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1,3-butadiene HOMO

Bonding interaction

Bonding interaction

ethene LUMO



energy

J antibonding molecular orbitals

3 bonding molecular orbitals

O ada

non-bonding
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a—e 3 B
0 a—c =




(Y s Al (g 65 0 Aualaa

a—e [ B
B  a—c =
(-2 =3 =0
(a—e—=0)(a—c+3) =0
c=a=xp

This is the enerqgy of an isolated n-bond




* Cyclopropenyl radical — C;H, d—m ED- jﬁ-\-ﬂ J\S:\J\ D e—‘-ﬂw
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-

H(c1o1 + capa + c3s) = (101 + capa + cads) H

(I)l (|)3
¢ / d1Hb1dT+co / o1 HpodT+c5 / o1 Hopsdr =€ (cl / d11dT + 2 [ G1odT + 5 / f;i*lq_égd‘r)

assuming no overlap ( [ ¢1¢,dr=0) and normalization ( [ ¢ ¢;dr = 1), this may be sim-
plified to

Left multiplving by ¢; and integrating gives us

o1 + cf + 33 = €.
We now have three equations
Lo+ o3+ 033 = g€

13+ caov + 33 = g€

103 + c2ff + caav = c3€



Dividing the matrix by [ and substituting z = (a —€)/3 we get

—_ = =
—_ R
T
I
=

z(z?—1)—lz—-1)+1(l-—2)=0

2 —3r4+2=0 a-p
(r—1)z—1)(x+2)=0 0/
r=11 -2

(o —€)/B =11 -2
e=a+20,a—0.a-73



We have three equations

cia + o3 43 = cj€ (1)
10 4 cocv + ¢33 = o€ (2)
13 4 23 + caax = 3¢ (3)

(1)-(2) and (1)-(3)

(0 —e—0B)ey +(B—a+€)e=0
(0 —e—B)ey+(B—a+e)e3=0

a_ I S

substitute e = o + 23

—3,8('!1 -+ 3}6@2 =0
—3,8('!1 -+ 3,8@3 =0

€1 =C =103



We have three equations

cia+cff +e3f = cie (1)
13+ o 4+ 33 = ¢ (2)
13 4 a3 4+ cacx = e3¢ (3)

Substitute € = o — 3 into (1)
Cgl,ﬁ + CSG = _cl,-ﬁ

-2

If one solution has c; = ¢y = Alcl* The other has ¢ = 0,00 = —c4.

:I/ ‘[“ ----------------------------------




E_=2x(a+2B)+1x(a—p)
=3a + 303 ’

The energy of a normal double a-f
bond is 2a+2 (2 electrons in a+p) S ———
The energy of a lone p-orbital is a

a+2p =——=—

Therefore, the energy of each
resonance form is 3a+2f3 H

N — AN — A

Cyclopropenyl is resonance stabilized! (by ) /e. its resonance energy is 3



While the cyclopropenyl molecule is stable,

Its o-bonds are not as strong as they would be
in, say, benzene. This is because the overlap
between in the sp? hybrids is reduced due to
the strained geometry of the radical.

This is called o-strain H

‘(\

e—C
H/ et

This should be taken into account when
comparing the stabilities of various isomers

c-bonding orbitals

|



ne lowest energy transition between the -
orbitals in this system has an energy of -3p.

This transition is well into the UV

The cation is stable and symmetric (2e°) and
has 2 of resonance stability (prove yourself)

(not examinable)

A note on Jahn-Teller distortion:

The singly occupied MO as drawn on the right may
be lowered in energy by decreasing the distance
between carbons 2 and 3 while increasing the other
two bond lengths. This is energetically favourable
and will happen. This is known as Jahn-Teller
distortion.

HAH HAH
Q-3  —— —

c-bonding orbitals

|



Cyclobutadiene — C,H, 1O (52U 5 Al

H{Cl':.ﬁ'l + o0y 4+ c305 + "-"-4'5.:'“4:' = IE'['ffl'i.ﬁ'l + oy 4 cadig + '—"-4?"41)

Left multiplving by @; and integrating gives us

o f o Héndr + o5 f o Hbndr + 5 f b Hebdr + 4 f b1 Hbadr

= (Clf@alﬁﬁldT+sz¢1¢2dT+53f@ﬁlﬁaEdT‘l‘Eif?hl?ad)

assuming no overlap ( [ @, ¢pd7=0) and normalization ( [ ¢ ¢,dr = 1), this may be sim-
plified to
cyx + o0 400 = qe.

¢, 03

There 1s no bonding between carbons 1 and 3!

We now have four equations
c10e + epF + 043 = 1€
10 + cocv + 03 = 26
cold + cacy + 047 = e3¢

13 + 3 + oy = c4€



Dividing the matrix by 5 and substituting r = (o — €)/ 7 we get

"

x on diagonal

_—

1 off diagonal where there
Is bonding interaction

Bonding interaction; i.e. 1 &3, 2&4

P
’—L
—_ O

*“t1T—_ 0 off diagonal where there is no
0
=0

1

—_ D =
o = =

¢, 03

H H

vz =1 —z)—((2* =1 +1) - (1—2(—2)—1) =0

r=-2,0,0,+2
eE=a+20,a,a,a — 20

¢ 0y

http://mww.stolaf.edu/depts/chemistry/courses/toolkits/247/js/huckel/index.htm



E_=2x(a+2p3)+2%a

=40 + 4f
The energy of a normal double HAH HAH

bond is 2a+2 (2 electrons in a+p)

Therefore, the energy of each
resonance form is 4a.+4p3

Cyclobutadiene is not resonance
stabilized! /.e. its resonance energyis O

c-bonding orbitals
4de- system is anti-aromatic and o-strained ‘



Cyclopentadienyl! radical — CsHs . Q\ S- \-ﬂ-\ jJS.w d\SgA\ 2 e-w-w

x 1 0 0 1 a-1.618p
1 = 0 0

O === g mm e
01 = 1 0/=0 0+0.616p =——mm— ——
0 0 r 1 D ——
1 0 0 x

Lowest orbital has no node
Second lowest has 1 node

Highest has two nodes

This radical suffers from Jahn-Teller distortion...
not a true pentagon




Cyclopentadieny! anion — CsHs O S 3\44-‘ jjs-‘-ﬂ Cy o) e—‘-*-“-'-“

This system readily accepts an

-1.618

extra electron “ ¥

As it does so it can no longer O - e e
lower its energy by distortion 0+0.616p =—mm— ———

This anion is perfectly pentagonal
It is resonance stabilized!

E. = 60a+5.232p3 (Compare to H H
energy of two double bonds and a
p-orbital : 6a.+4p)

cp is a closed shell singlet

6e- system nicely aromatic _ _
cp™ is also stable as a triplet

Will ligate to transition metal ions

to make metallocenes e.qg. P
Ferrocene Fe
-—-""'"‘-#__-‘__h""‘“--.-

~_



Benzene — Cz;H,;

zene is the archetypal
aromatic molecule

It has no o-strain — it is a perfect
hexagon

You may wish to compute its
stability compared to the mythical
beast — 1,3,5-hexatriene (it's a
quiz question!)

It energy levels and orbitals are
readily computed by a program
on my website.

Benzene cation is Jahn-Teller
distorted and is not a perfect
hexagon

LN




Benzene absorbs in UV at 260nm

This corresponds to 460 kJ/mol

We can parametrize the B in Hiickel theory by o
setting -2p equal to this energy! o-2f3

-3
Benzene’s ionization potential is 730 kJ/mol
We can parametrize the a integral by setting QL --==-mmmmmmmmsmmsoemoeoeooa o -2
this to be —a-B.

atp —_— ——

Doing this.... a = -500 kJ/mol, = -230 kJ/mol o+2p —=—







Tropyl — C,H,

Tropyl radical is a Jahn-Teller distorted
heptagon

It is easily ionized — its experimental IP is
48000cmt or 570 kJ/mol

Huckel theory predicts «-0.4458 or
397kJ/mol... but there is o-strain &c.

Tropyl anions and cations are both
perfect heptagons

Tropyl cation is very stable... 6e” system!

: e).-.‘jj.-})ﬂ

0-1.802B

0-0.445 ——— ——



Cyclooctatetraene — C4H, - o) mls) oIS,

E,_ =80 + 9.6568

But planar structure is highly strained.
-2 e

Ring puckers to relieve bond strain at the a-1.4148
expense of slight delocalization energy

The mqlecule IS not flat — it is not 0+1.414p ———— —-—
aromatic
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CH, CH,
0 G- O

Benzene Toluene Xylene Indene
(bp 80YC) (bp 111YC) (bp: ortho, 144\C; (bp 182YC)
meta, 139YC; para, 138YC)

OO C

Naphthalene Biphenyl Anthracene Phenanthrene
(mp 80YC) (mp 71YC) (mp 216YC) (mp 101YC)

© Thomson - Brooks Cole



y s .

Br Br

+ Brs L + HBr
. catalyst
Br
H

Benzene Bromobenzene (Addition product)
(substitution product) | NOT formed |

© Thomson - Brooks Cole
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a Kekulé resonance structure a Dewar resonance structure




Aromaticity and the 4n+ 2 Rule 1S 58 b2l

Huckel’s rule, based on calculations — a planar cyclic molecule with
alternating double and single bonds has aromatic stability if it has
4n+ 2 r electrons (n is 0,1,2,3,4)

For n=1: 4n+2 = 6; benzene is stable and the electrons are
delocalized

Benzene

Three double bonds;
six 7 electrons




Compounds With 4n © Electrons Are Not Aromatic (May
be Antiaromatic)

= Planar, cyclic molecules with 4 n r electrons are
much /ess stable than expected (anti-aromatic)

= They will distort out of plane and behave like ordinary
alkenes

= 4- and 8-electron compounds are not delocalized ©

cyclobutadiene

(single and double bonds)

m Cyclobutadiene is so unstable that it dimerizes by a
self-Diels-Alder reaction at low termperature

m Cyclooctatetraene has four double bonds, reacting
with Br2, KMnO4, and HCI as if it were four alkenes g off

cyclooctatetraene



Resonance
Energy (kcalimoly  Comments

s

Benzene | 36 Typical Aromatic
o
= I
Naphthalene | 61 Less than 2 x Benzene
T o
o
Phenanthrene e o 84 Less than 3 X Benzene
e
o ™
Pyridine | 28 H analogue of Benzene
H= N lone pair NOT in Ar. Gx system
Furan {ff "\3 16
0
Thiophene i"‘ ]'*5 29 5 memehaed ring
5 Heterooycles
Pymole i“: 22 NH lone pair part of Ar. 6x system
1
H 1
C analogue of Furan, Thiophene
Cyclopentadiene @ 3 Pyrrole, but much lower Res. energy
since itis not aromatic, just a diene
like hutadiene
Butadiene .?‘ \\'n, 4 Compare to Cyclopentadiene
Ethene — 0 Isolated C=C, no resonance

\,;z

E_
Imidazole H 22 Like Pymole

| MH lone pair IN, other N lone pair OUT
H of Ar. 6x systemn
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DE=E, —Eoc

1.5 bonds on average /
H H :
= B
\(|3/ \ﬁ/ \ﬁ/ \?/ ® .b
«—> |
g C C C f“ ®_60.
- il \C/ Ny o > = g ‘ &

© Thomson - Brooks Cole
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Aromatic lons . EJJ‘}A g dala S Lﬁ‘-@—.‘%)sj‘)dﬁ""’

The 4n+ 2 rule applies to ions as well as neutral species

Both the cyclopentadienyl anion and the cycloheptatrienyl cation are
aromatic

The key feature of both is that they contain 6 © electrons in a ring of
continuous p orbitals

H
H |+ -
H
| = Mg O o,
H._ A~  _H % g
Ry d %
c—C AN
/ \ C=C
H H / \
H H
Cyclopentadienyl anion Cycloheptatrienyl cation

Six 7 electrons; aromatic ions

© Thomson - Brooks Cole



Aromaticity of the U‘ S 3 L\.u SS I UJ-U‘ LA}J‘ - S .

Cyclopentadienyl Anion

1,3-Cyclopentadiene contains
conjugated double bonds joined by a

CH2 that blocks delocalization L
Removal of H+ at the CH2 produces Cxcopentadienc
. . . 2H:— 2H ™2
a cyclic 6-electron system, which is = | \l\'\n\\
stable e k iy
Removal of H- or He generate W) \ (W
nonaroma“c 4 and 5 electron Cyl:lupcfltadicnyl C",-'l:|[lpt‘l:liadit‘l1}'| (‘.}'l:lupt‘pladit‘n}'l
cation: radical: ~ anion:
SyStemS six melectrons
Relatively acidic (pKa = 16) because
the anion is stable ny W
H_C-//\:/»“//\_H
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4 + 2 Cycloaddition Reactions

heat
M | —— 3
a diene... ~.and a

dienophile

@ heat
— o
I
O I
heat CHy
M i | ] ]_: —_—
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energy of the

p atomic orbitals
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energy levels

molecular orbitals

excited state

energy levels

ground state

molecular orbitals



|2+2] Cycloaddition reaction

¢ Ground state reaction forbidden:

- +
* Ground-state
T (A) LUMD of alkene 2
+ - Only one
: o-bond can
- form
:I'[: (S) Ground-state i > Mo reaction
HOMO of alkene 1
* Excited state reaction allowed:
Ground-state ' X
:I'[:m (A) LUMOD of alkene 2 *— —* ]
+ o —n "
N I WO
i " - o-bonds can
Excited-state + - Allowed form
" ( A) HOMO of alkene 1 o
= +

Caclobntane
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a diene a dieneophile

Cyceloaddition reactions work best with dienes containing
electron donating substituents and dienophiles containing
electron withdrawing substituents.



ol free rotation =

S
—-————

e e

S=11rans S=C18

s-cis stereochemistry is required for a
4+2 cycloaddition reaction



concerted
transition
state
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NC N I
a dieneophile
h - ie iles
Common Dienophiles
() ) )
Jl | |
il il H ; CHy . OCH,;
H” ™H H™ ™H H ™H H
poor
O
i I N COOCH,
Hoo H. _C._ _H H # |
i~ o i ¢ Il
Col ¢ C Il s
H H™ ™S ™ ( |
i H H o

O y}



Maleic anhydride is an electron poor dieneophile which reacts with
cyclopentadiene to give an endo Diels-Alder adduct. Upon heating at
190°C, the endo conformation adduct adopts the more stable exo-adduct

conformation.

O H O
O-O—=0p—

O H O
1-Methoxy-1,3-butadiene reacts with acrylonitrile to give 3-methoxy-4-

cyanocyclohexene rather than the 3-methoxy-5-cyanocyclohexene isomer.
This "ortho" regioselectivity of this reaction can be rationalised using

FMO theory.

O-Me O-Me
~ C/4N CN O-Me
C
[ @!
AN CN

: minor
major A



Figure 16.11

How endo and exo
products are formed in
the Diels-Alder reaction

Pathway [1] With Z oriented under the diene, the endo product is formed.

transition state
\ \‘\ H
A R
e /4 A H
’ Z H Z H z H Z
2 Z is below the two endo product—
Z underneath the diene l ' new o bonds (in red). majo?product
The electron-withdrawing Z group
is closer to the electron-rich diene.
Pathway [2] With Z oriented away from the diene, the exo product is formed.
transition state
= P
. “‘ ;
A Wiy
¥ g iy WY g | — H /
& v " h
H | z‘j H z Z H
Z is above the two exo product_

Z away from the diene

new o bonds (in red).

minor product
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diene + dienophile

Cyclic transition state

= Gy
-+ ”—) ﬂ—)
- S



H
NbCL 0.5 eq.
- :
8 °C, EtOACc, 90 min.
H f4% (endo)
,F[ & .-"H 0 % f|:.| O H"‘D 0
0 f{'\ _ o R .
/ - R R . \  ——
- dienophile with EWG _ favored ortho-product
diene with ERG Diels-Alder {meta will be minor or

reaction will not form at all)



endo approach

:

another endo
approach

:

A,

<
=
S
Rz
R,

exo approach

:

rry
Az

another exo
approach

#

Rz



Endo product



1,3-Cyclopentadiene
(s-cis)

©2004 Thomson - Brooks/Cole

Bicyclopentadiene



FMO:s )0 S se sledliny ol o) o8 ) saldind by ) § adls (sla iSS) g raia o

energy
A Fomenii Hacoepid The alkene (dienophile)
¥, g 8 - component has two
electrons is a "single" pi-
_ : bond. FMO theory, here,
v 88 1 Motecutar orbica identifies the HOMO and
HOMD LUMO components of this
system:

energy

A
g g 8 g Lowest Unoccupied
Wy Mnleculyar Orbital
LUMO the diene which has four

, R— electrons in is conjugated pi-
2 lglCSl ccupie .
ﬂ'y Molecular Orbita system can have its HOMO

and LUMO identified within
v, 8888 I FMO theory




CE S

phaxc phd\c
nmlgh:d matched phdﬁc pha\c
matched y matched
2
LUMO

coefflc.lenl matched

phase mdtched

HOMO



HOMO-LUMO (S aa bl y GRS 5 (ot 53 sl a3

O-Me O-Me
/8 +}.3 +0.2 8 ‘ CEN C!N
\9—0.58 ~O.669
major
HOMO LUMO product
O-Me 0O-Me
/8 w3 +0.66 8|
02 g I\
\9—0.58 C=N . \C=N
minor

HOMO LUMO product



Using the FMO logic discussed above, some pi/pi interactions are FMO
symmetry forbidden and do not result in cycloaddition. Consider
dimerisation of ethene to cyclobutane.

This reaction does not occur in either the forward or reverse directions
under thermal conditions:

A
|+ | —<> L]
no rcaction

But... the [2+2] cycloaddition reaction does occur under photochemical
conditions:

hv
|+ —




Ethene can [2+2] cycloadd to maleic anhydride to give the cyclobutane
diacid anhydride:

O O

hv
|+ o — 0
O O

UV light, —65°C, 44 hours, 77% yield.



LUMO Excited State
SheTBY s HOMO

-8B
T

HOMO

—

——

O .3
e Y i

HOMO LUMO fl’;;;:fg LUMO

[2+2], [4+4] and [6+6]
cycloadditions are
thermally disallowed, but
photochemical examples
are known.



/7 N\ /7 \

/7 N\ /7 N\

N

“HY

COOCH,

CMN

COOCH,

CHO



CN
CN
N

H

not observed 1

H

CN
CN

exo

endo



H Consider the reaction of
cyclopentadiene with
H butanedial...

"CHO
CHO

& N



H Consider the reaction of
cvclopentadiene with
H butanedial...




Consider the reaction of
cvcelopentadiene with
butanedial...




I

CH;

CHO



Electrocyclic reactions | (sl g i) (sledisS]

L 4 b (slai gy s je (il 52 48 05 (A58 50 S s ja (51 1y (Ao 5 i8I (sleiS)

e ol yAdls g oad Jaads
M.
v

o

Note that the 3-alkene must be c¢/s for the reaction to occur.



The reverse, or retroelectrocyclic, reaction can also occur. This
Is seen with the ring opening of cyclobutene to 1,3-

butadiene:
A o~
~
N

Electrocyclic reactions, like all pericyclic processes, exhibit great
stereoselectivity. Consider two 1,3,5-hexatriene systems embedded
into longer hydrocarbon chains.

trans-cis-trans-2,4,6-Octatriene will ring close to give a c¢/s
ring:

I\ A =

N AN




trans-cis-cis-2,4,6-Octatriene will ring close to give a trans ring

...,’,”



carbon migrating with one of its lobes interacting

suprafacial rearrangement antarafacial rearrangement



ring closure is

: ring closure is
disrotatory
—_—

conrotatory
_—

N/




disrotatory
ring closure

HOMO is symmetric

conrotatory
ring closure

HOMO is asymmetric



disrotatory H
ring closure

(2E,4Z,6Z)-octatriene trans-5,6-dimethyl-1,3-cyclohexadiene



conrotatory

ring closure H
hv

H,C CH,

(2E,4Z,6Z)-octatriene cis-5,6-dimethyl-1,3-cyclohexadiene



conrotatory
ring closure

(2E,4E)-hexadiene trans-3,4-dimethylcyclobutene



suprafacial antarafacial
bond formation bond formation



diene diene

HOMO LUMO
dienophile dienophile

LUMO HOMO

overlapping orbitals have
the same color (are in-phase)




thermal conditions

LUMO

photochemical conditions

LUMO

ground-state HOMO

excited-state HOMO




suprafacial rearrangement

migration
origin

& /l

migrating group

y

migration
terminus

migration
origin

7 migrating group

antarafacial rearrangement

4

migration
terminus




migration of hydrogen

suprafacial rearrangement antarafacial rearrangement



carbon migrating with both of its lobes interacting

suprafacial rearrangement antarafacial rearrangement



As with cycloaddltlon this select|V|ty can be explained by
examining the FMOs, specifically the

335337
~§8 3888

v g8888 oo
v 888 8§ { rovo
= 8888880
" 8888881




If the termini of the HOMO is superimposed upon the triene
system, it can be seen that the end groups must rotate in a
disrotatory manner to form the

bond:

S =0

Ko o W G ML Me

However, electrocyclic reactions can also occur
photochemically. When photoactivated, an electron moves from
the HOMO to the next orbital, the LUMO. (Now this orbital
contains an electron it is no longer unoccupied,it is either a
SOMO or an excited state HOMO).



The photoexcited system will ring close in an opposite manner to the
thermal system and the groups conrotate to form the sigma bond.




This thermal and photo selectivity
can be exploited in the reaction
sequence below in which 1,3,5-
cyclononatriene is converted into
bicyclic systems with first ¢/s and
then trans ring junctions.

The initial 1,3,5-cyclononatriene is
all ¢/s. This is thermally ring
closed in a disrotatory manner and
then photo-ring opened at -20°C in
a conrotatory manner. The 1,3,5-
cyclononatriene now has two c¢/s
and one frans double bonds,
however, the nine membered ring
Is able to accommodate the strain
of a trans alkene. Thermal ring
closure gives the trans-ring
junction.
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Sigmatropic Rearrangements . (3 9" 1-45\-\-“ Lﬁu @‘)‘y
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The [1,5] shift of hydrogen in a 1,3-pentadiene system:
= ~
| =
H
R H
R H H

The [3,3] Cope rearrangement:



Sigmatropic rearrangements

* Reaction governed by the symmetry of the
[LUMO of the pi-system

e Suprafacial and antarafacial migrations




Sigmatropic rearrangements

If LUMO % +!
antisymmetrical, 3

antarafacial 2
migration (top to ./""" ) —

bottom)

[opposite sii |1.

If LUMO \ _
symmetrical, i b
suprafacial RS +3 o
migration (top to f -9
top) £ ‘




|1,5] Sigmatropic

LUMO, ¥, (odd)
symmetrical,
suprafacial
migration (top to
top)

Transition state



|1,5] and [1,3] sigmatropic
rearrangements

. Butadene
LUMO syrmetical LUMO
symmetrical, R
suprafactal a-arktal (HOMO
migration (top to - ) orital ( )
top)
If LUMO
antisymmetrical, =" etdene
antarafacial antisymnetical LLIMO
migration (top to
boftom) o-orktal (HORCT

= gl



Cholecalciferol/ergocalciferol

e Final step 1s a [1,7] sigmatropic o 5
migration .
— LUMO of hexatriene 1s ¥,
— Antisymmetric— antarafacial - W,
migration of hydrogen .

tHy

OoH

Cholecalciferdl fergocalciferd



The biosynthesis of vitamin D has
photochemical step, and the reaction takes
place in skin cells.

A 1,3-cyclohexadiene system associated
with the b ring of a steroid undergoes a
photoactivated, retroelectrocyclisation to
give 1,3,5-hexatriene system.

The thermal reaction is not allowed because
it would be necessary for form a six
membered ring with a frans-alkene, a
sterically impossible structure.
1,3,5-hexatriene system then undergoes a
thermal [1,7] sigmatropic rearrangement to
give vitamin D3. This is further processed in
the liver.

Vitamin D Biosynthesis

7-Dehedrochlosterol

Electrocyclic | Jiv FAST
ring opening

IsS
HO #

| 1.7] sigmatropic
rearrangement

”()Iii)
l liver

e S e N

Provitamin Dy

—

A SLOW

Vitamin Dy

e
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|

1 b j
=g S
Cope

The Cope Rearrangement for most systems requires temperatures in the neighborhood of 250 °C, and the equilbrium
constant tends to be fairly evenly halanced, so synthetic applications are infrequent. The rates for systems bearing a hydroey

group [my-Cope) can be greatly accelerated by conversion to an alkoxide (anionic oxy-Cope), and such reactions have found
mare extensive applications in synthesis.

The Anionic Oxy-Cope
Evans, Golob J. Am. Chem. Soc. 1975, 97, 4765 J. Am. Chermn. Soc. 1972, 94, 4780,

D ﬁ /E I I /E I :/[:.
CHZ-CMeMgElr

Wil
Temp.°C
H 2a0
Li, MoBr no reaction at 66 °C
K B6

K. [ 1B-crown-B) 28



1,3-sigmatropic rearrangement

Vinyl cyclopropane rearrangement

Synthesis of Hirsutene: Hudlicky, T, Kutchan, T. M. Wilson, 5. K Mao, D.T. J. Am. Chemn. Soc. 1980, 702, 6351,
@]

A, AB0 e

_—

(Flash Waccum Pyrolysis)

The suprafacial [1,3]-sigmatropic rearrangement is an orbital symmetry
forbidden process, and thus typically has high activation barriers and
potentially proceeds through radical or zwitterionic intermediates. Such
rearrangements can, however be performed in special circumstances where
ring strain lowers the activation barrier, for example in vinyl cyclopropanes.


http://www.chem.wisc.edu/areas/reich/chem547/Synth-hirsutene-hudlicky.gif

DS s

a 0 OH
. D% L I::I,-f
-J_.,-/'J —

H

Aliphatic Clai
Aromatic Claisen IPnatc Llalsen

The Aldehyde-Claisen Process 85-01

4-Carbon chain extension

=ynthesis of Dibydrocompacting Burke, 5. 0, Saunders, . O Oplinger, J. A Murtiashaw, C.W. Tefrahedron Lett
1985, 26, 1131

Oile
CHz=CH-MgBr
CHE—CH OEt 0
Hg{DTF.-'l. ’/
iMe,Fh

SiMesPh SiMesPh



http://www.chem.wisc.edu/areas/reich/chem547/Synth-Dihydrocompactin-fragm.gif

4-Carbon chain extension using aldehyde Claisen Rearrangement
oynthesis of Hirsutene: Hudlicky, T.; Kutchan, T. M. Wilson, 5. R Mao, 0. T. S Am. Cherm. 5oz 1980, 102, 351,

ﬁMgBr

H o 0e THE Dog

OH

Me-C{OER),

—_—

Hyy(OAC), EICO:H

"

Y

OFt

trans
( double hond

- -
C

OEt


http://www.chem.wisc.edu/areas/reich/chem547/Synth-hirsutene-hudlicky.gif

Stereochemistry of Claisen: erythro-threo Selectivity
Stereospecific for interconversion of cisitrans double bonds and sp® bonds (Ireland).

o R,SiC H - R,Si0 CH, R.5I0

j 1. LiNRy, THF : _: A : o A

D\_//’/_ 2. Ry SiCI NS C _ N

Kinetic Enolate Thermodynamic Enolate (THF/HMPA)
CHs ZH H
o) ke 1o 40
CH; y/ —= CH, w\\ CH, V}:::}\ — = CH, M
L H o osik I H o OSiR, I ch, osik, 1" cH, oSk

Observed Stereochemistry: Ireland, B E. J. Am Chermn. Soc. 1976, 95, ZB68

D; / R,SIC RSI0
1. LiNRg, THF 7

)

\_ /R o +
a THF BY /13
}—/ THF { HMPA, 19481
2 THF 11/ 89 Switching the crotyl alcohol stereochemistry switches the
/ THE 7 HMPA SR/ 14 major isomer formed



Cycloadditions Electrocyclic Reactions Reich

21 + 4n Cycloadditions - Diels-Alder Reaction Cyclobutene - butadiene Chem 547

" /
=, . | A | A
é = g BN

1,3-Dipolar Cycloaddition

/

Hexatriene - cyclohexadiene

5 o
[ / Ohe
+1 + | M I
< \? OCH, L | —
e
o

21 + 2n Cycloadditions Mazaroyw cyclization
0 5 O CH OH
I -
L ' = |
Ph Ph
Sigmatropic Rearrangements Chelotropic Reactions

Claisen [3,3] Sigmatropic

O3 =~ O
; H .0

0 —
[2,3] Sigmatropic o e

FPhs

-

o

<

|
¢



2x + 4x Cycloadditions - Aromatic Transition States

+;CH2_
H_Nﬁ
CHz

Azomethine
wlide

0
5

o
+ /!
I:I"'.
"CH,

Cartiomny
Cixide

Mitrile
CIicle
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s Functional classification

= Acid-catalyzed,
Electrophilic

= Base-catalyzed,

Nucleophilic

=  Oxidation-
Reduction

s Free-radical
s EtcC.

VIV PRPRLTRY-T A

2804
Heat

// — // + H,0

NH—

OH
i
H,S0, OH




HO

Mechanism-based /\
Snl : Cl — — HO—————
: cr
H H
Sn2 HO(\/\; /%3' — HO‘Q cl
HY = .
H H H
El
E2
etc.

Most informative classification patterns, but
= Reaction mechanisms often unknown

= Mechanisms cannot be directly observed, can only be proposed and
supported with exp. evidence
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C—A + B
Products

Reaction coordinate
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transition state
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H,C CH, / yH
Br CHy Br——H H-—Br

(+ enantiomer) CH} CH}
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m aA+ 0B > cC+aD
= Rate can be expressed by any reactant or product.

rate— — 1 AIA] _E AlB] } A[C] 1 AID]
a At b At cC At d At

Understand each term in the above equation.
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A - product

m Zero-order reaction
m First-order reaction

= Second-order reaction PAEEgN
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At which time is the
reaction rate greater?

[A




+

R = k[A]a[B]B[C]y ...

» k= rate constant

=« o = order with respect to A
» 3 = order with respect to B
» ¥ = order with respect to B
= elC.



| Reaction Kinetics: A—B

concentration

1.0 \
0.8 !
0.6
04 |
02 |

0.0 —=———

.
L3
.
.
.
*
.
.
.
.
.
.
.
.
.
.
“
.

lope

time
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e Tate= AL k|A]
.. At

In[A] = —kt + In[A],

OH

“féminal diol ("D")

ny aldehydes react

th water in a re-
i vadadeieee 1, =IN2/k=0.693/k

Unit of k;: 1/s



i SO,Cl Example

= The reaction SO,CI,(g) —» SO,(g) + Cl,(g) gives the
following experimental data:

Time (s) | Pressure SO,Cl, (atm)
0 1.000
2,500 0.947
5,000 0.895
7,500 0.848
10,000 0.803




In(p/atm)

SO,Cl Example

-0.05

-0.10

-0.15

-0.20

-0.25

In P vs time

o ‘\\\\\\\\\\

N

™~

~.

slope = 2.19 x 10° sec!

BN

~

N
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™~

0

2000

4000 6000

time/sec

8000 10000
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R=—kq[A]" or aAl =~k [AT
dt
[A]

d[A}:—keﬁdt or jd[A] j k., dt
[Al (AL

NS IO IR S
[A] [Al




i NO, Example

The following data were obtained for the gas-phase
decomposition of NO,(g) at 300°C.

Time| [NO,]|In [NO,]| 1/[NO,]
(s)
0| 0.01000| -4.610 100
50| 0.00787| -4.845 127
100| 0.00649| -5.038 154
200| 0.00481| -5.337 208

300| 0.00380| -5.573 263




* Second Order Plot
" A

100

1/ [NO,]

100 150 200 250 300

time / s



* C(esR ) VA S

A+BS P
R=—k[A][B] where [A], -[A]=[B],-[B]
R =—k[A](A+[A]) where A =[B], —[A],
d[A] SOdIAl
A A) ] Aty I

1 m([BJ/[BJO):kt
[B], -[Al, | [Al/A],

[Alo 0
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(8InKj ~ AH
oT ), RT?

van't Hoff’'s Equation




| U“J“)‘ alalza

Ink:InA—i

RT

= With E the apparent activation energy in kJ mol-?
A the frequency factor

= Plot of In k vs. 1/T gives a slope of -E,/R
which allows the calculation of the activation energy

s A rule of thumb: the rate doubles for 10 K rise in
temperature



Raymond Chang Chemislry, e, Copyright £ 1998 The McGraw-Hill Companies, Inc, All rights resarved.

In kVersus 1/T

0.00 -
e ;
k(1/M?- s) T (K)
-1.00 —
0.011 700
-
£ -2.00 - 0.035 730
_300. 0.105 760
0.343 790
—4.00 \ 0.789 810
=5.00 1 |

1.20 x 1073 1.30 < 1073 1.40 =< 1073
1T (K™
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= According to the simple collision theory, the
preexponential factor is dependent on T2

A=N,o /%ﬁ
TH

= with N, Avogadro’s number, g cross section, p
reduced mass, k Boltzmann’s constant



Raymand Chang Chemisliy, Be, Copyright 21998 The MeGraw-Hill Companies, Inc, All rights resaerved.

Maxwell Speed Distribution Curves at Two
Different Temperatures

Number of molecules
Number of molecules

| |
I:"‘I1 uI
Molecular speed u Molecular speed u

(a) (b)



Potential energy

(reactant)

ON--Br s
:r (transition state)

ON-B

2NO + Br,

(products)

AE

Reaction progress







A-B-C —— AB+C

Abb. 6.4-12. Fliache der potentiellen Energie fiir das System
A+BC+= AB +C,




activation




Raymand Chang Chemislry, Ge. Copyright 2 1998 The MeGraw-Hill Cormpanies, Inc, All Fights reserved.

Potential Energy Profiles for Exothermic
and Endothermic Reactions

Activated Activated

complex complex
- ]
= =
@ E, @
e
@ l @
= S E
T A+B 1= a C+D
2 2
(= (=
o o

Y
C+D A+B
Reaction progress Reaction progress

(2) (b)

Activated Complex




= Rate constant (based on number of moles)

KTk
h
s Functionof T

= From the equilibrium constant for the activated complex,
a standard free enthalpy of activation can be calculated

AG®* = —RT InK”



fraction of molecules ———>

having energy E

room temperature

(300°K) \ (

100°C
373°K)

| kcal/mol

0 kcal/mol
{ |
|

—> energy (E)

D s oldlrd (65 5l

0 kcal/mol
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energy —

transition state
\ :

( reactants)

(products)

reaction coordinate ——
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energy ——

rate-determining

d fransition state
1 Eﬁ = ] i
BV 7N
AH® =+ 1%

CH4 + Cl° 'CH3 + Clz
AH® =-26
overall
AH® =-25
¥ ¥
CH3C1 + Cl

reaction coordinate —»



LU s e

k
Generic: A+ B ‘k_l: C overall A+B+D —> P
1

Ko
C+D—P
Rate = £,[C][D]
Steady state assumption: o[C]/at =0
*. K[AI[B] = k,[C] + &[C][D]

k[Al[B]

= kD)

. _ kKk[A][B][D] .
-. Rate = 12
ate k. + kD] generic rate law




ki %[AILBIID]

Rate = /(_1 n kZ[D]

if kK, >> k[D] (/.e, 1% step rapid equilibrium, 2" step slow)

ki &IA]BIID]
K4

if 5,[D]>> k, (/e 1% step slow, 2" step fast)

then Rate =

then Rate = 4, [A][B]



- Il

e.g.,H,C=CH, + HBr - CH;CH,Br
1. H,C=CH, + HBr ﬁ» CH3CH," + Br~ slow
CH3CH," + Br- ﬁ» CH3CH,Br fast
Rate = k{[C,H,][HBIr]

’ HBr
1 ;
2. H,C=CH, + HBr ‘k_: H,C=CH, rapid equilibrium
-1
HBr

; k
H,C==CH, + HBr —2 CHCH,Br + HBr slow

Rate = k2[C2H4' HBr] [H BI’]



steady state: k{[CoH,4][HBr] = k_{[CoH,-HBr] + ky[Co,H,4-HBr][HBr]

_ k[CoHyJ[HBI]
[CoHy HBr] = e
Rate = kiko[CoH41[HBI]?

k.q + ky[HBr]
with k_; >> k,[HBIr]

kiko[CoH41[HBI]?

Rate =
K1

or Rate = k,K;[C,H,][HBI]?
\ equilibrium constant for step 1



+ Il

OTs HO OH
eq. O/ _H0 O/ . @ (Sy1 & E1)

k

1
ROTs = R"+ TsO"
K1 k, small (RLS)
K, K4, K, K, large
R"+H,0 —> ROH +H*

Ks
Rt —> R+H*

From RLS, overall: Rate = & [ROTSs]

But to get the relative rates of each product formation, we need to multiply
this by the fractional rate of each:



Ko[R*1[H,0] _ ky[HyO]

fraction of ROH = =
K, [RT][H,0] + ks[R*]  k2[H20] + kg

ks[R"] _ Ks
K[R][H,0] + ks[R*]  Ko[H20] + ks

fraction of R =

Thus:
d[ROH] _ kiko[ROTs][H,0]

dT ~ k[H,0] + kg

d[R] _ kiks[ROTs]
dt  ky[H,0] + kg




TS

AG* = free energy of activation

AGT | o=t

Prod

K# k¥
React === TS —> Prod

k+= rate constant for decay of TS (statistical thermodynamics)

KT i = transmission coefficient (=1)
= T k = Boltzmann’s constant
/1= Planck’s constant

=6 x 10*? st at 25°C

Rate = A[TS]



Rate = A[TS]
steady state: Rate = & K*[React]
with AGI ——RT In Ki or Ki :e—AGi/RT

then Rate = ke *®"/R"[React]

~—

k 1
k Plot In—Ltvs—
k _k:ce—AGi/RT T T
L=

i( _AHi/RTX ASI/R) slope: AH: reflects increase
=k ¥ In energy in React > TS

ﬁ :ﬂ(e—AHi/RT eAsi/R)

T h intercept: AS' reflects loss

k. —AH* 1 [AS? & (AS < 0) or gain (As-t_>o)
In T R ‘?Jr R +InT of degrees of freedom in

React > TS
S —

~ —

slope intercept




AH: ASt - _

OH + RBr —> ROH large <0 Ho----c|:---Br
H,O + RBr —» ROH large >0 . /\ i
OH- + RCO,R' —» RCO, smaller <0  RBr —= R'+Br
] Cl)_ _
E H . @ small <0 R_cl:_R.
. OH
tBu—O—O—tBu —» tBu—O-  large >0

if via ( then ASF >0
=
. ( .
X if via

|)( then ASt ~0
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For example, compare an equilibrium and a reaction of benzoic acid derivatives:

CO,H

+ CH,OH Ky when X =H

co2
Q@
CO,CHj Coy

Vary X and plot log Ak, vs log KI K :



linear relationship

0 =

log %O

log K f
slope=m

log K k= mlog %0

from k = k*e™C"/RT gnd K = e 2¢/RT

R

or AAG* = mAAG

_ change in free energy of change in free energy of
I.€., | activation with change | % | ionization with change
In substituents In substituents



Hammett: log K£ =op  (equilibrium data)
0

log kL =op (Kinetic data)
0

o reflects substituent effects
p: reflects reaction mechanism, sensitivity to ¢

CO,H COS
definition: p = 1 for @/ - @/ + H (%)
0

X X

Strategy: 1. calculate o for various X groups in above reaction
2. use these o values to calculate p values for other reactions
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1. resonance and field effects
Resonance effects (only effective when X is ortho or para).

cof coS cof

cod
o @
<> <>
Cl Cl®
\O O@

unfavorable

favorable
| (0<0) (6> 0)
Field effects (any position):
coS coS coS coS
F CHj,

favorable unfavorable

F H
(6> 0) s (6 <0)



D 2bad sl i

2. 6, and o, values (o, not used because of steric effects)

n
e.g., H3C—C—

HO—

CH3—

Om

0.36
favorable
field effect

0.13
favorable
field

-0.06
unfavorable
field

0.34
favorable field

Op

0.47
favorable resonance
and field effects

-0.38
unfavorable resonance
(outweighs field effect)

-0.14
unfavorable
field

0.15
favorable field outweighs
unfavorable resonance

Shortcoming: relative extents of field and resonance effects are not constant, vary
with type of reaction (/.€., when resonance is involved, one sees a “normal” mixture
of resonance and field effects; otherwise not). Instead...



3. o and o~ values (for parasubstituents only)

c*: degree of resonance interaction between an electron donor group and a
cationic reaction center

o . degree of resonance interaction between an electron acceptor group and
an anionic reaction center

e.q.,

c*: Br=0.15, WOISE
Ot O

F=-0.07 better

o NO, = 1.23
CH,CO = 0.82

(There are other modifications on o values, but these will suffice for us.)



I1. Hammet op Relationships
C. p values: information about reaction mechanisms

CO,H cod
For the equilibrium: @/ — @/ + H*

- - - X X
definition:p =1
K_ /.e., for electron donor groups, ¢ <0
log—=0"-1
K, for electron acceptor groups, c >0
For other reactions:
K p > 0 for equilibria favored by electron acceptors
1. for log—=0p e
K, p < 0 for equilibria favored by electron donors
k > (0 for TS favored by electron acceptors
: log — = P
2.for log K, P p <0 for TS favored by electron donors

1.e., p > 0 indicates negative charge development in TS
p < 0 Indicates positive charge development in TS
and larger p indicates greater sensitivity to substituents,
/.e., a larger buildup or closer proximity of charge in TS



I1. Hammet op Relationships
C.p values

Examples:
p =2.26 more sensitive to
substituent effects
H,C

o2 CH2C02@

+OH p=0.56 less sensitive

CH,OH ]

H\ ,6+ &
p=-131  O-C-Cl
H Ar

@ o @
partial charge buildup (Sy2-like)
\@(
+ HO —> p=-4.48 + CF

Ar
greater charge buildup (S\1-like)
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Br
1,2-addition
lower A)
y Br
N + Br2 iA
Br
highe 1,4-addition
T X
Br
N N e g e
Br

greater lesser



1,4-prod |

At low T, reaction is governed by AG*: kinetic control (4)
At higher T, reaction is governed by AG: thermodynamic control (K)



In general:

If AGH < AG,
- kinetic control at low T
- thermodynamic control at higher T

If AGH, > AGH,
- thermodynamic control atany T




If two adjacent states along a reaction path have similar energies, they will
have similar structures.

TS TS

A
!
!
!
!
!
!
!
!
!
!

TS looks more TS looks more TS looks like
like B like A neither A nor B



e.g.,RH+ X, > RX+HX

selectivity: Cl, Br,

1° 1 1

2° 4 80

3° 5 1600
RLS: RH + X- - R-+ HX

| more
89 selective
selective
RH + Cl- R- + HBr
R-+ HCI RH + Br-
TS looks more like reactants: TS looks more like products:

—C—H-------Cl —C- H—Br
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The population ratio of two equilibrating intermediates cannot
be inferred from the product population ratio.




P./P, ratio is determined by AG+,, AGH, (Kinetic)

_KI K
[Pa]/[Pb] - kb[lb] B m

e—AGg{/RT

~AG} IRT

e e_AGisom/RT

_ e(AGg-Aegmeisom)/RT

but AG! — AG; + AG,

1Isom
= (Gg _Gb) - (Gg _Ga) + (Gb _Ga)
=G; —G;

~IPVIP.1=e% %R je note AG

Isom
nOt ocC /(isom
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- when C-H (C-D) bond breaks in RLS

yo L Liﬁ
e 27\ 27 \m

A A

s ad gl el

C-+H
C-+D- AG%—H < AG%—D
K
vo C-H k—H >1 (max ~7)
vy C-D D




kil ks Indicates:

~7 strong bonding to H by both partners
(theor max) AH+B—>A+BH TS:A—H-B

>~2 significant C-H bond breaking in TS
~1 slightly or nearly completely broken in TS
A—H-- B
or
A-------H-B

1.e., TS looks much like reactant or product



e.g., RCHj;+ Br, — RCH,Br + HBr ky/kp ~ 4-5
-. RCH3 + Br. — RCH,- + HBr Is RLS

TS: |RCHy~H--Br]

g, T +OH = X\ +HO0+Y ko~ 45

. E2 (instead of E1 or E1, where A& /A; ~ 1)

TS: [HO—--H”"\""Y} VS [H/\@} or [@\/Y}
E2 El El,



s Al

When isotopic substitution is at a bond not broken in TS.

k/ky~0.7-1.5 >1 = normal isotope effect
< 1 = inverse isotope effect

1. H on C undergoing rehybridization (o carbon)

\C E bend " - \H oop bend
--------- C— — ~ 800 cm
I —_ -1 /

/ )Z 1350 cm (lower E)

AE(C-H) > AE(C-D)
(because 7 > 1= p)



1. H on C undergoing rehybridization

PP — SpF
— 0 — s w/o C-H(D) bend
« C—D
«— C—H lowering of energy
greater for C-H
cokylks > 1
P — SO°
raising of energy
greater for C-H
« C—H
—C.D coklky <1
— ¥ — P




1. H on C undergoing rehybridization

e.g., (I? HX
C —>>
R “H(D)
X

|
R—C—R —>
H(D)

|
R—C—H

OH
k ks~ 0.7

|
X

R.@® R
Y +X klky~13
H

2. H on 3 carbon: hyperconjugation

(D)H X
\ /
vB: .- CcC—C. ~
/ \

H\ o H®
Dy PR
...... /C C\ > /C C\

C-H bond weaker, .. greater contribution

HOMO,,, > HOMO

k. ks >1
(1.1~ 1.4)
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1. polarity
oc dielectric constant, {dipole, polarizability)

polar protic: H,O, ROH, RCO,H

polar aprotic. acetone, acetonitrile, HMPA, DMF, DMSO
nonpolar: hexane, benzene, CCl,, Et,O, THF

Reaction type Favored by

5t &
A-B — A-B — A*+B-  polar
ot &
At+B — A-B —> A-B nonpolar

A+B — A-B —> A—B either
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2. nucleophilicity of Nu-

e.g., OH- (from NaOH)

Solvent Nucleophilicity
H,O low large solvation energy
DMSO high lower solvation energy

C¢Hg + 18-crown-6  highest ﬁo/\
0. |

0 very strong
.

[ N’ j complex with

Na* leaves

Q 0 OH- “naked”
o
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1. acidities
Acid  AHyg(aq)  AHys(9)
H,O 21.4 391 )
MeOH 21.1 379 all are larger in
EtOH 21.7 376 [ gasphase due to
ProOH 23.2 374 lack of solvation
BuOH 26 373<
weakest strongest!
H CH, « CH; more polarizable than H
L © L e (more overlap between OMO
H_$_O Vs HiC ? © on O- and UMO on CH,
H CH; - main effect in gas phase

« BuO- more difficult to solvate
than CH;0O"
- main effect in solution



2. electronic effects

g CO,H

—
~—

CO,

X X
X AAH,(aq) AAH,(9)
m-Me 0.11 0.5
m-Cl -0.50 -8.0
o-Cl -0.28 -6.7
m-NO, -0.98 -16

T o sl &l i

In solution, ArCO," is stabilized by solvation. In the gas phase the
relative effects of the substituents are magnified.
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tert-Butyl cation
(a)

© 2008 Brooks/Cole - Thomson

Vacant 2p
orbital

o bonds formed
by overlap of
sp2-sp3 hybrid
orbitals

(b) | ~



Carbocation Stability D Os8S s S solal

s

H H CH CH
e 4 AN A

N CH; C\ CH; C\ CH; C\

H H H CH;
Methy| Ethyl Isopropyl tert-Butyl
cation cation cation cation
(methyl) (1°) (2°) (3°)

AN
Increasing carbocation stability >
/7

sl b Pla ) (A adad o0 Guald Shalds cpl 5 o500 G gy Jee Jagud )a age (58 Dl
S e Sl i as
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(a)

g 1 | ]

® 2006 Brooks/Cole - Thomson
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hyperconjugation




S T b4 < IS IS ~/
Nucleophilic aliphatic Substitution © <Silaal) 1d 31S o3 b Sala

_ y -
H H
P U f|~ i | io—d v
: S \//H
H i H H 1 H
Transition state with simultaneous
bond breaking and bond forming
H,C slow, rate (|:|—|3
Mechanism - S, 1 \ /N determining veo—
N .C—Br. c+ +  IBr:
\\\ LI ] : L]
HsC 5\
H,C H;C CH,

A carbocation intermediate;
its shape is trigonal planar






Mechanism - SN2

H

e

...... HOC i P
< b
H H

Activation
Energy

4

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

| HO™ + CH,Br

HOCHj; + Br-

Reaction coordinate

>



Mechanism - SN1

Activation
energy 2

Activation
energy 1

v
......................................................................................... e R R TR SRR R ), L LTRSS b

(CH3)3CBI‘ + CH3OH

Reaction coordinate



S, 1

S\ 2

S\2 5 Sl () g St

CH,q CH, CH,
P \ Ly ) o
H GG e O ¢ oagn > HC—CG—QCH, +  Hig
determining Methanol
CH,q ' CHgq CHg4
2-Bromo-2-methylpropane 2-Methoxy-2-methylpropane
(tert-Butyl bromide)
{[(CH4)3CBr
o *12‘ ] k[(CHg)3CBr]
al

® 2006 Brooks/Cole - Thomson

CHjBr: + Na":OH~ —> CHyOH + Na*:Br:
Bromomethane Methanol

d[CH-B
R = — o K[CH3Br][OH ]

© 2006 Brooks/Cole - Thomson



Nucleophilicity + il glK

Effectiveness Nucleophile

[ Br, I
Good . CH;S, RS

HO", CH,O, RO
LCN', Ny’

I, F

CH,COO’", RCOO
CH,SH, RSH, R,S
NH,, RNH,, R,NH, R;N

Moderate 3

[ H,0
CH,OH, ROH
| CH,COOH, RCOOH

Poor

I\
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adas) g oale 434S |y X Glls ¢ 20 K (i€ o € (gl duely 4S8 Jlaiale juad 8
L5 pA (g Ol gea el Al 5o g Sl dalsd Hlaly i Ke e

H,C slow, rate c|:|—|3
\ : determinin e —
‘..Cgr: J » C+ +  IBn
\\\ I ] : Y
HsC H\

A carbocation intermediate;
its shape is trigonal planar
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laadla i

H H

|
H—C—C—Br
H H

alkyl halide

Laadls Ja

c=cC’

AN
H ClI
vinyl halid

claadls san 4aa

aryl halide



Polarizability Effect 1Sy kel &) i

3 .
sp” orbital little bonding
back lobe — = f

T
\H H
\ | 5
2 eo—x — | e x
y \
H

B-

"hard," small valence shell transition state

more bonding

++1

H
\

&®Cc— X —
N

Hy

-

"soft," large valence shell transition state
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J\J:’):‘JJ;‘ g_a—‘j“a BREN

solvent partially stripped
off in the transition state



+

PO (e sl sl Ol

ﬁ O
1
CHj C__N HZ SNT H3C/C\CH3 _
acetonitrile “CH
3 acetone

dimethylformamide
(DMF)



S\2: Reactivity of Substrate bl

v Carbon must be partially positive.
v'Must have a good leaving group

v'Carbon must not be sterically hindered.

ethyl bromide (1°) isopropyl bromide (2°) t-butyl bromide (3°)
attack is easy attack is possible attack is impossible
H.(S:_ Cl'lg ":_ CHj H“:_ CH;
PR AN N
wC—Br wC—Br wC—Br =>
H'y H,CY¢ H;C'y

H " H " CH;



Leaving Group Ability

:b\.‘.‘<i<‘)30~5‘)§

TABLE 6-4 Weak Bases that Are Common Leaving Groups

(o) o :0):
LT P N T S o
J”L 4”15 O,
halides sulfonate sulfate phosphate
H H R R
.'l"-ln: W .'I M .'I-Z"-Z'l'n'.'l-l""-.' ”:'5_]'[ ”:||:+]_R =]"|\[—R i]'-|'._R.
ﬁ :
waler alcohols amines phosphines




i SN2 (28] (o e

= Relative rates for S,2:

CH;X > 1° > 2° >> 3°



Walden inversion

4@ -=@

attack on the C —Br sp orbital transition state products

" H H
HO: . R sii gl . _
i /h ~ Br: T HO*@I---H ‘Br:

H



N (l)CH2CH3
o sl W ©®
. / from the top H3C'/ N
B (CH5),CH CH,CHj
3 retention of configuration
:Br:
|4
\\C "y
HyCYo N\ ’C*—CH2CH3
(CH3)2CH CH,CH;, (CH3)2CH H,C /CH2CH3
‘Ai\()ﬁ e (CEals CH\/C
lnom the bouom () (l)CH2CH3

planar carbocation (achiral) . . . ) :
inversion of configuration

=>
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s Carbocations can rearrange to form a more stable carbocation.

*Hydride shift: H- on adjacent carbon bonds with C*.

*Methyl shift: CH;- moves from adjacent carbon
if no H’s are available.






CH
(Elsr cle3 o G

CH, c|: c|: CH, CHs <|3 Cll CHs
H CHjs H CHs
S Nk e
CHy—C—C—CHy  ——> CHy—C—C—CHs
H CHs H CHs
CHs A CH3 Nuc
@ Nuc: ./
CH3—C—C—CHj3 — » CH3—C—C—CHs

H CHj H CHjs



H3C

CHs

Ag+

MeOH

Br- C
,,/' \\\\ _— > / \
/&5 + & | -AgBr He” (‘7H2
MeO CH
push pull o ) o




i Sp2 or

= Primary or methyl
*Strong nucleophile

*Polar aprotic solvent

*Rate =
klhalide][Nuc]

e[nversion at chiral carbon

*No rearrangements

S\ 17

= [ertiary

*Weak nucleophile (may also
be solvent)

*Polar protic solvent, Ag+

*Rate = A[halide;

*Racemization of optically
active compound

» Rearranged products
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HsC

CHa-H

Br

CHg

Br

CHs

MeOH

heat

CHs;

CH3CH,OH

E-1

CH,

H3C

CH»

SN-1

CHs

CHs

CHy-H

OMe

HsC

CHg

CHs

CHs;



i El auilSa

1 & e

H—C—C—CH; H—C—C—CH;
H CH; H CH;
H
o,
H—& CHs
@ H\ 7 +
H— |~<C CHy —» =C t H0
| H CHs
H CHs

= Halide ion leaves, forming carbocation.

*Base removes H" from adjacent carbon.
v'Pi bond forms.






energy —»

_ rate-limiting

1 / transition state

El rate = k [R — X]

H :X: \CZC/
/ AN

: B—H :X:_

reaction coordinate —>

= Note: first step is same as Sy1
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E2 awilSa

+ H,O + Br
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= If more than one elimination product is possible, the
most-substituted alkene is the major product (most
stable).

= R,C=CR,>R,C=CHR>RHC=CHR>H,C=CHR

tetra > tri > di > mono
H Br {Hs
_ H
L1 oH H. T H CHg
A=C—=C=¢—Cls  —— “c=c—C—CH; + H—Cc—c=cC
H H H A L
H H H Ho OB

minor major



E2 @L“’Ss‘“‘-"

r

Base ?

RR

R
g

anti-coplanar transition state
(staggered conformation—Ilower energy)

~

- ’epumon

<

Base ?

\\\C C//,

R W@ SR

R R

=

syn-coplanar transition state
(eclipsed conformation—higher energy)

Base—H




El or

Tertiary > Secondary
Weak base
Good ionizing solvent

Rate = Afhalide]
Saytzeff product
No required geometry

Rearranged products

E2?

Tertiary > Secondary
Strong base required

Solvent polarity not
important

Rate = Afhalide][base]
Saytzeff product

Coplanar leaving groups
(usually anti)

No rearrangements



Nu: - .
E2 Nu‘:“' NI{IJl.JZ' SN2
i < -
H * H

H3C X
Ny 8- TR e
\H S X S
. H 7 CH
\ / CH H 3
e 3 H,C g
H \ . X O-
H3C \\
X 8- ‘ H Nu
; branching ’ ,}—@
He — .-=H .
e hinders 52 H3C CHs



E1TH HR' HR'
H,c-x  KEOeX R(-(-X R(--X
Nu: H HiH H R"
| \ Nu: | B:- B:"| Nu _ |
SN2 B: | Nu:
strong Esérw/
bulky
S 5 } (‘BuO) weak
N Inversion E2 / SNl & E1
stereochem  med. B; racemic
goo d weak rearrange
strong B:
Sp2
N polar aprotic E2 S N 1&E1 polar

bimolecular

protic unimolecular
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w VISUALIZING THE REACTION

Formation of Enantiomers

mirror-image transifion stales

l |

ch, CH,
- il g
CH,CH, CH.CH,

{—}-2-bromobutane {+3-2-bromobutane




HBr + 2-Butene

n A two-step mechanism

= Step 1: proton transfer from HBr to the alkene gives a carbocation
intermediate

slow, rate
/\5"' 9~ determining £ N o
CH;CH=CHCH, +'HBr: < = CH;CH-CHCH, + :Br.
sec-Butyl cation

(a 2° carbocation
Intermediate)

= Step 2: reaction of the sec-butyl cation (an electrophile) with bromide ion (a
nucleophile) completes the reaction

_ Br
o + fast |
-Br- + CH3CHCH,CHs; » CH3 CHCH, CHs
Bromide ion  sec-Butyl cation 2-Bromobutane

(a nucleophile) (anelectrophile)



HBr + 2-Butene

m  An enerqgy diagram for the two-step addition of
HBr to 2-butene the reaction is exergonic

The secondary
carbocation intermediate

2
il ]|3r
AcuvathIl CH’;CHzCHCH’; CH3CH2CHCH3
energy |
Product

l

CH;CH=CHCHj5 + HBr
Reactants

Heat of
reaction

Reaction coordinate

© 2008 Brooks/Cole - Thomson



Step 1. formation of a bridged halonium ion intermediate

‘Br -
/
Br: é‘ 5,
. ‘Br: .bry:
Hiri,. { \V_‘\\\H -_BI’) 7 > +_\
Sl RS (U A Y
R H R H
bridged bromonium minor contributing
on structure

Step 2: attack of H,O on the more substituted carbon opens the
three-membered ring

+
A o
WwC—Coy, W
H-0y » / "
"\V H o \H i



. -
T ——

s Step 3 proton transfer to H,O completes the reaction




More Longer
carbocation-like  C—Br bond

N\

Predominant site of
reaction by Br~

© 2008 Brooks/Cole - Thomson

Longer
C—Br bond

Side view

More
carbocation-like

Bottom view
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Step 1 - Electrophile (E-A) takes two Pi electrons from the ring to form a sigma bond to one
carbon atom of the ring - sp3 hybridized.

The remaing 4 Pi electrons are now delocalized through the remaining five sp2
orbitals

+ E E E
P,
—A H H H
+ +

Arrhenium lon (Sigma Complex)
(Delocalized Nonaromatic Cyclohexadienyl Carbocation)

Step 2 - The proton is removed by the Base - A {Anion derived from the electrophile)
+ E



[ S lis

Q

Q.
+
+ EY — —
E+
E H

Transition State Arrhenium lon
(Sigma Complex)

Arrhenium lon - A delocalized Carbocation with several resonance structures

Q - Initial group substituted on Aromatic ring

a. Q as Activator - Donates electrons to ring
b. Q as Deactivator - Withdraws electrons from ring

E - Electrophile as second group added to ring
» F s1ihefifitinn ig
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Groups that Donate Electrons by Induction (Methyl & Alky Groups)

Ortho Attack

CH; .

E
Sl

Para Attack
CHy

Meta Attack

(ZZH3
@\ -
E-I-

CcH C C
*E ™ + M
H H H
- Y
+ +
Tertiary Carbocation
Most Stable Resonance
Contributor
CH; CHy CHy
+
- -
+ +
H E H E H E
Tertiary Carbocation
| Most Stable Resonance _
Contributor
CH; CH; CHy
+ +
H H + H

are Activating and are Ortho/Para Directing

All less Stable Cations




Groups that Withdraw Electrons by Induction
(CF;, -NR,, OR, X {F, Cl, Br, ), COR, CN, NO2, HSOS')
are Deactivating and are Meta Directing

Ortho Attack _ _
CF CF CF CF
3 E+ 3 E 3 E + 3 E
H H H
— B e - .
+ +
Poor
Resonance Contributor
Strongly Destabilized Cation
| (Substitution at O/P sites not favored) i
Para Aftack _ _
CF3 CF; CF; CF;
+
—_— B e o E
+ + +
E H E H E H E
Poor
ResonanceContributor
Strongly Destabilized Cation
L {Substitution at O/P sites not favored) .
Meta Attack
Fs CF, CF; CF3
+ +
- E E £
: H H + H
Less Destabilized Cation
| {Substitution at Meta site is favored i




@\—'
E+

Groups that Donate Electrons by Resonance
are Activating and are Ortho/Para Directing

- ¥ - - * e L 2 L X ]
-O-R -N-R -F3 -Cls -Brg ¢
- - ¥ L L) (1] - e -
QOrtho Attack _
+
=N *NH N - .
H; e 2 H; E " H; E CNH2 -
H H H H
—_— e - -
+ +
Strong Resonance
Strongly Resonance Stabilized Contributor
L (Outways Inductive Effect of Dipole) |
Ortho f Para Substitution Favored
Para Attack _
tNH - * t *
«NH, +NH, $NH, C NH, +NH,
+
JE—. e S ol - -~ J—
+ +
E’ H E H E H E H E
Strong Resonance
L Contributor _
Strongly Resonance Stabilized
(Outways Inductive Effect of Dipole)
Meta Attack Ortheo f Para Substitution Favored
NH, $NH, $NH,

$NH,

+ +




Groups that Withdraw Electrons by Resonance
are Deactivating and are Meta Directing

HO. .0 o ot o ]
~cZ [Ho. OLc Ho -3 Ho £ B
E* + E + E
H H
— i
Poor
Strongly Destabilized Cation Resonance Contributor

(Does not Favor Ortho Substitution |

Para Attack . _
..
HO =0 HO_ -0 HO. . ,o. -0
—_— -l
+
E" H E
Poor
Resonance Contributor
Strongly Destabilized Cation

L {Does not Favor Para Attack) .

Meta Attack _

H

HO .20 0,20
Ch @ ©v @
E-l-

All Resonance Forms Less Destabilized
(Do not attempt to place additional positive
charge next to withdrawing Carboxyl group)

(Favors Meta Attack) _




Ortho & Para Directors

Meta Directors

Strongly Activating

©O: NR2Z NHR -NH2 -OH

LA LA

Moderately Activating

O 203

- 11

NH-C—CH; -NH-C-R -O-CH; -O-R

Weakly Activating

CH, <CH, -R -CH

6 5

Weakly Deactivating

-8 LA L 2

L L ]
F: Cls Brg ¢

* 9 -e *e * e

Strongly Deactivating
-CCl;

3

Moderately Deactivating

-C=N ?"H ?
oﬁsﬁo -C-0OH

O ? @

L i

C--0-R -C-R C-H
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+Sailal
Sl e

S

R—X ¥ 3R
S + X7
>»R—-E

- Jla

o)
/|K B LN
* OH_ |O
/K' Br; ﬁ

Br
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Aldol condensation T Sl aS)

I
R—C—C—H O o
bas | 1
+ 28 R—C—C—C—C—H
.
0



+

| T |
! |
:0— O
]
O, &
L Q
@ <
)
[
(b}
=
I
o
O=o0
_"_2
I
| C_
I—I
I
/
HON
\
I
I
|
HON
AR
+
I
|
oO—oO
|
o
-

:0:

acceptor

¢

slow
—_
D

—H
:0:
|

)

2

CH,—C—H (donor

ZE)Z

0.

fast

-
~———

3) C—C—C—C—H

|
H

+ H,0
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Free energy

>

4
AGH

AGT

catalyzed uncatalyzed

Progress of the reaction

(b)




An Acid-Catalyzed Reaction

mechanism for the acid-catalyzed hydrolysis of an ester

|
CH;—C—OCH;

CH;—C—OH

H+

_H+

_H+
H+

OH
|
CH;—C—OCH; + H,O:

+
(“)H
CH;—C—OH + CH;0H

slow
—

+ CunllilS A

OH
CH;—C—OCH;
+OH
H

slow



acid-catalyzed first slow step uncatalyzed first slow step

g q

CH3_C_OCH3 + HZQ: CH3_C_OCH3 + HQQ:
acid-catalyzed second slow step uncatalyzed second slow step
:OH :OH
S S
CH3—C|J—8CH3 CH3—C|3—OCH3

OH OH



HX + S« 3S—H" + X -

k-1

S — H—2- product
k—l<<k2 Al e gee IS

k_l>>k2 ) ald bl



ale 5 el tl anlia

specific-acid-catalyzed attack by water

0 ¢ &
CH';_C_OCH:; + H+ — CH;—C_OCH"; e HQQ: — CHq_CI_OCI'lg
+OH
H

general-acid-catalyzed attack by water
H-CA A
G OH
CH3—("3—OCH3 + H,O: —> CH3—(|2—OCH3
+ éH



L

Free energy
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a. specific-acid catalysis

RH*

R+H*

-

Free energy

-
v o

Progress of the reaction

b. general-acid catalysis

R---H--A

R+HA

-
v

Progress of the reaction




A specific-acid must be a strong acid

specific-acid-catalyzed elimination of the leaving group

:OH (:OH *OH
| . |~ [

CHs—C—0CH; + H' s CHy (288 — CH,—C—OH + CHyOH
OH OH

A general-acid can be a weaker acid

general-acid-catalyzed elimination of the leaving group

CpH +OH

| |

CH3—(|3—OCH3 —> CH;—C—OH + CH;OH
OH\>H—A A

4
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ADDITION ELIMINATION

LG (’LG

Mu
'ﬁ e ML . -
N slowy fast

M eisenheimer Complesx
Fesanance Stabilized

LG & LG o LG

QNU (PQLNU , | Nu
‘_? =] g

Resonance Stabilization of the Intermediate Anion
[The Meisenheimer Complex]




LG

LG

CF4, O, CHO, COR, COOH, Br, Cl, |

Common Activating Groups for NAS

LG



_CHaCH;

O CHiCH—0  0—cCH,
O3M MO, o AN NO,
SOCH,
—_— -
MO, /Ni?’
@D D@

Mealsanhaimer Complesx







Nucleophilic Aromatic Substitution for Hydrogen NASH

H
H  MNu H  Mu
E— e e T—
NDE N:t:’ N@'
=ToNe on” "n®

Ly



) 38— Cada anilSea

R I‘*"":;FI
MH; NH
e o
-
R B =



LG LG
SN
ASH ¥y ‘J@

BiNu

g

BENZYNE

ELIMINATION

@:‘3 - O e_)emu

BIN

BEMNZYNE
[Aryne]

ADDITION

X

H

MU

L



LG
Substituent Substituent

—  w» Mo Reaction
Base

LG
Nu .
— 0 —CrF - (I
H Mu

~50% ~50%
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sp? Hybridized

(H

‘ uumH

sp3 Hybridized



A

-R

R— B
\¥R

benzylic

1) LGl 5l

« H R—
R
R
allylic
i
H\ C— /H
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H a a, =22gauss

a

g H.C . CH, g @, =250auss
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_ |
(CH3);C—N=0 (CH,),C —N—R

O
T o
—N=CHPh* R» ——= (CH,),C—N—CHPh
|
R

(CH,),C
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A—B >A + B

Kcal/mol W 45 sa3 oS 2 g (55 )

H-H 104
F-F 38
Cl-Cl 58
Br-Br 46
CH3-H 104
1°C-H 08
2°C-H 95
3°C-H 91
Ar-H 112
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CH

[ 3 _CH
H,C—C <=——— H,C=—\ + H k48 il pula- )
) S
CH, CH,

SENsrE st o
CH, c” CH, CH,

JPR|ISL UL DURL IPYRP KV §



Table 28.3 Some Radical Initiators

e e
CH3CIIO—OH — CH3(|IO- + -OH
CH, CH;

I I |
KOﬁO—OlleK — 2Ko|s|:o-

O O o)
C|H3 CH; <|:H3
CH3(|ZO—O(|ICH3 — 2CH3(|ZO-
CH, CH, CH,

O 0
| I

CIJH3 C|H3 CH;
CH3(|:_N:N_C|CH3 — 2CH3(|:' aF N2
C=N C=N C=N

i
CO—0C = 2QCO-
H
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1. Initiation reaction

Ch — o 2C|s

2. Chain propagation
Cle + CHJ—F HZl + CHS'I

CHy® + Cly —= CHzll + Cl »

24 Chain termination reactions

) ® + (e ————- |j:|2

CHgi + CHH. — = CHS—CHg

Cl# + CHy# — CHsCl



CHAIN REACTIONS

Me;COOCMe, 22, Hpe co- Initiator dissociation

H

|
Me;CO- + CH,—CHCl — MeJCOCHz——(li'

Initiation
Cl
H

—_—

|
Me,COCHz—C"- + CH,—CHCI
Cl

e T
Mc,CO—CHz——(IZ —CH;—C- Initial propagation
Cl1 Cl1

H
I
Mc,CO{CHJ—C CH,—<I: + CH,=CHCl —

Cl1
Me;CO—+CH,— CHz—C- Propagation
l e
Me;CO{CH;-C}CH;-—C + C—anl[c—CH EILOCMC —
Cl

Mc:,CO{CHz—C}CHZ—C—C—CHz{C—CHz}OCMc_,, Termination
H H H H
Mc;CO{CH;—C!‘J‘CHZ-—CI- + -(E‘—-CH;{C'—-CHZ}OCMQ, R —
S & 3
H H H H
Me,CO CH;—C"}CH;—C’—H + (13=CH{C'—CHZ}OCM¢, Termination
af. & : & a

Cl



CL AN

= Lo A

fraction of molecules ——

having energy E

room temperature 100°C
(300°K) \ (373°K)

1 kcal/mol

!
|
|
) 10 kcal/mol
: I
|
|

: 19 kcal/mol
| |

—> energy (£)



Reaction-Energy Diagrams

= For a one-step reaction:
reactants — transition state — products

= A catalyst lowers the energy of the transition state.

energy ——

transition state
\ :

(products)

reaction coordinate ——



Energy Diagram for aTwo-Step Reaction

= Reactants — transition state — intermediate
= Intermediate — transition state — product

energy —

ml:. -determining
transition state

/\\K‘T/*\
H® =+ 14

CH, + CI *CH; + Cl,
overall

AH® =25

AH® =-26

¥

CH,Cl + CI-

reaction coordinate —»=



+

X+ CH, > HX + -CHs
X E. Rate @ 300K Rate @ 500K
F  1.2kcal 140,000 300,000
Cl  4kcal 1300 18,000
Br 18 kcal 9 x 10° 0.015

| 34 kcal 2 x 107 2 x 10™



Chlorination of Propane

1°C
/ \ Cl cl

CH3—CH,—CHs + Cl, —NY » CH,—CH,—CH; + CH3—CH—CHs

2° C
difference in activation

T 1°F energies (about 1 keal)

] -

: E”‘ 2° ‘Ec." 20
. O i
2 | CH,CH,CH, + Cl- |- radical
2| : CH,CH,CH, + HCl

3 keal difference

CH,CHCH, + HCI

2° radical

reaction coordinate ———»



Bromination of Propane

1°C
/ \ Br Br
heat | |
CH3—CH,—CH3; + Br, ——— CH,—CH,—CH; + CH3—CH—CHjs
2°C

difference 1n activation
energies (over 2 kcal)

1° radical
CH,CH,CH, + HBr

1 3 keal difference
CH;CHCH; + HBr
2° radical

energy — g
o
ey
I~
]
try

CH,CH,CH, + Br-

reaction coordinate ———»



energy — -

Bromination vs. Chlorination

about 2.5 keal
difference
in

CH;CH,CHj,
+ Br-

CH;CH,CH,
+ HBr

; Q

3 keal

2':\
CH;CHCH; + HBr

reaction coordinate ——=
(a) BROMINATION

endothermic
TS close to products
large difference in E |

energy —

CH;CH,CH,
+ Cl-

about 1 kcal
difference

in £

CH,CH,CH, + HCI

;Cl

1
3 keal

20
CH;CHCH; + HCl

reaction coordinate ——m-

(b) CHLORINATION
exothermic
TS close to reactants
small difference in E_



Endothermic and Exothermic Diagrams

——————— close in

} energy
‘ products

N/
close in
structure

+

reactants

close in transition state
energy r i

-

reactants ’
¥

close in

Structure

products




Reaction
H-Br

H H N
H3C 2 3
i >HC +H3C + HsC * H,C o
3
H H o Br )
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Reaction

H-Br
H H B H +
Hs H H H A H
HaC Br 3 Hs 3 Hy H
3 T T e T HC Ho+ HaC * HC o
Br
T H
mitiation
(\
Br:Br —— Br + Br
_______ Y
propagation
HO N
H3 H *Br
H;C —_—
step 1

H “H rate determining



propagation

HO N
H 3C\ H *Br
H3C | —— uBr+
H step 1
H “H rate determining

g

two different allylic sites

y

H step 1
rate determining

B H
Hs H3 H
S HyC
H,C BFC,Br 3
H ‘ H
H “H -

step 2 and
Yy H H
H3 H H3 H
H3C B Br H3C H
HUT” Br
H H H H
H
H
Hy H Hs -



H

step 2



no

Markovnikov >= + HBr peromdes» %Br
addition

2-Methyl- 2-Bromo-2-
propene methylpropane

Non-Markovnikov >= . npr Peroxides >_/Br

addition
2-Methyl- 1-Bromo-2-
propene methylpropane
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R—NEN—R—>[R‘ + N=N+ R']

I jus
2R +N, N, + R-R
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Propane radical

._.l' 1A
s e

Fropene radical
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X
7@\? o 6-0—( )—x PO EL IR LR BRI e

Ph
O PP
P
R—C —sR.+ CO
O
J\ — =R+ CO, A NI [ ERPV |
R O
4 o)
\(lk + CH3 (0-5%)
O -,
© ) B u.u.u&.i
R < + CHCH, o0
o)
/lb * (CH,),CH (35%)

o
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2CH,CH,CH, —mn® ycH,CH,CH,CH,CH,CH,
2CH,CH ,CH , —==eerona®n 5 ¢H ,CH,CH, + CH,CH =CH,
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Fe*? + ROOH ——> RO +OH ™ + Fe*?
RO + Fet* ——> RO~ + Fe**
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B-A+R—> B +R-A
tBUOCI —»tBUO +ClI
tBUO + RH ——tBUOH + R
R +tBUOCI —— RCI + tBUO"
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NBS for Br, <;> . QBr
A

O O
N-Br ——» N-H
O O
hv
e [N BB
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JCH(CH, ), +4C (CH, ), + RH
¢C (CH;),+0,—>¢C(CH,),00

¢C(CH;),00 +¢CH(CH, ), —>¢C(CH; ),00H +¢C (CH, ),

Overall : gCH(CH, ), + O, —— ¢C(CH, ),OOH
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¢C(CH,),00H —*¢C(CH, ),00H; —2 3 +C(CH, ),0¢
+C(CH, ),0¢—2250OHC(CH, ),0¢——>0=C(CH,), + HO ¢
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ArN; +OH™——> ArN =N -OH
ArN=N-OH+OH  © ArN=N-0"+H,0O

ArN =N -0~ + ArN; ——> ArN =N -0O—-N = NAr
ArN=N-O-N=NAr——> Ar+ N, + ArN=N-O

C.__H

Ar
@Ar + Ar-N=N-O —> ©/ + Ar-N=N-OH
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4 ° I ﬂ\f
AeB —» A®. B n\llilon
Free radicals - these are very reactive

A® + monomer 1

\

A2 —monomer 1

This is very reactive and can react with
other monomers...
like menomer 2...

A®—monomer 1+ monomer 2
¢ Propogation

A2—monomer 1—monomer 2

This is very reactive and can react with
other monomers...
like monomer 3...

AL —monomer 1—monomer 2 + monomer 3

v

A®—monomer 1—monomer 2 monomer 3 |,




AB— A + B’

A + monomer 1

v

A —monomer 1

+ monomer 2

\

A—monomer 1—monomer 2

A—monomer 1—monomer 2 + Ammonia

(NH3)
v

A—monomer 1—monomer 2 + NH,"

Propogation

T

Chain
Transfer

!



A'B” + monomer 1

v

A" B- — monomer 1

+ monomer 2

v

A'B"—monomer 1 — monomer 2

A'B"—monomer 1 — monomer 2

v

monomer 1— monomer 2 + HA'B~

Intiation

N

P

Propogation

~N

T

Chain
Transfer

l



STABLE FREE RADICAL POLYMERIZATION MECHANISM
C H.COOCC H,
0 0

! ! HEAT

CHCO & o OCCH,
CH, CH, O 0
CH, N CH,

CH=CH,

aE ]
TEMPO ﬁ ‘ +TEMPO

Stable Free Radical C'ﬁH_tE'D ) 'C'H: -CH - TEMPO

0
D Fropagating
HEAT Chain

C.HCO-CH,-CH e & TEMPO
0

CH=CH,

CHCO-CH,-CH ----- CH,-CH - TEMPO

Functicnalized chain ° ¢

ends reduce premature Centrolled chain
termination by coupling groth undil

MCACMES IS
conaumed

C,H,CO-|CH, - CH -} CH, - CH - TEMPO

Marrow molecular weighl
distribution polymers
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States of Carbenes and a8 laal

Singlet state: carbocation-like in nature, trigonal planar geometry,
electrophilic character : .
P D AU ol

D A (pliia

Triplet state: diradical-like in nature, linear geometry




RS At (slelaS|

+ -

R,C=N=N: ﬂ»RCRﬂLNzT

A (singlet)
o . A
R,C=C=0 ? R-C—-R + CO
A (singlet)
RCHX, + base —>» R—éXz_ i» R—-C-X
' H .
RCHX, + RLi —23 p_ c Li —» R-C-H + LiX
(where X =1 & Br) X (carbenoid)
' X ..
RCHX, + RLi —Si p_ c i —» R-C-X + LiX
(where X =F & Cl) X (carbenoid)
Zn-Cu . :
CH,1, ~ther [—CH,-Zn —1 (Simmons-Smithreagent)

a carbenoid species that reacts stereospecifically
with alkenes to give cyclopropanes but does not
insert into alkane C-H bonds
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a) Insertionintoa o-bond: —(li—H + CH, —>» —?—CHZ—H
Seee” b Gy — —Cog
iti _bond: c=c’ + CH —C—-C—
b) Additionto a m-bond: Y N 2 \ /
C
7N\ v
.. .. /
¢) Ylide type rxn: R,C + :X=Y —» R,C-X—<Y —>» RzC\
\ U X:
an ylide
d) Intramolecular insertion: c
H;
H
3C\C/H H3C\C/ H3C\C
—> , + +
H,C~ " C-CH, HyC" “CH=CH, H,c~ “c-CH,
B : CH,
(5%) (90%) (5%)
1,2-insertion 1,2-insertion 1,3-insertion

e) Cracking: ‘>\1Q—H — > I + H-C=C-H

.. + .. e+ + ..
f) Dimerization: R,C-N=N: + CR, —» R,C-N=N—-CR, —» R,C=CR; + N;



Mechanistic Aspects of Carbene Chemistry

» Olaalis
A. Gas Phase Experiment at very low pressure: CH
3
+ _ I
CH,=N=N: + CH,CH,CH,CH,CH; —1¥-3 CH;(CH,),CH; + CH;—-CH—CH,CH,CH;
@) (1)
~499 ~349
2 (|3H3 Yo
+ CH3CH2 _CH _CH2CH3
(1II)
~17%

Point of Information: As the pressure of the system is increased (nitrogen or argon added),
the yields of (IT) and (IIl) increase at the expense of (I).

B. Liquid phase experi ment

v H3C\ /CH3
CH,=N=N: + /C =C N _hv 5, cis-1,2-dimethylcyclopropane
H H (only organic product)

Point of Information: When an inert diluent such as perfluoropropane is added to the starting
materials, a mixture of cis- and trans-1,2-dimethylcyclopropanes is obtained.
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Explanation for Gas Phase Experi ment:

At very lowpressure, reactive, singlet carbene inserts in the alkane C-H bonds in a completely
random, statisticalmanner. However, upon addition of nitrogen or argon gas to the reaction,

singlet carbene reverts to less reactive (more selective) triplet carbene via non-productive collisions
with the inert diluent.Triplet carbene shows a preference for attacking tertiary and secondary
hydrogen atoms rather than primary hydrogen atoms. Hence, formation of more tertiary and
secondary abstraction products at the expense of primary abstraction product.

Explanation for Liquid Phase Experiment:

C5F

CH, 38 CH2 CH2-+ CH2+
Ay o m, | Aow R / +
singlet < triplet - )C—C"'\ spin e .C

H,, + ' + * + st diradical CH; inversion H;C*™ \CH3
H, C/C C\CH3 H3C/ \CH3 lrotation
ring
l closure CH2'+

H, /

H3C/ \H

cis product

H;C CHj; trans product <& :
cis only ring closure
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a)

b)

d)

+ —
R-N=N=N ﬂ» R- N +N2T
= alkyl,aryl, H A

+
R—S0,—N=N=N- ﬂ» R—S0,—N +N2T

= alkyl, aryl A

RO—C—N N=N ﬂ» RO—C—N +N2T

O A O
R = alkyl, aryl
RO-C~NH -0~ SO2@N02
O
base

RO-C—N- o—soz@ 7

O

Ro—I(I:—I}j +:Q—802@N02

(nosylate)



Liquid phase experiment

H CH;
cis trans
(predominant aziridine product)  (minor aziridine product

Point of Information: When an inert solvent 1s added to the reaction mixture, more trans-
product is obtained at the expense of the cis-product.



Explanation for Nitrene Cycloaddition: R

RNy RN v
by A . ’
singlet < triplet. ~ —®» e pett T T n,

C—C~ spin C
+ + H3C/, . \CH3 inversion H3C/ \CH3
H + + H H + + .H diradical
"l.,_C_C_.-"' "l.,_(':_(':_.-"' rotation
™ NCH; H e NCH,
ring R
closure I\II+
R cis product H--../ .fl,.CH3
I '.C_C.
. trans product <& ,
T, T ring closure
H,C : CH;

C1§



Insertion - Observations




R-N + alkane —> alkane insertion products

(singlet)
Alkane Relative reactivities
CH3 CH3 R N CH3 CH3 CH3 CH3
H3C C_C CH3 —> H3C C_C CH3 + H3C C_C CH2_NH
H H H NH —R H H R
67.0:1.0
T ey 1B it
H3C—C—C—CH3 g H;C— C C CH; + H;C— C C CHZ—NH
H H H NH —R H H R
9.0:1.0

Singl et nitrene C-H insertion selectivity: tertiary C-H > secondary C-H > primary C-H
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