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CHAPTER I 

INTRODUCTION 

The nuclear magnetic resonance (NMR) study of unsat-

urated heterocyclic compounds has attracted considerable 

interest. The NMR spectra of pyridine and substituted 

pyridines have been obtained and completely interpreted 

by Schneider, Bernstein and Pople.1* 2 The spectrum of 

pyrrole was analyzed in detail by Abraham and Bernstein.? 

Gronowitz and Hoffman have studied pyrimidine and potentially 

tautomeric pyrimidines such as amino-, hydroxy- and mercapto-

pyrimidines.^ N-substitued tetrazoles have been investigated 

in order to determine the location of the hydrogen in tetra— 

zole.5 More recently the M R spectra of potentially tautomeric 

*| r ' ' ' ' 

W. Schneider, H. Bernstein and J. Pople, "The Analysis 
of Nuclear Magnetic Resonance Spectra. III. Pyridine and 

^ Pyridines," Canadian Jou rna l of Chemistry, XXXV 
(1957)$ 1487. 

2 
. __ J' Bernstein, J. Pople and W. Schneider, "The Analysis 

° ^ mS a r, T
M a s n® t i c R e s o n a n c e Spectra. I. Systems of Two 

and Three Nuclei," Canadian Journa1 of Chemistry. XXXV (1957), 

in aS d ?* Bernstein, "A Novel Substituent Effect 
in Vicinal Proton-Proton Couplings," Canadian Journal of 
Chemistry. XXXVII (1959), 1056. 

n f p
a ? d 5' Hoffman, "Proton Magnetic Resonance 

of Pyrimidines," Ariciv fur Kemi, XVI (I960), 459. 

5D. Moore, "Substitution Effects in Nuclear Magnetic 
sPec-fcr& °f Tetrazole and Its Derivatives," Journal 

of the American Chemical Society. LXXXII (I960), 50077 



pyrazoles^ and thiazoles? have yielded information con-

cerning "the structure of these compounds. 

Although infrared and ultraviolet spectra have "been 

employed to analyze structures of 1,2,4-triazoles, the 

conclusions have frequently been ambiguous or contradictory. 

In the work undertaken here, NMR has been used to ascertain 

the structure of some 1,2,4-triazoles. The investigation 

provides information concerning the structure of potentially 

tautomeric triazoles such as hydroxy- and aminotriazole.8 

Connected with this aspect of triazole chemistry is the 

larger problem of mesohydric tautomerism.9 The present 

study also yields information for a comparison of substituent 

effects in triazoles, N-heteroaromatic substances and benzene. 

The interconversion between two tautomeric structures 

can occur via discretecationic or anionic intermediates such 

as indicated in I where E is an anion capable of reacting 

with a proton at a minimum of two distinct sites. Alter-

natively, interconversion can occur by the simultaneous 

DD. O'Brien and J. Gates, Jr., "Some Reactions of 3-
Hydroxy-l-phenvlpyrazoleJournal of Organic Chemistry, 
XXXI (1966), 1539-

7j. Pople, W. Schneider and H. Bernstein, High-resolution 
Nuclear Magnetic Resonance (New York, 1959)» p. 2*3. 

^Potentially tautomeric compounds will be referred to as 
"hydroxy" and "amino" without prejudicing the final conclusions, 

9l. Hunter, "Mesohydric Tautomerism," Journal of the 
Chemical Society. MDCCCCXLV (1945), 806. 



loss and gain of different protons as is pictured in II 

with E having the same meaning as in I.1® 

HEH+ 

HE EH BASE H—E H*—BASE 

base 

E- IT 

These two mechanisms, I and II, are well established 

for acyclic compounds,11 but they have been much less 

thoroughly investigated as to their applicability to hetero-

aromatic systems. 

The tautomerism of compounds with five- or six-membered 

rings and two or more hetero atoms is more complex than that 

which occurs when only one hetero atom is present. Hydroxy, 

mercapto, and amino derivatives can be in tautomeric equi-

librium with the oxo, thiocarbonyl and imino compounds, 

respectively. The substituent proton has moved either to an 

annular nitrogen atom or to an annular carbon atom as occurs 

in five-membered heterocycles with one hetero atom. The 

relative position of the functional group with respect to 

10A. Katritzky, Advances in Heterocyclic Chemistry 
(Sew York, 1962), I, Wf. *~ 

llc* Ingold, Structure and Mechanism in Organic Chemistry 
(Ithaca, New York, 1953), pp. 530-575. 



the hetero atoms often determines the tautomeric nature of 

these c o m p o u n d s I f , however, annular nitrogens and 

annular NH groups are present, tautomerism can occur even 

in the absence of functional groups. 

If tautomerism involving only annular nitrogen is 

considered, all triazoles, tetrazoles and unsymmetrically 

substitued imidazoles and pyrazoles can exist in two tauto-

meric forms, III and IV.^ 

\ — * - v 

- — J " 
lit iv 

1,2,4-Triazoles have been considered to display two 

types of tautomerism: that due to the position of the 

annular hydrogen (Va, Vb, Vc) and that due to substituent 

groups (Vd, Ve, Vf). 

N — N - H N — N 

Vfl Vb H Vc 

N N N — N - H H-N—N-H 

-YH H - k N J = Y 

W IN 

•v-
V4 H Ve H Vf 

•l2A. Katritzky, Advances in Heterocyclic Chemistry 
(New York, 1963), II,'~W. 

15Ibid. 



Prior to 1940, Chemical Abstracts differentiated among 

1,2,4-triazole (Va) and 4,1,2-triazole (Vb), but the present 

method is to consider Va and Vb as s-triazole. Compounds 

with N-substituents have been named on the basis of parent 

compounds as substituted 1,2,4-lH-triazoles or substituted 

1,2,4-4H-triazoles. This type of nomenclature is based on 

the assumption that triazoles are capable of existing in at 

least two tautomeric forms; however, no such isomers of 

1,2,4-triazole have ever been isolated.^" Experiments 

designed to yield isomeric C-monosubstituted or C-disubstituted 

triazoles containing a free annular hydrogen atom have always 

produced only one product.^ Isomeric N-substituted triazoles 

are known-^ and are regarded as being derived from each of 

the tautomeric forms.^ Potts proposes that the annular hydro-

gen is not attached to any of the nitrogens, but exists as a 

charged atom bound to a negatively charged triazole nucleus 

that is stabilized by resonance-*- 8 as in structure Vc, 

Maggio, G-. Werber and G. Lombardo, "Reactivity of 
Semicarbazones and of Their Cyclization Products," Annali 
di chimica (Rome), L (I960), 491. 

Potts, "1,2,4-Triazoles. Part I. A Synthesis of 
3,5-Disubstituted 1,2,4-Triazoles," Journal of the Chemical 
Society, MDCCCCLIV (1954), 3461. 

Richter, Beilsteins Handbuch der Organischen Chemie 
(Michigan, 1942), XXVI, 141. 

^K. Potts, "The Chemistry of 1,2,4-Triazoles," Chemical 
Reviews, LXI (1961), 87. 

18Ibid. 



Many workers have assigned specific structures to 

potentially tautomeric compounds without considering the 

possibility of tautomerism or else they have made structural 

designations on the "basis of starting material and chemical 

behavior.19 Thiele and Heidenreigh discussed the possibility 

of two 3-methy1-1,2,4-tr iazoles (Via, Tib).20 

Ul-H N N N N-CHg N N CHg-N N 

-CH3 H-L J J - C H 3 
H CH3 

V t a V t b V t e y/fd v i e 

In order to distinguish between Via and Vlb, the N-methyl 

derivative of 3-methyl-l,2,4~triazole was prepared, but 

Thiele and Heidenreigh could not establish which of the three 

possible derivatives had been formed, Vic, VId, or Vle.2-*-

Amino-imino tautomerism in 3-amino-5-methyl-l,2,4-

triazole (Vila, Vllb) has been evaluated on the basis of the 

19J. Thiele and W. Manchot. "Uber Derivate des Triazols," 
Justus Liebigs Annalen der Chemie, CCGIII (1898), 33; E. 
Hoggarth, "Compounds Related to Thiosemicarbazide. I. 3-Phenyl 
1,2,4-triazole Derivatives," Journal of the Chemical Society, 
MDCCCCXLIX (1949), 1160: H. Gehlen, »UEeFTJB-Cyan-sa urehydrazide 
und ihre Umwandlung in 1,2,4-Triazolone-3," Justus Liebigs 
Annalen der Chemie, DLXIII (1949), 185. 

2oJ. Thiele and K. Heidenreigh, "Triazolderivate aus 
Amidoguanidin," Berichte der Deutschen Chemischen Gesellschaft. 
XXVI (1893), 2598: 

21 Ibid. 



formation of an "azotriazole" (VIIc) with the conclusion that 

Vila was correct.22 

N Ijl-H H-N N-H N N-H H-N N 
C t V CHa-l^ J=NH CH 3-ll^-N=N-

Vila VIJb Vflc 

Several groups discussed amino-imino forms of &-amino-

pyridine in terms of the formation of N,N-dialkyl derivatives2^ 

and the reaction of the imide isomer with malonic ester to 

produce cyclic compounds such as VIII.2^ 

N—*=0 

Steck and Ewing concluded that <x— and Y-sniinopyridines were 

found primarily in the imino form because of such factors as 

basicity changes with substitution, chemical derivatives, and 

comparisons of ultraviolet spectra. 

22 
A. Tschitschibabin, R. Konowalowa and A. Konowalowa, 

"Tautomerie des fc-Amino-pyridins and,seiner Derivate," 
Berichte der Deutschen Chemischen Gesellschaft. LIV flQ12^ 
wrr. * 

25Ibid. 

24A. Tschitschibabin, "Uber die Bildung von bicyclischen 
Derivaten des «-Amino-pyridins," Berichte der Deutschen 
Chemischen Gesellschaft. IVII (1924), 1168T 

25g. Steck and G. Ewing, "Absorption Spectra of Hetero-
cyclic Compounds. II. Amino-Derivatives of Pyridine, 
Quinoline and Isoquinoline," Journal of the American Chemical 
Society, LXX (1948), 3397. 
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That the use of derivatives is not entirely satisfactory 

is obvious today. Katritzky cites a variety of examples in 

which chemical reactivity is an unsatisfactory criteria for 

tautomeric forms largely because the reactive intermediate 

frequently has a form different from the initial reactant.26 

For example, the formation of condensation products with 

aldehydes (IXa) has repeatedly "been used to assert form IXb 

over for Etc. Katritzky points out that if IXc does react 

it must first tautomerize tolc or ionize toIXd.2? 

r rH f rH r r 
X ^ c = 0 ^ ^ C = ° v ^ C - O H x ^ C - O -

i x o t x b rxc rxd 

To effectively investigate tautomerism a variety of 

spectroscopic methods have been used. The applicability of 

these techniques depends on the nature of the phenomenon 

being studied and the use of model compounds. 

The electronic spectrum of nitrogen heterocycles 

generally arises from its ir-electron system which, to an ap-

proximation, is unaffected by the substitution of an alkyl 

group for a hydrogen atom. As a result the comparison of 

2 % . Katritzky, Advances in Heterocyclic Chemistry (New 
York, 1962), I, 320-322T 

27Ibid. 



the ultraviolet spectrum of a potentially tautomeric com-

pound with the spectra of both alkylated forms often in-

dicates which is the dominant tautomer. This method is 

limited. It is not applicable if the spectrim of the 

potentially tautomeric compound and "both alkylated deriva-

tives are very similar. Often only qualitative conclusions 

can be drawn because no contribution from the spectrum of 

the minor constituent can be found in the spectrum of the 

tautomeric compounds. Unless both reference compounds are 

studied, the conclusions can be incorrect. 

Many of the groups occurring in potentially tautomeric 

heteroaromatic compounds produce characteristic absorption 

bands in the infrared region. Some of these groups are 

the amino, hydroxyl, thionyl, C=0, C=S substituents. The 

presence or absence of such bands is the criterion for 

determining the structure of a particular compound. Within 

recent years the vibrational modes of heterocyclic nuclei 

and their associated infrared absorption bands have been ex-

tensively studied. In favorable cases, bands due to individual 

tautomers in a mixture can be identified.29 

Infrared spectroscopy has been utilized to investigate 

tautomerism of the annular hydrogen in substituted triazoles. 

28Ibid., p. 317. 

29lbid. 
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Akerblom and Sandberg found that for 3-alkylamino-5-(2-furyl)-

1,2,4-triazoles (X) and 3-N,H-dialkylamino~5-(2-furyl)-l,2, 4-

triazoles (XI), the hydrogen is on N-2 in the solid state.^0 

X XI 

This conclusion arose from the infrared spectra of the com-

pounds which showed cross-conjugate bands from 1580 to 1650 cm""1 

and ring vibrations in the 1600 to 1640 cm""1 region. Strong 

absorption from 2500 to 3250 cm"*1 indicated that the hydrogen 

bonding in the triazole derivatives was similar to -that in 

imidazoles and pyrazoles.^1 Ultraviolet spectra of these com-

pounds in water, ethanol, ether, or tetrahydrofuran displayed 

a very broad absorption band at 240 to 270 w with no distinct 

peak, but with visible shoulders which may have indicated the 

presence of several tautomeric forms in the solvents. A more 

30e. Akerblom and M. Sandberg, "Alkyl Derivatives of 3-
Amino-5-(2-furyl)-l,2,4-triazole," Acta Chemica Scandinavia, 
XIX (1965), 1191. 

•^G. Brealey and M. Kasha, "The Role of Hydrogen Bonding 
in the n w* Blue-shift Phenomenon," Journal of the American 
Chemical Society, LXXVII (1955), 4462?1Trm"ing,~^ui

; "Struktur 
der heterocyclischen Funfringe Pyrrol, Imidazol, 1,3,4-Triazol 
and Tetrazol," Berichte der Deutschen Chemisohen Gesellschaft. 
LXXXIX (1956;, 2887: D. Anderson, J. Duncan and 3?. Kossotti, 
"The Hydrogen Bonding of Pyrazole in Carbon Tetrachloride 
Solution," Journal of the Chemical Society. MDCCCCLXI (1961), 
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definite shoulder occurred with cyclohexane as solvent in-

dicating one of the tautomers was most prevalent in the non-

polar solvent,^ even though it was not possible to determine 

which isomer was prevalent. 

Infrared spectroscopy has also been employed to determine 

tautomerism of amino substituents in 3-amino-5-(2-furyl)-
*5 "5 

1,2,4-triazoles (XII). In chloroform solutions, assignments 

n — n N — y ~ H n — n N — N -

U-U-̂  U'-Iv= 
xr t Xt la 

N-CHj 

NH 

GH3 

were made for amino asymmetrical and symmetrical stretch 

(3480, 3395 cm""1) and amino deformation (1620 cm""1). In 

2,4-dimethyl-5-(2-furyl)-3-imino-l,2,4-triazoline (Xllal), 

which can exist only in the imino form, NH stretching was 

found at 3347 cm"*1. In the solid state, derivatives, such 

as XII, which could exhibit tautomeric forms, have no amino 

stretching absorptions in the 3400 cm"1 region. This may 

have indicated that the imino form was present or that inter-

molecular hydrogen bonding occurred. The amino deformation 

was shifted to 1640 cm"*1 in these compounds as was to be 

expected if the amino group were involved in hydrogen bonding. ̂ 4 

^2Akerblom and Sandberg, 0£. cit., p. 1191. 
33 Ibid. 

5%. Thompson, D. Nicholson and L. Short, "III. Vibra-
tional Spectra of Complex Molecules. The Infra-red Spectra 
of Complex Molecules," Discussions of the Faraday Society, 
IX (1950), 222. 
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Spasov, Golovinski and Demirov have investigated the 

structure of 3,4-diphenyl-l,2,4-triazole~5-one (XIII) "by 

means of infrared spectroscopy. The carbonyl absorption has 

a band at approximately 1730 cm"1. The compound was found 

to be a soluble in aqueous sodium hydroxide, which could be 

due to a "enol-keto tautomeric equilibrium." 
35 

M N-H M — W N W-H H - W — N - H 

H-kNyJ-OH 

0 M H 

XIVo X W b V6 

On the basis of spectroscopic work in the infrared region, 

3-substituted-5-hydroxy-l,2,4-triazoles (XlVa) are generally 

considered to have structure XlVb.36 Claims5? that the tautomers 

XlVb and XIVc could be isolated are discounted on the grounds 

that the compound thought to be XIVc is actually 3—amino—5— 

methyl-1,3,4-oxadiazole. 

Spasov, E. Golovinski and G. Demirov, "Reaction of 
Amidrazones with Ethyl Chloroformate. Preparation of 3,4-
Diaryl—substituted 1,2,4—Triazol—5—ones," Berichte der 
Deutschen Chemischen Gesellschaft. XCVIII (1964), 9527 

^• She inker, 2. Peresleni, N. Zosimova and Y. Pomeratsev. 
Tautomerism of Derivatives of Heterocyclic Compounds." Russian 

Journal of Physical Chemistry, XXXIII (1959). 303: H. GeHTen 
and G. Blamcenstein," "^B-Uyano Acid Hydrazides," Justus Liebigs 
^R n a^ e n Chemie, DCXXXVII (I960), 162; J. Howard and H. 
Burch, "fransTaFiation of 2-Amino-5-phenyl-l,3,4-oxadiazole 
XXVI (I960)'"^j^-triazolin-S-one," Journal of Organic Chemistry, 

37A. Katritzky and P. Maine, "The Tautomerism of Hetero-
aromatic Compounds with Five-membered Rings—V. 1-Substituted 
3-Hydroxypyrazoles," Tetrahedron. XX (1964), 315. 

58Howard and Burch, o£. cit., p. 1651. 
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After studying the keto-enol equilibrium in a variety 

of heterocycles, Katritzky concluded that generally the 

equilibrium XVa * XVb lies far to the left in hetero-

aromatic systems unless Z is an electronegative atom carry-

ing a lone electron pair: 0, NR, or S.-*9 other workers have 

reached a similar conclusion.4° 

, C=0 ~"£-OH 

- 1 u 
Z^" H ""Z 

XVa XVb 

Dewar has considered the problem of mesohydric tauto-

merism.^l Many cases occur in which isomers, differing only 

in the position of attachment of one hydrogen atom, appear 

to have no independent existence. Thus, substituted pyrazoles 

and imidazoles might theoretically display isomeric forms, but 

59a. Katritzky, B. Wallis, R. Brownlee and K. Topsom, 
"The Tautomerism of Heteroaromatic Compounds with Five-membered 
Rings—VIII. Hydroxy-oxadiazoles or oxadiazolones," Tetra-
hedron, XXI (1965), 1781. 

0̂\V. Sherman, "5-Nitro-2-furyl-substituted 1,3,4-
Oxadiazoles, 1,3,4-Thiadiazoles, and 1,3,5-Triazines," Journal 
of Organic Chemistry. XXVI ( 196I ) , 88s H. Yale, K. Losse, 
P. iPerry and J, Bernstein, "Chemotherapy of Experimental 
Tuberculosis. X. Heterocyclic Acyl Derivatives of Substituted 
Semicarbazides," Journal of the American Chemical Society, 
LXXVI (1959)» 22085 C. Ainsworth, "The Condensation of Car-
boxylic Acid Hydrazides with Carbon Disulfide," Journal of 
the American Chemical Society; LXXVII (1956), 4475. 

41M. Dewar, Electronic Theory of Organic Compounds (Oxfcrd. 
England; 1949), p. 193. 
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in no case have such isomers been isolated. Of course, the 

interconversion of these compounds might occur by normal 

prototropy, since the prototropic exchanges of -NH- com-

pounds are very rapid.42 This can be ruled out for cases in 

which the rates of prototropy are known to be slow. Hunter 

suggested that in all cases of rapid exchange, the mobile 

hydrogen is attached by a bond that is not definitely 

localized in the moleoule.4^ Dewar termed this a "molecular 

bond," and depicted the compounds as ir -complexes.^4 The 

proton should be able to move quite easily from atom to atom, 

since it is attached all the time to the annular ir -electrons. 

In an extensive discussion of tautomerism in nitrogen-

containing heterocycles, Katritzky concludes that the above 

concept is "incorrect and misleading" as applied to triazoles.45 

Intermolecular association of various heterocycles has 

been studied utilizing other physical properties as well as 

NMR measurements. In 1945, Hunter investigated several hetero-

cyclic compounds that exhibited characteristics of highly 

associated substances: sparse solubility in organic solvents, 

high melting point, and stability above the melting point.^ 

42Ibid. 

43i,. Hunter, op. cit., p. 806. 

44"Dewar, pp. cit., p. 193. 

^Katritzky, Advances in Heterocyclic Chemistry, II, 34. 

4%unter, 0£. cit., p. 806. 
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He found that increasing the temperature or dissolution in 

solvents tended to "break the polymer into smaller fragments, 

but that these fragments retained a "fundamentally similar 

structure: the h y d r o g e n - b o n d . " 4 7 Measurements of molecular 

weight indicated that such fragments were essentially 

oligomeric, actually cyclic dimers in some cases. Hayes 

and Hunter found this to be true of oximes, carboxylic acids, 

and pyrazoles. These substances appeared to fall into a 

classification of ring systems where tautomerism depended 

on "mobile hydrogen."48 

This type of tautomerism is not true tautomerism since 

the compounds are homogeneous substances, not equilibrium 

mixtures.49 The shift of a hydrogen from A to B is ac-

companied by a redistribution of valencies along the chain 

and the compounds exhibit molecular association by the 

operation of the B—H—A bonds. Thus the substances exist 

as aggregations of molecules: 

( a) —H-A= =B—H-A= =B—H-A= =B—H-A 

(b) -H—A==B -H—A==B -H—A = = B -H—A 

47Ibid. 

48H. Hayes and L. Hunter, "The Associating Effect of the 
Hydrogen Atom. Part VII. The N—H—N Bond. Derivatives of 
Pyrazole and Indazole," Journal of the Chemical Societv. 
MDCCCOXLI (1941), 1. * : — ^ 

49lbid. 
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where (a) and (b) represent the unperturbed states of which 

the true state of the molecule is a resonance hybrid; the 

compound has physical and chemical properties intermediate 

between those expected of (a) and (b). The same consid-

erations apply where the hydrogen bonding is intramolecular. 

Cryoscopic studies of benzotriazoles by Heafield and 

Hunter showed that benzotriazoles with a free imino hydrogen 

were strongly associated substances.^0 if an alkyl or aryl 

group was substituted for the imino hydrogen, the association 

was checked and there was an unexpectedly large reduction 

in melting and boiling points. Plots of concentration 

versus association showed strong dependence of the degree 

of association on concentration for unsubstituted benzo-

triazoles, but these graphs indicated the systems were 

monomeric if the imino hydrogen were replaced. 

Hayes and Hunter reported that the melting and boiling 

points of pyrazoles and imidazoles were lowered by replacing 

the mobile N-hydrogen with alkyl or aryl groups.51 Amidines 

(XVI) were found to be less associated than the compounds 

previously considered, but cyclic amidines (benzimidazoles, 

5°T. Heafield and I. Hunter, "The Associating Effect of 
the Hydrogen Atom. Part X. The N-H-N Bond. The Constitution 
of the Benztriazoles," Journal of the Chemical Society. 
MDCCCCX1I (1941), 1. 

51Hayes and Hunter, "The Associating Effect of the 
Hydrogen Atom," p. 1. 
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et cetera) were strongly associated due to the presence 

of a more acidic imino h y d r o g e n . 5 2 These authors also 

found glyoxalines (XVII) and guanidines (XVIII) to be 

highly associated. 

N-H NH 
it 

|—N-tt 
RN-CR-NHR' A-R NH2-C-NHR 

L_n' 

xvi xvn xvut 

Intramolecular hydrogen bonding generally produces 

substances with the characteristics of unassociated com-

pounds, such as relatively low melting points and low 

solubility in organic solvents. Hunter and Roberts examined 

formazyl compounds of the type XlXa and XIXb.^3 it is 

generally agreed that XlXa and XlXb are identical. XIX 

seemed to exist as intramolecularly hydrogen-bonded 

Ar»-N=iM-CR=N-NHAr Ar-N=N-CR=N-NHAr• 

XlXa XlXb 

52x,. Hunter and C. Roberts, "The Associating Effect of 
the Hydrogen Atom. Part VIII. The N-H-N Bond. Benzimin-
azoles, Glyoxalines, Amidines, and Guanidines," Journal of 
the Chemical Society, MDCCCCXLI (1941), 777-

5^1. Hunter and C. Roberts, "The Associating Effect of 
the Hydrogen Atom. Part IX. The N-H-N Bond. Virtual 
Tautomerism of the Formazyl Compounds," Journal of the 
Chemical Society, MDCCCCXLI (1941), 820. 
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3pecies of the form 

/N—N-Ar N—N-Ar 

R-(\ ) H 

N—N-Ar' V=tf-Ar' 

Measurements of the molecular weights in benzene over a 

wide range of concentrations indicated that the substance 

was monomeric. 

It has recently been shown that hydrogen bonds are 

usually unsymmetrical, and in these cases the individual 

existence of the tautomers in the solid and liquid states 

can be discussed with validity.^4 

No definitive work has been done on the symmetry of 

hydrogen bonds in substituted 1,2,4—triazoles; however, 

Deuschl used three-dimensional analysis of single crystal 

X-ray diffraction data to determine the crystal structure of 

1,2,4-triazole.55 He found 1,2,4-triazole to be orthorhombic 

with a unit cell containing eight molecules. The triazole 

ring was found to be planar within experimental error. 

Hydrogen bonds of length 2.82 •*0.015 A between nitrogen 

atoms linked the molecules to form infinite chains in the 

crystal. Deuschl stated the triazole molecules were bonded 

5%atritzky, Advances in Heterocyclic Chemistry, I, 317• 

-^H. Deuschl, "Die Rontegenstrukturanalyse von 1,2,4-
Triazol," Berichte derbunsen gesellschaft fiir pftysikalische 
chemie, LXlX (l$bb)7"55U: 
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as indicated in Figure 1. (See page 20.) It was suggested 

that "bonding of the hydrogen to N2 was probable (See structure 1, 

Figure 1, page 20.) since that bonding resulted in a decli-

nation of only 6.5° to the plane of the ring, whereas the 

bonding of hydrogen to N4' resulted in a 22.2° declination. 

It is also more energetically favorable fpr the atoms of the 

N-H-N group to be linearly ordered.56 Deuschl did not rule 

out the other tautomeric forms or perhaps a statistical ex-

change between the two situations. 

Senko and Templeton5? examined the crystal structure 

of 3-hydrazino-5-thiol-l,2,4-triazole (XX) and found the 

ii r 
H S - V ^ - N H N H 2 

N 

XX 

hydrogen bond distance between N2 and to be 2.88 A. The 

location of the hydrogen in this bond was considered un-

certain because there were two possible tautomeric structures 

as shown in Figure 2. (See page 21.) The fact that the 

C5-N1 bond was slightly shorter than the C3-N2 bond was 

5%. Schneider, "Properties of the Hydrogen Bond. The 
Role of lone-pair Electrons," Journal of Chemical Physics, 
XXIII (1955), 26. 

5%. Senko and D. Templeton, "Crystal Structure of 
3-H.vdrazino-5-thiol-l,2,4-triazole," Acta Crystallographie, 
XI (1958), 808. 
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considered to make tautomer iv more likely than v. Disorder 

of the hydrogen position was also considered possible. 

In recent years UMR techniques are also being used to 

determine intra- and intermolecular association in hetero-

cycles. The practicality of using such measurements for 

this purpose was widely recognized following the observation 

by Arnold and Packard that the chemical shift of the proton 
CQ 

in the hydroxyl group in ethanol was temperature dependent. 

It was also noted that solvent dilution of the alcohol had an 

effect similar to that of raising the temperature. NMR of 

alcohols in water and methanol showed that in all cases the 

hydroxyl resonance shifted to higher field with increasing 

dilution.^9 This phenomenon was attributed by Liddel and 
fin 

Ramsey to molecular association—hydrogen bonding. The 

hydrogen of the hydroxyl group will experience a different 

electronic shielding in the associated and unassociated states 

resulting in a different chemical shift for the two situations. 

Berkeley stated that hydrogen bond formation caused the 

resonance of protons involved to shift to low field because 

58J. Arnold and M. Packard, "Variations in Absolute 
Chemical Shift of Nuclear Induction Signals of Hydroxyl Groups 
of Methanol and Ethanol," Journal of Chemical Physics, XIX 
(1951), 1608. 

Liddel and W. Ramsey, "Temperature Dependent Magnetic 
Shielding in Ethanol," Journal of Chemical Physics, XIX (1959)• 
1608. 

60Ibid. 
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of a negative contribution from proton screening and a 

positive or negative contribution from the magnetic 

anisotropy of the molecule to which the proton is hydrogen 

bonded.^ 
62 

More recently numerous investigators have studied the 

molecular interaction of cyclic and acyclic systems by M R 

measurements. The dilution shift of the proton signals in-

volved in the interaction is found to be surprisingly large 

and may be measured even for fairly weak interactions that 

may not be detectable by other methods.^ In general, the 

results' indicate that on hydrogen bonding a proton resonance 

is shifted to lower field relative to its resonance in the 

dissociated molecule. Exceptions do occur when the donor 

6lp. Berkeley, Jr. and M. Hanna, "Huclear Magnetic 
Resonance Studies of Hydrogen Bonding. II. Calculation of 
the Shift Upon Complex Formation," Journal of the American 
Chemical Society, LXXXVI (1964), 299^ 

Gutowsky and A. 3aika, "Dissociation, Chemical 
Exchange, and Proton Magnetic Resonance in Aqueous 
Electrolytes," Journal of Chemical Physics, XXI (1953), 1688; 
C. Huggins, G. Pimentel and J. Shoolery, "Proton Magnetic 
Resonance Studies of Chloroform in Solution—Hydrogen Bonding," 
Journal of Chemical Physics, XXIII (1955), 896} L. Reeves and 
W. SchneTcfer, "Nuclear Magnetic Resonance Measurements of 
Complexes of Chloroform with Aromatic Molecules and Olefins," 
Canadian Journal of Chemistry, XXXV (1957), 251; C. Reid, 
Semiempirical irea^ment of the Hydrogen Bond," Journal of 
Chemical Physics, XXX (1959), 182. 

^G. Korinek and W. Schneider, "On the Proton Magnetic 
Resonance Shift Due to Hydrogen Bonding," Canadian Journal 
of Chemistry, XXXV (1957), 1157. 
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molecule contains an aromatic ring.6^ if the molecule is 

associated itself in the pure state, the addition of any-

second substance will cause a dilution shift.65 little shift 

of the NH signal on changing solvents indicates occurrence 

of intramolecular hydrogen "bonding; a great shift indicates 

freedom of the compound to interact with the solvent.66 

An increase in the temperature has been found to cause 

a shift of NH resonance toward higher field regardless of 

whether solute-solute or solvent-solute hydrogen bonding is 

occurring because higher temperatures shift the equilibrium 

toward the nonhydrogen bonded species which is known to 

resonate at higher field.6? 

Sumi and co-workers68 state that allophates (XXI) and 

biurets (XXII) show the characteristic broad resonance of the 

NH proton in carbon tetrachloride but that the NH resonance 

urethanes (XXIII) and ureas was not detected. All of these 

compounds have a sharp NH signal in polar solvents such as 

^Reeves and Schneider, oj>. cit., p. 251. 
65Korinek and Schneider, 0£. cit., p. 1157. 
66A. Bloodworth and A. Davies, "The Nuclear Magnetic 

Resonance Spectra of Urethanes, Ureas, Allophanates and 
Biurets," Journal of the Chemical Society, MDCCCCLXVI (1966), 
125 • 

6^Pople, Schneider and Bernstein, High-resolution Nuclear 
Magnetic Resonance« pp. 418-421. 

6®M. Sumi, Y. Chokki, Y. Nakai, M. Nakabagashi and T. 
Kanzawa, "Studies on the Structure of Polyurethan Elastomers. 
I. NMR Spectra of the Model Compounds and Some linear 
Polyurethanes," Makromolekulare Chemie, EXXVIII (1964), 146. 
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dimethyIsulfoxide (DMSO), dimethylformamide, acetone and 

pyridine. The authors concluded that the normal "broadening 

effect of the quadrupole is probably nullified by the 

increase in the nitrogen-hydrogen distance which results 

from hydrogen bonding intramolecularly for allphates (XXI) 

and biurets (XXII) or intermolecularly with the solvent in 

the case of urethanes (XXIII) and ureas. 

X X 
R ? ? R ljfR/ NH2-C-OR 
H ^ - o r « 2 

XXI XXII XXIII 

On the other hand, Bloodworth and Davies report the 

NH signal for urethanes and ureas as well as for allophates 

and biurets in carbon tetrachloride or chloroform.^9 jn 

isopropyl- and phenyl-N-phenyl carbamates (XXIII), the NH 

signals are found to be obscured by the phenyl signal. In 

the urethanes and ureas tabulated, substitution of an aryl 

group for an alkyl group on nitrogen shifts the NH signal 

downfield. On increasing the concentration of the carbon 

tetrachloride solutions or changing the solvent to DMSO, the 

NH resonance shifts to lower fields due to an increase in 

internal hydrogen bonding. In N-alkyl urethanes and ureas, 

^^Bloodworth and Davies, op. cit., p. 125. 
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NH-CHn coupling occurs and the NH signal appears as a 

partially resolved multiplet with a coupling constant of 

7 Hz, reducing to this approximate magnitude the frequency 

at which the Ell protons can undergo exchange. 

The degree of self-association of 5-methyltetrazole 

(XXIV) in sulfur dioxide has "been determined using HMR.70 

The NH signal of XXIV shows a large upfield shift on 

dilution from 0.25 to 0.12M; over a range of only 0.003M 

the chemical shift changes by 7.4 ppm. Such a pronounced 

concentration dependence is compatible with solute-solute 

hydrogen bonding effects which are reduced on dilution 

with concomitant shifts to a higher field.71 Hence XXIV 

self-associates more readily than it associates with sulfur 

dioxide. It was concluded that dimerization and/of higher 

association of XVI occurs in sulfur dioxide.7^ The most 

reasonable form of such association is a dimer. 

N—N-ll 

/)-CH3 

N - N 

XXJV 

70j. Markgraf, W. Bachmann and D. Hollis, "Proton 
Magnetic Resonance Spectra of Certain Methyl-tetrazoles," 
Journal of Organic Chemistry, XXX (1965), 3472. 

71a. Bourn, D. Gillies and E. Randall, "Cis-trans 
Isomerism in Formanilide," Tetrahedron, XX (19FT), 1811. 

72Markgraf, Bachmann and Hollis, 033. cit., p. 3472. 
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Although the C-methyl resonance of XXIV was examined under 

high resolution at -40°, only a single sharp peak was ob-

served. The absence of any doubling of the C-methyl probably 

indicates only that the rate of interchange between possible 

forms is sufficiently fast to average the environment of the 

methyl group. 

In determining the extent and nature of tautomerism in 

1,2,4-triazoles, no application of nuclear magnetic resonance 

spectroscopy has been made. Only two publications reporting 

NMR spectra for triazole derivatives have appeared?-*» ?4 

and neither of these treated the problem of tautomerism. In 

this paper, M R is shown to provide information as to the 

tautomeric forms present in 1,2,4-triazole and some potentially 

tautomeric derivatives. 

7%. Child, "New Synthesis of 3,4,5-Triamino-4H-l, 2,4-
triazole (Guanazine)Journal of Heterocyclic Chemistry, II 
(1965), 98. 

7%. Hauser and 0. Logush, "Reaction of Guanazole and 
Diformylhydrazine," Journal of Organic Chemistry. XXIX (1964), 
972 • 
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EXPERIMENTAL 

M R dataware taken with a Yarian A-60 spectrometer 

equipped with a Varian Model V-6057 variable temperature 

accessory. Temperatures given are accurate to *2°C. Each 

spectrum was taken a minimum of five times with the indicated 

chemical shift determined "by weighted average. Concentrations 

given as percentages are weight per unit weight and are ac-

curate to ±0.0001 grams. Concentrations given in terms of 

moles are accurate to *0.01M. All of the spectra used in 

illustration were taken at a scan width of 1000Hz unless 

otherwise indicated. Each sample contained tetramethylsilane 

(TMS) as an internal reference. 

All of the compounds examined, except the two for which 

procedures for preparation are given below, are well-known 

substances purified by sublimation when possible or by 

recrystallization to constant melting point. 

The solvents used were spectroscopy grade hexadeutero-

dimethylsulfoxide (DMSO-dg) and reagent grade hexamethyl-

phosphoramide (HMPT). The DMSO was dried by distillation at 

reduced pressure from sodium sulfate and kept in an anhydrous 

nitrogen atmosphere. The M P A was purified by distillation 

at reduced pressure and stored in an anhydrous nitrogen 

28 
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atmosphere. The NMR tubes used were filled in an anhydrous 

nitrogen atmosphere and stored with pressure caps in a 

calcium chloride dessicator. No changes in the spectra due 

to water were observed over an interval of six months. 

Preparation of 5-Diphenylmethyl-3-Hydroxy-
l-Phenyl-l,2,4-Triazole 

5-Diphe nylmethy 1 -3-hydr oxy-1 -phe ny 1 -1,2,4-tr iazole (XI) 

was prepared according to the method of Gold-Aubert, Melkonian, 

and Toribio.1 

Two and twenty-six hundredths grams (0.01 mole) 

l-( , -diphenyl)acetylurea and 1.08 grams (0.01 moles) phenyl-

hyrazine were stirred at reflux in twelve milliliters decalin 

for eighthours. After the reaction mixture was allowed to 

stand at room temperature over night, a light precipitate 

formed. Filtration of the solid followed by two recrystal-

lizations from methanol yielded 2.88 grams (88 per cent) of 

5-diphenylmethyl-3-hydroxy-l-phenyl-l,2,4-triazole as white 

needles melting at 198-199°C. 

Infrared spectrum (KBr, Perkin-Elmer 327) agreed with 

the assignments made for similar compounds.^ The following 

assignments were made by comparison with the work of Gold-

Aubert, Meldonian, and Toribio:5 NH, 3000 cm"1; cyclic amide, 

Ph. Gold-Aubert, D. Melkonian and I. Toribio, "Synthese 
de nouvelles phenyl—1—triazolines—1,2,4—ones—5 substituees 
en 3," Helvetical Chemica Acta, XLVII (1964), 1188. 

2Ibid. 3Ibid. 
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1710 cm""*"; cyclic C N, ^595 cm"1; phenyl, 1500 cm~l; other 

bands at 1365, 1025, 7^5, and 680 cm"1. 

Analysis for C 2 lH 1 7N 30: C, 77.06; H, 5.2>+; N, 12.81+. 

Found: C, 77.00; H, 5.22; N, 12.81. 

Preparation of 3-Fluoro~l, 2,*+-Triazole 

Ten grams of 3-amirio-l,2,^—triazcle was. added slowly 

with vigorous stirring to a solution of *+5 grams of fluoboric: 

acid and 0.1 gram copper sulfate, cooled to -5°C. A solution 

of 9.0 grams sodium nitrite in thirty milliliters of water 

was added in five minutes to tv:e cold solution. Gas evolution 

occurred immediately. The solution was stirred three hours 

with the temperature maintained at -10°C. A fine precipitate 

formed during this time. After allowing the tempera tore to 

rise gradually over two hours to room temperature, trie r e -

action mixture was made basic with sodium hydroxide and the 

resulting precipitate filtered, washed with water and ex-

tracted in a Soxhlet apparatus with glacial acetic acid. A 

colorless precipitate, which formed on cooling, was filtered 

to yield 8*5 grams (81 per cent) 3-fluoro-l,2,^-triazole, 

melting point b2?°C with decomposition. 

Analysis for C2H2N3F: C, 27.60; H, 2.32; N, i+8.30; 

F, 21.8*+. 

Found: C, 27.78, H, 2.08, N, 1+8,28, F, 20.35. 



CHAPTER III 

DISCUSSION 

1,2,4-Triazole"1" 

The NMR spectrum of liquid 1, 2,4-triazole (XXV) ex-

amined just above the melting point (125°C) of the compound, 

consists of two singlets at 15,9 and 7.95 ppra with relative 

intensities of 1:2. (See Figure 3, page 32.) The upfield 

signal corresponds to the C-3 and C-5 hydrogens. The 

assignment of the upfield signal to the C-3 and C-5 hydrogens 

is in agreement with the corresponding assignments of Hauser 

2 

and Logush. In the spectrum of 3-(4'-lf,2«,4'-triazoyl)-l, 

2,4-triazole two peaks with 2 to 1 relative intensity were 

found at 9«21 and 8.86 ppm, respectively. 

XXV H—C>3 
\ 4 

• N — H 

^C~H 

These peaks were ascribed to the triazole and triazoyl 

hydrogens bonded to carbon. Although MH signals are frequently 

Purchased from Aldrich Chemical Company, Milwaukee, 
Wisconsin. 

2M. Hauser and 0. logush, "Reaction of Guanazole and 
Diformylhydrazine," Journal of Organic Chemistry. XXIX 
(1964), 972. 5 
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14 3 
found to be broadened by the N c^iadrupole, the downfield 

signal for 1,2,4-triazole was very sharp. Rapid exchange of 

the annular hydrogen might explain this narrow line width.^ 

Duderck, et al., reported that nitrogen quadmpole relaxation 

broadened the 2-H signal in pyrimidines but that in s-triazines 

the protons gave sharp lines. 

,jgL« .tpL: jpr" 
A 

X X V a XX Vb XXVc 

That intermolecular hydrogen exchange is occurring in 

1,2,4-triazole is supported by the behavior of DMSO-water 

solutions.^ Whereas the C-3 and C-5 hydrogen resonances re-

main essentially unchanged, the annular hydrogen band coalesces 

with the water signal. The lack of coupling in the presence 

3M. Takeda and E. Stejskal, "Analysis of the Effect of 
Chemical Exchange on a High-resolution N. m. r. Spin-Spin 
Doublet; Application to N-MethylacetamideJournal of the 
American Chemical Society, LXXXII (I960), 25. 

4"F. Duderck, R. Degrote, J. DeLannoy, R. Uasielski-Hinken 
and J. Nasielski, "Electron Effects in Heterocyclic Aromatic 
Systems. Nuclear Magnetic Resonance Spectra of Substituted 
Pyridazines, Pyrimidines, and s-Triazines," Bulletin des 
societes chimiques Beiges, LXXIV (1965), 119* 

5Ibid. 

6S. Gronowitz and R. Hoffman, "Proton Magnetic Resonance 
of Pyrimidines," Arkiv fur Kemi, XVI (I960), 459. 
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of water is similar to the effect observed in imidazoles.7 

Black and Hefferan8 found that in imidazole the 1-H hydrogen 

exchanged rapidly with the solvent and the two nitrogens so 

that the coupling with other protons averaged to zero. 

The spectrum of 1,2,4-triazole in anhydrous DMSO-dg 

(10.3 per cent, 37°C) is very similar to that observed for 

the liquid state. The 0-3 hydrogen peak is shifted downfield 

to 8,33 ppro and the NH resonance occurs a t about 14.0 ppra as 

a very broad signal. A comparison of the chemical shifts for 

1,2,4—triazole in solvent and as a pure liquid is given in 

Table I. 

TABLE I 

CHEMICAL SHIFTS FOB 1,2,4-TRIAZOLE 

Solvent Temperature Signal Assignments-1 Solvent Temperature 
CH NH 

Neat 125°C 7.85 13.9 

DMSO-dg (3.8$) 37° 8.25 13.9 

HMPT (4.3$) 37° 8.17 15.1 

*In ppm from tetramethylsilane (TMS). Although all the 
signals are downfield from TMS, the negative sign has been 
omitted from the resonance assignments for convenience. 

7P. Black and M. Hefferan, "Analysis of Proton (Nuclear) 
Magnetic Resonance (NMR) Spectra of Heteroaromatic Systems." 
Australian Journal of Chemistry. XVI (1963), 1051. 

8Ibid. 
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In carefully distilled MPT, two distinct CH peaks are 

observed at temperatures below 0°C. (See Figure 4, page 36). 

In a 4.3 per cent solution, a maximum separation of 56 Hz is 

observed at -30°C. The mean half-life of the annular hydrogen 

on N-l at about 10°C is estimated to be 4 x 10"""* seconds.^ 

In the absence of rapid inter- or intramolecular exchange, 

the spectra of XXVa and XXVb would be expected to be different. 

As XXVa is symmetrical with the C-3 and C-5 hydrogens in the 

same electronic environments, only one CH peak would be 

predicted. In the unsymmetrical isomer, XXVb, the C-5 hydro-

gen is adjacent to the annular hydrogen and would be expected 

to have a different chemical shift from the C-3 hydrogen. As 

a result, two CH peaks would be expected in the M R spectrum 

of XXVb. 

The low-field signal of the high field doublet is assigned 

to the C-5 hydrogen. The hydrogen producing the upfield signal 

is in a region of greater electron density than the other 

Q 
"The calculation was made according to the equation given 

by J. Pople, W. Schneider and H. Bernstein, High-resolution 
Nuclear Magnetic Resonance (New York, 1959), P- 223, for the 
exchange rate between two positions with equal populations. 
The equation for Twhere T is half the lifetime on either site 
is 

ft 
T ~ 2»<va-VB> 

XA and vg are the frequencies of minimum exchange. 
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hydrogen as would be expected for the C-3 hydrogen as compared 

with the C-5 hydrogen which ia adjacent to the ring hydrogen. 

This assignment parallels designations made for hydrogens 

found in similar chemical environments. The C-3 hydrogen in 

1,2,4-triazine (XXVI) is subject to N-anisotropy effects of 

the adjacent nitrogens and is found to "be the most deshielded 

proton with the C-5 hydrogen being the most shielded. 

Table II lists NMR assignments for some typical heterocyclic 

compounds. (See page 38.) 

The intensity of the low field NH signal, which occurs 

at 15.3 ppm, remains constant relative to the intensity of 

the GH signals with changes in temperature. This indicates 

that the annular hydrogen is not exchanging with the solvent 

or with traces of water. The NH resonance tends to move 

downfield with decreasing temperature, but the broadness of 

the peak at temperatures above 8°C makes accurate chemical 

shifts difficult to determine. Intermolecular hydrogen 

•̂ ®W. Paudler and J. Barton, "The Synthesis of 1,2,4-
Triazine," Journal of Organic Chemistry, XXXI (1966), 1720. 
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TABLE II 

HYDROGEN RESONANCES IN NITROGEN HETEROCYCLBS 

Compound Solvent 
Signal Assign-

menta Reference 

1,2-Thiazole CDC 13 3-H 8.75 b CDC 13 
4-H 7.18 

3 _ ( 4 « _ l t , 4 * -
Triazoyl)-l,2,4-
triazole • • 5-H 8.86 

3-'-H 9.21 
c 

l,3-Thiazol-2-one DMSO 4-H 6.78 
5-H 6.90 

d 

4-Me thy1-1,2,3-
triazole * * 5-H 7.20 e 

s-Triazine CDC I3 3-H 9.88 f CDC I3 
5-H 8.34 
6-H 9•48 

3-Phe nylpyrazole CDCI3 1-H 13.8 g CDCI3 
4-H 6.53 
5-H 7.52 

aIn ppm from TMS. 

^R. Anderson, "Nuclear Magnetic Resonance Spectral 
Analyses of Isothiazoles," Journal of Heterocyclic Chemistry, 
I (1965), 279. SL 

CM. Hauser and 0. Logush, "Reaction of Guanazole and 
Diformylhydrazine," Journal of Organic Chemistry, XXIX (1964), 
972. 

Dahlfcom, J. Gronowitz and B. Mathiasson, "The Structure 
of Two Dimeric 2(3H)-Thiazolones," Acta Chemie Scandinavia, 
XVII (1963), 2479. 

eG. Harvey, "The Reactions of Phosphorus Compounds. XII. 
A New Synthesis of 1,2,3-Triazoles and Diazo Esters from 
Phosphorus Ylids and Azides," Journal of Organic Chemistry, 
XXXI (1966), 1587. 

^Paudler and Barton, o£. cit., p. 1720. 

Si. E-ensmeyer and C. Ainsworth, "Proton Magnetic Resonance 
Studies of Pyrazoles," Journal of Organic Chemistry, XXXI 
(1966), 1878. 
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bonding at lower temperatures probably accounts for the 

downfield shift of 16 Hz over a thirty degree change in 

temperature. 

The structure compatible with these assignments is 

XXVb since XXVa is a symmetrical compound. 

It is useful to compare the stability of structures 

XXVa and XXVb because the NMR spectrum shows that at -34°C 

there is no detectable amount of XXVa present which indicates 

6-lsj ISJ—H «-N N 6-

HllL Jjfi 
6+ I 

H 
XXVII a X X V I I b 

that XXVb is more stable than XXVa. Comparison of the dipoles 

resulting from assigning the annular hydrogen to N-l (XXVIla) 

and to N-4 (XXVIIb) shows that, qualitatively, XXVIIa should 

be more stable than XXVIIb because the dipoles are not op-

posing in form XXVIIa as in form XXVIIb. Quantitative 

calculations of the ir -electron densities in the neutral 

1,2,4-triazole nucleus yield various values of the electron 

density on N-l and N-4 due to differences in choice of para-

meters.12 Atkinson and Polya found values of 1.136 for N-l 

•̂ Gr. Korinek and W. Schneider, "On the Proton Magnetic 
Resonance Shift Due to Hydrogen Bonding," Canadian Journal of 
Chemistry, XXXV (1957), 1157. 

1 2K. Potts, "The Chemistry of 1*2,4-TriazoleChemical 
Reviews, LXI (1961), 87. 
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and 1.093 for N-4.1^ The assigning of greater electron 

density to N-l than to N-4 is in agreement with the qualita-

tive NMR results. 

The two most obvious methods for tautomerism of the 

annular hydrogen to occur in 1,2,4-triazole are either by 
j 

an intermolecular exchange which might involve an inter-

mediate in a mesomeric state similar to that envisioned by 

Dewar^ (a) or by an intermolecular transfer process promoted 

by strong intermolecular hydrogen bonding (b). 

w N 

" V - » * -KP 

Although M R does not directly distinguish between the 

two mechanisms, it does provide evidence to support the 

intermolecular hydrogen exchange (b). The spectra of 1,2,4-

triazole show extreme sensitivity to the presence of moisture 

in that the rate of exchange of the annular hydrogen with 

water is so fast that the low field signal can no longer be 

resolved. This is more indicative of an intermolecular 

, ® n d J- P°lya, "Triazoles. Part III. Mono-

*S5SSi S61 Chemical 

§ 5 ? = 2£fiSnio Compounds 
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process that is promoted by a protolytic solvent than of an 

intramolecular process. The NMR spectra also show that there 

are strong intermolecular forces in solutions of 1,2,4-

triazole as evidenced by the concentration and temperature 

dependence of the spectra. 

1-Methyl-l,2,4-Triazole 

1,2,4-Triazole was methylated according to the procedure 

of Pellizzari and Soldi yielding predominantly 1-methyl-

1,2,4-triazole (XXVIII).Purification by distillation 

under reduced pressure failed to remove all traces of a 

contaminant which was shown by M R to be 4-methyl-l,2,4-

triazole (XXIX). 

The M R spectrum of the material produced in the above 

manner consists, in HMPT at 37°C, of a singlet at 3.64 ppm 

equivalent to 3.3 hydrogens and three singlets at 7.84, 8.20, 

and 8.69 ppm of relative intensities 1 : 0.25 : 1. (See 

Figure 5, page 42.) At -40°C the spectrum has shifted down-

field so that this set of singlets occurs at 8.02, 8.34 and 

8.93 ppm. Comparison of the spectrum of methyltriazole with 

the spectrum of 1,2,4-triazole shows that the signals at 

8.02 and 8.34 ppm at -40°C are due to the C-3 and 0-5 hydrogens 

15 
Pellizzari and Soldi, Gazzetta chimica italiana, XXXV, 

I, 375, as cited in Beilsteins Handbuch der OrganiscEen Chemie 
Vol. XXVI, edited by P. Richter, 29 volumes (Michigan, 1942), 
p. 13. 
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Figure 5• NHR spectrum of a mixture of 1-methyl-
1,2 ,4-triazole and^-methyl-l,2,^-triazoIe in KMPT at 
37°C. Chemical shifts are in ppm relative to TMS. 
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of XXVII- The less intense signal is assigned to the C-3 

and C-5 hydrogens of 4-methyl-1,2,4-triazole (XXIX) "because 

symmetrical III would give rise to one signal for the two 

hydrogens and this signal is found to occur at 8.00 ppm, the 

N N-CH* N N 

H-T!^ H-LL^ J J - H 
N N 

CH3 

XXVIII XXVIV 

region of the averaged signals for the carbon-bound hydrogens 

in 1,2,4-triazole. The presence of some 4-methyl~l,2,4-

triazole in 1-methyl-l,2,4-triazole would account for the 

excess absorption equivalent to three-tenths of a hydrogen 

in the methyl region. 

3-Amino-l,2, 4-Triazole-^ 

The M R spectrum of 3-araino-l,2,4-triazole (XXX) in 

HMPT solution is shown in Figure 6. (See page 44.) It con-

sists of a singlet at 5.95 ppm and a singlet at 7.34 ppm with 

a broad peak at 12.7 ppm. The relative intensities of the 

signals are 2 : 1 : 1 . The upfield signal may be assigned to 

the amino hydrogens and the broad low field signal to the 

annular hydrogen. The broadening of this peak is typical of" 

that observed for such hydrogens. The remaining peak is the 

-^Purchased from Eastman Organic Chemicals, Rochester, 
Hew York. 
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12.7 7.34 D . 3 D 

Figure 6. NMR spectrum of 3-amino-1.2 .^-rriazole 
in HMPT at 37°C. Chemical shifts are in ppm wixh 
reference to TMS. 
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0-5 hydrogen. Compared to 1,2,4~tr iazole in HMPT, the C-5 

hydrogen is shifted upfield by 50 Hz indicating a flow of 

electrons into the ring resulting in increased shielding.^ 

In comparison O'Brien and Gates found an upfield shift of 

48 Hz upon the substitution of an amino group for the 4-H 

in 3-hydroxy-l-phenylpyrazole. 

N fjl-H N N-H H-N N ~ H 

H " ^ n ^ * N I NH 
N 

H 

XXX a XXXb XXXc XXX d 

In order to assign the resonance at 5.95 ppm to the two 

amino hydrogens, it must be shown that this signal occurs 

with a chemical shift to be expected for amino substituents. 

If rapid prototropy is excluded, three hydrogen 

resonances would be expected for the tautomeric imino forms 

XXXb and XXXc. Although the two annular hydrogens in XXXc 

Corio and D. Dailey, "Relative Electron Densities 
in Substituted Benzenes," Journal of the American Chemical 
Society. LXXVIII (1956), 3UZT. 

18D. 0*Brien and J. Gates, Jr., "Some Reactions of 
3-Hydroxy-l-phenylpyrazoleJournal of Organic Chemistry. 
XXXI (1966), 1539• 
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and XXX"b would be expected to have similar or identical 

chemical shifts,^9 the imide hydrogen resonance would be 

upfield.^O 

If the rapid exchange cannot be excluded by comparison 

with the NMR spectra of other heterocycles, the NH resonance 

of the annular hydrogen would still be expected at a much 

lower field than that of the amino band. For example, 

Dahlbom and co-workers found the amino hydrogen signal at 

6.85 ppm in 2-aminothiazole (XXXI) and the imino signal of 

2(3H)-thiazolone (XXXII) at 11.4 ppm.21 As a result, it 

J = l 
H-N S1 

2 
nh2 d 

XXXI XXXII 

may be concluded that 3-amino-l,2,4-triazole exists in the 

amino form displaying tautomerism involving the annular 

hydrogen, not the substituent hydrogen. 

Ogg, Jr., "Proton Magnetic Resonance Spectra of 
Ammonia and the Interactions Observed in Hydrogen Bond 
Association," Journal of Chemical Physics, XXII (1954), 560; 
H. Gutowsky anTlS. Fujlwan, "Proton Magnetic Resonance and 
Structure of Ammonium Hydroxide,» Journal of Chemical Phvsics. 
XXII (1954), 1782. * ' 

29r. Dahlbom, J. Gronowitz and B. Mathiasson, "The 
Structure of Two Dimeric 2(3H0-thiazolones#" Acta Chemie 
Scandinavia. XVII (1963), 2479. 

21 Ibid. 
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The fact that spin-spin coupling between the annular 

hydrogen and the C-5 hydrogen is not observed may be ex-

plained by assuming a rapid hydrogen exchange involving the 

annular hydrogen of the amino group (intra- or intermolec-

ularly). 

Since the resonance at 5-95 ppm is caused by two protons* 

a possible rapid exchange involving the amino group would 

require that both amino hydrogens be exchanging. The 

spectrum oif 3-amino-l,2,4-triazole in the amino portion of 

the spectrum in HMPT is little altered by the addition of 

water. In particular, the amino hydrogens give rise to a 

band -1.7 ppm from the water peak indicating that rapid 

exchange between the water molecules and the amino group 

does not occur. This is in contrast to more strongly basic 

systems such as ammonia-water in which coalescence of the 

resonance is observed.^2 Qn the other hand, the addition 

of water to the HMPT solution of 3-amino-1,2,4-triazole 

causes the annular hydrogen resonance to coalesce with the 

water signal implying that the annular hydrogen may partic-

ipate in intermolecular exchange which would explain the 

lack of splitting of the C-5 hydrogen. 

The 1.7 shift of the amino resonances relative to 

water is remarkably low as compared with the region of the 

^ G u t o w s k y an<i Pujiwan, op. cit., p. 1782. 



48 

corresponding shifts in most aryl amines which falls "be-

tween 1 and 2 ppm from an external water reference.2^ This 

may be explained in part by the electron attracting effects 

of the triazole ring; in particular, the two ring nitrogens 

adjacent to the substituent should enhance the M+ character 

of the amino group. Secondly, hydrogen bonding in the 

solution is known to decrease the shielding of the protons 

participating in the bond.2^ The two effects, the electron 

withdrawing property of the triazole nucleus and deshielding 

arising from hydrogen bonding, may be separated by the use 

of an inert (non-hydrogen bonding) solvent such as carbon 

tetrachloride.25 By plotting the amino resonance as a 

function of concentration and extrapolating the results to 

infinite dilution, a measure of the electronic properties 

of the triazole nucleus would be obtained. Comparison of 

the value obtained in this manner with the shift in HMPT 

would give an idea of the relative size of the two effects. 

Attempts to observe the MIR spectrum of 3-amino-l,2,4-triazole 

in non-hydrogen bonding solvent were unsuccessful because the 

aminotriazole was not soluble in the appropriate type of 

solvent. 

2^R. Batdorf, unpublished doctoral dissertation, Univer-
sity of Minnesota, 1955, as cited by Pople, Schneider and 
Bernstein, High-resolution Nuclear Magnetic Resonance, p. 268. 

24pople, Schneider and Beratein, op. cit., pp. 400-420. 

^^Qronowitz and Hoffman, 0£. cit., p. 459. 
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In DMSO-dg the CH resonance occurs at 7.46 ppm and the 

two amino hydrogens produce a "broad peak at 5.75 ppm. The 

annular hydrogen signal cannot be detected. The signal may 

be depressed below background or the annular hydrogen may be 

participating in intramolecular exchange of such rapidity 

that the signal is not observed.^ This type of intra-

molecular exchange may be related to Dewar's interpretation 

of mesohydric tautomerism.2? a result structures of the 

form of XXXd cannot be ruled out on the basis of NMR spectra. 

3-Amino-5-Phenyl-l,2,4-triazole2® 

The NMR spectrum of 3-amino-5-phenyl-l,2,4-triazole 

(XXXIIl) in DMSO-dg consists of a sharp singlet at 5.74 ppm 

(2H).a phenyl multiplet at 7.17 (3H) and 7.67 ppm (2H), and 

a very broad signal centered at 11.8 ppm (lH).2^ (See 

Figure 7, page 50.) The upfield signal is assigned to the 

amino group on the basis of the same reasoning used in 

analyzing the spectra of 3-amino-l,2,4-triazole (XXX). In 

the phenyl derivative (XXXIIl) the amino signal is 10 Hz 

downfield relative to the amino signal in XXX due to 

26Ibid. 

2?Dewar, Slectron Theory of Organic Compounds, p. 193. 

2 % . Atkinson, A. Komzak, E. Parkes and J. Polya, 
"Triazoles. Part Y. Derivatives of 3-Amino-l,2,4-triazole,» 
Journal of the Chemical Society, MDCCCCEEV (1954), 4508. 

29(2H) indicates that the intensity of the signal cor-
responds to two hydrogens. 
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deshielding by the proximate aromatic group.50 In the phenyl 

portion of the spectrum the upfield multiplet may be assigned 

to the meta and para hydrogens and the downfield multiplet 

"fciie or"kho hydrogens. Although electron withdrawing groups 

tend to shift the entire phenyl region downfield due to 

mesomeric forms resulting in less shielding of the ring 

protons, the ortho protons are affected the most.'-*- The low 

downfield signal is assigned to the annular hydrogen by 

comparison with the spectra of 1,2,4-triazole and 3-amino-

1,2,4-triazole. It should be noted that the ring hydrogen 

signal is much more easily resolved for XXXIII than for the 

simple amino derivative (XXX). 

In HMPT (See Figure 7, page 50.), dilution from 6.83 to 

4.12 per cent resulted in a dovrafield shift of 20 Hz for the 

annular hydrogen signal and a downfield shift of 10 Hz for 

the amino hydrogens. This is not expected for the breaking 

of NH—N bonds^ but it is consistent with a decrease in 

. Albright and L. Goldman, "Proton Magnetic Resonance 
Spectra of Isomeric N-Methyl-3(5)~H-pyrazoles," Journal of 
Organic Chemistry, XXXI (1966), 275. " 

31j. Shoolery, "Correlation of Proton Magnetic Resonance 
Chemical Shifts with the Electronegativity of Substituents 
Journal of Chemical Physics, XXI (1952), 1899. 

-"̂ J. Happe, "Double Resonance Study of Pyrrole and of 
the Pyrrole-Pyridine Interaction," Journal of Phvsical 
Chemistry. LXV (1961), 72. * 
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it -interactions between the NH and the * -electron system 

of a second molecule.^ In such interactions the NH above 

the mobile if -electrons of a conjugated system experiences 

a secondary magnetic field opposed to the applied field. 

Resonance occurs at higher applied fields for an unassociated 

EH. That the annular hydrogen is involved in the intermolec-

ular bonding more than the amino hydrogen is shown by the 

smaller shift of 10 Hz observed for the amino signal. 

The amino signal shifts upfield with increasing tempera-

ture in both DMSO-dg and HMPT; the change is greater in HMPT. 

(See Figure 8, page 53.) This indicates a change in solute-

solvent interactions. 3-Amino-5-phenyl-l,2,4-triazole tends 

to associate more strongly v/ith HMPT than with DMSO-dg since 

the slope of the HMPT plot is greater than that of the DMSO-dg 

plot. 

3-Hydroxy-1,2,4-Tr ia zole 54 

The M R spectrum of 3-hydroxy-l,2,4-triazole (XXXIV) 

in DMSO-dg consists of a broad line at 11.2 ppm and a singlet 

*̂ I». Reeves and W. Schneider, "Nuclear Magnetic Resonance 
Measurements of Complexes of Chloroform with Aromatic Mole-
cules and Olefins," Journal of Canadian Chemistrv. XXXV 
(1959), 251. SL 

34 
0. Widman and A. Cleve, "Uter das 3-0xy-l,2,4-

triazol und einege AcidylsemicarbazideBerichte der 
Deutschen Chemischen Gesellschaft. XXXI (1898), 3797" 
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Figure 8 . Comparison of the change in ammo 
hydrogen resonance with change in temperature for 
3-amino-5-phenyl-l,2,4-triazole in HMPT (O) and DMSO-dg 
(©>. 
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at 7.59 ppm. (See Figure 9, page 55.) The downfield signal 

has twice the intensity of the singlet and is assigned to 

the annular and hydroxyl hydrogens. The high'field resonance 

is that of the C-5 hydrogen. There is no coupling observed 

between the C-5 hydrogen and the annular hydrogen. This may 

he due to rapid exchange of the annular hydrogen either intra-

or intermolecularly.^5 The downfield peak disappears upon 

addition of a stoichiometric amount of water. Although this 

may be due to additional broadening sufficient to depress 

the signal below background, an explanation in terms of 

prototropic coalescence of this band with the water signal 

is most probable.^6 The addition of water does not affect 

the line shape or the chemical shift of the C-5 hydrogen in-

dicating that the C-5 hydrogen is not participating in inter-

molecular hydrogen exchanges. 

In HMPT the downfield singlet is resolved as two broad 

peaks. (See Figure 10, page 56.) Although the half-widths 

cannot be determined accurately due to the overlapping of 

the two peaks, they are approximately equal. Even though 

a hydroxyl resonance may be broadened by hydrogen exchange, 

Gutowsky and C. Holm, "Rate Processes and Nuclear 
Magnetic Resonance Spectra. II. Hindered Internal Rotation 
of Amides," Journal of Chemical Physics, XXV (1956), 228. 

^%ronowitz and Hoffman, o£. cit., p. 459« 
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Figure 9. NMR spectra of 3-hydroxy-l,2,4-triazole 
in DMSO-dg at (a) 10°C and (b) 37°C. Chemical shifts 
are in ppm from TMS. 
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Figure 30. NMR spectra of 3-hydroxy-l,2,4-triazole in 
HMPi at (a) 37°C, (b) 10°C, and (c) -10oG. Chemical shifts 
are in ppm relative to TMS. 



57 

it is generally expected to "be of narrower line width than 

an NH peak.37 The assignment of structure XXXIVd or XXXIVe 

by m m analysis agrees with the infrared data for 3-hydroxy-

1,2,4-triaaole. M R data do not distinguish between hydrogens 

on the ring nitrogens. This implies that either the nitrogens 

are all equivalent and hence the annular hydrogens are de-

localized^ or that rapid exchange involving the annular 

hydrogens is occurring. The occurrence of the oxo form 

XXXIVd or XXXIVe in HMPT is supported by the chemical 

M W W H-W N N N-H H-N N~H 

H-l\ Xo H - W ^ 0 
* i ^ N N » 

M H 

XXXIVo XXXIVb XXXIVe XXXIVd XXXtVft 

3?A. Katritzky and F. Maine, "The Tautomerism of Hetero-
aromatic Compounds with Five-membered Rings—V. 1-Substituted 
3-Hydroxypyrazoles," Tetrahedron, XX (1964), 315. 

3®Y. Sheinker, E. Peresluei, N. Zosimova and Y. Pomerant-
sev, "Tautomerism of Derivatives of Heterocyclic Compounds," 
Russian Journal of Physical Chemistry. XXXIII (1959), 303: 

Gelalen and &•BlanKsnstsin^ ,fl^—CyEno Acid Hydrazidssf" 
Justus Liebigs Annalen der chemie, DCXXXVII (i960), 162; 
J. Howard and H. Burch, »Transformation of 2-Amino-5-phenyl-
1»3,4-oxadiazole to 3-Phenyl-l,2,4-triazolin-5-one,« Journal 
of Organic Chemistry. XXVI (1961), 1651. 

39a. Katritzky, Physical Methods in Heterocyclic. 
Vol. II, 4 vols. (New York, 1963/, p. T5"8~ 
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shift of the C-5 hydrogen. This resonance is at comparatively 

high field since the carbonyl group is more shielding than 

the hydroxy1 group. (See discussion of substituent effects, 

page 82.) 

3-Hydroxy-5-Phenyl-l ,2,4-Tr iazole^O 

The NMR spectrum of 3-hydroxy-5-phenyl-l,2,4-triazole 

(XXXV) in DMSO-dg at 37°C consists of phenyl resonances at 

7.39 (2H) and 7.23 ppm (3H) with a broad downfield peak from 

11.2 to 11.5 ppm. The resolution of the phenyl hydrogens 

into two distinct groups has "been shown to arise as a con-

sequence of variations in the shielding at the ortho, metat 

and para positions in monosubstituted "benzenes.^ Corio and 

Dailey found that electron withdrawing groups shifted the 

entire phenyl spectrum to lower field with respect to benzene 

due to mesomeric forms resulting in less shielding of the 

ring p r o t o n s . T h e ortho protons are affected the most be-

cause they are closest to the substituent. Since the triazole 

ring is considered to be an electron withdrawing group,^ 

the ortho hydrogens would be expected at low field with 

Hied and A. Czack, "Reaction mit Imidaureestern. 
II. Unsetzung von Imidsaureestern mit Hydrazinosauern," 
Justus liebigs Annalen der chemie, DCLXXVI (1964), 121. 

^Shoolery, 0£. cit., p. 1899. 

^Corio and Dailey, op. cit., p. 3043. 

4^Potts, op. cit.t p. 87. 
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respect to the meta and para hydrogens. As a result the 

multiplet at 7.59 ppm is assigned to the ortho hydrogens 

and the multiplet at 7.25 ppm to the meta and pa,ra hydrogens 

of the phenyl substituent in XXXV. 

Increasing the concentration of the solution shifts the 

entire spectrum downfield hut the shift is more pronounced 

for the downfield peak since it is this hydrogen that would 

he expected to participate in hydrogen bonding. 

As the temperature is decreased (See Figure 11, page 60.), 

the phenyl resonances do not shift, hut the downfield peak 

separates into two relatively broad peaks at 12.5 and 11.7 

ppm (17-18°) each with an intensity equivalent to one hydrogen. 

In dry HMPT at 37°C (See Figure 12, page 61.), the ortho 

hydrogens of the phenyl group are shifted 28 Hz downfield to 

8.00 ppm and the meta and para hydrogens are shifted 7 Hz to 

7.36 as compared to the chemical shifts in DMSO-dg. The down-

field signal occurs as two broad resonances with equal half-

widths at 12.2 and 12.4 ppm, a shift of 45 and 40 Hz compared 

to the resonances in DMSO-dg solution. Increasing the con-

centration from 5 per cent to 8.6 per cent causes a downfield 

shift of 15 Hz for all phenyl hydrogens. The downfield signal 

is shifted only 5 Hz to about 12.4 ppm. The behavior of the 

HMPT solution on decreasing the temperature is the same as 

that of the DMSO-dg solution. (See Figure 12, page 61.) 
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Figure 12. NMR spectra of 3-hydroxy-5-phenyl-l, 2 ,4-
triazole in HMPT at (a) 37°C; (b) 0°C; (c) -10°C, scan width 
of 500 Hz; and (d) -1H°C, scan width of 500 Hz. Chemical 
shifts are in ppm relative to TMS. 
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Upon the addition of water the downfield signal disappears 

at room temperature due to rapid exchange. As the temperature 

is lowered, this exchange slows and the signal gradually 

sharpens. At -40°C the low field signal appears as a broad 

peak at 12.7 ppm with an intensity equivalent to 1.3 hydro-

gens. It is not possible to slow the exchange further before 

the sample freezes. 

In trifluoroacetic acid solution, only the phenyl peak 

is resolved. It occurs as a singlet at 7.03 ppm, an upfield 

shift relative to the phenyl region for the DMSO-dg and HMPT 

solutions. Lowering the temperatures to -50° does not alter 

the spectrum. Table III compares the chemical shifts for 

3-hydroxy-5-phenyl-l,2,4-triazole in HMPT, DMSO-dg, and tri-

fluoroacetic acid. 

TABLE III 

CHEMICAL SHIFTS FOR 3-HYDROXY-5-PHSNYL-
1,2,4-TRIAZOLE 

Solvent Temperature 
Signal Assignments* 

Solvent Temperature jfnenyi 
m,p 0 

Mi, UH 

DMSO-dg (.23M) 37°C 7.25 7.59 11.2-11.5 

HMPT (5$) 37° 7.34 7.92 12.2-12.4 

Trifluoro-
acetic acid 
(36M) 37° 7.03 

*In ppm from TMS 
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The low field resonances in the HMPT and DMSO-dg 

solutions are in the region of the signals of hydroxyl and 

annular hydrogens in heterocyclic compounds. O'Brien and 

Gates studied 3-hyaro^y-l-ph^By 1-4-substituted-pyrazoles in 

DMSO and reported the OH resonances at 9.75 to 11.1 ppm, 

depending on the substituent.44 Hermes and Braun reported 

that 4-amino-6,6-bis(chlorodifluromethyl) -1,6-dihydro-s-

tetrazin-2-ol (XXXVI) gave HMR spectrum consisting of two 

singlets of the same relative intensity at 8.9 and 9.4 ppm 

in DMSO-dg at 20°C.45 authors made no attempt to assign 

either signal specifically to the NH or OH group and proposed 

an enol—type structure (XXXVI) which was supported by infrared 

spectroscopy. Annular hydrogen signals in other heterocycles 

( C I F 2 C ) 2 | ^ - Y 0 H 

XXXVI M 
4 NH2 

containing adjacent carbonyl functions are reported in 

Table IV along with hydroxyl signals in potentially tauto-

meric heterocyclic compounds. (See page 64.) 

^O'Brien ana Gates, o£. cit., page 1539. 

4%. Hermes and R. Braun, "Oxadiazines and Dioxazines 

Che°Sist^ 1^? tno^r d,ggg n a m l d e B'" Of Organic 



TABLE IV 

ANNULAR HYDROGEN AND HYDROXY! RESONANCES 
IN HETEROCYCLIC COMPOUNDS 

64 

Compound Solvent Signal Assignment Refer-
ence 

3-Hydr oxy-5-methy1-1-
phenylpyrazole CDC 13 OH 11.1 b 
1,5-Dimethy1-3-hydroxy-

11.54 pyrazole CDCI3 OH 11.54 b 
3-Hydr oxy-1-pheny1-

10.24 pyrazole DMSO OH 10.24 c 
Isoquinolin-l-one • • NH 11.7 d 
l-Methyl-2H-pyrazo 
3,4-d pyrimidine-
4,6(5H,7H)-dione DMSO NH 7.37 e 

4-Amino-6,6-bis 
(chlor odi-f luorometfcyl) 
-1,6-dihydro-s-
tetrazin-2-ol DMSO NH 

OH 
11.1 or 10.6 
10.6 or 11.1 

f 

3-Methyl-l-phenyl-4-
phenylazo-2-pyrazolin-
5-one CDC 13 NH 13.89 s 

1,3-Thiazol-2-one DMSO NH 11.14 h 
aIn ppm from TMS. 

^Katritzky and Maine, o£. cit., 315. 

cO'Brien and Gates, op. cit., p. 1539. 

^E. Moriconi and P. Creegan, "Ring Expansion of 2-
Substituted 1-Indanones to 2-Hydroxyisocarbostyril Derivatives. 
Scope and Mechanism of Reaction. A Spectral Study of the 
Lactam-Lactim Tautomerism in Isocarbostyrils," Journal of 
Organic Chemistry, XXXI (1966), 2098. 

eL. Bauer, D. Dhawan and C. Mahajanshetti, "N-Methyl-
pyrazolo-N-hydroxypyrimidinediones," Journal of Organic 
Chemistry, XXXI (1966), 2491. 

%ermes and Braun, ojd. cit., p. 2568. 

&V. Vasuda and M. Midorikana, "The Structure of 2-
Pyrazolin-5-one Dyes," Journal of Organic Chemistry, XXXI 
(1966), 2568. 

^Dahlbom, Gronowitz and Mathiasson, op. cit., p. 2479. 
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That the two downfield signals of 3-hydroxy-5-phenyl-

1,2,4-triazole (XXXV) are "both annular hydrogens is supported 

by infrared data.Mautner and Kumler stated that they ex-

amined XXXV and found bands in the carbonyl, C=N, and con-

jugation regions of the ultraviolet spectrum.4? After the 

compound that Mautner and Kumler designated as XXXVb was 

treated with base, its ultraviolet spectrum contained no 

conjugation bands and displayed absorption in the NH portion 

of the infrared spectrum (3.1 and 3.2 microns).'''® This in-

formation was considered to support structures XXXVc for the 

structure of XXXV in base. Mautner and Kumler also calculated 

ionization constants for XXXVb and XXXVc.4"9 

H-N- N 

XXXVa 

OH 

N — N 

H 

XXXV0 

H - N N-H 

XXXVb 

H — N -N - H 

OH 

XXXVe 

ft—N-H 
0 J-0 

N 
H 

XXXVc 

XXXVII 

NHg 

Afi 
F. Maggio, G. Weroer and G. Lombardo, "Reactivity of 

Semicarbazones and of Their Cyclization Products," Annali di 
chimica (Rome), L (1966), 491. 

47H. Mautner and W. Kumler, "The Identity of Some 5-
Substituted 1,2,4-Triazolones," Journal of the American 
Chemical Society. IXXVII (1955), 4076. 

48Ibid- 49ibid. 
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It is provable, however, that Mautner and Kumler were 

using samples of 5--amino-2-phenyl-1,3,4-oxadiazole (XXXVII) 

in their investigations.5° It seemed unlikely that tautomers 

XXXVb and XXXVc would interconvert so slowly that their in-

dividual Ka and could be determined. Howard and Burch 

concluded that XXXVb was actually 5-amino-2-pheny1-1,3,4-

oxadiazole (XXXVII) and that XXXVII was converted to XXXVc 

in b a s e . T h e structure XXXVc was accepted as the preferable 

tautomeric form without further spectroscopic investigations 

by Howard and Burch. 

Although Mautner and Kumler^2 report a ultraviolet 

spectrum for XXXV in ethanol with a A ^ x of 278 mju. (£ = 

15,150), Atkinson, Parkes, and Polya^^ found a ^max of 

264 mjx (€-10,900) for VII in ethanol. When XXXV was made 

basic, A . max w a s found to be 223.5 nyj (£ — 13,800) with a 

prominant peak at 273 mi*. (C •= 6,700) • *** If XXXV had either 

oxo structure, XXXVb or XXXVc, increasing the basicity of 

the solution would not be expected to greatly alter the 

^^Magio, Werber, and Lombardo, op. cit., p. 491» 

^Howard and Burch, 0£. cit., p. 1651. 

^Mautner and Kumler, op. cit., p. 4076. 

5%. Atkinson, E. Parkes and J. Polya, "Triazoles, 
Part IV. Ultra-violet Absorption Spectra of Some 1,2,4-
Triazoles," Journal of the Chemical Society, MDCCCCLIV 
(1954), 42567 ' " 

54ihid. 
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ultraviolet spectrum.55 Since the ultraviolet spectrum of 

XXXV is changed by making the solution basic, structures 

XXXVa, XXXVd, or XXXVe seera probable for 3-hydroxy-5-phenyl-

1,2,4-triazole in ethanolic solution. 

In the region of annular and hydroxyl hydrogen resonance, 

the MMR spectra of 3-hydroxy-5-phenyl-l,2,4-triazole in HMPT 

and DMSO-dg differ not only in chemical shift but in sepa-

ration of the peaks. In DMSO-dg the low field peak has a 

half-width 1.5 times that of the other signal. (See Figure 11, 

page 60.) It appears likely that the sharper of the two 

peaks is due to the hydroxyl group and the broader peak to 

the annular hydrogen because of broadening due to the N 1 4 

q u a d r u p o l e . ^ 6 j-t i s n o-t possible to determine the specific 

nitrogen to which the annular hydrogen is attached, if it is 

ever "localized" under the experimental conditions. In HMPT 

(See Figure 10, page 61.) the relative half widths of the 

downfield peaks are 1.4 : 1. The separation is 10 Hz in 

HMPT at 37° as compared with 20 Hz in DMSO at 37°. In these 

solutions it seems likely that the enol form is dominant 

(XXXVa, XXXVd, and XXXVe). 

Najer, J. Menin, J. Guidicelli and G-. Champetier, 
"Sur la tautomerie phenyl-5 phenylamino-2-oxadiazole-
1,3,4 phenyl-5 phenylimino-2 a 7 -oxadiazoline-1,3,4," 
Comptes rend us hebdomadaires des seances de l'acadtfmie des 
sciences, CCLIX (iqb4). 286ft. 

56Katritzky and Maine, o£. cit., p. 315. 
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3-Hydroxy-l-P h e nyl-1,2,4-Tr iazole^? 

The HMR spectrum of 3-hydroxy-l-phenyl-l,2,4-triazole 

(XXXVIII) in DMS0-d6 at 37°C is composed of a singlet at 

9.05 ppm and a complex multiplet from 7.27 to 7.89 ppm. The 

two sets of signals have relative intensities of 1 • 5. (See 
t 

Figure 13, page 69.) The downfield signal is assigned to 

the 0-5 hydrogen and the multiplet to the phenyl substituent. 

The chemical shift of the N-phenyl group is approximately the 

same as the C-phenyl shift in the isomeric compound, 3-hydroxy-

5-phenyl-1,2,4-triazole (XXXV). This agrees with the findings 

of Tensmeyer and Ainsworth who reported that in phenyl-

substituted pyrazoles, the chemical shift was the same for 

C- and N-phenyl derivatives.58 The signal for the tautomeric 

hydrogen in XXXVIII is not observed due to rapid prototropy.^9 

0-N N 0-N N-H 

H ~ S r 0 H 

XXXVIII a XXXVIIIb 

The use of HMPT as solvent shifts the entire spectrum 

to 20 Hz lower field. (See Figure 13, page 69.) In this 

V/'idman, "Ueue Triazol- und Triazinderivate f" 
Berichte der Seutschen Chemischen Gesellschaft, XXVI (1893). 
261"3. 

^8Tensmeyer and Ainsworth, 0 £ . cit., p. 1878. 

59(Jronowitz and Hoffman, op. cit., p. 459. 
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( a ) 9 . 2 0 7 . 8 3 7 . 3 0 

Cb) 9 . 0 5 7 . 8 9 - 7 . 2 7 

. f i g u r e 13. NHR s p e c t r a o f 3 - h y d r o x y - l - p h e n y - l - I . 2, 4 -
t r x a z o l e ( a ) m HMPT a n d ( b ) i n DMSO-d, a t 37 -C S c a n s 

s o ^ e S 6 i O T ? f t h e 

u n e m i c a l s h i f t s a r e m ppm r e l a t i v e t o TMS. 
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solvent, the resonance of the tautomeric hydrogen begins to 

appear at 0°C and is fully resolved at -40°C with a chemical 

shift of 12.3 ppm. In contrast to the "broad phenyl signal 

observed in DMSO, the ortho hydrogens at 7.83 ppm can 

clearly be distinguished from the meta and para hydrogens 

at 7*30 ppm. (Refer to the section on 3-hydroxy-5-phenyl-

1,2,4-triazole, page 58, for a discussion of resolution.of 

phenyl groups.) The magnitude of the chemical shift of 

the ortho hydrogens relative to the meta and para hydrogens 

is 0.45 ppm which is comparable to the 0.4 ppm separation 

reported in 3,5-disubstituted-l-phenylpyrazoles.^® The 

separation effect in the pyrazoles was ascribed to the 

magnetic anisotropy of the neighboring pyrazole ring, and 

the triazole nucleus would be expected to exhibit magnetic 

anisotropy similar to the pyrazole ring. The C-5 hydrogen 

signal of XXXVIII is considerably downfield at 9«2 ppm 

compared to the C-5 hydrogen resonance in 3-hydroxy-l,2,4-

triazole (XXXIV) due to deshielding by the proximate aromatic 

group. ̂  

The ultraviolet spectrum of 3-hydroxy-l-phenyl-l,2,4-

triazole in ethanol does not change appreciably upon increas-

ing the basicity of the solution^ indicating that the keto 

^Tensmeyer and Ainsworth, op. Git. , p. 1878. 

^Albright and Goldman, OD. cit., p. 273. 
CO 
^Atkinson, Parkes and Polya, op. cit., p. 4256. 
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form is dominant in this solvent. As the dielectric 

constant of ethanol is on the order of that of HMPT,^ the 

same tautomeric forms might "be expected in the two solutions.^5 

HMR analysis concurs with other spectroscopic information 

to indicate that structure XXXVIIIh is the tautomer prevalent 

in HMPT and DMSO-dg solutions. 

2-Methyl-l-Phenyl-l,2,4-Triazol»3-one 

2-4i!ethyl-l-pheny 1-1,2,4-triaeol-3-one (XXXIX) was prepared 

from 3-hydroxy-.l-phenyl~l,2,4~triazole by methylation with an 

alkaline solution of dimethylsulfate.^ The'MR spectrum of 

XXXIX in DMS0-d6 at 80°G consists of a singlet at 3.38 ppm (3H)» 

a multiplet at 7.75 (3H) and 7.90 ppm (2H), and a singlet at 

9.95 ppm (1H). (See Figure 14, page 72.) The upfield signal 

is assigned to the N-methyl group on the consideration that 

Katritzky and Maine reported that 2-methyl derivatives of 

6 % a jer, Menin, Guiaieelli and Champetier, op. cit., 
p. 2868. 

Hine, Physical Organic Chemistry (New York, 1962), 
p. 39; H. Normant, T. Cuvigny and J. Normant, "Reactivite 
des organo-metalliques solvates vis-S-vis des halog^no-
ethyllniques et halogeno-acetyleniques. II.—Action de 
divers Organo-metalliques sure quelques monohalogenures 
d'alcoyle," Bulletin de la societe chimique de JVance. 
MDCCCCLXIII (1963), 18S8T 

^^Pople, Schneider and Bernstein, op. cit.t p. 223. 

^Atkinson, Parkes and Polya, OJD. cit.. p. 4256. 
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(a) &1r 

c m * 

(b) 9.85 7.80 3.58 

Figure 14. NMR trace of 2-methyl-l-phenyl-
1,2 ,>+-triazol-3~one in DMSO-cL . (a) Phenyl portion of 
the spectrum at 80°C. (fa) Tfte entire spectrum at 
37°C. Chemical shifts are in ppm relative to TMS. 
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3-oxo-l-pheny 1-pyrazoles resonated at 3.06 ppm in chloroform.^ 

The 0-methyl derivative of the same compound has the methyl 

peak at 3.87 ppm. As compounds generally resonate at higher 

68 

fields in chloroform than in DMSO, the N-methyl group in 

the triazole would he expected downfield relative to the 

pyrazole derivative. 

0 - N N - C H 3 

h - I ^ J = O 

XXXIX 

The phenyl multiplet of 2-methyl-l-phenyl-l,2,4-

triazol-3-one is split into ortho (7.9 ppm) and meta, para 

(7.75 ppm) resonances. (Refer to the section on 3-hydroxy-

5~phenyl~l,2,4-triazole, page 58.) The C-5 hydrogen 

resonance is 55 Hz upfield at 8.66 ppm in the methylated 

compound (XXXIX) as compared to 3-hydroxy-l- ph enyl-1,2,4-

triazole (XXXVIII). The C-5 hydrogen is more shielded in 

XXXIX than in XXXVIII because, even though the oxo form is 

the prevalent structure in both compounds, the annular hydro-

gen is relatively mobile in 3-hydroxy-l-phenyl-l,2,4-triazole 

(XXXVIII). The deshielding effect observed for XXXVIII arises 

6?Katritzky and Maine, o£. cit. , p. 315. 

680'Brien and Gates, 0£. cit., p. 1720. 
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from the Ability of the annular hydrogen to tautomerize to 

form a hydroxyl gtoup which is less shielding than a carbonyl 

group.^9 

3-Diphenylmethyl-5-Hydroxy-l-Phenyl~ 
1,2,4-Triazole'0 

The HMR spectrum of 3-diphenylmethyl-5-hydroxy-l-phenyl-

1,2,4-triazole (XXXX) in HMPT at -18°C consists of a singlet 

(1H) at 5.42 ppm ascribed to the methyl hydrogen, a peak with 

indications of multiplet structure at 7.41 ppm (1H) due to 

the two exocyclic phenyl groups, two broadened peaks at 

7.92 (3H) and 8.10 ppm (2H) arising from the N-phenyl group, 

and a broad peak (1H) at 13.2 ppm assigned to the annular 

hydrogen. (See Figure 15, page 75.) Of the two phenyl 

multiplets, the low field signals were assigned to the N-

phenyl group partly because of the broadening of the signals 

which is similar to that observed in 3-hydroxy-l-phenyl-

1,2,4-triazole (XXXVIII). Also, signals of substituents 

subjected to aromatic ring currents are generally displaced 

downfield relative to their position in nonaromatic com-

pounds.^^-

69Pople, Schneider and Bernstein, High-resolution Nuclear 
Magnetic Resonance, p. 276. "" 

70ph. Gold—Aubert, D. Melkonian and L» Toribio, "Synthes 
de nouvelles phenyl-l-triazolines-1,2,4-ones-5 substitutes 
en 3," Helvetica Chimica Acta, XLVII (1964), 1188. 

71Katritzky, oj>. cit., II, 121. 
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12.1 7 . 8 6 7 . 3 1 
7 . 5 5 

5 . 3 6 

Figure 15. NMR spectrum of 5-diphenylmethyl -3 -
hydroxy-l -phenyl - 1,2 4-triazole in DMSO-de at 17°C, 
Chemical shifts are in ppm relative to TM§. 
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The broadness of the downfield signal suggests that it 

arises from the N-2 hydrogen (XXXVIIIb, XXXVIIIc) not from 

the hydroxy1 group. In substituted triazoles, such as 

3-hydroxy-5-phenyl-l,2,4-triazole (XXXY), displaying spectra 

with two lo# field peaks, the signals are at about 12.3 ppm. 

In substituted triazoles with structures such that only 

ring-hydrogen tautomerism is possible, the NH resonance 

occurs from 12.6 to 15.7 ppm. Table V summarizes the 

chemical shifts for substituted triazoles having annular 

or potentially tautomeric hydrogens. 

TABLE V 

CHEMICAL SHIFTS OF ANNULAR OR SUBSTITUENT 
HYDROGENS IN 1,2,4-TRIAZ0LES 

Chemical Shift* 

Compound Tempera- of Potentially Taut' Compound ture omeric Hydrogen in 
DMS0-d6 MPT 

1,2,4-Triazole 37°C • 13.9 15.1 
3-Bromo-l,2,4-triazole 37° # « 15.3 
3-Chloro-l ,2,4-triazole 37° 14.2 15.3 
3-Fluoro-l,2,4-triazole 37° 11.7 12.3 
3,5-Diphenyl-l,2,4-
triazole 0° 

• * 15.6 
3 -Hy dr oxy-1,2,4-tr ia zole 37° 11.2 11.8 
3-Amino-l, 2,4-tr iazole 37° « • 12.6 
3-Amino-5-phenyl-l,2,4-
triazole 37° 11.8 12.4 

3-Hydroxy-5-phenyl-l,2,4-
triazole 37 11.7,11.3 12.5,12.2 

3-Hydroxy-l-phenyl-l,2,4-
triazole oo 

# # 11.8 
3-Diphe nylmethyl-5-hydroxy-

11.8 

1-phenyl-l,2,4-triazole" 17° 12.2 13.1 
•Chemical shifts are in ppm from TMS. 
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Comparison of the chemical shift of the downfield signal 

in XXXX with the chemical shift of the downfield signal of 

other substituted triazoles suggests that the "broad signal 

arises from HH rather than OH. 

The spectrum of XXXX in MPT is shifted downfield 

relative to the resonances observed in DMSO. 

N: H-0 N H-0 H-N N-0 
* 2 C H < n > 0 # 2 C H - W n ^ = ° 

H 

XXXXa XXXXb XXXXc 

The KMR analyses support the infrared spectroscopy 

data for l-phenyl-3-substituted-l,2,4-triazolin-5-ones.72 

For these compounds, cyclic C=N was reported to absorb at 

1580 to 1600 cm""-*-, cyclic amide group at 1700-1720 cm"-*-, 

phenyl at 1500 cm"1 with other absorptions at 1325-1330 cnT1 

and 1020-1030 cm""1.7^ Gold-Aubert, Melkonian, and Toribio 

designated these compounds as having a 2 structures (XXXXb), 

but did not provide substantiation for this assertion. Cer-

tainly, the NMR data does not distinguish between isomers 

XXXXb and XXXXc.74 

72G-old-Aubert, Melkonian and Toribio, op. cit., p. 1188. 
75Ibid. 

74ibid. 
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3-Halo-l,2,4-Triazoles 

The NMR spectra of 3-bromo-,75 3-chloro-,76 and 3-fluoro-

1,2,4-triazole are similar in many respects. (See Figure 16, 

page 79.) The chemical shifts for the compounds are given 

in Table VI for DMSO-dg and HMPT solutions. 

TABLE VI ' 

BMR RESONANCES FOR 3-HAL0~l,2,4-TRIAZ0LES 

Halogen CH ' NH Halogen 
DMS0-d6 HMPT DMS0-d6 HMPT 

Bromine 8.45 8.62 • • 15.3 

Chlorine 8.62 8.83 14.1 15.3 

Fluorine 8.69 9.00 14.2 15.4 

*Chemical shifts are in ppm from TMS at 37°C. 

The fluoro substituent is more deshielding than the 

chloro which is in turn more deshielding than the bromo 

derivative for the CH and NH resonances. These results 

parallel findings for substituted benzenes in cyclohexane 

solution in which bromine and chlorine had a small but 

definite effect on the phenyl resonance by shifting the 

signal 4.0 and 3.5 Hz downfield with respect to benzene. 

Manchot and R. Noll, "Uber Derivate des Triazols," 
Justus Liebigs Annalen der chemie, CCCXLIII (1905), 9* 

Thiele and W. Manchot, "Uber Derivate des Triazols," 
Justus Liebigs Annalen der chemie, CCCIII (1898), 50. 

77H. Shimiza, M. Katayama and S. Fujiwara, "Chemical 
Shifts of Proton Resonance and Mesomeric Effects in Substituted 
Benzenes," Bulletin of the Society of Chemistry of Japan, 
XXXII (1959)» 419• 
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15.3 

fp(/4/̂'v«̂/̂«J.|r| J, H 

...r./,(T>/ V"' 
8 . 6 2 

(b) 
11.1 8.62 

14.2 
i(ft, 

8.69 

/• ̂  f^fUre spectra of halogenated triazoles. 
taJ 3-Bromo-l,2,4-triazole in HMPT at 37°C, (b) 3-Chloro 
1,2,4-triazole in DMSO-dg at 37°C, and (c) V f L L o -
112 ,4-trxazole m DMSO-d" at 37°C. Chemical shifts 
are m ppm relative to THS. 
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Fluorine substitution was found to shift the system 8.0 Hz 

downfield. These shifts were said to reflect the ability 

of each substituent to cause mesomeric effects. Christ, 

Diehl, Schneider, and Dahn found the effect of halogens on 

carbon to be in the same o r d e r . I n contrast to these 

reports, Paudler and Kuder used bromination of imidazo-

pyridine as a method of making assignments to the M R 

spectrum of imidazopyridlne because the bromination did not 

"significantly alter the chemical shift of the protons in 

aromatic systems."79 But at low concentrations the CH in 

bromotriazole is shifted about 15 Hz downfield relative to 

the C-5 hydrogen shift in 1,2,4-triazole. In aromatic com-

pounds with electron-withdrawing substituents having little 

effect on the phenyl spectrum, the inductive effect is con-

sidered to be partially compensated by the effect of con-

jugation.^ Since bromination does cause a downfield shift 

in triazoles but not in imidazopyridines, conjugation is not 

offsetting inductive effects in the halogenated triazoles. 

?8H. Christ, P. Diehl, H. Schneider and H. Dahn, "Chemische 
Verschiebungen in der kernmagnetischen Kesonanz von iTo in 
organischen Verbindungen," Helvetica Chimica Acta, XLIV (1961)« 
865. 

7%. Paudler and J. Kuder, "Ten- u -Electron Nitrogen 
Heterocyclic Compounds. IV. The Synthesis, Bromination, and 
Nuclear Magnetic Resonance Spectra of Some Imidazo [1,2-a] 
pyrimidines," Journal of Organic Chemistry. XXXI (1966), 809. 

^Corio and Dailey, "Some Reactions of 3-Hydroxy-l-
phenylpyrazole," p. 3045. 
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3-Fluoro-l,2,4-"triazole (XXXXI) was prepared in the 

anticipation that the difference in the H-F and H-H coupling 

constants would make it possible to distinguish "between 

structures such as XXXXIa, XXXXIb, and XXXXIc. 

.jql, .jgc1 »xgt; 
H 

XXXXIa XXXXIb XXXXIc XXXXI d 

Unfortunately, fluorotriazole is relatively insoluble in 

nonprotolytic solvents. The resulting low concentrations 

made good quality spectra difficult to obtain and made it 

impossible to run spectra at temperatures low enough to 

"localize" the annular hydrogen in 3-fluoro-l,2,4-triazole. 

Low temperature spectra were run for the more soluble 

bromo and chloro derivatives, but no coupling between the 

annular hydrogen and the C-5 hydrogen is observed. The lack 

of multiplicity does not indicate that structures of the 

form of XXXXIb are necessarily present, for in aromatic 

systems the couplings are small but apparently undiminished 

with increasing bond separation because of transmission of 

the couplings by the mobile ir -electrons associated with 

these molecules- The lack of coupling may indicate that 

81p, Corio and I. Weinberg, "Long Range Spin-Spin 
Couplings in Thiophene Derivatives," Journal of Chemical 
Physics. XXXI (1959), 569. 
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even at temperatures as low as -40°G, the annular hydrogen 

is exchanging fast enough to fuse the expected multiplet into 

a single line.8^ Fluctuations in the spin coordinates of the 

annular hydrogen are sufficiently fast to average out the 

splitting and narrow the resonance of the C-5 hydrogen to a 

single line.®-* These indications of rapid prototropy in the 

halotriazoles imply that the concept of mesphydric tautomerism 

as explained by Dewar may be operative in these compounds. 

M R cannot distinguish between structures with delocalized 

hydrogen as XXXXId and rapid intramolecular prototropy in 

1,2,4-triazoles. 

Substituent Effects 

Substituent effects on 3- or. l,3-substituted-l,2,4-

triazoles generally parallel the effects observed in mono-

substituted b e n z e n e s 8 ^ in that electron-withdrawing groups 

shift the entire spectrum to low field with respect to 

1,2,4-triazole and electron-donating groups shift the spectrum 

upfield with respect to 1,2,4-triazole. (See Figure 17, 

page 83.) The chemical shifts observed in the triazole 

derivatives were not of the same magnitudes as the chemical 

8^Christ, Diehl, Schneider and Halm, op. cit., p. 865. 

8^Gutowsky and Holm, "Rate Processes and Nuclear Magnetic 
Resonance Spectra. II.," p. 1228. 

^Dewar? Slectronic Theory of Organic Compounds, p. 193. 

85corio and Dailey, "Relative Electron Densities in 
Substituted Benzenes," p. 3043. 
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y x oxy-i}2,^-triazole (0). 
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shift caused "by the same substituent in benzene. For example, 

in aniline, Corio and Dailey found a shift of 46 Hz upfield 

relative to benzene for the ortho protons and 7.8 Hz upfield 

for the meta protons.86 In 3-amino-l,2,4-triazole, the C-5 

proton is shifted 57 Hz upfield. As has been noted in dis-

cussing the NMR spectra of halotriazoles, the C-5 hydrogen 

shifts in these compounds are not similar to those observed 

for halogenated benzenes. Whereas Corio and Dailey reported 

that the phenyl protons in chloro-and bromobenzene have the 

same chemical shifts as in benzene, the M R spectra of chloro-

triazole and bromotriazole are found to be shifted downfield 

relative to 1,2,4-triazole.8? Fluorination of benzene was 

reported to shift the phenyl protons upfield,88 but in fluoro-

triazole, the C-5 hydrogen resonance is downfield from the 

CH signal in 1,2,4-triazole. 

Comparisons of the resonances of the C-5 protons in 

triazoles are most meaningful at low concentrations (1-3 per 

cent) because, as the slopes of the lines (Figure 17, page 83) 

indicate, in this region chemical shift is almost independent 

of change in concentration showing that intermolecular hydrogen 

bonding is playing a constant part in determining chemical 

shift. Within this concentration range, electron-withdrawing 

86Ibid. 87Ibid. 

88Ibid. 
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groups can be seen to cause deshielding of the C-5 proton 

due to mesomeric structures of the type 

Ijhpr-N-H 

Comparison of the C-5 hydrogen chemical shift in 

3-bromo-, 3-chloro-, and 3-fluor0-1,2,4-triazole yields the 

expected results with the chemical shift for the C-5 hydrogen 

decreasing in the order F>Cl>Br.89 The chemical shift in the 

CH resonance arising upon halogenation of the triazole nucleus 

is less pronounced than the change observed in the amino and 

hydroxy derivatives. In the halotriazoles the inductive 

effects are partially compensated by the conjugation effects 

of the substituent.9^ 

That the N-phenyl substituent enhances the deshielding 

effects on the triazole nucleus is illustrated by the fact 

that the C-5 hydrogen resonance ip 3-i^droxy-l-phenyl-1,2,4-

triazole (XXXVIII) is 31 Hz downfield from the C-5 proton 

signal in 1,2,4-triazole as compared to a shift of 100 Hz 

upfield for the C-5 hydrogen in 3-hydroxy-l,2,4-triazole 

(XXXIV). 

89j. Markgraf, V/. Bachmann and D. Hollis, "Proton 
Magnetic Resonance Spectra of Certain Methyl-tetrazoles," 
Journal of Organic Chemistry, XXX (1965), 3472. 

90(Jorio a n d Dailey, "Relative Electron Densities in 
Substituted Benzenes," p. 3043. 
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The ability of the electron-donating groups to increase 

the shielding on the ring protons is shown "by the effect of 

amino substitution on the H-3 resonance; it is shifted 5 Hz 

upfield in 3-amino-l,2,4-triazole (XXX) compared to the 

shift of the C-5 proton in 1,2,4-triazole (XXV). 

The overall substitucnt effect observed in substituted 

triazoles is similar to that observed in pyrazoles (XXXXII). 

1N—iljl -0 
R 4 

XXXXII 

O'Brien and Gates compared the shift upon substitution in 

the 4-position in 3-hydroxy--l--phenylpyrazoles (XXXXII) in 

DMS0-d6 solution.91 Table VII, page 87, gives the chemical 

shift of the C-5 hydrogen and the hydroxyl hydrogen upon 

substitution on C-5. 

The amino derivative of 1,2,4-triazole produces an up-

field shift of 0.92 ppm which is comparable to the 1.04 ppm 

shift observed for the C-5 proton in the aminopyrazole com-

pound. The C-5 hydrogen is shifted to 0.22 ppm downfield 

in 3-bromo-1,2,4-triazole compared to the C—5 hydrogen in 

1,2,4-triazole and the chloro derivative produces an -0.37 ppm 

^O'Brien and Gates, "Some Reactions of 3-Hydroxyl-l-
phenylpyrazole," p. 1539. 

92Ibid. 
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shift. These effects are of the same magnitude as observed 

in the pyrazole compounds. 

TABLE VII 

SUBSTITUENT EFFECTS IN 3-HYDROXY -
1-PHENYLPYRAZ OLES* 

C-5 Substituent Signal Assignments** Change in Chemical C-5 Substituent 
H - 5 OH Shift of H-5 

H 8 . 2 5 1 0 . 2 4 • * • 

Br 8 . 5 3 1 0 . 9 9 - . 2 8 

CI 8 . 5 5 1 1 . 0 1 - . 3 0 

CH 5 7.99 9 . 7 5 . 6 4 

NH 2 7.49 
--

9 . 0 1 1 . 0 4 

*D. O'Brien and J. Gates, Jr., "Some Reactions of 
3-Hydroxy-l-phenylpyrazolep. 3043. 

**In ppm from TMS in DMSO solution. 

In the substituted triazoles under consideration, the 

compound with the C-5 proton resonance furtherest upfield 

is 3-hydroxy-l,2,4-triazole (XXXIV) with a shift of 68 Hz as 

compared to the C-5 hydrogen in 1,2,4-triazole (XXV). The 

magnitude of this shift may be compared with that occurring 

in "benzene derivatives in order to test the proposal that 

3-hydroxy-l,2,4-triazole exists in the keto form. The phenyl 

hydrogens in phenol are shifted upfield 22 Hz compared to 

benzene93 whereas the ring hydrogens in quinones are generally 

95Corio and Dailey, "Relative Electron Densities in Sub-
stituted Benzenes," p. 1539. 
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upfield 50 to 55 Hz from benzene.94 Since the change in 

chemical shift observed in the triazole derivative (XXXIV) 

is of a size with that found in quinones, the oxo structure 

for hydroxytriazole is more tenable than the enol form. 

9%. Chamberlain, P. Stehling, K. Bartz and J. Reed, 
KMR Data for Hydrogen-1 (Baytown, Texas, 1965), Chart 0.2. 



CHAPTER IV 

CONCLUSION 

The structure of 1,2,4-triazole and certain triazole 

derivatives have been analyzed using NMR. Table VIII 

summarizes the final structural conclusions that have "been 

made for 1,2,4-triazoles on the basis of the M R data avail-

able. (See page 90.) 

1,2,4-Triazole (XXV) exists with the annular hydrogen 

bonded to N-l at temperatures below 0°C in HMPT solutions 

as is shown by the lack of equivalency of the two carbon-

bound hydrogens. The downfield signal is assigned to the 

C-5 hydrogen as it is expected to be most affected by the 

presence of the adjacent NH group. 

j — r H xxv 

Because the annular hydrogen in 1,2,4-triazole can be 

located on the N-l hydrogen at moderately low temperatures, 

it is necessary to reflect on the plausibility of Potts' 

assertion that the annular hydrogen in 1,2,4-triazoles is 

delocalized, bound to a negatively charged nucleus.̂ " Since 

% . Potts, "The Chemistry of 1,2,4-TriazolesChemical 
Reviews, LXI (1961), 87-

89 
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TABLE VIII 

SUMMARY OP STRUCTURAL CONCLUSIONS FOR POTENTIALLY 
TAUTOMERIC 1,2,4-TRIAZOLES 

Compound 
Comments Nomenclature Used 

in Discussion 
Nomenclature Based 

on NMR Results 
Comments Structure 

1,2,4-Triazole 1,2,4-Triazole Below 
0°C 

N N-H 

3-Amino-l,2,4-
triazole 

3-Amino-l,2,4-
triazole a rrr 

3-Am ino-5-phe ny1 
1,2,4-triazole 

3-Am ino-5-phe ny 1-
1,2,4-triazole a 

( p - p 

3-Hydroxy-1,2,4-
triazole 

l,2,4-triazol-3-
one b,c 

N- N-H 
H\y=° 

3 -Hydr oxy-5 -phe nyL 
1,2,4-triazole 

3-Hydroxy-5-
pheny1-1,2,4-
triazole a,d AJl 

1 -Phe ny 1 -3 -hy -
droxy-1,2,4-
triazole 

l-Phenyl-1,2,4-
triazol-3-one 

• * 

rf-N N-H 

H-K J=O 

(U M (k l-Phenyl-3-
diphenyl-methyl-
5-hydr oxy-1,2,4-
triazole 

1-Phenyl-3-
dimethylphenyl-
1,2,4-triazol-
5-one a ,d 

H 
R = CH02 

3-Halo-l,2,4-
triazole 

3-Halo-l,2,4-
triazole a 

N—*H 

aAnnular tautomerism possible involving all three ring 
nitrogens. 

DAnnular tautomerism possible involving two annular 
nitrogens. 

cIndicated structural assignment supported by infrared 
spectrum. 

^Assignment of enol form supported by ultraviolet 
spectra in neutral and basic solutions. 



91 

the annular hydrogen exchange is taking place on the order of 

once every 10~'5 seconds, this problem does not fit into the 

situation discussed by Dewar for slow processes.2 In the case 

of slow exchange, the equivalency of two possible sites was 

considered evidence for the concept of delocalization, or 

mesohydric tautomerism. In contrast, Katritzky contended 

that few hydrogens are actually symmetrically bound and he 

held that the lack of symmetry in hydrogen bonds supported 

the existence of normal prototropic processes.^ As there is 

some evidence arising from the difference in bond lengths 

in 3-hydrazino~5-thiol-l,2,4-triazole^(See Figure 2, page 21) 

that the annular hydrogen in this compound is not bound 

symmetrically and because the annular hydrogen can be localized 

in 1,2,4-triazole, this author feels that the tautomerism in-

volving the annular hydrogen in 1,2,4-triazoles is taking 

place by an ordinary prototropic mechanism. 

. Dewar, Electronic Theory of Organic Compounds 
(Oxford, England, 1949), p. 193. 

^A, Katritzky, Advances in Heterocyclic Chemistry (New 
York, 1963), II, 34." ; 

Hi. Senko and D. Templeton, "Crystal Structure of 
3-Hydrazino-5-thiol-l,2,4-triazole," Acta Crystallographie, 
XI (1958), 808. 
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The use of the equation developed by Gutowsky and Holm^ 

as quoted by Pople, Schneider, and Bernstein^ to determine 

the rate of exchange of the annular hydrogen in 1,2,4-

triazole at 10°C appears to be justified. At least, the 

NMR data for 1,2,4-triazole satisfy the criteria listed by 

Gutowsky, et al. in their evaluation of the factors in- . 

fluencing the accuracy of high-resolution M R methods of 

determining chemical exchange rates.? The criteria given 

are that 

(a) l/T >> W
 1 

(b) vA- v B » W* ' 

where W" is the effective line width in the absence of ex-

change, with line width defined as the full width in Hz 

at haIf-maximum intensity.® 

The value for the mean half-life of the annular hydrogen 

on 1-1 or N-4 at 10°C is 4x 10"^ seconds. Since no coupling 

between the mobile NH and the carbon-bound hydrogens is observed 

Gutowsky and C. Holm, "Bate Processes and Nuclear 
Magnetic Resonance Spectra. II. Hindered Internal Rotation 
of Amides," Journal of Chemical Physics, XXV (1956), 1228. 

C 
J. Pople, \Y. Schneider, and H. Bernstein, High-

resolution Nuclear Magnetic Resonance (New York, 1959). 
p. 223. ' 

7A. Allerhand, H. Gutowsky, J. Jones and R. Meinzer, 
"Nuclear Magnetic Resonance Methods for Determining Chemical-
Exchange Rates," Journal of the American Chemical Society, 
LXXXVIII (1966), JToT. 

8Notation is that of Allerhand and others, ibid. 
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even at -34°C (sample freezes below this temperature), 

exchange may still be taking place fast enough to cause the 

expected doublet to collapse to a singlet. This introduces 

errors in the value used in determining the rate of exchange 

at coalescence. The value of (v^ - vg) would be expected to 

be somewhat larger at the temperature of no exchange than 

at -34°C which would increase the mean half-life value. 

The N-l hydrogen multiplicity cannot be distinguished 

in 1,2,4-triazole at -34°C. This is probably due to the 

broadness of the annular nitrogen resonance and the problem 

might be resolved by the use of double irradiation techniques. 

The use of double resonance eliminates the quadrupole effects 

associated with the N1^ nucleus. As a result the NH signal 

would be expected to be sharpened^ and the multiplicity of 

the EH signal could be determined if the proton exchange 

were slow enough. 

That the local diamagnetic screening and electron 

density for N-l and N-4 are very similar is shown by the 

fact that the methyl resonance of l-methyl-1,2,4-triazole 

(XXVIII) and of 4-methyl-l,2,4-triazole (XXIX) are the same.10 

(See Figure 5, page 42. ) 

9<J. Happe, "Double Resonance Study of Pyrrole and the 
Pyrr ole-Pyridine Interaction," Journal of Physical Chemistry, 
LXV (1961), 72. * 

10A.. Katritzky, Physical Methods in Heterocyclic Chemistry, 
Vol. II, 4 vols. (New YorK, 19bj5)» p. 121. 
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C-amino triazoles (XXX and XXXVIII) are found to 

exhibit only the amino tautomeric forms within experimental 

error in both DMSO-dg and MPT. The upfield signal, found 

in the region typical of such amino groups, for both com-

pounds XXX and XXXVIII corresponded to two hydrogens at all 

temperatures investigated. The addition of water to either 

compound in either solvent caused the annular hydrogen to 

exchange first: and not until an excess of water was added 

did the less acidic amino hydrogens exchange. 

It was not possible to distinguish between the possible 

annular tautomers, XXXXIII or XXXXIV, as no coupling was 

observed in 3-amino-l,2,4-triazole (R = H) 

XXXXIII H XXXXIV 

Although this could imply a structure of the form XXXXIV at 

low temperatures, it is likely that the annular hydrogen is 

simply exchanging fast enough to cause coalescence of the 

doublets expected from structure XXXXIII. Once again, the 

use of double resonance would eliminate the quadrapole ef-

fects of the nucleus. If no coupling were observed 

at low temperatures, either exchange was still fast or 

structure XXXXIV would be the prevalent tautomer. If 

-'--'-Happe, 0£. crt., p. 72. 
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coupling did occur, structure XXXXIII would be necessary to 

explain the multiplicity. As it is not now possible to 

"localize" the annular hydrogen in 3-amino-l,2,4-triazole 

(XXI) or 3-amino-5-phenyl-l,2,4-triazole (XXXIII), the 

possibility that mesohydric tautomerism is occurring cannot 

be eliminated. 

In the spectra of the hydroxy triazole derivatives, 

there is considerable latitude for interpretation. 3-Hydroxy-

1-phenyl-l,2,4-triazole (XXXVIII), 3-diphenylmethyl-5-hydroxy-

1-phenyl-l,2,4-triazole (XXXX) and 3-hydroxy-l,2,4~triazole 

(XXXIV) appear to exist in the oxo form in DMSO-dg and in 
* 

HMPT. 3-Hydroxy-5-phenyl-l,2,4-triazole (XXXV) has resonance 

peaks characteristic of the annular hydrogen as well as the 

hydroxyl group and may be assigned the enol structure in 

DMSO-dg and in HMPT. 

The assignment of the enol form to 3-hydroxy-5-phenyl-

1,2,4-triazole is based primarily on line shape. The use of 

line shape without extensive safeguards can lead to error due 

to instrumental factors.12 By making repetitive runs in 

DMSO-dg and HMPT within short intervals, some of the change 

in line shape due to changes in magnetic field should be 

eliminated. Although the line width at half-maximum intensity 

•^Allerhand, Gutowsky, Jones and Meinzer, .op. cit., 
p. 3185. 
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varied somewhat from scan to scan, the essential feature 

remained the same—the low field peak measured 1.5*0.2 times 

as wide as the adjacent peak. The line widths retained the 

same ratio on lowering the temperature to -10°C. The data 

indicate that the compound exists primarily in the enol 

form and that the tautomeric equilibrium is not shifted 

by changing the temperature from 37° to -10°C.^ 

As no coupling is detected between the annular hydrogens 

and the carbon-bound hydrogens in 3-hydroxy-l,2,4-triazole 

(XXXIV), these annular hydrogens are not localized under 

experimental conditions and the possibility of mesohydric 

tautomerism must be considered. 

Coupling is not observed between the annular hydrogen 

and the carbon-bound hydrogens in the halogenated triazoles. 

This is probably due to the rapid exchange of the annular 

hydrogen either inter- or intramolecularly. The annular 

hydrogen is not "localized" by lowering the temperature as 

low as -40°C in the case of the bromo and chloro derivatives. 

" i t is possible that the two peaks are due to two 
annular hydrogens. For this to be true, the annular hydrogens 
would necessarily be exchanging at such rates that the broaden-
ing due to exchange would cause the low field peak of the 
downfield doublet to be about 1.5 times as wide as the other 
peak. Also, it would be required that these exchange rates 
would either be independent of temperature or that the two 
rates of exchange would change appropriately so that the 
constant ratio of line widths would be maintained with change 
in temperature. 
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Temperatures below -4°C cannot "be employed in investigating 

the HMR spectrum of 3-fluoro-l,2,4-triazole because the 

sample freezes at temperatures lower than this. The ex-

pected H-F or H-H coupling of the annular hydrogen and 

the carbon-bound hydrogen or fluorine atoms v/ith the annular 

hydrogen is not observed due to rapid exchange of the 

annular hydrogen. As a result, M R does not provide a 

method of determining the prevalent tautomeric form for 

these compounds» The composition of the possible tauto-

meric mixture at equilibrium cannot be determined. Also, 

it is possible that these compounds exist as mesohydric 

tautomers. 

The general substituent effects observed in substituted 

triazoles is similar to that observed by O'Brien ana Gates 

in 3-hydroxy-l-phenylpyraaoles (XXXXII)."^ Comparison of 

the magnitude of chemical shift caused by a particular 

substituent may be used to corroborate structural assignments 

as was done in the case of 3-hydroxy-l,2,4-triazole (XXXIV). 

Even though the occurrence of mesohydric tautomerism 

is possible on the basis of ffi.IR data for all but one of the 

compounds considered in this research, that the annular 

hydrogen can be localized in 1,2,4-triazole implies that 

normal prototropic processes may be operative in all the 

•^D. O'Brien and J. Gates, Jr., "Some Reactions of 
3-Hydroxy-l-phenylpyrazoleJournal of Organic Chemistry, 
XXXI (1966), 1539. 
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potentially tautomeric derivatives. -The use of double 

resonance techniques or an instrument with higher resolution 

than was available at the time of this investigation might 

be useful in resolving the question. 
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