Goncerted Reactions

- up to now via polar intermediates
- slight difference in polarity of SM and transition intermediates
- through cyclic transition structutes
- thermal x photochemical excitation
- no intermediate
- Concerted Pericyclic Reactions
- Cycloaddition Reactions
- Unimolecular Rearrangements
- Elimination Reactions

Mechanism and stereochemistry
- R. B. Woodward and R. Hoffmann, The Conservation of Orbital Symmetry, Academic Press,
New York,1970.

TS with certain orbital alignments:
- energetically favorable TS (allowed)
- high-enengy TS (forbidden)

Note: Stabilized TS share electronic features with aromatic systems
(Huckel x Mobius)



Cycloaddition Reactions

- combination of two molecules
- reorganization Tr-electron system
- two new o-bonds are formed

H H H
CH,>=CH, CH,—CH, CH.,#°~CH.,* PN
S [T T e () D e,
CHQZCH2 CHE_CHz CH2:CH2 CH ! CH
27 2

- cycloadditions can be characterized by
- number of tr-electrons involved: [4+2], [2+2]

[4+2]
- Diels-Alder Reactions
- 1,3-Dipolar Cycloaddition

CH,=CHCH,"~ HC=CCH.-
= 2
5 N
a /b\ a=b—c¢ /,b\
‘\ ) a [foor / ' & F
—e d—e d=e d—e



. cycloaddition Reactions

O-
- + t+/ + +
/N—NEN F{2C=N\ R—C=N—0O" /C)\
R R T 0
azide nitrone nitrile oxide ozone
[2+2]
- ketenes CHy=CH,
- — N
CH,=C=0 O

[6+2], [6+4], atd.

0 & 5—C
. — U Q5

[2 + 6]




. cycloaddition Reactions
' |

- Woodward, Hoffmann
- FMO (HOMO x LUMO)

- ethylene - 1,3-butadiene

n*,-antibonding :::4 A
LUMO

i71pm | * & = = = 214 nm

A H
p-orbitals 8 -------------------- T

167 kcal/mol 133 kcal/mol
S 8—8 % HOMO A %

n,-bonding

o 99994




Cycloaddition Reactions

- requirement for bonding interaction

9 LUMO |
Lumoo/g bonding 0 bonding

antibtggfilr% OO ponding bonding O antibonding O
HOMOO/O HOMO HOMO
[2+ 2] [2 + 4] [4+4]

unfavorable, forbidden favorable, allowed unfavorable, forbidden

- second aspect — mode of addition (Huckel x Mobius system):
- face to face (suprafacial) - s
- opposite faces (antarafacial) - a

LUMO () Q LUMO. () Qo
oD ‘
LUMO 88&0 HOMO @\Ogg HOMO mmmo

[r2 , + T2,] [n4, + n2 ] [n4, + md,]

allowed forbidden allowed



Cycloaddition Reactions

Orbital symmetry rules

Orbital Symmetry Rules for m + n Cycloaddition

m—+n Supra/supra Supra/antara Antara/antara
4n Forbidden Allowed Forbidden
dn+2 Allowed Forbidden Allowed

mwxo-antibonding
LUMO m*y-antibonding
LUMO (HOMO*)

AH N ight (hv) AH + 8__8
8_8

»

n1-bonding n1-bonding
HOMO HOMO



Cycloaddition Reactions

I
Diels-Alder Reactions, [4+2]

- reorganization Tr-electron system (synchronous)
- two new o-bonds are formed

- s-cis conformation D o D b D
. . D D
- syn (suprafacial) addition 0 HJID
= - gn + —_—
— highly stereospecific XD H D 5 v
D D D D

not observed

- also asynchronous process
(asymmetrical alkenes and dienes)

A B B
H Y
=B . I 7 Hi_-Y _ 7 Hi—Y
X C C D
H™ Y
* H * Y * * H
D Y
A, ,B
;’ :aY
Y
c D
stereospecific product of mixture of sterecisomers from 7

supra,supra cycloaddition non-stereospecific cycloaddition



. cycloaddition Reactions

I
Diels-Alder Reactions, [4+2]

- electronic character
strongly electrophilic dienophile and strongly nucleophilic diene

(: |
NP
. 4 NEWG o EWG

(ERG ERG ERG

- endoTSxexo TS
Alder rule (endo TS) — EWG on the dienophile

2 L

~—-___‘ / ‘*——-k‘/

X>/ <X
(0]

endo ex endo addition

- kinetic x thermodynamic



. cycloaddition Reactions

I
Diels-Alder Reactions, [4+2]

- substituent effect — reactivity

1e5C_ o | F
1 ] — 78%
500 atm oo

17 hours

| F:
2 4 CHO 1500 PN N
rod —> O 90%
05hours &

CO M MO0 owe | ¥ MeO=ome
2 S
% C Vo A0
" —> 80%
4 hours . 9




. cycloaddition Reactions

I
Diels-Alder Reactions, [4+2]

- substituent effect - reactivity

) Energy
Diene A

LUMO——

Reactivity toward maleic anhydride:

o K An X
1,348

o -y |8

s-trans
not substrate

s-trans
not substrate

10



. cycloaddition Reactions

I
Diels-Alder Reactions, [4+2]

- substituent effect - reactivity

) ) Energy
Dienophile A

LUMO———

Reactivity toward cyclopentadiene'

O O O O
\\// LUMO ——
Cl > r “Ph > ’)J\ CH; > H.L =

o]

6 700 1 LUMO ——

NC CN H CN H ©CN H CN HOMO%
B T S "
C CN N6 ©CN H CN H H

o
NP )

Reactive dienophiles 11

=\




. 165°C CHO °
72 150°C N
@ | =5 AT s0c )
S0 atm 0.5 hours
17 hours :
78%

90%

LUMO

LUMO

HOMO HOMO

s 1
1 1
C C ’




. cycloaddition Reactions

I
Diels-Alder Reactions, [4+2]

- substituent effect — regioselectivity

Summar
y ClZIX CIZIX
ClzIX ClZIX
S —
N4
X X

ot i;é | —

C = Extending Conjugation

Z = Electron Withdrawing Group

X = Electron Donating Group 13




. cycloaddition Reactions

I
Diels-Alder Reactions, [4+2]

- substituent effect — regioselectivity
Summary (cont.)

wa. —

C/ZIX C/ZIX

X X
7 J X X
Except \@ (‘ ( E—

C = Extending Conjugation

X/ZIC X/ZIC

Z = Electron Withdrawing Group

X = Electron Donating Group 14




y Cycloaddition Reactions

Diels-Alder Reactions, [4+2]

- substituent effect — desymmetrisation of orbitals

R = —.
o —>

I g_g\z

Qﬁ\_,\ 7\ Van

ki —>
T\ M B/HP




. cycloaddition Reactions

I
Diels-Alder Reactions, [4+2]

Stereoselectivity

- LA - enhanced selectivity (SnCl,, AICI;, LICIO,)

Rk - o My

para meta
PhCHs, 120 °C 1% 29%
PhH, 25 °C, SnCl, 93% 7%
R &:r Lb
CO,H
CO.H
endo
0 °C, no catalyst 84 : 16

0°C, AlCI5 93 : 7

16



Cycloaddition Reactions

I
Diels-Alder Reactions, [4+2]

Stereoselectivity (LA)

@)

OH O

n-nt stacking determines

conformation endo (97% de)

\ chelation determines
regioselectivity



. cycloaddition Reactions

I
Diels-Alder Reactions, [4+2]

Stereoselectivity

- LA - enhanced selectivity
(CH;AICI, for Z-dienes)

CH=0
CH CH=0 = CH
3 OTBDPS + CH2:< 1.1 eqCH3A|C|2 3
X CH
3 —70° to —=30°C
OTBDPS
- strong LA
D O
OLA™ 7
D R o7 D\/»\(\(\/
\/\/ .\ \/\(/ N A- 74
b Z D R Z D R

D = donor substiuent LA =Lewis acid

18



Cycloaddition Reactions

Diels-Alder Reactions, [4+2]

Stereoselectivity

- iIntramolecular

N\/\/\H/\ 1.0M LIBF4
benzene

MeO,C~ N\

© 72h 100%

MeOZC

heat \CO
=

One step: 2 C-C bonds,
4 chiral centres.

19



Cycloaddition Reactions

I
Diels-Alder Reactions, [4+2]

[‘\
Stereoselectivity A dcome ==\ /come
B' B B B
- intramolecular line up form ring
Z X .
A = & : ‘
— “ ), EE—

MeOZC/,/) ( ':\A MEOZC/,// WA
MeO,C~F B 5 B B

(Y=H, X=Me, X'-B'is

three carbon bond, A, B=H) redraw
- strong LA \
Remember: replace
try to redraw the molecule groups
- === ===

as few times as possible as
each will result in a higher
chance of errors slipping in.

Don't redraw again

20



. cycloaddition Reactions

I
Diels-Alder Reactions, [4+2]

Acetylene equivalents

Ph Bh
tCOZMe COZMe
A
I ——
N\ ‘ CO,Me
ph ¢O-Me Ph
Cl_ _Cl
Cl, clI . ol Cl. _CI
—— 100 °C Cl
cl c + _\Szo —_— / —» (| &
PH Ci 4
Cl Cl Cl  s=0 Cl
Ph Cl
—\ Na/Hg
@ *  ppSo, so.ph —> £ e v
; MeOH /
SO-Ph

21



. cycloaddition Reactions

I
Diels-Alder Reactions, [4+2]

Applications
- Danishefsky’s diene

Me

yZ MeO,C COzMe H* COsMe
T .Y
Me3Sio CH; MesSiO

OMe
< X fi
+ | —_—
Me3Sio 'V'eozc Megslo CO,Me CO,Me
N(CH3), (CH3)N

f +CH TCH 0 20°C /@,CH o10NHC|
TBDMSO™ X TBDMSO /Ijj/



Cycloaddition Reactions

Hetero Diels-Alder Reactions, [4+2]

- ketones, imines
- normal NED HDA vs. IED HDA

Normal electron demand

0N 0"
s TR — R
RIJLR-" Z RM}K)
4 1 IS

Normal electron

- LA-promoted HDA demand HDA

Energy ;

HOMO;epe - Lwodienophile
controlled cycloaddition

C(LA

Inverse electron demand
R O ~
R — ?
. Il X
R? R

Inverse electron
demand HDA

Lﬁs

ded

LUMOg;eqe - HOMOdienophile 23
controlled cycloaddition



Cycloaddition Reactions

Hetero Diels-Alder Reactions, [4+2]

- Ketones: oxa-HDA reaction
- Mechanism: a) DA cycloaddition (traditional)
b) Mukaiyama-aldol reaction + cyclization step

OSiMe,
in presence of ZnCl, =
Rl
3
/ R'0™ 07 g2 \ o
OR’ Dicls-Alder pathw
0 1els-Alder pathway
4 = | Rl
R R’ 0 g2
Me;SiO O  OSiMe 9
\ /\M R’ 3/
4 1 NI 5
R°O g R

with BF, AICI,

Mukaiyama-aldol pathway

24



. cycloaddition Reactions

Hetero Diels-Alder Reactions, [4+2]

Other examples

TMSO O

TMSO
CHz 250¢ | .l " NaoH
+ N, —— N— — NM
X Me” 1+ "Me \Ml\éle A R
OMe I OMe OMe
CA,— UL
O H OBn 0~ OBn
250 °C, 10h 13% :
Stepwise or
25°C, 3 h, AICI3 63% concerted process?
TBso\( O 5 H 9
+ o —» T
N | -~ e L
OTBS @) H o
OTBS

25



. cycloaddition Reactions

I
Diels-Alder Reactions, [4+2]

Three component Cycloadditions

- 3-body collision is unlikely

26 L‘ [2+2+2]

4n+2 electron

process.
— N\
x \\N \N
\N
R
CpCo(CO), R R
3 RC=CR -
. = 5 Prof. Kotora

26



. cycloaddition Reactions

I
1,3-Dipolar cycloadditions, [4+2]

1,3-Dipoles

- m-electronic system similar to allyl and propargyl anions consisting of two
filled and one empty orbital

- at least one charge-separated resonance structure with opposite charges
in 1,3 relationship

- not highly polar

Dipolarophile

- usually alkene or alkyne

- other multiply bonded FG - imine, azo and nitroso
- low sensitivity towards polarity of solvent

General scheme

| \_/ \ _/ Y | a
C X c’ X C X :ﬁ,,N\C\,_F{ a+,N__e¢:R P C,R
R R B N e e A
—_— ‘\"-I
\A_ \AEB_~ \A —



Cycloaddition Reactions

I
1,3-Dipolar cycloadditions, [4+2]

1,3-Dipoles
N=N—CR, == :N=N—CR, Diazoalkane
N=N—NR =  :N=N—NR Azide
i - + — . :
RC=N—CR, —~~ RC=N—CR; Nitrile ylide
s + = T
RC=N—NR —-— RC=N—NR Nitrile imine
H6=N—6: - RCEJN_E'»,; Nitrile oxide
s -
Hzé—N—C_:RQ - REC=H—¢:R2 Azomethine ylide
Rzé—N—éi - F{20=T\l—6: Nitrone
R R
Rgé_d—tl)-_ - Rzozé_b? Carbonyl oxide




Cycloaddition Reactions

I
1,3-Dipolar cycloadditions, [4+2]

Ozonolysis
@
O’//'O\O © PN PON
cycloaddition O @ O @)
> Me:.). (_‘\IVIe Me. \ 4.1Me
Me Me Me Me Me Me
Me Me cycloreversion
Rapid cycloaddition Me, @ O
& cycloreversion L=0-0
MQ 0 Me
Meu’-,( 0 cycloaddition Me
O ‘,‘-.Me - =C\\
Me Me

Criegee, R. "Mechanism of Ozonolysis." Angew. Chem., Int. Ed. 1975 14, 745.

29



Cycloaddition Reactions

1,3-Dipolar Cycloadditions: Azide-Alkyne Cycloaddition

- thermal conditions (AAC) — mixtures of 1,4- and 1,5-disubstituted 1,2,3-triazoles
- CUuAAC (Cu(hX, terminal alkynes) — Sharpless, 1,4-regiomers

- RUAAC oppose regioselectivity (also internal alkynes) — Fokin, 1,5-regiomers

- Strain promoted AAC

RE'NE
Cu(l) (cat.)
RI— =
Examples
N3
toluene
reflux

+

{ =

N=N,
W’LWN R?

N
Phn..N N
Ph
43%

1,4-disubstituted
isomer

2. 2
R2Ny RN

_Ru(ll) (cat.)
H1 o > R'I’[{“-/r‘IJ

N. N-N
Phn- N B N
— - RZ'N3
Ph >
| o
52% R R
1,5-disubstituted
isomer

30



Cycloaddition Reactions

1,3-Dipolar Cycloadditions: Azide-Alkyne Cycloaddition

CUuAAC mostly used
Mechanism:

Versus

R'——H + LCuX
N=N -HX
.LI@V/N_ R? LCu™ x-
R" LCuX N
H .. R'—=——cuL = = Rl-==—CuL
"’:1 ?,* cua Cu
o R%Nj
Fast ',
Rl——H Slow .: RVL\/
FR N N
N=N RZ-N, |
f MN—p2 1_—
RIS A R
TCu"CUL
TCu?® CuL
N
Cp*RuUCl], (10 mol% Ph-y-s
— pn 4 phn, [CPRUCH (10 moi%) NN
DMF, 20 min F‘h)
Conditions
oil bath, 65 °C 57%

oil bath, 110°C  52%
uw, 110 °C 87%

31



Cycloaddition Reactions

I
1,3-Dipolar cycloadditions, [4+2]

Regioselectivity
- dominant frontier orbitals
- the specific set of reaction partners defines the dominant FO

© N
L@ Phe. »''>
Ph—N—N=N: A coMe —> N" N:
@ .. N\ —Ph
Ph—N=N=N® A cH, —> N? N
HOMO C4Ho

- steric effects alter regioselectivity

H

\=N=no
d —_— ﬁ_( 100:0
Me H

: CO,Me

Me CO,Me Padwa A. 1,3-Dipolar Cycloaddition

Me @ Chemistry, Wiley, 1984, Vol. 1.-2.
C=N=NO
/ — 96:4

Me 32

CO,Me



Cycloaddition Reactions

I
1,3-Dipolar cycloadditions, [4+2]

Stereochemistry

- stereospecific syn addition with respect to dipolarophile (suprafacial)

N N,
Ph—2""N—Ph cis-stilbene + _ trans-stilbene Ph—~""N—Ph
Hun 4 PhC=N—NPh —_— Hun nn Ph

Ph Ph diphenylnitrilimine Ph H

- some 1,3-dipoles give two possible stereoisomers by syn addition
- two differing orientations of reacting molecules that are analogous to the
endo and exo TS in D-A reactions

H N Ph N

H  CH s AN
PhCH—N=N + — H_j—QCHS + ;TX_QCH:*
CH30,C CO,CH3

CH30,C°  CO,CHg CH40,C CO,CH

phenyldiazomethane

33



Cycloaddition Reactions

I
1,3-Dipolar cycloadditions, [4+2]

Stereoselectivity

Reaction Diastereoselectivity  Huisgen et al, Angew.Chem. Int. Ed. 1969, 8, 604

Ar /i\r
N Ar
" ~COMe @I MeO,C N CO,Me
> MeO,C _ZN___CO,Me -
CO,Me H © —
MeO,C CO,Me
conrotation MeO.C == COM
eO, — -Me
Ar @/,&r /i\r
H N &H 1997 0 MeOC ZN._ o 5 MeO,Ca "\, \CO,Me
CO,Me CO;Me CO,Me —
MeO,C CO,Me

34



Cycloaddition Reactions

I
1,3-Dipolar cycloadditions, [4+2]

Stereoselectivity

Bn

Bn .
H /rlj\ 100 o i B Ratio 98:02
‘ > ©_N MeO,Cr.,.
[ N |
CO.Me CO,Me major
@ R“
@)
Ro/\/\)J\Me
© _H Bn
DeShong, JOC 1985, 50, 2309 Me0,C—+_ @ I
i —=N—Bn MeO,Ca
—_— H g R
S e R~ H .
. . . MeO-,C ! .
- relative orientation o . ~%en Hi(o A C)//‘Me
of reactants in TS H Me Ratio 98:02
; R H
analysis H>:%Me

35



. cycloaddition Reactions

I
1,3-Dipolar cycloadditions, [4+2]

Examples
R
- /s
+ H,C=CHX — O
X —
X=C0O,CH;, CN
A
Ar Ar / r
| | CH;02C, N
H”r N G“H CHBDEC\‘,/#’N-'YH CHEZCHX COECHB
CH;0,C CO,CHj, H CO,CH,4 %
7 9
Ph\N N.::-N
PhN; + CH;O,CC=CCO,CH; —— )_< 87%

CH40,C CO,CHj .



Cycloaddition Reactions

I
1,3-dipolar cycloadditions, [4+2]

Other examples

CH,N,  + /\g Oj _ . N:}\gcj 80%

CH=0 10 mol % .
CH LiCIO N—O
E;[ °  + PhNHOH \ H CHa
y CHLCN
© CH > CH,
3 reflux H
o)
Ph
H
CHg 10mol % CHs, N
NN NCH=0 + PINHOH — —o % | 0
CHa, Y CH=0 + CHLCN :
CH q | CH
3 25°C H CH, 3

37



Cycloaddition Reactions

I
[2+2] Cycloadditions

Ketenes + alkenes

i Orbital Symmetry Rules for m 4 n Cycloaddition
- [Zﬂs +2 Trs] forbidden m+n Supra/supra Supra/antara

- [2m, + 21 ] allowed .
| 5 +(2 49 4dn Forbidden Allowed
- also [ 21s +(2 11 Ts)] 4n42 Allowed Forbidden

/T O ,
N
- C-2 and C-3 usually syn (for E- or Z- alkenes)

—C=0 CHs o~
/ %, /O CH, =C=0 //O

N CQHSO
CHy;  CH,

CHy  “OCHs M CHy  “OC,Hs
38



Cycloaddition Reactions

I
[2+2] Cycloadditions

Ketenes + alkenes

R\
- ketenes 2 + 2] O
(highly reactive) o - — > r“V \L_R
I I R R=H
. ¢ + ©
- ketenes formed in situ 1 I
/C\ /C\ 0]
(RCOCI + R3N) R R R 'R 2+2] |
— R
R =H, Me N R = Me
R @)
H
2+ 2] 2~
—
O g !
& |-:| CoHs H
Ao o= O~ Og°
7N M5 I~
H 02H5 -[4_-_4-_?]_.,., /i O H I:I C2H5
not observed CoHs



' I
[2+2] Cycloadditions

Cycloaddition Reactions

Ketene equivalents

H H
ol MeO MeO
Cl ~OH, H50
+ :< — / cl e //
CN
CN o)

H H
MeO MeO
OMe — 25°C TiCls, NH,OAC
+ N02 e / o /
NO, O
1 : i CF3803 ’; & 3 o
N~ (CF3S0,),0 . H,0 7
e ety R e
40 °C ® =
| ] H
= 88% yield

~ keteniminium salt 98% ee



Cycloaddition Reactions

I
[2+2] Cycloadditions

Alkene + alkene

- electron-rich alkene (enamine or vinyl ether)
- electron-poor alkene (nitro- or polycyanoalkene)

. FRG _ Ewe | ERG
—C—0t—
©=C_ ¢ ©=C_ — TyTOTERG
—GT§TENG EWG
Examples
CH4CH, D

CH30H20H=CH—NS + PhCH=CHNO,

Ju(

Ph N02 100%

CN

- CN
CH,=CHOCH; + (CN,)C=C(CN), —~

CH;0
3 CN
90% 41



. cycloaddition Reactions

[2+2] Cycloadditions: Photochemical process

Alkenes, dienes

- often complementar to thermal cycloadditions
- mostly not concerted process (1,4-diradical)

- not stereospecific

- Mechanism:
singlet — triplet — biradical formation — spin inversion — product formation

. Intersystem

Na  hv 1\_/] crossing 3\_/]*
/C—C\ [/C—C\ _— /C—C\
3 N

AN / AN / AN /

[/C C\ +/C C\ /C 7 C\

e S N | (l')
AN VAN / A
C—C—C—¢ — C—C—C—C/ — |
ST C | 1 N _I_ _

42



. cycloaddition Reactions
' |

[2+2] Cycloadditions: Photochemical process

Alkenes, Dienes

- Iintermolecular photocycloadditions of alkenes (little preparative use)
- dienes (more used) — PhCOCH,, PhCOPh, CH;COCOCH;,

- crystaline state — best yields

- solution — cis-trans isomerization

Ph CO,H
PhCH=CHCO,H 1%
56%
HO,C Ph
- Cu(l) salts (2:1 ratio of alkene:Cu)

R

HoH  HER .

2 RCH=CH, + Cu' = ||—Cu'—|l —

R°H  HCH g

I
T

I

I

OH

:> q CuOSSCFS E
CH,CH=CH,

H 51%

@ CuO3SCF4
hv

+
(7
1

Tun
T

Tun
Tun



Cycloaddition Reactions

[2+2] Cycloadditions: Photochemical process

Enones

- especially cyclic enones

- photoaddition via 1,4-diradical intermediates

- not stereospecific, also less regioselective (head-to-head, head-to-tail)

0
O X

X=CN 76:24
X=OCQH5 19:28

- H-bonding
0 O Q
(CH.OH
+ CH,=CH(CH,),OH
ratio (CH,),,OH
n yield hexahe methanol
1 84 71:26 33:67
2 86 65:35 34:66 44
3

79 60:40 32:68



. cycloaddition Reactions

[2+2] Cycloadditions: Photochemical process

Carbonyls + alkenes
- formation of oxetanes (Paterno-Bichi reaction)

- . X
- stereospecific (not for aromatic ketones _ iy
€OSPECITC (Ot Tor . O—CH, O—CH
- regioselectivity (diradical formation) PhCH  CH—X ~PhCH  CH,
@) @)
hv @)
H [2 + 2] i)
/-alkene cis oxetane
I O [ \ro N
| hv @)
+ —
L N N
"'k 2+2] L ¥ }k &
E-alkene trans oxetane
Example - o
: by ):LQ»C(CH)
PhCH=0 + CH,=C PH TS 33 .

C(CHS)S 45



. cycloaddition Reactions

[2+2] Cycloadditions: Photochemical process
Carbonyls + alkenes

Examples

PhCH=0 + / hy O
CH Ph
3 O cHy O

32%

7 hv
H benzene 5 83%

CCHs CHj
V.
o/

46



