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Abstract-Polypyrazolic macrocycles are shown to be excellent complexing agents for the alkali metal cations. The 
study is particularly focussed on the stoichiometry of the isolated complexes, as well as the rates of cation 
transport across a liquid membrane. 

We have previously reported’-’ the syntheses of some 
new macrocyclic systems, including porphyrinogen 
related species. As previously indicated, one of the im- 
portant properties of these compounds is their ability to 
complex with the alkali metal cations. 

A more extensive study has now been performed in 
order to determine the factors influencing this complex- 
ing power as well as to classify these compounds relative 
to those existing in the literature and in particular to the 
ethylene diamines’ and the crown ethe&. 

The macrocycles discussed in the present work are 
shown in Fig. 1. For the purpose of sjmpl~~tion the 
abbreviations shown in Fig, 1 are used hereinafter 
(tetraaza for tetraazaporphyrinogen, Py-6 and Py-8 for 
the structures possessing 6 and 8 pyrazole groups res- 
pectively). 

Expe~men~~~y, when a chloroform solution of one of 
these three compounds is mixed with an alkali metal salt 
and on subsequent filtration a recrystallisable complex is 
generally obtained. Stoichiometry (as deduced from the 
elemental analysis) and ‘H NMR spectra are shown in 
Tables t-3. 

As these tables show the complexing ability of these 
new macrocycles is quite general, which raises the ques- 
tion of the nature of the complexes obtained. In parti- 
cular this complexing ability could be due to the 
presence of an electronegative cavity (as with the crown 
ethers} or to a chelating effect (as with the polyamines). 
In order to clarify this point, a num~r of iinear p~azolic 
com~unds were studied under the same ex~rimen~~ 
conditions, Their structures (one being the non-cyclic 
equivalent of tetraaza-1) are shown in Fig. 2. 

Since the linear analogues of Py-6 and Py-8 presented 
synthetic difllculties, it seemed that if these molecules 
form complexes of the chelate-type then the pyrazolyl- 
pyrazole 8 should behave similarly. 

The results of ‘H NMR studies of the complexation of 
these compounds are shown in Table 4. 

Several conclusions can be drawn from the results 
presented in the above tables. The pyrazolylpyrazole and 
dipyrazoly~methane moieties form chelates with the 
lithium cation. The absence of any such effect with Na’ 
(regardless of the anion used) is analogous to reported 
studies of the polyamines. The tetraaza-Ki+, Py&Li’ 
and Py-8-Li’ complexes can thus be compared in nature 
to those formed by the polyamines (TMEDA); this is 

indeed supported by the fact that only soft anions (l-1 
associated to the lithium allow such complexation. It is 
known that the lattice energy is one of the determining 
factors in chetation of polyamines with inorganic salts.6 

In the case where complexes are obtained with anions 
of different hardness {tetrad-Na+, tetraaza-R’, Pyd- 
Na”, Py-6-K’, PybCs’) the concept of chelating 
behaviour by one or several moieties is discarded in 
favour of an interaction as for the crown ethers due to 
the existence of an electronegative cavity formed by the 
sp’ p~azolic nitrogen lone pairs. 

Complex&m studies by liquid-&quid extraction 
In order to better understand the relative stabilities of 

the various complexes the technique of liquid-liquid 
extraction7-‘0 was used for the three macrocycles, 
tetraaza, Py-6 and Py-8; and the results are shown in Fig. 
3 for two of them. 

From these curves the equilibrium percentage extrac- 
tion is obtained as a quantitative measure of the com- 
plexing power of the various macrocycles (Table 5). 

Under the same experimental conditions the linear 
compounds 4-8 )ed to no extraction whats~ver, thus 
showing that such systems which chelate the lithjum 
cation have a relatively weak force of cohesion and 
cannot extract alkali cations from the aqueous phase. 
This is equally the case for the tetraaza-Li’ and Py-8-Li” 
complexes, for which the extraction percentages are very 
low, and for these two systems it is probably not the 
existence of the macrocyclic cavity which is impo~nt 
but rather the affinity of the pyrazolylpyrazole or 
dipyrazolylmethane moiety for the lithium cation. 

For the interaction of Py-6 with Li’ an ambiguity 
exists and one can imagine that this molecule behaves 
like Py-8 in the presence of solid LiI (that is with 
chelation by the p~azolylpyrazole moiety), whilst in 
view of the high percentage (57%) obtained under 
extraction conditions it seems that the stability of the 
complex obtained is due to the presence of the elec- 
tronegative cavity, with formation of a complex of un- 
dete~ined stoichiom~t~. 

At the same concenl~tion Py-6 gives extremely high 
percentages of extraction for each cation. Indeed this 
compound, which is as reactive as dicyclohexyl-l8- 
crown-6 towards K’, is an exceptional complexing agent 
of Cs’ with a percentage of extraction of 80%. The 
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Tabk 4. 

Cation 

'H N M R in CDC13 ; 6in ppn 

Anion 

C"3 NCH3 CHZ CH 

non complexed 2.20(br) mlecule 3.73 - 5.70 

Lit I- -1 

vwn complexed 2.18 molecule 2.23 3.7 5.12 5.78 

Lit I- 1.77 
3.43 5.17 

5.78 ’ 
2.28 6.23 
2.38 

Nat 
i 

SCN- a 

non canplexed 2.17 6.07 5.80 
molecule 2.40 * 

Li+ I I- 1.82 6.37 5.83 

(a) No chelate formation. 

Tabk 5. Limiting percentage of extraction’ 

: I : : : : 
:- I Li+ : Na+ t x+ : c8+ : 
: : : : 2 1 
: : 1 t : : 
: Tetrasvl : 4 :56 : 27 : 8 : 
: t : : : : 
: : 1 : : : 
tPy-6 : 57 t 42 : 72 : 80 I 

iPy-8 : : : : : 
I 0 : 0 : 1 : 4 : 

I : : : : : 
: I a : : t 
ID-- : 0 : 2 : 30 : 5 : 
: t t : : : 

complexing power of these pyrazolic macrocycles was 
attributed above to the existence of sp* lone pairs fonn- 
ing an electronegative internal cavity. In order to verify 
this the extraction technique was applied to a previously 
described” compound 9 which possesses pyridine-type 
sp* nitrogens and a cyclic structure with an internal 
cavity of a comparable size to that of 18trown-6 (Fii. 4). 

AU extraction attempts with this compound gave 
negative results regardless of the cation used (Cs’, K’, 
Na+ or Li’). This serves to emphasise the novel peculi- 
arity of the macrocyclic structures containing linked 
pyraxole groups. 

Lkcomplexation studies 
Chloroform solutions of the complexes obtained from 

equilibrium with aqueous inorganic salts as describec 
above were then put in contact with an equal volume ol 
pure water. The passage of the alkali metal picrate into 
the aqueous phase was then followed thus giving thr 
decomplexation curves shown below (Fig. 5). Whereas ir 
general the quantity of picrate which moves into the 
aqueous phase on decomplexation is the same as tha 
observed on extraction, this is not the case with the PY-C 
complexes with K’ and Cs’ for which the stabilities arc 
such that only partial decomplexation is observed by thi 
method. 

Transport of cations acrvss a membrane 
As an extension of the abii of these macrocycles t 

extract or release (according to the conditions) alkali meti 
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1 
T~troozoporphyrinog~n~ g 

lh 2h 

Fig Wa). 

Ih 2h 

Fig. 3(b). 

Fig. 3. Percentage extraction curves for (a) tetmzaporphyrinogen, (b) Py-6 as a function of time. Identical results 
were obtained for all substituents. 

J-4 0 

gjlN N Nz3J 
N v- 0 

9 

Fii. 4. 

cations, their role as transfer agents across a liquid 
membrane was studied. 

These experiments were performed using a 
modification of a method previously described,9 on the 
various products studied by (liquid-liquid) complexation, 
again including dibenzo-ltkrown-6 for comparative 
purposes. In each case there was no transfer of picrate 
ion across the membrane in the absence of the macro- 
cycle. 

The transfer was also followed by conductimetry 
which is more general since it can detect transfer of 
inorganic salts which do not absorb in the UV region. 
This technique was used in two cases: (a) For the cation 
K+ and tctmazaporphyrinogaa (Rt = CH,; R~=Cd&) 
(Picrate: 7 x 104mole/l; nitrate: 10-l mole/l) and (b) in 
the absence of picrate. 

These experiments showed the reliability of the UV 

method (since identical results were obtained by the two 
methods) and the preference for picrate anion transfer 
compared to that of nitrate (or hydroxide), in accord with 
the literature.‘9 Experiment (b) showed that the nitrate 
anion has a transfer rate across the membrane four times 
lower than that of picrate. This can be attributed to the 
difference in the free energy of solubilisation of the two 
anions on complexation. 

The non-cyctic compounds 4-8 were also studied but in 
each case no Bansport of cation was observed. This 
demonstrates once again that the chelating character of 
the pyraeolylpyraxole and bipytazolylmcthane systems is 
not suiecknt to explain tbc properties of the macro- 
cycks. 

For the transfer by cryptates possessing tertiary 
amines, Lehn ef ~1.’ have demonstrated the existence of 
protonation of these ligands to a significant extent. In the 
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Table 6. Cation transport rates across a liquid me?brane 

: : 
: Li;: 

: : : : 
: : 7,6 : : : 
:tetraaza 

ip 
20,2 : 0,37 : 0,24 : 

:(R1 =a, 
i Rz = C6i5) ; cs+ 

: 18,5 : : : 
; 5,O : 

: : 
: : : 
: : 

: Li;t 
: : 

: : 35,3 : : 
ipr-6 : NaT 3oJ 

: K’ - 1,17 

: cs+ 
: 26,9 : ; 1,45 i 

: 24,4 : : 
: : : : 
: 
: Li: 

: : : 
: : verylav : : 

: NaT 
K’ 

: 2,5 : 
: 
: cs+ 

: 4,2 : ; 3,04 ; 
: 7,6 : 

: : IAT : 0.8 (0.29) : : : 
:Dibew 1 WI+ 
:l&crcknr6 : K+ 

: 2;s i4;62)1 : 0,32 : 5 : 

: ce+ 
: 22,s (73,5)f : : : 
: 12,6 : : 

#Values- by Y. NXUBE et al.?. l%ed_ifferemeBbe-the 

bmsetsresultfranthediffemnteqsimentaland.itiam U.npart.ia~larwe 

havenoted~tthe~ofl~~rtlldthetypeofmagneticber~,~ 

quotedby tbeabwezukhOc6 , haveasignificanteff&mtitranspmtrates, 
bhlch are cu.ffua~deriVgi~l ). 

+ 
Terraaza. 

2h 
Fig. S(a). 

A 
b-6 

%I @?A* - 

72 %* 

lh 
Fig S(b). 

ih 
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present case such a possibility can be excluded since 
identical results were obtained for 0.1 M nitrate solution 
and 0.1 M hydroxide solution. 

From the above studies the transfer rates were cal- 
culated (from the linear part of the curve) and are shown 
in Table 6. 

Several concIusions can be drawn from the above 
values: (a) the observed rates for tetraaza are about 24 
times superior to those found for the furanic analogues; 
(b) the transfer rates of tetraaza and Py-6 are of the same 
order (or superior) to those of diberuo-lgcrownd. 
However these high rates are not accompanied by 
significant selectivities towards the various cations. 
Tetraaza does however discriminate Na’ and K’ against 
Li’ and Cs’ which is in accord with observations made 
in the complexation studies; (c) for the macrocyck Py-6 
there is a decrease in the transport rates on passing from 
Li’ to Cs+, which is the inverse order to that of the 
observed percentages of extraction (Table 5). This effect, 
previously noted? shows the importance of the relative 
ease of release of the cation in decomplexation (see the 
curves in Fii. 3). 

Magnetic c/ 
bor Magnetic Stirring 

Fig. 6. 

Other complexes of the tetraazaporphyrinogen 
As an additional aspect of the properties of these 

polypyrazolic macrocycles it was decided to study the 

Tabk 7. ‘H NMR spectra of tetraaza complexes with transition metal salts 

f % i R2 i al,am- ; al3 i a$ i a ; cl& i cation i Anion i stci*~a i 

f Qi3 
: I : 

l/4 : 

I C6i$ 

i C6i$, i 2,02 i. 2,50 i 55;: i ;;;; f 7,50 I lq) i ai3am- i 
: : 

:nq++ 
: : : 

: c$15 I 2,02 : - t 5,45 : 6,60 : 7,53 : l/4 
: : : : 

: ai3cm' 
: : : I : : : 

: : : : : 
' a3 t C61$ : - 5,37 : 5.98 f 4 50 ; Ag+ : 

: : 
t 2,37 : 5 6. - : 

6,47 I ' : 
: : : I : ’ T : : 

: : : : : 
: c$Is 
: 

:C& : - : - : 5,48 : 6,27 : 7,53 : : 
: : : : : : 

:Ag+ : No3- 
: : : 

rai 
3 y3 ; - I 2.30 : 5,03 : 5,57 : - :?!q+ : q- : : 

: : : : : 
: cii3 t C6H5 : 2,02 : 2,28 : 5,22 

5,33 
5,BB f 748 : + ; am- : : l/2 : 

t : : : : : 6,22 ' i Ag 3 : : : 
: cn3 : cn3 : 2,02 : 2,25 : 5,18 : 5,92 : - :plg+ : a13m- : l/2 : 
: : : : : : : : : : 
: T :C& : 2,03 : 2,37 : 5,2 broadi 6,0 : 7,4!i l/l 
: t t : : 5.83b-oadr 6.30 : 

:cd+ : cx3axY : 
: t 

Tabk 8. 

I 
. 

: 
. n.lkaLi metal salt Ia) : 

. * 
I : 

I uc;RH) : IA+ : Na+ : x+ : : 
: t : cs+ : 

I 

1 
f I- f cl- jcH3m-; I- I cl- fa3axpf f I- i cl- p3axqx- ; I- ; cl- ; q- i 

! : I : : : : : : : : : : : : 

: : : I : : : : : : : : : : : : 
rmtraaa rB :A: A :-rA:A:-:A:-:A:-:-4:-b*-: 

: I : I : : : t : : : : 
: ! I : : : : I : : : t 

: : : : : I : : : : : : : : _ 
: : : : I : : : : : : : : : 

2 : : : : : : : : : : : ! 

*Pyd :B :A:- :-;A :- rB:-rA:- :B :B: A :A : 
: : : : : : I I I I t : : I : : 
'Z I : : : : : : : : : : : : : 
: I : : : I : : : : : : : : 

:pre 
: : : I : : t I 

rB:+f-b 
: : : : : 

rBr-b:- :Br-bt - :-b :-:-b:+:d 
t : t : t I : a I I : : I : : : 
f 1 : : : : t : : : I : : : : : : 
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interaction of tetraaza with various cations such as Cd2’, 
Hg2’ and Ag’. These results are shown in Table 7. 

It should be noted that for the Hgz* complexes, the 
macrocycle coordinates four cations which indicates that 
each pyrazole ring associates one cation. This is a known 
phenomenon for Hg2’-pytidine complexes.‘2 

This type of complex (with Hg2’ and Ag+) cannot be 
compared directly with these obtained with the alkali 
metal cations. However it does demonstrate the wide 
application of the macrocycles discussed in the present 

work for which three types of complexes have been 
shown to exist: (1) complexation by the sp2 nitrogen lone 
pair of one pyrazole group; (2) complexation by the 
pyrazolylpyrazole or bipyrazolylmethane moiety (analo- 
gous to the polyamines); (3) complexation by the elec- 
tronegative cavity (analogous to the crown ethers). 

-AL 
Preparation of starting ma&i& 

‘I& following products were prepared accordiw to the lit- 
erature method: te&aazaporphyriuogen 1;1 Pyd 2: Py-8 3;’ 
I $J-trimethylpyrazok;” 3,5,3’$‘-tetramethyl-I,I’dipyrazolyl- 
methane 6? 1’,5’,3J-tetramethyl-3’-pyrazolyl-1-pyrazole 8;’ the 
pyridiue macrocycle 9.” 

1’$‘3J-Tdrom#kyl-3’,1-dipymzolylmcthonc 5. Metbylation 
of 3,5,5’(3’~trimcthyl-I $‘(5’)dipyrazolylmethane” by the lit- 
erature me&d” 8ave two isomeric products, 1’52$letra- 
methyl-3’,1dipyrazolylmethane 5 (yield 55%) m.p. 75-76” 
(petroleum ether); ‘H NMR (CD&) 2.17 and 2.20. 3-, 5- and 
5’-CH1 (addition of Several drops of C,D, produced two coupled 
peaks (J = 0.7 Hz) and one uncoupled methyl peak); 3.67, N- 
CH,; 5.08, CH*; 5.77; 4 and 4’-H. 1’,3’3~tetramethyl-S’,ldipy- 
razolylmcthauc (yield 25%) m.p. 72-73” (petroleum ether); ‘H 
NMR (CDCI,) 2.17, 3-, 5- and 3’-CH1 (similarly the addition of 
several drops of CSDh produced an uncoupled methyl peak 
(I = 6H) assigned to the two methyls in positions 3 and 3’ and a 
coupled peak (J = 0.7 Hz) due to the 5CHJ); 3.73, N-CH,; 5.12, 
CHI; 5.80,4- and 4’-H. 

Linear fetrapymzolic product 7. A solution containing 
3,5,5’(3’~trimethyl-l,3’(5’)dipyratolylmethane’4 (lo-’ mole) and 
3 - chloromethyl - 1’,5’,5 - trimethyl - 13 - dipyrazolylmethane 
(lo-’ mole) (obtained by methylation of 3-hydroxymethyl-3’(S), 
Sdimethyl-I, 3’(5’)dipyrazolylmethane’ with bromomethane un- 
der the previously described” phase transfer catalysis con- 
ditions, followed by halogenation with thionyl chloride as pre- 
viously described’) in DMF (100 ml) in the presence of KI 
(5 X iOs2 mole) was heated at 100°C for 2 hr. After filtration the 
DMF was removed under reduced pressure and the residue 
chromatographed on alumina (eluant: CH& + 1% ethanol): yield 
65%; m.p. 1%124’ (ether-petroleum ether): m/c 392; analysis 
C,,HaN,; ‘H NMR (C&) 1.53 (J: 0.7 Hz) 1.88 (J: 0.7 Hz) 1.94 
(J: 0.7Hz) 2.10 (J: 0.7Hz) correspondin to the four methyl 
groups substituted at positions 5 in the pyrazole rings;” 2.32, 
CHds in positions 3; 3.07, N-CH,; 5.05, 5.10 and 5.20. 3 X CH,; 
5.77,5.83,5.87 and 5.97.4 x 4-H. 

Pnpamtion of the complexes 
Two diierent methods of preparation were used: Melhod A. A 

mixture containing the finely ground alkali metal salt (2OOmg) 
and the macrocycle (100 mp) in CHC& (5 mL) was refluxed with 
stirring for 4 hr. After filtration and concentration of the organic 
phase a white solid was obtained and which was recrystallised in 
several cases (see discussion above). This method was used for 
complexes which were soluble in chloroform. Method B. A 
deuteriochloroform solution (I ml) of the macrocycle (50 mg) was 
rapidly passed through a bed of the finely ground inorganic salt 
(2OOmg). Where possible the NMR spectra of the complexes 
obtained by this second method were recorded immediately after 
filtration. Generally the filtrate gave an insoluble precipitate after 

several minutes, which was able to be recrystallised in certain 
cases. The same NMR spectra were obtained for compounds 
prepared by method B by simply adding 50 mp of the ino& 
salt to a deuteriochloroform solution of the product &iii. 

For compounds which did not give a positive resuIt by metbod 
B it was verified that a negative result was also obtained by 
method A. 

The melting points of all the complexes isolated were greater 
than 300°C. 
Results of compkexarion. With the alkali metals, see Table 8. For 
the linear products the only isolated compkxes were obtained by 
methcd B with LiI. With H?+, C#+ and Ag+ the 
tetraazaporphyrinogen complexes were prepared by method 8. 
Extraction, decomplexarion and transport &dies 

Inslrumennlalion. The reaction mixture was pumped throu& a 
cell in a UV spectrometer, and the absorbance changes at 355 nm 
were recorded as a function of time. Detector and Recorder: 
Elugraphe “SV”. Residual volume of the system (pump, UV cell, 
tubing): 10 ml. Circulation rate: 20 ml/min. Agitation: magnetic 
bar 38mm long and 8 mm in diameter rota@ at I lundscc. 
Standard curves have been obtained from sohrtions with known 
concentrations. 

&fraction. The cylindrical reaction cell (46mm diameter) 
contained a spectroscopic grade chloroform solution (5Oml) of 
the compound being studied (7 X IO-’ mole/l) and an aqueous 
solution (50 ml) of nitrate (or hydroxide) (IO-’ mokll) and metal 
picrate (7 x IO-’ mok/l). The organic phase was magnetically 
stirred and the complexation followed by monitorin the picrate 
anion concentration in the aqueous phase by W spectrometry. 

Dccomplexation. The cell contained the previously produced 1 
chloroform solution of the complex and an equal volume of 
doubly distilled water, Decomplexation was followed by the 
appearance of the picrate anion in the aqueous phase. 

Transport across a liquid membrane. The following apparatus 
was used (Fig. 6). a = I3 mm; b = 28 mm; c = 19 mm. 

Phase I: aqueous solution @ml) of nitrate or hydroxide 
(IO-’ mole/l) and alkali cation picrate (2 X lo-’ mole/I). Phase II: 
chloroform solution (50ml) of the product to be studied (7 X 
lo-” mole/l). Phase III: distilled water (24 ml). 

The appearance of the picrate anion in phase III was followed 
by UV spectrometry or by conductimetry (in the latter case the 
electrode was immersed directly in phase III). 
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