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’ INTRODUCTION

The emergence of resistance to clinically used drugs was
recognized early on as a threat in the treatment of bacterial
infections.1 Bacterial resistancemechanisms caused bymutations
in the binding site can be directed to a specific therapeutic agent,
but cross-resistance to other members of the same family is quite
common and can also affect different chemical classes. The use of
a different mode of action, in particular the addressing of novel
bacterial targets, is an obvious way out of this problem.2

The success of the quinolones in the 1980s had reinforced the
interest for DNA gyrase as a bacterial target.3 By using target-
based screening methods, cyclothialidine (1) and congeners of it
were discovered independently by research groups at Roche4 and
at Glaxo5 (GR122222X = cyclothialidine C6) and were shown to
be potent inhibitors of the ATPase activity conferred by the B
subunit of DNA gyrase (Chart 1).7 This target had been already
validated by the coumarin class of antibiotics,8 e.g. novobiocin,
which however, since the 1980s, was hardly used clinically.
Therefore, new subunit B inhibitors of DNA gyrase were
considered to have a potential for the development of drugs
devoid of cross-resistance with established antibacterial agents.

Although lacking activity against intact bacterial cells, cy-
clothialidine was followed up by the Roche group in a medicinal
chemistry program which provided analogues of potent anti-
bacterial activity covering broadly the spectrum of Gram-positive
bacteria.9,10 This early, ligand-based work had established a broad

knowledge of the structure-activity relationships (SAR) with
regard to the DNA gyrase inhibitory activity and shown the
importance of physicochemical properties for both antibacterial
in vitro activity and in vivo efficacy. Furthermore, the ambivalent
role of one of the phenol groups of 1 had been revealed: on one
hand, the hydroxy group ortho to the thiomethyl side chain of the
benzene ring was found to be essential for the binding to the
enzyme,11 and we have early on postulated its role as a hydrogen-
bond donor and acceptor. On the other side, this main anchor
group I of the cyclothialidine inhibitor family was also found to
be its Achille’s heel for being a target for glucuronidation, leading
to rapid inactivation and clearance from the plasma of promising
derivatives such as the bicyclic lactones 2 and 3. Phenol
conjugation as well as strong plasma protein binding were
considered by us as major factors preventing the translation of
the antibacterial potency into an adequate in vivo efficacy.
Following our working hypothesis suggesting more hydrophilic
derivatives to be less affected by these drawbacks, we eventually
found analogues, e.g. the hydroxymethyl derivatives 4 and 5, that
displayed both improved pharmacokinetic properties and in vivo
efficacy.10

The difficulties to achieve in vivo efficacy with cyclothialidine
derivatives had raised interest in alternative subclasses. We had
discovered that also seco-cyclothialidines can be good DNA
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ABSTRACT: The DNA gyrase inhibitor cyclothialidine had
been shown to be a valuable lead structure for the discovery of
new antibacterial classes able to overcome bacterial resistance to
clinically used drugs. Bicyclic lactone derivatives containing in
their 12-14-membered ring a thioamide functionality were
reported previously to exhibit potent antibacterial activity
against Gram-positive bacteria. Moderate in vivo efficacy, how-
ever, was demonstrated only for derivatives bearing hydrophilic
substituents, which were found to have a favorable impact on
pharmcokinetics, and to reduce metabolic degradation, in
particular glucuronidation. The incorporation of an additional amide unit into the 14-membered monolactam-lactone scaffold of
cyclothialidine analogues provided a new “dilactam” subclass of DNA gyrase inhibitors of inherently higher polarity. After adjusting
their lipophilicity by methyl-halogen exchange at the benzene ring, compounds of this series did not require the thioamide
functionality to exert a decent antibacterial potency and consequently exhibited improved pharmacokinetic properties resulting in a
pronounced in vivo efficacy in a mouse septicaemia infection model.
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gyrase inhibitors, a finding that was also taken up by others,9b,12

but for this as well as for other phenol subseries of the general
structure I,13 it so far has not been possible to combine a useful
level of antibacterial activity with appropriate physicochemical
properties. Other targeted screening programs have provided
nonphenolic DNA gyrase subunit B inhibitors. Triazines14 and
alkyl-urea substituted N-heterocycles15,16 were discovered by
screening for ATPase inhibitors, pyrazoles by assaying the
inhibition of chromosome partitioning in Escherichia coli,17 and
pyrrole-2-carboxamides by using a NMR guided screen.18 Struc-
tural information on the binding mode of cyclothialidine,19,20

novobiocin,20 but also of the ATP analogue ADPNP,21 to the
ATP binding site has been used more and more to guide the
optimization of lead structures, and in addition, it allowed to
apply fragment-based in silico tools in the search for new classes
of DNA gyrase inhibitors. Thus, a biased in silico “needle”
screening for potential inhibitors featuring a generic hydrogen-
bond donor/acceptor motif II, followed up by an extended hit
validation process, provided several new nonphenolic DNA
gyrase inhibitor classes such as indazoles and 2-hydroxymethyl-
indoles.22 Among the various nonphenolic series of subunit B
inhibitors described in the past decade, many still represent only
potential starting points for an optimization program. Others,
however, such as ethyl-urea-benzimidazoles15 or pyrrole-2-
carboxamides16 have been developed to potent antibacterials
which show promising efficacy in vivo.

We have described for cyclothialidine analogues how well-
balanced physicochemical properties are required to allow
translation of potent enzyme inhibitory activity into significant
efficacy in the therapy of infections.10 Prototypical illustration of
this concept is the conversion of the in vivo inactive, lipophilic
lactones 2 and 3 into efficacious analogues 4 and 5, respectively,
the difference being made by an additional hydroxymethyl
substituent. Herein we report on a new subclass of the cyclothia-
lidine inhibitor family, which emerged from our continued efforts
to improve on the conversion of potent enzyme inhibitory
activity into significant in vivo efficacy within the 14-membered
lactone series. To this end, we investigated not only new
substitution patterns on the parent monolactam-lactones but
also the incorporation of polar elements into the bicyclic scaffold.

’CHEMISTRY

The preparation of new bicyclic lactones relied on the
synthetic pathways described previously.10 In general, a primary
amine (6, 14, 21, 34b,c, 35b,c, 82) was acylated with an
appropriate linker unit (e.g., 7, 15, 22, 44). If required, the
hydroxy function at the C-5 position of the linker moiety was
unmasked and other functional groups were optionally pro-
tected, whereupon the allyl ester was cleaved and the resulting
ω-hydroxy-carboxylic acid was lactonized. A reaction sequence
consisting mainly in optional thiation of the lactam group,
optional derivatization, and eventual cleavage of protecting
groups provided the target compounds.

In the preparation of 12 and 13 (Scheme 1), ketal 8 was
hydrolyzed and the primary alcohol was protected as trityl ether
(9). Palladium-assisted cleavage of the allyl ester of 9 also
caused partial cleavage of the allyl carbamate group, which had
to be reestablished by subsequent treatment of the crude
product with allyl chloroformate. After the lactonization, thia-
tion, and trityl ether cleavage steps, the resulting alcohol 10 was
converted to the target compounds. For the syntheses of the 13-
hydroxymethyl derivatives 19a,b and 20a,b, amine 1410 was
acylated with dioxolane 7.23 Upon hydrolysis of ketal 16 and
protection of the primary alcohol as trityl ether, the mixture of
diastereomeric allyl esters 17a/17b was converted into the
lactones 18a and 18b, which were separated by chromatogra-
phy. The pure isomers were converted to the target compounds
19a,b and 20a,b in the usual manner. The stereochemical
assignment for the 13-hydroxymethyl substituent was made
possible by an X-ray crystal structure of lactone 19b.24 Analo-
gously, the 9-oxa lactone 24 was assembled starting from amine
2110 and linker-acid 22.25

For the synthesis of the 1-chloro- and 1-bromo-lactones 36-
41 (Scheme 2), the required amino intermediates 34b,c and 35b,
cwere prepared starting frommethyl ester 25.26 Treatment of 25
with sulfuryl chloride in dichloromethane provided a mixture of
regioisomers from which the major component 26 could be
isolated in pure form by crystallization. Saponification of the ester
26 afforded pseudoacid 27b, which in its NMR spectrum
(DMSO-d6) also displayed signals of the corresponding o-formyl
benzoic acid (ca. 20%). For the preparation of the corresponding
bromo-derivative (27c), 25 was converted to pseudoacid 28,
which subsequently was brominated in dichloromethane with
high regioselectivity. The resulting bromide 27c exhibited the
same pseudoacid/acid ratio in DMSO as 27b. Treatment of 27b,
c with tetramethylguanidine and allyl bromide in DMF followed
by silylation of the phenol group afforded aldehydes 30b,c. As
reductive thiolation27 of 30b,cwith the cysteine derivatives 32 or
3310 was accompanied by extensive aldehyde to methyl reduc-
tion and partial debromination in the case of 30c, the benzyl
iodides 31b,c were prepared and used for the alkylative coupling
with thiols 32 and 33.28 Intermediates 34b,c and 35b,c were
converted to the target compounds 36-41, respectively, by
subjecting them to the reaction sequence described previously
for the preparation of 98, 3, and 100 (Table 1) from amines 14
and 6, respectively.10

For the preparation of dilactams 47-50, amine 14 was
coupled with glycine derivative 44, and the resulting product
was converted to the bicyclic lactone 47 in 4 steps. Heating of
dilactam 46a with 0.8 equivalent of Lawesson’s reagent in
toluene provided three products which were separated by
chromatography and thereafter desilylated by treatment with

Chart 1
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NH4F in methanol, to give the two regioisomeric monothioxo
derivatives 48 and 49 as well as the 8,11-dithioxo product 50. The
structural assignment for the monothioxo products is based on
the marked low-field shift of the NH-proton of the thioamide
functionality. Using the same reaction sequence, the chloro- and
bromo-analogues 51, and 52-54, were prepared from the amines
34b and 34c, respectively.

Amine 34c also served for the syntheses of lactones 58-59,
63-66, and 71-78 (Scheme 3). For the 9-methyl derivatives
58-59, the linker was introduced stepwise, whereas for the other
syntheses the readily available linker entities 60a,29 60b, and 6730

were attached in one step. The cyclic amines 71 and 78 were
obtained from 9-Boc intermediate 69 by optional thiation and

cleavage of protecting groups. N-acylation of amine 70 afforded
derivatives 72-77.

For the preparation of tertiary amine 81 (Scheme 4), inter-
mediate 34c was heated with lactone 79, and the resulting
acylation product 80 was subjected to the usual reaction
sequence. To modify the substituent of the oxadiazole ring,
carboxylic acid 85 was synthesized starting from benzyl iodide
31c and L-cysteine methyl ester. Coupling of 85with the amide-
oximes 86a,b followed by thermal cyclization provided analo-
gues 87 and 88. Further variations of the oxadiazole substitu-
tion were accomplished by modifying the aminomethyl
substituent of lactones 91 and 92 using procedures described
previously.10

Scheme 1a

aReagents and conditions: (a) (R)-4-(2,2-dimethyl-[1,3]dioxolan-4-yl)-butyric acid (7), 3-(2,2-dimethyl-[1,3]dioxan-5-yl)-propionic acid (15), or (2-
trityloxy-ethoxy)-acetic acid (22), for 8, 16, or 23, respectively, EDC, MeCN, 0 �C; (b) 5 NHCl-EtOH, rt; (c) tritylpyridinium trifluoroborate, MeCN,
rt; (d) (i) Pd(PPh3)4, 4-TMS-morpholine, AcOTMS, DCM, rt, (ii) ClCOOCH2CHCH2, NMM, DCM, 0 �C; (e) DEAD, PPh3, toluene, 0-20 �C; (f)
Lawesson's reagent, toluene, 80 �C; (g) pTsOH, MeOH, 20-60 �C; (h) Pd(PPh3)4, Me2N-TMS, TFA-TMS, DCM, 0 �C; (i) NH4F, MeOH, rt; (j)
NaNO2, 25% aq AcOH, 0 �C; (k) ClC(Ph)3, pyridine, rt; (l) Pd(PPh3)4, morpholine,THF, 0 �C.
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Conformational Aspects of the 14-Membered Lactones.
During our previous work with 12-14-membered monolactams,
e.g. 2 or 3, the AX2 spin system of the protons of the cysteamine
entity was found to display in various solvents always a large and a
small vicinal coupling constant, suggesting a high population of a
conformation with a synclinal/antiperiplanar arrangement of
these protons. This conformational feature was also found for
1 when bound to the ATPase site of DNA gyrase.19,20 In the
NMR spectrum of the excellent dilactam inhibitors, however,
two small- to medium-sized vicinal coupling constants for the
cysteamine protons were observed, indicating a synclinal/syncl-
inal arrangement to be predominant. Interestingly, the X-ray
analyses of the 14-memberd lactones 3 and 52 display ring
conformations which do not correspond to the conformational
features observed in solution (Figure 1). The crystal structure of
monolactam 3 exhibits a synclinal/synclinal relation for the
cysteamine hydrogens with the oxadiazole ring in a pseudoaxial
position, whereas in that of dilactam 52, the cysteamine hydro-
gens are synclinal/antiperiplanar and the oxadiazole is in a
pseudoequatorial position. Both structures show an intramole-
cular hydrogen bond between the N(9/12) hydrogen and the
lactone carbonyl. This hydrogen bond is more pronounced in the
dilactam scaffold where it is part of a perfect β-turn motif. It is
noteworthy that 3D structure generation for 3 and 52 proposes
low-energy conformations, which are in agreement with the

observed coupling constants in the solution NMR spectra.
Whereas the calculation for 3 affords a conformation which
can easily be superimposed with the “binding conformation” of 1,
the conformation of 52 in its bound state is presumably different
from that proposed in Figure 1 (Figure 2).

’BIOLOGICAL RESULTS AND DISCUSSION

As improving of in vivo efficacy within the class of the bicyclic
14-membered lactones represents a multidimensional problem,
the impact of structural modifications of the lead compounds, 98
and 3 (Table 1), on their physicochemical and enzyme inhibitory
properties, as well as on their antibacterial activity in vitro and
in vivo, will be discussed in parallel. We used calculated log P
(CLOGP) values for all compounds as a rough estimate of
lipophilicity, which we consider (besides the intrinsic enzyme
inhibitory activity) to be the major player in the optimization
process. Lipophilicity/hydrophilicity properties control cell per-
meation, thus antibacterial activity, as well as solubility, protein
binding, and susceptility for glucuronidation, hence pharmaco-
kinetic behavior and in vivo efficacy. Regarding both DNA gyrase
inhibitory activity, expressed as maximum noneffective concen-
tration (MNEC) in a supercoiling assay10 and antibacterial
activity in vitro, assessed as minimum inhibitory concentration
(MIC), parent lactam 98 was markedly surpassed by the

Scheme 2a

aReagents and conditions: (a) SO2Cl2, DCM, rt; (b) 2 NNaOH, rt; (c) Br2, DCM, 0-20 �C; (d) allyl bromide, 1,1,3,3-tetramethylguanidine, DMF, rt;
(e) thexyldimethylchlorosilane, NEt3, DMF, 0-20 �C; (f) tetramethyldisiloxane, TMSCl, NaI, MeCN, 0 �C; (g) 32 or 33, respectively, NEt3, DCM, rt;
(h) prepared in analogous manner as 99, 3, and 100 starting from 34b,c or 35b,c, respectively, see Experimental Section; (i) Gly-OEt, EDC, NMM,
MeCN, 0 �C; (j) KOH, MeOH, 60 �C; (k) 44, EDC, MeCN, 0 �C; (l) pTsOH, MeOH, rt; (m) Pd(PPh3)4, morpholine,THF, 0 �C; (n) DEAD, PPh3,
toluene, 0-20 �C; (o) NH4F, MeOH; (p) Lawesson's reagent, toluene, 80 �C.
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10-thioxo analogue 3. As a matter of fact, from a large number of
compounds prepared, only thiolactams seemed to have the
potential for in vivo efficacy, which eventually was found for
polar analogues such as the hydroxymethyl derivatives 4, 5, and
99, or the amine 100.10

We started out by investigating further substitution patterns of
the parent lactones 98 and 3. Table 1 shows a compilation of
biological data of novel derivatives of this series in comparison
with that of key compounds (98, 3, 5, 99, 100) from our previous
work in the 14-membered lactone series. The combination of
two hydrophilic substituents in the same molecule provided the
potent enzyme inhibitors 12 and 13, which however displayed a
strongly diminished antibacterial activity, presumably due to
their pronounced hydrophilic character.

We probed systematically other positions of the core lactone
for their suitability to carry polar substituents. Exemplary for this
investigation are the two isomeric thiolactams 20a and 20b
bearing a hydroxymethyl group in the 13β- and 13R-positions,
respectively. We noticed a 25-fold stronger enzyme inhibiton for
the β-hydroxymethyl derivative 20a when compared to the R-
substituted analogue 20b. A similar differentiation had been
observed already for the epimeric 10-oxo analogues 19a and 19b.
Whereas, however, the superiority of the 13β-hydroxymethyl
substitution was also reflected in a better antibacterial activity of
19a, the MICs of 20a and 20b were similar. Nevertheless, only
the 13β-substituted isomer 20a was efficacious in vivo, although
not surpassing the efficacy of our best compound. The fact that
no lactam, i.e. no 10-oxo-analogue displaying in vivo efficacy, had

been identified up to then was explained by the inherently higher
polarity, giving rise to a weak antibacterial activity due to slow cell
penetration. However, the failure of lactam 98 in the in vivo assay
was not obvious. It displayed a good in vitro activity against S.
aureus with only a small “plasma shift” when assessed in the
presence of plasma proteins. We tried to moderately increase the
lipophilicity by replacing the 1-methyl group by a chloro or a
bromo atom. This modification had been shown previously to be
beneficial for the in vitro potency of seco-cyclothialidines.12a We
found that both halogen analogues of 98, i.e. 36 and 39, showed a
slight improvement of both enzyme inhibitory and in vitro
antibacterial activity, but most importantly, bromo analogue 39
displayed in vivo efficacy. The samemodifications at thiolactam 3
led to a slightly decreased activity against S. aureus, and the
1-bromo analogue 40 was found inactive in vivo. For the more
polar amine 100, however, the combination of these lipophilic
elements was helpful. In particular, the chloro derivative 38 was
active in the mouse septicaemia model with an ED50 of 6 mg/kg.
Obviously, and in accordance with our working hypothesis, it
appears that halogenation is only helpful for polar compounds
like 98 or 100 but not for lipophilic ones like 3.

For tuning the lipophilicity in the 14-membered lactone series,
we had used until that time four structural elements: the
conservation of the amide functionality itself and polar substit-
uents such as hydroxymethyl or aminomethyl for increasing
hydrophilicity, and the thioamide group and halogenation of the
benzene ring for amplifying hydrophobicity. An alternative way
to enhance the hydrophilic character of target compounds

Table 1. DNA Gyrase Inhibitory Activity, in Vitro and in Vivo Antibacterial Activity, and CLOGP of Monolactams. Comparison
with Reference Compounds

compd R1 R2 R3 R4 X MNECa(μg/mL) MICb (μg/mL) ED50
c (mg/kg) CLOGPd

98f Me H H Me O 0.01 0.25 >25 1.70

3f Me H H Me S 0.004 0.06 >25 2.37

5f Me CH2OH H Me S 0.005 0.5 12.5 1.41

99f Me H H CH2OH S 0.001 0.25 25 1.06

100f,g Me H H CH2NH2 S 0.002 0.25 8.5 1.05

12 Me CH2OH H CH2NH2 S 0.005 32 nde 0.09

13 Me CH2OH H CH2OH S 0.01 10 nd 0.10

19a Me H β-CH2OH Me O 0.005 8 nd 0.23

19b Me H R-CH2OH Me O 0.1 64 nd 0.23

20a Me H β-CH2OH Me S 0.002 0.5 12.5 1.62

20b Me H R-CH2OH Me S 0.05 1 >25 1.62

36 Cl H H Me O 0.005 0.25 >25 1.76

37 Cl H H Me S 0.002 0.25 nd 2.58

38g Cl H H CH2NH2 S 0.002 0.12 6 1.27

39 Br H H Me O 0.005 0.12 25 1.92

40 Br H H Me S 0.005 0.12 >25 2.73

41g Br H H CH2NH2 S 0.05 0.5 12.5 1.42
a Supercoiling assay, E. coli gyrase, MNEC=maximum noneffective concentration. bAgar dilution (Mueller-Hinton agar); inoculum 104 CFU/spot, MIC =
minimum inhibitory concentration, Staphylococcus aureus Smith. c In vivo efficacy, septicaemia in mice (S. aureus Smith), iv administration. dCLOGP =
calculated log P (version 4.94, program BioByte Corp., Claremont, CA). eNot determined. fMonolactam reference compounds.10 gHydrochloride salt.
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consists in using a more polar scaffold. In an early attempt to
apply this strategy, it had been found that the cyclic ether 24, the
12-oxa analogue of 101 (atom numbering of structure 101),10

displayed a significantly reduced antibacterial potency, which we
had attributed to unfavorable binding properties as well as to the
increased hydrophilicity when compared to the parent 101
(Figure 3). In contrast, dilactam 47, containing a dipeptide
moiety in the 14-membered lactone ring, was found to maintain
the DNA gyrase inhibitory activity of the parent monolactam 98.
The antibacterial activity, however, was strongly affected by its
polar character, making it also inefficacious in the therapeutic
in vivo assay (Table 2). Therefore, we set out to increase the
lipophilicity of 47 by either applying thiation of the amide groups
or halogenation of the benzene ring. The 11-thioxo analogue 48
was a 10 times more potent DNA gyrase inhibitor, exhibited
excellent antibacterial activity, and unlike its monolactam analo-
gue 3, was found to be efficacious in vivo. The 8-thioxo
regioisomer 49 was inferior to 48. The bis-thioxo product 50,
although equipotent to 48, was not followed up.

The need to introduce a certain level of lipophilicity to warrant
a decent antibacterial activity in vitro and in vivo had been
satisfied up to then by keeping at least one thioamide function-
ality in the 12-14-membered bicyclic scaffolds, the noteworthy

exception having been the bromo-lactam 39. Taking into account
the improved properties of halogenated monolactam-lactones,
we also prepared the 4-chloro and the 4-bromo analogues of the
new dilactams. In comparison to 47, chloro-dilactam 51 dis-
played the samemodest antibacterial activity but nonetheless was
found to be active in vivo, like 39. Bromo-dilactam 52, however,
being equipotent as enzyme inhibitor, was found to be 8 times
more active in vitro against S. aureus Smith. To our surprise, this
compound showed an excellent efficacy in vivo in the mouse
septicaemia model with an ED50 of 3 mg/kg when compared to
the ED50 values assessed for novobiocin (3 mg/kg) and vanco-
mycin (1.5mg/kg) in the same assay. The 11-thioxo analogue 53,
despite its superior antibacterial activity, was less efficacious
in vivo than 52, and the evenmore lipophilic bis-thioxo derivative
54 was found to exhibit both lower enzyme inhibitory and lower
antibacterial activity.

The favorable biological properties of bromo-dilactam 52 let
us consider it as a new lead structure. In particular, the fact that
this compound was devoid of the potentially toxic and metabo-
lically instable thioamide entity was regarded as an advan-
tage.32 We therefore explored further possibilities to optimize
the dilactam scaffold of 52, investigating at first the impact of
substituents. It was found that N-methylation of the newly

Scheme 3a

aReagents and conditions: (a) for 55, 61a, 61b, or 68, Boc-N(Me)CH2COOH, 60a, 60b, or 67, respectively, EDC, MeCN, 0 �C; (b) TFA, 0 �C; (c)
(Ph3COCH2COOH,HOBT, EDC,MeCN, 0 �C; (d) pTsOH,MeOH, rt; (e) Pd(PPh3)4, morpholine, THF, 0 �C; (f) DEAD, PPh3, toluene, 0-20 �C;
(g) NH4F, MeOH, rt; (h) Lawesson's reagent, toluene, 80 �C; (i) Ac2O, pyridine, 60 �C; (j) cyclopropane-carbonyl chloride, 2,2-dimethyl-propionyl
chloride, benzoyl chloride, or methanesulfonyl chloride, respectively, NEt3, DCM, 0 �C, or L-Ala-OH or L-Leu-OH, respectively, EDC, MeCN, 0 �C.
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introduced amide function (58) only slightly affected MNEC
and MIC values, but that in vivo efficacy was lost. A similar effect
was noted for the introduction of a 7β-methyl substituent (63),
whereas a 7β-phenyl group (65) markedly reduced the enzyme
inhibitory activity. To get a more complete SAR picture, the 11-
thioxo analogues 59, 64, and 66, were also prepared. Displaying
in general a reduced enzyme inhibitory activity, they had slightly
increased antibacterial potency, which, however, was not trans-
lated into in vivo efficacy.

The basic amine 71, formally obtained by reduction of the
8-oxo carbonyl group of 52, represents the 12-aza analogue of 98
(atom numbering of structure 98). In contrast to the lowered
enzyme inhibitory activity of the 9-oxa derivative 24, when
compared to its carba analogue 101, amine 71 was found to be
equally active as both monolactam 98 and dilactam 52. Its
antibacterial properties were less pronounced like those of
dilactam 52, but unlike 52 it showed only borderline in vivo
efficacy. The corresponding thiolactam 78 was assayed inactive
in vivo.

Attempts to improve the biological properties of amine 71 by
further modifications at its amino function were unsuccessful
(Table 3). N-Methylation (82) led to loss of in vivo efficacy, and

N-acylation (72-77) mostly had a negative impact on the
antibacterial activity, an exception being the pivaloyl derivative
74, which however was inactive in mice.

Modification of the oxadiazole side chain of 52 along the line
exercised earlier for the monolactams10 provided similar results
(Table 4). With the exception of cyclopropyl analogue 87, being
structurally closest to 52, compounds 88, 93, 94, and 96 lost
their in vitro potency, probably due to their strong hydro-
philic character. This is supported by the finding that the 11-
thioxo analogues of 94 and 96, the equipotent inhibitors 95
and 97, regained antibacterial activity, and 97, but not 95, was
also curative in the in vivo assay although four times less than
dilactam 52.

The impact of the three major structural modifications
applied, i.e. polar substituents, methyl/halogen exchange, and
monolactam/dilactam switch, can be summarized as follows:
DNA Gyrase Inhibiton. In the monolactam series, the attach-

ment of 1 or 2 polar substituents was found to be tolerated in
several positions, e.g. 14β, 13β, and the 30-position of the
oxadiazole, but in the 13R-position, it caused a strong reduction
of activity. Both 1-chloro and 1-bromo substituents brought a
2-fold increase of activity for lactam 98, but only 1-chloro

Scheme 4a

aReagents and conditions: (a) 79, 1-oxy-pyridin-2-ol, toluene, 80 �C; (b) Pd(PPh3)4, morpholine, THF, 0 �C; (c) DEAD, PPh3, toluene, 0-20 �C; (d)
NH4F,MeOH, rt; (e) L-Cys-OMe, NEt3, DCM, 0 �C; (f) (i) 44, EDC,MeCN, 0 �C, (ii) pTsOH,MeOH, 20 �C; (g) 0.1 NNaOH, aq THF, rt; (h) (i)N-
hydroxy-cyclopropanecarboxamidine (86a) or N-hydroxy-2-methoxy-acetamidine (86b), respectively, DCC, 1-oxy-pyridin-2-ol, DMF, 0 �C, (ii) tolu-
ene, 110 �C; (i) (i) Pd(PPh3)4, 4-TMS-morpholine, AcOTMS, DCM, rt, (ii) ClCOOCH2CHCH2, NMM, DCM, 0 �C; (j) DEAD, PPh3, THF, 0-20
�C; (k) Pd(PPh3)4, (Me)2N-TMS, TFA-TMS,DCM, rt; (l) NaNO2, 25% aq AcOH, 0 �C; (m) Lawesson's reagent, toluene, 80 �C; (n) acetone, NaBH4,
aq AcOH, NaOAc, 0 �C.

http://pubs.acs.org/action/showImage?doi=10.1021/jm1014023&iName=master.img-006.png&w=397&h=335
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improved thiolactam 3. The 11-oxo dilactams showed a potent
and robust inhibitory activity slightly better than that of cy-
clothialidine (MNEC 0.05 μg/mL), but they were 2-4 times
weaker compared to 98. Thiation of the 11-oxo group of
dilactams had a favorable effect only for 4-methyl- but not for
the 4-chloro- and the most interesting 4-bromo-derivatives.
Antibacterial Activity in Vitro. For the assessment of the

antibacterial potency we have considered as indicator strain S.
aureus Smith, which was also used in the mouse infection model.
The antibacterial spectrum of the “dilactams” follows closely that
of the “mono-lactams”. It covers broadly the spectrum of Gram-
positive bacteria, but only selected strains of Gram-negative
bacteria, such as Xanthomonas maltophilia, Haemophilus influen-
cae, Neisseria meningitidis, and Moraxella catarrhalis are
susceptible.10 Some general trends in the SAR can be seen from
the MIC values of selected compounds compiled in Table 5. As

observed before, lipophilicity strongly influences the antibacterial
potency and thiolactams were typically found to be 2-16 times
more active than their oxo-analogues. As a general rule for mono-
and dilactams, replacement of the methyl group at the phenyl
ring by chloro or bromo was paid off well, the beneficial effect
being, however, more pronounced for polar molecules, like 47 or
98. The incorporation of a second amide entity into the lactam
ring generally lowered the MIC by a factor of 8-32, with the
exception of that against Streptococcus pyogenes (factor 2).
Because of their higher lipophilicity, the original MIC values of
thiolactams (3, 40) were less affected by this added polarity than
those of the corresponding 11-oxo compounds (98, 39).
The antibacterial activity of the most interesting dilactam 52

was further characterized by testing it against a larger number of
Gram-positive and Gram-negative isolates (Table 6). Against a
set of highly resistant MRSA, 52 was found to be only slightly
weaker than vancomycin and 2-4 times less active than line-
zolide. The lead compounds 3 and 5 were best in this compar-
ison. Interestingly, the hydroxymethyl derivative 5 was
equipotent to the parent thiolactam 3, indicating that polar
compounds might be less affected by the alterations presented
by these resistant strains. MIC values of 52 against a set of
vancomycin-resistant strains of Enterococcus faecalis were 2-8
times lower than those of linelozide and imipenem, as well as
those of 3 and 5, and a similar superiority of 52 was found for
Entercoccus faecium strains resistant to vancomycin and imipe-
nem. In line with this finding is the observation that for all
enterococci tested, 5 was more active than the more lipophilic
parent compound 3. For penicillin-resistant Streptococcus pneu-
monia, Haemophilus influencae, andMoraxella catarrhalis, 52 was
found to be 2-8 times more active than the thiolactams 3 and 5
and the reference compound linelozide. In the testing against the
latter two species, MICs of 3 and 5 presumably were negatively
affected by the presence of plasma proteins in the test medium
(“plasma shift”).
In Vivo Efficacy. The in vivo performance of the compounds

displayed in Table 5 can be rationalized in the following way:
Low intrinsic activity (MIC 8 ug/mL) is probably the main
reason why the polar dilactam 47 was found inefficacious.
Although very potent, the lipophilic thiolactams 3 and 40 were
not active in vivo. In addition to unfavorable pharmacokinetic
behavior, their MIC value is strongly affected by binding to
plasma proteins as is evidenced by a “plasma shift” of 8. On the
other side, the polar 98 is not efficacious despite a lowMIC and a
small “plasma shift” of 2, so that other parameters, e.g. high
clearance by glucuronidation, have to be brought into play as
explanation. The slightly more potent bromo analogue 39,

Figure 2. Overlay of 1 (black, structure truncated for clarity of view)
bound to the ATP binding site of DNA gyrase19 with low-energy
conformations of 3 (cyan) and 52 (green). The conformation of 52
with the heterocycle in the pseudoequatorial position was adapted from
the CORINA generated conformation of 3 (Figure 1) with subsequent
energy minimization using Moloc.31b This conformation is within 1
kcal/mol of that of the relaxed X-ray structure of 52.

Figure 1. X-ray structures and calculated low-energy conformations of
lactones 3 and 52.24 In the solid state, dilactam 52 adopts a β-turn-like
conformation which is stabilized by a strong intramolecular hydrogen
bond (d (O 3 3 3HN) = 2.94 Å), whereas the corresponding hydrogen
bond in thiolactam 3 is longer (d = 3.19 Å), indicating weaker
stabilization of this inherently more flexible ring system. The oxadiazole
substituent in the crystal structure occupies a pseudoaxial position in 3
but a pseudoequatorial positition in 52. Interestingly, CORINA 3D
structure generation31a proposes low-energy conformations where the
heterocycle is pseudoequatorial in 3 and pseudoaxial for 52, which is in
agreement with the coupling constants found in the NMR spectra. The
strong intramolecular hydrogen bridge is preserved in the calculated
conformation of 52 (d = 2.83 Å).

Figure 3. Comparison of biological properties and CLOGP of 12-
carba- and 12-oxa-lactones 101 and 24 (atom numbering of struc-
ture 101).

http://pubs.acs.org/action/showImage?doi=10.1021/jm1014023&iName=master.img-007.jpg&w=175&h=71
http://pubs.acs.org/action/showImage?doi=10.1021/jm1014023&iName=master.img-008.jpg&w=191&h=175
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however, displaying only a modest “plasma shift” of 4, was
assayed efficacious. The chloro analogue 38 was in vivo slightly
better than amine 100 in accordance with its improved MIC
value. Dilactam 97, an N-isopropyl derivative of the amine 95,
was found active in vivo in contrast to the significantly more
polar 95. We have described earlier a reversed case where

N-isopropylation of 100 led to an inefficacious compound.10

Obviously, isopropylation of 95 adjusts lipophilicity appropri-
ately, whereas in the case of 100, it was increased too much.
The best compound 52 was the most polar one among those

found active in vivo. Its modest antibacterial activity in vitro
(MIC = 1 ug/mL against S. aureus Smith) was hardly affected by

Table 2. DNA Gyrase Inhibitory Activity, in Vitro and in Vivo Antibacterial Activity, and CLOGP of Dilactams: Modifications at
the Core

compd R1 R2 R3 X Y MNECa (μg/mL) MICb (μg/mL) ED50
c (mg/kg) CLOGPd

47 Me H H O O 0.01 8 >25 0.57

48 Me H H S O 0.001 0.5 25 1.00

49 Me H H O S 0.005 2 >25 0.77

50 Me H H S S 0.002 0.5 nde 1.20

51 Cl H H O O 0.02 8 25 0.63

52 Br H H O O 0.02 1 3 0.78

53 Br H H S O 0.05 0.12 12.5 1.21

54 Br H H S S 0.2 1 nd 1.41

58 Br H Me O O 0.05 2 >12.5 1.43

59 Br H Me S O 0.05 0.5 nd 1.86

63 Br Me H O O 0.05 2 >12.5 1.30

64 Br Me H S O 0.2 0.5 >12.5 1.73

65 Br Ph H O O 0.2 >64 nd 2.52

66 Br Ph H S O 1 0.5 >25 2.94

71f Br H H O H,H 0.01 1 25 1.28

78f Br H H S H,H 0.1 0.5 >25 1.71
a Supercoiling assay, E. coli gyrase, MNEC = maximum noneffective concentration. bAgar dilution (Mueller-Hinton agar); inoculum 104 CFU/spot,
MIC = minimum inhibitory concentration, Staphylococcus aureus Smith. c In vivo efficacy, septicaemia in mice (S. aureus Smith), iv administration.
dCLOGP = calculated log P (version 4.94, program BioByte Corp., Claremont, CA). eNot determined. fHydrochloride salt.

Table 3. Biological Properties and CLOGP of 9-Aza-lactones

compd R MNECa (μg/mL) MICb (μg/mL) ED50
c (mg/kg) CLOGPd

71f H 0.01 1 25 1.28

81f Me 0.05 1 >25 1.79

72 Ac 0.01 16 nde 1.45

73 (CO)-cProp 0.10 8 nd 1.72

74 (CO)-tBu 0.05 0.5 >12 2.37

75 SO2Me 0.10 64 nd 1.45

76f Ala-H 0.10 >64 nd 1.20

77f Leu-H 0.10 16 nd 2.66
a Supercoiling assay, E. coli gyrase, MNEC = maximum noneffective concentration. bAgar dilution (Mueller-Hinton agar); inoculum 104 CFU/spot,
MIC = minimum inhibitory concentration, Staphylococcus aureus Smith. c In vivo efficacy, septicaemia in mice (S. aureus Smith), iv administration.
dCLOGP = calculated log P (version 4.94, program BioByte Corp., Claremont, CA). eNot determined. fHydrochloride salt.
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protein binding, resulting in a “plasma shift” of only 2. However,
dilactam 52 obviously displays improved pharmacokinetic

properties, which was demonstrated in a pharmacokinetic study
in rats, where it achieved the highest plasma levels measured so

Table 4. Biological Properties and CLOGP of Dilactams: Modification of the Oxadiazole Substituent

compd R X MNECa (μg/mL) MICb (μg/mL) ED50
c (mg/kg) CLOGPd

52 Me O 0.02 1 3 0.78

87 c-propyl O 0.02 2 6 1.23

88 CH2OMe O 0.05 8 nde 0.31

93 CH2OH O 0.02 32 nd -0.53

94f CH2NH2 O 0.10 32 nd -0.54

95f CH2NH2 S 0.05 1 >12 -0.01

96f CH2NHCHMe2 O 0.02 16 nd 0.72

97f CH2NHCHMe2 S 0.02 0.5 12 1.25
a Supercoiling assay, E. coli gyrase, MNEC = maximum noneffective concentration. bAgar dilution (Mueller-Hinton agar); inoculum 104 CFU/spot,
MIC = minimum inhibitory concentration, Staphylococcus aureus Smith. c In vivo efficacy, septicaemia in mice (S. aureus Smith), iv administration.
dCLOGP = calculated log P (version 4.94, program BioByte Corp., Claremont, CA). eNot determined. fHydrochloride salt.

Table 5. DNA Gyrase Inhibitory Activity, in Vitro and in Vivo Antibacterial Activity, and Physicochemical Properties of Selected
Mono- and Dilactams: Comparison with Reference Compounds

MICb (μg/mL)

compd MNECa(μg/mL) E. c. 25922 X. m. 1AC 739 S. a. 25923 S. a. Smith S. e. 16/2 E. f. 6 S. p.b15 ED50
c(mg/kg) CLOGPd log De PSf

3g 0.004 >64 0.5 0.12 0.06 0.01 0.25 0.25 >25 2.52 3.09 8

40 0.005 >64 1 <0.12 <0.12 <0.12 0.12 0.12 >25 2.73 3.23 8

48 0.01 >64 4 1 0.5 <0.12 0.5 0.5 25 1.10 2.32

53 0.05 >64 0.25 0.25 <0.12 <0.12 <0.12 0.12 12.5 1.31 2.61

100g,h 0.002 64 4 0.5 0.25 <0.12 0.5 0.5 8.5 1.05 1.85 4

38g 0.002 64 4 0.5 0.12 <0.12 <0.12 0.25 6 1.27 1.89

97g 0.02 >64 16 1 0.5 <0.12 0.25 0.25 12 1.25

98g 0.01 >64 4 0.5 0.25 0.12 0.5 1 >25 1.70 1.99 2

39 0.005 64 2 <0.12 <0.12 <0.12 0.12 <0.12 25 1.91 2.18 4

47 0.01 >64 >64 32 8 1 8 2 >25 0.57 1.05

52 0.02 >64 >64 4 1 <0.12 0.5 <0.12 3 0.78 1.40 2

novobiocin 0.1 >64 >64 0.25 0.12 0.25 4 1 3

vancomycin >64 >64 1 1 2 4 1 1.5 e1 2
a Supercoiling assay, E. coli gyrase, MNEC = maximum noneffective concentration. bAgar dilution (Mueller-Hinton medium), inoculum 104 CFU/
spot, MIC =minimum inhibitory concentration. Test organisms: Escherichia coli 25922, Xanthomonas maltophilia IAC 739, Staphylococcus aureusATCC
25923, Staphylococcus aureus Smith, Staphylococcus epidermidis 16/2, Enterococcus faecalis 6, Streptococcus pyogenes b15. c In vivo efficacy, septicaemia in
mice (S. aureus Smith), iv administration. dCalculated log P, see Table 1. eOctanol/water pH 7.4 shake-flask method. f “Plasma shift” = ratio MIC (BHI
agar-mouse plasma (1:1), S. a. Smith)/MIC (BHI agar, S. a. Smith). gReference compounds.10 hHydrochloride salt.
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far for cyclothialidine analogues and approaching those mea-
sured for vancomycin (Figure 4).
The comparison of CLOGP values with experimental log D

values reveals a charscteristic distinction between the monolac-
tam and the dilactam series (Figure 5). The calculated log P value
obviously overestimates the hydrophilicity impact of the addi-
tional amide functionality. This can be explained by a compen-
satory reduction of the hydrophilicity by the stronger
intramolecular hydrogen bond of the dilactam scaffold (see
Figure 1). As a consequence, the 11-thioxo-dilactams 48 and
53 have a higher log D but a smaller CLOGP value than the
monolactams 98 and 39. Nevertheless, dilactams 47 and 52 are
significantly more polar than the monolactams 98 and 39, which

explains their reduced antibacterial effect. Being aware of the
deficiencies of the CLOGP value, Figure 6 demonstrates anyway
that a certain degree of lipophilicity is a prerequisite for a
pronounced antibacterial potency. However, the general obser-
vation that high lipophilicity leeds to increased protein binding,
assessed directly or deduced from the “plasma shift” of the
antibacterial in vitro test, reinforced the view that only com-
pounds of a certain hydrophilicity can exhibit efficacy in vivo.
Figure 7 shows the ED50 values determined for all compounds of
significant activity against S. aureus Smith plotted against their
CLOGP value. In vivo efficacy (ED50 e 25 mg) was only found
for derivatives with CLOGP between 0.78 and 1.92. Some
inefficacious compounds within this lipophilicity window were
possibly not tested high enough (ED50 > 12 mg/kg), but others
(ED50 >25 mg/kg) must be hampered by other unfavorable
properties such as metabolic degradation, e.g. glucuronidation.
We have focused on compounds occupying this favorable

lipophilicity range, which seems to offer the best compromise for
optimizing concomitantly cell permeation and pharmacokinetic

Table 6. In Vitro Antibacterial Activity of 52 and of Reference Compounds against Multiresistant Gram-Positive and Gram-
Negative Bacteriaa

compd

S aureus (11 strains)

MIC50/90

E. faecalis (16 strains)

MIC50/90

E. faecium (23 strains)

MIC50/90

S. pneumoniae (21 strains)

MIC50/90

H. influenzae (21 strains)

MIC50/90

M. catarrhalis (20 strains)

MIC50/90

52 4/4 0.25/0.5 0.5/0.5 0.5/2 1/4 1/2

3b 1/1 4/4 8/8 1/2 8/16 2/2

5b 1/1 1/1 1/2 2/4 8/8 2/2

penicillinc,d 256 />256 c 2/8 d 32/>32 d 8/32 d

linelozide 1/2 2/2 1/2 1/2 8/16 8/16

imipenem 32/64 2/2 64/>64

vancomycin 2/4 2/256 256 />256
aAgar dilution: Mueller-Hinton agar (inoculum 104 CFU/spot) for S. aureus, E. faecium, E. faecalis; Haemophilus test medium (inoculum 105 CFU/
spot) for H. influenzae; Mueller-Hinton agar (inoculum 105 CFU/spot) and IsoSensitest (inoculum 104 CFU/spot) supplemented with sheep blood
(5% v/v), forM. catarrhalis and S. pneumoniae, respectively. MIC50/90 =minimum concentration (in μg/mL) that inhibits at least 50%, 90% of the strains
tested. bMonolactam reference compounds.10 cData for methicillin. dData for penicillin G.

Figure 4. Total plasma concentration of 52 and of reference com-
pounds10 4, 100, and 3 in rats (n = 3-6) after a single intravenous dose
of 20 mg/kg (microsuspension in gelatin). Comparison with vancomy-
cin data from ref 35.

Figure 5. Correlation between calculated log P (CLOGP) and experi-
mental log D values of two analogous series of monolactams and
dilactams (see Table 5). The ratio y/x between derivatives differing
only in the additional amide group is <1, indicating an overestimation of
this hydrophilicity increment by the CLOGP value. The dilactam
analogues are positioned along a steeper line (slope 2.2) as compared
to the monolactams (line slope 1.3). This results from the overestima-
tion in the CLOGP of the hydrophilic impact of the additional amide
functionality in comparison to the lipophilicity contributions of methyl/
bromine replacement (52), thiation (48), or both (53).
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behavior. Figure 8 shows schematically how the stepwise applica-
tion of structural lipophilicity modulaters on the parent lactone
98, i.e. conversions A, B and C, influences hydrophilicity and
biological properties, i.e. log D, ED50 and MIC values, of its
derivatives.

’CONCLUSIONS

Our continued effort to optimize bicyclic lactones derived
from the natural product cyclothialidine was guided by the
hypothesis that only a certain degree of hydrophilicity will allow
the translation of a good antibacterial potency into in vivo
efficacy. According to this hypothesis, and confirmed by the
experience collected so far, efficacious compounds can only be
found within a rather narrow lipophilicity window. The CLOGP
value appeared to be a useful guidance tool for the modification
program, although the conformational flexibility of the 14-
memberd lactone rings together with the possibility to form an
intramolecular hydrogen bond could provide specific properties

to new series of interest, e.g. with regard to conformational
adaption to different environments. Thus, it seemed obvious that
new lactone subclasses of intrinsically improved biological prop-
erties had to be found empirically.

Further attempts to identify more favorable hydrophilic
substitution patterns for the 14-membered monolactams
provided only compounds of similar efficacies as those pre-
viously reported, but the use of a chloro- or bromo-substitute
for the 1-methyl group of monolactams brought some pro-
gress with regard to the antibacterial activity both in vitro and
in vivo.

A noteworthy step forward was accomplished by using a new
and more polar scaffold obtained by incorporating an additional
amide moiety into the lactone ring. Dilactam analogues were
found to be still potent DNA gyrase inhibitors. Compared to the
monolactams, they had a slightly reduced antibacterial potency
due to their increased hydrophilic character, a drawback which,
however, was compensated by more favorable physicochemical
properties. The dilactam inhibitors cover the same antibacterial
spectrum than the monolactams and were found to be particu-
larly active against multiresistant strains of Enterococcus faecalis,
Entercoccus faecium , and Streptococcus pneumonia. The 4-bromo-
dilactam 52 displayed a significantly improved pharmacokinetic
behavior, which resulted in a substantial in vivo efficacy with an
ED50 of 3 mg/kg in a mouse septicaemia model. Regarding its
antibacterial potency, polar character, as well as pharmacokinetic
behavior, dilactam 52 resembles the properties of vancomycin,
which, however, is addressing an extracellular target. The fact that
the “dilactams” do not require a thioamide functionality to
achieve in vivo efficacy makes them attractive.

Unfortunately, we did not succeed in further improving on the
lead compound 52, and only structurally close analogues dis-
played a similar in vivo effect. Nevertheless, the new dilactam
subclass confirms that DNA gyrase inhibitors of the cyclothiali-
dine family can indeed combine interesting antibacterial activity
with satisfactory pharmacokinetic properties, and therefore,
might earn further investigation.

Figure 6. Antibacterial activity in vitro of all new compounds plotted
against their CLOGP value. A certain degree of lipophilicity (CLOGP >
1) is required for a pronounced antibacterial potency.

Figure 7. In vivo efficacy (septicaemia in mice, S. aureus Smith) plotted
against CLOGP for all compounds with a MIC e 2 μg/mL (S. aureus
Smith) tested. For pharmacokinetic data of compounds 3, 4, 52, and
100, see Figure 4.

Figure 8. Impact on polarity (log D) and biological properties (in vivo
efficacy, antibacterial activity) of chemical modifications on derivatives
of parent monolactam 98. The derivatives shown are interconnected by
conversions A, B, and C. Small/large circle diameters indicate small/
large MIC values.
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’EXPERIMENTAL SECTION

General. Solvents and chemicals used for reactions were purchased
from commercial suppliers and used without further purification. Reac-
tions were carried out under N2 or Ar. For standard workup procedures,
organic solvents and aqueous (aq) solutions used are given in brackets,
and if not stated otherwise, aq solutions of NaHCO3 and Na2CO3 used
were saturated, aq layers were back-extracted with the organic solvent
used, organic solutions were dried with Na2SO4, and solvents were
evaporated under reduced pressure at 20-40 �C on a B€uchi rotary
evaporator. Thin layer chromatography (TLC) was carried out on silica
gel glass plates (Kieselgel 60 F254, Merck). Normal phase silica gel (Silica
Gel 60, 230-400 mesh, Merck) was used for preparative chromatogra-
phy, and the eluents used are indicated in brackets. Melting points (mp)
were determined on a B€uchi SMP-20K and are uncorrected. 1H NMR
spectra were recorded on a Bruker-AC-250 or on a Bruker-ARX-400. If
not stated otherwise, spectra were recorded at 250 mHz. Chemical shifts
are reported as δ values (ppm) downfield from internal TMS in the
indicated solvent. Coupling constants (J) are given in Hz, s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet, br = broad. Low-resolution
ISP-MS and ISN-MS were recorded on a PE-Sciex API III. High-
resolution mass spectra (HRMS) were determined on an Agilent LC/
MS (series 1200, 6120 Q-TOF). Elemental analyses were carried out in
our laboratory or by Solvias AG, Basel, and results are within(0.4% of the
theoretical values. Alternatively, target compounds without elemental
analysis were analyzed by HRMS and their purity was assessed by HPLC
(A: RP-18 (reverse phase), 250mm� 4mm, detector 278 nm, 0.01M aq
K,Na-phospate buffer (pH 7.0) containing tetrakis-(decyl)ammonium
bromide (0.008 mol/L)/acetonitrile (38:62), 1 mL/min; B: C-18
(reverse phase), 2.1 mm � 30 mm, detector with various wavelengths
265 nm (70%), 225 (10%), 215, 220, 230, 250, 280 nm (4% each), eluent
0.01% aq HCOOH/5-95% MeCN-MeOH (4:1); 1.2 mL/min) and
shown to be >95% if not stated otherwise.

Methyl 2-Chloro-6-formyl-5-hydroxy-3-methoxy-benzo-
ate (26).To a solution ofmethyl 2-formyl-3-hydroxy-5-methoxybenzo-
ate (25,26 25.4 g, 0.12 mol) in DCM (120mL) was added over 15 min at
20 �C sulfuryl chloride (10.7 mL, 0.13 mol), causing a light evolution of
gas. The mixture was stirred for 21 h at 20 �C and then evaporated. The
residual material was crystallized from EtOAc to give a mixture of 26 and
the 4-chloro regioisomer (23.6 g, 72:28 mixture of regioisomers).
Repeated recrystallization from t-BuOMe provided pure 26 (8.33 g,
28%) as white crystals, mp 123-124 �C. 1H NMR (DMSO-d6) δ 3.82
and 3.93 (2 s, 2 � 3H), 6.72, 10.10, and 11.43 (3 s, 3 � 1H).
(RS)-7-Chloro-3,4-dihydroxy-6-methoxy-3H-isobenzofur-

an-1-one (27b). To 26 (0.65 g, 2.5 mmol) was added 2 N NaOH
(2.5 mL, 5 mmol), and the mixture was stirred for 30 min. The solution
was acidified with 3NHCl at 0 �C, a white precipitate being formed. The
mixture was extracted with EtOAc. The organic layer was washed with
brine, dried, and evaporated to give 27b (0.57 g, 99%) as white solid, mp
>230 �C. 1H NMR (DMSO-d6) δ 3.87 (s, 3H), 6.48 (d, 1H, J = 8.7),
6.86 (s, 1H), 7.81 (d, 1H, J = 8.7), 10.62 (s, 1H). Signals of the
corresponding acid (2-chloro-6-formyl-5-hydroxy-3-methoxy-benzoic
acid, ca. 20%) δ 3.92 (s, 3H), 6.70 (s, 1H), 10.10 (s, 1H), 11.38 (s,
1H), 13.46 (br s, 1H). Anal. (C9H7ClO5) C, H, Cl.
(RS)-3,4-Dihydroxy-6-methoxy-3H-isobenzofuran-1-one

(28). To methyl 2-formyl-3-hydroxy-5-methoxybenzoate (25, 63.1 g,
0.30 mol) was added 2 N NaOH (375 mL, 0.75 mol), and the mixture
was stirred at 20 �C for 0.5 h.Water (50 mL) was added, and themixture
was cooled in an ice-bath. Upon acidification to pH 2.5 by addition of 7
NHCl (ca. 70mL), a precipitate was formed. Themixture was stirred for
0.5 h at 0 �C, and subsequently, the solid was collected by filtration and
washed with coldH2O (130mL). The wet solid was dissolved in acetone
(0.3 L)/EtOAc (0.6 L) and the solution was dried and evaporated. The
resulting residue was recrystallized by dissolving it in hot acetone (0.11

L), followed by cooling and addition of hexane (0.4 L) to give
pseudoacid 28 (51.6 g, 88%) as white solid, mp 153-153 �C. 1H
NMR (DMSO-d6) δ 3.79 (s, 3H), 6.56 (d, 1H, J = 8), 6.66 (s, 1H), 6.76
(br s, 1H), 7.82 (d, 1H, J = 8), 10.42 (br s, 1H).
(RS)-7-Bromo-3,4-dihydroxy-6-methoxy-3H-isobenzofur-

an-1-one (27c). Bromine (12.8 mL, 0.25 mol) was added over 1 min
to a stirred suspension of 28 (49.0 g, 0.25 mol) in DCM (0.5 L)
precooled to 0 �C. The temperature rose to 12 �C and was allowed to
rise to 20 �C over 10 min. Stirring was continued for 2 h at 20 �C, and
thereafter, the yellow reaction mixture was evaporated completely. To a
suspension of the solid residue in H2O (0.5 L) was added at 0 �C 32% aq
NaOH (100 mL). The mixture was stirred for 15 min to produce a dark-
yellow solution of pH 12. By slowly adding 7 N HCl (ca. 100 mL) at
0 �C, the pH of the reaction mixture was lowered to 2.5. The precipitate
produced was collected by filtration, washed with H2O, and dried. The
crude product was triturated with hot acetone (0.25 L), and after cooling
to 0 �C and addition of hexane (0.25 L), 27c (60.2 g, 88%) was isolated
as white solid, mp >200 �C. 1H NMR (DMSO-d6) δ 3.88 (s, 3H), 6.46
(d, 1H, J = 8.5), 6.62 (s, 1H), 7.59 (d, 1H, J = 8.5), 10.64 (s, 1H). Signals
of corresponding acid (2-bromo-6-formyl-5-hydroxy-3-methoxy-ben-
zoic acid, ca. 20%) δ 3.93 (s, 3H), 6.67 (s, 1H), 10.05 (s, 1H), 11.42
(s, 1H), 13.45 (br s, 1H).
Allyl 2-Bromo-6-formyl-5-hydroxy-3-methoxy-benzoate

(29c).N,N,N0,N0-Tetramethylguanidine (34.6 mL, 0.275 mol) was added
at 20 �C to a solution of 27c (68.8 g, 0.25 mol) in DMF (0.5 L). After
stirring for 0.5 h, allyl bromide (27.5 mL, 0.325 Mol) was added to the
reaction mixture and stirring was continued at 20 �C for 18 h. The mixture
was evaporated, and Et2O (0.4 L) was added to the residual oil. The
mixture was extracted with 2% aq NaHCO3 (0.4 L). The aqueous extract
was set to pH5by additionof 7NHCl and then extractedwithEtOAc (1L).
The organic layer was washed with brine, dried, and evaporated. The
remaining oil (57.2 g) was taken up in hot hexane (0.9 L), insoluble
material was removed by filtration, and the solution was stirred at 0 �C to
give 29c (53.1 g, 67%) as white solid, mp 45 �C. 1H NMR (CDCl3) δ
3.96 (s, 3H), 4.91 (d, 2H, J = 6), 5.46 (d, 1H, J = 10), 5.47 (d, 1H, J = 17),
5.95-6.16 (m, 1H), 6.51 (s, 1H), 9.68 (s, 1H), 12.01 (s, 1H).

In addition, the byproduct allyl 3-allyloxy-6-bromo-2-formyl-5-meth-
oxy-benzoate (8.0 g, 9%) was isolated from the Et2O extract, and starting
material 27c (8.7 g, 13%) was recovered from the aqueous extract at pH
2.5 (EtOAc).
Allyl 2-Bromo-5-[dimethyl(thexyl)silyloxy]-6-formyl-3-

methoxy-benzoate (30c).Toa stirredmixture of29c (37.8 g, 0.12mol)
and (dimethyl)-(1,1,2-trimethyl-propyl)-chlorosilane (35.3 mL, 0.18 mol)
in DMF (240 mL) was added at 0 �C NEt3 (25.1 mL, 0.18 mol), a
precipitate being formed immediately. The reaction mixture was stirred at
20 �C for 15 h, and then worked up (EtOAc, 1 N HCl, 5% aq NaCl). The
resulting oil was crystallized from hexane to give 30c (51.3 g, 93%) as white
crystals, mp 88-89 �C. 1HNMR (CDCl3) δ 0.34 (s, 6H), 0.94 (d, 6H, J =
7), 0.98 (s, 6H), 1.68-1.84 (m, 1H), 3.92 (s, 3H), 4.91 (d, 2H, J = 6), 5.30
(d, 1H, J= 10), 5.42 (d, 1H, J= 16), 5.98-6.17 (m, 1H), 6.39 (s, 1H), 10.18
(s, 1H).
Allyl 2-Bromo-5-[dimethyl(thexyl)silyloxy]-6-iodomethyl-

3-methoxy-benzoate (31c). Sodium iodide (10.34 g, 69.0 mmol)
and trimethylchlorosilane (9.45 mL, 73.6 mmol) were added at 20 �C to
a solution of 30c (21.0 g, 46.0 mmol) in MeCN (23 mL), a brown
precipitate being formed. The mixture was stirred for 5 min, subse-
quently cooled to 0 �C, and 1,1,3,3-tetramethyl-disiloxane (8.7 mL, 48.5
mmol) was added over 5 min. The mixture was stirred at 20 �C for 2 h,
and then diluted with EtOAc, washed with H2O, dried, and evaporated.
On the basis of NMR analysis, the resulting brown oil (30 g) consisted of
31c (ca.19.2 g, 73%), and 7-bromo-4-[dimethyl-(thexyl)silyloxy]-6-
methoxy-3H-isobenzofuran-1-one (10.8 g) as the major byproduct.
NMR (CDCl3) of 31c: δ 0.31 (s, 6H), 0.87 (d, 6H, J = 7), 0.99 (s,
6H), 1.64-1.82 (m, 1H), 3.79 (s, 3H), 4.34 (s, 2H), 4.86 (d, 2H, J = 6),
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5.32 (d, 1H, J = 10), 5.48 (d, 1H, J = 16), 5.99-6.17 (m, 1H), 6.36 (s,
1H).
Allyl 2-[(R)-2-Amino-2-(3-methyl-[1,2,4]oxadiazol-5-yl)-

ethylsulfanylmethyl]-6-bromo-3-[dimethyl(thexyl)silyloxy]-
5-methoxy-benzoate (34c). NEt3(6.4 mL, 46 mmol) was added to
a solution of crude 31c (30 g containing ca. 19.2 g, 34 mmol, of 31c) and
(R)-2-mercapto-1-(3-methyl-1,2,4-oxadiazol-5-yl)-ethylcarbamic acid
tert-butyl ester (32,10 11.9 g, 46 mmol) in DCM (90 mL). The reaction
mixture was stirred at 20 �C for 2 h, and then worked up (EtOAc, 1 N
HCl, brine). The resulting material was stirred with TFA (90 mL) at 0 �C
for 0.5 h. The solution was evaporated, and the remaining oil was worked
up (EtOAc, aq Na2CO3, brine). The crude product was purified by
chromatography (EtOAc/hexane 1:3) to give 34c (13,5 g, 66%) as a
light-yellow foam. NMR (CDCl3) δ 0.30 (s, 6H), 0.93 (d, 6H, J =
7), 0.99 (s, 6H), 1.67-1.85 (m, 1H), 1.84 (br s, 2H), 2.38 (s, 3H),
2.84 (dd, 1H, J= 13, 8), 3.06 (dd, 1H, J= 13, 5), 3.69 and 3.74 (2 d, 2� 1H,
J = 13), 3.84 (s, 3H), 4,12-4.20 (m, 1H), 4.86 (d, 2H, J = 6), 5.32 (d, 1H, J
= 11), 5.47 (d, 1H, J = 16), 5.97-6.15 (m, 1H), 6.45 (s, 1H).
Allyl 2-Chloro-5-[dimethyl(thexyl)silyloxy]-6-iodomethyl-

3-methoxy-benzoate (31b). Obtained by subjecting 27b in analo-
gous manner to the reaction sequence described above for the preparation
of 31c from 27c. Brown oil, which, based on NMR analysis, consisted of
31b (ca. 60%) and 7-chloro-4-[dimethyl-(thexyl)silyloxy]-6-methoxy-3H-
isobenzofuran-1-one (ca. 32%) as the major byproduct. NMR (CDCl3) of
31b: δ 0.36 (s, 6H), 0.96 (d, 6H, J = 7), 1.08 (s, 6H), 1.65-1.83 (m, 1H),
3.84 (s, 3H), 4.39 (s, 2H), 4.90 (d, 2H, J = 6), 5.32 (d, 1H, J = 10), 5.48 (d,
1H, J = 16), 6.01-6.18 (m, 1H), 6.42 (s, 1H).
Allyl 2-[(R)-2-Amino-2-(3-methyl-[1,2,4]oxadiazol-5-yl)-

ethylsulfanylmethyl]-6-chloro-3-[dimethyl(thexyl)silyloxy]-
5-methoxy-benzoate (34b). Obtained by subjecting crude 31b in
analogous manner to the procedure described above for the preparation
of 34c from 31c; light-yellow foam. NMR (CDCl3) δ 0.31 (s, 6H), 0.93
(d, 6H, J = 7), 0.99 (s, 6H), 1.70-1.82 (m, 1H) superimposed by 1.79
(br s, 2H), 2.38 (s, 3H), 2.86 (dd, 1H, J = 14 and 8), 3.05 (dd, 1H, J = 14
and 5), 3.70 and 3.74 (2 d, 2� 1H, J = 11), 3.85 (s, 3H), 4.15-4.21 (m,
1H), 4.86, 5.31, and 5.45 (3 d, 3� 2H, J = 6, 10 and 18), 5.96-6.17 (m,
1H), 6.47 (s, 1H).
Allyl (R)-2-[2-Amino-2-(3-allyloxycarbonylaminomethyl-

1,2,4-oxadiazol-5-yl)-ethylsulfanyl-methyl]-3-[dimethyl-
(thexyl)silyloxy]-6-chloro-5-methoxybenzoate (35b). Ob-
tained by subjecting 31b in analogous manner to the procedure
described above for the preparation of 34c but replacing 31c by 31b
and 32 by (R)-1-(3-allyloxycarbonylaminomethyl-1,2,4-oxadiazol-
5-yl)-2-mercapto-ethylcarbamic acid tert-butyl ester (33);10 light-
yellow foam. NMR (CDCl3) δ 0.31 (s, 6H), 0.93 (d, 6H, J = 7), 0.99
(s, 6H), 1.70-1.82 (m, 1H), 2.87 (dd, 1H, J = 13, 7), 3.05 (dd, 1H, J =
13, 4), 3.69 and 3.76 (2 d, 2 � 1H, J = 14), 3.85 (s, 3H), 4.15-4.24
(m, 1H), 4.52, 4.61, and 4.86 (3 d, 3 � 2H, J = 6), 5.20-5.50 (m, 4H),
5.84-6.15 (m, 2H), 6.47 (s, 1H).
Allyl (R)-2-[2-Amino-2-(3-allyloxycarbonylaminomethyl-

1,2,4-oxadiazol-5-yl)-ethylsulfanyl-methyl]-6-bromo-3-[di-
methyl(thexyl)silyloxy]-5-methoxybenzoate (35c). Obtained
by subjecting 31c in analogousmanner to the procedure described above
for the preparation of 34c but replacing 32 by 33; light-yellow foam.
NMR (CDCl3) δ 0.31 (s, 6H), 0.93 (d, 6H, J = 7), 0.99 (s, 6H), 1.76-
1.80 (m, 1H) superimposed by 1.65-1.95 (br s, 2H), 2.87 (dd, 1H, J =
13, 7), 3.05 (dd, 1H, J = 13, 5), 3.67 and 3.72 (2 d, 2� 1H, J = 13), 3.85
(s, 3H), 4.19 (dd, 1H, J = 7, 5), 4.52, 4.60, and 4,86 (3 d, 3� 2H, J = 6),
5.18-5.55 (m, 5H), 5.84-6.15 (m, 2H), 6.45 (s, 2H).
(R)-8-(3-Aminomethyl-[1,2,4]oxadiazol-5-yl)-1-chloro-4-

hydroxy-2-methoxy-10-thioxo-7,8,9,10,11,12,13,14-octahydro-
5H-15-oxa-6-thia-9-aza-benzocyclotetradecen-16-one Hy-
drochloride (38). Obtained by subjecting amine 35b in analogous
manner to the reaction sequence described previously for the

preparation of 100 from 6;10 white solid. 1H NMR (DMSO-d6) δ
1.60-2.10 (m, 4H), 2.34 (s, 3H), 2.58-2.74 and 2.86-3.00 (2 m, 2 �
1H), 3.08 (dd, 1H, J = 14, 11), 3.40 (dd, 1H, J = 14, 4), 3.69 (d, 1H, J =
11), 3.80 (s, 3H), 3.91 (d, 1H, J = 11), 4.06-4.20 (m, 1H), 4.31 (br s,
2H), 4.50-4.66 (m, 1H), 5.72-5.88 (m, 1H), 6.72 (s, 1H), 8.67 (br s,
3H), 10.45 (s, 1H), 10.76 (d, 1H, J = 7). HRMS calcd for
(C19H23ClN4O5S2) 486.0798, found 486.0793.

By subjecting amine 34c and 5-trityloxypentanoic acid in analogous
manner to the reaction sequence described previously for the prepara-
tion of 98 and 3 from 14,10 compounds 39 and 40 were obtained:
(R)-1-Bromo-4-hydroxy-2-methoxy-8-(3-methyl-[1,2,4]-

oxadiazol-5-yl)-8,9,11,12,13,14-hexahydro-5H,7H-15-oxa-6-
thia-9-aza-benzocyclotetradecene-10,16-dione (39). White
solid. 1H NMR (DMSO-d6) δ 1.60-2.10 (m, 5H), 2.34 (s, 3H), 2.33-
2.48 (m, 1H), 2.88 (dd, 1H, J = 14, 11), 3.29 (dd, 1H, J = 14, 4), 3.68 (d,
1H, J = 11), 3.80 (s, 3H), 3.85 (d, 1H, J = 11), 4.04-4.16 (m, 1H),
4.54-4.65 (m, 1H), 5.13-5.25 (m, 1H); 6.64 (s, 1H), 8.66 (d, 1H, J =
8), 10.34 (s, 1H). MS (ISN) 498.0 [(M - 1)-]. Anal. (C19H22-
BrN3O6S 3 0.2EtOAc) C, H, N.
(R)-1-Bromo-4-hydroxy-2-methoxy-8-(3-methyl-[1,2,4]-

oxadiazol-5-yl)-10-thioxo-7,8,9,10,11,12,13,14-octahydro-
5H-15-oxa-6-thia-9-aza-benzocyclotetradecen-16-one (40).
White solid. 1H NMR (DMSO-d6) δ 1.60-2.10 (m, 4H), 2.34 (s, 3H),
2.58-2.73 and 2.85-2.99 (2 m, 2� 1H), 3.04 (dd, 1H, J = 14, 11), 3.40
(dd, 1H, J = 14, 4), 3.66 (d, 1H, J = 11), 3.80 (s, 3H), 3.88 (d, 1H, J = 11),
4.06-4.19 and 4.51-4.64 (2 m, 2� 1H), 5.69-5.81 (m, 1H), 6.64 (s,
1H), 10.37 (s, 1H), 10.63 (d, 1H, J = 8). MS (ISN) 514.0 [(M- 1)-].
Anal. (C19H22BrN3O5S2) C, H, N, Br.
Ethyl (2-Trityloxy-acetylamino)-acetate (43). To a mixture of

2-trityloxy-acetic acid (42,10 63.6 g, 0.20 mol), glycine ethyl ester
hydrochloride (30.7 g, 0.22 mol), and 4-methyl-morpholine (24.2 mL,
0.22 mol) in MeCN (0.8 L) was added dropwise at 0-4 �C over 30 min
a solution of DCC (45.4 g, 0.22mol) inMeCN (0.2 L). Themixture was
stirred at 0 �C for 3 h, a white precipitate being formed. The mixture was
evaporated and the remaining material was stirred with EtOAc (0.5 L) at
0 �C for 15 min. Insoluble material was removed by filtration, and the
clear solution was washed with 1 N HCl (0.5 L) and with brine. The or-
ganic layer was dried and evaporated to give 43 (82 g, “102%”) as a white
solid. An analytical sample was obtained by recrystallization (EtOAc/
hexane) as white solid, mp 115-116 �C. 1H NMR (DMSO-d6) δ 1.21
(t, 3H, J = 7), 3.45 (s, 2H), 3.92 (d, 2H, J = 6), 4.12 (q, 2H, J = 7), 7.25-
7.48 (m, 15H), 8.24 (t, 1H, J = 6). Anal. (C25H25NO4) C, H, N.
(2-Trityloxy-acetylamino)-acetic Acid (44). A mixture of 43

(82.0 g, max. 0.2 mol) and KOH (14.6 g, 0.26 mol) in MeOH (100 mL)
was stirred at 60 �C for 0.5 h. The mixture was cooled and evaporated,
and the remaining oil was dissolved in H2O (0.2 L). The solution was
washed with t-BuOMe/hexane (2:1, 0.6 L) and then acidified to pH 3 at
0 �C by the addition of 5 N HCl, a white precipitate being formed. The
mixture was extracted with EtOAc (0.4 L). Insoluble material in the
organic layer (product) was isolated by filtration, and the filtrate was
washed with brine, dried, and evaporated. The residue (25.3 g) and the
isolated insoluble material were triturated together with EtOAc/hexane
(1:1, 1 L) at 0 �C to give, after filtration and drying, 44 (60.0 g, 80%) as
white solid, mp 183-184 �C. 1HNMR (DMSO-d6) δ 3.44 (s, 2H), 3.84
(d, 2H, J = 6), 7.25-7.50 (m, 15H), 8.14 (t, 1H, J = 6), 12.66 (s, 1H).
Anal. (C23H21NO4) C, H, N.
3-[Dimethyl(thexyl)silyloxy]-2-[(R)-2-[2-(2-hydroxy-acetyl-

amino)-acetylamino]-2-(3-methyl-[1,2,4]oxadiazol-5-yl)-
ethylsulfanylmethyl]-5-methoxy-6-methyl-benzoic Acid (45a).
(i) A mixture of allyl 2-[(R)-2-amino-2-(3-methyl-[1,2,4]oxadiazol-5-yl)-
ethylsulfanylmethyl]-3-[dimethyl(thexyl)silyloxy]-5-methoxy-6-methyl-
benzoate (14,10 2.95 g, 5.5 mmol), 44 (2.44 g, 6.5 mmol), and EDC
(1.53 g, 8.0 mmol) in MeCN (55 mL) was stirred at 0 �C for 5 h.
Workup (EtOAc, 1 N HCl, aq NaHCO3, brine) gave a viscous oil (5.38
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g, ca. 100%). (ii) This oil (5.38 g) was stirred with pTsOH hydrate (1.0
g) in MeOH (30 mL) at 20 �C for 2 h. Workup (EtOAc, 5% aq
NaHCO3, brine) and chromatography (EtOAc/hexane 1:1) gave a
light-yellow foam (3.1 g). (iii) To a solution of this material (3.1 g,
4.8 mmol) in THF (50 mL) were added at 0 �Cmorpholine (4.1 mL, 47
mmol) and Pd(PPh3)4 (0.115 g, 0.1 mmol). The mixture was stirred for
2 h at 0 �C, and then worked up (EtOAc, 1 N HCl, brine) to give 45a
(1.95 g, 58%) as light-yellow foam. 1H NMR (CDCl3) δ 0.28 (s, 6H),
0.94 (d, 6H, J= 7), 0.98 (s, 6H), 1.70-1.82 (m, 1H), 2.14 and 2.35 (2 s, 2
� 3H), 3.04 (dd, 1H, J = 12, 5), 3.17 (dd, 1H, J = 12, 7), 3.76 (s, 3H),
3.78 and 3.82 (2 d, 2 � 1H, J = 12), 4.12 (dd, 1H, J = 14.7, 4), 4.22 (s,
2H), 4.34 (dd, 1H, 14.7, 6), 5.36-5.48 (m, 1H), 6.37 (s, 1H), 7.32 (s,
1H), 7.55-7.64 and 7.78-7.90 (2 m, 2 � 1H).
(R)-1-[Dimethyl(thexyl)silyloxy]-3-methoxy-4-methyl-13-

(3-methyl-[1,2,4]oxadiazol-5-yl)-9,10,13,14-tetrahydro-12H,-
16H-6-oxa-15-thia-9,12-diaza-benzocyclotetradecene-5,8,11-
trione (46a). A solution of 45a (1.43 g, 2.34 mmol) and PPh3 (1.31 g,
5.0 mmol) in toluene (60 mL) was cooled to 0 �C. DEAD (0.78 mL, 5.0
mmol) was added, and themixture was stirred for 1 h at 0 �C and for 15 h
at 20 �C. The solution was evaporated and the residue was chromato-
graphed (EtOAc/hexane 3:1) to give 46a (0.58 g, 42%) as off-white
foam. NMR (CDCl3) δ 0.27 and 0.30 (2 s, 2� 3H), 0.94 (d, 6H, J = 7),
0.99 (s, 6H), 1.70-1.84 (m, 1H), 2.04 and 2.29 (2 s, 2� 3H), 2.94 (dd,
1H, J = 14, 4), 3.39 (dd, 1H, J = 14, 6), 3.63 (d, 1H, J = 11), 3.76 (s, 3H),
3.89 (d, 1H, J = 11), 3.97 (dd, 1H, J = 15, 5), 4.14 (dd, 1H, J = 15, 6), 4.54
and 5.00 (2 d, 2� 1H, J = 12), 5.58-5.70 (m, 1H), 6.40 (s, 1H), 7.36 (d,
1H, J = 8), 8.38 (t, 1H, J = 6).
(R)-1-Hydroxy-3-methoxy-4-methyl-13-(3-methyl-[1,2,4]-

oxadiazol-5-yl)-9,10,13,14-tetrahydro-12H,16H-6-oxa-15-thia-
9,12-diaza-benzocyclotetradecene-5,8,11-trione (47). To a
solution of 46a (198 mg, 0.33 mmol) in MeOH (6 mL) was added
NH4F (20 mg, 0.1 mmol), and the mixture was stirred at 20 �C for 1 h.
Workup (EtOAc, H2O) and chromatography (EtOAc/hexane 1:1)
followed by recrystallization (MeOH/EtOAc/hexane) of the crude
product gave 47 (83 mg, 55%) as white solid. 1H NMR (DMSO-d6)
δ 1.96 and 2.31 (2 s, 2� 3H), 2.83 (dd, 1H, J = 15, 3), 3.28 (dd, 1H, J =
15, 7), 3.54 (d, 1H, J = 12), 3.74 (s, 3H), 3.80 (d, 1H, J = 12), 3.85-3.93
(m, 2H), 4.68 and 4.90 (2 d, 2� 1H, J = 12), 5.52-5.63 (m, 1H), 6.55
(s, 1H), 7.51 (d, 1H, J = 8), 9.25 (t, 1H, J = 6), 9.85 (s, 1H). MS (ISN)
449.3 [(M - 1)-]. Anal. (C19H22N4O7S 3 0.2MeOH) C, H, N, S.
(R)-1-Hydroxy-3-methoxy-4-methyl-13-(3-methyl-[1,2,4]-

oxadiazol-5-yl)-11-thioxo-9,10,11,12,13,14-hexahydro-16H-
6-oxa-15-thia-9,12-diaza-benzocyclotetradecene-5,8-dione
(48), (R)-1-Hydroxy-3-methoxy-4-methyl-13-(3-methyl-[1,2,4]-
oxadiazol-5-yl)-8-thioxo-7,8,9,10,13,14-hexahydro-12H,16H-6-
oxa-15-thia-9,12-diaza-benzocyclotetra-decene-5,11-dione
(49), and (R)-1-Hydroxy-3-methoxy-4-methyl-13-(3-methyl-
[1,2,4]oxa-diazol-5-yl)-8,11-dithioxo-7,8,9,10,11,12,13,14-
octahydro-16H-6-oxa-15-thia-9,12-diaza-benzocyclotetra-
decen-5-one (50). A mixture of 46a (295 mg, 0.50 mmol) and
Lawesson’s reagent (161 mg, 0.4 mmol) in toluene (5 mL) was heated
to 80 �C for 0.5 h. The mixture was cooled and evaporated, and the residue
was chromatographed (EtOAc/hexane 1:1) to give three products: F1 (Si*-
50, 77 mg, 25%), F2 (Si*-48, 90 mg, 29%), and F3 (Si*-49, 51 mg, 16%),
withRf values (EtOAc/hexane 1:1) of 0.63, 0.45, and 0.40, respectively. The
silylated intermediates were treated individually with NHF4/MeOH as
described in the preparation of 47 to give the following products:

48 (61 mg, 88%, from 90 mg F2), white solid. 1H NMR (DMSO-d6)
δ 1.99 and 2.33 (2 s, 2� 3H), 3.09 (dd, 1H, J = 15, 3), 3.31 (dd, 1H, J =
15, 7), 3.57 (d, 1H, J = 12), 3.74 (s, 3H), 3.81 (d, 1H, J= 12), 4.32 (d, 2H,
J = 6), 4.76 and 4.91 (2 d, 2� 1H, J = 13), 6.03-6.15 (m, 1H), 6.56 (s,
1H), 9.20 (t, 1H, J = 5), 9.30 (d, 1H, J = 8), 9.87 (s, 1H). HRMS calcd for
(C19H22N4O6S2) 466.0981, found 466.0978.

49 (33 mg, 85%, from 51 mg F3), white solid (see SI).

50 (6 mg, 10%, from 77 mg F1, after chromatography), white solid
(see SI).
(R)-4-Chloro-1-hydroxy-3-methoxy-13-(3-methyl-[1,2,4]-

oxadiazol-5-yl)-9,10,13,14-tetrahydro-12H,16H-6-oxa-15-
thia-9,12-diaza-benzocyclotetradecene-5,8,11-trione (51).
Obtained by subjecting amine 34b in analogous manner to the reaction
sequence described above for the preparation of 47 from 34a; white
solid. 1HNMR (DMSO-d6) δ 2.31 (s, 3H), 2.90 (dd, 1H, J = 14, 3), 3.24
(dd, 1H, J = 14, 7), 3.54 (d, 1H, J = 12), 3.81 (s, 3H), 3.86 (d, 1H, J = 12)
superimposed by 3.80-3.96 (m, 2H), 4.71 and 4.90 (2 d, 2 � 1H, J =
13), 4.49-5.62 (m, 1H), 6.69 (s, 1H), 7.44 (d, 1H, J = 9), 9.30 (t, 1H, J =
6), 10.45 (s, 1H). HRMS calcd for (C18H19ClN4O7S) 470.0663, found
470.0659.
6-Bromo-3-[dimethyl(thexyl)silyloxy]-2-[(R)-2-[2-(2-hydroxy-

acetylamino)-acetylamino]-2-(3-methyl-[1,2,4]oxadiazol-5-
yl)-ethylsulfanylmethyl]-5-methoxy-benzoic Acid (45c). Amine
34c (6.0 g, 10.0 mmol) was subjected in analogous manner to the reaction
sequence described above (45a (i-iii)) to give crude 45c (6.34, 94%) as
slightly yellow foam. 1HNMR (CDCl3) δ 0.30 (s, 6H), 0.94 (d, 6H, J= 7),
0.99 (s, 6H), 1.70-1.82 (m, 1H), 2.36 (s, 3H), 3.04 (dd, 1H, J = 12, 5),
3.19 (dd, 1H, J = 12, 7), 3.72 and 3.79 (2 d, 2� 1H, J = 12), 3.84 (s, 3H),
4.10 (dd, 1H, J = 14, 4), 4.22 (s, 2H), 4.36 (dd, 1H, 14, 6), 5.42-5.52 (m,
1H), 6.41 (s, 1H), 7.42-7.60 and 7.77-7.88 (2 m, 2 � 1H).
(R)-4-Bromo-1-[dimethyl(thexyl)silyloxy]-3-methoxy-13-

(3-methyl-[1,2,4]oxadiazol-5-yl)-9,10,13,14-tetrahydro-12H,-
16H-6-oxa-15-thia-9,12-diaza-benzocyclotetradecene-5,8,-
11-trione (46c). Subjecting 45c (4.96 g, 7.4 mmol) to the lactoniza-
tion procedure described in the preparation of 46a afforded 46c (2.39 g,
49%) as off-white foam.NMR(CDCl3) δ 0.30 and 0.32 (2 s, 2� 3H), 0.94
(d, 6H, J= 7), 0.99 (s, 6H), 1.70-1.85 (m, 1H), 2.32 (s, 3H), 2.96 (dd, 1H,
J=14, 4), 3.38 (dd, 1H, J=14, 7), 3.62 (d, 1H, J=11), 3.83 (s, 3H), 3.87 (d,
1H, J= 11), 3.98-4.19 (m, 2H), 4.58 and 4.99 (2 d, 2� 1H, J= 12), 5.98-
5.68 (m, 1H), 6.44 (s, 1H), 7.42 (d, 1H, J = 8), 7.76 (t, 1H, J = 6).
(R)-4-Bromo-1-hydroxy-3-methoxy-13-(3-methyl-[1,2,4]-

oxadiazol-5-yl)-9,10,13,14-tetrahydro-12H,16H-6-oxa-15-
thia-9,12-diaza-benzocyclotetradecene-5,8,11-trione (52). A
mixture of46c (462mg, 0.70mmol) andNH4F (50mg, 1.35mol) inMeOH
(6 mL) was stirred at 20 �C for 1 h. The mixture was diluted with EtOAc
(50mL) and washed with H2O. The organic layer was dried and evaporated,
and the residue was purified by chromatography (acetone/hexane 1:1) and
crystallized (MeOH/EtOAc/hexane) to give 52 (151 mg, 42%) as white
solid. 1HNMR(DMSO-d6)δ2.31 (s, 3H), 2.88 (dd, 1H, J=14, 4), 3.22 (dd,
1H, J = 14, 7), 3.55 (d, 1H, J = 12), 3.80 (s, 3H), 3.86 (d, 1H, J = 12)
superimposed by 3.78-3.89 (m, 2H), 4.74 and 4.90 (2 d, 2� 1H, J = 12),
5.48-5.58 (m, 1H), 6.67 (s, 1H), 7.42 (d, 1H, J=8), 9.31 (t, 1H, J=6), 10.44
(s, 1H). HRMS calcd for (C18H19BrN4O7S) 514.0158, found 514.0154.
(R)-4-Bromo-1-hydroxy-3-methoxy-13-(3-methyl-[1,2,4]-

oxadiazol-5-yl)-11-thioxo-9,10,11,12,13,14-hexahydro-16H-
6-oxa-15-thia-9,12-diaza-benzocyclotetradecene-5,8-dione
(53) and (R)-4-Bromo-1-hydroxy-3-methoxy-13-(3-methyl-
[1,2,4]oxadiazol-5-yl)-8,11-dithioxo-7,8,9,10,11,12,13,14-
octahydro-16H-6-oxa-15-thia-9,12-diaza-benzocyclotetra-
decen-5-one (54). A mixture of 46c (328 mg, 0.50 mmol) and
Lawesson’s reagent (161mg, 0.4mmol) in toluene (5mL)was heated to
80 �C for 0.5 h. The mixture was cooled and evaporated, and the residue
was chromatographed (EtOAc/hexane 1:1) to give two major products:
F1 (Si*-54, 55 mg, 16%) and F2 (Si*-53, 75 mg, 22%), with Rf values
(EtOAc) of 0.66 and 0.43, respectively. The silylated products were
treated individually with NHF4/MeOH as described in the preparation
of 47 to give, after purification by chromatography (EtOAc/hexane) and
crystallization (EtOAc/hexane), the following products:

53 (11 mg, 18%, from 75 mg F2), white solid. 1H NMR (DMSO-d6)
δ 2.33 (s, 3H), 3.11 (dd, 1H, J = 15, 3), 3.32 (dd, 1H, J = 15, 8), 3.59 (d,
1H, J = 12), 3.81 (s, 3H), 3.82 (d, 1H, J = 12), 4.33 (d, 2H, J = 6), 4.78
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and 4.92 (2 d, 2� 1H, J = 13), 6.05-6.16 (m, 1H), 6.68 (s, 1H), 9.20-
9.32 (m, 2H), 10.46 (s, 1H). HRMS calcd for (C18H19BrN4O6S2)
529.9929, found 529.9927.

54 (5 mg, 11%, from 55 mg F1), white solid (see SI).
Allyl 2-{(R)-2-[3-(Allyloxycarbonylamino-methyl)-[1,2,4]-

oxadiazol-5-yl]-2-[2-(2-hydroxy-acetylamino)-acetylamino]-
ethylsulfanylmethyl}-6-bromo-3-[dimethyl(thexyl)silyloxy]-
5-methoxy-benzoate (89).Reacting 35c (7.0 g, 10.0mmol) with 44
(4.5 g, 12.0 mmol) and treating the resulting product with pTsOH/
MeOH, as described above in the preparation of 45a (i-ii), gave 89
(6.81 g, 84%) as colorless foam. NMR (CDCl3) δ 0.30 and 0.32 (2 �
3H), 0.93 (d, 6H, J = 7), 0.98 (s, 6H), 1.68-1.80 (m, 1H), 2.89-3.11
(m, 2H), 3.61 and 3.75 (2 d, 2 � 1H, J = 13), 3.85 (s, 3H), 3.97-4.16
(m, 4H), 4.48, 4.58, and 4,85 (3 d, 3� 2H, J = 6), 5.15-5.37 (m, 4H),
5.47 (d, 1H, J = 17), 5.62 (t, 1H, J = 6), 5.80-6.14 (m, 2H), 6.46 (s, 1H),
7.31 (d, 1H, J = 8).
Allyl [5-((R)-4-Bromo-1-[dimethyl(thexyl)silyloxy]-3-meth-

oxy-5,8,11-trioxo-7,8,9,10,11,12,13,14-octahydro-5H,16H-
6-oxa-15-thia-9,12-diaza-benzocyclotetradecen-13-yl)-[1,2,4]-
oxadiazol-3-ylmethyl]-carbamate (90). Allyl ester 89 (2.04 g,
2.50 mmol) was subjected successively to the ester cleavage and the
lactonization procedures described above (45a (iii) and 46a) to give 90
(0.77 g, 41%) as white foam. NMR (CDCl3) δ 0.30 and 0.33 (2 s, 2 �
3H), 0.94 (d, 6H, J = 7), 1.00 (s, 6H), 1.68-1.84 (m, 1H), 2.97 (dd, 1H,
J = 15, 3), 3.31 (dd, 1H, J = 15, 6), 3.60 (d, 1H, J = 11), 3.84 (s, 3H), 3.86
(d, 1H, J = 11), 4.15-4.22 (m, 2H), 4.47 and 4.62 (2 d, 2� 2H, J = 6),
4.62 and 5.01 (2 d, 2� 1H, J = 12), 5.20 (d, 1H, J = 10), 5.29 (d, 1H, J =
17), 5.44 (t, 1H, J = 6), 5.55-5.68 and 5.82-5.99 (2m, 2� 1H), 6.46 (s,
1H), 7.44 (t, 1H, J = 6), 7.48 (d, 1H, J = 8).
(R)-13-(3-Aminomethyl-[1,2,4]oxadiazol-5-yl)-4-bromo-1-

[dimethyl(thexyl)silyloxy]-3-methoxy-11-thioxo-9,10,11,12,
13,14-hexahydro-16H-6-oxa-15-thia-9,12-diaza-benzocyclo-
tetradecene-5,8-dione (92). A mixture of 90 (0.36 g, 0.48 mmol)
and Lawesson’s reagent (0.70 g, 0.24 mmol) in toluene (5 mL) was
heated to 80 �C for 0.5 h. The mixture was cooled and evaporated, and
the residue was chromatographed (EtOAc/hexane 1:1) to give three
products with Rf values (EtOAc/hexane 2:1) of 0.60, 0.46, and 0.29,
respectively: To a solution of the product of the second fraction (Rf =
0.46, 77 mg) in DCM (1.4 mL) were added dimethylamino-trimethyl-
silane (0.10 mL, 0.6 mmol) and trimethylsilyl trifluoroacetate (0.10 mL,
0.6 mmol). The solution was stirred at 0 �C for 10 min, whereupon
Pd(PPh3)4 (7 mg, 0.006 mmol) was added and stirring was continued
for 2 h at 0 �C. The mixture was evaporated and the residual oil was
worked up (EtOAc, 5% aq NaHCO3, brine) to give, after chromatog-
raphy (EtOAc) of the crude product, 92 (63 mg, 91%) as light-yellow
foam. TLC: Rf = 0.11 (EtOAc).
(R)-4-Bromo-1-hydroxy-13-[3-(isopropylamino-methyl)-

[1,2,4]oxadiazol-5-yl]-3-methoxy-11-thioxo-9,10,11,12,13,
14-hexahydro-16H-6-oxa-15-thia-9,12-diaza-benzocyclote-
tradecene-5,8-dione Hydrochloride (97). (i) To a mixture of 92
(30 mg, 0.044 mmol), acetone (0.06 mL), NaOAc (10 mg), AcOH
(0.07 mL), and H2O (0.15 mL) in THF (0.3 mL) was added at 0 �C
portionwise over 30 min NaBH4 (10 mg, 0.26 mmol). Stirring was
continued for 10 min, and the mixture was then worked up (EtOAc, aq
NaHCO3, brine). The residue was chromatographed (EtOAc) to yield a
major product (17 mg). (ii) A solution of this material (17 mg) and
NH4F (10 mg) in MeOH (1 mL) was stirred at 20 �C for 0.5 h. After
workup (EtOAc, H2O), a solution of the resulting residue in EtOAc
(1 mL) was treated with 3 N HCl-Et2O (0.05 mL) and Et2O (1 mL).
The precipitate formed was isolated to give 97 (12 mg, 41%) as white
solid. 1H NMR (DMSO-d6) δ 1.23 (d, 6H, J = 6), 3.19 (dd, 1H, J = 15,
3), 3.29 (dd, 1H, J = 15, 8), 3.64 (d, 1H, J = 11), 3.81 (s, 3H), 3.89 (d, J =
11), 4.22-4.50 (m, 3H), 4.82 and 4,88 (2 d, 2� 1H, J = 12), 6.12-6.23

(m, 1H), 6.71 (s, 1H), 9.31 (t, 1H, J = 6), 9.35 (d, 1H, 8), 10.50 (s, 1H).
HRMS calcd for (C21H26BrN5O6S2) 587.0508, found 587.0509.
DNA Gyrase Inhibition. The MNEC (maximum noneffective

concentration) was determined in a supercoiling assay as described
previously.10 The MNEC, determined visually, was found to be 2-5
times lower than the IC50 of the supercoiling reaction.
In Vitro Antibacterial Activity. Minimum inhibitory concentra-

tions (MICs) for the test compounds against the test strains were
determined by an agar dilutionmethod as described previously.10 Details
are indicated in the table legends.
In Vivo Antibacterial Efficacy. The in vivo efficacy was deter-

mined in a septicaemia mice model as described previously.10 Staphy-
lococcus aureus Smith was used as test organism. In experiments with 0-
1 survivals in a control group of 5-10 mice, the lowest dose affording
3-5 survivals out of a group of 5 infected mice was taken as the 50%
effective dose (ED50, in mg/kg).
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