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Sonogashira coupling of (E)-6′-iodohomovinyl nucleosides 1 with (trimethylsilyl)acetylene gave
the conjugated 8′-(trimethylsilyl)enyne derivatives of the adenosine 2a and uridine 2b with
expected E-stereochemistry. Desilylation of 2a,b with tetrabutylammonium fluoride followed
by treatment with N-iodosuccinimide/AgNO3 afforded 8′-iodoenynes 4a,b. Analogous coupling
of (Z)-6′-iodohomovinyl nucleosides 7a,b produced (Z)-8′-(trimethylsilyl)enynes 8a,b, which were
deprotected with aqueous trifluoroacetic acid to give the Z-enynes 9a,b. Stereoselective coupling
of the adenosine 4′-acetylenic 11 and ethyl (Z)-3-bromoacrylate followed by deprotection gave
the conjugated enyne system attached in the reverse orientation at C4′ 13. Because of their
diverse stereochemical attributes, deprotected enyne analogues 5a, 6a, 9a, and 13 derived from
adenosine require a different vicinity for binding with S-adenosyl-L-homocysteine (AdoHcy)
hydrolase and/or addition of enzyme-bound water across the conjugated enyne system. Enyne
5a and 8′-iodoenyne 6a produced time-dependent and concentration-dependent inhibition of
AdoHcy hydrolase (Ki, 0.55 and 118.5 µM, respectively). No reduction in NAD+ content of the
enzyme and no iodide ion released were observed upon incubation of 6a with the enzyme, while
incubation of 5a produced 30% reduction in the NAD+ content of the enzyme. No specific
antiviral activity was noted for 5a,b, 6a,b, 9a,b, and 13 against any of the viruses tested; the
E-iodoenynes 6a and 6b inhibited HIV-1 virus (IC50, 1.1 and 1.8 µM; selectivity index, 7 and
3, respectively). The E-enyne 5a showed activity against cytomegalovirus at a concentration
(EC50, 30 µM) that was 3- to 10-fold lower than the cytotoxic concentration.

Introduction

The S-adenosyl-L-homocysteine (AdoHcy) hydrolase
(EC 3.3.1.1) effects hydrolytic cleavage of AdoHcy to
adenosine (Ado) and L-homocysteine (Hcy).1 The cellular
levels of AdoHcy and Hcy are critical since AdoHcy is a
potent feedback inhibitor of crucial transmethylation
enzymes,1,2 and Hcy appears to be a risk factor for
coronary artery diseases.3 AdoHcy hydrolase is a target
for antiviral therapy. A number of inhibitors, which
function as substrates for the “3′-oxidative activity” of
AdoHcy hydrolase and convert the enzyme from its
active form (NAD+) to its inactive form (NADH, type I
inhibition), have been prepared.1a

Inhibitors which function as substrates for the “5′/6′-
hydrolytic activity” include the vinyl fluorides [9-
(5-deoxy-5-fluoro-â-D-erythro-pent-4-enofuranosyl)-
adenine],4 the homovinyl halides A5 and B,6 and the 4′-
acetylenic5,7 E (X ) H) and 4′-(halo)acetylenic8 E (X )
I) and F (X ) Br, Cl) adenosine derivatives, among
others1c (Figures 1 and 2). Addition of an enzyme-

sequestered water across the 5′,6′-triple bond of 6′-
bromo or 6′-chloro acetylenes F followed by tautomer-
ization of the hydroxyvinyl intermediates was postulated
to generate R-halomethyl ketone G (C5′ addition) and/
or acyl halide I (C6′ addition) electrophiles at the
enzyme active site without oxidation of the 3′-hydroxyl
group (Figure 2). Subsequent nucleophilic attack by
proximal amino acid functionalities caused type II
(covalent binding) inhibition8b (similar reactive electro-
philes of type I were generated during inhibition with
dihalohomovinyl B).6b Contrary to these results, inac-
tivation of the AdoHcy hydrolase by the 4′-acetylenic
derivative E (X ) H)7a and its 6′-iodo analogue E (X )
I)8b involves 3′-oxidative activity in the “activation” of
the inhibitor (E f H) which resulted in covalent
modification of AdoHcy hydrolase by allenic 3′-ketones
(K f J).

The X-ray crystal structures of AdoHcy hydrolase
revealed an unusual dual role for a catalytic water
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Figure 1. Selected inhibitors of AdoHcy hydrolase.
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molecule at the active site.9 Recent computational,
kinetic, and crystallographic studies provide insight into
the conformational changes of the enzyme required for
substrate binding and catalysis.10 Guillerm et al. re-
ported that 5′-thioadenosine analogues substituted at
sulfur with difluoromethyl11a and allenyl and propynyl
groups11b were processed by “hydrolytic activity” of the
enzyme causing type II inactivation. Jeong et al. re-
cently showed that fluoroneplanocin A C is a potent
irreversible inhibitor of the AdoHcy hydrolase and also
covalently traps the enzyme.12 Interestingly, the doubly
homologated vinyl halides13 D, with greater conforma-
tional flexibility at C5′ relative to vinylogous A and B,
as well as 5′-diene derivatives14 were not substrates for
the hydrolytic activity of the AdoHcy hydrolase but were
type I inhibitors.

We now describe the synthesis of the sugar-modified
enyne analogues of uridine and adenosine; their anti-
viral and cytotoxic activities; and the interaction of
adenosine analogues with AdoHcy hydrolase. The ad-
enosine derivatives, with extended conjugation to the
furanosyl ring, provide different stereochemical and
conformational attributes for proper binding with AdoHcy
hydrolase and/or 1,2- or 1,4-addition processes of enzyme-
bound water across the conjugated enyne system. Base-
induced isomerization of the enynes 5a, 6a, 9a, and 13
via the abstraction of H4′ might provide access to
various allenic nucleosides. Isomerization of enynes to
reactive allenic intermediates at the active site of
AdoHcy hydrolase will be more apparent after enzy-
matic oxidation of OH3′ and activation of H4′.

Chemistry
We have prepared the conjugated enyne analogues

with defined stereochemistry employing Pd-catalyzed
coupling reactions15 of 6′-iodohomovinyl adenosine5,16

and uridine17 precursors. The nucleoside precursors
were prepared from the readily available vinyl sulfones
by stannylodesulfonylation followed by iododestanny-
lation sequence. Thus, Sonogashira18 coupling [CuI/
(PPh3)2PdCl2/Et2NH]18a of (E)-6′-iodohomovinyl adeno-
sine5 1a with (trimethylsilyl)acetylene gave the conju-
gated enyne 2a (88%) with expected E-stereochemistry
(J5′-6′ ) 15.9 Hz; Scheme 1). Treatment of 2a with
tetrabutylammonium fluoride (TBAF) effected desily-
lation to give 3a, while reaction of 2a with trifluoroacetic
acid (TFA)/H2O resulted in concomitant desilylation and

deacetonization to afford 5a in 85% overall yield.
Treatment of 3a with N-iodosuccinimide (NIS)/AgNO3

19

gave 8′-iodoenyne 4a (84%). Deprotection and purifica-
tion on a silica gel column yielded 8′-iodoenyne adenos-
ine analogue 6a. Subjection of the (E)-6′-iodohomovinyl
uridine17b 1b to the coupling, desilylation, and iodina-
tion sequence gave conjugated enyne 3b and 8′-iodo-
enyne 4b in good overall yields. Deprotection of 3b and
4b yielded 5b and 6b, respectively.

Sonogashira coupling of (Z)-6′-iodohomovinyl ana-
logues 7a5 and 7b17b produced (Z)-8′-(trimethylsilyl)-
enynes of the purine 8a (86%; J5′-6′ ) 11.0 Hz) and
pyrimidine 8b (92%) nucleosides (Scheme 2). Treatment
with TFA/H2O effected simultaneous desilylation and
deacetonization to give conjugated enynes 9a and 9b.
The adenosine Z isomer 9a requires a different stereo-
chemical vicinity for binding with AdoHcy hydrolase
and/or addition of enzyme-bound water than the corre-
sponding E isomers 5a or 6a.

Enyne analogue (e.g., 13; Scheme 3) with a linear
triple bond attached to C4′ was also synthesized. Ste-
reoselective Pd-catalyzed coupling of terminal acetylenic
11 and ethyl (Z)-3-bromoacrylate gave 12 (86%) with
the conjugated enyne system attached in the reverse
orientation at C4′ (Scheme 3). Acetylenic 11 was con-

Figure 2. Mechanisms of inactivation of AdoHcy hydrolase
by the acetylenic and (halo)acetylenic adenosine analogues E
and F.

Scheme 1a

a Reagents: (a) TMS-acetylene/CuI/(PPh3)2PdCl2/Et2NH; (b)
TBAF/THF; (c) NIS/AgNO3/Me2CO; (d) TFA/H2O.

Scheme 2a

a Reagents: (a) TMS-acetylene/CuI/(PPh3)2PdCl2/Et2NH; (b)
TFA/H2O.

Scheme 3a

a Reagents: (a) BuLi/THF/-78 °C; (b) (Z)-ICHdCH2CO2Et/CuI/
(PPh3)2PdCl2/Et2NH; (c) TFA/H2O.
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veniently prepared by double dehydrobromination of 5′-
dibromomethylene derivative 10 with BuLi7b,8a or oxi-
dative destannylation of 6′-(tributylstannyl)homovinyl
adenosine with Pb(OAc)4.5 Deprotection of 12 produced
the conjugated enyne 13 with 9′-carboxylate function
which might approach the binding site for the carboxy-
late function of AdoHcy. Analogue 13 with the linear
triple bond attached to C4′ would require a different
vicinity for binding and/or addition of water across the
enyne system, as compared to the analogues 5a, 6a, and
9a.

Inactivation of S-Adenosyl-L-homocysteine
Hydrolase

Enynes 5a, 6a, 9a, and 13 were initially evaluated
for their ability to inhibit the activity of recombinant
human placental AdoHcy hydrolase by incubating the
enzyme with the compounds at 200 µM for 20 min at
37 °C. The AdoHcy hydrolase activity was determined
by assaying the enzyme’s ability to catalyze the conver-
sion of Ado and Hcy to AdoHcy. Under these conditions,
both 5a and 6a reduced the enzyme activity by >85%.
In contrast, 9a reduced the enzyme activity by only 15%.
Because of the propensity of 13, an ethyl ester, to
undergo hydrolysis in the assay buffer, meaningful
inhibitory data with this compound could not be ob-
tained.

Compounds 5a and 6a produced time-dependent and
concentration-dependent inhibition of AdoHcy hydro-
lase, and these data were then used to calculate Ki and
kinact values (Table 1).20 When 200 µM 6a was incubated
with AdoHcy hydrolase at 37 °C for 20 min, no reduction
in NAD+ content of the enzyme was observed and no
iodide ion was released into assay buffer (data not
shown). When 200 µM 5a was incubated with AdoHcy
hydrolase at 37° for 20 min, a slight reduction (ap-
proximately 30%) in the NAD+ content of the enzyme
was observed.

It is interesting to compare the data reported here
for 5a, 6a, and 9a with the data reported previously for
the 4′-acetylenic E (X ) H)5,7a and 4′-(iodo)acetylenic E
(X ) I)8 analogues. Enynes 5a and 9a are structurally
related to the 4′-acetylenic analogue E (X ) H). However
each has an extended conjugation to the furanosyl ring.
Obviously, the E-isomer 5a of these conjugated ana-
logues exhibits higher binding to AdoHcy hydrolase
than the Z-isomer 9a. If one compares the affinities of
5a (Ki ) 0.55 µM) and the 4′-acetylenic E (X ) H, Ki )
0.68 µM),5 they are nearly identical. However, 5a has a
kinact value (2.57 min-1) that was approximately 10
times higher than the kinact value (0.25 min-1) reported
for the 4′-acetylenic analogue E (X ) H).5 While detailed
mechanistic studies of the inhibition of AdoHcy hydro-
lase by 5a have not yet been conducted, it is interesting

to note that this compound did cause a partial reduction
in the enzyme’s NAD+ content. This observation would
be consistent with the mechanism reported by Parry et
al. for the inhibition of AdoHcy hydrolase by E (X ) H;
i.e., the enzyme catalyzes the oxidation of the 3′-
hydroxyl group of the nucleoside leading to the genera-
tion of a reactive intermediate that covalently binds to
the enzyme as depicted in Figure 2).7a

If one compares the affinity of 6a (Ki ) 118.5 µM) with
the affinity of the 4′-(iodo)acetylenic analogue E (X ) I,
Ki ) 1.10 µM)8a to AdoHcy hydrolase, it is readily
apparent that the extended conjugation to the furanosyl
ring in 6a has a detrimental effect on binding to the
enzyme. On the other hand, this structural feature
appears to have an enhancing effect on the rate at which
the compound inactivates the enzyme [6a, kinact ) 1.49
min-1; E (X ) I), kinact ) 0.095 min-1].8a Similar to the
4′-(iodo)acetylenic E (X ) I),8b 6a did not release iodide
ion into the assay buffer upon incubation with AdoHcy
hydrolase. In addition, 6a did not reduce significantly
the NAD+ content of the enzyme. If we had seen a
reduction in the NAD+ content of the enzyme when
incubated with 6a, this would have suggested a mech-
anism of enzyme inactivation similar to that of the 4′-
(iodo)acetylenic analogue E (X ) I; i.e., the enzyme
catalyzes the oxidation of the 3′-hydroxyl group of the
nucleoside leading to generation of a reactive intermedi-
ate that covalently binds to the enzyme). It is also
unlikely that the enzyme’s hydrolytic activity adds
water across the 7′-8′ triple bond. Such an addition
would generate intermediates structurally related to G
and I depicted in Figure 2. These intermediates would
likely be reactive with proteins to release iodide ion. As
noted above, no release of iodide ion was observed upon
incubation of 6a with AdoHcy hydrolase. However, we
cannot rule out at this time the possibility that enzyme
adds water across the 5′-6′ double bond of 6a, which
would yield either the 5′ or 6′ alcohol.

Antiviral and Cytotoxic Activities

Adenosine 5a, 6a, 9a, and 13 as well as uridine 5b,
6b, and 9b analogues were examined for their antiviral
and cytotoxic activity in a broad variety of test systems.
The E-iodoenynes 6a and 6b showed inhibition of viral
replication when evaluated in an MT-4/MTT based
assay against human immunodeficiency virus (HIV-1,
IIIB strain; HIV-2, ROD strain) at a 50% inhibitory
concentration (IC50) of 1.1 and 1.8 µM, respectively. Both
compounds proved also to be cytotoxic with a selectivity
index (CC50/IC50) equal to 7 (6a) and 3 (6b). However,
the antiviral activity was lost on keeping the compounds
in solution. No antiviral effects were noted with 5a, 5b,
9a, 9b, and 13 at subtoxic concentrations.

In human embryonic lung (HEL) cells, no activity was
noted against herpes simplex virus (HSV-1, KOS and
TK- KOS ACVr strains; HSV-2, G strain), vaccinia virus
(VV), or vesicular stomatitis virus (VSV) at subtoxic
concentrations. In HeLa cell cultures, the enynes showed
no activity against vesicular stomatitis virus, Coxsackie
B4 virus, or respiratory syncytial virus [minimum
inhibitory concentration (MIC) >100 µM (5a, 6a, 6b, 9b,
and 13) and >700 µM (5b, 9a)]. In Vero cell cultures,
again, no specific activity against parainfluenza virus
type 3, reovirus type 1, Sindbis virus, Coxsackie B4

Table 1. Kinetic Constants for Inhibition of Recombinant
Human Placental AdoHcy Hydrolase by 5a and 6aa

inhibitor Ki (µM) kinact (min-1) kinact/Ki (µM-1 min-1)

5a 0.55 2.57 4.67
6a 118.5 1.49 0.01

a Various concentrations (0-200 µM) of the potential inhibitors
were incubated with AdoHcy hydrolase for varying times (0-20
min). Remaining enzyme activity was then determined as de-
scribed by Yang et al.8b The data were analyzed as described by
Kitz and Wilson20 affording Ki and kinact values for each compound.
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virus, or Punta Toro virus was noted at subtoxic
concentrations (Table 2, Supporting Information).

The enynes (except for 5a) showed no appreciable
activity against human cytomegalovirus (CMV, strains
AD-169 and Davis) and varicella-zoster virus (VZV,
strains OKA and 07/1) in HEL cells. The minimum
cytotoxic concentrations were g350 µM for 5a,b and
9a,b, g11 µM for 13, and g50 µM for 6a,b (Table 3,
Supporting Information). The E-enyne 5a showed activ-
ity against CMV [50% effective concentration (EC50), 50
µM (AD-169 strain) and 30 µM (Davis strain)], at a
concentration that was 3- to 10-fold lower than the
cytotoxic concentration (CC50)].

Summary and Conclusions
The novel E- and Z-enyne 5 and 9 as well as 8′-(iodo)-

enyne 6 analogues with the extended conjugation to the
ribose ring at C4′ were prepared by Sonogashira cross
coupling between the 6′-iodohomovinyl uridine and
adenosine analogues and (trimethlysilyl)acetylene. Enyne
analogue 13 with the linear triple bond attached to C4′
was synthesized by Pd-catalyzed coupling of terminal
adenosine 4′-acetylenic and ethyl (Z)-3-bromoacrylate.
The adenosine analogues 5a, 6a, 9a, and 13 were found
to be time-dependent and concentration-dependent in-
hibitors of AdoHcy hydrolase [5a (Ki, 0.55 µM) and 6a
(Ki, 118.5 µM)]. No reduction in NAD+ content of the
enzyme and no iodide ion release was observed upon
incubation of 8′-iodoenyne 6a with the enzyme, while
incubation of enyne 5a produced 30% reduction in the
NAD+ content of the enzyme. This observation for 5a
would be consistent with the mechanism reported by
Parry et al.7a for the inhibition of AdoHcy hydrolase by
E (X ) H; i.e., the enzyme catalyzes the oxidation of
the 3’-hydroxyl group of the nucleoside leading to the
generation of a reactive intermediate that covalently
binds to the enzyme). In contrast 6a appears to inacti-
vate the enzyme by a yet unknown mechanism that does
not involve either the oxidative (not dependent on NAD)
or the 7′-8′ hydrolytic (no release of iodide ion) activities
of this enzyme. We cannot at this time rule out the
possible involvement of the enzyme’s 5′-6′ hydrolytic
activity in the mechanism of inactivation by 6a. As to
their antiviral activity, the E-iodoenynes 6a and 6b
showed activity against HIV-1 (IC50, 1.1 and 1.8 µM)
with a selectivity index of 7 and 3, respectively. The
E-enyne 5a proved active against cytomegalovirus at a
concentration (EC50, 30 µM) that was 3- to 10-fold lower
than the cytotoxic concentration.

Experimental Section
Uncorrected melting points were determined with a capil-

lary apparatus. UV spectra were measured with solutions in
MeOH. 1H (400 MHz) and 13C (100 MHz) NMR spectra were
determined with solutions in CDCl3 unless otherwise noted.
Mass spectra (MS) were obtained with an atmospheric pres-
sure chemical ionization (APCI) technique. Merck kieselgel 60-
F254 sheets were used for TLC, and products were detected with
254 nm light or by development of color with Ce(SO4)2/(NH4)6-
Mo7O24‚4H2O/H2SO4/H2O. Merck kieselgel 60 (230-400 mesh)
was used for column chromatography. Analytical RP-HPLC
for enzymatic assays was performed with Vydac C18 (5 µm,
250 × 4.6 mm; Hesperia, CA) column. Elemental analyses were
determined by Galbraith Laboratories, Knoxville, TN. Reagent
grade chemicals were used, and solvents were dried by reflux
over and distillation from CaH2 (except THF/potassium) under
argon.

9-[5,6,7,8-Tetradeoxy-2,3-O-isopropylidene-8-(trimeth-
ylsilyl)-â-D-ribo-oct-5(E)-en-7-ynofuranosyl]adenine (2a).
Procedure A. (Trimethylsilyl)acetylene (0.026 mL, 18.3 mg,
0.186 mmol) was added to a solution of 1a5 (50 mg, 0.12 mmol)
in diethylamine (2.5 mL) containing CuI (1.14 mg, 0.006 mmol)
and dichlorobis(triphenylphoshine)palladium(II) (1.7 mg, 0.0024
mmol). The reaction mixture was heated at 50 °C for 30 min.
TLC showed formation of less polar compound. The volatiles
were evaporated, and the brown residue was partitioned
(EtOAc/H2O). The organic layer was washed (brine), dried
(Na2SO4), and evaporated, and the residue was column chro-
matographed (EtOAc/hexane; 1:1) to give 2a (41 mg, 88%): 1H
NMR δ 0.17 (s, 9, CH3), 1.35 (s, 3, CH3), 1.68 (s, 3, CH3), 4.68
(ddd, J ) 2.4, 3.5, 7.0 Hz, 1, H4′), 5.03 (dd, J ) 3.5, 6.2 Hz, 1,
H3′), 5.52 (dd, J ) 1.9, 6.3 Hz, 1, H2′), 5.70 (dd, J ) 1.2, 15.9
Hz, 1, H6′), 5.94 (s, 2, NH2), 6.11 (d, J ) 1.9 Hz, 1, H1′), 6.25
(dd, J ) 7.0, 15.9 Hz, 1, H5′), 7.90 (s, 1, H8), 8.38 (s, 1, H2);
MS m/z 400 (100, MH+).

1-[5,6,7,8-Tetradeoxy-2,3-O-isopropylidene-8-(trimeth-
ylsilyl)-â-D-ribo-oct-5(E)-en-7-ynofuranosyl]uracil (2b).
Treatment of 1b17b (40 mg, 0.1 mmol) with TMS-acetylene
(0.023 mL, 15.7 mg, 0.16 mmol) by procedure A [column
chromatography (1 f 3% MeOH/CHCl3)] gave 2b (30 mg,
81%): 1H NMR δ 0.21 (s, 9, CH3), 1.30 (s, 3, CH3), 1.61 (s, 3,
CH3), 4.55 (dd, J ) 4.1, 7.2 Hz, 1, H4′), 4.80 (dd, J ) 4.2, 6.3
Hz, 1, H3′), 5.05 (dd, J ) 1.7, 6.4 Hz, 1, H2′), 5.62 (d, J ) 1.6
Hz, 1, H1′), 5.77 (d, J ) 15.8 Hz, 1, H6′), 5.82 (d, J ) 8.0 Hz,
1, H5), 6.28 (dd, J ) 7.3, 15.9 Hz, 1, H5′), 7.21 (d, J ) 8.0 Hz,
1, H6), 9.0 (s, 1, NH); MS m/z 377 (100, MH+).

9-[5,6,7,8-Tetradeoxy-2,3-O-isopropylidene-â-D-ribo-
oct-5(E)-en-7-ynofuranosyl]adenine (3a). Procedure B.
TBAF (0.1 mL, 1 M/THF, 0.1 mmol) was added to a stirred
solution of 2a (40 mg, 0.1 mmol) in THF (4 mL) at ambient
temperature. The reaction mixture was stirred for 30 min,
volatiles were evaporated, and the brown residue was parti-
tioned (CHCl3//H2O/NaHCO3). The organic layer was washed
(brine), dried (Na2SO4), and evaporated, and the residue was
column chromatographed (CHCl3/MeOH; 98:2) to give 3a (31
mg, 92%): 1H NMR δ 1.35 (s, 3, CH3), 1.68 (s, 3, CH3), 2.90 (d,
J ) 1.8 Hz, 1, H8′), 4.70-4.76 (m, 1, H4′), 5.10 (dd, J ) 3.5,
6.3 Hz, 1, H3′), 5.55 (dd, J ) 1.8, 6.3 Hz, 1, H2′), 5.65 (dm, J
) 15.9 Hz, 1, H6′), 5.79 (s, 2, NH2), 6.12 (d, J ) 1.8 Hz, 1,
H1′), 6.31 (dd, J ) 7.0, 15.9 Hz, 1, H5′), 7.88 (s, 1, H8), 8.38
(s, 1, H2); MS m/z 328 (100, MH+).

1-[5,6,7,8-Tetradeoxy-2,3-O-isopropylidene-â-D-ribo-
oct-5(E)-en-7-ynofuranosyl]uracil (3b). Treatment of 2b
(52 mg, 0.13 mmol) with TBAF (0.13 mL, 1 M/THF, 0.13 mmol)
by procedure B gave 3b (39 mg, 64%): 1H NMR δ 1.34 (s, 3,
CH3), 1.67 (s, 3, CH3), 2.97 (d, J ) 2.2 Hz, 1, H8′), 4.56 (dd, J
) 4.3, 6.4 Hz, 1, H4′), 4.84 (dd, J ) 4.3, 6.3 Hz, 1, H3′), 5.09
(dd, J ) 1.6, 6.4 Hz, 1, H2′), 5.61 (d, J ) 1.6 Hz, 1, H1′) 5.75
(d, J ) 16.0 Hz, 1, H6′), 5.78 (d, J ) 8.0 Hz, 1, H5), 5.37 (dd,
J ) 7.2, 16.0 Hz, 1, H5′), 7.22 (d, J ) 8.0 Hz, 1, H6); MS m/z
305 (100, MH+).

9-[5,6,7,8-Tetradeoxy-8-iodo-2,3-O-isopropylidene-â-D-
ribo-oct-5(E)-en-7-ynofuranosyl]adenine (4a). Procedure
C. A solution of 3a (19 mg, 0.058 mmol), NIS (15.7 mg, 0.07
mmol), and AgNO3 (0.1 mg, 0.0058 mmol) in acetone (3 mL)
was stirred for 3 h at ambient temperature. The volatiles were
evaporated, the residue was partitioned (CHCl3/H2O), and the
organic layer was dried (Na2SO4), evaporated, and column
chromatographed (CHCl3 f 2% MeOH) to give 4a (22 mg,
84%): 1H NMR δ 1.33 (s, 3, CH3), 1.63 (s, 3, CH3), 4.70 (ddd,
J ) 2.3, 3.4, 5.8 Hz, 1, H3′), 5.06 (dd, J ) 3.4, 6.2 Hz, 1, H4′),
5.50 (dd, J ) 1.7, 6.3 Hz, 1, H2′), 5.76 (dd, J ) 1.3, 15.8 Hz, 1,
H6′), 6.12 (d, J ) 1.8 Hz, 1, H1′), 6.19 (s, 2, NH2), 6.22 (dd, J
) 6.9, 15.8 Hz, 1, H5′), 7.91 (s, 1, H8), 8.39 (s, 1, H2); MS m/z
454 (100, MH+).

1-[5,6,7,8-Tetradeoxy-8-iodo-2,3-O-isopropylidene-â-D-
ribo-oct-5(E)-en-7-ynofuranosyl]uracil (4b). Treatment of
3b (30 mg, 0.10 mmol) with NIS (27 mg, 0.12 mmol) and
AgNO3 (1.7 mg, 0.01 mmol) in acetone (3 mL) by procedure C
gave 4b (29 mg, 68%): 1H NMR δ 1.35 (s, 3, CH3), 1.62 (s, 3,
CH3), 4.56 (dd, J ) 4.2, 6.1 Hz, 1, H3′), 4.83 (dd, J ) 4.1, 6.3
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Hz, 1, H4′), 5.11 (dd, J ) 1.5, 6.3 Hz, 1, H2′), 5.58 (d, J ) 1.4
Hz, 1, H1′), 5.76 (d, J ) 8.1 Hz, 1, H5), 5.86 (dd, J ) 1.2, 15.9
Hz, 1, H6′), 6.29 (dd, J ) 7.2, 15.9 Hz, 1, H5′), 7.22 (d, J ) 8.1
Hz, 1, H6), 9.10 (s, 1, NH); MS m/z 431 (100, MH+).

9-[5,6,7,8-Tetradeoxy-â-D-ribo-oct-5(E)-en-7-ynofuran-
osyl]adenine (5a). Procedure D. A solution of 2a (32 mg,
0.08 mmol) in CF3CO2H/H2O (9:1, 1.5 mL) was stirred at 0 °C
for 1 h. The volatiles were evaporated, and the residue was
coevaporated (3×) with toluene. The residue was column
chromatographed (CHCl3/MeOH; 95:5) to give 5a (19 mg, 85%)
as a white solid: mp 107-109 °C dec; UV max 260 nm (ε
15500), min 233 nm (ε 10800); 1H NMR (MeOH-d4) δ 3.36 (d,
J ) 2.0 Hz, 1, H8′), 4.31 (“t”, J ) 5.2 Hz, 1, H3′), 4.52 (“t”, J
) 5.8 Hz, 1, H4′), 4.73 (“t”, J ) 4.7 Hz, 1, H2′), 5.84 (dm, J )
15.9 Hz, 1, H6′), 6.06 (d, J ) 4.5 Hz, 1, H1′), 6.47 (dd, J ) 6.0,
15.9 Hz, 1, H5′), 7.99 (s, 1, H8), 8.31 (s, 1, H2); 13C NMR
(MeOH-d4) δ 72.9 and 74.1 (C2′/C3′), 79.4 (C8′), 81.4 (C7′), 84.3
(C4′), 88.8 (C1′), 112.6 (C6′) 119.4 (C5), 139.6 (C5′), 142.4 (C8),
148.6 (C4), 153.2 (C2), 156.5 (C6); MS m/z 288 (100, MH+).
Anal. [C13H13N5O3‚CH3OH (319.30)] C, H, N.

1-[5,6,7,8-Tetradeoxy-â-D-ribo-oct-5(E)-en-7-ynofuran-
osyl]uracil (5b). Treatment of 2b (39 mg, 0.10 mmol) with
CF3CO2H/H2O (9:1, 1.5 mL) by procedure D gave 5b (22 mg,
81%) as a white solid: mp 148-150 °C dec; UV max 262 nm
(ε 9200), min 245 nm (ε 7000); 1H NMR (MeOH-d4) δ 3.38 (d,
J ) 2,2 Hz, 1, H8′), 3.99 (“t”, J ) 5.9 Hz, 1, H3′), 4.20 (dd, J
) 3.7, 5.3 Hz, 1, H2′), 4.38 (“t”, J ) 6.1 Hz, 1, H4′), 5.65 (d, J
) 8.0 Hz, 1, H5), 5.83 (d, J ) 3.7 Hz, 1, H1′), 5.81 (dm, J )
15.8 Hz, 1, H6′), 6.37 (dd, J ) 6.9, 15.9 Hz, 1, H5′), 7.64 (d, J
) 8.0 Hz, 1, H6); 13C NMR (MeOH-d4) δ 73.4 and73.8 (C2′/
C3′), 79.4 (C8′), 81.0 (C7′), 83.6 (C4′), 91.3 (C1′), 101.9 (C5),
112.1 (C6′), 141.3 (C5′), 141.6 (C6), 151.2 (C2), 165.3 (C4); MS
m/z 265 (100, MH+). Anal. [C12H12N2O5‚0.5MeOH (280.56)] C,
H, N.

9-[5,6,7,8-Tetradeoxy-8-iodo-â-D-ribo-oct-5(E)-en-7-yno-
furanosyl]adenine (6a). Treatment of 4a (22 mg, 0.049
mmol) with CF3CO2H/H2O (9:1, 1.5 mL) by procedure D gave
6a (14 mg, 72%): UV max 255 nm (ε 14200), min 225 nm (ε
8400); 1H NMR (Me2SO-d6) δ 4.13 (“t”, J ) 4.4 Hz, 1, H3′),
4.37 (dd, J ) 4.3, 7.1 Hz, 1, H4′), 4.66 (“t”, J ) 5.0 Hz, 1, H2′),
5.55 (br s, 1, OH), 5.65 (br s, 1, OH), 5.91 (d, J ) 5.3 Hz, 1,
H1′), 5.92 (dd, J ) 1.1, 15.8 Hz, 1, H6′), 6.38 (dd, J ) 7.2, 15.8
Hz, 1, H5′), 7.33 (s, 2, NH2), 8.16 (s, 1, H8), 8.36 (s, 1, H2); 13C
NMR (Me2SO-d6) δ 70.6 (C8′), 73.5 and 74.7 (C2′/C3′), 84.4
(C4′), 88.3 (C7′), 91.7 (C1′), 112.9 (C6′) 120.0 (C5), 140.7 (C5′),
143.7 (C8), 150.3 (C4), 153.5 (C2), 156.9 (C6); MS m/z 414 (100,
MH+). Anal. [C13H12IN5O3 (413.17)] C, H, N.

1-[5,6,7,8-Tetradeoxy-8-iodo-â-D-ribo-oct-5(E)-en-7-yno-
furanosyl]uracil (6b). Treatment of 4b (19 mg, 0.044 mmol)
with CF3CO2H/H2O (9:1, 1.5 mL) by procedure D gave 6b (13
mg, 74%): UV max 255 nm (ε 13500), min 224 nm (ε 8600);
1H NMR (MeOH-d4) δ 3.81 (“t”, J ) 5.6 Hz, 1, H3′), 4.20 (dd,
J ) 3.8, 5.4 Hz, 1, H2′), 4.37 (“t”, J ) 6.5 Hz, 1, H4′), 5.70 (d,
J ) 8.1 Hz, 1, H5), 5.79 (d, J ) 3.7 Hz, 1, H1′), 5.96 (dd, J )
1.2, 15.8 Hz, 1, H6′), 6.28 (dd, J ) 6.9, 15.8 Hz, 1, H5′), 7.59
(d, J ) 8.1 Hz, 1, H6), 9.1 (s, 1, NH); 13C NMR (MeOH-d4) δ
73.9 (C8′), 74.0 and 74.5 (C2′/C3′), 83.5 (C4′), 90.9 (C7′), 91.2
(C1′), 101.9 (C5), 113.2 (C6′), 141.4 (C6), 141.5 (C5′), 151.2 (C2),
165.1 (C4); MS m/z 391 (100, MH+). Anal. [C12H11IN2O5

(390.53)] C, H, N.
9-[5,6,7,8-Tetradeoxy-2,3-O-isopropylidene-8-(trimeth-

ylsilyl)-â-D-ribo-oct-5(Z)-en-7-ynofuranosyl]adenine (8a).
Treatment of 7a5 (40 mg, 0.09 mmol) with TMS-acetylene
(0.021 mL, 14.6 mg, 0.15 mmol) by procedure A gave 8a (32
mg, 86%): 1H NMR δ 0.23 (s, 9, CH3), 1.35 (s, 3, CH3), 1.68 (s,
3, CH3), 5.14 (dd, J ) 3.3, 6.2 Hz, 1, H3′), 5.32 (dd, J ) 2.4,
8.5 Hz, 1, H4′), 5.56 (dd, J ) 1.6, 6.2 Hz, 1, H2′), 5.77 (s, 2,
NH2), 5.65 (dd, J ) 1.0, 11.0 Hz, 1, H6′), 5.97 (dd, J ) 8.7,
11.0 Hz, 1, H5′), 6.13 (d, J ) 1.6 Hz, 1, H1′), 7.90 (s, 1, H8),
8.38 (s, 1, H2); MS m/z 400 (100, MH+).

1-[5,6,7,8-Tetradeoxy-2,3-O-isopropylidene-8-(trimeth-
ylsilyl)-â-D-ribo-oct-5(Z)-en-7-ynofuranosyl]uracil (8b).
Treatment of 7b17b (90 mg, 0.22 mmol) with TMS-acetylene
(0.05 mL, 34.5 mg, 0.35 mmol) by procedure A gave [column

chromatography (1 f 3% MeOH/CHCl3)] 8b (76 mg, 92%): 1H
NMR δ 0.14 (s, 9, CH3), 1.25 (s, 3, CH3), 1.58 (s, 3, CH3), 4.75
(dd, J ) 4.0, 6.5 Hz, 1, H3′), 5.09 (dd, J ) 1.5, 6.5 Hz, 1, H2′),
5.21 (dd, J ) 4.0, 8.5 Hz, 1, H4′), 5.58 (d, J ) 1.5 Hz, 1, H1′),
5.73 (d, J ) 10.0 Hz, 1, H6′), 5.82 (d, J ) 8.0 Hz, 1, H5), 6.08
(dd, J ) 7.8, 10.5 Hz, 1, H5′), 7.25 (d, J ) 8.0 Hz, 1, H6), 9.2
(s, 1, NH); MS m/z 377 (100, MH+).

9-[5,6,7,8-Tetradeoxy-â-D-ribo-oct-5(Z)-en-7-ynofuran-
osyl]adenine (9a). Treatment of 8a (33 mg, 0.083 mmol) with
CF3CO2H/H2O (9:1, 1.5 mL) by procedure D gave 9a (16 mg,
67%) as a white solid: UV max 259 nm (ε 15700), min 242
nm (ε 8500); 1H NMR (MeOH-d4) δ 3.67 (d, J ) 2.3 Hz, 1, H8′),
4.30 (“t”, J ) 4.4 Hz, 1, H3′), 4.94 (H2′, collapsed with solvent
signal), 5.09 (dd, J ) 4.0, 9.0 Hz, 1, H4′), 5.76 (dm, J ) 11.0
Hz, 1, H6′), 6.03 (d, J ) 5.4 Hz, 1, H1′), 6.39 (“t”, J ) 10.0 Hz,
1, H5′), 8.23 (s, 1, H2), 8.28 (s, 1, H8); 13C NMR (MeOH-d4) δ
73.9, 75.3 (C2′/C3′), 78.9 (C7′), 82.8 (C8′), 84.4 (C4′), 89.3 (C1′),
111.7 (C6′) 119.6 (C5), 140.8 (C5′), 141.8 (C8), 149.6 (C4), 152.8
(C2), 156.3 (C6); MS m/z 288 (100, MH+). Anal. Calcd for
[C13H13N5O3‚1.25H2O (309.77)] C, H, N.

1-[5,6,7,8-Tetradeoxy-â-D-ribo-oct-5(Z)-en-7-ynofuran-
osyl]uracil (9b). Treatment of 8b (27 mg, 0.07 mmol) with
CF3CO2H/H2O (9:1, 1.5 mL) by procedure D gave 9b (12 mg,
65%): UV max 260 nm (ε 9200), min 243 nm (ε 6300); 1H NMR
(Me2OH-d4) δ 3.66 (d, J ) 2.3 Hz, 1, H8′), 4.04 (“t”, J ) 5.2
Hz, 1, H3′), 4.28 (“t”, J ) 5.1 Hz, 1, H2′), 4.97 (dd, J ) 5.1, 9.0
Hz H4′), 5.74 (d, J ) 8.1 Hz, 1, H5), 5.78 (dm, J ) 10.9 Hz, 1,
H6′), 5.84 (d, J ) 4.5 Hz, 1, H1′), 6.61 (“t”, J ) 10.0 Hz, 1,
H5′), 7.65 (d, J ) 8.1 Hz, 1, H6); 13C NMR (MeOH-d4) δ 73.9
and 74.7 (C2′/C3′), 78.8 (C7′), 81.7 (C8′), 84.4 (C4′), 91.1 (C1′),
101.9 (C5), 112.7 (C6′), 140.9 (C5′), 141.8 (C6), 151.2 (C2), 165.1
(C4); MS m/z 265 (100, MH+). Anal. [C12H12N2O5•H2O (282.23)]
C, H, N.

Ethyl 1-(Adenin-9-yl)-1,5,6,7,8-pentadeoxy-2,3-O-iso-
propylidene-â-D-ribo-oct-7(Z)-en-5-ynofuranuronate (12).
Compound 115,7b (22 mg, 0.073 mmol) was added to a solution
of ethyl 3(Z)-iodopropenoate (0.01 mL, 18.1 mg 0.08 mmol),
containing CuI (0.76 mg, 0.004 mmol) and dichlorobis(tri-
phenylphoshine)palladium(II) (1.0 mg, 0.0015 mmol). The
reaction mixture was heated at 50 °C for 30 min, was purified
as described in procedure A [column chromatography (1 f 3%
MeOH/CHCl3)], and gave 12 (25 mg, 86%): 1H NMR δ 1.28 (t,
J ) 7.0 Hz, 3, CH3), 1.43 (s, 3, CH3), 1.62 (s, 3, CH3), 4.17 (q,
J ) 7.0 Hz, 2, CH2), 5.23 (d, J ) 5.8 Hz, 1, H3′), 5.27 (s, 1,
H4′), 5.72 (d, J ) 5.8 Hz, 1, H2′), 5.91 (dd, J ) 2.0, 11.5 Hz, 1,
H7′), 5.96 (s, 2, NH2), 6.10 (d, J ) 11.5 Hz, 1, H8′), 6.30 (s, 1,
H1′), 8.22 (s, 1, H8), 8.32 (s, 1, H2); MS m/z 400 (100, MH+).

Ethyl 1-(Adenin-9-yl)-1,5,6,7,8-pentadeoxy-â-D-ribo-oct-
7(Z)-en-5-ynofuranuronate (13). Treatment of 12 (24 mg,
0.06 mmol) with CF3CO2H/H2O (9:1, 1.5 mL) by procedure D
gave 13 (17 mg, 79%) as a white solid: UV max 259 nm (ε
20400), min 227 nm (ε 5600); 1H NMR (MeOH-d4) δ 1.31 (t, J
) 7.0 Hz, 3, CH3), 4.26 (q, J ) 7.0 Hz, 2, CH2), 4.43 (dd, J )
2.6, 4.2 Hz, 1, H3′), 4.92 (dd, J ) 2.3, 4.6 Hz, 1, H4′), 4.98 (dd,
J ) 4.3, 6.0 Hz, 1, H2′), 6.21 (d, J ) 6.1 Hz, 1, H1′), 6.30 (d, J
) 11.4 Hz, 1, H8′), 6.36 (dd, J ) 2.3, 11.4 Hz, 1, H7′), 8.23 (s,
1, H2), 8.59 (s, 1, H8); 13C NMR (MeOH-d4) δ 13.5 (CH3), 60.7
(CH2), 75.1 (C4′), 76.0 and 76.5 (C2′/C3′), 84.5 (C5′), 88.0 (C1′),
96.9 (C6′), 119.1 (C5), 122.2 (C8′), 130.0 (C7′), 140.1 (C8), 150.1
(C4), 153.0 (C2), 156.3 (C6), 165.1 (CO); MS m/z 360 (100,
MH+). Anal. [C16H17N5O5 (359.34)] C, H, N.

Inactivation of AdoHcy Hydrolase. Recombinant human
placental AdoHcy hydrolase (2.5 µg) was incubated with 200
µM of 5a, 6a, 9a and 13 in potassium-phosphate buffer (250
µL; 50 mM, pH 7.2 containing 1 mM EDTA) (buffer A) at 37
°C for 20 min. The remaining enzyme activity was assayed in
the synthetic direction essentially as previously described.8b

The enzyme was incubated with 1 mM Ado and 1 mM Hcy in
buffer A at 37 °C for 1 min followed by addition of HClO4 (10
µL, 5 M) to terminate the reaction. The reaction product,
AdoHcy, was quantitatively measured using reversed-phase
HPLC with the detector monitoring at 258 nm.8b

Various concentrations (0-200 µM) of 5a and 6a were
incubated with AdoHcy hydrolase (2.5 µg) in buffer A at 37

Modified Enyne Analogues of Adenosine and Uridine Journal of Medicinal Chemistry, 2004, Vol. 47, No. 21 5255



°C for different times (0-20 min). Remaining enzyme activity
was then determined as described above. These data were then
used to calculate Ki and kinact values by fitting the data to the
following equation: kobs ) kinact[I]/(Ki + [I]).20

Determination of the NAD+ Content of AdoHcy Hy-
drolase after Incubation with Inhibitors 5a, 6a, and 9a.
AdoHcy hydrolase (5.8 µM) was incubated with 200 µM
inhibitor in buffer A at 37 °C for 20 min. NAD+ was then
released from the enzyme by the addition of HClO4 (10 µL 5
M). The concentration of NAD+ was analyzed by HPLC on a
C18 reverse-phase column (Vydac C18, 5 mM, 250 × 4.5 mm,
Hesperia, CA). The column was operated at a flow rate of 1
mL/min solvent A with a linear gradient of 2-98% solvent B
over 25 min. Solvent A is 25 mM phosphate, pH 3.2, 10 mM
heptane.

Antiviral Activity and Cytotoxicity Assays. The anti-
viral activity and cytotoxicity activity assays were performed
according to well-established procedures.21
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