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Chemical-ionization (CI) mass spectra are described for methyl esters of eight
clinically significant penicillins and their breakdown products. These substances give
spectra with very few fragment ions and contain easily discernible protonated mole-
cule ions. The main cleavage reaction is postulated to involve a retro 2 + 2 DIELS-
ALDER-type fragmentation of the pg-lactam ring liberating one fragment (m/e=174)
that is characteristic of the penicillin nucleus and a second fragment that is molecule
specific, as it contains the elements of the side chain. The other fragment ions, though
interesting, are of minor intensity. The free acids, on the other hand, fragment more
extensively because of their relative instability and lack of volatility. These spectra
resemble electron impact spectra more closely and, though they encode more struc-
tural information, are less reproducible from run to run. The ease with which the
esters can be made and the relative simplicity of their CI mass spectra make this
method significant for the identification and characterization of j3-lactam antibiotics.

Interest in the physical and chemical properties of the j-lactam family of antibiotics, the
penicillins and cephalosporins, continues unabated because of their remarkable therapeutic utility
and clinical acceptance. In addition to the many naturally occurring antibiotics, literally thou-
sands of semisynthetic analogs have been prepared.” The use of physical measurements has
played a significant role in facilitating this work. There have been, however, only two papers
devoted primarily to mass spectrometry of bioactive penicillins, and these were concerned with
electron-impact (EI) ionization.®® We have recently demonstrated the utility of chemical-ioniza-
tion (CI) mass spectrometry for the analysis and rapid microidentification of macrolide antibio-
tics and related model substances.*-*..” In this paper, we report that chemical ionization is
also readily applicable to f-lactam antibiotics and their methyl esters.

Experimental

Sodium cloxacillin, sodium methicillin, and hetacillin were gifts of Bristol Laboratories (U.
S.A.): ampicillin, potassium phenoxymethyl penicillin, and potassium benzyl penicillin were
from Wyeth Laboratories; and 6-aminopenicillanic acid was purchased from Aldrich Chemical
Company. These were converted to their protonated form by dissolving S0mg of the salt form in
a biphasic system of 25ml each of water and ethyl acetate. A Sargent glass electrode was im-
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mersed into the chilled (0°C) mixture and 5 % aqueous HCI solution was added to the appro-
priate pH (benzyl penicillin and methacillin, pH 3.5; phenoxymethyl penicillin, and cloxacillin
pH 3.0; and cephalothin, pH 2.5). The separated organic layer was washed with cold H.,O,
dried (anhydrous Na,SO,), and evaporated in vacuo at 25°C to an oily residue, which was dried
at 1.0mm at 25°C for at least 10 minutes. The needed methyl esters were prepared by a litera-
ture procedure® using pyridine, N, N’-dicyclohexylcarbodimide, and absolute MeOH in cold,
dry CH,Cl,. The products were isolated by preparative t.l.c. (silica gel G), and residual dicy-
clohexylurea was removed by successive crystallization from 50 percent benzene-petroleum ether.
The products were characterized by i.r., p.m.r., and mass spectrometry. The penicilloic esters
were prepared by reaction of methanol solutions of the free acids with ethereal diazomethane.

The low-resolution chemical-ionization mass spectra were obtained using a Finnigan Model
3200 quadrupole mass spectrometer equipped for chemical ionization. A Systems Industries 150
data system was used to control the mass analyzer voltages and to process and display the spec-
tral data. Samples were introduced into the ion source by means of a direct insertion probe.
While repetitatively scanning the mass range 50 ~ 450 amu, the samples were heated from ap-
proximately 100~300°C. The ion-source temperature was maintained at approximately 160°C.
The pressure of the reagent gas in the ion source was adjusted to approximately 0.5 torr. The
various ion-source voltages were adjusted for maximum sensitivity but were generally close to
the following values: electron voltage, 150 v; ion energy, 10 v; ion repeller voltage, 0 v; and
lens voltage, 30 v. The high-resolution chemical-ionization data were obtained with an A.E. I
MS-9 doublefocusing instrument equipped with a Scientific Research Instruments Corporation
Chemspect CIS-2 chemical-ionization ion source. A technique suggested by Dr. T.L. CHANG*
was used, consisting of introduction of the reagent gas (isobutane) into the ion source at a
pressure considerably below the pressure normally used to obtain CI mass spectra. Under these
conditions the spectrum consists of a combination of both EI- and CI-generated ions. The for-
mer are necessary to provide the reference ions from perfluorotributylamine, which the computer
uses to establish the mass versus time calibration. The experimentally measured masses discuss-
ed in the text are within 10ppm of the masses calculated for the specified elemental compositions.

Results and Discussion
Our initial study of the chemical-ionization mass spectra of penicillins used isobutane as a

Fig. 1. Isobutane CI mass spectrum of benzyl penicillin
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relatively mild proton-transfer reagent gas. The samples were introduced into the ion source
in the free-acid form by means of a heated probe. The resulting spectra were surprisingly com-
plex and did not show the abundant protonated molecule ions typical of isobutane CI mass
spectra.  Although plausible structures can be proposed for most of the abundant fragment
ions, their relative intensities vary considerably while heating the samples in the ion source.
Fig. 1 shows the isobutane CI mass spectrum of benzyl penicillin recorded at a sample tem-
perature of approximately 200°C. This spectrum is representative of the many we have run
in this class. The protonated molecule ion (MH") is relatively weak and varies considerably in
intensity with experimental conditions. Ion m/e 160 is dominant, usually the base peak, and is
characteristic of the penicillin nucleus. The accurately measured mass of the m/e 160 ion in-
dicated a composition of C;HyNSO,, which is consistent with formation of the ion via a reverse
2+2 DieLs-ALDER cleavage of the protonated molecule ion:*®*
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The protonated counterpart of 2 contributes a low-intensity ion at m/e 176. All of the
lower mass ions with relative intensities of greater than a few percent can be rationalized as
resulting from loss of small neutral molecules (H,O, HCN, H.S, CO,, and HNCS) from the m/e
160 ion (Fig. 1).

Most of the penicillin free-acid CI mass spectra show prominent and structurally diagnostic
peaks corresponding to MH*—115 and MH*—141. Loss of a 115 fragment from the protonated
molecule ion can be rationalized as follows:
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The substantial resonance possible in the MH*—115 ion helps account for the intensity of this
ion. The intermediate tertiary carbonium ion (3) expels a neutral aziridine moiety to lead to
the final fragment.

The MH*—141 ion in the isobutane CI mass spectrum of benzyl penicillin has the elemental

composition C,H;;NO, (measured mass, 194.0828; calculated 194.0817). Formation of an
ion with this composition must involve
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result from loss of small neutral molecules (H,O, CO,, H,S) from MH*, giving a cluster of
ions at high mass that are characteristic of a given penicillin and so provide a “fingerprint”
for a given antibiotic.

The isobutane CI mass spectrum of methicillin shows an abundant ion at mj/e 165, resulting
from cleavage of the dimethoxybenzamide substituent in a manner similar to the mechanism

proposed for the hydrolysis of certain hindered aromatic esters:®
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Fig. 3. Isobutane CI mass spectrum of benzyl penicillin methyl ester
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result of thermal fragmentation prior to ionization. It is likely that some of the newer techni-
ques for obtaining spectra of thermally labile compounds, such as field desorption'” or “direct”
chemical ionization,'.* will give simpler and more reproducible spectra of the free penicillins.
However, for the time being we chose to convert the penicillins to their corresponding methyl
esters. Not only do the penicillin methyl esters undergo volatilization at lower temperatures
than the corresponding free acids, but their isobutane CI mass spectra are far more typical of
what we have come to expect from CI mass spectra of antibiotics.
The isobutane CI mass spectrum of benzyl

penicillin methyl ester (Fig. 3) is reproducible i s CHy
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B-lactam ring. The base peak (m/e 174, 55795

of total ion current) corresponds to the protonated thiazolidine ion (5a) just as in the CI mass
spectrum of the free acid and the EI mass spectrum of the methyl ester.>.» Direct formation
of Sa from MH" is indicated by a metastable ion peak at m/e 86.8. The protonated counter-
part of the remaining portion of the molecule contributes a moderately abundant ion, 6. In
the case of benzyl penicillin methyl ester, m/e 176 is a doublet and high-resolution mass analysis
was required to resolve 6 (C,;H;,NO, = 176.071) from the **S-isotope peak of 5 (C,H;,NO,**S=
176.055). The peak at m/e 225 is due to the protonated molecule ion of dicyclohexyl urea, an
impurity formed from dicyclohexylcarbodiimide during preparation of the methyl esters. Loss
of CO from the protonated molecule ion gives rise to a peak at m/e 321. Although of minor
importance here, for certain other penicillin derivatives, such as 6-aminopenicillanic acid, ex-
pulsion of CO from the protonated molecule ion is a major fragmentation process.

Fig. 4. Ammonia CI mass spectrum of phenethicillin methyl ester
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The only remaining ion in the isobutane CI mass spectrum of benzyl penicillin methyl ester
with a relative intensity greater than 1 percent occurs at m/e 212. The occurrence of this ion
remains a puzzle. High-resolution mass measurement suggests a composition of C,,H;,NO,S
(calculated 212.0745; measured, 212.0771). Formation of an ion of this composition (5b) could
occur by attachment of C;H;" instead of a proton to a molecule of benzyl penicillin methyl
ester, with subsequent rupture of the S-lactam ring. The occurrence of weak C,H;-attachment
ions is common in isobutane CI mass spectra. However, we would expect to see a comparable
peak at m/e 387 corresponding to (M+C;H;)*, and no such ion peak is observed. The ion is
observed in the isobutane CI mass spectra of all of the penicillin methyl esters, and is absent
in the ammonia CI mass spectra.

For some classes of compounds the use of ammonia as reageént gas results in less fragmen-
tation than when using isobutane. This appears to be the case for the penicillin methyl esters,
although differences in the spectra are not great. The ammonia CI mass spectrum of phene-
thicillin methyl ester (Fig. 4) is representative. The protonated molecule ion (m/e 379) is ac-
companied by an ammonium attachment ion (m/e 386). A metastable ion peak at m/e 372.1
shows that at least some of the protonated molecule ion results from loss of NH; from the
ammonium-attachment ion. Formation of the m/e 285 ion can be rationalized as resulting from
protonation of the ether oxygen followed by elimination of phenol. The two remaining ions
(m/e 174 and 206) result from the previously discussed fragmentation of the S-lactam ring.

Tables 1 and 2 summarize the masses and abundances of the prominent ions in the isobu-

tane and ammonia CI mass spectra of six penicillin methyl esters and the isobutane CI mass
Table 1. Chemical-ionization mass-spectral data for penicillin methyl esters

R
S CHy
”f”"

0
CO,CH3

i Intensities relative to base peak
Molecul

Compound weight | Reagentgas | MH*| MNHS |m/e174 | MH*=173 O':"h/ucr prominent ions
Benzylpenicillin 348 i=Butane 20%| - 100% 7% 212(7 %)
1l
R= Ph-CHCN- NHz 16 47 100 1.5
H
Phenoxymethyl penicillin 364 i-Butane # - 100 1 212(6%); 337(2%) MHY =CO
R= Ph-OCHzcrll- NHy 7 12 100 I
H
Cloxacillin 0 ¢
1 449 | i-Butane | 24 - 100 4 212 (3%
cl b-u-

Methicillin OCHy 394 | i~ Butane 8 - 100 38 165(17 %)
8 OCH;
R= O -u- NH3 6 <1 100 22 165 (2%)
CHs

Phenethicillin o 378 i-Butane 7 - 100 13 285(7%): MH*-PhOH; 212(7%)
1
R= Ph-0GH-EN~- NH; 5| 4 100 14 285(4%) g
% CHz H +
Nafcillin OCHzCHs
o 428 i-Butane 13 - 100 68 199(22%) ©
R= n . 212(4%)
c',’l‘,' NH3 <7 1 100 14 199 (12%)

OCH,CHy




674 THE JOURNAL OF ANTIBIOTICS SEPT. 1975

Table 2. Chemical-ionization mass-spectral data for penicilloic acid dimethyl esters

T
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CO,CH3
Regaagsent MH* | m/e 174 |MH*-173| Other prominent ions
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l
H
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I
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O
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Fig. 5. Isobutane CI mass spectrum of benzyl penicilloic acid dimethyl ester
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spectra of two penicilloic acid dimethyl esters.

The CI mass spectra of the penicilloic acid dimethyl esters show more abundant protonated
molecule ion peaks than those observed in the penicillin methyl ester spectra. For example,
the only significant fragment ion in the isobutane CI mass spectrum of benzyl penicilloic acid
dimethyl ester (Fig. 5) is a relatively low-abundance thiazolidine ion (m/e 174). Two explana-
tions can be offered for the relative stability of protonated molecule ions of penicilloic acid
derivatives. First, release of the strain in the fused $-lactam ring system presumably contribu-
tes to the driving force for fragmentation of the protonated penicillin molecule ions. This ring
strain is absent in the penicilloic acids. Second, opening of the lactam ring generates a highly
basic secondary amine. Consequently, protonation of the penicilloic acid diester should occur
preferentially at the amine, giving a relatively stable ammonium ion.

The ease with which these spectra may be obtained and interpreted encourages us in the
belief that chemical-ionization mass spectrometry will play a significant role in the future of
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f-lactam chemistry. For analytical and identification studies, the methyl esters are preferable.
For structural analysis, the greater fragmentation occurring with the free acids offers some po-
tential advantage in that more structural information can be extracted from the spectra, although
at the cost of greater variation in reproducibility.

Acknowledgement

This work was supported in part by the National Institute of Health, Division of Research Re-
sources (Grant RR0065). H.D.H.S. thanks the American Foundation for Pharmaceutical Education
for stipend support.

References

1) Pricg, K.E.: Structure-activity relationship of semisynthetic penicillins. Adv. Appl. Microbiol.
11: 17~75, 1969

2) RicHTER, W. & K. BiEMANN: Hochauflosung-Massenspektren von Penicillin-Derivaten. Monatsh.
Chem. 95: 766~772, 1964

3) BOCHKAREV, V.; N. OVCHINNIKOVA, N. VULFsON, E. KLEINER & A. KHOKHLOV: Mass spectrome-
try study of penillins substituted at the carboxyl group. Akademiia Nauk S.S.S.R., Proceedings,
Chemistry 142~145, 1967

4) MitscHER, L. A.; H.D.H. SHOWALTER & R.L. FoLtz: Chemical ionization mass spectra of ma-
crolide antibiotics. J. Chem. Soc. Chem. Commun. 1972: 796 ~797, 1972

5) MitscHER, L.A.; H.D.H. SHowALTER & R.L. FoLtz: Chemical ionization mass spectrometry of
some representative 16-membered ring macrolide antibiotics. J. Antibiotics 26: 55~59, 1973

6) FoLtz, R.L.; A.F. FENTIMAN, Jr., L.A. MiTscHER & H.D.H. SHOwWALTER: Fragmentation process
occurring in proton-transfer chemical-ionization mass spectrometry. J. Chem. Soc. Chem. Com-
mun. 1973: 872~874, 1973

7) Ecan, R.S.; S.L. MUELLER, L.A. MITscHER, I. KawamoTto, R. OxkacHI, H. KATO, S. YAMAMOTO,
S. TakAsawA & T. NarRA: The antibiotic XK-41 complex. II. Structure identification. J. An-
tibiotics 27: 544~551, 1974

8) Chauvette, R.R.; P. A. PENNINGTON, C. W. RyAN, R. D. Coorer, F.L. Josg, I.G. WriGHT, E.M.
VANHEYNINGEN & G. W. HurrMAN: Chemistry of cephalosporin antibiotics XXI. Conversion of
penicillins to cephalexin. J. Org. Chem. 36: 1259~1267, 1971

9) NEwMAN, M.S.: A new method for the esterification of certain sterically hindered acids. J. Amer.
Chem. Soc. 63: 2431~2435, 1941

10) BaLpwiN, M."A. & F. W. McLAfrerTY: Direct chemical ionization of relatively involatile sam-
ples. Application to underivatized oligopeptides. Org. Mass Spectr. 7: 1353~1356, 1973

11) BucHLER, R.J.; E. FLANIGAN, L.J. GREENE & L. FRIEDMAN: Mass spectrometric studies. Biochem.
Biophys. Res. Commun. 46: 1082~1088, 1972





