
Articles

Solid-Phase Synthesis of Peptidomimetic Inhibitors for the
Hepatitis C Virus NS3 Protease
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The NS3 serine protease enzyme of the hepatitis C virus (HCV) is essential for viral replication.
Short peptides mimicking the N-terminal substrate cleavage products of the NS3 protease are known
to act as weak inhibitors of the enzyme and have been used as templates for the design of
peptidomimetic inhibitors. Automated solid-phase synthesis of a small library of compounds based
on such a peptidomimetic scaffold has led to the identification of potent and highly selective
inhibitors of the NS3 protease enzyme.

Introduction

Hepatitis C virus (HCV) infection is an important
cause of chronic hepatitis, cirrhosis of the liver, and
hepatocellular carcinoma in humans. An alarmingly large
portion of the world population (an estimated 170 million
people) are currently infected with HCV, and of those
infected, approximately 20% and 4% are likely to develop
cirrhosis of the liver and liver cancer (respectively) within
the next decade.1 Unfortunately, current treatments with
interferon R-2b alone or in combination with ribavirin
are only effective in a limited number of cases.2 Thus,
given the prevalence of hepatitis C viral infections, the
development of highly effective antiviral agents is cur-
rently the focus of intensive research.

Since the discovery and cloning of the HCV genome,
its ∼9.6 kb positive-sense single-stranded RNA has been

shown to contain a single open reading frame (ORF)
encoding a polyprotein of ∼3011 amino acids.3 The ORF
is flanked at the 5′-end by a nontranslated region that
serves as the internal ribosome entry site (IRES) required
for internal initiation of translation and at the 3′-end by
a highly conserved sequence essential for genome repli-
cation. The N-terminal region of the translation product
of the ORF is comprised of three structural proteins, C,
E1, and E2, whereas the remaining polyprotein contains
six nonstructural proteins, the NS2, NS3, NS4A, NS4B,
NS5A, and NS5B proteins. The three structural proteins
are released by cleavage of the polyprotein by host
enzymes, whereas the nonstructural proteins are cleaved
by the NS2 and NS3 virally encoded proteases. Recently,
the NS3 protease was shown to be essential for viral
replication in vivo, thus validating this chymotrypsin-
like enzyme as an important target for drug design.4

In vivo, the NS3 protein exists as a heterodimer with
the NS4A polypeptide. The latter is a 54-residue polypep-* To whom correspondence should be addressed. Tel: (450) 682-4640.
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tide that interacts with the protease domain of NS3 via
a hydrophobic 12-residue sequence in the center of the
NS4A. The NS4A cofactor is absolutely essential for
cleavage at the NS4A-NS4B and NS4B-NS5A junc-
tions, and it enhances the activity of the NS3 at all other
sites.5 Recently, peptides corresponding to N-terminal
cleavage products of the NS3 substrates were found to
be competitive inhibitors of this protease.6 Sequence
optimization of these peptides has led to the identification
of analogues that can be used as leads toward the
development of antiviral therapeutics. The structure-
activity relationship of peptidomimetics, such as com-
pounds 1-7 (Chart 1), was recently reported by our co-
workers, as well as others.7 The interactions between
these types of inhibitors and the NS3 protease domain
have been investigated by NMR and molecular modeling,8
as well as by crystallography.9

In this paper, we present the solid-phase synthesis of
a small library of HCV protease inhibitors based on the
backbone of peptide 6. The library design of these
compounds was guided by computational studies and was
focused on the optimization of the 4-hydroxyproline
moiety at the P2 position.10 Computational analysis of
compounds from a subset of this library revealed a
correlation between the electrostatic potential (ESP) of
the aromatic moieties at P2 and the potency of these
inhibitors; this observation was helpful in the selection
of the library building blocks.

Results and Discussion

Recently, we reported that the attachment of an
aromatic substituent to the C4 of the proline unit via a
short linker, as in compounds 1a-c, 2, 5, and 6, leads to
a significant increase in the potency of the inhibitors in
each corresponding series.11 Among the derivatives of
compound 1, those having longer methylene linkers
between the proline backbone and the aromatic ring were
found to exhibit enhanced activity (IC50 values of 1a, 1b,
and 1c are 60, 10, and 3 µM, respectively),11 suggesting
the existence of a lipophilic pocket at a distance from the
binding site of the backbone. To further explore this
pocket and optimize the interactions with our inhibitors,
a synthetic protocol was established to produce a focused
library of tetrapeptides having structural diversity at the
aromatic substituent linked to the proline moiety.

In recent years, combinatorial or parallel solid-phase
synthesis has become an important tool for the rapid
optimization of chemical leads in drug discovery pro-
grams. Numerous synthetic methodologies have been
adapted to solid-phase synthesis, including cross-coupling
reactions under Mitsunobu12 and Suzuki conditions.13

During our investigations into novel HCV protease
inhibitors, we utilized both of these reactions to prepare
a library of inhibitors with structural diversity at the
aromatic substituent of the 4-hydroxyproline moiety
(Table 1).
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Automated peptide chemistry was used to synthesize
the polymer-bound tetrapeptide scaffold 10, having the
S absolute stereochemistry at the C4 of proline, as the
TBDMS protected polymer-bound silyl derivative 9
(Scheme 1).14 Each coupling step was carried out using
2 equiv of Fmoc-protected amino acid, HOBt, and TBTU
in the presence of 4 equiv of base. Upon completion of
all the peptide elongation steps, the N-terminus was
capped with acetic acid and the TBDMS group was

removed with tetrabutylammonium fluoride. The resin-
bound peptide was subsequently dried under vacuum,
and small aliquots (120 mg) were loaded into the 96-well
block of an Advanced ChemTech 396 synthesizer for
production of the Mitsunobu library (Table 1).

The polymer was first washed with anhydrous CH2Cl2

and THF to ensure proper swelling of the resin before
the reagents were added. Aliquots of anhydrous THF
solutions containing Ph3P, diisopropyl azodicarboxylate
(DIAD), and each of the building blocks were added
sequentially to the reaction wells, and the reaction block
was shaken vigorously for 4 h (4 × 1 h), with a 10 min
delay period after each hour. A variety of commercially
available building blocks were used including phenols
(e.g., 11-15, 17-18), thiophenols (e.g., 16), hydroxy- and

(14) Commercially available cis-hydroxy proline was N-protected as
the Fmoc derivative and then persilylated with tert-butyldimethylsilyl
chloride in the presence of imidazole/DMAP. In situ hydrolysis of the
silyl-ester moiety was achieved during workup with Na2S2O5 to obtain
the 4-tert-butyldimethylsilyloxy proline building block required for the
solid-phase synthesis of the polymer-bound tetrapeptide; Perich, J. W.;
Reynolds, E. C. Synlett 1991, 577.

Table 1. Inhibitors of the Hepatitis C NS3 Protease Prepared by Solid-Phase Synthesis

a As determined by analytical reversed-phase HPLC of the crude product (λ ) 220 nm); nd ) not determined. b IC50 values are the
average of multiple tesings of the pure compounds (homogeneity >85%).
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mercaptobenzothiazoles (e.g., 29 and 30), hydroxypyr-
idines (31, 32), hydroxyquinolines (e.g., 37, 38, 40-42),
hydroxyisoquinolines (e.g., 33-36), and mercaptoquino-
lines (e.g., 39) as shown in Table 1.

At the end of the reaction period, each polymer-bound
product (Scheme 1, peptide I) was washed thoroughly
with different solvents, dried under vacuum, and treated
with 40% trifluoroacetic acid in CH2Cl2 to cleave the final
peptide from the resin. Analysis of the crude products
by reversed-phase HPLC provided an estimate of the
purity and yield for the overall synthesis of each com-
pound (Table 1). In most cases, the desired product
represented the main component of the crude material
with some unreacted tetrapeptide 10 as the major
contaminant. Interestingly, a diisopropyl azodicarboxyl-
ate adduct was occasionally detected by LC MS as a
minor side product; however, in a few exceptional cases
the DIAD adduct was the only isolated product of the
reaction (e.g., compound 8 was the only product formed
with 2,6-dimethylphenol). Although these azodicarbox-
ylate adducts are unusual as side products of the Mit-
sunobu reaction, their formation by electrophilic aromatic
substitution has been previously reported.15

The structural diversity of our library was further
enriched by the creation of biaryl systems (e.g., peptides
20-27) via a Suzuki cross-coupling reaction between
commercially available phenyl and thiophene boronic
acids and the bromophenoxy derivatives 14, 17, and 18.
The successful synthesis of the polymer-bound precursor
peptides 14, 17, and 18 was monitored by magic-angle
spinning 1H NMR using a small aliquot of resin (typically
a 40 µL volume of pre-swollen resin in CD2Cl2).16 All of
the Suzuki reactions were carried out in small, screw-
cap pressure vials equipped with a magnetic stir bar.
Each aliquot of the polymer-bound peptides I was sus-
pended in degassed DME. The desired boronic acid
building block, aqueous Na2CO3 and catalytic amounts
of Pd(Ph3P)4 were then added, and the reaction was
stirred gently for 15-18 h at 85 °C to give the tetrapep-

tides of general structure II (Scheme 1). Finally, the
products were cleaved from the solid support using 45%
TFA in CH2Cl2 as previously reported.

All of the final compounds were purified by preparative
C18 reversed-phase HPLC (to >85% purity), and their
structural identity was confirmed by 1H NMR and MS
before their activity was evaluated in our enzymatic
assay. In the absence of any NMR or X-ray data pertain-
ing to the binding interactions between the aromatic
substituent of the 4-hydroxyproline moiety and the NS3
protease, the main goal of this library was to provide
means by which we could probe the size of the P2 binding
pocket, as well as gain some insight into the types of
interactions involved between the aromatic ring of our
inhibitors and the enzyme. For example, building blocks
bearing electron-donating and -withdrawing groups were
specifically chosen in order to modulate the electrostatic
potential of the aromatic system.

Initially, an interesting trend in the enzymatic activity
was observed with the tetrapeptide analogues having a
halogen para to the phenoxy substituent (Table 1). A 10-
fold increase in activity was observed in going from a
p-fluoro analogue 12 to a p-iodo analogue 15, prompting
us to speculate on the plausible electrostatic interactions
between the aromatic moiety and the binding pocket of
the NS3 protease active site. We observed that the
differences in the calculated electrostatic potentials of the
model compounds (Figure 1), as well as the polarizability
difference of the halides, correlated well with the trend
observed in their enzymatic activity. A similar correlation
was observed between the electrostatic potentials of the
aromatic system, the ability to induce a dipole, and the
increase in enzymatic activity of the quinoline analogues
37-41 (Figure 1). This may suggest that, in addition to
hydrophobic interactions, a dipole/quadrupole interaction
between the aromatic system and the P2 binding pocket
may also contribute to the activity of these compounds.17

It should also be noted that these compounds are highly
selective inhibitors of the HCV NS3 protease as demon-
strated by their inability to inhibit other serine protease

(15) (a) Huisgen, R.; Jakob, F.; Siegel, W.; Cadus, A. Ann. 1954, 590,
1. (b) Carlin, R. B.; Moores, M. S. J. Am. Chem. Soc. 1962, 84, 4107.

(16) Keifer, P. A. J. Org. Chem. 1996, 61, 1558. (17) Dougherty, D. A. Science 1996, 271, 163.

Scheme 1. Library Synthesis on Solid Support
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enzymes such as the human leucocyte elastase or the
bovine pancreatic R-chymotrypsin (e.g., for compounds
37 and 41, IC50 > 150 µM for both enzymes).

Understanding the structure-activity relationships
between a chemical probe and its biological target is often
a very challenging task in medicinal chemistry. This is
primarily due to the fact that even a minor structural
modification of a compound may lead to the introduction
of a large number of variable factors that cannot be easily
identified or quantified. Thus, the structural modifica-
tions introduced in the tetrapeptide NS3 protease inhibi-
tors described would be expected to exert rigidification
effects on the backbone of the tetrapeptide, modulate the
lipophilicity and desolvation energy of the inhibitors, and
alter the polarizability of the electron density in the
aromatic system. The latter effect will inevitably modu-
late the ability of the aromatic moiety to participate in
dipole-quadrupole, π-stacking, or H-bond interactions,
as well as affect the pKa of the quinoline and isoquinoline
analogues. Thus, a simple correlation between electro-
static potential and activity cannot be proposed, given
the number of factors that vary between any two com-
pounds. Nonetheless, the observations that were based
on the library of NS3 protease inhibitors described in
Table 1 are intriguing and worthy of further investiga-
tion.

Summary

We have developed an efficient protocol for the solid-
phase synthesis of peptidomimetic compounds involving
Mitsunobu and Suzuki cross-coupling reactions on a
highly functionalized scaffold. Our protocol is amenable
to the production of a much larger number of compounds

from commercially available building blocks, thus ex-
panding the structural diversity of our inhibitors. From
the small library of tetrapetides produced, a number of
interesting new leads were identified, enriching our
medicinal chemistry efforts toward the discovery of an
effective antiviral agent for the treatment of hepatitis C
infections.

Experimental Section

General Methods. 1H NMR spectra were obtained at 27
°C on a Bruker AMX400 spectrometer, and the chemical shifts
are given in ppm, referenced to the internal deuterated solvent.
The 1H NMR (500 MHz) spectra of the resin-bound peptides 9
and 10 were acquired by magic-angle spinning using a Varian
Nanoprobe. Reagents and solvents, including anhydrous THF
and CH2Cl2, were purchased from Aldrich Chemical Co. or
VWR Scientific of Canada. The Wang resin was purchased
from Novabiochem (loading capacity 0.79 mmol/g). The peptide
backbone (resin-bound peptide 9) was assembled on an ACT90
peptide synthesizer following a protocol appropriate for each
of the amino acids used. After coupling of the first amino acid
unit, the remaining unreacted hydroxyl moieties of the resin
were capped with benzoyl chloride in the presence of Et3N.
The loading efficiency of the first amino acid was evaluated
by quantitative analysis of its picric acid salt;18 an average
coupling yield of ∼50% (∼0.35 mmol/g) was obtained. The
completion of all subsequent peptide-bond coupling reactions
was monitored by the Kaiser test.19 Preparative C18 reversed-
phase HPLC was carried out on a Whatman Partisil 10 ODS-3
column using a linear gradient from 5% aqueous CH3CN
(containing 0.06% TFA) to 100% CH3CN (containing 0.06%
TFA).

(18) Gisin, B. F. Anal. Chim. Acta 1972, 58.
(19) Sarin, V. K.; Kent, S. B. H.; Tam, J. P.; Merrifield, R. B. Anal.

Biochem. 1981, 117, 147.

Figure 1. Electrostatic potentials (ESP) of model compounds mapped onto the solid molecular surface. Red indicates negative
potential and blue indicates positive potential. The gray ESP isosurface shown in the meshed surface version of each fragment
was plotted at 5 kcal/mol. ESP calculated at the RHF//6-31G** level.
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Synthesis of the Resin-Bound Peptide 10. The Wang
resin (6.33 g of dry powder, 0.79 mmol/g loading capacity) was
placed in a reaction vessel of the automated peptide synthe-
sizer and washed thoroughly with MeOH, 2-propanol, CH2-
Cl2, and DMF. The resin was allowed to swell in CH2Cl2 (30
mL) and then as a solution of Fmoc-protected 1-aminocyclo-
propylcarboxylic acid (ACCA, 4.85 g, 15 mmol, 3 equiv) in
anhydrous DMF (20 mL) was added, followed by DCC (15 mL
of 1 M solution in CH2Cl2, 3 equiv) and DMAP (190 mg, ∼1.5
mmol, ∼2 equiv). The reaction mixture was allowed to shake
for 15 h at rt. The resin-bound ACCA was washed with CH2-
Cl2 (3 × 30 mL), DMF (3 × 30 mL), 2-propanol (3 × 30 mL),
and once again with CH2Cl2 (3 × 30 mL) and DMF (3 × 30
mL). A solution of benzoyl chloride (4.8 mL, ∼5 equiv, in 30
mL of DMF) and Et3N (5.7 mL, ∼5 equiv) was added, and the
mixture was shaken for 1 h at rt to ensure capping of any
unreacted sites on the resin. After that period, the resin was
once again washed thoroughly following the same protocol as
previously reported.

A small amount of resin (100 mg) was then removed, washed
with MeOH, and dried under high vacuum. This sample was
divided into three aliquots (exact mass of each aliquot deter-
mined), treated twice (a 5 and 25 min period) with freshly
prepared 25% piperidine solution in DMF (2 mL), and washed
thoroughly with CH2Cl2 (3 × 2 mL), ethanol (3 × 2 mL), CH2-
Cl2, and a solution of picric acid (2 mL 0.05% solution in CH2-
Cl2). A fresh batch of picric acid solution was added (2 mL),
and resin-bound amino acid was allowed to form a complex
over a period of 5 min. The resin was washed once again
thoroughly and treated with 5% DIPEA solution in CH2Cl2,
and the mole content of its sample was measured by quantita-
tive analysis of the picric acid absorption at 358 nm.

The following protocol was used for all subsequent steps of
peptide elongation: (a) The Fmoc protecting group was
removed by treating the resin twice with 25% piperidine in
DMF (2 × 30 mL) for a period of 5 and 20 min while shaking.20

(b) The resin was washed thoroughly with CH2Cl2 (3 × 30 mL),
DMF (3 × 30 mL), 2-propanol (3 × 30 mL), and once again
with CH2Cl2 (3 × 30 mL) and DMF (3 × 30 mL). A fresh aliquot
of anhydrous DMF was added (30 mL) and then the Fmoc
protected amino acid21 (2 equiv), HOBt (2 equiv), TBTU (2
equiv), and DIPEA (4 equiv); the mole ratio was based on the
loading of 0.33 mmol/g of resin determined after coupling of
the fist amino acid. The mixture was shaken for 2 h at rt, and
the completion of the reaction was determined using the Kaiser
test. After coupling and hydrolysis of the Fmoc protecting
group of the last amino acid unit (2-cyclohexylglycine), the
resin-bound peptide was capped by acetylation with acetic acid
(2 equiv) under the same conditions as the couplings of all
amino acid units. Finally, hydrolysis of the TBDMS silyl ether
was achieved by treating the resin-bound peptide 9 with a
solution of n-Bu4NF (2 equiv) in THF (30 mL) for 2.5 h.
Complete deprotection of the 4-hydroxyproline moiety was
confirmed by comparing the magic-angle spinning 1H NMR
spectra of resin-bound peptide 9 with that of the resin-bound
peptide 10. Aliquots of resin-bound peptides 9 and 10 were
used (typically a 40 µL volume of pre-swollen resin in CD2Cl2)
to acquire their respective 1H NMR spectra at 500 MHz using
a Varian Nanoprobe.

Synthesis of Mitsunobu Library. The polymer-bound
peptide 10 (0.33 mmol of peptide per gram of Wang resin) was
dried under high vacuum in a desiccator over P2O5. A 96-well
block of an Advanced ChemTech Model 396 synthesizer was
furnished with aliquots of resin (120 mg, 0.04 mmol peptide
per well), and each sample was washed for 5 min with

anhydrous CH2Cl2 (5 × 1200 µL) and then with anhydrous
THF (5 × 1500 µL). Anhydrous THF (200 µL) was added to
each sample, and the synthesizer was temporarily stopped to
allow the manual addition of reagents. Ph3P (5 equiv in 400
µL of anhydrous THF) and diisopropyl azodicarboxylate (DIAD,
5 equiv in 250 µL of anhydrous THF) were added to each
sample before the addition of a phenol, thiophenol, and
hydroxyquinoline reagent (5 equiv, 0.2 mmol, dissolved in 7500
µL of anhydrous THF).22 After the addition of all reagents, the
mixtures were shaken for a total of 4 h, with a 10 min delay
after each hour. Each resin-bound product was washed with
THF (2 × 1500 µL), DMF (4 × 1500 µL), 2-propanol (4 × 1500
µL), CH2Cl2 (4 × 1500 µL), and finally methanol (2 × 1500
µL). All samples were dried under vacuum and then treated
with 40% TFA in CH2Cl2 for 1 h in order to cleave the peptide
product from the Wang resin. All products were purified by
preparative HPLC on a reversed-phase C18 column to >85%
purity and their structural identity was confirmed by 1H NMR
and MS. The 1H NMR and MS data for a subset of specific
compounds from our library (Table 1) is given below:

Synthesis of Suzuki Library on Solid Support. All
reactions were carried out in 16 × 100 mm, high-pressure
screw-cap test tubes with Teflon caps, equipped with small
magnetic stirring bars. For each reaction, a degassed suspen-
sion of the polymer-bound peptide 14, 17, or 18 (100 mg of
Wang resin with 0.033 mmol of polymer-bound peptide) was
first added to the test tube, followed by the addition of DME
(2 mL), Pd(Ph3P)4 (∼3 mg, 0.05 equiv), Na2CO3 (70 µL of a 2
M solution in H2O, 2.5 equiv), and a reagent (2-3 equiv
depending on the solubility of the reagent) from the library of
aromatic boronic acid reagents. The test tubes were flushed
with nitrogen gas, sealed, and placed in an oil bath at 80 °C.
All of the reactions were stirred gently and allowed to proceed
for 15-18 h. Each resin-bound peptide product (Scheme 1,
general structure II) was subsequently transferred into a
plastic filtration tube, washed with DME/H2O (1:1, 5 × 2 mL),
DME (5 × 2 mL), methanol (5 × 2 mL), CH3CN (5 × 2 mL),
and CH2Cl2 (5 × 2 mL), and dried under high vacuum. Each
product was cleaved from the resin by treating the sample with
45% TFA in CH2Cl2 (1 mL) for 1 h. All products were purified
to >85% purity by preparative HPLC on a reversed-phase C18
column, using a solvent linear gradient from 5% aqueous CH3-
CN to 100% CH3CN. 1H NMR and MS data of all pure products
confirmed their structural identity as indicated. 1H NMR and
MS data for a subset of specific compounds from this library
are given below:

Compound 10. 1H NMR (DMSO, 400 MHz) major rotamer
(mixture of 8.5:1.5 ratio) δ: 0.81 (d, J ) 6.7 Hz, 3H, Val-Me),
0.86 (d, J ) 6.7 Hz, 3H, Val-Me), 0.83-1.0 (m, 4H, ACCA-
2Hâ syn to the acid moiety, Chg-2Hγ), 1.05-1.15 (m, 3H, Chg-
2Hδ and 1Hε), 1.20-1.30 (m, 1H, ACCA-Hâ syn to the NH),
1.32-1.37 (m, 1H, ACCA-Hâ syn to the NH), 1.5-1.7 (m, 6H,
Chg-Hâ, 2Hγ, 2Hδ, 1Hε), 1.85 (s, 3H, Ac), 1.9-2.0 (m, 3H, Val-
Hâ and Pro-2Hâ), 3.54 (dd, J ) 10.5, 1.5 Hz, 1H, Pro-Hδ), 3.65
(dd, J ) 10.5, 4.5 Hz, 1H, Pro-Hδ), 4.19 (t, J ) 8.2 Hz, 1H,
Chg-HR), 4.26 (t, J ) 8.0 Hz, 1H, Pro-HR), 4.32-4.36 (m, 2H,
Val-HR and OH), 5.04 (m, 1H, Pro-Hγ), 7.67 (d, J ) 8.6 Hz,
1H, Val-NH), 7.83 (d, J ) 8.9 Hz, 1H, Chg-NH), 8.67 (s, 1H,
ACCA-NH). The chemical shift assignments were confirmed
by the COSY NMR data of compound 10. HRFAB+ MS m/z:
495.28080 (M + H)+, calcd mass for C24H39O7N4 ) 495.28186.

Compound 11. 1H NMR (DMSO, 400 MHz) major rotamer
(mixture of ∼9:1 ratio) δ: 0.83 (d, J ) 6.7 Hz, 3H), 0.89 (d,
J ) 6.7 Hz, 3H), 0.79-0.97 (m, 4H), 1.05-1.15 (m, 3H), 1.20-
1.28 (m, 2H), 1.35-1.40 (m, 1H), 1.45-1.70 (m, 5H), 1.83 (s,
3H), 1.94-2.00 (m, 1H), 2.13-2.22 (m, 1H), 2.25-2.35 (m, 1H),
2.84-2.94 (m, 1H), 3.91-3.99 (m, 1H), 4.18-4.22 (dt, J ) 8.6
Hz, 1H), 4.28-4.32 (m, 2H), 5.07 (bs, 1H), 6.89-6.98 (m, 3H),
7.3 (dd, J ) 8.6 Hz, 2H), 7.81 (d, J ) 8.6 Hz, 1H), 7.83 (d, J )
8.6 Hz, 1H), 8.43 (s, 1H). HRFAB+ MS m/z: 571.31410 (M +
H)+, calcd mass for C30H43O7N4 ) 571.31317.

(20) A modified protocol, 50% piperidine in DMF for a 5 min reaction
period, was used for the hydrolysis of the Fmoc protecting group from
the proline moiety to avoid any potential diketopiperazine formation.

(21) For the purpose of the library production, the hydroxyl moiety
of the cis 4-hydroxyproline building block was protected as the TBDMS
silyl ether ref 13. For the synthesis of the reference compound 10
(Table 1), the commercially available tert-butyl ether of the Fmoc-
protected trans-4-hydroxyproline was used, since the tert-butyl ether
substituent gets hydrolyzed during cleavage of the peptide from the
Wang resin with TFA.

(22) In cases where this building block was insoluble in THF, a small
volume of DMF was used to dissolve the compound without any
noticeable detrimental effect to the outcome of the Mitsunobu reaction.
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Compound 12-15. As expected, the1H NMR spectra of
compounds 12-15 were almost identical with some minor
differences in chemical shifts and coupling constants. The 1H
NMR data of compound 12 are shown below as a representa-
tive example.

1H NMR (DMSO, 400 MHz) major rotamer of compound 12
(mixture of ∼9:1 ratio) δ: 0.83 (d, J ) 6.7 Hz, 3H), 0.89 (d,
J ) 6.7 Hz, 3H), 0.79-0.98 (m, 4H), 1.05-1.15 (m, 3H), 1.20-
1.28 (m, 2H), 1.33-1.40 (m, 1H), 1.45-1.70 (m, 5H), 1.83 (s,
3H), 1.94-2.00 (m, 1H), 2.11-2.17 (m, 1H), 2.24-2.35 (m, 1H),
2.84-2.94 (m, 1H), 3.89 (dd, J ) 11.1, 4.1 Hz, 1H), 3.85 (bd,
J ) 11.8 Hz, 1H), 4.18-4.22 (m, 1H), 4.26-4.32 (m, 1H), 5.03
(bs, 1H), 6.95 (dd, J ) 9.2 & 4.5 Hz, 2H), 7.13 (dd, J ) 8.9 Hz,
2H), 7.81 (d, J ) 8.6 Hz, 1H), 7.83 (d, J ) 8.6 Hz, 1H), 8.43 (s,
1H). HRFAB+ MS m/z: 589.30200 (M + H)+, calcd mass for
C30H42O7N4F ) 589.30377.

Compound 13. HRFAB+ MS m/z: 605.27490 (M + H)+,
calcd mass for C30H42O7N4

35Cl ) 605.27423.
Compound 14. HRFAB+ MS m/z: 649.22480 (M + H)+,

calcd mass for C30H42O7N4
79Br ) 649.22369.

Compound 15. HRFAB+ MS m/z: 697.21100 (M + H)+,
calcd mass for C30H42O7N4I ) 697.20984.

Compound 16. 1H NMR (DMSO, 400 MHz) δ: 0.83 (d,
J ) 6.7 Hz, 3H), 0.87 (d, J ) 6.7 Hz, 3H), 0.79-0.97 (m, 4H),
1.04-1.18 (m, 3H), 1.20-1.28 (m, 2H), 1.32-1.38 (m, 1H),
1.48-1.69 (m, 7H), 1.84 (s, 3H), 1.90-2.05 (m, 2H), 3.77-3.82
(m, 1H), 4.01-4.07 (m, 1H), 4.16-4.25 (m, 2H), 4.31-4.34 (dd,
J ) 7.0 Hz, 1H), 7.33 (d, J ) 8.5 Hz, 2H), 7.56 (d, J ) 8.5 Hz,
2H), 7.82 (d, J ) 8.9 Hz, 1H), 7.92 (d, J ) 8.6 Hz, 1H), 8.40 (s,
1H). ES+ MS m/z: 687.3 & 689.3 (M + Na)+. ES- MS m/z:
663.3, 665.3 (M - H)-.

Compound 17. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 17 (mixture of ∼9:1 ratio) δ: 0.83 (d, J ) 6.7 Hz,
3H), 0.89 (d, J ) 6.7 Hz, 3H), 0.79-1.0 (m, 4H), 1.2-1.15 (m,
3H), 1.21-1.29 (m, 1H), 1.33-1.39 (m, 1H), 1.45-1.68 (m, 6H),
1.83 (s, 3H), 1.92-2.00 (m, 1H), 2.10-2.18 (m, 1H), 2.25-2.33
(m, 1H), 3.88-3.92 (dd, J ) 11.4, 4.1 Hz, 1H), 4.04 (bd, J )
11.4 Hz, 1H), 4.18-4.22 [appt (dd), J ) 7 Hz, 1H], 4.26-4.30
[appt (2 overlapping dd), J ) 8 Hz, 2H], 5.12 (bs, 1H), 6.94-
6.96 (dd, J ) 8.3 & 1.6 Hz, 1H), 7.13-7.17 (m, 2H), 7.24-7.28
[appt (dd), J ) 7.8 Hz, 1H), 7.80 (d, J ) 8.6 Hz, 1H), 7.86 (d,
J ) 8.6 Hz, 1H), 8.42 (s, 1H). HRFAB+ MS m/z: 649.22160
(M + H)+, calcd mass for C30H42O7N4

79Br ) 649.22369.
Compound 18. 1H NMR (DMSO, 400 MHz) major rotamer

of compound 18 (mixture of ∼4:1 ratio) δ: 0.83 (d, J ) 6.7 Hz,
3H), 0.89 (d, J ) 6.7 Hz, 3H), 0.85-1.0 (m, 4H), 1.12-1.14
(m, 2H), 1.21-1.28 (m, 1H), 1.33-1.39 (m, 1H), 1.45-1.68 (m,
6H), 1.83 (s, 3H), 1.90-1.98 (m, 1H), 2.12-2.20 (m, 1H), 2.25-
2.35 (m, 1H), 3.91-3.95 (dd, J ) 11.5, 4.1 Hz, 1H), 4.04 (bd,
J ) 11.1 Hz, 1H), 4.15-4.25 (m, 2H], 4.30-4.40 (m, 2H), 5.15
(bs, 1H), 6.93-6.96 [app dt (ddd), J ) 8.3, 1.3 Hz, 1H], 7.18
(dd, J ) 8.3 & 1.3 Hz, 1H), 7.34-7.38 [app dt (ddd), J ) 8.3,
1.6 Hz, 1H], 7.56-7.59 (dd, J ) 7.9, 1.6 Hz, 1H), 7.79 (d, J )
8.6 Hz, 1H), 7.81 (d, J ) 8.3 Hz, 1H), 8.47 (s, 1H). HRFAB+

MS m/z: 649.22290 (M + H)+, calcd mass for C30H42O7N4-
79Br ) 649.22369.

Compound 19. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 19 (mixture of ∼4:1 ratio) δ: 0.85 (d, J ) 6.7 Hz,
3H), 0.92 (d, J ) 6.7 Hz, 3H), 0.85-1.0 (m, 4H), 1.02-1.20
(m, 3H), 1.21-1.28 (m, 1H), 1.35-1.41 (m, 1H), 1.47-1.72 (m,
6H), 1.83 (s, 3H), 1.90-2.05 (m, 1H), 2.15-2.25 (m, 1H), 2.28-
2.38 (m, 1H), 3.95-4.05 (m, 2H), 4.15-4.25 (m, 1H), 4.28-
4.38 (m, 2H], 5.14 (bs, 1H), 7.02 (d, J ) 8.9 Hz, 2H), 7.31 [app
t (dd), J ) 7.3 Hz, 1H), 7.44 [app t (dd), J ) 7.6 Hz, 1H], 7.82
(d, J ) 9.9 Hz, 1H), 7.84 (d, J ) 8.9 Hz, 1H), 8.44 (s, 1H).
HRFAB+ MS m/z: 647.34290 (M + H)+, calcd mass for
C36H46O7N4 ) 647.34448.

Compound 20. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 20 (mixture of ∼7:3 ratio) δ: 0.84 (d, J ) 6.7 Hz,
3H), 0.90 (d, J ) 6.7 Hz, 3H), 0.88-1.0 (m, 4H), 1.02-1.16
(m, 3H), 1.21-1.28 (m, 1H), 1.35-1.40 (m, 1H), 1.47-1.69 (m,
6H), 1.83 (s, 3H), 1.90-2.02 (m, 1H), 2.15-2.25 (m, 1H), 2.28-
2.35 (m, 1H), 3.78 (s, 3H), 3.92-3.97 (dd, J ) 11.1 & 3.8 Hz,
1H), 4.00 (bd, J ) 11.6 Hz, 1H), 4.19-4.23 (dd, J ) 7.0 Hz,
1H), 4.29-4.34 (m, 2H), 5.11 (bs, 1H), 6.99 (dd, J ) 8.9 & 3.8

Hz, 4H), 7.54 (d, J ) 8.3 Hz, 4H), 7.82 (d, J ) 8.6 Hz, 1H),
7.84 (d, J ) 8.6 Hz, 1H), 8.44 (s, 1H). ES+ MS m/z: 699.3
(M + Na)+. ES- MS m/z: 675.3 (M - H)-.

Compound 21. HRFAB+ MS m/z: 647.34620 (M + H)+,
calcd mass for C36H46O7N4 ) 647.34448.

Compound 22. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 22 (mixture of ∼7:3 ratio) δ: 0.84 (d, J ) 6.7 Hz,
3H, CH3-Val), 0.90 (d, J ) 6.7 Hz, 3H, CH3-Val), 0.80-0.89
(m, 2H, 1Hγ + 1Hδ-Chg), 0.89-1.14 (m, 5H, 2Hâ-ACCA +
1Hγ-Chg + 1Hδ-Chg + 1Hε-Chg), 1.21-1.28 (m, 1Hâ-ACCA),
1.33-1.40 (m, 1Hâ-ACCA), 1.45-1.67 (m, 6H, 2Hg + 2Hd +
1He + 1Hb- Chg), 1.83 (s, 3H, CH3CO), 1.95-2.01 (m, 1H, Hâ-
Val), 2.15-2.22 (m, 1H, Hâ-Pro), 2.32-2.37 (m, 1H, Hâ-Pro),
3.93-3.97 (dd, J ) 11.1, 3.5 Hz, 1Hδ-Pro), 4.07 (bd, J ) 11.1
Hz, 1Hδ-Pro), 4.17-4.21 (dd, J ) 7.0 Hz, 1HR-Chg), 4.30-
4.34 (2 overlapping dd, 2H, HR-Pro + HR-Val), 5.24 (bs, 1H,
Hγ-Pro), 7.04 (dd, J ) 8.0, 2.2 Hz, 1H, H2-Ar), 7.30 (bs, 1H,
H10-Ar), 7.38 (bd, J ) 8.0 Hz, 1H, H4-Ar), 7.44-7.48 (dd, J )
8.0 Hz, 1H, H3-Ar), 7.74-7.78 (dd, J ) 8.0 Hz, 1H, H8-Ar),
7.80 (d, J ) 9.2 Hz, 1H, NH-Chg), 7.83 (d, J ) 7.6 Hz, 1H,
H9-Ar), 8.16 (bd, J ) 7.6 Hz, 1H, NH-Val), 8.22-8.24 (dd, J )
8.2, 1.7 Hz, 1H, H7-Ar), 8.42 (d, J ) 1.7 Hz, 1H, H5-Ar), 8.44
(s, 1H, NH-ACCA). The complete chemical shift assignment
and structural identity were confirmed by the 1H, COSY and
ROESY NMR data acquired in phosphate buffer (pH ) 6.5)
with presaturation of H2O. ES+ MS m/z: 714.4 (M + Na)+.
ES- MS m/z: 690.4 (M - H)-.

Compound 23. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 23 (mixture of ∼9:1 ratio) δ: 0.84 (d, J ) 6.7 Hz,
3H), 0.90 (d, J ) 6.7 Hz, 3H), 0.80-0.94 (m, 5H), 1.02-1.15
(m, 2H), 1.21-1.28 (m, 1H), 1.33-1.40 (m, 1H), 1.45-1.67 (m,
6H), 1.83 (s, 3H), 1.95-2.00 (m, 1H), 2.06 (s, 3H), 2.13-2.20
(m, 1H), 2.30-2.36 (m, 1H), 3.92-3.96 (dd, J ) 11.5, 4.1 Hz,
1H), 4.06 (bd, J ) 11.1 Hz, 1H), 4.18-4.22 (dd, J ) 7.7 Hz,
1H), 4.30-4.34 (2 overlapping dd, J ) 8.2 Hz, 2H), 5.17 (bs,
1H), 6.95 (dd, J ) 8.5, 2.2 Hz, 1H), 7.08 (bs, 1H), 7.19 (bd,
J ) 7.6 Hz, 1H), 7.31 (bd, J ) 7.6 Hz, 1H), 7.36-7.42 (m, 2H),
7.56 (d, J ) 8.0 Hz, 1H), 7.79 (d, J ) 8.9 Hz, 1H), 7.86 (d, J )
8.0 Hz, 1H), 7.87 (s, 1H), 8.43 (s, 1H) 10.00 (s, 1H). HRFAB+

MS m/z: 704.36320 (M + H)+, calcd mass for C38H50O8N5 )
704.36597.

Compound 24. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 24 (mixture of ∼9:1 ratio) δ: 0.84 (d, J ) 6.7 Hz,
3H), 0.90 (d, J ) 6.7 Hz, 3H), 0.80-1.08 (m, 7H), 1.20-1.28
(m, 1H), 1.32-1.38 (m, 1H), 1.44-1.67 (m, 6H), 1.83 (s, 3H),
1.93-2.07 (m, 1H), 2.08-2.18 (m, 1H), 2.19-2.28 (m, 1H), 3.89
(bs, 2H), 4.13-4.28 (m, 2H), 4.32-4.22 (dd, J ) 7.0 Hz, 1H),
5.09 (bs, 1H), 7.05-7.08 (dd, J ) 7.1 Hz, 1H), 7.15 (bd, J )
8.0 Hz, 1H), 7.25-7.45 (m, 7H), 7.70 (d, J ) 8.6 Hz, 1H), 7.82
(d, J ) 8.9 Hz, 1H), 8.42 (s, 1H). HRFAB+ MS m/z: 647.34560
(M + H)+, calcd mass for C36H47O7N4 ) 647.34448.

Compound 25. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 25 (mixture of ∼4:1 ratio) δ: 0.82 (d, J ) 6.7 Hz,
3H), 0.88 (d, J ) 6.7 Hz, 3H), 0.80-1.08 (m, 7H), 1.22-1.27
(m, 1H), 1.32-1.38 (m, 1H), 1.43-1.70 (m, 6H), 1.82 (s, 3H),
1.95-2.00 (m, 1H), 2.13-2.25 (m, 2H), 3.78 (s, 3H), 3.90 (bs,
2H), 4.15-4.19 (dd, J ) 7.9 Hz, 1H), 4.25-4.34 (m, 2H), 5.04
(bs, 1H), 6.90 (d, J ) 8.6 Hz, 2H), 7.15 (bd, J ) 8.0 Hz, 1H),
7.03-7.06 (dd, J ) 7.3 Hz, 1H), 7.10 (d, J ) 8.3 Hz, 1H), 7.27-
7.31 (m, 2H), 7.35 (d, J ) 8.9 Hz, 2H), 7.73 (d, J ) 8.3 Hz,
1H), 7.78 (d, J ) 8.9 Hz, 1H), 8.43 (s, 1H). ES+ MS m/z: 699.3
(M + Na)+. ES- MS m/z: 675.4 (M - H)-.

Compound 26. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 26 (mixture of ∼4:1 ratio) δ: 0.83 (d, J ) 6.7 Hz,
3H), 0.89 (d, J ) 6.7 Hz, 3H), 0.80-1.17 (m, 8H), 1.22-1.28
(m, 1H), 1.34-1.38 (m, 1H), 1.40-1.70 (m, 6H), 1.79 (s, 3H),
1.92-1.99 (m, 1H), 2.13-2.20 (m, 1H), 3.90-3.98 (m, 2H),
4.12-4.18 (m, 1H), 4.24-4.31 (m, 2H), 5.15 (bs, 1H), 7.07-
7.11 (m, 1H), 7.18 (bd, J ) 8.3 Hz, 1H), 7.35-7.40 (m, 2H),
7.52 (d, J ) 8.6 Hz, 2H), 7.69 (d, J ) 8.9 Hz, 1H), 7.81 (d, J )
8.3 Hz, 1H), 7.92 (d, J ) 8.6 Hz, 2H), 8.44 (s, 1H). ES+ MS
m/z: 713 (M + Na)+. ES- MS m/z: 689 (M - H)-.

Compound 27. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 27 (mixture of ∼4:1 ratio) δ: 0.99 (d, J ) 6.7 Hz,
3H), 1.06 (d, J ) 6.7 Hz, 3H), 0.92-1.26 (m, 7H), 1.33-1.39
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(m, 1H), 1.46-1.52 (m, 1H), 1.56-1.79 (m, 6H), 1.96 (s, 3H),
2.08-2.13 (m, 1H), 2.28-2.34 (m, 1H), 2.46-2.51 (m, 1H),
4.10-4.13 (dd, J ) 11.4, 3.8 Hz, 1H), 4.28-4.37 (m, 2H), 4.41-
4.46 (m, 2H), 5.45 (bs, 1H), 7.45-7.48 (dd, J ) 8.5, 4.7 Hz,
1H), 7.63-7.66 (m, 1H), 7.77 (d, J ) 8.2 Hz, 1H), 7.85 (d, J )
8.8 Hz, 1H), 7.91-7.94 (m, 2H), 8.24-8.25 (m 1H), 8.37 (d,
J ) 3.5 Hz, 1H), 8.57 (s, 1H). ES+ MS m/z: 676.3 (M + Na)+,
654.3 (M + H)+. ES- MS m/z: 652.3 (M - H)-.

Compound 28. ES+ MS m/z: 656.4 (M + H)+. ES- MS
m/z: 654.4 (M - H)-.

Compound 29. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 29 δ: 0.85 (d, J ) 6.7 Hz, 3H), 0.90 (d, J ) 6.7
Hz, 3H), 0.80-0.98 (m, 4H), 1.05-1.18 (m, 3H), 1.22-1.23-
1.28 (m, 1H), 1.34-1.41 (m, 1H), 1.45-1.71 (m, 6H), 1.81 (s,
3H), 1.82-1.84 (m, 1H), 1.93-2.00 (m, 1H), 2.24-2.33 (m, 1H),
3.99-4.03 (dd, J ) 12.0, 4.2 Hz, 1H), 4.18-4.28 (m, 3H), 4.31-
4.36 (dd, J ) 8.3 Hz, 1H), 5.76 (bs, 1H), 7.27-7.31 (ddd, J )
8.0 & 1.0 Hz, 1H), 7.39-7.43 (ddd, J ) 8.3, 1.3 Hz, 1H),
7.71 (d, J ) 7.6 Hz, 1H), 7.77 (d, J ) 8.9 Hz, 1H), 7.91 (d, J )
8.0 Hz, 1H), 7.94 (d, J ) 8.6 Hz, 1H), 8.47 (s, 1H). ES+ MS
m/z: 628.3 (M + H)+, 650.3 (M + Na)+. ES- MS m/z: 626.3
(M - H)-.

Compound 30. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 30 (mixture of ∼5:1 ratio) δ: 0.86 (d, J ) 6.7 Hz,
3H), 0.90 (d, J ) 6.7 Hz, 3H), 0.80-1.02 (m, 4H), 1.05-1.18
(m, 3H), 1.21-1.28 (m, 1H), 1.35-1.41 (m, 1H), 1.50-1.71 (m,
6H), 1.82 (s, 3H), 1.93-1.99 (m, 1H), 2.33-2.40 (m, 1H), 2.44-
2.50 (m, 1H), 4.05-4.08 (dd, J ) 10.9, 4.0 Hz, 1H), 4.19-4.28
(m, 3H), 4.37-4.41 (dd, J ) 7.1 Hz, 1H), 4.58-4.62 (m, 1H),
7.38-7.41 (dd, J ) 7.7 Hz, 1H), 7.47-7.51 (ddd, J ) 8.3, 1.0
Hz, 1H), 7.71 (d, J ) 8.6 Hz, 1H), 7.91 (d, J ) 8.3 Hz, 1H),
8.00 (d, J ) 8.6 Hz, 1H), 8.04 (d, J ) 8.0 Hz, 1H), 8.48 (s, 1H).
ES+ MS m/z: 666.4 (M + Na)+. ES- MS m/z: 642.3 (M - H)-.

Compound 31. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 31 (mixture of ∼9:1 ratio) δ: 0.83 (d, J ) 6.7 Hz,
3H), 0.89 (d, J ) 6.7 Hz, 3H), 0.79-1.02 (m, 4H), 1.04-1.18
(m, 3H), 1.24-1.29 (m, 1H), 1.35-1.40 (m, 1H), 1.43-1.71 (m,
6H), 1.83 (s, 3H), 1.95-2.01 (m, 1H), 2.25-2.32 (m, 1H), 2.38-
2.43 (m, 1H), 4.00-4.01 (dd, J ) 11.7, 3.8 Hz, 1H), 4.11-4.15
(dd, J ) 7.8 Hz, 1H), 4.19-4.24 (m, 2H), 4.32-4.36 (dd, J )
8.2 Hz, 1H), 5.47 (bs, 1H), 7.45 (d, J ) 6.5 Hz, 2H), 7.74 (d,
J ) 8.8, 1H), 7.82 (d, J ) 8.1 Hz, 1H), 8.47 (s, 1H), 8.72 (d,
J ) 7.0 Hz, 2H). HRFAB+ MS m/z: 572.30630 (M + H)+, calcd
mass for C29H42O7N5 ) 572.30841.

Compound 32. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 32 (mixture of ∼9:1 ratio) δ: 0.83 (d, J ) 6.7 Hz,
3H), 0.89 (d, J ) 6.7 Hz, 3H), 0.79-1.02 (m, 4H), 1.03-1.17
(m, 3H), 1.23-1.28 (m, 1H), 1.34-1.39 (m, 1H), 1.45-1.71 (m,
6H), 1.83 (s, 3H), 1.94-2.01 (m, 1H), 2.15-2.22 (m, 1H), 2.32-
2.35 (m, 1H), 3.92-3.96 (dd, J ) 11.8, 4.1 Hz, 1H), 4.08 (d,
J ) 11.8 Hz, 1H), 4.15-4.19 (dd, J ) 7.8 Hz, 1H), 4.24-4.29
(dd, J ) 8.4 Hz, 1H), 4.30-4.34 (dd, J ) 8.3 Hz, 1H), 5.20 (bs,
1H), 7.45-7.48 (dd, J ) 8.3, 4.6 Hz, 1H), 7.54 (bd, J ) 7.3 Hz,
1H), 7.79 (d, J ) 8.6 Hz, 1H), 7.84 (d, J ) 8.6 Hz, 1H), 8.27 (d,
J ) 4.1 Hz, 1H), 8.34 (bs, 1H), 8.44 (s, 1H). HRFAB+ MS m/z:
572.30740 (M + H)+, calcd mass for C29H42O7N5 ) 572.30841.

Compound 33. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 33 (mixture of ∼9:1 ratio) δ: 0.84 (d, J ) 6.7 Hz,
3H), 0.89 (d, J ) 6.7 Hz, 3H), 0.82-1.17 (m, 7H), 1.23-1.25
(m, 1H), 1.27-1.40 (m, 1H), 1.42-1.70 (m, 6H), 1.83 (s, 3H),
1.98-2.03 (m, 1H), 2.25-2.34 (m, 1H), 2.41-2.45 (m, 1H),
3.90-4.20 (m, 3H), 4.30-4.34 (dd, J ) 7.8 Hz, 1H), 4.48-4.52
(dd, J ) 7.8 Hz, 1H), 5.37 (bs, 1H), 7.31-7.36 (m, 1H), 7.58-
7.68 (m, 3H), 7.79 (d, J ) 8.3 Hz, 2H), 8.48 (bs, 2H), 8.93 (bs,
1H). HRFAB+ MS m/z: 622.32600 (M + H)+, calcd mass for
C33H44O7N5 ) 622.32410

Compound 34. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 34 (mixture of ∼9:1 ratio) δ: 0.84 (d, J ) 6.7 Hz,
3H), 0.89 (d, J ) 6.7 Hz, 3H), 0.82-1.04 (m, 6H), 1.10-1.28
(m, 3H), 1.32-1.70 (m, 6H), 1.81 (s, 3H), 1.94-2.03 (m, 1H),
2.23-2.34 (m, 1H), 2.42-2.55 (m, 1H), 4.44-4.48 (dd, J ) 11.1,
4.5 Hz, 1H), 4.18-4.28 (m, 3H), 4.38-4.44 (dd, J ) 8.1 Hz,
1H), 5.79 (bs, 1H), 7.41 (d, J ) 5.7 Hz, 1H), 7.58-7.62 (dd,
J ) 7.7 Hz, 1H), 7.75 (d, J ) 9.2 Hz, 1H), 7.78-7.80 (dd, J )
7.0, 1.0 Hz, 1H), 7.90 (d, J ) 8.3 Hz, 1H), 7.95 (d, J ) 8.6 Hz,

1H), 8.01 (d, J ) 5.7 Hz, 1H), 8.12 (d, J ) 8.3 Hz, 1H), 8.43 (s,
1H). HRFAB+ MS m/z: 622.32160 (M + H)+, calcd mass for
C33H44O7N5) 622.32410.

Compound 35. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 35 (mixture of ∼4:1 ratio) δ: 0.86 (d, J ) 6.7 Hz,
3H), 0.92 (d, J ) 6.7 Hz, 3H), 0.82-1.04 (m, 6H), 1.05-1.28
(m, 3H), 1.35-1.70 (m, 6H), 1.82 (s, 3H), 1.94-2.03 (m, 1H),
2.23-2.34 (m, 1H), 2.40-2.55 (m, 1H), 4.03-4.08 (dd, J ) 11.1,
4.5, 1H), 4.18-4.28 (m, 3H), 4.37-4.43 (dd, J ) 8.0 Hz, 1H),
5.79 (bs, 1H), 7.41 (d, J ) 5.7 Hz, 1H), 7.58-7.62 (dd, J ) 7.7
Hz, 1H), 7.75 (d, J ) 9.2 Hz, 1H), 7.78-7.80 (dd, J ) 7.0, 1.0
Hz, 1H), 7.90 (d, J ) 8.3 Hz, 1H), 7.95 (d, J ) 8.6 Hz, 1H),
8.02 (d, J ) 5.7 Hz, 1H), 8.12 (d, J ) 8.3 Hz, 1H), 8.43 (s, 1H).
HRFAB+ MS m/z: 622.32160 (M + H)+, calcd mass for
C33H44O7N5 ) 622.32410.

Compound 36. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 36 (mixture of ∼5:1 ratio) δ: 0.88 (d, J ) 6.7 Hz,
3H), 0.92 (d, J ) 6.7 Hz, 3H), 0.82-1.14 (m, 7H), 1.23-1.28
(m, 1H), 1.35-1.38 (m, 1H), 1.42-1.70 (m, 6H), 1.83 (s, 3H),
1.94-2.03 (m, 1H), 2.23-2.28 (m, 1H), 2.40-2.55 (m, 1H),
3.99-4.03 (dd, J ) 11.4, 4.1 Hz, 1H), 4.17-4.21 (dd, J ) 7.8
Hz, 1H), 4.26-4.30 (dd, J ) 8.5 Hz, 1H), 4.34-4.40 (m, 2H),
5.43 (s, 1H),7.75 (d, J ) 8.9 Hz, 1H), 7.79-7.88 (m, 2H),
7.94 (d, J ) 8.3 Hz, 1H), 8.14 (d, J ) 8.3 Hz, 1H), 8.21 (d, J )
8.3 Hz, 1H), 8.30 (s, 1H), 8.42 (s, 1H), 9.13 (s, 1H). ES+ MS
m/z: 622.3 (M + H)+, 644.3 (M + Na)+. ES- MS m/z: 620.3
(M - H)-.

Compound 37. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 37 (mixture of ∼6:1 ratio) δ: 0.89 (d, J ) 6.7 Hz,
3H), 0.93 (d, J ) 6.7 Hz, 3H), 0.75-1.20 (m, 7H), 1.22-1.32
(m, 1H), 1.32-1.43 (m, 1H), 1.43-1.70 (m, 6H), 1.82 (s, 3H),
1.90-2.02 (m, 1H), 2.31-2.39 (m, 1H), 2.5-2.59 (m, 1H), 4.05
(bd, J ) 7.9 Hz, 1H), 4.13-4.21 (m, 2H), 4.38-4.42 (dd, J )
8.5 Hz, 1H), 4.52 (d, J ) 12.1 Hz, 1H), 5.68 (s, 1H), 7.56 (d,
J ) 6.4 Hz, 1H), 7.67 (d, J ) 8.6 Hz, 1H), 7.79-7.83 (dd, J )
7.6 Hz, 1H), 7.98 (d, J ) 8.0 Hz, 1H), 8.05-8.09 (dd, J ) 7.3
Hz, 1H), 8.14 (d, J ) 8.3 Hz, 1H), 8.31 (d, J ) 8.3 Hz, 1H),
8.44 (s, 1H), 9.13 (d, J ) 6.4 Hz, 1H). HRFAB+ MS m/z:
622.32660 (M + H)+, calcd mass for C33H44O7N5 ) 622.32410.

Compound 38. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 38 (mixture of ∼6:1 ratio) δ: 0.89 (d, J ) 6.7 Hz,
3H), 0.92 (d, J ) 6.7 Hz, 3H), 0.77-1.15 (m, 7H), 1.22-1.28
(m, 1H), 1.32-1.40 (m, 1H), 1.42-1.65 (m, 6H), 1.82 (s, 3H),
1.92-1.99 (m, 1H), 2.26-2.35 (m, 1H), 2.5-2.58 (m, 1H), 4.00-
4.03 (dd, J ) 11.8, 3.8 Hz, 1H), 4.13-4.17 (dd, J ) 8.1 Hz,
1H), 4.20-4.24 (dd, J ) 8.4 Hz, 1H), 4.36-4.40 (dd, J ) 8.3
Hz, 1H), 4.45 (d, J ) 11.8 Hz, 1H), 5.51 (s, 1H), 7.35 (d, J )
5.4 Hz, 1H), 7.70 (d, J ) 8.9 Hz, 1H), 7.84-7.86 (dd, J ) 8.9,
1.3 Hz, 1H), 7.96 (d, J ) 8.3 Hz, 1H), 8.33 (s, 1H), 8.39 (d,
J ) 8.9 Hz, 1H), 8.43 (s, 1H), 8.98 (d, J ) 5.4 Hz, 1H). HRFAB+

MS m/z: 690.30950 (M + H)+, calcd mass for C34H43O7N5F3 )
690.31146.

Compound 39. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 39 (mixture of ∼6:1 ratio) δ: 0.85 (d, J ) 6.7 Hz,
3H), 0.91 (d, J ) 6.7 Hz, 3H), 0.80-1.02 (m, 5H), 1.02-1.13
(m, 2H), 1.22-1.29 (m, 1H), 1.35-1.41 (m, 1H), 1.44-1.68 (m,
6H), 1.83 (s, 3H), 1.95-2.01 (m, 1H), 2.22-2.29 (m, 1H), ∼2.5
(m, 1H, observed by COSY), 4.04-4.09 (dd, J ) 11.8, 3.8 Hz,
1H), 4.17-4.27 (m, 3H), 4.39-4.43 (dd, J ) 7.2 Hz, 1H), 4.46-
4.48 (dd, J ) 5.0 Hz, 1H), 7.68 (d, J ) 4.8 Hz, 1H), 7.76 (d,
J ) 8.9 Hz, 1H), 7.89-7.92 (dd, J ) 8.9, 1.9 Hz, 1H), 7.95 (d,
J ) 8.3 Hz, 1H), 8.25 (d, J ) 8.9 Hz, 1H), 8.37 (s, 1H), 8.44 (s,
1H), 8.93 (d, J ) 4.8 Hz, 1H). HRFAB+ MS m/z: 706.28660
(M + H)+, calcd mass for C34H43O6N5F3S ) 706.28864.

Compound 40. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 40 (mixture of ∼10:1 ratio) δ: 0.88 (d, J ) 6.7
Hz, 3H), 0.92 (d, J ) 6.7 Hz, 3H), 0.80-1.14 (m, 7H), 1.22-
1.29 (m, 1H), 1.34-1.42 (m, 1H), 1.44-1.68 (m, 6H), 1.83 (s,
3H), 1.92-2.00 (m, 1H), 2.26-2.34 (m, 1H), ∼2.5 (m, 1H),
3.98-4.01 (dd, J ) 11.8, 3.5 Hz, 1H), 4.12-4.16 (dd, J ) 7.9
Hz, 1H), 4.18-4.22 (dd, J ) 8.3 Hz, 1H), 4.36-4.40 (dd, J )
8.4 Hz, 1H), 4.45 (d, J ) 11.8 Hz, 1H), 5.53 (s, 1H), 7.32 (d,
J ) 5.7 Hz, 1H), 7.69 (bd, J ) 8.9 Hz, 2H), 7.95 (d, J ) 8.0 Hz,
1H), 8.07 (d, J ) 1.9 Hz, 1H), 8.24 (d, J ) 9.2 Hz, 1H), 8.43 (s,
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1H), 8.94 (d, J ) 5.7 Hz, 1H). HRFAB+ MS m/z: 656.28710
(M + H)+, calcd mass for C33H43O7N5

35Cl ) 656.28510.
Compound 41. 1H NMR (DMSO, 400 MHz) major rotamer

of compound 41 (mixture of ∼8:1 ratio) δ: 0.89 (d, J ) 6.7 Hz,
3H), 0.93 (d, J ) 6.7 Hz, 3H), 0.80-1.14 (m, 7H), 1.22-1.29
(m, 1H), 1.34-1.42 (m, 1H), 1.44-1.68 (m, 6H), 1.83 (s, 3H),
1.92-1.99 (m, 1H), 2.31-2.39 (m, 1H), 2.50-2.59 (m, 1H),
3.99-4.02 [overlapping dd (1H) and s (-OCH3) 3H], 4.10-4.14
(dd, J ) 7.9 Hz, 1H), 4.16-4.20 (dd, J ) 8.3 Hz, 1H), 4.37-
4.41 (dd, J ) 8.4 Hz, 1H), 4.54 (d, J ) 12.1 Hz, 1H), 5.69 (s,
1H), 7.47-7.52 (m, 3H), 7.66 (d, J ) 8.6 Hz, 1H), 7.95 (d, J )
7.6 Hz, 1H), 8.27 (d, J ) 9.9 Hz, 1H), 8.44 (s, 1H), 9.08 (d,
J ) 6.7 Hz, 1H). HRFAB+ MS m/z: 652.33540 (M + H)+, calcd
mass for C34H46O8N5 ) 652.33466.

Compound 42. 1H NMR (DMSO, 400 MHz) major rotamer
of compound 42 (mixture of ∼3:1 ratio) δ: 0.88 (d, J ) 6.7 Hz,
3H), 0.93 (d, J ) 6.7 Hz, 3H), 0.80-1.14 (m, 7H), 1.05-1.15
(m, 1H), 1.22-1.68 (5 overlapping m, 7H), 1.81 (s, 3H), 1.93-
2.02 (m, 1H), 2.32-2.42 (m, 1H), 2.53-2.62 (m, 1H), 3.92-
3.95 [overlapping d (1H) and s (-OCH3) 3H], 4.05-4.09 (m,
1H), 4.19-4.23 (dd, J ) 7.8 Hz, 1H), 4.40-4.47 (m, 2H), 5.65
(bs, 1H), 7.51-7.55 (m, 3H), 7.71-7.75 (dd, J ) 9.5, 2.9 Hz,
1H), 7.80 (d, J ) 8.3 Hz, 1H), 8.07 (d, J ) 9.5 Hz, 1H), 8.45 (s,
1H), 8.99 (d, J ) 6.4 Hz, 1H). HRFAB+ MS m/z: 652.33610
(M + H)+, calcd mass for C34H46O8N5 ) 652.33466.

Compound 43. 1H NMR (DMSO, 400 MHz) major rotamer
(mixture of ∼9:1 ratio) δ: 0.80 (d, J ) 6.4 Hz, 3H), 0.85 (d,

J ) 6.4 Hz, 3H), 0.84-1.1 (m, 6H), 1.19 (d, J ) 4.4 Hz, 6H),
1.21 (d, J ) 4.4 Hz, 6H), 1.22-1.28 (m, 2H), 1.32-1.37 (m,
1H), 1.48-1.63 (m, 7H), 1.82 (s, 3H), 1.90-1.96 (m, 1H), 2.00-
2.08 (m, 1H), 2.12 (s, 6H), 2.25-2.32 (m, 1H), 3.72-3.75 (dd,
J ) 10.8, 3.2 Hz, 1H), 3.90 (bd, J ) 11.4 Hz, 1H), 4.20-4.24
(dd, J ) 8.3 Hz, 1H), 4.38-4.42 (m, 2H), 4.71 (bs, 1H), 4.77-
4.86 (m, 2H), 6.97 (s, 2H), 7.84 (d, J ) 8.3 Hz, 1H), 7.87 (d,
J ) 8.9 Hz, 1H), 8.51 (s, 1H), 9.81 (s, 1H). ES+ MS m/z: 801.4
(M + H)+, 823.4 (M + Na)+. ES- MS m/z: 799.4 (M - H)+.
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