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The Total and Partial General Syntheses of the Penicillins

By JouN C. SHEEHAN AND KENNETH R. HENERY-LoGAN
RECEIVED DECEMBER 28, 1961

The first total general synthesis of the penicillins and a (chemical) partial synthesis from penicillin G are described. The
key svnthetic intermediate in both routes is -aminopenicillanic acid (6-APA), which was acylated to form both ‘“natural”
penicillins and “new’’ penicillins not obtainable directly by fermentation.

The announcement? in March, 1958, that . . .we
have prepared this compound [B-aminopenicil-
lanic acid (6-APA, XI)] via a totally synthetic
route. ... We have shown that one can acylate
with various acid chlorides and obtain the cor-
responding penicillins,” together with the sub-
sequent development of commercially attractive
biochemical routes to 6-aminopenicillanic acid,
has been followed by the explosive growth of the
‘“new penicillins.” Two are in current medical
use? and several others are reported to be under
extensive clinical trial. At the recent ‘First
Interscience Conference on Antimicrobial Agents
and Chemotherapy’’® thirty-nine papers dealt
with the new derivatives of G-aminopenicillanic
acid (6-APA). The medical advantages reported
for the ‘“‘new penicillins” include effectiveness
against ‘‘penicillin-resistant”  staphylococci, a
broadened microbiological spectrum (including
certain (Gram-negative organisms) and increased
oral absorption.

In addition to our original totally synthetic
route and partial synthesis (by chemical means)
from penicillin G* the ‘‘key intermediate (6-APA)”
has been prepared more recently by direct fermen-
tation and by enzymatic splitting of ‘‘natural”
penicillins (V and G) in four independent labora-
tories.® The commercially available ‘‘semi-syn-
thetic”’ penicillins are made by one of these bio-
chemical preparations of 6-aminopenicillanic acid,

(1) J. C. Sheehan in ““Amino Acids and Peptides with Antimetabolic
Activity,” G. E. W, Wolstenholme and C. M. O'Connor, Editors, J. A.
Churchill Ltd., London, England, 1958, p. 258. See also J. C. Shee-
han, Canadian Patent 610,096 (Dec. 6, 1960) and Canadian Patent
619,205 (April 25, 1961); patent application in the United States
March 1, 1957,

(2) These are 6-(a-phenoxypropionamido)-penicillanic acid (phen-
ethicillin) and 6-(2,6-dimethoxybenzamido)-penicillanic acid (methicil-
lin). The penicillanic acid nomenclature, which is now standard in
the field, is described in J. C. Sheehan, K. R. Henery-Logan and D. A.
Johnson, J. Am. Chem. Soc., 18, 3292 (1953).

(3) Sponsored by the American Society for Microbiology, held in
New York City, Oct. 31-Nov. 2, 1961.

(4) Reported in communication form, J. C. Sheehan and K. R,
Henery-Logan, J. Am. Chem. Soc., 81, 5838 (1959).

(5) F. R. Batchelor, ¢t al., Nature, 1883, 257 (1959); C. A. Claridge,
A. Gourevitch and J. Lein, ¢bid., 187, 237 (1960); H. T. Huang, el al.,
J. Am. Chem. Soc., 82, 3790 (1960); W. Kaufman and K. Bauer,
Naturwiss., 47, 474 (1960). 1n 1950, K, Sakaguchi and S. Murao
[J. Agr. Chem. Soc. Japan, 28, 411 (1950)1 claimed the isolation of a
“penicillin nucleus’’ after enzymatic removal of phenylacetic acid
from penicillin G; however, the constants reported differ markedly
from those subsequently determined. XK. XKato [J. Antibiotics (Japan),
Ser. A, 6, 130, 184 (1953)] suggested that a “penicillin nucleus’’ was
present in fermentation broths grown in the absence of added side
chain precursors. However, there is no published indication that any
laboratory other than our own has made a serious effort toward the
chemical synthesis of 6-aminopenicillanic acid or the penicillins, since
the cessation of the very extensive and intensive attempts during World
War IT (for this latter program see “The Chemistry of Penicillin,”
H. T. Clarke, J. R. Johnson and R. Robinson, editors, Princeton Uni-
versity Press, Princeton, N. J., 1949).

followed by chemical acylation of this key inter-
mediate as discovered in this Laboratory. By
independent totally synthetic routes, not in-
volving 6-aminopenicillanic acid, this Laboratory
has previously prepared both a “‘natural” penicillin
(penicillin V)87 and ‘“‘new” penicillins®® not ob-
tainable directly by fermentation.

The reaction sequences employed in the syntheses
of 6-aminopenicillanic acid (XI) via the methyl
and benzyl esters of 6-tritylaminopenicillanic acid
(VIII and IX) furnish an unambiguous chemical
proof for the fused B-lactam-thiazolidine structure
of 6-APA. The acylation of 6-aminopenicillanic
acid to penicillins G and V and the formation of
6-phthalimidopenicillanic acid under mild condi-
tions unequivocally establishes the structures of
both “‘natural” and “‘unnatural” penicillins. Tt
is noteworthy that the last eight steps (starting
with penicillamine and ¢-butyl phthalimidomalon-
aldehydate) of the 6-aminopenicillanic acid syn-
thesis (and the additional step to the penicillins)
were carried out at, or below, room temperature.

The Total and Partial Syntheses of the Methyl
and Benzyl ‘‘Desacylpenicilloates’ (VI and VII).—
In the total synthesis series, the phthaloyl group
was removed from ¢-butyl p-a-4-carbomethoxy-3,5-
dimethyl - « - phthalimido - 2 - thiazolidineacetate’
by the action of hydrazine at roomn temperature, as
described for the corresponding bDL-isomer,'® to
yield the phthalhydrazide complex isolated by
lyophilization. Treatment of the complex with
dilute hydrochloric acid afforded p-a-I in high
vield. Anhydrous hydrogen chloride at ice-bath
temperature rapidly cleaved the (-butyl ester to
produce the crystalline dihydrochloride of p-a-IV
in high yield. Trityl chloride and diethylamine®!
converted the dihydrochloride into p-a-VI.

Similarly, dry hydrogen chloride converted DL-
a-1'% into DL-a-1V, which was tritylated!! to afford
crystalline pL-a-VI in 269, yield. In spite of the
known sensitivity of trityl chloride toward hy-
drolyzing media and despite a controversial state-
ment in the literature,'? Zervas and Theodoro-
poulos!! were able to tritylate amino acids directly
in aqueous solution; employing diethylamine they
obtained 35-479% tritylamino acid, although with
a tertiary base (pyridine or triethylamine) the
yield was minute.

(6) J. C. Sheehan and X. R. Henery-l.ogan, J. Am. Chem, Soc.,T9,
1262 (1857).

(7) J. C. Sheehan and K. R. Henery-Logan, ibid., 81, 3089 (1959).

(8) J.C.Sheehan and D. R. Hoff, 1bid., 79, 237 (1957).

(9) W. A. Bolhofer, J. C. Sheehan and E. L. A. Abrams, ibid., 82,
3437 (1960).

(10) J. C. Sheehan and P. A. Cruickshank, 7bid., 78, 3677 (1956).

(11) L. Zervas and D. M. Theodoropoulos, 7bid., T8, 1359 (1956).

(12) A. Hillmann-Elies, G, Hillmann and H. Jatzkewitz, Z. Natur-
forsch., 8b, 445 (1953).
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For the partial synthesis route to VI, the starting
material was methyl D-a-4-carbomethoxy-5,5-di-
methyl-a-amino-2-thiazolidineacetate  hvdrochlo-
ride (IIT), which had been obtained previously by
Sheehan and Ferris!® from penicillin G following
chemical removal of the phenylacetic acid side
chain. The free base from III was preferentially
saponified'* with one equivalent of sodium hy-
droxide to give p-a-1V, which was tritylated!! im-
mediately to afford p-«-VI in 219 over-all yield.

The benzyl ester series was initiated with i-
butyl DL - « - 4 - carbobenzyloxy - 3,5 - dimethyl-
a-amino-2-thiazolidineacetate hydrochloride (II)%;

(13) J. C. Sheehan and J. P. Ferris, J. Am. Chem. Soc., 81, 2912
(1959),

(14) The B-esters of the penicilloic acids are obtained generally by
tlie selective partial saponification of the corresponding diesters.15

(15) H. T. Clarke, J. R. Johnson and R. Robinson, editors, *The
Chemistry of Penicillin,”” Princeton University Press, Princeton, N. J.,
1949, p. 548.
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this ¢-butyl ester was cleaved in nitromethane at
ice-bath temperature with dry hydrogen chloride
to give the crystalline hydrochloride of V in 889
yield. The hydrochloride was treated with trityl
chloride aud diethylamine in water and tetrahydro-
furan and, after countercurrent distribution be-
tween sodium carbonate solution and ether, VII
was isolated as an analytically pure white solid in
259, yield.

Several explanations can be put forward to
account for monotritylation on the primary
nitrogen rather than the thiazolidine nitrogen.
Most important, the nitrogen in thiazolidine esters
is very feebly basic (pK 4.0)*® compared with the
primary amine in a-amino acids (pK: 9.6). Steric
factors would also favor the primary amine in
tritylation. Thus in the reaction of pr.-4-carboxy-
5,5-dimethyl-a-amino-2-tliiazolidineacetic acid with

(16) 8. Ratner und H, ‘I, Clarke, J. 4m. Chem. Soc., 89, 200 (1937)
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methyl phenylthioacetate, acylation was ascribed
to the primary nitrogen."”

B-Lactam Cyclizations Using Carbodiimides.—
The desacylpenicilloates VI and VII were rapidly
cyclized at ice-bath temperatures in dioxane-water
solution to the §-lactams VIII and IX, respectively.
The B-lactam closures were effected readily in both
the optically active and racemic series using one
and a quarter equivalents of N,N’-diisopropyl
carbodiimide; crystalline products were obtained
after chromatography over alumina. This same
carbodiimide was utilized previously in the cycli-
zation of penicillin V.7

Many efforts directed toward the synthesis of
penicillins have failed in the last step, the attempted
cyclization of the corresponding penicilloates.!®
Utilizing the trityl protective group, the competing
azlactonization reaction® is structurally precluded.
The formatiou of the @-lactam proceeded particu-
larly well in the benzyl ester series where the yield
of crystalline IX was 679%. It is well known that
the presence of bulky groups facilitates the forma-
tion of small rings, and it may be that this unusually
high cyclization yield to form a B-lactam is due to
the steric effect of the tritylamino and carbobenzyl-
oxy groups. The totally synthetic benzyl ester
pL-a-IX and the optically active p-a-1X (obtained
from 6-APA) both had infrared absorption maxima
at 5.68 and 5.73 p attributable to the g-lactam and
ester carbonyls, respectively, and the two infrared
spectra (potassium bromide) were in fact identical.
The replacement of the acylamino side chain of the
penicillins by the tritylamino group has displaced
the §-lactam carbonyl band from 5.6220to 5.68 p.

In the optically active methyl ester series, crys-
talline methyl 6-tritylaminopenicillanate (p-a-
VIII), m.p. 166-167°, was prepared via three
sequences. Cyclization of totally synthetic b-
a-VI with N,N’-diisopropylcarbodiitnide gave the
B-lactam D-a-VIII in 279, yield. A sample of
D-a-VI, obtained by the partial synthetic route
from penicillin G, was similarly cyclized. In
addition, natural 6-APA. was tritylated! and the
product was esterified with diazomethane to give
D-a-VIII in 259, over-all yield. The triple niix-
ture melting point of these three §-lactams was
undepressed, the optical rotations were the saine,
and the infrared spectra (potassium bromnide)
were identical in the position and intensity of all
peaks and shoulders. Preparation of the same com-
pound by these three routes provides convincing
evidence that VIII is in the natural D-a-series.
In the unlikely event that the tritvlation of p-a-1V
had occurred on the thiazolidine nitrogen (vide ante),
intermolecular cyclization with carbodiimide would
have produced a dimer of VIII (a substituted di-
ketopiperazine); the molecular weight (Rast),
liowever, is consistent with formula VIII only.

Via the totally synthetic pL-series, the S8-amniio
acid VI was cyclized in similar yield (28%) to
afford the crystalline B-lactam DL-a-VIII. The
infrared spectrum (potassium bromide) of the
racemic B-lactam VIII was identical with the

(17) Reference 15, pp. 543, 578.

(18) Reference 13, p. 861,

(19) Reference 15, p. 851.
(20) Reference 15, Chapter XIII,
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spectra of the corresponding optically active com-
pounds prepared by three routes. A by-product,
isolated in low yield from the reaction of DL-a-
VI with N,N’-diisopropylcarbodiimide, had aun
elenientary aunalysis consistent with the N-acylurea
derivative of VI.

Two other carbodiimides were investigated as
cyclizing agents in the methyl ester series. Parallel
B-lactam closures were run under the standard
conditions using N-z-propyl-N’-t-butylcarbodiim-
ide?! and N,N’-diisopropylcarbodiimide; compari-
son of intensities of the S-lactam carbonyl bands
in the crude lyophilized products indicated that the
former had effected cyclization in about 59, yield.
In a similar experiment, it was estimated that
N,N’-di-t-butylcarbodiimide?! cyclized D-a-VI in
approximately 19, vield.

De-esterifications of the Methyl and Benzyl 6-
Tritylaminopenicillanates VIII and IX.—The
methyl esters of VIII were preferentially saponified
to 6-tritylaminopenicillanic acid (X), which was
also obtained by catalytic hydrogenolysis of IX.
Compound X was also prepared by direct trityla-
tion of 6-aminopenicillanic acid.

Selective saponification of the methyl ester in
VIII in the presence of the alkali-sensitive (-
lactam may appear to be a formidable task.
However, it is known that esters of N-tritylamino
acids are resistant to saponification,!! presumably
due to the shielding effect of the bulky trityl
group. It would likewise be expected that the
trityl group would deactivate the S-lactam. In
any event, the methyl ester in totally synthetic
pL-a-VIIT was saponified and, after counter-
current distribution, X was isolated as the crystal-
line diethylamine salt in 179 yield. The identical
diethylamine salt of pL-a-X was independently ob-
tained by treatment of IX with hydrogen and pal-
ladium catalyst. These experiments furnish evi-
dence that epimerization has not occurred during
the basic hydrolysis of the methyl ester.

The optically active ester VIII was similarly mono-
saponified in the same yield to afford the crystalline
diethylamine salt of p-o-X. Tritylation of 6-
aminopenicillanic acid proceeded in 279, vield to
afford the identical compound. The infrared
spectra (potassiunt bromnide) of racemic and opti-
cally active 6-tritylaminopenicillanic acid (X) were
identical. The identity of the infrared spectra of
X, produced by four reaction sequences, provides
compelling evidence that all have the configuration
of the natural or a-series.

Detritylation of Tritylaminopenicillanic Acid to
6-APA.—Attempted application of literature
methods for removing the trityl protective group to
DL-a-6-tritylaminopenicillanic acid (X) resulted
in extensive destruction of the 8-lactam. Follow-
ing treatment of a solution of p-a-X in isopropyl
alcohol with two equivalents of N hydrochloric
acid for 22 hours at rooin temperature, however,
there was isolated crystalline 6-aminopenicillanic
acid in a conversion of 319,. Taking into account
the recovered starting material, the isolated yield
of D-a-6-APA was 449,,. This sample of synthetic
X1 was shown to be identical with natural 6-amino-

(21) John W. Prankeufeld, Ph.D. Thesis, M.I.T., 1961.
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penicillanic acid?? by melting point, 207-208° dec.
(reported® 208-209° dec.), undepressed mixture
melting point, optical rotation and infrared spec-
trum (potassium bromide). Synthetic XI was
compared to natural XI, in parallel determinations
involving phenylacetylation followed by microbio-
logical assay of the penicillin G formed, and shown to
contain 99 =+ 109 of 6-aminopenicillanic acid.
In the totally synthetic pL-series, X was also con-
verted to DL-a-6-aminopenicillanic acid.

Synthesis of ‘‘Natural’’ and ‘‘New’’ Penicillins
from 6-Aminopenicillanic Acid.—Treatment of 6-
aminopenicillanic acid with phenylacetyl chloride
in aqueous acetone containing sodium bicarbonate
at ice-bath temperature readily gave penicillin G,
isolated in 779, yield as the crystalline N-ethyl-
piperidine salt (XII), m.p. 153-155° dec. Identity
of this sample with the corresponding salt?® ob-
tained directly from fermentation was established
rigorously by melting point, mixture melting
point, optical rotation, infrared spectrum (potas-
sium bromide) and microbiological assay.

Penicillin V, prepared in 809, yield by phenoxy-
acetylation of 6-aminopenicillanic acid, was isolated
as the potassium salt XIII, which showed 999 of
the microbiological activity of fermentation-pro-
duced penicillin V. Comparison of physical proper-
ties and infrared spectra demonstrated that XIII
obtained from 6-aminopenicillanic acid was iden-
tical with “‘natural” XIII and with the potassium
salt of penicillin V made previously by total
synthesis.®” Similarly, 6-APA was converted to
the “‘new penicillin” 6-phenylsulfonamidopenicil-
1ar11ic acid (XVTI),? isolated as the N-ethylpiperidine
salt.

Employing N-carboethoxyphthalimide, which
has been used recently for the preparation of
phthaloylamino acids,?* XI was converted into b-a-
6-phthalimidopenicillanic acid (XIV), isolated in
669 yield as the crystalline free acid. The in-
frared spectrum (dioxane) of XIV shows broad
bands with strong maxima at 5.59, 5.65 and 5.74 u.
The 5.74 u band is assigned to a combination of the
intense phthalimido and carboxyl bands, while the
other two bands are attributed to the combination
of the medium intensity phthalimido and the strong
B-lactam bands. Compound XIV was inactive
when tested by routine microbiological assay.

Diazomethane converted XIV into methyl
D-a-G-phthalimidopenicillanate (XV). It is in-
teresting to note that synthesis of XV, by cycliza-
tion of 4 - carbomethoxy - 5,5 - dimethyl - a-
phthalimido-2-thiazolidineacetic acid, failed in
the DL-a-series but was accomplished in the dia-
stereomeric §-series to give a 369, yield of DL-
B-XV.% The infrared spectra (chloroform) of
D-a- and DL-3-XV were identical in the carbonyl
region but were distinctly different in the region
between 7 and 15 u.

(22) A sample of natural 6-aminopenicillanic acid was kindly fur-
nished by Bristol Laboratories, Syracuse, N. Y.

(23) J. C. Sheehan, W, J. Mader and D. J. Cram, J. A, Chem. Soc.,
68, 2407 (1946).

(24) G. H. L. Nefkens, Nafure, 185, 309 (1960).

(23) J. C. Sheehan and P. A, Cruickshank, J. Am, Chem. Soc., 18,
3680 (1956).
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It is obvious that similar acylations of DL-a-6-
aminopenicillanic acid would produce the cor-
responding DL-penicillins, and that resolution of
these racemic penicillins would give the L-enan-
tiomers; the one presently reported L-penicillin,
however, has little or no biological activity.”

We are indebted to Bristol Laboratories of
Syracuse, N. Y., for financial support and for
bioassays, and to Mrs. Aviva R. Tepley and Mr.
Edward J. Hessler for excellent technical assist-
ance.

Experimental?®

t-Butyl p-a-4-Carbomethoxy-5,5-dimethyl-a-amino-2-thia-
zolidineacetate Hydrochloride (I).—A solution of 12.51 g.
(0.0288 miole) of t-butyl p-a-4-carbomethoxy-5,5-diinethyl-
a-phthalimido-2-thiazolidineacetate’ and 1.80 g. (0.036
mole) of hydrazine hydrate in 190 ml. of pure dioxane was
stored at room temperature for 20 hours, after which solvent
and excess hvdrazine were rentoved by lvophilization. The
phthalhydrazide coinplex was decomposed by shaking with
180 ml. of 0.2 N hydrochloric acid at room temperature for
2 hours. After cooling in an ice-bath for an additional hour,
5.3 g. (1149%) of crude phthalhydrazide was removed by
filtration, and the filtrate was lvophilized. Crystallization
from methanol-ether afforded 3.79 g. of needles, m.p. 178.5—
180° dec.; further addition of ether gave a second crop of
4.19 g., m.p. 172-174° dec. The total yield of I was 7.98 g.
(81%). Two recrystallizations gave an analytical sample,
m.p. 183-184° dec., [«]%D +91° (¢ 1.2 in methanol).

Anal. Caled. for CysHeN,0,8Cl: C, 45.79; H, 7.39;
N, 8.22. Found: C, 45.65; H, 7.61; X, 8.31.

p- and pL-a-4-Carbomethoxy-5,5-dimethyl-a-amino-2-
thiazolidineacetic Acid Dihydrochloride (IV).—Anhydrous
hydrogen chloride was passed through a suspension of 0.50
g. of p-a-I in 20 ml. of dry nitromethane at 0°; most of the
solid went very rapidly into solution. A sinall amount of
insoluble solid was removed by centrifugation and discarde.
After a further 10 minutes at 0°, 0.364 g. (78%,.) of crystal-
line p-a-IV had separated, m.p. 90-93° dec. (in bath 75°),
2] ®p +82° (¢ 0.5 in 6 ¥ hydrocliloric acid).

Anal. Caled. for CyHsN20,8Cl: C, 33.66;
N, 8.73. Found: C, 33.72; H, 5.88; N, 8.93.

A rapid stream of anhydrous hydrogen chloride was passed
through a suspension of 10 g. of DL--I¥ in 100 ml. of dry
nitroniethane at 0° over a period of 25 minutes. Some in-
soluble solid (0.548 g.) was reirtoved by filtration and dis-
carded. The filtrate was resaturated witli hydrogen chloride
and stored at 0° for 75 minutes. Tlie excess hivdrogen
chloride was removed from tlie cloudy solution with a rotat-
ing concentrator (15 minutes) and the precipitated solid
was collected by filtration, washed twice with ether and
vacuun dried; yield 8.253 g., 11.p. 110-114° dec. Analyses
for carbon, hydrogen, nitrogent and clilorine indicated that
tlie product was a mtixture of tlie mono- and dihydrochlorides
of pL-a-IV.

pL-a-4-Carbobenzyloxy-5,5-dimethyl-a-amino-2-thiazol-
idineacetic Acid Monohydrochloride (V).—Anhydrous
hydrogen chloride was passed through a suspension of 0.209
g. (0.0005 mole) of pL-a-1I8 in 7 mil. of dry nitromethane at
0°; most of the solid went into solution within 2 minutes.
The insoluble portion was removed by centrifugation. After
storage for 27 hours at 0-5°, the crystalline product was
collected by filtration, waslied twice with nitromethane and
three times with ether. This product, which amounted to
0.159 g. (88%), n1.p. 109-112° dec., was analytically pure.

Anal. Caled. for Ci:H.N.0,SCl: C, 49.92; H, 5.86;
N, 7.76; Cl,9.83. Found: C,49.45; H, 6.07; N, 7.87; Cl,
9.40.

p- and pL-a-4-Carbomethoxy-5,5-dimethyl-a-tritylamino-
2-thiazolidineacetic Acid (VI). A. Total Syntheses.—To a
cold solution of 2.56 g. (7.98 mmoles) of prL-o-IV in 22.5
ml. of water and 45 ml. of reagent isopropyl! alcohol was
added 4.12 ml. (2.92 g., 40 mmoles) of diethylamine. This
solution was stirred vigorously, at room temperature, with a

H, 5.65;

(26) All melting points are corrected. We are indebted to Dr.
S. M. Nagy and his associates for the microanalyses, and to Dr. N. A.
Nelson and his associates for the infrared spectra.
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magnetic stirrer during the addition of 2.9 g. (10.4 mmoles)
of trityl chloride in fifteen portions over 30 minutes. After a
further 15 minutes stirring, 187 ml. of water was added and
the precipitate was removed by filtration (Celite) and dis-
carded. To the cooled (0-5°) filtrate was added, gradually
with swirling, 12 ml. of 2 N acetic acid; the resulting color-
less solid was collected by filtration, washed with water and
dried. The yield of pL-a-VI of sufficient purity for conver-
sion to the lactam (viz., bL-a-VIII), was 2.276 g. (589).

A portion of this product (0.984 g., 2 mmoles) was puri-
fied further by dissolving in a 100-mil. portion of cold ether
and washing with 200 ml. of cold 0.15 3 phosphate buffer
(pH 5.5) followed by 200 ml. of cold water. The product
was then extracted into three 400-ml. portions of cold 195
potassiiin bicarbonate solution. The combined aqueous
laver was washed with 50 ml. of ether (which was discarded),
covered with 500 ml. of cold ether, and acidified to pH 6 with
109, phosphoric acid (530 ml.). After the aqueous laver
was extracted with a further 250-ml. portion of cold ether,
the combined ethereal layers were washed with 50 ml. of
water, dried over magnesium sulfate and concentrated to
dryness. The colorless foam was taken up in 5 ml. of ben-
zene whereupon it crystallized spontaneously vielding 0.432
g. (269%), m.p. 103-110°. Two recrystallizations from
ether—petroleum ether and another recrystallization from
ether afforded an analytical sample of pL-a-VI, m.p. 150—
154° dec.

Anal. Caled. for CesHzN20S: C, 68.55; H, 6.16; N,
5.71. Found: C, 68.45; H,6.17; N, 5.63.

Similar tritylation of 1.233 g. (3.84 mmoles) of D-a-IV
(from p-a-I) gave 0.79 g. (429%) of solid p-a-VI, which was
used without further purification in the next synthetic step
(viz., conversion to p-a-VIII).

B. Partial Synthesis of p--VI (from Penicillin G).—The
starting material for this partial svnthesis was methyl p-a-4-
carboinethoxy-5,5-dimethyl-e-amino-2-thiazolidine hydro-
chloride (III) prepared from penicillin G by the method of
Shieclian and Ferris.13-27 To a solution of 6 g. (20 mmoles) of
III in 10 ml. of water was added with stirring 10 ml. of 2 NV
(20 minoles) sodium hydroxide in one portion followed by
the dropwise addition of an additional 10 ml. of 2 N sodium
hvdroxide over 10 minutes; this solution was left at room
temperature for a further 20 minutes (pH about 9) and 20
nl. of NV hydrochloric acid (20 mmoles) was then added (pH
about 4). The monocarboxvlic acid, p-«-IV, was immedi-
ately tritylated without prior isolation.

To the above solution was added 100 ml. of reagent iso-
propyl alcohol and then 6.2 ml. (4.38 g., 60 mmoles) of
diethylamine. Trityvl chloride (5.58 g., 20 mmoles) was
added in about 15 portions over a 30-minute period with
vigorous stirring (magnetic stirrer). After an additional 15
minutes of stirring at room temperature, 360 ml. of water
was added. The precipitate was discarded. The filtrate
was cooled to 2° and 2 IV acetic acid was added until the pH
was 6.0 (22 ml. was required). Tlie resulting colorless
solid weighed 2.02 g. (219).

Most (1.92 g.) of this product was purified by distribution
between ethereal and aqueous phases as described in the
total synthesis of pL-a-VI. The colorless lvophilized solid
(1.28 g.) was analvtically pure, [a]®Dp +45° (¢ 1.3 in #-
butyl acetate).

Anal. Caled. for CosHyoN:0.S: C, 68.535;
5.71. Found: C, 68.74; H, 6.28; N, 5.55.

DL-a-4-Carbobenzyloxy-5,5-dimethyl-a-tritylamino-2-thia-
zolidineacetic Acid (VII).—To a cold well-stirred solution of
3.91 g. (9.85 mmoles) of pL-a-V in 24 ml. of water and 52
ml. of reagent tetrahydrofuran was added 3.6 ml. (2.55 g.,
35 mmoles) of diethylamine. Trityl cliloride (3.85 g., 13.8
mmoles) was added portionwise to this vigorously-stirred
solution at room temperature over a 35-minute period; tlie
reaction mlxture was stirred for an additional 1-hour period
thien placed at 5° for 12 hours. The tetrahvdrofuran was
removed in vacuo at room temperature and the suspension
shaken with 300 1nl. of etlier and 200 ml. of 29 potassium
bicarbonate; the aqueous layver was discarded and the crys-
talline portion was collected (257 mg., m.p. 164-166° dec.;
analyses of the recrystallized material indicated that it was
the hydrate of the free base of bL-a-V. Anal. Caled. for
CuH»NS0,: C, 52.62; H, 6.48; X, 8.18. Found: C,

H, 6.16; X,

(27) We are indebted to Donald N. McGregor for the preparation
of a substantial quantity of this intermediate.
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53.47; H, 6.54; N, 8.11). The organic layer was concen-
trated to dryness at room temperature and the residue (5.44
g.) taken up in 200 ml. of ether and purified by a two-funnel
distribution between ether and 29, sodium carbonate. The
second funnel contained 100 ml. of ether and the two funnels
were extracted successively with three 800-ml. portions of
sodium carbonate. The combined aqueous layers were
cooled in an ice-bath, covered with 600 ml. of cold ether
and acidified with 400 ml. of 109, phosphoric acid (pH about
6). The aqueous layer was extracted with an additional 400
ml. of ether and the combined ether layers were dried over
magnesium sulfate and concentrated to dryness at room
temperature. The residue was lyophilized from 50 ml. of
benzene to yield 1.37 g. (259,) of analytically pure pL-a-VII
as a white solid.

Anal. Caled. for CyuHiN:0.8: C, 72.06; H, 6.05; N,
4.94. Found: C, 71.99; H, 6.19; N, 4.78.

Methyl p- and bpL-a-6-Tritylaminopenicillanate (VIII),
A. Total Synthesis of pL-a-VIII.—To a solution of 2.778 g.
(5.67 mmoles) of bL-a-VI in 78 ml. of reagent dioxane was
added 49 ml. of water. To this solution, which was stirred
in an ice-bath, was added a solution of 1.15 ml. (0.91 g., 7.2
mmoles) of N,N’-diisopropylcarbodiimide in 49 ml. of diox-
ane in one portion. After an additional 35 minutes in an
ice-bath and 2 hours at room temperature the pale vellow
solution was lyophilized. The residue was taken up in 30
ml. of benzene (0.298 g. of an insoluble gummy solid was
discarded) and chromatographed over 84 g. of Brockman
activity III ethyl acetate-neutralized alumina, with benzene
as the eluent. Residues from the first five 30-ml. fractions
of eluate were crystallized from ether—-petroleum ether to
afford 0.745 g. (28%) of colorless prisms, m.p. 135-138°.
A sample of this DL-a-VIII recrystallized twice from ethyl
acetate—petroleum ether had m.p. 152-153°. The infrared
spectrum (potassium bromide) of pL-w-VIII was identical
with the spectra of p-a-VIII prepared via three sequences as
described below.

Anal. Caled. for CogHosN20:S: C, 71.17;
5.93. Found: C, 71.28; H, 6.06; N, 5.89.

The residue from the sixth 30-ml. chromatography fraction
was an oil (0.12 g.) which crystallized slowly from ether—
petroleum ether to give 0.018 g. of colorless prisms, DL-a-
XVII, m.p. 136-138°; the mixed m.p. with authentic pL-
a-VI1I was 117-125°, and the infrared spectrum showed no
absorption at 5.6 u. Elution with an additional 150 ml. of
benzene afforded, in a similar manner, an additional 0.162
g. of XVII. A sample recrystallized three timesfrom ether—
petroleum ether had m.p. 135-136.3° and an analysis con-
sistent with an N-acvlurea derivative of VI.

Anal. Caled. for C3;:HuyN:O:S: C, 68.16; H, 7.19; X,
9.09. Found: C, 68.47; H, 7.12; N, 9.47.

B. Total Synthesis of p-a-VIII.—Water (14 ml.) was
added to a solution of 790 mg. (1.6 mmoles) of crude p-a-
VI (from p-e-I via D-a-IV) in 22 ml. of reagent dioxane and,
after cooling in an ice-bath, a solution of 0.32 ml. (253 mg., 2
mmoles) of N,N’-diisopropylcarbodiimide in 14 ml. of diox-
ane was added in one portion with stirring continued in an
ice-bath for 35 minutes, and then for an additional 2 hours
at room temperature. The pale vellow solid from the ly-
ophilization was dissolved in 10 ml. of benzene and chromato-
graphed over 24 g. of Brockman activity III ethyl acetate-
neutralized alumina, with benzene as the eluent. Residue
from the first 45 ml. of eluate was crystallized from ether
to yield 219 mg. (279,) of crystals, m.p. 163-165°. Re-
crystallizations from ethyl acetate—petroleum ether followed
by acetone—water gave an analvtical sample of p-a-VIII,
m.p. 166-167°, [«]%®Dp 4+ 101° (¢ 1 in n-butyl acetate). A
triple mixture melting point of this sample of totally syn-
thetic p-a-VIII with the compounds (vide infra) prepared
from penicillin G and from 6-aminopenicillanic acid was un-
depressed and the infrared spectra of all three samples of p-
a-VIII were identical in the positions and intensity of all
peaks and shoulders.

Anal. Caled. for C;sHxN-0:8: C, 71.17; H, 5.97; N,
5.93. Found: C, 71.01; H, 5.89; N, 5.91.

C. Partial Synthesis of p-a-VIII (from Penicillin G).—
In a similar manner 1.47 g. (3 mmoles) of p-a-VI (obtained
from penicillin G) was cyclized to yvield 0.297 g. (22%) of
D-a-VIII, m.p. 163.3-164.8°. One recrystallization aﬂorded
an analytical sample, 1n.p. 166-167°, [«]%Dp +96° (¢ 1 i #-
butyl acetate).

H, 5.97; N,
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Anal. Caled. for CosHeN20,8: C, 71.17; H, 5.97; N,
5.93; mol. wt., 472, Found: C, 70.96; H, 5.84; N, 6.11;
mol. wt., 440 (Rast).

D. Partial Synthesis of p-a-VIII from 6-Aminopenicil-
lanic Acid.—To a suspension of 3.24 g. (15 mmoles) of 6-
aminopenicillanic acid?? in 6 ml. of water and 12 ml. of rea-
gent isopropyl alcohol in an ice-bath was added 4.63 ml.
(3.29 g., 45 mmoles) of diethylamine over a period of 2
minutes and the solution was stirred for an additional 5
minutes. The ice-bath was removed and 5.44 g. (19.5
mmoles) of trityl chloride was added in 12 portions over a
period of 35 minutes with vigorous stirring. Stirring was
continued an additional hour at room temperature.  After
dilution with 37 ml. of water and cooling in an ice-bath the
precipitate was discarded. The clear solution was cooled to
2°and 12 ml. of NV acetic acid wasadded (pH 6). The super-
natant was decanted, and the taffv-like semi-solid was tri-
turated four times with water and dried to give 3.42 g. of
crude p-a-X.

A portion (2.87 g.) of this crude acid was dissolved in 42
u1l. of methylene chloride and the solution was treated with
excess diazometliane. The crude ester was dissolved in 20
u1l. of benzene and chromatographed over 80 g. of Brockman
activity VI ethvl acetate-neutralized alumina, with benzene
as the eluent. The residue from the second 50 ml. of eluate,
crystallized from ether—petroleum ether and recrystallized
from ethyl acetate—petroleum ether, afforded 1.45 g. (25%)
of colorless needles, m.p. 165-166.5°. An analytical sample
recrystallized from acetone-water melted at 166-167°
fe)®p +100° (¢ 1 in n-butyl acetate).

Anal. Caled. for C23H2|N903SZ C, 7117, H, 597; N,
5.93. Found: C, 71.29; H, 6.07; N, 5.73.

Benzyl p- and pL-a-6-Tritylaminopenicillanate (IX). A.
Total Synthesis.—To a cold solution of 1.303 g. (2.3 mmoles)
of pL-a-VII in 32 ml. of dioxane and 20 ml. of water was
added a solution of 0.585 ml. (0.462 g., 3.66 mmoles) of
N,N’-diisopropylcarbodiimide in 20 nil. of dioxane in one
portion. The solution was stirred an additional 40 minutes
in an ice-bath then for 2 hours at room temperature. The
lvophilized solid was dissolved in 25 ml. of benzene and chro-
matograplied over 39 g. of Brockman activity III ethyl
acetate-neutralized aluniina, with benzene as tlie eluent.
Residue from the first 100 ml. of eluate was crystallized from
benzene—ether to afford 0.849 g. (67%) of colorless crystals,
u1.p. 196-197° dec. Three recrystallizations from benzene—
cther gave an analytical sample, m.p. 200-201° dec. Tlie
infrared spectrum (potassium bromide) was identical with the
spectrum of p-o-IX; AEEr 5.68 u was ascribed to tlie g-
lactam group, and ALY 5.73 u to the ester carbonyl.

Anal. Caled. for CyHpN20:8: C, 74.51; H, 5.83; N,
5.10. Found: C, 74.40; H, 5.85; N, 5.14.

B. Partial Synthesis (from 6-Aminopenicillanic Acid).
-—The crystalline diethvlamine salt of p-a-X, prepared (wide
infra) from 6-aminopenicillanic acid, was emploved in this
syntliesis; 3.004 g. (5.65 mmoles) was dissolved in 180 nil.
of reagent benzene and shaken well with two 120-ml. portious
of 19 phosplioric acid followed by three 60-mil. portions of
water. The benzene layver was dried by filtration tlirough
paper and then lvophilized. Relyophilization from 12 1nl, of
benzene afforded 2.619 g. (1019;) of the free acid p-a-X.

A portion (0.999 g., 2.16 mnioles) of this acid was dis-
solved in 14 ml. of inethylene chloride, cooled in an ice-batlt
aud 7 ml. of an ether solution, containing 0.315 g. (2.67
mmoles) of phenvldiazomethane, was added in portious over
a perioed of 3 minutes. The solution was left at 0° for 35
minutes and at room temnperature for 30 minutes and the
excess phenyldiazomethane was decomposed with glacial
acetic acid. The solution was dlluted to 40 ml. with methyl-
cne cliloride, extracted twice with 5%, potassium bicarbonate
and twice with water, dried over magnesium sulfate and con-
centrated to 10 ml., then diluted with ether. After storage
at 5°, 0.921 g. (789,) of crystals was collected by filtration,
m.p. 206-209° dec. Two recrystallizations from nietliylene
cliloride—ether gave an analytical sample (dried 65 hours at
60° at 0.1 mm.), m.p. 210-211.5° dec.

Anal.  Caled. for CsuHpN0:8: C, 74.51;
5.10. Found: C, 74.40; H, 6.03; N, 5.08.

p- and bDL-a-6-Tritylaminopenicillanic Acid (X). A.
Total Synthesis of pL-o-X vic Benzyl Ester.—A suspension
of 2 g. of palladous oxide® in a solution of 1.25 ml. of acetic
acid and 3 ml. of ethiylene glycol in 24 ml. of purified dioxane

H, 5.88; N,
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was prereduced at room temperature and atinosplieric pres-
sure. Benzylester (pL-a-IX, 0.501 g.) was added and livdro-
genation was continued. The theoretical quantity of hy-
drogen had been adsorbed at the end of 55 minutes and 110
further reduction took place after an additional 10 minutes.
The filtered solution was concentrated under reduced pres-
sure to a small volume and distributed between 25 ml. of
benzene and 25 ml. of water. The aqueous laver was ex-
tracted with an additional 25 ml. of benzene, and tlie coi-
bined benzene layers were extracted with anotlier 50 ml. of
water. The benzene solution was concentrated to dryvuess
(reduced pressure) and lvophilized from 4 ml. of fresli ben-
zene. The lyophilized solid was soluble in 25 ml. of ether ex-
cept for a small amount of solid which was discarded. Addi-
tion of 0.16 ml. (0.114 mg., 1.56 mmoles) of diethvlamine
and storage at 5° for 16 hours afforded 0.241 g. (58%) of an
analytical sample of the diethylamine salt of pL-@-X, u1.p.
166.5-167.5° dec., AKX 5.66 u attributable to the 8-lactain
carbonyl group.

Anal. Caled. for CyHyN30:8: C, 70.03; H, 7.02; N,
7.90. Found: C, 69.85; H,7.05; N, 7.91.

B. Total Synthesis of pL-o-X vic Methyl Ester.—To a
solution of 1.122 g. (2.38 minoles) of pL-a-VIII in 48 ml. of
reagent pyridine was added in one portion with stirring in
an ice-bath, a cold solution of 4.77 ml. of 0.5 N (2.38
mmoles) sodium hydroxide in 43 ml. of water. After stirring,
with ice-bath cooling, for an additional 90 minutes, 250 ml.
of cold ether was added and the stirred mixture acidified (pH
5.5) with cold 109, phosphoric acid (29 ml.). The aqueous
laver was extracted with an additional 250 ml. of cold ether
and the combined ether solutions were washed with 250 ml.
of cold 0.15 M phosphate buffer (pH 5.5) followed by 250
ml. of cold water. The product was extracted from the
ethereal layer with three cold 250-ml. portious of 1%, potas-
sium bicarbonate and each portion of potassium bicarbonate
was back extracted in turn with a second 500-ml. portion of
cold ether. The combined bicarbonate layers were cooled
in an ice-bath, covered with a 500-1l. portion of ether and
acidified to about pH 5.5 with 109, phosphoric acid (55 ml.).
After the addition of 95 ml. of 0.15 Af phosphate buffer
(pH 5.5), the lavers were separated and tlie aqueous layer
was extracted with an additional 155-ml. portion of ether.
The combined organic phase was waslied with a 140-nl.
portion of cold water, dried over magnesium sulfate, and
concentrated by aid of a water aspirator to au oil which was
lvophilized from 10 ml. of benzene. To the light vellow resi-
due (0.261 g., 249, crude vield) from the lyophilization, dis-
solved in 4 ml of ether, was added 0.12 ml. (0.085 g., 1.16
mmoles) of diethvlamine. Storage for 22 hours at 5° af-
forded 0.215 g. (17%) of the crystalline diethylamine salt
of pL-w-X, m.p. 165-166° dec. This salt was further puri-
fied by conversion to tlie free acid (saine procedure as used
for the formation of p-a-X from the dietliylainine salt) and
reformation of the cryvstalline diethylamine salt which
melted at 166-167° dec., AS% 5.66 u. Tlie melting point on
admixture with a %qmple of bL-a-X, prepared by hydrogen-
olysis of tlie benzyl ester DL-a-IX, was untdepressed; the
infrared spectra (potassiuin brownide} of these compounds
were identical witlt tlie spectruin of the corresponding opti-
cally active compound p-o-X.

C. Conversion of p-¢-VIII into p-a-X.—A sample of
1.172 g. (2.48 mmoles) of p-a-VIII was saponified selectively
with one equivalent of sodium hydroxide, as described pre-
viouslv for the pL-series, to vield 0.216 g. (16.4%) of the
crystalline diethylamine salt of p-a-X, 111 p 162-166° dec.
Two recrystallizations from dioxane—ether afforded an ana-
Ivtical sample, m.p. 166-168° dec., [a] %D +89° (¢ 1 in diox-
ane), AXPr 5 66(vs) u.

Anal. Caled. for CyHauN30:8: C, 70.03; II, 7.02; N,
7.90. Found: C, 69.71; H, 7.00; N, 7.90.

This salt (on an equimolar basis) gave 587 of tlie color
vield obtained from thie sodium salt of pemclllm Voin the
quantitative hyvdroxvlamine assay for penicillins?; tlie low
value may be ascrlbed to tlie incomnplete solubility of tlie
diethylamine salt in the aqueous inedium, or to lowered 8-
lactam reactivity due to the bulky trityl group.

The melting point on admixture with a sample of p-a-X,
prepared from 68-APA as described below, was not depressed;
the infrared spectra (potassium bromide) were identical.

(28) D. Starr and R. M. Hixon, **Organic Syntlhieses,” Coll. Vol. IT
John Wiley and Sons, Inc., New York, N. V., 1943, p. 566.
(29) J. H. Ford, Axal. Chem., 19, 1004 (1947).
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D. Synthesis of p-o-X From 6-Aminopenicillanic Acid.—
The procedure for the preparation of crude p-a-X (described
previously in the section on the partial synthesis of p-a-VIII
from 6-aminopenicillanic acid) was improved so that
the crude product was a solid rather than a semi-solid; in
the tritylation of 3.24 g. of 6-APA, the mixture obtained
after the addition of the trityl chloride was stirred an addi-
tional 30 minutes (instead of an hour) to yield 3.033 g. of
solid p-a-X. Part of this crude product (2.49 g.) was dis-
tributed between 400 ml. of ether and 400 ml. of 0.15 M
phosphate buffer (pH 5.5), and the organic layer extracted
with a further 400 ml. of phosphate buffer followed by 50 ml.
of water; the aqueous phases were discarded. A second
funnel containing 400 ml. of fresh ether was added and the
two funnels extracted successively in countercurrent fashion
with three 400-ml. portions of 19, potassium bicarbonate.
Tlie combined bicarbonate layers were covered with 300 ml.
of ether, cooled in an ice-bath, and acidified with 109, phos-
phoric acid to pH 6.0-6.2; the aqueous layer was extracted
with an additional 50-ml. portion of ether. The combined
ethereal lavers were washed with a 50-ml. portion of water,
dried over magnesium sulfate, concentrated under reduced
pressure to a foam and lyophilized from 45 ml. of benzene to
vield 1.62 g. of residue; the quantitative hvdroxylainine
test?® indicated this solid was 94 =+ 59, pure. A portion
(0.89 g.) of this product was dissolved in 20 ml. of etlier and
0.145 g. (2 mmoles) of diethylamine added; spontaneous
crystallization afforded 0.955 g. (279) of the diethylamine
salt of p-a-X, m.p. 164-166° dec. Two recrystallizations
from dioxane-ether afforded an analytical sample, m.p. 165—
167° dec., [a]®p 4+90° (¢ 1 in dioxane), AEE 5.66(vs) u.
This compound was essentially inactive when tested by
routine microbiological assay.

Anal. Caled. for CyHyuN3O0sS: C, 70.03; H, 7.02; N,
7.90. Found: C, 69.93; H, 6.96; N, 7.90.

p- and pL-a-6-Aminopenicillanic Acid (XI). A. p-Series.
—The crystalline diethylamine salt of p-«-X (1.062 g., 2.00
mmoles) was converted into the free acid (using the method
described previously in the section on the partial svnthesis of
p-a-IX from 6-aminopenicillanic acid). All of this acid
(0.974 g., 1009, yield) wasdissolved in 16 ml. of reagent iso-
propyl alcohol, 4.00 ml, (4.00 mmoles) of N hydrochloric
acid was added and the solution was stored at room tempera-
ture. After 4 minutes a 0.25-ml. aliquot (1.259% of total
weight) was removed and distributed between 2 ml, of
water and 8 ml. of benzene; the quantitative hydroxylamine
assay® of the aqueous laver (containing all the 6-APA) in~
dicated 09, lactam, and similar assay of the residue from the
benzene laver (containing all the trityl-6-APA) showed
1039, lactam. Another aliquot removed after 22.5 hours
analyzed for 519, 6-APA and 279, tritvl-6-APA; the yield
(not isolated) of 6-APA, based on the trityl-6-APA con-
sumed, was therefore 709,. The remaining 19.5 ml. of
solution was immediately partitioned between 400 ml. of
benzene and 100 ml. of water and the aqueous phase ex-
tracted with a 20-ml. portion of n-butvl alcohol, which re-
moved most of the color. The filtered aqueous layer was
titrated to pH 3.65 with 20 ml. (4 mmoles) of 0.2 N lithium
liydroxide. The aqueous layver, after extraction with a
further 20-ml. portion of #-butyl alcohol, was concentrated
at 0.2 mm. pressure and room temperature to 12 ml. where-
upon crystals began to come out of solution. Storage at 5°
overnight afforded 0.068 g. of crystalline product, m.p.
200-203° dec. Concentration to a smaller volume and
storage at 5° gave additional crystals melting at 197-200°
dec. The total vield of p-a-XI was 0.122 g. (29%). Re-
crystallization was effected by dissolving in an excess of N
hydrochloric acid, diluting with water, treating with carbon
and Celite and adding an equivalent of ¥ litliium hvdroxide;
the analytical sample was dried 5 days at 0.01 mm., m.p.
207-208° dec. (natural,’ 208-209° dec.), [a]%Dp +273° (¢
1.21in 0.1 N hydrochloric acid).

Anal.  Caled. for CsHpN:038: C, 44.44; H, 5.60; N,
12.96. Found: C, 44.28; H, 5.63; N, 12.80.

The mixture melting point with natural 6-APA?? was un-
depressed and the infrared spectra (potassium bromide)
were identical. Synthetic XI was compared to natural XI,
in parallel determinations involving phenvlacetylation fol-
lowed by microbiological assay of the penicillin G; the sam-
ples assayed for 920 pg./mg. and 925 ug./mg., respectively,
indicating that the synthetic 6-APA was 99 £ 109, pure.

In a similar detritylation carried out on 2.087 g. (4.56
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mmoles) of p-a-X for 22 hours at room temperature there
was isolated 0.308 g. (31.39, conversion) of crystalline 6-
APA as well as 0.714 g. (1.34 mmoles) of starting material as
the crystalline diethylamine salt. The yield isolated of 6-
APA, based on unrecovered p-a-X, was therefore 44%,.

B. pL-Series.—Detritylation of pL-o-X (0.4538 g., 0.1
mmole) was carried out for 20.5 hours as described for tlie
pD-series. After titration witli lithium liydroxide and washing
with #-butyl alcohol, the aqueous solution was concentrated
to dryness to yield 218 mg. of pale yellow crystals. The
hydroxylamine test?® indicated these crystals contained
249, of 6-APA and hence pL-6-APA had been formed in 247,
yield. Descending paper chromatography of this product
using the n#-butyl alcohol-acetic acid—water (4:1:5) system,
spraying with ninhydrin solution and allowing the color to
develop at room temperature gave one spot with a character-
istic brown color at R¢ 0.46; natural 6-APA, run simul-
taneously, gave a brown spot at Rt 0.46.

In a similar detritylation of 70 mg. (0.15 mmole) of pL-
@-X, the reaction mixture was treated as described above
but the neutralized solution was concentrated to 2 ml. and
lyophilized to afford 26 mg. of a heterogeneous pale yellow
solid. Paper chromatography (descending) of this product
in n-butyl alcohol-ethanol-water (4:5:1) with a nin-
hydrin spray produced a brown spot at Ry 0.20; natural 6-
APA run on the same paper gave a brown spot at Ry 0.20.
Paper chromatography {descending) in plienol-water (4:1),
in the presence of hydrogen cyanide vapor, and a nin-
hydrin spray resulted in three spots (decomposition prod-
ucts): brown at R¢ 0.26, gray at R¢ 0.9, and brown at Rg¢
0.96; natural 6-APA, chromatographed on the same sheet,
also gave three spots: brown at R¢ 0.26, gray at R¢ 0.9 and
brown at R¢0.96. A sample of the crude lyophilized product
was submitted to activation as penicillin G for bioassay,
which indicated a content of 119, of p-6-APA, corresponding
to 229, of pL-6-APA.

N-Ethylpiperidine Salt of Penicillin G (XII).—To a solu-
tion of 216 mg. (1 mmole) of p-e-X1I in 7 ml. (2.8 mmoles) of
49, potassium bicarbonate and 6 ml. of acetone was added
dropwise, with stirring and ice-bath cooling, a solution of
0.175 ml. (204 mg., 1.32 mmoles) of phenylacetyl chloride in
3 ml. of acetone over a period of 10 minutes. After an addi-
tional 30 minutes stirring the acetone was removed under re-
duced pressure and the aqueous phase extracted with 15 ml.
of ether. Tlie aqueous pliase was layered with 10 ml. of
fresh ether, cooled in an ice-bath and acidified with 10%,
phosphoric acid to pH 2.5; the aqueous phase was extracted
with an additional 10-ml. portion of cold ether. The com-
bined ethereal layers were washed with a 5-ml. portion of
cold water and dried rapidly with magnesium sulfate. To
the filtered solution was added a solution of 0.137 ml. (113
mg., 1 mmole) of N-ethylpiperidine in 5 ml. of ether. A
colorless solid precipitated immediately and, after the addi-
tion of a 12-ml. portion of acetone, the mixture was stored
overnight at 5°. The crystalline product was analytically
pure, 345 mg. (77%), m.p. 152.5-154.5° dec. (in bath 140°
and heated 3° per nmiinute; reported?? 152-154°), [a]%p
+ 244° (¢ 1 in water) [reported?® +240° (¢ 1 in water)].
The mixture melting point with an authentic sample of X123
was undepressed and the infrared spectra (potassium bro-
mide) were identical. Tlis salt showed 98 =& 109 of tlie
tl-ﬁzoretical bioactivity expected for the salt of natural peni-
cillin G.

Anal. Caled. for CyuHsN;O.8: C, 61.71; H, 7.43; N,
9.39. Found: C,61.44; H, 7.36; N, 9.46.

Potassium Salt of Penicillin V (XIII).—To a solution of
216 mg. (1 mmole) of p-«-XI in 7 ml. (2.8 mmoles) of 49,
potassium bicarbonate and 6 ml. of acetone was added drop-
wise, with stirring and ice-bath cooling, a solution of 0.2 ml.
(250 mg., 1.37 mmoles) of phenoxyacetyl chloride in 3 ml. of
acetone over a period of 10 minutes. After stirring at room
temperature for an additional 30 minutes, a 33-ml. portion
of benzene was added and the organic phase discarded;
the aqueous phase was further extracted with a 15-ml. por-
tion of ether which was discarded. The aqueous phase was
lavered with 15 ml. of ether, cooled in an ice-bath and acidi-
fied with 109, phosphoric acid to about pH 2.5. The aque-
ous laver was quickly extracted with two additional cold 5-
ml. portions of ether and the combined organic layer washed
with a 5-ml. portion of cold water. Cold water (20 ml.)
was added and using a pH meter the mixture was titrated in
an ice-bath with NV potassium hydroxide (11.7 ml.) to pH
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7.2. The aqueous phase was concentrated under reduced
pressure at room temperature to about 8 ml. and lvophilized.
The residue from the lyophilization was taken up in a small
volume of water, treated with carbon and Celite, and crys-
tallized by the addition of acetone to vield 308 mg. (809,) of
product melting at 252-254° dec. Two recrystallizations
fromn acetone-water afforded pure XIII, m.p. 264-265°
dec., not depressed upon admixture with the potassium salt
of natural penicillin V, [a]®p +222° (¢ 1 in water). The in-
frared spectra of natural and synthetic XIII were identical
(in 40 peaks and shoulders in potassiuin bromide) and also
identical with the spectrum of totally synthetic XIII made
previously by another reaction sequence.” In microbiologi-
cal assay, synthetic XIIT showed 99 = 109, of the bioac-
tivity of natural penicillin V.

D-a-6-Phthalimidopenicillanic Acid (XIV).—To a vigor-
ously stirred solution (pH 8) of 2.16 g. (10 mmoles) of
p-o-XI and 1.06 g. (10 mmoles) of sodium carbonate in 15 ml.
of water was added 2.19 g. (10 mmoles) of finely ground N-
carboethoxyphthalimide? in one portion. At the end of
1.25 hours of vigorous stirring, when essentially all the solid
liad gone into solution, the mixture was extracted with
methylene cliloride. A fresh 50-ml. portion of methylene
chloride was added to the aqueous phase which was acidified
gradually with a total of 20 ml. (20 mmoles) of N hydrochlo-
ric acid, and the extraction was completed with two addi-
tional 25-ml. portions of methylene chloride. The combined
organic lavers were washed with two 25-ml. portions of
water, dried over magnesiuin sulfate, and decolorized with
carbon and Celite. Concentration of the methylene chloride
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solution with a nitrogen strean: afforded 2.29 g. (669%) of
colorless crystals, m.p. 145-150° dec. Two recrystalliza-
tions from acetone (at or below room temperature) gave an
analytical sample of XIV, m.p. 167-170° dec., [«]%®p +278°
(¢ 1 in n-butyl acetate). The infrared spectrum in dioxane
solution (5%) had strong carbonyl maxima at 5.59, 5.65 and
5.74 . Compound XIV was inactive when tested by routine
microbiological assay.

Anal. Caled. for CigH1sN-O;S: C, 55.49; H, 4.08; N,
8.09. Found: C, 55.41; H, 4.03; N, 8.05.

Methyl p-o-6-Phthalimidopenicillanate (XV).—The acid
XIV (199 mg., 0.575 mmole) was dissolved in 2.5 ml. of
dioxane and the solution treated with an excess of ethereal
diazomethane. The ester was crystallized from acetone,
giving 121 mg. (59%) of colorless product, m.p. 177-177.5°.
An analytical sample recrystallized from the same solvent
melted at 177.5-178°, [«]®Bp 4288° (¢ 1.1 in n-butyl ace-
tate). The infrared spectruin (chloroforin) of XV exhibits a
broad intense band at 5.55-5.62 u duc to a combination of
B-lactant absorption plus the weak phthaliinide band.

Anal. Caled. for CizH1eN:0:8: C, 56.65; H, 4.48; XN,
7.78. Fouud: C, 56.79; H,4.73; N\, 7.78.

Compound XV was compared with the racemic diaster-
eomer, wiz., niethyl bpL-8-6-phthalimidopenicillanate (re-
ported® m.p. 170-172°): the admixture 1nelting point was
145-166°; the infrared spectra (chloroforin) of the two com-
pounds were identical in the carbonyl region (5-6 p), but
were distinctly different in the region between 7 and 15 u.

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY OF STANFORD UXNIVERSITY, STANFORD, CALIF.]

Alkaloid Studies. XXXVI.!

The Complete Absolute Configuration of the Diterpene

Alkaloids of the Garrya and Atisine Groups and their Direct Correlation with the
Phyllocladene-type Diterpenes?®

By H. VORBRUEGGEN AND CARL DJERASSI
RECEIVED APRIL 9, 1962

Conversion of the Garrya alkaloids garryfoline (I) and veatchine (II) into the 17-nor-16-ketones VIII and XXII estab-
lished the absolute configuration at C-8 and C-13, since their rotatory dispersion curves were very similar to that of the 17-
1or-16-ketone X1 of the phyllocladene (X) series of established absolute configuration. A multistage degradation of garry-
foline (I) via the azomethine XX VI of cuauchichicine led to the hydrocarbon XXXII, which proved to be identical with a
degradation product of steviol (XXXIV) as well as with (—)-“8”-dihydrokaurene obtainable from the diterpene hydro-
carbon kaurene (XXXIII). When combined with earlier rotatory dispersion evidence and conformational deductions, these
results lead to the complete absolute configurational representations I and II for the principal Garrya alkaloids. In view
of the chemical interconversion of veatchine (II) with atisine (III), the present absolute configurational assigninent also
applies to the Aconitum alkaloids related to atisine (III). It is noteworthy that these diterpene alkaloids and hence the di-
terpenes {— )-kaurene (XXXIII) and steviol (XXXIV) represent another group of natural products with the antipodal

A/B stereochemistry as compared to the steroids or diterpenoids of the abietic acid class.

The chemical structures of the diterpene alka-
loids from Garrya (e.g., veatchine and garryfoline)
and Aconitum (e.g., atisine) species have been
settled in recent years.® There remained two im-
portant outstanding problems—the determination
of the absolute configuration of these alkaloids
and their experimental interconversion with the
diterpene hydrocarbons—and the present paper
describes solutions? to both of them by a combina-

(1) For paper XXXV see A. Sandoval, F. Walls, J. N. Shoolery,
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tion of chemical and optical rotatory dispersion®
approaches.

The starting material for the present investi-
gation was the bark of Garrya laurifolic Hartw.
from which the alkaloid garryfoline (I) had been
isolated earlier.® It was now found that varying
amounts of veatchine (II)7 are also present in the
plant, but as these two alkaloids are known®?
to differ only in the stereochemistry of the C-15
hydroxyl group, they were used interchangeably
for the subsequent transformations. It should be
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3720 (1961).
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