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Notes 

Synthesis and Evaluation of Ureido- and Vinylureidopenicillins as Inhibitors of 
Intraruminal Lactic Acid Production’ 

Robin D. Clark,* Joan M. Caroon, Ian T. Harrison, Arthur F. Kluge, Stefan H. Unger, 
Institute of Organic Chemistry 

Howard R. Spires,* and Thomas R. Mathews 
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A seriea of 14 vinylureidopenich and a seriea of 9 ureidopenicillins were prepared by reaction of 6-aminopenicillanic 
acid with vinyl isocyanates and isocyanates. These compounds were evaluated for their potential to protect ruminants 
against lactic acidosis. The compounds were tested for inhibition of in vitro ruminal lactic and propionic acid 
production, and six compounds inhibited lactic acid production to less than 10% of control at doses of 0.31 pg/mL 
or lower, whereas they did not inhibit propionic acid production at doses greater than 10 pg/mL. The most active 
compounds also were screened for general antibacterial activity and were found to be weakly active against 
Gram-positive bacteria. The structure-activity relationship are discussed for both series. Triethylammonium 
6-[3-[2-(4-tert-butylphenyl)vinyl]ureido]penicillanate (4) was chosen for evaluation as an inhibitor of intraruminal 
lactic acidosis in vivo. 

Lactic acidosis is a nutrition-related metabolic disorder 
of cattle and sheep associated with overconsumption of 
rapidly fermentable carbohydratea. The volatile fatty aids 
(VFA) acetic, propionic, and butyric acids comprise the 
major end products of the normal rumen fermentation.2 
Lactic acid is produced in relatively small quantity in a 
normal fermentation and serves primarily as an extra- 
cellular intermediate during VFA prod~ction.~ Provided 
that animals are well adapted to a high-concentrate diet 
and maintain regular and frequent feeding intervals, a 
stable fermentation can be maintained. However, an in- 
terruption in the normal feeding pattern or a sudden in- 
crease in the soluble carbohydrate content of the diet (such 
as is encountered upon introduction to the feedlot) can 
result in a rapid increase in the intraruminal lactic acid 
c~ncentration.~ Absorption of large quantities of lactic 
acid results in a systemic acidosis with clinical signs ranging 
from loss of appetite to death. In addition, animals which 
recover often develop laminitus, rumenitis, or liver abcesses 
which result in reduced weight gains and reduced efficiency 
of feed utilization.5 A prophylactic for the prevention of 
lactic acidosis could be of major importance to the feedlot 
industry, since no such agent is currently available com- 
mercially. 

A number of studies have been conducted to evaluate 
chemical agents for the prevention of lactic acidosis.&* 
Microbiological evidence suggests that the initial rapid 
production of lactic acid is due to proliferation of the 
rumen bacterium Streptococcus bovis? A screen of a large 
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number of antibiotics against S. bovis in culture identified 
two classes of effective inhibitors: penicillins (e.g., peni- 
cillin G )  and the sulfur-containing peptide antibiotics 
(thiopeptin).6 Of these, only thiopeptin appears to offer 
selective protection against lactic acidosis in vivo: since 
penicillin G is active against a variety of ruminal bacterial0 
and thereby inhibits normal rumen function.l1J2 

The present report describes the synthesis and evalua- 
tion of a series of penicillin derivatives that (1) have suf- 
ficient selectivity to inhibit in vitro intraruminal lactic acid 
but not VFA production and (2) have little or no activity 
toward potential human pathogenic bacteria. This latter 
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criteria was deemed necessary, since there is a growing 
reluctance by regulatory agencies to allow the use of an- 
tibiotics (e.g., chlorotetracyclin) in animals when such 
agents are also used in human  therapeutic^.'^ 

Chemistry. Reaction of trimethylsilyl 6-amino- 
penicillinate with an isocyanate or a vinyl isocyanate, 
followed by in situ hydrolysis and treatment with sodium 
2-ethylhexanoate, gave the sodium penicillinates 1-23 
(Scheme I). The isocyanates were commercially available 
and the vinyl isocyanates were prepared in situ by ther- 
molysis of the vinyl acyl azide prepared from the corre- 
sponding cinnamoyl chloride. An alternative procedure, 
developed for the large-scale synthesis of the triethyl- 
ammonium salt of 4, consisted of the reaction of 6- 
aminopenicillanic acid in methylene chloridetriethylamine 
with the vinyl isocyanate." This procedure was conven- 
ient and it provided the highly crystalline triethyl- 
ammonium salt directly. 

Biological Testing. Two in vitro screening models were 
used to examine the potential of the penicillin derivatives 
as selective inhibitors of intraruminal lactic acid produc- 
tion. For both models, fluid digesta obtained from a ru- 
men-fistulated bovine was mixed with an equal volume of 
appropriate anaerobic buffer and was transferred under 
C02 to anaerobic incubation vessels. 

A fermentation model designed to simulate the intra- 
ruminal environment under conditions conducive to lactic 
acid acidosis was used to test compounds for their potency 
in preventing lactic acid accumulation. The medium was 
high in glucose and low in buffering capacity; therefore, 
the system encouraged a high level of lactic acid produc- 
tion. Microscopic examination of control incubations after 
5.5 h at  39 O C  revealed a high concentration of Gram- 
positive cocci typical of a lactic acid fermentation in vivo. 

A second fermentation model designed to simulate a 
normal rumen environment was used to determine the 
potency of compounds as inhibitors or propionic acid 
production. Buffer used in this model contained a mod- 
erate level of substrates and was buffered at normal in- 
traruminal pH. This system encouraged production of 
volatile fatty acids with little or no accumulation of lactic 
acid. 

All compounds were initially tested for their ability to 
inhibit lactic acid production at 50, 5, and 0.5 pg/mL of 
incubation contents. The most active compounds from this 
primary screen were retested at  eight concentrations 
ranging from 10 to 0.08 pg/mL in both the lactic acid and 
volatile fatty acid fermentation models. Lack of activity 
toward inhibition of propionic acid is essential, since an- 
tibiotics of other classes (e.g., monensin) that promote high 
levels of propionic acid production are known to increase 
animal productivity.16 
Results and Discussion 

Results listed in Table I demonstrate that at 50 pg/mL 
all compounds reduced lactic acid production to less than 
10% of control incubations which contained no compound. 
Ten of these compounds remained effective at 0.5 pg/mL. 
Minimum concentrations of these ten compounds neces- 
sary  to inhibit lactic acid production to less than 10% of 
control and minimum concentrations which decreased 
propionic acid production to less than 95% of control were 
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then determined in the lactic acid and volatile fatty acid 
fermentation models, respectively. 

The most potent inhibitor of lactic acid production was 
22, which had a potency equal to that of thiopeptin. 
However, 22, along with 8 and 20, had the undesirable 
feature of being a more potent inhibitor of propionic acid 
production than the other six compounds, which inhibited 
lactic acid to less than 10% of control in the 0.008-0.31 
pg/mL range. The two most effective compounds, in terms 
of combining maximal potency toward lactic acid pro- 
duction with minimal potency toward propionic acid 
production, were 4 and 11. Although less potent inhibitors 
of lactic acid production than thiopeptin, 4 and 11 did not 
inhibit propionic acid production at 10 pg/mL, whereas 
thiopeptin did show some inhibition at this concentration. 
Thus, the overall in vitro profile of these compounds ap- 
pears to be comparable to that of thiopeptin. 

On the basis of these data, some general structure-ac- 
tivity relationships can be established. In the vinylureido 
series, the most potent inhibitors of lactic acid contain a 
4-substituted phenyl group (1,3,4, and, in part, 11) or a 
bulky, lipophilic group (8 and 9) at the terminus of the 
vinyl group. Substitution of chloro or bromo at the 3 or 
4 position of the phenyl group led to less active compounds 
(2,5, and 7). In the ureido series, the most potent inhib- 
itors of lactic acid were those in which the urea was sub- 
stituted with a large lipophilic group separated from the 
urea nitrogen by one or two methylenes (20,22, and 23). 

Inhibition of lactic acid does not appear to correlate with 
ARM lipophilicities (Table I) alone, but the more active 
compounds appear to have greater length. For example, 
the 4-OEt and 4-H compounds 3 and 14 are close in li- 
pophilicity, but the 4-OEt compound is considerably more 
active. The longer t-Bu analogue 4 is considerably more 
active than the isolipophilic 3,4-C12 analogue 7. However, 
there are insufficient analogues to allow a definitive sta- 
tistical analysis of these steric effects. 

An interesting observation is the effect of saturation of 
the vinyl moiety on ARM. Normally, addition of two hy- 
drogens would lead to more lipophilic compounds by about 
0.4 unit;16 however, comparing 14 with 20 and 9 with 23, 
we find that saturation leads to a decrease in lipophilicity. 
We attribute this to loss of conjugation with the ureido 
moiety. In the unconjugated molecule, the ureido moiety 
is more polar-is a stronger point source of partial 
charge-and is therefore more efficiently solvated by water. 

Eight of the ten compounds found to be the most potent 
inhibitors of lactic acid production also were tested against 
12 potentially pathogenic bacterial strains. The results 
against five of the strains are listed in Table 11. None of 
the compounds demonstrated activity at less than 200 
pg/mL toward seven other strains, Enterobacter aerog- 
enes, Klebsiella pneumoniae, Serratia marcescens, 
Pseudomonas aeruginosa, Proteus mirabilis, Proteus 
morganii, and Proteus vulgaris. 

All vinylureido derivatives were less potent than the 
ureido derivatives toward the staphylococci and strepto- 
cocci. Approximate correlations of ARM with activity were 
observed for both Staphylococcus and the Escherichia coli 
strains for the vinylureido series, and for all but the Sta- 
phylococcus aureus (resistant) for the ureido series. 

On the basis of its potency and selectivity toward in- 
hibition of lactic acid as opposed to VFA production, its 
weak general antibacterial spectrum, and ita ease of syn- 
thesis, 4b was chosen for a study to determine ita efficacy (13) Solomons, I. A. J. Anim. Sci. 1978, 46, 1360. 

(14) Eaeentially the procedure of Perron, Y. G.; Minor, W. F.; Crast, 
L. B.; Cheney, L. C. J. Org. Chem. 1961,26, 3365. The tri- 
ethylammonium salts of 15-18 are reported in this paper. 
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hexanoate (0.8 g, 4.8 "01) in ether (50 mL)-THF (20 mL). The 
precipitate was washed quickly with ether and acetone and dried 
in a vacuum oven at 60 "C to afford 1.21 g (56%) of 9 as a tan 
powder: mp 218-221 "C dec; IR (KBr) 1770, 1680,1640 cm-'; 
NMR (Me2SO-d6) 6 1.57 (9, 3 H), 1.63 (9, 3 H), 4.05 (8,  1 H), 5.58 
(m, 2 H), 6.16 (d, J = 15 Hz, 1 H), 7.25-8.00 (m, 7 H), 8.10 (d, 
J = 15 Hz, 1 H). 

Ruminal Fluid Incubations. Compounds were prepared for 
initial testing by dissolving them in distilled water at 2.5 mg/mL 
and serially diluting tenfold to 0.025 mg/mL. The most active 
compounds chosen for retesting were dissolved at 0.5 mg/mL and 
serially diluted to 0.004 mg/mL; 200-pL aliquots of each dilution 
were pipetted into 18 x 150 mm incubation tubes. Duplicate 
incubations for the lactic acid fermentation model and tripicate 
incubations for the volatile fatty acid fermentation model were 
conducted for each level of compound tested. 

Rumen fluid obtained from a rumen-fistulated bovine was 
strained through cheesecloth, and the fluid was mixed with an 
equal volume of C02-saturated buffer. Buffer used in the lactic 
acid fermentation model had the following composition in grams 
per liter: glucose, 27; trypticase, 1.50; Na2HP04, 4.26; NaH2P04, 
8.28; NaCl, 0.43; KCl, 0.43; MgSO4.7H20,0.12; K804,  0.15; CaCI2, 
0.05; urea, 0.60. Buffer for the volatile fatty acid fermentation 
model had the following composition in grams per liter: glucose, 
1.08; cellobiose, 4.10; maltose, 2.39; soluble starch, 5.38; amino 
acids, 4.68; NaHC03, 9.80; Na2HP04, 3.69; NaCl, 0.43; KCl, 0.43; 
MgS04.7H20, 0.12; CaC12, 0.05; K2S04, 0.15; urea, 0.12. 

Appropriate rumen fluid-buffer solution was pipetted into each 
incubation tube to bring the volume to 10 mL. All tubes were 
fitted with gas-release stoppers and were incubated in a shaking 
water bath at 39 "C. Fermentation was terminated at  5.5 h for 
the lactic acid fermentations and at 9 h for the volatile fatty acid 
fermentations by addition of 2 mL of 25% metaphosphoric acid 
to the incubation tubes. Aliquots were centrifuged at 3oooOg for 
10 min, and the resulting supernate was analyzed for l(+)-lactic 
acid or volatile fatty acids. 

l(+)-Lactic acid was analyzed via a specific enzymatic assay." 
Volatile fatty acids were analyzed via gas chromatography. The 
instrument used was a Perkin-Elmer 900B equipped with a hy- 
drogen flame ionization detector. The acids were separated on 
a stainless-steel column [0.125 in. X 6 ft (0.32 X 182.9 cm)] packed 
with 10% SP-1200/1% H3P04 on Chromosorb-WAW, 80-100 
mesh.18 The following additional chromatographic conditions 
were employed: column temperature, 145 "C; injector tempera- 
ture, 190 "C; detector temperature, 190 "C; carrier gas flow, 45 
mL/min; injection volume, 1 pL. 

Antibacterial Assays. Minimum inhibitory concentrations 
were determined using an Ames Handititer 2 to make serial 
twofold dilutions from 200 to O.OOO8 pg/mL. Medium (brain-heart 
infusion broth containing 0.066 g/L of tetrazolium chloride dye) 
was dispensed in 0.05-mL volumes into cups in the dilution tray. 
Eight 0.05-mL diluting loops transferred fluid for serial dilution. 
Each cup was inoculated with 1 pL of inoculum produced by a 
1:lO dilution of bacterial culture which had been grown for 18 
h at 37 "C. Growth was detected by formation of a red precipitate 
following incubation for 16 h at 37 "C. Triplicate trays were used 
for each test compound against each bacteria. 
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Table 11. In Vitro Antibacterial Activities of 
Penicillin Derivatives 

min inhibitory concn: w g / d  

S.a. S.a. 
compd (S)b (R)C S.f.d S.P.~ E . c . ~  

2 6.25 50 >200 3.12 
4 3.12 100 >200 1.60 
8 0.40 50 50 0.20 
9 3.12 100 200 3.1 2 
11 6.25 50 200 1.60 
20 0.10 50 3.12 0.10 
22 0.05 50 3.12 0.05 
23 0.10 25 6.25 0.05 
penicillin Gg 0.05 50 0.40 0.01 

> 200 
> 200 
> 200 
> 200 

100 
100 

> 200 
> 200 

25 
a See Experimental Section for procedures used. 
Staphylococcus aureus ATCC-6538P (penicillin G sensi- 

tive). 
G resistant). Streptococcus faecium ATCC-8043-2. 
e Streptococcus pyrogenes ATCC-8668. Escherichia 
coli ATCC-25922. g Penicillin G also had activity (<200 
rg/mL) against Proteus mirabilis ATCC-2110 and 
Klebsiella pneumonia ATCC-39645. 

as an inhibitor of lactic acidosis in vivo. 
Experimental Section 

Melting points are uncorrected, infrared spectra were recorded 
with a Perkin-Elmer 237B spectrometer; NMR spectra were 
obtained with Varian A-60 and HA-100 instruments. Chemical 
shifta are in parts per million and coupling constants (J) in hertz. 
Microanalyses were performed by Atlantic Microlab, Atlanta, GA 

4-tert-Butylcinnamoyl Azide. A solution of 4-tert-butyl- 
cinnamoyl chloride (107.8 g, 0.485 mol) in THF (750 mL) was 
cooled in an ice bath while a solution of sodium azide (39.0 g, 0.60 
mol) in water (125 mL) was added dropwise. After stirring for 
1 h at ice-bath temperature, the mixture was extracted with ether, 
and the ether extract was washed with water, aqueous sodium 
hydroxide, and brine and dried over Na#OI. Evaporation gave 
108.0 g (97.3%) of an analytically pure, pale yellow powder: mp 
98-99 "C dec; IR (KBr) 2120,1680,1620 cm-'; NMR (CDClJ 6 
1.35 (8,  9 H), 6.43 (d, J = 15 Hz, 1 H), 7.49 (8,  4 H), 7.77 (d, J 
= 15 Hz, 1 H). Anal. (Cl3HI6N30) C, H, N. 

Triethylammonium 6-[3-[Z-(4- tert-Butylphenyl)vinyl]- 
ureidolpenicillanate (4b). 4-tert-Butylcinnamoyl azide (37.8 
g, 165 mol) in toluene (150 mL) was refluxed for 0.5 h, and the 
solution was then cooled to room temperature. Triethylamine 
(38 mL) and 6-aminopenicillanic acid (32.4 g, 0.15 mol) in CH2Clz 
(250 mL) were stirred for 1.5 h, and the resulting solution was 
filtered and cooled in an ice bath. The above toluene solution 
was added at once, and the mixture was stirred for 18 h at room 
temperature, after which time a precipitate had formed. Ether 
(1400 mL) was added, and the mixture was cooled and filtered 
to afford 56.0 g (72%) of pure 4b as a white powder: mp 182-184 
"C dec; [ a ] % ~  185.5" (c 0.02, EtOH); IR (KBr) 3400-3100,2950, 
1770,1680,1640,1600,1545 cm-'; NMR (CDC13) 6 1.21 (t, J = 
7 Hz, 9 H), 1.25 (8 ,  9 H), 1.67 (s, 6 H), 3.03 (9, J = 7 Hz, 6 H), 
4.36 (8, 1 H), 5.60 (m, 2 H), 5.76 (d, J = 15 Hz, 1 H), 7.26 (s, 4 
H), 7.36 (d, J = 15 Hz, 1 H). 

Sodium ~[3-[2-(~Naphthyl)~ylinyl]ureido]penicill(9). 
The acyl azide from 2-(2-naphthyl)acryloyl chloride (1.8 g, 9.2 
mmol), prepared as above, was refluxed in toluene (15 mL) for 
1 h, and the solution was cooled to room temperature. Bis(tri- 
methylsily1)acetamide (0.84 g, 4.1 "01) and 6-aminopenicillanic 
acid (1.08 g, 5 mmol) in acetonitrile (25 mL) were stirred for 3 
h, the above toluene solution was then added, and the stirring 
was continued for 18 h. The mixture was cooled to 0 "C and water 
(0.4 mL) was added. After 0.5 h, the solution was dried over 
MgSO4, filtered, and added to a solution of sodium 2-ethyl- 

Staph lococcus pureus ATCC-14154 (penicillin 

(17) Sigma Technical Bulletin No. 826-W, Sigma Chemical Co., St. 

(18) Supelco Inc., Bellefonte, PA 16823. 
Louis, MO 63178. 


