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ABSTRACT

Some enzymes that catalyze important reactions in living cells are allosteric, that

is, they can be turned on or off by metabolic signals according to need. One such enzyme

is citrate synthase (CS) from the bacterium E.coli, a representative of the Gram-negative

division of bacteria, which includes the sources of many dangerous infections and other

illnesses. This citrate synthase is designated as type II. The type II CS is inhibited by the

main biological reducing agent, NADH, by an allosteric mechanism. Human CS (type I)

is not allosteric, in contrast to the E.coli enzyme, and we believe that this difference could

be exploited to design new antibiotics that will prevent Gram-negative bacterial growth

without harming patients. Hence, several attempts were made to synthesize analogues of

NADH.

While making the NADH analogues we came up with a solvent-free reaction

employing a simple ball mill apparatus which converts the amino groups of ribosyl O-

protected derivatives of adenosine, 2-deoxyadenosine, c¡idine, 2-deoxycytidine,

guanosine, and 2-deoxyguanosine to the corresponding bis-N-Boc carbamates. In the

case of guanosine compounds, the carbonyl group of the base moiety was also blocked as

its O-Boc enol carbonate. A variation of this approach using transient in sira O-silylation

permitted the preparation of bis-N-Boc nucleosides in which the sugar hydroxyls were

unprotected. The reactions in the ball mill were rapid, convenient and generally very

high-yielding except in the case of the guanosine compounds. This highly efficient

methodology protects the amino groups of these nucleosides with a base stable and acid

labile group suitable for further synthetic manipulation.
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1. Introduction

The thesis is divided into two parts. The first part talks about making the

analogues of NADH, which might inhibit the Type II Citrate Synthase enzyme. During

this project we encountered several technical difficulties some of which were solved and

some still remained. While solving these technical difficulties a new solvent-free

protocol for protection of the exocyclic nitrogen of nucleosides and their derivatives was

discovered, which is mentioned in the second part of the thesis.

The widespread appearance of resistance to traditional antibiotics represents an

extremely serious challenge in clinical practice worldwide. Gram-negative pathogens are

among the most dangerous offenders. To mention one very recent example, cases of

gonorrhoea are routinely treated with a single large dose of ciprofloxacin. The

appearance during 1999-2001 of ciprofloxacin-resistant forms of Neisseria gonorrhoea,

however, will make this antibiotic useless for the treatment of this disease.l Other

diseases in which antibiotic resistance by Gram-negative pathogens is dominant include

respiratory diseases, such as ventilator-associated pneumonia (Pseudomonas aeruginosa,

Burkholderia cepacia, S[enotrophomonas maltophila, Acinetobacter baumani) and

infections associated with cystic fibrosis (Pseudomonos aeruginosa, Burkholderia

cepacia);z whooping cough and related diseases (Bordetella species).3 Gram-negative

bacteria are also causative agents of many post-operative infections;o they include water-

borne intestinal pathogens (Vibrio cholerae,s Salmonella typhÐ. Shiga-toxin-producing

strains of Escherichia coli itself are also a major health risk, and antibiotic resistance is

beginning to be an issue here as well. New antimicrobials are essential if we are to

maintain our ability to combat these infections.



Citrate synthase (CS) is an almost ubiquitous enzyme, catalyzing as it does the

entry point of carbon (in the form of acetyl-CoA) into the tricarboxylic acid cycle, one of

the major energy-producing metabolic processes (Figure 1.1).
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Figure 1.1: Schematic representation of the metabolic role of type II E.Coli CS in the

citric acid cy cle (B io chemis try 2001, 4 0, 13 17 7 -13 I87).

In most organisms (eukaryotes, Gram-positive bacteria, and archaea) CS is a

dimer of identical subunits. This common form of CS, designated Type I, is unregulated.

On the other hand, all the Gram-negative bacteria mentioned earlier on page t have a

different kind of CS, which is designated as Type II. Type II CS's are hexamers, which

are inhibited by the main biological reducing agent, NADH, by an allosteric mechanism.6

These properties distinguish them clearly from the Type I CS.

In fact, it has been shown that E.coli CS has six NADH binding sites.T The

binding site is a shallow cationic pocket, whose average surface charge density probably

explains why the oxidized form of the nucleotide, NAD*, does not bind at a significant



strength.T But, the negative charge of the pyr-ophosphate linkage perfectly fits into this

cationic pocket.

The conformation of NADH when bound to type II CS takes an unusual

horseshoe-like arrangements that is quite different from the extended geometries typical

of NADH-oxidoreductase complexes.e An example of the normally extended geometry of

NADH, as observed in horse liver alcohol dehydrogenase is shown in Figure L2, as a

comparison with the NADH conformation found with type II CS.8

Figure 1.2: View of NADH ligands from E.coli type II (black) and horse liver alcoliol

dehydrogenase (grey). The ligands are aligned on their dihydronicotinamide rings,

clearly showing the horseshoe conformation found when NADH is bound to E.Coli CS

and the more extended conformation found in the binding sites of the other types of

enzymes (Biochemistry 2003, 42, 5555-5565).

Thus, if new drugs can be developed that inhibit Type II CS selectively, by

exploiting its allosteric properties, they should be useful tools in controlling infections by

tlrese dangerous organisms. However, since NADH is also a coenzyme in many

important biochemical reactions in the body, this aim can only be realized if the



suitable as the basis for a pharmaceutical agent for a number of reasons. First, it is not

particularly stable in solution due to ready oxidation of the dihydronicotinamide unit and

the facile hydrolysis of the pyrophosphate linkage. Secondly, it is too polar to have high

oral bioavailability or to pass easily across the microbial cell wall.

A number of NADH mimics and analogues have been described in the synthetic

literatu¡e. Several groups have prepared redox-active compounds.l0 We are interested in

analogues that are oxidatively stable. NAD analogues containing a benzamide isostere of

the nicotinamide fragment are known in the literature,l' as are several other heterocyclic

C-nucleoside modifications.r2 Analogues containing a methylenebis-(phosphonate) in

place of pyrophosphate have also been reported.''''o Th.r" analogues were synthesized as

inhibitors of inosine monophosphate dehydrogenase (IMPDH).r3 The benzamide isostere

of NAD is apotent inhibitor of IMPDH.T'

O NH,il *, J-'fl *t' dl"*-,ì.,'ogf^*/
I '-o-Þ-o-p-o-- |çl oò oe C>
oFr oH oH oH

R o (-X--

vJ-¡¡ '{ì-\ 
/,,H -X

OY 
YO

NHz

OR

NHz

--N:fJ

NADH

aO CI^\-/ I
General structure of NADH isosteres

Figure 1.3: NADH and general structure of analogues based on vicinal dicarboxylic acid

isosteres of the pyrophosphate linkage. Groups "X" and "Y" represent variable structures

that could replace ribofuranosyl portions of NADH. Groups "R" may be H, -CH2CHz- or

other cyclic structures.
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We decided to design stable NADH mimics with the general structure shown in

Figure 1.3. Groups X and Y represent variable structures that would replace

ribofuranosyl portions of NADH. A vicinal dicarboxylic acid fragment, which would be

ionized at physiological pH, would replace the pyrophosphate unit of NADH. It was

proposed to use amide linkages to join the fragments, so that well-established protocols

from peptide chemistry could be used to assemble the final components.



2. Results and Discussion

This chapter presents the synthesis of analogues of the th¡ee components:

adenosine, nicotinamide and pyrophosphate. We also discuss attempted coupling

reactions of these components.

Adenosine analogue:

Adenosine-5'-carboxylic acid 2 was made by the oxidation of 2',3'-O-

isopropylidene adenosine 1 (Scheme 2.1).rs

NHz It,
*-Å('Yìi {ciHo- I^*' no -tP T^*--

Þo! rEMPo, BAIB > L-o!
\J CH3CN:H2O \-/
o.--o 92o/o o-o

^,4
Scheme 2.1: Synthesis of adenosine-5'-carboxylic acid2.

N i coti n am i de an alog u e :

It was thought that the closest analogue to N-pD-ribosylfuranosyl-1,4-

dihydronicotinamide would be compound 18 as shown in Scheme 2.2. This could

possibly be obtained by oxidation of the known compound 17.re The synthesis of 17 has

been published but when the chemistry was performed we encountered several

difficulties and had to use different reaction conditions to obtain it.



Retrosynthetic Analysis :

FGI
---------l
(Oxidation)

XO
l8

Scheme 2.2: Retrosynthetic

analogue.

Synthesis of Compound I and 10:

OH OH

3

BnO

f-BuOK, DMSO

950c, 2 h,79o/o

Scheme 2.3: Synthesis of compound 8.

The synthesis of 7 was carried out according

al.t6 TI'rc synthesis began with the readily available

glycoside of D-ribose was obtained by reaction of 3

carried out using sodium hydride (lllaH) and benzyl

was then isomerised under basic conditions to give

o

r'\ANH,iltY
Br

GPO\ BnO-,.

k5t = k5oo
OPG OPG
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OBn OBn

analysis of N-pD-ribosylfuranosyl- 1,4-dihydronicotinamide

Ho'-

$/
Ho.. Bno-

OH 4;'.-,OH, H2SO4 [-O>/'OCH2CH=CH2 
- 

ì-O--^."OCH2CH=CH2caso¿ _ Irl, NaH, BnBr - \J
Dry DMF,80% OBn oBn

6 h,89% 
4 

ury uMr' öu7o 
s

I -o- -ocH=cHCHq I Bno-..' - Acetic Bno

f#'"n="n"H:.o0, -rT- 
"\Y 

o, å,iñiå,'or 
-kk"

gSoC, A¿% OBn OBn OBn OBn

678

to the procedure reported by Finch e/

D-ribose 3 (Scheme 2.3). The allyl

with allyl alcohol. Benzylation was

bromide (BnBr). The allyl glycoside

6, which was readily cleaved under

Synthon B

o- -o

^
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mild acidic conditions to give 7. This was then oxidized using acetic anhydride and

dimethyl sulfoxide (DMSO)'7 to give the required lactone 8 (Scheme 2.3).

A 4,4-dimethyloxazoline is a very useful protecting group to mask a carboxyl

group.'8 Compound 10 was prepared from 3-bromobenzoic acid 918 as shown in Scheme

2.4.

rñY
Br

I

Scheme 2.4: Protecting the carboxylic acid group with oxazoline.

Synthesis of Compound 17:

Initial attempts to couple I and 10 using Grignard's method were unsuccessful

and led to an unidentif,red complex mixture along with some starting material (Scheme

?sll8

BnO-r

kÞoo.
OBn OBn

I

COOH a. \ /
HrN&oH' socl2

b. soct2

P1 -
r'#-ruÁv

I

Br
10

V
N.\

-,^=)-¿
tft."1 ^¡òqq4Hr-I / \

Br

10

*k
..r"Å"¿BnO- ll - I)'o-Y

H'ot
OBn OBn

11

Scheme 2.5: Grignard's method to couple 8 and 10.

However, the coupling of I and 10 was successfully carried out using n-Buli

(Scheme 2.6).tn



BnO-

þo.
OBn OBn

8

a. CH3NO2, BnO
cH3t

..........--.-----.--
b.20% KoH

74o/o

BnO

n-BuLi, THF...."-.--
-8soc OBn OBn

11

BF3.Et2O
TES

--.----->-780C
T3Yoover 2 steps

OH

Br

10

Bn OBn

12

soct2, DMF,
NH"------+

90%
OBn OBn

l3
OBn OBn

14

Scheme 2.6: Synthesis of compound 14.

Lithiation of oxazoline 10 afforded a phenyllithium species that cleanly reacted

with lactone I to give the intermediate lactol 11. This was not isolated, but was directly

subjected to the triethylsilane (TES) reduction of the hemiacetal center to afford 12 in

73o/o yield over 2 steps. The next step was cleavage of the oxazoline to give the free

carboxylic acid 13. The acid 13 was converted into the acyl chloride with thionyl

chloride and then to the amide by treatment with concentrated aqueous ammonia in a

traditional Schotten-Baumann reaction to afford 14 in90% yield over 2 steps.

The cleavage of the benzyl ethers of 14 was studied next. Attempts to

debenzylate 14 using the method of Krohn et al.te were unsuccessful and led to the

opening of the sugar ring (Scheme 2.7). Several attempts to debenzylate 14 using Pd

catalyst were made using various conditions and various solvent mixtures but these were

unsuccessful and only led to the open-chain product which on fuither treatment withZ,2-

dimethoxypropane (DMP) and acid catalyst yielded very complex mixtures (Scheme 2.7).



o

OBn OBn

14

NHz

Pdtc,H2
-------.-..-----

Solvent a-c OH OH

t6
4-9o/o

Pd(oH)2, H2

Sovent a and b

HO

14+

NHz

2,2-DMP
o-TsOHr '--' ' > complex mixture
acetone
oT DMF

,a\Å*r, ¿\¡(rlrrz
'o'>orV toì--o=-?

\_/ . \_/
OH OH

l5

acetone | ,,r-ow
or DMF 

J 
r-rson

OH

OH OH

15

Solvent: a. EIOH/THF, b. AcOH, c. MeOH/HC|

Scheme 2.72 Attempts to debenzylate 14 using Pd catalyst.

Hence, from the above observations we concluded that reductive debenzylation

over a Pd based catalyst was probably not the appropriate choice. We then used boron

tribromide (BBr3) and CHzClz for acid-catalyzed nucleophilic debenzylation.2O To our

satisfaction the desired product 16 was obtained in 98% yield (Scheme 2.8). The two

secondary hydroxy groups of amide 16 were then protected as the isopropylidene acetal

17 using standard conditions.2l Next we studied the oxidation of 17 to get the required

ribosyl nicotinamide-5'-carboxylic acid analogue required for making the NADH

analogues.

10



NHz NHz

BBr3, CH2CI2 
HO

...........----
-780c,4h

98%

2,Z-DMP
p-TsOH, DMF

--..--._>

80%

o

OBn OBn

14

OH OH

t6

oxo
17

Scheme 2.8: Debenzylation followed by isopropylidene protection to form 17.

Several oxidation methods using BAIB/TEMPO,Is PDC/DMF2Z and NaIO¿,

RuCl¡ 3HzO 23 *ere attempted to get the carboxylic acid directly (Scheme 2.9). In all

cases the reaction did not proceed at all. Reactions were even kept for several days and

large excess of oxidizing agents were also used but no satisfactory results were obtained.

Most of the starting material remained unchanged. In case of PDC as oxidizing agent

when the reaction times were prolonged some decomposition occurred. The decomposed

product was very difficult to characterizeby NMR spectroscopy.

Scheme 2.9: Attempts to oxidize 17 to form 18.

With the failure in forming 18 in one step we thought it would be possible to carry

out the required transformation in two steps by first forming the aldehyde 19 and then

oxidizing to carboxylic acid to get the desired compound 18. Several attempts were

17

lt



again made to form the aldehyde 19 using Ac2o/DMSor7, pcc/cHzcl222 and Dess-

Martin Periodinane oxidizing agent2a (Scheme 2.10).

o

-NHz

Scheme 2.10: Attempts to oxidize 17 to form 19.

In all the three methods it was observed that the oxidation did not lead to the

required compounds. Instead a complex mixture was obtained which was again difficult

to characterize by NMR spectroscopy. We then tried the Swern type oxidation of

compound 17 using trifluroacetic anhydride (TFAA)/dimethylsulfoxide (DMSO)25 and

oxalyl chlorideiDMso.26 In both methods the starting material remained unreacted and

no product formation was seen (Scheme 2.11).

17

NHz

17 19

Scheme 2.11: Attempts to oxidize 17 to form 19 using Swern type oxidation.

O- -O
A
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Pyro ph osph ate An al og u es :

Several diamines were chosen as potential analogues or replacements for the

pyrophosphate group, as shown in Figure 2.1. The major requirement was to have

amines at both ends so that adenosine could be attached at one end and nicotinamide on

the other.

H2N--t'---NHz

20

H2N"--.^NH2
21

H2N--\-"^-'---NHz

22

H

-N- -COOMeII(-\-N- 'COOMe

ëo.

23

oo
24

NHo NH"

Ho- Å'-('-olr¡"ìrvìr

Figure 2.1: Several diamines chosen as pyrophosphate analogues.

Compounds20,2l and22 were cornmercially available. These compounds lack

negative charges, which is important for inhibiting the Type II CS. But, the reason for

choosing them was to determine the optimum carbon length between adenosine and

nicotinamide parts for inhibition of the enzyme and to use them as models for coupling

conditions to other primary and secondary amines. On the other hand, 23 is a mono-

protected compound, which would facilitate the coupling of adenosine-5'-carboxylic acid

with the free amine followed by deprotection of the second amine and then coupling the

ribosyl nicotinamide-5'-carboxylic acid analogue. It also contains masked carboxylic

acid groups, which on deprotection would give carboxylate anions. Furthermore,24 is

mono methyl ester which would allow us to complex the free carboxylic acid and amine

with a metal and then to couple the free amine with adenosine-5'-carboxylic acid

l3



followed by decomplexation. Coupling to the ribosyl nicotinamide-5'-carboxylic acid

analogue would follow. In this way the coupling could be done in a selective manner.

Synthesis of Compound 23:

The first step was the reductio n of 2,3-pyraz inedicarboxylic acid 25 using H2 over

PdlC,21 which afforded 26 as awhite solid (Sche me Z.l2).

,a,,Nt'
(_l'-

25

cooH
Pd/C, Hr

cooH *'?li"tro

H

lNì/,COOHtl
-Nâcoor-.t

H

26

Scheme 2.12: Reduction of 25 using Hz, Pd/C to give 26.

The next step was esterification of the dicarboxylic acid. Attempts were made

using Fisher esterifîcation but they were unsuccessful largely because of the solubility

issues. The starting material remained unchanged (Scheme 2.13). However, when Iarge

excess of MeOH compound was used compound 26 diddissolve.

H

/.N ,/,COOHtt\ruÂcooH
H

26

H

aN ,CooMetl-NÄcooM"
H

27

Scheme 2.13: Attempts to esterifu 26.

Another difficulty with the Fischer esterification might be that the acid catalyst

protonates the amine 26 which will make it difficult to protonate the carbonyl group of

the carboxylic acid and hence not easy to form 29 (Schem e 2.14).
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H9
-N---AoH
[*Ço,

Hå

H*

Scheme 2.14: Difficulties performing the Fischer esterification.

However, we were very surprised with the results from the esterification

reactions, as very similar kinds of compounds have been esterified previously using

Fisher method as shown below. And if our assumption in Scheme 2.14 were true then it

would also be applicable to compounds 31 and 33 in Scheme 2.15. Since, Fischer

esterification gave 32 and 34 in good yields it clearly tells us that our assumption might

not be correct.

HzP
rö:Ao*
(ç/-..,-oH

H2å

28

H

H, (P@

-A-'AoHIYI\rft\oH
H2ö

29

H

H2?
för-ô-oHlr¡l\Y-^'ì'-oH

H2å

30

HH
-.N\--COOH MeOH, HCI ,.N.--.COOMetftt

(, Bsyo V
31 32

too"l^ry, 
MeoH, HCt *eooc¡'^NH 

J. Med. chem.1ggs,2B,1228-1294.
HÑJ,co o;- ?4%* **J,,,"oor"

Tet. Lett.1990, 37, 2341-2344.

Scheme 2.15: Other examples using Fisher esterification.

It was thought that protecting the amines might enhance the solubility of the

substrate and also avoid the protonation of the amine 26. So, compound 26 was protected

with Cbz protecting group to afford 35, which had good solubility in common organic

solvents.
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H

/,N_/,COOHtt\¡tÄcooH
H

26

(Scheme 2.17).

9b.
/.N-,/,COOH Cs2CO3
tt(*Aaoo, THF/H2O

¡

Cbz

37

?b=

I N _/'COOH
tt
-ruÀcooH

ðn.
35

Cbz
I

cH3l, DMF ,N -COOMe--------------> I I86% (rAaooru
I

Cbz

39

Cbz
I

..N .,r,COOMetttNAcoolr¡"
ëo,
36

H

-N- -COOMeH2,Pdtc a Y----------------lI
BB% -ruÂcoo¡¡"

H

27

MèQH/4lCt

71*

scheme 2.16: Di-cbz-protection of 26 and attempted esterification of 35.

However, attempts to esterifu 35 using the Fisher esterifìcation methods were

again unsuccessful and the starting material remained unchanged. It was very surprising

and could not really explain the reason for the failure. Finally, the desired compound 27

was obtained by first making the Cs* salt of 38,28 which on further reaction with methyl

iodide (CH3l) in DMF afforded 39 in 86% yield. The next step was removal of the Cbz-

protecting groups using H2 over Pd/C, which cleanly afforded compound 27 in 88%

Cbzr-+
.N-*,COO Cs

tt\tt^coocJ
ëo.
38

Scheme 2.17: Formation of 27 from 37.

Thus, compound 27 was obtained in 5 steps from readily available starting

material 25. The next step was mono-protection of the symmetrical diamines. The best

way of mono-protection would be if the protection is performed at acontrolled pH, which

maintains the availability of I molar equivalent of protons throughout the reaction, then

the protection would proceed as in Scheme2.lS and diprotection would be minimized.2e
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H2N-NH| + Cbz-Cl # Cbz-NH-NHi+ HCI

Scheme 2.18: Mono-protection of diamines using pH control.

fhus, for compound 27 the pKa values were estimated using the SPARC

prog.am3o, which calculates the pKa of systems. Compound2T has four pKa values but

we were interested in only positively charged species 27a and 27b. With these pKa

values, a speciation graph was plotted with species fraction v/s pH range as shown in

Figure2.2. From this speciation plot we deduced that the mono-protonated species2Ta

was dominant in the pH range of 3 - 5 (green colour).

H

-Nt---COOMett-N^cooM"
H

27

l^
+l

H

aN:,,.cooMelr¡ I-X^coott¡"

ll
+l

-Àr -COOMeIt-, Ylr:l\X^coorvr"

-------------t-
<--
pKa 6.06

H2

.a--r.cooMeI v I --------->
I I L

-N^COOM" pKa 1.99
H

27a

H2

-N- -COOMele) -l
[e]--N' -COOMe

H2

27b

Not
lnterested
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Figure 2.2: Speciation Plot for compound2T.

However, we were ultimately interested in species 23a, which would prevent the

diprotection of 23. So we calculated the pKa value for compound 23 and then plotted a

similar speciation plot as shown below in Figure 2.3. From this plot it was clear that if

the reaction were performed at a pH of 3 - 5 as deduced from the above plot we would

have a lot of 23 which would then lead to unwanted di-Cbz compound. From both plots

we deduced that pH around 2 would be the best to get23a as the dominant species.

_----*-

- t-'
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?b.
-N- -COOMe( Y S

4\NACOO¡¡" pKa 3.45

H

23

Cbz
I

-N- -COOMer^Ill+)l-ñ--cooM"
H2

23a

SPARCI Speci:rtion Plot
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Figure 2.3: Speciation plot for compound 23.

Hence, the reaction was performed at pH - 2 (Schem e 2.19). During the reaction

HCI was produced. The desired pH was maintained by periodic addition of lM NaOH

solution. However, as in Scheme 2.19 we could not avoid the formation of di-Cbz

protected compound 40. Several attempts were made to improve the yields of the desired

compound 23, including performing the reaction at OoC and very slow addition of Cbz-Cl

Co
!(J
$
L
LL
(n
0)

0)
tla

19



dissolved in dioxane using a

results. But, even with low

reactions.

syringe pump, but these did not give very satisfactory

yields we made sufficient quantities of 23 for further

H

aNacooMetl
-NÂcooM"

H

27

Cbz-Cl
H2O/dioxane
--------_-------

pH-2

?b,

aN ,CoOMe *tl-NÀcooM"
H

23,29o/o

?b=

-N -COOMeI I +27
-N^cooM"

ën,
40,25o/o

Scheme 2.19: Mono-Cbz protection of diamines2T using pH control.

Synthesis of Compound 24:

f-\ THF/H2o
I t-

oâoAo 98o/o H

41

Br2 HCOOH
-----+ßooc 72%

CH3OH sat.

.with 
NazCOs

94o/o

Br==¡^"-aBr

HOOC COOH

44

zw"lA"?O
I 80"C

Y

Bf.-.--t'--:-Bflt
oAoAo

45

soct2
I I -- 

^=> I Iooc cooH 79"C ctoc coct

Br-.-¡^'-¡Br
HOOC COOMe

46

42

Scheme 2.20: Synthesis of 45 from 41.

The synthesis of 24 started with commercially available glutaric anhydride 41.

Glutaric anhydride 41 was opened up to give diacid 42 using water and THF mixture

Scheme 2.20. Compound 42 was then refluxed with SOCI2 to give the acid chloride 43.

Compound 43 was then brominated to give dibromo compound 44 as a racemic

mixture.3l Attempts were also made to brominate 4l or 42 but these gave very complex

mixtures. However, it was observed that prior formation of acid chloride 43 followed by

20



bromination afforded the desired compound 44 in 72%o yields. Treating compound 44

with acetic anhydride gave dibromo anhydride compound 45.32 The anhydride 45 was

then reopened using alkaline methanol to give mono methyl ester 46 (Scheme 2.20). The

next step was formingthe azides of 47. Several attempts were made to find the optimum

reaction condition for the reaction. The desired compound 47 was obtained only when

the reaction was done in DMF as solvent in the presence of sodium azide33 (Scheme

2.21). The reaction gave decent yields only when reaction was carried out at 70"C for I

hour' Higher temperatures or longer reaction times led to complex mixtures, which were

difficult to identifu.

t'=f-Ytt
HOOC COOMe

NaN3, DMF

-

Tooc th
65o/o

Ns----^--.-NS
tl

HOOC COOMe

4746

Scheme 2.21: Azide forming using NaN3 and DMF.

The last step of the synthesis was the reduction of the azide groups in 47 to get the

desired diamino compound 24. Initial attempts were made using triphenyl phosphine

(Ph3P) in THF/water as the solvent.3a The TLC showed some conversion but the product

was very difficult to isolate and showed a lot of Ph3P as part of a complex mixture of

compounds. We then tried Pd/C-catalyzed hydrogenation of the azide.3s When methanol

was used as the solvent the reaction was very sluggish and on keeping for a long time

gave a complex mixture again.
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*'l-^Y*'
HOOC COOMe

H2N .=-,--,,-. N H2

tt
HOOC COOMe

24

Scheme 2.22: Attempts to reduce azides 47.

The Hz over Pd/C catalyzed reduction finally worked when the solvent was a2:1

acetic acid/water mixture.36 The desired compound 24 was obtained in 98%o yield using

this solvent mixture as shown in Scheme 2.23. Thus, the desired compound 24 was

obtained as a mixture of stereoisomers in 7 steps from readily available glutaric

anhydride 41.

47

47

Nr.-r.-,-lN, 
^.?;;rirÎi8tt

HOOC COOMe 98%

H2N =,/r^-.,,-.. NH2

lt
HOOC COOMe

24

Scheme 2.23: Reduction of azides 47 to form the diamines 24.

Coupling reaction:

We then tried to couple the adenosine fragment with several diamines as in Figure

2.1. Initial attempts were made to couple adenosine fragment 2 with mono-Cbz diamine

compound 23. The acid chloride 48 was made using 2 and SOCI2 (Scheme 2.24).
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NHz NHz
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uo- ,g T- 
-*-- 

ct, ,,g I- 
.-*-j

Y,-o- I socl2- Y--o.- I\._7 ;ão.-;Ì \_J
oxo

2

T"

c,-,zP $çj
ç>+oxo

48

oxo

48

Scheme 2.24: Forming acid chloride 48.

Several attempts were made to couple 48 and 23 as shown in Scheme 2.25. All

attempts were unsuccessful and the compound 23 (limiting reagent) remained unchanged.

We also attempted to deprotonate the free amine of 23 using sodium hydride but still

were unsuccessful in coupling 48 and 23. The major problem was the insolubility of

compound 48. None of the common solvents (CH¡CN, EtOAc, CHzClz, DMF, DMSO

etc.) could dissolve 48. However, anhydrous chloroforn was used as it performed better

than the other solvents to impart a little solubility. Even with anhydrous CHCI3 the

reaction solution was milky.

Çb=

aNaCooMett-NAcoot¡"
H

23

o_ -o

^

Scheme 2.25: Attempts to couple 48 and23.
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Attempts were also made to couple carboxylic acid 2 and 23 using several

coupling agents like CDMT,37 TBTU and PyBrop'* but all attempts failed and starting

material 23 remained unchanged (Scheme 2.26). Here too, the major problem was the

poor solubility of 2 in common organic solvents.

NHz
I

,)-r^*\lt,)
Ho. .,g l--*-- 9b=

Y--o---¡ aN t'cooMe'l Ioxo -N^cooM"
/\
223

NHz
IN--.\(T -Ì

Ho- ..g T^*' cr
Y _o_ | socl2

\-7 trilClñ
o_ro
/\

2

¿rs
cuz-¡/r¡-f T^*-'

"=,h{"Y5r¡eó òn¡" oxo

NHz

,lu-Å*( _ll )'
Meo,-tf T^*--

f-o=-lvoxo

50

NHz
I

>i-\r.lIl
^N-'

MeOH
+

80%

Scheme 2.262 Coupling attempts using various coupling agents.

Since coupling of the secondary amine was not easy we thought we should try the

coupling with primary amines (20,21 and 22). For the coupling, methyl ester 50 was

prepared using SOCI2 and MeOH (Scheme 2.27.3e

N

-rP i
k5oxo

48

Scheme 2.27zMono methyl ester formation 50.

Compound 50 when treated with ethylene diamine 20 (30 mol. eq.) in dioxane

gave the required amide 51 in 96%o.40 In similar manner amides 52 and 53 were prepared

using 2l and22 respectively as shown in Scheme 2.28.
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Scheme 2.28: Amides 51, 52 and 53 formation.

However, when 50 was reacted with piperazine (a secondary amine) under the

identical conditions no product was observed and the starting material 50 remained

unchanged (Scheme 2.29). Even refluxing the reaction mixture or adding a base like

Et3N did not help. Refluxing the reaction for a long time led to formation of several

unidentified side-products.
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Scheme 2.29: Attempts to couple 50 and 54.

Hence, by this time we had realized that the poor solubility of 2 was a key issue

and it might be possible to form amides with secondary amines if compound 2 could be

rendered more soluble. We thought that protecting the 6-amino group of 2 might

enhance its solubility. Our studies of N-protection of 2 led to the solvent-free Boc

protection protocol described in part two of this thesis.

26



3. Conclusions

1. Several attempts were made to synthesize analogues of NADH.

2. We were successful in coupling adenosine-5'-carboxylic acid with different

primary amines. Several attempts were made to couple with secondary amine but

they were unsuccessful.

3. We made some diamino dicarboxylates as possible pyrophosphate mimics, which

might be useful in making analogues.
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4. Bxperimental

General

lH and '3C NMR spectra were recorded in CDCI3 on a Bruker Avance 300 FT

instrument using Xwinnmr software. Residual CHCI3 in CDCI¡ was used as the chemical

shift standard for lH spectra (7.26 ppm) and the carbon resonance of the solvent was used

as the standard for r3C spectra (77.2 ppm). Compounds were visualized on analytical thin

layer chromatograms (TLC) by UV light. Flash Chromatography was performed on

silica gel 60, eluting with the solvent mixtures indicated. Melting points were determined

in open capillaries and are uncorrected.

Reagents were purchased from Aldrich Chemical Co. and were used as received.

Solvents and reagents were dried and purified using standard procedures.4' Reactions

requiring an inert atmosphere were conducted under a positive pressure of argon or

nitrogen in glassware oven dried overnight at 120-140"C. Reaction temperatures

recorded are bath temperatures. "Drying" of organic extracts refers to the use of

anhydrous Na2SOa.
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3-( 1 -Deox y - þD -ribofu ranosyl)- ben za m ide ( 1 6)

o

3-(2,3,5-Tri-o-benzyl-l-deoxy-þD-ribofuranosyl)benzamide l4re (30 mg, 0.05 mmole)

was dissolved in CHzCl2 (3 mL) and the solution was cooled to -78'C. To this was then

added 1M BBr3 solution in CHzClz (0. 17 mL, 0.17 mmole). Stining was continued for 4

h and the reaction was then quenched with 1:l CHzClz/MeOH (10 mL). The volatiles

were evaporated and the residue was subjected to column chromatography using 13%

MeOH in CHzClz to give 16 (14.2 mg, 98%) as an oil.

lH and '3C NMR spectroscopic properties were identical to those reported in the

literature.le

cis-Pipera zine-2,3-dica rboxylic acid (26)

H

INY,COOHtl-N coon
H

2,3-Pyrazine dicarboxylic acid 25 (i5.0 g,89.2 mmole) was dissolved in aqueous NaOH

solution (200 mL). To this was added PdlC (10% w/w, 4.5 g). The flask was then

pressurized with hydrogen (55 psi). The reaction was completed in 15 h. The reaction

mixture was then filtered and the filtrate was then acidified to pH 3.80 - 3.87 at 0 - 5oC

NHz
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using conc. HNO: The product that precipitated was collected by filtration and dried to

give26 (15.53 9,88%o) as a white solid.

Mp 294-298'C (lit. 29 5 -298" C).42

lH and ''C NMR spectroscopic properties were identical to those reported in the

literature.a2

Di-Cbz-cis-piperazine-2,3-dicarboxylic acid cesium salt (38)

Cbzr-+
_N ,,COO Cs

tt-NÀcooc.*
ðot

Piperazine-2,3-dicarboxylic acid 26 (500 mg, 2.87 mmole) and dioxane (8 mL) were

combined and cooled in an icebath. A 5N aqueous NaOH solution (2.1 mL,l0.5 mmole)

was added followed by Cbz-Cl (1.2 mL, 8.61 mmole). The reaction mixture was allowed

to warm to rt with stirring over several hours, and then was concentrated in vacuo. The

resulting aqueous mixture was washed with Et2O, cooled in an icebath, acidified to pH 2

- 3 with concentrated HCI and extracted thrice with EtOAc. There combined EtOAc

extracts were washed with water and saturated aqueous NaCl, dried with Na2SOa and

concentrated in vacuo. The resulting oil was dissolved in THF (10 mL) and water (5

mL). The solution was titrated to pH 7.0 with a 20%o aqueous solution of CszCO¡ The

mixture was evaporated to dryness. Compound 38 was obtained as a white solid Cs* salt

(1.26 g,99%).
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Di-Cbz-cis-piperazine-2,3-dicarboxylic acid dimethyl ester (39)

9bt
lN /.COOCH3tl-ttr^coocH.

Cbz

Di-cbz-pyrazine-dicarboxylic acid 38 (1.81 g, 2.56 mmole) was stirred with methyl

iodide (0.64 mL,l0.2 mmole) dissolved in dry DMF (20 mL) for 4 h. After the end of

the reaction water (20 mL) was added. This is then extracted thrice with EtOAc, dried

over Na2SO,l and evaporated to dryness. The oil was then subjected to column

chromatography (3:1 hexane/EtoAc) to give pure compound 39 (820 mg, 680/o) as a

colorless oil.

'H NMR (300 MHz, cDCl3) ô 3.45 (br, 1H), 3.70 (s, 3H),3.g2 (br, lH), 5.08 - 5.21 (m,

3H),7.29 - 7.39 (m, 5H); ''C NMR (300 MHz, CDCI3) õ 52.7, 60.3, 67.g, t2g.0, 12g.2,

128.5, 135.9, 1 55.3, 169.3.

cis-Pipera zine-2 13 -dica rboxylic acid dim ethyl este r (27)

H

lN Y,COOCH3tt\ruAcoocH,
H

Compound 39 (100 mg, 0.21 mmole) was dissolved in MeOH (5 mL). Pd/C catalyst

(I0o/o wlw, 9.0 mg) was added and the mixture was stirred vigorously under an Hz

atmosphere. The reaction was completed in 2 h at rt to give 27 (37 .8 mg, 88%).

'H NMR (300 MHz, cDCl3) õ 2.17 (br, lH), 2.72 - 2.81 (m, tH),2.84 - 2.g2 (m, lH),

3.72 (s,3H), 3.87 (s, 1H); r3C NMR (300 MHz, CDCI3) õ 44.1,52.1,5g.5, 171.5.
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Mo n o-C bz-cis-pipe r azine-2,3-dica rboxylic acid dim ethyl este r (23)

9b.
r.N_y'COOCH3tt-tt^coocH,

H

Piperazine-2,3-dicarboxylic acid methyl ester 27 (760.0 mg,3.76 mmole) was dissolved

in water (15 mL) and the solution was cooled in an icebath. The pH was adjustedto2

using concentrated HCl. A solution of Cbz-Cl (0.63 mL, 4.47 mmole) in dioxane (37.7

mL) was added using a syringe pump (rate : 2.39 mLlh). The pH was periodically

adjusted to 2.0 by addition of lM aqueous NaOH solution. After the complete addition

of Cbz-Cl the reaction was allowed to stir for about 6 - 7 h. Dioxane was then

evaporated from the reaction mixture, and the resulting solution was diluted with water

(15 mL). The solution was extracted with ether and the combined extracts were dried and

concentrated to afford the di-Cbz-protected compound 40 (442.0 mg,25o/o). The aqueous

solution was adjusted to pH 10 using lM aqueous NaOH, and was then extracted three

times with ether. The ether extracts were then dried and evaporated. The residue was

subjected to column chromatography (EtoAc) to give 23 (360.0 mg,29Yo) as an oil.

rH NMR (300 MHz, cDCl3) õ 2]2 - z.gt (m, 2H), 2.g0 - 3.13 (m, 2H), 3.5g (d, J: 3.4

Hz, lH), 3.68 (d like, 3H), 3.78 (s, 3H), 3.89 -3.99 (br, lH), 5.10 - 5.36 (m, 3H), 7.30 -
7.37 (m,5H).

2,4-Dibromo-1,S-pentanedioic acid (44)
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Br."^¿''^"-r"^ Bftt
HOOC COOH

The diacid chloride 43 (10.0 g,0.059 mole) was heated in an oil bath at 100"C. To this

Br2 (10 mL, 0.194 mole) was added dropwise over about 35 min. Stirring was further

continued for 1.5 h at i00'C. The contents of the flask were then added dropwise to

boiling formic acid (25 mL). The solution was then allowed to cool in an ice-bath and

the resulting precipitate was collected by filtration to give 44 (13.93 g,72Yo).

lH and '3C NMR spectroscopic properties were identical to those reported in the

literature.3l

2',3' -O-lsopropylideneadenosine-5'-carboxylic acid methyl ester (50)

fr,
.ru_'.-\r.l( ll r

H3co,/p I^*'
I-o'- Iwor -o

^A sample of acid chloride 48 (150 mg, 0.44 mmole) was dried using vacuum. This was

then dissolved in anhydrous MeOH (15 mL) at rt. The mixture was stirred for 15 h at rt

and the solvent was then evaporated under reduced pressure. The residue was stirred

with 10% aqueous NaHCO3 solution at lO'C to give a white precipitate, which was

collected by filtration to give 50 (l 18 mg,80Yo).

Mp: 223 -228 "C (lir. 230-242. C).3e
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2' 13' -O-lsopropylideneadenosine-5'-(2-aminoethylcarboxamide) (5 l)

NH"

---\;
'N^r.tz

HeN HN\.zu 
IL-o---lv

o-*.o
/\

2',3'-O-Isopropylideneadenosine-5'-carboxylic acid methyl ester 50 (35 mg, 0.10 mmole)

was suspended in dioxane (2.5 mL). Ethylene diamine (0.21 mL,3.13 mmole,30 equiv.)

was added, and the mixture was stirred for l8 h at rt. The reaction was monitored using

TLC analysis (80:20:10:2 EtOAc/EIOH/HzO/AcOH). The volatiles were then evaporated

and the residue was kept under vacuum for l8 h to give 5l (36.3 mg,96%o) as an oil.

rH NMR (300 MHz, cD3oD) ô 1.41 (s, 3H), 1.59 (s, 3H),2.26 - 2.35 (m, lH), 2.3g -

2.47 (m,lH),2.74 - 2.85 (m, 3H), 2.94 - 3.03 (m, 1H), 3.31 -3.33 (m, 1H), 4.69 (d, J:

1 .8 Hz, 1H), 5.48 (dd, -/:1 .0, 6. I Hz, 1H), 5.60 (dd, J:1 .8, 6.1 Hz, 1H), 6.36 (d, ..I: I .0

Hz, lH),8.18 (s, lH),8.25 (s, lH); '3C NMR (300 MHz, CD3OD) õ25.3,27.1,41.4,

42.4, 85.1, 95.2, 99.6, 92.4, 1 I 5.0, 1 20.3, 142.5, I 50.3, 1 53.9, 157 .3, 172.2.

2' 13' -O-Isop ropylideneadenosine-5'-(3-aminopropylca rboxamide) (52)

N
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Y,---o--l
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^
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-A*{r/
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2',3'-O-Isopropylideneadenosine-5'-carboxylic acid methyl ester 50 (35 mg, 0.10 mmole)

was suspended in dioxane (2.5 mL). 1,3-Diaminopropane (0.26 mL,3.13 mmole, 30

equiv.) was added, and the mixture was stirred for 18 h at rt. The reaction was

monitored using TLC analysis (80:20:10:2 EtOAclEtOHlH2O/AcOH). The volatiles

were then evaporated and the residue was kept under vacuum for 18 h to give SZ (34.9

mg,94Yo) as an oil.

rH NMR (300 MHz, cD¡oD) ô 1.17 - t.2g (m,2H), l.4t (s,3H), 1.59 (s,3H),2.3g (br,

2H),2.80 - 2.96 (m, 3H), 3.31 - 3.33 (m, 1H), 4.66 (d, J = 1.8 Hz, lH), 5.49 (dd, J =1.0,

6.0 Hz,lH), 5.60 (dd, J:1.8, 6.1 Hz, 1H), 6.36 (d, J: i.0 Hz, lH), 8.18 (s, lH), 8.25 (s,

1H); r3c NMR (300 MHz, cD3oD) ô 25.3, 27.1,32.g,37.5,39.6,g5.1, g5.2, gg.6,g2.4,

114.9, 120.4, 742.5, 150.3, 153.9, 157.3, 171.9.

2',3' -O-Isopropylideneadenosine-5'-(4-aminobutylcarboxamide) (53)

T*,

d-l^r
HzN.--."r....-^ nN__.p T^*--

f-o---l\-J
O-'"r'O

2',3'-O-Isopropylideneadenosine-5'-carboxylic acid methyl ester 50 (35 mg, 0.10 mmole)

was suspended in dioxane (2.5 mL). I,4-Diaminobutane (0.31 mL,3.l3 mmole,30

equiv,) was added, and the mixture was stired for l8 h at rt. The reaction was monitored

using TLC analysis (80:20:10:2 EtOAclEtOHlHzOiAcOH). The volatiles were then
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evaporated and the residue was kept under vacuum for 18 h to give 53 (39.9 mg,98%) as

an oil.

'H NMR (300 MHz, cD3oD) ô 0.92 - t.2l (m, 3H), 1.41 (s, 3H), 1.59 (s, 3H),2.51 (t, J

: 6.9 Hz, lH),2.73 - 2.91 (m, 2H), 3.08 - 3.38 (br, 3H),4.65 (d, J: 1.6 Hz,lH), 5.51

(dd,-/:1.0,6.0 Hz, lH),5.64 (dd, J:1.6,6.0H2,1H),6.36 (d,J: l.0Hz,lH),8.18 (s,

lH),8.25 (s, lH); '3C NMR (300 MHz, CD3OD) õ 25.3, 27.1,27.2,30.g,3g.g,42.3,

85. l, 85.2, gg.g, 92.4, I 14.9, 120.4, 142.6, I 50.3, 153.9, 157.3, 17 1.6.
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6. Introduction

In 1869 Miescher extracted a substance called "nuclein" from pus cells, obtained

from surgical bandages, and salmon sperms.l Twenty years later the term "nucleic acid"

was introduced by Altmann,2 who developed methods for the isolation of nucleic acids

(formerly known as nuclein) from yeast and animal tissue. The existence of the two

major forms of nucleic acids, ribonucleic acid (RNA) and deoxyribonucleic acid (DNA),

was recognized during the early work of Miescher and Kossel,3 however the exact

components (i.e. heterocyclic bases and furanose sugars) took longer to determine.a

In 1909 the term "nucleoside" was proposed by Levene and Jacobs to describe

carbohydrate derivatives of purines and pyrimidines.s The nucleosides of RNA and DNA

can be obtained either by enzymatic or chemical hydrolysis of nucleic acids, while

numerous other nafurally occurring nucleosides, such as nucleoside antibiotics, have been

isolated from plants and microorganisms.

During the 1950s and 1960s an explosion in the chemistry of nucleosides and

nucleotides occurred, producing the conventional synthetic methodology on which

modern nucleoside chemistry is based.6 This resulted in the availability of both natural

and synthetic nucleosides. The potential of nucleosides and their analogues as

therapeutic agents emerged in the 1950s and 1960s with the discovery of anticancer

agents such as antibiotics arabinosyladenosine (ara-A), nucleosidin and toyocamycin and

the synthetic nucleosides 5-fluoro-2'-deoxyuridine (FUDR), arabinosylcytidine (ara-C)

and ï-azainosine.T
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Figure 6.1: Nucleosides as anticancer agents.

With the emergence of Human Immunodeficiency Virus (HIV), the main

causative agent of Acquired Immunodeficiency Syndrome (AIDS), in the early 1980s,8

the value of nucleoside mimetics was confirmed. The frrst drug licenced for the

treatment of HIV infection was AZT (Zidovudine).e

o
H"C- Ä"Y-NH

-¡rAo
HO,- 

I

I ---o- I

\-J
N3

Zidovudine

42



Structure of Nucleosides:

HO.- i ñ_^| _o_ | B=A,G,C,UorT
I
E|d R = H,2deoxyribose

NHz O NHz O

,I-/*; ,lu-Ä*, 
^; 
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( tt .t ( lt _l Ll I tt I'N4N-, 'N4N-ANH, -Nâ-O -NAO
HH.HH
Adenine Guanine Cytosine R = H, Uracil (U)

R = CH3, Thymine (T)

Figure 6.2: Sugar and Base Components of RNA and DNA nucleosides.

The nucleoside components of RNA and DNA are composed of a sugar moiety,

ribose (pD-ribofuranose) and 2-deoxyribose (2-deoxy-þD-ribofuranose) respectively,

linked to a purine or pyrimidine base through a pN-glycosidic bond, through À/ of the

purine or Nl of the pyrimidine heterocyclic base. The purine bases adenine (6-

aminopurine) and guanine (2-amino-6-oxypurine) and the pyrimidine base cytosine are

common to both RNA and DNA, however the pyrimidine base uracil (2,4-dioxy-

pyrimidine) only occurs in RNA, while thymine (2,4-dioxy-5-methyl pyrimidine) is

found in DNA.
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Structure and Numbering of the Nucleosides:
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Tautomerism of Purines and Pyrimidines:

Oxygenated purines and pyrimidines exist as tautomeric structures with the keto

form being the major tautomer involved in hydrogen bonding between the bases in the

nucleic acids RNA and DNA. The amine containing bases adenine and cytosine also

exist as tautomeric structures with the amino form predominating as the tautomer is

involved in hydrogen bonding between the nucleic acid bases.
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Figure 6.3: Tautomers of purine and pyrimidine based nucleosides.

Biological Properties:

Nucleosides and their derivatives are involved in a diverse range of biological

processes such as energy metabolism, with adenosine 5'-triphosphate (ATP) being the

principal form of chemical energy available to cells, as monomeric units of RNA and

DNA and the components of coenzyme e.g. nicotinamide adenine dinucleotide (NAD*),

and as physiological mediators with adenosine 5'-diphosphate (ADP) being essential for

platelet aggregation and guanosine 5'-triphosphate (GTP) being necessary for capping of

messenger RNA (mRNA).
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Nucleoside 5'-O-phosphate esters are referred to as nucleotides. The 5'-

monophosphates are the monomeric units of RNA and DNA. The double stranded

complex is held together by hydrogen bonds between the pyrimidine and purine bases.

The nucleotides in the individual strands are linked by a phosphate backbone from a 3'-

OH position, therefore a free hydroxyl at the 3'-position of the monomer is essential for

chain extension.

Nucleoside mimetics such as 3'-azido-2',3'-dideoxythymidine (AZT, Zidovudine)

and 2',3'-dideoxyc¡idine (DDC, Zalcitabine), which lack a 3'-hydroxy group, produce

their antiviral effect against human immunodeficiency virus 1 (HIV-1) by incorporation

of their respective triphosphates into the host DNA strand.r0 This results in the inhibition

of the viral enzyme reverse transcriptase (RT), which would normally'initiate DNA

synthesis from the 3'-OH end of a host primer eventually resulting in the complete

transcription of viral RNA into DNA once inside the host cell.

o
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Figure 6.4: Chain Terminators.

The acyclic nucleosides such as 9-(2-hydroxyethoxymethyl)guanine (ACV) and

9-(1,3-dihydroxy-2-propoxymethyl)guanine (GCV) are nucleoside mimetics which act as

inhibitors of DNA viruses such as Herpes Simplex virus and Varicella Zoster virus.ll
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Figure 6.5: Viral DNA Chain Terminators.

The nucleoside mimetics are first converted to their triphosphates, which is the

required form for activity. The triphosphates act as substrates of the viral DNA

polymerase and after incorporation into the viral DNA, chain termination occurs.

Nucleoside mimetics like (Ð-5-(2-bromovinyl)-2'-deoxyuridine (BVDU) and its

analogues are substrates for HSV and VZV.|2 BVDU is first converted to its active

triphosphate form, which can then interact with DNA polymerase as a competitive

inhibitor or alternatively it gets incorporated into viral DNA growing chain.l3 This

incorporation renders the DNA more labile and, in particular, susceptible to single- and

double-strand DNA breakage.
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The synthesis of modified nucleosides and oligonucleotides requires the

protection and deprotection of functional groups on both the sugar and base portions of

the monomers. In addition to allowing regioselective reactions, protection enhances the

generally poor organic solubility of the parent nucleosides.
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S o I v e n tless Reacfíons.'

Most organic reactions have been studied in solution. It is a common belief

amongst chemists that solvents are essential for reactions to occur. The alchemists'

adage Corpora non agunt nisi fluida,'Substances do not react unless fluid', while not

strictly accurate (for crystals can be transformed by processes of nucleation and growth),

is still generally true enough to be worthy of attention.la

The word 'solvent' implies the component of a mixture that is present in large

excess. There are over 300 solvents used both in the laboratory and in industry.ls

Solvents are classified according to their chemical bonds: a) molecular liquids (covalent

bonds within molecule but weaker dipolar interactions, Vander Waals or H-bonding

between molecules. For example THF, ether etc.), b) ionic liquids (molten salts, ionic

interactions between components of opposite charge but may have covalently bound

ions), and c) atomic liquids (low-melting metals like liquid mercury or liquid sodium,

metallic bonds).rs Their use in chemical reactions is determined by their physical and

chemical characteristics. For example, i) in the case of exothermic reactions solvents act

as heat sinks. ii) Solvents like water, alcohol or ammonia can act as hydrogen bond

donors whereas solvents like amines and ethers can act as hydrogen bond acceptors in a

given chemical reaction. iii) Solvents also play key roles in solvating the activated

complex in a given chemical reaction and thus increasing the rate of the reaction as in

S¡1 and S¡r2 reactions. Many books have been written to enumerate the role of solvent

and their effects in organic chemistry.la'ls Nevertheless, it is very curious that that almost

all reactions are carried out in solution, even when a special reason for the use of solvent

cannot be found.
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Solid-solid chemistry is a fast developing science, enhanced by its numerous

applications in the high-technology industries.l6 Since these reactions do not require

recovery, storage and disposal of solvents, they are attracting interest as a result of

environmental and sustainability issues.lT The concept of a chemical reaction between

two solids is a tricky term and various nametags are frequently employed in this context.

Reactions of solids can be classified in three categories:

Solid-phase synthesis:

This term does not refer to a solid-solid reaction at all. In solid-phase synthesis,

molecules from a fluid phase react with a solid substrate, as in the polymer-supported

peptide syntheses. This is based on the idea that a peptide chain can be assembled, one

unit at a time, while one end is anchored to an insoluble polymer support.'t Th" general

plan for solid phase peptide synthesis is outlined in Figure 6.7.
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Figure 6.7: Schematic view of solid phase peptide synthesis.

It indicates, first, the covalent attachment of a protected amino acid to a functional

group on an insoluble solid particle, followed by selective removal of the protecting

group to liberate a reactive end of the amino acid. A second protected amino acid is then

activated and coupled to the f,rrst to give a peptide bond. The reaction is biphasic or

heterogeneous where the insoluble polymer support is holding the amino acid residue and

the reagents are in solution. After the reaction is complete the excess soluble reagents are

separated by simple filteration. The deprotection and coupling steps are then repeated,

alternately, until the peptide chain is assembled. Finally, the bond holding the peptide

chain to the solid support is cleaved, and the completed peptide is liberated from the solid

phase into the liquid phase.
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Solid-state synthesis or solid-solid reactions:

In reactions of this kind two solid reactants interact directly and form a third,

solid, product without the intervention of a liquid or vapor phase. Solid-state reactions

are very common in forming inorganic solids.le Let us consider the reaction of two

crystals of the compounds A and 8,20 which are in intimate contact across one face

(Figure 6.8). When no melt is formed during the reaction, the reaction has to occur

initially at the points of contact between A and B, and later by diffusion of the

constituents through the product phase. The first stage of the reaction is the formation of

nuclei of the product phase C at the interface between A and B. After nucleation of

product C has occurred, a product layer is formed. At this stage, there are two reaction

interfaces: one between A and C, and another between C and B. In order for further

reaction to occur, counter-diffusion of A and B must occur through the existing product

layer C to the new reaction interfaces.
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Figure 6'8: Reactions of two crystals (A and B) sharing one face. After initial formation
of a product layer C, A and B have to counter-diffuse through the product layer to form
new product at the interfaces A/C and B/C. Also, product C diffuses out into the A and B
layers.

The formation of barium titanate (BaTiO3) by rhe solid-state reaction of BaCO3

and TiO2 may serue as an example to illustrat.e this point.s

BaCO3(s) + TiO2(s) --------> Ba(TiO3)(s) + COz(9)

This takes place in at least three stages:
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1. First BaO (formed by decomposition of BaCO3) reacts with the outer surface

regions of TiOz grains to form TiO2/BaTiO3 at the interface.

Further reaction of BaO and previously formed BaTiO3 leads to the formation of

the intermediate Ba-rich phase Ba2TiO4. The formation of this phase is necessary

for the migration of the Ba2* ions.

Ba2* from the Ba-rich phase Ba2Tio4 migrates into the remaining Tioz to form

BaTiO¡.

As the reaction progresses, the product layer becomes thicker. This results in

increasinglS' longer diffusion paths and slower reaction rates, because the product layer

between the reacting particles acts as a barrier. So, the rate of the reaction is controlled

by the diffusion rate of A, B or C through various phases, and especially through the

product phase. The diffusion rate can be increased by providing sufficient energy to

diffuse through the crystal lattice. This is achieved by performing the reactions at high

temperature.

The rate of the reaction between solids also increases with an increase in the

contact surfàce area of the reacting solids. Grinding or ball milling is often performed

which causes severe mechanical deformation of the solid particles due to the collisions

from the hard balls. This increases the surface area and brings fresh surfaces into contact.

Solid-state reactions activated by grinding or milling are known as mechanochemical

reactions.2l

It has long been customary to carry out organic reactions in an organic solvent.

Recently, however, it was discovered that some organic solid-state reactions proceed

more eff,tciently and selectively than do solution-phase reactions.2' Seve.al examples of

2.

J.
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solid-state organic reactions have been published.e'12 An example to explain organic

solid state reaction is the formation of azomethines. The synthesis of azomethine 3 from

aniline I and benzaldehydes 2 is usually carried out in solution by acid catalysis and

removal of the water formed in the reactions as shown in Scheme 6.I .

NHz CHO
ll

^ 
r-,\ H* cat.ll l+ll l-----_-->Rt-\/ \2n,

12

(}*=1Õ + H2o

å; HÏ;
3-

Scheme 6.1: Classical Azomethine formation

A solid-state synthesis of azomethines by grinding together solid anilines with

solid benzaldehydes has been reported.23 When 4 and 5 are grouncl together at room

temperature, the reaction starts immediately usually with gentle heat production but

without melting because azomethines have high melting points. The water produced in

the reaction is fully absorbed by the crystals of 6, but it may be removed in vacuum at

80"C. The melting points of the products (without work-up) correspond to the known

literature values. In the reactions of 4 and 5, the aldehyde 5 moves into the lattice of the

amine 4. When a small crystal ofp-chlorobenzaldehyde 5 was placed on a larger crystal

of p-nitroaniline 4 (Scheme 6.2) the aldehyde crystal disappeared completely and the

latter turned yellow but only in the covered urea.Z3
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Scheme 6.2: Solid-state azomethine reaction

Atomic force microscopy technique was used to confirm the results.23 Figure 6.9a

shows the typical initial flat surface of p-nitroaniline 4. After placing a small crystal of

p-chlorobenzaldehyde 5 f'or several hours the aldehyde crystals disappeared and the

initial flat surface of p-nitroaniline 4 now shows several sturnpy protrusions as seen in

Figure 6.9b. Clearly, the stumps occur at the points of direct solid-solid contacts where

the rnigrating molecules can pass through the phase boundary. This indicates the

migration of aldehyde into the lattice of amine.
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Figure 6.9: AFM topographies of (a) pure p-nitroaniline (b) p-nitroaniline after reaction

with p-chlorobenzaldehyde for 4 h (J. Chem. Soc., Perkin Trans. 21998,989-993).
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Solvent-free synthesis :

The term "solvent-free" or "solventless" synthesis refers to any system in which

neat reagents react together in the absence of a solvent but which occur with an

intermediary liquid phase or a melt. It can also describe reactions of neat liquids in

stoichiometric ratios. A solventless reaction of solids implies processes where melting of

the reaction mixture occurs prior to the reaction. Solvent free reactions are generally

canied out by keeping a mixture of finely powdered reactants and reagent at room

temperature.'o In some cases the reactions are accelerated by heating, shaking, irradiation

with ultrasound, or grinding the reaction mixture using a mortar and pestle.

There are several solventless reactions that have been reported to proceed "in the

solid state". However, on closer examination it is clear that in most of the cases, grinding

the two solid reactants together results in the formation of a melt or liquid phase. This is

true for both catalytic transforrnations like aldol condensations25 and oligomerization of

benzylic compounds26 and for noncatalytic reactions like Baeyer-Villiger oxidations,2T

oxidative coupling of naphthols using iron chloride,2s homo-etherification of benzylic

alcohols using p-toluenesulfonic acid,ze and nuclear aromation bromination with NBS30

as shown in Scheme 6.3.
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Oligomerization o1' benzylic compounds:
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OMe

OMe

\-o-A rsoH
l! -i 

Grind
'-*A-oH - u%* MeO

\o
Scheme 6.3: Several examples of solvent-free synthesis, which proceed with an

intermediate liquid phase.
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7. Result and Discussion

In the course of the NADH project wc required amide derivatives of 2',3'-O-

isopropylideneadenosine-5'-carboxylic acid 7ll with secondary amines. Making these

proved difficult because compound 7 was insoluble in all common organic solvents. We

thought that protecting the 6-amino group of 7 would enhance its solubility. The

presence of another amide in our targets precluded the use of 6-N-acyl protecting groups,

as it would be very difficult to deprotect one amide in the presence of another. We

recognized that an acid-labile group might be the solution to this problem. The N-6 2,5-

dimethylpyrrole derivatives of Nowak and Robins32 were one of the acid-labile

approaches that we could find in the literature, but this strategy failed when we applied it

to adenosine carboxylic acid 7 (Scheme 7.1). It resulted in tarring 7 due to the harsh

reaction conditions.

NHz

)-Å*( il )o
Ho- /P 

'T^*' 
Å , Hol-o---l " -\-/ 

Y
-- 

O-
o---O 155 oc, 2 days

/\ oro

7

11-,/ -N
I

d-rôl
.o l^*'-'/z lI-o- I\Jo. _o

X
I

Scheme 7.1: Nowak and Robins method

The most comnron acid-labile N-protecting group is the lert-butoxycarbamate

(Boc) group." Boc groups have seldom been used for the protection of modified
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nucleosides.3t Ou. attempts to protect the //-6 group of 7 with Boc using the usual

methods were unsuccessful. Attempts were also made using anhydrous DMF and

anhydrous pyridine as solvents in presence of DMAP, but these were likewise

unsuccessful.3s It was evident that the problems of solubility were a major factor in our

difficulties.

We realized that there was no obvious reason for the use of a solvent in these

reactions other than solubility, which we could not achieve. We therefore examined Boc

protection of 7 in the absence of any solvent. All the reactants were solids and for the

reaction to occur they must be intimately mixecl together. Grinding is a way of mixing

solids at a molecular level. Initial attempts to manually grind 7 with an excess of di-tert-

butyldicarbonate (Boc)zO and 4-ÀlN-dimethylaminopyridine (DMAP) resulted in the

rapid formation of a less-polar product.

Glass stirrino
í- shattwith PÌFE

paddle

,- Loosely-fitting
sleeve

9 mm Pyrex balls

Figure 7.1: Simple ballmill apparatus.
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Hence, a simple apparatus (Figure 7.1) consisting of a thick walled round bottom

flask, 9mm glass beads and an overhead stirrer with a loosely-fitting shaft was used for

benchtop-scale reactions. Compound 7 along with an excess of (Boc)2O and DMAP

were added to the reaction flask. The reaction was then ground with the help of glass

beads using an overhead stirrer. As the reaction proceeded the solid reactants were

converted into an oil over a period of l5-20 minutes. TLC analysis at this point showed

both starting material and product. After grinding for several hours all the starting

material was consumed and only the less-polar product was observed. The product was

separated from the DMAP by passing through a short silica gel column. This column

chromatography was generally very trivial and the product was obtained in the first few

fractions. Concentrating the fractions gave /-butyt ¡f, ¡f-Uis [(tert-butoxy)carbonyl]-

2',3'-O-isopropylideneadenosine-5'-carboxylate 10 (Scheme7.2). Interestingly, under the

reaction conditions the free acid functionality was converted into a /-butyl ester.

Presumably, 7 formed a mixed anhydride derivative 9 in situ which in the presence of /-

butanol (formed during the Boc reaction) led to the formation of the Êbutyl ester 10.

Amazed by the results it was then tried on several other nucleosides and their derivatives.
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Scheme 7.22 Boc Reaction of compound 7

Solvent free method applied to unprotected sugar nucleosides;

Unprotected and partially protected sugar nucleosides adenosine 10, 2',3'-O-

isopropylideneadenosine 12 and cytidine 14 were subjected to our experimental

conditions. It was observed that we could make the bis-N-Boc protected compounds but

free hydroxyl groups were also being masked with Boc protecting groups in very good

yields (Scheme 7.3). It was seen that as grinding continued the reactants formed a melt

or liquid phase.

10
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^12 13

N(Boc)2

r\*
\*Äo

NHz
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Ho- I eoco- I'l 

-o-- I (Boc),o ì -o- I-\-J 
10% DMAÞ- ç-/-
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14 98o/o l5

Scheme 7.3: Boc reaction of protected and partially unprotected nucleosides

Attempts to hydrolyse the O-Boc carbonates selectively in the presence of the N-

Boc carbamates using alkaline conditions (aqueous NaOH in MeOH) were unsuccessful

and led to unchanged starting material and several unidentified side products. (Scheme

7.4).
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Scheme 7.4: Attempts to deprotect 15 and 11.

Hence, attempts were made to avoid the O-protection. Here, it should be noted

that there is a lot of literature available for N-Boc protection in the presence of free

hydroxyl gto,.rp.36 But, in our case the exocyclic nitrogen's of these nucleosides are less

nucleophilic and hence the reactivity is very similar to the free hydroxyl. DMAP was

used to activate the system (Scheme 7.5). We thought it might be possible to get bis-N-

Boc protection and avoid O-protection in the absence of DMAP. Hence, reactions were

attempted in the absence of DMAP, however the reactions did not proceed at all and the

starting material (nucleoside) remained unchanged even when the reactions were carried

out in excess of (Boc)2O.

Next, attempts were made to grind cytidine 14 w'ith (Boc)2O in the presence of

Hunig's base (diisopropylethyl amine). The amounts ranged from 0.1 to l molar

equivalents. However all the attempts made were unsuccessful and the starting material

remained unchanged as judged by TLC analysis. Here the reaction mixtures appeared to

N(Boc)2 N(Boc)2

d¡^l ¿)¡ôl'N4N-/ 'N4n,7
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be milky, unlike the clear oil obtained in previous experiments. It could be said that it

was a slurry of white cytidine in liquid Hunig's base and molten (Boc)2O. When a

catalytic amount (10 mole percent) of DMAP was added to this slurry the reaction turned

into a clear yellow oil in about 20 minutes and the reaction was completed within several

hours to give fully rV- and O-Boc protected cytidine 15.

Similar attempts were made using adenosine 10, Hunig's base and (Boc)2O in the

absence of DMAP. Again, no reaction occurred and product was only obtained when

DMAP was present. Here again, we observed that although the mixtures quickly

liquefied, they remained milky in the absence of DMAP. TLC analysis showed only

unchanged adenosine in these slurries. On adding DMAP, the milky slurries turned to

clear oils very rapidly, and TLC showed conversion to 1tr in several hours. Thus, it was

then concluded that DMAP was required for the formation of N-Boc.

*"'*'"
I

ú)-N-

.')>"q
>-ol,o

H3C.,CH3 H3C...,CH3 Y /
-p 

"'1,'¡'" N R-Nl-+Offr---{-+'H I -l tl -ì H3c, ,cH3
R-NH \ñ, -----r> n Ñr\Ñ'z -------> 

i
H3

H3c'N'cH3 
.f g / o ,

\ A -DMAP 
nl*-ö-o-(- n-r'rrl io(

co\ 
-_ 

t]-*, - lrrvr'1r> 
i I --------> * \

- /--\-T )-o FBuoH
f01 //\ o_Í_

R-N-H \
I

H

Scheme 7.5: Role of DMAP in the reaction.
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As shown in the Scheme 7.5 the reaction could proceed by 2 mechanisms:

(a) DMAP attacks the (Boc)2O and forms an active intermediate. The l-butoxide anion

then deprotonates the amine which then attacks the intermediate to form the N-Boc

carbamate, and DMAP is generated back. The same mechanism can be applied to free

hydroxyl groups. In this case, the O-Boc carbonate is formed.

(b) The amine attacks the activated intermediate and the DMAP is generated back. This

is then followed by deprotonation by the /-butoxide anion to form the l/-Boc carbamate.

The same mechanism can be applied to free hydroxyl groups. In this case, the O-Boc

carbonate is formed.

Solvent free method applied to protected sugar nucleosides;

Several protected nucleosides were prepared using standard conditions. The

protected sugar nucleoside derivative was ground with neat (Boc)2O and DMAP until the

reactions were complete as judged by TLC analysis. On completion, the entire reaction

mixture was washed from the beads and glassware using a small amount of an

appropriate solvent. After concentrating the washings, DMAP was separated from the

product by passage through a shorl silica gel column. These reactions were generally

very clean and were completed within short periods of time. The reactions proceeded

under neutral conditions and hence can tolerate many functional and protecting groups as

shown in Table 7.1.37
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Table 7.1: Reactions of nucleoside derivatives with (Boc)2O and DMAP.37

, NHZ
Base

,N(Boc)2
Base

Rro-l'ì-o--lv
oR2 x

18aJ
2Oa-c

(Boc)2o Rro\ 
I--i-=+ i--O-\l

cat. DMAP \-JGrind òn, X
Base

adenine 19a-f

cytosine 21a-c

OR2 X Grind

22a-c

¿/i' ¿#r
Rro-- f^ru-^rlHz Rro- 

'T^*- 
*(Boc)2

ì -o- I (Boc),o I -o- I

¡_7 .rt DMÃ- -\J-

entry

1

2

3

4

5

6

7

I
9

10

11

12

substrate

18a

18b

18c

18d

18e

18f

20a

20b

20c

22a

22b

))o

Ac

TBDMS

Ac

TBDMS

Ac

TBDMS

TBDMS

TBDMS

Ac

Ac

TBDMS

TBDMS

Ac

TBDMS

C(Me)z

C(Me)z

Ac

TBDMS

TI]DMS

TBDMS

Ac

Ac

TBDMS

TBDMS

A,6 h

B,2h

8,4 h

8,2 h

8,2 h

B, 1h

c,th
c, lh

c,2h

D,7h

D,6h

E,6h

RzRr conditions"
overall
yield (%)

OAc

OTBDMS

OC(Me) z

OC(Me)z

H

H

OT'BDMS

H

H

OAc

OTBDMS

H

90

99

96

99

99

99

99

99

50

25

40

70
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u Reaction conditions: Method A: 30 mol%o DMAP, 4 eq (Boc)zO, Method

DMAP, 3 eq (Boc)2O, Method C: 20 molo/o DMAP, 4 eq (Boc)zO, Method

DMAP, 5 eq (Boc)2O, Method E: 40 mol% DMAP, 6 eq (Boc)2O

10 mol%

20 mol%o

It was observed that as grinding continued the reactants first formed a liquid

phase or melt. TLC monitoring showed that no/very little reaction took place until this

melt formed, and that the reaction proceeded quickly once the melt was obtained. Model

reactions in which grinding was stopped after only a few minutes (to achieve uniform

mixing) did not form melts even after standing for several days. TLC analyses of these

reactions showed only a small amount of conversion to higher Ri materials. This

suggests that grinding the components is necessary for reactions to occur. It was also

noted that none of the reactions solidified upon completion but remained oily. The

product thus needed to be washed from the beads using appropriate solvents.

Grinding may generate "hot spots" leading to localized melting,38 and the

reactants may mix and react in this liquid medium. The "hot spots" are generated due to

the frictional forces when the glass beads hit each other or the surface of the round

bottom flask during stirring. As the reaction proceeds, melting may continue due to the

expected melting point depression of the mixture. Although one mole of /-butanol was

produced for each mole of (Boc)2O that reacted, 'uve do not believe that this is sufficient

to account for the liquefaction of the reaction mixture. Here it should also be noted that

(Boc)2O is a very low melting solicl and wculd also account for some of the liquefaction.

The accelerated reaction rates in this liquid phase could be explained by the higher

mobility of the substrate and reagent molecules in the liquid phase.

B:

D:
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Protection of the sugar hydroxyl groups as silyl ethers (compounds l8b, 18d, lBf,

20a, 20b, 22b, 22c) rather than acetyl esters (compounds l8a, lgc, lge, z}c, 22a)

resulted in slightly higher yields (Table 7.1, entries 2,4,6,7,8, lz). The liquid phase

was formed faster in the reactions of silyl-protected nucleosides, and the reactions were

faster than was the case for reactions of ester-protected compounds (Table 7.l,entries2,

4, 6, 8). The faster melt formation in case of silyl-protected derivatives could be

explained by their lower melting points compared to the acetyl ester derivatives. It is

noteworthy that reactions of all of the adenosine derivatives and the majority of the

cytidine derivatives proceeded with very high yields. The compounds thus obtained had

good solubility in all common organic solvents.

As shown in Table 7.1. acetyl esters, silyl ethers and acetonide derivatives are

unaffected by these conditions. The reactions were completed within I - 7 hours, and

afforded a single product in very high yield, except in the case of guanosine derivatives.

The lower yields observed for these reactions reflected the formation of several

unidentified polar byproducts. Similar modest to low yields are typically seen in

solution-phase reactions of guanosine and its derivatives.32

N-Boc protection of unprotected nucleosídes using transient
silylation method:

The attention was now focused on N-protecting nucleosides that lacked O-

protecting groups on their sugar rings. To the best of our knowledge, Boc groups have

not previously been installed on the base moiety of nucleosides without prior sugar O-

protection. As mentioned earlier on pages 64, 65 and 66 all our attempts to selectively N-
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protect nucleosides with free hydroxyl groups were unsuccessful. At this point it was

known that O-silyl protected nucleosides (Table 7.1, compounds 18b, 18d, 18f,20a,20b,

22b, 22c) were robust under our reaction conditions and gave bis-//-Boc protected

compounds in excellent yields. We thought if we could protect the free hydroxyl groups

in situ with TMS group and then perform the N-protection followed by removal of the

TMS group then it could give a way to get bis-ÀiBoc protected nucleosides.

Transient protection of the sugar hydroxyl using the trimethylsilyl (TMS) group

has become standard practice in solution-phase nucleoside chemistry.3e TMS groups are

very labile and generally can be removed using very mild conditions. Hence, TMS

appeared to be a perfect choice as protecting group for the hydroxyl groups, leaving free

amine for further synthetic manipulation. We then explored treatment of unprotected

nucleosides with a silylating agent prior introduction of the Boc group.

We chose to use hexamethyldisilazane (HMDS) for silylation,o0 as it was

convenient to use compared to TMS-CI. which u,ould release HCI during the reaction.

Initial silylation attempts were carried out using adenosine 10, HMDS and a catalytic

amount of DMAP. It was seen that the reaction turned milky but did not form any clear

oil. TLC analysis after several hours showed only starting material and no conversion to

the product, as shown in Scheme 7.6.
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10 24

Scheme 7.6: Attempted Silylation of adenosine using the solvent free method.

When 3 mole percent of TMS-OTí ' *as added to the reaction, 10 was consumed

and a new high running TLC spot was seen which was attributed to tri-O-silyl compound

24. Also, it was noted that when the reaction was carried out in the absence of DMAP,

the silylation reactions were very siuggish. This clearly implies that for the reaction to

occur at a reasonable rate, both DMAP and TMS-OTf were essential.

Hence, for the in situ silylation the nucleoside was ground with neat HMDS, and a

catalytic amount of TMS-OTf and a catalltic amount of DMAP until TLC showed

complete conversion to a new high running spot.lT In all cases the result was a milky

suspension. To this was then added neat (Boc)2O and additional DMAP (if required) and

the mixture was ground until the reaction was complete. At this point a clear oil was

obtained in all reactions. MeOH and triethylamine were then added and the solution was

stined overnight at room temperature to complete the desilylation.lT Thereafter, the

mixture was evaporatecl and subjected to column chromatography.
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Table 7.22 One-pot bis N-Boc protection using transient silylation.3T

,NHZ
Base

OH X Grind

Base X

25a,b Adenine OH, H

27a,b Cytosine OH, H

HOr I MeOH ITMSOT I

ì¿-l:-]EA 
-l 

L:t--l

.N(Boc)2 tBãse I

I MeoH l-
_-o-J JEA _l
Ì-7 IoHX L

,N(Boc)2
Base

Base X

26a,b Adenine OH, H

28a,b Cytosine OH, H

entry substrate

TMSO X'

X'= OTMS, H

5 eq. (Boc)2O,
l0 mol9Í, DMAP,
6-7 h

.5 eq. (Boc)2O
20 molo/o DMAP
6-',7 lt

4 eq. (Boc)2O
4h

4 eq. (Boc)2O
l0 nlolo,'o DMAP
4h

conditions

Silylation Boc Rxn

overall
yieldYo

25a

25h

27a

72

5027b

6 eq. HMDS.
3molVo TMS-OTf
2}molo/o DMAP,
3h
4 eq. HMDS
3 mol% TMS-OTf
l0 mol% DMAP
3h
4 eq. HMDS
3 mol/o TMS-OTf
l0 mol9/o DMAP
2l't
3 eq. HMDS
3 mol% TMS-OTf
l0 mol% DMAP
lh
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This was all done in one pot and required not more than 10 hours followed by an

ovemight simple desilylation step. Adenosine 25a, deoxy adenosine 25b, cytidine 27a,

and deoxy cytidine 27b gave bis N-Boc products in decent yields as shown inTable 7.2.

However, when the rnethod was applicd to guanosine nucleosides the reactions were not

clean and afforded complex product rnixtures. Hence, we have demonstrated a simple

solvent free, one-pot synthesis from a non-protected nucleoside to bis N-Boc protection

through a transient silylating step.37

Solvent-free Boc Protection of Other Heterocycles:

It was curious to know whether the above solvent-free protocol was applicable to

other heterocycles too. Hence, we carried out the solvent-free N-Boc protection of indole

29 and imidazole 30 as shown in Schem e 7 .7 . As expected the reactions were very clean

and were completed in just 2 hours as compared to l8 hours using the traditional solution

phase protection.at'48 The products 30a7 ancl 32a8 were obtained in very high yields of

about 95 - 99%. The reactions again turned into melt or liquid phase in about l5 minutes

and were completed soon after that. T'he products did not solidifr but remained oily.

Work up of the reactions rv¿rs done as mentionad earlier.
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Scheme 7.7: Solvent-free Boc protection of indole 29 and imidazole 31.
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8. Conclusions

This is the first time N-Boc protection has been carried out using a solvent-free

method.37 The solvent-free bis-N-Boc protection of the heterocyclic amino groups of

nucleosides and their derivatives has been demonstrated at 10O-milligram through gram

scales. This highly efficient methodology protects the amino groups of these nucleosides

with a base stable and acid labile group suitable for further synthetic manipulations. The

products thus obtained have excellent solubility in all common organic solvents. These

reactions use minimal amounts of reagents and solvents during workup and purif,rcation.

Transient silylation permits the one-pot solvent free synthesis of bis-N-Boc

protected nucleosides without O-protecting groups on the sugar ring, avoiding tedious

multi-step sequences. This is again the first time transient silylation followed by

protection has been caniecl out in the absence of solvents.3T This protocol offers

considerable advantages in the preparation of Boc protected nucleosides and their

deri vatives for further synthetic elaboration.

The applicabilit"v of this rnethod to other heterocycles confirms that the method

can be applied for N-Boc protection of other compouncls too. The solventless, low-

energy ball mill technique is both operationally simpler and more efficient than existing

solution-phase methods. Thus, this could be one of the methods for N-Boc protection,

which could be employed in synthesis.
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9. Experimental

General

lH and '3C NMR spectra were recorded in CDCI3 orì â Bruker Avance 300 FT instrument

using Xwinnmr software. Residual CIlCl3 in CDCI¡ was used as the chemical shift

standard fortH spectra (7.26 ppm) and the carbon resonance of the solvent was used as

the standard forl3C spectra (77.2ppm). Clompouncls were visualized on analytical thin

layer chromatograms (TLC) by UV light. Flash Chromatography was performed on

silica gel 60, eluting with the solvent mixtures indicated. Melting points were determined

in open capillaries and are uncorrected. Optical rotations were recorded at room

temperature in a micro-cell, 1dm path length. IV{icroanalyses were obtained on pure

compounds by Guelph Laboratories, Guelph, ON.

Reagents were purchased from Aldrictr Chemical Co. and were used as received.

Solvents and reagents were dried arid puritied using standard procedures (ref Perrin, D.

D.; Armaego, W.L. F. Purification of Laboratory Chemicals; Pergamon: Oxford, 1988).

Reactions requiring an inert atmosphere r,vele conducted under a positive pressure of

argon or nitrogen in glassware oven driecf overnight at 120-140'C. Reaction temperatures

recorded are bath temperatures. "DrJ,ing" of organic extracts refers to the use of

anhydrous NazSO+.
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Preparation of known nucleoside derivatives:

In all cases, physical and spectroscopic properties of these materials matched

those reported in the literature.

2',3'-O-Isopropylideneadenosine-5'-carboxylaTe (7) was prepared from 2',3'-O-

isopropylideneadenosine by the method of Epp and V/idlanski,3t

2' ,3' ,5'-Tri-O-acetyladenosine ( 18a), 2' .3'-O-isopropylidene- 5'-?-acetyladenosine

(l8c), 2'-deoxy-3',5'-di-O-acetyladenosine (18e), 2'-deoxy-3',5'-di-O-acetylcytidine (20c)

and2',3',5'-tri-O-acetylguanosine (22a)wereprepared as reported by Matsuda etal.az

2',3' ,5'-Tri-O-(tert-btrtyldimethylsilyl)adenosine (18b) and 2',3',5'-tri-O-(tert-

butyldimethylsilyl)guanosine (22b) were prepared according to Sheu et al.a3 and 2',3'-O-

isopropylidene-S'-O-(terl-butyldimethyisilyl)adcnosine (l8d) was prepared from 2',3'-O-

isopropylideneadenosine.aa

2'-Deoxy-3',5'-di-O-(terl-butyldimethylsilyl)adenosine, -cytidine and -guanosine

18f, 20b and22c respectively rvere obtained according to Ogilvie.as while 2',3',5'-tri-O-

(tert-butyldimethylsilyl)c1'tidine (20a) was macle by the rnethod of Ogilvie et al.a6
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Boc Reactions of Nucleosides and their derivatives:

General Materials and Methods

The ball mill apparatus (Figure 6.1) consisted of a thick-walled 100 mL Pyrex

round-bottomed f'lask with a long neck, fitted with a glass sleeve through which a stirring

shaft with a PTFE paddle was passed. The sleeve and shaft were deliberately chosen to

have a loose fit. in order to prevent pressure build-up as CO2(g) was released during the

reactions. llørning: use of a sealed reactor for this process will result in signiJìcant

pressure build-ap ønd may lead to shuÍtering of the reøctor. Ensure that CO2 can be

vented ss the reaction proceeds to øvoid this sítustion. The stirring paddle was cut

down to approximarely t'z the diameter of the flask. Pyrex beads (9 mm diameter) were

placed in the flask so that stirring caused them to grind against each other and against the

sides of the flask. Note that the shortened stirring paddle was importÍrnt to prevent the

beads from jamming between the paddle and the flask v¿all.
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- Glass stírring
shaft with PTFE
paddle

9 mm Pyrex balls

Figure 7.1: Simple ball mill apparatus.

General Protocol for Solventless Boc Protection:

The nucleoside along r.vith (Boc)20 and cat. DMAP (amounts as stated below)

were placed in the ball mill along with 9 mm Pyrex beads. For small scale reactions (ca.

100-300 mg) roughly l5-18 beads lvere used; on gram-scale reactions as many as24-28

were used. The mixture was ground (ca. 120 - 140 rpm) until the reaction was done as

judged by TLC analysis of srnall aliqucrts scraped from the reactor and dissolved in a

suitable solvent. Upon completion, the thick oily product was washed from the apparatus

using several sntall portions of a suitable solvent. The solvent was then evaporated and

the residue was applied to a short column of silica gel. 1'he product was eluted from the

column using the solvent(s) indicated in each specific procedure; typically no more than

5-10 fractions were required.
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tert-Butyl¡f,¡f-ni.( tert-butoxycarbonyl)-2',3'-O-isopropylideneadenosine-5'-

carboxylate (9)

N(Boc)2

.N-¿-\t¡

\ / 'NäN-'
Yo-,zP I/ I --o--l\J

o'- -o
A

Prepared using adenosine carboxylate 7 (1.00 g,3.11 mmole), DMAP (380 mg,3.11

mmole) and (Boc)2O (3.39 g, 15.5 mmole). Reaction required 5 h. Chromatography

(2:l hexane/EtOAc) gave 9 (1.23 g,76%).

'HNMRô 1.25 (s,9H), r.4l (s, l8lr), 1.43 (s,3H), 1.6 (s,3H), 4.71 (d,J:1.6 Hz, lH),

5.5 (dd, J: I.6,5.9 Hz,lH),5.62 (dd, -r: 0.6, 5.911,2, lH),6.27 (br, lH), 8.28 (s, 1H),

8.75 (s, 1H;; r3C NIVIR õ25.2 (CH¡), 26.6 (CH),27.7 (9 CH3), 92.7 (C),g3.7 (2xC),

83.9 (CH),84.2 (CH),87.1 (CH).91.8 (CH), i14.0 (C), 129.1 (C), 144.7 (CH), 150.1

(2xC), 150.6 (C), l s l.8 (CH). 152.9 (C), 168.0 (C);

[o]t'o : -7.2(c 1.01, CH2CI2):

Anal. Calcd for formula CzzH¡qN5Oe: C, 56.14; H,6.81;N, 12.12.Found: C,56.30; H,

6.94;N, 12.08.

nf, M- U i r ( t e r t -B uto xy c a r b o n y l) -2',3',5' -t r i - O- a c e ty I a d e n o s i n e ( 1 9 a )
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N(Boc)2

,lu-A*( ll I'N4t'tz
AcO- I

ì '-o-- I\J
OAc OAc

Prepared from 18a (350 mg, 0.89 mmole), Dlt4AP (32.6 mg,0.27 mmole) and (Boc)2O

(778 mg,3.56 mmole) in 6 h. Chromatography (5% N,IeOH in CHzClz) gave l9a (475

mg,90o/o).

'H NMR õ r.46 (s, r8H),2.07 (s, 3H),2.r1 (s,3FI),2.15 (s,3H), 4.34- 4.48 (m,3H),

5.66 (dd, ,l: l.1,5.4Hz,lH),5.94 (t,J:5.4H'z,lH),6.25 (:d,,1:5.4H2,1H),8.21 (s,

1H),8.86 (s, lH); ''CNMRô 20.3 (CH:),20.5 (CH3),20.7 (CH:),27.8(6xCH_r),63.0

(CHz), 70.6 (CH), 73.0 (CH), 80.5 (CH), 83.9 (2xC), 86.3 (CH), 129.3 (C),142.9 (CH),

150.4(ZxC), 150.7 (C),152.4 (CH), 1s2.8 (C), 169.2(C),169.5 (C), 170.2(C);

[o]"o: -21.6 (c L0l, CFI2CI2);

Anal. Calcd for formula CzoH¡sN5O11: C, 52.61;H,5.94; N, 11.80. Found: C,52.67;H,

5.92; N. 11.52.

M,nl-Uirl tert-Butoxycarbonyl)-2',3',5'-tri-O-(tert-butyldimethylsilyl)-

adenosine (19b)

N(Boc)r
I

,I-"^trrl(^,-{. .jl)'l- -¡r
TBDMSO

TBDMSO OTBDMS
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Prepared from 18b (357 mg,0.59 mmole), DMAP (7.2 mg,0.06 mmole) and (Boc)2O

(384 mg, 1.75 mmole) in 2 h. Chromatography (4:1 hexane: EtOAc) gave 19b (469 mg,

ee%).

rH NMR ð -0.21 (s,3H), -0.02 (s, 1iH).0.r0 (s.6FI),0.13 (s,3H),0.15 (s,3H),0.80 (s,

9H), 0.93 (s, 9H), 0.96 (s, 9H), I .42 (s, 18H), 3.81 (dd, J:2.6,11.4 Hz, lH),4.04 (dd, -/

:3.7,ll.4Hz,lH),4.13-4.17(rn. 1tÐ.4.32(t,J:4.0H2,1H),4.60 -4.63 (br, lH),

6.11 (d, J: 4.9 Hz, lH), 8.48 (s, lH), 8.83 (s, lH); '3C NMR ô -5.3 (CH¡), -5.3 (CH3), -
4.9 (CH3), 4.7 (Cfu),4.6 (CH:), -4.3 (CFI3), t7.8 (C), 18.0 (C), 18.5 (C),25.6

(3xCH3),25.8 (3xCHù,26.1 (3xCH;),27.7 (6xClI),62.4 (CFi2),71.7 (CH}76.0 (CH),

83.5 (2xC),85.4 (CH), 88.5 (CH), 129.1 (C),143.5 (CH),150.2 (ZxC),150.3 (C), 151.9

(cH), 153.0 (c);

[o]"o : -19.5 (c I .01 , CFIzClz);

Anal. Calcd for formula C¡gllzrNsO¡Sis: C, 5ó.33; H, 8.83; N, 8.64. Found: C, 56.36; H,

9.09; N, 8.56.

M,M-n¡s( tert-Butoxycarbonyl)-2',3'-O-isopropylidene-5'-O-acetyladenosine

(19c)

N(Boc)2
I

¿ì--'*A*/
AcO.- | '

ì-o---lV
O- -O

A
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Prepared from l8c (400 mg, 1.15 mmole), DMAP (14.0 mg,0.01 mmole) and (Boc)2O

(750 mg, 3.43 mmole) in 4 h. Chromatography (5% MeOH in CHzClz) gave l9c (604

mg,96Yo).

'H NMR ô 1.38 (s,3H), 1.43 (s, l8H), l.6l (s,3FI), 1.93 (s,31{),4.19 (dd, -/:5.8, 11.9

Hz,IH),4.33 (dd, J: 4.2,71.9 Hz,lH),4.47 - 4.52 (m, lH), 5.01 (dd, J:3.4,6.2H2,

lH), 5.44 (dd, ./ : 2.1,6.2 Hz, lH), 6.16 (d, ,l :2.1 Hz,lH), 8.15 (s, lH), 8.85 (s, lH;

'3c NMR ô 20.5 (cH:),25,3 (cHr),27.1 (cHr), 27.7 (6xclH'3),63.9 (cHz),81.5 (cH),

83.8 (2xC),84.2 (CH),84.9 (CH),9i.2 (CH), 114.7 (C), 129.5 (C), 143.6 (CH), 150.4

(2xC), 150.6 (C), 152.2 (CfÐ, ß2.3 (C), 170.2 (C);

[o]t'o : _114.2 (c 1.01, CHzClz);

Anal. Calcd for formula CzsHrsN5Oe: C, 54.64; H, 6.42; N,

6.59; N. 12.60.

H,

¡f,¡f-ni.( tert-Butoxycarbonyl)-2',,3'-2-isopropylidene-5'-O -(tert-butyl-

imethylsilyl)adenosine (1 9d)

N(Boc)2

t--A*
'N4N-'

TBDMSO\ 
|

l--.-o-'-l\J
o...,,'o

/\

Prepared from 18d (394 mg,0.94 mmole), DMAP (11.4 mg,0.09 mmole) and (Boc)2O

(612 mg,2.8 mmole) in 2 h. Chrornato¡lraphy (5% MeOI{ in CHzClz) gave 19d (575 mg,

ee%).
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'H NMR ô 0.02 (s, 6H), 0.86 (s, 9H), 1.41 (s, 3FI), 1.44 (s, l gH), 1.65 (s, 3H), 3.79 (dd, J

:4.0,71.3H2,1H),3.89(dd,J:3.6,11.3H41ÍI),4.45 (dd,-/:3.6,6.2H2,1H),4.96

(dd,-r:2.5,6.2H2,1H),5.23 (dd,./:2.5,6.2H2,1H),6.25 (d,J:2.5Hz,lH),8.33 (s,

lH), 8.87 (s, 1H); '3C NMR ô -5.5 (CH:), *5.4 (CH3), 18.2 (C), 25.3 (CH3), 25.8

(3xCH3), 27 .2 (Cru),27 .7 (6xCH3), 63.5 (CH2), 8l .3 (CH), 83.6 (2xC), 85.0 (CH), 87.2

(CH), 91.5 (CH), 114.2 (C), 129.3 (C). 143.2 (CH), 150.31 (2xC), 150.37 (C), 152.1

(cH), 152.s (C);

[o]"o : -36.1 (c 1.0i, CHzClz);

Anal. Calcd for fornrula CzsH¿;NsOsSi: C, 55.02;H,7.62; N, I 1.26. Found: C, 56.35; H,

7.50; N, 11.03.

M,¡l-¡is(tert-Butoxycarbonyl)-3',5'-di-O-acetyl-2'-deoxyadenosine (19e)

N(Boc)2

,N-Å*
'N4N-'

AcO- | '

ì -o=- I\--r
OAc

Prepared from 18e (80 mg, 0.23 mmole). Dlt4AP (2.8 mg, 0.02 mmole) and (Boc)2O (148

mg, 0.68 mmole) in 2 h. Chromatography (5% MeOFI in ClHzCl2) gave l9e (124 mg,

ee%).

'H NMR ô 1.46 (s, l8H), 2.07 (s" 3H), 2.14 (s, 3i-I), 2.66 (ddd, .I : 2..4, 5.9, r4.2 Hz, 1H),

2.93 - 3.0 (m, I H), 4.33 - 4.45 (m. 3H), 5.44 - 5.46 (br. lH), 6.49 (dd, -r: 5.9,7.8 Hz,

1H),8.25 (s, 1H),8.85 (s, lH¡; TsCNMR 620.7 (CiI¡),20.8 (CH3),27.8 (6xCH3).37.5

86



(CHz),63.6 (CH2),74.4 (CH), 82.7 (CH), 83.8 (2xC), 84.8 (CH), 129.3 (C),142.7 (CH),

150.4 (2xC), 150.6 (C),152.2 (CH¡. 152.6 (C), 170.2 (C),170.3 (C);

[o]"o: -10.0 (c 1.01, CHzClz);

Anal. Calcd for formula Cz¿H¡.¡NsOq: Cl. 53.82;H,6.21; N, 13.08. Found: C, 53.49; H,

6.36;N, 12.78.

M,¡É-¡i.( tert-Butoxycarbonyl)-3',5'-di- O-(tert-butyldimethylsilyl)-2'-

deoxyadenosine (19f)

N(Boc)2

N.^("-l - f.t¡A¡l_r,
TBDMSO\ 

|l-o-l
\-7

TBDMSO

Prepared from 18f (89 mg, 0.18 mrnole). DMAP (2.2 mg, 0.02 mmole) and (Boc)2O

(117.2 mg, 0.54 mmole) in I h. Chromatography (5% MeOH in CHzClz) gave 19f (124

mg,99o/o).

'H NMR õ 0.08 (s, 6H), 0.i (s, 6H), 0.91 (s, 18H), 1.44 (s, tg:H),2.46 (ddd, -/:4.0, 6.0,

13.0 Hz, 1H),2.59 -2.67 (m, lFI),3.78 (dd. -J:3.4,i1.2H2,1H),3.88 (dd,./:4.0,11.2

Hz, lH),4.03 (dd, J:3.4,7.8H2,1H),4.ô -4.64 (brm, lH).6.52 (t,J:6.5 Hz 1H),

8.41 (s, lH), 8.84 (s, 1H); '3C NMR õ -5.4 (CH¡), -5,3 (CH3), 4.8 (CH¡), -4.6 (CH3),

17.9 (C),18.4 (C),25.7 (3xCHù,25.9 (3xCI{r),27.7 (6xCH3),41.4 (CHz),62.7 (CH),
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71.7 (CH),83.6 (2xC). 84.5 (CH), 88.0 (CH), 129.3 (C), 143.2 (CH),150.2 (2xC),150.4

(c), 1s1.9 (cH), t52.7 (C);

[o]"o: +0.4 (c 1.01, CHzClz);

Anal. Calcd for formula C¡zHszN5O7Si2: C. 56.52; H, 8.45; N, 10.3. Found: C,56.75;H,

8.61; N, 10.44.

M,¡/-Uis( tert-Butoxycarbonyl)-2' ,3' ,5'-tri-O-(tert-butyldimethylsilyl)-cytidine

(2ta)
N(Boc)2
I

.¡-\l.lll r-Nâ-o
TBDMSO. I

ì-,-o---l\J
TBDMSO OTBDMS

Prepared from 20a (149 mg, 0.25 mmole), DMAP (6.2 mg,0.05 mmole) and (Boc)2O

(222mg,1.01 mmole) in I h. Chromatography (4:1 hexane/EtoAc) gaveZla (198 mg,

ee%).

'H NMR ô 0.04 (s, 6H), 0.13 (s,6H), 0.1.5 (s, 3H),0.28 (s, 3H), 0.88 (s,9H),0.91 (s,9H),

0.96 (s,9H), 1.55 (s, 18H),3.80 (dd,-r:1.5, l2.0Hz,1l-I),4.01 -4.16 (brm,4H),5.72

(br, 1H), 6.94(d,J:7.6H2, 1H).8.52 (d, J:7.6H2,7H); '3CNMRô-5.5 (CHr),-5.2

(CH¡), -5.0 (2xCH,),4.0 (CH¡), -3.9 (CHr), 18.03 (2xC), 18.6 (C), 25.84 (3xCH3),

25.88 (3xCH3),26.1 (3xCHt),27.7 (6xCllr),60.4 lCH2),68.5 (CH),75.9 (CH),82.5

(2xC). 84.6 (CH), 91.1 (CH), 95.7 (CH), 144.i (CH), 149.6 (2xC), 154.2 (C),162.4 (C):

[o]"o: +55.5 (c 1.01, CHzClz);
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Anal. Calcd for formula CgzHzrN¡OqSi:: C.56.52;

9.38; N, 5.1 8.

M,¡/-nis( tert-Butoxycarbonyl)-3',5'-di- O-(tert-bnryldimethylsilyl)-2'-

deoxycytidine (2lb)

N(Boc)z
I

,- --Nll'\*Ao
TBDMSO- I

ì,-o-'-l
\--l

TBDMSO

Prepared from 20b (111 mg, 0.24 mmole), DMAP (6.0 mg, 0.05 mmole) and (Boc)2O

(213 mg,0.98 mmole) in I h. Chromatography (3:1 hexane/EtOAc) gave2lb (158 mg,

ee%).

'H NMR ô 0.04 (s,3H),0.04 (s, 3H),0.09 (s, 3H),0.1 (s,3H).0.86 (s,9H),0.91 (s,9H),

1.54 (s, 18H), 2.11 (cldd, J : 1.7, 6.3, 13.5 Hz. lH).2.45 - 2.54 (m, lH), 3.76 (dd, J:

2.9, 12.0 Hz, 1H), 3.9 - 3.95 (m, 2FI), 4.34 (dd, J: 6.1, 10.9 Hz, 1H), 6.17 (dd, J: 4.6,

6.3 Hz, 1H), 6.95 (d, J : 7.5 Hz, iH), 8.27 (d, J : 7.5 Hz, lH); rrC NMR ô -5.5 (CH¡), -

5.4 (CHj), -4.9 (CH3),4.5 (CH:), 17.9 (C), 18.3 (C), 25.6 (3xCH3),25.9 (3xCH),27.7

(6xCHr), 42.1 (CHù,61.7 (CI{2), 69.8 (CI{), 84.7 (2xC),86.7 (CH), 87.6 (CH), 95.8

(CH), 143.5 (CH),149.6 (2xC),1s4.2 (C), 162.2 (C);

[o]"o: +58'9 (c 1.01, CH2CI2);

Anal. Calcd for formula C¡¡HsrN:OsSiz: C,56.76; H, 8.76; N. 6.41. Found: C, 57.18; H,

8.95;N, 6.39.
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¡/,¡/-n¡s( tert-Butoxycarbonyl)-3',5'-di-O -acetyl-Z'-deoxycytidine (21c)

N(Boc)2

r\*lt r-NÂo
AcO.- 

|l-o-l
ç_7
OAc

Prepared from 20c (146 mg.0.47 mmole), DMAP (11.5 mg,0.09 mmole) and (Boc)2O

(410 rng, 1.88 mmole) in 2 h. Chromatography (4:1 hexane/EtOAc) gave2lc (120 mg,

s0%).

'H NMR ô 1.55 (s. 18FI), 2.0 - 2.01(m, 1H), 2.06 (s, 3H), 2.00 - z.tO (m, lH), 2.09 (s,

3H),2.80 (ddd,-r:2.3,5.6, 14..5 FIz, lH), 4.32- 4.35 (br,3H),5.18-5.21(br, iH),6.19

(dd, -¡ : 5.6, 7.4 Hz, lH),7 .07 (d, J: 7 .6 Hz,lH), 7.90 (d, J : 7.6 Hz,1H¡; '3C NMR ð

20.7 (Cfu),20.8 (CH:),27.7 (6xCH3),39.0 (CHz),63.6 (CH2),74.2 (CH),83.0 (CH),

85.0 (2xC),87.4 (CH), 96.1 (CFI), 142.2 (CH). 149.5 (2xC), 153.9 (C), 162.4 (C),170.2

(c), r 70.3 (c);

[o]"o : +42.9 (c 1.01, CHzClz);

Anal. Calc'd for formula Cz¡H::N¡Oro: C, 54.0; H, 6.5; N, 8.21. Found: C, 53.77; H,

6.57;N. 8.05.

Ñ,Ñ,Ou-tris(tert-Butoxycarbonyl)-2',3',5'-tri-O-acetylguanosine (23a)

OBoc
I

N_ Âp( ll .r

Aco- T^*- *(Boc)2

ì-o-lLJ
OAc OAc
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Prepared from 22a (400 mg, 0.98 mmole), DMAP (.24.0 mg,0.2 mmole) and (Boc)2o

(1.06 g, 4.89 mmole) in 7 h. Chrornatography (5% MeOH in CH2CI2) gave 23a (174 mg,

2s%).

rH NMR ô 1.40 (s, 1BH), 1.70 (s, gH), 2.04 (s, 3H), 2.12 (s, 6H), 4.32 - 4.45 (m, 3H),

5.55(dd,-/:0.8,5.4H2,1H),5.78(t,J:5.4Hz,lH),6.17(d.J:5.4Hz,lH),8.05(s.

lH); r3c NMR 820.2 (cH¡), 20.4 (cH3),20.7 (cH¡), 27.8 (6xc+3),29.3 (3xcH3), 63.1

(CHz), 70.7 (CH),73.3 (CH). 80.3 (CH), 82.9 (2xC), 84.1 (C), 86.2 (CH), 121.3 (C),

140.3 (cH), 150.6 (C), 151.4 (C), 151.9 (C). 161.1 (C), 169.0 (C), 169.3 (C), 170.2(C);

lcr]tto : -9.4 (c 1.01, cH2cl2);

Anal. Calcd for formula C3¡Ha3N5O1a: C, 52.46: H,6.11; N,9.87. Found: C,52.19; H,

6.40; N, 10.19.

Ñ ,Ñ ,06 -tris(tert-tsutoxycarbonyl)-2',3 ' ,,5'-tri-O-(tert-butyldimethyl-

silyl)guanosine (23b)

OBoc

NÅ('f ìi'N4¡¡^t¡(Boc)2
TBDMSO\ 

Il-o"-l\-J
OTBDMS OTBDMS

Prepared ftom22b (340 mg, 0.54 mniole), DMAP (13.2 mg,0.1 mmole) and (Boc)2O

(594 mg,2.7l mmole) in 6 h. Chromatography (5% MeOH in CH2CI2) gave23b (201.2

mg,40Yo).
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'H NMR ô -0.04 (s, 3H), 0.0 (s. 3H), 0.05 (s, 3H), 0.07 (s, 3H), 0.13 (s, 3H), 0.15 (s, 3H),

0.85 (s,9H).0.90 (s,9H).0.95 (s,9H), 1.37 (s, 18H), 1.71 (s,9H),3.78 (dd,-r:2.6,11.4

Hz, lH), 4.06 (dd, ,,/: 3.8, ll.4 Hz, 1H), 4.10 - 4.15 (m, lH),4.28 (dd, J: 4.3, 5.1 Hz,

lH),4.47 (t, J:3.7 Hz,lH), 5.98 (d, J:3.7 Hz,lH), 8.31 (s, lH); ''C NMR ô -5.3

(cH:), -5.2 (CH3), -4.8 (CH:), -4.8 (CH3),4.5 (CH¡), -4.3 (CH3),17.9 (C), 18.0 (C),

18.6 (C), 25.7 (3xCH3), 25.8 (3xCH3), 26.1 (3xCHù,27.9 (3xCH3), 28.3 (3xCH),61.9

(CHz), 70.9 (CH), 76.0 (CH), 82.6 (2xC), 83.8 (C), 84.3 (CH), 88.9 (CH), 121.4 (C),

141.1 (CH), 150.5 (C), 150.8 (C), 1_s1.9 (C), 160.8 (C);

lo]tto: *0.8 (c 1.01, CHzClz);

Anal. Calcd for formula Ca3H7eN5O¡¡Si3: C, 55.75; il, 8.60; N,7.56. F-ound: C,56.01; H,

8.90; N, 7.95.

Ñ ,Ñ ,Ou -tris(tert-Butoxycarbonyl)-3 ',5 '-di-O-(tert-bufytdimethylsityt)-2'-

deoxyguanosine (23c)

*--l:"ff)r
N-

TBDMSO\ 'l' 'N 'N(Boc)2

l-o-l
\-7

TBDMSO

Prepared from22c (45.6 mg, 0.08 mmole), DMAP (4.34 mg,0.03 mmole) and (Boc)2O

(78 mg, 0.36 mmole) in 6 h. Chromatography (3:1 Hexane: EtOAc) gave23c (50.5 mg,

70%).
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'H NMR õ 0.09 (s, 12H),0.09 (s, t8H), l.4l (s, 1gH), 1.56 (s, gH),2.41 -2.55 (m,2H),

3.77 (dd, J :3.1, 11.1 Hz, 1H), 3.86 (dd, .I -- 3.8, l1.l Hz^ lH), 4.00 - 4.04 (br m, 1H),

4.55 - 4.61 (br m, 1H), 6.46 (t, J: 6.2 Hz, 1H), g.44 (s, 1H¡; r3C NMR ô -5.4 (CH:), -
5.3 (CH3), -4.8 (CH3),4.6 (CH¡), 17.9 (C),18.4 (C),25.7 (3 CH¡),25.9 (3xCH3),27.5

(3xCH3), 27.8 (6xCHù,41.9 (CHz), 62.7 (CH2),71.7 (CH), 83.2 (2 C),84J (C), 85.1

(cH), 88.1 (CH), 123.t (C), 143.9 (CH), i48.6 (C), 150.4 (C), 151.7 (C), 154.3 (C),

lss.a (c);

[o]"o : +14.6 (c 1.01, CHzClz);

Anal. Calcd for formula C¡zHosN5O¡6Si2: C,55.82;H,8.23; N, 8.80. Found: C, 55.57; H,

8.28; N, 8.77.

General Protocol for Transient Silylation and Boc Protection:

The nucleoside, hexamethyldisilazane (HMDS) and DMAP (amounts as indicated

below) were placed in the ball mill apparatus. T'he indicated amount of TMS-OTf was

added, and the mixture was ground until TLC showed complete conversion to a higher-

running spot. Grinding was halted while (BOC)2O and additional DMAP (if required)

were added. Grinding was then resumed and continued until the reaction was done, as

judged by TLC. MeOH plus 20% triethylamine by volume was then added and the

solution was stirred overnight at room temperature to complete the desilylation. The

mixture r,vas then evaporated and the residue vias applied to a sholt siiica geÌ column.

The procluct was eluted using the solvent(s) indicated below.
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¡1, ¡l- ¡ ¡ s ( t e r t-Butoxvca r b o nyl ) ad e n o s i n e (2 6 a)

N(Boc)2

N--..\
(: I -jHo.- T--*'l-o-l\J

OH OH

Adenosine 25a (100 mg, 0.374 mmole.), HMDS (0.47 mL,2.24 mmole), DMAP (9.2 mg,

0.07 mmole), and TMS-OTf (1.4 ¡tL, 7.5 pmole) were ground together for 3 h. To this

was then added (Boc)2O (408 mg, 1.87 mmole) and grinding was continued for a further

6 h. MeOH (25 mL) and TEA (5 mL) were then added and the mixture was stirred

ovemight. The volatiles were then evaporated and the residue was subjected to column

chromatography (13% MeOH in CH2CI2), affording 26a (105 mg, 60%).

'HNMRô r.46(s, 18H),3.71 (dd, J:l.2,l2.3lrz,lH),3.gz(dd,-/:1.7,12.3H2, lH),

4.26 (d, J : 1.2 Hz, l H), 4.34 (dd, J : 1.2, 5.0 I-Iz, lH), 4.82 (dd, -r : 1.2, 6.6 Hz, IH),

5.91 (d, .I:6.6H2, lH),8.21 (s, lH), 8.81 (s, lH); '3C NMR EZ7.i (6xCH3),62.g

(CHz),71.8 (CH),74.0 (CH), 84.6 (ZxC),87.3 (CH),9i.1 (CH), 129.8 (C), 144.8 (CH),

150.6 (CH) , 150.7 (C), 151 .6(2xC), 152.0 (C);

[o]t'o :45.1 (c 1.01, cHzcl:);

Anal. Calcd for formula C2sH2eN5Os: C, 51.39; H,6.25; N, i4.98. Found: C, 51.55; H,

6.50; N, 14.83.
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M,M-nis( tert-Butoxycarbonyl)-2'-deoxyadenosine (26b)

N(Boc)2
I

N- -,.\('Y)
HO.- 'iu^*'

Þo--_lÞ-r
OH

Deoxyadenosine 25b (60 mg, 0.22 mmole). HMDS (0.19 mt.,0.89 mmole), DMAp (2.7

mg, 0.02 mmole), and rMS-orf (1.2 ¡t"L,6.7 ¡rmole) were ground together for 4 h. To

this was then added (Boc)2O (243 mg, 1.1 I mmole) and grinding was continued for 6 h.

MeOH (20 mL) and TEA (a mL) were then added and the mixture was stirred overnight

at RT. After evaporation of the volatiles. the residue was subjected to column

chromatography (13% MeOH in CI{2C12), giving 26b (75.4 mg,72Yo).

'H NMR ô 1.45 (s, l8H), 2.35 (ddd, J: 1.0,5.7, !3.3 Hz, tH),2.g3 -3.02 (m, lH),3.7g

(dd, -I: 1.6, 12.7 Hz. I H), 3.95 (dd, J: 1.6, 12.7 Hz, 1I{), 4.18 (br, 1H), 4.74 (d, J : 4.6

Hz, 1H).5.28 (br, lH), 6.4 (dd, ./ : 5.7,8.8 Hz, lH), 8.2? (s, 1H), 8.81 (s, 1H); r3C NMR

E 27.8 (6xCH3), 40.8 (CH2), (t3.3 (CH:), 73.2 (CH),84.1 (2xC), 87.5 (CH), 89.4 (CH),

130.5 (C), 144.2(CH). 150.4 (CH), 151.2 (C). 151.4(2 C), 152.0 (C);

[o]"o : -16.5 (c I .01, CHzClz);

Anal. Calcd for formula C26H2eN5O7: C, 53.21 H,6.1'/; N, 15.51. Found: C,53.02;H.

6.74; N, 15.20.
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¡/, M- U ¡ s ( t e r t -Butoxy c a r b o n y l) cy ti d i n e (2 S a)

N(Boc)2
I

r-\r'¡llt\ -N' -'O
HO- 

I

ì -'o= I\J
OH OH

Cytidine 27a (100 mg,0.4l mrnole), HMDS (0.35 mL, 1.64 mmole), DMAP (5.0 mg,

0.04 mmole), and TMS-OTf (2.2 ¡tL,12 ¡rmole) were ground together for 2 h. To this

was then added (Boc)2O (359 mg. 1.64 mmole) and grinding was continued for a further

4 h. MeOH (25 rnl-) and TEA (5 mL) were then added and the mixture was stirred

overnight. The volatiles were evaporated and the residue was subjected to column

chromatography (13% MeOH in CH2CI2), to give 28a (1 18 rng, 65%).

lH NMR ô 1.54 (s, 18H), 3.82 (dd, J:2.4, r2.3 Lrz,1H), 3.95 (dd,./ :2.4,12.3 Hz,lH),

4.2 - 4.34(m, 3H), 5.73 (d, J :3.1 Hz, 1H), 7.12 (d,.1:7.5 Hz,lH),8.22 (d, J:7.5 Hz,

1H); '3c NMR E 27.6 (6xcH3), 61.6 (cH2),70.4 (cu), 7s.4 (cH), 85.2 (2xc), 86.0

(CH),93.8 (CH),96.5 (CH), 145.0 (CH),749.4 (2xC), 155.7 (C), 162.a(C);

[o]"o : +42.9 (c i.01, CHzClz);

Anal. Calcd for formula CleH2eN¡Oq: C,51.46;H,6.59; N,9.48. Found: C,51.15; H,

6.55;N, 9.37.
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¡/,¡/-nis( tert-Butoxycarbonyl)-2'-deoxycytidine (2gb)

N(Boc)2

l\rrrill\NAo
HO.- 

I

I '-o'- I

ç-/
OH

Deoxycytidine2Tb (80 mg,0.35 mmole), HMDS (0.22mL,1.0 mmole), DMAP (4.3 mg,

0.03 mmole), and TMS-OTf (1.3 pL, ll ¡rmole) were ground together for I h. To this

was then added (Boc)2O (307 mg, 1.40 mmole) and grinding was continued for a further

4 h. MeOH (20 mL) and TEA (4 mL) were then added and the mixture was stirred

overnight. After evaporating the volatiles, l:he residue was subjected to column

chromatography (13% MeoH in cH2cl2), alfording 2sb (75 mg,50o/o).

lH NMR ð 1.53 (s, tgH), 2.21 _ 2.30 (m, trf\,2.46 -2.54 (m, tH), 3.gt (dd, J:2.7,

l2.2HzlH), 3.89 (dd, -r: 3.0, lZ.ZIfz,lH).4.02 - 4.04 (br, lH), 4.43 _ 4.47 (m,lH),

6.09 (t, .I:5.7 Hz, 1H),7.04 (d.J:7.4Ii2, IFI). 8.26 (d,.1:7.4Iì2, lH); '3C NMR ô

27.6 (6xCHr),41.1 (CH2), 61.6 (CH2), 70.0 (C'H), 85.1 (2xC),87.7 (CH), 88.3 (CH),

96.s (CH), 144.8 (CI{).149.6 (2xC), ls4.B (C), 162.3 (C);

[o]"o :+43.3 (c L01, CHzClz);

Anal. calcd for formula c¡el{2eN3os: c,53.39; H,6.84; N. 9.83. Found: c, 53.64; H,

6.94; N, 9.69.
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Compound ll was prepared using the standard procedure using adenosine (500 mg, Z.05

mmole, I equiv.). DMAP (26.5 mg. 0.02 mmole, 0.1 equiv.) and (Boc)2o (2.69 g, 12.3

mmole, 6 equiv.) in 5 h. Column chromatography purif,rcation (2:l hexane/EtOAc) gave

pure 1l (1.49 g,98%).

'H NMR (300 MHz, cDCl3) ð 1.40 (s, 9H), r.43 (s, l gH), l .47 (s,9H), l.49 (s, gH), 4.32

(dd,.r:4.0, 1l .8Hz,1H),4.41 -4.51(m,2H),5.49 (dcl, J:3.g,5.3H2,1H),5.7g (T,J:

5.3 Hz, lH), 6.31 (d, J = 5.7 IIz. lH), 8.30 (s. lH), g.g4 (s, lH); r3C NMR (300 MHz,

CDCI3) õ27.5,27.6,27.6,27.7,27.8,65.2,73.0,75.3, 80.1, 80.9, 83.1, 83.5, 83.7,85.g,

129.2, 143.1, 1 50.3, I 50.5, 1 5 1.6, 152.1 l. I 52.13, 152.3. I 52.g, | 52.9.

If , Ñ, d',, d', ¿rt'-pentakis [(terl-Butoxy)carbonyl] -adenosine (1 I )

*.*t',u'"
'¡¡4rrr/

BocO- 
|ì-o-l\J

BocO OBoc

lf , Ñ, os'-tris l(tert-Butoxy)carbonyl]-2',3'-isopnopylideneadenosine (13)

N(Boc)2

,Ju-Å*(ll r'N4N--
BocO.- 

|

l-o---lvo. ,o

Ã
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Compound 13 was prepared using the standarrJ procedure using 2.3-isopropylidene

adenosine 12 (500 mg, 1.62 mmole, I equiv.), DMAP (19.8 mg, 0.02 mmole, 0.1 equiv.)

and (Boc)2O (1.77 g,8.13 mmole, 5 equiv.) in 5 h. Column chromatography purification

(2:l hexane/EtOAc) gave pure 13 (966 mg, 98%).

'H NMR (300 MHz, cDCl3) ô L33 (s,3H), 1.39 (s, tgH), L39 (s,9H), 1.57 (s,3H),4.15

(dd,-r:5.2,11.7H2,1H),4.28(dd,-r:3.7,ll.7Hz,lH),4.45-4.49 (rn, lH),4.gg(dd,

J: 3.1,6.1 Hz, lH), 5.28 (dd, -/: 2.5,6.1 Hz, ILI), 6.21(d, ./: 2.5 Hz, lH),8.22 (s, l H),

8.80 (s, 1H); '3C NMR (300 MHz, CDCI3) ô 25.3, 27 .2,27.6,27 .7 ,27 .g, 66.2, g0.g, g1.4,

83.0,83.9,94.3,94.4.90.7,114.9. 129.2,14i.3. i50.4, 150.5, 152.2.152.6.152.g.

Ñ, Ñ, d' , d', ¿rt'-pentaki s l(tert-Butoxy)carbonyll-cytidine (15)

N(Boc)2I
l'r-Nll r-NÂ-o

BocO= 
|

l-o--lv{
BocO OBoc

Compound 15 was prepared using the standard procednre using cytidine (500 mg, 1.87

mmole, 1 equiv.), DMAP (23 mg,0.02 mmole,0.l equiv.) and (Boc)2o (2.45 g, 11.22

mmole,6 equiv.) in 5 h. Column chromatography ourification (2:l hexane/EtOAc) gave

pure 15 (1.41 g,98%).

'H NMR (300 MHz, cDCl3) 6 :.47 (s, 18H), 1.49 (s, 9H), 1.55 (s, I 8FI), 4.30 - 4.46 (m,

3H), 5.13 (dd, J: 5.1,7.7 Hz.,lH), 5.32 (dd,,./: 2.7,5.1 Hz,7H), 6.0 (d,./: 2.7 Hz,lH),

7.09 (d, J : 7.7 Hz, 1H), 7.94 (d,.1 : 7.7 Hz, lfl);i3C NMR (300 N{Hz, CDCI3) õ 27.60,
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27.64, 27.69, 64.2, 71.3, 75.9, 79.9,

l5 i.84, 151 .97 , 152.9. 153.7 , 162.6.

84.9, 90.1, 96.3, 143.7, 149.4,

l(te rt-tsutoxy)ca rbonyll -indole (30)

)Lo-{o'\
Indole 29 (350.0 mg, 2.98 mmole, 1 equiv.) along with (Boc)zo (1.3 g, 5.97 mmole, 2

equiv.) and DMAP (36.5 mg,0.29 mmole,0.i equiv.) were ground together for 2 h. The

oil rnixture was then washed from the glass beads and glassware using EtOAc. The

solvent was then evaporated and the residue was subjected to column chromatography

(3: I hexane/ EtOAc) to give 30 (642.0 mg,99o/o).

The lH and r3C NMR spectra of the product were consistent with the literature.aT

l(t e rÍ-Butoxy)ca rbonyll -imidazole (32)

ul-N

)-o
o'

Imidazole 3l (500.0 m9,7.34 mmole. 1 equiv.) along with (Boc)2o (3.2 g,74.6 mmole, 2

equiv.) and DMAP (90 mg, 0.73 mmole, 0.1 equiv.) were gror"rnd together for 2 h. The

oil mixture was then washed fì'om the glass beads and glassware using EtOAc. The

solvent was then evaporated and the residue r.r,as subjected to column chromatography

(3:l hexane/ EtOAc) to give 32 (1.17 g,95o/o).

The lH and l3C NMIì spectra of the product were cr¡usistent with the literature.as

100



10. References

I Miescher, F. Hoppe-Seyler's MerJ. C'hem. (Jnters. Lg7l.44l.

2 Altman r, R. Arch. Anat. (J. Physiot. Abt. lBBg- 524.

3 Kossel. A. Arch. Anat. U. Physiol. Abt. lï9l,l|l.

o Michelson, A. M. The Chemistry o/'Nztcleosicles' ancl Nucleotide.r, Academic Press,

London, 1963.

s Leve,re, P. 4.. Jacobs. W. A. Ber. 1909,42,2474-2478.

u Fox, J. J.; Wempen, I. Ath:. Carbohydr. Chent. 1959, 14,283-380 and references cited

therein.

7 Montgomery, J. A. ltletl. Re.¡. Rev. lgtl,2,27l-30g.

I Barresinoussi, F.; chermann. .1. c.; Rey, F.; Nugeyre, M. T.; chamaret, J; Gruest, J.;

Dauguet, c.; Axlerblin, F-.; Rozenbaum, w.; lVfontagnier, L. science lgg3,2z0, g6g-g71.

e Horwitz, J. P.; Chua, J.; Noel, M. J. Org. Chenz. 1964,29,2076-207g.

t0 De Cler. q,E. Aids Research anrl Human Retroviru,çes,l99l,g, 119-134.

I' De Cl.r. q,E. Nucleositles and Nt¿cleotides 1994, 13, l27l-l}g5.

't De Clercq, E.; Walker, R. T. Prog. Med. C.hem. 1986,23,lg7-21g.

'' De Cl.rc q,E. Med. Res. Rev.2005, 25, l-2A.

l0l



14 Buncel, E.; Stairs, R. A.; \\'ilson, H. The Role oJ" the Solvent in Chemical Reactions,

Oxford University Press, 2003.

15 Reichardt, C. Solvents and Solvent Effects in Orgattic Chemisrry,3'd ed.; Wiley-VCH,

2002.

r6 Smart, L.; Moore, E. SolirJ State Chemi,stry, an IntrotJuctiofl, 2nd ed.; Chapman and

Hall: London 1996.

r7 Anastas, P.T.; Warner, J.C. Green Chemistr¡'; Theory and Practice, Oxford University

Press, New York, 1998.

r8 Merrifield. R. B. Intra-Sci. Chent. Rept. l97l, i, I 84. 198.

'n 1a¡ Boldyrev, V. V.; Tkacova, K. J. lv[ater. Synth. Process.2000, 8, l2l-132. (b)

Fernandez-Bertran, J. F . Pure Appl. Chem. 1999, 7 I , 581-586.

20 Schubert, U.; Husing,N. Synthesis of Inorganic Materials,Wiley-VCH,2000.

tr Braga, D.; Grepioni,F. Angew. Chem. Int. Ecl. 2004, 43,4002-4011.

tt Se" for examples (a) Ariel, S.; Askari, S.; Schefïer, J. R.; Trotter, J. J. Org. Chem.

1989, 54,4324-4330. (b) Pokkuluri. P. R.; Schef-fer, J. R.; Trotter, J.; Yap, M. J. Org.

C.hem. 1992, 57, 1486-1494. (c) Cheung, E.; Kanf, 'f.; Scheffer, J. R.; Trotter. J. Chem.

Commun.2000, 2309.

t' Schmeyers, J.; Toda, F.; Kaupp. G. -r. Chem. Srsc., Perkin Trans. 2 lgg8, g}g-993.

2a Toda, F. Acc. Chem. Äes. 1995, 28, 480-486.

102



25 
1a¡ Rothenberg, G.: Downie, A.p.; Raston, c.L.; Scott. J.L. J. Am. Chem.soc. 2001.

123,8701-8708. (b) Raston, c.L.; scott, J.r.. Green chem.2000, 2,49-52.

26 scott, J. L.; Raston, c. L.; MacFarlane, D. R.; Teoh. c. M. Green chem.2000, 2,123-

126.

27 
1a¡ Rothenberg, G.; Downie, A. P.; Raston, c'. L.; Scott, J. L. J. Am. chem. soc. 2001,

123,8701-8708. (b) Renz, M.; Meunier,B. Eur.,I. org. crtem. 1999,4,737-750.

28 
1a; Rothenberg, G.; Downie, A. P.; Raston, c. L.; Scott, J. L. J. Am. Chem. soc. 2001,

123,8701-8708. (b) Toda, F.: Tanaka, K.; Iwara, S. J. Org. Chem. lggg, 54,3007-3009.

2e Toda, F.; Takumi, H.; Masafumi, A. J. chem. soc.. chem commun. lgg0.1270-1271.

30 Goud, B. S.; Desiraju, G. R..l Chem. Res. Synop. 1995, 244-245.

'' Epp, J. B.; Widlanski, T. S,I Org. Chem. 1ggg,64,293-295.

32 Nowak, L; Robins, M. L Org. Lett.2003,J. 3345-3348.

3'G.een", T. W.; Wuts, P. G. M. Protective (irct.t¡ts in Organic Synthesi,s 3rd ed.; Wiley-

vcH, 1999.

3o (o)Fumer, 
E.; Giese,B. Helvetica chintica Acta. 2003, 86,3623-3632. (b) David, c.;

Dae-Hwan, S; Xiaolin, H. Tetrahedron 2002. J8, 5789-5801. (c) Schirmeister, H;

Pfleiderer, w. Helvetica Chimic'a Acta. 1994.77, 10-22. (d) Makoto, u.; Kiyoshi, I.

Tetrahedron Lett. 1986, 27, 3907-3908.

3' Hrltin, P. G. Book 9, pp 34.2003 (unpublished 'uvcrk).

103



" (u) Cave, G. W.; Raston, C. L.; Scott,

Rothenberg, G.; l)ownie, A. P.; Raston. C. L.;

8701-8708. (c) Tanaka. K.; Toda. F. Chent. Rev.

16 
1a¡ Galeazzi,R.; Martelli, G.; orena, lr4.; Rinalcli, S.: Sabatino, p. Tetrahedron200s,

61,5465-5473. (b) Chen, S-Y.; Huang,Y.; Zhang, C-L.; Cheng, H.; Xia, C-e.; Ma, L-J.;

Yu, H.; Yu, X-Q. Synthesis 2005, ó, 888-892. (c) Sharma, G. V. M.; pendem, N.;

Ravinder R. K.; Radha Krishna, P.; Narsimulu, K.; Kunwar, A. c. Tetrcthedron Lett.

2004,4J, gg07-ggI0.

" Sik.hi, S. A.; Hultin P. G. I Org. Chent 2006 (manuscript accepted for publication).

J. L, C'hem. Commun 2001, l-25. (b)

Scott, J.L. J. Am. Chent. Soc.200l, 123,

2000, 1 00. 1025-1074.

3e Jones, R.A.; Gaffney, B.L.; Fan, Y. org. Lert.2004,6,2555-255i and, references

herein.

o0 
1u¡ Cole*an, R. S.; Siedlecki, J. M. Tetrctltetlron Lett. 1gg1,32,3033-3034. (b) Fenis,

J. P.; Devadas, B.: Huang. C.H.; Ren, W. \'. J. Org. Chem. lgBS, S0,747-754. (c)

Perlman, M. E.; Watanabe, K. A.; Schinazi, R. F'.; Fox. .1. J. J. Med. Chem.l98S, 28,741-

748. (d) Schinazi, R.F.; Prusoff, W. H. J. Org. C|hem. 1985,50, 841-847. (e) Wada, T.;

Mochizuki, A.; Higashiya, S.; J'suruoka, H.; Karvahara, S.; Ishikawa. M.; Sekine, M.

Tetrahedron Lett. 2001, 42, 921 5-9219.

o' Erion, M. D.; Reddy, K.R.; Boyer, S. H.; lvlatelich, M. C.; Gomez-Galeno, J.; Lemus,

R. H.; Ugarkar, B. G.; Colby, T. J.; Schanzer, J.; Poelje, P. D. V. J. Am. Chent. ïoc.2004,

I 26. 5154-sr63.

104



a2 Matsuda, A.; Shinozaki, M.; Suzuki, Nf.; Watanabe, K.; Miyasaka, T. Synthesis 1986,

38s-386.

o3 Sheu, C.; Kang, P.; Khan, S.; Foote, C. S. -I. Am. Chem. ioc.2002, 124,3905-3913.

oo Snip, E.; Koumoto, K.; Shinkai, S. Tetrahedron 2A02, i8, 8863-8873.

os Ogiluie, K. K. C.an. ,1. Chetn. 1973, 5 I ,3799-3801 .

oo Ogil'ni., K.K.; Schifman, A.L.; Penney, C.L. Cen J. Chem.1979,57,2230.

ut 
1u¡ Harun, I.; Marinelli, E. R.; Lin, L-C. C.; Fowler, I'. W.; Levy, A. B.l Org. Chem.

1981, 46, 157-164. (b) Roy, S.; Gribble, G. W. Tetrahed.ron Lett. 2005, 46, 1325-1328.

a8 Barcelo, G.; Senet, J. P.; Sennyey, G. .1. Org. Chem.1985, 50, 3951-3953.

105



NMR Specfra

feñ-Butyl N6,/V6-bis(feñ-butoxycarbonyl)-2',3'-O-isopropylideneadenosine-5'-carboxylate (10)
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Nu, ruu-b i s ( feñ- B utoxyca rbo nyll -2',3',5'-tri -O-a cety la d e n os i n e ( I 9a )
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SpinWorks 2.5: boc reaction with acylated adenosine (after purification)
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ru6,/V6-bis(feñ-Butoxycarbonyl)-2',3',5'-tri-O-(felf-butyldimethylsilyl)adenosine (19b)
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Â16,ru6-bis(fert-Butoxycarbon yll-2',3'-O-isopropylidene-5'-O-acetyladenosine (19c)
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tt/6,/Vu-bis(Úeñ-Butoxycarbon yll-2',3'-O-isopropylidene-5'-O-(tert-butyldimethylsilyl)adenosine (19d)
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Âf6,/V6-bis(feñ-Butoxycarbonyl)-3',5'-di-O-acetyl-2'-deoxyadenosine (l9e)
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,V6,^/6-b¡s(úerf-Butoxycarbonyl)-3',5'-di-O-(felf-butyldimethylsilyl)-2'-deoxyadenosine
(1ef)
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ruÉ,¡f-n¡s(felf-Butoxycarbon yll-2',3',i'-tri-O-(ferf-butyldimethylsilyl)cytidin e (21a!
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SpinWorks 2.5: C13CPD256 CDCI3 u hultin2 1
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lVÉ,lVl-O¡s(ferf-Butoxycarbonyl)-3',5'-di-O-acetyl-2'-deoxycytidine (21c1
SpinWorks 2.5: PROTON CDCI3 u hultin2 3
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SpinWorks 2.5: C13CPD256 CDCI3 u hultìn2 3
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^l,rUÉ-b¡s(felf-Butoxycarbonyl)-3',5'-d 
i-O-(teft-butyldimethylsilyl)-2'-deoxycytidine (22b1
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N2,N',C.6-tris(úelf-Butoxycarbonyl)-2',3',S'-tri-O-acetylguanosine (23a)
SpinWorks 2.5: PROTON CDCI3 u hultin2 1
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SpinWorks 2.5: C13CPD256 CDCI3 u hultin2 1
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N2,N2,C.6-tris(ferf-Butoxycarbonyl)-2',3',5'-tri-O-(felf-butyldimethylsilyl)guanosine (23b)
SpinWorks 2.5: PROTON CDCI3 u hultin2 1
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N',N2,C.6-tris(Íeñ-Butoxycarbonyl)-3',5'-d¡-O-(felf-butyldimethylsilyl)-2'-deoxyguanosine (23c)
SpinWorks 2.5: PROTON CDCI3 u hultin2 1
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flle: Cr\Docurenls and Settings\Siddarthl\Desktop\NñlR\Sasl I l_8'1 \3\f id

lransmtler freq.: 300 131853 N4l-¿

ûre doroin sizei 65536 poínls

wdth: 6172.84 l-Þ = 20.567092 ppm= 0 C)94190 Føpt
nurber of scans: 16

freq. of 0 ppm æ0.130006 ¡¡41-t

processd size: 32768 complex potnts

LB: 0.000 æ: 0.0000
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IV6, /V6- b i s ( ferf- B u to xyc a rbo n y I ) a d e n o s i n e ( 2 6 a )
SpinWorks 2.5: PROTON CDCI3 u hultin2 1
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fller C:\Docurenls and

tansmtler keq.: æ0. 131853 l\¡l-t
tiæ doroin size: 655æ points

hidlh: 61 72.84 l-L = 20.567092 ppm = 0 094 190 l-¿/pt

nurber of sans '16

8.8 B0 7.6 7.2

64\8\fid e¡çl: <2930>

6.8 6.4 b.u 5.6 5.2 4.8

Íreq. of 0 ppm 300.'130006 ¡,,11-ù

procesd size: 32768 corplex points

LB: 0.000 GB:0.0000
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SpinWorks 2.5: Cl3CPD CDCI3 u hulïin22

ov$o@N@r$o@o9q\ü?
NroO

r-f t- |

Tlt

@

oq

I

oo
@
@
o
N

I

OH OH

gq @ @ @6NOSN @o @ V TNNSOo @6 O ó SrrO@O-. c? q lcqqqoq 0q
: N S NN@@qr NO @ @ NNNNNT @

flle: C:\Dæurenß and Setf ngs\Sidda¡lh1\Desktop\N]VR\Sasljl_64\9\fid ept <zgpg3o>
kansntter ffeq : 75.4'læ2OMln
tìre doruin size: 65536 pcinls

widf¡ 18432.39 I-Þ = zag 51 4902 ppn = 0 287359 H¿lpt

nurbs of sæns: 600

I \w¿¿

freq. of 0 ppm: 75.167749 Mtþ
præesæd size: 327æ cofiplex æinb
LB: 0.000 GB:0.0000
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/V6, /V6-b is( ferf-B utoxyca rbo nyl )-2'-deoxyade n os i ne (26 b)
SpinWorks 2.5: PROTON CDCI3 u hultin2 1

file: C.\Dæuænl.s and Setlings\Siddarthl\Desktop\l&4R\Sasilt_76\.10\fìd erpt <zg30>

tran*itter freq.: 300.131853 [¡lÞ
ùre doruin size: 65536 points

vidlh: 6172.84 FÞ = 20 567092 ppm : 0.094190 l-Þ/pl

nurber of sâns: 16

freq. of 0 ppm: 3CO 130006 ¡¡41-t

p.ocesed size 32768 corplex poinls

LB: 0.000 cB:0.0000
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M, ruø-n is( fert-B utoxyca rbo nyl )cytid i n e (2Ba)
SpinWorks 2.5: PROTON CDCI3 u hultin2 1
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file: C:\Docurents
lransmtter freq.: 300. 13'1853 N4l-Þ

lire domin size: 65536 poinls

wdlh: 6f72.84 l-Þ = 20.567092 ppm= 0.094'190 FÞJpt

nuròer of sæns: '16

11\fid elpl: <2930> keq. of 0 ppm: 300. 1 30006 Ml-12

præesed size: 32768 corplex poìnts

LB: 1.000 GB:0.0000
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SpinWorks 2.5: C13CPD256 CDCI3 u huttin2 1
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filer C:\Dæurents and Senings\Siddarlhl\Desktop\N¡,,lRSasllt_6n12\fd ept: <zgpg3o>
lransmtler freq.: 75 476020 Mlþ.
ljæ doro¡n sizet 65536 points

u,idh: 18832.39 l-Þ = 249 514902 ppm = 0.282359 l-øpt
nùrber of scanst 512
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freq. of 0 ppmr 75.46n49 Ml+.
præe$ed sizei 32768 corplex poinß

LBi 0.000 GB:0.0000
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nf, rua-n ¡s( fed-B utoxyca rbo nyl )-2'-deoxycytid i ne (2 g b)
SpinWorks 2.5: PROTON CDCI3 u huttin2 1

N(Boc)2
II \'N

llr-NÂo
HO-- 

il-o--l\ì_J
OH

PPM

file: C:\Dæurents and Setjngs\Siddarth'1\Desktop\Sasilt_78\3\fid ept: <zg30>
transritler fræ | 300.131853 l\¿11-Þ

lire domin size: 65536 poinls

widlhr 61 72.84 l-Þ = 20.567092 ppm = 0.094190 ÈÞJpt

nurber of sans: 16

freq. of 0 ppmi 300. '1 30006 ¡,4t-Þ

proce$ed sizei 32768 corplex poinls
LB: 0.000 GB:0.0000

138



SpinWorks 2.5. C13CPD256 CDC|3 u huttin2 1
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lile: Ci\DæurHts and
transritter freq . 75Á7æ20 MlÞ
üre Cæin size: 65536 ponts

wdlh: 18832.39 l-Þ = 249.514æ2 ppn = O.2B73S9 tþtpt
nurbtr of scans: 512
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freq. of 0ppm: 75.4ôn49Mlþ
præesæd size 32768 complex @inß
LBr 0.0CO cB: 0 00CO
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