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The base afforded a yellow picrate from EtOH; mp 178", mmp 
177-178' with the authentic bufotenine dipicrate, remaining 
undepressed. The Xb-oxide was crystallized from ?\IezCO-EtOH 
as rods, mp 217" (lit." mp 217"). 

Rufotenidine.--AIeOH washings of the alumina column on 
evaporation left a brown basic gum (2.3 g), Rf 0.18 (as the major 
area of intensity with both Dragendorff and Ehrlich reagents) 
plus three other spots, Rr 0.0, 0.08, and 0.22. The major compo- 
nent was separated by preparative tlc over silica gel G using 
NeOH as the developer; Rr 0.16; uv, Xmax 218-220 and 284-288 
mr; red picrate from aqueous EtOH; mp 198-200", mmp 198- 
200" (lit.i mp 198") with authentic bufotenidine picrate, remain- 
ing undepressed. 

A portion of the basic gum was directly converted to the picrate. 
The picrate was crystallized from aqueous EtOH as red needles, 
mp 198". Anal .  Calcd for C13H18SZ0.C~H3S30,: S, 15.67. 
Found: K, 15.82. 

The base hydriodide crystallized from EtOH as light gray 
needles, mp 209-210 ', mmp 209-210 with bufotenine methiodide, 
remaining undepressed. Anal .  Calcd for C I ~ H I ~ S L O  .HI:  S, 
b.09. Found: S,  7.93. 

Fraction C. Water-Soluble Bases.-The pink reineckate com- 

(11) ill. S. Fish, N. AI. Johnson, and E. C. Horning, J .  Am. Chem. Soc., 78, 
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plex, mp 168-170" dec, &-as dissolved in A1e2CO and passed 
through a column of De-acidite FF (pH 8).l2 The EtOH eluates 
on evaporation yielded a crystalline alkaloid (0.44 g), Rr 0.06 
(plus two other minor components, Rr 0.16 and 0.31). 

Dehydrobuf0tenine.-The crystalline compound, obtained 
above, had a double melting point, 202 and 217", Rt  0.06 (paper) 
and 0.04 (tlc). The compound was identified as dehydrobufo- 
tenine,6s7 mp 198 and 218', on the basis of its physical and 
chemical properties and those of its salts; uv, Xmax 218-220 mp 
(log c 4.55) and 285 (3.98); violet color with a-nitroso-@-naphthol 
reagent;5 and negative Jepson and Stevens testlo for Sb-unsub- 
stituted tryptamines. Anal .  Calcd for CHHIJIO .HzO: C, 
65.45; H, 7.27; S, 12.72. Found: C, 64.98; H, 6.99; K, 12.81. 

The HCl salt crystallized from EtOH as needles, mp 237-238 O 
(lit.; mp 237-238'), and the H I  salt crystallized from aqueous 
EtOH as light gray rods, mp 243-245" (lit.: mp 243-245'). 

The picrate crystallized from aqueous EtOH as yellow needles, 
mp 182-184" (lit.; mp 183-184'). d n a l .  Calcd for C12H14SgO. 
C6H3K307: N, 16.27. Found: S, 15.98. 
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I t  has been shown that the penicilloyl determinant in penicillin allergy can be formed by the reaction of the 
penicillin degradation product, benzylpenicillenic acid, with free amino groups in proteins. This study was con- 
ducted to determine whether benzylpenicillenic acid could react similarly with another functional group in 
proteins, the SH group. The reactivity of benzylpenicillenic acid at  pH 7.5 was measured spectrophotometrically 
and was found to be ten times greater with compounds having free sulfhydryl groups than those having free 
amino groups. Experiments using compounds with missing or blocked SH groups indicated the sulfhydryl group 
was the reactive species and suggested the possible formation of a product different from those reported previ- 
ously. TIC of the products of the reaction of benzylpenicillenic acid and ethanethiol at pH 7.5 disclosed the 
presence of four components. Characterization of these components by nmr and mass spectrometry revealed that 
they are stereoisomers of the thiol ester of benzylpenicilloic acid, a-ethylthiobenzylpenicilloate. These results 
indicate that benzylpenicillenic acid can react with free SH groups of protein to form thioesters in much the same 
way it reacts with free amino groups to form amides. 

In allergenic responses to simple compounds it is 
known that irreversible binding to protein is necessary 
for the simple chemical compound to sensitize and 
elicit an allergic reaction. Benzylpenicillenic acid, 
which forms spontaneously from benzylpenicillin,28 can 
react irreversibly with proteins2b and is believed to play 
a role in penicillin allergy. 3 , 4  

It has been demonstrated that penicilloyl compounds 
may be formed by reaction of either penicillenic acid516 
or by direct interaction of p e n i ~ i l h - ~  with free amino 
groups of protein. The penicilloyl group is believed to 
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Chemical Society, Sen Francisco, Calif., 1968. 
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Biochem., 26, 420 (1950). 
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(4) A. L. De Weck and H. N. Eisen. ibid., 112, 1227 (1960). 
( 5 )  B. B. Levine and Z. Ovary, ibid., 114, 875 (1961). 
(6) 4 .  L. De Weck,  Intern. Arch. Al lergy  A p p l .  Zmmunol., 21. 20 (1962). 
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be the major antigenic determinant in penicillin 
allergy. lo, l1 

The present work is a study of the reactivity of benzyl- 
penicillenic acid with another functional group found in 
proteins, the sulfhydryl group. Cysteine, N-acetyl- 
cysteine, serine, penicillamine, homocysteine, methio- 
nine, glutathione, e-aminocaproic acid, 2-mercapto- 
ethanol, and ethanethiol serve as model compounds for 
free amino groups and free as well as blocked SH groups 
of proteins. The reactivity of penicillin and penicillenic 
acid with these model compounds is compared, the 
implication being that penicillenic acid reacts with free 
SH groups of proteins to form thioesters in much the 
same way it reacts with free amino groups to form 
amides. The possibility that the product of this 
reaction, a penicilloyl thioester, may be a determinant 
of penicillin allergy is discussed. 

(10) B. B. Levine. Federation Proc., 24, 45 (1965). 
(11) A. L. De Weck and G. Blum, Intern. Arch. . l l / e r g y  d p p l .  Zmmunol.. 

27, 221 (1963). 
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Results 
The reaction of benzylpeiiicilleiiic acid a t  pH 7.50 was 

studied by noting the rate of change of the uv absorptiou 
spectrum at 322 mp in 1.000-cm quartz cells in a Beck- 
man DB spectrophotometer equipped with a thermo- 
stated cell compartment. The hydrolysis proceeds as 
a first-order reaction with a half-life interval of TI,* = 
7.28 min a t  37" (Table I). The main product of this 
reaction is benzylpenicilloic acid.12 The presence of 
excess of certain compounds containing a nucleophilic 
species in the reaction mixture, providing additional 
pathways of reactivity, influences the rate of disappear- 
mce  of benaylpenicillenic acid. Table I lists thr  modcl 

TABLE I 
THE RE.XTION OF BENZVLPENICILLENIC ACID 

WITH THIO~~CONTAININQ COMPOUNDS' 
Conq'd present in reaotion mixtureh kl min-' mind 

0.0914 7.58 
e-Aminocapmie acid 0.0956 7.25 
Serine 0.0930 7.46 
Methionine 0.0861 8.05 
K-Aeetyl-L-cy8teine 1.14 0.609 
Cysteine 1 2 5  0.555 
Homocysteine 0.911 0.762 
Glutathione 1.20 0.577 
Penicillamine 0.708 0.X70 
2-ivlercaptoetharnoI 1.01 0.604 

Conditions: pH 7.50 0.1M phosphate hutrer, 37", 3.0 x 
.lI henoylpenicillenie acid. 1 X . I f .  ' -d(penicillenie 

scid)/l = k,(penicillenic acid). Pseudo-first-order rate constant,, 
an average of 3-5 runs all agreeing within 5%. 

compounds. The concentration of compound used 
exceeded that of acid by a factor of 1000, enabling the 
use of pseudo-first-order rate kinetics. Results of the 
kinetic studies indicate the rate of reaction of henzyl- 
penicillcnic acid with compounds that have SH groups 
(N-acetylcysteine, cysteine, homocysteine, glutathione, 
penicillamine, and 2-mercaptoethanol) is ten times 
faster than that of compounds which lack the group or 
in which the group is blocked (6-aminocaproic acid, 
serine, methionine). The presence of amino groups 
undcr thc same conditions does not causc such rapid 
reactivity. 

Et,hanethiol was used as a modcl to examine rcactious 
between bcneylpeiiicillenic acid and free SH-containing 
compounds. The kinetics of the reaction nndcr thc 
conditions outlined (Table I) indicate k ,  = 0.560 mill-' 
and Ty ,  = 1.24 min. In a typical experiment a solution 
of ethanethiol in phosphate buffer pH 7.50 was added 
to henz3lpenicillenic acid. The molar ratio of ethaue- 
thiol to penicillenic acid was 1OO:l. After less thau 
1 hr a t  room temperature all traces of the acid had 
disappeared. The reaction product was isolated and 
then methylatcd by treating it with CHaNr (Et,O). TIC 
rcvcdlcd thc presence of four component,s. Figure 1 
illustrates the column chromatographic separation of 
these components. 

Characterization of the reaction product was accom- 
plished in the following manner. The important nmr 
spectral shifts of 0-methyl benzylpenicilloate and e,@- 
dimethyl henzylpenicilloatc are illustratcd in Table 11. 
One of thc romponents, the fastest moving (Figurc l), of 

Half-life. 

(12) R .  H. Levine. .Arch. Bmckem. b'iophys., 93. 50 (11161) 

t, :/:>/CH, 
CeH5CH2CONHCH-CH - S 

I I I'CH, oc H N ~ C H C O O C H ,  
0 
I 

P S h i t t .  ppm ( J .  ens)-- - 
ComDd HI Hi H I  vcm-hlsi 

%Methyl benzyl- i .CZor5 .67  5 .5 ior5 .62  4.41 1.46.1.61 

a,@-Dimeth?l henryl- 5 !2 id) ( 6 )  4 55 (d) (6) 3.59 1.17, 1.47 
penicillonte I 4  141 ldl 14) 

PP"ieill0ntr 

the  reaction product of 1)~iiaylpeiiiciIleiiic acid and cth- 
auethiol was separated It,s nmr spect,rum (Figure 2) 
shows an additional AB quartct, centered at 6 2.83 ppm 
corresponding to the methylene group and a triplet cen- 
tered at 6 1.17 ppm correspondiiig to the methyl gmup. 
Figure3 illustrates the nmr spcetrum of the four compo- 
nents present, ici  lanc 7 of Figure 1 and indicates that 
these are stercoisomers a t  C-5 and -6 of 0-methyl cr-ethyl- 
thiohen~ylpcnicilloatt: (Figure 4). Mass spectral anal- 
ysis of thc product consist,ing of four components appears 
iii Tahlc I11 and is irlcntical with that of the singlr 
component. A molecular ion is present. The intensities 
of the morc abuudant fragments, toget,hcr with their 
elementnl compositiou as determined from a high- 
resolution inass spe,ctrum, are listed in Table 111 and 
reprt-seut thc first opcn 0-lactam prliicillin mass spec- 
trum rpportcd. Formation of these fragments can hc 
rationalixed as indicated at the top of Table 111. The 
inass spectral data are consistent wit,h nmr findings. 
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Figure 2.---Ol)served proton nnir spectrum at 100 .\IC of 
.\le&O-d,-DSO solution of a single isomer of 0-methyl a-ethylt hio- 
t~enzylpenicilloitte. 

1 

5.0 4.0 3.0 2.0 1.0 
~ r m ( 6 )  

Figure :Z.---Ot)served proton nmr spectrum a1 100 LIc of 
LIe2CO-d6-DS0 solution of an isomeric mixture of &methyl 
0-ethylt hiohenzylpenicilloate. 

Tlic stability of the thiocstcr iii the preseiire of aniiiio 
groups was tested hy additioii of cxcess EtSH,, maiii- 
taining a constant pH of 7.50. Uiider these conditions, 
the thioester is stable because at  neutral pH there is 
usually only a small fraction of the amine present in 
the nurlcophilic uiiprotonated form. When the same 
c.xprrinieiit was conducted without controlling pH 
(resultiiig pH W15 12.0), cr-ctl iglthio~~~nzylpeii icil lo~t~~ 
ttppetrcd to 1 ) ~  roiivcrtcd to t h e  corresponding amick, 
S-a-e t hgl t )e1 izglpt~nic4lo:i t P. 

Figure 4.--l'ossible isomers of p-methyl a-et hy lttiiobeiizyl- 
penicilloate. 

Discussion 
111 st'uclying t'he mechanism of hypersensitivity to 

penicillins, it' must be assumed that penicillin combines 
with protein to form an aiitigeiiic complex aiiti that the  
various manifestations of hypersensitivity duriiig 
furt'hcr peiiicillin t'lierapy arc due to aiitibodies to this 
complex. I t  is known that simple molecules serve as 
haptens to initiate antibody formation when protein 
b o ~ l l d . ~ ~ ,  l 4  This can happen only when thc molecule 
(penicillin in t'his case) is reactive and forms stahle 
protein conjugat'cs in ~itr0.l~ The chemical pathways 
leading to formation of this type of stable protein 
coiijug:ite have been exteiisivcly s t ~ t l i e d . ~ - ~ ~ ~ ~ ~ - ~ ~  The 
results are summarized below. 

(A) Direct' reaction of the p-lact'am ring of penicilliii 
with amino groups and with certain OH groups of the 
conjugate's carrier a t  ne;ltral pH under physiological 
conditions occurs to form penicilloj-l conjugates. 

(B) Pcnicillenic acid, present as an impurity iti 
penicilliii solutions and 'or developing in w"o after 
peiiicillin ndmiiiistration, forms penicilloyl conjugates. 

(C) The penicilloyl conjugate has clearly emerged as 
the major cletcrminiint most frequently iiivolvcd iii 
penicillin allergy. 

.Arguments up to iiow have centered itroulid the rate 
of reaction of the p-lactam of penicillins and the 
oxazolone of peiiicillenic acid with surface amiiio groups 
of proteins (primarily €-amino groups of lysine residues) 
to form the major determinant, the pe.iicilloy1 amitlc 
linkage to a protein. Levine10~19 has attributed ana- 
phylactic reactions to determinants other than the 
pcnicilloyl dcterminaiit, i.e.. "minor" cteterniiiiaiits 
which might' have R much faster ratc of conjugation. 
Howcvcr, others11,2fl,21 11:tve founcl the peiiicillogl 
(13) K. Landsteiner, "The Specificit>- of Seroloaimil Rriictioiis." Harvnid 

University Press, Cambridge, Mnss.. 1945, p 200. 
(14) 1'. G. H. Gell, C .  R.  H n h g t o n ,  and It ,  1'. Rivers, Brit. J .  E r p .  Patho?., 

27. 267 (1946). 
(15) H. N. Eiaeri in "Cellular and Humoral Aspects of the Hyllersensitive 

States," H.  S. Lawrence, Ed . ,  Harper-Hoeher, New Tork, N.  T.. I9T,9. 
(16) C. H. Schneider and A .  I,. De Weck,  Hela .  Chim. .Ic/a. 49. l(i93 (1966). 
(17)  C.  H. Schneider and A .  L. De Weck, ib id . ,  49, l i 0 i  (1966). 
(18) C. H .  Schneider and A .  I,. De FVeck, Zmmunochemis/r,v. 4, 331 (19fj7). 
(19) R. 13. Levine. .Inn. Rru. .Ired., 17. 23 (1906). 
(20) A ,  I,. De Weck. C. H.  Schneider, and J. Gutersohn. Z i i l e r n .  . I r . c h .  

(21) 11. H. Grieco, Arch.  Internal d f e d . .  119, 141 (l!lO7). 
.Il/ergy 2 1 p p l .  Zmmunol., 33, .533 (l'J68). 
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in the same constant-temperature bath which maintained the cell 
compartment temperature. 

The initial reaction mixture of 3.0 ml of 0.1 .lI phosphate 
buffer a t  pH 7.50 containing the appropriate model compound 
was placed in a stoppered, quartz 1.00-cm Beckman cell. A 
solution of benzylpenicillenic acid in absolute EtOH (0.01 ml) was 
injected into the reaction cell, producing a concentration of reac- 
tant of 3.0 X 10-6 JI .  Optical density measurements were then 
recorded as a function of time. Spectrophotometric determina- 
tion of the disappearance of benzylpenicillenic acid was followed 
at  322 mp. 

Since the concentration of model compound used was greater 
than the concentration of benzylpenicillenic acid by a factor of 
1000, pseudo-first-order rate constants could he obtained. The 
infinity point was determined in aU runs. One obtained, therefore, 
upon plotting the logarithm of the difference between the optical 
density at infinity and the optical density at the time in question 
against time, a straight line directly proportional to the pseudo- 
first-order rate constant for the reaction. Each run was repeated 

Nmr Studies.-Ymr spectra (RIepCO-de-D20) were obtained 
on a Trarian HA-100 internal lock nuclear magnetic resonance 
spectrometer and were used to characterize the methylated 
products of the reaction of benzylpenicillenic acid and EtSH. The 
spectrometer was in the frequency sweep mode, and signals were 
measured relative to TMS as internal standard. Sample concen- 
trations were less than 5y0 w/v. Signals were read to 1 0 . 0 3  ppm. 

Mass Spectrometry.--A CEC-110B high-resolution mass spec- 
trometer was used to determine the molecular weight of the 
methylated products of the reaction of benzylpenicillenic acid 
and EtSH. 
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The synthesis of a series of @-naphthylamine derivatives closely corresponding to a portion of the apomorphine 
molecule was undertaken to investigate structure-activity relationships of this centrally active emetic. Employ- 
ing independent synthetic routes, derivatives of Z-arnino-5,6-naphthalenediol and of 2-amino-l,2,3,4tetrahydro- 
naphthalene-5,6-diol have been prepared. Biological test data are presented. 

Relatively few systematic attempts have been made 
to elucidate the emetic pharmacophore of apomorphine 
(l), or of other emetic aporphine derivatives. Eddy, 
in an extensive series of papers,z presented data on a 
series of phenanthrenediols 2 and derivatives which can 
be viewed as fragments or analogs of fragments of the 
apomorphine molecule. Some of the compounds pos- 

1 2 3 

sessed emetic activity in cats, albeit of a lower order 
than apomorphine. Eddy did not report test data on 
naphthalenediols 3, nor on any diols of types 2 and 3 
which also possessed an amino function. Thrift3 
prepared 2-amino-6,7-dihydroxy-l)2)3,4-tetrahydro- 
naphthalene (an isomer of compound 11 below) as an 

(1) (a) Part  11: RI .  V. Koch, J. G. Cannon, and A. AI. Burkman, J. Med. 
Chem., 11, 977 (1968). (b) This investigation was supported in part  by Grant 
NB-04349, National Institute of Neurological Diseases and Blindness, and in 
part  b y  National Institutes of Health predoctoral fellowship GM-19445 
(15’. K. S.). Abstracted in part from a thesis submitted by W. K. S. in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy, University 
of Iowa. 1965. 

( 2 )  This work was summarized and discussed by L. F. Small, N .  B. Eddy, 
E. Alosettig, and C .  K. Himmelsbach, Public Health R e p t .  ( U .  S.), Suppl . ,  
138, 1 (1938). 

(c) To whom all correspondence should be addressed. 

(3) R.  I. Thrift, J. Chem. Soc., C ,  288 (1967). 

analog of adrenergic amines, but possible emetic effects 
were not mentioned. A search of the literature revealed 
no other reports of simple amino derivatives of 2 or 3. 

The present work was based on the assumption that 
the apomorphine molecule is more complex than is 
necessary for maximal emetic activity, and on the 
premise that significant pharmacophoric groups in 
apomorphine are the 1,2-diphenolic moiety and the 
amino function. The simplest fragment of the apo- 
morphine molecule which could be visualized to possess 
emetic activity was a 2-aminonaphthalene-5,6-diol 
system. Accordingly, structures 4-12 were chosen for 
study. 

R AI0 
4, R 
5, R = R’ = R” = H 
6, R H ;  R’ = R” CH3 12, R = R’ = R” = CH? 
7, R = R” = H ; R ’  = CH, 
8, R = R‘ = R” = CH, 
9, R = R’ = CH3; R” = H 

R’ = H ;  R” = CHB 10, R = R’ = H; R” = CHI 
11, R = H ;  R’ = R” = CH, 

Dreiding models indicated that distances between the 
phenolic groups and the nitrogen atom are almost the 
same in these naphthalene derivatives as in apomorphine. 
Since the ring system of apomorphine is rigid and almost 
planar, evaluation of the emetic activity of 4-9 is of 


