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The hepatitis C virus (HCV) NS3 protease is essential for viral replication. It has been a target of choice for
intensive drug discovery research. On the basis of an active pentapeptide inHipiter.envisioned that
macrocyclization from the P2 proline to P3 capping could enhance binding to the backbone Alal56 residue
and the S4 pocket. Thus, a number of P2 proline-based macrocykktoamide inhibitors were prepared
and investigated in an HCV NS3 serine protease continuous akgdy The biological activity varied
substantially depending on factors such as the ring size, number of amino acid residues, number of methyl
substituents, type of heteroatom in the linker, P3 residue, and configuration at the proline C-4 center. The
pentapeptide inhibitors were very potent, with the C-terminal acids and amides being the most active ones
(24, Ki* = 8 nM). The tetrapeptides and tripeptides were less potent. Sixteen- and seventeen-membered
macrocyclic compounds were equally potent, while fifteen-membered analogues were slightly less active.
gemDimethyl substituents at the linker improved the potency of all inhibitors (the best compountbwas

i* = 6 nM). The combination ofert-leucine at P3 and dimethyl substituents at the linker in compdnd
realized a selectivity of 307 against human neutrophil elastase. Comp&umatl an 1G, of 130 nM in a
cellular replicon assay, while Kgfor 24 was 400 nM. Several compounds had excellent subcutaneous
AUC and bioavailability in rats. Although tripeptide compoua@ was 97% orally bioavailable, larger
pentapeptides generally had low oral bioavailability. The X-ray crystal structure of comp@2drzaael 45
bound to the protease demonstrated the close interaction of the macrocycle with the Alal156 methyl group
and S4 pocket. The strategy of macrocyclization has been proved to be successful in improving potency
(>20-fold greater than that df) and in structural depeptization.

Introduction process, intensive efforts have been focused on NS3 serine

Hepatitis C virus (HCV) is a human pathogen affecting nearly protease, and a number of novel inhibitors have been !repbrted.
3% of the world’s population. The disease was described as aAMong them, two compounds have been progressed into phase
“silent epidemic” because only about 20% of patients develop I cllnlca! trials in human beings: BILN-2061 from_Boehrmger-
acute clinical hepatitis when infected with HCV. Most infections 'Ngelheim and VX-950 from Vertex Pharmaceuticils.
progress to a chronic state that can lead to cirrhosis, liver failure, ~1h€ cléavage products of the substrates have been frequently
or liver cancet: Currently, the most effective therapies for HCv ~ USed as the starting point for the development of many protease
infection involve treatment with pegylatedinterferon, either ~ inhibitors. However, these strategies resulted in compounds that
alone or in combination with the antiviral agent ribavirin. These &€ mostly peptidic in nature. It has been difficult to obtain
therapeutics have limited efficacy with a sustained response ratedesirable pharmacological profiles because peptides are sus-
of only about 5098 They are also accompanied by considerable Ceptible to cleavage by peptidase¥arious peptidomimetics
side effects in certain patients. Hence, more effective antiviral have been designed to develop drug candidates with less peptide
agents for HCV with fewer side effects are in urgent need. character. Macrocyclization of a substrate has proven to be a

The HCV RNA genome encodes a polyprotein of ap- Promising strategy? Wlf[h BILN-2061 as arecent exampieb
proximately 3000 amino acids, which must be processed by hostMany naturally occurring macrocyclic molecules, such as the
and viral proteases into structural and nonstructural (NS) vancomycin family of antibiotics and chloropeptifisare
polypeptides. The NS3 protease is located at the N-terminal biologically active. Potermally, macrocycles could off_ercertaln
portion of the NS3 protein. It is responsible for processing four @dvantages over acyclic peptides as drug candidates. For
cleavage sites of the nonstructural region and, thus, is essentiafX@mple, they are conformationally restrained for enhanced
for viral replication? It has been determined that the HCV N3 Pinding, and they are less prone to degradation by peptidases.
protease belongs to the trypsin or chymotrypsin superfamily of ~ The hexapeptidesy-terminal cleavage products from the
serine proteasésFor efficient processing, the protease forms substrates, have been shown_ to be competitive inhibitors of the
a complex with a small polypeptide cofactor, NS#AThe NS3 proteasé? These peptides have been used as lead
structure data of the protease have revealed a shallow and®©mpounds and templates in developing more potent and smaller
solvent-exposed substrate binding region, where the binding HCYV inhibitors. Various inhibitors with diverse structural types
energy is mainly derived from weak lipophilic and electrostatic nave been discoverédOne class of compounds employs a

interactions Despite tremendous difficulty encountered in the reactive electrophile to form a reversible covalent bond with
active site serine hydroxyl. These compounds, exemplified by

*To whom correspondence should be addressed. Phone: (908) 740-0-ketoacids and ketoamides, have demonstrated their potential
7556. Fax: (908) 740-7152. E-mail: kevin.chen@spcorp.com. as hepatitis C therapeutiésln the course of our search for

10.1021/jm050820s CCC: $33.50 © 2006 American Chemical Society
Published on Web 01/07/2006



996 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 3 Chen et al.
P2 p2' Scheme %
/\ VRN OH OH
%Q O,N b,c  BocHN
7 H 9 4 O A "No, —2 {icozH > CO,H
N N})‘\KN\)LN NH, w
H 4
o\n,N\/&OO o) H o
& i W N 5 6
N O ~ e OH OH
cap N/ P g  BochN R o HCLH,N R
P3 —— ——
o] o]
1 Ki*=220nM W
7
U _ 11 R = NH-allyl
8 R=0tBu 12 R = NH-Gly-OBn
Ry, R? 9 R=NH, 13 R = NH-Gly-Phg-OtBu
; 10 R =NHMe 14 R = NH-Gly-Phg-NMe,

a Reaction conditions: (a) glyoxylic acid monohydratesNEtMeOH, 0
°C, then rt, 99%; (b) kK 59 psi, P&-C, AcOH, rt, 66%; (c) NaOH, (BogD,
dioxane/HO, rt, 89%,; (d) (fortert-butyl ester)t-BuOH, EDC, DMAP,

CH,Cly, rt, 34%; (for amides) amide coupling using one of the following
EN amines, NHCI, methylamine hydrochloride, allylamine, glycine benzyl ester
R hydrochloride, glycine-phenylglycinetert-butyl ester hydrochloride, or
2 glycine—phenylglycine dimethylamide hydrochloride, and HOOBt, EDC,
NMM, DMF/CH2Cl,, —20°C, 45-95%; (§ 4 M HCl in dioxane for9—12
and14, 2 M HCI in EtOAc/dioxane for8 and 13, quantitative.
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Figure 2. Macrocyclic left-hand fragment.
N ) . 16 R=0H 26 R=
potent HCV inhibitors, we discovered a pentapeptidketo- 17 R =NHMe 40
; i 18 R = NH-allyl
amide, 1 (Flg_ure 1). As a lead, compouriﬂshol/gs modgrate 19 R = NH.Gly-OBn %/N\)LN N
potency against NS3 proteasi§i{ = 220 nM)1> Modeling 20 R = NH-Gly-OH H

studies on the enzyme surface from the X-ray crystal strutture 21 R =NH-Gly-NHBn

revealed the close proximity of thert-butyl group of P2 proline §§ E - m;’:g:ﬁﬂgzgf“ 27 R= b oo

and the Boc capping group. We reasoned that it would be 24 (5)-P1, R = NH-Gly-Phg-NMe, ’{N\)LN OH
interesting to investigate the potency of P2- and cap-cyclized 25 (R)-P1, R=NH-Gly-Phg-NMe; H
analogues such as a structure of tgp&he macrocycle would a Reaction conditions: (a) amine hydrochloridand10—14, HOOB,
be expected to provide enhanced binding with the methyl group EDC, NMM, DMF/CH,Cl,, —20 °C, 50-95%; (b) Dess-Martin periodi-

nane, CHCIy, rt, 60—95%; then (forl6) CRsCOH, CH,Cly, rt, quantitative;
of Alal56 of the enzyme backbone. We also reckoned that (for 20) 19, LiOH, THF/MeOH/water, rt: (for21. 26, or 27) 20, BnNHs,

synthesis would be more facile through the use of simple amide {y¢|.j,NCcH(Ph)CN, or HNCH(Ph)CHOH, HOOBY, EDC. NMM, DMF/
capping at P3. To possibly further improve binding in the S4 cH,Cl,, —20 °C, 85%; (for23) 22, CRCO,H, CH,Cl,, rt, quantitative.
pocket, thetert-butyl group was also replaced with a phenyl
group. On the basis of modeling results, we estimated that theamino acid,6. The acid was converted totart-butyl ester, a
appropriate ring size would be between 15 and 17. primary amide, a methylamide, or an allylamide under ester-
) . . or amide-forming conditions. Treatment of intermediates of type
Synthesis of Macrocyclic Inhibitors 7 with hydrochloric acid removed the Boc protecting group to
The synthesis of the left-hand-side macrocyclic methyl esters provide the desired right-hand subur8ts11. On the other hand,
starting from 4-hydroxyprolines has been reported in our earlier acid 6 was coupled to glycine benzyl ester, glycifghenyl-

publicationst® A number of macrocyclic acid intermediates; (
Figure 2) with different ring sizes (1517), heteroatoms (X
O, N, S), and substituents (R H, Me) were prepared through
hydrolysis of these esters.

o-hydroxy{3-amino acid6, which in turn was synthesized from
1-nitrobutane4) (Scheme 1). Thus, when treated with triethyl-
amine, the reaction betweeh and glyoxylic acid afforded

glycine tert-butyl ester, or glycinephenylglycine dimethyl-
amide to give the corresponding di- or tripeptide compounds,
which upon removal of the Boc protecting group afforded
necessary amine hydrochloride intermediét2s 14.

The right-hand segments of the inhibitors were prepared from  With both left-hand macrocyclic acids and right-hand mono-,
di-, and tripeptide amine intermediates in hand, the stage was
set to put together the final target molecules (Scheme 2). Thus,
carboxylic acidl5was coupled to amine hydrochlorid@snd
compound as a mixture of four diastereomers. The nitro group 10—14 under standard conditions (HOOBt, EDC, NMM) to
was reduced to give an amine, which was protected as a Boc-afford a series ofi-hydroxyester oni-hydroxyamide intermedi-
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aReaction conditions: (a)4, HOOBt, EDC, NMM, DMF/CHCl,, —20
°C, 69%); (b) DessMartin periodinane, CkCly, rt, 80%.

ates. These coupling products were then converted-ke-
toesters ora-ketoamides 17—19, 22, 24, 25) using Dess
Martin periodinané’ The a-ketotert-butyl ester was treated
with trifluoroacetic acid (TFA) to give ther-ketoacid16. The
glycine benzyl ester produd® was hydrolyzed to its corre-
sponding carboxylic acid0. Compound0was then converted
to glycine benzylamid@1. Treatment of pentapeptidert-butyl
ester22 with TFA provided phenylglycine acid derivatias.
Finally, coupling of compoun@0 with (S)-a-aminophenylac-
etonitrile and phenylglycinol gave-aminonitrile analogu@6
andg-amino alcohol analogu#y7, respectively. Ther-ketoester
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a Reaction conditions: (a)4, HOOBt, EDC, NMM, DMF/CHCl,, —20
°C, 50-95%; (b) (for35) DMSO, CLCHCO:H, EDC, toluene, rt, 60%;
(for all others) DessMartin periodinane, CkCly, rt, 60-95%; (c)9, 11—
14, HOOBt, EDC, NMM, DMF/CHCl,, —20 °C, 48-90%; (d) (for39)
DMSO, CLCHCOH, EDC, toluene, rt, 35%; (fot0, 42, and44—45, Dess-
Martin periodinane, CkCly, rt, 55—88%; (for41) 40, LiOH, THF/MeOH/
water, rt, 98%; (for43) 41, BnNH,, HOOBt, EDC, NMM, DMF/CHCly,
—20 °C, 80%.

oS

39 R=NH,
40 R = NH-allyl
41 R = NH-Gly-OH

macrocyclic acid38 was prepared (Scheme ¥)The coupling
of 38 to amine hydrochloride® and 11—-14 under standard
conditions provided-hydroxyamide intermediates which were

or a-ketoamide products were a mixture of two diastereomers oxidized to the respective ketoamides. Primary ketoarBigle
at the Pla-center, and in most cases, they are inseparable. was obtained through a modified Moffatt oxidatirSecondary
However, the dimethylamide derivative was separated by flash ketoamides40—-45 were obtained through a Desblartin

chromatography to give rise to pure F&isomer 24 and
R-isomer25.

Similarly, whentert-leucine was used as the P3 moiety and

synthesis carried out as previously descrifadacrocyclic acid
29 was obtained (Scheme 3). Coupling of a@land amine
14 with subsequent oxidation afforded inhibit8@. The same
reaction sequence with @s-hydroxyproline31 as the starting
material provided the final targ&d2. Compounds30 and 32
were isolated as a singgisomer at the Phi-center.

To determine the optimal ring size of the macrocycle, 15-

periodinane oxidation.

Variation of the P3 moiety was also of interest. The amino
acid residue can be varied readily. A series of macrocyclic acids
(46, Scheme 5) with a number of P3 hydrocarbon substituents
were prepared starting fromtéans-hydroxyproline28 following
previously described procedur¥sThese acids were coupled
to amine 14 under standard conditions. The intermediate
o-hydroxyamides were oxidized tw-ketoamidest7—51 with
Dess-Martin periodinane.

and 17-membered rings were also prepared using a previouslyX€sults and Discussion

reported synthetic sequenteThe macrocyclic acids were
coupled to amine hydrochloridk4 under standard conditions
to afford the desired pentapeptide compour®® and 34
(Scheme 4).

To explore the potential electronic or substitution effect from
the proline C-4 substituent (“X” in Scheme 4), the ether
functionality was replaced with a sulfide, sulfone, or sulfonamide

moiety. Thus, 16-membered macrocyclic acids witks, SQ,
and NHSQPh were coupled to amiriel to provide, after Dess
Martin periodinane oxidationg-ketoamide inhibitors35—37
(Scheme 4).

The good potency realized frorte(t-butyloxy)proline deriva-
tive 1 prompted us to investigate thert-alkyl ether linked

Sixteen-Membered Macrocyclic HCV Inhibitors: P'-
Section SAR All macrocyclic inhibitors described above were
tested in an HCV continuous ass$&ysing the NS4A-tethered
single-chain NS3 serine protead$élheK* values in the assay
reflected the equilibrium constant determined by the reversible
covalent bond formed between the ketone and serine and other
interactions between the inhibitors and the enzyfnilost
compounds were isolated as an inseparable mixture of two
diastereomers at the Ritcenter. The ratio of two isomers varied
between 2:1 and 1:2. It should be noted that all ourd?2ides
were dimethylamides, instead of a primary amide as in
compoundl. Compoundl was prepared through a solid-state
synthesis. During the course of our SAR study, we found that

proline macrocycle. Thus, dimethyl-substituted 16-membered compounds with dimethylamides were equally potent with
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Scheme 5. Inhibitors of HCV NS3 Proteage
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aReaction conditions: (a)4, HOOB, EDC, NMM, DMF/CHZCIZ, -
°C, 50-95%; (b) Dess-Martin periodinane, CkCly, rt, 60—95%.

Table 1. Biological Activity of HCV Inhibitors 16—27, 30, and32

Ki* Ki*
compd P+-P2 moiety (nll\/l) compd P+P2 moiety (nll\/I)

16 OH 6100 23 NH-Gly-Phg-OH 10

17 NHMe 9900 24  NH-Gly-Phg-NMe g

18 NH-allyl 10000 25  NH-Gly-Phg-NMe 500

19  NH-Gly-OBn 430 26  NH-Gly-NHCH(Ph)CN 310

20 NH-Gly-OH 7400 27 NH-Gly-NHCH(Ph)- 60
CH,OH

21 NH-Gly-NHBn 1100 30  NH-Gly-Phg-NMe 15

22 NH-Gly-Phg-QBu 44 32  NH-Gly-Phg-NMe 130

aSingle isomer §) at the Pla-center.P Single isomer R) at the P1
a-center. All others are a mixture & andR-isomers at the Pi-center.

primary amideg? But primary amides were less metabolically
stable, which led to poor PK.

Results for compound$6—27 derived from 16-membered
macrocyclel5 are presented in Table 1. Two other inhibitors
(30, 32) with tert-leucine P3 are also included. All but four

Chen et al.

Table 2. Inhibitors of HCV NS3 Protease

ring Ki*
compd n size X (nM)
33 0 15 o} 30
24 1 16 e} 8
34 2 17 (0] P
35 1 16 S 16
36 1 16 SQ 3300
37 1 16 NSQGPh 36

aSingle isomer g at the Pla-center.? Mixture of S andR-isomers at
the Pla-center.

Table 3. Inhibitors of HCV NS3 Protease

P1-P2 Ki* P1-P2 Ki*
compd moiety (nM)  compd moiety (nM)
39 NH. 220 43 NH-Gly-NHBn 269
40 NH-allyl 530 44 NH-Gly-Phg-GBu 16
41 NH-Gly-OH 720 1 see Figure 1 220

42 NH-Gly-OBn 88 45 NH-Gly-Phg-NMe 6

a All compounds were a mixture & andR-isomers at the Pd-center.

to Sin 32, its Ki* increased more than 8-fold to 130 nM. The
R-substitution was clearly preferred substitution.

Ring Size and P2 Substituent VariationsCompounds with
15- to 17-membered macrocycles were examined to evaluate
the effect of ring size on potency (Table 2). As a mixture of
two isomers at P1, the 15-membered inhibi8® with a Ki*
value of 30 nM, was less potent than 16-membered compound
24 (K* = 8 nM), assuming thaKi* of a single isomer is
approximately half of that of a mixture. However, 17-membered
analogue34 had an excellent potency of 7 nM, which was
similar to that achieved b24. These results demonstrated that
a 16- or 17-membered ring was the preferred ring size rather
than a 15-membered ring.

Table 2 also lists the assay results for compouBsts37.
The linker from proline C-4 was changed from oxygen to sulfur
and nitrogen to explore the effects these different heteroatoms
would have on potency. The sulfide analo@fevas nearly as
potent Ki* = 10 nM) as ether analogu@4. However,
introduction of a sulfone moiety as in compouB@lresulted in
greatly reduced activityj* = 3300 nM). The phenylsulfona-
mide derivative37 was an active inhibitor (36 nM), but not as
potent as either the ether or the sulfide analogues. Apparently,
more polar functionalities such as sulfone and sulfonamide were

compounds were tested as P1 diastereomeric mixtures. Comiess tolerated in this region. The presence of a larger group

pounds24, 25, 30, and32 were tested as single isomers. Clearly,

the general trend was that larger inhibitors were more potent

than the smaller analogues. All tripeptide$6{18) were
modestly active and had high single-digit micromdft. The
results for three tetrapeptide$%-21) were mixed, with the
benzyl ested 9 activity being in the submicromolar range (0.43
uM), that of acid20 in the high micromolar range, and that of
benzylamide2l in between (1.1kM). The pentapeptide®2—
27, 30, and 32 were all more potent inhibitors than their
truncated analogues. The carboxylic a&2&knd dimethylamide
24 had excellenK;* (10 and 8 nM, respectively). Compound
24 was a single diastereomer witkconfiguration at the P1
o-center. The correspondirRydiastereome®5 was much less
potent (500 nM), a 63-fold increase K*. Replacement of
cyclohexyl with atert-butyl group at P3 slightly increase<*

of dimethylamide30 to 15 nM. Other P2 phenylglycine
derivatives such atert-butyl ester22, nitrile 26, and amino

(phenyl) did not provide any improvement to the potency.
Effect of gemDimethyl Substitution: tert-Alkoxyproline
Derivatives. Inspired bytert-butoxyproline P2 in compounti
a number otert-alkoxy-substituted proline macrocyclic inhibi-
tors were prepared and tested. The enzyme assay results for
these compounds are listed in Table 3. The smallest tripeptides,
compounds39 and40, were active inhibitors (220 and 530 nM,
respectively), realizing an at least 10-fold improvement in
activity over analogues of similar size listed in Table 1. The
same trend held for tetrapeptide inhibitet$—43, albeit with
a smaller magnitude of improvement—{%0-fold) in activity
when compared to compounii8—21. The larger pentapeptides
also demonstrated superiority kg, with that of tert-butyl ester
44 being 16 nM and that of dimethylamid&5 being 6 nM.
Considering the fact that all these compounds were tested as a
mixture of two diastereomers at P1, a 3-fold enhancement in
these potencies was achieveddihand45 when compared to

alcohol27 were found to be less potent than their acid and amide the activities of compound22 and 24, respectively. These
counterparts, presumably due to the diminished or loss of results have clearly demonstrated thaimdimethyl substituents
hydrogen bond acceptor capability. On the other hand, when provided additional binding which contributed to better potency.

the stereocenter at C-4 of the P2 proline was changed Rom

The magnitude of improvement was more pronounced with
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Table 4. SAR at the P3 Positicn

Compound P3 Residue Ki* (nM)

45 @ 6

47 z 17
0

48 e 19
S

49 r-\ 70

50 @ 46

51 8 40

a All compounds were a mixture & andR-isomers at the Pé-center.

Table 5. Results from a Cell-Based Replicon Assay

242 30 40 45 ap
Ki* (nM) 8 15 530 6 17
ICs0(nM) 400 700 400 130 200

aSingle isomer §) at the Pla-center.? Mixture of S andR-isomers at
the Pla-center.

smaller tri- and tetrapeptide inhibitoré§-21 vs 40—43). A

possible explanation is that less potent compounds were more
sensitive to any additional binding, thus giving rise to a larger
enhancement. Extra binding was not as important to the mos
potent inhibitors. If compared with acyclic analogue compound

1, the macrocyclic pentapeptid® achieved a 36-fold improve-
ment in potency.

SAR of the P3 Amino Acid Residue The S3 region of HCV
NS3 protease is highly lipophilic. The P3 moiety binds the

Journal of Medicinal Chemistry, 2006, Vol. 49, N893

Table 6. HNE Selectivity of Representative HCV NS3 Protease
Inhibitors

R
g
(6]
"' H Q9 n 9 |
LM A
H H
o] 0 o]
No
O R
24 45 30 47
R H Me H Me
R3 cyclohexyl cyclohexyl t-Bu t-Bu
Ki* ey (NM) & 6° 15 17
Ki* une/Ki* hev 46 107 147 306

aSingle isomer g at the Pla-center.? Mixture of S andR-isomers at
the Plo-center.

Table 7. PK of Selected Compounds

24 34 45 39 40
macrocycle ring size 16 17 16 16 16
AUC(PO) uM-+h) 15 0.40 0.46 0.30 26.3
AUC(IV) (uM+h) 231 55 2.2 13.6
F(PO) (%) 3 0.8 2.1 97
AUC(SC) uM-h) 416 347 16.5 34.7
F(SC) (%) 90 63 77

there was a slight advantageZ-fold) with a cyclohexyl group
at the P3 position rather thantart-butyl group. Finally, the
ICso Of tripeptide 40 (400 nM) was very intriguing. It was
unusual that 16 was similar to itsKi* value. A possible
explanation is that smaller molecules such4@shave better
cell permeability than the larger analogues. Overall, the replicon

tpotency of compounda4 and40was in the same range as that

of VX-950 (ICso = 350 nM)8&d and45 and47 were more potent
than VX-950.

Selectivity of the Inhibitors against Human Neutrophil
Elastase The ubiquitous existence of serine proteases presents
a challenge for any protease inhibitor with regard to selectivity.

enzyme mainly through hydrophobic interactions. Six com- The macrocyclic inhibitors were screened against human

pounds 45 and 47—51) with P3 side chains of various sizes

neutrophil elastase (HNE), which is a serine protease structurally

were examined in an HCV protease continuous assay, and theclosely related to HCV NS3 serine protease. Our goal was to
results are included in Table 4. They were all tested as a mixture@chieve a minimum selectivity of 100. Representative data for

of diastereomers at P1. It is evident that cyclohexylglycine 16-membered macrocyclic inhibitors are shown in Table 6.

remained as the best moiety at the P3 posit#s) 6 nM). Two
other amino acidtért-leucine and valine) derivatived,7 and
48, were 2-3-fold less potent (17 and 19 nM, respectively).
The analogues derived from isoleucid®), phenylglycine $0),
and indanylglycine 1) were all significantly less active {7
12-fold) than compound5. These data suggested that cyclo-
hexylglycine is the amino acid of choice for the P3 position.
Potency of Selected Compounds in a Cell-Based Replicon
Assay. To further evaluate the potency and the “in vivo”

After examination of the HNE inhibition data, an SAR was
observed for various combinations of linker dimethyl substit-
uents and P3 residues. Wherl ®as cyclohexyl and R was
hydrogen, the selectivity (HNE/HCV) of compoud was 46
with respect to HNE. The presence of two methyl groups in
the linker @5, R = Me) improved not only the potency to 6
nM, but also the selectivity to 107. Replacement of cyclohexyl
with a tert-butyl group at P3 further enhanced the selectivity
against HNE. Thus, compound@6 and47 had an approximately

characteristics of these inhibitors, a few compunds were tested3-fold improvement in selectivity ove#4 and45, respectively.

in a replicon-based cellular ass#and the results are included
in Table 5. 1Go, the concentration required for inhibition of

50% of virus replication, was recorded as a measure of cell-

As a mixture of two diastereomers, compouhtexhibited both
good potency and good selectivity.

Pharmacokinetic Properties of Selected CompoundsA

based replicon potency, which is a more accurate reflection of number of the macrocyclic HCV protease inhibitors described

the potency of the inhibitors in a “real” living environment.
The 1G5 values of pentapeptidet and30 were 400 and 700
nM, respectively. However, compoundis and47 were superior
with ICsp values of 130 and 200 nM, respectively. Apparently,
as was observed in the enzyme assay, geendimethyl

were evaluated in various PK studies. Results from these studies,
on selected compounds, are listed in Table 7. As expected, oral
bioavailability was quite low (0.83.0%) for the larger pen-
tapeptide compound®4, 34, and45. However, rat oral (PO)
AUC of compound24 was reasonable (1.8M-h) while IV

substituents had a positive impact of about 3-fold on replicon AUC was excellent (23.4M-h). The fact tha4 had very good

potency. Comparing compourZ#f with 30, and 45 with 47,

IV AUC but low PO AUC implied that absorption could be a
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W

Compound 45

Figure 3. X-ray crystal structures of compoun@d and45 bound to
HCV NS3 protease.

potential problem due to the size of the molecules. Though
smaller in size, the P1 primary ketoami@@ was among the
compounds with very poor PK (rat PO AUE 0.30 uM-h).
Presumably, the stability of the primary amide moiety was an
issue in compoun@9. The tripeptide allylamid€0, however,
demonstrated excellent AUC values (PO, 26M\8-h; IV, 13.6
uM-h) and an exceptional oral bioavailability of 97%. It was
also encouraging to observe that AUCs in rat were all very good
(16.5-41.6 uM-h) when the compounds were administered
subcutaneously (sc). Excellent subcutaneous bioavailability (63
90%) provides a viable alternative way of administering the
compound if it becomes necessary.

X-ray Crystal Structures of Compounds 24 and 45 Bound
to Protease The X-ray crystal structures of two compounds,
24 and 45, bound to the HCV NS3 protease active site were

obtained through soaking the compounds to enzyme crystals

(Figure 3). They bound to the enzyme surface with similar

conformations. As expected, one of the major interactions was
the formation of a reversible covalent bond between the active

site serine (Serl39) hydroxyl and the ketone carbonyl of the
inhibitor. However, as a result of the nucleophilic attack on the

face opposite that usually observed for serine protease, the

oxyanion hole was occupied by the P1 carboxylamide carbonyl,

rather than by the hemiketal oxygen atom. Instead, the hemiketal

oxygen was interacting with and stabilized by a catalytic
histidine residue (His57). The macrocycles encircled the methyl
group of alanine 156, forming a nice doughnut-shaped crown.
The phenyl group in the ring also had good contact within the
S4 pocket. Another interesting feature was that rtigropy!|
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The P1n-propyl group extended snugly into the S1 pocket. The
cyclohexyl moiety fit comfortably in the lipophilic S3 region.

In addition, the inhibitor also made multiple hydrogen bonds
with the enzyme backbone through its amide chain. The
enhancement in potency from the dimethyl substituents seemed
to come from the contact between one of the methyl groups
and the aromatic ring of the His57 residue.

Both structures demonstrated that the macrocycles had
excellent interaction with the protease, especially with the
Alal56 methyl group and S4 pocket. The concept of macro-
cyclization was demonstrated to be successful in achieving
compounds with better potency and that were more depeptized.
A 36-fold improvement in potency was accomplished from
compoundl to compoundi5. Although the oral bioavailability
was still not satisfactory for the most potent and selective
compounds, some exciting PK data in the subcutaneous study
and from a smaller compound such 48 indicated that the
future is promising for some of these macrocyclic inhibitors.

Conclusion

In summary, a number of P2 proline-based macrocyclic
o-ketoamide inhibitors were prepared and investigated in an
HCV NS3 serine protease continuous assay. The biological
activity varied substantially depending on several factors such
as the ring size, number of amino acid residues, number of
methyl substituents, type of heteroatom in the linker, P3 residue,
and configuration at the proline C-4 center. The pentapeptide
inhibitors were very potent, with the C-terminal acid and amide
analogues being the most active ones. Single-digit nanomolar
potency Ki*) was achieved with some of the macrocyclic
compounds45, 6 nM). The tetrapeptides were less potent, while
the tripeptides were only moderately active. The 16- and 17-
membered macrocyclic compounds were equally potent, while
15-membered analogues were less active. A sulfide linker from
proline C-4 was as effective as an ether linkage. However, the
corresponding sulfone and nitrogen analogues were less effec-
tive. The dimethyl substituents at the carbon adjacent to the
oxygen improved the potency of all inhibitors across the board.
Compound45 had very good potency in a cell-based replicon
assay (IGo = 130 nM). Thetert-leucine at P3 and dimethyl
substituents at the linker enhanced the selectivity of the inhibitors
against HNE. The combination of these two factors in compound
47 realized a good selectivity of 307. Several compounds had
excellent subcutaneous AUC and bioavailability in rats. A less
potent smaller inhibitor40, had a remarkable oral bioavailability
of 97%. The X-ray crystal structures of compourddsand45
bound to the protease confirmed the excellent potency of these
compounds resulted from good binding of the macrocyclic ring
with the Ala156 methyl group and S4 pocket. They also revealed
the formation of a covalent bond between the inhibitor ketone
carbonyl and the Ser139 hydroxyl of the protease. A C-shaped
clamping around the Lys136 side chain fypropyl at P1 and
phenyl at P2was also observed. All these and other interactions
contributed to the enhanced activity of these inhibitors. The
strategy of macrocyclization has been proved to be successful
in both improving potency and structural depeptization.

Experimental Section

General Methods.Reagents and solvents, including anhydrous
THF, dichloromethane, and DMF, were purchased from Aldrich
or other commercial sources and were used without further
purification. Reactions that were moisture sensitive or used

side chain of the P1 norvaline and the aromatic ring of the P2 anhydrous solvents were performed under either a nitrogen or an
phenylglycine wrapped around the side chain of lysine 136 in argon atmosphere. Analytical thin-layer chromatography (TLC) was
such a manner that they formed a C-shaped clamp around it.performed on precoated silica gel plates obtained from Analtech.
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Visualization was accomplished with UV light or by staining with
basic KMnQ, solution, ethanolic k50, or Vaughn's reagent.
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3.53-3.48 (m, 2H), 3.36 (dJ = 15.6 Hz, 1H), 2.92 (s, 3H), 2.84
(s, 3H), 2.33 (ddJ = 7.6, 13.6 Hz, 1H), 1.841.59 (m, 10H),

Compounds were purified by flash chromatography either on a glass1.47-1.13 (m, 6H), 0.96-:0.76 (m, 5H);3C NMR (100 MHz,

column using Merck silica gel 60 (23100 mesh) or on an ISCO

DMSO-dg) 6 196.7, 171.2, 169.69, 169.67, 169.2, 166.9, 160.7,

RediSep disposable silica gel column. NMR spectra were recorded158.3, 138.2, 137.5, 129.1, 128.6, 127.84, 127.76, 121.7, 115.4,

at 300, 400, or 500 MHz fotH and at 75, 100, or 125 MHz for
13C on a Bruker or Varian spectrometer with CRGF DMSO-ds
as solvent. The chemical shifts are given in parts per million,
referenced to the internal TMS or deuterated solvent signal.

All characterization data for macrocyclic acids, other intermedi-

112.1,76.9, 64.9, 63.4,57.4,54.4,53.7, 53.3, 53.0, 41.6, 41.3, 36.6,
35.3, 33.7, 31.7, 28.9, 28.5, 28.3, 26.0, 25.3, 18.7, 13.5. HRMS
calcd for GoHsgNgOo(M + H)™: 789.4187. Found: 789.4184. Data
for 25: IH NMR (500 MHz, DMSO¢s) 0 8.75 (t,J = 6.2 Hz,

1H), 8.56 (d,J = 7.5 Hz, 1H), 8.43 (d,) = 9.8 Hz, 1H), 8.07 (d,

ates, and some inhibitors and general reaction conditions areJ = 7.8 Hz, 1H), 7.38-7.29 (m, 5H), 7.15 (tJ = 7.8 Hz, 1H),

included in the Supporting Information.
(2{3-[(12-Cyclohexyl-11,14-dioxo-2,6-dioxa-10,13-diazatricyclo-
[14.3.1.719henicosa-1(19),16(20),17-triene-9-carbonyl)amino]-
2-oxohexanoylaming acetylamino)phenylacetic Acidtert-Butyl
Ester (22) For detailed reaction conditions for the preparation of
the inhibitor, see the Supporting Information. The prodi&(78%
yield, two steps) was isolated as a mixture of two diastereomers:
1H NMR (500 MHz, DMSO#g)  8.75 (t,J = 6.0 Hz) and 8.64
8.63 (m, 1H), 8.71 (dJ = 7.0 Hz, 1H), 8.42 (ddJ = 2.4, 9.6 Hz,
1H), 8.26 and 8.08 (d) = 7.0 and 7.9 Hz, 1H), 7.417.33 (m,
5H), 7.15 (app tJ = 7.8 Hz, 1H), 6.80 (s, 1H), 6.72 (app d~=
7.6 Hz, 1H), 5.27 (ddJ = 4.0, 7.1 Hz, 1H), 5.074.97 (m, 1H),
4.45 (dt,J = 3.0, 9.7 Hz, 1H), 4.35 and 4.28 @,= 8.5 and 8.6
Hz, 1H), 4.19-3.80 (m, 7H), 3.68 (dJ = 16.9 Hz, 1H), 3.53
3.50 (m, 2H), 2.39-2.32 (m, 1H), 1.841.59 (m, 10H), 1.46
1.23 (m, 12H), 1.191.06 (m, 3H), 0.930.74 (m, 5H);13C NMR
(125 MHz, DMSOse) 6 196.7, 196.6, 171.7, 171.30, 171.25, 170.0,

6.80 (s, 1H), 6.72 (app dl = 8.1 Hz, 2H), 5.82 (dJ = 7.7 Hz,
1H), 5.04 (ddd,J = 3.9, 7.9, 9.4 Hz, 1H), 4.784.43 (m, 1H),
4.28 (dd,J = 7.9, 9.5 Hz, 1H), 4.264.00 (m, 4H), 3.96 (dJ =
10.8 Hz, 1H), 3.81 (tJ = 5.8 Hz, 1H), 3.76 (dJ = 6.3 Hz, 1H),
3.70-3.64 (m, 2H), 3.52-3.48 (m, 1H), 3.39-3.35 (m, 1H), 2.92
(s, 3H), 2.84 (s, 3H), 2.382.34 (m, 1H), 1.841.59 (m, 10H),
1.43-1.11 (m, 6H), 0.9+0.77 (m, 5H).13C NMR (125 MHz,
DMSO-dg), 6, 196.6, 171.3, 169.9, 169.6, 169.2, 166.9, 160.9,
158.4, 138.1, 137.4, 129.1, 128.6, 128.3, 127.8, 127.75, 121.7,
115.3, 112.1, 76.7, 64.9, 63.3, 58.1, 54.5, 53.7, 53.1, 53.0, 41.6,
414, 36.5,35.3,33.8,31.9, 29.1, 28.5, 28.3, 26.0, 25.3, 18.6, 13.4.
HRMS calcd for GHsgNgOo(M + H)*: 789.4187. Found: 789.4192.
12-Cyclohexyl-11,14-dioxo-2,6-dioxa-10,13-diazatricyclo[14.
3.1.719henicosa-1(19),16(20),17-triene-9-carboxylic Acid ((([1-
(Cyanophenylmethyl)carbamoyl]methyl)aminooxalyl)butyl)-
amide (26) Compound6 was prepared through standard coupling
of 20 and §-a-aminophenylacetonitrile hydrochloride according

169.7, 169.41, 169.38, 168.5, 168.4, 167.60, 167.58, 160.9, 160.7,to standard coupling procedures. It was isolated as a mixture of
158.5, 158.4, 138.2, 138.15, 138.12, 136.7, 136.5, 129.7, 128.71,two diastereomersiH NMR (500 MHz, DMSOsg) 6 9.33-9.29

128.69, 128.6, 128.1, 127.42, 127.35, 127.3, 121.7, 115.4, 112.2

112.1, 81.32, 81.29, 76.9, 76.8, 64.94, 64.89, 64.87, 63.4, 63.3,
58.1, 57.4, 56.92, 56.87, 56.81, 56.76, 56.7, 54.6, 54.52, 54.45,

53.8, 53.70, 53.67, 53.4, 53.2, 49.6, 41.8, 41.44, 41.39, 33.9, 33.7

31.7, 29.2, 29.1, 29.0, 28.5, 28.3, 27.5, 26.0, 25.3, 18.7, 18.63,

18.60, 13.82, 13.75, 13.5; HRM®/z calcd for GsHeiNsO10 (M
+ H)* 820.4497, found 820.4493.
(2{3-[(12-Cyclohexyl-11,14-dioxo-2,6-dioxa-10,13-diazatricyclo-
[14.3.1.79henicosa-1(19),16(20),17-triene-9-carbonyl)amino]-
2-oxohexanoylaming acetylamino)phenylacetic Acid (23) A
solution of the tert-butyl ester22 (26 mg, 0.032 mmol) in
trifluoroacetic acid (2 mL) and C¥l, (2 mL) was stirred at room
temperature for 3 h. After the volatiles were removed in vacuo,
the residue was dissolved in 50% Me©BH,Cl, and concentrated
to dryness in vacuo to afford an off-white solid (24 mg, quantita-
tive): *H NMR (400 MHz, DMSO#g) 6 8.73-8.65 (m, 2H), 8.40
(dd,J = 9.5, 2.6 Hz, 1H), 8.248.05 (1 H), 7.647.55 (m, 1H),
7.41-7.32 (m, 5H), 7.15 (1) = 7.8 Hz, 1H), 6.86-6.71 (m, 3H),
5.35(dd,J=7.5, 1.9 Hz, 1H), 5.044.96 (m, 1H), 4.484.43 (m,
1H), 4.374.22 (m, 1H), 4.16:3.27 (m, 11H), 2.352.31 (m, 1H),
1.84-0.70 (m, 21 H);*3C NMR (100 MHz, DMSOsl) 6 196.7,

,(m, 1H), 8.9 and 8.84 () = 6.0 Hz, 1H), 8.43 (dJ = 10.0 Hz,

1H), 8.27 (d,J = 7.0 Hz) and 8.11 (ddJ = 5.5, 3.0 Hz, 1H),
7.50-7.40 (m, 5H), 7.15 (tJ = 8.0 Hz, 1H), 6.80 (m, 1H), 6.73

(M, 2H), 6.21-6.18(m, 1H), 5.1+5.07 and 5.034.99 (m, 1H),

4.46 (dt,J = 3.5, 10 Hz, 1H), 4.36 and 4.30 d,= 9.5 and 8.5

Hz, 1H), 4.174.15 (m, 4H), 3.88-3.85 (m, 2H), 3.7+3.64 (m,

2H), 3.55-3.49 (m, 2H), 2.34-2.33 (m, 1H), 2.06-1.40 (m, 10H),

1.38-0.98 (m, 7H), 0.930.84 (m, 5H);13C NMR (125 MHz,

DMSO-dg) 6 197.3, 197.2, 172.2,170.8, 170.6, 168.7, 161.8, 161.7,

159.3,159.2, 139.1, 139.0, 134.9, 130.0, 129.8, 127.9, 122.6, 119.3,

116.3, 113.0, 77.8, 77.7, 65.8, 64.2, 59.0, 58.3, 55.4, 55.3, 54.6,

54.3,54.0,44.3,44.2,42.6,42.5,42.3,42.2,34.7, 34.6, 33.0, 32.6,

30.0, 29.8,29.4, 29.2, 26.9, 26.2, 19.6, 19.5, 14.4; HRV&Xalcd

for C4oHs1NeOs (M + H)* 743.3768, found 743.3773.
12-Cyclohexyl-11,14-dioxo-2,6-dioxa-10,13-diazatricyclo[14.

3.1.17,10]henicosa-1(19),16(20),17-triene-9-carboxylic Acid (([1-

(2-Hydroxy-1-phenylethylcarbamoyl)methylJaminooxalyl)butyl)-

amide (27) Compound®7 was prepared through standard coupling

of 20 and ©-2-amino-2-phenylethanol!H NMR (500 MHz,

DMSO-dg) 6 8.71 and 8.65 (tJ = 6.0 and 6.2 Hz, 1H), 8.42 (dd,

J = 3.3, 9.3 Hz, 1H), 8.34 (dd] = 8.4, 11.1 Hz, 1H), 8.27 and

171.7,171.4,171.3,170.0, 169.7, 167.5, 161.0, 160.7, 158.5, 158.58.08 (d,J = 6.8, 8.2 Hz, 1H), 7.317.21 (m, 5H), 7.15 (t)=7.7
158.4,138.2,138.2, 137.1, 137.0, 132.1, 132.1, 131.6, 131.5, 131.5Hz, 1H), 6.79 (br s, 1H), 6.72 (dd, = 2.1, 8.1 Hz, 2H), 5.09
129.2,128.8,128.7, 128.7, 128.6, 128.0, 127.7, 127.5, 127.5, 121.84.98 (m, 1H), 4.84 (q) = 6.8 Hz, 1H), 4.44 (dt) = 5.5, 9.7 Hz,

115.4, 112.2, 76.9, 76.8, 65.0, 64.9, 63.4, 63.3, 58.2, 5 7.4, 56.3,

1H), 4.35 and 4.28 (dd] = 7.7, 9.6 and 8.2, 9.4 Hz, 1H), 4.48

56.2, 56.2, 54.6, 54.5, 53.8, 53.4, 53.2, 41.5, 41.5, 41.4, 40.2, 33.9,4.02 (m, 2H), 3.9%3.83 (m, 2H), 3.8+3.63 (m, 2H), 3.59-3.47
33.7,31.9,31.7,29.2, 29.0, 28.6, 28.3, 26.1, 25.3, 18.7, 18.6, 13.5;(m, 4H), 3.38-3.35 (m, 1H), 2.35 (ddd) = 7.5, 13.2, 21.2 Hz,

HRMS m/z calcd for GoHsiNsO10 (M + H)* 762.3714, found
762.3705.
12-Cyclohexyl-11,14-dioxo-2,6-dioxa-10,13-diazatricyclo[14.
3.1.719henicosa-1(19),16(20),17-triene-9-carboxylic Acid ((([1-
(Dimethylcarbamoylphenylmethyl)carbamoyl]methyl)aminoox-
alyl)butyl)amide (24 and 25) The Sisomer24 and R-isomer25

(82% combined yield, 2 steps) were separated by flash chroma-

tography (2-4% MeOH/CHCI,). Data for24: *H NMR (500 MHz,
DMSO-ds) 0 8.70 (t,J = 5.2 Hz, 1H), 8.56 (dJ = 7.7 Hz, 1H),
8.42 (d,J = 6.6 Hz, 1H), 8.25 (dJ = 6.6 Hz, 1H), 7.36-7.29 (m,
5H), 7.16-7.13 (m, 1H), 6.79-6.78 (m, 2H), 6.71 (app dd =
2.0, 7.9 Hz, 1H), 5.81 (d) = 7.8 Hz, 1H), 5.06-4.96 (m, 1H),
4.46-4.42 (m, 1H), 4.35 (dd]) = 7.6, 9.8 Hz, 1H), 4.183.99 (m,
5H), 3.86-3.74 (m, 2H), 3.67 (app dJ = 15.1 Hz, 1H),

1H), 1.84-1.59 (m, 10H), 1.481.23 (m, 3H), 1.1#1.09 (m, 3H),
0.90-0.78 (m, 5H);13C NMR (125 MHz, DMSO¢s) 6 197.53,
197.50, 172.19, 172.16, 170.8, 170.57, 170.55, 168.2, 161.7, 161.5,
159.3, 159.2, 141.79, 141.76, 139.1, 139.0, 130.0, 128.92, 128.90,
127.76, 127.75, 127.66, 122.6, 116.3, 113.0, 77.8, 77.6, 65.81,
65.76, 65.48, 65.46, 64.22, 64.17, 59.0, 58.2, 55.98, 55.95, 55.4,
55.3, 54.62, 54.57, 54.2, 54.0, 42.7, 42.6, 42.3, 42.2, 34.7, 34.6,
32.9, 32.6, 30.5, 30.0, 29.8, 29.4, 29.2, 26.9, 26.2, 19.6, 19.5, 14.40,
14.36; HRMSm/z calcd for GoHs4NsOg (M + H)™ 748.3922, found
748.3903.
12+tert-Butyl-11,14-dioxo-2,6-dioxa-10,13-diazatricyclo[14.
3.1.719henicosa-1(19),16(20),17-triene-9-carboxylic Acid ((([1-
(Dimethylcarbamoylphenylmethyl)carbamoyllmethyl)amino-
oxalyl)butyl)amide (30). The products were separated into the
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Sisomer andr-isomer (57% combined yield, two steps). Data for

the Sisomer: 'H NMR (500 MHz, DMSO¢) 6 8.72 (t,J = 6.3
Hz, 1H), 8.57 (dJ = 7.5 Hz, 1H), 8.37 (dJ = 9.8 Hz, 1H), 8.26
(d,J=6.9 Hz, 1H), 7.38-7.35 (m, 4H), 7.347.30 (m, 1H), 7.16
(dd,J= 7.2 and 8.9 Hz, 1H), 6.746.71 (m, 3H), 5.83 (dJ = 7.7
Hz, 1H), 5.07#5.03 (m, 1H), 4.69 (dJ = 9.7 Hz, 1H), 4.39 (dd,
J=7.6 and 10.2 Hz, 1H), 4.144.04 (m, 3H), 3.97 (d) = 10.4
Hz, 1H), 3.88-3.75 (m, 3H), 3.543.48 (m, 2H), 3.46-3.34 (m,
2H), 2.93 (s, 3H), 2.85 (s, 3H), 2.32.30 (m, 1H), 1.871.79
(m, 1H), 1.77-1.67 (m, 3H), 1.471.35 (m, 3H), 0.95 (s, 9H),
0.86 (t,J = 7.3 Hz, 3H);13C NMR (125 MHz, DMSO#g) 6 196.6,
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58.7,55.9, 55.1, 54.8, 54.5, 43.9, 42.6, 42.1, 37.3, 36.5, 34.0, 32.7,
29.6, 29.3, 27.1, 26.6, 26.3, 19.2, 14.0; HRM#%z calcd for
CugHsgNgOg (M + H)*™ 803.4344, found 803.4347.
12-Cyclohexyl-11,14-dioxo-2-oxa-6-thia-10,13-diazatricyclo-
[14.3.1.719henicosa-1(19),16(20),17-triene-9-carboxylic Acid
((([1-(Dimethylcarbamoylphenylmethyl)carbamoyl]methyl)amino-
oxalyl)butyl)amide (35). Standard coupling &c and14 provided
ana-hydroxyamide intermediate: HRM®z calcd for G;HsgNgOg
(M + H)* 807.4115, found 807.4103. To a solution of this
intermediate (180 mg, 0.220 mmol) in dichloromethane at room
temperature were added sequentialy DMSO (0.313 mL, 4.40

171.2,170.1, 169.6, 169.2, 166.9, 160.6, 158.2, 138.4, 137.4, 129.0mmol), DCC (908 mg, 4.40 mmol), and dichloroacetic acid (0.0364
128.5, 127.8, 127.7, 121.6, 115.1, 111.7, 76.7, 65.0, 63.1, 57.3,mL, 0.440 mmol). The reaction mixture was stirred overnight (16
56.2,54.8,54.1,53.1, 53.0, 41.5, 41.2, 36.5, 35.3, 34.9, 33.7, 31.6,h) and was then quenched by addition of a 5% aqueous citric acid

28.5, 26.2, 18.5, 13.4; HRM®&/z calcd for GoHssNgOg (M + H)*
763.4031, found 763.4047.
12-tert-Butyl-11,14-dioxo-2,6-dioxa-10,13-diazatricyclo[14.
3.1.119henicosa-1(19),16(20),17-triene-9-carboxylic Acid ((([1-
(Dimethylcarbamoylphenylmethyl)carbamoyl]methyl)amino-

oxalyl)butyl)amide (32). The macrocyclic methyl ester was

prepared according to the published proceditrésvas hydrolyzed
to its corresponding carboxylic acid. On the basistidf NMR

analysis, the proline.-center was partially racemized (ca. 20%)

during hydrolysis: 13C NMR (DMSO-dg) 6 172.6, 172.1, 169.6,

solution (5 mL) and MeOH (1 mL), and the resulting mixture was
stirred for 30 min. The solid material was filtered off, and the filtrate
was washed with saturated aqueous sodium bicarbonate solution
and brine, dried over N&Oy, and concentrated in vacuo. The crude
product was purified by flash column chromatography usir@%
methanol in dichloromethane to give the product (105 mg, 60%)
as a mixture of diastereomers. One part of the mixture (36 mg)
was purified again by column chromatography to provide more
polar pure PISisomer (8 mg) and its less pol&isomer (6 mg).
Data for theS-isomer: *H NMR (500 MHz, DMSO¢g) 6 7.56

159.9, 139.4, 129.3, 122.0, 115.7, 112.8, 74.6, 65.9, 63.7, 59.1,(@PpP t,J = 5.3 Hz, 1H), 7.5+-7.49 (m, 1H), 7.4+ 7.32 (m, 7H),

58.1, 51.6, 43.6, 38.9, 36.5, 30.3, 27.4; HRNM%z calcd for

CooH31N2Og (M + H)T 419.2182, found 419.2176. The coupling
and oxidation were carried out according to general procedures.
The Siisomer andR-isomer were isolated (35% combined yield,

two steps). Data for th&isomer: 13C NMR (DMSO-dg) 6 197.3,

'7.21 (app t,J = 7.9 Hz, 1H), 7.03 (s, 1H), 6.826.77 (m, 2H),

5.85 (d,J = 6.9 Hz, 1H), 5.23-5.19 (m, 1H), 4.64-4.55 (m, 2H),
4.32-4.28 (m, 1H), 4.184.13 (m, 1H), 4.06-3.91 (m, 2H), 3.8%

3.78 (m, 1H), 3.643.61 (m, 2H), 3.473.42 (m, 2H), 3.01 (s,
3H), 2.91 (s, 3H), 2.61 (app § = 7.1 Hz, 2H), 2.52-2.47 (m,

171.7, 170.1, 169.5, 167.8, 161.6, 159.4, 138.7, 138.4, 130.3, 129.51H), 2:.13-2.04 (m, 1H), 1.921.54 (m, 11H), 1.371.31 (m, 1H),

1.24-1.15 (m, 1H), 0.90 (tJ = 7.3 Hz, 3H):13C NMR (125 MHz,
128.72. 128.66, 123.3, 116.3, 114.4, 110.0, 76.8, 65.9, 65.1, 58.4,
57.8,55.8, 53.9, 51.3, 42.6, 42.4, 37.5, 36.2. 35.5, 34.8, 32.43 29.4 PMSO-s) 6 172.4 171.4,170.4, 169.6, 166.6, 159.1, 137.1, 137.0,

27.5,19.4, 14.4; HRMS calcd foryHssNeOg (M + H)™ 763.4031,
found 763.4040.
11-Cyclohexyl-10,13-dioxo-2,5-dioxa-9,12-diazatricyclo[13.
3.1.%9icosa-1(18),15(19),16-triene-8-carboxylic Acid ((([1-(Di-
methylcarbamoylphenylmethyl)carbamoylmethyl)aminooxalyl)-

butyl)amide (33). Compound33 was isolated as an inseparable

mixture of two diastereomerstH NMR (500 MHz, DMSO#s) 6
8.73 and 8.68 (tJ = 6.1 and 6.0 Hz, 1H), 8.55 (d) = 7.6 Hz,
1H), 8.46 (t,J = 10.0 Hz, 1H), 8.23 and 7.98 (d,= 6.6 and 7.9
Hz, 1H), 7.47-7.29 (m, 5H), 7.11 (tJ = 7.8 Hz, 1H), 7.04 and
7.01 (s, 1H), 6.75 (d) = 7.2 Hz, 1H), 6.726.70 (m, 1H), 5.84
and 5.82 (dJ) = 7.8 and 7.7 Hz, 1H), 5.044.94 (m, 1H), 4.38
4.10 (m, 3H), 4.03 (br s, 1H), 3.88.85 (m, 1H), 3.83 (d) = 6.3
Hz, 1H), 3.79 (d,J = 5.9 Hz, 1H), 3.76-3.72 (m, 1H), 3.65 (dJ
= 14.2 Hz, 1H), 3.473.40 (m, 2H), 3.24 (dJ = 13.9 Hz, 1H),
2.92 (s, 3H), 2.84 (s, 3H), 2.45 (dd= 7.4, 13.4 Hz, 1H), 1.75
1.53 (m, 8H), 1.56-1.24 (m, 3H), 1.221.14 (m, 3H), 0.89-0.76
(m, 5H); 13C NMR (125 MHz, DMSO¢l) 6 196.5, 173.2, 171.2,

'130.2, 129.6, 129.5, 129.0, 128.3, 122.3, 116.3, 114.9, 67.8, 59.2,

56.3, 54.8, 54.6, 54.0, 43.9,42.9,42.7,41.1, 37.3, 36.5, 33.8, 30.0,

29.9, 29.2, 27.2, 26.6, 26.10, 26.06, 19.3, 14.1; HRMScalcd

for Cs2Hs7/N6OsS (M + H)* 805.3959, found 805.3950.
12-Cyclohexyl-6,6,11,14-tetraoxo-2-oxaté-thia-10,13-diaza-

tricyclo[14.3.1 .7'9henicosa-1(19),16(20),17-triene-9-carboxylic

Acid ((([2-(Dimethylcarbamoylphenylmethyl)carbamoyllmethyl)-

aminooxalyl)butyl)amide (36) Compound36 was obtained as a

mixture of P1 diastereomersH NMR (500 MHz, DMSOsg) 6

8.74 (dd,J = 5.8, 10.6 Hz, 1H), 8.54 (d] = 7.6 Hz, 1H), 8.49-

8.45 (m, 1H), 8.33 and 8.10 (d,= 7.1 and 8.0 Hz, 1H), 7.38

7.29 (m, 5H), 7.22-7.19 (m, 1H), 6.9%6.88 (m, 2H), 6.82-6.80

(m, 1H), 5.82 and 5.81 (d] = 7.6 and 8.0 Hz, 1H), 4.99 (ddd,

= 3.6, 7.8, 9.3 Hz, 1H), 4.524.45 (m, 1H), 4.42-4.32 (m, 2H),

4.27-4.22 (m, 1H), 4.08 (@) = 5.3 Hz, 1H), 3.98-3.79 (m, 5H),

3.64 (d,J = 14.4 Hz, 1H), 3.173.12 (m, 1H), 3.0+2.95 (m,

1H), 2.92 (s, 3H), 2.84 (s, 3H), 2.62.56 (m, 1H), 2.19-2.13

(m, 1H), 1.99-1.93 (m, 2H), 1.751.60 (m, 7H), 1.49-1.24 (m,

3H), 1.18-1.12 (m, 3H), 0.970.84 (m, 5H);**C NMR (125 MHz,

170.2,169.4, 169.2, 169.1, 166.9, 160.6, 159.3, 138.3, 137.4, 128.7pMSOd) 6 196.4, 196.2, 170.4, 170.3, 170.2, 170.1, 169.28,

128.5, 127.8, 127.7, 122.5, 116.0, 113.6, 77.5, 68.6, 67.7, 57.3,169 25 169.1, 166.8, 160.7, 160.5, 156.95, 156.88, 138.0, 137.9,

54.4, 53.31, 53.27, 53.2, 53.0, 52.9, 41.8, 41.5, 38.7, 38.5, 36.5,137 4, 129.3, 129.2, 128.4, 127.65, 127.60, 127.59, 122.7, 122.6,
35.3, 32.9, 31.6, 29.3, 28.0, 26.0, 25.3, 25.2, 18.6, 13.5, 13.4; HRMS 115.8, 115.7, 115.4, 65.7, 65.6, 61.0, 60.5, 59.5, 59.0, 58.4, 55.1,

m/z calcd for GiHs4/NgOg (M + H)* 775.4031, found 775.4048.
5-Cyclohexyl-3,6-dioxo-11,16-dioxa-4,7-diazatricyclo[15.3.11)-
docosa-1(21),17,19-triene-8-carboxylic Acid ((([1-(Dimethylcar-
bamoylphenylmethyl)carbamoyllmethyl)aminooxalyl)butyl)-
amide (34) Compound34 was isolated as th&isomer: *H NMR
(500 MHz, DMSO¢g) 6 7.61 (d,J = 7.2 Hz, 1H), 7.57 (app 1)
= 5.2 Hz, 1H), 7.39-7.33 (m, 7H), 7.18 (app 1 = 7.9 Hz, 1H),
6.79-6.70 (m, 3H), 5.85 (dJ = 7.6 Hz, 1H), 5.29-5.25 (m, 1H),
4.70 (app tJ = 8.8 Hz, 1H), 4.48 (ddJ = 7.9 and 9.6 Hz, 1H),

4.10-3.94 (m, 4H), 3.83-3.80 (m, 1H), 3.62-3.54 (m, 3H), 3.56-
3.46 (m, 1H), 3.43-3.39 (m, 1H), 3.02 (s, 3H), 2.92 (s, 3H), 2:34
2.29 (m, 1H), 2.232.17 (m, 1H), 1.841.56 (m, 13H), 1.32
1.00 (m, 7H), 0.84 (tJ = 7.5 Hz, 3H);3C NMR (125 MHz,

54.7, 53.4, 52.9, 48.4, 47.5, 47.3, 45.44, 4541, 41.5, 41.4, 41.1,

40.9, 36.4, 35.2, 31.5, 28.9, 28.7, 28.4, 28.3, 28.21, 28.16, 26.9,

25.8, 25.2, 20.6, 19.8, 19.7, 18.5, 18.4, 13.9, 13.30, 13.26; HRMS

m/z calcd for GHs7NgO10S (M + H)™ 837.3857, found 837.3865.
6-Benzenesulfonyl-12-cyclohexyl-11,14-dioxo-2-oxa-6,10,13-

triazatricyclo[14.3.1.1"19henicosa-1(19),16(20),17-triene-9-car-

boxylic Acid ((([1-(Dimethylcarbamoylphenylmethyl)carbamoyl]-

methyl)aminooxalyl)butyl)amide (37) Compound37 was obtained

as a mixture of P1 diastereomer¥ NMR (500 MHz, DMSO-

ds) 0 .86 and 8.73 (tJ = 6.3 and 6.2 Hz, 1H), 8.62 and 8.60 (d,

J=7.7 and 7.4 Hz, 1H), 8.30 and 8.25 @= 9.7 and 10.0 Hz,

1H), 8.17 and 8.03 (d] = 6.8 and 7.8 Hz, 1H), 7.95 (d,= 8.5

Hz, 1H), 7.82 (dJ = 9.6 Hz, 1H), 7.7%+7.60 (m, 3H), 7.387.30

DMSO-dg) 6 195.5, 172.6, 171.5, 170.7, 166.7, 159.5, 159.2, 137.1, (m, 5H), 7.26-7.16 (m, 1H), 6.81 (dJ = 7.0 Hz, 1H), 6.76-6.74
136.9, 130.1, 129.5, 129.0, 128.3, 121.7, 116.9, 111.7, 68.8, 68.6,(m, 2H), 5.85 (dJ = 8.8 Hz, 1H), 5.04 and 4.99 (m, 1H), 457
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4.48 (m, 2H), 4.40 and 4.30 (t and = 9.9 and 10.9 Hz, 1H),
4.18-4.10 (m, 1H), 3.953.74 (m, 3H), 3.63-3.59 (d, 2H), 3.36-

3.33 (m, 1H), 3.123.01 (m, 3H), 2.94 and 2.93 (s, 3H), 2.853
and 2.850 (s, 3H), 1.881.60 (m, 11H), 1.451.31 (m, 2H), 1.17

1.08 (m, 3H), 0.89-0.83 (m, 5H);13C NMR (125 MHz, DMSO-

ds) 0 197.3, 197.1, 172.1, 171.8, 171.51, 171.50, 170.1, 169.9,
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110.6,81.21, 81.19, 74.6, 74.0, 69.54, 69.48, 63.2, 63.1, 58.4, 57.8,
56.83, 56.79, 55.8, 55.6, 54.4, 54.3, 53.3, 53.0, 41.4, 41.31, 41.28,
41.25, 40.7, 40.6, 37.7, 37.6, 31.9, 31.5, 28.8, 28.6, 28.4, 27.4, 26.2,
26.1, 25.9, 25.25, 25.16, 25.0, 24.9, 18.6, 18.5, 13.4; HRIVIS
calcd for GeHgaNsO10 (M + H)™ 846.4653, found 846.4644.

12-Cyclohexyl-5,5-dimethyl-11,14-dioxo-2,6-dioxa-10,13-diaza-

169.7, 167.89, 167.87, 161.4, 1613, 158.0, 157.9, 139.9, 139.8.y1i¢yc|0[14.3.1.17-19henicosa-1(19),16(20),17-triene-9-carboxyl-

139.2, 139.1, 138.4, 133.97, 133.96, 130.6, 130.5, 130.28, 130.27
129.5, 128.74, 128.69, 128.67, 127.8, 127.7, 123.2, 123.1, 116.7
113.6, 113.5, 110.0, 65.1, 59.2, 58.2, 55.2, 54.3, 54.1, 53.93, 53.91

42.69, 42.67, 42.6, 42.5, 37.5, 36.2, 32.4, 32.0, 31.2, 30.9, 30.3
29.7, 28.8, 27.1, 26.9, 26.5, 26.31, 26.25, 20.0, 19.6, 18.8, 18.7
14.4, 14.3; HRMSn/z calcd for GgHgN7010S (M + H)* 928.4279,
found 928.4290.
12-Cyclohexyl-5,5-dimethyl-11,14-dioxo-2,6-dioxa-10,13-diaza-
tricyclo[14.3.1.1719henicosa-1(19),16(20),17-triene-9-carboxyl-
ic Acid (1-Aminooxalylbutyl)amide (39). Oxidation of interme-
diate coupling produott-hydroxyamide ta39 through a modified
Moffatt oxidation was described above in the preparation of
compound35 (35% yield, two steps)*H NMR (300 MHz, CDC})
0 7.44 (br s, 1H), 7.27 (br s, 1H), 7.14 (appJt= 12.7 Hz, 1H),
6.72-6.65 (m, 4H), 6.51 (tJ = 8.6 Hz, 1H), 4.79 (ddJ = 4.5,
8.5 Hz, 1H), 4.69 (ddJ = 9.8, 17.5 Hz, 1H), 4.274.07 (m, 3H),
3.97 (d,J = 11.2 Hz, 1H), 3.76-3.50 (M, 4H), 2.48-2.41 (m,
1H), 2.06-1.96 (m, 2H), 1.841.49 (m, 11H), 1.431.11 (m, 11H),
0.95-0.90 (m, 3H);C NMR (75 MHz, CDC}) 6 195.6, 195.5,

ic Acid ((([1-(Dimethylcarbamoylphenylmethyl)carbamoyl]-
'methyl)aminooxalyl)butyl)amide (45) Compoundi5was obtained

'as a mixture of two inseparable P1 diastereomérsNMR (300
"MHz, CDCLk) ¢ 7.83 (app tJ = 8.5 Hz, 1H), 7.68 and 7.60 (4,

'= 4.9 and 4.9 Hz, 1H), 7.457.22 (m, 6H), 7.26-6.74 (m, 2H),
6.67-6.64 (m, 3H), 5.86 (dJ = 7.4 Hz, 1H), 5.29 (dtJ = 4.7,

7.6 Hz, 1H), 4.82-4.63 (m, 2H), 4.26-3.93 (m, 6H), 3.64 (s, 2H),
3.56 (dd,J = 3.3, 11.0 Hz, 1H), 2.97 (s, 3H), 2.90 (s, 3H), 2:37
1.97 (m, 3H), 1.861.47 (m, 9H), 1.36:0.97 (m, 13H), 0.88 and
0.84 (t,J = 7.1 and 7.2 Hz, 3H)}3C NMR (75 MHz, CDC}) ¢
195.1, 195.0, 172.6, 172.5, 170.4, 169.4, 166.4, 165.0, 162.6, 159.2,
158.7, 142.5, 136.7, 136.6,129.4, 129.0, 128.8, 128.4, 128.2, 127.7,
127.6, 127.5, 125.4, 121.1, 116.0, 110.5, 103.4, 82.0, 80.2, 74.74,
74.68, 69.4, 63.8, 58.4, 58.3, 56.7, 55.3, 55.1, 54.1, 53.9, 42.8, 42.3,
41.4,41.3,41.0, 36.9, 36.4, 36.0, 33.4, 32.5, 30.3, 29.1, 28.9, 28.6,
26.3,26.1, 26.0, 25.7, 18.8, 13.7; HRM%z calcd for G4HeiNeOg

(M + H)* 817.4500, found 817.4528.

12-tert-Butyl-5,5-dimethyl-11,14-dioxo-2,6-dioxa-10,13-diaza-

172.8,170.9, 170.5, 170.2, 160.9, 158.9, 156.4, 151.8, 145.8, 136.5fricyclo[14.3.1.1719henicosa-1(19),16(20),17-triene-9-carboxyl-
132.5,129.5,121.2,116.2, 110.5, 76.3, 74.9, 69.3, 63.9, 58.2, 58.1,ic Acid [1-(Dimethylcarbamoylphenylmethyl)carbamoyllmethyl)-
56.8, 56.7, 55.4, 55.3, 54.1, 54.0, 53.4, 43.1, 41.8, 41.0, 40.9, 35.8,aminooxalyl)butyl)amide (47) Compoundi7 was prepared through

33.4, 29.2, 29.1, 29.0, 26.1, 25.8, 25.73, 25.68, 19.0, 18.9, 13.7
HRMS mvz calcd for GyHsN4sO; (M + H)*T 599.3445, found
599.3456.
12-Cyclohexyl-5,5-dimethyl-11,14-dioxo-2,6-dioxa-10,13-diaza-
tricyclo[14.3.1.1719henicosa-1(19),16(20),17-triene-9-carboxyl-
ic Acid (1-Allylaminooxalylbutyl)amide (40). Product40 was
obtained as a mixture of two P1 diastereomék$ NMR (500 MHz,
DMSO-dg) 6 8.86 and 8.82 (tJ = 6.0 and 6.0 Hz, 1H), 8.43 (dd,
J=1.9, 9.5 Hz, 1H), 8.29 and 8.19 (d,= 6.6 and 7.9 Hz, 1H),
7.13 (t,J= 7.9 Hz, 1H), 6.76-6.69 (m, 2H), 6.64 (d) = 7.6 Hz,
1H), 5.83-5.75 (m, 1H), 5.13-5.05 (m, 3H), 5.02 and 5.4.94 (ddd,
J=13.8,8.0,9.6 and 2.7, 5.7, 9.2 Hz, 1H), 4.48)t= 9.6 Hz,
1H), 4.43-4.35 (m, 2H), 4.36-4.24 (m, 1H), 4.16-4.04 (m, 1H),
3.86 (dd,J = 10.7, 19.5 Hz, 1H), 3.773.72 (m, 3H), 3.66 and
3.56 (dd,J = 3.6, 10.6 and 3.3, 10.5 Hz, 1H), 3.36 #= 15.5
Hz, 1H), 2.12-2.06 (m, 1H), 1.89-1.80 (m, 2H), 1.78-1.55 (m,
7H), 1.49-1.23 (m, 4H), 1.2+1.12 (m, 8H), 0.950.79 (m, 6H);
13C NMR (125 MHz, DMSOsg) ¢ 197.1, 197.0, 171.30, 171.26,

169.72, 169.58, 169.1, 160.9, 160.8, 158.1, 138.25, 138.20, 134.1,
129.1, 121.2,121.1, 115.49, 115.46, 115.29, 115.27, 110.7, 110.6,

;the same general procedures as described above, except that Boc-
tert-butylglycine was substituted for Boc-cyclohexylglycine at P3.

It was isolated as a mixture of two diastereomeltd: NMR (300

MHz, CDCk) 6 7.54-7.23 (m, 8H), 7.13 (1) = 7.7 Hz, 1H), 6.76-

6.64 (m, 3H), 6.58 (br s, 1H), 5.80 (d= 7.0 Hz, 1H), 5.34-5.20

(m, 1H), 4.92 (tJ = 8.9 Hz, 1H), 4.72 and 4.65 (§, = 8.9 and

8.9 Hz, 1H), 4.24-3.92 (m, 6H), 3.68 and 3.59 (ABd,= 15.3

Hz, 1H), 3.47 (dtJ = 2.6, 12.0 Hz, 1H), 2.98 and 2.95 (s, 3H),
2.88 and 2.87 (s, 3H), 2.42.33 (m, 1H), 2.09-1.80 (m, 3H),
1.65-1.29 (m, 4H), 1.23 (s, 3H), 1.21 (s, 3H), 1.03 and 1.00 (s,
9H), 0.88 (q,J = 7.5 Hz, 3H);'3C NMR (75 MHz, CDC}) 6 197.9,
197.4,171.0,170.5, 170.3, 170.1, 169.1, 167.9, 166.1, 165.9, 159.0,
158.8, 158.7, 145.4, 136.6, 129.4, 129.0, 128.9, 128.5, 127.8, 127.4,
121.10,121.07, 116.1, 116.0, 110.15, 110.09, 74.8, 69.3, 69.1, 67.9,
63.9, 63.7, 58.4, 57.9, 57.5, 57.4, 57.2, 54.24, 54.17, 43.1, 42.2,
41.0, 40.9, 36.8, 36.3, 36.2, 36.0, 35.6, 33.6, 33.1, 32.5, 26.4, 26.3,
25.9, 25.7, 25.4, 25.1, 18.9, 18.8, 13.63, 13.57; HRMScalcd

for C4oH50N6Og (M + H)+ 791.4344, found 791.4342.

12-Isopropyl-5,5-dimethyl-11,14-dioxo-2,6-dioxa-10,13-diaza-

73.99. 73.96 69.50 69.47. 63.1 58.3. 57.7. 54.3. 53.4. 53.1 41_3tricyclo[14.3.1.17,10]henicosa-1(19),16(20),17-triene-9-carboxyl-
41.2, 40.8, 40.7, 40.66, 40.59, 40.58, 37.7, 37.6, 36.6, 31.9, 31.5,¢ Acid ((([1-(Dimethylcarbamoylphenylmethyl)carbamoyl]-
28.8. 28.4, 26.2, 26.1, 25.9, 25.3, 25.2, 25.04, 24.98. 24.89, 22.5‘methyl)am|nooxalyl)butyl)am|de (48) Compoundt8was prepared

22.3, 22.0, 18.6, 18.5, 13.4; HRMS calcd fogs51N407S (M +
H)* 639.3758, found 639.3765.

(24 3-[(12-Cyclohexyl-5,5-dimethyl-11,14-dioxo-2,6-dioxa-10,-
13-diazatricyclo[14.3.1.719henicosa-1(19),16(20),17-triene-9-
carbonyl)amino]-2-oxohexanoylamingacetylamino)phenylace-
tic Acid tert-Butyl Ester (44). Compound44 was obtained as a
mixture of two inseparable P1 diastereoméeid:NMR (500 MHz,
DMSO-0g) 0 8.74-8.67 (m, 2H), 8.42 (dJ = 9.5 Hz, 1H), 8.27
and 8.13 (dJ = 7.0 and 7.8 Hz, 1H), 7.417.33 (m, 5H), 7.14
7.11 (m, 1H), 6.76-6.69 (m, 2H), 6.65 (dJ = 7.5 Hz, 1H), 5.27
(dd,J = 3.4, 7.3 Hz, 1H), 5.084.98 (m, 1H), 4.5%4.25 (m, 4H),
4.10-4.04 (m, 1H), 3.923.78 (m, 3H), 3.74 (dJ = 3.4 Hz, 1H),
3.70-3.64 and 3.583.56 (m, 1H), 3.36 (dJ = 15.8 Hz, 1H),
2.14-2.08 (m, 1H), 1.9%1.52 (m, 10H), 1.5%1.38 (m, 2H), 1.341
and 1.336 (s, 9H), 1.271.03 (m, 10H), 0.950.76 (m, 5H);13C
NMR (125 MHz, DMSOd) 6 196.64, 196.55, 171.30, 171.26,

by the same general procedures using Boc-valine at P3. It was
isolated as a mixture of two diastereometst NMR (500 MHz,
DMSO-dg) 6 8.74 and 8.68 (t) = 6.2 and 6.2 Hz, 1H), 8.56 (dd,
J=6.1, 7.6 Hz, 1H), 8.50 (d) = 9.4 Hz, 1H), 8.28 and 8.19 (d,
J=6.9 and 8.2 Hz, 1H), 7.397.27 (m, 5H), 7.157.12 (m, 1H),
6.71-6.70 (m, 2H), 6.66-6.64 (m, 1H), 5.825 and 5.818 (d,=
7.5and 7.6 Hz, 1H), 5.0665.02 (m, 1H), 4.44-4.25 (m, 4H), 4.1+

4.04 (m, 1H), 3.89-3.57 (m, 5H), 3.38 and 3.37 (d,= 15.4 and
15.1 Hz, 1H), 3.31 (dJ = 3.6 Hz, 1H), 2.92 and 2.90 (s, 3H),
2.84 and 2.83 (s, 3H), 2.32..80 (m, 4H), 1.76-1.58 (m, 2H),
1.45-1.14 (m, 9H), 0.89-0.77 (m, 9H);13C NMR (125 MHz,
DMSO-dg) 6 196.6, 196.5, 171.29, 171.25, 170.0, 169.8, 169.64,
169.61, 169.2, 166.9, 160.8, 158.2, 138.25, 138.18, 137.4, 129.1,
128.5, 127.8, 127.72, 127.70, 121.2, 115.3, 110.8, 73.98, 73.96,
69.5, 63.2, 58.2, 57.7, 55.8, 55.7, 54.8, 53.2, 53.0, 52.9, 41.53,
41.46, 41.35, 41.28, 40.7, 40.6, 37.7, 36.5, 35.3, 31.8, 30.6, 30.5,

169.9, 169.7, 169.61, 169.58, 169.4, 169.3, 167.5, 160.8, 160.6,28.3, 26.3, 26.2, 26.1, 24.9, 24.8, 19.0, 18.9, 18.8, 18.74, 18.68,
158.1, 138.3, 138.2, 136.5, 136.4, 133.0, 132.2, 132.0, 129.1, 128.7,18.6, 18.5, 13.41, 13.37; HRM®/z calcd for G;Hs/NeOg (M +
128.6,128.1, 127.37, 127.35, 121.2, 121.1, 115.30, 115.27, 110.7,H)* 777.4187, found 777.4171.
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12-secButyl-5,5-dimethyl-11,14-dioxo-2,6-dioxa-10,13-diaza-
tricyclo[14.3.1.719henicosa-1(19),16(20),17-triene-9-carboxyl-
ic Acid ((([1-(Dimethylcarbamoylphenylmethyl)carbamoyl]-
methyl)aminooxalyl)butyl)amide (49) Compound#9was prepared Acknowledgment. We thank the Structural Chemistry
by the same general procedures using Boc-isoleucine at P3. It waspepartment at the Schering-Plough Research Institute for NMR
isolated as a mixture of two diastereometst NMR (500 MHz, and MS analysis for all new compounds. We also thank Ms.
DMSO-ds) 6 8.74 and 8.69 (1) = 6.2 and 6.1 Hz), 8.56 (0 = Wanli Wu and Regina Huelgas for their assistance in the

7.1 Hz, 1H), 8.50 (dd) = 1.5, 9.4 Hz, 1H), 8.28 and 8.20 (= : d ch - f d
6.9 and 8.2 Hz, 1H), 7.377.28 (m, 5H), 7.13 (dt) = 1.6, 7.9 Hz, preparation and characterization of some compounds.

1H), 6.70-6.69 (m, 2 H), 6.65 (dJ = 7.6 Hz, 1H), 5.82 (dJ =

7.6 Hz, 1H), 5.06-4.99 (m, 1H), 4.484.25 (m, 4H), 4.134.05

(m, 1H), 3.90 (ddJ = 10.8, 20.6 Hz, 1H), 3.833.72 (m, 3H),
3.66 and 3.57 (dd] = 3.4, 10.8 and 3.2, 10.6 Hz, 1H), 3.37 @,

= 15.4 Hz, 1H), 2.92 (s, 3H), 2.842 and 2.838 (s, 3H), 2208

(m, 1H), 1.96-1.58 (m, 4H), 1.52-1.33 (m, 3H), 1.29-1.01 (m,

9H), 0.89-0.76 (M, 9H)13C NMR (125 MHz, DMSO¢l) 6 196.6,
196.5, 171.29, 171.26, 170.1, 169.9, 169.52, 169.51, 169.2, 166.9,
160.8, 160.6, 158.1, 138.23, 138.17, 137.4, 129.1, 128.5, 127.8,
127.71,127.70, 121.2, 121.1, 115.3, 110.7, 110.6, 74.0, 73.9, 69.6,
69.5, 63.1, 58.3, 57.7, 55.8, 55.6, 54.8, 54.2, 54.1, 53.2, 52.95,
52.93, 41.54, 41.47, 41.3, 41.2, 40.7, 40.6, 37.7, 37.6, 36.5, 36.4,
35.3,31.8, 31.5, 31.2, 28.3, 26.1, 26.0, 25.0, 24.9, 24.3, 22.0, 18.6,
18.5,15.0, 14.9, 13.9, 13.41, 13.38, 10.65, 10.63; HRM&alcd

for CasHseNeOs (M + H)*+ 791.4340, found 791.4340.

27.4, 25.8, 25.7, 19.7, 19.6, 14.4, 14.4; HRMS (FABY calcd
for C47H59N609 851.4344 (NH‘ H)Jr, found 851.4149.

Supporting Information Available: Compound characteriza-
tion data for intermediates and general procedures for hydrolysis
and amide coupling. This material is available free of charge via
the Internet at http://pubs.acs.org.
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