
Inorg. Chem. 1993,32, 5257-5265 5257 

Metal Complexes of Macrocyclic Ligands Containing Pyridine 
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Somemacrocycliccompoundscontainingpyridine havebeen synthesized: 3,6,9,15-tetraazabicyclo[9.3.1]pentadeca- 
1 (1 5), 1 1,13-triene (l), 3,7,10,16-tetraazabicyclo[ 10.3.l]hexadeca-l(1 a), 12,14-triene (2), 3,7,11,17-tetraazabicyclo- 
[ 1 1 3.1 ] heptadeca- 1 ( 17). 13,154riene (3), and 7-methyl-3,7,11.1 'I-tetraazabicyclo[ 1 1.3.11 heptadeca- 1 (1 7), 13,15- 
triene (4). The protonation reactions of these ligands were studied by potentiometric and lH NMR techniques, and 
it was found that all of them present two very basic and the other two very acidic nitrogen atoms. The stability 
constants of the complexesof 1-4 with some divalent fmt-series transition metal ions, CdZ+, and Pbz+ were determined 
by potentiometric methods. The constants for the C d +  complexes were impossible to determine due to their rapid 
reaction with dioxygen, followed by degradation of the species formed. The Irving-Williams order of Stability is 
obeyed for all the complexes of those ligands, and the values of stability constants decrease with the increasing ring 
size of the macrocycle, with the exception of those of the copper complexes. The latter complexes present a different 
trend with stability constants of similar values, but the complex of 2 shows a lower stability. The NiZ+ complexes 
were studied by electronic and NMR spectroscopies, and the Cuz+ complexes, by electronic and ESR spectroscopies. 
The structures adopted by the complexes in aqueous solution are discussed, and comparison with the behavior of 
the corresponding complexes of the tetraaza macrocyclic ligands (without a pyridine nitrogen) is undertaken. 

Introduction 
Four ligands have been synthesized in the present work, one 

of them, 2, for the first time. Ligand 1 has been prepared before,lJ 
but studies on its metal complex properties have never been 
undertaken. Stetter et of.' were interested in this macrocycle as 
a starting material for the synthesis of a triacetate derivative. 
Studies of some metal complexes with compounds 3 and 4 have 
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been made, especially Cu2+, Ni2+, and C$+ complexes,= and 
also with some N-functionalized d e r i ~ a t i v e s . ~ ~ ~  However, the 
protonation constants of these ligands and their stability constants 

2: 3 , 7 , 1 0 , 1 6 - ~ b i ~ c t 0 [ 1 0 . 3 . 1 ] k ~ ~ ~ - 1 ( 1 6 ) . 1 2 1 4 - K i ~ ~  (py[l3]m~N4) 
3: 3.7,1 1,17--abicycl0[ 11.3.1]hepd~~-l(17).13.1S-lrhns @y[l4]raeN,) 
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with several divalent metal ions are determined in the present 
work for the first time. 

It is well-known that tetraaza macrocyclic compounds (5-8) 
present very peculiar properties on complexation, forming 
complexes with remarkable stability and inertness, even in very 
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acidic media. Nevertheless, a restrictive property of many of 
these complexes for practical applications is the slow kinetics of 
their formation. l5 

Searching for complexes with faster formation reactions, and 
also with high stability constants, especially presenting particular 

~~~ ~ 

(8) Alcock, N. W.; Moore, P.; Pierpoint, C.  J.  Chem. Sa., Dolton Trons. 

(9) Alack, N. W.; Moore, P.; Omar, H. A. A. J.  Chem. Soc., Chem. 

(10) Foster, K. A.; Barefield, E. K.;van Derveer, D. G. J.  Chem. Soc., Chem. 

(1 1) Alack, N. W.; Balakrishnan, K. P.; Moore, P. J .  Chem. Soc., Dalton 

(12) Alack, N. W.; Balakrishnan, K. P.; Moore, P.; Omar, H. A. A. J.  

(13) Alack, N. W.; Moore, P.; Omar, H. A. A. Acta Crystallogr. 1987, C13, 

(14) Alcock, N. W.; BennQton, A. C.; Grant, S. J.; Omar. H. A. A,; Moore, 

(IS) Izatt, R. M.; Pawlak, K.; Bradshaw, J. S.; Bruening, R. L. Chem. Rcv. 

1984,2371. 

Commun. 1985, 1058. 

Commun. 1986,680. 

Trans. 1986, 1743. 

Chem. Soc., Dalton Trons. 1987, 545. 

2074. 

P. J.  Chcm. Soc., Chem. Commun. 1991, 1573. 

1991, 91, 1721. 

Q 1993 American Chemical Society 



5258 Inorganic Chemistry, Vol. 32, No. 23, I993 

selectivity for some divalent metal ions, we have decided to 
undertake the study of some complexes of ligands containing a 
pyridine nitrogen in the macrocyclic ring. Compounds 1-4 were 
synthesized, their protonation properties studied, and the stability 
constants determined for their complexes with metal ions of 
different ionic radii, such as some first-series metal ions, Cd2+ 
and PV+. To have some insight into the properties of the metal 
complexes in aqueous solution some spectroscopic studies were 
made. 

Costa and Delgado 

3 was synthesized by the addition of 3,3’-diaminodipropylamine (in 
ethanol) to a solution of 2,6-pyridinedicarbaldehyde and copper nitrate 
(inamixtureofethanol/water, 1:l v/v). Thecopper(I1)diiminecomplex 
formed was reduced by sodium borohydride, and the copper was removed 
by precipitation of its sulfide (yield 86%). Mp: 83-5 OC. IH NMR 
(CDCI3, TMS): b (ppm) 7.50 (lH, t), 6.97 (2H, d), 3.85 (4H, I)), 2.88 
(3H, br), 2.72 (4H, t), 2.62 (4H, t), 1.71 (4H, m). I3C NMR (CDCl3): 
b (ppm) 159.13,136.50,120.63,54.26,47.50,46.30,28.90. Anal. Calc 
forCl3HuN4: C,66.6;H,9.5;N,23.9. Found: C,66.5;H,9.3;N,23.6. 

4 was prepared by a procedure analogous to that for 3, replacing the 
3,3’-diaminodipropylamine by 3,3‘-diamino.N-methyldipropylamine.6 
(yield 75%). Mp: 79-80 OC. IH NMR (cDcl3, TMS): b (ppm) 7.43 
(lH, t), 6.90 (2H, d), 3.77 (4H, s), 3.14 (2H, br s), 2.44 (4H, t), 2.27 
(4H,t), 1.96(3H,s), 1.63 (4H,m). WNMR(CDC13): b(ppm) 159.16, 
136.21, 120.25, 56.09, 54.30, 46.44, 40.70, 26.89. Anal. Calc for 
cI$Ifi4:  C, 67.7; H, 9.7; N, 22.6. Found: C, 67.7; H, 9.8; N, 22.9. 

Other Rugeats .nd Sbndud Solntiooa. Metal nitrates of analytical 
grade were used and ~ 1 U t i O n S  prepared in demineralized water (obtained 
by a Millipore/Milli-Q system) and standardized with Na2H2EDTA.l9 
Carbonatefree solutions of the titrant. KOH, were prepared by dilution 
of a commercial ampule of Titrisol (Merck) analytical concentrate with 
demineralized water under a stream of purified nitrogen gas. The solutions 
were standardized by titration with hydrochloric acid and discarded when 
the concentration of carbonate reached 0.5% of the KOH present. 

Pok.tiolactric Equipment 4 M s w w c a b .  For the potentiometric 
titrations an Orion 720 measuring instrument was used together with an 
Orion 9 1-01 glass electrode, an Orion 90-05 Ag/AgCl reference electrode, 
and a Wilhelm-type salt bridge containing 0.1 M KNO3 solution. 
Titrations were camed out in a thermostatad cell kept at 25.0 & 0.1 OC 
by circulating water through the jacketed titration cell from a Grant W6 
thermostat, and the ionic strength of the solutions was kept at 0.10 M 
with KNO3, as dcscribcd 

The emf of the cell is given by E = Em + Q log [H+] + E,, and both 
Em and Q were determined by titrating a solution of known hydrogen 
ion concentration at the same ionic strength, using the acid pH range of 
titration. The term pH is defined as -log [H+]. Ej, the liquid-junction 
potential, was found to be negligible under the experimental conditions 
used. The ionic product of water, Kw =[H+][OH-1, was determined 
from data obtained in the alkaline range of the titration, considering E” 
and Q valid for the entire pH range, and found equal to 10-13.78, 

The potentiometric equilibrium measurements were made on 20.00 
cm3 of ligand ~ 2 . 5 0  X l P 3  M diluted to a final volume of 30.00 cm3, 
first in the absence of metal ions and then in the presence of each metal 
ionforwhichthemL:mMratimwere 1:l or2:l. TheEdatawerecollected 
after additions of 0.025- or 0.050-cm3 increments of standard KOH 
solution. 

Formrtioll Conatant Studies. Equilibration of ligands 1 4  with most 
of the metal ions is fairly rapid, and automatic titrations were possible, 
with the exception of the case of the Ni2+ complexes of all the ligands 
studied in this work, which required several days for the equilibration 
(45, 17, and 6 days for complexes of 1-3, respectively). For thtse caw 
of slow equilibration ‘out-of-cell” titrations were 

c.lc&tioll of Equilibrium Constants. Protonation and stability 
constants were calculated by fitting the potentiometric data to the 
SUPERQUAD program.22 The initial computations were obtained in 
the form of overall protonation constants 

Experimental section 

Rcyc.b. Diethylenetriamine, N-(2-aminocthyl)- 1,3-~ropanediamine, 
3,3’-diaminodipropylamine, 3,3’-diamino-N-methyldipropylamine, and 
2,6-pyridinedimethanol were obtained from Aldrich Chemical Co.; 
selenium dioxide, sodium borohydride, and sodium hydride were from 
Merck; triethylenetetramine (trien) was from BDH. All of them were 
used as supplied, without further purification. 

2,6-Pyridinedicarkldehyde was prepared by refluxing 2,6-py- 
ridindimethanol (1 g) with selenium dioxide (0.8 g) in dioxane ( 16 c”) 
during 3 h; the product obtained after evaporation of the solvent was 
recrystallized from chloroform-petroleum ether.7 

2.6-bis(bromomethyl)pyridine was obtained by refluxing 2,6-py- 
ridindi”o1 (5 g) with 47% hydrobromic acid for 2 h; after 
neutralization with NaOH (10 M), the product precipitated was 
rtcrystallized from petroleum ether.I6 
All the ligands were synthesized and purified in our laboratory. The 

other chemicals used were of reagent grade, and organic solvents were 
puritied by standard m~th0ds.I~ 

SJRtkrb md chrretcriptiw of tk Ilp.Q. Compounds 1 and 2 
were synthmized by following the method of Richman and Atkins,I8 with 
some modifications. Ligands 3 and 4 were synthesized by a template 
method, using copper(II).6 

2 was prepared by condensation of the disodium salt of N-(2-((p-tolyl- 

mol, 6.38 g) with 2,6-bis(bromomethyl)pyridine (0.01 1 mol, 2.89 g) in 
125cm30fdrydimethylformamide(dmf)at 110°Cfor5h. Thedisodium 
salt was obtained immediately before the reaction by addition of NaH 
(0.033 mol) in dry dmf(l5 cm3) to a solution of N-(2-((p-tolylsulfonyl)- 
amino)ethyl)-N~’-bis(ptolylsulfonyl)- 1,3-propanediaminc (0.01 1 mol) 
in dmf (55 an3)), under nitrogen. The solution of the 2,6-bis(bromo- 
methy1)pyridme in dmf (55  an3) was added slowly, dropwise, during a 
period of 3 h. At the end of the reaction, the solution was filtered off 
and concentrated to one-tenth of the initial volume. The product then 
precipitated and was washed with warm water (60 “C), NaOH (5 M), 
and water again. The pure tristmylated cyclic amine (tosyl = ptolyl- 
sulfonyl) was obtained after recrystallization from methanol (yield 30%). 
The tosyl groups were removed by reductive cleavage, refluxing the 
tosylatad cyclic amine (1 .O g, 0.001 5 mol) with a mixture of glacial acetic 
acid, 48% hydrobromic acid (9:16 v/v), and phenol (0.85 g) for 7 h. The 
mixture was concentrated and extracted with chloroform (4 X 30 cm9; 
the aqueous layer was concentrated, and the required cyclic amine was 
precipitated by diethyl ether and obtained in the hydrobromide form, 
24HBr (yield 80%). Mp: 122-4 OC. IH NMR (DzO, DSS): b (ppm) 
7.88(1H,t),7.45(2H,m),4.53(2H,s),4.47(2H,s),3.60(4H,m),3.27 
(4H, m), 2.25 (2H. 9). 13C NMR (D20, dioxane): 8 150.31, 150.08, 
140.07, 125.06, 124.76, 49.60, 49.07,43.49,42.52,41.99, 41.08, 20.38 
ppm. Anal. Calc for C I ~ H M N ~ B ~ ~ - H ~ O  C, 25.7; H, 4.7; N, 10.0. 
Found C, 25.4; H, 4.6; N, 9.8. 

1 was synthesized by the procedure described for 2 but using tne 
disodium salt of N,”,”’-trb(p-tolylsulfonyl)diethylcnetriamine instead 
of disodium salt of N-(2-(@-tolylsulfonyl)amino)ethyl)-N,”-b~(p- 
tolylsulfonyl)- 1,3-pr0panediamine,~s followed also by the removal of the 
tosyl groups by refluxing with a mixture of glacial acetic acid, 48% 
hydrobromic acid, and phenol, and obtained in the hydrobromide form, 
1.3HBr (yield 70%). Mp: 250-4 OC dec. IH NMR (D20, pD 8.66, 
DSS): b(ppm)7.915(1H,t),7.417,7.391 (2H,d),4.482(4H,s),3.142 
(4H, t), 2.908 (4H, t). I3C NMR (D20, pD 2.8, dioxane): 6 149.18, 
139.59,122.29,49.25,47.26,44.39 ppm. Anal. Calc for C I I H ~ I N ~ B ~ ~ :  
C, 29.4; H, 4.7; N, 12.5. Found: C, 29.4; H, 4.5; N, 12.2. 
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Tabk I. Protonation (log Kp) Constants of Ligands 1 4  (T = 25.0 
O C :  I = 0.10 M [KNOI)) 
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~~~~ ~ ~ ~~ ~~ 

equilibrium quotient (log units) 
[HLI/ [HzLI/ [%LI/ [WI/ 

ligand [Ll [HI [HLI [HI [HA1 [HI [HLI [HI 
~~[12laneN4 (1) 10.33(4) 7.83(5) (1.27) <1 
py[l3IaneN4 (2) 9.79(2) 8.49(1) 2.85(5) <1 
py[l41aneN (3) 9.92(1) 8.56(3) 4.66(4) <1 
N-Mepy[l4]aneN4 (4) 9.74(4) 8.67(5) 4.67(6) <1 

to those which can be justified by established principles of coordination 
chemistry. Species distribution curves were generated with the aid of the 
program SPE.z3 

A minimum of two titrations, performed by the automated system, for 
which the mL:mM ratios were 1:l and 2:1, was used, 1:l being the only 
ratio for the titrations performed by the "out-of-cell" procedure. In the 
case of the reaction of Cu2+ with compound 1, a ligand-ligand competition 
titrationwasperformedusinga 1:l:l mL:mL':mMratio(Lbeing theligand 
1, L' the reference ligand, and M the Cuz+ ion), as the complex was 
already completely formed in the beginning of a direct potentiometric 
titration. The reference ligand used for the competition was trien. 

The errors quoted are the standard deviations of the overall stability 
constants given directly by the program. In the case of the stepwise 
formation and protonation constants, the standard deviations were 
determined by the normal propagation rules and do not represent the 
total experimental errors. 

Sp&mcopic Stndiea. Proton NMR spectra were recorded with a 
Varian Unity 300 spectrometer. The adjustment in pD for the NMR 
titrations wasmadewithanOrion420Ainstrument fittedwitha combined 
Ingddmicralcctrode. The-log [H+] wasmeasureddirdyin the NMR 
tube, after the calibration of the microelectrode with buffered aqueous 
solutions, and the final pD calculated by the equation pD = pH + 0.40.2' 
Solutions of the ligands for the NMR measurements (-0.01 M) were 
made up in D20, and the pD was adjusted by adding DCl or COZ-free 
KOD. Sodium 3-(trimcthylsilyl)propane-l sulfonate (DSS) was used as 
an internal reference. 13C NMR spectra were recorded with the same 
spectrometer, and dioxane was used as internal reference. 

Electronic spectra were measured with a Perkin-Elmer Model Lambda 
9 spectrophotometer for UV-vis-near-IR. using aqueous solutions of the 
complexes prepared by the addition of the metal ion to the ligand at the 
appropriate pH value (corresponding to the total formation of the metal 
complex). The solutions of the nickel(I1) complex of ligand 1 were 
prepared in 1 M KNO3, thosc of thecopper(I1) complexeswith all ligands 
were prepared in 0.1 M KNo3, but the nickel(I1) complexes with 2 4  
were prepared without inert electrolyte. The nickel complexes were also 
studied by lH NMR spectroscopy using a maximum spectral width of 
l@ Hz, and NMR spectra of the diamagnetic complexes were 
recorded. 

The copper(I1) complexes were also studied by ESR spectroscopy, 
using a Bruker ER 200-SRC spectrometer equipped with an Oxford 
Instruments continuous-flow cryostat. The spectra of the complexes (1.2 
X lW3 M in 1.0 M NaCIO4) were recorded at 77 K (in liquid nitrogen). 
For higher concentrations of the complexes and lower ionic strength, only 
one broad resonance is observed. The concentration of the copper 
complexes used is well below the range where ion-ion dipolar broadening 
can be detected. The computer simulation of the ESR spectra was carried 
out with a program for a microcomputer. 

PrOtOa8tion Constants. In Table I are summarized the 
protonation constants for ligands 1 4  These ligands present two 
high and two low values of protonation constants (log units). The 
last constant was not determined due to its very low value, which 
prevents the determination by potentiometric measurements. lH 
NMR spectroscopy titrations of ligands 1 and 3 were carried out 
to understand the sequence of the protonation. Figure 1 shows 
a spectrum of 1 at pD 8.70, and Figure 2, the spectrum of 3 at 
pD 5.96 and also the titration curves for the entire pD range for 
the two ligands. 

(23) Martell, A. E.; Motekaitis, R. J. Determination and Use of Stobility 

(24) Delpdo, R.; Frahto da Silva, J. J. R., Amorim, M. T. S.; Cabral, M. 
Constants, 2nd 4.; VCH: New York, 1992. 
F.; Chavcs, S.; Costa, J. Anal. Chim. Acta 1991, 245, 271. 
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1.0 7.0" 4B a.0 8 1 ~ i  

Fig" 1. IH NMR spectrum of ligand 1 at pD = 8.70 and titration curve 
for pD ucrsus 6 (ppm). 

1.0 7.0 " 6.0 4.0 

s.0 7.0' ' 4.0 a.0 1.0 o h "  
Flgme 2. lH NMR spectrum of ligand 2 at pD = 5.96 and titration curve 
for pD versus d (ppm). 

The spectra of 1 exhibit five resonances over almost the entire 
pD range, but the resonances assigned to e and d overlap for pD 
values below 1 .O. The assignment of the resonances is straight- 
forward for a+, taking into account the area ratio and the pattern 
of each absorption. The two resonances at low field were assigned 
to the protons of the pyridine ring: the triplet to the a protons 
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and the doublet to the b protons. At high field, three resonances 
appear: the singlet readily assigned to the methylenic protons c 
and two triplets of themethylenicprotonsd and e. The assignment 
of these last two resonances was made using the technique of 
selective INEPT (intensive nuclei enhanced by polarization 
transfer), followed by a 2D carbon/proton correlation. The 
experiment was performed at pD 2.8. At this pD, the 13C NMR 
spectrum exhibits resonances at 6 (ppm) 149.18,139.59,122.29, 
49.25,47.26, and 44.39 and the correspondent 'H NMR spectrum 
resonances at  6 (ppm) 7.97 (t), 7.50 (d), 4.64 (s), 3.18 (t), and 
2.95 (t). Selective irradiation of protons c (4.64) resulted in the 
enhancement of 13C signals at 6 (ppm) 149.18 (two-bond JCH 
coupling, ortho carbon of the pyridine ring), 122.29 (three-bond 
JCH coupling, meta carbon of the pyridine ring), and 47.26 (three- 
bond JCH coupling). A JCH value for the long-range coupling of 
4 Hz was used. Correlation of the resonances at 47.26 ppm in 
the I3C NMR spectrum with the d protons at 3.18 ppm in the 
1H NMR spectrum was observed in a two-dimension experiment. 
The 'H NMR titration curves show the effect of the successive 
protonation of the various basic centers of the molecule: the first 
equivalent of acid added to the basic form of the ligand 1 (pD 
12.0-9.5) protonates mainly the nitrogen atom opposite the 
pyridine nitrogen, since only resonances d and e shift downfield; 
resonance c has a very small shift in this pD range, meaning a 
small percentage of protonation in nitrogen atoms NZ. The second 
equivalent of acid added (pD 9.0-7.0) protonates the pyridine 
nitrogen, as resonances a-c move downfieid. The addition of one 
more equivalent of acid (pD <3.0) seems to change the 
conformation of the ligand, involving a redistribution of charges 
in the ring. Similar effects were observed in the tetraaza 
macrocyclic compounds when the third nitrogen was protonated 
and were attributed to the modifications of the conformation of 
the tetraaza rings to minimize repulsions between two positively 
charged nitrogen atoms at short di~tance.~5,26 In the case under 
study, the differences in behavior of the macrocycle in the basic 
and acidic regions are more remarkable due to the asymmetry 
of the macrocyclic ring caused by the pyridine moiety. In fact, 
it seems that for low pD values (between 3.0 and 1.0) the first 
two centers already protonated are deprotonated in favor of the 
other two basic centers (the nitrogen atoms N2) and nitrogen 
atoms N1 are again protonated. This sequence explains the fact 
that resonance c doe9 not shift for pD values below 6, as these 
protons are simultaneously affected by the deprotonation of the 
pyridine nitrogen and the protonation of nitrogen atoms N2 and 
the shift of resonance e is almost similar to that of resonance d. 
At the end of the titration, at pD = 0, only three protonations 
have occurred, meaning that one nitrogen center is not protonated 
even for very low pD values. 

The spectra of 3 exhibit six resonances over the entire pD 
range,whoseassignmentwascarriedout asdescribedfor 1.Triplet 
a and doublet b at low field were assigned to the protons of the 
pyridine ring; the quintuplet at high field was assigned to protons 
f; the singlet at high field was readily assigned to the methylenic 
protons c and two triplets of the methylenic protons d and e. The 
assignment of protons d and e was made by two different 
experiments: an 'H NMR titration of ligand 4 (N-Mepy[l4]- 
aneN4) and a selective INEPT experiment. The * H  NMR 
titration curve of 4 presents a pattern exactly the same as that 
of 3, but the first ligand exhibits one resonance more (a singlet 
at high field) readily assigned to protons of the methyl group 
bonded to the nitrogen atom opposite the pyridine one. This 
resonances has the same profile as resonance e, which can be 
assigned by comparison. The selective INEPT experiment was 
made at pD 8.66. At this pD, the 13C NMR spectrum exhibits 
resonancesat S 152.17, 139.07, 122.22,50.41,47.09,46.49, and 
24.76 ppm and the correspondent IH NMR spectrum resonances 
(25) Ascenso, J. R.; Delgado, R.; Fraslsto da Silva, J. J. R. J .  Chem. Soc., 

(26) Dcareux, J. F.; Merciny, E.; Loncin, M. F. Inorg. Chcm. 1981,20,987. 
Perkln Trans. 2 1985, 181. 
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at 6 (ppm) 7.93 (t), 7.44 (d), 4.37 (s), 3.25 (t), 3.03 (t),and2.00 
(q). Selective irradiation of protons c (4.37 ppm) resulted in the 
enhancement of I3C signals at 152.17 (two-bond JCH coupling), 
122.22 (three-bond JCH coupling), and 47.09 ppm (three-bond 
JCH coupling). Correlation of the resonance at 47.09 ppm in the 
I3C NMR spectrum with the d protons at 3.25 ppm in the 'H 
NMR spectrum was observed in a two-dimension experiment. 
The lH NMR titration curves show a profile different from that 
of 1 (Figure 2): the first 2 equiv of acid added to the basic form 
of 3 (pD 11  .0-10.0) spreads over to all nitrogen atoms of the ring, 
but in a larger percentage to the nitrogen atom NZ, since all 
resonances shift downfield; resonances c and d shift more and 
shift continuously in this entire range of p D  the third equivalent 
of acid added (pD 5.8-4.0) protonates mainly N', opposite the 
pyridyl group, as resonances e and f move downfield, although 
the slight shifts of resonances c and b reveal a small percentage 
of protonation of the pyridine atom; the addition of more acid till 
pD = 0 does not lead to any alteration of the shift parameters 
of the resonances, meaning that, in spite of the increase of the 
cavity size of the ring, one nitrogen center is not protonated even 
for very low pD values and, contrary to what happens with 1, it 
is the pyridine nitrogen that is the nonprotonated center in this 
ligand. 

The IH NMR titrations allowed also the determination of the 
protonation constants in DzO: for 1, log &(D) = 11.52(2), log 
&(D) = 8.99( l),  and log &(D) = 1.41(4), and for 3, log &(D) 
= 10.84(8), log &(D) = 9.58(3), and logK3(D) = 5.26(8). These 
values are in agreement with the equation for the correlation 
between the protonation constants determined in HzO and D20 
obtained before:24 pK(D) = 0.11 + l.lOpK(H). 

Stability Conscmts. The values of the stability constants for 
the complexes of the four ligands with some divalent first-series 
transition metal ions, Cd2+ and PV+, determined in water, are 
shown in Table 11. In most cases only 1:l complexes are formed, 
but hydroxo complexes are also found with some metal ions. We 
have checked the possibility of formation of other species like 
protonated (MHJ) or ML2, but they do not appear to be formed 
under the conditions used, according to the best set of stability 
constants determined by the SUPERQUAD program. 

The copper(I1) complexes with these ligands have very high 
stability constants, the value of the constant for the complex with 
ligand 1 being impossible to determine by direct potentiometry, 
as this ligand is the least basic of the four studied in this work, 
and the metal complex was completely formed even at low pH. 
However, a competition reaction with another ligand (trien) 
enables the determination of the constant, using the SUPER- 
QUAD program: 

ML' + H,L ML + (n - m)H+ + H,L' 
where L' is trien, L is ligand 1, and M is Cu2+. The values of 
the protonation and stability constants of trien were taken from 
the literat~re:~' protonation constants, log 81 = 9.48, log 82 = 
18.35, log B3 = 24.89, log b4 = 28.32; stability constants, log BML 
= 20.10, log BMHL = 23.60, log KMLOH = 10.8 (the equilibrium 
quotientforthelastmnstantbeii [ML]/([MLOH] [H])).Figure 
3 shows the species distribution diagram of this competition 
reaction obtained with the SPE program.z3 

It was, however, impossible to determine the stability constants 
for the C d +  complexes with ligands 2 4 ,  due to a continuous 
drifting of the pH readings, as oxidation of the complexes occurs 
in water solution, even with a strong stream of nitrogen gas. It 
seems that the inclusion of the pyridine ring into the macrocycle 
creates special electronic and steric effects on oxygenation of the 
cobalt complexes, as no similar effects were observed with the 
tetraaza macrocycles, 5 to 9. The Coz+ complex of ligand 1 
seems more stable, and a value for stability constant was 

(27) Smith, R. M.; Martell, A. E. Crirlcal SrabNlry Consranrs; Plenum 
Press: New York, 1975, 1982, and 1989; Vols. 2, 5, and 6. 



Macrocyclic Ligands Containing Pyridine 

Table II. Stability Constants (log Kj for the Metal Complexss of Ligands 1 4  with Several Divalent Metal IOM (T = 25.0 OC; I = 0.10 M 
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IKNOI)) 

value (log units) 

metal ion equilibrium quotient py[l21aneN4 (1) py[l3laneN4 (2) py[l41ancN4 (3) N-Mepy[l4]aneN4 (4) 
Mn2+ [MLl/[MI[Ll 8.81(1) 7.29(2) 5.477(5) 3.70( 2) 

9.93(9) 9.10(3) 
Fe2+ [MLl/[MI[Ll 12.547(7) 10.76(2) 9.34( 1) 

10.91(7) 

[MLl/[MLOHl [HI 

[MLI/[MLOHl [HI 
[MLl/[MI[Ll 

cuz+ [MLl/[Ml[Ll 
[MLl/[MLOHl [HI 

Zn2+ [MLl/[MI[Ll 
[ M L I / [ M L W  [HI 

Cd2+ [MLl/[MI[Ll 
[MLl/[MLOHl [HI 

P#+ [MLl/[Ml[Ll 
[MLl/[MLOHl [HI 

17.05(8) 16.8 1 (3) 16.267(6) 
20.1 4b 18.62(3) 19.76(2) 20.23(2) 

NiZ+ U 

7.48b 10.4(9) 

8.5(2) 7.83(5) 8.48(6) 8.06(3) 
12.670(2) 1 1.64( 1) 9.759(3) 8.77( 1) 
10.44(4) 10.02(4) 10.30(3) 9.62(2) 
15.422(4) 12.275(8) 9.715(3) 9.029( 8) 
10.58( 1) 9.99( 1) 10.948(6) 

14.4O( 1) 14.27(2) 12.816(5) 1 1.91 (1) 

a “Out-of-cell” titration. Values obtained by a competition titration, using trien. 

loo 1 

40 

20 

0 
2 3 4 6 6 7 8 9 10 

-LOG [H’] 

Figure 3. SpoCies distribution curves calculated for the aqueous solution 
containing 1, trien, and Cuz+ at a molar ratio of 1:l:l. Percent values 
represents concentrations relative to the total amount of copper(I1) at an 
initial value of 1.667 X M. 

determined by an automated titration (log KML = 15.69(4) was 
obtained). The yellow solution of the cobalt(I1) complex turns 
to brown when left in air at  pH 3.12 and light pink in some hours. 
The Co2+ complex of ligand 2 presents the same degradation and 
the samecolors, but the stability constant could not be determined, 
as it was impossible to obtain stable values of pH; however the 
formation of the dioxygen species and further decomposition of 
the complex were followed by visible spectroscopy. The yellow 
solution of the complex, Co2+/2, exhibits two bands 5 min after 
preparation [A,/nm (c/M-l cm-l) 560 (156.0), and 360 
(2438.0)]; both bands increase with time, exhibiting maximum 
absorptivity values 12 h later (225.0 and 3125.0 M-l cm-I, 
respectively), which points to the formation of the p-peroxo 
binuclear complex; after that time, both bands start to decrease, 
while a new band appears at 440 nm, which increases with time; 
the spectrum of the solution exhibits three bands 15 days after 
preparation: A,/nm (c/M-l cm-l) 560 (187.5). 440 (687.5), 
360 (1688.0). characteristic of the formation of the oxidized 
Co(1II) ~ p e c i e s . ~ * . ~ ~  The cobalt complex of 3 did not show any 
alteration of the initial yellow color when exposed to the air, but 
the irreversible autoxidation of the complex could be verified by 
electronic spectroscopy: A solution of the C$+ complex at pH 
4.8 shows an electronic spectrum with three bands 3 min after 
preparation [A,/nm (e/M-’ cm-l) 460 (12). 368 (103), 320 
(119.6)]; absorption at 320 nm increases (e = 214.7 and 365.0 

(28) Machida, R.; Kimura, E.; Kodama, M. h r g .  Chem. 1983,22,2055. 
(29) Martel, A. E. Acc. Chem. Res. 1982, IS, 155. 

M-1 cm-I 22 min and 21 h later, respectively), and bands at  368 
and 460 nm increase slightly in the first 2 h and then decrease, 
corresponding to the formation of the p-peroxo binuclear complex; 
3 days after the formation of the complex, the band at 320 pm 
disappears, the other two remaining at 368 nm (e = 37.0 M-I 
cm-l) and 460 nm (e = 18.0 M-l cm-l) for the Co(II1) species. 

The greenish Ni2+ complex of 2 has, at  23 OC, an electronic 
spectrum typical of a high-spin octahedral complex with three 
bands (915,550, and 410 nm, of low absorptivity; cf. Table 111). 
The increase of the temperature decreases the bands at 915 and 
550 nm, increasing the band at 410 nm. The ‘H NMR spectrum 
of this complex in D20 reveals some broad resonances charac- 
teristic of a paramagnetic species and some sharp resonances in 
the region 1.20-7.83 ppm characteristic of a diamagnetic species. 
This spectrum is consistent with rapid equilibrium between the 
paramagnetic diaqua species (blue) and the diamagnetic square- 
planar species (yellow), in a proportion 2:l. When the solution 
is heated to 45 OC or when the ionic strength is increased by 
addition of an inert electrolyte like KNOB, the solution becomes 
yellow, and the area of the broad resonances decreases while the 
area of the resonances of diamagnetic species increases (in a ratio 
1:l at45 “C). A 13CNMRspectrumofthemixtureofcomplexes 
at 45 OC shows one species with 12 resonances, easily assigned 
(ppm): 161.26.159.00 (two ortho C’s of the pyridine ring); 141.90 
(one para C of the pyridine ring); 120.78, 120.03 (two meta C’s 
of the pyridine ring); 61.07,56.74 (two C’s of the N 4 H C H z N  
moiety); 55.33, 50.14, 49.75, 48.95 (four C‘s, NCH2C); 28.50 
(one C of the propane chain, CCHF) .  The Ni2+ complex of 1 
is blue and exhibits a visiblcnear-IR spectrum characteristic of 
a high-spin six-coordinate complex, showing two absorption bands 
at 960 and 560 nm (the peak at high energy can be obscured by 
the intense charge-tranfer absorption). The lH NMR spectrum, 
at 23 OC, of this complex shows five broad resonances of a 
paramagnetic species and some very small peaks in the region 
7.83-2.26 ppm which can be assigned to a small amount of a 
diamagnetic species (by the relation of areas, for a solution in 1 
M KNOB, it seems that the diamagnetic species exists in about 
20% of the total amount). An increase of the temperature to 45 
OC does not cause a sensible change in the spectrum, and it was 
impossible to record a 13C NMR spectrum of the small amount 
of diamagnetic species. The nickel(I1) complexes of the two 
ligands with the same cavity size, 3 and 4, exhibit very similar 
electronic spectra and probably have similar structures, although 
completely different from those already mentioned. The visiblc- 
near-IR spectrum of the NiZ+ complex of 3, which is brown, 
exhibits five bands, those which appear at low energies having 
low intensities characteristic of a high-spin five-coordinate 
complex. The spectrum is similar to that of [Ni(tetra- 
methylcyclam)(H~O)]~+, well characterized in s o l ~ t i o n , ) ~ ~ ~ ~  and 

(30) Buxtorf, R.; Kaden, T. A. Helv. Chim. Acfo 1974,57, 1035. 
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Table III. Spectroscopic UV-Vis-Near-IR Data for the Ni2+ and Cu2+ Complexes of 1 4  and EPR Data for the Cuz+ Complexes 

Costa and Delgado 

complex 
Ni(py [ 12]aneN4)*+ 
Ni(py[ 13]aneN4)2+ 
Ni(py [ 1 4]aneN4)2+ 

Ni(N-Mepy[ 14laneNd2+ 

Cu(py [ 12]aneN4)2+ 
Cu(py[l3]an~N4)~+ 
Cu(py[ 14]aneN4)2+ 
Cu(N-Mepy [ 1 4]aneN4)2+ 

pH; color 
3.3; blue-purple 
7.05; greenish 
7.1 1; brown 

7.06; yellow-brown 

3.47; blue 
6.89; purple 
8.0; purple 
6.0; purple 

EPR: g,; A, (104 cm-l) UV-vis-near-IR 
X,/nm(c/M-l cm-l) x =  1 x = 2  x = 3  

960 (63.7), 560 (33.1) (in 1 M KNO3) 
915 (5.0), 550 (2.2), 410 (5.3) 
920 (3.0), 790 (7.4), 735 (7.7). 460 (33.6), 

900 (4.9, 792 (10.3), 750 (11.3), 466 (78.0), 

695 (161) 2.033; 26.6 2.084; 38.9 2.210; 161.0 
580 (192) 2.040; 23.8 2.052; 43.1 2.188; 197.7 
560 (187) 2.040;4.8 2.110; 9.8 2.178; 199.3 
550 (119) 

320 (sh, 43.5) 

330 (sh, 110.0) 

Table IV. IH and I3C NMR Data for the Ni2+ Complexes of the Ligands 1-4 (ppm) 
'H NMR (23 "C) 

complex paramagnetic species diamagnetic species 13C NMR (45 OC) 
Ni(py[ 12]aneN4)Z+ 
Ni(py[ 13]aneN4)2+ 

201.0, 114.7, 61.4, 15.11, -5.23 
128.6, 113.3,62.8,41.1, 15.8, 

7.83-7.30 (m), 4.25 (s), 3.21-2.26 (m) 
7.831 (t), 7.186 (d), 4.334-4.045 (m), 

2.961 (m), 2.639 (m), 2.468 (m), 
1.862 (d), 1.203 (9) 48.95,28.50 

161.26, 159.00, 141.90, 120.78, 120.03, 
61.07,56.74, 55.33,50.14,49.75, -1.9, -3.3, -9.4, -1 8.7 

Ni(py[ 14]aneN#+ 81.5,62.0,36.5, 31.8,26.2, 13.2, 
12.0, 11.5, 8.5, 3.8, 3.1, 1.1,0.6, 
-1.6, -6.8, -16.6 

Ni(N-Mepy[14]aneN4)2+ 68.1,42.5, 35.6, 26.4, 17.9, 14.3, 
11.6, 3.4, 1.9,0.3, -6.4 

in the solid state by X-ray ~rystallography,~~ as having a high- 
spin, five-coordinate square-pyramidal configuration, with the 
nitrogen donors coplanar with all the four methyl groups on one 
side of the macrocycle. When the ionic strength or the 
temperature of the complex is increased, the bands at 320 and 
460 nm also increase. The NiZ+ complex of 4 is similar to that 
of 3, although with slightly higher values of molar absorptivity, 
indicating a greater degree of distortion of this last complex. 
Both of these complexes are paramagnetic, their 'H NMR spectra 
exhibiting a large quantity of broad resonances (cf. Table IV), 
but the complex of 3 seems to present two isomers, as the spectrum 
has two kinds of broad resonances, some of them with a smaller 
area. Increasing the temperature to 45 OC causes all resonances 
to move to lower field and other small broad resonances to appear 
at 7.9,7.5,6.8, 6.1, 4.2, 3.8, 3.4, and 2.9 ppm, two other larger 
resonances to appear at 6.15 and 5.33 ppm, and a broad triplet 
to appear centered at 1.4 ppm, indicating an equilibrium between 
two paramagnetic species. 

The electronicspectraof thecopper(I1) complexes with ligands 
1-4, in aqueous solution, exhibit only a single broad band in the 
visible region, due to the copper d-d transition. However, 
complexes of 2-4 have ill-defined shoulders, the first one at -700 
nm and the last two at =350 nm. In the ESR spectra of all the 
complexes, shown in Figure 4, four lines are observed due to the 
copper coupling, and no hyperfine coupling due to the coupling 
with the four nitrogen atoms is observed. The simulation of the 
ESR spectra leads to three different principal values of g. This 
fact indicates that the copper(I1) ions of these complexes are 
present in rhombically-distorted ligand fields. Nevertheless, the 
difference between the values of gl and gz for the complex with 
2 is very small. 

The data obtained are summarized in Tables 111 and IV. 

Discussion 
Protonation Studies. The protonation constants of these 

compounds, determined in the present work, show a behavior 
similar to that of the tetraaza macrocyclic compounds: two very 
basic and the other two very acidic nitrogen atoms. The higher 

(31) Urbach, F. L. In Coordination Chemistry of Macrocyclic Compounds; 

(32)  D'Aniello, M. J., Jr.; Mocella, M. T.; Wagner, F.; Barcfield, E. K.; Paul, 
Melson, G. A., Ed.; Plenum Press: New York, 1979; p 345. 

I. C. J. Am. Chem. Soc. 1975, 97, 192. 
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F i  4. FSR spectra of Cuz+ complexes of 1 (a), 2 (b), and 3 (c). 

values of protonation constants (in log units) correspond to the 
protonation of nitrogen atoms in opposite positions, minimizing 
the electrostatic repulsion between positive charges of the 
ammonium groups formed. However, the second Protonation 
constant of 1 is lower than the corresponding constant of the 
other three ligands. The reason for this seems to be related to 
the size of this macrocycle, as shown by the sequence of protonation 
followed by 'H NMR. While in 1 the second protonation involves 
the pyridine nitrogen, in 3 and probably in the other ligands, due 
to the similarity of constants, the second protonation occurs at 
secondary nitrogens. It is interesting to note that the conformation 
adopted by the ring of 1 when the pyridine nitrogen is protonated 
could not be retained for low pH values, when the third protonation 
occurs, and an alteration of the conformation seems to be adopted 
by the macrocycle with a redistribution of the charged nitrogen 
atoms. The third and fourth values (log 4 and log&) correspond 
to the protonation of nitrogen atoms at short distances from 
another already protonated nitrogen and the strong repulsions 
then aroused in the molecule, where the motion is limited by the 
skeleton of the ring, make the protonation difficult. When the 
size of the chain between contiguous nitrogen atoms increases 
(with the number of methylenic groups), the third protonation 
constant in log values also increases (1.27 for 1.2.85 for 2, and 
4.66 for 3). The introduction of the methyl substituent on the 
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nitrogen atom opposite the pyridine nitrogen has practically no 
effect on the values of protonation constants. 

The overall basicity of these ligands containing pyridine is 
smaller than that of corresponding tetraaza macrocy~les,~~ as 
expected. In fact, the replacement of a pyridine ring by an 
alkylamino group of a polyamine when they are similarly 
poeitioned results in the lowering of the basicity, as also observed 
for linear pol~amines .~ l -~~ 
M U  Complexatha Sbdka The Irving-Williams order of 

stability is obeyed for all the ligands, and the values of stability 
constants decrease with increasing ring size of the macrocycle, 
with the exception of those of the copper complexes. These last 
complexes present a different trend with stability constants of 
similar values, but the complex of 2 shows a lower stability. 

The introduction of one methyl group as a substituent on the 
nitrogen atom opposite the pyridine nitrogen slightly decreases 
the value of the stability constants of the metal complexes 
compared to those formed with the parent ligand, except for the 
copper complexes, which both present about the same values. As 
the overall basicities of the two 1 Cmembered ligands are similar, 
the differences in the complexation behavior of the ligands may 
be attributed to steric crowding in the structure of the complexes 
of the N-methyl derivative. 

When the values of stability constants of the metal complexes 
of the ligands containing pyridine (Table 11) are compared with 
those of the corresponding tetraaza macrocyclic ligands, 5 to 8 
(Figure 5),2IJ8 it can be observed that the complexes formed with 
the last series of macrocyclic ligands present higher stability 
constants in most caw, except for the Ni2+ complex of 5, which 
has a stability constant lower than that of 1. However, three 
groups of behavior can be distinguished in the comparison of the 
complexes of these two series of ligands. In theflrst one, the 
differences in stability observed for the corresponding complexes 
of both series are slightly smaller than could be predicted by the 
differences in the basicity of the ligands. This is what happens 
with the complexes of ligands 1 and 2 with Ni2+, Zn2+, Cd2+, and 
PV+ (the differences in overall basicities are, in log units, about 
3 for the 12-membered macrocycles and about 2 for the 13- 
membered one; the differences in stability for the corresponding 
metalcomplexesarebetween-0.6 and +1.8). Probably thesame 
happens with the CoZ+ complexes, for which wedonot havevalues, 
and also for the complexes of Mn2+ and Fez+, for which there are 
no stability values for the tetraaza series. The second group of 
behavior includes the complexes of the 14-membered ligands with 
Zn2+ and Cd2+, where the differences in stability of the complexes 
are slightly higher than could be expected by taking into account 
only the effect of the differences in basicities (1.66 log units is 
the difference in basicity; 2.62 is the difference for the zinc and 
2.08 that for the cadmium complexes). The Pb2+ complexes of 
the 1Cmembered ligands present a difference of 1.14 log units 
and can be included more appropriately in the first group. The 
lust group of behavior is found for the Cu2+ complexes with all 
the ligands, where the complexes formed with the tetraaza 
macrocyclic ligands are markedly more stable than those formed 
with the corresponding ligands containing pyridine (the differ- 
ences, in log units, are 3.16-4.66 for the 12-membered ligands, 
5.74-10.18 for the 13-membered ligands, and 7.54 for the 14- 
membmd ligands, the large range of values arises from differences 
in the literature values for the complexes of the tetraaza 
macrocy~les).~~ The Ni2+ complexes of the 14-membered ligands 
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(33) Lacate. R. G.; Martell, A. E. Inorg. Chem. 19643,881. 
(34) Andere= G.; H u h n n ,  E.; Poddor, N. G.; Wenk, F. Hela Chfm. Ac:a 
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1982, 21, 1525. 
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(38) Luchy, R. C.; Hancock, R. D. J.  Chem. Soc., Dalton Tram. 1991, 

1491. 

Figure 5. Variation of the stability constants (I& KML) of the metal 
complexes of the ligands 1-8 with the atomic number of the metal ion. 
Values for the stability constants of the metal complexes of ligands 5-8 
were taken from refs 21 and 38. 

probably may be included in this last group; although no value 
of stability constant is found for the complex of isocyclam. If the 
comparison is made with the corresponding value of cyclam, a 
difference of 4.32-6.74 log units is ob~ewed.~~9~* 

Nevertheless, a comment needs to be made about the range of 
the values of stability constants for the complexes of copper and 
nickel with the tetraaza macrocyclic ligands obtained by different 
authors (the values chosen for Figure 5 were taken from the same 
authors, when possible). In fact, the difficulty of the determination 
of those values arises from the slowness of the formation of the 
complexes; for instance, the Niz+/cyclam complex required 2 
years39 and Ni2+/cyclen needed 6 monthsq for equilibration. Due 
to the time required for the stabilization of these complexes, the 
values of the constants are less accurate and discrepancies are 
found for different authomzl It is interesting to emphasize that 
the complexes formed by macrocyclic ligands containing pyridine 
have faster kinetics of formation when compared with those of 
the corresponding tetraaza macrocyclic ligands. In our case, 
only the nickel(I1) complexes have longer equilibration reactions, 
the slowest case requiring 45 days. 

The behavior of the complexes of the first group mentioned 
above seems to be similar to what is generally found for linear 
ligands, if it is taken into account that in the series of macrocycles 
under study only one of the secondary nitrogen atoms of the 
tetraaza macrocyclic series is replaced by a pyridine nitrogen 
and no remarkable differences in the overall basicities between 
the two series are found. In fact, the stability constants for metal 
complexes of linear ligands containing pyridyl donors tend to be 
higher than one would predict on the basis of the weak dona t ing  
properties of the pyridine nitrogens, if it is assumed that the 

(39) Evers, A.; Hancock, R. D. Inorg. Chfm. Acta 1989,160,245. 
(40) "hh, V. J.; Hancock, R. D. J.  Chem. Sa., Dal:on Trans. 1985,1077. 
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ligand protonation constants refleat this ability.3>3’ The enhanced 
stabilities of these complexes was partially attributed to r-bonding 
interactions between the pyridyl 7 or r* orbitals and appropriate 
metal d orbitals and also (in the case of Zn2+ ion, for instance) 
a lower ring strain for the formation of chelate rings involving 
pyridine-containing ligands.36 However, the differences found 
for the Cu2+ complexes of the two series of macrocyclic ligands 
and those found for the 14-membered ligands cannot be explained 
in the same way. If any evidence could be found for the effect 
of r-bonding interactions, smaller differences would be expected. 
The low values of stability constants for the complexes with 
macrocyclic ligands containing pyridine of the last two groups 
mentioned above when compared with the tetraaza series could, 
in part, be found in the particular conformation adopted by these 
ligands upon complexation. 

The spectroscopic measurements suggest that the Ni2+ com- 
plexes formed with 1 and 2 (Tables I11 and IV) exist in aqueous 
solution as an equilibrium mixture of high-spin, six-coordinate 
octahedral species and low-spin, four-coordinate planar species, 
the percentage of the four-coordinate complex being higher in 
the case of the complex of 2. The nickel(I1) complexes of 3 and 
4 seem to exist in a high-spin, five-coordinate square-pyramidal 
cofiiguration. The structure of the Ni2+ complex of 1 seems to 
be similar to that of the corresponding complex of cyclen, which 
in the solid state is in a folded cis-octahedral config~ration;~~ a 
similar equilibrium occurs, in aqueous solution, between a yellow 
diamagnetic and a blue high-spin complex, the amount of the 
diamagnetic complex being 19% at 22 “C (in 6 M NaC104),42 
and the agreement of the constants of both complexes is 
understandable. The same happens with the Ni2+ complexes of 
the 13-membered ligands, although few structural studies of the 
tetraaza macrocycle exist for comparison, to our knowledge. The 
X-ray structure of the complex of a dimethyl derivative of [ 131- 
aneN4 (1 2,12-dimethyl- 1,4,7,10-tetraazacyclotridecane) shows 
the donor atoms in a planar coordination to the Ni2+, in a tram- 
111 configuration (R,5’,5’,R)43, with the central five-membered 
chelate ring eclipsed“ and no reason for a different structure is 
expected for the complex of [ 131aneN4. However, a dissimilar 
situation seems to occur with the 14-membered macrocycles, the 
structures adopted by Ni2+ complexes with 3 and cyclam or 
isocyclam are different, and so is their behaviour in solution. In 
fact, the complex of Ni2+ with cyclam exists also in solution as 
a mixture of a six-coordinate octahedral species and a four- 
coordinate planar ~pecies,4~ adopting in the solid state a strain- 
free tram111 conformation, in which the metal ion is inside the 
ring in a planar coordination, with trans chlorides completing an 
octahedral arrangement, the two six-membered chelate rings being 
in a chair conformation and the five-membered rings in a gauche 
conformation.6 In our case, the spectroscopic studies have pointed 
out that Ni2+ seems to form with the 14-membered ligand 
containing pyridine a pentacoordinate complex with a high-spin, 
square-pyramidal arrangement similar to that found for the 
N-methyl derivative of ~ y c l a m ’ ~ ~ ~  or for the dimethyl derivative 
of3,2,12-dimethyl-3,7,11,17-tetraazabicyclo[l1.3.l]heptadeca- 
1 ( 17),13,15-triene.47 For the latter two complexes a square- 
pyramidal arrangement was found with the donor atoms in a 
planar coordination and some displacement of the metal ion from 
the N4 plane toward an anion coordinated in the apical position. 

Complexes of 3 would be more appropriately compared with 
those of isocyclam than of cyclam. Nevertheless, only one 

Costa and Delgado 

structure of the complex with isocyclam is known,48 [Ni- 
(isocyclam)](ClO4)~, where Ni2+ is coordinated to the four 
nitrogensof the macrocycle in a squareplanar arrangement, with 
the nitrogen atom situated between the two propane chains above 
the coordination plane. With respect to the comparison of the 
behaviors of the metal complexes of this ligand and cyclam, no 
agreement is found in the literature. Hancock et al. have 
determined the stability constants for several metal complexes of 
this ligand and have found values identical with those for cyclam 
complexes, suggesting that the ring squence in isocyclam does 
not have an unfavorable effect on the stability of its complexes.3* 
On the other hand, it was found before, on the basis of 
thermodynamic and spectroscopic studies, that the complexes of 
isocyclam were less stable than those formed by cyclam, and this 
was attributed to the sequence of the chelate ring which leads to 
greater steric strain in the M-N b0nds.4~ For the complexes of 
tetramethylcyclam stability constants lower than those obtained 
for the corresponding cyclam complexes were found (differences 
of 10 log units were found for some comple~es) .~.~’  These results 
show that the square-pyramidal arrangement of the ligand leads 
to much strain in the complex and also to some loss in crystal field 
stabilization energies and to lower stability constants, as is the 
case for the Ni2+ complex of 3 compared with that of cyclam. 

While the nickel(I1) complexes of 1 and 2 present similar 
structures but differ from 3 and 4, the increase of the ionic radius 
of the metal ion from nickel to copper seems to increase the 
similarity of the complexes of 2-4, leaving the complex of 1 in 
a different arrangement. In fact, the electronic spectra of aqueous 
solutions seem to show that the copper(I1) complex of ligand 1 
adopts a structure with a more octahedral (elongated-tetragonal) 
copper(I1) ion environment and the complexes of 2 4  adopt a 
more square-planar geometry (cf. Table 111). The Cu2+ complex 
of 1 has the largest g3 value and the smallest A3 value of the four 
complexes studied, and its electronic spectrum shows a band in 
the red region. It has been a generally-accepted rule that the g 
values increase as the planar ligand field becomes weaker, or as 
the axial ligand field becomes stronger, and that this behavior of 
the ligand field is accompanied by a red shift of the d-d absorption 
 band^.^^-'^ The low-energy d-d band in the complex [Cu(1)I2+ 
is characteristic of five- or six-coordinated Cu(I1) and is similar 
to what was found for [Cu(tetramethylcyclam)] (C104)2 in water, 
X,/nm (e/M-l cm-l) 627 (227) and 583 (214), for which a 
five-coordinate geometry was proposed.55 

For all the Cu2+ complexes g3 > g2 (or gl), typical of tetragonal 
Cu(I1) wherethetetragonaldistortiontakes theformof elongation 
of the axial bonds. So it appears that it is possible to exclude a 
trigonal-bipyramidal geometry or a tetragonal stmcture involving 
compression of axial bonds.53~s656 On the basis of spectroscopic 
data, Blinn et al. suggested a square-pyramidal structure for a 
Cu(I1) complex of cyclen, [Cu(cyclen)(N03)2], for which they 
found in aqueous solution an electronic spectrum with a band at 
X, 590 nm (e 257 M-I cm-l) and an ESR spectrum with 811 = 
2.172 (Ai = 175 G) and g l  = 2.089 (A1 = 32 G).5’ 

The ESR parameters for copper complexes are determined by 
the chemical composition and the physical constraints on the 
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(-828 cm-I), ai2 is the orbital reduction factor, caused by a 
spreading of the unpaired electron out to the ligands, and E is 
the energy corresponding to the split between the two sets of 
molecular orbitals, taken from the electronic spectra, it is poslrible 
to determine approximate values for ai2, about 0.68 for the three 
complexes. The magnitude of this value suggests considerable 
covalent character for the bonding to copper.52 

The copper(I1) complex [Cu(cyclam)(ClO&] has shown a 
planar structure in a rruns-I11 configuration, with the tram 
perchlorates weakly interacting in axial positions,a an arrange- 
ment which seems similar to that adopted by the copper(I1) 
complexes of 2-4. 

In conclusion, it can be said that the structures of the copper 
complexes of the two series of tetraaza macroccylic ligands 
(containing or not containing a pyridine nitrogen) seem to be 
very similar and so the differences in stability of the complexes 
of the two series are difficult to understand. However, caution 
must exercised with regard to the stereochemical assignments 
based on electronic properties, namely their ESR and electronic 
spectra, which can hardly be considered conclusive. The electronic 
spectra of copper(I1) complexes are not especially good indicators 
of geometry.56 Another complicated factor in the comparison of 
these copper complexes, especially with regard to results from 
different laboratories, is related to the determination of their 
stability constants. These values are so high that they generaly 
prevent the use of direct potentiometric measurements; the 
equilibrium of the formation of the complex also takes a much 
longer time to attain in the case of the tetraaza macrocyclic series, 
and less accurate techniques, such as Yout-of-cell* titrations, are 
required. In such cases, molecular structural determinations of 
the complexes by X-ray crystallography could provide some 
insight. These studies are in progress in our laboratory. 
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Figwe 6. Diagram of the relation between the magnetic parameters gw 
and Ai for a series of Cuz+ complexes where the close-lying ligands on 
the metal are four nitrogen atoms. Points 1,2,3, and 5 are the positions 
for the Cuz+ complexes of 1,2,3 and cyclen. Points IM, EN, BIU, and 
DMG are the positions of the tetrakis(imidazole), bis(ethy1cncdiaminc) 
(pH 8), bis(biuret) (pH 12), and bia(dimethylg1yoxime) complexes of 
CuZ+, respectively. 

atoms nearest to the metal ion. Using diagrams of gll and All 
values, compiled by Peisach and Blumberg,58 for a series of model 
compounds in which the structure and charge were known for the 
case of four nitrogen donor atoms, it was found that the copper 
complexes of 2 and 3 fall inside the model area (Figure 6), whereas 
the Cu2+ complex of 1 and also that of cyclen lie outside that area 
(considering gw as a ) ,  confirming the square-planar character of 
the complexes of 2 and 3. However, these two complexes are 
located in a position of the diagram corresponding to neutral 
complexes, a situation found for some complexes of aromatic 
ligands and explained as increasing dela~alization.~~ Using the 
approximated equation taken from ligand field theory52.59 for the 
g values 

where X is the spin-orbit coupling constant of the copper ion 
~~ 
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