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any other position. In 2 no such double-weighted 
structures can be written. Lastly, in 3, 4, and 7 
the proton adjacent to the carbon bonded to the 
imino group shows very small contact shifts. This 
effect was encountered in the salicylaldimine com- 
plexes when theoretical and experimental spin densities 
were compared.' 

The proton resonance spectra of naphthalene and 
substituted naphthalenes are in general quite complex 
because the chemical shift differences 6 i j  between two 
protons are of the same magnitude as the nuclear spin- 
spin coupling constants Jij. Due to the spectral 
complexity the coupling constants are not readily 
obtainable. As Fig. 2 clearly shows, the presence of a 
small amount of spin density on the ligand reduces the 
spectra to first-order simplicity. Utilizing measure- 
ments of 1 and 2 such that 6i j /J i j  > 10 the coupling 
constants can be determined directly from the spectra. 
We have determined the following coupling constants 
( f0 .2  c.P.s.) in the 2-hydroxy-1-naphthaldimines: 

We are unable to explairr this effect. 
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J34 = 9.0, J56 = 7.9,  J67 = 6.8,  and J78 = 8.3 C.P.S. 
From a study of the free ligand J34 has been found to 
be 9.1 i 0.2 C.P.S. The remaining results compare 
very favorably with those obtained for the @-naphthyl 
group by a similar procedurez1: JSs = 8.2, J B 7  = 6.5, 
J78 = 8.1 f 0.2 C.P.S. Both sets of values are in close 
agreement with the Jij  determined from the most 
recent analysis of the naphthalene spectrum.27 If the 
correlationz1 between bond length and cis spin-spin 
coupling constants is meaningful, the ( 2 3 4 2 4  bond should 
be -0.01 b. shorter than the c6-c6 and C r C s  bonds 
and -0.02 A. shorter than the c6-c7 bond in 1. 
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The solution stabilities of the rare earth chelates of 2-picolyliminodiacetic and 6-methyl-2-picolyliminodiacetic acids have 
been measured a t  25" and p = 0.1 (KNOB). The former ligand apparently functions as a quadridentate ligand 
in both the 1 : 1 and 2: 1 complexes, whereas the 6-methyl group apparently hinders the coordination of the pyridine nitrogen 
inthesecond ligand. Theaffinity of the rare earth ion for the heterocyclic nitrogen atom appears to beapproximatelythesarne 
as for the hydroxyl group in the analogous compound N-hydroxyethyliminodiacetic acid. 

It has been observed quite generally that the rare 
earth ions form complexes predominantly with mole- 
cules which utilize oxygen as the donor atom.2 In 
fact, the solution stabilities of rare earth complexes 
of organic ligands have been measured only for those 
ligands in which a t  least one oxygen atom acts as a 
donor atom.3 Although this is the case, most workers 
are of the opinion that in molecules such as the amino- 
polycarboxylic acids in which the geometry requires 
the close proximity of the aliphatic nitrogen atoms to 
the rare earth ion, there is some interaction between 
the nitrogen atom and the rare earth. In a recent 
publication Grenthe and Fernelius4 suggest that such 
may not be the case and, furthermore, that the hetero- 
cyclic nitrogen atom in the rare earth complexes of 
(1) Part  VI: 

(2) G. Schwarzenbach, Advan.  Inoug.  Chem. Radiochem.. S, 257 (1961). 
(3) T. Moeller, D. F. Martin, L. C. Thompson. R. Ferrds, T. M. Hseu, 

(4) I. Grenthe and W. C. Fernelius, "Rare Earth Research," E. V. 

L. C. Thompson and J. A. Loraas, Inwg. Chem., 2, 594 
(1963). 

and W. Randall, t o  be submitted to  C h e w  Rew. 

Kleber. Ed., The  Macmillan Co., New York, N. Y., 1961, pp. 12-25. 

dipicolinic acid is consequently not coordinated. This 
then leads to the conclusion that in the 3 :  1 dipicolinic 
acid-rare earth chelates the coordination number is 
six. 

Our earlier studies have led us to believe that the 
coordinating tendencies of the rare earths are some- 
what broader than have been thought previously and 
we considered it worthwhile to investigate this prob- 
lem in more detail. In particular, i t  was of interest 
to study the interaction between the pyridine ring and 
the rare earth ions. 

In order to carry out this objective i t  was necessary 
to synthesize a compound in which the pyridine ring 
is suitably located so that the nitrogen atom could 
reasonably be expected to bond to the metal ion. The 
recent publication by Irving and da Silva5 prompted 
us to use the iminodiacetate residue as the basic 
chelating structure and we report herein on the solution 
stabilities of the rare earth complexes oE 2-picolyl- 
(5) H. Irving and J. J. R. F. da Silva, J .  Chem. Soc., 945 (1963) 
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Since both 1 : 1 and 2 :  1 chelates were formed, the method of 
Block and McIntyre was used to solve the sets of simultaneous 
equations.'% 

tren Method.-Since the formation constants of the 2 :  1 
chelates with 2-picolyliminodiacetic acid indicated that even in 
solutions containing the metal and ligand in a 1 : 1 ratio there 
would be some 2 : 1 chelate, the following equations hold under 
these experimental conditions (charges on the ions are omitted 
except where iieeded for clarity). 

(2 )  

[Cult = C = [CuX] + ~[Cutren]  (1) 
[Ln], = C = [Ln] + ILnX] + [LnXsj ( 2 )  

( 4 )  

LH2X]t = C = [CUX] + [LIIX] + ~ [ L I I X ~ ]  ( 3 )  

[tren], = C = [Cutren] + y[H3tren] 

[HI, = ( 3  - a)C  = [HI - [OH] + G[H,tren] (5)  

The coefiicients E, y ,  and 6 have their usual meanings'3 and Q is 
the number of moles of base added per mole of tren. Equation 5 
can be solved for [Hstren], thus allowing eq. 4 to  be solved for 
[Cutren] and eq. 1 for [CuX].  Equation 3 is theii solved for 
[LnX] f 2[LnX2].  This term combined with eq. 2 then yields 
a. 

iminodiacetic acid. In addition, since it has been 
suggested previously6-8 that nonchelating substituents 
in the 6-position can sterically hinder complex forma- 
tion, we have prepared and studied 6-methyl-2- 
picolyliminodiacetic acid. 

The structural formulas of the ligands which are 
mentioned in this paper are given below. 

CHiCOOH 

CHzCOOH 
O C H d V l  

CHzCOOH 

CHzCOOH CHs 
@ CHZN; 

2-Picolylirninodiacetic acid 6-Methyl-2-picolyliminodiacetic 
acid 

/CH2CooH 
HOCHnCHzN 

H s /CH2CooH 

\ 
CHzCOOH CHnCOOH 

\ 

Iminodiacetic acid (IMDA) N-H ydroxyethyliminodiacetic 
acid (HIMDA) 

Experimental 

Preparation of Ligands. ( 1) 2-Picolyliminodiacetic Acid.- 
The ligand was prepared as previously described5 with the ex- 
ception that 2-picolylamine (Aldrich Chemical Co.)  was used 
as a starting material. In contrast to the report in the literature, 
if the alkaline reaction mixture was made acidic by adding 6 
hydrochloric acid dropwise, the desired product separated when 
the p H  reached a value of about 2.5. The ligand was separated 
from a small amount of sodium chloride by taking up in ethanol 
t o  which only the minimum amount of water was added to  dis- 
solve the entire material. When recrystallized froni ethanol, 
the ligand had m.p. 184-186" (lit.5 174-175"). Anal.  Calcd. 
for C I ~ H ~ ~ N ~ O ~ :  C, 53.6; H, 5.4; S, 12.5. Found: C, 53.6; 
H, 5.5; N, 12.5. 

(2)  6-Methyl-2-picolyliminodiacetic Acid .-The ligand was 
prepared as above, substituting 2-aminomethyl-6-methplpyri- 
dine (Alririch Chemical Co.) .  A slight excess of barium chloride 
was added to the alkaline reaction mixture and the precipitate 
of the barium salt of the ligand filtered. The barium content 
was determined as barium sulfate and then the stoichiometric 
quantity of 6 M sulfuric acid was added. After the Bas04 was 
filtered, the solution was concentrated, and precipitation of the 
desired acid was accomplished by scratching vigorously the walls 
of the beaker with a stirring rod. The resulting compound was 
recrystallized from aqueous alcohol and had m.p. 160-161'. 
Anal. Calcd. for ClIHIJi204: C, 5 5 . 5 ;  H, 5.9; N; 11.8. 
Found: C,54.7; H,5.8; K, 12.1. 

Although the error in the carbon analysis for this compound is 
rather large, the empirical formula calculated from these values 
agrees satisfactorily with that  given. It should be pointed out 
that  considerable difficulty was encountered in the analysis of 
both of these compounds with respect to obtaining analytical 
precision. 

Solutions .-The solutions were prepared and standardized 
as described p r e v i o u ~ l y . ~ ~ ~ ~ ~ ~  

Experimental Procedure.-The direct pH method and the 
tren method previously described' ivere used to determine the 
stability constants of the 2-picolyliminodiacetic acid complexes. 
The stability constants of the 6-methyl-2-picolyliminodiacetic 
acid were determined by the direct pH method. 

(1) pH Method.-The acid dissociation con- 
stants were determined as outlined by Chaberek and Martell." 

(6) H. R. Weimer and W. C. Fernelius, J .  Phys. C h e m . ,  64, 1961 (1960). 
17) G. Anderegg, H e b .  Chin?. Acta,  43, 414 (1960). 
( 8 )  I t .  W. Green and G. K .  , C'heii:., 15, 786 (196'2). 
(9) I,. C. Thompson, I I I O ~ R .  
(10) The rare earth materials were generously supplied by Lindsay 

Chemical IXvision, American Potash and Chemical Corp., West Chicago, 
I l l .  

(11) S. Chaberek, J r , ,  and A. E. hlartell, J .  A m .  Chcm. Sor. 74, 5052 
(1852). 

Calculations. 

The value of the concentration of the free ligand anion corre- 
sponding to each value of ii is then obtained as f o l l o ~ s .  

(7) 

(8) 

- [H,tren] [H3tren] 

[Cutren] 

K = .  __ = ~ 

[HI3[tren] ( l O - ~ ~ ) ~ [ t r e n ]  

{ C - y[H3tren] jR(10-1>13)3 ~~ - [CUI = ~ ~ - 
[trenl Kcutrcn Kcutren [Hstrenl 

[CuX] - { C - E( C - -/[H3tren] ) )  [H3trenlKc,t,,,, - _  
[ C u l K c , ~  Kcux{C - e, [H3trenllR(10-PH)3 [XI = 

(9) 

Since Kcutien and E are available from the literature and Kc,x 
can be obtained independently, pairs of a and [XI can be cal- 
culated and used in conjunction with the data from solutions 
containing the rare earth and ligand in the ratio of 1 : 2  (no tren 
or copper present). The formation constants can bc obtained 
by solving the sets of simultaneous equations as above. 

Results 
The results which were obtained for the acid dis- 

sociation constants and the formation constants for 
the rare earth complexes of the ligands are given in 
Table I. Since the value of log K ,  for most of the 
rare earth chelates with 2-picolyliminodiacetic acid is 
greater than pkz of the ligand, the usual direct pH 
method is unsati~factory. '~ If the tren method is 
used to circumvent this difficulty, it  is found that in 
most cases the calculated values of log K1 drift sys- 
tematically to higher values. This is a consequence of 
the smsll difference between the formation constants 
of the 1 : 1 and 2 :  1 complexes. If the data from the 
titrations involving tren are used to compute 6 ([XI) 
pairs and these are combined with the data obtained 
from the direct 2:  1 (ligand to metal) titrations, it  is 
found that consistent values are obtained. Since 
several auxiliary formation constants are involved, 
the errors associated with this method of computation 
should be somewhat larger than those in the more 
direct methods, however. 

(12) B. P. Block and G. H. McIntyre,  J r . ,  i b i d . .  76 ,  5667 (1953). 
(13) H. Ackermann and G. Schwarzenbach, Heiv. Chiin. Acto,  32, 1643 

(14) G. Schwarzenbach and E. Freitag, i b i d . ,  3 4 ,  1492 (1951). 
(1919). 
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TABLE I ethyliminodiacetic acid (HIMDA) chelates.‘ The 
values of log K1 increase to samarium and then there FORMATION CONSTANTS“ FOR THE RARE EARTH-2-PICoLYLIMINo- - -  

DIACETIC ACID CHELATES AND THE RARE EARTH-6-METHYL-2- is a decrease to gadolinium, resulting in the so-called 
PICOLYLIMINODIACETIC ACID CHELATES AT 25’, p = 25’ “gadolinium break.” From gadolinium through lu- 

acid diacetic acid tetium the formation constants increase. The only 
2-Picolyliminodiacetic 6-Methyl-2-picolylimino- 

major difference between the formation constants for 
the rare earth chelates with the ligands HIMDA and La3 + 7 80 5 90 5 72 3 85 

Ce3+ 8 30 6 44 6 00 4 07 2-picolyliminodiacetic acid lies in the position of the 

Metal p k ,  = 2 6 ,  pkn = 8 2 1  pki = 3 4 6 ,  pk* = 8 3 0  
ion log KI log Kz log KI log Kz 

Pr3+ 8.53 6.95 6 .18  4.24 yttrium chelate. Whereas yttrium would he classed 
Nd3 + 8 64 7 18 6 28 4 26 as “normal” in the HIMDA series, in the 2-picolylimino- 

diacetic acid series it appears in the cerium earth Sm3 + 8 92 7 96 6 57 4 48 
E113 + 8 92 8 02 6 76 5@ region between praseodymium and neodymium. Gd3+ 8 76 8 01 6 71 4 61 
Tb3+ 8 87 8 17 7 16 4 94 The conclusion that 2-picolyliminodiacetic acid 
Dy3+ 9 00 8 03 7 23 4 92 
H o ~ +  9 07 7 80 7 30 5 03 
Er3+ 9 25 7 65 7 42 5 22 
Tm3+ 9 40 7 61 7 54 5 27 
Yb3+ 9 60 7.73 7 65 5.33 
L U 3 +  9 72 7 75 7 60 5 39 
Y3+ 8 63 7 38 6 84 4.74 

a These are the averages of a t  least six individual values and 
in no case is the maximum deviation of a single value greater 
than 3~0.05 from the average. 

The values of the acid dissociation constants of 2- 
picolyliininodiacetic acid are in satisfactory agreement 
with the values in the literature6 (pkl = 2.85, phn = 

8.25, p = 0.1, a t  20’). The experimental procedure 
and computational technique were checked by determin- 
ing the formation constants of the 1 : l  chelates with 
calcium and manganese. The values obtained (log 
Kl  = 4.89 for calcium and log Kl = 7.14 for manganese, 
p = 0.1, a t  25”) are in satisfactory agreement with the 
literature values6 (log K l  = 4.92 for calcium and log 
K1 = 6.97formanganese, p = 0.1, at20’). 

The tren method requires a value for the formation 
constant of the 1 : l  copper complex. This was ob- 
tained by using both calcium and manganese as the 
auxiliary metal ion in the tren method. The agree- 
ment between the two calculations was good (log 
Kcux = 14.02 using calcium and log KcUx = 14.11 
using manganese). The average value log K C ~ X  = 
14.07 was used in subsequent calculations. A further 
check on the methods used is obtained from the lan- 
thanum system which could be studied using both the 
direct pH and tren methods. The direct pH method 
yields log KlLaX = 7.83 and the tren method yields log 

In calculating the formation constants of the 2 :  1 
rare earth-6-methyl-2-picolyliminodiacetic acid chel- 
ates, it was apparent that a t  the higher pH values 
hydrolysis was beginning to interfere. Consequently, 
only values of 2 1.5 were used to calculate the values 
of log K?. Since this is apparently the first study 
of the formation constants of this ligand, i t  was not 
possible to check any previous values. 

KiLaX = 7.80. 

Discussion 

The over-all trend in the formation constants of the 
rare earth-2-picolyliminodiacetic acid chelates is re- 
markably similar to that of the rare earth-N-hydroxy- 

functions as a quadridentate ligand toward the rare 
earth ions is reached due to the fact that even though 
the ligand is less basic than IMDA, i t  forms chelates 
which in all cases are about 2 log K units more  table.^ 
A similar conclusion has also been reached in the case 
of a series of divalent metal ions6 This enhancement 
in stability is considered in more detail below. 

Of particular interest are the mqgnitudes of the forma- 
tion constants of the 2:  l chelates. These values are 
larger than for the IMDA chelates by 1.6 log Kz  
units for ytterbium to 2.7 log Kz units for terbium al- 
though the ligand is less basic. Since the 2: l chelates 
of 2-picolyliminodiacetic acid with other metal ions 
are generally less stable5 than the corresponding 
2:  1 IMDA chelates,” it would appear that the ligand 
is again functioning as a quadridentate toward the 
rare earths and that the coordination number of the 
rare earth is therefore larger than six. A discussion 
of this point has been given 

Additional confirmation for the conclusion that the 
pyridine nitrogen atom is coordinated in 2-picolyl- 
iminodiacetic acid chelates is obtained by considering 
the 6-methyl-2-picolyliminodiacetic acid chelates. Al- 
though the two ligands have very similar values of pk2, 
the values for the 1 : 1 rare earth-2-picolyliminodiacetic 
acid chelates are in all cases a t  least 1.7 log K units 
larger than those for the 6-methyl-2-picolylimino- 
diacetic acid chelates, which have formation constants 
of approximately the same magnitude as the IMDA 
chelates. Because of the decreased basicity in these 
ligands as compared to IMDA, this would indicate 
that in both c a w  the pyridine nucleus is participating 
in complex formation but that in the 6-methyl deriva- 
tive the methyl group sterically hinders complexation 
of the pyridine ring. Similar conclusions have been 
reached for metals other than the rare earths with other 
pairs of ligands such as picolinic and 6-methylpicolinic 
acids7 and 2-picolylamine and 6-methyl-2-picolyl- 
amine.6 

In the 2 : 1 complexes in which the steric effect should 
be even more marked, 6-methyl-2-picolyliminodiacetic 
acid forms complexes with the rare earths which are 
of lower stability than the corresponding IMDA 
chelates. This implies that in these chelates the methyl 
group more effectively hinders the approach of the pyri- 
dine nitrogen atom to the rare e3rth ion. 

(15) L. C, Thompson, J .  Jnorg. Nucl. Chem., 24, 1083 (1962). 
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The fact that the rare earth complexes of 2-picolyl- 
iminodiacetic acid are nearly as stable as the HIMDA 
chelates despite the decreased basicity of the ligand is 
very interesting. A semiquantitative estimate of this 
enhancement of stability could be obtained if there 
were a relationship between the log K1 values of rare 
earth chelates and the pK values of the ligands. Al- 
though such a relationship is not available a t  present, 
i t  can still be concluded that the pyridine ring in this 
chemical environment is a t  least as effective in coordi- 
nating to the rare earths as the hydroxyl group of 
HIMDA, and in view of the basicity difference, prob- 
ably slightly more so. 

From this conclusion i t  is quite reasonable to expect 
that in the rare earth-dipicolinic acid chelates men- 
tioned a t  the beginning of this paper, in which the pyri- 
dine ring is sterically required to be juxtaposed to the 
metal ion, there is an interaction (bonding) between 
the heterocyclic nitrogen atom and the rare earth ion. 
That this is not an isolated example is shown by the 
fact that picolinic acid itself forms rather strong chelates 
with rare earth ions.16 The stability of the rare earth 
complexes of 8-hydroxyquinoline and its derivativesll 
should also be recalled. 

(16) L. C .  Thompson, Inovg. Chem., submitted for publication. 
(17) B. F. Freasier, A. G. Oberg, and W. W. Wendlandt, J .  Phys .  C h e m . ,  

62, 700 (1968). 

An explanation for this effect is not forthcoming, 
since the factor which should stabilize pyridine com- 
plexes, suitably oriented d-orbitals for r-bonding, is 
missing in these ions. It has recently been shown that 
the alkaline earths behave in much the same way and 
no explanation could be offered.6 For both of these 
groups of metals, however, the effect of the pyridine 
ring is much less than for the other metals which have 
been studied. This is probably due to the fact that 
the alkaline earths and rare earths are bonded to the 
pyridine ring using only the cr-bonding character. 
Since the structure of the ligand is such that the nitro- 
gen atom of the pyridine ring can approach a bonding 
position which is occupied by a water molecule, it is 
possible that the combination of the larger dipole 
moment of pyridine, compared with that of water, and 
the extra stability conferred on the structure by the 
additional chelated group are sufficiently large to 
displace the coordinated water molecule. Whatever 
the explanation, i t  is apparent that the rare earths 
coordinate to the pyridine ring in suitable environ- 
ments more readily than had been expected. 
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An investigation of the nitrosylruthenium chloro complexes formed in hydrochloric acid solutions has shown the existence 
of five monomeric complexes The mono-, di-, tri-, tetra-, and pentachloro complexes were isolated by ion exchange and 
were shown to have the formulas RuX'OC1(H20)af2, RuNOC12(H20)aC, RuSOC13(H20)2, RuKOCL(H20)-, and R u N O C l P  
in acid media The complex RuNOC14(H20)- is a weak acid that  dissociates t o  produce RuNOC14(0H)-2 with a dis- 
sociation constant of 9 5 X 10-7 RuTiOCla(HzO)2 is a weak dibasic acid that dissociates t o  produce RuTiOCla(H20)(0H)- 
and RuNOCll(OH)z-2 with successive dissociation constants of 1.1 X 10-5 and 3.4 X 10-8. One other chloro complex 
was detected but was not characterized. 

Introduction 

Solid crystalline chloro compounds of nitrosylruthen- 
iuni such as RuNOC13 5Hz0 and K2RuNOC15 have 
been known for years. More recently amorphous 
H2RuNOC14OH. 2H20 and crystalline ("412 [RuNO- 
C14OH] have been studiedj2 but no chloro nitrosyl- 
ruthenium complexes have been identified in solution. 
A study of the hydrolysis of R U N O C ~ ~ ( H ~ O ) ~ . ~ H ~ O  
by Thomas and Mucci3 was interpreted as supporting 

(1) (a) T h e  information contained in this arti-le was developed during 
the  course of work under contract AT(07-2)-1 with the  U. S. Atomic Energy 
Comission; (b) inquiries relating t o  this paper should be directed t o  this 
author. 

(2) ( a )  J. M. Fletcher, et  al., J .  I n o v g .  N u c l .  Cheni. .  1, 378 (1955); (b) 
N. A. Parpiev and M. A. Porai-Kashits, Kvis la l logyaf iya ,  4, 30 (1959). 

(3) H. Thomas and J. F. Mucci, Ph.D. Thesis, Yale University, 1959. 

only R U N O ( H ~ Q ) C + ~  and RuNO(H20)4(0H) +* in 
solution. 

The present investigation deals with the isolation 
from aqueous solutions and characterization of chloro 
complexes of nitrosylruthenium. [ R U N O C ~ ~ I - ~ ,  [Ru- 

and [RuNOCI(H20)4]f2 present in mixtures of aqueous 
hydrochloric acid and R u N O C I ~ ( H ~ O ) ~ . ~ H ~ O  were 
separated by ion-exchange resins and their formulas 
were established. 

KOC14H20 ] -, RuNOC13 (HzO) 2 j  [ RuKOC12 (H20) 31 +, 

Experimental 
RuNOClS(HzO),. 3H20 .- 

A mixture of chloro complexes of nitrosylruthenium was prepared 
by dissolving nitrosylruthenium hydroxide, prepared by the 

Preparation of Solid Compounds. 


