Notes

Table 1

Compd Mp, °C % yield Formulad
3(n=0) 152-154¢ 11 C,,H,.NO €
3(n=2)  144-146% 14 C,H,NO,

4(n=0) 215-2164 25 C,H,,NO,

4(n=1) 213-217¢ 64 C,H,NO,-HCl
4(n=2) 240-243¢ 57 C,,H,,NO,-HCl
4(n=3) 200-205¢ 51 C,H,NO,-HCI-H,0
4(n=4) 230-234¢ 53 C,H,,NO,-HCI-H,0

Recrystallization solvent: EtOH; YMeOH; ¢EtOH-Et,0.
dAnalyses for C, H, N. €C: caled, 71.52; found, 71.04.

Table 11

Analgetic? ED,,, Analgetic? ED,,,
Structure mg/kg ip Structure mg/kg ip
3(n=0) 2.8(2.2-3.6) 2(n=0) 105
3(n=2) 6.6(4794) 2(n=1) 0.059 (0.02-0.11)

4 (n=0) 38 (24-44) 2(n=2) 0.0028 (0.0012-0.0064)
4(n=1) 4.8(3.3-7.0) 2(n=3) 0.047% (0.032-0.068)
4(n=2) 0.35(0.16-0.77) 6 2.8 (1.8-4.2)

4(n=3) 0.38(0.17-0.84) 7 4.6 (2.7-9.1)

4(n=4) 0.8(0.61-1.04)

Morphine 1.3 (0.92-1.79)

aRat tail pressure. YPreviously reported as 2.1 X morphine.?

and benzyl and between benzyl and phenethyl; there-
after, marginal reductions are observed. The effect is
similar to that found for the series of alcohols 1 and 2
and is in keeping with the postulate of a second lipophilic
site on the analgetic receptor.’

Experimental Section

Melting points were determined with a Kofler hot-stage appa-
ratus and are uncorrected. Where analyses are indicated only by
symbols of the elements, the results obtained for those elements
were within +0.4% of the theoretical values. The structures of all
compounds were assigned on the basis of compatible ir and nmr
spectra.

6,14-endo-Etheno-78-hydroxy-7«-phenyltetrahydro thebaine
(4, n = 0) (General Procedure for Tertiary Alcohols of Structures
3 and 4). 6,14-endo-Etheno-7-oxotetrahydrothebaine! (5, 30 g)
in C;H, was slowly added to a stirred, boiling ethereal solution
of PhMgBr [from Mg (0.6 g) and PhBr (4.0 g)]. The mixture was
set aside at room temperature for 18 hr and was then poured
with vigorous stirring into saturated aqueous NH Cl. The organic
layer was collected and the aqueous solution washed with C;H,.
The combined extracts were dried (Na,SO,) and evaporated.
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Crystallization of the residue from EtOH afforded 4 (n = 0)
0.9 g), mp 215-216°. Anal. (C,,H,,NO,)C, H, N.
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Penicillinase (EC 3.5.2.6), the enzyme catalyzing the
hydrolysis of the $-lactam ring in penicillin, imparts re-
sistance to the antimicrobial action of penicillin.! If a
potent, yet safe, inhibitor of this enzyme could be found,
it would be an effective adjunct in penicillin therapy
against resistance common in many strains of staphy-
lococci.

Many reports have dealt with penicillinase inhibition;
notable among these are the early studies of Behrens and
coworkers? and more recently those of Depue, et al,3 and
Saz, et al.* Although these and other studies examined a
wide range of compounds, no clinically significant inhibitors
were uncovered. For this reason an analysis of the structural
features important for penicillinase inhibition was under-
taken.

The investigation of penicillinase inhibition described
herein is directed toward delineation of the most important
binding sites in the substrate, penicillin. Since penicillinase
obtained from Bacillus cereus 569/H hydrolyzes benzyl-
penicillin, penicillin G was chosen as the model system for
study. In Chart I, benzylpenicillin is dissected into regions

Chart 1. Dissection of Benzylpenicillin into Possible Binding Sites

c D
1
PhCH,CNH ———$
Fnes
B o, 17
P Co;
A

which might be expected to contribute to substrate
binding.

Region A includes the carboxyl group. This moiety is in-
cluded in all the compounds because (a) it is assumed to
contribute substantiaily to the binding and (b) it imparts
water solubility to all the test compounds.

Region B, the site at which hydrolysis actually occurs,
comprises the lactam carbonyl group; the lactam nitrogen
is not included in this region since it is not believed to

TThis work was supported by Grant GM 1341, Division of
General Medical Sciences, National Institutes of Health and
Career Development Award CA 10,739.
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Table 1. Inhibitory Effects of Compounds Containing Regions A and
B of Benzylpenicillin

Notes

Table 11. Inhibitory Effects of Compounds Containing Regions
A and C of Benzylpenicillin

No. Compound % inhibition? No. Compound % inhibition
1 N-Acetylamino acids? 0-3 23 Phenaceturic acid 8
2 N-Benzoylamino acids” 2-12 24 N-Phenylacetyl-5-aminovaleric acid 23
3 B-Benzoylpropionic acid 0 25 N-Phenylacetyl-4-aminobutyric acid 33
4 4-Acetylbutyric acid 0 26 N-Phenaceturoyl-DL-valine 34
5 m-Hydroxyphenoxyacetic acid 0 27 N-Phenaceturoyl-L-valine 20
6 p-Fluorophenoxyacetic acid 0 28 6-Aminopenicillanic acid 78
7 m-Fluorophenylacetic acid 0
8 Succinimidoacetic acid 0
9 3-Nitropropionic acid 0 since the ability of the substrate to bind to the enzyme is
10 3-(2-Thenoyl)propionic acid 0 substantially reduced by removal of the phenylacetyl
11 Nicotinic acid N-oxide 0 This is d din th f6 . .
12 m-Fluorobenzoic acid 9 group. This is emonstrated in the case of 6-aminopeni-
13 o-Hydroxyphenylacetic acid 4 cillanic acid (28), which exhibits only 78% inhibition at a
14 o-Hydroxycinnamic acid 7 concentration 90-fold greater than penicillin.
15 2-Pyridylacetic acid 4 Further evidence that the phenylacetamido group contrib-
16 3-Pyridylacetic acid 18 utes to binding is illustrated by the fact that N-phenylacetyl-
17 o-Nitrophenylacetic acid 18 . h . .
18 o-Formylphenoxyacetic acid 10 4-am}nob}1tyrlc agld (25) and ijhenylacetyl-S-ammo-
19 3,4-Dihydroxyhydrocinnamic acid 15 valeric acid (24), in which the distance between the carboxyl
20 4-(p-Nitrophenyl)butyric acid 20 group and phenylacetamido moiety approximates that of
21 v-Hydroxybutyric acid 20 enicillin, inhibit the hydrolysis of penicillin by 33 and
22 o-Fluorophenylacetic acid 15 P ’ yaroy P y

4See Experimental Section for an explanation of these values.
bIncluded among the amino acids are (a) L-alanine, (b) DL-
leucine, (c¢) DL-valine, (d) DL-methionine, (e) glycine, (f) 4-amino-
butyric acid, (g) DL-proline, (h) L-cysteine, (i) DL-phenylalanine,
(j) DL-norleucine, and (k) DL-glutamic acid. “The presence of an
indole moiety imparts exceptional inhibitory powers to a molecule.
Whereas N-acetylamino acids 1 show virtually no inhibitory effect,
N-acetyl-DL-tryptophan exhibited 11% inhibition. Whereas N-
benzoylamino acids 2 produce inhibitory effects of less than 12%,
N-benzoyl-DL-tryptophan exhibited 30% inhibition. 1ndoleacetic
acid, indolepropionic acid, and indolebutyric acid exhibit inhibi-
tions of 19, 8, and 28%, respectively, whereas 3-phenylpropionic acid
shows only 2% inhibition. Included among the amino acids are
(a) DL-valine, (b) DL-leucine, (c) DL-alanine, {(d) DL-methionine,
and L-glutamic acid.

greatly affect the electronic character of the carbonyl
group.® Both of the prominent characteristics of the
carbonyl group, the carbon-oxygen dipole and the hy-
drogen bonding ability of the oxygen, have been investi-
gated.

Regions C and D are less distinctive in their electronic
characteristics than are A and B. Region C includes the
phenylacetamido group, which was tested as a single
entity. Whatever contribution region D makes to enzyme-
substrate binding is expected to arise from the van der
Waals forces associated with hydrophobic interactions.

Region B analogs included in Table I are compounds con-
taining a carboxyl group and another function which re-
sembles the lactam carbonyl in that it possesses either a
permanent dipole or hydrogen bonding capabilities or
both. All of these compounds possess a strain-free conforma-
tion which allows the two groups to be positioned as a dis-
tance approximating that between the carboxylic acid and
the lactam carbonyl in penicillin itself.

These compounds are generally poor inhibitors, and, in
fact, it cannot be assumed that the limited inhibition ob-
served in some cases is always due to the type of active site
binding for which the compounds were chosen. For ex-
ample, succinimidoacetic acid (8), which was tested be-
cause the position at which its carbonyl stretching fre-
quency occurs in the infrared is the same as that of the
lactam carbonyl in penicillin, suggesting similar electronic
character for both carbonyl groups, shows no inhibition.

Region C. This moiety appears to make a definite contri-
bution to the binding of penicillin to penicillinase (Table II),

23%, respectively. These results can be contrasted with the
inhibitory effect of phenaceturic acid (23) (8% inhibition)
in which the distance between the carboxyl group and the
phenylacetamido residue is much less than in penicillin.
That the phenyl group contributes to the binding is
strikingly demonstrated by the fact that NV-acetyl-4-amino-
butyric acid (1f) shows no inhibition whatsoever.

Whereas NV-acetylvaline (1¢), which does not contain the
phenylacetamido residue, shows no inhibition of peni-
cillinase, N-phenaceturoyl-DL-valine (26) and N-phenace-
turoyl-L-valine (27) show a moderate inhibitory effect (34
and 20%, respectively.)¥ The fact that the DL compound is
a better inhibitor than the L compound is considered good
evidence for binding of these compounds at the active site
of the enzyme, since the asymmetric carbon atom bearing
the carboxyl group in penicillin G has the D configuration.

The fact that DL- and L-N-phenaceturoylvaline show no
greater inhibition than N-phenylacetyl-4-aminobutyric acid
or N-phenylacetyl-5-aminovaleric acid, which differ from
the former in that the N-phenaceturoylvalines contain a
region B carbonyl, supports the above conclusion that region
B does not contribute significantly to binding.

Region D. This region of the penicillin nucleus appears
to contribute less to binding than does region C. Compounds
containing only a carbonyl group attached to a hydrophobic
residue show essentially no inhibition. Thus butyric acid
(30, 2%), 3-phenylpropionic acid (31, 0%), and N-acetyl-S-
methyl-DL-penicillamine (32, 4%) exhibit little or no in-
hibitory effect. Furthermore, V-phenaceturoyl-S-methyl-
DL-penicillamine (33), containing region D of benzylpeni-
cillin in its entirety, manifests only 17% inhibition, which
is probably due wholly to the contribution of the phenace-
turoyl residue.

However, the possibility of a contribution of region D to
binding cannot be discounted on the above evidence alone.
The substitution into region D of a phenyl group, which
might be expected to contribute to binding through hydro-
phobic interactions, enhances binding. This is demonstrated
in Chart II, where the following comparisons are made: V-
phenaceturoyl-DL-valine (27, 34%) vs. N-phenaceturoyl-DL-
phenylalanine (34, 42%), and dethiobenzylpenicillin (29,

6

11t is surprising that dethiobenzylpenicillin (29), which shows
only 10% inhibition and is not a substrate, is a poorer inhibitor
than are the phenaceturoylvalines 26 and 27, since the former is
expected to be more closely analogous to penicillin,
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Chart 1. Comparison of Inhibition Produced by Compounds Con-
taining Regions A and C (27 and 29) with That of Compounds
Possessing A, C, and D (34 and 35)

o] o]
i cH i
CH,CH,CNHCH, 2 C,H,CH,CNHCH, CH,
)—‘— NH \/ CH O)——— NH \l)
o 3
CO,H CO,H
27 (34%) 34 (42%)
0 o
i CH, i CH,
CeHsCHzCNHj/—__‘ ‘/ CGHSCHZCNH‘—‘;(
CH N
9 N 3 o M/
CO,H COH
29 (10%) 35 (80%)

10%) vs. 1-(carboxymethyl)-3-phenylacetamido-4-phenyl-2-
azetidinone (35, 80%). In each comparison between struc-
turally similar compounds, the compound bearing a phenyl
group is the better inhibitor.

All the inhibition values reported herein were deter-
mined at an inhibitor/substrate ratio of 90. The overall
inhibition was disappointing; even compounds which are
markedly similar to penicillin G, for example, dethio-
benzylpenicillin (29) and N-phenaceturoyl-S-methyl-DL-
penicillamine (33), are bound poorly by penicillinase de-
rived from B. cereus 569/H.

Experimental Section

The penicillinase (Nutritional Biochemicals Corp., Cleveland,
Ohio) used in this study was a purified from B. cereus 569/H. A
solution of the enzyme was prepared by dissolving a 50,000-unit
sample of the enzyme in 5§ ml of 0.5% aqueous gelatin (Pharmagel
B, Pharmagel Corp., N. Y.), which imparts stability to the enzyme
solution.”

This solution was refrigerated at all times. Enzyme stock solu-
tions were prepared fresh daily by diluting 0.25 ml of the above
solution with 500 ml of 0.5% gelatin solution. The substrate stock
solution, prepared fresh daily, was a 0.188 M aqueous solution of
the potassium salt of penicillin G (Sigma Chemical Co., St. Louis,
Mo.). All inhibitor stock solutions were adjusted to pH 7 with dilute
sodium hydroxide and were 0.424 M in inhibitor. All inhibitors
except N-phenaceturoyl-DL-phenylalanine (34) have been pre-
viously described and were either commercially available or pre-
pared by conventional methods. We are grateful to Dr. J. N. Wells
of Purdue University for the sample of 1-(carboxymethyl)-3-
phenylacetamido-4-phenyl-2-azetidinone, whose synthesis has
been previously described.® The phenaceturoyl derivatives were
synthesized by condensation of phenaceturoyl azide with the
corresponding amino acid as illustrated in the following pro-
cedure. A pH-stat method similar to thatreported by Zyk and
Citri® was employed in this work. The pH-stat titrations were
carried out at 25° at pH 6.93 using a Radiometer (Copenhagen,
Denmark) Titrator 11 in conjunction with the following Radio-
meter equipment: Auto-Burette Type ABU 1b, pH Meter 26, and
Titrigraph SBR2c. All inhibition studies were performed in the same
manner. Enzyme solution (10 ml) and 2 ml of inhibitor solution, or
water in the case of the standardization assay, were pipetted into
the reaction vessel. After this solution had been adjusted to pH
7.00, 0.050 ml of substrate solution was added; thus, the ratio of
inhibitor to substrate was 90. The pH-stat titration was then carried
out with 0.0100 M sodium hydroxide up to 0.25 ml of base, so that
the hydrolysis of penicillin was monitored up to 27% of comple-
tion. Under these conditions, base uptake gave a linear plot against
time, and no product inhibition was detected. By this method the
stoichemistry of the hydrolysis reaction was within 3% of the
theoretical value; the reproducibility of the inhibition results was
uniformly better. Substrate activity could not be detected in any
of the inhibitors tested.

N-Phenaceturoyl-DL-phenylalanine (34). To a solution of
1.98 g (12 mmol) of sodium hydroxide was added 2.65 g (12
mmol) of phenaceturoyl azide. The mixture was stirred for 6 hr
at room temperature and then filtered. The filtrate was acidified
with hydrochloric acid and again filtered to give 1.6 g (39%) of a
solid, mp 166-169°. Recrystallization from acetone yielded M-
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phenaceturoyl-DL-phenylalanine (34) as a white solid, mp 178-
180°.

Anal. Calcd for C, H, N,0,: C,67.04;H, 5.92; N, 8.23,
Found: C, 66.85; H, 6.16; N, 8.31.

Acknowledgments. The authors wish to acknowledge the
technical assistance of Linda Riggs, Carol Claywell, and
Sharon Rowland.

References

(1) N. Citri and M. R, Pollock, Advan. Enzymol., 28, 237 (1966).

(2) O. K. Behrens and M. J, Kingkade, J. Biol. Chem., 176, 1047
(1948); O. K. Behrens and L. Garrison, Arch. Biochem.
Biophys., 27, 94 (1950).

(3) R. H. Depue, A. G. Moat, and A. Bondi, ibid., 107, 374
(1964).

(4) A.K. Saz, D. L. Lowery, and L. J. Jackson, J. Bacteriol., 82,
298 (1961).

(5) J. R. Johnson, R. B. Woodward, and R. Robinson, “The
Chemistry of Penicillin,” H. T. Clarke, J. R. Johnson, and
R. Robinson, Ed., Princeton University Press, Princeton, N. J.,
1949, p 444.

(6) R. L. Peck and K. Folkers, ref 5, p 56.

(7) M. R. Pollock, A-M. Torriani, and E. J. Tridgell, Biochem. J.,
62, 390 (1956).

(8) J. N. Wells and O, R, Tarwater, J. Med. Chem., 14, 242
(1971).

(9) N. Zyk and N. Citri, Biochem. Biophys. Acta, 159, 329 (1968).

Benzopyrones. 9.1 Synthesis and Pharmacology of
Some Novel Bischromones
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The antiallergic action of bischromones is of longer dura-
tion than that of their simpler analogs.? A number of such
compounds in which the two chromone moieties are joined
together through an alkyl or alkoxy linkage are described
in the literature.>* We now report the synthesis of several
bischromones in which the two units are linked through
amide groups attached to C-2, C-6, or C-8 and one in which
the internuclear bridge contains an amide and an ether
linkage. Both kinds of linkages are resistant to cleavagé
and therefore would be expected to promote a long duration
of action.

Chemistry. Compounds 1 and 2 in which the amino group

Et0,C._0 o| CO,Et
|
K,J@\ NHCO(CH,),CONH

o 0o
1
NHCO(CH,),CONH
Et0,C._-O OH HO 0. COFEt
| |
0 0
2

is attached to the chromone ring were prepared by reacting
adipoyl chloride with ethyl 6-amino-4-o0xo-4H-1-benzopyran-
2-carboxylate® and ethyl 8-amino-7-hydroxy-4-oxo-4H-1-
benzopyran-2-carboxylate,® respectively. Both products are
high-melting compounds of very low solubility in com-
monly used solvents and could not be recrystallized. Their
insolubility also precluded their hydrolysis to the carboxylic



