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NH4CH3C02) at 2 mL/min and peak areas measured. Yields 
(Figure 1) are given as area (product)/area (all peaks). 

Determination of Specific Activities and Radiochemical 
Purities. An aliquot of the solution was transferred to a thin 
glass vial and its radioactivity measured with a dose calibrator. 
Another aliquot (of the same volume) was removed by the same 
syringe and injected onto the analytical HPLC column and the 
UV peak area of the product measured. The mass of the product 
was calculated by comparison to a standard curve. The sensitivity 
of the analyses was maximized by setting the wavelength of the 
UV detector to 239 nm—the X,^ of 21. The specific activity in 
mCi/Mmol was then calculated by dividing the number of mil-
licuries in the aliquot by the number of micromoles in the same 
aliquot. The radiochemical purity of the final product was always 
>99%; some hydrophilic radioactive impurities (13%) were de
tected in 125I-labeled 21 following storage for 3 months at -10 °C. 

Binding Assays. Male CD-I mice were killed, and the whole 
brain minus cerebellum was rapidly homogenized in 50 mM 
phosphate-buffered saline (pH = 7.4, 37 °C). The tissue homo-
genate (8 mg/mL buffer) was then incubated with 1 nM [3H]-
iV-methylscopolamine (New England Nuclear, 70 Ci/mmol) alone 
or in the presence of 1.0 tiM atropine and in the presence of 
increasing concentrations of the compounds listed in Table I. 
Samples were incubated for 30 min at 37 °C in a shaking water 
bath to achieve equilibrium. All samples were incubated in 
triplicate. Samples containing atropine defined nonspecific 
binding. 

Following the incubation period samples were rapidly filtered 
over Whatman glass fiber filters under vacuum and rapidly washed 
with 15 mL of ice-cold phosphate-buffered saline. Filters were 
then counted in the presence of 10 mL of Formula 963 scintillation 
fluid (New England Nuclear) by using standard techniques at 
efficiencies of ca. 40%. Radioactivity in the presence of atropine 
(nonspecific binding) was subtracted from that in other samples 
to compute net specific binding. Net specific binding at each drug 
concentration was then expressed as percent of control specific 
binding. Log-logit analysis was then used to compute the 50% 
inhibitory concentrations (ICM) for each test compound. Dexe-

Streptolydigin (l),2 tirandamycin A (2),3 BU2313A (3), 
and BU2313B (4)4 are members of the naturally occurring 
class of 3-dienoyl tetramic acids. These compounds 
possess potent antibacterial activity, particularly against 
anaerobes and some Gram-positive aerobes. Streptolydigin 

+ Current address: Pfizer, Medicinal Chemistry Department, 
Central Research Division, Groton, CT 06340. 

timide was always studied in parallel with other compounds to 
assure experimental reproducibility. The values shown in Table 
I represent average results from two to three experiments; values 
varied less than 20%. Saturation experiments using [126I]- and 
[123I]iododexetimide were carried out in a similar fashion using 
10"* M atropine to define nonspecific binding. 

Biodistribution studies were carried out on male CD-I mice 
according to literature procedures.11 
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and tirandamycin A have been shown to be inhibitors of 
bacterial RNA polymerase.3,5 In contrast, tenuazonic acid 

(1) This work was presented, in part, at the 1987 ICAAC. Rosen, 
T.; Fernandes, P. B.; Shen, L.; Marovich, M. A.; Mao, J.; 
Pernet, A. Abstracts of the 27th Interscience Conference on 
Antimicrobial Agents and Chemotherapy 1987, Abstract No. 
1003. 

Aromatic Dienoyl Tetramic Acids. Novel Antibacterial Agents with Activity 
against Anaerobes and Staphylococci1 
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Streptolydigin (1) and tirandamycin A (2) are typical members of the naturally occurring class of 3-dienoyl tetramic 
acids. These compounds, which possess potent antibacterial activity particularly against anaerobes, have been shown 
to inhibit bacterial RNA polymerase. In contrast, tenuazonic acid (5), which lacks a complex dioxabicyclononane 
moiety and diene chromophore present in 1 and 2, exhibits essentially no antimicrobial activity and has no effect 
on bacterial RNA polymerase, suggesting that one or both of these structural features may be critical for antibacterial 
activity. In this paper, we report on a novel series of synthetic dienoyl tetramic acids that lack a complex dioxa
bicyclononane unit. Several of these compounds, particularly 8T-W, exhibit potent antimicrobial activity against 
Gram-positive and Gram-negative anaerobes as well as staphylococci. We will discuss the structure-activity relationship 
for this series of compounds which, in contrast to their natural counterparts, do not inhibit significantly RNA 
polymerase. We will also discuss preliminary results on the biochemical and microbiological properties of this series 
of compounds, several of which moderately inhibit supercoiling by DNA gyrase isolated from E. coli H560, although 
this enzyme has not been established as their target in whole cells. Compound 8W, which is not cross-resistant 
with DNA gyrase subunit A or B inhibitors or tirandamycin, has also been demonstrated to be rapidly bactericidal. 
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(5) exhibits essentially no antimicrobial activity and has 
0 0 CH3 

no effect on bacterial RNA polymerase.3,6 It has been 
postulated that the dioxabicyclononane skeleton or the 
diene unit present in 1-4 may be critical to the antibiotic 
properties of these compounds.7 Although tirandamycin 
was reported initially to be ineffective for the treatment 
of bacterial infections in mice, more recently tirandamycin 
and the BU2313 compounds have been shown to be ef
fective in mouse protection tests.8 We have also demon
strated that tirandamycin is effective in a mouse abscess 
model for Bacteroides fragilis.9 

There has been a structure-activity study on a series of 
tetramic acids lacking the diene chromophore, and these 
compounds are generally devoid of substantial antibacterial 
activity.10 In this paper, we report our preliminary results 
on the synthesis and biological activity of a series of dienoyl 
tetramic acids. Several of these compounds possess potent 
antibacterial activity. However, unlike their natural 
counterparts, these compounds do not inhibit appreciably 
RNA polymerase. These compounds show moderate in
hibition of supercoiling by DNA gyrase, although this 
enzyme has not been established as the target of these 
agents in whole cells. 

Results and Discussion 
Chemistry. The tetramic acids in this study were 

synthesized by employing general methodology analogous 
to that reported by Schlessinger et al. in their synthesis 
of tirandamycin A.11 The key step in this convergent 
methodology involves Wadsworth-Emmons condensation 
of a tetramic acid keto phosphonate 7 and an aldehyde 6 
(Scheme I, eq 1). In Schlessinger's synthesis of 2, it was 
necessary to employ a protecting group on the nitrogen of 
the tetramic acid 7 (R3 = 2,4-dimethoxybenzyl, R4 = H) 
in order to better facilitate the coupling reaction. De
blocking is accomplished with neat trifluoroacetic acid to 
afford 8 (R3 = R4 = H). We used this sequence to prepare 
compounds in which R3 in 8 is hydrogen. However, we also 
utilized the keto phosphonate 7 (R3 = CH3, R4 = H), which 
affords compounds with the iV-CH3 moiety present in 
BU2313A (3), obviating the need for a subsequent de-
protection step. 

The general route to the keto phosphonate reagents (7) 

(2) Eble, T. E.; Large, C. M.; DeVries, W. H.; Crum, G. F.; Shell, 
J. W. Antibiotics Annual; Medical Encyclopedia, Inc.: New 
York, 1956; p 893. 

(3) Reusser, F. In Antibiotics Vol. 1: Mechanism of Action of 
Antibacterial Agents; Hahn, F. E., Ed.; Springer-Verlag: New 
York, 1979; p 361. 

(4) Tsukiura, H.; Tomita, K.; Hanada, M.; Kobaru, S.; Tsunakawa, 
M.; Fujisawa, K.-L; Kawaguchi, H. J. Antibio. 1980, 33, 157. 

(5) Reusser, F. Antimicrob. Agents Chemother. 1976, 10, 618. 
(6) (a) Gitterman, C. 0 . J. Med. Chem. 1965, 8, 483. (b) Suzuki, 

S.; Sano, F.; Yuke, H. Chem. Pharm. Bull. 1967, 15, 1120. 
(7) Lee, V. J.; Branfman, A. R.; Herrin, T. R.; Rinehart, K. L. J. 

Am. Chem. Soc. 1978, 100, 4225. 
(8) Kawaguchi, H.; Tsukiura, H.; Tomita, K. U.S. Patent 

4,169,096, 1979. 
(9) Fernandes, P. B. Unpublished results. 

(10) Matsuo, K.; Kimura, M.; Kinuta, T.; Takai, N.; Tanaka, K. 
Chem. Pharm. Bull. 1984, 32, 4197. 

(11) (a) Schlessinger, R. H.; Bebernitz, G. R. J. Org. Chem. 1985, 
50, 1344. (b) Schlessinger, R. H.; Bebernitz, G. R.; Lin, P. J. 
Am. Chem. Soc. 1985, 107, 1777. 
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formula 

C14H19N03 

C22H35N03 

C1 7H2 3N03-72H20 
C18H26N03 

C19H27N03 

C16H21N04 

Ci8H2oN203 

C16H14N206 

C16H16N03 

C16H12BrN03 

C16H14BrN03 

C15H12C1N03 

C16H14C1N03 

C16H15N03 
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C21H26N03 

C19H21N03 
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C20H17NO3 
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C20H17NO3 
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CH3 CH3 H C21H23N03-V6H20 

CH3 (CH2)3 C23H21N03 

CH3 CH3 CH3 C22H21N03 

CH3 CH3 H C21H19N04 

CH3 CH3 H C25H27N06-V4H20 

" Unless noted otherwise, all new compounds had high field JH 
NMR spectra, mass spectra, and combustion analysis (C, H, N ± 
0.4% of theoretical value) and/or high-resolution mass spectra 
that were consistent with the indicated structures. 'Compound 
characterized by high field 'H NMR spectrum and low-resolution 
mass spectrum. ' MEM = methoxyethoxymethyl. 

is shown in Scheme I (eq 2). Treatment of the bromo acid 
bromide 9 with an amino ester 10 gives the adduct 11. 
Exposure of 11 to the potassium salt of diethyl phosphite 
results in displacement of bromide and intramolecular 
cyclization to furnish 7. The reagent 7 (R3 = CH3, R4 = 
H) is obtained from AT-methylglycine ethyl ester (10, R3 
= CH3, R4 = H, R5 = C2H5) (see the Experimental Section). 

The aldehydes employed in the condensation reaction 
were obtained either from commercial sources or by a 
homologation sequence employing an aldehyde and an 
appropriate stabilized Wittig reagent ((carbethoxy-
ethylidene)triphenylphosphorane or (carbethoxy-
methylene)triphenylphosphorane, Aldrich) followed by 
manipulation to the desired oxidation state (Scheme I, eq 
3) 16,16 T J ^ structures of the 3-acyltetramic acids (8) thus 
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H 3 C 

3:R = CH3 

4 : R = H 

OH 

Table II. Minimum Inhibitory Concentrations 

organism 

B. fragilis ATCC 25285 
B. thetaomicron ATCC 29741 
C. perfringens ATCC 13124 
C. difficile ATCC 9689 

organism 

B. fragilis ATCC 25285 
B. thetaomicron ATCC 29741 
C. perfringens ATCC 13124 
C. difficile ATCC 9689 

organism 

B. fragilis ATCC 25285 
B. thetaomicron ATCC 29741 
C. perfringens AtCC 13124 
C. ditfia'te ATCC 9689 

A 

31 
62 
31 
31 

N 

16 
16 
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16 
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8 
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<0.5 

I, Mg/mL 
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31 
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16 

I 

50 
50 
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25 

V 

<0.5 
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<0.5 
<0.5 
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125 
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125 
16 
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16 
16 
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16 
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2 
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62 
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8 
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8 
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31 
<0.5 
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2 
8 
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obtained are shown in Table I, and further physical and 
spectral properties are provided in the Experimental 
Section. 

Biological Evaluation of Compounds 
In Vitro Antibacterial Activity. The compounds of 

(12) (a) Hogberg, T.; Khanna, I.; Drake, S. D.; Mitscher, L. A.; 
Shen, L. L. J. Med. Chem. 1984, 27, 306. (b) Shen, L. L.; 
Pernet, A. G. Proc. Natl. Acad. Sci. U.S.A. 1985, 82, 307. 

(13) Gale, F. R. S.; Cundliffe, E.; Reynolds, P. E.; Richmond, M. H.; 
Waring, M. J. The Molecular Basis of Antibiotic Action; John 
Wiley and Sons: London, 1981; p 377. 

(14) Higgins, N. P.; Peebles, C. L.; Sugino, A.; Cozzarelli, N. R. 
Proc. Natl. Acad. Sci. U.S.A. 1978, 75, 1773. 

(15) Condensations of aldehydes with these stabilized ylides are 
well-precedented to afford olefinic esters with trans geometry; 
Maercker, A. In Organic Reactions; John Wiley and Sons; 
New York, 1965; Vol. 14, p 270. 

(16) In the condensation of aldehydes with the keto phosphonate 
reagents 8, we observed NMR data indicative of the formation 
of trans double bonds (coupling constants of ~16 Hz); these 
results are consistent with those reported for the synthesis of 
2.n The bromo and chloro derivatives 8K-N were derived 
from condensations with a's-a-bromocinnamaldehyde and 
c;s-a-chlorocinnamaldehyde (Aldrich), respectively; 8K-N are 
the only compounds in this study derived from aldehydes 
possessing cis geometry. Furthermore, exposure of the iV-CH3 
tetramic acid 8L to TFA (conditions required to cleave the 
dimethoxybenzyl protecting group to give iV-H tetramic 
acids)11 afforded material that had :H NMR spectral data (in 
both C6D6 and CDC13) identical with untreated material, in
dicating a lack of lability of the diene system to these acidic 
conditions. 

Scheme I. Synthesis of 3-Dienoyl Tetramic Acids0 
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^ - - ^ X NR3 
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Br 
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R 5 0 2 C -
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COjEt ,-R2 , m i 
R,CHO - R , C H = < ^ — - - R 1 C H = < ( 3 ) 
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"For R3 = 2,4-dimethoxybenzyl, R4 = H, see Schlessinger, R. L.; 
et al. J. Org. Chem. 1985, 50, 1344. 
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Table III. Activity of Dienoyl Tetramic Acids against Aerobes 
MIC, Mg/mL 

organism 

S. aureus ATCC 6538P 
S. aureus CMX 686B 
S. aureus A5177 
S. aureus 45 
S. epidermis 3519 
M. luteus ATCC 4698 
S. bovis A5169 
S. pyogenes EES61 
E. coli Juhl 
E. coli H560 
P. aeruginosa A5007 

8T 

3.1 
3.1 
3.1 
3.1 
6.2 

12.5 
6.2 

12.5 
100 

>100 
100 

8U 

3.1 
3.1 
3.1 
3.1 
3.1 
6.2 

50 
12.5 

>100 
>100 
>100 

8V 

0.78 
0.78 
1.56 
0.78 
3.1 
6.2 

12.5 
12.5 

>100 
>100 

100 

8W 

1.56 
1.56 
1.56 
1.56 
1.56 
1.56 

200 
50 

200 
200 
100 

this study were initially evaluated against the organisms 
shown in Table II. The minimum inhibitory concentra
tions (MICs) are shown relative to clindamycin (CLIN). 
The corresponding values for tirandamycin (TIR) are given 
for comparison. Several trends emerge with respect to 
structure-activity. A methyl group on the carbon adjacent 
to the terminus of the diene appears to enhance activity 
relative to the corresponding unsubstituted analogue (80 
and 8P versus 81 and 8J). The activities of the corre
sponding chloro and bromo derivatives (8K-N) as well as 
the deleterious effect of the n-pentyl group in 8Q suggest 
that the effect of this substituent is spatial (versus elec
tronic) in nature, on the basis of the similar van der Waals 
radii of the chloro, bromo, and methyl substituents. The 

van der Waals 
substit radius, A 
CH3 2.0 
Br 1.9 
CI 1.8 
H 1.2 

first analogue that we found to have definite, although 
marginal, activity was the phenyl derivative 8I. l l a As 
mentioned above, addition of a methyl group to the diene 
(80), in the same position relative to the tetramic acid as 
it occurs in the natural antibiotics 1-4, resulted in sig
nificantly improved antibacterial activity. Addition of a 
second fused aromatic ring affords the most potent agents 
in this study, the 1- and 2-naphthyl derivatives 8T-W, 
which show excellent in vitro potency against anaerobes 
similar to that of tirandamycin and clindamycin. These 
agents also show good activity versus staphylococci (Table 
III), although they are less active against streptococci (in 
contrast to their natural counterparts) and show no activity 
against Gram-negative aerobes. Several modifications on 
the naphthalene moiety (8X, 8Y, 8FF, 8GG) result in a 
significant decrease in antibacterial activity. The delet
erious effects of these modifications may be electronic in 
nature. The quinoline analogue 8BB also shows good in 
vitro activity although somewhat less than the more active 
naphthalene derivatives. p-Biphenyl (8Z) is not an ef
fective replacement for the naphthyl moiety. Although the 
cyclohexyl and phenyl analogues 8C and 8P have quite 
similar activity, fusing an aromatic ring on 8C to give the 
tetralin 8CC results in greatly diminished activity in 
contrast to the improved activity derived from the same 
modification on 8P (to give 8W). 

Compound 8E (racemic) is identical with BU2313A (3) 
in the tetramic acid and dienoyl side chain portions of the 
molecule, however possessing a cyclohexyl group in place 
of the complex dioxabicyclononane moiety. Although it 
possesses antibacterial activity, it is appreciably less active 
than BU2313A; the related aromatic derivative 8R is even 
less active. Several acyclic dienoyl derivatives were pre
pared (8A and 8B are representative of this class), all of 
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Table IV. Evaluation of Tetramic Acids as Inhibitors of 
Bacterial RNA Polymerase 

% inhibn of 
RNA polymerase 

compound 8 concn, nG/mL activity 
K 100 7 ! 
M 100 3.2 
O 100 4.5 
Q 100 5.6 
V 100 13.1 
W 100 12.3 
tirandamycin 80 50 
rifampicin 0.05 57 

Table V. Cross-Resistance Studies 

organism 

MIC, Mg/mL 

diflox- coumer-
8W acin mycin 

S. aureus 730A 0.25 0.25 0.008 
S. aureus 337-113 (norfloxacin-resistant) 0.25 4.0 0.008 
S. aureus 45 0.25 0.25 0.008 
S. aureus 45CR-1 0.25 0.25 4.0 

(coumermycin-resistant) 
B. fragilis ATCC 25285 0.5 
B. fragilis TirR (tirandamycin-resistant) 0.5 

which are only weakly antibacterial; branching at the 
position a to the diene (8A) is not a suitable replacement 
for a full ring (8C and 8P). 

It should be noted that a methyl group on the nitrogen 
(1-position) of the tetramic acid has little effect on anti
bacterial activity, perhaps reducing MICs by one log2 di
lution in general. This trend is the same seen for the 
BU2313 compounds. The iV-methyl compounds are gen
erally easier to work with from a practical standpoint, 
having better solubility properties. Introduction of a 
methyl group at the 5-position of the tetramic acid (8EE), 
however, dramatically reduces activity as does bridging the 
nitrogen to the 2-position with a propylene unit (8DD); 
thus, the activity of this series of compounds is quite 
sensitive to structural modifications. 

Evaluation of Compounds as Inhibitors of RNA 
Polymerase and Cross-Resistance Studies. Several of 
the agents in this study were evaluated as inhibitors of 
RNA polymerase isolated from Escherichia coli K12 
(Sigma); tirandamycin and rifampicin were used as 
standards. As can be seen in Table IV, these compounds 
show no appreciable inhibition of this enzyme. We did, 
however, observe that several of these synthetic compounds 
inhibit supercoiling by DNA gyrase isolated from E. coli 
H560, using norfloxacin as a standard (Ib0 = 1 ;ug/mL).12 

The /50 values (Mg/mL) obtained for 8V, 8W, 8T, 8K, 8C, 
8U, 8FF and BU2313B are 3.5,10.3,17, 30, 31, 49, 64, and 
~ 100, respectively. Compound 8W was studied further 
to determine whether it shows cross-resistance with the 
quinolones (inhibitor of DNA gyrase subunit A), coum-
ermycin (inhibitor of DNA gyrase subunit B), or tiran
damycin. The quinolones and coumermycin are the only 
reported inhibitors of DNA gyrase.13 As can be seen from 
Table V, 8W is not cross-resistant with any of these agents. 

Quinolone antibacterials are well known to trap the 
gyrase-DNA intermediate during the enzyme-inhibition 
step, resulting in cleaved DNA products upon addition of 
a protein denaturant to the reaction medium.14 Compound 
8W was evaluated for such cleavage activity, and the result 
was negative, indicating that the DNA gyrase inhibitory 
properties of this agent do not resemble the mode of in
hibition by the quinolones. 

Bactericidal Activity. The killing kinetics of 8W were 
determined versus Staphylococcus aureus and Bacteroides 
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KILLING KINETICS OF 8W 
AGAINST BACTEROIDES FRAGILIS ATGC 25285 
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KILLING KINETICS OF 8W 
AGAINST STAPHYLOCOCCUS AUREUS 553 
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3 4 
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Figure 1. Killing kinetics of compound 8W. 

fragilis at 4 and 8 times the MIC values. The killing curves 
are shown in Figure 1. It can be seen that 8W is rapidly 
bactericidal versus both organisms. 

Summary of Resul ts . A series of dienoyl tetramic 
acids has been prepared, and several structure-activity 
parameters have emerged from their biological evaluation. 
Several of these agents show good in vitro activity against 
Gram-positive and Gram-negative anaerobes as well as 
staphylococci and as such are the first tetramic acids 
lacking a complex dioxabicyclononane moiety reported to 
have these properties. The most potent agents in this 
series (8T-W) have an unsubstituted naphthalene group 
attached to the terminus of the diene. A methyl group on 
the carbon adjacent to the terminus of the diene enhances 
antibacterial activity, and this effect appears to be spatial 
in nature. The activities of these agents are quite sensitive 
to structural modification. 

These compounds do not show appreciable activity 
against bacterial RNA polymerase, in contrast to strep-
tolydigin. Although several of these compounds show 
moderate inhibition of DNA gyrase, this enzyme has not 
been established as the target of these agents in whole cells; 
compound 8W does not show cross-resistance with known 
DNA gyrase inhibitors (coumermycin or the quinolones) 
or tirandamycin. This compound has also been demon
strated to be rapidly bactericidal. Further biochemical 
studies concerning the mode of action and properties of 
these novel compounds are in progress. 

Experimental Section 
General Methods. Unless otherwise noted, materials were 

obtained from commercial suppliers and used without further 

purification. Aldehydes were either commercially available or 
obtained from the corresponding carboxylic acid by sequential 
reduction (diborane) and oxidation ((C1C0)2, dimethyl sulfoxide 
(DMSO); triethylamine). Melting points are uncorrected. JH 
NMR spectra were determined on a General Electric GN-300 
spectrometer operating at 300.1 MHz. Chemical shifts are ex
pressed in ppm downfield form internal tetramethylsilane. 
Significant *H NMR data are tabulated in the order: multiplicity 
(s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet), number 
of protons, coupling constant(s) in hertz. Mass spectra were 
obtained with a Hewlett-Packard 5985A mass spectrometer or 
a Kratos MS-50 instrument with EI source (70 eV). Column 
chromatography was done with Merck silica gel 60 (70-230 mesh 
ASTM). Elemental analyses were performed by the Microana-
lytical Laboratory, operated by the Analytical Department, Abbott 
Laboratories, North Chicago, IL. 

The keto phosphonate reagent 7 (R3 = CH3, R4 = H) was 
prepared by using protocol similar to that described previously 
by Schlessinger for the synthesis of 7 (R3 = 2,4-dimethoxybenzyl, 
R4 = H);11 full experimental details are provided below. Full 
experimental procedures for the synthesis of 8W and 8AA are 
given and are representative of the general methodology employed 
for the preparation of compounds for this study; spectral and 
physical properties for other tetramic acids 8 are also given below. 
Assignments for the signals in the 'H NMR spectra of compounds 
8A and 8V are also given in this tabulation of data. 

Diethyl 2-(2,4-Dioxo-l-methylpyrrolidin-3-yl)-2-oxo-
ethylphosphonate (7; R3 = CH3, R4 = H). Under a nitrogen 
atmosphere, in a three-neck 2-L round-bottom flask equipped with 
a mechanical stirrer, a low-temperature thermometer, and a 
pressure-equalizing addition funnel were placed 24.8 mL (316 
mmol) of diketene and 200 mL of dichloromethane. To the system 
(cooled in a dry ice bath, -65 °C internal temperature) was added 
15.1 mL (295 mmol) of bromine in 45 mL of dichloromethane over 
a period of 20 min; the internal temperature was maintained at 
ca. -60 °C. The reaction mixture was stirred at -60 °C until it 
was colorless. To this resulting solution of the bromo acid bromide 
9 was added 61.7 mL (443 mmol) of triethylamine dropwise over 
a period of 15 min; the internal temperature was not allowed to 
exceed -55 °C. To the system was added dropwise 24.6 g (211 
mmol) of sarcosine ethyl ester in 80 mL of CH2C12, while the 
internal temperature was maintained at -55 °C. After this ad
dition was complete, the reaction mixture was stirred at -55 to 
-60 °C for 1 min. The solids were removed by suction filtration 
and rinsed well with ethyl acetate. The filtrate was concentrated 
with a rotary evaporator, ~500 mL of ethyl acetate was added 
to the system, and solids were again removed by suction filtration. 
The filtrate was washed with 250 mL of 1 M aqueous H3P04 and 
three 250-mL portions of brine, dried (Na2S04), and concentrated 
to give a viscous red oil. The crude material was subjected to 
column chromatography (350 g of silica gel) using 2:1 hexanes/ 
ethyl acetate as the eluant (collecting 20-mL fractions) to obtain 
40.0 g (68% yield, fractions 49-129) of pure 11 (R3 = CH3, R4 = 
H, R5 = CH2CH3) as an oil, which was used immediately for the 
next transformation. 

Into a dry 1-L round-bottom flask, flushed with N2, were placed 
36.0 g (315 mmol) of KH/mineral oil dispersion and a magnetic 
stirbar. The KH was rinsed with two 10-mL portions of hexanes. 
The system was charged with 165 mL of tetrahydrofuran (THF) 
and cooled to 0 °C. To the system was added slowly (via addition 
funnel, over a period of 45 min) 42.4 mL (329 mmol) of diethyl 
phosphite. The resulting suspension was stirred at 0 °C for 30 
min. To the system was added 40 g (143 mmol) of bromide 11 
(R3 = CH3, R4 = H, R6 = CH2CH3) prepared above in 90 mL of 
THF over a period of 10-15 min. The mixture was stirred at 0 
°C for 1 h and at room temperature overnight and partitioned 
between 350 mL of ether and 100 mL of saturated aqueous sodium 
bicarbonate. The layers were separated, the ether phase was 
extracted with three 50-mL portions of saturated aqueous sodium 
bicarbonate, and the combined aqueous fractions were washed 
with 100 mL of ether. The aqueous layer was sequentially ex
tracted with 50 mL of CH2C12, acidified to pH 7.5, extracted with 
three 50-mL portions of CH2C12, acidified to pH 7, extracted with 
two 50-mL portions of CH2C12, acidified to pH 6, extracted with 
two 50-mL portions of CH2C12, acidified to pH 2.5, and extracted 
with two 100-mL portions of CH2C12. The CH2C12 extracts were 
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analyzed by TLC, and the pure fractions were concentrated to 
afford 22.2 g (53% yield) of 7 (R3 = CH3, R4 = H) as an orange 
viscous oil: *H NMR (CDC13) h 1.33 (t, 6 H, J = 7), 3.04 (s, 3 H), 
3.56 (d, 2 H, J = 24), 3.77 (s, 2 H), 4.18 (m, 4 H); mass spectrum, 
m/z 291 (parent). Anal. (CnH18N06P) C, H, N. 

The keto phosphonate reagents 7 (R3 = CH3, R4 = CH3) and 
7 (R3, R4 = (CH2)3) (precursors to 8EE and 8DD, respectively) 
were prepared in an analogous manner, replacing sarcosine ethyl 
ester with 2V-methyl-D-alanine ethyl ester and D,L-proline methyl 
ester, respectively, and these reagents had the following properties. 

7 (R3 = CH3, R4 = CH3): 'H NMR (CDC13) S 1.34 (overlapping 
d and t, 9 H), 3.00 (s, 3 H), 3.53 (d, 1 H, J = 24), 3.56 (d, 1 H, 
J = 24), 3.74 (q, 1 H, J = 7.5), 4.18 (m, 4 H). 

7 (R3, R4 = (CH2)3): *H NMR (CDC13) 8 1.33 (t, 6 H, J = 7.5), 
1.54 (m, 1 H), 2.17 (m, 4 H), 3.29 (m, 1 H), 3.52 (d, 1 H, J = 24), 
3.57 (d, 1 H, J = 24), 3.72 (m, 1 H), 4.00 (dd, 1 H, J = 6,10), 4.18 
(m, 4 H); mass spectrum, m/z 317 (parent); exact mass calcd for 
C13H20NO6P 317.1028, found 317.1030. 

Ethyl 3-Naphth-2-ylmethacrylate. Under a nitrogen at
mosphere, in a round-bottom flask were placed 3.65 g (23.4 mmol) 
of 2-naphthaldehyde and 125 mL of benzene. To the system was 
added 10.2 g (28.1 mmol) of (carbethoxyethylidene)triphenyl-
phosphorane, and the reaction mixture was stirred at room tem
perature for 4.5 h and concentrated with a rotary evaporator. The 
crude product was purified by column chromatography (300 g of 
silica gel) using 1:5 ether/hexanes as the eluant to obtain 5.65 
g (100% yield) of ethyl 3-naphth-2-ylmethacrylate as a solid: mp 
42-44 °C; *H NMR (CDC13) 6 1.38 (t, 3 H, J = 7.5), 2.21 (d, 3 H, 
J = 1), 4.31 (q, 2 H, J = 7.5), 7.51 (m, 3 H), 7.85 (m, 5 H); mass 
spectrum, m/z 240 (parent). Anal. (C16H1602) C, H. 

2-Methyl-3-naphth-2-ylprop-2-en-l-ol. Under a nitrogen 
atmosphere, in a round-bottom flask were placed 4.93 g (20.5 
mmol) of the a,0-unsaturated ester prepared above and 10 rnL 
of CH2C12. To the system, at 0 °C, was added 44.2 mL (44.2 mmol) 
of 1 M diisobutylaluminum hydride (Dibal) in CH2C12, and the 
reaction mixture was stirred at 0 °C for 30 min. To the system 
was added a mixture of 6.9 mL of methanol and 108 mL of ether, 
and the mixture was stirred at 0 °C for 5 min and at room tem
perature for 1 h. The solids were removed by suction filtration 
through a Celite pad and rinsed well with ether. The filtrate was 
concentrated with a rotary evaporator, and the crude product was 
purified by column chromatography to obtain 1.8 g of pure 2-
methyl-3-naphth-2-ylprop-2-en-l-ol as a crystalline solid: mp 
85-86 °C; XH NMR (CDC13) 5 1.99 (s, 3 H), 4.24 (d, 2 H, J = 2), 
6.68 (s, 1 H), 7.45 (m, 3 H), 7.78 (s, 1 H), 7.81 (m, 3 H); mass 
spectrum m/z 198 (parent). 

2-Methyl-3-naphth-2-ylprop-2-enal (6; Rx = naphth-2-yl, 
R2 = CH3). Under a nitrogen atmosphere, in a round-bottom flask 
were placed 1.20 mL (13.8 mmol) of oxalyl chloride and 30 mL 
of CH2C12. To the system, at -70 °C, was added a solution of 1.67 
mL (23.6 mmol) of DMSO in 6 mL of CH2C12, and the mixture 
was stirred at -70 °C for 2 min. To the system was added 1.95 
g (9.84 mmol) of the allylic alcohol prepared above, and the 
reaction mixture was stirred at -70 °C for 30 min. To the system 
was added 4.94 (49 mmol) of triethylamine, and the mixture was 
stirred at -70 °C for 10 min and at room temperature for 30 min. 
The reaction mixture was diluted with 250 mL of CH2C12 and 
washed with 500 mL of 1 M aqueous NaHC03 and 250 mL of 
brine, dried, and concentrated to afford 1.90 g of crude product. 
The crude material was purified by column chromatography (100 
g of silica gel) using 1:2 ether/hexanes as the eluant to obtain 1.77 
g (91% yield) of pure aldehyde 6 (Ri = 2-naphthyl, R2 = CH3) 
as a solid: mp 91-93 °C; JH NMR (CDC13) 5 1.98 (d, 3 H, J = 
1), 7.42 (s, 1 H), 7.54 (m, 2 H), 7.64 (dd, 1 H, J = 2,9), 7.88 (m, 
3 H), 8.02 (s, 1 H), 9.65 (s, 1 H). 

2,4-Dioxo-l-methyl-3-(4-methyl-5-naphth-2-ylpenta-2,4-
dienoyl)pyrrolidine (8W). Under a nitrogen atmosphere, in 
a round-bottom flask were placed 500 mg (1.72 mmol) of the keto 
phosphonate 7 (R3 = CH3, R4 = H) and 1.75 mL of THF. To the 
system, at 0 °C, was added 405 mg (3.61 mmol) of potassium 
fert-butoxide, the mixture was stirred at 0 °C for 30 min, and 
350 mg (1.8 mmol) of 6 (Rj = 2-naphthyl, R2 = CH3) was added 
to the system. The reaction mixture was stirred at 0 °C for 1 min 
and partitioned between 25 mL of 1 M aqueous phosphoric acid 
and ca. 50 mL of CH2C12. The layers were separated, and the 
organic phase was washed with brine, dried (Na2S04), and con

centrated to afford 650 mg of crude material. The crude product 
was purified by column chromatography (125 g of silica gel) using 
3:97 methanol/chloroform as the eluant to obtain 225 mg of pure 
8W as a yellow solid: mp 182 °C; XH NMR17 (CDC13) 5 2.28 (d, 
3 H, J = 1), 3.06 (s, 3 H), 3.77 (s, 2 H), 7.12 (s, 1 H), 7.33 (d, 1 
H, J = 15), 7.51 (m, 3 H), 7.74 (d, 1 H, J = 15), 7.84 (m, 4 H); 
mass spectrum, m/z 333 (parent); exact mass calcd for C21H19N03 
333.1365, found 333.1365. Anal. (C21H19N03-72H20) C, H, N. 

Ethyl 3-Quinolin-4-ylmethacrylate. Under a nitrogen at
mosphere, in a round-bottom flask were placed 1.00 g (6.37 mmol) 
of 4-quinolinecarboxaldehyde and 2 mL of benzene. To the system 
was added 2.77 g (7.64 mmol) of (carbethoxyethylidene)tri-
phenylphosphorane, and the reaction mixture was stirred at room 
temperature for 0.5 h and concentrated with a rotary evaporator. 
The crude product was purified by column chromatography (50 
g of silica gel) using 1:1 ether/hexanes as the eluant to obtain 1.43 
g (93% yield) of pure ethyl 3-quinolin-4-ylmethacrylate as an oil: 
'H NMR (CDC13) <5 1.40 (t, 3 H, J = 7.5), 1.97 (d, 3 H, J = 1), 
4.35 (q, 2 H, J = 7.5), 7.27 (m, 1 H), 7.5 (dt, 1 H, J = 1, 8), 7.76 
(dt, 1 H, J = 1, 8), 7.92 (d, 1 H, J = 9), 8.07 (s, 1 H), 8.15 (d, 1 
H, J = 9), 8.94 (d, 1 H, J = 5); mass spectrum, m/z 241. Anal. 
(C15H15N02) C, H, N. 

2-Methyl-3-quinolin-4-ylprop-2-en-l-ol. Under a nitrogen 
atmosphere, in a round-bottom flask were placed 1.42 g (5.89 
mmol) of the quinoline a,0-unsaturated ester prepared above and 
3.0 mL of CH2C12. To this stirring solution, at -50 °C, was added 
12.7 mL (12.7 mmol) of 1 M Dibal/hexanes. After 0.5 h, additional 
1 M Dibal/hexanes (3 mL, 3 mmol) was added to the system, and 
the reaction mixture was stirred at -50 °C for 15 min. To the 
system were added cautiously 1.15 mL of methanol and 1.9 mL 
of water. The mixture was stirred at -50 °C for 2 min, diluted 
with 100 mL of ether, stirred at -50 °C for 5 min, and stirred at 
room temperature for 1 h. Sodium sulfate was added to the 
mixture, the mixture was stirred at room temperature for 1 h, 
and the solids were removed by suction filtration. The filtrate 
was concentrated with a rotary evaporator to obtain 1.33 g of a 
yellow oil. The crude product was subjected to column chro
matography (25 g of silica gel) using 2.5:1 ether/hexanes as the 
eluant to obtain 0.95 g (81% yield) of pure 2-methyl-3-
quinolin-4-ylprop-2-en-l-ol as a crystalline solid: mp 104-106 °C; 
*H NMR (CDC13) & 1.76 (d, 3 H, J = 1), 4.36 (s, 2 H), 6.98 (br 
s, 1 H), 7.22 (d, 1 H, J = 5), 7.52 (m, 1 H), 7.71 (m, 1 H), 7.96 
(dd, 1 H, J = 1, 9), 8.13 (d, 1 H, J = 9), 8.86 (d, 1 H, J = 4); mass 
spectrum, m/z 199 (parent). Anal. (C13H13NO) C, H, N. 

2-Methyl-3-quinolin-4-ylprop-2-enal (6; Rt = quinolin-4-yl, 
R2 = CH3). Under a nitrogen atmosphere, in a round-bottom flask 
were placed 0.57 mL (6.54 mmol) of oxalyl chloride and 8.0 mL 
of CH2C12. To this stirring solution, at -60 CC, was added 0.8 mL 
(11.2 mmol) of DMSO in 0.2 mL of CH2C12, and the mixture was 
stirred at -60 °C for 2 min. To the system was added 0.93 g (4.67 
mmol) of the quinoline allylic alcohol prepared above (as a solid, 
3 mL of CH2C12 rinse), and the reaction mixture was stirred at 
-60 °C for 45 min. To the system was added 3.25 mL (23.4 mmol) 
of triethylamine, and the mixture was stirred at -60 °C for 2 min 
and at room temperature for 45 min. The mixture was diluted 
with 50 mL of ether, washed with two 20-mL portions of 1 M 
aqueous phosphoric acid and 20 mL of brine, dried (Na2S04), and 
concentrated. The acidic washes were made basic with solid 
NaHC03 and extracted with organic solvent. The extract was 
washed with brine, dried, and concentrated. The crude concen
trates were subjected to column chromatography (20 g of silica 
gel) using 2:1 ether/hexanes as the eluant to obtain pure 6 (Ri 
= quinolin-4-yl, R2 = CH3) as a crystalline solid: mp 91-94 °C; 
*H NMR (CDCI3) 6 1.93 (d, 3 H, J = 1), 7.33 (dd, 1 H, J = 1, 4), 
7.62 (m, 1 H), 7.79 (m, 1 H), 7.82 (m, 1 H), 7.92 (dd, 1 H, J = 1, 

(17) As has been discussed in detail previously,18-21 several tautom-
ers of tetramic acids may exist in solution, and these popula
tions may be observed in the NMR spectra of these com
pounds. In our series of compounds, we generally observed one 
major tautomer accompanied by a minor tautomeric compo
nent (approximately 10%), which was most apparent by ob
servation of the signals in the lH NMR spectrum for the N-
methyl and/or methylene substituents on the tetramic acid 
nucleus. For example, these minor peaks were present in the 
spectrum of 8Y at S 3.04 (N-CH3) and & 3.87 (CH2). 
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9), 8.18 (d, 1 H, J = 9), 8.98 (d, 1 H, J = 5), 9.82 (s, 1 H); mass 
spectrum, m/z 197 (parent). Anal. (C13HuNO) C, H, N. 

2,4-Dioxo-methyl-3-(4-methyl-5-quinolin-4-ylpenta-2,4-
dienoyl)pyrrolidine (8AA). Under a nitrogen atmosphere, in 
a round-bottom flask were placed 137 mg (0.47 mmol) of the keto 
phosphonate 7 (R3 = CH3, R4 = H) and 0.47 mL of THF. To this 
stirring solution, at 0 °C, was added 111 mg (0.99 mmol) of 
potassium tert-butoxide, and the mixture was stirred at 0 °C for 
40 min. To the system was added 91 mg (0.46 mmol) of 6 (R! 
= quinolin-4-yl, R2 = CH3), and the reaction mixture was stirred 
at 0 °C for 15 min. The reaction mixture was partitioned between 
CH2C12 and 1 M aqueous phosphoric acid. The layers were 
separated, and the aqueous phase was washed with CH2C12. The 
aqueous phase was made neutral with solid NaHC03, extracted 
with dichloromethane, made basic with solid NaHC03, and ex
tracted with dichloromethane. The combined dichloromethane 
fractions were dried (Na2S04) and concentrated (rotary evapo
rator) to afford ca. 120 mg of a yellow solid which was rinsed with 
several portions of ether (ca. 35 mL total) to give pure 8AA:22 

'H NMR (CDC13)
17 b 2.08 (d, 3 H, J = 1), 3.08 (s, 3 H), 3.78 (s, 

2 H), 7.28 (d, 1 H, J = 5), 7.38 (m, 2 H), 7.58 (m, 1 H), 7.78 (m, 
2 H), 7.92 (dd, 1 H, J = 1, 9), 8.16 (d, 1 H, J = 9), 8.94 (d, 1 H, 
J = 5); mass spectrum, m/z 334 (parent); exact mass calcd for 
C20H18N2O3 334.1317, found 334.1318. Anal. (C20H18N2O3) C, H, 
N. 

'H NMR Spectral Data Tetramic Acids 8.17 A: mp 116-119 
°C; 'H NMR (CDC13) b 1.02 (d, 6 H, J = 7), 1.91 (d, 3 H, J = 1), 
2.73 (m, 1 H), 3.02 (s, 3 H), 3.73 (s, 2 H), 5.87 (d, 1 H, J = 10), 
7.20 (d, 1 H, J = 16), 7.49 (d, 1 H, J = 16). 

5 87 ( 7 . 2 0 , 7 . 4 9 ) 

H I I \ I h 
H3C^ J ^ , i \ i A 

/ \ ^ y^^ f \ ^ ; NCH3^302 

1.02 ^ - H 3 C H 3 C H / / C H 2 

t o/ \ 
1.91 3 7 3 

B: JH NMR (CDC13) b 0.88 (t, 3 H, J = 7), 1.2-2.25 (complex), 
1.87 (s, 3 H), 3.03 (s, 3 H), 3.73 (s, 2 H), 6.12 (t, 1 H, J = 8), 7.09 
(d, 1 H, J = 16), 7.52 (d, 1 H, J = 16). 

C: mp 153-155 °C; [H NMR (CDC13) b 1.22 (m, 5 H), 1.68 (m, 
5 H), 1.89 (d, 3 H, J = 1), 2.41 (m, 1 H), 3.02 (s, 3 H), 3.72 (s, 2 
H), 5.78 (d, 1 H, J = 9), 7.08 (d, 1 H, J = 16), 7.48 (d, 1 H, J = 
16). 

D: mp 122-124 °C; *H NMR (CDC13) b 0.9-1.73 (complex), 
1.88 (s, 3 H), 2.14 (t, 2 H, J = 7.5), 3.03 (s, 3 H), 3.72 (s, 2 H), 
6.09 (t, 1 H, J = 7.5), 7.08 (d, 1 H, J = 16), 7.52 (d, 1 H, J = 16). 

E: lK NMR (CDC13) 5 0.84-1.83 (complex), 0.97 (d, 3 H, J = 
7), 2.38 (m, 1 H), 3.03 (s, 3 H), 3.77 (s, 2 H), 5.91 (d, 1 H, J = 10), 
7.08 (d, 1 H, J = 16), 7.53 (d, 1 H, J = 16). 

F: mp 146-148 °C; JH NMR (CDC13) 3 1.53 (m, 5 H), 1.89 (m, 
1 H), 1.92 (d, 3 H, J = 1), 3.03 (s, 3 H), 3.51 (m, 1 H), 3.72 (s, 2 
H), 4.01 (m, 1 H), 4.21 (m, 1 H), 5.95 (d, 1 H, J = 8), 7.18 (d, 1 
H, J = 16), 7.48 (d, 1 H, J = 16). 

G: mp 215-220 °C; :H NMR (CDC13) b 3.03 (s, 9 H), 3.74 (s, 
2 H), 6.67 (d, 2 H, J = 9), 6.90 (m, 2 H), 7.18 (d, 1 H, J = 16), 
7.41 (d, 2 H, J = 9), 7.67 (dd, 1 H, J = 11, 16). 

H: *H NMR (CDC13) b 3.07 (s, 3 H), 3.78 (s, 2 H), 7.03 (dd, 

(18) Saito, K.; Yamaguchi, T. Bull. Chem. Soc. Jpn. 1978, 51, 651. 
(19) Nolte, M. J.; Steyn, P. S.; Wessels, P. L. J. Chem. Soc, Perkin 

Trans. 1980, 1057. 
(20) Steyn, P. S.; Wessels, P. L. Tetrahedron Lett. 1978, 47, 4707. 
(21) Steyn, P. S.; Wessels, P. L. S. Afr. J. Chem. 1980, 33, 120. 
(22) We have found that trituration of the crude products with 

ether is generally superior to chromatographic purification. In 
our early studies, compounds that were homogeneous by TLC 
analysis (after silica gel column chromatography) occasionally 
gave broadened signals in their NMR spectra; dissolving the 
compound in solvent and washing with dilute aqueous phos
phoric acid subsequently afforded material that gave sharp 
signals in its NMR spectrum. We speculate that this line 
broadening may be related to inadvertent exposure of the 
tetramic acid to trace quantities of chelatable species during 
the chromatography. 

1 H, J = 11, 16), 7.36 (d, 1 H, J = 16), 7.45-7.75 (complex, 5 H), 
8.00 (d, 1 H, J = 10). 

J: lH NMR (CDC13) b 3.06 (s, 3 H), 3.76 (s, 2 H), 7.02 (m, 2 
H), 7.35 (m, 4 H), 7.49 (m, 2 H), 7.64 (dd, 1 H, J = 10, 16). 

L: mp 192-195 °C; XH NMR (CDC13) b 3.06 (s, 3 H), 3.78 (s, 
2 H), 7.39 (m, 5 H), 7.65 (s, 1 H), 7.84 (m, 2 H). 

M: »H NMR (DMSO-d6) b 3.81 (s, 2 H), 7.47 (m, 5 H), 7.66 
(s, 1 H), 7.77 (d, 1 H, J = 15), 7.86 (d, 1 H, J = 8). 

O: mp 117-120 °C; :H NMR (DMSO-d6) b 2.09 (s, 3 H), 3.76 
(s, 2 H), 7.19 (s, 1 H), 7.4 (m, 6 H), 7.66 (d, 1 H, J = 16). 

P: mp 82-85 °C; JH NMR (CDC13) b 2.19 (d, 3 H, J = 1), 3.06 
(s, 3 H), 3.77 (s, 2 H), 6.97 (s, 1 H), 7.35 (m, 6 H), 7.64 (d, 1 H, 
J = 16). 

Q: lH NMR (CDC13) b 0.93 (t, 3 H, J = 7.5), 1.42 (m, 4 H), 
1.63 (m, 2 H), 2.58 (m, 2 H), 3.06 (s, 3 H), 3.76 (s, 2 H), 6.92 (s, 
1 H), 7.34 (m, 6 H), 7.60 (d, 1 H, J = 16). 

R: mp 171-173 °C; *H NMR (CDC13) b 1.41 (d, 3 H, J = 7), 
1.98 (s, 3 H), 3.02 (s, 3 H), 3.72 (s, 2 H), 3.88 (m, 1 H), 6.14 (d, 
1 H, J = 9), 7.12 (d, 1 H, J = 16), 7.25 (m, 5 H), 7.50 (d, 1 H, J 
= 16). 

S: mp 206-208 °C; :H NMR (CDC13) b 2.45 (d, 3 H, J = 1), 
3.07 (s, 3 H), 3.70 (s, 2 H), 6.90 (s, 1 H), 7.20 (m, 1 H), 7.35 (m, 
2 H), 7.70 (m, 3 H). 

T: mp 226 °C dec; SH NMR (DMSO-d6) b 1.99 (s, 3 H), 3.79 
(s, 2 H), 7.2-8.2 (complex). 

U: mp 161-163 °C; XH NMR (CDC13) b 2.07 (d, 3 H, J = 1), 
3.07 (s, 3 H), 3.77 (s, 2 H), 7.38 (d, 1 H, J = 16), 7.5 (m, 5 H), 7.85 
(d, 1 H, J = 16), 7.9 (m, 3 H). 

V: mp 226 °C dec; >H NMR (DMSO-d6) b 2.19 (s, 3 H), 3.76 
(s, 2 H), 7.26 (d, 1 H, J = 16), 7.35 (s, 1 H), 7.52 (d, 1 H, J = 4), 
7.56 (d, 1 H, J = 4), 7.61 (dd, 1 H, J = 1, 9), 7.78 (d, 1 H, J = 
16), 7.95 (m, 2 H), 7.96 (d, 1 H, J = 9). 8.04 (s, 1 H). 

7.96 

W: see experimental procedures. 
X: mp 191-193 °C; JH NMR (CDC13) b 2.11 (d, 3 H, J = 1), 

3.06 (s, 3 H), 3.76 (s, 2 H), 4.04 (s, 3 H), 6.86 (d, 1 H, J = 9), 7.30 
(d, 1 H, J = 16), 7.38 (d, 1 H, J = 8), 7.46 (s, 1 H), 7.53 (m, 2 H), 
7.86 (d, 1 H, J = 16), 7.92 (m, 1 H), 8.32 (m, 1 H). 

Y: mp 195-197 °C; XH NMR (CDC13) b 2.07 (d, 3 H, J = 1), 
3.07 (s, 3 H), 3.77 (s, 2 H), 7.17 (dd, 1 H, J = 8, 11), 7.33 (d, 1 
H, J = 16), 7.35 (m, 1 H), 7.41 (s, 1 H), 7.58 (m, 2 H), 7.82 (d, 
1 H, J = 16), 7.93 (m, 1 H), 8.15 (m, 1 H). 

Z: mp 210-212 °C; XH NMR (CDC13) b 2.22 (s, 3 H), 3.04 (s, 
3 H), 3.76 (s, 2 H), 6.99 (s, 1 H), 7.11 (d, 1 H, J = 16), 7.35-7.67 
(m, 4 H), 7.62 (m, 5 H), 7.72 (d, 1 H, J = 16). 

AA: see experimental procedures. 
BB: mp 207-209 °C; XH NMR (CDC13) b 2.28 (d, 3 H, J = 1), 

3.06 (s, 3 H), 3.78 (s, 2 H), 7.08 (s, 1 H), 7.38 (d, 1 H, J = 16), 
7.59 (m, 1 H), 7.73 (d, 1 H, J = 16), 7.75 (m, 1 H), 7.87 (d, 1 H, 
J = 9), 8.13 (d, 1 H, J = 9), 8.19 (m, 1 H), 8.92 (d, 1 H, J = 2). 

CC: mp 130-132 °C; 'H NMR (CDC13) b 1.64 (m, 2 H), 1.97 
(d, 3 H, J = 1), 2.62 (dd, 1 H, J = 12, 18), 2.88 (m, 4 H), 3.02 (s, 
3 H), 3.73 (s, 2 H), 6.01 (d, 1 H, J = 9), 7.10 (m, 5 H), 7.53 (d, 
1 H, J = 16). 

DD: mp 172-174 °C; JH NMR (CDC13) b 1.59 (m, 1 H), 2.3 
(m, 3 H), 2.28 (s, 3 H), 3.30 (m, 1 H), 3.78 (m, 1 H), 4.01 (dd, 1 
H, J = 10), 7.12 (s, 1 H), 7.34 (d, 1 H, J = 16), 7.52 (m, 3 H), 7.76 
(dd, 1 H, J = 1, 16), 7.85 (m, 4 H). 

EE: mp 162-164 °C; lH NMR (CDC13) b 1.38 (d, 3 H, J = 7), 
2.26 (d, 3 H, J = 1), 3.02 (s, 3 H), 3.74 (q, 1 H, J = 7), 7.11 (s, 
1 H), 7.34 (d, 1 H, J = 16), 7.50 (m, 3 H), 7.73 (d, 1H,<J= 16), 
7.85 (m, 4 H). 

FF: mp 178-180 °C; JH NMR (CDC13) 5 1.92 (d, 3 H, J = 1), 
3.08 (s, 3 H), 3.78 (s, 2 H), 7.14 (s, 1 H), 7.21 (d, 1 H, J = 10), 
7.35 (d, 1 H, J = 16), 7.41 (m, 1 H), 7.46 (m, 1 H), 7.61 (d, 1 H, 
J = 9), 7.79 (t, 2 H, J = 8), 7.86 (d, 1 H, J = 16). 
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GG: mp 116-118 °C; 'H NMR (CDC13) S 1.82 (s, 3 H), 3.07 
(s, 3 H), 3.37 (s, 3 H), 3.54 (m, 2 H), 3.77 (s, 2 H), 3.84 (m, 2 H), 
5.35 (s, 2 H), 7.21 (s, 1 H), 7.32 (d, 1 H, J = 16), 7.43 (m, 2 H), 
7.51 (d, 1 H, J = 9), 7.69 (d, 1 H, J = 9), 7.87 (m, 3 H). 

Microbiological Evaluation of Compounds. The minimum 
inhibitory concentrations (MICs) were determined by using the 
2-fold dilution method. The aerobic MIC values were determined 
on brain-heart infusion agar, and the anaerobic MIC values were 
determined with Wilkens-Chalgren broth. All values are expressed 
in micrograms/milliliter. 

DNA Gyrase Supercoiling Inhibition Assay. The DNA 
gyrase supercoiling inhibition assay was performed by an agarose 
gel electrophoresis technique in a manner similar to that described 
previously.12 Test compounds were dissolved in methanol (100%). 
The final concentration of methanol in each reaction mixture, 
including the control tube without the drug, was 12.5%. Methanol, 
at this concentration, does not affect the enzyme activity nor 
change the inhibitory potency of the norfloxacin control. 

Registry No. 6 (R: = i-C3H7; R2 = CH3), 57691-99-3; 6 (Rt 
= n-CuH23; R2 = CH3), 118895-40-2; 6 (Rj = C6Hn; R2 = CH3), 
100764-16-7; 6 (Rt = C6HUCH2; R2 = CH3), 96227-85-9; 6 (Rx = 
C6H„CH(CH3); R2 = CH3), 118895-41-3; 6 (Rx = tetrahydro-
pyran-2-yl; R2 = CH3), 118895-42-4; 6 (Rj = p-(CH3)2NC6H4; R2 
= H), 20432-35-3; 6 (Rj = o-N02C6H4; R2 = H), 66894-06-2; 6 (Rt 
= C6HS; R2 = H), 14371-10-9; 6 (Rj = C6H6; R2 = Br), 33603-90-6; 
6 (Ri = C6H6; R2 = CI), 33603-89-3; 6 (^ = C6H5; R2 = CH3), 
15174-47-7; 6 ^ = C6H6; R2 = ra-C5Hn), 78605-96-6; 6 (Rt = 
C6H6CH(CH3); R2 = CH3), 118895-41-3; 6 (Rj = 2-C5H4N; R2 = 

Recent work in these laboratories aimed at finding novel 
antibacterial agents has been focused on the design and 
synthesis of potential inhibitors of the biosynthesis of the 
lipopolysaccharide (LPS) of Gram-negative bacteria.2"4 

Enzymes involved in the incorporation of the sugar 3-
deoxy-D-manno-2-octulosonic acid5 (KDO, 1) into LPS 
have been considered as attractive targets since bacterial 
mutants defective in KDO biosynthesis are not viable.6 

(1) A preliminary report of this work has been presented; see: 
Claesson, A.; Jansson, A. M.; Pring, B. G. Carbohydrates 1987. 
Abstracts of 4th European Carbohydrate Symposium, July 
12-17, 1987, Darmstadt, FRG; Abstr. A-171. 

(2) Molin, H.; Pring, B. G. Tetrahedron Lett. 1985, 26, 677. 
(3) Claesson, A.; Luthman, K.; Gustafsson, K.; Bondesson, G. 

Biochem. Biophys. Res. Commun. 1987, 143, 1063. 
(4) Luthman, K.; Claesson, A.; Jansson, A.; Pring, B. G. Carbo-

hydr. Res. 1987, 166, 233. 
(5) For a review, see: Unger, F. M. Adv. Carbohydr. Chem. Bio

chem. 1981, 38, 323. 
(6) Rick, D.; Osborn, M. J. Proc. Natl. Acad. Sci. U.S.A. 1972, 69, 

3756. 

CH3), 75102-17-9; 6 (Rt = 1-C10H7; R2 = CH3), 75102-13-5; 6 (Rt 
= 2-C10H7; R2 = CH3), 118895-36-6; 6 (R! = p-MeO-l-C10H6; R2 
= CH3), 118895-43-5; 6 (Rj = p-F-l-C10H6; Rj = CH3), 118895-44-6; 
6 (Ri = p-C6H6CeH4; Rj = CH3), 75102-04-4; 6 (Rj = quinolin-4-yl; 
R2 = CH3), 118895-39-9; 6 (Ri = quinolin-3-yl; R2 = CH3), 
118895-45-7; 6 (Rx = l,2,3,4-tetrahydronaphthalen-2-yl; R^ = CH3), 
118895-46-8; 6 (R! = o-HO-l-C10H6; R2 = CH3), 118895-47-9; 6 
(Rx = o-MEMO-l-C10H6; R2 = CH3), 118895-48-0; 7 (R3 = CH3; 
R4 = H), 118895-32-2; 7 (R3 = R4 = CH3), 118920-49-3; 7 (R3, R4 
= (CH2)3), 118895-33-3; 7 (R3 = 2,4-dimethoxybenzyl; R4 = H), 
95218-33-0; 8A, 118894-99-8; 8AA, 118895-24-2; 8B, 118895-00-4; 
8BB, 118895-25-3; 8C, 118895-01-5; 8CC, 118895-26-4; 8D, 
118895-02-6; 8DD, 118895-27-5; 8E, 118895-03-7; 8EE, 118895-
28-6; 8F, 118895-04-8; 8FF, 118895-29-7; 8G, 118895-05-9; 8GG, 
118895-30-0; 8H, 118895-06-0; 81,118895-07-1; 8J, 118895-08-2; 
8K, 118895-09-3; 8L, 118895-10-6; 8M, 118895-11-7; 8N, 
118895-12-8; 80,118895-13-9; 8P, 118895-14-0; 8Q, 118895-15-1; 
8R, 118920-48-2; 8S, 118895-16-2; 8T, 118895-17-3; 8U, 118895-
18-4; 8V, 118895-19-5; 8W, 118895-20-8; 8X, 118895-21-9; 8Y, 
118895-22-0; 8Z, 118895-23-1; 9, 52148-44-4; 11 (R3 = CH3; R4 = 
H; R6 = CH2CH3), 118895-31-1; diketene, 674-82-8; sarcosine ethyl 
ester, 13200-60-7; N-methyl-D-alanine ethyl ester, 118895-34-4; 
D,L-proline methyl ester, 52183-82-1; 2-naphthaldehyde, 66-99-9; 
(carbethoxyethylidene)triphenylphosphorane, 54356-04-6; ethyl 
3-naphth-2-ylmethacrylate, 100510-32-5; 2-methyl-3-naphth-2-
ylprop-2-en-l-ol, 118895-35-5; 4-quinolinecarboxaldehyde, 4363-
93-3; ethyl 3-quinolin-4-ylmethacrylate, 118895-37-7; 2-methyl-
3-quinolin-4-ylprop-2-en-l-ol, 118895-38-8; RNA polymerase, 
9014-24-8. 

COOH 

1. R = OH (/3-KDO) 
2, R = H 

KDO provides the link between the hydrophilic poly
saccharide part of LPS and the hydrophobic lipid A 
moiety, an acylated and phosphorylated /3-(l—«-6)-linked 
glucosamine disaccharide which is embedded in the outer 
bacterial membrane.7 The enzyme 3-deoxy-D-marmo-
octulosonate cytidylyltransferase (CMP-KDO synthetase; 
EC 2.7.7.38) converts KDO (1) to the nucleotide sugar 
cytidine 5'-monophosphate KDO (CMP-KDO), which in 
turn serves as substrate for a series of KDO-lipid A 

(7) Hammond, S. M. In The Bacterial Cell Surface; Hammond, 
S. M., Lambert, P. A., Rycroft, A. N., Eds.; Croom Helm: 
London, 1984; pp 57-82. 

Synthesis of 8-Substituted Derivatives of the 2-Deoxy Analogue of 
3-Deoxy-/?-D-maiiiio-2-octulopyranosonic Acid (2-Deoxy-/?-KDO) as Inhibitors of 
3-Deoxy-D-inamio -octulosonate Cytidylyltransferase1 
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The 2-deoxy analogue of 3-deoxy-0-D-manrco-2-octulopyranosonic acid (2-deoxy-0-KDO, 2) is a potent inhibitor of 
the enzyme 3-deoxy-D-marmo-octulosonate cytidylyltransferase, which is involved in the biosynthesis of lipopoly
saccharide, an essential component of the outer membrane of Gram-negative bacteria. Since compound 2 lacks 
antibacterial activity, a series of 8-substituted derivatives of 2 has been synthesized in an attempt to find enzyme 
inhibitors suitable for modification as antibacterials. Compounds 9, 11, and 13, in which the 8-hydroxy group of 
2 is replaced by F, H, and NH2, respectively, were as potent inhibitors of the enzyme as 2, but were devoid of 
antibacterial activity, with the exception of the amino acid 13, which showed weak activity against some strains 
of Salmonella typhimurium. 

0022-2623/89/1832-1069$01.50/0 © 1989 American Chemical Society 


