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three moles of Tiron combine simultaneously with 
a gram-ion of Zr(1V). Also, the stabilizing effect 
of the additional ligand is not nearly as great when 
the chelate initially formed already involves com- 
bination of alkoxide anions with the metal. The 
considerable increase of stability observed in these 
chelates was cut down as the basicity of the auxil- 
iary ligand was reduced. 

Although in the case of the quadridentate ligands, 
NT-1, HIMDX and HxG (N,N-dihydroxyethyl- 
glycine). it  was found that the stabilities of the 
2 :  1 Complexes increase with the number of hy- 
droxyalkyl groups, i t  is possible that in the com- 
plex of HxG, the number of such groups was already 
in excess of what is needed for optimum stability. 

On the basis of the titration data given above, 
the stabilizing influence of bidentate ligands on 
Zr(1V) chelates of aminopolycarboxylic acids de- 
creases in the order Tiron > chromotropic salt > 

acetylacetone > 8-hydroxyquinoline sulfonate > 
oxalate > 5-sulfosalicylic acid > o-phthalic acid. 
For five-membered rings the order of decreasing 
basicity of the anions is: Tiron > 8-hydroxy- 
quinoline sulfonate > oxalate. For six-membered 
chelate rings, the order is chromotropic salt > 
acetylacetone > 5-sulfosalicylic acid. The position 
of alizarin-3-sulfonate in this series is not quite 
obvious from the analysis of the single titration 
curve available, but the data indicate that it may 
rank with Tiron and chromotropic salt, in accord- 
ance with its basicity. 

The titration data given above, and the discus- 
sion of relative effectiveness of binding by bidentate 
ligands, offer evidence that 5-membered chelate 
rings are the most stable in zirconium complexes 
and that zirconium(1V) usually attains a character- 
istic coordination number of eight in its aqueous 
complexes under favorable conditions. 
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b l i  electron spin resonance study of the product of the reaction of potassium metal with pyridine in 1,2-ditiietliosyetlia1ie 
has been performed. A comparison of these 
paramagnetic species with the negative ion of 4,4'-bipyridyl indicates tha t  pyridine has undergone a coupling reaction. 
HvDerfine couDlina constants have been determined for all the magnetic nuclei, and the concept of spin density on the  

Deuterated species have been synthesized and their negative ions prepared. 

nifiogen atom'is dyscussed 

Introduction 
In recent years the study of solutions of aromatic 

hydrocarbon negative ions, positive ions and neutral 
free radicals, by electron spin resonance techniques, 
has yielded iriuch information about the unpaired 
spin distribution in these molecules. Theoretical 
studies of these spin distributions have indicated 
that a u-ir exchange mechanism is responsible for 
the observed isotropic proton hyperfine inter- 
actions2-j and that an estimation of the spin density 
on a carbon atom is possible once the contiguous 
proton hyperfine interaction is known. The carbon 
spin density is estimated by the equation i l ~  = 
Qp, where Q is a constant of magnitude -22.4 

The hyperfiiic interaction of a nucleus in the ring 
of a free radical has been observed in only a few 
cases, by iiieaiis of a coinplex isotopic synthesis8,9 
or by observing natural abundant isotopic split- 
ting.'O The study of heterocyclics, of which little 
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has been reported, will yield information about the 
hyperfine interaction of magnetic aromatic ring 
nuclei, 

We attempted to undertake a study of pyridine 
negative ion with the hope that a knowledge of its 
spin distribution would greatly help the work on 
more complex heterocyclics, as benzene negative 
ion did for aromatic hydrocarbons. Unfortunately, 
the paramagnetic product obtained when pyridine 
had reacted with potassium turned out to be not 
pyridine negative ion, but 4,4'-bipyridyl negative 
ion. Accordingly we have made a study of this 
paramagnetic species, determined coupling cori- 
stants for all the magnetic nuclei and discussctl 
the spin density a t  the nitrogen atoni. 

Results 
111 an attempt to prepare pyridine negative ioii, 

ail investigation of the reaction of potassium metal 
with pyridine in 1,2-diniethoxyethane was under- 
taken. Hydrocarbons, such as naphthalene or 
anthracene, react almost immediately with an 
alkali metal to yield a highly colored paramagnetic 
solution. The reaction with pyridine, however, 
is quite slow in comparison and must be performed 
a t  about -50 to - T O o .  It was observed that if 
a solution of pyridine in 1,2-dimethoxyethane was 
allowed to remain in contact with the alkali metal 
for only short periods of time, an intensely purple 
solution was obtained, which exhibited a copious 
hyperfine structure. If however the solution re- 
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Fig. l a  (above).-dX"/dH os. I T  for the reaction product of pyridine with potassium in 1,2-dimethoxyetha11c. 
l b  (below).-Calculated spectrum for 4,4'-bipyridyl negative ion. 

n 

I'ig. 2 . - - d S " / t l / T  vs. IT for the potassium salt of 4,4'-bi- 
pyridyl in 1,2-diinethoxyet11ane. 

Fig. 3.--dX"/dH os. I€ for the reaction product of pyridine- 
3-dt with potassium in 1,2-dimethoxyethane. 

niained in contact with the alkali metal for rela- 
tively long periods of time, 5-10 minutes, a yellow- 
ish solution was forined which exhibited no reso- 
nance. 

In the process of studying this paramagnetic 
solution, various deuterated species were synthe- 
sized and the negative ions prepared. An investi- 
gation of these deuterated species led to the un- 
equivocal fact that the observed spectrum could 
not be accounted for by a simple unperturbed pyri- 
dine negative ion: two pyridine molecules must be 
assumed to be interacting in some manner. Ob- 
serving that the y-position did not exhibit a hyper- 
fine interaction, we investigated 4,4'-bipyridyl 
negative ion and found an exact agreement of the 
spectra of this ion with the negative ion produced 
by the reaction of potassium with pyridine, under 
identical conditions of resolution. This indicated 
that first bipyridyl was formed and then its nega- 
tive ion produced. 

If the symmetry of the parent molecule, pyridine, 
had been retained in the formation of its negative 
ion, a maximum number of fifty-four lines would 
have been expected in dilute solution. The in- 
tensities of the proton hyperfine lines would have 
followed the usual binomial coefficient rule, and 
the magnitude of the splittings would be expected 
to be in the range of a few tenths to about five 
gauss. If nitrogen splittings had been observed, 
each of the proton lines would be split into a triplet 
of equal intensities. The approximate magnitude 
of these in-the-plane nitrogen splittings is not 
known, but it would be reasonable to assume that 
they are in the same range as the CI3 splittings 
observed in naphthalene-7.1 gauss for the a- 
carbon and 1.2 gauss for the /3 c a r b ~ n . ~ , ~  

Pig. 4 --tlS"/d/l t i s .  / I  for the reaction product of pyridine- 
2,6-d* with potassium in 1,2-diinethosyethane. 

Although the spectrum of the reaction of pyridine 
with potassium (Fig. la)  has approximately the 
correct number of lines for a completely resolved 
spectrum of pyridine negative ion, i t  is completely 
inconsistent with the spectra of the deuterated 
compounds. Rather, i t  is in perfect agreement 
with the spectrum of 4,4'-bipyridyl negative ion 
in Fig. 2. Assuming that this agreement is suffi- 
cient proof of the formation of bipyridyl negative ion, 
we can explain our results both for the unsubstituted 
and deuterated species. 

Each of the possible monodeuterio compounds 
was synthesized according to the method of Bak, 
P t  nl.,'l and their negative ions were prepared. 
Pyridine-4dl negative ion does not exhibit a para 
position hyperfine interaction, and its spectrum is 
identical with that of 4,4'-bipyridyl negative ion 
in Fig. 2. The spectrum extends over 25.6 gauss. 
This lack of a para proton hyperfine interaction, 
and the equivalence of the 4,4'-bipyridyl negative 
ion spectrum, substantiate the conclusion that a 
coupling has taken place between two pyridine 
molecules. 

The spectrum of pyridine-3dl negative ion ap- 
pears in Fig. 3 and extends over 22.0 gauss. Com- 
paring this spectrum and the one in Fig. la ,  i t  is 
estimated that the meta roton has a coupling con- 
stant of magnitude [ A m y  = 2.32 gauss. 

The negative ion of pyridine-2,6-dz also was 
prepared. Its spectrum appears in Fig. 4 and ex- 
tends over 23.6 gauss. A comparison of this 
spectrum with Fig. l a  yields the magnitude of the 
ortho proton coupling constant. This value is 
1.4" I = 0.45 gauss. 

,411 splittings were obtained by calibrating each 
spectrum with an auxiliary proton-resonance probe 
while the spectrum was being recorded. The 
values quoted are the results of a t  least three 
measurements. 

The well-resolved spectrum in Fig. l a  of the 
product of the reaction of pyridine and potassium 

(11) R Rak, L Hansen and J Rdstrup-AndPrrim. J C k n l  P b y S ,  
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in 1,2-dirnethoxyethane a t  - 70' was recorded 
a t  room temperature, using a Varian 100-kc. 
spectrometer and a twelve-inch magnet. The 
spectrum in Fig. 2 of 4,4'-bipyridyl negative ion 
was recorded a t  room temperature using a 250- 
kc. spectrometer and a six-inch magnet. The re- 
maining spectra, Figs. 3-4, also were obtained 
with the 250-ltc. spectrometer and six inch magnet. 
The temperature of the samples was varied between 
-40 and f27' until the best resolution was ob- 
tained. Using the following values for the coupling 

[ANI = 3.6 gauss 
lAol = 0.45 gauss 

]AMI = 2.32 gauss 

constants and assuming that 4,4'-bipyridyl nega- 
tive ion was produced in the reaction, we calculate 
the spcctruni which appears in Fig. lb .  The 
theoretical and observed spectra agree quite well. 

It was suggested some time agoL2 that the re- 
action between pyridine and an alkali metal, in 
the absence of a solvent, proceeds according to 
the reaction 

H 

The author believes that this sequence of reactions 
has taken place in the present studies and that the 
deuterated species has proven the existence of 4,4'- 
bipyridyl negative ion as the final product. It 
should be noted, however, that according to equa- 
tion l, the formation of 4,4'-bipyridyl was presumed 
to take place upon addition of oxygen or water. 
The samples studied in this article were prepared 
in vacuo under stringent conditions designed to 
eliminate the presence of oxygen or water. But 
the possibility that  a small amount of water or 
oxygen was present is not entirely eliminated. It 
is also possible that either potassium hydride was 
formed or a cleavage of the 1,2-dimethoxyetliane 
took place. The exact mechanism of this last 
step is unknown to us a t  the present time. 

Discussion 
I t  is generally accepted that the mechanism for 

the isotropic hyperfine interaction, observed for 
protons in dilute solutions of free radicals, is a 
CT-T electronic exchange interaction a t  the position 
of the contiguous carbon This interac- 
tion produces an unpaired spin density a t  the posi- 
tion of the carbon atom as well as the proton. 
The magnitude of the proton isotropic hyperfine 
interaction has been related to the unpaired T-  

electron spin density a t  the position of the carbon 
atold by the equation A H  = Qp, where Q is a con- 
stant of proportionality, - 22.4 gauss, obtained 
from the over-all spread of the benzene negative- 
ion spectrum. Weissman and Adamla have de- 

fined the spin density a t  ra  as the expectation value 
- 
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of the spin density operator 
4 -  

urlr (rk - ra) 
where Uzk is the Pauli spin operator for the z 
component of spin of the kth electron, and the sum 
is over all k electrons. 

Weissman and de Boer14 have applied the 
Hiickel theory to aromatic hydrocarbon positive 
and negative ions and have been able to predict 
the ratios of coupling constants with reasonable 
accuracy in many cases. They assumed the re- 
lation, A H  = Qp, to hold, and determined a Q 
from the spread of each hyperfine pattern. They 
observed that Q was not a constant in the light of 
the Hiickel theory but could vary for different 
hydrocarbons. The concept of negative spin 
density, which is not possible in the Hiickel theory, 
has since allowed a constant Q to be used in the 
interpretation of their spectra. Recently McLach- 

has discussed many of these same hydro- 
carbon ions from a more sophisticated point of 
view and has been able to predict negative coupling 
constants for a few of the molecules. These nega- 
tive coupling constants were suspected from the 
experimental results by de Boer and Weissman. 
McLachlan also showed that his treatment and the 
Hiickel theory should agree in many cases. 

I t  would be of value, due to its simplicity, if the 
Hiickel theory could be adapted to the theory of 
heterocyclic negative ions in the same manner as 
i t  was for hydrocarbon ions. For heterocyclics 
the simplest change in the framework of the 
Hiickel theory is to replace the nitrogen coulomb 
integral by the relation ax = CYC + Ph, and to 
vary h to agree with experiment. All exchange 
integrals, p, are assumed equal. 

I t  seems reasonable to assume that the relation 
between proton coupling constant and s-spin 
density should hold for heterocyclics as well as 
hydrocarbons. But the presence of the nitrogen 
atom, to which no protons are attached, greatly 
increases the problem of estimating the spin dens- 
ity from experimental measurements. The same 
problem exists in estimating the spin density for the 
methyl position in triphenylmethy-1. l 3  

Recently, McLachlan, et nl.,16 have presented 
an extended theory of hyperfine interactions in 
aromatic radicals, which enlarges upon the relation 
A H  = Qp to include the isotropic splitting of 
nuclei which lie in the plane of molecular framework, 
such as CI3 or NI4. They found that the spin 
density and the hyperfine coupliiig constant for a 
C13 nucleus, which is joined to thrce other carbuns, 
are related by the equation 

A C  = Q i p o ~  + QZ(PI" + p2" + PS")  

where poH is the spin density on the C1? nucleus 
and PI*, p2" and pa1 are the spin densities on the 
attached carbons. The Q's depend upon the ratio 
J(mr)/AB,  where ](us) is the exchange integral 
for the carbon sp2 orbital with the s-orbital, and 
AB is the singlet-triplet separation of a C-C bond. 

k 
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I t  shoulcl be noted that the values for the Q's 
quoted in the article by McLachlan, et al.,  are in 
err0r.I' Tuttle has also suggested a similar re- 
lationship for the spin densities a t  the carbon nuclei 
in naphthalene negative i011.~ 

To extend the work of McLachlan, et al.,I6 to a 
system such as the bipyridyl negative ion, i t  is 
necessary to discuss the contribution of the non- 
bonding pair of electrons to the values of the Q's 
in equation 2. The odd electron will polarize the 
non-bonding pair as i t  does the u bonds. As a 
first approximation, the excited state of interest, 
for the nitrogen non-bonding electrons] is that re- 
sulting from an n-n transition.1s The spin density 
a t  the nitrogen will therefore depend upon a term 
of the form J(nn)/AEn-, ,  where J(nr j  is the ex- 
change integral between the odd electron and the 
non-bonding pair, and AE, + a is the energy separa- 
tion of the ground state of the non-bonding pair 
and the lowest r antibonding state. LT~Lachlan'~ 
recently has shown, however, by symmetry con- 
siderations, that the exchange integral J(na)  
vanishes. I t  is possible that higher states of the 
non-bonding pair could contribute to the spin 
density a t  the nitrogen nucleus, but a comparison 
of the NH2 nitrogen splitting with that of KH3+, 
recently observed by Cole, lR indicates that the 
contribution of the non-bonding electrons to the 
nitrogen spin density is small. 

We can estimate the spin densities of 4)4'- 
bipyridyl negative ion using the Hiickel theory 
and then estimate values for the Q's in equation 2. 
The value of h used for the nitrogen coulomb 
integral is determined from the experimental ratios 
of the meta to ortho spin densities. This value of 
h is nearly zero. Therefore the spin densities of 
biphenyl negatil-e ion should approximate those of 
bipyridyl negative ion. These values are PS = 
0.159, po = 0.019, p m  = O.OS9 and pp = 0.123! 
where p~ is the nitrogen spin density, po the ortho 
carbon spin density, etc. The measured values 
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for po and pm are 0.02 and (J.10) respecti\-ely. Thew 
values for the spin densities yield a value oi QI = 
19 gauss and Q:! = 9.5 gauss. I t  should therefore 
be possible to use the Huckel theory and these 
Q's to estimate the nitrogen coupling constants 
in  other heterocyclic negative ions. 

\Ye have examined phenazine negative ion and 
have found a reasonable agreement between the 
observed spectrum and that calculated using the 
already known proton coupling constants for an- 
thracene negative ion and a value for the nitro- 
gen coupling constant of 3.2 gauss. Vse of equa- 
tion 2 and the Hiickel spin density calculated for 
phenazine negative ion, assuming 1~ equals zero, 
gives a value of 3.8 gauss for the nitrogen coupling 
constant. ;i more judiciously chosen value of 
Iz should iniprove the agreement. -4 value of 0.5 
is suggested. 

It therefore seems possible that the Hiickel 
theory can be applied to heterocyclic negative ions, 
with the inclusion of equation 2, and an experi- 
mentally determined value of k for the nitrogen 
coulomb integral. 

The values for the Q's for equation (Zj were obtained by 
assuming 2Q1 = Q2. The same sign for the Q's was chosen 
t o  agree with experimental results on the diazine negative 
ion5 (to be published). The relationship 2Q1 = Q?. how- 
el-er, neglects the effect of exchange polarization of the 
nitrogen 1s and 2s electrons. This effect is small for 
the nitrogen atom, but may not be for heterocyclic nitrogens 
as indicated by Karplus and Fraenkel.20 An estimation of 
the values of the Q's in equation ( 2 )  from a comparison of the 
experimental results of bipyridyl negative ion and pyrazine 
negative ion, without assuming a relation between Q1 aiitl 
Q?, yields Qi = 21.9 gauss and Q? = 5.8 gauss. 
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