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Since the advent of the theorstical treatment of
Bjerrum (1) on the measurement of formation ccnstants
and the application of this method to organic chelating
agents very few systematic studies have been carried out in
order to correlate steriec requirsments of ligands with their
chelating abilities. It is the v»rimary object of this
study to contribute to the meager knowledge concerning
steric effects in chelation from the vast field of theo=
reticel organic chemistry where steric effects are quite

well understood,

The recent widespread use of chelating arcents as
analytical reagents, their commercial appiication, and
1se as medlicinals attest to the importance of Increasing
the theoretical knowledge of metsl chelates, It is in
this field that analytical chemistry searches for the
specific, selective reagent, Although it was not antici=-
pated at the beginning of this study that a selective
reagent would be awmong the comrounds studied the finding of
one gives encouragenent to future systematlic studles in

this fizld,

The chelating ability of the three beta~diketones

was studied by means of thelr relative formation constants



in 79 percent dioxane, A definite trend was observed as

the steric requirements of the chelating agent were increcased.,
The steric effect manifests itself in three wayss (a) the
separatlon factor becomes smaller for tetrahedral conmrlexess
(b) for the square planar comnlex the formation constant
becomes relatlively smaller and the seraration factor is

larges; (¢) the relative solubilities in water and organic
solvents and the difference in the ease ¢f fermation of the

alkall metal chelates change wmarkedly., A theory concern=-

The work renorted here should stimulate synthesis of

selective reagents and systenatlic stulies of this tyne.



HISTORICAL REVIEW
Influence of Steric Hindrance on Chelation

Few gystematic studies have been carried out with
the purpcse of correlating the steric requirements of
ligands with their chelating properties. Among the first
isolated instances which demonstrate the steric effect
in chelation was a study by Morgan and Thomasson (2) who
found that if the 3-position of acetylacetone was sube
stituted with an isopropyl or secondary butyl group none
of the usual colored copper and ferric chelates were
formed, If a straight chain alkyl group was the substitu=
ent typical chelates were formed. This observation was
the filrst to show the deviatlon in the proverties of
monoalkylated open chain diketones. Similar deviations
had been noticed by Leser (3) who observed that 2-acetyl~
dimethylevelohaxanone containing a branched chain sub=-

stituted on the methylene group gave no copper chelate.

The study carried out by Yorgan (2,4,5) vointed out
that alkyl substituted acetylacetones which were substituted
with branched chains at either the terminal carton or
caentral carbon atom where less capable of forming derivatives
from telluriwm tetrachloride than the unsubstituted dike-

tone,
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The tellurium complexes seemed to have very different
properties than the chelates formed by other metals. The
Aifficulty of their formation was not, however, attributed
to a steric effect since 3, 3~diethyvlacetylacetone gave
an excellent tellurium derivative and failed to sive a
ferric or copper chelate, Also the diketone anions were
found as bivalent radicals in the condensations with

selenium and tellurium tetrachliorides. In keening with

these facts the structure of the complex was nronosed as

O
CHZ > 60,

ETz-
o

Similarly, 3-isopropylacetylacetone gave no reaction with
cupric or ferric ions but readily gave the tellurium

derivative.

The inability of 3-isopronylacetylacetone to chelate
and the low formation ceonstant of the 3-methylacetylacetone
conper chelate was explalined as a case of interference
with the planar configuration of the chelate ring, which

is necessary for ccmnlete resonance,

It has been well established that any substitution
in the 2=-position of f-hydroxyquinoline prevents the
precipitation of an aluminum complex. Irving, Butler, and

Ring (7) concluded that the effect was due to the steric



hindrarnce provided by the group in the 2-position,

In order to further investigate the blocking effect
of the 2-substituted &~hydroxyquinolines Freiser et al,
(8,9) determined the stabilities of several metal chelates
of 2-methyl- and 2-phenyl=-8-hydroxyquinoline. The metals
used were Cu(II), Ni(II), Co(II), Zn(II), Mn(II), Pb(II),
Cd(I1), and Mg(II). The chelates of both 2-substituted
8-hydroxyguinoline has a less basic nitrogen atom than the
corresponding 8~hydroxyquinolinates. Although 2-phenyl=-
B=hydroxyquinoline has a less basic nitrogen atom than the
unsubstituted chelating agent Freiser attributes the lower
stabllity of the 2-substituted chelates to some type of
steriec hindrance, This is justified since the 2-methyl
group increases the basicity of the nitrogen toward nro=-
tons and decreases the stability of the comrlex, It was
also shoun that the stability of the nickel chelates of
these hindered agents was considerably less than would be
exnected cr a larger steric effect was overating in the
case of Ni(II) than the other metals, Freiser explains
that this is so becavse N1(II) has a tendency to form planar
complexes and substitution at the 2~position would sive
rise to elther a strained or distcrited nlanar configuration

or possibly even that of a tetrahedron,

A compariscn of the aAHC values obtained for these



reactions showg that whore Z2esubstitution is involved

the heats of chelation are only half that found associated
with the respective chelates for the 4-methyl comnound,
It 1s thus reasonable Lo assume that the presence of the
2=methyl proup nrevents the close approach of the two
ligands around the metal atom regardless of the preferred
configuration., Freiser demonstrated that the magnitude
of the steric effect increases with decresasing metal

gsize by plotting the thermodynamic funetions of the
transchelation resction where the 2-methyl-U-hydroxy-
guincline anion is exchanged for the 4e~pmethyl-t~hydroxy=
aninoline ligand. The plot reveals that TAS® and AHC for
the reaction are linear functions of the crystel rsdiil of
the metals, AH® for Wi(II) deviating considerably from

linearity.

Arother intesresting point brought out in Freiser's
data is that there is a much greater entrony increase for
the formation of a hindered chelate, It was explained that
the extra shielding of the Z-methyl grous can more

efficiently remove water molecules from the aguated netal
ion. The decreased sclvatbion would algo heln contribute

to the smaller AH®P walue,

Feeiser's explanation that Wi(II) has a tendency to

form »lanar counlexes should not nass without comment,.
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showed Adecreasing ability to complex with Cu(II) even
though the alkyl substitutents incereased the stability of
the proton complex with the same ligands, This, of course,
they attributed to steric factors. A porticon of their

data is presented here,
Table I

Stablility Constants of
Copper(II) Complexes of N~alkylethylenediamines

Alkyl substituent log Ky log Ko PKpy
H 10,73 9.30 10,18
Bthyl 10,19 8438 10.56
i=Propyl 9.07 7e45 10.62

Although steric effects may be operating in this case,
it is difficult to obtain a ftrue evaluation unless the
base strengthening effect of the alkyl substituent is
first understood. In trhis case a comparison of formation
constants with ligand basiclty may not be justified.
According to the views of Trotman=-Dickenson (15) there
is actually a greater difference between the basicities
of primary and more highly substituted amines than the

measurenants obtained in water reveal., He suggests that

D2



the greater solvation of ammonium lons than free amines
makes the ocrmmonium ions appear more stable when their
dissociation constants are nmeasured in water than when
measured in an inert scolvent. This stabilizaticn increases
with the number of protons in the anine cation, dune to

inereased hydrogen bonding with the solvent.

Trotman-Dickenson was unable to obtain correlation

between the catalytic coefficients of aniline bases for

the decomrosition of nitranide and thelr disscciation
constants by cone simrnle Bronsted equation., However, each

class of amines given below obeyed a senarate equation:

Tertiary amines ke » 3.8 x 10~5 ka-64
Secondary amines ke w 1.1 x 10~5 Ka64
Primary amines ko = 4,1 x 10-6 Ka.64

The three types of amines conld be correlated by the
samne Bronsted equation if the diszoclation constants measur-
ed in p-~cresol were used. This led this worker to suggest
that solvation effects in water lead to misunderstanding

as to the true proton affinity of amines.

Unless these same solvation effects occur with metal
amine complexes, the interpretation of free energy cor-
relations with the pKa of the ligand is umade only on

unsound premises,
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The type of steric effect observed by Irving and
Griffiths (log.cit.) may be classified as both the F and
B strain described by Brown (16). The F or "frontal"
strain acts between chelated ligand and solvent molecules
arcund the mono~chelated metal., The B strain arises
from the nlacement of three substituents plus a hydrogen

atom on a single nitrogen atom and thus forces three of

the normally tetrahedral bonds away from each other,

There are several other examnles of steric inhibition
to the formation of metal chelates (17)., The foregoing
have been singled out and they are the most systematic

and the most complete studies,

Steric effects observed in chelation may be divided
inte the following three classes:
1. Bteric requiremernts may influence the
size of the chelate ring.

2., They may interfere with coplanarity of
a chelate ring where rescnance 1s possible,

3. Sterie requirements may be large near
the reaction site and thus interfere
either directly with the metal bond or
with other baslc substances surrcunding
the metal such as solvating molecules,
The presence of a steric effect in any one class does
not exclude its presence in another, and it is quite con-

celvable that 2 and 3 may occur frequently together.
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The influence of the size of the chelate ring is
gquite well understood (18), five and six wembered rings
belng the mest stable dvue to decreased strain, Recently
Trving et al. (19) have further discussed this effect
in the light of Schwarzenbach's predictions ccncerning ring
size and the chelate effect (20), Similarly the inter-
ference with the coplanarity of the ring has been widely
discussed (21), At the nresent time Irving is carrying on
investigations of this problem using 3,3'-substituted
dipyridyls (22), This tyne of interfercnce 1s also demon=-
strated by 3~substituted acetylacetona where the central
substituent will interfere with the terminal methyl groups

and force the chelate ring out of planarity.

The following discussion will be centered about the
third tyve of steric effect mentioned above, This type
of steriec effect does not have its rnarallel effects in
other orgarnic structures as the first two classifications
geem to but rather is more related to effects found in
sterically hindered Lewls acid-base reactions,

Correlations of Formetion Constants
with Basicities

Before searching for steric effects with the use cof
formation eonstants, a relationship between the strength

of the chelate compound and more fundamental pronerties
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must be sought, It aprears that there is no such single

property to be found,

Calvin and Wilson (6) were the first to recognize
the ralatiwnéhip between basic strengths of the ligands
and formstion constants of chelates. The group of com-
pounds which was correlated contained substituted
saliceylaldehydes, naphthaldehydes, and beta~diketones.
These compounds fell into at least two and vrobably four
classes, each showing a linear relationship between the
log formation constant for Cuf(II) chelates and pKa of the

¢helating agent,

The analysis of this relationship indicated that both
conper and hydrogen ions are bound nartly by the same
forces to the ligand and nartly by different forces. The
greatest difference according to them, and which accounted
for the four separate grouns, was the extent to which
hydrogen and copper rarticivate in the resonance of the
chelate ring. This coneclusion was drawn from the fact that
each groun of chelating agents involved chelate rings in
which the bond order assigned to the carbon-carbon bonds
was unigue. In acetylacetone a bond order of 2 way be
assigned, in salicylaldehyde 1.67, in 2-hydroxy-l-naphth-
aldehyde 1.5, in 2-hydroxy=-3~naphthaldehyde 1.,33. Resonance

in the enol ring has been pointed cut as one of the major
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contributing factors to the stabilizaticr of the enol

form (23), and Calvin and 'Tilson argue that the bond order
is a measure of the extent to which tte chelate may nare
ticiprate in resonance structures such as those shown in

Structures I to VIII,

There are intimations in the data of Calvin and Wilson
which may help deciding the imnortance of Structures V and
VI. Substitution of a methoxyl group in the four position
of salicylaldehyde should provide additicnal stability to
Structures III and IV by the electron releasing property of

this substituent.

M M
3 £
— < —> AN
C Hs CH;07 ch,

Thus the 4-methoxy group should greatly contribute
toe the stability of the chelate, actually this effect is
observed. The 4=methoxysalicylaldehyde has a greater
forwation constant than the unsubstituted, or even the
3=-methoxy comncund, even thceugh the basicity toward a pro=-
ton is greater for the unsubstituted compound, The
formation ccnstants of the copper(II) chelates of these
compounds are plotted against the Hammett sigma constants
in Figure 1, and the large positive deviation of the 4-

methoxy compound is clear.
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If the beta-diketones are considered next, a major
deviation occurs in 3=methylacetylacetone exhibiting
suppressed chelating properties. As is discussed on page 110
the enol form of 3-methylacetylacetone is hindered and
does not allow planarity of the ring. The enol 1s thus
thought to exist mainly in the acyelic form. B8light devia=-
tion may be acccunted for because these two comnounds are

mach less enclic thon the others listed here.

A series of sixteen formation constants of betg-
diketcnes has also been obtained for Cu(II) by Van Uitert
(24)., Excellent linear relationships have bheen obtained

between these constants and the pKa of the chelating agent.

From the above correlations 1t is anparent that the
two fundamental properties to which formation constants are
related are the pKa of the reagent and a factor associated

with resonance stabilization of the chelate ring.

In the remaining part of this section a model chelating
agent is constructed at least in a qualitative fashion with
the aid of new data taken from the literature as well as
some nreviously given., The rrorerties of more complex
chelating agents are then inferred from those of the model,
especially where non-conformity is observed, so that later

steric effects may be better evaluated.
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Recently, complex ilon equilibria have been correlated
on a double basicity seale by Edwards (25), The correlation
of 108 formation constants is made on the basis of the

equation

10g £ = xBn + GH
gKoeszQ

where k/Ko is a relative (to water) rate or equilibrium
constant and En is a nucleophilic constant characteristic
of the ligand. H is the relative basicity of the donor to
protons, and « and & are substrate constants, character-

istic, in this case, of the metal ion, By definition

H pKa + 1,74
En = B & 2,60

n

where EC is the electrode potential given by Latimer for

oxidative dimerizaticns cof the type
2I" = Io » 28~

Although formation constants of metal chelates are
not correiated by Edwards these correlations which involve
metal lons and monodentate ligands such as ammonia, pyridire,
nhenoxide ion, or any monoildentate group which could be in-
corporated into a polychelating agent may vossibly serve a

ngseful purpose, This type of correlation appears to be a
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step forward from the nreviously discussed correlaticn

where a double basicity scale was intimated.

It is ngeful to observe the fundamental relationship
between the Hammett rho sigma correlations (26) and those of

Edwards., ¥When considering formation constants of the type

Ao + ¥ =» HMAo (1)
A + e MA (2)

where Ao and A are anions of benzolc acid and substituted
henzoic acids respectively, the Hamuett correlation demands

the following relationship:

ko
lagfﬁgnﬂz—

where k is the equilibrium constant for reaction (1) and ko
is the equilibrium constant for reaction (2), rho is a
reaction constant and gigma is a constant characteristic of

the meta or para substituent in A,

According to the Edwards correlation the following

relationships would holds
log % = qEn + S(pKa + 1,74)

log J-{Kﬁ; = gEn, + Z(pKa, + 1.74)
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then log {-— = x(En = En,) + G(pKa - pKa, ) *

o
Comraring this with the Hammett relationship it is found

that

En = En,
A= p

This avpears to be a necessary condition for conformity
to the Hammett equation. It is entirely nossible that
substituents capable of distributing the electronic charces
over a wider area are canable of influercing En and produce
deviaticns from the g g treatuent. Purthermore, 1t is
shown by the values of En and H given by Edwards that no
devendent relatlonship exists between them., Thus, any
Linearity found between formation constants and pKa cannot
be a result of the linear derendence of (En = Eng) upon
pKa. Deviations for complex lon equilibria would be

expected Lo be larger than for carbon dlisplacement

*This implies a perfect fit of the Edwards equation.
There 1s the possibillity that when the Hammett equation
breaks down the Edwards equation will also break down
implying a relationship such as

log o =gPin « Bl + £(q)
KO

where q are other molecular parameters.
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reactions, gince the ¢ values are rwch larger for the etal

ion subgtrates,

3

Data to test the relatior sotween Hammett and

Bdwards treatments have been presented by ¥Wilburn (27).
It was found that equilibrium constants for the reaction

X /= X /=

+++

XN\ e
\\ /‘O + Fe — \ / O-Fe

here X = %~6H3, Hy p~Br, n=-Br, and p=-NO0, showed a scatter

e

»

ng of points for the Hamnmebtt nlot which was greater than
evnacted from the randon @rrofs. The deviationgs of points
were about ten times the average standard deviation in log
formaticn constant. Yilburn suggests that the scatter
counld be accounted for by potential energy terms of a
type mqt operative for the acld disscciation, for cxamnle,

the 2=Fa bond could have some double bond character.

v

The data are replotted in Fisure 2, and a slope re=-
quired by the Edwards eqpation (0.56) is drawn. Ary large
deviatiocns must be due to large differences in Zn, It is
noted that the p=iD, connonnd decreoases the conrlex

stability wore than that »nrodicted. If double bonding for

the O=Fe bond is dirnortant a Q~N52 gronp wonld decrease. the

crplex stability by 1ts electron withdrawing pronerties.
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Then reactions of the type
Cu + 44 = Culg
were correlated by Edwards, it was found that for Cu(II)

X = 4,69
Iéz 0958

That the formation constants of Cu(II) chelates are not
correlated by this equation is shown by the nredicted slove
of dlog K(chel) /dpKa = 0,958, Calvin and Wilson (loc.cit.)
show that this slope is 1,71, nearly twice that predicted

by the Edwards equation. This 1s understood since the
chelate effect would enhance the basicity of the ligands

if they are in the form of a bidentate ligand.
The above facts suggest the followlng:

a, "Where substitution on the ligand is
involved in some cases 1t is possible
to vary the pKa of the nucelophile
without changing the En values.

be For a group of chelating agents where
the pKa varies with substitutiocn the
ehaelate effect remains constant, i.e.
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log k{chel) = X log kf + x (I1)

whare

Where Ch i1s a chelating agent and B is a similar mono=-
dentate group, and the large and small chi's are constants

associated with the chelate effect,

The (b) assumption requires a linear free energy

relationshlp between the reactions

1 4 4B = MB, (3)
M & 2Ch = M(Ch)y (4)

¢¢¢¢¢

tuted pyridines and the Ch's are correspondingly sub-

stituted bipyridyls formed by Jjoining two B grouns together.

Irving ¢t al, (28) have shown that such a linear
relationship exists when the metal ion is varied from Co(II)
to Ni(II) to Cu(il) and the first chelate effect, chel(I),

for ethylenediamine is

chel(I) = 208K (1) _ o 00 105 KjKpMHy * 1.40
Ky KpTH 3



and

chel(11) = 208 Kalen) | .30 10 KKy (MHy) + 2.43
and found the chel(I) and chel(II) diminished as the number

of methylene groups between the terminal grouns increased,

It is apparent that the chelate effect constants will

depend on the following:

1. The metal ion involved.
2. The size of the chelate ring formed.

3« Whether or not the bidentate ligands
assume a different configuration
about the metal atom than the mono=-
dentate llgands,

4, hether or not a resonance stabil-
ized chelate ring is Tormed.

p 11

« The number of bridges betwaen the
monodentate grouns.

According to the validity of assumptions (a) and (b)
the formestion constant for the cheluating asent may thus be
exvressed by combining the EBdwards eoguation with (II),
s0 that
logKypey = & QrKa + (X 2(Bn + 1.748) + logK, + x/ (I1D)

where pla and In are prorperties of a monodentate group

and are »robably directly related to those of a siailarly



constituted bidentate ligand, The evaluation of X and
the relationship between pKa of a bi~and moncdentate
ligand sheould tlus give the slowe of the linear relation-
ship, since all the bracketed terms are constant for

similar lirands,

That a linear relationshin would exist between reaction
(3) and (4) may be arrived at by considering the Hammett
plots for each of these two reactions. If reaction (3)
invelved Cu(II) and substituted pyridines we may exrect
this set of equilibrium constants to give the Hammett
plot., If reaction (4) involved Cu(II) and substituted
bipyridines a sinilar Hamaett relationship would be expected.
The log KS and log K, which are separately linecar with the
Sizma values are thus linear with each other. The linear
relationship thus exvected for (3) and (4) must obey all

restrictions placed on the Hommett relationship.

A econmarison of the para sigma values and the form-
ation constants of S=substituted-l,1l0-phenanthrolines (29)
shows excellent agreement and supports the view that such
agreencnt would also be found in bipyvridines as well as
pyridines. In facty reaction (4) might just as well

involve 1,10=phenanthrolines,
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Table II

Correlation batween
Formation and gigua Constants

1,10=-Phenanthroline pKa leg(chel) mg R <

snubstituent
5~CH3 Tel3 2243 ~, 069 ~-.170
4,95 21.3 0 0
5=C1 4426 19.7 +.373 +,227
5=105 3457 17.8 +,710 4,778
2,2'-Bipyridine 44,35 17.8

The relationship (III) would correlate only a small
nunmber of chelating agents with the vroverties of simnler
monodentate ligands and a chelate effect. Iost chelating
agents are not only unsymmetrical but cannot be considered
as being bulilt from a pair of monodentate ligands and the
pronerties of the "gemi" bidentate ligand are nonexist=-
ent., However, 1% may be argued by analogy that the
materials from which a chelate formatlon constant is built
are common to all chelates and (IIT) merely exnrresses these
factors in terms of sinpler ligands, and may be tronslated

into the terms of more complex ligands.

Salicylaldehyvdes and bela-diketones are examnles of

conplex ligands, but the work of Calvin and Wilson (loc,.cif)
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<o

)

indicate log ¥{chel) against nKa gives the sane slope

for each series of compounds but different intercepts.
This, of course, is interperted in terms of (III) that
L £ is the same for each class or may be considered

comuon for the group?
o O
I

/

Different En values may account for the different
intercepts. Whether the eleetrons of the ring are nmade

available for the reaction
2AT = Ao 4 2e”

or for participation in resonance these two explanations

aprear Lo be one in the sane.

It was vpointed out by Brandt and Wright (29) that
bipyridyl did not follow the same relatlonshin between log
chelate constants and p¥a of 1,10~phenanthrolines, with
bipyridyl giving a less stable chelate than 1s expected
from the pEKa (see table on nage 27). This deviation may
be exvlained by congildering the free energy changes in=-

volved in the two reactions

MEge + {0 ) — W‘f‘ 2Py



o
oy

M(Py)z + <::§ A:i/ <;;£ évj} + 2 Py

i

In the free energy expression for the second reactioc

>

nortition foncticns for rotatlion and vibration associated

connecting the two rings are graatly Jismine-
ighed, however, in the products they appear to te abuunt
equal, This means a nore nositive cntropy change Tor the
gecornd reaction and hence a tendency toward stablilization
of the metal chelate, This would be reflected in tha chi
values of egration (III) since it wonld bhear directly on
the free energy relatleonshin reaquired by X and x. Tt

is unfortunate Gthat suitably substituted bipyridyls are

not avallable to further clarify this effoct,

Van Ultert, Ferneling, and Donglas (30) have rade a
study of the effect of wvarious =nd grouns on the chelating
propertlies of beta-diketones. They have found that the

tants fall into three lirear relaobionshinsg

gach class uniogne in the rumber

wne on bthe bela~diketones., Those contain-

s npave smaller chelating ability than
a peta-diketone which has two ring systems as end zroins,
The data in Table II1 show this and the tyne of end

groups involved,
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Table III

Formation Constants of heta~Diketones

Compound pKa log KCu(chel)
2-Thenoylbenzoylmethane 13.50 12,28 11.42
Dibenzoylmethane 13.75 12,98 12,00
2=Furoylbenzoylmethane 12.95 12,48  11.44
Di-2~thenoylmethane 12.63 12.23 11.28
2«Thenoyl=2=furoylmethane 12.30 11,92 10,01

féenzoylacetone 12,85 12.05 10,96
~ Acetylacetone 12,70 11,85 10,74
'~ 2-Thenoylacetone 12.35 11.70  10.68

The explanation given for this effect was that
ansarently a steric factor is operating. The methyl group
is legs effective than a ring group in shielding the metal
ion from external contacts with the solvent, This ex-
planation is not reascnable since the bullkier ring would

also have more difficulty attaching itself to the metal

by excluding more solvent from the metal atom.

An alternative explanation may be given, Fron the
rlot of log H(ene1) 2gainst pKa two (and possible three)
straight lines are obtained with each line corresponding

to the number of ring end groups npraesent, In terms of



the modified RBdwards equation this is interrretable on the
basls of differing polarizabilities, That thils »ronerty
may differ from acetylacetone to dibenzeoylmethene and may

be rovealed by considering the structures

/M\

If these structures are important, phenylgroups on the
one and three positions may greatly contribute to the

stability of the chelate by structures such as

Furyl and trenyl groups would have the same effect,

Irving and Rossotti {33) have reached the counclusion
that the lirear relationshin between chelate constants and
pKa will deviate when steric effects are Involved. This
is a result of thedir investigations on "the thermodynamic
derivation of this and related equations (which) will be
published shortly"., Some of thelr conclusions are that
for a given metal and a series of ligands of similar tyne
the vlot of 1log Xj(ghel) against pKa should be a straight

line of unit slopes major deviations will cecur when steric

affects are involved and log Ei(chel) will always be mueh



r Jfeviations vhere log ¥
will be elther aslightly la

"1 {chel)

COCHT e

smaller nay olso
These anthors pnresent data which
stitution near the functilonal

o

OH

LA wa B e ey k)
show that when sube

group

CeCUrs a oha

> dn the forwation constant can b
for by steric or i

e

e accounted

Tnetive effects which alie

alter the

nitrogen, The conpoimd

bagicity of oit the oxygen or

deviasted cons

5]

iderably

und

fron > nredicted line of
1it slope Trom the nagnesinm corplexes were E-hyloouye
V=mathylquinoline

3y O=hydroxy-~2-pethylguincline, C-hydroxy-
2ye4=dinathyloninazoline

roxy=depathyl=-2=phenyl-
wzoline ‘

some confusion may result fron

data. The »la of th

~roun was balen

as
% P P & e, ™
the vroton affinity for
Y., & £ B
This

O=hy

& "y g 3)’ ,~

sethylguinoline th
affect of the i

sothylzroup increuases the proton a
of the ultrogen., The variable nitrogen basicity misht
Just as well be included to avoilid missing smell sterie
elfects.

Irving and Rossclitl olso argue that if, for a
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given cation, the stability of the conrlex depended only
on the strength of the corresponding ligand-hydrogen bond
‘then a plot of log K,p.q(y) anainst log Koy q (g for a
series of cations should give a straight line of unit
slope and of intercept equals pKa(A) - pKa(B), and they
attribute departures from this linsarity of unit slone
and theoretical intercent to steric and other factors.
Constants which demonstrated this linearity were log Xy
for the Mg(II), Zn(II), Ni(IT), UO,(II), and Cu(II)
chelates of Jd=hydroxygquinoline and log Ky for the corre-
sponding metal chelates of B=-hydroxy=-5-methylquinoline.
When the corresponding constants for 8-hydroxycinnoline
and O8=hydroxy-2=-methylguinoline were plotted against the
narent compound serious deviations were noted, In the
cagse of O-hydroxy=-2-methylquinoline deviations were
attributed to steric interference of the methyl grouns.
In the case of 8-hydroxycinnoline only the constant for
the g (II) complex fell on the theoretical line, and
deviations became more serlous as stability of the com=-
prlexes inereased. The anthors attribute these deviations
to "sreeclific behavior® due to the low value of pKyy for
Swhydroxycinnoline, It was pointed out that this would
be exm@éted to reduce the stability of the Cu(IT) complex
and similar metals and have little or no effect on the

Mg (II) complex.
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Aecording to the modified Edwards equation, the
log K congstants of two different ligands A and B
(chel) ;

and a series of metals nay be treated as follows:

log Kch@l(A) z g{,é’,pﬁfam) * g(«_ﬂﬁm) * 1.747@

+ log ¥y + X

108 Kepe1(y) = X ArKa(py + XGadinig) + 1.744)

* log Ky + x

If chelate A and B are similar so that En(A) equals En(B)

but differ greatly in pKa, then for any given metal

-~ pKa, )

to (B)

+ X @ (pKa

x K = lopg K
& ‘ehel(A) 8 &Chel(B) (4)

This equation is in partial agreement with the statement

of Irving only i beta is constant {or all metals or if

PRa(p) = PR (p)

hen the basicities of two ligands are equal or
nearly so, a plot of log K ehel (4) against log KEhel(B)
will be a straight line of unit slovre. This is true in
the ease of 8~hydroxy-2-methylquinoline and S-hydroxy=-5-
methylquinoline where ap¥a as given by Irving is +0,31,
Unless z,é’is vary large devistlons fron »redicted

linearity will be small or unncticed, The C«hydroxy-
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cinnoline complexes, however, do show deviations. In this
case apKa is ~1,96 where the X & coefficients become im=
portant, and deviations due to varying either X or &

may show up here, The only two metals in Irving's study
which have been assigned @& values are ZnX4 and CuXy

being 0,650 and 0,958 respectively, On this basis it is
understandable why Irving found Cu(II) complexes to give

greater deviation than Zn(II) comnlexes.

Similar deviations were found for the chelating
agents listed in Table IV, The aApKa refers to the differw

o3

ence between these reasgents and 8-=hydroxyquinoline.,
Table IV

Correlations of
Formation Congtarts of Oxines

Compound AanKa Deviations
8=hydroxy=2=nethylquinoline +0,21 yes
8=hydroxy=-F=methylquinoline +0,30 no
8=hydroxycinnoline ~1.96 yes
S8=hydroxysuinazoline -1.,21 yes
5-hydroxyquinoxaline ~1le51 yes

B8=hydroxy=-4=-methyleinnoline -1.80 yes




BEXPERTVENTAL

Preparation of iaterials

Prevaration of beta-diketones

lmethane and dipivaloyvimethane (DPH) were

prepared by condensing the apvnropriate ester and ketone
veing sodamide as the condensing agent according to the

procedure of Hauser and Adaws (31).

Dipivaloyliethane was identified by the melting
point of its Cu(Il) chelate 190 to 1?10*. The fraction
of the liquid boiling 94,0 to 94.5° 20 mm, was saved after
distillation through a center rod ceolumn., Diisobutyryl=-
methane which was not previcusly prepared by this method
gave a Cu(II) chelate melting 127 to 129°, The fraction

boiling at 80.5 to 81.4 at 17qm. was saved,

Anal, Caled. for Cglyg0p: C 69.215 H, 10,32,
Found: C, 69.5; H, 10,2,

Acetvlacetone (Eastman Kodak Co.) was purified by

fractionation, The middle fraction boiling at 127° was

ngsed in all cases.

*A1l1l melting voints and bolling peints in this
section are uncorrocted.
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3=Methvlacetylacetcne was nrapared by acid catalized

condensation of acetic arhydride with ethylmethylketone
according to the procedure of Haunser (32), The fraction
boiling 75.0° at 30 wm, was used for infrared, and ulira=-

violet abscrvtion measurenants,

Pronargtion of reacents

Digrane was nurified by refluxing with dilute hydro-
chloric acid, drying over notassium hydroride and flash
distilled from sodinm metal according to the procedure used
by Calvin and Wilson (6). It was fracticnated imeediately

before use.,

Iy

stordard votassitm hyroxide In mized solvents, The

rrost convenlient method fur nrevaring carbonate freae base

without introdveing foraign acterials such as bariun

A»J

,..:

h
‘»

chloride oy base cxchange resins was by alling clasan plecas
of notassium metal (absut two grass) Lo o boebtle cone
tainine 750 ml. of pure dioxzane under a nitrogen stucs here,
The bottle was then sealed with a stonpor aguinned with
nitroren inlet and ovtlet and a spall «idition Tunnel.

Yater was cavtiocusly added to the dlorane as nitrogen passed
through the system. After the potassium metal had all
dissolved encugh water was alded to give the solvent

the des

tte

rad nirous shaking was nsually
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required to form a homogerecus sclution., The solution

was then stored under nitrogen.

Potassium perchlorate which was used as the inert

electrolyte in the potentiometric titrations was reagent
grade, but it was found necessary to recrystallize it
from water at lsast once to free 1t of undesirable acidic

conponents,

Metal perchlorates were reagent grade (G. ¥, Swmith),

3tock solutions were prepared of anproximately 0,0125

molar.

Infrared and Ultraviolet Spectra

Pure liguids of acetylacetone, diisocbutyrylmethane,
dipivaloylmethane, and 3-methylacetylacetone were used in
a capillary cell on a Baird snectrophotometer., These
spectra are shown in Figures 3 and 4. The llicuids were
nsed without further nurification. Samrles of dinivaloyl-
methane were also used to obtain high resclution snectra
in the 3 to 5 micron region using the Perkin Elmer Model 13
with lithium fluoride prisms. This and other high re-
solution spectra including the coppar chelate of DP are

reproduced in Figure 5,



Figure 3

#5515 == Acetylacetone
#5514 == 3=Methylacetylacetone
#5510 == Diisobutyrylmethane
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Figure 4

#5917 ~- Dipivalovimethane
#6100 == Lithium Chelate of Dipivaloylmethane

#7360 =- Deuterated Acetylacetcne
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Figure 5

Dipivaloylmethane Deuterated Dinivaloymethane

Copper Chelate of Dinivaloylmethane
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Deuterated samples cf acetylacetone and dipivaloyl-
methane were prepared by the ion exchange method, The
acetylacetone was dissolved in sodium deuteroxide sclution
which was then acidified with deuterce sulfuric acild, The
acetylacetone which separated from the aguecus layer was
roepoved and dried over calceium chloride. Since the scdium
salt of dipivaloylmethane was insocluble in the basic
solvution 1t was dissolved irn ether ard shaken with this
solution, The ether sclution was then separated and shaken
with deuterc sulfuric aci? solution, The ether -as dr'-4
and evaporated from the deuterated dinivaloyliethane which
was then fractionated, The spectras are showa in Figure'z.
Samples of acetylacetone and dirivaloylmethane were treated
in the same way as described above excent scdium hydroxide
and sulfuric acid were used., Infrared spectra w-re found
to be identical with those previcusly taken on the un-

deuterated compounds,

Lithivm chelate of dipiv:

was prepared by

kL

shaking a 0,14 soluticn of DPM in ether with a 2} solution
of lithium hydroxide. The solutions were separated and
avaporation of the ether yielded white chelata. A saunle
was used to obtain the infrared spectrum ziven in Pigure 4

without further purification.
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spectra

A1l were taken with a Beckman model DU spectrorhotome
eter with the cell compartment thermostated at 25°,
Square one cm, cells were usnally used except when it was
necessary to keep the solution in the cell for long periods
of time, in which case the c¢ne cm. cylindrical cells were

used,

Cyclohexane and acetonitrile were the only two solvents
used which required nurification by distillation. Iscoctane
{Phillirs) and absolute ethancl required no purificaticn.
The water used was "de-lonized" through an lon exchange

column (Barnstead Bantam).

The absorption curves are summarized in Table V.

The seolutions were prepared by accurately welzhing ocut

1 % 1073 moles of the purified comnounds and dissolving
them to form 100 ml. of solution, This solution was then
Ailuted one hundred fold to c¢btain zscluticns which absorbed
in the range of the snectrophotometer, When water sclutions
of diiscbutyrylmethane or dipivaloylnethane were required a
gtock solution of ethanol was diluted cne hundred fold with

wabtar.
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Table V

Ultraviolet Absorntion of beta~Diketones

Compound Solvent HMax. (ma) Extinction

coefficient
Acetylacetone Acetonitrile 273 0,63 x 104
Acetvlacetone Isooctane 271 0.99 x 10%
Acetylacetone | Water 274 0.15 x 10
Acetylacetone HaOHaq. 294 2 x 104
Diisobutyrylrethane Acetonitrile 274 0,71 x 10%
Diilsobutyryimethane Gyclohexane 274 1.11 x 1.0%
Diisobutyrylmethane Water 274 0.16 x 10%
Dirivaloylmethane Acetonitrile 276 1,09 x 10%
Dipivaloylmethane Isooctane 274 1.27 x 104
Dinivaloylmethane Bxecess NaOH 294 1.81 x 10%
Dipivaloyluethane fater : 278 0.18 x 104

Kinetics of Equilibration

The absorbances at the neaks of the ultraviolet
spectra were compared with the known percent of enol con-
tant for each solvent. A direct relationshiv was observed

as shown in Table VI. This data is plotted in Figure 6.

-y

Stock solutions of the diketones were prepared in

ethanol with a concentration of 1 x 102 molar, One nml. of



48

Table VI

Absorbance of Acetylacetone and Lnol Content

Solvent Absorbance of 1 x 10™%m, solution % Enol

Water 0,150 15.5 (34)
Acetonitrile 0,600 56 (35)
Chloroform 04900 78  (3%)
Cyclohexane 1.010 91  (34)

a stoek solution was added to water which had been brought
to 259 and the resulting solution was diluted to 100 ml.

A samnle of this 4diluted solution was ranidly placed in a
guartz cell and inserted in the thermostated cell comparte-
ment of the épectrophotmmeter. The spectrophotcmater had
been previously balanced at the wavelength of the neak of
the rparticular compound. The absorbance at this wavelength
was then read at convenient time intervals, In the case

of acetvlacetone the operations had to be rerformed very
roridly and a habit formed before enough data could be

obtained from a sinsle run. The data was treated as follous:

A = Abscorbance at enol peak

it

m
H

=z Bxtincetion coefficient of enol form

Concentration of enol form

e
H

bt
E ]

Conecentration of keto form

s
H
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ABSORBANCE AT PEAK
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O 10 20 30 40 50 60 70 80 90 100
% ENOL ~

Figure 6

Comparison of Spectrophotometrie
Data with Known Enol Content of Acetylacetone



kl » Rate constant for ketonization
kg w Habe constant for encolization

C =B+ K

=3 = (kp + kp) B = loC

sgince A = €¢B

(kl * }{2) A - G‘Kgc

¢
22
Tax oo
4]

The slope dA/3t was fonnd by the mirror method and
plotted againat A, The best strsight line was drawn for
these points and the slope gave ky + kpe The va've cf €
for acetylacetons was calculated from the data in Table VII.
For diiscbutyryliethane and divivaloyluethans € was cale
culated from the absorbance in the least polar solvent,
assuming that these compounds are 100 percent enclized in
these solvents as shown by the infrared absorpntion spectra

of the pure liguids. The results are given in Table VII,
Bxtraction of Alkali Vetal Ions
with Dipiveloylrethane
Extraction exveriments were performed using an ether
{reagent grade) solution of dipivaloyinethance, which was

shaken with an aqueous soluticn of the alkali metal lon In
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Table VII

Isomerization Rates of beta-Dikeltones*

Cozpound ky *% Jon ** ko/ky
Acetylacetone 917 143 0,156
Diiscbutyrylmethane 285 48 0,167
Dinivaloylmethane 47.2 7.8 0.165

¥Averare values of three runs.

**gec,~1 x 104 * 109,

a small glass stovnered addition funnel., After the layers
separated, an aliquot of the ether nhase was withdrawn
and titrated to determine the amcunt of alkali metal chelate

extracted,

The titrations were carried out by either of two
methods using a micro buret calibrated to 0,01 ml. in each
case. For the non-agqueous titrations an aliguot of the
ether layer was mixed with an equal volume of glacial
acetic acid and titrated with perchloric acid in dioxane,
standardized with »notassium acid nhthalate dissolved in
acetle acld. lethyl violet was used as an indicator but
good end-points were not cbtained at high chelate concen=-

trations, For the agueocus titrations an aliquote of the



ether layer was shalken with an equal volume of water and
the mixture was titrated with standard hydrochloric acid.
Thymol blue was used as the indicator with the change from
green to yellow being itaken as the endepoint, The ex-
traction experiments are summarized in Table VIII, and

scme are shown graphically in Figure 7.
Table VIII

Extraction of Alkali Metal Ions with 0,10
Dirivaloylmethane in Ether

Initial concentrations Vol. Vol. aliquot 0O,1N

in water layer ether water of acid
layer layer ether titer
¥+ ni Li* 9) 2\ titrated
ml, ml, ml.

0.5 = - 0.50 25,0 25,0 20 0.07
- - 0.5 0e¢5 25.0 25,0 20 14,19
= 0.5 - 0.5 25,0 25,0 20 00,10
- - 1.0 1.0 25.0 2540 20 19.82
- 1.0 - 1.0 25,0 25.0 20 0,30
- 2.5 - 2,5 25,0 25,0 20 2,46
= 5.0 - 540 25.0 25.0 20 15.63
- - 0.75 0,75 10,0 1040 5.0 4,75
“ - 0.25 0,25 10,0 10,0 5,0 1.88
- . 0.1 0.1 10,0 10.0 5.0 0.46

2.5 ) e 2.5 1€}¢O 1000 5‘00 0012
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Table VIII (continued)

Initial corncentrations Vol. Vol. Aliquot  0.1N
in water layer ether water of acld
- N s oH- layer layer tii§222d titer
ml o ml,

1.0 - - 1.0 1040 10.0 5.0 0.03
1.0 = 1.0 1.0 10,0 10.0 5.0 4.86
1,0 = 0.5 1.0 10,0 10,0 540 4,65
1,0 =~ 0.2 1.0 10.0 10,0 5.0 3473
1.0 = 0,05 1.0 10.0 10,0 5.0 1.12
1.0 - 0,025 1.0 10,0 10,0 540 0.54
1.0 1.0 - 1.0 10.0 10,0 5.0 0,08
1.0 0.5 - 1.0 10.0 10,0 540 0.05
1.0 = - 1.0 10,0 10.0 5.0 0.02
1.0 2.4 - 1.0 10.0 10.0 5.0 0.14
1.0 - 1.0 1,0 50,0 1.00 25,0 4,48%
1.0 = 1.0 1.0 50.0 1.00 25.0 4 42%%
1.0 =~ 1.0 1,0 5040 1.00 25,0 4,41
1.0 = 045 1.0 50,0 1.00 25.0 2.67

*Concentration of diketone was 0.2M,.

**Concentration of diketone was 0,40,
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5
 NORMALITY OF METAL HYDROXIDE IN AQUEOUS LAYER

Figure 7

Summary of Extraction Experiments

Equal volumes of the ether and aqueous layers were used
The concentration of DPY was O.1XN.
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A suitable procedure for the deterrination of lithium
in the presence of votassium and sodium was found to be

s

as follows: One ml, of a solution 0,500 ¥ in Li%*, 0.5 H

J

in Na*, and 1.0 ¥ in rotessiun hydrevide :

in a grall sen=
aratory fannel for two mirutes with 50,0 ml, of 0,1 X
diprivaloyimethane in ether. A 25.0 ml. allouot of the ether
sclution was pixed with an equal volume of water and titrate-
od wvith 0,1000 H acid, totel of four such extracticns was
carried cut on four, ore ml, sarples of the lithiur solutions
sach time as muach as rossible of the aguecus layer was saved
and the four of then were corbined, Two wnl, of the corbined
aoveous layers were treated sevarately with the renpgernt as
above and the agueons layers agaln cosbired, One ml, of the
last combined aquecus layers w=as again treated to obt in a

blank titer. The results are given in Table IX,

Table IX

Deternination of
0.500 H Solutions of Lithium Ion*

Vol. of 0,0928 N acid required for titer Calculated

1st extraction 2nd extraction 3rd extraction Liirs

24059 ml, 0,262 0.239
2,546 0,265
2,075

92
8
9
2,061 9

. & * =
L
P PPy !

D000

*Prepared neing lithium carb@ﬁata ags the nrimary
standard amd dissclving in an esgulivalent amcunt of HCL,
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Spectrophotometric leasursnents of
Acid Dissociation Constants

Hetho

By measuring the absorbance, A, due to the ionized,
K™, and unionized, KH, species 1t is possible to calculate
an equilibrium constant, Ki, if the extinction coefficients

of each species are known,
Ae & L KT + GK.[‘K;?

Cu /KT » [KHJ
Ki = /T{-:/‘.
[ k8 7 [Tou7

if

Ky = L OHZ/ [ 1Y
then

K& o Ke X KW

For very weak acids the extinction coefficient, éKH,
may be measured from the absorbance of a neuntral solution.
The value for €y~ may only be estimeted from a solution
of the weak acid highly concentrated in 0OH™, The value
for Ky in mixed solvents was interpolated from data given

by Harned and Owen (36).

Dinivaloylmethane in 504 dioxone,

The absorbance of each solution was read at 294 mu
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where the extinction coeflfleient for the unionized snecles
was measured as 0,469 x 104, Tre total concentration of

all srecies of the diketone was 1,00 x ].O"4L molar in each
case, The ion preoduct for water in 50 percent dioxune was
taken as 2.8 x 10-16 (36) at ionic strength of 0.01 molar.

The results of four determinations were the following:

Ky = 212
Ky = 212
Ky = 205
Ky = 219
average 212
pKa = 13.23

Dipivaloylme ne in wate

The absorbances were read at 294 mm where the extine~
tion coefficient for the unionized species was measured as
0,113 x 104 and the constant for the anion was estimated
1.93 x 104, A stoek solution of the diketone was nrepared
in ethanol and diluted cne hundred fold with water when
used, The ionic strength was held at 0.01 molar with

tetramethylammoniun bromide, The /OH™/ ised and the results

are given in Table X,

The absorbances were read at 299 mMm where the extinc-
tion coefficients for the unionized snecies was measured

as 0,108 x lO4 and estimated as 2.03 x 104 for the anion.



The donic strength was 'wld ot 0,01 moler with notassium

nerchlorate. The resnlts are given in Table XT.

Table X

Deternination of pKa of Dipivaleylmethane

/o0~ % 10% X; x 102 pKa
5.0 1,40 11.85
10 1.73 11.76
15 1.68 11.77
20 1.83 11.74
o5 1,84 11.74
50 1.79 11,75
99 1.55 11,81

average 11,77

Table XI

Determination of pKa of Diiscobutvrylmethane

" Initial /OH"7 x 10% pKa
1.108 10,13
1.662 10,09
2,216 10.05

average 10,09
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Potentiometric Measurement
of Pormation Constants
Apparatus,

The titrations were carried ocult in a jacketed beaker
having a cavacity of about 250 ml., The stornper of the
beaker contained nitrogen inlet and outlet, a delivery

o % B
tube through which the titrant was added, and a stirring
i 4 o
anparatus, The nicro buret used for measuring cut the
titrant had a five ml, caracity and could be read to
0.001 ml, Titrations were followed with o Becluman model

4
=

& pH meter.

Calibration of pH meter

Due te the difficulty in cbiaining the trne value for
hydrogen lon activity from the »H meter in mixed solvents
the pH meter was used to read hydrogen ion concentration,
and the constants which were obtained are relative concen=

tration constants (37).

The pH meter was standardized azainst Beckman buffer
soclution at pH 7,00, One hundred ml, of 7% vercent
dioxane 0,692% grams of potassium perchlorate and one ml,
of 0.1} perchloric acid placed in the titration vessel and
stirred until the potassium perchlorate had dissolved.

The mixture was titrated with 0.,05H potassinm hydroxide

in 75 percent dioxane, adding abeut 0.1 ml. each time,



1z allowance for volune the hydrogen 1on cone

centration, é {’/ was calovlated and nlotted arainst the

reading of the pH A similar vlot of / oHZ/

-

e - o AR » . gy a ER# “ g oy
azainst the pH meter readings was made for the basice side

of the titration. Loth plots were rlaced on the same

graph and adjusted until they both fell con the sane straizht

line., A slope of 1,00 was obtained which indicated a ncar

£ - o " . . . o T N . e, T 4 o
perfect lernst slope, It was also found that Y/ equeal

ne plug 0.37. The nlot also gave the value

water In this solvent advinre to bhe 1

Aclid digsociation constants of the diketones

The aecid dissociation constants were obtalned Trom
the half eguivalence poivnts on the potentionctric titration

4 o “ EF. R T T - ST T s NI R S
curves, Correction had to he made to the reading cotalned

for dini due to 1ts very weax acidlic nature

and because the dilubte zolutilons vaed nromoted hydrolysis
of the anion, The values obtained in 7% percent dicxans

0.,0% wolar potassiun perchlorate are as folloust

Acetylacetone 11,27

oy

tvrylmethane 12,40

)

};:iﬁ:-“\ -i W } O:j ’} GG ixlw\gi e VZA (”’l; . “q 0

Potentiopetric Litrations with netal jons end enelating

The measurem:nt of Fformation curves by the notentio=-
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metric method is possible if the following reactions occur,

Ky

f&r‘i"“" + A” - ?‘JA"
Ko
MA* + A" =7 MAo

In suech a case K1 and Ké can be calculated in the usual

mannar frem the feormation function,

—— Y ¥ 2
= . _KiA « 2K1KpA
1 + K14 + K1K0A2

A is the molar concentration of the chelating agent with
all ionizable protons removed, In the potentiometric method
the formation function is easily calculated from /H*/

measurements since

= _/H* liberate§;~
[Total meta

If, however, hydrolysis of the moncchelate or of the
agqueous metal ion occurs as in the following reactions:
M** & OH™ = MOH*
MOH*® + OH™ = M(OH),
MA* & OH" = MAOH

it is no longer possible to calculate n, since

/Y liberated/ " fchelated ligandg/
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also some of the metal has been removed in the form of
the hydrolyzed products. In order to account for the

hydrelysis we may still use the potentlometric data and
define a new formation function. Brackets are omitted

in the following equations:

- - _bound ligand + bound OH™ = _H* liberated
1 total metal total metal
— - WA & 2MAp + 2MAOH + MOH « 2M(OH)>
7 TN WA + VA, + MAOH + WOH + M(0H),

since

Ky o —JA 5 K, w _MA2 ; Ky o _LAOH;
MA A HA A

Ky = o JOH Ky = JLOH)>
B OH TOH

then

_K1A » 2K1KoAZ + 2K1K3A(OH) » K4(OH) » 2K4Ks (OH)?
1 » K1A + K1KpA? + KyK3A (OH) « Kg(OH) + K4Ks (OH)Z

q =

Although the exact value of E may be determined from
potenticmetric data if pKa of the diketone i1s large it

is not possible to calculate the concentration of A so

that a formation curve may be obtained. If, however, a
large excess of AH is used so that [KE7 remains practically
constant A may be calculated., Under these conditions

chelation may occur at a low pH where the relative errors
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of /H*/ measurements are large and q can not be accurately

measured,

Since it is not possible to solve for the exact
value of Ky and Kp if hydrolysis occurs, they were obtalned
assuming that no hydrolysis did occur. Parther titrations
were then carried out with greater Lﬁﬁ7. This effectively
gave a formation curve at lower pH's or gove less weight
to the hydrolysis teris. These values of Ky and Ko were
then comrared with the first values obtained., If they
varied outside of experirental error, % .05 log X units,
and 1n a regular wmanner hydrolysis was conslidered to be

lumportant and formation constants could not be obtained,

Titration nroced

Two bo four ml, of the metal ilon stock solution of
abont 00,0125 molar were nlaced in a titration vessel with
0.6925 grams of potassium nerchlorate, Tive to fifty ml.
of 1 x 1072 molar diketone dissolved in dioxane, and enough
water and dioxane to bring the total volume to 100 ml, of
75 percent in dioxane. This mixture was stirred and
nitrogen passed through the vessel throughout the titration.
After all the potassium perchlorats had dissclved the
titration was started, readings beling taken at about every

0.10 =21, and as close as 7ossible near the end noints.
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Formation constants of Zn(IT) and Fe(II) chelates

In order to estimate the exbtent of hydrolysis of
the metals in 7% percent dioxane each metal was titrated
alone., In most cases precipitation occured and no definite
results could be obtained. Charles and Freiser (38) have
shown that the end point obtaired corresponded to exactly
two equivalents of hydrogen liberated for one mole of bi=-
valent metal ion. When ferrous ion was titrated two end
points were obtained indicating the preserce of ferric ion
or a strong aclid ilwrurity. ifleasurements were therefore

not attemnted,

Titrations of zinc ion with varying amounts of chelat-
ing agents indicated that hydrolysis was imrortant.
Although formaticn curves are tabulated for Zn(II) chelates

no values for the formation constants were assigned,

Galeulation of formation curves

The formation curves which are tabulated in this
gsectlon were calculated by the method of Calvin and Wilson
{(6)s The formation constants renorted are taken from
the formation curves at points where n = 0.5 and 1.50,

In some cases vhere It was not possible to calculate the
formation curve at n = 0.5 the value for log X7K, was taken
from the polint where n m 1,00, The formation curves are

given in Tables XII to XLI, and a summary of the formation
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constants 1s given in Table XLIT,

Spectrovhotonetrice Tstination of
Formation Constants in 50 Percent Dioxane

ingd

ithium chelate of divivalovlimethane

The extinction coefficient for the lithinm chelate of
dipivaloylnethane was taken to be egual to the extinetion
coefficient of the anion sgince there was no change in the
absor ion at the anion peak when lithium perchlorate was
added to a solution 1 J in tetramethyl ammonium hydroxide
and 1 x 10~4 X in dinivaloylmathane, Solution of the
following equatiocns yielded the values for the calculation

of the formation constant.

log _Io_ = € /DPY/ « e’[ﬁﬁéﬂ7 + [EiDE@ﬂ
I
and

1 x 10~% = /DPW/ « /DPu-7 + /TiDPW/

The results are sumnmarized in Table XLIII., The concentra=-

tions given are the equilibriuvum concentrations,.

Gopper chelate of divivalowvlimethane

The ultraviclet absorption spectra of a series of
solutions whose concentrations of dipivaloyimethane were
haeld constant and cconeentration of copper narchlorate

varied showed an isobestic point at 208 mu, This showed



for Acetylacetone Copper(l1I) Chelate*®
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Table XII

Formation Curve

ml, EKUH** ~-log /H*7 pA n
1.691 3449 11.62 0.65
1.792 3455 11.56 0.68
1.902 3.61 11.53 0.75
1.993 3.70 11.44 0.75
2,093 3.80 11.35 0.78
2,196 3.91 11.26 0.84
2,294 4,05 11.14 0.90
2,404 4,24 11.00 1.00
2,495 4,47 10,80 1.08
2,599 4,82 10,51 1.20
2,695 5.20 10,23 1.36
2.795 5.69 9.88 1.54
2,899 6430 9. 54 1.75

*olar ratio acetylacetone/Cu(II) = 2,000.

**Concentration 0,0495 molar.
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Table XIII

Fornotion Curve
for Acetylacetone Copver(II) Chelate*

ml, KOH#* ~log /HS7 pA n
2,400 4,02 10.74 .73
2,503 4.21 10.62 1.22
2.598 4,40 10,43 1.26
2,700 4,66 10,18 1.38
2,800 4,97 7.91 1453
2.912 5.39 9453 1.72
3,001 5.94 9.01 1.88
3,030 6.36 8,60 1.93
3.080 7¢99 6.99 2,03

*¥olar ratio acetylacetone/Cu(IT) = 4,000,

#*¥Concentration 0.049% molar,
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Table XIV

Formation Curve
for Acetylacetone Copper(II) Chelate*

g}

ml, KOH** -log [H*/ pA

10.69 l.12

2.291 3.82 10,57 1.14
24392 3.92 10,48 1.21
2.488 4,06 10435 1.28
2,592 4,23 10,18 1.36
2,689 4,40 10,02 1.49
2,791 4,63 9.80 1.62
2,597 4,99 959 1.77
2,991 5.62 8.83 1.93
3.025 6.16 8.27 2.01

*¥Molar ratio acetylacetone/Cu(II) = £.00.

**Concentration 00,0495 molar,
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Table XV

Forpation Curve
for Acetylacetone Nickel{II) Chelate*

ml, KOH¥* -log [H*/ pA n
24200 5.22 9,41 0,05
2.298 5.62 9,04 0.24
24399 5.97 8.71 0.43
2,505 6.33 8437 0.58
2,600 .64 £,09 0.81
2,702 7.07 7.68 1.00
2.800 7.42 736 1.18
2,905 7.81 7400 1.37
3,000 8,18 6.66 1.55
3.099 8.60 6.27 1.72
3.200 9.37 554 1.92

*ilolar ratio acetylacetone/Ni(II) = 4,100,

**Concentration ,0461 molar.
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Table XVI

Formation Cuarve
rraadr

for Acetvlacetons Magnesivm(II) Chelate#®

L, KT ~log /0*/ pA
04000 564 8439
0,100 6456 747
04200 6.94 7.10
04300 7420 6,04
0400 7440 6,65
0,499 7457 6.42
04600 774 6.32
04700 791 6415
04500 8.07 6,00
0,900 8.25 5.82
1.000 L.44 5.64
1.101 3.62 5.46
1.200 8.79 5.30
1,300 8,95 5.14
14400 9,08 5.02
1500 9423 4,87
1.600 9.37 4,74

*olar ratio acetylacetone/Hg(II) = 9.61

**Concentration .0428 I molar.
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Table XVI (continued)

ml. KOH#* ~log /H*7 pA n
1.700 0450 4,62 1.69
1,800 9,62 4,50 1.76
1,899 2.75 4,38 1.86
1,950 9,51 4,32 1.87

Table XVII
Formation Curve

for Acetylacetone Vaznesium(II) Chalate*

1l KOH** ~log /Tt7 pA n
C.000 542 8.31 0.00
0.100 6.32 7441 0.11
0.200 5,68 7.05 0.21
0,300 6,92 6.81 0.31
0,400 7.12 6.62 0.41
0, 500 7429 6.45 0.5
0,600 7 .46 6428 0,62
0,701 7.62 6.12 0,72
0,801 7478 5007 0.82

Tolar ratio acetylacetone/Mg(II) = 19,22

*Concentration 0422 wmolar.
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Table XVIT (continuned)

ml, ROH%* ~log /H*7 DA n
0,900 7406 5479 0,92
1000 fal2 5eH2 1.02
1100 3431 5o 44 1.12
14200 8448 5¢23 1,22
1.400 8.77 44,99 1.42
1.599 Q.04 4,73 1.60
1,700 9,17 4,60 1.69
1800 7430 4.47 1.77
14900 2440 4,37 1.8%
2,000 _9.53 4,25 1.92

Table XVIII
Formation Curve
for Acetylacetone Cobalt(II) Chelate*

ml e KOH** -log Zﬁf7 pA n
0,000 4,77 Y456 0.00
04097 SelY 917 0.09

*¥iolar ratio acetylacetons/Co(II) = 4.171.
**Concentration (G423 nolar.
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Table ¥VIII (continued)

ml, ROH** -loz [i7 pA n
0,197 5,47 8.88 0.18
0,297 5,70 8.66 0.26
0.396 5,88 8,49 0.35
0.497 6,07 8.31 0.44
0,598 6,22 8,17 0.53
0,698 6437 8.03 0.62
0.798 6,51 7490 0.71
0.899 6,67 7.75  0.80
0,999 6.62 7461 0.89
1.097 7.00 7,44 0.98
1.198 7.18 7,28 1,07
1f298 7.35 7.12 1.16
1.398 7,51 6.97 1.25
1.499 7.68 6.82 1.34
1.598 7.83 6.68 1.42
1.699 7,98 6455 1.51
1.798 8,17 6.37 1.60
1,903 8.38 6,18 1.70
1.999 8.61 5.96 1.78
2.008 8,91 5068 1.87
2,199 9.40 5.12 1.95
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Table XIX

Formation Curve
for Acetylacetone Jdanganese(1I) Chelate*

ol

mle KOH¥* ~log /7 pA
0.000 5.16 8,87 0.00
0.099 5465 8.18 0.09
0.199 6,20 7.84 0.18
0,298 644 7.60 0427
0.399 6.62 7443 0.36
0,499 6478 7.27 0.45
04599 6493 7413 0.53
0.699 7.07 6.99 0e62
0,799 7.Ri 6,86 0,71
0.901 7.35 6.72 0.80
1,000 7.49 6,59 0.89
1,099 7.63 6.45 0.98
1.200 | 7479 6.30 1.07
1.299 794 6.15 1.17
1.398 8,09 6.01 1.24
1.499 8,25 5,85 1.33

1.599 §.38 5.73 1.42

*folar ratio acetylacetone/Mn(II) = 8.30,

**Concentration 0428 molar.
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Table XIX {continued)

ml, KOH®* ~log [/ pA n
1,699 &.52 5.60 1.50
1.800 8.66 546 1.59
1.699 879 5.34 1.68
1.999 8.95 5,18 1.76
2,099 9,09 5.09 1.85
2,199 9.26 4,89 1.93

Table XX
Formation Curve

for Acetylacetone Manganese(II) Chelate*

ml, KOH¥* ~log [/R*/ pA n
0,000 5.03 8,70 0.00
0,100 5.64 8.09 0,09
0.300 6.19 7«54 0.27
0,400 6437 7.37 0,36
0,500 6453 7.21 0.45
0,600 6.67 7.07 0.53

*¥iolar ratio acetylacetone/Mn(II) = 16,60,

**Concentration .0428% molar,
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Table XY (continued)

ml, KOH**% -log [H*7 pA n
0,703 6,79 6.95 0.63
0,799 6.92 6.83 0.71
0,901 7.08 6.67 0.80
1.000 7.24 6,51 0.89
1.100 7440 6435 0.98
1.201 7456 6,20 1.07
1,300 7471 6.05 1.17
1.399 7.87 5.9 1.24
1.501 8.01 | 5.75 1.33
1.600 8.16 5,61 1.42
1.700 8.29 5,48 1.50
1,800 8.45 5.32 1.59
1,900 8.59 5.18 1.67
2,000 8.75 5.03 1.75
2.100 8.93 4,85 1.84

2,201 9.14 4,64 1.91




for Acetylacetone Zinc(II) Chelate*

27

T

Table XXTI

Formation Curve

ml, KOH** ~-log /E*/ pA n
0,000 4,31 9.02 0,00
0,101 4,52 8.1 0,88
0,200 4.73 8,60 0,17
0.300 4.59 8.44 C.25
0.401 5. 04 .29 0,34
0.500 5.19 8.14 0.42
0,600 5.31 £.02 0,51
0.699 5443 7.90 0.59
0.798 5.54 779 0.68
0,098 5.67 7.66 0.76
1.001 5.79 7454 0.84
1.100 .91 7.42 0.93
1,200 6.03 7.30 1.01
1.300 6.14 7.19 1.11
1.400 6,26 7.08 1.18
1.498 6437 6,97 1,27
1.600 6.49 6.85 1.35

*Molar ratio acetylacetone/Zn(II) = 39,87,

**Concentration 0428 molar,.



78

Table ¥¥I (continued).

ml, KOIpk* ~log /Bt pA n
1.701 6460 6474 1.43
1.800 6.73 6,61 1.52
1.900 6,387 6,47 1.60
2.000 7.03 6431 1.69
2.100 7.25 6,09 1.77
2.200 7653 5.81 1.86

Table XXII
Formation Curve

for Dirnivaloylmethane Covper(II) Chelate¥

ml. KOH** ~log /HY/ PA n
1,394 3.29 13.79 .67
2,800 5,08 12.03 1.29

2,980 5,38 11.75  1.46

*Molar ratio dipivaloylmethane/Cu(II) = 12.00.

**Concentration .0469 molar.
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Table X¥III

Fornation Cnrve
for Dinivaloylmethane Copper(ZI) Chelate*®

mle FOIE* ~log [d¥/ DA n

1.995 3.74 13.85 o 48

2,193 3.94 13,67 58

2,295 4,07 13.54 .65

2.393 4,23 13.40 73
2.495 4,48 13,18 082
2.606 4,91 12,74 23
2,695 5.27 12,40 1..08
2,795 5.63 12,07 1.25
2,895 5,908 11.75 1.44
2.996 6.37 11.39 1.62
3.096 1.80
3.196 2,00

*Molar ratio dipivaloylmethane/Cn(II) = 4.000,

#*Coneentration 0469 nolar.
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Table XXIV

Formation Curve
for Dipivaloylmethane Covuper{(II) Chelate*

ml. Kol ~log /B*7 PA n
1.192 3.25 14,01 .48
1,395 3433 13.93 .49
1.595 3.43 13.83 .48
1.797 3.54 13,72 . 527
1.999 3,67 13,60 .600
2.105 377 13.50 630
2,197 3.85 13.42 .68
2,295 3028 13.30 .72
24393 4,14 13414 .78
2,497 4,37 12,92 85
2.595 4,67 12,62 . 964
2,698 5.03 12.27 1.10
2,795 534 11,97 1.25
2.897 5,68 11.64 1.44
2.995 6,10 11.24 1.63
2.097 1.81
2.198 2,00

*olar ratio dipivaloylmethane/Cu(II) = &,00,

**Concentration 0469 molar.
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Table XXV

Formation Curve
for Dipivaloylmethane Marnesium(II) Complex*

ml, KOH** ~log /H*/ pA n
0.000 6.91 10,02 04000
0,104 8,54 8.39 0,1072
0,200 8,96 7.98 0.206
04300 2.17 7.77 04310
0,400 9,32 7463 0.410
0.500 9.46 7449 04515
0.601 9.58 7,38 0.618
0,701 2.65 7.28 0,722
0.800 9.77 7.20 0.825
0900 9.87 7.10 0,929
0,999 994 7404 1.030
1,100 10,03 6.95 1.132
1,200 10,11 6.38 1.237
1.300 10420 6.79 1.361
1,400 10,29 6.71 1.442
1. 500 10.39 6.61 1,546
1.600 10.51 6,50 1.648

*olar ratio dipivaloylmethane/Mg(IIl) = 9.61,

**Concentration 0428 molar,
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Table ¥¥V (continued)

ml, KOH** -log [H*/ pA n
1,700 10,66 6435 1.750
1.800 10,86 6.16 1.85
1,900 11,12 £e90 1.95

Table XXVI

Formation Curve
for Dinivaloylmethane Magnesium(II) ChelateX

ml, KOH** -log [H*/ pA n
0,000 7,00 . 9.63 0,000
0.103 8,38 £.,25 0,107
04200 8470 7493 0.21
04300 8,91 7.72 0431
04401 9,07 7.57  0.41
0,500 9,17 7.47 0,52
0.600 .27 7437 0,62
0.700 9e37 7.27 D.,72
0.800 Del7 7.18 0.83
0.900 9.57 7.08 0.93

*olar ratio dipivaloylmethane/lMg(II) = 19,22,

**Concentration .0428 molar.
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Table X¥VI (econtinued)

nl, KoH*®* “log [F*/ pA n
1,000 2.63 7.02 1.03
1.101 9.74 6.91 1.13
1.200 9,82 6.84 1.23
1.300 9.90 6.76 1.36
1.401 2.99 6467 1.44
1.500 10.02 6458 1.55
1.600 10.21 6.46 1.65
1.700 10,36 6.31 1.75
1.801 10,56 6.11 1.85
1.901 10.86 5,01 1,96
1.925 11.02 5.65 1.99

Table XIWII

Fornation Curve

for Dipilvaloylmethane Cobalt(II) Chelate*

ml. KOH** -log [H*/ pA n
0.000 5.56 11.37 0.00

¥Molar ratio dipivaloylmethane/Co(II) = 18,00,

*%Concentration .0428 mclar.



DA
U;n'q

Table YXVII (continued )

ml, KOoH** ~log (H*/ pA n
0.201 6.82 10.12 0.19
04300 704 9.90 0.29
0,400 7417 9.78 0,38
0.500 7.28 9.67 0.48
0.600 741 9.55 0.58
0,700 7450 946 0.67
0.801 7459 9,38 0.77
0.899 7467 930 0.88
1.001 7474 9.27 0.96
1,100 7.82 9.16 1.06
1..200 7.90 9,09 1.16
1.300 7498 9.01 1.27
1,400 8406 8.94 1.35
1.500 8.15 8.85 1.44
1.600 8.23 £,78 1.54
1..700 8431 8.71 1.64
1.800 8.43 8.59 1.73
1.901 8,55 8.48 1.83
2,000 8,88 8415 1.92
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Tebhle XAVIIT

Forxation Curve
for Dipivaloylmethane Cobalt(II) Chalate*

ml, FOH** ~log Lﬁ:7 pA n
04000 5456 11.37 0.00
0,102 6.50 10.43 0,10
0.201 6.82 10.12 0.19
0.300 7.04 9.90 0.29
0,400 7.17 9,78 0.38
0.500 7.28 9.67 0.48
0,600 741 9.55 0,58
0.700 7450 9.46 0,67
0.801 7459 9.38 0.77
0.899 7467 9.30 0,87
1.001 7474 9.24 0.96
1.100 7.82 9,16 1.06
1.200 7.90 9.09 1.16
1.300 7.98 9.01  1.27
1.400 8.06 8.94 1.35
1.500 8.15 3,85 1.44

1.600 8.23 €.78 1.54

*olar ratio dipivaloylmethane/Co(II) = £.99,

*¥Concentration 0428 molar.
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Table YVIIT (continued)

ml, KOH** ~log /H*7 pA n
1,700 £.31 5.71 1.67
1.901 8,55 8.48 1.83
2,000 8.88 8,15 1.92

Table ZXIX
Formation Curve

for Dipivalovlmethane Cobalt(II) Chelate*

mle KOH®* -log [H*/ pA n
0,000 5+39 11.24 0.00
0,104 6.21 10.42 0.09
0,198 6.53 10.10 0,18
Ce400 6.83 9,81 0,36
0,500 6,93 9.71 0.45
0.600 7.03 9,61 0.54
C.700 714 2.50 0,63
0.799 721 Q.44 C.71

*olar ratio dipivaloylmethane/Co(II} = 16,66,

**Concentration 0428 molar.
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Teble IXIX (contirued)

ml, EOH*** ~log Aﬁf7 DA n
0,900 7.28 9.37 0.80
0.999 7434 9.31 0,89
1,100 742 9.23 0.98
1,200 749 9.17 1.07
1.301 757 9.09 1.18
1.400 7.64 9.02 1.25
1.501 7470 8.96 1.34
1.600 7.80 8.87 1.43
1,700 7.88 8.79 1.52
1.800 795 8.72 1.61
1,900 8.03 2,64 1.70
1.999 £.15 3453 1.78
2.100 8442 8.26 1.88
2,200 9476 6.92 1.96
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Table XXX‘

Yormation Curve
for Dipivaloylmethane Nickel(II) Chelate*

ml, KOH** ~log /A7 pA n
2.191 6.69 10,84 0.04
2,289 7.30 10,25 0,22
2.391 7458 10.00 0.41
24492 7.80 9.80 0.61
2.588 7494 2,68  0.79
2.691 8.06 9.59 0.98
2,791 8419 .49 1.17
2,891 8.35 9.35  1.36
2,991 8,52 9,22 1.55
3.090 £.78 £.99 1.74
3.190 9.21 8,60 1.92

*Molar ratio dipivaloylmethane/Ni(II) = 4,100,

*%Concentration .0461 molar.



for Dipivaloylmethane Nickel(II) Chelate*

89
Table XXXI

Formation Curve

ml, KOH** -log /H*/ pA n
2.195 6.35 10.58 0.04
2,293 6.77 10,16 0.23
2,392 6,97 9.97 0.41
2.495 7414 9.60 0.61
2,591 7426 9.69 0.79
2.696 7440 9.55 0,99
2.793 7493 9.43 1.18
2,895 7.67 9.30 1.36
2.993 794 9.03 ‘1.55
3.094 8.13 8.85 1.74
3.197 8.74 8.24 1.93

*Molar ratio dipivaloylmethane/Ni(II) = 16,40,

**Concentration 0461 molar.
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Table XX¥IT

Formation Curve
for Dipivalovlimethane Nickel(II) Chelate*

ml, KOH¥E ~log [H+7 pA n
2,200 6,05 10,48 0,05
2,300 6,41 10,12 0.24
2.398 6.60 9.93 0443
2.452 £.68 2.85 0,52
2.512 6476 9.78 0.64
2,551 6481 | 9.73 0.71
2,601 6.86 .68 0,81
2.650 6.93 9.61 0490
24704 701 9453 100
2.750 7407 - 9.47 1,09
2.798 7413 D64l 1.18
2.850 L 7422 9.32 1.28
2.898 7231 .24 1.37
2,953 7440 915 1.48
2,998 7449 9.06 1e56
3,051 7.61 8,94  1.66
3.102 7.79 8.76 1.75

*Molar ratio dipivaloyvlmethane/Ni(II) = 41.00.
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Table XXXTIT (continned)

], HOHwE ~log Aﬁ:7 pA n
3.196 8,48 8.07 1.93
34249 11.00 5.00 2.01

Table XEXIIT

Formation Curve
for Dinivaloylmethane Manganese (II) Chelate*

ml, KOH** ~log /E*/ pA n
0,000 6,43 10,20 0400
0.100 7.13 950 0,09
04201 7.58 9,05 0,18
04300 7.54 8.79 0427
0.400 8,02 8,62 0436
0,500 8.16 8,48 0.45
0,601 8.29 8.35 0453
0,700 8.38 8426 0.63
0,800 8.47 8.18 0,71
0,901 €.55 8.10 1,80

#folar ratio dipivaloylmethane/Mn{II) = 16.60.

**Concentration 0428 nmolar.
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Table XXXITII (continued)

ml. KOH* % ~-log /E*7 pA n
1.000 £.63 8,02 0.89
1,100 3.71 7494 0.98
1.200 8.79 7.87 1,07
1,300 8.86 7.80 1,17
1.408 8.94 7.72 1.24
1.500 9,03 7.63 1.33
1.600 9,11 7456 1,42
1,700 9.20 7.47 1.51
1.800 9.32 7.38 1.60
1,900 9.46 7421 1.69
2,006 9,64 704 1.78
2,100 9.90 6.78 1,87
2.200 10,50 6.18 1.96
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Table ¥XXTV

Formation Curve

for Dipivaloylmethane Manganese (II) Chelate*

mle KOH#*% ~log /H*/ pA n
0,000 6,16 10,77 0,00
0.100 7.33 9,60 0,09
0,200 7..86 9,08 1.18
04300 8.18 8,76 0,27
0,401 8.36 8.59 0.36
0,500 8450 £.45 0,45
0.600 8,61 8.35 0.53
0,700 8.71 8.25 0.63
0,800 8.80 8.17 0.71
0,900 2,88 2.09 0.80
1.000 8,95 8,03 0.89
1.100 9.03 7.95 0.98
1.200 9.10 7.89 1.07
1..300 9.18 7.81 1.17
1.400 9.26 774 1.24
14500 .34 7466 1.33
1.600 9442 7459 1.42
1.700 9451 7.51 1.51

*®lolar ratio dipivaloylmethane/Mn(II) « 8,32,

**Concentration 0428 molar.
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Table XXXIV (continued)

ml. KOH** ~log /T*7 pA n
1,800 9.63 7439 1.60
1.901 9.76 7627 1.69
2,000 9.90 7.13 1.78
2.100 10,12 6.92 1.87

Table XXX
Formation Curve

for Dipivaloylmethane Zine(II) Chelate*

ml. KOH#** ~log /H*7 pA n
0,000 4,17 11.88 0,00
04200 5.86 10.17 0,17
0.400 6,18 9.85 0.34
0.499 6.30 9.73 0,42
0.600 6.39 9.64 0,51
0,700 6.49 9.54 0459
0,799 6.56 Ted7 0.68

*iolar ratio dipivaloylmethane/Zn(II) = 15,76,
¥*Concentration .0428 nolar.
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Table ¥V {(continued)

ml, KOH¥#x ~log [Ht/ nh n
0.900 6.64 9.39 0,76
1.000 6470 9.33 0.84
1,101 6.77 9.26 0.93
1.200 6.84 9,19 1,01
1.300 6,92 2,11 1.11
1.399 6,98 9.05 1.18
1,500 7,06 8.97  1.27
1,600 ' 7.14 8.89 1.35
1.700 7422 8.82 1.43
1.800 7432 8,72 1.52
1,900 7.41 8463  1.60
2,000 753 8.51 1.69
2.100 7.68 8436 1.77
2,200 7.93 8,11 1.86

2.300 8,36 7.68 1,950
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Table X2V

Formation Curve
for Dirivaloylwethane Zinc(II) Chelate*

w1, KDFRH ~log [H*7 pA n
0,000 5el4 11.19 0,00
0,100 5479 10.54 0.88
0.200 6.17 10.16 0,17
0,300 6433 10,00 0.25
0,400 6,46 9,87 0,34
0,500 5,59 9.74 0,42
0.600 6.68 9.65 0451
0,702 6.77 9.56 0.59
0.800 6.85 9.48 0.68
0,900 6.93 9.41 0.76
1..000 7400 9.34 0.84
1.101 7.09 9.25 0.93
1.201 7.16 9,18 1,01
1.300 7422 9.12 1.11
1.401 7.29 9.05 1.18
1.500 7437 8497 1.27
1.600 7 o bk 8.90 1.35
1.700 7453 8.82 1,43

*Molar ratio dirpivaloylmothane/Zn(II) = 31.52.

**¥Concentration 0428 molar.
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Table ¥WOWI (continued)

ml, RBOH%* ~log [Tt/ pA n
1.900 7.73 8,62 1.60
2.002 7.86 8,49 1.69
2,101 7.99 8436 1.77
2,200 8,20 8.15 1.8
2.309 8.56 5.78 1.95

Table XYXVII
Pormation Curve
for Diisobutyrylmethane Copper{(II) Chelate*

1], KOH** ~log /H*/ pA n
0,000 3,45 11.61 0.724
0,100 3.51 11,55 0. 744
0.200 3.56 11450 0.789
0.309 3.62 11.45 0.826
04400 3.68 11.39 0.878
0.500 3.75 11.33 0,929
04600 3.86 11,22 0,962

*¥iolar ratio diisobutyrylmethane/Cu(II) = 4.078.

**Concentration 0556 molar.,
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HXXVITI (aontinued)

ml. KOH%#* ~log /H*7 pA n
0.700 3.97 11,11 1.010
0,800 4,14 10.95 1.053
0,901 4,32 10,77 1,116
1,000 4,52 10.57 1.192
1,100 4.73 10437 1.280
1.200 4,93 10,18 1.385
1.300 5.11 10,01 1.489
1,400 5433 9.80 1.595
1,500 556 9.59 1.705
1.551 5.72 9443 1.761
1.600 5.86 9.30 1.812
1.650 6,05 2.11 1.868
1.700 6.31 8.86  1.925
1.725 6.60 857 1.953
1.750 7.13 8.04

1,962
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Table XOVITI

Formatlon Curve
for Diisobutyrylmethane Mickel(II) Chelate*

ml, TOEE -log /E*7 pA n
0,000 4,90 9.98 0.000
0.100 5,43 9,45 0.109
0,200 5,84 9,05 0,228
0.299 5495 8495 04341
0,399 6.13 8,77 0.45%
0.500 6,26 8.65 04569
0.600 6,41 8.51 0,686
0,700 Ge53 2.38 0,796
0.800 6.65 £.28  0.909
0,900 6.77 8.17 1.023
04999 6492 8402 1.138
1,099 7.07 7.88 1,250
1.202 7423 7473 1.368
1.300 7427 7459 1,420
1,400 7457 7.40 1.592
1.500 7,82 7,16 1,707

*lolar ratio diisobutyrylmethene/Ni(II) = 8.18,

**Concentration 0556 molar,
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Table IX¥VIIT {cortinued)

ml, KO -log [T/ pA n
1600 £.09 6.90 1,820
1,700 8477 6.23 1.932
1.800 10469 4,31 2,05

Table XIX

‘ Formation Curve
for Diilsobutyryvlmethane Magnesium(II) ChelateX

ml, KOH®* ~log /At/ pA n
0.000 - 6.27 8,61 0.000
0.101 759 7429 0.134
04200 £.03 6,86 0.267
0.299 8430 6,60 0,400
0.398 8450 6440 0.534
04500 8467 6.24 0,669
0.600 2,01 6,11 0.800
0.698 ¢.95 597 0.933
0,800 9,08 5.85 1,066
0. 900 2,22 5.72 1.198

*lolar ratio diisobutvrylmethane/ ig(iT) = 10.42,

**Concentration 0556 molar.,



101

Tahle YXXIX (continued)

ml, KOk ~log [H*/ pA n
0,999 234 5¢60 1,330
1.100 .47 5edd 1,460
1.200 9,61 5.35 1.593
14300 375 5.21 1,723
1'4‘00 93 91 5’. 06 ] ® 848
1.500 10.07 4,91 1.972
1,600 10.24 4.75 2.091

Table XL
Formation Curve
for Diisobutyrylmethane Cobalt(II) Chelate*
nl. KOH®* ~log /Ti*7 pA n
0,000 5.05 9.83 04000
0.200 64,06 8.83 0.214
0.300 6429 3,61 0,320
0. 500 6.61 £.30 0.53%

*olar ratio diisobutyrylucthane/¥Mn(II) = 7.69.

**Concantration 09556 molar.
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Table XL (continued)

ml, KOH#** ~log [TY/ oA n
0,600 6473 8.19 0,644
0,701 6434 8,08 0,748
0,501 6496 7.97 0.855
04900 7.07 7487 0,962
1.003 7419 7475 1.069
1,100 7.28 7.67 1.174
1.200 7439 7457 1.205
1,302 753 7443 1.390
1.400 7467 7430 1.497
1.500 7+63 7.15 1,604
1.600 3400 6.99 1.710
1,700 8.28 6.72 1.800
1.300 8.81 6,19 1.923
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Tebhle Xi,1

Formation Curwve
for Diisobutyrylmethane Mangenese(II) Chelate*

ml. KOH** ~log [H*/ pA n
0,000 5,74 9,14 0.000
0,100 6,75 Ze13 0,107
0,202 7.14 7.75 0.214
04300 7437 753 0.321
0,400 74592 7431 0.428
0.501 773 7.18 0.536
0,600 7.56 7406 0,643
04700 £.00 6,92 0.749
0,801 8.13 6.80 0.856
0,900 8.25 6.69 0.964
1..000 8436 6.58 1.070
1,100 8.50 6445 1.175
1.200 8.62 6434 1.287
14300 8.75 6.21 1.392
1,400 8.89 6.08 1,498
1,500 Q.04 5. 94 1.607

#iolar ratic diisobutyrylmethane/im(IX) = 7,71,

e abe TS S S S o B o
FEConecentration 05950 molars
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Table LI (continued)

ml, KOH#* ~log [H*7 ol n
1.600 9,24 575 1,712
1,700 9,47 5e53 1.820
1.800 9,68 5,12 1,928

the presence of only two species abscrbing in this region.
The absorption band peaking at 300 mp was taken as that

due to some chelated form of dinivoloylmethane., The

method of continuous variations was used to indicate the
formula of the chelate. The method revealed a mixture of
1~1 and 2-1 chelate. Therefore, the extirction coefficient
of bound chelate was assumed to be the same whether 1t is

in the form of a 1«1 or 2«1 chelate.

From the absorbance at 300 mpm the constant for the
reaction

Keq
DPM « Cu** = Cu DPU* + H*

and

K02
Cu DPM* « DPM =~ Cu(DPH),

could be caleulated, This was possible since the absorbance
at 300 mu could be used to calculate /DPM/ and fbound DFM/

assuming that in a neutral solution /DPNMT/ was glizible

;.J.



Fermation Constants

of beta-Diketones

Acetylacetone

Diisobutyrylmethane

Hetal  logK;,  logk, logKy /%o logky logKs logKy /Ky
Cu(II) 11,57 %.64 1,90 12,29 9.99 2.30
Ni(II)  8.24 6,39  1.25 8.73  7.56 1.17
Co(II) 7.86 6.19 1.67 8437 7431 1.01
n{II) 6.81 5.18 1.63 7423 6.07 1.16
Mg (I1)  6.13 4,52 1.61 6,45 5 .44 1,01
Dipivaloylmethane
Hetal logKy;  logkKp logk; /Ko

Cu(II) 13.91
M(II) S0
Co(II) 9.60
Mn(II) 8434
Mg (II)  7.44

11.55 2,36
9.10 0.80
8.77 0.83
744 0+90
6.59 0.85

40T
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and nging the equations
/DPi/ & foound DPI7 = 1 x 1074

log _l%~ = €/DPM/ + € fbound DPY/

€, was taken frow a solution saturated with Ca(NO3)2 and
containing 1 x 10"4,§ dipivaloylmethane, Xnowing the total
bound chelate the noints could be placed on a Blerun

formation curve, or n was determined from

= = [bound ligand/

[total metal/
From two noints on the formation curve an estimation of Ki
was made where n equals 0,5 and Ké was calculated, from
the values on the formaticn curve where n equals 1.50.
Using this value for Xy a new valuve of Ky was calculated
from the values given where n equals 0.5. This vrocess was
repeated until agreswment was obtained, The formation
function used in each case was

~ . Ky /OpW/ [HY] + 2 K1Ko/DRM/2
[B272 » x1/DPW] /A7 + KiKo/DEM/2

where /DPM/ is the molar concentration of the unionized

species, The /H*7 was taken to be equal to the bound ligand

concentration. The two wvalues obtained for Ki and Ké are:?
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log Ki = 13.40 log Ké = 12,78

where

Ke DPU
Kp = R Ky =

[DPM/ [OHZ7
and K, = 2.8 x 10"16 (36)

Since potentiometric titraticns of copper metal ion
in 50 percent dioxane (38) showed that considerable
hydrolysls of the metal tales nlace at low pH readirgs,
the formation constants determined by this methed do not
ajree at all with the potentiometric method, It is probable
alsc that some hydrolysis of the moncchelated metal oceurs
and that the absorption characteristics are similar to

those of MA and lAs,.

In this case suiltable concentration ranges were not
used so that formation and hydrolysis constants could not
be obtained by the use of the two methods simultaneously.

A method employing both techniques would be useful in this
regard since the notentiometric method enables the measure-

ment of /H*/ liberated.
(E7 liberated = MA & 2MAp, + 2MA(OH) + MOH + 2M(OH),

Spectronhotometric measurement would give /bound chelate/.
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/bound chelate/ = YA + 2MA, + MAOH
then if we ignore MOH and M(OH)2

[E*7 liberated — /bound chelate/ = MAOH

An estimaticn of the amount of metal in the form of
MOH and W(OH), may be made from the potentiometric
titration curve of the metal ion alone, Difficulty was
encountered in attempts to make this measurement when
precinitation occurred early in the titration when 75

percent dioxane was used.

Table XLIII

Determination of Formation Constant of the ILithium
Chelate of Dipivaloylmethane in 50 Percent Water-Dioxane

Concentrations of substituents

oH"x10% 1i*x104 DPx10% log Xy
. 0106 2.19 477 3447
.0106 2,19 477 3.47

L0106 4,51 «355 3.48
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DISCUSSTION

Infrared and Ultraviolet Spectra

The c¢lose sinilarity of the infrared svectra of

dinivaleylmethane and its Llithivm chelate clearly indicate
the simllarity of their structures, It 1s, howevor,

Aifficult to account for a weal and diffuse band cceuring
in the chelating agent at about 2600 wave nunbers unless

i

ol

i

is assigned to the OH stretching freguency, This

24

grnment was made vhen this band did not appear in the

n
4]
[N

a
conpar chelate and shifted to lonpger wavelengths for the
deuterated chelating agent. Thig assignment was also mede

by Raspussen (39), The sveectra obtairned at hich resclution

paing Lithiuwn fluoride orptics 41id not reveal nny slomle
relationshiv to the fact that the enol form of beta=diketones

containg an arcpatic hydrogean,

The enclic content of hefa-diketones can be revealed
by their infrared spectra. ¥, Kuratanl (35) has developed
an analytical metho! for encl content based upen the
absorntion of the carbonyl and conjugated carbonyl sroups
at 1710 and 1600 cm."l regnectively. Xuratani found that
n=methoxybenzoyloivaloylnethane was 100 percent enolized
in non polar solvents by this method., Spectra of diiso-

butyrylmethane and dipivaloylmethare reveal no unconjugated
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carbonyl (diketons for;m) in the nure Lliquid., Turther
evidence can be c¢bialined from the ultraviolet snectra where
the extineticn ceoefficient remains high for dirivaloylumethane
in acetonitrile and decreases in the series tovard acetyl-
acetone, ‘later avpears to exert a leveling effect upon
the keto-enol equilibrium gince all are 15 to 18 percent

anolized in this solvent.

It has been shown that the introduction of allyl
grouns orn the wethylene groups of acetylacetene and aceto-
acetic esters decreases the tendency to enolize (40),

This is explained by the steric hindrance between the methyl
groups of the cyelie ancl form. The infrared absorption
spectra of 3=methylacetylacebone reveals a strong UH
stretching frequency undoubtedly due to the encl being
larzely present in the acyclic form., Considerable absorp=
tion is also noted at 1710 cm.“l indicating a large amount

of the diketone forn.

Sxamination of molecular models roveals how lrcreansing
the steric reguirements on the terminal methyl groups of
acetylacctone nay increanse the enol content, It 15 possible
o conastruct models correspondine to structure I and II

for acetvlacetcne,

Dipivaloyliethane and diisobutyryluethane may be con~

structed only in the form ITI in which the steric hindrance
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between the R groups is minimon and the repulsion between
the carbenyl dipoles is maximum. Such a structure as II

is stabllized when a proten is remcved from the methylene
carbon and placed between the two carbonyl dipoles to form
the enol ITI, Thus, the gtability cof the Jiketone form is
redmc@d ag the sterlc reguirements of the R groups increase.

R 7 o—-R

/,

!
T

R— 0=
\5\ R
I I 111

fyidence to indicate that 3tructure III is that of the

ancl form is the largely displaced carbonyl stretching
freguency appearing at 1600 cm.”l which differs greatly from
the normal carbonyl stretching freguency (above 1700 em.~1).
The sinilarity of the absorption spectra of the chelating
agent and that of the lithivm chelate egpecially in the
1600 cm."l region also supports Structure IIJ. The chelate
ig shown in Structure IV,
Variation of Acidity with
steriec Hequirements

The same fectors which were used above to describe the
instability of the diketone form where R is large may be
used to describe the instability of the anions of the same

compmuhﬂs. Here the dirolar repulsion of the carbonyl
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4, .

groups is augmented in the sbrence of the shiclding protoen
and with a full negative charge concentrated on the car=-

bonyls.,

A striking ceorrelation is found bhetween the rates of
alkaline hydrolysis of ethyl esters in S5 percent ethanol
of the compounds )

,{
R-C=0BEt

and the pKa of the beta-diketones where the R groun of the
ester is the same as the terminal R groupns of the heia-
diketcnes., The same correlation exlsts for the rate con-
gtants of ketonization (or enolizaticn). The excellent
linear relationship is shown ir Micsure 8. The agreenent is
so good that fortuity does not give a satisfactory explana-

tion., Hammett has demonstrated that such linsarity commonly

xists only for gelta and para substituted benzoic acid

S——————

®

derivatives (41)., In the case of the ester hydrolvsis of
alinhatic esters ass®does not remain constant as the series
where R equals methyl, i-propyl, and t-butyl progresses.
That AAs?remains zero or nearly so for a series of meta
and para substituted benzolc acld derivatives is demonstrate-
ed by Hammett and helps constitute a simnle exnlanation

for the ccorrelation of structure and reactivity. It is not
understood why linearity should appear in this case., Enol=

ization requires an attack by a base on the methylene carbon,
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whereas ester hydrolysis requires attack by the basic reagent
on the carbonyl carbon, vet threre is a direct relaticrnship
between the steric influences on the two reactions. ILinecar
relationshivs such as those demcnstrated here are not un-
usual in organic chemistry. How&ver; no rigorous treatment
has been given to them,
Pormation Constants of Metal Chelates
of beta=-Diketones

According to the argument presented in the historical
section a plot of the first fornation constant for a series
of metal chelates ¢f acetylacetone against the correspond-
ing constants for the chelates of diplvaloyluethane of
diisobutyrylmethane shonld not sive a straight line, As
the data of Irving (33) demonstrates, metal chelates of
metals with high Edwards' beta values such as Cu(II) should
deviate considerable from linearity; the deviation being
in the direction of the nmore stable chelate., Plots of this

type are given in Flgures 9 and 10,

That log X; for Cu(Il) does not fall to the right of
the line drawn indicates thils constant is low for dipivaloyle=
methane and diisobutyrylmethane. A similar nlot of log K,
shovws that the second constant is pueh lower than woeuld be
axrected for the two diketores sinee the noint falls far

to the left of the line.



Figure 9

Correlation between Formation Constants
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Correlation between Form tion Constants
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This evidence dees not in itself constitute proof
that both log X; and log Ko are relatively low for Cu(II)
since the heta values for the other metals are not given
by Bdwards. However, of the metals listed Cu(II) has the
highest beta, which is about 1.9 tiues greater than the
value for Zn(II).

The plot of log formation constant against pKa of the
chelating agent as shown in Figure 11 reveals the low value
for log KjKs for copper chelates of diisobutyrylmethane
and dipivaloylumethane, but does not indicate log XKy for

these chelates to be too low,

The copper chelate of acetylacetone has been shown to
have a square planar configuration (42) and that of the
nickel chelate is known to be tetrahedral (43). It is not
likely that any of the other metals used in this study
wonld form square complexes, If sguare complexes are formed
from bulky ligands it is more probably that the effect of
the bulk will be reflected in the formatlon constants than
if a tetrahedral comnlex is formed. This appears to be the
case with Cu(II) where the gi;{ﬁﬁﬁ steric effect is observed.
Althcough a molecular model of the covpper chelate of
dipivaloylmethane does not show any steric hindrance between
the two adjacent ligands, log Xjilp, appears to be low for

this compound., Wolecular models, however, cannot show to
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Correlation of Formaticn Constants
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what extent the ligand interfers with the solvation of the
chelated metal., It is probable that both interference
with solwvation and between ligands contribute to the low

formation constants,

Further evidence is shown by the relatively large
separation factor for the conper chelates of the hﬁndered
reagents, If this is attributed to steric effects it is
paradoxical to state that the abnormally small -separation
factor for the hindered chelates of the remaining metals
is dve to the same effect, However, when we consider that
a tetrahedral configuration can tolerate greater steric
requirements in the ligands it follows that the steric in-
hibition to solvation would become rore important in
deternmining the difference between the first and second
formation constants, It thus anpears that a monochelated
metal is more acidic toward the second ligand when conmplexling
with bulkler reagents due to the more effective removal of
water of solvation, This effect is merely wmasked for conper

by another steric effect.

Extraction of Lithium Ion by
Dipivaloylmethane
The gelectivity of dipivaloylmethane toward lithinm
may be attribnted to two factors, The first is the small

size of the lithium ion (0.60R) (44) as comvared with the



119

sodium (0.953) and potassium (1.333) ions., It scems
reasonable that if a »roton can function as an efricient
shield between the oxygens; any small positive ilon may like-
wise form a shield (Structure IV), The inability to

measure a formation constant for the sodium chelate in the
same manner that the stability of the lithium chelate was
measured clearly indicates the specifielty for Ilithium,
Differences in the structures between the lithium chelate

and the sodium chelates are indicated in the infrared

spectra (45),

The second factor which is closely related to the
first 1s the desolvating powers of dipivalovlimethane. That
ether was the only eflicient solvent found indicates that
the monochelated lithium lon still may solvate quite well,
but the added crganic bulk merely facilitates the dise
placement of water by ether. The factors influencing the

olubilities of the alkali metal chelates cof this reagent,
and the changes which occur in abscrption spectra with

solvation are now under investigation (45),
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SUMMARY

Byidence 1s presented which indicates that cholating
ability may be greatly altered by changing the steric re-
quirements of the ligand, A series of forpation conctants
was nmeasured for three pgta-diketones., Thermodyranic values
conld not be obtained but relative concentration ecnstants
were., The congtants obtained were correlated with each cothor
and with the basiclty of the rearsent toward a nroton., Each
correlation indicated that the formation constants for the
coppar chelates of diiscobutyrylmethane and dipivaloylmethane
were low and exhibited large separation factors, However,
relatively small separation factors were found for uetal

chelates ~hich do not fornm square »lanar comnlexes,

A simple method for deternining the extent of enol-
ization of heta-diketones and the kinetics of enolization
is presented, The method makes use of srectrophotometric
measuresents in the nltraviolet resicn, Correlations were
observed between the pKa of the chelating agent, the
hinetics of enolizatlion, and the kinetics of hydrolysis
of corresponding esters. Variatiocns in the »¥a and enol

content were explained on the baslis of steric effects.
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ity of dinivaleylmethane. The theoretical i nlications

of this selectivity are discussed. Correlation of forna-

It is suggested that when using such correlations a chelate

wd 5

effact be taken into account. The application of the

ey

Bdwards and Hammett eguatiorn to formation constants is

discussed.,
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