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Abstract of Dissertation

INVESTIGATION OF THE REACTIVITY OF 5,6-DIHYDROTHYMIDIN-S-
YL AND ITS INVOLVEMENT IN DNA DAMAGE AMPLIFICATION

The reactivity of 5,6-dihydrothymidin-5-yl (4 and 120) was investigated at the
monomeric level and in a dinucleotide using the phenyl selenide (96 and 121) as the
thermal and photochemical precursor. By studying the reactivity of 4 (and 120) at the
monomeric level and in a dinucleotide, insight into the mechanism by which 5.6-
dihydrothymidin-5-yl is involved in DNA damage amplification was attained. The
nucleobase radical (4 and 120) was studied in the absence and presence of O,, as well as
in the presence of radiosensitizers.

By using anomerization and tetranitromethane as mechanistic probes. we have
shown that 120 does not participate in internucleotidyl hydrogen atom abstraction, but is
reduced to form the nonmutagenic lesion, 5,6-dihydrothymidine (128). The generation of
the radical (4) in the presence of O, resulted in the formation of the peroxyl radical (7),
which we have shown undergoes superoxide (O,”) elimination to restore the native
nucleobase, thymidine (3). Evidence for this mechanism was attained by
spectrophotometric assays involving the oxidation of epinephrine and reduction of
cytochrome c for the detection of O,". Competitive kinetics was used to estimate the rate
constant for O," elimination as 21 s™.

Direct evidence for internucleotidyl hydrogen atom abstraction by the peroxyl
radical (163) was gained by the formation of the 2-deoxyribonolactone lesion (132),
which occurs preferentially from 55-163. The transfer of spin from the nucleobase to the
sugar occurs in competition with O,” elimination and intermolecular hydrogen atom

abstraction with a rate constant of 0.1 s™.

i
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5.6-Dihydrothymidin-5-yl (4 and 120) also reacts with the metabolite of
tirapazamine (11), the [-N-oxide (12), and results in the formation of 2-
deoxyribonolactone (132). The mechanism by which the nucleobase radical is trapped by
12 is unclear, but evidence suggests that regioisomeric trapping of the radical (4 and 120)
on the nitrogen and oxygen occurs to form a mixture of covalent adducts. Although the
nature of the reactive species responsible for intemucleotidyl hydrogen atom abstraction is

unknown, it is clear that the 1-N-oxide (12) can serve as a surrogate for O, and produce

tandem lesions.

Ken Ann Tallman
Chemistry Department
Colorado State University
Fort Collins, CO 80523
Spring 2000
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1 Introduction

The deleterious effects of ionizing radiation on biological systems has been known
for over a hundred years. Grubbé observed in 1896 that exposure of the skin to X-rays
caused lesions to appear.' In that same year, ionizing radiation was first used in the
treatment of cancer. Since that time, scientists have sought evidence for the mode of action
of ionizing radiation to gain a better understanding of its effects on biological systems. The
importance in understanding the mechanisms by which ionizing radiation induces oxidative
damage is two-fold. Greater mechanistic understanding may provide us with valuable
information for developing better therapeutic agents for the treatment of cancer and other
degenerative diseases. In addition, the chemistry observed during oxidative damage
induced by ionizing radiation may provide insight into the processes that occur during
cellular damage associated with many diseases.

Ionizing radiation induces damage in biological systems via free radical mediated
reactions. Due to the highly reactive nature of free radicals, damage may occur to all
cellular constituents, such as RNA, DNA, proteins, and lipid bilayers. Oxidative damage
to lipid bilayers results in the formation of lipid hydroperoxides, which may disrupt the
function of the cell membrane.” Alternatively. lipid hydroperoxides may degrade to
products able to induce further damage within the cell.”’

In addition to damaging the cell membrane, ionizing radiation leads to oxidative
damage to RNA and DNA through the generation of radical intermediates on the sugar
moieties, nucleobases, or phosphodiester linkages present in these biopolymers.”"
[onizing radiation is unique in its ability to produce radical and radical ion intermediates in
the nucleobases, whereas other DNA damaging agents used in cancer therapy, such as

blecomycin (1) or neocarzinostatin (2. NCS), target the sugar backbone (Figure 1)."*"* For
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this reason, the damage initiated by nucleobase radicals is of particular interest with respect

to ionizing radiation.

B <{—= lonizing Radiation

kj . ﬁ %ﬁ @% %ﬁﬁw

0:,-0— o e
&
T dA dC dG
Bleomycin / \ NCS
O annr3
R O
HoN \/'\n/
N °N
|
HoN /'Y\f J/\ﬂ/ \/lLNH N
HO/\ ‘\)\5
sugarO™’ = H HO N
Nx/ = 1(Bleomycin) H H 2 (Ncs)

Figure 1. Sites of DNA damage induced by 1. 2. and ionizing radiation.

1.1 Formation of 5,6-Dihydrothymidin-5-yl (4) During lIonizing Radiation

Ionizing radiation induces damage by the direct and indirect effects. The direct
effect refers to the absorption of energy by the DNA, whereas the latter involves the
generation of reactive species produced upon the ionization of H,O. Nucleobase radicals
are believed to account for =90% of the reactive intermediates formed during ionizing
radiation.! One of the major reactive intermediates generated due to the indirect effect is
5.6-dihydrothymidin-5-yl (4).'

Upon the ionization of H,O, the He, e,,. and HOe are generated.! The He and e,

react with thymidine (3) to generate 4 as the major product (Figure 2). The He

(£
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preferentially adds to the C6-position of the double bond to directly generate 4, whereas the

e,, generates the radical anion.' Protonation at the C6-position ultimately leads to 4.

0]
5
I/g/—\ NH
HO
7 W“Q
OH 3

Figure 2. Formation of 4 via the indirect effect of ionizing radiation.

Like the He, HOe adds to the double bond of thymidine (3, Figure 3). Although
the major pathway is addition to the C5-position, approximately 30% of the reactivity is
accounted for by addition to the C6-position to generate 5,6-dihydro-6-hydroxythymidin-5-
yl (5)." This nucleobase radical (5) is also believed to be produced upon the direct effect of
ionizing radiation. It is believed that the direct effect leads to the ionization of the
nucleobase to generate the radical cation (6, Figure 3).'>'" Hydration of 6 generates the
same radical (5) observed upon HOe addition to thymidine (3). Given the similarities
between 4 and S, one might expect that these nucleobase radicals may exhibit similar

reactivity.

Q
B @ NH _5,& o Ho—g;i\*

OH 3
Figure 3. Formation of § via the indirect and direct effects of ionizing radiation.
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In addition to being produced via ionizing radiation, HOe is also generated during
other forms of oxidative stress, which occur when the delicate balance between pro-
oxidants and antioxidants is disrupted.'®® This can occur by exposure to ionizing
radiation. near-UV radiation, redox-cycling drugs, or during normal aerobic metabolism.
For example, mitochondria, some enzymes, and leukocytes at sites of inflammation release
0.” and H,O, during normal cell processes.” These species are converted into the highly
reactive HOe. which is known to react with DNA. The result is an increase in oxidative
damage to the cell. Cells have defense mechanisms in the form of antioxidants, such as
superoxide dismutase and catalase, which scavenge O,” and H,O,, respectively. Despite
these defense mechanisms, the rate of formation of oxidized DNA bases is estimated at
several thousands of events per cell, per day.'” In addition, degenerative processes and
diseases. such as cancer, Alzheimer’s, ischemic heart disease, and aging have been
associated with an increase in DNA damage resulting from oxidative stress.”™

There are clearly several pathways which lead to the generation of 4 and its related
radical intermediate 5. Based upon the expected similarity in reactivity between 4 and §,
these radicals may also exhibit similar reactivity with respect to DNA damage. Given that 4
and 5 constitute a major portion of the reactive intermediates formed in DNA upon
interaction with ionizing radiation and other oxidizing agents, investigation of the chemistry
of 4 may provide significant insight into the oxidative damage of DNA induced by both

ionizing radiation and other forms of oxidative stress.

O
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R
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1.2 Potential Reactivity of 4 and its Related Radical 5

There are several interesting and unique reaction pathways potentially available to 4
and its related radical 5. These pathways will be discussed with respect to 4, but they may
also be applicable to §. This nucleobase radical (4) has been proposed to be involved in
DNA damage via internucleotidyl hydrogen atom abstraction.”* In addition, since alkyl
radicals are trapped by O, at near diffusion-controlled rates (2 x 10° M" s™') and normal
cells exist in an O, rich environment, formation of the peroxyl radical (7) is expected to be
one of the major pathways involved in oxidative damage (Figure 4).*

o (o)

\aNH oO’O NH
HO‘@ /go O, HO—\ioj ,go

OH 4 OH 7

Figure 4. Formation of 7 upon generation of 4 in the presence of O,.

The peroxyl radical (7) may participate in several intranucleotidyl or internucleotidyl
reactions. The intranucleotidyl chemistry may be observed in the monomer (7, Figure 5)
or upon formation of 7 in DNA (9, Figure 6). In the presence of hydrogen atom donors, 7
may be converted into 5,6-dihydro-5-hydroperoxythymidine and 35,6-dihydro-5-
hydroxythymidine (8, Figure 5). The 5R-diastereomer of the latter (8) has been

incorporated into DNA and shown to inhibit DNA polymerase and destabilize duplex

‘E& *ce’fi @

A,
HOO- 0]
agent)

OH 3

DNA.Y

Figure 5. Potential intranucleotidyl chemistry of 7.
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In addition to the formation of 8, the peroxyl radical (7) may undergo
intranucleotidyl hydrogen atom abstraction from the C6-position to regenerate thymidine
(3) with concomitant release of HOOe (Figure 5). Since trapping of alkyl radicals by O, is
referred to as a damage-fixing event, this pathway is interesting in that it represents a
detoxification pathway available to 7. However, although the elimination of HOO-
reconstitutes the native nucleobase, the release of diffusible HOOe in the vicinity of the
DNA has the potential of inducing oxidative damage. Since HOOe has a pKa of 4.8, under
biological conditions it will dissociate to superoxide (O:").:9 Although O,” is not
deleterious to DNA, it is known to generate reactive oxygen species, such as HOe and
peroxynitrite, which do damage DNA."'*!*3%** The participation of O," in DNA damage

processes makes its elimination from 7 a potential double-edged sword.

o 0]
NH NH

I’&o l/go

5 a0 5 a0
HOO
0 NH NH

(o) O
0] :il -0 /go o =F!‘—O

5
ST T

O Aannr3 O annr3'

—li

Strand Scission

Figure 6. Potential internucleotidyl chemistry of 9.

Another pathway available to 7 is the possibility that it will participate in
internucleotidyl hydrogen atom abstraction when it is formed in DNA (9, Figure 6).>5*
This pathway is interesting in that it provides an explanation for the unusual proposal
involving the transfer of spin from the nucleobase to the sugar (10).>**° Strand scission

necessitates the generation of a radical on the sugar backbone. However, ionizing radiation
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predominantly targets the nucleobase. The effectiveness of ionizing radiation therapy may
in part be due to the transfer of spin from the nucleobase to the sugar via intemucleotidyl
hydrogen atom abstraction. This cascade of damage events produced upon the initial
formation of a single reactive intermediate in DNA is referred to as DNA damage
amplification.

5.6-Dihydrothymidin-5-yl (4) may also participate in DNA damage amplification in
the presence of radiosensitizing agents. Since tumors tend to be hypoxic (oxygen-
deficient). oxidative damage to DNA is less efficient in many tumor cells than in O, rich
cells. Consequently, various small molecules have been used in conjunction with ionizing
radiation in order to increase the cytotoxicity of the latter in tumor cells. However, the

mechanism of action of these compounds is uncertain.

: Ay
+N +N

N SN N~ NO:
+l\ll//l\NH2 N//J\NHz S/\OCH:,
o 1" 12 OH 13

Recently. tirapazamine (11) has been shown to act as a bimodal agent in DNA
damage in vitro. The bis-N-oxide (11) initiates DNA damage upon one-electron reduction

=5 Although the mode of action is

of the drug. and may also act as an O, surrogate.
unclear, it is believed that reduction of 11 generates HOe and the reduced drug (12).*""*
As previously discussed, the HO* may subsequently react with thymidine (3) to generate
5. which may exhibit reactivity similar to 4 (Figure 7). Misonidazole (13) is another small
molecule that has been used in conjunction with ionizing radiation therapy to increase the
yields of single strand breaks in DNA.* The damage observed in the presence of 13 is
similar to the damage observed when DNA is exposed to ionizing radiation in the presence
of O,.*”** In this respect, misonidazole is believed to act as a surrogate for O, and

increases the observed DNA damage under anaerobic conditions.*”*
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Figure 7. Interaction of thymidine (3) with ionizing radiation or tirapazamine (11).

It is likely that both tirapazamine (11) and misonidazole (13), in conjunction with
ionizing radiation, induce damage in DNA via generation of the HOe. However, the HOe®
reacts predominantly with the nucleobases (Figure 7) and strand scission necessitates that
the spin be transferred to the sugar moiety. The O, deficiency in tumor cells precludes the
formation of the peroxyl radical (9) and proposed subsequent hydrogen atom abstraction
from the adjacent sugar (Figure 6). Therefore, either the nucleobase radical (14) or a
reactive species generated from the radiosensitizer must be responsible for the transfer of

spin to the sugar.™*

5 -0
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Figure 8. Potential reactivity of 14 (and 15) in the presence of radiosensitizers.
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[t has been shown that alkyl radicals are trapped by 11, 12 (which would be
present upon activation of 11), and 13.**** The mechanism by which 11, 12, and 13
react with alkyl radicals is uncertain, but evidence suggests that the alkoxyl radical (e.g.
16) may ultimately be produced.*****’** Therefore, it is possible that the damage induced
by these species during DNA damage is at least partially attributable to initial trapping of the
nucleobase radicals (14 or 15), which subsequently generate the alkoxyl radical (16,
Figure 8). The alkoxyl radical (16) may participate in internucleotidyl hydrogen atom
abstraction and lead to DNA damage amplification as proposed for the peroxyl radical (9,
Figure 6).

Many of the above studies have been carried out using y-radiolysis and DNA or

model compounds. These studies have provided a wealth of information regarding the
generation of reactive intermediates that lead to DNA damage. However, a shortcoming of
this experimental approach is that several radical species are formed simultaneously. The
generation of more than one reactive intermediate complicates mechanistic analysis since
one cannot attribute a given reaction pathway to a discrete radical intermediate. However,
independent generation of a discrete radical intermediate would facilitate examination of its
reactivity.” The focus of this research project is to utilize the tools of organic chemistry to
gain a better understanding of the chemistry that occurs upon independent generation of 4,

and consequently the related nucleobase radica! §.
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2 Background

Exposure of DNA to ionizing radiation results in the formation of a myriad of
reactive radical intermediates, two of the most abundant being 4 and the related radical §
(Equation 1). In addition, these radicals may play a role in the damage induced during
other forms of oxidative stress. The focus of this research is the study of the formation and
subsequent reactivity of 4 with respect to the possible reaction pathways that are described

below.

\fﬁm \/U\ ILLNH

5

OH

2.1 Formation of Nucleobase Radicals
2.1.1 Direct Effect of Ionizing Radiation

[onizing radiation is known to induce damage in DNA via free radical mediated
reactions by the direct and indirect effects. The direct effect refers to damage induced by
the absorption of energy by DNA, whereas the latter involves the generation of reactive
species during the ionization of H,O, which subsequently react with DNA. It is believed
that the direct effect of ionizing radiation results in the ionization of the DNA. The damage
may be initiated by the formation of a radical cation in the nucleobase or sugar moiety, or a
radical in the phosphodiester linkage, with the former having the most favorable oxidation

poten[ials.IS-H.SO-Sl

10
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The direct effect of ionizing radiation has been investigated using laser flash
photoionization experiments, which minimize the formation of the reactive species

attributable to the indirect effect (i.e. HOe, He, and e, ).'”>"" Photoionization studies
indicate that there are two pathways which lead to DNA damage.'>'” One pathway is
believed to be formation of the nucleobase radical cation (18) via ionization of the
nucleobase. The rate-limiting step in strand scission is believed to be hydrogen atom
abstraction from the adjacent sugar by the nucleobase-centered radical (or radical
cation)."”'" Tt is uncertain whether the He is abstracted directly by the nucleobase radical
cation (18), or by one of the subsequently formed nucleobase radicals (Figure 9).
Deprotonation of 18 leads to the nitrogen-centered radical (17), whereas hydration at the

C6-position yields 15.'*"7

O (@] (0]
\EILNH YKNH \[lLNH
i i 9
0=P-0 0=P-0 0=P-0 HO
6 b K} o kj
O.:vvv-a‘ 0.~w3' O.va-a'

Figure 9. Fate of the nucleobase radical cation (18) formed during the direct effect of ionizing radiation.

The second pathway observed upon the ionization of DNA leads to direct strand
breaks and is believed to involve ionization of the phosphodiester linkages or the sugar.'”*
Ionization of the phosphate moiety generates the radical (20, Figure 10). In contrast, EPR

studies suggest that the Cl’-radical (21) is most likely formed upon deprotonation of the

11
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nucleobase radical cation (18).'”°* One of these species (20 or 21) is believed to be

responsible for the observed direct strand breaks upon the ionization of DNA.

§'~0 B8 §'~0 B8
(o}
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— O
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O3 19 O3 20
gm0 o 8 5 awO 8
A 7 3
NH NH
g L g ﬁ
O = (¢}
0=+-0 o H- O=P—O
o o .
O~ 3 18 O3 21

Figure 10. [onization of the phosphodiester linkage and sugar moiety.

The more plausible explanation for the direct strand breaks is the ionization of the
phosphate linkages since the C1’-radical (21) is not known to lead to significant amounts
of direct strand breaks, but rather to alkaline labile lesions.”> Although the pathway by
which 20 leads to direct strand breaks is unknown, it has been suggested that it may
undergo direct cleavage of the phosphodiester bond or participate in hydrogen atom
abstraction from the sugar.'”** It has been suggested that 20 may abstract a hydrogen
atom from one of the C4’-positions of the adjacent sugars to which it is bonded to generate
the C4'-radical (22 or 23), which leads to direct strand breaks (Figure 11).°*
Alternatively, electron transfer may occur from one of the nucleobases to the phosphate
radical. generating a nucleobase radical cation. Literature precedence supports the latter

mechanism of electron transfer through DNA >
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Figure 11. Hydrogen atom abstraction from the sugar by the phosphate radical (20).

2.1.2 Indirect Effect of Ionizing Radiation

Although the direct effect of ionizing radiation leads to DNA strand scission, the
mechanism by which this occurs is poorly understood. In contrast, the indirect effect of
ionizing radiation has received much more attention. The oxidative damage induced in
DNA from the indirect effect has been attributed to the formation of reactive species from
the ionization of H,O. The ionization of H,O is a complex process resulting in the
formation of solvated electrons (e '), the hydrogen atom (He), and the highly reactive
hydroxyl radical (HOe).!

One of the major reactive species generated during ionizing radiation and many
forms of oxidative stress is the hydroxyl radical (HOe). The HOe reacts with DNA via two
pathways, hydrogen atom abstraction from the sugar (or methyl group of thymidine) or
addition to the nucleobase double bonds, both pathways resulting in the generation of a free
radical in the biopolymer.! Although generation of the radical on the carbohydrate
backbone of DNA is a necessary requirement for strand scission, this pathway comprises
only =10% of the reactivity of HOe. The remainder of the reactivity is mostly accounted
for by the addition to the double bonds of the nucleobases.

It is known that HOe reacts with the purines, for example dG (25), at the C4-, C5-,
and C8-positions (Figure 12)."" The radical adducts resuiting from addition to the C4-

(24) and C5- (26) positions are suspected to revert back to 25 upon trapping of the radical

13
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by a hydrogen atom donor, followed by dehydration.'" However, addition to the C8-
position results in the formation of 7.8-dihydro-8-oxoguanine (27, 8-0xo0-dG) and the
formamidopyrimidine (FAPy) lesion (28) under oxidative and reductive conditions,
respectively. The addition of HO* to dA occurs in a similar fashion as to 25 and results in
the formation of the analogous lesions 8-oxo-dA (29) and FAPy-dA (30). 8-Oxo-dG
(27) has been shown to be a mutagenic lesion in vivo and in vitro, while 8-oxo-dA (29) is
at least an order of magnitude less mutagenic.”™® Much less is known about the potential
mutagenicity of the FAPy lesions (28 and 30). However, they are suspected to be

mutagenic since there are enzymes that efficiently excise these lesions from DNA . %

o) ] o HO
N—e N
N I HOe < I HOs» ¢ g
HO o N I°N” "NH, HO o NaN" TNH, HO o N NH,
OH
OH 24 OH 25 OH 26
o HOe
H . o. H
=<N _(N >N l NH
o} HO
HO N /k ox|dat|ve gxidative | N )\ reductxve eductive S HN NA NH,
0] (0} (0}
oH 27 OH OH 28

Figure 12. The formation of 27 and 28 from the addition of HOe« to dG (25).
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In addition to the purines, HO* also induces damage to the pyrimidines (Figure 13).
A minor amount of the damage is a consequence of hydrogen atom abstraction from the
methy!l group of thymidine to generate the allylic radical (32). The major reaction pathway
followed by HOe is addition to the double bond. Pulse radiolysis studies involving 3
indicate that the electrophilic HOe reacts predominantly at the more electron rich C5-
position of the double bond, generating 5,6-dihydro-5-hydroxythymidin-6-yl (31).' In
addition, approximately 30% of the reactivity of HOe is accounted for by addition to the

Co6-position to generate 5.’

HO
(0]

\ \ELL 31
OH 60%
10% _\i_j
I*NH/ 3

HO o

32
OH

Figure 13. The reaction of HOe with thymidine (3).
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The reactivity of He is similar to that of HOe, undergoing a small amount of
hydrogen atom abstraction from the sugar, but predominantly undergoing addition to the
double bond of thymidine (3, Figure 14). In contrast to HOe, however, He is relatively
nucleophilic and preferentially adds to the C6-position of thymidine (3), generating 4 in

about 60% yield.! Like HOe, approximately 30% of He also adds to the opposite end of

I5
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the double bond. 5,6-Dihydrothymidin-5-yl (4) is also the major product resulting from
the reaction of thymidine (3) with the solvated electron (caq‘).l Addition of the e to the
nucleobase results in the formation of the radical anion (33), which upon protonation

generates 4.

HO~ o N0 HOH o
&a:- y
OH 3 o OH 4
NH
oA
o
HO— o
OH 33

Figure 14. Formation of 4 via He and e, addition.

If one takes into account the G values (number of product molecules/amount of
radiation) for the three reactive species produced from the ionization of H,O and the rate
constants for reaction with the four nucleosides, one would predict that 4 will be one of the
most abundant radicals formed upon exposure of DNA to ionizing radiation (Table 1).'
The G value is analogous to the quantum yield for a photochemical reaction in that it
provides information on the efficiency of the reaction. The G values indicate that He is
least abundant and e~ and HO* are produced in approximately equal amounts (Table 1).
Although HOe is relatively abundant, its reactivity is dispersed almost equally among the
four nucleobases. Likewise, the e, reacts with each of the nucleobases with
approximately the same rate constant. The He, on the other hand, reacts five times faster
with thymine than with the other nucleobases measured. From this data, one can assume

that 4 is one of the radicals generated during ionizing radiation in the greatest amount.
16
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Table 1. Rate constants for addition of HOe, He, and e, o the nucleobases and G values

for their generation upon ionizing radiation.*

k (M'sh)

Nucleobase € HQOe He
Adenine 9 x 10° 5x10° I x 10%
Cytosine 1.3 x 10'° 4.5 x 10° 1 x 10
Guanine 1.3 x 10" 9x 10° nd
Thymine 1.7 x 10" 5x10° 5x10°
G value 0.27 0.28 0.057

* The G value is the number of product molecules/amount of radiation. The values were obtained by “Co
‘s-irradiation of N, purged H,O and are given in gmol J' (data taken from reference 1).

NHZ NH2 O O
N B SN N
N NH NH
& (L & |
~Z
O T e N W
Adenine Cytosine Guanine Thymine

During ionizing radiation, the generation of He and e result in the formation of 4
as one of the major sites of damage. However, during oxidative stress the major reactive
species generated is HOe. Although HOe preferentially adds to thymidine (3) to generate
5.6-dihydro-5-hydroxythymidin-6-yl (22), recall that =30% of the reactivity is accounted
for by the formation of 5,6-dihydro-6-hydroxythymidin-5-yl (§). Therefore, although not
the major product arising from reaction with HOe, 5 may still play a role in the free radical
mediated damage induced during oxidative stress. The similarity between 4 and 5 suggests
that they may participate in the same types of reactions. Hence, examination of the
reactivity of 4 should have direct bearing on the chemistry of 5.

2.2 Intranucleotidyl Reactions of Nucleobase Radicals

Upon generation of 4, there are many possible reaction pathways available,

depending on the presence or absence of O,. One may argue that the proposed anaerobic

17
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pathways for 4 are not biologically relevant since cells exist in such an oxygen rich
environment. In normal cells, reaction pathways involving O, would be expected to
dominate over those that would occur under anaerobic conditions. However, tumor cells
are often hypoxic (oxygen-deficient). Therefore, the proposed reaction pathways that
occur under anaerobic conditions may be biologically relevant.
2.2.1 Anaerobic Conditions

Upon generation of 4 in the presence of a suitable hydrogen atom donor, such as a
thiol. trapping of the radical generates 5,6-dihydrothymidine (34, Figure 15).%
Alternatively, since 4 is an oxidizing radical, it can undergo reaction with redox active
metals to generate the carbanion (35).*%> Evidence for this pathway is gleaned from

experiments involving thymine (36, Figure 16).

o 0 fo) o

‘fj\NH < NH & NH NH
’go ’go

NN PN
Ho‘\ifj RSH l"’l()—\i()7 OMHO Ho~\<j H20 HO o)
OH 34 OH 4 OH 35 OH 34

Figure 15. Potential intranucleotidyl reactivity of 4 under anaerobic conditions.

When thymine (36) was irradiated in the presence of redox active metals (Fe**) and
absence of trap. two of the products observed were 5,6-dihydrothymine (38) and 5,6-
dihydro-6-hydroxythymine (40, Figure 16).° The formation of these products was
rationalized by the formation of He and HOe- and subsequent addition to the C6-position of
thymine (36) to generate 37 and 39, respectively. Reduction of the radical intermediates

by Fe”". formed as a consequence of the high dose rate, followed by protonation yielded

18
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the observed products. This observation supports the proposal that 4 may be subject to

reduction in the presence of redox active metals.

0 o)
NH Fe?* \éLNH H,0 \L)LNH
\ﬁL X X
H

(0] N™ 70
H

/& 38

o

Ho- \L/‘L %
NH Fe?r NH _H0 NH
S0 oo

Figure 16. Reduction of nucleobase radicals by metal ions.

H

The isolable product resulting from the reduction of 4, 5,6-dihydrothymidine (34).
does not inhibit DNA polymerase in vitro and is a nonlethal lesion in vivo.* The formation
of 34 has therefore been referred to as a protective pathway available to 4. However, 34
is more susceptible to hydrolysis of the glycosidic bond than the native nucleobases.
Therefore, accumulation of a large number of these lesions in vivo may result in the
formation of abasic sites. The formation of abasic sites is potentially mutagenic due to
misincorporation of nucleotides. It may be for these reasons that cells possess enzymes,
such as endonuclease III, that recognize and excise 5,6-dihydrothymidine (34).%

2.2.2. Aerobic Conditions

The aforementioned reaction pathways are expected to predominate in hypoxic
cells. However, normal cells exist in an O, rich environment. Since alkyl radicals are
trapped by O, at near diffusion controlled rates (2 x 10° M s™), one would expect trapping

of 4 by O, to generate the peroxyl radical (7, Figure 17) to be one of the major pathways

involved in oxidative damage to DNA in normal cells.*®* Upon trapping by O., 7 has

19
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several potential pathways available to it. Peroxyl radicals in DNA have been shown to

react with rert-BuSH and glutathione at 5 x 10° and <2 x 10° M 5!, respectively.*¢” In

the presence of a hydrogen atom donor, 7 is trapped to generate the respective

hydroperoxide, which is readily reduced to 5,6-dihydro-5-hydroxythymidine(8, Figure
17).
o

(@] (@)
HO
N
HO—\@ (o} 0, How OFqu Ho-@ (o)
OH 7 OH 8

OH 4

Figure 17. Potential reactivity of 4 under aerobic conditions.
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Figure 18. Half chair conformations of (5R)-8 and (55)-34.

The introduction of 8 into DNA is potentially a cytotoxic lesion. Incorporation of
5R-8 into duplex DNA results in destabilization of the helix.”” In addition, 5R-8
moderately inhibits DNA polymerase in translesional synthesis, i.e. incorporation of a
nucleotide across from the damage site, and serves as a significant block for the extension
of primers.”™ The inhibition of DNA polymerase and destabilization of duplex DNA is

believed to be attributable to the nonplanarity of 8. The methyl group of SR-8 adopts a
20
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pseudoaxial position, which disrupts base stacking in the 5’-direction (Figure 18). The
related lesion, 55-5,6-dihydrothymidine (55-34), however, is not expected to inhibit DNA
polymerase nearly as strongly, possibly due to its ability to adopt a conformation that
places the methyl group in the pseudoequatorial position such that base stacking is not
disrupted (Figure 18).9%

In addition to intermolecular trapping of 7 to generate 8, the peroxyl radical (7)
may undergo intramolecular reactions.”” One can envision intramolecular hydrogen atom
abstraction from the C6-position by 7 resulting in the elimination of HOOe and restoration
of the native nucleobase (Figure 19). Literature precedence lends credence to this pathway.
The elimination of superoxide has been observed for the C6-peroxyl radical of uracil (41),
regenerating the native nucleobase (42), although under basic conditions.”' In addition.

intramolecular hydrogen atom abstraction can occur at rates greater than 10° s™ if a suitable

driving force exists, such as rearomatization of phenol (Figure 19).

o
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Figure 19. Potential reactivity of 4 under aerobic conditions, superoxide elimination.
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Superoxide elimination from 7 would result in regeneration of the native nucleobase
and the formation of HOO-. Since the pKa of HOO- is 4.8, under biological conditions it
will dissociate to O,".” Although the elimination of O,” from 7 is itself not deleterious to
DNA. the subsequent generation of reactive species, such as HOe and peroxynitrite, from it
can potentially induce oxidative damage."'®'****

Superoxide participates in a number of reactions that ultimately lead to the formation
of HOe. For example. enzymatic dismutation of O,” by superoxide dismutase (SOD) yields
H.,O.. which may be reduced to HOe. Superoxide (O,") may also generate HOe in
nonenzymatic processes when it is formed in the presence of redox active metals, such as
Fe'" or Cu™.' Haber-Weiss chemistry results in the reduction of Fe** by O.” (Equation 3).
The Fe’™ may subsequently reduce another molecule of O,", which upon protonation

generates H,O, (Equation 4). The reduced metal (Fe**) may also reduce H,O, to generate

HOe. referred to as the Fenton reaction (Equation 5).'

0, + Fe** O, + Fe** (3)
2+ -. 2H" 3+

Fe + 02 Fe + H:O: (4)

H-O, + Fe** HOe + HO + Fe** (3)

Superoxide also reacts with nitric oxide (*NO) with a rate constant of 4-20 x 10° M’
' s to generate peroxynitrite (ONOO", Figure 20).”° Under physiological conditions,
peroxynitrite is in equilibrium with the acid (ONOOH), both compounds leading to highly
reactive species. The nature of the reactive spzcies has been controversial, but it is
generally accepted that ONOOH homolytically decays to generate the HO* and NO.e.*'

Peroxynitrite also reacts with CO, at 5.8 x 10* M s to generate 43, which is believed to

decay to species capable of inducing oxidation and nitration.*

(5]
[
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Figure 20. Reactive species generated from the reaction of O,” with NO.

As already mentioned, HOe can abstract a hydrogen atom from the sugar or methyl
group of thymidine, or add to the double bond of thymidine.! Hence, this pathway
contributes to DNA damage amplification through the formation of O,"-derived reactive
species that may further damage the biopolymer. Peroxynitrous acid, or its decomposition
products. react predominantly with the purines to generate modified nucleosides, such as 8-
nitroguanosine (44). 8-Nitroguanosine (44) readily depurinates and thus represents a
potentially mutagenic lesion.**** [n addition to the nitrated compound. the generation of
peroxynitrous acid results in the formation of increased levels of modified nucleobases,
such as the FAPy lesion (28), 8-oxo-dG (27), thymidine glycol (45), and 5-
hydroxymethyl-2’-deoxyuridine (46), which are also observed in HO* mediated damage to

DNA.*
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From the above discussion, it is clear that a variety of lesions (e.g. 34 and 8) may

be formed upon generation of 4, even when only considering the chemistry that occurs

within a single nucleotide (Equation 6). In addition, the superoxide elimination pathway

may lead to the generation of O,"-derived reactive species, which have the potential to form

additional lesions. Depending on the fate of 4 in these instances, the formation of these

other lesions may simply transfer damage to another site in the biopolymer or result in

amplification of the initial damage.

2.3 Internucleotidyl Reactions of Nucleobase Radicals

2.3.1. Theoretical Studies

(6)

The reaction pathway that has received the most attention is the propensity for 4, or

its respective peroxyl radical (7), to abstract a hydrogen atom from the adjacent sugar.

Models of DNA reveal that 4 resides in the major groove of dsDNA, whereas the C1’-,

C4°-, and C5°-hydrogen atoms, which are predicted to be the most likely abstracted on

thermodynamic grounds, lie in the minor groove (Figure 21). Although one of the C2’-

hydrogen atoms lies in the major groove, this hydrogen is the least likely to be abstracted in

DNA since the C-H bond is predicted to have the greatest BDE (Table 2).”*> Although 4

and the hydrogen atoms of the adjacent nucleotide lie in different grooves of the DNA,

there are examples of hydrogen atom abstraction occurring from one groove to the other.”™

" Therefore, it is possible that 4 may participate in hydrogen atom abstraction from the

sugar of the nucleotide bonded to its 5’-phosphate.
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Major Groove

Minor Groove :g

Figure 21. DNA secondary structure with incorporated 4. The wedge-shaped bonds represent hydrogen
atoms that point into the minor groove; the dashed bonds indicate hydrogen atoms that point into the major

groove.

Table 2. BDE, relative rate constants for hydrogen atom abstraction, and relative
accessibility of hydrogen atoms of deoxyribose.

Hydrogen BDE (kcal/mol)* k.’ A
cr 87.33 1.85 0.00
cY 91.20 0.26 0.24
c3’ 87.49 1.70 0.43
c4 88.57 1.00 1.00

* Calculated using MP2/6-31G* and may be underestimated: " k.., = relative rate constants for hydrogen
atom abstraction in isolated deoxyribose estimated from the BDE: © A, = relative accessibilities of
hydrogens in B-DNA (data taken from reference 66).
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Theoretical studies carried out on deoxyribose indicate that not surprisingly the
probability of abstracting a hydrogen atom is related to its bond strength.”> Accordingly,
the bond strength of the C2’-hydrogen of deoxyribose is considerably higher and thus
expected to be least likely abstracted (Table 2). Although the bond strength of the C5’-
hydrogen was not measured in these studies. it is expected to have a bond strength similar
to the C3’- and C4’-hydrogens. Abstraction of the C1’-hydrogen was found to be most
energetically favorable (k_,, Table 2), but the C4’-hydrogen (and most likely the C5’-
hydrogen although not measured) was found to be most accessible to solvent-borne
radicals, such as HOe. that was used in these calculations (A,,,, Table 2).”*7° Experimental
observations support this prediction. When the KIE for the rate of cleavage of dsDNA by
HO- was measured, the reactivity was determinedtobe 5’ >4’ >3’ =2’ = 1".”” However,
in the case of 4, the issue of solvent accessibility addressed in these calculations and
experiments may be less important since the radical is already imbedded in the helix. not a
freely diffusing solvent-borne radical.

2.3.2 Pulse Radiolysis Studies

Pulse radiolysis***7®, in conjunction with EPR spectroscopy®®*, has been
utilized to provide evidence for the transfer of spin from the nucleobase to the sugar.
ultimately giving rise to DNA strand breaks via elimination of the phosphate group(s). In
radiolysis studies on polyuridylic acid (poly (U)), =10% of HOe and <5% of He directly
react with the sugar moiety to generate a radical, but the observed strand scission efficiency
under these conditions was 41% and 19%, respectively.” The observation that ionizing
radiation results predominantly in modification of the nucleobase, but that strand scission
results from a sugar radical, led researchers to propose that there must exist a pathway for
transfer of the radical from the nucleobase to the sugar.

When pulse radiolysis studies were carried out under conditions in which the yield
of HOe* was enhanced, the major radical intermediate formed was predicted to be 47

(Figure 22). The decay of the nucleobase radical (47) occurred at approximately the same
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rate as strand scission.'>'73! This observation supports the contention that the rate

determining step is hydrogen atom abstraction by 47 and is consistent with the

observations made in studies of the direct effect of ionizing radiation.'*'"*!
o] 0]
(X X
! AnAs N ! Anas *
fLNH N oL,
O OH /g O OH . ,& —= = Strand Scission
0=P—0— o N0 0=P— N
& o °
o 47
3O OH 30 OH

Figure 22. Pulse radiolysis studies of poly (U) suggest the transfer of spin from the nucleobase to the
sugar.

When pulse radiolysis studies were carried out in the presence of O., an increase in
strand scission was observed.”™’ It is assumed that since O, traps alkyl radicals at
diffusion-controlled rates, the formation of a nucleobase peroxyl radical was responsible
for the strand scission via hydrogen atom abstraction from a nearby sugar. Like the
nucleobase radical (47), the peroxyl radical also decays with a rate similar to the rate of
strand scission, indicating that hydrogen atom abstraction by the peroxyl radical is the rate
determining step during strand scission.”’

Although the pulse radiolysis studies provide evidence that spin is transferred from
the nucleobase to the sugar moiety, it is difficult to determine which nucleobase radical is
involved in this process. Recall that although HOe preferentially reacts with 3 (and in the
above experiments with uridine) by addition to the C5-position to generate 31,
approximately 30% of the reactivity of HOe is accounted for by formation of § (Figure
23)." From the pulse radiolysis experiments, it is unclear whether hydrogen atom

abstraction is due to 31 and/or §.
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Figure 23. Nucleobase radical intermediates generated upon radiolysis of 3.

In addition to the potential of generating more than one nucleobase radical
simultaneously, distinguishing between intemucleotidy! or intranucleotidy! hydrogen atom
abstraction is difficult (Figure 24). Internucleotidyl refers to hydrogen atom abstraction
from an adjacent or nearby nucleotide, whereas intranucleotidyl hydrogen atom abstraction
occurs within the same nucleotide in which the nucleobase radical is generated. However,
pulse radiolysis studies carried out with poly T suggest that hydrogen atom abstraction

occurs in an internucleotidyl fashion.*

0o o o

EKNH E“\NH ﬁLNH
S.Wow
NH —w NH NH
J\)L _inter ktlL _intra O OH fL

Q OH
o= rl> —0 o= P—o
O 47 [
3O OH 30 OH 30 OH

Figure 24. [nternucleotidyl versus intranucleotidyl hydrogen atom abstraction.
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2.3.3 Independent Generation of Reactive Intermediates

To circumvent the problem of simultaneous generation of more than one radical
intermediate and address the issues raised in the pulse radiolysis experiments, the
nucleobase radicals were independently generated from photolabile free radical precursors.
The advantage of using a synthetic precursor is two-fold; 1) one can generate a discrete
radical intermediate and study its subsequent reactivity and 2) the precursor can potentially
be site-specifically incorporated into a biopolymer.”” While ionizing radiation generates
radical intermediates throughout the biopolymer, this latter method allows one to observe
the chemistry resulting from a radical generated at a defined position in the DNA. This is
beneficial for not only determining if hydrogen atom abstraction occurs at the adjacent

sugar. but also if damage is propagated along the same strand or transferred to the opposite

strand.
o CHs o
OH N
'j\ o lonizing NH
N radiation
Ho— ©§ o hv, CH,CN/H,0 HO (HOs) HO o O
48
CF;

Figure 25. Independent generation of 31 to probe intranucleotidyl hydrogen atom abstraction.

It was assumed in the pulse radiolysis studies that the major radical intermediate
formed was 47 (or the analogous 31, Figure 25). Pulse radiolysis studies suggest that the
nucleobase radicals formed abstract a hydrogen atom from a sugar in an internucleotidyl
fashion.’® The ability for 31 to undergo intranucleotidyl hydrogen atom transfer was
further investigated by independent generation from 48.%°%* Photolysis of 48 in the
presence of deuteurium atom donors, followed by analysis of the *H-incorporation in the

product (5,6-dihydro-5-hydroxythymidine, 8), indicated that intramolecular hydrogen atom
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abstraction within 31 does not occur at a rate sufficiently fast to be relevant to DNA strand
scission (Figure 25). Therefore, if hydrogen atom abstraction occurs, it must occur in an
internucleotidyl fashion, which is consistent with the pulse radiolysis studies carried out
with poly T.*

Since pulse radiolysis studies lend credence to the ability of some nucleobase
radicals (e.g. 31) to participate in hydrogen atom abstraction, the involvement of 4 in DNA
damage amplification was investigated.’*****®"  The feasibility of hydrogen atom
abstraction by 4 from a nearby sugar was investigated via Norrish Type [ photocleavage of
the isopropyl ketone 49 in the presence of either 2-propanol or the dimethyl acetal of
glycoaldehyde (50), models for the C4’- and Cl’-positions, respectively (Figure 26).°'
When the photolysis of 49 was carried out in the presence of D,O and 5 M hydrogen atom
donor, to mimic the effective molarity of an adjacent sugar, the significant amount of “H-
incorporation in 5,6-dihydrothymidine (34) suggested that 4 was not efficiently trapped.
These experiments suggest that 4 is unlikely to participate in hydrogen atom abstraction in
DNA.

o O O

P'% Y
N0 N o
HO o w 1O o
49 4
OH OH

\: HO4 o B HiCO OCH,

H &—H He——y H>\/OH
50

HO

Figure 26. Independent generation of 4 from 49.

The ability for 4 to participate in hydrogen atom abstraction was further investigated

in single-stranded DNA (ssDNA), utilizing the photolabile isopropyl ketone (49), which
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had been incorporated into oligonucleotides at defined sites (51, Figure 27).**> When the
radical (14) was generated in ssDNA under anaerobic conditions, no direct strand breaks
or alkaline labile lesions were observed.” This is consistent with the monomer studies, in
which it was shown that 4 was unable to participate in hydrogen atom abstraction from
models representative of the C1’- and C4’-positions, and refutes previous proposals in the

literature concerning the reactivity of 5,6-dihydrothymidin-5-yi (14).%*~

Wokjw mov &

o

_p—o 0=P—O
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Figure 27. Independent generation of 14 from 51 in ssDNA.
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Figure 28. Formation of premutagenic 53 upon trapping of 52.

Although strand scission was not observed under anaerobic conditions, one cannot
ignore the possibility that the nucleobase radical may abstract a hydrogen atom from the
adjacent sugar, but that strand scission or alkaline labile lesion formation does not occur

under these conditions. For instance, it has been shown that upon generation of the C1’-
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radical (52) in ssDNA, subsequent trapping by thiol results in =20% of the unnatural «-

anomer (83), which does not present itself as a direct strand break or alkaline labile lesion
(Figure 28).%

Although no evidence was obtained for intemucleotidyl hydrogen atom abstraction
by 14, direct strand breaks and alkaline labile lesions were observed when the radical was
generated in the presence of O..”* Since alkyl radicals are trapped by O, at diffusion
controlled rates. it is assumed that upon generation of 14, reaction with O, yields the
peroxyl radical (9, Figure 29).” The requirement for O, in DNA damage suggests that 9 is
involved in hydrogen atom abstraction and this is in agreement with the pulse radiolysis

experiments which demonstrate that damage is enhanced in the presence of O,.”**

T TKNH T 0 "

O
I |
0=P—0 0=P—0— g 0
1 ',
o v 14 © _\Os
1
Qw3 OMS'
5 , He Abstraction
0=pP-0O’ 50O
© HOO\H
O—P—O‘ O=P—O
OM"S'
54
Observed
products O nnnr3'

Figure 29. Internucleotidyl hydrogen atom abstraction from the C1’ -position by 9 leading to direct strand
breaks and alkaline labile lesions.

The observed strand scission implies transfer of spin from the nucieobase to the
sugar as predicted by pulse radiolysis studies. In order to determine which hydrogen atom

was abstracted by 9, the kinetic isotope effect (KIE) was measured.’® The sugar bonded to
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the 5" -phosphate of the peroxyl radical (9) was enriched with deuterium either at the C1°-,
C2'-. or C4 -position. The KIE for the Cl’-position was =4, whereas no KIE was
observed upon substitution at the other positions.”> This is indicative of 9 selectively
abstracting a hydrogen atom from the C1’-position of the adjacent sugar (Figure 29). This
result supports the proposal that spin is transferred from the nucleobase to the sugar by
hydrogen atom abstraction. In addition, these experiments indicate that the formation of a
single lesion on the nucleobase results in a cascade of damaging events that ultimately leads
to the formation of direct strand breaks and alkaline labile lesions and constitutes a rare
example of DNA damage amplification.
2.4 Other Systems that Induce Damage via the C1’-Radical

Neocarzinostatin (56, NCS), manganese porphyrins (57), and copper
phenanthroline (85, Cu(oP),) also induce damage via hydrogen atom abstraction from the

C1’-position of the sugar backbone of DNA.

HO

These damaging agents noncovalently bind to the minor groove where the C1'-.
C4’- and C5’-hydrogens of the sugar are accessible. Hence it is not surprising that these

agents are capable of inducing damage at the C4’- and C5’ -positions in addition to the C1'-
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position.” The manganese porphyrins and NCS result in the formation of alkaline labile
lesions, consistent with the chemistry observed for 7 (and 9), whereas Cu(oP), results in
direct strand breaks.’

Neocarzinostatin (56) belongs to a class of enediyne antitumor antibiotics that bind
in the minor groove of DNA with its chromophore intercalated between the base
pairs.'*"*%¢*" NCS is activated by thiol activation at C12 and epoxide opening to form the
cumulene intermediate (58), which undergoes a Bergman-type rearrangement to generate

the biradical (59. Figure 30)."

O-sugar 59
50 50
0=P-0 B 0=P_0
(o) NCS (o)
o} o) o
61
0=P-O O=P_O

O 3’ Omnnr3'

Figure 30. Mechanism of NCS activation and action.

When DNA was exposed to NCS, 2-deoxyribonolactone (61) was observed,

which is consistent with C1'-hydrogen atom abstraction.?” It has been postulated that the
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biradical effects double strand cleavage via hydrogen atom abstraction from the C5’- and
CI1’- (or C4’-) positions of sugars on opposite strands by the C6 and C2 radicals,
respectively.” It was also postulated that formation of the Cl’-radical ultimately leads to
61. Although there was no direct evidence for its formation, 61 was also suggested to be
involved in the DNA damage amplification observed in studies on the peroxyl radical (9,
Figure 29).

Like NCS, Cu(oP), (55) binds to the minor groove of DNA where it is able to
generate radicals at the C1'- and C4’-positions.” However. Cu(oP), leads to direct strand
breaks. presumably via hydrogen atom abstraction from the C1’-position.*® The mode of
action of Cu(oP), is unclear, but it is possible that the Cu(oP), binds to the DNA and
subsequently reduces H,O, to generate HO® in the immediate vicinity of the DNA.*>*° The
discovery that the nucleobases are also damaged in the presence of Cu(oP),, in a manner
similar to exposure to the HOe, supports the hypothesis that HOe production is the source
of damage induced by Cu(oP),”* EPR studies of Cu(oP), also indicate that HOe is
generated upon activation.”

Sigman has proposed that Cu(oP), abstracts a hydrogen from the C1’-position and
93.94

the radical is subsequently oxidized to the carbocation (62, Figure 31). Upon

deprotonation of the carbocation (62) to yield the 1°.2’-didehydro sugar (63), hydrolysis

results in elimination of the 3’-phosphate to generate the t,3-unsaturated lactone (64) after

trapping with H,O.> This mechanism was investigated by independent generation of 66.
a model for 63, from the selenoxide (65, Equation 7).* The 1°,2’-didehydro sugar (66),
generated in this manner, was shown to be stable in the presence or absence of Cu(oP), for
48 h. This suggests that 66 (and 63) is not an intermediate in the mechanism for the
conversion of the Cl -radical (52) to 64.%

An altemative mechanism has been proposed for the formation of direct strand
breaks in the presence of Cu(oP), and involves the intermediacy of 61, which was

observed in the NCS mediated strand damage (Figure 31).° It was shown that a model of
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61 was not stable in the presence of Cu(oP), and readily undergoes elimination to 64.
Therefore, like NCS, Cu(oP), mediated damage to DNA most likely results in the

formation of 61, which readily undergoes elimination in the presence of Cu(oP),.”

o P O—\i:j Cu(eP),_ O-P O‘\i_j e o P o
2 63
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Figure 31. Mechanism of Cu(oP), mediated direct strand breaks.
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The metalloporphyrins (§7) are DNA-damaging agents which also bind in the
minor groove of DNA and are activated in the presence of an oxygen atom donor, such as
H,O.. KHSO., or O, and an electron source (as in cytochrome P450).° Upon activation of
the metalloporphyrin to Mn", strand cleavage is observed with the concominant production
of the methylene furanone (67) and release of free base (Figure 32).°° The methylene

furanone (67) is consistent with hydrogen atom abstraction from the C1’-position. The
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C1 -radical is believed to either be oxidized to the carbocation and subsequently trapped by
H.O or directly hydroxylated by the Mn"-OH species via an oxygen-rebound mechanism.

Both pathways ultimately gives rise to the alkaline labile 61, which undergoes B.y-

elimination to effect strand scission and release of 67.

5'~0 fo)
O3 61 67

0. atom RH Re OH Ry/-
donor @ S Z
a\

Figure 32. Mechanism of metalloporphyrin mediated DNA damage.

2.5 Reactivity of the C1°’-Radical

The generation of the Cl’-radical is prevalent in DNA damaging systems, both
naturally occurring and unnatural. In the absence of potential acid-base catalysts (e.g.
Cu(oP),), it has been postulated that upon formation of the Cl’-radical under aerobic
conditions, the ultimate product is 61. Although 61 had been invoked in mechanisms to
account for the observed alkaline labile lesion formation, isolation and characterization of
biopolymers containing this lesion is difficult due to its lability. Consequently, the
mechanism for its formation has only recently been elucidated. Evidence for the formation
of 61 from the Cl -radical (52) has been gained through independent generation of the
monomeric Cl’-radical (69) under mild conditions from the tert-butyl ketone (68, Figure
33).”""  When the photolysis of 68 was carried out in the presence of O,, the 2-

deoxyribonolactone (70) proposed in the DNA damage processes described above was
37
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observed.” These experiments provide direct evidence that 70 is formed via the

intermediacy of 69.

O o)
HOH o NAO w HO1 o N’goo HO— o
o)
OH 68 OH 69 OH 70

Figure 33. Independent generation of 69 from 68.

Studies utilizing epinephrine (73), an assay to detect O,”, isotopic incorporation in
the presence of H,"®O, and competitive kinetics indicate that 69 is trapped by O, to generate
the peroxyl radical (71), which undergoes O,” elimination to generate the carbocation (72,
Figure 34).” Trapping of 72 by H,O and subsequent loss of the nucleobase results in the

formation of 70.
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Figure 34. Mechanism for the formation of 70 via O,” elimination.
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These observations were supported by laser flash photolysis (LFP) experiments.'®

However, there is some discrepancy involving the rate constant for O,” elimination. The
LFP studies indicate that the rate constant for O,” elimination is 2 x 10* s™', whereas the
experiments using competitive kinetics estimated the rate of O,” elimination to be =1 s
1719 Regardless of which rate constant is correct. pulse radiolysis studies on DNA using
glutathione suggest that the elimination of O,” is a biologically relevant mechanism for the
formation of 70.%’

2.6 Reactivity of 2-Deoxyribonolactone (70)

Given the prevalence of DNA damage at the Cl’-position and the subsequent
formation of 2-deoxyribonolactone (70), the reactivity of this lesion in DNA is an
interesting and important issue with respect to DNA damage amplification. Incorporation
of 70 into a biopolymer to study its effect on DNA is difficult due to its labile nature. To
avoid this problem, precursors to 2-deoxyribonolactone (70) have been incorporated into
DNA and subsequently photolyzed to generate 70. The 2-deoxyribonolactone lesion (70)

has been successfully incorporated into DNA (61) from the stable rerr-butyl ketone (75)

and nitroindole (76) precursors and subsequent photolysis (Figure 35).%*19"1%
o
B 5 7
= N o 3 0=P-0 N
0=R-0 hv,0, O hv :
o By ——~ o NO,
o 61
75 O T 76
@ 0=P-0 o
O :‘? _O- O A3 o =P| —O-
O3 Observed by ESMS O3

Figure 35. Photochemical precursors to 2-deoxyribonolactone (70).
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Upon irradiation of 75, intact 61 was observed by ESMS." Treatment of the
DNA with N.N'-dimethylethylenediamine (DMEDA) or piperidine resulted in strand

scission. consistent with elimination of the 3'- and 5’-phosphates from 61.> The expected

product upon elimination of the 3’-phosphate is the «,B-unsaturated lactone (64, Figure

36). However, due to the instability of 64, it could not be isolated and characterized.

5 a0 'S a0
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Figure 36. Observed product upon treatment of 2-deoxyribonolactone (61) with DMEDA.

Model studies indicate that 78, representative of the lesion 64, undergoes a Michael
addition, followed by cyclization to afford the lactam (79) upon reaction with DMEDA
(Figure 36).'"" Therefore, indirect evidence for the intermediacy of 64 was obtained by
trapping it with DMEDA. When the DNA product mixtures were analyzed by MALDI-
TOF, the 1.4- and 1,2-adducts (77) were observed, providing indirect evidence for the
formation of 64 in a biopolymer.''

2.7 Radiosensitizers as Oxygen Surrogates

The DNA damage amplification described thus far relies on the presence of O, in

the system. However, cancer cells tend to be hypoxic (i.e. oxygen-deficient) and are

expected to be less susceptible to the observed reaction pathways. A variety of small
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molecules have been used to sensitize hypoxic cells to ionizing radiation. One potential
mechanism of action for these molecules is that they serve as surrogates for O, in reactions
with DNA radicals. Tirapazamine (11) and misonidazole (13) are two such compounds

that have been utilized as oxygen surrogates.

Tirapazamine (11) is a bimodal agent that has been used in cancer therapy to induce
DNA strand scission.**** Tirapazamine is unique in that it is activated by one-electron
reduction in hypoxic cells to initiate DNA damage, possibly through the generation of
HO-«.*'"** Upon reduction of 11, the 1-N-oxide (12) is generated. In addition, 11 and 12
have been shown to efficiently trap free radicals. For example, 11 and 12 react with the
C!l’-radical (52)in ssDNA at 2.5 x 10® and 4.6 x 10° M"' s™', respectively, converting it
into an alkaline labile lesion (61), presumably via the intermediacy of the alkoxyl radical
(80. Figure 37).** In this respect, 11 acts as an oxygen surrogate and ultimately leads to

the same product observed upon reaction of 52 with O, (Figures 33, 34).

o) o)
) 5' O NH
e /&o 1,12,
0=P-0- o ‘or13’ 0= ‘5 0 O '5 0
d)' [
52
0=P-O o=r5_o O=P-_O
éms' dMN'3' dwwa'

Figure 37. Trapping of the Cl -radical (52) by radiosensitizers (11, 12, or 13) to generate 2-
deoxyribonolactone (61).
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Misonidazole (13) is an “oxygen mimetic” that has been used in conjunction with
ionizing radiation therapy to increase the yields of single strand breaks in DNA.* For
example. although the product ratios vary, the damage observed upon generation of the
C4’-radical in DNA in the presence of misonidazole (13) is similar to the damage observed
in the presence of O..*** In this respect, misonidazole acts as a surrogate for O,.
Trapping of the radical by 13 and subsequent cleavage to the alkoxyl radical has been
invoked to explain the observed damage.*®*’ Like tirapazamine (11) and its reduced 1-N-
oxide (12), misonidazole (13) has been shown to effectively trap 52 in ssDNA with a rate
constant of 6.9 x 10* M s'.*

It is likely that both 11 and 13, in conjunction with ionizing radiation, initally
induce damage in DNA via generation of HOe. As previously discussed, HOe
preferentially reacts with the nucleobase to generate 15 as one of the products. In order to
effect strand scission, it has been shown that spin must be transferred from the nucleobase
to the sugar. The corresponding radical (14) has been shown not to lead to strand scission
in DNA. but the peroxyl radical (9) does through hydrogen atom abstraction from the C1'-
position of the adjacent sugar.”®** However, the O, deficiency in tumor cells precludes the

formation of 9 and subsequent hydrogen atom abstraction from the adjacent sugar.
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Therefore, since 11, 12, and 13 have been shown to trap alkyl radicals, and the
resulting adducts are believed to cleave to the alkoxyl radical, it is possible that some of the
DNA damage induced by these species is attributable to initial trapping of the nucleobase
radical.*** The formation of the nucleobase alkoxyl radical is expected to undergo similar
chemistry as the respective peroxyl radical (9). Therefore, it is possible that 14 may also
undergo reaction with 11, 12, or 13 to lead to DNA damage amplification, as proposed in
experiments involving 14 and O,.

2.8 Related Examples of Internucleotidyl Reactions

In addition to formation of the Cl’ -radical via hydrogen atom abstraction by 9,

other agents have been shown to induce DNA damage by a similar pathway. The

radiosensitizing agent, 5-bromo-2’-deoxyuridine (81. Figure 38), has been shown to

increase strand scission in DNA upon y-radiolysis and UV-irradiation.'®-*%’

Figure 38. Generation of the ¢ radical (82) via photoinduced single electron transfer.

Excitation of the base adjacent to 81 induces single electron transfer to the latter,

generating the radical anion, which undergoes heterolytic cleavage to yield the ¢ radical

(82, Figure 38).'” The generation of the o radical (82) subsequently leads to direct strand
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breaks and alkaline labile lesions.”*”™ A combination of KIE and *H studies indicate that
the C1’- and C2’-positions of the adjacent sugar are involved in the observed DNA damage
amplification pathways for 81, and the related compound 5-iodo-2’-deoxyuridine (Figure
38).73'75"07

It has been proposed that generation of the radical at the C1’-position gives rise to
2-deoxyribonolactone (61), which accounts for the alkali-lability of the DNA.%'%®
However. in the case of 84, it was proposed that electron transfer occurs from the Cl’-
radical (84) to the nucleobase to quench the radical cation and generate the sugar-centered
carbocation (85). Subsequent trapping of 85 by H.O and elimination of the nucieobase

generates 61 (Figure 39).

NH, NH,

swwo—\i-jN 5'~wo—\§2j N H,0 5 ~0

o 8
0=P-0° O-F" -0 =Q -0
O ”"“‘3' o va\r3' 04\~v-3'
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NHZ 5 an-Q—-P-0O" o

N 6 O:Fl’-O’
~N
J T g el 0
ydride shi
N / NH
Kgy S L
87 C3'-hydride shift </ )
_P-O 0=P o} 5 w0 o
O-\~'3' 0-‘“”‘3' 1
O=f?-0'

O g8 O anar 3

Figure 39. Reactivity of C1’'- and C2'-radicals in 5-BrdU system.
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Alternatively, electron transfer from the C2’-radical (86) to the nucleobase
generates 87. Subsequent 1,2-hydride shift from either the C1’- or C3’-position was

7 Model studies involving

invoked to explain the observed products (Figure 39).
generation of the C2’-carbocation from 2’-iododeoxyuridine supports the mechanism
involving 1.2-hydride shifts.'®

[nvestigation of the reactivity of 82 under aerobic conditions, in which the peroxyl
radical (89) was expected to be generated, indicated that 89 selectively abstracts the C1°-
hydrogen atom from the adjacent sugar in both ssDNA and dsDNA.™ Although the sum of

direct strand breaks and alkaline labile lesions remained constant, the efficiency of direct

strand breaks decreased in dsDNA compared to reactions conducted under anaerobic

conditions. This is presumably due to partitioning of the reactivity of the ¢ radical (82)

between trapping by O, to generate 89 and hydrogen atom abstraction (Figure 40).™

NH, NH,
N X N <N
SW S
NTN §' a0 o N

5 ~Q fo) o
—\ij . NH O oo’o NH
C1'-and_ 2 ,
C2'-He 1o c.) l /g (|) I /J§ C1'-Heaps
. °©  o=-o °

o.tvvv'3' Oma‘

Figure 40. Competitive hydrogen atom abstraction by the & radical (82) and peroxyl radical (89).

The DNA damage amplification observed in experiments with 81 are interesting
and novel in their own right. However, it is pertinent to note that the reactivity of 89 is

analogous to the reactivity observed with 9, both peroxyl radicals selectively abstracting a
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hydrogen atom from the C1’-position of an adjacent sugar. In addition, although the
nucleobase radical (89) lies in the major groove of duplex DNA, it is able to abstract a
hydrogen atom from the minor groove. Although the reactivity of 9 has not been examined
in dsDNA, it is expected to be able to undergo hydrogen atom abstraction from the C1°-
position, as observed in ssDNA, given the results of experiments involving 81.

2.9 Shortcomings of Utilizing the Isopropyl Ketone (49) as a Precursor to
5,6-Dihydrothymidin-S-yl (4)

Although the studies utilizing 49 suggest that the peroxyl radical (9) is capable of
abstracting a hydrogen atom from an adjacent sugar to effect strand scission, the results are
compromised by the production of singlet oxygen (‘O,) during the reaction.”” Singlet
oxygen ('0,)is generated upon quenching of the excited state of the ketone by O,. When
the reactions were carried out in the presence of NaN;, a 'O, scavenger, a diminution of
overall strand damage was observed. However, the decrease of strand damage may be due
to quenching of 'O, or the excited state of the ketone (49) by NaN,. The presence of 'O,
was therefore confirmed using a trap (90, Figure 41), which reacts in a [4+2] fashion to

generate the endoperoxide (91) or via an ene reaction to generate 92.

o O
OzNa OZNa 002Na
lPr
[4+2] OH
HO of "ene"
92
CO,Na CO,Na CO,Na

Figure 41. Generation and trapping of 'O,.

Singlet oxygen (‘O,) is known to react with DNA to generate modified
nucleobases.'®'""  For example, the formation of endoperoxides in 25 via a [4+2]

cyclization ultimately gives rise to 27, which leads to strand breaks (Figure 42).''°
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Although the [4+2] is more favorable with 25, 'O, has also been shown to undergo [2+2]
cyclizations with the appropriate substrate.'” Therefore, the generation of 'O, in the
studies on 4 may compromise the results. Although 'O, has been shown to preferentially
react with 25, thymidine (3) may also undergo reaction with 'O,.""' One may recall that 4
was generated in biopolymers containing an adjacent dG (25), as well as polythymidylate.
Conducting the studies on 4 with a more efficient precursor may circumvent the problem of

'0, and give rise to cleaner, less ambiguous analyses.

1 O H
(@)
N NH ., 2 N NH N NH
</N - ol L o= A A
HO— o NZNH, HO o NONTONH,  HO o NTONTNH,
25 93 27
OH OH OH

Figure 42. Reaction of 'O, with 25.
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2.10 Statement of Research Objectives
From the mechanistic studies outlined above, there are several suggestions one can

make about the role of 14 in DNA damage amplification:

B
KJ “:_7 R, o0
\ﬁL 'O’o NH Of—o—\ogo
&
O=P—O 0 o_P—o J et
]

O w3

1. Strand scission induced by 14 is an O, dependent process involving the peroxyl
radical (9).

2. The peroxyl radical (9) selectively abstracts the Cl1’-hydrogen atom from the
adjacent sugar generating the C1’-radical, which results in the formation of 3’- and
5’-phosphate end groups upon treatment with base.

3. The formation of the C1’-radical in monomeric and biopolymer studies results in

the formation of 2-deoxyribonolactone (61).

4. Indirect evidence for the intermediacy of the ¢, -unsaturated ribonolactone (64)

in a biopolymer is gleaned from the MALDI-TOF analysis, which suggests the

formation of 1,4- and 1,2-adducts of the lesion.

Although these studies support the formation of 61 from the Cl -radical in a
biopolymer, direct evidence for its formation during DNA damage amplification initiated by
14 has never been attained. In addition, the results obtained from the experiments
involving the generation of 14 from the isopropyl ketone (49) are skewed by the
generation of 'O, during the photolysis. Furthermore, product analysis, a hallmark of

organic chemistry, was severely lacking in these previous studies.
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The goal of this research project was to design a system with a more efficient
radical precursor to 4 (14), circumventing the problem of 'O, production, to better

investigate the reactivity of 4 and address the following questions:

1. Can we provide further evidence that internucleotidy!l hydrogen atom transfer
does not occur under anaerobic conditions?

2. Does the peroxyl radical (9) transfer spin from the nucleobase to the adjacent
sugar as suggested in previous studies? If so, does this process compete with
bimolecular reactions available to 9 (e.g. trapping by thiols)? What is the
stereoselectivity of this process?

3. Does the peroxyl radical (9) protect itself by eliminating superoxide in
competition with internucleotidyl hydrogen atom abstraction?

4. If hydrogen atom abstraction by 9 occurs from the C1 -position, is the 2-
deoxyribonolactone lesion (61) produced?

5. Can a radiosensitizing agent participate in DNA damage amplification involving

5.6-dihydrothymidin-5-yl (4) by acting as a surrogate for O,?
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3_Results and Discussion
3.1 Monomer Studies
The chemistry of 5,6-dihydrothymidin-5-yl (4) was previously studied utilizing the

83961 However, the chemistry was

isopropyl ketone (49) as the photochemical precursor.
complicated by the inefficiency of the Norrish Type I photocleavage from 48, which
resulted in the competitive generation of 'O,. The presence of 'O., which is known to
damage DNA, complicated interpretation of the chemistry of 4. The studies described

herein were aimed at designing a precursor to 4 that would be more efficient than 49.

o o o
2 “NH NH
HOo o Ao HOo o Ao
[

OH OH

Ph \/%NH Br NH PhSe NH
Ho_\i-7 A ’ko HO ,&O

Pr

The benzyl ketone (94), bromide (95), and phenyl selenide (96) were investigated
as potential precursors to 4. The quantum yield for the ketone (94) was anticipated to be
higher than 49 used in previous. The increase in efficiency in cleavage was expected to
reduce the generation of 'O,. In addition to photochemical generation, 95 and 96 were

also anticipated to be candidates for generation of the radical under thermal conditions since
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these compounds are commonly used in conjunction with Bu,;SnH and an initiator in free

radical chain chemistry.

The monomer studies were carmied out to investigate the reactivity of 4 under
aerobic conditions. It has already been shown that 4 is trapped under anaerobic conditions
in the presence of an efficient hydrogen atom donor to generate 5.6-dihydrothymidine
(34).**7°" In the presence of O., however, the radical (4) is expected to be trapped by O,

to generate the peroxyl radical (7, Equation 8).

(@) o)

(@)
(0]

N
OH 4

OH 34

O
HO
\EL/I\LH
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HO_\i()—? o H

OH 8

9)

7
OH 7
o)
.0
.O \ﬁi-i \@.‘
HO o HO o
OH 7

OH 3

We proposed that, in addition to trapping and reduction to 5,6-dihydro-5-
hydroxythymidine (8), the peroxyl radical (7) may undergo intranucleotidyl hydrogen atom
abstraction to regenerate thymidine (3) with release of HOOe (Equation 9). This pathway
is interesting in that it represents a detoxification pathway available to 4 in the presence of
O.. However. the release of HOOes may ultimately lead to superoxide (O,")-derived
products that are able to damage DNA."'*!°%* The involvement of O, in DNA damage
processes makes this pathway a potential double-edged sword. The possibility that

superoxide elimination occurs upon generation of 4 in the presence of O, was investigated

51

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



at the monomeric level where product analysis could easily be carried out to determine if
superoxide elimination was a kinetically viable pathway.

3.1.1 Synthesis of Radical Precursors

A procedure for the synthesis of 94 had been previously developed (Scheme 1).''*
Hydrogenation of commercially available thymidine (3) yielded 5,6-dihydrothymidine
(34), which was subsequently protected with TBDMSCI to yield 97. The lithium enolate,
generated upon treatment of 97 with sec-BuLi, was trapped with diphenyl sulfide and
subsequently oxidized to yield the sulfone (98). Treatment of 98 with samarium iodide
generated the samarium enolate, which was trapped with phenylacetaldehyde to generate
the alcohol (99) as a mixture of four diastereomers. Dess-Martin oxidation of 99 yielded

the silylated ketone (100) as a mixture of diastereomers.

Scheme 1°
(o) (0] (0]
PhS
N (@]
HOq o O, p TBSO 4 . TBSOo 4 N O
3 98% 97  79%
OH oTBS oTBS
Major d
(558:5R, 9:1) 88%
(@) 0O OH O O O O
Ph Ph \\S/’
N0 N“ Y0 N0
TBSO o ¢ TBSO o o T8SO o
oTBS oTBS oT8s

“Reagents: a) H.. Rh/alumina. MeOH:H,O (1:1 by volume); b) TBDMSCI. imidazole, pyridine. 40 °C; ¢)
sec-BuLi, PhSSPh. THF. -78 °C: d) m-CPBA, CH.Cl,; e) Sml,, phenylacetaldehyde, THF, -78 °C; f) Dess-
Martin periodinane. CH,Cl,.
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A more straightforward route was developed for the synthesis of 94 for the studies
described herein (Scheme 2). Generation of the enolate of 97 with sec-BulLi and
subsequent addition of phenylacetaldehyde in the presence of DMPU afforded the alcohol
(99) as a mixture of four diastereomers. The addition of DMPU presumably increases the
reactivity of the enolate and eliminates the necessity of forming the samarium enolate
(Scheme 1). The four diastereomers of 99 were inseparable from unreacted starting
material (97) and were immediately oxidized with Dess-Martin periodinane to yield the
ketone (100) in 61% from 97. If 99 was not immediately oxidized. it underwent a retro-

aldol to regenerate 97.

Scheme 2°

0 a
97 9
oTBS c OTBS
b
74% 61% (from 97)

Major
OH OTBS (5S:5R, 1.5:1)

Route Steps from 97 Overall Yield

Samarium iodide 4 38%
Phenylacetaldehyde 2 61%
Phenylacetyi chloride 1 74%

‘Reagents: a) sec-BuLi, DMPU. phenylacetaldehyde, THF, -78 °C: b) Dess-Martin periodinane. CH,Cl.: ¢)
sec-BuLi. DMPU. phenylacetyl chloride. THF. -78 °C; d) Et;Ne3HF. THF.

The synthesis was further improved by reacting the lithium enolate of 97 with

phenylacetyl chloride in the presence of DMPU to directly afford 100 as a mixture of
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diastereomers (1.5:1, 5S5:5R, Scheme 2). This route affords the ketone (100) in one step
from 97 in 74% overall yield, whereas the samarium route requires four steps in 38%
overall yield. Mild deprotection of 100 with Et;Ne3HF yielded 94 in 90% yield.

The selenide (96) and bromide (95) radical precursors were synthesized using a
similar route as 94 (Scheme 3). The lithium enolate of 97 was trapped in the presence of
DMPU with either PhSeBr or N-bromosuccinamide (NBS) to generate 101 and 102,
respectively. The low yield (39%) for 102 is due to the basic conditions of the reaction,
which results in elimination to generate thymidine (3). Deprotection of 101 was effected
with Et;Ne3HF to afford 96 in 83% yield. The susceptibility to elimination of 102
precluded the use of Et;Ne3HF, so the TBS ethers were removed with aqueous

trifluoroacetic acid to generate 95 in 73% yield.

Scheme 3*

o

NH

PhSe(:L PhSem
TBSO

o

o a —\gj 01 83% ng%

@,’

“.” SNH TBSO __ Major
/g (5R:58S, 2.5:1)
o

N
TBSO o o
97
E‘ Br {U\ NH

TBSO— ¢ N

oTBS

73%
Major
(5R: 58 3.4:1)

‘Reagents: a) sec-BuLi. DMPU.PhSeBr, THF. -78°C; b) Et;Ne3HF, THF:; ¢) sec-BuLi, DMPU. NBS.
THF. -78°C: d) 5% TFA/THF:H,O (1:1 by volume).

The configuration of the products was assigned based on the charactenzation data

for 55-49, for which a crystal structure was obtained.” This diastereomer corresponds to
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the product obtained by quenching of the enolate from the re face (Figure 43). Comparison
of the '"H NMR data of each diastereomer of 94, 95, and 96 to the analogous diastereomer
of 49 allowed us to assign the absolute configuration of these molecules. One of the C2’-
hydrogens of the major diastereomer is shifted downfield relatve to the minor
diastereomer. The major diastereomers of the benzyl ketone (94), bromide (95), and

selenide (96) were assigned an absolute configuration of 55, 5R, and 5R, respectively.

OH 5849

The diastereoselectivity observed in the formation of the three precursors was
consistent with the model of the enolate (Figure 43). The bulky TBS group at the 5’-end of
the nucleoside partially blocks the si face of the enolate. Thus, trapping of the enolate by

the electrophile occurs preferentially from the re face, opposite the protecting group.

11

/ NLi*
> re

o] E*

TBDMS

Figure 43. Model invoked to explain observed diastereoselectivity in synthesis of precursors.
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3.1.2 Anaerobic Photolysis of the Ketone (94), Bromide (95), and
Selenide (96) at 300 nm

The photolyses of the precursors were carried out under anaerobic conditions to
gain evidence for the formation of 4 and qualitatively determine the efficiency of the
photochemisty. The photolyses were carried out at 300 nm in the presence of Bu,;SnH in
THF:H.O (1:1 by volume) and the products analyzed by reverse-phase HPLC. Complete
conversion of 95 and 96 was observed within 45 min, whereas conversion of 94 required

4 h (Table 3).

Table 3. Anaerobic photolysis of 94, 95, and 96 at 300 nm.*

% Yield % % Mass

Precursor Time 3 8 34 Conversion Balance
94 4h 09 +0.1 7+3 64 +2 93 +2 79 + 4
95 45 min 11 0 65+4 100 +0 66 +4
96 45 min 17+3 2+1 S1+4 96 = 2 74+6

* Photolyses carried out at 300 nm (A, = 300 nm. 84 watts) with [94, 95, 96] = 0.] mM and [Bu;SnH]
= 1.7 mM in THF:H,O (l:1 by volume).

o o 0 0
Ph Ph
o SRS
HOq o N Oy, HOq o N 70, HOH 4 o
Bu;SnH BusSnH
OH 4

OH 94

o J 0 0
HO
NH NH

L A K

N (@]
(0] OH 3

H 8 OH 34

Figure 44. Products observed during anaerobic photolysis.
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In all cases, the major product observed upon anaerobic photolysis was 34 as a
mixture of diastereomers (=1:1), which is indicative of the intermediacy of the radical (4,
Table 3, Figure 44). Photolysis of the ketone (94) also resulted in minor amounts of 8 and
3. which are presumably due to trace amounts of O, not removed during degassing and
will be described in detail later (Section 3.1.13). Thymidine (3) may also be formed via
radical-radical disproportionation. A significant amount of this product (3) was produced
from the phenyl selenide (96).

The varying efficiency of the precursors and the formation of thymidine (3) during
the photolysis of 96 can be explained if one invokes competing pathways for the
generation of 4. The ketone (94) does not undergo radical chain chemistry. Therefore,
conversion depends only on the efficiency of the photochemistry. The bromide (95) and
selenide (96), however, are classic precursors known to undergo radical chain reactions
with Bu,SnH. The radical (4) can either be generated via photoinduced homolysis (path a)
or radical chain chemistry (path b) with the Bu,Sne acting as the chain carmrier (Figure 45).
Furthermore, since the selenide (96) possesses a better chromophore than the bromide

(95). it is expected to undergo photoinduced bond homolysis in competition with chain

BuySn-SePh BuaSnle PhSe-\EL:LH I i{
+ Bu;Sne HO o N o ° N (o)
o .\ij ‘\i.j PhSeH
PhSe\E‘\NH y OH 4 WH OH 3
HO
v 8u3Sn-\\ \E‘L NH

OH
v -
Bu;Sn-SePh

Figure 45. Competitive pathways for generation of 4 during photolysis.

chemistry.

OoH 34
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If 96 undergoes photoinduced bond homolysis, a radical pair consisting of PhSe*
and 4 is generated (path a, Figure 45). Disproportionation between these radicals generates
thymidine (3) and PhSeH. The ketone (94) is not expected to undergo disproportionation
as efficiently as 96 since the radicals generated in the photolysis are separated by a
molecule of CO and therefore do not exist in a radical cage. Support for the photoinduced
homolysis of 96 is attained from photolyses carried out in the absence of trap or in the
presence of traps present at pseudo-first order conditions that are known to be inefficient

chain carriers (Table 4).

Table 4. Photolysis of 96 at 300 nm in the presence of alternate hydrogen atom donors.”

Trap (mM) % Yield 3 % Yield 34 % Conversion % Mass Balance
CHD (26)° 34«1 17+4 94 +1 575
BME (34) 131 714 98 =1 83 +2
PhSeH (60)* 21 75+ 1 98 + 1 79+1
- 58+3 101 100+0 67 1

* Photolysis carried out at 300 nm (4,,,. = 300 nm. 84 watts) for 45 min with [96] = "2.1. “3.2. and “6.0
mM.

When the photolyses were carried out in the presence of 2-mercaptoethanol (BME),

PhSeH. or l.4-cyclohexadiene (CHD), complete conversion of 96 was observed (Table
4). The identifiable products consisted of 3 and 34. In the absence of trap, the selenide
(96) underwent complete conversion to 3 and 34, with the latter being produced in a much
lower yield. The nonstoichiometric yield of 34 relative to 3 suggests that thymidine (3)
arises predominantly from disproportionation between the PhSe* and 4. The dependency

of the amount of 3 on the proficiency of the hydrogen atom donor is also consistent with
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this interpretation.'”’> However, due to the presence of 34 in the product mixture, a minor
pathway available to 4 may be disproportionation between two molecules of 4 (Figure 46).
Altemnatively. 5,6-dihydrothymidine (34) may arise via trapping of the radical (4) by the
PhSeH generated in situ. From this data, one can conclude that competing pathways for

the generation of 4 may exist under the photolysis conditions.

(0] (o] (o]

NH

NH |
N"&O H ’go

+

OH 4 OH 34 11 OH 3

Figure 46. Disproportionation of 4.

The disproportionation reaction between PhSee and 4 was eliminated under
anaerobic conditions by carrying out the reaction in the presence of (Bu;Sn),, which
presumably scavenges PhSee or undergoes photocleavage competitively to yield Bu;Sne.
The Bu,Sne radical acts as the chain transfer agent (Table 5). The (Bu,Sn), provides a
pathway for the PhSee to react in competition with disproportionation (Figure 45).
Furthermore, upon reaction of PhSe* with (Bu;Sn),, Bu,Sne is generated, which results in
more efficient chain chemistry. As expected, the addition of (Bu,Sn), to the photolysis
samples containing the bromide (95) had no effect on the product distribution. The lack of
thymidine (3) upon photolysis of the bromide (95) in the absence of (Bu,Sn), suggests that
conversion is due mainly to radical chain chemistry rather than direct homolysis. This is

not surprising since tihe bromide (95) absorbs much less efficiently at 300 nm.
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Table 5. Anaerobic photolysis of 95 and 96 at 300 nm in the presence of (Buﬁn),.“

% Yield %% % Mass

Precursor 3 8 34 Conversion Balance
96 1 +£0.1 3+0 T8 +4 100 £0 Sl +4
95 0 0 73+1 100 £0 73+0

* Photolyses carried out at 300 nm (A, = 300 nm. 84 watts) for 45 min with [96. 95] = 0.1 mM.
(Bu;SnH] = 1.7 mM. and [(Bu;Sn),] = 0.2 mM in THF:D,O0 (1:1 by volume).

The photolyses of the precursors were also carried out in D,O to gain evidence for
the mechanism by which the precursors are converted to 34. Carrying out the reaction in
D.O allows one to determine if the product is generated by a radical or ionic pathway
(Figure 47). If the product is generated via radical chemisty, the product should arise via
trapping by Bu;SnH and contain no deuterium (‘H-34). However, if an ionic mechanism
is occurring, trapping of the carbanion (35) intermediate by D,O would generate the
deuterated product (*H-34).

Photolysis of the precursors in the presence of D,O and Bu,;SnH and subsequent
analysis of the persilylated cleaved nucleobases by GC/MS indicated that there was
negligible *H-incorporation in 34 produced from the photolysis of 95 (0.9 + 0.3%).
Analysis of 34 generated during the photolysis of the selenide (96) in the absence of
(Bu,Sn). contained 8.0 + 7.3% deuterium. When the photolysis was carried out in the
presence of (Bu,Sn),, the deuterium content was 12.1 + 3.4%. The deuterium observed in
5.6-dihydrothymidine (34) upon photolysis of 96 may arise via trapping of 4 by PhSeD
generated in situ. One might have expected that the deuterium content should have been
significantly lower when the photolysis of the selenide (96) was carried out in the presence
of (Bu,Sn),since it presumably scavenges the PhSee. However, if Bu;Sn-SePh undergoes
hydrolysis. PhSeD will be generated. Alternatively, if PhSeSePh is generated during the

reaction, it is known to react with Bu,SnH to generate Bu,Sn-SePh and PhSeH.'"*
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Figure 47. Radical versus ionic pathways for the formation of 34.

3.1.3 Anaerobic Thermolysis of the Bromide (95) and Selenide (96)

The bromide (93) and selenide (96) are also candidates for thermal generation of 4
under radical chain conditions. The thermolyses were carmried out in the presence of
Bu,SnH and VA-044 (103), a water-soluble initiator, at 37 °C. The water-soluble initiator
(103. t,,, = 10 h at 37 °C) is significantly more reactive under biologically relevant

conditions than the more commonly used AIBN (t,, =2 h at 80 °C, >1000 h at 37 °C).'"

{N NJ 2 HCI
H 103 H

After 1.5 h, complete conversion of 96 was observed with the only product being
5.6-dihydrothymidine (34, Table 6). Thymidine (3) was essentially absent from the
reaction mixture, consistent with efficient chain chemistry propagated by Bu,Sne. The
major product upon thermolysis of the bromide (95) was also 34, with a minor amount of

thymidine (3) and 5,6-dihydro-5-hydroxythymidine (8). In all cases, the deuterium
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content in 34 was negligible, indicating that the product is generated via a radical pathway

(Table 6).

Table 6. Anaerobic thermolysis of 95 and 96.7

% Yield % % Mass )
Precursor 3 8 34 Conversion Balance % “H-34
95 2+1 9+7 69+ 18 100+0 78 + 14 1.1 £0.1
96 0.5+0.1 I+1 86+ 5 1000 88 +6 6.6 +04
96" 0.7 £0.1 1+1 93+0 100 £0 94 + | 44 + 0.6

* Thermolyses carried out at 37 °C for 1.5 h with [96.95] = 0.1 mM. [Bu;SnH] = 1.7 mM. and [VA-O44]
=0.01 mM in THF:D,O (1:1 by volume); ® Thermolysis carried out in the presence of (Bu;Sn), (0.2 mM).

3.1.4 Laser Flash Photolysis under Anaerobic Conditions

In addition to chemical verification for the formation of 4, spectrophotometric
evidence for the radical was gained by laser flash photolysis (LFP) experiments carried out
under anaerobic conditions.''® The selenide (96) and ketone (94) were subjected to
photolysis and data collected to construct the UV spectra for the proposed radical
intermediate (Figure 48). Photolysis of 94 produced a spectrum with a strong absorbance
at 320 nm and a broad weaker signal at 370-410 nm. The former signal is attributed to the
benzyl radical. supported by photolysis of dibenzyl ketone. The latter signal was attributed
to the formation of 4.

The spectrum is consistent with theoretical and experimental data for simple 3°
radicals, as well as 1,3-dimethylthymin-5-yl and thymin-5-yl, which have a A_,_ of 430

and 380 nm. respectively.'"*'® The observed absorbance at 370 nm for 4 is slightly red-
shifted relative to a simple 3° radical, but is consistent with the observed trends in the

absorbance spectra of radicals. As the stability of the radical increases, the absorbance
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becomes red-shifted. One would expect, therefore, that 4 should be more red-shifted than

rert-Bue due to its increased stability.
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Figure 48. UV spectra obtained in LFP studies of 94 (A) and 96 (@).

Photolysis of the selenide (96) also produces a spectrum with an absorbance at
370-410 nm (Figure 48). In addition, there is a strong signal at 430 nm, which has been
assigned to the PhSee. The spectrum for PhSe, produced by photolysis of PhSSPh, is
known and is similar to the observed signal seen upon photolysis of 96.'*

The kinetics for the decay of 4 at 370 nm was measured in the presence of various
hydrogen atom donors, such as glutathione (104) and cysteamine (1085), to determine the
rate constant for trapping of 4. However, when the photolyses were carried out with 96

and 94, the Kinetics were complicated and the rate constants could not be extrapolated. In
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the case of 96, the strong signal generated by the PhSee may have interfered with the
kinetics for the radical species at 370 nm since there is some overlap in the spectrum.
Although the rate constant for trapping of the radical (4) by various traps could not be
extrapolated from the data, the LFP studies provided additional evidence for the formation

of 4 upon photolysis of 96 and 94.

NH

H H H
O flL /\r(o or H3N/\/s

104

3.1.5 Aerobic Photolysis of the Ketone (94), Bromide (95), and Selenide
(96) at 300 nm

The photolyses of the radical precursors were carried out in the presence of O, to
provide additional evidence for the formation of the radical (4). Upon generation of an
alkyl radical in the presence of O,, the radical is trapped at =2 x 10° M s™ to generate the
peroxyl radical (e.g. 7, Figure 49).”° Trapping of 7 generates the hydroperoxide, which is

known to readily undergo reduction to the alcohol in the presence of reducing agents (e.g
Bu,SnH, BME). Hence, detection of 5,6-dihydro-5-hydroxythymidine (8) would provide

further confirmation for the generation of the radical (4, Figure 49).

o]

PhSe\L)J\NH \H
HO o hv. 0, HO
2

OH

“tr, . Xx
T

Figure 49. Products observed upon aerobic photolysis of 96.
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The photolysis of the selenide (96) was carried out in the presence of Bu,SnH and
(Bu;Sn), to prevent disproportionation between the radical pair and effect more efficient
chain chemistry. Photolysis of 96 in the presence of O, resulted in the production of 8 as
a mixture of diastereomers (=1:1). but the major product was 3 (Figure 49, Table 7).
Recall that one of the potential pathways available to the peroxyl radical (7) that we had

proposed was the elimination of superoxide, which would result in the formation of

thymidine (3).

Table 7. Aerobic photolysis of 96 at 300 nm.

% Yield % % Mass

(Bu.Sn), 3 8 34 Conversion Balance
- 48 = 8 8=+1 0 95 7 62+5

+ 51«1 121 0 1000 64+3

* Photolyses carried out at 300 nm (4, = 300 nm, 84 watts) for 45 min with [96] = 0.1 mM. [Bu;SnH] =
[.7 mM, and [(Bu;Sn),] = 0.2 mM in THF:H,O (1:1 by volume).

The aerobic photolysis of the bromide (95) was also carried out at 300 nm in the
presence of Bu;SnH (Table 8). The conversion was considerably lower compared to the
anaerobic photolysis, presumably resulting from quenching of the radical chain chemistry
by the presence of O,. Consequently, longer reaction times were required to attain
complete conversion of 95. Complete conversion was observed after 8 h. However, the
mass balance begins to drop after 4 h, suggesting that decomposition may be occurring.
Nonetheless, 8 (=1:1 mixture of diastereomers) was observed upon photolysis of 95.
However, a significant amount of thymidine (3) was also observed and was the major
product at low conversion. As the conversion increased, however, 8 became the major

product. The decrease in the yield of 3 relative to 8 and the decrease in mass balance
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suggest that decomposition of 95 and/or the products may be occurring during the course
of the photolysis.

Although thymidine (3) was observed upon photolysis of both 96 and 95, the ratio
of 3:8 obtained upon photolysis of the two precursors was not comparable. This is not
what one would expect if the products arise solely from a radical pathway. The observed
inconsistencies indicate that there must be some reaction pathway other than the generation
of 4 occurring that contributes to the observed products. The discrepancy between the

product ratios observed upon photolysis of 95 and 96 will be addressed in detail later

(Section 3.1.8).

o] o] o
Br\EL HO NH
_v 0 Hov O Ho—\@"‘

OH 95

Table 8. Aerobic photolysis of 95 at 300 nm over 8 h.°

%Yleld Y% % Mass

Time (h) 3 8 34 Conversion Balance
I 13«1 4=+1 0 25+3 92 +2

2 20=+2 S5+1 0 47 =2 718 + 1

3 25+ 1 16 +4 0 59 +6 81 +10

4 28+ 1 20«2 0 60+2 87 +6

6 23+ 1 29+ 6 0 95 + | 56 +3

8 [9+6 20+ 5 0 100 +0 47 =11

*Photolyses carried out at 300 nm (2, = 300 nm, 84 watts) with {95] = 0.1 mM and [Bu;SnH| = 1.7 mM
in THF:H.O (1:1 by volume).
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When the ketone (94) was photolyzed in the presence of O,and Bu,SnH, the major
product was a =I:1 mixture of diastereomers of 8 as expected (Figure 50, Table 9).
However. a significant amount of 5,6-dihydrothymidine (34) was also detected in the
reaction mixture. Trapping of the radical (4) by Bu,SnH is not expected to efficiently
compete with trapping by O,. At a concentration of 1.7 mM and rate constant of 4 x 10° M’
's!, the rate of trapping of 4 by Bu,SnH is 6.8 x 10° s'.!"> Although the concentration of
0, (0.2 mM) is much lower than the Bu,SnH, the rate of trapping of 4 by O, is 4 x 10° s
It is therefore surprising that such a significant amount of 34 was detected. In addition,
only a trace amount of thymidine (3) was observed upon photolysis of the ketone (94),
whereas a significant amount was observed upon photolysis of the bromide (95, Table 8)

and selenide (96, Table 7).

o O

s f“ e

OH 94

Figure 50. Products observed upon aerobic photolysis of 94.

Table 9. Aerobic photolysis of 94 at 300 nm.*

% Yield % % Mass

Trap 3 8 34 Conversion Balance
Bu,SnH 0.7 £0.1 54+ 1 61 100+ 0 702
BME 1+0 59+0 0 100 +0 6l =1
- 1+0 S51+1 0 9 =+1 55+1

* Photolyses carried out at 300 nm (A, = 300 nm. 315 watts) for 3 h with [94] = 0. mM. [Bu;SnH]| =
1.7 mM. and [BMe] = 0.3 mM in THF:H,O (1:1 by volume).
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It is known that ketones undergo photoreduction to generate the alcohol upon
quenching of the excited state by a hydrogen atom donor.'*''* [f the ketone (94)
undergoes photoreduction in the presence of Bu,SnH to generate the alcohol (106), a
retroaldol reaction results in the generation of 5,6-dihydrothymidine (34, Figure 51). The
rate constant for the Norrish Type I photocleavage of 94 is not known, but the related
ketone, Ph(CO)CH.Ph, undergoes cleavage with a first-order rate constant of 2 x 10° s’
'.!*® The rate constant for reduction of ketones by Bu.,SnH varies depending on the
structure, but is approximately 10° M s™. For example, the rate constant varies from 2.9
x 10® M' s for benzophenone to 1.3 x 10° M"' s for acetophenone.'**'> At the
concentration of Bu,SnH (1.7 mM) in which the photolysis of the ketone (94) was carried
out and using an average rate constant for photoreduction of 1 x 10° M s™', the rate for

quenching the triplet state of 94 is estimated at 1.7 x 10" s™.

Therefore, it is possible that
photoreduction of the ketone (94) may occur in competition with Norrish Type [

photocleavage (2 x 10°s™)."*

0o 0 o}” o o
Ph
HO_\¢7N Ohv. Bu,SnH HOW@\' o H,0 HO\@ o
OH 94 OH 106 OH 34

Figure S1. Photoreduction of the ketone (94) to generate 34.

In order to prevent the photoreduction of the ketone (94), the photolyses were

carried out using BME as the hydrogen atom donor. The rate constant for the quenching of

the triplet state of ketones is slower for thiols than Bu;SnH. For example, n-BuSH

quenches the excited state of acetophenone with a rate constant of 1.4 x 10’ M s™', which
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is significantly less efficient than Bu,SnH (1.3 x 10° M’ s').!*!** [Indeed, when the

photolysis of 94 was carried out in the presence of BME, the only observed product was

5,6-dihydro-5-hydroxythymidine (8). This is consistent with photoreduction not
competing with Norrish Type I photocleavage of 94.

In the absence of any trap, the yield of 5,6-dihydro-5-hydroxythymidine (8)
remained unchanged and no thymidine (3) was observed (Table 9). This is quite
surprising since a hydrogen atom donor was expected to be required to trap 7 and
subsequently reduce the hydroperoxide to 8. The observation of 8 in the absence of trap
may indicate that another reaction pathway occurs in competition with trapping of the
peroxyl radical (7) that coincidentally leads to the same product. In addition, the absence
of thymidine (3), which was observed upon photolysis of 95 and 96 and believed to arise
via superoxide elimination from the peroxyl radical (7), suggests that the chemistry of the

ketone (94) is more complicated than expected.

0 O ph/\ofo' 0O o

(@) HO
A NS0 NS0
HO‘G © hv, O, HO—\ED He HO—\}()_? + Ph-"NOH
OH 94 H 7 H 8

Ph
SEL, eyl
- NH NH
HOH o NS0 o o o j\
*+ Ph H
OH 107 OH 8

Figure 52. Proposed mechanism for the formation of 8 upon photolysis of 94, Russell fragmentation.
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Upon photolysis of 94, the radicals are trapped at diffusion-controlled rates to
generate the respective peroxyl radicals.® Trapping of the peroxyl radicals by Bu,SnH
results in the formation of 8 and benzyl alcohol. Alternatively, if recombination of the
peroxyl radicals occurs to generate the tetraoxide (107), a Russell fragmentation can occur
to also generate 8, but in this case the by-product is benzaldehyde, which was observed in
the product mixture (Figure 52). One can argue that benzaldehyde can also arise via
recombination of two molecules of the benzyl peroxyl radical. However, it is erroneous to
assume that the benzyl peroxyl radicals would preferentially react with one another, rather
than with the nucleoside peroxyl radical (7).

It is unlikely that the nucleoside peroxyl radicals (7) undergo radical-radical
recombination to form a tetraoxide since the recombination of 3° peroxyl radicals is known
to be relatively slow (k = 2 x 10* M s").” The recombination of 1° and 2° peroxyl
radicals is considerably faster, having a rate constant >10° M"' s'7®  Although
recombination of two 3° peroxyl radicals is unlikely, the reaction between 7 and the I°
benzyl peroxyl radical may be sufficiently fast.”® The pseudo-first order rate for the
recombination of the nucleoside peroxyl radical (7) and the benzyl peroxyl radical was
estimated to be 5.2 s”'. This is based on the following assumptions: 1) the rate constant
for the recombination of the peroxyl radicals is 10° M' s™', and 2) the steady state
concentration of the peroxyl radicals is 2.6 x 10° M. Since 75% of the ketone (94, 0.1
mM) was converted in 8 h, the velocity of the reaction was 2.6 x 10° M s™', which we can
use to make the assumption that the steady state concentration of peroxyl radicals was 2.6 x
10 M. We believe that the thymidine (3) observed under aerobic conditions upon
photolysis of the selenide (96) occurs via superoxide elimination and we have measured
the rate constant as 21 s (Section 3.1.14.3). From the above argument concerning the rate
of recombination of the peroxyl radicals, it seems unlikely that a Russell fragmentation

would account for the absence of thymidine (3).
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An alternative explanation for the formation of 8 at the expense of thymidine (3)
involves recombination of the benzyl radical on the oxygen of 4 to generate 108. Similar
enol ethers have been shown to be unstable and readily decompose to the enolate (35,
Figure 53).” Tertiary carbanions that are resonance stabilized (e.g. 35) are known to react
with O, to ultimately lead to the alcohol (e.g. 8).'*" It has been proposed that the enolate
(35) reduces O, to generate the stabilized radical (4) and superoxide (O,”).'*’ The radical
is subsequently trapped by O. to generate the peroxyl radical (7), which undergoes

reduction by O, or the carbanion (35) to ultimately lead to 8.

Figure 53. Proposed mechanism for the formation of 8 upon photolysis of 94. oxidation by O,.

This mechanism also involves the intermediacy of 7, which we assumed the steady
state concentration was 2.6 x 10 M and would be too low for the Russell fragmentation to
be operative, despite the fact that the recombination is diffusion-controlled. However, in

this mechanism, the recombination adduct (108) may build up during the course of the
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reaction, resulting in a significantly higher steady state concentration of radicals. Hence,
this reaction pathway available to the peroxyl radical (7) may be able to compete with
superoxide elimination. Since the chemistry of the ketone (94) was more complicated than
expected, it was not further investigated as a precursor to 5,6-dihydrothymidin-5-yl (4).
3.1.6 Aerobic Thermolysis of the Bromide (95) and Selenide (96)

The thermolyses of 95 and 96 were carried out to confirm the observations made
during the photolysis (Tables 10, 11). The thermolysis was carried out in the presence of
Bu,SnH and VA-044 in THF:H,O (1:1 by volume). The conversion was much lower in
the aerobic studies, presumably due to quenching of the radical chain chemistry by the
presence of O,. Thermolysis of 96 resulted in the generation of thymidine (3) as the major
product (Table 10). When the reaction was carried out in the presence of (Bu;Sn),, the
amount of thymidine (3) did not change. Since thymidine (3) was not observed under
anaerobic conditions, generation of 3 in the aerobic experiments must be dependent on the

presence of O,.

Table 10. Aerobic thermolysis of 96.

% Yield % % Mass

(Bu,Sn). 3 8 34 Conversion Balance
- 28 +3 4+ 0 28+ 7 103 +6

+ 34+7 4+1 0 30+ 16 108 +7

* Thermolyses carried out at 37 °C for 24 h with {96] = 0.1 mM. [Bu;SnH] = 1.7 mM, and [(Bu;Sn),} =0.2
mM in THF:H,O (1:1 by volume).

The thermolysis of the bromide (95) under conditions identical to the selenide (96)
resulted in much higher conversion (Table 11). In addition, the major product generated
upon thermolysis of 95 for 19 h was 5,6-dihydro-5-hydroxythymidine (8), with a minor

amount of thymidine (3). When 95 was heated for a shorter amount of time (15 h), the
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conversion was lower, as expected, and the major product was 3. However, as the
reaction time was increased, 8 became the major product. This is consistent with the trend
observed upon aerobic photolysis of 95 and suggests that the higher conversion may not

be due to radical chemistry, but rather to decomposition of 95 at longer reaction times.

Table 11. Aecrobic thermolysis of 95.°

[Bu,SnH] % Yield % % Mass
(mM) Time (h) 3 8 34 Conversion Balance
1.0 IS5 166 3+0 0 24 + 8§ 95+3
5.1 15 22+5 5+0 51 34+4 97 +3
10.2 15 20+ 1 4+0 61 34+1 95 +0
1.7 19 8+1 49 = | 4+1 84+ 1 77 +2

* Thermolyses carried out at 37 °C with [95] = 0.1 mM and {VA-044] = 0.1 mM in THF:H,O (1:1 by
volume).

The results of the experiments involving the selenide (96) suggest that it is an
efficient radical precursor under both thermal and photochemical conditions. Under
anaerobic conditions, the expected product arising via the intermediacy of 4 was observed.
One would expect the formation of 8 in the presence of O,, but the major product was
thymidine (3). The bromide (95) appears to be an efficient precursor at short reaction
tumes. However, as the reaction time increases, there is evidence for decomposition of the
precursor. Interestingly, though, thymidine (3) was also observed upon aerobic
thermolysis and photolysis of 95. This issue involving the formation of thymidine (3) in
the presence of O, is consistent with our proposed pathway involving superoxide

elimination and will be addressed in greater detail in Section 3.1.13.
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3.1.7 Effect of Bu,SnH Concentration on Product Distribution

The photolysis and thermolysis of 95 and 96, respectively, was carried out over a
range of Bu,SnH concentrations. The effect of Bu,SnH concentration on the product
distribution may provide insight into their mechanism of formation. For example, if the
proposed mechanism involving superoxide elimination from the peroxyl radical (7) is

operative, then 8 and thymidine (3) arise via a common intermediate (7) and the ratio of the

products depends on the concentration of trap.

Table 12. Aerobic photolysis of 95 at 300 nm over range of [Bu,SnH]."

[Bu,SnH] % Yield % % Mass
(mM) 3 8 34 Conversion Balance 83
1.0 I15+0 180 27+0 93 + | 68+0 1.2+00
2.0 15+1 20+ 1 24 +3 91+ 4 68«2 1.3 +0.1
3.1 15+1 25+0 24 £ 2 94 + | 70+ 0 1.7 +£0.2
5.1 13+1 28 +4 25+1 96 + | 70+ 2 22+0.2
7.1 11+0 30+3 22+0 95 +1 67+4 2.7 £ 0.

3
*Photolyses carried out at 300 nm (A, = 300 nm. 84 watts) for 3 h with [95] = 0. mM in THF:H.O
(19:1 by volume).

Since the data suggests that the bromide (95) decomposes over the course of the
reaction, evident by the decrease in mass balance, 95 was photolyzed for a short period of
time (3 h). In addition, in order to ensure complete solubility of the Bu,SnH, the reactions
were carried out in THF:H,O (19:1 by volume). As the concentration of Bu,SnH was
increased, the ratio of 8:3 also increased (Table 12). This is indicative of competing
pathways involving 7 in which the pathway leading to 8 depends on the presence of
Bu.SnH. However, a significant amount of 34 was produced in the reaction that did not

change with increasing Bu,SnH concentration. One would expect some 5.6-
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dihydrothymidine (34) at high concentrations of Bu,SnH. However, the yield of 34
remains constant over the entire concentration range.

The effect of Bu;SnH concentration on product distribution was also investigated
upon thermolysis of the selenide (96). When the concentration of Bu,SnH was increased
from =2 to =22 mM, the yield of 8 increased and 3 decreased (Table 13). Although the
ratio of products differed significantly from the results of the bromide (95), it is important
to note that the ratio of products is dependent on the concentration of Bu,SnH. This resuit
suggests that 8 and 3 arise via a common intermediate and the generation of 8 is dependent

on the presence of Bu,SnH.

Table 13. Aerobic thermolysis of 96 over range of [Bg,SnH].“

“[Bu,SnH] % Yield % % Mass
(mM) 3 8 34 Conversion Balance 8:3
2.4° 40+ 6 15+1 11+3 87 +3 79 + 4 0.38 £ 0.07
21.8°¢ 6+1 54«2 S5+2 72 +3 93 +4 8.8 £0.5

* Thermolyses carried out at 55 °C; " [96] = 0.29 mM and [AIBN] = 0.20 mM: © {96] = 29 mM and
[AIBN] = 2.2 mM in THF:H,O (19:1 by volume).

3.1.8 Source of 5,6-Dihydrothymidine (34) upon Aerobic Photolysis of
the Bromide (95)

The presence of 34 in the aerobic photolysis experiments of the bromide (95)
suggests that radical chemistry does not account for all of the observed products.
Interestingly, a significant amount of 34 was not observed upon photolysis of the selenide
(96). One potential source for the significant amount of 34 in the photolysis is trapping of
the radical (4) by THF in competition with O,. This pathway is not likely to be responsible
for the formation of 34 upon photolysis of the bromide (95) since 34 was not observed

upon photolysis of 96, which was also carried out in THF. However, this possibility was
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addressed by carrying out the photolyses in THF-d;. Incorporation of deuterium in the
product would indicate that the THF was acting as a hydrogen atom donor.

The photolysis of 95 was carried out at 300 nm in the presence of Bu,SnH and
THF-d,. The major product was 34 with minor amounts of 8 and 3 (Table 14). The lack
of *H-incorporation in the product (34) indicated that the THF was not acting as a
hydrogen atom donor. It had already been shown that photolysis of 95 in the presence of
D.O also did not lead to “H-incorporation in the product (Table 14). Therefore, 34 is not

obtained by trapping the radical by THF or from an ionic intermediate.

Table 14. Aecrobic photolysis of 95 in THF-d,or D,O.*

Solvent % Yield %% %0 Mass .
3 8 34 Conversion Balance % “H-34
D,O 13+£1 21 £ 4 35+3 92 +0 81 +8 1.3+£03
THF-d, I11+£0 7+1 26+ 3 93+2 53+5 2x1

*Photolyses carried out at 300 nm (A, = 300 nm, 84 watts) for 3 h with [95] = 0.1 mM and [Bu;SnH] =
1.7 mM in THF-dgH,O0 (19:1 by volume) or THF:D,O (19:1 by volume).

Another possibility for the generation of 34 during the photolyses is the

decomposition of either the radical precursor or products. It has been shown that

thymidine (3) is not stable at 300 nm in the presence of BME under anaerobic
conditions.'*™ Therefore, the stability of 3 was investigated under the conditions used in
these experiments. When thymidine (3) was photolyzed at 300 nm for 3 h, the reaction
time used in the photolysis of 95, complete recovery of the thymidine was observed (Table
15). However, when the photolysis was carried out in the presence of Bu,SnH, more than

half of the thymidine was converted to 8 and 34.
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Since photolysis at 300 nm resulted in degradation of 3, the stability was
investigated at 350 nm. Regardless of the presence of Bu;SnH, 3 was stable at 350 nm for
up to 6 h (Table 15). The presence of 34 upon photolysis of the bromide (95) is attributed
to decomposition of 3 at long reaction times. Since the photolysis of 96 is complete in a
much shorter time (45 min), degradation of 3 is much less of a problem. Given these
observations, the photochemical efficiency of the radical precursors was investigated at 350

nm.

Table 15. Photolysis of 3 at 300 and 350 nm.”

% Yield % Yield % % Mass

Bu.SnH Wavelength 8 34 Conversion Balance
- 300 nm 0 0.1 +0 0 100 +0

+ 300 nm 13+1 16 +4 59 +1 48 + 7

- 350 nm 0 0 6+0 94 + 0

+ 350 nm 0 0 9+ 4 91 + 4

* Photolyses carried out at 300 nm (A_, = 300 nm. 84 watts) for 3 h or 350 nm (A_,, = 350 nm. 192
watts) tor 6 h with [thymidine (3)] = 0.033 mM and [Bu;SnH] = 10.2 mM in THF:H,O (19:1 by volume).

3.1.9 Anaerobic and Aerobic Photolysis of the Bromide (95) and Selenide
(96) at 350 nm

The photolysis of the selenide (96) was carried out at 350 nm and proved to be as
efficient at this wavelength as it was at 300 nm, undergoing complete conversion within 45
min (Table 16). Moreover, the results of the photolysis of the selenide (96) at this
wavelength are comparable to the results obtained when 96 was photolyzed at 300 nm
(Tables 3 and 7). When the photolysis was carried out in the presence of Bu,SnH and
(Bu,;Sn), under anaerobic conditions, the major product was 5,6-dihydrothymidine (34).

The minor amounts of thymidine (3) and 5,6-dihydro-5-hydroxythymidine (8) are
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attributed to the presence of O, not removed during degassing. A significant amount of

thymidine (3) was observed when the photolysis of 96 was carried out with BME as the

hydrogen atom donor. This is consistent with inefficient radical chain propagation, in
which disproportionation between the radical (4) and PhSee becomes more competitive.
Finally, when the photolysis was carried out in the presence of O,, the major products were

3 and 8.

Table 16. Anaerobic and aerobic photolysis of 96 at 350 nm.*

"% Yield % % Mass

Trap 0, 3 8 34 Conversion Balance
Bu,SnH" - 12+0 7+x1 46 = 1 100+0 64 +1
BMEP - 38+1 41 Tx1 1000 48 £ 2
Bu,SnH* + 41 x£2 9+0 0 100+ 0 50+2

* Photolyses were carried out at 350 nm (A, = 350 nm, 96 watts) for 45 min with [96] = 0.1 mM in
THF:H,O (1:1 by volume): " photolyses carried out with [trap] = 1.0 mM; ¢ photolyses carried out with
[Bu;SnH| = 1.7 mM and [(Bu;Sn),] = 0.2 mM.

When the bromide (95) was photolyzed at 350 nm in the absence of O,, the major
product was 5,6-dihydrothymidine (34), as expected. The photolysis of the bromide (95)
is much less efficient at 350 nm (Table 17) under aerobic conditions than when carried out
at 300 nm (Table 8). Although the yield of 34 was greatly diminished under aerobic
conditions, the conversion of 95 was only 32% after 6 h (Table 17). In addition, at short
reaction times. 3 is the major product. However, as the reaction time increases to 6 h, 8
became the major product . This is consistent with the aerobic thermolysis experiments and

indicates that 95 is not stable on the timescale of the experiment.
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Table 17. Anaerobic and aerobic photolysis of 95 at 350 nm.’

% Yield % % Mass
0, Time (h) 3 8 34 Conversion Balance
- 1 4+0 2+2 79 + 8 100 £ 0 84 +6
+ 1 3+1 2+1 2+2 1+1 106 = |
+ 3 6+3 4+1 3+4 18 +5 94 + 2
+ 6 6 14 0 32 87

* Photolyses carried out at 350 nm (A, = 350 nm. 96 watts) with [95] = 0.1 mM and (Bu;SnH] = 1.7
mM. Anaerobic photolyses carried out in THF:H,O (1:1 by volume) and aerobic photolyses carried out in
THF:H,O (19:1 by volume).

3.1.10 Stability Studies Involving 95

The bromide (95) may be inherently unstable, or it may be unstable to the reaction
conditions. Upon reaction of 96, the by-product is Bu,Sn-SePh. However, in the case of
95. the by-product oi the reaction is Bu;Sn-Br. Since the Sn-Br (47 kcal/mol) bond is so
weak, relative to the Sn-Se bond (96 kcal/mol) it may hydrolyze under the reaction
conditions to Bu,SnOH and HBr.'*® The presence of HBr in the reaction may either
contribute to the instability of 95 or affect the product distribution. To determine if HBr
had an effect on product distribution, several experiments were carried out. First, attempts
to scavenge the HBr with Et;N were investigated.

The thermolysis of 95 was carried out under aerobic conditions in the presence of
stoichiometric Et;N (Table 18). Although 95 was not stable to excess base, it was
unknown whether stoichiometric Et;N would result in decomposition under the dilute
conditions at which analytical experiments were carmied out. The product distribution was
the same regardiess of the presence or absence of Bu,SnH and initiator. These results

indicate that 95 is not stable in the presence of Et;N. Interestingly, though, the bromide
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(95) did not undergo elimination to generate thymidine (3) as expected, based upon the

observations made during the synthesis of 95 (Section 3.1.1).

Table 18. Thermolysis of 95 in the presence of Et,N.*

% Yield % % Mass

Bu.SnH VA-044 3 8 34 Conversion Balance
- - 0 37«1 34+2 100+0 70+ 1

+ - 0 24 +0 15+0 67+ 1 T2+ 1

+ + 0 26+0 16 £ 1 69 + 1 73+ 1

*Thermolyses carried out at 55 °C for 7 h with [95] = 0.1 mM. [Bu;SnH] = 5.1 mM. [VA-044] = 0.1 mM.
and [Et;N] = 0.1 mM in THF.

Since HBr. if produced during the reaction, could not be scavenged, its effect on
the product distribution was investigated with the selenide (96, Table 19). The photolysis
of 96 was carried out in the presence of Bu,SnH at pH ranging from 4 to 6.8. The change

in pH had no effect on the product distribution.

Table 19. Effect of pH on product distribution in aerobic photolysis of 96."

% Yield % % Mass
pH 3 8 34 Conversion Balance
6.8 42 %1 9+0 0 100+0 511
5.3 43 + 1 9+0 0 100 £0 511
4.0 40+ 4 9+0 0 1000 49 +4

* Photolyses carried out at 350 nm (A,,,, = 350 nm. 96 watts) for 45 min with [96] = 0.1 mM. [Bu;SnH] =
1.7 mM. and [)Bu;Sn),} = 0.2 mM in THF:H,O (l:1 by volume).

In addition to the effect of pH on the reactivity of 96, the effect of Bu,Snl and HBr

on the product distribution was investigated (Table 20). Thermolysis of 96 for 6 h resulted
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in 3 as the major product and a small amount of 8. Upon addition of Bu,Snl or HBr, the
product distribution did not vary. Therefore, the presence of Bu,SnBr or HBr should have
no effect on the products generated upon reaction of 95 if 5,6-dihydrothymidin-5-yl (4) is
being produced. The evidence suggests that 95 is inherently unstable over the reaction

times required for moderate conversion under aerobic conditions.

Table 20. Effect of Bu,Snl and HBr on Eroduct distribution in aerobic [hermolxsis of 96.°

% Yield % % Mass

Bu.Snl HBr 3 8 34 Conversion Balance
- . 23 +8 6+1 14+9 93 +4 49+ 2

- + 300 10+ 1 0 94 +0 46 =1

+ - 24+ 1 6+1 T2 86 +£2 49+ 2

*Thermolyses carried out at 55 °C for 6 h with [96] = 0.1 mM. [Bu;SnH] = 5.1 mM. [Vazo 52} = 0.1 mM.
[Bu;SnI] = 0.1 mM, and {HBr] = 0.1 mM in THF:H,O (l:1 by volume).

3.1.11 First-Order Rate Constant for Disappearance of the Selenide (96)
From the photochemical and thermal investigations of the radical precursors, the
selenide (96) appears to be the most versatile and reliable precursor for studies on 4.
Although 94 and 95 are efficient precursors under anaerobic conditions, the chemistry
under aerobic conditions was complicated by either inefficient conversion or competing
side reactions. The efficiency of the thermolysis of the selenide (96) in the presence of
Bu,SnH and VA-044 (103) was gauged by determining the kinetics for the conversion.
The conversion of 96 was determined in intervals over 1 h and a plot of the conversion
versus the time was constructed (Figure 54). The slope of the line was 5.13 x 10, which
corresponds o a first-order rate constant of 8.6 x 10~ s™ for the disappearance of 96, and a

t,» of 13.5 min at 37 °C.
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Figure 54. Plot of In[96],/{96], versus time.

3.1.12 Thermolysis of the Selenide (96) in the Presence of a Water-
Soluble Tin Hydride (109)

Since the selenide (96) proved to be an efficient precursor in which to study 4
under aerobic and anaerobic thermal and photolytic conditions. we wished to extend the
studies to more biologically relevant conditions. In order to mimic biological conditions as
closely as possible, we wished to carry out the photolysis and thermolysis of 96 in the
presence of a water-soluble tin hydride, which are typically used in radical chain reactions.
This would enable us to eliminate the need for organic cosolvents.

A water-soluble tin hydride (109) has been reported that traps alkyl radicals at 1.2
x 10° M s”', comparable to Bu,SnH."*"** However, in the presence of 109, complete

reduction of 96 was observed in the absence of initiator. Although the major product was
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34 as expected, a significant amount of deuterium was detected in the product when
reactions were carried out in D,O. The incompatibility of 109 with 96 may be due to one-
electron reduction of 96 to generate the radical anion (110, Figure 55). Evidence for tin
hydrides acting as electron donors and phenyl selenides as electron acceptors (under
photolytic conditions) has been reported.'*'** In addition, ligands on tin. such as the
glycol ligands on 109, reduce the oxidation potential through oxygen stabilization of the

5

resultant cation upon oxidation.'” Subsequent cleavage of 110 to either the carbanion

(38) or radical (4) will ultimately give rise to the reduced product, 34.

O
NH
PhSe-\@ll
( o~ /\/sk HO N O
- (] SnH o o
109 ° PhSe
e NH
o) NH
ons \tll OH 35 \ N/&o
€ NH HO 4 N O HOH o

(o]

v CH 110 \PhSe‘ : /t{/ o s
N o

OH HO o
96 i O/\/O\ ‘v

SnR;H OH 4

Figure 55. Proposed mechanism for the decomposition of 96 in the presence of 109.

An altermative explanation for the observed behavior of 109 with 96 requires
proposing that there is increased nucleophilicity of the tin hydride (109) due to the
inductive effect of the oxygen (Equation 10). Ligand to metal complexation may resuit in a
weakening of the tin-hydrogen bond, thus making the tin hydride behave more like a
“hydride”, which is able to reduce 96 in a bimolecular reaction. The oxygen ligand thus
stabilizes the resultant positive charge on the tin upon loss of the hydride. The mechanism

by which the reduction of 96 occurs remains to be determined. Due to the complicated
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nature of the chemistry observed in the presence of 109, its use as a hydrogen atom donor

was abandoned.

(/O ~ o /\/%SnH
109

3.1.13 Mechanism for the Formation of 5,6-Dihydro-5-hydroxythymidine
(8) and Thymidine (3)

The studies described thus far have shown that the selenide (96) is the most
promising radical precursor for studying 4. During the course of the investigation, one
important observation was made that should be stressed. Upon generation of the radical
(4) in the presence of O,, the alkyl radical should be trapped to generate the peroxy! radical

(7). The peroxyl radical (7) is expected to generate 8 in the presence of a reducing agent

(e.g. Bu,SnH. BME, Equation 11). However, in the studies described thus far with 96,

the major product was always thymidine (3). In addition, it has been shown that the

formation of 3 depends on the presence of O..

PhSe HO

NH l NH NH
/go hv or A N /&O /J§O

HO—@ 02 HO‘\G +HO‘\¢7 (ll)

OH 96 OH 3 OH 8

Furthermore, the results from the photolysis of 95 and 96 over a range of Bu,SnH

concentrations indicated that a common intermediate may be responsible for the formation
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of 3 and 8 (Section 3.1.7). The mechanism for the generation of 8 may provide insight
into the generation of 3 if they arise via a common intermediate. The source of oxygen in 8
may be molecular O, or water (Figure 56). Although thermodynamically unfavorable,
formation of the carbocation (111) as a common intermediate was investigated. If 111
was formed under the reaction conditions, trapping by H.,O would generate 8, whereas
deprotonation from the C6-position would generate 3. In order to determine the source of
the oxygen in the product (8), the thermolysis was carried out in H,'? 0. GC/MS analysis
of the persilylated nucleobases indicated no '*O-incorporation in the product (8).
Therefore. the source of oxygen in 8 is molecular O,, as expected for a radical process.
5.6-Dihydro-5-hydroxythymidine (8) arises via trapping and reduction of the peroxyl

radical (7).

o) o) 0 o]
PhSe H'®0
NH < "NH % NH NH
Ao NN NN o N
H,'%0

Ho—\i-ojN HO— o HO o —\ii? o}
hv or A
H 96 H 4 H 111 OH '®0-8

N
HO o HO o HO o
Bus;SnH
3

OH 150.g OH 7 OH

Figure 56. Mechanism for the formation of 8 via peroxyl radical or carbocation.

Another mechanism to explain the formation of 3 in the presence of O, is a

selenoxide elimination of 112 (Equation 12). It has been observed that subjection of o-
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selenoketones to radical chemistry in the presence of O, results in the formation of the c,

-unsaturated ketone.'*® Although the mechanism by which this occurs in unknown, the
' y

product was rationalized by invoking a selenoxide elimination.”’® Bear in mind that the
formation of 3 via this route dictates that there is no common intermediate in the generation

of 8 and 3.

o) Ph 0 o)
PhSe N o‘se‘ELNH B
X X by

Ho—\§i7 0 (o] HO—\§17'.‘l o HO—W (12)

OH 96 OoH 112 OH 3

There are two possible oxidants in the system that could generate the selenoxide
(112), peroxides from the THF or O.. If 96 was oxidized by peroxides in the THF, one
would expect to observe 3 under aerobic as well as anaerobic conditions. Recall that
thymidine (3) is not observed under anaerobic conditions (Tables 5, 6). Nonetheless, the
THEF used in the reactions was distilled from LiAlH, and passed through alumina to remove
trace amounts of peroxides. In addition, the reaction was carried out in CH,CN in which
peroxide formation is not expected. Regardless of the solvent used in the reaction, 3 was
still produced in the same O, dependent manner.

The other oxidant present in the system is O,. When the selenide (96) was
subjected to thermolysis conditions in the presence of Bu,SnH and absence of initiator,
there was no conversion of 96. Likewise, exposure of 96 to initiator in the absence of
Bu,SnH also did not result in generation of 3. This suggests that a selenoxide elimination

is not responsible for the generation of 3 since 96 is stable to the reaction conditions.
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Conversion of 96 to 3 is only observed under free radical conditions, indicating that
formation of 4 is a prerequisite for the formation of 3.

Evidence for a common intermediate in the formation of 8 and 3 was obtained from
experiments in which the effect of Bu,SnH concentration on the product distribution was
investigated. As the concentration of Bu,SnH is increased, the yield of 3 decreased and 8
increased (Table 13). The dependence of product distribution on the concentration of trap
present indicates that a common intermediate exists in which reactivity is partitioned
between two competing pathways. Although the ratio is not the same, the trend is
consistent with the photolysis experiments of the bromide (95. Table 12). The evidence
for a common intermediate. prerequisite for a radical intermediate, and the dependence on

the presence of O, led to the proposed mechanism outlined below for the generation of 3

(Figure 57).

0] o) 0] 8

N ’K O HO N HO N™ ~O
O,

HO /go HO N /go /K
(0] (0] 0] o
OH 7 OH 8

OH 96 OH 4
Bus;SnH
o O
NH
HOm o NSO HOo TNTTO 1[
02..+H’
OH 34 OH 3

Figure 57. Mechanism for the formation of 8 and 3 via peroxyl radical intermediate.

Upon generation of the radical (4) in the absence of O,, hydrogen atom abstraction

from the Bu,SnH generates 34. However, in the presence of O,, the radical is trapped to
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generate 7 at diffusion-controlled rates.®® The peroxyl radical (7) has two reaction
pathways available to it. Trapping by Bu,SnH yields the hydroperoxide, which is known

to be readily reduced to 8. An alternative pathway is available to 7 if there is a hydrogen

atom in the B-position of the molecule, as is the case for 7. Intramolecular hydrogen atom

abstraction from the C6-position by 7 generates the native nucleobase and HOOe. Recall

that this elimination reaction has been observed for compounds such as phenol (Equation
13).” If a peroxyl radical is generated with a hydrogen atom in the B-position,

intramolecular hydrogen atom abstraction occurs. If a suitable driving force exists, such as

the rearomatization in the case of phenol, the rate constant can be >10°s™.™

HO H O OH

@ HO», O, ©/° HOge @ (13)

The proposed mechanism for the fate of 7 is important for several reasons. To our

knowledge. this general reaction pathway available to 7 has never been observed for a
DNA based peroxyl radical. Since the effects of ionizing radiation have been studied on the
native nucleosides, the regeneration of thymidine (3) could not have been detected because
the product of such a process is the initial substrate. Second, this pathway provides the
peroxyl radical (7) with a naturally occurring repair mechanism in addition to the enzymatic
repair processes available to metastable lesions. Trapping of an alkyl radical by O, is
usually referred to as a damage fixing process, with the result usually a modified
nucleobase or strand scission in extreme cases. This pathway is an exception to this rule,
since 7 is able to repair itself and regenerate the nucleobase.

Although this mechanism provides a pathway in which the nucleobase can be

repaired, the by-product in the reaction is HOQOe. Since the pKa of HOOe is 4.8, under
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physiological conditions it will dissociate to O,". Although O,” is not deleterious to DNA,
it is known to generate the very reactive HOe and peroxynitrite which are known to damage
DNA. 1319303 Therefore, while the proposed reaction would restore thymidine (3) in
DNA, it has the potential to lead to DNA damage and the overall process could be
considered a double-edged sword.
3.1.14 Superoxide Elimination

Given the importance and novelty of the proposed superoxide elimination to
generate 3, experiments were conducted to gain evidence for the proposed mechanism and
determine the rate constant for the elimination. Two complimentary spectrophotometric
assays were utilized to gain evidence for the release of O,” during the formation of 3. One
assay involves the oxidation of epinephrine (73) to adrenochrome (74, Equation 14) while
the other relies on reduction of cytochrome ¢ (Equation 15)."*”'*° In the presence of O,",
73 is oxidized to 74 through a four-electron process. An increase in the absorbance at 480
nm due to the formation of adrenochrome (74) is indicative of the formation of O,".
Alternatively, one-electron reduction of cytochrome c results in an increase in absorbance at
550 nm. The advantage of the latter is the ability to quantitate the amount of cytochrome ¢

reduced and thus correlate the amount of superoxide generated to the yield of 3.

QH OH
HO 0, ] 3
n o > (14)
HO
73 Me 74 Me
480 nm
Cytochrome ¢ (Fe*") Cytochrome ¢ (Fe?*) (15)
550 nm
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3.1.14.1 Epinephrine Assay for Superoxide

The photolysis of 96 was carried out in the presence of epinephrine (73) and the
absorbance measured at 480 nm over a period of time. The absorbance increased relative to
the background (96 not present), in which the epinephrine (73) undergoes a small amount
of oxidation during the photolysis (Figure 58). To show that the increase in absorbance
was due to the formation of O,", the photolysis was carried out in the presence of
superoxide dismutase (SOD) and catalase. The SOD and catalase scavenge O,” and H.O.,,
respectively. In the presence of SOD (100 units), the absorbance was significantly
diminished (Figure 59). When the SOD was increased to 200 units, the absorbance was

completely quenched, indicating that O,” was responsible for the oxidation of 73.

0.035 - {

€ 0.025 - ]
o
O
[+]
2 i
[+)]
S 0.015 -
38 3
2 § { {
< 3
< 0.005 - : { i f {
g i
-0.005 Fr—r—rrr YT
0 20 40 60 80 100 120 140

Time (min)

Figure 58. Photolysis of: (@) 96 (0.1 mM) and epinephrine (0.1 mM); (B) epinephrine (0.1 mM).
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Figure 59. Photolysis of: (@) 96 (0.1 mM) and epinephrine (0.1 mM); () 96 (0.1 mM), epinephrine
(0.1 mM). and SOD (100 units); (&) 96 (0.I mM). epinephrine (0.1 mM), and SOD (200 units).

It was observed that increasing the concentration of Bu;SnH results in a decrease in
the amount of 3 generated, thus a decrease in the amount of O,”. Photolysis of 96 in the
presence of Bu,SnH should therefore result in a decrcase in the observed absorbance in the
epinephrine assay. When the photolysis of 96 was carried out in the presence of 73 and
Bu,SnH, the absorbance was completely quenched. Although the conditions used in the
photolysis resulted in 3, it appeared that O,” was not being generated. It is possible that the
Bu,SnH quenches the O,” or one of the radical intermediates generated during the
formation of 74 (Figure 60).

To address this issue, O,” was independently generated from KO,. When the O,”
wus generated in the presence of epinephrine (73) , the observed absorbance was 0.022 at
480 nm. However, when the O,” was generated in the presence of Bu;SnH, the

absorbance decreased to 0.007, supporting the above hypothesis.
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Figure 60. Mechanism for oxidation of 73 to 74 by O,"."*’

3.1.14.2 Cytochrome ¢ Assay for Superoxide

Although the epinephrine assay verified that O,” was being generated during the
photolysis of 96, quantitation was difficult since adrenochrome formation is not a
stoichiometric process and may involve radical chain chemistry. An altermnative
spectrophotometric assay for the detection of O,” involves cytochrome c. In this assay. the
Fe’" of the cytochrome c is reduced by O,", the absorbance of which can be measured. The
Fe™* species exhibits a charactenstic absorbance at 550 nm and can be quantitated, thus
allowing one to determine the amount of O,” generated during the course of the reaction.
This assumes that all of the superoxide generated reduces the cytochrome ¢, and no other
species is able to reduce the cytochrome c¢. The photolysis of 96 was carried out in the
presence of cytochrome ¢ and the absorbance monitored at 550 nm at defined time
intervals. The absorbance increased at 550 nm, indicating that the cytochrome ¢ was being

reduced (Figure 61).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.8000 - v ; v i i

[Abs]

A A

0.1100

Wavelength Cnm) 570.0

Figure 61. Photolysis of 96 in the presence of cytochrome c. t=0 (bottom) to 100 min (top) in 20 min
intervals.

The photolysis of 96 was carried out out at 350 nm in PE buffer (EDTA and
phosphate buffer). A significant increase in the absorbance was detected for samples
containing 96 relative to the control, which only contained cytochrome ¢ (Figure 62). The
amount of cytochrome c reduced corresponds to the amount of O, generated during the
photolysis. Photolysis of 96 in the presence of SOD (5 units) quenched 74% of the
amount of cytochrome ¢ reduction, supporting the contention that O, is responsible for the
reduction of cytochrome c¢. Additional SOD (100 units) resulted in no further reduction in
the amount of reduced cytochrome ¢. We suggest that the cytochrome ¢ reduction that
could not be suppressed was due to a superoxide-independent process involving PhSee

released upon photolysis.
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Figure 62. Photolysis of: (@) 96 (50 uM) in the presence of cyt ¢ (50 uM). EDTA (0.1 mM). and
catalase (252 units); () 96 (50 uM). cyt ¢ (50 uM). EDTA (0.1 mM). catalase (252 units); and superoxide
dismutase (3 units): (&) cyt ¢ (50 uM), EDTA (0.1 mM). and catalase (252 units).

The samples containing the selenide (96) that were photolyzed in the presence of
cytochrome ¢ were analyzed by reverse-phase HPLC in order to correlate the yield of
thymidine (3) to the amount of cytochrome ¢ reduced (Table 21). In the absence of SOD,
the amount of cytochrome ¢ reduced corresponds to =62% of the observed thymidine (3).
which is formed as a result of superoxide elimination. However, one should note that the
standard deviations measured in the experiments are significantly large such that the two are
within experimental error of one another. Given this caveat, the remainder of the thymidine
(3) generated upon the photolysis of 96 could be attributable to disproportionation between

4 and PhSee. When the photolysis was carried out in the presence of SOD, in which the
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O.” should have been scavenged, a small amount of cytochrome ¢ reduction was observed.

The observed cytochrome ¢ reduction is believed to be due to reduction by PhSee.

Table 21. HPLC analysis of samples containing 96 photolyzed in the presence of
cytochrome c.?

SOD % Yield 3 % Conversion % Cyst c reduced
- 29+8 49 +0 187
+ 25 %1 64+0 9+1]

* Photolyses carried out as described in Figure 62.

Photolysis of (PhSe), in the presence of cytochrome ¢ would provide evidence that
PhSee was partially responsible for the reduction of cytochrome c¢. Unfortunately,
solubility problems prevented us from carrying out this experiment. The cytochrome ¢
and/or (PhSe), were insoluble in CH,;CN, THF, MeOH, and DMSO mixtures (1:1 by
volume with PE buffer).

Although the above experiment could not be carried out, photolysis of 96 under
anaerobic conditions would provide the same information we hoped to gain from the
photolysis of (PhSe),. Upon photolysis of 96, the radical pair, 4 and PhSes, is generated.
Since 4 is an oxidizing radical, it is not expected to be involved in the reduction of
cytochrome c. Therefore, any observed cytochrome ¢ reduction can be attributed to PhSes.
Photolysis of 96 under anaerobic conditions resulted in a significant increase in absorbance
(Figure 63). As expected, the cytochrome ¢ reduction under anaerobic conditions could not
be quenched by SOD. This is consistent with reduction of the cytochrome ¢ by the PhSee.
Therefore, the reduced cytochrome ¢ produced in the presence of the phenyl selenide (96)
that could not be quenched by SOD under aerobic conditions is believed to be attributable to

PhSee.
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Figure 63. Anaerobic photolysis of: (@) 96 (50 uM), cyt ¢ (50 uM). and catalase (252 units); () 96
(30 uM), cyt ¢ (50 uM), catalase (252 units). and SOD (100 units); (&) cyt ¢ (50 uM) and catalase (252
units).

3.1.14.3 Rate Constant for Superoxide Elimination

The cytochrome ¢ and epinephrine assays provide evidence for the formation of O,"
upon photolysis of 96. The cytochrome c assay relies on the reduction of Fe’*, whereas
the epinephrine involves an oxidative process. The complimentary nature of the two assays
provides a stronger case for the presence of O,”, rather than an artifact of the photolysis.
Given the significance and novelty of the observed reaction, the facility of superoxide
elimination was gauged by estimating the rate constant for this process using competitive
Kinetics.

Upon photolysis or thermolysis of 96, a mixture of 3 and 8 were observed. Both

of these products are generated from 7, which partitions itself between two pathways in a

96

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



manner that is dependent on the concentration of Bu,SnH (Equation 16). The rate constant
for trapping a peroxyl radical (kg.) by Bu;SnH is =1.6 x 10° M s™'."*° By varying the
concentration of Bu,SnH, the dependency of the ratio of products on the trap can be

measured and the rate constant, kg, estimated using k,_, as a comparison.

0] o (o]

.0 HO
o otro ttn
HO N™ 70 HO N™ "0 gy,.snH HO N ~0
o _BusSnH - o (16)
Kgiim Kreq

OH 3 OH 7 OH 8

Competitive kinetics experiments were carried out under thermal conditions to
generate 4 from 96. In contrast to earlier studies on 96, the thermolyses were carried out
at 55 °C in THF:H,O (19:1 by volume) to ensure complete reduction of the hydroperoxide
to 8 and complete solubility of the Bu,SnH over its entire concentration range. As
expected. the yield of 8 increased, and that of 3 generally decreased when the
concentration of Bu,SnH increased (Table 22). This is consistent with more efficient
trapping of 7 as the concentration of Bu;SnH increases. The photolysis of the selenide
(96) was also carried out in aqueous CH,;CN. The product ratios were consistent with the
results of the photolyses carried out in aqueous THF (Table 22) and indicate that hydrogen
atom abstraction from the THF by the peroxyl radical (7) does not occur to give rise to 8.
Since trapping of 4 by Bu,SnH also becomes more competitive as the concentration
increases, the relationship between absolute yields of oxygenated products (3 and 8) and
[Bu,SnH] is not necessarily linear. Therefore, the ratio of 3:8 was plotted against

[Bu,SnH]"! rather than absolute yields (Figure 64).
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Table 22. Aerobic thermolysis of 96 with varying [Bu.SnH].*

[Bu;SnH] % Yield % % Mass
mM 3 8 34 Conversion Balance 38
1.0 S1+1 4+1 7x1 99 + | 63+1 120 £ 2.1
3.0 23 +9 7+5 13+9 71 +27 71 £23 40 =% 1.6
8.0 13+0 7+1 365 83+11 73+5 1.8 +0.2
10.0 20+2 19+6 19+3 86 + 7 7242 1.1 £0.2

* Thermolyses carried out at 55 °C for 24 h with [96] = 0.05 mM and [VA-044] = 0.05 mM in THF:H,O
(19:1 by volume).
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Figure 64. Plot of [3]/[8] versus [Bu;SnH]'.

Using Equation 17, where kg, and kg, are the rate constants for superoxide

elimination and trapping of 7 by Bu,SnH, respectively, k. was determined. The slope of

Elim
the line. 1.3 x 107, represents kg, /kg.,. Given that the rate constant for kg, is =1.6 x 10°

M s, the rate constant for superoxide elimination is estimated as 21 s.'*
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[3] _ KElim (17)
(8] kred [BuzSnH]

During the course of the investigations on the reactivity of 4, a novel pathway
available to the peroxyl radical (7) was discovered. The peroxyl radical (7) was shown to
undergo intranucleotidyl hydrogen atom abstraction from the adjacent carbon to restore the
native nucleobase (3) with release of HOQe. Restoration of thymidine (3) represents a
naturally occurring detoxification pathway available to the peroxyl radical (7), whereas
trapping of alkyl radicals in DNA by O, has been referred to as a damage-fixing event.
Interestingly, superoxide elimination was the major pathway observed for 7 in the presence
of Bu,SnH at concentrations as high as 10 mM. Therefore, superoxide elimination may be
a biologically relevant process. Although the elimination of superoxide restores the
nucleobase. the generation of HOOe may ultimately give rise to superoxide-derived
products that are able to induce damage in DNA. The involvement of superoxide in DNA

damage makes this pathway a potential double-edged sword.
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3.2 Dinucleotide Studies

One of the most abundant nucleobase radicals generated during ionizing radiation
and other forms of oxidative stress is 5,6-dihydrothymidin-5-yl (14)." The generation of
14 in ssDNA under aerobic conditions has been shown to lead to direct strand breaks and
alkaline labile lesions, whereas no damage was observed in the absence of O,.**” A novel
mechanism involving intemucleotidyl hydrogen atom abstraction by the peroxyl radical (9,

Equation 18) was invoked to rationalize the transfer of spin from the nucleobase to the

38.39

adjacent sugar, a necessary requirement for direct strand breaks. Pulse radiolysis

studies on poly T support this mechanism of internucleotidyl hydrogen atom abstraction by

nucleobase radicals. such as 14.*¢

Y & T o

o

Q
0=P—0 0=P—0
o v14 o _\§j9
o .

Although evidence suggests that spin is transferred from the nucleobase radical (9)

(18)

to the sugar via internucleotidyl hydrogen atom abstraction, this novel DNA damage
amplification process has not been rigorously characterized at the molecular level. In
addition. investigation of 5,6-dihydrothymidin-5-yl (4) at the monomeric level suggests
that a novel pathway involving superoxide elimination (Section 3.1.14) from its respective
peroxyl radical (7) may be a biologically relevant process. This pathway available to 7

may compete with the proposed internucleotidyl hydrogen atom abstraction pathway.
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Consequently, there are several questions we wished to address regarding the chemistry of

5.6-dihydrothymidin-5-yl (14) and its involvement in DNA damage amplification:

I. Can we provide further evidence that internucleotidyl hydrogen atom transfer
does not occur under anaerobic conditions?

2. Does the peroxyl radical (9) transfer spin from the nucieobase to the adjacent
sugar as suggested in previous studies? If so, does this process compete with
bimolecular reactions available to 9 (e.g. trapping by thiols)? What is the
stereoselectivity of this process?

3. Does the peroxyl radical (9) protect itself by eliminating superoxide in
competition with internucleotidyl hydrogen atom abstraction?

4. If hydrogen atom abstraction by 9 occurs from the C1’-position, is the 2-
deoxyribonolactone lesion (61) produced?

5. Can a radiosensitizing agent participate in DNA damage amplification involving
5,6-dihydrothymidin-5-yl (monomer 4 or dinucleotide 120) by acting as a

surrogate for O,?

These questions regarding the involvement of 5,6-dihydrothymidin-5-yl (4) in
DNA damage amplification were addressed through incorporation of the ketone (94) and
selenide (96) into dinucleotides 119 and 121 (Figure 65). The dinucleotide is the minimal
system in which to study the chemistry of 5,6-dihydrothymidin-5-yl (120). In addition, it
would be amenable to conventional organic product analysis because the dinucleotide
allows one to synthesize the expected products so that the observed products can be
confirmed using an authentic sample.
3.2.1 Design of the Dinucleotide

The dinucleotides were designed with several important features. The incorporation

of the phenyl selenide into its respective dinucleotide (121) is expected to provide an
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efficient source of 120 via thermolysis or photolysis. Likewise, the ketone containing
dinucleotide (119) provides an altemmative photolabile precursor to the same radical.
Although the chemistry of the ketone monomer (94) was not as clean as studies carried out
using the phenyl selenide (96), it was utilized to a limited extent in those involving the
dinucleotide. Furthermore, while the photochemistry of the ketone (94) was more
complicated than expected, the rate constant for internucleotidyl hydrogen atom abstraction
is not known. Hence, in the event that the latter process had a rate constant fast enough to
compete with the reactions occurring upon photolysis of the ketone (119), it would be a

useful substitute.

Ph
o - 0 o P
P

op—- 0=P—0 oé—o
K_j > k_j & '\Q

Figure 65. Alternate precursors to 5.6-dihydrothymidin-5-yl (120).

O

The dinucleotide was designed with a dimethoxytrityl (DMT) ether at the 5’ -end,
which provides a chromophore for convenient HPLC analysis. Most importantly. the
competition between O, elimination from the peroxyl radical (9) and hydrogen atom
abstraction from the adjacent sugar can be determined by product analysis since each

chemical process results in distinguishable products detectable by HPLC analysis.
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3.2.2 Synthesis of Dinucleotide Precursors and Expected Products

The dinucleotide precursors (119, 121) were synthesized via a coupling reaction
of single diastereomers of the free monomers (94 and 96), for which the syntheses have
already been described (Section 3.1.1), and the appropriate phosphoramidite. Although
mechanistic studies can be carried out with 119 and 121 as a mixture of diastereomers, the
syntheses of 119 and 121 were cammied out using the individual diastereomers of the
radical precursors (94 and 96) in order to simplify the synthesis and purification of
synthetic intermediates, as well as 119 and 121. The diastereomers of the protected and
free monomers were inseparable, but the 3’-protected monomers could be easily separated.
Selective deprotection of the ketone (100) and the selenide (101) was effected with 10%
TFA/H,O in THF to yield 122 and 123, respectively (Scheme 4). The diastereomers were
separated by column chromatography and subsequently deprotected with Et;Ne3HF to

yield 5R-94, 55-94, 5R-96, and 55-96 for the synthesis of 119 and 121.

Scheme 4*

NH /23-94 100% (R = ketone)
N,g ,g 5R-96 93% (R = selenide)
TBSON\ o O _, HOq o N

OTBS oTBS %
5R-,55-122 53% (R = ketone)

100 (R = ketone)

101 (R = selenide) 5RA-.55-123 49% (R = selenide) ' “\§_7

OH

5R-94 100% (R = ketone)
5596 88% (R = selenide)

*Reagents: a) 10% TFA/H,O. THF. O °C; b) Et;N«3HF, THF.
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Scheme §°

OH CN
o 94 (R = ketone)
124 ’Per 125 OH 96 (R = selenide)

DMT: u

DMTO 0&7
o N/&
o= P o 0=P—0~
N
d a_\ij ne > C _\i—j

OH OH
119 (R = ketone) 126 (R = ketone)
121 (R = selenide) 127 (R = selenide)
{ O
NH Monomer  Coupling (c) Deprotection (d)
u=(| 5R-94 42% (5R-126) 53% (5A-119)
o}

~rnr 55-94 43% (55-126) 64% (55-119)
R= Phge'§‘ 5R-96 51% (5R-127) 72% (5R-121)
Ph \)L y 55-96 58% (55-127) 59% (55-121) I

‘Reagents: a) DMTCI, pyridine; b) B-cyanoethyl diisopropylchlorophosphoramidite, CH,Cl,: c) tetrazole/
CH,CN (0.5 M), THF. 0 °C: 1.0 M L/THF:2.6-lutidine:H,O (2:2:1 by volume); d) 50% Et;N/THF, reflux.

The dinucleotides 119 and 121 were synthesized by coupling 94 and 96,
respectively, to the dU phosphoramidite (125, Scheme 5). The phosphoramidite (125)
was synthesized by protecting the 5’-alcohol of 2’-deoxyuridine (124) as the 4.,4'-
dimethoxytrityl (DMT) ether, followed by phosphitylation of the free alcohol. The
coupling of 125 to the monomers (94 and 96) was initially carried out on the mono-

protected compounds (122 and 123) to prevent the formation of regioisomers as a result

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of coupling to both the C3’- and C5’-alcohols. However, deprotection of the TBS
protecting groups resulted in decomposition of the ketone (119) and/or detritylation.
Therefore, the coupling reaction was carried out on the free monomers (94 and 96) under
carefully controlled conditions to minimize the formation of regioisomers.

A solution of 125 in CH,;CN was activated with tetrazole and added slowly to a
solution of the free monomer (94 or 96) in THF at O °C, and subsequently oxidized to
yield 126 and 127 (Scheme 5). Following deprotection of the phosphate with refluxing
Et;N. the compound was isolated as a mixture of Et;NH" and Na" salts, the latter
presumably resulting from work-up and purification. The products (119, 121) could be
isolated solely as the Na™ salt by passing the compound through a Dowex column that had

been treated with NaOH and neutralized.

O (0]

b
R Uy f ]

0]

0— P— 0=P—0
O'Na —\@ o} Na*-@

OH 128 OH 129

O=P_0 o O0=P_0 o o=nL-o
o Na*_\ij O'Na ‘\i_j O’Na:\}j
H 130 H 131 132
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In addition to the precursors, the expected products (128-132) from the reaction of
5.6-dihydrothymidin-5-yl (120) in the dinucleotide were independently synthesized. The
dU/5.6-dihydrothymidine dinucleotide (128) arises from trapping of 120 by hydrogen
atom donation, and was to be used to determine that the radical (120) was being efficiently
generated in the dinucleotide, as well as a tool for estimating the rate constant for
internucleotidyl hydrogen atom abstraction by 120. The dU/thymidine dinucleotide (129)
and dU/3,6-dihydro-5-hydroxythymidine dinucleotide (130) are expected to be generated
under aerobic conditions, as in the monomer (Section 3.1.5), via superoxide elimination
and reduction of the peroxyl radical, respectively. The 2-deoxyribonolactone/5,6-
dihydrothymidine dinucleotide (131) was one of the expected products if the Cl’-radical
was generated in the presence of TNM under anaerobic conditions. Finally, one of the
most important anticipated products was 132, which is the proposed product in the DNA
damage amplification pathway put forth upon intemucleotidyl hydrogen atom abstraction
by the peroxyl radical.

The synthesis of the product dinucleotides was conducted in an analogous fashion
as the synthesis of the radical precursors. However, the monomers (e.g. thymidine (3)
and 5,6-dihydro-5-hydroxythymidine (8)) required for the synthesis of 128-132 were not
sufficiently soluble in the THF solvent employed in the coupling of the monomeric radical
precursors (94 and 96, Scheme 5) to the dU phosphoramidite (125). Attempts to carry
out the coupling reaction in pyridine, a non-nucleophilic solvent commonly used in
nucleoside chemistry, were unsuccessful. It is possible that the pyridine may compete
with the diisopropylamine on the phosphoramidite (125) for the proton from the tetrazole.
Protonation of the phosphoramidite (125) by the tetrazole is necessary for activation.
Therefore, the coupling reactions were carried out on the 3’-protected compounds to
increase the solubility of the monomers in organic solvent that are compatible with the
coupling method, despite the aforementioned difficulties of removing the 3’-silyl protecting

group from the dinucleotides.
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Prior to carrying out the coupling reactions, the requisite monomers were
synthesized. Thymidine is commercially available. 5,6-Dihydrothymidine is generated
upon hydrogenation of thymidine. Thymidine and 5,6-dihydrothymidine were protected as
their bis(TBS) ethers (Section 3.1.1). The hydrogenation of thymidine is very selective
(5S:5R. 9:1). However, for these experiments a mixture of diastereomers was desired
since the photolysis would most likely generate a mixture of diastereomers (128) as
observed in the monomer studies (Section 3.1.2, 3.1.5). This was accomplished by
epimerizing the C5-center of the protected 5,6-dihydrothymidine with sec-BuLi, followed

by quenching with H,O to yield a ratio of 1.5:1 (55:5R).

Scheme 6*

TBSO a TBSOM\ 4
85%

TBSO

86%
OoTBS 5R-135 oT8Ss

‘Reagents: a) OsO,. NMO. THF. rerr-BuOH. H,O: b) m-(Trifluoromethyl)-benzoyl chloride, DMAP. THF,
-10 °C: ¢) N-methylcarbazole, hv. THF, H,O.

A diastereoselective synthesis of 135 required for the syntheses of 130 and 132

has been reported (Scheme 6)."*' This approach involves controlling the stereoselectivity at
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C5 during preparation of the diol, followed by deoxygenation at the C6-position. In the
dinucleotide studies. separation of the diastereomers was not crucial, and both
diastereomers of 130 and 132 were needed. The reported synthesis of the major
diastereomer (5R-135) involves synthesis of the glycol (134) via OsO4, which resuits in
only a minor amount of 55-134."*' Attempts to increase the yield of 55-134 by heating
the reaction mixture resulted in a 3:1 mixture of diastereomers. However, the minor
diastereomer could not be purified. Purification was probably further complicated by

epimerization of the C6-position under these conditions. Alternatively, 55-134 could be

selectively synthesized utilizing AD-mix o (asymmetric dihydroxylation reagent generated

in situ), but the reaction times were long, often taking as long as a week.'**

Scheme 7°

Tr

N
TBSO g a
39%

oTBs 97 OoTBS 135

o
H
Ofli'
o) N O
TBSO"\i07
“Reagents: a) sec-BuLi. DMPU. O,. ether/THF.

Since both diastereomers of the thymidine CS5-hydrate (135) were needed for the
dinucleotide studies and separation of the diastereomers was not crucial, a more direct route

was utilized in the synthesis of 135 (Scheme 7). It has been reported that O, is an
adequate electrophile for the synthesis of a-hydroxy carbonyl compounds.'*’ Therefore,

135 was synthesized as a mixture of diastereomers by quenching of the lithium enolate of
97 with O, in the presence of DMPU (Scheme 7). Upon quenching and reduction of the

peroxide with aqueous Na,SO,, 135 was isolated in 39% yield as a mixture of
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diastereomers (5R:5S, 3:1). Although the yield was only modest, this route for the
synthesis of 135 has the advantage that fewer steps are required than the previously
reported method."*! Moreover, the 5S-diastereomer is obtainable in greater quantities more
easily.

The lactone moiety of 132 is very labile and would not be stable to the reaction
conditions for the synthesis of the dinucleotide. Therefore, a precursor to 132 was
employed (146, Scheme 8) that would be stable to the reaction conditions required for the
dinucleotide synthesis from which the lactone could be revealed in the last step of the
synthesis. The rert-butyl ketone (68) was used in the studies on the Cl -radical and has

been shown to be a very efficient precursor to 70 (Equation 19).°%

0]

NH
fj\ A
O

OH 68 OH 70

The ketone (68) was synthesized utilizing the intermediate bromonitrile (142), for
which the synthesis has been reported (Scheme 8).'**!** Uridine (136) was converted to
the cyclouridine and subsequently protected as the bis(TBS) ether (137)."*¢ The

cyclouridine (137) was ring-opened by the addition of PhSe" generated in situ to yield the

a-selenide (138) exclusively in quantitative yield.'** Oxidation of 138, followed by a

selenoxide elimination, yielded the 1°,2’-didehydro nucleoside (140).'*° The 1°,2°-

didehydro nucleoside (140) was subjected to pivalic acid, followed by NBS, to yield the

bromopivaloate (141) as a mixture of diastereomers.'*'** The desired B-bromo-c.-

pivaloate (141) was obtained by recrystallization of the chromatographed product from

hexanes. The bromopivaloate (141) was converted to the nitrile (142) with TMSCN in
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the presence of a Lewis acid, and the bromide subsequently reduced under radical
conditions to yield 143. The nitrile (143) was treated with 3 equivalents of rerr-BuLi and
subsequently hydrolyzed to yield 144. The silylated ketone (144) could not be purified.
However, deprotection of 144 under mild conditions with Et;Ne3HF, followed by
recrystallization from CH,CN, afforded 68 as a pure compound in 34% yield from 143.
The ketone (68) was converted to the phosphoramidite (146) by protecting the primary

alcohol as the DMT ether and phosphitylating the 3"-alcohol.

Scheme §8°

O o (@ o]

NH N NH H
[ X ) @A ﬁl
HO OqL O, TBSO og"' ¢ TBSOA o O 4 TBSO 0

HO OH 136 TBSO 137 TBSO SePh 138 TBSO se, 139
h hle]
o) o o]
e
El:\NH d\ NH dj\ NH 67%
TBSO o nh 1BSO TBSO ot T8SO
JJ\’ \H’NH
cN 93% CN [ 83% 0~ MBu 52%
TBSO 143 TBSO 142 TBSO 141 TBSO 140
i
s0%| O o o o

¢LH ﬁNH GNH ﬁ\w
o ) /ko /go *O
TBSO o j HO o k DMTO o { DMTO o
Bu Bu MBu Bu
_\ij\( 62% m 97% _\ij\( 78% _\i_j\'(
o 0 o) o O 146

TBSO 144 OH 68 OH
145 - N”;‘o’\/CN
r

‘Reagents: a) diphenyl carbonate, NaHCO;. DMF, reflux; b) TBDMSCI. pyridine, 40 °C; c) (PhSe)..
LiAlH,. THF, reflux; d) m-CPBA, CH,Cl,. e) Et;N. CH,Cl,; f) pivalic acid. Et;N, NBS, ether; g)
TMSCN, SnCl,; h) Bu;SnH, AIBN., benzene, reflux: i) rerr-BuLi. THF. -78 °C, HOAc/H,O:; j) Et;N«3HF.
THF: k) DMTCI. pyridine: 1) B-cyanoethyl diisopropylchlorophosphoramidite. CH,Cl..
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In order to couple the various monomers to 12§, the 5’-TBS protecting group was
selectively removed (Scheme 9). Robins reported a method for the quantitative selective
deprotection of 5'-TBS groups for the ribonucleosides using 90% TFA/H.O.'*” However,
these conditions resulted in complete deprotection of the 2’-deoxyribonucleosides within 20
min. Consequently, altemative deprotection methods were explored. @ When the
bis(TBS)monomer was subjected to 10% TFA in aqueous THF, the 5’-protecting group
was removed on average to yield the desired compound in 50% yield. Despite the modest
vields, since the deprotection was early in the synthesis, the TFA method was employed
for the deprotection (Scheme 9). The monomers 147, 148, and 149 were synthesized

from their respective bis(TBS) precursors in 58, 35, and 52% yield, respectively.

Scheme 9°
TBSOW a Howifjs
OTBS oTBS
133(B=T) 147 (B=T)
97 (B = diHT) 148 (B = diHT)
135 (B = 5-OH) 149 (B = 5-OH)

I NH NH

35% (leT) 52% (5 OH)

‘Reagents: a) 10% TFA/H,O, THF. 0 °C.

The 3'-protected monomers (147, 148, and 149) were coupled to 125 (Scheme
10) as described above (Scheme 5). The phosphate was deprotected with refluxing Et;N,
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purified by column chromatography, and passed through Dowex cation exchange resin to

isolate its sodium salit.

Scheme 10°

DMTO o
DMTO u

O 125 o
] N
PoN-Po~CN  OTBS NC
2 147B=T) 150 (B=T) OTBS
148 (B = diHT) 151 (B = diHT)
149 (B = 5-OH) 152 (B = 5-OH)
DMTO-\¢-7U DMTo_v ‘
o)
1
0=P—0 o. B8 O—P —O0 o
(')'Na’—v O'Na® v
OH oTBS
128(B=T) 153(B=T)
129 (B = diHT) 154 (B = diHT)
130 (B = 5-OH) 155 (B = 5-OH)

por sheded

T diHT 5-OH

[ pCce® TBS®
Substrate Coupling (a) Deprotection (b) Deprotection (c)
147 80% 68% 51%
148 82% 70% 48%
149 74% 77% 54%

3BCE = B-cyanoethyl; °TBS = tert-butyldimethyisilyl

“Reagents: a) 0.5 M tetrazole/CH;CN; 1.0 M L/2, 6-lutidine:THF:H,O (2:2:1); b) 50% Et;N. THF, reflux;
¢) ENe3HF. Et;N. THF.
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As expected, desilylation of the dinucleotides was difficult. A variety of reagents
(e.g. TAS-F, NH,F, Et;Ne3HF) were attempted to deprotect the 3’-alcohol. TAS-F
([(CH,),N],;S™ [(CH,),F,]Si") is a neutral reagent that is compatible with acid and/or base
sensitive compounds. Hence, the dinucleotides were stable to these deprotection
conditions. However, contaminants from the reagent could not be removed from the
product. As expected, the other reagents proved too acidic for the extremely acid labile
DMT-moiety.

The most mild reagent employed was Et;Ne3HF. In the presence of excess EL;N,
the substrate was stable on the timescale of the deprotection. However, work-up of the
reaction proved problematic. The reaction mixture became too acidic upon concentration
and resulted in detritylation. Alternatively, quenching the Et;Ne3HF with NaHCO,
resulted in a poor yield, presumably due to the product being trapped in the salts.
Ultimately. the Et;Ne3HF was neutralized by passing the crude reaction mixture through an
anion exchange column (Amberlite). The resin contains polyamine groups which neutralize
the HF without contaminating the product with salt. The products were subsequently
chromatographed and passed through a cation exchange column (Dowex) to isolate them as
their sodium salts.

The lactone dinucleotides (131 and 132) were synthesized in a similar manner as
described above (Scheme 11). The ketone phosphoramidite (146) was coupled to a
diastereomeric mixture of the 3’-protected 5,6-dihydro-5-hydroxythymidine (149) or 5,6-

dihydrothymidine (148) in 63% and 71% yield, respectively. The dinucleotides (156 and

157) were deprotected with refluxing Et;N to remove the B-cyanoethyl group, followed by

deprotection of the TBS protecting groups with Et;Ne3HF to yield 160 and 161. The
ketone dinucleotides (160 and 161) were subsequently photolyzed at 350 nm in the
presence of O, to generate 132 (3:1, 5R:5S) and 131 (1.5:1, 55:5R) as a mixture of

diastereomers, which proved to be stable to purification by column chromatography.
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Scheme 11°

s e

DMTO oN o
K_?‘\yr's“ '
o)

o

oTBS

CN
o/\/
146

i
. ZN‘DQ

OH

149 (R = OH)
148 (R = H)

DMTO
Kﬁ?\(’a“"
NH

O=P O*@
‘Na*

O
OH

lper

DMTO

132 (R = OH; 3:1, 5A:.5S) 62%

131 (R = H; 1.5:1, 5S:5R) 62%
160 (R = OH) 37%

161 (R = H) 26%

‘Reagents: a) 0.5 M tetrazole/CH;CN; 1.0 M [/2. 6-lutidine:THF:H,0 (2:2:1);

¢) Et;Ne3HF. E;N. THF: d) hv. O,. CH;CN:H,O (1:1).

3.2.3 HPLC Analysis of Product Mixtures

%'Bw

NH
e Y
_P. - NC/\/O ﬁ@ 156 (R = OH) 63%

oTBS 157 (R=H)71%

NH

DMTO
lBuo

O—P 0 %
ONa—\Q

oT8s

158 (R = OH) 80%
159 (R = H) 67%

b) 50% Et;N. THF. reflux:

The product mixtures were analyzed by C8 reverse-phase HPLC to identify and

quantitate the products formed upon the photolysis of the dinucleotides (119 and 121).

In

particular, since one of the issues we wished to address was the diastereoselectivity of the

observed chemistry of 5,6-dihydrothymidin-5-yl (120),

it was crucial to separate the

diastereomers of each of the expected products. All of the authentic compounds could not

be separated under a single set of HPLC conditions.
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under two sets of conditions, all of the products (including their diastereomers) could be
quantitated.

The samples were analyzed using a solvent gradient of NH,HCO, buffer (0.2 M,
pH 6.2) and MeOH or CH,CN. The samples were first analyzed using CH,CN as the
organic solvent (Figure 66). These conditions allowed separation of 5SR-130, 5R- and 55-
128. 131, and 5R- and 55-132. However, 55-130 and 129 coeluted under these
conditions. In order to determine the yield of 55-130 and 129, which is the product
expected if superoxide elimination occurs, the samples were analyzed with a second
gradient program using MeOH as the organic cosolvent (Figure 67). These conditions
resulted in coelution of 5R- and 55-130, which were resolved from 129. Although 5S§-

130 was now separable from 129, both diastereomers of 128 and 132 coeluted with

129.
0 0
DMT N DMTow
O—P— o-P-o
O"Na® ONa—W
OH 128 OH 129
o
| NH
DMTO— N’go DMTO
0=P_0O 0O=P_-0 o=t_o 0

éwa_\i‘j éNav éNa_\Ej
H 1 H 131 H 132
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).0 100.0

Figure 66. Sample HPLC chromatogram using a solvent gradient of NH;HCO, and CH,CN: Peaks: 1I.
uracil; 2. 5R-130:; 3. 55-130. 129: 4, 55-128: 5. 5R-128. 6. 5R-132; 7. 55-132: 8. (5R. 55-121). 9.
benzophenone: 10. 78.

A A

0.0 100.0

Figure 67. Sample HPLC chromatogram using a solvent gradient of NH,HCO, and MeOH: Peaks: 1.
benzophenone; 2, (5R. 55-130); 3. 129, (5R, 55-128). (5R. 55-132): 4.79. 5. (5R. 55-121). 6. 78.
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The yields of each diastereomer of 128 and 132 were determined using the
CH,CN gradient (Figure 66). The total yield of 130 was determined from the MeOH
gradient (Figure 67), whereas the yield of 5R-130 was obtained from analysis under the
CH,CN conditions. The amount of 55-130 formed was determined by subtracting the
amount of 5R-130 from the total yield of 130. Once the yield of 55-130 was known, it
could be subtracted from the total yield of 55-130 and 129 that was obtained during the
analysis of the samples under the CH,CN conditions, providing the yield of the latter
dinucleotide. In addition, conversion of 121 and 119 (t; = 78.7, 79.7 min, data not
shown) and the yield of 78. which is the product that arises from elimination of 132
(Section 3.2.7), were determined by CH,CN analysis. The yield of 79, the formation of

which will be described later (Section 3.2.7), was obtained from the analysis under MeOH

conditions.

ElLN” DMTOR| o
~* kfo
DMTO o __

PhSe

v L

3.2.4 Photolysis of the Ketone Dinucleotide (119)

Although the photochemistry of the ketone (94) was complicated compared to
studies utilizing the selenide (96) in the monomer studies (Section 3.1.5). 94 was
incorporated into a dinucleotide (119). Since the rate constant for the proposed
internucleotidyl hydrogen atom abstraction (k,,.,) by the peroxyl radical (163) is unknown,

the possibility that it may be fast enough to compete with the proposed intermolecular
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recombination pathway (k_.) was considered (Figure 68). Therefore, 119 was

investigated as a potential precursor for 5,6-dihydrothymidin-5-yl (120).

(0] (0]
DMTO MTO
0= P— o= P—O
ONa ONa
OH 120 "0 OH 163
0 Kec o l Koater
NH NH
P
MT N™ "0 MT
DMTO o) O/\Ph DMTO
T/‘\NH HOO NH
S A ,
ot ooy ° 0=—0 o
O'Na O'Na*

Figure 68. Internucleotidyl hydrogen atom abstraction (k) versus recombination (k,..).

The ketone dinucleotide (119) was photolyzed (A, = 350 nm) under anaerobic

conditions in the presence of Bu,SnH or BME in aqueous THF. Complete conversion of

119 was observed after 8 h and the only product formed was 128. Given the results of
the aerobic photolysis of the monomeric ketone (94) in the presence of Bu,SnH (Section
3.1.5), the formation of 128 is not necessarily indicative of the intermediacy of the radical

(120, Figure 69). The ketone dinucleotide (119) may undergo photoreduction in the
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presence of Bu,;SnH to generate the alcohol (165), which may undergo a subsequent retro-

aldol to generate the dU/5,6-dihydrothymidine dinucleotide (128).

o}
NH
P
N~ O
o) DMTO~ o o o
NH
Ell < “NH I NH
DMTO o N" "0 o Q /KO DMTO N O
O'Na~
NH hv He
O Ph NH
o-a_ﬁf'i o T NS \QM
T\ o 0=P—0 o
O'Na 0 O'Na

o
e A
OH 119 eu3§mH\ [k/'t‘ 420' OH 128

OH 165

Figure 69. Photolysis of 119 under anaerobic conditions.

When 119 was photolyzed under aerobic conditions in aqueous THF in the
presence of Bu,SnH or BME, the only observed product was 130, which can arise by

reduction of the peroxyl radical (163) or recombination of the alkyl radicals (164, Figure
70). Photolysis of 119 in the absence of trap also resulted in the formation of 130,
consistent with the results obtained in the monomer studies (Section 3.1.5). The ketone
dinucleotide (119) was also photolyzed in aqueous CH,;CN. and again the only product
observed was 130, suggesting that 130 does not arise by trapping of the peroxyl radical

(163) by THF. Regardless of the solvent or trap used in the photolysis of the ketone
119
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(119). the 2-deoxyribonolactone (132) was not observed. These results indicate that if
internucleotidyl hydrogen atom abstraction results in the formation of 2-deoxyribonolactone

(132). this pathway cannot compete with recombination.
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Figure 70. Formation of 130 via reduction of the peroxyl radical (163) or recombination.

If recombination of the peroxyl radicals is significantly faster than internucleotidyl
hydrogen atom abstraction, the yield of 132, the proposed product formed during the latter
pathway, may be too low to detect by HPLC analysis. Consequently, the samples from the
aerobic and anaerobic photolyses of the 119 were analyzed by ESMS. A significant
amount of 130 was detected under aerobic conditions, consistent with HPLC analysis.
Also. the 2-deoxyribonolactone (132) was not detected in the reaction mixture by this

method of analysis. However, the phosphate (166), which could result from elimination
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from 132, was observed in the samples that were photolyzed in the presence of O, (Figure
71). This is not surprising given the lability of 132 to base and/or heat, and the formation

of 166 was considered to be consistent with the intermediacy of 132.

O o] O

P Je @1
DMTO DMTO DMTO o
o Ph (@] /g

o= P—O S o= P—O 0 0=FP—0 0

[DMTO l 7 o
6 O HO y
HO NH Q A
o) 0=P-0 o
0=p-0 o & w
N+
O Na oH 166
L OH 132 Observed by ESMS

Figure 71. Products observed upon aerobic photolysis of 119.

Although indirect evidence was obtained for the formation of 132, which could
arise via intermucleotidyl hydrogen atom abstraction from the C1’-position in 163, the
Norrish Type I photocleavage of 119 produces an additional peroxyl radical that may be
responsible for the hydrogen atom abstraction. To determine which peroxyl radical (163

or the benzyl peroxyl radical) is responsible for the hydrogen atom abstraction, the aerobic

photolysis of 119 was conducted under iow concentrations of BME. It was anticipated

that intermolecular hydrogen atom abstraction by the benzyl peroxyl radical will become

less competitive in the presence of a trap, whereas the intramolecular reaction by 163 will

121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



be affected less by the presence of BME due to the high effective molarity of the adjacent
sugar. Therefore, the addition of BME should prohibit the formation of 166 if the benzyl

peroxyl radical is responsible for the observed reaction. In the presence of BME, 166 was

still observed, suggesting that 163 is responsible for internucleotidyl hydrogen atom
abstraction from the adjacent sugar.
3.2.5 Anaerobic Photolysis of the Selenide Dinucleotide (121)

Investigation of the reactivity of 5.6-dihydrothymidin-5-yl (4. 120) in ssDNA
indicated that strand scission and alkaline labile lesion formation was an oxygen-dependent
process.”*? Although strand damage was not detected under anaerobic conditions, this
does not prove that hydrogen atom abstraction does not occur. It is possible that
internucleotidyl hydrogen atom abstraction occurs (e.g. from the Cl1’-position), but that
subsequent strand scission and alkaline labile lesion formation are dependent on O,. The
dinucleotide offers the possibility of probing this reaction pathway further to venfy the
observations made in the studies on ssDNA.

The dinucleotide (121) was photolyzed in the presence of Bu,;SnH under degassed
conditions. Complete conversion of 121 was attained after 1 h and the only observed
product was 128, expected upon trapping of 120 by Bu,SnH (Figure 72, Table 23).
Interestingly. the dU/thymidine dinucleotide (129) was not observed upon photolysis of
121. Recall that a significant amount of the analogous product, thymidine (3), was
observed during the photolysis of the selenide monomer (94), and was attributed to radical
cage chemistry. Only in the presence of (Bu,Sn), was the formation of 3 inhibited in the

monomer (Section 3.1.2). In contrast, when the photolysis of 121 was carried out in the

presence of BME. a significant amount of 129 was observed (Table 23). The formation of

129 in the presence of BME is consistent with inefficient radical chain propagation that

results in a significant amount of disproportionation between 120 and PhSe-.
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Table 23. Anaerobic photolysis of 121.*

Y% Mass

Solvent Trap % Yield 128 % Yield 129 5S:5R 128 Balance
THF Bu,SnH 30+ 5 0 22+02 305
CH,CN Bu,SnH 66 +11 0 1.2 +0.1 66 +11
THF BME 9+1 46 + 4 06=+=0 55+5
CH.CN BME 28+ 3 42 +2 06+0 70+ 1

*The photolyses were carried out at 350 nm (A, = 350 nm. 96 watts) for [ h with {121] =0.1 mM and
{trap] = 1.1 mM in THF (or CH;CN):H,O (1:1 by volume).
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Figure 72. Products observed upon anaerobic photolysis of 121.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The absence of 129 in the photolyses of 121 in the presence of Bu,SnH can be
explained if one assumes that the radical (120) is generated either by free radical chain
chemistry or direct bond homolysis. In the case of the dinucleotide, the DMT moiety may
compete with the phenyl selenide moiety for the light. This is evident by the longer
reaction times required to achieve complete conversion of the phenyl selenide dinucleotide
(121) than when using the monomer (96). Consequently, the bond homolysis pathway
may become less efficient and fewer chains are initiated per given period of time, resuiting
in a greater proportion of the radical being generated via free radical chain chemistry in
which radical cage chemistry is not an issue. The significance of this observation will
become more apparent when analyzing the results from the aerobic photolysis of 121 with
respect to the origin of 129 (Section 3.2.6).

Another interesting observation made upon anaerobic photolysis of 121 is the
diastereoselectivity exhibited upon trapping of 120. Recall that in the monomer studies,
the photolysis of 96 under anaerobic conditions resulted in a 1:1 mixture of diastereomers
of 5.6-dihydrothymidine (34, Section 3.1.2). However, in the dinucleotide, the ratio of
diustereomers of 128 depended on the trap. When the photolysis of 121 was carried out
in the presence of Bu,SnH, the major diastereomer was 5S-128, which results from
trapping of the radical (120) from the re face. In the dinucleotide, one would expect that

the 5°-dU moiety would partially block the si face of the radical (Figure 73). In order to
explain the observed diastereoselectivity in the presence of BME, we suggest that this
hydrogen atom donor hydrogen bonds to the nucleobases. When the BME is hydrogen

bonded to the nucleobase containing the radical (120), the diastereotopic faces of the

radical are equally accessible. However, when the BME hydrogen bonds to the uracil

moiety, the hydrogen atom is delivered preferentially from the si face, resulting in 5R-128

as the major diastereomer.
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Figure 73. Model ot dU/5.6-dihvdrothymidin-3-vI dinucleoude «120).
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3.2.5.1 Internucleotidyl Hydrogen Atom Abstraction by 120?
Anomerization as a Mechanistic Probe.

With confirmation that the radical (120) is efficiently generated in the dinucleotide,
the question of internucleotidyl hydrogen atom abstraction was addressed (Equation 20).
The possibility exists that hydrogen atom abstraction may occur from the Cl’-position, as

had been proposed.“‘” This was observed in the studies on 5-BrdU (81), in which it was

observed that the more reactive o radical abstracts a hydrogen atom from both the C1’- and

C2 -positions, resulting in the formation of alkaline labile lesions and direct strand
breaks.”™ Studies involving 120 in ssDNA indicated that no direct strand breaks or
alkaline labile lesions are formed.*®**° However, one cannot ignore the possibility that
hydrogen atom abstraction may occur from the C1’-position, the most easily abstracted
Table 2). but that subsequent strand scission and alkaline labile lesion formation is an O,

dependent process.

0=P-0— ¢ N0 hv O=P-0— o N/go (20)

H 167 H 168

This possibility was investigated in the deprotected dinucleotide (167. Equation

20). which was prepared by detritylation of 121. It has been shown that generation of the

C1’-radical (169) results in generation of the a-anomer following reaction with thiols.*’

Therefore, if 168 participates in internucleotidyl hydrogen atom abstraction from the C1’-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



position in the presence of an exogenous hydrogen atom donor (e.g. Bu;SnH), the -

anomer should be detected (Figure 74).

N
HO o
H (o]
L}fj\ NH kmter \'EIL NH Buaan

Ao o=h-o

Cl)‘Nab 6‘Na:\§_7 o Nc:\ij

OH 168 OH 169 OH 170

Figure 74. Anaerobic photolysis of 168 to probe for internucleotidyl hydrogen atom abstraction by
169 and subsequent anomerization.

Table 24. Anaerobic photolysis of 167, followed by digestion, to investigate
anomerization.*

% Yield % % Mass

Bu.SnH dU 3 34 Conversion Balance
- 95 +4 50+3 18 +1 100 £ 0 82 +4

+ 88 +6 19+2 S0+11 100+0 79 + 8

*The photolyses were carried out at 350 nm (A, = 350 nm, 96 watts) for 1 h with (167] = 0.1 mM and
(Bu;SnH] = 1.1 mM in THF:H,O (l:1 by volume). Upon digestion. the theoretical vield for dU and (3 +
34) was 0.1 mM. Therefore. the theoretical percent yield for dU and (3 + 34) was 100%; 3 = thymidine.
34 = 5.6-dihydrothymidine.

The photolysis of 167 was carried out in the presence and absence of Bu,SnH
under anaerobic conditions and the samples subjected to enzymatic digestion to release the
nucleosides (Table 24). Analysis of the intact dinucleotides indicates that <3% of the

dU/thymidine dinucleotide (129) was formed in the presence of Bu,SnH. The significant

127
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amount of thymidine (3) observed in the digested samples may be due to decomposition of

unreacted selenide (121) during the digestion. Analysis of the cleaved dinucleotides

indicated that only the B-anomer of dU was released during the digestion. There was no

evidence for hydrogen atom abstraction from the C1’-position in the form of «-dU by the

nucleobase radical (168). Therefore, the rate constant for internucleotidyl hydrogen atom
abstraction by 168 must be < 220 s”'. This is based on the following using the given rate

expression (Equation 21): 1) the rate constant for trapping of the alkyl radical (168) by

Bu.SnH is 4 x 10° M" s, 2) the ratio of B-dU:a-dU observed upon independent

generation of the Cl’-radical in a monomer is 3:2, and 3) the detection limit for a-dU is

2%'35.113

[(I-dU] _ ka klnlcr
[B-dU]  \ ko + kg | ky [Bu;SnH]

kimcr (2 l)

)(4 x 106 M s )(1.1 x 107 M)

0.02=

TN
w9

. - -1
l‘inlcr =220s

3.2.5.2 Internucleotidyl Hydrogen Atom Abstraction by 120? The Use of
Tetranitromethane (TNM) as a Mechanistic Probe.

The results obtained above argue against internucleotidyl hydrogen atom abstraction
by 168 (or the analogous 120). Further evidence for this proposal was obtained by
carrying out the photolysis of 121 in the presence of tetranitromethane (TNM, Figure 75).

Tetranitromethane (TNM) has been utilized as an oxidant in pulse radiolysis studies.'**'*

128
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Since 120 is an oxidizing radical, it is not expected to undergo oxidation by TNM.
However. if 171 is generated in the presence of TNM, oxidation should occur to generate
the carbocation (172). Upon trapping by H,O, 131 would be formed. Hence, TNM
could provide an approach complementary to that using anomerization for probing
internucleotidyl hydrogen atom abstraction. Although it is not expected that 120 will be
oxidized by TNM, one cannot ignore the possibility of trapping the radical by TNM since

alkyl radicals are known to readily react with this compound.'®-'*

(o] o
NH NH
DMTO DMTO DMTO
‘\i_? \,::kNH TNM NH
O= A’—O O= P—O o P—O
O Na o Na o Na
OH 17 OH 172 OH 131

Figure 75. Oxidation of Cl'-radical (171) by TNM.

When 121 was photolyzed in the presence of TNM, the observed products were

129 and 130 in the absence of PBME (Figure 76, Table 25). The dU/3,6-

dihydrothymidine dinucleotide (128) was also detected when the photolyses were carried
out in the presence of a hydrogen atom donor. The lactone (131) was not observed, which
is consistent with the observations of the anomerization experiment (Figure 74, Table 24).
The absence of 131 in the product mixture again suggests that 120 does not participate in

internucleotidyl hydrogen atom abstraction to generate the C1-radical (171).
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Figure 76. Observed products upon photolysis of 121 in the presence of TNM.

Table 25. Anaerobic _photolysis of 1. 121 in the presence of TNM.*

"% Yield % % Mass

BME 128 129 130 Conversion Balance
- 0 30+6 5+0 79+3 44 +6
+ 61 29+0 6+0 76 + 4 54«1

*The photolyses were carried out at 350 nm (A, = 350 nm. 96 watts) for | h with [121] = 0.1 mM and
[BME] = 1.1 mM in CH;CN:NH_HCO, buffer (25 mM. pH 6.8; 1:1 by volume).

The dU/thymidine dinucleotide (129) presumably arises via disproportion between
120 and PhSee, generated upon direct photocleavage of the C-Se bond. The presence of
130 under anaerobic conditions is an interesting result. To gain insight into the ongin of
130, the photolysis of 121 was carried out in H,'*O, which showed that the '*O-
incorporation in 130 was 3.1 = 2.8%. The lack of '*O-incorporation in 130 indicates that
120 may be trapped by TNM (Figure 77). The covalent adduct (172) then decomposes to
generate 130. This experiment presents a shortcoming of using TNM in pulse radiolysis
studies as an oxidant for reducing radicals due to the fact that the radical(s) may be trapped

by the TNM in addition to undergoing oxidation.'**'*

130
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Figure 77. Proposed reactivity between 120 and TNM.

3.2.6 Aerobic Photolysis of the Selenide Dinucleotide (121)

The photolysis of the dinucleotide was carried out under aerobic conditions to
verify the reported oxygen-dependent DNA damage amplification process, gain evidence
for the intermediacy of the 2-deoxyribonolactone (132). and to determine if superoxide
elimination is a competitive pathway.’®?° As mentioned previously (Section 3.2.4), the

first issue was supported by ESMS analysis of photolysates of 119 (Figure 78).
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Figure 78. Formation of phosphate (166) upon aerobic photolysis of 119.

Although the detection of 166 suggests that the 2-deoxyribonolactone (132) is

formed upon the photolysis of 119, direct evidence for this diagnostic product was

131
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desired. The possibility of internucleotidyl hydrogen atom abstraction under aerobic
conditions was further investigated utilizing the phenyl selenide dinucleotide (121). The

photolysis of 121 was carried out under aerobic conditions in aqueous THF or CH,CN in

the presence of Bu,SnH or ME as a hydrogen atom donor. Complete conversion of 121

upon photolysis at 350 nm was observed after 1 h (Table 26).

Table 26. Acrobic photolysis of 121. observed products.”

% Yield % Yield % Yield % Yield % Mass

Solvent Trap 128 129 130 132 Balance
THF Bu,SnH 0 34+ 10 26+16 0.16 + 0.01 60 + 6
CH,CN  Bu,SnH 0 62+ 4 27+3  0.27 + 0.09 87 +7
THF BME 18+3 2+4 24+ 12 0 63+ 18
CH,CN BME 442 28 + 17 33+3 0.1 +0.1 65 + 22
THF - 0 43+ 6 17+3  0.25+001 60 + 4
CH,CN - 0 41 = 14 36+8 0.29 + 0.1 77 +8

*The photolyses were carried out at 350 nm (A, = 350 nm, 96 watts) for | h with {121] = 0.1 mM and
[trap] = 1.1 mM in THF (or CH;CN):H,O (1:1 by volume).

O
NH NH
DMTO _\ij DMTO -\Q DMTO v
—P—O \d -P-—O \tf\ —P—O \tlvj\
O'Na O Na* O Na
OH 129 OH 130 OH 132

The major products formed upon photolysis of the phenyl selenide dinucleotide

(121) are 129 and 130, which arise from the intermediate peroxyl radical (163, Figure

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



79). The ratio of 129:130 in the photolyses carried out in the presence of Bu;SnH in
aqueous THF was =1.3. which is considerably lower than the ratio of the analogous
products observed in the monomer studies (=12, Section 3.1.14.3). Although the
dinucleotide and monomer studies were both carried out in aqueous THF, the dinucleotide
was photolyzed in 1:1 THF:H,O, whereas the monomer studies were carried out in 19:1
THF:H,O. The higher yield of 130 in the dinucleotide studies may be a reflection of the

151

increased rates of hydrogen atom donation in more polar solvents.” We also cannot rule

out a solvent effect of the elimination reaction (k).

0 o] o)

NH NH NH
DMTO DMTO— o N O DMTO— o, N o

Ho\tu\ NH ©f BME o o \ELNH -HOO* o \fLNH

| Ker |
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O'Na _p O'Na'_v O'Na"v

OH 130 OH 163 OH 129

Figure 79. Intranucleotidyl pathways available to the peroxy! radical (163).

The dU/5,6-dihydro-5-hydroxythymidine (130) is generated upon reduction of
163. whereas 129 arises from elimination of superoxide. Recall that under anaerobic
conditions in the presence of Bu;SnH, 129 was not observed upon photolysis of 121
(Section 3.2.5), suggesting that this product arises solely from superoxide elimination.
One may argue that the presence of O, inhibits free radical chain chemistry, resulting in
more disproportionation between 120 and PhSee to generate 129. However. when the
photolyses of 121 were carried out in the presence of Bu;SnH and (Bu,Sn), (0.2 mM) to

ensure efficient chain propagation, the yield of 129 did not change. This supports the
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proposal that 129 arises solely from superoxide elimination. The formation of 129 and
130 enabled us to estimate the rate constant for internucleotidyl hydrogen atom abstraction
by competitive kinetics. If the assumption that 129 arises solely from superoxide
elimination is inaccurate. then the rate constant based on the formation of 130 can be used
for comparison purposes. The rate constant for superoxide elimination was estimated in
the monomer studies (Section 3.1.14.3), and the rate constant for trapping of the peroxyl
radical (163) by Bu,SnH is known.'*

The formation of 130 is useful for estimating the rate constant for intemucleotidyl
hydrogen atom abstraction, but more interesting is the dependence of the ratio of
diastereomers on the trap present during the photolysis (Table 27). When the photolysis
was carried out in the presence of Bu,SnH, the major diastereomer was 5R-130. as
expected for trapping of the peroxyl radical (163) from the re face. This is consistent with
the observations made for the anaerobic photolysis of the dinucleotide, in which the radical

(120) was also trapped from the re face (Section 3.2.5) in the presence of Bu;SnH.

Table 27. Acrobic photolysis of 121, observed diastereoselectivity of 130 and 132.*

Solvent Trap 58:5R-130 55:5R-132
THF Bu,SnH 0.48 + 0.40 nd
CH,CN Bu,SnH 0.63 + 0.04 6.3+ 1.8
THF BME 3.5+2.7 nd
CH,CN BME 2413 6.4
THF - 0.57 £ 0.20 1.7 £0.1
CH.CN - 1.3 +0.6 49 + 1.2
*The photolyses were carried out at 350 nm (A, = 350 nm. 84 watts) for 1 h with [121] = 0.] mM and
{trap] = 1.1 mM in THF (or CH.CN):H,O (1:1 by volume).
134
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The observed preference for formation of the 5SR-diastereomer of 130 may arise
from selective O, trapping of the radical (120) or selective trapping of the resuitant peroxyl
radical (163) by Bu,SnH. Given the higher reactivity of O, with alkyl radicals (2 x 10° M
''s), it is not likely that the formation of 163 proceeds with high diastereoselectivity.™
We propose that the 5’-moiety of the dinucleotide partially blocks the si face, resulting in
preferential trapping of the peroxyl radical (163) by Bu,SnH from the re face. This
explanation is consistent with the results of the monomer studies, in which either face of
the peroxyl radical (7) is readily accessible and the diastereomeric ratio of the analogous

product (8) was =1:1 (Section 3.1.5).

When the photolysis of the dinucleotide was carried out in the presence of BME, the

major product was 55-130, which is consistent with trapping of the peroxyl radical (163)

from the si face. This observation is consistent with the diastereoselectivity observed for

trapping of the nucleobase radical (120) by BME (Section 3.2.5). Recall that this
observation was explained by hydrogen bonding of the BME to the nucleobase (Figure 80).
When the BME is hydrogen bonded to the nucleobase containing the peroxy!l radical

(163). the diastereotopic faces are equally accessible. However, when the BME is

hydrogen bonded to the uracil moiety, the hydrogen atom is delivered preferentially from
the si face, resulting in 55-130 as the major diastereomer (Figure 80). The observed
diastereomeric ratio of 130 (0.9 £ 0.1) in aqueous CH,CN when terr-BuSH, which is not
expected to hydrogen bond to the dinucleotide, was used as the hydrogen atom donor

supports this explanation. The presence of 128 in the aerobic photolyses is also consistent

with the ability of BME to hydrogen bond to the dinucleotide, in which trapping of the

nucleobase radical (120) by BME becomes competitive with trapping by O, due to its

higher effective concentration.
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Figure 80. Model of the peroxyl radical (163) with BME hydrogen bonded to the nucleobase.
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The most interesting product observed upon photolysis of 121 was the 2-
deoxyribonolactone lesion (132), which was proposed to be involved in DNA damage
amplification involving the peroxyl radical (163, Figure 81).%**° This is the first direct
evidence for the formation of 132 upon internucleotidyl hydrogen atom abstraction by the

peroxyl radical (163).
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Figure 81. Formation of 2-deoxyribonolactone (132) upon internucleotidyl hydrogen atom abstraction
by the peroxyl radical (163).

Since the yield of 132 was so low, the possibility that its formation was an artifact
and was attributable to another reactive species (e.g. HOe-mediated generation of the C1°-
radical) was investigated. Recall that the formation of the dU/thymidine dinucleotide (129)
was a result of superoxide elimination. Under the reaction conditions, the HOOe- release
from the nucleobase will dissociate to O,”. Although precautions were taken to eliminate
metal ions in the reaction, one cannot rule out the presence of trace metals. Therefore, it is
possible that the HOe is generated in the photolysis of the dinucleotides. The HOe has been
shown to preferentially react with the nucleobase, but a small amount does react with the

sugar by hydrogen atom abstraction.'
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Carbohydrates, such as mannitol, are commonly used to scavenge HOe.' If the
photolysis of the dinucleotide was carried out in the presence of mannitol, any damage
induced by the presence of HOe will be diminished. However, the yield of 132 (0.16 +
0.01%. see Table 26 for conditions) was independent of mannitol (1.1 mM), indicating that
the formation of the Cl’-radical is not due to hydrogen atom abstraction by HOe.

Interestingly, the intemucleotidyl hydrogen atom abstraction by 163 is a
diastereoselective process. The 5S-2-deoxyribonolactone dinucleotide (55-132) was
generated preferentially over 5SR-132 (Figure 82). This is in agreement with models of the
peroxyl radical (163) that suggest 55-163 (Figure 83) is better positioned to reach the

C1 -hydrogen atom of the adjacent sugar, whereas SR-132 (Figure 84) is directed away

from the sugar.

\ -0 O o~
pZ |
0 o B 0=P—0— 4 N’go
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W o H o 5A-132 OH
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Figure 82. Diastereoselective internucleotidyl hydrogen atom abstraction by 163.
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Figure 83. Model of 35-163.
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Figure 84. Model of 5R-163.
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The peroxy! radical (163) partitions itself among internucleotidyl hydrogen atom
abstraction (k,,.), intermolecular hydrogen atom abstraction (kg.). and superoxide
elimination (kg,,, Figure 85). The rate constant for internucleotidyl hydrogen atom

abstraction (k) was calculated using either the ratio of 129:132 or 130:132. which

mter

correlate to kg, /k,. and kg /k,,... respectively (Table 26). Since the rate constant for

inter nter®

superoxide elimination (k) is known from the monomer studies (21 s’', Section
3.1.14.3) and the formation of 129 in the presence of Bu,;SnH is believed to be due solely

to superoxide elimination, the rate constant for internucleotidyl hydrogen atom abstraction

(k_ ) was estimated at 0.1 s™.

nter

In addition, the rate constant (k) was calculated using the ratio of 130:132 since

the rate constants for the trapping of peroxyl! radicals by Bu,;SnH and BME are known
(Kgeaipugsan = 1.6 X 10° M 8™, Ky youpy = 5 X 10° M! s7).%"-'*°  The rate constant for

internucleotidyl hydrogen atom abstraction (&,,.,) was estimated as 0.018 s™' using the ratio
of 130:132 observed in photolyses carried out in CH,CN in the presence of Bu,SnH

(Table 26). The calculated rate constant (k.. = 0.017 s™') using the data from the
photolyses carried out in BME is in close agreement.

The rate constant calculated for internucleotidyl hydrogen atom abstraction by the
peroxyl radical (163) is reasonable based on literature values for the analogous reaction.
For example, tert--BuQOQe abstracts a hydrogen atom from THF, which may be a simple
model for deoxyribose. with a rate constant of 0.085 M s™'.'** In addition, hydrogen
atom abstraction by rerr-BuOOe from cumene has recently been measured and has a rate
constant of 0.74 M s'.'** Comparison of the first-order rate constant obtained in the
dinucleotide studies (k,,.,) to the bimolecular rate constant for the reaction of terr-BuOOe
with THF suggests that the effective molarity of the sugar in the dinucleotide is 0.2-1.2 M.

Since one would anticipate that the bimolecular rate constant (0.085 M*s?) is a lower limit

for the analogous reaction with the sugar moiety, the effective molarity of the sugar in the
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dinucleotide may be overestimated. On the other hand, since the dinucleotide is less

ordered than DNA, the effective molarity of the sugar in DNA may be higher.

DMTO DMTO— ¢ N/&O DMTO o N/go
k_f L R AN
H
o o -0 NH Keim NH
L — 7 P
o= P-— o} 0=P— o=P— o)

Koo
ONa _\gj ONa* ONa®

OH 132 lk OH 163 OH 129
Red

DMTOj

§—7 HO#NH

OPO
ONa

OH 130

Figure 85. Internucleotidyl versus intranucleotidy! chemistry available to the peroxyl radical (163).

3.2.7 Reactivity of 2-Deoxyribonolactone
In addition to the importance of obtaining direct evidence for the formation of 61,

its subsequent reactivity is of interest. It is known that the 2-deoxyribonolactone lesioin

(61) is extremely labile, and is suspected to undergo elimination to yield the the o,B-

unsaturated lactone (64, Figure 86).'" The lability of this compound (64) has made it
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difficult to isolate in DNA since it readily undergoes a second elimination to liberate the
methylenefuranone (67). In the dinucleotide (132), however, elimination of the DMT-
moiety is not likely to occur. Therefore, the stability of 64 (and the analogous 78) could

be investigated, which may provide insight into its reactivity in DNA.

s'wo — - s'wwo
1 5 a0 ! .
0=P-07 o o 0=P-0 0=h-0 0
o o o 64 o
o ' o=p-o &7
O=I'D—O oO=pP—-0O’ 1 ,
Orn3' B OQrnne' ] O3
Not observed

DMTO
_\iifo o) DMTO—\C7=0
HO — HO
e W Y
o=¢—o—\§i7 o o=e-o—\§27 o
o o
OH 132 OH 166

Figure 86. Expected reactivity of 2-deoxyribonolactone (132) under basic conditions.

The expected product upon elimination of 132 is 78. An authentic sample of 78
was subjected to the NV, N -dimethylethylenediamine (DMEDA) conditions that have been
used to induce the elimination.” When 78 was heated at 37 °C in the presence of DMEDA,
complete conversion was observed after | h. The major product was characterized and
identified as the seven-membered lactam (79, Figure 87). This product arises via a

Michael addition to 78, followed by an intramolecular cyclization and concomitant ring
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opening of the sugar. NMR, IR, and exact mass are consistent with this product. The
furanone (78) also proved to be unstable in the presence of nonnucleophilic bases, such as

Et.N. and H.O upon heating at 37 °C.

DMTO‘\C7=O DMEDA DMTokf

78 /N\/\ DMTO
N

O
e
NJ
/

79

Figure 87. Reactivity of the furanone (78) in the presence of DMEDA.

When an authentic sample of 132 was subjected to DMEDA and heated at 37 °C,
only the lactam (79) was detected (Figure 88). Although 78 cannot be observed directly
upon elimination of 132, formation of 79 is indicative of its intermediacy. With 79
characterized. an aerobic photolysis sample of 121 was subjected to DMEDA conditions
and analyzed by HPLC. The yield of 79 (0.41 * 0.2%) was comparable to that measured
for 132 (0.29 £ 0.1%). This result confirms the formation of 132 upon generation of the
peroxy!l radical (163) in the dinucleotide. its subsequent elimimation to 78, and trapping

by DMEDA.

DMTO

NH DMEDA | DMTO —\(i7=0
-A—O — DMTO /N—/
O Na _\i_ 7 132 78 79

Figure 88. Reactivity of 2-deoxyribonolactone dinucleotide (132) with DMEDA.
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The results of the photolysis of the phenyl selenide dinucleotide (121) under both
anaerobic and aerobic conditions provides valuable information in understanding the role of
5.6-dihydrothymidin-5-yl (120) in DNA damage amplification. The anaerobic photolysis
reveals that 120 is unable to participate in internucleotidyl hydrogen atom abstraction,
consistent with previous experiments on the reactivity of 120 in ssDNA.**° The aerobic
experiments also confirm the proposal that strand scission is an O,-dependent process
involving the peroxyl radical (163). Although it had been shown that the formation of
163 leads to alkaline labile lesions via hydrogen atom abstraction from the Cl’-position,
direct evidence for the formation of the 2-deoxyribonolactone (132) had not been attained
until now. The studies involving the dinucleotide (121) provide direct evidence for the

formation of 132 in DNA damage amplification involving 4 in the presence of O..

o o N

A oK L -

INT N, N"\NHZ \(\OCH:,
1 O 12 oH 13

3.2.8 DNA Damage Amplification in the Presence of Radiosensitizers
Although DNA damage amplification has been observed upon generation of 5.6-
dihydrothymidin-5-yl (120) in the presence of O,, tumor cells are often hypoxic.
Consequently, small molecules, such as tirapazamine (11) and misonidazole (13), have
been used in conjunction with ionizing radiation to increase DNA damage.”*® The former
has been investigated as a bimodal agent to initiate and propagate DNA damage.***
Evidence suggests that tirapazamine (11) is activated by one-electron reduction to release
HO- and generate the 1-N-oxide (12).*'** The bis-N-oxide (11) has been suggested to
react with alkyl radicals, but its metabolite (12) also has the potential of undergoing the

same types of reactions. Therefore, the 1-N-oxide (12) may also play a role in the

propagation of DNA damage. The mode of action of these compounds is unknown, but it
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has been suggested that they act as surrogates for oxygen in their reactions with radicals.*>
* Since 120 is one of the major reactive species generated during ionizing radiation, the
possibility that this radical (120) may react with tirapazamine (11), the [-N-oxide (12), or
misonidazole (13) to propagate DNA damage led us to investigate this reaction pathway.
3.2.8.1 Attempted Investigation of Misonidazole (13) as an Oxygen
Surrogate
The potential for misonidazole (13) to act as an oxygen surrogate in the presence of
5.6-dihydrothymidin-5-yl (4) was investigated at the monomeric level. Investigation of the
reactivity of 13 with 4 at the monomeric level simplifies product analysis and allows one to
determine the rate constant (k,,,) for trapping of the nucleobase radical (4) by 13 via
competitive kinetics (Figure 89). Since the rate constant for trapping of alkyl radicals (e.g.
4) by thiols in aqueous CH,CN is known (k, = 1.1 x 10’ M"' s') and the expected product
upon reaction of 4 with 13 is 5,6-dihydro-5-hydroxythymidine (8), the ratio of 8:34 can

be used to determine the rate constant for trapping of 4 by misonidazole (13, kg.).'"*""!

0o o) o

HO
WEN NS0

HOH ¢ O gME HO o N7 70 4 HOS 4

ket kmiso

OH 8

OH 34 OH 4
BME

R
[~ Y N~ (@) () ]
Nﬂk NCO NH -o NH

0.‘> o

Figure 89. Potential reactivity of 4 with misonidazole (13).
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Since the phenyl selenide (96) proved to be the most versatile and reliable precursor

to 4. it was utilized in the studies of the reactivity of misonidazole (13) with the radical (4).

The phenyl selenide (96) was photolyzed at 350 nm in the presence of BME and

misonidazole (13) under anaerobic conditions (Table 28). In the absence of 13, the
observed products were 5,6-dihydrothymidine (34) and thymidine (3) as expected (Section
3.1.2). When 13 was present in the photolysis reaction, a minor amount of 8 was
detected in addition to 34 and 3, presumably arising from trapping of 4 by misonidazole
(13, Figure 89). However, the yield of 8 was low and did not increase upon increasing
the concentration of misonidazole (13), which would be expected if formation of 34 and 8
are competing pathways (Figure 89). In addition, the mass balances for the photolyses

were low.

Table 28. Anaerobic photolysis of 96 in the presence of misonidazole (13).*

% Yield %o % Mass
[13] mM 3 8 34° Conversion Balance
- 20+ 1 0 =25+ 1 100 £ 0 45+ 1
2.0 9+0 2+0 =31 %1 91+0 510
5.0¢ nd 3x1 =37+ 1 91+ 1 39+11
* The photolyses were carried out at 350 nm (A, = 350 nm, 96 watts) for 45 min with [96] = 0.1 mM and
[BME] = I.I mM in CH;CN:H,O (1:1 by volume); ° the yield of 34 was estimated assuming the

diastereomeric ratio was l:1 since only one diastereomer could be quantitated; © the yield of 3 could not be
determined due to a coeluting peak.

If one uses the data from Table 28 and a rate constant for trapping of 4 by BME

(k) of 1.1 x 10" M s’ the rate constant for trapping by 13 (k) is estimated at 2.0-3.9
x 10° M ! 11315 This is considerably lower than expected based on literature values for

the rate constants for trapping of alkyl radicals by misonidazole (13) and other nitro-
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containing compounds. For example, the C1’-radical in ssDNA is trapped by 13 with a
rate constant of 6.9 x 10° M s'.** In addition, rate constants for trapping of 5,6-dihydro-
5-hydroxy-thymin-6-yl (176, Equation 22) by nitrobenzenes range from 3.1 x 10" - 1.2 x
10° M' s*', depending on the nucleobase and substituent on the nitrobenzene.'**'*® The
low yield of 8, moderate mass balances, and surprisingly low rate constant (k) suggest
that perhaps the covalent adduct (174) does not readily undergo decomposition to generate
the alkoxvl radical (175). Hence, an accurate rate constant for reaction of 4 with
misonidazole (13) could not be determined. Consequently, the potential reactivity of
nucleobase radicals (e.g. 4) with radiosensitizing agents was investigated using the mono-

N-oxide (12).

0] O
HO\EU\NH O2N *0 HofLNH
. k=31x10"M"'s"’ G 22)
N/go + \©\n/ Ar/N\O N/go
H o H
176
3.2.8.2 Metabolite (12) of Tirapazamine (11) as an Oxygen Surrogate,

Monomer Studies

The reactivity of 5,6-dihydrothymidin-5-yl (4) with tirapazamine (11) could not be
investigated due to the instability of the latter to the photolysis conditions. The 1-N-oxide
(12) of tirapazamine (11), however, was stable. The 1-N-oxide (12) is the metabolite of

11 and therefore its subsequent reactivity is of interest.

@ <
+ +
T
z /*N
+N NHZ H2
o 12
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The photolysis of the phenyl selenide (96) was carried out in the presence of the 1-
N-oxide (12) and BME (Figure 90, Table 29). A significant amount of thymidine (3) was

observed. as expected, due to disproportionation of 4 and PhSee under the inefficient
radical chain conditions of the photolysis. In addition, 5,6-dihydrothymidine (34, 5S:5R,
0.8 + 0.1) and 5,6-dihydro-5-hydroxythymidine (8, 5R:5S, 1.0 = 0.1) were observed.

The latter is the expected product upon trapping of 4 by 12, following decomposition of
the initial covalent adduct. As the concentration of BME increased, the yield of 8
decreased. but 34 remained constant. The decrease in the yield of 8 was expected due to
more efficient trapping of 4 by BME in competition with 12 as the concentration of
hydrogen atom donor increased. However, the relationship between the ratio of products

(34:8) and the concentration of BME was not linear as expected.

0 (o) (o]

\[U\NH ons NH .O\ELNH
e .

o A
HO o N kmm O‘S:Jj” ©

OH 3 H & H 175

kq| BME BME
o (0]

HO ] o)
© PR
N7 NH,
OH 34 it OH 8

Figure 90. Observed products upon photolysis of 96 in the presence of the [-N-oxide (12).
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Table 29. Anaerobic photolysis of 96 in the presence of 1-N-oxide (12) and BME.*

% Yield % % Mass
[[?11:/\[/![5] 3 8 34 Conversion Balance 34:8
0.14 27+ 1 20+ 3 34 +3 100+0 81+4 1.7 £ 0.1
0.51 21 +4 17+ 8 42 +3 100+0 809 29+1.5
1.03 18 =1 11+£3 S51+13 100+0 80+8 48 +23
2.06 15+1 10+0 52+11 100 +£0 77 £ 10 52+14
3.15 I5+1 9+1 48 +3 100 +0 711+ 1 56+1.0

* Photolyses carried out at 350 nm (A,,,, = 350 nm. 96 watts) for 45 min with [96] = 0.0l mM and [12] =
2.5 mM in CH;CN:H,O (l:1 by volume}).
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Figure 91. Proposed mechanism for the trapping of 4 by |-N-oxide (12).

The mechanism by which the [-N-oxide (12) reacts with alkyl radicals is not
known, but it has been suggested that alkyl radicals (e.g. 4) are trapped on the oxygen of
12 to form the covalent adduct (e.g. 178, Figure 91)." This reaction pathway is

analogous to the reactivity observed for TEMPO (180, Equation 23), a radical trap
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commonly used in ESR studies."*®*'” The covalent adduct of 12 (178) may cleave
homolytically (path a) or heterolytically (path b) to generate the alkoxyl radical (175) or
alkoxide, respectively, both intermediates leading to the formation of 8. Alternatively, the
radical could be trapped on the nitrogen (N2) of 12. Although, to our knowledge, this
reaction pathway has not been proposed to account for the reactivity of 12. similar

compounds. such as DMPO (181, Equation 24) are known to undergo an analogous

reaction with alkyl radicals.'?*'®
o o R
i
tey N W “ N “
+Re —— (J\ (23)
180
o 0e
! )
v, N N
=y = 24)
181

If the 1-N-oxide (12) reacts with alkyl radicals exclusively on the oxygen as
suggested, then the ratio of products (34:8) is representative of the ratio of the rate
constants, k,:k, .. (Figure 90). However. the covalent adduct must completely break
down to product (8) in order for the rate constant to be accurately determined. The
nonlinear relationship observed above (Table 29) led us to consider that the covalent adduct
(178) was not completely cleaved under the reaction conditions and thus the yield of 8 was
not entirely representative of the initial trapping reaction, or that the reactivity of 12 with

alkyl radicals is more complicated than previously thought.

The photolysis of 96 was carried out as described above. then heated at 55 °C in the

presence of excess BME (2 mM) to ensure that the covalent adduct (178 or 179) had

completely cleaved to product (8). Heating the reaction mixture had no effect on the yield
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of 34 (Table 30). Interestingly, the yield of 8 increased significantly, especially in the

samples that contained a high concentration of BME. The more significant effect of heating

the samples at high BME concentration is unknown. However, at high BME

concentrations, one would expect that the initial covalent adduct (178) would be more
efficiently irapped to generate 179, which may cleave at a different rate than the former.

Finally, although the yield of 8 increased upon heating, there was very little change in the

ratio of 34:8 upon varying the concentration of SME.

Table 30. Anaerobic photolysis of 96 in the presence of 1-N-oxide (12) and BME with
subsequent healirg.a

[BME] _ _ _ . % Mass

mM 7% Yield3 % Yield8 % Yield 34 % Yield 177 Balance 34:8
0.14 38+3 19+1 27+ 4 20+£6 84 +1 1.5+0.3
0.51 311 19+£2 320 40 + 8 82+4 1.7 £ 0.1
1.03 29+ 1 19+0 33+4 27£3 81+6 1.7+0.2
2.06 35«10 19+1 400 38+10 94 + 8 2.1 £0.1
3.15 240 21+ 2 45+ 1 42 +£3 90 + 4 22 +£0.1

* Photolyses carried out at 350 nm (A,,,, = 350 nm. 96 watts) for 45 min with [96] = 0.0] mM and (12} =
2.5 mM in CH;CN:H,O (l:1 by volume).

The photolysis of the selenide (96) was also carried out in the presence of the 1-N-

oxide (12) and rert-BuSH as a hydrogen atom donor (Table 31). The photolyses were
carried out as described above for BME and the samples subsequently heated at 55 °C in the
presence of excess thiol to ensure complete cleavage of the covalent adduct (178 or 179).

As expected. thymidine (3), 5,6-dihydrothymidine (34), and 5.6-dihydro-5-

hydroxythymidine (8) were observed in the product mixture. The yield of 8 and 34 was
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fairly constant, resulting in no significant change in the ratio of products (34:8) upon

varying the concentration of rerr-BuSH, as was observed for the photolyses carried out in

the presence of BME. The mass balances for the photolyses carried out in the presence rert-

BuSH were considerably lower than the photolyses carried out with fME. The reason for

this is not understood at this time.

Table 31. Anaerobic photolysis of 96 in the presence of 1-N-oxide (12) and rerr-BuSH
with subsequent heating.*

[rer-BuSH] % Yield " % % Mass
mM 3 8 34 Conversion Balance 34:8
0.17 9+0 7+1 29+ 1 100+0 45+ 1 43 +07
[.14 S5+1 8+4 35+1 100 =0 48 +5 54 +30
2.27 4+0 7+4 30+ 10 100+0 41 £ 14 45 +1.1
3.20 5+1 9+1 36+7 100 £ 0 50+8 42 +0.1
5.33 2 10 41 100+ 0 53 4.1

* Photolyses carried out at 350 nm (A,,, = 350 nm. 96 watts) for 45 min with [96] = 0.0l mM and {12] =
1.7 mM in CH;CN:H,O (1:1 by volume).

An attempt was made to determine the rate constant for trapping of the alkyl radical
(4) by the 1-N-oxide (12) using the data in Table 30. Since the reactivity of 4 is
partitioned between trapping by a hydrogen atom donor (%,;), for which the rate constant is
known (&, = 1.1 x 10" M s’ for thiols), and trapping by 12 (k, _..). the ratio of products

(34:8) was used to estimate the rate constant &, __,,. (Equation 25).'">"*' The data from the

photolysis of 96 in the presence of BME (Table 30) was used to construct a plot of the ratio

of 34:8 versus the concentration of BME (12, Figure 92), which resulted in a straight line

with a slope of 248.9 and y-intercept of 1.51.
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Figure 92. Plot of (34]/(8] versus [BME].

Although a linear relationship was observed for the plot, the non-zero y-intercept

and relatively constant ratio of products over the entire range of BME concentration suggest

that another reaction pathway exists that contributes to the formation of the products

(Figure 92). One possibility is an increased yield of 34 due to the presence of PhSeH
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generated in situ. which is known to trap alkyl radicals with a rate constant of 2 x 10° M s°
'.''* If the presence of PhSeH contributes to the yield of 34, the rate expression for the

ratio of 34:8 includes a term that takes into account trapping of 4 by PhSeH (Equation 26).

[34] [BME] ky + [PhSeH] kppsen
(8] [12] ki.oxide
(26)
ky : [PhSeH] kppsen
slope = y-intercept =
[12] kl-oxidc [12] kl-oxidc

Using the slope of the line and a rate constant for &, of [.I x 10" M s, the rate

constant for & was estimated as 1.8 x 10’ M s'.'"*'*!' The rate constant for &, .

l-oxide

was also estimated using the y-intercept. If one assumes a maximum concentration of
PhSeH of 0.01 mM, the concentration of the selenide (96) used in the reaction, and a rate
constant for PhSeH of 2 x 10° M' s k, . is estimated as 5.3 x 10° M"' s'.'"> The rate
constant using the latter method, however, must be considered as an upper [imit since the
average concentration of PhSeH must be less than 0.01 M. This analysis leads to the
suggestion that the rate constant for trapping of the nucleobase radical (4) by the 1-N-oxide
(12) is considerably slower than other measured rate constants for this same compound
(12). For example, the rate constant for trapping of the Cl’-radical in ssDNA by 12 was
estimated at 4.6 x 10®* M s"".* The rate constant (k, ) is also slower than the analogous
reaction of 3° radicals with TEMPO (180), which occurs at 6.8-8.0 x 10® M ! 113157
Interestingly. the rate constant for the 1-N-oxide is closer to the rate constant measured for

a 3° radical reacting with DMPO (181, k = 6.8 x 10’ M s™').'8
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Based on the results above, we believe the products (34 and 8) are due to the
regioisomeric trapping of the radical (4) by 12 to generate the covalent adduct on the
nitrogen (182) or oxygen (178, Figure 93). Although it has been assumed that the alkyl
radical (e.g. 4) reacts at the oxygen of 12, there is no evidence that this is the only reaction

pathway available to 4.** If the covalent adduct (182) is trapped and subsequently reduced

by BME, the observed product would be 34. Therefore, it is possible that the formation of

34 and 8 depends on which covalent adduct (178 or 182) is formed. in which the
concentration of hydrogen atom donor would have no effect on the product distribution.
The yield of reduced 12 (177) is consistent with this proposal (Table 30). In most
instances, the yield of 177 exceeds the yield of 8, indicating that the 1-N-oxide (12) was
consumed by another pathway. The observation, though, that the combined yields of 34
and 8 is not completely accounted for the the amount of reduced 12 (177) suggests that the

former arises from more than one reaction pathway.
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Figure 93. Competitive trapping of 4 on oxygen versus nitrogen of the 1-N-oxide (12).
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3.2.8.3 1-N-Oxide (12) of Tirapazamine (11) as an Oxygen Surrogate,
Dinucleotide Studies

Although it is uncertain if the rate constant for k, ,,. obtained from the studies
involving the monomer is accurate or if a regioisomeric mixture of covalent adducts are
generated. it is clear that 5,6-dihydrothymidin-5-vl (4) is trapped by the 1-N-oxide (12).
The ability for 12 to serve as a surrogate for O, and its involvement in DNA damage

amplification was further investigated utilizing the phenyl selenide dinucleotide (121).
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Figure 94. Potential reactivity of 120 with the [-N-oxide (12).

The dinucleotide (121) was photolyzed in the presence of 12 and BME, the

hydrogen atom donor that produced the most reliable data in the monomer studies (Section

3.2.8.3). Unlike the monomer studies, the photolysis samples containing the dinucleotide

(121) were not subsequently heated in the presence of excess BME. If the covalent adduct
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(184) was cleaved in the presence of excess BME during the post-treatment, an inaccurate

vield of the dU/5,6-dihydro-5-hydroxythymidine (130) may be detected. Incomplete
cleavage of the covalent adduct (184) is not as critical in the dinucleotide studies since we
were interested in the partitioning of the reactivity of the alkoxyl radical (185) that arises
from 184, rather than the reactivity of the alkyl radical (120, Figure 94).

Upon photolysis of 121, the dU/thymidine dinucleotide (129) was detected,
consistent with the monomer studies and believed to be generated via disproportionation of
120 and PhSee under the inefficient radical chain conditions (Table 32). In addition, 128
and 130 were detected, also consistent with the monomer studies. When the photolyses
were carried out in H,'®O and the persilylated nucleobases analyzed by GC/MS, a
negligible amount of '*O-incorporation was detected in 130 (3.1 = 1.9%). The lack of
"®O-incorporation indicates that 130 arises from the covalent adduct (184) of 120 with the

1-N-oxide (12). The amount of reduced drug (177), however, ranged from 2+ 0to 5 +

1% upon increasing concentration of BME, which is inconsistent with the monomer studies

(Section 3.2.8.2) and does not account for the yield of 130. This discrepancy is unclear at

this time.

Table 32. Anaerobic photolysis of 121 in the presence of the 1-N-oxide (12).

[BME] % Yield % Yeld % Yield % Yield %o %0 Mass
mM 128 129 130 132 Conversion Balance
0.14 44 + 4 [8+2 20+ 3 1.9 +04 94 + 5 89 +0
0.51 49+6 13+4 21 +90 29+0 97 + 4 89 + 13
1.03 58+6 10x4 29 +7 39 +0.8 94 + 6 106 + 4
2.06 61 +3 13+4 24 +0 46 0.7 98 + 3 90 + 16
3.15 66 +4 13+4 20+0 44 + 0.8 94 + 7 97 + 41

* Photolyses carried out at 350 nm (4., = 350 nm, 96 watts) for | h with [121] = 0.017 mM and [12] =
2.5 mM in CH;CN:H,O (1:1 by volume).
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The diastereomeric ratio observed for 128 (2.0 £+ 0.4, 5R:55) and 130 (1.6 = 0.2,

5S:3R). was consistent with the diastereoselectivity observed in the aerobic photolyses of

121 carried out in the presence of PME (Section 3.2.6, Table 27). Recall that the observed

diastereoselectivity was explained by invoking hydrogen bonding of the BME to the uracil

moiety of the dinucleotide, with delivery of the hydrogen atom from the s¢ face (Figure 73).

This argument is consistent with the diastereomeric ratio of the dU/5,6-dihydrothymidine

dinucleotide (128) observed in the studies involving 12 (Figure 95).

Likewise, the diastereoselectivity observed in the formation of 55-130 as the major
product from the peroxyl radical (9) in the presence of BME was explained by a similar

argument (Figure 80). However, in the case of the peroxyl radical (9), the 5R-
diastereomer had an alternative pathway available to it (i.e. superoxide elimination). In the

case of the alkoxyl radical (185), a comparable pathway is unlikely. Although it may

159

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



undergo fragmentation, this is at most a minor pathway since the mass balances were high.
Another explanation for the observed diastereomeric ratio observed for 130 is selective
trapping of the nucleobase radical (120) by the 1-N-oxide (12) from the si face (Figure

95). Subsequent cleavage of the covalent adduct (184) would result in the major

diastereomer being 55-130.

o} o o

DMTO N“z DMTO DMTO
“;_7 o N kj Q “gij
' 9 ”“ 0
o P— 12 0:P—0 o BME O=P—O
o o o
OH 184 OH 120 OH 5R-128
o) o)

DMTO‘\%g:IO o DMTO—\iSL L
et — Y S ﬂi
kj

OH 185 OH 58-130 OH 5$-132

Figure 95. Diastereoselective trapping of 120 by BME and 1-N-oxide (12).

One of the most important products observed upon the photolysis of 121 in the
presence of 12 was the alkaline labile lesion (132), which arises via hydrogen atom
abstraction from the C1’-position and was also directly observed upon photolysis of 121
in the presence of O, (Section 3.2.6). The formation of this product (132) indicates that
reaction of the nucleobase radical (120) with the 1-N-oxide (12) may be involved in the

DNA damage induced by tirapazamine (11). If the nucleobase radical (120) is trapped by
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12 and subsequently cleaved to generate the alkoxyl radical (183), there are two pathways

potentially available to the latter (Figure 95). The alkoxyl radical (183) may be trapped by

BME to generate 130. Alternatively, 183 may abstract a hydrogen atom from the ClI’-

position of the adjacent sugar giving rise to ithe 2-deoxyribonolactone (132), as observed
for the peroxyl radical (9).

As observed in the studies of the peroxyl radical (9), the intemucleotidyl hydrogen
atom abstraction by the alkoxyl radical is a diastereoselective process. The diastereomeric
ratio observed in the reaction was 33 + 14:1 (55:5R-132). considerably higher than the
ratio observed for the peroxyl radical (9). This is surprising given the higher reactivity of
alkoxyl radicals and expected lower selectivity. The proposal that the nucleobase radical
(120) may be trapped by the 1-N-oxide (12) preferentially from the si face is consistent
with the diastereomeric ratio observed for 132 (Figure 95).

Since the rate constant for trapping of an alkoxyl radical by thiols (k,; = 2 x 10° M’

s'') is known, the ratio of products (130:132) was used to estimate the rate constant for

160

internucleotidyl hydrogen atom abstraction by the alkoxyl radical (183). However,

upon increasing the concentration of BME, the ratio of 130:132 did not increase as

expected due to more efficient trapping of the alkoxyl radical (183) at higher concentrations

of hydrogen atom donor (Table 33). Consequently, a linear relationship was not observed
when the ratio of 130:132 was plotted versus the concentration of BME.

Using the data from Table 33 and a rate constant for k, of 2 x 10° M s°', the rate

constant for &£___ was estimated at 1.3 x 10°-4.8 x 10*s.'®" Although this rate constant is

ter

a very rough estimate, it is clearly significantly faster than the rate constant for the peroxyl
radical (9. 0.1 s™"), as expected due to the higher reactivity of alkoxyl radicals than peroxyl
radicals. For example, using THF as a comparison of the reactivity, tert-BuOOe and rerr-
BuO- abstract a hydrogen atom from THF with rate constants of 0.085 M s and 8.3 x10°

M s 1319 Although this data indicates that internucleotidyl hydrogen atom abstraction in

161

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the presence of the 1-N-oxide (12) is significantly more efficient than in the presence of
0., the effective molarity calculated for the former reaction is 0.16-5.8 mM, considerably
lower than that calculated for the analogous reaction of the peroxyl radical (1.2 M, Section
3.2.6). This discrepancy may be due to the participation of other reactive species, in
addition to the alkoxyl radical, in internucleotidyl hydrogen atom abstraction that is not

represented by the yield of 132.

Table 33. Product ratios upon photolysis of 121 in the presence of 12 over a rangec of
BME concentrations.*

(BME] mM 130:132 128:(130 + 132)
0.14 10.9 + 0.6 20+0.1
0.51 720 21202
1.03 7.5+0.3 1.8 0.3
2.06 5.2 2.1
3.15 6.6 2.0

* Photolyses carried out at 350 nm (A, = 350 nm. 96 watts) for | h with [121] = 0.017 mM and [12] =
2.5 mM in CH;CN:H.,O (1:1 by volume).

Interestingly, the ratio of 128:(130 + 132) was also constant over the range of
BME concentrations used in the photolyses (Table 33). The ratio of 128:(130 + 132) in

the dinucleotide studies was =2. consistent with the monomer studies (Table 30). Recall
that in the monomer studies, it was suggested that the formation of the analogous products

(34 and 8) may arise via regioisomeric trapping of the nucleobase radical by the 1-N-oxide

(12). Hence, the concentration of BME would have no effect on the product ratio. The

same explanation may be used here to explain the inability of increasing the concentration

of hydrogen atom donor to affect the product distribution.
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Since the mechanism by which alkyl radicals are trapped by the 1-N-oxide (12) is
unknown and given the results described above, the intermediate responsible for the
internucleotidyl hydrogen atom abstraction is unclear. It is possible that the alkyl radical
(120) may be trapped on the oxygen (184) or nitrogen (186) of 12. Hence, there are
several radical intermediates (e.g. 184-186) that may be able to participate in hydrogen
atom abstraction (Figure 96). The covalent adduct on oxygen (184) uiltimately gives rise to
132. Alternatively. the regioisomeric adduct (186) was anticipated to yield 131 upon
hydrogen atom abstraction from the adjacent sugar. The presence of 131 (2.4 + 0.1%)
and 132 (2.0 = 0.2%) supports the contention that regioisomeric trapping of 120 by 12
generates a mixture of covalent adducts able to participate in internucleotidyl hydrogen atom

abstraction.

/g o| ''''' (e} /&
p_ o HzN o)
O-F"—O o N o 12 O-P' o] o o=+ -0 o
(@] — o —— 3
OH 120 OH 186 OH 131
12
o e}

OH 184 OH 185 OH 55132

Figure 96. Potential intermediates derived from the reaction of 120 with the [-N-oxide (12) able to
undergo internucleotidyl hydrogen atom abstraction.

163

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Although the intermediate responsible for intemucleotidyl hydrogen atom
abstraction is uncertain, it is clear that the 1-N-oxide (12) is involved in DNA damage
amplification via transfer of the radical from the nucleobase to the sugar, as observed for
the peroxyl radical (9). In addition, the 2-deoxyribonolactone (132) was directly observed
upon reaction of the nucleobase radical (120) with 12 in a much higher yield than
observed in the peroxyl radical (9). In this respect, the 1-N-oxide (12) does act as a
surrogate for O, and results in the formation of the same alkaline labile lesion (132)

observed upon generation of the nucleobase radical under aerobic conditions.
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4 Conclusion

Generation of 5,6-dihydrothymidin-5-yi (4 and 120) from the phenyl selenide
radical precursor in the monomer and dinucleotide has enabled us to study the reactivity of
this nucleobase radical in greater chemical detail than when it was studied in
oligonucleotides. The monomer studies allowed us to investigate the chemistry of 4 at the
most basic level to design an efficient thermal and photochemical precursor to the radical
and study its subsequent chemistry. The dinucleotide is the minimal model in which to
study the unusual proposed mechanism for the transfer of spin from the nucleobase to the
sugar via internucleotidyl hydrogen atom abstraction.

Investigation of the reactivity of the nucleobase radical (120) in the dinucleotide
provided direct evidence that internucleotidyl hydrogen atom abstraction does not occur in
the absence of O,. Through the use of anomerization and tetranitromethane as mechanistic
probes. we have shown that 120 is reduced to the nonmutagenic lesion, 5,6-
dihydrothymidine (128). Interestingly, the diastereomeric ratio of the reduced product

(128) was dependent on the hydrogen atom donor. Bu,SnH resulted in preferential

trapping of the radical from the less hindered re face, whereas PME trapped the radical

from the si face. We propose that the BME undergoes hydrogen bonding to the

nucleobase, which results in delivery of the hydrogen atom preferentially from the si face.
When 4 was generated in the presence of O,, the peroxyl radical (7) was generated,
as expected. By studying its reactivity in the monomer, we discovered a novel pathway
available to 7 that has not been previously observed for this particular radical.
Intranucleotidyl hydrogen atom abstraction from the the adjacent carbon resulted in

restoration of the native nucleobase with concomitant release of HOOe, which dissociates to
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superoxide (O,”) under biological conditions, with a rate constant of 21 s’'. Although O,"
is not deleterious to DNA, it is converted into reactive species, such as HOe, that are able to
damage DNA. Moreover, O," elimination presents a detoxification pathway available to the
peroxyl radical (7). The additional involvement of O, -derived products in DNA damage
makes this pathway a potential double-edged sword.

The reactivity of the peroxyl radical (163) was further investigated in the
dinucleotide.  Trapping of 163 by Bu,SnH and BME occurred in the same

diastereoselective fashion as observed for the alkyl radical (120). More importantly, direct
evidence was obtained for the formation of 2-deoxyribonolactone (132), which was
generated from the Cl1’-radical. This result confirmed the unusual mechanism involving
the transfer of spin from the nucleobase to the sugar by internucleotidyl hydrogen atom
abstraction by the peroxyl radical (163). Investigation of this mechanism in the
dinucleotide also allowed us to determine that 55-163 preferentially abstracts a hydrogen
atom from the adjacent sugar. The diastereoselective nature of this reaction could not be
observed when the radical was generated in oligonucleotides.

Internucleotidyl hydrogen atom abstraction by 163 occurs in competition with O,”
elimination and intermolecular hydrogen atom abstraction. Since the rate constant for O,”
climination was determined from the monomer studies, competitive Kinetics was used to
estimate the rate constant for internucleotidyl hydrogen atom abstraction as 0.1 s™.

The potential for radiosensitizers, such as tirapazamine (11) and its metabolite
(12). to react with the nucleobase radical (4 and 120) and propagate DNA damage was
also investigated. Based on the results of the monomer and dinucleotide studies, the
mechanism for the reactivity of the 1-N-oxide (12) is more complicated that previously
thought. The evidence suggests that the nucleobase radical undergoes trapping on either
the oxygen or nitrogen of 12, generating a regioisomeric mixture of covalent adducts.
Nonetheless, the reaction of 12 with the dinucleotide radical resulted in the formation of 2-

deoxyribonolactone (132), the same lesion observed when the damage was propagated by
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the peroxyl radical (163). Although the nature of the reactive species is unknown, it is
clear that internucleotidyl hydrogen atom abstraction also occurs when the nucleobase
radical was generated in the presence of 12. Hence, the 1-N-oxide (12) can serve as a
surrogate for O, in the propagation of DNA damage.

Investigation of the reactivity of 5,6-dihydrothymidin-5-yl (4 and 120) at the
monomeric level and in the dinucleotide has provided us with a better understanding of its
involvement in DNA damage amplification. The propagation of damage is dependent on
the presence of O, or a radiosensitizer and is a consequence of internucleotidyl hydrogen
atom abstraction and formation of 2-deoxyribonolactone (132). In addition, the peroxyl
radical may protect itself through the elimination of superoxide. Although the dinucleotide
is a simple model for ssDNA, investigation of the nucleobase radical (120) at this level has
allowed us to more completely characterize that chemistry that occurs with respect to DNA

damage which could not be done with oligonucleotides.
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S Experimental Procedures

General Methods. 'H, “C, and *'P NMR spectra were collected at 300, 75, and 109
MHez. respectively, using Varian software. HPLC analyses were carried out with a Waters
501 or 515 liquid chromatograph equipped with a Microsorb-MV C18 or C8 5 um column
(Rainin) interfaced to a Waters 490E or 2487 Multiwavelength detector. GC/MS analyses
were carried out with a Hewlett-Packard 5970 mass spectrometer interfaced to a Hewlett-
Packard 5890A gas chromatograph equipped with a DB-1 (30 m) fused silica column from
J&W Scientific. Photolyses were carried out in pyrex tubes (0.25 in i.d.) in a Rayonet
photoreactor (RPR-100) equipped with lamps having a maximum output of 300 (21 watts
per lamp) or 350 (24 watts per lamp) nm. Samples were lyophilized on a Savant speed-
vac.

All reactions were carried out in oven-dried glassware under an atmosphere of
nitrogen unless otherwise specified. @ THF used in synthesis was dried with
Na°/benzophenone ketyl. Pyridine, CH,Cl., DMF, DMSO, ether, benzene, Et;N, and
Hiinig's base were distilled from CaH,. THF for mechanistic studies was distilled from
LiAlH, and passed through alumina to remove trace amounts of peroxides. HPLC grade
CH,CN used in mechanistic studies was passed through anhydrous CuSO, and distilled
from CaH, to remove amine impurities. Water (dd H,O) for HPLC analysis and
mechanistic studies was obtained from a Barnstead Nanopure still. All DMT-protected

dinucleotides were chromatographed with anhydrous CH,Cl, and MeOH.

Materials.  All reagents were purchased from Aldrich unless otherwise specified.

TBDMSCI was purchased from GFS Chemicals. Thymidine, 2’-deoxyuridine, 2’-

deoxycytidine, DMTCI, uridine, and -cyanoethy! diisopropylchlorophosphoramidite were
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purchased from ChemGenes. NBS was purchased from Acros and was recrystallized from
H.O and dried over P,O,. Dowex (50W-X8, H* form) strongly acidic cation exchange
resin was from Baker and Amberlite (IRA-93) weakly basic anion exchange resin was
purchased from Sigma. BSTFA. superoxide dismutase (from bovine erythrocytes; 4400
units per mg, 1 unit inhibits cytochrome ¢ reduction by 50%), catalase (21000 units per
mg. | unit quenches 1 umol of H.O,), and cytochrome ¢ (from horse heart) were obtained
from Sigma. The tetrazole/CH,CN solution used in the coupling reactions of the
dinucleotides was from Glen Research. Isotopically enriched solvents (D,O, H.'®0) were
from Cambridge Isotope Laboratories. The water-soluble initiator, 2,2’-azobis[2-(2-
imidazolin-2-yl)propane]-dihydrochloride (103, VA-044), was obtained from Wako.
Tetranitromethane was washed with dilute NaOH, H,O, and distilled from NaOH. PhSeH
was prepared by NaBH, reduction of (PhSe),, followed by distillation. Bu,SnH, rert-

BuSH. and BME were distilled from themselves. Misonidazole (13) was obtained from

Hoffmann-LaRoche. Tirapazamine (11), 1-N-oxide (12). and benzotriazine (177) were

obtained from Professor Kent Gates (University of Missouri-Columbia).

General Procedure for the Photolysis and Thermolysis of 94, 95, and 96.
Stock solutions of the radical precursors and hydrogen atom donors were prepared in THF
or CH,CN. Samples were prepared in duplicate with the appropriate reagents having a
final volume of 100-500 uL (1:1 or 19:1: THF or CH,;CN:H,O). Isotopic studies were
carried out in D.O or H,'®O. Reactions were carried out with 0.01-0.1 mM of the radical
precursor under pseudo-first order conditions. Samples for anaerobic studies were
degassed using four freeze-pump-(3 min)-thaw cycles. Aerobic experiments were
conducted so that O, was not the limiting reagent and the reaction vessels were left open to
the atmosphere. Photolyses were carried out at either 300 or 350 nm in a Rayonet

photoreactor with an internal temperature of 25 °C. Aerobic thermolyses were carried out at
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37 °C (water bath) or 55 °C (heat block) for 24 h. Anaerobic thermolyses were carried out
at 37 °Cfor 1.5 h.

Upon completion of the reaction, the samples were transferred to 1.5 mL eppendorf
tubes and lyophilized. The residue was taken up in dd H,O (95 uL), the internal standard
(dU. 5 ul) was added, and the samples containing tin were extracted with hexanes (3 x
200 pL). The samples were analyzed by reverse-phase (C18) HPLC using a linear
gradient of H,O and MeOH at a flow rate of 1.0 mL/min (Method A, Table 34). Typically,
50 uL of the sample was injected using an AUFS of 1.0 and monitored at 205 nm. The

products were quantitated using the calculated response factors listed below (Table 35).

Table 34. HPLC Method A: Solvent A: H.O, Solvent B: MeOH.

Time (min) % H.O (A) % MeOH (B) Gradient Curve
0 95 5 -
5 95 5 6
35 0 100 6
40 95 5 6

The response factors were calculated using Equation 27, where X is the compound
of interest and dU is the internal standard. Samples containing a range a concentrations of
X and a constant concentration of dU were analyzed by HPLC. A plot of the ratio of the
known concentrations was plotted against the ratio of the areas determined by HPLC. The

slope of the line represencts the response factor.

(X1 Area (X)
= * response factor (27)
[dU] Area (dU)
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Table 35. Retention times and response factors versus dU for monomers using Method

A (Table 34).

Compound Retention Time (min) Response Factor
SR-8 5.1 1.2
5S5-8 6.4 1.2

dU 9.4 -
55-34 11.2 1.2
SR-34 13.5 1.2

3 18.0 0.8
55-95 18.4 1.2
SR-95 222 1.2
SR-94 27.4 0.6
55-94 28.7 0.6
55-96 30.0 0.6
5R-96 31.1 0.6

Mass Spectral Analysis of Persilylated Derivatives in Monomer and
Dinucleotide Studies. An aliquot of the HPLC sample (50 uL) was transferred to a |
mL Kontes conical reaction vial fitted with a teflon septa. The sample was treated with
96% formic acid (450 uL) and heated at 100°C for 1 h. The formic acid was removed in
vacuo and the samples lyophilized from absolute ethanol (3 x 50 uL). The residue was
dissolved in BSTFA (50 uL). The solution was heated at 100 °C for 2 h. GC/MS analysis
was carried out immediately. Samples were reheated for 1 h if analysis was not completed
within 3 h of silylation.

GC/MS analysis was carried out directly on the BSTFA solution containing the
persilylated nucleosides. Data was collected in the SIM mode for isotopic studies with a
dwell time of 100 ms. Injections were made in the split mode with an injection port

temperature of 250 °C, detector temperature of 285 °C, and solvent delay of 2.5 min.
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Analysis of cleaved nucleosides was carried out using a temperature program of 150 °C (2
min) to 190 °C at 10 °C/min. lons monitored for the detection of the persilylated
nucleobases were 241.1 (uracil), 255.1 (thymine), 257.1 (5,6-dihydrothymine), 258.1,
345.1 (5,6-dihydro-5-hydroxythymine), and 347.1. Ions 258.1 and 347.1 were detected

to determine “H and O incorporation, respectively.

Kinetics for First-Order Rate Constant of Phenyl Selenide (96)
Disappearance. Thermolysis samples for kinetic experiments were prepared with 96
(1.0 eq) and Bu;SnH (10 eq) as described above and carried out under anaerobic
conditions. After the samples had reacted for the designated time, they were immediately
frozen and worked up as described in the general procedure. The samples were analyzed
by reverse-phase HPLC using Method A. A plot was constructed of In[96] /[96], versus

time. and the rate constant determined from the slope.

Detection of Superoxide using Epinephrine Assay. A solution of 96 (0.1 mM)
and (R)-(-)-epinephrine was prepared in phosphate buffer (50 mM) and desferal (1 mM).
The epinephrine was prepared in HCI (10 mM, pH 2) and SOD was prepared in phosphate
buffer. The samples were prepared in eppendorf tubes (1 mL total volume), vortexed. and
transferred to a UV cell. The initial absorbance was measured (480 nm) and the sample
photolyzed at 350 nm (1 lamp). The UV absorbance was measured at 480 nm at the
specified time intervals.

When experiments were conducted with KO,, a sample of epinephrine (0.1 mM)
and/or Bu,SnH (0.17 or 1.7 mM) was prepared in 1:1 THF:H,O (1 mM desferal) and
transferred to a UV cell. The initial absorbance was measured at 480 nm. A solution of
KO, (0.1 mM) in anhydrous DMSO was added dropwise at 0.06 mL/h over 2 h and the

final absorbance at 480 nm was measured.
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Detection of Superoxide using Cytochrome c Assay. A solution of 96 (50 uM),
cytochrome ¢ (50 uM). and catalase (12 ug) was prepared in phosphate buffer (50 mM, pH
8, 0.1 mM EDTA). SOD was prepared in phosphate buffer (50 mM, pH §, 0.1 mM
EDTA). The samples were prepared in eppendorf tubes (1 mL total volume), vortexed,
and transferred to a UV cell. The initial absorbance was measured at 550 nm. The samples
were photolyzed at 350 nm (4 lamps) for 2h, measuring the absorbance in 10 min intervals.
Aliquots of the sample were analyzed by reverse-phase HPL.C (C18) as described above
(Method A. Table 34) to determine the extent of conversion of 96 and the yield of 3.

Samples for anaerobic experiments were prepared as described above and
transferred to modified UV cells (equipped for degassing) and degassed using the freeze-
pump-thaw method (4 x 3 min cycles). The initial absorbance was measured at 550 nm.
The samples were photolyzed at 350 nm (4 lamps) and the absorbance measured at 550 nm
in 20 min intervals.

The amount of cytochrome ¢ reduced was calculated using Equation 28:

A(550), - A(550),

Yo CYULCreqg = 100 x e(SSO)rcd (28)
A(550), x[——= - A(550),
€(550)0x

where A is the absorbance at 550 nm after t min. A is the initial absorbance, ¢(550),_, is
the extinction coefficient of cyt ¢ (Fe™) at 550 nm (29500 M cm™). and e(550),, is the

extinction coefficient of cyt ¢ (Fe*) at 550 nm (8900 M' cm™).

Cyclic Voltammetry to Determine O, Concentration. Cyclic voltammetry was

employed to determine the concentration of O, in aqueous THF mixtures. The reduction of
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O, (Equation 29) was followed in both 100% H.O and 1:1 THF:H,O and the concentration

of O, calculated using Equation 30:

0> + 2¢ + 2H* =—= H.0- (29)

i,=(2.69x 10°) n*? AD,'* v C, (30)

where ip is the peak current (amps). n the number of electrons transferred in the reaction. A

the area of the electrode (cm®), D, the diffusion coefficient (cm®s™), v the scan rate (V s™'),

and C, the concentration of O, (mol cm™). The diffusion coefficient of O, in each solvent

mixture was calculated using Equation 31 (Table 36):

D= —KkT G31)
éntnr

where k is Boltzmann'’s constant (kg m* s k™), T the temperature (K), n the viscosity of

the solvent (kg m" s™'), and r the radius of an O, molecule (m).

Table 36. Diffusion coefficients of O,.

Solvent Viscosity (kg m™' s™) Diffusion Coefficient (ms™)
100% H,O 0.89 x 107 43 x 10°
1:1 THF:H,O 0.72 x 10°° 5.3x 107
19:1 THF:H,O 0.57 x 107 6.7 x 10°
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The peak currents for the reduction of O, measured from the cyclic voltammograms
were 12.6 uA and 19.6 pA in 100% H,O and 1:1 THF:H,O, respectively. Using Equation
30. the concentration of O, was 0.14 mM and 0.20 mM in 100% H,O and 1:1 THF:H,O,
respectively. Although the concentration of O, in 19:1 THF:H,O could not be measured,
we assume that since the concentration of O, increased in 1:1 THF:H,O, it will at least be
comparable in 19:1 THF:H,O. Therefore, the thermolyses and photolyses of the selenide

to probe the effect of the concentration of Bu,SnH were carried out in 19:1 THF:H,O.

Kinetics of Superoxide Elimination. Samples containing 96 (0.1 mM), VA-044
(0.1 mM), and varying concentrations of Bu;SnH (1.0-7.1 mM) were prepared in
THF:H,O (19:1 by volume) and heated at 55 °C for 24 h to ensure complete solubility of
the Bu,SnH and reduction of the hydroperoxide. The samples were worked up as
described above and analyzed by reverse-phase HPLC (C18) using Method A (Table 34).
The ratio of 3:8 was plotted against [Bu,SnH]" and the slope of the line used to determine

the rate constant for superoxide elimination.

Anaerobic Photolysis of 96 in the Presence of 1-N-Oxide (12). Samples

containing 96 (0.01 mM), 12 (2.0 mM), and BME (0.14-3.15 mM) or rerr-BuSH (0.17-

5.33 mM) were degassed and photolyzed at 350 nm (4 lamps) for 1h. After the photolysis,

the samples were treated with excess PME (2 mM) and heated at 55 °C for 30 min to ensure

cleavage of the covalent adduct. The samples were transferred the eppendorf tubes and
lyophilized. The residue was taken up in H,O (80 uL), benzophenone (10 ¢L), and dU
(10 uL) and analyzed by reverse-phase (C18) HPLC using Method A (Table 34). The
formation of nucleosides was monitored at 205 nm as described above. The conversion of
12 and yield of reduced benzotriazine (176) was monitored at 240 nm at an AUFS of 3.0

and benzophenone as the intemal standard using the response factors below (Table 37).
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The rate constant for trapping of 4 by 12 was calculated by plotting the ratio of 34:8

against the concentration of BME.

Table 37. Retention times and response factors for 11, 12, and 177 versus

benzophenone.
Compound Retention Time (min) Response Factor
SR4233 (11) 21.1 1.8
1-N-oxide (12) 28.2 0.4
Benzotriazine (177) 26.8 0.3
Benzophenone 373 -

General Procedure for the Photolysis of 119 and 121. Samples containing 119
or 121 (0.1 mM) and the appropriate trap (I mM) were prepared in THF (or CH,CN):H.O
(1:1 by volume) having a final volume of 500 uL. Anaerobic samples were degassed using
the freeze-pump-thaw method (4 x 3 min cycles) and aerobic samples were left open to the
atmosphere. The samples were photolyzed at 350 nm for the appropriate time.

Upon completion of the reaction, the samples were transferred to eppendorf tubes
(1.5 mL) and lyophilized. The residue was taken up in benzophenone (10 pL) and
CH,CN:NHHCO, buffer (90 uL, 25 mM, pH 6.8, 1:1 by volume). Samples containing
tin were extracted with hexanes (3 x 200 puL). The samples were analyzed by reverse-
phase (C8) HPLC using a gradient of NH,HCO, (0.2 M, pH 6.2) and either CH;CN or
MeOH at a flow rate of 1.0 mL/min. Complete resolution was not obtained under a single
gradient program. Therefore, the samples were analyzed using both Methods B (Table 38)
and C (Table 39). Typically, S0 uL of the sample was injected using an AUFS of 1.0 and

monitored at 240 nm.

176

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The products were quantitated using the calculated response factors listed below
with benzophenone as the internal standard (Table 40). The yields of 5R-130, 5R-, 55-
128, 5R-. 55-132 and conversion of 119 or 121 was determined using Method B (Table
38). Under these conditions, 55-130 and 129 coelute. Therefore, the samples were also
analyzed by Method C (Table 39), in which 5R-, 55-130 coelute, but are separable from
129. The yield of 55-130 was obtained by subtracting the 5R-130 determined using
Method B from the total vield found in Method C. The yield of 129 was determined by
subsequently substracting the 55-130 from the total 129 + 5S-130 determined in Method

B.

Table 38. HPLC Method B: Solvent A: 0.2 M NH HCO,, pH 6.2, Solvent B: CH,CN.

Time (min) % NH,HCO, (A) % CH,CN (B) Gradient Curve
0 95 5 -
5 95 5 6
65 70 30 2
95 30 70 6
100 95 5 6

Table 39. HPLC Method C: Solvent A: 0.2 M NH HCO., pH 6.2, Solvent B: MeOH.

Time (min) % NH,HCO, (A) % MeOH (B) Gradient Curve
0 95 5 -
5 95 5 6
65 35 65 2
85 20 80 6
90 0 100 6
95 0 100 6
100 95 5 6
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Table 40. Retention times and response factors versus benzophenone for the
dinucleotides.

Retention Time (min) Retention Time {min)

Compound Method A Method B Response Factor
Uracil 3.8 4.0 3.7
11 12.2 12.2 1.8
176 16.6 17.4 0.3
12 17.5 17.4 0.4
SR-130 60.5 49.1 0.8
55-130 619 49.1 0.8
129 61.9 51.0 0.5
55-128 64.4 51.0 0.9
S5R-128 65.3 51.0 0.9
SR-132 72.6 51.0 1.2
55-132 73.3 51.0 1.2
SR + 55-131 74.2 51.6 1.2
79 - 71.6 0.8
SR + 55-121 79.4 74.4 0.5
SR-119 78.7 66.5 0.6
55-119 79.7 72.2 0.6
Benzophenone 86.2 46.3 -
78 95.6 77.0 0.6

Anaerobic Photolysis of 121 and Subsequent Enzymatic Digestion. Samples
containing 121 (0.1 mM) and Bu;SnH (1.1 mM) in CH,CN:H,O (500 uL, 1:1 by volume)
were degassed and photolyzed at 350 nm (4 lamps) for 1 h. The samples were transferred
to eppendorf tubes and lyophilized. One set of samples was taken up in dC (10 pL) and
H.,O (90 uL) and analyzed directly by reverse-phase (C18) HPLC. The second set was
subjected to enzymatic digest. The residue was taken up in buffer (86 puL, Tris-HCI, pH
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7.9. 50 mM: NaCl, 100 mM; DTT, I mM) and MgCl, (100 mM). Nuclease P1 (10 uL,
0.3 units/uL), snake venom phosphodiesterase (2 pL, 0.003 units/uL), and calf intestine
alkaline phosphatase (2 uL., 10 units/uL) were added to the sample and incubated at 37 C
for 12 h. dC (10 pL) was added to the sample and analyzed by reverse-phase (C18) HPLC
using Method D (Table 41). The sample was analyzed at 205 nm at an AUFS of 1.0 with
dC as the internal standard. The response factors listed below were estimated based on the

extinction coefficients of dU and dC at 205 nm (Table 42).

Table 41. HPLC Method D: Solvent A: 10 mM KH,POé, pH 6.8, Solvent B: MeOH.

Time (min) % KH.PO, (A) % MeOH (B) Gradient Curve
0 99 1 -
20 99 I 6
40 20 80 6
55 20 80 6
60 99 1 6

Table 42. Retention times and response factors versus dC for products of enzymatic

digestion.
Compound Retention Time (min) Response Factor

dC 13.7 -
o-dU 21.0 2.2
B-dU 21.9 2.2
55-34 27.3 2.6
5R-34 28.3 2.6
3 29.8 1.8
128 30.6 2.6
129 31.4 1.8
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Anaerobic Photolysis of 121 in the Presence of Tetranitromethane. Samples

containing 121 (0.15 mM), tetranitromethane (1.04 mM), and BME (1.4 mM) were

prepared in CH,CN:NH,HCO, buffer (25 mM, pH 6.8, 1:1 by volume) with a final
volume of 500 uL. The samples were degassed using the freeze-pump-thaw method (4 x 3
min cycles) and photolyzed at 350 nm (4 lamps) for | h. The samples were transferred to
cppendorf tubes and lyophilized. The residue was taken up in benzophenone (10 uL) and
CH,CN:NHHCO, buffer (90 uL, 25 mM, pH 6.8, 1:1 by volume) and analyzed by
reverse-phase (C8) HPLC using Methods B and C (Tables 38 and 39).

Aerobic Photolysis of 121 in the Presence of Mannitol. Samples containing
121 (0.10 mM) and mannitol (1.1 mM) were prepared in CH,CN:H,O (500 pL, 1:1 by
volume) and photolyzed at 350 nm (4 lamps) for 1 h. The samples were worked up as
above and analyzed by reverse-phase (C8) HPLC using Method B (Table 38) for formation

of 132.

Anaerobic Photolysis of 121 in the Presence of the 1-N-Oxide (12). A
solution of the dinucleotide 121 (0.011 mM) in CH,CN:H,O (500 uL, 1:1 by volume)

was photolyzed in the presence of the 1-N-oxide (12, 2.0 mM) and BME (0.14-3.15 mM)

at 350 nm (4 lamps) for I h . The samples were worked up and analyzed by reverse-phase

(C8) HPLC using Methods B and C as described above (Tables 38 and 39). The ratio of

130:132 was plotted against the concentration of SME.

Titration of Lithium and Grignard Reagents. A 15 mL flask equipped with a stir
bar was heated while under vacuum to remove residual acetone and/or water. A few

crystals of 1,10-phenanthroline were dissolved in benzene (3 mL) and the base was added
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until a persistent violet color appeared. The solution was titrated with 2-butanol (1.0 M) in

xylenes until a yellow endpoint was reached.

0 Preparation of 5,6-Dihydrothymidine (34). 5% Rhodium on
NH
/go alumina (0.31 g, 10%/wt) was added to a solution of thymidine (3.08 g,
HO N
_@ 0.013 mol) in MeOH:H,O (200 mL, 1:1 by volume) and the reaction

mixture pressurized with H, (50 psi). After 8 h, the reaction mixture was

filtered through Celite and concentrated to yield a white solid (3.10 g,100%). 'H NMR

(MeOH-d,) 8 6.26 (1, 1H. J = 6 Hz), 4.28 (quintet, 1H, J = 3 Hz), 3.79-3.74 (m, 1H),

3.70-3.59 (m, 2H), 3.51 (dd, IH, J =54, 129 Hz), 3.21 (dd. IH, J =9.6, 12.6 Hz).
2.71-2.64 (m, 1H), 2.27-2.17 (m, 1H). 2.03-1.96 (m, 1H), 1.20 (d, 3H, J = 12 Hz).

o Preparation of 97. TBDMSCI (4.70 g, 0.031 mol), imidazole

NH
\fi& (4.58 g, 0.067 mol), and 34 (3.10 g, 0.013 mol) were dissolved in
TBSO N O
_\ijy pyridine (30 mL) and stirred at 40 °C for 5 h. The reaction mixture was
oTes diluted with saturated NaHCO; (50 mL) and H,O (25 mL) and extracted
with ether (3 x 100 mL). The organics were washed with brine and dried over MgSO,.

The product was purified by flash chromatography (hexanes:EtOAc, 3:1to 1:1) and isolated
as a white solid (5.26 g. 88%). 'H NMR (CDCl,) 8 7.66 (br s, 1H), 6.32 (1. IH, J = 7.2

Hz), 4.38-4.34 (m, 1H), 3.80 (q, 1H. J = 2.7 Hz), 3.71 (t, 2H, J = 2.7 Hz), 3.41-3.23
(m, 2H). 2.64-2.57 (m, 1H), 2.01-1.96 (m, 2H), 1.26 (d, 3H, J = 7.2 Hz), 0.90 (s, 9H),
0.89 (s, 9H), 0.08 (s, 6H), 0.07 (s, 3H), 0.06 (s, 3H).
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Q o
Ph

o L Preparation of 100. sec-BuLi (0.68 mL. 1.3 M. 0.88 mmol) was
° added to a solution of 97 (0.17 g, 0.35 mmol) in THF (3.5 mL) at -78

ores °C. After 1 h, DMPU (0.21 g, 1.65 mmol) was added. A solution of
phenylacetyl chloride (0.082 g, 0.53 mmol) in THF (0.5 mL) was added after 30 min at -
78 °C and allowed to warm to room temperature. After 2 h. the reaction mixture was
diluted with saturated NH,Cl (50 mL) and extracted with EtOAc (3 x 70 mL). The organic

layer was washed with brine and dried over MgSO,. Column chromatography

(hexanes:EtOAc, 2:1) yielded the product (0.15 g, 74%) as a mixture of diastereomers
(1.5:1. 55:5R). m.p. 41-46 °C: 'H NMR (CDCl,) 8 7.86 (s, 0.6 H). 7.83 (s, 0.4H),

7.35-7.25 (m, 3H), 7.19-7.11 (m, 2H), 6.26-6.19 (m, |H), 4.41-4.35 (m, 1H), 4.19 (d,
0.4H.J = 13.2 Hz), 4.04 (d, 0.4H, J = 16.5 Hz), 3.99 (d, 0.6 H, J = 15.9 Hz), 3.89 (d,
1H. J = 2.4 Hz), 3.85 (s. 1H), 3.79-3.73 (m, 1.6H), 3.70 (d, IH, J = 3.3 Hz), 3.16 (d,
IH. J = 13.2 Hz), 2.25 (ddd. 0.6H. J = 6.0, 7.8, 13.5 Hz) apparent quintet, 2.00-1.94
(m. 0.8H). 1.85 (ddd. 0.6H. J = 3.3, 6.0, 13.5 Hz), 1.47 (s, 1.2H). 1.45 (s, 1.8H), 0.92
(s. 3H), 0.90 (s, I5H), 0.09 (s, 3H). 0.084 (s, 3H), 0.079 (s, 4H), 0.06 (s, 2H); “C

NMR (CDCl,) 8 202.9, 202.4, 170.8, 170.6, 152.2, 151.6, 133.0, 132.6, 130.0, 129.7,
128.9. 128.7. 127.6, 127.3, 87.2, 86.6, 84.7, 83.7. 73.1, 72.1, 63.8, 63.1, 55.5, 45.3,
14.6, 44.5, 43.9, 37.7, 37.3, 26.1, 26.0, 19.2, 18.6, 18.2, 18.1, -4.4, -4.6, -5.2, -5.3:

IR (film) 3214 (br), 3090, 3033, 2955. 2930, 2897. 2858, 1714. 1698, 1472, 1429,
1383. 1361, 1254, 1225, 1096, 1032, 971. 836, 778 cm’".
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o o Preparation of 5S-and 5R-122. A solution of TFA/H,O (8 mL,
::\/tf:/t; 10% by volume) was added to a solution of 100 (0.96 g, 1.62 mmol) in
THF (8 mL) at O °C. After 3 h, the reaction mixture was quenched with

OTES 5 saturated NaHCO,, diluted with H,O (20 mL), and extracted with CH.CI,

o o
L
P N (3x30mL). The organic layer was dried over MgSO, and concentrated

PN
o
ooy in vacuo. Column chromatography (EtOAc:CH.Cl,, 1:9 to EtOAc)

otes sk yielded 0.13 g of SR-122 as a white powder and 0.28 g of 5§§-122 as a
white foam in 53% total yield. 55-122: m.p. 49-54 °C: '"H NMR (CDCl,) & 7.52 (s,
IH). 7.32-7.27 (m, 3H), 7.13 (dd, 2H, J = 1.5, 7.5 Hz), 6.12 (t, IH, J = 7.2 Hz), 4.32
(dt, 1H.J =4.2, 6.9 Hz), 3.99 (d. IH, J = 16.2 Hz), 3.88-3.75 (m, 4H), 3.68-3.62 (m,

IH). 3.16 (d. IH, J = 12.6 Hz), 2.34 (ddd, IH, J = 7.2, 13.8, 7.2 Hz) apparent quintet,
2.00-1.90 (m. IH), 1.92 (m, [H), 1.46 (s, 3H). 0.90 (s. 9H), 0.10 (s, 3H), 0.09 (s, 3H):

*C NMR (CDCl,) § 202.4, 170.3, 151.9, 132.4, 129.7, 128.9. 127.7, 86.0, 84.5. 71.6,

62.6. 55.7. 45.2, 44.7, 37.7, 259, 19.2, 18.2, -4.4, -4.7; IR (film) 3460 (br), 3217,
3089. 2929, 2857, 1710, 1474, 1430, 1384, 1360, 1252, 1224, 1096, 1036, 836, 778
cm’. 5R-122: m.p. 144-152 °C: 'H NMR (CDCl,) & 7.50 (s. 1H), 7.32-7.27 (m, 3H),
7.14 (dd, 2H, J = 2.4, 8.1 Hz), 6.01 (t, IH,J = 6.9 Hz), 4.45 (dt, IH, J = 4.2, 6.9 Hz),
+4.00 (d. 'H. J = 129 Hz), 3.97 (d, IH. J = 15.6 Hz), 3.90-3.81 (m, 2H), 3.76 (dt, 1H,

= 2.7. 4.2 Hz), 3.66-3.58 (m, 1H), 3.30 (dd. IH, J =4.2, 9.3 Hz), 3.20 (d, IH, J =
12.6 Hz). 2.19 (ddd, IH, J = 6.9, 13.5, 6.9 Hz) apparent quintet, 2.03 (ddd, 1H, J = 4.2,

6.9. 13.5 Hz), 1.43 (s, 3H), 0.90 (s, 9H). 0.09 (s, 6H); ’'C NMR (CDCl,) 3 203.4,

170.7. 151.3, 132.0, 129.8, 129.0, 127.7. 86.5. 85.3. 71.4, 61.9, 55.6, 46.5. 45.8.
38.0. 26.0, 19.3, 18.2, -4.5. -4.6: IR (film) 3417 (br), 3211, 3059, 2928, 2855, 1716,
1698, 1470. 1388, 1372, 1304. 1249, 1096, 1038, 835, 784, 721 cm™'.

183

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9 o Preparation of 55-94. Et;Ne3HF (0.38 g, 0.23 mmol) was added to
Ph
ro a solution of 55-122 (0.28 g. 0.47 mmol) in THF (5 mL). After 15 h.
HO o N
-\ij the reaction mixture was concentrated in vacuo and purified by column
OH

chromatography (CH.Cl,:MeOH, 9:1). The product was isolated in
quantitative yield (0.20 g) as a white foam. m.p. 51-59 °C; 'H NMR (MeOH-d,) & 7.30-

7.22 (m. 3H), 7.13 (dd, 2H, J = 1.8, 8.1 Hz): 6.18 (dd, IH, J = 6.6. 7.5 Hz); 4.29 (dt,
1H. J = 3.3, 6.6 Hz), 3.93 (s, 2H), 391 (d, IH, J = 13.2 Hz), 3.76-3.69 (m. IH), 3.67-
3.59 (m, 2H), 3.26 (d, 1H. J = 13.5 Hz). 2.30 (ddd, IH. J = 6.9, 14.1, 6.9 Hz) apparent

quintet, 1.87 (ddd, 1H. J = 3.3, 6.3, 13.5 Hz), 1.44 (s, 3H): C NMR (MeOH-d,) &

204.8. 172.7, 154.5, 134.6, 130.8, 129.5, 128.1, 87.3. 84.9, 72.4, 63.4, 56.7, 45.6,
45.0. 37.6. 18.9: IR (film) 3398 (br), 3240, 3085, 2938, 2874, 1704, 1479, 1454, 1432,
1385, 1360. 1300, 1226, 1090, 1038, 724 cm™".

\j o Preparation of 5R-94. Et;,N*3HF (0.18 g, !.10 mmol) was added to
Ph . AN m
N’J*o a solution of 5R-122 (0.13 g, 0.23 mmol) in THF (3 mL). After 14 h,
HOo o
Wi_?‘ the reaction mixture was concentrated in vacuo and purified by column
H

chromatography (CH.CI.:MeOH, 9:1). The product (0.091 g) was
isolated as a white powder in quantitative yield. m.p. 208-213 °C; 'H NMR (MeOH-d,) §
7.30-7.17 (m, 5H), 6.19 (dd, IH, J = 6.0, 8.4 Hz), 4.35 (dt, 1H, J = 3.0, 6.3 Hz), 4.28
(d. 1H. J =13.2 Hz), 4.12 (d, |H, J = 17.4 Hz), 4.00 (d, LH, J = 17.7 Hz), 3.85 (q, IH,

J =3.3Hz).3.72(d, |H.J =33 Hz), 3.72 (d, IH, J = 4.8 Hz), 3.38 (d, IH, J = 13.2
Hz). 2.19 (ddd. 1H, J = 6.3, 8.7, 13.8 Hz). 1.97 (ddd, IH, J = 2.7, 6.0, 13.5 Hz). 1.48

(s. 3H): PC NMR (MeOH-d,) § 207.7, 173.3, 154.2, 134.5, 131.0. 129.5, 128.1, 87.3,

85.4, 72.6, 63.2, 57.0, 45.4, 44.5, 37.2, 17.7; IR (film) 3410 (br), 3219, 3088, 2933,
2878, 1698, 1474, 1456, 1388, 1363, 1306, 1233, 1036, 724 cm™'.
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o Preparation of 101. sec-BuLi (2.2 mL. 1.3 M, 2.86 mmol) was
PhSE\}[“\r added to a solution of 97 (0.55 g, 1.16 mmol) in THF (10 mL) at -78

°C. After 1.5 h, DMPU (0.74 g, 5.79 mmol) was added, followed by a

oTes solution of PhSeBr (0.43 g, 1.84 mmol) in THF (5 mL). After 12 h.
allowing to warm to room temperature, the reaction mixture was diluted with NH,Cl (50
mL). H,O (50 mL), and extracted with EtOAc (3 x 70 mL). The organic layer was washed
with brine and dried over MgSO,. Column chromatography (CH,CI,:EtOAc, 19:1) yielded

0.60 g (82%) of the product as a mixture of diastereomers (=2.5:1, SR:5S5). m.p. 44-49
°C: 'H NMR (CDCl,) § 7.63-7.56 (m, 2H), 7.47-7.31 (m. 4H), 6.38 (dd, 0.7H, J = 5.7.

7.8 Hz), 6.29 (1, 0.3H, J = 7.2 Hz), 4.43-4.37 (m. 1H). 3.95-3.77 (m, 1.5H), 3.73-3.72
(m. 1.5H) apparent t, 3.64-3.51 (m, 1.7H) apparent q, 3.35 (d, 0.3H, J = 13.2 Hz), 2.23
(ddd. 0.7H, J = 6.3, 8.7 Hz), 2.06 (ddd, 0.7H. J = 2.7, 6.0, 12.6 Hz), 1.97 (dd, 0.6H. J
= 4.2, 7.5 Hz), 1.48 (s. 0.9H), 1.44 (s, 2.1H). 0.95-0.91 (m, 18H), 0.14-0.08 (m,

12H): *C NMR (CDCl,) 8 170.8. 152.3, 138.3, 138.1, 130.0, 129.9, 129.2, 129.1.

125.3. 87.0. 86.7, 84.3, 83.8, 72.8, 72.2, 63.6, 48.8. 47.7, 44.2, 38.3. 37.8, 26.3,
26.1. 21.2, 21.0, 18.7, 18.3, -4.3, -4.5, -5.0, -5.1: IR (film) 3207, 3076, 2952, 2931,

-l -

2858. 1709, 1472, 1433, 1363, 1253, 1218. 1094, 1029, 836, 779, 740 cm™'.

Preparation of 5R- and 5S5-123. A solution of TFA/H,O (7 mL,
PhSe
\EK g 10% by volume) was added to a solution of 101 (0.91 g, 1.45 mmol) in

N
" ° ° THF (7 mL) at 0 °C. After 4 h, the reaction mixture was quenched with
OTBS SR saturated NaHCO, (50 mL) and extracted with EtOAc (3 x 50 mL). The
Phse’;':?'\ ,hl: organic layer was washed with brine and dried over MgSO,. Column
Hom\ oY © chromatography (CH,CI,:MeOH, 19:1 to 4:1) yielded 0.29 g of SR-123
OTBS 58 and 0.081 g of 5§-123 in 49% total yield. 5R-123: m.p. 196-199 °C;
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'H NMR (CDCL,) § 7.60-7.57 (m, 2H), 7.47-7.32 (m, 4H), 6.25 (t. 1H, J = 6.9 Hz),

4.37 (dt, 1H, J = 3.9, 6.6 Hz), 3.87-3.79 (m. 2H). 3.70-3.64 (m. IH). 3.61-3.49 (m.
2H). 2.34 (ddd. IH, J = 7.2, 13.8, 7.2 Hz) apparent quintet, 2.12 (ddd, 1H, J = 4.2, 6.6,
13.2 HZ), 1.99 (m. 1H), 1.48 (s, 3H), 0.92 (s, 9H), 0.13 (s, 3H), 0.12 (s. 3H); °C

NMR (CDCLy) 8 170.7, 152.4, 138.1, 130.1, 129.3, 125.2, 86.0, 84.5, 71.6, 62.4,
49.9. 44.2, 38.3, 26.0, 21.1, 18.3, -4.3, 4.5: IR (film) 3421 (br), 3215, 3073, 2950,
2930. 2891. 2857, 1698. 1474, 1434, 1364. 1253, 1216. 1093, 1048. 1026. 835. 778,
740 cm’'. 55-123: m.p. 145-149 °C. 'H NMR (CDCl,) 8 7.73 (s, 1H), 7.60 (dd, 2H, J
= 1.2, 8.1 Hz), 7.45-7.31 (m, 3H). 6.04 (t. IH, J = 7.2 Hz), 444 (dt. I1H, J =45, 6.9

Hz). 3.96-3.91 (m. 1H), 3.85-3.82 (m, LH), 3.73-3.64 (m. 1H), 3.63 (s, 2H), 2.80-2.76
(m. [H). 2.30 (ddd, 1H. J = 6.9, 13.5, 6.9 Hz) apparent quintet, 2.10 (ddd. 1H. J = 4.2,

6.9. 13.2 Hz). 1.47 (s. 3H). 0.91 (s. 9H). 0.10 (s. 6H): °'C NMR (CDCl,) § 170.7,
151.8. 138.1, 130.1. 129.2, 125.2, 86.3, 86.0, 71.5, 62.2, 51.3, 44.1, 38.1, 26.0,
21.0. 18.2, -4.4, -4.5: IR (film) 3418 (br). 3202, 3074, 2951, 2931, 2890, 2857, 1698,
1473. 1379, 1249, 1220, 1094. 1052, 1025, 836, 779, 737 cm’".

o Preparation of 5R-96. Et,Ne3HF (0.40 g, 2.45 mmol) was added to
PhSe ' NH ;
“f:/go a solution of 5R-123 (0.25 g, 0.48 mmol) in THF (5 mL). After 12 h,
HO o)
—\ij the reaction mixture was concentrated in vacuo and purified by column

chromatography (CH,Cl,:MeOH, 9:1). The product was isolated in 93%
yield (0.18 g) as a white powder. m.p. 179-182 °C; 'H NMR (MeOH-d,) § 7.58 (dd, 2H,

J = 1.2. 8.4 Hz). 7.46-7.40 (m, 1H), 7.37-7.31 (m, 2H), 6.31 (dd. 1H. ] = 6.6, 7.8 Hz),
4.32 (ddd, 1H, J = 3.3, 6.6, 3.3 Hz). 3.78 (dt, 1H. J = 3.6, 4.5 Hz) apparent g, 3.70 (d.
IH. J = 14.4 Hz), 3.70-3.63 (m, 2H), 3.57 (d, 1H, J = 14.4 Hz), 2.35 (ddd, IH, J =
6.6. 7.8. 13.5 Hz), 2.07 (ddd, I1H, J = 3.3, 6.6, 13.5 Hz), 1.44 (s, 3H); °C NMR
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(MeOH-d,) 8 173.1, 1549, 139.2, 130.9, 130.2, 126.8, 87.5, 84.9, 72.4, 63.4, 49.8,

45.8. 38.2. 21.2; IR (film) 3389 (br), 3075, 2925, 2869, 1693. 1477, 1434, 1366, 1285,
1219. 1088. 1047, 745 cm™'.

o Preparation of 55-96. Et;N<3HF (0.12 g, 0.74 mmol) was added to
PhSe,, NH
N’go a solution of 5§5-123 (0.074 g, 0.14 mmol) in THF (2 mL). After 12 h,
HO 0
—Q the reaction mixture was concentrated in vacuo and purified by column
OH

chromatography (CH,Cl,:MeOH. 9:1). The product was isolated in 88%
yield (51 mg) as a white foam. m.p. 46-53 °C; 'H NMR (MeOH-d,) § 7.61 (dd, 2H, J =

1.2. 8.1 Hz). 7.45-7.39 (m, 1H), 7.35-7.30 (m, 2H), 6.20 (dd. 1H, J = 5.7, 8.1 Hz),
4.32 (dt. 1H,J =2.7,5.7 Hz), 3.89 (d, 1H, J = 13.5 Hz), 3.88-3.84 (m, 1H), 3.73 (d,
2H, J =4.5 Hz). 3.50 (d, IH, J = 13.5 Hz), 2.16 (ddd, 1H, J = 6.0, 8.4, 13.5 Hz), 1.98

(ddd. 1H. J = 2.4, 5.7, 13.5 Hz), 1.44 (s, 3H): "C NMR (MeOH-d,) 8 173.2, 154.0,

139.4. 130.8. 130.0, 127.1, 87.8, 85.6, 73.0, 63.7, 49.1, 45.4, 37.6, 21.3: IR (film)
3399 (br), 3074. 2925, 2870, 1692, 1475, 1437, 1376, 1221, 1088, 1048, 745 cm’".

Preparation of 102. sec-BuLi (15.0 mL, 1.3 M, 18.8 mmol) was

rso Bf:tf\,\mo added to a solution of 97 (3.47 g, 7.34 mmol) in THF (35 mL) at -78
_\ij °C. After 1.5 h, DMPU (4.66 g, 36.4 mmol) was added and stirred for

oTBs 30 min. A solution of NBS (2.09 g, 11.7 mmol) in THF (20 mL) was

added dropwise at -78 °C. After 10 min, the reaction mixture was poured into saturated
NH,CI (100 mL) and extracted with EtOAc (3 x 100 mL). The organic layer was washed
with brine and dnied over MgSO,. Column chromatography (hexanes:EtOAc, 3:1) yielded

1.56 g (39%) of 103 as a mixture of diastereomers (3.4:1, 5R:55). m.p. 50-59 °C: 'H

NMR (CDCl,) 8 7.60 (br s, 0.77H), 7.56 (br s, 0.23H), 6.40 (dd, 0.77H, J = 6.0, 7.8
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Hz), 6.30 (dd, 0.23H, J = 6.0, 8.4 Hz), 4.37 (ddd, IH, J = 2.7, 5.7, 2.7H) apparent
quintet, 3.99 (d, 0.23H, J = 14.1 Hz), 3.88 (m, 0.23H), 3.83-3.77 (m, 1H), 3.75-3.68
(m. 1.77H), 3.69 (d, 0.77H, J = 15.3 Hz), 340 (d. 0.77H. J = 15.3 Hz). 3.28 (d,
0.23H. J = 14.4 Hz), 2.16 (ddd, 1H, J = 6.0, 7.8, 12.9 Hz), 2.04 (ddd, 0.23H, J = 3.0,
5.7. 13.2 Hz), 1.95 (s, 2.3H), 1.94 (s, 0.7H), 0.93 (s, 8H), 0.91 (s, 7H), 0.90 (s, 3H).

0.11 (s. 3H), 0.09 (s, 4H), 0.08 (s, 3H), 0.07 (s, 2H); "C NMR (CDCl,) & 167.6,

151.7, 151.1, 87.0, 86.8, 84.4, 83.9, 72.5, 72.1, 634, 63.2, 52.7, 50.2, 49.5, 38.4,
38.2, 26.2, 26.0, 24.5, 18.6, 18.2, 4.4, -4.6, -5.18, -5.21; IR (film) 3203, 3086, 2954,
2929, 2885. 2857, 1714, 1698, 1472, 1433, 1381, 1255, 1222, 1119, 1095, 1029, 835,

777 cm’'; LRMS (FAB) caled for C,.H_;N.O,BrSi.: 551.2 (M+H). found 551.2.

Preparation of 95. A solution of TFA/H,O (2 mL, 10% by volume)
B
\ti"”o was added to a solution of 102 (0.22 g, 0.39 mmol) in THF (2 mL) at
HO o
.\gj room temperature. After 4 h, the reaction was quenched with NaHCO,
OH

and concentrated in vacuo, avoiding excessive heating. Column

chromatography (CH,Cl.:MeOH. 9:1 to 4:1) yielded 0.093 g (73%) of 95 as a mixture of
diastereomers. m.p. 43-57 °C; '"H NMR (MeOH-d,) § 6.35 (dd, 0.8H, J = 6.0, 7.5 Hz),
6.21 (dd, 0.2H, J = 5.7, 8.1 Hz), 4.30 (ddd, 1H, J = 3.0, 6.3, 3.0 Hz). 3.98 (d, 0.2H, J
= 14.4 Hz), 3.84-3.78 (m, 1H), 3.79 (d, 0.8H, J = 15.3 Hz), 3.72-3.60 (m, 2H). 3.50

(d. 0.2H. J = 14.7 Hz). 3.49 (d, 0.8H, J = 15.3 Hz), 2.31 (ddd, 0.8H, J = 6.6, 7.8, 13.8
Hz). 2.16 (ddd, 0.2H, J = 6.3, 8.4, 13.5 Hz), 2.04 (ddd, IH, J = 3.3, 6.6, 13.8 Hz).

1.92 (s, 2.4H), 1.90 (s, 0.6H): °C NMR (MeOH-d,) § 169.7, 154.1, 87.8, 87.5. 85.7,

85.0. 72.7. 72.3. 63.5, 63.3, 55.1, 54.1. 50.9, 38.2, 37.9, 24.5, 24.4; IR (film) 3390
(br). 2930, 2873, 1698, 1478, 1434, 1384, 1294, 1224, 1088, 1049 cm™: Exact mass
(FAB) calcd for C ,H,;N.,O,Br: 323.0243 (M+H), found 323.0248.
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0 Preparation of DMT-dU. A solution of DMTCI (3.60 g, 10.6

o f:’to mmol) in pyridine (15 mL) was slowly added dropwise to a solution of
‘@ 2’-deoxyuridine (2.02 g, 8.85 mmol) in pyridine (20 mL). After

on stiming overnight, the reaction was quenched with MeOH (2 mL).
diluted with saturated NaHCO; (100 mL), and extracted with EtOAc (3 x 100 mL). The
organics were washed with brine and dried over MgSO,. Column chromatography

(EtOAc:hexanes. 2:1 to 3:1) yielded the product (4.36 g) as a white foam in 93% yield. 'H
NMR (CDCI,) 6 8.68 (br s, 1H), 7.80 (d, IH, J = 8.4 Hz), 7.40-7.25 (m, 9H), 6.88-6.83

(m. 4H). 6.32 (dd, IH, J = 6.3, 6.3 Hz), 541 (d, 1H, J = 8.1 Hz), 4.58-4.55 (m, 1H),
4.02 (m. 1H). 3.81 (s, 3H), 3.79 (s, 3H), 3.52-3.42 (m, 2H), 2.46 (ddd. 1H, J = 4.5,
6.3. 13.8 Hz), 2.28 (ddd. IH. J = 6.3, 129, 6.3 Hz) apparent quintet, 2.15 (m, IH)

apparent d.

i Preparation of 125. B-Cyanoethyl diisopropylchiorophosphor-

DMTO N" "0 amidite (2.23 g, 9.41 mmol) was added dropwise to a solution of
‘@ DMT-dU (4.15 g, 7.82 mmol) and Hiinig’s base (4.01 g, 9.41 mmol)
PNTOTN g CH.CL, (40 mL). After stirring overnight, the reaction mixture was
diluted with EtOAc (120 mL) and washed quickly with 10% Na,CO, (50 mL) and brine
(50 mL). The organic layer was dried over Na,SO, and concentrated to yield an off-white

foam. The product was purified by column chromatography (hexanes:EtOAc, 1:1 to 1:2)
and isolated as a white foam (4.79 g, 84%). 'H NMR (CDCl,) 8 8.72 (br s, 1H), 7.86 (d,
0.5H. J = 8.4 Hz), 7.80 (d, 0.5H. J = 8.1 Hz), 7.40-7.37 (m, 2H), 7.32-7.24 (m. 7TH),
6.87-6.83 (m. 4H) apparent dd, 3.33 (dd, IH,J = 6.0, 12.0 Hz). 5.36 (d, 0.5H, J = 8.1

Hz), 5.36 (d. 0.5H, J = 8.1 Hz), 4.69 (m, 1H), 4.17-4.12 (m. 1H), 3.90-3.70 (m, 1H),
3.81 (s. 3H). 3.80 (s, 3H), 3.68-3.51 (m, 3H), 3.49-3.38 (m, 2H), 2.64 (t, I1H, ] = 6.3
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Hz). 2.59-2.50 (m, 1H), 2.47 (¢, 1H, J = 6.3 Hz), 2.35-2.26 (m, |H) apparent quintet,
[.21-1.17 (m, 9H), 1.09 (d, 3H, J = 6.9 Hz).

o General Procedure for Coupling Reaction:

] P Preparation of 55-126. A solution of 125 (0.29 g, 0.39
- owii? i " mmol) in CH;CN (3 mL, 0.5 M tetrazole) was added dropwise to
ozéfiﬂjﬁ& a solution of 55-94 (0.12 g, 0.32 mmol) in THF (3 mL). After
et _Q I h, a solution of I, (1.0 M/THF:2,6-lutidine:H,O, 2:2:1 by
volume) was added until the orange color did not dissipate. After

30 min. the excess I, was quenched with 10% Na,S.O,/saturated NaHCO,, diluted with
NaHCO, (40 mL). and extracted with CH,Cl, (3 x 50 mL). The organic layer was dried
over Na,SO, and concentrated in vacuo to yield a yellow foam. Column chromatography
(CH.CI.:MeOH, 19:1 to 9:1) yielded 0.14 g (43%) of product as a mixture of

diastereomers. m.p. 121 °C (color change from white to pink), 113-125 °C (phase
change): 'H NMR (CDCl,) § 9.94 (br s, 0.5H), 9.79 (br s. 0.5H), 8.77 (br s, 0.5H), 8.71

(br s. 0.5H). 7.64 (d, IH, J = 8.1 Hz), 7.36-7.23 (m, 12H), 7.08 (d, 2H. J = 6.6 Hz),
6.84 (d. 4H. J = 8.7 Hz), 6.31-6.23 (m, 2H), 5.40 (dd, IH, J = 3.3, 8.1 Hz). 5.14 (m,
IH). 4.32-4.11 (m, 6H), 4.02-3.92 (m, 2H), 3.80 (m, 2H). 3.782 (s, 3H), 3.777 (s,
3H). 3.45 (m, 2H), 3.15 (dd, 1H, J = 4.2, 12.6 Hz), 2.74-2.57 (m, 1H), 2.67 (t, 2H, J =

6.0 Hz). 2.34 (m. 2H), 2.05 (m. 1H), 1.43 (s, 3H): ”C NMR (CDCl,) § 203.1. 203.0,

170.7. 170.6, 163.6, 158.9, 152.6, 150.9, 150.8, 144.2, 139.9, 135.2, 135.1, 132.9,
132.8, 130.4, 130.3, 129.8, 128.8, 128.3, 127.5, 117.0, 116.8, 113.6, 102.9, 87.5,
85.1. 84.7 (1), 83.9 (d), 83.3 (d), 79.3 (1), 71.4, 71.3, 68.2, 63.1, 62.8, 62.7, 62.6,
62.5. 55.5, 55.4, 45.1, 43.8, 39.5, 39.4, 36.6, 19.8, 19.7, 19.1: >'P NMR (CDCl,)

H.PO, reference & -2.88. -3.12; IR (film) 3401 (br), 3194, 3064, 2935, 2839, 2253.
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1714, 1694. 1682. 1608, 1510, 1463, 1384, 1275, 1252, 1226, 1178, 1034, 911, 830,

730 cm’.

o Preparation of 5R-126. A solution of 125 (0.15 g, 0.2

NH

o | ’go mmol) in CH,CN (2 mL, 0.5 M tetrazole) was added dropwise to
p %, asolution of SR-94 (0.058 g, 0.16 mmol) in THF (2 mL).
o=éfl:) :(:,&0 After stirring overnight, the phosphite was oxidized with I, as

e ‘\S;j described above, diluted with saturated NaHCO, (30 mL), and

extracted with CH,CL, (3 x 40 mL). The organic layer was dried
over Na,SO, and concentrated in vacuo. The product was purified by column

chromatography (CH,CI,:MeOH, 19:1 to 9:1) and isolated as a mixture of diastereomers

(0.068 g. 42%). m.p. 110 °C (color change from white to pink), 110-121 °C (phase
change): '"H NMR (CDCl;) 8§ 10.07 (br s. 0.5H). 9.92 (br s, 0.5H), 9.00 (br s. 0.5H),
8.92 (br s. 0.5H). 7.64 (t. IH. J = 6.3 Hz), 7.33-7.22 (m, 12H), 7.11 (m, 2H), 6.84 (d,
4H. J = 8.4 Hz), 6.28 (m, 1H), 6.10 (m, 1H), 5.39 (d, IH, J = 7.5 Hz), 5.16-5.11 (m,

1H), 4.39 (m. [H), 4.24-4.22 (m, 2H), 4.12 (m, 2H), 4.02-3.87 (m, 5H), 3.78 (s, 6H),
3.42 (brs. 2H), 3.21 (dd, IH. J = 12.6, 25.5 Hz), 2.63 (m, 1H), 2.49 (m, 2H), 2.32 (m,

1H). 2.12 (m. 2H), 1.44 (s. 3H): °C NMR (CDCl,) & 203.7, 203.4, 171.0, 163.6.

158.9, 152.3. 152.2, 151.0, 150.9, 144.2, 140.0, 1399, 135.1, 135.0, 133.3, 133.2,
130.3. 130.2, 130.0, 128.7, 128.3, 127.5. 127.3, 117.1, 116.9, 113.6, 103.0, 102.9,
87.5. 87.4. 85.1, 85.0, 84.9, 84.7, 84.6, 83.6, 83.5, 83.4, 79.5, 79.3, 71.2, 67.9, 63.2,
62.9. 62.8, 62.7, 62.6, 55.5. 55.4. 45.5, 454, 44.7, 44.6, 39.3, 39.2, 36.8, 29.9, 19.7,

19.6. 19.5, 18.3, 18.2; *'P NMR (CDCL,) H,PO, reference & -2.97, -3.46: IR (film) 3402

(br). 3199, 3064. 2935, 2838, 2253, 1698, 1608, 1509, 1457, 1385, 1251, 1178, 1033,

911.829.728 cm™.
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o) General Procedure for Deprotecting Phosphate and

d Cation Exchange: Preparation of 55-119. Et,N (I mL)
DMTO‘KJ was added to a solution of 55-126 (0.14 g, 0.14 mmol) in THF
_th/\'(fk (1 mL) and refluxed. After 12 h, the reaction mixture was
ON(:_\E:? concentrated in vacuo to yield a pale yellow powder. Dowex

cation exchange resin (I g/5 mmol) was washed with MeOH (50

mL) and H.,O (50 mL), then treated with 3.0 N NaOH (50 mL). The resin was
subsequently washed with H,O (100 mL) until the pH of the eluant was neutral, then
washed with MeOH (50 mL). The crude product was taken up in MeOH (1 mL) and
passed through the Dowex resin and eluted with MeOH (50 mL) to exchange the Et; NH"
cation for Na*. Column chromatography (CH,Cl,:MeOH, 4:1) yielded 0.086 g (64%) of

product as a white powder. m.p. 142 °C (color change to orange), 158-165 °C (phase
change): 'H NMR (MeOH-d,) § 7.77 (d, 1H, J = 8.1 Hz), 7.39 (dd, 2H. J = 1.5, 8.7
Hz). 7.32-7.19 (m, 10H), 7.12 (dd, 2H, J = 1.8, 8.1 Hz), 6.87 (dd, 4H. J = 0.6, 8.7
Hz). 6.26 (t, IH.J = 6.9 Hz), 6.17 (t, 1H, J = 7.5 Hz), 5.25 (d. 1H, J = 8.1 Hz), 5.01
(m. 1H), 4.33-4.28 (m, 2H), 3.97-3.90 (m, 2H), 3.91 (s, 2H), 3.86 (m, 2H), 3.77 (s,

GH). 3.46 (dd, 1H, J = 3.3, 10.8 Hz). 3.38 (dd, IH, J = 3.0, 10.5 Hz), 3.16 (d, IH, J =
14.1 Hz), 2.63 (ddd, 1H, J = 2.7, 6.0, 14.1 Hz), 2.42-2.27 (m, 2H), 1.86 (ddd, IH, J =

3.3. 6.6. 13.5 Hz), 1.37 (s, 3H); ’C NMR (MeOH-d,) & 205.1, 172.8, 166.2, 160.5,

154.7. 152.2, 146.1, 142.5, 136.9, 136.7, 134.9, 131.7, 131.6, 130.9, 129.6, 129.1,
128.3, 128.2, 114.5, 102.7, 88.5, 86.8, 85.9, 85.8, 85.1, 77.3, 72.7, 66.9, 64.9, 56.9,

55.9. 45.4. 45.1. 40.7, 37.4, 18.8: *'P NMR (MeOH-d,) H,PO, reference 8 -1.00; IR

(film) 3406 (br), 3207, 3063, 2954, 2875, 1698, 1508, 1463, 1248, 1065, 1036, 830 cm’
' ESMS (ES’) calcd for CH, N, O, P: 953.3 (M-Na"), found 953.3.
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o Preparation of 5R-119. Et;N (ImL) was added to a solution

NH
ﬁ’go of SR-126 (0.068 g, 0.067 mmol) in THF (1 mL) and refluxed.
DMTO o)
Kj T After 9 h, the reaction mixture was concentrated in vacuo. The
SN NH
' o ’ko crude product was taken up in MeOH ( ImL) and passed through

o=pP- o_N
O'NC:KJ a Dowex cation exchange column as described above, eluted with
MeOH (50 mL), and purified by column chromatography
(CH.Cl,:MeOH. 4:1). The product (0.035 g) was isolated as a white powder in 53%
vield. m.p. 113 °C (color change to orange). 170-177 °C (phase change); 'H NMR

(MeOH-d,) 8 7.69 (d, 1H. J = 8.1 Hz), 7.39-7.10 (m, 14H), 6.88-6.81 (m, 4H), 6.19 (t,

2H.J = 7.5 Hz), 5.24 (d, IH, J = 8.1 Hz), 4.92 (m. IH), 442 (m, 1H), 422 (d, 1H,J =
13.5 Hz). 4.10-4.06 (m, 2H), 4.03 (d, 2H, J = 8.4 Hz), 3.95-3.90 (m, 2H), 3.78 (s,
6H). 3.78-3.70 (m, LH), 3.38-3.28 (m, 2H), 2.50-2.44 (m, 1H), 2.27-2.12 (m, 2H),
1.97 (ddd. 1H. J = 3.0, 6.3, 13.5 Hz), 1.48 (s, 3H): ’C NMR (MeOH-d,) § 207.1.
173.2. 166.2. 160.5, 154.4, 152.1, 146.1. 142.4, 136.8, 136.7, 135.4, 131.7. 131.6,
131.3, 130.6, 129.6, 129.5, 129.3, 129.1, 128.3, 127.9, 114.4, 114.0, 102.7, 88.4,
86.8. 86.6. 86.1, 85.5, 77.3, 72.7, 66.7. 64.8, 57.2. 55.9, 55.8, 45.7, 44.5, 40.6, 37.6,

17.6: *'P NMR (MeOH-d,) H,PO, reference 8 -0.94; IR (film) 3387 (br), 3249, 3063,

2953, 2876. 1696. 1507, 1460, 1248, 1062, 1036, 828 cm’; ESMS (ES’) calcd for
C.H,N,0,,P: 953.3 (M-Na"), found 953.3.

O Preparation of 5R-127. A solution of 125 (0.35 g, 0.48

oMTO mmol) in CH,CN (2 mL, 0.5 M tetrazole) was added dropwise to

V a solution of 5R-96 (0.16 g, 0.40 mmol) in THF (2 mL). After

o= ¢ oPhse 30 min, the phosphite was oxidized with I, as described above,

NC/\/ —p diluted with saturated NaHCO; (40 mL). and extracted with
193
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CH,CL (3 x 50 mL). The organic layer was dried over MgSO, and concentrated in vacuo.

The product was purified by column chromatography (CH,Cl,:-MeOH, 19:1) and isolated

as a mixture of diastereomers (0.22 g, 51%). m.p. 112-124 °C: 'H NMR (CDCl,) 6 9.93

(br s. 0.5H), 9.80 (br s, 0.5H), 8.37 (s, 0.5H), 8.32 (s, 0.5H), 7.66 (d, 1H, J = 8.4 Hz),
7.54 (d. 2H, J = 6.9 Hz), 7.38-7.23 (m, 12H), 6.85 (d, 4H, J = 8.7 Hz), 6.39-6.32 (m,
2H). 5.41 (dd, lH, J = 3.0, 8.1 Hz), 5.16 (m, 1H), 4.31-4.18 (m, 6H), 4.02-3.72 (m,
2H). 3.78 (s, 6H), 3.59-3.43 (m, 4H), 2.74 (t, 2H, J = 5.4 Hz), 2.71-2.66 (m, 1H),

2.38-2.25 (m, 3H), 1.42 (s. 3H): °C NMR (CDCl,) § 171.0, 163.6. 159.0, 153.1.

150.9. 150.8, 144.2, 1399, 138.1, 135.1, 130.3, 129.3. 128.3, 127.5. 1253, 117.0,
116.8. 113.6, 103.0, 129.9, 87.5, 84.8 (m), 83.8 (m), 83.2, 79.4 (m), 71.3, 68.3. 63.7,
62.8. 62.7. 55.5. 55.4, 49.1, 44.2, 39.4, 39.3, 37.0, 20.8, 19.8; *'P NMR (CDCl,)

H.PO, reference 8 -2.00, -2.36; IR (film) 3401, 3198, 3065, 2958, 2932, 2840, 2252.

1695. 1609. 1508, 1467, 1381. 1253, 1181, 1029, 911, 830, 732 cm™.

o Preparation of 55-127. A solution of 12§ (0.097 g, 0.13

o E::kj:o mmol) in CH,CN (1 mL, 0.5 M tetrazole) was added dropwise to
° 4 I, @ solution of 55-96 (0.047 g, 0.12 mmol) in THF (I mL).
o=r5_ophse‘c A After 4 h, the phosphite was oxidized with I, as described above,
e _\S:? diluted with saturated NaHCO; (20 mL), and extracted with

CH,CI, (3 x 30 mL). The organic layer was dried over MgSO,
and concentrated in vacuo. The product was purified by column chromatography

(CH,Cl1,:MeOH, 19:1) and isolated as a mixture of diastereomers (0.071 g, 58%). m.p.
99-107 °C: 'H NMR (CDCl,) § 9.75 (br s, 0.5H), 9.60 (br s, 0.5H), 8.28 (brs, 0.5H),

8.17 (br s. 0.5H), 7.66 (dd, IH, J = 3.6, 8.1 Hz), 7.56 (d, 2H, J = 8.1 Hz), 7.42-7.23
(m. 12H). 6.85 (d. 4H, J = 8.7 Hz), 6.33 (t, IH. J = 6.3 Hz), 6.09 (m, 1H), 5.40 (m,
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1H). 5.21-5.16 (m, 1H), 4.42-4.31 (m, 6H). 4.05-3.92 (m, 2H), 3.79 (s, 6H), 3.63-3.48
(m. 4H). 2.77-2.72 (m, 3H), 2.38 (m, lH), 2.18 (m, 2H), 1.47 (s, 1.5H), 1.46 (s,

1.5H): *C NMR (CDCl,) 8 171.4, 171.1, 170.8, 163.5, 158.9, 152.1, 150.9, 144.2,
139.9, 138.2, 135.1, 130.3, 130.1, 129.3, 128.3, 127.5, 125.5, 116.9, 116.8, 114.4,

113.5. 103.0. 87.5, 84.7 (m), 83.8, 79.3 (m). 71.5, 68.2 (m), 62.9, 62.8, 60.6, 55.5,
55.4.49.5. 44.1, 39.4, 36.8, 29.9, 20.9, 19.9, 14.4: *’P NMR (CDCl,) H,PO, reference

5 -2.02, -2.34: IR (film) 3403, 3199, 3065, 2958, 2931, 2841, 2252, 1694, 1610, 1508,

1468. 1381. 1252, 1181, 1030. 911. 830, 832 cm™.

o] Preparation of 5R-121. Et;N (ImL) was added to a solution

NH
E‘:,go of 5R-127 (0.20 g, 0.19 mmol) in THF (1 mL) and refluxed.

DMTO o
o . . .
_\ij M, After 12h, the reaction mixture was concentrated in vacuo. The
PhSe{‘l )
0=P-0—, o N"S0 crude product was taken up in MeOH (1 mL) and passed through

O.N;\i; a Dowex cation exchange column as described above, eluted with

MeoH (50 mL), and purified by column chromatography

(CH,C1.:MeOH. 4:1). The product (0.14 g) was isolated as a white powder in 72% yield.
m.p. 160 °C (color change from white to orange), 190-196 °C (phase change); 'H NMR

(CD.CN:D.O. I:1 by volume) 8 7.57 (d, IH, J = 7.8 Hz), 7.47-7.18 (m, 14H), 6.81 (d,

4H. J = 7.5 Hz), 6.17-6.09 (m, 2H), 5.35 (d, 1H, J = 8.1 Hz), 4.84 (m, 1H), 4.27-4.21
(m, 2H), 3.83-3.76 (m, 3H), 3.69 (s, 6H), 3.52-3.29 (m, 2H), 3.22-3.17 (m, 2H), 2.58-
2.54 (m. 1H), 2.31-2.18 (m, 2H), 2.02 (ddd, 1H, J = 3.9, 6.6, 14.1 Hz), 1.20 (s, 3H):

*C NMR (CD.CN:D.O. I:I by volume) & 172.6. 165.7. 159.4, 154.3, 152.0, 145.4.

142.1, 138.8, 136.6, 136.5, 131.0, 130.1, 129.0, 128.1, 126.0, 114.2, 102.8, 87.6,
86.4, 86.0, 85.2, 85.0. 84.5, 76.6, 71.9, 66.4, 64.4, 56.1, 48.9, 45.4, 39.9, 36.8, 20.7:

'P NMR (CD,CN:D,0O. 1:1 by volume) H,PO, reference d -0.09: IR (film) 3314 (br),
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2957. 2890. 1682, 1608, 1509, 1462, 1442, 1251, 1180, 1068, 1036, 832 cm; ESMS
(ES’) caled for C,;H4N,O,,PSe: 991.2 (M-Na"), found 991.3.

o) Preparation of 55-121. EtN (0.5 mL) was added to a
solution of 55-127 (30 mg, 0.029 mmol) in THF (0.5 mL) and

PhS
_S_O vacuo. The crude product was taken up in MeOH (1 mL) and

ONa

DMTO
_\ij \(k refluxed. After 12 h, the reaction mixture was concentrated i

passed through a Dowex cation exchange column as described
OH

above, eluted with MeOH (50 mL), and purified by column
chromatography (CH,Cl,:MeOH, 4:1 to 3:1). The product (17 mg) was isolated as a white

powder in 59% yield. m.p. 159 °C (color change from white to orange), 172-180 C
(phase change). 'H NMR (CD,CN:D,0O, 1:1 by volume) & 7.55 (d, IH, J = 7.8 Hz), 7.42-

7.31 (m, 5H), 7.25-7.17 (m, 9H). 6.78 (dd, 4H, J = 2.1, 9.0 Hz), 6.17 (t, IH, J = 7.5
Hz). 6.05 (dd. IH, J = 6.6, 8.7 Hz), 5.35 (d, |H, J = 8.1 Hz), 4.89 (m, 1H), 4.35-4.30
(m. 2H), 3.90-3.85 (m, 3H), 3.68 (s, 6H), 3.47-3.30 (m, 2H), 3.25-3.15 (m, 2H), 2.63-

2.56 (m, lH), 2.26 (m, |H) apparent quintet, 2.09 (m, 1H) apparent quintet, 1.91-1.81
(m. 1H). 1.33 (s, 3H); "C NMR (CD,CN:D.O, 1:1 by volume) 8 172.8, 165.8, 159.4,

153.6. 151.9. 145.5, 142.0, 139.1, 136.6, 136.5, 131.0, 130.8, 130.0, 129.0, 128.9,
128.1. 126.3. 114.3, 102.8, 87.6, 86.4, 85.5, 84.7, 76.9, 72.3, 66.6, 64.7, 56.1, 48.6,

47.9, 45.3, 40.0. 36.6, 20.9; *'P NMR (CD,CN:D.O, 1:1 by volume) H,PO, reference & -

0.25: IR (film) 3258 (br), 2955, 2926, 1771, 1686, 1608, 1508, 1464, 1250, 1179, 1067,
1035, 829 cm™';: ESMS (ES’) caled for C,;HN,O,,PSe: 991.2 (M-Na"), found 991.3.
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0 Preparation of 167. A diastereomeric mixture of 121 (0.176 g,

| A 0.174 mmol) was dissolved in 80% HOAc (40 mL) and stirred at
‘\C)jphSe ? " room temperature for 3h. The reaction mixture was diluted with
o:,:,’_o SyAo H.O (100 mL) and extracted with ether (3 x 75 mL). The aqueous
OAN;K—? layer was concentrated in vacuo, yielding 0.111 g of 167 (90%).

mp 174 °C (color change, white to brown), 191-201 °C (phase
change): '"H NMR (300 MHz, D.O) § 7.82 (d, 0.9H, J = 8.1 Hz), 7.73 (m. 0.1H), 7.54
(d.2H.J =69 Hz). 746 (t, IH.J =7.5Hz), 7.35 (t, 2H.J = 7.5 Hz), 6.26 (dd, IH, J =
09.6.6 Hz). 6.14 (¢, IH, J = 7.2 Hz), 5.82 (d, 0.9H, J = 8.1 Hz), 5.69-5.65 (m, 0.1H),
4.78-4.74 (m, 1H), 4.50-4.46 (m, 1H), 4.24-4.20 (m, 1H), 4.03-3.95 (m, 3H), 3.83-

3.62 (m, 4H). 2.60-2.53 (m, 1H), 2.47 (m, 1H, apparent quintet), 2.35 (m, 1H, apparent
quintet), 2.25-2.17 (m, 1H), 1.50 (s, 2.8H), 1.43 (s, 0.2H): *C NMR (75 MHz, D.O)

MeOH-d, reference 8 173.9, 167.1, 154.9, 152.4, 1429, 138.7, 131.3, 130.4, 126.2,
103.3, 87.0. 86.9, 85.0, 84.9, 76.4, 72.0, 66.4, 62.2, 49.5, 45.8, 39.1, 36.8, 20.8: °'P
NMR (109 MHz, D,O) H,PO, reference 6 -3.99, 4.71: IR (film) 3392 (br), 1694, 1476,

1382, 1223, 1057 cm™'; HRMS (FAB) calcd 713.0739 (M+H), found 713.0754.

Preparation of 147. A solution of TFA in H,O (10 mL, 10% by
Cr

volume) was added to a solution of 133 (1.01 g, 2.15 mmol) in THF (20
HO o o
mL) at O °C. After 8 h, the reaction mixture was poured into saturated

oTes NaHCO, (50 mL) and extracted with EtOAc (3 x 75 mL). The organic
layer was washed with brine and dned over MgSO,. Column chromatography

(CH.CI,:EtOAc:MeOH, 1:1:0 to 4:1:1) yielded 0.45 g (58%) of the product as a white
foam. m.p. 107-110 °C; '"H NMR (CDCl,) & 8.96 (br s, 1H), 7.38 (s, 1H), 6.15 (1, 1H, J
= 6.9 Hz). 4.50 (dt, 1H, J = 3.6, 6.6 Hz), 3.95-3.90 (m, 2H), 3.79-3.73 (m, 1H), 2.76
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(br s. 1H), 2.35 (ddd, IH, J = 6.9, 13.5, 6.9 Hz) apparent quintet, 2.22 (ddd, IH, J =
4.2. 6.6, 13.5 Hz). 1.91 (s, 3H), 0.90 (s, 9H), 0.09 (s, 6H); *°C NMR (CDCl,) & 164.0,

150.6. 137.3, 111.2, 87.8, 87.1, 71.8, 62.2, 40.7, 25.9, 18.2, 12.7, -4.5, -4.6; IR (film)
3445 (br). 3192, 3062. 2954, 2930, 2857, 1694, 1682, 1472, 1362, 1275, 1258, 1133,
1102. 1062. 1032, 834, 779 cm™'.

Io Preparation of 150. The dU phosphoramidite (125, 0.76 g

T 1.04 mmol) and 147 (0.31 g, 0.86 mmol) were dissolved in
op CH,CN (5 mL. 0.5 M tetrazole). After 3 h, the phosphite was
_,5 o oxidized with I, as described above. The reaction mixture was
Nc/\/ -\Eg diluted with saturated NaHCO; (50 mL), extracted with CH.Cl,

(3 x 50 mL), and dried over MgSO,. Column chromatography
(CH.Cl.:MeOH. 9:1) yielded 0.69 g (80%) of product as a mixture of diastereomers. m.p.

96-109 °C: 'H NMR (CDCl,) & 9.52 (br s, 0.5H), 9.42 (br s, 0.5H), 9.30 (br s, 0.5H),
9.14 (brs. 0.5H). 7.66 (d, 0.5H, J = 8.1 Hz), 7.64 (d, 0.5H, J = 8.1 Hz). 7.37-7.21 (m,
10H). 6.83 (d. 4H, J = 8.7 Hz), 6.35-6.29 (m, 1H). 6.17 (q. IH, J = 6.6 Hz), 5.36 (d,
IH.J = 7.8 Hz), 5.17 (m, IH). 439 (m, 1H), 4.28-4.13 (m. 4H), 4.01-3.97 (m, 1H),
3.85-3.76 (m, IH), 3.78 (s, 6H), 3.46 (m, 2H), 2.78-2.63 (m, 3H), 2.39-2.14 (m, 3H).
1.89 (s. 1.5H), 1.88 (s, 1.5H), 0.881 (s, SH), 0.875 (s, 4H), 0.09 (s, 1H), 0.08 (s, 3H).

0.07 (s, 2H): "C NMR (CDCl,) & 164.1, 163.3, 159.0, 150.7, 150.6, 144.2, 139.8,

136.2. 136.1. 135.1. 135.0, 130.2, 128.3, 127.5, 116.5, 116.3. 113.6, 111.5, 102.9,
87.6. 86.1, 85.8, 84.9. 84.6, 79.3, 77.4, 71.5, 67.6, 63.1, 62.6, 55.5, 40.4, 39.4, 25.9,

19.8. 18.1. 12.6. -4.5, -4.7: *'P NMR (CDCl,) H,PO, reference 8 -1.98: IR (film) 3184,

3060. 2954, 2930, 2856, 2342, 1694, 1608, 1509, 1464, 1275, 1252, 1178. 1033. 834

cm’.
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o Preparation of 153. Et;N (4 mL) was added to a solution of

@r 150 (0.60 g, 0.60 mmol) in THF (4 mL) and refluxed. After 12
DMTO o o o
.\<_7 \KJ\NH h, the reaction mixture was concentrated in vacuo to yield an off-
|
O:p?_ o N’go white foam. The crude product was taken up in MeOH (4 mL)
ONa*

and passed through Dowex resin as described above and
ortes

chromatographed (CH,Cl,:MeOH, 4:1). The product (0.42 g)

was isolated in 68% yield as a white powder. m.p. 184-189 °C (phase change. color
change to red): '"H NMR (MeOH-d,) § 7.81 (d, 1H, J = 8.1 Hz), 7.70 (s, 1H), 7.40 (d,
2H.J = 7.2 Hz), 7.30-7.22 (m, 7TH), 6.87 (d, 4H, J = 8.4 Hz), 6.29 (m, 2H), 5.27 (d.

IH. J = 8.1 Hz), 5.10 (m. lH), 4.52 (m, 1H), 4.30 (m, 1H), 4.04 (m, 2H). 3.99 (m,
IH). 3.77 (s. 6H), 3.51-3.37 (m, 2H), 2.65 (m. tH), 2.41 (m, 1H), 2.23 (m, lH), 2.16

(m. 1H), 1.88 (s, 3H), 0.91 (s. 9H), 0.11 (s, 6H): ’C NMR (MeOH-d,) § 166.5, 166.2,

160.4, 152.5. 152.1, 146.0, 142.4, 138.2, 136.8, 136.7, 131.6, 131.5, 129.6, 129.1,
128.2, 114.4, 112.1, 102.7, 88.5, 87.9, 86.7, 86.4, 77.5. 74.3, 66.6, 65.0, 55.9, 47.9,

41.6, 40.8. 26.4. 18.9. 12.8, 9.4. -4.4: °'P NMR (MeOH-d,) H,PO, reference 8 -0.62:

[R (film) 3194, 3061, 2952, 2930, 2855, 1693, 1607, 1508, 1470, 1275, 1251, 1178.
1067. 1034, 832 cm’™".

General Procedure for Deprotecting the 3’-Alcohol

o
Et’: and Neutralization on Amberlite Resin: Preparation of

DMTO o
° o 129. EiLN (40.7 mg, 0.40 mmol) and Et,;Ne3HF (64.3 mg.

NH
[ _Lkqo 0.40 mmol) were added to a solution of 153 (78.0 mg, 0.080
o=P_0 o N0 S

dNan mmol) in THF (I mL). After 6 h, the reaction mixture was

H

diluted with MeOH (1 mL) and passed through Amberlite anion

exchange resin (1 g/5 mmol of Et;Ne3HF) to neutralize the HF. The product was eluted
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with MeOH (50 mL). The Amberlite resin had been washed with MeOH (50 mL) prior to
use. After column chromatography (CH.Cl,:MeOH, 4:1 to 3:1), the product was taken up
in MeOH and passed through Dowex resin as described above. The product must be
chromatographed prior to passing it through the Dowex resin in order for the cation

exchange to occur. The product (35.0 mg) was isolated as a white powder in 51% yield.

m.p. 159-164 °C (phase change, color change to red): '"H NMR (MeOH-d,) § 7.80 (d, 1H,

J =84 Hz), 7.72 (d, 1H, J = 1.5 Hz), 7.40 (dd, 2H, J = 1.8, 9.0 Hz), 7.32-7.22 (m,
7H). 6.87 (d. 4H. J = 9.0 Hz). 6.30 (t, 2H. J = 6.6 Hz), 5.25 (d, IH, J = 8.1 Hz), 5.06
(m, 1H), 4.43 (m. 1H), 4.27 (m, 1H), 4.03-4.00 (m, 2H), 3.98-3.97 (m, 1H), 3.78 (s,
6H). 3.49 (dd. 1H, J = 3.3, 10.8 Hz), 3.38 (dd, IH, J = 2.7, 10.5 Hz), 2.64 (ddd. lH, J
= 3.0. 6.3. 13.8 Hz), 2.40 (ddd. IH, J = 6.6, 13.8, 6.6 Hz) apparent quintet, 2.29-2.15

(m. 2H). 1.87 (d, 3H, J = 0.6 Hz); "C NMR (MeOH-d,) § 166.9, 166.7, 160.4, 152.6,

146.1, 142.4, 138.2, 136.8, 136.7, 131.64, 131.57. 129.6, 129.1, 128.2, 114.4, 112.1.
102.7. 88.5. 87.5, 87.4, 86.7, 86.2, 77.2, 72.7, 66.6, 64.8, 55.9. 41.0, 40.8, 12.8: *'P

NMR (MeOH-d,) H;PO, reference & -0.98: IR (film) 3390, 3062. 2953. 1694. 1607,

1506. 1470. 1275, 1250, 1177. 1065, 1034, 828 cm’; ESMS (ES) caled for
C.,H..N,O P: 833.2 (M-Na"), found 833.3.

Preparation of 148. The 9:1 mixture of diastereomers obtained from

\E&ro the hydrogenation of thymidine was epimerized to enhance the amount of
HOW the minor diastereomer. sec-BuLi (1.3 mL, 1.3 M, [.70 mmol) was
oTBS added to a solution of 97 (0.32 g, 0.67 mmol) in THF (7 mL) at -78 °C.

The reaction mixture was warmed to room temperature over 2 h, quenched with H,O (40
mL). and extracted with ether (3 x 50 mL). The organic layer was washed with brine and
dried over MgSO,. The product (0.31 g) was isolated as a mixture of diastereomers

(1.5:1. 55:5R) in 98% yield. A solution of TFA/H,O (3 mL, 10% by volume) was added
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to a solution of 97 (0.31 g, 0.65 mmol) in THF (3 mL) at 0 °C. After 1 h, the reaction was
quenched with saturated NaHCO; (20 mL), diluted with H.O (40 mL), and extracted with
CH.CI, (3 x 50 mL). The organic layer was dried over MgSO, and concentrated in vacuo.

Column chromatography (CH,Cl,:MeOH, 19:1 to 9:1) yielded 0.082 g (35%) of 148 as a

mixture of diastereomers. m.p. 128-130 °C; '"H NMR (CDCl,) & 8.28 (s, 0.6H), 8.26 (s.

0.4H), 6.11 (1, 0.6H, J = 6.9 Hz), 6.07 (t, 0.4H, J = 6.9 Hz), 4.33 (m, 1H), 3.82-3.76
(m, 2H), 3.65 (m, 1H). 3.54 (dd, 0.4H, J = 5.7, 12.3 Hz). 3.40 (dd, 0.6H, J = 5.7, 12.6
Hz). 3.19 (dd. 0.6H, J = 9.6, 12.6 Hz), 3.11 (dd, 0.4H, J = 10.8, 12.3 Hz), 2.85 (m,
0.4H), 2.73-2.61 (m. 1.6H), 2.26-2.15 (m, LH), 2.06-1.95 (m, 1H), 1.24 (d. I.8H, J =

6.9 Hz), 1.22 (d. 1.2H, J = 6.3 Hz), 0.88 (s, 9H), 0.06 (s, 6H); ’C NMR (CDCl,) &

172.9, 153.0. 152.8, 86.3, 86.2, 85.7, 85.3, 71.9, 71.8, 62.4, 44.5, 44.1, 38.1, 37.9,
35.5.35.4. 259, 18.1, 13.1, 12.6, -4.5, -4.7; IR (film) 3422, 3221, 3083, 2954. 2930,
2885. 2857. 1694, 1484, 1444, 1387, 1235, 1098, 1050, 1025, 836. 778. 734 cm™".

o Preparation of 151. The dU phosphoramidite (125, 0.19 g.
l PS 0.26 mmol) and 148 (0.076 g, 0.21 mmol) were dissolved in
\E“\N“ CH,CN (2 mL, 0.5 M tetrazole). After 45 min, the reaction

mixture was oxidized as described above, poured into saturated
— NaHCO, (20 mL), and extracted with CH.CI, (3 x 40 mL). The

organics were dried over Na,SO, and concentrated to yield an

orange oil. Column chromatography (CH,CI,:EtOAc:MeOH, 1:1:0 to 5:5:1) yielded 0.17 g

(82%) of 151 as a mixture of diastereomers. m.p. 110-119 °C. '"H NMR (CDCl,) § 9.84

(brs. 1H). 8.47 (s, 0.5H). 8.46 (s, 0.5H), 7.62 (d, 1H, J = 8.1 Hz), 7.31-7.19 (m, 9H),
6.80 (d. 4H. J = 8.7 Hz), 6.29 (¢, IH, J = 6.0 Hz), 6.20 (m, 1H), 533 (d, IH. J =84
Hz). 5.13 (m, 1H), 4.23 (m, 3H), 4.13 (m, 3H), 3.84 (m, LH), 3.75 (s, 6H), 3.43 (m,
2H). 3.14-2.96 (m, 1H), 2.72 (¢, 1H, J = 6.0 Hz), 2.63-2.60 (m, 2H), 2.34 (m, 1H),
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2.12-1.94 (m, 2H), 1.18 (m, 3H) apparent t, 0.85 (s, SH), 0.84 (s, 4H), 0.04 (s. 4H),
0.03 (s. 2H): ’C NMR (CDCl,) & 172.9, 163.5, 1589, 153.1, 152.7, 150.7, 150.6,

144.1. 139.8. 135.1, 134.9, 130.2, 128.2, 127.4, 116.4, 113.5, 102.8, 87.5, 84.8,
84.7, 84.6. 84.5, 84.3, 84.1, 83.5, 83.4, 79.0, 78.9, 71.7, 67.7, 63.0, 62.7, 62.6, 62.5.
62.4. 55.4. 429, 394, 37.6, 37.5, 37.2, 35.4, 35.3, 25.8, 19.9, 19.8, 19.7, 18.0, 13.0,

12.6. -4.5, -4.7: *'P NMR (CDCl,) H,PO, reference 8 -1.92, -1.95: IR (film) 3201, 3064,

2932, 2857, 2253. 1694, 1682, 1608, 1506, 1456, 1385, 1252, 1178, 1030, 912, 832,

731 cm™.

o Preparation of 154. Et,N (I mL) was added to a solution of
151 (0.17 g, 0.17 mmol) in THF (1 mL) and refluxed. The

" reaction mixture was concentrated in vacuo, the residue taken up
\[k in MeOH (1 mL) and passed through Dowex resin as described
above. Column chromatography (CH,Cl,:MeOH, 4:1) yielded

oTBS
0.12 g (70%) of product as a white powder. m.p. 169-174 C

(phase change, color change to orange). 'H NMR (MeOH-d,) 8 7.78 (d, 1H, J = 8.1 Hz),

7.37 (d, 2H, J = 7.2 Hz), 7.26-7.18 (m, 7H), 6.83 (d, 4H, J = 8.4 Hz), 6.26-6.22 (m,
2H), 5.22 (d, 1H, J = 7.5 Hz), 5.02 (m, 1H), 4.41 (m, IH), 4.25 (m, 1H), 3.84 (m,
3H). 3.73 (s, 6H). 3.48-3.45 (m. 2H), 3.36-3.27 (m, 1H), 3.17-3.07 (m, 1H), 2.59 (m,
2H). 2.39-2.35 (m, 1H), 2.19-2.15 (m, 1H), 1.84 (m, 1H), 1.13 (d, 3H, J = 6.0 Hz),
0.86 (s. 9H), 0.06 (s, 6H); *C NMR (MeOH-d,) § 175.8, 175.5, 166.2, 160.4, 155.2,

154.9. 152.1, 146.1, 142.4, 136.8, 136.7, 131.6, 129.6, 129.1, 128.3, 114.4, 102.8,
88.5, 86.8, 85.5, 77.5, 74.4, 74.3, 66.8, 65.0, 56.0, 55.9, 47.9, 43.4, 40.7, 38.2, 37.9,

36.6. 26.5. 18.9. 13.5, 13.0, 9.4, -4.3; >'P NMR (MeOH-d,) H,PO, reference 3 -1.05;

[
o
[
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IR (film) 3433, 3189, 3047, 2955, 2925, 2843, 1695, 1609, 1512, 1466, 1441, 1385,

1248. 1177. 1065, 1029, 831 cm''.

o] Preparation of 128. EtN (399 mg, 040 mmol) and

oo ' y :CO Et;Ne3HF (62.3 mg, 0.39 mmol) were added to a solution of
Ki? \EOK"“ 154 (75.0 mg, 0.077 mmol) in THF (1 mL). After 6 h, the
o=(é)—o o N*O reaction mixture was diluted with MeOH (1 mL) and passed
O.Naj\g—j through Amberlite resin, chromatographed (CH,Cl.:MeOH, 4:1

to 3:1). and passed through Dowex resin as described above.
The product (32.0 mg) was isolated in 48% yield as a white powder. m.p. 147-153 C
(phase change, color change to red). 'H NMR (MeOH-d,) 8 7.82 (d, 1H, J = 8.4 Hz).
7.41 (dd. 2H, J = 1.2, 8.7 Hz), 7.33-7.23 (m, 7H), 6.88 (dd, 4H, J = 1.2, 9.3 Hz),
6.32-6.25 (m. 2H), 5.25 (dd, IH, J = 1.8, 8.1 Hz), 5.04 (m, 1H), 4.37-4.34 (m, 1H).
4.30-4.27 (m. 1H), 3.94-3.86 (m, 3H), 3.78 (s, 6H), 3.65 (dd, 0.5H, J = 5.7. 12.3 Hz),
3.55-3.47 (m. 1.5H), 3.41 (t. 1H. J = 3.0 Hz), 3.37 (t, IH, J = 3.0 Hz), 3.17 (dd, 0.5H.
J=93. 129 Hz), 3.06 (dd, 0.5H, J = 11.1, 12.3 Hz), 2.67-2.54 (m, 2H), 2.40 (ddd,
IH.J = 6.9, 13.5. 6.9 Hz) apparent quintet, 2.28-2.14 (m, |H), 1.98-1.87 (m, 1H), 1.17

(d. 1.5H,J = 7.2 Hz), 1.16 (d, 1.5H, J = 6.9 Hz): ’C NMR (MeOH-d,) § 176.0, 175.7,

166.4. 160.4. 155.2, 152.3, 146.1, 1425, 136.9, 136.7, 131.7, 131.6, 129.6, 129.1,
128.2. 114.4, 102.6, 88.5, 86.7, 86.2, 85.3. 77.0, 73.1, 72.9, 66.8, 64.9, 55.9, 43.3.

40.8. 37.5. 37.2, 36.6, 36.5, 30.9, 13.5, 12.9; *'P NMR (MeOH-d,) H,PO, reference § -

1.61: IR (film) 3385 (br), 3065, 2939, 1689, 1607, 1510, 1462, 1249, 1060, 1026, 827
cm’'; ESMS (ES) caled for C,;H,,N,O,,P: 835.3 (M-Na"), found 835.3.
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o) Preparation of 135."*° sec-BuLi (25 mL, 1.3 M, 0.033 mol) was

raso Hoﬁro added to a solution of 97 (5.20 g, 0.011 mol) in THF (100 mL) at -78
° °C. After I h, DMPU (7.10 g, 0.055 mol) was added. The reaction

omes mixture was added to O, saturated THF (50 mL) at room temperature

via cannula. The O, was passed over P,O, and bubbled through the THF during addition
of the enolate. After 5 min, the reaction was quenched with aqueous Na,SO, (4.3 g. 0.034
mol in 50 mL H,O) and stirred for 30 min. The reaction mixture was diluted with saturated

NH_.CI (100 mL), extracted with CH,Cl, (3 x 150 mL), and dried over MgSO,. Column

chromatography (hexanes:EtOAc, 2:1) yielded 1.82 g (34%) of product as a mixture of
diastereomers (4:1, 5R:5S). m.p. 121-133 °C: 'H NMR (CDCI;) § 8.90 (s, 0.8H), 8.84
(s. 0.2H), 6.34 (t, 0.2H, J = 7.5 Hz), 6.28 (t, 0.8H. J = 6.9 Hz), 4.34 (m, 1H), 4.10 (s,
0.8H). 4.06 (s. 0.2H), 3.80 (m, 1H). 3.70-3.67 (m, 2.2H), 3.59 (d. 0.8H, J = 12.0 Hz),
3.44-3.27 (m. 0.2H), 3.20 (d, 0.8H, J = 12.0 Hz), 1.96-1.93 (m, 2H), 1.43 (s, 2.4H),
1.40 (s. 0.6H). 0.90 (s. 9H), 0.88 (s, 9H), 0.08 (s, 6H), 0.06 (s, 6H): *C NMR (CDCl,)

S 175.2, 174.5, 152.7, 152.0. 86.7, 83.9, 72.5, 72.4, 68.5, 68.4, 63.4. 464, 37.5,

6.1. 25.9. 23.8, 23.2, 185, 18.2. 4.5, -4.6, -5.2, -5.4. IR (film) 3376, 3215, 3086,

9

955, 2930, 2896. 2858, 1722, 1714, 1694, 1682, 1471, 1391, 1255. 1223, 1097, 1030,

(B

836. 777, 669 cm’.

o Preparation of 149. A solution of TFA/H.,O (18 mL, 10% by volume)

HO NH
f:;g was added to a solution of 135 (1.78 g, 3.64 mmol) in THF (18 mL) at O

HO— o

°C. After 1.5 h, the reaction mixture was quenched with saturated
TBS
® NaHCO; (50 mL), and extracted with EtOAc (3 x 75 mL). The organic
layer was washed with brine and dried over MgSO,.  Column chromatography

(CH,CI,:EtOAC, L:1 to 1:2) yielded 0.71 g (52%) of 149 as a mixture of diastereomers

(5R:5S, 3:1). m.p. 57-68 °C: '"H NMR (CDCl,) § 8.99 (s, 0.2H), 8.90 (s, 0.8H), 6.24 (t,
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0.2H, J = 6.6 Hz), 6.14 (t, 0.8H, J = 6.9 Hz), 4.79 (s, 0.2H), 4.65 (s, 0.8H), 4.37-4.34
(m. 1H). 3.85-3.76 (m, 2H), 3.69-3.63 (m, 1H), 3.55-3.23 (m, 2.2H), 3.09 (m. 0.8H),
2.18-2.07 (m. 1H), 2.04-1.95 (m, lH). 1.45 (s, 2.4H), 1.42 (s, 0.6H), 0.88 (s, 9H),

0.07 (s, 6H): °C NMR (CDCl,) & 174.8, 173.9, 152.8, 152.1, 86.4, 86.2, 84.9, 84.1,

72.0. 71.3, 68.7. 68.5, 62.4, 61.9, 48.1, 47.8, 38.1, 37.8, 25.9, 23.4, 229, 18.1, -4.5,
-4.7. IR (film) 3417 (br), 3242, 3093, 2954, 2930, 2886, 2858, 1722, 1714, 1694, 1682,
1472, 1386. 1297, 1253, 1222, 1139, 1097, 1050, 1026, 835, 778, 734, 669 cm™".

Preparation of 152. The dU phosphoramidite (125, 0.24 g,
0.33 mmol) and 149 (0.12 g, 0.33 mmol) were dissolved in
o Jfok CH,CN (3 mL, 0.5 M tetrazole). After 2 h, the reaction mixture
NH
° was oxidized as described above, poured into saturated NaHCO,
ne >0 S : :
(50 mL), and extracted with CH,Cl, (3 x 60 mL). The organics
oTBS

were dried over Na,SO, and concentrated in vacuo. Column

chromatography (CH.Cl,:MeOH, 19:1) yielded 0.25 g (74%) of 152 as a mixture of four
diastereomers. m.p. 104-128 °C: 'H NMR (CDCl,) 6 9.68 (s. 1H). 8.59 (s. 0.5H), 8.53
(s. 0.5H). 7.67 (dd, IH, J = 3.9, 7.8 Hz), 7.33-7.23 (m, 9H), 6.85 (d, 4H. J = 8.7 Hz).
6.39-6.33 (m. 1H). 6.26-6.20 (m. lH), 5.39 (d, IH,;J = 8.1 Hz), 5.18 (m, 1H), 4.36-

+4.13 (m. 7H). 3.93-3.87 (m, 1H), 3.80 (s, 6H), 3.49 (m, 2H). 3.45-3.27 (m, 2H), 2.81-
2.64 (m, 3H), 2.42-2.33 (m, 1H), 2.13-2.06 (m. 2H), 1.45 (s, 3H), 0.89 (s, 5H), 0.88

(s. 4H). 0.08 (s. 4H), 0.07 (s, 2H); "C NMR (CDCl,) & 174.7, 174.6, 173.7. 173.6,
163.6. 158.9, 152.7, 151.9, 150.9, 150.8, 144.1, 139.9, 135.1, 135.0, 130.3, 128.2,
127.4. 116.8, 116.5, 113.5, 103.0. 87.4, 86.4, 84.9 (m), 84.4, 84.3, 83.6 (m). 79.3.

79.0. 71.8. 71.6. 71.4, 71.3, 68.5, 68.4, 67.7. 62.8 (m), 62.6 (m), 55.4, 47.9, 47.3,
47.1. 39.3. 37.5 (m), 25.8, 23.5, 234, 229, 19.7 (1), 18.0, 4.5, -4.7; *'P NMR

(CDCI,) H,PO, reference & -1.74, -1.93, -2.08, -2.17: IR (film) 3265, 3067, 2954, 2931,
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2857, 2254, 1704. 1682, 1608, 1509, 1463, 1376, 1252, 1178, 1032, 834, 779, 759 cm

1

o) Preparation of 155. Et,N (1 mL) was added to a solution of
P 152 (0.24 g, 0.24 mmol) in THF (1 mL) and refluxed. The
HO %NH reaction mixture was concentrated in vacuo, the residue taken up

by o inMeOH (1 mL), and passed through Dowex resin as described
-~ above. Column chromatography (CH,Cl,:MeOH., 4:1) yielded

0.18 g (77%) of product as a mixture of two diastereomers.

m.p. 136 °C (color change from white to pink), 156-168 °C (phase change. color change to
red): 'H NMR (MeOH-d,) 8 7.78 (d, 1H, J = 8.1 Hz), 7.38 (d, 2H, J = 7.5 Hz), 7.30-

7.20 (m. 7H). 6.85 (dd, 4H. J = 1.5, 8.7 Hz), 6.31-6.22 (m. 2H), 5.27 (d, 1H. J = 8.1
Hz). 5.02 (m, 1H), 4.37 (m, 1H), 4.30 (m, 1H), 3.95 (m, 2H). 3.88 (m, 1H), 3.75 (s,
6H). 3.50-3.34 (in, 4H), 2.67 (m, IH), 2.42-2.35 (m, 1H), 2.20-2.11 (m, 1H), 1.94-
1.87 (m, [H). 1.36 (s, 3H), 0.88 (s, 9H). 0.08 (s, 3H), 0.06 (s, 3H); *'C NMR (MeOH-

d,) & 175.2. 166.1. 160.3, 154.2, 152.1, 146.0, 142.4, 136.7. 136.6, 131.6. 129.5.

129.1. 128.2, 114.4, 102.7, 88.4, 86.7. 86.5, 85.5, 77.5, 74.2, 69.5, 69.4, 66.7, 65.0,
55.9. 47.8, 40.7, 38.1, 26.4, 23.1, 229, 189, 94, -4.3; *'P NMR (MeOH-d,) H,PO,

reference 8 -1.37; IR (film) 3206, 3062, 2953, 2931, 2856, 1694, 1608, 1509, 1463.

1384. 1251, 1223, 1178. 1068, 1033, 832, 779 cm™'.
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o Preparation of 130. Et;N (0.13 g, 1.29 mmol) and Et,N*3HF

NH

[U:g (0.21 g, 1.29 mmol) were added to a solution of 155 (0.13 g,
DMTO o N o o
‘\QHOQ/U\N 0.13 mmol) in THF (2 mL). After 12 h, the reaction mixture was
\H
0=§,’_0 okN o diluted with MeOH (2 mL) and passed through Amberlite resin,
ONa®

akj chromatographed (CH.Cl.:MeOH, 4:1), and passed through

H

o
Dowex resin as described above. The product (0.061 g) was

isolated in 54% yield as a white powder. m.p. 181 °C (color change to orange), 188-202
°C (phase change): 'H NMR (MeOH-d,) § 7.82 (d, |H,J = 8.4 Hz), 7.41 (d, 2H. J = 8.7

Hz). 7.33-7.23 (m. 7TH). 6.88 (dd, 4H. J = 1.2, 8.7 Hz), 6.32-6.25 (m, 2H), 5.26 (d.
IH. J = 8.1 Hz), 5.06-5.02 (m, 1H), 4.35 (m, 1H). 4.28 (m, 1H), 3.94 (m, 2H). 3.87
(m, 1H). 3.78 (s, 6H), 3.52-3.34 (m. 4H), 2.64 (ddd, 1H, J = 3.3, 6.0, 13.8 Hz), 2.42
(ddd. 1H, J = 6.3, 13.5, 6.3 Hz) apparent quintet, 2.19 (ddd, IH, J = 6.3, 8.1, 13.5 Hz)
apparent quintet. 1.94 (ddd, 1H, J = 3.0, 5.7, 13.5 Hz). 1.39 (s, 0.7H). 1.36 (s, 2.3 H):

“C NMR (MeOH-d,) 8 175.2, 166.2, 160.4, 154.3, 152.1, 146.1. 142.5, 136.8, 136.7,

131.64. 131.57, 129.6, 129.1, 128.2, 114.4, 102.6. 88.4, 86.8, 86.7. 86.1, 86.0. 85.3,
77.1. 77.0. 72.9. 69.4, 67.0, 66.9. 64.8, 55.9, 47.9, 40.7, 37.5, 23.0, 22.8, 9.3; °'P

NMR (MeOH-d,) H,PO, reference & 0.44; IR (film) 3196 (br), 2931, 1692, 1606, 1508,

1462, 1248, 1222, 1177, 1062, 1033 cm’; ESMS (ES’) caled for C,,H,,N,O,,P: 851.3

(M-Na"). found 851.3.

Preparation of Cyclouridine."** Diphenyl carbonate (7.00 g, 0.033

NIK'\jE mol) and NaHCO; (0.13 g, 0.002 mol) were added to a solution of uridine
HO le) Y
w (6.09 g, 0.025 mol) in DMF (20 mL) and heated to 150 °C. After 45 min,

OH . . .
the reaction mixture was cooled to room temperature and poured into ether.
The gummy brown precipitate was recrystallized from MeOH. The filtrate was cooled to

generate a second lot of crystals. The product was isolated as an off-white powder (3.73
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2.66%). 'H NMR (MeOH-d,:D.O, 1:1 by volume) § 7.84 (d, 1H, J = 7.5 Hz), 6.43 (d,

1H.J =57Hz),6.12(d, I1H, J =72 Hz), 538 (d, I1H, J =54 Hz), 458 (d, IH, J =
1.5 Hz). 4.30 (ddd, 1H, J = 1.8, 4.2, 4.2 Hz), 3.50 (dd, 2H, J = 1.8, 3.9 Hz).

Preparation of 137. The cyclouridine (595 g, 0.026 mol),

Ni)] TBDMSCI (9.78 g, 0.065 mol), and imidazole (8.85 g, 0.13 mol) were
dissolved in pyridine (30 mL) and heated to 40 °C. After 4 h, the reaction

ores mixture was poured into H,O (200 mL) and extracted with EtOAc (3 x

250 mL). The organic layer was washed with brine and dried over MgSO,. Column

chromatography (CH,Cl.:MeOH, 1:0 to 9:1) yielded 9.30 g (78%) of 137 as a white

powder. 'HNMR (CDCl,) 3 7.34 (d, IH, J = 7.2 Hz), 6.19 (d, 1H, J = 5.4 Hz), 6.01

(d. 1H, J = 7.8 Hz), 5.13 (dd, 1H, J = 0.9, 5.7 Hz), 4.60 (d. !H, J = 1.2 Hz) apparent s,

4.14-4.10 (m, 1H), 3.56 (dd, 1H, J = 4.5, 11.1 Hz), 3.37 (dd, 1H. J = 6.9, 10.8 Hz),
0.90 (s. 9H). 0.82 (s, 9H), 0.16 (s, 3H), 0.13 (s, 3H), 0.00 (s, 3H), -0.02 (s, 3H).

Preparation of 138."*° LiAIH, (23 mL, 1.0 M/THF, 0.023 mol)

Eﬁ\””o was added to a solution of (PhSe), (9.00 g, 0.029 mol) in THF (120

TBSOW mL). Upon addition of the LiAlIH,, the orange solution turned pale

TBSO. Sefn yellow. After 20 min, a solution of 137 (8.14 g, 0.018 mol) in THF

(20 mL) was added via cannula and the reaction mixture refluxed. After 6.5 h, the reaction

mixture was cooled to room temperature and quenched with 5% HOAc/MeOH (16 mL),

diluted with saturated NaHCO; (200 mL), and extracted with EtOAc (3 x 250 mL). The

organic layer was washed with brine and dried over MgSO,. Column chromatography

(hexanes:EtOAc, 4:1 to 2:1) yielded 11.61 g (100%) of 138 as a white powder. 'H NMR

(CDCl,) & 8.44 (brs, IH), 7.51 (d, 2H, J = 6.9 Hz), 741 (d, IH, J = 8.1 Hz), 7.29-7.16
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(m. 3H), 6.56 (d, IH, J =9.0 Hz), 538 (d, IH, J = 8.1 Hz), 4.51 (d, 1H, ] = 4.8 Ez),
4.08 (s, 1H), 3.86 (d. IH, J = 10.2 Hz), 3.76 (d, 1H, J = 10.5 Hz), 3.61 (dd, IH, J =
4.8. 9.0 Hz). 0.98 (s, 9H), 0.93 (s, 9H), 0.22 (s, 3H), 0.16 (s, 2H), 0.14 (s, 2H), 0.11

(s. 2H), 0.09 (s. 3H).

o) Preparation of 139."*° mCPBA (5.53 g, 0.032 mol) and 138 (9.87
(tt{o g, 0.016 mol) were dissolved in CH,CIl, (160 mL). After stirring
overnight (12 h), the reaction mixture was quenched with Et,N (4.5

pr O mL), diluted with saturated NaHCO, (60 mL). and extracted with
CH,CI, (3 x 100 mL). The organic layer was dried over MgSO, and

purified by column chromatography (CH,Cl,:MeOH, 19:1). The product was isolated as a

mixture of diastereomers as an off-white foam (8.28 g, 83%). 'H NMR (CDCl,) § 8.70

(br s. 1H). 7.73 (d. IH, J = 6.9 Hz), 7.64 (d, 0.6H, J = 7.8 Hz). 7.56-7.34 (m, 4H).
7.14 (d, 0.4H, J = 8.4 Hz), 6.43 (d, 0.6H. J = 8.7 Hz), 6.01 (d. 0.4H, J = 3.9 Hz), 5.46
(d. 0.4H. J = 8.1 Hz), 5.39 (d. 0.6H. J = 8.1 Hz), 4.89-4.85 (m. 1H), 4.10-4.05 (m,
0.4H). 3.98 (m, 0.6H) apparent s, 3.91-3.82 (m, 1H), 3.80-3.70 (m, 2H), 1.02-0.88 (m,
18H). 0.32-0.05 (m, 12H).

TBSO~ o = Preparation of 140."*° Et,N (3.92 g, 0.039 mol) was added to
vﬂ/_}:o

e I8 asolution of 139 (8.28 g, 0.013 mol) in THF (60 mL) and heated

to 50 °C. After 12 h, the reaction mixture was concentrated and

purified by column chromatography (hexanes:EtOAc, 3:1 to 2:1). The product (3.96 g)

was isolated as a white powder in 67% yield. 'H NMR (CDCl,) § 8.80 (br s. 1H), 7.76

(d. 1H.J =8.4 Hz), 5.79 (d, IH, J =84 Hz), 557 (d, I1H,J = 2.7 Hz), 503 (t, IH, J =
3.0 Hz), 4.42 (ddd, IH. J = 3.0, 5.7, 5.7 Hz), 3.75 (dd, IH, J = 5.4, 10.8 Hz), 3.66
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(dd. IH. J = 5.7, 11.1 Hz), 0.91 (s, 9H), 0.90 (s, 9H). 0.12 (s, 3H), 0.11 (s, 3H), 0.08

(s. 3H). 0.07 (s. 3H).

o Preparation of 141.'"'* A solution of Et,N (0.36 g, 3.52

f:/fo mmol) and pivalic acid (0.38 g, 3.72 mmol) in ether (12 mL) was
TBSOK‘j}\oﬁ’\ added to a solution of 140 (0.32 g, 0.702 mmol) in ether (7 mL),
T8SO followed by NBS (0.15 ¢, 0.84 mmol). A white precipitate formed
immediately upon addition of the NBS. After 2 h, the reaction mixture was diluted with
saturated NaHCO, (30 mL) and extracted with ether (3 x 40 mL). The organic layer was
washed with brine and dried over MgSO,. Column chromatography (hexanes:EtOAc, 2:1)

yielded 141 as a mixture of diastereomers. The mixture was recrystallized from hexanes to
vield the desired diastereomer (0.231 g, 52%) as a white powder. 'H NMR (CDCl,) &
8.48 (br s. 1H), 7.83 (d. 1H. J = 8.4 Hz), 5.69 (d, |H. J = 8.4 Hz). 491 (s, 1H), 4.74

(d. 1H. J = 3.3 Hz). 4.13 (ddd, 1H, J = 2.7, 5.1, 5.1 Hz), 3.90-3.88 (m, 2H), 1.21 (s.
9H), 0.93 (s, 9H). 0.92 (s, 9H), 0.18 (s, 3H), 0.13 (s, 3H), 0.10 (s, 6H).

Preparation of 142. TMSCN (1.56 g. 16.0 mmol) was added to a
E&/T: solution of 141 (2.02 g, 3.2 mmol) in CH,CI, (80 mL), then cooled to
[o)

TBSO@CN -40 °C. SnCl, (1.11 g, 4.3 mmol) was added to the reaction mixture at

T8SO -40 °C, then slowly warmed to 10 °C. After stirring overnight, the
reaction mixture was warmed to room temperature, poured into saturated NaHCO; (50
mL). and extracted with CH,CI, (3 x 100 mL). The organic layer was dried over MgSO,

and purified by column chromatography (hexanes:EtOAc, 3:1) to yield 1.48 g (83%) of

142 as a pale yellow foam. 'H NMR (CDCIl,) 8 8.85 (brs, 1H), 7.59 (d. 1H, J = 8.7

Hz), 5.79 (d, 1H, J = 8.1 Hz), 5.01 (d, IH, J = 0.9 Hz), 4.71 (dd, IH, J = 0.6, 2.7 Hz).
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4.41 (ddd, IH, J = 3.0, 6.3, 6.3 Hz), 3.98-3.88 (m, 2H), 0.95 (s, 9H), 0.93 (s, 9H),
0.19 (s. 3H), 0.15 (s, 3H), 0.12 (s, 6H).

o Preparation of 143. A solution of Bu,SnH (1.04 g, 3.57 mmol)

NH
[‘k,g and AIBN (0.027 g, 0.16 mmol) in benzene (10 mL, sparged with N,
TBSO o_ N o -
en  for 20 min) was slowly added to a solution of 142 (1.83 g, 3.26

TBSO

mmol) in refluxing benzene (160 mL, sparged with N, for 20 min) via a
syringe pump. After 6.5 h, the reaction mixture was concentrated to yield a white solid.

The product was purified by column chromatography (CH,ClL,:EtOAc, 19:1 to 4:1) to yield

1.46 g (93%) of 143 as a white powder. 'H NMR (CDCl,) & 9.61 (brs, 1H), 7.81 (d.

IH, J = 8.4 Hz), 5.73 (d, lH, J = 8.4 Hz), 4.41-4.38 (m, 2H), 3.82 (dd, 1H, J = 3.0,
11.7 Hz). 3.72 (dd, IH, J = 2.1, 11.7 Hz), 3.17 (dd, IH, J = 3.0, 14.4 Hz), 2.64 (dd,
IH. J = 5.4. 14.1 Hz). 0.93 (s, 9H), 0.86 (s, 9H). 0.13 (s, 3H), 0.10 (s, 3H), 0.06 (s,
3H). 0.05 (s. 3H).

Preparation of 144. rert-BuLi (1.5 mL, 1.7M, 2.55 mmol) was
l::tg added dropwise to a solution of 143 (0.39 g, 0.80 mmol) in THF (16
T8SO

Bu mL) at -78 °C. After 30 min, HOAc/H.O (10 mL, 66%) was added

T8S0O ©

and stirred overnight, allowing the reaction mixture to warm to room
temperature. The reaction mixture was quenched with portions of saturated NaHCO; to
control foaming and extracted with ether (3 x 50 mL). The organic layer was washed with
saturated NaHCO; and brine, and dried over MgSO,. Column chromatography

(hexanes:EtOAc, 3:1 to 1:1) yielded 0.22 g (50%) of 144 as a white foam, which was

impure and could not be purified until the compound was deprotected. 'H NMR (CDCl;) 8

8.45 (brs. IH). 8.27 (d, I1H, J = 8.1 Hz). 5.73 (d, 1H. J = 8.4 Hz), 4.44-4.36 (m, LH),
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4.09-4.00 (m, 1H), 3.86-3.76 (m, 2H), 3.39 (dd, 1H, J = 9.3, 13.5 Hz), 2.28-2.20 (m,
1H). .19 (s. 9H), 0.95-0.88 (m, 18H), 0.14-0.05 (m, 12H).

0 Preparation of 68. Et,N*3HF (0.71 g, 4.42 mmol) was added to a
NH
[k/go solution of 144 (0.24 g, 0.442 mmol) in THF (5§ mL). After stirring
HO o. N
‘Q\(‘B” overnight, the reaction mixture was concentrated in vacuo. Column
0
OH

chromatography (CH,Cl,:MeOH, 19:1 to 9:1), followed by
recrystallization from CH,CN (cooled at -30 °C), yielded 0.086 g of 68 in 62% vyield (34%

from 143). 'H NMR (MeOH-d,) 6 8.33 (d, I|H. J = 8.4 Hz), 5.75 (d, 1H, J = 8.4 Hz),

4.34 (dt. 1H, J = 7.5, 7.8 Hz) apparent q, 3.96-3.90 (m, 1H), 3.82-3.74 (m. 2H), 3.30
(dd. IH, J = 8.1, 14.4 Hz), 2.31 (dd. 1H, J = 7.8, 14.4 Hz), 1.19 (s, 9H).

o Preparation of 145. The ketone (68) was dried by azeotroping
NH

| I with pyridine (2 x L mL). A solution of DMTCI (0.19 g, 0.56 mmol)
DMTO o N7TO
Kj\(‘au in pyridine (2 mL) was added dropwise to a solution of 68 (0.16 g,
o

(@]
3 0.51 mmol) in pyridine (2 mL) at O °C, then allowed to warm to room

temperature. After stirring overnight. the reaction mixture was poured into saturated
NaHCO, (25 mL) and extracted with EtOAc (3 x 40 mL). The organic layer was washed

with brine and dried over MgSO,. The product was purified by column chromatography
(hexanes:EtOAc, 1:1) to yield 0.30 g (97%) of 145 as a white foam. 'H NMR (CDCIl,) &
8.60 (br s. IH). 7.88 (d, 1H, J = 8.1 Hz), 7.42-7.25 (m, 9H), 6.88 (d, 4H, J = 8.4 Hz),

5.56 (d, 1H, J = 8.1 Hz), 4.46 (m, 1H). 4.23-4.21 (m. 1H), 3.84 (s, 6H), 3.50-3.39 (m,
3H). 3.28-3.25 (m, 1H), 2.30 (dd, 1H, J = 6.9, 14.7 Hz), 1.23 (s, 9H).

9
o
8]
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(?\ Preparation of 146. p-cyanoethyl diisopropylchlorophosphor-
I

omro—%?a amidite (0.14 g. 0.58 mmol) was added dropwise to a solution of 145

o (0.30 g, 0.49 mmol) and Hiinig’s base (0.25 g, 1.95 mmol) in

-0

Pe A~ CN . . . .
IPr;N™ "0 CH.Cl, (5 mL). After 1 h, the reaction mixture was diluted with
EtOAc (25 mL) and quickly washed with saturated Na,CO; (10 mL) and brine (10 mL).
The organic layer was dried over Na,SO, and concentrated to yield a yellow foam.

Column chromatography (CH,Cl,:EtOAc, 2:1) with Matrex silica gel (neutral) yielded 0.31
g (78%) of product as a white foam. 'H NMR (CDCl,) & 8.48 (br s, 1H), 8.21 (d, 0.5H,

J=8.1 Hz), 8.14 (d, 0.5H. J = 8.4 Hz). 742 (1. 2H. J = 6.6 Hz). 7.33-7.27 (m, TH).
6.87-6.82 (m. 4H) apparent dd, 5.37 (d, 0.5H. J = 8.1 Hz), 5.36 (d, 0.5H, J = 8.4 Hz).
4.70 (ddd. 0.5H, J = 8.7, 17.4, 8.7 Hz), 4.58 (ddd, 0.5 H, J =9.0. 16.8, 9.0 Hz), 3.97
(m, 1H). 3.88-3.72 (m, 1H), 3.82 (s, 3H), 3.81 (s, 3H), 3.61-3.41 (m. 7H). 2.63 (1. 1H,
J =6.3 Hz), 2.46-2.43 (m, 1H), 2.41 (1, 1H, J = 6.0 Hz), 1.19 (s, 9H), 1.19-1.14 (m,

9H). 1.02 (d. 3H, J = 6.6 Hz).

o Preparation of 156. The ketone phosphoramidite (146. 0.14
NH
[k/g g, 0.17 mmol) and 149 (0.064 g, 0.17 mmol) were dissolved in
DMTO o N°TO
By CH,CN (2 mL, 0.5 M tetrazole). After 2 h, the reaction mixture
NH
i’ Ho Ao Was oxidized as described above, poured into saturated NaHCO,
O= [_O fo) o
Ne™~© (25 mL), and extracted with CH,Cl, (3 x 30 mL). The organics

oTes
were dried over Na,SO, and concentrated in vacuo. Column

chromatography (CH,Cl,:MeOH, 19:1) yielded 0.12 g (63%) of 156 as a mixture of four

diastereomers. m.p. 117-126 °C; 'H NMR (CDCl,) 9.71 (br s, 1H), 8.67 (br s, 0.5H),

8.63 (br s. 0.5H), 7.98 (d, 0.5H, J = 8.7 Hz), 7.96 (d, 0.5H, J = 8.1 Hz), 7.39-7.26 (m,
9H), 6.85 (dd, 4H, J = 1.8, 8.4 Hz), 6.35 (t, 0.2H, J = 6.6 Hz), 6.24 (1, 0.7H, J = 6.6
Hz). 6.17 (t, O.1H, J = 6.9 Hz), 5.45 (d, 0.5H, J = 7.8 Hz), 5.44 (d, 0.5H. J = 7.8 Hz),
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5.09 (m. lH), 4.29 (m, 4H), 4.15 (m, 3H), 3.93-3.71 (m, 2H), 3.80 (s, 6H), 3.61-3.21
(m. 4H), 2.78 (t, 1H, J = 6.0 Hz), 2.64-2.56 (m, 1H), 2.53-2.45 (m, 1H), 2.05-2.01 (m,
2H), 1.42 (m, 3H), 1.16 (s, 9H), 0.884 (s, SH). 0.877 (s, 4H), 0.07 (s, 6H); '’C NMR

(CDCL;) & 201.9, 201.7. 174.7, 174.6, 163.5, 159.0, 152.6, 151.8, 150.6, 150.5,

144.1, 138.9, 135.1, 135.0, 130.3, 128.3, 127.5, 116.9, 116.5, 113.5, 113.2, 102.8,
102.7, 98.1. 98.0, 87.4, 86.3, 84.9, 84.6, 843, 839, 75.3, 72.1, 71.9, 68.7, 68.6,
67.8, 62.8, 62.5, 61.2, 55.5, 47.3, 47.2, 43.7, 40.8, 37.4, 29.7, 28.8, 25.9, 23.5, 19.7,

19.6. 18.1, 4.5, -4.7; °'P NMR (CDCl,) H,PO, reference § -1.78, -1.92, -2.18; IR (film)

3198. 3062, 2957, 2931, 2857, 2253, 1696, 1608, 1509, 1471, 1446, 1386, 1300, 1253,
1223, 1177, 1034, 912, 833, 732 cm™".

/?\ Preparation of 158. Et,N (1 mL) was added to a solution of
NH
[N,g 156 (0.11 g, 0.10 mmol) in THF (1 mL) and refluxed. After 12
DMTO o c
Byg h, the reaction mixture was concentrated in vacuo, the residue
O HO AiH ] . ) .
o +-o o N,go taken up in MeOH (1 mL), and passed through Dowex resin as
Ona described above. Column chromatography (CH,C1.:MeOH, 4:1)
oTBS

Q

yielded 0.086 g (80%) of product as a mixture of two

(=

diastereomers. m.p. 121 °C (color change from whtte to pink), 185-189 °C (phase
change): 'H NMR (MeOH-d,) & 8.07 (d, 1H, J = 8.4 Hz), 7.44 (d. 2H, J = 7.5 Hz),

7.33-7.23 (m, 7H), 6.87 (dd, 4H., J = 1.5, 8.7 Hz), 6.26 (dd, IH, J =5.7, 7.8 Hz), 5.34
(d. IH, J = 8.1 Hz), 490 (m, 1H), 4.40 (m, 1H), 4.07 (m, 1H), 3.89-3.84 (m, 3H).
3.77 (s, 6H), 3.75-3.74 (m, 1H), 3.56-3.51 (m, 3H), 3.35-3.28 (m, 1H), 2.55-2.48 (m,
IH). 2.21-2.10 (m, 1H), 1.91-1.86 (m, IH), 1.40 (s, 0.7H), 1.35 (s, 2.3H), 1.17 (s,

9H). 0.89 (s, 9H). 0.10 (s, 3H), 0.07 (s, 3H): YC NMR (MeOH-d,) § 203.8. 175.3,

166.0, 160.4, 154.3, 152.1, 146.1, 141.2, 136.7, 131.7, 131.6, 129.5, 129.1, 128.3,
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114.4, 102.8, 99.2, 88.4, 86.4, 85.5, 74.2, 73.6. 69.5, 66.7. 62.9, 559, 44.7, 41.9,
37.9. 30.3. 29.4, 26.5. 23.1, 18.9. -4.3; *'P NMR (MeOH-d,) H,PO, reference & -1.65:
[R (film) 3400 (br), 3247, 3019, 2943, 2890, 1701, 1590, 1497, 1458, 1276, 1235,
[194. 1162. 1044, 797 cm’': ESMS (ES") caled for C, H, ,N,O,,PSi: 1049.4 (M-Na"),

found 1049.5.

o Preparation of 160. EtN (0.080 g, 0.79 mmol) and

NH
| N/g Et,;Ne3HF (0.12 g, 0.74 mmol) were added to a solution of 158

DMTO o o
By (0.078 g, 0.073 mmol) in THF (1 mL). After 12 h, the reaction

o} HO%NH . . .

o r:>-o 5 N/go mixture was diluted with MeOH (1 mL) and passed through
°‘NQQ Amberlite resin, chromatographed (CH.CIl,:-MeOH, 4:1), and

OH

passed through Dowex resin as described above. The product

was isolated in 37% yield (26 mg) as a white powder. m.p. 180-184 °C: 'H NMR (MeOH-
d,)d 8.15(d, 0.3H, J = 8.4 Hz), 8.14 (d, 0.7H, J = 7.8 Hz), 7.45 (d, 2H, J = 7.2 Hz),

7.34-7.22 (m. 7H). 6.88 (d, 4H. J = 7.8 Hz), 6.30-6.26 (m, 1H), 5.28 (d, 1H, J = 8.1
Hz). 4.95 (m. 1H). 4.38 (m. 1H). 4.04 (m, 1H), 3.88-3.84 (m, 3H), 3.79 (s, 6H). 3.58
(m. 2H), 3.48-3.39 (m, 2H). 3.34 (m, 1H), 2.56 (dd, 1H. J = 7.8, 14.4 Hz), 2.23-2.14
(m. 1H), 1.97-1.87 (m, 1H). 1.39 (s, 0.7H). 1.35 (s, 2.3H), 1.18 (s, 9H); “C NMR

(MeOH-d,) 6 203.9, 175.3, 166.2, 160.4, 154.3, 152.2, 146.2, 141.5, 136.7, 131.7.

131.6. 129.6, 129.1, 128.3. 114.4, 102.7, 99.1, 88.4, 86.2, 86.0, 85.4, 73.0, 69.5,
66.8, 62.5, 55.9, 55.0, 47.9, 44.8, 41.6. 37.4, 29.3, 23.0; *'P NMR (MeOH-d,) H,PO,

reference & 0.50: IR (film) 3374 (br), 2955, 1701, 1686, 1607, 1508, 1458, 1299, 1249.

1223, 1176. 1072, 1035, 827 cm™.
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OMTO— ¢ Preparation of 132. A solution of 160 (18 mg, 0.019 mmol)
BE“\NH in CH,CN:H,O (150 mL, :1 by volume) was photolyzed at 350

‘O HO -
°=',"0‘\<:7N/g° nm (14 lamps) for 2.5 h. The reaction mixture was concentrated
in vacuo and purified by column chromatography
(CH.Cl.:MeOH. 3:1). The product was isolated in 62% yield (9 mg) as a white powder.
m.p. 133 °C (color change from white to orange). 192-194 °C (phase change); 'H NMR

(MeOH-d,) 6 7.37-7.19 (m, 9H), 6.88 (d, 4H. J = 8.7 Hz), 6.25 (dd, IH, J = 7.8, 6.3

Hz). 4.83 (m. 1H). 4.78 (m. LH). 4.27 (m, 1H), 3.93 (m, 2H), 3.84 (m, LH), 3.79 (s,
6H). 3.55-3.52 (m, 2H), 3.35-3.15 (m, 3H), 2.73 (d, 1H, J = 18.6 Hz), 2.20-2.10 (m,

1H). 1.98-1.94 (m, 1H), 1.34 (s, 3H): *'P NMR (MeOH-d,) H,PO, reference & 1.87,

0.30: IR (film) 3300 (br), 2959, 1702, 1686, 1682, 1608, 1509, 1462, 1300, 1250, 1177,
1073, 1035. 827 cm’; ESMS (ES’) caled for C,;H,,N.,O,P: 755.2 (M-Na*), found

755.3.

o Preparation of 157. The ketone phosphoramidite (146, 0.11
g, 0.13 mmol) and 148 (0.064 g, 0.17 mmol) were dissolved in

N (@]

DMTOH o
‘\ij\ﬂ/fufok CH,CN (2 mL, 0.5 M tetrazole). After 2 h, the reaction mixture
o NH
O

o=p—on o N0 Was oxidized as described above, poured into saturated NaHCO;,
i

ne™>C (20 mL), and extracted with EtOAc (3 x 30 mL). The organics
otes

were washed with brine (20 mL). dried over Na,SO,, and

concentrated in vacuo. Column chromatography (CH,Cl,:EtOAc:MeOH, 1:1:0 to 5:5:1)

yielded 99 mg (71%) of 157 as a mixture of four diastereomers. m.p. 105-111 °C; 'H
NMR (CDCI,) & 9.51 (br s, I|H). 8.164 (s, 0.5H), 8.155 (s, 0.5H), 7.99 (dd, IH, J =

3.6. 8.1 Hz), 7.41-7.28 (m, 9H), 6.88 (dd, 4H, J = 0.9, 8.4 Hz), 6.33-6.23 (m, 0.8H),
6.19-6.09 (m, 0.2H), 5.45 (dd, IH, J = 3.0, 8.1 Hz), 5.12 (m, 1H), 4.35-4.26 (m, 3H),
4.22-4.05 (m, 3H), 3.831 (s, 3H), 3.825 (s, 3H), 3.91-3.71 (, 2H), 3.62-3.38 (m, 3H),
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3.18 (m. IH), 2.79 (t, IH, J = 6.0 Hz). 2.70-2.59 (m, 2H), 2.49-2.43 (m, 1lH), 2.14-
2.03 (m, 2H), 1.29-1.25 (m, 3H), 1.19 (s, 9H), 0.92 (s, 3H), 091 (s, 6H), 0.11 (s,
2H), 0.10 (s, 2H), 0.09 (s, 2H): “C NMR (CDCl,) § 201.8, 201.6, 173.0, 172.9, 163.3,
159.0, 153.0. 152.6. 150.3, 144.1, 138.9, 138.8. 135.0, 134.9, 130.3, 128.3, 128.2,
127.5, 116.7, 116.4, 113.5, 102.6. 98.2, 98.1, 87.4, 86.3, 86.2, 85.8, 85.3, 85.1,
85.0. 84.6, 84.4, 84.1, 83.6. 83.5. 754 (m). 71.9, 71.8, 71.7, 67.7 (1), 62.6, 62.5,

62.43. 62.36, 61.2, 60.6, 55.5, 55.4, 43.7, 42.7, 40.9, 37.5. 37.4, 37.2, 35.5, 28.8,
259, 21.2, 19.9, 19.8, 19.7, 19.6, 18.1, 14.4, 13.2, 13.1, 12.6, 4.5, -4.7; *'P NMR

(CDCl,) H,PO, reference d -1.78, -1.84; IR (film) 3389, 2956, 2886, 2269, 1716, 1700,

1508, 1446, 1252, 1180, 1063, 1035, 958, 835 cm™".

o Preparation of 159. Et;N (I mL) was added to a solution of
[kNHO 157 (98 mg, 0.10 mmol) in THF (1 mL) and refluxed. After 12
lBuo

DMTO—@(
(o]

\_Ek h, the reaction mixture was concentrated in vacuo, the residue
NH

o=?>— N/go taken up in MeOH (1 mL), and passed through Dowex resin as
I— -
Ona described above. Column chromatography (CH,Cl,:MeOH, 4:1)

OTBS
yieldled 64 mg (67%) of product as a mixture of two

diastereomers. m.p. 172 °C (color change from white to orange), 175-182 “C (phase
change): 'H NMR (MeOH-d,) § 8.11 (d, IH, J = 8.1 Hz), 445 (d, 2H, J = 7.2 Hz),
7.34-7.23 (m, 7TH). 6.87 (dd, 4H, J = 1.5, 8.7 Hz), 6.31-6.24 {m, 1H), 5.31 (d, I1H, J =
8.1 Hz). 4.94 (m, 1H), 4.47 (m, 1H), 4.03 (m. 1H), 3.85 (m, 3H), 3.78 (s, 6H), 3.62-
3.43 (m, 4H), 3.20-3.04 (m, 1H), 2.70-2.50 (m, 2H), 2.27-2.14 (m, 1H), 1.89-1.83 (m,
1H), [.18 (s, 9H). 1.16 (m, 3H) apparent s, 0.91 (9H), 0.11 (s, 3H), 0.09 (s, 3H): BC

NMR (MeOH-d,) 6 203.8, 176.1, 175.8, 166.1, 160.4, 155.3, 155.0, 152.2, 146.2,

141.4, 136.7, 131.7, 131.6, 129.6, 129.1, 128.3, 114.4, 102.6, 99.1, 88.3, 86.7 (m),
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86.3 (m), 85.6. 85.5, 74.7, 74.5, 73.2, 66.6, 62.7, 55.9, 44.7, 43.2, 41.8, 38.1, 37.8,
36.6, 36.5, 29.4, 26.5, 18.9, 13.6, 13.1, -4.3; °'P NMR (MeOH-d,) H,PO, reference

0.13: IR (film) 3364, 3094, 2956, 2885, 1704, 1608, 1509, 1446, 1302, 1251, 1188,

1069. 962. 834 cm™.

o} Preparation of 161. EtN (36 mg, 036 mmol) and
| N’go Et,Ne3HF (49 mg, 0.31 mmol) were added to a solution of 159

DMTO [e)
bg(\t?‘,’\w (64 mg, 0.061 mmol) in THF (1 mL). After 8 h, the reaction
o]
A

o=b— o NS0  mixture was diluted with MeOH (10 mL) and passed through
O’Nj’_\g—y Amberlite resin, chromatographed (CH.Cl,:MeOH, 3:1), and
passed through Dowex resin as described above. The product

was isolated in 26% yield (15 mg) as a white powder. m.p. 190 °C (color change from
white to brown), 193-209 °C (phase change); 'H NMR (MeOH-d,) 8 8.14 (d, 1H, J = 8.4

Hz). 7.46 (dd, 2H. J = 2.1, 9.0 Hz), 7.34-7.24 (m, 7H), 6.88 (dd, 4H, J = 1.2, 9.0 Hz),
6.32-6.25 (m, 1H), 5.28 (d, IH, J = 8.4 Hz), 4.92 (m. 1H), 4.38 (m, 1H), 4.0l (m,
IH), 3.86 (m. 3H) apparent d, 3.79 (s, 6H), 3.68-3.40 (m, 4H), 3.20-3.04 (m. 1H).
2.69-2.51 (m, 2H). 2.28-2.14 (m, 1H), 1.96-1.89 (m, 1H), 1.18 (s, 9H), 1.16 (m, 3H)

apparent s; °C NMR (MeOH-d,) § 203.9, 176.2, 160.5, 155.2, 152.4, 146.2, 141.5,

136.8, 131.7, 131.6, 129.6, 129.1, 128.3, 114.4, 102.6. 99.0, 88.4, 86.1, 86.0, 85.4,
85.3. 73.2. 73.0, 66.8, 62.5, 55.9, 44.7, 43.2, 41.7, 37.5, 37.2, 36.6, 29.4, 13.6, 13.1;

*'P NMR (MeOH-d,) H,PO, reference § 0.49; IR (film) 3358, 2957, 2886, 1714, 1698,

1608. 1510, 1454, 1188, 1066, 1037, 961 cm™; ESMS (ES") caled for C H,.N,O P:
919.3 (M-Na"), found 919.4.
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DMTO Preparation of 131. A solution of 161 (12 mg, 0.013 mmol)
A\i—) \C in CH,CN:H,O (100 mL, 1:1 by volume) was photolyzed at 350

O-P (o]
ONa

nm (16 lamps) for 2 h. The reaction mixture was concentrated in
OH vacuo and purified by column chromatography (CH,Cl,:-MeOH,
3:1). The product was isolated in 62% yield (6 mg) as a white
powder. m.p. 135 °C (color change to tan), 140-145 °C (phase change): 'H NMR (MeOH-

d,) & 7.38-7.21 (m, 9H), 6.89-6.84 (m, 4H), 6.29-6.22 (m, 1H), 4.89 (m, 1H), 4.77 (m,
1H). 4.34-4.27 (m, 1H), 3.89 (m, 2H), 3.84 (m, IH), 3.79 (s, 6H), 3.65-3.47 (m, 2H),
3.24-3.05 (m, 2H), 2.75-2.60 (m, 2H), 2.24-2.11 (m, 1H), 1.96-1.90 (m, 1H), 1.17 (d,
3H. J = 6.9 Hz). *'P NMR (MeOH-d,) H,PO, reference 8 0.35: IR (film) 3372, 2957,

2887, 1722. 1442, 1367, 1344, 1185, 1062, 1044, 986, 923, 852 cm™': ESMS (ES") calcd
for C;,H,,N,O,,P: 739.2 (M-Na"), found 739.3.

DMTO-\C>= Preparation of 78. Hiinig's base (0.096 g, 0.75 mmol) and CH,Cl,
o
(5 mL) were added to the furanone (0.061 g, 0.54 mmol) and DMTCI

f—— S

with MeOH (1 mL), diluted with H,O (15 mL), and extracted with ether (3 x 20 mL). The
organic layer was washed with brine, dried over MgSO,, and concentrated. Column
chromatography (hexanes:EtOAc, 2:1) yielded 0.19 g (84%) of 78 as a white powder. m.
p. 109 °C (color change to orange), 109-113 °C (phase change); 'H NMR (300 MHz,

CDCl;) 6 7.46-7.40 (m, 3H), 7.33-7.20 (m, 7H), 6.87-6.82 (m, 4H) apparent d, 6.19
(dd. IH, J = 2.4, 6.0 Hz), 5.11-5.07 (m, 1H), 3.80 (s, 6H). 3.40 (d, 2H, J = 5.1 Hz);
C NMR (75 MHz, CDCi,) § 158.9, 154.5, 144.5, 135.7, 135.6, 130.2, 128.22,

128.18. 127.2, 122.6, 113.5, 86.7, 82.5, 63.6, 55.4; IR (film) 3002, 2932, 2870, 2837,
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1760. 1608, 1582. 1509, 1464, 1446, 1301, 1252, 1177, 1159, 1119, 1095, 1033, 830,

728,703 cm™.
o) Preparation of 79. N ,N-dimethylethylenediamine (0.33 g, 3.76
Ho)If}Me mmol) was added to a solution of 78 in CH,CN:H.,O (12 mL, 2:1 by
N
DMTO Me

volume) at 37 °C. After | h, the reaction mixture was concentrated in

vacuo. Column chromatography (hexanes:EtOAc:MeOH, 2:1:0 to 5:5:1) yielded 0.11 ¢
(56%) of 79 as a white foam. m. p. 57-64 °C. 'H NMR (300 MHz, CDCl,) 8 7.45 (d. 2H.
J=7.2 Hz), 7.37-7.18 (m, 7TH), 6.86-6.81 (m, 4H) apparent d, 3.98-3.87 (m, 1H), 3.80
(s. 6H), 3.50 (dd. IH, J = 6.9, 15.3 Hz), 3.33-3.20 (m, 3H), 2.96 (s, 3H), 2.97-2.90
(m, 1H). 2.75-2.57 (m, 5H), 2.38 (s, 3H); "C NMR (75 MHz, CDCl,) d 174.0, 158.7,
145.2, 136.40. 136.35, 130.3. 128.4, 128.0, 1269, 113.3, 86.5, 70.3, 65.7, 60.4,
55.4. 52.9. 47.4. 41.5, 35.9, 34.7; IR (film) 3399 (br), 3058. 2932, 2836, 1634, 1608.

1509, 1463, 1445, 1398, 1301, 1250, 1177, 1069, 1034, 911, 829, 728 cm’'; exact mass
(FAB) calcd for C,,H,,N.O,: 505.2704 (M+H), found 505.2691.
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Appendix B.1

Anaerobic photolysis of ketone dinucleotide (119).
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Appendix B.2
Aerobic photolysis of ketone dinucleotide (119).
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Appendix B.3
Aerobic photolysis of ketone dinucleotide (119) in the presence of BME.
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APPENDIX C
NMR, IR, and ESMS Spectra
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