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I. INTRODUCTION AND SCOPE 

A .  Nomenclature 
Cyamidines are the anhydrides of a-guanidino acids, derived by intramolecu- 

lar acylation of the w-amino or imino group by the carboxy group. The simplest 
667 
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member (I), the anhydride of glycocyamine (111) and the a-guanidino acid 
related to glycine, is called glycocyamidine; from this the whole group of com- 
pounds is designated as glycocyamidines. 

The systematic name used for glycocyamidine in the indexes of Chemical 
Abstracts is 2-imino-4-imidazolidinone, formerly 2-imino-4-imidazolidone and 
2,3-dihydro-2-imino-4(5H)-imidazolone. 

H2C-CO RzC-CO HzC-COOH HeC-GO 

I: :I 1; :I 
\h/ \&/ \c/ \&/ 

AH NH I1 &H b 
HN NHz HN NH 

1: :I 
HN NH HN NH 

I I1 I11 I V  

Besides these, other names are also encountered in the literature, e.g., 4-oxo-2- 
iminoimidasolidine (Beilstein), 2-imino-4-ketotetrahydroimidazole, hydantoin- 
imide-(2) (Beilstein), expressing the close relationship to hydantoin (IV), and 
the incorrect name 2-iminohydantoin. 

Many derivatives of glycocyamidine can be derived from tautomeric forms 
of I, e.g., V and VI. For these the names used in Chemical Abstracts are 2-amino- 

Hz C-C 0 H%C-CO H2C-CO 

I: :I I: :I 1: :i 
\&/ \&/ \;/ 

HN NH N NH HN N 

II I 
NHz 

I 
NHz 
V V I  VI1  

2-imidazolin-4(or @-one, formerly 2-amino-4(5H)- or -5(4H)-imidazolone. Other 
names encountered in the literature are 2-amino-4-glyoxalone and 2-amino-4- 
keto-4,5-dihydroglyoxaline. 

NH 

Numbering 
The tautomer I is numbered by analogy to the hydantoin ring as designated. 

The same numbering applies to all derivatives if their designation is based on 
the name “glycocyamidine” (in this case, derivatives substituted on the acyclic 
nitrogen are designated as N2- or incorrectly as 2-substituted glycocyamidines), 
and also to all derivatives with a methylene group not substituted by alkyl or 
aryl groups if they are named as 2-imino-4-imidazolidinones. If, however, the 
methylene group is substituted by such groups, the numbering has to be altered 
(as in formula 11), and the correct designation is as a 4-substituted-2-imino-5- 
imidazolidinone. The other two tautomers, V and VI, and their derivatives 
are always numbered as designated. 

The rules for the numbering of the glycocyamidines outlined above have not 
always been strictly applied. Especially in the older literature, glycocyamidine 
itself was numbered according to formula 11; also, the numbering designated 
in formula VI1 is sometimes encountered (129). 
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In this review, covering the literature up to the end of 1956 and papers pub- 
lished in the leading organic chemical journals up to September 1958, nomen- 
clature based on the name “glycocyamidine” will be used and the rules 
of numbering outlined above will be applied. 

Trivial names 
Besides the more or less systematic names specified, there exist also many 

trivial names for the derivatives of glycocyamidine : e.g., creatinine for l-methyl- 
glycocyamidine, alacreatinine for 5-methylglycocyamidine, homocreatinine for 
1 , 5-dimethylglyco~yamidine~ butyrocreatinine for l-methyld-n-propylcreati- 
nine, isovalerocreatinine for 1-methyld-isobutylcreatinine, and cystinecyamidine 
(XVII) for the compound related to cystine and containing two iminoimida- 
zolidinone rings. The first two of these names are generally accepted and therefore 
they will be used also in this review. 

B. Scope of the review 

Creatinine (VIII), creatine (IX) (the guanidino acid related to it), and crea- 
tinephosphoric acid (X) (the N-phosphorylated derivative of the latter) are 
widely distributed in animals and plants and are of great biological importance. 
As this review confines itself to the chemistry of the glycocyamidines, these 

HzC-CO HZ C-C OOH Hz C-C 0 OH 

CHaA NHz caA NHPO(OH)2 
I I 

CHaN NH 

\c/ ‘C/ \C/ 

AH AH AH 
VI11 IX X 

Creatinine Creatine 

topics will not be treated here; however, for sake of completeness mention will 
be made of some important references, especially reviews and books dealing 
with the natural occurrence, biosynthesis, metabolism, and physiological r61e 
of these compounds (1, 19, 20, 49, 116-119, 140, 147a, 161, 165, 180, 181, 194, 
209, 215, 234, 237, 245a, 248, 249, 269, 273, 274, 292, 295, 304). 

Some important reviews and books on the analytical chemistry of creatinine 
are given in references 22, 41, 48, 115, 147b, 156, 162, 245b, and 310. The crea- 
tinine occurring especially in urine or in other biological materials (287) can 
be precipitated in the form of its double salt with zinc chloride (25, 109-111, 
207, 309) with the aid of potassium (122) or ammonium picrate (133; cf. 136); 
in the form of the reineckate (13, 294) with the aid of nitranilic acid (XI) (219), 
2-nitro-l , 3-indanedione (220), and the ammonium salt of diaminoquinone- 
disulfonic acid (XII) (126); in the form of its sozoiodolate (XIII) (6) with 1,24- 
phosphotungstic acid (14, 122) and 2-quinizarinsulfonic acid (325). A yellowish 
“isocreatinine” isolated from fishes (296) was shown later to be impure creatinine 
(188, 238). 

In the literature there is described a substance designated as benzoglycocyami- 
dine (XIV) with chemical properties resembling those of glycocyamidine. This 
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substance, 2-imino-l , 2-dihydro-4(3H)-quinoxalone is in reality not a condensed 
derivative of glycocyamidine, but instead, one of 2-imino-l , 2-dihydro-4(3H)- 
pyrimidone (XV), a ring homolog of it, and therefore is outside the scope of this 
review. 

HO(>Oz 0 '.N()08"4 0 10 0 0 

O2N( 'OH "108s' 'NHa 
S08H 

H H 
X I  XI1  XI11 XIV XV 

However, considering the close relationship of the glycocyamidines to the 
a-guanidino acids, the chemistry of the latter must occasionally be considered. 

Nitranilic acid Beneoglycocyamidine 

11. SYNTHESIS OF GLYCOCYAMIDINES 

The relationship of the glycocyamidines and the a-guanidino acids is analogous 
to that of the hydantoinsl and the hydantoic acids; by treatment with acids 
the a-guanidino acids can be cyclized to glycocyamidines and the reverse reac- 
tion can be brought about by careful treatment with bases. For other reactions 
occurring on treatment with bases, see Section IV,A. Therefore every synthesis 
of a-guanidino acids may be considered as a synthesis of glycocyamidines, and 
this makes it reasonable to consider the ring closure of a-guanidino aoids in a 
separate section. 

A. Ring closure of a-guanidino acids 
The ring closure that has been most closely examined is that of creatine to 

creatinine, both in the living organism and outside it and by chemical and enzy- 
matic means (273). The transformation 

Creatine e creatinine + HzO 

is a reversible reaction of first order with it well-defined equilibrium (55, 141) 
which may be shifted by different factors such as temperature and pH (97). 
The elevation of the temperature, as well as the lowering of the pH, favors the 
formation of creatinine and these relations may be expressed in mathematical 
terms; for example, the equilibrium constant is related to the absolute tempera- 
ture according to the equation (97): 

Ring closure occurs readily if a sample of creatine containing water of crystal- 
lization or an aqueous solution of creatine is subjected to prolonged heating 
(112, 225, 226); moreover its velocity is already measurable a t  36°C. (221; 
cf. 148-150), although the velocity of the reverse reaction in the pH range 
6.7-7.6 and a t  a temperature of 37°C. proved to be approximately four times 

1 The chemistry of hydantoins has been reviewed by E. Ware (314). 
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as great (45). This reaction, occurring also in the organism, was shown by means 
of experiments in the presence of brain or muscle homogenates (221) to be non- 
enzymatic (144, 148-150, 205, 221). However, it should be mentioned that ih 
the organism creatine is transformed to creatinine not directly (27) but through 
creatinephosphoric acid (43, 157). In  this connection the observation was made 
that the formation of creatinine in buffer solutions from creatinephosphoric acid 
is twice as great as from creatine (9). 

The creatine-creatinine equilibrium can be shifted by acids to the side of the 
cyclic product (141). The nature of the acid may have an influence on the initial 
rate of the ring closure (7, 8), but the position of the equilibrium itself is inde- 
pendent of the kind of acid or buffer solution used and is determined only by the 
pH of the medium (97). However, in other experiments the kind and the concen- 
tration of the buffer used proved to be a more important factor than the pH (9). 
The rate of the ring closure in hydrochloric acid of various concentrations (0.19- 
0.76 N )  and a t  various temperatures (25-100°C.) was examined by Edgar and 
Wakefield (98); the influence of variation of the pH on the equilibrium and on 
the rate of attaining equilibrium is of greatest significance in the pH range 
1.5-3.0 (97). In 2.667 N hydrochloric acid a t  100°C. the rate constant of the 
cyclization was found to be 0.1685; that of the reverse reaction 0.0047 (123). 
Between 37.5" and 50°C. the rate of cyclization asa functionof pH haa a minimum 
in approximately 0.1 N and a maximum in 0.01 N hydrochloric acid. This can 
be explained by assuming that the measured rate of cyclization is the sum of 
the rates of two different reactions-namely, the ring closure of creatine and 
that of its hydrochloride-influenced to a different extent by the pH (54). In 
urine acidified with hydrochloric acid to normality the transformation to creati- 
nine is practically complete a t  60-65°C. (142). By heating with a solution of 
picric acid creatine can be cyclized more easily than hydantoic acid, but less 
easily than a-(N-methy1)hydantoic acid (121). 

For preparative purposes the following methods of cyclization proved to be 
satisfactory: prolonged heating with hydrochloric acid (24,83, 96, 152,173,202), 
treating of pulverized anhydrous creatine with gaseous hydrogen chloride (95, 
202), evaporation of a solution in dilute sulfuric acid on the steam bath (202), 
heating with 90 per cent acetic acid (18) or with a solution of zinc chloride (76), 
and fusing with anhydrous zinc chloride a t  120-130°C. (94, 96). In the latter 
case there is obtained a double salt of creatinine and zinc chloride; in the case 
of cyclizations with hydrogen chloride, the product is the hydrochloride of creati- 
nine, which may be separated as such or may be transformed to the free base 
by treating its aqueous solution with aqueous ammonia with cooling (95, 96). 

The ring closure of glycocyamine can be attained similarly, although the 
rate of formation of glycocyamidine is approximately only one-third of that of 
creatinine (10). The methods used for the cyclization are the following: careful 
heating of the hydrochloride of glycocyamine to 160-170°C. (189, 290), heating 
with concentrated hydrochloric acid to 130-140°C. (189), prolonged heating 
with dilute hydrochloric acid (28, 173) or with dilute sulfuric acid (lo), and 
treating with concentrated sulfuric acid on the steam bath (264, 265). The glyco- 
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Substituent of the Nucleus 

cyamidine may be liberated from its salts obtained by these methods by treating 
with lead hydroxide (290). 

By treating with concentrated hydrochloric acid at  100°C. the ethyl esters of 
w , a’-diacetylglycocyamine (XVIa) and w , w’-diacetylcreatine (XVIb) may be 
cyclized to glycocyamidine and creatinine (29, 30), respectively. By treating 
with Amberlite IRA-400 the hydrochloride of the ethyl ester of glycocyamine 
is transformed partially to glycocyamidine, but hydrolysis to glycocyamine 
(211) also occurs. 

Method 1 References 

HzC-COOCzHrj 
I 

5-Benzyl. ................................. 
5-Isobut ................... 
1-Ethyl. . . . . . . . . . . . . . . . . . . .  

5-Ethyl.. ................................. 
3-Methyl. ................................. 
5-Methyl.. . .................... 

6-(1’-Methylpropyl) ....................... 
6-@-Methylthioethyl) ..................... 
5-Ieopropyl ............................... 
“Cystine-cyamidine” (XVII). . . . . . . . . . . .  

R& NHCOCHs 

\C/  

Heating with hydrochloric acid 
Heating with dilute sulfuric acid 
Evaporation to drynms with Concentrated hydro- 

chloric acid 
Heating with dilute sulfuric acid 
Heating with hydrochloric acid 
Heating to 180°C. or heating with dilute sulfuric acid 
Prolonged heating with hydrochloric acid 
Heating with hydrochloric acid 
Heating with hydrochloric acid 
Heating with dilute aulfuric acid 
Heating with concentrated hydrochloric acid 

ACOCHa 
XVIa: R = H 
XVIb: R = CHs 

‘ C-- co 

\c/  
HN NH 

il 
” 

XVII 

Other derivatives of glycocyamidine prepared by ring closure of a-guanidino 
acids are shown in table 1. 

The case of 3-methylglycocyamidine is interesting, for theoretically the forma- 
tion of the N2-methyl isomer would also be possible. Apparently the reactivity 
ratio of the two nitrogen atoms in the 0-position is altered by methylation of 
one of them in such a way that the methylated one becomes more susceptible 
to the acylating action of the carboxyl (cf. the analogous situation in the nitrosa- 
tion of N-methylurea to N-methyl-N-nitrosourea), and therefore this is exclu- 
sively acylated. The contrary observation of Johnson and Nicolet, according 

Hz C-C 0 Hz C-C 0 OH Hz C- co 
I I I I 

HN NH +/- HN NHCHa -+ H k  NCHs 

\ C /  
‘C/ ‘C’ 

NCHs I1 AH AH 
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to which the successive treatment of N2-methylglycocyamidine first with dilute 
potassium hydroxide and then with hot hydrochloric acid furnishes a mixture 
of the isomeric N2- and 3-methylglycocyamidines (177), may be perhaps ex- 
plained by assuming that the hydrolysis of the N2-methylglycocyamidine to 
w-(N-methyl)-glycocyamine under the rather mild conditions applied was not 
complete. 

There existed some uncertainty in the literature regarding the nature of the 
products obtained by treating alcoholic solutions of creatine a t  ordinary tem- 
perature with gaseous hydrogen chloride (84; cf. 211). These products were 
assumed a t  first correctly to be the hydrochlorides of the corresponding esters of 
creatine, and i t  was shown that they could be transformed by heating above 
their melting points to the hydrochloride of creatinine (84), but later data ap- 
peared according to which the primary products should be derivatives of creat- 
inine (179). Finally i t  was shown by examination of the pH dependence of the 
ultraviolet and infared spectra that the alcohol is present in a typical ester bond 
and that therefore no cyclization could have occurred (216). It is interesting to 
note that the methyl esters of both glycocyamine and creatine are cyclized 
irreversibly to glycocyamidine and creatinine, respectively, in alkaline solutions 
(104,216). 

The ring closure of creatinephosphoric acid to creatininephosphoric acid can 
not be accomplished; in treatment with acids or other reagents (thionyl chloride, 
sodium hydroxide, heating of the calcium salt) the cyclization is always ac- 
companied by hydrolysis. For example, on treatment with dry hydrogen chloride 
creatinine and a-(N-methy1)hydantoic acid-w-N-phosphoric acid are formed 
(323). 

Besides the cyclization methods under acidic conditions, other reagents are 
able to effect closure of the cyamidine ring. For example, prolonged heating of 
creatine with aqueous formaldehyde solutions, even after preliminary neutraliza- 
tion of the latter, yields a bis(hydroxymethy1)creatinine (XVIII), the structure 
of which is proved by the fact that it can be prepared under similar conditions 
from creatinine and that i t  furnishes a dibenzoyl derivative (172). On the other 
hand, treatment of creatine with acetic anhydride and benzaldehyde gives N2- 
acetyl-5-benzylidenecreatinine (XIX), which was first formulated as the 3-acetyl 
derivative (100). 

Hz ?-COO CO CHI ao CeH6 CH-C- co I 
Ha C- 

CH3h hCHzOH CHah AH CH3h NHCOCH, 

‘C’ ‘C/ ‘C/ 
II 
NCHz OH 
XVIII 

RCOCH, AH 
XIX xx 

In the absence of benzaldehyde no cyclization occurs; instead “diacetylcrea- 
tine” is formed (loo), which was identified later as sym-(N-acetylsarcosy1)acetyl- 
urea (XXII) (167). The formula (XX) originally proposed (100) could not be 
correct, as the anhydride structure is disproven by the facts that the compound 
exhibits, in contrast with N-acetylguanidine (187), no basic properties, that it is 
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not hydrolyzed by water, and that it can be recrystallized without any change 
from alcohol. On the other hand, in agreement with structure XXII the com- 
pound furnishes on treatment with ammonia or methylamine (by splitting 
along the dotted line) acetylurea and sarcosineamide or N-methylsarcosineamide ; 
this structure was proved also by synthesis (167). The mechanism of formation 
of XXII may be assumed as follows (167) : 

Hz C-COOH 
I ,n.rr _A\ n 

AH 

\ b L l 8 k U 1 2 U  
CH3h NHz ____f 

\ C /  

AH 

Hz C- Hz C- co 

\N ,,NH -+ 

CH3 1 yo 
CHaCO / c  CHa C 0’ C 

CH3CO’ ‘NH 0’ ‘NHCOCHs 
XXI XXII  

This mechanism accounts also for the formation of 1-methylhydantoin (XXIII) 
at any time by dilution of the mother liquors from XXII with water, a reaction 
which can be explained by the obviously ready hydrolysis of XXI and the split- 
ting off of acetamide from the hydrolysis product (167). 

Hz C- 
HzC-CO 

XXI + \N NH - CH3k NH 
-CHsCONHa I 

CHa 1 yo 
CHsCO ’ c/ \ C /  

8 / \o 
H2N 

XXIII  
1-Methylhydantoin 

XXII is formed also as a byproduct in the acetylation of creatinine (167, 168) 
and its formation can be explained on similar grounds. 

HzC-CO HzC-CO 
I I (CHsC0)zO I I (CHaC0)aO 

CHaN NH - CH3N NH - 
\C’ \c/ 
AH 

Creatinine 
ACOCIL 

HxO 
__f XXII 

/ / 
CH3 CO’ C’ 

CHaCOO’ \NCOCHs 

These are not isolated reactions in organic chemistry; two analogous reactions 
from the older literature are the following: 
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(CHsC0)zO 
HN=C(NHCsHb)2 CHaCONHCaH6 + CH~CONHCONHCBHS (50) 

(CHsC0)%0 -H+ 
RgNCONHs [CHaCOdRzCONH2] - 

CHaCONRz + HNCO (305) 
4. 

Cyanuric acid 

On treatment of creatine with phthalic anhydride cyclization occurs and a 
neutral salt, dicreatinine phthalate, is formed (167), which was formerly thought 
to be phthaloyldicreatine (303). Cyclization occurs also on treatment of creatine 
with benzoic anhydride and, as a result, N2-benzoylcreatinine is formed (168, 
303). 

The closure of the cyamidine ring can be effected also by phosphorus oxy- 
chloride; when creatine is heated with this reagent simultaneous phosphorylation 
and ring closure to creatininephosphoric acid occur (320, 323). 

B. Synthesis from a-amino acids 
The reaction of a-amino acids and their esters with guanylating agents may 

lead, depending on the kind of the reagents, the conditions of the reaction, and 
the stability relationship of the expected reaction products, either to an a-guani- 
din0 acid or to the corresponding glycocyamidine. The former may be cyclized 
to the latter, as discussed in the preceding section. 

From the general equation of the reaction, in which XC(=NH)NH2 repre- 
sents the guanylating agent (e.g., X = alkoxy, alkylthio, amino etc.), i t  is evi- 
dent that this reaction may lead to glycocyamidines substituted in positions l 
and/or 5. If the guanyl group introduced itself contains a substituent, this will 

R\ 

RJ/T-To 
C-COOR”’ 

R\ 
C-COOR”’ 

R\ 

appear in position 3 and/or N2 of the cyamidine ring. Since only guanyl groups 
substituted symmetrically with identical substituents have been used, orientation 
phenomena have not yet been studied. 

One of the best known guanylating agents is cyanamide. This gives with 
a-amino acids in concentrated aqueous solutions a t  room temperature in the 
presence of small quantities of ammonia on prolonged standing either a-guanidino 
acids or glycocyamidines.2 Direct formation of glycocyamidines was observed 
from the following a-amino acids : N-ethyl-&alanine (go), a-ethylaminobutyric 

e The cyanamide reacts not only with a-amino acids, but also with other amino acids with 
formation of guanidino acids, e.g., with a-(N-tosy1)-a-(N-methyl)- (283) and a-(N-benz- 
oy1)ornithine (279a) to  yield the respective arginine derivatives, and with a-(N-tosy1)lysine to  
yield a-(N-tosy1)-a-amino-e-guanidinocaproic acid (284). Moreover, peptides, e.g., glycyl- 
d-alanine may also be guanylated by this reagent (179a). 
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acid (89), a-ethylamino-n-caproic acid (88), N-ethylglycine (91 ; see however 
1 la), N-methyl-dl-alanine (124) (cf. 204), a-methylaminobutyric acid (87 ; cf. 
124), a-methylamino-n-caproic acid (88), and a-methylaminoisovaleric acid 
(87). Under similar conditions the following furnish only a-guanidino acids: 
a-aminobutyric acid (86), 6-(N-benzoyl)ornithine (279a), dl-hydroxyproline 
(300), leucine (92), and norvaline (86). 

From this enumeration it becomes evident that substitution in position 1 by 
alkyl substituents confers upon the cyamidine ring greater stability with respect 
to the corresponding a-guanidino acids; in agreement with this generalization 
is the already mentioned fact that creatine is dehydrated under similar conditions 
faster than glycocyamidine. Sarcosine furnishes an apparent exception to the 
above generalization for, under the conditions specified, it gives not creatinine 
but creatine (33a, 33b); however, this is only a result of the special solubility 
relationships (lla). The latter reaction was also used for the synthesis of creatines 
labeled with isotopic nitrogen (33a, 33b). 

Glycocyamidines are obtained also on heating N-phenylglycine with cyana- 
mide in alcoholic solution (in addition to N , N'-diphenyldiketopiperazine) (99) 
and from the dimethyl ester of iminodiacetic acid on standing in dry ether solu- 
tion for some days (270) : 

Hz C C 00 CHI HzC-CO 
HaNCN I 

c H a  ooc c H 2 h  - CHsOOCCHai4 NH 

'C' 

AH 

However, e-(N-benzoy1)lysine (284) and various other a-amino acids (306) a t  
60-100°C. and pH 9-10 yield only a-guanidino acids. Preliminary to the reac- 
tion with cyanamide the a-amino acids may be prepared in situ from a-halogeno 
acids by action with ammonia or ammonium carbonate (307). 

The addition of cyanamide to glycine and sarcosine is catalyzed by an enzyme 
occurring in muscle (but not in blood and in the liver); in the presence of this 
the cyanamide may be replaced by urea. Moreover, under more energetic condi- 
tions the reaction occurs in the absence of it (21). 

Substituted cyanamides may also react with a-amino acids or their derivatives: 
e.g., N-(P-bromoethy1)-N-butylcyanamide yields with the ethyl ester of tyrosine 
the hydrobromide of 1 , N2-ethylene-N2-butyl-5-(p-hydroxyphenyl)glycocyamidine 
(XXIV) : 

p-H 0 Ca H4\ 
c-GO 

H ~ L - - P S C ~ H ~  
XXIV 
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with sodium glycinate it gives only the analogous glycocyamine derivative (98a) : 
HZ CCOONa 

I 
CH2COONa CHzBr CN N NH 

NHz 
-+ / \c/ I + h a - h 4 H o  H a c  

I I 
H ~ ~ - - N C ~ H ~  

The same reagent is capable of guanylating selectively the eamino group of the 
copper complex of lysine (98a). 

YH--l0 (CH2)4--CH--CO CH2Br CN ( C H Z ) ~  

NHa HzN 
I 

N NH HzN. 
1 ’ A + bH2--NClHg I -+ 

*%, / cu *.*..I / / \/ 
- c u  - 

2 8-kCIHg 2 

A recently discovered guanylating agent is formamidinesulfinic acid (XXV) 
(313). This otherwise powerful reducing agent does not reduce amino acids but 
guanylates them. The mechanism of its action seems at  first sight obvious, 
namely, that the anion of formamidinesulhic acid or its oxidation product, 
the anion of formamidinesulfonic acid, splits off cyanamide in alkaline solu- 
tions, which should be the true guanylating agent: 

Hz& HN 

c-soz- + OH- ‘C-SOZ- - SOZH- 
/ 

B 
/ 

HzNCN 
I \\ HaN Hz N 

/ 
iwa xxv 

HN 

C-SOa- SOsH- 
\\ 
/ 

H ~ N ’  

However, this mechanism is surely not correct, because formamidinesulfinic 
acid in ammoniacal solutions a t  room temperature forms glycocyamine much 
faster than cyanamide and, in the second place, a t  70°C. formamidinesulfinic 
acid is capable of this reaction, but not the cyanamide (313). 

0-Alkylisoureas (see, e.g., 23a) are also capable of guanylating a-amino acidsg : 
3 0-Methylisourea is capable of guanylating @-amino acids (24613) as well as the €-amino 

group of a-(N-benzoyl) -dZ-lysine (127a) and various dipeptides, e.g. , dl-alanylglycine, 
glycyl-dZ-phenylalanine, and glycylleucine (179a), in good yields. 

The amino group in the a-position of diamino carboxylic acids may be protected against 
the guanylating action of 0-methylisourea not only by benzoylation but also by preliminary 
preparation of the copper complexes; e.g., the copper complex of ornithine may be guanyl- 
ated to that of arginine (300a). 

Various other peptides (23a) and proteins (23a, 246a), e.g., human serum albumin (164a) 
and gelatin (93a), also react with 0-methylisourea; in the latter two cases the amino groups 
in the a-position of the lysine residues are guanylated with the formation of homoarginine 
residues. 
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e.g., cystine, &glutamic acid, 1-hydroxyproline, dl-phenylalanine, 1-proline, 
dl-serine, and 1-tryptophan are guanylated in yields ranging from 66 to 94 per 
cent (179a). Sarcosine gives, with 2 moles of 0-methylisourea in methanol, 
creatine in a yield of approximately 20 per cent (270); this yield is very low, for 
in ammoniacal solution with 8-methylisothiourea the yield is 83 per cent (270). 
The yield cannot be improved by heating, because a t  40-50°C. instead of creatine 
only small quantities of 1-methyl-1-biguanideacetic acid (XXVI) are obtained 
(270) : 

CHz CO OH 
I CHaOC(=NH) NHr CH,NH 

H2 C-COOH CHsO-c Ha C-COOH 
I 

______f CHsN NH NH2 
\c/ \c/ 

AH AH 
XXVI 

Iminodiacetic acid is guanylated neither by 0-methylisourea in methanol 
nor by 8-methylisothiourea in ammoniacal solutions (270). 

Like the 0-alkylisoureas, their 8-analogs are well-known guanylating agents, 
which were used first by Steib for the synthesis of glycocyamidines (284): e-("- 
Benzoy1)lysine furnishes with S-ethylthiuronium bromide the corresponding 
a-guanidino derivative, which can be cyclized by hydrochloric acid to the dihy- 
drochloride of 5-(d-aminobutyl)glycocyamidine (XXVII) (284). 

HzN(CH2)4 CH-CO 
I I 

I1 
NH 

CeH6CONH(CH~)dCHCOOH (') CzHsS(=NH)NH'*HBr f HN NH *2HC1 

'd (2) concd. HC1 I 
"a 

XXVII 

In a similar manner glycocyamidine is obtained in 74 per cent yield from glycine 
(28, 44, 184), creatinine in 40 per cent yield from sarcosine (184), and alacreat- 
inine in 65 per cent yield from alanine (28, 184). This method is applicable also 
to the preparation of 5-(~-guanidinopropyl)glycocyamidine (324). 

4 Like the guanylating agents already mentioned, 8-alkylisothioureas are capable of 
guanylating amino groups other than those in the a-position to a carboxyl group; p-alanine 
(217, 218), isoserine (218), p -  and 7-aminobutyric acids (217b), a- (N-tosy1)-a-(N-methyl) - 
ornithine (283), a-(N4osyl)lysine (284), and the a-(hi-methyl) derivative of the latter 
(169a) may be guanylated by these reagents in the p - ,  y-, 6-, or e-position. 

In the case of proteins, the e-amino groups of the lysine residues are exclusively guanyl- 
ated (217a, 246a) ; on this is based a method for the determination of the lysine content of 
CY- and p-casein (217a). 

The w-amino group of a,w-diamino carboxylic acids may be brought selectively to  re- 
action with 8-alkylisothiuronium salts by protecting the a-amino group through the forma- 
tion of the copper complexes (275a). 
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The reaction is best performed in concentrated aqueous ammonia solution 
(108, 217, 270); this seems strange a t  first sight, for a great part of the S-alkyl- 
isothiourea must react obviously with the ammonia present in great excess to 
yield guanidine. But, keeping in mind that amino acids are easily capable of 
forming guanidino acids also with guanidines (see below), it becomes intelligible 
that many a-amino acids, e.g., alanine (217, 218, 270, 300), a-aminobutyric acid 
(108, 217b), aspartic acid (217, 300), citrulline (217b), cystine (127, 179a, 217, 
300), glutamic acid (217b), glycine (217,270,300), histidine (217b), leucine (217b, 
218, 300), isoleucine (217b, 218, 300), norleucine (217b, 218), lysine (217, 217b), 
methionine (168a, 217, 218, 300), phenylalanine (217, 300), proline (300), sar- 
cosine (108, 270, 300), serine (217, 270, 300), threonine (217, 300), tryptamine 
(300), tyrosine (217), and valine (217b, 218, 300), as well as peptides, e.g., glycyl- 
glycine (217,270) and glycyl-Z-tyrosine (270), and proteins (217a, 246a, 271) may 
be guanylated in good yields by this method. An exception is furnished by N- 
ethylglycine, which yields with S-ethylisothiuronium bromide under these con- 
ditions no a-(N-ethyl)glycocyamine, but instead a stable complex of N-ethyl- 
glycine and guanidinium bromide (1 la). 

Instead of aqueous ammonia, solutions of the alkali hydroxides may be used 
(145, 146, 169a, 240a). N-Substituted S-alkylisothiuronium salts, e.g., the N-allyl 
or N-buten-(2)-yl derivative, may also react (145, 146). 

Esters of amino acids react similarly to the parent compounds. For example, 
a number of N , N’ , N”-triarylglycocyamidines (XXVIII) were prepared by 
heating N-arylglycine esters with S-methyl-N , N’-diarylisothioureas to 180- 
200°C.; the structures of the products are proved, apart from their formation, by 
their hydrolysis to 1,3-diarylhydantoins (72). 

CH2 COO CzHs HgC-CO HzC-CO 
180-200°C. I I H+ I I 

ArkH ___f ArN NAr’ --+ ArN NAr’ 

‘C’ ‘C’ 
+ 

CHs S C /“Ar’ Ah ’  b 
II XXVIII NAr’ 

As the two aryl groups designated by Ar‘ in each case were identical, no orienta- 
tion phenomena could have occurred and no isomers could have been formed. 

From the two amino groups of ornithine the one in the &position reacts exclu- 
sively with S-methylisothiuronium chloride in aqueous solution to give arginine 
in 68 per cent yield; upon heating the hydrochloride of the latter with 1.2 equiva- 
lents of cyanamide a t  135°C. the a-amino group reacts, and the glycocyamidine 
(XXIX) is formed in 63 per cent yield (229). The same glycocyamidine may be 
prepared also from arginine with S-ethylisothiuronium bromide (324). 

Guanidine and certain guanidinium salts are also capable of guanylating amino 
acids. When sarcosine is melted with guanidine carbonate at 140-160OC. creat- 
inine is formed by guanylation and cyclization (163) ; similarly, a-phenylglycine 
yields a t  180°C. 5-phenylglycocyamidine (99) ; however, with glycine no cycliza- 
tion occurs a t  140°C. and glycocyamine is obtained (211, 222). 
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HN 

H2N(CHz)s CHCOOH -+ 'CNH(CH2)aCHCOOH -+ 
I / I 

HzN' hH2 
HN 

CNH (CH2)a CH--CO 
\\ 
/ I 

HA NH H2N 

\c/ 
AH 

XXIX 

With guanidine the ester of glycine furnishes glycocyamidine (299). This 
reaction was investigated extensively by Abderhalden (2-4), according to whom 
the free guanidine base reacts with esters of amino acids with evolution of am- 
monia and heat quite generally to yield glycocyamidines. The reaction proceeds 
even at 0°C.; e.g., with the ester of glycine the evolution of ammonia is quantita- 
tive, but with that of cystine only 55 per cent (2). In this manner the ester 
of glycine may be transformed to glycocyamidine (cf. 211), that of dl-leucine 
to dZ-5-isobutylglycocyamidine, ethyl d-glutamate to the guanidinium salt of 
d-5-(p-carboxyethy1)glycocyamidine (XXX) (2), the ester of sarcosine a t  - 15°C. 
to creatinine in 65 per cent yield, that of dl-tyrosine in 27 per cent yield to dl-5- 

HzN -0 0 C CHz CH2 CH-C 0 
\ . t  

/C-NH2 
H2 N 

I I 

II 
" 

xxx 
(p-hydroxybenzy1)glycocyamidine (3 ; cf. 300), and finally that of N-ethylglycine 
to I-ethylglycocyamidine (300). The reaction proceeds also with the esters of 
diamino carboxylic acids (4) : e.g., the ester of a, a'-diaminosuberic acid reacts 
with guanidine in ethereal solution partly with only one, partly with both amino 
groups, to yield the amphoteric 5-(~-carboxy-~-aminopentyl)glycocyamidine 
(XXXI) along with the 5,5'-tetramethylenebisglycocyamidine (-11) of 
basic character; the two products combine with each other to yield a salt. 
HOO C CH (CHZ)~  CHCOOH -+ HOOCCH(CH2)b CH-CO 3 

I I AH2 HA NH I 
NH2 NH2 

\c/ 
l l  
NH 

XXXI 
OC-CH (CH2)d CH-CO 

I 1 I I 
HN NH HN NH 

\C/ \C/ 

AH 
XXXII 

AH 
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Similarly, but a t  15"C., the methyl ester of 6-(N-benzoyl)ornithine reacts with 
guanidine to form 5-(~-benxoylaminopropyl)glycocyamidine (XXXIII), which 
may be debenzoylated by heating with concentrated hydrochloric acid without 
cleavage of the cyamidine ring; however, alkaline hydrolysis also cleaves the 
ring and isoarginine is formed (XXXIV) (4). 
HzN(CHz)s CH-CO CBH5 CONH(CH2)s CH--CO 

I 
HA NH 

'C/ 

AH 

I I OH- HN NH -+ 

\C/ 

AH 
XXXIII 

HtN(CH2)a CH-COOH 
I 

HN NHL 
\ /  

'C' 
II 
" 

XXXIV 
The reaction may not be extended, a t  least under the conditions studied, 

either to the free amino acids or to diketopiperaxines and polypeptide esters 
(2). Moreover, ethyl hippurate and aceturate do not react in the manner men- 
tioned with guanidine; the former gives hippurylguanidine, the latter guanidin- 
ium aceturate (4). 

From the substituted guanidines thus far investigated monomethyl- and asym- 
dimethylguanidine react in this order with decreasing intensity with evolution 
of heat and ammonia and with formation of JaffB-positive products (cf. Section 
VI,A), but the isolation of glycocyamidine derivatives was unsuccessful (4). 
On the other hand, with isoamyl-, a-naphthyl- and acetylguanidines even no 
JaffB-positive products were formed (4). 

Concerning the mechanism of the reaction, it is evident that the ammonia 
split off has its origin from the guanidine and not from the amino acid; other- 
wise, in the reaction of the ethyl ester of sarcosine with guanidine no creatinine 
and ammonia could be obtained. 

Both mechanisms suggested by Abderhalden are in harmony with this fact 
(3). According to the first mechanism the guanidine should add the amino 
ester with formation of a derivative of tetraaminomethane (XXXV), which 
then should split off ammonia and cyclize to the glycocyamidine. According to 
the second mechanism the guanidine should suffer thermolysis to cyanamide 

CHz COO CzH6 
1 

HN NHz 

\C/ 

H a d  \NH2 
XXXV 

and ammonia and the former should then add to the amino ester with simul- 
taneous or subsequent ring closure. It could of course be supposed that in both 
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cases the guanidine is first acylated by the amino ester and that the transforma- 
tions mentioned above occur subsequently. 

Thus in each case the exchange of one of the amino groups of the guanidine 
by the carboxylalkylamino group is supposed not to proceed directly but through 
either an addition-elimination or an elimination-addition mechanism. How- 
ever, this assumption is not justified by any experimental fact. On the contrary, 
there exist some experimental facts that cannot be reconciled with the second 
mechanism suggested by Abderhalden. Thus, although some glycocyamidine 
is obtained by the reaction of the ethyl ester of glycine with cyanamide in the 
presence of small quantities of guanidine, this reaction cannot be accomplished 
in dry liquid ammonia in the absence of guanidine (2). Moreover, the ethyl 
ester of sarcosine gives with cyanamide only a 29 per cent yield of creatinine, 
while the yield with guanidine attains 65 per cent, and the yield in the former 
reaction is even diminished if small quantities of guanidine are added (3). Finally, 
it is difficult to imagine that the guanidine should decompose under the mild 
conditions applied.b 

An interesting guanylating agent is triacetylanhydroarginine (XXXVI), the 
hydrolysis of which leads to dl-P-acetylamino-a-piperidone and to urea (29), 

/"C0CH3 

I H N/- 'NHCOCHs 

@ y o c H s  + HtO -+ fip:0cH3 + 0-c 

c 
CH3CON' 'NHCOCH3 

XXXVI 

.1 
HzNCONHz + 2CHsCOOH 

With amines, an analogous reaction takes place, as the result of which the diace- 
tylguanyl group becomes transferred from the piperidone ring to the nitrogen 
of the amine. Thus with anhydrous methylamine in dry ether at 20°C. by trans- 
guanylation N , N'-diacetyl-N"-methylguanidine (30) is formed; with the ester 
of glycine under similar conditions 50 per cent of the ethyl ester of diacetyl- 
glycocyamine (XVIa) and some 3- or N2-acetylglycocyamidine (which can be 
hydrolyzed by acids to glycocyamidine) along with 96 per cent of the piperidone; 
finally, with the ester of sarcosine the ethyl ester of diacetylcreatine (XVIb) is 
formed (29, 30). 

The guanylation of the amino group of amino esters may be accomplished 
also in two steps. Thus the dimethyl ester of iminodiacetic acid (XXXVII) 
gives with cyanogen bromide in dry ether the dimethyl ester of N-cyanoimino- 
diacetic acid (XXXVIII) which, on prolonged heating with alcoholic ammonia 
a t  85'C., is transformed to glycocyamidine-l-acetamide (XXXIX), hydrolyzable 
with hydrochloric acid to glycocyamidine-l-acetic acid; under somewhat more 
energetic conditions XXXVIII yields with alcoholic ammonia N-guanylimino- 
diacetic acid (XL) (270). 

reaction the temperature rises no higher than 20°C. (3). 
5 With the ester of sarcosine the reaction sets in even a t  -15°C. and during the vigorous 
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Hz C-C 0 

HzNCOCHzN NH 
I I 
\c/ 'd 

AH 
N'&/' XXXIX 
/ 

CHz C 00 CHs CHz C 0 0 CHa 
BrCN I 

CHaOOCCHzIkH - CHsOOCCHzNCN 
XXXVII XXXVIII \ 

CaH60H\ HzC-COOH 

HOOCCHzA 
\C/ 

AH 
XL 

The glycocyamidine derivative XLI is the product of an interesting guanyla- 
tion reaction. As it can be obtained by autocondensation of 2 molecules of the 
methyl ester of d-arginine, i t  was a t  first thought erroneously to be arginylargi- 
nine (105), but later the true structure was proved by synthesis (324). The 
mechanism of its formation, shown below, is proved by the fact that ornithine 
(XLII) may be isolated as a byproduct (324). 
HzN HzN 

' m H  ( c H 2 ) a c H c o o c H a  -+ \CNH(CHz)a CHCO 

HzN NH 
// I 1  

/ *  

II : I 

// 
HN 

I 
NHt HN 

C-NH(CHz)s CHCOOCHs 

" "8 

Ha N 

CNH(CH2)s CH-CO + HzN(CH2)s CHCOOCHs 
\ 
// 

-+ 
i 

NHz 
I 

HA NH HN 
'C/ XLII 

AH 
XLI 

In aqueous ammoniacal solution glycine and @-alanine are guanylated a t  
body temperature by the action of charcoal; however, a-alanine does not react 
(272a). 

C. Synthesis from a-halogeno acids, a ,  ,&unsaturated acids, and their derivatives 
a-Halogeno acids are converted by mild heating with guanidine in aqueous 

solution to glycocyamidines substituted in position 5; thus a-bromoisovaleric 
acid furnishes a t  60°C. 5-isopropylglycocyamidine (239), and a-(bromophenyl) 
acetic acid a t  80°C. yields 5-phenylglycocyamidine (99,239). However, e-benzoyl- 
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amino-a-bromocaproic acid yields on treatment with a concentrated aqueous 
solution of guanidine the corresponding a-guanidino acid, which is converted 
to 5-(6-aminobutyl)glycocyamidiize only by heating with concentrated hydro- 
chloric acid (106). 

Similarly, a-halogenoacetamides and their N-monosubstituted derivatives 
yield with the alkali salts of monosubstituted cyanamides substituted glyco- 
cyamidines (158, 159). The substituent of the cyanamide is supposed to appear 
in position 1 of the glycocyamidine ring, but this is proved rigorously only in 

XCHa 0 Hz C-C 0 

the case of the reaction of the aodium salt of benzylcyanamide with chloro- 
acetamide (196)6a. Moreover, it can be imagined that the anion of cyanamide 
(XLIII) may react, depending on the electronic properties of the substituent R, 
according to the mesomeric carbodiimide form (XLIV), yielding thus N2-sub- 
stituted derivatives of glycocyamidine. 

HtC-CO 

R’-N-CrN H R’-N=C=N: - HN NH 
(:) (-) XCHZCONHZ 1 I 

\C/ 
.. a .  .. .. 

XLIII XLIV 
AW 

Glycocyamidine cannot be obtained from chloroacetylguanidine; on treat- 
ment with alcoholic ammonia no cyclization occurs, but instead, a transacyla- 
tion, the result of which is the formation of chloroacetamide and guanidine 
(187, 189). 

From a,b-unsaturated acids or their derivatives only in one case was the 
formation of a glycocyamidine observed : namely, from ethyl phenylpropiolate 
which, on treatment with guanidine in alcoholic solution in the presence of 
sodium ethoxide, yields 5-benzalglycocyamidine (XLV) (250). 

+ + BIk NH 

CaHs CH=C-CO 
CtjH6 C s C  COOCzHs I 

H2N NH2 ‘C/ 

‘C/ AH 
XLV 

5-Benzalglycocyamidine 
AH 

D. Synthesis from ethyl S-alkylpseudothiohydantoates 
Ethyl S-ethyl-a-(N-benzoy1)pseudothiohydantoate (XLVII), obtained by 

the reaction of ethyl glycinate and the benzimide of ethyl dithiolcarbonate 
6s Added in proof: The same is true for the reaction of the sodium salts of phenyl- and 

p-ethoxyphenylcyanamide with chloroacetamide (196). 
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(XLVI) (317), yields with ammonia and amines in alcoholic solutions with 
evolution of ethyl mercaptan N-benzoylated a-guanidino esters which are able 
to split off ethanol and cyclize to benzoylated glycocyamidines (177). 
CHa COOCzHe 
I CH2 COO CzHs Hz C-C 0 0 CzH6 

NHa + 
CaH6S SCaHs 

\C/ kCOC,Hs NCOC6Hs II 

XLVI 

I RNHz I -C%HrOH 
-+ HN SCzHs HN NHR 

\C/ 
(-CzHaSH) 

/I 
\c' 

XLVII NCOC6Hs 

HzC- co HzC-- co 
I I 

HN ' NR + HI& NCOC6Hs 

\ C /  
II 

'C' 

4coc," NR 
XLVIII : R = CHa XLIX: R= CHr 

L: R - H  LI: R = H  

Although the N-benzoylglycocyamidines formed could not be separated into 
isomers, they were nevertheless mixtures of isomers, for, in the case of the methyl 
derivative, successive debenzoylation with alcoholic hydrochloric acid and 
condensation with benzaldehyde led to two different N-methyl-5-benzylidene- 
glycocyamidines, in one of which the methyl is attached to position 3 and in 
the other to position W (cf. Section 111,A). The main product of the reactions 
is the N2-benzoyl-3-methyl isomer (XLVIII) ; correspondingly, the product of 
debenzoylation contains mainly 3-methylglycocyamidine (177), identical with 
the substance obtained by the methylation of glycocyamidine (189). In the case 
of the reaction of XLVII with ammonia, the product leads on debenzoylation 
of course uniformly to glycocyamidine. 

E. Condensation of glyoxals and benzils with guanidines 
The well-known synthesis of hydantoins or thiohydantoins from the reaction 

of glyoxal or monoalkyl- and monoarylglyoxals with urea (107, 275) or thiourea 
(276, 277), respectively, may be extended to the synthesis of glycocyamidines, if 
guanidine is used instead of the urea or thiourea. 

NH 

il 
HN' \NH 

RCOCHO + 
I I 

RCH--CO RC---CH 
I I I I 

H2N NH2 -+ HN NH + H k  hH 
\C/ \C/ 

AH AH 
\c/ 

AH 
LII  
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Glyoxal and the hydrochloride of guanidine yield glycocyamidine on prolonged 
heating in aqueous solution; methylglyoxal leads similarly to 5-methylglyco- 
cyamidine (28). 

As in the hydantoin or thiohydantoin series, disubstituted glyoxals may lead 
to analogous products only in those cases where the glyoxal itself or the inter- 
mediate formed by its reaction with urea, thiourea, or guanidine, respectively, 
is capable of undergoing a benzilic acid rearrangement; that is, only the bends  
and other diarylglyoxals. Since the requirement for the benzilic acid rearrange- 
ment is alkalinity of the medium, the reaction must be performed in the presence 
of alkali.6b Thus the dimethyl ether of 5,5-dichlorosalicil (LIII) is transformed 
by heating with guanidine and alkali in alcohol solution to 5,5-bis(2-methoxy- 
5-chlorophenyl)glycocyamidine (LIV) (73) ; benzil leads similarly to 5,5-di- 
phenylglycocyamidine (73, 160). 

NH e 
Ar / 5 \  

- Ar I 

Ar C 0 C 0 Ar \ HN6 4” 

HzN NHz HN NH HA1 3” 

OH- /y-po CB& 8 - $c.& LIII 
+ 

\c/ \C/ \&/ 
AH AH AH 

LIV LV 
Ar = 2-CHa0-5-CICaHs-. 

As in the condensations with urea or thiourea, which yield, in addition to (231) 
or instead of (31, 272) hydantoins or thiohydantoins, “acetylendiureins” (gly- 
colurils) with guanidines, glycouril-2,5-diimide may be formed in addition to 
the glycocyamidine; e.g., in the reaction with beneil 7,8-diphenylglycoluril- 
2,5-diimide (LV) is formed as well as 5,5-diphenylglycocyamidine. These two 
products may be separated by means of their different basicity and solubility in 
water (56). 

Monosubstituted guanidines may be expected theoretically to lead to one or 
several of the three isomeric glycocyamidines, substituted in position 1, N2, or 
3. While the condensation of butylguanidine and glyoxal in aqueous solution 
under different conditions was tried unsuccessfully (28), some monosubstituted 
guanidines have been successfully condensed in the presence of sodium hydroxide 
in alcoholic solution with benzil, leading in good yields to glycocyamidines sub- 
stituted in position N2 (195).60 

6b Added in proof: However, N-benzylguanidine can be condensed with benail even in 
the absence of alkali t o  give a 60 per cent yield of 3-benzyl-5,5-diphenylglycocyamidine 
(195). 

60 Added in proof: This is, however, true only if relatively large amounts of alkali are 
used. If the amount of alkali is lowered or the condensation is performed in the absence of 
alkali, the isomeric glycocyamidine substituted in position 3 becomes the chief product 
(195). 
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HzN NHz 

\C/  

'C/ 
II 

NR 
II 
NR 

This reaction may be compared with the condensation of monosubstituted 
guanidines with malonic esters or a-carbethoxybutyrolactones, leading to bar- 
bituric acids in which likewise the unsubstituted nitrogen atoms of the guanidine 
have become members of the ring (278). 

HIC' \CO 
I I 

R' = R or HOCHzCHz- 

H2b-0 
F .  Synthesis from 2-thiohydantoins 

2-Thiohydantoins, being cyclic derivatives of thioureas (just as glycocyamidines 
are the corresponding derivatives of guanidines), several well-known reactions 
for the transformation of thioureas into guanidines (232) may be applied to the 
transformation of 2-thiohydantoins into glycocyamidines. The latter transfor- 
mation may be achieved either directly by desulfurizing the 2-thiohydantoin 
in the presence of amines or indirectly by the ammonolysis or aminolysis of the 
#-alkyl derivatives of the 2-thiohydantoins. The second procedure is in general 
more convenient. 

This type of reaction was first applied by Johnson and Nicolet for the synthesis 
of N2-methylglycocyamidine (LVII) (177), 

HzC-CO Hz C-C 0 Hz C-C 0 
1 1 CHsI I 1 excess CHaNHe HA NH I 
\C/  XC/ 

\C/ 
" " NH (heating) ' 

kCHa #CHs 
LVI LVII 

A 
the isolation of the intermediate 2-methylmercapto-2-imidazolin-4(or 5)-one 
(LVI) not being necessary. Similarly, 2-ethylmercapto-4-benzal-2-imidazolin- 
5-one (LVIII) yields with an alcoholic solution of methylamine Wmethyl-5- 
bensylideneglycocyamidine (LIX) : 

LVIII LIX LX 
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However, the yield in the latter case is low (177). Analogous reactions take place 
between 2-methylmercapto-4,4-(or 5,5)-diphenyl-2-imidazolin-5(or 4)-one and 
various primary amines, e.g., 2-aminoethanol (59), benzylamine (197), and 
secondary amines (52, 53), monoprimary monotertiary diamines (199), and 
hydrazine (311). The latter has also been subjected to the reaction with l-methyl- 
2-methylmercapto-4,4-diphenyl-2-imidazolin-5-one (LX), the dimethyl deriva- 
tive of 5,5-diphenyl-2-thiohydantoin (31 l ) ,  and the diamines mentioned 
above with the S-methyl derivatives of various other 2-thiohydantoins (200). 
The reaction is best performed by heating the alkylmercaptoimidazolinone and 
the amine in alcoholic solution, the necessary temperature depending on the 
nature of the amine used: primary amines react smoothly a t  temperatures about 
100°C., but the reaction with secondary amines needs higher temperatures. 2- 
Methylmercaptol,4(0r 5,5)-diphenyl-2-imidasolin-5(or 4)-one may be trans- 
formed into 5,5-diphenylglycocyamidine by heating in acetic acid solution with 
ammonium acetate (195). 

LXIa: Y = 0 
LX1b:Y = S 

LXI1a:Y = 0 
LXIIb: Y = S 

The reaction proceeds also with molecules which are more complicated than 
those mentioned: e.g., l-methyl-3-phenyl-5-(3-ethylbenzoxazoli~~-2-ylidene- 
ethylidene)-2-thiohydantoin (LXIa) and the corresponding derivative of benz- 
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thiazoline (LXIb) yield, by successive treatment with methyl p-toluenesulfonate 
and aniline in the presence of an alcoholic solution of trimethylamine, N2,3- 
diphenyl - 5 - (3 -ethylbenzoxasolin - 2 - ylideneethylidene) creatinine (LXIIa) and 
the corresponding derivative of benzthiazoline (LXIIb) (174). 

Except for this latter reaction and that with hydrazine (311) mentioned above, 
this reaction has never been applied to the synthesis of glycocyamidines sub- 
stituted in positions 1 and/or 3. The cause of this is the sluggish reaction of 8- 
alkyl derivatives of thiohydantoins substituted in position 1 and/or 3 with 
ammonia and amines. Thus, 1-methyl-2-methylmercapto-4,4-diphenyl-2-imid- 
azolind-one (LXIIIa) could not be brought to react with diethylamine in spite 
of applying much more energetic conditions than those needed for the smooth 
occurrence of the analogous reaction with 2-methylmercapto-4,4(or 5,5)-di- 
phenyl-2-imidazolin-5(or 4)-one (LXIIIb) (53). Similarly, the S-alkylated thio- 
hydantoins of the types LXIV and LXV could not be transformed into the cor- 
responding glycocyamidines, or a t  best with very low yields, by heating them 

I I I I I I 
(C.3&)2 c=Co ( C.3&)2 c-c 0 (C6Hfi)zC-CO 

N NR’ N N(CHZ)~NRZ N NR 
\c/ \c/ \c/ 

$CHs 
LXIIIa:  R = CH3 
LXIIIb: R = H 

ACHa 
LXIV 

$R 
LXVa: R = R’ = CH3 
LXVb : R = R’ = CsHs CHz 
LXVC: R = CHs, R’ = C B H ~ C H ~  

with alcoholic ammonia (197, 198). However, by performing the latter reactions 
in the presence of ammonium salts, e.g., ammonium chloride, iodide, or acetate, 
the transformations were achieved smoothly and under much less vigorous con- 
ditions (197, 198). The catalytic activity of the ammonium salts on the am- 
monolysis of LXIV and LXV, which is a case of acid catalysis, may be considered 
as a parallel to the behavior of the same substances toward acids and bases; 
while being stable toward bases, they are transformed by acids even a t  room 
temperature slowly into the corresponding hydantoins. 

SCH3 
LXIV 

6 

As already mentioned, 2-thiohydantoins may be transformed also directly 
into glycocyamidines (103). This may be achieved by heating their alcoholic 
solutions in the presence of iodine and advantageously with pyridine (197) and 
ammonia or amines (62). 
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R = H, CaHaCHz; Y = CHa, 0. 

However, the yields are not good. The oxidation and the aminolysis may be 
performed also in separate steps; e.g., Huppert has obtained derivatives of 
hydantoinimide from mixtures of amino acids (protein hydrolysates) by treating 
them in mildly alkaline solution with carbon disulfide, then oxidizing the sul- 
furized products to disulfides, and finally treating the latter with ammonia, am- 
monium salts, or amines (166). Consequently, the mechanism of the direct 
transformation of 2-thiohydantoins into glycocyamidines may perhaps be formu- 
lated according to the following scheme: 

II 
NR 

Sometimes the 2-thiohydantoins may react with amines even in the absence 
of oxidizing agents; e.g. 5,5-diphenyl-2-thiohydantoin yields with aniline (31 l) ,  
2-aminoethanol (59; cf. 58), and phenylhydrazine (311) N 2 ,  5,5-triphenyl-, N2- 
(@ - hydroxyethyl) - 5,5  -diphenyl - , and N2 - (phenylamino) - 5,5  - diphenylglyco- 
cyamidine (LXVI), respectively. 

(c 6 H6)z c--- c 0 

HI& NH 

(CeHs)zC--CO 
RNHz HA NH I 

___) 
I 

LXVIa: R C6Ha 
LXVIb: R = HOCHzCHz 
LXVIC: R = C B H ~ N H  
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Similarly, the reaction of 5 , 5-dimethyl-2-thiohydantoin-4-imide (LXVII) with 
hydrazine furnishes the 4-imide of N2-amino-5, 5-dimethylglycocyamidine 
(LXVIII) (311). 

(CHa)2C- C-NH ( C H S ) ~  C-C-NH 
NaHa I 

HI& NH - I 
HI& NH 

\C/ 
II 

\C/ 

"Ha 
ll 
S 

LXVII LXVIII 

However, the aminolysis always proceeds much more smoothly after preliminary 
8-methylation (59,311). 

In the 2,4-dithiohydantoins the reactivity of the thiocarbonyl group in posi- 
tion 2 is less than the reactivity of the one in position 4. Therefore 5,5-diphenyl- 
2 , 4-dithiohydantoin furnishes with 2-aminoethanol the 4-(&hydroxyethylimide) 
of 5 , 5-diphenyl-2-thiohydantoin; 1,3-dimethyl-5 , 5-diphenyl-2 , 44hiohydantoin 
reacts similarly (59; cf. 151). 

G. Rearrangement of 2- and 4(0r 6)-arylhydraxoimidazoles 
It was observed by Fargher and Pyman that 2-benzolazoimidazole (LXIX) 

may react with certain reducing agents to yield glycocyamidine among other 
products. Thus, stannous chloride reduces it partly to 2-aminoimidazole (LXXI), 
the normal product, and partly to  2-amino-4(or 5)-(p-aminophenyl)imidazole 
(LXXII), which is the product of a benzidine rearrangement. The reduction 
with zinc dust and acetic acid yields LXXII and glycocyamidine. The formation 
of the latter may be explained by assuming a semidine rearrangement of the 
intermediate 2-phenylhydrazoimidazole (LXX) leading to 2-amino-4(or 5)- 
phenylaminoimidazole (LXXIII) which, under the conditions applied, suffers 
hydrolysis to glycocyamidine : 
HC- CH 

I 
HA N 
\/ 

I 
N-N c eHs 
LXIX 

($LOOH 

i 
HC-CH 

I I 

HC= CH HC-C CeH4 NHa-?, 
I N  I + HA N I 

HN 
____f SnClz + HCl \/ 

I 
NHz 

I 
NHz 

LXXI LXXII  

\Zn + \ 
\CH~COOH 

HC-C C~HINHZ-p HzC- co 
I + HA NH 

I \--+ 
HA N 

\c/ 'C' 

"a I AH 
LXXII Glycocyamidine 

HzO 1 HC- CNHCeHs 
I 

+ :I& N 
\c/  

I 
NHa 
LXXIII  

I 
NHNHC6He 
LXX 
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Similarly, 2-benzolazo-4(or 5)-methylimidazole (LXXIV) furnishes on reduction 
with zinc dust and acetic acid small quantities of alacreatinine (103; cf. 47). 

CHs C= CH CHs CH-C 0 
I Zn + CHaCOOH I - HA NH I N  HN 

\C’ 

N=NCsHs I AH 
LXXIV 

The behavior of 4(or 5)-benzolazo-5-(or 4)-methylimidazole (LXXV) on re- 
duction is wholly analogous (102, 103). 

Zn + CHaCOOH I 
CHaC-CNHt 

I I 
N NH 

Xc/ 
I 

H .  Other sgntheses 

During their well-known investigations on the wing pigments of butterflies 
Wieland and Purrmann degraded leucopterin inter alia to “iminohydantoin- 
oxamic acid” (LXXVI) and “iminohydantoinoxamide” (LXXVII) . The latter 
could have been transformed by successive treatment with hydrochloric acid 
and potassium cyanate to “2-imino-5-aminohydantoin” (LXXVIII) and “2- 
iminoallantoin” (LXXIX) (318). All these compounds are derivatives of 5- 
aminoglycocyamidine. 

By exhaustive chlorination of theobromine, y-methyl-y- (2,4,5,5-tetra- 
chloro-l-methyl-2-imidazolin-4-yl)allophanyl chloride (LXXX) was obtained by 
Todd and Whittaker, which, on treatment with arylamines, may be transformed 
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Leucopterin + 

HOOCCONHCH-CO HzNCOCONHCH-CO 
I I I I 

/I 
h H  ii NH 

LXXVI LXXVII 
1 HCl 

HaNCONHCH--CO HzNCH-CO 
I 

HI& NH 
I I KOCN 

HN NH f 

\C/ \C/ 

NH I/ AH 
LXXIX LXXVIII 

“2-Iminoallantoin” “2-Imino-5-aminohydantoin” 

to  1,5-diarylbiuret (LXXXI) and to derivatives of the triimide of parabanic 
acid of either type LXXXII or type LXXXIII. By hydrolysis with hydro- 
chloric acid the arylimino and imino groups of both types of compounds may be 
eliminated successively, the 2-imides of parabanic acids (LXXXIVa) and the 
free acids (LXXXIVb) being formed. Further hydrolysis of the former may lead 

/CH3 
Theobromine __f clz A0CClz-N 

\CCl - 
HN-COCl 

ArNHn 

CHgN- 1L-d 
NHC ONHAr ArN=C- C=NAr 

bo + A r k  NCHa 

AI  

I LXXX 

Ar AH ‘C/ 

LXXXI AH 
1,5-Diarylbiuret LXXXII 

ArNHi I I 

// 
oc-co 

ArA NR /HC1 
I 

/ 
I( 

\HCI 
\c/ i i  

\ 
I1 
0 

LXXXIVb oc-co ArN-C-C-NAr 
R=CHa, Ar I 

A r k  NR ’ ArN NAr 

/ / \c/ \C/ 

AH 4r3 I( 

LXXXIVa LXXXIII  ArNH HNR 

\C/ R= CHs, Ar 
I /  
NH 

R=CH,,  Ar 
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also t o  guanidines (298). Some of the substances mentioned in this paragraph are 
related to  glycocyamidine; however, since they cannot be considered rigorously 
as derivatives of glycocyamidine, they will not be treated further here. 

111. SUBSTITUTION REACTIONS OF GLYCOCYAMIDINES 

A .  Alkylation 

On treatment with alkyl halides or sulfates derivatives of glycocyamidine 
yield N-alkyl derivatives. Depending on the conditions applied, one or two alkyl 
groups may be introduced. That the alkyl groups are attached to nitrogen and 
not to carbon (C6) or oxygen (enol ethers) is proved by oxidative degradation; 
oxidation of glycocyamidines alkylated by alkyl halides or sulfates leads always 
to oxalic acid and substituted guanidines (cf. Section IV,C). 

HQC-CO HzC-CO HsC-CO 
I 

R k  NR’ 
R’X - I 

R k  NR’ 
R’X 
d 

I 
R k  NH 

\C/ \C/ ‘C / 
AH AH 

LXXXV 

KMnO4 I 
RNHCNHR’ 

AH 
LXXXVI 

I /  
NR’ 

KMnOi 1 
RNHCNHR‘ 

AR’ 

R = H, CHa. 

However, the result of the oxidative degradation is not sufficient for complete 
proof of the structure of the monoalkylated compounds; for example, LXXXVII 
furnishes on oxidation the same guanidine (LXXXVIII) as the isomeric 
LXXXV. 

HzC-CO 

NR’ 
LXXXVII 

R = H, CHs. 

LXXXVIII (E LXXXVI) 

Before the theory of the tautomerism of substituted guanidines was correctly 
elaborated, the guanidines representated by formulas LXXXVI and LXXXVIII 
were considered by some authors as different substances. Therefore from the 
experimental fact that creatinine and the so-called a-methylglycocyamidine, 
obtained by the methylation of glycocyamidine with methyl iodide and not 
identical with creatinine (189), yield on oxidation the same methylguanidine 
(LXXXVI), it was concluded that in a-methylglycocyamidine the methyl group 
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is attached to position 3 and not to N2 (155, 193, 260, 263). This evidence, of 
course, cannot be accepted (177, 261, 262). 

That a-methylglycocyamidine is really 3-methylglycocyamidine (LXXXIX) 
was proved by its condensation with benzaldehyde, which leads to an N-methyl- 
5-benzylidene glycocyamidine (XCI) insoluble in aqueous sodium hydroxide, 
while a third N-methylglycocyamidine (XC), likewise not identical with creat- 
inine, yielded on similar treatment an N-methyl-5-benzylideneglycocyamidine 
(XCII), which was soluble in aqueous sodium hydroxide. The solubility in 
aqueous alkali pointed to the presence of an imide hydrogen in XCII and con- 
sequently in XC; insolubility in alkali indicated the absence of it in XCI and 
consequently LXXXIX (177). 

HzC-CO HzC-CO Hac-CO 
I 

HA NH 
I 1 CHaI I I 

HN NH - HN NCHa 

‘C/ \C/ \C/ 

, AH AH 
LXXXIX 

ACHa 
xc 

CsHaCHO 
CHaCOOH, CHsCOONa 

I 

CsHsCHO 
(CHaCOOH, CHsCOONa) 

CtHs CH=C-CO 
I I 

I 
CeHS CH-C-C 0 

I 
H h  hCH8 

‘C/ 

H h  h H  

‘C/ 

AH ACHa 
XCI XCII  

(alkali-insoluble) (alkali-soluble) 

Under similar conditions creatinine may be converted to a monomethyl de- 
rivative (190). This was considered by Cornthwaite to be the W-methyl de- 
rivative, because it could have been transformed by condensation with 
benzaldehyde to N2-methyl-5-benzylidinecreatinine (XCIII) (67), the structure 
of which was already known (228) (see Section II1,C). However, as was pointed 
out later by Zeile and Meyer, the evidence furnished by Cornthwaite may not 
be accepted, because, under the conditions applied, a transitory opening of the 
ring of the methylcreatinine could have occurred (322). On the contrary, Zeile 
and Meyer proved the methylcreatinine obtained by the methylation of creat- 
inine to be 3-methylcreatinine (XCVII), because on treatment with nitrous 
acid it furnishes, depending on the conditions applied, either “methylcreatinine 
oxime” (XCIV) or “dimethylhydantoin oxime” (XCV) ; the latter could be trans- 
formed by hydrolysis with hydrochloric acid to N ,  N’-dimethylparabanic acid 
(XCVI) (322). The reactions mentioned are pictured in the scheme on page 696. 

By analogy to this the ethylcreatinine (223, 224) and benzylcreatinine (153) 
obtained from creatinine by ethylation with ethyl iodide, or by benzylation 
with benzyl chloride, may likewise be considered as derivatives substituted in 
position 3. 
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HzC-CO 

” 
He C-C 0 HON-C-CO HON-C-CO 

I I HNO I I I 
CHsN NCHI 2 CHsN NCH, or C H t k  NCHa 

\C/ 
/ I  

XCVII XCIV xcv 

\C/ \C/ 

AH a x  AH 0 

NaaCO: I 
HeC-COOH 

CH3k NHCH, 

CsHdlHO 
(heating) 

I 

I 
C6H5 CH-C-C 0 

I 

IHCI 

oc-co 
I 1 

CHsN NCHa 

‘C/ 

8 
XCVI 

II 
NCHs 

XCII I  

On treatment with further quantities of alkylating agents the monoalkyl- 
creatinines may be transformed into N2,3-dialkylcreatinines, e.g., the dimethyl- 
(XCVIIIa) (190), the N2-methyl-3-ethyloreatinines (XCVIIIb) (155), as well 
as diethylcreatinine (XCVIIIc) (155). The structure of the latter substances is 
proved by their oxidation with potassium permanganate, which leads to 
N ,N’ , N”-trialkylguanidines (193). 

HzC-CO HzC-CO 

CHsN NR 
I I R‘I I I 

CHsN NR __f 

\C/ \C’ 

AH AR’ 
R = CHI, C z a  XCVIIIa: R = R‘ = CH3 

XCVIIIb: R = C z a ,  R’ CH3 
XCVIIIC: R = R’ = CZH5 

KMnO4 
XCVIIIa - CHaNHCNHCHz 

II 
NCHs 

The dianilide (XCIXa) as well as the diphenyl ester (XCIXb) of creatinine- 
phosphoric acid yield on treatment with methyl sulfate the corresponding 3- 
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methyl derivatives, the structure of which is proved by their degradation to 
N , N'-dimethylparabanic acid (C) (322). 

H2C-CO Hz C-C 0 oc-GO 
I I (CHdzSO4 I I (1) CrHiiONO I I 

f CHsN NCHa CHIN NH CHsN NCHa (2) HCI 

\C' \C/ 
NaOH 

\C/ 

&-PO(YC.&)z APO(YCOHj), 8 
XCIXa: Y = NH 
XC1Xb:Y = 0 

C 

Among the glycocyamidines substituted in the 5-position , 5-benxylideneglyco- 
cyamidine furnishes on treatment with methyl iodide a 3-methyl derivative 
(XCI), insoluble in aqueous alkali (177) ; however, 5-benaylidenecreatinine 
yields on similar treatment the N2-methyl derivative (CI) (228). The structure 
of the latter is proved by the fact that, on hydrolysis by aqueous barium hy- 
droxide, it yields, in addition to methylamine, 1-methyl-5-benzylidenehydantoin 

C6H&CH=C-C0 
I I 

HfJ h H  

\C/ II 

CHsI 
KOH ' 

1ISH 

6 
CII 

(CII) in nearly theoretical amounts and without formation even of traces of 
ammonia (228).6 By analogy with this the product formed by the methylation of 
5-furfuralcreatinine (67) may also be considered as an N2-methyl derivative. 

Since the ring of glycocyamidines is in general unstable toward alkalis, the products 
formed on alkaline hydrolysis are in general not considered as proofs of structure. However 
(see Section IV,A), as is well known, the ring opeiiing of aldehyde condensation products 
of glycocyamidines (as well as of hydantoins) by alkaline hydrolysis presents difficulties ; 
moreover, the recyclization of the ring requires energetic treatment with acids. Therefore 
the proof of structure presented may be accepted (228). Against the structure C I  one sole 
objection might be raised : namely, that the methyl-5-benzylidenecreatinine is not readily 
soluble in cold dilute aqueous alkalis, and this behavior would be more consistent with 
structure CIII. However, this objectlion is invalidated by the fact that  5-benzylidene- 
creatinine itself is only difficultly soluble in cold dilute alkalis (228). 

CeH5CH=C- 

CI I I  
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N2-Acetyl-5-benzylidenecreatinine (CIV) may be methylated in the form of 
its potassium salt by methyl iodide to the 3-methyl derivative, which undergoes 
degradation by successive treatment with hydrochloric acid and potassium 
permanganate to N ,N’-dimethylparabanic acid (163). 

CHaI 1 HC1 - KOH CHaA NCHa - 
i 
NCOCHa 

5,5-Diphenylglycocyamidine is methylated by methyl iodide to the 3-methyl 
derivative (196a) and benzylated by benzyl chloride to the 3-benzyl derivative 
(197). 

By chemical means the methylation of glycocyamidine or its derivatives in 
position 1, that is, to creatinine or derivatives, has not yet been effected. How- 
ever, the animal body is capable of effecting this reaction. In the body glyco- 
cyamidine may be transformed by successive hydrolysis and methylation to 
creatine (21), and the latter cyclizes to creatinine, as already mentioned (see 
Section 11,A). The methylation of creatine is catalyzed by thyroxine; the methyl 
group comes from methionine (42), which in turn obtains it from choline (303) 

B. Acglation 
The behavior of creatinine toward acylating agents was first examined by 

Urano, according to whom creatinine is acylated by benzoic anhydride to 
benzoylcreatinine (303). That the benzoyl group is attached to one of the nitro- 
gen atoms is proved by the fact that benzoylcreatinine is oxidized by potassium 
permanganate to N-benzoyl-N‘-methylguanidine (129). The same benzoyl- 
creatinine may be obtained by similar treatment from creatine (303). Later a 
product obtained from creatinine by treatment with benzoyl chloride was thought 
erroneously to be an isomer of the benzoylcreatinine already known (129), but 
finally it proved to  be either a mixture of mono- and tribenzoylcreatinines (163) 
or another crystalline modification of benzoylcreatinine (137). By using benzoyl 
chloride in great excess, tribenzoylcreatinine (CV) could be obtained in pure 
form (129) ; it is considered to be a derivative of the enolic form of creatinine (129). 

I 
HC-CO c 0 CeHs 

CHIT& NCOCaHs 

‘C’ 

4c 0 CGHS 
cv 
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With phthalic anhydride creatinine yields not an acyl derivative, as formerly 
thought (303), but simply a salt, dicreatinine phthalate (167). The same product 
is obtained from creatine (303). 

With acetic anhydride a t  60-65°C. creatinine furnishes a monoacetyl deriva- 
tive (CVI) in 70 per cent yield; by elevation of the temperature the yield is con- 
siderably lowered and at  140°C. no monoacetylcreatinine is formed. From the 
mother liquors another product was obtained, which is hydrolyzed by water to 
“diacetylcreatine” (XXII) (168) (cf. Section 11,A). Since, as will be shown in 
Section III,C, in 5-benzylideneacetylcreatinine (CVII), obtained by the treat- 
ment of creatinine with benzaldehyde in the presence of acetic anhydride (loo), 
the acetyl group is attached to the acyclic nitrogen (168) and the acetylcreat- 
inine mentioned above may be transformed by similar treatment to the same 
product (168), the structure CVI follows for acetylcreatinine (168). 

HzC-CO 
I I 

II 
NCOCHs 

CVI 

H*C-CO C6Hs CH-C-CO 

CHaN NH 
1 CeHsCHO + (CHsC0)aO I I I 

CHaN NH 

‘C/ ‘C/ 

RH RCOCH, 
Creatinine CVII 

With diphenyl phosphorchloridate in boiling acetone creatinine yields the 
diphenoxyphosphoryl derivative (CVIII) (168). The same product may be ob- 
tained by heating creatinine or creatine with phosphorus oxychloride and then 
treating the creatininephosphoric acid dichloride (CIX) formed (320,322), which 
was thought for some time to be isocreatinephosphoric acid dichloride (323),’ 
with sodium phenoxide (322). Similarly, with aniline CIX yields the dianilide 
(CX) of creatininephosphoric acid (322). In all these compounds the phosphoric 
acid residue is attached to N2, which was proved by methylating CVIII with 
methyl sulfate to the 3-methyl derivative, which latter, by successive treatment 
with amyl nitrite and hydrolysis with hydrochloric acid, was transformed to 
N ,  ”-dimethylparabank acid (322). 

By analogy with these, all known monoacyl derivatives of creatinine-viz., 
benzoylcreatinine (168, 303), salicyloylcreatinine (256, 288), sulfanilylcreatinine, 

7 In aqueous sodium hydroxide solution with cooling creatine and phosphorus oxy- 
chloride yield crealinephosphoric acid, identical with the substance from natural sources 
(321). 
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and acetylsulfanilylcreatinine (65, 251)-are likewise considered as N2-acyl 
derivatives . 

I 
H2C-COOH HeC-GO 

I 
CHak NH CHsN NHz 

\d \C/ 

AH \ CsHaNH; ,7 d P 0  (“Ce Hs)z 
cx 

I 
CsHsONa 

Creatine )=* CHJk NH 

HzC-GO / \C’ 7 HeC-GO 

CHak NH 
II 
NPOClz 

I 
C H t k  NH 

CIX \c/ 
(CsHs0)aPOCl / &Po (0 C6Hs)z 

\ 
‘c/  \ 

AH 
Creatinine CVIII 

1 ( C H ~ S O I  

oc-co HON-C-CO HzC-GO 
I I HCI I CaHiiONO I I 

CHsN NCHg CHsk NCHo CHsN NCHs- 

\C/ \C/ \C/ 
APO(OCOHS)~ &Po (0 C&)z 

II 
0 

Both from glycocyamidine and from alacreatinine only one acyl derivative, 
the corresponding benzenesulfonyl derivative (CXI) obtained by treatment 
with benzenesulfonyl chloride in alkaline solution, is known (28). In these, the 
benzenesulfonyl group is attached to position 1, because hydrolysis under acidic 
conditions leads to the corresponding 1-benzenesulfonylhydantoins (CXII) and 
further hydrolysis under alkaline conditions to N-benzenesulfonylglycine or 
N-benzenesulfonylalanine (28) : 

HN NH Ce%S02N NH --+ CeHssO2k NH 

RCH-CO RCH-GO RCH-GO 
I I CsHaSOeCl I 1 HC1 I 

\C/ \C/ \C/ 

AH 

R=H,  CHa. 

II 
NH 

/I 
0 

CXI CXII  
RCHCOOH 

NaOH - C e H s S O s h  

The di- and triacetyl derivatives of creatinine are likewise known (168). Their 
mixture is formed by treating creatinine with an excess of acetic anhydride at 
100°C.; the main product of the reaction under these conditions is, however, an 
amorphous substance soluble in water and yielding by hydrolysis the already 
mentioned “diacetylcreatine” (XXII) . 

Since diacetylcreatinine gives with ferric chloride a color reaction character- 
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istic of enolic substances, it  cannot be an O-acetyl derivative; hence its structure 
is either CXIII or CXIV. For some reasons, which today can not be accepted, 
the former was thought by Ing to be more probable (168) (c f .  Section V,C). On 
the other hand, triacetylcreatinine is considered by analogy with the tribenzoyl 
derivative to be an enol acetate (CXV) (168). 

HzC-CO HtC-CO HC-CO C OCHs 
I CHsk N I 

CHsk NCOCHs 

‘C’ 

I 
CHsA NCOCHs 

ACOCHs 
CXIII  

C. Condensation with aldehydes 
Like the hydantoins the glycocyamidines may be condensed with aromatic 

aldehydes to yield 5-arylidene derivatives. However, in contrast to hydantoins 
substituted in position 1, which may be condensed with aldehydes only with 
difficulty or not a t  all, creatinine, as well as other glycocyamidines substituted 
in position 1, is capable of being smoothly condensed. The condensation of glyco- 
cyamidines with aliphatic aldehydes has not yet been tried, perhaps because the 
condensation of these with hydantoins presented some difficulties. However, 
recently the condensation of 2-thiohydantoin with isobutyraldehyde has been 
performed in good yields, according to a new method using aqueous ammonia as 
medium (23), and this method can perhaps be successfully adapted to glyco- 
cyamidines. 

The condensation of glycocyamidines with aromatic aldehydes may be effected : 
( a )  by heating of the components a t  14O-18O0C. (this may be performed also in 
solution in acetamide (69)s); (b)  by heating the components in acetic acid solu- 
tion in the presence of condensation agents of either basic (sodium acetate) or 
acidic (sulfuric acid) (71) character; (c) by heating the components in acetic 
anhydride and eventually in the presence of sodium acetate; (d)  by heating the 
components in pyridine and eventually in the presence of small amounts of 
piperidine. (For reviews on the condensation of creatinine with aromatic alde- 
hydes, see references 61 and 78.) 

If the condensation is effected by method (c) ,  it is accompanied by acetylation 
both in position N2 of the glycocyamidine and, if present, on the phenolic hy- 
droxyl of the aldehyde component. N2-Butyryl derivatives may be prepared 
similarly (247). The acetyl derivatives may also be prepared by subsequent 
acetylation of the aldehyde condensation products obtained by another method 
(60, 79, 139). 

The condensation product of creatinine first investigated was N2-acetyl-5- 
benzylidenecreatinine (CXVIIa) , prepared by heating creatine with benzaldehyde 
and acetic anhydride and originally considered to be the 3-acetyl derivative 
(CXVI) (100). Since, however, the compound is of acidic character-viz., it  is 
soluble in alkalis and furnishes a potassium salt which may be methylated by 

In this condensation benzaldehyde may be replaced by benzylideneaniline (243). 
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TABLE 2 
Aldehydes condensed with creatinine 

Aldehyde 

Benzaldehyde. . . . . . . . . . . . . . . . .  

o-Chlorobenzaldehyde ........ 
m-Chlorobenzaldehyde. , , . , . , . 
p-Chlorobemaldehyde. . . . . . . .  
p-Bromobenzaldehyde 
Ij-Iodobenzaldehyde . . . . . . . . . .  
m-Nitrobemaldehyde. ........ 
@-Nitrobemaldehyde ......... 
Salicylaldehyde. . . . . . . . . . . . . . .  

m-Hydroxybemaldehyde ..... 
p-Hydroxybenzaldehyde.. . . . .  

o-Methoxybenzaldehyde . . . . . .  

m-Methoxybenzaldehyde.. .... 
Anisaldehyde. ................ 
o-Ethoxybenzaldehyde. . . . . . . .  

[ethod 

a 

a 

a 
a 
a 

C 

C 

II 

0 

a 
C 

C 
a 

d 
a 

C 

C 
C 
a 

a 
0 

References 11 Aldehycde 

2,4-Dimethoxybenzaldehyde.. ... 
Vanillin. ......................... 

!i:; I/ Piperonal ........................ 
(81) 

3,4,5-Trimethoxybenzaldehyde.. 

p-Tolualdehyde. . . . . . . . . . . . . . . . . .  
Cinnamaldehyde. ................ 
p-Hydroxyoinnamaldehyde ...... 
Furfural ......................... 
2-Thiophenaldehyde . . . . . . . . . . . . .  
3-Thiophenaldehyde . . . . . . . . . . . . .  
Imidazole-4 (or 5)-aldehyde, . . . . . .  

Methoi 
- 

a 
d 
a 

d 
a 
b 

d 
a 

a 
d 
a 
a 
a 
a 

C 

C 

C 

C 

0 

C 

References 

methyl iodide to the 3-methyl derivative (CXVI1b)- the acetyl group must be 
attached to N2 (168). 

CeHtCH=C-CO CaHr, CH=C-CO 
I 

CHrk NR 
I I 

CHaN NCOCH‘ 

‘C/ ‘C’ 

AH &COCH* 
CXVI CXVIIa: R-H 

CXVIIb: R=CHg 

Other 5-arylidenecreatinines obtained from a derivative of creatine are N2- 
methyl-5-benzylidene- and N2-methyl-5-furfuralcreatinine (67 ; cf. 322), which 
were prepared from w-(N-methy1)creatine by method (a). Some aromatic and 
heterocyclic aldehydes condensed with creatinine are shown in table 2. 

Besides creatinine, some other derivatives of glycocyamidine have been con- 
densed with aldehydes: glycocyamidine and N2-methylglycocyamidine with 
benzaldehyde according to method ( b )  (177) ; 3-methylcreatinine with furfural 
according to method ( a )  (68)9; some 1 , N 2 ,  3-triarylglycocyamidines with m- 
nitrobenzaldehyde (72) ; and finally the dianilide of creatininephosphoric acid 
(CX) with p-hydroxybenzaldehyde and anisaldehyde according to method (d) 
(322). 

@ In this case, 3-methylcreatinine was condensed with furfural under conditions under 
which a transitory opening of the cyamidine ring could have occurred; the situation is anal- 
ogous to that in the condensation with benzaldehyde (67, 322; see above) and therefore 
the N2-methyl derivative might have been formed. 
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Method (a) yields, in addition to the condensation products of composition 
1: 1, products of other composition (69); e.g., in the condensation of creatinine 
with cinnamaldehyde, furfural, furfurylideneacetaldehyde (68), and p-hydroxy- 
benzaldehyde (81) and of 3-methylcreatinine with furfuralg (68; see, however, 
60). These products were considered originally as dialdehyde-monocreatinine 
condensation products and their structures (CXVIII) believed to be derivable 
from the amino tautomer (see Section V,C) of creatinine (81) ;later it was shown 
that they were rather trialdehyde-dicreatinine condensation products and their 
structures were supposed to be as shown in formula CXIX (69). 

ArCH=C- co ArCH=C-CO OC-C=CHAr 
I I I I 

CHak NH HN NCH, CH& N 

\C/ ‘C’ 

N=CHAr I R i4 
CXVIII \\ // 

\CH’  

Ar 
CXIX 

However, the point of attachment of the arylidene bridge is not yet proved 
rigorously; considering that N2 is more basic than N3, the attachment designated 
in CXIX seems more probable than the alternative one, viz., to positions 3 and 
3‘. 

The nature of the condensation products depends on the reactivity of the 
aldehyde used as well as on the temperature; a t  140-150°C. the aldehydes ex- 
amined furnished with only two exceptions (m-chloro- and p-nitrobenzaldehydes) 
1 : 1 products, but gave 2: 3 products a t  180°C. m-Chlorobenzaldehyde furnishes 
the 2 : 3 product a t  140-150°C. (60). Therefore 5-(m-chlorobenzylidene)creatinine 
may be prepared only by an indirect route, viz., by desacetylation of the N2- 
acetyl derivative. p-Nitrobenzaldehyde reacts with creatinine a t  140OC. to give 
a mixture of the 1:l and 2:3 products (79). 

Trialdehyde-dicreatinine condensation products may be obtained also by 
heating the arylidenecreatinine (1 : 1 product) with a further quantity of the 
aldehyde to 175OC. (69). 

The reaction with formaldehyde is different from that with aromatic aldehydes; 
by prolonged heating formaldehyde furnishes with creatinine a bis(hydroxy- 
methyl) derivative of the structure CXX (172). 

H%C-CO 
I I 

NCH* OH 
cxx 
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D. Other substitution reaetions 
By treating creatinine, dissolved in cold dilute nitric acid, with sodium nitrite 

the 5-oxime of 1-methylparabanic acid (CXXII) is formed as the main product 
and some 5-isonitrosocreatinine (CXXI) is also formed (268). The former is ap- 
parently a product of hydrolysis or deamination of the latter. 3-Methylcreat- 
inine reacts similarly, as does the diphenyl ester (CVIII) of 3-methylcreatinine- 

Creatinine CXXI CXXII 

phosphoric acid (322). 
Isonitrosocreatinine is likewise formed by treating creatinine in alkaline solu- 

tion with sodium nitroprusside (Weyl color reaction for creatinine (316)) and 
subsequently acidifying with acetic acid (192, 258, 268, 316). Originally this 
substance was thought to be nitrosocreatinine (192). 

Creatinine also condenses with diphenylformamidine, but the nature of the 
product is yet unknown (243). Perhaps, by a reaction analogous to that with 
1 , 3-diphenyl-2-thiohydantoin, aniline is split off and 5-(anilinomethy1ene)- 
creatinine (CXXIII) is formed. 

CsHsNH HzC-CO C6Hs N H C H x  C- C 0 
I 

CEIak NH 
I 

‘CH + CHsh NH 3 

‘(2’ 
I/  

\C’ 
// 

CsHsN 

NH 
I1 

NH 
CXXIII  

Creatinine does not couple with diazobenzenesulfonic acid (241). 

IV. OTHER REACTIONS O F  GLYCOCYAMIDINES 

A .  Hydrolysis by acids and bases 
As already mentioned, glycocyamidines and a-guanidino acids are related 

genetically. The transformation of the latter into the former has been discussed ; 
the reverse transformation will be discussed in the first part of this section. 

The transformation of glycocyamidines into a-guanidino acids is a somewhat 
delicate task. The bond between C4 and N3 is, no doubt, disrupted by several 
basic reagents; however, the bond between N1 and C2 is scarcely more stable 
toward the same reagents. Therefore glycocyamidines are easily transformed by 
bases to urea and a-amino acids instead of a-guanidino acids (see page 705). 

As already mentioned, the transformation creatine e creatinine is reversible; 
therefore creatinine may be hydrolyzed in aqueous solution partly to creatine 
(76). This reaction takes place also in urine,-rather rapidly a t  room temperature 
and yet a t  4°C. with measurable velocity (164). The same reaction takes place 
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also in the organism and its velocity is the same as in aqueous solution; conse- 
quently this is a nonenzymatic reaction. Glycocyamidine is similarly hydro- 
lyzed in the organism (21). 

Ra C-C OOH 

RA NHa 

'C/ 

// AH 
R~C-CO 

OH- / 
_I- 

I 
\ R k  NH 

''y R2C-COOH 
\C' 

AH + GO("& 
RAH 

The hydroiodide of 3-methylglycocyamidine is transformed into w-(N-methyl)- 
glycocyamine by treatment of its aqueous solution with silver oxide and subse- 
quent evaporation to dryness (189). Creatinine is hydrolyzed to creatine by 
treating i t  with calcium hydroxide (203) or dilute ammonia (76), by heating with 
lead oxide (152), or by evaporating to dryness with ammonia (152). According 
to other statements however, mild heating with concentrated ammonia does not 
cause hydrolysis (25). 

The glycocyamidines corresponding to the a-amino acids occurring in nature, 
e.g., 5-(p-hydroxyphenyl)glycocyamidine, are hydrolyzed by 0.5 per cent aqueous 
ammonia a t  105°C. to a-guanidino acids (300). By brief heating with 5 per cent 
aqueous potassium hydroxide N2-methylglycocyamidine is partly hydrolyzed to 
w-(N-methyl) glycocyamine (177). Similarly, the ring of 5-(-pbenzamidopropyl)- 
glycocyamidine (XXXIII) is opened by basic reagents to form isoarginine 
(XXXIV) (4). By heating with 0.1 N sodium hydroxide or disodium hydrogen 
phosphate, creatininephosphoric acid is hydrolyzed to creatinephosphoric acid, 
while under these conditions creatinine itself is a t  best hydrolyzed only until 
reaching the equilibrium value (323). 

However, the ring of 5-furfurylidenecreatinine may not be opened by 10 per 
cent sodium hydroxide (60) ; a contrary statement (68) is apparently erroneous. 
Similarly the N2- and 3-methyl-5-benzylideneglycocyamidines are stable toward 
dilute alkalis (177). Thus a substituent in position 5, attached to the ring by a 
double bond, confers great stability upon the cyamidine (as well as upon the 
hydantoin) ring toward the action of basic reagents (228). 

The reagent universally used in the hydantoin series for ring opening, viz,, 
barium hydroxide, is not suitable for this purpose in the glycocyamidine series, 
because, instead of ring opening, i t  causes more profound changes. Thus, in 
accordance with the behavior of guanidine, which is split by this reagent to urea 
and ammonia, creatinine yields l-methylhydantoin a t  100OC. (225, 238) ; under 
other conditions the decomposition is still more extensive and leads to methyl- 
hydantoic acid or to sarcosine and urea (121, 225). The behavior of several gly- 
cocyamidines examined toward barium hydroxide is compiled in table 3. 
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N”-Acety1-5-(l’-acetyl-l’(or 5’)-imidazolyl- 
methy1ene)creatinine ..................... 

N~-Acetyl-5-benzylidenecreatinine . . . . . . . . . .  
5-Bemyloreatinine . ........................ 
6-Bemylidenecreatinine .................... 
Creatinine.. ................................ 

3-Ethylcreatinine .......................... 
Glycocyamidine 
&(p-Hydroxybenry1)creatinine ............ 
Nn-Methylbenzylidenecreatinine ........... 

1-Phenylglycocyamidine ................... 

............................ 

5-(3‘-Methoxy-4’-hydroxybemyl)creatinine. 

CHARLES LEMPERT 

c 
a 
a 
C 

a 
a 
b, 0 

c 

b, 0 
c 
a 
c 

a 

TABLE 3 
Behavior of glycocyamidines toward hydrolysis with barium hydroxide 

Direction t 
Compound Products 

dl-Acetyl-N-methylhistidine 
I-Methyl-5-bemylidenehydantoin 
1-Methyl-5-beneylhydantoint 
N-Methyl-dla-phenylalanine 
l-Methyl-6-bemylidenehydantoin$ 
1-Methylhydantoin 
a-(N-Methy1)hydantoic acid or sarcosine 

Sarcosine, diethylamine, ammonia, and car- 

Hydantoic acid or glycine 
N-Methyl-p-h ydroxyphenylalanine 
1-Methyl-5-bem ylidenehydantoin 
N-Methyl- (3-methoxy-4-hydroxyphenyl)- 

I-Phenylhydantoin 

and urea 

bon dioxide 

alanine 

The reaction leading to hydantoins is designated by a ,  that to hydantoic acids by b, and that to amino acide 

t This is formed probably directly and not through the corresponding hydantoio acid, bemause no stronger acid 
and urea by c. 

than carbon dioxide was used throughout the reaction (228). 
Some bemaldehyde may also be isolated from the reaction mixture (60). 

HzC-CO 
I I 

7 \C/ 

d 

\c/ 
\L ” 

Hz C-C OOH 

CHsN NH2 

HzC-GO /?/ 

\C/ \ 

I Ba(OH)r / (b) 

I \ (0) 
\ CHsk NH 

\ 
I/ 

AH 

Creatinine 
Hz C CO OH 

I + CO(NHz)z 
CHaN 

Creatinine is transformed by a 0.7 per cent aqueous solution of sodium car- 
bonate to 1-methylhydantoin (99). Highly unstable towards alkalis is N2-acetyl- 
3-methyl-5-bensylidenecreatinine, which is hydrolyzed by alkalis to 1 ,3-di- 
methyl-5-benzylidenehydantoin, this decomposition taking place partially even 
during the methylation of N2-acetyl-5-benzylidenecreatinine (168). 

Formerly it was thought that hydantoins are the products of partial hydrolysis 
of the glycocyamidines, being transformed by further hydrolysis to a-amino 
acids (228). 
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CeH5 CHzCH--GO CsH5 CHzCH--CO CeH5 CHz CHCOOH 
I 1 Ba(OH)p CHaNH CHaN NH 

I Ba(0H)z I I 
CHaN NH ___f 

I/ 
0 

However, later it was shown that, to a certain extent, just the amino acid and 
urea are the primary products of hydrolysis, these products being able to con- 
dense under the conditions applied to hydantoic acids and, after acidifying, to 
hydantoins (121; cf. 54). 

HzC-CO CH2 C 0 OH Hz C-COOH 

+ CO(NHz)z -+ CHa 4 NHz + NH3 
I k- Ba(OH)z I 

CHaN / - N H  - CH3NH 

I C  x /  \C/  

AH 8 
In accordance with this, the hydrolysis of creatinine may be controlled so as to 
lead to sarcosine, to methylhydantoic acid, or to l-methylhydantoin (121). 

The hydrolysis of derivatives of creatinine by barium hydroxide furnishes a 
method for the synthesis of N-methylamino acids which is suitable for prepara- 
tive purposes. The method consists in principle in the condensation of an aro- 
matic aldehyde with creatinine, followed by the reduction and subsequent 
hydrolysis of the product (78, 81, 139), and is as useful as the direct method, 

CH& NH 

HzC-CO ArCH=C---GO 
I 

C H a k  NH ---f 

AICHO 
___) 

I 

'C' \C/ 

AH AH 
Creatinine ArCHz CH-CO ArCHz CHC OOH 

I I I 
CHaNH 

" 
based on the condensation of aromatic aldehydes with N-benzoylsarcosine (77). 

By treatment with alkalis glycocyamidines may be hydrolyzed even beyond 
the amino acid stage ; e.g., 5-benzylideneglycocyamidine yields phenylpyruvic 
acid (250) on heating with potassium hydroxide; some benzaldehyde is also 
formed (250), but this is probably simply a product of oxidation. 

HIh IkH 

\c' II 

KOH 
__$ CeHa CHz COCOOH 

" 
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In some cases the cyamidine ring may be transformed into the hydantoin 
ring by the action of acids. 1-Bensenesulfonylglycocyamidine (CXXIVa) and 
the corresponding derivative of alacreatinine (CXXIVb) may be transformed by 
brief heating with hydrochloric acid to 1-benzenesulfonylhydantoin (CXXVa) 
or its 5-methyl derivative (CXXVb); further hydrolysis by alkali leads then to 
the corresponding N-benzenesulfonyl-a-amino acids (28). 

RCH-CO RCH-CO RCHCOOH 
I I HC1 I I NaOH 

CsHsSOzN NH --+ CeHsSOzN NH ---+ CeHsSOzkH 

\C/ \C/ 

AH a 
CXXIVa: R = H 

N2-Acetyl-3-methyl-5-benzylidenecreatinine (CXXVIb) (168) (cf. below) and 
the N , N’ ,N”-triarylglycocyamidines behave similarly (72). In this connection 
one may mention the anomalous behavior of some a-guanidino acids which, on 
heating with acids, yield the corresponding hydantoins instead of glycocyami- 
dines (255). 

CXXVa: R = H 
CXXIVb: R = CHa CXXVb: R = CHs 

CEH5\ CeHs\ 
C-COOH c-co 

RN NH 
CzHs/I I 

H+ 
CaH5/ I 

R N  NH2 __f 

‘c/ \C/ 

AH a 
An anomalous reaction takes place with 1, N2-ethylene-N2-butyl-5-(p-hydroxy- 

phenyl)glycocyamidine, which is hydrolyzed by hydrochloric acid to the cor- 
responding guanidino acid (98a). 

p-HOCeK CH-CO p-HOCaHaCH-COOH 

H~ &--Nc~H~ H~ C---I+C,H., 
Otherwise the cyamidine cycle is stable towards acids, and therefore treat- 

ment with acids is suitable for removing N-acyl groups. The following glyco- 
cyamidines were deacetylated or debenzoylated by heating with aqueous or 
alcoholic hydrochloric acid of various concentrations: N2-benzoyl-3-methyl- 
and N2-methyl-3-ben~oylglycocyamidines (177), N2-acetyl-5-benzylidenecreat- 
inine (CXXVIa) (168, 228), N2-acetyl-5-benzylcreatinine (81), N2-acetyl-5- 
(3’-methoxy-4’-hydroxybensyl)creatinine (139), and 5-(3-benzamidopropyl)- 
glycocyamidine (XXXIII) (4). 

The behavior of N2-acetyl-5-benzylidenecreatinine (CXXVIa) is influenced 
remarkably by introduction of a methyl group into position 3; while CXXVIa 
is simply deacetylated by hydrochloric acid, the 3-methyl derivative (CXXVIb) 
is transformed into the corresponding hydantoin derivative (168). 
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AH 

u 
i&COCH$ 

CXXVIa: R = H 
CXXVIb: R = CHa 

CeHaCH=C---CO 
I 

CHak NCHs 

\C/  

b 
Particularly stable towards the action of acids and bases are the trialdehyde- 

dicreatinine condensation products (CXIX) prepared from creatinine and aro- 
matic aldehydes, which may be hydrolyzed only by heating with aqueous 40 
per cent potassium hydroxide, the products of hydrolysis being small quantities 
of the 1 : 1 condensation product (69) or of 1-methyl-5-arylidenehydantoins 
(60), the corresponding aldehyde, and ammonia. 

Isonitrosocreatinine (CXXVII) furnishes with hydrochloric acid, depending 
on the conditions, either simply its hydrochloride or methylparabanic acid 
(CXXVIII), hydroxylamine, methylamine, and ammonium oxalate (268). By 
performing the reaction in the presence of tin, the 2-imide of methylparabanic 
acid (CXXIX), the primary product, is hydrolyzed to methylguanidine (268). 

HON-C-CO oc-co oc-co 
I I  1 1  

cHsN\dNH 
CHiN NH 

I 1  

cHsN\dNH \C' 

CXXVII CXXVIII CXXIX 

B. Rearrangement 
By prolonged heating with alcoholic ammonia in the presence of ammonium 

acetate the 3-methyl- and 3-benzyl-5,5-diphenylglycocyamidines are trans- 
formed partially to the Wmethyl- and the N2-benzyl derivatives (46), respec- 
tively. It seems probable that this is not a true rearrangement and that the reac- 
(CsHs)z C-CO (C6Hs)z C-CONHz (CeH5)z C-CO 

I I NHs I NHa I 1  - "\dNHR CHaCOONHi 

AH 
R = CHs, CsHsCH%. 

AH 4 R  

tion may be explained by supposing temporary opening and subsequent closure of 
the cyamidine ring in the other direction. This seems probable, because alcoholic 
ammonia has proved to be a mild reagent suitable for both the separate opening 
and closure of the hydantoin ring. This reaction mitigates against the application 
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of alka'line reagents in structure determinations of derivatives of glycocyamidine. 
Since the reverse transformation has not yet been observed, apparently in the 
presence of ammonia the glycocyamidines substituted in position N2 are more 
stable than their isomers substituted in position 3. 

C.  Oxidation and reduction 

Glycocyamidines not substituted in position 5 are sensitive toward oxidizing 
agents. The oxidizing agent attacks the methylene group, leading to derivatives 
of the 2-imide of parabanic acid (CXXX). Since the oxidation is generally per- 
formed in an alkaline medium, the parabanic acids are hydrolyzed to oxalate 
and derivatives of guanidine. 

-0 0 c c 0 0- + HzC-CO oc-co 
RN AR ___f RN NR ---+ RHN NHR 

I oxidation 1 I OH- 

\C/ 
/ I  

\C/ 

NR 
/I 

\C/ 

h R  'I NR 
cxxx 

The most generally used oxidizing agent is alkaline permanganate, by which 
creatinine is oxidized a t  50-60°C. to oxalate and methylguanidine (188, 223, 
238) ; 3-methylglycocyamidine is oxidized likewise to methylguanidine (259), 
3-methyl- (193), 3-ethyl- (155), and 3-benzylcreatinines (153) to the correspond- 
ing N , "-disubstituted guanidines, and finally N2, 3-dimethylcreatinine is 
oxidized to N , N' , N"-trimethylguanidine (193). Exactly similar is the behavior 
of acylated glycocyamidines : N2-benzoylcreatinine is oxidized to N-methy1-N'- 
benzoylguanidine and N2-acetyl-5-benzylidenecreatinine to N-methyl-"-acetyl- 
guanidine (129). An equally widely used oxidizing agent is mercuric oxide which, 
in aqueous or rather in ammoniacal solution, oxidizes glycocyamidine to oxalic 
acid and oxalate, respectively, and guanidine (266, 267), and creatinine to the 
former and N-methylguanidine (74, 75, 266, 267). 

Other oxidizing agents used for the oxidation of creatinine to the same products 
are silver nitrate in the presence of barium hydroxide (101) or mercuric acetate 
(17), with which in aqueous solution a t  room temperature the primary product, 
N-methyl-N-guanyloxamic acid (CXXXI), may be isolated. Its hydrolysis leads 

OC-COOH 
I 

AH 
CXXXI 

to the end products already mentioned. Creatinine is also capable of reducing 
Fehling's solution, from which the white cuprous salt of creatinine is precipitated 
(210); i t  also reduces alkaline solutions of potassium mercuric iodide and mercuric 
cyanide to metallic mercury (12). 



CHEMISTRY OF THE GLYCOCYAMIDINES 711 

Glycocyamidines substituted in position 5 may, of course, not be oxidized to 
derivatives of the 2-imide of parabanic acid. An exception is furnished by the 
5-arylidene derivatives, in which the semicyclic double bond offers a point of 
attack for the oxidant. Thus, as already mentioned, N2-acetyl-5-benzylidene- 
creatinine is oxidized by alkaline permanganate. 

Towards reducing agents the cyamidine ring is stable. Therefore reducible 
groups in side chains may be reduced without affecting the ring. Thus 5-benzyli- 
denecreatinine, as well as its N2-acetyl derivative, may be reduced by zinc and 
acetic acid (129) or by red phosphorus and hydriodic acid or by tin and hydro- 
chloric acid (228) to 5-benzylcreatinine, the N-acetyl group being split off a t  the 
same time as a result of the rather strong acidic reagents applied. The same sub- 
stances may be reduced by sodium amalgam, this method being milder and pro- 
ceeding without the splitting off of N-acetyl groups (GO, 80-82, 139). 

D. Deamination 

On treating creatinine in acetic acid solution with nitrous acid, one atom of 
nitrogen is split off; this reaction is hindered by mineral acids (137, 236, 319). 
Therefore, by performing the reaction in 23 per cent nitric acid both “l-methyl- 
hydantoin oxime” (CXXXII) and some “creatinine oxime” (CXXXIII) are ob- 
tained from creatinine (268). In the latter product all the nitrogens of creatinine 

HON=C-CO HON=C-CO HzC-CO HzC-CO 
I I I 

C H a k  NH CHak N CHak NH 
I 

CHak NH 

\/ ‘C’ 
II 
NH 

I 
NHz 

‘C’ 
II 

‘c/ 
A ” 

CXXXIII CXXXIV cxxxv CXXXII 

are still present. It is interesting that in the case of creatine the situation is re- 
versed. This reacts with nitrous acid sluggishly; the reaction is, however, 
catalyzed by hydrochloric acid (236). 

The peculiar behavior of creatinine was formerly explained by suggesting that 
in neutral solutions it is present as the amino tautomer (CXXXIV) but in the 
presence of hydrochloric acid as the imino tautomer (CXXXV), the nitrous acid 
being capable of deaminating only the former (236). This explanation is however 
wrong, because 3-methyl- and 3-benzylcreatinines (CXXXVI), in which the for- 
mation of amino tautomers is impossible, nevertheless do react quite rapidly 
with nitrous acid, the speed of the reaction in this case not being influenced by 
hydrochloric acid (137). From 3-methylcreatinine in the presence of an excess of 
nitrous acid “dimethylhydantoin oxime” (CXXXVII) (137) is formed. However, 
in the presence of an excess of hydrochloric acid “3-methylcreatinine oxime” 
(CXXXVIII) in the form of its hydrochloride is obtained (322) in addition to 
CXXXVII. 

N2-Acetyl- and N2-benzoylcreatinines, containing neither a free amino nor a 
free imino group, evolve nitrogen with nitrous acid only very slowly; this can be 
explained by assuming slow hydrolysis of the acyl group (137). With nitrous 
acid N2-benzoylcreatinine furnishes an oxime (CXXXIX) (137). 
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HzC-CO HON=C-CO HON=C-CO HON-C-CO 

CHsN NH 
I I I I I I 

CHaN NCH3 CHsN NCHa 
I 

CHaA NR 

\C/ ‘d \C/ ‘C/ 

AH ACOC6H5 
CXXXVIII CXXXIX 

AH 8 
CXXXVI CXXXVII 

The behavior of glycocyamidine is analogous to that of creatinine (137). The 
behavior of N 2  , 3-dimethylcreatinine is interesting; although all its nitrogen 
atoms are blocked by methylation, it nevertheless evolves nitrogen with nitrous 
acid quite rapidly. However, the products have not yet been identified. In some 
cases, two products with a composition corresponding to that of “dimethyl- 
hydantoin oxime” (CXXXVII), however not identical with this, were obtained. 
They could not be hydrolyzed to N , N‘-dimethylparabanic acid (137). 

By treatment with hypobromite one atom of nitrogen is split off from cre- 
atinine just as with nitrous acid (66). 

R = CHI, CsHsCHz. 

E. Other reactions 
By treatment with methylglyoxal creatinine (as well as creatine) is quickly 

decomposed in neutral solution with formation of ammonia, carbon dioxide, and 
oxo compounds (227). 

V. PHYSICOCHEMICAL PROPERTIES OF GLYCOCYAMIDINES 

The physicochemical properties of creatinine, the most important member of 
the derivatives of glycocyamidine, have been studied most thoroughly. 

A .  Crystal structure; ultraviolet and infrared spectra 
Creatinine, as well as the monohydrate of creatine (213), crystallizes in the 

monoclinic system: space group P21/c. The elementary cell consists of four mole- 
cules: a = 8.06, b = 5.97, and c = 13.34 A., p = 121”. Along the c axis the mole- 
cules are held together by strong hydrogen bonds (85), as well as in the case of 
the monohydrate of creatine. 

The ultraviolet absorption spectrum of creatinine is influenced by the pH 
(123, 138, 312). The position of the maximum in different solutions is shown in 
table 4. As may be seen, the position of the maximum is shifted by hydrogen 
ions. On the other hand, under the influence of hydroxyl ions the absorption 
band disappears completely (138). (For additional data on the absorption spec- 
trum of creatinine in the range of 210-290 mp at different pH values, see reference 
312.) 

Since in the vicinity of the absorption maximum of creatinine the absorption 
of creatine is continuous (138, 170) and weak (123), this region is suitable for 
the spectrophotometric determination of creatinine in the presence of creatine 
(123, 170). The absorption spectrum of creatine is likewise influenced by the 
pH; hydrogen ions shift the limit of absorption to shorter wavelengths and 
hydroxide ions shift it to longer wavelengths (138). 
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Phosphate buffer (pH = 7.38) ........................ 

Aqueous methyl, ethyl, and butyl alcohols. . . . . . . . . .  
Aqueous aoide.. ...................................... 
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2345 A. log E = 3.56 (138) 
234 m# E = 0.742 x 10-4 (123) 
216 mp’ B = 0.43 X 10-4 (123) 
236236 mp (170) 
2360 A. log E = 3.81 (138) 

TABLE 4 
Absorption maximum of creatinine in different solvents 

Solvent I Wavelength I Extinction 1 Reference 

Creatinine.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Glycocyamidine. . . . . . . . . . . . . . . . . . . . . . . . .  
Creatine. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
“Isocreatine” (CXL). . . . . . . . . . . . . . . . . . . . .  
Glycocyamine. . . . . . . . . . . . . . . . . . . . . . . . . . .  

4.84 
4.80 
2.67 
2.88 
2.86 

Minimum. 

In  the infrared spectrum the maximum, corresponding to the C-N double 
bond, is a t  6.29 p, in harmony with the fact that the absorption maximum of 
this bond is situated in general in the region between 5.89 and 6.50 p, and par- 
ticularly in the case of derivatives of guanidine between 5.95 and 6.29 p (233, 
240). However, according to other data the absorption maximum of the C=N 
bond of various guanidines is in the region between 5.8 and 6.15 p (201). (For 
the absorption spectrum of N2-acetyl-5-benzylidenecreatinine, see reference 
291.) 

B. Acidity and basicity 

The ionization constant of creatinine has been determined by several authors 
and by various methods (55, 93, 104, 212). The data published in the older 
literature, as well as the corresponding data for creatine, have been reviewed 
by Shiver (273). Some newer data, including those for some related compounds, 
are the following: 

Ha 7-C 0 OH 
I 

HN NHCHs 

‘(2’ 
li ” 

CXL 

From these data it is seen that glycocyamines are weaker bases than glycocy- 
amidines, although acylation of the guanidine group should have the opposite 
effect. This apparent contradiction is, of course, explained by the fact that 
glycocyamine exists as the dipolar ion (cf. 33, 128). As a result thereof, the 
ionization constant of the acidic group of creatine is likewise very low: K ,  = 
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5.2 X (143). The sodium salt of creatine is completely hydrolyzed at a 
dilution of 0.054.25 N (143). 

The ionization constants of some derivatives of creatinine-benzoylcreatinine 
(CXLI), acetylcreatinine (CXLII) and diacetylcreatinine (CXLIIIa or 
CXLII1b)-were determined by Ing, Kerwick, and Richardson (168); all these 
compounds contain acidic groups. The acidic character of both monoacylcreat- 

HzC-CO Hzy-CO 
I I I 

fic 0 CeH6 $?COCHa 
CXLI CXLII 

(pKa=8.79) (pK,= 3.51 and 8.35) 

HzC-CO HzC-CO C~HE,CH=C-CO 
I 

CH3k NR 
C H a k  kCOCHs CH3k N I 

\c/ ‘C/ 

I!JCOCHa N(C0CHa)z I i!lCOCHa 

\C/ 

CXLIIIa CXLIIIb CXLIVa: R = H  

(After hydrolysis: pK,=3.44,4.72,8.45) 
(pK,=1.9 and 9.5) CXLIVb : R = CHI 

inines is a property of the intact molecules, not the result of a preliminary 
hydrolysis to the corresponding monoacylcreatine. This follows first from the 
composition of the anhydrous alkali salts, and secondly from the value of the 
ionization constant being very near to  that of phenols, and may be caused by 
the presence of hydrogen atoms in either position 3 or 5, being rendered acidic 
by the vicinal carbonyl group. This is proved by the gradual disappearance of 
the acidic character when these hydrogen atoms are removed by substitution. 
For example, benzylideneacetylcreatinine (CXLIVa) is already a very weak 
acid; it reacts with bases only a t  about pH = 11, and its 3-methyl derivative 
(CXLIVb) is even completely free from acidic properties (168). Since the ioniza- 
tion constants of the acidic group of the monoacetyl- and diacetylcreatinines 
(8.35 or 9.5) are not very far apart, and in the latter no hydrogen is present in 
position 3, it may be supposed that the acidity of CXLI and CXLII is caused 
mainly by the hydrogens in position 5 (168). Diacetylcreatinine is hydrolyzed 
rapidly in both acidic and alkaline solutions; therefore its ionization constants 
must be determined by extrapolation (168). 

The acidic character of derivatives of creatinine may not be explained only 
by the presence of hydrogen atoms in position 5 (or 3). Creatinine, for example, 
which contains such hydrogen atoms, is nevertheless totally free of acidic prop- 
erties. It was once suggested that this might be explained by taking into account 
the possibilities for tautomerism (168) ; however, these considerations cannot 
be accepted. 

The ionization constants of creatininephosphoric acid and creatinephosphoric 
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acid were found to be pK, = 3.41 and 7.38, and 2.44 and 2.81, respectively (323); 
the former contains no basic function, and the buffer region of its two acidic 
groups corresponds to the dissociation of the phosphoric acid residue. In  the case 
of creatinephosphoric acid one buffer range, both on the acidic and on the alka- 
line branch of the titration curve, is situated beyond the limits of titratability. In 
harmony with this the substance forms a t  most secondary salts (323). 

In complete agreement with the pK, referred to above is the chemical be- 
havior of the compounds mentioned. Thus, benzoylcreatinine is readily soluble 
in cold alkalis and precipitated from its solutions by carbon dioxide; its potas- 
sium salt can be prepared. On the other hand, acetylcreatinine is amphoteric; 
it yields stable salts both with acids (e.g., with hydrochloric and picric acids) 
and with potassium hydroxide. Benzylideneacetylcreatinine is soluble in alkalis 
and in 20 per cent potassium hydroxide solution, and a potassium salt is formed. 
However, the compound is precipitated from the alkaline solution by carbon di- 
oxide, and from its aqueous solutions, as a result of hydrolysis, benzylideneacetyl- 
creatinine is slowly, but completely deposited. Deacetylation of this compound 
results in further decrease in the acidic character; benzylidenecreatinine (CXLV) 
is insoluble in cold alkalis, but it may be crystallized from hot 2 N potassium 
hydroxide (168). At the same time the basic properties are enhanced by de- 

C6HsCH=C-CO HzC-CO 
I 

CH3h NH 
I 

CH3k NH 

‘C/ \C/ 

AH A-P 0 (0 c ~H6)2 

CXLV CXLVI 

acetylation; thus benzylideneglycocyamidine is soluble in hot hydrochloric acid 
(250) and 5-beneylidenecreatinine forms a picrate which, however, is hydrolyzed 
during crystallization from water, alcohol, or acetic acid (129). Diphenoxyphos- 
phorylcreatinine (CXLVI) is similar to the simple monoacylcreatinines men- 
tioned, in that i t  is capable of forming a stable sodium salt (168). 

The N ,N’ , N”-triphenyl derivative of glycocyamidine is soluble in acids and 
may be precipitated from its solutions by alkali (72); thus introduction of even 
three phenyl groups does not abolish the basicity of glycocyamidine. 

Both 1-beneenesulfonylglycocyamidine (CXLVIIa) and l-beneenesulfonyl- 
alacreatinine (CXLVIIb) are amphoteric substances readily soluble in acids 
and bases (28); acylation of N1 is accompanied by enhancement of the acidic 
character. 

C,H,SO,k NH 

RCH-CO C6HjCH=C-CO C~HBCH=C-CO CeH5CH-C-CO 
I I  I I  

CHaN\dNH 
HN NCHa 

I 
HA NH 

I 
\C/ \C/ 

\C/ 

AH ~ C H Z  AH ACH3 
CXLVIIa: R = H  CXLVIII CXLIX CL 
CXLVIIb: R=CHS 
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Among the isomeric N-methyl-5-benzylidenecreatinines the N2-methyl deriva- 
tive (CXLVIII) is readily soluble in cold dilute sodium hydroxide solution and 
precipitated from its alkaline solutions by acid; however, neither stereoisomer 
of the 3-methyl derivative (CXLIX) is soluble in 5 per cent alkali (177). Keeping 
in mind that benzylidenecreatinine (CXLV) is weakly acidic too, it may be 
concluded that introduction of a benzylidene group confers some acidic character 
on the glycocyamidine ring, but only if N3 is not substituted. It is surprising 
however, that N2-methyl-5-benzylidenecreatinine is insoluble and benzylidene- 
creatinine itself only weakly soluble in cold alkalis (228). 

C. Tautomerism 
It has already been mentioned that glycocyamidine (CLI: R = H) may be 

considered as a substance capable of existing in several tautomeric forms (CLII, 
CLIII, CLIV, CLV). The relation of CLI and CLII, CLIII, and CLIV is that 
of keto-enol, imino-amino, and lactam-lactim tautomers. 

Hq-COH 
I I 

RN NH 

\C/ 

AH 
CLII 

HeC-CO 
I I 

RN\dNH 
AH 

CLI 

l t  
Ht C- 

HzC-CO 
I I  

I 
NHz 

RN N 
\/ 

CLIII 

AH 
CLIV 

By simultaneous enolization and lactimization a further tautomeride (CLV) 
may be deduced, which could be stabilized by the presence of the aromatic 
system (168). All these considerations apply equally to the case of creatinine 

HC-COH HtC-CO 
I 

R k  N 

I 
IhHz 

CLV 

I I 
N NH 
\c/ 

I 
IhHz 

CLVI 

I I 
HN N or 

I 
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(CLI: R = CH,); however, in the case of glycocyamidine one extra kind of 
tautomerism, that corresponding to the tautomerism occurring in imidazoles 
not substituted in position 1, may be expected; this is represented by the pair 
of tautomers CLVI and CLIII. 

Derivatives of the enolic form are tribenzoylcreatinine (CLVII) (129) and 
triacetylcreatinine (CLVIII) (168). The presence of the enolic form explains 
the color reaction of creatinine with ferric chloride (168); formerly it was used 
to explain the Jaff6 color reaction (see Section V1,A) on the basis of keto-enol 
tautomerism (11, 129). 

Derivatives of the amino form (CLIII) or (CLVI) of glycocyamidine (e.g., 
CLIX) were obtained by the reaction of 2-methylmercapto-4,4-diphenyl-2- 
imidazolin-5-one with secondary amines (52, 53). Of the two possible structures, 
CLIXa and CLIXb, the former seems more probable because of the greater 
acidity of the amide group in comparison with the amino group. The fact that 
one atom of nitrogen may be split off from creatinine by nitrous acid (236, 319) 
or hypobromite (66) was formerly thought evidence in favor of the existence of 
the amino form of creatinine itself (CLIII: R = CH3) (168); however this is 
wrong, because 3-methylcreatinine, in which no analogous amino form is pos- 
sible, reacts similarly. 

The silver salt of creatinine was formerly considered to be a derivative of the 
lactim form (CLIV: R = CHI) (268); however, it may also be derived from the 
enol form (CLII: R = CHs) (168). The aromatic tautomer CLV (R = CH3) 
was advanced to explain the fact that while its N2-acyl derivatives are acidic, 
creatinine itself is devoid of any acidic properties (168). However, these con- 
siderations seem to be out of date, and there is no evidence for the aromatic 
tautomer. The same argument applies to considerations concerning the two 
alternative structures for diacetylcreatinine (CXLIII a or b), according to which 
the former should be correct (168). 

By examination of the ultraviolet spectra it was demonstrated that several 
derivatives of N2-aminoglycocyamidines, for which the alternative structures 
CLX, CLXI, and CLXII are possible, possess the hydrazone structure (CLXI) 

(C&)zC-CO (C6Hs)zC-cO (c~&)zc-co 
I 1 I HI& N I 

\c/ \c/ 'C' 

HA NR N NR 

I 
ANHR' NHNHR' 

I 
NHNHR' 

CLX CLXI CLXII 
a: R = R ' = H  b: R=CH,,R'=Hl0 c: R=H,R'=C6Hs 

(311). In  agreement with this, neither compound can be transformed into 1-(2- 
hydantoinyl)-5-pyrazolones (CLXIII) . Similarly, CLXIV also possesses the 
hydrazone structure, and with ethyl acetoacetate it yields the azine CLXVI, 
not a pyrazolone (CLXV) (311). 

10 In  this case the existence of the tautomer corresponding to formula CLXII is of course 
impossible. 
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I 
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I 

Hz C- I &w 
CLXIII 

(CHs)z C- C-NN-CCHz COO CzHc 
I I 
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B 
CLXVI 

(CHs)2C-C=NNHz 
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CHsCOCHzCOOCzH6 / I 
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D. Stereoisomerism 
In  the case of glycocyamidines monosubstituted in position 5 the appearance 

of optical isomerism may be expected. However, only one optically active glyco- 
cyamidine, 5-(y-guanidinopropyl)glycocyamidine (CLXVII), obtainable from 
d-arginine, is known (324). This is optically stable in the form of the dinitrate; 

HzN 

CNH(CH2)s CH-CO 
\ 
// I 

HA NH HN 

\C/ 

CLXVII 

however, the free base is quickly racemized (324) in accordance with the well- 
known base-catalyzed racemization of derivatives of carboxylic acids containing 
in the a-position an asymmetric carbon atom to which a hydrogen atom is 
attached. 

In the case of glycocyamidines containing a suitable substituent in position 
5, attached to the ring by a double bond, cis-trans isomers may be expected. 
This isomerism is realized in the case of 3-methyl-5-benzylideneglycocyamidine 
(CLXVIIIa and b) (177); cf. the analogous situation in the case of the 5-benzyli- 
denehydantoins (175, 176). 
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CeH6 

c=c-co \ 
H’ HA NCHa I 

\C/  

AH 
CLXVIIIa 

E. Molecular compounds 
Creatinine forms molecular compounds. Thus, in alcoholic solution with 

sodium, potassium, and rubidium hydroxides 1 : 1 molecular compounds are 
formed ( c f .  136). By treatment with ether these may be precipitated in crystalline 
form; the crystals contain one, or in the case of the compound with rubidium 
hydroxide, two molecules of water of crystallization (38). These may be inter- 
mediates in the hydrolytic reaction furnishing creatine, and may play a part 
in the formation of the red product of the Jaffk color reaction (38). The double salt 
of creatinine with zinc chloride has already been mentioned (see Section 11,A). 

A well-known and physiologically active double sulfate is formed by creatinine 
with serotonine (CLXIXa) (32, 70, 178, 206, 280, 281, 301, 302). Analogous 
double salts are formed with several other indole derivatives, such as 6-hydroxy- 
tryptamine (CLXX) (120, 289), 5-hydroxy-w-(N-methyl)tryptamine (CLXIXb) 
(280, 302), and bufotenine (CLXIXc) (280, 289,302). 

R 

CLXIXa: R=R’=H 
CLXIXb: R-CHa; R’=H 
CLXIXC: R=R’=CH3 

CLXX 

VI. COLOR AND OTHER REACTIONS OF GLYCOCYAMIDINE FOR ANALYTICAL 

PURPOSES 

A .  The Jaflb-Folin reaction 
The best-known color reaction of creatinine is the Jaff6 reaction (171), which 

was adopted by Folin for the quantitative determination of creatinine (109, 
110, 114) and which is applicable also for the development of paper chromato- 
grams (300). The reaction consists in the development of a red color when solu- 
tions containing creatinine are treated with aqueous picric acid and a few drops 
of alkali a t  room temperature. The reaction is applicable also to the determina- 
tion of creatine if the solution is boiled for a few minutes after the treatment 
with picric acid but before making it alkaline; under these conditions, the crea- 
tine is cyclized to creatinine (113). 

The color reaction is not specific for creatinine, as may be seen from table 
5; many other compounds, some of quite different character, are capable of 
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TABLE 5 
Ja@ reaction of some organic compounds* 

Positive Reaction 

Creatinine 

Glycocyamidine. . , . . . . . . . . . . . . . . . . . . . . . , 
1-Ethylglyoocyamidine. . . . . . . . . . . . . . . . . . 
3-Meth ylglycocyamidine 
3-Methylcreatinine .. . . . . 
3-Ethylcreatinine . . . , . . . . . . . . . . . . . . . . . . . 
3-Benzylcreatinine.. . . . 
Na, 3-Dimethylcreatinine. . . . . . . . . . . . . . . . 
N2-Benzoylcreatinine. . . . , . . . . . . . . . . . . . . . 
Diacetylcreatinine . . . . . . . . . . . . . . . . . . I . . . 
Triacetylcreatinine (CLXXIa) . . . . . . . . . . 
5-Benzylcreatinine 
5,5-Tetramethylen 
5- (a-Carboxy-e-am 
5- (7-Benzamidopro 

Hydantoin. . , . , , , . . . . . . . . . . . . , . . . . . . , . . . 
1-Methylhydantoin . . . . . . . . . . . . . . . . . . . . . . 
a-(N-Methy1)hydantoic acidt . . . , . . . . . . . 

Acetone. . , . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . 
Methyl ethyl ketone.. , . . . . . . . , . , . . . . . . . 

Cyclohexanone, . . . . . . . . . . . . . . . . . . . . 
Resorcin (cyclohexenedione) t 
Benzoin. . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Ethyl phenylacetate . . . . . , . . 
Phenylacetamide . . . . . . . . . . . . . . . . . . . . . . . 
Phenylacetonitrile . . . . . . . . . . . . . . . . . . . . . . . 
Ethyl acetoacetatet . . . 
Diethyl malonate.. . . . . . . . . . . . . . . . . . . . . . 
Malonamide . . . . . . 
Barbituric acid . . . 
Estragol (CLXXII 

Indole. , . . , . . . . . . . 
Nitromethane. , . , . . . . . . . . . . . , . . . . . . , . . . . 
Diasomethane , , , , , . , . . . . . . . . . . . . . . . . . . . 

References 

* Cf. 182. 
t Slight coloration. 
f See, however, 168. 

HzN(CHds 

C - C O O H  
\ 

H'i 
H C Z I Z Z Z ~ ~ O  

I I 
CHaN NR 

\ /  
C 
U 

NR 

""\ /NH2 
C 

Negative Reaction 

NI, 3-Bis (hydroxymethy1)creatinine 
Tribensoylcreatinine (CLXXIb). . . 
5-Bensylidenecreatinine. 
NUcetyl-5-bensylidenec 
Isonitrosooreatinine , . , . . , . . . . . , , . . . 
5-Phenyl-5-ethylhydantoin. . . . . . . . . 
Parabanic acid 

Glycocyamine. . . . . . . . . . . . . . . . . . . . . 
..................... 

Acetonitrile . , . . . . . . . . . . . . . . . . . . . . . . 
Ethyl oxalate 
Oxamide , , . . . , . . . . . , . . . . . . . , . . , . . . . 
Styrene . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Diphenylmethane 
Dimedone (CLXXIV) . . . , . . , . . . . . . 

"XHs 
NH II C H ~ O ~ C H ~ C H - C H S  - 0 0 

CLXXIa: R = COCHs CLXXII 
CLXXIb: R = COCaHs 

CLXXIII CLXXIV 
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TABLE 6 
Color reaction of aromatic nitro compounds with creatinine and other compounds 

containing active methylene groups 

Positive Reaction 

m-Dinitrobenzene. .......................... 
sym-Trinitrobenzene ........................ 
2,4,6-Trinitrotoluene. ....................... 

2,4-Dinitrochlorobensene.. . .  

2,4,6-Trinitrochloro 
2,l-Dinitrophenol. , 
2,6-Dinitrophenol.. 

Picric ac id , ,  . . . . .  

2,4,6-Trinitrophenyl benzoate.. . . . . . . . . . . . . .  
2,4, G-Trinitro-m-cresol(3-methylpicric acid) 
2,4-Dinitro-l-naphtholsulfonic acid . . . . . . . . .  
Picramide. .................................. 
N ,  N-Diethylpicramide ..................... 

2,4,6-Trinitrobenzoic acid 

References Negative Reaction 

o-Nitrophenol. . . . . . . . . . . . . . . .  
p-Nitrophenol. . . . . . . . . . . . . . . .  
2,4-Dinitrophenol. . . . . . . . . . . .  

2, G-Dinitrophenol. . . . . . . . . . . .  

3,5-Dinitrophenol. . . . . . . . . . . .  
3,S-Dinitro-p-cresol . . . . . . . . . .  
2,4,6-Trinitro-m-cresol. , , . . , . , 

2,4-Dinitrobenzoic acid. . . . . .  
3,5-Dinitrosalicylic acid 
Picrsmic acid.. . . . . . . . . . . . . . .  

References 

(135) 
(135) 
(129, 135; see, how- 

ever, footnote $) 
(130; see, however, 

footnote 0) 
(135) 
(135) 
(129, 135; see, how- 

ever, footnote $) 
(135) 
(135) 
(135) 

* Slight coloration. 
t Coloration only on heating. 
t Coloration only on prolonged standing. 
5 With this compound a transient coloration appears only on acidification of the solution containing creatinine. 
7 A contrary statement (135) is apparently erroneous. 

giving this reaction. Formerly it was thought that these included all derivatives 
of creatinine in which keto-enol tautomerism is possible (129) ; however, the 
group of substances yielding a positive color reaction is much wider, the Jaff6 
reaction for creatinine being only a special case of the color reaction with picric 
acid and alkali of substances containing an active methylene or methine group 
(182, 315). The activating groups in order of decreasing activating effect with 
respect to the color reaction are the following (315) : diazo > nitro > carbonyl > 
cyanide > vinyl > carbamoyl > carbethoxy. However, as may be seen from 
table 5, the presence of active methylene groups is only a necessary, but not a 
sufficient condition for the positive color reaction. The only apparent exception 
is furnished by triacetylcreatinine (CLXXIa), which, although containing no 
active methylene group, nevertheless gives a positive reaction; this may be 
explained however, by the facile hydrolysis of the enolacetate group (168). 

In addition to picric acid many other aromatic nitro compounds develop 
colors with creatinine and other substances containing active methylene groups 
(see table 6). One of these, 3,5-dinitrobensoic acid, which gives a violet color, 
is also widely used for the determination of creatinine (26, 34, 35, 57, 186), as well 
as for the development of paper chromatograms (300). As might be expected, 
the reaction with 3,5-dinitrobenzoic acid is also not a specific one for creatinine 
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but is given by all glycocyamidine derivatives which give a positive reaction 
with picric acid (26). 

Several red compounds of different compositions have been isolated from the 
red solution obtained from creatinine, picric acid, and alkali. First, by acidifica- 
tion of a red Jaff 6 solution with hydrochloric acid a red powder was isolated (135) 
which, on boiling with water (11) or when heated to 139”C., was transformed into 
the usual yellow creatinine picrate and therefore considered to be a tautomer there- 
of (135). The red tautomer is obtained in best yields by precipitating it immediately 
after the appearance of the red color (11). It consists of one molecule each of 
creatinine, picric acid, and water of crystallization. I ts  solubility in water is 
slight; however, in sodium bicarbonate solution it dissolves readily with red 
color as the sodium salt. By analysis of its red barium salt it proved to be a 
dibasic acid (11). Similar red isomers have been obtained from the picrates of 
glycocyamidine, 3-methylglycocyamidine, and 3-methylcreatinine (129). 

Later, by treating aqueous alkaline solutions of creatinine picrate of different 
compositions with alcohol, several crystalline substances of other composition 
were obtained (see table 7). Compounds 2 (37, 132) and 7, or more probably 10, 
(39) are considered as the ones responsible for the color produced in the Jaff6 
reaction. In agreement with the existence of many compounds of creatinine 
with picric acid, the absorption maximum of the creatinine-picric acid complex 
is dependent upon the concentration of the creatinine (125). 

HzC-CO HzC-CO HC=COH 
I 

CHap1’ NH 
I 

CHaA NH 
C H 8 k  NH I 

\c/ ‘c/ 
II 
NHz 

I 

\c/ 
I /  

+NHz AHz 
I 

CLXXVa CLXXVb CLXXVI 

As to the nature of the red tautomer of creatinine picrate, a structure 
(CLXXVI) was first proposed in 1925 (129). Since a t  that time the picric acid 
in the picrates was believed generally to be of quinoidal structure (cf. the struc- 
ture (CLXXVa) proposed for the “normal” yellow creatinine picrate, which can 
be rewritten as in formula CLXXVb), this was supposed also to be the red 
tautomer. Moreover, as i t  was thought that only creatinine derivatives capable 
of enolization give the color reaction, the creatinine was supposed to be present 
in its enolic form. The dotted lines in formula CLXXVI should account for 
the fact that the hydrogen in the meta position must be somehow concerned 
during the formation of the red tautomer, and that consequently the distribu- 
tion of the bonds in the benzene ring is uncertain. The important role of the 
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No. 

-_ 
l . . . .  

2 . . . .  

3. . . .  
4 . . .  
5 . . . .  
6 .  . . .  

7 . . . .  
B . . . .  
Q.... 
10.. . 

- 

TABLE 7 
Red compounds isolated f r o m  solutions of creatinine and picric acid 

Composition* 

2CdH;NsO. CeHs(N0z)aOH. 3NaOH. 3HzO* 

Notes 

The color is less deep than that of the 
red substance obtained in the Jaff6 re- 
action. The creatinine contained in the 
compound gives Jaff6’s reaction only 
after standing in acetic acid (134). With 
hydrochloric acid dicreatinine picrate is 
formed; the creatinine contained therein 
gives Jaff6’s reaction only after standing 
with acetic acid (134). Identical with 
compound 61 

Readily soluble in water. On acidifica- 
tion of concentrated aqueous solutions 
the red creatinine picrate is precipitated. 
I t  gives Jaffh’s reaction immediately, 
the intensity corresponding to the total 
creatinine present (134). Identical with 
compound 7? 

These compounds are not red but be- 
come red after being dissolved in acetio 
acid-acetate buffer solution. The sodium 
derivatives, but not the free acid and the 
hydrobromide, split off nitrogen on 
being dissolved in sulfuric acid. 

Readily soluble in water. Their solutions 
show a decreasing tendency to turn yel- 
low in the order given. On acidification 
the red creatinine picrate tautomer is 
precipitated. 

Refer- 
ences 

* C4H;NaO = creatinine. 

meta hydrogen atom was concluded from the inability of 3-methylpicric acid 
to substitute for picric acid in the Jaff6 test (129); however, this conclusion 
turned out later to be erroneous (11). 

Formula CLXXVI was soon criticized (ll), the main weakness being that it 
ascribes a basic function to creatinine, although the color is developed only in 
the presence of alkali and although nonbasic compounds may also give the same 
reaction. Therefore it was later suggested that the enolate anion of creatinine 
forms a coordinative bond with the positively charged nitrogen atom of one 
of the nitro groups; the structure of the red picrate being consequentlyCLXXV11 
(11). Then the completely analogous structure CLXXVIII would correspond 

0- 
I 

HO(0zN)z C~HZ-~-O-C=CH 
I 
w 

0- 
H+ 

CLXXVII CLXXVIII 

H+ 
Y I1 

NH 
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to the colored product obtained from acetone and 2,4-dinitrophenol (242). In 
both cases it is uncertain whether the picric acid or the dinitrophenol reacts 
in the quinoid form. Moreover, it is not known to which nitro group the anion 
of creatinine or of acetone is attached. Formula CLXXVII represents, as may be 
seen, a dibasic acid, this being in agreement with the properties of the red picrate. 
By supposing that a second anion of creatinine could furnish a coordinative 
bond with another nitro group of the picric acid moiety, leading to the formation 
of a tribasic acid, a structure is suggested a t  the same time for compound 1 in 
table 7 (11). However, the structures of disodium creatinine picrate and trisodium 
dicreatinine picrate cannot be analogous, because, on treatment with concen- 
trated sulfuric acid one or two atoms of nitrogen are split off only from the 
latter. On the other hand, the latter does not immediately give JaffB's reaction 
(134). Another weakness of structure CLXXVII is the unusual distribution 
of the valences of the nitrogen. 

According to  a recent suggestion the carbeniate anions of active methylene 
compounds should condense with m-dinitrobenzene and sym-trinitrobenzene, 
as well as with their hydroxy and chloro derivatives, in the position para to one 
of the nitro groups, leading to a primary condensation product (CLXXIX) 
which should be stabilized by splitting off one molecule of hydrogen, water, 
or hydrochloric acid and formation of a compound (CLXXX) of quinoid nature 
(169). In  the case of acetone the transformations could be depicted as follows: 

NOa NOz 
I I 

NOz 
I 

X-H, OH, C1 
Y =H, NO2 

CLXXIX 

NOz- 
II 

NO2 
I 

CLXXXa CLXXXb 

CLXXXI 

As may be seen, CLXXIX is identical with one of the limiting structures of the 
transition state (CLXXXI) of an aromatic nucleophilic substitution; therefore 
the Jaff6 reaction becomes a t  once related to the common nucleophilic substitu- 
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tion reactions of aromatic polynitro compounds-e.g., hydroxylation by alkaline 
ferricyanide or introduction of a nitrile group by means of potassium cyanide. 
Since quinones likewise are capable of being substituted by nucleophilic reagents, 
the striking parallelism between the color reactions of active methylene com- 
pounds with polynitro compounds and l,2-naphthoquinone-4-sulfonic acid 
(169) becomes intelligible. 

According to the most recent suggestion the reaction of creatinine and other 
active methylene compounds with picric acid and related substances should 
be not a substitution, but instead an addition reaction (183). The structure of 
the red creatinine picrate, as deduced from the absorption spectrum, should 
be as shown in formula CLXXXII, the hydroxyl group of the picric acid moiety 
not being eliminated from the product (184). That the color reaction consists 
in addition of the active methylene compound and not in substitution by i t  is 
proved, in addition to the evidence gained from absorption spectra, by the 
fact that on treatment of the colored products from acetone and 2,4,6-trinitro- 
chlorobenzene or phenyl picrate with hydrochloric acid, eventually in the pres- 
ence of hydrogen peroxide, compounds of the structures CLXXXIII or 
CLXXXIV are obtained (183). 

0 HO NO2 

HO 
,c-GO 

H I  I 

CH3 NYNH 
AH 

CLXXXII 

O Z N G ~ H Z C O C H ~  - 

NOz 
CLXXXIII : R = C1 
CLXXXIV: R= CaH6 0 

On treatment of aqueous alkaline solutions of creatinine and 3,5-dinitrobenzoic 
acid with alcohol, colored crystalline compounds are precipitated which contain 
one molecule of creatinine, two molecules of 3,5-dinitrobenzoic acid, and various 
amounts of sodium hydroxide. The more stable compound is brown, the less 
stable one violet. The latter, which contains three molecules of sodium hydroxide, 
decomposes in methanol solution into a compound consisting of one molecule 
each of creatinine and 3,5-dinitrobenzoic acid and four molecules of sodium 
hydroxide and in addition into creatinine and sodium 3 ,5-dinitrobenzoate 
(40). The corresponding silver salts have been likewise prepared (40). These 
compounds were considered, by analogy with the substances obtained with 
polynitro compounds, as molecular complexes (36). 

B. The Weyl reaction 
Aqueous alkaline solutions of creatinine produce on treatment with sodium 

nitroprusside a transient red color, later turning yellow (235, 316), which, on 
acidifying with acetic acid and subsequent heating turns green and then blue 
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(254). It was suggested that the red coloration depends on the formation of an 
unstable iron complex, the structure of which is represented by either CLXXYV 
or CLXXXVI, and which is decomposed with formation of isonitrosocreatinine 
(258). 

(CN)6FeN=-==C---CO 

OH CHsk NH 
I 

‘C’ 

AH 
CLXXXV CLXXXVI 

Similarly, glycocyamidine furnishes with sodium nitroprusside a faint yellow- 
ish red (173, 189) or bluish red (29) color which, on acidification with acetic 
acid, turns deep red (173,189). The color produced with 3-methylglycocyamidine 
is a transient red, turning crimson on acidification (189). A color is produced 
also with 5-(ybenzamidopropyl)creatinine (4) and l-methylhydantoin (121) ; 
however, a-(N-methy1)hydantoic acid does not react (121). 

Creatine does not react with sodium nitroprusside. However, if the reagent 
is exposed to sunlight, i t  furnishes red colors with creatine, guanidine, and the 
methyl derivatives of the latter (297; cf. 208). Creatine may be caused to react 
with sodium nitroprusside by adding an oxidant such as sodium persulfate; the 
colored product obtained is stable towards oxidants and alkalis but unstable 
towards reducing agents and acids (235). 

On paper chromatograms a-guanidinosuccinic acid and arginine give red spots 
with alkaline nitroprusside-ferricyanide reagent. After preliminary cyclization, 
the former gives blue and the latter orange spots (311a). 

C .  Other color reactions 

With ferric chloride glycocyamidine (1 89) and diacetylcreatinine (168) furnish 
the red colors characteristic of enolic substances. 

The Sakaguchi reaction for guanidines, which consists in the production of a 
red color by alkaline solutions of guanidine containing a-naphthol or oxine 
(253) on treatment with sodium hypochlorite or hypobromite (252), is also 
applicable to the determination of glycocyamine (253) as well as of other a-guani- 
din0 acids (217, 246), the intensity of the color produced by the different guani- 
din0 acids, calculated per guanidino group, however, not being equal (217, 246). 
The reaction may be applied also to the determination of creatinine if i t  is pre- 
viously oxidized by alkaline mercuric oxide to oxalate and methylguanidine 
(244). 

After suitable modification, via., application of an alkaline a-naphthol- 
biacetyl reagent, the Sakaguchi reaction may be applied to the development 
of the spots of a-guanidino acids on paper chromatograms; however, glycocyami- 
dines do not react (300). 



CHEMISTRY OF T H E  GLYCOCYAMIDINES 727 

Nitrosamine Red gives with creatinine in acetic acid-acetate buffer solutions 
a diazo reaction, the yellow dye produced being soluble in concentrated sulfuric 
acid with a red color. The sensitivity of the reaction is 1 : Creatine does 
not give the reaction (185). 

D. Other reactions for analytical purposes 
Creatinine may be detected also with the aid of Ehrlich’s reagent (p-dimethyl- 

aminobenzaldehyde) (214). It may be identified in the form of its compounds 
with aromatic isocyanates (154), its reineckate (13), or its salt with 2-nitroindane- 
1 ,3-dione (64). 

For its determination the potassium mercuric rhodanide-dithizone method 
is very suitable. This consists in the reaction of creatinine with an excess of the 
potassium mercuric rhodanide and determination of the excess of the latter 
colorimetrically with dithizone. The determination is not influenced by the 
presence of guanidine, methylguanidine, ammonia, uric acid, urine, or even of 
30 parts of creatine (285, 286). For the determination of creatinine, as well as 
of creatine, potentiometric titration with potassium mercuric iodide is likewise 
suitable (279). 

Creatinine may be separated from creatine by treating the mixture in saturated 
sodium bicarbonate solution with mercuric nitrate, by which only the former 
is precipitated (115). Similarly, in the presence of sodium acetate, creatinine 
(but not creatine) is precipitated by mercuric chloride in the form of a double 
salt (189). The separation may be effected also by means of paper chromatog- 
raphy ( 5 ,  211). 

VII. PHARMACOLOGICAL PROPERTIES O F  GLYCOCYAMIDINES 

The pharmacology of creatinine has been investigated in great detail, the 
data prior to 1939 having been reviewed by Staub (282). According to the data, 
creatinine produces different effects on the brain and motor stimulation of 
mice and frogs, influences the electric excitability of muscle-nerve preparations, 
increases the action of adrenaline on the blood pressure and on the isolated 
frog heart, produces vasodilatation in the frog leg, and, after intravenous appli- 
cation, hypoglycemia in the sheep; finally, i t  inhibits the growth of Bacillus 
probatus. Higher doses are toxic for the smaller mammals. 

According to more recent investigations creatinine has some protective action 
on certain experimental convulsions (51, 63, 230). 

Among its derivatives sulfacreatinine (CLXXXVII), as well as the related 
sulfacreatine, does not damage the kidneys, in contrast to other sulfonamides 
(251). The salicyloyl derivative (CLXXXVIII) is a preservative (256). 

HzC-CO HzC-CO 
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Among the derivatives of glycocyamidine the pharmacology of different 
2-(disubstituted amino)-5,5-diphenyl-2-imidazolin-4-ones (CLXXXIX) was 
studied; however, these compounds showed neither hypnotic and sedative, 

(CsHs)z Y-CO 
I 

I 
NRz 

CLXXXIX 

nor lethal effects on mice in doses of 1 g./kg. (53). Some basic substituted 
derivatives of glycocyamidine have been found to produce various effects on 
different centers of the central nervous system (198, 199). N2-Sulfanilylglyco- 
cyamidine has antibacterial properties (65). 
Phthaloylbis(methylglycocyamidine), which is probably bis(methylg1yco- 

cyamidine) phthalate (cf. page 675), lowers the blood sugar level in man and 
enhances the action of simultaneously given insulin; however, it does not influ- 
ence the body weight (293). N2-Sulfanilylglycocyamidine possesses antibacterial 
activity (65). 
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