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Two new polyazamacrocycles 1,4,7-triazacyclononane-I ,4,7-triyltrimethylenetris(phosphinic acid) 
( H3L1) and 1.4.7.1 0-tetraazacyclododecane-I ,4,7,1O-tetrayltetramethylenetetrakis( phosphinic acid) 
( H4LZ) were synthesised and their acid-base and complexing properties with MgZ+, Ca2+, CoZ+, Ni2+, 
Cu2+, Zn2+, Cd2+ and Pb2+ determined pH-metrically at 25°C and at an ionic strength of 0.1 mol 
dmP3 (KNO,). Both form 1 :1  complexes over a wide pH range. The stability constants of H3L1 with 
transition metals lay in a narrow region and point to non-selectivity of the ligand; H4LZ forms more 
stable complexes with larger cations such as Cd2+ or Pb2+ than with the cations of the first transition 
row. This selectivity is much better than for analogous macrocycles bearing carboxymethyl or 
methylenephosphonic pendant groups. 

During the past decade a number of studies have focused on 
polyazacycloalkanes with nitrogen atoms bearing carboxy- 
methyl or alkylphosphonate as pendant groups. In contrast to 
open-chain ligands, the macrocyclic effect operating in the 
complexes of these compounds results in strongly variable 
thermodynamic and kinetic stability, thus offering a further 
opportunity for tuning properties crucial for biological 
applications such as paramagnetic contrast agents in magnetic 
resonance imaging (as lanthanide complexes), therapeutic 
radiolabelled conjugates of tumour-localizing molecules 
(complexes with trivalent radionuclides),2 and sequestering 
agents for toxic heavy metals such as lead, cadmium and 
m e r ~ u r y . ~  In addition several reports have dealt with the 
synthetic and co-ordination properties of polyazamacrocycles 
with pendant N-methylenephosphinic acids.4-' In comparison 
with analogous carboxylic and phosphonic acids, these 
compounds form complexes with lower stability constants 
but they have one very important intrinsic advantage: struc- 
tural variation can readily be achieved within the 
> NCH2P(R)02H moiety by changing the R group allowing, 
for example, easy linkage to a protein or the control of ligand and 
complex lipophilicity. Also, variation of the R group should 
contribute to improvement of the ion selectivity of the 
macrocyclic compound. 

Here we report the synthesis, acid-base and complexing 
properties of two new fully N-substituted polyazamacrocyclic 
methylenephosphinic acids; 1,4,7-triazacyclononane- 1,4,7-tri- 
yltrimethylenetris(phosphinic acid) H3L1 and 1,4,7,10- 
tetraazacyclododecane- 1,4,7,1 O-tetrayltetramethylenetetrakis- 
(phosphinic acid) H4L2 as the second part of our work dealing 
with azacyclic aminomethylenephosphinic acids. ' 

Results and Discussion 
Synthesis.-Compounds H3L1 and H4L2 were synthesised by 

Mannich reaction of the macrocyclic amines 1,4,7-triazacyclo- 
nonane trihydrobromide (tacna3HBr) and 1,4,7,1 O-tetraaza- 
cyclododecane tetrahydrochloride (tacd4HC1) with paraform- 
aldehyde and H3P02 in aqueous solution at 40°C in the 
absence of HCl (Scheme 1). When the reaction was carried out 
at 100 "C and in the presence of HCl, it led to a mixture of 
products (TLC) which was not separated, and under conditions 
similar to those under which simple cyclic aminomethylenephos- 
phinic ligands have been synthesised (0-20 "C) no conversion 
was observed. However, we found that at temperatures above 

n 
'N NH + mCH20 + m H 3 m  

'P02'2 

Scheme1 n = 1 o r 2 ; m  = 3 f o r n  = 1,4forn = 2 

/ \  

H,L~ 

30 "C and in the absence of HCl, the required compounds are 
formed. The optimum temperature was about 40 "C at which 
the macrocyclic aminomethylenephosphinic compounds were 
the main products and could be isolated from the reaction 
mixture. The other by-products have not been isolated. The 
combination of column chromatography with silica gel and 
Dowex was very efficient for the separation and purification of 
both products, and no impurity peaks were found by NMR 
spectral analysis. This type of reaction was studied by Mollier et 
al. 14. Reaction of 1,4,8,11 -tetraazacyclotetradecane (cyclam) 
with CH20 and H3P0, at 100 "C led to the formation of a fully 
N-substituted macrocyclic compound 1,4,8,1 l-tetraazacyclo- 
tetradecane- 1,4,8,11 -tetrayltetramethylenetetrakis(P-hydroxy- 
methylphosphinic acid) H4L3. The reaction was studied 
kinetically and a mechanism was proposed. According to this 
mechanism, H3P02 reacts with formaldehyde and forms 
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H,L3 

Table 1 Protonation constants of macrocycles H,L' and H4L2 and 
stability constants of their complexes at 25 "C and I = 0.1 mol dm-3, 
Ppqr = CM,H,LrI/CMIPCHlq CL3' 

H +  

Mg2 + 

Ca2 + 

c o 2  + 

Ni2 + 

c u 2  + 

Zn2 + 

Cd2 + 

Pb2+ 

P r q  
0 1  1 
0 1  2 
0 1  3 
1 1  0 
1 1  - 1  
1 1  0 
1 1  1 
1 1  - 1  
1 1  0 
1 1  1 
1 1  - 1  
1 1  0 
1 1  1 
1 1  0 
1 1  0 
1 1  1 
1 1  0 
1 1  1 
1 1  0 
1 1  I 

H3L' 
10.157(7) 
13.29( 1) 
14.40(2) 
5.32(6) 
3.52(1) 
4.29( 3) 

- 7.41 (6 )  
12.97(2) 

13.40(2! 

13.43( 1 )  
13.04( 1) 

1 2.52 1 (4) 

1 2.5 1 9( 5 )  

H4L2 
10.41 3(6) 
17.24( 1) 
19.21( 1) 
3.50(5) 

9.458(6) 
I3.4(2) 

15.55(2) 
16.9(2) 
3.16(7) 

15.91 (2) 
17.93(9) 
18.03(1) 
14.60( 1 ) 
17.22(2) 
17.34(1) 
I8.92(4) 
16.99( I ) 
18.95(3) 

- 3.6( 1) 

hydroxymethyl phosphinic acid which subsequently reacts with 
cyclam and formaldehyde to form H4L3. At the same time, a 
competitive reaction of cyclam with CH,O and H3P02 takes 
place and, analogously to H3L1 and H4L2, H4L3 is formed. At 
100°C H4L3 reacts rapidly with another C H 2 0  molecule to 
form hydroxymethyl phosphinic acid. Thus, H4L3 is only an 
intermediate in this reaction. If we suppose that Mollier's 
reaction scheme is valid under our conditions, then we can 
assume that, at  high temperatures, analogous P-hydroxy- 
methyl-substituted compounds are formed while, at lower 
temperatures, the competitive reaction which leads to the 
formation of H3L1 and H4L2 is preferred and at these 
temperatures they do not subsequently react to form the P- 
hydroxymethyl compounds. The observed lack of conversion at 
lower temperatures (0-20 "C) is probably due to the steric 
hindrance in this reaction so we can affirm that the optimum 
temperature region is 3040 "C. 

Acid-Base and Complexing Propertiex-The calculated 
values of the protonation and stability constants of H3L' and 
H4L2 are given in Table 1. Typical distribution diagrams for the 
systems Cu2+-H3L1, Ca2+-H4L2 and Co2 +-H4L2, are shown 
in Figs. 1-3. The variation of tjp for the macrocycles with the pH 
is shown in Fig. 4. 

Compounds H3L1 and H,L2 are less basic than the 
analogous carboxylicl 5*1 and phosph~n ic '~  acids. The values 
obtained for the protonation constants are in good agreement 
with literature values for analogous s y ~ t e m s . ~ , ~  The order of the 
basicities of various aminomethylenephosphinic acids is 
influenced by the inductive effect of their phosphorus 
substituents. The present compounds having an H atom as 

0 

!, , , 

0 1 2 3 4 5 
PH 

Fig. 1 
rnol dm-, (KNO,) (cL = 0.005 and ccu = 0.005 mol dm-,) 

Distribution diagram of H3L' with Cu2+ at 25 "C and I = 0.1 

loo r 
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0 
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0 
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Fig. 2 
rnol dm-, (KNO,) (cL = 0.005 and ccu = 0.005 rnol drn-,) 

Distribution diagram of H4L2 with Ca2+ at 25 "C and I = 0.1 

0 2 4 6 8 10 12 
PH 

Fig. 3 
rnol dm-3 (KNO,) (cL = 0.005 and cco = 0.005 rnol dm-3) 

Distribution diagram of H4L2 with Co2+ at 25 "C and I = 0.1 

substituent are less basic than all the macrocyclic aminomethyl- 
enephosphinic ligands studied so far.7*9 

Only three dissociation constants of H,L' have been 
calculated. The potentiometric results correspond to the pH 11s. 
8, variation (Fig.4). The downfield shift of 6, in the region pH 
3-1 1 indicates that the first two observed protonations occur on 
N atoms, which is common in all the studied N-substituted 
carboxylic' or phosphonic' triazacyclononane systems. In 
the region pH 1-2.5 where, according to the potentiometric 
titration curves, the third protonation occurs, an upfield tjP shift 
is observed. An analogous upfield shift in the 31P NMR 
titration curves of phosphonici9 or phosphinic2' acids is 
interpreted as protonation at the phosphonic or phosphinic 
group, respectively. Thus, we assumed that at least the third 
protonation involves a phosphinic group. The decrease in the 
basicity in comparison to the analogous phosphinic acid P- 
substituted with phenyl' and with methyl7 is from one to three 
pK, units from pK3 to pK, and corresponds with the phosphinic 
analogue of glycine.21 The stability constants of H3L' are the 
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Table 2 Cation selectivity of macrocyclic ligands 

Ligand 
H,L1 
H,L2 
tacd 
a15 
b17 
C 1 7  

d9  
e 4  

1% (PCdlPZ") 

- 0.48 

- 2.0 
- 2.3 
- 5.2 
- 1.9 
0.85 
4.0 

2.74 

log (PPblPZ") 

- 0.48 
2.39 

- 0.4 
- 1.7 
- 2.8 
- 1.5 
- 

1.6 

' 1.4,7-Triazacyclononane- 1,4,7-triacetic acid. 1,4,7-Triazacyclono- 
nane- 1.4,7-triyltrimethylenetris(phosphonic acid). ' 1,4,7,1 O-Tetraaza- 
cyclododecane 1,4,7,1O-tetrayltetramethylenetetrakis(phosphonic 
acid). Tetraethyl 1,4,7,1O-tetraazacyclododecne- 1,4,7,1 O-tetrayltetra- 
methylenetetrakis(ph0sphinate). 1,4,7,1O-Tetrakis(2-hydroxypropyl)- 
1,4,7,1O-tetraazacyclododecane. 

0 

m 

m 

0 

Ib 

t 
141 
0 5 10 15 

PH 
Fig. 4 Variation with p H  of 6 ,  of the methylenephosphinic group for 
solutions of H,L' (0) and H4L2 (H) 

first reported for triazacyclononanes with a methylenephos- 
pninic pendant group, This compound forms only 1 : 1 
complexes. Complexes with the non-protonated macrocycles 
were observed for all the metal ions studied but not with the 
protonated macrocycles. On the other hand, the formation of 
hydroxo-complexes with Mg2 + and Ca2 + was observed. The 
values of log Ppqr with the transition metals lay in a narrow 
range and point to non-selectivity of the ligand. Similar to other 
triazacyclononane systems,' H3L1 forms more stable 
complexes with Mg2+ than with Ca2+ as a result of the size- 
match selectivity. The stability constants with Mg2 + and Ca2 + 

are very similar to those of the trimethyl 1,4,7-triaza- 
cyclononane- 1,4,7-triyltris(methylenepho~phonate). 22 With 
Mg2 +, Co2 + and Ni2+ slow complex-formation kinetics has 
been observed. Such behaviour is common for other tri- 
azacyclononane systems.23 

A comparison of the log P l l o  values of H3L' with the log 
P 3o values of the model ligand piperidinomethylphosphinic 
acid12 (for systems with Co2+ and Ni2+) shows that these 
values are similar. This could indicate an N303 co-ordination 
of H3L1. This means of co-ordination has been demonstrated in 
the crystal structures of complexes of two macrocyclic 
aminomethylenephosphinic As for H3L1, only three 
protonation constants have been calculated for H4L2 (Table 1). 
The fourth protonation constant is too small to be determined 
by potentiometric titration. There is an increase in basicity 
from H4L2 to the P-ethyl substituted derivative: H4L' < P- 
Ph7 < P-Me7 < P-Et deri~ative.~ 

The 31P NMR titration curve of H4L2 has a similar shape to 
that of the P-methyl substituted c o m p o ~ n d . ~  The upfield shift 
of tip in the region pH 1-3 indicates that, for the same reasons as 
for H3L', the third and fourth protonations probably involve 
phosphinic groups and the downfield tip shift at higher pH 
values indicates that the first two protons are also localised on 
nitrogen atoms. 

The compound H4L2 forms only 1 : 1 complexes in a wide pH 
region, for the transition metals from pH 1.5 to 12 (see Table 1). 
Except for Cu2+, these involve the protonated ligand in the 
region pH 1-4. Formation of the hydroxo complex was found 
in the Co2+ system. In contrast, with Mg2+ and Ca2+ the 
abundance of [MLI2 - is lower and its formation is shifted to a 
higher pH region. The formation of hydroxo complexes in both 
systems and of [Ca(HL)] - was also observed. 

The pK, value of the protonated ligand complexes of H4L2 
with transition-metal ions is about 2, very similar to the ligand 
pK, value. On the basis of the 31P NMR spectra we assumed 
that the third macrocycle protonation involves a phosphinic 
group. If this is true, then the similarity of the pK, value of 
the [M(HL)]- to the pK2 value of the ligand should indicate 
that the phosphinic group of the complex is protonated. 
The analogous well known macrocycle 1,4,7,10-tetra- 
azacyclododecane- 1,4,7,10-tetraacetic acid forms complexes in 
which protonation of the carboxylic groups was confirmed by 
X-ray crystal-structure analysis.24 For these complexes, an 
analogous similarity of the pK, values of mono- and di- 
protonated ligand complexes to the pK3 and pK4 values 
of the macrocycle was also observed. l6 

According to the values found for log p, H4L2 is a stronger 
complexing agent than H3L' due to its higher basicity and the 
higher number of donor atoms. The most important feature 
observed for this ligand is its selectivity for larger cations. It 
forms more stable complexes with Ca2+ and Cd2+ than its 
corresponding P-ethyl derivative. The macrocyclic hole size 
should not be influenced by a substituent at phosphorus, and so 
the smaller steric hindrance of the hydrogen atom bonded to 
phosphorus in comparison with the ethyl group should be the 
main reason. For the smaller cations, the situation is reversed 
and the factor which determines the stability of the complexes is 
the ligand basicity. 

Hancock3 has studied the complexing properties of some 
macrocyclic ligands in order to prepare compounds which 
could selectively bind larger toxic metal ions like Cd2+ and 
Pb2 + and consecutively sequester them from a patient's body. 
A comparison of complexes with toxic and non-toxic essential 
metal ions ( i e .  Zn2+) is important to show whether the ligands 
can selectively bind the toxic cations. In Table 2 this Cd/Zn and 
Pb/Zn selectivity (difference between log p of the two metal 
ions with various ligands) is shown. The selectivity of H3L' 
and H4L2 is comparable with that of Hancock's model 
1,4,7,lO-tetrakis(2-hydroxypropyl)- 1,4,7,1 O-tetraazacyclodo- 
decane4 but it is probably worse than his 1,4,7,10-tetrakis- 
(carbamoylmethy1)-l,4,7, 10-tetraazacyclododecane.26 As we 
can see, H,L2 exhibits somewhat worse Cd/Zn selectivity 
than the hydroxypropyl derivative but better Pb/Zn selectivity. 
The macrocyclic amine tacd prefers the smaller Zn2+ to Cd2+ 
or Pb2+. After a systematic study, Hancock suggested that 
the number of five-membered chelate rings and the co- 
ordination of neutral oxygen-donor atoms are the main 
factors which determine the preference of the ligands for the 
larger metal ions. 

Our measurements show that H4L2 forms more stable 
complexes with larger cations while H,L' prefers small cations 
(probably for reasons of size matching). The former macrocycle 
does not possess any neutral groups with oxygen donor atoms 
but negatively charged ones; nonetheless, its selectivity for 
larger metal ions is comparable to those of Hancock's ligands. 
Thus, according to our experience we suggest that optimisation 
of the known three ligand parameters, the actual macrocyclic 
hole size influenced by pendant groups, the number of five- 
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membered chelate rings which the ligand can form and the 
electronic and steric properties of the pendant donor groups, is 
important for the development of good sequestering agents for 
heavy toxic metals. It seems that 1,4,7,10-tetraazacyclodo- 
decane aminomethylenephosphinic acids could have appropri- 
ate properties for use as sequestering agents and further study in 
this direction would be useful. 

Experiment a1 
Synthesis.-Salts of the cyclic amines tacnm4HBr and 

tacd04HCI were synthesised using known procedures. 27  

H,L'. To a stirred aqueous solution (5 cm3) of tacn-3HBr 
(1 g, 2.09 mmol) and H3P02 (1.06 g, 16.14 mmol) was added 
paraformaldehyde (484 mg, 16.14 mmol) over 1 h at 40 "C. After 
the paraformaldehyde had dissolved, the reaction mixture was 
stirred for 3 h at the same temperature. Then the reaction 
mixture was evaporated (bath temperature 3040  "C) 
and codistilled three times with water. The colourless oil was 
dissolved in water (3 cm3) and purified by chromatography on a 
Dowex 50 column (2 x 20 cm) in the H +  form. The mixture 
was eluted with water. Fractions containing HBr, H3P02 and a 
mixture in which H3L1 was the main component were gradually 
eluted. The fractions containing H,L' were combined and 
water was removed by rotary evaporation. The colourless oil 
obtained was dissolved in 25% NH,OH-EtOH (1 : 2,5 cm3) and 
this solution was passed through a silica gel column (7 x 7 cm). 
The macrocycle was eluted with the same mixture. Fractions 
containing TLC-pure macrocycle in an ammonium salt form 
were combined and the solution was evaporated to a colourless 
oil. This was then dissolved in water (2 cm3) and passed through 
a Dowex column in the H +  form. Pure H,L' was eluted with 
water. The aqueous solution was evaporated to a colourless oil 
which was then dissolved in MeOH-EtOH (1 : 1, 10 cm3). From 
this solution a white solid was precipitated after standing 
overnight at 0°C. The solid was filtered off and dried over 
P,O,. All the reaction and purification steps were monitored by 
TLC on silica gel using NH40H-EtOH (1 : 6) as the mobile 
phase. Yield 245 mg (25%). B.p. 210°C [Found (Calc.): C, 
28.50 (28.85); H, 6.65 (6.35%)]. NMR (D20): 'H, 6 3.32 
(NCH,P), 3.59 (NCH,CH,N) and 7.628 (PH); ,lP, 6 15.7 at 
pD 2.0. 

H4L2. To a stirred aqueous solution ( 5  cm3) of tacd*4HCl(l 
g, 3.143 mmol) and H3P02 (1.66 g, 25.15 mmol) was added 
paraformaldehyde (0.77 g, 25.15 mmol) over 1 h at 40 "C. After 
the paraformaldehyde had dissolved the solution was 
maintained at 40 "C for 3 h. The compound H4L2 was purified 
in the same way as H,L2 (Dowex, silica gel). The reaction and 
purification steps were monitored by TLC on silica gel using 
25% NH40H-EtOH (1 : 2) as the mobile phase. Pure H4L2 was 
isolated by precipitation from its aqueous solution by acetone. 
The white microcrystalline solid was filtered off and dried over 
P,O,. Yield 440 mg (29%). B.p. 232-234 "C [Found (Calc.): C, 
29.25 (29.75); H, 6.60 (6.65)X-J. NMR (D20): 'H, F 3.284 
(NCH,P), 3.429 (NCH2CH2N) and 7.625 (PH); ,lP, 6 15.2 at 
pD 2.5. 

Chemicals, Stock Solutions for the Potentiometric 
Titrations.-The stock solutions of the individual metal cations 
were acidified solutions (pH z 2) of the appropriate nitrates 
recrystallised from aqueous solutions. Nitric acid was prepared 
by passing potassium nitrate through a Dowex 50W column 
in the H +  form because of traces of NO and NO, in the 
concentrated acid. The metal content in the solutions was 
determined by titration with ethylenediaminetetraacetate 
solution and excess of nitric acid was determined by pH-metric 
acid-base titration. 

Potentiometric Titrationx-Potentiometric measurements 
were carried out using a PHM 84 pH-meter, ABU 80 
autoburette and a GK 2401 B combination electrode 

(Radiometer) in a glass vessel (10 cm3) thermostatted at 
25 ? 0.1 "C at an ionic strength of I(KNO,) = 0.1 mol drn-,. 
An inert atmosphere was ensured by constant passage of argon 
saturated with the solvent vapour. The initial solution volume 
was 5 cm-3 and the macrocycle concentration was 0.005 
rnol dm-3. In the determination of the stability constants of 
the transition-metal complexes, the metal : macrocycle concen- 
tration ratio was mostly 1 : 1, and incidentally 1 : 2 to con- 
firm stoichiometry. The total number of data points was 
more than 200. After calibration using two buffers, precision 
calibration was carried out by titration of 0.015 rnol dm-, 
HNO, with 0.2 rnol dmP3 KOH in 0.1 rnol dm-, KNO, in the 
region pH I .8-12.0, with the pH-meter yielding E values. The 
relation between E and - log[H+] is expressed by equation (1) 

where the additive term E, contains the standard potentials of 
the electrodes used and contributions of inert ions to the liquid- 
junction potential, S corresponds to the Nernstian slope the 
value of which should be close to the theoretical one andj, [H'] 
andj,  [OH-] are contributions of the H +  and OH- ions to 
the liquid-junction potential. It is clear that ja and j b  cause 
deviation from a linear dependence between E and - log[H+] 
only in strong acid and strong base. The equation was 
manipulated with the program ESAB.,' The values of E,, S,j ,  
andj, at pKw = 13.75 were calculated for each calibration and 
then used to determine -log[H+] values from the E titration 
values of each series of measurements. 

The stability and protonation constants PPqr are concentration 
constants defined as PPqr = [MPH,L,]/[M]p[H]q[L]r. They 
were calculated using the MINIQUAD 82 program.29 The 
complex-formation kinetics in systems Co2 +-H,L', Ni2 +- 

H,L', Mg2+-H3L1 and Ni'+-H,L2 was too slow to use the 
above-mentioned potentiometric method for the determination 
of the stability constants so an 'out-of-cell' potentiometric 
method was used. For each system three series of thirty 
solutions with a volume of 1 cm3 were prepared in special glass 
tubes ( 5  cm3). The ionic strength, metal and ligand 
concentrations were the same as in the previous potentiometric 
measurements. After the preparation of the solutions a different 
amount of 0.2 mol dm-3 KOH was added to each solution 
(under an argon atmosphere) and the E values measured with 
the electrode calibrated as described above. The same 
measurement was repeated at regular time intervals (6 h). 
According to the pH values found for each system, the Co2 +- 

H,L' and Ni2+-H3L1 systems reached equilibrium after 12 h 
the Co2+-H,L' system after 6 h and the Mg2+-H3L1 system 
after 48 h. The stability constants were calculated as above. 

N M R  Spectra-Spectra used for the characterisation of the 
macrocycles were measured using a Varian XL-200 instrument 
at 25 "C: 'H at 200.057 MHz with sodium 4,4-dirnethyl-4- 
silapentanesulfonate as the internal standard and 31P at 80.53 
MHz with 85% H,P04 as the external standard. The measured 
solutions were about 10% (w/v) in D20. The 31P NMR titration 
measurements were carried out using a Tesla 80 instrument at 
32.35 MHz and with 85% H3PO4 as the external standard. 
Owing to the small quantities of the macrocycles only one 
solution (about 10% w/v in water) of each was prepared and 
the pH adjusted by the addition of 0.1 mol dm-, KOH or 
HNO,. 
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