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A hydroxamic-acid-containing nucleoside inhibits
DNA repair nuclease SNM1A+
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Nine modified nucleosides, incorporating zinc-binding pharmacophores, have been synthesised and eval-
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uated as inhibitors of the DNA repair nuclease SNM1A. The series included oxyamides, hydroxamic acids,
hydroxamates, a hydrazide, a squarate ester and a squaramide. A hydroxamic acid-derived nucleoside
inhibited the enzyme, offering a novel approach for potential therapeutic development through the use
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Introduction

SNM1A is a DNA damage repair enzyme implicated in inter-
strand crosslink (ICL) repair." It digests DNA with a 5'-to-3’
polarity past lesions by hydrolysing the phosphodiester back-
bone of DNA, producing predominantly mononucleotide pro-
ducts.> ICL repair factors are associated with the ageing
process," certain genetic diseases,® and resistance to cancer
therapy.” As cells depleted in SNM1A show higher sensitivity to
ICLs introduced by several anticancer crosslinking agents,>®
SNM1A is a potential therapeutic target for treating cancers
that have developed resistance to traditional DNA crosslinking
agents. SNM1A interacts with long DNA strands via a positively
charged patch on the enzyme’s surface that binds the nega-
tively charged DNA backbone. This leads to processive activity
with higher molecular weight substrates, whereas no processiv-
ity is observed with small oligonucleotides.> The 5'-phosphate
group of the oligonucleotide substrate binds through
H-bonding in the active site and is required for hydrolytic
activity. The scissile phosphodiester is postulated to bind to
the zinc metal centre prior to attack by an activated water
molecule.>” There are a limited number of inhibitors of
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of rationally designed nucleoside derived inhibitors.

SNM1A. Among the known inhibitors are cephalosporins® and
the metal chelator o-phenanthroline.> However, to date, there
has not been a modified nucleoside inhibitor.

We reasoned that the incorporation of compact zinc-
binding pharmacophores® at the 5-position of a nucleoside
would have the potential to block the zinc atom-containing
active site of SNM1A and thus inhibit the digestion of single
strands of DNA. The nucleobase and tetrahydrofuran ring
would provide natural substrate recognition for the enzyme
while the zinc-binding groups (ZBGs) would serve to both
mimic the phosphate group and form a stable chelating inter-
action with the metal(s) in the active site. We focused on the
installation of ZBGs and potential metal binding groups at the
5'-position of thymidine (Fig. 1). We aimed to incorporate the
following bidentate chelating moieties: oxyamides, hydroxamic
acids, hydroxamates, a hydrazide and a squarate ester/amide.
These modifications will serve a dual purpose: both mimick-
ing the 5-phosphate group and binding the zinc in the active
site of SNM1A. Hydroxamic acids are classic ZBGs with their
incorporation featured in histone deacetylase inhibitors, for
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Fig. 1 Proposed incorporation of ZBGs at the 5'-position of thymidine
for the inhibition of the DNA repair nuclease SNM1A.
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example.'” As a renowned metal-binding group'' we antici-
pated that hydroxamic acid derivatives could be good inhibi-
tors of SNM1A. We also explored neutral oxyamide/hydroxa-
mate moieties as potential inhibitors. Squaramides have been
demonstrated to chelate metals with the added dimension of
being phosphate mimics and thus display excellent precedent
for incorporation into nucleoside-based inhibitors.'*"?

In terms of inhibitor design, thymine was selected as the
nucleobase as SNM1A has no reported sequence selectivity
and the absence of a primary amine group in thymine allows
for ease of synthesis and avoids protecting group manipula-
tions on this moiety. The ZBG-modified nucleosides were
tested as competitive inhibitors against oligonucleotide
strands (20-21 nucleotides in length) which represents a
natural substrate for SNM1A in assays with plate reader and
gel electrophoresis readouts.

Results and discussion

As shown in Scheme 1, we focused our initial efforts on the
synthesis of oxyamide-derived thymidine compounds. Using
literature conditions,'* commercially available thymidine 1
was reacted with N-hydroxyphthalimide in a Mitsunobu reac-
tion, followed by 3'-OH protection as a silyl ether and sub-
sequent hydrazinolysis to give the oxyamine product 2 in 58%
yield over 3 steps. This material was coupled with acetic acid
and formic acid in 71% and 29% yield respectively using
EDCI/HOAt-mediated coupling.'> Deprotection of the silyl
ethers 3 and 4 using TBAF gave the hydroxy compounds 5 and
6 in excellent yields (92% and 93% respectively).

With oxyamides 5 and 6 in hand, we then turned our atten-
tion to the synthesis of hydroxamic acid-derived nucleosides
(Scheme 2). Using literature conditions, thymidine 1 was con-
verted into the 3'-silyl ether 7 in 54% yield over 3 steps. This
was achieved by 5-OH protection of thymidine 1 with a
dimethoxytrityl group,'® 3-OH protection as a silyl ether,"”
and finally dimethoxytrityl deprotection.'® A TEMPO-BAIB-
mediated oxidation in acetonitrile/water provided carboxylic
acid"® 8 which would later serve as a point of divergence in our
syntheses. Coupling of carboxylic acid 8 with benzyloxyamine
under EDCI/HOAt conditions provided the hydroxamate 9 in
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Scheme 1 Acetyl and formyl oxyamide synthesis. T = thymine.
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Scheme 2 Hydroxamic acid synthesis.

76% yield. TBS deprotection was achieved using TBAF in tetra-
hydrofuran which gave the hydroxy compound 10 in 75% yield.
The benzyl protecting group was removed via catalytic hydrogen-
ation (Pd/C-H,) to give hydroxamic acid 11 in 96% yield.

We postulated that modifying the length of the carbon
chain attached to the hydroxamic acid would provide a valu-
able structure-activity-relationship. We therefore pursued 1-
and 2-carbon homologues of compound 11 as shown in
Scheme 3a. Initial attempts to oxidise alcohol 7 using TEMPO/
BAIB in anhydrous dichloromethane failed to yield any alde-
hyde 12 but instead yielded multiple decomposition products.
However, using Dess-Martin periodinane,”® we were able to
access the aldehyde 12 in almost quantitative yield. Using

Snowden’s conditions,?' treatment of this freshly prepared
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Scheme 3 (a) Attempted one-carbon homologation via trichloro-

methylcarbinol 13. (b) One-carbon homologation via Peterson olefina-
tion and postulated epimerisation mechanisms.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ob01133a

Open Access Article. Published on 05 August 2019. Downloaded on 8/16/2019 9:57:35 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

aldehyde 12 with trichloroacetic acid and sodium trichloroace-
tate provided the trichloromethyl carbinol 13 as a
1:1.7 mixture of 5-epimers in 34% yield. Treatment of this
material with sodium borohydride and sodium hydroxide to
access carboxylic acid 14 resulted in decomposition. After mul-
tiple unsuccessful attempts at optimising this reaction, we
opted for a different approach.

Starting from aldehyde 12, a Peterson olefination with com-
mercially available silane 15 gave the ketene-dithioacetal 16 in
low yield (Scheme 3b). This compound was found to be highly
acid sensitive and as such it was isolated as a 2:1 mixture of
4’-epimers. This epimerisation event occurred during column
chromatography as analysis of the crude reaction mixture by
"H NMR spectroscopy indicated the presence of one diastereo-
isomer. Attempts at purification on alumina resulted in
decomposition. Due to the acid sensitivity of this molecule, it
was used immediately in the next step (carried forward as a
mixture of 4-epimers). We initially attempted to convert the
ketene-dithioacetal 16 into the corresponding methyl ester 17
using CuSO,-5H,0 in refluxing methanol,** however this
resulted in decomposition of the starting material. Switching
to AgNO; in refluxing methanol®® for one hour (or rt overnight)
did provide product 17, but in very low yield (14%).
Interestingly, analysis of the "H NMR spectrum of the complex
crude reaction mixture showed a virtually 1:1 mixture of
4’-epimers. Remarkably, after column chromatography on silica
gel, only one epimer was isolated. We speculate that upon
exposure of this molecule to silica gel, a p-elimination-type
reaction could be occurring, delivering only one epimer (deter-
mined by NOE). However, given the poor yields for this
sequence, we do not view this route as viable to access the
1-carbon homologue of compound 11.

At this point, we turned our focus to the 2-carbon homolo-
gation (Scheme 4). Starting from aldehyde 12, using adapted
literature conditions,** a Wittig reaction with stablised ylide 18
gave the a,p-unsaturated benzyl ester 19 in 81% yield. Catalytic
hydrogenation of this material with Pd/C delivered the global
hydrogenation product 20 (saturated carboxylic acid) in vir-
tually quantitative yield. EDCI-mediated coupling of carboxylic
acid 20 with benzyloxyamine provided the hydroxamate
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Scheme 4 Synthesis of two-carbon homologue 23.
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product 21 in 54% yield. The silyl ether in compound 21 was
removed with TBAF to provide alcohol 22 in 80% yield. Finally,
hydrogenolysis of the benzyl group with Pd/C-H, furnished
the final hydroxamic acid product 23 in 88% yield.

Alongside hydroxamic acids 11 and 23, we explored the idea
of capping the hydroxyl portion of the hydroxamic acid with
labile and non-labile groups. It was postulated that the labile
acetate group on the hydroxamic could be cleaved in buffer
during the assay and could have pro-drug potential. In order
to discern the importance the free hydroxy group has in the
inhibition of SNM1A, we also pursued an O-methylated hydro-
xamic acid. As shown in Scheme 5a, hydroxamate 9 was
reduced by catalytic hydrogenation which gave hydroxamic
acid 24 in 88% yield. Acetylation of compound 24 with acetic
anhydride capped the hydroxamic acid moiety as an acetate
giving compound 25 in 89% yield. Achieving high yields for
the silyl deprotection of this compound proved to be a con-
siderable challenge.

Optimisation was required for this transformation as use of
TBAF alone did not sufficiently deprotect the silyl ether. The
addition of acetic acid improved the yields of alcohol 26 to
37% yield. As shown in Scheme 5b, the final hydroxamate in
the series was a methyl-capped hydroxamic acid. We per-
formed a coupling reaction of carboxylic acid 8 with methoxy-
amine which gave the methoxyamide product 27 in 76% yield.
Deprotection of the silyl ether with TBAF proceeded smoothly
to give the alcohol compound 28 in 96% yield.

Further to the hydroxamic acid and hydroxamate series, the
hydrazide moiety is also known to be a potent zinc binder.® As
shown in Scheme 6, coupling of carboxylic acid 8 with Fmoc-
protected hydrazine (see ESIf for synthesis) gave the protected
hydrazide product 29 in 48% yield. Deprotection of the 3'-silyl
ether proved to be a difficult transformation and a range of
conditions were explored including various acids, TBAF and a
combination of TBAF and acid. Ultimately, the use of TBAF
with acetic acid gave the alcohol product 30 in a modest 26%
yield. The Fmoc group was removed with piperidine to afford
the free hydrazide product 31 in 76% yield.

The squaramide functionality is a known phosphate bioi-
sostere in nucleoside chemistry'>** and has also found other
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EDCI-HCI, MeCI) MeCI)
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Scheme 5 a) Acetate-capped hydroxamic acid synthesis. (b) Methyl-
capped hydroxamic acid synthesis.
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Scheme 6 Hydrazide synthesis.

varied uses in medicinal chemistry.>> Furthermore, hydroxyl-
amine derived squaramides have been demonstrated to
possess metal and zinc-binding capabilities.”®>°

As shown in Scheme 7, starting from thymidine 1, using lit-
erature conditions, we converted the 5-OH group into an
amino group through an iodination/displacement/reduction
sequence in 71% yield over 3 steps.** > Using literature con-
ditions,"® coupling of amine 32 with diethyl squarate under
basic conditions provided the squarate ester 33 in 61% yield.
This material was subsequently converted into the squaramide
34 in 74% yield.

With a diverse range of 5-modified nucleosides in hand,
their ability to inhibit the human exonuclease SNM1A was
evaluated (Fig. 2). As SNM1A has been documented to efficien-
tly digest single-stranded DNA (ssDNA) substrates, we syn-
thesised a ssDNA oligonucleotide containing the Cy3 fluoro-
phore at the 3'-end of the oligonucleotide (compound 35). This
compound served as a substrate for the enzyme and could be
used to monitor the activity of our inhibitor series by gel elec-
trophoresis. SNM1A was incubated with inhibitors 5, 6, 11, 23,
26, 28, 31, 33 and 34, respectively at 1 mM concentrations for
5 minutes at 37 °C. After inhibitor pre-incubation, oligo-
nucleotide strand 35 was introduced to the reactions to
compete with the inhibitors. After 1 hour, the assay was
stopped and the extent of digestion of the oligonucleotide 35
was analysed by denaturing gel electrophoresis. As a control,
thymidine 1 was included in the assay to ensure any inhibitory
effect could be attributed to the modifications on the nucleo-
side rather than simply non-covalent interaction between the
enzyme and the thymine nucleobase and the tetrahydrofuran
ring.

As shown in Fig. 2c, the results (acquired in duplicate)
demonstrate that hydroxamic acids 11 and 23 act as inhibitors

i. I PPh3 imidazole

T i NaNj
r:O: iii. PPhy H,0
WPNs D
71%

HO.

HoN T Diethyl squarate,
0} DIPEA,DMF, 1t, 24 h
% } - s
61%

OH OH
1 32
Q Q
i T  Et,NH, MeCN, R T
0 55°C,1h o)
[¢) [0)
OEt 74% NEt,
OH OH
33 34

Scheme 7 Squarate ester and squaramide synthesis.
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Fig. 2 Biological evaluation of modified nucleosides 5, 6, 11, 23, 26, 28,
31, 33 and 34 as competitive inhibitors of SNM1A. (a) Postulated inhi-
bition mechanism. (b) Modified nucleosides evaluated as inhibitors of
SNM1A. (c) Denaturing PAGE gel of the extent of digestion of oligo-
nucleotide 35. SNM1A was pre-incubated with inhibitors for 5 minutes at
1 mM concentrations. Oligonucleotide 35 was then added and the assay
was halted after one hour. nt = nucleotides.

of SNM1A as the oligonucleotide is not fully digested in this
assay. The difference in digestion of oligonucleotide 35 in the
presence of the two hydroxamic acids 11 and 23 highlights the
importance of the position of the hydroxamic acid group rela-
tive to the nucleoside. In the presence of compound 11 the
oligonucleotide products obtained are only slightly shorter
than the substrate 35, indicating that hydroxamic acid 11 com-
petes with the 21-nucleotide substrate. The reaction yields
shorter fragments in the presence of nucleoside 23, which
implies that compound 23 is unable to compete with the
21 mer 35 or the longer oligonucleotides that result from the
initial hydrolysis events. However, compound 23 inhibits the
hydrolysis of already shortened oligonucleotides, which
benefit less from distal binding sites of SNM1A.

All the other inhibitors (5, 6, 26, 28, 31, 33 and 34) in this
assay show virtually no inhibition of SNM1A. Formyloxyamide

This journal is © The Royal Society of Chemistry 2019
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6 does show marginal levels of enzyme inhibition but given
the relatively weak inhibitory potential of this compound, we
opted not to pursue this for further analysis.

Acetamide derivative 5 displays no inhibition and both
labile and non-labile capped hydroxamate 26 and 28, respect-
ively show no inhibition, indicating the crucial role the free
hydroxy group has in enzyme inhibition. Further corroborating
evidence for this is that replacing the OH with NH, (i.e. hydra-
zide 31) results in no inhibition of SNM1A. Squarate ester 33
and squaramide 34 display no activity in this assay.

With hydroxamic acids 11 & 23 showing the most initial
promise, we opted to further investigate the extent to which it
could inhibit SNM1A through determination of ICs, values
(Fig. 3). Thymidine 1 was included as a control for this experi-
ment, and for inhibitors 11 & 23 IC5, determination was
carried out using a real time fluorescence assay in a manner
analogous to Lee et al. with a determined IC5, of 139 pM for
compound 11 with no discernible inhibition of SNM1A by
either control compound 1 or hydroxamic acid 23 (Fig. 3).® To
evaluate the membrane permeability of compound 11, a paral-
lel artificial membrane permeability assay (PAMPA) was per-
formed.*®> Nucleoside 11 was unable to cross the artificial
membrane (see ESIf), presumably due to the hydrophilic
nature of the hydroxamic acid moiety. A pro-drug approach
where the active moiety is masked by a labile protecting group,
as envisaged for compound 26, could be used to overcome this
limitation. As evident by the lack of activity of compound 26
(Fig. 2c, lane 7), the nature of the protecting group is crucial to
the successful release of the active compound. The results of
the permeability assay indicate that a significant increase in
lipophilicity is required for the successful diffusion of deriva-
tives of compound 11 across a membrane.

Finally, inhibitor 11 was examined in a gel-based assay
across concentrations from 1 mM to 3 pM, with thymidine 1
(1 mM) included as a control. Hydroxamic acid 11 was incu-
bated with SNM1A for 5 minutes at 37 °C, in decreasing con-
centrations, after which time oligonucleotide 35 was added to
each reaction. After one hour, the reaction mixture was halted
and the extent of digestion of the oligonucleotide was analysed
by gel electrophoresis. This experiment was run in duplicate.

1
9 1004 - 11
d% - 23
por 504
g
&
0+
L) L] L]
-8 -6 -4
Log(inhibitor/M)

Fig. 3 1Cs determination of modified nucleoside 11 with SNM1A. Error
bars generated from 4 independent repeats.
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Fig. 4 Denaturing PAGE electrophoresis gel of the extent of digestion
of oligonucleotide 35 with decreasing concentrations of hydroxamic
acid 11 (1 mM to 3 pM). SNM1A was pre-incubated with inhibitors for

5 minutes. Oligonucleotide 35 was then added and the assay was halted
after one hour. nt = nucleotides.
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As can be seen from Fig. 4, hydroxamic acid 11 is an effective
inhibitor of SNM1A at higher concentrations (1 mM-0.1 mM)
and has a marginal effect as low as 33 pM.

Conclusions

In summary, we have synthesised a range of zinc-binding phar-
macophores incorporated at the 5-position of thymidine and
these were tested against the human exonuclease SNM1A for
inhibition. The hydroxamic acid-derived nucleoside 11 proved
to be a novel competitive inhibitor of SNM1A with an ICs, of
139 pM and is the first nucleoside-based inhibitor of the exo-
nuclease. The free hydroxy portion of the hydroxamic acid
group is essential to activity, as capped or protected hydroxa-
mates 26 and 28 are not active in this assay. Furthermore, the
proximity of the hydroxamic acid group to the nucleoside ring
proved to be crucial as hydroxamic acid 23 showed signifi-
cantly less inhibition of SNM1A. Surprisingly, the hydrazide
containing nucleoside 31 showed no activity in this assay,
highlighting the crucial role the oxygen of the hydroxamic acid
plays in SNM1A inhibition. It is proposed that the mechanism
of inhibition of this enzyme is via the occupation of the active
site and complexation of the zinc ion(s). Hydroxamic acid 11
serves as a lead compound and further optimisation such as
utilising other nucleobases or labile protecting groups could
improve the activity and membrane permeability of this mole-
cule. Compound 11 could find application in a combination
therapy for cancers which are resistant to interstrand cross-
linking agents and is currently under investigation in our
laboratory.

Experimental

Biological evaluation

Inhibition assay with SNM1A. SNM1A was stored as a 1.0 uM
solution in reaction buffer (20 mM HEPES-KOH, pH 7.5,
50 mM KCl, 10 mM MgCl,, 0.05% Triton-X, 0.1 mg mL™" BSA,

Org. Biomol. Chem.
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5% glycerol, 0.5 mM DTT). Thymidine 1 (control), and modi-
fied nucleosides 5, 6, 11, 23, 26, 28, 31, 33 and 34 (1 mM) were
treated with SNM1A (698-1040) (25 fmol) in reaction buffer
containing 4% DMSO (10 pL) on ice and incubated at 37 °C for
5 minutes prior to the addition of the fluorescent oligo-
nucleotide substrate 35 (0.8 pmol) and further incubation at
37 °C for a further 60 minutes. The reaction was stopped by
the addition of stop solution (2 pL, 95% formamide, 10 mM
EDTA) followed by heating to 95 °C for 3 minutes. Digested
oligonucleotides were separated on a 15% acrylamide 6.5 M
urea gel [2.9 g urea, 2.7 mL 40% acrylamide-bisacrylamide
25:1, 1.4 mL 5x TBE (0.45 M Tris, 0.45 M boric acid, 0.01 M
EDTA pH 8.0), 0.6 mL H,O] in 1x TBE at 150 V for 100 minutes
alongside bromophenol blue and xylene cyanol as markers for
8 nucleotides and 28 nucleotides respectively and imaged
using Typhoon FLA 9500.

Inhibition assay with SNM1A (decreasing concentrations of
hydroxamic acid 11). In a procedure identical to the above
inhibition assay, hydroxamic acid 11 was incubated with
SNM1A in the following concentrations: 1 mM, 333 pM,
100 pM, 33 pM, 10 pM and 3 pM. Thymidine 1 (1 mM) was
incubated with SNM1A as a control. Digested oligonucleotides
were separated on a 15% acrylamide 6.5 M urea gel in 1x TBE
at 150 V for 90 minutes alongside bromophenol blue and
xylene cyanol as markers for 8 nucleotides and 28 nucleotides
respectively and imaged using Typhoon FLA 9500.

Experimental protocol for real-time fluorescence assay. Real-
time fluorescence assays were performed as previously
described® utilising a 20-nucleotide ssDNA substrate, modified
to contain a black-hole quench (BHQ) moiety on the 5’ nucleo-
tide, and a fluorescein-conjugated T, eight nucleotides away
(Eurofins Genomics). Reactions were carried out in black
384-well microplates in a total volume of 25 pL in nuclease
buffer (20 mM HEPES-KOH, pH 7.5, 50 mM KCl, 10 mM
MgCl,, 0.5 mM DTT, 0.05% (v/v) Triton-X100, 5% (v/v) gly-
cerol), 25 nM DNA substrate, 0.25 nM SNM1A, with increasing
concentrations (0-1000 pM) of each inhibitor. SNM1A was
incubated with the inhibitor in the above buffer for
10 minutes at rt, before the reaction was started by the
addition of DNA substrate. The fluorescence spectra were
measured using a PHERAstar FSX (BMG Labtech) (excitation at
495 nm, emission at 525 nm) with 15 readings taken every 150
seconds. The fluorescence intensity for each reaction was
plotted against time, and the rate of increase was determined,
normalised to the 0 inhibitor control, and plotted against com-
pound concentration. This was fitted to a log[inhibitor]-
response curve on Prism software (GraphPad Software, Inc., La
Jolla, CA, USA) to calculate the ICs, values.

General experimental methods. Reagents were obtained
from commercial suppliers and were used without further
purification. CH,Cl, and THF were dried using a PureSolv MD
solvent purification system. Petroleum ether (PE) refers to the
fraction that boils at 40-60 °C. Oxygen free, anhydrous argon
was obtained from BOC gases. Flash column chromatography
was performed using flash silica 60 A (230-400 mesh). Thin-
layer chromatography was performed on silica coated alu-
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minium sheets (60 F,5,). Compounds were visualised with UV
light and aqueous potassium permanganate stain (3 g KMnO,,
20 g K,CO3, 300 mL H,0) followed by heating. Melting points
were recorded on a Griffin melting point apparatus and are
uncorrected. Infrared (IR) spectra were recorded on a
PerkinElmer spectrophotometer. "H and **C NMR spectra were
recorded on Bruker 600 MHz and 400 MHz system spec-
trometers in CDCl;, DMSO-ds or CD;0D. Chemical shifts are
quoted in parts per million (ppm) relative to the residual pro-
tonated solvent. Coupling constants (/) are quoted in hertz
accurate to 0.2 Hz. Chemical shift assignments are based on
two-dimensional NMR experiments including TOCSY, HSQC
and HMBC. High resolution mass spectra were carried out on
a Bruker ESI or APCI HRMS analyser. Modified nucleosides are
numbered according to standard nucleoside convention.

Synthetic procedures

N-Formyl-5'-O-amino-3"-O-(tert-butyldimethylsilyl )thymidine 4.
Under argon, formic acid (126 pL, 3.34 mmol) was dissolved in
anhydrous DMF (13 mL), cooled to 0 °C and stirred. HOAt
(480 mg, 3.53 mmol) and EDCI-HCI (666 mg, 3.47 mmol) were
added and the reaction mixture was stirred for 10 minutes.
Oxyamine 2 (950 mg, 2.56 mmol) was added and the reaction
mixture was warmed to rt and stirred for 24 hours. After this
time, TLC analysis (CH,Cl,/MeOH; 19:1) showed the con-
sumption of starting material (R = 0.5) and the formation of
product (Rf = 0.1). The reaction mixture was diluted with
EtOAc (100 mL) and washed with sat. aq. NaHCO; solution
(100 mL). The aqueous layer was extracted with EtOAc (2 x
100 mL) and the combined organic extracts were washed with
brine (100 mL), dried over Na,SO,, filtered and solvent was
removed in vacuo to give the crude product. Purification by
column chromatography (CH,Cl,/MeOH; 98:2) gave formyloxy-
amide 4 as a white foam (300 mg, 29%). IR v, 3198, 2955,
2928, 2856, 1690, 1470, 1370, 1276, 1254, 1199, 1135, 1086,
1032, 952, 836, 780 cm™'. "H NMR (400 MHz, CDCl;): & = 0.09
(s, 6H, 2 x CH;"™), 0.89 (s, 9H, t-Bu"™®), 1.94 (s, 3H, CH;"),
2.23-2.33 (m, 2H, H-2'a + H-2'b), 4.01-4.02 (m, 1H, H-4'), 4.13
(dd, J = 10.6, 3.3 Hz, 1H, H-5'a), 4.21 (dd, J = 10.6, 2.1 Hz, 1H,
H-5'b), 4.56-4.63 (m, 1H, H-3'), 6.13 (app. t,/ = 7.1 Hz, 1H, H-1'),
7.40 (s, 1H, H-6), 7.99 (s, 1H, CHO), 8.32 (s, 1H, O-NH), 8.76 (s,
1H, NH-3) ppm. *C NMR (100 MHz, CDCl;): § = —4.7 (CH; "),
-4.5 (CH;™5), 12.6 (CH;"), 18.1 (qC, t-Bu™"), 25.8 (t-Bu™),
40.5 (C-2"), 71.6 (C-3), 75.8 (C-5'), 85.6 (C-4'), 86.9 (C-1'), 111.6
(C-5), 137.0 (C-6), 150.4 (C-2), 157.5 (CHO), 163.6 (C-4) ppm.
HRMS (EST'): m/z calc. 422.1718 [M + Nal", found: 422.1719.

N-Formyl-5'-O-aminothymidine 6. Silyl ether 4 (285 mg,
0.71 mmol) was dissolved in THF (7 mL) and the mixture was
stirred. TBAF-3H,O (400 mg, 1.27 mmol) was added and the
resulting opaque mixture was stirred for 18 hours. After this
time, TLC analysis (CH,Cl,/MeOH; 9: 1) showed the complete
consumption of the starting material (Rf = 0.4) and the for-
mation of the product (R; = 0.2). Silica (~1 g) was added to the
flask and solvent was removed in vacuo to give the crude
product. Purification by column chromatography (CH,Cl,/
MeOH; 85:15) gave alcohol 6 as a white hygroscopic foam
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