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ABSTRACT

Chelation was reviewed with emphasis on the work done by
contemporary workers.

The following polyhydroxysmine compounds were syntheslzed,
purified and analyzed:

1,2-b1s[tris(hydroxymethyl)methylamino] ethane
dihydrochloride.

l,s—bis[tris(hydroxgmethyl)methyiamino]propane
dihydrochloride

1,3-bis[tris(hydroxymethyl)methylamino] -2~propanone
dihydrochloride

1,2,3-tris[tris(hydroxymethyl)methylamind]propane tri-
hydrochloride

The latter two compounds have not been reported in the liter-
ature.

Chelates were prepared by reacting the above compounds,
2nd E,3-bis[tris(hydroxymethyl)methylaming-2-propanol
dihydrochloride ("disec") and the "disec" free base, with
the lons of the first transition metals. Stability cons-
tants were obtained,where appreciable coordination occurred
before precipitation of the metallic ion took place. A 1list
of the metal lons studled with one or more chelating agents
follows: Cu*2, W1*2, ¢o*2, Fe*3, un'2, zn*2 and the rare
earth ions.

A stable, solid chelate compound formed by the "disec"

free base and cupric lon was produced, recovered, purified,

and studied briefly.
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The work reported herein was done to further the
knowledge of the basic chemistry of the transition metal ion
chelates with polyhydroxyamine compounds. Accordingly,
structures have been proposed for these compounds.

It is postulated that the bivalent transition metal lons
are bonded through the secondary amino nitrogens of the poly-
hydroxyamines. However, ferric ion is believed to be bonded
to the oxygen of the secondary alcohol group in "disec® in

addition to the amino nitrogen groups.



I¥TRODUCTION

Chelation occurs when & metal ion combines with a com-
pound containing two or more electron donor groups so that
one or more ring structures are formed. The compounds con-
taining the electron donor groups are called chelating agents
or ligands and are usually organic. The metal ion is rarely
bonded directly to a carbon atom but 1s usually attached to
strong Lewls bases such as the nitrogen, oxygen or sulfur
atoms. Chelate compounds have been reported which contain
almost all metals of the periodic table. Copper and other
members of the first transition series of metals form some of
the most stable chelate compounds reported.

Chelation is one of the important tools In the hands of
the modern chemist. It 1s used extensively by the analytical
chemist for both qualitatlive and quantitative determinations.
A good example is the use of the nickel-dimethyl glyoxime
chelate for the determination of nickel. Versens (trade
name for ethylenediamine tetraacef?%? and many other chelat-
ing agents are widely used in Industry. Traces of copper,
which catalyze gum formation, in gaaoline)are deactivated by
chelation. 1Iron, cobalt and other metals requisite for good
plant growth are supplied in the slowly avallable form of =
chelate sclution. Thils method 1s applied to orchard fertili-
zation wherein iron is required., <The medical profession is

now utilizing chelate chemistry in many ways. Mercury



poisoning 18 treated by internal dosage of ethylenediamine
tetraacetic acid. The calclum salt of the acid 1s used to
‘prevent the removal of calclum from the body.

The list of practical uses for chelate compounds is a
long one and it is growing rapidly. Unfortunately, the basic
knowledge of chelate chemistry has not been advanced as
rapidly as the practical applicatlions. Ko general theory of
chelation has been developed by the academic chemist.

Trout and Erdmanis (1) and Trout and Gladding (2) have
reported cheleste compounds formed by the reaction of poly-
hydroxylsmine hydrochloride compounds, such as 1,3 bis-

[ tris( hydroxymethyl)methylamino] -2-propanol dihydrochloride
("disec”), with the metal ions of the first transition series.
It is likely that additional knowledge of the nature of
chelation might be obtained by a study of the chelation
reactions of compounds similer to "disec,” which was reported
by Pierce and Wotiz (3). These studies were made and the

results are reported herein.

{1) Velta Erdmanis, M.S. Thesis, University of Richmond (1955).
(2) J. B. 0ladding, ¥.S. Thesis, University of Richmond (1955).
(3) Plerce and Wotiz, J. Am. Chem. Soc., 66, 879 (1944).



TISCUSSTON OF CHELATION
1. HISTORY

Chelate chemistry is an integral, although special part
of coordination chemistry. Alfred Werner was the first
chemist to give both the general and special fields sclen-
tific treatment. Werner (4) supplied the first satisfactory
explanation of chelation and prepared the firat chelate
compounds identified as such. He prepared potassium dichloro-
acetylactonoc platinite. Werner's conclusion thet his com-
pound was a chelate (cyclic. structure) was based on large
physical and chemical changes observed in metal lons (or
atoms) when treated with whet we now call a chelating agent.
Color change was then, as now, among the most important
changes obgervad.

Ley (5) first recognized the speclal properties of
chelates in 1904. His work was based on the unusual color
and low elsctrical conductivity of copper glycinate.

A cyeclie covalent structure was used to explain these phenom-
ena. The deep blue color of the glycinate =molution resem-
bled the Cu(ﬁﬁj);g complex and was qulte different from the
usual green color of such copper salts as the acetate. The
low electrical conductivity observed indicated not only a

stable chelate but a chelate of zero ionic charge.

(4) ¥erner, Ber., 34, 2584 (1901}.
(5) Ley, Ber., 42, 354 (1909).
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. s Tsomgaeff (6) studied the stability of chelated /ons
Igy’emino acids M di fferent numbers of carbon atoms between
‘the amino and carboxyl groups. He found that those compounds
which formed chelateér 8 containing five or six membered
rings were the most stable. This premise was generally
accepted because it agreed with the pronounced stabllity of
five and six membered g Bégw compounds.

For a period of years after the work of Werner, Ley and
Tschugaeff was reported, the thsory of chelation was not
appreciably advanced. In 1936 Pfeiffer (7,8) gave more solid
svidence than had his predecessors concerning the structure
of chelate compounds. ¥e was also able to show that chelates
containing sfeymmetric carbon stoms could be isolated in
optically active forms. The 1solation, purification, and
analysis of these chelates by Pfeiffer and others gave
definite proof of the existence of stable chelates and
allowed one to draw conclusions concerning thelr structure.

The recent history of chelation may be divided into four
-categories, each of which will be treated briefly here.

These fields are as follows: Quantitative treatment of
chelate reactions, correlation of chelate chemistry with
quantum chemlstry, studies of chelate structure, and search
for new chelating agents.

(6) Tschugaeff, J. prakt. Chem., (2) 75, 153 (1902).
(7) Pfeiffer, Z. anorg. allgem. Chem., 230, 97 (1938).
(8) Pfeiffer, angew. Chem., 53, 933 {1940).



Bjerrumv(g) in 1941 described a method for the calcula-
tion of equilibrium constants or chelate stabllity constants
based on the law of mass action. Most of Bjerrum's work was
with simple ammine complexes but his method 1a qulte effective
in the treatment of chelate stabilities. Simple pH titra-
tions of the metal ion, chelating agent and chelate compound
supply the data requisite for the calculation of stability
constants. Bjerrum's method was glven a thorough treatment
recently by Erdmanis (10) in her thesis.

Turner and Anderson (11) have presented an alternate
method for the determination of chelate stability constants
based upon the colopr of the solution and on Beer's law. The
formulas of chelates may be determined quantitatively by the
method presented by Job (12) in 1936, This method will also
receive further treatment later.

| Rather complete guantitative treatment of chelate
stabilities have been presented in recent years by Fernelius
(13), Schwartzenbach (14), Verhoek (15), Jonassen (16) and
others. The quantitative treatments used in most presént

publications are based on the classic work of Bjerrum.

(9) Bjerrum, "¥etal Ammine Formation in Aqueous Solution,"
P. Hease and Son, Copenhagen, 1941l.

(10) Erdmanis, M.S. Thesis, University of Richmond (1955).

(11) Turner and Anderson, J. Am. Chem. Soc., 71, 913 (1949).

(12) Job, Ann. chim., (11) &, 97 (1936).

(13) Hares, Fernelius and Dougles, J. Am. Chem. Soc., 78,
1rls {1856).

{14) Schwartzenbach, Kampitsch and Steiner, Helv. Chim. Acta,
23, 828 (1945). o

(15) Carlson, ¥cReynolds and Verhoek, J. Am. Chem. Soc., &7,
1334 (1945).

(16) Jonassen et al., J. Phys. Chem., 56, 16 (1952).



Pauling (17) and others have demonstrated the similarity
between the covalent chelate bonds of the transition metals
‘and the organic double bonds by calculation of bond orders.

The structure of chelates 1s discussed in considerable
detall by ¥artell and Calvin (18). A large amount of work
has been presented in this field by Bailar and others.

Bailar (19) observed the Walden inversion in the conversion
of optically active dichloro bis-ethylene dismine cobaltS(CL)
to the corresponding cerbonato derivative. W%When the levo
dichloro chelate was treated with agueous Qotaésium carbonate
the dextro carbonato bis-ethylenediamine cobalt (CLT) was
formed. However, when the solld levo dichioro chelate was
pulverized in the absence of molature aith potassium carbonate
and then water was added the resulting carbonato derivative
had a lsvo rotation.

¥any new chelating agents have been discovered in the
intensive search carried out in the past fifteen years.

Some of the most interesting complex compounds are those whilch
employ carbon-carbon double bonds as the electron donor groups
(Lewls Bases). D. F. Evans (20) has found that polystyrene

forms a complex with silver chlorate. This complex 1s stable

(17) Pauling, "The Nature of the Chemical Bond," Cornell
University Press, Ithaca, New York (1939).

{18) ¥artell and Calvin, "Chemistry of ¥Yetal Chelate Compounds,”
Prentice-Hall, New York {(1952).

{19) Beilar and Peppard, J. Am. Chem. Soc., £2, 820 {1940).

(20) Evanj J. Chem. Phys., 24, 6, 1244 (19586).



in both the solid and liguid phases. It 1s socludble in
alcohol and insoluble in water. ¥vans does not call his
compound a chelate. It i3 his bellef that the Ag* ilons are
attached to the benzene rings, on the polystyrene chain,

to form a rather unusual polyelectrolyte. A six membered
ring chelate 1s possible with the =ilver bhonded between the
aromatic nuclei. The silver in this case would have a
coordination number of 2 which 1s in accord with the normal

coordination number for silver.



2, HWETAL IONS CHELATED

Host of the metals of the perlodic table form chelate
compounds. The transition metals form & large number of
chelate compounds and are considered to have the strongest
tendéncy for combinihg with electron donors. Recently some
very stable chelate compounds have been made with the alkalil
metals and alkaline earths.

The factors affecting the tendencles for metals to com-
bine with an electron donor are divided into two classes:

(a) Tonie forces--charge and radius of ion

(b) Relative tendsncy of metals to form homopolar
bonds with the electron donor.

In the case of chelation other considerations, such as sterie
factors, complicate intarpretation of experimental results.

It has been observed that there 1z a similarity between
complex forming tendencles of metals in the vertical columns
of the periodic table, with the metals of group eight and the
rare earths as exceptions where horizontal similarities were
found. Hyholm (21) has pointed out that these horizontal
similarities apply only to simple aalts of group eight metals
and that in chelation the similarities are vertical ones.
This postulate was demonstrated by the preparation of Fe'Z,
Ru*2, and 052 chelate compounds with o-phenanthroline which
~were quite similar.

(21) Nyholm, Guart. Revs., 3, 321 {1949).



Mellor and ¥alky {(22) have made an Iimportant contribu-
tion with their study of the effect of the metal lon upon
chelate stability. By & study of the atability of chelate
compounds formed by a number of bivalent ions with several
dirrerent chelating agents, thej. waere able to arrangs the metal
ions in s list of decreasing stabilities. The list they
compiled follows:

P4 ) Cu) WL> Pb> Co> 2n> Cd > Fe> ¥n > ¥g

Other investigators such as Irving and Williems (23)
have verified this re}.aﬁionship with tests using & number of
different chelating agents,

Calvin and ¥elchior (24) discovered a relationship
between ionization potentiasl of the metal and chelate sta-
bility. Since the ionizétion of copper, nickel and cobalt
involves the removal of an electron from the 4 orbital it is
postulated that the energy raleaséd in replacing this electron
would decregse in the order of Cu> ¥1 > Co. This 1s in the
seme order as the chelate atability constants observed.
Calvin and Kelchlor therefore suggested that the 4 orbitals
were Involved in the formation of chelate compounds. They
were not specific as to how 4 ‘orbitals were Involved.

When chelates are formed by ionic bonding the tendency

(22) Mellor and Malley, Nature, 161, 436 (1948).
{23) Irving and ¥illlams, Nature, 162, 746 (1848).
(24) Calvin snd ¥elchior, J. Am. Chem. Soc., 70, 3240 (1948).
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for chelate formation and hydration increases with increasing
charge/}adius ratio. Rare earth lons may be separated on the
‘basis of charge/radius ratio by chelation with ethylene-
dlamine tetraacetic acid. Plumb and Hartell (25) found that
selective cheiatinn took place in the order of:
Y > Sm.> ¥d.> Pr.)> La.

This 12 also the order of increasing basicity and lonic
radius. |

'Some chelating agents are specific for one or more metal
fons and will not chelate witn others. These ions and
chelating agents are quite valuahle in analytical work.
The specificity 1n chelation 1is due to gstructural arrange-
ments of the chelating agent and radius and charge of the
metal lon. Litfle quanti tative work has been done in this
field.

(25) Plumb, ¥artell and Eersworth, J. Phys. & Colloid Chem.,
54, 1208 (1950).
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3. CHELATING AGENTS

Almost any group containing an atom with unshared elec~
trons may be a complexing agent although the degree to which
they form complexes may vary treméndeuslyk. A chelating agent,
hoséver, must contain two or more Lewls bases or areas of high
electron concentration so that a heterocyclic ring may be
formed éontaining a métal ion or atom. Such ring .formi:xg
groups are referred to a# polydentate groups. Morgan and
Drew (26) have referred to bidentate groups as chelate
groups. They toock the name chelate from the Greek word mean~
ing claw, since the chelating agent wraps around the metal
fon like the claws of a crab. The term "chelating agent” is
now used for any polydentate compound.

The chelate compounds are most stable which contain
five or six menmbers including the inetal ion, presumably
because this structure is less strained than other forms.

Dienl (27) has listed many types of chelating agents.
His 1ist is far too voluminous for presentation here. How=
ever, it can be sald that any organic compound containing
two or more electron donor groups can form a chelate. The
‘metal 1s usually bonded to nitrogen, ozygén or sulfur atoms.
Chelating agents are frequently diacids, alpha-hydroxy acids,

(26) Horgan and Irew, J. Chem. Soc., 117, 1456 {1920).
(27) Diehl, Chem. Revs., 21, 39 (1937).



diamides, aminoc acids, hydroxyl amines, s}¥3§§511nea, gly-
oximes, diamines, 1,2-glycols or disulfides.

A chelating agent 1s differentiated from & complexing
agent by its polyfunctional nature and its stabllity. For
example ethylamine forms a complex with Co*3 which is much
less stable than the Co’> chelate formed with ethylene-
diamina. Also neither phenol nor benzaldehyde form stable
coordination compounds but when the two structures are com-
bined in salicylaldehyde a bidentate chelating agent 1s pro-
duced which formsa stable ccordination compounds (chelates)
with many ions.-

‘It may be noted that the polyhydroxyl amine compounds
used in the experimental work reported herein have many
possible locations for metal bonding. These compounds are

polydenteate.
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4. SURVEY OF CHELATTON WITH AGENTS STHILAR TC THE
POLYHYDROXYLAYINES |

The compound 1,3-bis|tris(hydroxymethyl)methylamino]-~
propsne 1s typical of the polyhydroxylamine compounds studied
in this work. Although no chelation work has been repcrtéd
with this compound, much data has been presented concerning
chelation studies made with similar compounds. ,Foremost
among these compounds are the polyfunctional aliphatic amines
" and thelr derivatives. A survey is presented here of recent
work reported in this field.

Carlson, McReynolds and Verhoek (28) reported a study of
complexes formed betwsen metal cations and amines which was
directed toward the establishment of the overall equilibrium
constant for the reaction

Mo+ NA — MAy | where: M = metal ion

: ¥ = number of ligands
A = ligand
The equilibrium constant for this reaction was called the
complexity constant by Bjerrum. It was derived from the

equation:
Ky = (MA )'N where: Ky = complexity constant’
' M = conc. of metal ion
A = conc. of ligand
HAy =

conc., of chelate

(28) Carlson, McReynolds and Verhoek, J. Am. Chem. Soc., 87,
- 1334 (1945).
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These investigators reported the results of a study of
ethylenediamine and propylenediamine with copper, nickel,
cadmium and zinc ions. They also made studies of the com-
plexes of the silver ion with ethyl and diethyl-amine which
will not be consldered here.

The complexity constants obtalned are tabulated below:

Ethylenediamine  Copper Nickel Zinc Cadmium
Ry 19.60  18.08§ 12.09 12,09
‘Propylenediamine
Ky 19.66 . 18.00 12,57 12,12

The work of Carlson, McReynolds and Verhoek showed the
extreme Stébility of the cupric~-ethylenediamine and propylene-

diamine complexes. Complex formation was found to begin at
-12

a free smine concentration of 10 mélar and complexation
was complete at 10™7 molar (rH approx. 5.5). Tt 1s
Interesting to note that these concentrations are similar to
those found for ﬁhe poljhydrcxyl~derivativeeaof sethylene-
diﬁmina‘and propanediamine reported in this paper. The order
of chelate stabilities reported by Caflson, McReynolds and
Verhoek 1s in agreement with the relative chelate stabilitles
of metal ions previously reported by Mellor andAMalley (29).

‘W. Conrad Fernelius is one of the most activakcontempor&ry

(29) ¥ellor and Malley, Nature, 161, 436 (1948).
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investigators in the field of chelation, In 1953 he, in
conjunction with Ely Gonick and Bodie Douglas (30), reported

a study of the chelation of copper, nickel, cobalt and zinc
fons with seversl sulfur bearing amines, They reported
formation and complexity constants at several temperatures for
the chelates and were sble to obtaln thermodynamic functions
such as freoe energy asnd entropy changes.

The general procedure used by these investigators in
atudying chelate formation involved the titration of a solu~-
tion, 1 molar in neutral electrolyte (either XKCl or KHOz) and
containing kmowm amounts of metal salt and mineral acid. The
titrant was either pure amine or e standsrdized aqueous solu~-
tion of amine. In the case where the amine was in the form
" of the acid salt a welighed smount of salt was placed in the
solution to be titrated with a standardized solution of
sodium hydroxide. The latter technique was used in the
titrations reported in this paper. The table below shows a
comparison of the complexity constants obtained by Fernelius
et al. for the sulfur bearing chelating agents with those of
diamines.

Complexity
Metal Ton Chelating Agent - Constant at 30°C.
L0 CHzSCHoCHoNHg - 7.75
v HoNCHoCHo¥NH 13.06
Cu CHaSCHoCHoNWHo 10.68
" HoNCHoCHoNHp 19.60

(30) Gonick’-Fernelius and Douglas, J. Am. Chem. Soec., 7
4671° (1952). s » 18



ls

~ Considerably more data wers given by Fernelius but the
above 18 sufficlent to show clearly that coordination through
sulfur is not as aﬁrong‘as through nitrogen. (No data were
given for the ferric ion which might not react in a similar
manner.) This fact was further demonstrated by the fallure
to obtain complexes with certain sulfide amines while the
corresponding imine compounds formed readily. The colors of
the complexes formed between the various sulfide linkages are
much the same as those formed with amines containing a secon-
dary amino group in the place of the sulfur atom.

Hares, Fernelius and Bsugias (31) have recently reported
work to compare the relative stability of complex ions con~
taining chelate rings of more than § members. An attempt was
made to obtain formation constants of the complexéerf Ou*g,
¥1*2, co*2 and Zn*? ions with a series of polyamines. Ho
formation constants could be obtained in the cases of
1,4-tutanediamine, N,K-dimethyl-l,3-propanediamine, N-isopropyl-
1,3-d1amine and slpha-eminopropylmorpholine with any of the
four metal ions studied because precipitation occurred before
appreciable coordinatlion took place., Data were obtained for
all four metal ions only with 2,2-dimethyl-l,3-propanediamine
and histemine. Incomplete data were obtained for the complexes

of 3,3'~diaminodipropylamine, beta~-aminoethylmorpholine and

{31) Hares, Pernelius, and Douglas, J. Am. Chem. Soc.
1816 (1956). = 6388, ‘ » 18
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1,3-propanediamine because of precipitation with one or more
of the metal lons. The work with the 1,3-propanediamine is.
interesting because of its similarity to 1,3-bis[tris(hydroxy-
methyl)methylamino] propane studied at the Unlversity of
Richmond. The table below shows a comparison of the formation
constants of several amine complexes studied by Pernelius,

et al., with various bivalent metal fons at 30°C.
‘Formation Constants with Metal Ions

Amine cut? w2 ot?  zn*?
3,3t -Diaminodipropylamine 14.25 9.09 6.63 ==
1,3-Propanadiamine 9.62 Precipltated
2 2-D1methyl-1 3-propaneaiamine g.94 6.59 4.88 5,21
ﬁistamine 9.60 6.87 5.34 -—

Precipitation occurred most often for metal ions glving less
stable complexes (Zn and Co) and for &ll four metal ions
precipitation occcurred more often at high tempsratures where
complexes were legs stable, The cbnéiderable decrease in the
stability of the complex as the size of the chelate ring
increases from five to six members was indicated by the much
higher atability of ethylenediamine chelates than for the
ﬁropanadiamine chelates, Only two molecules of 1,3-propane-
diaminé were coorﬂinateﬁ with the metal ions while three
moleculeszs of ethylenediamine and 1,2-propanedisamine are
coordinated by the samevions.

The separation of the amino groups by four carbon atoms
as in l,4-butanediamine resulted -in precipitation before
appreclable coordination occurred. Solid coordination com-

pounds of copper with 1.4-butanediamine and hexamethylene-
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diamine were obtained by Pfeiffer, and coworkers (32), in
aleoholic solution but the compounda were unstable in water.
Additionsl data on similar compounds were published

recently by Gonlck, Farnelius_and Douglas {33). This work 1s
particularly interesting since it was done with 1,3-diamino-
2-propanol which is very simllar to 1,3-bis[tris(hydroxy-
methyl)methylamino]-2-propanol on which experimental work was
done by Trout and Erdmanis (34) and Trout and Gladding (35).
The same technlques were used in this work as in previously
reported chelation atudies by Fernelius, et al. The results

of this work are shown below:

Chelating Agent Metal Ton Formation Constants
1,3-Diamino-2-propanol  §it2 6.19
o Co*2 3,90
" Zn*2 4.60
1,3-Disminopropane Hite 7.00

These results indlcate that 1,3-diamino-2-propancl is a
somewhat weaker base than 1,3-diaminopropane. This is in con-
trast t§ the results obtained at the Enlvérsity of Richmond
a;th the polyhydroxylamines where the isopropanol diamine
derivative was found to form more stabie chelates than the
dlamino propane derivative,

- The effect of steric hindrance on the chelating tendencies

(32) P. Prfeiffer, A. Bohm and E. Schmlitsz, Naturwissenschaften,

(33) Go?ick,)Fernelius and Douszlas, J. Am. Chem. Soc., 77,
955) .

(34) Erdmanis, ¥.S. Thesls, University of Richmond (1955).

(35) Cladding, M.S. Thesis, Unlversity of Richmond (1955).
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of diamines with Cu*? and Ni*2 was 1llustrated by Basolo and

Mermari; (38). The stepwise formation constants 'were given for

two metal ions with RNHCHoCHgHWHp, where R is E, methyl,

ethyl, n-propyl, n-butyl end 1so-bropyl. Except for the
n-butyl derivative there 1s a general decrease in complex
stability with increase in the chain length of the straight
chained alkyl groups. However, complexes with ¥~isopropyl-
ethylenediamine are less stable than those of the straight
chained alkyl derivatives. Calculation of stablllity constants
w#s made by the method of Bjerrum (37). The followling results
obtained by Basolo, et al. give the effect of steric
hindgrance on the chelate stabllities of diamines:

Complexity Constants for

Chelating Agent _ Nit+2 Cutl
Fthylenediamine 19.11 20.13
N-methylethylenediamine 15.11 19.11
N-ethylethylenadiamine 14,08 18.57
N-n-propylethylenediamine 13.76 18.14
¥-n-butylethylenediamine 14,49 13,21

N-i-propylethylenediamine R.64 16.52

Although the complex stabilitiss, in general, decrease
slightly from methyl to the n-propyl substlituted derivatives,
the complexes formed by h»butyl-derivatives showed an
increased stability. The enhanced atability‘at this point

(36) Basolo and ¥ermann, J. Am. Chem. Soc., 74, 5243 (1952).
(37) Bjerrum, "Hetal Ammine Formation in Aqueous Solution,”
P, Haase and Son, Copenhagen, 1941.
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mey be attributed to the fact that a four carbon chain can
ccil ttself around to shield the central atom and render 1t
inaccessidle to the solvent.

Hans Jonamsen (38), and coworkers, have studied chelates
formed by Cu*2 and N1*2 and diethylenetriamine. Once again
usiﬁg the classic method of Bjerrum, they determined com-
plexity constants for the chelate compounds. Selected results

from thelr work are shown below:

Metal Ton Complexity Constant ~ 20%C.
cu*? 16.11
N1¥2.  10.81

‘It may be noted that the stabllities of the dlethylene-
triamine chelates are somewhat lower than with chelates
formed by ethylenediamine but are considerably higher than
with 1,3-propanedismine.

Although steric hindrance is an important factor in
chelate stability some surprising chelates have been formed.
For example, Hein and Milller {39) have reported stable
coordination compounds formed by stilbensdiamine with ¥i'2,
Kot only were they able to use stilbenediamine tut many of
its substitution products. No étability constants were
reported by these iInvestigators but they did recover and

{33) Jb?gggg?, Hurst, LeBlane, J. Am. Chem. Soc., 72, 4968

(39) Hein and Miiller, Z. fur snorg. Chem., 233, 176 (1958).
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anélyze the chelate compounds. In the case of the stllbene-
diamine a green chelate was obtained which could be separated
into yellow and blue lsomers.

. Hein and ¥uller were also able to separate isomers from
a number of substituted stilbenediamine-nickel chelates which
will not be discussed here.

Hein and Beerstecher (40) have recently prepared chelats
compounds by reacting H,N-disubstituted aminoethanol with
Cu*? fon. The chelate was formed by reacting CuCly and pure
diélkylaminaethanol in absolute alcohol. The reaction
occurred in a 1l:1 ratio to form a complex having the follow-
ing structure, assigned by Heiln (for the diethyl derivative):

H5Cg /"‘235
01\ ”,K‘_?HE
c1—" “~<])——c32
H
It may be noted that chelation is postulated to occur
through both the nitrogen and oxygen. A situation possible
in the polyhydroxyamines under study by this writer.
Schwartzenbach and Anderegg (41) state that the ring

forming (chelating) probabilities decrease rapidly from

(40) F. Hein and W. Beerstecher, Z. filr anorg. Chem. ‘29
() 93 (1956). ' € T
Schwartzenbach and Andere 7. fAr anorg. Chem.

286 (1956). e e ;882



five member rings to nine or ten membsr rings where a minimum
probability is reached, after which, as the number of possible
ring members increase, the probability of cyclization increases,
since the ring will be rearly unstrained. Also the activation
energy required to open the heterocyclic chelate ring 1s
‘about constant from five mepbers on upward. Schwartzenbach
ralses the possibility of lerger chelate ringa actuslly

being in solution but which may not be stable enough to be
recovered per se. HRelative stability constants were given

for several silver-ethylenediamine chelates, The calcula-
tions by Schwartzenbach show an appreciable stability for a
ten membered silver chelate of the following formula:

NHg---Ag" - g

: s

?2 o, /Cﬂz
HHo-~--Ag -—~HHg

| Schwartzenbach concludes that three membered rings
have far too much straln to be stable and that little 1is
mown of four membered rings, although he does not precluds
their possibility. Chelats rings contalning silver and
meércury are gulte special since these ilons do not form
stable chelates contalining five to seven members.

- ¥yman, Roe and ¥asson (42) investigated the complex

(42) ¥Wyman, Roe, and Masson, J. Am. Chem. Soc., 77, 4191 (1955).
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compounds formed by;Bg+2 with three different polyamines by
polarographic means and found that the mercuric ion reacted
with two molecules of ethylenediamine, 1,2-propanediamine, or
diethylenetrismine. They got an indication of a different
combination ratioc at high ethylenediamine ccncentrationsQ
They believe that a chelate containing four mols of ethylene-

*2 was formed. This same rossiblility of

diamine per Hg
higher ratio combinations was also found'with the other
polyamines teated.

Daa Sarma and Bailar (43) have recently described the
preparation of stable chelate compaﬁnda from b1s-sa11cyla1-

dehydetriethylenetetraamine and Co*S, Co*2, Fe'S, pe'?,

A1*3, cu*2, n1*2 ana Pa*2. The Schiff base offers six points
of attachment (sexadentate). The octahedral cowpléxes‘of'
co*S, Fe*3, 213 were obtained in their optically active
fbrms,’hut dnly two of the eight possible isomers were iso-
1ahed. ‘The copper'oompdund, which is tetra-coordinated and
planar, was obtained in opticallyractive forms, Tentativé
structures of the complexes were described from the steric
point of view and their infrared spectra. The Fe'o compound
is covalent with ci’asp:5 bonding. It also was resolved into

optically active isomers.

(43) Das Sarma and Ballar, J. Am. Chem. Soc., 77, 5477
(1955).
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Since the work of Cwyer end Lions (44) 1t has been
recognized that hexadentate ligands such as 1,8-bis~
{salicylideneémino)-3,6~d1bhcoctane { showm below) could span

| BOCgH 4 Of =N CR,CHoNH CH OB pNECH CH N =CHC gH 4OH
1 (2} (3 (&) (&) ()

the octahedral positions around a metal ion. These proposed
structurss are shown using the 115#3& numbers indicated with
the chelating agent formula.

| Structures (B), (C) and (D) are atrained structures,
but in structure {A) the K-N-O bond angle is about 90°. Tt
1s highly probable that the structure (A) is the correct one
for Dwyer' s chelate compounds, as well as those reported by
Das Sarma and Pallar.

The picture 1s slightly changed when the cupric lon is
employed. Cupric chelates always show a Cu*g coordin&tion
number of four and are planar in structure. DIas Sarma and
Ballar sssume two protons to be replaced from hydroxyl groups
and two of the four remaining nitrogens are coordinated to
the cuprle ion, thus giving a non electrolyte. The following

structure was postulated:

(44) Dwyer snd Lions, J. Am. Chem. Soc., 69, 2017 {1947).



CHEIATE STRUCTURES OF DWYERAND LIONS

(1)
) /

25

B
Ol
4 / 0%
Cv
N N
(3) 7y
N (s)



26

CHg
¥HCHCHg O

The spatial arrangement of the zn*z-glgcine chelate was
reported to be tetrahedrel by Dickinson (45). Recent X-ray
studies by Low indicate the chelate configuraticﬁ to be planar
_about the central zinc ilon.

‘Infrared studies by Sweeny, Curran snd Quagliano (46)
using the zinc chelate of gigcine!fbls~(g1ycinc)-z1nc mono-
hydrate] are in accord with the evidence from the X-ray
diffraction work, indicating a square planar configuration.
They indicate that linear sp metal bond orbitals sre involved
in the nitrogen to metal bonds in this complex as well as in
the copper and nicksel complexes. As 1s to}ba expected, with
bidentate ligands having as ons coordinating center 000‘,
one bond is essentially electrostatic (CO0~---Zn**).

Very stable chelate compounds were prepared and studied
using N-hydroxysthylenedlaminetetpaacetic acid by Spedding,
Powell, and Wheelwright (47). They reported stabllity

{45) pickinson, J. Am. Chem. Soc., 44, 774 (1922).
(48) Swggggyflggr§an and Quagliano, J. Am. Chem. Soc., 77,
_ 153 I ‘ , .
(47) Spedding, Powell, and Wheelwright, J. Am. Chem. Soc.,
78, 34 (1958).
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constants of the chelates formed with the rare earths and
§-hydroxyethylene diaminetetraacetic acid by two independent
methods.. These constants could not be determined by direct
pH titration because of the great stability of the chelates.
In the first method used, the rare earth-HEDTA stability
constents were calculated from measurements of the equilibrium
constants of the competition reactions between HEDTA and
triaminotriethylamine, for the rare earth and cupric lons.
The second method used involved polarographic m&ésuraﬁent of
the amount of free copper ions liberated shen equal molar
quantities of the copper-HETDA complex and the rare earth
ions were mixed together. A few representative complexity
constants are showm below: |

Complexity Constants ~ 30°¢.
¥etal Ton By Potentlometric ¥ethod By Polarographic Hethod

sm*3 15.15 15.3
6a*3 15.10 15.4
py*3 15.08 15.3
Ho+d 15.06 15.4
EptS 15.17 15.4
Tm*S 15.38 15.5
yu+3 15.64 15.8

There 1s no significant variation in the stabilitles of the
rare earth~HEDTA complexes, which means that no separation

of these elements could be obtained by ion exchange elution



with FEDTA as the eluting agent. The hydroxyethylenediamine-
totraacetic acid is Interesting beceause the free acld is
considerably more soluble than the common ethylenediaminetetra-
acetic acid.

Das Serma (48) and Bailar {49) are studylng the structure
of dlamines, amino acids, and diearboxyl;c acid chelates by
resolution of optically asctive forms.

The vast contemporary activity in ths field of chelation
indicates that this fleld is in its golden age. Mejor
attentlon 1s devoted to the polyfunctional aliphatic amines.
Thereas, our experimental work has been directed toward the
amino alcohols the preponderance of the work in the fleld has
been with the amino acids. This is}quite logical since theA
amino acids have already demonstrated considersble commercial
value as chelating agents.

1t seems profitable to present a condensation of the
contemporary achlevements with chslating agents similar to
the polyhydroxysmines under study gt the University of
Rictmond. This is presented in the form of a 1ist, which

follows:

(48) Das Sarma, J. Am. Chem. Soc., 78, 892 (1956).
(49) Das Sarma and Ballar, J. Am. Chem. Soc., 78, 895 (1956).



1.

2e

Se

4.

5.

6.

7.

29

Yery stable chelates are prepared with ethylenediamine
and propylenediamine and the metal 103# of the transition
series. The concentrations of ligand and pH where chela-
tion occura are similar to those found in our studies
with the polyhydroxylamines.

The coordination (chelstion) of the transition metals
through sulfur (and oxygen) 1s much weaker than through
nitrogen.. The colors are the same through either linkage.
There is a coﬁsiderable decrease in chelate étability as
the chelate ring increases from five to six to seven
members.

1,3-diamino~-2-propancl 1s a weaker chelating ageht than
1,3-diaminopropane. This 18 in contrast to our results
with 2imilar polyhydroxylamine compounds.

Steric hindrance has an appreciable effect on chelate
stability. In going from unsubstituted ethylenediamine
through K-isopropylethylenediamine, chelate stability
decreases markedly.

Chelate stabllity with transition metals is lower for
disthylenetriamine than for ethylenediamine btut higher
than those of 1.3~propaneéiamiﬁe.

Chelates of transition metals and highly hindered’
stilbenediamine {(and its derivatives) were preparsd,

recoversd and analyzed. Optically active isomers were

regolved.,
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chez.atfb/ecween cu*? and alkyl dlsubstituted aminoethanol
involved coordination through both the nltrogen and
oxygen atoms.

Chelate rings with three members are not possible, snd

none with four have been reported although they may exist.

Chelate compounds with ten or more members are possibly
‘obtaineﬁ in solution but decompose sn,recovery.A 4 stable

ten member ring chelate was reported from Ag* and ethylene-

diamine.

High ratios of ligsnd to metel ion cause high chelating

ratio between ethylenediamine and Hg+2. chélats ratios
as high aa 4 to 1 weré obtained.

'Stable chelates were formed with sexadentate bis-sali-

cylaldehydetriethylenedlamine and the transition elements.
The Fe*3 chelate contained d2sp® bonding.

Sexadentate chelating agents éan span~the -81x -+ positions
around metai ifons.

zinc and copper chelates with glycine were proven to be
planar in structure by X-ray and infrared studies. One
bond is between nitrogen and metal and involves the s
and p orbitals of the metal. The other bond is an
electrostatic bond between the metal and the carboxyl
group.

There is no appreciable difference bhetween the stabilities

‘of the rare earth chelates with hydroxyethylenediamine-

tetrascetic acid. The hydroxy acid 1s more soluble in
water than the free nnsubstituted emino acid.
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DISCUSSION OF POLYHYDROXYLAMINE COMPOUNDS

. Polyfunctlonal compounds are interesting becauase of
their ebility to react end give compounde with widely vary-
ing properties. The ethanolamines, for example, have found
wide acceptance in the chemical industry. The commercial
syﬁthesis of tgia—(hydrcxgmﬁthyl)~amino methane by the
Commercial Solvents Corp. (50) has opened the way fc-a
series highly polar aminc alechols. Tris-{hydroxymethyl)-
amino methane {(henceforth designated "Tris") was first
synthesized by Piloty snd Ruff (51) by the reduction of
tris-(hydroxymethyl)-nitromethane which was prepared by
Renry (52); Henry prepared the nitromethane derivative by
reacting fdrmaldehyﬂe‘with nitromethans,

A series of polyhydroxylamine compounds, having two
polyhydroxylamine groups on the molecule, were prepared by
Pierce aﬁd Wotiz (53) in 1944. These symmetrical polj—
hydroxydisecsndary amines were usually prepared bj heating
"Tris" with a dihalide, in most cases a dlbromide. A series
of asymmetrical dismines, all derivatives of 2-propanol,
were prepared by reacting a secondary amine with epichloro-

hydrin. TIn these preparations an excess of hydrogen halide

(50) Gabriel, Ind. Eng. Chem., 32, 891 {1940).

(51) P1loty end Ruff, Ber., 30, 1665, 2062 (1897).

{52) Henry, Bull. soc. chim., (3) 13, 1001 (1895).

(53) Pierce and Wotiz, J. Am. Chem. Soc., 66, 879 (1944).
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was added to convert all of the free bases to thelr hallde
salts. Purification of the reaction products was effected
usually by fractional erystallization. A 1list of several of
the compounds reported by Plerce and Wotiz {54) follows:

{FOCHg) sCNHCE,CHGHHC( CHOH) 5 = 2HBr
(HOCHg ) ONH( CHg) sNEC( CHOH) 5 * SHBr
(HOCH) CNE( Cllg) JNHO( CHyOH) 5 + 2HBr
(HOCHg) 3CRHCH,CHOHCE,NAC( CHgOR) 5 + 2HCL

The polyhydroxyamines prepared by Plerce and Wotiz are
characterized by their white crystallinity, high water
solubility, insolublility in alcchol and other non-polar
solvents, and thelr chemicsel stability. Plerce and Wotiz
noted a tendency for some of these compounds to hold ferric,
bisnuth and other metallic hydroxides in solution. |

It was on the basls of this observétien that Trout and
Erdmanis (55) end Trout and Gladding (56) mede a study of
the chelation of the transition metal ions with "disec,"
(HOCH, ) s CNECHo CHOHCHoRHC( CEgOH) 5+ 2HC1l. These investigators
found "disec™ to be an effective chelsting agent for the
bivalent ions of the transition metals and falr in its

chelate stabllity with the ferric ion.

(5§) Pierce and Wotiz, J. Am. Chem. Soc., 73, 2594 (1951).
(55) Erdmanis, M.S. Thesis, University of Rictmond (1955).
(56) Gladding, ¥.S. Thesis, University of Richmond (1955).



These compounds see@ed to offer a convenisnt route to
ths study of chelation. This author, therefore, prepared a
series of polyhydroxyamine hydrochlorides, some of which had
been reported by Plerce and Wotlz and some of which were new
compounds, and studied their chelation reactions with the .
ions of the first transition series. 'The methods of synthesis
and purification used were much akin to those employed by
Plerce and Wotiz and are discussed under the "Experimental

HMethods™ portion of this paper.
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EXPRERIHENTAL
1. PREPARATION OF CHELATING AGENTS

The chelating agents studled were prepared and purified
by methods similar to those ﬁsed by Pierce and Wotiz (57, &8).
Organic polyhalides were reacted in a refluxing ethanol
medium with trishydroxymethylamino methane to glve the cor-
responding polyhydroxyamine hydrochloride éerivatives, The
polyhydroxyamine hydrochlorides formed were white crystalline
sclids, quite soluble Iin water and insoluble in aleohol,
acetone or hydrocarbons.

The yields of the polyhydroxyamines from "tris” and the
polyhalidas‘ﬁere nearly quantitative, except in the case of
the propanone derivative wherse the yield was only 21 per cent
of theoretical. Considerable tar was formed in this reaction.
The preparations of 1,2,3-tris[tris(hydroxymethyl)methylamino] -
propane trihydrochloride, and 1,3-bis[tris(hydroxymethyl)-
methylamino]-~2-propanone have not been reported in the
literature. The table below shows thé,reactions employed in
the preparations of the chelating agents studied.

Since all of the polyhydroxyamine compounds were similar
only the preparation of 1,2;3-tris[tris(hydroxymethyl)methyl~
amino]prdpane trihydrochloride will be descriﬁeﬁ here in

(57) Pilerce and Wotiz, J. Am. Chem. Soc., £6, 879 (1944).
(58) Plerce and Wotiz, J. Am. Chem. Soc., 73, 2594 (1951).
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detail.

A mixture of 45.8 grams of trishydroxymethylamino methane
{3/8 mol.) and 18.5 grams of 1,2,3-trichloropropane {1/8 mol.)
were refluxed for one hour in 300 ml., of 95 per cent ethanol.
Then 50 per cent agueous potassium hydroxide was added to
bring the solution PH up to 9.5. The mixture was allowed
to reflux égain until the pH fell toc about 8 when more
potassium hydroxide was sdded. This procedure was continued
over a periocd of seven hours until the pH ceased to drop,
indicating that the reaction was complete. 100 ml. 37 per
cent hydrochloric acld wes added to the cooled solution
causing precipitation of inorganic salts. These salts were
removed by filtration and were discarded.

The filtrate was vacuum evaporated until it became a
tacky, viscous liquid. Three hundred milliliters of warm
absolute ethanol was added to the mixture causing a precipi-
tation of the polyhydroxyamine hydrochlorides along with
some inorganic salts which had not been previously removed.
The filtrate was evaporated and reprecipitated by the above
method and the precipitate was combined with the original
organic precipitate.

The combined precipitate was then dissolved in hydro-
chloric acid and water. The solution was vacuum evaporated
until viscous and precipitated by the addition of hot abso-
iﬁté éthanol.“~This procedure was repeated again and the
final:pregipitate was .filtered and vacuum dried at 50°C. for
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16 hours. The yield of 1,2,3-tris[tris{hydroxymethyl)-
methyiamino]progané trihydrochloride was 50.6 grams. The
reaction was probably quantitative with the 20 per cent losa
coming 1h the purification steps.

The compounds prepared, as sbove, were analyzed for .
hydroxyl and dhloridevgrnupa by standard methods. The
gravimetric method given by Plerce and Hsenlsch (59) gave
goéd agreement with theoretical. This method involved the
precipitation of the chloride as silver chloride. The
hydroxyl content was determined by the method of Ogg and
Willits: (80) described by Siggia (61) in his textbook.
This method 1s based on the acylation of the hydroxyl groups
by acetic anhydride to give the ester. One mol. of the
acetic_anhydride was reacted by each amino and hydroxyl
group. Good agreeﬁent with theory was given in each case
éxcept "diszsec" where a dark resction product was formed
which gave low results.

An attempt was made to analyze for carbonyl in the case
of the propanone derivative by reacting with 2,4-dinitro-
phenylhydrazine to give the corresponding 1nsoiuble hydré-
zone. No such precipitation could be obtained. A study of

(59) Pierce and Haenisch, "Quantitative Analysis,” Wlley,
Kew York (1948).

- (60) Ogg, Porter, snd Willits, Ind. Fng. Chem., Anal. Ed.,
17, 394-397 (1945). .

(61) Siggla, "Quantitative Organic Analysis vla Functional
Groups,” Wiley, New York (1951).
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~the infrared spectrum of this compound msade for the suthor by

R. L. Levins {62) showed the normal sbsorption peak for
carbonyl to be shifted downward Indicating that the compound
may be in the enol form or that the carbonyl is tied up by
hydrogen bonding with one of the many hydroxyl groups in its
vieinity.

(62) R. L.’Levina; Privatevcommunieation, Qct. 12, 1955.
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2. PREPARATIOR OF CHELATE COMPOURDS

The chelate compounds were formed by adding the chelat-
ing agent (palyhyﬁroxyémine hyﬁrochlori&e) to an aqueous
solution of cupric nitrate, or other transition metal
nitrates, and sodium nltrate. The aclidity of the solution
was then adjusted to a point where chelation occurred by the
addition of 1 molar aqueous sodium hydroxide. In the‘finél
chelate mixture the concentrations were as follows:

xaﬁas - 0.100 ¥

Gu(ﬁag)z - 0.010 ¥

Ch. Agent - 0,010 ¥
Theae concentrations were varied somewhat but no metal ion
concentrations above 0.02 M were used.

In all the qusntitative work, such as pH titrations,
spectrophotometric studies end Job's method determinations,
- the hydrochloride salts of the polyhydroxyamine compounds
were used. The free base, supplied by J. S. Plerce (63) was
used in the work vhere the copper chelate was prepared in
methanol and recovered by precipitation with dlethyl ether.

%hen a solution containing 5 grams of the "disec” free
base in methanol was reacted with an equi-molar amount of

Cu(XOg), a royal blue colored chelate solution was formed.

(63) J. S. Plerce, Private Gift and Communication, June 22,
1956,
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The chelate was much more soluble in methanol than was the
"disec” free base so 1% could be evaporated down to a volume
of 25 ml. without precipitation. Either dloxane or die’thyl
ether when added caused the chelate compound to precipitate
out of solution, while ecetone did not. -

For the recovery, ether wés uséd a8 the precipitant.
After seven precipitations from methanol the chelate compound
remained a heevy royal blue oll. This o1l was recovered and
vacuum dried at 50°C. overnight. After drying the chelate
was g hard plastic-like blue =0lld whiéh picked up moisture -
on standing in alr to return to a thick blus liquid materiel,
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3. METHODS OF DETECTION AND STUDY OF CHELATE COMPOUNDS

 Martell and Calvin (64) glve an excellent summary of
the methods for the detection end study of chelate compounds
in their book. The isolation, purification and analysis of
pure chelate compounds was considered by Pfeiffer (65) to be
conclusive in deciding whether a componnd’was a chelate. |
This method was used in the experimental chelation program at
the University of Richmond by this author in one case but
seems rather difficult and involved for the amount of informa-
tion 1t discloses.

An important method for detecting chelate formation 1s

the alteration of normal chemical reactions in solution.
The fact that metal ions in solution do not undergo their
normal reactions 1s a good indication that they are not
present. Lej {66) asad‘this msthad'whan he observed that
the copger-glycine chelate did not hydrolyze in water vhile
the wesker coppéraalanina chelate 4id. We have used this
method of observation in our work where we found that the
.cuprié 1on'when.chelgted with several of the strong chelating
agents d41d not precipitate even in concentrated aqueous
sodlum hydroxide bubt it did precipitate as the hydroxide

(64) Martell and Calvin, "Chemistry of the Hetal Chelate
Compounds,” Prenticé-Hall, New York (1852).

(65) Pfeiffer, Golther and an§ern, Ber., B80B, 305 (1927).

(66) Ley, Ber., 42, 354 (1809). ;
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with the weaker agents such as 1,3-bis{tris{hydroxymethyl)~
methylamino] ~2-propanone.

Color and absorption spectra are perhsps the most
- obvious methods for chelatlion detection. This method of study
lends itself well to both qualitative and quantitative work
and was used throughout the study of chelation with the
polyhydroxylemines.  Foley snd Anderson (67) have used this
treatment in thelir work with uranyl-sulfosalicylic acid
chelation studies. Various other Investigators have usged
this method with success,

Electrical conductance was used by the early investi-
gators in this field since the disappearance of ions in com-
plex formation could cause an appreciable change in the con-
ductance of 7the solution. The contemporary workers in this
field use the method very little and it seemed of no value
in the work with polyhydroxyamine chelates since the material
was highly ioniec.

¥ost chelates occur as & result of the replacement of
one Or more usually weak protons on the chelating agent by
a metal ion. Qhelation is then aecompanied by a decrease
in the pH of the reaction mixture. It can be further con-
cluded that the greater the tendency for the metal to combine,
the greater the drop in pH. This constitutes a éimple method

(67) Foley and Anderson, J. Am. Chem. Soc., 71, 909 (1949).
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of testing for chelation and for the determination of the
relative stabllities of chelates. This method lends itself
te the quantitative treatment of chelation data bettef than
any other method of treatment and, as such, 1is more used by
contemporary workers than any other method. It was the -
Primary tool used in the study of the polyhydroxyamine-
transition metal chelates. Bjerrum (638) did the classic
work with this treatment of chelates.

Other methods found useful in the study of chelate com-
pounds are as follows: qptical,activity, sqlubility, reaction
rates studlies, X-ray diffraction studies, infrared aspectra
and magnetlic susceptibility measurements. The latter three
methods seem appliceble to the study of the polyhydroxyamine

chelates but were not used for various reasons.

(68) Bjerrum snd Anderson, "Metal Ammine Formation in
Agueous Solution," P. Haase and Son, Copenhagen (1945).



4., STABILITY CONSTANTS

¥Much of the recently reported chelation data has been _
treated by means of the classic method of Bjerrum (69’ in which
stepwise formation constants were calculated. This is a tech-
nically sound approach and has been covered in some detail by
¥artell and Calvin (70); Carlson, ¥cReynolds and Verhoek (71):
and Erdmanis (72). For the ccmplicaﬁed system of the poly-
hydroxyamine chelates, the treatment implies quite excessive
accurscy. An overall complexity constant such as'the 19.60
reported by Fernelius for the Cu''-ethylenedlamine chelate
would réquire extrame accurac? in titration and pH measurement.

Tt seemed more prudent to work with what Bjerrum called

‘the complexity constant which is simply the overall equilibrium

constant for the chelation reaction. For the reaction

M + NA &= MAy vwhere: ¥ = central ion
‘ N = number of coordinating ligands
A = coordinating 1igand
MAy = coordinatively saturated chelate
K (may) whers: MAy = activity of the saturated chelate
¥ =0 (A)F ¥ = agctivity of the uncomplexed
metal ion '
A = activity of the uncomplexed
' ligand

N = number of ligands

{68) Bjerrum snd—indersewm, "Metal Ammine Formation in Aqueous
Solution,” P. Haase and Son, Copenhagen (1945). /¢

(70) Hartell and Calvin, "Chemistry of the Hetal Chelate Com-
pounds,” Prentice-Hall, New York (1952).

{71) Cerlson, HcReynolds and Verhoek, J. Am. Chem. Soc., §7,
1334 (1945).

{72) Erdmanis, ¥.S. Thesis, University of Richmond (1955).
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All of the experimental work was done with a large
excess of ionic strength (0‘1 molar NaeNOsz; compared to 0.01
molar for chelate) so that the activity coefficients should
not vary appreclably 1n the reaction. It was, therefors,
possible to substitute concentrations in the equilibrium
expression without introducing appreciable error;

The concentrations requisits for the calculations were
obtalned from the known concentrations of ligand aﬁd metal ion
' charged and from the pH titration curves. Since in each case
the chelation of the metal lons resulted in the displacement
of two protons from the ligand, the concentration of saturated
chelate could be determined by the difference in the amount
of sodium hydroxide reqﬁired to produce the same PHE in the
pure ligand and the chelated solution. The concentrations
of the ligend and the metal ion at equilibrium were obtained
by subtracting the concentration of saturated chelate from
the original concentrations of the ligand and lon. The cons~
- tants thus obtained are shown below:

: ‘ _ Complexity
Ligand ¥etal Ton Constant ~ log Kg
1,2,3-tris[tris(hydroxymethyl) -
'm;thylamino]prapane un*2 2.24
same co*2 5.65
same cut? (approx.) 10.00
1,2-bis[tris{hydroxymethyl) - .2 .
methylamino]ethane Cu 2.5

1,3-bisltris( hydroxymethyl)-
’methylamino]-2-propanone cut? 2.57
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‘It may be noted that the order of stabilities in the
cass of the 1,2,3-propanetriamine derivative chelates are in
agreement with those llsted by Mellor and Malley (73, 74).
The above stability constants confirm the fact, previously
surmised from other guallitative observations, that the
1,2,3~-propanetriamine derlvative 1s, by far, the étrongeat
chelating agent prepared. It was not possible to obtain
stability constants for all the chelating agents or metal
ions tested because of precipltation of the metallic ion as
the hydroxide before appreciable caordinatioﬁ ocecurred. For
example, none of the agents tested chelated the ferric ion,
except "disec." This i1s interesting since the stabllity
constant for the "disec"-copper chelate, reported by Erd-
manis (75), was of the same order of magnitude (6.45) as
that of the 1,2,3-propanetriamine derivative. Yet "disec”
chelated iron, although weakly, ﬁhile the 1,2,3-propane-
triamine éerivative did not. This suggests that a completely
different mechanism is involved in the chelation of the
ferric and cupric ions by the polyhydroxyamines. Since the
secondary alcohol group on the 2-carbon is the only feature
which "disec” has which is not contained in at least'aome of
the other polyhydroxyamine compounda'(which 413 not chelate

(73) Mellor and Malley, Nature, 159, 370 (1947).
(74) ¥ellor and Malley, Nature, 161, 436 (1948).
(75) Erdmanis, M.S. Thesls, University of Richmond (1955).



the ferric ion), one surmises that the secondary alcohol

group 18 involved in the chelation of iron.

47
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5. POTENTIONETRIC TITRATIONS

¥hen chelation occurs there iz a displacement of one or
more protons from the chelating agent by the metal ion.
?his causes a change in the hydrogen ion concentration of the
solution. The drop 1ﬁ PH was used In a quantitative treat-
ment of the chelation data. This work was described in the
preceding section of this thesls,

It was not possible to treat all of the chelates
quantitatively since some precipitated before appreciable
coordination occurred. aoweﬁer, these experiments were
evaluated qualitatively as competitive reactions between the
OH™ and the chelating agent for the metal ion. The poten-
tiometric titrations are discussed in the following section
for the savefal metal lons tested with each chelatingragent.

(a) 1,2-Bis[tris(hydroxymethyl)methylamino] -
*“ethane - 0u¥g Tymethy i !

The pH titration curve with the above chelate and aqueous
sodium hydroxide is shown on Figure 1 and the table of experi-
mental data is shown on Table 1. The titrations of the
Cu(NOz)y solution and the free ligand are shown on Tables 2
and 3, respectively.

It was noted that chelation began at a pH of about 5.

The color of the chelate compound was blue until 1t was made
just basic. The color then changed to violet. Frecipitation
of cupric hydroxide occurred when the solution was made more

basic (about pH 9). pH titratlons (not shown) using Fe'S lons
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TITRATION OF 1,2-ETS [TRIS{HYDROXYHETHYL )METHYLAKTNO] -
“ETHANE WITH NaOH

20 ml. 0.500 ¥ WaNOz
10 ml. 0,100 ¥ Chelating Agent
70 ml. Tistilled ¥Water

ml. NaOH
C.00
c.06
0,10
0.14
0.20
0,26
0.30
0.36
C.42
0.45
0.48
0.50
0.562

pH

2.39
2.40
2.45
2.49
2.56
2.69
2.79
3. 01
3.50
4.25
5.00
6.00
6.50

ml. HaOH
0.54
0.60
0.80
0.91
1.00
1.13
1.19
1.25
1.28
l.34
1.38
1.47
1.54

1.000 ¥ NaOH

PH
6.89
7.30
7.91
8.13
3.31
8,70
8.89
9.15
.41
10,19
10.61
10.82
11.00



TABLE 2

TITRATION OF Cu(NOgz)p WITH NaOH

10 ml. 0.100 ¥olar Gu(ﬁﬁs)g
20 ml. 0.500 ¥olar NaNOs
70 ml. Distilled Water

ml. ¥a0H

0.00
0.02
0.12
0.35

PH
4.49
5.31 pptation.
5.62
5.91

51

1.00 ¥ BaOH



52

TABLE 3

TITRATION OF 1,2-BIS[TRIS{HYDROXYMETHYL )METHYLAYINO] -
~ ATHANE-Cu(¥03)y WITH NaOH '

A B
20 ml., 0.500 ¥ NaNO3 20 ml, 0,500 ¥ Ha¥NO
10 ml. 0,100 ¥ Chelabting Agent 20 ml. 0.100 ¥ Chelating Agent
10 ml. 0.100 ¥ Cu{NOz)o 10 ml. 0,100 ¥ Cu(¥O03)g
60 ml. Dlstilled ?’atar 50 ml. Distilled ‘%‘?ater

1,000 ¥ ¥aOR

A B

ml. ¥aOH PE ml. ¥a0RB pH
0.00 2.40 0.00 2.36
- 0.10 2445 0.09 2.42
0.14 2.49 0.18 2.50
0.20 2.59 0.20 Q.77
Q.36 Z.01 Q.28 2.05
- 0.40 3.39 0.41 3.50
Q.44 ZeTG 0.48 4,98
0.46 4,25 0.50 5,30
Q.50 £.00 0.5% - 5,51
0.53 5.55 0.71 5.689
0,60 5.80 0.81 8.03
0.72 S.11 0.95 6.21
0.20 8.85 1.11 6.40
0.83 65450 1l.21 553
1.08 €.88 1.3 6.70
1.14 7.00 - 141 6.84
1.30 7 .42 1,48 7.00
1.40 770 1.81 7.20
1.69 8,21 1.73 7.51
1.68 R.50 1.85 7.78
1.77 9,30 1.91 7.96
1.81 2.85 2.01 B.22
1.98 10.50 2.11 8.64
1.89 10.70 2.15 9.21
2.02 10.95 2,19 g.72
2.25 10.23

2.33  10.80
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resulted in no coordination, but rather rapid precipitation
of ferric hydroxide. On the basis of the pH titrations, one
concludes that this polyhydroxy derivative of ethylene;
diamine 18 a rather weak chelating agent.

(b) 1,2,5~Tris[triaéhydrcxymethyl)methylamino]-
propane -~

PH titrations made In this study using aqueous sodium
hydroxideézﬁﬂshown on Figure 2. Experimental dataligékhown
on Tables 4, § and 6. This was a very stable chelate com-'
vpound when elther the 1l:1 or 2:1 ratio of ligand to cupric
153 was used. No sign of precipitation was noted after this
material was stored for six months in concentrated sodium
hydroxide.

(e) 1,2,3-Tris[tris{hydroxymethyl)methylamino] -
propane - Cot+

Thls chelate was studied by means of potentiometric
titrations with aquebus sodium hydraxide. The titration
curve for the 1l:1 ligand to metal ion ratio is shown on
Figure 3 while the experimental data is shown on Table 7.
A stable chelate was formed with Co’' at about pH 6.0 which
was reddish yellow in color. As the chelate solution was
made more basic the color darkened. Yo precipitation was
noticeable immediately after the titration was completed.
After setting a week at pH 11.5 the cobaltous ion precipi-

tated as the hydroxide.
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TITRATION OF 1,2,3-TRIS[TRIS(HYDROXYYETHYL

10 ml. 0.100 ¥olar Cheleting Agent
70 ml. Distilled Water

ml. NaOH
0.00
0.04
0.075
0.14
0.17
0.20
0.27
0.22
0.36
0.57
0.7
0.81
1.00
1.23
1.37
1.73
1.86
2.31

TABLE 4

PROPANE WITH WaOH

PH
5.13
6.06
6.33
6.689
6.79
6.87
7.02
7.11
7.18
7.42
7.55
7.62
7.74
7.89
7.96
8.14
8.21
8.46

ml. NaOH

2.64
2.91
3.17
3.25
3.36
3.46
3.57
3.64
3.73

3,80

3.91
4.00
4.22
4.55
4.85
5,00
6,00

85

JHETHYLAMINO] -

1.050 ¥ NaOH

PH
8.66
5.89
9.11
9.26
9.50
9.75

10.18
10.48
10.88
11.06
11.25
11.40
11.60
11.71
11.78
11.80
11.94



TABLE 5
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TELTRATION OF 1,2,3-TRIS[TRIS(HYDROXYMETHYL )METHYLANINO]~
PROPARE-Cu(¥03)o WITH NaOH

10 ml. 0.100 ¥olar Chelating Agent

10 mil.,
20 ml.
60 ml.

0.100 Molar Cu(NOs),

0,600 Holar HalOg

Distilled Water

ml. HaOH
0.00
0.05
0.09
o.12
0.18
0.20
0.215
0.248
0.290
0,31
0;36
0.40
0.45
0.51
0.55
0.60
0.83
0.66
0.70

“pH

3.89

4.50
4.66
4,79
4,94
5.00
5.086
5.13
5.19
5.21
5.29
5.31
5.39
5.45
5.48
5.51
5.52
5.56
5.€60

ml. ¥aOH
0.77
0.82
0.90
0.97
1,09
1.13
1.19
1.26
1.50
1.65
1.78
1.93
2,13
2.37
2.50
2,60
2.75
2,93
3.23

1,050 ¥ WaOH

pH
5.863
5.69

B.72

5.78
5.84
5.88
5.90
5.96

6.09

6.16
6.22
6.31
6.49
6.64
6.73
6.84
6.96
7.13
739



ml. NaOH

TABLE & (CONTINUED)

pH
7.50
7.80
8.00
8,09
8.20
8.49
8.64
8.79
8.91
9.03
9.15
9.42
9.69
10.21

ml.vHaOH
5.27
5.33
5.40
5.51
5.67
5.856
6.05
6.86
7.28
7.88
8.41
9.34
10.01
15.00

PH
10.48
10.80
11.00
11.21
11.40
11.55
11.65
11.84
11.89
11.96
12.00
12.05
12.10
12,23

57
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TABLE g

TITRATION OF 1,2,3-TRI SLTRIS(HYDROXYME THYL JMETHYLAMTNO J-
PRQ?AHE-Cu(H03)2 WITH NaOH

10 ml. 0,100 ¥olar Cu(NOgz),
20 ml. 0.100 ¥Molar Chelating Agent
20 m1. 0,500 Molar NaNOgz

50 ml. Distilled Water 1.050 N NaOH
ml. NaOH = pH ml. ¥aOH PH
0.00 3.72 l.02 6.12
0.04 4.09 2.09 6.27
0.10 4.45 2.25 6.39
0.14 4.51 2.56 6.60
0.17 4.65 2.74 6.74
0.26 4.86 2.97 6.92
0.33 4.97 3.28 7.15
0.44 5.14 3.54 7.20
0.49 5.21 3.78 7.41
0.54 5.29 4.14 7.60
.61 5.32 4.64 7.75
0,70 5.41 5.08 7.90
0.76 ' 5.50 5.40 .15
0.92 5.58 6.88 8.563
1.05 5.68 7.40 8.79
1.16 5.73 7.62 8.90
1.38 5.88 7.90 9.15

1.63 6.00 8.08 9.31



ml. HaOH
8.25
8.38
8.40
8.57
8.66
8.78
8.96
9.27

TABLE g

PH
9.64
9.96

10.40
10.70
11.03
11.21
11.48

- 11.70

( CORTIRUED)

59
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TABLE 7

TITRATION OF 1,2,3-TRIS[TRIS({HYDR) XYMETHYL )ME THYLAYTNO] PROPANE-
Co{N0z)y WITH NaOH

10 ml. 0.100 Molar Co(ﬁﬂg)
30 ml. 0.100 Molar Chelatifig Agent
20 ml. 0.500 Holer KaNOz

60 ml. Distilled Water 1.000 ¥ KaOH
ml. NaOH pB ml. ¥aOH PH
0.00 5.81 1.80 8.07
0.06 6.55 1.95 B.11
0.14 6.70 2,07 B8.15
0.19 6.80 2.44 8.25
0.24 6.91 2.60 8.30
0.28 7.00 2,70 8.52
0.34 7.08 3.03 8.41
0.40 7.15 3.32 8.50
0.52 7.30 - 3.86 4.70
0.60 7.39 4,02 8.75
0.78 7.51 4.35 8.91
0.90 7.61 4.51 9.00
1.00 7.69 4,75 9.15
1.11 7.71 4.80 9.20
1.20 7.79 5.00 9.30
1.34 7.85 5.08 9.41
1.47 7.91 5.24 9.51

1.60 8.00 5.29 9.66



ml. NaOH
5.48
5.52
'5.59
5.65
5.74
5.83
5.93
6.21
6.66
8.65

TABLE 7 (CONTINUED)

FH

10.01°

10.25
10.45

10.70

10.85
11.06

11.20

11.44
11.67
12.00

pptation.
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(4) 1,2,3-Tris[tris(hydroxymethyl )methylanino) -
propane - ¥n

The potentiometric titration curve of the 1,2,3-
propane triamine derivgtiée 1s shown on Pigure 3 and experi-
mental data 1s shown on Table 8. Precipitation of the
ahelate'océufraﬁ at pH Q.O.V This indicates the chelate to
be rather ﬁnstabla since the solubllity product of ¥n(O0H)g
had not been greatly exceeded. |

{e) 1,2,3-Tris[trisghydrozymethgl)methylamino]-
propane - Fet

No chelate was formed between the ferric ion and the
1,2,3~propané triemine derivative. This 1s clearly demons-
trated by the pH titration curves shown on Figure 4 and the
titration data on Table 9. It 1s notable that this compound,
which was the most powerful agent tested for the chelation
of the bivalent transition metals, had no tendency to complex
the ferric ion.

(f) 1,3-815[tria(hydroxgmethyl)methylamino]-
2~propancne - Cu*

The 1:1 chelate preclipitated neasr neutral. The titra-
tion curves are shown on Figure 5 and the data are shown on
Tables 10 and 1l. The chelate formed at about pH 5. It was
blue but turned to a violet color at pH 7, as thg other
cupric chelates with the polyhydroxyamines. Under strongly
basic conaitions.precipitatlon of cupric hydroxide occurred.
The 2-propanone derivative did not form coordination compounds

of detectable stability with the ferric ion or with the ions



TABLE B

TTTRATION OF 1,2, 3-TRIS [TRIS(HYDROXYHETHYL )¥ETHYLAYTNO] PROPANE~
¥n(R03)p WITH HaOH

10 ml. 0.100 Molar Mn(N0x),
10 ml. 0.100 Molar Ghelaging Agent
20 mi. 0.500 Molar ﬁaﬁﬁs

60 ml. Distilled ¥ater : 1.000 B NaOR
ml. NaOH PH ml., HaOH PH
0.00 6.00 1.92 8.29
0.08 6.55 2.36 8.50
0.24 7.11 2.66 8465
0.28  7.20 3.16 8.90
0.38 7.31 3.31 2.00 pptation.
0.48 7.44 3.64 9.18
0.62 7.60 3.93 9.41
0.72 7.69 4.18 9.60
0.80 7.72 4,39 10.01
1.01 7.89 4.51 10.55
1.29 8.01 4.62 10.90 -

1.51 8.14
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TABLE 9

TITRATION OF 1,2,3-TRIS[TRIS(HYDROXYMETHYL )¥ETHYLAMING] -
PROPANE-Pe(NO3) 5 WITH ReOH

10 ml. 0.050 Molar Fe(NOz)«
10 ml. 0.100 Molar Chelating Agent
20 ml. 0.500 Holar WalNOjz

60 ml. Distllled %ater 1.050 ¥ ¥aOH
ml. NaOH pH ml. NaOH R
0.00 1.31 6.47 2.85
0.92 1.42 6.80 2.85
4.70 2.00 6.86 . 3.30
5.00 2.12 7.02 4.33
5.61 2.44 7.04 4.99
5.86 2.62 7.12 5.79
5.97 2,73 7.4  6.18
8.17 2.84 7.25 6.42
6.18 2.84 7.40 6.62

6.34 2.85 7.44 6.80
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TAELE 10

TITRATION OF 1,3-BIS[TRIS{EYDROXYMETHYL JMETHYLAYINO]~
2-PROPANONE WITH NaOH

10 ml. 0.100 Molar Chelating Agent
20 ml. 0.500 Molar NaNOx

70 ml. Distilled Water

ml, HaOH
0.00 -
0.04
0.06

1 0.10
0.12
0.16
0.20
0.24
0.28
0.36
0.50
0.70

PH
4.05
5.26

6.28

6.59
6.82
6.98
7.22

7.24

7.30
7.44
7.69
7.86

ml. HalH
0.84
0.93
1.18
1.30
1.52
1.62
1.69
1.78
1.84
1.90
1.98

1.000 ¥ ¥aOH

pH
8.00
8.12
8,38
8.50
2.81
9.05
9.30
9.69
10.35
10.80
11.03
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- TABLE

TLTRATION OF 1,3-BIS[TRIS(HYDROXYMETHYL)METEYLANTHO] -
| 2-PROPANONE Cul{N03z), WITH NsOH

10 ml. 0,100 Molar Chelating Agent
10 ml. 0,100 ¥olar C“(Hos)g

60 ml. Distilled Water - 1.000 N NeOH
ml. NaOH PH ml. NaOH pH
0.00 3.69 S 1.00  s.01
0.01 3.79 1.18 6.02
0.02 4.28 1.44 6.19
0.07 4.61 1.53 6.24
0.10 4.81 1.66 6.36
0.14 4.96 1.76 6.48
0.18 5.07 1.91 6.61
0.22 5.15 2,02 6.70
0.20  5.30 2,11 6.80
0.32 5.36 2,20 6.90
0.40 5.44  2.28 7.00
0.47 5.51 2.54 7.30
0.61 5.65 2.70 7.44
0.68 5.80 2.77 7.61 pptation.

0.82 5.81



of the rare earths. This 18 gseen in the titration datsa
shown on Tables 12 and 13.
(g) 1,3-Bis[tris(hydroxymethyl)methylamino] propane

- The above chelating agent was used in a number of
potentiometric gtudies uéing 0.01 molar agent and metal ion
strengtha;'as in the other'chalation studies. The chelate:
with cupric ion formed at a pH of approximately 5, and was |
royal blue in color. _The color changed to purple at pH 7.
Tt was stable in rather basic solutions although aome pre-
cipitation occurred after severél weeks storage in strong
base when a 2:1 1igand to Cu*2 ratio was‘used, Precipitation
'oceurred with the 1:1 chelate at pH9. These effects are
shown by data on Tables 14, 15 and 18.

Green chelates were prepared with the *l,B—PPOPanediamine
derivative and the N¥1*2 ion which precipitated as the Ni(OH),
upon standing for a périod of a week In strong base. The
titration data for the 2:1 and 1l:1 chelates are shown on
Tables 17, 18 end 19. |

Tables 20, 21 and 22 show potent;cmetric titrations of
zn(Hog)z-l,S-bis[tria(hvdroxymethyl)méthylaminn]propane solu-
tions. Precipitation bf the zine occurred in each case with
- no appreciable chelate formation. Similar results were
obtained in titr#tions:uaing the ferric and manganous ions.
These results are shown on Tables 23 and 24.

The results shown on Table 25 Indicate that a reasonably
stable chelate is formed by 1,3-bls[tris(hydroxymethyl)~



TABLE 12
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TI TRATION OF 1,3-BIS[TRIS({HKYDROXYMETHYL JMETHYLAMINOG]~

10 ml. 0.050 ¥olar Fe(XNO
0.100 ¥olar Chsla

10 ml.
20 ml.
60 mle

2- PROPANONE-Fe(NOz)x WITH NaOH

Distilled Water

ml. NaOH
0.00
0.01
0.02

1.2
1.24
1.36
1.57
1.88

2,08
2.28
2.75
3.70
4.01
4.28
4.53
4.73
5.00
5.34

pH

1‘40'

1.40
1.40
1.42
1.43
1.45
1.47
1.50

1.50

1.52.

1.55
1.65
1.69
1.72
1.76
1.80
1.86
1.91

%135 agent
Ing Agent

‘ml. KaOH
5.54
5.68
6.00

 6.25
6.52
6.64
6.84
6.96
7.20
7.44
7.49
7.63
7.80
7.92
8.04
8.16
8.24
8.29

1.000 ¥ NaOH

2
1.99
2,02
2.15
2.24
2.38
2.46
2.55
2.64
2.18
2.45
2.80
2.80
2.88
2,95
3.10
3.40
3.90
5.30 pptation.



TABLE 13

72

TITRATION OF 1,3-BISITRIS(HYDR XYMETHYL )JETHYLAYINO]~
2-PROPANONE~RARE EARTH NITRATE WITH NaOH

10 ml. O.1 Holar Rare Easrth Hitrate

20 ml, 0.100 ¥olar Chelating Agent
20 ml. 0.500 Molar HelOx
50 ml. Distilled Water

ml; KaOR
0.00
0.02
0.08
0.11
0.14
0.17
0.30
0.46
0.42
0.56
0.76
0.96
1.10
1.30
1.92
2,38

PH
4.42
5.65
6.50
6.90
7.12
7.24
7.58
7.73
7.82
7.90
8.04
8.20
8.25
8.30
8.19
8.31

pptation.

1.000 N NaOH



TABLE 14
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TITRATION OF 1,3-BIS[ TRIS{HYDROXYMETHYL ))YETRYLAMINO]PROPANE

WITH HaOH

10 ml. 0,100 ¥olar Chelating ngent

20 ml. 0.500 ¥olar HaR0x

70 ml. Distilled Water

ml. NaOH
0.00
0.04
0.13
0.17
0.23
0.35
0.54
0.65
1.00
1.15
1.34

pH

6.75
7.00
7.05
7.25
7.42
7.74
7.90
8.20
8.31

'8.49

ml. HaOH
1.65
2,00
2.40
2.68
2.94
3.95
3.43
3.58
3.69
3.85
4.00

1.00 ¥ NaOH

pH
8.66
8.90
9.13
9.30
9.55
9.80
10.05
10.36
10.75
11.00



TABLE 15

74

TITRATION OF 1,3-BIS[TRIS(HYDROXYMETHYL )METHYLAYINOJP ROPANE-
Cu(KOz), WITH NaOH

10 ml. 0.100 ¥olar Cu(RO
10 ml. 0,100 Holar Chela

20 ml.
60 ml.

)
gigg Agent

0.500 Molar RalOx
Distilled %ater

ml. NaOH
0.00
0.02
0.04
0.055
0.19
0.24
0.28
0.32
0.36
0.42
0.45
0.55
0.64
0.82
1.07
1.44
1.79

pH
3.00
3.30
3.50
3.62
4.16
4.52
4.75
4.85
5.00
5.10
5.20
5.32
5.42
5.60
5.80
6.02
6.25

ml. NaOH
2,10
2.24
2.40
2.55
2.68
2.84
3.01
3.40
3.65
3.85
4,05
4.20
4.51
4,79
4.95
5.00

1.00 K NaOH

pH
6.51
6.75
6.93
7.19
7.59
7.60
8.09
8.29
3.50
8.70
2.89
9.01

1 9.39

9.50
9.71
g.72

pptation.



TABLE 16

75

TITRATION OF 1,3-BIS[TRIS(HYDROXYKE THYL )METHYLAMINO1PROPANE~
Cu(NOz)g WITH NaOH

S ml.
10 mlo
20 ml.
65 ml.

0.100 ¥olar Cu(NO
0.100 ¥olar Chels
0,500 Molar NalOg

Distilled Water

ml. NaOH
0.00
0.03
0,09
0.13
Cc.16
0.19
0.26
0.30
0.42
0.63
0.92
1.01
1.1
1.24
1.39
1.52
1.68

PH
3.31
3.50
4.00
4.28
4.69
4.90
5.24
5.35
5.64
5.90
6.31

650

6.80

- 6.98

7«30
7.58
7.88

)o
ging Agent

ml. NaOH
1.86
2.04
2.14
2,33
2.55
2.76
3.02
325
3.48
3.67
3.82
3.97
4.09
4.22

1.00 ¥ NaOH

pH
8.11
8.36
8.44

- 8.70

8.89
9.05
9.28
9.49
9.71
9.94
10.05
10.61
10,90
11.20



TABLE 17

- TITRATIOR OF Hi(K03)2 WITH NaOH

20 ml. 0,500 ¥olar NaX0x
70 ml. Distilled ¥Water

ml. NaOH PH

- 0.,00 5.70
.03 7.24
0.06 7.82
0.09 2.02 pptation.
0.34 8.15
0.59 8.24
0.87 "‘8.30
1.17 8.38
1.42 8.51
1.63 8.71
1.73 8.20
1.81 9.35
1.85 10.24
1,91 10.50
2.00 10.81

78

0.981 ¥ NaOH
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TABLE 18

TITRATTON OF 1,3-BIS[TRIS(HYDROXYMETHYL )METHYLAMINO] PROPANE~
K1(NOz)p WITH NaOH

10 ml. 0,100 ¥olar Chelating Agent
20 m1. 00500 KO].ar HaHO;S

65 ml. Distilled ¥Water 0.981 ¥ NaOH
wl. NaOH pH ml. NaOH pH

0.00 4.80 2.17 8.73
0.04 5.68 2.45 8.90
0.08 5.88 2,70 9.02
0.12 6.02 3.00 9.19
0.14 6.12 3,20 9.30
0.18 6.24 3.58 9.51
0.21 6.42 3.87 9.74
0.24 6.56 4.04 9.92
0.34 6.89 4.18 10.04
0.44 7.14  4.33 10.25
0.62 7.42 4.43 10.48
0.75 7.60 4.59 10.80
0.88 7.75 4.80 11.00
1.10 7.98
1.24 8.10
1.43 B.24
1.72 8.46

1.95 8.60



TABLE 18

TTTRATION OF 1,3-BIS(TRIS(HYDROXYMETHYL)METHYLAMINO] PROPANE-
Ki(NOz)y WITH NeOH

10 ml. 0.100 Holar Chelating Agent
20 ml. 0.500 Molar NaNOs
60 ml. Distilled Water

ml. NaOH PH . ml. NaOH PH
0.00 4.79 2.08 B.39
0.04 5.28 2,33 8.50
0.086 5.51 2.57 89.66
0.12 5.88 2.88 8.80
0.18 6.11 3.16 8.95
0.22 6.20 3.45 9.12
0.28 6.47 3.71 9.24
0.36 6,71 4.03 9.46
0.47 1 6.97 4.34 9.65
0.61 7.14 4.60 9.86
0.80 7.42 4.78 10.01
1.03 7.69 4,92 10.20
1.28 7.89 5.01 10.36
1.53 8.08 5.12 10.58

1.77 B.25
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TABLE 20
TITRATIOR OF Zn(NOgz), WITH HaOE

10 ml. 0.100 Molar Zn(HOS)g
20 ml. 0.500 ¥olar KaNOg :
70 ml, Distilled Water 0.9868 ¥ NaOH

ml. NeOH oH
0.00 5.51
0,03 6.50
0.08 7.12 pptation.
0.27 7.23
0,73 7.60
1.24 7.75
1.87 8.20
2.02 10.00
2.05  10.48

2.13 10.61



TAELE 21

80

TITRATION OF 1,3-BIS[TRIS{EYDROXYMETEYL )METHYLAMINO]PROPANE~

Zn(N03z), WITH NaOH

10 ml. 0,100 Molar Chelating Agent
20 ml. 0.500 Molar NaNOgz
65 ml, Distilled Water

ml. NaOH
0.00
0.06
0.09
0.14
0.20
0.23
0.29
0.34
0.52
0.61
1.12
1.78
2.08
2.62
2.80
3.02
3.59
3.88
4.05
4.25

pH
5.96
6.39
6.52
6.78
8.92
7.01
7.12
7.26

T7.42

7.50 pptation.
7.81
8.25
8.61
8.86
9.01
2.19
9,39
9.55

9.68

9.86

0.986 N NaOH



TAELE 929

a8l

TITRATION OF 1,3'318[TRIS(HYDRDXY%ETHYL)EETﬁYLAEIHO]PRQPA§E~
Zn( 303)2 ¥WITH Ea0H

10 ml. 0.100 Molar Zn(¥0
10 ml. 0.100 ¥olar Chela
20 ml. 0.500 Molar NaNOg

60 ml, Distilled Ynter

ml. HaOH
0.00
0.02
0.04
0.09
0.12
0.15
0.23
0.25
0.35
0.42
0.45

PH
4.91
5.59
5.99
6.20
6,40
6.51
6.75
6.81
7.00
7.15

'7.18

o
inig Agent

ml. HaOH

0.76
1.18
1.68
2.22
2.77
3.07
5436
3.64
3.91
4.22
4.58

5,00

0,986 N NaOH

PH

7.30 pptation.
T.51

7.68

" 7.89

B8.156
8.38
B.58
8.76
8.90
9.08
9.30
9.51



TABLE 23

a2

TITRATION OF 1,5-318[TRIS(KYDROXY%ETHYL)%ETEYLA§IHOJPROPAEE-
Fe(ﬁ05)3 WITH HaOH

10 ml, 0,100 Holar Chelating Agent
10 ml. 0,100 Holar Fe(N0z)s

20 m1. 0,500 Molar HaNOgz

60 ml, Distilled Water

ml. NaOH
0.00
0.12
1.04
2.00
2.61
3.89
4.40
4,68
4.83
5.00
5.08
5.21
5.30
5.43

PH
1.11
1.12
1.15
1.24
1.30
1.51
1,65
1.75
1l.81

1.1
1.96

2.05
2,14
2.24

ml. NaOH
5.60
5.76
5.81
5.90
6.01
6.17
.35
6.45
6.52
6.60
6.64

 6.68
6.70
6.72

1.00 ¥ NaOH

PH
2.41
2.52
2,55

"2.62

2.65
2.75
2.75
2.82
2.82
3.01
3.30
3.50
386
4.35

?btation.
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TITRATIOR OF 1,3-BIS[TRIS(HYDROXYMETHYL J¥ETEYLANMINO]PROPANE-

5 ml.

10 ml. 0.100 Molar Chelatigg Agent

Kn(NO3), WITH NeOH

0.100 Molar Mn(¥0z)

20 ml. 0.600 ¥olar ﬁauos
Distilled %ater

65 ml.

ml. HaOH
0.00
0.06
0.09
.12
0.16
0.20
0.26
0.30
0.36
0.44
0.59
0.68
0.86
1.02
1.17
1.27
1.45
1.63

PH
3.50
6.41
6.59
6.86.
7.05
7.22
7.39
7.48
7.59
7.74
7.94
8.04
8.23
8.39
8.50
8.60
8.70
8.81 pptation.

1,00 ¥ NaOH



TABLE 25

B84

TITRATIOE OF 1,3-BIS[TRIS(HYDROXYVETHYL )METHYLAMINO] PROPANE~
Co(N0z), WITH NaOH

10 mlo
5 ml.
20 ml.
65 ml.

0.100 ¥olar Chelating Agent
0.100 ¥olar Co(NO«)
C.500 Molar NaNOgz

Diastilled VWater

" ml. NaOE

0.00
0.04
0.10
0.1l9
0.28
0.35
0,64
0.81
1,06
1.31

1l.61

pH
4.50
6.10
6446
6.85
7.00
7.16
7.65
7.89
8.10
8.32

8.53

3’2

wl. NaOH
1.86
2,20
2,62
2.80
3.22
3.44
3.60
3.74
3.82
3,92
4,09

pH
8.70
8.93
9.21
‘9.41
9.65
9.90
10.15
10.36
10. 60
10.90
11.15
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+
methylamtné] propane + Co 2 . This chelate, formed at a pH

of aspproximately 6, had a reddish yellow color which darkened
as the solution was made more basic. The chelate was stable
in stroﬁg base for a week--no precipitate of the hydroxide
occurred.

The potentiometrioc titrations offered a quick and

reasonably acourate method of testing for chelate formation.



B6

6. ABSORPTION SPECTRA

Yerner (76) recognized that a characteristic color is
one of the most important features of chelate compounds, and
used the abéorption spectra to distingulsh betwsen free
metal ions aﬁé their chelate compounds. The free metal ions
and the free'polyhydroxyamine ligands have very litéle
1ight absorbance in the region of 300 to 900 millimieruns
light wave length while the absorbance is very strong for the
chelate compounds in thils region. This fact indicated that
this method should be a good one for detecting the presence
of the chelate compound.

This method was used to show the formation of the
1,2,3-tris[tris{hydroxymethyl)methylamino]l propane - Cu*?
chelate. This work iIs illustrated by the spectrophotometric
study shown on Figure 6. I% 1s shown that little light
absorbance occurs at pH 2.5 indicating little or no chela-
tion and just slightly more at pH 5.0. When a PH of 6.5 1s
reached the absorbance is very high meaning that chsiat10n is
essentlally complete. At & PH of 8.5 the maximum light
abéorbance 1§‘about the same. The degree of éhelation is
essentially equal to that at pE 8.5.. The wave length at

which maximum light absorbance occurred decreased appreciably

(76) Werner, Ber., 34, 2584 (1901).
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when the solution pH was increased from 6.5 to 8.5. This
effect iIndicates some change iIn the composition of the com-
‘pound. Job's method discussed in the next section indicated
a 1:1 chelate ratio at both pH's. The exchange of 0H  groups
for water of hydration moleculea on the copper ion might well
bevresponsible for this effect. The color of the chelate
solution at PH 6.5 was blue and at pH 8.5 it was violet. ¥hen
more base was added and the pH incrsased to 11 no shift was
noted (from the 8.5 pH) in the wave length of maximum 1light
absorbance. The absorbance was slightly lower at pH 11,
probably dus to the considerable dilutlon of the solution by
sodium hydroxide solution.
Spsctrophotometric studies are shown on Figures 7, 8, 9
and 10 for the following chelates, respectively:
(a) 1,2-bis[tris{hydroxymethyl)methylaminol-
ethane - Gu*z
{v) 1,3-bis[trias{hydroxymethyl)methylamino] ~
2-propanone - Cu*? :
{¢) 1,3-bis[tris{hydroxymethyl)methylamino] -
propane - Cu*?
(d4) 1,3 vis[tris(hydroxymethyl)methylamino]~
propane - 2 Cu*? and 2 Co*?
These studlies were made at pH's of 6,5 and 8.5 except in the
case of the cobalt chelate which was studied at pH 7.
It 1s interssting to note that’with each chelate studied
the wave length giving maximum light absorbance at pH 8.5 was
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50 to 70 millimicrons lower than the one at pH 6. This 1s
another way of stating that the chelates were blue at PH 6.5
and violet at pRH 8.5.

Experimental data taken in this work is shown on Tables
26, 27, 28, 29 and 30.



(1)

(2)

(3)

(4)

(5)

TABLE 26

DETERMINATION OF CHELATE RATIO OF

© 1,2,3-TRIS ITRTS(HYDROXYMETEYL J¥ETHYLAMTNO] PROPANE

AND Cu(¥0gz)y BY JOB'S KETHOD

60 ml. Distilled ¥ater
Y¥ADE TO pH 6.5

20 ml. 0.500 ¥ HalOx

15 ml. 0.100 ¥ Cu(¥0),
5 ml. Chelating Agent
60 ml. Distilled ¥ater

YALE TO pH 6.5

20 ml. 0.500 M NaXOgz
10 ml. 0.100 ¥ Cu(¥0gz),
10 ml. 0.100 ¥ Chelating Agent

60 ml. Distilled ¥ater
HADE TO pH 8.5

20 ml. 0.500 ¥ FaNOg
5 ml. 0,100 ¥ Cu(NOz),
15 ml. 0.100 ¥ Chelating Agent

60 ml., Distilled Water
¥ADE TO pH 6.5

20 ml, 0.500 ¥ NaNOgz

20 ml. 0.100 ¥ Chelating Agent
60 ml. Distilled Water

¥AVE LENGTH ABSORPANCE
¥illimierons 1 2 3 4

360 Precipitation 0.447 0.125
520 Precipitation - 0.093 0,038
620 Precipitation 0,371 0.160
720 Precipitation 0.358 0.177

RESULTS WITH ABOVE CONPOSITIONS
- ADJUSTED TO PE 8.5

360 Preclpitation 0.099 0.055
520 Precipitation 0.275 0.150
620 Precipltation 0,346 0.184

720. Precipitation 0.170 0,091

o4

5

0.002
0.0086
0.007
0.010

0.002
0.0086
0.007
0.010



(1)

(2)

(3)

(4)

{5)

(6)

(7)

WAVYE LENGTH

TABLE 27

TETERMINATION OF CHELATE RATIO OF

95

1, 3- BT S [TRI S{ AYDROXYMETHYL JMETRYLAYINO] PROPANE

AND Cu(NOz)p BY JOB'S METHOD

20 ml, 0. 500 Haﬁos
20 ml. 0.100 ¥ Chelating Agent
60 ml. Distilled ¥Water

20 ml. 0.500 ¥ NeN0
3 ml. 0.100 ¥ Cu(N3z)

17 ml. 0,100 ¥ Chelating Agent
60 ml. Distilled Water

MADE TO PE 6.5

20 ml. 0.500 ¥ Nax0
6 ml. 0,100 ¥ Cu(N3z),

14 ml., 0,100 M Chslating Agent
60 ml. Distilled %Water

MADE 70 DPH 6.5

10 ml. 0.100 M Cu(idz)

10 ml. 0.100 ¥ Chelating Agent

60 ml, Diatilled Water
WADE TO PH 6.5

8 ml. 0.100 ¥ Chelating Agent
12 ml. 0.100 ¥ Cu(N0z)sp

60 ml. Distilled Watar
¥ADE TO pH 6.5

6§ mi. O, 100 M Chelating Agent
14 ml. 0.100 B Cu(¥0z)o

60 ml., Distilled %ater
HADE T0 pH 6.5

20 ml. 0,500 ¥ ¥aNOsx
3 ml. 0.100 ¥ Chelating Agent
17 ml. 0.100 ¥ Cu(XOz),
€0 ml. Distilled %ater
MADE TO pH 6.5

¥illimicrons 1 2 3

€50 0,012 0,082 0,134
630 o Oc 084 00141

ABSORBANCE

5 6 7

Precipitation
Precipitation



WAVE LENGTH
¥illimicrons

620
650

96

TABLE 27 (CO¥TINUED)
RESULTS WITH AROVE COMPOSITION
ADJUSTED TO pH 8.5 .

ABSORBARCE
1l 2 3 4 5 6 7

0.012 0,152 0.288 0.394 Precipitation
- 0.135 0,264 0,380 Precipitation



(1)

(2)

( 3)

(4)

LIGHT ABSORBANCE OF 1,2,3-TRISITRIS({HYDROXYMETHYL)~

TABLE 28

¥ETHYLAXINO]PROPANE-Cu(X03), CHELATES

Standard

20 ml. 0,500 ¥ ¥aNO«.
80 ml. Distilled ¥ater

20 ml. 0.500 ¥ NaNOgx
10 ml. 0,100 ¥ Chelating Agent
10 ml. 0.100 ¥ Cu(ROz)
80 ml. Distilled Water

MATE TO pH 2.5

SAME COMPOSTTION AS (2)

¥ADE T0 pH 5.0

SANE COMPOSITION AS (2)

HATE 70 pH 11.0

WAVE LEWGTH
¥illimicrons

360

370

330

390

400

410

420

430

440

450

460

470

0,000
0.000
0.002
0.004
0.005
0.006
0.005
0.005

0,008

0.006
0.006
0.008

LIGHT ABSOREANCE
3

0.020
0.0128
0.017
0.016
0.016
0.015
0.015
0.015
0.013
0.013
0.013
0.013

0.064
0.034
0.025
0.022
0.023
0.024
0.028
0.036
0.047
0.065
0.093
0.125

97



WAVE LENGTH
¥illimicrons

420
490
500
510
520
530
540
550
560
570
580
5980
600
610
625
650
675
700

750
775
800
850
800
950

TAELE 28

2
0.006
0.007
0.007
0.008
0.006
0.006
0.006
0.006
0.006
0.008
0.006
0.007
0.010
0.013
0.018
0.027
0.044
0.084
0.100
0.111
0.119
0.115

0.105
0.089

( CONTTHUED
LICHT . Asgaamrgcg
0.013
0.013
0.013
0.013
0.012
0.012
0.012
0.014
0.015
0.018
0.018
0.022
0.024
0.030
0.038
0.054
0.075
0.098

0.135
0.144
0.147
0.138
0.120
0.101

0.185
0.209
0.248

0.280

0.304
0,320
0.330
0.341
0.345
0.345
0.350
0.350
0.347
0.343
0.329
0.290

- 0.236

C.132
0.101
0.071
0.053
0.028
0.019
0.015

g8



TABLE 28

LIGHT ABSORBANCE OF 1,3~-EIS[TRIS(HYDROXYMETHYL)-
KETHYLA&IKO]2-PROPAHORE-GQ(H05)2 CHELATES

(1) Standard
20 ml. 0.500 ¥ NaNOs.
80 ml. Distilled Vater

(2) 20 ml. 0.500 ¥ NaNO.
10 ml. 0,100 M cumg a)g
70 ml, Distilled ?ater

(3) 20 ml. 0,500 ¥ HaKoO
10 ml. 0.100 ¥ Cu(N0s)
10 mi. 0,100 ¥ Chslating Agent
60 ml. Distilled ¥ater ,
YADE 0 pH 8.5

{4) SAME COMPOSITION AS (3)
¥ADE TO pH 8.5

WAVE LERGTH ~ LIGHT ABSORBANCE
¥illimicrons -2 3 -4
355 0.0186 0,738 0.920
- 365 0.015 G.GOB 0.759
375 0.014 0.409 0.620
3856 0.013 0.395 0.506
400 0.012 0.297 0.384
410 ‘0.012 0.251 0.324
420 0.012 0.218 0.280
430 0.012 0.194 0.254
440 0.012 0.175 0.240
450 0.012 0.160 0.236
460 0.012 0.149 0.244

470 0.012 0,140 0,252



WAVE LENGTH
¥illimicrons

480
490
500
510
520
530
540
550
560
870
580
590
600
610
625
635
650
675
700
725
750
800

TAELE 29

0.012
0.012
0.012
0.012
0.012
0.012
0.012
0.012
0.013
0.015
0.016
0.017
0,018

0,027
0.031
0,035

-

0.088
0.104
0.117

( CONTINUED)
LIGHT AagoRBAEGE
0.132
0.130
0.130
0.130
0.132
0.139
- 0.146
0.154
0.168
0.191
0.196
0.213
0.229
0.244
0.266
0.276
0.288
0.305
0.302
0.287
0.262
0.206

 0.269
0.298

0.304
0.318
0.330
0.345
0.359
0.374
0.384
0.399
0.412
0.424
0.430
0.435
0.442
0.430
0.414
0.374
0.324
0.274
0.223
0.145

100
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TABLE 29 {COXTIXUED)

WAVE LENGTH © LIGHET ABSORBANCE
Hillimicrons .2 3
850 0.112 0.149 0.096
- 00 0.100 0.104 0.065

8950 0.087 0.074 0.048



(1)

(2)

(3)

(4)

TABLE 30

LIGHET ABSORBAXCE OF 1,3-BIS [TRIS{HYDROXYMETHYL)-

METHYLAXING) PROPANE-Cu(NO3), CHELATE

Standard
20 ml. 0.500 ¥ NaNO
80 ml. Distilled Water

20 ml. O, 500 M ¥a¥O0
10 ml. 0,100 ¥ Chalatlng Agent
70 ml. Dlstilled VWater

20 ml, 0.500 ¥ NaXOg

10 ml. 0.100 ¥ Chelating Agent
10 ml. 0,100 B Cu(ﬁez)

60 ml. Distilled %ater

MADE T0 pH 6.5

SAME GQ¥P087TIQX AS (3)
WADE TO PH 8.5

WAVE LENGTH - LIGHT
¥illimicrons 2
360 0.072
365 0.071
370 0.070
375 0.0689
380 0.068
85 0.068
390 0.068
395 0.067
400 0.067
410 0.067
420 0.066

430 0.0868

ABSORBANCE
3

0.455
0.395
0.349
d.seg
0.267
0.230
O;QOO
0.171
0.145
0.106
0.075
0.055

0.890
0.773
0.688
0.595
0.528
0.454
0.400
0.345
0.298
0.227
0.178
0.147
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WAVE LEXGTH
¥illimicrons

440
450
460
470
480
490
500
520
540
560
880

620
840
660
630
700
725
750
775
200
850

950

TABLE 30

2

0.065

0.064
0.063
0,063
0,062

0.063

0,082
0.062
0.062
0.063
0.083
0.063
0.063
0.063
0.062

0,062

G.088
0.069
0,068

- 0,070

0.070
0.071
0.071
0.071

{ CONTINUED)

LIGHT AB%DRBARCE

0.037
0.027
0.021
0.019
0.019
0.022
0.025
0.040
0.062
0.089
0.119"
0.148
0.172
10,195
0.205
0.219
0.220
0.216
0.204
0.186
0.168
0.128

0.096
0.069

0.129
0.124
0.127
0.135
0.158

0.181

0.2086
0.264

0.324

0.376
0.424
0.451
0.4565
0.452
0.425
0.392
0.335

0.281

0.228
0.184
0.148
0.097

G.067
0.048

103
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7. JOB'S METHOD

Job (77, 78) developed a simple method to determine the
composition of chelate compounds in sQIuticn, which 1s called
the method of continuous variation. This method is based on
the fact that, for a constant total concentration of metal
end chelating agent, the concentration of chelate is greatest
when the metal and cheléﬁlng agent are present in the same
ratios in vhich they exist 1nvthe chelate compound.

Since light sbsorbance 1s a good indlcation of chelate
conéentration, it 1s the measure most often used in Job's
‘method, dlthouéh other physical messursments such ss refrac-
tive indices might be used. Thus in the work reported herein,
1light aﬁaorbance was plotted against R, where R equals ratio
of metal lon to metal ion plus ligand. Therefore, an R value
of 0.5 would indicate en lon to ligand ratic of 1 to 1.
Figures 11, 12 énd 13 show Job's method studies on the
following cﬁeiates:

(a) 1,2-bis[tris{hydroxymathyl)methylamino]-

ethane - Cu*2

(b) 1,2,3-tris[tris(hydroxymethyl)methylamino]-
propane - Cu‘?
{e) 1,3-bis[tris{hydroxymethyl)methylamino] -

propane - Cu'2

{(77) Job, Ann. chim., (10)9, 113 (1928).
(78) Job, Ann. chim., (11)&, 97 (1938).
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The experimental data from these studies are shown on
Tables 31, 32, 33 and 34.

Tt 1a evident, from the sharp pesks obtained at an R of
0.5, that chelation of the polyhydroxyamines with the icons
of the firat transition metals occurs in a one to one ratio.
This was trﬁe with elther 'pH 6.5 oi- 8.5, blue color or
violet énd in the rather limited concentration variations
covered. In all cases when excess Cu'® (over a 1:1 ratio)
was addad, precipitation of cupric hydroxide occurred. V¥ith
the strong chelating agent 1,2,3-tris [trls(hydromethyl)?
methylemino] prbpane‘ precipitation occurred very slowly and

only with rather high Cu*2 to ligand ratios.
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TABLE 31

DETERMINATION OF CHELATE RATIO OF
1,2-BIS| TRIS(HYDROXYMETHYL )METHYLAMINO] ETHANE ARD Cu(303)2
BY JOB'S HETHOD

(1) 20 ml. 0.500 ¥ NaNOs
10 ml. 0,100 ¥ Chelating Agent
70 ml. Distilled Water

(2) 20 ml. 0,500 ¥ NWaKO
8 ml, 0.100 ¥ Chelating Agent
70 ml. Distilled ¥Water
ADJUSTED TO pR 6.5

{(3) 20 ml. 0.500 ¥ XaNO
4 ml. 0,100 ¥ Cu(nBs),
6ml. 0,100 ¥ Chelaging Agent
70 ml. Distilled Water
ADJUSTED TO pH 6.5
{4) 20 ml. 0.500 ¥ Na¥®O

5 ml. 0.100 ¥ Chelating Agent
70 ml. Distilled ¥Water
ADJUSTED TO pH 6.5

(5) 20 ml. 0.500 ¥ NaNO
6 ml. 0.100 ¥ Cu(NOs),
4 ml. 0,100 M Chelating Agent
70 ml. Distilled ¥ater
ADJUSTED TO DH 6.5

(6) 20 ml. 0.500 ¥ ¥aNO
2 ml. 0.100 ¥ Chelating Agent
70 ml. Distillled Viater ‘
ADJUSTED TO pH 6.5

(7) 20 ml. 0.500 K NalOg
10 ml. 0.100 B Cu(¥03z)g
ADJUSTED TO pH 6.5

WAVE LENGTH ABSORBANCE
¥1llimicrons 1l 2 3 4 5 6 7
360 0.000 0,040 0,094 0,132 Precipitation
€50 0.000 0,075 0.115 0.137 Precipitation

720 0.000 0,071 0.122 0.150 Precipitation
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TABLE 31 (CONTINUED)

RESULTS WITH ABOVE COMPOSITIONS
ADJUSTED TC pPH 8.5

WAVE LENGTH ABRSORBANCE _
- Ki1llimicrons 1 2 3 4 5 2] 7
360 0.000 0,016 0.048 0.265 Precipitation
650 0.000 0.0886 0,149 0.196 Precipitation
720 0.000 0,056 0.108 0.162 Precipitation
{8) 20 ml. 0.5 Ka}’mg
3 ml. 0.1 ﬁ Cu(N03),

7ml. 0,100 ¥ chelating Agent
70 ml. Distilled Water
ADJUSTED TO pH 8.5

(9) 20 ml. 0.500 ¥ NaKO
3.5 ml. 0,100 ¥ Cu?ms)
‘8.5 ml, Chelating Agent
70 ml. Distilled VWater
ADJUSTED 10 PH 8.5

(10) 20 mi. 0.500 ¥ ¥aNO
4.5 ml, 0,100 ¥ Cu{XNO }2
5.5 ml. 0,100 ¥ Chela%ing Agent
70 ml. Distillied Water _
ADJUSTED TO pH 8.5

WAVE LENGTH ABSORBANCE
¥illimicrons 8 9 10
360 0.024 0,026 0.062
620 0.112 0,110 0.153

720 0,079 0,079 0.111




(1)

(2)

(3)

(4)

TABLE 32

LIGHT ABSORBANCE OF 1,2-BrS[TRIS{HYDROXYHETIYL)~

METHYLAMINO] ETHANE-Cu(K¥03)y CEELATES

20 ml. 0.500 ¥ NaKOx
80 ml. Distilled Water

10 ml. 0.1045 % Cu{NO3)y
20 ml. 0,500 M RaNO
70 ml. Distilled %ater

10 m1. 0.1045 ¥ 611(1305)2
20 ml. 0.500 ¥ NaROg

20 ml. 0,100 ¥ Chelating
50 ml., Distilled Water
ADJUSTED TO pH 6.5

SAKE COMPOSTTION AS (3)
ADJUSTED 70 pH 8.5

WAVE LENGTH

¥illimicrons 2
320 0.007
330 0.007
340 0.018
350 0.006
360 0.008
370 0.008
380 0,006
390 0.009
400 0.010
420 0.009
440 0.008

460 0.008

Agent

LIGHT

ABSORBANCE
3

1.49
1.20

0.823
0.563
0.434
0.320
0.234
0.165
0.120
0.057
0.022
0.011

1.70
1.48

0.972

0.687
0.513

0.380
0.275

0.182
0.135
0.061
0.044
0.087
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(1)

(2)

(3)

{4)

(5)

TAELE 33

LIGHT ABSORBANCE OF 1,2,3-TRIS[TRIS(HYDROXYHETHYL)-

gETEYLA%IHO]PR&PAEE-Cu(KOs)g CHELATES

Standard
20 ml. 0.500 ¥ ¥ank0d
80 ml, Distilled Wager

20 ml. 0,500 M NaNO
10 ml. 0,104 ¥ Cu(NSs)E
70 ml., Distilled YWater

20 ml. 0.500 ¥ NaNO
10 ml. 0.100 ¥ Chellting Agent
70 ml., Distilled ¥ater

20 ml. 0,500 ¥ NaNO4

10 ml. 0.100 ¥ Chelating Agent
10 ml. C.104 ¥ Cu(N03)2

60 ml. Distilled Water

YATE T0 pH 6.5

SAME COMPOSITION AS (4)
KALE TO pH 8.5

WAVE LENGTH .~ LIGHT ABSORBANCE

Killimicrons 2 3 4
340 0.016 0.002 0.900
350 0.008 0.000 0.611
360 0.004 0.002 0.423
370 0.002 0.002 0.295
290 0.001 0.001 0.215
390 0.001 0.001 0.158
400 0.000 0.001 0.116
410 0.000 0.000 0.088
420 0.000 0.000 0.087

430 0.000 0.000 0.054

0.420

0.161

0.090
0.050

0.037.

0.025
0.021

0,022

0.027
0.038
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PAVE LENGTH
¥1illimicrons

440
450
460
;470

480

490
500

520
540

560
580
600
625
650
675
700
725
750
800
850

900

850

TABLE 33 (CONTINUED)

2
0,000
0,000
0.000
Q.000
0,000
0.000

0,000

0.000
0.000
0.000
0.004
0.008
0,014

0.026

0.040
0.064
0.082
0.098
0.115
0.109
0.098
0.083

LIGHT ABSORBANCE

)
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
6.002
0.002
0.003

0.003
0,004
0.005
0.006
0.006
0.006

0.006

0,006
0.005
0.005

0.005

- 4

0.047
0.042
0,041
0.044
0.049
0,057
0.067
0.100
0.135
0.193
0.244
0.294
0.337
0.362
0.363
0.345
0.315
0,275
0.204
0.138
0,100
0.070

0.054

0.078
0.110
0.146
0,185
0.224
0.258’
0.305
0.338
0.362
0.381

0.390 -

0.284
0.349
0.295
0.235
0.183
0.137
0.075
0.039
0.021
0.014
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(1)

(2)

(3)

(4)

TAELE

LIGHT ABSORBANCE OF 1,3-BISLTRTS(HYDROXYMETHYL)-

¥ETEYLAMINO] PROPANE~Cu(H03)y CHELATE

Standard
20 ml. 0.500 ¥ ¥aX¥O
80 ml. Distilled Water

20 ml. 0.100 B Chelating Agent
10 ml. 0.100 ¥ Gu(H05)2

50 ml. Distilled Water

MADE TO pH 6.5 :

SAME COXPOSITION as (2)
KATE TO pH 8.5

20 ml. 0.500 ¥ NalOg

20 ml. 0.100 ¥ Chelating Agent
10 ml. 0.100 ¥ Cu(NO0as),

50 ml. Distilled Water

WATE T0 pH 7.0

WAVE LENGTH LIGHT

¥1llimicrons 2
360 0.835
365 0.522
370 0,455
375 0.407
380 0.356
385 0,313
390 0.275
595 0;240
40b 0.204

405 - 0.175

ABSORBARCE
3

9.569
0.452
05588
0.330
0.281
0,239
0.201
0.170
0.140

0.116

0.447
0.363
0.316
0.276
0.245
0.218
0.196
0.176

0.158

0.144
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WAVE LENGTH
Millimi crons

410
415
420
425
430
435
440
445
450
455
460
465
470
ars
480
o
500
510
520
540
550
570
580

TABLE 34

0.149
0.124
0.104
0.087
0.074
0.060
0.050
0.041
0.030
0.029
0.026
0.024
0.025
0.025
0.026
0.034
0.046
0.062
0.082
0.135
0.163
0.221
0.248

{ CONTINUED)

LIGHT ABSORBAXNCE
3

0,097
0.080
0.065
0.056
0.050
0.045
0.044
0.044
0.046
0.050
0.056
0.064
0.074
0.084
0.096
0.122
0.153
0.188
0.223
0.304
0.341
0.413
0.440

0.131
0.117
0,107
0.101
0.095
0.088
0.093
0.079
0.075
0.071
0.069
0.067
0.067
0.068
0.068
0.072
0.079
0.036
0.090
0.088
0.081
0.071

116



WAVE LENGTH
¥illimicrons

590
600
625
635
650
675
€85
700
725
750
775
800
850‘
900
950
1000

TABLE 34 ( CONTINUED)

9
0.276
0.301
0.344
0.353
0.366
0.371
0.399
0.359
0.335
0.305
0.267
0.231
0.165
0.116
0.080
0.056

LIGHT ABSORBAHCE
3

0.468
0.488
0.500
0.496
0.475
0.425
0.363
0.356
0.290
0.229
0.173
0.131
0.074
0.035
0.022
0.011

0.06%7
0.065
0.052

0.035
0.019
0.014
0.009
0.004
0.001

0.000

0.000
0.000
0.000
0.000
0.003
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STRUCTURE OF POLYHYDROXYAMINE CHELATES

In every cholate compound made using the polyhydroxy-
amines and the bivaient transition metal ions, the chelating
agent behaved as a bidentate compound. The bidentate nature
was indicated by the fact that two protons were dispiaced in
the reaction. Chelation of the transition metal ions by the
polyhydroxyamines seems to fall into two categories. First,
the general case, occurs where the bidentate agent chelates
in a one to one ratlo with Cu*?, N1*2, %2, ana #n*? tons.
Two protons are displaced in this reachion.n Pernelius, et
al. {79) have shown that chelates bonded through nitrogen are
cOnsideraﬁly more stable than those which are bonded through
sulfur (or oxygen). The ferric ion was not used in this work
and may behave differently. Where the bivalent lons have a
choice of bonding thréugh.thﬁ oxygen or nitrogen, as in the
polyhydroxyamines, it 1s logical to assume that they would
btond through the nitrogens, thereby glving the structure of
bighest stabllity with five or six membered riﬁgs, depending
upon whether the chelating agent is an ethane or propane
derivative. It has also been shown that the copper forms a
square planar chelate with the cupriec lon in the center."The‘
The structure postulated for case one is shown on Flgure l4.

The chelating agent used in the example i1s 1,2,3-tris[tris-

{79} Haigs, ?ernalius end Touglas, J. Am. Chem. Soc., 78, 1816
958) .
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{ hydroxymethyl )methylamino] propane and the metal ifon is Cu*Z.

‘In the second case (the specisl one), the ferric lon 1s
chelated by 1,3-bis[tris{hydroxymethyl)methylamino]-
2-propénol. The major work in this field was done by
Gladding (80), who has proposed three possible structures for
the "disec"-ferric ion chelate. The ferric ion was found to
displace three protons from the ligand. The structures pro-
posed by Gladding therefore involve chelation by terdentate
agents. The structures proposed are bonded as follows:

(a) Through the two secondary amine groups and the

oxygen of the secondary alcohol group.

(b) Through the two secondary amlne groups and the

oxygen of one of the primary alcohel group.

(¢) Through the oxygens of three primary alcohol

groups of one of the polyhydroxyamine groups.

The proposals (b) and (c¢) are untenable since chelating
agents similar in nature and containing the functional groups
and structure requisite for forming chelate structures such
as (b) and (c¢) do not form stable chelates with ferrlc ion.
1,5-bisftris(hydroxymathyl)methslamino]-Z-propagol ("disec™)
is the only agent which chelated iron although other poly-
hydroxyamines {(notably the 1,2,3-propane triamine derivative)
gave comparable stabllity constants with the bivalent |

(80) J. B. Gladding, M.S. Thesis, University of Richmond
(1956).



121

translition metal fons. This suzgests a completely different
mechanism of chelation in the special case of the chelation
of ferric ion by "disec." Structure (a) prbposad by Gladding,
involying bonding through the secondary smines and secondary
alcohol groups ssems to fit all experimental réquirements.
This structure is ahown on Figure 14 and coﬁtains_twc five

membered rings.
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SUMMARY

cu*2 forms stable chelates with the following poly-
hydroxyamine compounds: 1,2,S~tris[trig(hydrexymethyl)-
me thylamino] propane, l,sabisCtris(hgdroiymethyifﬁéthylhminu]-
2-propanol, 1,3-bis[tris(hydroxymethyl)methylamino] propane,
1,3-bls[tris(hyﬂrcxymethyl)methylamino]-g-prapanone and
1,2-bis [tris(hydroxymethyl )methylamino]ethane. These com-
pounds are listed in order of decreasing chelate stability.
The solld cu*z - i,a-bis[tris{hyﬂrcxymethyi)methylamino]~r
2-propancl chelate was recovered and purified. It was non-
crystalline, and}aeliqueacent. This chelate was soluble in
water, mathanni, ethanol and acetone end insoluble in diethyl
‘ éther, dioxane and hydrocarbons. |
| Stable chelstes containing co*2 were produced with 1,2,3-
tris[ﬁris(hydroxymethyl)methylamino]prcpané;‘1,3-bis[tris~
(hydroxymethyl)methylamino] -2-propanol and 1,3-bis[tris(hydroxy-
methyl)methylamino] propane. These compounds were less stable
‘than the Cu*? chelates.

. ¥n*2 gave a rather weak chelate compound when reacted
with 1,2,3-tris[tris(hydroxymethyl)methylamino] propena while
Pe*3 produced no clslate when reacted with polyhydroxyamine
compounds not containing the secondary alcohol group.

e ¥1*2 fon formed a chelate with the 1,3-propane~
dlamine derivative. No chelates were formed by the rare earth

fons with the polyhydroxyamine compounds.
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Stability constants were obtained for several of the'

polyhydroxyamine chelate compounda. A list of them follows:

. Complexity
Ligand ¥Metal Ton Constant ~ log Kg
1,2,3~-tris[tris(hydroxymethyl) -
methylamino]propane ¥nt? 2.24
same Cot? 5.65
same cu*? approx.10.00
1,2-bis[tris{hydroxymethyl)-
’methylamino] ethane cut? 2.562
1,3-bis[tris(hydroxymethyl) - o
methylemino] -2-propanone cut 2.57

Structures are proposed for the general case of the
polyhydroxyamine compounds with the bivalent transition
metal ions, and the structures, proposed by Gladding, for

the ferric ion - "disec" chelate are commented upon.
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