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Basic classes of biomolecules

• Aminoacids

• Lipids

• Carbohydrates (sugars)

• Nucleobase

• Nucleosides 

(sugar+nucleobase)



Nucleotides - components



Formose reaction as an autocatalytic process

Formose reaction starts in concentrated alkaline aqueous solutions of formaldehyde

alkali are typically calcium, magnesium or lead. Clean pentose esters with borates.



Cyanosulfidic chemistry for the Kiliani-Fischer homologation

J. Sutherland, Nature Reviews Chemistry 
2017, 1, Article 0012, doi:10.1038/s41570-016-0012

Photoredox cycle based on cyanocuprates may convert

HCN into cyanogen

Cu2S + H2O + 6CN- � 2[Cu(CN)3]2- + HS- + OH-



Phosphates

Schreibersite (Fe,Ni)3P, common in iron-nickel meteorites

(Fe,Ni)3P + HClaq � H2PO3
-

Wikimedia , Butcherbird Fe3(PO4)2 + 18CN-
aq �

2PO4
3- + 3[Fe(CN)6]4-

Fe2+ + PO4
3- (pH ~ 7) �

Fe3(PO4)2 (vivianite)

HCN – burning of carbon-rich meteorites 

into redox-neutral atmosphere (N2 and H2O)

Wikimedia , Carles Millan

vivianite
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M. A. Pasek, et al. Angew. Chem. 
Int. Ed. 2008, 47, 7918-7920

A. Eschenmoser, et al.
Orig. Life Evol. Biosph. 
1999, 29, 333-354



RNA oligomers – prebiotic disconnections

RNA oligomers

(activated) nucleotides

nucleosides phosphates

nucleobases ribose

formaldehydeHCN

Since 1950’s – assumed separate synthesis of sugars and

nucleobases, followed by regio- and diastereoselective

glycosidation � monomeric nucleotides



Prebiotic synthesis of nucleobases

Diaminomaleonitrile

DAMN



Prebiotic synthesis of pyrimidine nucleosides

No direct synthesis of pyrimidine 

nucleosides from ribose reported so far.



RNA oligomers – prebiotic disconnections

RNA oligomers

(activated) nucleotides

nucleosides phosphates

nucleobases ribose

formaldehydeHCN, small C1-C2



Prebiotic synthesis of nucleosides

cytosine arabinoside

synthesis

cytosine riboside (as a cyclic

phosphate) is obtained 

from a phosphorylated substrate

Ara-3’P + NH2CN + HCC-CN � Cyt-2’,3’cP: A. Ingar, R. W. A. Luke, B. R. Hayter, J. D. Sutherland ChemBioChem 2003, 4, 504-507

R. Sanchez, L. Orgel J. Mol. Biol. 1970, 47, 531-543

C. M. Tapiero, J. Nagyvary Nature 1971, 231, 42-43

Review: L. E. Orgel Crit. Rev. Biochem. Mol. Biol. 2004, 39, 99123



Prebiotic synthesis of oligonucleotides

Activated ribonucleotides in the potentially prebiotic assembly of RNA. Potential P–O bond forming
polymerization chemistry is indicated by the curved arrows.



Cyanosulfidic chemistry

The aldol chemistry of sugars and cyanide chemistry of nucleobases 

can be combined at earlier stages than glycosylation. 



RNA oligomers – prebiotic disconnections

RNA oligomers

(activated) nucleotides

nucleosides phosphates

nucleobases ribose

formaldehydeHCN, small C1-C2



Cyanosulfidic chemistry for the Kiliani-Fischer homologation

J. Sutherland, Nature Reviews Chemistry 
2017, 1, Article 0012, doi:10.1038/s41570-016-0012



M. W. Powner, B. Gerland, J. D. Sutherland, 

Nature 2009, 459, 239–242

Cyanosulfidic chemistry

Cyanoacetylene (7) is a major 

nitrogen-containing product of the 

action of an electric discharge on a 

mixture of methane and nitrogen.

Cyanamide (8) is a fertilizer from 

calcium carbide and nitrogen.

The calcium carbide is formed upon 

heating of calcium cyanide



Cyanosulfidic chemistry

The recently uncovered route to activated pyrimidine nucleotides 2.

The nucleobase ribosylation problem is circumvented by the assembly 
proceeding through 2-aminooxazole 21, which can be
thought of as the chimera of half a pentose sugar and half a 
nucleobase. The second half of the pentose - glyceraldehyde 5 -and 
the second half of the nucleobase—cyanoacetylene 7—are then 
added sequentially to give the anhydronucleoside 23. 

Phosphorylation and rearrangement of 23 then furnishes 2 (B=C), and 
UV irradiation effects the partial conversion of 2 (B=C) to 2 (B=U).



Cytosine-2’,3’cP – step 1: 2-amino-oxazole

no phosphate

phosphate

M. W. Powner, B. Gerland, J. D. Sutherland, 

Nature 2009, 459, 239–242

side reaction 

of 8 to urea



ara ribo

xylo

lyxo

Cytosine-2’,3’cP – step 2: pentose-amino-oxazolines

M. W. Powner, B. Gerland, J. D. Sutherland, Nature 2009, 459, 239–242

21

23

22

ribo-21 – selectively crystallizes

on cooling � ara-12 becomes

the main mixture component



Cyanosulfidic chemistry

The „side product” ribo-21 can be converted to the expected arabino-12 by general acid-base catalysis in phosphate buffer,

although with some decomposition to 26

Interconversion of pentose aminooxazoline stereoisomers.



119 ara-12

Cytosine-2’,3’cP – step 2: pentose-amino-oxazolines



13

ara-12

Cytosine-2’,3’cP – step 3: arabinose-anhydronucleosides



ara

Cytosine-2’,3’cP – step 3: arabinose-anhydronucleosides

M. W. Powner, B. Gerland, J. D. Sutherland, Nature 2009, 459, 239–242

ara



Cytosine-2’,3’cP – step 4: ββββ-ribocytidine-2’,3’-cyclic phosphate

M. W. Powner, B. Gerland, J. D. Sutherland, Nature 2009, 459, 239–242

13

1

6

+ 6

31



Rearrangement of 31, the 3’-phosphate of arabino-13, to 1 by intramolecular nucleophilic substitution.

1

13

13

Cytosine-2’,3’cP – step 4: ββββ-ribocytidine-2’,3’-cyclic phosphate

M. W. Powner, B. Gerland, J. D. Sutherland, Nature 2009, 459, 239–242



Photochemistry of cytidine nucleosides and nucleotides. 

R. A. Sanchez, L. E. Orgel, J. Mol. Biol. 1970, 47, 531-543

Orgel reported photoanomerization of alpha-cytidine 

19 to the beta-anomer 25, but the reaction was very 

low-yielding and combined with massive decomposition

UV light tends to destroy most of phosphorylated 

cytidine derivatives (by photohydration and followed

decomposition). 

EXCEPTION: beta-cytidine-2’,3’-cyclic phosphate 1

� Partial conversion to the uridine nucleotide 33, but 

both are stable on further irradiation

1 33

Activated pyrimidine nucleotides –

step 5: UV-light induced rearrangement C���� U + cleanup of the side products



33

1

step 5: UV-light induced rearrangement C���� U + cleanup of the side products



Photochemistry of beta-ribocytidine-2’,3’-cyclic phosphate 1. Under conditions of irradiation that destroy most 
other pyrimidine nucleosides and nucleotides, 1 undergoes partial hydrolysis and slight nucleobase loss. 

Ura, N1-linked uracil; Cyt–H, cytosine; Ura–H, uracil.

step 5: UV-light induced rearrangement C���� U + cleanup of the side products



Prebiotic synthesis of activated

pyrimidine nucleotides 

Catalysis, and reaction control through pH and chemical 

buffering, is indicated by dashed lines.

13

22

331



Prebiotic route to pyrimidine nucleotides

Prof. John Sutherland

Laboratory of Chemical Biology

Cambridge, UK

Dr. Matthew Powner

University College London, UK



The origin of small reactive intermediates

Thermal decomposition of cyanoferrates (volcanic):

Action of water (bufferred to neutral or slightly acidic) on that mixture produced concentrated HCN solution +

cyanamide (from CaNCN) + acetylene (from CaC2) + ammonia (from Mg3N2) 

Photoredox cycle based on cyanocuprates may convert

HCN into cyanogen

Cu2S + H2O + 6CN- � 2[Cu(CN)3]2- + HS- + OH-

cyanocuprates and HS- are delivered by this process 



Cyanosulfidic chemistry for the Kiliani-Fischer homologation

J. Sutherland, Nature Reviews Chemistry 
2017, 1, Article 0012, doi:10.1038/s41570-016-0012



Cyanosulfidic chemistry

First signs of a linkage between all subsystems through cyanosulfidic chemistry.

glyceraldehyde 5 is a precursor of pyrimidine nucleotides (RNA), Upon isomerization to 53 and reduction to glycerol 54, it 

can be phosphorylated to yield phospholipids (from 56 and 57)...

J. D. Sutherland, et al. Nature Chem. 2015, 7, 301-307



Lipids d, TEM image of a sample (15 mg in 1 ml water) 
from the crude reaction in b, showing the 
formation of vesicle-like structures with a 
diameter of ∼9.2 μm. 

e, TEM image of a sample (1 mg in 1 ml water) of 
authentic phospholipid 26 from Fig. 2c showing 
the formation of vesicle-like structures with a 
diameter of ∼3.5 μm. 

f–h, Confocal laser scanning microscopy 
fluorescence images of vesicles prepared with 
authentic phospholipid 26 (1 mg in 0.1 ml water) 
with dye encapsulation. 
- In f, green fluorescence indicates hydrophilic 

pyranine dye encapsulated within the cavity of
the liposome. 

- In g, red fluorescence indicates rhodamine B 
dye labelling the bilayer phospholipid 
membrane of the liposome. 

- In h, a fluorescence merged image is shown of 
a phospholipid vesicle prepared with both 
rhodamine B dye and pyranine dye. 



Cyanosulfidic chemistry

Photoredox systems chemistry with hydrosulfide as the stoichiometric reductant. a) (Over-)reduction of glycolonitrile

45 to glycolaldehyde 4 (and acetaldehyde 49), b) reductive homologation of 4 (and 49) to 5 (and 51), c) most of the 

aldehydes produced by this chemistry as Strecker amino acid precursors (boxed) and the self-destruction (as regards 

potential Strecker chemistry) of the cyanohydrin 52.
J. D. Sutherland, et al. Nature Chem. 2015, 7, 301-307

First signs of a linkage between all subsystems through 

cyanosulfidic chemistry.



Cyanosulfidic chemistry

Not reduced under 

applied conditions

+ HS- in darkness

Cyanohydrins undergo photoreduction

to α-hydroxyaldehydes.

α-hydroxythioamides first undergo 

photodeoxygenation to thioamides,

and then photoreduction to aldehydes

J. D. Sutherland, et al. Nature Chem. 2015, 7, 301-307



Cyanosulfidic chemistry

J. D. Sutherland, et al. Nature Chem. 2015, 7, 301-307



Cyanosulfidic chemistry

First signs of a linkage between all subsystems through 

cyanosulfidic chemistry.

glyceraldehyde 5 is a precursor of pyrimidine nucleotides (RNA),

Upon isomerization to 53 and reduction to glycerol 54, it can be

phosphorylated to yield phospholipids (from 56 and 57)...

J. D. Sutherland, et al. Nature Chem. 2015, 7, 301-307

The side product – acetone 55 – seems to be meaningful

in the potentially prebiotic route for branched aminoacids

Val and Leu



Cyanosulfidic chemistry

Synthesis of cyanoacetylene 18 and reactions leading to amino acid precursors of Asp/Asn and Glu/Gln.

J. D. Sutherland, et al. Nature Chem. 2015, 7, 301-307



Cyanosulfidic chemistry

Synthesis of acrylonitrile 71 and reactions leading to amino acid precursors therefrom.



Cyanosulfidic chemistry

Dissolution of atmospherically produced hydrogen cyanide results in the conversion of vivianite (the anoxic corrosion 
product of the meteoritic inclusion schreibersite) into mixed ferrocyanide salts and phosphate salts, with counter 

cations being provided through neutralization and ion-exchange reactions with bedrock and other meteoritic oxides 
and salts.

Chemistry in a post-meteoritic-impact scenario. 
A series of post-impact environmental events are shown along with the chemistry (boxed) proposed to occur as 

a consequence of these events. 



Cyanosulfidic chemistry

Chemistry in a post-meteoritic-impact scenario. 
A series of post-impact environmental events are shown along with the chemistry (boxed) proposed to occur as 

a consequence of these events. 

Partial evaporation results in the deposition of the least-soluble salts over a wide area, and further 
evaporation deposits the most-soluble salts in smaller, lower-lying areas.



Cyanosulfidic chemistry

After complete evaporation, impact or geothermal heating results in thermal metamorphosis of the evaporite layer, 
and the generation of feedstock precursor salts (in bold).



Cyanosulfidic chemistry

Rainfall on higher ground (left) leads to rivulets or streams that flow downhill, sequentially leaching feedstocks
from the thermally metamorphosed evaporite layer. Solar irradiation drives photoredox chemistry in the streams. 
Convergent synthesis can result when streams with different reaction histories merge (right), as illustrated here 
for the potential synthesis of arabinose aminooxazoline (5) at the confluence of two streams that contained 
glycolaldehyde (1), and leached different feedstocks before merging.



Cyanosulfidic chemistry system



Cyanosulfidic chemistry system



Cyanosulfidic chemistry system



Remaining challenges of prebiotic nucleotide synthesis

Homochirality of currently known biomolecules

Prebiotic synthesis of purine nucleotides and deoxyribonucleotides

Prebiotic polymerization



Enantiomeric excess in the cyanosulfidic chemistry

G. F. Joyce, G. M. Visser, C. A. A. Van Boeckel, J. H. Van Boom, L. E. Orgel, J. Van Westrenen, Nature 1984, 310, 602-604

Polymerization of D-nucleotides is suppressed in 

presence of L-nucleotides – the problem of 

„enantiomeric cross-inhibition”

Incorporation of L-enantiomers into growing chains of 

D-oligonucleotides � families of diastereomers for 

each sequence � problematic development of 

phenotypic RNA properties

Without access to highly enantioenriched sugars, the 

nucleotides formed during the ‚cyanosulfidic 

chemistry’ synthesis would not lead to informational 

polymers capable of establishing a genetic code



Chiral amplification and the origins of homochirality

Breslow, R., Levine, M. Proc. Natl. Acad. Sci. USA 2006, 103(35), 12979-12980

Prof. Ronald Breslow

Columbia University, USA

Enantioenriched aminoacids present in meteorites (up to 18 % ee L-isomers). Further enantioenrichment is possible

by manipulation of aminoacid phase behavior:



D. Blackmond Phil. Trans. R. Soc. B 2011, 366, 2878-2884

Eutectic solutions over enantioenriched aminoacids

Highly enantioenriched solutions may be obtained from a small initial enantiomeric imbalance for many aminoacids, 

including proline, via physical amplification processes that sequester the minor enantiomer as racemic solid.

conglomerates mixed crystals

Manipulation of eutectic ee value by 

formation of a solvate that reduces the 

solubility of the racemic compound

Mixtures of enantiomers can crystallize as 

conglomerates (a single crystal contains only 

molecules of one handedness) or racemates 

(a single crystal is racemic).

Enantioenriched mixtures give mixtures of 

crystals which would have the same ee value 

upon re-solubilization



D. Blackmond Phil. Trans. R. Soc. B 2011, 366, 2878-2884

Eutectic solutions over enantioenriched aminoacids



Klussmann, M., et al. Nature 2006, 441, 621-623

Eutectic solutions over enantioenriched aminoacids



Cyanosulfidic chemistry

The recently uncovered route to activated pyrimidine nucleotides 2.

The nucleobase ribosylation problem is circumvented by the assembly 
proceeding through 2-aminooxazole 21, which can be
thought of as the chimera of half a pentose sugar and half a 
nucleobase. The second half of the pentose - glyceraldehyde 5 -and 
the second half of the nucleobase—cyanoacetylene 7—are then 
added sequentially to give the anhydronucleoside 23. 

Phosphorylation and rearrangement of 23 then furnishes 2 (B=C), and 
UV irradiation effects the partial conversion of 2 (B=C) to 2 (B=U).

M. W. Powner, B. Gerland, J. D. Sutherland, Nature 2009, 459, 239–242



119 ara-12

Cytosine-2’,3’cP – step 2: pentose-amino-oxazolines

M. W. Powner, B. Gerland, J. D. Sutherland, Nature 2009, 459, 239–242



Enantiomeric excess in the cyanosulfidic chemistry

J. E. Hein, E. Tse, D. G. Blackmond, Nature Chem., 2011, 3, 704-706

a, In the presence of an enantioenriched L-proline (3o), the diastereoselective formation of a three-component side 

product (6) effectively sequesters the unnatural L-glyceraldehyde (L-1).

b, The side reaction acts as a kinetic resolution of glyceraldehyde, giving enantiorichment of greater than 90% e.e. D-1, 

which reacts with 2 to form the enantioenriched amino-oxazoline RNA precursors D-4 and D-5. e.e. values are ±2%.



Enantiomeric excess in the cyanosulfidic chemistry

J. E. Hein, E. Tse, D. G. Blackmond, Nature Chem., 2011, 3, 704-706

1% e.e. L-proline (3o) is suspended in solvent (either CHCl3 or

EtOH). After equilibration, the remaining solid is removed and the

solvent is evaporated from the supernatant. Racemic

glyceraldehyde DL-1 and amino-oxazole 2b are then added and the

mixture is dissolved in water. The ensuing reaction produces amino-

oxazolines 4 and 5 in 20–80% e.e. Cooling the mixture to 4 °C

induces crystallization of enantiopure ribo-amino-oxazoline crystals.



Chiral sugars drive enantioenrichment in prebiotic aminoacid synthesis

D. G. Blackmond et al., ACS Cent. Sci., 2017, 3, 322-328
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Chiral sugars drive enantioenrichment in prebiotic aminoacid synthesis
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Chiral sugars drive enantioenrichment in prebiotic aminoacid synthesis

D. G. Blackmond et al., ACS Cent. Sci., 2017, 3, 322-328



Nucleoside synthesis – further development



Overcome of the Formation of Prebiotic Clutter.

The synthesis of activated pyrimidine ribonucleotides 29 and 30 is dependent on the controlled formation of pentose 

aminooxazolines 31 (black), but the synthesis of 31 is wholly reliant on the ordered introduction of pure glycolaldehyde 14

(to cyanamide 33) and glyceraldehyde 20 (to 2-aminooxazole 32) to prevent the formation of numerous deleterious by-

products (red). Ribonucleotide synthesis fails without the adherence to this order of synthetic steps.

Glyceraldehyde 20 is highly susceptible to equilibration with dihydroxyacetone 22, especially in phosphate buffer, which 

results in diminishing amounts of pentose aminooxazolines 31 being formed (inset).
S. Islam, M. W. Powner Chem 2017, 2, 470-501



2-Aminothiazole-Controlled Aldehyde Sequestration

S. Islam, M. W. Powner Chem 2017, 2, 470-501



2-Aminothiazole-Controlled Aldehyde Sequestration

S. Islam, M. W. Powner Chem 2017, 2, 470-501



Systems Chemical Analysis of Amino Acid and Nucleotide Syntheses

Analysis of the prebiotic amino acid and nucleotide syntheses reveal that glycolaldehyde 14—a serine and

ribonucleotide precursor—lies at a generational node between these two metabolite classes. The same analysis

applied to cysteine suggested that b-mercaptoacetaldehyde 47 would be as important as glycolaldehyde 14 and that

the reactivity of 2-aminothiazole 44 might have key implications for the concomitant prebiotic synthesis of

amino acid and nucleotides

S. Islam, M. W. Powner Chem 2017, 2, 470-501



Strategies toward Enantio-enriched Glyceraldehyde and Ribonucleotide Precursors

S. Islam, M. W. Powner Chem 2017, 2, 470-501



Purine nucleoside synthesis via cyanosulfidic chemistry



8-Oxo-purine nucleoside synthesis via cyanosulfidic chemistry



8-Oxo-purine nucleoside synthesis via cyanosulfidic chemistry



8-Oxo-purine nucleoside synthesis via cyanosulfidic chemistry



Multicomponent Assembly of Hydrogen Cyanide Tetramers

Proposed Development of Activated Pyrimidine Synthesis
To Concurrently Yield Purine Precursorsa

J. Am. Chem. Soc. 2010, 132, 16677-16688

Canonical purine nucleoside synthesis via cyanosulfidic chemistry



beta-Ribofuranosyl-pyrimidine nucleotide assembly and potential stepwise, regioselective beta-ribofuranosyl-purine assembly

Pathway via the intermediacy of tetrahydroimidazo[1′,3′]-2′′-aminooxazolo[1′,2′]-pyrimidinesa

M. W. Powner, J. D. Sutherland,  J. W. Szostak J. Am. Chem. Soc. 2010, 132, 16677-16688

Canonical purine nucleoside synthesis via cyanosulfidic chemistry



Prebiotic synthesis of deoxyribonucleosides

proposed multicomponent deoxyribonucleotide syntheses

M. W. Powner, S.-L. Zheng,  J. W. Szostak J. Am. Chem. Soc. 2012, 134, 13889-13895



Purine nucleoside synthesis - alternatives



Prebiotic synthesis of purine nucleosides –FaPY pathway

T. Carell, Nature 2016, 352(6287), 833-836



Prebiotic syntheses of aminopyrimidines

T. Carell, Nature 2016, 352(6287), 833-836



Prebiotic synthesis of purine nucleosides –FaPY pathway

T. Carell, Nature 2016, 352(6287), 833-836



Prebiotic synthesis of purine nucleosides –FaPY pathway

T. Carell, Nature 2016, 352(6287), 833-836



Unified prebiotic synthesis of pyrimidine and purine ribonucleotides

S. Becker, J. Feldmann, S. Wiedemann, ..., T. Carell, Science 2019, 366, 76-82
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Unified prebiotic synthesis of pyrimidine and purine ribonucleotides

S. Becker, J. Feldmann, S. Wiedemann, ..., T. Carell, Science 2019, 366, 76-82



S. Becker, J. Feldmann, S. Wiedemann, ..., T. Carell, Science 2019, 366, 76-82



Selective Phosphorylation of Glycolaldehyde and Aldol Reactions of Glycolaldehyde Phosphate

S. Islam, M. W. Powner Chem 2017, 2, 470-501

Prebiotic phosphorylations and the origins of protometabolism



Prebiotic Reconstruction of the Triose Glycolysis Pathway by Selective a-Phosphorylation of Sugars

S. Islam, M. W. Powner Chem 2017, 2, 470-501



Prebiotic soup - summary

vivianite


