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The design, synthesis, and biological evaluation of a series of HIV-1 protease inhibitors [(-)-6,
(-)-7, (-)-23, (+)-24] based upon the 3,5,5-trisubstituted pyrrolin-4-one scaffold is described.
Use of a monopyrrolinone scaffold leads to inhibitors with improved cellular transport properties
relative to the earlier inhibitors based on bispyrrolinones and their peptide counterparts. The
most potent inhibitor (-)-7 displayed 13% oral bioavailability in dogs. X-ray structure analysis
of the monopyrrolinone compounds cocrystallized with the wild-type HIV-1 protease provided
valuable information on the interactions between the inhibitors and the HIV-1 enzyme. In
each case, the inhibitors assumed similar orientations for the P2′-P1 substituents, along with
an unexpected hydrogen bond of the pyrrolinone NH with Asp225. Interactions with the S2
pocket, however, were not optimal, as illustrated by the inclusion of a water molecule in two
of the three inhibitor-enzyme complexes. Efforts to increase affinity by displacing the water
molecule with second and third generation inhibitors did not prove successful. Lack of success
with this venture is a testament to the difficulty of accurately predicting the many variables
that influence and build binding affinity. Comparison of the inhibitor positions in three
complexes with that of Indinavir revealed displacements of the protease backbones in the
enzyme flap region, accompanied by variations in hydrogen bonding to accommodate the
monopyrrolinone ring. The binding orientation of the pyrrolinone-based inhibitors may explain
their sustained efficacy against mutant strains of the HIV-1 protease enzyme as compared to
Indinavir.

Introduction
The human immunodeficiency virus (HIV) encodes

four enzymes, which comprise potential targets for
therapeutic intervention.1 Reverse transcriptase inhibi-
tors, typified by AZT, provided the first approved anti-
HIV drug.2 Approval of peptidal inhibitors of the viral
protease, including Amprenavir, Indinavir, Lopinavir,
Nelfinavir, Ritonavir, and Saquinavir, which converts
the Gag-Pol fusion polyprotein into the active constitu-
ents,3 has proven invaluable as an addition to the
armamentarium of the physician.4 Moreover, adminis-
tration of a cocktail of anti-acquired immunodeficiency
syndrome (AIDS) drugs, including nucleoside and/or
nonnucleoside reverse transcriptase inhibitors, com-
bined with protease inhibitors, allows both the preven-
tion of viral replication and the development of resis-
tance5 at low, less toxic doses of the components6 but
does not eradicate the latent virus.7 Thus, development
of drug resistance remains a serious concern in anti-
AIDS therapy. It is possible, however, that HIV protease
inhibitors in which the conventional peptide backbone
has been replaced, as in the case with Tipranavir,8 the
cyclic ureas,9 and the pyrrolinones,10 will bind differ-
ently from the approved peptidal inhibitors and thereby
reduce the ability of the virus to generate resistant
mutations.11

A major thrust of our efforts in the field of nonpeptide
peptidomimetics during the past 10 years has been the
development of the pyrrolinone scaffold, which depend-
ing on the precise structure can effectively mimic the
â-strand/â-sheet and/or turn conformations of peptides,
both in solution and in the solid state.12 The early ability
of the polypyrrolinones to mimic peptide extended
conformations prompted us to explore the use of this
scaffold for the generation of aspartic acid and related
protease inhibitors.10 At the outset of this effort, we
reasoned that the pyrrolinone scaffold would have
increased hydrolytic stability due to the lack of the
peptide bonds.10 This hypothesis has proven valid; to
date, we have designed and synthesized successful
inhibitors of renin,13 the HIV-1 protease,14 and matrix
metalloproteases.15 In addition, we recently disclosed a
high affinity peptide-pyrrolinone hybrid ligand for the
class II major histocompatibility complex (MHC) protein
HLA-DR1, which was shown by X-ray analysis to bind
with remarkable similarity to the native peptide.16

Our early work on HIV-1 protease inhibitors led to
bispyrrolinones (-)-1 and (-)-2 (Figure 1), which dis-
played nanomolar activity (ca. IC50 of 10 and 1.3 nM,
respectively).14b Moreover, these inhibitors displayed
improved CIC95/IC50 ratios17 relative to their peptidal
counterpart 3, suggestive of improved cellular mem-
brane permeability.

We proposed that the improved CIC95/IC50 ratios were
due to the intramolecular hydrogen bonding between
the two pyrrolinone rings.18 Unfortunately, our most
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potent inhibitor, (-)-2, displayed no oral bioavailibility
in dogs. We suspected that the lack of oral bioavailabil-
ity was due at least in part to the relatively high
molecular weight (ca. >730). We were however encour-
aged by the potency of the bispyrrolinone inhibitors. To
improve these inhibitors, we explored the use of the
monopyrrolinone scaffold. Herein, we report on the
design, synthesis, and biological evaluation of three
monopyrrolinone-based inhibitors, including X-ray analy-
sis of the three inhibitors cocrystallized with the wild-
type HIV-1 protease.

Initial Design of a Monopyrrolinone HIV-1 Pro-
tease Inhibitor. In an effort to reduce the molecular
weight of (-)-1 and (-)-2 (Figure 1) while retaining the
important points of contact with the enzyme, we were
drawn to peptidal inhibitors 4 and 5 (Figure 2) as lead
structures for the design of monopyrrolinone-based
inhibitors.14a,19 These peptidal inhibitors had proven
highly potent in isolated enzyme assays, and 5 displayed
excellent antiviral activity, albeit with poor bioavail-
ability due, we believe, to the peptidal nature of the
structure. We envisioned that replacement of the amide
functionality in 4 and 5 with a monopyrrolinone scaffold
would not only lead to prospective HIV-1 protease
inhibitors with reduced molecular weights as compared
to (-)-1 and (-)-2 but, in turn, to inhibitors with
improved bioavailability.

To determine whether the simplified scaffold would
maintain the proper binding orientation of the side
chains (P1, P1′, P2, P2′) in the HIV-1 protease, we
carried out a series of molecular modeling studies.
Installation of the appropriate side chains on the
monopyrrolinone scaffold led to 6 and 7 (Figure 2),
possessing molecular weights of 568 and 582, respec-
tively. Monte Carlo conformational searches, with both
the chloroform and the water continuum solvation

models, revealed good overlay between the lowest
energy conformers of 6 and 7 and the reported struc-
tures of the peptidal inhibitors MVT-101 (AcHN-Thr-
Ile-Nle-Nle-Gln-Arg-C(O)NH2)20 and JG-365 (AcHN-Ser-
Leu-Ans-Phe-ψ[CH(OH)CH2N]-Pro-Ile-Val-OMe)20 co-
crystallized with the wild-type HIV-1 protease. To
determine if the pyrrolinone NH in 6 and 7 was
positioned appropriately to participate in hydrogen
bonding with the enzyme, the lower energy conforma-
tions of 6 and 7 and their peptidal counterparts (4 and
5) were energy-minimized in the active site of HIV-1
protease, using the MM2X force field, according to the
published protocols of Holloway et al.21 Both 6 and 7
displayed similar conformations to each other and to
their peptidal counterparts. Notably, 6 and 7 appeared
to generate the required hydrophobic interactions with
the active site of the enzyme, along with the requisite
hydrogen-bonding interactions between both the transi-
tion state mimic hydroxyl and the catalytic diad (Asp25/
Asp225) and the carbamate, the pyrrolinone carbonyls,
and the well-known flap water.20

Further analysis of the modeled complexes revealed
that removal of the amide from the backbone to form
the pyrrolinone ring led to a conformation that pre-
cluded formation of a hydrogen bond between the
pyrrolinone NH with Gly27. A second potential disad-
vantage of the monopyrrolinone design was the lack of
possible intramolecular hydrogen bonding as observed
when two pyrrolinone rings are linked (Figure 3). We
suggested that this intramolecular hydrogen bonding,
in conjunction with the steric effects of the side chains,
is responsible for the extended â-strand/â-sheet ar-
rangement of polypyrrolinones22 and may also contrib-
ute significantly to the improved antiviral activity
observed for (-)-1 and (-)-2 over their amide counter-
parts.14b We also reasoned that the effects of losing the
interring pyrrolinone hydrogen bond may be mitigated
by formation of an intramolecular hydrogen bond be-
tween the pyrrolinone NH and the adjacent secondary
hydroxyl group (II, Figure 3).

Synthesis of Prospective Inhibitors 6 and 7.
Confident in the new design, we embarked on the
synthesis of 6 and 7, envisioned to take advantage of
our now general pyrrolinone synthetic protocol,14b which
called for condensation of the known amino-ester (+)-
814b with aldehyde 9, followed by metalloenamine-
mediated pyrrolinone ring formation (Scheme 1).

Two approaches for the construction of 9 were ex-
plored. The first began with known cyclobutanone 1023

(Scheme 2, route A). Addition of the lithium anion
derived from sulfoximine (-)-11, according to the reso-
lution method of Johnson,24 provided a mixture of
diastereomers from which (-)-12 could be separated
with some difficulty by fractional recrystallization. The
absolute stereochemistry of (-)-12 was determined by
single-crystal X-ray analysis. Thermolysis then provided
cyclobutanone (-)-13 along with recovery of sulfoximine

Figure 1.

Figure 2.

Figure 3.
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(-)-11. Lactone (-)-14 was then generated by Baeyer-
Villiger oxidation of (-)-13 (ca. 90% yield).25 Alterna-
tively, racemic lactone 1423a could be resolved via
condensation with L-phenethylamine, utilizing the Wein-
reb protocol26 (Scheme 2, route B). The resultant dia-
stereomers (-)-15 and (-)-16 were separated by column
chromatography; the absolute stereochemistry of (-)-
15 was again ascertained by single-crystal X-ray analy-
sis. Subsequent exposure of (-)-15 to p-TSA afforded
the desired lactone (-)-14. Although the two routes
proceeded with comparable yields and number of steps,
the easier separation of (-)-15 and (-)-16 facilitated the
generation of enantiomerically pure (-)-14 in a more
efficient manner.

With ample quantities of (-)-14 in hand, aldehyde
(-)-9 was then prepared in three steps by conversion

to the corresponding Weinreb amide, protection of the
secondary hydroxyl as a TBS ether, and reduction with
DIBAL.

Pyrrolinone ring construction was next achieved by
condensation of aldehyde (-)-9 with amino-ester (+)-8,
followed in turn by metalation of the intermediate
imine with KHMDS, and intramolecular addition of
the metalloimine to the ester carbonyl (Scheme 3).
Removal of the protective groups under acidic conditions
(1 N HCl/MeOH) then afforded (+)-19, which served as
precursor to both targets (-)-6 and (-)-7 as outlined in
Scheme 3.27

Biological Evaluation of (-)-6 and (-)-7. Purified
enzyme assays28 of (-)-6 and (-)-7 revealed that the
tetrahydrofuran (THF) carbamate congener [(-)-7, 2.0
nM], as observed in the bispyrrolinone series, displays
a modest increase in binding affinity as compared to the
tert-butyl carbamate [(-)-6, 11.0 nM]. However, when
compared to the potencies of their amide counterparts
(4 and 5), the monopyrrolinone inhibitors were less
active, in both the isolated enzyme and the cellular
assays29 (Table 1). The ratio of the cellular antiviral
activity over the isolated enzyme potency (CIC95/IC50
ratio), however, was comparable to that of Indinavir.
We take the CIC95/IC50 ratio as an indication of the ease

Scheme 1

Scheme 2

Table 1. Bioassay Data for Pyrrolinone Inhibitors and Related
Amide-Based Inhibitors

inhibitor IC50 (nM) CIC95 (nM) C/I

(-)-1 10 1500 150
(-)-2 1.3 800 615
3 0.6 6 000 10 000
4 0.3 400 1333
5 0.03 3 100
(-)-6 11.9 800 67
(-)-7 2.0 100-250 50-125
(-)-23 2.0 250 125
(+)-24 5.7 781 137
Indinavir 0.36 25-100 69-277

Scheme 3
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of transport across the cellular membrane.18 Thus, it
would appear that the monopyrrolinone inhibitors have
improved cell membrane transport properties as com-
pared both to their amide counterparts 4 and 5 and
to the previously designed bispyrrolinones (-)-1 and
(-)-2.

We next determined the oral bioavailability of our
best monopyrrolinone inhibitor (-)-7. Administration of
(-)-7 in two dogs revealed an oral bioavailability of 13%,
with a t1/2 of 33-36 min, a clearance rate of 20.6 mL/
min/kg, a volume distribution of 0.81 L/kg, and an area
under the curve of 1.83 × 106 µM/h.14,29 Unfortunately,
the corresponding data for amide 5 do not exist. Taken
together, the results from the purified enzyme assays
and oral bioavailability studies validate our design
premise that use of the monopyrrolinone scaffold as a
mimic of a segment of a peptide backbone can lead to
viable HIV-1 protease inhibitors with improved oral
bioavailability vis à vis the bispyrrolinones.

X-ray Crystal Analysis: The Structure of Pyr-
rolinone (-)-7 Cocrystallized with Wild-Type HIV-1
Protease. To understand the interactions of the mono-
pyrrolinone scaffold with the protease and possibly to
explain the loss of affinity of (-)-7 as compared to 5,
the structure of (-)-7 bound to wild-type HIV-1 protease
was elucidated via X-ray crystallographic analysis
(Figure 4).30,31 As the earlier molecular modeling studies

had predicted, the relatively large distance between the
pyrrolinone NH and the Gly27 did indeed prevent
hydrogen bond formation. The system, however, com-
pensates for this energetic loss by formation of a
hydrogen bond between the pyrrolinone NH and the
enzyme Asp225 carboxylate, a process that requires a
50° rotation of the Asp225 carboxylate relative to the
orientation observed in the Indinavir-HIV-1 protease
complex.32 Further comparison of the crystal structures
of enzyme-bound (-)-7 and Indinavir (Figure 4) revealed
shifts of the protease backbone in both the flap and the
Thr26-Asp30 regions to accommodate the pyrrolinone
ring. The resultant larger than expected space (5.4 Å)
between the Indane hydroxyl in (-)-7 and the enzyme
Asp29 NH permits incorporation of a hydrogen-bound
water molecule. Similar bound water molecules in
HIV-1 proteases have been observed in both the pres-
ence and the absence of an inhibitor.33

Design, Synthesis, and Biological Evaluation of
Second Generation Monopyrrolinone-Based HIV-1
Protease Inhibitors. To increase the binding affinity
of an enzyme inhibitor, the numerous thermodynamic
parameters that affect binding affinity must be ad-
dressed.34 Unfortunately, prediction of the entropic
energy gain upon displacement of a water molecule from
the active site of the enzyme-inhibitor complex is
difficult.35a,36 As a result, rational attempts to increase
affinity have met with both success24 and failure.37

Despite these challenges, we undertook the design and
synthesis of a series of second generation monopyrroli-
none-based inhibitors possessing P2 side chains chosen
to displace the active site water molecule, with the
expectation of enhancing the inhibitor binding affinity.
Toward this end, molecular modeling, employing the
X-ray structure of (-)-7 bound to the HIV-1 protease,
led to the design of 23 (Scheme 4), possessing a
carbamate moiety at P2, which we envisioned would
displace the water molecule and thereby reestablish a
hydrogen bond between the inhibitor and the Asp29 in
the protease.

Initial attempts to convert (-)-7 directly to 23 via
treatment with trichloroacetyl isocyanate38 failed due
to the lack of chemoselectivity between the two second-
ary hydroxyls. The synthesis of 23 was however achieved,
beginning with (+)-18 prepared previously. Removal of
the TBS protecting group with TBAF permitted selec-
tive introduction of the trichloroacetyl-protected car-
bamate moiety38 to furnish (+)-22 (Scheme 4). Prolonged
treatment of (+)-22 with p-toluenesulfonic acid in
MeOH (ca. 5 days) eventually effected removal of the
remaining protecting groups. Exposure to (+)-2027

completed construction of (-)-23.
In the purified enzyme and cellular assays, (-)-23

displayed similar binding affinity (ca. 2.0 nM against
wild-type HIV-1) to that observed for (-)-7 (Table 1).
Importantly, the X-ray crystal structure of (-)-23 bound
to wild-type HIV-1 protease revealed that the water
molecule had indeed been displaced from the active site
(Figure 5).39 However, the hydrogen-bonding angles

Figure 4. Structure of (-)-7 cocrystallized with wild-type
HIV-1 protease.

Scheme 4
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observed between the carbonyl of the carbamate and the
NH of Asp29 proved nonoptimal (∠NHO 152°, ∠COH
113°, 2.36 Å). Possibly, the resultant weakened hydro-
gen bond in the enzyme-inhibitor complex, when
combined with the entropic cost of rigidifying the free-
rotating carbamate, is sufficient to override the entropic
gain obtained by removing the water molecule from the
active site and thereby leads to no improvement in
potency.

To address the binding affinity issue, we attempted
to optimize the orientation of the P2 side chain. Further
molecular modeling suggested congener 24 (Scheme 5),
possessing a tetrahydroisoquinolyl P2 side chain. In
addition to displaying good hydrogen-bonding charac-
teristics in the modeling studies, we anticipated that
preorganization of the side chain would further enhance
binding affinity.

To generate the tetrahydroisoquinolyl framework of
24, we envisioned the use of a modified Bischeler-
Napieralski cyclization. Our initial plan called for a
carbamate as the cyclization precursor. However, low
yields in this reaction led us to exploit an intramolecular
Friedel-Crafts acylation tactic, employing an isocyan-

ate.40 The required stereogenic center in 25 would be
installed prior to cyclization, via diastereoselective
conjugate addition of an allyl nucleophile to cinnamic
acid derivative (+)-27.41

In the event, treatment of (+)-27 with allylMgCl/
CuBr‚DMS42 provided (+)-2843 as a single diastereomer
(84%) after recrystallization (Scheme 6). Reductive
removal of the chiral auxiliary then furnished alcohol
(+)-29, which in turn was protected as acetate (+)-30.
Oxidative cleavage of the olefin (RuO2/NaIO4) led to acid
(+)-31 in good yield, which was in turn converted to the
isocyanate (26) via Curtius rearrangement. The requi-
site intramolecular Friedel-Crafts cyclization was
achieved by exposure of 26 to AlCl3 at 60 °C to furnish
lactam (+)-32 in moderate yield for the three steps.
Methanolysis, followed by Swern oxidation provided (+)-
25, the required aldehyde for pyrrolinone ring construc-
tion.

The desired pyrrolinone (+)-34 (Scheme 7) was pre-
pared in 51% yield via condensation of (+)-25 with
amino ester (+)-8, followed by treatment with KH-
MDS.44 Conversion to the prospective inhibitor (+)-24
was then achieved by treatment with TFA/H2O/CH2Cl2
(3 days) to provide an intermediate amino-alcohol,
followed by addition of carbonate (+)-20;27 the overall
yield was 76%. Pleasingly, (+)-24 proved to be highly

Figure 5. Structure of (-)-23 cocrystallized with wild-type
HIV-1 protease.

Scheme 5

Scheme 6
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crystalline, thereby permitting confirmation of both the
structure and the stereochemistry by single-crystal
X-ray analysis.

Biological assay of (+)-24 revealed an IC50 of 5.3 nM
and CIC95 of 781 nM (C/I, 137, Table 1). Surprised by
the modest decrease (2.5-fold) in binding affinity with
respect to (-)-7 and (-)-23, we carried out the crystal
structure of (+)-24 cocrystallized with wild-type HIV-1
protease (Figure 6).45 Several unexpected results were
observed. First, the tetrahydroisoquinolyl P2 side chain

had rotated in such a fashion as to create a hydrogen
bond between the lactam NH of (+)-24 and the CdO of
Gly48. This orientation, which had not been anticipated
by molecular modeling, again created sufficient space

in the S2 pocket to include a bridging water molecule
between the Asp29 NH and the lactam carbonyl of the
inhibitor.

Interpretation of the X-ray Data. We were fortu-
nate to obtain X-ray structures of the three inhibitors
[i.e., (-)-7, (-)-23, and (+)-24] complexed with HIV-1
protease, and we anticipated that comparing the posi-
tions of the individual inhibitors within the active site
and the resultant structural changes of the HIV-1
enzyme might provide an explanation for the observed
binding affinities. To this end, superposition of the
structures of the inhibitor-enzyme complexes revealed
that the P2′-P1 sections of the three inhibitors were in
nearly identical orientations, producing similar hydrogen-
bonding interactions with the active site. In addition,
the P2 side chains of (-)-7 and (-)-23 also possessed
nearly identical orientations, whereas the P2 side chain
of (+)-24 had rotated toward the flap region of the
enzyme. This difference in side chain orientation may
account for the modest decrease in the binding affinity
of (+)-24, by forcing a small change in the position of
the enzyme backbone through steric repulsion in the S2
pocket (vide infra).

To assess the changes in the position of the enzyme
backbone, we overlayed the enzymes from the three
inhibitor-HIV-1 protease crystal structures and that
of the Indinavir-enzyme complex (Figure 7).46 A com-

mon characteristic of the pyrrolinone-HIV-1 protease
complexes is seen in the rotation of the carboxylate of
Asp225 in order to form a hydrogen bond with the
pyrrolinone NH. This conformation is in stark contrast
with the complexes with inhibitors such as Indinavir
in which the catalytic diad (Asp25/Asp225) generates a
hydrogen bond with the hydroxyl transition state mimic.
In addition, we observed changes in the backbone
position of the loops containing Ile50 and Ile250, when
comparing (+)-24 to (-)-7 or to (-)-23. This conforma-
tional change is believed to be due to the steric repulsion
generated by the unexpected orientation of the P2 side
chain or perhaps to a change in the orientation of the
enzyme to generate a hydrogen bond with the NH of
the lactam. Significantly, the overall conformation of the
complex of (-)-23 with the HIV-1 protease is the closest
to that observed for Indinavir. Although some differ-
ences are present, they are small as compared to the
conformations of complexes (-)-7 and (+)-24 with the

Scheme 7

Figure 6. Structure of (+)-24 cocrystallized with wild-type
HIV-1 protease.

Figure 7. Overlay of the enzyme structures from the three
inhibitor-HIV-1 protease crystal structures and that of the
Indinavir-enzyme complex.
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HIV-1 protease. This similarity may be the result of the
water molecule, which cocrystallized with (-)-7 and (+)-
24 but not with (-)-23 and Indinavir.

Potency Against Mutant Strains of the HIV-1
Protease. Having defined differences in the interac-
tions of the monopyrrolinone inhibitors with the wild-
type HIV-1 protease relative to Indinavir, we were
intrigued by the possibility that the different binding
orientations might enhance the susceptibility of HIV-1
mutant proteases to the monopyrrolinone inhibitors.

When assayed against HIV-1 protease mutant 228,47

monopyrrolinone inhibitors (-)-7 and (-)-23 displayed
IC50 values of 129 and 364 nM, respectively, while
Indinavir displayed an IC50 of 288 nM. We then assayed
inhibitor (+)-24, whose complex with HIV-1 protease
showed the most significant changes relative to that of
Indinavir, against two different HIV-1 protease mu-
tants, 1002-60 and 2006-18.28 Inhibitor (+)-24 displayed
an IC50 value of 33 nM against mutant 1002-60 and 36
nM against mutant 2006-18, while Indinavir displayed
values of 61 and 41 nM, respectively. Importantly, while
we cannot directly compare the results from the three
mutant enzyme assays, the pyrrolinone-based inhibitors
displayed good activity against these mutant enzymes.
That the monopyrrolinone-based inhibitor (+)-24 can
maintain efficacy against several mutant strains of the
enzyme may be due to the different binding conforma-
tions.

Summary and Conclusions

The design, synthesis, and biological evaluation of a
series of monopyrrolinone HIV-1 protease inhibitors
have been achieved. Importantly, this work validated
our initial proposition that use of a monopyrrolinone
scaffold would lead to inhibitors with improved bioavail-
ability relative to both their peptidal counterparts and
our first generation bispyrrolinone inhibitors. Pleas-
ingly, our most potent monopyrrolinone inhibitor (-)-7
displays 13% oral bioavailability in dogs.

Detailed information about the interactions between
pyrrolinone-based inhibitors and enzymes was obtained
via the X-ray crystal structures of the inhibitor-wild-
type HIV-1 protease complexes. In particular, all inhibi-
tors displayed similar orientations of the P2′-P1 sub-
stituents, along with an unexpected hydrogen bond
between the pyrrolinone NH and the enzyme Asp225.
Interactions with the S2 pocket were not optimal, as
illustrated by inclusion of a water molecule in two of
the inhibitor-enzyme complexes. Efforts to increase the
observed affinities by displacing this water molecule and
establishing a hydrogen bond with Asp29 proved unsuc-
cessful. Lack of success with this venture is a testament
to the difficulty of accurately predicting the many
variables that influence and build binding affinity.
Comparison of the overall macromolecular enzyme
conformation between the three complexes and that of
Indinavir revealed modest displacements of the protease
backbone in the flap region of the enzyme to accom-
modate the pyrrolinone ring, accompanied by variations
in hydrogen bonding. Importantly, the binding orienta-
tion of the pyrrolinone-based inhibitors may explain
their sustained efficacy against mutant strains of the
HIV-1 protease enzyme as compared to Indinavir.
Finally, the knowledge gained in these studies holds the

promise of a new generation of HIV-1 protease inhibitors
possessing improved binding affinity and pharmaco-
kinetic properties.

Experimental Section
General Materials and Methods. All nonaqueous reac-

tions were carried out in oven- or flame-dried glassware under
an argon atmosphere and were magnetically stirred. Reactions
were monitored by thin-layer chromatography (TLC) with
Whatman 0.25 mm precoated silica gel plates unless otherwise
noted. Diethyl ether and THF were freshly distilled from
sodium/benzophenone under argon and dichloromethane (CH2-
Cl2) from calcium hydride. Triethylamine (TEA), anhydrous
pyridine, N,N-dimethylformamide (DMF), and toluene were
purchased anhydrous from Aldrich and used without purifica-
tion. Except as otherwise indicated, all reagents were pur-
chased and used without purification. n-Butyllithium was
standardized by titration with diphenylacetic acid. Flash
column chromatography was performed using silica gel 60
(particle size 0.023-0.040 mm) supplied by Silicycle, Inc.
Yields refer to chromatographically and spectroscopically pure
compounds, unless otherwise stated. All melting points were
obtained on a Thomas-Hoover apparatus and are corrected.
Optical rotations were obtained with a Perkin-Elmer model
241 polarimeter in the solvent indicated at the sodium D line
(589 nm) at 25 °C. The values (R) are reported without unit,
the latter (deg mL)/(g dm) being implicit. Infrared spectra were
recorded on a Perkin-Elmer model 283B spectrometer. Proton,
1H (500 MHz), and carbon, 13C (125 MHz), NMR spectra were
recorded on a Bruker AMX-500, and the chemical shifts were
reported relative to solvents. High-resolution mass spectra
(HRMS) were obtained at the University of Pennsylvania,
Mass Spectrometry Service Center, with either a VG Micro-
mass 70/70H or VG ZAB-E spectrometer. Microanalyses were
performed at the University of Pennsylvania. Single-crystal
X-ray structure determinations were performed at the Uni-
versity of Pennsylvania with an Enraf Nonius CAD-4 auto-
mated diffractometer. Analytical reversed-phased high-per-
formance liquid chromatography (HPLC) was carried out
employing a Waters 600E multisolvent delivery system
equipped with a 996 photodiodearray detector on a Zorbax
300SB-C18 (4.6 mm × 150 mm, 3.5 µm) column or a Zorbax
RX-C8 (4.6 mm × 250 mm, 5 µm) column; preparative
reversed-phase HPLC separation was achieved using a Rainin
solvent delivery system equipped with a dynamax detector
(model UV-D) utilizing a C18 Dynamax 300 Å (21.4 mm × 250
mm) column.

Hydroxysulfoximine (-)-12. A solution of (R)-N,S-
dimethyl-S-phenylsulfoximine (-)-11 (8.87 g, 52.4 mmol) in
THF (300 mL) was cooled to 0 °C, and n-BuLi (2.5 M in
hexanes, 22.0 mL, 54.9 mmol) was added dropwise. The
reaction mixture was stirred at room temperature for 15 min
and then cooled to -78 °C. A solution of cyclobutanone (()-10
(7.90 g, 49.9 mmol) in THF (50 mL) was added, and the
solution was stirred for 45 min and poured into a saturated
solution of NH4Cl (300 mL). The aqueous layer was extracted
with Et2O (3 × 200 mL), and the combined extracts were
washed with water (200 mL) and then brine (200 mL). The
organic layer was dried (MgSO4), filtered, and concentrated
in vacuo. The resulting 1:1 mixture of diastereomers proved
inseparable by flash chromatography or HPLC. Fractional
recrystallization from EtOAc/hexanes, however, afforded hy-
droxysulfoximines (-)-12 (6.05 g, 37% yield) along with a
second diastereomer (6.43 g, 39% yield), both in better than
15:1 diastereomeric purity (1H NMR) as white crystalline
solids. The desired diastereomer (-)-12: mp 127-128.5 °C;
[R]D -207 (c 0.99, CHCl3). IR (CDCl3): 3200 (br m), 3000 (m),
1475 (m), 1440 (m), 1240 (s), 1150 (s), 1080 (m) cm-1. 1H NMR
(500 MHz, CDCl3): δ 7.88 (m, 2H), 7.66-7.58 (m, 3H), 7.24
(m, 1H), 7.15-7.10 (m, 3H), 6.72 (br s, 1H), 3.57-3.46 (m, 3H),
3.40 (br d, J ) 13.9 Hz, 1H), 3.00 (ddd, J ) 2.3, 8.7, 13.1 Hz,
1H), 2.89 (ddd, J ) 0.9, 9.9, 16.8 Hz, 1H), 2.78-2.74 (m, 1H),
2.63 (s, 3H), 2.15 (app dd, J ) 5.3, 13.1, 1H). 13C NMR (125
MHz, CDCl3): δ 146.8, 144.9, 138.5, 133.2, 129.5, 129.1, 126.4,
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126.3, 124.5, 123.7, 70.4, 64.6, 48.2, 43.2, 38.4, 31.8, 28.7.
HRMS for mixture of diastereomers (CI, NH3): m/z 328.1370
[(M + H)+; calcd for C19H22NO2S, 328.1371; σ ) 1 ppm]. Anal.
calcd for C19H21NO2S: C, 69.68; H, 6.48; N, 4.28. Found: C,
69.39; H, 6.24; N, 4.24; X-ray.

Cyclobutanone (-)-13. Hydroxysulfoximine (-)-12 (3.50
g, 10.7 mmol) was dissolved in toluene (150 mL), and the
resulting mixture was heated at reflux under argon for 30 h.
The reaction mixture was concentrated in vacuo, and the
residue was purified by flash chromatography (8% EtOAc/
hexanes and then 100% EtOAc) to afford cyclobutanone (-)-
13 (1.61 g, 95% yield) as a waxy white solid and recovered
sulfoximine (1.62 g, 96% yield): mp 44-45 °C; [R]D -349 (c
1.03, CHCl3). IR (CHCl3): 3000 (m), 1780 (s), 1480 (m), 1455
(m), 1390 (m), 1210 (m), 1090 (m) cm-1. 1H NMR (500 MHz,
CDCl3): δ 7.33 (m, 1H), 7.29-7.24 (m, 3H), 4.10-4.07 (m, 2H),
3.66-3.61 (m, 1H), 3.34 (d, J ) 16.9 Hz, 1H), 3.16-3.11 (m,
1H), 2.94-2.90 (m, 1H). 13C NMR (125 MHz, CDCl3): δ 211.9,
144.5, 143.0, 127.3, 125.3, 125.0, 62.7, 55.6, 55.5, 36.5, 33.9.
HRMS (CI, NH3): m/z 159.0813 [(M + H)+; calcd for C11H11O,
159.0810; σ ) 2 ppm]. Anal. calcd for C11H10O: C, 83.50; H,
6.38. Found: C, 83.37; H, 6.44.

Lactone (-)-14. A solution of cyclobutanone (-)-13 (1.39
g, 8.79 mmol) in 90% AcOH/water (30 mL) was treated with
30% H2O2 (0.896 g, 26.33 mmol) in 90% AcOH/water (16 mL).
The resulting mixture was stirred at 5 °C for 20 h, diluted
with water (50 mL), and extracted with Et2O (3 × 60 mL).
The combined organic phases were washed with 10% NaHSO3

(2 × 50 mL), saturated NaHCO3 (2 × 50 mL), and brine (50
mL). The organic phase was dried (MgSO4), filtered, and
concentrated in vacuo. No further purification of the product
was required to yield (-)-14 (1.38 g, 90%) as a white solid:
mp 71-73 °C; [R]D -71.5 (c 1.02, CHCl3). IR (CHCl3): 3020
(m), 1770 (s), 1170 (s), 1140 (m), 1035 (m), 1005 (m). 1H NMR
(500 MHz, CDCl3): δ 7.30-7.24 (m, 4H), 5.31 (m, 1H), 4.05-
4.01 (m, 1H), 3.34 (d, J ) 3.3 Hz, 2H), 3.06 (dd, J ) 9.3, 17.8
Hz, 1H), 2.76 (dd, J ) 1.5, 17.8 Hz, 1H). 13C NMR (125 MHz,
CDCl3): δ 176.2, 142.0, 140.0, 128.2, 127.7, 125.2, 124.6, 84.2,
45.4, 38.9, 35.3. HRMS (CI, NH3): m/z 174.0680 [M+ calcd for
C11H10O2, 174.0681; σ ) 1 ppm]. Anal. calcd for C11H10O2: C,
75.83; H, 5.80. Found: C, 75.68; H, 5.76.

Amide (-)-15. To a solution of L-2-phenethylamine (6.78
mL, 54.1 mmol) in THF (50 mL) was added dropwise Me3Al
(26.6 mL, 53.2 mmol, 2.0 M solution in hexanes) at room
temperature, and the solution was stirred for 50 min, and then,
a solution of racemic lactone 1423a (3.08 g, 17.7 mmol) in THF
(10 mL) was added. The solution was stirred for 18 h, the
reaction was quenched with a saturated solution of Rochelle’s
salt (50 mL), and the product was extracted with Et2O (3 ×
75 mL). The combined organic phases were washed with a
saturated solution of Rochelle’s salt (2 × 25 mL), dried (Na2-
SO4), filtered, and concentrated in vacuo. Flash chromatogra-
phy (3:1, hexanes/EtOAc) furnished (-)-15 (2.49 g, 48%) and
(-)-16 (2.51, 48%) as colorless crystalline solids.

Amide (-)-15. mp 120-122 °C; [R]D -27.0 (c 0.52, CH2Cl2).
IR (CHCl3): 3440 (m), 3320 (m), 3010 (m), 2945 (m), 1650 (s),
1520 (s), 1450 (m) cm-1. 1H NMR (500 MHz, CDCl3): δ 7.33-
7.27 (m, 2H), 7.26-7.22 (m, 1H), 7.20-7.14 (m, 5H), 7.11-
7.03 (m, 1H), 6.17 (d, J ) 7.6 Hz, 1H), 5.12-5.06 (m, 1H),
4.67-4.53 (m, 1H), 3.75 (d, J ) 5.5 Hz, 1H), 3.51-3.47 (m,
1H), 3.14 (dd, J ) 6.4, 16.6 Hz, 1H), 2.90 (dd, J ) 3.7, 16.5
Hz, 1H), 2.70 (dd, J ) 4.6, 14.0 Hz, 1H), 2.62 (dd, J ) 9.8,
13.9 Hz, 1H), 1.48 (d, J ) 6.9 Hz, 3H). 13C NMR (125 MHz,
CDCl3): δ 172.1, 143.1, 142.8, 141.0, 128.7, 127.3, 127.2, 126.7,
126.0, 125.1, 123.72, 73.71, 50.0, 47.2, 40.6, 36.3, 21.7. HRMS
(CI+): m/z 296.1641 [(M+); calcd for C19H21NO2, 296.1650].

Amide (-)-16. mp 142-144 °C; [R]D -52.9 (c 0.38, CH2Cl2).
IR (CHCl3): 3440 (w), 3360 (w), 3010 (m), 2980 (m), 1735 (s),
1655 (s), 1515 (m), 1380 (s), 1250 (s), 1050 (s) cm-1. 1H NMR
(500 MHz, CDCl3): δ 7.35-7.31 (m, 2H), 7.29-7.24 (m, 3H),
7.20 (d, J ) 6.6 Hz, 1H), 7.18-7.12 (m, 2H), 7.06 (d, J ) 7.1
Hz, 1H), 6.20 (d, J ) 7.5 Hz, 1H), 5.10-5.07 (m, 1H), 4.68-
4.65 (m, 1H), 3.82 (d, J ) 5.4 Hz, 1H), 3.49-3.45 (m, 1H), 3.15
(dd, J ) 6.3, 16.5 Hz, 1H), 2.92 (dd, J ) 3.6, 16.5 Hz, 1H),

2.68-2.60 (m, 2H), 1.40 (d, J ) 7.0 Hz, 3H). 13C NMR (125
MHz, CDCl3): δ 172.1, 143.1, 142.9, 140.9, 128.7, 127.4, 127.2,
126.7, 126.1, 125.1, 123.7, 73.8, 48.9, 47.1, 40.6, 36.2, 21.5.
HRMS (CI+): m/z 296.1643 [(M + H)+; calcd for C19H21NO2,
296.1650].

Lactone (-)-14. To a solution of amide (-)-15 (3.6 g, 12.2
mmol) in CH2Cl2 (100 mL) was added p-TSA‚H2O (2.3 g, 12.2
mmol). After it was stirred for 24 h, the mixture was diluted
with a 5% solution of citric acid (25 mL), the organic phase
was separated, and the aqueous phase was extracted with CH2-
Cl2 (2 × 25 mL). The combined organic phases were then
washed with 5% citric acid and saturated NaHCO3, dried
(MgSO4), filtered, and concentrated in vacuo. The residue was
purified by column chromatography (3:1, hexanes/EtOAc) to
give (-)-14 (2.12 g, 100%) as a white crystalline solid, identical
to that prepared above.

TBS-Protected Hydroxyamide (+)-17. A solution of
lactone (-)-14 (1.20 g, 6.89 mmol) in benzene (70 mL) was
treated with a stock solution of trimethyl aluminum and
N,O-dimethylhydroxylamine [MeClAlN(OMe)Me] (0.67 M in
benzene, 20.6 mL, 13.8 mmol) and stirred for 16 h. The
reaction mixture was then added to a saturated solution of
Rochelle’s salt (250 mL), and Et2O (200 mL) was added. The
phases were separated, and the aqueous phase was extracted
with ether (3 × 200 mL). The combined organic phases were
washed with a saturated solution of Rochelle’s salt (200 mL)
and then dried (MgSO4), filtered, and concentrated in vacuo.
The resultant hydroxyamide (1.54 g, 6.54 mmol) was then
dissolved in CH2Cl2, cooled to -78 °C, and treated with 2,6-
lutidine (1.14 mL, 9.82 mmol) and TBSOTf (2.25 mL, 9.82
mmol). The resulting mixture was stirred at -78 °C for 30
min and then added to a solution of water (150 mL) and brine
(50 mL). The aqueous layer was extracted with Et2O (2 × 250
mL), and the combined organic phases were washed with a
10% solution NaHSO4 (2 × 200 mL), saturated NaHCO3 (200
mL), and brine (200 mL), dried (MgSO4), filtered, and concen-
trated in vacuo. Flash chromatography (15-20% EtOAc/
hexanes gradient) furnished (+)-17 (2.02 g, 84% yield for two
steps) as a colorless oil: [R]D + 4.2 (c 1.0, CHCl3). IR (CHCl3):
2975 (m), 2965 (m), 1650 (s), 1470 (m), 1460 (m), 1380 (m),
1250 (m), 1110 (s), 1065 (m), 1000 (m), 830 (s) cm-1. 1H NMR
(500 MHz, CDCl3): δ 7.21-7.12 (m, 4H), 4.73 (app q, J ) 6.1
Hz, 1H), 3.69 (app q, J ) 7.1 Hz, 1H), 3.55 (br s, 3H), 3.18 (s,
3H), 3.06 (dd, J ) 6.3, 15.7 Hz, 1H), 2.95 (dd, J ) 7.2, 16.8
Hz, 1H), 2.86 (dd, J ) 5.5, 15.7 Hz, 1H), 2.64 (dd, J ) 6.6,
16.4 Hz, 1H), 0.87 (s, 9H), 0.09 (s, 3H), 0.06 (s, 3H). 13C NMR
(125 MHz, CDCl3): δ 174.0, 144.4, 140.4, 126.8, 126.4, 124.6,
124.4, 74.7, 61.0, 45.1, 40.8, 32.1 (br), 30.9, 25.9, 18.1, -4.7,
-4.9. HRMS (CI, NH3): m/z 350.2138 [(M + H)+; calcd for
C19H32NO3Si, 350.2151; σ ) 3 ppm]. Anal. calcd for C19H31-
NO3Si: C, 65.27; H, 8.96; N, 4.01. Found: C, 65.27; H, 9.04;
N, 3.90.

TBS-Protected Hydroxyaldehyde (-)-9. To a solution of
(+)-17 (2.0 g, 5.73 mmol) in THF (45 mL) at -78 °C was added
DIBAL dropwise (1.0 M in hexane, 6.32 mL, 6.32 mmol). After
45 min, MeOH (1 mL) was carefully added and the mixture
was poured into a saturated solution of Rochelle’s salt. The
aqueous phase was extracted with Et2O (3 × 25 mL), and the
combined organic phases were dried (MgSO4), filtered, and
concentrated in vacuo. Flash chromatography (9:1 hexanes/
EtOAc) afforded (-)-9 (1.53 g, 92% yield) as a colorless oil:
[R]D -39.9 (c 1.04, CHCl3). IR (CHCl3): 2960 (s), 2930 (s), 2890
(s), 2860 (s), 1725 (s) cm-1. 1H NMR (500 MHz, CDCl3): δ 9.88
(s, 1H), 7.17 (m, 4H), 4.71 (q, J ) 6.3 Hz, 1H), 3.71 (q, J ) 6.2
Hz, 1H), 3.07 (dd, J ) 6.5, 15.7 Hz, 1H), 2.97 (dd, J ) 8.1,
17.5 Hz, 1H), 2.88 (dd, J ) 6.0, 15.7 Hz, 1H), 2.56 (dd, J )
5.7, 17.5 Hz, 1H), 0.87 (s, 9H), 0.09 (s, 3H), 0.07 (s, 3H). 13C
NMR (125 MHz, CDCl3): δ 202.1, 143.5, 140.2, 127.1, 126.8,
124.8, 124.1, 74.4, 44.4, 43.2, 40.5, 25.8, 18.1, -4.7, -5.0.
HRMS (CI, NH3): m/z 291.1793 [(M + H)+; calcd for C17H27O2-
Si, 291.1780; σ ) 4 ppm]. Anal. calcd for C17H26O2Si: C, 70.28;
H, 9.04. Found: C, 69.96; H, 9.26.

Monopyrrolinone (+)-18. TBS-protected hydroxyaldehyde
(-)-9 (81.4 mg, 0.280 mmol) was combined with aminoester14b
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(+)-8 (135.3 mg, 0.280 mmol) in CHCl3 (5 mL), and the solvent
was removed in vacuo. The residue was redissolved in dry
toluene (3-5 mL) and subsequently concentrated in vacuo with
gentle warming for five cycles. The resulting imine was then
stored under vacuum for 16 h, dissolved in THF (3 mL), and
treated dropwise with KHMDS (0.5 M solution in toluene, 1.68
mL, 0.84 mmol) at room temperature. During the addition,
the color of the reaction mixture changed from pale yellow to
deep violet. After 10 min, the reaction mixture was quenched
with 10% NaHSO4 (10 mL) and the resulting mixture was
extracted with EtOAc (2 × 15 mL). The combined organic
phases were washed with brine (10 mL), dried (MgSO4),
filtered, and concentrated in vacuo. Flash chromatography (5-
15% EtOAc/hexanes gradient) afforded (+)-18 (123.5 mg, 61%
yield) as a pale yellow glass: [R]D + 9.3 (c 0.4 CHCl3). IR
(CHCl3): 3425 (m), 2960 (m), 2930 (s), 2860 (m), 1685 (s), 1660
(s), 1580 (s), 1390 (s), 1370 (s), 1250 (s), 1170 (s), 1160 (s), 1120
(m), 1090 (s), 1060 (s) cm-1. 1H NMR (500 MHz, CDCl3, 330
K): δ 7.61 (br d, J ) 2.7 Hz, 1H), 7.30-7.09 (m, 14H), 6.95 (br
t, J ) 7.4 Hz, 1H), 6.72 (br d, J ) 7.5 Hz, 1H), 5.17 (br s, 1H),
4.63 (m, 1H), 4.30 (br d, J ) 5.1 Hz, 1H), 3.73 (td, J ) 1.3, 8.3
Hz, 1H), 3.56 (td, J ) 2.2, 6.6 Hz, 1H), 3.15 (dd, J ) 5.2, 15.9
Hz, 1H), 2.94 (dd, J ) 2.6, 15.9 Hz, 1H), 2.85-2.75 (m, 2H),
2.07 (app br d, J ) 12.6 Hz, 1H), 1.79 (dd, J ) 9.4, 14.5 Hz,
1H), 1.51 (s, 9H), 1.33 (s, 3H), 0.86 (s, 12H, overlapping
singlets), 0.08 (s, 3H), 0.01 (s, 3H). 13C NMR (125 MHz, CDCl3,
330 K): δ 203.2, 164.8, 152.1, 144.6, 141.2, 136.8, 136.6, 130.5,
128.4, 128.3, 126.8, 126.5, 126.5, 126.3, 124.5, 124.5, 112.3,
94.4, 80.0, 75.5, 74.0, 69.1, 63.6, 53.2, 44.7, 43.4, 42.1, 38.8,
28.6, 27.9, 26.0, 25.8, 18.2, -4.4, -4.8. HRMS (FAB, m-
nitrobenzyl alcohol): m/z 745.4044 [(M + Na)+; calcd for
C44H58N2O5SiNa, 745.4013].

Monopyrrolinone (+)-19. Monopyrrolinone (+)-18 (161
mg, 0.223 mmol) was dissolved in 1 N anhydrous methanolic
HCl (22 mL), and the resulting solution was stirred at room
temperature for 4.5 h. Solid NaHCO3 was then added portion-
wise until the evolution of gas ceased. Most of the methanol
was then removed in vacuo, and the residue was dissolved in
a mixture of EtOAc (30 mL) and saturated NaHCO3 (30 mL).
The phases were separated, and the aqueous phase was
extracted with EtOAc (2 × 30 mL). The combined organic
phases were then washed with brine (30 mL), dried (MgSO4),
filtered, and concentrated in vacuo. Flash chromatography (6%
MeOH-saturated with NH3/CH2Cl2) furnished (+)-19 (95 mg,
91% yield) as a white solid: mp 74 °C (dec); [R]D + 3.8 (c 0.99,
CHCl3). IR (CHCl3): 3570 (m), 3450 (m), 3400 (br m), 3300
(br m), 2920 (m), 1650 (s), 1570 (s), 1460 (m), 1170 (m), 900
(br s), 730 (br s) cm-1. 1H NMR (500 MHz, CDCl3): 7.56 (s,
1H), 7.31 (t, J ) 7.6 Hz, 2H), 7.28-7.18 (m, 9H), 7.14 (t, J )
7.4 Hz, 1H), 7.09 (t, J ) 7.3 Hz, 1H), 6.99 (br s, 1H), 6.77 (d,
J ) 7.4 Hz, 1H), 4.24 (td, J ) 4.9, 1.3 Hz, 1H), 4.07 (d, J ) 4.6
Hz, 1H), 3.57-3.54 (m, 1H), 3.16 (d, J ) 13.1 Hz, 1H), 3.04
(dd, J ) 5.1, 16.3 Hz, 1H), 2.98 (d, J ) 13.2 Hz, 1H), 3.00-
2.96 (m, overlapping with another signal, 1H), 2.90 (m, 1H),
2.86 (d, J ) 16.3 Hz, 1H), 2.55 (dd, J ) 9.1, 13.5 Hz, 1H), 2.24
(dd, J ) 2.5, 14.4 Hz, 1H), 2.19 (very br s, ∼4H), 2.02 (dd, J )
9.0, 14.4 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 203.8, 165.0,
142.6, 141.6, 138.5, 135.1, 130.1, 129.2, 128.6 127.8, 127.1,
126.7, 126.5, 126.4, 124.9, 124.1, 109.8, 74.2, 70.6, 69.8, 57.0,
45.7, 43.6, 40.9, 40.5, 40.4. HRMS (CI, NH3): m/z 469.2489
[(M + H)+; calcd for C30H33N2O3, 469.2490; σ ) 1 ppm].

Boc-Monopyrrolinone Inhibitor (-)-6. A solution of free
amine (+)-19 (13.0 mg, 0.0277 mmol) in CH2Cl2 (1 mL) was
treated with (Boc)2O (7.2 mg, 0.033 mmol) and Et3N (0.0097
mL, 0.069 mmol), and the resultant solution was stirred at
room temperature for 2.5 h. The reaction was then quenched
with 10% NaHSO4 (5 mL), and the mixture was extracted with
EtOAc (2 × 8 mL). The combined organic phases were then
washed with 10% NaHSO4 (5 mL), saturated NaHCO3 (5 mL),
and brine (5 mL), dried (MgSO4), filtered, and concentrated
in vacuo. Flash chromatography (45-65% EtOAc/hexanes,
gradient) afforded (-)-6 (13.5 mg, 86% yield) as a white solid:
mp 212-213 °C; [R]D -26 (c 1.0, CHCl3). IR (CHCl3): 3560
(m), 3440 (m), 3280 (br m), 3000 (m), 1680 (s), 1490 (s), 1160

(s), 900 (s) cm-1. 1H NMR (500 MHz, CDCl3, 330 K): δ 7.49 (s,
1H), 7.30-7.04 (m, 14H), 6.79 (br d, J ) 7.3 Hz, 1H), 6.34 (br
s, 1H), 5.03 (br d, J ) 9.1 Hz, 1H), 4.24 (m, 1H), 4.06 (d, J )
4.6 Hz, 1H), 4.00 (br d, J ) 8.9 Hz, 1H), 3.65 (q, J ) 7.7 Hz,
1H), 3.13 (d, J ) 13.2 Hz, 1H), 3.03 (dd, J ) 16.3, 5.0 Hz, 1H),
2.95 (m, 2H), 2.84-2.80 (m, 2H), 2.01 (dd, J ) 14.2, 9.4 Hz,
1H), 1.90 (br d, J ) 12.6 Hz, 1H), 1.40 (s, 9H). 13C NMR (125
MHz, CDCl3, 330 K): δ 204.4, 164.4, 156.6, 142.6, 141.7, 138.5,
134.9, 130.2, 129.5, 128.6, 128.1, 127.3, 127.0, 126.5, 126.5,
125.0, 124.2, 110.4, 79.7, 74.3, 70.6, 68.2, 57.5, 45.5, 42.2, 40.5,
40.5, 38.9, 28.4. HRMS (FAB, m-nitrobenzyl alcohol): m/z
591.2848 [(M + Na)+; calcd for C35H40N2O5Na, 591.2835]. Anal.
calcd for C35H40N2O5: C, 73.91; H, 7.10; N, 4.93. Found: C,
73.59; H, 7.19; N, 4.70.

Tetrahydrofuranylcarbamate-Monopyrrolinone (-)-
7. A solution of free amine (+)-19 (170 mg, 0.363 mmol) in
CH2Cl2 (10 mL) was treated with tetrahydrofuranylsuccidi-
midyl carbonate (+)-20 (104 mg, 0.453 mmol) and Et3N (110
mg, 1.09 mmol), and the solution was stirred at room temper-
ature for 6.5 h. The reaction was quenched with CH2Cl2 (30
mL) and 10% NaHSO4 (30 mL), and the resultant phases were
separated. The organic layer was washed again with 10%
NaHSO4 (30 mL). The combined aqueous phases were ex-
tracted with CH2Cl2 (2 × 30 mL), and the combined organic
phases were washed with saturated NaHCO3 (30 mL) and
brine (30 mL), dried (MgSO4), filtered, and concentrated in
vacuo. Flash chromatography (80-90% EtOAc/hexanes, gradi-
ent) furnished (-)-7 (183 mg, 87% yield) as a pale yellow
glass: [R]D -55 (c 0.18, CHCl3). IR (CHCl3): 3700 (m), 3440
(m), 3350 (br m), 3020 (m), 1715 (s), 1360 (m), 1210 (s) cm-1.
1H NMR (500 MHz, CDCl3, 330 K): δ 7.54 (s, 1H), 7.32-7.17
(m, 10H), 7.13 (t, J ) 7.3 Hz, 1H), 7.08 (t, J ) 7.3 Hz, 1H),
7.03 (d, J ) 6.6 Hz, 2H), 6.77 (d, J ) 7.4 Hz, 1H), 6.29 (br s,
1H), 5.17-5.12 (m, 2H), 4.31 (m, 1H), 4.07-4.03 (m, 2H), 3.90-
3.76 (m, 4H), 3.7 (m, 2H), 3.14 (d, J ) 13.4 Hz, 1H), 3.05 (dd,
J ) 5.2, 16.3 Hz, 1H), 2.98 (dd, J ) 7.8, 13.6 Hz, 1H), 2.93-
2.80 (m, 3H), 2.10 (app br s, 1H), 2.03-1.89 (m, 3H). 13C NMR
(125 MHz, CDCl3, 330 K): δ 204.7, 164.3, 156.5, 142.5, 141.6,
138.3, 134.8, 130.1, 129.5, 128.6, 128.2, 127.4, 127.0, 126.6,
126.6, 125.1, 124.2, 110.8, 75.5, 74.3, 73.3, 70.6, 67.9, 67.0, 57.9,
45.5, 42.3, 40.5, 40.4, 38.9, 32.8. HRMS (CI, NH3): m/z
583.2802 [(M + H)+; calcd for C35H39N2O6, 583.2808; σ ) 1
ppm].

Indanol (+)-21. To a solution of pyrrolinone (+)-18 (83 mg,
0.115 mmol) in THF (1 mL) at room temperature was added
TBAF (0.23 mL, 0.23 mmol, 1.0 M solution in THF). After it
was stirred for 24 h, saturated NH4Cl (1 mL) was added and
the reaction mixture was poured into EtOAc (2 mL). The
aqueous phase was then extracted with EtOAc (2 × 3 mL),
the combined organic extracts were dried (MgSO4), filtered,
and concentrated in vacuo. Flash chromatography (50% EtOAc:
hexanes) afforded (+)-21 (53 mg, 76%) as a white amorphous
solid: [R]D + 14.7 (c 1.00, CHCl3). IR (CHCl3): 3560 (w), 3420
(w), 3002 (w), 2980 (s), 2920 (m), 1680 (s), 1665 (s), 1575 (s),
1395 (s), 1380 (s), 1370 (s), 1200 (m), 1170 (m), 1120 (m), 1080
(m), 1040 (w), 700 (s) cm-1. 1H NMR (500 MHz, CDCl3): δ 7.38
(d, J ) 3.6 Hz, 1H), 7.30-7.10 (m, 14H), 7.00 (t, J ) 7.1 Hz,
1H), 6.58 (d, J ) 7.2 Hz, 1H), 5.40 (apparent bs, 1H), 4.15 (m,
2H), 3.80 (dd, J ) 7.1, 6.7 Hz, 1H), 3.75 (bm, 1H), 3.38 (bm,
1H), 3.05 (m, 2H), 2.90 (m, 1H), 2.84 (s, 1H), 2.80 (d, J ) 4.7
Hz, 1H), 2.38-2.12 (br m, 1H), 2.20 (dd, J ) 8.4, 14.6 Hz, 1H),
1.58 (s, 12H), 1.12-0.88 (br m, 3H). 13C NMR (125 MHz,
CDCl3): δ 202.8, 164.6, 142.4, 141.9, 136.7, 135.0, 130.1, 128.4,
127.8, 127.2, 126.8, 126.3, 124.9, 124.2, 111.2, 80.2, 73.5, 70.2,
63.2, 45.4, 43.3, 40.2, 28.5, 25.7. HRMS (Cl, NH3): m/z
609.3316 [(M + H)+; calcd for C38H45N2O5, 609.3328; σ ) 2
ppm].

Trichloroacetyl Carbamate (+)-22. To a solution of
indanol (+)-18 (67 mg, 0.110 mmol) in CH2Cl2 (1 mL) at room
temperature was added trichloroacetylisocyanate (0.013 mL,
0.110 mmol), and after 1 h, the solvent was removed in vacuo.
Flash chromatography (5-25% EtOAc:hexanes, gradient)
furnished (+)-22 (67 mg, 76%) as a colorless oil; [R]D + 7.0 (c
1.00, CHCl3). IR (CHCl3): 3680 (w), 3540 (w), 3450 (m), 3010
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(m), 2960 (s), 2920 (m), 1735 (s), 1680 (s), 1665 (s), 1580 (s),
1390 (s), 1380 (s), 1370 (s), 1325 (w), 1200 (s), 710 (s) cm-1. 1H
NMR (500 MHz, CDCl3): δ 7.80 (bs, 1H), 7.67 (d, J ) 3.9 Hz,
1H), 7.26-7.02 (m, 14H), 6.62 (d, J ) 7.4 Hz, 1H), 5.38 (d, J
) 3.6 Hz, 1H), 5.29 (s, 1H), 4.47 (br s, 1H), 3.78 (t, J ) 7.1 Hz,
1H), 3.67 (br s, 1H), 3.27 (dd, J ) 4.5, 17.1 Hz, 1H), 3.08 (d, J
) 17.2 Hz, 1H), 2.98 (d, J ) 12.2 Hz, 1H), 2.86 (m, 1H), 2.79
(d, J ) 13.2 Hz, 1H), 2.33-2.11 (br m, 1H), 1.95 (dd, J ) 8.7,
14.5 Hz, 1H), 1.55 (bs, 12H), 1.04-0.83 (br m, 3H). 13C NMR
(125 MHz, CDCl3): δ 202.4, 165.1, 156.9, 149.5, 142.7, 139.8,
136.7, 135.2, 130.6, 130.2, 128.3, 127.6, 127.1, 126.8, 126.8,
126.5, 124.7, 124.0, 109.4, 92.0, 81.7, 80.1, 69.7, 63.3, 43.5, 42.4,
38.7, 29.7, 28.5, 28.3, 25.7. HRMS (Cl, NH3): m/z 818.2142
[(M + Na)+; calcd for C41H45N3O7, 818.2160; σ ) 2.5 ppm].

Carbamate (-)-23. To a solution of (+)-22 (67 mg, 0.084
mmol) in MeOH (2 mL) was added p-TSA (64 mg, 0.34 mmol),
and after it was stirred for 72 h, the solvent was removed in
vacuo with low heat. The residue was diluted with CH2Cl2 (2
mL), saturated NaHCO3 was added, the mixture was stirred
for 10 min, and the aqueous phase was extracted with CH2-
Cl2 (2 × 5 mL). The combined organic phases were then dried
(MgSO4), filtered, and concentrated in vacuo, and the residue
was dissolved in CH2Cl2 (1 mL). To this solution were added
(+)-20 (9.8 mg, 0.043 mmol) and Et3N (0.012 mL, 0.087 mmol).
After it was stirred at room temperature for 18 h, the reaction
was quenched by adding a mixture of CH2Cl2 (2 mL) and 10%
NaHSO4 (3 mL), the aqueous phase was extracted with CH2-
Cl2 (2 × 2 mL), and the combined organic phases were dried
(MgSO4), filtered, and concentrated in vacuo. Flash chroma-
tography (50-100% EtOAc:hexanes, gradient) afforded (-)-
23 as a white solid (8 mg, 15%): [R]D - 43 (c 0.27, CHCl3). IR
(CHCl3): 3440 (m), 3340 (br), 3020 (s), 2940 (m), 1720 (s), 1710
(s), 1640 (w), 1575 (s), 1495 (m), 1330 (w), 1220 (m), 1205 (m),
1085 (s), 1050 (s), 720 (s) cm-1. 1H NMR (500 MHz, CDCl3,
330 K): δ 7.67 (br s, 1H), 7.36-7.28 (m, 4H), 7.26-7.15 (m,
7H), 6.93 (d, J ) 7.1 Hz, 1H), 6.80 (d, J ) 7.0 Hz, 2H), 5.46-
5.43 (m, 1H), 5.29-5.20 (br, 1H), 5.18-5.13 (br, 1H), 5.12-
5.07 (br, 1H), 4.65 (s, 1H), 4.61-4.48 (br, 2H), 4.31 (d, J ) 6.0
Hz, 1H), 4.14 (d, J ) 8.5 Hz, 1H), 4.00-3.79 (br, 3H), 3.72 (d,
J ) 9.8 Hz, 1H), 3.69-3.61 (br, 1H), 3.26 (dd, J ) 5.9, 16.6
Hz, 1H), 3.15 (br d, J ) 15.9 Hz, 1H), 2.98-2.85 (m, 4H), 2.20-
2.08 (br, 1H), 2.05-1.94 (br, 1H), 1.81-1.70 (br m, 1H), 1.65
(d, J ) 14.4 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 205.5,
162.5, 156.1, 142.2, 140.6, 138.3, 135.1, 130.0, 129.6, 128.6,
128.4, 127.19, 127.13, 126.8, 126.6, 124.7, 124.1, 109.9, 77.4,
75.3, 73.4, 70.0, 67.1, 67.0, 58.0, 43.6, 40.9, 38.9, 38.8, 38.7,
32.8, 29.6. HRMS (Cl, NH3): m/z 626.2860 [(M + H)+; calcd
for C36H40N3O7, 628.2866; σ ) +1 ppm]. Anal. calcd for
C36H39N3O7‚0.5H2O: C, 68.12; H, 6.35; N, 6.62. Found: C,
68.04; H, 6.17; N, 6.23.

Oxazolidinone (+)-28. To a solution of freshly recrystal-
lized CuBr‚DMS (2.47 g, 12.0 mmol) in a mixture of THF (110
mL) and DMS (17 mL) at -40 °C was added dropwise
allylmagnesium chloride (2 M solution in THF, 23.9 mmol, 11.9
mL). After it was stirred for 30 min, the solution was cooled
to -78 °C, and a solution of oxazolidinone (+)-2741 (2.45 g, 7.98
mmol) in THF (110 mL) was added via cannula. After 45 min,
the reaction was complete by TLC analysis, saturated NH4Cl
(50 mL) was added, and the mixture was warmed to room
temperature. Excess DMS was removed by bubbling air
through the reaction mixture (90 min) with the outlet con-
nected to a bleach trap. The aqueous phase was then extracted
with EtOAc (3 × 100 mL), and the combined organic phases
were dried (MgSO4), filtered, and concentrated in vacuo.
Recrystallization from DCM/hexanes (1:10) afforded diaste-
reomerically pure (+)-28 (2.35 g, 84%) as a white crystalline
solid (the initial isomer ratio was >60:1 as measured by 1H
NMR of the crude reaction mixture): mp 90-91 °C; [R]D +
66.5 (c 1.14, CHCl3). IR (neat): 1781 (s), 1699 (s), 1385 (m),
1352 (m), 1210 (m), 1196 (m) cm-1. 1H NMR (500 MHz,
CDCl3): δ 7.33-7.25 (m, 6H), 7.21-7.16 (m, 4H), 5.76-5.68
(m, 1H), 5.05 (d, J ) 17.1 Hz, 1H), 5.01 (d, J ) 10.2 Hz, 1H),
4.51-4.48 (m, 1H), 4.05 (dd, J ) 1.6, 9.0 Hz, 1H), 3.98 (t, J )
8.4 Hz, 1H), 3.44-3.36 (m, 2H), 3.25 (dd, J ) 3.1, 14.0 Hz,

1H), 3.20 (dd, J ) 3.3, 13.4 Hz, 1H), 2.66 (dd, J ) 9.8, 13.4
Hz, 1H), 2.48-2.44 (m, 2H). 13C NMR (125 MHz, CDCl3): δ
171.8, 153.3, 143.6, 136.0, 135.3, 129.3, 128.9, 128.4, 127.7,
127.3, 126.5, 116.9, 66.0, 55.1, 41.4, 41.0, 40.9, 37.8. LRMS
(ES+): 721 (2M + Na), 372 (M + Na). HRMS (ES+): m/z
372.1586 [(M + Na)+; calcd for C22H23NO3Na, 372.1576; σ )
-2.8 ppm]. Anal. calcd for (C22H23NO3): C, 75.62%; H, 6.63%;
N, 4.01%. Found: C, 75.61%; H, 6.69%; N, 3.87%.

Alcohol (+)-29. To a solution of oxazolidinone (+)-28 (2.7
g, 7.74 mmol) in THF (50 mL) were added LiBH4 (2 M solution
in THF, 4.26 mL, 8.52 mmol) and MeOH (0.310 mL, 7.74
mmol) at 0 °C. The solution was then stirred at room
temperature for 4 h and then NaOH (1 N in H2O, 25 mL) was
added, and the aqueous phase was extracted with Et2O (3 ×
150 mL). The combined organic phases were dried (MgSO4),
filtered, and concentrated in vacuo. Flash chromatography (5:1
hexanes/EtOAc) furnished (+)-29 (1.19 g, 87%) as a colorless
oil: [R]D + 0.3 (c 1.1, CHCl3). IR (neat): 3339 (br), 2929 (s),
1494 (m), 1452 (m), 1045 (s), 912 (s) cm-1. 1H NMR (500 MHz,
CDCl3): δ 7.31-7.25 (m, 2H), 7.21-7.16 (m, 3H), 5.70-5.63
(m, 1H), 4.98 (dd, J ) 1.2, 17.0 Hz, 1H), 4.94 (dd, J ) 1.0,
10.1 Hz, 1H), 3.56-3.51 (m, 1H), 3.48-3.43 (m, 1H), 2.81-
2.77 (m, 1H), 2.39 (dt, J ) 1.0, 7.2 Hz, 2H), 2.02-1.96 (m, 1H),
1.83-1.77 (m, 1H), 1.39 (br s, 1H). 13C NMR (125 MHz,
CDCl3): δ 144.5, 136.7, 128.4, 127.6, 126.3, 116.1, 60.9, 42.2,
41.3, 38.6. LRMS (CI+): 177 (M + H), 159 (M - OH), 135 (M
- allyl). HRMS (CI+): m/z 176.1195 [(M)+; calcd for C12H16O,
176.1201; σ ) +3.2 ppm].

Acetate (+)-30. To a solution of alcohol (+)-29 (1.15 g, 6.53
mmol) in CH2Cl2 (50 mL) at 0 °C were added Et3N (1.10 mL,
7.84 mmol), Ac2O (0.739 mL, 7.84 mmol), and DMAP (15 mg).
After 1 h, a saturated solution of NH4Cl (25 mL) was added,
the aqueous phase was extracted with CH2Cl2 (3 × 50 mL),
and the combined organic phases were dried (Na2SO4), filtered,
and concentrated in vacuo. Flash chromatography (95:5 hex-
anes/EtOAc) afforded (+)-30 (1.28 g, 90%) as a colorless
liquid: [R]D + 22.3 (c 0.91, CHCl3). IR (neat): 1740 (s), 1366
(w), 1239 (s), 1039 (m) cm-1. 1H NMR (500 MHz, CDCl3): δ
7.31-7.28 (m, 2H), 7.21-7.15 (m, 3H), 5.70-5.62 (m, 1H),
4.97-4.94 (m, 2H), 4.00-3.95 (m, 1H), 3.91-3.86 (m, 1H),
2.78-2.72 (m, 1H), 2.39 (t, J ) 7.1 Hz, 2H), 2.07-2.01 (m, 1H),
1.98 (s, 3H), 1.90-1.85 (m, 1H). 13C NMR (125 MHz, CDCl3):
δ 170.9, 143.8, 136.4, 128.4, 127.6, 126.4, 116.3, 62.8, 42.5, 41.2,
34.4, 20.8. LRMS (CI+): 219 (M + H), 177 (M - allyl), 159 (M
- OAc). HRMS (CI+): m/z 219.1378 [(M + H)+; calcd for
C14H19O2, 219.1385; σ ) +3.2 ppm].

Acid (+)-31. To a solution of alkene (+)-30 (459 mg, 2.11
mmol) in a mixture of H2O (11.1 mL), CH2Cl2 (7.3 mL), and
MeCN (7.3 mL) were added RuO2‚H2O (12 mg, 0.093 mmol)
and NaIO4 (1.99 g, 9.28 mmol). The mixture was vigorously
stirred at room temperature for 3 h, at which point a white
precipitate appeared. Additional amounts of RuO2‚H2O (12 mg,
0.093 mmol) and NaIO4 (1.99 g, 9.28 mmol) were required, and
after 1 h, the reaction was complete. A 1 N aqueous solution
of HCl (20 mL) was added, followed by solid Na2SO3 in small
portions (exothermic), until the reddish/brown color had disap-
peared. The aqueous phase was then extracted with CH2Cl2

(4 × 100 mL), and the combined organic phases were washed
with 10% Na2S2O3 (100 mL), dried (Na2SO4), filtered, and
concentrated in vacuo. The residue was then treated with
saturated NaHCO3 (30 mL) and washed with CH2Cl2 (4 × 20
mL). The aqueous phases were acidified to pH 1 using
concentrated HCl and extracted with CH2Cl2 (4 × 40 mL), and
the combined organic phases were dried (Na2SO4), filtered, and
concentrated in vacuo to afford (+)-31 (291 mg, 58%) as a
yellowish oil: [R]D + 12.8 (c 0.90, CHCl3). IR (neat): 2922 (br),
1738 (s), 1710 (s), 1238 (s), 1042 (m) cm-1. 1H NMR (500 MHz,
CDCl3): δ 7.31-7.17 (m, 5H), 4.00-3.96 (m, 1H), 3.87-3.82
(m, 1H), 3.26-3.20 (m, 1H), 2.69 (dd, J ) 7.3, 15.7 Hz, 1H),
2.65 (dd, J ) 7.7, 15.9 Hz, 1H), 2.09-2.02 (m, 1H), 1.98 (s,
3H), 1.95-1.89 (m, 1H). 13C NMR (125 MHz, CDCl3): δ 177.8,
171.1, 142.4, 128.7, 127.3, 126.9, 62.3, 41.1, 38.6, 34.6, 20.8.
LRMS (CI+): 237 (M + H), 219 (M - OH), 177 (M - OAc).
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HRMS (CI+): m/z 237.1122 [(M + H)+; calcd for C13H17O4,
237.1127; σ ) +1.9 ppm].

Tetrahydroisoquinolyl Acetate (+)-32. To a solution of
acid (+)-31 (202 mg, 0.856 mmol) in THF (20 mL) were added
TEA (0.477 mL, 3.41 mmol) and diphenylphosphoryl azide
(0.366 mL, 1.70 mmol). After it was stirred at room temper-
ature for 3 h, water (20 mL) was added, the aqueous phase
was extracted with EtOAc (3 × 50 mL), and the combined
organic phases were dried (MgSO4), filtered, and concentrated
(without heating) in vacuo. Flash chromatography (10:1 hex-
anes/EtOAc) provided the corresponding acyl azide (159 mg,
71%). This compound was placed under vacuum for 1 h and
dissolved with toluene (15 mL), and the solution was heated
to 110 °C until the acyl azide had disappeared by IR spectros-
copy. Upon completion (∼ 20 min), the solution was cooled and
concentrated in vacuo to give isocyanate 26 (142 mg, 100%),
which was then placed under vacuum for 1 h. Isocyanate 26
was then dissolved in dichloroethane (40 mL), AlCl3 (323 mg,
2.43 mmol) was added, and the mixture was heated to 60 °C
(internal temperature). Heating was maintained for 18 h,
during which time the solution turned gradually from yellow
to black. The reaction mixture was then cooled to room
temperature, and water (18 mL) was slowly added, followed
by a 10% aqueous solution of Rochelle’s salt (10 mL). The
aqueous phase was then extracted with CH2Cl2 (4 × 30 mL),
and the combined organic phases were dried (MgSO4), filtered,
and concentrated in vacuo. Flash chromatography (95:5 CH2-
Cl2/MeOH) furnished (+)-32 (99 mg, 70%) as a yellow oil: [R]D

+ 148 (c 1.05, CHCl3). IR (neat): 3252 (br), 2361 (m), 2339
(m), 1736 (s), 1668 (s), 1476 (m), 1239 (s) cm-1. 1H NMR (500
MHz, CDCl3): δ 8.06 (d, J ) 7.6 Hz, 1H), 7.46 (t, J ) 7.5 Hz,
1H), 7.38 (br s, 1H), 7.36 (t, J ) 7.5 Hz, 1H), 7.19 (d, J ) 7.5
Hz, 1H), 4.18-4.14 (m, 1H), 4.05-4.00 (m, 1H), 3.76 (dd, J )
4.1, 12.5 Hz, 1H), 3.42-3.39 (m, 1H), 3.01-2.99 (m, 1H), 2.05
(s, 3H), 2.04-2.01 (m, 2H). 13C NMR (125 MHz, CDCl3): δ
170.9, 167.4, 141.7, 132.2, 128.3, 127.4, 127.4, 127.0, 61.8, 54.6,
34.6, 32.0, 20.9. LRMS (CI+): 234 (M + H), 174 (M - OAc).
HRMS (CI+): m/z 234.1142 [(M + H)+; calcd for C13H16NO3,
234.1131; σ ) -5.0 ppm].

Alcohol (+)-33. To a solution of acetate (+)-32 (84 mg, 0.361
mmol) in MeOH (7 mL) and water (0.7 mL) at 0 °C was added
K2CO3 (52 mg, 0.380 mmol). The solution was stirred for 2.5
h, then citric acid was added (150 mg), and the MeOH was
removed in vacuo. The residue was dissolved with EtOAc (120
mL), and the organic phase was washed with saturated
NaHCO3 (40 mL) and brine (40 mL), dried (Na2SO4), filtered,
and concentrated in vacuo. Flash chromatography (10:1 CH2-
Cl2/MeOH) afforded (+)-33 (66 mg, 96%) as a yellow oil: [R]D

+ 178 (c 1.33, CHCl3). IR (neat): 3293 (br), 2928 (m), 2873
(m), 1660 (s), 1604 (m), 1475 (m), 1332 (m), 1061 (m) cm-1. 1H
NMR (500 MHz, CDCl3): δ 8.00 (d, J ) 7.6 Hz, 1H), 7.41 (dt,
J ) 1.2, 7.5 Hz, 1H), 7.31 (dt, J ) 0.5, 7.5 Hz, 1H), 7.22 (d, J
) 7.5 Hz, 1H), 6.61 (br s, 1H), 3.71-3.65 (m, 2H), 3.63-3.58
(m, 1H), 3.44-3.40 (m, 1H), 3.14-3.08 (m, 2H) 1.87 (qn, J )
7.0 Hz, 2H). 13C NMR (125 MHz, CDCl3): δ 166.5, 142.7, 132.2,
128.0, 128.0, 127.1, 127.1, 59.8, 44.0, 35.8, 34.4. LRMS (CI+):
192 (M + H). HRMS (CI+): m/z 192.1031 [(M + H)+; calcd for
C11H14NO2, 192.1025; σ ) -3.1 ppm].

Aldehyde (+)-25. To a solution of oxalyl chloride (0.050 mL,
0.569 mmol) in CH2Cl2 (10 mL) was added DMSO (0.077 mL,
1.10 mmol) at -78 °C, and once the gaseous evolution had
ceased, a solution of the alcohol (+)-33 (75 mg, 0.393 mmol)
in CH2Cl2 (15 mL) was added via cannula. The mixture was
stirred for 30 min before Et3N (0.208 mL, 1.49 mmol) was
added, and this mixture was stirred at 0 °C. After 15 min,
saturated NH4Cl (30 mL) was added, the aqueous phase was
extracted with CH2Cl2 (3 × 75 mL), and the combined organic
phases were dried (MgSO4), filtered, and concentrated in
vacuo. Flash chromatography (9:1 EtOAc/MeOH) afforded (+)-
25 as a yellowish oil (69 mg, 93%): [R]D + 147 (c 1.38, CHCl3).
IR (neat, cm-1): 3272 (br), 2861 (w), 1713 (m), 1668 (s), 1476
(m), 1342 (w). 1H NMR (500 MHz, CDCl3): δ 9.76 (s, 1H), 8.03
(d, J ) 7.7 Hz, 1H), 7.44 (dt, J ) 1.4, 7.5 Hz, 1H), 7.35 (t, J )
7.6 Hz, 1H), 7.30 (br s, 1H), 7.21 (d, J ) 7.5 Hz, 1H), 3.74 (dd,

J ) 4.2, 12.6 Hz, 1H), 3.60-3.54 (m, 1H), 3.42-3.38 (m, 1H),
2.98 (dd, J ) 8.3, 18.3 Hz, 1H), 2.73 (dd, J ) 5.3, 18.3 Hz,
1H). 13C NMR (125 MHz, CDCl3): δ 199.9, 166.3, 141.4, 132.6,
128.3, 128.2, 127.6, 126.8, 47.0, 44.0, 31.7. LRMS (ES+): 212
(M + Na). HRMS (ES+): m/z 212.0695 [(M + Na)+; calcd for
C11H11NO2Na, 212.0687; σ ) -3.6 ppm].

Monopyrrolinone (+)-34. The aldehyde (+)-25 (32 mg,
0.169 mmol) and amino ester (+)-814b (79 mg, 0.164 mmol) were
dissolved in toluene (6 mL) and concentrated in vacuo with
mild heating; this process was repeated 10 times, and the
residue was placed under vacuum for 1 h. The flask was then
placed under argon and charged with THF (11 mL), and
KHMDS (1.49 mL of a 0.5 M solution in toluene, 0.745 mmol)
was added; the solution turned green immediately and then
after a few minutes turned orange. After 20 min, a 10%
aqueous solution of KHSO4 (10 mL) was added, the aqueous
phase was extracted with EtOAc (3 × 50 mL), and the
combined organic phases were dried (MgSO4), filtered, and
concentrated in vacuo. Flash chromatography (9:1 EtOAc/
MeOH) followed by preparative TLC (95:5 CH2Cl2/MeOH)
furnished (+)-34 (52 mg, 51%) as a light yellow solid: mp 234-
236 °C (CH2Cl2/pentane); [R]D + 84.9 (c 1.33, CHCl3). IR (neat,
cm-1): 3241 (br), 2968 (w), 2922 (w), 2359 (m), 1697 (s), 1674
(s), 1653 (s), 1558 (s), 1393 (s), 1365 (m), 1176 (m). 1H NMR
[mixture of rotamers] (500 MHz, CDCl3): δ 7.99-7.97 (m, 1H),
7.34-7.21 (m, 9H), 7.16 (d, J ) 6.3 Hz, 1H), 7.05 (d, J ) 6.3
Hz, 1H), 6.85 (br s, 1H), 6.83-6.81 (m, 1H), 5.18 (br s, 0.4H),
5.11 (br s, 1H), 5.05 (br s, 0.6H), 3.83 (br s, 1H), 3.65 (br s,
2H), 3.42 (dd, J ) 3.7, 12.2 Hz, 1H), 3.26 (br s, 0.6H), 3.05 (br
s, 0.4H), 3.00-2.86 (br m, 3H), 2.76 (d, J ) 13.1 Hz, 1H), 2.12
(br s, 0.6H), 2.03 (br s, 0.4H), 1.91 (dd, J ) 7.9, 14.5 Hz, 1H),
1.52 (s, 9H), 1.51-1.41 (br s, 3H), 0.92 (br s, 1H), 0.77 (br s,
2H). 13C NMR (125 MHz, CDCl3): δ 201.2, 165.3, 162.8, 140.3,
137.0, 135.0, 132.4, 130.5, 130.3, 128.5, 128.3, 128.0, 127.8,
127.3, 127.0, 126.7, 126.7, 114.3, 80.1, 77.0, 70.1, 63.3, 43.6,
43.0, 42.9, 32.3, 28.5, 25.7. LRMS (ES+): 1265 (2M + Na), 644
(M + Na). HRMS (ES+): m/z 644.3134 [(M + Na)+; calcd for
C38H43N3O5Na, 644.3100; σ ) -5.2 ppm].

Tetrahydroisoquinolyl Inhibitor (+)-24. To a solution
of (+)-34 (36 mg, 0.058 mmol) in CH2Cl2 (2 mL) at 0 °C was
added trifluoroacetic acid (5 mL), and after 1 h, water was
added (5 mL), and the solution was stirred at room tempera-
ture for 72 h. Upon completion, as monitored by LRMS, toluene
(50 mL) was added and the solvent was concentrated in vacuo
to one-half volume. This process was repeated three times,
before completely concentrating the solution. The resulting
solid was dissolved in MeOH and filtered, and the filtrate was
concentrated in vacuo. The residue was placed under vacuum
for 2 h and dissolved in CH2Cl2 (15 mL), and Et3N (0.057 mL,
0.406 mmol) was added, followed after 5 min by (+)-20 (16
mg, 0.070 mmol). After 3 h, saturated NH4Cl (6 mL) was
added, the aqueous phase was extracted with CH2Cl2 (4 × 20
mL), and the combined organic phases were dried (Na2SO4),
filtered, and concentrated in vacuo. Flash chromatography
(98:2 EtOAc/MeOH) afforded (+)-24 as a beige crystalline solid
(26 mg, 76%). Before submission for biological testing, (+)-24
was repurified by recrystallization (CH2Cl2/pentane) or by
preparative RP-HPLC [column, C18 Dynamax 300 Å (21.4 mm
× 250 mm); isocratic 65% water-35% MeCN; flow rate, 10
mL/min] to give >98% purity by HPLC in two different
systems: mp 228-230 °C; [R]D + 55 (c 0.06, CHCl3). IR
(neat): 3275 (br), 2927 (w), 2874 (w), 1704 (m), 1657 (s), 1551
(m), 1494 (w), 1454 (w) 1337 (w), 1276 (w), 1172 (w), 1080 (w),
1033 (w) cm-1. 1H NMR (500 MHz, CDCl3, 304 K) mixture of
rotamers: δ 8.01 (dd, J ) 1.0, 7.7 Hz, 1H), 7.44 (t, J ) 7.3 Hz,
1H), 7.37-7.34 (m, 1H), 7.33-7.27 (m, 4H), 7.24-7.20 (m, 3H),
7.18-7.15 (m, 0.2H), 7.12 (d, J ) 7.5 Hz, 0.8H), 7.01 (d, J )
4.0 Hz, 1H), 6.98-6.95 (m, 0.4H), 6.93 (d, J ) 7.3 Hz, 1.6H),
5.61 (br s, 0.2H), 5.51 (br d, J ) 3.4 Hz, 0.8H), 5.16 (d, J ) 9.3
Hz, 1H), 5.15-5.13 (m, 1H), 5.08-5.06 (m, 0.8H), 5.03-4.98
(m, 0.2H), 4.99 (br s, 0.2H), 4.76 (br s, 0.8H), 4.10-4.04 (m,
0.2H), 4.02 (d, J ) 9.4 Hz, 0.8H), 3.90-3.86 (m, 2H), 3.82-
3.77 (m, 2H), 3.71 (d, J ) 9.9 Hz, 1H), 3.64 (q, J ) 8.1 Hz,
1H), 3.62-3.58 (m, 0.4H), 3.51-3.49 (m, 1.6H), 3.10-3.01 (m,
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1H), 2.97-2.88 (m, 2H), 2.92 (AB quartet, J ) 13.2 Hz, 2H),
2.14-2.06 (m, 1H), 1.97-1.93 (m, 1H), 1.82 (dd, J ) 10.2, 14.3
Hz, 1H), 1.70 (d, J ) 13.9 Hz, 1H). 1H NMR (500 MHz, CDCl3,
320 K): 8.07 (dd, J ) 1.3, 7.7 Hz, 1H), 7.48 (dt, J ) 1.3, 7.4
Hz, 1H), 7.40 (dt, J ) 1.3, 7.6 Hz, 1H), 7.38-7.35 (m, 1H),
7.32-7.30 (m, 4H), 7.28-7.24 (m, 3H), 7.15 (d, J ) 7.2 Hz,
1H), 7.08 (d, J ) 3.9 Hz, 1H), 7.00 (d, J ) 7.1 Hz, 2H), 5.45
(br s, 1H), 5.18-5.12 (br m, 3H), 4.51 (br s, 1H), 4.04 (br d, J
) 7.9 Hz, 1H), 3.91 (br s, 2H), 3.89-3.82 (br m, 2H), 3.75 (d,
J ) 10.3 Hz, 1H), 3.73-3.67 (br m, 1H), 3.54 (dd, J ) 3.3,
12.1 Hz, 1H), 3.16-3.08 (m, 1H), 3.06 (d, J ) 13.4 Hz, 1H),
3.01-2.94 (m, 1H), 2.96 (AB quartet, J ) 13.5 Hz, 2H), 2.17-
2.11 (br m, 1H), 2.09-1.99 (br m, 1H), 1.86 (dd, J ) 10.0, 14.3
Hz, 1H), 1.78 (br d, J ) 13.5 Hz, 1H). 13C NMR (125 MHz,
CDCl3, 304 K): δ 203.2, 165.5, 162.5, 156.3, 140.2, 138.1, 134.6,
130.2, 129.3, 128.5, 128.3, 128.0, 127.5, 127.0, 126.5, 112.4,
75.3, 73.3, 70.5, 67.4, 66.9, 58.6, 57.7, 43.6, 41.6, 39.8, 39.5,
38.9, 32.7, 32.2, 29.6. COSY; HMQC; LRMS (ES+): 1213 (2M
+ Na), 618 (M + Na). HRMS (ES+): m/z 618.2606 [(M + Na)+;
calcd for C35H37N3O6Na, 618.2580; σ ) -4.3 ppm]; X-ray.
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