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Quantitative ion-exchange chromatography has been used for examination of the conversion of S,2-aminoethylisothiourea 
(AET) to 2-mercaptoethylguanidine (MEG) and 2-aminothiazoline (2-AT). The nature and amount of the reaction prod- 
ucts were found to be dependent on both PH and time. In strong acid, AET remains unchanged: a t  PH 2.5 it is converted 
to 2-AT, and a t  PH 7 the only product is MEG. A t  PH’s above 12, the intratransguanylation reaction competes with the 
normal hydrolysis of the thiuronium group, and mixtures of M E G  and 2-mercaptoethylamine (MEA) are formed. These 
reactions may be best explained through the formation of a cyclic intermediate that  may then open to yield MEG or may 
split off ammonia to yield 2-AT. 

A series of aminoalkylisothiuronium salts capable 
of undergoing rearrangement to mercaptoalkyl- 
guanidines have been found highly effective in the 
protection of mice against an otherwise lethal dose 
of X - r a d i a t i ~ n . ~ ? ~  The behavior of the prototype 
of this series, S,2-aminoethylisothiuronium bromide 
hydrobromide (AET), in aqueous neutral solution, 
led to an hypothesis that proposed chemical change 
through a cycle intermediate.4 The essential de- 
tails of the mechanism of rearrangement for these 
compounds, now thought to involve an intratrans- 
guanylation step is the subject of another commu- 
nication.6 In  strong alkali, a different type of re- 
action, which involves cleavage of the guanyl group 
of these isothiuronium compounds, can also occur.B 
Both types of reactions are shown here for AET 
(Fig. 1). 

These reactions are in accord with known reac- 
tions of similar compounds; for example, the hy- 
drolysis of alkylisothiuronium compounds in strong 
alkali produces alkylmercaptans and dicyandiamide 
(DCD)6 and the oxidation of mercaptans results in 
the formation of disulfides. A compound similar to 
2-AT (Fig. l), 2-methylthiazoline, has been shown 
by Linderstrgm-Lang and Jacobsen to  be in rapid 
equilibrium with ammonium ion to form a straight- 
chain mercaptan containing an amidinium ion.’ 
CalvinS has presented conclusive evidence to show 
the formation of a thiazoline ring structure within 
the molecule of glutathione through the interaction 
of the mercapto grouping of the cysteinyl moiety 
with that of the carbonyl grouping of the 7-glu- 
tamyl residue. According to Basford and Huenne- 
kens,9 one of the forms of coenzyme A has a thiazo- 
line structure formed by the intramolecular reaction 
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between the carbonyl group of the terminal amide 
and the thiol group of this molecule. The hydroly- 
sis of p-hydroxyisothiuronium salts to yield an ole- 
finic sulfide through a transguanylation mechanism 
similar to that presented here has been reporied by 
Bordwell and Andersen.lo 
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Fig. 1. 

The experiments described here for AET had as a 
dual objective the development of a general pro- 
cedure for the study of the mechanism of rearrange- 
ment of aminoalkylisothiuronium compounds that 
would also be suitable for the isolation of the reac- 
tion products from artificial mixtures or from solu- 
tions obtained from biological sources. It will be 
shown that the transformations involved are de- 
pendent on both pH and time. Since the products 
formed from these compounds in neutral or alkaline 
solution, as well as the compounds themselves, are 
stable in strong acid solution (0.2 N HCl), the reac- 
tion can be stopped a t  any given time by the addi- 
tion of concentrated acid. The separation and 
chemical characterization of the products from 
AET on a strong-acid, cation-exchange resin is de- 
scribed in this communication. Higher homo- 
logs of AET and substituted derivatives of amino- 
alkylisothiuronium salts will be considered in a sub- 
sequent publication. l 1  

Experimental 
Materials.-S,2-AminoethylisothiuroniumBr,HBr was 

prepared as previously des~r ibed .~*s  The reaction products 
derived from AET(NH4t ,  MEA, 2-AT, GED,  M E G .  
DCD) were compared with authentic materials obtaiiied 
from commercial sources or synthesized by known proce- 
dures. 

Nitrogen Determination.-Two-milliliter aliquots were 
digested in micro-Kjeldahl flasks with 0.2 ml. of 9 hf HI- 
Sod. The samples were fumed for 20 minutes, cooled, 2 
drops of 7’% potassium persulfate added, and the digestion 
was continued for 10 minutes. The samples for Nessleriza - 
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tioii were preparcd by tlie method of I’olley.12 Thc digest 
mixture was partially neutralized with 12 N KOH, a few 
drops of guni ghatti added, diluted to volume (10 ml.), 
cooled in an  ice-bath for 5 minutes, and the color developed 
by the addition of 2 ml. of cold nessler solution. A model 
C Beckman colorimeter with the blue filter was used for the 
determination of absorbancy. A linear relation between 
absorbancy and nitrogen content was obtained on NHdCl 
standards from 0-100 y of nitrogen/ml. 

Thiol Group Assay.-Sulfhydryl groups were dctcrniiiiecl 
by their oxidation with the blue dye, 2,6-dichloroindophenol. 
The procedure was adapted from tlie method reported 
by Basford and Huennekens.13 The model C Beckman col- 
orimeter was again used for these determinations, but  with 
a red filter. The sulfhydryl test was carried out in tlie fol- 
lowing manner: a dye solution having an  absorbancy of 
approximately 1.0 was prepared from 3 mg. of the dye dis- 
solved in 150 ml. of 0.4 M K2FIP04 buffered at p H  7.0. 
To 5 nil. of this dye solution was added 0.2 ml. of a thiol solu- 
tion, and 0.2 ml. of a solutioii containing no thiol was added 
to a duplicate control tube. Both tubes were read against 
a water blank. Decolorization of tlic dye begins with tlic 
atlditioii of the thiol solution; after about 2 minutes, ;t 
stable final reading can be obtained. This final reading 
subtracted from the unchaiiged reading of tlie control tube 
gives a difference of absorbancy ( A x )  that  is proportional to 
the amount of sulfhydryl iriitially prescnt. A lincar rela- 
tion between -SH content and A A  was obtained for solu- 
tions of M E G  and MEA in the Concentration of 0-2 pmolesj 
nil. The thiols, in 0.2 N HC1, are stable in this concentra- 
tion range wliereas a t  pH 7 and higher they are readily oxi- 
dized by air to the disulfides. For example, the half-time 
oxidation rates of MEA and MBG at pH 7.0 and a t  a con- 
centration of 1 pniolejml. are, rcspcctively, 2 and 24 hours. 
This use of concentrated solutions (50-100 pmoles/ml.) in 
stoppered vessels and preparations of the suitable tcst dilu- 
tions in 0.2 N HC1 essentially eliminated oxidation. A 
relative extinction based on the addition of a known amount 
of thiol added to the dye was calculated from the equation a 
= AA/c where a is the absorptivity extinction, and AA is 
tlie difference in absorbancy obtained when 0.2 nil. of a solu- 
tion of a thiol compound, having tlie concentration c ,  is 
added to  5 ml. of the dye solution. Extinctions of 0.42 
unit/pmole and 0.46 unit/pmole were obtained for M E G  and 
MEA, respectively. These values were used for empirical 
calculations of the concentration of any unknown M E C  and 
MEA solutions. AET also can be estimated from these 
values since i t  is converted almost instantaneously to  M E C  
upon addition to tlie buffered dye solution. 
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Fig. 2.-Percentage of -SH reniaiiiing us. time of stand- 
ing of AET solutions initially at 25 mg./nil. of AET a t  various 
pH’s. 

Ion-exchange Chromatography.-All separations wcrc 
made with 200-400 mesh strong-acid cation exchanger 
(Dowex-50, hydrogen form). Duplicate columris 1 sq. cm. 
in cross section and 5 cm. high were prepared in the conven- 
tional manner.14 Samples were absorbed on the resin 
columns from 0.2 N HC1 solutions (20-100 ml.) and eluted 
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with a succcssiv~i c d  iiici eusiiig cullwiltratious of 11C‘l. 
Fractioiis Jvcrc collected with an automatic sample cliaiiger. 

Procedure.-Solutions of AET prepared at a given pIl 
were chromatographed at different time intervals for cle- 
termination of chemical changes. The time chosen to  make 
a particular column run was determined, to a large 
extent, froin tlie data obtained in Fig. 2, which sllow-s the 
percentage of initial sulfhydryl remaining after frcsli solu- 
tions of AET (25 mg./ml.) were kept at the acidities rtnd the 
tinie intervals shown. The reactions were stopped by the 
addition of acid to aliquots of these solutions, and tlie mix- 
tures of products obtained were then separated on identical 
cation-exchange columns, the same amounts of eluting 
agents being used for each determination. The position of 
each peak was comparcd to  a standard column run made on 
known amounts of au t l i e~~ t i c  materials. An example of 
sucli a standard run is shown in Fig. 3, curve 1,  wliicli givcs 
tlie separation of N1I4+, 2-AT, MEG,  AET and GEL) in- 
itially prepared as a mixture. DCD, when preseut, (lid iiot 
absorb, since it lacks a strong-basic group.’j 

Tlie response of these conipounds to a coinbinat iuii of 
scvcral different clieinical tcsts was a furtlier aid to tlicir 
itlctitification wlicn the coinpounds were isolated as products 
froin AET. NIL+ analyzes tlie same as inurganic slid total 
iiitrogen, M E 4  gives organic nitrogen and sulfhydryl iii the 
ratio of 1 : 1, and 2-AT givcs only an orgaiiic nitrogen tcst 
and does not respoiid to the sulfhydryl test at p11 7.0. 
AET and hlEG give both nitrogen and sulfhydryl in tllc 
ratio of 3:1, and the latter compound also gives a positive 
Sakaguchi test’s for tlie guanidino group and is oxidized by 
IZ or Brz at pH 7.0 to  guanidinoethyl disulfide (GED),  which 
may be assayed in column eluates through its organic nitro- 
gen content. Further identification rested on the position 
of a peak with respect to the basicity of tlie groups, tlie num- 
ber of ionic charges present in each compound, and the iso- 
lation of crystalline derivatives. 

Preparation of Flavianic Acid Derivatives. 2-Mercapto- 
ethylguanidine F1avianate.-One gram of ,4ET was dissolved 
in 20 ml. of 0.18 ilr KaOH (final pH 7.0-7.5) to convert it to 
MEG.  Tlie addition of 4.0 nil. of 1 Mflavianic acid gave an 
immediate precipitate of the M E G  flavianate. The crys- 
talline precipitate was filtered, washed successively with ice- 
water, ethanol and ethyl acetate, and dried in zlacz~o. KC- 
crystallization from water or absolute alcohol gave an 80% 
y~c ld  of a pure product with a melting point of 170-1X0. 

Anal. Calcd. for C13H16Nb08S2: C, 36.00; 11, 3.50; N, 
16.18; S, 14.79. lkwnd: C, 36.31; 13, 3.55; N, 1C;.37; 
S, 14.88. 

2-Aminothiazoline Flavianate.--AET (2.81 g . )  \vas (lis- 
solved in 50 nil. of 0.6 M formate buffer, p H  2.5, ant1 tlic 
solutioii allowed to  stand 11 days. The flavianate salt was 
tlieii precipitatcd from tlie solution by the addition of 12.0 
1111. of 1 M flavianic acid. The precipitate was filtered off, 
washed with water, dried, and recrystallized from water to 
give an 87% yield of the product, m.p. 248-250” witli !le- 
composition. The flavianate prepared from a crystalhnc 
sample of 2-AT had the same melting point, and the mixed 
melting point of tlie two flavianates showed no depression. 

Anal. Calcd. for C13H,2K408S2: C, 37.50; H ,  2.91; N, 
13.50; s, 15.40. Found: C, 37.43; H, 3.00; N, 13.51; 
S, 15.45. 

Results 
A E T  dissolved in 0.2 N HC1 retained its available 

sulfhydryl content for over 14 days (Fig. a),  and 
when chromatographed at  the end of this time, only 
one peak was obtained (Fig. 3, curve 2 ) .  When AET 
was buffered at fiH 2.5, the sulfhydryl content de- 
creased, as demonstrated in Fig. 2. An aliquot of 
solution at this pH taken for analysis a t  the end of 
18 hours showed niostly unchanged AET but a h  
considerable amounts of NH4+ and 2-AT (Fig. 3, 
curve 3). The same solution rechromatographed a t  
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Fig. 3.-1on-exchauge analysis of products obtained from AET; columns 1.0 c m 2  X 5 cm. Dowex-50-Hf, 200-400 
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pared as a mixture in 0.2 M HCl, in the amounts shown on the graph expressed as total micrograms of nitrogen. M E G  
was prepared by adding 1 equiv. of NaOH to  a freshly prepared water solution of AET. This solution was added t o  
the 0.2 A4 €IC1 solution containing the other products. Curve 2, 2 ml. of AET in 0.2 A l  HC1 taken a t  the end of 14 
days; curve 3, 4 ml. of the p H  2.5 solution at the end of 18 hours; curve 4, 2l/2 ml. of the p H  2.5 solution a t  5 days; 
curve 5 , 4  ml. of the pH 3.5 solution at 4 days; curve 7 ,  2 ml. of the 
pH 7.0 solution a t  the end of 10 minutes; curve 8, 4 nil. of AET dissolved in 2 N NaOH for 15 minutes. Aliquots of 
the equilibrating solutions (all initially as 25 mg./ml. of AET) were adjusted to 20 ml. with 0.2 A4 HCl prior to sorp- 
tion on the columns. In curve 8, the influent volume was adjusted to  100 ml. All influent volumes are included as 
part of the 0.2 A4 HC1 eluting reagent. 

curve 6, 4 ml. of the p H  4.5 solution at 4 days; 

Recoveries ranged from 90 to  97%. 

the end of 5 days demonstrated essentially the com- 
plete conversion of AET to equimolar amounts of 
NH4+ and 2-AT (Fig. 3, curve 4). A solution of 
AET equilibrated a t  pH 3.5 for 4 days gave rise to 
a small amount of MEG (Fig. 3, curve 5) but the 
major chemical change was still the production of 
equimolar amounts of NH4+ and 2-AT, in agree- 
ment with the decay curve of Fig. 2 for this pH. 
The equality between NH4+ and 2-AT was main- 
tained a t  pH 4.5, but there also appeared, after the 
solution had equilibrated for 4 days, a quantity of 
MEG larger than that produced at  pH 3.5 in the 
same length of time (Fig. 2, and Fig. 3, curve 6). 
The same solution of PH 4.5 analyzed after only 20 
minutes contained 53 mole yo of unreacted AET; the 
other materials present were NHdf, 2-AT and MEG 
(run not shown in Fig. 3).  At pH 7.0, the only prod- 
uct obtained other than a small amount of GED 

produced by oxidation was MEG. The experiment 
shown in curve 7 of Fig. 3 was begun after AET had 
been dissolved in phosphate buffer of $H 7.0 for 10 
minutes, a t  which time the amount of GED pro- 
duced amounted to only 5% of the initial MEG ni- 
trogen. At the end of 12 days, the amount of GED 
was increased only slightly (about 19% of the MEG 
nitrogen), The same results were obtained when 1 
equivalent of NaOH was added rapidly to freshly 
dissolved AET dihydrobromide in water. The final 
pH in this case was 7.0 and the column run was 
carried out immediately after the addition of the 
base. MEG was also prepared in a different man- 
ner. Guanidinoethylisothiourea was synthesized 
and then hydrolyzed in alkaline solution to MEG 
and DCD. The ion-exchange properties of this 
MEG were identical to MEG obtained from AET. 

Only at  very high pH's does the transguanylation 
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of AET, through a cyclic intermediate to form 
MEG, yield to  a side reaction. In 0.4 N NaOH, 
the major product recovered was MEG (80% of the 
total initial nitrogen) along with a small amount of 
MEA and formed DCD via the normal alkaline 
hydrolysis of isothiuronium compounds (see Fig. 1). 
When S,2-aminoethylisothiourea was dissolved in 2 
N NaOH and chromatographed 15 minutes later, 
only 52 mole yo of the initial AET was recovered as 
MEG. The other products were stoichiometric 
amounts of DCD and MEA (Fig. 3, curve 8). 

Discussion 
In accordance with the chemical properties of 

AET, both the alkylamino and guanylamino 
groups of this compound would be positively 
charged in strongly acidic solutions. Consequently, 
any interaction of these two terminal groups, initi- 
ating chemical change, would be unlikely. This con- 
cept is thoroughly demonstrated by the fact that  
AET retained completely its available sulfhydryl 
content in 0.2 N HC1 and only unchanged material 
was recovered when aliquots of such solutions were 
analyzed by the ion-exchange procedure either im- 
mediately or a t  the end of 14 days (Fig. 3, curve 2).  
As the pH is increased, the proton of the alkylamino 
group of AET competes for this amino group with 
the proximate guanylamino carbonium ion, and 
formation of the unstable cyclic intermediate can 
then occur. In the pH range 2.5-3.5 (Fig. 3, 
curves 3, 4, 5), the favored reaction is the splitting 
of ammonia off the cyclic intermediate to yield 2- 
AT as the major product. Apparently, the driving 
force toward the formation of these two prod- 
ucts in this pH range is the release of ammonia from 
the cyclic intermediate and its subsequent neutrali- 
zation by excess acid present, resulting in the for- 
mation of ammonium ion and leaving cationic 2-AT 
as the other major product. At increasingly higher 
pH’s, this driving force lessens and the alternative 
is the formation of the strongly basic, highly reso- 
nating structure of the guanidino group present in 
MEG. At pH 7.0 (Fig. 3, curve 7), the transguan- 
ylation reaction is predominant, the cyclic inter- 
mediate opening to yield exclusively MEG. hIEG 
remains the only product up to a pH of about 12. 
Above that level, MEA begins to appear, about 
lOy0 being found a t  an apparentpH of 13.5. Even in 

an excess of 2 N NaOH, the transguanylation reac- 
tion competes with hydrolysis and an approxi- 
mately equal mixture of MEA and MEG is ob- 
tained. 

The transformation of AET in solutions ranging 
from strongly acidic to neutral indicates that the 
mechanism of change is through the cyclic interme- 
diate according to the reactions seen in Fig. 1. 
Although the reverse reaction to re-form compo- 
nents through the cyclic intermediate has not yet 
been found for AET, it has been found in higher 
homologs and substituted alkylamino derivatives of 
AET. This finding of reversibility lends support to 
the proposed cyclic intermediates. A mercapto- 
alkylguanidine would have similar equilibrium 
forms of the type reported by Benesch and Ben- 
esch” for aminothiols (see Fig. 4). In  strong acid 
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solution, form (1) would predominate and would re- 
main a stable structure owing to the association of 
the thiol and the resonating structures of the guan- 
ido group. As the pH is increased, the other forms 
would begin to appear and a t  some preferred pH i t  is 
most likely that form (2) is the structure best 
adapted to ring closure, since there is an attraction 
of a positive and negative charge that would result 
in bringing the carbon of the guanido grouping in 
close proximity to the sulfide ion. Once the QH is 
raised too high, this attractive force would again be 
lost. Initial studies on derivatives of AET have 
supported this reasoning. l1 
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