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Protein biosynthesis is one of the most important biological processes in all
kind of living organisms. The major component for protein translation is the
aminoacyl-tRNAs, formed by the action of enzymes called aminoacyl-tRNA
synthetases (AARSs). Several biochemical investigations related to tRNA
aminoacylation rely on stability of aminoacylated tRNAs. It has been reported that,
under physiological condition, aminoacylated tRNAs are not stable and undergo
deacylation releasing free tRNAs and amino acids. The half -life of this process is

approximately 20 minutes at 37 °C.

However, the deacylation process is significantly slower if the a-amino group
of an amino acid is formylated or acylated. It has been speculated that the unusual
stability toward hydrolysis of acylated amino acids is a result of the lack of an
intramolecular hydrogen bond within the molecule. Here we report an effort toward
the synthesis of free and acylated alanyladenosine, aminoacyl-tRNA mimics for
deacylation study. The synthesis started from a commercially available adenosine. The
5-TBDMS protected adenosince was then subjected to amino acid coupling under
various conditions. The final step is the deprotection of TBDMS and Boc groups.
However, the deprotection often results in the deacylation of the amino acid from
adenosine moiety. The screening for optimal deprotection condition is needed in order

to complete the synthesis of our aminoacyl-tRNA mimics.
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THE DEACYLATION OF AMINOACYL-tRNAs: AN EFFORT
TOWARD THE SYNTHESIS OF ALANYL ADEOSINE

INTRODUCTION

Aminoacyl-tRNAs are at the heart of protein biosynthesis in all living cell.
This type of biomolecules consists of amino acid esterified to 3’-end of tRNA (lbba et
al., 1997; Cathopoulis et al., 2007). Aminoacyl-tRNAs are the substrate for
translation and are important in determining how the genetic code is translated into

amino acid sequence in protein (Ibba et al., 2000).

Protien translation is a process in which cells synthesize protein. Before the
synthesis of a protein begins, the corresponding RNA molecule is produced by RNA
transcription. One strand of the DNA double helix in the genome is a template. The
DNA stand is read from the 3’ to 5’ by the RNA polymerase in order to synthesize a
messenger RNA (MRNA). This mRNA is a single stranded in the 5’ to 3’ direction.
The single stranded mRNA migrates from the nucleus to the cytoplasm. During this
step, MRNA goes through different types of maturation including one called splicing
when the non-coding sequences are eliminated. The coding mMRNA sequence can be
described as a unit of three nucleotides called codon (Bruce, 2008).

The next step is translation, which takes place in cytoplasm. Translation is the
process whereby genetic information, in the form of mMRNA, is used to synthesize the
corresponding protein with specific amino acid. The ribosome binds to the mRNA at
the ribosome binding site and the translation starts at the start codon (AUG). This
codon is only recognized by the initiator tRNA. The identity of an amino acid inserted
at a particular position during protein synthesis is determined by the pairing of a
codon in mRNA with a particular aminoacyl-tRNA. The overall fidelity of protein
synthesis is dependent on the accuracy of two processes, codon-anticodon recognition
and aminoacyl-tRNA synthesis. Aminoacyl-tRNAs are synthesized by the 3’- or 2’
esterification of tRNAs with the suitable amino acids. The aminoacylation of tRNAS


http://www.accessexcellence.org/RC/VL/GG/trans_of.php

with amino acid is catalysed by aminoacyl-tRNA syntetase (aaRSs) (Ibba et al.,
1997). The ribosome proceeds to the elongation phase of protein synthesis. The
ribosome moves from codon to codon along the mRNA. Amino acids are added one

by one, translated into polypeptide.

The stability of aminoacylated tRNAs, has been reported. Usually,
aminoacylated tRNAs undergo deacylation with the half-life of approximately 20
minutes under physiological condition (Petersen et al., 1979) (Figurel.). However, the
deacylation process is hardly a problem for protein biosynthesis due to the action of
elongation factors, which bind aminoacylated tRNAs and automatically protect them
from deacylation. The aminoacylated tRNA bound elongation factor can then be

transferred to the protein-making machine, the ribosome.

NH, NH,

N N

7 SN 7 SN
AL e 8 ] g

tRNA a 5
H= +
pH=38 i + HN
T =37°C, t;), = 20 min
o]

O OH OH OH

Figure 1 Deacylation of aminoacyl-tRNA

The aminoacyl-tRNA deacylation process is dependent of ionic strength of the
media, reaction temperature, as well as the protonation state of the a-amino group of
the aminoacylated tRNA. Scientists expect this process to be fast because aminoacyl
group has hydrogen bond network between hydrogen atom of amine group and
oxygen atom of carbonyl group (Petersen et al., 1979). This hydrogen bond network

is shown in Figure 2.

In general, the deacylation process is significantly slower when the a-amino
group of the aminoacylated tRNA is acylated or formylated (Petersen et al., 1979).

Therefore, we hypothesized that the slower rate of deacylation in the N-acylated



aminoacylated tRNA is due to the lack of internal hydrogen bond network seen in the

case of free amino group (This group is protonated at the physiological condition.).

NH,
N
<1
A
tRNA‘wN N
O OH
o
..... nR
H\ﬁ
o)
H

Figure 2 Hygrogen bond network of aminoacyl group

In order to investigate the deacylation process more closely, a model study
was set up using alanyl-tRNA (1) and benzoylalanyl-tRNA (2) as aminoacylated
mimics of Ala-tRNA™?and benzoylated-Ala-tRNA*?, respectively.

NH, NH,
a0 1)
P J
N N N N
tRNA-O OH
0 o]
o} OH o OH
HzN H,N
(o} o}
(1) (1a)
NH, NH,
<NfN </ | NN
N N/) N /)

tRNA-O OH
o
0 0

: ,lL Jﬁ(o OH : JI§ /'\”/O OH

N N

H H

¢ 0
@ (22)

Figure 3 Model compounds that mimic alanyl-tRNA (1) and benzoylalanyl-tRNA
(2).



In our study, alanyl-adenosine (1a) and its N-acylated analogue (2a) will be
synthesized and utilized as aminoacylated-tRNA mimics for deacylation study.
Substitution of amide group will be varied in order to study the strength of hydrogen
bond using linear free energy relationship. If hydrogen bond of aminoacyl group is
formed, it will be weak when amine group was changed to amide group (Figure 4).

The half-life of this process will be slower.

NH, NH,
N N
X AN
<1 7] <17
tRNA N %’ tRNA N /J Q R
o N o N )I\ s
PH=8 2 + RTON
t=37°C, ty;, >>30 min H
o)
O OH OH OH
o
..... nR
HN

Figure 4 Deacylation of aminoacyl-tRNA when amine group was changed to amide

group.



OBJECTIVES

1. To synthesize alanyl-adenosine and its N-benzoylated analogue.

2. To optimize a protocol for monitoring the deacylation reaction.



LITERATURE REVIEW

1. Protection of adenosine

The target molecule will be synthesized from adenosine (Figure 5). In the first

step, hydroxyl groups of adenosine will be protected.

Figure 5 Adenosine (Starting molecule)

Isopropylidine group was chosen to protect 2° and 3’ hydroxyl groups of
adenosine. The protocol was reported by Foitzik et al. (Foitzik et al., 2009). They use
2,2-dimethoxypropane and p-toluenesulfonic acid in acetone. The reaction was stirred
at room temperature. The product was obtained in good yield without column
chromatography (Scheme 1). Next step, 5’-hydroxyl group of adenosine will be

protected with silyl protecting group.

NH, NH,
N X N X
N N N N
HO HO.
O 2,2-dimethoxypropane O

Y

p-TsOH, acetone
O

OH OH o)
@) >< (4), 94%

Scheme 1 Protection of 2’and 3’- hydroxyl groups of adenosine



The tert-butyldimethylsilylchloride (TBDMS-CI) was chosen to be a
protecting group. The protocol for this step was reported by Ogilvie et al. (Ogilvie et
al., 1978) (Scheme 2). Several conditions were reported for the protection of hydroxyl
groups and each condition gave various percent yields (Table 1).

Table 1 Preparation of silylated adenosine

TBDMS-CI Imidazole )
Solvent Time (h) Type of product

(eq.) (eq.)

1.3 2.6 DMF 21 Monosilylated
1.25 0 Pyridine 4 Monosilylated
2.2 4.4 DMF 5 Disilylated

3 0 Pyridine 48 Disilylated
4.4 8.8 DMF 24 Trisilylated

The protocol with good yield of 5’-O-tert-butyldimetylsilyladenosine (5’-O-
TBDMSIA) was reported by Breton et al. (Breton et al., 2008).

NH,

NH, NH,
N R N N
N S B
<A 1 J <A1 J
Z
NNy NTN\F NN\
HO TBDMSO TBDMSO
O E Imidazol, DMF o o
+ \Si/Cl —_— - +
OH OH OH OH TBDMSO OH
3) ®) 6) 81% )
NH, NH,
S N BN
z N N/
TBDMSO TBDMSO
o o
+ +
OH OTBDMS TBDMSO OTBDMS
®) )

Scheme 2 Protection of hydroxyl groups of adenosine with TBDMS-CI in DMF



Disilylated of adenosine was reported by Beom-Tae Kim et al. (Kim et al.,
2004) Adenosine and TBDMS-CI were dissolved in pyridine under Argon
atmosphere. Under this protocol, 5’-O-tert-butyldimetylsilyladenosine (6) was not
obtained but 2',5'-bis-O-(tert-butyldimethylsilyl)adenosine (7) was a major product
and 3',5'-bis-O-(tert-butyldimethylsilyl)adenosine (8) was a minor product (Scheme
3).

NH, NH, NH,
N. SN N.
N
4 4
N N N

N
TBDMSO TBDMSO.
o O
)vs _Cl Pyrldme b,

OH OH TBDMSO OH OH OTBDMS
(7),30% ®),47%

N B

Scheme 3 Protection of hydroxyl groups of adenosine with TBDMS-CI in pyridine

Furthermore, tetra-t-butoxydisiloxane-1,3-diyl was reported as a bifuctional
silyl protective group (Markiewicz et al., 1988). Adenosine (3) was silylated with 1,3-
dichloro-1,1,3,3,-tetra-t-butoxydisiloxane (5a) in pyridine at room temperature to give
3°,5’-O-TBDS derivative (10). The product was obtained in good yield (Scheme 4).

NH, NH,
S N B
¢TI ¢ J
N N N N
HO R,SIO
© R pyridine l P
+ Si Sl
c” N7 Yl > 0\
OH OH RSiO  OH
@) (5a) R =t-BuO (10), 83%

Scheme 4 A type of bifunctional silyl protective group



2. Protection of amino group

The amino group of c-alanine will also be protected with di-tert-butyl-
dicarbonate (Boc) in basic condition. Once the reaction is finished, it will be acidified
to pH about 3-5.

In 2008, Dahiya. (Dahiya, 2008) reported amino group of L-amino acids was
protected by (Boc),0 in the presence of 1 N NaOH and isopropanol (A in Scheme 5).
The reaction was stirred at room temperature for 3 hr, washed with light petrolrum
ether, acidified to pH about 3 with 2 N H,SO,4. The crude product was crystallized

from chloroform and petroleum ether to give N-Boc-L-Ala in 94% vyield.

In 2009, Ke et al. (Ke et al., 2009) reported amino group of L-amino acids was
protected by (Boc),0 using KOH as base in the presence of water and THF (10:1) (B
in Scheme 5). The reaction was stirred at 50 °C for 3 hr. Then, the reaction was
cooled down to room temperature and stirred overnight. After that, the mixture was
acidified to pH about 5 with 1 M HCI. The N-Boc-L-Ala was obtained in 95% yield.

In 2010, Ling et al. (Ling et al., 2010) reported a new protocol, which is
similar to Rajiv. Amino group of L-amino acids was protected by (Boc),O in the
presence of 2.5% NaOH and t-butyl alcohol (C in Scheme 5). The reaction was stirred
at room temperature for 12 hr. The solvent was removed. The residue was dissolved
in water and washed with ether. The water layer was acidified with 1 M HCI to pH
about 2. The N-Boc-L-Ala was obtained in 74 % yield.



e HAIX

(11)

(Boc),0

M YA

(11)

(Boc),0

o YIX

(11)

(Boc),0O

Scheme 5 Synthesis of N-Boc-L-Ala

3. Acylation and Benzoylation of amino acid

NaOH
|sopropanol

___KoH
T THFHO

NaOH
t- BuOH

10

(12), 94%

Boc J\
N7 ScooH
H
(12), 95%
Boc /L
\H COOH

(12), 74%

Acylation of amino acid with acetic anhydride in pyridine was reported by

Levene et al. (Levene et al.,
acylated (Scheme 6).

R

PN

H,N COOH

(13)

A

Acetic anhydride

Pyridine
-CO,

1928). Carboxylic and amino group of amino acid were

LA

4 ©

Scheme 6 The reaction of acetic anhydride in pyridine on amino acid

The acylation and benzoylation of amino acid using acid chloride in pyridine

were reported by Carter et al. (Carter et al.,

1941). The reaction proceeded through

azlactone (16) and dipeptide (17) molecule was formed as a final product (Scheme 7).

The reaction product appeared to be gummy solid containing acylated amino acid,

acylated dipeptide, and other substances.
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COOH R
(13) (15)

B kmgé 5 G *m N

(17)
(16)

Scheme 7 Acylation of amino acid with acid chloride in pyridine

In 2008, benzoylation of amine and amino acid was reported by
Chattopadhyay et al. (Chatopadhyay et al., 2008) using benzoyl chloride and
saturated NaHCOg; in the presence of acetone and brine (Scheme 8). Benzoyl
derivative was obtained by acidic workup. The N-benzoyl-.-Ala was purified by

vacuum sublimation after crystallization.

_SatNaHCO; /'\COOH
COOH [ acetone/water
(11) (19)

(20), 51%
Scheme 8 Benzoylation of L-Ala using saturated NaHCO3 in acetone and water

In 2010, Weber et al. (Weber et al., 2010), N-benzoyl amino acid was
synthesized by benzoyl chloride and sodium hydroxide in water and acetonitrile. The
reaction was stirred at 0 °C for 2 hr, then at room temperature for 1 hr. The reaction
was then acidified with HCI to give N-Benzoyl amino acid. The yield of products was

shown in Table 2.

. 4 equiv NaOH, COOH
COOH water/CH;CN ~

(13) (19) (18)

Scheme 9 Benzoylaion of L-Ala using NaOH in water and acetonitrile
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Table 2 Synthesis of N-Benzoyl amino acid.

Compound R group % Yield
13a, 18a H 85
13b, 18b Bn 60
13c, 18c n-Pr 62
13d, 18d Et 50

4. Coupling reaction

The synthesis of L-Phenylalanine ester of open-chain analog of adenosine was
reported by Chladek et al. (Chladek et al., 1973). The N-benzyloxycarbonyl-L-
phenylalanine (21) was coupled with adenosine analog (22) using N,N-
dicyclohexylcarbodiimide (DCC) in pyridine. The p-methoxytrityl was removed by
80% acetic acid (Scheme 10). The crude compound 23a - 23c was separated by
chromatography using chloroform: methanol (9:1). The yield of products and recover

starting material (22) was shown in Table 3.

NH, NH;
\N \N
H
‘.\\\\N O\/@
m \"/ 1 DCC, Pyridine
o X © 2 80% CHLCOOH
OR! OR?
21
@D (22) (23)

R = p-methoxytrityl

Scheme 10 Synthesis of L-Phenylalanine ester of open-chain analog of adenosine
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Table 3 Yield of L-Phenylalanine ester of open-chain analog of adenosine

Compound R’ group R’ group % Yield
22 - - 77
23a C(O)CH(NHCbz)CH,CeHs H 5
230 H C(O)CH(NHCbz)CH,CeHs | 12
23¢ C(O)CH(NHCbz)CH,CsHs | C(O)CH(NHCbz)CH,CeHs | 6

A new method for the synthesis of 2’- and 3°’~O-aminoacyladenosine (27 and
28) involving the reaction of N-protonated amino acid with 5’-O-trityladenosine (26)
in the presence of N,N’-carbonyldibenzimidazole (24) was reported by Purygin
(Purygin, 1985). The 2’- and 3’-O-aminoacyladenosine were obtained in 70 — 75%
yield (Scheme 11).

0
R
KA )k@_, ;/Z
XH;N~ ~COOH N/J \QN X H, ~

(13a) (24)

NH, NH,
</N | ) </N | - A | SN
N N N N N N/
TrO TroO Tro
O O o
R + R

o (@ (28) o) (26)

Scheme 11 Synthesis of 2’- and 3°—0-aminoacyladenosine using N,N-carbonyldi-

benzimidazole

The N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) were used in coupling reaction between puromycin
aminonucleoside (30) and N-Boc-L-aspartic acid f-tert-butyl ester (29). The coupling
product was obtained in 85% yield (Huot et al., 2007) (Scheme 12).
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\N/ \N/
N N
I |

TN o o0

HO HO
o 0 EDC, NHS °
W» BocHl;l

BocHN COOH NH, OH t-BuOOC\/\I(NH OH
(29) (30) (31), 85%

(0]

Scheme 12 Amide bond coupling using EDC and NHS

The N,N’-dicyclohexylcarbodiimide (DCC) is a general coupling reagent. In
1998, Lodder et al. (Lodder et al., 1998) reported the synthesis of N-(4-
pentenoyl)aminoacyl-pdCpA esters using DCC and HOBt (Scheme 13).

o) (0]
H
HZN\_)I\O/ Pentenoic acid /\/\’( N\_)J\O/

] DCC, HOBt
R (32 @) O

Scheme 13 Amide bond coupling using DCC and HOBt

Furthermore, DCC and 4-dimethylaminopyridine (DMAP) is a general reagent
for synthesis of ester. This reagent was reported by Meier et al. (Meier et al., 2001a
and 2002b). They used DCC and DMAP with different stoichiometric ratio depending
on reactant and type of carboxylic acid and amino acid to couple compound 34 (A in
Scheme 14).

In 2009, Shen et al. (Shen et al., 2009) used DCC and DMAP to couple
derivative of vidarabine (36) with levulinic acid to give diester (37) in 89.7% (B in
Scheme 14).



15

® ] ;

TBDMSO
TBDMSO
o carboxylic acid or o
N-Boc-amino acid -
DCC/DMAP R 0
OH T
34 35
(34) ) (35)
NH, NH,
N B N N N
TBDMSO TBDMSO RO
O~ Levullnlc acid O<
DCC/DMAP
OR (37)

(36)

R= ;fr\)\

Scheme 14 Esterification of carboxylic acid and hydroxyl group of nucleotide
5. Deprotection of protecting groups

In the last step, protecting groups (silyl group and Boc-group) will be removed
under mild acidic condition. Removal of 5’-0-tert-butyldimethylsilyl protecting group
with tetra-n-butylammonium fluoride (TBAF) in tetrahydrofuran (THF) was reported
by Baker et al. (Baker et al., 1979). Diacylated adenosine (37) was dissolved in THF.
Then, 1 eq. of acetic acid was added, followed by 3 eq. of TBAF. The reaction was
monitored by TLC (9:1 chloroform — methanol).

NH, NH,
(X <1
)\ N NP )\ NP
TBDMSO~_ & 0 HO © (¢}
o< TBAF O~

THF, 1 eq. HOAC
O, (0] O, O
Y (37 ﬁ/ (38)

Scheme 15 Deprotection of silyl protecting group using TBAF.
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In 1992, Zhang and Robins (Zhang and Robins, 1992) reported the removal of

silyl protecting group with ammonium fluoride in methanol (Scheme 16).

H R ‘
P mmSi—O, —> F—sSi— + ROH + NH,
o w t. +
H N / H—NH; ‘

Scheme 16 Removal of silyl group using ammonium fluoride
6. Arrhenius equation

The free and benzoylated alanyl-adenosine (1a and 2a) are model compounds
for aminoacyl-tRNA deacylation process. The deacylation process will be monitored
by HPLC. The kinetic data will be collected from deacylation assays at different
reaction temperatures by monitoring the increase of free adenosine (Rodfiguez-Diaz
and J.M., M.T., 2009). Then, the data will be fitted into the Arrhenius equation in
order to determine the activation energy for both benzoylated alanyl-adenosine and
alanyl-adenosine.

Where Kk is the rate constant, A is the pre-exponential R is the gas constant, T

is temperature in Kelvin, and E is activation energy.
Taking the natural logarithm of the Arrhenius equation:

In(k) = In(A) — EJRT.......(2)
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The rate constant at each temperature will be determined from HPLC
experiment. Therefore, a plot of In(k) versus 1/T will give a straight line. The

activation energy is defined from the slope of a plot of In(k) vs 1/T.

E.=-R(AINK) ) ... (3)
AQT)
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MATERIALS AND METHODS

Materials
Instrument

The following analytical methods were used throughout this work, unless

otherwise indicated.

Nuclear magnetic resonance spectrometer (NMR)
Mass spectrometer (MS)
High pressure liquid chromatography (HPLC)

Proton nuclear magnetic resonance (*H NMR) spectra and carbon nuclear
magnetic resonance (**C NMR) spectra were collected on a VARIAN"NTY INOVA
400 MHz NMR spectrometer at the Chemistry Department, Faculty of Science,
Kasetsart University. Chemical shifts were recorded as & values in ppm. Most Spectra
were acquired in DMSO-dg and some spectra were acquired in CDCl3. The peak due
to residual DMSO-ds (2.50 ppm. for *H and 39.43 ppm for *C) and CDCl; (7.26 ppm
for *H and 77.23 ppm for *C) were used as an internal reference. Coupling constants
(J) are given in Hz, and multiplicity is defined as follows: br = broad, s = singlet, d =
doublet, dd = doublet of doublet, ddd = doublet of doublet of doublet, dt = doublet of
triplet, t = triplet, q = quartet, quint = quintet, m = multiplet.

Mass spectra of compound were recorded on a Variance Agilent 1100 series
by direct injection under ESI and/or APCI mode depending on molecules at Scientific
Equipment Center, Faculty of Science, Kasetsart University.

HPLC analysis was carried out using a VARIAN HPLC at Scientific
Equipment Center, Faculty of Science, Kasetsart University. The standards and
samples were analyzed on a C18 column (VARIAN HPLC column) using a gradient

mobile phase containing acetonitrile (A) and methanol (B) in 0—15 min. The flow rate
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was set at 0.9 mL/min and the injection volume was 20 pL. The detection wavelength
was set at 257 nm. (Xiao Feng Xue et al., 2009). Identification of adenosine was

based on retention time

Unless otherwise stated, concentration under reduced pressure refers to a

rotary evaporator at water aspirator pressure.

Chromatographic system

Analytical thin-layer chromatography (TLC) was conducted on aluminum-
backed 0.2 mm thick silica gel 60 Fys4 plates (Merck). The chromatograms were
visualized under a 254 nm UV lamp and then sprayed with ninhydrin solution or with

basic solution of potassium permanganate followed by heating.

Column chromatography was performed using silica gel 60 (70-230 mesh,
Merck).

Chemicals

Adenosine

tert-butyldimethylsilyl chloride (TBDMS-CI)
N-Boc-L-Alanine

L-alanine

Di-tert-butyl-dicarbonate (Boc),0
Benzoyl chloride

Imidazole

Potassiumhydroxide (KOH)

Sodium hydroxide (NaOH)
Dicyclohexylcarbodiimide (DCC)
N,N-dimethylaminopyridine (DMAP)
Anhydrous sodium sulfate
Dichloromethane (DCM)

© o N o g bk~ wDhdPE

e e e
w oo
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15.
16.
17.
18.
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Ethyl acetate

Methanol
Dimethylformamide (DMF)
Acetonitrile (MeCN)
Tetrahydrofuran (THF)

Adenosine, L-alanine, (BOC),O0 and DMAP were purchased from Fluka.

TBDMS-CI, and Boc-L-alanine were purchased from ACROS Organics. Benzoyl

chloride, DCC and pyridine were purchased from Sigma-Aldrich. Solvents were of
laboratory grade and dried using Solvent Purification System: PURE SOLV MD-4.

All synthesized chemicals were kept refrigerated at — 20 °C.
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Methods

Silylation of Adenosine

5°-O-tert-butyldimethylsilyladenosine (6)

NH, NH,
N B N RS
¢ 1) ¢ 1)
N N N N
HO TBDMSO
0 TBSMS-CI, Imidazole ¢
DMF
OH OH OH OH
(3) (6)

Adenosine (3.00 g, 11.2 mmol) and imidazole (1.84 g, 26.9 mmol) were
dissolved in 60 mL of dry DMF. Then, tert-butyldimethylsilyl chloride (TBDMS-CI,
2.03 g., 13.5 mmol) was added. The reaction was stirred overnight at room
temperature and monitored by TLC. The solvent was removed under reduced pressure
and oil residue was obtained. The crude product was extracted with 20 mL of DCM,
20 mL of water and 20 mL of brine. The organic phase was dried over anhydrous
sodium sulfate. The product was purified using column chromatography with 4%
methanol in DCM. The product (6) was obtained as white solid (3.81 g, 89% yields,
m.p. 182-184 °C).

'H NMR (400 MHz, DMSO-ds,): & 8.23 (s, 1H, Harom), 8.09 (s, 1H, Harom),
7.59 (s, 1H, imidazole), 7.22 (s, 2H, NH,), 6.96 (s, 2H, imidazole), 5.86 (d, 1H, J =
5.2 Hz. \H1°), 5.48 (d, 1H, J = 5.6 Hz., OH2"), 5.15 (d, 1H, J = 5.2 Hz., OH3"), 4.50
(9, 1H, J = 4.8 Hz., H2"), 4.14 (q, 1H, J = 4.8 Hz., H3"), 3.90 (q, 1H, J = 4.8 Hz,,
H4"), 3.84 (dg, 2H, J, = 3.6 Hz., J, = 11.2 Hz., H5), 0.82 (s, 9H, tert-butyl), 0.00 (s,
6H, 2xSi-CHs).

Note: This sample contains imidazole as an impurity.
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'H NMR (400 MHz, DMSO-dg): & 8.26 (s, 1H, Harom), 8.12 (5, 1H, Harom),
7.25 (s, 2H, NH,), 5.89 (d, 1H, J = 5.2 Hz. ,H1"), 4.52 (q, 1H, J= 4.8 Hz., H2"), 4.16
(9, 1H, J = 4.8 Hz., H3), 3.94 (q, 1H, J = 4.8 Hz., H4"), 3.87 (dq, 2H, J; = 3.6 Hz., J,
=11.2 Hz., H5), 0.86 (s, 9H, tert-butyl), 0.03 (s, 6H, 2xSi-CHs).

Note: This sample has no impurity.

3C NMR (100 MHz, DMSO-dg): & 155.9, 152.5, 149.2, 138.8, 118.8, 87.2,
84.3,73.5, 69.7, 62.7, 25.7(3C), 17.9, -5.5(2C).

MS (APCI) m/z [M+H]" C1gH27N50,Si: 381.9

Disilylation of adenosine (7 and 8)

NH, NH, NH,
1) el (1)
J ) J
N N N N N N
HO TBDMSO TBDMSO
0 TBSMS-CI, Imidazole o % o
DMF -
OH OH TBDMSO OH OH OTBDMS
®) M (8)
Procedure A

Adenosine (3.00 g, 11.2 mmol), TBDMS-CI (3.38 g, 22.4 mmol) and
imidazole (3.05 g, 44.8 mmol) were dissolved in 12 mL of DMF. The reaction was
stirred overnight at room temparature and monitored by TLC. The solvent was
removed under reduced pressure and oil residue was obtained. The oil residue was
extracted with DCM and sat. NaHCO3. The organic phase was dried over sodium
sulfate anhydrous. The crude product was separated by column chromatography using
EtOAc. The 3',5-bis-O-tert-butyldimethylsilyladenosine (7) was obtained as a white
solid (0.17 g, 31% vyield, m.p. 173-175 °C) and 2'5-bis-O-tert-butyldimethyl-
silyladenosine (8) was obtained as a white solid (0.05 g. 9% yield, m.p. 172-175 °C).



NH; NH, NH,
N
¢1J <]é <X
N N/ N P~ N N/
HO. TBDMSO TBDMSO
o TBSMS-CI, Pyridine 0 + o
OH OH TBDMSO OH OH OTBDMS
(©) (M ®

Procedure B

Adenosine (5.00 g, 18.7 mmol) and TBDMS-CI (8.46 g, 56.1 mmol) were
dissolved in 35 mL of pyridine. The reaction was stirred at room temperature for 48 hr
under N, atmosphere. The reaction was monitored by TLC. After that, the solvent was
remove under reduce pressure and oil residue was obtained. The oil residue was
extracted with DCM and Sat. NaHCO3 and dried over anhydrous sodium sulfate. The
crude product was separated by column chromatography using EtOAc. 3',5'-bis-O-
tert-butyldimethylsilyladenosine (7) was obtained as a white solid (2.78 g, 30% vyield,
m.p. 173-175 °C) and 2',5'-bis-O-tert-butyldimethylsilyladenosine (8) was obtained as
white solid (1.37 g. 15% yield, m.p. 172-175 °C).

3',5'-bis-O-tert-butyldimethylsilyladenosine (7)

'H NMR (400 MHz, CDCls): & 8.28 (s, 1H, Harom), 8.06 (s, 1H, Harom), 6.30 (5,
2H, NH,), 6.01 (d, 1H, J = 4 Hz., H1), 4.55 (br, 2H, H2’ and H3’), 4.11 (g, 1H, J =
3.2 Hz., H4’), 3.91 (dd, 1H, J; = 3.6 Hz., J, = 11.2 Hz., H5"), 3.76 (dd, 1H, J= 3.2
Hz., J; = 11.2 Hz., H5), 3.04 (s, 1H, OH2"), 0.92 and 0.86 (s, 9H, tert-butyl), 0.14 (s,
6H, 2xSi-CHj), 0.05 (s, 3H, Si-CHs3) 0.03 (s, 3H, Si-CHs).

3C NMR (100 MHz, CDCly): § 155.6, 152.9, 149.6, 138.9, 119.8, 88.8, 85.4,
75.1,71.5, 62.3, 25.9(3C), 25.7(3C), 18.3, 18.1, -4.7, -4.8, -5.5, -5.6.

MS (APC') m/z [M+H]+ C22H41N504Si2: 496.0
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2',5'-bis-O-tert-butyldimethylsilyladenosine (8)

'H NMR (400 MHz, CDCls): 6 8.31 (s, 1H, Harom), 8.19 (S, 1H, Harom), 6.31 (s,
2H, NH,), 6.09 (d, 1H, J = 4.8 Hz., H1’), 4.63 (t, 1H, J = 4.8 Hz., H2"), 4.27 (br, 1H,
H3%), 4.18 (g, 1H, J = 2.8 Hz. H4%), 3.97 (dd, 1H, J; = 2.8 Hz., J, = 11.2 Hz., H5"),
3.85 (dd, 1H, J; = 2.8 Hz., J, = 11.2 Hz., H5’), 3.01 (s, 1H, OH3"), 0.92 and 0.80 (s,
9H, tert-butyl), 0.12 (d, 6H, J = 6.4 Hz., 2xSi-CHs), -0.08 (s, 3H, Si-CH3) -0.13 (s,
3H, Si-CHa).

13C NMR (100 MHz, CDCls): § 155.2, 152.6, 149.4, 138.3, 119.2, 87.6, 84.8,
76.7, 70.8, 62.7, 25.6(3C), 25.2(3C), 18.0, 17.7, -5.3(2C), -5.7(2C).

MS (APC') m/z ['\/l"'H]+ C22H41N504Si2: 496.0
N-Boc-L-Alanine (12)

(@]
olf (Boc),0, )j\ OH
HN KOH A o N
2 water/THF H
(@] (@]

(11) (12)

The r-alanine (0.89 g, 10 mmol) and KOH (0.62 g, 11 mmol) were dissolved
in a mixture of water (40 mL) and THF (4 mL). Then, (Boc),0O (2.40 g, 11 mmol) was
added to the mixture. The reaction was stirred at 50 °C for 2-3 hr and stirred overnight
at room temperature. Then, 1 M HCI was added to the reaction to adjust pH value of
the solution to about 5. The solution was extracted with EtOAc (50 mL x 3) and DCM
(50 mL x 3). The organic phases were mixed and dried over anhydrous sodium
sulfate. After removal of solvent, the white solid was obtained (0.20 g, 36% vyield,
m.p. 80-82 °C).
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'H NMR (400 MHz, CDCl3): 5 12.36 (br s, 1H, COOH), 7.06 (d, 1H, J = 7.6
Hz., NH), 3.91 (quint, 1H, J = 7.6 Hz., CH), 1.36 (s, 9H, tert-butyl), 1.21 (d, 3H, J =
7.2 Hz., CHy).

3C NMR (100 MHz, DMSO-dg): & 174.5, 155.1, 77.8, 48.1, 28.1 (3C), 17.0

MS (ES|) m/z [M+Na]+ CgH15NO,4: 212.3
N-Benzoyl-L-Alanine (20)

(@)
Benzoyl chloride,
OH I\)l/aOH oH
HoN water/CH;CN ~ ~ H

O O
(11) (20)

The tr-alanine (0.50 g, 5.6 mmol) and NaOH (0.90 g, 22.4 mmol) were
dissolved in water: acetonitrile (0.3 M) and cooled at 0 °C. Then, benzoyl chloride
(0.68 mL, 5.9 mmol) was added by syringe. The reaction was stirred for 2 hr at 0 °C.
Then, the reaction was allowed to warm and stirred for 1 hr at room temperature.
Volatiles solvent was removed before conc.HCI was added to generate acidic
condition. The precipitated was filtered and washed with cold water. The white solid
was obtained (0.48 g, 44% yield, m.p. 86-89 °C)

'H NMR (400 MHz, CDCls): 5 7.80 (d, 2H, J = 6.8 Hz., Harom), 7.45 (m, 3H,
Harom), 6.83 (d, 1H, J = 6.8 Hz., NH,) 4.79 (quint, 1H, J = 7.2 Hz., CHaw), 1.57 (d, 3H,

J=7.2Hz., CHzaa)

3C NMR (100 MHz, CDCls): § 176.1, 167.6, 133.4, 132.0, 128.6, 128.4,
127.1 (2C), 48.7, 18.1.

MS (ES') m/z [M+Na]+ CioH11NO3: 216.1
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N-Boc-L-Ala coupling

NH, NH, NH,

N XN N XN N XN
4 4
¢ AL A

N N

TBDMSO TBDMSO TBDMSO
o) N-Boc-L-Ala, DCC o) o
Pyridine " _
OH OH Boc,, O OH OH o\f(g\N/Boc
(6) H H

o} (39) (40) o©

The 5-O-TBDMS adenosine (6) (0.10 g, 0.26 mmol) or disilylated (7 and 8)
(0.13 g, 0.26 mmol), N-Boc-L-Ala (12) (0.07 g, 0.39 mmol). DCC (0.20 g, 0.92
mmol.) and DMAP (0.03 g, 0.26 mmol) were dried by placing under high vacuumm
for at least 30 minutes. Then, 12 mL of DMF was added via syringe. The reaction was
stirred at room temperature for 18-21 hr. Solvent was removed and the reaction was
extracted with EtOAc and 5% NaHCOs. The organic phase was dried over anhydrous
sodium sulfate. The product was separated by column chromatography using EtOAc.

The 2'-O-[N-Boc-L-alanyl]-5'-O-tert-butyldimethylsilyladenosine (40) and 3'-
O-[N-Boc-L-alanyl]-5-O-tert-butyldimethylsilyladenosine (39) were obtained as
colorless solid (0.06 g, 42% vyield).

2'- and 3'-O-[N-Boc-L-alanyl]-5'-O-tert-butyldimethylsilyladenosine (40 and 39)

'H NMR (400 MHz, CDCly): 5 8.34 (s, 1H, Harom), 8.15 (5, 1H, Harom), 6.32
(d, 1H, J = 6 Hz., H1"), 5.81 (t, 1H, J = 5.2 Hz., H2"), 5.72 (br, 1H, H3"), 5.69 (br,
1H, NHai) 4.35 (br, 1H, H4%), 4.12 (br, 1H, CHaa) 3.95 (dd, 1H, J; = 2.4 Hz., J, =
11.6 Hz., H5"), 3.87 (dd, 1H, J = 1.6 Hz., J, = 11.6 Hz., H5"), 3.05 (br, 1H, OH2"),
1.45 (s, 9H, tert-butylas) 1.44 (d, 3H, J = 2.4 Hz., CHaxs) 0.93 and 0.92 (s, 9H, tert-
butyl), 0.12 (s, 6H, 2xSi-CHs).

3C NMR (100 MHz, CDCls): & 172.3, 171.7, 155.2, 149.9, 138.5, 119.7,
83.5,74.6, 71.6,62.7, 49.1, 33.9, 28.3, 25.9, 18.1.
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MS (APCI) m/z [M]* C24HaoNsO7Si: 553.0

NH, NH,
N AN N AN
¢ J ¢ J
N NZ N NP
TBDMSO. TBDMSO.
0 N-Boc-L-Ala, DCC o
Pyridine H
TBDMSO OH TBDMSO O. 2 _Boc
N
™ (a1 \H/\H
O

2'-O-[N-Boc-L-alanyl]-3',5'-O-tert-butyldimethylsilyladenosine (41) was obtained
as colorless gum (0.05 g, 19%).

'H NMR (400 MHz, CDCls): & 8.28 (s, 1H, Harom), 8.06 (s, 1H, Harom), 6.22 (s,
2H, NH,), 6.15 (d, 1H, J = 3.6 Hz., H1"), 5.73 (br, 1H, H2), 5.30 (br s, 1H, NHap),
4.84 (br, 1H, H3), 4.37 (br, 1H, CHgp), 4.08 (m, 1H, H4"), 3.96 (dd, 1H, J; = 2.8 Hz.,
J; = 11.6 Hz., H5’), 3.77 (dd, 1H, J; = 2.8 Hz., J, = 11.6 Hz., H5’), 1.39 (m, 12H,
CHaais and tert-butyl), 0.88 and 0.87 (s, 9H, tert-butyl), 0.09 (s, 3H, Si-CHz), 0.06 (s,
3H, Si-CHs), 0.06 (s, 3H, Si-CHs), 0.01 (s, 3H, Si-CHj).

3C NMR (100 MHz, CDCly): &: 172.1, 155.4, 154.9, 152.6, 149.4, 139.3,
119.7, 86.3, 85.2, 85.0, 79.8, 69.7, 61.6, 49.1, 28.2(3C), 25.8(3C), 25.6(3C), 18.6,
18.3, 17.9, -4.7, -5.0, -5.5(2C).

MS (ES|) m/z ['\/l]+ C30Hs54N07Siy: 667.6

N-Benzoyl-L-Ala coupling

NHZ NHZ NHZ
<1 J <1 (1
N N/ N N/ N N/

TBDMSO. TBDMSO. TBDMSO.
o) N-Benzoyl-L-Ala, o) 1)
DCC, Pyridine + =

OH OH Bz O OH OH O A > Bz
®) N (42) (43) N
(6]
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The 5-O-TBDMS adenosine (6) (0.10 g, 0.26 mmol), N-Bz-.-Ala (20) (0.05
g, 0.27 mmol) and DCC (0.06 g, 0.31 mmol) were dried by placing under high
vacuumm for at least 30 minutes. Then, 1.3 mL of pyridine was added by syringe.
The reaction was stirred overnight at room temperature. Solvent was removed under
reduce pressure and colorless solid was obtained. The crude product was extracted
with EtOAc and 5% NaHCOs;. The organic phase was dried over anhydrous sodium
sulfate. The product was separated by column chromatography using DCM. The 2'- or
3'-O-[N-Bz-L-alanyl]-5'-O-tert-butyldimethylsilyladenosine (42 and 43) was obtained
as white solid (0.02 g, 20%).

2'- and 3'-0O-[N-Bz-L-alanyl]-5'-O-tert-butyldimethylsilyladenosine (42 and 43)

'H NMR (400 MHz, CDCls): & 8.25 (s, 1H, Harom), 8.09 (s, 1H, Harom), 7.83
(d, 2H, J = 6.8 Hz., Hg;) 7.42 (m, 3H, Hg;) 7.09 (br, 3H, NHg,and NH,), 5.91 (d, 1H,
J = 4.8 Hz., H1’), 5.31 (br, 1H, H2’), 4.93 (m, 1H, CHaa), 4.18 (t, J = 4.8 Hz., 1H,
H3%), 3.96 (q, 1H, J = 4.0 Hz., H4"), 3.87 (dd, 1H, J; = 4.0 Hz., J, = 11.6 Hz., H5),
3.75 (dd, 1H, J; = 4.4 Hz., J, = 11.6 Hz., H5), 1.39 (d, 3H, J = 7.8 Hz., CH3,,) 0.87
(s, 9H, tert-butyl), 0.04 (s, 6H, 2xSi-CHj3).

3C NMR (100 MHz, DMSO-dg): & 173.1, 166.2, 156.0, 152.6, 149.3, 138.9,
134.0, 131.4, 128.2 (2C), 127.4 (2C), 119.0, 87.3, 84.4, 73.6, 69.8, 62.9, 48.3, 25.8

(3C), 18.0, 16.7, -5.4 (2C).

MS (ES|) m/z ['\/H'H]Jr Cy6H36NO6Si: 557.2
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Deprotection of TBDMS group

NH, NH,
N S N X
¢ J ¢ J
N N N Ng
TBDMSO r— HO.
o NH,F o)
. MeOH .
OH O. Boc OH O. H Boc
N N~
H H
(40) O (44) O

The 2'-O-[N-Boc-t-alanyl]-5'-O-tert-butyldimethylsilyladenosine (40) (0.02 g,
0.04 mmol) and NH4F (0.02 g, 0.47 mmol) were dissolved in 0.5 mL of methanol.
The mixture was stirred for 8 hr at 4 °C. After that, silica gel was added to reaction.
The mixture was evaporated and dry powder was added to a silica column (1 x 3 cm.,
packed in EtOAc). The product was purified by column chromatography using
EtOAc. The product (44) was obtained with 5’-TBDMS-adenosine (6) as impurity.

MS (ESI positive) m/z [M+Na]" C1gHosNgO7: 461.4, 382.4

'H NMR (400 MHz, DMSO-d6, 5°-TBDMSA (6) as an impurity): & 8.33 (s,
1H, Harom), 8.14 (s, 1H, Harom), 7.36 (S, 2H, NH,), 7.31 (m, 1H, NH;,), 5.86 (d, 1H, J
= 6.4 Hz., H1%), 5.74 (d, 1H, J = 5.6 Hz., OH2), 5.61 (br, 1H, H2), 5.26 (br, 1H,
NHa), 4.61 (br, 1H, H3), 4.13 (br, 1H, H4"), 4.05 (br, 1H, CHgja), 3.73 (m, 2H, H5?),
1.40 (s, 9H, tert-butyl,js), 1.32 (br, 3H, CHzaa)

Note: This sample contains 5'-TBDMS adenosine (6) as an impurity.
Calibration curve for adenosine
Preparation of stock solutions

Quantification was based on the external standard method. A stock solution of

adenosine standard (1 mg/mL) was prepared by dissolving adenosine in 80%

methanol. The working standard solutions for linear calibration were prepared by
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diluting the stock solution to produce a concentration sequence of 0.1, 1, 10 and 100

ppm. The stock solutions were kept at 4 °C.

A stock solution of alanine standard (1 mg/mL) was prepared by dissolving
alanine in 80% methanol. The working standard solutions for linear calibration were
prepared by diluting the stock solution to produce a concentration sequence of 1, 10,

25, 50 and 100 ppm. The stock solutions were kept at 4 °C.

HPLC Analysis

The adenosine standards were analyzed on a C18 column using a gradient
mobile phase consisting of acetonitrile (A) and methanol (B) in 0-15 minutes from
0:100 to 25:75. The flow rate was set at 0.9 mL/min and the injection volume was 20
pL. The detection wavelength was set at 257 nm. Identification of adenosine was

based on retention time.

Alanyladenosine and N-benzoylalninyladenosine will be used in the study of

deacylation process using linear free energy relationship of adenosine by HPLC.
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Silyl-protection

The preparation of 5-O-TBDMS adenosine (6) and 3',5'-

or 2'5'-bis-O-

disilylated adenosine (7 or 8) depends on the equivalent of TBDMS-CI, imidazole and

DMF (Table 4). The 2'5' and 3',5'-bis-O-disilylated adenosine requires an excess

amount of TBDMS-CI (2 eq.), imidazole (4 eq.) and concentration of reaction should

be around 0.93 M. Under this condition, only disilylated and trisilylated adenosine

were obtained.

Table 4 Silylation of adenosine

TBDMSO.
_Cl Reagent o 4 o
%—S

NH,

\N

NH, NH,

N. \N N. \N
4 4
AL <AL

TBDMSO

OH OH OH OH TBDMSO OH
) ©) @)
NH, NH,
N N N NN
2 4
A <A
TBDMSO. TBDMSO.
(0) (0)
OH OTBDMS TBDMSO OTBDMS
®) )
Adenosine | TBDMS-CI | Imidazole % Yield
Solvent
(eq.) (eq.) (eq.) 6 7 8 9
1 1.2 2.4 DMF 89 4
1 2.2 4.8 DMF - 31 9 -
1 3 - pyridine - 30 15 -
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Protecion of amino group
Amino group of L-alanine was protected with (Boc),O under base condition
before it was coupled with derivative of adenosine (Table 5). The yield of product

depends on the acidify solution and solvent.

Table 5 Synthesis of N-Boc-L-alanine

/L (e} @)
Base
PN T
H,N” COOH 7<o @ o>< . \H COOH

(11) (Boc),0 (12)
Time ]

Entry 11:(Boc),O Base Solvent (hr) %Yield

r.
1 1:1.2 1.3 eq. NaOH t-BuOH 12 -
2 1:0.13 2 eq. NaOH i-propanol 2 <1%
THF/water
3 1:1.1 1.1 eq. KOH 3 36
(1:10)

Benzoylation

This reaction was conducted under various conditions using benzoyl chloride
and base (Table 6). Finally, NaOH in water and acetonitrile was used in benzoylation
of L-alanine. The yield of benzoylation reaction depends on the optimum amount of
solvent being removed from the reaction and the precipitation of product by conc.
HCI.
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Table 6 Benzoylation of L-alanine

J\ Cl Reagent N COOH
HZN COOH + —_— H
(11) (19): R=CI (20)

(19a): R=OH
Time %
Entry | R | 11:190r 19a Reagent Solvent ]
(hr.) | Yield
1 -OH 1:2 DCC/DMAP EtOAC 12 18
2 -Cl 1:0.83 - Pyridine 6 8
3 eq. Acetone/brine
3 -Cl 1:1 0.5 13
Sat.NaHCO3 (3:5)
H,O/acetonitrile
4 -Cl 1:1.05 4 eq. NaOH 3 44
(1:10)

Coupling reaction

A general protocol employing DCC/DMAP was used in order to couple
monoprotected with N-Boc-L-Ala or N-Bz-L-Ala. The product was obtained depending
on type of solvent used and amino acid. The first time, DCC/DMAP was used for the
coupling of 5'-TBDMS-adenosine (6) with Boc-L-Ala. The product 39 and 40 were
obtained in low yield. Therefore, carboxyl group of N-Boc-L-Ala was activated with

N-hydroxysuccinimide (Scheme 17).

(@]
(0]
/'\ N
BocHN COOH + HO—N — > BocHN
(12 o}
(0] (0]

N-Hydroxysuccinimide

Scheme 17 Active ester of alanine



and starting material was recovered in 62%.
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The protocol was changed to EDC and NHS. The product was obtained in 1%

When disilylated adenosine (7) or (8) were coupled with L-alanine derivatives,

the only successful reaction was the coupling of 3',5-bis-O-tert-butyldimethyl-
silyladenosine (7) N-Boc-L-Ala. The 2',5'-bis-O-tert-butyldimethylsilyladenosine (8)

was not coupled presumably because of the steric hindrance around free hydroxyl

group, which was in proximity with silyl protecting groups.

Table 7 Coupling reaction of 5'-O-TBDMS-adenosine

TBDMSO
O.

OH OH

NH,

i
<A

o

w3

TBDMSO.
Reagent o
+ R —_—
N COOH
H

NH,

<X

OH O

o ozg
or }LJ\© (39,42) HN
\
R

N N
TBDMSO
O.
+

N
R
(12), 39) , (40) (20), (42), (43)
Entry Amino acid Reagent Solvent %Yield
1 N-Boc-L-Ala CDI DMF -
2 N-Boc-L-Ala EDC/NHS DMF 1
3 N-Boc-L-Ala DCC/DMAP DCM 6
4 N-Boc-L-Ala DCC/DMAP DMF 13
5 N-Boc-L-Ala DCC/DMAP EtOAC 21
6 N-Boc-L-Ala DCC Pyridine 32
7 N-Bz-L-Ala DCC/DMAP EtOAC -
8 N-Bz-L-Ala DCC Pyridine (0.2 M) 25
9 N-Bz-L-Ala DCC Pyridine (0.3 M) 16
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On the other hand, in the case of N-Bz-L-Ala, the product 42 and 43 were not
observed when DCC/DMAP was used,. Therefore, the protocol was changed from
DCC/DMAP to DCC/pyridine but the product was obtained in low yield (Table 7).

The coupling of disilylated adenosine (7 and 8) with N-Boc-L-Ala or N-Bz-L-
Ala using DCC/DMAP was unsuccessful. Therefore, the protocol was changed from
DCC/DMAP to DCC/pyridine, but only 3',5'-bis-O-tert-butyldimethylsilyl-adenosine
(7) was coupled to N-Boc-L-Ala. The product 41 was obtianed in 38% vyield (Table 8).
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Table 8 Coupling reaction of Disilylated adenosine

NH, NH,
= N = N
TBDMS TBDMSO
Jﬁ‘/OH Reagent
OR! OR2 OR! OR?
(7): R'=TBDMS, R*=H (12): R =Boc (7a) : R' = TBDMS, R? = N-Boc-L-Ala
(8) : R'=H, R?= TBDMS (20): R =Bz (7b) : R = TBDMS, R? = N-Bz-L-Ala
(8a) : R = N-Boc-L-Ala, R> = TBDMS
(8b) : R! = N-Bz-L-Ala, R> = TBDMS
Disilylated ) _ %
Entry _ Amino acid Reagent Solvent )
adenosine Yield
3’,5’-bis-O-TBDMS
1 N-Boc-.-Ala | DCC/DMAP EtOAC -

adenosine(7)

3°,5’-bis-O-TBDMS
2 ) N-Bz-.-Ala | DCC/DMAP | EtOAc -
adenosine (7)

2°,5’-bis-O-TBDMS
3 ] N-Boc-.-Ala | DCC/DMAP | EtOAc -
adenosine (8)

2°,5’-bis-O-TBDMS
4 ) N-Bz-.-Ala | DCC/DMAP | EtOAc -
adenosine (8)

3°,5°-his-O-TBDMS o
5 ) N-Boc-L-Ala DCC Pyridine 38
adenosine (7)

3°,5’-bis-O-TBDMS o
6 N N-Bz-L-Ala DCC Pyridine <1
adenosine (7)

Deprotection

Several attempts were mad in order to deprotect silyl ether and Boc protecting
groups. When the silyl ehter was deprotected, the ester bond between amino acid and

adenosine was hydrolyzed. Therefore, The deprotection condition was optimized



37

under mild condition in order to preserve the ester bond. Ammonium fluoride was

used in deprotection of silyl protecting group. The reaction was monitored by TLC.

NH, NH>
N B N N
</ N </ N
P P
N N N N
TBDMSO HO.
o o}
NH,F
__NHsF o
OH O e OH ©
o} o}
...... Ul sl
(40)  HN (44)  HN
\ \
Boc Boc

Scheme 18 Deprotection of silyl protecting group

Table 9 Reagents for deprotection

Times Temperature TLC
Reagent .
(hr) (°C) (6% MeOH in DCM)
TBAF/THF 3 rt Show spot of adenosine
TBAF/CH3;COOH/THF 5 rt Show spot of adenosine
NH4F/CH;COOH/THF 5 rt Show spot of adenosine
NH4F/MeOH 12 rt Show spot of adenosine
Show new spot and
NH4F/MeOH 8 4 _
5’-TBDMS-adenosine (6)

Silyl group of compound 40 was removed using ammonium fluoride in
methanol to give compound 44, and 5’-TBDMS-adenosine (6) as an impurity. The
ratio of compound 44 and compound 6 is 0.4:1 based on NMR data. The MS results

confirm that compound 44 was obtained (m/z = 461.4).



Calibration curve

In order to detect the compounds in our system, the detector was set at 257 nm

for adenosine and 220 nm for alanine.

Table 10 Retention time and peak area of alanine standard solutions

Standard solution (ppm) Retention time (min) Peak area (Counts)
i 2.932 1729454
10 2.809 1810176
25 3.148 4007146
50 2.714 1827569
100 2.817 1645395

Table 11 Retention time and peak area of adenosine standard solutions

Standard solution (ppm) Retention time (min) Peak area (Counts)
0.1 4.028 1205358
1 3.955 1398850
10 3.794 8643388
20 3.793 22816930
30 3.738 31716702
100 3.702 88210584

Calibration curve of alanine and adenosine were constructed from data in Table 10

and 11, respectively.
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Discussion

The synthetic pathway for aminoacyl-tRNA mimics was shown in figure 7.

NH,
N X
a N
AL
HO.
e}
OH OH
)
l TBDMSICI, Imidazole, 89%
NH,
N \N
T
N N
TBDMSO.
OH
N-Boc-L-Ala N-benzoyl-L-Ala
DCC, Pry, 42% DCC, Pry, 20%
NH, NH; NH, NH,

N \N N X \N

/

N
TBDMSO. TBDMSO. TBDMSO. TBDMSO.
O
O (¢}
g

O>>Zo = d:o Cﬁ:o

(39) (40) (42) (43)
l NH,F in MeOH lNH4ﬁ in MeOH

NH, NH, NH, NH;

HO. HO
o o
OH © O  OH
ozg o jg zg
BocHN BocHN HN
(44) (45) ; ;

(46) (47)

Figure 8 Synthetic pathway for aminoacyl-tRNA mimics.
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The synthesis started from the protection of hydroxyl groups on adenosine
with silyl protecting group. According to the literature mentioned in the literature
review, 2’, 3°, and 5’ hydroxyl group of adenosine could be protected with t-
butyldimethylsilyl group, simultaneously or selectively, by varying reaction
condition. When the reported conditions were repeated in our laboratory, we were
surprised to learn that there were some discrepancy in terms of reaction yields despite
the fact that all reagent stoichiometry, as well as reaction condition were set very
strictly according to the condition reported. Moreover, maintaining anhydrous
condition for this reaction does not seem to improve the yield. In fact, based on some
of our screen reaction conditions, keeping the reaction non-anhydrous provided better
yield. The silylated adenosine was reported in 81% yield (Breton et al., 2008) but it
was obtained in 89% yield in our laboratory.

The separation of silyl protected products also post some challenges. The silyl
protected products are slightly soluble in water. Therefore, when the reaction was
extracted with DCM and water during the work up step, some of the desired products
got transferred into aqueous phase, along with unreacted adenosine. Moreover, the
silyl protected products are not completely soluble in DCM either. In order to
completely solubilize the entire silylated product, very large volume of DCM was
required or the foamy solid would be formed in the separatory funnel. With the
factors mentioned above, the recovery of the final product is not highly efficient.
These might be the reasons why we obtained our desired products in lower yields than

those reported in the literature.

The coupling step also posts some challenges. Although simple in nature,
formation of ester bond at a slightly hindered hydroxyl group is not quite straight
forward. Several activating groups for carboxylic acid were explored. With all
reaction condition examined, the starting material, 5°~-TBDMS adenosine, remains in
the reaction with 40-50% recovery. This is indicative of incomplete reaction. Despite
the fact that the stoichiometry of activating agent, such as DCC, EDC, or CDI, were

increased, along with longer reaction time and higher temperature, the yield of
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reaction was still low. Several other activating agents for carboxylic acid must be

explore further in order to adjust the reaction until desirable yield is achieved.

Due to the adjacent free hydroxyl group on 2’ or 3’-aminoacylated adenosine,
the stability of aminoacylated adenosine is unusually low. This type of compound
undergoes deacylation to give free adenosine and an amino acid. The deprotection of
silyl group usually requires fluoride anion. We have tried TBAF and NH4F as fluoride
sources. However, deacylated product was observed in all screened condition. The
optimization is needed in order to find the reaction condition where deacylation is
minimized and the deprotected product is observed as a major product. Alternatively,
other protecting group for amino acid, such as benzyl group should be considered.
The deprotection steps, therefore, remain unsuccessful and further investigation is in

progress.
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The synthesis of alanyl adenosine and benzoytated alanyl adenosine,
aminoacyl-tRNA mimics for our deacylation, has not been completed. The synthesis
provide moderate to low yield of synthetic intermediates with some stability problem
for the deprotection steps. The optimization for deprotection condition of these
protecting groups under milder and lower temperature condition needs to be
investigated further in order to achieve the optimal reaction condition.

After the deprotection is finished, the kinetic study will be conducted. The
deacylation process will be mornitored using HPLC with the separation condition that
we have optimized. Finally, the Arrhenius equation will be employed in order to

evaluate the activation energy for the deacylation of our model compounds.
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Recommendations

For deprotection step, the stability of product is quite low. Therefore, this
reaction should be conducted at low temperature. A series of low temperature
experiments starting from 0 °C to room temperature should be conducted and

monitored very carefully.

In general, Boc group is removed under acidic condition and silyl protectiong
group is removed by TBAF. However, our synthetic intermediates consist of ester
bond and prone to hydrolysis. This makes it a lot more difficult to conduct the
deprotection of Boc and TBDMS groups without facing the hydrolysis problem.
Therefore, alternative protecting groups must be considered in order to avoid acidic

deprotection condition.

Alternatively, TBAF with small amount of acetic acid under low temperature
may also be considered due to the fact that, under this condition, both Boc and
TBDMS groups can be removed simultaneously. However, the amount of acetic acid
must be controlled very carefully in order to avoid the hydrolysis of ester bond in the

molecule.

NH, NH,
N A N\
<1 J <1
N N N =
TBDMSO HO
0 o)
TBAF/acetic acid -
OH O 0-4°C OH O
o) )
...... "l wevsnanll
HN HaN
\
Boc
(40) (1a)

Figure 9 Removal of protecting groups
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Appendix Figure 1 400 MHz *H NMR spectrum of 5°-O-tert-butyldimethylsilylade-nosine (6) and imidazole as an impurity.
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Appendix Figure 3 100 MHz **C NMR spectrum of 5’-O-tert-butyldimethylsilyladenosine (6).

€S



- (#2-#141)

Intens. | sample05.d: +MS, 0.0-1.0min (#2-#141)
x109] . o '
| NH, g ) _ ’ 381.9
1.5 "N AN
] N
L X A
| 0L
B N
1.0
R ‘OH OH
®
0.5+
- G(}J T r"1 ey \. L S ;) "'-. .- = T ,.',-_.I. 7' — LSS A St Sy sune e s sea 1. r 7--.'.1 Ty 'T‘"’"‘f“.'-r' -
50 100 150 .~ - 200 250 300 350 400 450 - miz

Appendix Figure 4 MS [M+H]" spectrum of 5’-O-tert-butyldimethylsilyladenosine (6), m/z : 381.9.
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Appendix Figure 6 100 MHz **C NMR spectrum of 3',5'-bis-O-tert-butyldimethylsilyladenosine (7)
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Appendix Figure 8 gCOSY spectrum of 3',5'-bis-O-tert-butyldimethylsilyladenosine (7)
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Appendix Figure 9 HMQC spectrum of 3',5'-bis-O-tert-butyldimethylsilyladenosine (7)
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Appendix Figure 11 MS [M+H]" spectrum of 3',5'-bis-O-tert-butyldimethylsilyladenosine (7), m/z : 496.
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Appendix Figure 12 400 MHz *H NMR spectrum of 2',5"-bis-O-tert-butyldimethylsilyladenosine (8)

29



138.4

119.3

B7.8
TE.7
70.8
B2.7

T——— 548

258
25.2
1841
17.8

o

5.7

ppm {t1)

Appendix Figure 13 100 MHz *C NMR spectrum of 2',5-bis-O-tert-butyldimethylsilyladenosine (8)
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Appendix Figure 14 DEPT 135° spectrum of 2',5'-bis-O-tert-butyldimethylsilyladenosine (8)
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Appendix Figure 15 gCOSY spectrum of 2',5'-bis-O-tert-butyldimethylsilyladenosine (8)
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Appendix Figure 16 HMQC spectrum of 2',5'-bis-O-tert-butyldimethylsilyladenosine (8)
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Appendix Figure 18 MS [M+H]" spectrum of 2',5'-bis-O-tert-butyldimethylsilyladenosine (8), m/z : 496.0
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Appendix Figure 20 100 MHz *C NMR spectrum of N-Boc-L-Ala (12)
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Appendix Figure 21 MS [M+Na]" spectrum of N-Boc-L-Ala (12), m/z : 212.3
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Appendix Figure 23 100 MHz **C NMR spectrum of N-Bz-L-Ala (20)
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Appendix Figure 24 MS [M+Na]"* spectrum of N-Bz-L-Ala (20), m/z : 216.1
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Appendix Figure 25 400 MHz *H NMR spectrum of 2'-O-[N-Boc-L-alanyl]-5'-O-tert-butyldimethylsilyladenosine (40)
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Appendix Figure 26 100 MHz *C NMR spectrum of 2'-O-[N-Boc-L-alanyl]-5'-O-tert-butyldimethylsilyladenosine(40)
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Appendix Figure 27 gCOSY spectrum of 2'-O-[N-Boc-L-alanyl]-5'-O-tert-butyldimethylsilyladenosine(40)
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Appendix Figure 28 MS [M+H]" of 2'-O-[N-Boc--alanyl]-5'-O-tert-butyldimethylsilyladenosine (40), m/z : 553.0
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Appendix Figure 29 400 MHz *H NMR spectrum of 2'-O-[N-Boc-L-alanyl]-3',5'-O-tert-butyldimethylsilyladenosine (41)
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Appendix Figure 30 100 MHz **C NMR spectrum of 2'-O-[N-Boc-L-alanyl]-3'5'-O-tert-butyldimethylsilyladenosine (41)
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Appendix Figure 31 DEPT 135° spectrum of 2'-O-[N-Boc-cL-alanyl]-3',5'-O-tert-butyldimethylsilyladenosine (41)
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Appendix Figure 32 gCOSY spectrum of 2'-O-[N-Boc-L-alanyl]-3',5'-O-tert-butyldimethylsilyladenosine (41)
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Appendix Figure 33 HMQC spectrum of 2'-O-[N-Boc-cL-alanyl]-3',5'-O-tert-butyldimethylsilyladenosine (41)
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Appendix Figure 34 HMQC spectrum of 2'-O-[N-Boc-cL-alanyl]-3',5'-O-tert-butyldimethylsilyladenosine (41)
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Appendix Figure 35 MS [M]" spectrum of 2'-O-[N-Boc-L-alanyl]-3',5'-O-tert-butyldimethylsilyladenosine (41), m/z : 667.6
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Appendix Figure 36 400 MHz *H NMR spectrum of 2'-O-[N-Bz-L-alanyl]-5'-O-tert-butyldimethylsilyladenosine (43)
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Appendix Figure 37 100 MHz *C NMR spectrum of 2'-O-[N-Bz-L-alanyl]-5'-O-tert-butyldimethylsilyladenosine (43)
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Appendix Figure 38 DEPT 135° spectrum of 2'-O-[N-Bz-L-alanyl]-5'-O-tert-butyldimethylsilyladenosine (43)
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MM_JW\LLUL

o™

-
e

.
L) 4
F1 (ppm)

68



777777 g L NN
) , F2 ~TEEVEERN .
. ] —] ]
et o pg o of A S . 1 €
; “AE. B
1 2 ! T -
) i 1
— — ¢ ‘ —
— % - ‘ -
E} E1T——= —— 4 -f‘f —
A ; |
] |
. | }
5 — T A 75
] ‘ | [
] ! ‘
7.4»» — - .
] L
- 3 1 8 | | .
L 8:*’-‘-0 — ? ey Sy -
] | i
93}~ ! .
- - T SRS IS S—— | e
140 120 100 80 60 40
F1 (ppm)

Appendix Figure 40 HMQC spectrum of 2'-O-[N-Bz-L-alanyl]-5'-O-tert-butyldimethylsilyladenosine (43)
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Appendix Figure 41 HMQC spectrum of 2'-O-[N-Bz-L-alanyl]-5'-O-tert-butyldimethylsilyladenosine (43)
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Appendix Figure 42 MS [M+H]" of 2'-O-[N-Bz-L-alanyl]-5'-O-tert-butyldimethylsilyladenosine (43), m/z : 557.2
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Appendix Figure 46 HPLC chromatogram of 10 ppm of adenosine
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Appendix Figure 47 HPLC chromatogram of 20 ppm of adenosine
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