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 Introduction

e The polarity of a carbon-halogen bond leads to the
carbon having a partial positive charge

— In alkyl halides t (5; ;{ causes the carbon to become
activated to subyy pactions with nucleophiles

C—XBond
length (A)
C—X Bond
strength
(kd mol=™)
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 Nucleophilic Substitution Reactions

* |n this reaction a nucleophile is a species with an
unshared electron pair which reacts with an

r Leaving group
Nu:~ + R[:X: —> Nu:R+:X:"
Nucleophile J Heterolysis

occurs
here.

HO:~ + CH;—1: —> CH;—OH + :1:°

CH,0:~ + CH;CH,—Br: —> CH,CH,—OCH, + :Br:"
:1:~ + CH;CH,CH,—Cl: —> CH,;CH,CH,—1: + :Cl:"
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cleophile

o deficient

This is the positive The electronegative halogen
center that the polarizes the C—X bond.
nucleophile seeks.

H—(|)= +R—}:§:—> H—O*>R + ’X’_

H H

Nucleophile Alkyl Alkyloxonium
halide ion

HO ||

H—O0—R + H,0* + :X:"
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Leaving Group

e A leaving group is a substituent that can leave as a
relatively stable entity

WIS NG -~ + R—L —> R—Nu + L [REES

HQ:_ = CH3_(;'I: — CH3_OH = :(;'l:_
H;N: + CH;—Br: —> CH;—NH;* + :Br:-




Kinetics of a Nucleophilic Substitution
Reaction: An S,2 Reaction
* The initial rate of the fol!owing reaction is measured

CH;—Cl + OH™

* The rate is directly proportional to the initial
concentrations of both methyl chloride and hydroxide

Experiment Initial Initial Initial Rate
Number [CH;CI] [OH] (molL's™)

49 x 1077
9.8x 1077
9.8 x 1077
19.6 X 10~

e The rate equation reflects this dependence

ate = k[CH,CI][OH ]

e S\ 2 reaction: substitution, nucleophilic, 2nd order
(bimolecular)




The negative hydroxide
ion brings a pair of
electrons to the partially
positive carbon from
the back side with
respect to the leaving
group. The chlorine
begins to move away
with the pair of
electrons that
bonded it to
the carbon.

e A Mechanism for the S, 2 Reaction

Transition state
In the transition state, a
bond between oxygen
and carbon is partially
formed and the bond
between carbon and
chlorine is partially
broken. The
configuration of the
carbon atom begins to
invert.

Now the bond between
the oxygen and carbon
has formed and the
chloride ion has
departed. The
configuration of the
carbon has inverted.

e In the transition state of this reaction bonds are partially
formed and broken

— Both chloromethane and hydroxide are involved in the transition

state and this explains why the reaction is second order
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Transition State Theory: Free-Energy
Diagrams

e Exergonic reaction: negative AG° (products favored)

CH,—Cl + OH  —>CH;—OH + CI-  AG® = — 100 kJ mol 'l&
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* An energy diagram of a typical Sy2 reaction

— An energy barrier is evident because a bond is being
broken in going to the transition state (which is the top of
the energy barrier)

— The difference in energy between starting material and

Transition state (AG* )
6-Nu---R---Ld-

es and

Free energy of | AG°
activation

Reactants

Free-
energy AG°
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e In a highly endergonic reaction of the same type the
energy barrier will be even higher (AG* is very large)

Transition state

Reactants




* There is a direct relationship between AG* and the
temperature of a reaction

— The higher the temperature, the faster the rate

k= koe—AGi/R

— Near room temperature, a 10°C increase in temperature causes a doubling of rate

— Higher temperatures cause more molecules to collide with enough energy to reach
the transition state and react
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e The energy diagram for the reaction of chloromethane
with hydroxide:

) Transition state ‘
“HO — CHy— 0L

Free energy of

HO + CH,CI activation

Reactants

AG”=

Free- — 100 kJ mol™?
energy

Products

— A reaction with AG* above 84 kJ mol! will require heating to
proceed at a reasonable rate

— This reaction has AG* = 103 k) mol so it will require heating




The Stereochemistry of 5,2 Reactions

e Backside attack of nucleophile results in an

+
-+
H,
8—

HO-

H—

C
C---Br

|
A
H CH,,

7
An inversion of configuration

(R)-(—)-2-Bromooctane (8)-(+)-2-Octanol
[alf; = —34.25° [a] = +9.90°
nantiomeric purity = 100% Enantiomeric purity = 100%

H,C "
C +:C1-
H :OH

cis-1-Chloro-3- trans-3-Methylcyclopentanol
ethylcyclopentane




e The Reaction of tert-Butyl Chloride with Hydroxide
lon: An S, 1 Reaction

 tert-Butyl chloride undergoes substitution with hydroxide

* The rate is independent of hydroxide concentration and
depends only on concentration of tert-butyl chloride

acetone

(CH;);C—Cl + OH™ > (CH;3);C—OH + CI”
Rate « [(CH,);CCl]

Rate = k[(CH,),CCl]

» S\1 reaction: Substitution, nucleophilic, 1st order
(unimolecular)
— The rate depends only on the concentration of the alkyl halide

— Only the alkyl halide (and not the nucleophile) is involved in the
transition state of the step that controls the rate
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Multistep Reactions and the Rate-

Determining Step

* |n multistep reactions, the rate of the slowest step
will be the rate of the entire reaction

T ic i ko : ky . : ks
e h 5} IReactant ——> intermediate | ——> intermediate 2 ——> product
(slow) (fast) (fast)

Step 1 Step 2 Step 3

Reactant

Slow

(rate

Narrpw determining)
opening

(rate ‘
determining) Intermediate 1

[ Fast
Large

openings Intermediate 2

l Fast

Product




next
slide)

e Step 1 is rate determining (slow) because it requir
the formation of unstable ionic products

* In step 1 water molecules help stabilize the ionic
products




slow

§—

H,0

Aided by the polar
solvent a chlorine
departs with the
electron pair that
bonded it to the

carbon.

CH,

Je =
H3c—c<f+\=o—ﬂ

CH, H

A water molecule acting
as a Lewis base donates

an electron pair to the
carbocation (a Lewis

acid). This gives the

cationic carbon eight

electrons.
Step 3

T

CH; H H
A water molecule acting as
a Brensted base accepts a

proton from the
tert-butyloxonium ion.

-

(CH3),CCl + 2 H,0 — (CH;),COH + H;0" + Cl

/CHJ
HC—CE +:Cr
CH,

This slow step
produces the
relatively stable 3Y
carbocation and a
chloride ion. Although
not shown here, the
ions are solvated (and
stabilized) by water
molecules.

CH,
fast | i
— HSC—(ll—(|)—H
CH, H
The product is a
tert-butyloxonium ion
(or protonated
tert-butyl alcohol).

CH,

fast | .

O*H + }0—H—H,C—C—0: + H—0*H

| I |
CH, H H

The products are tert-butyl
alcohol and a hydronium ion.

S AG* ;) is much

Transition larger than
state 1 AGi(z) or AGi(s),
hence this is
the slowest step

Reaction coorlial
Step 2
Transition

state 2

AG' ()

Reaction coordifiaté

Step 3

Transition
state 3

AG'




Carbocations

stable)

=  Methyl
(least
stable)

@

ation is, the

isier it is to form




e Hyperconjugation stabilizes the carbocation by

donation of electrons from an adjacent carbon-
hydrogen or carbon-carbon ¢ bond into the empty

p orbital

— More s prtunity for
hyperco —

Vacant p orbital

H s H
more /. more /

5+CH _>Ca+ more 5+CH _,Ca+ 5+CH —>C5+ H_c+
3 3 3 stable \

\ stable \ stable \
than H than H than H
H,
6+
tert-Butyl cation Isopropyl cation Ethyl cation
(3°) (most stable) 27 (1°)

Methyl cation
(least stable)




The Stereochemistry of S, 1 Reactions @

e When the leaving group leaves from a stereogenic
center of an optically active compound in an S 1
reaction, racemization will occur

— This is because an achiral carbocation intermediate is
formed

GHLEEOH, CH,CH,CH,

S— ~C—OH + HO—C., + HBr
acetone H-_;C A\ ‘ \ //CH-{

CHqCHJ CH3CH2 CHJCH3

(5)-3-Bromo-3- (5)-3-Methyl- (R)-3-Methyl-
methylhexane 3-hexanol 3-hexanol
(optically active) (optically inactive, a racemic form)




CHZCHZCH3
The carbocation has
a trigonal planar structure
and is achiral.

CH,CH,CH, HOH CH,CH,CH,
. Front-side \ /D ! i
Back-side ’ C—O* L—0:

o

attack attack HCY Y\ HCY L\

1 H
CH,CH,CH, CH,CH, CH,CH,

| f—> Enantiomers _— A racemic mixture
ast

H CH,CH,CH CH,CH,CH
H,C CH,CH, f_) N 2 Lo

¥+ 3
Front- and back-side ==, : C. a3 H30+

. y, ty,
attacks take place at equal HQH / \ ICHS \ /CH3
rates, and the product is kL CH,CH, CH,CH,
formed as a racemic
mixture.
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Solvolysis

e A molecule of the solvent is the nucleophile in a
substitution reaction

sealble Solvant icawatar the rogction ic o byvdrolysis
(CH3)3C_BF A= HZO E— (CH’;):;C_OH + HBr

] ]

(CH,),C—C1 + HCOH —> (CH,),C—OCH + HCl




* Factors Affecting the Rate of S 1 and SN?
Reactions

— The Effects of the Structure of the Substrate

— 5,2 Reactions

22 Neopentyl

(0.03) (0.00001)

Relative rate
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— S,1 reactions

e Generally only tertiary halides undergo Sy 1
reactions because only they can form relatively
stabilized carbocations

— The Hammond-Leffler Postulate

e The transition state for an exergonic reaction looks
very much like starting material

Transition Transition -
state state C reaction

Highly  Reactants Products
exergonic

step

e Generally ost like the
species it |

Highly Reactants
endergonic
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* In the first step of the S 1 reaction the transition
state looks very much like carbocation

e The carbocation-like transition state is stabilized by
all the factors that stabilize carbocations

e The transition state leading to tertiary carbocations

e =N s =N

onization of the Leaving Group

CH,

Reactant Transition state Product of step
Resembles product of step Stabilized by three
because AG® is positive electron-releasing
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— The Effects of the Concentration and Strength of
Nucleophile
— 5,1 Reaction

e Rate does not depend on the identity or concentration
of nucleophile

— 5,2 Reaction

e Rate is directly proportional to the concentration of
nucleophile

e Stronger nucleophiles also react faster

— A negatively charged nucleophile is always more reactive
than. o ) -- u,-,n
YIIRO~ > HO~ >> RCO,” > ROH > H,0
atom, nucleophiicities parallel basicities

ame nucleophilic

rapid




— Solvent Effects on S, 2 Reactions: Polar Protic and
Aprotic Solvents

* Polar Protic Solvents

— Polar solvents have a hydrogen atom attached to strongly
electronegative atoms

) reactive

Molecules of the protic
solvent, water, solvate

a halide ion by forming
hydrogen bonds to it.

— Larger nucleophilic atoms are less solvated and therefore more
reactive in polar protic solvents

I">Br >Cl” >F~

— Larger nucleophiles are also more polarizable and can donate more
electron density

— Relative nucleophilicity in polar solvents:
SH->CN->1I">0H >N;  >Br~ >CH;CO,” >Cl- >F >H,0




Polar Aprotic Solvents @

— Polar aprotic solvents do not have a hydrogen attached to an
elctronegative atom L
{ —— 0" i) o

I ../ "/
H—C—N H,—S—CH, CH,C—N_

-'O'u
(CH,),N—P—N(CH,),

CH, CH; :N(CH,),

,N-Dimethylformamide Dimethyl sulfoxide Dimethylacetamide Hexamethylphosphoramide
(DMF) (DMSO) (DMA) (HMPA)

— They solvate cations well but leave anions unsolvated because
positive ' C. CH, g cred

:OH,

r P 0O: o
H,0:, © ° :OH, ¢ :0=S(CH,),
Na*’ Na’
H0:" % ':OH, L :0=S(CH,),
" :OH, - ° 0 .

H,C CH,
A sodium ion solvated A sodium ion solvated by
by molecules of the molecules of the aprotic

protic solvent water solvent DMSO rd” and ve ry rea ctive
nucleophiles

— Trends for nucleophilicity are the same as for basicity
— They are excellent solvents for S, 2 reactions

F~->Cl">Br™ >1"
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— Solvent Effects on S, 1 Reactions: The lonizing
Ability of the Solvent

 Polar protic solvents are excellent solvents for S 1
reactions

CH,),C—Cl —> [(CHQ)QC —> (CH),C* + CI

Reactant Transition state Products
Separated charges are

developing.
most common




— The Nature of the Leaving Group

* The best leaving groups are weak bases which are

relatively stable
— The Ieaw o org

* leaving gro

| F>>Cl">Br >1"
e This trend is OPPOSILE L0 De

An alkanesulfonate ion An alkyl sulfate ion

u~ -~ >R—OH—¥— R—Nu + OH~
This reaction does not
take place because the
leaving group is a strongly
basic hydroxide ion.

&

This reaction takes place
because the leaving
is a weak base.
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— Summary Sy 1 vs. 5,2

* |n both types of reaction alkyl iodides react the

ERENE R Br>R—Cl Syl or Sy2idiia]

Sy S N2

Substrate 3° (requires formation of a Methyl > 1° > 2° (requires
relatively stable carbocation) unhindered substrate)

Nucleophile Weak Lewis base, neutral Strong Lewis base, rate favored
molecule, nucleophile may be the by high concentration of
solvent (solvolysis) nucleophile

Solvent Polar protic (e.g., alcohols, water) Polar aprotic (e.g., DMF, DMSO)

Leaving group | > Br > Cl > F for both Sy1 and S32
(the weaker the base after the group departs,
the better the leaving group)




e Organic Synthesis: Functional Group
Transformations Using S,2 Reactions

OH

Alcohol

Ether

Thiol

Thioether

R—X Nitrile

(R = Me, 1°, or 2°) ,
(X =Cl,Br,orl) " Alkyne

Ester

Quaternary ammonium halide

Alkyl azide

4
-N=C—C‘,”H

eactions

5,2

(inversion)

2 CH,CH;
(R)-2-Bromobutane (S)-2-Methylbutanenitrile




Substitution versus Elimination

e Primary substrate
— If the base is small, Sy2 competes strongly because approach

C,H,OH
CH,CH,0O"Na*™ + CH,CH,Br 5w ©
(—NaBr)

CH,CH,OCH,CH, + CH,=CH,

S\2 E2
(90%) (10%)

e Secondary substrate

35°C
(—NaBr)

C,H.OH . .
CH,CH,0 Na* + CH3(|JHCH3"—> CH,CHCH, + CH,—CHCH,®A=ollsE1d[e)

Br OCH,CH,
S\2

(21%)




e Overall Summary

Factor

Substrate

Nucleophile

Solvent

Leaving group

Sy1

3° (requires formation of a
relatively stable carbocation)

Weak Lewis base, neutral
molecule, nucleophile may be the
solvent (solvolysis)

Polar protic (e.g., alcohols, water)

Methyl > 1° > 2° (requires
unhindered substrate)

Strong Lewis base, rate favored
by high concentration of
nucleophile

Polar aprotic (e.g., DMF, DMSO)

| > Br > CI| > F for both Sy1 and S2
(the weaker the base after the group departs,
the better the leaving group)




THANK YOU
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