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Matrix Metalloproteinase Inhibitors Containing a (Carboxyalkyl)amino Zinc
Ligand: Modification of the P1 and P2’ Residues
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Systematic modification of the presumed P1 side chain in a series of (carboxyalkyl)amino-based
inhibitors of matrix metalloproteinases enabled identification of the 2-(1,3-dihydro-1,3-dioxo-
2H-benz[flisoindol-2-yl)ethyl group as a preferred substituent imparting potent inhibition of the
enzymes collagenase and gelatinase. It was subsequently found that the P2-P3’ residues in this
series could be replaced by small non-peptide residues, while maintaining inhibitory potency. The
imide group in this series of compounds can undergo autocatalytic hydrolysis under neutral

conditions.

Introduction

The matrix metalloproteinases (MMPs) are a family of
zinc endoproteinases involved in connective tissue re-
modeling. Members of this family include the collagenases,
stromelysins, and gelatinases.! These enzymes are secreted
as inactive zymogens, and their expression is tightly
controlled in most cell types. Aberrant regulation of these
enzymes has been implicated in several pathologies
including rheumatoid arthritis and metastasis. Both
interstitial collagenase (MMP-1) and stromelysin (MMP-
3) have been found at elevated levels in the joints of many
patients suffering from active rheumatoid arthritis.24The
unregulated expression of these enzymes eventually results
in the destruction of the cartilage and the supporting
connective tissue. MMP inhibitors have been claimed for
the treatment of multiple sclerosis.5 Several other matrix
metalloproteinases have also been found at elevated levels
in tumor cell lines and are implicated as important
components of metastatic events. These include type IV
collagenase (MMP-2),8 gelatinase (MMP-9),” and the
recently discovered stromelysin III (MMP-11).8 Each of
these enzymes may be important for the initial liberation
of tumor cells or for the establishment of new tumor sites.
Inhibition of MMP enzymatic activity represents a point
for therapeutic intervention in each of these pathologies
described above.

The activities of mammalian matrix metalloproteinases
are modulated by proteinaceous tissue inhibitors of
metalloproteinase (TIMPs).1® Synthetic, small molecule
inhibitors of matrix metalloproteinases have been re-
viewed,!? and most classes contain a zinc-coordinating
ligand, such as a thiol,!! hydroxamic acid,!? carboxylate,3
phosphinate, phosphonate,!® or phosphonamidate group.1
Inthese inhibitors, the zinc-coordinating ligand is attached
to a peptidic residue containing a hydrophobic side chain
which is recognized by the proteinase active site. It has
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been shown that proforms of certain MMPs are inhibited
by internal coordination of the active site zinc atom by a
cysteine side chain in-the prosegment which is cleaved
upon activation.!” Insight into the mechanism of zinc
metalloproteinases and their inhibition has been provided
by studies on thermolysin!® and astacin.!® Irreversible-
mechanism-based MMP inhibitors,? peptidic-ketometh-
ylene-isostere-based collagenase inhibitors,?! and non-
peptide inhibitors of MMP-8 and bacterial collagenases,
based upon tetracyclines, anthraquinones, and arancia-
mycin,?2 have also been reported. Inoursearch for MMP
inhibitor drugs suitable for oral therapy, we were attracted
to a class of inhibitors containing a (carboxyalkyl)amino
zinc ligand since this class of compounds has formed the
basis of effective drugs as inhibitors of angiotensin-
converting enzyme (ACE), which is also a zinc metallo-
proteinase.?® (Carboxyalkyl)amino inhibitors such as 1
have been reported in the patent literature,!3 and we report
here our investigations into the chemistry and structure-
activity relationships of this class of compound and
progress toward related MMP inhibitors of reduced
peptide character.
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Chemistry

Compound 13 was considered a key intermediate which
could be elaborated to give compounds modified at either
the P1 or P2’ position, and its synthesis is described in
Scheme 1. D-Aspartic acid (4) was monoesterified at the
v carbon with methanol and thionyl chloride. The product
5 was protected as the benzyl carbamate, and the free acid
was converted to the tert-butyl ester to give compound 6.
Reduction of the ¥ carboxyl group was carried out by
saponification of the methyl ester, formation of the mixed
anhydride, and reaction with NaBHj, to give the alcohol
8. Thealcohol was protected as the tert-butyldimethylsilyl
ether, and the amine protecting group was removed by
hydrogenation to give 10. Alcohol 12wassynthesized from
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s (a) SOCl,, MeOH; (b) PhCH;0COCI, NaCOsz (c) HzSO,,
isobutylene; (d) aqueous NaOH; (e) i. EtOCOCI, N-methylmorpho-
line, ii. NaBH,; (f) t-BuMe.SiCl; (g) Hs, Pd/C; (h) NaNO,, aqueous
H,80,; (i) NaOH, PhCH;Br; (j) (CF3sS0.)20, 1,8-bis(dimethyl-
amino)naphthalene; (k) AcOH, H;0, 45 °C.

D-leucine via a diazotizationreaction in sulfuric acid/water
followed by protection of the carboxyl group as the benzyl
ester. This alcohol was converted to the corresponding
triflate which was reacted in situ with amine 10, in the
presence of proton sponge to give the key intermediate 13.
Removal of the tert-butyldimethylsilyl protecting group
in 13 was achieved under mild conditions using acetic acid:
water at 45 °C to avoid lactonization of the product 14.

Elaboration of the pseudodipeptide 13 to give com-
pounds with varied P1 groups (shown in Table 1) is
depicted in Scheme 2. The benzyl ester of 13 was removed
by hydrogenation over 10% Pd/C, and a standard car-
bodiimide coupling with either phenylalanine N-methyl-
amide or the (morpholinoethyl)amide of leucine gave 16
and 17, respectively. The silyl ether was then removed by
heatingin9:1 acetic acid:water at 45 °Cfor 3-15h. Higher
reaction temperatures led to significant amounts of lactone
formation (loss of the tert-butyl ester). The variousimide
P1 substituents were then attached via Mitsunobu reac-
tion, and the target molecules 20 and 47-57 were obtained
by TFA hydrolysis of the tert-butyl esters.
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Two non-imide P1 groups were synthesized as outlined
in Scheme 3. Alcohol 18 was converted to amine 22 via
a two-step procedure involving Mitsunobu reaction with
bis(carbobenzyloxy) ammonia followed by removal of the
benzyl groups by hydrogenation. A more standard Mit-
sunobu-type reaction with diphenyl phosphorazidate to
form an azide intermediate did not proceed satisfactorily.
Amine 22 was acylated with 2-naphthoyl chloride to give
23 and the tert-butyl ester removed to give the target
compound 24. Lactam 26 was synthesized in low yield by
reduction of one of the imide carbonyls of 47 using zinc
in hot acetic acid.

The synthesis of compounds modified at the P2’ position
is outlined in Scheme 4. The naphthalimide P1 moiety
was incorporated via a Mitsunobu reaction with 14 togive
27. Hydrogenation afforded the acid 28. Coupling of this
acid with various amines (see Tables 2 and 3) via standard
carbodiimide-coupling reactions followed by hydrolysis
of the tert-butyl esters using TFA gave the target
compounds 58-81.

Three methoxy-susbtituted naphthalimides were used
as P1 groups, and their syntheses are described in Scheme
5. The 5- and 6-methoxy-substituted compounds were
prepared using ortho-lithiation chemistry followed by
Diels—Alder reactions of isobenzofurans as described by
Rodrigo.?# m- and p-anisaldehyde were converted to the
known dimethyl acetals 29 and 30, respectively. Ortho-
lithiation using ¢-BuLi in Et;0 at 0 °C and quenching
with DMF afforded the aldehyde products 31 and 32.
Reduction of the aldehyde with NaBH, gave the iso-
benzofuran precursors 33 and 34. Heating compound 33
indimethyl acetylenedicarboxylate with a catalytic amount
of glacial acetic acid gave the oxygen-bridged adduct 35.
Reduction of the double bond followed by aromatization
with p-toluenesulfonic acid in refluxing toluene gave the
naphthalene derivative 87. Saponification of the ester
moieties followed by thermal fusion of the diacid with
urea afforded the desired imide 39.

Compound 40 was prepared by the method of Mir-
sadeghi and Rickborn.2s Conversion to the imide 42
proceeded under the standard neat melt conditions. The
known quinoline-2,3-dicarboxylic acid (41)2 was converted
to the imide 43 in the same manner.

Reaction of 34 with maleic anhydride in refluxing CH,-
Cl; containing a catalytic amount of acetic acid afforded
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20 h. ® R2 as defined in Table 1.
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the expected Diels—Alder adduct 44. Aromatization
proceeded readily to give 45, and melting the anhydride
with urea at 170 °C gave the imide 46.

Biological Results and Structure-Activity
Discussion

Modifications of the P1 position are detailed in Table
1. Initial modifications focused on potentially isosteric
replacement of the [(benzyloxy)carbonyl]lamino group in
1. It was discovered that replacement of this group with
the 2,3-naphthalimide group in 47 gave a marked im-
provement in inhibitory potency in all three matrix
metalloproteinases studied. It appears that both carbonyl
groups of the imide are important for inhibitory potency
since the partially reduced analog 26 has markedly reduced
activity when compared to 47. The activity of 26 is
comparable to that of the napthylamide analog 24,
indicating that conformational constraint is not a major
determinant of the potency of the phthalimide analog 47.

It was found that 47 slowly decomposed upon storage
in solution to a single more hydrophilic product due to
partial hydrolysis of the phthalimide group. Isolation of
this decomposition product by HPLC and molecular
weight determination by mass spectrometry indicated the
addition of one water molecule to afford the carboxy-
naphthylamide which was inactive as an MMP inhibitor.
A standardlzed set of conditions was employed, using
126.9 95 106, buffer at pH 6.8 to compare the stability of
dirrerent analogs, and it was found that the corresponding
amides 24 and 26, which lack the imide functional group,
were completely stable under the same conditions, whereas
47 decomposed with a 29-h half-life. This evidence
strongly supported the hypothesis that the imide group
was slowly undergoing partial hydrolysis in aqueous
solution. The stability of 47 was pH dependent, becoming
more unstable at higher pH and increasingly stable at
more acidic pH, indicating a base-catalyzed hydrolysis.
This hydrolysis reaction is probably autocatalytic innature
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Scheme 52
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requiring the presence of both the carboxylate and amino
groups in the central (carboxyalkyl)amino functionality
of the molecule for hydrolysis to occur. Esterification of
the carboxyl group in 20 (half-life 37 h, Table 2) gave the
ester 2 which was found to be completely stable under the
standard hydrolysis conditions. Likewise, analog 3, in
which the amino group is replaced by a sulfur atom, is also
completely stable under the standard hydrolysis condi-
tions.
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We postulated that the rate of this undesired base-
catalyzed hydrolysis might be reduced by increasing the
electron density on the naphthalimide. We were pleased
to find that substitution of an electron-donating methoxy
group to give 48 did markedly increase resistance to
hydrolysis, giving a half-life of 87 h under the standard
conditions, compared to 29 h for the unsubstituted
naphthalimide analog 47. This modification was also
tolerated by collagenase and gelatinase but markedly
reduced stromelysin inhibition. In contrast to this,
methoxy substitution more remote to the imide in 49
increased the rate of hydrolysis. Stability was also
markedly reduced in the more electron-deficient 4-aza and
bis-imide analogs 51 and 53. The high inhibitory potency
of 53 against collagenase and gelatinase is notable since
the phenyl ring of 47 is replaced by the markedly different
imide group. It was found that the phthalimide group in
52 was slightly less resistant to hydrolysis than the
naphthalimide in 47 with a half-life of orily 10 h under the
standard conditions. Substitution of the electron-donating
methylenedioxy and propyloxy groups in 54 and 55 only
slightly increased the stability in this series but provided
compounds with enhanced potency compared to the parent
phthalimide analog 52.

Analogs of 47 with varied amino acid substitution in the
P2’ position are detailed in Table 2. The tyrosine analog
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Table 1. Modification of the P1 Substituent

o
RZ’\/\H PheNHle
0
ICs (nM)
R2 human collagenase (MMP-1) human gelatinase (MMP-9) human stromelysin (MMP-3) pH 6.8, half-life (h)
1 PhCH,;0CONH- 103 580 3570
24 2-naphthyl-CONH- 488 49 2340 >100
26 0 211 63 7877 >100
47 o 20 5.0 91 29
R
0
48 o o 54 74 1370 87
CCL)
0
49 ! ] 36 15 1400 7.2
L
[
50 0 » 36
[
51 @Cﬁ 22 7.5 518 1.7
# [
52 : :° 81 59 5970 10.0
[
53 °;: : :° 38 4.8 2169 1.7
0 0
54 { 12 5.0 15.5
Qo
[
55 : :° 15 2.1 427 10.9
[
56 ,Cé 19 4.5 216 7.8
n 0
57 P 190 28 341
R3e,
[
Table 2. Modification of the P2’ Amino Acid Side Chain
0 Lo4
N/\/\H R1
() :
Sl
ICso (nM)
human human human
R1 collagenase (MMP-1) gelatinase (MMP-9) stromelysin (MMP-3) pH 6.8, half-life (h)
47 -Phe-NHMe 20 5.0 91 29
20 -Leu-NH(CHy);-morpholine 44 13 121 37
58 -Tyr-NHMe 29 3.8 72
59 -phenylGly-NHMe 19 14 631
60 -Leu-NHMe 49 11 1303 27
61 -Ala-NHMe 86 69 5633
62 -Gly-NHMe 370 124 >10000
63 -Arg-NHMe 152 27 481

58 had similar potency to the parent compound against the phenyl ring in this side chain markedly reduced
all three MMPs tested; analogs which replaced or moved stromelysin activity but generally reduced activity against
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Table 3. Diverse Non-Peptide Modification of the P2’ Position
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0 X
O . /-\/'\ﬂ R1
0
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ICs0 (nM)
R1 human collagenase (MMP-1)  human gelatinase (MMP-9)  human stromelysin (MMP-3)
47 -Phe-NHMe 20 5.0 91
64 -NH(CH;);Ph 160 35 >10000
65 -NHCH;Ph 87 32 1523
66 -NHPh 1170 101 12500
67 -NHMe 490 706 >10000
68 -NHCH(3-pyridyl) 139 36 309
69 44 1ITb 44 270 30 2976
70 -NHCH,Ph-p-CO;H 56 74 178
71 -NHCH,Ph-m-F 41 15 1485
72 -NHCH;Ph-p-SO:NH; 70 6.7 295
73 -NHCH(CH3)Ph (S) 51 12 965
74 -NHCH(CH3)Ph (R) 74 76 4705
75 (isomer 1) 44 18 960
## Nlc g
76 (isomer 2) 164 70 4084
77 108 75 2473
#4 111d ##
78 44 Tle 44 84 88 2194
79 -N(CH3)CH:Ph 37 57 1159
80 44 TIIE 44 54 70 1895
81 -N(CHy), 86 82 >10000

collagenase and gelatinase to a lesser extent. The very
polar arginine side chain in 63 was tolerated at this position
on all three MMPs investigated, although 5-10-fold less
potent than the parent phenylalanine analog 47.

Concern that enzymic hydrolysis of the amide bonds
surrounding the P2’ residue might limit the in vivo effect
of these compounds led us to investigate analogs of 47
with reduced peptide character in this region of the
molecule. Analogs of 47 with non-peptide replacements
of the P2’ phenylalanine residue are detailed in Table 3.
Removal of the carboxamide group in 47, as in analog 64,
abolished interaction with stromelysin and reduced col-
lagenase and gelatinase inhibition by 7-8-fold. Shortening
the dimethylene linker to the phenyl ring by 1 methylene
unit, as in the N-benzylamide 65, marginally improved
potency compared to 64, but further shortening to the
aniline amide 66 reduced potency further.

A variety of analogs containing modifications of the
N-benzylamide were prepared (68-79), and it was found
that the phenyl ring could be replaced with heterocyclic
groups, as in 68 and 69, without much change in inhibitory
potencies. 70, with a para carboxylate substitution on the
phenyl ring, had enhanced stromelysin activity, and the
p-sulfonamide analog 72 was a particularly potent gelati-
nase inhibitor, comparable in potency to 47. Both
diastereoisomers 73 and 74, with a methyl substitution in
the benzylic position, had similar potency as inhibitors of
collagenase, but one diastereocisomer, 73, showed ca. 5-6-
fold higher affinity for gelatinase and stromelysin. A
variety of analogs were prepared with cyclic constraints
reducing the conformational freedom of the benzylic

methylenegroup. Cyclization from the benzylic methylene
onto the amide nitrogen, as in 75, was found to enhance
inhibitory potencies against collagenase and gelatinase in
one of the diastereoisomers tested. Cyclization from the
benzylic methylene onto the phenyl ring, as in 77, and
from the amide nitrogen onto the phenyl ring, as in 78,
was tolerated but did not enhance potencies. It was
suspected that the presence of a tertiary amide in some
of these analogs might be contributing to their potency,
perhaps by exerting a conformational influence on the P1’
region of the molecule. The N-methyl-N-benzylamide 79
was prepared and found to be a more potent collagenase
inhibitor than the N-benzylamide 65, though slightly less
potent as a gelatinase inhibitor. The dimethylamide
analog 81 was also found to be 6-8-fold more potent than
the methylamide 67 as an inhibitor of collagenase and
gelatinase, though inactive against stromelysin. The
N-methylpiperazine amide analog 80 imparted useful
water solubility in this tertiary amide series while main-
taining comparable potency.

Conclusions

We have shown that a variety of phthalimide and
naphthalimide groups at the P1 position of (carboxyalkyl)-
amino MMP inhibitors can greatly enhance their potency.
The imide functional group in these compounds is
susceptible to slow base-catalyzed hydrolysis in solution,
but this can be inhibited by appropriate substitution and
masking either the carboxylate or amino functional groups
in the central region of the compounds. We have also
shown that the P2’ region in this series of MMP inhibitors
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is highly tolerant to substitution and can be effectively
replaced by a variety of non-peptide groups.

Experimental Section

Abbreviations. Abbreviations follow the recommendations
of the [UPAC-IUB Joint Commission on Biochemical Nomen-
clature for amino acids and peptides: Eur. J. Biochem. 1984,
158, 9-31. Additional abbreviations are defined in the text or
as follows: DCC, dicyclohexylcarbodiimide; DEAD, diethyl
azodicarboxylate; DMF, dimethylformamide; FAB, fast atom
bombardment; HOBT, 1-hydroxybenzotriazole; HPLC, high-
pressure liquid chromatography; MMP, matrix metalloprotein-
ase; TFA, trifluoroaceticacid; THF, tetrahydrofuran; and TIMP,
tissue inhibitor of metalloproteinase.

General Methods. All compounds for biological evaluation
were characterized by mass spectroscopy using fast atom bom-
bardment ionization on a Joel AX-505 spectrometer. Fragment
ions were used to confirm thestructure. Compound homogeneity
was determined by analytical reverse-phase HPLC using a
Dynamazx-60A column using eluents A (water, 0.1% TFA) and
B (acetonitrile, 0.1% TFA), with gradient elution from 85%
A:15% B to 20% A:80% B over 30 min with a flow rate of 1.5
mL/min. Compound purification was effected by preparative
reverse-phase HPLC using a 2-in. diameter Dynamax-60A column
using the same eluents as described for analytical HPLC with an
appropriately varied gradient at a flow rate of 45 mL/min.
Compounds were characterized by NMR using a Varian Unity
300 spectrometer using TMS or solvent as an internal standard.
Melting points were recorded on a Thomas-Hoover capillary
melting point apparatus and are uncorrected.

4-Methyl D-Aspartate Hydrochloride (5). Methanol (210
mL) was slowly stirred and cooled to—-10 °C, and thionyl chloride
(31 mL, 425 mmol) was added dropwise over 45 min. D-Aspartic
acid (40 g, 300 mmol) was added over 5 min and the reaction
mixture stirred for 3 h while warming to 21 °C. Diethyl ether
(600 mL) was added slowly and the mixture cooled to -10 °C.
The resulting solid was filtered, washed with diethyl ether (200
mL), and dried in vacuo to afford the hydrochloride salt 5 (33.4
g,56%) as a white solid: mp 186-188 °C; [«]®°p ~18.5° (¢ = 2.1;
1 N HC)) (for enantiomer, lit.2” [a]®p +20.6° (¢ = 2.0; 1 N HC]).
Anal. (CsHgNO4HC) C, H, N.

N-[(Phenylmethoxy)carbonyl]-D-aspartic Acid, 1-(1,1-
Dimethylethyl) 4-Methyl Ester (6). 4-Methyl D-aspartate
hydrochloride (5) (32 g, 162 mmol) was dissolved in a mixture
of water (250 mL) and dioxane (250 mL), and sodium carbonate
(92.4 g, 890 mmol) was added slowly with stirring. Benzyl
chloroformate (25 mL, 175 mmol) was added and the mixture
stirred for 15 h at 23 °C. EtOAc (250 mL) was added, and the
mixture was acidified to pH 2 with concentrated HCl. The organic
phase was separated, and the aqueous phase was extracted with
EtOAc (2 X 150 mL). The combined organic layers were washed
with brine, dried (MgSO,), and evaporated. The residue was
dissolved in CH,Cl; (800 mL) and treated with concentrated H,-
SO, (2.5 mL). Isobutylene (200 mL) was condensed into the
stirred mixture, and the solution was left to stand for 15 h. The
mixture was neutralized with sodium bicarbonate, and the organic
phase was washed with water and brine, dried (Na,SO,), and
evaporated. The resulting oil was purified by silica chromatog-
raphy using cyclohexzane:EtOAc (4:1) as eluent to give 6 (31.8 g,
58%) as a clear oil: [a]®p +14.04° (¢ = 1.14; MeOH). Anal.
(C17H2sNOg) C, H, N.

N-[(Phenylmethoxy)carbonyl]-D-aspartic Acid, 1,1-Di-
methylethyl Ester (7). A solution of compound 6 (31.3 g, 93
mmol) in methanol (120 mL) was treated with 1 N NaOH (102
mL) and the resulting yellow solution stirred at 21 °C for 2 h.
The reaction mixture was concentrated in vacuo to about 30 mL
and partitioned between water (250 mL) and diethyl ether (250
mL). The aqueous layer was washed with diethyl ether (250 mL)
and layered with more diethyl ether (250 mL). The mixture was
stirred vigorously and acidified to pH 2 with concentrated HCI.
The organic layer was separated and the aqueous layer extracted
with diethylether (250 mL). The combined extracts were washed
with brine, dried (Na;SO,), and evaporated to afford 7 (29.4 g,
97%) as a yellow oil: [a]?p +11.6° (¢ = 0.86; MeOH). Anal.
(C16H1NO¢0.2H,0) C, H, N, H,0.

Brown et al.

N-[(Phenylmethoxy)carbonyl]-D-homoserine, 1,1-Di-
methylethyl Ester (8). A solution of compound 7 (29.23 g, 90.4
mmol) in dry tetrahydrofuran (120 mL) at ~10 °C was treated
with N-methylmorpholine (10 mL, 891 mmol). The mixture was
stirred for 3 min before adding ethyl chloroformate (8.7 mL, 91
mmol) dropwise. The mixture was warmed to 23 °C over 15 min
and filtered. The filtrate was added dropwise over 30 min to a
vigorously stirred mixture of sodium borohydride (7.7 g, 200
mmol) in water (60 mL) at 3 °C. The cooling bath was removed,
and the mixture was stirred at 21 °C for 3 h and then cooled to
0 °C and acidified to pH 2 with concentrated HC]l. The mixture
was extracted with EtOAc (3 X 200 mL), and the combined organic
extracts were washed with brine, dried (Na;SO,), and evaporated
tofurnisha clear oil. Purification by silicachromatography using
CH,Cl:acetone (9:1) as eluent afforded 8 (21.6 g, 77%) as a clear
oil: [a]®p +30.4° (¢ = 1.81; MeOH). Anal. (C;¢HysNOs) C, H,
N

N-[(Phenylmethoxy)carbonyl]-O-[(1,1-dimethylethy])-
dimethylsilyl]-D-homoserine, 1,1-Dimethylethyl Ester (9).
A solution of compound 8 (26.0 g, 84 mmol) in dry DMF (300
mL) was treated with imidazole (5.72 g, 84 mmol) and then tert-
butyldimethylsilyl chloride (12.7 g, 84.3 mmol) and the mixture
stirred at 21 °C for 18 h. The mixture was poured into a mixture
of EtOAc (500 mL) and 2 N HC1 (500 mL), and the organic phase
was separated and washed with 2 N HCl (2 X 300 mL). The
combined aqueous phases were extracted with EtOAc (2 X 250
mL), and the combined organic layers were washed with brine,
dried (Na,SO,), and evaporated to give a clear oil. Purification
by silica chromatography using cyclohexane:EtOAc (4:1) aseluent
furnished 9 (20.93 g, 59%) as a clear oil: [«]?0p +28.2° (¢ = 0.92;
MeOH) Anal. (022H37N05) C, H, N.

O-[(1,1-Dimethylethyl)dimethylsilyl]-D-homoserine, 1,1-
Dimethylethyl Ester (10). A solution of compound 9 (26.2 g,
61.9 mmol) in ethanol (200 mL) was shaken with 10% Pd/C (2.7
g) in a hydrogen atmosphere (50 psi) at 21 °C for 3h. The catalyst
was removed by filtration through Celite, and the solvent was
evaporated to afford 10 (17.3¢,97 %) as a clear oil: [«]®p-10.74°
(¢ = 1.21; MeOH).

2-(R)-Hydroxy-4-methylpentanoic Acid, Phenylmethyl
Ester (12). A solution of D-leucine (26.2 g, 200 mmol) in 1 N
H,SO, (300 mL) was cooled to 0 °C and treated dropwise with
a solution of NaNOQ; (25.5 g, 370 mmol) in water (50 mL) over
0.5 h. The mixture was stirred for 3 h at 0 °C, allowed to warm
up to 23 °C for 2 h, and extracted with diethyl ether (3 X 100
mL). The combined organic layers were washed with brine (100
mL), dried (MgS0,), and evaporated to afford a white solid (21.0
g). This was dissolved in methanol (200 mL) and treated with
a solution of NaOH (6.5 g) in water (35 mL). After 5 min, the
organicsolvent was evaporated and the resulting aqueous solution
was lyophilized overnight. The resulting solid was slurried in
DMF (400 mL) and treated with benzyl bromide (20 mL, 168
mmol). The mixture was stirred at 23 °C for 18 h and the solvent
removed by evaporation. The résidue was treated with 2 N HCl
(200 mL) and extracted with EtOAc (3 X 150mL). The combined
organic layers were washed with aqueous sodium bicarbonate
and water, dried (MgS0,), and evaporated to afford 12 (32.6 g,
73%) as a light golden oil: [a]?°p +15.2° (¢ = 1.3; CHCl;). Anal.
(C13H1509) C, H.

N-[(R)-1-[(1,1-Dimethylethoxy)carbonyl]-3-[[(1,1-di-
methylethyl)dimethylsilyl Joxylpropyl]-L-leucine, Phenyl-
methyl Ester (13). A solutionof compound 12 (7.4g, 33.3 mmol)
in dry CH,Cl; (100 mL) was added to a cooled (0 °C) solution
of trifluoromethanesulfonic anhydride (9.40 g, 33.3 mmol) in dry
CH.Cl; (100 mL). 1,8-Bis(dimethylamino)naphthalene (7.14 g,
33.3 mmol) was added and the resulting orange mixture stirred
at 0 °C for 30 min. A solution of compound 10 (9.65 g, 33.3
mmol) in dry dioxane (90 mL) was added dropwise along with
1,8-bis(dimethylamino)naphthalene (7.14 g, 33.3 mmol) and the
mixture stirred at 21 °C for 15 h. The mixture was filtered, and
the filtrate was diluted with EtOAc (300 mL), washed with water
(2% 200mL) and brine (250 mL), dried (NazSOy), and evaporated
togive a brown oil. Purification by silica chromatography using
cyclohexane:diethyl ether (9:1) as eluent afforded 13 (11.92 g,
73%)asayellowoil: [«]?p-8.1° (¢ =0.99; CHCl;). Anal. (CoHyr
NOsSi) C, H, N.

N-[(R)-1-[(1,1-Dimethylethoxy)carbonyl]-3-hydroxy-
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propyl]-L-leucine, Phenylmethyl Ester (14). A solution of
compound 13 (5 g, 10 mmol) in acetic acid (100 mL) and water
(15 mL) was heated at 45 °C for 4 h. The solvents were
evaporated, and the residue was dissolved in EtOAc (100 mL)
and washed with aqueous bicarbonatesolution. The organiclayer
was dried (MgS0,) and evaporated. The residue was purified by
silica chromatography using EtOAc:hexane (1:9) as eluent to
furnish 14 (2.5 g, 66 %) as an amber oil: 'H NMR (CDCl;) 6 7.35
(5H, m), 5.12 (2H, AB system), 3.79 (2H, t, J = 5.2 Hz), 3.35 (2H,
m), 2.00-1.50 (7H, m), 1.44 (9H, s), 0.89 (6H, d, J = 6.6 Hz).
N-[(R)-1-[(1,1-Dimethylethoxy)carbonyl]-3-[[(1,1-di-
methylethyl)dimethylsilylJoxy]propyl]l-L-leucine (15). A
solution of compound 13 (1.11 g, 2.25 mmol) in ethanol (25 mL)
was treated with 10% palladium on carbon (120 mg) and the
mixture shaken in a hydrogen atmosphere (40 psi) for 2h. The
catalyst was removed by filtration through Celite, and evaporation
of the solvent afforded 15 (950 mg, 100%) as a yellow oil. This
intermediate was found to be unstable upon storage and was
used without further purification within 24 h of preparation.
[N-[1-(R)-[(1,1-Dimethylethoxy)carbonyl]-3-[[(1,1-di-
methylethyl)dimethylsilylJoxy]propyl]-L-leucyl]- N-meth-
yl-L-phenylalaninamide (16). A solution of compound 15 (478
mg, 1.18 mmol) in dry DMF (5 mL) was cooled to 5 °C and
treated with 1-hydroxybenzotriazole hydrate (184 mg, 1.2 mmol)
and dicyclohexylcarbodiimide (248 mg, 1.20mmol). The mixture
was stirred for 3 min, and N-methyl-L-phenylalaninamide (214
mg, 1.20 mmol) was added. The cooling bath was removed and
the mixture stirred at 21 °C for 15 h. The mixture was filtered
through Celite and the solvent evaporated to afford a yellow oil.
Purification by silica chromatography using CH,Cl,:acetone (4:
1) as eluent afforded 16 (289 mg, 43%) as a cream foam. Anal.
(C3oHs3sN3058i) C, H, N.
[N-[1-(R)-[(1,1-Dimethylethoxy)carbonyl]-3-[(1,1-di-
methylethyl)dimethylsilylloxy]propyl]-L-leucyl]- N-(mor-
pholinoethyl)-L-leucinamide (17). A solution of N-[(1,1-
dimethylethoxy)carbonyl]-L-leucine hydrate (10.4g,41.77 mmol),
4-(aminoethyl)morpholine (5.5 g, 42.25 mmol), and 1-hydroxy-
benzotriazole hydrate (3 g, 19.61 mmol) in dry CH,Cl, (100 mL)
was treated with dicyclohexylcarbodiimide (9.45 g, 45.87 mmol)
and the mixture stirred at 23 °C for 18 h. The mixture was
filtered through Celite, and the filtrate was washed with aqueous
sodium bicarbonate solution, dried (Na,S0Oy), and evaporated to
afford an amber gum. This was dissolved in acetonitrile (100
mL) and treated with 4-toluenesulfonic acid hydrate (24.1 g,
126.84 mmol) and the mixture heated under reflux for 3 h. The
cooled solution was diluted with ether (300 mL) and the resulting
solid collected by filtration to give N-(morpholinoethyl)-L-
leucinamide, bis(4-methylbenzenesulfonate) (18.6 g, 76%), a
sample of which was crystallized from acetonitrile-ether: mp
168-9 °C; 'H NMR (DMSO0-dg) 6 8.50 (1H, m), 7.90 (2H, m), 7.22
(4H,d,J = 8.3 Hz), 6.87 (4H, d, J = 7.8 Hz), 3.80-2.80 (15H, m),
2.03 (6H, s), 1.30 (3H, m), 0.61 (6H, m). A solution of this
intermediate (1.42 g, 2.45 mmol), compound 15 (900 mg, 2.23
mmol), 1-hydroxybenzotriazole hydrate (200 mg, 1.3 mmol), and
dicyclohexylcarbodiimide (500 mg, 2.43 mmol) in dry methylene
chloride (30 mL) was treated with triethylamine (1 mL) and the
mixture stirred for 15hat 23 °C. Themixture was filtered through
Celite, and the filtrate was washed with aqueous sodium
bicarbonate solution. The organiclayer was dried (Na,SO,) and
evaporated. The residue was purified by silica chromatography
using EtOAc and then EtOAc:MeOH (49:1) as eluent to give 17
(900 mg, 64 %) as a gum: 'H NMR (CDCl;) 6 7.96 (d, J = 9 Hz),
7.21 (m), 4.40 (m), 4.12 (m), 3.80-3.60 (m), 3.45 (m), 3.34 (m),
3.02 (m), 2.45 (m), 2.00-1.20 (br m), 1.44 (s), 0.89 (m), 0.06 (s).
[N-[1-(R)-[(1,1-Dimethylethoxy)carbonyl]-3-hydroxy-
propyl]-L-leucyl]-N-methyl-L-phenylalaninamide (18). Com-
pound 16 (200 mg, 3.5 mmol) was dissolved in a mixture of acetic
acid (9 mL) and water (1 mL) and stirred at 45 °C for 15 h. The
solvents were evaporated, and theresidue wasdissolved in EtOAc
(20 mL) and washed with aqueous sodium bicarbonate. The
organic layer was dried (MgSO,) and evaporated. The residue
was purified by silica chromatography using CH,Cly:acetone (2:
1) as eluent to give 18 (143 mg, 91%) as a white foam: 'H NMR
(CDCly) 6 7.52 (1H, d, J = 8 Hz), 7.20 (5H, m), 6.80 (1H, br m),
4.68 (1H, q,J = 7 Hz), 3.73 (2H, m), 3.36 (1H, m), 3.00 (1H, m),
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3.0-3.3 (2H, m), 2.75 (3H, d, J = 5 Hz), 1.42 (9H, s), 1.0-1.9 (5H,
m), 0.86 (6H, m).
[N-[1-(R)-[(1,1-Dimethylethoxy)carbonyl]-3-hydroxy-
propyl]-L-leucyl]-N-(morpholinoethyl)-L-leucinamide (19).
A solution of compound 17 (900 mg, 1.43 mmol) in acetic acid
(45 mL) and water (5 mL) was heated at 45 °C for 3 h. The
solvents were evaporated, and the residue was dissolved in ethyl
acetate and washed with aqueous sodium bicarbonate solution.
The organic layer was dried (MgSO,) and evaporated. Purifi-
cation of the residue by silica chromatography using EtOAc and
then EtOAc:MeOH (19:1) as eluent afforded 19 as a white foam
(500 mg, 68%): TH NMR (CDCly) é 7.30 (1H, d), 6.84 (1H, m),
4.38 (1H, m), 3.8-3.6 (6H, m), 3.4-3.2 (3H, m), 3.15 (1H, m), 2.70
(1H, br), 2.50-2.30 (6H, m), 2.00-1.40 (9H, m), 1.42 (9H, m), 0.90
(12H, m).
[N-1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz[ f}isoin-
dol-2-yl)propyl]-L-leucyl]-N-(morpholinoethyl)-L-leucin-
amide, Ditrifluoroacetate (20). A solution of compound 19
(500 mg, 0.973 mmol), triphenylphosphine (280 mg, 1.07 mmol),
and 1,3-dihydro-1,3-dioxo-2H-benz[f}isoindole (210 mg, 1.07
mmol) in dry tetrahydrofuran (20 mL) was cooled to 0 °C and
treated with diethyl azodicarboxylate (170 uL, 1.08 mmol). The
mixture was allowed to warm up to 23 °C over 15 h. The solvent
wasevaporated and the residue purified by silica chromatography
to afford [N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-di-
hydro-1,3-dioxo-2H-benz[f]isoindol-2-yl)propyl]-L-leucyl]-N-
(morpholinoethyl)-L-leucinamide (400 mg, 59%) as a white
solid: 'H NMR (CDCly) é 8.33 (2H, s), 8.07 (2H, dd), 7.72 (2H,
dd), 7.55 (1H, d), 6.94 (1H, m), 4.40 (1H, m), 3.85 (2H, m), 3.65
(4H, m), 3.40-3.15 (4H, m), 2.40 (6H, m), 2.15 (2H, m), 1.90-1.60
(7TH, m), 1.43 (9H, s), 0.95 (12H, m). A solution of this
intermediate (90 mg, 0.13 mmol) in TFA (5 mL) was stirred at
23 °C for 15 h. The solvent was evaporated and the residue
purified by reverse-phase HPLC to afford 20 (60 mg, 53%) as a
white solid: mp 115~7 °C; TH NMR (D;0) 6 7.55 (m), 7.35 (m),
4.05 (m), 3.90-3.70 (m), 3.60-3.20 (m), 3.10-2.80 (m), 1.95 (m),
1.60-1.20 (m), 0.70 (m), 0.55 (m); high-resolution FAB MS m/z
found 638.3532 (MH*), C3HN5sO; requires 638.3554. Anal.
(CasHeFeNsO11-H:0) C, H, N, F, H:0.
[N-[1-(R)-[(1,1-Dimethylethoxy)carbonyl]-3-[bis-
[(phenylmethoxy)carbonylJamino]propyl]-L-leucyl]-N-meth-
yl-L-phenylalaninamide (21). A solution of compound 18(0.815
g, 2.86 mmol), bis[(phenylmethoxy)carbonyl] ammonia (1.07 g,
3.76 mmol),* and triphenylphosphine (0.750 g, 2.86 mmol) in
dry tetrahydrofuran (10 mL) was treated with diethyl azodi-
carboxylate (0.45 mL, 2.86 mmol) at -5 °C. After the mixture
was stirred for 16 h at 23 °C, the solvent was evaporated and the
residue purified by chromatography onsilica using EtOAc:hexane
(9:11) as eluent to afford 21 (710 mg, 35%) as a white solid: mp
95-99 °C; positive ion electrospray MS m/z 717 (MH*); (HNMR
(CD3OD) 6 7.65 (2H, m), 7.34 (8H, m), 7.20 (6H, m), 5.24 (4H,
s),4.57 (1H, m), 3.74 (2H, m), 3.05 (4H, m), 2.70 (3H, 5), 1.84 (2H,
m), 1.54 (1H, m), 1.39 (9H, s), 1.23 (2H, m), 0.82 (6H, dd).
N-[1-(R)-[(1,1-Dimethylethoxy)carbonyl]-3-aminopropyl]-
L-leucyl]-N-methyl-L-phenylalaninamide (22). Asolution of
compound 21 (580 mg, 0.81 mmol) in methanol (40 mL) containing
10% Pd/C (60 mg) was stirred in a hydrogen atmosphere. After
the mixture was stirred for 3 h, additional 10% Pd/C (60 mg) was
added and stirring was continued for 16 h. The catalyst was
removed by filtration through Celite and the solvent evaporated
to give 22 as a white semisolid (277 mg, 76%): 'H NMR (CDs-
OD) é 7.63 (2H, m), 7.23 (3H, m), 4.59 (1H, m), 3.24-2.98 (5H,
m), 2.70 (5H, m), 1.79-1.56 (2H, m), 1.45 (9H, s), 1.26 (2H, m),
0.86 (6H, dd).
[N-[1-(R)-Carboxy-3-(2-naphthoylamino)propyl]-L-leucyl]-
N-methyl-L-phenylalaninamide, Trifluoroacetate (24). To
a stirred solution of compound 22 (70 mg, 0.16 mmol) in THF
(2 mL) at 0 °C was added triethylamine (0.03 mL, 0.18 mmol)
followed by 2-naphthoyl chloride (32 mg, 0.17 mmol). The ice
bath was removed, and the light yellow mixture was stirred for
3 h. The reaction mixture was concentrated in vacuo and the
residue diluted with acetonitrile, filtered, and reconcentrated to
give an oil (84 mg). This residue was dissolved in TFA (5 mL)
and stirred at room temperature for 3 h and then concentrated
in vacuo, and the residue was purified by reverse-phase HPLC
to give 24 (34.1 mg, 40% ) as a white lyophilized trifluoroacetate
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salt: 'H NMR (CDCly) 6 8.2 (1H, s), 7.9-7.8 (4H, m), 7.5 (2H, m),
7.2-7.0 (6H, m), 4.6 (2H, dd), 3.9 (1H, m), 3.4 (3H, m), 3.0-2.8
(2H, m), 2.5 (3H, s), 2.0-1.9 (2H, m), 1.7-1.5 (3H, m), 0.9 (6H,
dd); high-resolution FAB MS my/z found 547.2936 (MHY),
Cs1HggN,O5 requires 547.2920.
[N-[1-(R)-Carboxy-3-(1,3-dihydro-1-0xo-2 H-benz[ f}isoin-
dol-2-yl)propyl]-L-leucyl]- N-methyl-L-phenylalanin-
amide, Trifluoroacetate (26). To a solution of the trifluoro-
acetate salt 47 (88 mg, 0.127 mmol) in glacial acetic acid (1.3 mL,
22.9 mmol) was added zinc¢ dust (42 mg, 0.635 mmol). The
resulting suspension was heated at reflux under nitrogen for 2
h. Furtherzinc dust (42 mg, 0.635 mmol) was added and heating
continued for 2h. The reaction mixture was cooled, diluted with
methano), filtered, and concentrated to give a yellow oil which
was purified by reverse-phase HPLC to give 26 (11 mg, 12%) as
a lyophilized trifluoroacetate salt: TH NMR 4 8.22 (1H, s), 8.00—
7.85 (3H, m), 7.60-7.40 (2H, m), 7.20-7.00 (5H, m), 4.70-4.60
(1H, m), 4.55 (2H, 8), 3.85-3.80 (1H, m), 3.75-3.50 (2H, m), 3.50-
3.40 (1H, m), 3.10-2.75 (2H, ABX), 2.60 (3H, ), 2.20-2.05 (1H,
m), 2.00-1.85 (1H, m), 1.80-1.60 (3H, m), 0.93 (3H, d), 0.88 (3H,
d); high-resolution FAB MS m/z found 559.2944 (MH™),
CszH39N405 requires 559.2920. ’
N-[(R)-1-[(1,1-Dimethylethoxy)carbonyl]-3-(1,3-dihydro-
1,3-dioxo-2H-benz[ flisoindol-2-yl) propyl]-L-leucine, Phen-
ylmethyl Ester (27). A solution of compound 14 (2.5 g, 6.4
mmol), triphenylphosphine (1.85 g, 7.03 mmol), and 1,3-dihydro-
1,3-dioxo-2H-benz[flisoindole (1.4 g, 7.10 mmol) in dry tetrahy-
drofuran (100 mL) was cooled to 0 °C and treated with diethyl
azodicarboxylate (1.1 mL, 7.06 mmol). The resulting mixture
was allowed towarm up to 23 °C over 24 h and the solvent removed
by evaporation. The residue was purified by silica chromatog-
raphy using CH,Cl, as eluent to afford a light yellow solid.
Trituration with methanol (20 mL) and filtration gave 27 as a
white solid (1.9 g, 53 %) which was crystallized from methanol:
mp 136-137 °C; 1H NMR (CDCly) 4 8.32 (2H, s), 8.04 (2H, m),
7.69 (2H, m), 7.33 (6H, m), 5.10 (2H, AB system, J,, = 12.4 Hz),
3.87 (2H, m), 3.38 (1H, t, J = 7.0 Hz), 3.22 (1H, dd, J = 5.1 Hz,
J = 6.3 Hz), 2.25 (1H, br s), 2.10-1.70 (5H, m), 1.47 (3H, s), 0.90
(6H, d, J = 6.6 Hz). Anal. (C3sH3sN;Og) C, H, N.
N-[(R)-1-[(1,1-Dimethylethoxy)carbonyl]-3-(1,3-dihydro-
1,3-dioxo-2H-benz[ flisoindol-2-yl)propyl]-L-leucine (28). A
solution of compound 27 (1.9 g, 3.4 mmol) in EtOAc (50 mL) was
shaken with 10% Pd/C (500 mg) in a hydrogen atmosphere (50
psi) for 24 h. The catalyst was removed by filtration through
Celite and the solvent evaporated. The residue was purified by
silica chromatography using 50% ethyl acetate—hexane as eluent
to afford 28 as a cream solid (1.5 g, 94 %) which was crystallized
from EtOAc-hexane: mp 168-169 °C; IH NMR (CDCl;) § 8.34
(2H, s), 8.05 (2H, m), 7.70 (2H, m), 3.87 (2H, m), 3.31 (2H, m),
2.20~-1.60 (6H, m), 1.46 (9H, s), 0.95 (6H, d, J = 6.6 Hz). Anal.
(C26H3N3;0g) C, H, N.
2-Methoxy-6-(dimethoxymethyl)benzaldehyde (31). A
solution of the dimethyl acetal of m-anisaldehyde 29 (490 mg, 2.7
mmol) in dry diethyl ether (10 mL) at 0 °C was treated with
tert-butyllithium (1.75 mL, 1.7 M in hexanes, 2.97 mmol). The
solution was stirred for 1 h at 0 °C followed by addition of
anhydrous dimethylformamide (0.25 mL). The solution was
allowed to warm to 23 °C-over 15 h and the reaction quenched
by the addition of water. The solution was extracted with ethyl
acetate (2 X 50 mL). The combined organic layers were dried
(MgS0,) and evaporated. The residue was purified by chro-
matography onsilica using hexane:EtOAc (9:1) as eluent to afford
31 as a pale yellow oil (2556 mg, 45%): 'H NMR (CDCls) 6 10.60
(1H, s), 7.53 (1H, t, J = 8.1 Hz), 7.38 (1H, t, J = 7.2 Hz), 6.99
(1H, d, J = 7.5 Hz), 6.05 (1H, s), 3.91 (3H, s), 3.42 (6H, s).
5-Methoxy-2-(dimethoxymethyl)benzaldehyde (32). A
solution of the dimethyl acetal of p-anisaldehyde 30 (5.3 g, 29.1
mmol) in dry diethyl ether (90 mL) at 0 °C was treated with
tert-butyllithium (20.5 mL, 1.7 M in hexanes, 34.9 mmol). The
solution was stirred for 1.5 h at 0 °C followed by addition of
anhydrous dimethylformamide (2.9 mL). The solution was
allowed to warm to 23 °C over 1 h and the reaction quenched by
the addition of water. The solution was extracted with ethyl
acetate (2 X 200 mL). The combined organic layers were dried
(MgS0y and evaporated. The residue was purified by chro-
matography on silica using 0% hexane—ethyl acetate as eluent
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to afford 32 as a pale yellow oil (2.63 g, 43%): 'H NMR (CDCly)
6 10.45 (1H, 8), 7.29 (1H, d, J = 8.7 Hz), 6.97 (1H, dd, J = 24,
8.5 Hz), 6.88 (1H, d, J = 2.1 Hz), 6.02 (1H, d, J = 2.2 Hz), 3.83
(3H, s), 3.44 (3H, s), 3.42 (3H, s).
6-Methoxy-2-(dimethoxymethyl)benzenemethanol (33). A
solution of compound 31 (5.7 g, 27.4 mmol) in methanol (50 mL)
was treated with a solution of sodium borohydride (2.1 g, 52.9
mmol) in methanol (40 mL). The reaction mixture was stirred
for 4 h and the reaction quenched by the addition of water. The
mixture was extracted with chloroform (3 X 100 mL). The
combined organic layers were dried (MgSO,) and evaporated.
The residue was purified by chromatography on silica using
hexane:EtOAc (8:2) as eluent to afford 33 as an il (2.98 g, 51%):
1H NMR (CDCly) 6 7.27 (1H, m), 7.14 (1H, d, J = 7.5 Hz), 6.92
(1H,d,J = 7.8 Hz), 5.51 (1H, s), 4.81 (2H, br d), 3.87 (3H, 5), 3.37
(6H, s).
5-Methoxy-2-(dimethoxymethyl)benzenemethanol (34). A
solution of 32 (2.6 g, 12.4 mmol) in MeOH (45 mL) was treated
with sodium borohydride (2g, 52.9 mmol). Thereaction mixture
was stirred for 2 h and the reaction quenched by the addition of
water. The mixture was extracted with chloroform (3 X 100 mL).
The combined organiclayers were dried (MgSO,) and evaporated.
The residue was purified by chromatography on silica using
hexane:EtOAc (8:2) as eluent to afford 34 as an oil (1.36 g,52%):
1H NMR (CDCl;) 6 7.28 (1H, d, J = 8.1 Hz), 6.87 (1H,dd, J =
2.4, 8.4 Hz), 6.77 (1H, d, J = 1.8 Hz), 6.13 (1H, d, J = 2.2 Hz),
5.17 (1H, m), 4.99 (1H, m), 3.82 (3H, s), 3.41 (6H, s).
1,4-Dihydro-5-methoxy-1,4-epoxynaphthalene-2,3-dicar-
boxylic Acid, Dimethyl Ester (35). A solution of compound
33 (1.17 g, 5.5 mmol) in dimethyl acetylenedicarboxylate (8 mL)
was treated with glacial aceticacid (0.5 mL). Thereaction mixture
was heated to 135 °C for 45 min, and then, the excess reactants
were distilled off. The residue was chromatographed on silica
using hexane:EtOAc (7:3) as eluent to afford 35 (820 mg, 51%)
as an oil: TH NMR (CDCly) 6 7.07 (2H, m), 6.67 (1H, dd, J = 1.5,
7.5 Hz), 6.20 (1H, d, J = 0.9 Hz), 5.93 (1H, d, J = 1.2 Hz), 3.87
(3H, s), 3.81 (3H, s), 3.79 (38H, s).
1,2,3,4-Tetrahydro-5-methoxy-1,4-epoxynaphthalene-2,3-
dicarboxylic Acid, Dimethyl Ester (36). A solution of
compound 35 (464 mg, 1.6 mmol) in ethyl acetate (6 mL) was
treated with 10% Pd/C (35 mg) and stirred under a hydrogen
atmosphere for 15 h. The catalyst was removed by filtration,
and the solvent was evaporated to afford 36 (455 mg, 97%) as
aclear oil: 'H NMR (CDCly) 6 7.19 (1H, m), 7.02 (1H,d, J = 7.2
Hz), 6.75 (1H, d, J = 8.4 Hz), 5.71 (1H, m), 5.48 (1H, m), 3.84
(3H, s), 3.62 (2H, m), 3.50 (3H, s), 3.49 (3H, s).
5-Methoxy-2,3-naphthalenedicarboxylic Acid, Dimethyl
Ester (37). A solution of 36 (455 mg, 1.56 mmol) in toluene (10
mL) was treated with p-toluenesulfonic acid (20 mg, 0.1 mmol)
and heated to reflux for 4 h. The solvent was evaporated, and
the residue was purified by chromatography on silica using 80%
hexane—ethyl acetate as eluent to afford 37 (370 mg, 86%) as a
clear oil: TH NMR (CDC}s) 6 8.69 (1H, s), 8.15 (1H, 5), 7.49 (2H,
m), 6.91 (1H, dd, J = 0.96, 7.4 Hz), 4.00 (3H, s), 3.95 (6H, s).
5-Methoxy-2,3-naphthalenedicarboxylic Acid (38). A so-
lution of compound 37 (379 mg, 1.38 mmol) in methanol (3 mL)
and water (10 mL) was treated with sodium hydroxide (166 mg,
4.15 mmol) at 65 °C for 3 h. The solution was allowed to cool,
and the solvent was evaporated. Theaqueoussolution was diluted
with water and acidified with concentrated hydrochloric acid.
The pale yellow precipitate was collected by filtration, washed
with water, and dried to yield 38 (300 mg, 88%): mp 210-212°C;
'H NMR (DMSO-de) § 8.48 (1H, s), 8.20 (1H, s), 7.62 (2H, m),
7.13 (1H, dd, J = 2.0, 6.8 Hz), 4.00 (3H, s).
5-Methoxy-1H-benz[ flisoindole-1,3(2 H)-dione (39). A mix-
ture of compound 38 (270 mg, 1.1 mmol) and urea (132 mg, 2.2
mmol) was heated at 170 °C for 2h. The mixture was cooled and
triturated with water (30 mL) and the resulting solid collected
by filtration and dried to give 39 (237 mg, 95%) as a tan solid:
mp >250 °C; 'H NMR (DMSO-de) 4 11.51 (1H, s), 8.47 (1H, 8),
8.40 (1H, 8), 7.79 (1H, 4, J = 8.1 Hz), 7.69 (1H, t, J = 7.8 Hz),
7.24 (1H, d, J = 7.6 Hz), 4.03 (3H, s).
4-Methoxy-1 H-benz[ flisoindole-1,3(2H)-dione (42) was
prepared as described for compound 39 from 4-methoxynaphtho-
[2,3-c]furan-1,3-dione?s (229 mg, 1 mmol) and urea (120 mg, 2
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mmol); yield 215 mg, 95%: mp 216-220 °C; 1H NMR (DMSO-
de) 8 10.6 (1H, s), 7.52 (1H, d), 7.34 (1H, s), 6.92 (2H, m), 3.43
(3H, s).

1,3-Dihydro-2 H-pyrrolo[3,4-b]quinoline-1,3-dione (43) was
prepared as described for 39 from quinoline-2,3-dicarboxylicacid®
(866 mg, 4 mmol) and urea (480 mg, 8 mmol); yield 540 mg, 68 %,
as a white solid: mp >300 °C; 'H NMR (DMSO-de) 4 8.67 (1H,
s), 8.03 (2H, m), 7.74 (1H, br t), 7.57 (1H, br t).

3a,4,9,9a-Tetrahydro-6-methoxy-4,9-epoxynaphtho[2,3-c]-
furan-1,3-dione (44). A solution of compound 34 (844 mg, 4
mmol) and maleic anhydride (1.18 g, 12 mmol) in methylene
chloride (10 mL) was treated with acetic acid (0.2 mL, 3.5 mmol)
and acetic anhydride (0.1 mL, 1 mmol) and heated to reflux for
16 h. The reaction mixture was allowed to cool and treated with
saturated aqueous sodium bicarbonate. The aqueous layer was
extracted with CHCl; (175 mL), and the combined organic layers
were dried (Na,SO,) and evaporated. The residue was purified
by chromatography on silica using hexane:EtOAc (7:3) as eluent
to afford 44 (800 mg, 81 %) as a clear oil: 'H NMR (CDCly) 6 7.22
(1H, m), 6.90 (1H, m), 6.76 (1H, m), 5.75 (2H, m), 3.98 (1.4H, m),
3.76 (3H, m), 3.23 (0.6H, s).

6-Methoxynaphtho[2,3-c]furan-1,3-dione (45). A solution
of compound 45 (241 mg, 0.98 mmol) in toluene (5 mL) wastreated
with p-toluenesulfonic acid (20 mg, 0.1 mmol) and heated to
reflux for 4.5 h. The solvent was evaporated and the residue
dissolved in ethyl acetate. The solution was washed with
saturated aqueous sodium bicarbonate and brine, dried (MgSOy),
and evaporated to give a brown solid. The solid was triturated
with cold EtOAc, and the desired material was obtained by
filtration. Thesolvent was evaporated from the filtrate, and the
brown solid residue was again triturated with cold EtOAc. The
pale tan solid was filtered off and combined with the previous
croptogive 45 (211 mg, 95%): mp 238-240°C;'H NMR (DMSO-
de) 68.43 (1H, s), 8.33 (1H, 5), 8.00 (1H, d), 7.52 (1H, 8), 7.25 (1H,
d), 3.69 (3H, s).

6-Methoxy-1 H-benz[f]isoindole-1,3(2H)-dione (46). Com-
pound 45 (159 mg, 0.7 mmol) and urea (84 mg, 1.4 mmol) were
combined and heated at 170 °C for 45 min. The mixture was
cooled and triturated with water (15 mL) and the resulting solid
collected by filtration and dried to give 46 (134 mg, 84%): mp
>250 °C; 'H NMR (DMSO-dg) 4 8.36 (1H, s), 8.30 (1H, s), 8.15
(1H,d, J = 9 Hz), 7.69 (1H, m), 7.39 (1H, dd, J = 2.7, 9 Hz), 3.92
(3H, s). ,

[N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-ben z[ f]-
isoindol-2-yl)propyl]-L-leucyl]- N-methyl-L-phenylalanin-
amide, Trifluoroacetate (47). Method A: A solution of 18
(190 mg, 0.42 mmol) in dry tetrahydrofuran (5 mL) at 0 °C was
treated with triphenylphosphine (121 mg, 0.46 mmol), 1,3-
dihydro-1,3-dioxo-2H-benz[f]isoindole (91 mg, 0.46 mmol), and
diethyl azodicarboxylate (72 uL, 0.46 mmol). The mixture was
allowed to warm up to 23 °C over 15 h. The solvent was
evaporated, and the residue was purified by preparative reverse-
phase HPLC to give [N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-
3-(1,3-dihydro-1,3-dioxo-2H-benz[flisoindol-2-yl)propyl]-L-leucyl]-
N-methyl-L-phenylalaninamide, Trifluoroacetate (25) as a white
lyophilized solid (133 mg, 50%): 'H NMR (CDCl;) 6 8.35 (2H,
8), 8.09 (2H, m), 7.86 (1H, d, J = 8 Hz), 7.72 (2H, m), 7.28 (6H,
s), 7.18 (1H, m), 4.74 (1H, m), 3.80 (2H, m), 3.36 (2H, m), 3.20
(1H,dd, J = 13,8 Hz), 2.98 (1H, m), 2.69 (3H, d, J = 6 Hz), 2.10
(2H, m), 1.0-1.6 (3H, m), 1.36 (9H, s), 0.86 (6H, d, J = 6 Hz);
chemical ionization MS m/z found 629 (MH*). Method B: A
solution of this intermediate (118 mg, 0.19 mmol) in trifluoroacetic
acid (3 mL) was stirred at 23 °C for 6 h. The solvent was removed
by evaporation and the residue purified by reverse-phase HPLC
to afford 47 as a white lyophilized solid (95 mg, 73%): mp 199~
200 °C; 'H NMR (DMSO-dg) 5 8.94 (1H, d, J = 8 Hz), 8.04 (1H,
q,J = 5 Hz), 8.54 (2H, s), 8.26 (2H, m), 7.80 (2H, m), 7.20 (5H,
m), 4.60 (1H, q, J = 6 Hz) 3.6-3.8 (3H, m), 3.43 (1H, t,J = 5 Hz),
2.95 (1H, dd, J = 12 Hz), 2.79 (1H, dd, J = 12, 8 Hz), 2.50 (3H,
obscured by DMSO0), 2.08 (2H, m), 1.4-1.6 (3H, m), 0.87 (3H, d,
J = 6 Hz), 0.83 (3H, d, J = 6 Hz); high-resolution FAB MS m/z
found 573.2701 (MH*), C3,H3;N(O¢ requires 573.2722.

[N-[1-(R)-Carboxy-3-(1,3-dihydro-4-methoxy-1,3-dioxo-
2H-benz[f]isoindol-2-yl)propyl]l-L-leucyl]-N-methyl-L-
phenylalaninamide, Trifluoroacetate (48). Reaction of 42
(73 mg, 0.32 mmol) with 18 (130 mg, 0.29 mmol) using method
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A (above) gave [N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-
dihydro-4-methoxy-1,3-dioxo-2H-benz[f]isoindol-2-yl)propyl]l-
L-leucyl]-N-methyl-L-phenylalaninamide, trifluoroacetate (70
mg, 31%): 'H NMR (CD;0D) 4 8.31 (1H, m), 7.99 (1H, s), 7.63
(2H, m), 7.09 (6H, m), 4.63 (1H, m), 4.32 (3H, s), 3.60-3.80 (2H,
m), 3.40-3.60 (2H, m), 2.77-3.00 (2H, m), 2.53 (3H, s), 1.88 (2H,
m), 1.51-1.71 (3H, m), 1.43 (9H, s), 0.89 (3H, d, J = 5.9 Hz), 0.83
(3H, d,J = 6.1 Hz). Hydrolysis of this intermediate (70 mg, 0.09
mmol) using method B (above) gave 48 (30 mg, 47%) as a white
lyophilized powder: 'H NMR (CD3;OD) 6 8.33 (1H, m), 7.97 (1H,
8),7.63 (2H, m), 7.10 (6H, m), 4.57 (1H, m), 4.31 (3H, s), 3.77 (1H,
m), 3.66 (3H, m), 2.80-3.00 (2H, m), 2.51 (3H, s), 1.95 (2H, m),
1.60 (3H, m), 0.88 (3H, d, J = 5.6 Hz), 0.83 (3H, d, J = 5.9 Hz);
high-resolution FAB MS m/z found 603.2817 (MH*), C3:HasN,O
requires 603.2821.
[N-[1-(R)-Carboxy-3-(1,3-dihydro-5-methoxy-1,3-dioxo-
2H-benz[flisoindol-2-yl)propyl]-L-leucyl]-N-methyl-L-
phenylalaninamide, Trifluoroacetate (49). Reaction of 39
(75 mg, 0.33 mmol) with 18 (136 mg, 0.3 mmol) using method A
(above) gave [N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-
dihydro-5-methoxy-1,3-dioxo-2H-benz{f]isoindol-2-yl)propyl]-
L-leucyl]-N-methyl-L-phenylalaninamide, trifluoroacetate (156
mg, 67%): 'H NMR (CD3;OD) 5 8.58 (1H, s), 8.22 (1H, s), 7.57
(2H, m), 7.09 (6H, m), 4.60 (1H, m), 3.96 (3H, s), 3.67 (3H, m),
3.40 (1H, m), 2.81-2.97 (2H, m), 2.52 (3H, s), 1.9 (2H, m), 1.52
(3H, m), 1.42 (8H, s), 0.88 (3H, d, J = 5.7 Hz), 0.82 (3H, d, J =
5.7 Hz). Hydrolysis of this intermediate (136 mg, 0.18 mmol)
using method B (above) gave 49 (80 mg, 62%) as a white
lyophilized powder: 'H NMR (CD;0D) 4 8.52 (1H, s), 8.16 (1H,
8),7.563 (2H, m), 7.08 (6H, m), 4.55 (1H, m), 3.93 (3H, s), 3.69 (3H,
m), 3.57 (1H, m), 2.79-2.99 (2H, m), 2.49 (3H, s), 1.97 (2H, m),
1.59 (3H, m), 0.86 (3H, d, J = 5.6 Hz), 0.81 (3H, d, J = 5.9 Hz);
high-resolution FAB MS m/z found 603.2808 (MH*), C33H3gN,O4
requires 603.2821.
[N-[1-(R)-Carboxy-3-(1,3-dihydro-6-methoxy-1,3-dioxo-
2H-benz[ f]isoindol-2-yl)propyl]-L-leucyl]-N-methyl-L-
phenylalaninamide, Trifluoroacetate (50). Reaction of 46
(40 mg, 0.18 mmol) with 18 (66 mg, 0.15 mmol) using method A
(above) gave [N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-
dihydro-6-methoxy-1,3-dioxo-2H-benz[f]isoindol-2-yl)propyl]-
L-leucyl]-N-methyl-L-phenylalaninamide, trifluoroacetate (30
mg, 26%): 'H NMR (CD;0D) 6 8.19 (1H, d, J = 3.2 Hz), 7.92
(1H,d,J=9Hz),7.43 (1H,d,J = 2.1 Hz), 7.24 (1H, dd, J = 2.4,
9 Hz), 7.15 (6H, m), 4.63 (1H, m), 3.86 (3H, s), 3.60 (3H, m), 3.39
(1H, m), 2.8-3.01 (2H, m), 2.52 (3H, s), 1.92 (2H, m), 1.55 (3H,
m), 1.42 (8H, s), 0.82 (6H, m). Hydrolysis of this intermediate
(28 mg, 0.036 mmol) using method B (above) gave 50 (19 mg,
73%) as a white lyophilized powder: 'H NMR (CD;0D) 6 8.16
(1H,d,J =8.9Hz),791 (1H,d,J =9 Hz), 741 (1H,d, J = 2.7
Hz),7.24 (1H,dd, J = 2.4, 9 Hz), 7.10 (6H, m), 4.56 (1H, m), 3.86
(3H, ), 3.70 (2H, m), 3.56 (1H, m), 3.40 (1H, m), 2.81-3.02 (2H,
m), 2.51 (3H, s), 1.97 (2H, m), 1.62 (3H, m), 0.87 (3H, d, J = 5.9
Hz),0.82 (3H, d, J = 5.9 Hz); high-resolution FAB MS m/z found
603.2808 (MH™), C33H3N,O; requires 603.2817.
[N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-pyrrolo-
[3,4-b]quinolin-2-yl)propyl]-L-leucyl]- N-methyl-L-phenyl-
alaninamide, Trifluoroacetate (51). Reaction of 43 (57 mg,
0.29 mmol) with 18 (115 mg, 0.26 mmol) using method A (above)
gave [N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-dihydro-
1,3-dioxo-2H-pyrrolo[3,4-b]lquinolin-2-yl)propyl]-L-leucyl]-N-
methyl-L-phenylalaninamide, trifluoroacetate (100 mg, 51 %): 'H
NMR (CDCly) 6 8.67 (1H, s), 8.45 (1H, d), 8.11 (1H, d), 7.98 (1H,
t), 7.60 (6H, m), 4.72 (m), 3.85 (m), 3.50-3.10 (m), 2.71 (3H, d),
2.15(m), 1.50 (m), 1.40 (9H, s), 1.25 (m), 0.84 (6H, m). Hydrolysis
of this intermediate (100 mg, 0.13 mmol) using method B (above)
gave 51 (10 mg, 11%) as a white lyophilized powder: 'H NMR
(CD3;0D) 6 8.75 (1H, ), 8.13 (2H, m), 7.89 (1H, m), 7.72 (1H, m),
7.13 (6H, m), 4.54 (m), 3.87 (m), 3.65 (m), 3.10-2.80 (m), 2.10 (m),
1.56 (m), 0.85 (6H, m); high-resolution FAB MS m/z found
574.2664 (MH*), C3,H3Ns0g requires 574.2660.
[N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-isoindol-
2-yl)propyl]-L-leucyl]-N-methyl-L-phenylalaninamide, Tri-
fluoroacetate (52). Method C: Diethyl azodicarboxylate (0.025
mL, 0.16 mmol) was added to a stirred solution of 18 (66 mg, 0.15
mmol), triphenylphosphine (42 mg, 0.16 mmol), and 1,3-dihydro-
1,3-dioxo-2H-isoindole (23 mg, 0.16 mmol) in dry tetrahydrofuran
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at 5 °C, and the resulting mixture was stirred at 21 °C for 16 h
before concentrating in vacuo. The residue was purified by silica
chromatography using CH,Cly:acetone (9:1) as eluent to give
[N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-dihydro-1,3-di-
oxo-2H-isoindol-2-yl)propyl]-L-leucyl]-N-methyl-L-phenylalan-
inamide (58 mg, 56 % ) as a white foam: 'H NMR (CDCly) 6 7.0-
7.9 (11H, m), 4.72 (1H, m), 3.72 (2H, m), 3.34 (2H, m), 3.15 (1H,
dd, J = 13, 9 Hz), 2.96 (1H, dd, J = 9, 4 Hz), 2.70 3H, d, J =
5 Hz), 2.04 (2H, m), 1.38 (9H, s), 1.0-1.6 (3H, m), 0.84 (6H, d, J
= 6 Hz); time of flight MS m/z found 580.4 (MH*). Method D:
A solution of this intermediate (58 mg, 0.08 mmol) in trifluo-
roacetic acid (1 mL) was stirred for 10 min under nitrogen before
concentrating in vacuo. The residue was purified by preparative
reverse-phase HPLC togive 52 (28 mg, 55 % ) as a whitelyophilized
solid: 'H NMR (DMSO-dg) § 8.75 (1H, br), 8.00 (1H, q, J =5
Hz),7.88 (4H, m), ca. 7.20 (5H, m), 4.57 (1H, q,J = 7TH2), 3.2-3.9
(4H, m), 2.96 (1H, dd, J = 13, 6 Hz), 2.71 (1H, dd, J = 13, 6 H2),
2.54 (3H, d, J = 5 Hz), 2.00 (2H, m), 1.47 (3H, m), 0.86 (3H, d,
J =7 Hz), 0.82 (3H, d, J = 7 Hz); high-resolution FAB MS m/z
found 523.2540 (MH*), C23HgsN4O requires 523.2557.
[N-[1-(R)-Carboxy-3-(1,3,5,7-tetraoxo-2 H,6 H-benzo[ 1,2-¢:
4,5-¢']dipyrrol-2-yl)propyl]-L-leucyl]-N-methyl-L-phenyl-
alaninamide, Trifluoroacetate (53). Reaction of 1,3,5,7-
tetraoxo-2H,6 H-benzo[1,2-¢:4,5-c'1dipyrrole (315 mg, 1.46 mmol)
with 18 (503 mg, 1.33 mmol) using method A (above) gave [N-[1-
(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3,5,7-tetraoxo-2H,6 H-
benzo[1,2-c:4,5-¢c’1dipyrrol-2-yl)propyl]-L-leucyl]- N-methyl-L-
phenylalaninamide, trifluoroacetate (81 mg, 8%): 'H NMR
(CDCly) 6 8.5 (1H, m), 8.4 (2H, s), 8.3 (1H, m), 7.4-7.2 (6H, m),
6.8 (1H, m), 4.7 (1H, m), 4.3 (1H, q), 3.8 (1H, m), 3.3 (1H, dd),
3.2-3.0 (2H, m), 2.8 (3H, d), 2.1 (2H, m), 1.6 (3H, m), 1.4 (9H,
8),0.9(6H,d). Hydrolysis of this intermediate (76 mg, 0.03 mmol)
using method B (above) gave 53 (41 mg, 57%) as a white
lyophilized powder: 'H NMR (CD3OD) § 8.1 (2H, s), 7.0 (5H, 5),
4.6 (1H,t),3.6-3.8 (4H, br m), 2.7-3.0 (2H, m), 2.5 (3H, 5), 1.8-2.0
(2H, br m), 1.4-1.7 (3H, br m), 0.8-1.0 (6H, d); high-resolution
FAB MS m/z found 592.2372 (MH*), C3H3sN;5O0s requires
592.2397.
[N-[1-(R)-Carboxy-3-(5,7-dihydro-5,7-dioxo0-6 H-1,3-diox-
olo[4,5-f]isoindol-6-yl)propyl]-L-leucyl]- N-methyl-L-phen-
ylalaninamide (54). Reactionof 5H-1,3-dioxolo[4,5-flisoindole-
5,7(6 H)-dione (80 mg, 0.42 mmol)® with 18 (188 mg, 0.42 mmol)
using method C (above) gave [N-[1-(R)-[(1,1-dimethylethoxy)-
carbonyl]-3-(5,7-dihydro-5,7-dioxo-6H-1,3-dioxolo[4,5-f]isoindol-
6-yl)propyl]-L-leucyl]-N-methyl-L-phenylalaninamide, trifluo-
roacetate (48 mg, 16%): 'H NMR (CD;0D) 4 7.17 (TH, m), 6.09
(2H, s), 4.69 (1H, m), 3.67 (1H, m), 3.57 (1H, m), 3.40 (2H, m),
2.95 (2H, m), 2.55 (3H, s), 1.90 (2H, m), 1.50-1.77 (3H, m), 1.44
(9H, s), 0.88 (6H, dd). Hydrolysis of this intermediate (40 mg,
0.054 mmol) using method D (above) gave 54 (7 mg, 19%) as a
white lyophilized powder: mp 100-110 °C; tH NMR (CD3OD)
67.26 (TH, m), 6.19 (2H, m), 4.68 (1H, m), 3.86 (1H, m), 3.66 (3H,
m), 2.96 (2H, m), 2.64 (3H, s), 2.03 (2H, m), 1.62-1.80 (3H, m),
0.95 (6H, dd); high-resolution FAB MS m/z found 567.2439
(MH?*), CH35NOs requires 567.2455.
[N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-5-(propyloxy)-
2H-isoindol-2-yl)propyl]-L-leucyl]-N-methyl-L-phenyl-
alaninamide (55). Reaction of 1,3-dihydro-1,3-dioxo-5-
(propyloxy)-2H-isoindole (92 mg, 0.448 mmol)® with 18 (200 mg,
0.448 mmol) using method C (above) gave [N-[1-(R)-[(1,1-
dimethylethoxy)carbonyl]-3-(1,3-dihydro-1,3-dioxo-5-(propyloxy)-
2H-isoindol-2-yl)propyl]-L-leucyl]- N-methyl-L-phenylalanin-
amide (190 mg, 74%): 'H NMR (CDCly) 6 8.26 (1H, brd, J =
8.5Hz),7.71 (1H,d,J =8.3 H2),7.29 (1H, d, J = 2 Hz), 7.24-7.12
(5H, m), 6.00 (2H, br), 4.80 (1H, m), 4.02 (2H, t, J = 6.6 Hz),
3.80-3.60 (3H, m), 3.48 (1H, t, J = 5.5 Hz), 3.24 (1H, A part of
ABX system, dd, Ja, = 1.04 Hz, J = 5.7 Hz), 3.02 (1H, B part
of ABX system, dd, J., = 14.0 Hz, Jy,; = 9.2 Hz), 2.74 (3H, d, J
= 4.4 Hz),2.20 (2H, m), 1.86 (2H, m), 1.70-1.45 (3H, m), 1.38 (3H,
s), 1.05 (8H, t, J = 7.3 Hz), 0.85 (6H, t, J = 6.0 Hz). Hydrolysis
of thisintermediate (170 mg, 0.293 mmol) using method D (above)
gave 55 (55 mg, 27%) as a white lyophilized powder: mp 91-101
°C;'HNMR (CD30D) 4 7.88 (1H, br m), 7.67 (1H,d, J = 8.3 Hz),
7.25(1H,d, J = 2.2 Hz), 7.20~7.05 (6H, m), 4.56 (1H, dd, J = 6.6
Hz,J' = 8.8 Hz),3.97 (2H, t, J = 6.3 Hz), 3.70-3.56 (3H, m), 3.52
(1H, dd, J = 5.1 Hz, J' = 6.6 Hz), 3.20 (1H, quin, J = 1.6 Hz),

Brown et al.

3.01 (1H, A part of ABX system, J,, = 13.8 Hz, J,; = 6.7 Hz),
2.86 (1H, B part of ABX system, Jy = 13.7 Hz, Ji,; = 9.0 Hz),
2.55 (3H, s), 1.95 (2H, m), 1.76 (2H, hezx, J = 6.9 Hz), 1.65-1.45
(3H, m), 0.96 (3H, t, J = 7.4 Hz), 0.87 (3H, d, J = 5.8 Hz), 0.83
(3H, d, J = 5.8 Hz); high-resolution FAB MS m/z found 581.2979
(MH*), C5;H1N(O7 requires 581.2975.
[N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-5-phenyl-2 H-
isoindol-2-yl)propyl]-L-leucyl]-N-methyl-L-phenylalanin-
amide (56). Reaction of 2,3-dihydro-5-phenyl-1H-isoindole-1,3-
(2H)-dione® (116 mg, 0.52 mmol) with 18 (150 mg, 0.9 mmol)
using method C (above) gave [N-[1-(R)-[(1,1-dimethylethoxy)-
carbonyl]-3-(1,3-dihydro-1,3-dioxo-5-phenyl-2H-isoindol-2-yl)-
propyl]-L-leucyl]-N-methyl-L-phenylalaninamide (138 mg,
59%): TH NMR (CDCl,) 4 8.08 (2H, m), 7.88 (1H, d), 7.64 (2H,
m), 7.44 (3H, m), 7.14 (5H, m), 4.65 (1H, m), 3.70 (2H, m), 3.57
(1H, m), 3.46 (1H, m), 2.98 (2H, m), 2.57 (3H, s), 1.95 (2H, m),
1.65 (3H, m), 1.48 (9H, s), 0.88 (6H, dd). Hydrolysis of this
intermediate (100 mg, 0.16 mmol) using method D (above) gave
56 (52 mg, 57%) as a white lyophilized powder: mp 83-100 °C;
1H NMR (CD,0D) 67.96 (2H, m), 7.81 (1H, d), 7.55 (2H, m), 7.38
(3H, m), 7.10 (6H, m), 4.57 (1H, m), 3.72 (1H, m), 3.60 (3H, m),
2.85 (2H, m), 2.49 (3H, s), 1.95 (2H, m), 1.53 (3H, m), 0.85 (6H,
dd); high-resolution FAB MS m/z found 599.2853 (MH*),
C3H3sNOg requires 599.2870.
[N-[1-(R)-Carboxy-3-(6-bromo-1,3-dioxo-1 H-benz[ deliso-
guinolin-2(3H)-yl)propyl]-L-leucyl]-N-methyl-L-phenyl-
alaninamide, Trifluoroacetate (57). Reaction of 6-bromo-
1H-benz[delisoquinoline-1,3(2H)-dione (171 mg, 0.62 mmol) with
18 (250 mg, 0.56 mmol) using method C (above) gave [N-[1-
(R)-[(1,1-dimethylethoxy)carbonyl]-3- (6-bromo-1,3-dioxo-1H-
benz([delisoquinolin-2(3H)-yl)propyl]l-L-leucyl]-N-methyl-L-
phenylalaninamide (260 mg, 66%) as a pale yellow foam: 'H
NMR (CDCly) 6 8.67 (1H, d, J = 8 Hz), 8.63 (1H, d, J = 8 Hz),
8.44 (1H,d, J = 8 Hz), 8.07 (1H, d, J = 8 Hz), 7.88 (1H, dd, J
=17,8 Hz), 7.1-7.3 (6H, m), 4.75 (1H, m), 4.19 (2H, m), 3.32 (1H,
dd, J = 6, 14 Hz), 3.15 (1H, dd, J = 8, 14 Hz), 3.19 (1H, t,J =
6 Hz), 3.00 (1H, m), 2.74 (8H, d, J = 5 Hz), 2.06 (2H, m), 1.40
(9H, s), 1.00-1.70 (3H, m), 0.86 (6H, d, J = 6 Hz); IR (CHBr3)
3395 (NH), 1727 (C==00), 1659 cm™! (C=ONH); chemical
ionization MS m/z found 707/709 (MH*). Hydrolysis of this
intermediate (230 mg, 0.32 mmol) using method D (above) gave
57 as a pale yellow foam: TH NMR (DMSO-dg) 6 8.96 (1H, d, J
= 8 Hz), 8.57 (2H, m), 8.36 (1H, d, J = 8 Hz), 8.23 (1H,d, J =
8 Hz), 8.02 (2H, m), 7.1-7.3 (6H, m), 4.57 (1H, q, J = 7 Hz), 4.11
(2H, m), 3.92 (1H, t, J = 6 Hz), 3.53 (1H, t,J = 5 Hz), 2.89 (1H,
dd, J = 6, 13 Hz), 2.75 (1H, dd, J = 8, 13 Hz), ca. 2.50 (3H, s,
obscured by DMSO0), 2.11 (2H, m), 1.40-1.60 (3H, m), 0.86 (3H,
d,J =6 Hz), 0.82 (3H, d, J = 6 Hz); IR (Nujol) 3260 (br OH and
NH), 1700 (COOH), 1652 ¢cm™! (C=0NH); chemical ionization
MS m/z found 651/653 (MH*).
[N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz[ £]-
isoindol-2-yl)propyl]-L-leucyl]-N-methyl-L-tyrosinamide, Tri-
fluoroacetate (58). Reaction of L-tyrosine N-methylamide (51
mg, 0.22 mmol) with 28 (50 mg, 0.11 mmol) using method E
(below) gave [N-[(R)-1-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-
dihydro-1,3-dioxo-2H-benz[flisoindol-2-yl)propyl]-L-leucyl]-N-
methyl-L-tyrosinamide, trifluoroacetate (60 mg, 84%): 'HNMR
(CDCl,) 6 8.3 2H, s), 8.0 (2H, m), 7.6 (1H, brs), 7.5 (2H, m), 6.7
(2H,d),6.3 (2H, d), 4.2 (2H, m), 3.4 (4H, m), 3.1 (1H, m), 2.6 (3H,
d), 1.8 (4H, m), 1.4 (9H, s), 1.2 (2H, m), 0.9 (6H, d); chemical
ionization MS m/z found 645.3 (MH*). This intermediate (60
mg, 0.09 mmol) was hydrolyzed using method F (below) to give
58 (20 mg, 54%) as a white lyophilized solid: mp 175-180 °C;
IH NMR (DMSO-dg) 6 8.9 (1H, s), 8.3 (2H, s), 8.0 (2H, m), 7.6
(1H, br s), 7.5 (2H, m), 6.7 (2H, d), 6.3 (2H, d), 4.2 (2H, m), 3.4
(4H, m), 3.1 (1H, m), 2.6 (3H, d), 1.8 (4H, m), 1.2 (2H, m), 0.6
(6H, d); high-resolution FAB MS m/z found 589.2652 (MH*),
CazH37N407 requires 589.2658.
[N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz[ f]-
isoindol-2-yl)propyl]-L-leucyl]-N-methyl-L-phenylglycin-
amide, Trifluoroacetate (59). Reaction of N-methyl-L-
phenylglycinamide (15 mg, 0.075 mmol) with 28 (35 mg, 0.075
mmol) using method E (below) gave crude [N-[(R)-1-[(1,1-
dimethylethoxy)carbonyl]-3-(1,3-dihydro-1,3-dioxo-2H-benz[f]-
isoindol-2-yl)propyll-L-leucyl]-N-methyl-L-phenylglycinamide (62
mg). Thisintermediate was hydrolyzed using method F (below)
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to give 59 (19 mg, 38%) as a white lyophilized solid: 'H NMR
(DMSO-dg) 4 8.52 (2H, s), 8.22 (2H, m), 7.79 (2H, m), 7.16-7.42
(56H, m), 5.40 (1H, d), 3.20-3.80 (m, obscured by water), 2.56 (3H,
d), 2.10 (m), 1.40-1.70 (3H, m), 0.89 (6H, m); high-resolution
FAB MS m/z found 559.2552 (MH*), C3H3sN4Os requires
559.2557.
[N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz[ £]-
isoindol-2-yl)propyl]-L-leucyl]- N-methyl-L-leucinamide, Tri-
fluoroacetate (60). Method E: A solution of compound 28
(100 mg, 0.214 mmol), N-methyl-L-leucinamide (31 mg, 0.215
mmol),and 1-hydroxybenzotriazole hydrate (17 mg, 0.111 mmol)
in CH,Cl; (10 mL) was treated with dicyclohexylcarbodiimide
(48 mg, 0.233 mmol) and the mixture stirred for 15 h at 23 °C.
The mixture was filtered through Celite and the solvent evap-
orated. The residue was purified by reverse-phase HPLC to
afford [N-[1-(R)-[(1-dimethylethoxy)carbonyl]-3-(1,3-dihydro-
1,3-dioxo-2H-benz[f)isoindol-2-yl)propyl]-L-leucyl]- N-methyl-
L-leucinamide, trifluoroacetate (61 mg, 48%) as a white foam:
IH NMR (CDCl;) ¢ 8.35 (s), 8.10 (m), 7.70 (m), 4.60-4.20 (m),
3.90 (m), 3.70 (m), 3.10 (m), 2.90-2.70 (m), 2.40-1.60 (m), 1.45
(8),1.00 (m). Method F: A solution of this intermediate (40 mg,
0.067 mmol) in TFA (6 mL) was allowed to stand at 23 °C for
15 h. The solvent was evaporated and the residue purified by
reverse-phase HPLC to furnish 60 (16 mg, 36 %) as a white foam:
mp 115-125 °C; '"H NMR (CD;0D) 6 8.30 (m), 8.05 (m), 7.65 (m),
4.30 (m), 3.90-3.65 (m), 2.55 (s), 2.20 (m), 1.70-1.40 (m), 0.90-
0.75 (m); high-resolution FAB MS m/z found 539.2838 (MH*),
ngH39N403 requires 539.2859.
[N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz[ f]-
isoindol-2-yl)propyl]-L-leucyl]-N-methyl-L-alaninamide, Tri-
fluoroacetate (61). Reaction of N-methyl-L-alaninamide (40
mg, 0.25 mmol) with 28 (50 mg, 0.11 mmol) using method E
(above) gave [N-[(R)-1-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-
dihydro-1,3-dioxo-2H-benz[f]isoindol-2-yl)propyl]-L-leucyl]-N-
methyl-L-alaninamide, trifluoroacetate (37 mg, 60%): 'H NMR
(CDCly) 6 8.4 (2H, 5), 8.2 (2H, br 8), 8.1 (2H, m), 7.8 (2H, m), 7.1
(1H,m), 4.5 (1H, m), 4.0 (2H, m), 3.7 (1H, t), 3.6 (1H, t), 3.2 (1H,
br s), 2.8 (3H, d), 2.4-2.2 (2H, m), 1.7 (2H, m), 1.6 (1H, m), 1.4
(9H, s), 1.2 (3H, d), 0.9 (6H, d); chemical ionization MS m/z
found 645.3 (MH*). This intermediate was hydrolyzed using
method F (above) togive 61 (16 mg, 44% ) as a white lyophilized
solid: mp 133-135 °C; 'H NMR (CD;0D) 6 8.3 (2H, s), 8.0 (2H,
dd), 7.6 (2H, dd), 4.2 (1H, q), 3.9 (2H, m), 3.7 (1H, t), 3.6 (1H,
t),2.6 (3H, ), 2.2 (2H, dd), 1.7 (2H, m), 1.5 (1H, m), 1.3 (3H, d),
0.9 (6H, d); high-resolution FAB MS m/z found 497.2411 (MH*),
CosHasN,Og requires 497.2400.
[N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz[ f]-
isoindol-2-yl)propyl]-L-leucyl]- N-methylglycinamide, Tri-
fluoroacetate (62). Reaction of N-methylglycinamide (59 mg,
0.22 mmol) with 28 (50 mg, 0.11 mmol) using method E (above)
gave [N-[(R)-1-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-dihydro-
1,3-dioxo-2H-benz[f]isoindol-2-yl)propyl]-L-leucyl]-N-methyl-
glycinamide, trifluoroacetate (27 mg, 48%): chemical ionization
MS m/z found 539.0 (MH*). This intermediate was hydrolyzed
using method F (above) to give 62 (20 mg, 67%) as a white
lyophilized solid: mp 175-180 °C; '"H NMR (CD;0D) § 8.3 (2H,
8),8.0 2H, d), 7.8 (2H, d), 3.9 (1H, m), 3.85 (1H, m), 3.8 (2H, m),
3.7 (2H, m), 2.5 (3H, s), 2.3 (2H, m), 1.8-1.7 (1H, m), 1.7-1.6 (2H,
m), 0.9 (6H, m); high-resolution FAB MS m/z found 483.2223
(MH+), Cz5H31N403 requires 483.2244.
[N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz[ £]-
isoindol-2-yl)propyl]-L-leucyl]- N-methyl-L-argininamide, Tri-
fluoroacetate (63). Reaction of N’-nitro-N-methyl-L-arginin-
amide (51 mg, 0.22 mmol) with 28 (50 mg, 0.11 mmol) using
method E (above) gave [N-[(R)-1-[(1,1-dimethylethoxy)carbon-
yl1-3-(1,3-dihydro-1,3-dioxo-2H-benz[f]isoindol-2-yl) propyl]-L-
leucyl]-N-methyl-N'-nitro-L-argininamide, trifluoroacetate (63
mg, 84%): chemical ionization MS m/z found 683.3 (MH*). A
solution of this intermediate (63 mg, 0.09 mmol) in ethanol (10
mL) was shaken with 10% Pd/C (10 mg) in a hydrogen atmosphere
(50 psi) at 23 °C for 15 h. The catalyst was removed by filtration
through Celite, and the solvent was evaporated to afford [N-[1-
(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-dihydro-1,3-dioxo-2H-
benz[flisoindol-2-yl)propyll-L-leucyl]-N-methyl-L-arginin-
amide, trifluoroacetate (28 mg, 49%) as a yellow oil: 'H NMR
(D:0) 68.1 2H,s), 7.9 (2H, m), 7.5 (2H, m), 4.4 (1H, t), 3.9 (2H,
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t), 3.6 (2H, m), 3.4 (1H, t), 3.3 (1H, t), 2.8 (2H, m), 2.3 (3H, s),
1.9 (2H, m), 1.4 (2H, m), 1.3 (2H, m), 1.2 (1H, m), 1.1 (3H, 8), 0.6
(6H, d); chemical ionization MS m/z found 638.3 (MH™).
Hydrolysis of this intermediate (20 mg, 0.03 mmol) using method
F (above) gave 63 (5 mg, 20%) as a white lyophilized solid: H
NMR (CD;0D) 4 8.3 (2H, s), 8.3 (2H, s), 8.0 (2H, m), 7.6 (2H,
m), 7.5 (2H, m), 4.3 (1H, m), 3.8 (2H, m), 3.5 (2H, m), 3.4 (1H,
t), 3.2 (1H, m), 3.0 (2H, m), 2.6 (3H, s), 2.2 (2H, m), 1.9-1.5 (5H,
m), 0.9 (6H, d); high-resolution FAB MS m/z found 582.3039
(MH*), CpHyN7Og requires 582.3040.

N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz[ f]isoin-
dol-2-yl)propyl]-N’-(phenylethyl)-L-leucinamide, Tri-
fluoroacetate (64). Methed G: Dicyclohexylcarbodiimide (52.8
mg, 0.26 mmol) was added to a stirred solution of compound 28
(100 mg, 0.21 mmol), phenylethylamine (0.032 mL, 0.26 mmol),
and hydroxybenzotriazole hydrate (39.2 mg, 0.26 mmol) in DMF
(2.5 mL) cooled at 0 °C. Stirring was continued at room
temperature for 24 h before the solvents were removed by
evaporation and the resultant residue was diluted with EtOAc.
This mixture was washed with a saturated aqueous sodium
bicarbonate solution, and the organic layer was separated, dried
(MgS0,), and filtered. The solvent was removed by evaporation
to afford crude N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-
dihydro-1,3-dioxo-2H-benz[f]isoindol-2-yl)propyl]-N'-(phenyl-
ethyl)-L-leucinamide (120 mg, 115%). This intermediate was
dissolved in TFA:H;0 (9:1) and allowed to stand for 20 h at room
temperature. The reaction mixture was concentrated in vacuo
and the residue purified by reverse-phase HPLC to give 64 (53
mg, 40%) as a colorless solid: 'H NMR (CD3;OD) § 8.40 (2H, s),
8.10-8.20 (2H, m), 7.70-7.80 (2H, m), 7.10-7.30 (5H, m), 3.80-
4.00 (2H, m), 3.50-2.70 (3H, m), 3.40-3.50 (1H, m), 2.80-2.90
(2H, m), 2.10-2.30 (2H, m), 1.80-1.10 (5H, m), 0.80 (6H, d, J =
6 Hz); high-resolution FAB MS m/z found 516.2502 (MH*),
C3oH34N305 requires 516.2421.

N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz[ flisoin-
dol-2-yl)propyl]-N-(phenylmethyl)-L-leucinamide, Tri-
fluoroacetate (65). Reaction of benzylamine (0.028 mL, 0.26
mmol) with 28 (100 mg, 0.21 mmol) using method G (above) gave
N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-dihydro-1,3-di-
ox0-2H-benz[f]isoindol-2-yl)propyl]-N’-(phenylmethyl)-L-
leucinamide (60 mg, 50%) as a tan oil. Hydrolysis of this
intermediate using method F (above) gave 65 (28 mg, 42%) as
a colorless solid: 'H NMR (CDCl,) é 8.10 (2H, br s), 7.90-8.00
(2H,m), 7.60~7.70 (2H, m), 7.20~7.30 (5H, m), 7.10~7.20 (1H, m),
4.40 (2H, d), 4.10-4.20 (1H, m), 3.80-4.00 (2H, m), 3.60-3.70 (1H,
m), 3.40-3.50 (1H, m), 2.30-2.40 (2H, m), 1.00-1.40 (3H, m), 0.90—
1.00 (6H, m); high-resolution FAB MS m/z found 502.2334 (MH*),
CosH3:N3Os requires 502.2342.

N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz| f}isoin-
dol-2-yl)propyl]-N'-phenyl-L-leucinamide, Trifluoroacetate
(66). Reaction of aniline (0.03 mL, 0.33 mmol) with 28 (100 mg,
0.21 mmol) using method G above and purification of the product
by reverse-phase HPLC gave N-[1-(R)-[(1,1-dimethylethoxy)-
carbonyl]-3-(1,3-dihydro-1,3-dioxo-2H-benz[flisoindol-2-yl)-
propyll-N’-phenyl-L-leucinamide, trifluoroacetate (69 mg, 59%)
as a white solid. Hydrolysis of this intermediate using method
F (above) gave 66 (56 mg, 85%) as a white lyophilized solid: 'H
NMR (CD;O0D) 6 8.20 (2H, s), 7.98-8.03 (2H, m), 7.61-7.67 (2H,
m), 7.36 (2H, d, J = 9 Hz), 7.06 (2H, t, J = 8, 8 Hz), 6.88-6.94
(1H, m), 3.83-3.95 (4H, m), 2.17~2.26 (2H, m), 1.57-1.83 (3H, m),
0.90 (3H, d, J = 6 Hz), 0.87 (3H, d, J = 6 Hz); high-resolution
FAB MS m/z found 488.2186 (MH*), Cz;HgoN3Os requires
488.2185.

N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz| flisoin-
dol-2-yl)propyl]-N-methyl-L-leucinamide, Trifluoroacetate
(67). Method H: Triethylamine (0.5 mL, 3.6 mmol) was added
to a stirred solution of compound 28 (300 mg, 0.64 mmol),
hydroxybenzotriazole hydrate (120 mg, 0.78 mmol), dicyclohex-
ylcarbodiimide (150 mg, 0.73 mmol), and methylamine hydro-
chloride (600 mg, 8.9 mmol) in CH;Cl; (30 mL), and the resulting
mixture was stirred for 18 h at room temperature. The mixture
was filtered through Celite, and the solvent was removed by
evaporation. The resulting residue was purified by silica
chromatography using hexane:EtOAc:CH,Cl, (2:1:1) as eluent
to give N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-dihydro-
1,3-dioxo-2H-benz[f]isoindol-2-yl)propyl]-N’-phenyl-L-leucin-
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amide (320 mg, 100%) as a white solid. Hydrolysis of this
intermediate using method F (above) gave 67 (180 mg, 55%) as
a white lyophilized solid: 'H NMR (CD;OD) 6 8.11 (2H, s), 7.86
(2H, m), 7.45 (2H, m), 3.65 (3H, m), 3.52 (1H, m), 2.00 (2H, m),
1.6-1.2 (3H, m), 0.69 (6H, m); high-resolution FAB MS m/z found
426.2020 (MH"’), CstzstOE, requires 426.2029.
N[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz[ f]isoin-
dol-2-yl)propyl]-N'-(3-pyridylmethyl)-L-leucinamide, Tri-
fluoroacetate (68). Reaction of 3-(aminomethyl)pyridine (0.026
mL, 0.26 mmol) with 28 (100 mg, 0.21 mmol) using method G
(above) gave crude N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-3-
(1,3-dihydro-1,3-dioxo-2H-benz[f}isoindol-2-yl)propyl]-N'-(3-
pyridylmethyl)-L-leucinamide (139 mg, 117%). Hydrolysis of
this intermediate using method F (above) gave 68 (97 mg, 74%)
as a white colorless solid: 'H NMR (CDsOD) ¢ 8.75 (1H, br s),
8.63 (1H, m), 8.40 (2H, s), 8.30 (1H, m), 8.15 (2H, m), 7.70-7.90
(3H, m), 4.6 (2H, ABq), 3.90-4.00 (2H, m), 3.80-3.90 (2H, m),
1.60-1.85 (4H, m), 0.95 (6H, apparent t,J = 6 Hz); high-resolution
FAB MS m/z found 503.2295 (MH*), CysHyN,O5 requires
503.2222.
N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz[ f]isoin-
dol-2-yl)propyl]-N-[(2-methyl-2 H-tetrazol-5-yl )methyl]-L-
leucinamide, Trifluoroacetate (69). Method I: Dicyclohex-
ylcarbodiimide (53 mg, 0.26 mmol) was added to a stirred solution
of compound 28 (100 mg, 0.21 mmol), hydroxybenzotriazole
hydrate (39 mg, 0.26 mmol), N-methylmorpholine (26 mg, 0.26
mmol), and 2-methyl-5-(aminomethyl)-2H-tetrazole®? (38 mg, 0.26
mmol) in DMF (2 mL) cooled at 0 °C. The mixture was allowed
towarm to 23 °C and stirred for 24 h. The solvents were removed
by evaporation, and the resultant residue was diluted with EtOAc.
The mixture was extracted with saturated aqueous sodium
bicarbonate, the organic layer was separated, dried (MgSO,),
and filtered, and the solvent was removed by evaporation toafford
N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-dihydro-1,3-di-
0x0-2H-benz(f]isoindol-2-yl) propyl]-N'- [ (2-methyl-2H-tetrazol-
5-yl)methyl]-L-leucinamide (120 mg, 100%). Hydrolysis of this
intermediate using method F (above) gave 69 (50 mg, 38%) as
a white colorless solid: 'H NMR (CD;0D) § 8.25 (2H, s), 8.00-
8.10 (2H, m), 7.60-7.65 (2H, m), 4.55 (2H, s), 4.20 (3H, s), 3.70-
3.90 (4H, m), 2.10-2.30 (2H, m), 1.50-1.80 (3H, m), 0.86 (6H,
apparent t, J = 6 Hz); high-resolution FAB MS m/z found
508.2307 (MH™), Cy5H3oN7O5 requires 508.2230.
N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz[ flisoin-
dol-2-yl)propyl]-N'-[(4-carboxyphenyl)methyl]-L-leucin-
amide, Trifluoroacetate (70). Method J: Compound 28 (200
mg, 0.42 mmol) was added to a stirred solution of diisopropyl-
ethylamine (0.174 mL, 1 mmol) and hydroxybenzotriazole~
benzotriazolyltetramethyluronium hexafluorophosphate (1.1 mL,
0.45 M, 1:1 stock solution in DMF) in DMF (1 mL) at 5 °C.
4-(Aminomethyl)benzoic acid (75 mg, 0.5 mmol) was added, and
the mixture was stirred for 24 h. The solvents were removed by
evaporation to give crude N-[1-(R)-[(1,1-dimethylethoxy)car-
bonyl]-3-(1,3-dihydro-1,3-dioxo-2H-benz[f}isoindol-2-yl)propyl]-
N'-[(4-carboxyphenyl)methyl]-L-leucinamide. Hydrolysis of this
intermediate using method F (above) gave 70 (84 mg, 30%) as
awhite solid: 'H NMR (CD3;0D) §8.38 (2H, s), 8.14 (2H, m), 7.96
(2H, d, J = 8 Hz), 7.74 (2H, m), 7.40 (2H, d, J = 8 Hz), 4.51 and
4.44 (2H, ABq, J = 15 Hz), 3.80-4.0 (4H, m), 2.20-2.40 (2H, m),
1.58-1.90 (3H, m), 0.9-1.1 (6H, m); high-resolution FAB MS m/z
found 546.2230 (MH*), CsoH3,N3O7 requires 546.2240.
N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz[ flisoin-
dol-2-yl)propyl]-N-[(3-fluorophenyl)methyl]-L-leucin-
amide, Trifluoroacetate (71). Reaction of 3-fluorobenzylamine
(0.030 mL, 0.26 mmol) with 28 (100 mg, 0.21 mmol) using method
G (above) gave N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-
dihydro-1,3-dioxo-2H-benz[f]isoindol-2-yl)propyl]-N’-[(3-fluo-
rophenyl)methyl]-L-leucinamide, trifluoroacetate (60 mg, 48%)
after purification by reverse-phase HPLC. Hydrolysis of this
intermediate using method F (above) gave 71 (33 mg, 55%) as
a white solid: 'H NMR (CD3;OD) § 8.31 (2H, s), 8.05-8.11 (2H,
m),7.63-7.70 (2H, m), 7.18-7.26 (1H, m), 6.95~7.03 (2H, m), 6.83-
6.92 (1H, m), 4.23 (2H, ABq, J,, = 15 Hz), 3.69-3.92 (4H, m),
2.09-2.27 (2H, m), 1.48-1.78 (3H, m), 0.78-0.96 (6H, m); high-
resolution FAB MS m/z found 520.2233 (MH*), CoH3FN;05
requires 520.2248.
N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz[ flisoin-
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dol-2-yl)propyl]-N’-[(4-sulfamoylphenyl)methyl]-L-
leucinamide, Trifluoroacetate (72). Reaction of 4-(amino-
ethyl)benzenesulfonamide (57 mg, 0.26 mmol) with 28 (100 mg,
0.21 mmol) using method I (above) with stirring for 72 h and
purification of the product by reverse-phase HPLC gave N-[1-
(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-dihydro-1,3-dioxo-2H-
benz[f}isoindol-2-yl)propyll-N’-[(4-sulfamoylphenyl)methyl]-L-
leucinamide, trifluoroacetate (104 mg, 76%) as a white solid.
Hydrolysis of this intermediate using method F (above) gave 72
(30 mg, 28% ) as a white solid: 'H NMR (CD3;OD) 6 8.32 (2H, s),
8.05~8.06 (2H, m), 7.76 (2H, d, J = 6 Hz), 7.64-7.67 (2H, m), 7.37
(2H,d,J = 6 Hz), 4.38 (2H, m), 3.73-3.86 (4H, m), 2.17-2.20 (2H,
m), 1.57-1.58 (3H, m), 0.88 (3H, d, J = 6 Hz), 0.85 (3H,d, J =
6 Hz); high-resolution FAB MS m/z found 581.2060 (MH*),
C2sH33N,0O4S requires 581.2070.
N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz| flisoin-
dol-2-yl)propyl]-N'-(1-(S)-phenylethyl)-L-leucinamide, Tri-
fluoroacetate (73). Reaction of 1-(S)-phenylethylamine (0.033
mL, 0.26 mmol) with 28 (100 mg, 0.21 mmol) using method G
(above) and purification of the crude product by reverse-phase
HPLC gave N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-di-
hydro-1,3-dioxo-2H-benz[flisoindol-2-yl)propyl]-N'-(1-(S)-
phenylethyl)-L-leucinamide, trifluoroacetate (42 mg, 34%) as a
white solid. Hydrolysis of this intermediate using method F
(above) gave 73 (20 mg, 45%) as a white solid: 'H NMR (CD;-
OD) ¢ 8.28 (2H, s), 8.02-8.07 (2H, m), 7.60-7.66 (2H, m), 7.12-
7.26 (4H, m), 6.97-7.03 (1H, m), 4.90 (2H, ABq, J, = 6 Hz),
3.69-3.79 (3H, m), 3.56-3.65 (1H, m), 1.96-2.11 (2H, m), 1.55~
1.75 (3H, m), 1.33 (3H, d, J = 9 Hz), 0.90-0.91 (3H, d, J = 6 Hz),
0.88 (3H, d, J = 6 Hz); high-resolution FAB MS m/z found
516.2487 (MH*), C3H34N3O5 requires 516.2498,
N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz[ f]isoin-
dol-2-yl)propyl]-N-(1-(R)-phenylethyl)-L-leucinamide, Tri-
fluoroacetate (74). Reaction of 1-(R)-phenylethylamine (0.033
mL, 0.26 mmol) with 28 (100 mg, 0.21 mmol) using method G
(above) and purification of the crude product by reverse-phase
HPLC gave N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-di-
hydro-1,3-dioxo-2H-benz[flisoindol-2-yl)propyl1-N’-(1-(R)-
phenylethyl)-L-leucinamide, trifluoroacetate as a white solid.
Hydrolysis of this intermediate using method F (above) gave 74
(42 mg, 31%) as a white solid: YH NMR (CD;0D) §8.33 (2H, s),
8.07-8.10 (2H, m), 7.65-7.69 (2H, m), 7.10-7.25 (5H, m), 4.97-
4.99 (2H, m), 3.72-3.95 (4H, m), 2.16-2.27 (2H, m), 1.46-1.71
(3H, m), 1.42 (3H, d, J = 6 Hz), 0.83 (3H, d, J = 6 Hz), 0.75 (3H,
d,J = 6 Hz); high-resolution FAB MS m/z found 516.2501 (MH*),
C3oH3(N30; requires 516.2498.
N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz] f]isoin-
dol-2-yl)propyl]-L-leucine, 2-(R)-(Pyridin-3-yl)pyrrolidine
Amide, Trifluoroacetate and N-[1-(R)-Carboxy-3-(1,3-di-
hydro-1,3-dioxo-2H-benz[ flisoindol-2-yl)propyl]-L-
leucine, 2-(S)-(Pyridin-3-yl)pyrrolidine Amide, Trifluoro-
acetate (75and 76). Reaction of 3-(pyrrolidin-2-yl)pyridine (50
mg, 0.34 mmol) with 28 (103 mg, 0.22 mmol) using method J
(above) gave crude N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-3-
(1,3-dihydro-1,3-dioxo-2H-benz[flisoindol-2-yl)propyl]-L-leu-
cine, 2-(pyridin-3-yl)pyrrolidine amide (145 mg) as a dark solid.
Hydrolysis of this intermediate using method F (above) and
purification by reverse-phase HPLC using a 15-80% CHCN in
H,0 gradient over 30 min gave two fractions eluting at 11.78 and
12.03 min, which yielded two diastereoisomers as white solids
upon lyophilization. 75 (25 mg, 15%,11.78-min peak): 'H NMR
(CD;0OD) ¢ 8.77-8.78 (1H, m), 8.62-8.63 (1H, m), 8.41 (2H, s),
8.15-8.19 (2H, m), 7.82-7.86 (1H, m), 7.74-7.77 (2H, m), 5.21-
5.24 (1H, m), 4.21-4.26 (1H, m), 3.69-4.04 (5H, m), 2.47-2.54
(1H, m), 1.74-2.30 (8H, m), 1.02-1.07 (6H, m); high-resolution
FAB MS m/z found 543.2612 (MH*), C3H3;N.Os requires
543.2607. 76 (27 mg, 16 %, 12.03-min peak): 'H NMR (CD;0D)
6 8.65-8.70 (2H, m), 8.39 (2H, s), 8.29-8.37 (1H, m), 8.13-8.17
(2H, m), 7.73-7.88 (2H, m), 5.24 (1H, t, J = 6 Hz), 4.32 (1H, t,
J = 6 Hz), 3.82-4.05 (5H, m), 2.51-2.57 (1H, m), 2.26-2.35 (2H,
m),2.13-2.22 (2H, m), 1.95-2.04 (1H, m), 1.76-1.81 (3H, m), 1.01-
1.06 (6H, m); high-resolution FAB MS m/z found 543.2618 (MH*),
Cs1H3sN4O5 requires 543.2607.
N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz] f]isoin-
dol-2-yl)propyl]-N-(1,2,3,4-tetrahydronaphth-1-yl)-L-
leucinamide, Trifluoroacetate (77). Reaction of 1,2,3,4-
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tetrahydronaphthalen-1-ylamine (101 mg, 0.55 mmol)33 with 28
(200 mg, 0.42 mmol) using method J (above) gave crude N-[1-
(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-dihydro-1,3-dioxo-2H-
benz(flisoindol-2-yl)propyl]-N'-(1,2,3,4-tetrahydronaphth-1-yl)-
L-leucinamide (300 mg) as an oil. Hydrolysis of thisintermediate
using method F (above) gave 77 (47 mg, 17%) as a white solid:
1H NMR (CD3OD) 6 8.43 (2H, s), 8.19 (2H, m), 7.79 (2H, m),
7.07-1.37 (4H, m), 5.07-5.2 (1H, m), 3.82-4.12 (4H, m), 2.80 (2H,
m), 2.33 (2H, m), 1.67-2.10 (7TH, m), 1.05 (6H, m); high-resolution
FAB MS m/z found 542.2655 (MH*), C32HsN3Os requires
542.2655.

N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz] f]isoin-
dol-2-yl)propyl]-L-leucine, 1H-3,4-Dihydroisoquino-
line Amide, Trifluoroacetate (78). Reaction of 1,2,34-
tetrahydroisoquinoline (0.063 mL, 0.5 mmol) with 28 (200 mg,
0.42 mmol) using method J (above) gave crude N-[1-(R)-[(1,1-
dimethylethoxy)carbonyl]-3-(1,3-dihydro-1,3-dioxo-2H-benz[f]-
isoindol-2-yl)propyll-L-leucine, 1H-3,4-dihydroisoquinoline amide
(274 mg) as a white solid. Hydrolysis of this intermediate using
method F (above) gave 78 (51 mg, 19%) as a colorless oil: 'H
NMR (CDsOD) ¢ 8.33 (2H, s), 8.11 (2H, m), 7.72 (2H, m), 7.13
(4H,m), 4.56-4.84 (4H, m), 3.60-4.24 (6H, m), 2.78-3.08 (2H, m),
2.16-2.42 (2H, m), 1.64~1.96 (3H, m), 1.00 (6H, m); high-resolution
FAB MS m/z found 528.2510 (MH*), CgH3N3Os requires
528.2498.

N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz] f]isoin-
dol-2-yl)propyl]-N-(phenylmethyl)-N'-methyl-L-leucin-
amide, Trifluoroacetate (79). Reaction of benzylmethylamine
(61 mg, 0.5 mmol) with 28 (200 mg, 0.42 mmol) using method J
(above) gave crude 4-(1,3-dihydro-1,3-dioxo-2H-benz[f}isoindol-
2-y1)-2-(R)-[[3-methyl-1-(S)-[[(benzylmethyl)amino]lcarbonyl]-
butyllamino] butanoic acid, 1,1-dimethylethyl ester (280 mg) as
a white solid. Hydrolysis of this intermediate using method F
(above) gave 79 (104 mg, 39%) as a white solid: 1H NMR (CD;-
OD) (rotameric mixture) § 8.33 (minor) and 8.35 (major) (2H, s),
8.12 (2H, m), 7.72 (2H, m), 7.15-7.38 (5H, m), 4.76-4.38 (3H, m),
3.77-4.05 (3H, m), 3.01 (minor) and 3.04 (major) (3H, s), 2.17
(minor) and 2.30 (major) (2H, m), 1.67-1.94 (3H, m), 0.86-0.97
(minor) and 1.00 (major) (6H, m); high-resolution FAB MS m/z
found 516.2491 (MH*), C30H3,N;O5 requires 516.2498.

N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz] flisoin-
dol-2-yl)propyl]-L-leucine, 4-Methylpiperazine Amide, Tri-
fluoroacetate (80). Reaction of 4-methylpiperazine (0.055 mL,
0.5 mmol) with 28 (200 mg, 0.42 mmol) using method J (above)
gave crude N-[1-(R)-[(1,1-dimethylethoxy)carbonyl]-3-(1,3-di-
hydro-1,3-dioxo-2H-benz[flisoindol-2-yl) propyl]-L-leucine, 4-
methylpiperazine amide (244 mg) as a white solid. Hydrolysis
of this intermediate using method F (above) gave 80 (175 mg,
58% ) as a white solid: 1H NMR (CD;0D) 6 8.36 (2H, s), 8.13 (2H,
m), 7.73 (2H, m), 4.52 (1H, m), 3.20-4.25 (11H, br m), 2.97 (3H,
8), 2.30 (2H, m), 1.80 (3H, m), 1.02 (6H, m); high-resolution FAB
MS m/z found 495.2598 (MH*), C47;H3sN4O5 requires 495.2607.

N-[1-(R)-Carboxy-3-(1,3-dihydro-1,3-dioxo-2 H-benz] f]isoin-
dol-2-yl)propyl]-N',N'-dimethyl-L-leucinamide, Trifluoro-
acetate (81). Reaction of dimethylamine (0.16 mL of a 5.6 M
solution in EtOH, 0.88 mmol) with 28 (103 mg, 0.22 mmol) using
method J (above) gave 4-(1,3-dihydro-1,3-dioxo-2H-benz[f]-
isoindol-2-y1)-2-(R)-[[3-methyl-1-(S)-[(dimethylamino)carbonyl]-
butyllamino] butanoic acid, 1,1-dimethylethyl ester, trifluoro-
acetate (61 mg, 56 % ) as a white solid after purification by reverse-
phase HPLC. Hydrolysis of this intermediate using method F
(above) gave 81 (35 mg, 57%) as a white solid: 1H NMR (CD;-
0OD) 4 8.31 (2H, s), 8.04-8.08 (2H, m), 7.63-7.68 (2H, m), 4.38
(1H, t, J = 6 Hz), 3.82-3.89 (3H, m), 3.03 (3H, s), 2.88 (3H, s),
2.15-2.23 (2H, m), 1.64-1.73 (3H, m), 0.90-0.94 (6H, m); high-
resolution FAB MS m/z found 440.2188 (MH*), C24H3,N3O5
requires 440.2185.

Biological Methods. K; values were determined using the
chromogenicsubstrate Ac-Pro-Leu-Gly-¥[CO-S]-Leu-Leu-Gly-
OCyH; (TES)* (Bachem Inc., Torrance, CA) for collagenase or
the fluorogenic substrates Dnp-Pro-Cha-Gly-Cys(Me)-His-Ala-
Lys(Nma)-NH; for gelatinase® and Dnp-Pro-Gln-Gln-Phe-Lys-
Arg-Lys(Nma)-NH; for stromelysin. Assays were conducted in
a total volume of 0.3 mL of assay buffer (200 mM NaCl, 50 mM
Tris, 5 mM CaCly, 20 uM ZnS0,, 0.05% Brij 35, pH 7.6) in either
black (gelatinase and stromelysin) or clear (collagenase) 96-well
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microtiter plates. Collagenase, gelatinase, and stromelysin
concentrations were adjusted to 3 nM, 1 nM, and 10 nM,
respectively. Inhibitors were diluted from 10 000 nM to 0.057
nM by serial 3-fold dilution. The fluorogenic assays with
gelatinase and stromelysin were initiated with substrate addition
(10 uM final concentration), and the product formation was
measured at EXggs/EMys0 nm after 40 min using a Baxter (FCA)
fluorescence analyzer. TES assays were initiated with TES (100
mM final concentration) in the presence of 1 mM DTNB (5,5'-
dithiobis(2-nitrobenzoicacid)), and the rate of product formation
was monitored at 405 nm with.a Molecular Devices THERMOmax
plate reader. Under the above conditions, the substrate con-
centrations are <<< K, and the K can be determined directly
by plotting percent inhibition versus the log of the inhibitor
concentration.

Stability of the inhibitors in 20 mM sodium phosphate buffer
(pH 6.8) was monitored by HPLC (Vydac, C18, 5 um, 4.1 X 250
mm) using a 5-60% acetonitrile gradient containing 0.1% TFA.
Each inhibitor was adjusted to 20 uM in the phosphate buffer
and placed in an autosampler at 30 °C; 200-uL aliquots were
injected every 3 h over a 24-h period. The compounds and
associated degradation products were monitored at 214 nm. The
half-life of each compound was determined by plotting the log
(percent remaining) versus time.

Supplementary Material Available: Analytical HPLC
analyses and proton NMR spectra are available for all compounds
for which biological data were obtained (64 pages). Ordering
information is given on any current masthead page.
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