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Section A
Answer all the questions in this section.

Most alternative fuels, including bioethanol, are more environmentally-friendly than oil-
derived ones and are generally characterised by lower net emissions of CO; and other
pollutants such as nitrogen oxides (NOx), CO, particulate matter (PM), unburnt
hydrocarbon (HC) and soot.

(i) Write equations for the complete combustion of ethane, and of ethanol. 1]

(if) Suggest why bioethanol is still considered to provide lower net emissions of CO2
than fossil fuels, despite producing CO; as an end-product in combustion. 1]

(iii) Using your answer to (a){(i), suggest why ethanol burns cleaner than regular petrol
and produce lesser CO, PM, HC and soot. [1]

(iv) Using your answer to (a)(i), suggest a disadvantage of using ethanol as a fuel over
petrol. (1]

(i) Suggestthe main advantage of second generation bioethanol over first generation
bioethanol. (W)}

(ii) Suggest two advantages of the thermochemical alternative over the hydrolytic
alternative, in relation to the feedstock used in second generation bioethanol
production. [2]

At the end of the fermentation process, the ethanol concentration generally does not
exceed 15% by volume.

(iii) Suggest a reason why the ethanol concentration generally does not exceed 15%?
[1]

(iv) Suggest a method by which the bioethanol (boiling point: 78 °C) produced can be
concentrated and purified. 1

It is hypothesised that the Wood-Ljungdahl pathway was one of the first biochemical
pathways, used by the first autotrophs about 3.8 billion years ago. These organisms
used CO and H; as energy sources:

Hz — 2H* + 2¢~

CO +H0 - CO, + 2H* + 2e~
and CO:; as an electron acceptor approximately one billion years before significant
quantities of O, appeared in the Earth's atmosphere.

(i) While elucidating the Wood-Ljungdahl pathway, *“CO.-labelling experiments ruled
out the other biochemical pathways known at that time.
Using Fig. 1.1, suggest where the '“C will end up in the bioethanol. [1]
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(i) Which stages in the Eastern branch (Fig. 1.1) use Hz as the energy source
directly? [2]

(i) Write a balanced equation for the production of bioethanol, that uses
e CO as the sole carbon and energy source,
« CO as the carbon source and both CO and H; as the energy source,
e CO; as carbon source and H: as energy source. 2]

To reduce the greenhouse gases emissions, biofuels have been used as, in most
cases, fuel blending components in nowadays transportations due to their cleaner
emissions compared with the conventional fuels. Among all biofuels productions,
ethanol is the predominant compound and has been extensively used as a
transportation fuel.

Bioethanol is commonly mixed with petrol at the volume fractions of 5%, 10% and
85% (fuel names E5, E10 and E85). When blended with petrol, ethanol reduces the
emissions of CO and unburnt hydrocarbon in exhaust. Ethanol is also known to have
high octane numbers which supress the “knock” in engines and thus improves the
engine efficiencies.

Knocking is where the fuel ignites prematurely and this reduces engine efficiency.
Branched chain isomers of octane knock much less and a lot of these are found in
petrol. One major isomer is 2,2,4-trimethylpentane.

One of the characteristics of an effective fuel is the amount of energy it releases.

(i) Using data from the Data Booklet, calculate the enthalpy change of combustion of

2,2,4-trimethylpentane. 2]
(ii) Using for your answer to (d)(i) and the information below, calculate the energy,
in kJ, released when 1 dm? each of both E5 and E10 fuel is burnt. 2]
density of pure ethanol 0.789gcm2
density of pure octane isomers 0.703gcm®
enthalpy change of combustion of ethanol —1276 kJ mol!

(i) The contribution from bioethanol is not counted when the CO; footprints of the E
fuels are compared. Using your answer to (d)(ii) and any other information given,
suggest whether ES or E10 fuel is the preferred fuel. 2]

[Total: 20]

Gaseous molecules, such as CO and Oz, can bind to central Fe?* ion in the porphyrin-
iron(Il) system of haemoglobin to form carboxyhaemoglobin and oxyhaemoglobin
(shown in Fig. 2.1) respectively. In this binding process, water or another histidine
molecule is also incorporated into the sixth coordination slot of the central Fe?* ion.
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Ny COH
CoH  )—NH histidine
£

oxyhaemoglobin
Fig. 21

The molecular orbitals of carbon monoxide and oxygen have similar shapes, and the
difference in their molecular orbital arrangements occurs due to a phenomenon known
as "s-p mixing”.

(i) Sketch the molecular orbital diagrams for the CO and O; molecules. In your
diagrams, indicate clearly the symmetry of the molecular orbitals, as well as the
HOMO and LUMO of these molecules. 4]

Two types of electronic interactions take can occur in the binding of CO with a metal
cation as shown in Fig. 2.2.

o
o-bonding: %@CEO@ n-bonding: %hcz
YA

filled empty
metal t,;  ligand n*

Fig. 2.2

(i) By considering the two types of electronic interactions illustrated in Fig. 2.2 and
your answer in (a)(i), suggest why the binding of carbon monoxide with
haemoglobin is significantly stronger than that of oxygen. 2]

(iii) Explain why the Fe-O=0 angle is 120° whereas the Fe-C=0 angle is 180°. [1]

(iv) Draw an energy diagram showing the electrons arrangement in the 3d orbitals for
the Fe?* ion in oxyhaemoglobin. Hence, explain why oxyhaemoglobin has no
unpaired electrons. 2]

1% of haemoglobin exists in the form of methaemoglobin, in which oxygen oxidises

Fe(1I) to Fe(III):

Fe(ll) + O = Fe(ll1)—0;
{v) Suggest and explain how the bond length of Oz will differ from Os. 1]
[Total: 10]
9813/01/J2PE/22



3 Indanone is a compound used in organic synthesis and exists as two positional isomers,

namely 1-indanone and 2-indanone.

MD

o] VM‘nv,
oo Ol G
Ve
1-indanone 2-indanone ! -W,d NS

(a) (i) Outline the principles of 'H nuclear magnetic resonance (NMR) spectroscopy. [3]

(i) State and explain which isomer of indanone will give the 'TH NMR spectrum in

Fig. 3.1.
10 9 S R T R
chemical shift, 5 / ppm
Fig. 3.1

2]
(b) The infrared (IR) spectrum of 2-indanone is given in Fig. 3.2.

transmittance / %

1 T L | & I L TR T | T
3800 3400 3000 2600 2200 1800 1400
wavenumber / cm™!

pk B T T T T
1000 900 800 700 600 500
Fig. 3.2
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Interestingly, although 2-indanone does not have an OH group in its structure, a small
peak at 3500 cm-! characteristic of the O—H stretch can be observed. This is because
2-indanone can exist in two forms, namely its keto form and its enol form.

oo~ oD

keto form enol form

Typical aliphatic ketones, such as propanone, very rarely exist in their enol form
because it is highly unstable. As a result, the peak corresponding to the O-H stretch
is never observed in the IR spectra of aliphatic ketones. However, the enol form in
2-indanone is sufficiently stabilised by its structure, resulting in the lifetime of the enol
form being long enough for the O-H stretch to be detected by IR spectroscopy.

(i) With reference to suitable bond energy values in the Data Booklet, explain why
the enol form of ketones is more unstable than the keto form. 1]

(ii) Explain why the IR spectrum of 2-indanone shows a small peak corresponding to
the O-H stretch, while the IR spectrum of 1-indanone does not show a peak
corresponding to the O—H stretch. 2]

(iii) Suggest another peak on the IR spectrum of 1-indanone that could be used to
distinguish it from the IR spectrum of 2-indanone and explain your answer. 2]

* wavenuWie v of C= Qpenc civ tviot W) I-ividanwg e

BE AC
B C=C

=) 7 4

B 75 STV S 4@
+evwad -
St e

-l
(c) The ring-reduced form of 2-indanone, 2-hydnndanone can exist as two diastereomers. ./ 4/ ()(_ (<= |

ducl U
L-Mdanove
0 0 RV
A A
cis-2-hydrindanone trans-2-hydrindanone

(i) Draw the most stable conformation for both cis- and trans-2-hydrindanone. [2]

NaBH, PCly

0 e OH —— Cl
ethanol
2-hydrindanone 2-hydrindanol 2-chlorohydrindane

(i) Using your answer to (c)(i), explain why the NaBHs reduction of

cis-2-hydrindanone fo the corresponding 2-hydrindanol is stereoselective, while
that of trans-2-hydrindanone is not. [11

(iii) Two peaks on the mass spectrum of 2-chlorohydrindane can be observed at m/z
103 and 105. State the ratios of the heights of the 103 and 105 peaks and propose
the structure of the fragment that could give rise to these peaks. 2]

[Total: 15]
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4 Valdecoxib is a non-steroidal anti-inflammatory used in the treatment of osteoarthritis,
rheumatoid arthritis, and painful menstruation and menstrual symptoms.

QL

N

o]
=~

O

HaNO,S
valdecoxib

Valdecoxib is unique in its design as it contains an aromatic isoxazole ring, an analogue of
furan, which is also aromatic like benzene.

isoxazole furan

(a) Suggest why isoxazole is less susceptible to electrophilic aromatic substitution when
compared tofura 2EN ity (A (40 *ge v | ™M Aava \,{

. ledy UG e v ic o\ﬁm\gmedvmwe A

(b) Valdecoxib can be synthesised in the laboratory through the
in Fig 4.1 which assembled the isoxazole ring elegantly.

g scheme shown V\V\q
()24

Q)
(i) Suggest the reagent to be used in step 1. M NO\V;'%UVI el
A
(i) Draw the pair of stereoisomers present in B and state their configurations.  [2] N aU A 2‘
€ \VAS W(ff,
(iii) Despite C—H bonds being non-polar, explain why the methylene (CHz) proton in B awn d v
is acidic. Ye{ONAVK2 JTOOWINANN = — cvonvee 11 Vs Sl i
duyt AedT0 A QVeat exient Vet
(iv) Suggest the Idenmy of intermediate C. ] b, 5‘1\/\“'9
(v) The base initiates the cyclisation in step 3. Name and suggest a mechanism for ¢ \(.(_t\/\l/‘
step 3. You may use B:~ to represent the base in the mechanism. [3] J‘V‘K +
NU U | (EXOV| WM N
(vi) Usi\r{‘gcane a%y\mgr‘n;tg Mn projection along the C4-C5 bond (with the C4
being the proximal atom), describe the E2 mechanism for step 4. 2
Yl)\/\ Cy-‘v:)"‘l Evy W Mawn YU YVvvaw (‘f
£ [ 4%
= 7~ Ay PN v |
'- \AC
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H
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(c) (i) Draw the structure of the electrophile formed in step 5. Hence, write an equation
to illustrate how the electrophile is generated in step 5. 2

Hne Wivdvave @ dad St
(i) Explain why G is minor product of step 5. POW(T\\M CANV WMO(

:):< %
30201 :>:(

(i) Suggest why H is not formed in step 5.

i
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10

Section B (b) Compound § (CsH100z) was synthesised with the intention of making it another
Answer two questions from this section, analogue of a flavouring agent but was found to be unsuitable, as it was too corrosive
to human skin. The NMR spectrum of S shows peaks with similar splitting patterns to
5 (a) Compound R is a flavouring agent. R only contains carbon, hydrogen, and oxygen. R. However, for S, the signal between 7 to 8 ppm shows two doublets. S also has an

The IR spectrum and 'H NMR spectrum of R are shown in Fig. 5.1 and Fig. 5.2 additionahinglet peak at 6.0 ppm that disappears upon addition of D20.

respectively.
(i) Explain the purpose of adding DO to S. 1]
10 Aluoiv|

ddowive pvesevid of iabile protons
(ii) State the components of S that correspond to the two doublets and the singlet that

disappears upon addition of D;O. N -didtuy. Wewield, wg

5 M gy diyayye avr
i (iii) Hence, draw the skeletal structure of S and explain what could be causing th\gvl(

§ corrosive nature of S. 2]

©

'zé (iv) Propose a chemical test to distinguish between R and S. 2]

£

=

Na(s) , Effew edceVice A (N

AVWIWVA N (c) Consider compound L containing the bicyclo[2.2.1]heptane core below. 9 =
Gt | @ deaveanig @/\
E VALY “
T T T T LR | = — —
4000 3500 3000 2500 2000 1500 1000 500 R oW e
wavenumber / cm-! Q-Ur67C 7 G (57 [ZVVZIVN8 4V Ry
Fig. 5.1 . C«(7Cy7m7h(ﬂ 5
; C¥ 171G 7 W L
v h AWMy (i) Identify and assign the stereochemistry (R or S) at each of the chiral centres in L,
~Nal and explain your answer. 10 W d\\nyO CLY valew 3]
- (equivaluut (ii) Draw the skeletal structure of a diastereomer of L. 1]
S avowi hCV s 17Uy
\DV\S"\M \g(; Jiole wvi 0)‘\,7* v (iii) L was heated strongly with NaOH(aq) and after an extended period of heating, L
S, v [ame E N OX49ev was recovered unchanged.
i I Pm—; M Explain fully the observation made in the above experiment. 2

]
= ™ 207 1 ‘
T T T T T T T X S | (Ol -COWAIN CANVIGE eAWT cIV A i Gistata Acvion )

chemical shift, § / ppm Ko iR WM T uidveav/ce ¥ Cun vt RO

o

3 pawm the vE OV
Fig. 5.2 () QTR SAEve D mey ot L dve f (ponNail
From the mass spectrum of R, it is observed that the molecular ion has an m/z ratio of /A estwiored AN : twiv el vathanv )
152. The peaks at m/z ratios 152 and 153 have relative intensities of 0.244 and 0.0242 20 Uhaww" \j(
tively. (v . L i
b nlQathumuy = Tx% = 9C atwwyS e
Deduce the molecular formula and structural formula of compound R. Show your
reasoning. 2 7]
WAy £ : CO‘HWOV Viell = Y (Wewn Te\ V‘V‘aj
3 i
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6 (a) The Woodward’s rules for enones can be used to predict the wavelength of the
absorption maximum, Amax, Which corresponds to a n — n* transition. As the = —» n*
transition is affected in a predictable fashion by structural modifications made,
Woodward’s rules assign different increments based on the structural modification
made to a base molecule, such as a six-membered ring or acyclic parent enone.
Compound L shown below is an enone and exhibits two uv absorption peaks at
215 nm (molar absorptivity, ¢ = ~10¢) and 305 nm (¢ = ~102).

T
alloved -
A (A
o]
compound L

D We Ak ab oV uA
dLe & evwidd e
VAN IN ca n->T1%

D Awigx A N3 T ¥ WtV

(i) By considering the allowed and forbidden electronic transitions involved, briefly ﬂ/r,

account for the differences in the two peaks observed for compound L. 2]

Fig. 6.1 shows the predicted increment in the Amax with respect to that of compound L,
according to the Woodward's rule, for structures based on compound L.

1Nioted
“; IONVTIEY. {; ) al\eve
NI T efreinve e
compound M \A@O( compound N

increment = 30 nm increment = 10 nm

Fig. 6.1

(i) Account for the increment of 30 nm for the Amax of compound M with respect to that
of compound L. 2]

(iii) Using information from Fig. 6.1, predict the Amax of compound P.

+19
X
o NF
+39 130
compound P

(1
(iv) Suggest the effect on the Amax when the C=0 bond in compound P is changed to

aC=Cbond. WMOVC effehve NGO Y LEN W

Nucleophilic substitution is a key mechanism in synthesis chemistry.
1-bromo-2,2-dimethylpropane reacts with ethanoic acid to yield a single product. The
process involves a rearrangement step.

(b)

©EJC 9813/01/J2PE/22 [Turn Over
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(c)

12
OCOCH;,
J\/Br + CHaCOH —— + HBr
1-bromo-2,2-
dimethylpropane

(i) By considering the structure of the product formed, state and explain whether the
Sn1 or Sn2 mechanism is operating for the reaction shown above. 2]

Snl gt eyl WL CAVOCCUY O Hovhde car -

In a similar fashion, compound Q reacts with H.SO4(aq) to yield two different products (d

as shown in Fig. 6.2. m W

D)( HiS0u) G( “°3 / A Vioor
QR & i

3" canp\ativg
compound Q@ e 5_(; Iveawo O?QN\/“G 8
QCCAY, Hre elMidiiieA
(i) Describe the role of the acid used in the reaction. U]
PVWRAAE T R waice ¢ guoad Vg Qvanp
(iii) Suggest why the rearrangement to form a five-membered ring occurred in the
reaction of compound Q with HzSOa. 1

relieve WIQ Jvativ fawm ¥ Wwemvie' = 5 newpvey
(iv) Describe the mechanism involved in the formation of each of the products shown
in Fig. 6.2. [4]

The hydrolysis of C{CH2).OH by water involves a nucleophilic substitution.
CKCH;),OH + H,0 — HO(CH),OH + HCI

The rate of hydrolysis can be determined based on the measurement of [CF]. A series

of CHCH:),OH were studied and the relative rate of production of [CF] was measured.
n 2 3 4 5
relative rate 2.37 10.1 2220 90

With n = 4 or 5, an additional cyclic compound was also detected as the by-product of
the reaction.

(i) Suggest the structure of the cyclic by-product formed when n = 4. 11
(i) Suggest why the relative rate of CI- formation is higher when n = 4 or 5.

NeM INAV) Q) -GMDAY?

(iii) Suggest why the relative rate of Ct-

n=5. A < ; MOVE lilea O‘ng&ku
(iv) Draw m%anismsﬁMof EO(SHz)A a\rlr]d e cycl%i:‘i@-prb‘c]%i N\/\m d
in (c)(iii) when n = 4. [3]
otal:20] £ GNENTCY
oveM AV
ywin e G
muec AV

wvntal & the
(U A A

Ye AANVHC
atom

(1
W\pohm dve 1S AN vty
orm:

ation is higher when n = 4 than when
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7 (a) When alkyl halides undergo Sx2 reaction mechanism, E2 reactions also occur
competitively. In an experiment to study the competition of Sx2 and E2 reactions
several alkyl bromides with sodium ethoxide, CHsCH,ONa, in ethanol at 55 °C. The
experimental rate constants for both reactions and the fraction of alkene obtained are

14

(b) The following scheme shows two synthetic routes to the same product, compound W.
Explain why both synthetic routes lead to poor yield of W.

h in Table 7.1 route I route II
shown in Table 7.1. 0
Table 7.1 ©/\OH 1.Na o/k\ e 5
110 1108 O @ 5 Br o
substrate k.2 b 18 i Br compound W .
dm?® mol-' s dm?® mol-' s p
B MARN A Fenevnivegys€
\—Br e 12 heay] onwnoleVante
- ) \ (c) In the presence of a strong base, compounds A and B undergoes E2 elimination to
"(N? d v F&‘ VWWCA give the respective (E)- or (Z)-alkenes, stereospecifically.
>—Br 21 76 DVIVOLINAG BICAC ; . :
\ | AV OM | o-cav S $ 5
A \ch : AN, i By % @h“” =t
Br <21 79 ’$é Ph N Ph
- £7 fanuved Sk 4 & (phenyl group)
Ol ca\fV?) VOV compound A compound B
() Explain why ke, increases while ks ,decreases as the alkyl bromides become (7} {4 at\oruwv E -ANW-ev TrWwev
more substituted in Table 7.1. 3] 4\/!0" cclw With the aid of appropriate Newman projections, determine the major products of
W C“ elimination of compounds A and B. [2]
(ii) Suggest and explian how kg2 will change when ethoxide is replaced with ammonia Ve d g
in the reaction with (CHs),CHBr. g Q)VMUW Jfaie (d) Treatment of trans-2-chlorocyclohexanol with a strong base such as sodium methoxide,
Kpny deoveodey v Nhya o Wechlcev b€ e\ hun NaOCH;, in methanol yields 1,2-epoxycyclohexane, but reaction of the cis isomer
(ili) Suggest and explain how kg, will change when ethoxide, CHsCH,0O-, is replaced p At under the same conditions yields cyclohexanone. With the aid of appropriate
with DBU in the reaction with (CHs).CHBr. stereochemical structures, propose mechanisms for both reactions.
e VYRV jUGANSA
OH
CH3ONa
@ JOUr-- @
NTYSN® iy, = “c1  in CHOH
trans-2-chlorocyclohexanol 1,2-epoxycyclohexane
DBU
Al «~OH " cH.oNa R
(iv) Despite having two nitrogens atoms, N* and N®, DBU only has one measurable B , ; ke N - twl A
PKs at 1.1 in 1 mol dm™ aqueous solution. With reference to the structure of the  7) {2 [\J LA E. o1 IDCHIOH Tauvhoneud o H\en
conjugate acid of DBU, upon protonation at N* and N® respectively, suggest which 310' W\\ V(0. hu/] cis-2-chlorocyclohexanol cyclohexanone 1l
nitrogen atom is being assigned with this pKy value. Hence, explain why there is AWJ ( m/ ¢ C‘M am o o . [Total: 20]
only one measurable pKs value. [3] WVCVI N 4 W C{ ‘0\1_ Bs "'\
| N (7"5
(v) Using (CHs).CHBr and ethoxide, CHsCH,O", as reactants, illustrate the transition @ i V ) w / S dadm
states for the Sx2 and E2 reac;ﬁon 3maéha;ﬂsms showir;g the stereochemistry vt paiyan Na 1) 0( s¥ 3 /
; | {decA 2~ -
claaily. @ A2INcildeol ~vedlie o' R
Ly =OK-TLS avonantyy
(vi) Using concepts of thermodynamics, explain how the use of a high temperature Jf l
increases the yield of alkene from (CHs).CHBr. [2] 5 f .
BV I\ oAYCAUIIY Lave wighev S fwauv v ]/\,/ U\ W
oric Oy N odStfdEla At wio Ve vt OEJC 9813/01/J2PE/22 \&L f
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Information for Question 1

Environmental problems associated with the use of fossil fuels as well as their expected
scarcity in the near future requires a search for new alternative fuels produced from renewable
sources, notably biomass, the material produced by the growth of microorganisms, plants or
animals. Bioethanol is such an alternative fuel.

Bioethanol can be produced from renewable feedstocks, mainly lignocellulosic biomass, and
waste; the possibility to use autochthonous feedstocks reduces our dependency on imported
fossil fuels, which ensures increased political and economic stability.

Extract 1 (adapted from D Kennes et al., J. Chem. Technol. Biotechnol., 2015, 91, 304)

Bioethanol is a biofuel that can be obtained from biomass and waste as feedstocks through
fermentation.

ir: neration Bi |
First generation bioethanol production is a mature technology used at commercial scale. The
biofuel is obtained through the fermentation of carbohydrates available in feedstocks
containing sugars or starch, such as sugarcane, sugar beet, corn, or wheat, among others.

Second Generation Bioethanol

Second generation bioethanol is obtained mainly from lignocellulosic materials (wood), the
stems and roots of trees and woody plants consisting of brittle and fibrous tissues. The
dominant components found in lignocellulosic feedstocks are lignin (~30%), cellulose (~40%),
and hemicellulose (~30%). Lignocellulose is considered to be the most abundant type of
renewable biomass on Earth.

Two maijor routes allow conversion of the feedstocks to fermentable substrates, i.e. the
hydrolytic route and the thermochemical route.

In the hydrolytic route, the feedstock undergoes a pre-treatment stage first, aimed at facilitating
the subsequent hydrolytic treatment. Chemical, physical or biological pre-treatments can be
applied.

simple
sugar

crushing pre- . downstream
[feedstockH miling H onie r“]—O[hydrolysm}—o{ fermentor H processing]

lignin (not hydrolysed) ethanol

The pre-treatment attacks the lignin and hemicellulose polymers and makes cellulose more
accessible in the next hydrolytic stage. The hydrolytic treatment uses enzymes to convert the
cellulose polymer to simple, fermentable sugars, mainly glucose. Simple sugars obtained from
hemicellulose and cellulose are then fermented by yeasts to bioethanol.

CeH1205 — 2CH3CH,OH + 2CO;



In the thermochemical alternative, the feedstock is gasified, yielding syngas — a mixture largely
composed of CO, CO: and H> — which can be fermented anaerobically, usually by clostridia
(a family of bacteria), to ethanol or other products.

syngas
(CO, CO2, Ha)
pre- ownstream
[feedstock]—o&atment]—o[gasmcauon]-—x—o[ fermentoerr oces sin gJ
power generation
from the heat ethanOI

In both cases, downstream processes are then applied to recover and purify the biofuel.
Extract 2 (adapted from L J R Nunes, Results in Engineering, 2022, 12, 100408)

Gasification is a thermochemical process caused by changes in the structure of biomass at
high temperatures (above 750 °C), in the presence of a gasification agent, which results in a
greater production of gaseous products (85%), and small amount of tar (5%), char, and ash
(10%), being classified according to the gassing agent used: air, steam, steam and oxygen,
air and steam, or oxygen-enriched air.

This gaseous product derived from the gasification of biomass, or other solid fuels, is known
as synthesis gas (syngas). Syngas is a mixture of Hz, CO and CO.. It can be used for the
generation of electricity by direct combustion, for the operation of fuel cells if properly purified,
or to produce biofuels and chemicals.

Extract 3 (adapted from J Daniell et al., Energies., 2012, 5, 5372)

Acetogens are a group of bacteria capable of fermenting CO and/or CO. and H: into
acetyl coenzyme A (acetyl-CoA) and from there into ethanoic acid, ethanol and other
metabolic end-products, via the reductive acetyl-CoA pathway, also known as the Wood-
Ljungdahl pathway.

The Wood-Ljungdahl pathway is illustrated in Fig. 1.1 and is made up of carbonyl (sometimes
referred to as “Eastern”) and methyl (or “Western”) branches. CO enters the pathway through
two routes. One molecule can directly enter the Western branch as CO, while another
molecule of CO can be oxidised to CO: (stage I) and enter the Eastern branch of the Wood-
Ljungdahl pathway.

In the Eastern (or methyl) branch, CO is reduced to HCO;™ (formate), which is then attached
to tetrahydrofolate (THF) (stage III). This undergoes several transformations (stage IV to VI)
to give methyl-THF. The methyl group from methyl-THF is then transferred to a cobalt-
containing iron-sulfur protein (FeS-P) (stage VII), and this methyl group is provided as the
methyl group of acetyl-CoA (stage IX). Used by all organisms in one-carbon metabolism, the
genes encoding the enzymes that operate in the Eastern branch are ubiquitous.

The Western (or carbonyl) branch is unique to anaerobic microorganisms. CO can either be

used directly, or generated from CO; (stage VIII), and serves as the carbonyl group for acetyl-
CoA synthesis.

©EJC 9813/01/J2PE/22 [Turn Over

"Eastern” or
Methyl Branch

(6]0)

Y

cO,
nl
(0]

H/C‘o-

T e
N O ngf
N

CO,H
o)

ZT

o
O

=

prn o
e

formyl-THF)

T
[ =
HN
I HN
o —N4©—§ COH
H 0

H (melhenyl—THF)

wI B f

0 H,C—N COH

COH

QO=Z+

n (methylene—THF)

Y/N| j Wl CO,H

HN
e HN
O CHs HN@ CO,H
0

HoN

"Western" or

Carbonyl Branch
(methyl-THF) CO,

Vlll Vllll

CH;—Co"FeS-P co
IX
CHaCOy™
] Hy C/C\ _coenzyme A
CH3;CH,0OH / (acetyl-CoA)

Fig. 1.1




