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The stability constants of the 1 :I complexes formed between Mg*+, Ca2+, Sr2+, BaZ+, Mn2+, Co2+, Ni2+, Cu*+, 
(in part) Zn2+, or Cd2+ and (phosphony1methoxy)ethane (PME2-) or 9-[2-(phosphonylmethoxy)ethyl]adenine 
(PMEA2-) were determined by potentiometric pH titration in aqueous solution ( I  = O . ~ M ,  NaNO,; 25'). The 
experimental conditions were carefully selected such that self-association of the adenine derivative PMEA and of 
its complexes was negligibly small; i.e., it was made certain that the properties of the monomeric [M(PMEA)] 
complexes were studied. Recent measurements with simple phosphate monoesters, R-MP'- (where R is a 
non-coordinating residue; S.S. Massoud, H. Sigel, Inorg. Chem. 1988, 27, 1447). were used to show that 
analogously simple phosphonates (R-PO:-) -~ we studied now the complexes of methyl phosphonate and ethyl 
phosphonate - fit on the same log K~(R-M,)/logK,M(R-,03) us. p K ~ ( R ~ M p l / p K ~ ( R - P O j l  straight-line plots. With 
these reference lines, it could be demonstrated that for all the [M(PME)] complexes with the mentioned metal ions 
an increased complex stability is measured; i.e., a stability higher than that expected for a sole phosphonate 
coordination of the metal ion. This increased stability is attributed to the formation of five-membered chelates 
involving the ether oxygen present in the -O-CH,-PO:- residue of PME2- (and PMEA*-); the formation degree 
of the five-membered [M(PME)] chelates varies between ca. 15 and 40% for the alkaline earth ions and ca. 35 to 
65 ?A for 3d ions and Zn*+ or Cd'+. Interestingly, for the [M(PMEA)] complexes within the error limits exactly the 
same observations are made indicating that the same live-membered cbelates arc formed, and that the adenine 
residue has no influence on the stability of these complexes, with the exception of those with Ni*+ and Cu2+. For 
these two metal ions, an additional stability increase is observed which has to be attributed to a metal ion-adenine 
interaction giving thus rise to equilibria between three different [M(PMEA)] isomers. These equilibria are analyzed, 
and for [Cu(PMEA)J it is calculated that 17(+3)% exist as an isomer with a sole Cu2+-phosphonate coordination, 
34(+10)% form the mentioned five-membered chelate involving the ether oxygen, and the remaining 49(&10)% 
are due to an isomer containing also a Cu2+-adenine interaction. Based on various arguments, it is suggested that 
this latter isomer contains two chelate rings which result from a metal-ion coordination to the phosphonate group, 
the ether oxygen, and to N(3) of the adenine residue. For [Ni(PMEA)], the isomer with a Ni*+-adenine interaction 
is formed to only 22(+13)%; for [Cd(PMEA)] and the other [M(PMEA)] complexes if at all, only traces of such an 
isomer are occurring. In addition, the [M(PMEA)] complexes may be protonated leading to [M(H .PMEA)]+ 
species in which the proton is mainly at the phosphonate group, while the metal ion is bound in an adenosine-type 
fashion to the nucleic base residue. Finally, the properties of [M(PMEA)] and [M(AMP)] complexes are compared, 
and in this connection it should be emphasized that the ether oxygen which influences so much the stability and 
structure of the [M(PMEA)] complexes in solution is also crucial for the antiviral properties of PMEA. 

') Abbreviations used: Ado = adenosine; AMP*- and ATP4~- = adenosine 5'-mono- and hphosphate, 
BuP2- = n-butyl phosphate; EtP2~- = ethyl phosphonate; HPMPA2- = dianion of (S)-9-[3-hydroxy-2- 
(phosphonylmethoxy)propyl]adenine; L = general ligand; Mz+ = divalent metal ion; MeP2- = methyl 
phosphonate; NPhP2- = 4-nitrophenyl phosphate; PhP*- = phenyl phosphate; PME2- = dianion of 
(phosphony1methoxy)ethane; PMEAz- = dianion of 9-[2-(phosphonylmethoxyjethyl]adenine; RibMP2- = 
o-ribose 5'-monophosphate; R-MP'- = phosphate monoester (R may be any organic residue, e.g., phenyl 
or nucleosidyl); R-PO:f = general phosphonate ligand: TMP2- = thymidine 5'-monophosphate; 
TuMP2- = tubercidin 5'-mouophosphate ( = 7-deaza-AMP2-); UMP2- = uridine 5'-monophosphate. 
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Introduction. - About one sixth of all known enzyme systems require adenine-con- 
taining cofactors [ 11, many of these being nucleotides. As the biological activity of most 
nucleotide systems depends on the presence of metal ions [2], many efforts, especially 
regarding adenine nucleotides [3-51, have been made to resolve the structure of metal-ion- 
nucleotide complexes in solution [6-81 and in the solid state [9]. Indeed, the properties of 
various [M(AMP)] [5] [lo]') and [M(ATP)]*- complexes [3] [8] [ l l ]  and the forces which 
determine their structures in solution are now relatively well understood. 

Considering that nucleotides play a key role in many metabolic processes, it is not 
surprising that artificial nucleotide analogues often display biological activity and that 
some of them are employed as drugs [12]. One of these active compounds, 9-[2-(phospho- 
nylmethoxy)ethyl]adenine (PMEA*-), can be considered as an analogue of adenosine 
5'-monophosphate (AMP*-; see Fig. I )  [6] [8] [13]. Indeed, PMEA and some related 
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Et P2- Fig.  1. Chemical structure of the dianion of 9-[2-(phos- 
phony1methoxy)ethylladenine (PMEA2-)  in comparison 
with the structures of udenosine 5'-monophosphate 
[ A M P 2 - ) ,  which is shown in its dominating anti-confor- 
mation [6] [8] [13], und the dianion of [phosphonyl- 
methoxy)ethane (PME2- ) .  The other two phosphonate 
derivatives, i .r. MeP2- and EtPZ-, are also employed in 
this study. 
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compounds show antiviral properties against DNA viruses, like herpes viruses, aden- 
oviruses, or poxviruses [14-161, and also against retroviruses, i.e. human immuno defi- 
ciency (HIV) and Moloney murine sarcoma viruses (MSV) [I41 [16] [17]; moreover, they 
exhibit a cytostatic effect on L-1210 mouse leukemia cells [14]. 

PMEA and related phosphonate derivatives are converted by cellular nucleotide 
kinases into their diphosphates, and as such they inhibit viral and, to a lesser extent, 
cellular DNA synthesis [14]. In this connection, one may point out that base- or sugar- 
modified nucleotide analogues with monophosphate-ester residues are known to undergo 
enzyme-catalyzed dephosphorylation during their passage through the cellular mem- 
brane or in blood plasma [18], rendering therapeutic application of such antimetabolites 
inefficient. This difficulty is circumvented by applying analogues with a phosphonate 
residue [ 181. 

The potential therapeutic applications of PMEA and the fact that nucleotide-depen- 
dent enzymic systems generally depend on the presence of metal ions prompted us to 
study the metal-ion-binding properties of PMEA2-. To evaluate the measured stability 
constants of the [M(PMEA)] complexes regarding the structure of these complexes in 
solution, it was also necessary to include (phosphony1methoxy)ethane (PME2-) as ligand 
(see Fig. I). It is important to recall at this point that in various [M(AMP)] complexes 
macrochelates are formed giving rise to the intramolecular Equilibrium I where a metal 
ion binds not only to the phosphate group but also to N(7) of the purine residue [5].  

pho_sphate-ribose-base - phozphate-r 
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Consequently, the question arises about a similar nucleic base-back binding in certain 
[M(PMEA)] complexes. If so: is it possible to quantify the extent of such metal ion-base 
interactions? Finally, methyl phosphonate (MeP2-) and ethyl phosphonate (EtP2-) 
(Fig. I )  are used in this study as ligdnds representative for the formation of pure phospho- 
nate-metal ion complexes. 

Experimental. ~ Materials. 9-[2-(Phosphonylmethoxy)ethyl]adenine, i.e. the free H2(PMEA)* acid, was pre- 
pared in the laboratory of A .  H .  according to published procedures 1191. (Phosphonylmethoxy)ethane, i . ~ .  
H,(PME), was synthcsired by F. G .  and coworkers [20]. Methylphosphonic acid, CH,P(O)(OH), (purum : 98%), 
was purchased from Fluka Chemie AG, Buchs, Switzerland, and ethylphosphonic acid, CH,CH,P(O)(OH), ( 9 8 ’ X ) ,  
from Aldrich-Chemie GmbH & Co. KG, Steinheim, FRG. The aq. stock solns. of the phosphonates, R-PO:-, were 
freshly prepared daily by adding 2 equiv. of NaOH; the exact concentration was each time newly determined (see 
below). 

The disodium salt of 1,2-diaminoethane-N,~,,N”’-tetrdacetic acid (Na2H2EDTA), potassium hydrogen 
phthalate, HNO,, NdOH (Titrisol), and the nitrate salts of Na’, Mg2+, Ca2+, SrZ+, Ba2+, Mn2+, Co2+, Ni2+, Cu”, 
Zn&, and Cd2+ (all pro analysi) were from Merck AG, Darmstadt, FRG. All solns. were prepared with distilled 
C0,-free water. 

The titer of the NaOH used for the titrations was established with potassium hydrogen phthalate. The exact 
concentrations of the R-PO:- stock solns. used in the experiments with metal ions (titrdted in the presence of an 
excess of HNO;; see below) were measured with NaOH, and the concentrations of‘thc stock s o h .  of the divalent 
metal ions were determined via their EDTA complexes. 

Potentiometric p H  Titrations. The pH titrations were carried out with a Metrohm ES36 potentiograph 
equipped with a E655 dosimat and 6.0202.100 (JC)  combined macro glass electrodes. The buffer s o h .  (pH 4.64, 
7.00,9.00) for calibration were also from Metrohm. The direct pH-meter readings were used to calculate the acidity 
constants; i.e., these constants are so-called practical, mixed or Brwnsted constants [21]. Their negative logarithms 
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given for aqueous solutions at I = 0. I M  (NaNO,) and 25" may be converted into the corresponding concentration 
constants by subtracting 0.02 log unit [21]. 

It should be emphasized that the ionic product of water (K,) and the mentioned conversion term do not enter 
into our calculation procedures, because we evaluate the differences in NaOH consumption between the corre- 
sponding solns.; i.e., always solns. with and without ligand are titrated (see also below; for further details bee [21] 

Determination of Equilibrium Constants. The acidity constants K&R-po31 for H(MeP)-, H(EtP)- and 
H(PME)- were determined by titrating 50 ml of aq. 0.54 mM HNO, and NaNO, ( I  = 0 . 1 ~ ;  2 5 O )  in the presence 
and absence of 0.3 mM R-PO:.. under N, with 1 ml of 0 . 0 3 ~  NaOH and by using the differences in NaOH 
consumption between two such titrations for the calculations. For the determination of KE2(PMEA) and K&PMEA) of 
H2(PMEA)*, where one proton is at the base moiety and the other at the phosphonate group, the concentration of 
HNO, was increased to 0.85 mM and 2 ml of 0 . 0 3 ~  NaOH were used in the titrations. These constants were 
calculated with a Hewlett-Packard Vectra 60PC desk computer (connected with a Brother MI509 printer and a 
Hewlett-Packard 7475A plotter) by a curve-tit procedure using a Newton-Gauss nonlinear-least-squares program 
within the pH range determined by the lowest point of neutralization reached by the experimental conditions (ca. 
20 % for the equilibrium H,(PMEA)*/H(PMEA)-) and ca. 97 % neutralization (for the equilibrium H(PMEA)-/ 
PMEA2-). In those cases where only the constant K&R-po3) is applicable, the calculations were carried out 
between 3 %  and 97 % neutralization. For the acidity constants of H(MeP)-, H(EtP)-, H(PME)- and H2(PMEA)*, 
24,24,28 and 20 pairs of independent titrations were made, respectively, and the results averaged. 

The stability constants KK(H PMEA), KE(pMEA), and K&-po3p where R-PO:- = MeP2-, EtP2-, or PMEZ-, 
were determined under the same conditions as the acidity constants, but NaN03 was partly or fully replaced by 
M(NO,),, ( I  = O . ~ M ,  25"). The ligand/M2+ ratios were 1 :I 1 1  (Mg2+, Ca2+, Sr2+, Ba2+), 1:89 (Mg2+, Ca2+, Sr2+, 
Ba"), 1:56 (Mn2+, Co2+, Zn2+, Cd"), 1:44 (Co2+, Ni2+), 1:28 (Mn2+, Ni2+, Zn2+, Cd"), and 1:11 and 1:5.6 
(Cu2+). Ki(R-po,) was computed for each pair of titrations by taking into account the species H+, H(R-PO,)-, 
R-PO:-, M2+, and M(R-PO,). The data were collected every 0.1 pH unit from cu. 5% complex formation to a 
neutralization degree of ca. 85% or to the beginning of the hydrolysis of M(aq),+, which was evident from the 
titrations without R-PO:-. The values calculated individually for log Ki(R-po,) showed no dependence on pH or 
on the excess amount of M2+. 

With PMEA, the formation of monoprotonated [M(H. PMEA)]' complexes is of importance. Therefore, 
KE(H PMEA) and K!(,,,,) of the M2+/PMEA systems were computed for each pair of titrations with a curve-fit- 
ting procedure by taking into account the species H+, H2(PMEA)*, H(PMEA)-, PMEA2-, M2+, [M(H.PMEA)]+, 
and [M(PMEA)]. The experimental data were evaluated up to the point were hydrolysis of M(aq),+ begins. 

All stability constants result from at least six, usually eight independent pairs of titration curves. No stability 
constants could be determined for the Zn2+/PMEA system, as a precipitate formed already at a relatively low pH. 

[221). 

Results and Discussion. - Purines are well known to undergo self-association due to 
stacking of their nucleic-base-ring systems [23]. In a first approximation, one may assume 
that the selfstacking tendency of the isocharged species AMP2- and PMEA2- (see Fig. I ) is 
about the same (AMP2-: K = 2.1 & 0.3 M-', according to the isodesmic model for an 
indefinite noncooperative self-association). In any case, the self-association of the two- 
fold negatively charged PMEA2- species will certainly be lower than that of neutral 
adenosine ( K  = 15 f 3 M-') [13] [23] [24], ca. 97% of which exist in 1 mM solution in the 
amonomeric form. This is important, because the conditions for the measurements with 
PMEA had to be selected such that the results refer to monomeric species, i.e. that no 
self-association occurs. With [PMEA] = 3.  M (see Experimental) and by considering 
the mentioned equilibrium constants for self-association this condition is certainly 
achieved. Of course, the other phosphonate derivatives considered in this study do not 
undergo self-association due to the lack of an aromatic moiety; however, for the sake of 
uniformity in these cases also the mentioned low concentrations (0.3 mM) were employed. 

1. Some Considerations on the Acidity Constants of Diprotonated Phosphonate Groups 
in H,(R-PO,) Species and in H3(PMEA) +. Simple phosphonate species (R-PO:-), such 
as methyl phosphonate (CH,PO:-, MeP2-), are dibasic species that may carry two protons 
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at their phosphonate group. The first proton is released at  a rather low pH, and its acidity 
constant (Eqn. 2) 

H,(R-PO,) $ H(R-PO,)- + H' ( 2 4  

K;,!R-Po3) = ~ ~ ( ~ - ~ ~ 3 ~ - 1 ~ ~ + 1 / ~ ~ 2 ~ ~ - ~ ~ , ) 1  (2b) 
was, therefore, not measured, but estimated based on the following reasoning: compari- 
son of the pK, values for CH,O-P(O),(OH)- and CH,-P(O),(OH)- indicates that re- 
placement of an 0-P bond by a C-P bond increases the basicity by ca. 1.3 log units 
(Table I ; vide infra). As previously a pK, of 0.7 f 0.3 ( I  = O.~M, NaNO,; 25') was 
estimated for the release of a proton from a R-0-P(O)(OH), group, i.e. for H,(UMP) 
[25], we may estimate pKi2(R-P03) z 2.0 (Eqn. 2) for a R-P(O)(OH), group. Indeed this 
value is in perfect agreement with pK, = 2.0 for the release of the first proton from 
phosphonic acid, HP(O)(OH), [26]. 

Similarly, the release of the first proton of the phosphate group from the positively 
charged H,(AMP)+ occurs with pK, = 0.4 f 0.2 ( I  = 0.lh1, NaNO,; 27') [13]; hence, 
one may estimate for the release of the first proton from the phosphonate group in 
H,(PMEA)', PKE,(PMEA] 1.7 (Eqn. 3) .  

H,(PMEA)+=H,(PMEA)* + H' ( 3 4  

K&(PMEA) = [H,(PMEA)*I[H+I/[H,(PMEA)+I (3b) 
Overall we may conclude that the release of the first proton from the phosphonate 

group in all the phosphonate ligands considered (Fig. I )  occurs (to be on the safe side) 
with pK, < 2.5. This demonstrates that none of the other deprotonation equilibria con- 
sidered below in Sect.2, nor any of the complex formations (see Sect.3, 5, and 8 )  is 
affected by the release of this first proton from a diprotonated phosphonate group. 

2. Measured Acidity Constants of Several Monoprotonated Phosphonate Derivatives, 
H(R-PO,)-,  and oJ'H,(PMEA) *. The equilibrium for the release of the second proton 
from the phosphonate group of methyl phosphonate, ethyl phosphonate, and (phospho- 
ny1methoxy)ethane (Fig. 1 )  is expressed in Eqn. 4:  

H(R-PO,)-+ R-POi- + H' (44  

KE(R-Po3) = [R-PO:-I[H+I/[H(R-PO,)-I (4b) 
The corresponding results of the potentiometric pH titrations are listed in Table I 
together with some related data taken from the literature [5] [13] [27]. 

In the zwitterionic species H,(PMEA)* (see also Eqn. 3 in Sect. I ), the first proton is 
released from the base residue (Eqn. 5 ) ,  while the final proton, now from H(PMEA)-, is 
again from the phosphonate group (Eqn. 6 ) :  

H,(PMEA)* H(PMEA)- + H' (5a) 

KE,(PME*) = [H(PMEA)-l[H'l/[H*(PMEA)*l (5b) 

H(PMEA)-+-PMEA2- + H+ (64  

= [PMEA?-][H']/[H(PMEA)-] (6b) 
Evidently Equilibria 4 and 6 correspond to each other, in both cases the final proton is 
released from the phosphonate group in a single-charged species. 
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Table 1. Negative Logarithms of the Acidity Constants of the Protonated Phosphonate Ligands Considered in this 
Study (see Fig. I ) ,  as well a7 for Some Related Species, as Determined by Potentiometric p H  Titrations in Aqueous 

Solution at 2 5 O  and I = 0.1 M (NaN03)  ') 

Acid pK, for the sites Ref. 

2 N(l)Hf (Eqn. 5 )  -P(O),(OH)- (Eqns.4. 6 )  

CH,OP(O),(OH)- 6.2') (271 
CH,P(O),(OH)-, H(MeP)- 7.53 i 0.01 "1 
C,H,P(O),(OH)-, H(EtP)- 7.77 * 0.01 7 
H(PME)- 7.02 i 0.01 7 
H2(PMEA)* 4.16 i 0.02 6.90 i 0.01 7 
H2(AMP)* 3.84 i 0.02 6.21 i 0.01 (51 
H(adenosine)+ 3.61 i 0.03 ~131 

") 

') 
') This work. 

So-called practical constants [21] are listed; see Experimental. The errors given are three times the standard 
error of the mean value or the sum of the probable systematic errors, whichever is larger. 
I = O . l M ,  NaCl; 25"[27]. 

From the results summarized in Table 1 and the comparison among the values listed 
for H(adenosine)', H2(AMP)i, and H,(PMEA)* follows unequivocally that the first 
proton released from these species originates from the same site: indeed, N(l) of the 
adenine residue (for details regarding adenosine and AMP, see [ 131) is well known [28] as 
being the most basic site (see Fig. 1 ). 

The increased acidity of CH,O-P(O),(OH)- compared with CH,-P(O),(OH)- (see 
Table I )  is clearly due to the electron-withdrawing properties of the CH,O group. This 
effect is still seen if the 0-atom is separated by a C-atom from the P-atom, as the 
comparison of the pK, values for H(MeP)- and H(EtP)- with H(PME)- and H(PMEA)- 
(see Fig. I )  demonstrates. Smaller differences in the pK, values, like those between 
H(PME)- and H(PMEA)-, are probably mainly connected with different solvation prop- 
erties of the dianionic species [25] [29]. 

3. Stabilities of the Complexes Formed between PMEA Species and Divalent Metal 
Zons. The experimental data of the potentiometric pH titrations of the M2+/PMEA 
systems are completely described by Equilibria 5-8, 

M2+ + H(PMEA)-+[M(H .PMEA)]' ( 7 4  

(7b) 

K k ( P M E A > I  = [[M(PMEA)II/([M2+I[PMEA2-I) (8b) 

M 
K[M(H PMEA)] = "M(H ' PMEA)I+l/([M2'l[H(PMEA)-I) 

M2+ + PMEA2-e  [M(PMEA)] 

if the evaluation is not carried into the pH range, where formation of hydroxo complexes 
occurs. The acidity constant of the connected Equilibrium 9 may be calculated with 
Egn. 10. 

[M(H.PMEA)]+$[M(PMEA)] + H' (9a) 

(9b) 

(10) 

K ~ ( H  PMEA)] = [[M(PMEA)II[H'I/[[M(H. PMEA)I+] 

pKh(H PMEA)] = PK;(PMEA) + log K E ( H  PMEA)] - log Kk(PMEA)]  

93 
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Table 2. Logarithms of the Stability Constants o j [ M ( H .  PMEA)]' (Eqn. 7 )  and [ M ( P M E A J ]  Complexes (Eqn. 8 )  
as Determined by Potentiometric pH Titrations in Aqueous Solution, Together with the Negative Logarithms of the 
Acidity Constants (Eqns.9 and 10) of the Corresponding (M(H.PMEA)] '  Complexes at 25' and I = 0 . 1 ~  

(NaNOd "Ib) 
Mzi 

Mg2+ 
Ca2+ 
Sr2+ 
Ba2+ 
Mn2+ 

Ni2+ 

Cd2+ 

C02+ 

cu2+ 

log K K ( H  PMEA)] log Kk(PMEA)]  PG4," PMEA)?) 

- 0 . O C )  1.87 -+ 0.04 - 5.0 - 0.0C) 1.65 * 0.05 - 5.3 - 0 . O C )  1.37 * 0.03 - 5.5 - 0.OC) 1.30 * 0.05 - 5.6 
0.3 +0.5 2.54 i 0.06 4.7 i 0.5 
0.59 + 0.12 2.37 i 0.03 5.12 % 0.12 
0.96 d= 0.23 2.41 + 0.05 5.45 % 0.24 
1.48 i 0.16 3.96 + 0.04 4.42 i 0.17 
1.00 * 0.21 3.00 * 0.04 4.90 i 0.21 

") The errors given are three times the standard error of the mean value or the sum of the probable systematic 
errors, whichever is larger. The error limits of the derived data, in the present case for PMEA)I, were 
calculated according to the error propagation after Gauss. 
The Zn2+/PMEA system could not be studied due to precipitation (see also Experimental). An estimated 
stability constant for the [Zn(PMEA)] complex is given in Footnote c of Table 7. 
These values could not be determined as the formation degree of the [M(H.PMEA)]+ species under our 
experimental conditions was very low; we estimate for all these cases log K&(,{ PMEA)I N 0.0 (*0.5). 
These values were calculated according to Eqn. 10 by using the acidity constants of Table 1 and the stability 
constants listed above. 

b, 

') 

d, 

The constants for Equilibria 7-9 are listed in Table 2. Clearly, the analysis of potentiomet- 
ric pH titrations yields only the amount and distribution of species of a net charged type, 
e.g. of [M(H.PMEA)]+, and further information is required to locate the binding sites of 
the proton and the metal ion (see Sect. 4 ) .  

Similarly, the stability constants of the [M(PMEA)] complexes also warrant a more 
detailed analysis regarding the structure of these complexes in solution. For example, the 
acidity constants of H(PMEA)- (pKE(PMEA) = 6.90; Table 1 )  and H,PO; (pKE,p,4 = 6.70 
[30]) differ by only 0.2 log unit, while, e.g. the stability constants of the [Ni(PMEA)] and 
[Cu(PMEA)] complexes are by ca. 0.35 and 0.75 log unit, respectively, more stable than 
the corresponding [M(HPO,)] complexes [30]. This increased stability indicates that aside 
from the phosphonate group other binding sites are participating in the [M(PMEA)] 
complexes. This problem will be dealt with in Sect. 7 ,9 ,  and 10. However, the fact that the 
stability of the [M(PMEA)] complexes does not strictly follow the Irving- Williams series 
[31] shows that it is mainly governed by the metal-ion affinity of the PO:- group; this 
deviation from the Irving- Williams series is already a long standing experience for phos- 
phate complexes [25] [30] [32]. 

4. Structural Considerations on the Monoprotonated [ M ( H .  PMEA)]  + Complexes. 
A comparison of the acidity constants of H,(PMEA)*, pK&(PMEA) = 4.16 and 
pKE(PMEA) = 6.90 (Table I ) ,  with the acidity constants of the [M(H.PMEA)]+ complexes 
according to Equilibrium 9, which are listed in the fourth column of Table 2, demonstrates 
that the metal ion must be mainly located at the adenine residue and the proton at the 
phosphonate group in these complexes. That a proton located at a certain site in a ligand 
must be acidified upon metal-ion binding is evident: from the mentioned data follows 
that this is observed only, if the proton-binding is attributed to the phosphonate group; 



HBLVETICA CHIMICA ACTA ~ Vol. 75 (1992) 2641 

consequently, the metal ion has to be located at the adenine residue. This agrees also with 
the course of the stability constants which follow the Irving- Williams series 1311 and are 
typical for binding of metal ions to N sites [32] (cf. also the course of the constants listed 
in columns 2 and 3 of Table 2). Of course, isomeric equilibria could also be envisaged [33], 
though hardly in the present cases. 

For some of the metal ions listed in Table 2 the stability constants of the correspond- 
ing [M(adenosine)]*+ complexes are also known [28] and given in the second column of 
Table 3. For a direct comparison of these data with those of column 2 of Table 2 it is 
necessary to take the slightly different basicities of the N(l) site in H(PMEA)- and 
adenosine into account: i.e., ApK, = P K & , ~ ~ )  - pK&,,,, = 4.16 - 3.61 = 0.55 (see 
Table 1). By applying the slopes of the correlation lines for log K us. pK, plots as given 
earlier [28] for N(1)- and N(7)-type ligands (see column 3 of Table 3 )  and ApK, = 0.55, 
one may calculate 'expected' stability constants for metal-ion binding to the adenine 
residue in H(PMEA)-. Comparison of these calculated (calc.) constants given in column 4 
of Table 3 with the measured (exper.) ones in column 5 ,  leads to the differences listed in 
column 6 of Table 3. 

Table 3. Stabilicy-Constant Comparison for  Several [M(Adenosinej]'+ and ( M ( H .  PMEA)]+  Complexes 

M2' log KK(Ad0)la) m b, logKK(H PMEA)] log 4 C )  

cakL)  exper.d) 

Mn*+ -0.8 & 0.5 0.28 4 . 6 5  i 0.5 0.3 i 0.5 0.95 & 0.7 
co2+ 4 . 0 3  + 0.5 0.26 0.11 0.5 0.59 + 0.12 0.48 i 0.5 
Ni2+ 0.32 f 0.12 0.3 1 0.49 i 0.12 0.96 i 0.23 0.47 f 0.26 
cu2+ 0.80 i 0.12 0.46 1.05 * 0.12 1.48 f 0.16 0.43 * 0.20 
Cd2+ 0.11 f 0.2 0.33 0.29 i 0.2 1.00 * 0.21 0.71 * 0.29 

") These constants are taken from the two final columns in Table I of [28]; they are the averages of the constants 
determined in various laboratories. 

b, Averages of the slopes ( m )  for log KI , , ,  vs. pK;, correlations for imiddzok-like and pyridine-like ligands (L) 
as listed in Table I of [28]. 

') These calculated (calc.) values refer to complexes formed with an adenine moiety that has pK, = 4.16; i.e., the 
difference 0.55 ( = 4 pK, = pK&(PMEA) - pK&,,,, = 4.16 - 3.61) rimes the slope m was added to the log 
KKcAd,,,l values of column two. These stability corrections (in average 0.18 log unit), based on the [M(Ado)]+ 
complexes, reflect the difference in basicity of N( 1) between H(PMEA)- and Ado; of course, this difference 
certainly has its origin to a large part in the negative charge of the H(PMEA)- species. However, it should be 
emphasized that the effect of the negatively charged P(O),(OH)- residue on the twofold positively charged 
metal ion bound to the adenine moiety (e.g., to N(7)) has not yet been taken into account [22]; see also text in 
Sect.4. The error limits given with the above values are the same as in column two. 
The measured (exper.) values are from column two of Table 2. 
log 4 = log K,,,,,, - log K,,,,, (see the two columns to the left). 

d, 

') 

At this point, it should be noted that the effect of a single negative charge as present in 
the P(O),(OH)- residue on a twofold positively charged metal ion is larger than on the 
single-charged proton 1221. Clearly, the latter effect has been considered in the calcula- 
tions for column 4 of Table 3 (see also Footnote c of this Table), yet the (-/2+) effect for 
the metal ions has not yet been taken into account. In previous considerations on a 
nucleotide-ligand system, with about the same distance between the charged sites, it was 
concluded [22] that metal-ion binding should be promoted by ca. 0.4 log unit due to such 
an effect. The log A values given in column 6 of Table 3 are within their error limits exactly 
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in this order; this means, the increased stability of the [M(H.PMEA)]+ complexes can be 
explained solely by a charge effect, and there is no need to postulate, e.g., chelate 
formation between a N(7)-bound metal ion and the P(O),(OH)- residue (though the 
occurrence of a small percentage of such a chelated species can, of course, not be 
excluded). 

Finally, the present evaluation only proves that in [M(H .PMEA)]' the metal ion is 
predominantly adenine-bound, but it does not allow a conclusion about the distribution 
of the metal ions between the N(l) and N(7) sites (Fig. I ) .  However, in a recent study 
about the dichotomy of metal-ion binding in [M(Ado)12+ complexes, it was concluded 
[28], that Ni2+ and Cu2+, and probably also CoZT and Cd", prefer the N(7) site, in contrast 
to the proton which strongly favors N(l) (which is presumably also preferred by Mn2+). 

5. Stabilities of Complexes with a Pure Phosphonate-Metal-Ion Coordination. In the 
last paragraph of Sect.3, it was concluded that the [M(PMEA)] complexes are more 
stable than expected for a sole phosphonate-metal-ion coordination. For a quantitative 
evaluation of this effect, detailed knowledge on the relation between complex stability 
(log K )  and phosphonate group basicity (pKJ is necessary. Therefore, we measured the 
stability constants of various metal-ion complexes formed with methyl phosphonate and 
ethyl phosphonate by considering Equilibria 4 and 11 (see columns 2 and 5 of Table 4 ) .  

M2+ + R-PO:-+[M(R-PO,)] (1 la) 

A C-P bond, compared to an 0-P bond, in the residue R should affect only the 
acidity of the P(O),(OH)- group in R-P0,H- species, but it should not have any steric 
influence on the binding of metal ions to a PO:- group. Hence, the previously established 

Table 4. Logarithms of the Stuhility Constants of [M(CH,PO,)] and(M(CH3Cfi2P0,)]  Complexes (Eqn. 11) as 
Determined by Potentiometric p H  Titrations (exper.)") in Water ut 25" and I = 0.1 M (NaNO,).  The calculated 
stability constants for a pure metal-ion-phosphonate coordination (calc.) are given for comparison; these values 
are based on straight-line equations [5] [25], quantifying the relationship between complex stability and phosphate- 
group basicity (see also Fig. 2 and Secr. 6)b) and the pK&,.-po,) values of H(CH,PO,)- and H(CH,CH,PO,)- 

(see Table I ) 

M&2+ 
Ca2+ 
Sr2+ 
Ba2+ 
Mn2' 
co2+ 
Ni2+ 
cu2+ 

Zn2+ 
Cd'+ 

1.86 f 0.02 
1.64 i 0.03 
1.36 f 0.02 
1.29 f 0.02 
2.48 f 0.02 
2.24 f 0.02 
2.25 f 0.05 
3.49 i 0.05 
2.60 f 0.03 
2.90 f 0.03 

1.86 i 0.04 
1.66 f 0.05 
1.36 i 0.05 
1.26 i 0.05 
2.49 i 0.07 
2.24 i 0.07 
2.32 i 0.06 
3.47 i 0.08 
2.54 f 0.08 
2.85 f 0.06 

0.00 i 0.04 
4 . 0 2  f 0.06 
0.00 f 0.05 
0.03 i 0.05 

4 . 0 1  f 0.07 
0.00 i 0.07 

4 . 0 7  f 0.08 
0.02 f 0.09 
0.06 f 0.09 
0.05 0.07 

1.85 & 0.03 
1.61 f 0.05 
1.35 f 0.03 
1.30 f 0.03 
2.51 i 0.03 
2.27 i 0.03 
2.30 i 0.05 
3.61 f 0.04 
2.67 f 0.04 
2.94 f 0.02 

~ ~ ~ _ _ _ _ _ _  

1 9 1 + 0 0 4  0 0 6 i 0 0 5  
1 7 0 + 0 0 5  4 0 9 f 0 0 7  
1 3 8 f 0 0 5  4 0 3 f 0 0 6  
1 2 7 i 0 0 5  0 01 i 0 06 
2 5 5 f 0 0 7  0 0 4 i 0 0 8  
2 3 0 f 0 0 7  0 0 3 f 0 0 8  
2 3 9 f 0 0 6  4 0 9 f 0 0 8  
3 57 i 0 08 0 04 f 0 09 
2 62 i 0 08 0 05 f 0 09 
2 93 i 0 06 001  f 0 0 6  

~~ 

< I )  

') 

") 

See Footnote u of Table 2. 
The parameters of the straight-line equations are listed in Tahle 5 of [25]; the error limits (30) are from Table 
6 of [25] (see also Table 1 in [5]) .  
logd,_po3 = log K,,,,, - IogK,,,, ; error limits: 30. 
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correlation lines between complex stability and ligand basicity for simple phosphate 
monoesters (R-O-POi-) [25] should also hold for the two mentioned simple phospho- 
nate ligands. Therefore, we used the corresponding acidity constants, pKE(R-p03), of Table 
2 together with the mentioned correlation lines and calculated the expected stability 
constants for the [M(MeP)] and [M(EtP)] complexes (see columns 3 and 6 of Table4). 

The differences log AR-po, between the experimentally measured (exper.) and the 
calculated (calc.) stability constants for the [M(MeP)] and [M(EtP)] complexes are zero 
within the error limits (columns 4 and 7 of Table 4 ) .  This means, the data for the 
complexes of simple phosphate monoesters as well as of phosphonates fit on the same 
correlation line for a given metal ion. This confirms the expectation expressed above 
about the lack of a steric influence of a C-P bond compared to an 0-P bond in R-PO:- 
species. 

6. Correlation between Complex Stability and Ligand Basicity: Construction of Base 
Lines for log KYMMIR-P03,1 vs. pK,HIR-po3, Plots. The result summarized in the last paragraph 
of the preceding section allows to construct now improved correlation lines including also 
phosphonates. The straight-line equations on which the calculated stability constants of 
Table 4 are based had solely been established with phosphate-ester ligands which encom- 
passed only a pK, range from 5 to 6.7. These data [25] together with the present ones allow 
now an extension up to a pK, of 7.8 (PK&,~) = 7.77; Table I ) .  This means, the acidity 
constant, pK&PMEA) = 6.90, of H(PMEA)- is then clearly within the covered pK, range 
allowing thus valid conclusions about the stability and structure of the [M(PMEA)] 
complexes (cf. Sect. 7, 9, and lo ) .  

The equilibrium constants for the previously studied phosphate monoester systems, 
i.e. 4-nitrophenyl phosphate (NPhP2-), phenyl phosphate (PhP2-), n -butyl phosphate 
(BuP2-), D-ribose 5'-monophosphate (RibMP2-), uridine 5'-monophosphate (UMP2-), 
and thymidine 5'-monophosphate (TMP2-), furnish six data points. Together with the 
two phosphonate systems studied now, i.e. CH,PO:- and CH,CH,PO:- (Sect. 5 ) ,  in total 
eight data points are available in the pH range 5-8 for the construction of straight lines 
from log KL(R-MP)I or log KL(R-Po3)1 us. pK i(R-MP) or pKE(R-Po3) plots. The results of the 
corresponding least-squares calculations are summarized in Table 5. Comparison of these 

Table 5. Base-Line Correlations for  M2+-Phosphate or -Phosphonate Complex Stabilities and Phosphate- or Phos- 
phonate-Group Basicities. Slopes ( m )  and intercepts ( b )  for the straight-base-line plots of log K&(R-Mp), or 
logKk(R-po3)I us. pK;(, Mp) or &(&po3) as calculated by the least-squares procedure from the experimental 
equilibrium constants given in Tables 1,2, and 4 of [25] for NPhP2-, PhP2-, BuP2-, RibMP2-, UMP*- and TMP2-, 
and in Tables 1 and 4 of this work for MeP2- (CH,PO?-) and EtP2- (CH3CH2PO:-) ( I  = O.lw, NaNO,; 25')"). 

Mg2+ 0.208 i 0.015 0.272 i 0.097 0.985 Co2+ 0.223 i 0.026 0.554 i 0.167 0.963 
Ca2+ 0.131 + 0.020 0.636 i 0.131 0.935 Ni2+ 0.245 i 0.023 0.422 i 0.147 0.975 
SrZ+ 0.082 i 0.016 0.732 i 0.102 0.905 Cu2+ 0.465 i 0.025 4 . 0 1 5  i 0.164 0.991 
Ba2+ 0.087 i 0.016 0.622 i 0.107 0.907 Zn2+ 0.345 i 0.026 4 . 0 1 7  i 0.171 0.983 
Mn2' 0.238 % 0.022 0.683 f 0.144 0.975 Cd2+ 0.329 f 0.019 0.399 i 0.127 0.990 

") Straight-line equation: y = mx + 6 ;  where x represents the pK, value of any phosphate monoester or 
phosphonate ligand and y the calculated stability constant (log K )  of the corresponding [M(R-MP)] or 
[M(R-PO,)] complex. The errors given with m and 6 correspond to one standard deviation (lu). 

b, Correlation coefficient. 
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results with the previous calculations given in Table 5 of [25] shows that for all ten systems 
the error limits for the slopes ( m )  and intercepts ( b )  of the least-squares lines overlap 
within a single standard deviation, confirming again that phosphate monoester and 
phosphonate systems fit on the same reference lines. 

Table 6 lists the deviations from the least-squares line for each individual complex 
with the eight mentioned phosphate and phosphonate ligands. The points for the TMP 
systems (column 7 of Table 6) are farthest below the least-squares lines, and those for the 
PhP systems (column 3) give the most positive deviations; however, all deviations are 
within f0.09 log unit. These results also confirm [25] that the RibMP, UMP, and TMP 
systems have the properties of simple monophosphate esters in aqueous solution (see the 
deviations listed in columns 5,6, and 7, respectively, of Table 6). Moreover, the available 
[25] earlier equilibrium data for HPOi- [30] and CH,OPO:- [27] [34], the simplest phos- 
phate ligands one may think of, also fit in average within f0.06 log unit (for the ten 
available systems) [25] on the straight lines defined in Table 5 confirming further the 
validity of the present reference lines. 

Table 6. Logarithmic Dijj%rences between the Experimental Stability Constants (log KYM,R-Mp,, of Tables 2 and 4 in 
1251, and log K ~ W I R - P O j j I  of Table 4 in This Study) of the M2+ Complexes for NPhP2-,  PhP2-, BLIP’-, 
RibMP2-, UMP‘-, TMP2-, McP2- (CH,PO;-), and EtP” (CHjCH2POj f )  and the Least-Squares Lines of 
log K;Ww(R-,,,p,, or log KYM(R-po3j/ vs. p K i I R - M I , ,  o rpKi iR-po3 ,  Plots (Table 5 )  as Determinedby the Mentioned 

Eight Complex Systems”) 
~ ~~ 

M2+ [M(NPhP)] [M(PhP)] [M(BuP)] [M(RibMP)I [M(UMP)] [M(TMP)] [M(MeP)] [M(EtP)] SD 

Mg’+ 4 . 0 3  0.04 0.02 0.01 0.01 0.04 0.02 4 . 0 4  0.011 
Caz+ 4 . 0 4  0.05 0.04 0.03 0.00 4.07 0.02 4 . 0 4  0.016 

Ed2+ 0.00 0.06 0.01 0.01 -0.03 4 . 0 7  0.01 0.00 0.013 
Mn2+ -0.01 0.04 0.06 0.03 -0.04 4 . 0 9  0.00 -0.02 0.017 

-0.03 0.08 0.03 0.05 4 . 0 6  -0.08 0.01 4 . 0 2  0.019 
Ni2+ 4 . 0 7  0.05 0.01 0.05 0.04 0.06 -0.02 4 . 0 3  0.017 

Sr2+ -0.03 0.05 0.02 0.01 0.01 4 . 0 6  0.01 4 . 0 2  0.012 

Co” 

Cu2+ 0.00 0.07 0.01 0.07 4 . 0 7  -0.07 0.00 0.01 0.019 
Zn2+ 0.00 0.07 0.00 0.07 -4.08 -0.07 0.02 0.01 0.020 
Cd2+ -0.01 0.06 0.00 0.04 -4.04 4 . 0 7  0.02 -0.02 0.015 

”) The farthest column to the right gives the standard deviation (SD) resulting from the listed differences. 

To provide a reliable error limit for any stability constant calculated with the equa- 
tions of Table 5 and a given pK, value for each of the ten metal ions studied, the standard 
deviation of the eight data points from the relevant least-squares line was calculated 
(Table 6, heading ‘SD’). Users of the results described in this section are recommended to 
apply the equations of Table 5 for phosphate or phosphonate ligands in the pK, range 5-8 
and to consider as error limits for the calculated stability constants, log K&R-Mp), or log 
KE(R-Po3),, 2 or 3 times the standard deviation (SD) given in Table 6 for the corresponding 
metal-ion system. An application of this procedure is given below in Sect. 7 with the 
evaluation of the [M(PMEA)] stability data of Sect. 3.  

7.  Proof for an Increased Stability of the ( M ( P M E A ) ]  Complexes. The tentative 
conclusion (last paragraph of Sect. 3 )  about the increased stability of the [M(PMEA)] 
complexes can now definitely be resolved with the correlations outlined in the preceding 
Sect. 6: 
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Plots of log KK(R-po3), us. pK&R-P03) are shown in Fig. 2 for the 1 : 1 complexes of Mg", 
Mn2+, and Cu2+ with the eight simple ligands mentioned in Sect.6 allowing only a 
R-PO:--metal ion binding. The corresponding least-squares base lines define the relation 
between phosphonate-complex stability and phosphonate-group basicity. The three solid 
points in Fig. 2 which refer to [Mg(PMEA)], [Mn(PMEA)], and [Cu(PMEA)] are consid- 
erably above their reference lines, thus proving an increased stability for these complexes. 

4.0. 
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Fig.2. Evidence for  an enhanced stability of several [ M ( P M E A ) ]  ( O ) ,  ( M ( A M P ) ]  (@), and [ M ( P M E ) ]  (0) 
complexes, based on the relationship between log K k I R - M P I ~  or log Kfi,iR-po,)l,  andpKg,iR-Mp) or pK;JR-POj ,  
for the 1:l complexes of Mg2+, Mn2+, and Cu2+ with some simple phosphate monoester (R-MP2-)  orphosphonate 
(R-PO$-) ligands: 4-nitrophenyl phosphate (NPhP2-), phenyl phosphate (PhP"), uridine 5'-monophosphate 
( lJMP2-), u-ribose 5'-monophosphate (RibMPZ-), thymidine 5'-monophosphate (TMP2- ) ,  n-butyl phosphate 
(BuP2-),  methylphosphonate (MePz-) ,  and ethylphosphonate (EtPz-) (from left to right) (0). The least-squares 
lines are drawn through the corresponding eight data sets, which are taken for the R-MPs from [25] and for the 
R-PO, ligands from Tables I and 4 ; the equations for these base lines are given in Table 5. The points due to the 
equilibrium constants for the PMEA ( 0 )  and PME (0) systems are taken from Tables I, 2, and 8;  those for the 
AMP systems (8) are from [5] .  All plotted equilibrium constant values refer to aqueous solutions at 25" and 

I = 0 . 1 ~  (NaNO,). 

A quantitative evaluation of the situation reflected in Fig. 2 is possible by calculating 
with the pK&,MEA) value of Table I and the straight-line equations summarized in Table 5 
the expected (calc.) stabilities for [M(PMEA)] complexes having solely a phosphonate- 
metal-ion coordination. The corresponding results are listed in column 3 of Table 7 ;  their 
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Table 7. Stability-Constant Comparisons for the ( M ( P M E A  j ]  Complexes between the Measured Stability Constants 
( exper. j from Table 2 and the Calculated Stability Constanfs (calc. j Based on the Basicity of the Phosphonate 
Residue (i.e. pK!(pMEA) = 6.90; Table I )  and the Base-Line Equations Listed in Table 5 ( I  = 0.1 M, NaNO,; 25")") 

M2+ log K$(PMEA)] log ~ P M E A  (Eqn. 12) 

exper. calc. 

MgZ1 
Ca2+ 
Sr2+ 
BaZ+ 
Mn2+ 
co2+ 
Ni2+ 
cu2+ 
Zn2+ 
CdZf 

1.87 f 0.04 
1.65 f 0.05 
1.37 f 0.03 
1.30 f 0.05 
2.54 f 0.06 
2.37 f 0.03 
2.41 f 0.05 
3.96 f 0.04 

3.00 f 0.04 
Pb) 

1.71 f 0.03 
1.54 i 0.05 
1.30 f 0.04 
1.22 f 0.04 
2.33 i 0.05 
2.09 f 0.06 
2.1 1 f 0.05 
3.19 f 0.06 
2.36 f 0.06 
2.67 f 0.05 

0.16 f 0.05 
0.1 1 i 0.07 
0.07 f 0.05 
0.08 f 0.06 
0.21 f 0.08 
0.28 f 0.07 
0.30 f 0.07 
0.77 f 0.07 
0.30 f 0.10') 
0.33 f 0.06 

') 

') 
') 

See Foofnote a of Table 2. The error limits given with the constants listed in the third column are three times the 
SD values given in the column farthest to the right in Table 6. 
N o  stability constant could be determined due to precipitation (see also Experimenta1)c). 
Estimated value based on the data for the Co2+, Ni2+, and Cd2+ systems; the error limit is also an estima- 
tion. These estimations furnish also an estimation for the Stability of the [Zn(PMEA)] complex: 
logK&pMEA)l N 2.66 f 0.13. 

comparison according to Eqn. 12 with the measured (exper.) stability constants leads to 
the stability differences given in the fourth column of Table 7 (regarding Eqn. 126, see 
Sect. 9 ) .  Evidently all the [M(PMEA)] complexes are more stable than expected on the 
basis of the basicity of the PMEA-phosphonate group, though in some instances the 
increase is close to its error limit. 

Any 

chelates 
PI 

kind of chelate formation must be reflected in an increased complex stability [3] 
hence the mentioned positive stability differences prove that to some extent 
must be formed with all these metal ions. However, exactly this fact is rather 

surprising, because for the alkaline earth ions and also for Mn2+ no or only a very weak 
interaction with a N donor site, e.g. N(7), is expected [5]. Indeed, comparison of the data 
points inserted in Fig.2 for the [Mg(AMP)], [Mn(AMP)], and [Cu(AMP)] complexes [5] 
with those for the corresponding [M(PMEA)] complexes indicates that the latter ones are 
more stable. This observation argues against a base-back-binding of the phosphonate 
coordinated metal ion, e.g. to N(7), as indicated in Equilibrium 1. 

Furthermore, the relative equality of the stability differences, log A,,,,, given in Table 
7 (except the one for Cu2+; see also Sect. 9 )  could be taken as a hint ( c j ,  e.g. [35]) that an 
oxygen-donor site might (at least in part) be responsible for the increased stability of the 
[M(PMEA)] complexes. Indeed, inspection of the structure of the PMEA2- ligand (Fig. I )  
reveals that an ether 0-atom is located such that it could form a five-membered chelate 
with a phosphonate-bound metal ion. Clearly, should this actually be the cause then 
exactly the same stability increase should also be observable for the complexes of (phos- 
phony1methoxy)ethane (PME2-; c j  Fig. I ) ;  therefore, these are addressed below. 
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8. Stabilities of ( M ( P M E ) ]  Complexes and Their Structure in Solution. The ether 
0-atom is known to be able to participate in chelate formation provided it is located in a 
suitable position within a ligand [35]. As the R-O-CH,-PO:- unit of (phosphonyl- 
methoxy)ethane (PME2-) seems to fulfill this condition the following intramolecular 
equilibrium has to be considered (1 3). The position of this concentration-independent 

Equilibrium 13 between an 'open' isomer, [M(PME)],,, and a 'closed' species, [M(PME)],,, 
is defined by the intramolecular and, hence, dimension-less equilibrium constant K,: 

Of course, the experimentally measured stability constant for a [M(PME)] complex is 
defined analogously to Eqn. 11, yet due to Equilibrium 15 this expression may be rewritten 
as given in Eqn. 16, and further developed [5] [35] to Eqns. 17 and 18. 

M2+ + PME2-e  [M(PME)],, =$ [M(PME)],, (1 5) 

The stability constant of the open isomer, K&(PME)lop, is not directly accessible by experi- 
ments, yet it may be calculated with the measurable pK$PME) value and the equations of 
the correlation lines listed in Table 5 for the ten metal ions given there. Hence, the 
stability-constant difference of Eqn. 19 

log ~ P M E  = log K&(PMEj] - log K&(PME)l~p = log (l + (19) 

(which is analogous to Eqn. 12) can be calculated, which then also defines the second term 
in the above Eqn. 18. It may be added that the value for lofog" is sometimes also addressed 
as the stability enhancement factor (1 + E) [35].  Clearly, knowledge of the dimension-less 
equilibrium constant Kl (Eqns. 14 and 18) allows then to calculate, according to Eqn. 20, 
the percentage of the closed form, [M(PME)],, occurring in Equilibrium 13: 

% [M(PME)],, = 100.Kl/(l + KJ (20) 

The experimental data for the M2+/PME systems can be completely explained by 
considering Equilibria 4 and 11/15. The corresponding stability constants (Eqn. 16) for 
the [M(PME)] complexes are listed in column 2 of Table 8. Comparison of these results 
with the calculated stability constants for the [M(PME)],, species (column 3) demon- 
strates that the stability of all the [M(PME)] complexes is larger than expected on the 
basis of the basicity of the PME-phosphonate group (column 4); the same conclusion is 
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also borne out from the data points shown in Fig. 2 for the [M(PME)] complexes with 
Mg2+, Mn2+, and Cu2+. Evidently, Equilibrium 13 is important for the [M(PME)] systems; 
indeed, via Eqns. 18-20 the intramolecular equilibrium constants KI and the percentages 
for the closed species, [M(PME)],, can be calculated (columns 5 and 6 of Table8). 

Table 8. Comparison of the Measured Stability, KEipua,, of the [ M I P M E ) ]  Complexes") with the Calculated 
Stability K ~ M M I P M E I I o p ,  for an Isomer with a Sole M2+lPhosphonate Coordinationb), and Extent of the Intramolecular 

Chelate Formation (Eqn. 13) in the [ M ( P M E ) ]  Complexes at 2 5 O  and I = 0.1 M (NUNO?) 

Mg" 1.95 f 0.01 1.73 + 0.03 0.22 f 0.03 0.66 i 0.12 4 0 i  4 
Ca2+ 1.70 i 0.01 1.56 f 0.05 0.14 i 0.05 0.38 + 0.16 2 8 i  9 
Sr2+ 1.38 f 0.03 1.31 f 0.04 0.07 f 0.05 0.17 i 0.14 15f  10 
Ba2+ 1.33 f 0.03 1.23 f 0.04 0.10 f 0.05 0.26 f 0.14 2 1 i  9 

Co2+ 2.41 i 0.02 2.12 + 0.06 0.29 f 0.06 0.95 i 0.28 4 9 +  7 

Zn2+ 2.74 f 0.02 2.40 f 0.06 0.34 f 0.06 1.19 f 0.32 5 4 i  7 

Mn2+ 2.62 i 0.02 2.35 + 0.05 0.27 f 0.05 0.86 f 0.23 4 6 i  7 

Ni2+ 2.33 f 0.02 2.14 f 0.05 0.19 f 0.05 0.55 i 0.19 3 5 i  8 
Cuz+ 3.73 f 0.03 3.25 i 0.06 0.48 i 0.07 2.02 f 0.47 6 7 i  5 

Cd2+ 3.01 + 0.02 2.71 + 0.05 0.30 f 0.05 1.00 i 0.25 5 0 i  6 

") 
b, 

') 

Determined in aqueous solution by potentiometric pH titrations; see also Footnote a of Table 2. 
Calculated with pK&,ME) = 7.02 (Table 1 )  and the reference-line equations of Table 5 ;  the error limits 
correspond to three times the SD values given in the column at the right in Table6. 
The errors given here and in the other two columns at the right were calculated according to the error 
propagation after Gauss by using the errors listed in the second and third column. 

Clearly, this study of the M2+/PME systems proves unequivocally the formation of 
five-membered chelates involving the R-O-CH,-PO:- unit and supports, therefore, the 
suggestion made at the end of Sect. 7 that this residue is also important for the metal-ion- 
coordinating properties of PMEA2-. 

9. Evaluation of the Increased Stabilities of the [ M I P M E A ) ]  Complexes and Conclu- 
sions Regarding the Structure of These Species. It is evident that the stability difference, 
log A,,,,, for the [M(PMEA)J complexes as defined in Eqn.12b corresponds to the 
definition given in Eqn. 19 for the [M(PME)] complexes. Hence, the increased stabilities 
observed for these complexes should be compared with each other; this is best done by 
Eqn. 21 

(21) A logA = log A,,,, - log A,,, 

The corresponding results are listed in Table 9 : the values for A log A are zero within the 
error limits for clearly eight out of the ten cases. 

This means, for the metal ions Mg2+, Ca2+, Sr2+, Ba2+, Mn2', Co2+, (Zn2+), and Cd2+ the 
measured increased stability of their [M(PMEA)] complexes can solely be explained by 
the formation of the five-membered chelate shown in Equilibrium 13, and consequently 
the adenine residue has no remarkable influence. Indeed, the additional calculations for 
K, and % [M(PMEA)],, (Table 10)  confirm that the formation degrees for [M(PMEA)],, 



HELVETICA CHIMICA ACIA ~ Vol.75 (1992) 2649 

Table 9. Comparison of the Increused Stability Observed for the [MIPMEA)]  and ( M I P M E ) ]  Complexes in 
Aqueous Solution at 25" and 1 = 0.1 M (NaN03)  ") 

Mg2+ 
Ca2+ 
Sr2+ 
Ba" 
Mn2+ 
co'+ 
Ni2+ 
CU2+ 
Zn2+ 
Cd2+ 

0.16 f 0.05 
0.11 f 0.07 
0.07 f 0.05 
0.08 f 0.06 
0.21 i 0.08 
0.28 f 0.07 
0.30 i 0.07 
0.77 * 0.07 
0.30 * O.lOd) 
0.33 f 0.06 

0.22 i 0.03 
0.14 0.05 
0.07 i 0.05 
0.10 i 0.05 
0.27 i 0.05 
0.29 f 0.06 
0.19 i 0.05 
0.48 i 0.07 
0.34 i 0.06 
0.30 i 0.05 

-0.06 i 0.06 
4 . 0 3  k 0.09 

0.00 f 0.07 
~ 0.02 f 0.08 
-0.06 i 0.09 
-0.01 * 0.09 

0.1 I i 0.09 
0.29 i 0.10 

4 . 0 4  k 0.12d) 
0.03 f 0.08 

") 
h, From Table 7. 
') From Table 8. 
*) 

The error limits (30) are calculated according to the error propagation after Gauss. 

Estimate; see Footnote c of Table 7. 

and [M(PME)],, are identical within the error limits for the mentioned eight metal-ion 
systems (cf Tables 8 and lo ) ,  and that consequently these chelates own the same 
structure. 

Table 10. Extent qf Chelate Formation (Eqn. 13) in ( M ( P M E A ) ]  Complexes us Quantified by the Dimensionless 
Equilibrium Constant K, (analogous to Eqns. 14 and 18) and the Percentage of [M(PMEA)], ,  (analogous to 

Eqn. 20) in Aqueous Solution at 2s" and I = 0.1 M (NaN03) ") 

M2+ log A P M E A  
(Eqn. 12)a) 

Mg2+ 
C 2 +  
Sr2+ 
Ba2+ 
Mn2' 
co2+ 
Ni2+ 
cu2+ 
Zn2+ 
Cd2+ 

0.16 k 0.05 
0.11 f 0.07 
0.07 i 0.05 
0.08 * 0.06 
0.21 * 0.08 
0.28 + 0.07 
0.30 * 0.07 
0.77 * 0.07 
0.30 i O.lOa) 
0.33 i 0.06 

4 
(analog. Eqns. 14, 18) 

0.45 i 0.17 
0.29 f 0.21 
0.17 f 0.14 
0.20 f 0.18 
0.62 f 0.29 
0.91 f 0.29 
1.00 + 0.32 
4.89 f 0.98 
1.00 i 0.46 
1.14 0.32 

% [M(PMEA)],, 
(analog. Eqn. 20)  

3 1 %  8 
2 2 i  13 
IS* 10 
1 7 k  12 
38* 11 
48* 8 
50% 8 
8 3 i  3 
5 0 f  12 
53* 7 

') The values for log APMEA (see Eqn. 12) and their error limits (3u) are from Table 7;  see also Footnote c of 
Table8. It should be noted that the results given for [Zn(PMEA)] are only estimates (cf. Footnote c of Table 7 )  
and those for [Ni(PMEA)],, and [Cu(PMEA)],, are only apparent results, and these are, therefore, printed in 
italics as they refer to variously chelated species (see Sect. 9 and 10). 

The only clear exception with apositive deviation of the A log A values in Table 9 is the 
[Cu(PMEA)] complex. Its log A value is by ca. 0.3 log unit larger than the one for the 
[Cu(PME)] system. This means, the adenine residue in the [Cu(PMEA)] complex has a 
stability enhancing effect, beyond that of the ether group discussed above. Consequently, 
further analysis is necessary by considering additional intramolecular equilibria. 
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10. Intrumoleculur Equilibria Involving the Adenine Residue and the Ether 0-Atom in 
[M(PMEA)]  Complexes. The adenine moiety can only offer N(1), N(3), and N(7) for 
metal-ion binding (cf. Fig.1). Space-filling molecular models show that a metal ion 
bound to the phosphonate group cannot reach N(1); this leaves N(3) and N(7) for a 
further coordination, and these two cases will be considered in Sect. 10.1 and 10.2, 
respectively. 

10.1. The [M(PMEA)J  Isomer Involving N(3) .  Molecular models reveal that a metal 
ion chelated to the phosphonate and the ether 0-atom (see Eqn. 13) may also interact 
with N(3) by forming a seven-membered chelate without disrupting the ether 0-M2’ 
bond. Therefore, the formation of a macrochelate involving only the phosphonate group 
and N(3) is highly unlikely; in fact, it would force the ether 0-atom into the coordination 
sphere of the metal ion. Consequently, this leads to the successive equilibria shown in 
Scheme 22, where the pure phosphonate-coordinated isomer is designated as 
[M(PMEA)],,, the five-membered chelate involving the ether 0-atom (Eqn. 13) as 
[M(PMEA)],,,, (designated in the preceding Sect. 9 as [M(PMEA)],,) and the twofold 
chelated species involving also N(3) as [M(PMEA)],l,o,N(3,. 

K O  M2’ + PMEA2- , K’(pMEA)lop- [M(PMEA)],, [M(PMEA)],,,o 

From the Definitions 23-25 

follows for the experimentally accessible stability constant Eqn. 26 
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Clearly, if the second ‘closed’ isomer, [M(PMEA)],,,,,,(,,, is not formed, the above equa- 
tions reduce to the two-isomer problem (Eqn. 13) treated in Eqns. 14-18 with the results 
listed in Table 10 for the [M(PMEA)] systems as discussed in Sect. 9. 

The values of K,, which can be calculated according to Eqn. 27a, are already known 
(Table 10, column 3), and, therefore, also the concentrations of the open isomers, 
[M(PMEA)],,. To be able to calculate the formation degree of the species that forms 
the five-membered chelate with the ether 0-atom, i.e. [M(PMEA)],,,, (Eqn. 224), the same 
stability is assumed for [M(PMEA)],, (Sect. 8) and [M(PMEA)],,,,, i.e. K,,, for 
[M(PMEA)],,,, equals the corresponding value for [M(PME)],, (see Eqn. 13 and Fig. I ) ;  
comparison of the values of Tables 8-10 justifies this assumption. With K, and KIi0 one 
can now calculate K,,01N(31 from Eqn.27~ and hence the formation degree of the 
[M(PMEA)],,~o,N,3, species; of course, the difference between 100 and the sum of the 
percentages for [M(PMEA)],, and [M(PMEA)],,,, will also result in YO [M(PMEA)],l,oiN(,, 
and hence in KI,0,N(3). The results of these calculations are listed in the upper part of Table 
I I  ; they will be discussed in Sect. 10.3. 

10.2. The [M(PMEA)]  Isomer Involving N ( 7 ) .  The distance to N(7) of a phospho- 
nate-bound metal ion in a [M(PMEA)] complex is rather similar to that, also to N(7), of a 
phosphate-bound metal-ion in a complex with AMP2- (in the dominating anti-conforma- 
tion). However, it should be emphasized that N(7) can only be reached from a phospho- 
nate-coordinated metal ion in a [M(PMEA)] complex if no five-membered chelate with 
the ether 0-atom is formed. This means, the open isomer, [M(PMEA)],,, may either 
transform into a macrochelate with N(7) or a five-membered chelate with the ether 
0-atom, but both interactions cannot occur at the same time in the same complex species. 

These reasonings then give rise to the Equilibrium Scheme 28, 

M KO/ [M(PMEA)IcI,O 

K1/N(7) \ [M(PMEA)Icl/N(7) 

[M(PMEA)Io, (28) KIM(PMEA)L,, M2+ + PMEA2- , 

where [M(PMEA)],,,,,,, is the macrochelated species involving N(7) and [M(PMEA)],,,, is 
the species forming the five-membered chelate involving the ether 0-atom (see Eqn. 13). 
The equilibrium constants K&PMEAl,op and K,,, were defined already in Eqns. 23 and 24, 
respectively, and KIlN(,) is defined in Eqn. 29 : 

KI/N(7) = [[M(PMEA>l,liN(7)l/[[M(pMEA)~~pl (29) 

Based on the Equilibrium Scheme 28 one may derive the following equations by proceed- 
ing in the way indicated in Section 10.1: 
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= Kl,<l f KI,N(7) (3 1c) 

It should be noted that the differences between Equations 27c and 31c originate in the 
different order of the successive Equilibria 22 and 28. This leads to different definitions 
for some of the intramolecular equilibria (Eqns.25 and 29), and hence to different 
dependencies of K, ( = K,,,,,,; see Eqns. 27c and 31c), which is sometimes also addressed as 
the total stability enhancement E [35]. Of course, if the species [M(PMEA)],,,,,,, is not 
formed then Eqn. 31c reduces to KI = K1,,; i.e., then only Equilibrium 13 is important. 

As before in Sect. 10.1, the equilibrium constant K,,, for the [M(PMEA)],,,, complexes 
is considered to be equal to the corresponding [M(PME)],, complexes (Eqn. 13 ; Sect. 9 ) ;  
hence, KlINI7) may be calculated with Eqn.31c, as Kl (=  K,,,,,) is also known (Table 10, 
column 3).  The results regarding the Equilibrium Scheme 28 are listed in the lower part of 
Table 11. 

10.3. Comparison of the [M(PMEA)]  Isomers Involving the Adenine Residue. As 
discussed above: N( 1) is not accessible for a phosphonate-bound metal ion and N(3) can 
only be reached, if the ether 0-atom is simultaneously coordinated while with N(7) a 
macrochelate may be formed. The two latter possibilities involving N(3) and N(7) are 
displayed in the Equilibria 22 and 28, and the results are summarized in Table 11. 

Table 9 and the discussion in Sect. 9 evidence that only the [Cu(PMEA)] complex 
owns such a significant stability increase beyond the phosphonate and ether 0-atom 
coordination which proves unequivocally the participation of the adenine residue in 
complex formation. For [Ni(PMEA)], such an extra stability increase is also observed, yet 
it is considerably smaller and just barely beyond the error limits. In any case, these two 
[M(PMEA)] systems clearly warrant the special analysis outlined in Sect. 10.1 and 10.2 
(cf: Table 11). The [Cd(PMEA)] system was only included into the calculations to provide 
the interested reader with the information how large the percentage of an extra isomer 
may get, without becoming significantly manifest in the experimental data. 

The dimension-less ‘overall’ equilibrium constant Kl ( =  Kl,,,L; Eqns. 27 and 31) 
follows directly from the experiments (see Sect.9; Table 10) and KIlO (Eqn. 24), which 
quantifies the formation of the five-membered chelate with a metal ion bound to the 
phosphonate group and the ether 0-atom (Eqn. I3) ,  has of course the same value in both 
equilibrium schemes (Eqns. 22 and 28) as it refers to the same [M(PMEA)],,,, isomer; 
therefore, columns 3-6 and 8 contain the same results in the upper and lower parts of 
Table 11. Naturally, the values of Kl,0,.N13, and K,,”(,) are different (column 7) as they refer 
to different intramolecular equilibria, yet the formation degrees of the [M(PMEA)],,,,,,(3, 
(upper part) and [M(PMEA)IcIl,(,, isomers (lower part) are again identical (column 9). At 
first sight, this may seem surprising, yet the formation degree of the third isomer follows 
in both cases (Eqns. 22 and 28) from the difference, 100 minus the sum of the percentages 
for [M(PMEA)],, and [M(PMEA)],,~,. This means, the formation degree of the third 
isomer with the adenine interaction is exactly of the same size in both cases, i.e. for 
[M(PMEA)],,,,,N,,, or [M(PMEA)],,~N,,,; it reaches in the [Cu(PMEA)] system (rows 2, 5 
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in Table 11) ca. So%, in the [Ni(PMEA)] system (rows 1, 4) ca. 20%, and for the 
[Cd(PMEA)] (rows 3,6) and all the other systems (cf Table 10) it is zero within the error 
limits what means it may occur in traces (not exceeding ca. 20%). 

At this point the question arises: which of the adenine-bound isomers, 
[M(PMEA)],,,,,,,,, or [M(PMEA)],,,,,,,, is acutally formed? Or, are even both isomers 
present at the same time? With the information presently available these questions cannot 
be unequivocally answered2). However, careful considerations including the use of molec- 
ular models lead us to suggest that the Equilibrium 22 involving the [M(PMEA)],,,,,,,,, 
isomer is the pertinent one. This suggestion may appear as surprising because N(7) is a 
very well known binding site for metal ions [3-81 [l 11, in contrast to N(3), yet we feel that 
for steric reasons N(3) is the preferred site in the [M(PMEA)] complexes. Indeed, the 
interaction of metal ions also with N(3) of a purine residue has become apparent in the 
past few years from X-ray crystal-structure studies of Pt" complexes of guanine deriva- 
tives [38], of Rh' complexes of 8-azaadenine derivatives [39], as well as of Ni" complexes 
formed with neutral adenine [40], and also from solution studies with adenosine 2'- 
monophosphate (2'-AMP2-) as ligand [lo]; at least Cu2+, possibly also Ni2' and Cd2+ [lo], 
forms macrochelates with 2'-AMP2- involving N(3). Indeed, the formation degree of 
[Cu(2'-AMP],,,,,,, is comparable with that of [Cu(PMEA)],,,,,,,,,; moreover, the corre- 
sponding chelates with Ni2' and Cd2+ form with both ligands also only in relatively low 
concentrations [lo]. 

Conclusions. - 9-[2-(Phosphonylmethoxy)ethyl]adenine (PMEA) is a fascinating 
molecule. It resembles in many respects adenosine 5'-monophosphate (AMP*-; Fig. 1) 
and those properties which depend only on the qualities of the adenine moiety, like 
stacking interactions, H-bonding, or metal-ion coordination, as long as no sites different 
from those at the adenine residue are involved, are expected to be very similar or even 
identical. Indeed, that the adenine residue of PMEA may form adenosine-type complexes 
is shown by the formation of monoprotonated [M(H. PMEA)]' species (Sect. 4 ) .  

The lenghts of the D-ribose 5'-monophosphate residue and of the (phosphonyl- 
methoxy)ethane residue are also very similar; thus a metal ion coordinated at the phos- 
phate group of AMP2- or at the phosphonate group of PMEAZ- is placed at about the 
same distance from the adenine moiety, at least as long as no further interaction occurs. 
Of course, these equal distances could be of importance in various aspects of the biologi- 
cal action of both compounds and not only with regard to their metal-ion coordination. 

However, there is one crucial difference between AMP2- and PMEA2- with regard to 
the structures of the metal-ion complexes formed: with AMP2- alkaline earth ions only 
bind to the phosphate group, while divalent 3d ions and Zn2+ or Cd" form macrochelates 
involving N(7) of the adenine moiety. In contrast, with PMEA2- all the metal ions studied 
interact not only with the phosphonate group but to a remarkable extent also with the 
neighboring ether 0-atom, forming five-membered chelates (Equilibrium 13). The 
adenine residue of PMEAZ- is only exceptionally involved in metal-ion binding, as e.g. 
with Cu2+, and if so, most probably via N(3) (see Sect. 10.3). 

2, A study of the metal-ion systems with 9-[2-(phosphonylmethoxy)ethyl]-7-deazaadenine could answer 
these questions, because the replacement of N(7) by a CH unit would only allow the formation of the 
[M(PMEA)],l,o,No, isomer. Similar problems have been addressed before; e.g., with adenosine/tubercidin [28] 
[37] or AMP/TuMP [ 5 ] .  
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In other words, all enhanced complex stabilities observed so far for [M(AMP)] 
complexes could always be attributed to an interaction with N(7) [5], while the enhanced 
complex stability of the [M(PMEA)] complexes has to the largest part to be attributed to 
the interaction with the ether 0-atom. This means, the structures of the complexes having 
only a phosphate or phosphonate metal-ion interaction are similar, yet those isomers, 
which contain chelates, are very different for AMP2- and PMEA2-. 

Considering that the ether linkage is responsible for the mentioned different proper- 
ties, it is most remarkable that exactly the same ether 0-atom is important for the 
observation of any antiviral, i.e. the biological, activity of PMEA; deletion of this 0-atom 
or replacement by other groups leads to a loss or at least a considerable reduction of the 
biological activity [14] [16] [18]. Even more fascinating is that for the only other com- 
pound with comparable biological activity, i.e. (S)-9-[3-hydroxy-2-(phosphonyl- 
methoxy)propyl]adenine (HPMPA2-) [ 141 [ 161, similar metal-ion coordinating properties 
are expected: metal ions coordinated to PMEA2- form in equilibrium (see Eqn. 1 3 )  a 
five-membered chelate; the same is expected for HPMPA2- complexes, yet, due to the 
structure of the residue, i.e. CH,-CH(CH,OH)-O-CH,-PO~-, to an even higher forma- 
tion degree, because the additional presence of the CH20H group allows formation of 
another neighboring five-membered chelate. 

Considering further that the enzymes responsible for DNA synthesis (in fact practi- 
cally, all enzymes which involve nucleotides as substrates) are metal-ion dependent, one 
wonders if the biological action of PMEA2- and HPMPA2-- remember, the ether 0-atom 
is compulsory for their biological activity - does not have its origin in their metal-ion-co- 
ordinating properties. It seems quite possible that the formation of the five-membered 
chelates involving the ether 0-atom is responsible for the inhibitory effects of PMEA and 
HPMPA on the growth of viruses; this chelate formation leads of course to a different 
orientation in space of the adenine residue than would be the case, e.g. with [Mg(AMP)] 
or [Zn(AMP)] as substrates. 
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