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However, a number of tentative conclusions can
be reached. The slopes and half-wave potentials
of electron-transfer controlled polarographic waves
are markedly affected by electrolyte concentration
and constitution in a manner which suggests
strongly that the double-layer structure at the
electrode surface is an important factor in these
reactions. Interpretations of data which do not
take this influence into account are strongly suspect.
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A Potentiometric Study of 2-Substituted Benzimidazole Ligands?
By T. J. Lang, C.S.C. anD Jou~ M. DaLy?

RECEIVED OCTOBER 29, 1958

The dissociation constants for several 2-substituted benzimidazole ligands have been determined in 507 v./v. dioxane~

water.

The stability constants of the ligands with various metals are reported. Thermodynamic result for 2-benzimidazole-

acetic acid and for 2-benzimidazolepropionic acid agrees with crystal fleld treatment by George.16

As part of a program investigating effect of donor
groups, ring size and steric effects on stabilities of
chelate compounds several 2-substituted benzimid-
azole ligands have been prepared and their metal
complexes have been investigated by potentiomet-
ric methods. The compounds studied in this work
are shown in Fig. 1.

Experimental

Preparation of Reagents.—2-Benzimidazolecarboxylic
acid,® 2-methylhydroxybenzimidazole,® 2-benzimidazole-
acetic acid® and 2-benzimidazolepropionic acid* were pre-
pared from known methods in the literature.

The standardization procedure for sodium hydroxide and
perchloric acid is the same as that described by Freiser,
Charles and Johnston.® Carbide and Carbon Co. technical
1,4-dioxane was purified according to method of Vogelf
(final m.p. 11.65°). Stock solutions of approximately
0.01 M metal ion were prepared from reagent grade per-
chlorates (G. F. Smith Co.) and standardized by either
electrodeposition (Cu(II), Co(Il), Pb(II)), precipitation
with dimethylglyoxime (Ni(II)) or precipitation as the 8-
hydroxyquinolate (Mn(1I) and Zu(Il)).?

Apparatus and Procedure.—The titration apparatus cou-
sisted of a silvered water jacketed Pyrex vessel fitted with
a leucite top through which holes were bored to accommo-
date microburets, thermometer, inlet and outlet tubes for
Lamp nitrogen and the external glass-saturated calomel
electrode pair. The system was thermostatically controlled
to maintain the desired temperatures. Rapid mixing was
effected by a magnetic stirrer. A Beckman Model G pH
meter was standardized with Beckman buffer solutions
(pH 4, 7, 10). The titration procedure is essentially the
same as that described by Calvin and Wilson.?

The pKwut, pPKcoom and pKom values were calculated
by assuming that the pK of the protonated nitrogen is
equal to the pH at the mid-point of the neutralization curve
of the ligand and that the same is true of pKog and pKcoon

(1) Presented in part before thie Division of Physical and Inorganic
Chemistry, 133rd National Meeting of the American Chemical So-
ciety held in San Francisco, California, April, 1958.

(2) From a dissertation presented by John M. Daly in partial ful-
fillment of the requirements for the degree of Doctor of Philosophy,
August, 1958,

(3) R. A. Copeland, THIS JOURNAL, 65, 1072 (1943).

(4) M. A. Phillips, J. Chem. Soc., 2393 (1928).

(5) H. Freiser, R. G. Charles and W. D. Johnston, THIS JOURNAL,
74, 1383 (1952).

(6) A. I. Vogel, A Textbook of Practical Organic Chemistry,”
Longmans, Green and Co., New York, N. Y, 1951, p. 175.

(7) F.J. Welcher, 'Organic Analytical Reagents,”* D. Van Nostrand
Co., New York, N. Y., 1947, p. 263,

(8) M. Calvin and K. W, Wilson, THIs JoUurRNAL, 67, 2003 (1945).

values. Stability constants of the chelates were calculated
from equations developed by Freiser.® AH° values were
determined from plots of In K, vs. 1/T for 2-benzimidazole-
acetic acid and 2-benzimidazolepropionic acid.

Results and Discussion

As seen in Table I, the most basic ligand, as ex-
pected, is 2-hydroxymethylbenzimidazole. A grad-
ual increase in basicity among the acids occurs with
increasing distance between the basic nitrogen and
the carboxylate group. This effect, also noted in
amino acids,® is expected when an inductive group
is further from the reaction center. The rather low
basicity of 2-benzimidazolecarboxylic acid is ex-
plained by conjugation between the carboxylate
group and the pyridine nitrogen.

TABLE I
Acip DissociarioNn CONSTANTS IN 509, DIOXANE AT 25°
pKnu+ pKcoon
2-Hydroxymethylbenzimidazole 4.90 12.70°
2-Benzimidazolecarboxvlic acid 3.04 6.48
2-Benzimidazoleacetic acid 4.14 7.20
2-Benzimidazolepropionic acid 4.72 6.52

@ pKom in case of 2-hydroxymethylbenzimidazole.

The pKcoon value of benzimidazoleacetic acid
compared to that of benzimidazolecarboxylic acid
shows the expected decrease in acid strength be-
cause of the shielding effect of the methyl group
between the carboxylate group and the nitrogen of
the ring. The surprising increase in the acidity of
benzimidazolepropionic acid may be explained by
its ability to form an intramolecular lactam.!® In
such a structure, ionization could take place easier
and the acid dissociation constants as listed in Table
I are the expected values.

Stability Constants.—Data for the determination
of stability constants for all the ligands with all the
metals could not be obtained because formation of
the system occurred at low pH value or at pH value
above the hydrolysis pH of metal ion used. As

(9) E. A. Braude and F. C. Nachod, " Determination of Organic
Structures by Physical Methods,” Academic Press, Inc., New York,
N. Y, 1955, p. 576.

(10) K. Hofiman, "Imidazole and its Derivatives,” Interscience
Publishers, Inc., New York, N. Y., 1953, p. 315.
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= = CHyOH R'z — COOH

R"z ~CH, COOH R'"z - CH, CH,-COOH

Fig. 1.—2-Substituted henzimidazoles.

seen in Table 11, the most stable chelates of the lig-
ands which forin five-membered rings are those of 2-
hydroxymethylbenzimidazole.  This stability is
favored by the higher basicity of this ligand and its
more favorable ring size, Correlation of ligand
basicity with stability has been pointed out by Ver-
hoek,'! Calvin® and Fernelius.'> Recently, Ros-

TABLE 11
StaBILITY CONSTANTS IN 509¢, v./v. D1OXANE-WATER
Cu Pb Fe Zn Mn
In  Ni@) Co(Il) (ah (I (D (1D

A, 2-Hydroxymethylbenzimidazole at 25°

Log K1 10.98 (13.20) (10.95) 10.90 . 7.98
Log X» 7.80 5.50 6.40 .. .32
B. 2-Benzimidazolecarboxylic acid at 25°
Log K1 6.95 5.54
Log Ko .. 4.93 . 42y
C. 2-Benzimidazoleacetic acid
Log K1 3° . A 2.25h .00 7.90 5.75
Log K» 6.94 6.77 5.10 5.13 7.36 4.57
Log K1 25° 7.85 .98 5.09 2.76 7.59 H. 140
Log Ka 4.72 6.50 4.37 2,15 G.95 3.95
Log K 40° 7.11 530 4.72 4.68 5,26
Log Ko .61 5.01 4.00 . L 4,40 3.70
D. 2-Benzimidazolepropionic iucid
Log K1 3° 5.99 5.20 5.84 - ... 5.90 4.00
Log K- 5.8 3.37 3.40 .. 5,13 526
Log Ki25° 5.25 4.11 3.79 .. 4.65 3.61
Log K» 4.15 3,27 3.37 . L. B.95 .21
Log K; 40° 5.10 3.64 3.63 4.11 338
Log K» 3.50 3.17 K 3.73 3.19
sotti!® reviewed this relation. The order of sta-

bility of the complexes of the various ligands
with respect to K 1s in fairly good agreement with
the so-called natural order,!* namely, Mn < Fe <
Co< Ni< Cu>Zn.

Thermodynamic Values,—Heats of chelate for-
mation for 2-benzimidazoleacetic acid and 2-benzi-
midazolepropionic acid are presented in Table III.

TaBLE 111
Hears or CHELATE FoRmATION, AH,", IN 50U, v./v.
DI0XANE-WATER FOR 2-BENZIMIDAZOLEACETIC ACID AND 2-
BENZIMIDAZOLEPROPIONIC AcIp

2-Benzimidazoleacetic 2-Benzimidazolepropionic

— AH0 aeid — Al — Ao — Al
(keal./mole) (kecal./mole} (keal./mole) (keal./mole)

Cu(1l) 11.7 8.9 8.1 2.1
Ni(II 9.7 8.3 6.5 4.2
Co(l1l) 7.3 6.4 7.3 4.2
PbI1) 3.0 3.2 . .
Zu(1l) 9.8 9.3 18.0 2.5
Mn(lIl) 1.5 8.4 4.5 1.0

(11) R. J. Bruelllman and I'. H. Verlioek, Turs JourNaw, 70, 1401
(1948).

(12) L. van Uitert, W. C. Fernelius and B. E.
2736 (1053).

(13) R. C. Rossotti, Rec. trav. chim., T8, 764 (1956).

(11 H TIrving and R. J. P, Willinme, Nobere, 162, 756 (1948).
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Fig. 2—Piat of AHy, vs. atomic number of chelates of 2-
benzimidazolaecetic acid.

The maximum deviation for any one determination
was =*2 kecal./mole.

Extending Orgel’s’ work to quantitative aspects
of the solvation data for the M?* fons in 2nd and
3rd series, George!® established how Ay varies with
atomic number. Quantitative data for ligands are
discussed in terms of AF/y. for the reaction

Mp2* + nl,g === [MLyuJa?™ + AHL (1)

Values of enthalpy change can be determined ex-
perimentally for the following reactions

[M(H:0),Jou®™ + #Llay ===
[ML.Jp2t + 2110 + AH, (2)

M2+ 4 #T,0 222 [M(HLO).1(* " + AH, (3)
Tuspection shows that
A[[L = A]'Ic + A]{s (‘1’)

George has computed “maximum stabilization
energies’ Em for various ligands. As seen in Fig. 2,
Em is the maximum height of the smooth curve
passing through the A7y values for the Co(II),
Ni(II} and Cu(II) ions above the straight line
joining the values for Mn(II) and Zn(II) ions and
L is the “‘tranmsition series contraction energy,”
Alzw — AHa,. And for ligands coutaining one
oxygen and one nitrogen donor George found I/
Em = 1.28 The ratio ;/Em for 2-benzimidazole-
acetic acid is 1.28 (+0.03). Data from a similar
graph gave a ratio of 1.35 (%0.03) for 2-benzi-
midazolepropionic acid, which forms a 7-membered
ring complex and consequently cannot be compared
with George’s calculated data for 3- and G-mem-
bered rings.

The entropy effects in this study were uot
clearly defined. An attempt to use the recently
advanced correlation of Martell,¥” who plotted
Ze/R vs. AS, gave a poorly defined plot.

(15) L. E. Orgel, J. Chem. Soc.. 5756 (1952).

(16) P. George, Rec. trov. chin., T8, 671 (19536).
(17) A. I, Martell, 5hij , 76, 783 (1956)
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The Preparation of 1,2-Propylenediaminetetraacetic Acid and its Resolution through
the Cobalt(IIT) Complex

By Francis P. DWYER AND FrRaNcIs L. GARVAN!
RECEIVED DECEMBER 17, 1958

Racemic propylenediaminetetraacetic acid and the optically active forms have been prepared in good yield by the con-

densation of the d/ and active hases with sodium chloroacetate at 20°.
The pure optical forms were also obtained from the Co(I11) complex whicli had been resolved through the active

hydrate,
cis-dinitrobis-(ethylenediamine )-cobalt(111) salt.

Introduction

The only references in the literature to 1,2-
propylenediaminetetraacetic acid, (H,PDTA), are
to patents®~® in which the preparation of the acid
and some of the esters and sodium salts are quoted
in relation to a number of general preparative re-
actions for aminopolycarboxylic acids and esters.
No metal complexes have been isolated.

The preparation of the racemic acid, and its
resolution, have been undertaken in order to carry
out ligand exchange studies with metal complexes,
in which the ligand is labeled by its optical activity,
and to investigate tlie principle of stereospecific
limitation in complexes containing a single optically
active organic molecule. This work will be de-
scribed later.

The detailed method of preparation! of ethyl-
enediaminetetraacetic acid when applied to H,-
PDTA gave only a viscous sirup which could not
be induced to crystallize.!!

The difficulty of crystallization, and the low
yields of aminopolycarboxylic acids after acidi-
fication of the reaction mixture, have been ascribed
to enhanced solubility due to dissolved inorganic
and organic compounds and reaction by-products.?

It has been found that dl-propylenediamine
condenses readily at room temperature with sodium
chloroacetate in strongly alkaline solution, but low
yields result when the reaction mixture is heated.!!
Slow crystallization of the amino acid ensues on
acidification, but ultimately a good yield results.
Unlike the racemic compound, the optical forms are
quite soluble in water and do not crystallize when
the reaction mixture is acidified. Great difficulty
was found in separating the active acid from the
extraneous sodium salts. After addition of hydro-
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Ltd. post-graduate research fellow.
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(3) U.S. Patent 2,387,735 (1945).

(4) U.S. Patent 2,407,645 (1940).

(5) U.S. Patent 2,428,353 (1947),

(6) British Patent 601,816 (1948).

(7) British Patent 601,817 (1948),

(8) U. 8. Patent 2,461,519 (1949).

(9) British Patent 710,705 (1954).

(10) R. Smith, J. L. Bullock, F. C. Bersworth and A. E. Martell,
J. Org. Chen., 14, 355 (1049).

(11) A, M. Sargeson, priviate communicatian

The optical isoniers gave [«]D £=47° for the mono-

chloric acid to pH 3.5, the solution was evaporated
to one-third volume and sodium chloride and a
sodium salt of the acid precipitated by a large
volume of ethanol. The latter salt was dissolved
in glacial acetic acid, in which sodium chloride is
insoluble and precipitated with benzene. Finally
it was converted to the optically active acid itself
by the use of the hydrogen form of a strong cation
exchange resin. Some retention on the resin
lowered the yield.'? The exchange column was
heated to prevent crystallization. Strong cation
exchange resins of the sulfonic acid type adsorb
Fe+*? very strongly, and as supplied usually contain
this ion. In order to avoid contamination of the
acid, the iron was removed from the column by
prolonged washing with hot hydrochloric acid!?
rather than with the more efficient disodium salt
of ethylenediaminetetraacetic acid.!* After pas-
sage through the column the active acids crystal-
lized as the monohydrates, ([a]p *=47°), from a
small volume of water.

The specific rotation decreases with increasing
deprotonation. The respective values of [a]D in
0.59, solution in the presence of 1,2,3 and 4 equiva-
lents of potassium hydroxide were £39, =37, =30
and £22°, The rotation rose to =42° in the pres-
ence of 15 equivalents of alkali.

The infrared spectra of the d/ and active acids in
Nujol show differences in the 1500 to 1800 cm.™!
region, the former having bands at 1700 cm.™!
(strong) and 1620 cm.~! (weak). The 1700 cm.™!
band is due to carboxyl groups. Evidently hy-
drogen bonding has decreased the frequency as
double bond character is lost for the COOH group.
The optically active acids (monohydrates) show
bands at 1727 cm.~! (strong), 1630 em.™! (weak)
and 1570 cm.”!(strong). The carboxyl groups
show the normal frequency, revealing less effective
hydrogen bonding. The band at 1570 cm.™!
can be assigned to OH bending from the water of
crystallization. The OH stretching frequency is
also shown by a strong 3470 cm.~! band. The

(12) Rolim and Haas Co., “ Amberlite IRC 50, Teclinical Bulletin,
1954, p. 8.

(13) '*Permutit lon Excliange Resins in the Laluratory,” The Per-
mutit Co., Pty Ltd., London, 19553, p. 8.

(14) R. A lidge, Chemist Analyst. 47, 72 (1958).



