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Cycloaddition |

» Pericyclic reaction involves a cyclic redistribution of
bonding electrons through a concerted process (ie,
without intermediates)

» Concerted implies that bond-breaking and bond-
forming events are simultaneous but not necessarily
synchronous (to the same extent)

Cycloaddition

Electrocyclic Pericyclic reactions Sigmatropic

Group

Transfer

» Cycloaddition reactions results in
the formation of a new ring

» Designated as [A+B]

A and B refers to number of atoms
containing m-electrons

» Three important classifications of cyclo:
reactions are

(1) Diels-Alder reaction or
[4 + 2] Cycloaddition

(i) [1,3]-Dipolar or
[3+2] cycloaddition

(iii) [2+2] Cycloaddition
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Diels-Alder Reaction |

Discovered by Professor Otto Diels and his student | 3 Reaction between a conjugated diene and
Kurt Alder in 1928 and received Nobel prize in | dienophile
1950

> Highly effective method for the formation of
cyclohexene ring

é’?u .
N

diene dienophile Ao =2
Otto Diels (1876-1952) Kurt Alder (1902-1958) ATt = -2

» Intermolecular [4+2]

“We explicitly reserve for ourselves the

application of the reaction developed by us to
the solution of such problems” > Intramolecular [4+2]
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Diels-Alder Reaction |

Intermolecular Diels-Alder Reaction
> Normal [4+2]

Diene is electron-rich

Dienophile is electron-poor

> Inverse electron-demand [4+2]

Diene is electron-poor

Dienophile is electron-rich

> Hetero [4+2]

Hetero atom can be a part of Diene
OR
Dienophile or both

Requirements of Diene

» Diene can be open chain or cyclic

> For a normal Diels-Alder reaction, diene should be
electron rich and reactivity should be enhanced by
electron donating group substituents

Open chain diene can acquire two conformations

s-Cis s-trans
(reactive conformation)  (unreactive conformation)

Two double bonds
are rrans to each other

Two double bonds
are cis to each other

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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Diels-Alder Reaction |

Requirements of Diene

> The diene must adopt s-cis conformation to be
reactive

» Cyclic dienes which adopt s-cis conformation are
reactive

o 0O o L

» Cyclic dienes which are permanently in s-trans
conformation are unreactive in Diels-Alder

> reaction

CO U0 O

Selected Examples of Preparation of Dienes

)]\ g L Dehydratlog )I\%
H;0*
Base, TMS-CI
(0] ’ OTMS
Y - Y
Q (1) TSNHNH,
(2) MelLi

>
Shapiro reaction

/J Grubbs Il catalyst RN |
RN -
— R R
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Diels-Alder Reaction |

Requirements of Dienophile
» Dienophile can be open chain or cyclic

> Should be electron deficient and reactivity
enhanced by electron withdrawing substituents

T

C02MG
II o /
rNOZ | S~ph r\s /Ph (
| | COzMe
O o 0
(0) )n o)

Preparation of Dienes-Selected Examples

O
02N_CH3 + Jl\

O
é + HCHO

1

CO,R

H H

H,SO,

OH
KBI'03
© 1N H2$O4
OH

o)

PhCH;NH

CF;COOH, THF

o

Mannich reaction

(1) Hydrolysis
-
(2) Esterification

CN

NaOH, H,0, r
> ||

NO,

1

CONH,
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[ Stereochemistry }
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Stereochemistry of Diels-Alder Reaction |

> Reaction between a diene and a dienophile can
create a maximum of four new stereo centres

a a
z d v
\ + E > *

o e

b

> Diels-Alder reaction is stereospecific

> Relative stereochemical relationship of diene
and dienophile is reproduced in the product

» Diels-Alder reaction occurs due to the
overlapping of  p-orbitals of diene and
dienophile lying perpendicular to the plane of

carbon atoms

> A given diene possess two faces namely top
face and bottom face

» Dienophile can approach either of the faces
and lead to racemic mixture

> Like wise diene can approach the dienophile
either from the top face and bottom face

leading to racemic mixture
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Stereochemical Possibilities |

Approach of Dienophile

Racemic T
mixture / <\ /

Other
Enantiomer

-
Bottom face

Approach of Diene

Top face

E Racemic
// mixture

Bottom face

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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Wedge and Straight Bonds\

J

(& J
(& J Y
Y

: : : Absolute Configuration
Relative Configuration

Ph Ph Ph | Ph

BH; SMe, Asymmetrlc>

- “ Hydroboration o
NﬂOH/HzOz "IOH 'I/OH
Racemic Bh
\\\\‘Ph Tapered bond «Ph
should be
“tn, towards the
OH OH ;
chiral carbon OH
H. Maehr, J. Chem. Educ. 1985, 62, 114-120. X
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Top and Bottom Face Approach of Dienophile|

Given the bottom face approach of dienophile:

Inside substituents of diene will become
B-configuration in the product

Outside substituents of diene will become
a-configuration in the product

Outside
substituents
Inside
Me )
substituents
CO,Me
o ——
M e CcO 2 Me

Given the top face approach of the dienophile:

Inside become a-configuration in the
productsubstituents of diene will

Outside substituents of diene will become [3-
configuration in the product

Outside
substituents
Inside
Me .
substituents
CO,Me
( o |——
CO-,Me
Me 2

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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Top and Bottom Face Approach of Dienophile\

Vs —COZMQ

As both bottom face & top face approach of
dienophile is equally possible, Diels-Alder
reaction will give racemic product in the
absence of other chiral elements

Me
MGOzc

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan 13



Endo & Exo ]

Given the bottom face approach of dienophile, substituents on dienophile can take two different
orientations with respect to the plane of the diene called endo (inside) or exo (outside)

Ph Ph
=<, __
<\ H ~ H"'
Ph
“endo” “
/ exo
%”C / CHo

/5
)

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan 14



Endo & Exo \

Ph Ph
o ' o H exo
X_H " approach X_H approach
Ph P i | Ph /
OHC_/ J/ (
OHC CHO
Ph H
H I;h ’
U = &0 | (X [
— — /2
”"'CHO Ph H CHO Ph
CHO
Ph OHC Ph ]
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Alder’s Endo Rule _

Diene and Dienophile Each Providing New Stereocentre
> Both diene and dienophile are prochiral

» [n,s+m,s] mechanism can now lead to two diastereomeric products known as endo and exo

» Endo mode of addition is usually preferred to exo addition due to secondary orbital overlap
between the dienophiles activating substituent and the diene

secondary H no secondary H
orbital interactio orbital interaction
ﬁondary orbital overlap no secondary orbital overlap
(endo) (exo0)
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Cube Model\

Bottom face Draw the diene Dravt\{1 th]()e dienolfahile
on the top face on the bottom face

R;

R1 R'I / H

S— °H y | L
2 E—<——H — %
1/ E
EJ E ! H

Draw other Do the reaction &
substituents draw the cyclohexene
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Cube Model

R R,
H
4 L %
R, - Ro
E H E—
E E

E

R

E

R;
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Examples \

Stereochemistry coming fr om diene Stereochemistry coming from dienophile
Me CO,Me

COzMe
< 7 Vi
X _Me COzMe >
CO,Me ( + || © - O
racemic X
(@)

H I;I cis
COzMe - CO,Me
- — O
= COzMe COzMe
H COzMe |E| COzMe
CH,0Ac J/ - “Cco,Me
CH,OAc ~NT ~CO,Et MeOZC trans adduct
_ EtO,CN=NCO,Et | rll racemic
- ~CO,Et
X OMe

Bottom face approach of dienophile
OMe

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan 19



Examples ]

Bottom face approach of dienophile Bottom face approach of dienophile
o) o) —
<\ :
4 L
+ + —
>
O o) O
O
H
o) o)
Y = —
H o)
o o)
Endo Exo

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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Examples ]

Bottom face approach of dienophile
O ==
NS
— D —
o) o)
O
ya
7 o)
—_— — /
&\ o 0
° o)
Endo Exo

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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Examples

Top face approach of dienophile

O D —

Heating

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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Regioselectivity in Diels-Alder Reaction

For a mono-substituted diene, outcome of
the product depends on the carbon atom
where it is substituted

Consider two classical cases, where the
electron donating substituent could be

present at carbon 1 or carbon 2

R
R 1
2 A1 N
AN 3N\
4 4

1-substituted diene 2-substituted diene

> Diels-Alder reaction is regiospecific, i.e.
degree of regio selectivity is high

» The same HOMO/LUMO pair is involved
but interacting sites are different

» The substituents having more powerful
EWG and EDG, the more regioselective is

the reaction

» The origin of selectivity comes from the
size of lobes (orbital coefficient) of

reactant’s orbitals

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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Regioselectivity in Diels-Alder Reaction]

1-substituted diene reacts to give mainly [1,2]-
product

R
~ E
o
NS

[1,2]-product

2-substituted diene reacts to give mainly [1,4]-
product

-

(" yn

R E R \\\\‘E
- — 10
NS

[1,3]-product
(minor)
(major)
E
) N — O
= [
3 —Q R R
\ E ""lE
[1,3]-product

[1,4]-product

(major)

: Don’t write ortho, meta or para here
(minor)

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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Regiochemistry of Diels-Alder Reaction\

Regioselectivity for the preference of [1,2]-product
can be explained by considering the polarization of
diene and dienophile

Connect the electron rich center of diene to
electron deficient center of dienophile

i EWG R EWG
G ¢
1 |

Electron Electron SEWG

rich deficient ____5
center center

mn

2-substituted diene reacts to give mainly [1,4]-

substituted product
R
- @
“EWG

R
T )
X Ewe
[1,4]-product
R EWG R SEWG
T |
N

R
- 1)
“EWG

electron electron
deficient
center center

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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Danishefsky’s Diene & Rawal’s Dienes\

OMe OMe
= NMe [ S
y M902C A \\\\\COZMe 2 N
+ ] — %
X z
[1,2]-product TBSO
TBSO
OMe
OMe E NMe, Me,N
_~ Me0,C A wCO2Me oHC 3 gHO
+ ] — Toluene m
TMSO K7 .
TMSO TBSO ﬂ/ TBSO : 'n/
Danishefsky’s H;0"
diene CHO
\\\\\COZMe H;0" m
e B ' ¢
o H
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Examples\

Me
E
Z 4
X ULD
> Me

Regioselective, Stereoselective, Stereospecific

I\=I|e
CO,Me - ~CO02Me
e — | l *
Me
D
endo

1,2 adduct

Me NEt, NEt,
COzMe CO,Et A wCO2Et
, . -
Q:Me O
D racemic
exo

OMe OMe
= Z C02M6
CO,Me > * W
R 2

regloselectlve

“‘\\C 02 M e

S
stereospecmc
stereoselectlve

TMSO
racemic

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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Examples|

Me OMe

MeO,C Mesitylene OzMe
o
reflux
TMSO TMSO
Danishefsky Top face approach of dienophile
diene endo
" CO,Me
H30 |
—_— _>i Vernolepin
o)
H
Woodward’s approach to reserpine
—_— .
i Reserpine

Tetrahedron, 1958, 2 1

Bottom face approach of dienophile

H (@)
E> [éo
H (@)

Bottom face approach of dienophile

5]

Top face approach of dienophile

—_—
q

J. Am. Chem. Soc. 1978, 100, 8031

Gibberellic acid

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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Examples‘

Top face approach of dienophile
OAc OAc
_ |/C02Me Xylene CO-Me
+ | -
A heat
MeO
TMS TMS
Bottom face approach of dienophile
Ph Ph
(o) CO,H
OH O COOH
: H z
OH > | >
O CO — CC OO
Ph
Z Ph
o) H endo:exo=9:1
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Problems ‘

O O
CH>N, LDA
Mel
e
'0) MeO eO
OH
Luche H;0"
— —
Reducti
eduction MeO ')

(0)
O o TBSO
TBSO toluene
N\ reflux,98%
™ i
o [4+2] OMe O
OMe
O ortho-endo adduct
(0)
H
—_— | \
\\“\\‘ (0]
(0)

Tubipofuran

Kanematsu, K., et al. J. Org. Chem. 1994, 59, 5970-5976.
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Problems|

O
_ ﬂ%o _ @f j(
70 ""\(

OMe o)
°
| |+< “ —_—
(o)
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Regiochemistry of Diels-Alder Reaction |

COOH

Oy -COH o COOH
COOH
=z . OH +
. | — COO

1,2 adduct 1,3 adduct

9:1
LUMO Me
Ve opN Z NO,

v,

[] a
/thOS . Nitroalkene is the Ifl

secondary ' : dienophile
orbital interaction o
/ Ph
/ | Me
0 ¥, z ., I o .

>

J. Am. Chem. Soc. 1972, 94, 2891
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The Diels—Alder reaction is reversible

Thermodynamic Control (Reversibility)‘

Under kinetic control, the formation of less stable but quickly
formed endo adduct is observed as the major product

At higher temperature, the energy barrier for the reverse

process is overcome and leads to equilibration between endo
and exo adducts in favour of the more stable exo isomer

Initial endo adduct dissociates by retro-
cycloaddition followed by the re-addition

O
r.t. H
o Ay
O
0 0~ O

endo adduct

Ph Eh 0
COOH ¢ A wCOH 100 °C *_,CO,H 190 °C
N A g
r —~— Y/, O
I
Ph Ph ! O
endo adduct exo adduct exo adduct
CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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Synthetic Equivalents in Diels-Alder Reaction\

Synthetic utility of DAR can be enhanced by o O
the use of masked functionality Ay |:> @ + C

As ketenes can not be used as such in DAR,
ketene equivalents with masked functionality
provide an alternative choice

Commonly employed ketene equivalents are, o-
chloro acrylonitrile and nitroethylene

CI\H/CN “/

a-Chloro acrylonitrile Nitro ethylene Nef Ayo
—— /

ZEN

CI\H/CN rNo2
|

A, Aﬁ
N02 @ + W N02

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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Synthetic Equivalents in Diels-Alder Reaction\

CI\_CN A o
+ ——
O T AHA,

Commonly employed ethylene equivalent,
Vinyl sulfone

O :O |:>I+ | = “/SOZPh

Cl

SO,Ph
cl o SO,Ph A 2
— A — APy X

NH, NH: 1. Base, RI
2. Na-Hg

MN Ayo NaHg :O )C(

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan



Synthetic Equivalents in Diels-Alder Reaction]

Commonly employed acetylene equivalent, Allene equivalent, phosphonium salt

Vinyl sulfoxide

| \R ®PPh;
SOPh
o
O L,

e R ﬁﬁ
o
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Intramolecular Diels-Alder Reaction

IMDA (Type I and Type II)

Intramolecular cycloaddition can provide easy
access to polycyclic compounds

Type I IMDA :

Dienophile is attached to C-1 atom of diene

Results in the formation of fused bicyclic system

A0 e

Fused bicyclic system

Type I IMDA :
@)
O H
NN 0°C
Me Va type | 1
cis isomer

endo TS

Considering dienophile approaching from the bottom
phase

Activating carbonyl group favors the endo TS

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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Type | IMDA

internal bond

“‘\\C O 2 Me

] z CO,Me
XN H .~ — ¢
eripheral bond
\ perip 1,3 isomer H
H endo-selective
N 160 °C £ stereospecific
y
2 type |
Me

trans isomer

_ _ COsMe ~CO2Me ~CO02Me
—\/
'\ \ H H H
Me

H -
_ - (1,3-isomer) (Endo) (Stereospecific)

exo TS

Absence of activating group favors the exo TS

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan 38



IMDA - Type | Reaction

OMe O
o) = o) :
X I
(:)\n\“ -“~. (:)““‘
H

d

A

it

') o)
oo mum U 0
J Z Heat
o . | —
Unless other steric factors intervene, internally Oﬁ
CO,Et

EtO,C

activated trienes give cis-fused product

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan 39



IMDA -Type li

Type II IMDA:

Ab

Dienophile is attached to C-2 atom of diene

Type II IMDA generally results in the formation of
bridged bicyclic system, provided the ring formed
should be larger than six membered (should be
minimum seven membered ring)
4

A / Tether Endo

Bridged bicyclic r\ / Tether Exo
system H

Against Bredt’s rule

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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IMDA - Type Il Examples

H
N__-CO:Me xylene
b >
(o) OAc 200°C,2h
82%

O

N
® /A
e N CO,Me
AN xylene, 240 °C
o | Viian
= 15 h, 64 %
H

\ 7
@ \3

NPTEL _Cycloaddition; Course Instructor: Krishna P. Kaliappan 41



Bridged to Fused Ring Exchange

Type 2 (o
IMDA I
O
Aldol o=

—
\)/\/\/\/455 oC
q
A 5s,55%

CHO

——
MeOH

80%

O

O

U
~O

PPTS
_>
benzene

reflux
62%

o (@)

_510°C 3

8's, 29% MeOH
84%

KOHIMeOi

PPTSIPhH
95%
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Hetero Diels-Alder Reaction

Hetero Diene:
Hetero atom is part of the diene

OAc 9Aﬁ
MeO,Ci? A MeOCAS
LD A
H O O (o) EI O
OAc OAc
PhS—F A Phs. _F
S S O |
H X0 OEt 0" Vot

Hetero Dienophile:
Hetero atom is part of the dienophile

OMe
-+ —
+
TMSO H” “Ph  2)H,0 o) Ph
OMe
_ ,COZB?) A y N,cozsn
+ )| >
TMSO BnO,C 2)H;0" O CO,Bn
TMSO Ts 1) A o)
+ \II +
N 2) H;0 NTs
~C0,Bn \
2 CO,Bn
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Inverse Electron Demand Diels-Alder Reaction

Inverse electron-demand [4+2]:

Diene is electron-deficient
Dienophile is electron-rich

7
O + l A’
X (@) OR
CO,R CO.R
-ROH
- O O - B =
-CO,
/ —
OR
ROZC OR i COzR |

O~
N O
/

>

O

Air Oxidation
v

CH5CN, 80 °C

0
CO,Et

CO,Et

CH-401 Course on Organic Synthesis;

Course Instructor: Krishna P. Kaliappan
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Alder-Rickert & Retro Diels-Alder Reactions

OR COZMG

A
zZ I —
A COzMe

C02M9
-ROH
S

COzMe
OMe CO,Me

. A
- —

OR
COzMe

COzMe

i OMe
COzMe

COzMe

C C02Me
—
COzMe

OMe - OMe 7
CO,Me CO->Me
A ] ’
|| —
Ph ]
OMe
C02M9
_C
— Ph
OR B
COzMe o OR
=N+ | A > CO,Me
N/ N/ Z
CO,Me CO,Me
RO
COzMe
-CH;CN G ~s
ﬁ _—
CO,Me

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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0
i 1 Z
+ || _>A ?
PhCN_ /= X"~ph
> = CO,Me
- N -
- 3] OO~ &
A ﬁ/
CO,Me ' 2
2
rp O (G
N =

NEt, Ph
COzMe

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan 46



1,3-Diplar Cycloaddition Reactions

> The addition of a 1,3-dipole to an alkene
(dipolorophile) is called 1,3-dipolar cycloaddition
reaction and it forms a new 5-membered ring

» In 1888, Buchner reported the first 1,3-dipolar
cycloaddition between diazoacetic ester and o, j3-
unsaturated ester to form 1-pyrazoline

H
MeO,C
coMe A D
R ¢
COzMe CO.Me
2

> In 1898, Beckmann discovered “Nitrones”

» In 1903, Werner and Buss discovered “Nitrile
Oxides”

> In 1928, Diels and Alder discovered “[4+2]-
cycloaddition”

» 1,3-Dipoles can be divided into two types of
dipoles:

» 1. Allyl anion type, characterized by “four
electrons in parallel p oribtals” perpendicular to the
plane of the dipole and the dipole is ‘bent’

® ®

a//b\c@ g (9a/b\\c

| |

(;)/ b\c@ . S (9a/ b\c@

Octet Structure

Sextet Structure

» 2. Propargyl or allenyl anions type
characterized by an “extra = oribtal”’orthogonal to
the allenyl anion MO. The dipole is ‘linear’

® o O ®

a——>b—cC > a=bp=c

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan
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Allyl Anion Dipoles

» Nitrogen in the middle

Nitro
Nitrones — 9N\0@

Azomethine Imines \cl: ® T@

Azomethine Ylides \?%\?_

@
Azoxy compounds \=ri1—o@

» Oxygen in the middle

Ozone

Carbonyl Ylides

Carbonyl Imines

Nitrosimines

Nitrosoxides

CH-401 Course on Organic Synthesis;

Course Instructor: Krishna P. Kaliappan
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Propargyl/Allyl Anion Dipoles

® I
Azides — RNz |(|:| X \C X
@ 7
Nitrous Oxide N=N-O t B\A_ + ||/ —> B\Aj/
Diazoalkanes ) —?\-I)EN 1,3-dipoles dipolarophile
@ ) 1
Nitrile Oxide —n—O 4-1t electrons fro.m 1,3 dlp.ole and two
® electrons from dipolarophile
Nitrile Ylides R—ZN—<@
HOMO (¥,) of dipole
_©® S, :
Nitrile Imines R—=N—N .
(I: y Ne. X 8/9 LUMO (¥,") of dipolarophile
£ — LT
A A Reactants approach each another in parallel

1,3-dipoles dipolarophile planes to permit interaction between the
HOMO and LUMO orbitals




Classification of 1,5-Dipolar Cycloaddition

Type | 1,3-Dipolar Cycloaddition

-HOMO of the dipole interacts with LUMO of the
dipolarophile

Type 1l 1,3-Dipolar Cycloaddition

-FMO energies of the dipole and dipolarophile are
of same level and so, HOMO and LUMO of both
dipole and dipolarophile interacts

Type lll 1,3-Dipolar Cycloaddition

-LUMO of the dipole interacts with HOMO of the
dipolarophile

Type | 1,3-Dipolar Cycloaddition

-Azomethine ylides and azomethineimines are
known to follow type I

Type 1l 1,3-Dipolar Cycloaddition

-Nitrones and Nitrile oxides follow type II

Type lll 1,3-Dipolar Cycloaddition

-Ozone and Nitrous oxide follow type III

-Presence of Lewis acid can significantly alter the
energy of orbitals of both the dipole and
dipolarophile

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan >0



Regioselectivity and Stereoselectivity

N* “¢&R

Transition state is not very polar

Not strongly affected by solvent polarity

In most cases, reaction is a concerted [47, + 271]
cycloaddition

\ 6+ /N\ '/R N~ \C/___R

Syn addition with respect to dipolorophile

Ph— ;"kN,Ph
H'ln \\\\H

Ph~  Ph

cis + _ trans ph___ N\, _Ph
stiibene PhC=N—NPh stilbene H""; ‘“\\Ph
diphenylnitrilimine PH H

— +_ Me
PhHC—NZN + — 5
Phenyl
diazomethane Me02C CO;Me
Phei” N ,  H=&” N
Hun m\]e Hun m\le
MGOzC C02M9 M902C C02MG
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Classification of 1,5-Dipolar Cycloaddition

Energy

Dipole Dipolarophile Dipole Dipolarophile Dipole Dipolarophile

— — LUMO

'H' 'H' -H- .H. _H. HOMO

Type 1 Type 11 Type 111
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Carbonyl Ylides in 1,3-Dipolar Cycloaddition

JI\¢N2 + 0 < Tran3|t|on )]\/0 O$0Me
R Metal \( S

Ph
Commonly used metals are: Rhodium and Copper
OMe COZR
OMe
_1.cocl; O Rh,(OAC) Il 0 OMe
L @ £ __CO,Me
OH 2. CHN; CH,N, X CO,R 4
N2 o >

0 o o CO,Me

OMe
(© 9@
_>
NRhLn © 0 5
o

Exo products
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Carbonyl Ylides in 1,3-Dipolar Cycloaddition

OAc
Ph. /7 \ - @@ - O
COEL Rhy(OAc), | Ph{ O -COEL [ ZSoac P CO,Et
DCM, RT > \E
o) o) ’ I (o) (o) - (@) (@)
M902C
/\cone \
COzMe
MeO,C MeO,C CcO,Me
5 —
Ph CO,Et Ph o=—COEt
0~ N0 0~ N0
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o
_ o, - 0
o o 0 o) >\/
Rhy(OAc), o 2 0Ac } L _=OAC
N - N — ™ N
E},o DCM, RT =%

/ ~CO,Me \
COzMe
0 0
oL A oL A
y >’ £ __CO,Me
N CO,Me N—Y
CO,Me
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Carbonyl Ylides & Azomethine Ylides

Rh,(OAc),

DCM, RT

>

@ |
N
©
- W-Shaped
Ylide

Azomethine Ylides

Preference for
S-Shaped Ylides

®| I @]
r/Nj@ €i"'\/ 2N
© s N
U-i?_aped S-Shaped
ide Yiides
Z R
Z R

N

R
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Azomethine Ylides

R{CHO + RHN___R,

R R
@I
N > R1\¢N\/R2 —~— R1\7N\/R2
Ry R, ©
o R
N Type | N
e (D)
® Type ll -
4”\@ >

0 RHN.__R;
SO
ertiux
CHOX

Reflux

CHO
©i —  BnHN___CO,H
N y
o)
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Nitrones

Regiochemistry of 1,3 dipolar cycloaddition with
electron rich dipolorophiles

(o)
o -
? R( \ electron

electron
deficient end

rich end
electron
rich end
() - ¢ — %
O
| R
O@ R

Regiochemistry of 1,3 dipolar cycloaddition with
electron deficient dipolorophiles

Electron
4&— deficient end
Z@/>
N
Electron o g E

richend — > © \

Electron
deficient end

o-<

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan 58



Exo/Endo

. ° . . H
Secondary orbital interaction is very small CH; 1) HsC _OH HsC
Stabilization due to secondary orbital interaction is 3 > > 07"
minimal Z ) A HC 3
0 CH;

So, mostly endo/exo ratio is controlled by structure of
the substrate or catalyst.

H,C. _OH
Sterically less hindered substrates give mostly exo H
products.
@ CN H CH;
@/ + ||/ A CN
N N HiCT X A
! \ d =
0 O O+
© N ~ CHj
Exo (Maj
Bottom face xo (Major) CH3

approach of
the dipolarophile

LI
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Examples

— O-
/N >\ | toluene - N~ H,/Pd-C HN’
o
~Nn-0
N, -0 N~ " —u,HO
@N/ I toluene - “*" LAH, Ether )NH\e “NH OH
L + A - mnn — s
CO,Et
2 CO,Et S
CH,OH
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Huisgen’s 1,3-Dipolar Cycloaddition & Click Reaction

® Gr?l 2 2
=N~ N N 1
. R2 A “N=R; *N? “N-R2
—_— > < + —
)4 (5
R————H H R4
1 ,4-|somer 1,5-isomer

(1:1)

Sharpless’ 1,3-Dipolar Cycloaddition

o 2
DN, cusop ? AN LR
—_— —_—
+ Sodium 2 \5
R — Ascorbate, Ri H
T Water 1,4-isomer

NEN""gn CusO, N SN-Bn

ﬁ
Sodium

Ascorbate, H

H

R

Water OBn

CuSO, NZ SN
—_— —_—
Sodium
Ascorbate, Ph H
Water

Ascorbate,
Water

. OR
. (o)
CuSO N“ N
OR 4 _ OR
Sodlum h/ ( O
H
OR
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Mechanism for Click Reaction

a
N Ri————H C b
N’/ \N,Rz 1 & | EUI ICUI
R1 H |CU| = — R1__i_H H*
b
IGul
N :
N“ “N-R2 R, == lCulal
R4 \
|Cul ,32@
R 2"\ R
N—N_ b
|Cu N/, ( “‘kul Irlll ’,ICul

— | ———
R1>_§ (_.'." [~ Ia

|C“U| Ri————Cu
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Nitrile Oxides

~ + — ‘\\\R
OH ———= YZ OHEWN _ |Rr—c=i—0
cf) ““RPhNCO ““RC5H11C CH
Et3N

CH;PC(CHs);
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Brief History of Photochemistry

Historical Perspective

Priestley used sunlight to oxidize mercury to

C . : cp mercuric oxide (oxidation)
Light induced reactions are older than life itself

Trommstorf in 1834 observed curious conversion
of Santonin to some other organic compound
upon exposure to sunlight

Sunlight induced photochemistry would have
started long ago

Billions of years ago, early earth was without
oxygen like other planets

Plant life produced oxygen with the help of sunlight

Photolysis of oxygen produced the protecting ozone layer

Alexander the Great used photochromic dyes in his army

Archimides’ mirrors used sunlight to burn even ships
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[2+2] Photocycloaddition

Historical Perspective

L

O 0
Y@/ Sunlight \‘/ﬁ:
- |
O o) H

Thymoquinone

Ph

1

CO,H

O

Liebermann in 1877

CO,H

Truxillic Acid

First Intramolecular [2+2] photocycloaddition

0 Sunlight
> O

Ciamician and Silber in 1904

(@) o) H
OEt H H s
/ S 2
o X
O H H a~-caryophyllene
Use of one alkene excess Use of enones
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Thermal [2+2] Cycloaddition

HOMO/LUMO combination is antibonding at one end

Rotate 90 °
LUMO of LUMO of -O—Q
alkene alkene
antara ;

Rotate 90 ° l

supra
HOMO of HOMO of
alkene alkene
, 2“S+2’,ta If HOMO & LUMO approaches perpendicular to each other
interaction f‘
27+ 27, /I
HOMO/LUMO combination is bonding ~—— . action > I/

at one end and antibonding at the other end
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Thermal [2+2] Cycloaddition

It must have two double bonds at same carbon atom

R\
>=C=0 N=C=0
R isocyanate
ketene
@)
heat 74
@)

J J ” heat > —f
J)—N

sozm R “S0,Cl

Ketenes
Central atom is sp carbon atom with extra ;t bond

Electrophilic, low-energy LUMO

Preparation of Ketenes:

@) H
V/4
f A > »¥=c=0
7 H
(o)
O T
H
(@)
>‘)1\CI Zn} >=C=O
Cl

R
»¥=c=0

h
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Thermal [2+2] Cycloaddition of Ketenes

(@) k\ -Z
H " H  o—zncl

. Zn/AcOH
O §rip et
A N . \
bR cl

H

H
AcOH /° - /° mcpBA o)
Cl H
H H

O o)
Vanlh \=c=o<j:|ﬁzﬁ|:[> c j
CH,

Sterochemistry
can be controlled
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[2+2] Photocycloaddition

[2,+2,] addition —=—>» Not allowed

[2,+2.] addition Ny gy Allowed

Problem of incompatible symmetry is avoided by
converting one of them into excited state photochemically

Ground state of alkene

* 8—8 — Nl
TT J'E* —_—
UV light + —_—
> —_—

A
LUMO of

alkene

' HOMO of
Excited state of alkene alkene

(hv)

RH#

EHL

hv

Photochemically Allowed

27+ 27T,
interaction

69
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Cookson’s Dione & Mehta’s Metathesis

O

O

Cookson’s Dione

Pyrolysis
’

Thermal
Metathesis

O

Reported by
G. Mehta

Other Examples
H
O
—>
Me200
H
Ph Ph Ph CO,H
CO,H
/=/ H
Ph HO,C CO,H HO,C Ph

Ay — A5

CH-401 Course on Organic Synthesis; Course Instructor: Krishna P. Kaliappan 70



Photochemical [2+2] Cycloaddition

N T [ﬁ )
)Im - )H:dz:ll T
V|

» Conjugated alkene absorbs UV light
o)

0 o o

» Reaction is stereospecific
C02M9

MGOzc

mn_

C02MG C02
—) @)

CO,Me
MeO,C C

%

> Least hindered transition state is observed

Hj;

Enones with Olefins

COzMe

A

COzMe

+

O

hv
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Photochemical [2+2] Cycloaddition

DeMayo Reaction (Enol with Alkene)

0,

OH

OH
N N hv

N —> N

O O

O
H| H ©
Base : |
0,

lycorine
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Synthesis of Cubane

Cubane

Challenges
1. Six - 4 membered rings fused together
2. No functional groups
3. Highly strained

4. Low molecular weight CgHg=104

1. 4-membered rings could be formed by photochemical
reaction

2. How many 4-membered rings could be formed by
photochemical reaction?

07 = 0

How about this?

Many Problems:

1. Reversibility
2. Stability of the starting material

3. Intermolecular reaction
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Cubane synthesis

Solutions
1. Introduce a functional group

2. Which functional group?
a. The functional group should be removed easily

b. It also should be formed easily from another
precursor

c. This should be introduced along with either
ring contraction or ring expansion

Ring Expansion or Ring Contraction?

Ring Expansion

N\ —>

(Y —

Which functional group could be formed along with

Ring Contraction

this reaction?

Ring Expansion or Ring Contraction?

(o) o)
—— :/r Difficult
sp? carbon in cubane?
O
CO-H
é/Br Favorskii >
? Possible

Therefore, need to go for ring contraction
- Favorskii reaction will be better

74
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Cubane synthesis

One Carboxylic Acid or Two Carboxylic Acids?

CO,H
CO,H

/A
HO,C

1. One carboxylic acid- precursor will have only one
5-membered ring and remaining will be 4-
membered

2. Two carboxylic acid- precursor will have only two
5-membered rings and remaining will be 4-membered

Two Carboxylic Acids

Where and what is the relationship?

HO,C

Ve

1,2

CO,H
HO,C

Ve

1,3

CO,H CO.H

HO,C
1,4

Which will be easier from synthetic point of view?
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Cubane synthesis

Quasi-Favorskii Rearrangement Two disconnections for photochemical reaction
O o)
Br COH it Br Br Br
Br CO,H o) <:| 1 I:>
O Br
o) CO,H Br Br
Br o | o |l
9
CO,H 7 0 <— same —> 4 O
O r Br
o)
i CO,H 0 Br
r
Br o
—> «— O
/Z —L |:> (0) + Br
Br HO,C .
O Br
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Cubane synthesis

Problems in Starting Material

1. Cyclopentadienone is highly unstable
2. Difficult to prepare

Synthesis
o
EtN_
hv
O
1) PPTS
[4+2]
i
aq.

Br (Mqono removal) Br

Br Br

Br
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Cubane synthesis

(@)
hv o) S o)
/4 O — — Br
BF Br
By Br Br
(\O (\0
(@)
10%KOH ° VSo¢t,
—_— Br 2) Pyridine Br
CO,H 'BuOOH CO;'Bu
(\O o)
(o) 75% H-,SO
Cumene 2 &
A Br Br
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Cubane synthesis

(@)
'‘BuO,C
o HO,C 1) SOCI 3
25% KOH -2 DSOC, o ]i \
Br > 2) Pyridine
'‘BuOOH

diisopropylbenzene

y —
A

>
/

Philip Eaton
University of Chicago
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Cubane synthesis

Modified Synthesis
HO/ \OH o 0O Br, Br Br 1) NaOH >
™ I G —> Br 2) H*
O

1) hv O o 10% KOH
O 2) H,S0, Br Br »

Br Br Br

Br
HO,C -CO, B
CO,H > /

Y
{
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