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Pericyclic Reactions

Reactions with a cyclic transition state that involves all o and 1mr-bonds to
simultaneously break & form concertedly

Four classes of pericyclic reactions:

Cycloadditions
Electrocyclic reactions
Sigmatropic rearrangements

Group transfer reactions



Cycloaddition

Two components coming together to form 2 new sigma-bonds, at the end of both
components, joining them together to form a ring

+ Y. v
~ X N /:

[4+2] [3+2]

(@

ol —= () I+l —

[3+2] [2+2]



Diels-Alder Reaction

Inverse Electron Demand
Diels—Alder Reaction

HOMO diene LUMO diene
9%:8“ -« bonding %:B «—— bonding
Bﬁ interaction % interaction
LUMO HOMO

dienophile dienophile

Normal Diels—Alder Reaction

Boger, D. Modern Organic Synthesis Lecture Notes



Cycloaddition

Suprafacial Antarafacial
Ve 2

Generalization:

Total = electrons Allowed in Ground State Allowed in Excited State

4n m. + n, My + Ny

ma + nS ma + na

4n + 2 mg + ng m, + Ny

mﬂ + nﬂ mﬂ + nﬁ

Notations orbital type suprafacial (s) or
% 0. © = EE‘" “= antarafacial (a)
number of e

Boger, D. Modern Organic Synthesis Lecture Notes



Diels-Alder Reaction: Different types

Catalysis by:

1. Lewis Bases

1. Iminium Activation

2. Enamine Activation
2. Brensted Bases
3. Organic Bifunctional Catalysts

4. Organic Brgnsted Acids



Diels-Alder Reaction: Lewis Bases - Iminium Activation Ex. #1

Ahrendt, K.A. et al. JACS 2000, 122, 4243.

IN ME Moyano, A. et al. Chem. Rev. 2011, 111, 4703..
Ph
R%CHD cl
277 ad !JWIII
a 5 mol% i CHO ﬁb/—
| | R
R
@ MeOH:H;0 rt CHO
exo-279a-d endo-279a-d
278
o . 279a R=Me 73% 1:1 exoendo 86%ee exo 90%; ee endo
N Me 279b R=Pr 92% 1:1 exo endo B6%ee exo 90%; ee endo
j 279c R=FPh 29% 1_.3:1 exoendo 93%ee exo 93%:; ee endo
Ph 279d R=2-furyl 89% 11 exorendo 91%ee exo 83%; ee endo
% -CHO H HCL
XXV
277e
20 mol%%
@ - d 82%, 1:14 exo.endo
84% ee endo
CHO
H
MeOH H2O rt 281
Em HE
- H}f;m
Ph N Me
. CHO H HCl
277e XXV
20 mol% =~ ~OAC
i
O - C 72%. 1:11 exocendo
— “CHO B85% ee endo
P 281 MeOHH-Ort 283



Diels-Alder Reaction: Lewis Bases - Iminium Activation Ex. #1

e

NME

XME

W

278

Ahrendt, K.A. et al. JACS 2000, 722, 4243.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

R\, CHO
277



Diels-Alder Reaction: Lewis Bases - Iminium Activation Ex. #1

O
HE’H\‘“‘)\R‘

284a-f

()

278

Northrup, A. B. et al. JACS 2002, 124, 2458.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

Me
G ¥
M
j — |
Ph H O ) glle
LXXVII -
20 mol% bﬂz
-
H,0 0°C H”J*D
endo-285a-f

285a R'=Me R?= Me 85% 1:14 exo:endo; 61% ee endo
285b R'=Et R?= Me B89%: 1:25 exo:endo; 90% ee endo
285¢ R'=n-Bu R?= Me 83%: 1:22 exo:endo; 92%: ee endo
285d R'=Et R?= n-Pr 84%: 1:15 exo'endo; 92%: ee endo
285e R'=Et R*= j-Pr 78%: 1:6 exo:endo 90% ee endo
285f R'=/-Pr R?= Me 24%: 1:8 exo:endo 0%; ee endo



Diels-Alder Reaction: Lewis Bases - Iminium Activation Ex. #2

Wilson, R. et al. JACS 2005, 727, 11616.
Me ‘HC| Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

O N Me
\)\: —d—Me Me
Ph N M CHO
aam H" 287

5°C. CH3CN
286 71%: >20:1 d.r.

(a) Methyl acetoacetate bis (trimethylsilyl) enol ether, TiCl; CH,Cl; -78°C. a0% ee
(b) Dess-Martin periodinane, CH-Clz 71%. (c) DBU, benzene, 60°C, B7%.

(d) Methyl p-toluenesulfonate, K;CO; DMF, rt., 81%. (e) LDA, THF, -78°C

to 0°C; methyl formate, -78°C, 57%.

4
QO
Me CHO Me OH O
b-i
H OMe - H
MeO” S0
H 289 H"

288

Solanapyrone D



Diels-Alder Reaction: Lewis Bases - Iminium Activation Ex. #3

Me ent-XXXV
O N Me
}.l. %ME
Ph_+ N Me

H 20 mol%
=
LHO CF,CO,H
N Me. -

296 5°C, CH;CN

(a) i) 5 mol% Cu{OAc); H;0, 10 mol% PPh4, 3 equiv.
Me(OEt),SiH, toluene. ii) 5 equiv. AcOH, 1.5 equiv.
TBAF. (b) i) Li(OtBu)sAIH, THF, -30°C 97%. ii) TFA,
CH;Cl; rt, quantitative

OH
ME»’S JME
—
HzN A (b)
H -

-

&

301
H

Amaminol A

0
Me Me
BocHN :;-’”f (a) BocHMN
H | =

300 299

Kumpulainen, E.T.T. et al. Org. Lett. 2007, 9, 5043.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

l:';‘.HD
E
: 5 WME
297

H 0o o

. ~OFEt
Me h‘:jE[ 298

NHBoc

BﬂtGH:l;gHz':"
THFH0 (40:1), rt
51%




Diels-Alder Reaction: Lewis Bases - Iminium Activation Ex. #4

Gilmour, R. et al. Chem Commun. 2007, 3954.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

Ma XXVII
O r.,j AcO
T Me 1
by . N
PhMe;Sia, | H Me PhMe3Siu, = ) r'l:].ﬁlc
& mol% . _ .
Me = e -
—- AcO=
- Me CHO
CHO MeCN-H,0 95:5 - /»\} L
Ach 304
302 G7% exo

Eunicellin



Diels-Alder Reaction: Lewis Bases - Iminium Activation Ex. #5

Gotoh, H. et al. Org. Lett. 2007, 9, 2859.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

F3C

CF4
CF5

R -CHO O LXXIX
N

277c-d, f-g H OTES Yf,
10 mol%
CF4CO,H 20mol% R

|
g R CHO
exo-279 endo-279

toluene r.t.

279c R=Ph 99% 85:15 exo.endo; 97% ee exo, 88% ee endo
279d R=2-furyl 89% 80:20 exo:endo; 94% ee exo, 78% ee endo
279f R=n-Bu 75% 78:22 exoendo; 94% ee exo; 91% ee endo
279g R=CO,Et 92% 70:30 exo:endo; 84% ee exo; 64% ee endo



Diels-Alder Reaction: Lewis Bases - Iminium Activation Ex. #6

Bonini, B.F. et al. Tet. Asym. 2006, 17, 3135
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

Ph
Ph LXXXI
277a, ¢ N

20 mol% Ab
HCI 20 mol% L CHO ﬁbﬁ
- |
D R CHO
MeOH:H-0 19:1 r.t.
278 exo-279 endo-279

279a R=Me 85% 1:1 exo:endo; 24% ee exo; 22% ee endo
279¢ R=Ph 33% 1:1.8 exo.endo; 36% ee exo; 37% ee endo



Diels-Alder Reaction: Lewis Bases - Iminium Activation Ex. #7

Lemay, M. et al. Org. Lett. 2005, 7, 4141.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

Me
Me LXXX
R%EHD 0 NKNH
277b-c, h-i L
o Lb
HCIO, 20mol% 4RO/ R
@ CHO
MeOH:H,O 91 r.t.
278 exo-279 endo-279

279b R=Pr 83% 1.6:1 exo:endo; 81% ee exo

279c R=Ph 96% 1.9:1 exo:endo; 90% ee exo

279h R=pNO,;CgH, 93% 2.2:1 exoendo; 92% ee exo
279i R=pCICgH, 92% 2:1 exo:endo; 90% ee exo



Diels-Alder Reaction: Lewis Bases - Iminium Activation Ex. #8

Kano, T. et al. Org. Lett. 2006, 8, 2687.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

l l 4-fBuPh

NHMe

NHMe
R XCHO ' ' 4-tBuPh

2f7a, c,g  LXXXU 45 oo
pTSOH.H0 10 mol% A A CHO bﬁ
0 e A
CF4 CgHs -20°C ero
278 IO ex0-279  endo-279

279a R=Me 72% =20:1 exo:endo: 88% ee exo
279c R=Ph 80% 13:1 exo:endo: 92% ee exo; 91% ee endo
279g R=CO,Et 90% 5:1 exo:endo; 83% ee exo; 56% ee endo



Diels-Alder Reaction: Lewis Bases - Iminium Activation Ex. #8

B Kano, T. et al. Org. Lett. 2006, 8, 2687.

/ \ [,.Fi Moyano, A. et al. Chem. Rev. 2011, 111, 4703.
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Diels-Alder Reaction: Lewis Bases - Iminium Activation Ex. #9

278

E ‘ NH,
Ty

LXXXIV 5 mol%

TfNH 9.5 mol%
H-0 10 mol%

Sakakura, A. et al. Org. Lett. 2006, 8, 2229.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

CHO

EtCN -75°C

308

92:8 exo.endo
91% ee (15,25, 45)



Diels-Alder Reaction: Lewis Bases - Iminium Activation Ex. #10

i-Bu
Ny \'L,:HQ @ - ) ;;x
OHC. N ;(‘;H h $
(8]

L=
\l.r B N, L =0 fj;_%_ .
O
08 - U JCHO ﬁ WCHO /O /O
Iruf?d) EtNO- 0°C 55% vyield B2% yield B2% yield BD% yield
R 310 : 83% ee 86% ee 84% ee B8% ee

-Eu\r’f\_D

NH
/I: LI
ﬁ"c HO Bn” “NH;

QLR 10 mol% O.CR
305a-d Me | CHO
CeFsS04H 27.5 mol% |
J\/ T
M . EINO; 1.t 107 a-d
Me
306

307a R=Ph 97%; B7T% e&
307Th R=Me 56%: B3% ea
307c R=pMeOCgH, 98%; 90% ee
307d R=phtalimide 97%:; 92% ee
Ishihara, K. et al. JACS 2005, 727, 10504.
Ishihara, K. et al. Org. Lett. 2008, 10, 2893. Moyano, A. et al. Chem. Rev. 2011, 111, 4703.



Diels-Alder Reaction: Lewis Bases -

)

H-0

'_,.-""“-.
Pathway A k\ = EWG

Enamine Activation

Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

Pathway B



Diels-Alder Reaction: Lewis Bases - Enamine Activation Ex #1

Sunden, H. et al. Angew. Chem. Int. Ed. 2005, 44, 4877.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703..

O O
O S)-Proline (1, 30 mol%)
+ /L + EHE (5) ( ’ - N
‘ d - DMSO, rt or 50°C ‘
R1 R1 3213-!], d 324 H1 R1 226 a-d

Ar
A

326a n=1 R'=H Ar=PMP 82%: 99% ee
326b n=1 R'=Me Ar=PMP 72%: >99% ee
326¢c n=2 R'=H Ar=PMP 90%: 98% ee
326d n=1 R'=Me Ar=Ph 54%: 96% ee



Diels-Alder Reaction: Lewis Bases - Enamine Activation Ex #1

Sunden, H. et al. Angew. Chem. Int. Ed. 2005, 44, 4877.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

NH 2
ISt
MeD

Catalyst

L~

|| Ty

.
S5 . J
2




Diels-Alder Reaction: Brgnsted Bases Ex. #1

Singh, R, P. et al. JACS. 2008, 130, 2422.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

2 0 O 0
Q
~ LXXXIX 5 mol% _ ﬂbﬁuw
R* HO
PR Et,Ort R
R O s 341a-d

341a R'=Ph R*=H R¥=CO,Et R*=H 87%, 93.7 exo.endo; 94% ee exo
341b R'=Me R*=Me R’=H R*=H 5% 24:76 exo:endo: 91% ee endo
341c R'=Ph R%=H R¥*=CO,Et R*=Me 77%: 88:12 exo.endo; 82% ee exo
341d R'=Ph R?=H R*=CO,Et R*=Cl| 75%: 86:14 exo'endo; 84% ee exo



Diels-Alder Reaction: Brgnsted Bases Ex. #2

Bekele, T. et al. JACS. 2006, 7128, 1810.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

OCOPh
XC Cl

Cl O. O

10 mol% f

5 oY 0~ YR
DIPEA, THF -78°C Cl

R\)\C, 344a-d

343a-d

344a R=Et 91%, 99% ee
344b R=Ph 90%; 90% ee
344c R=Bn 72%: 99% ee
344d R=pMeOCgH, 58%; 99% ee



Diels-Alder Reaction: Brgnsted Bases Ex. #3

Leow, D. et al. Chem. Asian J. 2009, 4, 488.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

Bn
HN
R'" 0 R )\/g
v N
(1 r
i E BN yal
R
345a-c
T
0 CH,Cl, -20°C
| N-R3
0
346a-d

347a R'=H R?=H R3*=pNO,CgH, 87%; 98% ee
347b R'=Cl R?=H R*=Bn 92%; 95% ee

347c R'=H R2=C| R*=Ph 92%: 99% ee

347d R'=CI R?*=H R>=MeCO, 83%: 64% ee



Diel.s-Alder Reaction: Bronsted Bases Ex. #4

Dong, S. et al. JACS. 2010, 132, 10650.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

O Ph Ph 0
A

e
. N

\ H
.a-'ran‘ ____NH"'
»’ Cy Cy \W/ 0

. _NH HN=C 1
RN O e omots O By
J R THF/CHCI5 (1:1), -20°C TR
0 A

R 0" "0
348 349

up to 88% vyield
up to 99% ee



Diels-Alder Reaction: Organic Bifunctional Catalysts Ex. #1

0 Zea, A. et al. Adv. Synth. Catal. 2010, 352, 1102.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

346a,b XL1 10%

O toluene, rt. 14h
+ -
R¢ O R¢
345a,e
CF4
LR
2008
NMe,H H LI

347a R'=Ph R?=H 91%: 90% ee
347b R'=Bn R?=H 92%; 83% ee
347e R1=Ph R?=0H 93%: 99% ee
347f R'=Bn R?=0H 92%: 86% ee



Diels-Alder Reaction: Organic Bifunctional Catalysts Ex. #1

O

345a
O
| N—R

O
346b, d

Uemae, K. et al. J. Chem. Soc, Perkin Trans. 2001, 1002.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

HO N
/

iy S

HO 10 mol%
XCIl

CHCl, r.t

347e R=Me 99%; 74% ee
347f R=Bn 82%: 70% ee



Diels-Alder Reaction: Organic Bifunctional Catalysts Ex. #2

Wang, Y. et al. JACS. 2007, 129, 6364.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

=0
R
o o 0 O o
XCl5mol% 350 OH LXXXIX 5 mol%
HC k| ¥ CI_
ol OH 353 Cl NG OH
90% N 352
95% ee CN Q0%
91'9dr 351 B5% ea
B7:13dr

~—N
CF; S SO O‘

CF5




Diels-Alder Reaction: Organic Bronsted Acid Ex. #1

Huang, Y. et al. Org. Lett. 2003, 42, 146.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

Ar
Ar
Me
XD"’" OH
TESDK‘:{;:- Me 0 o
‘“‘j““ XCVIl Ar Ar 0
361 NMe 10 mol% i
O toluene, O R
_7ao
R,,J then AcCl -78°C 362a.c
196a-c Ar=1-Naphtyl

J62a R= Ph, 70%, 88% ee
362b R=2-furyl 67%, 92% ee
362c R=cyclohexy| 64% B6% ee



Diels-Alder Reaction: Organic Bronsted Acid Ex. #2

Liu, H. et al. Org. Lett. 2006, 8, 6023.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

pCICgH,
G O o

P

Ry

/ Y
o OH
O
PC|C5H1
O
2 mol%  XCIX
321e - N R
toluene, 20°C PMP
N,FMF‘ 364a-d
I
o
363a-d

364a R=Ph 76%: 84:16 endo:exo; 87% ee

364b R=mCICgH, 73%; 81:19 endo.exo, 77% ee
364c R=pFCgH, 72%:; 80:20 endo.exo; 85% ee
364d R=Tol 81%; 83:17 endo.exo; 83% ee



Diels-Alder Reaction: Organic Bronsted Acid Ex. #3

Itoh, J., et al. Angew. Chem., Int. Ed. 2006, 45, 4796.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

S-anthryl
DO '|::'h "?D -~

P |
™ -~
d’ OH N
OMe OMe
NL g-anthryl O
OTMS LXVII J'-"'urm_”
365 3 mol% |
Me -
R OMe
mesitylene -40°C
J67a-d
M
" 2 on
— ay - o
366a-d 367a R=Ph 87%, 94% ee

367b R=mCICgH, 86%: 98% ee
367c R=pFCgH4 76%,; 98% ee
367d R=cyclohexyl 69%; 99% ee



Diels-Alder Reaction: Organic Bronsted Acid Ex. #3

Itoh, J., et al. Angew. Chem., Int. Ed. 2006, 45, 4796.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

fr

P

/ RD—H‘--"N
O
99 J s
9-anthryl R
\ Re attack

9-anthryl
OQ o] gw*"'H_Dj@\
Me



Allyl anion type

Nitrogen in the middle

NCAS, . . B@0e
j;l:_ril 0 Nitrones ‘#,I:.“J-f-'.'ll-ﬂ,nt
Ne E}{%} _ . s B0
P =Hii- g Azomethine Imines ;"D_D-Nx
oSS’ hine ¥ 58
AN Azomethine Ylides P
ele)
1b"l'-.JIr--.l—r'-,l Azimines ~'”"|~.,|=,;I::r:?,r"‘]_%
| % Y
v @O  BO
N=N=-0 Azoxy Componds M=0=-0
I
CRS ] &2
O=N=-0 Mitro Compounds 0=0-0

Propargyl/allenyl anion type

Nitrillium Betaines

@ R _®o,
—C=N=-0 Mitrile Oxides N"'N-G"x
—GEE}—{E Nitrile Imines Ngﬁ_ﬁ

™ hY
®O @0
—C=N-C_  Nitrile Yildes N=N-0

Oxygen in the middle

Carbonyl Ylides

Carbonyl Imines

Carbonyl Oxides

Mitrosimines

Mitrosoxides

QOzone

Diazonium Betaines

Diazoalkanes

Azides

Mitrous Oxide

b.o
a o a"b"‘r_:'
— /
(A) Allyl anion type
® ®
L b
OO L b,
®.b. O 9,0, @

(B) Propargyl/allenyl anion type

® o 0 ®

a=b-=-c - a=h=p

Gothelf, K. et al. Chem. Rev. 1998, 98, 863.



1,3 Dipolar Cycloaddition

En
ergy |
Dipaole Alkena Dipole Alana Dipola Alkane

LUMO

-
™ +

Type | Type Il Type Il

Gothelf, K. et al. Chem. Rev. 1998, 98, 863.



Energy A

1,3 Dipolar Cycloaddition

Alkena Alkerne
Dipole

— .ﬂ]hﬂnE—LEWiS &Cld I — I_ U M U

Dipole-Leawis acid  eo—,

Gothelf, K. et al. Chem. Rev. 1998, 98, 863.



1,3 Dipolar Cycloaddition

Transition state for 1,3-dipolar cycloaddition

© R!
\ 7 N’ N7/ + eN . 7/
AP SRS { L S
ando axo R*0
8] 1 @] 1
'-.N*" .uH '-.N' ,1,H
) W) W--\—]\rmﬁ? + /\_AVGHE
LI N A
endo exo

Gothelf, K. et al. Chem. Rev. 1998, 98, 863.




1,3 Dipolar Cycloaddition: Ex. #1

Jen, W.S. et al. JACS. 2000, 722, 9874.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

j: )<ME 20 mol%
Moo
A CHO £.\-0 Z.

XXV

R1 w1 R
277a, e HEID.,, 20 mol% ~2” 2
= CHO CHO
Z RZ2 CH;NO,-H»0, -10°C
N*=/ endo-374 exo-374
0 373a-<c

374a Z=Bn R'=Me R?=Ph 98%; 94.6 endo:exo; 94% ee endo

374b Z=Allyl R'=Me R?=Ph 73%: 93:7 endo:exo; 98% ee endo

374c Z=Me R'=Me R*=Ph 66%: 95:5 endo:exo: 99% ee endo

374d Z=Bn R'=Me R?=cyclohexyl| 70%:; 99:1 endo:exo; 99% ee endo
374e Z=Bn R'=H RZ=Ph 72%: 81:19 endo:exo; 90% ee endo



1,3 Dipolar Cycloaddition: Ex. #2

Chow, S.S. et al. Tet. Lett. 2006, 48, 277 .
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

Ph
\ Ph
H OTMS
XLVII 20 mol% Z.-0_ H Z.N-O, H
OHC HOTF 20 mol% . L})’ R%
\]O - OHC -r"‘"J OHC »
378 endo-379  exo-379

379a Z=Bn R=Ph 66%:; 80:20 endo:exo 46% ee
379b Z=Me R=Ph 75%: 79:21 endo:exo 83% ee
379¢ Z=Bn R=Naph 75%: 90:10 endo:exo 37% ee



1,3 Dipolar Cycloaddition: Ex. #3

Diao, P. et al. Angew. Chem., Int. Ed. 2008, 47, 5168.

Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

iPr Ad

iPr
/ “NHTS
iPr
ci iPr Ad
S mol%
CHCl3, -40°C ]

381a Z=Ph R'=Ph 85%: 96:4 endo:exo; 70% ee

381b Z=pFPh R'=pFPh 76%; 87:13 endo:exo 85% ee
381c Z=pFPh R'=2-furyl 90%: 88:12 endo:exo 87% ee
381d Z=pFCgH, R'=2-thienyl 97%: 93:7 endo:exo 87% ee

P
Rl N,
0
Ot
381a-d



1,3 Dipolar Cycloaddition: Ex. #4

Ibrahem, |. et al. Tet. Lett. 2007, 48, 6252.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

OTMS
>t 3

OHC
1 N -,
R%CHD + H_':;N_< + R2 H Ph E&CGER
C'DEEt XLV (20 mol%) - N C'DEH

R2"
277 | 384 196
1.0 equiv. 1.5 equiv. 1.5 equiv

H
EtsN 1.0 equiv 183a-d
CHCIq rt

383a R'=Ph R*=Ph 63% 10: d.r.: 95% ee

383b R'=n-Bu R*=Ph 51% 10: d.r.; 95% ee
383c R'=n-Pr R?=pBrCgH, 57% 5: d.r.; 98% ee
383d R'=Et R?=pCICgH, 55% 5: d.r.: 92% ee



1,3 Dipolar Cycloaddition: Ex. #5

Ibrahem, |. et al. Tet. Lett. 2007, 48, 6252.

COsR Moyano, A. et al. Chem. Rev. 2011, 111, 4703.
|’! iﬁmﬂ
PR4
EWG [1,2]-H shift

CO,R

*R.P CO4R
3 W%— *RaP H
© ©



1,3 Dipolar Cycloaddition: Ex. #5

Zhu, G. et al. JACS. 1997, 119, 3836.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

CViIl F'h\P
CO,Et
Etc’?':\[ 10 mol% 76% yield
J #“‘-CDEEt - 81% ee
I benzene, r.t. :
398 CO,Et

397 399



[2+2] Cycloaddition

[2 + 2] Cycloaddition (4= e7)

Ground State (thermal) Excited State (hv)
bonding .
interactions &/ < LUMO (antarafacial) % < LUMO (suprafacial)
U"_ ;C(-—HDMD (suprafacial) 1 =— bonding interactions
o —&\8* == Excited state HOMO
(SOMO) (suprafacial)
(2, + x2,] cycloaddition [r2, + 12,] cycloaddition
« Antarafacial with respect to one » Suprafacial with respect
olefin and suprafacial with respect to to both olefins: dictates
the second: dicates perpendicular parallel (stacked) approach
approach to permit bonding. to permit bonding.
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[2+2] Cycloaddition

wﬂ Alkene




[2+2] Cycloaddition: Ex #1

Hodous, B. L. et al. JACS. 2002, 124, 1578.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703.

»;
A

Me Fe Me

MF}JQ&ME R 4

Ts. CXIvV o R
R Me 10 mol% j:(
:':h:": + /|rjl\ - N\

L )
R H™ "R? toluene, r.t. R Ts

410a R'=-(CH,)s- R?=Ph 81%; 84% ee

410b R'=-(CH,)s- R?=furyl 92%; 90% ee

410c R'=-(CH,)s- R?=cyclopropyl 94%; 89% ee
410d R'=Et R2=furyl 92%; 93% ee



System = electrons

Thermal Reaction
Ground State (HOMO)

hv Reaction
Excited State (LUMO)

|H‘,..—_"® 6re”
-
7N

-— Bre
\_/ )

-
<+ -— + 2ne

AR = 4re”
e
.rr_"'
L2 Gre
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l

L
¢ +
¢ =

conrotatory

disrotatory

conrotatory

disrotatory

conrotatory

conrotatory

disrotatory

disrotatory

conrotatory

disrotatory

conrotatory

disrotatory

disrotatory

conrotatory



Nazarov Cyclization

lewis acid
| | :




Nazarov Cyclization

lewis acid
| | :

o\ ,OR
X )
o “OR



4 = e” thermal reaction (ground state, HOMO)

R
R
H ™ « Stereochemistry dictated
/” by the orbital symmetry
©)
R R

|

allowed reaction course

conrotatory movement —= bonding interaction

RO ,O 2
“ 4 R R
C P 4 3
RO 'OH | |
Ry R,

OH 4 7 conrotatory



Nazarov Cyclization

lewis acid
| | :




Nazarov Cyclization: Ex. #1

Table 1: Evaluation of Brensted acids 1a-1g in the enantioselective

Nazarov cyclization.™
Ar
99 i
0]
Oxp'lo
CCC

o Ar 2a " [a] Reaction conditions: 2, 10 mol
o) X= OH, NHSO,CFj o) % 1, in toluene at 60 C.
| | > 0 [b] Determined by 1TH NMR
) Ph toluene ()ﬁ?- spectrosc;opy gnd HPLC gnalysis.
[c] Enantiomeric excess (in %)
op PN determined by HPLC analysis
0 4 Chiralcel OD-H column).
Entry Ar X 22/2b" ee (2a), ee (2b) Ed] Reactions at 0 °C, 10)min.
T phenyl (1a) OH 1.5:1 64, 8
2 1-naphthyl (1b) OH 2.3:1 &1, 55
3 9-anthracenyl (1¢) OH 3.4:1 82, 60
4 4-biphenyl (1d) OH 1:1.5 73, 22
5 2-naphthyl (1e) OH 1:1 54,9
6 1-naphthyl (1) NHSO,CF,” 5.2:1 &3, 96
7 9-phenanthryl (1g) NHSO,CF“ 7:1 86, 94

Rueping, M. et al. Angew. Chem. Int. Ed. 2007, 46, 2097-2100.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703-4832.



Nazarov Cyclization: Ex. #1

Table 2: Influence of solvents on the enantioselectively of the organogatalytic Nazarov Reaction

Ar
ge e
o. .0

>P._.SO,CF,

0" °N
SO =
Ar 1

(0]
o) 1f Ar= 1-naphthyl o) nBu
| | nBu 1g Ar = 1-9-phenanthryl wn/
'
3 Ph

Ph
Entry*  Solvent Catalyst Yield 3a/3b® ee (3a), ee (3b)" 3
[%]I'JZ
» [a] Reaction conditions : 3, 10
1 toluene® 1f 80 1.8:1 69, 80 mol % 1 in 2 mL solvent at 0
2 toluene 1f 90 3.8:1 75, 81 8C.
3 benzene  1f 67 4.4 72,75 [b] Yields of isolated product
4 PhCF, 1f 65  2:1 67, 71 after chromatography.
5 CH,CN 1f - - - [c] Determined by 1TH NMR
6 THF 1f - - - spectroscopy.
7 DCE 1f 53 1.9: 51, 68 [d] Determined by HPLC
) CH,Cl, 1f 77 21:1 68, 81 analysis (ee value in %).
9 CHCI, 1f 86  2:1 89, 95 Ee] Reactﬁons at room
, emperature.

o oo omoam o ww

3 B ¥ * [g] In 1 mL CHCI3. DCE = 1,2-
12 CHCl, 1g'e 78 3.2:1 91, 91

dichloroethane.
Rueping, M. et al. Angew. Chem. Int. Ed. 2007, 46, 2097-2100. Moyano, A. et al. Chem. Rev. 2011, 111, 4703-4832.



Nazarov Cyclization: Ex, #1

Table 3: Scope of the enantioselective
Bronsted acid catalyzed Nazarov cyclization

T

sed

l

/
\

Ar = 1-9-phenanthryl
2 mol %, CHCI3, 0 °C

0]
o) R
| |
R,
O
':'-':I-\.\_.-"J"""\- e
R
J, L7 o
| b
L
(o]
o M
8 LT T -
o g '\-"q-\.l
TR
(8]
., _.-"L-\. e

10 - I
e 44 T

1.5

4.5

6&

3020|=3 l/\:i

1.5:1 &7, 92

4.6:1 92, 92
3.7 20, 91
cis 86, -

Rueping, M. et al. Angew. Chem. Int. Ed. 2007, 46, 2097-2100.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703-4832.

Entry™  Substrate t[h] Yield cisftrans™  ee (cis),
[3]™ ee (trans)™
0
o M-
1 w , I 2 88 61 87,95
|
S
H-u--"""“
2 \[L o~ 178 321 91,91
[n
O A -
3 L ﬂw 2 @ 931 88 98
4 v Jing Ty,
PP
e o
O
_.-'{J'\-\.\_.-'L"' e
4 ! . L_ 2 6l 431 92,9
P
o
rfcw’nm-'"'“x
5 g . LT, 1 8s 3.2:1 93,91
Ll
.-D-_ __.-LI"'-. _.-'-"\-.___
6 LI 0 177 261 91,90
s
O
':.-.:',\_\___.-J"'\-\.\, P N
7 . ]L].n_ 5 1 83 1.5:1 87,92
o E i-' e



Nazarov Cyclization: Ex #1

O basic alumina O
Et > -t
DCM, RT, 24 hrs
Ph Ph

Rueping, M. et al. Angew. Chem. Int. Ed. 2007, 46, 2097-2100.
Moyano, A. et al. Chem. Rev. 2011, 111, 4703-4832.



Nazarov Cyclization: Ex #2

CFj3 Ar = 1-Naphthyl

RPo=f R°
OEt
conrotatory electrocyclization

Basak, A. K. et al. JACS 2010, 132, 8266.

X[
A o
H H NHs R
LXVI (20 mol%) bz o
- a s
toluene, rt, 4-21 d R 3 COsEt
238a-|

238a (R' = Me, RZ = Ph, R® = Me): 67%, 81% ee

238b (R' = Me, RZ = Ph, R® = Et): 65%, 90% ee

238¢c (R' = Me, RZ = p-MeOPh, R® = Et): 60%, 91% ee

238d (R' = Me, RZ = p-CIPh, R® = Et): 42%, B4% ee

238e (R' = Me, R? = 3,4-(0CH-0)Ph, R® = Et): 58%, 89% ee
238f (R' = Ph, R? = Ph, R® = Et): 70%, B2% ee

238g (R' = Me, R? = Ph, R® = Ph): 70%, 87% ee

238h (R’ = Me, R? = p-Tol, R® = Ph): 87%, 96% ee

238i (R' = Me, RZ = p-CIPh, B® = Ph): 75%,85% ee

238j (R' = Me, R? = 3,4-(OCH,0Q)Ph, R® = Ph): 95%, 85% ee
238k (R = Me, RZ = 2-Furyl, R® = Ph): 60%,91% ee

238l (R' = Et, RZ = p-Tol, R? = Ph): 85%, B2% ee

238m (R' = OEt, R® = Ph, R® = Ph): 60%, B0% ee



Sigmatropic Rearrangement

One o-bond is changed to another in an intramolecular process, where a substituent
moves from one part of a m-bonded system to another part

v 19 H,C=C-C-C=C-C=C
= ==r"-=-r=r— s m—— L —
"FTHH H OH OH A “"HHHHAHHA
j=1 2 3 4 5 6 7
f={
}T| _f?j--mht [-1 ‘5] IT'
—c=C-C=C-C=C— ~ ——— H,C=C-C=C-C-C=C—
H?Efﬁ*:ﬁiﬁf:ﬁ G=G “"HHHHAHHA
j=1 2 3456 7
i=1 2 34567
CCC-C=C-C=C— 3.3 C=C-C-C=C-C=C—
c-cf{c-c=c-C=C— - — = C=C-C-C=C-C=C—



X

Sigmatropic Rearrangement

Sigmatropic Shift with Retention of Stereochemistry

X

Y
Z

T

X

L

Y

T

Z
i

Y

=

o ol

Sigmatropic Shift with Inversion of Stereochemistry

Y
Z

3 o

Y,
J

X

3

:-:\
Yz

1



Sigmatropic Rearrangement

.

[1,5] Pt

suprafacial

(1.3]

[ 2

antarafacial




Sigmatropic Rearrangement

Total = electrons Ground State Excited State
4n antara - supra antara - antara

supra - antara supra - supra

4n + 2 supra - supra antara - supra
antara - antara supra - antara

Boger, D. Modern Organic Synthesis Lecture Notes



Catalyzed Claisen Rearrangement: Ex. #1

O

0 R H R?
ZR' 14 (20 mol%)
MEDJ\[/_\ ' _ eo
naxangs,

0
\/%,Ha 22-40°C, 5-14 d o R R

R* Emrr
QL 0
avR er
(R.R.R.R}»-14
Moyano, A. et al. Chem. Eur. J. 2010, 16, 5260.
Entry R' R> R’ R*  Yield [%] ee [%]
1 Me H H H 80 92
2 Et H H H 86 92
3 Et H nPr H 92 (»20:1dr.) 85
4 Et H Ph H 91 (19:1 d.r.) 81
5 Me Me H H 73 96
6 Et H Me Me &9 81
7 Et H Ph Me 89 (=20:1dr.) 82
B Et H (CH;),CH=CMe, Me 73(>20:1dr.) &4




O

Catalyzed Claisen Rearrangement: Ex. #1

DH“IH R#

S—R' 14(20 mol%)
MEDJ\[/_\ ' _ eo

O naxangs,
\/%,Ha 22-40°C, 5-14 d o R R

H‘l

Q”“Q
AY,

E!Arr

N_
=
-

Reg
(R.R.R.R}»-14
Moyano, A. et al. Chem. Eur. J. 2010, 16, 5260.
Entry R' R> R’ R*  Yield [%] ee [%]
1 Me H H H 80 92
2 Et H H H 86 92
3 Et H nPr H 92 (»20:1dr.) 85
4 Et H Ph H 91 (19:1 d.r.) 81
5 Me Me H H 73 96
6 Et H Me Me &9 81
7 Et H Ph Me 89 (=20:1dr.) 82
B Et H (CH;),CH=CMe, Me 73(>20:1dr.) &4

R
\

R



Catalyzed Aza-Cope Rearrangement: Ex. #3

Moyano, A. et al. Chem. Eur. J. 2010, 16, 5260.

2-naphthyl
‘O _-CPh
c}‘~|=;::r":J i o Pn P (RM15 (10 mols) NT °
i R + : :
o OH - T
‘g : : \.E:\/ MTBE, 3A-MS, : -
2 50°C, 48 h
Z-naphthyl
(R)}-15
Entry R Yield [%] ee [%o]
1 2-naphthyl 77 82
2 p-tBuPh 67 B3
3 p-CF;Ph 87 81
4 3,4-Cl,C;H, 61 87
5 3,3-F,CH, 74 88
6 3,3-Br,-4-(OH)CH, 52 85
7 m-CF,Ph 69 82
8 m-BrPh 71 81
9 3-Br-2-FC;H, 76 80
10 3,3-Br,C.H, 75 94
11 (E)-PhCH=CH 80 81




Catalyzed Aza-Cope Rearrangement: Ex. #3

Moyano, A. et al. Chem. Eur. J. 2010, 16, 5260.



Group Transfer Reactions

One 11-bond is converted to a o-bond at the same time that a o-bond migrates

- K
= X X X
A | e N RV i

R Y ‘R” R

R: H, metal
X=Y: C=C, C=C, C=0, C=S, C=N, N=N, N=0, etc.



Ene Reaction: Ex. #1

O

H o _ OMe
\"HLDME 1 mol % ca.l :
sieves OH

° -30 °C

98% ee (89% yield)

K. Mikami, JACS, 1989, 1941.



Ene Reaction: Ex. #1

Enes Electrophiles

o

)\ | H\H\DM
,_.--"S“-D I 1]

Pl
\K N "::#_
Ph
H H

Mo
N \I/ HWGD,Et
OTES OTES SFh S

JACS. 1990, 3949, e 0

Tef Letf., 1996 8515,
Tefrahedron, 1996, 85.



Ene Reaction: Ex. #1

Understanding the BINOL-Ti Complex:
Corey Hydrogen Bond Model
Tet, Letf, 1997, 6513.
H
H
H
, H
..:': 1
l Vo B Consistent with selectivity in monodentate electrophiles.
}{—Tl—flll...&j
S\ S =—come |
0--5-H B TS5 organization based on association between

O BINOL oxygen and formyl hydrogen.
O O @ Distorted trigonal bipyramidal Ti center with apical
substituents being the coordinated aldehyde and the
most lectronegative of the remaining ligands.

JACS, 1990, 3549,
Tef Letf., 1996 8515,
Tefrahedron, 1996, 85.



Ene Reaction: Ex. #2

0

JH‘/DE*[ 10 mol %%
H -
20 °C

O

X=0Tf. 20 h, B6% ee, 94% yield
X =5bFg: <3 h, 96% ee, 99% yield

Evans, A. JACS 2000, 122, 7936.



Ene Reaction: Ex. #2

\.I><r _I = O\ OH
J\W ?‘\@ — T . oe
H

mx 2 SbFy ] Ss face (5) I

MesC .r x GMB

MG qu:- o, CMes
H OEt
o
J\“,DEI:
H
]
FrrErrE LT =
-2 H;O
3
. r
d{Cu-02) 1.973 A Nu
d{Cu-01) 2.010 A Si-face

X-ray structure

Evans, A. JACS 2000, 122, 7936.



