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Thermodynamic Behaviour of Complexes with 5,6-Membered Condensed 
Chelate Rings: 4,4,8-Triazaoctane 
By Roland0 Barbucci, Luigi Fabbrizzi, and Piero Paoletti," lstituto di Chimica generale ed lnorganica dell'- 

Universite e Laboratorio per lo studio del la Stereochimica ed Energetica dei Composti di Coordinazione 
del C.N.R., Via I .  Nardi 39, 50132 Florence, Italy 

The enthalpies of the reactions. in O.~M-KNO, a t  25 "C ,  between the linear tri-amine 1.4.8-triazaoctane (2.3-tri) 
and nickel(l1). copper(l1). and zinc(1l) ions have been determined by means of direct calorimetric titrations. By 
using the AG" values reported elsewhere the corresponding AS' values have been calculated. The ML complexes 
of (2.3-tri) which contain a system of condensed chelate rings with a 5.6-ring size sequence, have heats of formation 
higher than those of the corresponding complexes of (2,2-tri) (5.5-ring size sequence) and of (3.3-tri) (6.6- 
sequence). An analogous trend has already been observed in tetra-amine complexes. The importance of steric 
factors in the formation of the ML, complexes is discussed. 

THE co-ordinating properties of quadridentate poly- 
amines have been extensively studied by thermodynamic 
investigati0ns.l In  particular, the study of com- 
plexes with 5- and 6-membered alternating rings with 
tetra-amines has increased.2 The great stability of 
these compounds in aqueous solution is mainly due to 
the enthalpy term whilst the high heat of formation 
originates in the ease with which these ligands co- 
ordinate to the metal ion in a strain-free configuration.2 

In  the work described here we have turned our atten- 
tion to the triamine ligand 1,4,8-triazaoctane (2,3-tri),T 
in order to establish whether the formation of complexes 
containing an alternate sequence of only two, one penta 
and one exatomic, chelate rings is able to produce a 
higher enthalpy effect than that obtained from the 
analogous complexes with the (2,2-tri) or (3,3-tri) 
(elsewhere known as den and dpt) ligands which form 
only penta- or hexa-atomic rings. A previous potentio- 
metric investigation has shown that (2,3-tri) forms 

t For convenient reference, linear triamines of the type 
NH,[CH,],NH[CHJ,NH, are denoted by the symbol (n,m-tri), 
tetra-amines of the type NH,[CH2],NH[CH.J,NH[CH2]rNH2 by 
the symbol (n,nt,l-iet). 

1 P. Paoletti, L. Fabbrizzi, and R. Barbucci, Inorg. Chinz. 
Acta Rev., 1973, 7, 43. 

with NiII, CuII, Zn* a higher number of complexes 
than that formed by the other two ligands (2,2-tri) and 
(3,3-tri) and that both copper(I1) and nickel(I1) complexes 
with (2,3-tri) are more stable than those with the 
analogous triamine ligands. A complete thermo- 
dynamic investigation allows for reliable conjecture 
on both the reasons why some complexes are formed 
and their stoicheiometries. 

EXPERIMENTAL 

Calorinzetric Measurewzents.-The measurements were 
carried out  w i t h  a LKB 8700/2 t i t ra t ion calorimeter. 
In order t o  study the formation of  complexes w i t h  
copper(I1) and zinc(II), standard KOH was added to  a 

(a) D. C. Weatherburn. E. J. Billo, J. P. Jones, and D. W. 
hlargeruni, Inorg. Chem., 1970, 9, 1557; (b )  L. Fabbrizzi, R. 
Barbucci, and P. Paoletti, J.C.S. Dalton, 1972, 1529; (c) P. 
Paoletti, L. Fabbrizzi, and R. Barbucci, Inorg:Chem., 1973, 12, 
1861; (d )  R. Barbucci, L. Fabbrizzi, P. Paoletti, and A. Vacca, 
J.C.S. Dalton, 1973, 1763; (e) D. B. Gabbiness and D. W. Mar- 
gerum, J .  Amer. Chem. SOC., 1969, 91, 6640; P. Paoletti, L. 
Fabbrizzi, and R. Barbucci, Inorg. Chem.. 1973, 8, 1962. 
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1385. 

R. Barbucci, L. Fabbrizzi, and P. Paoletti, Inorg. Chim.  
Acta, 1973, '7, 167. 

http://dx.doi.org/10.1039/DT9740002403


2404 J.C.S. Dalton 
O-lihi-KNO, solution containing the amine hydrochloride 
and the metal nitrate. The heats of formation of nickel(rr) 
complexes were determined by an indirect method : the 
calorimetric vessel contained ca. 90 ml of a O.~M-KNO, 

complex formation are: - AHl  = 12.18, -AH2 = 12-14, 
- A H ,  = 9.95 kcal mol-1. The details of the protonation 
results will be reported elsewhere. 

Materials.-The hydrochloride of the triamine (2,3-tri) 

TABLE 1 
Calorimetric results for the metal complex formation of (2,3-tri) in O.Sxl-KN0, a t  25 "C 

Calorimetric vessel Titrant added 

Metal 
Ni2+ 

cu2+ 

Zne+ 

Vol . 
mmol mmol mmol mol 

- H+ M2+ (2,3-tri) 

0.0418 
0.04 13 
0.0414 
0.0681 
0.0683 
0.0688 
0.9282 
0.9038 
0.9081 

3.0506 
0-7282 
3-0900 
0.7676 
1.5831 
0.1316 
1.5209 
1.8605 
0.6149 
1.7560 
3.3033 
2.1720 
3.4781 
2.5623 
3.2967 
3.2193 
3.0981 
1.5930 
0-1415 
1.6341 
3.0677 
0.8590 
3-0610 
0.3675 
3 * 2 3 98 
3.1670 
3.2676 

0.9035 
0.8933 
0.8959 
0.3869 
0.3881 
0-3909 
0.8715 
0.8486 
0.8528 

0.9400 
0.9294 
0.9321 
0.9468 
0.9504 
0.9572 
0.9244 
0.9001 
0.9046 

0.3454 1.0169 
0.3454 1.0169 
0.3248 1.0300 
0.3248 1.0300 
0.4745 0-5277 
0.4745 0.5277 
0.1072 0.5070 
0.1139 0.6202 
0.2415 0.5383 
0.2368 0.5853 
1.0199 1.1011 
1.0199 1.101 1 
0.3831 1.1594 
0.3831 1.1594 
0.5498 1.0989 
0.5498 1.0989 
0.2768 1.0327 
0.4904 0.5310 
0.4904 0.5310 
0.509 1 0.5447 
0.5071 1.0226 
0.5071 1.0226 
0.2843 1.0203 
0.2843 1.0203 
0.9376 1.0799 
0.3099 1.0557 
0.5700 1.0898 

a Corrected for the heat oi  dilution of 

HNO, 

ml mmol 
L 

I -$ 

89.40 10.00 
88.39 10.00 

10.00 88-65 
10.00 88-48 

88.81 10.10 
89-46 10.00 
90.18 10.00 
87-81 10.00 
88.25 10.00 

87.95 4-00 
91-95 4.00 
89.20 4.00 
93.20 4.00 
91-90 2.50 
94.40 2.50 
93-03 1-50 
90.36 2-00 
90.69 2.50 
89-96 2-50 
93.39 2-10 
95.49 2-10 
91.05 1.70 
92.75 4.20 
91-56 2.00 
93.56 4.30 
94-01 6.00 
89-55 2.50 
93.05 2-50 
89-23 2-50 
91.73 4.10 
95-83 4-10 
94.02 5.00 
99.02 4.00 
90-84 6.00 
91-39 7.50 
90-52 7.50 

KOH 

the titrant in O-Bni-KNO,. 

4.4909 
4.4909 
4.4909 
4.4909 
4.5090 
4.4909 
4.4909 
4.4909 
4.4909 

2.3224 
2.3224 
2.3224 
2.3224 
1.4616 
1.4515 
0.9290 
1.1612 
1.4515 
1.4515 
1.1313 
1.1313 
0.9158 
2.2625 
1.0774 
2.3 164 
3.2322 
1.4515 
1.4515 
1.4515 
2.2087 
1.5880 
2.6935 
2.1538 
3.23 2 2 
4.0403 
4.0403 

- Q" 
Gal 

19.147 
19.110 
19.126 
21.235 
21.209 
21.265 
13.032 
12.740 
12.765 

13.327 
0.843 

12.906 
0.776 

12.404 
1.286 
4.752 
5-590 
8.436 
8.503 
9.825 
9.624 
7.947 
7.831 
9.298 
9,919 

12.711 
12.616 
1.678 

12.615 
9.774 
1.588 
9.609 

- 0.562 
14.678 
9.738 

12.670 

TABLE 2 
Thermodynamic functions for the formation of metal complexes with three-co-ordinating polyamines in aqueous 

solution at  25 "C 
(2,2-tri) b (3,3-tri) c 

A h (2,3-tri) 0 r , 
r A , -AGO -AH" ASo -AGO -AH" AS" - --- -- 

-AGO AH" ASo kcal kcal cal mol-l kcal kcal cal mol-I -- 
Reaction kcal mol-1 kcal mol-1 cal mot1 K-l mol-1 mol-l 1C-l mol-l mol-l K-l 

Ni2+ j HI?* [NiHLI3+ 7.99 (4) 
Ni2+ + L __ [NiL]2+ 16.320 (5) 
[NiL]?+ 4- L [NiLJ2+ 9-63 (1) 
Cu2-t + HL+ i7 [CuHLI3+ 12.30 (3) 
cuz+ + L * [CUL]2+ 22.639 (4) 

[CuL]2+ + HL+ [CUHL,]~+ 3.42 (3) 
[CuL]2+ + OH-- [Cu(OH)L]+ 6.44 (1) 
Zn2-k + L==Z+ 11.96 (1) 
[ZnLJ2+ + L 1_ [ZnL,]'+ 5.18 (4) 
[ZnLjZ+ $- OH- [Zn(OH)L]+ 6.80 (1) 

[CUL]2+ + L* [CUL,]" 4.47 (3) 

(1 Values in parentheses 

7.79 (79) 0.7 (2.8) 
18-54 (6) 5-9 (2) 14.45 11.85 
13.73 (12) -13.7 (4) 10.90 13.45 
11.5 (1.5) 2.7 (5.0) 
19.22 (6) 11.5 (2) 21.55 18.00 
6.1 (3) -5 .5  (1.1) 7.10 8.15 
5.9 (4) -8.3 (1)4 
3.28 (8) 13-9 (3) 6-14 2.70 
8.41 (7) 12.1 (3) 12.00 6.45 

0.05 (18) 22.6 (6) 
8.45 (28) -10.9 (1.1) 7.50 10.15 

are the standard deviations. b Ref. 3. C Ref 

8.5 12-53 10.56 6.6 
8.5 4.84 7-08 -7.5 

12.0 19.38 16.09 11.0 
- 3.5 

11.5 5-65 3-28 11.3 
18.5 10.80 6.42 18.0 

7.10 3-77 11.2 
- 9-0 

. 4. 

solution of the complex prepared 24 h earlier. The com- 
pleses were destroyed by adding an excess of nitric acid. 
Calorimetric data are reported in Table 1.  The method 
of calculation has been already described.ad The stepwise 
heats of protonation used to calculate the entlialpies of 

was prepared as described elsewhere.5 Solutions of potas- 
sium hydroxide, nitric acid, and metal nitrate were obtained 
and standardized as described.6 

Co~nplexes of NicizeZ(I1) .--Nickel(II) forms three complexes 
6 A. Dei, P. Paolctti, and A. Vacca, Inorg. Chewz., 1968, '9, 865. 
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of formula [XiHLl3+, [NiLI2', and [NiL2I2+ with the ligand 
(2,3-tri) and their enthalpies were all measured (Table 2). 
The AHo value of the reaction Ni2+ + HLi =i% [NiHL]3+ 
is lower than that obtained in the formation of the complex 
[Ni(en)I2+ (8.90 kcal mol-l) but higher than that 
with the ligand propane-1,3-diamine: [Ni(tn)]2+ (7.24 
kcal mol-l) This comparison supports our previous 
suggestion that the chelate ring in this complex is the 5- 
membered one. 

By comparison of the thermodynamic functions relative 
to the reaction Ni2+ + HL+* [NiHLI3+ with those of 
the reaction Ni2+ + 1;s [NiL]2+ (Table 2), we can 
deduce that the simple complex [NiL]2+ possesses the full 
co-ordination of the nitrogen atoms of the ligand (2,3-tri). 
The higher heat evolved in the second reaction is indicative 
of a larger number of co-ordinated nitrogen atoms. 
Furthermore the reaction Ni2+ + L __ [NiL]2+ relative 
to the ligand (2,3-tri) exhibits a higher thermal effect 
than that relative to the analogous complexes [Ni(den)]2+ 
and [Ni(dpt)12+: the formation of a complex with alternat- 
ing 6,Gmembered rings causes an increase of the enthalpy 
term with respect to the formation of complexes containing 
only 6,6- and even 5,5-membered rings: the presence of 
t x o  alternate chelate 5, G-membered rings decreases the 
cumulative ring strain1 This behaviour had been already 
proved in complexes containing quadridentate ligands 2 

and now, for the first time, i t  is verified with a ligand 
csliibitiing lower dcnticity. 

Tlic addition of a second niolccule of ligand, in the re- 
action 

[Xi(2,3-tri)I2l- +- (2,3-tri) [Ni(2,3-tri)J2 t- 

takes place with A H o  value equal, within the standard 
deviations, to that  obtained in the first step (Table 2). 
This behaviour is in contrast with that obtained either with 
analogous ligands as den or with lower denticity ligands 
as ethylenediaminc: the addition of a second molecule 
of ligand usually givcs rise to a higher A H o  value. This 
was esplained by assuming that the second molecule of 
ligantl co-ordinates with release of a lower number of 
water molecules than that released during the first stcp. 
This lower desolvation (endothermic) process yields 

However the difference (AH, - AH2) relative to the 
niclte1(11) complexes with the three ligands den, 2,3-tri, 
and dpt shows a decrease from den (1.60 kcal mol-l) 
to 2,3-tri (0-19 kcal mol-l) to dpt (-2-48 kcal mol-1). 
'This is indicative of steric hindrance between the two 
n~olecules of ligand, which increases with the length of the 
aliphatic chain. Moreover, we cannot exclude the possi- 
bility that the differences in the thermodynamic functions 
of tlic three complexes could also be attributed to different 
percentages of isomers of tlie complex [h'iLI2+ (where L 
is tlie triamine den, 2,3-tri, or dpt). Reilley et al. have 
recently shown that den forms two different isomers 
with NiII ion in aqueous solution: facial and meridional; 
-AHo for the meridional= facial reaction is almost 
zero, whilst ASo is positive. 

Complexes of Coppev(I1) .-There are five coppcr(I1) 
complcxes with the ligand (2,3-tri) : [CuHLI3 ' ancl 
[CuHL,13*-, [CuL]' i- and [CUL,]~', and [Cu(OH)L]+ the 
heats of formation for each of which we measured (Table 2). 

11. Ciampolini, P. Paoletti, ancl L. Sacconi, J .  C h m .  Soc., 
1960, 4463. 

a 1:. Holmcs and D. R. \4'illiams, J .  C?ic)v. Soc. ( L 4 ) ,  1067, 1702. 

-AH2 > -AHI.  

As for the NiII complexcs, a comparison of A H d  for 
the [CuHLI3' and [CuLIec complexes accounts for the 
complete co-ordination of all three nitrogens in the simple 
complex. 

Now let us consider the quadridentate ligancl (3,2,3-tet) : 
it forms two complexes with copper(II), [Cu(3,2,3-tet)J2 - 
and [C~H(3 ,2 ,3 - t e t ) ]~+ .~~  The difference of the enthalpies 
AI-I"(CuHL) - AH"(CuL) (L = 3,2,3-tet or 2,3-tri) is the 
same, within experimental error, for the two ligands. 
The similarity of the values is confirmation that in tlie 
complex [CLIHL]~~  the nitrogen of the aliphatic chain 
belonging to the less-stable ring, i e .  the G-inembcrccl one, 
is protonated, As for the SiII complex, tlic coiiiples 
[Cu(2,3-tri)I2+ exhibits a higher enthalpy value than that 
of the two complexes [Cu(dcn)12- and :Cu(dpt)12 ' (Tablc 2) .  
Then the enthalpy term is the one resyonsiblc ior the 
higher stability constant of tlie complex with altcrnating 
5,6-niembered rings. The cntropy term is practicallj- 
constant along the series [Cu(den)12+, [Cu(3,3-tri)12 , and 
[Cu(dpt)] , 2 L .  Here the comparison of the thermodynamic 
functions is particularly significant since with this metal 
ion the tridentatc ligand is equatorially disposed . lo  Thc 
unique isomer of the CuL complex is then tlic meritlional 
one. 

The heat of formation stcp for the second siniplc coniples 
[Cu( 2,3-tri)2]2+ is lower than that for the corrcspontliiig 
complex [Cu (den) 2]2+ for which an incomplete co-ordination 
of the second molccule has already been suggested (see 
Table This means that therc is a t  least onc frec site 
of co-ordination in the [Cu( 2,3-tri) - complex. Moreover 
the overall heat of the reaction Cu2- -I- 2(2,3-tri) q 3 E  
[Cu( 2,3-tri),]2 is higher than that relative to tlic forniation 
of the complex LCu(hlee~i),]~~ (23.73 bcal in01 I ;  Jlccn = 
N-mcthylethylenediamine) l1 where 4 nitrogcw a toms 
are co-ordinated. This Pact excludes the possibilitj. that  
the complex [ C ~ ( 2 , 3 - t r i ) ~ ] ~ ~  has more tlian one frcc arm. 

Together with the simple 1 : 2 coniplcs, thc coinplex 
[CuH(2,3-tri),13 is also formccl. Froin a conwlcration 
of tlic relative thermodynaniic functions for the tn o 
coniplexcs two points can bc madc. (1) 'I'fic enthalpj- 
value of the reaction ICuL;' -i- HI, __ [C~IFIL.,,~- is 
very close to that obtained for tlie reaction [C'uI,]' 4- 
L -7 [CuL2I2l. This is confirmation that the second 
molecule of 2,3-tri is not completely co-ordinatctl to  the 
Cul* ion in the coniples [CuL2]zT'; further, i t  nic.ans that 
the presence of a charge on the non-co-ordinatctl aniino- 
group does not affect the heat of formation of the 
other 5-membered ring. (2) The entropy valuc i b  lower. 
This is due both to the greater orientating powcr of the 
triply-charged [CuHL2J3 ' complex toward the solvent 
molecules and to a. greater rigidity of tlic aliphatic. chain 
bonded to the protonated nitrogen.l? 

Finally thc thermodynamic functions relative to t h e  
reaction 

[Cu (2,3-tri)j"" -+- OH- [Cu(OH)(d,3-tri)j i -  

are very similar to tliosc obtainccl for tlic analogous 
[Cu(OH)(dcn)}+ and rCu(OH)(dpt)] I complcses. A 
diffcrence in bulkiness of the polyaniinc ligrtrirl should 

K. 1:. Ekilia, D. C.  ~ ~ o u i i g ,  and C. K. Reillcy, J .  ('o-oidina- 
tiogt Chrm.,  1973, 3, 17. 

lo F. Stephens, J .  C?ictii. Soc. (.4), 1960, 2233, 2493. 
l1 H .  Barbucci, L. l;abbrizzi, 1'. I'aolctti, and  -4. T'acca, J.C.S. 

l2 D. I-I. Everett and 13. l t .  TY. I'inscnt, Pioc. Iic?\j. Soc. (.a), 
Dalton, 1972, 740. 

1952, 215, 416. 
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not disturb the addition of a hydroxo-group to the CuL 
complex (see Figure 1). 

Complexes of Zinc(11) .-The complex [Zn(Z, 3-tri)I2+ 
shows a higher AHo value than that for the corresponding 

I I 

1 
I 

I 
i 

FIGURE 1 

[Zr~(den)]~+ and [Zn(dpt)12+ complexes (Table 2), behaviour 
analogous to that already seen for the CuII complexes; 
its entropy is however the lowest of the three complexes. 
This behaviour, which appears anomalous in com- 
parison with that of the copper(I1) complexes, suggests 
for [Zn(2,3-tri)I2' a stereochemistry different from the 
tetrahedral one shown in both the [ Z n ( d e r ~ ) ] ~ + ~  and 
[Zn(dpt)I2+ complexes in aqueous solution. Indeed a 
co-ordination number greater than 4 should account both 
for the smaller number of water molecules released during 
the reaction and the lower AS" value. It is then likely 
that the [Zn(2,3-tri)I2+ complex has an octahedral structure 
with water molecules completing the co-ordination sites. 
In this connection i t  is to be remembered that ZnII com- 
plexes with alternating ring sequence 5,6,5 2b or 6,5,6 
of quadridentate ligands exhibit, in aqueous solution, a 
co-ordination number greater than 4, with co-ordinated 
water molecules, whilst [Zn(2,2J2-tet)]2+ with three con- 
secutive &membered rings, forms a tetrahedral com- 
plex.13 The octahedral stereochemistry of [Zn(Z, 3-tri)]2+ 
is supported by the thermodynamic values of the 
[Zn(OH) (2,3-tri)lf complex. Its enthalpy is lower than 

that of the analogous [Zn(OH) (dpt)]+ complex, whilst 
the entropy is higher (Table 2). 

The introduction of a charged group in the co-ordination 
sphere would give rise to a tetrahedral complex in both 
cases (see Figure 2). 

As a matter of fact the process of OH addition is less 
exothermic and more entropic for the first than for the 
second complex. This is due to a greater release of solvent 
molecules for the [Zn(OH) (2,3-tri)lf complex, as a conse- 
quence of the different stereochemistry of the original com- 
plex. Zinc(I1) also bonds a second molecule of (2,3-tri), 
forming the complex [Zn(2,3-tri),-J2+. Its enthalpy value is 
very similar to that obtained in the first step. Therefore 
the thermodynamic behaviour of this complex becomes 

FIGURE 2 

equal to that of nickel(II), thus supporting the hypothesis 
of octahedral co-ordination. 

[4/064 Received, 15th January, 19741 
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