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Ortho-Substituted Benzofused Macrocyclic Lactams as Zinc Metalloprotease
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The design and preparation of ortho-substituted benzofused macrocyclic lactams are described.
The benzofused macrocyclic lactams were designed as neutral endopeptidase 24.11 (NEP)
inhibitors. Docking studies were carried out in a model of thermolysin (TLN) using the
MACROMODEL and QXP modeling programs to select suitable ring sizes. These studies
predicted that the 11-, 12-, and 13-membered ring macrocyclic lactams would be active in both
enzymes TLN and NEP. Good predictability of experimental results, within this series, of
binding to thermolysin and to a lesser extent to NEP was observed. A visual comparison,
docked at the active site of TLN, is presented for thiorphan, a 10-membered ring macrocycle
and an 11-membered ring benzofused macrocyclic lactam. Potent inhibition of both NEP and
thermolysin was obtained. The 11-membered ring macrocycle 25a is the most potent inhibitor
from this series of compounds (TLN ICso = 68 nM; NEP 1C5o = 0.9 nM). The effects of prodrug
44b administered at 10 mg/kg po on plasma atrial natriuretic peptide (ANP) levels in conscious

rats was greater than 200% over a 4 h period.

Atrial natriuretic peptide (ANP)2b js a potent di-
uretic, natriuretic, and vasorelaxant hormone. These
properties have led many investigators to speculate that
this peptide might be effective for treating hypertension,
congestive heart failure, and renal diseases.2 Numerous
groups have independently demonstrated that kidney
membrane preparations degrade ANP enzymatically.
Furthermore inactivation and the loss of biological
activity in vivo,32-" at least in part, occurs via cleavage
of the Cys’—Phe® peptide bond, Figure 1, by neutral
endopeptidase 24.11* (NEP, EC 3.4.24.11). NEP inhibi-
tors have been shown to elicit ANP-like responses in
animal models.5279

To date, selective NEP inhibitors have not fulfilled
their potential as therapeutic agents. However, under-
standing the structural requirements to inhibit this
enzyme is still a very intriguing subject. With the
understanding of NEP, insights into the inhibitory
nature of other structurally similar metalloproteases
may be possible. For example, the accompanying paper
describes simple modifications to the compounds pre-
sented in this paper that converts selective NEP inhibi-
tors into dual ACE/NEP inhibitors.

A potent 10-membered macrocycle NEP inhibitor has
previously been described.6 Our goal was to synthesize
benzofused macrocycles and examine the in vitro effects
of placing a phenyl ring in the S;' or S,' subsite of NEP
and thermolysin (TLN). In order to select the suitable
size of the macrocycle and position for the phenyl ring,
we carried out docking studies using the MACRO-
MODEL modeling program based on the crystal struc-
ture of TLN. These studies predicted that the 11-, 12-,
and 13-membered macrocycles would be active.

The modeling studies have recently been extended
using newer, significantly faster methods (QXP) allow-
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ing the inclusion of a larger number of compounds and
more comprehensive conformational searching. The
results of these more recent studies will be described
in this publication.

Model for NEP

The three-dimensional structure of NEP has not as
yet been reported. However, a related zinc metallopro-
tease, thermolysin, for which a number of high-resolu-
tion crystal structures are readily available,® has been
used successfully as a model for NEP in the design of
NEP inhibitors. Recent examples include a 10-mem-
bered macrocyclic thiol® and candoxatrilat.®

There are significant similarities between the sub-
strate specificity and the inhibitors of NEP and ther-
molysin. Both enzymes catalyze the hydrolysis of an
amide bond on the amino side of hydrophobic residues.
Many inhibitors of thermolysin also inhibit NEP. One
of the striking similarities of the two enzymes is the
stereochemical requirements of the Py’ residue. Unlike
ACE, both NEP and thermolysin are inhibited by (S)-
and (R)-thiorphan and (R)-retrothiorphan and, to a
lesser degree, by (S)-retrothiorphan.1%1! This indicates
that the volume around the base of the S;' subsite must
be similar in both enzymes. The position of the enzyme
atoms which form hydrogen bonds to the amide group
linking P,' to P, are also likely to be very similar in
the two enzymes as inferred from the ability of thior-
phan, retrothiorphan, and 10-membered ring lactams
to inhibit both NEP and thermolysin.

Relevant to this work is the orientations of the S;’
and S,' subsites of NEP and thermolysin. In thermol-
ysin these pockets are connected. The crystal structures
of several 10-membered macrocycles complexed to ther-
molysin have been determined and show that these
molecules bind to the S;' and S,' subsites of thermol-
ysin.12 Since these 10-membered macrocycles are very
potent NEP inhibitors,® it can be hypothesized that they
also bind to the S;' and S,' pockets of NEP and that, as
in thermolysin, these subsites form one contiguous
accessible volume.
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Figure 1. Cleavage site of ANP by NEP 24.11.

A significant difference between thermolysin and NEP
is the size of the S;’ pocket. NEP accepts inhibitors with
a large group such as a biphenylylmethyl in P, 13
whereas such compounds do not inhibit thermolysin.
Therefore, when using thermolysin as a model for NEP,
it is important to know which regions can be inferred
to be structurally similar to NEP and which appear to
be significantly different.

To evaluate the potential binding of the benzofused
macrocycles to thermolysin/NEP, each macrocycle was
docked into the thermolysin active site using the MC-
DOCK module of the QXP molecular modeling pro-
gram.'* This program uses a Monte Carlo searching
algorithm and a rapid energy minimization procedure
to explore different conformations and binding. The
output of this program is an ensemble of low-energy
conformations. For each conformation a total energy
is reported as well as the ligand strain energy. The total
energy (described in the Experimental Section) is useful
as a qualitative parameter which, although it cannot
predict binding affinities, does differentiate between
those inhibitors that can form good interactions with
an enzyme binding site and those that cannot. The
strain energy is the difference in energy between the
bound conformation of the ligand and the lowest energy
conformation found after an exhaustive conformational
search performed in the absence of the binding site. A
ligand strain energy above 25 kJ is taken to be exces-
sively high, indicating that the bound conformation is
not energetically accessible to that molecule.

The final evaluation of a docked structure is visual.
After conformational searching and energy minimiza-
tion in the binding site, the structures are inspected to
determine if they can form the hydrogen bonds and
hydrophobic interactions found in the crystal structure
of other thermolysin/inhibitor complexes.8

Chemistry

The preparation of P;' benzofused macrocycles is
shown in Scheme 1. N-Boc-L-aspartic diethyl ester was
reduced with sodium borohydride. The crude diol 1 was
stirred at room temperature with dimethoxypropane
and p-toluenesulfonic acid overnight to give the pro-
tected N-Boc alcohol 2. The experimental conditions in
the acetonide formation for compound 2 theoretically
could give two products, a 5- or 6-membered ring.
Verification of the structure was accomplished after
conversion to the aldehyde. Oxidation with PCC gave
the aldehyde 3a. The proton NMR was consistent with
the assigned structure of the 5-membered ring based
on the coupling of the aldehyde proton to the two
adjacent methylene protons. The aldehyde proton ap-
pears at 9.77 ppm as a triplet, 3 = 1.8 Hz. Wittig
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condensation of the ylide, generated from the phospho-
nium salt 11 and potassium tert-butoxide, with aldehyde
3a gave a good yield of olefin 12. Compound 11 was
prepared from o-bromobenzaldehyde from a series of
standard organic transformations. Halogen lithium
exchange with nBuL.i followed by condensation of the
resulting anion with DMF gave the aromatic aldehyde
13. Condensation of methyl benzyl malonate with
aldehyde 13 followed by hydrogenation gave the mono
acid ester 15. Acid hydrolysis of the Boc acetonide with
HCI gave the amino alcohol acid ester 16 isolated as a
crude reaction mixture. The macrolactonization was
accomplished by stirring, under high dilution, the amino
acid 16 with EDCI, hydroxybenzhydrazole and triethy-
lamine in methylene chloride. The lactam 17 was
oxidized with sodium periodate and ruthenium trichlo-
ride, saponified to the diacid with NaOH, and converted
to the exocyclic enone 20 with paraformaldehyde—
piperidine. Addition of thioacetic acid and reesterifi-
cation with diazomethane or cesium carbonate/methyl
iodide followed by flash chromatography gave two
diastereomers 22a and 22b. The individual diastere-
omers 22a,b were hydrolyzed with LiOH to give the
(S,S)-23a and (R,S)-23b thiol acids. The S-acetyl benzyl
esters 44a,b were prepared similarly by reacting the
S-acetyl acids 21 with cesium carbonate and benzyl
bromide.

The stereochemical assignment of the S-acetyl methyl
esters is based upon the corresponding chemical shifts
determined for the 10-membered ring macrocycle,® the
cysteine-containing macrocycle,” and the meta-substi-
tuted benzofused macrocycles described in the following
paper. The assignment is also supported by the X-ray
of the 10-membered ring macrocycle® and the X-ray of
the (R,S)-meta-substituted benzofused macrocycle de-
scribed in the following paper.

The 'H NMR chemical shifts of the S-acetyl methyl
esters NCHCO methine proton appear at 3.9, 4.08, and
4.40 ppm for the (S,S) isomers of the 11-, 12-, and 13-
membered rings, respectively, to the NCHCO methine
protons of the (R,S) isomers which appear downfield to
the corresponding (S,S) diastereomers. The 11-, 12-,
and 13-membered ring (R,S) NCHCO methine protons
appear at 4.50, 4.65, and 4.63 ppm, respectively.

The general procedure, described above, was used to
prepare the 11-(25a,b) and 13-(27a,b) membered ring
macrocycles. The ring size of the macrocycle was
controlled by adjusting the chain length of the aryl
phosphonium salt and/or the aldehyde 3a,b derived
from either L-aspartic acid or L-glutamic acid. The 11-
membered ring was prepared from the ylide derived
from 2-bromobenzyl bromide and the aldehyde derived
from L-glutamic acid. The 13-membered ring was
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prepared from the ylide derived from 1-iodo-3-(2-bro-
mophenyl)propane and the aldehyde derived from L-
glutamic acid.

The preparation of P, benzofused macrocycles is
shown in Scheme 2. d,l-0-Bromo-N-BOC-phenylalanine

ethyl ester was reduced with sodium borohydride to the
alcohol followed by stirring at room temperature with
dimethoxypropane and p-toluenesulfonic acid overnight
to give the racemic protected N-Boc derivative 28. The
aromatic bromide was lithiated with nBuLi and reacted
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methyl malonate, piperidine, benzoic acid; (f) Ho/Pd—C; (g) HCI; (h) EDCI, HOBT; (i) NalO4, RuCls; (j) NaOH; (k) paraformaldehyde,

piperdine; (1) thiolacetic acid; (m) cesium carbonate, methyl iodide; (n) LiOH.

with DMF. The resulting aldehyde 29 was condensed
with the appropriate ylide using standard Wittig condi-
tions. The phosphonium salts derived from ethyl 4-io-
dobutyrate, ethyl 5-iodovalerate, and ethyl 6-iodohex-
anoate led to the preparation of the 12-, 13-, and 14-
membered ring macrocycles, respectively.

The ester 30 was reduced with lithium aluminum
hydride and reoxidized to the aldehyde 32. Base-
catalyzed condensation of aldehyde 32 with the mixed
benzyl ethyl malonate followed by palladium catalyzed
hydrogenation gave the mixed acid ethyl ester 34. Acid
hydrolysis and EDCI/HOBT cyclization under dilute
reaction conditions gave the macrocyclic lactam 36.

The lactam 36 was converted to the thiol acids 38,
40, and 42 as outlined in the previous examples
described for the P;' benzofused macrocycles. The
starting material o-bromophenylalanine was racemic;
therefore the Py’ benzofused lactams were isolated as
the racemic cis and racemic trans products. However,
in the preparation of the 12-membered ring macrocycle
only one S-acetyl methyl ester isomer 37 was isolated.
On the basis of the chemical shift of the NCHCO
methine proton, 5.18 ppm, a tentative trans stereo-
chemical assignment has been made.

Results and Discussion

We demonstrate that the relative ability of benzofused
macrocycles to bind to TLN and to a lesser extent NEP
can be predicted on the basis of the proposed molecular
model. The benzofused macrocycles can be considered
hybrids of thiorphan, Figure 2, and the 10-membered
ring macrocycle 43, Figure 3. Essential to the binding
of these compounds to TLN is proper orientation of the
thiol and the amide bond. Both compounds thiorphan
and 43 can easily adopt the required conformation,
consistent with the model. However neither of these
two compounds effectively fill the S;' and S;' binding
sites of thermolysin. The P;' benzofused macrocycles
have been designed to position the phenyl ring into the
S1' subsites in a manner similar to that for thiorphan.
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Figure 2. Thiorphan (ICsp = 9500 nM TLN and 4.3 nM NEP)
in the active site of thermolysin.

In addition, the alkane chain connecting the phenyl ring
to the terminal carboxylic acid was designed to extend
along the hydrophobic region between the S;' and S’
subsites similar to the aliphatic macrocycles previously
reported.5” Molecular modeling was used to determine
which size macrocycle would be ideal to achieve these
goals. Macrocycles ranging in size from 10 to 14 were
modeled. The 10-membered ring was too small and the
14-membered ring too large. However, low-energy
conformation of the 11-, 12-, and 13-membered rings
reveal an excellent fit of the aromatic ring into the P;'
pocket as well as good hydrophobic interaction between
the alkane chain and the S;'—S,' sites of thermolysin.
On the basis of these findings, the 11-, 12-, and 13-
membered macrocycles were synthesized. The NEP and
thermolysin in vitro data is shown in Table 1.

As previously mentioned, the benzofused macrocycles,
Table 1, were designed as hybrids of thiorphan and the
10-membered ring macrocycle 43. Thiorphan and 43,
bound to the active site of thermolysin, are shown in
Figures 2 and 3,2 respectively. In Figure 2, the phenyl
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Figure 3. Ten-membered ring macrocycle 43 (ICs; = 8800
nM TLN and 17 nM NEP) in the active site of thermolysin.

Table 1. In vitro NEP, ACE, and Thermolysin Inhibition of Py’
Ortho-Substituted Benzofused Macrocyclic Lactams

Sy
Sy

@“S ' O  COuH

molecular molecular
model total model ligand
energy  strain energy

ring size  stereo- 1Cs0 (NM)
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Figure 4. Compound 25a (ICso = 68 nM TLN and 0.9 nM
NEP) in the active site of thermolysin.

additional binding affinity. The 10-membered macro-
cycle, 43, readily fits into the contiguous volume be-
tween the S;' and S’ sites of thermolysin. However,
this compound does not fully occupy the S;’ subsite. This
may cause the relatively weak binding of this compound
(ICs0 = 9500 nM) to thermolysin.

Macrocycle 25a is the most potent thermolysin inhibi-
tor (ICsp = 68 nM) from this series of compounds. Itis
also the most potent inhibitor of NEP, 1Cso = 0.9 nM.
Figure 4 shows compound 25a bound to the active site
of TLN. In contrast to thiorphan, the phenyl ring of
25a makes excellent hydrophobic contacts with the
accessible surface of the S;' pocket. Figure 4 also shows
good hydrophobic interactions of the methylene tether

compd X =(CHy)» chem NEP TL  (kJ/mol) (kJ/mol) along the Sy’ and the S,' sites of the enzyme. In addition
25a 11 S 09 68 —312 3 to hydrophobic interactions, another very important
25b 11 R 7 2300 -26.4 6 inding i ili .
22 1 S 3 500  _204 8 parameter to good binding is the ability to form accept
23b 12 R 4 4000 —19.7 13 able hydrogen bonds. In the model, the distance
27a 13 S 224 41000 —27.8 12 between the carbonyl oxygen and the hydrogens of Arg
27b 13 R 27 1800  -299 9 203 were 2.3 and 2.4 A for the 11-membered (S,S)

ring of thiorphan extends slightly beyond the accessible
surface of the model. This may explain the moderate
binding of thiorphan to thermolysin (ICso = 9500 nM).
Binding to NEP, 1Cso = 4.3 nM, should not be affected
since the P;' pocket is deep enough to accommodate a
biphenyl group. The 10-membered ring macrocycle, 43,
lacking good occupation of the P;' pocket, relies upon
the hydrophobic interactions of the methylene chain for

isomer 25a and 2.8 and 2.8 A for the (R,S) isomer 25b.
This is reflected in the total energy. In agreement with
these findings, the total energy computed for 25a was
the lowest of all the macrocycles.

Although the total energy cannot be used to rank
order the potency of the entire series, we examined the
ability of the model to predict potency of each pair of
stereoisomers. For the 11-membered macrocycles, the
modeling studies indicate that the cis (S,S) isomer, 25a,

Table 2. In vitro NEP, ACE, and Thermolysin Inhibition of P," Ortho-Substituted Benzofused Macrocyclic Lactams

S“
82'
X
@\Hs "0 " eoxH
ring size 1Cs0 (NM) molecular model molecular model
compd X = (CH2)n stereochem NEP TL total energy (kJ/mol) ligand strain energy (kJ/mol)

38b 12 RS,SR (trans) 99 49000
40a 13 SS,RR (cis) 67 40000 (S,8) —27.2 (S,9) 16
40b 13 RS,SR (trans) 136 16000 (R,S) —14.0 (R,S)8
42a 14 SS,RR (cis) 900 NT (S.S) —24.2 (S.S) 13
42b 14 RS,SR (trans) >10000 60000
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Figure 5. Compound 40a (racemic cis ICso = 40 000 nM TLN
and 67 nM NEP) in the active site of thermolysin.

should be more potent than the trans (R,S)-25b isomer.
This is consistent with experimental results (Table 1).
Similarly, the (S,S) cis 12-membered ring diastereomer
23ais more potent in TLN than the corresponding trans
isomer 23b. Interestingly, for the 13-membered ring
isomers, the (R,S) trans isomer 27b fits the model more
effectively than the (S,S) cis isomer 27a. This reversal
of the predicted stereochemistry preference, cis to trans,
is also consistent with experimental results.

In our model, the Py’ benzofused macrocycles position
an aromatic ring into the S,' subsite of thermolysin. A
portion of the aromatic ring is in a hydrophobic region,
flanked by Phe 130, Leu 202, and Tyr 193. However, a
substantial portion of the aromatic ring protrudes into
the solvent, Figure 5. Although these macrocycles
occupy more of the S;'—S,' subsite than the unsubsti-
tuted 10-membered macrocycle, they do not fill the Sy’
subsite of thermolysin nearly as well as the P;’ series
of benzofused macrocycles.

Upon synthesis, it was found that the P,’ benzofused
macrocycles are considerably poorer inhibitors of both
thermolysin and NEP. Therefore, we conclude that full
occupation of the solvent inaccessible S;' subsite greatly
enhances binding whereas occupation of the more
solvent accessible S,' subsite is unfavorable.

ANP Potentiation Assay

Although the emphasis of this paper deals with the
rationalization of the in vitro activity of this series of
compounds, we present some in vivo activity to dem-
onstrate oral activity in a functional animal model of
ANP.

Plasma ANP concentrations were determined in
animals infused with exogenous ANP before and after
administration of NEP inhibitors. Figure 6 shows the
effects of 44b administered at 10 mg/kg po on plasma
ANP levels in conscious rats. Plasma ANP levels are
expressed as a percent of those measured in vehicle-
treated animals which received the infusion of exog-
enous ANP. ANP levels were increased significantly,
greater than 200%, at all time points (30—240 min) after
the administration of 44b.

In summary, a series of ortho-substituted benzofused
macrocyclic lactams were examined in a model of

Ksander et al.
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Figure 6. The effect of 44b administered orally at 10 mg/kg
on plasma ANF concentrations in conscious rats infused with
exogenous ANF. Values are the mean + SEM for six rats
treated with 44b.

J

thermolysin which resulted in good predictability of
experimental results, within this series, of binding to
thermolysin and to a lesser extent to NEP. Potent
inhibition of both NEP and thermolysin was obtained.
To demonstrate in vivo efficacy within this series of
compounds, a prodrug of 26b was prepared which
produced marked increases of ANP levels upon oral
administration at 10 mg/kg in rats.

Experimental Section

General Procedures. 'H NMR spectra were recorded on
Varian XL 400 MHz, Varian VR 300 MHz, and/or Bruker AC
250 MHz spectrometers with tetramethylsilane as internal
standard. Infrared spectra were recorded on a Nicolet 5SXFT
spectrometer. Optical rotations were measured with a Perkin-
Elmer Model 241 polarimeter. Melting points were taken on
a Thomas-Hoover melting point apparatus and are uncor-
rected.

2(S)-[[(1,1-Dimethylethoxy)carbonyl]lamino]-1,4-bu-
tanediol (1). To a solution of N-Boc diethyl L-aspartic acid
ester (22.9 g, 79.4 mmol) in 300 mL of ethanol cooled in an ice
bath was added sodium borohydride (24 g, 8 eqv). The reaction
was refluxed for 4 h, cooled, poured into brine, and extracted
with ether. The organic layer was dried (MgSO,), filtered, and
evaporated to dryness to give 15.8 g (97%) of 1: *H NMR
(CDCl3) 6 5.0 (d,1H), 3.83 (m, 1H), 3.7 (m, 4H), 1.8 (m, 1H),
1.6 (m, 1H), 1.4 (s, 9H).

2,2-Dimethyl-3-[(1,1-dimethylethoxy)carbonyl]-4(S)-
oxazolidineethanol (2). The diol 1 (15.8 g, 77 mmol) in 350
mL of methylene chloride, dimethoxypropane (96 mL), and
p-toluenesulfonic acid (1.5 g, 7.7 mmol) were stirred at room
temperature for 16 h. The organic layer was washed with
NaHCO; (2x) and brine, dried (MgSO,), evaporated to dryness,
and flash chromatographed on silica gel eluting with ethyl
acetate/hexane (1:2) to give 8.0 g (42%) of 2: *H NMR (CDCls)
6 4.2 (m, 1H), 4.0 (m, 2H), 3.68 (d, 1H), 3.6 (m, 1H), 1.8 (m,
2H), 1.65 and 1.55 (s, 3H), 1.47 (s, 9H).

2,2-Dimethyl-3-[(1,1-dimethylethoxy)carbonyl]-4(S)-
oxazolidineacetaldehyde (3a). The solution of alcohol 2
(7.98 g, 32 mmol) and pyridinium chlorochromate (14 g, 65
mmol) in 120 mL of methylene chloride was stirred for 2.5 h,
diluted with ether, and stirred for an additional 5 min. The
residue was removed by filtering the suspension through a
small plug of silica gel. The organic solute was concentrated
to dryness and flash chromatographed on silica gel, eluting
with ethyl acetate/hexane (1:4) to give 5.6 g (74%) of 3a: 'H
NMR (CDCIs) 6 9.77 (t, 3 = 1.8 Hz, 1H), 4.3 (m, 1H), 4.07 (m,
1H), 3.7 (d, 1H), 3.1-2.5 (m, 2H), 1.6 (s, 3H), 1.52 (s, 3H), 1.45
(s, 9H).

2,2-Dimethyl-3-[(1,1-dimethylethoxy)carbonyl]-4(S)-oxazo-
lidinepropanal (3b): *H NMR (CDClz) 6 9.75 (s, 1H), 3.95 (m,
2H), 3.2 (d, 1H), 2.47 (t, 2H), 1.96 (m, 2H), 1.1 (s, 3H), 1.52 (s,
3H), 1.42 (s, 9H).

Diethyl [(2-Bromophenyl)methylene]propanedioate
(5). To a solution of 2-bromobenzaldehyde (37 g, 0.2 mol),
diethyl malonate (32 g, 0.2 mol), and piperidine (2.56 g, 0.03



Ortho-Substituted Benzofused Macrocyclic Lactams

mol) was added benzoic acid (2.46 g, 0.02 mol) in 120 mL of
toluene. The reaction mixture was refluxed with water
removal using a Dean—Stark condenser for 3 h. The mixture
was cooled to room temperature and diluted with ether (400
mL) and ethyl acetate (100 mL), and the organic layer was
washed with 2 N HCI (2x), NaHCO3; (2x), and brine, dried
(MgSO0,), and evaporated to dryness to give 65.2 g (100%) of 5
as a brown oil: *H NMR (CDClz) 6 7.95 (s, 1H), 7.6 (d, 1H),
7.4 (d, 1H), 7.25 (m, 2H), 4.31 (q, 2H), 4.2 (g, 2H), 1.33 (t, 3H),
1.17 (t, 3H).

Diethyl [(2-Bromophenyl)methyl]propanedioate (6).
Sodium borohydride (2 g) was added to an ice bath cooled
solution of 5 (65.2 g, 0.2 mol) in 150 mL of ethanol. The
solution was stirred for 30 min. A second portion of sodium
borohydride (2 g) was added, and the reaction mixture was
stirred for 30 min followed by a third addition of sodium
borohydride (2 g). Glacial acetic acid was added cautiously,
the mixture was concentrated, and the reside was taken up
in ether and washed with 1 N HCI, 3 x NaHCOg;, and brine,
dried over MgSOQy, filtered, and evaporated to dryness to give
58 g (89%) of 6: *H NMR (CDCls) 6 7.54 (d, 1H), 7.2 (m, 2H),
7.05 (m, 1H), 4.15 (q, 4H), 3.83 (t, 1H), 3.3 (d, 2H), 1.2 (g, 6H).

[(2-Bromophenyl)methyl]propanedicarboxylic Acid (7).
To a solution of potassium hydroxide (27.1 g 0.42 mol) in 90
mL of water was added the diester 6 (58.1 g, 0.176 mol). The
mixture was refluxed for 7 h and stirred at room temperature
overnight. The aqueous reaction mixture was washed with
ether, cooled in an ice bath, and acidified with concentrated
HCI to pH 2. The solid was collected, washed with water, and
dried at 50 °C under high vacuum to give 36.1 g (75%) of 7 as
a solid: *H NMR (CDCls), 6 7.65 (d, 1H), 7.3 (d, 2H), 7.05 (m,
1H), 3.68 (t, 2H), 3.15 (d, 2H).

2-Bromobenzenepropanoic Acid (8). The dicarboxylic
acid 7 (36 g, 0.131 mol) was heated at 180 °C for 5 h. To the
hot mixture was added 50 mL of water, and the mixture was
cooled and then acidified with 50 mL of 1 N HCI. The aqueous
solution was decanted from the product. The solid was
dissolved in methylene chloride washed with water, treated
with activated charcoal, dried over MgSQO,, filtered, and
evaporated to dryness to give 24.4 g (81%) of 8 as a soft brown
solid: *H NMR (CDClg) 6 7.52 (d, 1H), 7.2 (m, 2H), 7.05 (m,
1H), 3.04 (t, 2H), 2.7 (t, 2H).

2-Bromobenzenepropanol (9). To a solution of acid 8
(24.4 g, 0.101 mol) in 80 mL of THF cooled in an ice bath was
added 1.0 M borane in THF (426 mL, 43 mmol) over a 30 min
period. After the addition was complete the mixture was
refluxed for 30 min. To the cooled mixture was added slowly
6 N HCI (120 mL), and the solution was heated to 60 °C for
30 min and then stirred at room temperature overnight. The
reaction mixture was concentrated followed by the addition
of 70 mL of water and 200 mL of ether. The organic layer
was washed (2x) with water, dried over MgSO,, filtered, and
evaporated to dryness to give 23 g of 9 (96%) as a colorless oil:
!H NMR (CDCls) 6 7.52 (d, 1H), 7.2 (m, 2H), 7.05 (m, 1H), 3.7
(t, 2H), 2.84 (t, 2H), 1.9 (m, 2H).

1-Bromo-2-(3-iodopropyl)benzene (10). To a solution of
aryl alcohol 9 (17.5 g, 81.6 mmol) in 250 mL of methylene
chloride, cooled in an ice bath, was added triphenylphospine
(25.7 g, 98 mmol) followed by dropwise addition of N-iodosuc-
cinamide (20.2 g, 90 mmol). The reaction mixture was stirred
at room temperature overnight, 15 g of silica gel was added,
and the solvent was removed at the rotory evaporator. Hex-
anes (50 mL) were added, and the suspension was added to a
column of silica gel and chromatographed eluting with hexane/
methylene chloride (95:5) to give 7.54 g (29%) of 10 as an oil:
H NMR (CDCls) 6 7.5 (d, 1H), 7.2 (m, 2H), 7.08 (m, 1H), 3.18
(t, 2H), 2.8 (t, 2H), 2.1 (m, 2H).

[3-(2-Bromophenyl)propyl]iodotriphenylphos-
phorane (11). A mixture of aryl iodide 10 (12.3 g, 37.9 mmol)
and triphenylphosphine (9.97 g, 38 mmol) in 125 mL of toluene
was refluxed for 17 h and cooled, and the solid was collected.
The product was washed with ether and dried under high
vacuum to give 16 g (70%) of 11 as a colorless solid: *H NMR
(CDCl3) 6 7.7 (m, 15H), 7.52 (d, 1H), 7.41 (d, 1H), 7.20 (d, 1H),
7.0 (t, 1H), 3.77 (m, 2H), 3.15 (t, 2H), 2.0 (m, 2H).

4(S)-[5-(2-Bromophenyl)-2-pentenyl]-2,2-dimethyl-3-
[(1,1-dimethylethoxy)carbonyl]oxazolidine (12). To a
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mixture of phosphonium salt 11 (15.6 g, 26.6 mmol) and
aldehyde 3a (4.32 g, 17.8 mmol) in 200 mL of methylene
chloride was added 26.6 mmol of 1.6 M potassium tert-butoxide
in THF at 0 °C. Disappearance of starting material was
monitored by TLC (0.5 h). To the reaction mixture was added
silica gel, and the mixture was evaporated to dryness and flash
chromatographed on silica gel eluting with ether/hexane (1:4)
to give 3.79 g (51%) of 12 as a yellow oil: 'H NMR (CDCls) 6
7.5 (d, 1H), 7.18 (m, 2H), 7.03 (m, 1H), 5.03 (m, 1H), 5.34 (m,
1H), 3.81 and 3.62 (dd, 2H), 3.7 (m, 1H), 2.77 (t, 2H), 2.37 (q,
2H), 2.3 (m, 2H), 1.6 (m, 6H), 1.43 (s, 9H).

2-[5-[2,2-Dimethyl-3-[(1,1-dimethylethoxy)carbonyl]-
oxazolidin-4(S)-yl]-3-pentenyl]benzaldehyde (13). The
aryl bromide 12 (3.65 g, 8.63 mmol) in 100 mL of THF was
cooled to —78 °C. A solution of 2.5 N nBuLi (5.52 mL, 13.8
mmol) was added dropwise. After completion of nBuLi addi-
tion, DMF was added, and the mixture was warmed to 0 °C
over a 1 h period. The reaction solution was poured into ice
water and extracted with ether two times. The ethereal layer
was washed with water (2x) and brine (2x), dried over MgSOQsa,
filtered, and evaporated to dryness. The residue was flash
chromatographed on silica gel, eluting with ether/hexane (1:
4), affording 2.28 g (71%) of 13: *H NMR (CDCIl3) 6 10.2 (d,
1H), 7.8 (d, 1H), 7.5 (t, 1H), 7.3 (m, 2H), 5.54 (m, 1H), 5.32
(m, 1H), 3.7 (m, 2H), 3.6 (d, 1H), 3.1 (t, 2H), 2.4 (g, 2H), 2.2
(m, 2H), 1.6 (s, 3H), 1.55 (s, 3H), 1.50 (s, 9H).

Methyl Phenylmethyl [[2-[5-[2,2-Dimethyl-3-[(1,1-di-
methylethoxy)carbonyl]oxazolidin-4(S)-yl]-3-pentenyl]-
phenyl]lmethylene]propanedioate (14). A mixture of ben-
zyl methyl malonate (1.41 g, 6.45 mmol), piperidine (82 mg,
0.9 mmol), benzoic acid (78.8 mg, 0.64 mmol), and the aldehyde
13 (2.41 g, 6.45 mmol) in 50 mL of toluene was refluxed with
water removal using a Dean—Stark condenser for 6 h. The
mixture was cooled to room temperature, stirred overnight,
and diluted with ether. The organic layer was washed with 1
N HCI (2x), NaHCO3 (2x), and brine (2x), dried (MgSQO,), and
evaporated to dryness. The residue was chromatographed on
silica gel, eluting with ether/hexane (1:3) to give 2.36 g (66%)
of 14 as a mixture of geometric isomers: *H NMR (CDClz) 6
8.04 (m, 1H), 7.4—7.0 (m, 9H), 5.4 (m, 1H), 5.3 (m, 1H), 5.3
and 5.1 (s, 2H), 3.8 and 3.7 (s, 3H), 3.75 (m, 3H), 2.7 (m, 2H),
2.3 (m, 3H), 1.5 (s, 6H), 1.46 and 1.41 (two singlets, 9H).

[[2-[5-[2,2-Dimethyl-3-[(1,1-dimethylethoxy)carbonyl]-
oxazolidin-4(S)-yl]pentyl]phenyllmethyl]propanedioic
Acid 1-Methyl Ester (15). A suspension of 10% Pd/C (2.0 g)
and diester 14 (2.36 g, 4.27 mmol) in 200 mL of ethyl acetate
was hydrogenated at 50 psi for 17 h. The reaction mixture
was concentrated and filtered through a pad of Celite. The
solvent was removed to give 1.9 g of 15 used as is in the next
step; *H NMR (CDCls) 6 7.1 (m, 4H), 3.9 (m, 1H), 3.71 (s, 3H)
3.70 (m, 2H), 3.27 (m, 3H), 2.6 (m, 2H), 1.7—1.2 (m, 14H), 1.45
(s, 9H).

[[2-(6(S)-Amino-7-hydroxyheptyl)phenyllmethyl]pro-
panedioic Acid 1-Methyl Ester (16). A solution of 15 (2.0
g, 10.2 mmol) in 20 mL of methylene chloride at 0 °C was
purged with dry HCI gas for 5 min. The ice bath was removed,
HCI gas was bubbled into the solution for an additional 5 min,
and the solution was stirred at room temperature overnight.
The solvent was removed, and the residue 16 was used as is
in the next step.

Methyl 1,2,3,4,5,6,7,8,9,10-Decahydro-5(S)-(hydroxy-
methyl)-3-oxo-4-benzazacyclododecine-2-carboxylate (17).
To a solution of EDCI (1.77 g, 9.26 mmol) and hydroxybenzo-
triazole (0.937 g, 6.9 mmol) in 2 L of methylene chloride was
slowly added 16 (1.73 g, 4.63 mmol) in triethylamine (7.4 g,
10.2 mmol) and 300 mL of methylene chloride. The solution
was mixed with a mechanical stirrer overnight. The solvent
was removed under reduced pressure, and the residue was
taken up in ethyl acetate and sodium bicarbonate. The organic
layer was separated. The aqueous layer was reextracted with
ethyl acetate, and the organics were combined, washed with
1 N HCI, and brine, dried (MgS0,), filtered, and evaporated
to dryness. The residue was chromatographed on silica gel,
eluting with ethyl acetate to give 322 mg (22%) of 17 as a
mixture of diastereomers: *H NMR (CDCls) 6 7.14 (m, 4H),
6.5 (d, 1H), 4.65 (m, 1H), 4.3 (m, 2H), 3.75 and 3.66 (s, 3H),
3.25-2.8 (m, 3H), 2.65 (m, 2H), 1.9—-1.0 (m, 8H).
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1,2,3,4,5,6,7,8,9,10-Decahydro-3-oxo-4-benzazacyclodode-
cine-2,5(S)-dicarboxylic Acid 2-Methyl Ester (18). The
macrocyclic lactam alcohol 17 (322 mg, 1.0 mmol) in 15 mL of
acetonitrile and 15 mL of water was oxidized with sodium
periodate (864 mg, 4.0 mmol) and ruthenium trichloride
hydrate (5 mg, 0.022 mmol). The mixture was stirred for 15
min at room temperature and left to stand for 2 h. The
reaction mixture was diluted with methylene chloride, and the
organic layer was washed with water, dried (MgSQ,), filtered,
and evaporated to dryness to give 280 mg (84%) of 18 as a
crude mixture of diastereomers. The compound was used
without further purification in the next step.

1,2,3,4,5,6,7,8,9,10-Decahydro-3-oxo0-4-benzazacyclodode-
cine-2,5(S)-dicarboxylic Acid (19). To a solution of 18 (280
mg, 0.84 mmol) in 2 mL of methanol was added 1 N NaOH
(2.1 mL, 2.5 equiv). The reaction mixture was stirred at room
temperature for 4 h and acidified with 1 N HCIl. The
precipitate was collected, washed with water, and dried under
high vacuum to give 200 mg (75%) of 19 as a mixture of
diastereomers.

1,2,3,4,5,6,7,8,9,10-Decahydro-2-methylene-3-oxo-4-ben-
zazacyclododecine-5(S)-carboxylic Acid (20). A mixture
of 19 (200 mg, 0.62 mmol), piperidine (10.6 mg, 0.125 mmol),
and paraformaldehyde (28.2 mg, 0.94 mmol) in 1 mL of
pyridine was heated for 3 h at 60 °C. The reaction mixture
was concentrated, taken up in ethyl acetate, washed with 1 N
HCI and brine, dried (MgSQ,), filtered, and concentrated to
give 158 mg (88%) of 20: 'H NMR (CDCls) 6 7.14 (m, 4H), 5.8
(d, 1H), 5.79 (s, 1H), 5.6 (s, 1H), 4.6 (m, 1H), 3.84 and 3.52
(dd, 2H), 2.9 (m, 1H), 2.65 (m, 1H), 2.0—1.0 (m, 8H).

2-[(Acetylthio)methyl]-1,2,3,4,5,6,7,8,9,10-decahydro-3-
oxo0-4-benzazacyclododecine-5(S)-carboxylic Acid (21). A
mixture of thiol acetic acid (3 mL) and 20 (158 mg, 0.55 mmol)
was stirred for 24 h at room temperature. The solution was
concentrated to give 21. The material was used crude in the
next reaction.

Methyl 2(S)-[(Acetylthio)methyl]-1,2,3,4,5,6,7,8,9,10-
decahydro-3-oxo0-4-benzazacyclododecine-5(S)-carboxy-
late (22a) and Methyl 2(R)-[(Acetylthio)methyl]-1,2,3,4,
5,6,7,8,9,10-decahydro-3-oxo0-4-benzazacyclododecine-
5(S)-carboxylate (22b). To a suspension of S-acetyl acid 21
(200 mg, 0.578 mmol) and cesium carbonate (188 mg, 0.578
mmol) in 3 mL of DMF was added methyl iodide (0.5 mL, 1.16
mmol). The reaction mixture was stirred for 1 h, concentrated,
and taken up in ethyl acetate. The organic layer was washed
with water and brine, dried (MgSQ,), concentrated, and flash
chromatographed on silica gel, eluting with ethyl acetate/
hexanes (1:4) to give 68 mg (34%) of 22b followed by 56 mg
(28%) of 22a.

22a (S,S): *H NMR (CDCl3) 6 7.14 (m, 4H), 5.84 (d, 1H),
4.08 (g, 1H), 3.68 (s, 3H), 3.27 (d, 2H), 2.95 (m, 5H), 2.37 (s,
3H), 1.95 (g, 2H), 1.7—1.0 (6H).

22b (R,S): 'H NMR (CDCls) § 7.25 (m, 4H), 5.55 (d, 1H),
4.65 (m, 1H), 3.68 (s, 3H), 3.27 (d, 2H), 3.1 (m, 1H), 2.9 (m,
1H), 2.8 (d, 2H), 2.5 (m, 1H), 2.36 (s, 3H), 2.1 (m, 1H), 1.7-1.0
(m, 7H).

Methyl 2(S)-[(acetylthio)methyl]-2,3,4,5,6,7,8,9-octahy-
dro-3-ox0-1H-4-benzazacycloundecine-5(S)-carboxy-
late (24a): 'H NMR (CDClg) 6 7.1 (m, 4H), 5.61 (d, 1H), 3.9
(m, 1H), 3.62 (s, 3H), 3.1 (m, 2H), 2.9 (d, 1H), 2.6 (m, 2H),
2.45 (m, 1H), 2.3 (s, 3H), 2.1-1.0 (m, 7H).

Methyl 2(R)-[(acetylthio)methyl]-2,3,4,5,6,7,8,9-octahy-
dro-3-oxo0-1H-4-benzazacycloundecine-5(S)-carboxy-
late (24b): *H NMR (CDCl3) 6 7.16 (m, 4H), 5.60 (d, 1H), 4.5
(m, 1H), 3.63 (s, 3H), 3.20 (d, 2H), 3.0 (m, 1H), 2.7 (m, 1H),
2.5 (m, 2H), 2.32 (s, 3H), 2.0 (m, 4H), 1.45 (m, 3H).

Methyl 2(S)-[(acetylthio)methyl]-2,3,4,5,6,7,8,9,10,11-
decahydro-3-oxo0-1H-4-benzazacyclotridecine-5(S)-car-
boxylate (26a): '"H NMR (CDCls3) 6 7.2 (m, 1H), 7.1 (m, 3H),
6.1 (d, 1H), 4.4 (m, 1H), 3.71 (s, 3H), 3.27 (d, 2H), 3.15 and
3.10 (dd, 2H), 2.85 (m, 1H), 2.55 (m, 2H), 2.37 (s, 3H), 1.75
(m, 1H), 1.5—-1.1 (m, 9H); MS m/e 392 (M + 1).

Methyl 2(R)-[(acetylthio)methyl]-2,3,4,5,6,7,8,9,10,11-
decahydro-3-oxo0-1H-4-benzazacyclotridecine-5(S)-car-
boxylate (26b): *H NMR (CDCls) 6 7.3 (d, 1H), 7.2 (m, 1H),
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7.1 (m, 2H), 5.86 (d, 1H), 4.63 (m, 1H), 3.70 (s, 3H), 3.2 (m,
3H), 2.7 (m, 3H), 2.4 (m, 1H), 2.31 (s, 3H), 1.9 (m, 1H), 1.5—
1.2 (m, 9H).

Benzyl 2(S)-[(acetylthio)methyl]-2,3,4,5,6,7,8,9,10,11-
decahydro-3-oxo-1H-4-benzazacyclotridecine-5(S)-car-
boxylate (44a): *H NMR (CDClz) 6 7.4 (m, 1H), 7.25 (m, 1H),
7.1 (m, 2H), 6.11 (d, 1H), 5.14 (AB q, 2H), 4.45 (m, 1H), 3.22
(d, 2H), 3.13 (m, 1H), 2.9 (m, 2H), 2.6 (m, 3H), 2.35 (s, 3H),
1.8 (m, 1H), 1.6—1.2 (m, 9H).

Benzyl 2(R)-[(acetylthio)methyl]-2,3,4,5,6,7,8,9,10,11-
decahydro-3-oxo-1H-4-benzazacyclotridecine-5(S)-car-
boxylate (44b): 'H NMR (DMSO-ds) 6 7.3 (m, 5H), 7.15 (m,
4H), 5.88 (d, 1H), 5.1 (AB q, 2H), 4.69 (m, 1H), 3.2 (m, 3H),
2.65 (m, 2H), 2.3 (s, 3H), 2.4 (m, 1H), 1.9 (m, 1H), 1.6—1.0 (m,
1OH), MS m/e 468 (M + 1) Anal. (Cg7H33NO4S) C, H, N.

1,2,3,4,5,6,7,8,9,10-Decahydro-2(S)-mercapto-3-0xo-4-
benzazacyclododecine-5(S)-carboxylic Acid (23a). To a
deoxygenated solution of the S-acetyl ester 22a (56 mg, 0.15
mmol) in 5 mL of THF and 1.5 mL of water was added 3 equiv
of lithium hydroxide. The mixture was stirred 4 h at room
temperature, concentrated, then taken up in a minimal
amount of water, and acidified with 1 N HCI. The precipitate
was collected and washed with a small amount of water and
then hexanes to give 41 mg (84%) of 23a melting at 222—225
°C: 'H NMR (DMSO-dg) 6 12.45 (br, 1H), 8.1 (d, 1H), 7.1 (m,
4H), 4.04 (m, 1H), 3.5—2.2 (m, 7H), 1.8—1.0 (m, 8H); MS m/e
322 (M + 1). Anal. (C17H23NOsS) C, H, N.

1,2,3,4,5,6,7,8,9,10-Decahydro-2(R)-mercapto-3-oxo-4-
benzazacyclododecine-5(S)-carboxylic Acid (23b): pre-
pared similarly from 22b was the thiol acid 23b melting at
127-131 °C; *H NMR (DMSO-dg) 6 12.4 (br, 1H), 8.04 (d, 1H),
7.2 (m, 4H), 4.42 (m, 1H), 3.0—2.0 (m, 7H), 1.8—1.0 (m, 8H):
MS m/e 322 (M + 1). Anal. (C17H23NO3S) C, H, N.
2,3,4,5,6,7,8,9-Octahydro-2(S)-mercapto-3-oxo-1H-4-ben-
zazacycloundecine-5(S)-carboxylic Acid (25a): *H NMR
(DMSO-dg) 6 12.5 (s, 1H), 8.24 (d, 1H), 7.1 (m, 4H), 4.0 (t, 1H),
3.15 (t, 1H), 3.0—2.6 (m, 3H), 2.3 (m, 3H), 2.0 (m, 1H), 2.85
(m, 1H), 1.5 (m, 3H), 1.3 (m, 1H): MS m/e 308 (M + 1). Anal.
(C16H2:NO3sS) C, H, N.
2,3,4,5,6,7,8,9-Octahydro-2(R)-mercapto-3-oxo-1H-4-ben-
zazacycloundecine-5(S)-carboxylic Acid (25b): H NMR
(DMSO-dg) 6 12.7 (br, 1H), 7.85 (br, 1H), 7.14 (m, 4H), 4.3 (m,
1H), 3.07 (m, 1H), 2.9—2.5 (m, 3H), 2.3 (m, 3H), 2.0 (m, 1H),
2.8 (m, 1H), 1.4 (m, 3H), 1.25 (m, 1H); MS m/e 308 (M + 1).
Anal. (CleH21N03S) C, H, N.
2,3,4,5,6,7,8,9,10,11-Decahydro-2(S)-mercapto-3-oxo-
1H-4-benzazacyclotridecine-5(S)-carboxylic Acid (27a):
1H NMR (DMSO-de) 6 12.4 (br, 1H), 8.24 (d, 1H), 7.2 (m, 1H),
7.1 (m, 3H), 4.17 (m, 1H), 3.3—3.05 (m, 3H), 2.7 (m, 2H), 2.4
(m, 1H), 1.8—1.11 (m, 11H); MS m/e 336 (M + 1). Anal.
(C18H25NO3S) C, H, N.
2,3,4,5,6,7,8,9,10,11-Decahydro-2(R)-mercapto-3-oxo-
1H-4-benzazacyclotridecine-5(S)-carboxylic Acid (27b):
IH NMR (DMSO-dg) 6 12.3 (br, 1H), 8.24 (m, 1H), 7.2 (m, 1H),
7.1 (m, 3H), 4.40 (m, 1H), 3.1 (d, 1H), 2.87 (m, 3H), 2.3 (m,
1H), 1.8 (m, 1H), 1.7—-1.1 (m, 11H); MS m/e 336 (M + 1). Anal.
(C1sH25NO3S) C, H, N.
4-[(2-Bromophenyl)methyl]-3-t-Boc-2,2-dimethyloxazo-
lidine (28). To a solution of 2-N-Boc-3-(2-bromophenyl)-
propanol (27.2 g, 82.4 mmol) in 200 mL of methylene chloride
were added p-toluenesulfonic acid hydrate (1.56 g, 8.2 mmol)
and 2,2-dimethoxypropane (100 mL). The solution was stirred
at room temperature for 2 days. The reaction mixture was
washed with NaHCOj3; and brine, dried over MgSQOy,, filtered,
and evaporated to dryness to give 30.1 g (98%) of 28 as an oil:
1H NMR (CDCls) 6 7.55 (d, 1H), 7.23 (m, 2H), 7.07 (m, 1H),
4.23 (m, 1H), 3.7 (m, 2H), 3.2 (m, 1H), 2.9 (m, 1H), 1.7, 1.57
(two s, 6H), 1.45 and 1.40 (two s, 9H).
2-[(3-t-Boc-2,2-dimethyloxazolidinyl)methyl]benz-
aldehyde (29). The aryl bromide 28 (28.0 g, 75.6 mmol) in
1000 mL of THF was cooled to —78 °C. A solution of 2.5 N
nBuLi (48 mL, 0.12 mol) was added dropwise. After comple-
tion of nBuLi addition, DMF (11 mL) was added, and the
mixture was warmed to 0 °C over a 1 h period. The reaction
solution was poured into ice water and extracted with ether
two times. The ethereal layer was washed with water (2x)
and brine (2x), dried over MgSO., filtered, and evaporated to
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dryness. The residue was flash chromatographed on silica gel,
eluting with ether/hexane (3:7), affording 18.5 g (87%) of 29:
H NMR (CDClg) 6 10.45 and 10.35 (two s, 1H), 7.86 (d, 1H),
7.5 (q, 1H), 7.4 (q, 1H), 7.3 (q, 1H), 4.16 (m, 1H), 3.77 (M, 2H),
3.6—3.4(m, 1H), 3.2 and 3.15 (2d, 1H), 1.7, 1.6, 1.55, 1.50 (four
s, 6H), 1.4 and 1.35 (two s, 9H).

Ethyl 6-[2-[(3-t-Boc-2,2-dimethyloxazolidinyl)methyl]-
phenyl]-5-hexenoate (30). To an ice bath cooled solution of
aldehyde 29 (6.8 g, 21.3 mmol) and ethyl 5-triphenylphospho-
nium valerate iodide (22.1 g, 42.6 mmol) in 500 mL of
methylene chloride was added 1.0 M potassium tert-butoxide
in THF (42.6 mL, 42.6 mmol). The reaction mixture was
allowed to warm to room temperature and stirred for 1 h. Silica
gel (25 g) was added, and the mixture was concentrated, added
to a silica gel column, and chromatographed, eluting with ethyl
acetate/hexane (1:9), affording 7.4 g (80%) of 30: 'H NMR
(CDCls) 6 7.18 (m, 4H), 6.63 (m, 1H), 5.7 (m, 1H), 4.08 (g, 2H),
4.05 (m, 1H), 3.68 (m, 2H), 3.1 (m, 1H), 2.7 (m, 1H), 2.4-2.1
(m, 4H), 1.72 (t, 2H), 1.68 (s, 3H), 1.54 (s, 3H), 1.47 (s, 3H),
1.2 (t, 3H).

6-[2-[(3-t-Boc-2,2-dimethyloxazolidinyl)methyl]phenyl]-
5-hexenol (31). To an ice bath cooled solution of ester 30 (7.4
g, 17.2 mmol) was added lithium aluminum hydride (0.65 g,
17.2 mmol). The reaction mixture was stirred for 1 h and then
guenched with water (0.6 mL), 15% NaOH (0.6 mL), and water
(1.95 mL). To the mixture were added ethyl acetate (150 mL)
and magnesium sulfate, and the mixture was stirred for 30
min. The solids were removed by filtration, and the filtrate
was concentrated to give 6.9 g of 31. The material was used
as is in the next reaction: *H NMR (CDCls) 6 7.2 (m, 4H), 6.6
(m, 1H), 5.75 (m, 1H), 4.1 (m, 1H), 3.7 (m, 2H), 3.6 (m, 2H),
3.1 (m, 1H), 2.7 (t, 1H), 2.2 (q, 2H), 1.7—1.6 (m, 4H), 1.6—1.5
(br s, 6H), 1.5 (s, 9H).

6-[2-[(3-t-Boc-2,2-dimethyloxazolidinyl)methyl]phenyl]-
5-hexenal (32). Pyridium chlorochromate (8.9 g, 35.4 mmol)
was added to a solution of 31 (6.9 g, 17.7 mmol) in 100 mL of
methylene chloride. The dark mixture was stirred for 30 min.
The organic phase was decanted from the chromate salts. The
solids were washed with ether, and the combined extracts were
filter through a small pad of silica gel to give 6.3 g of 32. The
material was used as is in the next reaction: *H NMR (CDCls)
0 7.2 (m, 4H), 6.6 (m, 1H), 5.75 (m, 1H), 4.1 (m, 1H), 3.68 (m,
2H), 3.6 (m, 2H), 3.1 (m, 1H), 2.7 (t, 1H), 2.4 (t, 2H), 2.2 (q,
2H), 1.74 (t, 2H), 1.68 (s, 3H), 1.65 (br s, 3H), 1.5 (s, 9H).

6-[2-[(3-t-Boc-2,2-dimethyloxazolidinyl)methyl]phenyl]-
5-hexenylidenepropanedioic Acid 1-Benzyl 3-Methyl
Ester (33). A mixture of benzyl methyl malonate (3.56 g, 16.2
mmol), piperidine (207 mg, 2.4 mmol), benzoic acid (199 mg,
1.6 mmol), and the aldehyde 32 (6.3 g, 16.2 mmol) in 100 mL
of toluene was refluxed with water removal using a Dean—
Stark condenser for 6 h. The mixture was cooled to room
temperature, stirred overnight, and diluted with ether. The
organic layer was washed with 1 N HCI (2x), NaHCO3; (2x),
and brine (2x), dried (MgSQ,), and evaporated to dryness. The
residue was chromatographed on silica gel, eluting with
methylene chloride/ethylacetate (95:5) to give 4.3 g of 33 as a
mixture of geometric isomers.

6-[2-[(3-t-Boc-2,2-dimethyloxazolidinyl)methyl]phenyl]-
5-hexylpropanedioic Acid 1-Methyl Ester (34). A suspen-
sion of 10% Pd/C (3.0 g) and diester 33 (4.27 g, 7.4 mmol) in
150 mL of ethyl acetate was hydrogenated at 50 psi for 17 h.
The reaction mixture was concentrated and filtered through
a pad of celite. The solvent was removed to give 3.62 g of 34
used as is in the next step: *H NMR (CDClg) 6 7.2 (m,4H),
4.08 (m, 1H), 3.72 (s, 3H), 3.7 (m, 2H), 3.32 (t, 2H), 3.1 (m,
1H), 2.7 (m, 5H), 1.9 (m, 3H), 1.7-1.2 (m, 19H).

[6-[2-(2-Amino-3-hydroxypropyl)phenyl]hexyl]pro-
panedioic Acid 1-Methyl Ester (35). A solution of 34 (3.62
g, 7.36 mmol) in 200 mL of methylene chloride at 0 °C was
purged with dry HCI gas for 5 min. The ice bath was removed,
HCI gas was bubbled into the solution for an additional 5 min,
and the mixture was stirred at room temperature overnight.
The solvent was removed, and the residue 35 (2.9 g) was used
as is in the next step.

2,3,4,5,6,7,8,9,10,11-Decahydro-2-(hydroxymethyl)-4-
oxo0-1H-3-benzazacyclotridecine-5-carboxylic Acid (36).
To a solution of EDCI (2.86 g, 14.9 mmol) and hydroxybenzo-
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triazole (1.51 g, 11.2 mmol) in 3.3 L of methylene chloride was
slowly added 35 (2.9 g, 7.47 mmol) in triethylamine (0.75 g,
7.4 mmol) and 450 mL of methylene chloride. The solution
was mixed with a mechanical stirrer overnight. The solvent
was removed under reduced pressure, and the residue was
taken up in ethyl acetate and sodium bicarbonate. The organic
layer was separated. The aqueous layer was reextracted with
ethyl acetate, and the organics were combined, washed with
1 N HCI and brine, dried (MgSQO,), filtered, and evaporated to
dryness. The residue was chromatographed on silica gel,
eluting with ethyl acetate to give 1.46 g (59%) of 36 as a
mixture of diastereomers after combining fractions: 'H NMR
(CDClg) 6 7.14 (m, 4H), 6.68 (d, 1H), 4.1 (m, 1H), 3.95-3.72
(m, 2H), 3.7 (s, 3H), 3.2 (m, 1H), 2.95 (d, 2H), 2.68 (t, 2H),
1.8—1.2 (m, 10H); MS m/e 334 (M + 1).

(£)-cis-Methyl 2-[(Acetylthio)methyl]-2,3,4,5,6,7,8,9,10,-
11-decahydro-3-oxo-1H-4-benzazacyclotridecine-5-car-
boxylate (39a) and (+)-trans-Methyl 2-[(Acetylthio)-
methyl]-2,3,4,5,6,7,8,9,10,11-decahydro-3-o0xo0-1H-4-
benzazacyclotridecine-5-carboxylate (39b). To a suspen-
sion of S-acetyl acid (920 mg, 2.44 mmol) and cesium carbonate
(794 mg, 2.44 mmol) in 7 mL of DMF was added methy! iodide
(0.692, 4.87 mmol). The reaction mixture was stirred for 17
h, concentrated, and taken up in ethyl acetate. The organic
layer was washed with water and brine, dried (MgSO,),
concentrated, and flash chromatographed on SiO,, eluting with
hexane/methylene chloride (1:1) and then ethyl acetate/me-
thylene chloride (1:9) to give 188 mg of 39b followed by 150
mg of 39a.

39a: H NMR (CDCls) ¢ 7.15 (m, 3H), 7.0 (m, 1H), 5.65 (d,
1H), 4.75 (m, 1H), 3.85 (s, 3H), 3.3 (t, 2H), 2.96 (d, 2H), 2.3
(m, 1H), 2.52 (m, 2H), 2.28 (s, 3H), 1.6—1.2 (m, 10H); MS m/e
392 (M + 1).

39b: 7.12 (m, 3H), 6.96 (d, 1H), 6.1 (d, 1H), 5.1 (m, 1H), 3.77
(s, 3H), 3.40 and 3.32 (dd, 1H), 3.15 and 3.10 (dd, 1H), 2.91 (d,
2H), 2.64 (t, 2H), 2.4 (m, 1H), 2.3 (s, 3H), 1.7—-1.2 (m, 10H);
MS m/e 392 (M + 1).

(+)-trans-Methyl 2-[(acetylthio)methyl]-1,2,3,4,5,6,7,8,9,-
10-decahydro-3-oxo0-4-benzazacyclododecine-5-carboxy-
late (37b): *H NMR (CDCl3) 6 7.2 (m, 2H), 7.1 (t, 1H), 6.9 (d,
1H), 5.81 (d, 1H), 5.18 (m, 1H), 3.8 (s, 3H), 3.45 and 3.40 (dd,
1H), 3.17 and 3.10 (dd, 1H), 2.91 (d, 2H), 2.80 (m, 1H), 2.36
(m, 2H), 2.28 (s, 3H), 1.9—1.1 (m, 8H).

(+)-cis-Methyl 2-[(acetylthio)methyl]-1,2,3,4,5,6,7,8,9,-
10,11,12-dodecahydro-3-0x0-4-benzazacyclotetradecine-
5-carboxylate (41a): *H NMR (CDCl3) 6 7.17 (m, 4H), 5.88
(d, 1H), 4.50 (m, 1H), 3.78 (s, 3H), 3.2 (m, 2H), 3.08 and 3.0
(dd, 1H), 2.9 and 2.86 (dd, 1H), 2.7 (m, 1H), 2.5 (m, 1H), 2.3
(m, 1H), 2.25 (s, 3H), 1.6—1.2 (m, 12H); MS m/e 406 (M + 1).

(2)-trans-Methyl 2-[(acetylthio)methyl]-1,2,3,4,5,6,7,8,9,-
10,11,12-decahydro-3-0x0-4-benzazacyclotetradecine-5-
carboxylate (41b): *H NMR (CDCl3) 6 7.14 (m, 4H), 5.9 (d,
1H), 5.22 (m, 1H), 3.84 (s, 3H), 3.1 (m, 2H), 2.9 (d, 2H), 2.64
(m, 1H), 2.48 (m, 1H), 2.3 (m, 1H), 2.28 (s, 3H), 1.7 (m, 1H),
1.6—1.2 (m, 11H); MS m/e 406 (M + 1).

(+)-cis-2,3,4,5,6,7,8,9,10,11-Decahydro-2-mercapto-3-
ox0-1H-4-benzazacyclotridecine-5-carboxylic Acid (40a).
To a deoxygenated solution of the S-acetyl ester 39a (135 mg,
0.34 mmol) in 5 mL of THF, 1 mL of water, and 1 mL of
methanol was added 3 equiv of lithium hydroxide. The
mixture was stirred for 4 h at room temperature, concentrated,
taken up in a minimal amount of water, and acidified with 1
N HCI. The precipitate was collected and washed with a small
amount of water and then hexanes to give 109 mg (95%) of
40a?! melting at 178—182 °C: *H NMR (DMSO-ds) ¢ 12.3 (br,
1H), 8.6 and 8.55 (two d, 1H), 7.25 (m, 1H), 7.1 (m, 3H), 3.92
(m, 1H), 3.2 (m, 2H), 2.7 (m, 1H), 2.6 (m, 2H), 2.35 (m, 2H),
2.2 (m, 1H), 1.6—1.0 (m, 10H); MS m/e 336 (M + 1). Anal.
(C1sH25NO3S) C, H, N.

(+)-trans-2,3,4,5,6,7,8,9,10,11-Decahydro-2-mercapto-3-
oxo0-1H-4-benzazacyclotridecine-5-carboxylic Acid
(40b): prepared similarly from 39b was the thiol acid 40b?*
melting at 179—-183 °C; *H NMR (DMSO-dg) 6 12.8 (br, 1H),
8.6 and 8.55 (two d, 1H), 7.25 (m, 4H), 4.4 (m, 1H), 3.1 (m,
2H), 2.8 (m, 2H), 2.6 (m, 2H), 2.4-2.1 (m, 2H), 1.6—1.0 (m,
10H); MS m/e 336 (M + 1). Anal. (C1sH2sNO3S) C, H, N.
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(+)-trans-1,2,3,4,5,6,7,8,9,10-Decahydro-2-mercapto-3-
oxo-4-benzazacyclododecine-5-carboxylic Acid (38b): *H
NMR (DMSO-dg) 6 12.5 (br, 1H), 8.24 (d, 1H), 7.2 (m, 2H), 7.1
(m, 2H), 4.80 (m, 1H), 3.08 (d, 2H), 2.62 (m, 2H), 2.3 (t, 1H),
2.0 (m, 2H), 1.9—-1.5 (m, 2H), 1.3 (m, 4H), 1.0 (m, 2H): Anal.
(C17H23NO3S) C, H, N.

(+)-cis-1,2,3,4,5,6,7,8,9,10,11,12-Dodecahydro-2-mercap-
to-3-0x0-4-benzazacyclotetradecine-5-carboxylic Acid
(42a): *H NMR (DMSO-dg) 6 12.4 (br, 1H), 8.55 and 8.52 (two
d, 1H), 7.23 (m, 1H), 7.1 (m, 3H), 4.06 (m, 1H), 3.2 (m, 1H),
3.05 (m, 1H), 2.96 (m, 1H), 2.61 (m, 2H), 2.4 (m, 3H), 1.8—1.0
(m, 12H); MS m/e 350 (M + 1). Anal. (CisH27NO3S) C, H, N.

(+)-trans-1,2,3,4,5,6,7,8,9,10,11,12-Dodecahydro-2-mer-
capto-3-ox0-4-benzazacyclotetradecine-5-carboxylic Acid
(42b): *H NMR (DMSO-dg) 6 12.6 (br, 1H), 8.48 (d, 1H), 7.2
(m, 1H), 7.1 (m, 3H), 4.7 (m, 1H), 3.0 (m, 2H), 2.8 (m, 1H),
2.65 (m, 3H), 2.4 (m, 1H), 1.8—1.0 (m, 12H); MS m/e 350 (M
+1).

Modeling of Compounds in Thermolysin. A model of
the binding site of thermolysin was constructed using the
crystal structure of Cbz-Gly"-Leu-Leu (“Gly?” = NHCH,PO,—)
bound with thermolysin.*> The structure, labeled 5TMN, was
obtained from the Brookhaven Protein Data Bank.'¢” Only
those binding site residues which are near the inhibitors were
included in the calculation. The following residues were
included: Asn 111, Asn 112, Ala 113, Phe 114, Trp 115, Asn
116, Gly 118, Ser 118, Gly 119, Met 120, Val 121, Tyr 122,
Gly 123, Phe 130, Leu 133, Asp 138, Val 139, Val 140, Ala
141, His 142, His 143, His 146, Tyr 157, Ser 169, Asp 180,
Glu 165, Glu 166, lle 188, Gly 189, Gly 190, Val 192, Tyr 193,
Leu 202, Arg 203, Asp 226, Val 227, Val 230, His 231, and
Val 232.

The X-ray models of different thermolysin/inhibitor com-
plexes show small changes in the conformation of a few
residues. In our computer model, residues with the largest
amounts of variability (Glu 143) was allowed to move freely
during the energy minimization step. Residues found near
the inhibitor that show smaller amounts of movement (Asn
112, Leu 133, Val 139, and Leu 202) were constrained with a
small force constant of 0.5 kJ. The remaining residues which
form a shell around the more flexible residues were con-
strained with a force constant of 500.0 kJ.

To determine if a molecule can fit into the active site of
thermolysin, each molecule was constructed using the interac-
tive molecular modeling program, MACROMODEL.*® To
construct the various macrocycles, the conformation of thior-
phan from the thiorphan/thermolysin crystal structure served
as a starting point. The sulfur atom was bound to the zinc
with a zero-order bond. The structure was then energy
minimized using the AMBER force field'® as implemented by
the QXP program.* The Monte Carlo/energy minimization
protocol of the MCDOCK module of the QXP program was used
with 1000 search and energy minimization cycles resulting in
a thorough conformational search assuring the exploration of
a variety of different binding modes. Previous work using the
BATCHMIN?8 program of MACROMODEL describes the bind-
ing site model and gives the parameters used for the zinc—
sulfur geometry.?°

After energy minimization within the active site, a confor-
mational search was conducted to determine the lowest energy
conformation of the molecule in the absence of the enzyme.
The difference between the energy of the bound conformation
and the energy of the conformation minimized outside the
binding sites was taken as a measure of the ligand strain
energy. A ligand strain energy above 25 kJ is taken to be
excessively high, indicating that the bound conformation is not
energetically accessible to that molecule.

The total energy between the ligand and the binding site
atoms is also reported. This energy is defined as the sum of
the interaction energy, the enzyme strain energy, and ligand
strain energies.’* This energy has been found to be a useful
gualitative guide to distinguish between the ligands that form
good interactions with the binding site and those that cannot.

The final steps of the evaluation of a docked structure is
visual. After conformational searching and energy minimiza-
tion in the binding site, the structures are scrutinized to
determine if they can form the hydrogen bonds and hydro-
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phobic interactions known to occur in the thermolysin/inhibitor
crystal structures of similar inhibitors.
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Sample appears to be contaminated with 20—25% of the S—S
dimer based on the *H NMR and the results obtained from an
Ellmann SH test.

The crystal structure of thiorphan bound to thermolysin has been
reported.8 However, because only the coordinates of thiorphan
without those of thermolysin were released, Figure 2 shows
thiorphan minimized in our thermolysin model. This conforma-
tion is almost identical to that from the crystal structure. The
crystal structure of a close analog of the 10-membered macro-
cycle bound to thermolysin has also been determined (private
communication, M. Gruetter). This structure agrees closely with
our model of the 10-membered macrocycle shown in Figure 3.
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