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Synthesis and evaluation of novel 8,5-fused bicyclic peptidomimetic
compounds as interleukin-1b converting enzyme (ICE) inhibitors
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Abstract—An 8,5-fused bicyclic peptidomimetic ring system generated by a stereoselective ring metathesis reaction was elaborated
into potent inhibitors of interleukin-1b converting enzyme (ICE, caspase-1). Multiple compounds were found that exhibited ICE
IC50 values <10 nM and were selective over caspase-3 and caspase-8. These active analogs generally possessed good activity
(IC50 values <100 nM) in a whole cell assay measuring IL-1b production. Pharmacokinetic analysis of the ethyl acetal prodrug form
of a selected active lead revealed a compound with a reasonable plasma half-life (1.1 h) and good oral bioavailability (30%).
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The excessive production of IL-1b contributes to the
pathogenesis of acute and chronic inflammatory and
autoimmune diseases, including for example, disease
progression in rheumatoid arthritis (RA) and osteoar-
thritis (OA), where it mediates inflammatory symptoms,
contributes to the destruction of cartilage proteoglycan,
and also induces bone loss in afflicted joints. Other con-
ditions where IL-1b plays a pathogenic role include ath-
erosclerosis, sepsis syndrome, inflammatory bowel
syndrome, and periodontal disease.1 Therefore, inter-
vention in the IL-1 pathway may provide an effective
means for the management of inflammatory disorders
such as RA.
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The caspases are a family of structurally similar, intra-
cellular cysteine proteases primarily responsible for key
steps in immunity and the inflammatory response, such
as cytokine maturation and apoptosis.2 Caspase-1
(interleukin-1b converting enzyme, ICE) catalyzes the
proteolytic cleavage of the pro-inflammatory cytokines
pro-IL-1b and pro-IL-18 to the bioactive forms IL-1b
and IL-18.3 The inhibition of ICE is a recognized target
for therapeutic intervention against a variety of chronic
inflammatory conditions.

The tetrapeptide 1 (AcYVAD-CHO) was identified as
a potent reversible inhibitor of ICE,4 and was used
to demonstrate that inhibition of ICE in whole blood
prevented secretion of IL-1b.5 The X-ray crystal struc-
ture of compound 1 bound in the active site of ICE
was published and defined key spatial, lipophilic, and
hydrogen-bonding interactions for potent ICE inhibi-
tion.6 These are depicted schematically (Fig. 1) and
include a lipophilic P4 moiety (the tyrosine side chain),
a ‘bent’ P2–P3 dipeptide central core, a hydrogen-
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Figure 1. Known ICE inhibitors.

D. L. Soper et al. / Bioorg. Med. Chem. 14 (2006) 7880–7892 7881
bonding backbone, and an aspartic acid-like cysteine
trap.7

More recently, rigid peptidomimetic compounds were
identified as potent reversible and irreversible inhibitors.
Notable among these, Pralnacasan� 2 8 was character-
ized as a selective reversible ICE inhibitor which pro-
gressed into late stage clinical trials for RA.
Pralnacasan� incorporated a bicyclic core to constrain
the central dipeptide region of the inhibitor into a pre-
ferred conformation that maintained the key hydrogen
bond contact points. In addition, a prodrug moiety
was used to mask the acidic character of the C-terminal
aspartic acid recognition element and allowed the com-
pound to be dosed orally. The lactone acetal prodrug of
2 was reported to undergo enzymatic hydrolysis under
physiological conditions to provide the bioactive form
of the drug 3.9

We likewise explored P2–P3 constrained systems,10 and
herein we report the synthesis and evaluation of ICE
inhibitors based on an 8,5-fused bicyclic scaffold. We be-
lieved compounds such as 4 (Scheme 1) would possess
the desired conformational constraint for properly ori-
enting the P1 cysteine trap and the hydrophobic P4 res-
idue (R1), and to allow the key hydrogen-bonding
interactions to occur. Inhibitors such as 4 should be
readily accessible from the reported bicyclic core 5.11

The precursor 5 possessed an ester at the C-terminus
which could be hydrolyzed to provide a handle for
attachment of the required aspartic acid aldehyde recog-
nition element. Additionally, the nitrogen-terminus of 5
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Scheme 1. 8,5-Fused bicyclic ICE inhibitor scaffold.
could be deprotected and derivatized to explore the P4
region of our inhibitors.
2. Chemistry

The synthesis of 5 and several diastereomers from inter-
mediate 6 was previously reported, and we elected to fol-
low a similar approach, outlined in Scheme 2. In several
steps, LL-pyroglutamic acid was converted to an insepara-
ble 3:1 mixture of diastereomeric (5R)- and (5S)-allyl-
(2S)-proline ethyl esters 7a via allylsilane addition to
the intermediate methyl aminal 6a. The mixture was
coupled with N-Boc-LL-allylglycine to yield 8a as a mix-
ture of isomers. This mixture of isomers 8a was then
subjected to ring-closing olefin metathesis conditions
(5–10 mol% 1st generation Grubbs catalyst,12 reflux,
3 h) resulting in the formation of only one bicyclic prod-
uct 5a in 75% yield, resulting from cyclization of the 5R-
isomer of 8a. Interestingly, no cyclization of the minor
5S-diastereomer of 8a to the 8,5-bicyclic compound 9a
was observed under these conditions. However, it was
previously reported that the precursor 8c, possessing
the 5S stereochemistry, was able to cyclize to the
metathesis product 9c, albeit in much lower yield under
more forcing conditions (30 mol% catalyst, 116 h).

The related metathesis precursor 8b likewise provided
only the bicyclic product 5b resulting from cyclization
of the major 5R-isomer in 70% yield, when subjected
to the metathesis reaction. Finally, the inseparable allyl
proline mixture 7b was coupled with N-Boc-DD-allylgly-
cine, the enantiomer of that used above, and a �3:1 mix-
ture of 5R-10 and 5S-10 was obtained. When the
mixture 10 was treated with 1st generation Grubbs cat-
alyst at 40 �C for 3 h, we observed the formation of a
single bicyclic product once again in 21% yield. The
identity of the product formed this time was determined
to be 12, resulting from cyclization of the minor 5S-pro-
line isomer 10 (84% yield based on 5S-10). A two dimen-
sional NOESY spectrum was taken to assign the
stereochemistry at the ring fusion. A significant NOE
was observed between H6 and H10a, indicating that
these two protons were on the same face of the 8-mem-
bered lactam (Scheme 2). These data were consistent
with structure 12 and not 11.7 No cyclization of the ma-
jor isomer 5R-10 was observed under the standard
metathesis conditions we employed, in contrast to that
previously reported.

We were intrigued by the selectivities observed in the
metathesis cyclizations and as a simple probe for the
underlying basis of these ring-closing metathesis results,
we performed a brief study of the conformational space
populations of the substrates 5R- and 5S-8b and 5R-
and 5S-10 (Fig. 2). These structures were used as simple,
all-carbon analogs of the metal carbene complexes in-
volved in the metathesis reaction due to the absence of
suitable force field parameters for the metal carbine
complexes. It can, however, be expected that they pro-
vide suitable representations of the conformational
behavior, which is determined by stereocenters remote
from the metal. Similar calculations have been used to
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explain observed RCM results directed at the synthesis
of the ingenol ring system.13

Through use of a Monte Carlo (MC) search, 8643 and
7639 unique conformers were found for 5R-8b and 5S-
8b, respectively, while 8927 and 8589 unique conformers
were found for 5R-10 and 5S-10. These findings and the
analysis of the convergence of the MC search imply that
50,000-step MC searches are adequate to explore the
conformational space populations of the four stereoiso-
mers and to generate a statistically relevant ensemble.
Figure 3 shows the conformations within 3 kcal/mol,
aligned based on the eight atoms which form the 8-mem-
bered ring in the product. In the most stable conformer
of 5R-8b, the distance of C1–C2 is about 5.4 Å, while the
corresponding distance in 5S-8b is 5.8 Å. Similarly, the
distance of C1–C2 in 5S-10 is about 4.9 Å, which is
0.9 Å shorter than that in 5R-10. It can also be seen that
there is relatively little conformational flexibility other
than rotation around the vinylic bond in this part of
the molecule, resulting in closely related families of con-
formers. It seems clear from these results that, consistent
with the experimental observation, only 5R-8b and 5S-
10 should be able to undergo efficient ring-closing
metathesis based on the shorter C1–C2 distances.

More importantly, this point is found to be true for the
overall set of conformations. When the C1–C2 distances
for all unique conformers of each isomer were plotted
against the number of conformations with that distance,
it can be seen that only the isomers that have substantial
conformational populations in the C1–C2 distance range
of 3.5–5.5 Å, and especially of 3.5–5.0 Å, can efficiently
form the ring-closing metathesis product, as shown as in
Figure 4. For example, 5R-8b does form the 8-mem-
bered ring product and has more than 1000 unique con-
formers possessing a C1–C2 distance from 3.5 to 5.0 Å;
however, 5S-8b, which has less than 200 unique con-
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formers in the same range, does not undergo ring-clo-
sure using the standard reaction conditions. The calcu-
lated results agree with the experimental results very
well, and this simple computational tool could be used
as a qualitative basis to predict ring-closure potential
for other similar compounds.

Although these calculated results are in good agreement
with the experimental findings and provide a reasonable
rationale for them, this study of the substrates them-
selves is not as appropriate as a corresponding study
of the substrate-derived ruthenium carbene complexes
that serve as the key intermediates in the cyclization
reaction. However, this more rigorous approach is be-
yond the scope of the present work, especially due to
the lack of appropriate parameter sets for these interme-
diates. Also, Curtin–Hammett considerations may argue
against the validity of this analysis.14 However, there are
clear trends for the population of energetically accessible
conformations that are required for cyclization to occur,
with quite notable differences being seen among the
reacting and non-reacting diastereomers. These differ-
ences could translate into increased strain energy in
the cyclization transition states for the non-reacting dia-
stereomers, thus leading to much slower rates of cycliza-
tion for these compounds compared to the
diastereomers that do participate in the ring-closing
metatheses. To be completely valid, the consideration
of Curtin–Hammett factors would require a much more
rigorous investigation of both ground state and transi-
tion state energies.

Once the bicyclic core 5 had been synthesized on suffi-
cient scale for elaboration into potential ICE inhibitors,
the Boc-protecting group was removed by treatment of 5
with thionyl chloride in methanol (Scheme 3). The
hydrochloride salt was neutralized with triethylamine
and treated with aryl acid chlorides or carbodiimide
coupling reagents with the aryl carboxylic acids to give
13. Compound 13f (saturated 8,5-ring system, R = m-
chlorophenyl) was subjected to X-ray structure determi-
nation to confirm the stereochemical assignment in the
bicyclic scaffold. Figure 5 depicts the results from the
crystal structure determination and confirms the stereo-
chemical assignment as previously described. Com-
pound 13 was then hydrolyzed with lithium hydroxide
to give the free carboxylic acid 14. The coupling of an
aspartic acid aldehyde synthon was then carried out
via one of two separate routes.

The first route investigated was one that utilized com-
pound 21.15 The alloc-protecting group of 21 was re-
moved in situ with Pd(Ph3P)4 and dimethylbarbituric
acid in CH2Cl2 at room temperature for 10 min, at
which time, compound 14 was added in DMF followed
immediately by HOBt and EDAC. The coupling was
typically completed in 2 h, but isolation of pure com-
pound 16 was generally difficult due to contamination
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of the product with Ph3PO. Consequently, crude 16 was
hydrolyzed with TFA in CH3CN/H2O to obtain the fi-
nal inhibitors 17. In the second route, intermediate 22
was used in the coupling reaction in place of 21. Using
the same coupling conditions described above, com-
pound 15 was obtained in excellent yields (85–95%). In
this approach, compound 15 was isolated with purities
of >98% following flash chromatography on silica gel.
Treatment of 15 with trifluoroacetic acid in anhydrous
dichloromethane for 10 min gave 16 in a >95% yield.
This route allowed for the production of substantial
quantities of a prodrug form analogous to Pralnacasan�

(2) in high yield and purity for pharmacokinetic studies.
Lastly, saturated analogs (18) were synthesized by either
hydrogenation of intermediate 5 prior to elaboration or
hydrogenation of final inhibitors 17. Diastereomeric
inhibitors (19 and 20), possessing inverted stereocenters
at the ring fusion and the P3 amine, were also synthe-
sized via an identical sequence starting from intermedi-
ate 12.
3. Results and discussion

A series of potential ICE inhibitors based on the 8,5-bi-
cyclic scaffold were synthesized wherein the substituent
R (in structure 17) was varied to introduce hydrophobic
groups into the P4 region of the inhibitor (Table 1). The
compounds were evaluated for their potency at inhibit-
ing ICE (caspase-1) and for their selectivity against
inhibiting the related caspase-3 and caspase-8. In addi-
tion, the compounds were tested in the THP-1 whole cell
assay measuring the inhibition of IL-1b production
caused by exposure to the ICE inhibitor.

Compound 17a (R = phenyl) was potent against ICE en-
zyme (IC50 23 nM), but showed poor activity in the
THP-1 whole cell assay (IC50 > 1000 nM). Substitution
on the phenyl (17b–17p) resulted in modest variations
in the ICE enzyme potency, with a slight preference
for hydrophobic substituents at the meta-position. In
contrast, most of the phenyl substitutions showed
increases in the whole cell potency (THP-1 IC50). Over-
all, para-substitution generally led to a reduction in
whole cell activity. The bicyclic aryl compounds (17q–
17t) showed excellent enzyme activity, all having
IC50 < 10 nM. Except for the benzothiophene derivative
17q, the THP-1 data for these compounds also showed
increased potency, especially with 17r and 17s having



Table 1. In vitro enzyme inhibition and whole cell THP-1 IC50 data for compounds 17–20

Compound R Enzyme IC50
a (nM) Whole cell IC50

b (nM) THP-1

ICE Caspase-3 Caspase-8

3c — 3.6 1300 40 190

17a Phenyl 23 >104 1400 1100

17b 2-Methoxyphenyl 140 >104 4100 110

17c 3-Methoxyphenyl 15 >104 2300 90

17d 4-Methoxyphenyl 32 >104 2400 170

17e 2-Chlorophenyl 50 >104 610 330

17f 3-Chlorophenyl 23 >104 2900 200

17g 4-Chlorophenyl 49 >104 4200 710

17h 2-Methylphenyl 16 >104 320 450

17i 3-Methylphenyl 13 >104 800 210

17j 4-Methylphenyl 170 >104 >100 1800

17k 2-Fluorophenyl 35 >104 1100 560

17l 3-Fluorophenyl 18 >104 690 380

17m 4-Fluorophenyl 13 >104 480 100

17n 2-Trifluoromethylphenyl 23 >104 380 270

17o 3-Trifluoromethylphenyl 7 >104 2900 440

17p 4-Trifluoromethylphenyl 32 >104 420 2500

17q 2-Benzothiophene 7.0 >104 2600 1100

17r 1-Naphthyl 4.2 >104 380 17

17s 2-Naphthyl 2.8 >104 2000 52

17t 1-Isoquinolyl 3.3 >104 960 190

17u Cinnamyl 69 >104 8200 110

18a Phenyl 6.3 >104 540 1100

18e 2-Chlorophenyl 8.5 8400 41 150

18f 3-Chlorophenyl 2.6 >104 210 390

18g 4-Chlorophenyl 5.3 >104 250 nt

18q 2-Benzothiophene 3.3 >104 810 480

18r 1-Naphthyl 1 >104 66 3

18s 2-Naphthyl <1 >104 390 32

18t 1-Isoquinolyl <1 >104 160 54

18v 2,6-Dimethylphenyl 56 8600 37 560

19a Phenyl 3900 >104 >104 >104

19c 3-Methoxyphenyl 3700 >104 >104 >104

19t 1-Isoquinoyl 1200 >104 >104 >104

20a Phenyl 410 >104 >104 >104

20c 3-Methoxyphenyl 590 >104 >104 >104

20t 1-Isoquinoyl 880 >104 >104 >104

a Enzyme IC50 results are expressed as ±30% or less.
b Whole cell THP-1 IC50 results varied approximately ±2-fold.
c Pralnacasan free drug.
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IC50 < 100 nM. The cinnamyl derivative 17u (a bicyclic
mimetic) also showed very good whole cell potency in
the THP-1 assay.

Molecular modeling was used to predict a binding mode
for the 8,5-fused bicyclic inhibitors to the active site of
ICE, and to provide a comparison to the published X-
ray crystallographic structure of compound 1 (AcY-
VAD-CHO) complexed to ICE (Fig. 6a). Based on the
single crystal X-ray structure of 13f (saturated 8,5-ring
system, R = m-chlorophenyl), a model of inhibitor 18f
was constructed. The rotatable bonds of the P1 and
P4 moieties of the model were oriented in low energy
conformations that overlapped with the corresponding
P1 and P4 substituents in the AcYVAD-CHO structure
from the crystal structure. Finally, this model was
docked into the active site of the ICE protein crystal
structure in place of the AcYVAD-CHO structure
(Fig. 6b). Based on this model, the proline portion of
the 8,5-bicyclic ring was seen to fit into S2 pocket, and
the 8-membered ring occupied the S3 pocket analogous-
ly to the Val side chain in the tetrapeptide inhibitor. In
addition, key hydrogen bond interactions were main-
tained by 18f, analogous to the AcYVAD-CHO struc-
ture. Finally, both the P1 aspartyl moiety and P4
substituent were appropriately displayed to maximize
their interactions with their respective binding sites.
Overall, the molecular model with compound 18f was
consistent with the binding mode of AcYVAD-CHO ob-
served in the ICE crystal structure.

To establish that our compounds were selectively inhib-
iting ICE (caspase-1) over other caspases, we screened
against caspase-3 and caspase-8. Selectivity over cas-
pase-3 was consistent with most compounds showing
>10 lM inhibition. In addition, most compounds
showed >50-fold selectivity against caspase-8. Interest-
ingly, several of the compounds with ortho-substituted
aryl groups as the P4 moiety showed improved activity
against caspase-8. In fact, the 2,6-dimethylphenyl-



Figure 6. (a) X-ray structure of AcYVAD-CHO complexed to ICE6; (b) molecular model of compound 18f complexed to ICE.

Table 2. Pharmacokinetic analysis, oral bioavailability, and plasma

stability of selected compounds

Compound Ethyl

prodrug

t1/2
a

(h)

% Fa

(rat)

Plasma

stability t1/2
b (h)

17s No 2.2 1 Not tested

23t Yes 1.1 30 0.2

a Values are based on the amount of free drug measured in the plasma.
b Data are expressed as the half-life for disappearance of prodrug as

determined by reverse phase HPLC.
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substituted analog 18v was a dual caspase inhibitor,
exhibiting comparable potency at inhibiting ICE and
caspase-8 (IC50 values <100 nM).

Several of the 8,5-bicyclic ICE inhibitors which were po-
tent in the enzyme and THP-1 assays, and which main-
tained selectivity versus caspase-3 and -8, were further
characterized in vitro and in vivo. Consistent with re-
sults previously described for peptidomimetic ICE
inhibitors, the 8,5-bicyclic compounds (analogs 17 and
18) showed generally low oral bioavailability in pharma-
cokinetic studies using rats. For example, compound 17s
exhibited only a 1% oral bioavailability, although it had
a reasonable plasma half-life of 2.1 h (Table 2).

A prodrug strategy was therefore employed to improve
the oral bioavailability of selected ICE inhibitors. For
example, compound 23t (the ethyl acetal prodrug of
compound 18t) was identified as one of the better per-
forming analogs in a preliminary PK study,17 exhibiting
good oral bioavailability (30%, measured as free drug)
and a plasma half-life of the corresponding free drug
of 1.1 h. The prodrug 23t proved short-lived in plasma
and released the corresponding free drug with a half-life
<15 min. After oral administration, no prodrug was ob-
served in rat plasma, and only free drug (e.g., 18t) was
detected. Overall, the ethyl acetal prodrug approach
was variably successful in improving the oral bioavail-
ability of other 8,5-bicyclic ICE inhibitors, possibly as
a result of the prodrugs’ reduced aqueous solubility
and their differing stability profiles (data not shown).
4. Conclusion

We described a stereoselective synthesis of an 8,5-bicy-
clic peptidomimetic scaffold using a ring-closing metath-
esis approach. A molecular modeling study using a
Monte Carlo based conformational search provided cal-
culated results that were in good agreement with the
experimental cyclization findings and provided a reason-
able rationale for them. We further elaborated the 8,5-
bicylic scaffold and established that this scaffold pro-
duced potent ICE inhibitors. Based on single crystal
X-ray data and molecular modeling, we believe that
the bicyclic ring system allowed for the proper display
of functionality at the P4 and P1 positions while main-
taining key hydrogen bonds in the ICE enzyme active
site. Numerous compounds were found with good ICE
inhibition (<10 nM), good selectivity versus caspase-3
and caspase-8, and whole cell potency (<100 nM) that
were comparable or superior to the reference inhibitor
3. Good pharmacokinetic performance was achieved
with the ethyl acetal prodrug 23t of one of the better
ICE inhibitors (18t), exhibiting 30% oral bioavailability
and a 1.1 h half-life in rats. Overall, these results suggest
that further in vivo evaluation of selected compounds in
this class is warranted.
5. Experimental

5.1. General

1H NMR spectra were recorded on a Varian Unity
Plus 300 MHz spectrometer and are referenced to
either the deuteriochloroform singlet at 7.27 ppm or
deuteriomethanol singlet at 4.87 ppm. 13C spectra were
recorded on a Varian Unity Plus 300 MHz spectrome-
ter and are referenced to either the centerline of the
deuteriochloroform triplet at 77.0 ppm or the deuterio-
methanol heptet at 49.2 ppm. Mass spectra were ob-
tained on either a Fison Platform-II Quadrapole
Mass Spectrometer or a Fison Trio2000 Quadrapole
Mass Spectrometer. High-resolution mass spectra were
obtained on a Micromass LCT Time-of-Flight Mass
Spectrometer. All solvents were purchased anhydrous
(Aldrich Chemical) and used without further purifica-
tion. All air-sensitive reactions were performed under
an anhydrous nitrogen atmosphere. Flash chromatog-
raphy was performed on silica gel (70–230 mesh; Al-
drich). Thin-layer chromatography analysis was
performed on glass mounted silica gel plates (250 lm
Analtech) and visualized using UV, iodine, or potassi-
um permanganate in 5% aqueous NaOH.



D. L. Soper et al. / Bioorg. Med. Chem. 14 (2006) 7880–7892 7887
5.2. Inhibition of ICE, caspase-3, and caspase-8 enzymes

The isolated enzyme (ICE, caspase-3, and caspase-8) as-
says were performed in a 96-well format using fluoro-
genic substrates, enzymes and control peptide
inhibitors purchased from BioMol Research Laborato-
ries (Plymouth Meeting, PA). The assay was conducted
according to the manufacturer’s instructions. Enzyme
inhibition was monitored over 30 min at 37 �C by mea-
suring fluorescence using a BMG Fluostar plate reader
(excitation filter 390 nm, emission filter 460 nm). IC50

values were calculated based on the equation
IC50 = [I]/(Vo/Vi) � 1, where Vi is the initial velocity of
substrate cleavage in the presence of inhibitor at concen-
tration [I] and Vo is the initial velocity in the absence of
inhibitor.

5.3. Inhibition of IL-1b production in a cell-based assay

A suspension of human monocytic cells (THP-1,
ATCC strain TIB202, 2 · 106/mL in RPMI 1640 medi-
um from Gibco-BRL) was plated in 96-well plates,
incubated with or without compounds (administered
as solutions in DMSO, such that test concentrations
ranged from 1 nM to 10 lM) for 15 min, and then
stimulated with LPS (1 lg/mL) for a total of 4 h. Cells
were centrifuged and the conditioned media were col-
lected to quantify the release of IL-1b by an ELISA
measurement according to the manufacturer’s instruc-
tions (R&D Systems, catalog no. DLB50) or stored
at �20 �C for future use.

5.4. Pharmacokinetic analysis and oral bioavailability

Preliminary pharmacokinetic studies were conducted
utilizing male Sprague–Dawley rats approximately 8–
12 weeks old and weighing 225–300 g. A 40% hydroxy-
propyl-b-cyclodextrin solution containing test com-
pound was administered at the dose level of 30 mg/kg
and volume of 10 mL/kg to two animals via oral gavage.
Blood samples were collected using the Culex automated
blood collection system at time points: 0, 0.5, 1, 2, 4, 6,
8, 12, and 24 h. The blood samples were processed and
the plasma frozen at �75 �C until analyzed. A pharma-
cokinetic analysis of the plasma concentration–time
data was conducted using non-compartmental
techniques.

5.5. Computational methodology

A 50,000-step Monte Carlo search for conformations of
the four substrates (5R-8b, 5S-8b, 5R-10, and 5S-10) was
performed using the Merck Molecular Force Field
(MMFF)18 as implemented in the MacroModel 7.0
package.19 The MMFF was parameterized by a large
set of quantum chemical calculations of common organ-
ic structures at the HF/6-31G* level, and it was tested
extensively on a variety of small organic molecules. Sol-
vation effects for chloroform were included via the Gen-
eralized Born/Surface Area Continuum model (GB/
SA),20 as implemented in MacroModel 7.0. The GB/
SA model has been tested to calculate the absolute free
energies of hydration with a high degree of accuracy.
Only structures within 50 kJ/mol of the global minimum
were stored and the full dataset was used for the statis-
tical analysis.

5.6. Synthesis

5.6.1. Methyl (3S,6S,8Z,10aR)-6-[(isoquinolin-1-ylcar-
bonyl)amino]-5-oxo-1,2,3,5,6,7,10,10a-octahydropyrrolo-
[1,2-a]azocine-3-carboxylate (13t). Methyl (3S,6S,8Z,10aR)-
6-[(tert-butoxycarbonyl)-amino]-5-oxo-1,2,3,5,6,7,10,10a-
octahydropyrrolo[1,2-a]azocine-3-carboxylate 5 (3.46 g,
10.2 mmol) was treated with 1.5 mL of thionyl chloride
in 50 mL of methanol for 2 h at room temperature. The
solvent was removed under reduced pressure leaving
2.43 g (100%) of crude product as an orange crystal.
The deprotected amine (1.69 g, 7.1 mmol) and 1-isoquin-
olinic acid (2.46 g, 14.2 mmol) were dissolved in 75 mL
of dichloromethane. To this solution were added dimeth-
ylaminopyridine (0.87 g, 7.1 mmol) and dicyclohexylcarbo-
diimide (2.93 g, 14.2 mmol). The reaction mixture was
stirred overnight, during which time a precipitate formed.
The solid was filtered and washed with dichloromethane.
The filtrate was reduced to dryness and taken up in ether.
Additional precipitates formed and were removed by fil-
tration. The filtrate was again reduced to dryness. The res-
idue was chromatographed on a silica gel column (50%
ethyl acetate/hexanes), giving compound 13t as an oil
(1.62 g, 58%). 1H NMR (CDCl3): d 9.55 (m, 1H), 9.18
(d, J = 7.3 Hz, 1H), 8.50 (d, J = 5.5 Hz, 1H), 7.88–7.65
(m, 4H), 5.99–5.81 (m, 2H), 5.38 (m, 1H), 4.59 (dd,
J = 8.7, 3.2 Hz, 1H), 4.26 (m, 1H), 3.76 (s, 3H), 3.03–
2.86 (m, 2H), 2.60–2.50 (m, 2H), 2.23–1.98 (m, 4H). 13C
NMR (CDCl3): d 172.7, 170.9, 165.7, 148.1, 140.8,
137.6, 130.6, 129.6, 128.7, 127.7, 127.2, 127.1, 126.4,
124.5, 60.5, 59.1, 52.3, 51.3, 35.1, 33.4, 27.5. ESI-MS
394.14 (M+H).

5.6.2. (3S,6S,8Z,10aR)-6-[(Isoquinolin-1-yl-carbonyl)-
amino]-5-oxo-1,2,3,5,6,7,10,10a-octahydropyrrolo[1,2-
a]azocine-3-carboxylic acid (14t). Compound 13t (1.62 g,
4.1 mmol) was added to 20 mL of 3:1 tetrahydrofuran/
water. Lithium hydroxide (0.25 g, 5.9 mmol) was added
and the reaction mixture was stirred for 18 h. Ethyl ace-
tate was added and the organics were sequentially
washed with 1 N HCl and brine, and then dried over
magnesium sulfate. Solvent was evaporated leaving 14t
an oil (1.41 g, 90%), which was used without further
purification. 1H NMR (CDCl3): d 9.30 (d, J = 8.5 Hz,
1H), 8.92 (d, J = 7.7 Hz, 1H), 8.53 (d, J = 7.8 Hz, 1H),
7.93 (m, 2H), 7.83–7.71 (m, 2H), 5.88 (m, 1H), 5.75
(m, 1H), 5.50 (m, 1H), 4.70 (d, J = 7.4 Hz, 1H), 4.37
(m, 1H), 3.10–2.91 (m, 2H), 2.44 (m, 3H), 2.21 (m,
1H), 2.03 (m, 2H). HRMS calcd for C21H22N3O4

380.1610, found 380.1610.

5.6.3. (3S,6S,8Z,10aR)-N-[(3S)-2-Ethoxy-5-oxotetrahy-
dro-furan-3-yl]-6-[(isoquinolin-1-ylcarbonyl)-amino]-5-oxo-
1,2,3,5,6,7,10,10a-octahydro-pyrrolo[1,2-a]azocine-3-car-
boxamide (16t). To a solution of allyl [(3S)-2-ethoxy-5-
oxotetrahydrofuran-3-yl]carbamate 21 (1.83 g, 8.0 mmol)
in dichloromethane (30 mL) were added N,N-dimethyl-
barbituric acid (2.98 g, 47.8 mmol) and tetrakispalladi-
um(0) triphenylphosphine (0.85 g, 0.07 mmol). The
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resulting mixture bubbled and was allowed to stir at
room temperature for 15 min. To this mixture were add-
ed compound 14t (1.2 g, 3.15 mmol), hydroxybenztriaz-
ole (1.0 g, 18.5 mmol) and 1-(3-dimethylaminopropyl)-
3-ethyl carbodiimide hydrochloride (1.4 g, 18.5 mmol).
The reaction mixture was allowed to stir for 2 h at room
temperature. The reaction mixture was then poured into
water and extracted with ethyl acetate. The organic lay-
ers were washed with saturated sodium bicarbonate,
brine, dried with sodium sulfate, and concentrated in
vacuo. Silica gel chromatography (ethyl acetate) afforded
16t as a yellow foam (1.42 g, 89%). 1H NMR (CDCl3): d
9.50 (m, 1H), 9.02 (d, J = 7.7 Hz, 1H), 8.50 (d,
J = 5.4 Hz, 1H), 7.83 (m, 3H), 7.69–7.41 (m, 3H), 5.84
(m, 1H), 5.70 (m, 1H), 5.49 (m, 2H), 4.71 (m, 2H), 4.26
(m, 1H), 3.90 (m, 1H), 3.71 (m, 1H), 3.17–2.95 (m,
2H), 2.80 (m, 1H), 2.51–2.30 (m, 4H), 2.14 (m, 1H),
1.90 (m, 2H), 1.31 (t, J = 7.0 Hz, 3H). HRMS calcd for
C28H32N3O6 506.2291, found 506.2285.

5.6.4. Alternative coupling method: (3S,6S,10aS)-N-
[(3S)-2-Ethoxy-5-oxotetrahydrofuran-3-yl]-6-[(isoquino-
lin-1-ylcarbonyl)amino]-5-oxo-decahydro-pyrrolo[1,2-
a]azocine-3-carboxamide (23t). To a solution of tert-butyl
allyloxy)carbonyl]-amino}-4,4-diethoxybutanoate 22
(18.9 g, 57.3 mmol) in dichloromethane (200 mL) were
added N,N-dimethylbarbituric acid (14.35 g, 92.0 mmol)
and tetrakispalladium(0) triphenylphosphine (2.0 g,
1.7 mmol). The resulting mixture bubbled and was al-
lowed to stir at room temperature for 15 min. To this
mixture were added (3S,6S,10aS)-6-[(isoquinolin-1-
yl-carbonyl)amino]-5-oxodecahydropyrrolo[1,2-a]-azo-
cine- 3-carboxylic acid (14.0 g, 36.8 mmol, prepared by
catalytic hydrogenation of 14t using 10% palladium on
carbon), hydroxybenztriazole (8.0 g, 59.3 mmol), and 1-
(3-dimethylaminopropyl)-3-ethyl carbodiimide hydro-
chloride (11.31 g, 59.0 mmol). The reaction mixture was
allowed to stir for 1 h at room temperature. The reaction
mixture was then poured into water and extracted with
ethyl acetate. The organic layers were sequentially washed
with saturated sodium bicarbonate and brine, then dried
with magnesium sulfate, and concentrated in vacuo. Silica
gel chromatography (50% ethyl acetate/hexanes) afforded
tert-butyl (3S)-4,4-diethoxy-3-[({(3S,6S,10aS)-6-[(isoquin-
olin-1-yl-carbonyl)amino]-5-oxodecahydropyrrolo[1,2-
a]azocin-3-yl}carbonyl)amino]butanoate as a yellow foam
(21.2 g, 94% yield). 1H NMR (CDCl3): d 9.56 (dd,
J = 8.4, 1.2 Hz, 1H), 9.02 (d, J = 7.8 Hz, 1H), 8.53 (d,
J = 5.4 Hz, 1H), 7.87 (d, J = 8.1 Hz, 1H), 7.81 (d,
J = 5.7 Hz, 1H), 7.72 (m, 2H), 7.05 (d, J = 9.0 Hz, 1H),
5.23 (m, 1H), 4.60 (d, J = 4.2 Hz, 1H), 4.56 (d,
J = 7.2 Hz, 1H), 4.49–4.35 (m, 2H) 3.74 (m, 3H), 3.58
(m, 3H), 2.59 (d, J = 5.7 Hz, 2H), 2.41 (m, 1H), 2.27–
2.01 (m, 3H), 1.93–1.70 (m, 8H), 1.42 (s, 9H), 1.19 (t,
J = 6.0 Hz, 6H). HRMS calcd for C33H47N4O7

611.3436, found 611.3445.

tert-Butyl (3S)-4,4-diethoxy-3-[({(3S,6S,10aS)-6-[(iso-
quinolin-1-ylcarbonyl)amino]-5-oxodecahydropyrrolo-
[1,2-a]azocin-3-yl}carbonyl)amino]butanoate (21.2 g,
34.8 mmol) in approximately 200 mL anhydrous dichlo-
romethane was treated with 20 mL of TFA and stirred
for 10 min. The solvent was removed and 20 mL of
dichloromethane followed by 80 mL of toluene was add-
ed. Again the solvent was removed. The residue was
chromatographed on silica gel (80% ethyl acetate/hex-
anes) giving 17.4 g (98% yield) of 23t as a pale yellow
solid. 1H NMR (CDCl3): d 9.50 (t, J = 8.7 Hz, 1H),
8.92 (dd, J = 29.4 Hz, 7.5, 1H), 8.52 (d, J = 5.4 Hz,
1H), 7.90–7.34 (m, 5H), 5.51 (d, J = 5.4 Hz, 0.5H),
5.40 (s, 0.5H), 5.20 (m, 1H), 4.71 (m, 0.5H), 4.58 (dt,
J = 24.0, 7.8 Hz, 1H), 4.38 (m, 1.5H), 3.99–3.83 (m,
2H), 3.76–3.63 (m, 2H), 2.96 (m, 1H), 2.50 (m, 1H),
2.44 (m, 1H), 1.78 (m, 8H), 1.30 (dt, J = 18.0, 6.9 Hz,
3H). 13C NMR (CDCl3): d 175.2, 173.9, 172.2, 172.1,
171.9, 165.6, 148.2, 140.6, 137.6, 130.7, 128.9, 127.7,
127.1, 124.7, 107.2, 101.4, 65.9, 65.6, 60.8, 59.9, 59.7,
52.6, 50.4, 50.2, 48.6, 37.2, 36.8, 36.0, 35.8, 33.6, 32.9,
32.6, 32.4, 28.1, 25.7, 23.5, 23.4, 15.1. HRMS calcd for
C27H33N4O6 509.2400, found 509.2395.

5.6.5. (3S,6S,8Z,10aR)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-6-[(isoquinolin-1-ylcarbonyl)-amino]-5-
oxo-1,2,3,5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-
3-carboxamide (17t). (3S,6S,8Z,10aR)-N-[(3S)-2-Eth-
oxy-5-oxotetrahydro-furan-3-yl]-6-[(isoquinolin-1-ylcar-
bonyl)amino]-5-oxo-1,2,3,5,6,7,10,10a-octahydropyrrol-
o[1,2-a]azocine-3-carboxamide 16t (1.42 g, 2.80 mmol)
was stirred in a solution of 5 mL trifluoroacetic acid,
5 mL acetonitrile, and 2.5 mL water for 2 h. Solvents
were removed and the residue was taken up twice in eth-
yl acetate and evaporated to remove excess TFA. The oil
was then chromatographed on silica gel with ethyl ace-
tate containing 0.1% acetic acid, yielding 17t as a yellow
foam (1.18 g, 78.4%). 1H NMR (CDCl3): d 9.30 (m, 1H),
8.85 (d, J = 7.6 Hz, 1H), 8.48 (d, J = 5.4 Hz, 1H), 7.87–
7.34 (m, 6H), 5.92–5.71 (m, 3H), 5.54 (m, 1H), 4.71–4.35
(m, 3H), 3.03 (m, 4H), 2.43 (m, 3H), 2.19 (m, 2H), 1.98
(m, 1H). 13C NMR (CDCl3): d 173.9, 172.5, 171.4,
165.9, 147.9, 140.7, 137.6, 131.4, 130.8, 128.9, 127.5,
127.2, 125.6, 124.9, 61.7, 59.1, 50.4, 34.2, 33.4, 32.3,
27.0. HRMS calcd for C25H27N4O6 479.1931, found
479.1934.

5.6.6. (3S,6S,10aS)-N-[(3S)-2-Hydroxy-5-oxotetrahydro-
furan-3-yl]-6-[(isoquinolin-1-ylcarbonyl)-amino]-5-oxo-
decahydropyrrolo[1,2-a]azocine-3-carboxamide (18t).
(3S,6S,8Z,10aR)-N-[(3S)-2-hydroxy-5-oxotetrahydrofur-
an-3-yl]-6-[(isoquinolin-1-ylcarbonyl)amino]-5-oxo-
1,2,3,5,6,7,10,10a-octahydro-pyrrolo[1,2-a]azocine-3-
carboxamide 17t (75 mg, 0.15 mmol) was stirred under a
balloon of hydrogen with 20 mg of 5% palladium on
carbon in ethyl acetate. After 2 h the solution was fil-
tered through a syringe filter and solvent was evaporat-
ed to obtain 69 mg of 18t (91%) as a white foam. 1H
NMR (CDCl3): d 9.37 (m, 1H), 8.78 (m, 1H), 8.47 (m,
1H), 7.88–7.66 (m, 4H), 5.86 (m, 1H), 5.18 (m, 1H),
4.60–4.25 (m, 5H), 2.98–2.45 (m, 2H), 2.23–1.71 (m,
12H). HRMS calcd for C25H29N4O6 481.2087, found
481.2074.

5.6.7. (3S,6S,8Z,10aR)-6-(Benzoylamino)-N-[(3S)-2-hy
droxy-5-oxotetrahydrofuran-3-yl]-5-oxo-1,2,3,5,6,7,10,10a-
octahydropyrrolo[1,2-a]azocine-3-carboxamide (17a). 1H
NMR (CDCl3): d 7.83 (d, J = 7.3 Hz, 2H), 7.54–7.41
(m, 4H), 5.89–5.71 (m, 2H), 5.49 (dt, J = 13.9, 7.0 Hz,
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1H), 4.61 (m, 2H), 4.33 (m, 1H), 2.99 (m, 3H), 2.41 (m,
3H), 2.18 (m, 2H), 2.06–1.91 (m, 2H). HRMS calcd for
C22H26N3O6 428.1822, found 428.1803.

5.6.8. (3S,6S,8Z,10aR)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-6-[(2-methoxybenzoyl)amino]-5-oxo-
1,2,3,5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-3-car-
boxamide (17b). 1H NMR (CDCl3): d 8.84 (d,
J = 6.6 Hz, 1H), 8.15 (d, J = 7.5 Hz, 1H), 7.48 (m,
1H), 7.08 (m, 1H), 6.99 (d, J = 8.4 Hz, 1H), 5.98–5.36
(m, 4H), 4.66 (m, 1H), 4.27 (m, 1H), 4.01 (s, 3H), 3.05
(m, 3H), 2.36–1.79 (m, 6H). HRMS calcd for
C23H28N3O7 458.1927, found 458.1918.

5.6.9. (3S,6S,8Z,10aR)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-6-[(3-methoxybenzoyl)amino]-5-oxo-
1,2,3,5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-3-car-
boxamide (17c). 1H NMR (CDCl3): d 7.65 (s, 1H), 7.34
(m, 4H), 7.03 (m, 2H), 5.76 (m, 3H), 5.46 (m, 1H), 4.62
(m, 2H), 4.31 (m, 2H), 3.82 (s, 3H), 2.97 (m, 3H), 2.38
(m, 2H), 2.16 (m, 2H), 2.00 (m, 2H). HRMS calcd for
C23H28N3O7 458.1927, found 458.1905.

5.6.10. (3S,6S,8Z,10aR)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-6-[(4-methoxybenzoyl)amino]-5-oxo-
1,2,3,5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-3-car-
boxamide (17d). 1H NMR (CDCl3): d 7.80 (d,
J = 8.7 Hz, 2H), 7.37 (d, J = 21.0 Hz, 1H), 6.91 (d,
J = 8.7 Hz, 2H), 5.86–5.67 (m, 3H), 5.46 (m, 1H), 4.63
(m, 2H), 4.31 (m, 2H), 3.85 (m, 3H), 2.99 (m, 3H),
2.39 (dd, J = 15.0, 7.8 Hz, 2H), 2.28–2.16 (m, 2H),
2.04–1.85 (m, 2H). HRMS calcd for C23H28N3O7

458.1927, found 458.1909.

5.6.11. (3S,6S,8Z,10aR)-6-[(2-Chlorobenzoyl)amino]-N-
[(3S)-2-hydroxy-5-oxotetrahydrofuran-3-yl]-5-oxo-1,2,3,
5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-3-carbox-
amide (17e). 1H NMR (CDCl3): d 7.36 (s, 2H), 7.16–7.04
(m, 3H), 5.64–5.42 (m, 3H), 5.27 (m, 1H), 4.39 (s, 2H),
4.08 (s, 2H), 2.81 (m, 3H), 2.57 (m, 2H), 2.21–1.96 (m,
4H), 1.84–1.79 (m, 3H). HRMS calcd for C22H25N3O6Cl
462.1432, found 462.1429.

5.6.12. (3S,6S,8Z,10aR)-6-[(3-Chlorobenzoyl)amino]-N-
[(3S)-2-hydroxy-5-oxotetrahydrofuran-3-yl]-5-oxo-1,2,3,
5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-3-carbox-
amide (17f). 1H NMR (CDCl3): d 7.79 (s, 1H), 7.65
(m, 1H), 7.48 (d, J = 8.4 Hz, 1H), 7.73 (m, 2H),
5.87–5.68 (m, 3H), 5.49 (m, 1H), 4.66 (m, 2H),
4.34 (m, 2H), 3.02 (m, 3H), 2.42 (dd, J = 14.7,
8.1 Hz, 2H), 2.33–2.19 (m, 3H), 2.05–1.91 (m, 1H).
HRMS calcd for C22H25N3O6Cl 462.1432, found
462.1432.

5.6.13. (3S,6S,8Z,10aR)-6-[(4-Chlorobenzoyl)amino]-N-
[(3S)-2-hydroxy-5-oxotetrahydrofuran-3-yl]-5-oxo-1,2,3,
5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-3-carbox-
amide (17g). 1H NMR (CDCl3): d 7.76 (d, J = 8.4 Hz,
2H), 7.41 (d, J = 8.1 Hz, 2H), 7.34 (s, 1H), 6.39 (br s,
1H), 5.87–5.66 (m, 3H), 5.48 (m, 1H), 4.66–4.56 (m,
2H), 4.41–4.32 (m, 2H), 3.01 (m, 3H), 2.44–2.19 (m,
4H), 1.95 (m, 1H). HRMS calcd for C22H25N3O6Cl
462.1432, found 462.1411.
5.6.14. (3S,6S,8Z,10aR)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-6-[(2-methylbenzoyl)amino]-5-oxo-1,2,
3,5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-3-carbox-
amide (17h). 1H NMR (CDCl3): d 7.39–7.30 (m, 3H),
7.22–7.17 (m, 1H), 5.86 (m, 1H), 5.71 (br s, 1H),
5.47 (dt, J = 11.2, 7.0 Hz, 1H), 4.60 (dd, J = 19.0,
6.9 Hz, 1H), 4.33 (m, 1H), 3.09–2.92 (m, 2H),
2.79 (dd, J = 17.2, 8.1 Hz, 1H), 2.38–1.86 (m, 5H).
HRMS calcd for C23H28N3O6 442.1978, found
442.1970.

5.6.15. (3S,6S,8Z,10aR)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-6-[(3-methylbenzoyl)amino]-5-oxo-1,2,
3,5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-3-carbox-
amide (17i). 1H NMR (CDCl3): d 7.62–7.58 (m, 2H),
7.32 (m, 3H), 5.89–5.56 (m, 3H), 5.48 (m, 2H), 4.62
(dd, J = 16.9, 7.7 Hz, 2H), 4.34 (m, 1H), 3.01 (m, 2H),
2.83, (dd, J = 16.9, 8.1 Hz, 1H), 2.47–2.16 (m, 3H),
2.38 (s, 3H), 2.00–1.84 (m, 2H). HRMS calcd for
C23H28N3O6 442.1978, found 442.1967.

5.6.16. (3S,6S,8Z,10aR)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-6-[(4-methylbenzoyl)amino]-5-oxo-1,2,3,
5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-3-carbox-
amide (17j). 1H NMR (CDCl3): d 7.70 (d, J = 8.0 Hz,
2H), 7.22 (d, J = 8.1 Hz, 2H), 5.89–5.66 (m, 3H), 5.48
(m, 2H), 4.63 (dd, J = 19.7, 8.1 Hz, 2H), 4.35 (m,
1H), 3.01 (m, 2H), 2.82 (dd, J = 17.2, 8.4 Hz, 1H),
2.48–2.18 (m, 3H), 2.39 (s, 3H), 2.00–1.87 (m, 2H).
HRMS calcd for C23H28N3O6 442.1978, found
442.1969.

5.6.17. (3S,6S,8Z,10aR)-6-[(2-Fluorobenzoyl)amino]-N-
[(3S)-2-hydroxy-5-oxotetrahydrofuran-3-yl]-5-oxo-1,2,3,
5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-3-carbox-
amide (17k). 1H NMR (CDCl3): d 7.85 (dd, J = 8.8,
5.1 Hz, 2H), 7.25–7.11 (m, 3H), 5.91–5.86 (m, 3H),
5.51 (m, 1H), 4.75 (m, 1H), 4.65 (dd, J = 13.6, 8.4 Hz,
1H), 4.32 (m, 1H), 3.06 (m, 2H), 2.87 (dd, J = 17.2,
8.1 Hz, 1H), 2.49–1.84 (m, 6H). HRMS calcd for
C22H25N3O6F 446.1727, found 446.1715.

5.6.18. (3S,6S,8Z,10aR)-6-[(3-Fluorobenzoyl)amino]-N-
[(3S)-2-hydroxy-5-oxotetrahydrofuran-3-yl]-5-oxo-1,2,3,
5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-3-carbox-
amide (17l). 1H NMR (CDCl3): d 7.56 (dd, J = 12.4,
8.4 Hz, 2H), 7.40 (m, 2H), 7.21 (dt, J = 8.0, 6.3 Hz,
1H), 5.90–5.67 (m, 2H), 5.48 (m, 1H), 4.65 (m, 2H),
4.32 (m, 1H), 3.08–2.97 (m, 2H), 2.83 (dd, J = 17.2,
8.4 Hz, 1H), 2.49–1.84 (m, 6H). HRMS calcd for
C22H25N3O6F 446.1727, found 446.1713.

5.6.19. (3S,6S,8Z,10aR)-6-[(4-Fluorobenzoyl)amino]-N-
[(3S)-2-hydroxy-5-oxotetrahydrofuran-3-yl]-5-oxo-1,2,3,
5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-3-carbox-
amide (17m). 1H NMR (CDCl3): d 8.00 (t, J = 6.6 Hz,
1H), 7.65 (m, 1H), 7.49 (m, 1H), 7.26 (m, 1H), 7.14
(dd, J = 11.7, 8.4 Hz, 1H), 5.91–5.68 (m, 3H), 5.51 (m,
1H), 4.66 (m, 2H), 4.29 (m, 1H), 3.06 (m, 2H), 2.83
(dd, J = 16.8, 8.4 Hz, 1H), 2.49–2.17 (m, 3H), 2.05–
1.85 (m, 2H). HRMS calcd for C22H25N3O6F
446.1727, found 446.1729.
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5.6.20. (3S,6S,8Z,10aR)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-5-oxo-6-{[2-(trifluoromethyl)benzo-
yl]amino}-1,2,3,5,6,7,10,10a-octahydropyrrolo[1,2-a]azo-
cine-3-carboxamide (17n). 1H NMR (CDCl3): d 7.71 (d,
J = 7.4 Hz, 1H), 7.58 (m, 3H), 7.25 (br s, 1H), 7.11 (br s,
1H), 5.86–5.73 (m, 3H), 5.46 (m, 1H), 4.58–4.49 (m, 1H),
4.29 (br s, 1H), 3.01 (m, 2H), 2.78 (dd, J = 13.9, 6.6 Hz,
1H), 2.42–2.08 (m, 5H), 2.04–1.85 (m, 2H). HRMS calcd
for C23H25N3O6F3 496.1695, found 496.1695.

5.6.21. (3S,6S,8Z,10aR)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-5-oxo-6-{[3-(trifluoromethyl)benzoyl]-
amino}-1,2,3,5,6,7,10,10a-octahydropyrrolo[1,2-a]azo-
cine-3-carboxamide (17o). 1H NMR (CDCl3): d 8.11–
7.92 (m, 2H), 7.79 (m, 1H), 7.55 (m, 1H), 7.49–7.37
(m, 1H), 5.92–5.71 (m, 2H), 5.55 (m, 1H), 4.63 (m,
1H), 4.39 (s, 1H), 3.09–2.92 (m, 3H), 2.43 (m, 2H),
2.22 (m, 2H), 2.11–1.85 (m, 2H). HRMS calcd for
C23H25N3O6F3 496.1695, found 496.1694.

5.6.22. (3S,6S,8Z,10aR)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-5-oxo-6-{[2-(trifluoromethyl)benzoyl]ami-
no}-1,2,3,5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-3-
carboxamide (17p). 1H NMR (CDCl3): d 7.70 (d,
J = 7.4 Hz, 1H), 7.61–7.51 (m, 3H), 7.09 (br s, 1H),
5.85 (m, 2H), 5.74 (m, 1H), 5.50 (m, 1H), 4.58 (m,
1H), 4.31 (m, 1H), 3.03 (m, 2H), 2.80 (dd, J = 17.1,
8.1 Hz, 1H), 2.40 (dd, J = 14.7, 8.1 Hz, 1H), 2.18 (m,
3H), 2.04–1.83 (m, 2H). HRMS calcd for
C23H25N3O6F3 496.1695, found 496.1716.

5.6.23. (3S,6S,8Z,10aR)-6-[(1-Benzothien-2-yl-carbon-
yl)amino]-N-[(3S)-2-hydroxy-5-oxotetrahydrofuran-3-yl]-
5-oxo-1,2,3,5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-
3-carboxamide (17q). 1H NMR (CDCl3): d 7.95–7.80 (m,
3H), 7.42 (m, 3H), 7.26–7.13 (m, 1H), 5.85–5.17 (m, 5H),
4.64–4.28 (m, 3H), 3.21–2.76 (m, 4H), 2.54 (m,1H),
2.41–1.66 (m, 8H). HRMS calcd for C24H26N3O6S
484.1542, found 484.1533.

5.6.24. (3S,6S,8Z,10aR)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-6-(1-naphthoylamino)-5-oxo-1,2,3,5,6,
7,10,10a-octahydropyrrolo[1,2-a]azocine-3-carboxamide
(17r). 1H NMR (CD3OD): d 8.78 (m, 1H), 8.29 (d,
J = 6.0 Hz, 1H), 8.01 (d, J = 8.4 Hz, 1H), 7.94 (m,
1H), 7.71 (m, 1H), 7.57 (m, 2H), 6.03 (m, 2H), 5.51
(m, 1H), 4.57 (m, 2H), 4.42 (m, 2H), 3.20–2.95 (m,
2H), 2.77–2.65 (m, 1H), 2.58–2.40 (m, 3H), 2.23–1.88
(m, 5H). HRMS calcd for C26H28N3O6 478.1978,
found 478.1961.

5.6.25. (3S,6S,8Z,10aR)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-6-(2-naphthoylamino)-5-oxo-1,2,3,5,6,7,
10,10a-octahydropyrrolo[1,2-a]azocine-3-carboxamide
(17s). 1H NMR (CDCl3): d 8.34 (s, 1H), 7.93–7.83 (m,
4H), 7.66–7.51 (m, 3H), 7.42 (s, 1H), 5.90–5.70 (m,
2H), 5.53 (m, 1H), 4.59 (m, 2H), 4.28 (m, 1H), 2.96
(m, 3H), 2.38 (m, 2H), 2.15 (m, 2H), 2.02–1.79 (m,
3H). 13C NMR (CDCl3): d 176.1, 173.1, 171.6, 167.8,
135.3, 132.9, 130.6, 129.5, 128.8, 128.5, 128.3, 128.1,
127.2, 125.9, 124.0, 61.9, 59.1, 50.9, 33.9, 33.5, 32.3,
27.1, 21.1. HRMS calcd for C26H28N3O6 478.1978,
found 478.1970.
5.6.26. (3S,6S,8Z,10aR)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-5-oxo-6-{[(2E)-3-phenylprop-2-enoyl]-
amino}-1,2,3,5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-3-
carboxamide (17u). 1H NMR (CDCl3): d 7.76–7.31
(m, 7H), 7.07 (m, 1H), 6.69–6.44 (m, 1H), 5.89–
5.67 (m, 2H), 5.49 (m, 1H), 4.68 (m, 2H), 4.49–
4.24 (m, 1H), 3.12–2.91 (m, 4H), 2.54–1.85 (m,
6H). HRMS calcd for C24H28N3O6 454.1978, found
454.1985.

5.6.27. (3S,6S,10aS)-6-(Benzoylamino)-N-[(3S)-2-hydro-
xy-5-oxotetrahydrofuran-3-yl]-5-oxodecahydropyrrolo[1,2-
a]azocine-3-carboxamide (18a). 1H NMR (CDCl3): d
8.05–7.65 (m, 3H), 7.60–7.46 (m, 3H), 5.70 (br s, 1H),
5.11 (br s, 1H), 4.62–4.27 (m, 3H), 3.01 (m, 4H), 2.21–
1.68 (m, 11H). HRMS calcd for C22H28N3O6

430.1978, found 430.1969.

5.6.28. (3S,6S,10aS)-6-[(2-Chlorobenzoyl)amino]-N-
[(3S)-2-hydroxy-5-oxotetrahydrofuran-3-yl]-5-oxodeca-
hydropyrrolo[1,2-a]azocine-3-carboxamide (18e). 1H
NMR (CD3OD): d 7.56–7.37 (m, 4H), 5.05 (m, 1H),
4.64 (m, 1H), 4.52–4.22 (m, 4H), 2.75–2.62 (m, 1H),
2.60–2.44 (m, 1H), 2.21 (m, 3H), 2.10–1.60 (m, 12H).
HRMS calcd for C22H27N3O6Cl 464.1588, found
464.1607.

5.6.29. (3S,6S,10aS)-6-[(3-Chlorobenzoyl)amino]-N-
[(3S)-2-hydroxy-5-oxotetrahydrofuran-3-yl]-5-oxodeca-
hydropyrrolo[1,2-a]azocine-3-carboxamide (18f). 1H
NMR (CD3OD): d 7.91 (t, J = 2.1 Hz, 1H), 7.82 (m,
1H), 7.57 (m, 1H), 7.48 (m, 1H), 5.04 (m, 1H), 4.65
(m, 1H), 4.50–4.26 (m, 4H), 2.69–2.52 (m, 2H), 2.22
(m, 3H), 2.05–1.62 (m, 11H). HRMS calcd for
C22H27N3O6Cl 464.1588, found 464.1590.

5.6.30. (3S,6S,10aS)-6-[(4-Chlorobenzoyl)amino]-N-
[(3S)-2-hydroxy-5-oxotetrahydrofuran-3-yl]-5-oxodeca-
hydropyrrolo[1,2-a]azocine-3-carboxamide (18g). 1H
NMR (CD3OD): d 7.87 (d, J = 8.4 Hz, 2H), 7.49 (d,
J = 8.4 Hz, 2H), 5.03 (m, 1H), 4.65 (m, 1H), 4.52–4.38
(m, 3H), 4.35–4.25 (m, 1H), 2.70–2.50 (m, 2H), 2.25–
2.16 (m, 3H), 2.01–1.58 (m, 11H). HRMS calcd for
C22H27N3O6Cl 464.1588, found 464.1587.

5.6.31. (3S,6S,10aS)-6-[(1-Benzothien-2-ylcarbonyl)ami-
no]-N-[(3S)-2-hydroxy-5-oxotetrahydrofuran-3-yl]-5-oxo-
decahydropyrrolo[1,2-a]azocine-3-carboxamide (18q). 1H
NMR (CDCl3): d 7.87 (m, 3H), 7.43 (m, 2H), 5.14 (m,
1H), 4.63 (m, 1H), 4.34–4.17 (m, 2H), 2.52 (q,
J = 7.6 Hz, 1H), 2.39–1.62 (m, 8H), 1.36 (m, 3H).
HRMS calcd for C24H28N3O6S 486.1699, found
486.1718.

5.6.32. (3S,6S,10aS)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-6-(1-naphthoylamino)-5-oxodecahydro-
pyrrolo[1,2-a]azocine-3-carboxamide (18r). 1H NMR
(CD3OD): d 8.86 (m, 1H), 8.29 (m, 1H), 8.00 (d,
J = 7.8 Hz, 1H), 7.93 (m, 1H), 7.70 (m, 1H), 7.58–7.51
(m, 3H), 5.13 (m 1H), 4.66 (m, 1H), 4.60–4.43 (m,
2H), 4.30 (m, 1H), 2.68–2.55 (m, 1H), 2.35–2.19 (m,
2H), 2.11–1.70 (m, 9H). HRMS calcd for C26H30N3O6

480.2135, found 480.2137.
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5.6.33. (3S,6S,10aS)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-6-(1-naphthoylamino)-5-oxodecahydro-
pyrrolo[1,2-a]azocine-3-carboxamide (18s). 1H NMR
(CDCl3): d 8.37 (br s, 1H), 7.96–7.86 (m,4H), 7.57–
7.47 (m, 3H), 7.11 (d, J = 5.1 Hz, 1H), 5.78 (m, 1H),
5.16 (m, 1H), 4.79–4.48 (m, 1H), 4.64–4.35 (m, 2H),
3.10–2.75 (m, 2H), 2.56–1.62 (m, 12H). HRMS calcd
for C26H30N3O6 480.2135, found 480.2125.

5.6.34. (3S,6S,10aS)-6-[(2,6-Dimethylbenzoyl)amino]-N-
[(3S)-2-hydroxy-5-oxotetrahydrofuran-3-yl]-5-oxodeca-
hydropyrrolo[1,2-a]azocine-3-carboxamide (18v). 1H
NMR (CDCl3): d 7.16 (m, 1H), 7.01 (m, 2H), 5.80–
5.60 (m, 2H), 5.18 (m, 2H), 4.61–4.22 (m, 2H), 3.01–
2.63 (m, 1H), 2.28 (s, 6H), 2.22–1.95 (m, 1H), 1.88–
1.52 (m, 10H). HRMS calcd for C24H32N3O6

458.2291, found 458.2275.

5.6.35. (3S,6S,8Z,10aS)-6-(benzoylamino)-N-[(3S)-2-hy-
droxy-5-oxotetrahydrofuran-3-yl]-5-oxo-1,2,3,5,6,7,10,10a-
octahydropyrrolo[1,2-a]azocine-3-carboxamide (19a). 1H
NMR (CDCl3): d 7.76 (m, 2H), 7.55–7.30 (m, 3H),
5.93–5.64 (m, 2H), 5.48 (m, 1H), 4.91 (br s, 1H), 4.66
(m, 2H), 4.29 (m, 1H), 3.17–2.82 (m,3H), 2.52–1.91
(m, 6H). HRMS calcd for C22H26N3O6 428.1822, found
428.1831.

5.6.36. (3S,6S,8Z,10aS)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-6-[(3-methoxybenzoyl)amino]-5-oxo-1,2,
3,5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-3-carbox-
amide (19c). 1H NMR (CDCl3): d 7.34 (m, 4H), 7.05 (m,
1H), 6.03–5.46 (m, 4H), 4.61 (m, 2H), 4.31 (m, 2H), 3.83
(s, 3H), 2.98 (m, 4H), 2.35 (m, 2H), 2.16 (m, 2H), 1.97
(m, 2H). HRMS calcd for C23H28N3O7 458.1927, found
458.1928.

5.6.37. (3S,6S,8Z,10aS)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-6-[(isoquinolin-1-ylcarbonyl)amino]-5-
oxo- 1,2,3,5,6,7,10,10a-octahydropyrrolo[1,2-a]azocine-3-
carboxamide (19t). 1H NMR (CDCl3): d 9.37 (br s, 1H),
8.87 (d, J = 6.9 Hz, 1H), 8.47 (s, 1H), 7.86–7.65 (m, 4H),
7.55–7.41 (m, 1H), 6.56 (br s, 1H), 5.97–5.70 (m, 3H),
5.50 (m, 3H), 5.50 (m, 1H), 4.66 (d, J = 6.9 Hz, 2H),
4.32 (br s, 2H), 3.03–2.74 (m, 4H), 2.43 (m, 3H), 2.18
(m, 2H), 1.98 (m, 2H). HRMS calcd for C25H27N4O6

479.1931, found 479.1929.

5.6.38. (3S,6S,10aR)-6-(Benzoylamino)-N-[(3S)-2-hydro-
xy-5-oxotetrahydrofuran-3-yl]-5-oxodecahydropyrrolo-
[1,2-a]azocine-3-carboxamide (20a). 1H NMR (CDCl3):
d 7.68 (m, 2H), 7.54–7.23 (m, 4H), 5.03 (br s, 1H),
4.76–4.42 (m, 1H), 4.35 (m, 2H), 2.91–2.64 (m, 3H),
2.48 (m, 3H), 2.28–1.41 (m, 10H). HRMS calcd for
C22H28N3O6 430.1978, found 430.1995.

5.6.39. (3S,6S,10aR)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-6-[(3-methoxybenzoyl)amino]-5-oxodeca-
hydropyrrolo[1,2-a]azocine-3-carboxamide (20c). 1H NMR
(CDCl3): d 7.39–7.28 (m, 3H), 7.02 (d, J = 7.7 Hz, 1H),
5.32 (d, J = 2.5 Hz, 1H), 5.08 (m, 1H), 4.34 (m, 1H),
4.17–4.05 (m, 1H), 3.82 (s, 3H), 2.89 (m, 1H), 2.51 (q,
J = 7.6 Hz, 1H), 2.34–0.85 (m, 15H). HRMS calcd for
C23H30N3O7 460.2084, found 430.2083.
5.6.40. (3S,6S,10aR)-N-[(3S)-2-Hydroxy-5-oxotetra-
hydrofuran-3-yl]-6-[(isoquinolin-1-ylcarbonyl)amino]-5-oxo-
decahydropyrrolo[1,2-a]azocine-3-carboxamide (20t). 1H
NMR (CDCl3): d 9.37 (d, J = 7.6 Hz, 1H), 8.82–8.74
(m, 1H), 8.48 (t, J = 4.4 Hz, 1H), 7.81 (m, 2H), 7.69
(m, 3H), 5.15 (br s, 1H), 4.37 (m, 1H), 4.13 (m, 1H),
2.51 (q, J = 7.6 Hz, 1H), 2.32 (m, 1H), 2.18–1.58 (m,
11H), 1.27 (m, 6H), 1.01–0.82 (m, 3H). HRMS calcd
for C25H29N4O6 481.2087, found 481.2101.
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