30 ARENES

Learning outcomes
Candidates should be able to:
1. describe the chemistry of arenes as exemplified by the following reactions of benzene and methylbenzene:
(a) substitution reactions with C/, and with Br, in the presence of a catalyst, A/C/3 or A/Br3, to form halogenoarenes
(aryl halides)
(b) nitration with a mixture of concentrated HNOj3 and concentrated H,SO, at a temperature between 25°C and 60°C
(c) Friedel-Crafts alkylation by CH3C/ and A/C/3 and heat
(d) Friedel-Crafts acylation by CH;COC! and A/C/; and heat
(e) complete oxidation of the side-chain using hot alkaline KMnO, and then dilute acid to give a benzoic acid
(f) hydrogenation of the benzene ring using H, and Pt/Ni catalyst and heat to form a cyclohexane ring
2. describe the mechanism of electrophilic substitution in arenes:
(a) as exemplified by the formation of nitrobenzene and bromobenzene
(b) with regards to the effect of delocalisation (aromatic stabilisation) of electrons in arenes to explain the predomination
of substitution over addition
3. predict whether halogenation will occur in the side-chain or in the aromatic ring in arenes depending on reaction
conditions
4. describe that in the electrophilic substitution of arenes, different substituents direct to different ring positions (limited to
the directing effects of -NH,, -OH, —R, -NO,, -COOH and —COR)

Introduction

1. Name compound P.
compound P

Oj :
HO

Substitution with Br; and Cl,

Electrophilic substitution: the replacement of an atom by another atom or group of atoms after initial attack by an
electron-deficient species.

2. Benzene reacts with chlorine gas to form chlorobenzene. This reaction can be described as the reaction between
benzene molecules and C1"ions. The CI" ions are formed by adding a suitable catalyst to the chlorine gas.
(a) Give the name or formula of a catalyst that can be used for this reaction.

(b) The mechanism for this reaction is shown.
Cr*

x step 1 J H step 2 Ci
—_— @CI —_—

diagram 1 diagram 2 diagram 3
The movement of a pair of electrons is represented by x in diagram 1.
» State where this pair of electrons is before step 1 takes place.

.................................................................................................................................... 2]



(i) The movement of another pair of electrons is represented by y in diagram 2.
» State where this pair of electrons is before step 2 takes place.

.................................................................................................................................... [2]
(iii) There are six carbon atoms in diagram 2.

State how many of these carbon atoms are sp hybridised, sp? hybridised, and sp* hybridised.

sp hybridised .........ccocvveervervineennn.

sp? hybridised ........cocooveveveeeinnnnn.

sp’ hybridised .........ccceeverererererenanen. [1]

Benzene, CsHs, can be obtained from crude oil.
(a) Benzene reacts with bromine, in the presence of a suitable catalyst, forming bromobenzene as one product.
(i) Give the name or formula of the other product of this reaction.

(ii) In the presence of the catalyst, bromine can be considered to form the electrophile Br™.
Complete the mechanism by which benzene reacts with Br+, using curly arrows to show the movement of electron
pairs. [2]

Br* Br

intermediate

(iii) Name this mechanism.

Benzene reacts with bromine in the presence of an aluminium bromide catalyst, AlBr3, to form bromobenzene. This
is a substitution reaction. No addition reaction takes place.
(1) Explain why no addition reaction takes place.

Al Br; reacts with bromine to generate an electrophile, Br+.
(i1) Draw the mechanism of the reaction between benzene and Br+ ions. Include all relevant arrows and charges. [3]

(iii) Write an equation to show how the Al Br; catalyst is reformed.



5. Compound H is formed in one step of a different synthesis, as shown.
H

0] CH O 0] CH O

Cl, and FeCl
HO oH —=2T7%s . Ho OH

Ci
(1) State the role of FeCls in this step.

....................................................................................................................................................................... [1]
(i1) Complete the equation for this reaction between benzene and chlorine

G T oo e ———— s [ 1 ]
(e) The mechanism for this reaction is electrophilic substitution.

Complete the following sentence. Write formulae in the gaps provided.

During this reaction, the electrophile is .........cccccevcveveereennne and a .ooceeeveeeeeeeee atom in benzene is
substituted by @ ......cccoeevverinieeieennen, atom. [1]

6. In a synthesis of tulobuterol, the first step involves the formation of chlorobenzene. Benzene reacts with C/, in the
presence of an A/Cl; catalyst.

step 1
© Cl, and AICL,

Fig. 5.2

Cl

(1) Write an equation to show how C/; reacts with AlCl; to generate an electrophile.

(i) Complete the mechanism in Fig. 5.3 for the reaction of benzene with the electrophile generated in (b)(i).
Include all relevant curly arrows and charges.
Draw the structure of the intermediate. [3]

intermediate

©_.. .

Ci

Fig. 5.3



7. Benzene reacts with bromine in the presence of an aluminium bromide catalyst, A/Brs, to form bromobenzene. This
is a substitution reaction. No addition reaction takes place.
(i) Explain why no addition reaction takes place.

AIBr; reacts with bromine to generate an electrophile, Br".
(ii) Draw the mechanism of the reaction between benzene and Br* ions. Include all relevant arrows and charges.

[3]

(iii) Write an equation to show how the A/Br; catalyst is reformed.

........................................................................................................................................ [1]
8. Pyridine reacts with Cl, in the presence of AlClz as shown in Fig. 4.3.
pyridine 3-chloropyridine
Cl
AICI,
+ Cl, —— + HCI
N N

Fig. 4.3

The mechanism of this reaction is similar to that of the chlorination of benzene. AlICI; reacts with chlorine to
generate an electrophile, CI".

Complete the diagram to show the mechanism for the reaction of pyridine with CI". Include all relevant charges,
dipoles, lone pairs of electrons, and curly arrows as appropriate.

o
N
[3]

9. lodine monobromide, I-Br, reacts with benzene in the presence of an AlBr; catalyst.

Predict whether the organic product will be bromobenzene or iodobenzene.
Explain your answer.



Friedel Craft’s alkylation

10. Identify a suitable reagent and a suitable catalyst for step 1.
CH,CH,

reagent

CALALYST 1envveiieieie ettt ettt ettt et et e e et e e s et et e st e teestessbeanb e e s s e et e esbeerseetaenbeenseensseseenraans [2]

11. Draw the mechanism of the reaction between benzene and “CHs. Include all relevant curly arrows, charges and the
structure of the intermediate.

[3]

*CH, intermediate

CH,

12. Benzene reacts with chloroethane in the presence of a catalyst. The reaction mechanism is called electrophilic
substitution.
(i) The first step in the reaction is the generation of the “CH,CH3 electrophile.
Write an equation for the reaction that generates this electrophile.

........................................................................................................................................ [1]
(ii) Describe the mechanism for the reaction between benzene and the “CH>CH3 electrophile.
Include all relevant curly arrows and charges. [3]
intermediate products
H H - —
At
Yo

13. Phenylethanoic acid can be synthesised using benzene as the starting material.

In the first stage of this synthesis, benzene reacts with chloromethane in the presence of an A/ C/ 5 catalyst to form
methylbenzene.

Chloromethane reacts with A/C/3to form two ions. One of these is the carbocation "CHs.
(i) Write an equation for the reaction between chloromethane and A/Cl3.



(ii) Draw the mechanism of the reaction between benzene and +CHs. Include all relevant curly arrows, charges, and

the structure of the intermediate.

*CH, intermediate

14. Methylbenzene, CsHsCHs, can be made from benzene by an electrophilic substitution reaction.
(i) Identify a compound that reacts with benzene to form methylbenzene.
Identify the catalyst used.

COMMPOUNA ..veevieiiieeiieeieete et et et et e eesbeessaesseesseesseesseeseeasseasseasseesseasseesseesseasseesseessesseeensenns
CALALYST 1ottt ettt ettt e b e b et et e bttt e bt et e et e e bt eabeenbeenbaeneeeteens

(ii) The first step in the reaction is the generation of the CHs" electrophile.
Write an equation for the reaction that generates this electrophile.

(iii) Describe the mechanism for the reaction between benzene and the CH3" electrophile.
Include all relevant curly arrows and charges.

— —
CH,*
15. A three-step synthesis of X (CioH100) from benzene is suggested as shown.
w
Cl(CH,),CO,H
AICl,
—_——
step 1
step 2

Cl
O

step 3 | AICI,

X (C4oH450)

CH,



(1) Step 1 is the alkylation of benzene by electrophilic substitution.
Use R—CI to represent CI(CH»);CO-H.
Write an equation for the formation of an electrophile from R—Cl and AICl;.

........................................................................................................................................ [1]
(ii) Complete the mechanism for the reaction of benzene with the electrophile formed in (i).
Include all relevant charges and curly arrows showing the movement of electron pairs.
Draw the structure of the intermediate. [3]
intermediate
R

16. Cumene is an aromatic hydrocarbon used in the synthesis of other useful chemicals.
cumene

(b) Cumene can be synthesised via a Friedel-Crafts alkylation reaction, as shown in Fig. 5.2.

+ /}\ — + HBr
Br

(i) Name the mechanism involved in the Friedel-Crafts alkylation shown in Fig. 5.2.

(ii) The first step of the reaction forms the (CH3)2CH" cation.
Identify a suitable reagent for the formation of this cation from 2-bromopropane, (CH3)2CHBEr.

..................................................................................................................................... [1]
(iv) Complete Fig. 5.3 to show the mechanism for the reaction of benzene with the (CH3)2CH" cation.
Include all relevant curly arrows and charges [3]
intermediate
(CH,),CH*
— — +




(iv) The Friedel-Crafts alkylation of benzene by 1-bromopropane, CH3CH2CH2Br, also produces cumene as the
major product.

The CH3CH2CH2" cation formed in the first step quickly rearranges to form the (CH3)2CH"cation.

Suggest why this is the case. Explain your answer.

17. Phenylethanone is an important chemical with many uses.
phenylethanone

CH,

/
3\
O
Phenylethanone can be synthesised using benzene as one of the starting materials.
Identify the other reagents used and describe any essential reaction conditions.

Nitration

https://www.youtube.com/watch?v=7tsHis0911M
https://www.chemtube3d.com/electrophilic-aromatic-substitution-nitration-of-benzene/

18. Benzene can be used as a starting material to produce phenylamine by a two-step synthesis.

NO, NH,
@ step 1 ©/ step 2 ©/
— —_—

benzene nitrobenzene phenylamine

(1) Step 1 is the reaction of benzene with NO," ions.
Complete the mechanism and draw the intermediate of step 1.
Include all relevant charges and curly arrows to show the movement of electron pairs. [2]

*NO,

— - nitrobenzene + H*

intermediate

(i1) State the name of the mechanism in (i).


https://www.youtube.com/watch?v=7tsHis091lM
https://www.chemtube3d.com/electrophilic-aromatic-substitution-nitration-of-benzene/

19.

20.

21.

(iii) Identify the reagents needed to produce NO;" ions.
Write an equation to explain how these reagents produce NO," ions.

................................................................................................................................................. [2]
(iv) When benzene undergoes nitration a nitro group substitutes at a carbon atom.
State the shape (geometry) around the substituted carbon atom
00 in the benzene MOIECULE, ........oovviiieieiieiee e
®e in the intermediate COMPIEX, .....covviiiiiiiiiieeiecie e et
00 in the NItrobenNZene ProAUCE. .......cceevvierierierierieriere et erte et erteeseeseesseessaesseesnesnseens [2]
Naphthalene, CioHs, is an arene hydrocarbon.
naphthalene
When naphthalene undergoes nitration, a mixture of two organic compounds is formed.
Each compound contains one nitro group.
Suggest the structures of these compounds. [1]

structure 1 structure 2

Naphthalene can be oxidised under certain conditions to phthalic anhydride, C8H403, carbon dioxide and water.
Construct an equation for this reaction. Use [O] to represent an atom of oxygen from the oxidising agent.

When benzene reacts with SO3, benzenesulfonic acid is produced.

benzenesulfonic acid

+ SO3 _ ©

SO,H
The mechanism of this reaction is similar to that of the nitration of benzene. Concentrated H,SOy is used in an initial
step to generate the SO3H" electrophile as shown.
SO; + H,SO4 — SOsH™ + HSO4



(i) Draw a mechanism for the reaction of benzene with SOsH" ions. Include all necessary curly arrows and charges.
(3]

benzenesulfonic acid

—_— ——
SO,H*
3 SO,H
(i1) Write an equation to show how the H,SOj4 catalyst is reformed.
........................................................................................................................................ [1]
1  Compound K is used as the starting material in a synthesis of gallic acid.
A student suggested the first two steps of the synthesis could be as shown.
K L M
COOH  concentrated HNO, COOH concentrated HNO, COOH
and and
concentrated H,SO, concentrated H,SO,
step 1 step 2
NO, O,N NO,
NH, NH, NH,

Nitronium ions, NO,", are generated by the reaction between concentrated sulfuric acid and concentrated nitric acid.
(i) Construct an equation for the formation of NO," by this method.

(ii) Complete the mechanism and draw the intermediate of step 1.
Include all relevant charges and curly arrows to show the movement of electron pairs.

intermediate
COOH

NH,  ®yo,

[2]

(iii) State the name of the mechanism in (c)(ii).

-10 -



Hydrogenation

Under certain conditions, it can be forced to undergo addition reactions. One of these is the addition of hydrogen.

Ethene adds on hydrogen over a nickel catalyst readily at room temperature and slight pressure. Benzene,
being more stable, requires an elevated temperature and pressure:

Ni

+ 3H, >
200 °C and 30 atm

cyclohexane

22. Benzene can be converted into cyclohexane.
For this reaction, name the type of reaction and identify the reagent and conditions needed.

EYPE OF TEACTION ...ttt ettt b ettt et e et b et ent et eaeeteneeseeenean

reagent and CONAITIONS ........cceeriirierieiierieeteeee e ereeee e eteeseeestaesreessresssesseessaesssesseessennens [2]

Complete Oxidation of the Side-chain

The presence of the benzene ring in an alkylarene, such as methylbenzene, can affect the characteristic
reactions of its alkyl side-chain. For example, alkanes are not usually oxidised by a chemical oxidising
agent such as potassium manganate(VII).

However, in alkylarenes, the alkane side-chain is oxidised to form a carboxylic acid. For example,
methylbenzene produces benzoic acid when refluxed with alkaline potassium manganate(VII), and then
acidified with dilute sulfuric acid:

CH, CO,K CO,H
KMnO, + H () @:
5 .
heat with OH
CH,CH; CO,K CO,H

23. Benzene can be used to make benzoic acid in the two-step process shown in Fig. 7.1.

benzene methylbenzene benzoic acid
step 1 step 2
—_— —_—
CH,4 COOH
Fig. 7.1

Give the reagents and conditions for step 1 and step 2.

-11 -



24.

25.

26.

Identify a suitable reagent to oxidise methylbenzene to benzoic acid, CsHsCOOH.
Write an equation for this reaction using [O] to represent one atom of oxygen from the oxidising agent.

TEAZEIL .o ieieiiiie ettt ettt e e ettt et et e e e e e e e et taabae b e e e e et taabnn e e e e et taeeber e e e eeeeeeenens

CQUALION ..uvviereeireeereeeteeteseesteesteesteeessesseesssesssesaesssesssesseesseesseessessssesseesssesssensesssesssensseensennses [2]

Benzene-1,4-dicarboxylic acid, HOOCCsH4COOH, can be made from benzene, CsHs, in two steps as shown in Fig.
6.2.

J
step 1 step 2
—_— — HOOC COOH
benzene-1,4-dicarboxylic acid
Fig. 6.2
Suggest the identity of J by drawing its structure in the box in Fig. 6.2. [1]

(i1) Identify the reagents and conditions for step 1 and step 2.

Benzene can be used as a starting material in the synthesis of cyclohexylmethanol, C6H11CH20H, as outlined
below.

CH,CH,
step 1 step 2
—_— E —— A
KMnO,
+
OH™(aq)
benzene heat step 3
Y
CH,OH CH,OH
step 4
S
cyclohexylmethanol
(1) Identify a suitable reagent and a suitable catalyst for step 1.
7 11 L PRSP P PO PPPPRPPPPPPIN
CALALYST 1eteiieeiie ettt ettt ettt ettt e te et e bt e bt este et e et e aab e e bt et e ens e et e eseenbeenbeensbeseenreans [2]
(i1) Draw the structure of A. [2]

-12 -



(iii) Identify suitable reagents for steps 3 and 4.

Reactions of methylbenzene

27. Procaine is used as an anaesthetic in medicine. It can be synthesised from methylbenzene in five steps as shown in Fig. 7.1.

methylbenzene X
CH, COOH COCl1
steps 1 and 2 step 3
— —

SOCI,

NO, NO,
step 4
procaine
O\C/O—CHQCHQN(CHQCHS)2 O\C/O—CHQCHQN(CHQCHE)2
step 5
-

NH, NO,

(1) Compound X can be synthesised in two steps from methylbenzene.

-13 -



28.

methylbenzene

CH, COOH
step 1 step 2
NO,
Fig. 7.2
(1) Draw the structure of compound W in the box provided. [1]

(i) State the reagents and conditions for step 1 and step 2.

1) o 10 OO [2]

Bromine reacts with methylbenzene in the dark in the presence of a suitable catalyst to form HBr and compound
L, C7H7Br. L is one of three isomers that can form in this reaction.

(a) (1) The mechanism for the reaction involves methylbenzene reacting with a Br+ ion. This ion is produced when
bromine reacts with the catalyst.

Complete the equation for the reaction of Br2 with the catalyst.

(i) One of the isomers of L forms in much smaller amounts than the other two isomers.
Draw the structure of this isomer and explain why it forms in the smallest amount.

(iii) Complete the mechanism in Fig. 8.1 for the reaction between methylbenzene and the Br' ion.
Include all relevant curly arrows and charges. [3]

intermediate

CH,

Brt — — +

-14 -



Halogenation of the side chain

29. When treated with C/, under suitable conditions, methylbenzene forms compound J.
When treated with C/, under different conditions with different reagents, methylbenzene forms compound K.
Suggest and draw structures of compounds J and K in the boxes. The molecular formula of each compound is given.

methylbenzene

JC,H,CI K C,H,Cl

CH,

State the reagents and conditions required to form each product.
t0 fOrm COMPOUNA J ...oeiiiiiiiiiieie ettt s er e e eeeb e ebeesbeetaessseesbesssesraens

to form compound K ......cociiiiiiiie et [4]

Electrophilic substitution in substituted arenes

30. 3-dodecylbenzenesulfonic acid can be prepared from benzenesulfonic acid.

benzenesulfonic acid 3-dodecylbenzenesulfonic acid

SO,H SO,H

Suggest the reagents and conditions and name the mechanism for this reaction.
1eagents and CONAILIONS ......ccviviieiiiieiieteeieie et ettt e et eaesresaesteeseesbeeseessesseeseesseessesseas sesseens
TNECRANISITL ..ttt ettt ettt et e sttt ebe b et et e s et e bt eb et e b e s et est s beneenseneenes [2]

31.

-15 -



chlorobenzene J K

Ci Ci Cl
AICl; and CH, CHO
CH,CI [O]
—_— —_—
step 1 step 2
step 3
L
Cl CN
OH
step 4
P N M
COOCH;, coc COOCH, acidified CH,OH Cl COOH
12 -
ClI OH
@/L step 6 ©/L step 5
step 7
HN
| N and K,CO,(aq)
S
Q
COOCH,

Cpes

(a) (i) Write an equation for the formation of the electrophile for step 1.

Fig. 5.1

(i1) Complete the mechanism in Fig. 5.2 for step 1, the alkylation of chlorobenzene.
Include all relevant curly arrows and charges.
Draw the structure of the intermediate

-16 -



intermediate

Ci Cl
CH,
—_— —_— Forreees
(iii) Step 2 is an oxidation reaction.
Construct an equation for the reaction in step 2.
Use [O] to represent an atom of oxygen from an oxidising agent.
..................................................................................................................................... [1]
(iv) Suggest reagents for the conversion of K to M in steps 3 and 4
1<) 015G RSP
1<) oI USSR 2]
(v) Identify the type of reaction that occurs in step 5.
..................................................................................................................................... [1]
2- and 4-directing substituents 3-directing substituents
CH;——Ar o]
[N
N—=Ar
o)
H—O0——Ar R
C —Ar
Ve
H
oo" Y o 3+
H,N—Ar N=C-—Ar
‘o
\\ o+
C—Ar
e
R

A Table 27.6 Substituents and their effects on the benzene ring

32. Methylbenzene and benzoic acid are both nitrated with a mixture of concentrated nitric acid and sulfuric acid to
give mononitrated products. The structural formulae of these products are CH3CsHsNO2 and HOOCCsHaNO-,
respectively.

Draw the structures of these two products. [1]

-17 -



33.

34.

3s.

Benzene-1,3-dicarboxylic acid can be made by the two-step synthesis shown below.
benzene-1,3-dicarboxylic acid

compound P compound Q 0)
Q step 1 step 2
—_— CyHgO, —_— HO
HO OH

0]

(1) Explain why the major product of this two-step synthesis is benzene-1,3-dicarboxylic acid and not benzene-1,4-dicarboxylic
acid.

(ii) The reagents used for step 1 are CH3COC! and AIC. These reagents give rise to CH3C=0" ions which react with compound
P.
Name the mechanism of this reaction.

........................................................................................................................................ [1]
(iii) Draw the mechanism of the reaction of CH3C=0 + ions with compound P. Include all relevant curly arrows and charges,
the structure of the intermediate and the structure of compound Q. [3]
intermediate compound Q
CH,C=0
0 — —

o

Suggest a reagent and conditions to convert compound Q into benzene-1,3-dicarboxylic acid, in step 2.

................................................................................................................................................................................. [1]
A hydrocarbon is known to be either compound D or compound E.
D E
CH,CH, CH,CH,
CH,CH,
CH,CH4

Give the systematic name of E.

Benzene, C6Hs, reacts with chloroethane, C,H5CI, in the presence of a suitable catalyst to form ethylbenzene,
CeHsC2Hs. In the presence of the catalyst, the ion C2H5+ is formed. This ion reacts with benzene.
(a) Complete the equation for the reaction of C2H5Cl with this catalyst to form C2H5" as one product.

C2HSCl+ e, (O] 5 K [1]
(b) Ethylbenzene reacts with more C2HSCI, forming a mixture containing 1,2-diethylbenzene and 1,4-

diethylbenzene.
(i) Draw the structures of 1,2-diethylbenzene and 1,4-diethylbenzene.

-18 -



1,2-diethylbenzene 1,4-diethylbenzene

6)] Explain why there is very little 1,3-diethylbenzene in the product mixture.

36. The reaction of phenol with HNO3 produces a mixture of isomers with molecular formula C6H5SNO3.
Identify the two isomers that are produced in the largest quantities.
Explain your answer.

isomer 1 isomer 2

37. Phenol reacts with dilute aqueous nitric acid under room conditions to give a mixture of two isomeric products with
molecular formula COH5NO3.
Write the structural formulae of these two products in the boxes and name each product.

[2]

-19 -



38. Draw the structure of the organic product, R, formed when phenol reacts with an excess of Brz(aq). 1

38:39.

The second step of a synthesis involves the reaction of chlorobenzene with C/ COCH,C/, also in the presence of an

AICl; catalyst, forming compound Q.
Q

Cl Cl @]
step 2
—_— Cl

0

1.

CI
and AIC%

Fig. 5.4
(i) Name the mechanism of the reaction in step 2.

(i1) Draw the structure of an isomer of Q that forms as an organic by-product of the reaction in step 2.

39:40.

(1]

ompound G can be synthesised from methylbenzene in three steps.

-20 -



CH,

step 1 step 2
—_— —_—

step 3
G
COH
NO,

Br
(i) Give the systematic name of compound G.
........................................................................................................................................ [1]
(ii) Deduce the identities of E and F and draw their structures in the boxes. [2]
(iii) Suggest reagents and conditions for each of steps 1 to 3 in (c).
1<) o J PSP
1<) 010U
] 1S] o 15 SO OO OO OO UPUR PR [3]

40:41.

An excess of Bra(aq) is added to separate samples of CsHsNH, and benzene, C¢Hs.
(i) C¢HsNH; reacts readily with Brz(aq) to form organic product M.
State the expected observations for this reaction. Draw the structure of M.
ODSETVALIONS ...uveieieiieeiieeiieiie et et et e s it e bt ettesteesteesteesteeseesaeesateenseentesnseenseansesnsesaseensesssesnns
structure of M [2]

(i1) CsHe does not react with Brz(aq).
Suggest why Bry(aq) reacts with C¢HsNH; but not with Ce¢Hs.

-21-



4+42. C

ompound Z can be synthesised from benzene in three steps by the route shown in Fig. 4.1.
benzene z

step 1 ‘step 3

step 2

Fig. 4.1
(i) Draw structures for X and Y in Fig. 4.1. [2]

(i1) Give the reagents and conditions for steps 1, 2 and 3.

1<) 015G RSP UPRTRI [3]

42:43. C
ompound R is shown.

HO Ci

State the systematic name of compound R.

43-44. (a
) The reagents and conditions required for the nitration of benzene, benzoic acid, and phenol are shown in Table
6.1.

Table 6.1
compound reagents and conditions for nitration
benzene concentrated HNO;, 50 ° C, concentrated H>SO4 catalyst

-22 -



benzoic acid

concentrated HNOs, 100 ° C, concentrated H,SO; catalyst

phenol

dilute HNOx(aq), 20 ° C

Concentrated HNOs reacts with concentrated H,SOj4 to generate the electrophile NO;™.
(i) Complete Fig. 6.1 to show the mechanism of the reaction between benzene and NO,".
Include all relevant curly arrows and charges.

@ . .

NO,*

(i1) Write an equation to show how H,SOy is regenerated.

(iii) Draw the major products from the mononitration of benzoic acid and of phenol.

major product from benzoic acid major product from phenol

(iv) Compare the relative ease of nitration of benzene, benzoic acid and phenol.

Explain your reasoning; include reference to the structures of the three compounds in your answer.

44-45.

[4]

enzene-1,3-dicarboxylic acid can be made by the two-step synthesis shown below.

-23 -




benzene-1,3-dicarboxylic acid

compound P compound Q @)
Q step 1 step 2
—_— CHgO, —_ HO
HO OH
O
(1) Name compound P.
........................................................................................................................................ [1]

(i1) Explain why the major product of this two-step synthesis is benzene-1,3-dicarboxylic acid and not benzene-1,4-
dicarboxylic acid.

(iii) The reagents used for step 1 are CH3COCI and AICIs. These reagents give rise to CH;C=0 + ions, which react
with compound P.
Name the mechanism of this reaction.

(iv) Draw the mechanism of the reaction of CH3C=0 + ions with compound P. Include all relevant curly arrows
and charges, the structure of the intermediate, and the structure of compound Q.

intermediate compound Q

HO
[3]

(v) Suggest a reagent and conditions to convert compound Q into benzene-1,3-dicarboxylic acid, in step 2.

........................................................................................................................................ [1]
45-46. C

ompound K is used as the starting material in a synthesis of gallic acid.
A student suggested the first two steps of the synthesis could be as shown.

COOH  concentrated HNO, COCH concentrated HNO, COCH

and and
concentrated H,SO, concentrated H,SO,
step 1 step 2
NO, O,N NO,
NH, NH, NH,

Nitronium ions, NO,", are generated by the reaction between concentrated sulfuric acid and concentrated nitric acid.
(i) Construct an equation for the formation of NO," by this method.

(ii) Complete the mechanism and draw the intermediate of step 1.
Include all relevant charges and curly arrows to show the movement of electron pairs. [2]
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intermediate
COOH

—_— —» L+H*

NH, eyo,

(iii) State the name of the mechanism in (ii).

........................................................................................................................................ [1]
46:47. M

ethylbenzene can undergo different reactions, as shown in Fig. 5.1.

H, /Pt Br,/UV light
-t -_—
reaction 1 reaction 2
reaction 3 | Br,/FeBr,
+
Fig. 5.1
(i) Draw structures in Fig. 5.1 for the possible organic products of the three reactions shown. [3]
(i1) Complete Table 5.1.
Table 5.1
type of reaction mechanism

reaction 1

reaction 2

(2]
(b) When methylbenzene reacts with an electrophile, a substitution reaction occurs. No addition reaction takes place

under these conditions.
Explain why no addition reaction takes place.
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(¢) The reaction of methylbenzene with thionyl bromide, SOBr», in the presence of an iron(IlI) bromide catalyst,
FeBrs, is shown in Fig. 5.2.

FeBr ™~
+ SOBr, —— B+ HBr

Fig. 5.2

The mechanism of this reaction is similar to that of the bromination of benzene.

The first step of the mechanism generates the SOBr" electrophile, as shown.

SOBr; + FeBr; = SOBr* + FeBry~

(1) The reaction of methylbenzene with SOBr" ions is shown in Fig. 5.3. Complete the mechanism in Fig. 5.3.
Include all relevant curly arrows and charges.

Draw the structure of the organic intermediate.

intermediate

n=0

¥

Br

Fig. 5.3
(3]

(i) The reaction shown in Fig. 5.2 produces a small amount of a by-product, P, with the molecular formula

C]4H14OS.

Suggest a structure for by-product P. [1]

-26 -



4748. T
he reaction of phenylethanone with 1,4-dibromobutane, BrCH,CH,CH>CH:Br, in the presence of FeBrj; is shown in
Fig. 6.2.

phenylethanone

O O

FeBr,
+ BrCH,CH,CH,CH,Br ——— = + HBr

Br

The mechanism of this reaction is similar to that of the alkylation of benzene.
6)] Construct an equation for the formation of the electrophile, BrCH.CH,CH,CH>".

(i1) Complete the mechanism in Fig. 6.3 for the reaction of phenylethanone with BrCH,CH,CH,CH," ions.
Include all relevant curly arrows and charges.
Draw the structure of the organic intermediate.

organic intermediate
o]

_
+
BrCH,CH,CH,CH,
0]
+ o
Br
Fig. 6.3

(3]

(iii) The reaction shown in Fig. 6.2 forms small amounts of two by-products, Y (C20H220,) and Z (Ci2H140).
Suggest structures for Y and Z in the boxes in Fig. 6.4.
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Y (C2H220,) Z (C45H440)

Fig. 6.4
[2]

48:49. @
) Name the two products formed when phenol reacts with an excess of Bra(aq).

(i) Draw the structures of the two isomeric organic products, with Mr = 139, that are formed when phenol reacts
with HNOs(aq) at room temperature.

49—Draw the structures of the two major isomeric organic products formed in the reaction of
50. phenol with dilute HNOs.

(1]
(i1) In a second multi-step synthesis, the student changes the order in which the reagents and conditions are
used.
The reaction scheme is shown in Fig. 4.2.
G is the major product of this synthesis.
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concentrated

HNO, and
hot alkaline COOH  concentrated
step 1 KMnO, H,S0O,
. _ 1 . > G
then dilute
H,SO,
Fig. 4.2

Draw the structure of G.
Explain why G is the major product of the synthesis rather than E.

COOH

............................................................................................................................................. [2]
51. Phenylamine reacts with Br2(aq).

(i) Write an equation for this reaction. You may use structural or displayed formulae.

........................................................................................................................................ [1]

(i1) Name the organic product of this reaction.

........................................................................................................................................ [1]

(ii1) Describe two observations that can be seen when phenylamine reacts with Bra(aq).

ODSETVATION | .ttt ettt ettt eat et s b e et ene e b enee

ODSEIVALION 2 ..uiiiviiiieiieciieieesie et esteesteesteestbeeteesteestsesseesseesbeesseesseesseesseesseesseseseesseessenssesssens [1]

52. Compound H is formed in one step of a different synthesis, as shown.
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HO OH Cl,and FeCl; HO OH

Cl
(i) State the role of FeCl in this step.

(ii) Suggest two reasons why the chlorine atom in compound H substitutes into the ring at the position shown,
instead of the other positions in the ring.

.............................................................................................................................................. [2]

Ease of Electrophilic Substitution

organic intermediate 1-methyl-2-nitrobenzene
CH, CH,

NO,
NO — —

Fig. 6.1
(3]

53. In the electrophilic substitution of arenes, different substituents can direct to different ring positions.
(i) Describe the directing effect of the -NO2 group. Explain your answer.

(i1) The nitration of arenes uses a mixture of concentrated HNO3 and concentrated H2SO4 to generate the NO2
+ electrophile.
Write an equation for the formation of the NO2+ electrophile.

54. Carbon-carbon bond formation is an important reaction in organic synthesis.
Fig. 8.1 shows the synthesis of compound Q from benzene in two reaction steps.
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55.

compound Q

compound P o

reaction 1 reaction 2
—_— —_—

Fig. 8.1

(i) Draw the structure of compound P in the box in Fig. 8.1. [1]
(i1) Suggest reagents and conditions for reactions 1 and 2 in Fig. 8.1.

TEACTION 1 ..oeiiiiiiiieie ettt sttt
TEACKION 2 ..vviiiiieiiieiie ettt e ette ettt e eteeesebeetbeesaseeeseeasseseseessseesssaeensseessesensseessseensseesnsesassesanns [2]
Fig. 5.1 shows two reactions of benzoic acid.
COOH COOH COOH
reaction 5 reaction 6
e _—
0]
Fig. 5.1
(1) Suggest reagents and conditions for reaction 5 and for reaction 6 in Fig. 5.1.
TEACTION 5 ..eiiiiititeitet ettt ettt ettt ettt b e s bttt ea ettt n et nen
TEACKION 6 ...oevviiieiiiieiie et e ette ettt e et e e e tteett e e s et e estbeeesbeeesbe e sseessseeensseesseeessseessseensseessesasseeanns [2]

(i1) State the type of reaction for reaction 5 in Fig. 5.1.

(c) In the electrophilic substitution of arenes, different substituents can direct to different ring positions.
(i) Describe the directing effect of the —-CH2CH3 group.
Explain your answer.

(i1) The alkylation of arenes uses a mixture of CH3CH2Br and FeBr3 to generate the CH3CH2+ electrophile.
Write an equation for the formation of the CH3CH2+ electrophile.
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(iii) Complete the mechanism in Fig. 5.2.

Include all relevant curly arrows and charges. Draw the structure of the organic intermediate. [3]
COOH organic intermediate COOH
— — +
C H,CH,
Fig. 5.2

[3]

(iv) Write an equation to show how FeBr3 is regenerated after the reaction in Fig. 5.2.

***This is not a complete note. It is to guide you. It is recommended to study the prescribed textbooks along with this
material. ***
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