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Answer all the questions in the spaces provided.

1 (a)  The most common oxidation states of cobalt are +2 and +3.

� �&RPSOHWH�WKH�HOHFWURQLF�FRQ¿JXUDWLRQV�RI�WKH�IROORZLQJ�IUHH�LRQV�

● Co2+   [Ar]  ............................................................................................................................

● Co3+   [Ar]  ............................................................................................................................
[1]

(b) Co2+ and Co3+ both form complexes with edta4–.

half-equation E o / V

Co3+  +  e–   Co2+ +1.82

O2  +  4H+  +  4e–   2H2O +1.23

[Co(edta)]–  +  e–   [Co(edta)]2– +0.38

Co2+  +  2e–   Co –0.28

� �8VH�WKH�GDWD�LQ�WKH�WDEOH�WR�SUHGLFW�ZKDW�KDSSHQV��LI�DQ\WKLQJ��ZKHQ�VHSDUDWH�DTXHRXV�VROXWLRQV�
of Co3+ and [Co(edta)]– are left to stand in the air.

  aqueous solution of Co3+

  ....................................................................................................................................................

  ....................................................................................................................................................

  aqueous solution of [Co(edta)]–

  ....................................................................................................................................................

  ....................................................................................................................................................
[3]
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(c)  Hydrated cobalt(II) nitrate, Co(NO3)2•6H2O, is a red solid that behaves like hydrated 
PDJQHVLXP�QLWUDWH��0J�123)2•6H2O, when heated.

  Describe in detail what you would expect to observe when crystals of Co(NO3)2•6H2O are 
KHDWHG�LQ�D�ERLOLQJ�WXEH��JHQWO\�DW�¿UVW�DQG�WKHQ�PRUH�VWURQJO\��

  ....................................................................................................................................................

  ....................................................................................................................................................

  ....................................................................................................................................................

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

(d)� �([SODLQ�ZK\�WKH�WKHUPDO�VWDELOLW\�RI�WKH�*URXS���QLWUDWHV�LQFUHDVHV�GRZQ�WKH�JURXS�

  ....................................................................................................................................................

  ....................................................................................................................................................

  ....................................................................................................................................................

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

[Total: 8]
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2 (a)  Iron(II��FRPSRXQGV�DUH�JHQHUDOO\�RQO\�VWDEOH�LQ�QHXWUDO��QRQ�R[LGLVLQJ�FRQGLWLRQV�

� �,W�LV�GLႈFXOW�WR�GHWHUPLQH�WKH�ODWWLFH�HQHUJ\�RI�)H2�H[SHULPHQWDOO\�

(i) Use data from the Data Booklet�DQG�WKLV�%RUQ±+DEHU�F\FOH�WR�FDOFXODWH�WKH�ODWWLFH�HQHUJ\��
∆H latt��RI�)H2�V��LQ�N-�PRO–1.

Fe2+(g)  +  O(g)  +  2e–

Fe2+(g)  +  O–(g)  +  e–

Fe+(g)  +  O(g)  +  e–

Fe(g)  +  O(g)

FeO(s)

Fe2+(g)  +  O2–(g)

Fe(g)  + 2O2(g)1

Fe(s)  + 2O2(g)1

–141 kJmol–1

–272 kJmol–1

+798kJmol–1

+416kJmol–1

�H latt

∆H latt)H2�V�� ��������������������������������N-�PRO–1  [2]

PMTPMT
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(ii)� �0RVW�QDWXUDOO\�RFFXUULQJ�VDPSOHV�RI�LURQ�II) oxide are found as the mineral wüstite.

�:�VWLWH�KDV�IRUPXOD�)H20Ox��,W�FRQWDLQV�ERWK�)H2+�DQG�)H3+ ions.

�����RI�WKH�LURQ�LV�SUHVHQW�DV�)H2+�DQG�����LV�SUHVHQW�DV�)H3+.

 Deduce the value of x.

x� ���������������������������������>�@

(iii)� �6WDWH� DQG� H[SODLQ� KRZ� WKH� ODWWLFH� HQHUJ\� RI� )H2�V�� FRPSDUHV� WR� WKH� ODWWLFH� HQHUJ\� RI�
CaO(s).

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

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

PMTPMT



6

9701/42/F/M/21© UCLES 2021

(b)� �+HDWLQJ�RI�)H2�UHVXOWV�LQ�WKH�IRUPDWLRQ�RI�)H3O4, as shown.

reaction 1� �)H2��→��)H�����)H3O4

� �(DFK�IRUPXOD�XQLW�RI�)H3O4�FRQWDLQV�RQH�)H2+�DQG�WZR�)H3+ ions.

(i) Show how reaction 1 can be described as a disproportionation reaction.

 .............................................................................................................................................

 .............................................................................................................................................

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

� �)H3O4�O��FDQ�EH�HOHFWURO\VHG�XVLQJ�LQHUW�HOHFWURGHV�WR�IRUP�)H�

(ii)� �:ULWH�WKH�KDOI�HTXDWLRQ�IRU�WKH�UHDFWLRQ�WKDW�RFFXUV�DW�WKH�DQRGH�GXULQJ�WKH�HOHFWURO\VLV�RI�
)H3O4(l).

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

(iii)� �&DOFXODWH� WKH� PD[LPXP� PDVV� RI� LURQ� PHWDO� IRUPHG� ZKHQ� )H3O4(l) is electrolysed for 
VL[�KRXUV�XVLQJ�D�FXUUHQW�RI����$�

�$VVXPH�WKH�RQH�)H2+�DQG�WZR�)H3+�LRQV�DUH�GLVFKDUJHG�DW�WKH�VDPH�UDWH�

PDVV�RI�LURQ� ��������������������������������J��>�@

PMTPMT
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(c)� �/L)H324�FDQ�EH�XVHG�LQ�OLWKLXP�LRQ�UHFKDUJHDEOH�EDWWHULHV�

� �:KHQ�WKH�FHOO�LV�FKDUJLQJ��OLWKLXP�UHDFWV�ZLWK�D�JUDSKLWH�HOHFWURGH�WR�IRUP�/L&6.

� �:KHQ�WKH�FHOO�LV�GLVFKDUJLQJ��WKH�KDOI�HTXDWLRQV�IRU�WKH�WZR�SURFHVVHV�WKDW�RFFXU�DUH�DV�IROORZV�

anode half-equation LiC6 →  6C  +  Li+  +  e–

cathode half-equation Li+�����)H324  +  e– →��/L)H324

(i)� �6WDWH� RQH� SRVVLEOH� DGYDQWDJH� RI� GHYHORSLQJ� FHOOV� VXFK� DV� OLWKLXP�LRQ� UHFKDUJHDEOH�
batteries.

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

(ii)� �8VH�WKH�FDWKRGH�KDOI�HTXDWLRQ�WR�GHWHUPLQH�WKH�FKDQJH��LI�DQ\��LQ�R[LGDWLRQ�VWDWHV�RI�OLWKLXP�
and iron at the cathode�GXULQJ�GLVFKDUJLQJ�

metal
FKDQJH�LQ�R[LGDWLRQ�VWDWH�GXULQJ�GLVFKDUJLQJ

from to

lithium

iron

[1]

(iii)� �:ULWH�WKH�HTXDWLRQ�IRU�WKH�RYHUDOO�UHDFWLRQ�WKDW�RFFXUV�ZKHQ�WKLV�FHOO LV GLVFKDUJLQJ�

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

[Total: 13]
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3 Iodates are compounds that contain the IO3
– anion.

(a)  The IO3
– anion is shown.

O

O O–

I

  Explain, with reference to the qualitative model of electron-pair repulsion, why the IO3
– anion 

has a pyramidal shape.

  ....................................................................................................................................................

  ....................................................................................................................................................

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

(b) The reaction of iodine and hot aqueous sodium hydroxide is similar to that of chlorine and 
hot aqueous sodium hydroxide. Sodium iodate, NaIO3, is formed as one of the products.

� �6XJJHVW�DQ�HTXDWLRQ�IRU�WKH�UHDFWLRQ�RI�LRGLQH�DQG�KRW�DTXHRXV�VRGLXP�K\GUR[LGH�

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

PMTPMT
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(c)� �7KH�GHFRPSRVLWLRQ�RI�K\GURJHQ�SHUR[LGH��+2O2��LV�FDWDO\VHG�E\�DFLGL¿HG�IO3
–.

  H2O2�UHGXFHV�DFLGL¿HG�IO3
– as shown.

�+2O2  +  2H+  +  2IO3
– → I2������22  +  6H2O

  This reaction is followed by the oxidation of I2 by H2O2.

half-equation E o / V

H2O2  +  2H+  +  2e–   2H2O +1.77

IO3
–  +  6H+������H– 1

2I2  +  3H2O +1.19

O2  +  2H+  +  2e–   H2O2 +0.68

(i) Use the data to show that the separate reactions of H2O2 with IO3
– and with I2 are both 

feasible under standard conditions.

�,Q�\RXU�DQVZHU��JLYH�WKH�HTXDWLRQ�IRU�WKH�UHDFWLRQ�RI�+2O2 with I2.

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 .......................................................................................................................................  [3]

(ii) Write the overall equation for the decomposition of H2O2�FDWDO\VHG�E\�DFLGL¿HG�IO3
–.

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

PMTPMT
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(d) A student collects some data for the reaction of H2O2�ZLWK�DFLGL¿HG�IO3
–, as shown in the table.

experiment [H2O2]
/ mol dm–3

[IO3
–]

/ mol dm–3
[H+]

/ mol dm–3
initial rate of reaction

/ mol dm–3 s–1

1 ������ 0.0700 ����� 1.47 × 10±�

2 0.100 0.0700 ����� 2.94 × 10±�

3 0.100 0.140 ����� �����× 10±�

4 ����� 0.140 ����� 8.82 × 10±�

(i) Use the data to determine the order of reaction with respect to [H2O2], [IO3
–] and [H+].

�6KRZ�\RXU�UHDVRQLQJ�

 order with respect to [H2O2@� � .............................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 order with respect to [IO3
–@� � ..............................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 order with respect to [H+@� � .................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................
[3]

(ii) Use your answer to (d)(i) to write the rate equation for this reaction.

UDWH� � ............................................................................................................................  [1]

PMTPMT
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(iii)  Calculate the value of the rate constant, k��XVLQJ�GDWD�IURP�H[SHULPHQW���DQG�\RXU�DQVZHU�
to (d)(ii).

 Give the units of k.

k� �������������������������������

XQLWV� �������������������������������
[2]

(e)� �3E�IO3)2�LV�RQO\�VSDULQJO\�VROXEOH�LQ�ZDWHU�DW����°C.

  The solubility product, Ksp��RI�3E�IO3)2 is 3.69 × 10–13 mol3 dm–9�DW����°C.

(i)� �:ULWH�DQ�H[SUHVVLRQ�IRU�WKH�VROXELOLW\�SURGXFW�RI�3E�IO3)2.

Ksp� 

[1]

(ii) Calculate the solubility, in mol dm–3��RI�3E�IO3)2�DW����°C.

VROXELOLW\� ��������������������������������PRO�GP–3  [2]

PMTPMT
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(f) NH4IO3 is an unstable compound that readily decomposes when warmed. The decomposition 
reaction is shown.

NH4IO3(s) → 1
2N2�J������

1
2O2�J������

1
2I2�J�������+2O(l) ∆H� �±������N-�PRO–1

(i)� �8VH�WKH�GDWD�LQ�WKH�WDEOH�WR�FDOFXODWH�WKH�HQWURS\�FKDQJH�RI�UHDFWLRQ��∆S, of the decomposition 
of NH4IO3(s).

compound S���-�.–1 mol–1

NH4IO3(s) 42

N2�J� 192

O2�J� ���

I2�J� 261

H2O(l) 70

∆S� ��������������������������������-�.–1 mol–1  [2]

(ii) This reaction is feasible at all temperatures.

�([SODLQ�ZK\��XVLQJ�WKH�GDWD�LQ�(f) and your answer to (f)(i).

 .............................................................................................................................................

 .............................................................................................................................................

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

[Total: 18]

PMTPMT
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4� �7KH�WUDQVLWLRQ�HOHPHQWV�DUH�DEOH�WR�IRUP�VWDEOH�FRPSOH[HV�ZLWK�D�ZLGH�UDQJH�RI�PROHFXOHV�DQG�LRQV�

(a)� �6WDWH�WKH�PHDQLQJ�RI�transition element.

  ....................................................................................................................................................

  ....................................................................................................................................................

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

(b)� �7KH�G�RUELWDOV�LQ�DQ�LVRODWHG�WUDQVLWLRQ�PHWDO�LRQ�DUH�GHJHQHUDWH��,Q�FRPSOH[HV��WKH�G�RUELWDOV�
RFFXS\�WZR�HQHUJ\�OHYHOV�

(i)� �&RPSOHWH�WKH�GLDJUDP�WR�VKRZ�WKH�DUUDQJHPHQW�RI�G�RUELWDO�HQHUJ\�OHYHOV�LQ�RFWDKHGUDO�
and in tetrahedral complexes.

energy

octahedral
complex

isolated transition
metal ion

degenerate
d orbitals

tetrahedral
complex

[1]

(ii) Sketch the shape of two d orbitals:

● �RQH�G�RUELWDO�IURP�WKH�ORZHU�HQHUJ\�OHYHO�LQ�DQ�RFWDKHGUDO�FRPSOH[
● �RQH�G�RUELWDO�IURP�WKH�KLJKHU�HQHUJ\�OHYHO�LQ�DQ�RFWDKHGUDO�FRPSOH[�

 Use the axes below.

z

lower energy level

x
y

z

higher energy level

x
y

[2]

PMTPMT
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(c)  Edds4– and edta4–�DUH�SRO\GHQWDWH�OLJDQGV�WKDW�IRUP�RFWDKHGUDO�FRPSOH[HV�ZLWK�)H3+(aq).

edds4–

H
N

N
H

–O2C

CO2
–

CO2
–

CO2
–

edta4–

N
N

CO2
–

CO2
–

CO2
–

CO2
–

� �7KH�IRUPXODH�RI�WKH�FRPSOH[HV�DUH�>)H�HGGV�@–�DQG�>)H�HGWD�@– respectively.

(i)� �2Q�WKH�GLDJUDP�RI�HGGV4–��FLUFOH�HDFK�DWRP�WKDW�IRUPV�D�ERQG�WR�WKH�)H3+�LRQ�LQ�>)H�HGGV�@–.
[1]

(ii)� �>)H�HGGV�@–�LV�UHG�DQG�>)H�HGWD�@– is yellow.

�([SODLQ�ZK\�WKH�WZR�FRPSOH[HV�KDYH�GLႇHUHQW�FRORXUV�

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

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

(iii)  When edds4–�DT��LV�DGGHG�WR�)H3+�DT���WKH�IROORZLQJ�UHDFWLRQ�RFFXUV�

>)H�+2O)6]3+(aq)  +  edds4–(aq) ��>)H�HGGV�@–(aq)  +  6H2O(l)

 State the type of reaction that occurs.

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

PMTPMT
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(iv) Write an expression for the stability constant, Kstab��RI�>)H�HGGV�@–(aq).

Kstab� 

[1]
(v) The table shows the values for the stability constants, Kstab, of both complexes.

complex Kstab / mol–1 dm3

>)H�HGGV�@– 3.98 × 1020

>)H�HGWD�@– 1.26 × 10��

�3UHGLFW�ZKLFK�RI�WKH�>)H�HGGV�@–�DQG�>)H�HGWD�@– complexes is more stable.

 Explain your answer with reference to the Kstab value for each complex.

 .............................................................................................................................................

 .............................................................................................................................................

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

(vi) When an excess of edta4–�DT�� LV� DGGHG� WR� >)H�HGGV�@–�DT��� WKH� IROORZLQJ� HTXLOLEULXP� LV�
established.

>)H�HGGV�@–(aq)  +  edta4–(aq) ��>)H�HGWD�@–(aq)  +  edds4–(aq)

Calculate the equilibrium constant, Kc��IRU�WKLV�HTXLOLEULXP��XVLQJ�WKH�Kstab�YDOXHV�JLYHQ�LQ�
the table in (c)(v).

Kc� ���������������������������������>�@

[Total: 11]

PMTPMT
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5 (a)� �&DUERSODWLQ�DQG�VDWUDSODWLQ�DUH�XVHG�DV�DQWLFDQFHU�GUXJV�LQVWHDG�RI�FLVSODWLQ�

carboplatin satraplatin

Pt
NH3

N
H2

O

O

O

O

Cl

ClO

O
O

NH3

NH3

O

Pt

(i)� �'HVFULEH�WKH�DFWLRQ�RI�FLVSODWLQ�DV�DQ�DQWLFDQFHU�GUXJ�

 .............................................................................................................................................

 .............................................................................................................................................

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

(ii)� �6XJJHVW�WKH�JHRPHWU\�RI�WKH�SODWLQXP�FHQWUH�LQ�WKH�FDUERSODWLQ�FRPSOH[�

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

(iii)� �6XJJHVW�ZK\�FDUERSODWLQ�GRHV�not show cis-trans isomerism.

 .............................................................................................................................................

 .............................................................................................................................................

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

(iv)� �6DWUDSODWLQ�LV�D�QHXWUDO�FRPSOH[��FRQWDLQLQJ�WKH�OLJDQGV�&+3CO2
–, C6H11NH2, Cl – and NH3.

 Deduce the oxidation state of platinum in satraplatin.

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

PMTPMT
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(b) Compound M is made from 1,3-dimethylbenzene in a two-step synthesis.

1,3-dimethylbenzene

C8H6O4 Cl Cl

O
ML

O
step 1 step 2

(i) Draw the structure of L.

[1]

(ii)� �6XJJHVW�UHDFWDQWV�DQG�FRQGLWLRQV�IRU�HDFK�VWHS�RI�WKLV�V\QWKHVLV�

step 1  ..................................................................................................................................

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

(iii)  Write an equation for step 2.

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

(iv)� �$�VWXGHQW�LQYHVWLJDWHV�D�SRVVLEOH�V\QWKHVLV�RI�M�GLUHFWO\�IURP�EHQ]HQH�XVLQJ�&2&l 2 in the 
presence of an Al Cl 3 catalyst.

 Benzene initially reacts with COCl 2 as shown.

reaction 1 COCl 2  +  Al Cl 3 →  Al Cl 4
– +  Cl  C  O

reaction 2 C6H6  +  Cl  C  O  →  C6H�COCl  +  H+

 Reaction 2 is the electrophilic substitution of Cl  C  O for H+ in benzene.

�6XJJHVW�D�PHFKDQLVP�IRU�UHDFWLRQ���

[3]

[Total: 12]

+

+

+

PMTPMT
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6� �)XPDULF�DFLG�LV�D�QDWXUDOO\�RFFXUULQJ�GLFDUER[\OLF�DFLG�

HO2C
CO2H

fumaric acid

(a)  Identify the products of the reaction between fumaric acid and an excess of hot, concentrated, 
DFLGL¿HG�PDQJDQDWH�VII).

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

(b)� �)XPDULF�DFLG�FDQ�IRUP�DGGLWLRQ�DQG�FRQGHQVDWLRQ�SRO\PHUV�

(i) Draw the repeat unit of the addition polymer poly(fumaric acid).

[1]

(ii) Draw the repeat unit of the polyester formed when fumaric acid reacts with ethane-1,2-diol,
(CH2OH)2.

 The ester bond should be shown fully displayed.

[2]

(iii)� �([SODLQ�ZK\�SRO\HVWHUV�QRUPDOO\�ELRGHJUDGH�PRUH�UHDGLO\�WKDQ�SRO\DONHQHV�

 .............................................................................................................................................

 .............................................................................................................................................

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

PMTPMT
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(c)� �)XPDULF�DFLG�UHDFWV�ZLWK�FROG��GLOXWH��DFLGL¿HG�PDQJDQDWH�VII) to form compound P.

P

CO2H

OH

OH

HO2C

  Only three stereoisomers of P exist. One of the stereoisomers is shown.

CO2H

OH

OH
H

H
HO2C

� �&RPSOHWH�WKH�WKUHH�GLPHQVLRQDO�GLDJUDPV�LQ�WKH�ER[HV�WR�VKRZ�WKH�other two stereoisomers 
of P.

HO2C HO2C

[2]

PMTPMT
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(d) The enzyme fumarase catalyses the reaction of fumarate ions, C4H2O4
2–, with water to form 

malate ions, C4H4O�
2–.

C4H2O4
2–  +  H2O   C4H4O�

2–

� �'HVFULEH��ZLWK�WKH�DLG�RI�D�VXLWDEO\�ODEHOOHG�GLDJUDP��KRZ�DQ�HQ]\PH�VXFK�DV�IXPDUDVH�FDQ�
catalyse a reaction.

  ....................................................................................................................................................

  ....................................................................................................................................................

  ....................................................................................................................................................

  ....................................................................................................................................................
[3]

[Total: 10]

PMTPMT



21

9701/42/F/M/21© UCLES 2021 [Turn over

7� �3UROLQH��3UR��LV�D�QDWXUDOO\�RFFXUULQJ�DPLQR�DFLG�

proline
O

OH
N
H

(a)� �3UROLQH�LV�RIWHQ�IRXQG�ERQGHG�WR�JO\FLQH��*O\��LQ�D�SURWHLQ�

(i)� �'UDZ�WKH�GLSHSWLGH�3UR�*O\�

 The peptide bond must be shown fully displayed.

[2]

(ii) Name the type of reaction that forms a dipeptide from two amino acids.

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

(iii)� �3UROLQH�LV�DEOH�WR�IRUP�D�SRO\�SUROLQH��SHSWLGH�FKDLQ�

 A section of a poly(proline) chain is shown.

N

O

N

O O

N

�6XJJHVW�ZK\�WKH�VHFRQGDU\�VWUXFWXUH�RI�SRO\�SUROLQH��cannot�EH�VWDELOLVHG�E\�K\GURJHQ�
ERQGLQJ�

 .............................................................................................................................................

 .......................................................................................................................................  [1]
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(b) The reaction scheme shows several reactions of proline.

proline
O

OH
N
H

prolinol

OH
N
H

reaction 1

reaction 3reaction 2
CH3COCl

R
C7H11NO3

Q
NaOH(aq)

(i) Write an equation for the reaction of proline with NaOH(aq) in reaction 1.

C4H7NHCO2H  +  ...........................................................................................................  [1]

(ii)� �3UROLQH�KDV�D�VHFRQGDU\�DPLQH�IXQFWLRQDO�JURXS�

�6HFRQGDU\� DPLQHV� UHDFW� ZLWK� DF\O� FKORULGHV�� )RU� H[DPSOH�� GLPHWK\ODPLQH� UHDFWV� ZLWK�
RCOCl�DFFRUGLQJ�WR�WKH�IROORZLQJ�HTXDWLRQ�

NH  +  RCOCl

H3C

H3C

NCOR  +  HCl

H3C

H3C

dimethylamine

�6XJJHVW�WKH�VNHOHWDO�VWUXFWXUH�RI�R, C7H11NO3, the product of reaction 2.

[1]

(iii)� �6XJJHVW�WKH�UHDJHQW�UHTXLUHG�IRU�UHDFWLRQ���

 .......................................................................................................................................  [1]
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(c)� �3UROLQH�ZDV�¿UVW�V\QWKHVLVHG�LQ�WKH�ODERUDWRU\�XVLQJ�D�PXOWL�VWDJH�V\QWKHWLF�URXWH�

� �,Q�VWDJH����&+2(CO2C2H�)2 and CH2 &+&1�UHDFW�WR�IRUP�D�VLQJOH�SURGXFW�U.

stage 1 CH2(CO2C2H5)2  +  CH2 H C

U

CHCN CO2C2H5

CO2C2H5

CH2CH2CN

(i) Name all�WKH�IXQFWLRQDO�JURXSV�SUHVHQW�LQ�WKH�UHDFWDQWV�RI�VWDJH���

CH2(CO2C2H�)2  ....................................................................................................................

CH2 &+&1� .........................................................................................................................
[2]

(ii)� �6XJJHVW�WKH�W\SH�RI�UHDFWLRQ�WKDW�RFFXUV�LQ�VWDJH���

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

� �,Q�VWDJH����U�UHDFWV�ZLWK�UHDJHQW�V to form W.

stage 2 H C

U

CO2C2H5

CO2C2H5

CH2CH2CN

H C

W

CO2C2H5

CO2C2H5

CH2CH2CH2NH2

reagent V

(iii)� �6XJJHVW�D�VXLWDEOH�UHDJHQW�V.

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

� �6WDJH���WDNHV�SODFH�LQ�WKH�SUHVHQFH�RI�DQ�DFLG�FDWDO\VW�

  X and Y are the only products of the reaction.

stage 3 H C

O
X

+ Y

W

CO2C2H5
CO2C2H5

CO2C2H5

CH2CH2CH2NH2

HN

(iv)� �6XJJHVW�WKH�W\SH�RI�UHDFWLRQ�WKDW�RFFXUV�LQ�VWDJH���

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

(v) Deduce the identity of Y.

 .......................................................................................................................................  [1]
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� �$IWHU�VHYHUDO�IXUWKHU�VWDJHV��Z is produced.

CO2H

NH2

Cl

Z

� �,Q�WKH�¿QDO�VWDJH�RI�WKH�V\QWKHVLV��Z reacts via a nucleophilic substitution mechanism to form 
proline.

(vi)� �&RPSOHWH�WKH�GLDJUDP�WR�GHVFULEH�WKH�UHDFWLRQ�PHFKDQLVP�RI�WKH�¿QDO�VWDJH��'UDZ�FXUO\�
DUURZV��LRQV�DQG�FKDUJHV��SDUWLDO�FKDUJHV�DQG�ORQH�SDLUV�RI�HOHFWURQV��DV�DSSURSULDWH�

�'UDZ�WKH�VWUXFWXUH�RI�DQ\�RUJDQLF�LQWHUPHGLDWH�LRQ�

CO2H

proline

N
H

CO2H

NH2

Cl

Z

[3]

(vii) Identify with an asterisk (*) the chiral centre in proline.

CO2H

N
H

[1]
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(d)� �3DUW�RI�WKH�VWUXFWXUH�RI�JHODWLQ�LV�VKRZQ�

NC

C
O

O

C

O

C

H
H
N

H
N

H
N

H
C

H
N

H
C

C

O

NC

O

H
N

N
H

C

O

H

C N

H

C

C

O

O

H

C

H

HCH3

CH2

CH2

CH2

H
C

H2C

H2C

CO2
–

NH

C

NH2

NH2

+

C
O

  Identify the number of amino acid units in the structure shown.

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

(e) (i)� �$W�S+������SUROLQH�H[LVWV�LQ�DTXHRXV�VROXWLRQ�DV�D�]ZLWWHULRQ�

 Draw the structure of the zwitterion of proline.

 Explain how the zwitterion of proline forms.

 .............................................................................................................................................

 .............................................................................................................................................

 .......................................................................................................................................  [2]
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(ii) The isoelectric point of an amino acid is the pH at which it exists as a zwitterion.

�7KUHH�RI�WKH�DPLQR�DFLGV�LQ�JHODWLQ�DUH�SUROLQH��DODQLQH�DQG�JOXWDPLF�DFLG��7KHLU�LVRHOHFWULF�
points are shown.

amino acid

isoelectric point

proline

6.5

alanine

6.0

H2N CO2H

glutamic acid

3.1

H2N

CO2H

CO2H

CO2H

N
H

�$�PL[WXUH�RI�WKHVH�DPLQR�DFLGV�ZDV�DQDO\VHG�E\�HOHFWURSKRUHVLV�XVLQJ�D�EXႇHU�VROXWLRQ�DW�
pH 4.0.

�'UDZ�DQG�ODEHO�WKUHH�VSRWV�RQ�WKH�GLDJUDP�RI�WKH�HOHFWURSKHURJUDP�WR�LQGLFDWH�WKH�OLNHO\�
position of each of these three species after electrophoresis.

 Explain your answer.

+ –

mixture applied here

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 .............................................................................................................................................

 .......................................................................................................................................  [4]
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(f) The weak acid ACES�LV�D�FRPSRXQG�WKDW�FDQ�EH�XVHG�WR�PDNH�D�EXႇHU�VROXWLRQ�IRU�HOHFWURSKRUHVLV�
experiments.

OH
H
N

O
ACES

H2N S

O O

  The anion of the sodium salt of ACES, C4H9N2O461D��LV�D�VWURQJ�EDVH�

� �$�EXႇHU�VROXWLRQ�LV�SUHSDUHG�E\�WKH�IROORZLQJ�VWHSV�

● ������J�RI�&4H9N2O4SNa is dissolved in 100 cm3 of distilled water.
● ������FP3 of 0.200 mol dm–3 dilute hydrochloric acid is added to the solution.
● �7KH�UHVXOWLQJ�PL[WXUH�LV�WUDQVIHUUHG�WR�D�������FP3 volumetric flask, and the solution made 

up to the mark.

  C4H9N2O4SNa reacts with HCl with a 1 : 1 stoichiometry.

  The pKa of ACES�LV������DW�����.�

� �&DOFXODWH�WKH�S+�RI�WKH�EXႇHU�VROXWLRQ�IRUPHG�DW�����.�

  [Mr:  C4H9N2O4SNa, 204.1]

S+� ���������������������������������>�@

[Total: 28]
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