HCI N—N
EtOJ\CF > CFs >
’ reflux, 24 h, 94% EtOH, reflux, 46%

14 cent/g 8.6 cent/g HoNO,S

Celecoxib (Celebrex)

J. Med. Chem. 1997, 40, 1347-1365

R4
|
R3 ,N R2
RY ,NWO W/
3 N™ =
R4 R = R" RS
’}IH + OWO —_— —_—
3 4
NHz R! R H,0 \ i H,0 R
R\N/N 0] ,N R']
R = H, alkyl, aryl, Het-aryl, acyl, etc. H 22 Ri /
R> RS

14
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* Modified Knorr pyrazole synthesis

CIOMe
7
cl OMGBOO/ o, NaOH OMe H2NOZS—< >—N NH, e HCI \ |<1
, Na —_
— o Ma2Y2 - >
S EtOH
30% yield

HoNO,S over two steps

R\"/\"/@ J. Med. Chem. 1997, 40, 1347-1365
O O

R = alkyl, aryl
H CO,Et
Cl N—NH, ¢ HCI
Me,NCH(OMe), O NMe,
reflux, 1 h, 68% | CO,Et EtOH, reflux, 2 h, 91% Q

Eur. J. Med. Chem. 2008, 43, 2627-2638

O O

oh T o

15
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« Pechmann pyrazole synthesis
(1,3-dipolar cycloaddition)

N

CF

H 1. TFAA, CH5CN, rt. CFs [ j \QW/ :
0

/©/N\NH20HC| 2. PhSOZCI, NMM, 5-10 °C> /@/N‘N/ 0S0,Ph N—N
H,NO,S H,NO,S

NMM: N-methylmorpholine

>_

Et;N

THF/EtOAC  H,NO,S

5-10°C celecoxib (Celebrex)

72% yield

Tetrahedron Letters 2006, 47, 7943—7946

16
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Biological Activities

» Selected examples of In vitro tests on COX-1 and COX-2

R3 ICs ICso Half-life in
R! R3 (COX-1) nM  (COX-2) nM plasma
PSR 1  4Cl CF, Cl 65 5.3
NN 2 4-Cl CF, H 17800 10 a day
Q 3 4-Me CF, 15000 40 3-6 hr celecoxib
H2NO25 4 4Cl  CHF, 5700 10 4.5 hr
» Pharmacokinetics of selected pyrazoles in male rat
10 10
1
N
entry 2 o1y - entry 3
11, 20 mg/kg, p.o. @ da entry 4
0 T 0.01 —a—
° ° time(!lgys) * « ° ° TiI'I‘IE'”'I"1E “
T. D. Penning et al. J. Med. Chem. 1997, 40, 1347-1365 17
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Medicinal Compound

Thiazole based
medicinal molecules

NH»
i\
X UN
HO
N\, — H
N N s
(0]
N F
(0]
CO,H

cefdinir (Omnicef)

famotidine (Pepcid)

e

2HCI

pramipexole
(Mirapex, Mirapexin, Sifrol)

18
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Medicinal Compound

famotidine (Pepcid)

Suppress gastric secretion

Inhibitor of histamine type 2 receptor
(H, Recepter)

No interaction with P450 enzyme
system

- No interaction with other drugs

Aliment. Pharmacol. Ther. 1999, 13, 18-26.

19
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« Hantzsch thiazole synthesis

HoN S s S H NH,
N~g<
Cl Cl acetone NH, «2HCI NH,
84% famotidine (Pepcid)

J. Am. Chem. Soc. 1946, 68, 2155-2159
US 4283408 (Filed date: Dec. 27, 1979)

RZ ~ClI

20
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« Hantzsch thiazole synthesis

N~g<
o \H HN—G | HN N | s S<o
SN ” A o " NH O
acetone NH, «2HCI NH,
84% famotidine (Pepcid)

J. Am. Chem. Soc. 1946, 68, 2155-2159
US 4283408 (Filed date: Dec. 27, 1979)

R 2-Amino-  Proportion Time Yield Mp
thiazole (1/2) (%) (°Q)
NH»>
o N 4-OMe 3a 2:1 instant 83 229-231
NH -

Br H2N—§ 2 S 4-F 3b 1.2:1 105 73 236-238
S Heat 4-Me 3c 2:1 20s 80 286-287
R 1.2-2.0 equiv. R 4-NO, 3d 2:1 instant 86 235-238
73-86% 4-Cl 3e 2:1 155 79 236-239
SyntheSiS 2016. 48. 437-440 4-Br 3f 2:1 instant 85 225-227
H 3g 1.2:1 10s 77 220-222
4-CN 3h 2:1 instant 69 222-224

21
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» Cook-Heilbron thiazole synthesis

H,SO, o H2N/\\\

cl
o) (I
S N S H
» HoN
Y Et.N 2\<\_»/ — 5 1 N N S R2
SEt 3 N R H I {,}—
N

0°C > r.t.

R'= 3-CFj3, 3-Cl, 3,5-Me, etc
R2=H, Me, iPr,

Bioorg. Med. Chem. Lett. 2008, 18, 4794-4797

22
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» Selected examples of In vitro tests on CSF-1R and Cell activity

R2
R Q H
N N S 3
H I»’R
O N

(CSF-1R) ((o=11))

nM nM

1 3-CF, Me Me 10 110
2 3-CF, Cl Me 7 50
3 3,5-Me Cl Me 6 60
4 3-CF;, 5-Me Cl Me 7 11

R2
R’ Q H
®)\H m Average IC, (CSF-1R): 13 nM
0O =
N

Average ICg, (Cell): 413 nM

D. A. Scott et al. Bioorg. Med. Chem. Lett. 2008, 18, 4794-4797 23
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Biological Activities

* Invivo tests on pCSF-1R

R2
R! Q H
S
N 3
@*f% T
O N

% inhibition

% Inhibition
(2 h)
1  3-CF, Cl Me 70
2 3,5-Me Cl Me 90
3 3-CF;, 5-Me Cl Me 100

(6 h)
35
60
100

D. A. Scott et al. Bioorg. Med. Chem. Lett. 2008, 18, 4794-4797

24
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» Regioselectivity of electrophilic substitution on pyrazole

! NO,
N\\ NBS

| DMF, rt
o) 96%

B. R. Teegarden et al. J. Med. Chem. 2010, 53, 1923-1936 25
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Answers

» Regioselectivity of electrophilic substitution on pyrazole

Br

[ NO, [ NO,
N‘N\ NBS N‘N\
1] DMF, rt |
96% 0

Cl Cl
g CF3

H,NO,S

B. R. Teegarden et al. J. Med. Chem. 2010, 53, 1923-1936

26
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« Guess the reaction of esomeprazole in acidic condition
OMe
=z
|
N
S:O
N=
f
MeO
OMe OMe
= z
N +H* - H0 Enzyme-SH N
S0 = —_— — — > L s
- _H* + H,0 N“ 'NH "S—Enzyme
: &
MeO OMe

Nature Reviews Drug Discovery 2003, 2, 132-139,

J. Med. Chem. 1986, 29,1329-1340

27
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« Guess the reaction of esomeprazole in acidic condition

OMe
4
N
N
S\
=0
N=(
Q/NH
MeO
OMe OMe OMe OMe OMe
z 2 z z z
< ol ol o @
N +H* N N -HQO N - N
)\ Enzyme-SH )\
g ~—— = SOH ~—— S e S.
N=( © . HN‘(“S\\ N7 NH ino NN NZ NH ~S—Enzyme
-H NH O 2
¢ _NH C 5/ :—( :—( d
MeO MeO OMe OMe OMe

Nature Reviews Drug Discovery 2003, 2, 132-139, J. Med. Chem. 1986, 29,1329-1340 28
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Problems

« Regioselectivity of electrophilic substitution on pyrazole

! NO,
N’ \ NBS

| DMF, rt
0 96%

« Regioselectivity of metallation on 1-substituted pyrazole

NN hBuLi KO
N

i o

CI\I) then, 0]
Ph)LPh

30



M('HW | 1SIC | LCSA

Answers

« Regioselectivity of electrophilic substitution on pyrazole

NO, NBS

DMF, rt
96%

Br
! NO,
N, \
N
I
(@)

« Regioselectivity of metallation on 1-substituted pyrazole

N{ \5 n-BuLi, Et,0
N

&

J

_—

then, O

Ph Ph

N@\ﬁph
N PhOH
s

H,NO,S

31
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« (Gabriel thiazole synthesis

3 95%
7S S S
—_——
1/2 S—P-l-S/lP:S —~ //P_S P\\
s-f=s S S H,0
S

Bioorg. Med. Chem. Lett. 2005, 15, 2481-2486

32
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