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1. Derivatives of BTX
Ethylene C4 Fraction Benzene

Ethylene dichloride Butadiene Ethylbenzene

Vinyl chloride Acetic acid Styrene

Ethylbenzene Vinyl acetate Cumene

Styrene Isobutylene Acetone

Acetic acid Methyl t -butyl ether Phenol

Vinyl acetate Bisphenol A

Ethylene oxide Methane Cyclohexane

Ethylene glycol Methanol Adipic acid

Formaldehyde Nitrobenzene

Propylene Dimethyl terephthalate

Acrylonitrile Methyl t -butyl ether Toluene

Propylene oxide Acetic acid Benzene

Cumene Vinyl acetate

Acetone n-Butyraldehyde Xylene

Phenol Urea p-Xylene

Bisphenol A Terephthalic acid

n -Butyraldehyde Dimethyl terephthalate

Benzene

Ethylbenzene

Styrene

Cumene

Acetone

Phenol

Bisphenol A

Cyclohexane

Adipic acid

Nitrobenzene

Toluene

Benzene

Xylene

p -Xylene

Terephthalic acid

Dimethyl terephthalate

2. Benzene Derivatives

3. Other Routes to Phenol
� Sulfonation/desulfonation of benzene 

discovered around 1900
� Chlorination/dechlorination of benzene 

discovered around 1924

� Step 1 is what general class of 
reaction?______________________________

� Step 2 is what class? _____________________

H2SO4
SO3H

NaOH
D

OH

Cl2
Cl

NaOH

300oC
high pressure

OH
FeCl3

Step 1 Step 2

No longer 
practiced

4. Phenol Manufacture
� Mechanism for sulfonation of benzene (oleum)

� Mechanism for chlorination of benzene (FeCl3)
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5. Cyclohexane Manufacture
� Cyclohexane formed by 

� Nickel or platinum catalyst (210 oC, 500 psi)

� Mechanism involves binding and bond-
breaking/forming at the metal surface

+   3H2
Ni

or Pt

C C
C C

H

H H

H

C C

H
H

C C

H H

� Metal serves as 
reservoir of 
electrons

� p-bonds and H 
atoms bound to 
surface

� Metal provides 
lower energy 
pathway to C-H 
bond formation

6. Adipic Acid Manufacture
� Adipic acid  - air oxidation of cyclohexane

� Cobalt(II) or manganese(II) catalyst
� 125 – 160 oC, 50 – 250 psi

� Initial product is mixture of cyclohexanol and 
cyclohexanone (+ other side products)

� Mixture is further oxidized with HNO3 to adipic 
acid

O2

O

+

OH

50% HNO3 HO C

O

(CH2)4 C

O

OH

1:3 mixed oil
adipic acid

Co(II), 
Mn(II) 
acetate

NH4VO3

Cu(NO3)2

7. Adipic Acid Manufacture
� Mechanism involves cyclohexane 

hydroperoxide as reactive intermediate

(1)

H

+ X + HX

(2) + O2

O O

(3)

O O

+

H O OH

+

then (2), (3), (2), (3), etc.

Formation of 
cyclohexane 
hydroperoxide

What 
happens 
to this 

radical?

8. Cyclohexane Hydroperoxide
� Another view of the catalytic cycle

Formation of 
cyclohexane 
hydroperoxide

X
HX

O OH
O2

O O

C6H12 + O2 C6H11OOH
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9. Adipic Acid Manufacture
� Hydroperoxide intermediate reduced by Co(II) 

or Mn(II) catalysts
� Deposits an extra electron into the O-O bond

� O-O bond cleaves
� Splits hydroperoxide into OH- and cyclohexyloxyl

radical

O OH

+    Co
+2

O

+    Co+3    +    OH-

to step (6) or (7)

(4)

Key radical intermediate

Proceeds to form both products

What must 
happen to 

Co3+?

10. Adipic Acid Manufacture
� Catalyst center regenerated by reaction with 

hydroperoxide
O OH

+    Co+3

O O

+    Co
+2

+    H+

to step (3)

(5)

O

+

H OH

+

to step (2)

(6)

H O
O

+     H(7)

Cyclohexyloxyl 
radical abstracts 
H atom to form 
cyclohexanol

(major product)

Cyclohexyloxyl radical 
undergoes bbbb-scission to 
form cyclohexanone

(minor product)

11. Adipic Acid Manufacture
� Overall reaction cycle

O OH

+    Co+3

O O

+    Co
+2

+    H+

to step (3)

(5)

O

+

H OH

+

to step (2)

(6)

H O
O

+     H(7)

(1)

H

+ X + HX

(2) + O2

O O

(3)

O O

+

H O OH

+

then (2), (3), (2), (3), etc.

O OH

+    Co
+2

O

+    Co+3    +    OH-

to step (6) or (7)

(4) Key step:  formation 
of cyclohexyloxyl 

radical

12. Adipic Acid Manufacture
� Oxidation of cyclohexanone and cyclohexanol to 

adipic acid is complex
� Reasonably high yield, 94 %
� Separation?

� Cyclohexanol and cyclohexanone also formed 
by Pd catalyzed hydrogenation of phenol
OH

H2

Pd or Ni

O

+

OH

50% HNO3 HO C

O

(CH2)4 C

O

OH

95:5

caprolactam

Only about 2 % 
of adipic acid 
manufacture

Cyclohexanone is 
necessary for caprolactam 

manufacture

Primary route 
for caprolactam 

raw material
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13. Caprolactam Manufacture
� Caprolactam reaction scheme

� Formation of oxime

O

NH2OH

N
OH

1) H2SO4

2) NH3

N

O

Hcyclohexane
or

phenol

+   (NH4)2SO4
+   H2O

O

+   NH2 OH

O NH2 OH HO NH OH

-H2O

N
OH

What are we 
going to do with 

this?

oxime

14. Caprolactam Manufacture
� Beckmann rearrangement involves electron 

deficient nitrogen center

 

C

N
OH

RR

H+ -H2O

C

N
OH2

RR
C

N

RR
C

N
R

R

H2O

C

N
R

RH2O

-H+

C

N
R

RHO

H+

shift C

N
R

O R

H

15. Caprolactam Manufacture
� Write the full mechanism for the conversion of 

cyclohexanone � caprolactam

16. Nitrobenzene Manufacture
� Nitration reaction – yet another example of ____

� Mixed acids generate small but significant amounts 
of NO2

+

HNO3 +  2 H2SO4 Û H3O+ +  2 HSO4
- +  NO2

+

� Write the mechanism for formation of nitrobenzene
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17. Uses of Aniline
� Write the mechanism for the formation of MDA 

(refer to bisphenol A)

18. Recall Polyurethanes?
� Polyurethanes form by reaction of …

� How is MDI formed?

� Will TDI or MDI yield a more rigid 
polyurethane?

19. Toluene Derivatives
� Trinitrotoluene (TNT) and toluenediisocyanate 

(TDI)
CH3

HNO3

H2SO4

CH3

NO2

NO2

H2

Pd, Ni, or Pt

CH3

NH2

NH2

+  o,o +  o,o

HNO3

CH3

NO2

NO2

NO2

COCl2
-HCl

CH3

N

N

C O

C O

TNT TDI

+  o,o

80:20 p,p’:o,o’

Polyurethanes for 
flexible foams

Seat cushions, 
bedding, carpet 
underlayment

20. Toluene Derivatives
� Toluene converted to benzene by 

_____________________________________
� Small amount (2 %) of phenol is made from 

toluene

� Toluene becoming increasingly popular raw 
material for xylene production
� Why is it popular?

CH3

[O]

COOH

O2

Cu benzoate

COOH

OH

-CO2

OH
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21. Economic Aspects of Aromatics
� Aromatics Prices

� Price increases mirror those of other basic organics
� Stable up to 1973, then huge increases due to oil 

embargo and high inflation
� Price differential between toluene and benzene

� Currently, benzene $3.65/gal, toluene $2.20/gal

$0

$1

$2

55 60 65 70 75 80 85 90 95 00

Year
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Benzene
Toluene
Xylene

22. Alternative Routes to Xylenes

CH32 AlCl3-HCl
80-125oC
35-70 atm.

+ CH3

CH3
o,m,p

CH3 + CH3

CH3

CH3

CH3

CH3
o,m,p

2

CH32
[O]

KCl
COO-K+2

D
catalyst

+

COO-K+

COO-K+

para only

CH3
CH3OH
zeolites

CH3 CH3

para only

Disproportionation of 
toluene to benzene 
and xylene

3-4 billion pounds per 
year

Terephthalic acid 
for polyester 
manufacture

23. Toluene Derivatives
� Toluene + CH3OH ® p-xylene as the only 

aromatic product
� Pore structure directs product shape!

H3C

CH3

H3C CH3

CH3

CH3

p-xylene

m-xylene

o-xylene

24. Toluene Derivatives
� Benzaldehyde is also formed from toluene

� Assignment 5 gives you practice at writing 
mechanisms to convert toluene to 
benzaldehyde

CH3

Cl2
-HCl

CHCl2

H2O

CH O

benzaldehyde
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25. Group Exercise
� Raw materials

� Products

O2

O O OH

O

OH OH


