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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.
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Cyanosulfidic chemistry for the Kiliani-Fischer homologation
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Phosphates
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Schreibersite (Fe,Ni);P, common in iron-nickel meteorites
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RNA oligomers — prebiotic disconnections

RNA oligomers

l

(activated) nucleotides

v

nucleosides phosphates
nucleobases ribose

Since 1950’s — assumed separate synthesis of sugars and
nucleobases, followed by regio- and diastereoselective
glycosidation = monomeric nucleotides

HCN formaldehyde



Prebiotic synthesis of nucleobases
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Prebiotic synthesis of pyrimidine nucleosides
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RNA oligomers — prebiotic disconnections

RNA oligomers
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HCN, small C,-C, formaldehyde



Prebiotic synthesis of nucleosides
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Prebiotic synthesis of oligonucleotides
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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.
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Cyanosulfidic chemistry for the Kiliani-Fischer homologation
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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
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Cytosine-2',3’cP — step 2: pentose-amino-oxazolines
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Cyanosulfidic chemistry

Interconversion of pentose aminooxazoline stereoisomers.
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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



Cytosine-2’,3’cP — step 2: pentose-amino-oxazolines
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Cytosine-2’,3’cP — step 3: arabinose-anhydronucleosides
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Cytosine-2’,3’cP — step 3: arabinose-anhydronucleosides
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Cytosine-2,3’cP — step 4: Fribocytidine-2’,3’-cyclic phosphate
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Cytosine-2,3’cP — step 4: Fribocytidine-2’,3’-cyclic phosphate

Rearrangement of 31, the 3’-phosphate of arabino-13, to 1 by intramolecular nucleophilic substitution.
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Activated pyrimidine nucleotides —
step 5: UV-light induced rearrangement C > U + cleanup of the side products

a) HO HO
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Orgel reported photoanomerization of alpha-cytidine
19 to the beta-anomer 25, but the reaction was very
low-yielding and combined with massive decomposition

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

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

Photochemistry of cytidine nucleosides and nucleotides.



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

hv, 3d
pH 6.5
HO HO
—/ — + 3 5%
O .0 o_ 0
p” P’ Ura_H
//\ /7 \ ra
O O O 0O + 34 4%
1 43% 33 42%

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.



Prebiotic synthesis of activated
pyrimidine nucleotides

Catalysis, and reaction control through pH and chemical
buffering, is indicated by dashed lines.
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Prebiotic route to pyrimidine nucleotides
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Thermal decomposition of cyanoferrates (volcanic):

The origin of small reactive intermediates
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Action of water (bufferred to neutral or slightly acidic) on that mixture produced concentrated HCN solution +

cyanamide (from CaNCN) + acetylene (from CaC,) + ammonia (from Mg;N,)



Cyanosulfidic chemistry for the Kiliani-Fischer homologation
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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)...

A lipids

5% HO” > "oH P O/\(\OH

— . ’O
OH R

—~’ \\
54 00 g

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



: i Lipids .

WL d, TEM image of a sample (15 mg in 1 ml water)

HO™ ™ on TON|' Ho/\O(\o from the crude reaction in b, showing the

= (paste reaction) 5 ‘g\om formation of vesicle-like structures with a

Approx. 60% diameter of ~9.2 pm.
b 0
\H%KOH oA V(L e, TEM image of a sample (1 mg in 1 ml water) of

BT el O/j;\/o = | authentic phospholipid 26 from Fig. 2c showing
Ho N o PR s IoONa the formation of vesicle-like structures with a

o (Reacton mdure) ¢ diameter of ~3.5 ym.
c 0 f—h, Confocal laser scanning microscopy

Synthesis \H)k
o]
e = Y =
; OH O—p

26 [ ONa
o)

(Authentic sample)
& 0 N

f g h
2um 2 um

fluorescence images of vesicles prepared with

authentic phospholipid 26 (1 mg in 0.1 ml water)

with dye encapsulation.

- Inf, 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.
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Cyanosulfidic chemistry

an

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

O~ H 0 5
3 49 51 4 5
OH OH
OH OH OH OH
HNT Y H2N’l\n’ H,N H2N’[:H’ ;
0 o) o
Gly Ala Thr Ser
OH OH ')
— L - [
T
HO™ ™ HO HO
0 OH 52 OH .

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

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

potential Strecker chemistry) of the cyanohydrin 52.



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



Cyanosulfidic chemistry

NH, NH, 62 O
l
60 O CN CN NC” “OH
T e l
/H(NH2 - HOBQ.(NHZ Val
61 S 59 S
T NC NH,
X :
HO™ CN Leu
58

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



Cyanosulfidic chemistry )IOH )1 )j
S "NH,
First signs of a linkage between all subsystems through T l
cyanosulfidic chemistry.
/H — )\(OH — /L(NHz

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

. . : : 60 O CN CN OH
Upon isomerization to 53 and reduction to glycerol 54, it can be . l

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

The side product —[acetone 55}— seems to be meaningful 61 S 59 S
in the potentially prebiotic route for branched aminoacids T NC™ NH,
Val and Leu RNA
'\ lipids Y
HOXCN A Leu
58
HO/\I/§O

J. D. Sutherland, et al. Nature Chem. 2015, 7, 301-307 £ 05 -



Cyanosulfidic chemistry

/TN — / \

NC CN NC CN
NH, 64 67
Asp, Asn| <---—- / < -— +
NC CN OH
66
NC CN ch—x¥=0
65 68
HCN1T l
Ca02 ——~CN
18 NC/_1>—0H
2H20 + A NC
\ (n-1)H* + 6
[Cu(CN),]"1) l
Ca(OH), /
! AHCN 1 Nd[_§>—NH2
HCCH NC
63 2Cu? 70
CUC3N :
Cu* Y
HCN + 3H*

J. D. Sutherland, et al. Nature Chem. 2015, 7, 301-307 1

Glu, GIn

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



Cyanosulfidic chemistry

+

H,N CN H,N CN
| SV N A NV A I N T
H,N

H,N 77 OH 78 NH;

S—NH )—CN NH y=\H
HN - HO HaN 75 “
76
= NH, u
15
HCCH— | NH,
:\ s
63 CN HN CN ™ HZN/_\=O
HCN M 72 73

HN - OH + H,N OH HZN/_>—OH
g1 S

S NC
l go NH2 79
Q§S - Q\CN ----» |Pro
H 82 H 83

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



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.

Impact
HCN _shock  mMeteoritic
11 carbon
: N2
Dissolution from
( )
the atmosphere (Fe,Ni);P Iron—nickel phosphates
Schreibersite 7\ e.g., Fe3(PO,),-8H,0
Meteorite H20  H; (vivianite)
fragments and
inclusions % @S . Bedrock and meteoritic Hy0 HCN
\'/‘\ - ’ metal oxides, hydroxides, "
N “.‘ & chlorides, carbonates
% - « & (Mixed) ferrocyanide,
% phosphate and chloride salts
- W« ' \ J
- \
Bedrock

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.



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.

Ferrocyanide, phosphate
and chloride salts

Al A}

1 A}
Least ' Most
) A3
soluble*, soluble*,
1 Ay

Bedrock

y -
Sulfidic
meteorite
inclusions

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).

2 N 7 D
: 315 °C
(NaK)afFe(CN)g) — 22 S 4(Na/K)CN + Fe(CN); Mgo[Fe(CN)g] ————3= 2Mg(CN); + Fe(CN),
700 °C 305 °C
3Fe(CN); —— Fe3C + 5C + 3N, Mg(CN) —— > MgCN,+C
700 °C 420 ©
Fe(CN), ——— Fe + 2C + N, 3MgCN, ﬂb Mg;N, + 3C + 2N,
o J . J
CaglFe(CN)g] — 22 S 2Ca(CN); + Fe(CN);

660 °C 1,000 °C
Ca(CN); ——— CaNCN + C ——= CaC; + N,

Evaporite layer

Bedrock




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.

-

_ Sc_JIa_r OH
irradiation [
“ 1
0O
Stream-.___ CaNCN HZT;)CN
...... N
Conﬂuence---_/ [ D—NH;
Metal 0] 3

sulfide

Thermally metamorphosed
evaporite layer \/
/ l Y
\ = Mucnany M His (2 OH 0
< Pool*”’ [\ - /[ N -\ \
0 NG~ OH G y I~NH
ﬁ—ﬁ 1 55 04 HO g © ‘
Bedrock Solar
irradiation )




Cyanosulfidic chemistry system

T = ’ - JIOH ,11 Table1 | Yields for the part of the reaction network shown
1 J\ mj)\ ’_. >;('=N - HNYS - HNTYS in Fig- 1b-

.mTNH, N l,uu, e 1 T}H* \')sLNH, >l:", _______ W l Conversion ~ Number  Yield Conversion ~ Number  Yield
HoN L o— ,Jm L, £ ™ J of steps (%) of steps (%)
| o L N 4 - 17 1 59 26 — 28 1 57

I gt T 1718+ 1 29 28 — 29 1 75

H s NC” “NH, o | [

T ; u s S 19 34
' r [ " bow 824 2 62 2629 2 43

V=L T Y —r 24525 1 41 29530 2 66
{l N a 18 19 wo” 25— 26 2 78 30 — 31 1 42

wny }—’ B —l " " l - 26— 27 1 42 19 -21+ 2 31

13 ¢ HN=CN | - HO HO To-h, B=G 22 40
. 2 i o S o0 9 . G0 OH o'y
L b L i Y oA

e , v Table 2 | Yields for the parts of the reaction network shown
HO o] NH, HO - r\Fo . . : "
o+ = e " g(_r - in Fig. 1cd
”C cutl  cucly dol"i,b- ’ oc,l"\;,ci 10 Conversion  Number  Yield Conversion Number Yield
w— —J of steps (%) of steps (%)

Hﬂ;CN_I_HINTCN NC/_\CN NC/_\CN e Nc/_L‘O = NC/:}_DH 3334 1 83 38 —» 41+ L 30

3 o ow i \=o /L(U“ it 42 60

e * | o non o 3435 1 55 38 » 44 2 70

e ol eon : ' 34 - 37 2 £ 44 - 47 2 32

o . S e A 34— 36 1 45 45— 46 1 90

W | o | 37539 1 77 6 —48+ 1 50

’ HN OH 49 + 25
1

. l i ’QS- e L 50 16
wi ™ Do L [ 3740 2 ~00 48 51 1 90

1 3 37 - 43 3 ~70 51 — 52 1 89

e L W e Ea G e e e 37 - 45 5 ~50 52 - 53 1 ~100

e i e aad el St - 3638 1 ~100 5254 2 ~70



Cyanosulfidic chemistry system

NH, HCO, ) ‘ OH . OH .
T NCiNHz 15 16 NH; sl_‘ T: : H;ES
1 1* 1' \[):""’ )—{Hz reeme-a Vil l J
- T

HCN
1 NCLOH - H\OH > Nc\l/Lou 7 )j\ ’lj\
o OH —-—
s HS e
* 1* J:OH S >2_NH2 = >(cu HAN" SON Hon CN
- P
o Leo NC“ " OH OH 23 \
2 Leu
}
¢ 1 1 HO '" HO ) P
HO OH OH OH HO OH O-F:'
1 —_— g % ’E — - 0 — \ro + — 0 + 21
e 04 NC” ™ OH gg ‘ : HO
= i wo 20
11 " i 17 18 19 i
: [(?‘“"‘* P
Hﬂ~| (] 3 i -? 9- =
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N DS s U gy 0o SRRV RPN
i e P 2
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Cyanosulfidic chemistry system

HaN=CN /\
HN  CN o -
2 I g 1 nd N nd  ©N nd \=o
m 51 52

s N N uN \=0 L
JNH; 3 11 50 NC/_<CN
Helt 1l
l H,N/:?—OH N,
w{ )-om # v N T Rende
NH l, m
HzN k1

41 .- - s X —T I
HoN + —_— [ L
H:N  HO HN.__~0OH H H
10 4 4a
l 2 s
+ +

- m



Remaining challenges of prebiotic nucleotide synthesis

Homochirality of currently known biomolecules
Prebiotic synthesis of purine nucleotides and deoxyribonucleotides

Prebiotic polymerization

Amino acid

precursors Nucleoside

precursors

precursors

XX



Enantiomeric excess in the cyanosulfidic chemistry

Polymerization of D-nucleotides is suppressed in
presence of L-nucleotides — the problem of
,enantiomeric cross-inhibition”

.07 h :
Py €

60O G

A4

a oty
PS5 <s

alh

template-directed oligomerization

Incorporation of L-enantiomers into growing chains of
D-oligonucleotides = families of diastereomers for
each sequence = problematic development of

phenotypic RNA properties

poly (Cp) =2 oligo (Gp)
Without access to highly enantioenriched sugars, the / Y
nucleotides formed during the ,cyanosulfidic cytosine guanine
chemistry’ synthesis would not lead to informational

polymers capable of establishing a genetic code

o

-> Mononucleotides with wrong
chirality terminate chain growth

- 0k

= poisoned

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



Chiral amplification and the origins of homochirality

Enantioenriched aminoacids present in meteorites (up to 18 % ee L-isomers). Further enantioenrichment is possible
by manipulation of aminoacid phase behavior:

Table 1. Enantiomeric concentration amplification of
phenylalanine after two crystallizations from water

If you mix up chirality, a protein's

Component Initial ee, % Final ee, % _ )
. properties change enormously. Life
D 10 90.0 + 3.7 R couldn't operate with just random
5 91.7 + 1.5 mixtures of stuff,
1 87.2 £2.0 ;
— Renald Breslow —
L 10 88.3 £ 1.1
5 88.6 £ 0.9 _
1 90.9 = 0.3 . AZ QUOTES

Solutions with as little as 1% enantiomeric excess (ee) of p- or
L-phenylalanine are amplified to 90% ee (a 95/5 ratio) by two . . .
successive evaporations to precipitate the racemate. Such a process Columbia University, USA
on the prebiotic earth could lead to a mechanism by which

meteoritic chiral a-alkyl amino acids could form solutions with high

ee values that were needed for the beginning of biology.

Prof. Ronald Breslow

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



Eutectic solutions over enantioenriched aminoacids

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

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

(a)

I

conglomerates

L D D

1l

I
|-

(b)

mixed crystals

b L L

1l

I,

I
s aa

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

Manipulation of eutectic ee value by
formation of a solvate that reduces the
solubility of the racemic compound

(a)

ca 50% ee

D L

DH :

"D i D
L e

"D

D ' D

D

(b)

>99% ee

EIE’E

cosolvate molecule

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




Eutectic solutions over enantioenriched aminoacids

(b)

C(5) ' 3

O(TA)

!

LD proline _,
{_JOB'A)

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



Eutectic solutions over enantioenriched aminoacids

Proline ee (%)

O O OH
O L-proline
)‘\ + H =
Solvent
Cl 25 °C Cl
a 80 ‘A
S 60 o/
gs
58S 407 ol 4
=3 S — S taminints St
_8 (] / ’,4:[’
< 20| A&
,:,D"
O 5 T T T
0 20 40 60 80 100
Proline ee (%)
b 100 40.035
/
LS80 o o-_l_::)_-/-o\ /10.030
29 = X f0.025
= 601 ¢ A
C_g g ¢ /A- _____ i -, === « N
S E 401 K ] +0.020
5 0]f l0.015
/
0 : ' - 0.010
0 20 40 60 80 100

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

ne

¢ Solution prol

concentration (M)

Product ee / product ee using
enantiopure amino acid

1.0 1 43% (serine)

(=}
oo
1

o
[+)]
1

+

65% (leucine)

54% (alanine)

20 40 60
Amino acid enantiomeric excess (%)

80 100

Table 1 | Solution enantiomeric excess at the eutectic point in water at
25°C for selected amino acids

Amino acid ee of solution at Amino acid ee of solution at
eutectic (%) eutectic (%)
Threonine Methionine 85
Valine Leucine 87
Alanine Histidine 93
Phenylalanine Serine >099
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%
5 OH

4 “OH
o
H,N =CN [ —NH,
6 - H,0 0
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HO
LT
0

~J
-
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N
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0

HO

23
H
0 NH,
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P conversion o\
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2(B=V) 2 (B=C)

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



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

HO ol
Lo -)—NH, — ~ )=NH, =—=
HO™ ™ [o>_ ? HO o>= 2 %o
g O 11 HO H\- HO  gra-12
A-H A + isomers
/
N
HO
Y—NH
HO\/l\[/II\/O% :

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



Enantiomeric excess in the cyanosulfidic chemistry

.':!."'""""""""'"""'"""'"""'""""""""""""'I
[ -~ i
! 1
i : b 100
: o !
E H)'Y\OH )\ )\ ! gé. 80 -
i NH,, NH, e
! OH H \ $
! D-glyceraldehyde D- rlbo -amino-oxazoline D-arabino-amino-oxazoline E 2 60
| p-1 D-4 D-5 1 =
iy Bpls el ol ey Pl gl ek ko ol i i el el e el b s e I g 40
e R e e e e e s s e e e e e s e e e e e — —
- N OH : £
1 (@] ! [}
: [ B\ 0 L B
1 N ! O 20-
! HO H )\ :
: OH NH, |
| : 0 T T T T 1 T
! 1
| T <—>Y Q H/ | 0 20 40 E_Sr(i)me (miig) 100 120 140
E -1 L prollne OH Three-compc;nent product !
i - 1

a, In the presence of an enantioenriched L-proline (30), 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%.

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



Enantiomeric excess in the cyanosulfidic chemistry

Racemic glyceraldehyde

Table 1 | Formation of enantioenriched amino-oxazolines in S BHitB-BREzZElE

the presence of L-amino acids.

Amino Three-component  Ribose amino- Arabinose amino- ﬂ
acid product* 6 oxazoline p-4 oxazoline p-5
(% e.e.) (% e.e.)
Ala (3a) 4+ 8.9 81 —_—
Arg 3b) 4+ 4. 7.3
Asn (3c) + 1.1 05 ‘:> :>
Asp(3d) + 21 1.4
Cys (3e) ++ + n.a. 1.4
Gin (3f) - 12 11
Glu@Bp  + 0.8 01 _
Gl'y (3'h ) o ; g 1% e.e. proline Enanticenriched ribo—grr:l?:(t)l?oil;r;oline
His (3i) ++ 750 810 0P amino-oxazolines
lle (3j) + 21 05@) crystals
Leu (3k) + 11 2.1 Phvsical E— Phvsical
lys BI)  +++ na. n.a. ysica — emica — ysica
Met 3m) +++ n.a. n.a. enrichment enrichment enrichment
Phe (3 25 5.4 . . . .
Pr:((3:)) :::J“ - 53 1% e.e. L-proline (30) is suspended in solvent (either CHCI; or
Ser 3p)  +++ 30 1.9 EtOH). After equilibration, the remaining solid is removed and the
?" ((33‘;) 3: 182 g-g solvent is evaporated from the supernatant. Racemic
rp (3r i : ]
Tr (3s) + 05 26 glyceraldehyde DL-1 and amino-oxazole 2b are then added and the
Val (3t) -+ 20 1.0 mixture is dissolved in water. The ensuing reaction produces amino-

*Yield of side product 6: +, low; ++, medium; +++, high n.a, no products isolated or observed by oxazolines 4 and 5 in 20-80% e.e. COOIing the mixture to 4 °C
chiral Lc induces crystallization of enantiopure ribo-amino-oxazoline crystals.
J. E. Hein, E. Tse, D. G. Blackmond, Nature Chem., 2011, 3, 704-706



Chiral sugars drive enantioenrichment in prebiotic aminoacid synthesis

o] @)
H OH ~ H OH
OH OH
rac-glyceraldehyde D-glyceraldehyde
90% ee
L-proline
2-aminooxazole j H20
L-glyceraldehyde
byproduct
N N
H OH H OH
rac-proline L-proline
90% ee

D-glyceraldehyde H.0
2-aminooxazole 2

D-proline
byproduct

HCN NH3

formose emergence of Strecker
reaction homochirality ? reaction

OH
o

HO OH NH_
D-sugars L-amino acids

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



Chiral sugars drive enantioenrichment in prebiotic aminoacid synthesis

NH, 3-R-cyanodihydrocarvone NH,
> (0]
Ph/“\\\N H,O/MeOH Ph)‘\f
50% conversion NH,
15% ee (D)
sugar 0
R\*(CN - F‘j")LNH2 ' AM=Ala R=CH,
NH., NaOH NH., | AM=Phe R =CHy-Ph
H20, 22-24 °C ' AM=Trp R =CHy-indole
racemic enantioenriched
AM-| AM-II I

Table 2. Opposite Sense of Enantioenrichment of Phe-1I for

L-Sugars”
Sugar Phe-Il e.e. (%)
L-ribose 69 (L)
L-lyxose 81(D)
L-xylose 31 (L)
L-arabinose 43 (D)

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

Table 1. Enantioenrichment of Amino Acid Precursors

Driven by p-Sugars (Scheme 3)“

a_— Ala-11 Phe-Il | Trp-1I
8 ee.(%) | ee(%) | ee(%)
% OH O
pribose oA | 650 | 700) | 33 0)
OH OH
’ OH O
Plxose oA | 830 | 83 | 59)
OH OH
l OH O
Dxylose o~~~ | 450 | 350) | 11(0)
OH OH
b OH 0
p-arabinose HO/\_—/H)J\H 58(L) | 48(L) | 38(1)
OH OH
g " oH 0
D-deoxyribose  o~A~Aw | 29 | 32(0) | 33 ()
OH
45 (L 14 (L 18 (L
D-ribose + D-lyxose ) ) (t)
p-ribose + D-lyxose + 47 (L) 18 (L) 20 (L)
D-xylose + D-arabinose




Chiral sugars drive enantioenrichment in prebiotic aminoacid synthesis

sugar 0
Rﬁ/CN > Rﬁ)\NHa
NaOH

NH, |

NH H,0, 22-24 °C
racemic enantioenriched
AM-I AM-lI

Table 3. Effect of Sugar Concentration on Phe-II ee (%) for
Reaction Mediated by p-Ribose”

; D-ribose Phe-Il e.e.
[p-ribose] (M) (equiv) %)

0.025 0.1 9(n)

0.050 0.2 14 ()
0.10 0.4 23 ()
0.25 1 43 (p)
0.5 2 43 (p)
1.0 4 41 (p)
2.0 8 42 (p)

Table 4. Effect of Solution pH on Phe-II ee (%) for Reaction

Mediated by p-Ribose”

NaOH (M) | Effective pH Tem‘zfé;'t“re ::‘E;::]
D 7 22-24 35 (0)
» 37 46 (D)

0.00010 10 22-24 36 (0)

0.00010 10 37 36 (0)

AM=Ala R =CHj,
AM =Phe R =CH,-Ph
AM=Trp R =CHy-indole

Scheme 4. Stereochemical Rationalization of
Enantioenrichment by Chiral Sugars

C2, C3 cooperative

C2, C3 oppositional

O ——>D-selectivity
R' H

H
——>L-selectivity

O ——L-selectivity
R' H
) ——D-selectivity

——>D-selectivity
0]
R' H
——>L-selectivity

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




Chiral sugars drive enantioenrichment in prebiotic aminoacid synthesis

R
HoN )\\\N

L-AM-|
HO OH O
O._.OH :
— HO” ™ H
HO OH OH OH
D-lyxose \

Keqcve™ > Kegove™

R
R /'\
-4 HN:& Keqcvc™ Sl

HO™ ™~ 0 BEE— HO
OH OH OH OH
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Keye™a unselective
major 0
R .
pathway ])LNHE + Dryxose
NH.
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R
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‘ HO
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R
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D. G. Blackmond et al., ACS Cent. Sci., 2017, 3, 322-328



Nucleoside synthesis — further development

Diuergence A

H.N—CN | HS CN

NH, 6 :
\N (}\NHE-‘_:”\ —F (

o IN/gO | 51

0O
e e
OH OH
OH OH ¥ . 7
Divergence B
HO HO :
9] 0 NH3 ; o) :
B\ 2a : B\ I
1\ - I : o
> NH R=CHCHCN | J SR 'R
I NH HO' @ : | HO' o :
HO 10a l 8 [: 1aR=H
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Overcome of the Formation of Prebiotic Clutter.

N N
" — MH X 8 B
/ - - +
HO. g S S T NH 29+ 30
i HO
i
i i i
20 14
- OH
|
Hl:l-..-ﬁ.H""-.::” I-I-:::IH#,,LH;;G I L';: :
HN—=N 14 T i 20 ™~
z —_— - MH- - L g i
i i A S 1T
0 HO () 2
33 i 24
22 | 22
|
L] 1 N
o i
G gy, SR o) e  HO OH
N_| 4 —MNH L
e T~ HO[ ™y~ ~NH 22

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

glycolaldehyde 14
Y =
glyceraldehyde 20 44 .
1| L
dihydroxyacetone 22 .
+
Cy + C5 + G sugars

: .R -R
: [ H\}_ : H gl"-ul CH N HM OH HO o N
: NH2 /L\‘ T k.) |
. . - R “—NH
s | AT‘ | N—nNH, + o Vi U \—<.,:J‘: >_ 2
i . L '3'>_ H OH 44 / =
1 “ B
' ; 32 46 HO 39
"""""""""""" R=thiazolyl R=thiazolyl l
+ canonical :
. ribonucleotide |

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



2-Aminothiazole-Controlled Aldehyde Sequestration

—

HMN

H'\-\. )‘\
3| !

H R

48
R=thiazolyl

R
H

S. Islam, M. W. Powner Chem 2017, 2, 470-501
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Systems Chemical Analysis of Amino Acid and Nucleotide Syntheses

e NH; % R EREEEE LT PR
protecgenic " . MIFgCH . 33 ¢ e 13 canonical
amino acid NC OH o MH; i ribonuclectides
OH 14 12 |
MH; H NCM - '
Dﬁ 2 / N ; suggasted
: g /L NH,CMN | a3 A | | ' :
proteggenic - Ne - - ey - ! role in prebiotic
amino acid j SH =3 NH; chemistry?
SH 47 44 i

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

A HO ” : .
N w0 o E M
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I'\\_ 51 52 _/I

' B
OH & —OH i crystallization and

; =  HO = - ee amplification
i HO 0 \ﬁ‘\_ﬂ OH crystals
i HO

20 48
; ! HO
i ; o
i LH HD = ET'FT"DH i \7_:1
| HO \/’I\’;’G Hcﬁ\l\? gl : /}L“‘ NH;
! OH ; He )

0-20 50 , O-ribo-31

. S. Islam, M. W. Powner Chem 2017, 2, 470-501
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Purine nucleoside synthesis via cyanosulfidic chemistry
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8-Oxo-purine nucleoside synthesis via cyanosulfidic chemistry

a HO
O
Prebiotic , NH
feedstocks )§S
HO 1a O
b
HO HO NH,
(@) (@) ,
N N7 X R
\ -
o)\NHQ o)_ N
HO HO
10a 16

Pyrimidines Purines



8-Oxo-purine nucleoside synthesis via cyanosulfidic chemistry

--------

H.N—CN | o ,  HS—CN
I\ = E |\ : - ( i
\ - | —
()\NHE : b O _
4a B "
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OH OH
7 7
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HO : HO :
0 N3 | o)
N 2a | M
)‘\ *F{ CHCHCN | : P
. MNH = | ,,“h SH
HO' O . : HO o ,
10a f 1aR=H
ﬂ 1

—* 1bR=CHCHCN ;
L= 1cR=Me




8-Oxo-purine nucleoside synthesis via cyanosulfidic chemistry

Divergence B

HLNR’
2b-c

HO NH;

. R=CHCHCN or Me

0

HO' 0
16bR"=CN
16¢ R"=CONH,

HC(NH)NH,
HCONH,

HO
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& N6 N/S/J\Y
- =
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HCONH; 17A Y=NH,
171 Y=OH

HO HO
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. -t : Mo
NH, R=CHCHCN | o SR
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10a 1aR=H
| 8
: 1b R=CHCHCN
g [, 1c R=Me
=—CN
8
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HO 0, OH HO o
0 o i P B
Nl y o’ Yo
)‘:N NH» L &
Ho‘\ O ] CO( NHE}E 0\, 5 P &
1 HCONH, d’f R
3C B=cytosine
3U B=uracil
30A B=8-oxo-adenine

301 B=8-oxo-hypoxanthine



Canonical purine nucleoside synthesis via cyanosulfidic chemistry

[ Multicomponent Assembly of Hydrogen Cyanide Tetramers\

XC _N N
| N\> H,N z hy AN N H,0 H,N N\
N Come oy R
L HO XC N HON™ S HNT N HaN” R
R I Y 1 2 3
N\ J  z

H,N—=N g
4
e \N\ NH i o
E/z [cf ) Proposed Development of Activated Pyrimidine Synthesis
5
H

To Concurrently Yield Purine Precursors.

H H A\ Y
% ref. 1 N’/}’
S N @ — X 7* <N
\ —_—
NH NH ; c(
b H ’ é

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

X =N or (O)NH,
Y = NH, or OH

Z=NH,orH
H



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

+ +
NH, NH,

N N Q
HQ Jﬁ OH Jﬁ HO NNy
~ =N HCCON 5 M I N hv ~ ?NJ
/ £ / """‘.‘ y _

v N7 NH:  pH<es

37 53
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Y
NH HO OH
50 52
|
HCCCN v R=H z>’N
7
L W XC. N NZN-N N Y
I» I ) dor LD R-cHoH L o
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d 51

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



Prebiotic synthesis of deoxyribonucleosides

HS S -

f‘l
N NH, 7 MCR

O
O b A)\rN
[\
HoN H> R)\/k

proposed multicomponent deoxyribonucleotide syntheses
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SH H,0 S H,0 5%2{[.“ )
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2
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e
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M. W. Powner, S.-L. Zheng, J. W. Szostak J. Am. Chem. Soc. 2012, 134, 13889-13895



Purine nucleoside synthesis - alternatives

O NH5
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Prebiotic synthesis of purine nucleosides —FaPY pathway

R' 5 11:R'=NH, R2=NH,
FaPy Pathway Oy NIL f ; :g E: '(\I)I:' ng‘ NH,

1 I
l N/)\Rz
N 11'13 5, 7, 8
4] A\ R " NH.CN (oq,)
HO 0. N~ |
’Xj’ N furanoside
o= —  N¥
«uQH HO“ " 2
HO
“1OH
ﬁ
OH O’ N pyranoside
2 HO"
T1) H*, dry state
2) NH,OH A
Orgel Pathway [7,8] N

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



Prebiotic syntheses of aminopyrimidines

NH
HN—C=N + NH; — |
HoN NH,
NH,
guanidine LN
N 2
3H—C=N — » )\2 Y | SN
e
-C°  Cy /)\
N~ ~N HoN N NH,
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NH
H,NT NH, OH
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— H,N ——
C c (o} 7
N7 SN I SY H,N N)\NHz
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s —_— = HoN XN
/C/\C * )]\ 1 q i |
Z N condensation
N~ ~N H2N NH, 2) nitrosation H2N N
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T. Carell, Nature 2016, 352(6287), 833-836



Prebiotic synthesis of purine nucleosides —FaPY pathway

Os_ _N
Rq H Ry HO - : N~
X = OH Ox N SH  C
o HzN heating X~ OR Of N
orNHg /I\ OH |
J— . >
X )\ dry state Ho/\:/k:)
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HO: OH Hé OH
a enine p a- a-p B-
B FaPyA Adeni A a-fA A fA
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i 2 2 HO (\2__< r\g__( 2 HO &
b ey ot O
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T. Carell, Nature 2016, 352(6287), 833-836




Prebiotic synthesis of purine nucleosides —FaPY pathway

R' 5 11:R'=NH, R2=NH,
FaPy Pathway Oy NIL f ; :g E: '(\I)I:' ng‘ NH,

1 I
l N/)\Rz
N 11'13 5, 7, 8
4] A\ R " NH.CN (oq,)
HO 0. N~ |
’Xj’ N furanoside
o= —  N¥
«uQH HO“ " 2
HO
“1OH
ﬁ
OH O’ N pyranoside
2 HO"
T1) H*, dry state
2) NH,OH A
Orgel Pathway [7,8] N

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



Unified prebiotic synthesis of pyrimidine and purine ribonucleotides

A prebiotically
plausible molecules

! ? pyrimidines
H” “H HN ).
- RY NS R2 y HzN)L “ gy
NHOH == — = 5 NS ——=
1
HCN 2R'=R’=H 4
. 3:R'=H, R2= CONH,
NO;; 6:R'=R?= SO, ' -
H N ~NH, unified sy : lEl 'E'
Y e E) o
0
N’
H2N =N /I\19 9\ i ’,
NE o Ny SOEE me —
: NH
H,N” R 21 A o
0 20 :

“"OH HO

21,24:R'=NH,, R?= SMe 23, 28: R'= OH, R?= NH,
22,27:R'=NH, R?=H 25,29:R'=NH, R2-NH

purines

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



Unified prebiotic synthesis of pyrimidine and purine ribonucleotides

N, +CH, » =—=N

< HCN + =
(20) 1 (13, 21)
H,0
SO, » HSO |
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o N, > NO ! o5 2HO NHOH HNCO HZNJL,:,H
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5 (Z)-isomer only 4

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



Unified prebiotic synthesis of pyrimidine and purine ribonucleotides

A R’ 2 8
= = i el 88%
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S. Becker, J. Feldmann, S. Wiedemann, ..., T. Carell, Science 2019, 366, 76-82



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



Relative Absorbance

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



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



Unified prebiotic synthesis of pyrimidine and purine ribonucleotides

Relative Absorbance
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S. Becker, J. Feldmann, S. Wiedemann, ..., T. Carell, Science 2019, 366, 76-82
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Prebiotic phosphorylations and the origins of protometabolism

Selective Phosphorylation of Glycolaldehyde and Aldol Reactions of Glycolaldehyde Phosphate

“0,4P0
8] OH allo- 46%
p manno- 7%
- rac-tetrose 2 d-diphosphate 6% altro- 17%
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S. Islam, M. W. Powner Chem 2017, 2, 470-501



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