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corresponding -1-phosphate ester. This can be 
explained by the unfavorable equilibrium27 be
tween the 1- and 6-phosphates and the removal of 

(27) J. L. Reissig, J. Biol. Chem., 219, 753 (1956). 

N-acetylglucosamine-6-phosphate from the reaction 
mixture by enzymes which convert it to other hexose 
phosphates.11 
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Specific reaction rates for the formation of pyridoxal 5-phosphate hydrazones from pyridoxal 5-phosphate and a series of 
hydrazides have been determined, as well as the experimental activation energies for the reactions. The acid dissociation 
constants of the hydrazides are shown to be linearly related to the specific reaction rates. Data for the reaction of hydrazides 
with pyridoxal are also given. 

Hydrazides have been shown to inhibit several 
enzyme systems dependent on pyridoxal 5-phos
phate (PLP) as a coenzyme.2-4 The mechanism 
of this inhibition has been postulated to be the for
mation of a hydrazone with pyridoxal5'6 or pyri
doxal 5-phosphate.3 

Vilter and co-workers5 have suggested that the 
increased excretion of vitamin Bs activity in 
humans following chronic treatment with isonico-
tinyl hydrazide (INH) is due to excretion of pyri
doxal isonicotinyl hydrazone. They further sug
gest that this complex is formed directly from the 
interaction of INH and pyridoxal. However, these 
authors present no evidence to support their sug
gestion. Williams and Abdulian6 demonstrated 
pyridoxal semicarbazone in the urine of semicar-
bazide treated dogs, which is the only instance, to 
the author's knowledge, that a pyridoxal hydrazone 
has been demonstrated to be formed in vivo. They 
conclude that convulsant hydrazides, including 
INH, combine with pyridoxal to form the corre
sponding pyridoxal hydrazone. 

Davison3 suggests that INH combines with the 
phosphorylated form of pyridoxal, and presents 
experimental activation energies for the reaction 
of INH with PLP in the presence and absence of 
B6-requiring enzymes (16 and 14 kcal./mole, re
spectively). This similarity of energies of activa
tion is considered by Davison as evidence support
ing the initial interaction of INH with pyridoxal 
phosphate, forming the phosphorylated hydrazone. 

The present study was undertaken to clarify 
the reaction between a series of convulsant hydra
zides and both pyridoxal and pyridoxal 5-phos
phate. Any correlation between the physico-
chemical characteristics of the reactions and the 
convulsant a'ctivity of the hydrazides7 would be of 
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interest. The relative rates of reaction with both 
forms of vitamin Bg, as well as the experimental 
activation energies of the reactions, would be of 
value in defining more precisely the mechanism of 
the inhibition of enzymatic reactions by hydrazides. 

Experimental 
Dissociation Constants of Hydrazides.—The acid disso

ciation constants of thiosemicarbazide (TSC), thiocarbohy-
drazide (TCH), semicarbazide (SC) and carbohydrazide 
(CH) were determined at 25.0 ± 0.3° by titration with 
0.0984 N HCl. A Beckman model G pH meter was used 
to measure pR. Two and a half millimoles of hydrazide 
was dissolved in 25 ml. of redistilled water for titration, ex
cept in the case of thiocarbohydrazide where 50 ml. of water 
was used to allow solution. pKa values were taken as the 
points of half neutralization. Without corrections for ionic 
strength, the pKa values obtained are reported in Table I . 
The pKa of semicarbazide determined under these conditions 
agrees well with the value of 3.68 reported by Bartlett.8 

Specific Reaction Rates for Formation of Hydrazones of 
Pyridoxal and Pyridoxal 5-Phosphate.—AU reactions were 
run in 0.05 M phosphate buffer, pii 7.4, under conditions 
of constant total acidity.9 The reaction was followed 
spectrophotometrically3 in a Beckman model DU spectro
photometer equipped with thermospacers for temperature 
regulation of the cell compartment. The compartment tem
perature was constant within 0.5°. The increase in optical 
density of the solutions was measured at a wave length 
chosen to give a large difference in molar extinction coeffi
cient between pyridoxal or pyridoxal-5-phosphate (PLP) 
and the corresponding hydrazone. The wave lengths used 
were 288 m,u for the formation of PLP semicarbazone 
(PLPSC) and pyridoxal and PLP carbohydrazones (PLCH 
and PLPCH) , 306 mM for PLP thiocarbohydrazone (PLP-
TCH), 315 m/x for PLP thiosemicarbazone (PLPTSC), and 
330 m/i for the formation of PLP isonicotinyl hydrazone 
(PLPINH) . The ultraviolet absorption spectra of free 
PLP and the PLP hydrazones are given in Fig. 1. The 
spectra were obtained using a Beckman model DK-2 ratio 
recording spectrophotometer. 

The second-order reaction for the formation of pyridoxal 
or PLP hydrazones was made to conform to first-order 
kinetics by use of a 200-fold molar excess of hydrazide. 
Two ml. of 0.10 mM pyridoxal (Nutr . Biochem. Corp.) 
or PLP (Calif. Found, for Biochem. Res., 100 ± 3 % pure) 
was mixed with 2.0 ml. of 20 mM hydrazide at the start of 
the reaction, both solutions having been brought to tem
perature equilibrium before mixing. Optical density read
ings were taken at 30 second to 5 minute intervals, depend
ing on the speed of the reaction, until the reaction was 
about three-quarters complete. Readings were then taken 
until constant. A 10 mM hydrazide blank in 0.05 M 
phosphate buffer was used. Optical density readings for 
0.05 taM pyridoxal or PLP in 0.05 M phosphate buffer 
(ODo) were taken at the wave lengths used for the rate de-

(S) P. D. Bartlett, Tms JOURNAL, 54, 2853 (1932). 
(9) F. H. Westheimer, ibid., 66, 1962 (1834). 
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Fig. 1.—Absorption spectra of PLP and P L P hydrazones, 
0.05 mM, in 0.05 M phosphate buffer, pU 7.4. Abbrevia
tions indicate the hydrazone involved. 

terminations, and the fraction reacted (x) was calculated 
as x = (OD, - OD0)/(OD f - OD0), where OD4 = optical 
density at the time of determination and ODf = final optical 
density. Specific reaction rates (k) were determined under 
the above conditions over the temperature range 12 to 37°. 
The specific reaction rates are reported in Fig. 2 as the nat
ural logarithms of k at the reciprocal of the absolute tem
perature at which they were determined. 

Experimental Activation Energies.—Experimental ac
tivation energies were obtained for the reaction between 
PLP and carbohydrazide, semicarbazide, thiocarbohydra-
zide, isonicotinyl hydrazide and thiosemicarbazide. The 
values were determined from the slope of the least squares 
regression line calculated from the data of Fig. 2 by means 
of the Arrhenius equation.10 The energy of activation for 
the reaction between pyridoxal and carbohydrazide was also 
determined. 

Results and Discussion 
The specific reaction rates for the formation of 

PLP hydrazones and pyridoxal carbohydrazone at 
25°, as obtained from the least squares regression 
lines of the Arrhenius plots in Fig. 2, are listed in 
Table I. 

TABLE I 

PLP thiosemicarbazone 
PLP isonicotinyl hydrazone 
PLP thiocarbohydrazone 
PLP semicarbazone 
PLP carbohydrazone 
PL carbohydrazone 

Spec. 
react, 

rate, 25° 
(min. _1) 

0.11 
.27 
.50 
.73 

1.68 
0.015 

Exp. act. 
energy 
(kcal./ 
mole) 

9.4 
9.9 
9.6 
6.4 
9.4 

17.2 

pKa. Of 
hydrazide 

2.08 

3.26 
3.70 
4.29 

There is essentially no correlation between the 
convulsant potency7 of these hydrazides and the 
rate of complex formation with pyridoxal 5-phos-
phate. The more potent thio-compounds react 
more slowly with PLP than their oxygen analogs, 
though among the sulfur or oxygen compounds the 
more potent reacts more rapidly. Since there is 
no significant difference in time of onset of convul-

(10) S. Glasstone, K. J. Laidler and H. Eyring, "The Theory of 
Rate Processes," McGraw-Hill Book Co., Inc., New York, N. V,, 
1841, p. 2. 
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Fig. 2.—Arrhenius plot of specific reaction rates for the 
reaction of pyridoxal 5-phosphate with the hydrazides 
shown. 0.05 mJf PLP and 10 mM hydrazide in 0.05 M 
phosphate buffer, pH 7.4. The lines are least squares re
gression lines calculated for the experimental points shown. 

sions in mice with intraperitoneal injection of the 
CD{o of the hydrazides,7 the lack of correlation be
tween rate of reaction with PLP and CD50 was not 
unexpected. 

The rate of the acid-catalyzed hydrazone forma
tion11 with PLP depends on the concentration of 
the cationic species of the hydrazide. The relation 
between In k (25°, pH. 7.4) and the pK* values of the 
hydrazides TSC, TCH, SC and CH is linear. I t ap
pears that the cationic form of the hydrazide, 
which is the conjugate acid of the uncharged form, 
is able to catalyze hydrazone formation. Bartlett8 

demonstrated that it is the uncharged form of 
semicarbazide which reacts with carbonyl groups. 
At pH 7.4 the fraction of hydrazide in the cationic 
form is sufficiently small so as to make no ob
servable difference in the concentration of free, un
charged hydrazide, and thus all specific reaction 
rates were obtained under similar conditions of con
centration. 

The experimental activation energies for the re
action between pyridoxal 5-phosphate and the 
hydrazides are collected in Table I. -With the ex
ception of PLP semicarbazone, the values are in the 
range 9.4 to 9.9 kcal./mole. Analysis of the pos
sible variation in slope of the least squares regres
sion line calculated from the experimental values 
of specific reaction rate shows that these energies 
of activation are the same within limits of experi
mental error. PLP semicarbazone has a signifi
cantly lower experimental activation energy. 
However, it should be noted that the rate of for-

(11) E. E. Royals, "Advanced Organic Chemistry,' 
Inc., New York, N. Y., 1954, p. 664. 

Prentice-Hall, 
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niation of PLP semicarbazone is as would be ex
pected from its pKa value in spite of the experi
mental activation energy of the reaction. 

The specific reaction rate for the formation of 
pyridoxal carbohydrazone is markedly less than 
for the formation of PLPCH (Table I). Similar 
qualitative results also were obtained with semi-
carbazide and thiosemicarbazide. The experimen
tal activation energy for the formation of pyridoxal 
carbohydrazone (PLCH) is almost double that for 
the formation of the phosphorylated complex. 
Both the rate of reaction and the experimental 
activation energy indicate more favorable condi
tions for the formation of PLPCH than PLCH. 

Davison3 presented evidence that PLP isonico-
tinyl hydrazone is the initial complex formed in an 
in vitro homogenate preparation, with an experi
mental activation energy of approximately 16 
kcal./mole for the reaction. Davison's value for 
the energy of activation for the formation of PLP-
INH obtained with only PLP and INH present is 
14 kcal./mole. This latter value does not cor
respond very closely to the value of 9.9 kcal./mole 

Introduction 

In a recent article Hunter2 pointed out that inter
nal hydrogen bonding will increase the ratio of the 
first to the second ionization constants of maleic 
and of some other dicarboxylic acids. Subse
quently, Brown and his collaborators8 extended 
Hunter's qualitative treatment to a large number 
of additional dibasic acids and suggested that, for 
certain acids, the hydrogen-bonding effect may be 
an important one. A method for the quantitative 
evaluation of the effect of hydrogen bonding on the 
Ki/Ki ratio in dibasic acids is here formulated and 
applied to the examples previously3 cited; in gen
eral, the effect of hydrogen bonding is found to be 
small. Salicylic acid4""6 and similar acids where 
the hydrogen bond is in a ring of six atoms including 

(1) On leave of absence from Haverford College, Haverford, Penna. 
(2) L. Hunter, Chemistry & Industry, 155 (1953)i cf. I. Jones and 

F. G. Soper, J. Chem. Soc, 133 (1936). 
(3) (a) D. H. McDaniel and H. C. Brown, Science, 118, 370 (1953); 

(b) H. C. Brown, D. H. McDaniel and O. H&fliger in Braude and 
Nachod, "Determination of Organic Structures by Physical Methods," 
Academic Press, Inc., New York, N. Y., 1955, p. 628. 

(4) G. E. K. Branch and D. L. Yabroff, T H I S JOURNAL, 56, 25G8 
(1934). 

(5) W. Baker, Nature, 137, 236 (1936). 
(6) L. Hunter, Ann. Reports, 43, 148 (1946). 

presented in Table I. The activation energy for 
the reaction between pyridoxal and INH has not 
been determined. However, with pyridoxal and 
carbohydrazide the activation energy is 17.2 kcal./ 
mole. Reference to Table I shows that the values 
reported by Davison more closely approximate the 
value for the experimental activation energy of 
pyridoxal carbohydrazone than any of the PLP 
hydrazones. 

The urinary excretion of pyridoxal semicarbazone 
by dogs treated with semicarbazide reported by 
Williams6 may be due to dephosphorylation of the 
initial complex, since high phosphatase activity 
for PLPSC has been demonstrated in the kidney.12 

It is suggested that the higher specific reaction 
rates and lower experimental activation energies 
favor the formation of hydrazones of pyridoxal 
5-phosphate rather than of pyridoxal. Direct 
demonstration of the pyridoxal 5-phosphate hy
drazone complexes in vivo will be the subject of a 
further communication. 

(12) R. G. Wiegand, Ph.D. Thesis, Emory University, 1956. 

E M O R Y U N I V E R S I T Y , G A . 

two double bonds,7 and some highly alkylated ali
phatic acids,3 are exceptional cases where the effect 
of hydrogen bonding may be important. For most 
dibasic acids, a statistical factor of 4 and an elec
trostatic effect8-10 are primarily responsible for the 
values of the Ki/'K2 ratios. 

The first ionization constant of phthalic acid is 
1.2 X 1O-3, the ionization constant, KE, of mono-
methyl phthalate is 0.6 X 1O-3. On statistical 
grounds alone, the first ionization constant of a 
dibasic acid should be twice the ionization constant 
of the corresponding monoester.11 Since for 
phthalic acid such is almost exactly the fact, there is 
very little room for an effect of hydrogen bonding. 
Presumably the fact that the ring for hydrogen-
bonded phthalic acid contains seven members, and 
the fact that internal hydrogen bonding must com
pete with external (solvent) hydrogen bonding, are 
responsible for the experimental finding above. 

(7) G. W. Wheland, "Advanced Organic Chemistry," John Wiley 
and Sons, Inc., New York, N. Y., 1949, p. 46. 

(8) N. Bjerrum, Z. physik. Chem., 106, 219 (1923). 
(9) J, G. Kirkwood and F. H. Westheimer, J. Chem. Phys., 6, 506, 

513 (1938). 
(10) F. H. Westheimer and M. Shookhoff, T H I S JOURNAL, 61, 555 

(1939). 
(11) R. Wegscheider, Monalsh., 16, 153 (1895); E. Q. Adams, 

THIS JOURNAL, 38, 1503 (1916). 
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The Quantitative Evaluation of the Effect of Hydrogen Bonding on the Strength of 
Dibasic Acids 

BY F. H. WESTHEIMER AND O. T. BENFEY1 
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A quantitative measure of the effect of hydrogen bonding on the ionization constants of a dibasic acid can be obtained by 
comparing the first ionization constant of the dibasic acid with the ionization constant of the corresponding methyl ester. 
I t can thus be established that, for most dibasic acids, the effect of hydrogen bonding on the Ki/Kz ratio is negligible relative 
to the electrostatic effect; for maleic acid and for some highly alkylated aliphatic acids, the hydrogen bonding effect is ap
preciable but not dominant. The conjugate acids of bipyridyl, cited by McDaniel and Brown, do not show evidence of an 
important hydrogen bonding effect. 


