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The triamine HaN(CH2)2NH(CH2)sNH:2 (2,4-tri) has been investigated as chelating agent for copper(II), nickel(11), and
zinc(Il) ions. These divalent metal ions form a large number of complexes with 2,4-tri in aqueous solution. The relative
stability constants were determined potentiometrically in 0.5 3 KNO3 at 25°. Five complexes having the formulas ML,
MHL, MLz, M(HL)2, and MHL2 (where L = 2,4-tri) are common to all the three metal ions. In addition to the simple
and protonated complexes, Cu2t and Zn?* give the hydroxo complexes [Cu(OH)L}*, [Zn(OH)L]*, and [Zn(OH)2L].
With regard to the simple complex ML, the amine acts as a bidentate chelate agent toward Ni?+ and Zn2+ while it acts
as a tridentate chelate toward Cu2+, the latter forming two fused chelate rings, one five-membered and the other
seven-membered. The ML2 complexes contain only two five-membered chelate rings, both the molecules of 2,4-tri acting
as bidentates. The protonation constants have been measured and compared with those of some other triamines previously

investigated.

Introduction

Recently it has been clearly demonstrated that the coor-
dinating power of ligands which form complexes with a se-
quence of alternating five- and six-membered rings is greater
than that of ligands forming complexes with all five-membered
or all six-membered chelate rings. This has been verified both
for linear aliphatic tetramines? and for linear aliphatic tri-
amines.3 This enhanced coordinating power is made evident
by the thermodynamic functions AG® and AH® relative to the
reaction of complex formation in aqueous solution.4

In order to determine the coordinating properties of the
1,4,9-triazanonane ligand (2,4-tri)3 in aqueous solution

CHo-CH CH,;CHpCHpCH
/ 2 2\ / 2 2 2 2\
HoN NH NH2

we have measured the stability constants of its complexes with
copper(II), nickel(IT), and zinc(IT). The full coordination of
the three nitrogen atoms would give rise to the formation of
a five-membered chelate ring fused with a seven-membered
chelate ring. A chelate ring of such size is unusual, especially
in aqueous solution. The equilibria between the ligand 2,4-tri
and the ions have been studied in aqueous solution (0.5 M
KNO3) at 25° using a potentiometric method.

Also the protonation constants have been measured and the

Table I. Experimental Details of the Potentiometric Measurements
(Initial Concentrations, M X 10?)

Cation L:Mratio [L] [M?*] [H*] pH range

H* 0.2641 0.943 3.5-11.6

0.2885 1.032 3.5-11.1

0.2799 1.003 3.5-11.2

Ni?* 1:0.14 0.4169 0.0599 1.491 3.3-10.9

1:040 0.3681 0.1454 1.317 3.4-11.1

1:0.23 0.3724 0.0855 1.329 3.4-10.8

Cu?* 1:0.26  0.4287 0.1127 1.532 3.6-11.2

1:0.14 0.4244 0.0598 1.518 3.6-11.2

1:0.70 0.4036  0.2812 1.443 3.7-11.2

Zn?t 1:0.27 0.4263 0.1151 1.520 3.5-10.8
1:0.43  0.4088 0.1758 1.487 34-84

1:0.22  0.4206 0.0934 1.504 3.4-11.1

effect on the three nitrogens’ basicity of the progressive and
systematic extension of one aliphatic chain in going from
2,2-tri6 to 2,3-tri3 to 2,4-tri has been investigated.

Experimental Section

Materials. 2,4-tri is commercially available (Eastman Organic
Chemicals). The product was purified as the hydrochloride which
was recrystallized twice from ethanol and dried in vacuo at 60°. Anal.
Caled for CsH20N3Cls: Cl, 44.2. Found: Cl, 44.2.

The potassium hydroxide solution (=~0.5 A) was prepared from
KOH pellets. The pellets were washed with twice distilled and
decarbonated H20 (under a N2 flow); the last addition of water was
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Table II. Basicity Constants of Linear Aliphatic Triamines and
Stability Constants of Their Metal Complexes at 25°

Ion Reaction 2,4-tri%  2,3-tri 2,2-tri¢ 3,3-tri®

H* H*+L=HL*
H* + HL=H,L**

10.669 (2) 10.437 9.79 10.65
9.592.(4) 9.356 8.98 9.57

H*+ H,L* = 6.984 (6) 6.374 4.25 17.72
H3L3+
3H*+L=H,L* 27.25 26.17 23.02 27.94
Ni** Ni** + HL' = 6.026 (6) 5.86
[NiHL}**
Ni**+ L= [NIL]** 7.81(17) 11.234 10.60 9.19
Ni**+ 2HL = 10.60 (2)
[Ni(HL),]**
Ni*+ HL+L= 11.62(2)
[NiHL,1%*
[NiL}]**+ L= 4.04 (8) 7.06 799 3.55
[NiL,J**
Cu?* Cu**+ HL*= 9.190 (3) 9.02
{CuHL]**
Cu*+ L= 13.05 (1) 16.601 15.80 14.20
[CuL]*
Cu®* + 2HL*= 16.593 (8)
[Cu(HL),}**
Cu**+HL*+ L= 17.43(1) 19.11
[CuHL,]**
[CuL]**+ L= 4.61 (2) 3.28 5,21
[CuL,]*
[CuL]** + OH = 4.36 (1) 4.72 450 4.1
[Cu(OH)L}* -
Zn** Zn** +HL'= 4.36 (1)
[ZnHL]**
In**+ L= 6.34 (14) 8.770 8.80 7.92
[ZnL]** v
Zn** + 2HL* = 8.31 (6)
[Zn(HL),]**
Zn*+ L + HL*=2  9.72(7)
[ZnHL,J**
[ZnL]1*+ L= 4.12(19) 3.80 7.44
[ZnL,)**
[ZnL}**+ OH = 548 (2) 4.99 5.2
[Zn(OH)L]*
[ZnL}* + 20H" = 8.29 (2)
[Zn(OH),L]

%1In 0.5 M KNO,; the values in parentheses are the standard devia-
tions. ®In0.5M KNO,.* ©In0.1 MXCL® 21In0.1 M KCLY

used to prepare the KOH solution, The absence of COz2 in the KOH
solution was tested by Gran’s method? and by Kw measurements.
Nitric acid and metal nitrates were obtained and standardized as
previously described.®

Emf Measurements. The potentiometric titrations were performed
using an Orion digital potentiometer, an Orion 91-01-00 glass
electrode, a 0.1 M calomel electrode, and a salt bridge containing 0.5
M KNO:3 solution, following the procedure previously described.8 All
the potentiometric measurements were carried out at 25° in 0.5 M
KNOs3. The protonation constants were derived from 102 data points
obtained from three titrations. For the Ni2*, Cu2t, and Zn2+
complexes 108, 144, and 90 data points, respectively, were used.5 The
concentration conditions used are given in Table I.  The ligand:metal
ratios varied between 1:0.7 and 1:0.2. The program MINIQUAD which
was used to calculate the constants has been described elsewhere. 10
The protonation constants and the experimentally measured ionic
product of water were held constant during the calculation of the
complex formation constants,

Results and Discussion

The basicity constants of the ligand 2,4-tri are shown in
Table II with those of the other 2,2-tri, 2,3-tri, and 3,3-tri!!
triamines previously reported. A large number of complexes
is formed with the metal ions Ni2+, Cu2*, and Zn2* in aqueous
solution: - five complexes have been found to be present in the
Ni2+-2,4-tri system, six in the Cu2+-2,4-tri system, and seven
in the Zn2+-2,4-tri system (Table IT). It will be noticed that
the five species MH(2,4-tri), M(2,4-tri), M(H-2,4-tri)2,
MH(2,4-tri)2, and M(2,4-tri)2 are common to all the three
systems. Copper(II) and zinc(II) also give the hydroxo
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Figure 1. Distribution diagram for the system Ni**~2,4-tri. The
percentages have been calculated from the data of the curve with a
1:0.14 L:M ratio in Table I. Broken lines show species not con-
taining metal and the percentages are relative to total ligand; full
lines show species containing metal and the percentages are relative
to total metal.
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Figure 2. Distribution diagram for the system Cu®*-2,4-tri. The
percentages have been calculated from the data of the curve with a
1:0.26 L:M ratio in Table I. Broken lines show species not con-
taining metal and the percentages are relative to total ligand; full
lines show species containing metal and the percentages are relative
to total metal.

complexes [Cu(OH)(2,4-tri)]*, [Zn(OH)(2,4-tri)]™*, and
[Zn(OH)2(2,4-tri)]. Taking into consideration the structure
of the amine, the absence of polymer species (at least in the
conditions investigated by us) is surprising. The stability
constant of the complexes are given in Table II. Also reported
in Table II are the constants obtained with the other hom-
ologous triamines. The distribution curves for all three metals
are given in Figures 1-3. It is to be noted that the simple
complex M(2,4-tri) is little represented, while the protonated
complexes are formed in large amounts. This behavior is
opposed to that of other systems investigated (as an example
M2+-2,3-tri).3 ‘
Basicity of the Free Ligand. That the value of the constant
for each stage is less than that of the previous stage might have
been expected on the bases both of statistical factors and of
electrostatic repulsion between the hydrogen ion and the ligand
molecule which in successive stages of protonation becomes
progressively more positively charged. If we consider the
basicity constants of the other triamines in Table II, we note
that for each of the three stages of neutralization the constants
lie in the order 2,4-tri > 2,3-tri > 2,2-tri. The sequence found
can be related to the progressive lengthening of the aliphatic
chain, because of the existence, at least in the first two stages,
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Figure 3. Distribution diagram for the system Zn?**-2,4-tri. The
percentages have been calculated from the data of the curve with a
1:0.27 L:M ratio in Table I. Broken lines show species not con-
taining metal and the percentages are relative to total ligand; full
lines show species containing metal and the percentages are relative
to total metal.

Table II. Protonation of the Coordinated Ligand (2,4-tri) at
25° and in 0.5 M KNO,

log X
Reaction Ni Cu Zn
ML** + H*==MHL** 8.9 6.8 8.7
ML,** + H*== MHL, ** 10.4 10.4 9.9
MHL,*" + H*= M(HL),** 9.7 9.9 9.3

of different tautomeric forms. When there are two or more
different basic sites in a polyamine molecule, it has often been
shown that an equilibrium is set up between two or more
tautomeric forms and that the position of such an equilibrium
depends on the polyamine.!2 A comparison between the overall
constants will be more meaningful. The basicity order is always
2,4-tri > 2,3-tri > 2,2-tri. The progressive addition of a
methylene group causes an increase of the mean basicity of
each nitrogen. A remarkable increase is observed from 2,2-tri
to 2,3-tri but a lower one from 2,3-tri to 2,4-tri. However the
overall equilibrium constant of 2,4-tri is very similar to that
of 3,3-tri containing the same number of methylene groups,
so that the sequence found must be mainly due to the inductive
effect of the constituent groups in the molecule.

Basicity of the Coordinated Ligand. All the systems Ni2t—,
Cu2*-, and Zn2+-2,4-tri have the same number and same types
of protonated complexes. The existence of these types of
complexes is due to the favorable structure of the ligand. It
is possible to consider three factors which are responsible for
the formation of these protonated species: (1) the high basicity
of the nitrogen bonded to the tetramethylenic chain, (2) the
hindering to coordination of the two nitrogens extreme to that
chain (a seven-membered chelate ring would thus be formed),
and (3) the existence of a particularly stable five-membered
chelate ring which holds the complex in solution.

If we suppose that the formation of the protonated complexes
occurs via protonation of the normal complex M(2,4-tri) or
M(2,4-tri)2, it is clear that the protonation of the coordinated
ligand depends on the thermodynamic stability of the normal
complex. It is logical to suppose that ligands which are not
coordinated to the metal ion through all their donor atoms
should be the easiest to protonate. If we examine the first
reaction as written in Table III, we see that the Ni?* and Zn2+
constants are similar and lie between the first and the second
protonation constants of the free ligand (Table II). The
copper(II) constant is lower than those of nickel(Il) and
zinc(II) and lower than the lowest basicity constant of the
amine. That means that the nitrogen atom to be protonated

Barbucci, Paoletti, and Vacca

was coordinated to the metal atom in the case of the Cu(2,4-tri)
complex and was free in both the Ni(2,4-tri) and Zn(2,4-tri)
complexes. Thus the structure of the Cu(2,4-tri) complex
contains two chelate rings, one five-membered and the other
seven-membered. It is the first time that a saturated chelate
ring of such a size is formed in a complex. Also noteworthy
is that this complex is stable in aqueous solution where the
ligand capacity of the amine nitrogen is lowered, owing to the
competition of the H20 ligand.!3 Either the three nitrogen
atoms of the complex Cu(2,4-tri) can be placed in the same
plane containing the copper(Il) ion (meridional isomer) or onc
nitrogen can be placed in the apical position and two nitrogens
in the equatorial plane (facial isomer). The second hypothesis

OH»> x(N
¥§N7£IT}QH2 ify-gri;sz

—'OHZ
OH, OH,

facial isomer

meridional isomer

is the more likely because copper(1l) complexes with these
polyamines generally have a distorted octahedral structure and
the nitrogen atom bonded to the longer chain, i.e., tetra-
methylenic chain, can be placed in the farther position, i.e.,
apical.

Unfortunately these 1:1 complexes are difficult to isolate;
only small traces are formed in solution and always in the
presence of other complexes.

The constants for the first protonation of the M(2,4-tri)2
complexes are similar for all the three metal ions and higher
than those obtained for the protonation of the Ni(2,4-tri) and
Zn(2,4-tri) complexes. This similarity of constants means that
the nitrogen atom to be protonated is a noncoordinated ni-
trogen, and the higher values are probably closely bound up
with the presence of two free nitrogens in the complex M-
{2,4-tri)2 instead of one nitrogen as in the Ni(2,4-tri) and
Zn(2,4-tr1) complexes. This hypothesis is strengthened by the
values for the second protonation reaction of the complex
M(2,4-tri)2. Once again the values of the constants are similar
for all the three metal ions and lower than those of the previous
stage. Thus the protonation reaction of the M(2,4-tri)2
complex goes on according to Scheme I. It is also possible

Scheme I
XRVNHZ QekNFE peNHy
——N At N—N
M — M = M
N{———Néf 52——"N£% 57 Né£
N HaN= VIS
2

[M(2,4-tri),]%* [MH(2,4-tri),1** [M(H-2 4-1ri),]**

that the Zn(2,4-tri)2> complex does not have the same con-
figuration of the analogous Ni2* and Cu2* complexes.

Reaction of Complex Formation. The constants relative to
the complex formation with the 2,4-tri ligand are shown in
Table II. A comparison between the stability constants of the
M(2,4-trl) complexes and those of M(en) complexes (for en
= ethylenediamine) shows that both Ni(2,4-tri) and Zn(2,4-tri)
complexes have constants similar to those of the Ni(en) and
Zn(en) complexes!4 while Cu(2,4-tri) has a constant higher
than that of Cu(en)!® by about 3 log units. This is in
agreement with the hypothesis previously considered of the
existence of a chelate ring five membered in both Zn(2,4-tri)
and Ni(2,4-tr1) complexes and of two chelate rings, one five
membered and one seven membered, in the case of the Cu-
(2,4-tri) complex.
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A comparison of the copper(I1I) complexes with the hom-
ologous triamines 2,2-tri, 2,3-tri, and 3,3-tri shows the sequence
Cu(2,3-tri) > Cu(2,2-tri) > Cu(3,3-tri) > Cu(2,4-tri). This
order proves that the complex with two alternating five- and
seven-membered rings is the least stable in the series con-
sidered, even less stable than the compound with two six-
membered rings Cu(3,3-tri).

The stability constants of the reaction M(2,4-tri) + 2,4-tri
= M(2,4-tri)2 are similar for all the three metal ions and are
lower than those relative to the equilibrium!6

M(propylen) + propylen 3 M(propylen),

(propylen = N-n-propylethylenediamine, CHs-
CH2CH>NHCH2CH2NH?2). This unexpected behavior could
be explained by considering the different possibility of for-
mation of hydrogen bonds, for example with the solvent, of
the two complexes.

The stability constants relative to the reaction M + H-2,4-tri
= M(H-2,4-tri) follow the usual order Cu2*+ > Ni2t+ > Zn2t,
The values are slightly higher than those of 2,3-tri analogous
complexes,? the increase in stability being 0.17 log unit for
both nickel and copper. The fact that in both cases (2,4-tri
and 2,3-tri) a five-membered chelate ring is formed clearly
shows that the difference in the values is due to the character
of the free protonated arm. We must consider two factors to
understand this behavior.

(1) The lengthening of the aliphatic chain causes a de-
stabilization of the complex. In fact the stability constants
of Cu(Etilen) (10.19) and Ni(Etilen) (6.78)!6 are lower than
those of Cu(Meen)!3 (10.55) and Ni(Meen) (7.36)16 (Etilen
= N-ethylethylenediamine and Meen = N-methylethylene-
diamine).

(2) The removal of the charged NH3* group from the
complex causes a higher stability of the complex.

Therefore the stabilizing term (2) overcomes the destabi-
lizing term (1) and the stability constants of the two complexes
Ni(H-2,4-tri) and Cu(H-2,4-tri) can be higher than those of
Ni(H-2,3-tri) and Cu(H-2,3-tri). In the second step M-
(H-2,4-tri) + (H-2,4-tri) = M(H-2,4-tri)2 the equilibrium
constant is markedly lower than that of the first step, for nickel
and copper complexes, but the stability constants of the two
Zn(H-2,4-tri) and Zn(H-2,4-tri)2 complexes are similar. This
can be explained on the basis that the zinc complexes may
assume different stereochemistries, tetrahedral and octahedral
being the most common.!3

Hydrolysis Reaction. Hydroxy complexes of formulas
Cu(OH)(2,4-tri), Zn(OH)(2,4-tri), and Zn(OH)2(2,4-tri) are
formed. Once again!3 the Ni2t+ ion does not form hydroxy
complexes. The two complexes Zn(OH)2(2,4-tri) and Cu-
(OH)(2,4-tri) start to form at high pH and are the last
complexes present in the pH range investigated. Their per-
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centage is therefore low. The Zn(OH)(2,4-tri) complex is
formed in large proportions. It starts to form together with
the simple Zn(2,4-tri) and the protonated Zn(H-2,4-tri)
complex. The simultaneous presence of both protonated and
hydroxy complexes is unusual and this behavior is not in
agreement with the Zn2+-23-tri system.3

The two Zn(OH)(2,4-tri) and Cu(OH)(2,4-tri) complexes
have constants very close to the analogous complexes with the
other triamines. Neither a differing bulkiness of the polyamine
nor a different number of coordination sites available for the
OH- ion causes a different behavior in the thermodynamic
functions.

Finally the neutral complex Zn(OH)2(2,4-tri) is not formed
with the other aliphatic triamines, but it is present in the
Zn2+t-Qden system (for Oden = B-aminoethyl ether) with a
higher constant by 1.4 log units.!?

Registry No. 2,4-tri, 35513-87-2; copper, 7440-50-8; nickel,
7440-02-0; zinc, 7440-66-6.
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Department, American Chemical Society, 1155 16th St., N.W.,,
Washington, D. C. 20036. Remit check or money order for $4.00
for photocopy or $2.00 for microfiche, referring to code number
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