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STUDY OF THE FORMA nON OF COMPLEXES 
OF 2-HYDROXY -1,3-PROPANEDlAMINE-N,N,N' ,N' -TETRAACETIC ACID 
WITH Zn(Il), Cd(Il) AND Pb(IJ) IONS USING NMR SPECTROSCOPY* 

Pavol NOVOMESKY, Pavol BALGAVY and Jaroslav MAJER 

Departlllent 0/ Analytical Chemistry, Pharmaceutical Facility, 
Co mel/ius Ullieersit)', 832 32 Brmis/ot'o 

2-Hydroxy-I,3-propanediaminc-N,N,N',N'-l clraacct ic acid (H PDTA ) forms complexes of the 
ML type with Zn(JI) and Cd(IJ) ion s in Ihe pDH ran ges 5'0 - 11 -5 and 7-3 --- 8'0, respect ively_ In 
these complexes, there are cOlxdinalcd oxyge n aloms of four carboxy late groups and nitrogen 
atoms of two amino-groups. Formation of the I' b 2 L type complex was observed in the pDH 
region 5-9 - 11-5_ HPDTA is a hcptadentatc ligand in thi s ccmp lex. The two glycinate rin gs corre­
spond to one Pb(ll) ion and arc nonequi valen l. Durin g formati on of the hydroxocomplexes of 
Pb 2 L and CdL in a lka line solutions, the HPDTA carbo_, ylat c groups become substituted by 
OH - ion in the coordination sphe re of the meta I ion_ 

2-Hydroxy-l,3-propanediallline-N,N,N',N'-tetraacet ic acid (HPDTA) is a structural 
analogue of EDTA. ]n contrast to EDTA, however, it is potentially a heptadentate 
ligand. Potentiometric 1, spectrophotometric2 and eiectrophoretic 3 studies have 
shown that, in contrast to the complexes with Zn(I1) and Cd(U) ions, HPDTA 
forms a binuclear complex with Pb(lI), in which coordination of the oxygen of the 
hydroxyl group is assumed. 

This work is concerned with the formation of complexes of HPDT A and Zn(n), 
Cd(lI) and Pb(II) ions in aqueous solutions using I H NM R spectroscopy, in order 

to verify this hypothesis. 

EXPERIMENTAL 

HPDTA was prepared by the procedure described in 1eL2 and 1,3-propanediamine-N,N,N',N'­
-tetraacetic acid (PDTA) according to reL 4 The purity of these substances was verified by ele­
mental analysis and potentiometric titrations_ Samples for spectra l measurements were prepared 
from HPDTA or PDTA and the nitrates of the particular metal ion in DzO; the ligand concentra­
tion in the measured solutions was about 0- 3 mol dm - 3 . KOD and DCI were used to adju st 
the pDH of the solutions. The value was found from pH m, recorded on a pH-meter5

: 

pDH = pHm + 0-44. 

The tH NMR spectra were measured on a Tesla BS 487 A spectrometer; deuterated tert-butyl 
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alcohol (CH3hCOD (TBA) was used as an internal standard. The chemical shifts of the signals 
arc given with res pect to DSS (OTUA = 1·233 ppm). The precision of reading of the resonance 
frequencies was greate r than ± O'2 Hz ( ± O'OO25 ppm), whe re not given otherwise. 

RESULTS AND DISCUSSION 

The JH NMR spectra of HPDTA in D 20, their interpretation and the dependence 
of the chemical shifts on the pDH va lue are described in detail in earlier works6

,7 . 

Designation of the HPDT A protons is apparent from the following structural formula 

The IH NMR spectra of solutions with a molar ratio of Zn(II):HPDTA = 1 : 1 
were measured in the range 2·90 < pDH < 13·32. A typical spectrum of this solu­
tion is given in Fig. 1 (pDH = 9'27). The spectrum consists of several overlapping 
multiplets that were identified us ing the INDOR technique. Assignment of the 
signals to the individual protons is apparent from the figure. The following values 
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FIG. 2 

Dependence of the chemical shifts of the 
Zn(II) : HPDT A = 1 : 1 system on the pDH 
of the solution 
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of the chemical shifts (ppm) and coupling constants (Hz) were calculated for the 
spectrum of a solution with pDH = 8'30, t = 25°C: 

DH" = 3·27 DH " = 3'48 JHOHb = 16'5 

b l1., , = 3·24 bH", = 3-48 IH"'Hb' = 16·6 

DB" = 2·90 bH" = 3·21 JBcBd = 13-2 

bw = 3·87 J1FHc 8'7 

JHdHc 3·3 

It can be seen from the dependence of the chemical shifts of the nonlabile protons 
of equimolar sol utions of Zn(II) and HPDTA on pDH (Fig. 2) that HPDTA is 
completely bonded in the Zn(II) HPDTA complex in the region 5·0 < pDH < 11'5. 
The spectrum of the Zn(lI) PDT A complex was also measured for comparison 
of changes in the chemical shifts during coordi nation of HPDTA. The chemical 
shifts of the signals of this complex, determined by finding the centre of the multiplet 
in the spectru m, are li sted in Table J. Comparison of the ll.b values indicates that 
HPDTA is coordinated to Zn(II) simi larly to PDTA. It is bonded to the central 
ion through two nitrogen atoms and oxygen atoms from four carboxyl groups. The 
separate signals of the carboxymethyl protons (Ha, H b

) indicate zinc-nitrogen 
llonlabile bonds in the Zn(II) HPDTA complex. This complex contains two types 
of chemically non-equivalent glycinate rings , corresponding to the two AB quartets 
for the protons of the carboxymethyl groups in the spectrum. 

TABLE I 

Chemical shift values for the nonlabile protons (ppm) in the complexes of Zn(ll), Cd(lI), 
Pb(JJ) with HPDTA and PDTA /).0 = 0ML - cJL 4-

Complex ° Ha.b* /).°H· ,b °Hc ,d* M Bc ,d] °Be /).°W 

ZnPDTA 3·29 0·10 2·98 0·44 1'68 0·04 

ZnHPDTA 3'37 0·17 3·05 0·53 3-89 0·06 

CdPDTA 3· 11 - 0,08 2·83 0·29 1·82 0·18 

CdHPDTA 3·25 0·05 2·86 0'34 3·93 0·10 

Cd(OH)HPDT A 3·20 0·00 2·56 0·04 3·93 0' 10 

PbPDTA 3'64 0·45 2·90 0'37 1·76 0'12 

Pb2 HPDTA 3'86 0·66 2·99 0·47 4·25 0·42 

When the separated signals of H·,Hb or HC,Hd were observed, the averaged chemica l shift 

value is given. 
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HPDT A exi sts in various forms in Zn(ll) : H PDT A = 1 : 1 solutions with pDH < 
< 5 and pDH > 11 ·5 (hydrogen or hydroxy complexes, free HPDTA). between 
which exchange occurs and broad signals with chemical shift s dependent on the 

pDH are observcd (Fig. 2). 

The shape of the signal s of the nonlabile protons of equimolar so lutions of Cd(II)­
-HPDTA does not change at laboratory temperature over the whole pDH iilterva l 

(2'60- ) 3'55) (Fig. 3). The dependence of the chemical shift s of these signals on the 

pDH is given in Fig. 4. The values of the chemical sh ifts do not change with a change 

of the pDH in the region 7·3 < pDH < 8·6 and pDH > 9·7. In the region 7·3 < 
< pDH < 8·6. the solution contains HPDTA bonded to Cd(ll) in a complex wit h 

composition Cdl; the structure of this complex is analogous to that of the Z nL 

complex. It is apparent from comparison of the values of the chemical shifts of these 
complexes (Table I) that the electron density is con siderably greater on the Ha, Hb 
and H e, Hd protons in the Cd L complex, which are located close to the don or atoms, 

as a result of the greater ionic radiu s of Cd(lI) and the greater length of the M- N 
and M - O bond s. The broad, unresolved multiplet s observed in the spectra or the 
samples measured at laboratory temperature a!ld on cooling to ooe become narrower 

and split at temperature above 60°C. The signal of the protons of the carboxymet hyl 

groups (1-1", HI» is an AB quartet with coupling constant J =: 16·3 Hz (Fig. 3). 

The shift of the signals in solutions with pDH < 7·3 depends on the decreasi ng 

electron density to roughly the same degree for all the non labile protons of HPDT A. 

The signal of the H", Hb protons in solutions with pDH = 6·55 and t = 80"C is 

FIG. 3 
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The 1 H NMR spectra of the Cd(II)HPDT A complex. pDH = 7· 75. I = 25°C (a). 60°C (b) 
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observed as an AB quartet, indicating that the CdL com plex is still present in so lu­

t ion. In solutions with lower pOH values, the signal of these protons is simplified 

to a singlet. The spectra of solutions with Cd(ll) : HPOTA = I : I in thi s pOH 

region indicate tha t HPOTA is present in so luti o n as a hydrogen complex a nd al so 

as a free ligand. Ra pid exchange occurs be tween these two forms . It can be ass umed 

o n the basis of changes in the chemica l shift s in thi s pOH regio n that the nitrogen 

atom is protonated in the hyd rogen complex. 

In the region g'6 < pDH < 9'7, different c hanges were observed in the spectra 

fo r each of the signals. The position of the signal o f the pro to n for the methine group 

(He) does not change and the chemical shift of th e s ignals of protons H", Hb decreases 

to a value observed for these protons in the free liga nd L 4 - . /\ s ingle signal with lower 

inten sity is observed for the He and Hd prot o ns, with the sa me chemical shift as 

in the CdL complex ; the second more intense s ig nal is located at higher m agnetic 

field intensities, It is thu s a pparent that, in thi s pOH region , the solution contain s 

110t only the CdL complex, but al so a furth er compl ex o f Cd(t I) with H PDT A, 

HPDTA is completely bonded in thi s complex at 9·7 < pOH < 13 '55, where the 

chemical shifts of the signals do not change (Fig. 4). The chemical shifts of (h e 

protons of this complex compared (0 those for CdL and L 4 - (Table I) can be ex­

plained through formation of (he hydroxocomplex Cd(O H)L , in which a hydroxyl 

pD H 

FIG. 4 

Dependence of the chemical shifts of the 
Cd(II): HPDTA = J : I system on the pDH 
of the solution 
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group rather than HPDTA is coordinated to cadmium through a carboxylate group. 

Rapid exchange occu rs among a ll the carboxylate groups of HPDT A as a result of 

the labil e Cd- O bonds. 

The I H NM R spectrum of the Pb(II): HPDTA = 2: 1 (pDH = 7-10) system 
is depicted in Fig. S. The signals of al l the protons are multiplets loca ted in a narrow 

proton spectra l regio n and overlapping except for the signal of the H C protons, 

which is loca ted at a much higher magnetic field intensity than the other signal s. 

T he identification of the individual multiplets was carried out using the lNDOR 
technique; assignment of the proton s to the signals in the spectrum is apparent 

in Fig. S. 

It is apparent from the ()-pOH depe ndence (Fig. 6) that the spectrum correspond s 

to the Pb 2 L complex which is stable in sol ution at 5·9 < pDH < ] 1·5. The signal s 

of th e proton s of thc carboxymethy l groups appear in the spectrulll as two AB 
quartets (1 All = j 6·0 and 16· 5 Hz, respectively); the signals of the other protons 

appear in the spectrum as relatively broad a nd unreso lved l11ultiplets and thus their 

chem ica l sh ift s a nd coup lin g constants cou ld not be calcu lated with precision. 

Increasing the temperature of the meas ured so luti on has no noticeable effect on the 

shape and position of the sign als in the spectrum. 

A marked decrease in th e electron density on the He proton during coordi nat ion 
of HPOTA is apparent from the chemica l shift s of the signals for the Pb1L and L4

-

protons (Table J), confirming th e assumpt ion of coordination th rough the oxygen 

of the hydroxyl group. T he positi ons of the signals of the H n
, Hb protons indicate 

coordinat ion through the ca rboxylate groups; the sma ll dIfference in the cenfres 

of the AB quartets (0'02 ppm) indicates that all the carboxylate groups are included 

in the coordinati on . 

The two chelate rings formed by coordination of the iminodiacetate fragment 

of the l-IPDT A molecule to a single Pb(JI) ion are, however, non-equivalent (two AB 

-'-_ _ I_. ___ -.-l,-------l __ j~ _ -1 

4 3 ppm 2 ppm 

FIG. 5 

The IHNMR spectra of the Pb(ll): HPDTA = 2: 1 system, a) pDH = 7'10; 1 = 25°C, b) 
pDH = 12' 30; f = 25°C (upper signal Hd : ( = 80°C) 
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quartets). The Pb- ·N bonds are nonlabile and inversion of the nitrogen atoms is 

retarded, leading to separate signals for prot o ns H" and Hb. The difTerence in the 

chemical shifts of proton s He and Hd of the coordinated ligand is unusually large 

(J ·05 ppm). A similar difference was not observed in other complexes. As these 

protons are bonded to a single carbon atom , the induction efTects acting 011 them 

should be identical. The difference in their chemical shifts must thus be a result 

of anisotropy in the surrounding bonds, with the greatest contribution probably 

coming from the bond between the oxyge n of the hydroxyl group and lead. 

At values of pDH > 11'5, a change occurs in the chemical shifts of the signals 

and in the shape of the signals of the carboxymethyl protons, with the two AB 

quartets merging into a singlet (Fig. 5). On increa sing the temperature , this signal 

becomes narrower and the signal of the Hd protons is furth er split. The changes 

in the I H NMR spectra in this pDH region can be cxplained through formation 

of a hydroxocomplex. The relatively greatest increase in the electron density was 

observed for the H", I-Ib proton s, probably as a re sult of replacement of the carboxy­
late groups of HPDT A by 01-1 ... ions in (he coordination sphere of the Pb(lI) ion. 

The Pb- N bonds are more labile than in the normal Pb 2 L complex and rapid ex­

change occurs between the carboxylate groups of HPDTA. In this region, the signal 

of the He proton is shifted to lower magnetic field inten sities (Fig. 6). The decrease 

in the electron density on this proton indicates that the bond between the oxygen 

of the hydroxyl group of HPDTA and Jead is retained in the hydroxo complex 

and that the Pb~O di stance is le ss than in the normal Pb 2 L complex. 

FIG. 6 

Dependence of the chemical shifts of the 
Pb(IJ)-HPDT A signals on the pDH of the 
solution, • M: L = 2: I, 0 M : L = 1 : J, 
- ---- free HPDT A 
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The data in the literature 3 indicate that Pb(ll) forms only a binuclear complex 

with HPDTA. Consequently , the Pb2 L complex and uncoordinate L liga nd should be 
present in a ratio of Pb2 L : L = 1 : 1 in the system containing Pb(Il) : HPDTA = 

= 1 : .I in the pDH region favo urabl e for the formation of the Pb2L complex. The 

I H NMR spectrum of thi s sys tem sho uld thus contain separate signals for Pb 2L 

a nd L at slow ligand exchange or average signal s for the Pb 2 L and L pro to ns a t rapid 
ligand exchange. Only a single system of signal s was observed in the spectra for t he 

Pb(Il) : HPDTA = I. : 1 sys tem . Thu s rap id exchange occurs between the HPDTA 

forms present in solution. The obse rved values of the chemical shift s a re appare nt 
from Fig. 6. It can be seen from thi s fIgure that the chemica l shift values are not 

the average values for the chemical shift s of the Pb 2L a nd L signals. Thus thi s so lu­

tion is not a mixture (with a ratio of 1 : J) of the free ligand a nd the Pb1L complex 

or the hydroxocomplex (pDH > 11'5), o bserved in solution s with Pb(lI) : HPDTA = 

= 2 : J. No further informat ion can be obta ined from the experimen ta l data for the 

Pb('lI) : H PDT A = 1 : 1 system. 

For compari son with prev iou sly studied m etal ion- liga nd systems, the 1 H N M R 

spectra of the Pb(n) : PDT A = 1 : I system were also measured . A complex wit h 
compositi o n PbL was observed in the region 6 < pDH < 13; the chemica l shifts 

of the signals for thi s complex are given in Table 1. The difference in the DHc values 

for the Pb(Il) complexes al so confi rms coordination through the oxygen of the hydro­
xyl group of HPDTA. 
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