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Phosphate compoundin-life

Phosphate plays many important roles in life
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“molecular unit of currency”
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other roles: phospholipid, phosphorylation by kinase ...



1. introduction

Phosphoester drugs -

Nucleotide type anti-viral, anti-cancer drugs
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Hydrocorton sofosbuvir
steroidal anti-inflammatory drug anti-virus (HCV)

C. Dumontet, et. al., Nature Reviews, 2013, 12, 447-464
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Wﬁaﬁs prebiotic chemistry? 1. introduction

To disclose how to construct the building block of living organisms
from inorganic compounds in primitive earth condition is “prebiotic chemistry”

prebiotic chemistry of DNA
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1. introduction

Today’stopic =

How to form nucleotide in prebiotic condition

0 NH
w OH HO 2
o e NN
Hoo b L Oy + @ J —>»  AMP
O O OH OH H

trimetaphosphate
(TMP)

Application of trimetaphosphate to anti-cancer prodrugs, |P; synthesis
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Phosphate in primitive earth

Apatite seems to be first phosphate rock form in primitive earth
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apatite

(a kind of igneous rock)
Cagz(PO,);X, (X= OH, halogen)

estimeted the total volume of P
14-40*102° g (max: 0.05-0.1 M)
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E. J. Griffith, ef. al., Origins of life, 1977, 8, 71-85

2. Prebiotic phospherylation



2. Prebiotic phospraiion

Orthophosphate phosphorylation—

First, phosphorylation was thought to proceed with CN species

O NH O
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R — N + ~ ~ N\
HO” WYoH — > R” Yo" \OH NZCZN
OH OH b
carbodiimide
Table 2. Yields of nucleoside-5'-phosphate from a nucleoside and an inorganic phosphate under Table 7. Yields of uridine-2’,3’-cyclic phos-
the conditions Jescribed (Table 1). _ phate formed from wridine-2’,(3’)-phosphate
UMP vield (%) at pH Days to under the conditions described (Table 6).
Reagent maximum - b
50 6.0 7.0 8.0 yield R p ays to
eagent .
Az 37°C 50 60 7.5 max yield

HCOSNa 1.5 1.2 0.9 6 3700

NC « CONH; 2.0 1.8 1.7 <1

KOCN 12 0.9 0.5 <05 <1 NC « CONH; 38 23 12 <1

Carbodiimide 3.1 34 24 <1 NC+«NH, 40 45 1.5 10
KOCN 13 1.7 0.5 <1

At 65°C I

HCOSNa 2.1 22 2.0 <1 Carbodiimide 70 <1

Ng « CONH_ 29 3.3 4.0 1 65°C

NC « NH 2.8 2.0 < 0.5 30 NC « CONH 14 13 11

EtNC* 12 10 3 1 1 2 <1

Carbodiimide 3.5 36 32 é 1 NC « NH, 73 39 12 6
Carbodiimide 51 <1

* Thymidine used as nuclecsidic component; yields are of thymidine monophosphate.

CN species are good condensing reagents, but easy to hydrolyze

L. E. Orgel, R. Lohrmann, Science, 1968, 161, 64-66
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2. Prebiotic phospherylation

/Agiya%ion by urea

Orgel thought urea is the condensing reagent in dry condition

NazH PO4 1 eq

0 Base @) NH4HCO;3 (5 eq) Base Base Base
JL NH4CI (10 eq)
W NH
2 Z 100°C

HO

OHOH (10 eq) OHOH OP OH
G cB Xp! (2 3' cyclic)
4 JOL 0 J\ 0 )
H,N” “NH, ~ HO OH —> \
\ carbamate mtermedlatej

The role of ... urea : activate phosphate
ammonium chloride : inhibition of carbamate formation with alcohol

R. Lohrmanm, L. E. Orgel, Science, 1971, 171, 490-494
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~ Activation by urea |

NazHPO4 (1 eq)

P HO HO
e 0 Base o) NH4HCO3 (5 eq) o o Base o Base 0 Base
JL NH,CI (10 eq)
q
* H,N NH,
O O

OH OH . e OH OH OP OH ¥

Py Aeon) Xp! (2'3' cyclic)

Table 4. Reaction products (percentages based on the starting material) from the phosphory-
lation of *C-labeled cytidine, adenosine, and guanosine with a mixture of Na,HPO,, NH.CI,
NHHCO,, and urea at 100°C.

Product [4C]Cytidine [*C]Adenosine C]Guanosine

1hr 4 hr 24 hr 1hr 4 hr 24 hr 1hr 4 hr 24 hr
X 67.8 354 22.9 T70.0 36.7 13.8 83.0 67.8 45.2
X (base) 20 3.1 6.9 | 20
Xp! 18 13.9 31.8 36 10.1 23.7 | 2.5 4.4 11.4 |
Xp* 9.5 7.6 6.2 7.3 6.3 4.3 4.8 7.1 5.7
pX 13.9 228 8.3 13.0 21.7 ‘ 6.1 9.3 1.9
pXp! 1.0 10.6 18.1 7.9 15.7 | 43 129
rXp 39 9.7 6.6 3.2 8.3 7.0 7.2 10.2
Pl:tusphate

incor-

poration 37.0 84.9 95.7 30.3 70.5 80.1 13.4 43.8 71.2

* This fraction also contains 2’(3')-carbamylnucleoside 5-phosphates, which are not degraded by
venom phosphoesterase.

R. Lohrmanm, L. E. Orgel, Science, 1971, 171, 490-494
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2. Prebiotic phospbmtion
/

w desert condition——

O @) @) @)
NH NH NH NH
| 0 Na,HPO,4 (1 eq) | | |
HO N'§o NH,CI (10 eq) PO N'§O HO N'§O PO N'§O

0 OO o) o) o)
D e
(10 eq) o5 C

OH (each day) OH oP OP
pT Tp pTp

Table 3 Phosphorylation of Thymidine with Na;HPO,, NH,Cl and Urea

T Tp and pT pTp
Days (1) (2] (1) (2) (1) (2)
4 92.6 88.8 7.4 11.2 —_ —
9 87.2 77.1 12.8 20.9 — 2.0
13 82.1 62.0 17.9 31.7 - 6.3
18 T8.1 54.0 20,0 39.5 1.9 6.5
25 73.2 45.2 22.9 45.3 3.9 9.5

The molar ratiowas 1 : 1 : 10 : 10, at 657 C for 17 h each day and
at 25° C for 7 h, (1) kept dry and (2) wetted after 0.5 h of cooling to
ambient temperature. Yields are given in %4 of total T present.

L. E. Orgel, et. al., Nature, 1972, 237, 162-164
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2. Prebiotic phospherylation

AMP-from condensed phosphate —

Adenosine phosphorylation from condensed cyclo phosphate

Table 1. COMPOSITIONS OF REACTION MIXTURES AND PRODUCTs OF THE
PHOSFHORYLATION OF ADEROSINE

Relative yielda of Total conver- W Ol
Phosphate pH range* Reflux products (%) sion of adeno- NaO~P P’ONa
(h) 5 AMP 2" AMP 3" AMP gine {9%) e | l o)

- - > O Ol ¢
Na, 7,0, 0-7-10-5 50 — : 0 ol poll il
Na,P',0,, 7-5—8-0 50 54 18 28 1-08 NaO~ | ONa
(iraham'’s salt 5 7-6G-7 G} o7 17 26 -0 0O 0O 0O
srazham's salt  9-7-10-5% 40 25 30 45 1-H2 \P/ \P<

* The highest pH in each case was that at the start of the reaction; the NaO’ \ I\O
lowest pH was measured at the conclusion of the reaction, ONaO

t The reaction was run at 1007 C in a sealed tube in 0-76 N NH,OH.

(Adenosine:0.1 M, P reagent: 1 M) graham's salt

pyrophosphate case ... no reaction
basic condition (graham’s salt case) ... 2’,3’-AMP yield increased

AMP yield was very low, but it was found that condensed
cyclo phosphate worked as phosphorylation reagent

A.Shwartz, C. Ponnamperuma, Nature, 1968, 218, 443
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2. Prebiotic phospherylation
/

TMP-phosphorylation———

2’ and 3’ selective phosphorylation without protecting groups

NH, NH, NH,
N PR NP
</ | /)N O\\P/ONa </ | /)N </ | /)N
HO N N (I)/ \? o NaOH (10 eq) HO N N . HO N N
+ ey e
O @ over night
OH OH e OH OP OPOH  63% (conv. yield)
O, ,ONa
HO o’ o HO HO %
0 O NaO-p_ A-ONa 0 O 0
s Poor R M M
N7 N s NN o+ NT N

OHOHk§/u\
NH

a-cytidine

OPOHL§/H\
NH

a-cytidine 2'(3')-phosphate 539,
found from yeast RNA

2 2

TMP phosphorylation : room tempurature, non condensing reagent, 2', 3’ selective

R. Saffhill, J. Org. Chem., 1970, 35, 9, 2881-2883
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: 2 ; 2. Prebiotic phospbmtion
Glyceric acid phosphorylation —

TMP produced cyclophosphate and pyrophosphate
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Fig.2. Phosphorus NMR spectrum of a typical product mixture from the phosphorylation of glycerie N I
acid by sodium trimetaphosphate. o o

Fig. 3. The phosphorylation of glyceric acid by the trimetaphosphate ion.

Vera Kolb, L. E. Orgel, Origins of Life and Evolution of the Biosphere, 1996, 26, 7-13 15



2. Prebiotic phospherylation
/

Prebiotic nucleotide formation

One-pot synthesis of adenosine from D-ribose, adenine, and TMP

NH,
N
Q\ ,ONa HO < )
0" "o SN o , :
NaO~} I|D,0Na+ —> —» 2'-AMP + 3-AMP
7 ~0” OH OH o o
,‘p'\OH 253
i _ e 0 35-40 d, yield 43%
TMP : D-ribose : adenine=15:1:1.2 (no 5-AMP, ATP)

concentration of ribose = 1.85*10-4 M (0.37mmol in 2L water)

NH, NH,

N
¢ fN f
HO HO HO f\ ) J
OSnOH 1yp Osn0, O.P».:O%H
... .
o)

OHOH OH@OHO OHO‘@ OHO -- QDHIO o O
OH
5SRO0 o G o
O” OH p—OH
O 4
0

G. Micheletti, et. al., Chem Comm, 2011, 47, 3640-3642
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2. Prebiotic phospherylation
St

IMerit of TMP —— ——

In prebiotic condition, why TMP is better reagent than orthophosphate?

Merit TMP orthophosphate
Solubilit good solubility even in the | low solubility, apatite
y presence of Ca, Mg cation formatlon with Ca cation
Mild condition room tempreture more than 65 °C
Condensing othing i -
reagent :
O\\P/OH
~
HONO 1_oH Trimetaphosphate is potentially prebiotic reagent
O’/P\o P\\o and has some merits than orthophosphate !

17
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Amino-acid type prodrug—

3. Application-of TMP
/

Amino acid prodrug synthesis of fluorouridine-monophosphate (FUdR-MP)

F
HN
ﬁ
HO O

» _O
HONP/
1 O
(0]
FUdR-MP OHOH

[

anti-cancer

F
HN
0 !
H OH '0) N
N.Il_O
S HOJH/ =
1 O
R @)
rodru
i J OH OH

effective synthesis is needed

E. J. Mcintee, et. al, Med. Res. Rev, 2000, 20, 417-451
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3. Application-of TMP
e

P ester formation —

DCC and phosphite used route need some more steps than Penta-P case

DCC condensation

O O O O

i ° HN 7 HN T F
Q7N NC RO o F’ 0
- = oof o5 s
2 protect steps DCC -
OH 1 deprotect step amino aci

Phosphite route

0 o 0 O
o o T NH
- T NH |
! Ar0” ) OAr P » Aro~=P~0 A
ArO=, =0 C C|6, NEt3 r 1
o o RCOOCHR'NH, )_R- =
ROOC

Y. Zhao, et.al, Synlett, 2004, 14, 2600-2602
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3. Application-of TMP
/

Penta-covalentP

Penta-covalent P intermediate will produce P-amino acid ester

Zhao Yufen’s group idea
Q\ JONa R Ho OH
NaO~ b~ A-O0Na + N o — ng\):o
PSR
0’ 0" No 0
penta-covalent P
intermediate
@) @)
F F
HN | o - HN |
J\ HO{ 1.0~ 0 AR J\
Hooo N SR _/\4 HO L
5 + RO RNl e aeees > H OHY
penta-covalent O
intermediate
OH OH OH OH
fluorouridine (FUdR) prodrug

Y. Zhao, et. al., Eur. J. Org. Chem, 2011, 3220-3228
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3. Application-of TMP
e

Peptide bond with TMP——

TMP as condensing reagent in basic condition

ONa O

- P\O/—\ P,0- l/l@\ 0]
: H-N OH
| | ONa 2 \)L
O, o7 O
o Gly-Gly

less than 0.1% tripeptide, not found tetrapeptide

Polypeptide formation in acidic condition

ONa b 0
HN\)L /—\ HN\)L IF! H H HN\)L OH
2 2
= e L = )
\\ H
~0” N - o)

+ P304
H N\)
2 j\OH

Y. Yamagata, et. al., Origins of Life and Evolution of the Biosphere, 1988, 18, 165-178
22

possible to form polypeptide



3. Application of TMP
— ””/////

Peptide bond with TMP——

Condensation of (gly), proceeds in weak acidic condition

30 7 4
10 DAYS
20 DAYS
S g
ﬁéj :67 2 10 DAYS
S =L
1 D3 10
pH oH
(qlv)2 formation (qlv)é formation
gly: 0.5 M, TMP: 0.5 M, 38 °C (aly),: 0.5 M, TMP: 0.5 M, 38 °C

Y. Yamagata, et. al., Origins of Life and Evolution of the Biosphere, 1988, 18, 165-178
23



3. Application-of TMP

N-Phosphoryl amino-acids-

amino acid and TMP give N-phosphoryl aminoacid (or dipeptide)

Q\ ,ONa b) 0.12
PR @)
o) 0.10 4
Nanlg, IID/ONa T H2N OH —
O’/ 06 \\O % 0.08
I=]
0.1 M 1M E 0.06
g
L PPi E 0.04
0.02
H ' =
HO\IE,/O o 0.00 ¥4 -
/\ f 0 50 100 150 200
HOWN
Reaction time {min)

HO H 2 HO H 2 HO HO HO H o o H OHH T
11 1 H 3 b' b' 33 4 7
0] 5a (@) 6a @) a

H,0 attack on P Gly attack on C=0

Y. Zhao, et. al., Eur. J. Org. Chem, 2009, 3026-3035
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W 3. Application-of TMP
Nucleophilic attack on NPAAs -

Alchoxide and phosphate attack on P position of penta P intermediate

o) 0 0
o’ No MeOH/H,0 = 1/4 Me \\P, - \\P, S
NaO ! 1_ONa 4 H5N y o i i
PR OH  40°C,pH 11,48 h 0 o
0% 00 NG
0.1 M 01M MeOH attack on P MeOH attack on C=0
: ' (not observed)
5a and 6a are also observed
(each yield ... unknown)
O, ONa 0 O O
2 HO HO H HO H 1
0" "o ° It HO~:F;/O~:F;/N\)LOH HO*};'N\)LofFi(;?H
I I _ONa H N\)L
NaQsp. Pg i OH:H,0 407 pR Atz P2 2
62 e

; onP HPO,# attack on C=0
0.1 M 0.1 M (not observed)

Y. Zhao, et. al., Eur. J. Org. Chem, 2009, 3026-3035
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3. Application-of TMP

NPAAs synthesis

Increase the NPAAs yield, substrate scope

q\ ,ONa R PI R
P NaOH
By \O OH P OH
Mol 1 oNe TN HOH,cs\H NPAA
o"P\O’P\\o O pH= 10.7-12 4

10-40 h, 35-45 °C, 60-91%

R = side chain of Gly, Ala, Leu, Val, Ser, Thr, Glu, Phe, Trp, Met, Pro, Arg, Homo-Ser(=CH,CH,OH)
(Asn, Gin... instable in alkali)

o)
W ,ONa 0 R
i OH OH P OH
NaO | I _.ONa *+ pN or H,N 7'7 »> HoH’é\”)\n’
A NPAA
o” 2} No 0) 0) 0

Y. Zhao, et. al., Green, Chem, 2009, 11, 569-573 26
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4. Summary

sSummary = =
Trimetaphosphate is important phpsphorylation reagent in prebiotic chemistry
O, OH . %
\}3/ v'Produced from magmatic condition
07 o v'High solubility in water
Ho= L 1ot v'Needless of condensing reagent
g2 S07 N, v'Mild condition

Easy synthesis of phosphorodiamidite prodrug
from penta-coordinate phosphorus

O O

OHOH OH OH

28
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g By
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