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ABSTRACT

The general purpose of this study was to investigate

possible means of improving or simplifying nucleic acid synthesis.

One approach involved the use of alkylsilyl chlorides as
specific and stable blocking groups which could be readily
femoved under neutral conditions without affecting any other
functional éroups. Six different alkylsilyl chlorides were

prepared by the reaction of silyl chlorides with alkyl lithium

reagents. Their reactions with thymidine were studied to

determine their specificity. The stabilities of various alkyl-

silyl thymidine derivatives to acidic and basic¢ conditions were
tested. One 19ng chain alkylsilyl g#oup (t-butylmethyloctadecylsilyl)
was found to be stable enough to be potentially useful as é lipo~
philic handle for nucleic acid synthesis. Two other-groups

(triisopropyl silyl and tetfamethylene—g»butylsilyl) exhibited

an appreciable épecificity for the primary OH group of thymidine,
possessed high stability to both acidic and basic conditions,

and were readily removed by treatment with tetra-p-butylammonium

fluoride in tetrahydrofuran.
Another approach involved a series of unsuccessful nucleo-

philic displacement and oxidation reactions on the sulfide linkage

of 8,2'-thioanhydroadenosine.

The photochemical preparation of ‘dihydroanhydrouridine, a

possible precursor for dihydrouridine in RNA synthesis, was




accomplished by irradiation of 02,2'—anhydrouridine in aqueous

ethanol. Other photoproducts formed in the photoreaction included

isomeric ethanol adducts which were identified by n.m.r. and

mass spectrometry.
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Nomenclature in Q;ganésilicoﬁ'chgmié#f}

According to an "EditorialxReport on Nomenclatﬁre" in the
Journal of the Chemical Society95 when two or more different
substituents are attached to silicon, the rule of alphabetical
preferences applies in'néming the compounds. An example §f this,
given by Eaborn96 is the molecule CZHS(CH3)éSiC6H5—gthy1diEethyl—
phenylsilane. (This rule is not applied when it leads to
ambiguity.) -

96

The radical H,Si- is the silyl radical.

3

The molecules prepared in this study were named in the

following manner on theé basis of ‘the two preceding rules:

(3H3Sin methyldiisopropylsilyl chloride
MDIPSiCl
Gl N . .
i7. tetramethyleneisoprorylsilyl chloride
\T\ | TMIPSiCl |

methyloctadecylisopropylsilyl chloride
CigHzz JiCl
CH,

MODIPSiCl

C.H . t=—butylmethyloctadecylsilyl chloride
18737 $'C

TBMODSiCl
CHy

Only one alkylsilyl chloride was not named éccording to these




rules -

/Cl tetragethylene—g—hptylsilyl.chloride

!
>< TMTBSiCl

There were two reasone for this divergence.

To name it t-butyltetramethylenesilyl chloride (according
to the rules) would have given the molecule the initials TBTMSi,
which, when spelled out in conversation, is easily confused with
the TBDMSi group-(L—hufyldigethylsilyl) introduced by Corey75
end used by Ogiivie in his Work.79’80”

Secondly, it was felt.that since-the. tetramethylene
structure is a distinctiveﬂfeature,ef ﬁoth the molecule under
discussion and tetramethylene_isopropylsilyl chloride, naming
it.first would point out this»siﬁilarity between the two molecules.
Attention can be brought more clearly to the fact that TMIPSiCl
~and TMTBSiCl are homologous molecules when the same order of
naming is maintained in both molecules - "tetramethyleneisopropyl-
silyl" and'"tetramethylene—;—butylsilyl" iﬁstead of "t-butyl=-
tetrameehylenesilyl". Maintaining the same order clarifies any

discussion comparing properties of the two groups as well.




ALKYLSILYL BLOCKING GROUPS AND
ANHYDRONUCLEOSIDES IN SYNTHETIC NUCLEOSIDE CHEMISTRY

AND PHOTOCHEMISTRY .

INTRODUCTION

Following elucidation of the nature of the internucleotidic
bond (Figure I) in 19551, nucleic acid chemistry entered a new era
in which synthesis and sequence determination of polynucleotides
became the major thrusts of research. Most of the early work in

the chemical synthesis was done by Khorana while he was in

British Columbia and later at the University of Wisconsin.

FIGURE L

STRUCTURE OF THYMIDYLYL (3'+5') THYMIDINE (TpT) 4 §

Lhymine
deoxyribose
’ 0

phospho- - f HN CHg

diester 0—p=0 ‘

Linkage J

Y o N .
o] glycosidic




The Phosphbdiester Method of Deoxyribonucleic Acid Synthesis

The approach taken by Khorana for deoxyribonucleic acid
synthesis involved the joining of -a 5'-trityl (or monomethoxy-
trityl) nucleoside to a 3'-acetyl nucleoside—S'—phosphatev
through a phosphodiester linkage. This was brought about in -
the presence of a condensing agent such as dicyclohexylcarbo-

**in anhydrous pyridine

diimide or an arylsulfonyl chloride
(Scheme 1). Subsequent removal of the 3'-acetyl group of the
dinucleoside monophosphate left the molecule open for further

extension through a condensation reaction with a second 3'-

acetyl-5'-nucleotide.

SCHEME: 1

DIESTER INTERNUCLEOTIDE BOND FORMATION.

HO- P-O ' 3 0
K; i?’ ,,:"Z’;,;’Z:,,, 0-p=0
04 _po Th

7 acely/- z%y/n/e’z & - yfgr,'fy/—.
Siphasphale Zhymridt e

- OAc

S ityl-thymidylyl(-s)-
Flace 5‘5//- Z{ym e

<:>-N C-N—Q DCC

R@-SOCIZ =MS (R=-CHy ) -
B =TPS (R=-Cd_3)
, “CHx




There are a nupber of problems associated with the fhos—
phodiester approach to nucleic acid synthesis. Removal of . the
trityl group required acid conditions drastic enough to effect
hydrolysis of the glycosidic linkage of purine nucleosides

23,24 This was largely overcome by

(i.e. depurination occurs).
switching<to”the more labile mondﬁethoxytrityl groupzsand
by adding‘some pyridine to the acetic acid solution used in
the de—tr:itylatior;reactions.30’34 |

Secondly, condensationé in ﬁhe phosphodiester method
required increasinglyIlargef:excesséé of the incoming nucleotide
as the oligonucleotide chain increased in length in order to
maintain a reasonable yield at each conde'nsation.step.z6

Furthermore, because gach phosphodiester linkage is capable
of being acﬁivated'at eacﬁ‘condensation step, side reactions
tend to-reduée yields of the products‘and of the reclaimed
starting materiéls. for example, in a reaction between é thymidine
dodecanucleotide and a thymidine tetranucléotide, the desired
hexadeganucleotide was obtained in ZOZ yield, but only 237% of
the unreacted stafting material was recovered.Bz.By Qarying
the excess of nucleotidic material being added to the chain
"and by adjusting the amouné of cohdensing égent used, Khorana
was able to attain an optimal point Qhere a'high yield of con-
densation product was accompanied by minimal breakdown of poly-

'nuclgotide chains.zg’33

The observed cleavage of the internucleotide bénd31 and .

formation of unnatural C3'-C3' phosphodiester linkages32have

~




been postulated to. arise from the formation of pyrophosphate
linkages between phosphomonoesters and phosphodiesters31
(Schemé 2) or by the formation of aneutral triester resulting

from{the reaction between the phosphodiester bond and a nucleo-

side or a nucleotide containing a free 3'-0H group.32 (Scheme 3).

SCHEME 2

PYROPHOSPHATE FORMATION AND ITS POSSIBLE REACTIONS.

Th_ Th | Th Th

‘ fyrid/'n& .
2Tr TPT oee, MSwaS - ~O\§ ~OH 0L ,'O + : OH
Tro O e TrOd Po- O -
= 0O
TrTp + TrTpT | | 0-P-0 + or
. A . , ;
o = 0.
o OTr TH
OH




SCHEME 3

NEUTRAL TRIESTER FORMATION AND ITS POSSIBLE REACTIONS

- &,3 ié- a)zéyc{-ro féf/ﬂ?/d//ﬂe

-

TerTpT




Another difficulty with the phosphodiester approach to
DNA synthesis is the formidable task of separation and purifi-
cation of the desired polynucleotide in the presence of so

many possible side products. The system used was DEAE-cellulose

anion exchange column chromatogfaphy, a low capacity technique
which ie e%tremely time conspming. DEAE-cellulose chromatography
of the reaction mixture in the preparation of fhe dodecanucleeé
tide d—MMTrGinCAin(pCAn)B(pT)2pAszGinCAnpABZ required 125

hours (5 days) for-completion.zg

The‘Phosphotriester Approach to Deoxyribonucleic Acid Synthesis
| The triester approach to DNA synthesis was developed as

a meane of eveiding-ﬁany of the éroblems-aSSociated with the

diesterlapproach{ This new method, developed concurrently by

LeteingerSS and'Ecksteinlg, involvee the eondensation of a

nucleoside (or its 3'-acetyl derivative) with a S'ftrityl-

nucleotide whose ;‘—phoephate gfoup was protected either by

b

a A-cyanoethyl group or a trichloroethyl group.lg(See

Schemes 4 and 5.)

The resulting phosphotriester is completely neutral and
can be handled by silica gel chromatography, a teehnique with
- “much higher capacity and flow rate than DEAE-cellulose column

chromatography. This approach eliminates side reactions on the

internucleotide linkages and increases the solubility of the
oligonucleotides in anhydrous solvents (which was another pro-
blem in the diester synthesiSZB). These factors have the effect

of maintaining reasonably high yields in the condensation reactions




" - SCHEME 4

PHOSPHOTRIESTER SYNTHESIS WITH THE CYANOETHYL GROUP

8H20H2<:N
Th kl ‘>|
TI"O l ; O ; l pyr:o’ne

oFo O
K‘ ,; ”“T”,Zé’f OP-OCHZCHZCN

OH OH 'l ;: :i

SCHEME 5

 PHOSPHOTRIESTER APPROACH WITH THE TRICHLOROETHYL GROUP

| : Tro
: (C)H,ZC Clz k 7\
T : 0. Th ,

) Tr‘o O h O""‘P'O yrid’f?)e O '
K 18 K 7‘-‘&‘—‘*(}-#~00H20013h

o1
oH OAc O_Q




without requiring. the use of increasingly larger excesses of
nucleoside as stepwise synthesis progresses. -Contrary to
Khorana's assertion that the yields at each phosphotriester
condensation would have to be close to 100% in order to separate
reaction components on 5111ca gel no difficulties were met

19 35 36
in the triester synthesis of TprTpT TpTpTpTpT
d-ApApApX (X =.A, 6, T, C, or I) or the nonaribonucleotide

GpCmpUpCpApUpApApC38

\Blocking Groups in Diester DNA Synthesis

The blbcking groups associated with phosphodiester synthesis
were an acid—iabile group (trityl, monomethoxytrityl) for the
5'-hydroxyl group of the initial nucleoside plus a base;labile'
gfoup (acet&l) on the 3'~0H:position of the incoming nucleotide.
Depurinations which accompanie@ de~tritylation reactions in
aéidic conditions were largely 6vercome by use of the more labile
methoxyﬁrityl group25 and by the addition of pyridine to the
_acetic acid solution.30 Alkaline conditions which were used to
remove acetyl groups prior to-each nucleotide addition had no
effect on the N-acyl profecting grbups on adenosiné, guanosine
and cy;idine.26 Such N-acyl groups could be Eleaved by freat-

. . 26
ment with concentrated ammonia.

N
</ 
- N— _
| | N

dR o dR . :-dR

NH
NHCR

A eyytidsme d-adenosing a"‘yaanasfnz
/M’Q‘y/) ) (/.V"d(y/) ’ (/l/—aoy/)
FIGURE 2 - THE STRUCTURES OF SOME N-ACYL NUCLEOSIDES




Hydroxyl Blocking Groups in Triester DNA S&nthesis

In the triester approach to DNA synthesis, the acid-labile
methoxytrityl group for the 5'-0H posifion of the initial
nucleoside'ié compatible with a base labile 3'-acetyl group and
bothbthe trichloroethyl and/@—cyénoethyl groups. The trichloro-
ethyl group requires reductive cléavage brought abput either by
Zn dust in 807 aceticacid19 or by Zn/Cu in dimethylformamide7
while the cyanoethyl group is éleaved by ammonium hydr;)xide.35
The disadvanﬁage of the trityl group is that it is-cleaved by
adsorption én,silica gel (an aéidic.medium) for several houré%l
and silica gei chromatography is one of the advantageous
aspects of the triester approach to DNA synt;hesis..35 Thus a
desirable blocking groupvfor the 5'-hydroxyl position of the
initial.nucleoside'would be a selegtive-(bulky) group which
would be'stable to both acidic -and basic conditions.

The alkali-labile 3'-acetyl group is compatible with an
acid—labiie'S'-blocking group, wifh N-acyl blocking groups
(whicﬁ are removed by ammonia at the end of polynucleotide
synthesis) and with thg‘trichloroethylphosphotriester, but not
ﬁith the/3—cyanoethy1phosphotriestef, which is cleaved by
basié'conditions.22’3§

-The/e—ﬁenzoylpropionyl group (PhCOCHZCHZCO) was suggested
as a possible blocking group for the 3'-position 'since it
can be removed under neutral conditions - hydrazine hydrate

in pyridine buffered with acetic acid.28'It was foﬁnd, however,

that these conditons were also effective in cleavage of N-acyl

-




groups.64 A suitablé blocking group for the 3'- position of
a nucleoside—S'—ﬂlcyanoethylphosphate would be one which could
be removed undér neutral»cénditions without affecting the acid
labile (or acid- and base-stable) 5 blocking group, the N-acyl
blocking grqups, the/é—cyanoethyl group or the glycosidic
lirkage of N-acyl purine nucleosides.

Another poSsible alternative would be to use a bulky
base-labile group for the 5'-position such as the pivaloyl group

- (CH.,).CCO- together with a group on the 3'-position which
g group P

3)3
could be removed under mild enough acidic or neutral conditions
which would not affect ahy other part of the oligonucleotide.
Such an arrangemnent would be compatible Qith N—acyl groups

since they could bé removed all a£ once'(along with the/?-cyéno—
ethyl groups if théy were. used) at the end of the polynucleotide
synthesis.‘

Hydroxyl Blocking Groups in Phosphodiester RNA Synthesis

Ribonucleic acid synthesis is pomplicated by the presence
of a secondary 2'-hydroxyl group. The diester approach to RNA
synthesis involves condensation of a 2',5'—blockea ribonucleotide
with_aIZ',B'—blocked ribonuc:leosic.ie:.l'sz_185 Extension of the
polyribonucleotide chain was effééted by removal.of the 5% .
blocking gr;up of the resulting dinucleoside monophosphate
followed By condgnsatioh with another 2',5'-blocked ribonuc-

27,184-186 | '

leotides Since repeated removal of the '5-blocking

group is required for this approach to RNA synthesis, it must be

Coewt
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whose removal does not affect either the terminal 2',3'-blocking

groups or the 2'-blocking group.

SCHEME 6

,PHOSPHODIESTER POLYRIBONUCLEOTIDE SYNTHESIS
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FIGURE 3

BLOCKING GROUPS USED IN NUCLEIC ACID SYNTHESIS
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An acid-labile 5'-blocking group such as the methoxytrityl

group would preclude use of such acid-labile 2',3'-blocking

groups as the p—anisylidene,ﬁs’183 methoxymethylene,184’187

188,189 .'dimethoxymethylene,lgo and perhaps

even the more stable benzylidene191 and isopropylidene192

183,193

ethoxymethylene,

groups. Acid-labile 2'-tetrahydropyranyl and methoxy-

tetrahydropyranyl groups would also be incompatible with. the

methoxytrityl group.195 Base-labile groups such as the 2',3'-

27 196 50,197

dibenzoyl, 2',3'-diacetyl, and 2',3'-cyclic carbonate

could be used instead at the terminal rnucleoside while the
base-labile groups like the acetyl would occupy the 2'-positions
along the-oligoribonucleotide chain. The difficulty with the

~

acetyl group is that it is quite labile under normal conditions

198,199 and any octher acyl

of DEAE-celluose dhromafography,
- groups might provide steric interférence for phosphorylatién
" and condenéation réaétions involving the 3'-phosphate group.
Hence, an acid- and base-stable blocking group for the 2'—A‘
position would be desirable for this approach to RNA synthesis.

Using a base-labile 5'-blocking group such as the acetyl

'group which could be removed with dilute alkali without affecting

N-acyl groups 26 would allow use of most of the above-mentioned
acid-labile 2'- and 2',3'-blocking groups except for those

(like isopropylidene and benzylidene) whose acid removal would

effect simultaneous 2'-blocking group removal of the other nucleo-
- tides in the molecule,_leadiﬁg to phosphoryl migration to form

unnatural 2'-+5'-phosphodiester 1inkages. The danger of phosphoryl

-




migration is always present when the 2'-protecting groub must
be removed under acidic conditions. Reese128 claimed that

the tetrahydropyranyl group can be removed using acid condi-
tions mild enough such that phosphoryl migration does not take
placé.

Other bossible 5'-acyl blédking groups include the pivaloyl
and triphenylmethoxyacetyl (trityloxyacetyl)176 groups, but
these suffer froﬁ the disadvantage‘that théir removal in the
appréach described in Scheme 6 (page 11) would result in fhe’
cleayage of N-acyl groups és'well.177’186

Taking these factors into consideration, one can see that
it would be an advantage to have a 2'-blocking group and a
2',3'-blocking group which wefe stable in acid and base, but
'wﬂich could be removed under neutral conditions without
gdversely affecting any other parts of the molecule.

.All the disadvéntages for diester synthesis of DNA apply
equally as well for the diester synthesis of RNA. Significant
recent progresé has been made in tﬁe triester approach to

polyribonucleic acid synthesis.

Triesﬁer Approach-to Polyribonucleotide Synthesis

.The foregoing discussion on.blocking groups in the diester
éynthésis of polyribonucleic acids applieg to the triester
approach using ;he trichloroethyl.phosphotriester. The trichloro-
ethyl group is not affected by acidic or basic conditions and

its removal at the end of a synthetic series by Zn/Cu in DMF

£

200




at 50°C would have no effect on the other blocking groups. Its
removal by Zn dust in 807 acetic acid might bring about partial
removal of any trityl or tetrahydropyranyl groups present in

the qolecule. Since acetic acid catalyzes phosphoryl migration198

a small amount of 2'»5'linked product may be formed in the event
that the'2';position is déblocked prior to TCE re@oval.

The use of the‘ﬁ—cyanoethyl group, howgver, introduces
the additional limitation that the 5'-protecting group tif it

is to be removed to permit elongation of the polyribonucleotide)

must not be removed under Basic cohditions, as these would

also remove the cyanoethyl group. Wifh the,ﬂ—cyanoethyl group,
then, one is limited to groups for the 5'—positionvwhich are
labile to mild acid orxr whicﬁ can be removed under neutral
conditions (preferrébly the lattér, which would avoid complica-
tions afisiﬁg from blocking group reﬁoval by silica gel). Since §
the only selective écid—labile group, the trityl group.(or its

methoxy derivative) is ruled out for the triester synthesis

because of its lability in silica gel, 1 one would do well

to find a selective blocking group which could be readily

removed under neutral copditions which would not affect any other

-

part of the polyribonucleotide.

Werstiuk and Nielson have taken a slightly different

approach to the triester synthesis of polyribonucleotides.
Instead of a 2',3'-blocked ribonucleoside, they used a 21blocked
ribonucleoside in a reaction with a 2',5'-blocked nucleotide,

relying on the steric interference of the 2lgroup of the former
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and the bulkiness of the activated phosphate group of the latter
to ensure specific 3'-5' Qondensation.195 Thus, 5'-trityloxy-

acetyl-2'~tetrahydropyranyl-uridine-3'-phosphate (trichloroethyl)
was allowed to react with 2'—tetrahydrépyranyl—N6—benzoyladenosine
in pyridine in the presence of triisopropypbenzenesulfonyl
chloridé (TPS) to. give the desired coupled product 5'-Trac-

'2'—THP—UprEABZ(2'—THP). (Scheme 7) Phosphorylétion of the

SCHEME 7

NIELSON'S APPROACH TO PHOSPHOTRIESTER POLYRIBONUCLEOTIDE
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3'-hydroxyl of the product using trichloroethylphosﬁﬁaté and
TPS in pyridine followed by coupling with a dinucleotide with
free 5'- and 3'- hydroxyl groups, a tetranucleotide with the
desired 3'+5'- linkages was obtained in 93% yield.195 This
method differs fron the conventional approach to RNA synthesis
in thatlcéndensations proceed in the same direction as in DNA
synthesis. The difference is that a polyribonﬁcleotide—3'1
phosphate coﬁdeﬁses with a.freé 5'hydroxyl group while a
polydeoxyribonucleotide—3;—hydroxyl group condenses with a
deoxyribonucleoside—s;—phosphate.

In Nielsoh's method, préparation of dinucleoside mono-
phqspahaté blocks requires removal of tHe trityloxyacetyl
vgroups'and this has Been found to effect N-acyl cleavage.177
An effective blocking group for this approéch to triester
.RNA éynfhesis would be évbulky, selectivéAmoiety which could
ﬁe readily removed under neutral éonditions without.affecting

any other part of the oligonucleotide.

Blocking Group Needs in Nucleic Acid Synthesis

To summarize the blocking group needs for nucleic acid
synthesis as suggésted in the preceding discussion, then, the
following would be helpful:

1) A selective blocking group which is stable to both
acidic and basic conditions for the 5'—position‘of the initial
nucleoside in triester deoxyribonucleic acid synthesis.

2) A blocking group for the 3'-position of deoxyribonu-
cleosides which could be removed under mildly acidic or neutral
‘conditions in triester DNA synthesis without affecting any other

part_df the molecule.
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3) An acid- and base-stable blocking group for the 2'-
position of ribonucleqsidesAin the diester and triester
approach to RNA synthesis.

4) A 2',3"'-blocking group which is stable in acid and
base but which can be removed under neutral conditions.

5) A selective 5'-blocking group which could be readily
removed under neutral conditions without affecting any other
part of the molecule in the.triester synthesis of polyribo-

nucleotides.
This thesis describes research directed at developing

such blocking groups.

Nucleic Acid Synthesis on Polymer Supports

Because'of the potential that the method holds for elim-
inating time-consuming purification steps, the polymer éupport
épproach to nucleip acid synthesis has been explored by a
_pumber of researchers. Based om Merrifield's polymer support

39’40‘the approach immeasur-

method for.polypéptideAsynthesis,
ably simplifies separation of products from reactants - one
merely collects the insolulbe polymer from the reaction mixture
Ey simple filtration or first precipitates out the soluble
polymer (thére are the two types) by pouring the reaction
mixture into water.'Polymers that have been studied for use

in polynucleotide synthesis include aAstyrenefdivinylbenzene
popcofn polymer,41 polystyrene,42 silica,43 sephadex LH 20,44
polyethylené glycol,45 polyuridylic acid for preéération of
polyadenylic acid,46 poly-L-lysine hydrobromide,47 and a co-
polymer of vinyl acetate and N-vinyl pyrfdlidone.48

' None of these‘polymers ha&e found extensive application

-

~




in oligonucleofide-synthesis. This is principally because the
entire success of the polymer support synthesis depends on
obtaining complete reaction at.each and everf step. Although
many different phosphorylating agents have appeared in the

1iterature,2’5-20

nucleotide condensation reactions as developed
at this time are not 100% efficient. For the present, this
effectively precludes a totally efficient synthesis of nucleic

acids on conventional polymer supports.

Lipohilic Handles for Nucleic Acid Synthesis

‘There is, however, another approach possible which may
have some of the advantages of polymer support synthesis and
which ﬁay, at the same time, cbmpénsate.for the-present inef-
fiéiency of internucleotidé bond formation by rendering the
oligonucleotide sufficienfly soluble for purification by silica
gel chfoma£ograph§.»By building up a polynucleotide 6n a molecule
which contained a long alkyl side chain, one should be able to
separate the lipophilic pdlynucleotide (triester) molecules
from the rest of the reaction mixture by precipitation'in an
adﬁeous medium and/or simple filtration. The desired mOlécule
containing N+1 nucleotides might then be separatedlfrom tﬁe
unreacted starting material containing N nucleotides By silica
‘gel chromatography. This doctoral thesis addresses itself in
part to development of such a lipophilic 5'—b16cking group

which could be used for polydeoxyribonucleotide synthesis.




A Novel Approach to Ribonucleic Acid Synthesis

As'mentioned previougly, ribonucleic acid synthesis 1is
complicated by the necessity to block the 2'-hydroxyl group
in order to ensure the specific linkage of a 3'-hydroxyl
group to a 5'-hydroxyl group through a phosphodiester bond.
A novel'aéproach to RNA synthesis could circumvent the inter-
ference from the 2'-hydroxy1 group by removing it tgmporapily
from the molecule. Anhydfoﬁucleosidéé whose 2f—pbsitions are
taken up with an extra-co?aient linkage Via 2 bridging atom to
‘the purine or pyrimidine base could act as such molecules of
conﬁenien;e. Using methods developed in DNA synthesis, a poly-
anhydrdnuéledtide of the desired sequenée might be synthesized;
followed by reaction(s).td regenerate the 2'—hydroxyl gfoup to
- produce a polyribonucleié acid. A number of such 2'-anhydro-
_ﬁuéléoéides with O, S, ér N bridging afoﬁs have been synthesized:

2,2';S-anhydrothymidine,492,2‘—0fanhydrouridine,50‘2,2'—O—an—

1,52 2,2'-—‘0—anhydro—5,6—dihydrouridine,53 8,2'-

hydrocytidine,
) . 54 . ) 55 o o,
O-anhydroadenosine, 8,2'-N-anhydroadenosine, 8,2'-S~anhydro-
adenosine,57 8,2‘—S—anhydroxanthosihe,57‘and 8,2'-S-anhydro-
inosiné.
Although an arabinonucleoside results from acid or base

51,59 treatment

hydrolysis of anhydropyrimidine nucleosides,
Qith sodium benzoate and benzoié acid in refluxing dimethyl-
formamide generates a giggnucleoside.Go (Scheme 8). Thus it
appeared that &t least the anhydropyrimidine nucleosides could

be used for this novel approach to ribonucleic acid synthesis.

Information as to similar reactions with anhydropurine
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SCHEME 8

DISPLACEMENTS ON ANHDRYOPYRIMIDINE NUCLEOSIDES

o
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wiidine : N H P N
- OH OBz . OH OH
. Zl'benzqy!, widdine wiidine
nucleosides is scarce. Treatment of 8,2'—O~anhydroadenosine

with acid gives 8-oxyarabinoadenosine while reaction with the
bénzoate'ion 1eads;to the formation.of 8—0xyadenosin’é.54
(Scheme g9) While removal of the oxygen atom of the latter

product to give adenosine might be possible by»heéting the

molecule with zinc dusé?'iﬁ is unlikély that a polynucleotide

SCHEME 9

DISPLACEMENT REACTIONS ON 8,2'-0-ANHYDROADENOSINE
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containing 8-oxyadenosine could withstand such treatment.
The use of 8,2'-0-anhydroadenosine as a "molecule of

éonvenience' for RNA synthesis is thus severely limited by
the difficulties involved with fhe removal of the 8-oxy
gfoup.

The nucleophilic displacement reactions on 8,2'-N-
anhydropufine% by analogy to the 8,2'—O—anhydropurings,-would be
expected to lead to the formation of either 8-aminopurine
nucleoside or 8—0xy?2"amino—2'—deoxyarabin§ purine nucleoside
(SchémelO). Subsequent reactions to remove the amino group
of either molecule would also adversely affect the amino
functioh of any adenine, cytosine ér guanine ring present
in the polynucleotide. This then severely limits fhe use

of 8,2'-N-anhydropurines in the novel approach to ribonucleic

acid synthesis.

SCHEME 10

HYPOTHETICAL DISPLACEMENT REACTIONS ON 8,2'-N-ANHYDROADENOSINE
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Nucleophilic-displacement reactions on 8,2'-S-anhydro
adenosine with acid and base had been attempted without much

success.'62

However, it was felt that it would be ﬁseful to
exploﬁe the possibilities of diéplacements with other nucleo-
philic reagents on 8,2'-S~anhydroadenosine and other 8,2'-S-
anhydropurine‘nucleosides. If conditions for such a displace-
ment Werevfound, one of the‘possiblé products of such a
reaction'would be 8-thioadenosine. The sulfur atom of this
molecule could be readily removed by Raney ﬁickel treétment

to giﬁe adenosine (Scheme 11). “Consequently, the object of
one of the studies of this thesis was to subject 8,2'-S-
anhydroadenosine to a variety 6f>nucleophilic and oxidation

reactions in an endeavour to convert that purine anhydro-

nucleoside into a ribonucleoside.

SCHEME 11

HYPOTHETICAL DISPLACEMENT REACTION ON 8,2'—S~ANHYDROADENOSINE
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A New Photoreduction System?

" During the course of an investigation on the photodimeri-

zation of 3',5'-—diacety1-2,2‘—O—anhydrouridine?3 it was found that
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irradiation of thig moiecule dissolved in an aqueous solution
saturated with chloroform led to the appearance of the
dihydfo—derivative of this modified nucleoside. Nucleophilic
displécement on dihydroanhydroufidine (or its diacetylated
derivative) with the benzoate ion might be expected to lead
"to the formation of dihydrouridine. Dihydrouridine is one
of severai modified nucleosides which is fqﬁnd in naturally-
occurring RNA species. Acid or base hydrolysis of dihydro-
anhydrouridine might lead to the syﬁthesis of dihydroarabino-:
uridiﬁe, a moleculé which had not been previously prepared,
Curious as to the role that chloroform played in the photo-
reductién and encouraged by thé potential usefulﬁess of the
resﬁlting photoproducts, a-more extensi&e study of this
photoreduction was attempﬁed.

'Iﬁ summary tﬁen, research for this thesis has consisted
of three different, but interrelated projects:-

(1) The synthesis and investigation into the use of various
alkyl silyl chlorides as

(a) lipophilic handles for nucleic acid syntheéis and. as

“(b) acid and base stable blocking groups,removable in neutral

" conditions.
(2) Nucleophilic displacement reactlors and ox1dat10ns on
8,2'-S~anhydroadenosine

(3) The investigation into the photoreduction of anhydrouridine
in aqueous solution saturated with chloroform.




RESULTS AND DISCUSSION

PART A - ALKXYLSILYL BLOCKING GROUPS IN NUCLEOSIDE CHEMISTRY

. In the preceding discussion on blocking groups involved
in nucleic acid synthesis (pages 8 - 18), a need wés noted
for a selective 5'-blocking group which would be stable to
acid and Base but which could be removed under neutral conditions
which would have no adverse effécts on the.rest of the molecule.
Blocking groups for ;he secbndary hydroxyl groups in nucleosides
(3'-0H in deoxyribonucleosides, 2'- and 2',3'-0H groups in |
ribonucleosides) which would posses similar stability and
deblockiné properties were needed as well.

The ideal properties of a Sf—blockihg_group in nucleic
acid synthesis would.inqlude the following:

1) It can be easily introduced into the moiecule.

A2) ﬁhder certainbcdﬁditions, it cén be made to reéct
éelectively with ﬁhe 5"-hydroxyl gfoup of nugleosidés.‘

3) It should be stable under the reaction conditions to
whiéh the blocked nucleoside would be subjected (e.g. phosphoryl-
ation, acidic or basic medium) |

4) It should render the nucleoside soluble in aprotic
solvents (e.g. dry pyridine), thereby facilitating the reactions
and purification of oligonucleotides.

.5) it should be eésily remo?ed without affecting any other
parts of the molecule.

It was felt that such a blocking group might be found
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among a class of compounds known as alkylsilyl chlofides,

,for the following reasons:

D) Corey75’76and Ogilvié79’80

had shown that the t-butyl-

dimethylsilyl (TBDMSi) group could be easily introduced into

a molecule by reaction of the alcohol and t-butyldimethylsilyl

chloride in dimethylformamide in the presence of imidazole.

2) Ogilvie’® found that a specificity of 82% for the

5'-0H group bf thymidine could be obtained by using thymidine,

silyl chloride and imidazole in the proportions 1:1.1:2.2 in

the reaction mixture. Increasing the bulkiness of the alkyl

substituents attached to the silicon atom might lead to higher

,selectivify for'the'érimary 5'-0H group;-

| 3) Thé TBDMSi group was found to be
reaction conditions79 which are found in
‘Bu£ ﬁas‘found to be rémo§ed by tréatmeht

on the steam bath’ for 15 minutes. It was

stable to various

polynucleotide synthesis,

‘with 80% acetic acid

felt that‘higher

stability to acidic conditions would be found in bulkier alkyl—

silyl groups.

4) Monosilylation of thymidine had rendered the nucleoside

sufficimwlysoiuble in aprotic solvents that its silyl ethers

could be isolated by silica gel chromatography in ether.

79

5) It had been shown that removal of the TBDMSi group

could be effected by treatment of the silyl ether with

tetra-n-butylammonium fluoride in tetrahydrofuran.76 Ogilvie

reported that these conditions had no adverse effects on the




A/B—benzdylpropionyl group or on acid- or base-labile groups

in general.

In the search for a selective
the field of alkylsilyl chlorides,
of the éoﬁpounds prepared could be

secondary hydroxyl groups and that

5'-blocking group in
it was found that some
used as well to block

others provided examples

of blocking groups which might be usedas lipophilic handles

for polynucleotide synthesis. A blocking group for the

2',3'-cis glycol system of ribonucleosides was also sought

among the class of compounds known as alkylsilyl chlorides.

vDevelopment of Trialkylsilylation Reactions on Alcohols

"The earliest example of trialkylsilylation is that

of Sauer66 in 1944, who described the reaction of trimethyl-

silyl chloride with methanol and ethanol in ether. The

trimethylsilylationof alcohols, amines, amides, acids and

phenols has since been frequently_performed in the preparation

of volatile silyl ethers for gas chromatography and mass

67
spectrometry.

CHz

ether

CH

CH3CHoOH + CHySi=cl
. . cn43

3%°amine

W
> CH3CH,05i-CHy
CHs
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Other trisubstituted silyl chlorides prepared previously

include triisopropylsilyl chloridé,68 triphenylsilyl chloride,69

tricyclohexylsilyl chlotide7o and tri-l-naphthylsilyl chloride.71

Their reactions with alcohols and with water were studied in

various'solvents72’73 and it was found that rates varied

greatly, being in the order methanol>ethanol>>2-propanol.
The addition of small amounts of pyridine drove the silylatioﬁ
reactions to completion, as pyfidine reacts with the hydro-

.chloric acid formed in the reaction, thereby preventing acid

hydroly51s of the silyl ethers being formed.

Corey has described the use of dlmethyllsopropy131lyl chlorlde7
~and the morg stable dlmethyl E—buty181lyl chloride 75 ( Figure
4) in pfostaglandin synthesis. Usiﬁg imidazole as a catalyst

and dimethylformamide as a solvent, Corey obtained t-butyl-

dimethylsilyl (TBDMSi) ethers in high yields under mild

conditions.76 _(éﬁheme 12)

FIGURE 4

STRUCTURES OF COREY'S ALKYL SILYL CHLORIDES

. CH, | H3‘|3 ?Hs
H3\CHS:C! CH3—-—C——Ti Cl
ot b, |
| : HSC CH3
1 ' | 2
duwethJLAop&opjﬁéAﬁyﬂ £-butyldimethylsilyl
chlonide chlornide

(DMIPSiCL) N (TBDMSLCE)




SCHEME 12

SILYLATION OF PROSTAGLANDIN SUBSTRATES

GH,OCH, - GH,0 CH,f
. - ' |
0 OH + .-i—%,;ox dnddazole 5, O osla -+
3 4

Corey also discovered that the silyl ethers are cleaved

‘rapidly to alcohols by treatment with tetfa—g—butyl ammonium

fluqride in tetrahydrofuran at 25°C. (Scheme 13) A.mechanism

SCHEME 13

CLEAVAGE OF Si-0 BOND BY TETRA-N-BUTYL AMMONIUM FLUORIDE (5)

TR S

Si—+— -+vv«/ ~ —HE s : OH

| Q

4 5 3

for this reaction was not given, but it would presumably involve
nucleophilic attack (SNZ—Si) on the silicon atom by the

fluoride ion to form a Si-F bond, as the silicon atom forms its

77

strongest bonds with fluorine. ~Although not mentioned in any

of Corey's papers, a proton source is required to convert the
tetra-pn-butyl ammonium salt of the alcohol back to the alcohol.
Silica gel used for chromatography could act as a source of

such protons. Participation of silicon's 3d orbitals could
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SCHEME 14

SUGGESTED MECHANISM FOR Si;O CLEAVAGE WITH (ﬁBu)4 NF (5)

§iF

lower the free energy‘of the SNZ—Si transition state and

thereby contribute to the speed of the reactic’;n,78 which takes

Place in 40 minutes or less.76

The TBDMSi ethers were stable to aqueous or alcoholic

76

base, to hydrogenolysis and to mild chemical reductien.

Fﬁrthermore, the TBDMSi derivatives were found to be crystalline

and suitable for gas chromatography and mass spectral measure-~

ments.,

was used for the protection of hydroxyl functions of nucleosides.79’80

SCHEME 15

Shortly following Corey's Publications, the TBDMSi group

REACTION OF I- BUTYLDIMETHYLSILYL CHLORIDE WITH DEOXYNUCLEOSIDES
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to normal conditions'ofPhdSPhorylationsO—acyl cleavage (9 M
ammonium hydroxide or 157 ammonium hydrpxide in ethanol) and
N-acyl -cleavage (hydrazine in acetic acid and pyridime). It

could, however, be removed by strong base (0.5 N sodium

hydroxide), by mild acid (807% acetic acid) and by tetra-n-butyl
ammonium fluoride in tetrahydrofuran. Removal by tetra—g~buty1
ammonium fluoride did not affect any of the other protecting

groups on the nucleoside. However, removal of a trityl group

.with 80%Z acetic acid would also result in removal of the

TBDMSi group. The TBﬁMSi ghloridé was found to react preferentially
with hydroxyligroups and not with amino groups, and the specificity
the reagent for the 5'-hydroxyl function was 82%. This was mnot

as High as one would ideally require for an excellent blocking

_group. Consequently, the synthesis of a series of trialkyl

silyl chlorides and the testing of their specificity and stability
by reactions with thymidine were initiated in order to find -the

ideal Blocking group for nucleoside chemistry.

Lipophilic Handles for Polynucleotide Synthesis

The Methyloctadecylisopropylsilyl Group
The first molecule to be prepared was one which was

designed to be used as a lipophilic handle for nucleic acid

synthesis - methyloctadecylisopropylsilyl chloride 6 (MODIPSiCl -
Fiﬁure“S ). It was prepared by the dropwise addition of

isopropyl lithium (8) in pentane to a hexane solution of octadecyl-
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methylsilyl dichlofide(Z). Both reagents were commercially

FIGURE 5

STRUCTURE OF METHYLOCTADECYLISOPROPYLSILYL CHLORIDE (MODIPSicCl)

Hs
CH3(¢ HZ)i6CHZ—S|1—CI
| /C*(
CH; CH

available at that time, but later developments required that the

o))

isoprbpyl lithium be pfepared in the laboratory. The progress of
the reaction was followed by éhe technique of gas chromatography-
mass spéctrometry (Gc/ms). Isdpropyl lithium Waé added in
poftions, the reaction mixfure allowed to stir for a few hours
and then a sample was remdved for analysis by gas chromatography-
_méss spéctrometry.‘ This was continued until GC/MS indicated that
all the starting material had been converted to products. (The
peak corresponding to starting material retention time had com-
pletely disappeared.) Filtration of the solution reﬁoved_the
li£ﬁium salts. High vacuum distillation (2—5 mm) atleleQated tem-
perature.(lQS-ZOOOC) of a portion of the filtered solution
yielded a viscous clear liquid which solidified at approximately
15°C to form a white waxy amorphous material identified as

methylodtédecyliéopropylsilyl chloride (6).

- The reaction of thymidine with 1.1 equivalents of the non-
distilled methyloctadecylisopropylsilyl chloride (6) and two

equivalents of imidazole in‘dimethylformami&é for two hours at




- 33 -

SCHEME 16

PREPARATION OF METHYLOCTADECYLISOPROPYLSILYL CHLORIDE(MODIPSicCl)

CHz | CHy
1eXan
s:or + (CHg),CHLI "% Gy 3781 cr + ucrd

QH 6
_z' | 8 CRy CHy ™

C H37

room temperature gave a 26% yield of 5!MODIPSi thymidine and a-
17 yield of 3YMODIPSi thymidine. The yield of disilyl thymidine

was not - determined, as it co-chromatographed with unreacted

—1

éilyl chloride on silica gel plates developed in ether. The -
5iMODIPSi ﬁhymidine was recrystallized from ethanol-water to give
a white'CryStalline material with a sharp:melting point at
74.5-75.5°C.  This molecule, as all subsequent silyl derivétiﬁes

of thymidine, was characterized by infrared spectroscopy, mass

s?ectfometry and melting point . Elemeﬁtal‘analyses‘were

performed on just the 5% silyl derivatives of thymidine.
‘Hydrolysis of the MODIPSi group on the primary hydroxyl of
thymidine by 807 acetic acid was complete after 10 minutes at room

temperature. This lability to acid'parallels that of the dimethyl-

isopropylsilyl group, of which the MODIPSi group is a homologue.
Corey found that the dimethylisoprolesilyl,group was removed from

a secondary hydroxyl of protaglandin E2 by treatment with 75% acetic

acid at 35°C for 10 minutes.
In order to see whether the octadecyl side-chain might be

effective in bringing the nucleoside out of solution in a
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SCHEME 17

PREPARATION OF 5'MODIPSi THYMIDINE AND ITS ACID HYDROLYSIS

. |
| H o T C,GH,.,}S\E‘O o T
CaH.-S1Cl + imidazole §0% AcOH
18 37/K T TTo ik, 2
: : WO HO

6 -9 10

predominantly aqueous solution, some 5 MODIPSi- thymidine was
dissolved in pyridine and the solution poured into ice water.

A precipiate was formed immediately and a 92% recovery of the

'5'MODIPSi thymidine was effected. Thﬁs it was shown that a
‘nucleosidé attached to a long chain alkyl silyl groub could be
chromatographgd on silica gel and/or preqipitated out of an
'aqﬁeous,solution; Alfhough it wés stable té mild basic
conditions, the acid 1agility of the'MODIPSi group was a

‘disappointment. It wads somewhat surprising that replacing one

of the methyl grogps of the dimethylisopropylsilyl ether with an
octadecyl group did so little to increase its stability to acid.
The effect of the octadecyl group seemed to be very similar to

that of a methyl group. It was decided to take advantage of

this similarity by preparing several different alkyi'silyl groups
containing one methyl group, and testing the acid stability of
each such "model compound". Finding a group that was stable,

one would then synthesize a long chain alkyl homologue of it

using dodecysilyl trichloride as the starting material. Two

such models were the di-t-butylmethylsilyl and the methyldiiso-

ﬁropyléilyl chlorides.
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The Di-g-Butylmethylsilyl Group - a Model

It was felt that di-t-butylmethyl(or octadecyl)silyl
chloride would provide tﬁe most stable alkyl silyl ether
possible because of ‘t-butyl group bulkiness. (;_—Bu)ZSiCl2 had been made
previouslys-1 and it seemed a2 simple matter to treat it with
methyl lithium to &ieid the desired di-t-butylmethylsilyl
chloride. The original preparation of di—;;butylsilyl dicﬁloride81
had involved the addifion of silicon-tétraéhloridelj;to g—buﬁyl
lithiumgg_in pentane to form ;~buﬁylsilyl .trichlorideléf at
ambient temperature. The t-butylsilyl trichloride fofmed in
the reaction was iso;ated and purified, then added to a slight
excess'qf ;—butyl'lithium under nitrogen. éince no reaction
was found to occur at rogm temperature,bthe mixture was heated
"to reflux, Ove% a period of four days the reaction temperature
was slowly raised Eo 70°C by intermittent rémoval of pentane
through the fractiénating column. After fourAdays, a 597 yield

of di-t-butylsilyl dichloride 14 had been obtained. (Scheme 18)

SCHEME 18

REPORTED PREPARATION OF Di—g—BUTYLSILYL DICHLORIDE81

. . pentane . o
SiCl + (CHy)CLi > (CHy Csicly + Lict]

1 12 13
13+ 2 sgmxe> +sicl ¢ Lict)

days




Rather than add.silicoh tetrachloride to t-butyl
1ithium,81 it was decided to modify the approach to this
reaction by adding ngutyl lithium to silicon tetrachloride.

In the first attempt to prepare di-t-butylsilyl dichloride,

the alkyl lithium 12 was added to undiluted silicon tetrachloride.
In the second experiment, tﬁe silicon tetrachloride was diluted
with some d:y tetrahydrofuran. The\third experiment was

silicon tetfachloride diluted ﬁith pentane including aicatalytic

amount of tetrahydrofuran. (It had been discovered that

tetrahydrofuran greatly increased the réte of,alkyiation reacéions
on silicon.) In all three experiments the t-butyl lithium was
added aropwise to a stirred, cooled solution of silicon tetra-
chloridef In the first experiment, the reaction was heated to
reflux for four da&é after addition of i—butyl li;hium had

-Seen completed, In.thé next two experiments the reactions were
ﬁaintained at room temperature. The progress of each reaction
was monitéred by gas chromatograpﬁy—mass sPectrométry (GC/MS).

In none of the cases could the reaction be driven to completion

by the presence of an excess of t-butyl lithium - some t-butyl -

silyl trichloride was always present. Also formed in the
reaction were products resulting from hydride formation and

rearrangement reactions (15 and 16), both of which co-distilled

with di-t-butylsilyl dichloride. On the basis of these results,
it is strongly suspected that the di-t-butylsilyl dichloride

obtained by Tyler, Sommer and Whitmore iﬁ 19488l was not as




pure as the results of their elemental analysis would lead one

to believe.

SCHEME 19.

OBSERVED PRODUCTS OF REACTION BETWEEN SiCl4AND t-BUL1

o o+ R
SiCl, + —+Li —= +5iClz+ +SiClo+ +SiCl + 4-5iCl» -

b . 3 2t Ty 2
TR 5 S O - R ©

*#R, a saturated 4~carbon group, was not fully identified.

Possible Explanatlon for Observed Side Products (15 and 16)

—— et —r it & it ot s e mwn e i . . e e e TSR, e e

The hydride formed in the t-butyl alkylation reaction of
-silicon tetrachloride could be the result of a broadside attack
of the t-butyl lithium on the di—;rbutylsilyl dichloride (Scheme
20). This would be analogous fo the reaction that is observed
between phenylsilyl trichloride and sterically hindered

Grignard reagents.82’83’84 " In those reactions a phenyl dialkyl

SCHEME 20

.PROPOSED MECHANISM FOR HYDRIDE FORMATION

+—$—s-‘gr i N
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iGl + CHy=C(CHz), + uml
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silane is produced whereas in the reaction in_Scheme'ZO the

-




FIGURE 6

AND t-BuLi

GAS CHROMATOGRAM OF REACTION BETWEEN SiCl4

The gas chromatqgram was performed on a Varian 1700 GC.
The column was 10% UCW-98 on 80/100 mesh acid-washed-
DMCS-Chromosorb W, 20 inches long with a 2 mm inner
diametef, made df stainless steel. Helium carrier flow-

rate was 25 ml/min. Column temperature programmed at 10°/min.

WU MU

o ik
A V.

Gal ® 952

70 90° "" - 130° /50° 170*

orx821

Temperatures of injector and FID were at 200° and 250° C resp.
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bulkiness of the t-butyl group forces'hydride formation before
a trisubstituted silyl chloride is formed. In fact, it is
impossible to prepare tri-t-butylsilyl chloride.81 This is due

to the serious hindrance to the'approach of the a-C atom of t-

butyl lithium to the silicon atom. There is, however, relatively
little hiﬁdrance to the approach of a B-hydrogen atom (as shown
in Scheme'20) to produce a -hydride of silicon. It is somewhat
surprising that E—bﬁtyl lithium would react with di-t-~butylsilyl

dichloride in this manner while there is still a considerable

amount of t-butylsilyl trichloride availsble for alkylation.

It is possible, however, that even the t-butylsilyl trichloride
undergoes a reaction similar to tﬁat shown in Scheme 19 to

form t-butyldichlorosilane (18). The reaction of t-butylsilyl
trichloride 13 with t-butyl lithium might lead to the formation
of E—butyldicﬁlorosilane 18 (Scheme 21), a molecule Qhose reten-
tion time would be expected to be slightly shorter‘than that of
t-butylsilyl trdichloride due to its-smaller mass. Although such

a compound was not identified in the reaction mixture, the

SCHEME 21

PROPOSED MECHANISM FOR REARRANGEMENT PRODUCT (16) FORMATION

4_
% Tl — —+-sicl, + cHz GlcHy), ho ,@'C‘z
HCH?(}CHS ~H | - CH
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small peak with slightly shorter retention time may have been

caused by a small amount of t-butyldichlorosilane. (Figure 6)

i The hydrides of chlorosilanes have been reported to react

with olefins to form alkylsilyl chlorides by a free radical
mechanism initiated by the presence of light or peroxide.85

A similar reaction between the hydride and oelefin formed in

Scheme 20 (t-butyldichlorosilane.18 and isobutylene 17) could

result in the formation of t-butylisobutylsilyl dichloride 16,

as light had not been excluded from any of the alkylation
reactions. The assignment of an isobutyl structure to the R
gréup was in agreement with the oBservéd results. Mass spec— g
trometry showed that 16 had the same fraémentation pattern as
di—(g—butyl)silyl aichloride. This meant that the R group was C
a saturated 4-carbon entity. The fact that its reteﬁtion time |
was longer than that observed for di-(g—butyl) silyl dichloride ‘
indicated that the R group was not as highly branched a 4-

carbon structure as was the t-butyl group.8 This meant then

that R could have any one of n-butyl, iso-butyl or sec-butyl
structures. The observed hydride formation accompaﬁied by'
presumed isobutylene production immediately suggests rapid

recombination between the two molecules to form L-butyliso-

butylsilyl chloride. However, since the reaction does pProceed
by a'free radical mechanism, migration of a methyl group to

help stabilize the radical by forming a sec~butyl group cannot

G
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be ruled out.

The Methyldiisopropylsilyl Group - a Model

Since both the hydride 15 and the rearranged'silyl
dichloride 16 could not be separated from the desired product
di(t-butyl)silyldichloride by fractional distillation, it
" seemned tha; the preparation of pure di(gebutyl)methylsilyl‘
chloride would be a forﬁidable task indeed. Conseduently, it
was decided to forego the éynthésis of that very sterically
.hindered molecule and to prepare and test methyldiisopropylsilyl
chloride instead. |

~The SynthesisAof methyldiisopropyléilyl chiloride was
accomplished by the éddition of two .equivalents of fresﬂly
prepared isopropyl lithium followed by the addition of one
e@uiValéht of methyl lithium to'a stirfed;'cooled solution of
éilicon tetrachlofide in pentane aﬁd tetrahydrofuraﬂ. éince
the alkylation of silyl chlorides does not broceed in a neat
steﬁwiSe manner,.the addition of the isopropyl 1ithium'resulted
in the formatién of isopropylsilyl‘trichloride,diisopropylsilyl
dichloride and triisopropylsilyl chloridé. Following the
addition of methyl lithium, the reaction mixture contained the
desired methyldiisopropylsilyl chloride 26, chlorine containing
iﬁpurities dimethylisopropylsiljl chloride gé_énd triisopropyl-
silyl chloride 21,as well as fully alkylated molecules |
trimethylisopropylsilane 22, dimethyldiisopropyl silane 24 and

an unknown molecule . 23. (Scheme 22) Fractional distillation
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was effective in removing only the triisopropylsilyl -
chloride from the reaction mixture; a small amount of
dimethylisopropylsilyl -chloride remained as an impurity

along with the fully alkylated silanes. A much better approach

SCHEME 22

PREPARATION OF METHYLDIISOPROPYLSILYL CHLORIDE (MDIPSiCl) 26

SiCly* >Li — >=SiGly+ >SiCl, + >=SiCl
o [Meli R

: ' ! - : Me
23(?) + >-SiMeg + (})ZsaMea + >=SiCl + >=SiCl

22 24 e e

fo the synthesis ﬁf methyldiisoproéylsilyl chloridé woﬁld have
been the addition of two equivalents of isopropyl lithium to
comﬁercially available methylsilyl trichloride.

The reaction of this impure‘MDIPSi chloride with thymidine
gave a 597% isolated yield of 5'-alkylsilyl thymidine gl which
was'equivalent‘to a specificity of 647% (8% thymidine remained
unreacted). The 5.MDIPSi thymidine 27 was purified by
cfystallization from ethanol-water and charactérized.

The 3'-isomer 28 contained 15% 3'-dimethylisopropyléilyl

thymidine as an- impurity, as indicated by GC analysis.




Consequently a good melting point of the compound 28 could not
be obtained. The 3'5'-disilyl thymidine 29 could not be

obtained as a solid at all because of its impurities as well.

SCHEME 23

REACTION OF MDIPSiC1(26) WITH THYMIDINE

T -si T
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That the 5'-MDIPSi thymidine could be obtained as pure as it
was may be due £o the instability of the 5'—dimethylisofropylsilyl
thymidine to the conditions of recrYstallization (heating in
' éQuédus éthanol). The hydroly31s of 51 DWIPSl thymldlne would
glve thymldlne whlch would remain in solution,.
Regarding its stability to acid, it was found that the
5'-MDIPSi group was indeed mére stable than the ﬁethylocta-

decylisopropylsilyl group (which is the long chain homologue

of the dimethylisopropylsilyl group). The time required for
complete hydrolysis in 80%Z acetic acid at room temperature

increased from 10 minutes for MODIPSi to 90 minutes for the

MﬁIPSi group. Even so, this methyldiisopropylsilyl substituent
was less stable to acid hydrolysis than Corey's t-butyldimethyl-
silyl group which was found to require 10 hours to effect its

removal under the same conditions.  Translating this information
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to the case of dodecylsilyl trichloride, it can be deduced that
breplacing two of the chlorine atoms with a t-butyl and a methyl
group would produce a more stable blocking group than would

their replacement with two isopropyl groups.

The t-Butyldodecylisopropylsilyl Group
The presence of a tertiary butyl entity on the long chain

‘alkyl silyl chloride appeared essential. Since it had been seen

that the formation of inseparable side products made the synthesis

of a silyl éhloride containing twd i—buﬁyl groups a practical
impossibility (Scheme 18), it was dccided to attempt synthesis
of a long chain alﬁylsilyl chloride containing one>L—buty1

and one isopropyl group.

The reaction.of dodecylsilylwtrichloride (30) with t-butyl
iithium in‘pentane_and'tetrahydrofuran gave the desired t-
lbutyldodecylsilyl dichloride (31) along with side products
L—butyldodecylchlﬁrosilane ‘ (2&) and Lrbutyl—g;butoxydodecylsilyl
chloride (33). 1Isopropyl lithiuﬁ was added to the ?eaction

mixture, but absolutely none of ‘the desired t-butyldodecylisopropyl-

silyl chloride 36 was formed. 1Instead, three new products were
formed, none of which contained any chlorine atoms. One was

determined to be E-butyl—g—bﬁtoxydodecylisopropylsilane 35,

another was identified as t-hutyldodecylisopropylsilane 34, while
the third, which had the longest retention time, could not be

identified. (Scheme 24)
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- SCHEME 24

ATTEMPTED PREPARATION OF I—BUTYLDODECYLISOPROPYLSILYL CHLORIDE
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. It was then decided to.isolate the t-butyldodecylsilyl dichlqride |
-in order to use it in microscaie reactions for optimizing
conditions for the attachment of the isopropyl group. Unfort-
unately, fractional distillation was not effective in separating

the t-butyldodecylsilyl dichloride from its impurities.

In another experiment, pentane was replaced by heptane

and the reaction mixture was heated to the reflux temperature
of heptane (980C) for seven hours in an attempt to effect the

addition of the isopropyl group to t-butyldodecylsilyl dichloride

Although some E—butyldodecylisoproﬁylsilyl chloride had been
fofmed, the hydride 34 was the major product and many other

unidentified side products had appeared, complicating the




purification of the desired product. When fractional distillation
of the reaction mixture wés attempted (afger'filtration to remove
lithium chloride), it was found that none of the material would
distill over (eveh under high vacuum) once the heptane had been
removed. The wholé idea of preparing t-butyldodecylisopropyl-

silyl chloride was abandoned as being impractical.

e e e o st ———— ——— ot i i o e oo

It is interesting to spéculate on How the hydride 32 and
the t-butoxy compound 33 may have been formed in the reaction
shown in Scheme 24, The hydride could have arisen by the same
manner proposed to explain the formation of di(t-butyl)chloro-~
silane in Scheme 20. This involves the broadside attack on
g—butyldodecylsilyidichloride by Eebutyi lithium as shown in

Scheme 25 below.

SCHEME 25

‘PROPOSED MECHANISM FOR T-BUTYLDODECYLCHLOROSILANE (34) FORMATION

| 4 R »
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Formation of the t-butoxy compound 33 might involve either

water ( Mechanism A) or oxygen ( Mechanism B) in one of the




following series of reactions. (Scheme 26)

SCHEME 26

TWO POSSIBLE MECHANISMS FOR .THE FORMATION OF IT-BUTYL-TI-BUTOXY-
DODECYLSILYL CHLORIDE '

+ + an L

A) c,.H SiClz_ﬁzg_,ClezsﬁiOH.____>C H,SiOLi — = C, ,H, Si0-t-Bu

12%25 12725 257
cl &1 _ Cl
B)t—BuLi-——Q$—+ t4Buoo"Li+liﬁé;2 Buo Lit —3 C,,H,810-t-Bu + LiCl
C
33

Mechanism A requires the presence of small amounts of water
ﬁwhich may have been iﬁtroduced as an impurity in the pentane
or the tefrahydrofuran if either had not been combletely df?.
( Tetrahydrofuran was usedAin the alkylation reactions of silyl
chlorides because of the accelerating effect it has on éoupling
feactions in wﬁich lithium halide is eliminated87a.)'The source
of the t-butyl chloride in A would be the t-BuLi. With the
preparation of t-butyl lithium from a reactioﬁ between lithium
mgtal and t=butyl chloride, if is difficult to avoid the presence
of unreacted t-butyl chloride in the product 87&.

Mechanism B is the more likely mechanism, as the storage

of the alkyl lithium and its being tranferred into the dropping

<
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funnel could easily lead to at least a brief exposure to the

oxygen in the atmqspheré. A study into the oxidation of alkyl

lithiﬁms conducted in 1939 87 revealed that oxygen reacted

very vigorously with n-Buli to give n-butanol in 75% yield.
It was presumed that the reaction with oxygen goes through a
peroxide intermediate which then oxidizes a second molecule

of alkyl'lithium to the carbinol and is itself reduced to the

carbinol. In mechanism B, the lithium t-butoxide formed could
readiiy react with the silyl dichloride 31 to form the t-butoxy

compound 33.

Faced with the failure to preﬁarevin reasonable amounts
and in feas;nable ﬁurity any alkylsilyl chloride contéining two
I~butyl groups or one t-butyl and one isopropyl group, an
expedient alternhative was sought. It was felt that the most

stable long chain alkylsilyl chloride which could be most

préétically prepared would be one which contained one t-butyl
and one methyl group. Consequently, methyloctadecylsilyl
dichloride was treated with t-butyl lithium to yield t-butyl-

methyloctadecylsilyl chloride, TBMODSiCl (Scheme 27). One

relatively volatile minor side-product (presumably 2,2,3,3-
tetramethylbutane from a Wurtz reaction between t-butyl

lithium and t-butyl chloride, also observed in Figure 6) and

Aa
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another unidentified side product with a retention time
longer than that of the desired product accounted for approxi-
mately 11%Z of the reaction mixture. The reaction mixture was

filtgred to remove lithium chloride and the pentane removed on

a rotary evaporator. The semi-solid TBMODSi chloride was
used as isolated without further purification, as it was found

that a sample of the TBMODSiCl could not be distilled even

under relatively high vacuum (~5 mm) and at elevated temperatures

(”2000) due to the size of the molecule C SiCl. As a

2349

comparison in carbon chemistry, the molecule tetracosane CZ4H5O

which is slightly smaller and considerably less polar than
TBMODSiC1l (C,4H,4SiC1l) has a boiling point of 231°C at 10 mm

88
pressure.

SCHEME 27

PREPARATION OF t-BUTYLMETHYLOCTADECYLSILYL CHLORIDE
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The reaction of TBMODSi chloride with fhymidine was com-

licated by the fact that this silyl chloride was insoluble in

dimethylformamide, the solvent used for all previous silylation
reactions. The addition of dry tetrahydrofuran to the silyl-

chloride—imidazole—thymidine—dimethylformamide mixture eventhally

EIUN
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led to homogeneity, but absoluﬁely no reaction occurred

between the silyl chloride and thymidine under those conditions.

Using only dry tetrahyd;ofﬁran as the solvent (i.e., no

dimethylformamide) also resulted in no reaction. This was

somewhat surprising since Corey had used dry tetrahydrofuran

as a solvent for the silylation of prostaglandin EZ' There

are two possible explanations for the failure of thymidine and

L—butylmethyloctédecylsilyl chloride to rgaét in a 36l§ent.

containing tetrahydrofuran; One is that the tetrahydrofuran

Amay not have been as dry as it_had been tﬁought to be. Another

is that a reaction between the silyl chloride and te£rahydrofuran

had occUrréd,;vEthers_have been reported';o_pndergo cleavage

to the corrésponaing org;nohalides'by halosilanes in the presence

of pyridine hydrohalide as a catalyst.89 In this case, the

‘forhétioﬁ of a small amount of imidazole hydrochloride (from

fhe condensation bf several thymidine molecu}es with the silyl

chloride) could have provided the catalysis needed for the ether

cleévage reactions which would have destroyed the silyl chloride.
A two—fhase reaction system was then devised wherein the

thymidine and imidazole were dissolved in dimethylforﬁamide, the

E—bﬁtylmethyloctadecylsilyl chloride.was dissolved‘in pentane

and the two interdispered by rapid sfirring of the resulting

mixture. " Although much of the thymidine remained unchanged,

some reaction did occur to yield 5:TBMODSiL thymidiné in yields

ranging from 19 to 257%.
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By replacing both imidazole and dimethylformamide by
dry pyridine in the previous sytem, a homogeneous system was
attained when the silyi chloride dissolved in pentane was

added to the reaction mixture. Pyridine acted as the solvent,

as the scavenger for hydrochloric acid and as the activator
of the silyl chloride. The yield of 52TBMODSi thymidine increased
slightly to 30Z. This was when the ratio of silyl chloride

reagent to thymidine was 1.1 to 1. However, it was found that

by increasing that ratio to'approximately'B to 1, nearly all
theAthymidine could be forced. to react, resulting in a 76%
yield of 5:TBMODSi thymidine.

if had,Beén suégested.ﬁhét fhe reasén'for‘the low yields
of 5'-TBMODSi thjmidine‘might be thét the TBMODSi chloride was
only 25-35% pure. Such a suggeétion has some merit, particularly
in view of the faqt that 1.1 dequivalents”-of the reagent gave
5'-TBMODSi thymidine in 19-30% yields while 3 "equivalents"
gave 5'-TBMODSi thymidine in 76% yield, along with a 10% yield

of 3'5-di (TBMODSi) -thymidine, which together used up a total of

0.96 equivalents of TBMODSi chloride. A re—examination of this
reaction with the aid of gas-chromatography-mass spectrometry
revealed two reasons for the low yields. First, the reduced

polarity of the reaction medium by the addition of pentane

(which was necessary to effect solution of the silyl chloride)
greatly retarded the reaction rate. Confirmation of this was

obtained by observing the very slow reaction rate between




. =52 -

t-butyldimethylsilyl chloride with thymidine under similar
solvent conditions. Secondly, examination of the reaction

mixture after 24 hours revealed that nearly all the unreacted

silyl chloride had been converted to the corresponding silanol.
The quality of the "dry" pyridine used was suspect. Prepared
by distillation ffom toluenesulfonyl chloride and from calcium

hydride and stored over molecular sieves, the pyridine appéared

to have none-the-less absorbed enough water to seriously affect

-this reaction. »By using freshly prepared'dry pyridine, the
yieid‘of 5'-TBMODSi thymidine was increased to 41 % when 1.1
.equivélents of TBMODSiCl were added to thymidine.

Béth 5Y-£4BUtylmethylo§£adecylsilyl ;hymidine and 3'5'-4di-
(butylmethyloctadécylsil&l) thymidiﬁe were isolated in the
- reaction between thymidine and TBMODSi .chloride. Both compounds:
vere charéctefized by melting boints, infrared spectrum and
elemeﬁtal analysiél The stability of the Sf-fBMODSi derivatives
to acidic and basic conditions was tested. The t-butylmethyl-

octadecylsilyl group was found to be somewhat more stable to 80Y%

acetic acid than its homolog, the E—butyldimethYlsilyl group and
much more stable than methyloctadecylisopropyl group. Thus, when
heated on the steam bafﬁ in 807 écetic acid, the 5'-MODIPSi group

of thymidine was completely remcved in 3 minutes and the

5'-TBDMSi group was removed in 15 minutes, but the 5'-TBMODSi
group required 60 minutes to effect its complete removal. The

5'-TBMODSi group was unaffected by treatment with 50% ammonium
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hydroxide in ethanol.

In summary then, a long chain alkylsilyl chloride has been
developed which could be used as a lipophilic handle for nucleic
acia synthesis. The g—butylmethyloctadecylsilyl group is
reasonably stable to acid and is completely stable in the basic
conditions used to remove acetyl groups. The t-butylmethyl-
octadecylsilyl chloride exhibits a high specificity for thé 5;—
hydroxyl groups of nUcleosides, renders nucleosides solublevin
~solﬁents like ether and causes its nucleoside derivatives to
preéipitage out iniaqueous solutions. Whether the TBMODSi group
will act as a soluble or insoluble handle will depend on the
’reactién conditions; 'Sincé.S'—TBMODSi tﬂymidine chromatographs
well on.silica gél using ether as a‘solvent (R‘f = 0.55), oné
_Would expect that this blocking group could maintain desirable
lipophilic character and chromatographic mobility on silica gel
for éligonucleotiges of a considerable chain length. It is being

left for others in the future to ascertain if this is so.

Specific Stable Alkylsilyl Blocking Groups

Research was then directed to the development of a specific
acid and base stable alkylsilyl blocking group to replace the acid
labile trityl or monomethoxy trityl groups in nucleoside chemistry.

The Triisopropylsilyl Group

— — T —

After discovering How surprisingly labile to acid the




methyldiisopropylsilyl thymidine had proved to be, it was
curious to see how much difference the replacement of the methyl
group by another isopropyl group would make. It was found that

this change made a large difference in the acid stability and

specificity of the group. The éynthesis of triisopropylsilyl
chloride described in this thesis was a slight modification of
the original preparation.6s VFreshly prepared isopropyl lithiﬁm
was added drdpwise into a stirred cooled solution of silicon

‘tetrachloride in pentane and tetrahydrofuran under nitrogen.

The progress.of the reaction was mdnitored by gas—chromatography—
mass specérometry. When all the diisopropylsilyl dichloriée had
*reacted.with isopropyl lithium, triisoprgpylsilyl chloxide (40)

was found t§ be virtually pure, coqtaining only triisopropylisoprop-
oxysilane (43) as a non-reactive harmless impurity. Fractional

distillation yielded triisopropylsilyl chloride whose purity

was estimated to be 89.5%. The impurity 43 could have arisen from

SCHEME 28

PREPARATION OF TRIISOPRQPYLSILYL.CHLORIDE

SiCl, + >-Li BRI, >-sig)
- THF _

40

>‘)5\"C‘ —20 5 >SiOH ZH— >—sioLi 2C >—/skao—<
40 2 43

0,, &-Prli




- 55 -

tﬁe reaction of tfiisopropylsilyl chloride with water to yield
triisopropylsilanel (41). This molecule, in turn, would react
Withvany excess isopropyl lithium present to give lithium
triisopropylsilanolate £g which4cou1d, in turn, react with any
isopropyl chloride present as an impurity in the isopropyl lithiuﬁ
preparation to produce triisopropylisopropoxysilane. Alternatively,
reaction 5etween triisopropylsilyl chloride and iPrO-Li+’formed
from a reaction between iPrLi and 0, could give 43.

Reaction of triiSopropyisilyl chloride with thymidine gave
5'-trii30propylsilyl thymidine in an isolated yield of 82%. The
specificity ‘of TIPSi chloride for the 5'- position of thymi_dine’
was 93%. (The reason for the difference.between‘specificity and
isolated yield is ;he fact that some thymidine remained unreacted
in the reaction mixture.)

-5'4tr£isoprop§lsilyl thymidine was not affected by 50%
ammonium hydroxide in ethanol. Complete removal of the 5'-

TIPSi groupvwith 80% acétic acid required 2% hours of heating on
the steam bath. Thus it was found that by replacing the pethyl
'grbUp of methyldiisopropylsilyl thmidine with an isopropyl-group
has the effect of increasing hydrolysis time on the steam bath

50—fold.from 3 minutes to 2% hours.

Ihe Tetramethyleneisopropylsilyl Group
. Tt was felt that the space-filling properties of a cyclic

silyl chloride might provide the maximum degree of specificity
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and stability for a minimal increase in molecule weight. Such
properties are desirable since in general the smaller the silylating

agent used in derivatization of a compound for mass spectrometry,

the mbre volatile is the resulting derivative. Higher volatility
increases ease of handling in mass spectrometry and maximizes

the chance of obtaining the parent ion in the mass spectrum,

This in tﬁrn siﬁplifies identification of eempounds. Thus in

the field of nuc1e051de chemistry, it would be advantageous to

flnd the smallest stable silyl chloride that could act as an
specific blocking groﬁp and at the same time provide a fairly
volatile derivative of the nucleoside.

For those reasons then, tetramethylene511yl dlchlorlde 44
(or s1lacyclopenty1 dlchlorlde) was used as the starting material

for the reaction to replace one of the chlorine atoms w1th an

1sopropy1 group. (Scheme 29) Freshly prepared isopropyllithium

SCHEME 29

PREPARATION OF TETRAMETHYLENEISOPROPYLSILYL CHLORIDE (TMiPSiCl)

' -~ _Cl
IGI L PQ_VUCCLVIQ ‘ ‘
O. 2+ >l T ? ~
44 | 45
' L
Cl H0 E} _OH »y; \ O/OU >Cl y E)s.:(;
46 47 8.
: 7, L-Prli _
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was added dropwise to a stirred, cooled solution of tetramethylene-
silyl dichloride in pentane and tetrahydrofuran. The reaction was
monitored by gas chromafography—mass spectrometry. " Examination of
the reaction mixture after all the stérting material had been con-
verted to products showed that the desired tetramethyleneisopropyl-
silyl chloride wésAaccompanied by several sideproducts, of which
four were.téntatively identified. One was tétramethyleneisbprépyl—.
isopropoxysilane 48 which could arise by fhe series of reactions
indicated in Scheme 29. The remaining side products included tetra-
methyleqefgwpropylsilyl chloride, tetramethylenediisopropylsilané,
fetrame;hylehgisoprqpylisopropoxysilane,-tetramethylenehexylsilyl
chlbride (duefm.ﬁmnme é&TLiy.and éeveral‘unidentified coméounds.
(Chlorine-containing comﬁounds were ideﬁtified by examination of

-the mass spectrum. As the natural abundance of 0135 and Cl37 are

75.5% and 24,.5% regpectively,go the peak of a fragment containing a
chlorine‘is always.accompanied by a second peék two mass units highef
with. approximately one-third the intensity of the first.) Reﬁeated
fractional distillatiorn afforded tetramethylenesilyl.chloride .
(TMIPSiCl) which was 89%Z pure.

The reaction of tetramethyleneisopropylsilyi_chloride

reagent with thymidine-gave 5t ~ TMIPSi thYmidine in 35% yield;

the 5'% isomer constituted 40%Z of the isolated products (i.e.,
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specificity ~ 40%).

The acid-stability of 5'ftetramethyleneisoéropylsilyl
thymidine was only sliéhtly higher than that of 5% methyldi-
isopropylsilyl thymidine. At room temperature, the 5'-

MDIPSi group was completely hydrolyzed by 80% acetic acid in

1% hours, while the 5'- TMIPSi group required 2 hours for its
cémplete femqval. In the steam bath in 80% acetic acid, the
5'-MDIPSi group was off in 3 minutes, while the 5'—IMIPSi group
‘needed 5 minutes for complete hydrolysis. However, neither the
sta?ility.nor the specificity of the tetramethyleneisopropylsilyl
group.were anything near that which hgd been observed for the

.triisbpropylsiiyl groﬁp.

 The Tetramethyleme-t-Butylsilyl Group

The next step Was.to repiace the isopfopyl group of the
previous silyl chioridé with a tertiary butyi group. I%butyl
lithium was added dropwise to neat tetramethylenesilyl dichloride
(44) which was cooled and stirred rapidly. Gas chromatography-
mass spectral analysis showed the reaction to be vefyAclean,
with virtually no side products being formed. Fréqtional
distillation yielded éﬁre tetraméthyiene—g;butylsilyl chloride
(49) at 182-184°c. R

Reaétion between tetramethylene-t-butylsilyl chloride and
thymidine gave 5'-TMTBSi thymidine in an isolated yield of 82%.

The specificity of the TMTBSi group for the 5% hydroxyl function
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SCHEME 30

PREPARATION OF TETRAMETHYLENE~t-BUTYLSILYL CHLORIDE (TMTBSiCl)

Cho +u aamy
o ><
44 | | 49

of thymidine was found to be 95%. (5'- TMTBSiT made up

95% of the reaction products while the 3'-isomer and the

'3'5f~disily1 derivative constituted 1% and 4% of the products
.respecfively.)

ﬁydrolysis by 80Z acetic acid on the steam bath of 5%
TMTBSi.thymidihé took.so laﬁg that considefablé amounts of
acetylated thymidine defivatives wefe formed in the process,

‘This. tended to confuse the monitoring of the disappearance of

the silyl thymidiﬁe on thin layer chromatography, since 5'-
TMTBSi thymidine and some thymidine acetates were found to have
similar Rf values. ©Nevertheless, the time required for complete

removal of the 5'-TMTBSi group by 80% acetic acid at 100°¢

was found to be 37% hours, considerably longer than that
observed for any other silylating agent tested in this study.
The tetramethylene-t-butylsilyl group was by far the most acid

stable alkyl silyl group prepared.

A much cleaner acid hydrolysis was done using 0.01 N

hydrochloric acid on the steam bath. Hydrolysis of 5'-TMTBSi
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- thymidine under those conditions was complete in 35 ﬁinutes.
The next most stable group prepared in this series, the tri-
isopropylsilyl group, required only 15 minutes for its complete
removal under similar conditions. Although both the TIPSi and
the TMTBSi groups have siﬁilar specificities for a primary
hydroxyi éroup (93% and 95% respectively), the latter is con-

siderably more stable to acid.

Suggestion for the Stability of the TMTBSi Group
| In going from the TMIPSi to the TMTBSi group, a hydrogen
atom is repleced by 5 methyl group. The large change in acid
stebility-resuleing‘frOm such a smail chenge in the total mass
of the'blocking group isitruly remarkable. This is probably due
to steric rather thah inductive effects, based on the following
diecﬁssieh.

‘Steric effect is Stronglj infiuenced by,B—subetitution.
Evidence for this is provided in a comparison the relative rate
conetants for SNZ halide exchange in acetone forlthe following

series of B-substituted alkyl haliaes91

-~ n-propyl bromide,
ispbutyl bromide and neopentyl bromide (Figure 7). The large
steric effect observed is due to the interaction between the H-
atoms of a B-methyl group and the incoming halide ion. With
oely oee'methyl group,bthe interference can be~avoided by

rotating ﬁhe C&«CB bond (Figure 8), thereby pushing the B-methyl

. group out of the way of the bromide ion.
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FIGURE 7

RELATIVE RATE CONSTANTS FOR SNZ HALIDE EXCHANGE IN ACETONE (25°C)

- % - ] '
- . X =
CHBCFZCHZBr + Br —————3% Br CHZCHZCH3 + Br .(rel 1
n-propyl
CH3 : . x /CHB _ .
\CH—CHZBr + Br -—————3 Br CH,CH .+ Br K = 6.4 x 10
7 - 270N _ rel S
cH . CH . |
3 ) ‘ 3
isoButyl
- CH3 fH3 |
CH,~C-CH.Br + Br " —— 5 Bricm Br~ K 2.3 x 107
L Y - Lo = . :
3 | o BT | T T 2C CH3 + Br rel X
»CH3 | : _ ~CH3
neopentyl
. . FIGURE 8

ACTIVATED COMPLEX IN.SNZ BROMIDE EXCHANGE

With two B-methyl groups, as in isobutyl bromide, both will
try to avoid interaction with the bromide ion, resulting in some=-
what restricted rotations of the C&—CB bond. This raises thg

free energy of the transition state. As the free energy of
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activation for the reacfionvincreases, the rate of SN2
displacement decreases. |

With three B-methyl groups as in the neopentyl situation,
there is no way that steric interference can be avoided, and
the reaction rate is severely retafded.91

Since the SNZ—Si mechanism is the most common mechanism
for polar reactions of molecules of the type_R3SiX,78 the
preceding diécussion on the effect of BFmethyl groups could

" apply also to displacement reactions-bf alkylsilyl compounds.

In going from-the TMIPSi to the TMIBS1i group (Figure 9) the

substitution is at the position B to the reaction site and would
have the same effects of interference with incoming nucleophileé

and restriction of rotation about the Si-C atom as are observed

in alkyl halide substitution reactions.

FIGURE 9

COMPARISON OF THE TMIPSi AND TMTBSi ETHERS

TMIPSi-0 - TMTBS1i-0

The inductive effect of the extra methyl group in the
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TMTBSi group would result in a slight increase in the electron
-releasing ability of -the carbon atom next to the silicon atom,

This would tend to increase slightly the electron density on

the silicon atom, making it less-suscéptible to nucleophilic
attack. However, because the + T effect of alkyl groups is

vefy small and its iafluence falls off rapidly with increasing
distance of the substituent from the reactive site, it is highly

unlikely that inductive effects could account for more than a -

tiny fraction of the increase in acid stability of. the TMTBSH

_group over the TMIPSi group.

3'-and 3‘5'—DiFSi1yl Ethers of Thymidine

Previous discussion limited itself to the synthesis, puri-

fication and characterization of the 5'-alkylsilyl thymidines

.prepared in the search for a stable, specific blocking group
and for a lipophilic handle for nucleic acid synthesis. This
study did, however, include the synthesis of the 3'-isomers and

the fully blocked 3'5'- disilyl isomers of thymidine as well.

‘Elemental analysis on these compounds were not performed, but
rather, characterization was based on mass spectral fragmentation
patterns. The long chain alkyl silyl ethers of thymidine are -

an exceptién to the last two statements, as their 3lisomers had

not been prepared at all and in only one case was the 3'5'-
disilyl ether isolated and characterized (3'5'- di=TBMODSiT). Since

the molecular weight of the latter was too high for characteri-
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zation by the departméntal mass spectrometer, the structure

of 3'5'-di-TBMODSi thymidine was verified by elemental analysis.

FIGURE 10

STRUCTURES OF 3%, 5L AND 3'5'-DI-SILYL ETHERS OF THYMIDINE

R, e Th
R;Si0 Th RzSi0 0
Ry Ry '
OH 0
._.5_.0 Rr\"}-Rs 5__2
it

ITwo different approaches were taken towards the synthesis
of the 3L and 3'5% isomers. In the first case, these isomers
were isolated ‘in the reactions to'preéare 5'—alkylsilyl thymi-
' dihe‘by tréétiné_thymidiné with 1.1 equivalents of alkylsilyl
'éhlorides. (Table 1) ‘Alternatively, the 3'~isomers were
‘obtained by specific éynthesis from 5'-trityl thymidine‘and'the
3'5'-disiiyl thymidineé were prepéred by the addifion of excess

alkylsilyl ¢hloride to thymidine in the presence of imidazole

in dimethylformamide.

ﬂydrdlyéis of Alkylsilyl Ethers of Thymidine

The 5'- alkylsilyl thymidines were tested for their stability

under the‘following conditions: din 80% acetic acid at room
temperature and at steam bhath temperature (lOOOC); in 15%Z and in

50% ammonium hydroxide in ethanol at room temperature for 24 hours

and at 60°C for one hour. Tn addition, the more stable groups

o
.
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TABLE 1

REACTION OF ALKYLSILYL CHLORIDES (1.1 EQUIV) WITH THYMIDINE

Th Th
HO o ]//—O
iu i i i R
2 5| 52
Ibolaied Percesnt VYields
Staucture ,'Abb&evicu%an 50 51 52
a). Y o |
Me—Sj- MDI P Sj 59 5 , 28
b) | .
il TMIPSI 35 %% %% | 46 %%
, \Y_ _ (4b4)* (12)* @)
SRV I o
>—Si- TIPS . 82 2 4
A (69)% | (3)* | (3)*
d) | | S '
7, TMTBSi 82 1 3
A (75)* (4)* NG
e)
018H37$i- MODI PSi 2..6 1 -
e
f) Me , - o .
~-8i-  TBDMS: s 15
bke- (done for comparison) .
) Me ~ |
CigHz7Si- TBMODS! 4l 0 | 9

~ % Values obtained when the alkylsilyl chloride was added last to
the reaction mixture.

‘%% 1.5 equivalents of TMIPSi chloride used.




_ 66-

TABLE 2
HYDROLYSIS OF si-siLYL ETHERS OF THYMIDINE

Z HYDROLYZED

NUCLEOSIDE REAGENT USED TEMP TIMET TO THYMIDINE
5'-MDIPSiT  80% AcOH RT 1.5 hr 100
100° 3 min 100
15% NH,OH RT 24  hr 0
: 60° 1  hr 0
50% NH,OH _ RT 24  hr 2
60 1 hr 0
- 5'_TMIPSiT - 80% AcoOH . - -RT 2 hr <100
: g 100° 5  min 100
"15% NH, OH RT 24 hr 7
50% NH,OH RT 24  hr 49
5'-TIPSiT 80% AcOH RT 24  hr 37
, k : - 100° 2.5 hr 100
0.01 N HC1 100° 15  min 100
15/ NH, OH RT 24  hr 0
60° 1 . hr 0
50/ NH, O RT_ 24  hr 0
' 60 1 hr 0
5'-TMTBSiT. 80% AcOH RT. 24  hr o 0
- . _ - 100° 37.5 hr . 100
0.01 N HC1 - 100° 35  min 100
15% NH,OH RT_ 24  hr 0
, 60 1 hr 0
50% NH,OH RT_ 24  hr 0
‘ 60 1  hr 2
- 5'_MODIPSiT 80% AcOH . RT 10 min ] 100
15% NH, OH 60° 1  hr 4
50% NH,OH RT 24 hr 0
50% NH'OH 60 1  hr 8
0.5 N ﬁaon RT 24  hr 100
5'_TBMODSiT 80% AcOH ' 100° 1 hr 100
15% or 50% NH, OH RT 24 hr 0
15%Z or 50% NH4OH 60 1 hr 0
5‘—TBDMSiT2 80% AcOH , RT 100 hr ' 100
: 100 15  min 100

lProgress of the hydroly31s was monltored carefully by thin layer
‘chromatography. :

.

2 R
Done for comparison.



~were treated with 0.01 N.hydrochloric acid on the steam bath.
The results of these experiments are shown  in Table 2. Other
experiments showed that complete removal of each 5'- alkylsilyl

group could be effected in 30 minutes by treatment with tetra-

n-butylammonium fluoride in dry tetrahydrofuran.
The 3'-alkylsilylthymidines were tested for their stability
under acidic conditions only, since work on the 5'-isomers

- showed that the alkylsilyl ethers were geherally inert to

conditions of removal of acetyl groups .- namely éthanolic ammoniwum
hydroxide. The_fesults of these experiments are foﬁnd in Table
- 3. By comparing the results of Tables 2 and 3, it can be seen
that the 3'—isomefs are more sﬁable to acid hydfolysis than are

the 5'-alkylsilyl thymidines.

TABLE 3

ACID HYDROLYSIS OF 3'- ALKYLSILYL ETHERS OF THYMIDINE

NﬁCLEOSIDE REAGENT USED : TEMP TIME . % HYDROLYZED-

3'=MDIPSAiT 80% AcOH : RT 6 hr 100
‘ 80% AcOH 100° 1.5 hr 100
0.01 N HC1 100° 3  min 100
3'- TMIPSiT 807 AcOH RT 6 hr : 100
80% AcOH - 100° 23  min 100

3'-TIPSiT 80% AcOH " RT 24  hr . 3.5
~ '80% AcOH 1002 31  hr 100
0.01 N HCL 100 80 min 100
3Y-TMTBSLiT 80% AcOH _ ~ RT_ 24 hr 0
0.01 N HC1 100° 2 hr 100

* .

3'-TBDMSiT _ 80% AcOH 100° 7.5 hr 100
' 0.01 N HCI 100° 6 : min 100

The 3'-t—buty1dimethylsily1 thymidine hydrolysis was done for
comparison,



‘Since the alkylsilyl gréup-on the‘SL-position of thymidine was
more labile under acidic conditions than on the -3'- position, it was
expected that acid hYdroiysis of the 3'5';di(alkylsilyl)thymidines
would lead to the predominant formation of 3'-alkylsilyl derivatives.
The results of such hydrolysis'reacfions in Table 4 indicate that
while more 3'-isomér than 5% isomer was formed, the relative amounts
: éf 3':5‘ was not as large as oﬁe might expect on the basis of thei?,
relative stabilities to acid.‘ Ehe reasoﬁ for tﬁis is tha£ the

presence of 3'-substitution increases the stability of the 5'-

alkylsilyl group. As an example, it can be seen that‘although the’

TABLE 4

ACID HYDROLYSIS OF 3{,5'—DI—ALKYLSILYL ETHERS OF THYMIDINE

RO- RO- 0 Th H Th HO 0 Th
OH ' OR - OH
50 3l S
REAGENT - % st. mat. and products isolated
R USED TEMP TIME. -

: ) 52 30 21 9
MDIPSi  80% AcOH  100° 10 min 28 0 6 66
TMIPSi  80% AcOH RT 7.5 hr 5 13 25 49
TIPSi 0.01 N HC1 100° 2  hr . 90 2 5 1
TIPSi 0.10 N HC1 100° 1.5 hr 9 5 25 61
- TMTBSi . 0.05 N HC1 1002 3 hr 50 6 28 16

4 hr 6 0 37 57

TMTBS1i 0.10 N HC1 100

5'-MDIPSi group is completely:removed from monosubstituted thymidine
by heating for 3 minutes in 80%Z acetic acid, 28% of the 5'-MDIPSi

_group survives whean 3'5t.341(MDIPSi) thymidine is heated in 80%

°

¢
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‘acetic acid for more than 3 times as.long a period (10 minutes).
Similarly, Khorana23’25 had found an increase in the stability
of the 5'-trityl group-when the 3'- positlon was taken up in a

Phosphomonoester or phosphodiester bond. It was this difficulty

which had led to his development of the more acid labile mono-

and di-methoxytrityl blocking groups for nucleotide chemistry.

el — ——— G — — tv— o ot Gt e . gty G s G G s s s . s — —— p— . B g — f—— — —

From Table 2 it can be seen that the alkylsilyl blocking groups

-brepared iﬁ this study showed a wide range of stability to acid
conditions. Several molecules containing one labile and one
relatiﬁely stable alkylsilyl group were prepared. In order to
check tﬁe compatibility of the two groﬁps, acid‘hydrolyses on tﬁe
molecules.were dpne'in order to see whether one alkylsilyl sﬁb-

stituent could be selectively removed without affecting the other

alkylsilyl group on the same molecule. Carefully monitored by thin
layer chroﬁatography, each hydrolysis reaction was allowed to proceed
“just until no more disilyl thymidine was detected (with the exception

of one experiment involving 5'-TBDMSi-3'—TMTBSi thymidine which

was stopped befdre hydrolysis was complete). The results of these
experiments are in Table 5. Several conclusions can be drawn from

the results in Table 5. Firstly, - of all the combinations attempted,

‘the TMIPSi and TMTBSi groups are the most compatible. That is,
acid removal of the TMIPSi group from the 3'-or 5'-position can be
brought about with very little or no effect on the TMTBSi group.

Secondly, acid hydrolysis at lowered temperature reduces the

-
-
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.TABLE 5
CID HYDROLYSIS OF THYMIDINE BLOCKED BY TWO DLFFERENT ALKYLSILYL GROUPS

X0— h ' Th' HO Th HO Th
. 80% AcOH
» + +
oY ) . : H . oy H
RELATIVE % YIELDS OF THE PRODUCTS
X Y . TEMP TIME 3'Y5'XT 5'XT 3°YT T
53 TEDMSi TMTBSi 1000 30 min 25 o 70 5
34 TMTBSi TBDMSi 100 2.5 hr 0 79 0 21
55 ' TMIPSi TMTBSi 100 3  min 0 0 100 0
56 TMTBSi TMIPSi 100 30 min 0 88 0 12
56 TMTBSi TMIPSi RT = 18  hr 0 95 0 5
57 TMIPSi TIPSi RT 5 hr 0 o -~ 98  2°
58 TIPSi  TMIPSi 100° 50 min 0 74 0 26
58 TIPSi  TMIPSi  RT 18 hr 0 83 0 17

amount of thymidine formed in the time required to remove the

more labile group. That is, higher temperatures appear to increase

the rate of hydrolysis of the less labile groups proportionately
more than that of the ﬁore labile substituents. Thirdly, the
presence of a substituent on the '5'- position increases the |
"stability. of the 3';alkylsily1 group, just as substitution on

the 3'-position had generally increased the stability of the 5%

substituent. For example, removal of the 3'-TMIPSi group of the
monosubstituted thymidine required 6 hours of 80% acetic acid

- treatment at room temperature'(Table 3). Complete removal of the

~.same group from 5'-TMTBSi-3'TMIPSi thymidine 56 required 18 hours
of reaction time under the same conditions. A rather curious
observation involving this same molecule (5'-TMTBSi-3'-TMIPSi1i

fhymidine) is that after 18 hours in 80% acetic acid at room

°
.




temperature 5% of theHS'-TMTBSi group' has been hydrolyzed (Table
5) while treatment of 5'-TMTBSi thymidine 50d with 80%Z acetic
acid for 24 hours at room temperature had shown no hydrolysis

of the 5'-TMTBSi group whatsoever (Table 2).

Although experiments designed to elucidate the mechanism
of_alkylsilyi group removal by acetic acid and by tetra-p-butyl-
ammonium flupfide were not included in fhis stgdy, some discussion
‘bn the matter'is still in order.

Acia hydrolysis of alkylsilyl ethers would be expected to
involve initial protonation of the oxygen atom of the Si-0 bond.
Subsequent cleavagelof the S$i-0 bond might then follow any one
of the foilowing mechanisms - SNl—Si, involving the formatioﬁ of

a siliconium ionj; S_i~-8i - which results in the formation of a

N
qﬁasi—cYClic transition state; SNZ—Si, whi;h, in the case of
acyclic coﬁpounds proceeds via a backside attack on the reacfing
" silicon atom to giye a trigopal bipyramid transition state
similar to that observed in the SNZ reactions of‘carbqn;’and

. .
SNZ —~Si which involves the formation of a pentacovalent silicon

78

intermediate. Since the SNZ-Si mechanism is most commonly

" observed mechanism for polar reactions of molecules of the type
RBSiX,78 it is also the most likely mechanism involved in the
acid hydrolysis of alkylsilyl ethers, the oxonium ion acting as

an effective leaving group (Scheme 31). The nature of the
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SCHEME 31

SUGGESTED MECHANISM FOR ACID CATALYZED $Si-0 BOﬁD CLEAVAGE

. R
?z H* E; Nu - 'If H ??
R-8i-0R, == R.‘?'l-gf\",, > NU"';SI----OR4 >NU-S'1-R3
) R3 - | R3 : ‘ R.\ R' +
Nu = nucteophile R,OH

nucleophile 1involved in the reaction in -Scheme 31 has not been
determined.
As for the cleavage of the Si-0 bond By tetra-n-butylammonium

' ] 4 C%
fluoride in tetrahydrofuran, an S_1i-Si or an SN2 -5i mechandism

N
involving a pentacovalent intermediate cannot be ruled out.
Kinetically, the two mechanisms cannot be differentiated.78

Silicon forms its stfongest bonds with fluoride atoms77 and its
next strongest bond is with oxygen. Consequently,‘R40— constitutes

~a poor leaving group, while the fluoride ion acts as a very

powerful nucleophile. . The eﬁd result of this might well be the

formation of a pentacovalent intermediate as shown in Scheme 32,

AT

SCHEME 32

&
AN SN2 -5i MECHANISM FOR Si-~0 BOND CLEAVAGE BY FLUORLDE ION
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Alternatively, the deﬁarture of the poor leaving group may be
facilitated through the formation of a four-centred transition
state with the tetra-n-butylammonium ion providing extra pull

for cleavage of the Si-0 bond. (Scheme 33

SCHEME 33

‘SNi—Si MECHANISM FOR Si-0 BOND CLEAVAGE BY FLUORIDE ION

. ‘Rg | ' | lRa V | FI?Z - .
"R.—-SIA—O R4+ nBUNF — Rl-sfi' """ QR,—— RrS-F+ R, NnB
R3 . R3‘F.-..ND BUA’ R3

However, the most likely explanation for the rapid cleavage of
the Si-0 bond by tetra-n-butylammonium fluoride might be the
lowering of the free energy of activation by 3d orbital

participation in an SNZ—Si mechanism. (Scheme 34)

SCHEME 34

‘SNZ—Si MECHANISM FOR Si-0 BOND CLEAVAGE BY FLUORIDE ION

3d onbital
participation
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One could differéﬂtiate'mechanism § i-8i from §y2-8i and
SNZ*—Si by an examination of the resulting alkylsilyl fluoride.
If the silicon atom in Schemes 324to 34 were a chiral centre,
the S..i-Si scheme would lead to retention while the SNZ—Si and

N

%
SNZ -8i mechanisms would give inversion of configuration.

Differentiation Between 3'-and 5'- Alkylsilyl Thymidines

" Thin layer chromatography of the various reactions between
‘thymidine and alkylsilyl chlorides has shown that, without
‘exception, the é'-alkylsilyl derivati&esAof thymidiné mbve faster
on silica gel fLC developed in ether than do the 5'—alkylsilyl
isomers. That these faster moving compounds were indeed the 3!
isomers was established«first by their ungquivocal preparation
from 5'- trityl thymidiné and secondly by their mass spectral
fragmentation patterns. It had been previously observed that the
3% and the_5'—E~bﬁty1dimethylsi1yl derivatives of thymidine had
characteristically different méss spectra.92 Examination of

" various 3'-and 5'—élkylsilyl‘thymidines prepared in this study
revealed that the characteristic fragmentation patterns obsefved
in TBDMSi derivatives are also found in other alkylsilyl derivatives.
In all spectra, the molecular iop is ndt of significant abundance
.and is 6ften completely missing. The highest mass peak of
‘appreciahle iﬁtensity occurs at [M—Sﬂ'+ for moleculés containing

a t-butyl group (tetramethylene-t-butyl silyl and t-butylmethylocta-

decylsilyl groups) and at-[ﬁnéﬂ.+ for entities possessing an




isopropyl-containing group like the mefhyldiisopropylsilyl,

" triisopropylsilyl, tetramethyleneisopropylsilyl and methylocta-

decylisopropylsilyl groﬁps. The most obvious ions used to dif-

ferentiate 5'-isomers from 3" isomers are those resulting from

two successive losses of H,0 from tﬁe[M-Sﬂ’+ or the [M-43]

fragments, to give [M-75] * and [1-93] * ions or [M-6£]+

+

+
[M—7i] ions respectively. These are much more prominent in the

mass spectra of 5'-isomers than in the spectra of 3- isomers.

(Table 6, Figures 11 and 12, Scheme 35)

TABLE 6

Part1a1 Mass Spectra of 5% and 3% Alkylsilyl Thvmidines Showing Relative

Intensities of some Diagnostically Important Ions

NORMALIZ ED INTENSITY OF TONS

TBDMS1iT

Experiments using deuterium labelled derivatives in order to

. BASE
[UCLEOSIDE  M.WT. M-43 7 (-6’ [v-7g * D 573 [u-75 7" [u- 9ﬁ'+ PEAK

. . m/e
i' MDIPSiT 370 6 36 13 81
}' MDIPSiT 370 9 0.7 0 129
i' TIPSiT 398 4 3.0 13 81
JU TIPSAT 398 3 0.1 0 173
' TMIPSAT 368 7 25 4 157
3' TMIPSAiT 368 7 4 0 99
3" TMTBSiT 382 ' 6 31 8 81
}* TMTBSiT 382 - 15 0 0 153
3 TBDMSing 356 7 30 6 81
e 356 S | © 10 0.5 0 75

determine the nature of these and other possibly diagnostic fragments

are presently under way in the laboratory of J. B. Westmore at the

University of Manitoba.
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RELATIVE INTENSITY,Z

RELATIVE INTENSITY,?Z
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SCHEME 35

MASS SPECTRAL FRAGMENTATION OF A 5'- ALKYLSILYL DERILVATLVE OF THYMIDINE

T

-
A

0 [u-o] =4 [u-r3"

: Alkylsilyl Dichlorides as Cis-Glycol Blocking Groups

Encouraged by the stability of some of the 5'—alkilsilyl
blocking groups, it was felt that alkylsilyl dichlorides might
provideé chemists who are involved in pblyribonqcleotide syn-

thesis with an acid- and bése—étable protecting group for the
2',3'—cis-gly¢ol system of ribonucleosides. The removal of
such.a blocking group, like thg removal of the trialkylsilyl

groups, would be effected by tetra—g—butylémmonium fluoride -

LX)




neutral conditions which would not affect any other blocking

groups on the molecule.79

It would be expected that the most stable silyl dichloride
that could be used for cis-glycol protection would be di-t-butylsilyl

_ dichloride. Although this reagent had reportedly been prepared
81

in 1948, it was found that attempts to repeat that work led to

the formation of side products (compound 15 and 16 in Scheme 19),
which would not be separated from the desired product by frac-

tional distillation.

Tetramethyle esilyl Dichlorid

Uridine and 5'-trityl uridine were treated with commercially
available tetfamethylenesilyl dichloridé under two different solvent
conditions - etﬂer in the presence of triethylamine of aimethyl—
‘formamide in the presence of imidazole. Thin layer chromatography
of the reaction mixture in each case indicated the presence of a

complex mixture of products,

Diisopropylsilyl Dichloride

Diisopropylsilyl dichloride, an intermediate in the prep-

aration of triisopropylsilyl chloride, was obtained in 80% purity
by a series of fractional distillations from the reaction mixture.
Inmpurities included triisopropyl silyl chloride (2.5%Z), hexyliso-

propylsilyl dichloride (1.5%), hexylsilyltrichloride (4%) and




three unidentified compounds adding up to 12%Z. (The hexyl group
appeared in the products following the addition of commercially

obtained isopropyl lithium after the supply of freshly prepared

isopropyl lithium had run out.)

The reaction of trityl uridine with diisopropylsilyl di-
‘chloride in ether and triethylamine appeared to'result in the
formation of a nev compound whose Rf value was approximately twice
that of trityl uridine, This compound was'separated from
unreacted trityl uridine by thin layer chromatography and -purified
by cr&stalliZation fromvethanol—water to give a white solid of
melting point 247-248.5°C. Examination by mass spectrometry
indicated that:fragméﬁtationvbf the trityl‘gfoup‘dominated the
spectrum; Elemental analysis of the ﬁrdduct showed it to be a
monohydrate of 2J5'-ditrityluridine. That its melting point is

3 (223-4°C) can be

different from that reported in.thevliterature
éccounfed for by tﬂé fact that a different solvent was used for
recrystallization. Levene and Tipson had recrystallized their
ditrityl uridine from benzeﬁe4ether_whereas the highef melting
ditrityl uridine had been recrystallized from aqueous ethanol.
Reexamination of the trityl uridine which had been uséd in the
reaction with diisopropylsilyl dichloride revealed that some
ditrityl uridine was present as an impurityi It.ﬁad been reported
by Levene and Tipson that a small amount of ditrityl uridine is

always found in the preparation of trityl uridine.93 Clearly

then, when diisopropylsilyl dichloride had been added to the trityl




uridine - triethylamine - ether suspension, it must have been
destroyed by some impurity in the reaction mixture. Gas
chromatographic examination of commercially obtained triethyl-
amine, done some time after these experiments, reveaied that
the triethylamine contained many unidentified impurities,
some of Whiéh caused a precipitate to form in the presence of
an alkylsilyl chloride. Repeated fractional'diStillations
were necessary in orde; to rémove the interfering impurities.94

Another reaction betweén trityl uridine and diisopropylsilyl
dichloride performed in dimethylformamide in the presence of
imidazole géve a number of products, but one fast ﬁoving
compound (on TLC in ether) was the major ﬁroduct. It was
sgparated from the rest of the products by silica gel thiﬁ layer
chromatography. An attempt to crystallize this compound from
aqﬁeéus ethanol led to itsbdecomposition.intp seven different
prbducts. Thus, ifethe major compound obtained in this feaction
was indeed the desired 5'-trityl-2}3'0-diisopropylsilyl uridine,
then it appears that this compound is unstable. |

Following this, 5'-acetyl uridine (prepared from 2,3'-0-
isopropylidine uridine) was treated with the diisopropylsilyl
‘dichloride in the presence of imidazole in dimethylformamide.
Because of the higher volatility of 5'-acetyl uridine as compared
with 5'-trityl uridine, this reaction mixture coﬁld be analyzed
by gas chromatography and mass spectrometry. The major product

isolated when the- reaction mixture was applied to silica gel plates
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developed in ether Was-ideﬁtified by.gas chromatography-mass
spectrometry as 5'- acetyl-2}3'-0-diisopropylsilyl uridine 63.
However, attempts to pﬁrify the compouné by crystallization

'from ether-hexane or from aqueous ethanol led to its decomposition

to four different compounds (unidentified).

SCHEME 36

REACTION BETWEEN DIISOPROPYLSILYL DICHLORIDE AND 53 SUBST. URIDINE

RO 0 U . Y

- li i + >=8iCl, >

. H H '
| 6l o

SO R=Tn diisopropyls iyl

60 r = Ac dichlonide

This instability of the 5'-trityl and 5'-acetyl derivatives
of 223'—O—aiisopropylsilyi uridine‘is rather unforfﬁnate, as it
" provides a.serious limitation to the usefulness of this symmet-—
rical silyl dichloride as a cis-glycol blocking group. in view
of previous observations regarding isopropyl and t-butyl groups,
one could guess that a more stable silyl dichloride might be
“t-butylmethylsilyl dichloride; It has the disadvantage, however,
~of having a chiral silicon atoﬁ which might lead to difficulties

in crystallization of a mixture of diastereoisomers.
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RESULTS AﬁD DIS CU‘SSION
PART B —- REACTIONS OF 8,2i—THIOANHYDROADENOSINE (8,2'SAnA)
Preamble |
Nucleophilic displacement reactions on 8,2'SAnA (64) were
attempted in order to effect transformation of the anhydronucleoside
into adenosine (66) through an intermediate such as 8-thioadenosine

(65), for example.

SCHEME 37

CONVERSION OF 8,2'—S—ANHYDROADENOSINE TO ADENOSINE

NH,
N A
i
/? l N’J
H HO
O] O 3 ROH oRaney Nickel
@R removal
. H H OH
o4 5 66

The reason behind this work was the hope that by using
thioanhydropurines which lack the complicating 2'-hydroxyl group
of ribonucleosides, one could synthesize an RNA precursor using
methodsideveloped for.DNA synthesis. Following this, ribonucleic
acid (RNA) might be generated by nucleéphilic displacement of
. the thibanhydrolinkage followed by Raney nickel desulfurization
-0f the resulfing molecule. 8,2‘vthioanhydroadenosiﬁe was used

as the test system for this novel approach to RNA synthesis.




Outline of the Problem:
It must be kept in mind that the rgaction‘in Scheme 36

represents the ideal, desired nucleophilic attack at C-2'.

It 1is alse quite possible that the nucleophile might attack at

the C-8 position (Scheme 37) to give an 8~substituted-2'-
thioderivative of deoxyadenosine (67) or at the sulfur atom
(Scheme 39) to give molecules of the type 68 or 67. If Y was

a reasonably good leaving group, then molecule 68 would be

SCHEME 38

NUCLEOPHILIC ATTACK AT C-8 POSITION OF 8,2'SAnA

_ AN |
SN Y—,</N .] '
5 HO = a
0
YX ) %
OH
87
SCHEME 39

NUCLEOPHILIC ATTACK ONVSULFUR ATOM OF 8,2'SAnA
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treated with Raney nickel to give 2'-Y-arabhinoadenosine which
might be subjected to nucleophilic attack by base for example

to give the desired adenosine molecule 66.
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‘Vhen the products of a nucleophilic displacement
reaction on 8,2'—thioanﬁydroadenosine were examined by UV.spec—
trometry, compounds of the type 65 with an 8—thioadenosine—typé
chromophore and of the type.gﬁ with an 8-SX adenosine chromophore
were sought. In water, 8-thioadenosine has UV maxima at 298 and 229

nm and a shoulder at 304 nm120

in the UV spectrum. It is some-
what more difficult to predict what the UV maximum of an 8-SX
.adenosine chromophore would be. Generallf, the addition of an
alkyl, acyl, glkenyl-or a nitrile group to a sulfide attached to
a'UV—apsorbing system raises the wavelength of the UV maximum
(Table 7). However, in the case of 8~thiocadenosine, methylation
or replacement of hydrogen with a cyano group appeafs to lower
the UV maximum of the molecule. (Table 8). Thus, whereas one
might expect that replacing a methylthio group by a thiocyanate
group in the 8-position of adenosine would tend to increase the
"wavelength of the UV maximum of thémolecule, there is, ir fact,
virtually no change observed. Thus molecules of the type 68
(Scheme 39 ) might be expected to have a UV maximum around 280

nm (where X is other than H).




ULTRAVIOLET ABSORPTION CHARACTERTERISTICS OF SULFUR-CONTAINING MOLECULES

COMPOUND

Alkyl Sulfides

CZHSSH

02HSSCH3

CH3SCH3

(n—C4H9)ZS

CH,SCH=CH

3 2

0

I :
C,HgSCCH,

Aryl Sulfides

CGHSSH

CGHSSCHB
CGHSSCH=CH2

C6H58C=N

Alkenyl Sulfides

CH2=CHSCH3

CH, =CHSCH=CH

2

% : .
values In parenthesis are inflexions
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TABLE 7

SOLVENT

EtOH

EtOH

MeOH

benzene
EtQOH
EtOH

EtOH

HZO

EtOH

dioxane

A max

193.5, 225

210 (229)

230, 240

231

236
237%
254 (275)

247,266

230,260

230, 240

240, 255

rather than clear maxima .




TABLE 8

ULTRAVIOLET ABSORPTION CHARACTERISTICS OF 8-SUBSTLTUTED ADENOSINE

H,
X
x|
Z
aibofurancsyl
X 'SOLVENT A max (nﬁ) ref’
66 H EtOH 260 88c
70 SH PH 1 ' 308,240,222 4y g4
pH 11 297,230
71 SCH, pH 1 291 } 9o
PH 11 279 2
72 SCN PH 1 279 .
: pH 7 281 } 100
73 0H pH 1 4 284,264
| pH 11 280 } 101
74 - ocH ~ pH 1 261 '
3 pH 11 259 } 101

— v - e ww o wmm e e e et v wmm g T wem eas men mamt e

. Very little work had previously been done on the displacement
of a thioanhydrolinkage in nucleosides. Pyrimidine derivatives that
had been investigated included 2,2'-thioanhydrothymidine49 (75),

2,3'—thioanhydrothymidin,elo2 and 6,5'—thioanhydrouridine.103 In

each case, displacement of the thio-anhydro linkage under alkali
conditions was from the pyrimidine sfide of the C-S bond, leaving
the sulfur atom on the sugaf portion of the nucleoside; as in

Scheme 40, Raney nickel desulfuriéation of these molecules leads

to the formation of deoxynucleosides.
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SCHEME 40

NUCLEOPHILIC DISPLACEMENT ON 2,2'—THIOANHYDROTHYMIDINE BY BASE

0 ' 0]
o)
OH Raney Nickef — HO 0
OH
Z_.G | 7

A number of purine 8,2% 8,3'-and 8,5'-thioanhydronucleocsides

have been synthesized and their properties investigated,57’104-lo9

but they were found in general to be resistant toward mildly acidic

or alkaline hydrolysis.109 Treétment with strong acid or base led

to the degradation of the nﬁcleoside. The only reaction which

could be readily performedvbn thiocanhydropurine is the desulfuri-

zétion'by Raney nickel to the corresponding deoxynucleoside557’

104-109. There were two reported examples of oxidation with N-
bromosuccinimide to form the sulfoxide of 8,3'-and 8,5'-

thioanhydroadenosine.llo’111

Nucleophilic Rls_PLa%msn_Es_O& Thioethers

In general, thioethers ‘are cleaved much less readily than

ethers both with acidic and with basic reagents. Also, sulfides

are much less basic than the corresponding ethers and form
the conjugate acid less easily in polar acids. Consequently,

the S - R bond is less readily cleaved by nucleophilic




SCHEME 41

MECHANISM FOR ACID CATALYZED ETHER AND THILIOETHER CLEAVAGE

HX + X
R-0-R' ¢~~—~i R—?—R' ~————% ROH + R'X
~ :

. 112 R .
displacement. However, under forcing conditions, a base can

remove a préton o to the sulfur atom.113

X~ @ 6,
” ” . 2

R-S-CH,R' ————3 R-S-CHR ¢—> R-§S=CHR'
¢ L4

?—s—‘CHR' ——> R + S = CHR'

J

RH + X

This proton abstraction is facilitated by the resonance stabili-

98b

zation provided by sulfur d-orbitals of the resulting carbanion.
The carBanion then undefgoes R~S cleavage.114
Alternatively, C-S cleavage may be effected by the attack of

a base on the sulfur atom, particularly if the sulfur atom is

rendered electron deficient by its proximity to a carbonyl or other
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electron withdrawing group.115 The ability of causing C-S

. X~ o HX _
R-§-Z ————> R~ + ZS5X ———> RH + ZSX + X

fission in this manner depends not on the base strength, but rather

on the thiophilicity of the attacking base.116 Thus hydroxide

~and ethoxide ions are ineffective in the cleavage of the C-S bond
of B-carbonyl sulfides; only highly polar nu;ledphiles such as
RS™, ¢85 ¢4P, CN (NH,),C=S, SCN and I were found to be

effective.ll6

Although the ideal nucleophilic attack would be at the 2'-
carbon atom.adjacent to the sulfur, several nucleophilic displace-
ments were'éttempted~using highly polar mdlecules which might be

expected ‘to attack the sulfur atom.

Piscussion of Experimental Results

Reaction with Cyanide Ion
No reaction took place between 8,2'SAnA and potassium cyanide
in water at 100°cC. Changing the solvent to dimethylformamide and

heating the solution for 1% hours at 150°¢C gave mainly starting

material along with decomposition products (fluorescent bands on
the paper chromatograms) and a minor product with a UV maximum at

- 275 nm, (Starting material, 8,2'SAnA has UV maxima at 276.5 and

and 222 nm.) Increasing reaction time to 39 hours and maintaining
‘the temperature at 110-160°¢ in an attempt to drive the reaction
to completion gave only decomposition products. Thus it appeared

that there was no reaction between the cyanide ion and 8,2'SAnA in




aqueous solution at_lbOOC énd that subjecting the two reactants
to more strenuous conditioné leads to the decoﬁposition of the
nucleoside. |
Reaction with Thiocyanate Ton

The reaction of 8,2'SAnA with potassium thiocyanate at
100°C in acetic acid, gave, after four hours, mainly unchanged
starting'material.along with nine minor-prodﬁcts. One of these
nine products possessed UV maxima at 319 and 250 nm, suggesting
.an 8~thioadenosine chromophore whose conjugation had béen
extended furthér by an auxochrome., Raney nickel treatment of
this compound gave a product with a UV maximum at 271{5 nm, which
is very similar to that of thg N6—écetyladenosine chromophore

(X max = 272 nm).117

It is possible that nucleophilic attack at
the C2'-position to form 8—thioadenosine had been accompanied by
N6-acetylation éf adenosine in the heated acetic acid solution.
Although acetic  acid is not normally used for N-acetylation without

18

a condensing agent,1 conditions prevailing in this reaction

. could perhaps have led to N—acetjlation. It is unlikely that
acetylation of the 8-thio group would have extended the conjugation
of the molecule to 319 nm, since we haQe seen that adding a nitrile
.group t5 the 8?thio position results in a decrease in wavelength

of ‘the UV mﬁxima in going from 8-thioadenosine 70 £o 8-thiocyanato-

adenosine (Z&) in Table 8. Since N6—acetylation of adenosine

moved its UV maximum up by 12 nm (from 260 to 272 nm), one would
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expect that N6-acetylétion.of 8-thioadenosine would move its
UV maximum from 308 to 320 nm.. The observed maximum at 319 nm
is quite close to the predicted value for the N6—acetyl—8—

thioadenosine chromophore. Thus it appeared that reaction

between 8,2'SAnA and thiocyanate had led to nucleophilic attack
at C2' to give 2%thiocyanate-8—-thioadenosine. NQ acetylation
of this compound could have given the observed minor product

with UV maxima at 319 and 250 nm. (78) The Raney nickel

reduction would have produced, then, N6—acetyl;2'-deoxyadenosine- (79)
An attempt was made to drive the thiocyanate reaction with 8,2'SAnA

towards completion by extending reaction time to fifteem hours.

"SCHEME 42

ONE POSSIBLE REACTION OF THIOCYANATE WITH 8,2'S-ANHYDROADENOSINE

NHAc

HO HO
0% 1)KSCN,AcOH 0 -0
OH H SCN - H
64 | | 78 9

This resulted in a reduction in the number of products formed to

four. The most intense band on papers was still that of starting

"material. None of the three other products had a chromophore
corfesponding to 8~thioadenosine or N6-acetyl—8-thioadenosine.

Thus it appeared that by attempting to obtain more of the product
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tentatively assigned the structure 78, that particular molecule
and at least five other intermediates had undergone structural

changes to form entirely new compounds. At this point, investi-

gationé into the reaction of potassium thiocyanate on 8,2'-

thioanhydroadenosine were terminated.

Reaction with Azide Ton

— — v— — — —— e — — — —

A reaction between 8,2'S-anhydroadenosine and sodium azide

was also attempted. After maintaining the twb reactaﬁts at 70°cC
in dimethylformamide for 6% days, it was observed that only a
small amount of a new product had been formed, while most of the
starting material remained unchange&. This new cdmpound had a

uv maximum‘at 273 nm., It could not have been an 8-azido adenosine

chromophore, as 8-azidoadenosine has a UV maximum at 281 nm.lOl

Nor could it have been the product of azido attack on fhe c2'-
position as the expected product of such a displacement would have
contained the 8-thioadenosine chromophore with A max at 308 nm.97

Attack at the sulfur atom could produce an unprecedented 8-

thicazidoadenosine chromophore whose UV maximum would be expected
to be about that of 8-methylthio or 8-thiocyanate adénosine
(™ 280 nm) or slightly higher. The observed maximum at 273 nn did

not correspond to what one might expect from nucleophilic attack

of C2' at €8 or at the sulfur atom.
Increasing the reaction temperature to 150°C and heating the

reactants in dimethylformamide for three hours led to some
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SCHEME 43

EXPECTED PRODUCTS OF AZIDO ATTACK ON 8,2'SAnA

NH, NHz

: X
' ’I\ ) %”Ij !
1) N N /
oA S
’ ' H ' 80 H Ny 8l on 83

A 281 nm A 308 nm A =280(?) a) X=H, A Yzeo mm
max max nax b) X=O0H,\ 2 =280nm

attack at C~§ attack at C-2'
attack at the S atom

decompbsition, The major product of this reaction was still
unreacted starting material - four other products formed in low
yields Wére also isolated. One of these four products exhibited

uv méxima at 314 and 275 nm - possibly s&me derivative of an 8-
thioadenosine system. The mass spectrum of this molecule contained
peaks as high as'352 mass units and could not be readily inter-
preted. Since this product and three others were obtained in such
low yields, and since the mass spectra were quite incoqclusivez .

this reaction and its products were not studied any further.
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Since nucleophilic displacements with polar nucleophiles had

not occurred readily and cleanly, it was decided to attempt another

approach. It is known that mercuric ions form stable complexes
with SQlfides.llg Complex formation would lead to utilization of
either the 3p or 3-d orbitals of the sulfur atom. If 3p orbitals

were used, the sulfur atom would become positively charged,




thereby making the molecule more susceptible to nucleophilic
attack than the corresponding non-complexed sulfide. If the
3d orbitals were utilizea, the S-R bond would take on a certain

measure of d-orbital character which would result in a weakening

of the S-R bond, making it perhaps slightly more susceptible
‘to nucleophilic atﬁgck. Thus it was hoped‘thatAnucleophilic

attack at either C8 or C2' might be assisted by the presence of

mercuric chloride. Several experiments were conducted to see if

this were so.

it was, found that there was no reaction between water and
8,2'SAnA_in_the presence of mercuric chloride when the reaction
mixture ﬁas he;ted af 100°¢ fér half an hoﬁr; Adding acetone to
the reacfion mixture in order to help.dissolve the mercuric
chloride and allowing the reaction to proceed at room temperature
for three days resulted in the formation of two compounds in low
yields; Most of th; starting material remained unchanged. Only
one of the two ne& compounds possessed a maximum peak»in the UV.

Its peak at 272 nm could not belong to a molecule resulting from

attack at C2' (to give 84 with its 8-thioadenosine chrémophore,
A max 308 nm) or at C8 to give 85(a) with the 8-~oxyadenosine

'chromophore (A max ~ 280 nm) or 85(b) with the 8-chloroadenosine

- H,0
: 2
chromophore (A max ~ 265 nm since 8-bromoadenosine has A max
120 PH 7 121
265.5 nm and 8-fluoroadenosine has ) max 263 nm ) or attack at

the sulfur atom to give 86 (adenosine chromophore A max ~ 260 nm).




The only product which might he capable of giving a UV maximum at

SCHEME 44

EXPECTED PRODUCTS OF MERCURIC ION ASSISTED DISPLACEMENT BY WATER

) s@ ﬁ NHz NH
i KJ W

a)X==0H,£ﬂ X =CL

272 would be 87, an unknown molecule containing an 8~SOH group
(87a) or an'8-SC1 grdup (87b). 1In either case, the deoxy nature
of the 2' poéition would make the whole displacement useless
since the object of- this work was to prepare a ribonucleoside
derivagive. Conéequently the reaction was.not explored further.

An attempt was then made to effect displacement-by the benzoate
ion‘in the presence of mercuric chloride. There was no reaction

between 8,2'SAnA and sodium benzoate, benzoic acid and mercuric

chloride when the mixture was heated at 150°C in dimethylformamide

for one hour.
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Sheehan had found that selectlve carbon—sulfur cleavage in

penicillin derivatives could be effected by passing an exceés of

chlorine through 'a suspension of the sulfide in carbon tetrachloride.12




This had left a reactive chlorine atom on the carbon atom of the
C-S bond which could be readily displaced by méthoxide, acetate

and thiophenoxide at room temperature. A similar reaction on

cI OAc
Phth_ S\ Phth ——. ' Phth-
CH CcL H AcOH H
| —L— —+ |
CH=0
g —NH o—NH
Phth = phthalimido

OJ,__NH

S,Z'SAnA'would at best leave a chlorine atom on the 2% position
- of the nucleoside, the‘nﬁcleophilic displacemeﬁt of which might
lead to the fo;ﬁation of arabinoadenosine after deéulfurization.
However, it was found that tréatment of 8;2'SAnA with chlorine

gave no reaction.

Attempts at Preparing and Using A Sulfoxide of 8,2'SAnA

It became apparent that nucieophilic displacement of the C-S
linkage of 8,2'SAnA was not feasible. The investigation then
turned to the éhemistry of sulfoxides for a solution to the problem.
| Reactions leading to theée formation of a-halogeno-sulfoxides
were ruled out since these products were reported to be gener-
ally unreactive towards nucleophiles.123

Scission of the C-S bond of a‘sulfoide with N-bromo- or N-
éhlorosﬁccinimidel24 would also .have been a futile reaction since
it is essentially an SNl displacement which would léad tc a mixture
of ribo- and arabinoadenosine derivaﬁives.

125,126

Only one sulfoxide reaction - the Pummerer reaction

had the potential of producing the desired results. This involved
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the acid catalyzed conversion of sulfoxides possessing at least
one oa-hydrogen atom into a-substituted sulfides. An a—acetoxy

sulfide is obtained when the sulfoxide is treated with acetic

0
4

RSCHZR‘ +  RSCHR' ( Pummerenr Reaction )

X
anhydride for three days. A simiiar reaction on the sulfoxide
of 8,2'SAnA would result in the synthesis of the Zi-acetoxy

?3}5'—triacety1—8,2'SAnA which could be converted to

derivative of N
adenosine by desulfurization and base hydrolysis of the acetyl

groups.

" SCHEME 45

- PROPOSED PUMMERER REACTION ON 8,2'SAnA SULFOXIDE

NH2 NHZ | NH2
I S
HO 0 % AcO —

0<S AczO

: 3 days
OH | AcO OAc

88 8

The first step, then, would be to convert 8,2'SAnA to its

1) Baney Ni
2) OH~

sulfoxide. A number of different reagents have been used in the
past to convert a Sulfide'to a sulfoxide. However, oxidizing
agenté such as peracétic and m~chloroperbenzoic acid were immed-
iately ruled out since they had been reported to react with

127,128

~adenocine to form 1-N-oxides. “Subsequent reduction of the




N-oxide by catalytic h.ydr‘ogen'at::i_on,12-9 reaction with phosphorus

189 80
trichloride or reaction with sodium in liquid ammonia could

adversely affect any oligonucleotide of which such a sulfoxide

of 8,2'SAnA might be a part.

Use of N- Bromosucc1n1m1de as an_Oxidizing Agent

— = e e e e em e e e e v e v — o

N-bromosuccinimide had been used to convert 8,3"'-thioanhydro-

Ho O
adenosine (Amax 283,275,287 sh) to the corresponding sulfoxide
HyO - .
() %ax 284) . 131 Based on this observation, it was felt that a

sulfoxide of 8,2'SAnA would have a UV maximum at or slightly

above that observed for 8,2'SAnA (276.5 nm). The reaction of
N-bromosuccinimide Wiﬁh_S,Z}SAnA prbduced nine different compounds,
only one of which Bad a uv maxiﬁum above 276.5 nm, The mass
spectrum of the matérial showed the highest mass peak at 149, the

significance of which could not be interpreted.

Use Of Iodobenzene chhlorlde

Iodobenzene dichloride had been reported to oxidize sulfides
specifically in the presence of N-functional groups.l_32 Both
aqueous acetonitrilé132 and aqueous pyridine133 were used in the
reactions of this reagent with 8,2]SAnA.V}A large number of
producté were obtained in each of these reacfions and no consistent
résults could be obtained. A complicating factor in these reactions

may have been the iodobenzene dichloride oxidation of the nucleoside

secondary hydroxyl group. 97




Some consistency in observed results was attained when the
nucleoside used was the 3'5'-diacetylated derivative of
8,2'SAnA. Using aqueous'pyridine at 0°C in the absence of
‘1ight, the reactions .yielded thrge spots on t.l.c. developed in
EtOAc - a yellow coloured material at Rf 0.08, unreacted Ac28,2'SAnA _
‘at Rf .17 and a faster moving, unstable material at Rf .40, On
standing in'solution or on TLC exposed to air, the Rf .40
material decomposed to a yellow compound (Rf 0.08) and to starting
material, |

ihe sulfoxide, being more polar than the sulfide, would be
expected to have the lower Rf.value on TLC developed in ethyl
acetate.. A clééef eiéminatién of the yelléw material at Ry 0.08
on TLC révealed either that it decompbsed rapidly on silica gel
or that it was not a pure compound in the first place - five bands
were observed when it was chromatographed in EtOAc—}PrOH—HZO
(75:16;9); Only'on; of these five‘compounds contained a UV
maximum higher than that of starting material, but-its ipfrared
spectrum did not have strong peaks at 1040-1060 cm'-l thch would
have indicatedgthe presence of a sulfoxide group. In the mass
spectrum, the highest mass peak was at 365, which corresponded to
the molecular weight of starting métefial AcéS,Z'SAnA}

In order to avoid the possibility that‘decomposifion of the
sulfoxide had been occurring on the silica gel, the reaction |
mixture was diluted wifh water, then extracted with chloroform

which was dried, then concentrated under vacuum. The reaction




mixture was then subjected to the Pummerer reaction by the
addition of dry acetic anhydride, followed by three days of
stirring. The compound sought was N6,3‘,5‘ftriacetyl-2'-
acetoxy-8,2'—thioanhydroadenosine, a molecule of molecular
weight of 465 mass units and an expected UV maximum at 292.5 nm (by ana-
iOgy with N6,3'—Ac28,2'SAnA~5'~phOSphate120). The major product}\
purified by TLC and paper chromatography exhibited UV maximua |

at 290 and 224.5 nm and inflections at 295.5, 257 and 229 nm,

but the mass spectrum of the material indicated a mass of 407

6,3:5'~triacetyl—S,Z'SAnA. The signifi-

which would correspond to N
cance.of a small anomalous peak at m/e 446 could not be interpreted.
-Liké the_N;bromoéﬁccinimide oxidationg, the reaction of
iodobenzeﬁe dichloride with 8,2'SAnA or its diacetylated
derivativelled to the formation of a number of éompounds, except
that here the starting material Was the major product. Iodobenzene

dichloride oxidatioﬁ of 8,2'SAnA did not appear to lead to

sulfoxide synthesis.

vNaraﬁg had used a 5 molar excess of sodium.metaperiodate to
conveft the phenylmercaptoethyl group of a trinucleotide to a
Asulfoxide.l34 Kingsbury had performed periodate pkidations_of
sulfides iﬁ methanol135 while Johnéon used water or aqueous
alcohol solutions with a 5% excess of NaIO4 to convert sulfides
to sulfoxides.136' In eacﬁ case, temperature control was very

important in preventing over-oxidation. These reactions, maintained

in ice-bath temperatures, were complete in less than twelve hours,




often with better than 90% yields.

However, when 3}5'—dia¢etyl~8,2'SAqA was stirred with an
equivalent of sodium metaperiodate for periods of two to seven
days, only a minute amount of a new material with Rf lower than
that of starting material was observed on TLC. Since its UV
spectrum was similaf to that of starting material, it was thought

to be the product resuiting from‘the'loss of an acetyl group after

such prolonged exposure to an aqueous ethanol solution of sodium

metaperiodate,

The reaction of 8,2'SAnA with a 5M excess of'NaIO4.for an
hour at rdom témperature produced two new products (both of which
were more polar than starting material) in very low yields. The
uv specﬁra of these two prodﬁcts (262 and 260 nm respectively)
suggested that the C(8)-S bond had been cleaved, leaving an
adenosine and/or an 8-0R adenosiﬁe-type chromophore (Table 8).

When an identical reaction mixture was heated in 25° steps
from room temperature to 100°C and the progress of the reacticn
was monitored by frequently placing a spot of the reaction mixture

on papers, the gradual increase in amounts of two new more polar

products relative to starting material was observed. The Rf
values of these two products were similar to those observed in

the preceding one hour room temperature reaction. However, although

‘the UV maximum of the most polar compound was the same (262 nm),
the other product now had a UV.maximum at 286 nm, which is close
to that observed for 8-hydroxyadenosine at pH 1, but much higher

than what would be expected of a sulfoxide of 8,2'SAnA.




When the above reaction mixture was allowed to stand at
room temperature overnight, white crystgls with UV maximum at
260.5 nm were formed. Paper chromatography indicated that the
Rf value of the-crystalline materigl corresponded to that
observed for the more polar of the two reacfion products. Electro-
phoretic mobility of this compound (Rm = 0.47, relative to Tp)
‘indicated that it was a monopharged species. Electrophoretic
and UV results suggested that the crystals wére either the 2'-
sulfonic acid of 2'- deoxyadenosine or the 2 sulfonic acid of
2'-deoxy~-8,5"'-0-anhydroadenosine. TIkehara had observed similar
pProperties in é molecule identified as the 3'-sulfonic acid of
3'.-deoxy—8,5‘—O—anhydroadenosine.131 Elemental analysis gave
values which were lower than the expected percentages for C, H
and N, suggesting the prgsence of an impurity like NaIO4 in
., the sample.
| Reducing the amount of sodium metaperiodate to about one
equivalent in fhe heated reaction did not alter the nature of
'the products formed in the reéactions with 8,2 'SAnA.

Switching to the more volatile molecule 335'-diacetyl
8,2'SAnA (90) in the Nal0O, oxidations permitted the more effective
use of the mass spectrometer in identification of the reaction
broducté. The compound formed in the reaction between Ac28,2'SAnA
‘and NaIO4 had a molecular ion peak at m/e 415. Thié corresponded
to the molecular weight of the.2'-sulfonic écid of 3}5' diacetyl~-
2'- deoxyadenosine (91). |

Compared with the sodium metaperiodate oxidations of normal
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SCHEME 46

METAPERTIODATE OXIDATION OF 3,5'-DIACETYL—8,2'*S—ANHYDROADENOSINE‘

NHo NHz

AN

. l i:T : 4 l _
AcOq o 2 Na10, AcO4 0

agqueous ethanol HOS
OA_C Ac
S0 | 3l
sulfides ﬁhich are complete in less than twelve hours,136 the

oxidation of 8,2'SAnA proceeds extrémely slowly (if at all) when
exposéd to an equivaient of the oxidizing agent at or below room
temperature, Increasing the amount of sodium metaperiodate
present and/or raising the reacfion temperature hés the effect E
of increasing the rate of oiidation of 8,2'SAnA. The sulfoxide

does not appear to be forméd in these reactions at all. Over-
oxidatioﬁ products éeem to predominate whether the reaction is

done at room temperature or at elevated temperatures.

Singlet Oxygen Oxidation

" "An attempt at a photochemical oxidation of 8,2'SAnA by
bubbling oxygen through a solution of the nucleoside and the
singlet oxygen sensitizer, rose bengal, proved to be futile.

Most of the starting material remained unchanged after irradiations

lasting up to fourteen hours. Two products with UV maxima at
270 and 260 nm respectively were isolated in low yields
after the fourteen hour irradiation. HoweVer, since their UV

absorbances were at lower wavelength than was expected of the

desired sulfoxide, these compounds were not characterized further.
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The inability to‘prepére, isolate and identify the sulfoxide
of 8,2'-thioanhydroadenosine has been a most frustrating experience.
The extreme stability of the molecule has been attributed to the

strain-free thiazolidine ring system of which the thioanhydro
137

linkage is a part. (Figure 13)

FIGURE 13

. THE THIAZOLIDINE RING SYSTEM

S -
N-C CHa \
| 92
§,2'-thivanhydroadenosine E N-acetyl thiazolidine

Earlier workers had found that they could not isolate the
sulfoxide of N-acetyl thiazolidine either, presumably because of

its instability, although the sulfone could be readily prepared

and isolated when two equivalents of oxidizing agent had been

used.138

Further, the oxidation of 8,3'-thiocoanhydroadenosine with

two equivalents of N-bromosuccinimide had produced'bnly one of two
ﬁosSible isomeric sulfoxides and no sulfone.131 Steric shielding

by the 5'-hydroxyl group was cited as a possible explanation for

the results observed in that exberiment. Such interference may
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also provide at least a partial rationalization for the failure

of 8,2'-thioanhydroadenosine to undergo oxidation to a sulfoxide;
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Since oxidation of Ac2 8,2'SAnA by sodium metaperiodate
had led to the formation of.asulfonic acid, a check of the
literature was made into the possibility of nucleophilic dis-
Placement of a sulfonic acid. It was found that although

numerous nucleophilic displacements of carbohydrate sulfonates

139-141

had been reported, they all involved the cleavage of the

C-0 rather than the C-S bond.

e g, OH }‘T!a(,Bz N B> OH

HO O H
CH

A'single examp%e of the cleavage of the C-S linkage of a

sulfonate is the reverse Bucherer reaction,142 which is limited
to phenols which have a tendency to ketonize.143
OH
OH- N
R4
OzNa

NS
(Bucheres Rx)

Thus it did not appear that nmﬂeophilic'displacement of a

2'-sulfonate to produce adenosine was a feasible reaction.
Further studies on this project were terminated, as the
results of the attempted nucleophilic displacement reactions and

monoxidation reactions on 8,2'-thioanhydroadenosine had not
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held out much promise for this method.
One final approach to this problem might involve the
possibility of an intramolecular displacement of the thioanhydro

linkage by a nucleophilic substituent situated in the 3 position,




RESULTS AND DISCUSSION

PART C ~ PHOTOCHEMISTRY OF ANHYDROURIDINE

Preamble

02,2'~anhydrouridine (93) was first prepared in 1956 by

Todd.144 Research into the insertion of this molecule into

FIGURE 14

STRUCTURE OF 02,2'—ANHYDROURIDINE

i

Ac

oli.gonucleotides145 and studies into the photochemistry of its
diacetylated derivative 94 had been carried out in the laboratories

63,146 In the course of

of K. K. Ogilvie between 1970 and 1973.
one’' of the photochemistry-studies,63 it was found that irrédiation
0of a chloroform-saturated aqueous ;olution containing diacefyl—
anhydrppridine led to the formation of diacetyl-5,6-dihydroanhydro-
uridine. Since this photoreduction provided a simple means of
obtaining a potentially useful mplecule, (as an antimetabolite or

as a Sburce_of information regarding the role of dihydrouridine in

t-RNA), it was decided to investigate this reaction more fully.
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The photoreduction of anhydrouridine had not been previously
reported, although similar reactions on uracil and uridine have.

Uracil has been converted to dihydrouracil by UV irradiation in

. : 147 . ‘ 148 148,149
isopropanol, aqueous isopropanol, aqueous acetone

47

. . . 1 ..
as well as in aqueous solutions of methionine, ethylenediamine-

148,150

. . .1 . s oas
tetraacetic acid 47 and cysteine. Uridine had been reduced

151 . . .
and in an aqueous solution con-

152,153

- by irradiation in formic acid
taining an excess of sodium borohydride. There had been

no.reports of using chloroform as a catalyst or a proton source in

photoréductions.

Roles of Ethanol and Chloroform

'Attempts to effgct photoreduction of diacetylanhydrouridine
in chloroform-saturated aqueous solutions as the previous researcher
had done63 were unsuccessful. ‘Discussions with Dr. J..L. Charlton
raised the possibility that ethanol, present in chloroform as a
preservative, may be having some effect on the reaction. Indeed
it was! Addition of a small amount of ethanol to the chloroform-
aqueous solution of diacetylanhydrouridine which was then irradiated
led to the formation of a single UV peak at 238 nm, ‘This cérres—
ponded to the UV maximum previously observéd63 for the photo-
reduction product of AczAnU. Up to a point, the addition of more
ethanol increased the rate of the photoreduction reaction. Beyond

a certain point, compounds haying different UV maxima began to

appear. Removal of the chloroform seemed to have no effect on the




photoreduction. Apparently, the chloroform that had been used
a year earlier had contained sufficient ethanol to bring about

the observed photoreduction.

Irradiation of Diacetyl Anhydrouridine

Initiél experiments used diacetylanhydrouridine, the higher
Volatiiity‘of which facilitated the use of the mass spectrometer
‘as an investigative tool. The progress of the bhotoreduction was
monitored by taking the UV spectrum of the irradiated solution
at regular intervals., As photoreduction occurred, the collapse
of the two maxima of the starting material (at 250 and 224 nm)
into a single maximum at 238 nm was observed. This peak at 238 nm
grew to a maximum absorbance, then began £o drop in intensity
if irradiation werelcontinued. The photoreduction was assumed
to be over when maximum peak height at 238 nm was attained. The
effects of increasing ethanol and solute concentrations on
reaction rate and product-type were determined by following the
'progress of the reaction by UV spectrometry.

It was observed that as the amount of ethanol was incfeased
from 0.7 to 50%, irradiation time decreased from 60'secondé to
10 seconds using a 1 mM solution in a 1 millimeter UV cell
(Figure 15). Increasing solute concentration in 50% ethanol
solution to 5 mM resulted in the formation of a new UV peak in
additiqn to that observed for the original photoreduction product.

It was the 257%Z ethanol solution which proved to the most versatile,
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FIGURE 15

Time for reaction completion ( seconds )

A plot o4 the effect of increasing ethanol concentration
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as the solute concentration in this solvent could be raised as
high as 33 mM without apparently altering the type of product(s)
formed in the photochemical reaction; i.e., a single maximum at

238 nm was still observed at that concentration.

After irradiation had been completed, the reaction mixture
was concentrated to a syrup and applied to paper chromatograms

which were developed in solvent B (organic layer of l-butanol-

-éthanol—water; 4:1:5). Several faint bands were observed at the

lower Rf values, along with two intense almost overlapping bands,

moving close to one another at Rf .52 and .62 respectively. The

highest mass peak for the Rf_.52 material was at 312 mass units

(the molecular weight of diacetyldihydroanhydrburidine) while

that of the Re -62 material came at 313 mass units. This peak at an

odd numbered mass to charge (m/e) value was believed to represent

a fragment~of the actual compound rather than its molecular ion.
" An attempt was made to crystallize the AcszAnU—containing material

.52 material was

from the R, .52 band. When this failed, the Rf

f

rechromatographed on papers in solvent B. Instead of the expected

single band at Rf .52, three bands were observed as a result of

" . the material being rechromatographed several days after it had

been isolated. It was disturbing that the photoproducts would be
undergoing changes as they were being isolated and purified. The
exact nature of these changes was not determined. However, it

was found that re-examination of a chromatographically pure sample

-




of chemically prepared diacetyldihydroanhydrouridine which had
been allowed to stand in ethanol solution for a few days revealed

the appearance of a second spot on TLC.

Irradiation of Anhydrouridine

Consequently it was decided to use the parent compound,
anhydrouriding, instead of its diacetylated derivative for
subsequent pho;ochemical studies. Purification gf the photo-
products was greatly simplified as a resu}t of 'this change. Thin
iayer chromatography of the reaction ﬁixture revealea five fai;t

bands at R, .36, .41, .54, .70 and .88, and three dark bands

f

at R .00, .15 and .24.
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Identification of the Photoproducts_of Anhydrouridine
The material at the origin could not be identified as paper
and thin‘layer chromatography in various solvents produced only a

long streak containing at least three darker areas, but no

distinct bands. This material may have contained products resulting

frpm the secondary photochemical reactions of the photoaaducts
which have been found to occur more_efficiently than the photo-
additioﬁ.lfs4

Reéhromafographing the.Rf.flS material on papers in solvent
B gave two baﬁds which moved close together. In order to effect
their separation the papers had to be developed for periods of

forty hours or more. The slower material was identified as

unreacted anhydrouridine (18%) while the faster one turned out to

<
-
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be 6(a-hydroxyethyl)-5,6~dihydroanhydrouridine 95.

.24

Prolonged paper chromatographic development of the Rf
material in solvent B also gave two bands which moved close
together. The slower band was found to contain dihydroanhydrouridine

97 while the faster moving compound was identified as another

isomer of 6-(o-hydroxyethyl)-5,6~dihydroanhydrouridine 96.

FIGURE 16

PHOTOPRODUCTS IDENTIFIED

OH o7

The ethanol adducts 95 and 96 were identified by mass

H @ $5(88)

spectrometry and by an analysis of the n.m.r. spectrum of their
respective triacetylated derivatives. The actual symmetry at
C-6 of each adduct was not determined. Since botﬁ have an
‘additidnal chiral centre at the a-carbon of the hydroxy-ethyl
side chain, each isomer, gi and 96, would be expected to contain
two epimers. However, only one of the adductg showed evidence of
a second epimer in the n.m.r. The apprﬁximate ratio of the two
epimers.in that case was approximately 3:1.

_Dihydroaﬁhydrouridine was identified by comparison with an
aﬁthentic sample.53

The minor bands were also isolated and their weights and UV

spectra obtained. However, because of their low yields, these
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products were not identified.

Was Addition at C~6 an Expected Reaction?

s e s et wten e om— —— —— —t— ————  — -, o ot gy, aratm  atnr  amretnn

There have been quite a number of examples of photoadditions

across the 5,6 double bond of uracil, uridine and uracil derivatives

to give the 6-substituted (rather than the 5-substituted) 5,6-

‘dihydro compound. Photohydrations, for example, have led to the

Aformation_of 6-hydroxy-5,6~dihydro uracil and uridine.149?155—159

In one of these experiments, two isomers of the hydrate were found

in the ratio of 3:2.156 (The ratio of the two ethanol adducts of

anhydrouridine was 3:1.)
The photoaddition of nucleopiles such as hydrazine, methylamine,

HCN, HSO. and-BHA_ to uracii'also'gave 6~substitution on 5,6-

3
160

dihydrouracil. 161

‘Irradiation of 1,3Fdimethyl uracil in methanol

or in frozeh aqueous 2%,methanol162 resulted in the formation of
6—methoxy—1,3—diméthyl~5,6—dihydrouracil. Ethanol and 2-propanol
have béen reported ;o undergo photoaddition to the ene-thione
system of 1,3-dimethyl-4~-thiouracil (98) 163U3fonm the C-6 hydroxy-

alky]xated -5,6~dihydro derlvatlve as the major photoproduct. The mechanism of

MeN

this last reaction might bé expected to be similar to that involved

in the photoaddition of ethanol to anhydrouridine.

hotor ductlon and Photoaddition Reactions of a,B~-Unsaturated Ketones

The structure of anhydrouvvidine 93 bears a resemblance to that
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of an a,B-unsaturated ketone. This resemblance is parallelled

by a similarity in the types of photoproducts formed when each is

irradiated in the presence of an alcohol. Williams .and Bladon

had found that when 3-B-acetoxypregna-5,l6-diene-20-one (99) was
irradiated in ethanol, 2-propanol or cyclohexanol, two products
‘'were formed - one resulting from the reduction of the double bond

to give 100; the other from the addition of the alcohol across

the double bond to give 101,

The photoreaction was thought to have proceeded in the following

o -164
steps:
cocH, OseLHy HOse My HOsLH
I gﬁ hy g RyR ,CHOH gﬁ N {])_‘\)
HOL o-CH, | o HOL K | | N
II mi‘j R, RLCHOH {ﬁ . %ﬁ |
(RREOH &s energetically _ 100
ﬁ'eferrednzfo.gl?,ﬂ,_cl/ﬂf/) : E—
HO~ o CH, HOS . CH 5 O3 0 CH

v

| © R,R,C0H (R Ke CR, R,
| - OH OH
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Thus steps i and IL led to the formation of reduction product
100, while steps I and III gave the addition product. The'primary
photochemical process was thought to involve the absorption of
light din the n}n* absorption band'of the unsaturated ketone.165
.- A study into the mechanism of the photochemical alcohol
addition té a simple‘&,B—uhsaturafedvketone was also done,154 using

l-acetylcyclohexene as the model compound. FEthers were formed in

this

0
éCH3

g

hv ' : OR

case. The same products were obtained whether a broad séectrum
source with pyrex filters or a 254 Ao_source with quartz vessels
were.u§ed. Thisﬂsuggested that the initial n+j* or ﬂ+n*_excitation
led to a common excitéd state, In this work, the ﬂ*ﬂ*ltriplet was
assumed to be the reactive state. Attempts to quench the photo-
reactidn with piperylene or oxygen had failed, suggesting that tﬁe
alcohol addition was a singlet state process or else}that it
proceéde& via'a.shoft—liﬁgd triplet state.154

An example of the'photoadditién of an alcohol to a cyclic
&;@-unséturated ketone was the irradiation of cyclopentene-2-one
lgl in isopxopanol in the presence of benzophenone.l66 This
reaction resulted in the addition of the dimethylhydroxymethyl

radical (CH COH at the B position to give 3-(a~hydroxyisopropyl)

3)2
-cyclopentanone, 103. Sensitization by benzophenone would bé

%
-expected to form the cyclopentenone n-»T triplet. This could




6 2

hv
+ (CH,),CHOH S O 103
@ B 0,00 EleH,), =

oz |

subsequently react with the alcohol by proton abstraction and

radical addition to give -103. -

Suggested Mechanism for Anhydrouridine Photoreduction and Photoaddition.:

—— e e e e b e et e e mee ST e i e s v e e Bt v i e ——— . — ¢ ————— o — o~ — - —

—— —— — o —

% : .
The n>m band of anhydrouridine is not visible in the UV

. _ N
spectrum. It is possible that the n>m band (normally at 300~

69

. : 1 ' .
350 nm in a,B-unsaturated ketones) . "fay be blue-shiffed:sufficiently

by the presence of the nitrogen atoms in the molecule to be buried

*
beneath the m>m band of adhydrouridine at 250 nm. (The highly

electron-negative nitrogen atom at N1 and perhaps N3 would cause

electron withdrawal from the a,B—unsatﬁratedketbne éystem, thereby
: *

widening the energy gap between the ground state and the =

excited State.170) Although the exact character of‘the excited

: % ‘
state of anhydrouridine is unknown, an n+m state is not unlikely,

particularly since it has been demonstrated that hydfogen

171

. . ) %
abstraction involves the n+w state. The reason for this ‘is

* s s
that n»m excitation results in a decrease in negative charge

on the oxygen atom, making the radical more electrophilic and

g . 171b . .
thereby facilitating hydrogen abstractions. Excitation to the

1 state, on the other hand, gjves less free radical -character

lwel
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3 M *
to any particular atom than does the n+»7 state and would require
: . . . 171a
extensive electron: reorganization for hydrogen abstraction.
Thus, the first steﬁ of the anhydrouridine photoreduction in

*
aqueous ethanol might be the formation of either an n=>7 or a

* %
m+m singlet. The n+m singlet may photoreact or it may undergo
. - * ) * .
Inter-system crossing to form an n+n71 triplet. The wm>m singlet

: C , Lk e
may undergo a transition to form either the n>7n" singlet or the

% _ % . ‘
n*m triplet. Either of the two n»m states might be involved in

h&drogen abstraction, although the longer life of a triplet state
makes.it the more likely reactive species. Tﬁisintermediate 104
would abstract a hydrogen &tom from the ketyl radical 105 to
give‘dihydroanh&drouridine 21.( in other Wérds, a disproportion-
ation reéction‘(lli)with radical 192 fo produce dihydroanhydroF

uridine and acetaldehyde.) Alternatively, the radical 104 can

combine with 105, yielding the observed ethanol adducts of anhydro-

uridine, 95 and 96.

SCHEME 47

SUGGESTED MECHANISM FOR THE FORMATION OF ANHYDROURIDINE‘PHOTOPRODUCTS

0 e . T o0 7.
i FYQ l hu R L.8.C.
) | ' L Ppanglet |
~— - = "OH - —tuiplet
' ]
N Cenon N .
5 S I > . + CH;CHOH

105

USSR Ll o4
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OH

-

. ‘ .OH 0
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i Y CHCH-OH § @ o
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U 74
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v + CHCHOH — C
| e T\rlv CHCH, | (5: Hy
o | “—~ OH s

B 96

Two ekﬁerimeqts'were done in an atteﬁpt.to determine whether
the reactive4species in the photoreaction was the singlet'or
triplet state. In the first experiment, irradiations were carried
ouf ﬁsing.two 100 milligram samples of ahhjdrouridine. One was
degassed with nitrogen, while the other sample was not. 1In both
cases, the UV maximum of the irradiated solution was at 238 nmnm
after'22 minutes of irradiation. In the second éxberiment, two 200
mg samples were prepared. One was dissolved in 257 ethanol in
water, the other was dissolved in 1 M.potgssium bromide in 257%
ethanbl in water. After 47 minutes of irradiation, the UV
maximum of both solutions appeared at 238.5 nm. Since oxygen is

172 /174

known to be an effective quencher of triplet states and

173 and neither

the bromide ion has reportedly the same effect
appeared to have ‘any effect on the photoreaction of anhydrouridine,

one is led to two possible conclusions. The first 1is that the

singlef state is the reactive species. The second is that a
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short—lived triplet state undergoes photoreduction and photo-
addition reactions at a rate much faster than the quenching rate.

A similar short-lived triplet has been suggested in the photo-

chemical alcohol addition to a,B-unsaturated ketonesls4 and in

photodimer production in DNA or TpT.175
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SUMMARY AND CONCLUSIONS
The general purpose of this research has been the development
of methods to improve nucleic acid synthesis. Chronologically,

the first approach undertaken in the laboratories of K. K, Ogilvie

involved the use of anhydronucleosides for polyribonucleic acid

-synthesis. One graduate student had studied the feasibility of

using 02,2'?anhydropyrimidine nucleosides for this purposelé5 ﬁhile

this author undertook .to investigate the suitability of

8,2'-thioanhydropurine nucleosides for RNA synthesis. In, the
former case, it was found that nucleophilié displaéement reactions
on -a dinucleotide containing anhydrouridine led to internucleotidic
cleavage. In the latter case, it was fouﬂd that no straightforward
nucleophilicAdisplacement-of the thioanhydro linkage took place |
when a number of different nueleophiles were used under several
dirferent ronditions. As a thioether forming part oﬁ a

thiazolidine ring system; the thioanhydro linkage waé very stable

to nucleophilic displacement reactiomns. Attempts_to convert the

sulfide to a sulfoxide which might then undergo a Pummerer re-

arrangement were also unsuccessful., However, in the presence of"
excess oxidizing agent and at elevated temperature, the thio-
anhydro linkage was finally oxidized to give the 2'-sulfonic acid

of 2'-deoxyadenosine. Since nucleophilic displacement of the C-S

linkage of alkyl sulfonic acids was unknown, and because of
the problems encountered in the displacement and oxidation reactions
of the sulfide, the project was terminated. The inherent stability

of the thiazolidine ring system and steric interference by the 5'-




hydroxyl group of the 8,2'-thioanhydroadenosine might play a
role in the extreme non-reactivity of 8,2'SAnA under various

’

conditions.

Dihydroanhydrouridine synthesis by the photoreduction of
anhydrou?idine'was studied more Because of its potential use as
a precursor of dihydrouridine and arabino dihydrouridine
than as a molecule of conveniénce for RNA synthésis.

Once the roles-of chloroform and ethanol were clarified, experiments
were conducted to determine the optimal conditions for the photo-
reduction. If was found that 25% ethanol in water allowed use Qf4
the &idest range of solute concentration and required a reasonably
short ifraaiation.timé without apparently altering the nature of
the photbproducts. The three major photoproducts were identified
as dihydrpanhydrouridine resulting from the photoreduction of the
5,6~double bond of anhydrouridine and as tﬁo isomers of 6-(o-
hydro#yethyl)—S,6—&ihydfoanhydrouridine resulting ffom the photo-
éddition‘of ethanol to anhydrouridine. These photoreactions bear
a striking resemblance to the results of irradiationé of o,B-
unsaturated ketones in the presence of alcohols.

Sinée the nofel approach of.using anhydronucleosides for the
synthesis of polyribonucleotides had not been as suécessful as had
begn hoped, a more conventional approach was takén. "This involved
the'develépment of stable, specific and/or‘highly lipophilic
alkylsilyl blocking groups which coﬁld be removed using specific

neutral conditions. An attempt by Nielsen to do the samel76 by
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using the tfitylacetoxy group had met with disappointment.177

Six different trialkylsilyl chlorides in varying degrees

of purity were prepared and the specificity of each .for the 5'-

hydroxyl group of thymidine was determined. Methyloctadecylisopropyl- ::

silyl chloride and t-butylmethyloctadecylsilyl chloride were
"tested for suitability as a lipophilic handle fqr.nucleic acid
synthesis. "'Only the latter provided a blocking group which'waé
sufficienfly stable to acid.to be useful towards this end.

In a con@urrent study, methyldiisopropylsilyl chloride,
triisﬁpropylsilyl chloride, tetramethyleneisopropylsilyl chloride
and tetramethylene-t-butylsilyl chloride were investigated for
their uéefulne;s as éﬁécific; stable'blocking groups in nucleoside
chemistr&. Two of these four reagents,‘triisopropylsilyl chloride
and tetramethylene-f-butylsilyl chloride, were found to exhibit
high specificity fqr the primary 5'- hydroxyl function of. thymidine
and coﬁsiderable sﬁgbility in acidig conditions. The latter
- reagent, easily obtained in a pure state, provided the most stable
blocking group of all the alkylsilyl chlorides prepared. Each was"
readily removed by treatment with tetra—gfbutylammonium fluoride
in tetrahydrofuran, neutral conditions with no adverse effects
on other blocking groups.

In the course of this investigation, the SF;, 3'~ and 3',5'~
di~silyl thymidine derivyatives were prepared,isolated and charac-
terized by melting point; infrared spectroscopy and mass spectrometry.
The'S'-alkylsilyi derivatives of thymidine were further ideﬁtified

by elemental analysis.
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One other aspect of silyl chlorides was investigated -
the use of alkylsilyl dichlorides as blocking groups for the
| cis-glycol system of ribonucleosides. That diisopropylsilyl

dichloride reacted with 5'-acetyl uridine to give the desired

5'-acetyl-2}3'-0-diisopropylsilyl uridine was verified by gas
chromatography and mass spectrometry. However, attempts to

purify this compound by crystallization led to its decomposition,

suggesting that the molecule was somewhat unstable.

A further word about the combined techniques of gas chroma-
tograﬁhy and mass spectrometry (GC/MS) is in order. In the
capable hands of fellow graduate student, Michael A. Quilliam,
this'teéhnique.ﬁés‘pr;vén torBe indispensaﬁle'for the
optimization of reéctions-to prepare élkylsilyl chlorides, for
the identification bf side produdts formed in phese preparations,

and for the characterization of most of the alkylsilyl derivatives

of thymidine and uridine that had been prepared. In the absence
of this technique, the alkylsilyl chlorides project would have

taken considerably longer than the five months it required for its

completion and the quality of the results reported here might have

been lowered considerably.
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EXPERIMENTAL

GENERAL METHODS

Reagents
Dry byridine was obtained in the following manner: Technical

grade pyridine (Fisher Scientific) was distilled from p-toluene-

sulfonyl chloride (after a period of refluxing) into a round-

bottom flask containing caléiﬁm hydride, Following this, the
pyridine was refluxed over calcium hydride, distilled and stored
over Linde Molecular Sieves.

Dry N,NQdimethyl'formamide was preparéd by refluxing reagent
gradé DMF over calcium hydride, followed by distillation and
storage over Linde Molecular Sieves;

Dry, unsaturate free pentane was pPrepared in the following

manner: Practical grade pentane (Eastman Organic Chemicals) was
vigourously stirred with concentrated sulfuric acid for three

days. The pentane was then separated from the sulfuric acid,

shaken with sodium carbonate solution, washed twice with water
and dried over anhydrous sodium sulfate. The pentane was then
fractibnally distilled and the fraction boiling at 36.0-36.5%C was

Acollected.

"Dry tetrahydrofuran was prepared by passing technical grade
tetrahydrofuran through'é column of activated silica and collected

over Linde Molecular Sieves.




-7 126 T

Commercially prepared isopropyl lithium and t-butyl lithium
were obtained from Alfa Products in Montreal. Isopropyl lithium

was also obtained from Research Organic Chemic31'Company in

Belleville, New Jersey.
Dodecylsilyl trichloride, methyloctadecylsilyl dichloride
and tetramethylenesilyl dichloride were ordered from PCR Incor-

porated in Gainesville, Florida.

Chromatography

De§cending paper chromatography used Whatman 3MM papers.
Soivents psed were : Solvent A, 2—propanol—copb. ammonium
hydrokide—wafer (7&1:2) and Solvent B, i—butanol—ethanol—water
,(4:1:5, organic phase).

Thin layer chromatography was garried out on Eastman
_Chromagram Sheets 6060, silica gel with fluorescent indicator,
usiﬁg strips 10 c; X 2‘cm. Thick layer silica gel chromatography
used glass plates (20 cm x 20 cm) coated with a 2mm thick layer

of silica gel DSF-5 (Mondray Chemicals Ltd.).

Paper electrophoresis was performed using Whatman 3MM paper
in a Savant Flat Plate electrophoretic chamber with a Savant
Model HV power supply operated for one hoir in a bicarbonate

buffer at pH 7.5.

Nucleosides, their derivatives and their photoproducts
were detected on paper and silica gel chromatograms using an

ultraviolet source ( Mineralite, output about 254 nm ) .




Equipment

Infrared spectra werereumdedoné Perkin Elmer 337-spectro—

meter. KBr discs were used.
| Ultraviolet spectra were recorded On.a Cary 14 recording
spectrometer,

Gas chromatography and mass spectrometry were performed
on a combination Varian 1700 gas chromatograph (GC)- Finnigan
1015 Quadfopole mass spectrometer (MS) With a Watsoh—Bieménn
separatof interface; The column was 10% UCW-98 on 80/100 mesh
acid Qashed—DMCS—Chromosorb W, 20 inches.lqng with a 2mm inner
diameter, stainless steel,fwith7a 25 ml/minute helium carrier
flow. The column temperature was 1inearly programmed from

60°

to ZZOQC.baﬁ 100/minute; The temperatures of thg injéctor
and of the flame ioniza£ion detector ﬁere at 200o and ZSOCC.,
respectively.

Ultravioleﬁfirradiations were carried out in a quartz
250 ml tube using a low pressure mercury laﬁp (wavelength, 254nm)
from Ultra Violet Products, Inc., San Gabriel, Califormia,
Model No. PCQX1. |

Melting points were determined on a Fisher—thﬁs melting
point apparatus and are reported uncorrected.

The microdistiiiation apparatﬁs conéisted_of a 20 ml pear-
shaped flask connected to a 6 inch Vigreux column wﬁich was in

turn joined to a 6 inch condenser. It was used for the fractional

distillation of alkylsilyl chlorides that had been prepared.




Analyses

Elemental analyses were performed by Galbraith Laboratories,
Inc., Knoxville, Tennessece.
GC/MS analyses'of the reaction mixtures formed in the

reactions to prepare alkylsilyl chlorides was made up of the

following procedures:
a) observation of the gas chromatographic peaks, the
elution order of which is generally in order of increasing

94
mass” .

b) obtaining the mass spectrum of the ﬁaterial at each-
major peak in the gas chromatogram |

¢) examining the mass spectrum for the molecular ion
and other characteristic fragments

d) calculating thé approximate ambuﬁt of each compoﬁent

"in the reaction mixture by measuring areas under the peaks and

" correcting roughly for variations in the response of the flame
ionization detector by dividing the areas obtained by the number
of carbon atoms in the molecule.

e) determining the number of chlorine atoms in the molecule

'by examining the isotope peaks associated with the molecular
ijon or with some of the fragments in the MS.
Characteristic fragments in the mass spectrum were the

+ S
molecular ion M (except for the dodecyl and octadecyl-containing

molecules) and fragments corresponding to YM-—R]+ where R is
any of the alkyl groups attached to the silicon atom. Tetramethylene:

alkylsilyl compounds contained additional characteristic fragments

such as [i-R-uCI * and [u-r-c,u,] " :

Characteristic fragments of alkylsilyl thymidines were the

. + )
@—R] fragments; no M+ fragments were observed.
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TYPICAL MASS SPECTRAL PEAKS USED TO IDENTIFY ALKYLSILYL CHLORIDES
AND ASSOCIATED SIDEPRODUCTS

Structure Fragments observed

igned
assigne M+ . [M _ R1]+ _ [M _ R?}-i- [M _ Rq]-*-
>SiGl, 176/178 (3 C1) 133/135 NA : NA
®R) 3

Nou

>—SiC12 184/186 (2 Cl) —————-—m=141/143=mmmm e A
(R ,

Y @

25 Sicl 192/194 (1 €1) e 149/15] mmmemm e
&) Ny |
vy R . :
3 SiH 158 | - 115 o
> /k(a.)»
>8io< 216 e 173 e e
A
M M-t f-r-mcy * [M-r-C,H,] +
A | |
- Big 162/164 (1 C1)  119/121 83 91/93

CSii 170 127 o NA §9
’CS;‘SL 186 143 NA
Ay - .

NA = Not Applicable
(More detailed analysis of the mass spectra of these types
of compounds are in progress in the laboratory of Dr. J.B. Westmore.)




PROCEDURES

Alkylsilyl Blocking Groups

Isoprop&l Lithium - Flattened lithium wire (42 g, 6 moles)

was cut into small pieces under ether and transferred to a omne-

liter 3—ne§k flask containing dry unsaturate—-free pentane

(400 ml) using a paper cone. Nitrogen gas apflied from a second

inlet was bassed over the pentane and the incoming lithium.
Freshly distilled isopropyl chloride (225.5 g, 262 ml, 3

moles) was dissolved in dry pentane (200 ml) and placed in a

dropping funnel. About 40 ml of this solution was added to

the lithium wire in pentane. Thé reaction.mixture.was kept

undexr a élight positive preséure of nitrogen by means of a

balloon of nitrogen fixed af the end of the condeﬁser. A second

balloon of N was attached to the dropping funnel containing the

2
isopropyl chloride soluticn in order to equalize the pressure.

The reactioﬁ mixture was heated just enﬁugh to maintain
reflux while the solution was stirred, After 5-10 miﬁutes? the
heat.source was removed and the solution continued tq reflux as
thé exothermic reaction had been initiated. Refluxing was main-
tained by the dropwise addition of the reﬁaining isopropyl chioride
sdlutioﬁ. Stirring of the solution was continued pvernight after
all the isopropyl éhloridehad been added. The bluish to purple.

coloured suspension was then allowed to settle, leaving a light

yellow pentane solution of isopropyl lithium. The solution was

s -




carefully decanted, -as needed, into a graduated dropping funnel
under nitrogen. Alternatively, nitrogen pressure was used to
force the solution through glass tubing into the graduated

dropping funnel.

Methyloctadecylisopropylsilyl Chloride - To a cooled, stirred

solution of methyloctadecylsilyl dichloride (36.5 g, 0.1 mole) in

" hexane (90 ml), isdpropyl lithium solution (85 ml of commércially

obtained solution labelled as 1.2 M) was added dropwise over a
period of 30 minutes. GC/MS“ analysis of the mixture after 4 hours
of stirring showed that approximately 50% of the starting matcrial

remained unchanged. Reexamination 24 hours later by GC/MS revealed

that the reaction had not proceeded any further. A further 85 ml

of isopfopyl lithium was adaed. Three hours later, GC/MS analysis
showed only g‘small peak af the retention time corresponding to

that of starting'material. After addition of 10 ml more of

isopropyl lithium solution, followed by stirring for 3% hours, the
solution was filfered to remove lithium chloride. Filtration through
fluted filter paper was a very slow process due to thé thick
liq;id—wax nature of the product. Distillation of the méterial at
2+~5 mm pressure at temperatures of 195-200°C gave a clear viscous

liquid which solidified around 15°C to form a white vaxy amorphous

‘sdlid. On the basis of GC retention time and mass spectral

fragmentation ( m/e 331/333, 1 ¢ci, and 121/123, corresponding to

+ ' + .
@-43(3—Pr)] and[ﬁ—253(018H37ﬂ of C22H47S1C1), the compoqnd_was
determined to have a structure corresponding to that of methylocta-

decylisopropylsilyluchlofide ( 31.0 g, 83% {'




Attempted synthesis of di-t-butylsilyl dichloride

(A) A pentane solution of t-butyl lithium (95.3 ml of 2.1 M solu-
tion, 0.2 mole) was added dropwise to freshly diétilled silicon
tetrachloride (17.0 g, 0.1 mole) over a period of 30 minutes. The

solution was maintained at reflux temperature for four days. The

reaction mixture was then diluted with pentane and the resulting

solution filtered to remove lithium salts. GC/MS revealed the

presence of four major products. In order of elution these were:

1) t-butylsilyl trichloride 13, about 497 of the reaction miXture,

M= 190/192 (3 ¢1); M-57(£-Bu)] T= 133/135

2) di-t-butylchlorosilane 15, about 40%,
M= 178/180 (1 c1); [M-57]F= 121/123
3) di-t-butylsilyl dichloride 14, about.9Z of reaction mixture,
M= 212/214 (2 c1); [u-57]"= 155/157
4) a molecule whose fragmentation pattern in the MS was identical
with.thaf of di-t-butylsilyl dichioride 14 but which had a
long;r retention time in the GC than 14 (suggesting that it was
not as highly branched a molecule as ligé) and which was tenta-

tively assigned as t-butylisobutyl dichloride 16 (about 1 7).

_ An attempt was made to isolate the di-t-butylchlorosilane

by two fractional distillations. However, analysis of the fractions
by GC/MS revealed the presence of all the above-mentioned impuri-

ties as well as several unidentified peaks. The materials appeared

to co-distill.

(B) A second synthesis was attempted in the presence of teta-
hydrofuran, with no heating. Silicon tetrachloride (17.0 g, 0.1

mole) was mixed . with THF (5 ml). A pentane solution of t-butyl




lithium (95.3 ml, 2.1 M, 0.2 mole) was added dropwise with
stirring and cdoling over a period of 1% hours. GC/MS analysis

of the reaction mixture revealed the following roughly calculated
'coﬁp&sition: t-butylsilyl trichloride 13 (about 70-80%), di-t-
butylsilyl dichloride 14 (10 to 20%) and di-t-butylchlorosilane
15 (éround 5—10%). The assignments of structure were made on the
same evidence as was ébtained in the previous preparation (A).

More tetrahydrpfuran (10 ml) and gt-butyl lithium (38 ml,

2.1 M, 0.08 mole) were added to the reaction mixture, the lafter
being added over a period of one hour. Examination of the reaction
mixture by gas chromatography and mass spectrometry revealed

that t-butylsilyl trichloride still constituted approximately

20% of the reaction mixture, that the amounts of di-f-butylsilyl
dichloride and di-t-butylchlorosilane had increased and that two
new side-p;oducts (tentatively t-butylisobutylsilyl dichloride
plusAan unidenpified compound) had begun to be formed. (Assign-
ments made as before).

The additioq of a further 20 ml pf t-butyl lithium solution
did not succeed in the complete conversion of t-butylsilyl tri—‘
chloride to products; instead, the amount of Wurtz'reaction pro-
duct, 2,2,3,3-tetfamethy1butane (early eluting compound, M+= 144,
see Figure 6, page 36), was subsﬁantially increased. The compounds

once again co-distilled when fractional distillation was attempted.

(C) A third attempted in which the silicon tetrachloride (0.05 mole)
and THF (S_ml) were diluted with pentane (75 ml) prior to the
addition of t-butyl lithium solution (0.97M, 103 ml, 0.1 mole)

did not succeed in the elimination of sideproduct formation.




Methyldiisopropylsilyl chloride - Silicon tetrachloride (5.7 g,

0.0335 mole) was dissolved in pentane (30 ml) and tetrahydrofuran
(3 ml). To this stirred, cooled solution, freshly prepared iso-
propyl lithium (125 ml, estimated concentration 0.56M, 0.069 mole)

was added dropwise over a period of 65 minutes. The reaction

mixture was allowed to stir for a further 10 minutes, then methyl
lithium in ether (20 ml, 1.82M, 0.034 mole) was added dropwise.
As GC/MS analysis indicated that the peak.at-retention time
corresponding té that of diisopropyléilyl dichloride ( M+=l84/

186 (2 Cl); @F&B(E—Pr)]+= 141/143 ) was still present, a further

10 ml of the above methyl lithium solution was added. GC re-exam-
ination of the reaction mixture indicated the cémplete removal
ofvthe diisopropylsilyl dichloride peak;

The'reaétion mixture was filtered, pentane was largely removed
on the rotary evaporator, and the resulting solution distilled
info‘S &ifferent fracfions{ The fractionévwith boiliné point
ranges 1344147OC'and 148-154°¢ wefe found to contéin ghe desired
methyldiisopropylsilyl chloride (M+= 164/166 (1 C1); Q&A3]+=
1217123) along with small amounts of impurities; some of which

were tentatively identified as the following: (in order of elution)

1 trimethylisopropylsilane (highest mass peak, determined by
exaﬁining the oscilloscope of the mass spectrometer, found to

be around 118; molecular weight of C6H16Si is 116 mass units),

2) an unidentified compound with mass spectral fragments of
m/e values of 133, 118 and 91,
3) another unidentified compound with mass spectral fragments

with m/e values of 146, 118 and 75,

4) dimethyldiisopropylsilane, containing mas$§ spectral fragments



identified dh the oscilloscope of the mass spectrometer as m/e

145, 102 and 75. The molecular weight of CSHZOSi is i44_massvunit$.
The relative amounts of the products in each fraction could

not be determined from the gas chromatogram due to pverloading

of the GC column.{Yield of mixture was 2.3 g, 42% approximately.)

Atteméted Synthesis of t-Butyldodecylisopropylsilyl Chloride

(A) Dodecylsilyl trichloride (15.18 g, 0.05 mole) was dissolved

in pentane (50 ml) and tetrahydrofuran (5 ml) then cooled in an

ice bath. A pentane solution of t-butyl lithium ( 24 ml, 2.1M,

0.05 mole) was added dropwise to the above solution which was
stifred aqd cooled. GC/MS analysis'of the reaction mixture re-
veaied thaﬁ the peak with retention time.corresponding to that

of starting méteriai ( whose GC retentioﬁ time had been deter-
mined béfore this experimént was begun) was still present in

phg gas chromatogram. Addition of more};—butyl lithium (37 ml)
resulted in the disappéarance'of the peak correspondiﬁg to starting
matefial. Formed in thé reaction were the desired t-butyldodecyl-
silyl dichloride 31 (m/e 267/269 (2 Cl) and 155/157 (2 Cl) cor-

responding to the{#—57(g-Buﬂ + and[ﬁ—l69(C12H25ﬂ +fragments

respectively of C16H34SiC12) as well as several sideproducts,

one of which was recognized as t-butyldodecylchlorosilane 32
(m/e 233/235 (1 Cl) and 121/123 (1 Cl) corresponding to the
16H3531Cl). The retention
time of this molecule was slightly less than that of 31.

[Mf57jl+ and[ﬁ—l69—J+ fragments of C

Following this, commercial isopropyl lithium solution (25 ml,-
2M in pentane, b.OS mole) was added. GC/MS analysis revealed

that the peak determined earlier to correspond to t-butyldodecyl-
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(11C1) corresponding to the[?-57(;—§uﬂ + and[ﬁ-l69(C12H253 +
fragments of CZOHéjsiOCl j and other unidentified impurities.
Isopropyl lithium (10 ml, estimated concentration 2.86M) was
added slowly to the reaction mixture. Two new products were farmed
in low yields, one of which was tentatively identified as the
desired E—butyldodecylisopropylsilyl chloride 36 ( m/e 289/291,
C19H41SiCl ).

Allowing the reaction mixture to stir at room temperature for

1 chlorine atom, corresponding to [&—4ﬂ'+ of

a week did not bring about an increase in the relative amount
.of 36, as observed from analysis of'the_gas chromatogram taken
of the reactidn mixture after that period of time.

Part of tﬂe pentane was removed by distillation and replaced
with heptane (10 ml). Heating the reaction mixture for two hours
at 75—8000 produced and inérease of about 177 in the amount of
.side-products formed, a slight increase ( about 1% ) in the amount
of L-bqtyldodecylisopropylsilyl.chloride 36 formed and an 18% |
drop in the amount of t-butyldodecylsilyl dichloride 31. Additionx
of a further 15 ml of isopropyl lithium solution, followed by
refluxing at 1000C, led to the complete removal of 31. The desired
product 36 constituted 16% of the reaction mixture. The solution
was then filtered and the heptane removed by fractional distil-
lation. Following the removal of heptane, no other product could
be fofced to distill over, even though the liquid temperature
exceeded ZOdOC and a pressure of about 1 to 5 mm éf mercury was
maintained.

L-Butylmethyloctadecylsilyl Chloride - Methyloctadecylsilyl di-

chloride (36.7 g, 0.1 mole) was dissolved in pentane (100 ml)




and dry tetrahydrofuran (10 ml). To this solution, t-butyl

lithium (105 ml, 0.97M, 0.1 mole) was gdded dropwise with
stirring and cooling. Gas chromatographic results indicated
that the peak corresponding to the starting material ( whose
retention time had been determined before the start of this
reaction ) had completely disappeared. Three products appeared
on the gas‘chromatogram. In order of elution, they were:

1) 2,2,3,3-tetramethylbutane ( M+= 144 ), which accounted for
about 5% of the reaction mixture, .

2) E-butylmethyloctadeﬁylsilyl chlaride ( m/e 331/533 (1 c1)
and 135/137 kl €Cl), corresponding fo fhe[ﬁ—S?(;-Buﬁ +and the

EP253(018H37ﬂ'+ fragments of C SiCl ) which made up 89%

23%49
of the reaction mixture»and
- 3) an unidentified compound whose retention time was longer
‘than that of L—butylmefhyloctadecylsilyl chloride.
The.reactiqn mixture was passed through filter paper to.
remove the lithium salts to leave 36.9 grams of a reagent
determined by GC to be 897 pure t-butylmethyloctadecylsilyl
chloride. This was a yield of 84.5%. Subsequent handling of
this reagent reavealed that it contained some lithium salts
as an impurity as well, which would éffectively have reduced
the yield of this reaction. The reagent, found to be a semi-
solid at robm temperature, could not be distilled‘under low

pressure ( 1 to 5 mm ) and at elevated temperatures (around

200°¢c ),




Triisopropylsilyl Chléride - Silicon tetrachloride (8.5 g, 0.05
mole) was dissolved in pentane (50 ml) and TﬁF (5 ml) and the
resulting solution cooled. Freshly prepared isopropyl lihtium
(unknown concentration) was added in portions, dropwise, with
stirring and cooling under nitrogen. The reaction mixture was
examined after addition of each portion. (From the changes
observed in the GC/Ms results following the addition of a mea;
sured portibn of isopropyl lithium soiutidn, it was possible
to calculate the approximate concentration of the isopropyl
lithium.) A total of 276 ml of an estimated 0.56ﬁ solution

was ﬁeeded to prepare triisopropylsilyl chloride. The major
impurity (about 8% of the reaction _mixturé) was foﬁnd " to be triiso-
propylisopropoxysilane ( m/e 216 and 173 corresponding to the

"molecular ion and the[ﬁ 4ﬂ fragment of C respectively ).

12 28 0,
Minor 1mpur1t1es included triisopropylsilane ( m/e 158 and

115, corresponding to the molecular ion and[}—4%'+ fragment

of 09H22 i, respectively ) and four or more unidentified com-
pounds with retention time'considerably longer than.that observed
for the other products.in the mixture. The order of elution for

the compounds in this reaction wefe - tniisopropylsilane, tri-
isoprppylsilyl chloride ( m/e 192/194 (1 ¢1), and 149/151,
corresponding to the molecular ion and the[ﬁ—4ﬂ ion of C9H21SiC1),
tfiisopropylisbpropoxylsilane, then the unidentified minor side-

products. Fractional distillétion of the reaction mixture after

filtration and removal of pentane gave triisopropylsilyl chloride
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in about 907 purity_ip the fraction with boiling range 199-203°¢
‘(5.23 g, 547 yield) Impurities'included triisopropylisopropoxy-
silane (6%), triisofrbpylsilane (1%) and several unidentified
compounds which constituted 37 of the triisopropylsilyl chloride
reagent. Other fractions contained triisopropylsilyl chloride

in varying degrees of purity as well - e.g. 170-195%¢ - 75%

(0.49 g); 195-199°C - 80% (0.62 g); and 203-209°C - 86% (1.64 g).

Tetramethyleneisopropylsilyl Chloride - Tetramethylenesilyl

. dichloride (silacyclopentyldichloride).ii, ffeshly.distilleda
(b.p. 138—139OC, 15.5g, 0.1 mole) was dissolved in pentane

(100 m1) and.tetrahydrofuran (10 ml). Freshly prepared isopropyl
lithium (undetermined concentration, 50 ml) was added dropwise
with stirring and cooling ﬁnder a nitrogen atmosphere. GC/MS
‘ahalysis revealed that‘the peak corresponding to starting material
(whose-retention time had been'determined previously) constituted
53%Z of the reaction mixture. Addition of 67 ml more of the-
isopropyl lithium solution in two portions (each addition being
followed by GC/MS analysis) effected the complete conversion of
staring material 44 to tetramethyieneisopropylsilyl chloride

( m/e 162/164 (1 C1), 119/121, 83 and 91/93 corresponding to the
fragments M+,[ﬁ—43(}—Prj +,[§—43—36(HClﬂ +and[ﬁ—43728(C2H4ﬂ +

of C7ﬁiSSiC1 ). The reaction mixture was filtered and distilled
under nitrogen into six fractions. The fractions i27—131°C and
132-190°C were combined and redistilled into two fractions,
132-164°C and 165—167.500. The latter soletion was fractionated
once more and the material in-the boiling‘point range 165-175°C

-

was collected (2.60 g, 16%) and was found to contain tetramethyl-
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eneisopropylsilyl chloride in 897% purity. In order of elution
from the GC column, impurities included:
1) three or more unidentified compounds, about 4% of the reagent;

2) a compound whose mass spectrum was identical with that of

TMIPSi chloride, but whose GC retention time was slightly longer,
and which was tentatively assigned as tetramethylene-n-propylsilyl
chloride, about 3% of the reagent;

3) another unidentified compound (less thanll% of the reagent) ;

'4)’tetramethyleneisopropylisopropoxysilane (about 2% of the

reagent) (m/e 186 and 143 corresponding to the molecular ion

and the [1-\1-43]+ fragment of C Si0);

10H22
4) tetramethylenediisopropylsilane ( m/e 170 and 127 correspon-

lOHZZSi ): and

5) a compound identified as tetramethylenehexylsilyl chloride

ding to the molecular ion and[ﬁ—4ﬂ.+ fragment of C

(m/e 204/206 (1 Cl), 119/121, 83, and 91/93, corresponding to

the fragments M', [M—ss(c()HBSJJ,’ [M—85-36(Hc13_l t oand [:M—8v5—28(02H4)] +
of the molecule C16H21Si01), arising perhaps from a small amount
of commercial isopropyl lithium which may have been added to

drive the reaction to completion. Hexyl side-chains were found

to be formed in the preparation of diisopropylsilyl dichloride
(page 144) where the commercial i-PrLi was noted to have been

used. -

Tetramethylene—i—butylsilyl Chloride -~ Tetramethylenesilyl di-

chloride (15.5 g, 0.1 mole) was stirred and cooled in an ice~bath
while a solution of t-butyl lithium (49 ml, 2.1M, 0.1 mole) was

added dropwise over a period of one hour. GC/MS analysis indicated
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that the desired compound tetramethylene~t-butylsilyl chloride
( m/e 176/178 (1 C1), 119/121, 83 and 91/93 corresponding to
the fragments M+,['M—57(1:—Bu} + [M-57-36(HClj * . and [M—57-28(C2H1‘j +

of fhé molecule C_H,_ SiCl) was obtained almost pure. The actual

8717
amounts of the impurities could not be determined from the gas
chromatogram due to accidental overloading of the column. The
reaction mixture was filtered, pentane was distilled and the

resultingvliquid fractionally distilled to give pure tetramethy-

lene-t-butylsilyl chloride ( b.p-. 182—18400, 9.41 g, 537 yield).

Diisopropylsilyl dichloride - Silicon tetrachloride (85 g, 0.5 mole)

was dissolved in penténe (500 ml) and tetrahydrofuran (50 ml).
Freshly prepared isopropyl lithium (900 ml of undetermined
concentration in pentane) was édded withhstirring and cooling
to‘the silicon tetrachioride solution under nitrogen.

This had Begun as a préparation of triisopropylsilyl chloride
and GC/MS énaleis‘indicated that significant amounté of diiso-
propylsilyl dichloride ( M'= 184/186 (2 Cl), [34—43(_1_-]91:1 Yo 1417143,
B—43—36(H01ﬂ t 105 (a trace) ) and isopropylsilyl trichloride
( M7= 1767178 (3 c1), {M—43]+= 133/135 ) were still present in
tﬁe’reaction mixture. Since the supply of freshly prepared i-PrLi
had been exhausted, commercially.obtained isopropyl lithium was
then added (335 ml, 1M). GC/MS analysis-following this last
addition showed the sudden appearance of many side-products,some
of which seemed to contain hexyl groups. No mofe of this inferior
quaiity reagent was added to the reaction mixture.

Instead, the reaction mixture was filtered and distilled

.
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into five fractions. The portion with boiling point 161-177°¢
was fractionated again into six samples. The fraction with b.p.
162-170°C was redistilled into three fractions. Diisopropylsilyl

dich%oride (determined as before, on the previous page) was

found to comprise 807 of the fraction with boiling range 165.5-
167.0°C.'Impurities included triisopropylsilyl chloride (3%,
M+= 192/194 (1 Cl),[#—&% to 149/151 ) and a number of hexyl-

containing compounds making up 17% of the reaction mixture.

It was this solution which was used in the diisopropylsilyl
‘dichloride reactions with 5'-trityl and 5'-acetyl uridine on

pages 164 and 165 respectively. (Yield - 0.78 g, 0.8%)

SYNTHESIS OF ALKYLSILYL DERIVATIVES OF THYMIDINE

General Procedure

The general procedure used was as follows:

Tﬁymidine (242 mg, 1 mmole), imidazole (136 mg, 2 mmole)
and the alkylsilyl chloride (1.1 mmole) were dissolved in dry
dimethylformamide (1 m1) and stirréd at room temperature until

TLC developed in ether indicated that the reaction was complete

(usually within one-half hour). The reaction mixture was applied
to two silica gel plates , which, when developed in ether,

revealed (usually) the presence of four compounds - unreacted thy-

midine (R, .04), 5'-alkylsilyl thymidine (R, .35), 3'-alkylsilyl

f
thymidine (Rf .53) and 3,;5'-di(alkylsilyl)thymidine (Rf .85).

The general equation and the yields obtained for reactions
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carried out in this wmanner are shown for reagents a, b, ¢, d, e
and £ in Table 1 on page 63.

In an attempt to increase the specificity of a reagent, the

following modification was used with three of the reagents - b,

c, and d:
Thymidine (242 mg, 1 m mole) and imidazole (136 mg, 2 m mole)

were dissolved in dry DMF (1 ml). The alkylsilyl chloride (1.1 m

mole) was added dropwise to the rapidly stirred DMF solution.

The same work—up as that described in the genéral procedure was
used. 'The yields resulting from this modification are shown in

brackets in Table 1 on page 63.

5'-t-Butylmethyloctadecylsilyl Thymidine
Because TBMODSi chloride was found to be insoluble in DMF,

different so;Vents had to be used in its reaction with thymidine.
. . ,

(A) Thymidine (242 mg, 1 mmole) was dissolved in dry pyridine
(5 ml). t-Butylmethyloctadecylsilyl chloride (428 mg, 1.1 mmole)
was dissolved in pentane (1.5 ml) and added to the stirred pyridine

solution. The reaction mixture was allowed to stir at room

temperature for 1% days. GC/MS examination of the reaction mixture
revealed that the peak representiné TBMODSi chloride had been

replace& by a peak corresponding to t-butylmethyloctadecylsilanol.

The solvents were removed by a stream of air directed across the
surface of the reaction mixture in a bell jar, the residue dissolved
in tetrahydrofuran and the reaction mixture applied to three silica

gel plates which were developed in ether—hexgpe (2:1) to give
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unreacted thymidine at thé'origin and 5'-TBMODSi thymidine
as the only other nucleosidic material (175 mg, 29.5% yield,
identified on the basis of the results shown in Tables 9 ;nd
10 on pages 150 and 151 respectively).

Uging freshly prepared dry pyridine in the above reaction
raised the yield of 5'-TBMODSi thymidine to 245 mg (41%) and
gave a 27 yield of 3¢5'-di(TBMODSi)thymidine (see also Tables
9 and 10); .
(B) Thymidine (242‘mg, 1 mmole), TBMODSi chloride (428 mg, 1.1
mmole), (apparently not very) dry pyridine (5 ml) and pentane
(1.5 ml) were stirred at roon temperature for 22 hours. As TLC
in ether indicated that a large amount of unreacted thymidine
at Rf .O4>was.still pPresent, mb?evTBMODS; chloride (200 mg) was
added to the reaction mixture. Over the next five days, for the
same reason as stated above, another 600 mg of the TBMODSi chloride
reagent waé.added to thé reaction mixture. Solvents Qere removed,
the residue dissolved in ether and applied to six silica gel
Plates which were developed in ether-hexane (2:1). Three bands
were observed - material at the origin, two products intermingling
at'.Rf .35 (poor quality silica gel plates) and a faintly.

absorbing material at the solvent front, presumed to be the

t—butylmethyloctadecysilanol or the unreacted silyl chloridé. Both

the material at the origin and that at Rf .35 were rechromatographed ¢

on silica gel plates (developed twice) in ether-hexane (2:1) to
give thymidine at the origin, a compound at Rf .50 identified as

5'-TBMODSi thymidine (451 g, 76%, mp 80-80.5°C, 95% ethanol)

o
L
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or 81,5 - 82.0% (adueous ethanol), highest mass peak at 537,
M-43, satisfactory elemental analysis in Table 10, page 151 , angd

a compound at Rf .67 identified as 3'5% di(TBMODSi) thymidine

(60 mg; 10%Z, mp 35.7 - 38.5°C from 95% ethanol, elemental analysis

in Table 10, page 151).

(C) Thymidine (242 mg) and imidazole (176 mg) were dissolved in
4.5 ml dry DMF-dry THF (l:1). A suspension of TBMODSi chloride
(428 mg) in 3.4 ml of the samé solvent-was added to the thymidine
solution. Addition of 7 ml more of dry THF was effective in
finally dissolving the silyl chloride. Examination of the reaction
mixture by TLC showed only starting material after éeveral hours

of stirring at room temperature.

(D) Thymidine (242 mg),imidazole (176 mg) and TBMODSi chloride
(428 mg) were dissolved in dry THF (25 ml). TLC showed no product

formation.

(E) Thymidine (242 mg) and imidazole (176 mg) were dissolved in
dry .DMF (2 ml). TBMODSi chloride (428 mg) was dissolved in pentane
(3 ml) and added to'the DMF solution. Rapid stirring for six days
kept the two layérs interspersed. ‘Examinatiqn by TLC of the
regctioﬁ mixture revealed two dark spots — thymidine at»Rf .03

and 5'-TBMODSi thymidine at Rf .61 (in ether). Chromatography on
silicé gel plates in ether gave 5'-TBMODSi thymidine (142 mg,

247).




Preparation of_S'—TBDMSi thymidine in pyridine and pentane

Thymidine (121 mg, 0.5 mmole) and TBDMSiCL (82.5 mg, 0.55
mmole)‘were dissolved in dry pyridine (2.5 ml) and pentane (1 mi).
Monitored by TLC, progress of the reaction was observed to be
veryfslow relative to reactionlin dimethylformamide in the
presence of imidazole. Two days later, the reaction mixture was
concentrated to a solid, redissolved in ethanol and>placed on
a silica‘gel plate which ‘was- developed invether. The major band
was eluted with ether to give 5'-TBDMSi thymidine79(82.3 mg;

46.2% yield, highest mass peak at 299, which corresponds to the
EP57(E-Buﬂ +fragment of 5'-TBDMSi thymiding)

3'-Tetramethylene-t-butylsilyl Thymidine - Specific Synthesis

5‘—Trity1'thymidine‘(484 mg, 1 mmole), imidaiole (136 mg, 2
mméle), tetramethy;eﬁe—g—bﬁtylsily1 chioride (194 mg, 1.1 mmole)
and dry DMF (1 ml) were stirred at room temperature for 26 hours,
then deVeléped-on silica gel plates in ether to give'one band.
This band was eluted with ether to give 593 mg of material pre-
sumed to be 5'-~Tr-3'-TMTBSi thymidine (95% yield).

The above compound (226 mg, 0.366 mmole) was dissolved in
80% acetic acid and heated on the steam bath. Samples were
removed from the reaction mixture in five minute infervals and
chromatographed on TLC developed in ether. It was seen that ,
after 10 minutes, the spot at Rf .69 corresponding to the star-
ting material had completely disappeared. In its place was a spot

at Rf .53 corresponding to a 3'—R3Si thymidine. The acetic acid was
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removed, the residue dissolved in ether, and applied to two silica
" gel plates. The plates were developed first in hexane—ether (60:@0)

then in ether. The major band was eluted with ether to give a

syrupyfmaterial which was crystallized from aqueous ethanol to give
3'-TMTBSi thymidine (100 mg, 72%, mp 72—7300, highest mass peak

at 325, M-57,.see Table 9, page 150).

3'-Triisopropylsilyl Chloride - Specific Synthesis

5'-Trityl thymidine (242 mg, 0.5 mmole), imidazole (68 mng,
1 mmole), triisopiopylsilyl éhloride (144 mg, .75 mmole) and dry
DMF (0.5 ml) were stirred at room temperature for 14 hours. The
reaction mixture was applied to_twé silica gel platés which were
developed in ether-hexane (2:1). The majér band was eluted with
ether to give 5'-trityl-3'-triisopropylsilyl thymidine (294 ng,
92%) . | |

The 5'~Tr;3'~TIPSi thymidine was heated in 80% acétic acid
(5 ml) on a steag bath for 35 minutes before complete removal of

the TLC spot at R_. .76 (ether) corresponding to 5' Tr 3' TIPSi

£

thymidine was effected. On TLC developed in ether, new spots

appeared at Rf .04 (thymidine), at Rf .83 (tritanol) and at'Rf .63
(3'-TIPSi thymidine)., The reaction mixture was placed on two.

silica gel plates which were developed in ether-hexane (2:1) to

give a major band at Rf .19. This band was eluted with ether to

~give 3%- triisopropylsilyl thymidine (130 mg, 65% overall see

3

Table 9, page 1% )..Considerable difficulty was. encountered in

crystalliaztion of 3'-TIPSi thymidine.
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3'5'*DI(ALKYLSILYL)THYMIDINE DERIVATIVES

3'5'-Di(Methyldiisopropylsilyl) Thymidine

Thymidine (242 mg, 1 mmole), imidazole (272 mg, 4 mmole)

and meihyldiisopropylsilyl chloride reagent (500 mg of the 134-147°C
and 148—1540C fractions) were dissolved in dry DMF (1 ml) and
stirred at room temperature for four hours. TLC showed no épparent
increase iﬁ the relative intensity of the spdt corresponding to

3'5'-3di (MDIPSi)T between t = % hour and t = 4 hours. A further

483 ml of the reagent wefe added. TLC examination of the reaction
mixturé five minutes after the addition showed that the spot
corresponding to thymidine had>completely disappeared and the
spots representing 5'~-MDIPSi thymidine and 3'—MDIfSiT had become
quife faint in intensity. Silica gel chromatography in hexane-
.ether (60:40), followed by'elution of the major band, gave impure

3'5'-di(methyldiisopropylsilyl) thymidine (362 mg ~72.5%). See

Table 9, page 150. GC/MS analysis of this material showed it
to contain several impurities resulting from the presence of

dimethylisopropylsilyl chloride in the reagent used. The Rf values

" of the inpurities and of the desired 3'5'-di(MDIPSi) thymidine

were identical on TLC (Rf..73 in ether).

3'5'*Di(Tetramethxleneisopropylsiiz}) Thymidine

Thymidine (242 mg, 1 mmole), imidazole (272 mg, 4 nmole) and
dry DMF wvere stirred at rooﬁ temperature while sufficient tetra-
metyleneisopropylsilyl cﬁloride was added dropwise to drive the

ireaction to completion. Progress of the reaction was monitored by
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TABLE 9

PHYSTICAL PROPERTIES OT ALKXLSILYL THYMIDINE DERLVATIVES

NUCLEOSIDE -

5“MODIPSiT
5'TBMODSAiT
5'MDIPSiT
5“TMIPSiT
5%TIPSiT
S'EMTBSiT

3.MDIPSiT
35TMIPSiT
3'TIPSiT

3“TMTBSiT

315144 (TBMODS1) T
315131 (MDIPSi)T
3'51d4 (TMIPSL) T
3'5%41(TIPSi)T
315131 (TMTBS1) T

(0BSERVED)
HIGHEST .
MASS MELTING
MOL. PEAK , POINT
wr.  (M-R °¢
578 535 74.5- 75.5
594 537 81.5- -82.0
370 327 152.0-154.0
368 325 139.0-140.0
398 355 157.0-158.5
382 325 182.0-182.5
370 327 58.0- 66.0°
368 325 57.0- 64.0°
398 355 85.0~ 88.0°
382 325 72.0- 73.0
948 - ° 37.5- 38.5
498 455 - >
494 451 -
554 511 125.0-126.5
522 465 113.0-114.0

lrecrystallizations from aqueous ethanol

2contained a 15% impurity of 3'-dimethylisopropylsilyl thymidine

3difficult to crystallize

4beyond the range of the mass spectrometer used

178

INFRARED-Si-0
FREQUENCIES
+ 5 cm™!

1200,1090,940
1205,1095,940
1201,1097,940
1205,1098,940
1203,1092,940
1203,1098,942

1180(?),1110
1192,1100,952
1200,1100,953
1180(?),1105,950

1195,1095 or 1075,965
1199,1698 or 1065,965
1197,1090 or 1075,965

5impossible to purify due to presence of dime;hylisopropylsilyl group

6

could not be crystallized




ELEMENTAL ANALYSIS OF SOME ALKYLSILYL THYMIDINE DERIVATIVE§

NUCLEOSIDE

5LMODIPSLiT
SLMDIPsiT_
LTMIPSLiT
5VTIPSAiT
LTMTBS iT
5LTBMODS4T

3'5131i (TBMODSi) T

'HZO

calc
obs

calc
obs

calc
obs

calc

" obs

calce
obs

calé
obs

calce
obs

151 -

TABLE 10

10.51
10.47

11.48
11.64




TLC. Separated.from the reactants by chromatography on silica

gel plates in ether-hexane (2:1), the desired 3'5!di(tetramethylene-
isopropyisilyl) thymidine was obtained in almost quantitative

yield (488 mg, 98.8%). See Table 9 , page 150 . An attempt to
crystailize the compound from aqueous alcohol led to thg formation
of spots oﬁ TLC corresponding to small amounts of thymidine,
3'TMIPSi thymidine and 5'TMIPSi thymidine. 3'5!di{TMIPSi) .thymidine

could not be crystallized.

3'5'-Di(Triisopropylsilyl). Thymidine

Thymidine (242 mg, 1 mmole), iﬁidazolé (272 mg, 4 mmole),
triisopropylsilyl chloride (580 mg, 3 mmole) and dry DMF (1 =ml)
were stirred af room éemperaturé for 2% days. After chromatography
on silica gel plates in ethér—hexane (2:1) and elution with
ether, 3‘5ldi(triisoprépylsilyl) thymidine was obtained (434 mg,

78%, mp 125—126.500 from aqueous ethanol). See Table 9 , page 150 .

3'5'-Di(Tetramethylene—-t-Butylsilyl) Thymidine

Thymidine.(242 mg, 1 mmole), imidazole (272 mg, 4 mmole),
tetramethylene-t-butylsilyl chloride (488 mg, 2.8 mmole) and dry
DMF (1 ml) were stirred for 1% days, at room temperature. The
reaction mixture was chromatographed on silica gel plates in -
ether-hexane (2:1) to give one major compound. Eluted with ether,
the major band yielded 3'5'di(tetramethylene-t-butylsilyl) thymidine
(480 mg, 92%Z, mp 113-114°C from aqueous ethanol). See Tahle9 ,

page 150 .
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3'5lDi(I—Butylmefhyloctadecylsilyl) Thymidine

This'compound was obtained as a side product in the
preparation of 5. TBMODS 1 thymidine. See page 146 and Tables
9 and, 10 on pages 150 and 151 respectively for characterization

data. .

THYMIDINE BLOCKED BY TWO DIFFERENT ALKYLSILYL GROUPS

5'-f-Butyldimethylsilyl-3'-tetramethylene—t-butylsilyl Thymidine
(5'-TBDMSi-3'-TMTBSiT)

Sf—g—buty1dimethylsilylfhymidine79 (200 mg, 0.56 mmole),
imidazole (77 mg, 1.12 mmole), tetramethylene-t-butylsilyl
chloride (110 mg, 0.62 mmole).and dry DMF (0.6 ml) were stirred
at room temperature for 21%_hours. The reaction mixture was placed
on two silica gel plates which were developed in ether. The major
band was eluted with ether to give theldesired 5“TBDMSi=3LTMTBSiT

(263 mg, 94%Z, mp 119—12000, highest mass peak at 439 or M-57).

5'-Tetramethylene-t-butylsilyl-3'~-t-butyldimethylsilyl Thymidine

5‘-tetramethylene—;—bqtylsilyl thymidine (100 mg, 0.26 mmole),
imidazole (35 mg, .52 mmole), t-butyldimethylsilyl chloridé (78 mg,
.52 mmole) and dry DMF‘(OJB ml) were stirred at room‘temperéture for
2 hours. The reaction mixture was placed on a silica gel plate and
developed in hexane~ether (60:40) to give one major band. Elution
of tﬁis band with 'ether gave 5LTMTBSi-3:TBDMSLiT (121 mg, 93%, mp

107-107.5°C, highest mass peak at 439 or M=57).
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5'_Tetramethyleneisopropylsilvl-3'—Triisopropylsilyl Thymidine

3'-triisopropylsilyl thymidine (145 mg, .365 mmole) was
mixed with imidazole (68 mg, 1 mmole), tetramethyleneisopropylsilyl

chloride (90 mg, .545 mmole) and dry DMF (.4 ml). TLC indicated

an almost instantaneous formation of a spot corresponding to a
disubstituted thymidine molecule at Rf .85, Elution of the major

band obtained from chromatography on silica gel plates developed

in ether gave 5'-TMIPSi-3'- TIPSi thymidine (178 mg, 87.5%, highest

mass peak at 524, molecular ion). An attempt to crystallize the

material from aqueous ethanol led to the formation of an extra
spot on TLC corresponding in Rf value to that of 3'-TIPSi thymidine.

The material could not be made to crystallize.

5'—Tfiisopropylsilyl-3L-Tetrémethyleneisopropylsilyl Thymidine

5'-triisopropylsilyl thymidine (100 mg, 0.25 mmole), imidazole

(34 mg, 0.50 mmole),ktetramethyleneisopropylsilyl chloride (61 mg,

0.38 mmole) and dry DMF (0,25 ml) were stirred at room temperature
for twenty minutes, and chromatographed on plates in ether-hexane

(2:1) to give only one product, 5'-TIPSi-3%“ TMIPSi thymidine (131 mg,

99.5%, highest mass peak at 481, M-43). An attempt to crystallize
the material was unsuccessful, as TLC in ether revealed the

_ appearance of a spot corresponding to 5'-TIPSi thymidine at Rf .35

along with the 5'-TIPSi-32TMIPSi thymidine at Re -85,

5'-Tetramethylene-t—~Butylsilyl-3'-Tetramethyleneisopropylsilyl Thymidine

5'- TMTBSi thymidine (100 mg, .262 mmole), imidazole (35.6 mg,

«524 mmole), tetramethyleneisopropylsilyl chloride (47 mg, .29 mmole)
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and dry DMF (0.3 ml) were stirred at room temperature until all
the material had dissoclved. The reaction mixture was then

chromatographed on plates in ether to give 5'-TMTBSi-3.~TMIPSi

thymidine (126 mg, 94.5%, highest mass peak at 451, M-57). An
attempt to crystallize this compound from aqueous ethanol failed
due to the formation of an impurity detected on TLC having an Rf

value similar to that of 5'-TMTBSi thymidine.

5'—Tetramethyleqeisopropylsilyl—B'—Tetramethylene—L—Butylsilyl Thynidine
3?—tetramethylene—£~butflsilyl thymidine (100 mg, .262 mmole),

imidazole (35.6 mg, .524 mﬁole), tetramethyleneisopropylsilyl

chloride (60 mg, .29 mmole) aﬁd dry DMF (0.3 ml) were stirred

overnight at room temperature. The reactidn mixture was chromatographéd§

on siliéa gel plates in ether-hexane (1:1) to giye the desired |

5'—TMIPSi-3LTMTBSi thymidine (87 mg, 652, highest mass peak at 451,

M- 53.> This compound failed to crystallize from an aqueous

ethanol solutiO£ « Examination by TLC of the aqueous ethanol

solution containing the once pure 5'-TMIPSi-3'-TMTBSiT reveaied

the presence of a significant spot at an Rf value corresponding to

that of 3'-TMTBSi thymidine.

. Lipophilic Nature of the MGDIPSi Group

5'-methyloctadecylisopropylsilyl thymidine (100 mg) was

dissolved in pyridine (1 ml), then poured onto ice (40 g). The
thymidine derivative precipitated out and was collected (92.4

mg, 92% recovery).




HYDROLYSIS OF ALKYLSILYL THYMIDINE DERIVATIVES

Acid Hydrolysis of Monosubstituted Alkylsilyl Thymidines -

General Procedures

(A) A 'small sample (~10 mg) of the 5% or 3% alkylsilyl thymidine

was dissolved in 80% acetic acid (70.5 m1).

(a) This solution was allowed to stir at room temperature.

Progress

of the hydrolysis was monitored by the removal of small samples (at

regular intervals) which were analyzed by TLC. When the spot

corresponding to starting material was no longer visible oa TLC

(i.e., when the only spot visible was that correspoﬁding to thymidine),v

hydrolysis was considered complete and the time at which this occurred

was noted,

(b) If complete hydrolysis were not achieved in 24 hours, the

reaction was stopped at the 24 hour stage by applying the acid

solution to a paper chromatogram which was then developed in

solvent B to separate thymidine from its alkylsilyl derivative.

Percent hydrolysis was calculated on the basis of the "V absorbance

of the eluted bands made up to a known volume in ethanol and

according to the following equation:

% hydrolysis =

wherelAT observed absorbance of the thymidine band

V- = volume of the thymidine solution

A, = absorbance of the silyl derivative of thymidine

V., = volume of the silyl derivative solution




(c) The acetic acid solution was heated on the steam bath. TLC
examination at regular intervals was the method used to closely
monitor the progress of the hydrolysis. The time required for the

complete removal of the spot corresponding to alkylsilyl thymidine

was noted.

(B) A small sample (10 mg) of the monosubstituted 5'-or 3'-

alkylsilyl thymidiﬁe was dissolved in a solution of 0.01 N hydrochloric

acid (0.5 ml) which was then heated on the steam bath until TLC

results (taken at regular intervals) indicated complete hydrolysis
of the.alkylsilyl thymidine to thymidine. The time required for
complete.hydrolysis to be effected was noted.

- This létter approach (B) wés the method 0of choice in the acid
hydrolysis of the more stabie derivatives like the 5'-and 3'-
TIPSi and TMIBSi derivativeé of thymidine. It was found that
the prblonged heéting in acetic acid (Method A(c)) required for the
removal of these groups resulted in the acetylation of first the
free hydroxyl gréup in the molecule,‘and secondly, of the thymidine

formed once acid hydrolysis of the alkylsilyl group had taken

place. This resulted in the formatiorn of a number of products
instead of just thymidine,

The results of the above acid hydrolysis reacticns are shown

in Tables 2 and 3 on pages 64 and 65 respectively.

Base Hydrolysis of 5'-Alkylsilyl Thymidines - General Procedures

(A) A small sample (710 mg) of 5% alkylsilyl thymidine was dissolved

in 15% ammonium hydroxide in ethanol (~1 to 2 -ml) and allqwed to stir




at room temperature for 24 hours in a closed vial.

(B) 5'-alkylsilyl thymidine (10 mg) was dissolved in ethanolic
157 ammonium hydroxide ("1 to 2 ml) in a closed vial and heated in

a 60°CJbath for one hour.

(C) 5'-alkylsilyl thymidine (~10 mg) was allowed to stir for
24 hours at room temperature in an ethanolic 50% ammonium hydroxide

solution (71 to 2 ml).

(D) A sample of 5'-alkylsilyl thymidine (“10 mg) in 50% ammonium

hydroxide ("1 to 2 ml) was heated in a 60° bath for an hour.

Each reaction solution was then applied tp a paper chromatogram
which was developed in solvent B to separate thymidine from the alkyl-
silyl thymidine., The bands corresponding to the starting material
(Rf ~0.90) and the product, thymidine (Rf f0.55) were eluted with
ethanol. The ethanol-solution of each compound was quéntitatively
transferred to a volumetric flask (5, 10, 25 or 50 ml sizé) and
Hmade up to.volume with ethanol. The UV absorbance at 267.5 nm of

each solution relative to the base-line was noted and the percent of

hydrolysis to thymidiné calculated by the formula given on page
155 under the general procedures for acid hydrolysis of monosubstituted.

alkylsilyl thymidines.

The results of these base hydrolysis reactions on various 5%

alkylsilyl thymidines are shown in Table 2 on page 66,




-159 -

Removal of Alkylsilyl Groups by Fluoride Ton

A ééall sample (5 mg) of 5%-alkylsilyl thymidine (5'-TMIPSiT, .
5'-MODIPSiT, 5'~TBMODSiT, 5'-MDIPSiT, 5'—TMTBSiT or 5'-TIPSiT) was
dissolved in tetrahydrofuran (0.1 ml). To this solution was added
tetra—n-but&lammonium>fluoride (0.4M in THF, 0.1 ml) and the reaction
mixturé was allowed to stand for several minutes at room temperature.
After twenty minutes,.S'—TMIPSiT and 5'-MODIPSiT soiutions were
Passed through 200-300 mg silica gel in a sinﬁered glass funnel,
being eluted with tetrahydrofuran. The same was done with 5'=-TBMODSiT
and 5'-MDIPSiT after twenty—-five minutes and with 5'-TMTBSiT and
5'~-TIPSiT after 35 minutes. Examinétion of the eluted THF solution
from each samﬁle by TLC in ether showed absence of a spot at Rf ~.h4
corresponding to the 5'-alkylsilyl thymidine; only a spot at Rf .07
correspondiné to thymidine was discernible., An exception to this
observation was 5.TBMODSiT, where a very faint spot corresponding to
the thymidine‘derivative was seen. A thirty minute reaction time
J(instead of twenty-five) should have been used to effect complete

removal of the t-butylmethyloctadecylsilyl group.

Acid Hydrolysis of 3'5'-Di(Alkylsilyl) Thymidines - General Procedures

3'5'-di(alkylsilyl) thymidine (0.5 mmolé) was dissolved in acid
soiution (5 m1 of 80Z acetic acid, 0.01 N hydrochloric acid, 0.05 XN
hydrochloric acid ér 0.10 N hydrochloric acid) and heated on the
steam bath (dr allowed to stir at room temperature). Monitored by

TLC, the hydrolysis was allowed to proceed until most (or a
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significant portion) of the disubstituted thymidine had been
converted to thymidine and monosubstituted thymidine derivatives.
The reaction mixture was then applied to a silica gel plate which

was developed in ether. Each of the three or four resulting bands

was eluted with ethanol or ether, these ethanol or ether solutions
conceatrated to a solid or semi-solid in a weighed vial and the
amounts of each component calculated. The equation and the results

of these experiments are shown in Table 4 on page 68 .

Acid Hydrolysis of Thymidine Molecules Blocked by Two Different
Alkylsilyl Groups — General Procedure

The disubstituted thymidine (710 mg) waé dissolved in 80Z acetic
acid (0.5 ml) and stirred at room temperature (or heated on the steam
bath) just until TLC monitoring indicated that all the starting
material had been converted to products. The reaction mixture was
fhen cbromatographed on papers in solveﬁt B and the resulting products
were isolated. The relative yields of each product wéfe determined
by comparing UV absorbances of ethanol solutions of each ﬁade up to a

known volume, using the following equation:

7 x = 3% X 100
AxVy T AyVy

where X = one of the products isolated from the acid hydrolysis
' reaction
Y = the other product isolated in the reaction

observed absorbance of each compound, X and Y, in a known
volume of solution '

fxofy
x* Yy = volume to which each eluted band was diluted
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Acid Hydrolysis of 5'-TBMDSi-3'-TMTBSi Thymidine

'5'-TBDMSi-3'- TMTBSi thymidine (53.5 mg, 0.108 mmole) was
diésolvéé in 80% acetic acid (0.5 ml) and heated on the steam
bath for 30 minutes. The reaction mixture was chromatographed on
a siliéa gel plate in ether to give tﬂree compounds =~ starting
material (25%), 3f—TMTBSi thymidine (70%) and thymidine (5%).
| The results of the above experiments are - shown in Table 5

on page 70.

REACTIONS OF URIDINE DERIVATIVES WITH ALKYLSILYL DICHLORIDES

Uridine and Tetramethylenesilyl Dichloride

(a) 'Uridine (286 mg, 1.17 mmole), imidazole (159 mg, 2.34 mmole),
tetramethylenesilyl dichloride (200 mg, 1.29 mmole) and dry DMF
(1.2 ml) werqutirred at room temperatdre for 26% hours, at 60°cC
for 8%.ﬁours and'at 1dOOC for 23% hours. Progress of the.reaction
was monitored by TLC devéloped in ether. Most ofkthe uridine
remained unchangéd throughout the preéeding treatment. However,
some ill-resolved products appeared as a streak from the origin

T to Rf_.6l. No distinct spots were visible.

(B) Uridine (244 mg, i mmole) was suspended in anhydrous ether

( 75 ml) containing triethylamine (202 mg, 2 mmole).

Tetramethylenesilyl dichloride (155 mg, 1 mmole) was dissolved in

anhydrqus ether (75 ml) and added dropwise to the stirred nucleoside

suspension, After addition was completed, the solution was filtered

=’
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and concentrated to dryness. This residue was dissolved in ethanol
and applied to TLC which was developed in ether. Visible vas a
streak of UV-absorbing material (with no distinct bands) extending

from the origin to Rf . 38.

5'-Trityl Uridine and Diisopropylsilyl Dichloride

(A) 5'—trityl uridine (243 mg, 0.5 mmole), imidazole (136 mg, 2

mmole), diisopropylsilyl dichloride (116 mg of 80% reagent, 0.5.

mmole) and dry DMF (0.5 ml) were stirred at room température for

43 hours. The reaction mixture.was placed on three plates which
were developeé in ether. Streaking of UV-absorbing material from
the origin to the solvent front was observed, with-oﬁe distinct band
discernible at Rf 0.80. This band was eluted with ether to give

190 mg of material. 4Attempted crystallization of this material

from aqueous ethanol led to the appearance of seven bands on

TLC developed in ether (R.'s .13, .27, .36, .45, .54, .64 and .72),

indicating decomposition of the product.

(B) 5'-trityl uridine (243 mg, 0.5 mmole) was suspended in anhydrous

ether (35 ml) which contained triethylamine (101 mg, 1 mmoie).
Diisopropjlsilyl dichloride (115 mg of 80% reageht, 0.6 mmole)
was dissolved in anhydrous ether (35 ml) and added dropwise with

stirring to the trityl uridine suspension. Examination of the

reaction mixture seventeen hours later by TLC in ether showed that

a small amount of a product appeared at Rf .58, ( a spot that had

also been noted about half an hour after addition of the silyl
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dichloride) but that most of the starting matgrial,IS‘ trityl
uridine, remained unchanged at Rf «24. More diisopropylsilyl
dichloride (168 ml of 80% reagent, 0.87 mmole) in ether (25 ml)

and more triethylamine (2.4 ml) were added to the reaction mixture.
Five déys later, the reaction mixture was filtered, concentrated

and szpplied to two silica gel plates which were developed in ether
to give two bands - starting material plus the faster moving
material observed on TLC five days earlier. The band wifh higher

Rf value (.82) was eluted wi;h ether, concentratéd to a semi-soclid
and crystallized from aqueous ethanol to give white crystals (14 ng,
np 247—248.50C, softening at 24300). Thé mass spectrum was dominated
by the trityl groupAfragmenfation pattern, highest mass peak at

243 = ¢BC +. Elemental analysis of this‘material gave the
following resultS' C-75.67%, E-5.62% and N-3. 727: similar to that
expected for the monohydrate of 2'5'-ditrityl uridine - O PN PO
HZO} ekpected analysis C-75.58%, H-5.67% and N-3.75%. 2'5' ditrityl

uridine is an impurity'frequently found in 5'-trityl uridine

preparations.

5'-Acetyl Uridine and Diisopropylsilyl Dichloride

5'-acetyl uridine (323 mg, 1.13 mmole) and.imidazole (306 mg,
4.5 mmole) were dissolved in ary DMF (25 ﬁl); To this stirred
solution, diisopropylsilyl dichloride (285 mg, 8Q% solution, 1 mmole)
was added dropwise. Fiyve more drops of the silyiudichloride solution

were added when TLC examination of the reaction mixture showed'that
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some 5'—acety1‘uridine tRé .05 in ether) remained unreacted.
Twenty~-three houré later, GC/MS examination of tHe reactién
mixture indicated thaf the major product formed in the reactioﬁ
was theé desired 5'-acetyl-2,;3'-0-diisopropylsilyluridine

(highest mass -peak at m/e 355, M~43 +). The reaction mixture

was applied to two silica gel plates which were developed

in ether. Four bands were distiguishable on the plates, which
had UV—aBsorbing material smeared from the origin to'the solvent
front - at Rf .42, .58, .73, and .87. Eachvband was eluted

with ether. GC/MS examination of the material from each band

indicated that it was the Rf .58 band which contained the
5'-acetyl-2'3'-0-diisopropylsilyl uridine (55 mg, 13%, M-43 +.
355). Attempted crjstallizatibn of this.materiai in aqueous
efhandl led to the formation of three épots on TLC developed

in ether (Rf .05 - S'AcU.?, .33 and-.47), suggesting insta-

bilityvof the cbmbound.

REACTIONS ON 8,2'~THIOANHYDROADENOSINE

Diacetyl-8,2'-Thiocanhydroadenosine
57,120

(50 mg) was dissolved in pyridine

* 8,2'-Thiocanhydroadenosine
(0.6 ml) and acetic anhydride (0.2 ml). After 1% hburs, TLC in THF
showed the complete disappearance of the 8,2'-SAnA at Rf .36 to

_form a new product at Rf.64. Removal of the solvents gave a solid

(63 mg). Recrystallized fron aqueous ethanol, then from 95% ethanol,

the material gave white crystals (mp 231.5-232.5°¢C, M= 365,
AE276 nm (13,300) and 220 mm (11,100), R..19 in EtOAc, .69

in THF and .59 in EtOAc-i-PrOH-H

2O.(75:l6:‘9).
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DISPLACEMENT REACTLONS AND OXIDATIONS ON 8,2'SAnA

(i)  with KCN in water

8;2'—Thioanhydroadenosine (10 mg, 0.04 mmole), pbtassium
cyanide (5.2 mg, 0.08 mmole) and.water (1 ml) were heated on a
steam bath}for three hours., Examination of the reaction mixture

by TLC in THF showed only starting material at R_. .44, Allowing

f
the mixture to stand at room temperature for a week effected no

change obeerved on TLC.

(ii) with XKCN in dimethylformamide
8,2'SAnA (10 mg, 0.04 mmole) and potassium cyanide (5.2 mg,
0.08 mmole) were heated at 150°C in dry DMF (1 ml) for 1% hours.

Paper chromatography in solvent B revealed a number of fluorescent

bands to Rf .23, a low yield of a product at Rf .28 (Aﬁzg 275 nm)
and much unchenged starting material at R. .36. Extending the

£

reaction time to 39 hours led to the formation of decompos1t10n
products only as evidenced by the presence of a large number of

poorly resolved fluorescent bands extendlng to R .34.on papers

£
developed in solvent B. No UV-absorbing band corresponding to

starting material was visible.

- (iii) with KSCN in water .

| (A) S,Z'SAnA (20 mg, 0.07 mmole) and potassium thiocyanate (15.4
ng, 0.16 mmole) We;e heated in glacial acetic acid (0.5 ml) on

a steam bath for four hours. Paper chromatography in solvent A

revealed the presence of bands at the following Rf values (UV
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maxima in water,.nm) .00 (platéau at 262,.5-271 am), .09 (275),
.11 (303.5, 276), .13 (276, 244 sh), .26 (272, 284 sh, 265-sh,
257.5 Shs, .34 (275, 220 sh), .51 (276, 219), ;65 (276.5),

.82 (319,250). The Rf .51 band,'corresponding to 8,2'SAnA, was
by fér the most intense baﬁd on the papers.

The Rf .82 material was refluxed with a spoonful of Raney
nickel for 4 hours. The solution was filtered through Celite,
concentrated and applied to a paper which was developed in
solvent B. Three bands were eluted from the baper — a broad, faint
.00 - .13 (270.5 nm), a dafk band at R

band from R .15 (271.5 nm)

£

and a faint band at R

f
£ .29 (272 nm).

(B) When 8,2'SAnA (10 mg, 0.04 mmole) was heated with KSCN (8 mg,
0.8 mmole) in glacial acetic acid (0.25 ml) for 15 hours on the
steam bath, four different bands were observed on PC developed in
' HyO

solvent A: Rf (Amax

in nm) - .25 (289 sh, 285), .38 (271 sh, 261),
.54 (276.5, 219) and .65 (276, 212.5 sh). Molecular ion peaks

.38 material, at 281 for the R_. .54

appeared at 293 for the.R £

f
material (starting material) and at 287 (?) for the R£ .65 band.
(iv) with sodium azide in DMF
(A) 8,2'SAnA (10 mg, 0.04 mmole) and SOdium azide (10.4 mg, 0.16
mmole) were heated in dry DMF (0.8 ml) at 70;7500 for 6% days.
Exémination of the reaction mixture by TLC in tetrahydrcfuran
showed only one spat =~ that corresponding to 8,2'SAnA at Rf .36.
Howevef, paper chromatography in solvent A revealed the presence

of a faint band at R, .30 as well as the dark band at Rf +56

£
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corresponding to starting material. This new compound had Rf . 30,

had a UV maximum (HZO) at 273 nm and an infrared absorbance at 2050
_1A '

cm .,

(B) 8,2'SAnA (10 mg, 0.04 mmole) and sodium azide (10.4 mg, 0.16
mmole) were heated in dry DMF (0.8 nl) at 150°C for 3 hours.

Applied to a paper and developed in solvent B, the reaction

-~ mixture produced a series of fluorescent bands from the origin to

R .07 and five other bands: R, (UvE2° 4n nm) - .10 (272), .16

i f max " . .
(276), .31 (276, 220), .43 (314, 275, 263 sh, 257 sh, 254 sh) and
.51 (278.5, 267 sh, 259 sh, 253 sh). Mass spectrometry of the
Rf'.43 material gave highést mass peak at 352 and a fragment at

324 mass units.

(v) with mercuric-chlofide and water
8,2'SAﬁ4 (10 mg, 0.04 mmole) and mercuric chloride (20 nmg,
0.07 mmolé))were dissolved-in two drops of water. The’soiution
was observed to turn cloudy within 5 seconds of the additfon of
water, A further(0.6 ml water was added to the reaction mixture
which was then heated on the steam bath for half an hour. Thin
) la&e;‘chromatography in fHF showed a UV absorbing elongated “spof"
at Rf ’OO,“ Rf .20, a spot at Rf .38 corregponding to 8,2'SAn$
~and another spot at Rf .76 corresponding to HgClZ. Paper chroma-
tography in solvent A produced a streak from the origin to Rf .07
corresponding to H.ghl2 and a spot at Rf .52 (8,2'SAnA). Paper

chromatography in solvent B revealed a UV-absorbing streak from

the origin to Rf .80 including a darker region at Rf .38




“found to be separated into four bands - Rf 14 @)

(8,2'SAnA).

(vi) with mercuric chloride and aqueous acetone

8, 2 SAnA (10 mg, O. 04 mmole) mercuric chloride (20 mg, 0.07
mmole) and approximately 20 mg calcium carbonate were stlrrea in
aqueous acetone (1:1, 3.4 ml) at room temperature for 73 hours,.
Applied to Whatmaﬁ paper and solvent B, the reaction mixture was

Hp O -
2X 272 nm),

H; 0 _ H20
Rf .37 (Am x 276, 2290 s.m.), Rf .69 (A _ 260 nm) and Rf f82
(AHZO 228-HgCL,).

(vii) with mercuric chloride and sodium benzoate in DMF
8,2'SAnA (10 mg, 0.04 mmole) and mercuric chlorlde (20 mg,
0.07 mmole) were heated in DMF (3 ml) at 150 C for 30 minutes.

Follow1ng this, sodium benzoate (30 mg, .21 mmole) and benzoic

- acid (lO'mg, .08 mmole) were added to the reaction mixture which

was heated‘at 150°c for an hour. Paper chromatography of samples
of the reaction mixture Qersus all the reactants gave the following
results in Solvent A - .05 (HgCly), .55 (8,2'SAnA) and .71

NaOBz and BzOH) and in solvent B - ,34 (8,2'SAnA and NéOBz)_and a

streék.extending to R .83 (_HgCl2 and BzOH).

(viii) with chlorine in chloroform

8,2"'SAnA (10 mg, 0.04 hmole) was suspended in chloroform (5

o ml).through which chlorine gas was then bubbled for ten minutes.

The solvent was removed and the rgSidue dissolved in water. UV

spectrum of the solution_gave }\max 276, 222 nm, corresponding to that

of unchanged starting material.
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(ix) with N-bromosuccinimide

8,2'SAnA (10 mg, 0.04 mmole) and N-bromosuccinimide (14.2 mg,
0.08 mmole) were dissolved in 80% aqueous methanol (1.5 ml) and
stirred at room temperature for 5% hours. Applied to a paper
which Was‘dgveloped in solvent B,-the reaction mixture separated
“into nine bands: Rf (Uvﬁig in nm) - .17 (291.5, 283.5, 276 sh),
.él (257, 268 sh, 262 sh, 253.sh), .30 (272), .35 (238 sh),~.3é
(240 sh),‘.éé (279.5 sh), .52 (268 sh, 235 sh), .62 (271, 276 sh)

and .68 (276 sh). The highest mass peak of the R .17 material was

£

at 149 mass units.
(x) with iodobenzene dichloride in aqueous acetonitrile
'8;2'SAnA (28'mg, 0.1 mmole) was dissolvéd in water—acetonitrile

(1:2, 1.5 ml). Todobenzene dichloride P

(27.5 mg; 0.1 mmole) was
dissolved in acetonitrile (1 ml) and added dropwise with stirring
to the 8,2'SAnA solution over a period of 10-15 minutes. Stirred

‘at room temperature for 30 minutes, the reaction mixture was then

concentrated under vacuum and applied to papers which were

H20

262.5,
max

developed in solvent B to give four bands - Rf 07 - A

282 sh, 265 sh - highest mass peak at 278; R, .11 =~ a faint band

which was not eluted; R, .17 = Ao2> 268, 280 sh, 264 sh, 260 sh,
225 sh, highest mass peék at 257 mass'unitsj and Rf .26 (major

H20

max 274, 265 sh « highest mass peak at 241 mass units.

product) - A
Infrared examination of the Rf .26 material did not indicate

the presence of a sharp absorbance in the region 1040-1060 cm—l.




(xi) with iodobenzene dichloride in pyridine

8,2'SAnA (28.1 mg, 0.1 mmole) was dissolved in 20%
aqueous pyridine (1 ml). Todobenzene dichloride (27.5 mg, 0.1
mmole) was dissolved in dry pyridipe (1 ml) and added dropwise
into the stirred nucleoside solution. After 30 minutes, the
reaction mixture was placed on papers which were developed in
solvent B for 38 hours; The following bands were observed
(Ré relative to the edge of the paper): R, - .10 (yellow), .15,
<18 (yellqw),..Zl,-.ZQ (turquoise), f32 (bright blue), .34 (br%ght
yellow under visible'light), .37, .52 and .61. (The cdlours
mentioned are'those observed under UV light, except where noted.)

The last four bands were eluted and their UV and mass spectra

obtained - .34 - Aigg 263, 257 - highest mass peak at 151y

.37 - Aiig 270.5, 265 sh, 258.5 sh - highest mass peak at 213;

52 = 3829 995 5. 992 - T ar 281 mass units; and .61 - 2520 275
- "max max

Mt at 281.

. (xii) with sodium metaperiodate in water

(A) 8,2'SAnA (20 mg, 0.07 mﬁole) was dissolved in water (3 ml).

A five molar excess of sodium metaéeriodate (3.58 ml, 0.1 ¥ aqueous
solution of Na104) was added and the resulting solution stirred at
. room temperatufe for t&o hours. Sémples of the reaction mixture
were removed at regular intervals and spotted on a paper chromato-
Agrém. Deﬁéloped in solvent B, tﬁe paper showed dark spots at

R. .03 and at .35 corresponding to NaIO4 and 8,2'SAnA respectively

f

as well as the slow appearance of two other spots at Rf‘s .07 and

o




.23. TLC of the‘reaction mixture(developed in THF) showed only
the spots corresponding to the two starting materigls (.004.06
and .35):

The reaction mixture was placed in a 50° bath for half an
hour, at 50-65°C for another 30 minutes, at 65-75°C for another
hélf an hoﬁr and at 100°C for an hour. Samples were removed every
 half hour and spotted on papers. Developed in solvent B, the papers
showed a gradual .increase ip intensity of the spots at Rf .07 and
.23 and a decrease in intensity of the spot at Rf .35,

Allowing the reaction mixture to stand at room temperature
for 20 hours resulted in the formation of white crystals (UVi%Z

260.5, highest mass peak at 243'masé‘units, eléctrophoretic nobility

R 0.47 relative to Tp, R, in solvent B at .07, observed elemental

£
analysis - C - 33.85%Z, E - 3.28%,N - 18.91%7 - expected values for
2' deoxy 2° sulfonic acid of 8,5'-0-anhydroadenosine were C-36.5%,
H - 3.34%7 and N - 21.3% and for the‘sulfoxide of 8,2'SAnA - C -
40.4%, H - 3.7%Z and N - 23.6%.

The solution from which the above white crystals had been

filtered was applied to papers which were then developed in solvent

B. Elution of the bands at R, .07 and .23 gave material with UV

f
maxima at 262 nm and at 286 nm respectively. The highest.mass
peak of the Rf .07 material came at 60 mass units, while that of the
Rf .23 material came at 146 mass units.

(B) 8,2'SAnA (10.3 mg, 0.0366 mmole) and sodium metaperiodate

(7.8 mg, 0.0366 mmole) were dissolved in water and stirred at room

o




‘temperature for 32 hours. The reaction was then stir?ed at 43°¢C
for 15 hours and at 54°C for 28 hours. Developed in solveﬁt B, the
reaction‘mixture was separated into six bands Rf .02, (NaIO4), .05
(261 nm), .07 (265 nm), .10 (269 nm), .21 (286.5 nm) and .35
(darkeét band, 8,2'SAnA). Lyophilized, the material from Re .05
gaveé a nicé white solid which could not be volatilized for mass
spectrometry (highest mass peak at 60 mass units). It possessed a
strong i.r. absorbance in the 1040-1060 cm“l region. The material
at Rf .21 had its highest mass peak at 129 in the mass spectruﬁ

and contained no sharp absorbance in the region 1040-1060 cm-l.

OXIDATIONS ON 335'-DIACETYL~8,2'-THIOANHYDROADENOSINE

(i) 'with iodobenzene dichloride

(A) B;SE-ACZS,Z'SAnA (23 mg, 0.06 mmole) was dissolved in 20%
agqueous pyfidine,(0.4 ml). Iodobenzene dichloride (17;3 mg,

0.06 mmole) was dissolved in dry pyridine (0.1 ml) and added
dropwise to the stirred nucleoside solution. TLC in EtOAc taken
five minutes hence showed the reaction mixture to form a yellow
streak from the‘origin to Rf .10, a spot at Rf .17 correspénding
to Ac28,2'SAnA and another spot at‘Rf .40, Developing this éame

" TLC in ethyl acetate two days later, the Rf‘.40bspot was observed
to have separated into three materials - a yellow streak Rf .00-,12,
~.a spot at Rf .20 (corresponding to Acz8,2‘SAnA) and another spot

at Rf‘.AO — Jjust as the reaction mixture had been separated.

The reaction mixture wae applied to a silica gel plate which

¢
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was developed in ethyl acetate. The yellow band (Rf .00-,20) was
eluted with ethanol, concentrated and applied to a silica éel p late
which Wés developed twice in the solvent ethyl‘acetate—isopropanol—
water (75:16:9). Five bands were obtained and eluted to give the
following: R (UV max in 95% ethanol, nnm) - .31 (274, 287 sh),

.39 (282 sh, 246 sh), .60 (276.5, 219), .75 (278) and .94 (270 sh,
249 sh). Examination of the infrared spectfa'taken of the Rf 539
and .75 materials did not reveal the presence of a strong absorbance

in the 1040-1060 cm *

région. The highest mass peak of the Re .39
material was at 395, while that of the Rf .75 material came at

365 mass units.

(ii) with sodium metaperiodate

(A) Diacetyl=8,2'-thioanhydroadenosine (10 mg,.027 mmole) was combined

with 0.5 M N§104 (58 pl, .029 mmole) and methanol (“0.2—0.5 ml) and
allowed to stir in ;n ice bath for>l6 hours and ét room temperature
for seven days. Examination of the reaction mixture by TLC in
methanol—ethylacétate (1:1) shqwed thé presence of two compounds -
starting material at Rf .76 and allow yield of a new ﬁaterial at

Rf :69. The slower moving band was isolated by siliqé gél chromato-
graphy in ethyl acetate and was found to have a UV maxima at 275.5
and Z%Z'nm. | |

(B)' Diacetyl=-8,2'-thioanhydroadenosine (36.5 mg, 0.1 mmple) was
dissolved in aquedus ethanol ("1 ml). Excess soéium metaperiodate

(150 mg, 0.7 mmole) was added the the reaction mixture stirred at

room temperature for two hours. TLC taken in ethyl acetate showed

ﬂ'-.




only the startiﬁg materials at Rf .00~-.04 (NaIOA) and at .17

(Ac2 8,2'SAnA) and a very faint spot at R_ .33,

£
Thé'reaction mixture was then stirred at 60°C for seven

hours., Monitoring by TLC in EtOAc showed an increase in the

intensity of the spot at Rf_.33 and the appearance of a faiﬁt

spot at Rf‘.54. The reaction mixture was evaporated to dryness;

then extracted with chloroform. The chloroform extract was applied

to a silica éel plate which was developed in ethyl acetate to

give an intense band at R, .07 and two faint bands at R, .21 and

f
.49, The major product(Rf .07) possessed a UV maximum at 263.5

nm (in ethanol) and had a molecular ion peak at 415 mass units.

Attempted Photooxidation of 8,2'~Thioanhydroadenosine

8,2'~thiqanhydrﬁadenosine (40 mg) was dissolved in water to
which a few crystals of rose bengal had been added. :The solution
was irradiated using a Hanovia Utility high pressure mercury vapour
blamp (A;ZSS nm, Model No. 30620) for two hours. The sclution was
concentrated and examined by TLC and paper thomatography.
Developea in various solvents versus starting material on'fLC and
PC, the feaction mixture was found to contain only one UV—abéorbing
spot - ;hat corresponding in Rf value to 8,2'SAnA,

The reaction mixture and a few more crystals of rose bengal
were dissolved in aqueous ethanol (1:1, 60 ml), and irradiated for
twelve hours while oxygen was bubbled into the solution. The

reaction mixture was concentrated and applied to papers which were

- e




developed in solvent B to give three bands - R, .25 (medium

Hy 0
max

Re .35 (dark intensity, highest mass peak at 281,_A§§g

f

intensity, highest mass peak at 281 mass units), A

270 nm),
220 an)
and Rf’.42 (medium intensity, highest mass peak at 281 mass

Hy O

units, A 260 nm).
- "max

Pummerer Reactions -

(i)‘ on the products of iodobenzene dichloride oxidation
3'5'wDiacetyl-8,2"-thioanhydroadenosine (50 mg, .137 mmole)
was dissolved in 20% aqueous pyridine (0.9 ml) and stirred in an
ice bath, Iodobenzene dichloride (37.8 mg, 137 mmole) was dis-
solved iﬁ 0.25 ml dry pyridine and éhilleq as well. The latter

solution was then added dropwise to the nucleoside solution which

was stirred in the dark in an ice-bath. Allowed to stir in the ice

bath for ten minuteé, the reaction mixture was then diluted with
chlorofdrm (13 ml), neutralized by shaking with aqﬁeous sulfuric

acid (10% solution), extracted three times with water, dried with

~anhydrous sodium sulfate, filtered and concentrated to approximately

3 ml of chlofoform solution.

This chloroform solution was then subjected to the Pummerer

reaction by allowing it to react with acefiC»anhydride (0.1 ml) for

three days at room temperature. The reaction mixture was applied
to a silica gel plate which was ‘developed twice in ether and three

times in ethyl acetate to give three bands - Re .05 (yellow in
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.15 (AEEOHy95 5 923.5, 221, 282 sh) and R, .22
~ max f

287, 230, 225, 292 sh, molecular ion at 407

visible light), Rf

EtOH

(major product,_)\max

mass units).

(ii) on the product of prolonged‘periodate oxidation

Tﬁe Rf .69 material obtained from the seven day sodium meta-
periodate oxidation of Ac28;2'SAﬁA (Method A, page 175 was
dissolved in chloroform (1 ml) and allowed to react with acetic
anhydride (0.1 ml)'for six days at room température. The reaction
mixture aéglied to papers developéd invSolvent B gave a dark band
at Rf .68. This material was eluted with ethanol to give a com-
pound-which had a moleéular ion at m/e 407 and whose UV spectrum
indicated a maximum at 285 nm and shoulders at 295 and 280 nm

(in ethanol).

IRRADIATION QF ANHYDROURIDINE®

Initial Work Using Chloroform-Saturated Aqueous Solutions

Chloroform (100 ml) was vigorously stirred with water (400 ml)
for three hours. The aqueous layer was separated from the chloro-
form layer and used in the irradiation.. :

3'5'-diacetyl anhydroﬁridiﬂe63 (30 mg, .097 mmole, UV ox

249;5, 224, 269.5 sh) was dissolved in the above aqueous solution
(100 ml), placed in a quartz tube 20 cm long and 3 cm in diameter
and irradiated a£,254 nm while the solution was stirred. After
twenty‘minutes, an acrid-smelling gas was detected emanating from
the photoreaction. Aftef 50 minutes, the solution had UV maxima

at 243 and 224 nnm. . S =
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Irradiations invthe Presence of Ethanol

(A) Chloroform (25 ml) and water (75 ml) were placed into each of
seven Erlenmeyer flasks. To each flask, different amounts of
ethanoi were added - 0.5 ml, 1 ml; 2 mly, 4 ml, 8 ml, 12.5 ml and
25 ml. The soluticns in each flask were vigorously stirred for
half an hour, then allowed to stand at room temperature for several
hours. The aqueoué solution of each samplg ﬁas then used as the
solvent fo dissolve 3',5'—dgacefyl—z,2'—O—anhydro— --
uridine (3 mg in 10 ml, 0.97 mM solution)which was placed in.a 1
mm quartz cell and irradiated until a single peak of maximum
absorbance at 238 nm was obtained. (UV spectra of the irradiated
solu;ion were taken at regular intervals to monitor the progréss

of the irradiation.) The time required to effect this change was

recorded in Table 11 and Figure 15, page 112.

(B) Samples of diacetyl anhydrouridine (3 mg) were dissolved in
aqueous solutions containing 10, 50 and 75% ethanol and in 95%
ethanol (10 ml, . ¢ = 0.97 mM). The irradiation of these soluticas
in a 1 mm cell was followed as above, and the resulfs are incorp-

orated in Table 11f

(C) Solutions of varying concentrations of diacetyl anhydrouridine
(2 mM, 5 mM, 6.7 mM, 16.7 mM and 33.3 mM) were irradiated in aqueous
~solutions containing 50% and 253%Z ethanol in a 1 nn quartz cell. The
time'rgquired for the solution to attain a UV spectrum with a single
maximum at 238 nm was re&orded, Where other UV maxima were formed,

the time recorded was the point at which irradiation was stopped
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TABLE 11

IRRADIATION OF 0.97 mM DIACETYL ANHYDROURIDINE IN THE PRESENCE
' or ETHANoLT

TIME (SEC) FOR UV MAXIMA OF
- REACTION IRRADIATED

% ETIVANOL Y"COMPLETION" SOLUTION (NM)
0.7% - . . 60 - 238
1.3% - 45 238
2.6% 30 ‘ 238
5.1% . 25 . 238
9.6% | 18 | 238
10.0 | 18 238
14.6% 13 - 238
25.0% ' 11 238

50.0 - 10 238
75.0 13 236,255.sh
95.0 . | 20 o 231,253 sh

All irradiations were conducted on solutions in a 1 mm

quartz cell,

These solutions contained chloroform as an impurity. The

percentages of ethanol were calculated on the assumption that

all the ethanol added to the chloroform-water mixture was

dissolved in the aqueous layer.
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when it became clear that a single maximum at 238 nm would not
appear.
Optimal conditions for the formation of a single maximum at

238 nm were sought in this series of reactions. (Table 12)

TABLE 12

TRRADIATION OF INCREASING CONCENTRATIONS OF AczAnU IN 507 AND 25%
ETHANOL SOLUTIONS
CONC. OF AczAnU | TIME UV OF SOLUTION
C(mM) ¢ % ETHANOL - (SEC) (N M)
2 - T 20 238
5% : 50 480 - 235,255 sh
6.7 25 90 238
16.7 25 300 238
33.3

25 720 238

%

irradiated in a 1 cm quartz cell, unlike the other solutions

which were irradiated in a 1 mm quartz cell,

(D) Samples of anhydrouridine (2.4 mg, 0.0114 mmole) were dissolved
in 10, 30, 40, 50 and 75% ethanol (10 ml, .~ ¢ = 1.14 mM) and irrad-

iated in a 1 mm quartz cell. The results of these irradiations are
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shown in Table 13. The "“time" indicates the point at which a
single maximum at 238 nm had attained optimal peak height or the
point at which irradiation was stopped when it becare clear that

a single maximum at 238 nm would not be formed.

TABLE 13

IRRADIATION OF 1.14 mM ANHYDROURIDINE IN THE PRESENCE OF ETHANOL

72 ETHANOL : TIME (SEC) UV _MAX OF SOLUTION (NM)
10 26 g 238
30 13 . 238
40 1 : 238
50 - | 10 237,255 sh
75 o 5 » 230,270 sh, 259 sh,

250 sh, 236 sh

Large Scale Reaction and Photoproduct Isolation

OZ,ZH-Anhydrouridine (300 mg) was dissolved in 25% ethanol

in water (v/v, 200 ml), placed in a quartz vessel and irradiated
with stirring (without exclusion of air) for‘a period of sixty

minutes. The reaction mixture was then concentrafed on a rotary
evaporator and apélied to silica gel plates whicﬁ were developed

three times ‘in the solvent 15% methanol in methylene chloride. The
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following bands were observed and eluted with ethanol:

R, (UV 220 in nm) -.00 (238.5), .15 (238), .24 (238), .36 (end
absorption only), .41 (238, 269 sh), .54 (238, 272 sh), .70 (274)
and .88 (end absorption only). Only the first three bands

(R, .00, .15 and .24) were of significant concentration.

£

The material at the origin (Rf .00, 85 mg, ~“27%) could not be
identified as paper and thin layer chromatography in variqus
solvents produced only a streak of UV-absorbing material which
contained at least three darker areas, but no'dist}nct bands.
Acetylation.of the ﬁaterial was not effective in resolving the
components on thin iayer chromategraphy - a strealk from the origin'
to Rf .82 containing six darker areas was observed when ethyl

acetate -isopropanol - water (75:16:9) was used as the solvent.

The material from the R. .15 band was separated into two

£
bands moving' close together by extended paper chromatography (40
hours or longer) in solvent B. The slower moving band was eluted
to give a compound I identified as unreacted anhydrouridine (54 =g,
18%). The material IL from the band with slightly higher Rf valua
was. determined to be an ethanol adduct of anhydrouridine (75.3 mg,

21%) . (See page 185 for information on identification of I and II.)

The material from the R, .24 band was also found to contain two

£
-compounds with similar Rf values which could be separated from each
other by extended development on papers in Solvent B., The slower

moving compound ILL in this case was found to be dihydroanhydro-

uridine 97 (31.5 mg, llZf. The component with slightly higher Rf




value (IV) was identified as another ethanol adduct of anhydro—

uridine (26.1 mg, 7%Z). (See page 193 for IIT and p. 194 for IV.)

SUMMARY OF PHOTOPRODUCT YIELDS

PRODUCT ISOLATED WEIGHT (MG) Z YIELD

‘identified products:

unreacted AnU : ..54.0 ’ .18

H,AnU (97) - . 31.5 ‘ A 11
EtOH adduct II 75.3 | 21
EtOH adduct IV 26.1 : 7

unidentified products:

‘R .00 | | : , 85 ~27
R .36 + .41 ' ' 32 R ~10.5
R .54 , 7.7 o ~ 2.5
R .701 5 | 4.9 TS
R, .88 . 3.2 o ~ 1.0

Alternative Work-Up Procedures

Thevreaction mixture was placed first on papers which were
developed for a prolonged period of time in solvent B. Two intense
bands were observed moving in close proximity to each other.
.Elution of the slower band followed by silica gel.plate chroma-
tography in 15% MeOH/CHéCl2 gave gnhydrouridine and dihydrouridine.
Elution of the band with'slightly higher Rf value on papers
followed by siliéa gel platevchromatography in 15% MeOH/CHZCI2 gave

separation of the two ethanol adducts.




_183_

IDENTIFICATION OF THE MAJOR PHOTOPRODUCTS

PHOTOPRODUCT I

Compound I was identified as unreacted anhydrouridine on the

basis of the following information:

vy - AEEOR o485, 224 Ash 270 nm
- “max
mass spectrum - parent ion peak, M+ at 226

PC and TLC - compound I had the same R_. values on papers
developed in B' and on TLC developed in 15% MeOH/CH.ZCl2
(v/v) as did anhydrouridine.S0 ‘

PHOTOPRODUCT ITL

Compound II had a UV maximum (in ethanol) at 238 nm. Mass
spectral analysis gave‘the highest mass pegk at m/e 242,
'Comppund.Ii‘(ﬁo mgj was ééetylated by reéction with acetic
anhydride (0.7 ml)Ain pyriaine (l m1)_ovérnight at room temperature.
The reaction mixture was concentrated and‘applied to silica gel
plates Which were dgveloped twice iﬁ'ethyl aéetate to ‘give the
following bands:
Rf .03 (faint intensity, no UV max, just.end absorption)
Re .08 (mgdium intensity.AEEEH
Ry .15 (faint,,xgﬁgulder
R. .26 (dark band, major product,UV

236.5 nm)
230 nm)

EtOH
X

236.5 nm)
ma A

£
" (The Rf .08 material was assumed to be the none fully acetylated
derivative of the ethanol adduct II, the two minof side products
presumably decompbsition produpts of IL,)

The mass spectrum of'the.Rf .26 derivative gave a highest

mass peak at 399 mass units which corresponded to the M + 1 species
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FIGURE 1g

MASS SPECTRAL FRAGMENTS OF TRITACETYLATED PHOTOPRODUCT 1II

EM-—- CH ;CO zﬁ_] T = 339 L
[B]" = 199
[B-r]* = 1908

[B-0]" = 183

: [13«-0—0}130(3] +

140

[B-0-cH co-H26]+ = 122

3
[i~stcm,onc]™ = [1-73) T = 325

=265 [+ 73" =297

t OAc
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of the following molecule:

6Hc

The.struéture of several species observed in the frégmentation
pattern of thé triacetylated derivative-of IT was deduced by a |
‘éomparison with.the fragmentation pattern observed.with 2,2' anhydro-
nucleosides in.general.lsl Some of the fragments observed are
shown in Figure 17.

While mass spectrometry had identified compound II as the
hydroxygtﬁyl derivative of anhydrouridine, n.m.r. analysis Qas
nééessary in oxrder to determine whether the hydroxyethyl group was
position at 6—5, c-6 of even at C-4 forming a hemiacetal. On
fhe basis of analysis of n.m.r. speétra obtained on the 220 Mﬁz
‘N.M.R. Spectrometer of the Ontario Research Foundation, éompqund II

was didentified as a 76;24 mixture of two epimers of acetylated

6(&~hydroxyethyl)—5,6-dihydroanhydrouridine. (See Table 14 2and
Figure 18) ’

N.M.R. Assignments for acetylated Photoproduct II

| Whén proton assignments for acetrylated Photoproduct II were
being made, reference was continually made tQ the assignments

by Hail et al>> for A) 5,6-dihydroanhydrouridine in d,-DMSO, for
B) S—methyl—S,6—dihydroanﬁydrou;idine in?DZO afid for C) 6-methyl-

carboxylate;S,6-dihydroanhydrouridine in d6iDMSO.The stuctures of
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N.M.R. ANALYSIS OF TRLACETYLATED PHOTOPRODUCT II IN. d
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TABLE 14

. d,d - doubleton of doublets

~DHMSO

CONSTANT, J cps

CHEMICAL SHIFT & ppm COUPLING -
PROTON  MAJOR MINOR PROTONS MAJOR MINOR
' | —
H,' 5.38(d) 5.47(4d) Jorgn 4 4
- . o .
H, ' 5.25(d)  5.26(4) Igegn 2.5 2.5
B, 4.48(u)  4.49(u) Jpest, 6.2 6.2
| Jivseg 3.4 3.4
H', 4.17(q)  4.16(q)
H_' 3.98(q) 3.98(q) _
5 B _ Joipsiy -12.3 -12.3
2.31¢q)  2.24(q)
5A - -
Jsa.sp 16 16
H 2.5 (q) 2.5 (q)
58 . -
4 - I54,6 2
I » | 3 7.5 -
Hy + 4.0-4.2(u)4.0-4.2(u) 5B,6 .
E I 5 2 2
H, 5.2(d,d) 4.91(d,d) | . °° - }
| : . N 7 7
Hg 1.16(¢d) 1.21(d) > : .
d -‘doublet, t - triplet, q = quartet, u’'~ unresolved,




189 ~

these molecules are as follows:

HO 0 -8

' (A- 5.88, B-6.07, C-6.04 ppm)

H..
Two overlapping doublets with splittings of 5.5 cps centred at 6.10
. and 6.08 ppm were assigned to the H-1' protomns of the two epimers
of II
H-2' (A-5.08, B-5.32, C-5.23 ppm)
Two doublets with splittings of 5.5 cps centred at 5.38 and 5.47 ppm
were assigned to the H-2' protons of the two epimers of II
H-3' (A-4.32, B-4.57, C-4.38 ppn)
Acetylation of the 3'-OH group would be expected to move the H-3'
" chemical shift downfield somewhat when compared with the shift of
the H-3' of non-acetylated molecules A,B, and C. Thus the H-3' of
II might be expected to fall in the regions at 4.5, 4.9, 5.2 or
5.25 ppm.
H-4' (A-4.03, B-4.3, C-4.09 ppm)

H-4' would be expected to fall in the regions at 4.0, 4.2 or 4.5 ppm.

H-51 (A=3.32, B-3.59, C-3.38 ppm)
H-5! (A-3.32, B-3.59, C-3.49 ppm)

Acetylation of the 5'CH group of II would be expected to shift the
peaks of the 5! and 5é protons downfield relative to the shift observed
for A, B, and "for C.” Thus one might expect that these peaks may have
been buried under the water peak at 3.5 ppm or that they may appear

at the areas around 4.0 or 4.2 ppm.

H—SA (A-2.45, B-2.82, 2.79 (two isomers), C-2.65 ppm)

H—SB (A-2.45, =--- , C-2.84 ppm, J= -16.6 cps)
A quartet with J=16 cps was found centred at 2.31 ppm, a second quartet
with J=16 cps was centred at 2.24 ppm. These were assigned to the 5
protons of the two eplmers of II.

a



There was a suggestion of a quartet of similar coupling constant
which was mostly buried under the DMSO peak at 2.5 ppm. This was
presumed to be due to the SB protons of the two epimers of II.

H-6. (A-3.57, B-3.40, 3.38 (2 isomers), C-4.80 ppm)
H-6_ (A-3.57, B-3.87, 3.83 ppm - two isomers)

Since the H-6 proton of compound II is situated next to a CH-0-Ac
grouping, one would expect its peak to appear downfield of the H-6
proton of A, but not as far dowfield as the H-6 of C, which finds
itself next to a CO, Me grouping. Thus one might expect to find
H-6 of II at around”4.0 or 4.2 ppm.

H-7 Since this proton is part of a CHOAc system (similar to H-3'), "it
would be expected to resonate in approximately the same area, i.e.
around 4.5 - 4.9, 5.2 or 5.25 ppm.

. H-8 Three protons split into a doublet by the proton at C-7 would-be
expected to appear quite far upfield of the protons previously
discussed here. Two doublets at 1.16 and at 1.21 ppm were a351gned
to the H-8 protons of the two epimers of IIL.

Spin Decoupling Experiments

Irradiation of H-8 at 1.21 ppm resulted in the collapse of tﬁe two
doublets at 4.91 ppm to form a single doublet. Therefore the peaks at
4,91 ppm must correspond to the H-7 protomns of the minor epimer of II.

'Since the pair of doublets at 5.2 ppm had the same coupling con-
stant as the pair of doublets at 4.91 ppm, they were assumed to correspond
to the H-7 protons of the major epimer of II.

Irradiation at 5.2 ppm resulted in the collapse of the H~8 doublet
at 1.16 ppm to a singlet, verifying the above assumption. Therefore, the
peaks at 5.2 ppm belong to the H-7 protons of the major eplmer of II.

Irradiation of H~7 protons at 4.91 and at 5.2 ppm did not altez
in any way the quartets centred at 2.31 and 2.41 ppm, peaks correspondlng
to H-5 protons.

However, irradiation of H-7 protons at 5.2 ppm did alter the pattern
of peaks in the region at 4.0 ppm. This is the region in which H-6 was
expected to appear.

Therefore, H-7 is coupled to H—6 and not to H-5. The H-6 protons
are situated in the region around 4.0 ppm.

However, since the area at 4.0 ppm integrated to show the presence
of two protons, one other proton must resonate in the same region.

Further verification of the assignment of H-6 in the 4.0 ppm area
was obtained from the following spin decoupling experiments: '

Irradiation at 4.04 ppm reulted in the collapse of the H-5 quartet
at 2.31 to a doublet.

Irradiation at 4.0 ppm led to the collapse of the two doublets at
5.2 ppm corresponding to H~7 to form a single doublet.
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Therefore, H-6 is coupled to both H-7 and H-5 and the hydroxyethyl
substitution must be at C-6 in Photoproduct II.

This left the peaks at 5.25, 4.48 and 4.18 unaesigned, as well as
an unassigned proton at 4.0 ppm (where H-6 is also found),

The region at 4.48 ppm was irradiated; — this was found to have
no effect on the H-2' protons at 5.38 and 5.47 ppm, but it did appear to
have a slight effect on the two doublets at 5.25 ppm.

Therefore, H-4' is at 4.48. ppm.

This left only the peaks at 5.25, 4.18 and 4.0 ppm unassigned. Since
H-3' was expected to appear at 4.5, 4.9, 5.2, or 5.25 ppm, the only pos-
sible assignment for H-3' was at 5.25 ppm. Since irradiation of H-4'
had had an effect on the peaks at 5.25 ppm, the validity of the assignment
was reinforced.

Therefore, H-3' is at 5.25 ppm.

This meant that H-5' must be in the area at 4.18 ppm and H—S' must
be in the region at 4.0 ppm, together with H-6.

In the 4.18 ppm area two quartets with coupling constants of 3.4 cps
were discerned. This would have corresponded to the H—S' protons of the
two epimers of II.

A quartet with coupling constant of 3.4 cps was at 3.98 ppn and was
assigned to the H—5' protons of both epimers of II.

Therefore, H—S '~ is at 4 17 and 4.16 ppm for the two epimers of IT
and H—Sé is at 3.98 ppm for both epimers of II.

PHOTOPRODUCT TII

The identity of Photproduct III was established by
a comparison of its. physical and spectral properties with
those of an authentic sample of dihydroanhydrouridine pre-
pared by the method of Hall et al?3 Both the photproduct
and the authentic sample had‘a Uv maximum at 237.5 nm in

ethanel, a melting point of 181 - 185 degrees C., and a mol-

ecular ion peak at 228 mass units in the mass spectrum.
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PHOTOPRODUCT IV

The identification of photoproduct IV was achieved in a
manner véry similar to that used to determine the structure of
compound II. The UV maximum in ethanol of IV was at 238 nm and
its hiéhest mass peak in the mass spectrum was at 242 mass units.

Photoﬁroduct IV was treated with acetic anhfdride in pyridine
and the reaction mixture separated into five bands following

silica gel plate chromatography in tetrahydrofuran. The products

obtained were as follows:. Rf .17 (major product,‘kzzgH
highest mass peak at 355, B&A3}+), Rf .39 (faint in intensity,

'AEtOH 276, 239.5, 282 sh), R_ .64 (faint, just end absorption in

max £
, . . EtOH
uv), Rf .78 (medium 1nt_ens:Lty,.>\maX

EtOH
sh

238.5,

238, 249.5 sh) and R .92

282, 270 nm). The major product, R;

(medium intensity, A £

.17 was identified using mass spectrometry and n.m.r. analysis.
The highest mass peak at m/e 355 could have correéponded to
either the {M—43]+ fragment of triacetylated IV or the [M—ﬂ +
fragment of diacetylated hydroxyethyl substituted anhydrouridine.
However, since the fragments of photoproduct IT identified in
Figuie 17 were present also in the mass spectrum of compouﬁd v
(except for the highest mass peak at 399), it was preéumed that

the R, .17 material obtained from the acetylation of photoproduct

£
IV was the triacetylated derivative.

Analysis by 220 MHz n.m.r. of this derivative revealed that
photoproduct IV was the second isomer of 6(a-hydroxyethyl)-5,6-

dihydroanhydrouridine. Unlike compound II, however, this isomer

did not contain a mixture of epimers visible din the n.m.r.
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TABLE 15

N.M.R. ANALYSIS OF TRIACETYLATSD PHOTOPRODUCT IV IN CDCl3

PROTORN - CHEMICAL SHIFT (8§ ppm) COUPLING CONSTANTS (J,cps).
Hyy j . 5.93(d) . 'Jl,z‘, 5.5—6,0}‘ i
H,, 5.21(d) | Tyugt -
gy, .~ 5.36(u) | ey 2
H,, - 4.41(d,t) J1gtp 5
| J4rsig 3
HS'A ' 4.28(q)
Hgvp | 3'92(4} ' Js1a,518 -12
B, | . - .2.80(q) or (4,d)
Hp - | 2.67(q) , | J5a,58 -16
| | 54,6 3.5
F‘H6 - ’ 3.9 (d,q) Isp .6 8.0
H, | 5.34(d,q) - 367 1.8
Hg o | 1.27(4) | 3, 8 6.5
d - douﬁlet, t - tripleé, q—- quartet, u ~ unresolved,

d,d — doubleton of doublets, d,t « doubleton of tripiets,

d,q - doubleton of quartets

LR
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N.M.R. Assignments for acetylated Photoproduct IV

When proton assignments for acetylated photoproduct IV
were being made, close attention was paid to the assignments
previéuSly made for PhouWrodugtvII. The solvent in this case
was CDClBlinstead of the d6—DMSO used with II. The absence of

DMSO and H20 peaks and the absence of a second epimer greatly

facilitated the assignment of the peaks in compound IV.

H-1' ( II - 6.10 and 6.08 ppm )

_The doublet at 5.93 ppm was assigned to H-1', J = 5.5-6.0 cps.

H-2' ( IT - 5.38 and 5.47 ppm )
The doublet at 5.21 ppm had J = 5.5-6.0 cps and was assigned to H-2'.
H-3' ( IT - 5.25 and 5.26 ppm )
The only peaks left in the desired area were a couple of doublets
at 5.21 ppm and an unresolved peak at 5.36 ppm. Since these were
very similar to peaks corresponding to H-7 and H-3' in compound II,
the peak at 5.36 ppm was assigned to H-3'.
H-4' ( II - 4.48 and 4.49 ppm )
A pair of overlapping triplets at 4.41 ppm were assigned to H-4'.
H-5 ( IT - 4.17 and 4.16 ppm )

A quartet at 4.28 ppm was assigned to H—SA .
H-5"! ( IT - 3.98 ppm )
A quartet at 3.92 ppm was assigned to H—Sé.

H-5 (II - 2.31 and 2.24 ppm )
H-5 (II - 2.5 ppm )

A pair of doublets at 2.8 ppm was assigned to H-5, and a quartet
" (or another pair of doublets) at 2.67 ppm was assigned to H—Sé.




( II - 4.0 -~ 4.2 ppm )

“Integration of the H-5! area had, as in the case of compound II,

indicated that more than one proton was present in the region
around 3.9 ppm.

Buried in the H-5! area, one can perceive a possible pair of
quartets when the signal is amplified.

Therefore H-6 is located at 3.9 ppm.

( IT - 5.2 and 4.91 ppm )

A pair of quartets at 5.34 ppm close by a tall peak at 5.36 ppm

Spin

looked very similar to the H-3' and H-7 pattern observed in compound
II, consequently, the pair of quartets at 5.34 ppm was ascribed
to the H-7 proton.

( IT - 1.16 and 1.21 ppm )

A doublet.at 1.27 ppm was éésigned to the three H-8 protons. -

Decoupling Experiments

‘Irrédiation of H-8 at 1.27 ppm'lead to the éollapse of the pair

of quartets at 5.21 ppm to form a very narrow doublet. Thus it

was confirmed that H-7 of acetylated photoproduct IV is at

5.21 ppm.

Having established that H-7 is at 5.21 ppm, the area assumed to
correspond to H-6 ( 3.92 ppm ) was irradiated. The H-7 pair of

quartets at 5.21 ppm were seen to collapse to a single quartet.
At the same time the two quartets of H-5, and H-5, at 2.80 and

at 2.67 respectively collapsed to a singﬁe quarte% at 2.75 ppm

with J = =15 cps.

Therefore, H-6 is indeed at 3.92 ppm and it is coupled to

both H-7 and the H-5 protons.

Irradiation of H-4' at 4.41 ppm resulted in the sharpening up

of the unresolved peaks at 5.36 ppm, thereby confirming that
the assignment of H-3' to the peaks at 5.36 ppm was reasonable.




- 198 T

Diacetyl Dihydroanhydrouridine — Its Instability

Dihydroanhydrouridine53 (10 mg) was dissolved in dry pyridine
(0.4 ml) to which was added acetic anhydride (10 drops ~ 0.3 ml).
Examination of the reaction mixture by TLC in tetrahydrofuran two

hours later showed that the spot at Rf .05 corresponding to dihydro-

anhydrouridine had been completely replaced by a single spot at Rf

+33. The reaction mixture was placed on a paper which was developed

54 (WEEOH 939 5 am,
. max

in solvent B to give a single band at Rf

molecular ion M+ at 312 mass units). Re-examination of the ethanol
solution three days later by TLC in tetrahydrofuran showed the
presence of two spots — one at Rf .15 and the other at Rf .33,

wvhereas previously there had only been one at Rf .33,

Triplet Quenchers

(i) effect of oxygen removal

Two samples of diacetyl anhydroufidine (1290 mg each) were
dissolved in 25% ethanol (100 ml)in a quartz vessel, Nitrogen was
bubbled'through one sample for.five minutes prior to as well as
duringlthe irradiation. Both Samples were irraaiated for twenty-
two minutes. At the end of thi§ period, the UV spectrum of the
sample that had been irradiated in the preseﬁce of oxygen showed

a single maximum at 238 nm. The sample that had been de-oxygenated




by nitrogen also showed a single maximum at 238 am in the UV
spectrum. The presence of oxygen had no apparent effect on the

progress of the photoreduction of diacetyl anhydrouridine.

Effect of Bromide Ion

Potaséium bromide (11.9 g, 0.1 mole) was dissolved in 25%
ethanol/HZO (100 ml, +. ¢ = 1M). Anhydrouridine (200 mg) was
dissolved in this solution which was then irradiated with stirring
for 47 minuteé. After this time, the solUtion exhibited a
maximum at 238.5 nm in the UV spectrum.

Anhydrouridine (200 mg) was dissolved in 25% ethanol/H20 and
photolyzed for 47 minutes. Examination of.the solﬁtion after

this time showed a UV maximum at 238.5 nm.
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