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Substitution reactions

Tf,0,
H pyridine, H
HO///, = O = CH,CI, TfO/,// =_0O =
>
‘y
= O = //OH = 1
H =z O |E| ‘OTf

nBu,4NBr,

Even seemingly simple reactions do not always go well. tc;leL;Funxe,
But not an easy pair of S\2 reactions! Y
H

See Sheldrake et al., Org. Biomol, Chem., 2009, 7, 238
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19 % over 2 steps

( 8 other methods failed!)
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Substitution reactions

Nal Me3SiCl H

MeQO
IC))\\\\:(l MeCN = O/
3 -
H O then W

OMe  (Me;Si),NH I

But other more complicated reactions go very well!

WM -

See Sheldrake et al., Org. Biomol, Chem., 2009, 7, 238
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Reaction orders and rate laws

: o
A+B+C ——» P Wha_t Is the mechanism? o
Not just curly arrows but timing!

d[P
Rate of a reaction is defined as [P where
dt
d[P] . :
— =k [A]a[B]b [C]® wherea, band c arethe ORDERs of the reaction with respect
dt to the concentrations of A, B and C. k is a constant.
Remember
a) a, b or c can be zero.
b) orders for simple processes are often integers.
d[P]
i =Kk [A] Simple unimolecular kinetics
t
d[P]

=k [A]? or k[A][B] Simple bimolecular kinetics
dt
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What do we want to know?

The S\2 reaction:

H
H
NH $—Br
H

Transition state -
an energy maximum point along the reaction path

1) What is the structure of the transition state?

2) What is the energy of the transition state?

BIG problem:

Population of the transition state is effectively zero
so we have to use indirect methods to study it.
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The Sy2 reaction:

H
H
NH $—Br
H

POC4SOC

What does TS theory say?

Some assumptions:
1) The reaction is defined as a two-step process

2) Starting materials are in equilibrium with the TS

3) the rate of the "second step" is defined by
statistical mechanics:
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The Sy2 reaction:

H
H
NH $—Br
H

What does TS theory say?

POC4SOC

- St
H
H
k? ® H
HaN----x----Br > H3N—€
E H
d[prod
given that Lprod] =k2[T.S.]
dt
[T.S]
and K=
[NH3] [CH3Br]

[ T.S.] = K [NH5] [CH3BI]

d[prod]

= k? K [NH3] [CH3BT]

dt

©

Br
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What does TS theory say?

The Sy2 reaction:

H H K1
NH3 ﬁ—Br — —
H

-
k2 ® HH ©
> HSN—Q Br
H
d[prod
% = k? K [NH3] [CH3BT]
t

[ T.S.] = K} [NH3] [CH3Br]

AG = -RTInk?
Therefore we know

1) Which (and how many) starting materials
are needed to make the T.S.

2) How much higher in energy is the TS than
the starting materials.
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What does TS theory say?

The S\2 reaction:

H H K1
NH3 9—81’ = —
H

_ i
k2 @ I_I|_| ©

We know

1) Which (and how many) starting materials are needed to make the T.S. of the rate determining step.
Therefore, we know what concentrations to adjust to make the reaction faster.

2) How much higher in energy is the T.S. than the starting materials.

Therefore we have some initial ideas about the structure of the T.S.

BUT

3) What about the making and breaking of bonds?

There are some methods useful for working out the difference in BONDING between the starting

materials and the T.S. e.g. kinetic isotope effects and free energy relationships. These measure how
broken or formed a bond is.



POC4S0OC POC4SOC

Reaction orders and the molecularity of the R.D.S.

_ o

1
K - K2
starting materials =< — TEmEie SiEls »  product

or R.D. S.

Reaction orders tell us which (and how many) starting
materials are needed to make the T.S. of the R.D.S.

O
C=0 + CI—Cl > )]\ a multistep radical reaction
Cl Cl
A possible mechanism
: d[COCl,]

from experiment ——— "2 =k [CO] [CI,]*? Cl—C| ———— scl”
: : O
This tells us that in the T.S. of the R.D.S. C| * tc0 — )|
there is one CO molecule and 1.5 Cl, ¢

Cl
molecules.

o)
~\ RDS O .
M Nata —— JI_ +c©
Cl Cl Cl
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Stepwise reactions
HaC L CHs B 2 HsC @ O
H,O H3C§—Br — = )@ > "'3C§—OH2 Br
H3C % nge Lk H20 HsC
A B C
1
/% 5 Can we predict the rate expression for a two
k A step process?

Let us assume that [B] is v low during the
reaction, and that it reacts as fast as it is

made.

% = K'[A] - k[B][Br] - K[B][H,0] =0
K'TA]
kBr] + k[H20]

[B] =

d[C k1k?[H,O][A
Y~ \2yim,0] = — 1 22” !
dt k™ [Br] + k“[H,0]
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First step is R.D.S.

H,0 H3(H:?§—Br < j@?’ £ H3EI?§—%>H o
2 ~ 2 Br
HaC L HsC™ CHs HaC
A B C
R.D.S d[C] K'k?[H,O][A]
D. global rate =

dt  kYBr]+ Kk3H,0]

If k[H,0] >> k1[Br]
dic]  K'K[H,O][A]
dt k?[H0]

= k'[A]

me e e s sssssmssssesseo-e The Syl reaction !
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Second step is R.D.S.

HsC 1 CH HsC
HaC? £ e k* Hacoy @ ©
Hzo Br — . OHZ _
H3C k-l HSC CH3 H3C
A B C
R.D.S dic]  k'%’[H0][A]

global rate =
dt kBr] + k?[H,0]

If KYBr] >>k?[H,0]
dic] __ k'’[Hp0]A]
dt kBr]

The Syl reaction but with inhibition by
bromide. If you add more bromide rate
C falls. The common ion effect
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Various types of Sy reaction

1) A bimolecular Sy2 reaction

2) A unimolecular Sy1 reaction

3) A complex Sy reaction with
inverse order kinetics

» Nu—R Br

R (nuTRB
el [Nu’][RBr]
d[NuR]
—— =Kk [RBI]
dt
d[NuR] kk?[Nu][RBI]

dt kBr

POC4SOC
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How does this relate to experiment?

© S,

Nu R—Br » Nu—R PBr

Data from sample reaction 1:

conc. R-Br

conc R-Br vs time

|
g g

0 2 4 6 8 10

time (mins)

POC4SOC



POC4S0OC

First order kinetics

Nu@ R—Br » Nu—R Br@
d[@ = _k [RBI] IN[RBr]; - IN[RBr]g = - kt
dt
In[RBr]; = -kt +In[RBr]g
[RBr]; t
d[RBr] A straight line
RE] O\

or
[RBr], 0 [RBI], = [RB]oet

POC4SOC
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How does this relate to experiment?
S S
Nu R—Br » Nu—R Br
IN[RBr]; = -kt + In[RBr], A first order reaction. Could be Syl
or SN2 if [Nu'] is constant.
In(conc. R-Br) vs time
5
~ 4
o
¢ 3
8?27 y = -0.2092x + 4.6086
£,
0 T T T T T
0 2 4 6 8 10
time (mins)
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How does this relate to experiment?

©

Nu

R—Br » Nu—R PBr

Data from sample reaction 2:

conc. R-Br

80 -

60 -

40 -

20 -

conc R-Br vs time

4 6 8 10

time (mins)

POC4SOC
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Second order kinetics

Nu@ R—Br » Nu—R BrG>
d[RBr] < [RBM] [NUT
— =- r] [Nu
dt
x"dx = 1 xn+1
RB
fRBA=Nu] o -k [RBIP n+1
dt
RB
[RBr]; t L ; .
= kt +
AiREr) > dt [RBr]; [RBr]g
[R-Br]

[RBI] 0 A straight line
0
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How does this relate to experiment?

© ©
Nu R—Br » Nu—R Br
1 1 - - -
=Kkt + Overall second order kinetics so possibly Sy2
[RBr]; [RBr]o
1/[R-Br] vstime

0.12 -
0.1 -
~0.08 -
Z 0.06 -

y=0.01x+0.01

time (mins)




POC4S0OC

Stepwise SyAr reactions

NO
4 2
LN)
O,N
2 X
X
F
Cl
Br
|
NO
4 2
Ph’N‘Me
O,N X
X
F
Cl
Br

NO,

'

. OsN
relative rate

N
3300 O
4.3

4.3
1

NO,

'

relative rate ON

N
bV
1 Ph Me

15
46

POC4SOC
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Stepwise reaction kinetics

NO,
! NO, NO,
R/N\R .
2
O,N = XH'%SR O,N
X R N
R” "R
kl
AR K
N\ X
1,25 .~
d[prod] K k“[pip][ArX]

dt kL4 k2
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Stepwise reaction kinetics

NO,
y NO, NO,
ANeg )
2
O,N il XH,%SR O,N

X R N

R™ "R
kl
AN
RD.S diprod]  K'[RoNH][ArX]

dt KL+ K2

1,,2
. d[prod] k*k“[RoNH][ArX]
If k% >> k' = = k' [R,NH][ArX]
2
dt k

H
A N
T T T O is a relatively poor leaving group, so k'

dominates, so ArF is fastest
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Stepwise reaction kinetics

NO,

| NO, NO,
r7R KL K2
O,N L XHNSR O,N

X R N

R” "R
k2
VR
d[prod] k'k[RNH][ArX]

dt k-l + k2

diorod k k2[R,NHI][ArX
If k1 >> K? [prod] — [R2NAIL !
dt k1

H
CTTToTT T T TmTmmm A mmmE T ph/N‘Me is arelatively good leaving group, so k?

dominates, so ArBr is fastest



