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Cambridge Chemistry Challenge Lower 6th
December 2024

Some of the material in this booklet might be familiar to you,
but other parts may be completely new. The questions are
designed to be more challenging than those on typical A-level
papers, but you should still be able to attempt them. Use your

scientific skills to work through the problems logically.

If you do become stuck on one part of a question, other parts
might still be accessible, so do not give up. Good luck!

e The time allowed is 90 minutes under exam conditions.
e Attempt all the questions.

e \Write your answers in the answer booklet provided, giving only the
essential steps in any calculations.

e Specify your answers to the appropriate number of significant
figures and give the correct units.

e Please do not write in the right-hand margin.

e A periodic table and necessary constants are included on the next
page.

Page 1



,ow ..01x220°9 = YN 1uBISuod oipebony ay |

e0'gez|voLez|vozee
2oL | LOL | oOL | 66 | 86 16 96 G6 | v6 €6 Z6 16 06 | 68 :SpIOUNOY
ON | PN | w4 | s3 | 3O g | wo | wy | nd dN n ed urL | oy |+ o
G0'c/l|€6°891|92° 291 €6'¥9L| 05 ZoL|€6°851L|S2 2G| 967161 9€ 0S1 vZ vl 160Vl 2L 0vL|1L6'8EL
0. 69 89 19 | 99 G9 9 €9 | 29 19 09 65 8G | /S ‘sploueyjue
gA | wy | 43 oH | Aq aL | pPo ng | ws [ wd | PN | 4id 93 | el [x .
%00|0-}
SLL | ZLL | 9LL | SLL | PLL | €LL ZLL | LLL | oLL | 601 | 80L | 201 | Q0L | SOL | ¥OL | €0l 88 /8
6o | sl Al | O 14 uUN ug | by sa | N SH yg | s | aa | N 1 [T ey i
86'802| 2'20Z |8€ 0z | |65°002|267961[80°G61|22'261|€2°061 L2981 |¥8°€8L |G6°08L [67°8LL |L6'VLL| |¥E LEL| 162EL
98 | <8 8 €8 zZs 18 08 6. 8L | 1. 9/ G/ vl €/ z. W] 95 GS
uy | v | od g9 ad 1L BH | ny M J sO | 9y M el | H n |¥ eg | s)
62'1€1|06°92L |09°2zL|92 Lz |28 L|gevLL| |LvgiL] 28201 27901 16°201 | 207101 G6'G6 | 1626 (2216 | 1688 | | 2928 LS8
¥S | €S ZS LG 0S 6% 8y VA% oy | v 4% (%% A% L 0}% 6¢ 8¢ L€
ax I 8l | 9S8 | us uj PO | By | Pd | Uy | ny oL [ on | aN | 4z A is [ ay
08'c8 | 0662 | 2682 | 267 | €92, |2269 | [ 8869 | S5€9 | 698G €685 |S58°GS |v6'7S [002S |¥6°0S |28y | 96w | | 80'0v | OL°6E
9¢ | ¢¢ %45 €e z< X 0€ 62 gz | Lz 9z G2 ve ord 22 1z 02 6l
Iy | 19 8S | sY | @9 | e9 uz | no IN [ 00 | ®4 | UN | 4D A 1L 28 ed M
G6'6E | SP'SE | 90'zE | 26'0E | 60'82 | 86792 %00|9-p LevZ | 6622
8l Ll 91 Gl 174" €l 71 IT oI 6 9 / 9 I ¥ ¢ ¢l Ll
Iy 12 S d IS v BN | eN
810z |006L [009L [LO¥L | LOZL |18 OL 106 | ¥69
ol 6 8 . 9 g sseuw 9|Woje ueaw 14 €
SN E| (o) N b g Jaquinu dlwoje od |
H00iq-d loquiks 5007 1[ 800°F
€00y ZJ 9] Y4 44 el A }
Al Aaqunyp; dnosh . ®H | H
LS o 3pene
&l

4

T

poliad

Page 2



1. This question is about using Double Bond Equivalents

When presented with the formula for an organic ‘felyne’
compound, it is useful to work out the so-called ‘degree

of unsaturation’ or number of Double Bond Equivalents

(DBE). This tells us how many rings or n-bonds the

structure must contain which helps when thinking of

possible structures.

The DBE are based on comparing the actual molecular
formula to the theoretical formula if the structure were

saturated—having no rings and containing only o bonds

(with all atoms having their standard valence).

Double bond equivalents arise because each time a
double bond or a ring is formed, there are two fewer
hydrogens present in the compound relative to it having
no double bond or ring, as shown in the diagram below.
A double bond or a ring each count as 1 DBE; a triple
bond counts as 2 DBE.

A new alkyne proposed by C3L6;
still-to-be synthesised!

(@) (i) Complete the diagram below by filling in the missing structures A-D in your answer

booklet.
\ \ *
+2 DBE +2 DBE
_— _—
—4H \\ -4 H
2DBE 4 DBE
—4H 6 DBE
%2 DBE
-2 H +1 DBE —-4H | +2 DBE 6H T +3 DBE
B AN
+1 DBE +1 DBE +1 DBE
—>
BT BT —2H X
0 DBE 1 DBE 3 DBE
2 DBE
—2H ln DBE _ZHlH DBE —2H ln DBE —2H ln DBE
C D
+1 DBE +1 DBE +1 DBE
— > —_ —_
—2H —2H —2H
1 DBE 2 DBE 3 DBE 4 DBE

(@) (ii)) How many DBE are there in the structure of felyne?
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(b) The general formula for a non-cyclic alkane is C,H,,+o. Give the general formulae for the
following:

(i) an alkene or cycloalkane (ii) A di-alkyne (a hydrocarbon containing two C=C triple

bonds)
(iii) a cycloalkene (iv) a hydrocarbon containing 7 carbons with x DBE.
(c) Give an expression for the number of DBE in the hydrocarbon with formula CnHy in terms

ofnandy.

When trying to count the number of DBE in structures with multiple rings, the number of rings may
be determined by counting the minimum number of cuts through bonds needed to be made in order
to leave the structure ring-free. This is illustrated with the structure tetrahedrane below.

1 cut 2 cuts 3 cuts

S & B &

tetrahed
T arings) |l 1l 1l

(3 rings)
F<I>—( g_il>—( g__il}/\ - 3DBE

2 rings left 1 ring left 0 rings left

(d) How many DBE are present in each of the following structures?

(iv)

windowpane basketane iceane diamantane

The concept of double bond equivalents can also be applied for rings and double bonds formed to
heteroatoms, for example, with oxygen atoms. To work out the number of DBE for a formula
containing carbon, hydrogen and oxygen only, we can simply ignore the oxygen as if it were not
there. Any DBE a structure contains could be accounted for as a C=0 double bond as well as a
C=C double bond, or with rings which may or may not include an oxygen atom. For example,
C4H4¢0O, has the same number of DBE as C4H4( (zero DBE), whereas C4HgO, has the same
number of DBE as C4Hg (1 DBE).

(e) How many DBE in each of these structures? Write down their chemical formulae.

(i) (i) (iii)

o\ /o

o

HO OH
squaric acid a hexaoxapropellane

(o] (o]
mellitic anhydride
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(f) (i) How many DBE in the structure ciguatoxin-CTX-1, shown below?

(ii) Given the molecule contains 62 carbon atoms, calculate the formula of ciguatoxin-CTX-1.

(Don'’t try counting the hydrogens — there are too many!)

ciguatoxin-CTX-1
A deadly toxin found in certain fish.

HO

For a compound with known formula, once the number of DBE are known, analytical techniques
such as NMR spectroscopy can be used to account for the DBE. For compounds with just one
oxygen atom, only the following functional groups are possible:

Epoxide
Ether

Functional Group| Alcohol Ketone Aldehyde , . .| (3-membered ring
(chain or cyclic) ,
cyclic ether)

@) @) o)

R—OH )k )J\ R—O—R RAR
R R R H R R

chain | cyclic

Number of DBE 0 1 1 0 1 1

The arrangement where an —OH group is

H
0 o o
directly attached to a CC = bond is called carboxylic acid
an ‘enol’. You may be aware how the acidic )k H EE /K
R o~ R o

proton in a carboxylic acid group could

swap between the two oxygen atoms. A the proton can easily swap between the oxygens
similar proton swap can occur from the —OH | notseen : R

of the enol onto the CC 7 bond, but the new E R\C/R ! R\C/H
arrangement, the so-called ‘keto-form’ : :

containing a CO & bond is considerably ! )k H — /K
more stable and so is usually the only form 'R o/ E R 0]
seen. :_ ) _e_r19|_f9r_rn_ o keto form

the keto form is usually much more stable than the enol form

Page 5



NMR (nuclear magnetic resonance) is routinely used to determine structures. At the simplest level,
the technique reveals how many unique environments of hydrogen and carbon there are in a
structure. Atoms may be in the same environment if the structure contains mirror planes of
symmetry or rotational symmetry axes. Some isomers of C5H4,O are shown below in which the
unique hydrogen environments are labelled H,, Hy, H., etc and the unique carbon environments are
labelled 1, 2, 3, etc.

Number of unique Number of unique

compound Useful symmetry hydrogen carbon
environments environments

2 mirror planes

2 3
1 rotational axis
1 mirror plane 4 5
1 mirror plane 6 3
2 mirror planes
1 rotational axis 3 3
1 mirror plane 5 5

(g) (i) Suggest two additional structures with formula CsH4O that also have only 2 unique
hydrogen environments.

(i) How many unique carbon environments are there in the structure of ‘felyne’ [see intro]?
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The remainder of the question looks at the isomers with formula C3H40 (2 DBE). Some of these
are stable compounds, others are not.

(h) (i) There are THREE enol structures, E, F, & G, with formula C5H,4O which form three
different keto-forms, H, 1 & J. The number of unique hydrogen environments in each keto
form is given in the table below. Give the structures for isomers E — J.

number of unique hydrogen

enol form keto form environments in keto form
E H 1
F | 4
G J 2

(ii) K& L are the only isomers of C3H,O that contain an —OH group but are not enols. K has
three unique carbon environments whereas L has two. Give the structures of K and L.

(iii) M is the only isomer of C3H,4O that has no © bonds. Give the structure of M and state
how many unique environments of hydrogen it contains.

(iv) N, O, P, Qare isomers of C3H,O that contain an ether / epoxide oxygen. The number of
unique hydrogen environments each contains is given in the table below. Hydrogenation
of the  bond in O and P would give the same compound, R. Give the structures of
isomers N — Q, and for compound R.

number of unique hydrogen

isomer environments in isomer
N 2
0 2
p 3
Q 3
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2. This question is about homeopathic solutions

Homeopathy is a type of alternative pseudo-
medicine that uses extremely high dilutions of often
toxic substances in the hope that some therapeutic
effect will be seen in a patient. Amongst the many
poisonous substances used in the homeopathic
treatment of disease, one is based upon the
element mercury. The homeopathic medicine is
called Mercurius Solubilis, or Merc Sol. The precise
chemical composition of Merc Sol is unclear from
the scientific literature, but the homeopathic
literature suggests that it was first prepared by the
German doctor, Samuel Hahnemann. It is said that C30
Hahnemann took mercury metal, dissolved it in Warning:
nitric acid and then added ammonia solution until a ontains nothing
precipitate was formed. This precipitate was then
re-dissolved in water to form Merc Sol.

Mercury Sol

To prepare Merc Sol, mercury is reacted with nitric acid, but the products depend upon the
concentration of the nitric acid. Dilute nitric acid forms mercury(l) nitrate, but more concentrated
acid and longer reaction times lead to the formation of mercury(ll) nitrate. In neither case is
hydrogen gas formed. Instead the mercury is oxidised by the nitric acid, leading to the formation of
nitrogen(ll) oxide, NO. Mercury(l) salts do not contain discrete Hg* ions, but are generally found to
contain the Hg,2* ion.

(@) (i) Draw a dot-and-cross diagram for nitric(V) acid.
(ii) Write a balanced equation for the reaction of mercury with dilute nitric acid.
(iii) Write a balanced equation for the reaction of mercury with concentrated nitric acid.

(iv) The NO gas formed instantly reacts with the oxygen in the air to give a brown gas. Give
an equation for this reaction.

The solution of mercury in nitric acid is then treated with ammonia to produce a precipitate. Careful
reading of the chemical literature suggests solutions of mercury(l) and mercury(ll) nitrate with
aqueous ammonia form neutral compounds in which the mercury(l) or (ll) ions are bound to both a
nitrate ion and (probably covalently) to an amide ion, NH,™.

(b) Give the formula of both Hg(l) and Hg(ll) compounds that are formed with aqueous
ammonia.
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It is easy to buy solutions of Merc Sol, which
may cause some alarm as mercury salts are
known to be extremely toxic to most organisms.
However, the solutions that may be purchased
are very dilute. Hahnemann used a logarithmic
dilution scale, which is called the “centesimal”
scale. This involves the dilution by a factor of
100. A 2Cdilution dilutes the original stock
twice, each by a factor of 100, so a 2Cdilution
is diluted 10,000 times. The solution of Merc
Sol easily available that theoretically contains
the highest concentration of mercury is a 30C
dilution. However, some of the homeopathic
literature uses a 6Cdilution in their
investigations. It is said that a 6Cdilution
contains 8.21 x 10716 mg mL~" of mercury ions,
Hg?*.

Pure Water
An infinite
ﬁomeopatﬁie

‘concentration’

of all known

remedies!

(Good for dehydration!)

For these calculation, assume the original mercury compound used to make the homeopathic

remedies is just mercury(ll) nitrate.

(c) (i) Calculate the concentration (in mol dm~3) of the original stock solution.

(ii) Calculate the concentration (in mol dm=3) of the 30C solution.

(iii) What is the mass (in g) of mercury(ll) nitrate in typical bottle containing 28 mL of ‘most

potent’ 200C solution?

Mercury(ll) nitrate is very toxic and doses as small as 0.5 g have been reported as fatal for humans.

(d) (i) Calculate the mass of Hg2* contained in 0.5 g of mercury(ll) nitrate.

(ii) Calculate the volume (in litres) of the ‘dangerously concentrated’ 6Cdilution that would

need to be consumed to ingest a toxic dose.

(iii) Express your answer to (d)(ii) as a fraction of the volume of the Water Cube National
Aquatics Centre swimming pool in Beijing (approximately 2.5 million litres when used for

the Beijing Olympics in 2008).
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Another 'remedy' is Nitricum Acidum which is actually diluted nitric acid. This is available in various
dilutions up to the extremely 'potent' 7M preparation. A 7M dilution is not 1 mol dm=3; a
homeopathic 7M dilution is equivalent to a crazy 7000C.

(e) Assuming the original stock solution before dilution was 1.0 mol dm~3, what is the
concentration of nitric acid in the following preparations?
(i) 2C (i) 3C (iii) 4C (iv) M.

The pH of a solution may be calculated using the following equation:
pH = —log4q [H']

where [H™] is the total concentration of hydrogen ions in aqueous solution in mol dm3.
Rearranging this equation allows us to calculate the total concentration of hydrogen ions from the
pH of the solution:

[H*]=10PH

() (i) Whatis the pH of pure water at room temperature? Calculate [H*] for pure water.

(i) Calculate the pH of the 1.0 mol dm=3 stock solution of nitric acid. Give your answer to
one decimal place.

(iii) Calculate the pH of the four dilutions from part (e). Give your answers to one decimal
place.

Whilst homeopathy deals with extremely dilute solutions, at the other extreme, high concentrations
are limited by solubilities and, ultimately, the densities of materials. Concentrated nitric acid is
sold as a 68% by mass solution with a density of 1.41 g cm™3.

(g) (i) Calculate the concentration of concentrated nitric acid in mol dm™3.

(ii) Use the equations above to calculate the theoretical pH of a concentrated nitric acid of
strength 12 mol dm=3.

(iii) Given that the density of pure water is 1.0 kg dm~3, calculate the concentration of pure
water in mol dm=3.

At high concentrations of acids, the above equations for pH are no longer valid. Not realising this,
and confusing pH with pKj, many sites on the internet quote the strongest acid (fluoroantimonic
acid) as having a pH of —31.3.

(h) By considering the concentration of H* ions only (ignoring water and counter-ions),
calculate the mass of one teaspoonful of this "pH minus 31.3" acid as predicted using the
above equations. [Assume one teaspoonful is 5 cm3.]
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