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TABLE I 
-Specific rotations, degree---- 

[Co trieii ClIli +12U 0 to $5 -111 -1100 -85 
[ Co et&li] + $111 -+ 57 - 21 . . ,  -60 
[Co enaNHaCl] +-  f 98.5 $103 -5-0 . . . . . . 

I(-d-SbO tart  +143 f143 0 . . .  . .  

I IIAa I1 111 I V  

[Co pnzCl,] + f131 f 53 - 1(J , . . . . . 

cL The rotations in column 1IA include that due to tlie 
ionic SbO ta r t - .  

Anal. Calcd. for [Co en2 Clz]Cl,H20, C, 15.81; H ,  
3.93; S, 18.41; Co, 19.41. Found: C, 15.87; H, 5.68; 
S, 18.37; Co, 18.99. . .  

The rotation of a 0.05% aqueous solution \vas -0.035" 

at the D-line of sodium Different samples of 0.05% 
solutions of L-[CO en2Clz]Cl resolved by the standard d- 
bromocamphorsulfonate method gave rotations $0.11 to 
+O. 134 for different samples. 

A similar approach is under way using other stable metal 
complexes of the same type containing metal ions other 
than cobalt(II1). 

Our best thanks are due to the University of 11- 
linois and to the National Science Foundation for 
providing funds to one of us (Das Sarma) and also 
to the kind help and cooperation of Mr. Josef 
Kemeth, Mrs. E. L. Fett and Mrs. L Chang for 
the microanalysis for carbon, hydrogen and nitro- 
gen. 
URBASA, I L L I ~ O I S  

Compounds of Chromium(II1) with Alanine 
BY R. 1%'. GREEN AND K. P.  ai^^ 

RECEIVED JUNE 16, 1955 

The \'an Slyke manometric method for determination of amino groups has been used to demonstrate the prcscncc of S- 
coordinated alanine in solutions of alanine and chromium(II1) salts. This has been combined with spectroscopic and iso- 
piestic studies to  show that solutions near pH 4.5 contain complexes in which each chromium atom is united to three alanine 
residues, of which one is in the form of a chelate ring and the other two are coordinated by their carboxyl groups only. I t  is 
possible to prepare solutions a t  pH 7-8 in which two alanine residues are chelated to each chromium atom, but higher degrees 
of chelation produce very sparingly soluble derivatives. 

The first compound of chromium and alanine was 
prepared by Tchougaeff and Serbin, who boiled to- 
gether solutions of chloropentamminochromium- 
(111) chloride and excess alanine until most of the 
ammonia had been driven off. The resulting deep 
red, faintly ammoniacal solution deposited rose 
colored needles whose composition corresponded to 
the formula Cr [CH3.CH(NH2).C00I3. Hugou- 
nenq and Morel2 boiled concentrated solutions of 
amino acids with freshly precipitated chromiuin- 
(111) hydroxide and obtained two products contain- 
ing, respectively, two and three molecules of amino 
acid per chromium atom. In the same year, Ley 
and F i ~ k e n , ~  by adding three moles of sodium hy- 
droxide to a hot solution of one mole chromiuni- 
(111) chloride and three moles alanine, prepared two 
very sparingly soluble crystalline solids, one red 
and one violet, to which they gave the formulas, 
Cr ( C ~ H ~ ~ Z N ) ~  and Cr(C3H602N) z(OH).€120. The 
same two solids, which, on account of their insolu- 
bility and incrtiicss, arc generally regarded :LS 
clielatc compounds, were again prepared by \'c.lsh- 
tei11.~ In each case, the amount of alkali present or 
added during the preparation was equivalent to the 
total chlorine of the chromium(II1) chloride, so 
that the solutions from which the solids separated 
were approximately neutral in reaction. 

1 h - e  acid solutions have been studied by Shuttle,- 
wort11,~ who interpreted conductimetric t:videiice :is 
itidicating that the arriiiiu gruups of glycine and ala 

(1) L. Tchougaeff and E. Serbin, C o m p f .  r e n d ,  151,  1361 ( I R I O ) .  
(2 )  L. Hugounenq and A. Morel, ihid., 154, 119 (1912). 
13)  H. Ley and K. Ficken, B e y . ,  45, 377 flH12!. 
( 4 )  1,. hl. Vulshtein, Co,ufiI. r r i i , l .  i. 5 . i .  (?. . \  S , l i  6 4 ,  31'1 

(1'140). 
(i! S. G. Shuttlcwortli, J I j ~ t c r u .  .S<,c. Leiitlie, 3 !~iOr:' 32 I 

116 ~1!) .18~. 

nine were not coordinated by chromium in dilute 
solutions, even on boiling. On the other hand, 
Serfass, \%:ilson and Theis6 showed by spectrophoto- 
metric measurements that  glycine reacted with 
chromium(II1) ions much more readily than did 
acetate. Indeed, they found it  to be more readily 
coordinated than any other substance they studied, 
except oxalic acid, which is well known to cause 
chelation. This paper describes the use of analyti- 
cal, isopiestic and spectrophotometric nicthods to 
investigate the nature of chroniiuni (I1 I )  -alanine 
solutions. 

Experimental Methods 
Chromium was determined in solution by oxidizing with 

sodium peroxide and comparing the optical density at 373 
mp with that of standard chromate solutions. Chromium- 
(111) chloride and sulfate solutions were analyzed in this 
way for chromium, gravimetrically for chloride and sulfate, 
and also by titration of the hot solution with alkali in the 
presence of phenolphthalein. 

Basic chromium( 111) chloride solutions frec froiii othcr 
clectrolytes were made by :idding to Ixdiiig cliromiuiii( 111 ) 
sulfate solution tlic calculated qiwiitities o f  Ixiriiitti cl110- 
ride aiitl bariuin hydroxide. 

Absorption spectra were measured with a Uccknlull I l lol lc l  
DU spectrophotometer. Because solutions usually C O I I -  
tained more than one chromium complex of unknowli 
moleculnr formula, results are given nc  atomic extinction 
coetlicien tq 

= 1 log, , ,(  r I ;  
ivliere c is tlic rt)iirc.iitrutioii in g. : I ~ I J I I I  Cr Iicr litc,r. All  
tlie clirouiium solutions eraiiiiiicd had two absorptioii tnnxiin:i 
(Fig. 6 ) ,  one near 400 mp and one iiear 540 mp. \Ye shall 
use and X1 to denote the atomic extinction coefficient and 
wave length of t h e  first maximum, and el and Xz for the second 
maximum. 

A 13ecktn:iii /)I I meter 11 as usctl fur all pIi tlctcritiiiintioiis. 
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Isopiestic measurements were made by the method of 
Robinson and Sinclair' a t  25", using silver dishes. The 
most dilute solutions were equilibrated for 7 days. 

Alanine can be determined in solution by the manometric 
method of Van Slykes for the estimation of free amino 
groups. Because of the sluggishness of most reactions in- 
volving chromium(III), the Van Slyke method offers a 
possible means of detecting combination between chromium 
and the amino groups of alanine. The following procedure 
was adopted. A sample (4 ml.) of solution containing ap- 
proximately 2 mg. of alanine was introduced into the reac- 
tion chamber, followed by 1 ml. of saturated sodium acetate 
solution and 1 ml. glacial acetic acid. When the mixture 
had been degassed, 2 ml. of saturated sodium nitrite was 
introduced and the reaction was allowed to proceed for 4 
minutes. The evolved gas was washed and measured in the 
usual way. From time to time a blank experiment was run 
with 4 ml. of water in place of the alanine solution, and the 
very small result was applied to the former as a correction. 

A series of control experiments with known amounts of 
alanine gave a mean recovery of 100.2% with a standard 
deviation of 0.5% unaffected by the presence of chromium- 
(111) chloride or sulfate. The method was then tested on 
the red or purple chromium( 111)-alanine solutions, prepared 
by such methods as that of Ley and Ficken, which might be 
expected to contain coordinated alanine. Low Van Slyke 
nitrogen values were obtained, but, if the solution was 
heated for 1 hour with dilute sulfuric acid, i t  became green 
and gave a normal value for the amino nitrogen. Both 
these figures were reproducible with the same precision as 
before. Their difference was not due to differences in acidity 
during the Van Slyke determination, since at this stage both 
solutions were buffered to approximately the same PH by 
the sodium acetate. Moreover, it  was possible by ion- 
exchange methods to separate from the chromium-alanine 
solution a fraction which gave no Van Slyke nitrogen before 
decomposition with acid, but a measurable value after- 
wards. This demonstrates that  no decomposition of the 
chromium-nitrogen complex occurs during the short time 
of the Van Slyke reaction. Application of the above 
method to the same solution before and after treatment with 
hot dilute sulfuric acid can thus be taken to give the free 
and total amino nitrogen. The difference must represent 
the amount of alanine which is stably coordinated to chro- 
mium through its amino group. We shall use to denote 
the average number of amino groups bound per chromium 
atom. 

Sparingly soluble solid derivatives of chromium and ala- 
nine were brought into solution by heating with dilute sul- 
furic acid until the first red solution turned green. The 
solution was analyzed then for chromium and total alanine. 
Elementary analyses of the solids were also made by Dr. 
Zimmermann .9 

Results 
Neutral Solutions.-Solutions made by slowly 

adding 3 moles sodium hydroxide to boiling solu- 
tions of 1 mole chromium(II1) chloride and r moles 
alanine all had PH values between 7 and 8 but 
varied in color from purple ( r  = 2) to bright red 
( r  = 10). In a simple electrophoresis experiment 
all the chromium remained stationary and was ap- 
parently present in uncharged complexes. Van 
Slyke analyses gave values of % initially all lying 
between 1 and 2, but slowly decreasing with age. 
Solutions with r > 3 deposited a very sparingly 
soluble, red or violet crystalline solid. This precipi- 
tation occurred rapidly from the hot solution, but 
continued steadily even from a cold solution in a 
stoppered flask. In the presence of a sufficiently 
large excess of alanine, solutions, initially of molar 
concentration, slowly deposited solid until the 
chromium concentration had fallen as low as 0.01 g. 
atom Cr per liter. 

(7 )  R. A. Robinson and  D. A. Sinclair, THIS JOURKAL, 66, 1830 
(1934). 
(8) D. D. Van Slyke, J. B i d  Chcm., 12, 27.5 (1912); 83, 425 (1929). 
(9) Dr. W. Zimmermann, University of Melbourne, Australia. 

If r was kept near 3 or greater than 10, solids cor- 
responding to Ley and Ficken's two derivatives3 
could be obtained pure, as shown in Table I. 

TABLE I 
COMPOSITION OF CHROMIUM( III)-ALANISE COXPOUNDS 

Calculated on weight after drying a t  100'. 
Cr(CsHeOzN)z(OH).HaO Cr(CaHs0zN)a 

Calcd. Found Calcd. Found 

Loss a t  100' 7.35 7.12 0 0 
Chromium 21.21 21 21 16 45 16.54 
Amino N" 11 43 11.44 13.29 13.32 
Carbonb 29.37 28.37 34.18 34.41 
Hydrogenb 5.72 5.66 5.74 5.67 
Sitrogenb 11.43 11.29 13.29 13.74 
a Van Slyke. 

These two solids were insoluble in organic sol- 
vents but very slightly soluble in water with slow 
decomposition. For example, stirring tris-(ala- 
nine)-chromium(II1) with cold water for 15 minutes 
gave a solution containing 0.001 g. atom Cr per 
liter. When first prepared the solution had % = 
2.76, but this value decreased steadily and after 12 
days had reached 0.60. On boiling, the solution 
deposited a basic precipitate resembling chromium- 
(111) hydroxide. The basic bis-(alanine) solid de- 
rivative was even less soluble, although quite con- 
centrated solutions (1 Af) with % = 2.0 were easily 
prepared by Ley and Ficken's method. Clearly, 
then, there are a t  least two chromium(II1)-alanine 
species with f i  = 2,  and it seems likely that the in- 
soluble one is a polymeric olated form, while the 
soluble species is a simpler molecule. 

Although the above two insoluble derivatives 
could be obtained pure by careful control of the 
experimental conditions, i t  was more usual to find a 
product of intermediate composition which we were 
unable to separate into simpler components. For 
example, successive fractions of solid filtered from 
one solution during a period of two months in- 
creased regularly from n = 2.09 to f i  = 2.70, while 
%(solution) decreased from 2.00 to 1.64. The prod- 
ucts appeared homogeneous under the microscope 
and in sedimentation tests in mixed organic liquids. 
In view of the known tendency of chromium(II1) to 
form large aggregates by olation, i t  cannot be said 
with certainty that these sparingly soluble sub- 
stances are simple mixtures. They may form a con- 
tinuous series of macromolecules in which the 
chromium atoms are linked together by hydroxvl or 
amino acid bridges in  varying proportions. I t  is a t  
least certain that they separate from solution, riot 
by a process of fractional crystallization, as was ini- 
plied by earlier  worker^,^ but as a result of slow re- 
actions between soluble complexes and free alanine. 

The solutions themselves were evidently compli- 
cated mixtures. Those with ri near 1 .O gave on di- 
alysis a red dialysate (a > 1.5) and a greenish-pur- 
ple residual solution (a < 0.6) which on evapora- 
tion yielded a glassy green solid with a molecular 
weight too high to be measured by the isopiestic 
method. Solutions with % nearer 2.0 were com- 
pletely dialyzable, but ion-exchange experiments 
showed them to contain more than one chromiuni 
species. We were unable to isolate or identify any 
dcfinite species in these solutions, but it seems prob- 

* Reference 9. 
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able that they ranged from fairly simple complexes 
with one or two chelated alanine residues per chro- 
mium atom to highly basic olated colloidal aggre- 
gates with a very low proportion of coordinated ala- 
nine. 

Solutions at Lower fiH.--X coininon method of 
studying complex formation, which has been used 
with success in connection with the codrdiiiation nf 
amino acids by divalent metals, namely, the 
potentiometric titration of the metal ion with 
alkali in the presence of the complexing agent, is 
excluded here by the slowness of the reactions in- 
volved. The following modification was used: ll 
solution of normal chrornium(II1) chloride (1 X )  
was boiled under reflux for 24 hours with 3 moles of 
alanine. It was then divided into 20 portions to 
which sodium hydroxide was added in amounts of 
from 0 to 3 moles per mole CrC13. The solutions 
were all adjusted to the same volumc and heated in 

I 1 

8 

4 

2 

0 1 2 3 
Moles NaOH/mole CrCl?. 

Fig. 1.-Changes in PH caused by adding sodiuin hytlrosidc 
to a boiling solution of 1 mole of CrC13 and 3 nioles of aLiiiiiie. 

440 

430 

420 

i 
e 410 2 

400 

390 

590 1 
j 570 

560 2 

4 550 

340 i 
0 1 2 3 

Moles NaOH/mole CrC18. 
Fig. 2.-Changes in wave length of the two ahsvrption 

maxima caused by adding sodium hydroxide to a boiling 
solution of 1 mole of CrC13 and 3 of moles alanine: 0 ,  XI; 0, 
1 2 .  

(IO) A. Albert, Biochevi. J., 47, 531 (1950) .  60,  000 (l'J52) 

stoppered tubes on the water-bath for 24 hours. 
By this time the contents of the tubes had come 
near to equilibrium. They were cooled, and ini- 
mediately the pH and absorption speciruni werc 
measured, and some mere analyzed for coiirdiiiated 
amino groups. It was found that a plot of f i  against 
ez  gave a smooth, almost linear curve which coultl 
be used for interpolating n for the other solutions. 
The results are shown in Figs. 1-4. 

I 
80 t 

2 o l  I I I I  
0 1 2 3 

Moles NaOH/mole CrC1.3. 
Fig :j.-Changes in atomic extinction coerficicnt c,~uietl b y  
adding sodium hydroxide to a boiling solutioii of 1 mole 
CrC13 and 3 moles alanine: 0 ,  c, ; 0, € 2  

0 1 2 3 
Moles KaOH/mole CrCla. 

Fig. 4.-Changes in degree of chelation, n, caused by adti- 
iiig sodium hydroxide to  a boiling solution of 1 mole of CrCI3 
and 3 moles of alanine. 

Between A and B (Fig. 1), all the chromium 
iiioved toward the cathode. Since the reaction was 
carried out a t  100' and the measurements were 
made a t  2 3 O ,  we cannot use the data for calculating 
stability constants, but we can make deductions 
from the qualitative features of the graphs. 

The most striking is the change of direction which 
appears in all the curves between A and B (2.0 to 
2.5 moles of alkali). The pH curve is aliiiost hori- 
zontal in this region. Below A, ii increased from 
0.23 in the most acid solution to 1.0 a t  PH 4.G, and 
no insoluble derivatives were formed. Solutions bc- 
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tween A and B deposited as much as 40$& of their 
total chromium as pure Cr(C3H602N)3, but beyond 
B, as the pH increased again, the solid began to be 
contaminated with the hydroxo derivative, Cr 
(C3H602N)2(OH).HzO; and, when 2.90 moles of 
alkali had been added, fz(so1id) had fallen to 2.43. 
At this point, go'$& of the total chromium had been 
converted to insoluble chelate and had been pre- 
cipitated in quantities only slightly less than 1 g. 
atom Cr for every equivalent of alkali in exccss of 2 .  

It is clear that a good yield of tris-(alanine)- 
chroniium(II1) is best obtained by adding about 
2.4 moles of sodium hydroxide to a hot concen- 
trated solution of 1 mole of CrC13 and 3 moles of 
alanine. At higher QH values, hydroxyl ions begin 
to be coordinated by the chromium, and the higher 
derivative is only obtained pure by using a waste- 
fully large excess of alanine. 

Since the solution a t  A (Fig. I) evidently pcs- 
sessed unusual properties, a portion was diluted 
and titrated as rapidly as possible in the cold with 
0.1 A: NaOH. The pH titration curve is compared 
in Fig. 5 with that for pure alanine and with the 
last section of the curve of Fig. 1, the high temper- 
ature titration. In this cold titration no solid de- 
rivative was precipitated. On the contrary, the 
titrated solution on standing suffered a rapid de- 
crease in ?i and soon deposited chromiuni(II1) hy- 
droxide. 

I - 1  

I I I I J  
0 0.2 0.4 0.6 0.8 1.0 

a, moles NaOH. 
Fig. 5.--pH titration: 1, one mole alaninc titratcd with a 

moles KaOH; 2 ,  solution A (Fig. 1) titrated in the cold with 
a moles NaOH per Cr atom; 3, solution A (Fig. 1) titrated 
a t  100" with a moles NaOH per Cr atom. 

The curves of Figs. 1-5 now provide some evi- 
dence of the nature of the chromium complexes in 
solution. Since simple chromium(II1) ammines 
are not usually formed directly in aqueous solu- 
tion,'l and since the carboxylate ion coordinates 
readily with chromium, we may safely assume that 
the bound amino groups represent chelated alanine. 
This chelation is found even a t  pH 1.6 and increases 
with pH and hence with zwitterion concentration in 
the free alanine. However, a t  pH 4.6, when the de- 
gree of chelation, f i ,  has reached exactly 1.0, addi- 
tion of more alkali causes the hot solution to pre- 
cipitate tris-(alanine)-chromium(III), with = 3. 
This abrupt change in ii suggests that  the Van 
Slyke figure is not giving a complete picture of the 

(11) J. C. Bailar and J B. Work, Txrs JOURNAL, 67, 176 (1045). 

complexes in solution and that the Cr atom of the 
principal species a t  A may coordinate as many as 
three alanine molecules, even though only one is 
chelated. Confirmation comes from two sources, 
the method of continuous variations and a study of 
the osmotic properties of the solution. 

Continuous Variations.-The method of continu- 
ous variations, introduced by Job12 and extended by 
Vosburgh and Cooper,13 consists in measuring the 
optical densities of a series of mixtures of solutions 
of A and B, both of concentration Jf nioles per li- 
ter. In this case, A was "3 basic chromiuni(II1) 
chloride, B was alanine, and the mixtures were 
made by taking 10% ml. of B and 10 (1 - x) ml. of 
A. Since even basic chromium(II1) chloride solu- 
tions are as acid as pH 1.7, while the isoelectric 
point of alanine is 6.1, mixtures of the two will vary 
widely in pH. The cationic form of alanine cannot 
coordinate with a metal; and in the pH range 1.7- 
4.7 covered by our experiment, the proportion of 
zwitterion increases from 18% to over 99y6. I t  
therefore becomes necessary to inquire how this 
will affect the interpretation of the results. 

Let the reaction be represented by 
A + nB AB, 

and let the equilibrium concentrations of free me- 
tallic ion and total free alanine be c1 and cp, respec- 
tively. Since pH varies with x ,  the concentration 
of free alanine in the zwitterionic form can be writ- 
ten as cz f (x ) .  Finally, let Y be the difference be- 
tween the observed optical density and the value 
calculated for no reaction. It can easily be shown 
that Vosburgh and Cooper's conclusions will be 
unaffected by pH changes if clc$'(x)/M2f(x) is small 
in comparison with (1 - x). 

In  the work described here, calculations from 
the observed pH values and from the known ioniza- 
tion constants of alanineL4 showed that, when Y was 
a maximum, f'(x)/f(x) was approximately unity. 
The strong enhancement of the extinction coeffi- 
cient of chromium in the presence of alanine, and 
the fact that  the pH was higher than that found in 
even the most basic solutions of chromium(II1) 
chloride both make it probable that c1 was very 
small and justify our neglecting the correcting term. 
This is further supported by the osmotic measure- 
ments described below. We shall assume, there- 
fore, that Vosburgh and Cooper's theoryL3 can be 
applied to our results. 

These authors have shown that, when there is a 
possibility of more than one coordination com- 
pound being formed in solution, the continuous 
variations calculations should be made a t  carefully 
selected wave lengths. As in the previous section, 
we found i t  necessary to carry out the reaction in 
hot solution. Figure 6 shows the results of a pre- 
liminary study in which atomic extinction coeffi- 
cients were measured for "3 basic chromium(II1) 
chloride, alone and after having been heated for 48 
hours with 1, 2 and 3 moles of'alanine. The last 
three spectral curves all intersect a t  much the same 

(12) P. Job, Compl. rend., 180, 928 (1925). 
(13) W. C. Voshurgh and G. R. Cooper, THIS JOURNAL, 63, 437 

( 1941). 
(14) P. K. Smith,  A. C. Taylor and E. R. B. Smith,  J .  Eiol. Chenz., 

122, 100 (1937). 
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wave length, a circumstance which is unfavorable to 
Vosburgh and Cooper's method of selecting wave 
lengths, except when investigating the possibility of 
a tris-(alanine)-chromium(II1) species in solution. 
In  that case we choose wave lengths of 400 and 540 
mu for maximum difference between curves C and 
D. 

50 

40 

30 
yl 

20 

10 

0 

_ I  

I! 
I 

300 400 500 600 7OC 

Fig. 6.-Absorption spectra: 4, * / a  basic chromium( 111) 
chloride, Cr(OII)2Cl, after boiling; B, C, D, respectively, 
represent the same solution after boiling with 1, 2, 3 moles 
of alanine per atom Cr. 

In  applying the continuous variations method to 
the chromium(II1)-alanine system, lox ml. M ala- 
nine and l O ( 1  - x) i d .  ',13 basic dl chromium(II1) 
chloride, Cr(OH),Cl, were placed in a series of stop- 
pered tubes and heated for 4s hours on the water- 
bath. The contents were then cooled, tested for 
pH, diluted, and the optical density and total 
chromiuni concentration were measured. In Figs. 
7 and S the difference, I', between observed optical 
density and the value for no reaction is plotted 
against x for a number of wave lengths. The maxi- 
inum occurs a t  different values of x as the wave 
length is varied, indicating the presence of more 
than one chromium-alanine complex. l3  Gould and 
Vosburgh15 have pointed out that, although it  is 
theoretically incorrect to use Y calculated in the 
above manner when more than one colored complex 
is present, nevertheless in practice reliable results 
are still obtained. Assuming that to hold true 
here, we conclude froin Figs. 7 and 8 that  the solu- 
tions examined contain a t  least two, and probably 
three, species, in which three, two or one molecule 
of alanine, respectively, are coorditiated to each 
chromium atom. Their relative proportims in n 
solution such as A (Fig. 1) can be estimated by 
isopiestic measurenients. 

Isopiestic Measurements.-A solution similar to 
that represented by -4 in Fig. 1 was prepared by 
slowly adding to a boiling solution of 1 mole of 
normal chromium(II1) sulfate and G moles of 
alanine, first 1 mole of barium chloride arid then 
two moles of barium hydroxide. The pH of the cen- 
trifuged solution was 4.6, and Van Slyke measure- 
ments gave f i  = 1, as before. ;Z conductimetric 
titration with silver nitrate gave a11 end-point cor- 
responding to one chloride ion per chromium atom. 

(lLl42). 

A, w. 

(15) K. K. Gould and \\'. C. Vobburgh, ' h i s  J O U R N A L ,  6 4 ,  1630 

3.0 

2.0 

1 .o 

0.4 0.5 0.6 0.7 0.8 0.9 

Fig. 'i.-Contiriuous variations-plot of Y against x: A,  400 
niG; B, 410 mp; C, 420 mp; D, 430 mp. 

x .  

0.3 0.4 0.5 0.6 0.7 0.5 0.9 
2 .  

Fig. 8.-Coritinuous variations-plot of Y against x :  A,  530 
mfi; B, 570 mp;  C,  580 mp;  D, 500 mp. 

If we assume the absence of polynuclear complexes, 
the solution should therefore consist of free alanine, 
chloride ions and Cr(Alanine),+, where we should 
expect z to lie between 2 and 3.  The solution was 
equilibrated by the isopiestic method' against solu- 
tions of sodium chloride ranging from 0.1 to 2.0 
molal. If ml is the molality of sodium chloride solu- 
tion in equilibrium with a solution of m2 g. atom Cr 
per 1000 g. water, then 

2$11721 = 2$2m2 + # w 4 3  - z )  
where &, d2, & are the osmotic coefficients of SO- 
dium chloride, the complex chloride and alanine, re- 
spectively. At pH 4.6 the alanine is almost entirely 
in the zwitterion form, so that (63 is almost exactly 
unity16 and the equation reduces to 

3 = 3 + 2$g, - 2 ~ n ~ / t n 2  - 

( le)  R.  A Robinson, J .  Bid. Chetn., 199, 71 (lY52). 
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The osmotic coefficient of sodium chloride, $1, is 
well known," and, if the chromium complexes are 
mononuclear, Cp2 for the chloride, Cr(Alanine),+ 
C1-, will probably lie somewhere between the two 
extremes represented by lithium chloride and ce- 
sium ~hlor ide . '~  In  Fig. 9, the plotted experimental 
points show the values of z obtained when $2 is put 
equal to $(NaCl) a t  the same molality. The other 
two curves are calculated in the same way with 
$2 = $(LiCl) and 42 = $(CsCl). I t  is seen that z 
never falls below 2 and probably lies quite near 3 
over a wide concentration range. The decrease in z 
with dilution must denote the change from Cr- 
(A1anine)Sf to Cr(Alanine)z+ by aquation, probably 
accompanied by a decrease in iz,  the degree of chela- 
tion. This is confirmed by measurements of the 
absorption spectrum. I n  the more Concentrated 
solutions this remains constant for long periods, but 
in dilute solutions the two maxima gradually be- 
come less and move toward longer wave lengths, in- 
dicating loss of carboxyl or amino groups, or both, 
from the complex ion. 

Discussion 
It appears from the evidence of the Van Slyke de- 

terminations that a certain amount of chelation oc- 
curs in boiled solutions of Cr(II1) and alanine even 
a t  low pH values. The isopiestic and continuous 
variations methods, which do not distinguish be- 
tween chelation and simple coordination, indicate 
the presence of two or three molecules of alanine 
per chromium atom. The observed results can be 
most simply explained by postulating the presence 
in acid solution of such species as I, I1 and 111, their 
relative amounts depending on pH and concentra- 
tion. 

Hz0 OOC.CH( NHa).CH3 I 1  \ /  
/ \  

CH$.CH( NH3).COO-Cr-H20 

H20 OOC.CH(XHa).CHg 

I '  HzO HzO 
\ /  
/ \  

CHz.CH( NHJ).COO-C~-OOC.CH( SH3).CHs I1 

Hz0 HzO 

COO HzO OOC,CH( XH$).CHa IC [..;.: \ 'A' / I \  ] 111 

SHp HzO OOC.CH(NHI).CHa 

The proportion of I11 increases as alkali is added to 
the hot solution until, after the addition of two 
equivalents, every chromium atom carries one ala- 
nine chelate ring (A, Fig. 1). I n  fairly strong solu- 
tions the predominant species probably now has the 
formula IV, with one proton distributed between the 

COO H20 OOC.CH(NH~).CHI + ] 11' 
bH3.cT / ,c!\ \ I /  

NHz H20 OOC,CH(NHz),CHa 

two free amino groups. Addition of alkali to the 
dilute solution in the cold simply titrates the re- 
maining -NH3+ group, which is a slightly stronger 

(17) R A. Robinson and R. H. Stokes, Tuans. Faraday SOL., 45, 612 
(1949). 
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m2 (g. atom Cr/1000 g. water). 
Fig. 9.-Yalues of z in Cr(Alanine),'Cl- calculated from 

isopiestic measurements. The plotted points and the con- 
tinuous curve have been derived by assuming the osmotic 
coefficient of the complex chloride to be equal to d(NaC1). 
The upper broken curve is derived in the same way from 4 
(LiC1) and the lower from c$( CsC1). 

acid than that in free alanine (Fig. 5). Chelation 
must occur very slowly, if a t  all, in the cold, and 
the uncharged form of IV gradually decomposes, 
ultimately to Cr(OH)3. In  concentrated solutions 
a t  looo, on the other hand, chelation is the favored 
reaction and occurs as soon as the -NH3 group be- 
gins to be titrated. This depresses the high tem- 
perature pH titration curve in the form character- 
istic of strong complex formation (Fig. 5). The pre- 
cipitated solid is the pure tris-(alanine) chelate, V. 

When the amount of alkali added to the hot solu- 
tion is increased beyond B (Fig. l ) ,  some of the 
complex bound alanine of IV may be displaced by 
hydroxyl, with simultaneous chelation of more am- 
ino groups, to produce some such species as VI. 

This is probably still soluble but, by virtue of its 
hydroxyl group, can undergo olation polynieriza- 
tion, either with another molecule of VI, or with the 
uncharged form of IV. The insoluble macromo- 
lecular product would then have a value of f z  be- 
tween 2 and 3, as we have observed. Neutral solu- 
tions prepared by Ley and Ficken's method contain 
only uncharged complexes. If the concentration 
of excess alanine is high, %(solution) is initially 2.0 
and the predominant species in solution may be VI 
or VII. According to their relative proportions, 

VI1  1 COO HnO OOC 
/ \ I /  \- 

CH3.CH Cr CH.CH3 
'xHP/ j 'm2 / 

OOC.CH( NH)Z.CHa 



the solution will deposit V, or an intermediate solid 
with R between 2 and 3, or the pure basic bis-(ala- 
nine) derivative. Formation of the insoluble olatcd 
form of VI must be a reaction of higher order than 
the simple ring closure necessary to producc V 
from VII. Hence, as the solution becomes more 

reaction will dccrcae inore rapidly than that of 
and more dilute with age, the speed of the 01 L l  t '  1011 

the chelation reaction. This explains the increase 
in a(so1id) for successive fractions collected from 
the same solution. The corresponding decrease in 
fi(solutioi1) can be explained by postulating a par- 
allel aquation reaction in which chromium-oxygen 
and chromium-nitrogen bonds are broken in the 
same way as in dilute solutions. 
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Spectrophotometric Study of the Hydrolysis Constants of the Negative Ions of Some 
Aryl Imidazoles 
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A linear relationship betweeii the pKh and thc square root of the ionic 

The ef- 
is given. 
strength is observed for 2-pheti~lbeiizimidazole. 
fect of resoilatice 011 the acid strengths of the aryl imidazoles is tliscussctl. 

Medium and salt effects are considered. 
A p K ,  of 13.2 is estiinatcd for the acidity constant of imidazole. 

The amphiprotic nature of imidazole and its 
derivatives has long been known. Whereas con- 
siderable quantitative data on their base strengths 
may be found in the literature,' such data are lack- 
ing for the acid strengths. In  this study we have 
obtained quantitative measures of the acid strengths 
in water of the following conipounds: ?-phenyl- 
benzimidazole, 2,4(or 2,5)-diphenylimidazole, benz- 
imidazole, 2-phenylimidazole and 4(or 5)-pheny1- 
imidazole. The weakness of these coinpounds as 
acids as well as their low water solubility suggested 
a spectrophotometric study. 

R-  + HOH = HR + OH- 
The equilibrium studied was the hydrolysis reac- 

tion (1) where HR represents the acid and I<- its 
conjugate base. The classical equilibrium constant 
for this reaction is the hydrolysis constant, K h ,  

defined for the case in which water is the solvent by 

where c is the Concentration in tnoles/liter of tlic 
species indicated by the subscripts. The classical 
acidity constant, Ka, is related to K h  by 

where f<\\ i s  tlic appropriate ioniLatioii 1)rwluct ( ~ i  
water and is tlcfined by 

The hydrolysis equilibrium can be followed spcctro- 
photometrically if the spectrum of the neutral 
niolecule differs from that of the negative ion. 
The relationship between the spectral data and the 
concentrations of the neutral acid and its ion has 
been derived by Stenstrom and Goldsmith2 and is 
given by the equation3 

(1) 

k'h = 6011- (ClIR,'CIt-) ( 2 )  

K ,  = K,,./Ki, ( 3  

K ,  = C i I T  c,ji1- (4) 

(1) K ,  Hofmann, "Imidazole and I t s  Derivatives," Interscience 

( 2 )  W. Stenstroni and N. Goldsmith, J .  Phys .  Chcin,  30 ,  I iXR 

(3) In  thc original derivation2 the molecular extinction coeificient. 
e, rather than  the absorbancy was used. Absorhancy may he sub- 
stituted for molecular extinction coefficient i f  all the ah?orbancies i n  a 
series u f  incaiuremcnts are obtaincrl :rt :I constant str,irhiomctric coii- 
centratiiiii of a c i d  L ,  aiid const,mt ccll I c i i ~ l h ,  it. A l ) s ~ r r b . ~ n c y  2 I i r K  

(fo/I) \v11crc I W  ( l n / I )  = scri 

Publishers, Inc., Kew Y o r k ,  N. Y . ,  1953, pp. 15, 251. 

( l o x ) .  

~ ~ R / c R -  = ('4- - 'lJ,'(<I - 11') 

where A - is the absorbancy of the negative ion, A is 
the absorbancy of the solution containing un- 
ionized acid and its negative ion in equilibrium, and 
-1" is the absorbancy of the un-ionized acid. Sub- 
stituting for CKH/CR- in (2) one obtains 

K,, = COII- (-1 - - .i)/(',l - A O )  

(5) 

(6) 

'Yo solve (6) for K h  a kiiowlcdge of the abSorbdncy 
of the negative ion is needed. In the case of acids 
having an acidity constant greater than 
the absorbancy of the negative ion may be ob- 
tained from solutions with relatively small con- 
centrations of base (about AV). In such 
cases there is little uncertainty caused by the 
medium effect, that is, the shifting of the absorp- 
tion curve with changes in salt concentration. For 
the aryl imidazoles that are the subject of this 
paper the medium effect could not be neglected. 
For instance, even the strongest acid of the scrics, 
"plieiiylbeiiziiiiidazole, requires a concentration 
of base greater than 1 A?7 to be converted to the 
iicgative ion. *It this relatively high concentra- 
tion of base a mediuiri circct was detcctablc. 
Hence the value obtained for the absorbancy could 
not be used without error in calculations involving 
lower concentrations of base, which are the ones 
required for the equilibrium measurements. In 
addition 2-pheiiylirniclazole arid 4(or ;,)-phenyl- 
iiiiidazole are such weak acids that even in 3.5 .%' 
base they are still far from being neutralized. 

The equation that is derived below enables tlic 
absorbancy of the negative ion to be calculated 
directly from experimental values even for acids 
too weak to be neutralized in experimentally at- 
tainable concentrations of base. It also helps to 
eliminate uncertainties caused by optical medium 
effects. 

The relationship between the classical and the 
tlicrniodynamic hydrolysis constants is given by 

KI, = I<,,'/l*l> ( 7 )  


