
• Reaction
RX + Nu = RNu + X

• nucleophile, Nu
• species attracted to nucleus (+ region)
• negatively charged or non‐bonded electrons
• generally abundant in aqueous environments

• leaving group, X
• nucleophile substitutes for leaving group
• leaves with extra electron
• negatively charged or non‐bonded electrons
• typically not as nucleophilic as nucleophile

Nucleophilic Substitution
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• Relative 
nucleophilicities (n)
• based on kinetics of 
reaction with methyl 
bromide

• n related to 
electronegativity of Nu

Nu n
ClO4

‐ <0
H2O 0.0
NO3

‐ 1.0
F‐ 2.0

SO4
2‐ 2.5

CH3COO‐ 2.7
Cl‐ 3.0

HCO3
‐ 3.8

HPO4
2‐ 3.8

Br‐ 3.9
OH‐ 4.2
CN‐ 5.0
I‐ 5.0
HS‐ 5.1

CH3Br + Nu‐ CH3Nu + Br‐

faster
Nucleophilic Substitution



• Relative leaving group 
effectiveness

• lower pKa 
better able to 
accommodate negative 
charge 
better leaving group

X pKa

I- (HI) ~ -11

Br- (HBr) ~ -9

Cl- (HCl) ~ -7

F- (HF) 3.17

CH3Br + Nu- = CH3Nu + Br-

better
Nucleophilic Substitution



• Second order, SN2
• nucleophile initiates reaction
• rate depends on nucleophile concentration

• First order, SN1
• leaving group initiates reaction
• rate DOES NOT depend on nucleophile
concentration

Nucleophilic Substitution



• Second order, SN2
• nucleophile bonds with + carbon

• nucleophile supplies electrons for bond
• creates high energy transition state

• leaving group leaves + carbon
• leaving group takes electrons from bond

C

H

ClH
H +  Nu

+
C

H

ClH
H

Nu
C

H

NuH
H +  Cl-

Nucleophilic Substitution



• Transition state
• both Nu and X
are bonded to 
carbon

• stability of 
transition state 
governs rate

• stabile transition 
state = easy to 
form

Nucleophilic Substitution



• Second order, SN2
• kinetics

• CH3Cl + Nu‐ CH3Nu + Cl‐

3
2 3

/3
3

[ ] [ ][ ]

[ ] [ ]

NS
d CH Cl k CH Cl Nu

dt
d CH Cl k CH Cl

dt

 

 

Nucleophilic Substitution



• Metolachlor and
thiol‐derivatized beads

/
2

[ ] [ ][ ] [ ]
NS

d MCl k MCl RSH k MCl
dt

   

Willems et al. (1996, ES&T 30, 2148‐2154)

MCl + RSHM‐SR + H+ + Cl‐

25C

37.5C

50C

Nucleophilic Sub



• First order, SN1
• leaving group leaves + carbon

• forms “carbocation”

• + carbon “finds” nucleophile
• nucleophile supplies electrons for bond

ClC

H3C

H3C
H3C C

H3C

H3C
H3C +  Cl-

Nu

NuC

H3C

H3C
H3C

+

Nucleophilic Substitution



• Transition state
• rate dictated by 
stability of 
carbocation RC+

• SN1 favored by 
bulky R

• steric hindrance of 
Nu attack

breaking
RC-X bond

making
RC-Nu bond

RC+

extent of reaction

rG0

G0

Nucleophilic Substitution



• First order, SN1
• kinetics

• (CH3)3CCl (CH3)C+ + Cl‐

• (CH3)3C+ + Nu‐ (CH3)CNu

3 3
1 3 3

[ ( ) ] [ ( ) ]
NS

d C CH Cl k C CH Cl
dt

 

Nucleophilic Substitution



• Does chloromethane degrade by
A.  first order
B.  second order
nucleophilic substitution?

H

C Cl

H

H

CH3

C Cl

CH3

H3C

k
(s‐1)

[Br‐]

Nucleophilic Substitution



• Does tert‐butyl chloride degrade by
A.  first order
B.  second order
nucleophilic substitution?

H

C Cl

H

H

CH3

C Cl

CH3

H3C

k
(s‐1)

[Br‐]

Nucleophilic Substitution



• Factors favoring SN2:
• + carbon

• nearby electron‐withdrawing groups (e.g., halogens)

• no steric hindrance
• from methyls, from halogens

• Factors favoring SN1:
• stabilized carbocation, RC+

• nearby electron‐donating substituents (e.g., methyl)
• double bond, or aromatic ring

• steric hindrance
• from methyls

Nucleophilic Substitution



• Contrast between SN2 and SN1

Nucleophilic Substitution



H

C Cl

H

H

CH3

C Cl

CH3

H3C

H

C Cl

H

H3C

H

C Cl

CH3

H3C

mechanism/
half-life*

SN2
340 d

SN2
38 d

SN2...SN1
38 d

SN1
23 s

*hydrolysis
at pH 7,
25°C

H

C Cl

H

H

Cl

C Cl

Cl

Cl

H

C Cl

H

Cl

H

C Cl

Cl

Cl

mechanism/
half-life*

SN2
0.93 y

SN2
704 y

SN2
3500 y

SN2
7000 y

*hydrolysis
at pH 7,
25°C





Alkyl bromides leaked into groundwater and dialchyl sulfides found several years later.

Schwarzenbach et. al, Envronmental Science & Technology, 19, 322-327 (1985) 

H2S/HS-

SN2

H2O/OH-

Hydrolysis

Groundwater Contamination by Volatile Halogenated Alkanes: Abiotic 
Formation of Volatile Sulfur Compounds under Anaerobic Conditions



• Elimination
• also called

• ‐elimination
• dehydrohalogenation

• competes with nucleophilic substitution
• favored by “acidic protons”
• faster when SN2 is sterically hindered
• faster for polyhalogenated hydrocarbons

• more steric hindrance
• more acidic protons

Cl
Cl

Cl

Cl
Cl

H
C C

Cl

Cl

H

Cl

Cl

H

Elimination
C C
H X

C C H
+

X+ +



• Elimination
• second order, E2

• nucleophile “abstracts” an acidic proton
• C – C bond becomes C = C
• leaving group on neighbor carbon departs

• first order, E1CB or E1
• acidic proton leaves on its own, E1CB
or
leaving group leaves on its own, E1

• no need for nucleophile

Elimination



• Second order, E2
• nucleophile “abstracts” acidic H

• nucleophile usually OH‐

• strong nucleophile
• C—(H) bond mimics nucleophilic attack

• electrons attack  carbon

• leaving group leaves
• leaving group on  carbon

• takes electrons in bond
• result of “internal” nucleophilic attack

C C

Cl

Cl

H

Cl

Cl

H





Elimination



• Second order, E2

C C

Cl

Cl

H

Cl

Cl

Cl

+  OH- C C

ClCl

+  H2O  +  Cl-
+

C C

Cl

Cl

H

Cl

Cl

Cl

OH

Cl Cl
 

C C

Cl

Cl

H

Cl

Cl

Cl

+  OH- C C

ClHO

+  Cl-
+

C C

Cl

Cl

H

Cl

Cl

Cl Cl H

OH

Cl Cl

SN2

Elimination



• Second order, E2
• kinetics

• Cl3C—CHCl2 + OH‐ Cl2C=CCl2 + H2O + Cl‐

3 2
2 3 2

/3 2
3 2

[ ] [ ][ ]

[ ] [ ]

E
d Cl CCHCl k Cl CCHCl OH

dt
d Cl CCHCl k Cl CCHCl

dt

 

 

Elimination



1,2-dibromo-3-chloropropane 2-bromoallyl alchohol

E2 SN1
Better leaving group



• First order, E1CB
• acidic H released

• electrons from C—H bond return to C—C bond

• leaving group on  carbon leaves
• leaving group takes electrons in bond

C C

HCl

C C

H

H

H

Cl

Cl

Cl Cl

C C

H

H

Cl

+ Cl-

Cl H

Cl + H+

Elimination



• First order, E1CB
• kinetics

• Cl3C—CH3 Cl2C=CH2 + H+ + Cl‐

3 3
1 3 3

[ ] [ ]
CBE

d Cl CCH k Cl CCH
dt

 

Elimination



• First order, E1
• leaving group on  carbon leaves

• leaving group takes electrons in bond

• acidic H released
• electrons from C—H bond return to C—C bond

C C

HCl

+  H+C C

H

H

H

Cl

Cl

Cl Cl

C C

H

H

H

Cl

+  Cl-

Cl H

Elimination



• First order, E1
• kinetics

• Cl3C—CH3 Cl2C=CH2 + H+ + Cl‐

3 3
1 3 3

[ ] [ ]E
d Cl CCH k Cl CCH

dt
 

Elimination



• E2 favored by
• acidic proton vulnerable to abstraction

• E1CB favored by
• very acidic proton
• lacking good leaving groups in 

• E1 favored by
• very good leaving group
• carbocation can be stabilized

• electron‐donating substituents
• less acidic proton

Elimination



• 1,1,1‐Trichloroethane
• substitution and elimination

(Gerkens and Franklin, 1989, Chemosphere 19, 1929)

• SN1 (~75‐80%)
• E1 (~20‐25%)

C C

H

H

H

Cl

Cl

Cl

+ 2 H2O C C

O

OH

H

H

H

+  3 H+  +  3 Cl-

HCl

Cl H

+  H+  +  Cl-

SN1

E1

Elimination



• How does it react? 

Cl

C
H

H Cl

nucleophilic substitution?
A. second order?
B. first order?

elimination?
C. second order?
D. first order?

need 
two C’s

t1/2 (pH 7) = 704 y

Substitution and Elimination



• How does it react? 

nucleophilic substitution?
A. second order?
B. first order?

elimination?
C. second order?
D. first order?

steric 
hindrance

~fast

H

Cl

Cl

F

F

F

E1CB; proton goes first

Substitution and Elimination



• Factors favoring SN2:
• + carbon

• nearby electron‐withdrawing groups (e.g., halogens)

• no steric hindrance
• from methyls, from halogens

• Factors favoring SN1:
• stabilized carbocation, RC+

• nearby electron‐donating substituents (e.g., methyl)
• double bond, or aromatic ring

• steric hindrance
• from methyls

Nucleophilic Substitution



• E2 favored by
• acidic proton vulnerable to abstraction

• E1CB favored by
• very acidic proton
• lacking good leaving groups in 

• E1 favored by
• very good leaving group
• carbocation can be stabilized

• electron‐donating substituents
• less acidic proton

Elimination



• Overall reaction kinetics

• Hydrolysis
• water and hydroxide as Nu
• includes substitution and elimination

1 2 1 1 2
[ ] [ ] [ ] [ ]

N N CBS S i E E E i
i i

d A k k Nu k k k Nu A
dt

 
      

 
 



• Examples
• carboxylic acid esters

• carboxylic acid amides

• carbamates

• phospho‐ and thioesters

H3C
C

O

O

O2N

NO2

2,4-dinitrophenyl acetate

C C
Cl

H

H

O

N CH3

CH3

N,N-dimethyl
chloroacetamide

O

ON
H3C

NO2

4-nitrophenyl
N-methyl-N-phenyl carbamate

S

P
H3CH2CO OCH2CH3

O

NO2

parathion

Hydrolysis of Acid Derivatives



• General mechanism

• Z is C, P, or S (the target of nucleophilic attack)

• X is O, S, NR (heteroatoms)

• L is RO‐, R1R2N‐, RS‐, Cl‐, etc. (the leaving group) 

Z

X

L

OH-

Z

X-

L

OH

Z

X

OH

+  L-

Z

X

O-

+  HL

Hydrolysis of Acid Derivatives



H3C C

O

O R2 C

O

O R2

X,R

H3C C

O

O

R,X

• Nomenclature for carboxylic acid esters

acetic acid esters

benzoic acid esters

phenyl acetic acid esters

Hydrolysis of Acid Derivatives



Hydrolysis t1/2 (d) at 25°C 
for several caboxylic acid 
esters as a function of 
solution pH due to 
changing contributions of 
the catalysis  



• Hydrolysis mechanisms
• acid‐catalyzed – kA (M‐1 s‐1)

• protonation of carboxylic acid ester
• H2O as nucleophile

• neutral – kN (s‐1)
• H2O as nucleophile

• base‐catalyzed – kB (M‐1 s‐1)
• OH‐ as nucleophile

Hydrolysis of Acid Derivatives



Hydrolysis of Acid Derivatives
• Hydrolysis mechanisms

• effect of pH, compound

kh = kA [H+] + kH2O [H2O] + kB [OH‐]

kh =  kH +  kN +  kOH

lo
g 
k h

pH

lo
g 
k h

pH

lo
g 
k h

pH

log kh =  log kN

log kh = log kB Kw + pH

log kh = log kA - pH



Effect of pH:

kh = kA [H+] + kH2O [H2O] + kB [OH‐]

kh = kA [H+]  

kh = kH2O [H2O] = kN

kh = kB [OH-] log kh = log kB + log [OH-]   ma [OH-] = 

log kh =  log kN

log kh = log kB Kw + pH

log kh = log kA - pH

W
+

K
[H ]

log kh = log kB + log Kw - log [H+]



• Determining IAN, IAB, INB
• IAN occurs at the pH at which

kA [H+] = kN INA = log (kA/kN)

• IAB occurs at the pH at which

kA [H+] = kB [OH‐]      IAB = ½ log (kA/kBKW)

• INB occurs at the pH at which

kB [OH‐] = kN INB = log (kN/kBKW)

lo
g 
k h

pH

IAN

IAB INB

Hydrolysis of Acid Derivatives
log kh = log kN

log kh = log kB Kw + pH

log kh = log kA - pH





• Acid hydrolysis important for esters with:
• electron‐donating substituents
• poor leaving groups (high pKa)
• R1 and R2 as alkanes (methyl, ethyl, …)

H3C C

O

O C

CH3

CH3

CH3

H3C C

O

O C
H2

CH3

R1COOR2 + H2O + H+  R1COOH + R2OH + H+

tert‐butyl acetate ethyl acetate

Hydrolysis of Acid Derivatives



• Acid hydrolysis
• protonation

• makes C 
more +

• better target 
for Nu

• Nu is H2O
• rate‐limiting 
step: 
nucleophilic 
attack by H2O

R1 C
O

O R2

+  H+ R1 C
OH

O R2

(1)

R1 C
OH

O R2

+ H2O R1 C

OH

O

OH2

R2 (2)

kA
/

(slow)

fast

fast

fast

R1 C

OH

O

OH2

R2

fast

fast
R1 C

OH

O
H

OH

R2

R1 C

OH

O
H

OH

R2

fast

slow
R1 C

OH

OH

+ HO R2

R1 C
OH

OH
+ H2O

fast

fast
R1 C

O

OH
+  H+ (5)

(4)

(3)

Hydrolysis of Acid Derivatives



• Base‐catalyzed hydrolysis for esters with:
• electron‐withdrawing substituents
• good leaving groups (low pKa)
• R1 or R2 as halogens, nitro‐, chloro‐substituted 
phenyls

R1COOR2 + OH‐  R1COO‐ + R2OH

H3C C

O

O NO2

O2N 2,4‐dinitrophenyl acetate

C C

O

O CH3

Cl

Cl

H

methyl dichloroacetate

Hydrolysis of Acid Derivatives



• Base‐catalyzed hydrolysis
• C already very +
• rate‐limiting
step

• Nu is OH‐

• departure of
leaving group
(fast if pKa is
low; slow if
pKa is high)

R1 C
O

O R2

+  OH- (1)

(2)

(fast...
slow)

slow

fast

slow

fast

fast
(3)

R1 C

O

O

OH

R2

R1 C

O

O

OH

R2 R1 C
O

OH
O R2

R1 C
O

OH
O R2 R1 C

O

O
HO R2

Hydrolysis of Acid Derivatives



• Neutral hydrolysis
• H2O is a weaker, but more abundant, nucleophile
• electron‐withdrawing substituents
• good leaving groups (low pKa)

R1COOR2 + H2O  R1COOH + R2OH

Hydrolysis of Acid Derivatives



• Neutral hydrolysis
• Nu is H2O
• H2O more 
sensitive to

• presence of 
electron‐
withdrawing 
substituents
(+ of C)

• pKa of the
leaving group

R1 C
O

O R2

+  H2O (1)

(2)
fast

slow

fast

slow

fast

fast
(3)

R1 C

O

O

OH2

R2

R1 C

O

O

OH2

R2

R1 C
OH

OH
O R2 R1 C

O

OH
HO R2

R1 C

OH

O

OH

R2

R1 C

OH

O

OH

R2 R1 C

O

O
H

OH

R2

(4)
fast

fast

fast fast(fast...
slow)slow

Hydrolysis of Acid Derivatives



Hydrolysis t1/2 at 25°C for 
several caboxylic acid 
esters as a function of 
solution pH due to 
changing contributions of 
the catalysis  



















Hydrolysis t1/2 at 25°C for 
several caboxylic acid 
esters as a function of 
solution pH due to 
changing contributions of 
the catalysis  



• Carboxylic acid amides
• derivatives of formamide
HC(=O)NH2

• less reactive than carboxylic acid 
esters

• because –NR2R3 is poorer leaving 
group compared to –OR2
R2R3NH  R2R3N‐ + H+ pKa ~ 10

• acid‐catalyzed, base‐catalyzed
hydrolysis dominate

R1 C
O

N R2

R3

R1 C
O

O R2

Hydrolysis of Acid Derivatives



• Carboxylic acid amide nomenclature

H3C C
O

N H

H

C
H2

C
O

N H

H

Cl H3C C
O

N CH3

H

H3C C
O

N CH3

CH3

acetamide 2‐chloroacetamide      N‐methylacetamide N,N‐dimethylacetamide

Hydrolysis of Acid Derivatives

• Numerous herbicides contain amide group



• Mechanisms
• base‐catalyzed
hydrolysis

• (neutral 
hydrolysis
insignificant)

• products
• carboxylic 
acid

• amine

R1 C
O

N R2

R3

+  OH-
slow

R1 C

O

OH

N
R2

R3

R1 C

O

OH

N
R2

R3

fast...slow
R1

O

OH

N

R2

R3

R1

O

O

HN

R2

R3

Hydrolysis of Acid Derivatives



• Mechanisms
• acid‐catalyzed
hydrolysis

• amide more 
basic, accepts 
proton better

• IAB of amide 
> IAB of ester 

(acid hydrolysis 
important at 
higher pHs for 
amide)

lo
g 
k h

pH

R1 C
OH

N R2

R3

R1 C
OH

O R2

Hydrolysis of Acid Derivatives



• Carbamates
• derivatives of carbamic acid
H2NC(=O)OH

• ester and amide combined
• herbicides, insecticides

• acid‐catalyzed hydrolysis 
unimportant

• too acidic, won’t protonate
• products

• alcohol, HO‐R3
• amine, HNR1R2
• CO2

C

N

R2

CR1

O

O
R3

O

R1N
R2

R3

R1
C

O
R2

O

Hydrolysis of Acid Derivatives



• Carbamate nomenclature

N

CH3

CH3C

O

O
CH2CH3

N
CH3C

O

O

NO2

N

CH3

CH

O

O

ethyl-N,N-dimethyl carbamate

4-nitrophenyl-N-methyl-N-phenyl carbamate

naphthyl-N-methyl carbamate

Hydrolysis of Acid Derivatives





• Mechanisms
• base‐catalyzed
hydrolysis

• leaving group 
controlled by
pKa

• usually, –OR3
has lower pKa
than –NR1R2

N

R2

CR1

O

O
R3 OH- slow

N

R2

CR1

O

O
R3

OH

N

R2

CR1

O

O
R3

OH

fast...slow

N

R2

CR1

O

OH
O R3

N

R2

CR1

O

OH
O R3

N

R2

CR1

O

O
HO R3

N

R2

CR1

O

O
H2O

N

R2

CR1

O

O
OH2

N

R2

CR1

O

O
HOH

N

R2

CR1

O

OH
OH

R1

N

R2

H CO2    +    OH-

Hydrolysis of Acid Derivatives



• Mechanisms
In special case of alkaline hydrolysis of N‐ substituted 
aryl carbamates another mechanism involving 
elimination‐addition

Hydrolysis of Acid Derivatives



• Carbamates 
• hydrolysis depends 
on amide 
substitution

• N‐substituted
• alcohol is leaving 
group

• very sensitive to 
alcohol pKa

• N,N‐substituted
• much less sensitive 
to alcohol pKa

Hydrolysis of Acid Derivatives



• What is the half‐life of this carbamate at pH 8?

• leaving group is 4‐nitrophenol, pKa = 7.15
• N,N‐methylphenyl carbamate:

O

ON
H3C

NO2

 
3.09 -1 -1

log 0.25 1.3
log 0.25 7.15 1.3 3.09

10 M s

B a

B

B

k pK
k

k 

  

    



4‐nitrophenyl‐N‐methyl‐N‐phenyl carbamate

Hydrolysis of Acid Derivatives



• What is the half‐life of this carbamate at pH 8?

• kB = 10‐3.09 M‐1 s‐1 = 8.2x10‐4 M‐1 s‐1

• kh = kB[OH‐] = 8.2x10‐10 s‐1

• t1/2 = 27 y

O

ON
H3C

NO2

Hydrolysis of Acid Derivatives

4‐nitrophenyl‐N‐methyl‐N‐phenyl carbamate



• What is the half‐life of this carbamate at pH 8?

• 4‐nitrophenol, pKa = 7.15
• N‐phenyl carbamate:

O

ON
H

NO2

 
5.38 -1 -1
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4‐nitrophenyl‐N‐phenyl carbamate
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• What is the half‐life of this carbamate at pH 8?

• kB = 105.38 = 2.4x105 M‐1 s‐1

• kh = kB[OH‐] = 0.24 s‐1

• t1/2 = 3 s
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4‐nitrophenyl‐N‐phenyl carbamate



• Phosphoric and thiophosphoric 
acid esters
• pentavalent P
• insecticides, fire retardants
• two spots for nucleophilic 
substitution

• at the phosphorus
• at the carbon in R1, R2, or R3
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• Nomenclature

trimethylphosphate

diethyl p‐nitrophenyl thiophosphate
(Parathion)

diethyl p‐nitrophenyl phosphate (Paraoxon)

dimethyl‐S‐(2‐ethylmercaptoethyl)
dithiophosphate (Thiometon)
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Mechanisms
• nucleophile 
attacks P
• Base‐catalyzed

• OH‐ stronger 
nucleophile 
than H2O

• nucleophile
attacks C
• Neutral reaction

• usually H2O

O(S)

P
OR3R1O

R2O

Nu

O(S)

P
NuR1O

R2O

O R3

O(S)

P
OR1O

R2O

R3 Nu

O(S)

P
OR1O

R2O

Nu R3

Hydrolysis of Acid Derivatives



Thiophosphoric acid thioester
• internal nucleophilic substitution (SNi)
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An acaricide and insecticide



Hydrolysis of Chlorinated Ethanes
Which compound will hydrolyze fastest?
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Esercizio 

Fastest? 

greatest kh, shortest half-life



Hydrolysis of Chlorinated Ethanes
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1,1,2,2‐
tetrachloro‐

1,1,1,2‐
tetrachloro‐ pentachloro‐

epilimnion
25 C
pH 8.5

[OH‐] = 10‐5.5 M
Kw = 10‐14.00

kN (s‐1) 1x10‐10 4x10‐10 8x10‐10
kB (M‐1 s‐1) 5x10‐1 3.5x10‐4 2.7x101
kB [OH‐] (s‐1) 1.6x10‐6 1.1x10‐9 8.5x10‐5

kh (s‐1) 1.6x10‐6 1.5x10‐9 8.5x10‐5
t1/2 (s) 4.3x105 4.6x108 8,200
t1/2 (d) 5.0 5,300 0.094
INB 4.3 8.1 3.5

hypolimnion
5 C

pH 7.5
[OH‐] = 10‐7.23 M
Kw = 10‐14.73

kN (s‐1) 6.7x10‐12 2.5x10‐11 5.1x10‐11
kB (M‐1 s‐1) 5.2x10‐2 1.9x10‐5 2.7x100
kB [OH‐] (s‐1) 3.0x10‐9 1.1x10‐12 1.6x10‐7

kh (s‐1) 3.0x10‐9 2.6x10‐11 1.6x10‐7
t1/2 (s) 2.3x108 2.7x1010 4.3x106
t1/2 (d) 2,700 310,000 50
INB 5.0 8.8 4.0



Hydrolysis of Chlorinated Ethanes
• Major products and mechanisms

• 1,1,2,2‐tca  trichloroethene
• E2 elimination, second‐order 

• low INB (4.3): acidic, promotes elimination

• 1,1,1,2‐tca  1,1,2‐trichloroethanol(?)
• SN2 nucleophilic substitution, second order

• high INB (8.1): elimination unlikely

• pentachloroethane tetrachloroethene
• E2 elimination, second‐order 

• even lower INB (3.5) promotes elimination
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