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Design and synthesis of nonpeptidal bis-tetrahydrofuran ligands based upon the X-ray crystal
structure of the HIV-1 protease-inhibitor complex 1 led to replacement of two amide bonds
and a 10π-aromatic system of Ro 31-8959 class of HIV protease inhibitors. Detailed structure-
activity studies have now established that the position of ring oxygens, ring size, and
stereochemistry are all crucial to potency. Of particular interest, compound 49 with (3S,3aS,-
6aS)-bis-Thf is the most potent inhibitor (IC50 value 1.8 ( 0.2 nM; CIC95 value 46 ( 4 nM) in
this series. The X-ray structure of protein-inhibitor complex 49 has provided insight into the
ligand-binding site interactions. As it turned out, both oxygens in the bis-Thf ligands are
involved in hydrogen-bonding interactions with Asp 29 and Asp 30 NH present in the S2 subsite
of HIV-1 protease. Stereoselective routes have been developed to obtain these novel ligands
in optically pure form.

The understanding of protein-ligand interactions has
been greatly advanced by the unprecedented advances
in molecular biology and modern spectroscopic and
X-ray crystallographic techniques. Concurrent to these
remarkable achievements, structure-based design and
synthesis of molecular probes for biologically important
peptides and proteins has become a subject of great
interest in contemporary bioorganic and medicinal
chemistry.1 Because of the therapeutic potential for the
treatment of AIDS, the structure-based design and
synthesis of HIV protease inhibitors perhaps has at-
tracted the most attention.2 An impressive number of
X-ray crystal sturctures of the protein-ligand complexes
of HIV protease have been resolved to obtain molecular
insight into the ligand-binding site interaction.3 A
number of therapeutically promising HIV protease
inhibitors have already resulted from structure-based
design strategies.4,5

We recently reported a number of nonpeptidal high-
affinity ligands for the HIV protease substrate-binding
site.6-10 These ligands are designed based upon various
available three-dimensional structures of the protein-
ligand complexes. The key feature in our ligand design
is the incorporation of a conformationally constrained
functionality that replaces a peptide bond and mimics
the biological mode of action. As exemplified, a stereo-
chemically defined tetrahydrofuran ring can serve as a
surrogate (inhibitor 2) for the asparagine side chain of
Ro 31-8959-based HIV protease inhibitors.7 An exami-
nation of the X-ray crystal structure of inhibitor Ro 31-
8959 bound to HIV protease led us to further speculate
that a fused bicyclic ligand with oxygens positioned
properly could effectively hydrogen bond to the NH of
the Asp 29 and 30 residues corresponding to the
quinaldic amide-asparagine amide fragment of the Ro

31-8959 inhibitor.5a Furthermore, we presumed that
due to considerable rotational freedom about the four
bonds connecting the two carbonyls involved, such
constrained ligands may provide additional gains in
binding energy and thereby offset the loss of the P3
hydrophobic binding of the quinoline ring. Indeed, as
described8 in a recent communication, the structure-
based design of a stereochemically defined fused bicyclic
tetrahydrofuran effectively replaced two amide bonds
and a 10π-aromatic system of 1 (Ro 31-8959).5a Sub-
sequently, structure-activity studies established that
the position of ring oxygens, ring size, and stereochem-
istry are all important to effective binding. In this
article, we report the structure-based design, synthesis,
and structure-activity studies of a new class of protease
inhibitors incorporating novel nonpeptidal ligands which
interact specifically at the HIV protease substrate-
binding site.

Chemistry

The enantioselective synthesis of bis-tetrahydrofuran
(bis-Thf) 7 is illustrated in Scheme 1. Allylation of 3(R)-
diethyl malate (3) according to Seebach’s procedure11
afforded the desired diasteoreomer 4 as the major
(selectivity 12:1) product after distillation (85% yield).
The above mixture was reduced by LAH in diethyl ether,
and the resulting triol was treated with a catalytic
amount of p-TsOH in acetone to provide the isopropyl-
idene derivative 5 (74% yield). Swern oxidation of 5
provided the aldehyde which upon treatment with
camphorsulfonic acid (CSA) in methanol furnished the
methyl acetal 6 as a mixture (ratio 4:1) in 50% yield.
The acetal mixture 6 was converted to bis-Thf ligand 7
by the following reaction sequence: (1) ozonolytic cleav-
age of the terminal olefin, (2) NaBH4 reduction of the
resulting aldehyde in ethanol at 0 °C, and (3) exposure
of the corresponding alcohol with CSA in methylene
chloride at 23 °C for 12 h (74% from 6). The mixed
acetal 6 was also converted to the bicyclic ligand 8 by
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hydroboration with 9-BBN followed by reaction of the
resulting alcohol with CSA in methylene chloride.
Similarly, enantiomeric bicyclic ligands 10 and 11 were
synthesized, starting from optically pure 3(S)-diethyl
malate (9) following the sequence of reactions described
above.
Alternatively, racemic synthesis of these ligands

followed by their enzymatic resolution provided an easy
access to these ligands in optically active form.12 As
shown in Scheme 2, reaction of commercial 2,3-dihy-
drofuran (12) with N-iodosuccinimide and propargyl
alcohol in methylene chloride at 0-23 °C for 3 h resulted
in the iodo ether 13 in excellent yields (91-95%).
Radical cyclization of the iodo ether 13 with tributyltin
hydride13 in refluxing toluene in the presence of a
catalytic amount of AIBN afforded the bicyclic acetal
14 in good yield (70-80%) after silica gel chromatog-
raphy. This radical cyclization was more conveniently
effected with sodium borohydride reduction in the
presence of a catalytic amount (10 mol %) of cobaloxime
(Scheme 2)14 in 95% ethanol at 65 °C for 3 h affording
the bicyclic acetal 14 in comparable yield (70-75%).
Ozonolytic cleavage followed by the reduction of the
resulting ketone with sodium borohydride in ethanol at
-15 °C furnished the racemic endo alcohol 15 (74-78%)
after chromatography.16 The optical resolution of the
racemic alcohol 15 was carried out efficiently by expo-
sure to Amano lipase17-mediated acylation as well as
the hydrolysis of the corresponding acetate. Thus,
acylation of 15 with immobilized18 lipase PS-30 (25%
by weight with respect to lipase PS30) in the presence
of acetic anhydride in dimethoxyethane at 23 °C for 3 h
afforded the unacylated alcohol 7 (42% yield) and the
acylated alcohol 16 (45% yield) which were separated
by silica gel chromatography. The optical purity of the

alcohol 7 (95% ee, [R]23D -11.9°, MeOH) was determined
by formation of Mosher ester and 19F-NMR analysis.19
The acylated alcohol 16 was hydrolyzed by treatment
with aqueous lithium hydroxide to provide optically
active 11 (87% ee, [R]23D +11.7°, MeOH). Similarly,
racemic 17 was synthesized utilizing dihydropyran as
the starting material. The resolution of 17 was effected
by formation of the corresponding acetate 18 followed
by the enzymatic hydrolysis with immobilized lipase PS-
30 in phosphate buffer (pH ) 7.0) at 23 °C for 24 h.
The hydrolyzed alcohol 10 (yield 34%, 90% ee) and the
acetate 19 (40%) were separated by silica gel chroma-
tography. Ester hydrolysis of 19 furnished the alcohol
8 in optically active form (94% ee). The represented
absolute configurations of the resolved alcohols were
assigned based on comparison of their optical rotation
with the ligands synthesized utilizing 3(S)- and 3(R)-
diethyl malates as described above.
Enantiomerically pure fused tetrahydrofuran 23

was synthesized from commercial cis-(-)-3,3a,6,6a-
tetrahydro-2H-cyclopenta[b]furan-2-one (20) according
to Scheme 3. As shown, reduction of 20 with LAH in
tetrahydrofuran at 23 °C afforded the diol 21 (isolated
yield 96%). Treatment of the diol 21 with iodine and
potassium iodide in methylene chloride at 23 °C fur-
nished the iodo ether 22.20 Radical dehalogenation of
the iodine with tributyltin hydride in refluxing dioxane
in the presence of a catalytic amount of AIBN provided
the bicyclic ligand 23 with defined absolute configura-
tion.
Synthesis of symmetric bicyclic ligand 26 is outlined

in Scheme 4. Reaction of 2,3-dihydrofuran (12) with
mCPBA in 1-butanol at -15-0 °C for 2 h afforded the
alcohol 24 after distillation (65%). Oxidation of 24 with

Scheme 1. Enantioselective Synthesis of the Bicyclic
Ligandsa

a Key: (a) LDA, CHdCHCH2Br; (b) LAH, Et2O; (c) acetone,
pTsOH; (d) Swern oxidation; (e) CSA, MeOH; (f) ozonolysis then
NaBH4; (g) CSA, CH2Cl2; (h) 9-BBN, THF, aqueous NaOH, H2O2.

Scheme 2. Synthesis and Optical Resolution of the
Bicyclic Ligandsa

+_

a Key: (a) N-iodosuccinimide, propargyl alcohol, CH2Cl2, 0-23
°C; (b) cobaloxime (cat), NaBH4, EtOH; (c) O3, CH2Cl2-MeOH,
Me2S, -78-23 °C; (d) NaBH4, EtOH, -15 °C; (e) immobilized
lipase 30, Ac2O, DME, 23 °C; (f) aqueous LiOH, THF-H2O; (g)
immobilized lipase 30, pH 7 buffer, 23 °C.
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pyridine‚SO3 complex in methylene chloride gave the
corresponding ketone which was reacted with allylmag-
nesium bromide in diethyl ether at 0-23 °C for 4 h to
furnish the alcohol 25.21 Ozonolysis of the terminal
olefin followed by reduction of the ozonide with sodium
borohydride in ethanol at 0 °C provided the correspond-
ing alcohol which was treated with p-TsOH in methyl-
ene chloride to afford the symmetric ligand 26. Reaction
of 26 with phosgene and pyridine in toluene followed
by reaction with N-hydroxysuccinimide in acetonitrile
furnished the mixed active carbonate 27 after silica gel
chromatography.22
Racemic bicyclic ligands 34 and 35 were prepared

(Scheme 5) utilizing a similar synthetic route as de-
scribed for racemic 15. Reaction of cyclopentene with
N-bromosuccinimide and propargyl alcohol provided
good yield of the corresponding bromo ether 30 (yield
72%). However, the reaction with 2,5-dihydrofuran
proceeded with modest yield (35%) of the corresponding
bromo ether 31. Tributyltin hydride-mediated radical
cyclization of 30 and 31 provided the bicyclic olefins 32
and 33 which were converted to racemic bicyclic ligands
34 and 35 for structure-activity studies.
Bicyclic ligand 39 with oxygens in a vicinal relation-

ship was synthesized in enantiomerically pure form
starting from commercially available 1,4:3,6-dianhydro-
D-sorbitol (36) (Scheme 6). Treatment of 36 with
commercial chlorothionoformate and triethylamine in
methylene chloride at 23 °C for 4 h afforded a mixture
(2:1) of thionocarbonates 37 and 38. The isomers were
separated on silica gel by column chromatography, and

the major isomer 37 was exposed to the radical deoxy-
genation23 conditions to provide the ligand 39.
Synthesis of various inhibitors with bicyclic ethers as

the P2 ligands and decahydroisoquinolinecarboxamide
as the P1′ ligand was carried out according to Scheme
7. The previously described6,7 hydroxyethylamine iso-
stere 42 was transformed into the various target inhibi-
tors listed in Tables 1 and 2 by an alkoxycarbonylation
of the respective alcohol.24 For example, reaction of bis-
Thf ligand 7 with dipyridyl carbonate (40) and triethyl-
amine in methylene chloride afforded the active car-
bonate 41 after chromatography. Reaction of the mixed
carbonate 41 with amine 42 in methylene chloride

Scheme 3. Enantioselective Synthesis of the Bicyclic
Ligandsa

a Key: (a) LiAlH4, THF, 23 °C; (b) KI, I2, NaHCO3, CH2Cl2, 23
°C; (c) nBu3SnH, AIBN, dioxane, reflux.

Scheme 4. Synthesis of the Symmetric Bicyclic Liganda

a Key: (a) mCPBA, n-butanol, 0 °C; (b) Pyr‚SO3, DMSO, Et3N;
(c) allylmagnesium bromide, Et2O, 0-23 °C; (d) O3, CH2Cl2-
MeOH, -78-0 °C, then NaBH4, EtOH, 0 °C; (e) pTsOH, CH2Cl2,
23 °C; (f) COCl2, pyridine, PhCH3, then N-hydroxysuccinimide,
CH3CN, Et3N, 23 °C.

Scheme 5. Synthesis of Racemic Bicyclic Ligandsa

a Key: (a)N-bromosuccinimide, propargyl alcohol, CH2Cl2, 0-23
°C; (b) nBu3SnH, AIBN, PhH, reflux; (c) O3, CH2Cl2-MeOH, Me2S,
-78-23 °C; (d) NaBH4, EtOH, -15 °C.

Scheme 6. Synthesis of the Bicyclic Liganda

a Key: (a) PhOC(S)Cl, Et3N, CH2Cl2; (b) separated by silica gel
chromatography; (c) nBu3SnH, AIBN, PhMe, reflux.

Scheme 7
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afforded only the inhibitor 49 (white solid, mp 98-101
°C) by 1H-NMR and HPLC analysis (isolated yield 76%).
For the preparation of inhibitor 55, the mixed active
carbonate 27 was reacted with amine 42 in methylene
chloride in the presence of 3 equiv of triethylamine at
23 °C for 12 h to provide 55 after silica gel chromatog-
raphy. Similarly, various nonpeptidal ligands were
converted to other inhibitors in Tables 1 and 2.

Results and Discussion

As described previously,9 the preliminary X-ray crys-
tal structure of the enzyme-inhibitor complex of 43 and
HIV-1 protease25 has suggested a number of structural
changes on the tetrahydrofuran ring that could lead to
improved binding. The urethane of 3(S)-hydroxysul-
folane (46) has exhibited nearly a 2-fold potency en-
hancement compared to 43, presumably due to the close
proximity of the sulfolane oxygen cis to the 3-hydroxyl
group to Asp 29 and Asp 30 NH. It is evident in the
crystal structure that the oxygen atom of the tetrahy-
drofuran ring in 43 is oriented toward the Asp 29 and
Asp 30 NH. Recently, researchers from Vertex Labo-
ratories have reported a similar observation in their
X-ray crystal structure of protein-ligand complex con-
taining an inhibitor with 3(S)-tetrahydrofuranyloxy
group as the P2 ligand.26 The protein-ligand structure
of inhibitor 43 further provided rationale for incorpora-
tion of the cis-2-alkyl substitutent of the sulfolane ring
of inhibitor 46. Optimization of these findings resulted
in inhibitors with reduced molecular weight and com-
parable in vitro potency to 1 (Ro 31-8959). A detailed
account of these investigations has been reported re-
cently.8 Subsequently, during the introduction of a cis-
2-methoxymethyl substitutent of the sulfolane ring of
inhibitor 46, we have observed a very intriguing struc-
ture-activity relationship. As evident in Table 1,
replacement of the ring oxygen in 43 with sulfur
(inhibitor 45) resulted in no change in inhibitory
potency. Oxidation of the ring sulfur to sulfone has
provided nearly a 2-fold improvement over 45. Thus
far, our observation is that the ring sulfones, in general,
are 2-5-fold more potent than their corresponding ring
sulfides.27 Consistent with our earlier observation,
incorporation of a cis-2-methoxymethyl substitutent in
cyclic sulfide 45 afforded inhibitor 47 with a 6-fold
potency enhancement. However, in contrast, oxidation
of ring sulfur to the corresponding sulfone resulted in
inhibitor 48 with reduction in potency (IC50 23.8 nM).
To gain insight into the molecular binding properties,
an energy-minimized active model of inhibitors 46 and
47 was created28 utilizing the X-ray crystal structure
of the enzyme-inhibitor complex of L-689,502 bound to
HIV-1 protease (2.25 Å resolution).30 On the basis of
superimposition of these modeled structures (Figure 1),
it appeared that in addition to filling the hydrophobic
pocket in the S2 region, the methoxyl oxygen of inhibitor
47 is in close proximity to hydrogen bonding with the
Asp 29 and Asp 30 NH. Thus, the methoxyl oxygen is
effectively competing for the same binding site as the
sulfolane oxygen cis to the 3-hydroxyl group of inhibitor
46. Therefore, oxidation of the ring sulfide in inhibitor
47 did not provide any additional potency enhancement
as was observed earlier. These findings subsequently
provided the basis for a conformationally constrained
and structurally new class of ligand design.

As can be seen from the superimposed stereoviews of
46 and 47 (Figure 1), the conformation of methoxy-
methyl side chain of 47 can be further restricted to form
another ring cycle to the existing five-membered ring.
On the basis of this possible molecular insight, we
speculated that a bicyclic ligand with oxygens positioned
appropriately in the ring would interact effectively with
the Asp 29 and Asp 30 residues of the enzyme active
site. Also, superimposition of the X-ray crystal struc-
ture of the protein-ligand complex31 of Ro 31-8959 and
the modeled structure of 47 (Figure 2) revealed the
potential benefit of such ligand design. It appears that
a fused bicyclic tetrahydrofuran not only could replace
the quinaldic amide and asparagine amide of Ro 31-
8959 inhibitor, but it may also provide additional
binding energy to offset the loss of P3-hydrophobic
binding corresponding to the quinoline ring. Indeed,
incorporation of bis-tetrahydrofuran as the P2 ligand
with 3(R),3a(S),6a(R)-configurations (inhibitor 49), as
speculated from the ligand-binding site interactions of
inhibitors 47 and 1, has shown impressive in vitro
potencies.9 As presented in Table 2, inhibitor 49 has
shown an enzyme inhibitory potency (IC50) of 1.8 ( 0.2
nM (n ) 6). In comparison, the inhibitor with 3(S),3a-
(R),6a(S)-bis-Thf as the P2 ligand (inhibitor 50, IC50 6.4
nM) is less potent than 49. The difference in enzyme
inhibitory potencies is also reflected in their antiviral
activities. Inhibitor 49 has prevented the spread of
HIV-1 in MT4 human T-lymphoid cells infected with
IIIb isolate32 at an average concentration (n ) 4) of 46
( 4 nM (CIC95). Inhibitor 50, in contrast, has shown
an antiviral potency of 200 nM. In head to head

Table 1. Structure and Inhibitory Potencies of Various
Heterocyclic Derivatives
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comparison, inhibitor 49 was shown to be equipotent
to 1 (Ro 31-8959; CIC95 23 ( 7 nM).33 The enhanced
inhibitory potency as well as the stereochemical prefer-
ence for 3(R),3a(S),6a(R)-configurations in bis-Thf ligand
(inhibitor 49) indicated a specific hydrogen-bonding
interaction with the residues of the S2 region of the
enzyme active site. Incorporation of 3-hexahydrofuro-
pyran as the P2 ligand has shown reversal of stereo-
chemical trends. Inhibitor 52 with 3(S),3a(R),7a(S)-
configurations has shown an IC50 value of 1.2 nM, a
greater than 3-fold potency increase over inhibitor 51
(IC50 4.2 nM). Antiviral potency of this inhibitor
(compound 50; CIC95 50 nM) is also comparable to that
of Ro 31-8959 or inhibitor 49. Evaluation of compounds
53 and 54 established that both oxygens are involved
in binding. Incorporation of symmetric bis-Thf ligand
(inhibitor 55) resulted in at least a 225-fold loss (IC50
410 nM) in inhibitory potency. Similarly, change of the
ring oxygen positions (inhibitors 56 and 57) also re-
sulted in significant loss of potency. Various substitu-
tion at the bicyclic ring (inhibitors 58-60) did not
improve enzyme inhibitory or antiviral potencies. Thus,
the above structure-activity studies provided ample
evidence that in the bis-Thf ligand of inhibitor 49, the
ring stereochemistry, ring size, and position of ring
oxygens all are critical to effective binding in the S2
region of the substrate-binding site.
To gain further insight into the molecular binding

properties, the three-dimensional structure of both
inhibitors 1 (Ro 31-8959) and 49 was determined by

X-ray diffraction at a resolution of 2.2 and 2.10 Å,
respectively.34 A superimposed stereoview of these
inhibitors (Figure 3) was then created by superimposi-
tion of the X-ray crystal structure of 1 (green) on the
X-ray crystal structure of 49 (magenta) bound to HIV-1
protease in the same frame of reference. The (R)-
hydroxyl group of inhibitor 49 is positioned sym-
metrically between the catalytic aspartates of the HIV-1
protease. The P1 benzyl side chain and the P1′ decahy-
droisoquinoline moiety of 49 are located at the S1 and
S1′ regions, respectively, in the enzyme active site. The
N-tert-butyl group is positioned in the S2′ subsite. A
comparison of binding properties of the bis-Thf ligand
of 49 and the asparagine of 1 is very intriguing. As
shown, both the bis-Thf oxygen-1 and asparagine car-
bonyl of 1 are within hydrogen-bonding distance (3.2
and 3.5 Å, respectively, between the heavy atoms) to
the Asp 30 NH of the HIV-1 protease. The bis-Thf
oxygen-6 and the P3 quinoline amide carbonyl of 1 are
also appropriately positioned for hydrogen-bonding
interaction with the Asp 29 NH (bonding distance 3.0
and 3.3 Å, respectively, between the heavy atoms)
present in the S2-binding domain of the enzyme. Like
most reported protein-ligand complex structures, the
P2 bis-Thf urethane carbonyl and the tert-butyl amide
carbonyl of 49 hydrogen bond to the structural water
molecule that interacts with the flap Ile 50 NH resi-
dues.35 Thus, incorporation of a stereochemically de-
fined bis-Thf or fused Thf-Thp ligand into the Ro 31-
8959-based hydroxyethylamine isostere provided

Figure 1. Stereoview of the optimized bound conformations of inhibitors 46 (magenta) and 47 (green) superimposed in the HIV-1
protease active site.30

Figure 2. Stereoview of the X-ray structure of inhibitor 1 (magenta) bound to HIV-1 protease and optimized bound conformation
of inhibitor 47 (green).
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inhibitors (compounds 49 and 52) with comparable in
vitro antiviral potencies to inhibitors with both P2 and
P3 ligands. As shown in Figure 3, the bis-Thf ligand

essentially replaces two amide bonds and a 10π-
aromatic system of the Ro 31-8959 inhibitor which is
currently in advanced clinical trials.36
In addition to reduction of molecular weight and

replacement of amide bonds, inhibitors incorporating
the fused cyclic ethers as P2 ligands have shown
significant improvement in aqueous solubility compared
to the Ro 31-8959 class of inhibitors. As can be seen in
Table 3, inhibitor 49 has shown an aqueous solubility
of 0.235 mg/mL in phosphate buffer (pH) 7.4), a greater
than 23-fold improvement over 1 (Ro 31-8959; aqueous
solubility less than 0.01 mg/mL). The 3(S)-tetrahydro-
furanyl carbamate in inhibitor 43 also exhibited solubil-
ity enhancement (aqueous solublity 0.15 mg/mL). The
inhibitor containing bis-Thf ligand (inhibitor 49) also
shows a decreased log P value compared to inhibitor 1.
The log P values of inhibitors 1 and 49 were measured
to be 5.7 and 3.5, respectively. Pharmacokinetic studies
in dogs with inhibitor 52 are encouraging. Inhibitor 52
was administered in dogs at an oral dose of 10 mg/kg
dissolved in a 10% citric acid solution. The average (two
dogs) Cmax was 4380 nM after 20 min. After 3 h, the
plasma level was above 200 nM, more than 4-fold over
its CIC95 value. Oral bioavailability was estimated by
comparing the area under the curve following oral
administration with that of iv administration at a dose
of 2 mg/kg in DMSO. The oral bioavailability was
determined to be 17% in dogs under the formulation
protocol described above.37

Conclusion
In summary, on the basis of X-ray crystal structures

of various protein-ligand complexes, we have designed
and synthesized a novel class of nonpeptidal high-
affinity P2 ligands for the HIV-1 protease substrate-
binding site. The designed ligands are conformationally
constrained with a fused bicyclic ether-like feature. The
inhibitor incorporating a 3(R),3a(S),6a(R)-bis-Thf as the
P2 ligand (inhibitor 49) is the most potent compound in
the series. This inhibitor has exhibited in vitro antiviral
activities comparable to inhibitors in the Ro 31-8959
(inhibitor 1)-based hydroxyethylamine series with both
P2 and P3 ligands. Based on the inhibitor-bound X-ray
crystal structures of 1 and 49 with the HIV-1 protease,
it appears that the bis-Thf ring oxygens essentially
compete for the same binding site as the P2 asparagine
carboxamide and the P3 quinaldic amide carbonyls of
inhibitor 1 (Ro 31-8959). Through various structure-
activity studies, we have also shown that the stereo-
chemistry, position of oxygens, substitution in the ring,
and ring size all are critical to optimum binding.
Incorporation of bis-Thf ligand (inhibitor 49) not only
provided a protease inhibitor with reduced molecular
weight but also led to improved aqueous solubility and
decreased log P value (Figure 4). Basically, fusion of a
tetrahydrofuran ring to inhibitor 44 resulted in inhibitor
49 (Figure 4) with an impressive 300-fold enhancement
in its inhibitory potency and more than 30-fold enhance-
ment of its antiviral potency. The molecular weight of
the bis-Thf is essentially one-half the combined molec-
ular weight of the P2 asparagine and P3 quinoline
ligands of inhibitor 1. Further molecular design is
currently underway in our laboratories.

Experimental Section
All melting points were recorded on a Thomas-Hoover

capillary melting point apparatus and are uncorrected. Proton

Table 2. Structure and Inhibitory Potencies of Inhibitors
Containing Novel Bicyclic P2 Ligands
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magnetic resonance spectra were recorded on a Varian XL-
300 spectrometer using tetramethylsilane as the internal
standard. Significant 1H-NMR data for representative com-
pounds are tabulated in the following order: multiplicity (s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet), number
of protons, coupling constant(s) in hertz. FAB mass spectra

were recorded on a VG Model 7070 mass spectrometer, and
relevant data are tabulated asm/z. Elemental analyses were
performed by the Analytical Department, Merck Research
Laboratories, West Point, PA, and were within (0.4% of the
theoretical values. Anhydrous solvents were obtained as
follows: methylene chloride, distillation from P4O10; tetrahy-
drofuran, distillation from sodium/benzophenone; dimethyl-
formamide and pyridine, distillation from CaH2. All other
solvents were HPLC grade. Column chromatography was
performed with E. Merck 240-400 mesh silica gel under a low
pressure of 5-10 psi. Thin-layer chromatography (TLC) was
carried out with E. Merck silica gel 60 F-254 plates.
(2R,3S)-Ethyl 2-Hydroxy-3-allylsuccinate (4). (-)-Di-

ethyl (2R,3S)-3-allyl-2-hydroxysuccinate (7.2 g) was prepared
according to the procedure of D. Seebach, J. Aebi, and D.
Wasmuth, Organic Syntheses 1985, 63, 109-120. Compound
4: 1H-NMR (CDCl3) δ 5.8 (m, 1 H), 5.15 (m, 2 H), 4.3 (m, 1 H),
4.1-4.2 (m, 4 H), 3.0 (m, 1 H), 2.4-2.7 (m, 2 H), 1.25 (t, 3 H,
J ) 7.0 Hz), 1.2 (t, 3 H, J ) 6.9 Hz).
(2R,3R)-1,2-O-Isopropylidene-3-allylbutane-1,4-diol (5).

A solution of 9.4 g (40.8 mmol) of (2R,3S)-ethyl 2-hydroxy-3-
allylsuccinate (2) in 15 mL of diethyl ether was added dropwise
to a suspension of 3.1 g (81.6 mmol) of LiAlH4 in ether (70
mL) at 0 °C. The resulting mixture was stirred at room
temperature for 12 h. After this period, the mixture was
heated to reflux for 1 h and then cooled to 0 °C. The reaction
was quenched by sequential dropwise addition of water (3.1
mL), 20% aqueous NaOH (3.1 mL), and then water (8 mL).
The mixture was stirred for 1 h, and THF (50 mL) and
anhydrous Na2SO4 were added. The mixture was filtered
through Celite, and the filter cake was throughly washed with
THF. Evaporation of the solvents gave 6.3 g of the corre-
sponding triol, as a colorless oil which was utilized directly
without further purification.
The resulting triol was dissolved in acetone (500 mL), and

150 mg of p-toluenesulfonic acid monohydrate was added. The
resulting mixture was stirred at 24 °C for 3 h. After this
period, the mixture was concentrated under reduced pressure,
and the resulting residue was taken up in ethyl acetate and
washed with saturated aqueous NaHCO3. The layers were
separated, and the organic layer was dried over Na2SO4.
Filtration and evaporation of the solvent provided a residue
which was chromatographed over silica gel (50% ethyl acetate/
hexane) to furnish 4.1 g (59% yield) of the title compound as
a colorless oil: 1H-NMR (CDCl3) δ 5.75 (m, 1 H), 5.1 (m, 2 H),

Figure 3. Stereoview of the X-ray structure of the inhibitors 1 (green) and 49 (magenta) bound to HIV-1 protease.

Table 3. Aqueous Solubilities of Selected Inhibitors

inhibitors solubility (mg/mL)

1 0.01
43 0.15
49 0.235
50 0.130
52 0.107

Figure 4.
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4.1 (m, 2 H), 3.7 (m, 4 H), 2.0 (m, 1 H), 2.0 (m, 1 H), 1.45 (s, 3
H), 1.4 (s, 3 H).
(2SR,3S,4R)-2-Methoxy-3-allyl-4-hydroxytetrahydrofu-

ran (6). To a stirred solution of oxalyl chloride (1.1 mL) in
CH2Cl2 (40 mL) at -50 °C was added a mixture (1:2) of
dimethyl sulfoxide and CH2Cl2 (6 mL). The resulting mixture
was stirred for 3 min, and a solution of 2.0 g of (2R,3R)-1,2-
O-isopropylidene-3-allylbutane-1,4-diol in CH2Cl2 (6 mL) was
added dropwise over a period of 5 min. The mixture was
allowed to warm to -20 °C over a period of 1.5 h, and
triethylamine (10 mL) was added. The reaction mixture was
stirred at -20 °C to room temperature for 1 h, and water (30
mL) was added. The layers were separated, and the aqueous
layer was extracted with ethyl acetate (2 × 20 mL). The
combined organic layers were dried over anhydrous Na2SO4

and concentrated under reduced pressure. The residue was
chromatographed over silica gel (25% ethyl acetate/hexane)
to provide 1.56 g of the corresponding aldehyde as a colorless
oil.
To a stirred solution of 1.3 g of the aldehyde in methanol

(25 mL) was added camphorsulfonic acid (300 mg), and the
resulting mixture was stirred at 24 °C for 12 h. The reaction
was quenched by addition of saturated aqueous NaHCO3 (5
mL), and the mixture was concentrated under reduced pres-
sure. The residue was partitioned between ethyl acetate and
brine solution. The layers were separated, and the aqueous
layer was extracted with ethyl acetate (50 mL). The combined
organic layers were dried over anhydrous Na2SO4 and con-
centrated under reduced pressure to give a residue which was
chromatographed over silica gel (25% ethyl acetate/hexane)
to provide (815 mg) the methyl acetal 6 (4:1 mixture) as an
oil.
(3R,3aS,6aR)-3-Hydroxyhexahydrofuro[2,3-b]furan (7).

To a stirred solution of 500 mg (3.2 mmol) of (2R,3S,4R)-2-
methoxy-3-allyl-4-hydroxytetrahydrofuran (4) in a mixture (1:
1) of methanol and methylene chloride (25 mL) at -78 °C was
bubbled through a stream of ozonized oxygen until the blue
color persisted (1 h). After the solution was flushed with
nitrogen for 5 min, dimethyl sulfide (3 mL) was added. The
cooling bath was removed, and the mixture was allowed to
warm to room temperature. Evaporation of the solvent gave
the crude aldehyde as a colorless oil. The resulting aldehyde
was dissolved in absolute ethanol (20 mL) and cooled to 0 °C,
and solid NaBH4 (180 mg, 4.7 mmol) was added in three
portions. The mixture was stirred for 15 min, and the reaction
was quenched with 10% aqueous citric (3 mL) acid. The
mixture was concentrated under reduced pressure, and the
residue was partitioned between ethyl acetate and brine
solution. The layers were separated, and the aqueous layer
was extracted with ethyl acetate (25 mL). The combined
organic layers were dried over anhydrous Na2SO4 and con-
centrated under reduced pressure to give a residue which was
chromatographed over silica gel (75% ethyl acetate/hexane)
to provide 430 mg of (2R,3S,4R)-2-methoxy-3-(2′-hydroxy-
ethyl)-4-hydroxytetrahydrofuran as a colorless oil.
To stirred a solution of 400 mg of (2R,3S,4R)-2-methoxy-3-

(2′-hydroxyethyl)-4-hydroxytetrahydrofuran in dry CH2Cl2 (100
mL) was added camphorsulfonic acid (200 mg). The resulting
mixture was stirred at 23 °C for 12 h. After this period, the
reaction was quenched by additon of saturated aqueous
NaHCO3 (5 mL). The layers were separated, and the aqueous
layer was extracted with ethyl acetate (3 × 30 mL). The
combined organic layers were dried over anhydrous Na2SO4,
filtered, and concentrated under reduced pressure. The
residue was chromatographed over silica gel (75% ethyl
acetate/hexanes) to give 350 mg of 7 as a colorless oil; [R]23D
-12.4°, MeOH; 1H-NMR (CDCl3) δ 5.7 (d, 1 H, J ) 5.13 Hz),
4.45 (dd, 1 H, J ) 6.8, 14.6 Hz), 3.9-4.0 (m, 3 H), 3.65 (dd, 1
H, J ) 7, 9.1 Hz), 2.9 (m, 1 H), 2.3 (m, 1 H), 1.85 (m, 2 H); MS
(70 eV) m/z 131 (M+ + H).
(3R,3aS,7aR)-3-Hydroxyhexahydrofuro[2,3-b]pyran (8).

To a stirred solution of 225 mg of (2R,3S,4R)- and (2S,3S,4R)-
2-methoxy-3-allyl-4-hydroxytetrahydrofuran (6) in 5 mL of
THF cooled to -10 °C was added dropwise 4.3 mL of 0.5 M
9-BBN in THF. After stirring at 24 °C for 12 h, another 2.5
mL of 0.5 M 9-BBN was added, and stirring was continued

for 24 h. The reaction was quenched with a mixture of 1 mL
of 30% H2O2 and 1 mL of 20% NaOH. The resulting mixture
was heated to 50 °C for 1.5 h and then cooled to 24 °C and
extracted with three portions of ethyl acetate. The combined
extracts were dried over anhydrous Na2SO4, filtered, and
concentrated under reduced pressure. The residue was puri-
fied by silica gel chromatography (75% ethyl acetate/hexanes)
to afford a mixture of (2R,3S,4R)- and (2S,3S,4R)-2-methoxy-
3-(3′-hydroxypropyl)-4-hydroxytetrahydrofuran (140 mg) as a
clear colorless oil.
A solution of 140 mg of (2R,3S,4R)- and (2S,3S,4R)-2-

methoxy-3-(3′-hydroxypropyl)-4-hydroxytetrahydrofuran and
camphorsulfonic acid (100 mg) in 100 mL of CH2Cl2 was stirred
at 24 °C for 12 h. The reaction was quenched with 3 mL of
saturated aqueous NaHCO3 and the mixture stirred for 10
min. The layers were separated, and the aqueous layer was
extracted with ethyl acetate (3 × 10 mL). The combined
organic layers were dried over Na2SO4, filtered, and concen-
trated under reduced pressure. Purification of the residue by
chromatography over silica gel (75% ethyl acetate/hexanes)
afforded the title compound 8 (100 mg) as a clear colorless oil;
[R]23D +10.1°, MeOH; 1H-NMR (CDCl3) δ 5.0 (s, 1 H), 4.3 (m,
1 H), 3.8-4.1 (m, 3 H), 3.5 (m, 1 H), 3.0 (br s, 1 H), 2.5 (br d,
1 H), 1.8-2.2 (m, 3 H), 1.4 (m, 1 H); MS (70 eV) m/z 145 (M+

+ H).
(3S,3aR,7aS)-3-Hydroxyhexahydrofuro[2,3-b]pyran (10).

From (+)-diethyl (2S,3R)-3-allyl-2-hydroxysuccinate using the
procedure substantially as described above for preparation of
(3R,3aS,7aR)-3-hydroxyhexahydrofuro[2,3-b]pyran, there was
obtained a clear colorless oil: [R]23D -10.8°, MeOH; 1H-NMR
(CDCl3) δ 5.0 (s, 1 H), 4.3 (m, 1 H), 3.8-4.1 (m, 3 H), 3.5 (m,
1 H), 3.0 (br s, 1 H), 2.5 (br d, 1 H), 1.8-2.2 (m, 3 H), 1.4 (m,
1 H); MS (70 eV) m/z 145 (M+ + H).
(3S,3aR,6aS)-3-Hydroxyhexahydrofuro[2,3-b]furan (11).

From (+)-diethyl (2S,3R)-3-allyl-2-hydroxysuccinate using the
procedure substantially as described above for preparation of
(3R,3aS,6aR)-3-hydroxyhexahydrofuro[2,3-b]furan, there was
obtained a clear colorless oil: [R]23D +12.1°, MeOH; 1H-NMR
(CDCl3) δ 5.7 (d, 1H, J ) 5.1 Hz), 1.85 (m, 2 H), 4.45 (dd, 1H,
J ) 6.8, 14.6 Hz), 3.9-4.0 (m, 3 H), 3.65 (dd, 1 H, J ) 7, 9
Hz), 2.9 (m, 1 H), 2.3 (m, 1 H); MS (70 eV) m/z 131 (M+ + H).
trans-2-(Propargyloxy)-3-iodotetrahydrofuran (13). To

a stirred, ice cold suspension of 15 g (66.6 mmol) of N-
iodosuccinimide in 150 mL of CH2Cl2 was added a mixture of
dihydrofuran (66.6 mmol, 4.67 g, 5.1 mL) and propargyl alcohol
(100 mmol, 5.0 g, 5.2 mL) in 50 mL of CH2Cl2 over 20 min.
After warming to 24 °C with stirring over 2 h, 200 mL of water
was added, and the stirring was continued for 1 h. The layers
were separated and the aqueous layer extracted with 2 × 100
mL of CH2Cl2. The combined organic extracts were washed
with brine solution containing a small amount of Na2S2O3 (70
mg), dried over anhydrous Na2SO4, filtered, and concentrated.
Chromatography over silica gel using 30% ethyl acetate in
hexane afforded (15.4 g, 92%) the title iodo ether as an oil:
1H-NMR (CDCl3) δ 5.4 (br s, 1 H), 4.0-4.3 (m, 5 H), 2.7 (m, 1
H), 2.48 (br s, 1 H), 2.25 (m, 1 H); IR (neat) 2956, 2180, 1621,
1440 cm-1.
(3aR,6aS)- and (3aS,6aR)-3-Methylene-4H-hexahydro-

furo[2,3-b]furan (14) (Tributyltin hydride procedure). To
a refluxing solution of tributyltinhydride (20.7 mL, 77 mmol)
containing AIBN (100 mg) in toluene (200 mL) was added
dropwise a solution of 15.4 g (61 mmol) of iodotetrahydrofuran
13 in toluene (50 mL) over a period of 1 h. The resulting
mixture was stirred at reflux for an additional 4 h (monitored
by TLC). The mixture was then cooled to 23 °C and concen-
trated under reduced pressure. The residue was partitioned
between petroleum ether and acetonitrile (200 mL of each),
and the acetonitrile (lower) layer was concentrated. The
residue was purified by chromatography on silica gel, using
10% ethyl acetate in hexane as the eluent to provide the title
product 14 (5.84 g, 76%) as an oil: 1H-NMR (CDCl3) δ 5.7 (d,
1 H, J ) 4.9 Hz), 4.9-5.1 (m, 2 H), 4.3-4.6 (m, 2 H), 3.7-4.0
(m, 2 H), 3.3 (m, 1 H), 1.8-2.2 (m, 2 H); IR (neat) 2970, 1645,
1430 cm-1.
(3aR,6aS)- and (3aS,6aR)-3-Methylene-4H-hexahydro-

furo[2,3-b]furan (14) (Catalytic cobaloxime procedure).
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To a solution of iodo ether 13 (6.4 g, 25.4 mmol) in 95% ethanol
(80 mL) were added solid NaBH4 (1.06 g, 28 mmol) and 10 N
NaOH (2.6 mL, 26 mmol). The solution was flushed with N2,
and several portions of finely powered cobaloxime (611 mg,
1.5 mmol) were added during a 1 h period at 50 °C (bath
temperature 65 °C). The resulting mixture was stirred for an
additional 1 h, and the reaction mixture was concentrated
under reduced pressure. The resulting residue was diluted
with brine, and the mixture was thoroughly extracted with
ether (3× 150 mL). The combined organic layers were washed
with water and brine and dried over anhydrous Na2SO4.
Evaporation of the solvent gave a residue which was chro-
matographed over silica gel to provide the title product (2.3 g,
73%) as an oil: 1H-NMR (CDCl3) δ 5.7 (d, 1 H, J ) 4.9 Hz),
4.9-5.1 (m, 2 H), 4.3-4.6 (m, 2 H), 3.7-4.0 (m, 2 H), 3.3 (m,
1 H), 1.8-2.2 (m, 2 H); IR (neat) 2970, 1645, 1430 cm-1; MS
(70 eV) m/z 126 (m+).
(3S,3aR,6aS)- and (3R,3aS,6aR)-3-Hydroxy-4H-hexahy-

drofuro[2,3-b]furan (15). A stream of ozone was dispersed
into a solution of 14 (5.84 g, 46.4 momol) in methanol (150
mL) and CH2Cl2 (150 mL) at -78 °C for 30 min. The resulting
blue solution was purged with nitrogen until colorless, then
the reaction was quenched with 20 mL of dimethyl sulfide,
and the resulting mixture was allowed to warm to 23 °C. The
mixture was concentrated under reduced pressure to afford
the crude ketone. This ketone was dissolved in ethanol (50
mL) and cooled to 0 °C, and sodium borohydride (2.1 g, 55.6
mmol) was added. The reaction mixture was stirred for an
additional 2 h at 0 °C, and then the reaction was quenched
with 10% aqueous citric acid (10 mL). The resulting mixture
was concentrated under reduced pressure, and the residue was
partitioned between ethyl acetate and brine. The layers were
separated, and the aqueous layer was extracted with ethyl
acetate (2× 100 mL). The combined organic layers were dried
over anhydrous Na2SO4 and concentrated carefully under
reduced pressure. The resulting residue was chromatographed
over silica gel using 30% ethyl acetate in hexane as the eluent
to furnish (4.52 g, 75%) the title racemic alcohol 15 as an oil:
1H-NMR (CDCl3) δ 5.7 (d, J ) 5.13 Hz, 1 H), 4.45 (dd, J ) 6.8,
14.6 Hz, 1 H), 3.9-4.0 (m, 3 H), 3.65 (dd, 1 H, J ) 7 Hz, 9.1),
2.9 (m, 1 H), 2.3 (m, 1 H), 1.85 (m, 2 H); IR (neat) 2951, 1640,
1346, 1210 cm-1; MS (70 eV) m/z 131 (M+ + H).
Preparation of Immobilized Amano Lipase 30. Com-

mercially available Celite 521 (4 g; Aldrich) was loaded on a
Buchner funnel and washed successively with 50 mL of
deionized water and 50 mL of 0.05 N phosphate buffer (pH )
7.0; Fisher Scientific). The washed Celite was then added to
a suspension of 1 g of Amano lipase 30 in 20 mL of 0.05 N
phosphate buffer. The resulting slurry was spread on a glass
dish and allowed to dry in the air at 23 °C for 48 h (weight 5.4
g, water content about 2% by Fisher method).
(3R,3aS,6aR)-3-Hydroxyhexahydrofuro[2,3-b]furan (7)

by Immobilized Lipase-Catalyzed Acylation. To a stirred
solution of racemic alcohol 15 (2 g, 15.4 mmol) and acetic
anhydride (4 g, 42.4 mmol) in 100 mL of DME was added 2.7
g (about 25% by weight of lipase PS30) of immobilized Amano
lipase, and the resulting suspension was stirred at 23 °C. The
reaction was monitored by TLC and 1H-NMR analysis until
50% conversion was reached. The reaction mixture was
filtered, and the filter cake was washed repeatedly with ethyl
acetate. The combined filtrate was carefully concentrated in
a rotary evaporator, keeping the bath temperature below 15
°C. The residue was chromatographed over silica gel to
provide 843 mg (42%) of 7 (95% ee; [R]23D -11.9°, c 1.24,
MeOH); 1H-NMR (CDCl3) δ 5.7 (d, 1 H, J ) 5.1 Hz), 4.45 (dd,
1 H, J ) 6.8, 14.6 Hz), 3.85-4.0 (m, 3 H), 3.65 (dd, 1 H, J )
7.0, 9.1 Hz), 2.9 (m, 1 H), 2.3 (m, 1 H), 1.85 (m, 2 H). Also,
1.21 g of 16 was obtained after washing with 5% aqueous
sodium carbonate (45%; [R]23D +31.8°, c 1.86, MeOH); 1H-NMR
(CDCl3) δ 5.7 (d, 1 H, J ) 5.2 Hz), 5.2 (dd, 1 H, J ) 6.4, 14.5
Hz), 3.8-4.1 (m, 3 H), 3.75 (dd, 1 H, J ) 6.6, 9.2 Hz), 3.1 (m,
1 H), 2.1 (s, 3 H), 1.85-2.1 (m, 2 H); IR (neat) 2947, 1750,
1630, 1338, 1220 cm-1.
(1S,2R)-2-(2′-Hydroxyethyl)-3-cyclopenten-1-ol (21). To

a stirring mixture of LiAlH4 (0.667 g, 17.58 mmol) in dry THF
(12 mL) at 0 °C under nitrogen was added dropwise a solution

of commercial cis-(-)-3,3a,6,6a-tetrahydro-2H-cyclopenta[b]-
furan-2-one (1.09 g, 8.78 mmol) in THF (15 mL) over 15 min.
The mixture was brought to room temperature, and after 4 h
acetone (2 mL) was added followed by aqueous NaOH (8%,
1.2 mL) and water (1 mL). The mixture was diluted with ethyl
acetate (50 mL), and anhydrous sodium sulfate was added.
The resulting mixture was stirred for 30 min and filtered. The
filter cake was washed with ethyl acetate, and the solvent was
evaporated under reduced pressure. The resulting residue was
purified by column chromatography (EtOAc/hexane) over silica
gel to yield the title compound (1.08 g, 96.4%) as a white oil:
1H-NMR (400 MHz, CDCl3) δ 5.74 (dt, J ) 2.4, 8.2 Hz, 1 H),
5.55 (d, J ) 4.1 Hz, 1 H), 4.48 (dt, J ) 3.0, 10.0 Hz, 1 H), 3.83
(m, 1 H), 3.70 (dt, J ) 4.8, 15.8 Hz, 1 H), 2.60-2.79 (m, 3 H),
2.36 (br d, J ) 17.1 Hz, 1 H), 1.71-1.95 (m, 3 H).
(3aS,4S,6S,6aS)-4-Hydroxy-6-iodohexahydro-2H-cyclo-

penta[b]furan (22). To a vigorously stirring heterogeneous
mixture of 21 (0.517 g, 4.04 mmol) dissolved in CH2Cl2 (20
mL) and water (2 mL) was added solid NaHCO3 (1.35 g, 16.07
mmol) followed by solid KI (1.34 g, 8.07 mmol) and I2 (2.04 g,
8.04 mmol). The mixture was stirred overnight at room
temperature, diluted with CH2Cl2 (25 mL), and washed with
sodium thiosulfate solution (2 × 20 mL), water (15 mL), and
brine (15 mL). Evaporation of CH2Cl2 followed by column
chromatogrophy (EtOAc/hexane) yielded the title compound
(0.882 g, 86%) as a yellow oil: 1H-NMR (400 MHz, CDCl3) δ
4.74 (d, 1 H, J ) 6.6 Hz), 4.67 (m, 1 H), 4.23 (br s, 1 H), 3.76-
3.90 (m, 2 H), 2.95 (br s, 1 H), 2.26-2.35 (dd, 1 H, J ) 2.8, 5.8
Hz), 2.02-2.21 (m, 2 H), 1.6-2.0 (m, 2 H).
(3aS,4S,6aR)-4-Hydroxyhexahydro-2H-cyclopenta[b]-

furan (23). To a vigorously refluxing mixture of n-tributyltin
hydride (0.572 g, 1.97 mmol) and AIBN (10 mg) in dioxane
(10 mL) under nitrogen was added dropwise a solution of 22
(0.25 g, 0.984 mmol) in dioxane (1.8 mL). The mixture was
refluxed overnight, diluted with acetonitrile (50 mL), and
washed with hexane (2 × 25 mL). Evaporation of the solvents
followed by column chromatography (1:1 EtOAc/hexane) over
silica gel yielded the title compound (0.102 g, 81%) as a pale
yellow oil: 1H-NMR (400 MHz, CDCl3) δ 4.35 (t, 1 H, J ) 6.2
Hz), 4.19 (m, 1 H), 3.95 (m, 1 H), 3.62 (q, 1 H, J ) 1.7, 8.35
Hz), 2.69 (m, 1 H), 1.98-2.09 (m, 1 H), 1.76-1.90 (m, 3 H),
1.57-1.73 (m, 3 H); IR (neat) 3410, 2982, 1500 cm-1.
Hexahydrofuro[2,3-b]furan-3a-ol (26). Into a stirred

solution of (2-n-butyloxy)-3-allyltetrahydrofuran-3-ol (25) (10
g; prepared as described by Jalali-Naini and co-workers21) in
methanol (10 mL) and methylene chloride (220 mL) at -78
°C was passed a stream of ozone until a blue color persisted.
The mixture was purged with nitrogen, warmed to 0 °C, and
diluted with ethanol (100 mL). To this mixture was added
NaBH4 (5 g), and the resulting mixture was stirred at 23 °C
for 6 h. After this period, the solvents were removed under
reduced pressure and the residue was partitioned between 10%
citric acid (50 mL) and CH2Cl2 (100 mL). The layers were
separated, the aqueous layer was extracted with additional
CH2Cl2 (2 × 100 mL), and the combined organic extracts were
dried over anhydrous MgSO4 and concentrated. The residue
was dissolved in CH2Cl2 (100 mL), and p-toluenesulfonic acid
monohydrate (0.10 g) was added. The resulting mixture was
heated at reflux for 24 h and then concentrated to a small
volume under reduced pressure. Distillation of the residue
(110-130 °C, at 0.1 mmHg) furnished (2 g) the title compound
as an oil: 1H-NMR (300 MHz, CDCl3) δ 5.4 (s, 1 H), 4.0-4.2
(m, 4 H), 3.0 (br s, 1 H), 2.2 (m, 4 H); IR (neat) 2948, 1656,
1460, 1210 cm-1; MS (70 eV) m/z 131 (M+ + H).
Hexahydrofuro[2,3-b]furan-3a-yl Succinimidyl Car-

bonate (27). To a stirred solution of 1 g of hexahydrofuro-
[2,3-b]furan-3a-ol in 25 mL of 12.5% phosgene in toluene cooled
to -10 °C was added 1 mL of pyridine. The mixture was
allowed to warm to 25 °C and stir for 4 h and then was
concentrated to dryness under reduced pressure. The oily
residue after drying under vacuum (1.3 g) was dissolved in 30
mL of anhydrous acetonitrile and then cooled in an ice bath.
To this cold solution were added 1.14 g of N-hydroxysuccin-
imide and 1.3 mL of triethylamine. The mixture was aged
for 48 h at 25 °C and then concentrated to dryness. The
residue was dissolved in 200 mL of ethyl acetate, washed with
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2 × 50 mL of water, dried over MgSO4, and concentrated to
dryness under reduced pressure. Chromatography of the
residue with 20% ethyl acetate in methylene chloride gave 0.49
g of product as a white solid: 1H-NMR (300 MHz, CDCl3) δ
5.7 (s, 1 H), 4.0-4.25 (m, 4 H), 2.85 (s, 4 H), 2.5 (m, 4 H); MS
(70 eV) m/z 272 (M+ + H).
trans-3-(Propargyloxy)-4-bromocyclopentane (30). To

a stirred suspension of 26.1 g (0.14 mol) ofN-bromosuccinimide
and propargyl alcohol (61 mL) in CH2Cl2 (25 mL) at -30 °C
was added a solution of cyclopentene (64 mmol, 5.0 g, 6.5 mL)
in 25 mL of CH2Cl2 over a period of 2 h. The resulting mixture
was warmed to 23 °C and stirred at that temperature for 24
h. After this period, aqueous NaOH solution (10%, 100 mL)
was added and the mixture was stirred for 15 min. The layers
were separated and the aqueous layer extracted with CH2CL2

(2 × 100 mL). The combined organic extracts were washed
with brine containing a small amount of Na2S2O3 (70 mg) and
dried over anhydrous Na2SO4. Evaporation of the solvent
afforded a residue which was chromatographed over silica gel
(10% ethyl acetate in hexane) to provide (9.6 g, 92%) the title
bromo ether 30 as an oil: 1H-NMR (300 MHz, CDCl3) δ 4.2-
4.35 (m, 2 H), 4.18 (m, 2 H), 2.45 (m, 1 H), 2.1-2.4 (m, 2 H),
1.7-2.1 (m, 4 H).
Bicyclic Olefin 32. To a refluxing solution of 17.3 mL (64

mmol) of tributyltin hydride containing AIBN (400 mg) in
toluene (200 mL) was added dropwise a solution of 9.6 g (54
mmol) of bromocyclopentane 30 in toluene (200 mL) over a
period of 1 h. The resulting mixture was stirred at reflux for
an additional 24 h. The mixture was then cooled to 23 °C and
concentrated under reduced pressure. The residue was par-
titioned between petroleum ether and acetonitrile (200 mL of
each), and the acetonitrile (lower) layer was concentrated. The
residue was purified by chromatography on silica gel, using
10% ethyl acetate in hexane as the eluent to provide the exo-
olefin 32 (1.48 g, 22%) as an oil: 1H-NMR (300 MHz, CDCl3)
δ 4.8 (br s, 2 H), 4.5 (m, 1 H), 2.2-2.4 (m, 2 H), 3.0 (m, 1 H),
1.4-1.8 (m, 6 H).
Bicyclic Alcohol 34. A stream of ozone was dispersed into

a solution of 32 (1.48 g, 11.9 mmol) in methanol (40 mL) and
CH2Cl2 (40 mL) at -78 °C for 30 min. The resulting blue
solution was purged with nitrogen until colorless, then the
reaction was quenched with 5 mL of dimethyl sulfide at -78
°C, and the resulting mixture was allowed to warm to 23 °C.
The mixture was concentrated under reduced pressure to
afford the crude ketone. The resulting crude ketone was
dissolved in ethanol (30 mL), the solution was cooled to 0 °C,
and sodium borohydride (1.05 g, 27.6 mmol) was added. The
reaction mixture was stirred for an additional 2 h at 0 °C and
then the reaction quenched with 10% aqueous citric acid (10
mL). The resulting mixture was concentrated under reduced
pressure, and the residue was partitioned between ethyl
acetate and brine. The layers were separated, and the aqueous
layer was extracted with ethyl acetate (2 × 50 mL). The
combined organic layers were dried over anhydrous Na2SO4

and concentrated carefully under reduced pressure. The
resulting residue was chromatographed over silica gel (30%
ethyl acetate in hexane) to furnish (193 mg, 14%) the title
racemic alcohol 34 as an oil: 1H-NMR (300 MHz, CDCl3) δ
4.4 (m, 1 H), 4.35 (br s, 1 H), 3.75 (dd, 1 H, J ) 4.5, 8 Hz),
3.65 (dd, 1 H, J ) 8, 11 Hz), 2.65 (m, 1 H), 1.8-2.0 (m, 2 H),
1.4-1.8 (m, 4 H).
trans-3-Bromo-4-(propargyloxy)tetrahydrofuran (31).

To a stirred suspension of N-bromosuccinimide (50.8 g, 0.28
mol) and propargyl alcohol (120 mL) at -30 °C was added a
solution of dihydrofuran (140 mmol, 10 g) in CH2Cl2 (50 mL)
over a period of 2 h. The resulting mixture was warmed to 23
°C and stirred at that temperature for 24 h. Following the
workup and chromatography according to the procedure
described for compound 30, the bromo ether 31 (10.2 g, 35%)
was obtained as an oil: 1H-NMR (300 MHz, CDCl3) δ 4.6-
4.75 (m, 3 H), 4.45 (m, 2 H), 4.2-4.35 (m, 3 H), 2.5 (m, 1 H).
Bicyclic Olefin 33. To a refluxing solution of tributyltin

hydride (16.9 mL, 63 mmol) containing AIBN (400 mg) in
toluene (200 mL) was added dropwise a solution of 10.2 g (40
mmol) of bromotetrahydrofuran 31 in toluene (50 mL) over a
period of 1 h. The resulting mixture was stirred at reflux for

an additional 24 h. Following the workup and chromatography
according to the procedure described for compound 32, the
bicyclic olefin 33 (1.21 g, 16%) was obtained as an oil: 1H-
NMR (300 MHz, CDCl3) δ 5.0 (br s, 2 H), 4.75 (m, 1 H), 4.5
(m, 1 H), 4.3 (m, 1 H), 4.05 (br d, 1 H, J ) 10 Hz), 3.8-3.95
(m, 2 H), 3.4 (dd, 1 H, J ) 4.1, 10 Hz), 3.2 (m, 1 H).
Bicyclic Alcohol 35. A stream of ozone was dispersed into

a solution of 33 (1.21 g, 10.5 mmol) in methanol (40 mL) and
CH2Cl2 (40 mL) at -78 °C for 30 min. The resulting blue
solution was purged with nitrogen until colorless, then the
reaction was quenched with 5 mL of dimethyl sulfide at -78
°C, and the resulting mixture was allowed to warm to 23 °C.
The mixture was concentrated under reduced pressure to
afford the crude ketone. The resulting crude ketone was
dissolved in ethanol (30 mL), the solution was cooled to 0 °C,
and sodium borohydride (1.2 g, 31 mmol) was added. The
reaction mixture was stirred for an additional 2 h at 0 °C and
then the reaction quenched with 10% aqueous citric acid (10
mL). Following the workup and chromatography according
to the procedure described for compound 34, racemic bicyclic
alcohol 35 (150 mg, 10%) was obtained as an oil: 1H-NMR (300
MHz, CDCl3) δ 4.6 (m, 1 H), 4.3-4.4 (m, 2 H), 4.05 (br d, 1 H,
J ) 11 Hz), 3.9 (d, 1 H, J ) 8.8 Hz), 3.6 (dd, 1 H, J ) 2.1, 8.8
Hz), 3.45 (m, 2 H), 2.9 (m, 1 H), 2.2 (br, 1 H).
Thionocarbonates 37 and 38. To a mixture of isosorbide

(36) (7.31 g, 50.0 mmol) and triethylamine (607.2 mg, 6.0
mmol) in dry methylene chloride (25 mL) was added phenyl
chlorothionoformate (863.2 mg, 692 mL, 5.0 mmol) over a
period of 10 min at 23 °C, and the resulting mixture was
stirred under nitrogen atmosphere for 12 h. The reaction was
quenched with aqueous NaHCO3 solution, and the layers were
separated. The aqueous layer was extracted with methylene
chloride (2 × 20 mL). The combined extracts were washed
successively with water and brine and dried with anhydrous
Na2SO4. Removal of the solvent under reduced pressure
furnished a thick oil which was purified by flash chromatog-
raphy over silica gel (1:1 ethyl acetate/hexanes) to afford pure
thionocarbonates 37 (577 mg, 41%) and 38 (273 mg, 19%) as
white solids: 1H-NMR (CDCl3) (37) δ 7.55-7.41 (m, 2 H), 7.31
(t, 1 H, J ) 7.5 Hz), 7.11 (d, 2 H, J ) 7.65 Hz), 5.69 (d, 1 H, J
) 3.38 Hz), 4.76-4.71 (m, 2 H), 4.39-4.32 (m, 2 H), 4.13 (dd,
1 H, J ) 3.55, 11.16 Hz), 3.94 (dd, 1 H, J ) 5.96, 9.51 Hz),
3.63 (dd, 1 H, J ) 5.86, 9.52 Hz), 2.58 (d, 1 H, J ) 7.15 Hz);
(thionocarbonate 38) δ 7.44-7.4 (m, 2 H), 7.3 (t, 1 H, J ) 7.43
Hz), 7.13 (d, 2 H, J ) 7.84 Hz), 5.66 (dd, 1 H, J ) 5.37, 10.59
Hz), 5.03 (t, 1 H, J ) 5.03 Hz), 4.47 (d, 1 H, J ) 4.6 Hz), 4.4
(d, 1 H, J ) 5.38 Hz), 4.06-3.98 (m, 4 H), 1.83 (d, 1 H, J )
5.57 Hz).
Bicyclic Furanofuran 39. To a refluxing solution of tri-

n-butyltin hydride (277 mg, 0.95 mmol) and 2,2′-azobis-
(isobutyronitrile) (8 mg, 0.048 mmol) in dry toluene (3 mL)
under nitrogen atmosphere was added dropwise a solution of
thionocarbonate 37 (130 mg, 0.46 mmol) in toluene (2 mL) over
a period of 1 h. The resulting mixture was heated under reflux
for 4 h. The mixture was cooled to 23 °C, and toluene was
removed under reduced pressure. The residue was partitioned
between acetonitrile (15 mL) and hexanes (15 mL). After
separating the acetonitrile layer, the hexane layer was ex-
tracted with additional acetonitrile (15 mL). The combined
acetonitrile layers were evaporated under reduced pressure
to obtain a residue which was purified by flash chromatogra-
phy over silica gel (1:3 ethyl acetate/hexanes) to obtain 39 (40
mg, 67%): 1H-NMR (CDCl3) δ 4.59 (dt, 1 H, J ) 1.1, 4.7 Hz),
4.46 (t, 1 H, J ) 5.15 Hz), 4.3-4.18 (m, 1 H), 4.05 (dt, 1 H, J
) 2.72, 8.2 Hz), 3.89-3.76 (m, 2 H), 3.69-3.62 (m, 1 H), 2.78
(d, 1 H, J ) 6.35 Hz), 2.2-1.9 (m, 2 H).
(3R,3aS,6aR)-3-Hydroxyhexahydrofuro[2,3-b]furanyl

2-Pyridyl Carbonate (41). To a stirred solution of 380 mg
(2.9 mmol) of (3R,3aS,6aR)-3-hydroxyhexahydrofuro[2,3-b]-
furan in dry CH2Cl2 (25 mL) at 23 °C was added di-2-pyridyl
carbonate (950 mg, 4.4 mmol) and triethylamine (0.62 mL).
The resulting mixture was stirred for 12 h and the reaction
quenched with saturated aqueous NaHCO3 (15 mL). The
layers were separated, and the organic layer was washed with
brine (15 mL) and dried over anhydrous Na2SO4. Evaporation
of the solvent under reduced pressure gave a residue which
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was chromatographed over silica gel (75% ethyl acetate/
hexane) to furnish 460 mg of (3R,3aS,6aR)-3-hydroxyhexahy-
drofuro[2,3-b]furanyl 2-pyridyl carbonate (41) as a brown oil.
Unreacted starting alcohol (120 mg) was also recovered from
this reaction. Carbonate 41: 1H-NMR (CDCl3) δ 8.5 (m, 1 H),
7.8 (m, 1 H), 7.3 (m, 1 H), 7.1 (m, 1 H), 5.75 (m, 1 H), 5.25 (m,
1 H), 4.2 (m, 1 H), 4.0 (m, 3 H), 3.1 (m, 1 H), 2.2 (m, 1 H), 2.0
(m, 1 H).
(3S,4aS,8aS,2′R,3′S,3′′R,3′′aS,6′′aR)-N-tert-Butyl-2-[2′-

hydroxy-4′-phenyl-3′-[[[(3′′-hexahydrofuro[2,3-b]fura-
nyl)oxy]carbonyl]amino]butyl]decahydroisoquinoline-
3-carboxamide (49). To a stirred solution of 400 mg (1.6
mmol) of (3R,3aS,6aR)-3-hydroxyhexahydrofuro[2,3-b]furanyl
2-pyridyl carbonate in dry CH2Cl2 (30 mL) was added decahy-
droisoquinoline-3-carboxamide derivative 42 (430 mg, 1.1
mmol). The resulting solution was stirred at 23 °C for 12 h.
After this period, the reaction was quenched with saturated
aqueous NaHCO3 (20 mL) and the mixture diluted with CH2-
Cl2 (25 mL). The layers were separated, and the organic layer
was washed with brine (15 mL) and dried over anhydrous Na2-
SO4. Evaporation of the solvent under reduced pressure
afforded a residue which was purified by silica gel chroma-
tography (75% ethyl acetate/hexane) to furnish 620 mg of
inhibitor 49 as a white crystalline solid: mp 98-101 °C; 1H-
NMR (CDCl3) δ 7.18-7.3 (br m, 5 H), 5.77 (s, 1 H), 5.61 (d, 1
H), 5.59 (d, 1 H), 5.0 (br q, 1 H), 4.05 (br m, 1 H), 3.75-3.95
(br m, 3 H), 3.7 (m, 2 H), 3.1-3.2 (m, 1 H), 2.8-3.0 (br m, 4
H), 2.5-2.7 (br m, 2 H), 2.25 (br d, 2 H), 1.4-1.9 (br m, 14 H),
1.35 (s, 9 H); MS (70 eV) m/z 558 (m+ + H). Anal.
(C31H47N3O6) C, H, N.
(3S,4aS,8aS,2′R,3′S,3′′S,3′′aR,6′′aS)-N-tert-Butyl-2-[2′-

hydroxy-4′-phenyl-3′-[[[(3′′-hexahydrofuro[2,3-b]fura-
nyl)oxy]carbonyl]amino]butyl]decahydroisoquinoline-
3-carboxamide (50). From (3S,3aR,6aS)-3-hydroxyhexa-
hydrofuro[2,3-b]furan using the procedure substantially as
described above for preparation of compound 49, there was
obtained a white solid: mp 85-9 °C; 1H-NMR (300 MHz,
CDCl3) δ 7.2-7.3 (br m, 5 H), 5.8 (s, 1 H), 5.7 (m, 1 H), 5.4 (m,
1 H), 5.0 (br q, 1 H), 3.95 (m, 3 H), 3.8-3.9 (m, 2 H), 3.5 (m,
1 H), 2.8-3.1 (m, 4 H), 2.6 (m, 2 H), 2.3 (m, 2 H), 2.0 (m, 1 H),
1.4-1.9 (br m, 14 H), 1.3 (s, 9 H); MS (70 eV) m/z 558 (m+ +
H). Anal. (C31H47N3O6) C, H, N.
(3S,4aS,8aS,2′R,3′S,3′′R,3′′aS,7′′aR)-N-tert-Butyl-2-[2′-

hydroxy-4′-phenyl-3′-[[[(3′′-hexahydro-4′′H-furo[2,3-b]pyr-
anyl)oxy]carbonyl]amino]butyl]decahydroisoquinoline-
3-carboxamide (51). From (3R,3aS,7aR)-3-hydroxy-4H-
hexahydrofuro[2,3-b]pyran using the procedure substantially
as described above for preparation of compound 49, there was
obtained a white solid: mp 147-53 °C; 1H-NMR (300 MHz,
CDCl3) δ 7.3-7.4 (m, 5 H), 6.9 (s, 1 H), 5.5 (br d, 1 H), 5.25
(m, 2 H), 5.0 (br d, 1 H), 4.1 (m, 1 H), 3.9 (m, 4 H), 3.8 (m, 2
H), 3.4 (m, 1 H), 2.9-3.1 (m, 4 H), 2.5-2.7 (m, 2 H), 2.3 (m, 2
H), 2.1 (m, 2 H), 1.6-2.0 (m, 6 H), 1.3-1.5 (m, 6 H), 1.3 (s, 9
H); MS (70 eV) m/z 572 (m+ + H). Anal. (C32H49N3O6) C, H,
N.
(3S,4aS,8aS,2′R,3′S,3′′S,3′′aR,7′′aS)-N-tert-Butyl-2-[2′-

hydroxy-4′-phenyl-3′-[[[(3′′-hexahydro-4′′H-furo[2,3-b]pyr-
anyl)oxy]carbonyl]amino]butyl]decahydroisoquinoline-
3-carboxamide (52). From (3S,3aR,7aS)-3-hydroxy-4H-
hexahydrofuro[2,3-b]pyran (10) using the procedure substan-
tially as described above for preparation of compound 49, there
was obtained a white solid: mp 82-6 °C; 1H-NMR (300 MHz,
CDCl3) δ 7.3 (m, 5 H), 6.85 (s, 1 H), 5.2 (m, 1 H), 5.05 (m, 3
H), 4.1 (m, 1 H), 3.8 (m, 4 H), 3.85-4.0 (m, 4 H), 2.95 (m, 4
H), 2.6 (m, 2 H), 2.3 (m, 2 H), 2.15 (m, 1 H), 1.6-2.0 (m, 6 H),
1.3-1.5 (m, 6 H), 1.3 (s, 9 H); MS (70 eV) m/z 572 (m+ + H).
Anal. (C32H49N3O6) C, H, N.
(3S,4aS,8aS,2′R,3′S,4′′R,3′′aR,6′′aS)-N-tert-Butyl-2-[2′-

hydroxy-4′-phenyl-3′-[[[(3′′-hexahydro-2H-cyclopenta[b]-
furanyl)oxy]carbonyl]amino]butyl]decahydroiso-
quinoline-3-carboxamide (53). From racemic bicyclic alcohol
34 (100 mg, 0.78 mmol) using the procedure substantially as
described above for preparation of compound 49, there was
obtained a 1:1 mixture of diastereomers which were separated
by silica gel chromatography (25% ethyl acetate in hexane) to
afford 53 (40 mg, Rf ) 0.45) and diastereomer (Rf ) 0.6).

Inhibitor 53: MS (70 eV) m/z 556 (m+ + H). Anal.
(C32H49N3O5‚0.25EtOAc) C, H, N.
(3S,4aS,8aS,2′R,3′S,3′′aS,4′′S,6′′aR)-N-tert-Butyl-2-[2′-

hydroxy-4′-phenyl-3′-[[[(4′′-hexahydro-2H-cyclopenta[b]-
furanyl)oxy]carbonyl]amino]butyl]decahydroiso-
quinoline-3-carboxamide (54). From (3aS,4S,6aR)-4-
hydroxyhexahydro-2H-cyclopenta[b]furan using the procedure
substantially as described above for preparation of compound
49, there was obtained a white solid: mp 87-8 °C; 1H-NMR
(300 MHz, CDCl3) δ 7.2-7.4 (m, 5 H), 5.8 (s, 1 H), 5.35 (m, 1
H), 4.8 (m, 1 H), 4.35 (m, 1 H), 3.6-4.0 (m, 3 H), 3.5 (m, 1 H),
2.8-3.2 (m, 3 H), 2.5-2.8 (m, 3 H), 2.25 (m, 1 H), 2.0 (m, 1 H),
1.2-1.9 (m, 18 H), 1.34 (s, 9 H); MS (70 eV) m/z 556 (m+ +
H). Anal. (C32H49N3O5‚0.5EtOAc) C, H, N.
(3S,4aS,8aS,2′R,3′S)-N-tert-Butyl-2-[2′-hydroxy-4′-phen-

yl-3′-[[[(3a′′-hexahydrofuro[2,3-b]furanyl)oxy]carbonyl]-
amino]butyl]decahydroisoquinoline-3-carboxamide (55).
From hexahydrofuro[2,3-b]furan-3a-yl succinimidyl carbonate
(27) using the procedure substantially as described above for
preparation of compound 49, there was obtained inhibitor 55
as a white solid: 1H-NMR (300 MHz, CDCl3) δ 7.2-7.4 (m, 5
H), 5.8 (br s, 1 H), 5.4 (m, 1 H), 3.7-4.0 (m, 6 H), 2.8-3.2 (m,
3 H), 2.2-2.6 (m, 4 H), 1.95-2.1 (m, 2 H), 1.2-1.9 (m, 16 H),
1.34 (s, 9 H); MS (70 eV) m/z 558 (m+ + H). Anal.
(C31H47N3O6) C, H, N.
Inhibitor 56. To a stirred solution of bicyclic alcohol 35

(150 mg, 1.1 mmol) in dry CH2Cl2 (5 mL) at 23 °C were added
di-2-pyridyl carbonate (368 mg, 1.7 mmol) and triethylamine
(0.24 mL). The resulting mixture was stirred for 12 h and
then the reaction quenched with saturated aqueous NaHCO3

(5 mL). The layers were separated, and the organic layer was
washed with brine (5 mL) and dried over anhydrous Na2SO4.
Evaporation of the solvent under reduced pressure gave a
residue which was chromatographed over silica gel (75% ethyl
acetate/hexane) to furnish the corresponding mixed carbonate
of 35 (79 mg) as a brown oil. From the above mixed carbonate
(79 mg) and decahydroisoquinoline-3-carboxamide derivative
42 (124 mg, 0.31 mmol) using the procedure substantially as
described above for preparation of compound 49, there was
obtained inhibitor 56 (140 mg) as a mixture (1:1) of diaster-
eomers after silica gel chromatography (25% ethyl acetate in
hexane). The mixture was assayed for enzyme inhibitory
potency. Inhibitor 56: MS (70 eV) m/z 558 (m+ + H). Anal.
(C31H47N3O6) C, H, N.
(3R,3aS,5S,6aR)- and (3R,3aS,5R,6aR)-3-Hydroxy-5-

methylhexahydrofuro[2,3-b]furan for Inhibitors 59 and
60: (1S,3S,4R,1′R,2′′SR)-, (1S,3S,4R,1′S,2′′SR)-, (1S,3S,4R,-
1′R,2′′SR)-, and (1R,3S,4R,1′S,2′′SR)-2-Methoxy-3-(1′-ox-
iranylmethyl)-4-[(2′′-tetrahydropyranyl)oxy]tetrahy-
drofuran. To a stirred solution of (2R,3S,4R)- and (2S,3S,4R)-
2-methoxy-3-allyl-4-hydroxytetrahydrofuran (6) (0.5 g, 3.2
mmol) and dihydropyran (0.87 mL, 9.6 mmol) in dry THF (25
mL) was added p-toluensulfonic acid (10 mg). The resulting
solution was stirred at 23 °C for 12 h. After this period, the
reaction was quenched with saturated NaHCO3 solution. The
layers were separated, and the aqueous layer was extracted
with ethyl acetate. The combined layers were dried over
anhydrous Na2SO4 and concentrated under reduced pressure.
The residue was chromatographed over slilica gel (50% ethyl
acetate/hexane as eluent) to furnish the tetrahydropyranyl
ether (625 mg) as an oil. To a solution of the above tetrahy-
dropyranyl ether (300 mg) in CH2Cl2 (25 mL) was added
mCPBA (60%, 461 mg, 1.6 mmol), and the resulting mixture
was stirred at 23 °C for 12 h. The reaction was quenched with
aqueous NaHCO3 solution, the layers were separated, and the
aqueous layer was extracted with an additional amount of CH2-
Cl2 (25 mL). The combined extracts were dried over Na2SO4

and concentrated. Chromatography of the residue over silica
gel (50% ethyl acetate/hexane) afforded the corresponding
epoxide (238 mg) as an oil.
(2R,3S,4R,2′SR,2′′SR)-2-Methoxy-3-(2′-hydroxypropyl)-

4-[(2-tetrahydropyranyl)oxy]tetrahydrofuran. To a stirred,
ice cold suspension of LiAlH4 (50 mg, 1.4 mmol) in THF (10
mL) was added a solution of the above epoxide (230 mg) in
THF (2 mL). The resulting mixture was warmed to 23 °C and
stirred for 12 h. After this period, the reaction was quenched
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with water (0.1 mL) and then 20% NaOH (0.1 mL) and the
resulting mixture was stirred for 30 min. The mixture was
then filtered through diatomaceous earth, and the filtrate was
concentrated under reduced pressure. The residue was chro-
matographed over silica gel (75% ethyl acetate/hexane) to
provide a mixture of the corresponding mixture of secondary
alcohols (180 mg) as an oil.
(3R,3aS,5S,6aR)- and (3R,3aS,5R,6aR)-3-Hydroxy-5-

methylhexahydrofuro[2,3-b]furan. To a stirred solution
of the above alcohols (180 mg) in a mixture (10:1) of CH2Cl2
and methanol (50 mL) was added camphorsulfonic acid (50
mg), and the resulting mixture was stirred at 23 °C for 14 h.
After this period, the mixture was concentrated to dryness,
the residue was redissolved in CH2Cl2 (70 mL), and the
resulting solution was stirred for an additional 12 h. It was
then washed with saturated aqueous NaHCO3 solution, dried
over Na2SO4, and concentrated under reduced pressure. Chro-
matography of the residue over silica gel (75% ethyl acetate/
hexane) provided (3R,3aS,5R,6aR)-3-hydroxy-5-methylhexa-
hydrofuro[2,3-b]furan (60 mg, for inhibitor 59) and (3R,-
3aS,5S,6aR)-3-hydroxy-5-methylhexahydrofuro[2,3-b]furan (60
mg for inhibitor 60) as oils.
(3S,4aS,8aS,2′R,3′S,3′′R,3′′aS,5′′R,6′′aR)-N-tert-Butyl-2-

[2′-hydroxy-4′-phenyl-3′-[[[(5′′-methyl-3′′-hexahydrofuro-
[2,3-b]furanyl)oxy]carbonyl]amino]butyl]decahydroiso-
quinoline-3-carboxamide (59). From (3R,3aS,5R,6aR)-3-
hydroxy-5-methylhexahydrofuro[2,3-b]furan using the procedure
substantially as described above for preparation of compound
49, there was obtained a white solid: mp 100-2 °C; 1H-NMR
(300 MHz, CDCl3) δ 7.3-7.4 (m, 5 H), 5.75 (s, 1 H), 5.5-5.6
(m, 3 H), 4.9 (m, 1 H), 3.8-4.0 (m, 4 H), 3.7 (m, 1 H), 3.2 (m,
1 H), 2.9 (m, 4 H), 2.6 (m, 3 H), 2.3 (m, 2 H), 1.5-2.0 (m, 6 H),
1.4-1.6 (m, 6 H), 1.3 (s, 9 H), 1.28 (d, 3 H, J ) 6.9 Hz); MS
(70 eV) m/z 572 (m+ + H). Anal. (C32H49N3O6‚0.1CHCl3) C,
H, N.
(3S,4aS,8aS,2′R,3′S,3′′R,3′′aS,5′′S,6′′aR)-N-tert-Butyl-2-

[2′-hydroxy-4′-phenyl-3′-[[[(5′′-methyl-3′′-hexahydrofuro-
[2,3-b]furanyl)oxy]carbonyl]amino]butyl]decahydroiso-
quinoline-3-carboxamide (60). From (3R,3aS,5S,6aR)-3-
hydroxy-5-methylhexahydrofuro[2,3-b]furan using the procedure
substantially as described above for preparation of compound
49, there was obtained a white solid: mp 105-7 °C; 1H-NMR
(300 MHz, CDCl3) δ 7.3-7.4 (m, 5 H), 5.8 (s, 1 H), 5.6 (m, 3
H), 5.0 (m, 1 H), 4.05 (m, 4 H), 3.9 (m, 2 H), 3.65 (m, 1 H), 2.2
(m, 1 H), 2.95 (m, 4 H), 2.6 (m, 2 H), 2.25 (m, 2 H), 1.5-2.9
(m, 4 H), 1.4-1.6 (m, 6 H), 1.3 (s, 9 H), 1.2 (m, 3 H); MS (70
eV) m/z 572 (m+ + H). Anal. (C32H49N3O6‚0.35CHCl3) C, H,
N.
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