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Abstract

The stability constants of the 1:1 complexes formed between Mg?*, Ca?*, Sr2*, Ba?™",
Mn?*, Co?*, Ni?*, Cu®", Zn?*, or Cd** and (phosphonomethoxy)ethane (PME?") or
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9-[2-(phosphonomethoxy)ethyl Jadenine (PMEA? "), an adenosine monophosphate (AMPZ™)
analogue, are used in combination with log Kﬁda(n-my versus pK‘,}(R_Pos) straight-line plots
(where R in R-PO2™ is a non-coordinating residue) to demonstrate that for all the M(PME)
and M(PMEA) complexes with the mentioned metal ions a stability higher than expected for
a sole phosphonate coordination of the metal ion occurs. This increased stability is due to
the formation of five-membered chelates involving the ether oxygen present in the
—O-CH,-PO3" residue of PME?"; the same is true to a large extent also for the M(PMEA)
complexes. However, e.g,, for the complex formed between Cu?* and PMEA?™ an additional
stability increase is observed which has to be attributed to a metal ion—-adenine interaction
thus giving rise to equilibria between three different M{(PMEA) isomers. A procedure, which
is generally applicable, for the analysis of such intramolecular equilibria is summarized. For
Cu(PMEA) it is calculated that 17 (3)% exist as an isomer with a sole Cu®*-phosphonate
coordination, 34 (+10)% form the mentioned five-membered chelate involving the ether
oxygen, and the remaining 49 (+10)% are due to an isomer, designated Cu(PMEA). a4,
which also contains a Cu?*-adenine interaction. Based on various arguments it is suggested
that this latter isomer probably contains two chelate rings which result from a metal ion
coordination to the phosphonate group, the ether oxygen, and N-3 of the adenine residue.
Interestingly, the formation degree of Cu(PMEA),44 passes through a minimum upon addi-
tion of 1,4-dioxane to the aqueous solution; ie., small amounts of dioxane inhibit the
Cu?*-adenine interaction, while larger amounts favor it again. This solvent effect is analogous
to an observation made with the macrochelate of Cu(5'-AMP) in which the metal ion is bound
to the phosphate group and N-7 of the adenine residue. Moreover, ternary Cu{arm)(PMEA)
systems, where arm=2,2"-bipyridyl (bpy) or 1,10-phenanthroline (phen), are analyzed. It is
shown that also in these systems three isomeric species form intramolecular equilibria; e.g., of
Cu(bpy)(PMEA) about 3% exist with the metal ion solely coordinated to the phosphonate
group, 10% as a five-membered chelate involving the ~-O-CH,-PO3~ residue of PMEA?~,
and 87% with an intramolecular stack between the adenine moiety of PMEA*~ and the
aromatic rings of bpy. Finally, the properties of PMEAZ~ and 5-AMP2"~ are compared, and
it is emphasized that the ether oxygen, which influences the stability and especially the structure
of the M(PMEA) complexes in solution, is crucial for the antiviral properties of PMEA.
The properties of a related compound, ie., (S)-9-[3-hydroxy-2-(phosphonomethoxy)-
propyl Jadenine (HPMPA?"), which differs from PMEA?”~ by the additional presence
of a —CH,OH group in the chain bound to the adenine moiety, ie, in the
—CH,—CH(CH,OH)-O-CH,-PO%" residue, are also shortly indicated and some general
aspects of enzymic reactions with nucleotides are considered.

Keywords: Intramolecular equilibria; Metal ion complexes; Antiviral nucleotide analogues;
Nucleotide complexes; Adenoside monophosphate analogues

Abbreviations

2-AMP2~ adenosine 2'-monophosphate

3-AMP?*~ adenosine 3-monophosphate

5-AMP2~ adenosine 5'-monophosphate

arm heteroaromatic nitrogen base (e.g., bpy or phen)
bpy 2,2'-bipyridyl

DNA deoxyribonucleic acid
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HPMPA2~ dianion of (§)-9-[ 3-hydroxy-2-(phosphonomethoxy)propyl Jadenine

M+ divalent metal ion

NMR nuclear magnetic resonance

phen 1,10-phenanthroline

PME?"~ dianion of (phosphonomethoxy)ethane (=ethoxymethanephos-
phonate)

PMEA?~ dianion of 9-[ 2-(phosphonomethoxy)ethyl Jadenine

RNA ribonucleic acid

R-PO3" general phosphonate and (in part also) general phosphate mono-

ester ligand

1. Introduction

Considering that nucleotides play a key role in many metabolic processes it is not
surprising that a large number of nucleotide analogues bave been synthesized with
the aim of obtaining therapeutically usable agents [1-47. One of the difficulties is
that base- or sugar-modified nucleotide analogues with phosphate ester residues are
known to undergo enzyme-catalyzed dephosphorylation during their passage
through the cellular membrane or in blood plasma [3]. This undesired biological
reaction renders therapeutic application of such antimetabolites inefficient. This
difficulty may be circumvented by applying nucleotide analogues with a phosphonate
residue [3].

The AMP analogue 9-[ 2-(phosphonomethoxy)ethyl Jadenine (PMEA; see Fig. 1)
shows antiviral properties [4] (see also Section 10). This phosphonate derivative is
converted by cellular nucleotide kinases into its diphosphate, which may be consid-
ered a triphosphate analogue, and as such it inhibits viral and to a lesser extent,
cellular DNA synthesis [4,5]. Considering that DNA and RNA polymerases in
general also depend on the presence of metal ions [6], mostly Mg?* and Zn®*, it
is appealing to study the metal ion binding properties of PMEA and related phospho-
nates [ 7-127.

Inspection of the structure of the dianion of PMEA (=PMEA?") shown in Fig. 1
[13,14] indicates that PMEA?~ should be an interesting ambivalent ligand [15]
which justifies detailed studies also from a coordination chemical point of view.
Indeed, this ligand allows a demonstration of how equilibria between various isomeric
complexes may be treated. As a case study, the basic reasonings for such a treatment
are outlined below; evidently, a corresponding treatment may also be applied to
other isomeric equilibria.

2. Possible isomers of binary metal ion-PMEA?~ complexes
From Fig. 1 it is evident that PMEA?~ offers to metal ions the 2-fold negatively

charged phosphonate group for binding and based on the experience with nucleotides
[16-18] one may assume — and indeed this is proven in Section 5 (Fig. 2, vide
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Fig. 1. Chemical structure of the dianion of 9-[2-(phosphonomethoxy)ethyl]adenine (PMEAZ7) in
comparison with the structures of adenosine 5'-monophosphate (5-AMP?~), which is shown in its
dominating anti conformation [13,14], and the dianion of (phosphonomethoxy)ethane (PME?™ =
ethoxymethanephosphonate).

infra) — that this group is the primary binding site which largely determines the
overall stability of M(PMEA) complexes, where M2* =Mg?*, Ca?*, Sr?*, Ba’*,
Mn2*, Co?*, Ni?*, Cu?*, Zn?*, or Cd?*. The next potential binding site is the
ether oxygen in the ~CH,~O-CH,~PO?" residue because earlier studies [19] on
different ligand systems have shown that the ether oxygen may bind to the mentioned
divalent metal ions provided it is suitably oriented toward a primary binding site
allowing the formation of chelates. Indeed, it is also apparent from Fig. 1 that a
metal ion coordinated to the phosphonate group may form a five-membered chelate
involving the ether oxygen. Hence, the following equilibrium (1) needs to be
considered:
H O
H 0 HC—PQ
R-—-—o———%—g——o\ — / 1)
N R—O, .0
M AN
"

The potential binding sites for metal ions at the adenine residue are N-1, N-3, and
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N-7. The N-1 site is of no further concern because it cannot be reached by a metal
ion already bound at the phosphonate group. With N-7 a macrochelate may be
formed via the interaction of a metal ion already bound to the phosphonate group;
in fact, the corresponding situation is well known for complexes of purine-nucleoside
5-monophosphates [16,20-22]. Finally, N-3 needs to be considered and indeed,
molecular models reveal that a metal ion chelated to the phosphonate and the ether
O-atom may further interact with N-3 by forming a seven-membered chelate. It may
be emphasized that the formation of a macrochelate involving only the phosphonate
group and N-3 is highly unlikely because its formation would force the ether atom
into the coordination sphere of the metal ion [7,9].

The above reasonings lead to the following two equilibrium schemes. In the first
case (Eq. (2))

KI/O M(PMEA)C]/O

Py

1/N7 M(PMEA) /N7

N

Klfxﬁ(mvnm)op
M2+ + PMEAZ =——=== M(PMEA)
op

)

the metal ion binds initially to the phosphonate group giving rise to an ‘open’ species,
which is designated M(PMEA),, and which may transfer ¢ither into M(PMEA )0,
ie., into the five-membered chelate involving the ether O-atom (Eq. (1)), or into a
macrochelate involving N-7, designated M(PMEA) ;. A simultaneous binding of
a phosphonate-bound metal ion to the ether O-atom and to N-7 is for steric reasons
not possible. The second scheme (Eq. (3)) consists of successive equilibria:

M
) KMePMEA)op
M?* 4+ PMEA? =——— M(PMEA)op

3)

K0 Kiyo/na
=L MPMEA) /0 =B MPMEA)g /005

At first the phosphonate-coordinated isomer, M(PMEA),,, forms the five-membered
chelate with the ether O-atom and next the 2-fold chelated species involving also
N-3, designated M(PMEA )yo/n3, 18 created.

Both equilibrium schemes (2) and (3) have in common that they contain three
isomeric species. In order to see whether M(PMEA),n; and/or M(PMEA )y 0/n; are
of any relevance the metal ion-binding properties of (phosphonomethoxy)ethane
(=PME?~ =ethoxymethanephosphonate; see Fig. 1) may be considered. It is evident
that equilibrium (1) also applies to this ligand as well as those parts of the equilibrium
schemes (2) and (3) which do not involve the adenine moiety; in other words, studies
with PME?~ will reveal the effect of the adenine moiety on the stability of M(PMEA)
complexes.

3. Considerations on the stability and formation degree of M{PME),, and
M(PMEA),, complexes

As indicated above, equilibrium (1) is part of both equilibrium schemes (2) and (3);
therefore, it will be considered first. The position of this concentration-independent
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equilibrium (1) between an ‘open’ isomer, M(PME),,, or M(PMEA),,, and a ‘closed’
species involving the ether-O atom, M(PME),; or M(PMEA)o (see also Fig. 1), is
defined by the intramolecular and, hence, dimension-less equilibrium constant K;:

K;=[M(PME), l/[[M(PME),, ] (4)

In Eq.(4), as well as in the following Egs. (5)—(13), M(PME), M(PME),, an
M(PME), may always be replaced by M(PMEA), M(PMEA),, and M(PMEA)cl/O,
respectively. This means PME?~ is employed here for reasons of simplicity but all
derivations and conclusions hold for both ligands, i.e. PME?~ and PMEA2", as
long as only equilibrium (1) is operating for PMEA2™~ also.

Generally, the stability constants of 1:1 complexes measured experimentally are
defined in analogy to Eq. (5):

M2* + PME2~ =M(PME) (5a)
KMews =[M(PME)]/([M** J[PME?"]) (5b)

This means that [M(PME)] represents the sum of the concentrations of all M(PME)
isomers present. Clearly, due to equilibrium (1) the expressions (5) may therefore be
rewritten as given in Egs. (6) and (7),

M?2* 4 PME?~ =M(PME),, =M (PME), (6)
KM _([M(PME),, ]+ [M(PME),]
M(PME) = [M2+ ][PMEZ—]
__[M(PME).] N [M(PME), ] %

[M?**][PME*>"] [M?"][PME*"]
and then further developed [19,20] to Egs. (8) and (9):

Khevey = KNiewe),, + Ki Kiews),, (8a)
= KM(PME)OP( 1+ K;) (8b)
KM
K1=K—MM‘?-“@—1=101°%A—1 9)
M(PME) oy,

The stability constant of the open isomer, K%PME)OP (Eq. (10)),
KNienmy,, = [M(PME)o, JA[M** J[PME*"]) (10)

is not directly accessible by experiments, yet it may be calculated with the measureable
acidity constant, Kypwe (Eq. (11)),

KE(PME)':[H+][PME2_]/[H(PME)+] (11)

which is due to the deprotonation of the —P(O),(OH)~ residue in H(PME)™, and
the equations of the correlation lines for log Kjg.po, versus pKE(R_POB) plots (where
R-POZ" represents simple phosphonate or phosphate monoester ligands with a non-
coordinating residue R) as listed in Table 1 [7,23] for the ten metal ions already
mentioned. As one would expect, the equilibrium data for the simple methane-
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Table 1
Straight-line correlations for M?*—phosphonate or phosphate complex stabilities and phosphonate or
phosphate group basicities (25 °C; I=0.1 M, NaNO,)}*®

M2+ m b SD

Mg+ 0.208 +£0.015 0.27240.097 0.033
Ca** 0.131+0.020 0.636+0.131 0.048
Sr** 0.082+0.016 0.73240.102 0.036
Ba?* 0.087+0.016 0.62240.107 0.039
Mn?* 0.2384-0.022 0.683+0.144 0.051
Co** 0.22340.026 0.554 4+0.167 0.057
Ni?* 0.245+0.023 042240.147 0.051
Cu?* 0.465+0.025 ~0.015+0.164 0.057
Zn*t 0.345+0.026 —0.017+0.171 0.060
cd* 0.32940.019 0.39940.127 0.045

*The slopes (m) and intercepts (b) for the straight base lines from plots of log K¥{x so,) versus pKig ro,
were calculated [7] from the equilibrium constants determined earlier for six simple phosphate
monoesters (4-nitrophenyl phosphate, phenyl phosphate, a-butyl phosphate, D-ribose 5-monophosphate,
uridine 5-monophosphate, and thymidine 5'-monophosphate} [23] and two simple phosphonates
(methanephosphonate and ethanephosphonate) [7]. The column at the right lists 3-times the standard
deviations (SD) resulting from the differences between the experimental and calculated values for the
mentioned eight ligand systems.

®The above data are abstracted from Tables 5 and 6 in Ref [7]. Straight-line equation: y=mx+b,
where x represents the pK, value of any phosphate monoester or phosphonate ligand and y the
calculated stability constant (logK) of the corresponding M{R-PO;) complex; the errors given with m
and b correspond to 1 standard deviation (1¢). The listed SD values (column at the right; 3¢} are
considered as reasonable error limits for any stability constant calculation in the pK, range 5 to 8.

phosphonate and ethanephosphonate ligands also fit on these straight lines (see also
Fig. 2, vide infra). Hence, with this procedure log K%PME)QP is obtained and thus the
stability-constant difference of Eq. {12)

log A=log Aypye =log K%(PME)QXP“ —log K%(PME)CMC (12a)
=log KMemr —10g K%(PME)OP =log (1+E) (12b)

can be calculated, which then also defines the second term in the above Eq. (9). Tt
may be added that the value for 10'°8* is sometimes also addressed as the stability
enhancement factor (1+E) [19].

Clearly, the reliability of any calculation for K; (Egs. (4) and (9)) depends on the
accuracy of the difference log Aypmg, Which becomes the more important the more
similar the two constants in Eq. (12b) are. Therefore, only well-defined error limits
allow a quantitative evaluation of the position of equilibrium (1). Finally, if K| is
known, the percentage of the closed or chelated species occurring in equilibrium (1)
follows from Eq. (13).

%M (PME), = 100-K, /(1 + K,) (13)

Application of this procedure [19,20] yields the results listed in Tables 2 and 3
{vide infra) which will be discussed in Section 5.



294 H. Sigel/Coordination Chemistry Reviews 144 (1995) 287-319
4. Evaluation procedure for the three-isomer problem of the M(PMEA) complexes

Three-isomer equilibria have so far rarely been treated in the literature (see e.g.
Refs. [7,24]). Assuming that aside from the M(PMEA),, and M(PMEA), species
considered in Section 3 additional isomers as summarized in the equilibrium schemes
(2) and (3) occur, their formation must be recognizable by a further stability increase
which goes beyond the one connected with equilibrium (1). This case will now be
considered.

Application of the mass action law to the equilibrium scheme (2) leads to the
definitions (14)—(16):

log KNiemea),,, = [M(PMEA),, 1/(TM** ]TPMEA*" ]) (14)
Kyo=[M(PMEA);0]/[[M(PMEA),,] (15)
Kinr=[M(PMEA)qx;1/[M(PMEA), ] (16)

Of course, the experimentally accessible overall stability constant as defined in
Eq. (17a) may then be rewritten as given in the expressions (17b), (17¢), and (17d):

IM(PMEA)]

KMewEa) = [M2*[PMEA® J) (17a)

_ ((M(PMEA),, 1+ [M(PMEA) 0]+ [M(PMEA)yx7]) (17b)
[M2*J[PMEA?" ]

= KM(PMEA)OP + KI/O'K%}(PMEA)OP + K1/1~17'KM(1>MEA)op (17¢)

= K%(PMEA)OP( 1+ Kyo+Kynr) (17d)

Based on Egs. (14), (15), and (18) the corresponding derivation is obtained for the
equilibrium scheme (3):

Kyons=[M(PMEA)q0n: J/IM(PMEA) 0] (18)
[M(PMEA)]
KM(PMEA): [M2* [PMEA?" ] (19a)
_ (IM(PMEA)o, 1+[M(PMEA)q 0]+ [M(PMEA)q 0 ]) (19b)
B [M2*J[PMEA?"]
= K%PMEA)OP + KI/O'KM(PMEA)OP +Kyo ‘Kyons 'K%PMEA)op (19¢)
= K%(PMEA)OP( 1+ Kyo+ Kyjo'Kyjoms) (194d)

It is apparent that Egs. (17d) and (19d) transfer into Kyiemea) = Kieuea),, i 00
five-membered chelates are formed and if no interaction with the adenine moiety
occurs. For the case that only no interaction with the adenine residue takes place,
ie., M(PMEA),x; and/or M(PMEA), o3 are not formed, the equilibrium schemes
(2) and (3) reduce to equilibrium (1); in other words, to the situation also possible
with PME?~ (cf. Fig. 1). The corresponding definitions have been given in Section 3
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in Egs. (4), (7), and (8). Considering further that M(PME),; and M(PMEA),,
correspond to each other regarding the structures of the chelates, it is evident that
in the case that no adenine-bound isomers are formed, Egs. (17d) and (19d) reduce
to Eq. (8b).

In analogy to Egs. (4) and (9) in Section 3 and based on Eq. (17d) one arrives
easily [7,24] at the following Eq. (20):

KhieumEa) logh ,
Ky=Kyjo = TMEAL 1 qglosd g (20a)
Kwveuea),,
_[M(PMEA)g o] ([M(PMEA)y 0]+ [M(PMEA)n:]) (20b)
[M(PMEA)OP1 [M(PMEA)OP]
=Kyo+ Ky (200)
Similarly, based on Eq. (19d), follows Eq. (21):
KMevEs) logh
Ky=Kyjo =B g _ glosa_ (21a)
Kyeuea),,
_ [M(PMEA). 0. ] _ (LM(PMEA) 0]+ [M(PMEA),0/n: ) (21b)
[M(PMEA),, ] [M(PMEA),,]
= Kyo+ Kyo Kyons = Kyol(1 + Kyjo/ns) (21¢)

Clearly, it is again evident that if the second ‘closed’ isomer, M(PMEA) N, or
M(PMEA)0/n3. is not formed, the above Egs. (20c) and {(21c) reduce to the two-
isomer problem (Eq. (1)) treated in Eq. (9). It should be noted further that the
differences between Egs. (20c) and (21c) originate in the different order of the
successive equilibria in schemes (2) and (3). This leads then to different definitions
for some of the intramolecular equilibria (Egs. (16) and (18)), and hence to different
dependencies of Kj, i.e. Ky (see Egs. (20c) and (21c¢)).

Values for K, (= Kj,,) can be calculated according to Egs. (20c) or (21c), because
in analogy to Eq. (12) the observed stability increase, if schemes (2) and/or (3) are
operating, is defined by Eq. (22):

log A =log Aypmpay=log Kﬁ(PMEA)aPe, —log K}I&(PMEA)C&IC (22a)
=log Kﬁ(PMEA) —log Kllt/I{(PMEA)Op (22b)

Hence, the concentration fraction of the open isomer, M(PMEA),,, becomes known
(Egs. (20a) and (20b) or (21a) and (21b)).

Regarding the formation degree of the five-membered chelate with the ether
O-atom, ie. M(PMEA),, (Eq. (15)), the same stability is assumed as for M(PME),
(Section 3), i.e. Kyjo for M(PMEA),, equals the corresponding value for M(PME),
(see Egs. (1), (9) and Fig. 1). With K;, and Kyoc known one may now calculate
Kyny (Eq. (16)) from Eq. (20c) or Ky (Eq. (18)) from Eq. (21c) and hence, the
formation degree of the M(PMEA),\; or M(PMEA )y 03 species. Of course, the
difference between 100 and the sum of the percentages calculated for M(PMEA),,
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and M(PMEA)o will also result in % M(PMEA),n; or % M(PMEA)ons and
hence in Ky, (Eq. (16)) or Kyons (Eq. (18)). The results of these calculations are
presented in Section 6.

5. Comparison of the increased complex stabilities of the M(PME) and M(PMEA)
complexes and formation degree of the M(PME), and M(PMEA),,,, isomers

As indicated before (Sections 3 and 4), any kind of metal ion interaction that goes
beyond a pure phosphonate coordination in the M(PME) and M(PMEA) complexes
must be reflected in an increased complex stability. This is demonstrated in Fig. 2.
In this figure plots of log Ki.po,) Versus pKir po,) are shown for the 1:1 complexes
of Mg?*, Mn2", and Cu®* with eight simple ligands (see legend of Fig. 2) allowing
only an R-PO% —metal ion binding. The corresponding least-squares reference lines,
the parameters of which are given in Section 3 in Table 1, 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 considerably above their reference lines, thus proving an increased
stability for these complexes. However, the analogous observation is also made
(crossed points) for the corresponding M(PME) complexes. This clearly proves that
equilibrium (1) is operating. Indeed, the significant stability increase for the Mg?*
and Mn?* complexes of both ligands is in accordance with the binding of the ether
O-atom and contrasts with the observations made for M(5-AMP) complexes
[20,227; in this latter case macrochelate formation, i.e. N-7 backbinding of a phos-
phate-coordinated metal ion, occurs only with those metal ions, such as Co?*, Cu?*,
Zn?*, or Cd?*, that possess a significant affinity toward N-donor sites.

5.1. Quantification of the increased complex stabilities

The vertical distances of the data points due to the M(PME) and M(PMEA)
complexes to the reference lines in Fig. 2 evidently correspond to the stability
differences defined in Eqs. (12) and (22). In other words, a quantitative evaluation
of the situation reflected in Fig. 2 is possible, as already indicated in Section 3, by
calculating with the values of pKiipmz) O PKlipmea, and the straight-line equations
summarized in Table 1 the expected (calc) stabilities for M(PME),, or M(PMEA),,
complexes having solely a phosphonate—metal ion coordination. The corresponding
results are listed in column 3 of Table 2; comparison of them according to Egs. (12)
and (22) with the measured (exper) stability constants, which are given in column 2
of Table 2, leads to the stability differences shown in column 4.

Evidently all the M(PME) and M(PMEA) complexes are more stable than
expected on the basis of the basicity of the phosphonate group in the corresponding
two ligands; a conclusion already borne out from the data points shown in Fig. 2
for the M(PME) and M(PMEA) complexes with Mg?*, Mn?*, and Cu®*. However,
a careful comparison of the data points for the Cu®>* complexes in Fig. 2 indicates
in addition a higher stability of the Cu(PMEA) complex compared with that of the
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Fig. 2. Evidence for an enhanced stability of several M(PMEA) (@), and M(PME) (®) complexes, based
on the relationship between log KMgro,) 8nd pKlm.ro, for the 1:1 complexes of Mg?*, Mn®*, and
Cu?* with some simple phosphate monoester or phosphonate ligands (R-P(O3™): 4-nitrophenyl phosphate
(NPhP?7), phenyl phosphate (PhP?7), uridine 5'-monophosphate (UMP?~), p-ribose 5-monophosphate
(RibMP?~), thymidine 5'-monophosphate (TMP?"), n-butyl phosphate (BuP?~), methanephosphonate
(MeP?7), and ethanephosphonate (EtP?~) {from left to right) (O). The least-squares lines are drawn
through the corresponding eight data sets [ 7,237; the equations for these base lines are given in Table 1.
The vertical broken lines emphasize the stability differences of the M(PMEA) (@) and M(PME) (®)
complexes to the corresponding reference lines; these differences equal log Ayemg (Eq. (12)) and
log Awemeay (Eq. (22)).The points due to the equilibrium constants for the PMEA (@) and PME (®)
systems are taken from Tables 1, 2, and 8 of Ref. [7]. All plotted equilibrium constant values refer to
aqueous solutions at 25°C and I=0.1 M (NaNO;).

Cu(PME) species; this observation is confirmed by the corresponding log Ay.ro.)
values given in Table 2. Hence, one has to conclude that in Cu(PMEA) the adenine
residue is also involved in complex formation (see Section 6).

5.2. Formation degree of the chelated isomers involving the ether O-atom

Since the values for log Ayg.po, are defined analogously for the M(PME) and
M(PMEA) complexes (see Eqs. (12) and (22)), their observed increased stabilities
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Table 2

Comparison of the measured stabilities, KMpug, 0 Kheneay, of the M(PME) or M(PMEA) complexes
with the calculated stabilities, KM(I,ME)DP or Kiipueay,,» for the isomers with a sole phosphonate-M?*
coordination, as well as a comparison between the stability increases 10gAypmra) and 10gAyeyg, at 25°C
and I=0.1 M (NaNO;)

M2* 1OgK%(PME) IOgKM(PME)DP 1OgAM(PME)

(Bgs. (5,7)y (Eq. (10)y° (Eq. (12))
Mg?* 195+0.01 1.7340.03 0.22+0.03
Ca?* 1.701+0.01 1.564-0.05 0.14+0.05
Sr2* 1.384-0.03 1.31+0.04 0.07+0.05
Ba?* 1.334-0.03 1.23+0.04 0.10+0.05
Mn2* 2.62+0.02 2.3540.05 0.27+0.05
Co?* 241+0.02 2.1240.06 0.2940.06
Nij?* 233+0.02 2.14140.05 0.194+0.05
Cu?* 3.73+0.03 3.25+0.06 0.48+0.07
Zn?* 2.74+0.02 2.401+0.06 0.3440.06
Caz+ 3.01+0.02 2.71+£0.05 0.30+0.05
M2+ logK¥iemea) IOEKM(PMEA)OP logAweyea) AlogA

(Egs. (17,19)*¢ (Eq. (14)F (Eq. (22)) (Eq. (23))
Mg?* 1.87+0.04 1.7140.03 0.16+0.05 —0.06+0.06
Ca%* 1.65+£0.05 1.5410.05 0.11£0.07 —0.03+0.09
Sr2* 1.3740.03 1.301+0.04 0.07+0.05 0.00+0.07
Ba?* 1.3040.05 1.22+40.04 0.08 +£0.06 —0.0240.08
Mn?* 2.54+0.06 2.33+0.05 0.21£0.08 —-0.06+0.09
Co?* 2.37+0.03 2.09+0.06 0.28+0.07 —0.01+0.09
Ni?t 241+0.05 2111005 0.30+0.07 0.11+0.09
Cu?* 3.96 +0.04 3.19+0.06 0.77£0.07 0.29+0.10
Zn?* 2.66+0.13¢ 2.36+0.06 0.30£0.10° —-0.04+0.12

ca* 3.004+0.04 2.67+0.05 0.33+0.06 0.031+0.08

2 The stability constants were measured in aqueous solution via potentiometric pH titrations [7]. All the
errors given are 3-times the standard error of the mean value or the sum of the probable systematic
errors, whichever is larger. The error limits of all derived data, e.g. logA, were calculated according to
the error propagation after Gauss.

® Acidity constant (see Eq. (11)): pKHpyg, =7.02£0.01 [7].

¢ Calculated with pKHpyg =7.02 or pKHeygpas, =6.90 and the reference-line equations of Table 1; the error
limits correspond to the SD values (3¢) in Table 1.

4 Acidity constants: pKH, pmza)=4.16+0.02 (deprotonation of the H*(N-1) site); pKfiemea)=6.9010.01
(deprotonation of the —P(O),(OH)™ residue) [7].

¢No stability constant could be determined owing to precipitation [7]. The above value is an estimate
(for details see Ref. [7]).

may be directly compared according to Eq. (23):
A log A=log Aypmea)— 108 Aupme) (23)

The corresponding results are listed in the fifth column of the lower part in Table 2:
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It is apparent that the values for Alog A are zero within the error limits for clearly
eight out of the ten cases.

This means that for the metal ions Mg?™, Ca?*, Sr**, Ba?*, Mn?*, Co?*, Zn?*
(see footnote e of Table2), and Cd*™* the measured 1ncreased stability of their
M(PMEA) complexes can solely be explained by the formation of the five-membered
chelate shown in equilibrium (1), and consequently the adenine residue has no
remarkable influence. This result allows Egs. (9) and (13) {see Section 3) can be
applied not only to M(PME) complexes but also to the mentioned eight M(PMEA)
systems and that their equilibrium (1) position can be evaluated quantitatively. These
results are summarized for both ligand systems in Table 3.

The calculations for K; and % M(PMEA)y,, given in Table 3 confirm that the
formation degrees for M{(PMEA)y,o (column 7) and M(PME), (column 4) are
identical within the error limits for the above-mentioned eight metal ion systems
and that consequently these chelates possess the same structure. To conclude, there
is no indication of a metal ion—adenine moiety interaction in the M(PMEA) com-
plexes of Mg?™, Ca?*, Sr?T, Ba?*, Mn?*, Co?*, Zn**, and Cd2*.

6. Formation degree of M(PMEA) isomers involving the adenine residue

The Cu(PMEA) complex is the only clear exception with a positive deviation of
the value for A log A (Eq. (23)) in Table 2. Its log Acyeumea) value is larger by ca. 0.3

Table 3

Extent of chelate formation according to the intramolecular equilibrium (1) in M(PME) and M(PMEA)
complexes as quantified by the dimensionless equilibrium constants K, (Eqs. (4 and 9)) and KUO (Eq. (15)),
respectively, and the percentages of the M(PME)CI or M(PMEA), o isomers (Eq. (13})) in aqueous
solution at 25°C and I=0.1 M (NaNQ;)

M2t  M(PME) M(PMEA)

logAypue, K % M(PME); logAwpviea) Kyo % M(PMEA)y0

(Eq. (12)p (Eqgs. (49)) - (Eq. (13)) (Eq. (22)p (Egs. (159)) (Eq. (13))
Mg?* 0.22+0.03 0.664+0.12 40+4 0.164+0.05 0.4540.17 3148
Ca?* 0144005 0.38+0.16 28+9 0.11+0.07 0.29-4+0.21 22+13
Sr2*  0.07+0.05 0.17+0.14 15+10 0.074+0.05 0.17+0.14 15+10
Ba?*  0.10+0.05 0264014 2149 0.08 +0.06 0.20+0.18 17+12
Mn** 0.2740.05 0864023 46+7 0.21+0.08 0.624029 38411
Co**  0.29+0.06 095+028 49+7 0.2840.07 0914029 48 +8
Ni?*  0.19+0.05 0.554+019 35+8 0.30+0.07 1.00+0.32°  5048°
Cu?t 0484007 202+047 6745 0.77+0.07 4.894+098° 83+3°
Zn**t  0.34+0.06 1194032 5447 0.30+0.10° 1.064-0.46 50+12
Cd>*  0.30+0.05 1.004£025 50+6 0.33+0.06 1.144-0.32 5347

* Values from column 4 of Table 2; see also footnote a of Table 2.

® Estimated value; see footnote e of Table 2 and Ref. L7].

°The values for Ni(PMEA),,, and Cu(PMEA)yo are only apparent results (they actually correspond
to M(PMEA}y0:; Egs. (20b and 21b)) and are therefore printed in italics (see Sections 5 and 6). Thc
actual values for Ni(PMEA),, and Cu(PMEA),;, are given in Table 4 in Section: 6.
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log unit than the one for the Cu(PME) system. This means that the adenine residue
in the Cu(PMEA) complex clearly has a stability-enhancing effect which goes beyond
that of the ether group discussed in Section 5. Consequently, further analysis is
necessary by considering the additional intramolecular equilibria outlined in
Section 4. In this analysis Ni(PMEA) is included because in this case also an extra
stability increase is observed (see column 5 of Table 2) though it is considerably
smaller than that for Cu(PMEA) and just barely beyond the error limits. Further,
the Cd(PMEA) system is included in the calculations to provide the interested reader
with information on how large the percentage of an extra isomer may become
without becoming significantly manifested in the experimental data.

As discussed in Section 2, N-1 of PMEA?~ (see Fig. 1) is not accessible for a
phosphonate-bound metal ion and N-3 can only be reached if the ether O-atom is
simuitaneously coordinated, while with N-7 a macrochelate may be formed. The
latter two possibilities involving N-3 and N-7 are displayed in the equilibrium
schemes (2) and (3). The analyses of the corresponding isomeric equilibria have been
treated in Section 4; the calculations based on these evaluations are presented in
Table 4. In these analyses it is assumed that the stability of the five-membered
chelates in the M(PME) species is representative for that of the M(PMEA) ones.

The dimensionless ‘overall’ equilibrium constant K; (= Kju.; Egs. (20) and (21))
follows directly from the experiments (see Section 5; Table 3) and Ky, (Eq. (15)),
which quantifies the formation degree of the five-membered chelate with a metal ion
bound to the phosphonate group and the ether O-atom (Eq. (1)), has of course the
same value in both equilibrium schemes (2) and (3), as it refers to the same formation
pathway of the M(PMEA),,c isomer; therefore, columns 36 and 8 contain the same
results in the upper and lower parts of Table 4. Naturally, the values of Kyn;
(Eq. (16)) and K03 (Eq. (18)) are different (column 7), as they refer to different
intramolecular equilibria, yet the formation degrees of the M(PMEA), n; (upper
part) and M(PMEA),,o,n3 isomers (lower part) are again identical (column 9). This
may seem surprising at first sight, yet the formation degree of the third isomer
follows in both cases (Egs. (2) and (3)) from the difference 100 minus the sum of the
percentages for M(PMEA),, and M(PMEA),,,. This means that the formation
degree of the third isomer with the adenine interaction is identical in both cases, be
it M(PMEA)yn; or M(PMEA),o/ns; it reaches approx. 50% in the Cu(PMEA)
system (rows 2 and 5 in Table 4), approx. 20% in the Ni(PMEA) system (rows 1
and 4) and for the Cd(PMEA) (rows 3 and 6) and all the other systems (cf. Table 2)
it is zero within the error limits, which means it may occur in traces (not exceding
approx. 20%).

At this point the question arises: which of the adenine-bound isomers,
M(PMEA),n; of M(PMEA)q o3, is actually formed? Or, are even both isomers
present at the same time? With the information currently available these questions
cannot be unequivocally answered. However, careful considerations have led to the
suggestion [ 7] that the equilibrium scheme (3) involving the M(PMEA),;,o/n3 iSomer
is the pertinent one. Indeed, this agrees with the preliminary results obtained from
line-broadening '"H-NMR experiments in the presence of paramagnetic Cu?* [25].
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Further information will hopefully also be obtained by including 3-deaza-PMEAZ~
and 7-deaza-PMEA2" in the studies [25].

The above suggestion about the involvement of N-3 may appear surprising because
N-7 of the adenine residue is a very well known binding site for metal ions
[13,16-18,20-22,26,27], in contrast to N-3. However, the interaction of metal ions
with N-3 of a purine residue has become more and more apparent in the past
few years: There are X-ray crystal-structure studies of Pt2* [28a] and Cu?* [28b]
complexes of guanine derivatives, of Rh* complexes of 8-azaadenine derivatives
[297, as well as of Ni** complexes formed with neutral adenine [30]. Solution
studies with adenosine 2'-monophosphate (2'-AMP?~) show [31] that at least Cu?*,
and possibly also Ni** and Cd**, forms macrochelates involving N-3. Indeed, the
formation degree of Cu(2'-AMP),y; is comparable with that of Cu(PMEA)y0/ns3;
moreover, the corresponding M(2'-AMP),x; chelates with Ni** and Cd®™ also form
only in relatively low concentrations [ 317 just like those with PMEAZ2~ (cf. Table 4).

7. Solvent-dependent metal ion—-adenine recognition. The effect of mixed solvents on
the formation degree of the Cu(PMEA) isomers

7.1. Justification for studies of this kind

To what extent is the formation degree of the various M(PMEA) isomers affected
by the polarity of the solvent? Does a reduced solvent polarity favor or inhibit
chelate formation? Answers to questions of this kind are of general interest because
our knowledge in this respect is extremely scarce even though it is now well estab-
lished that the so-called ‘effective’ or ‘equivalent solution’ dielectric constants in
proteins [32] or active-site cavities of enzymes [33] are reduced compared to that
in bulk water; ie., the activity of water is decreased [34] due to the presence of
aliphatic and aromatic amino acid side chains at the protein—water interface.

For example, for the active-site cavities of bovine carbonic anhydrase and carboxy
peptidase A the ‘effective’ dielectric constants are estimated to be 35 and <70,
respectively [ 33]. By employing aqueous solutions that contain 1,4-dioxane one may
expect to simulate to some degree the situation in such cavities; e.g., water containing
30 or 50% (v/v) 1,4-dioxane exhibits dielectric constants of about 53 and 35,
respectively [ 35].

7.2. The effect of the solvent on the size of the equilibrium constants

In the preceding Section 6 we have seen that in aqueous solution all three
Cu(PMEA) isomers (Egs. (2} and (3)) occur with a significant formation degree
(cf. Table 4). Therefore, the Cu(PMEA) system was also studied [9] in 30% and
50% (v/v) dioxane-water mixtures to address the questions raised in Section 7.1. Of
course, for a quantitative evaluation it was necessary to include in the study the
Cu(PME) system. The corresponding results are summarized in Table 5.

In addition to the equilibrium data given in Table 5, reference lines for
log K&i®.poy Versus pKiir.po, plots had to be established [9,36]. These reference
line plots are shown in Fig. 3, where the corresponding data pairs for the
Cu?* /PME?" and Cu®* /PMEA?" systems are also inserted. The resulting six solid
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Fig. 3. Evidence for an enhanced stability of the Cu(PME) and Cu(PMEA) (@) complexes in
1,4-dioxane—water mixtures as solvents based on the relationship between log KGir.ro, and pKiigroy,
for the Cu?* 1:1 complexes of 4-nitrophenyl phosphate (1), phenyl phosphate (2}, D-ribose
S-monophosphate (3), n-butyl phosphate (4), uridine 5'-monophosphate (5), thymidine 5'-monophosphate
(6), methanephosphonate (7), and ethanephosphonate (8) in water and in water containing 30 or 50%
(v/v) L4-dioxane. The least-squares lines are drawn in each case through the data sets shown (O} [7,36];
the equations for these reference lines are given in Ref. [9]. The data points due to the methanephosphonate
system in the mixed solvents (®) (see Ref. [97]) are shown to prove that simple phosphonates fit within
the experimental error limits on the reference lines established with phosphate monoester systems (see
also Ref. [97]). The points due to the Cu?* 1:1 complexes formed with PME?~ and PMEA?" (@) in the
three mentioned solvents are inserted for comparison (see Table 5 and Section 7). The vertical broken
lines emphasize the stability differences to the corresponding reference lines; these differences equal
log Acyg-po,) (see Eqgs. (12) and (22)). All the plotted equilibrium constants refer to 25°C and =01 M
(NaNO;). Reproduced from Ref. [9] by permission of the American Chemical Society.

points are considerably above the reference lines in all three solvents, thus proving
increased stabilities. These increased stabilities, i.e., their vertical distance to the
reference lines, are quantified via the log Aypumg, and log Ayemea) values given in
column 9 of Table 5. Further, as also seen in Fig. 3, the values calculated for A log A
(Eq. (23); column 10 of Table 5) confirm that in all three solvents the adenine residue
of PMEA?~ participates in Cu?* binding.

Of course, for Cu(PME) again only equilibrium (1) is operating; the results of the
corresponding mathematical evaluation (see Section 3} are given in the upper part
of Table 6. It is remarkable that the formation degree of Cu(PME), is rather
independent of the solvent (column 4) despite the fact that the overall stability
constant log K&spye, increases by more than 1.5 log units in changing the solvent
from water to a 50% dioxane-water mixture (see column 7 of Table 5) .

Regarding Cu(PMEA), values for K, (=Kj,} as defined by Egs. (20) and (21)
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Table 6

Extent of chelate formation according to equilibrium (1) in the Cu(PME) species as quantified by the
dimensionless equilibrium constant K; (Eq. (4)) and the percentage of Cu(PME); (Eq. (13)) in aqueous
solution and in water containing 30 or 50% (v/v) 1,4-dioxane at 25°C and I=0.1 M (NaNO;).* In
addition the overall values Ky, (=Kj; Eqgs. (20a and 21a})) and % Cu(PMEA), ., for the Cu(PMEA)
systems in the mentioned solvents are given

%Dioxane Cu(PME)
v/v)
IOgACu(PME) K; %Cu(PME),
(Eq. (12)F (Egs. (4,9)) (Eq. (13))
0 0.48+0.07 2021047 67+5
30 0.39+0.04 145+0.24 59+4
50 0.41+0.07 1.574+040 6146
%Dioxane Cu(PMEA)
v/v)
logAcuemea) K=K %Cu(PMEA) 00
(Eq- (22)p* (Egs. (202,212)) (Egs. (20b,21b))°
0 0.77+0.07 4.89+0.98 8343
30 0.52+0.06 2314044 70+4
50 0.7540.08 4624099 82+3

*The values for logAc,emg and logAc,emes; and their error limits (30) are from column 9 of Table 5
[97; see also footnote a of Table 2.
® Regarding these values see also Table 7 and the text in Section 7.

can be calculated with the stability differences log Acyemza) (Eq. (22)); these data
together with those for Cu(PMEA )., (Egs. (20b) and (21b)), which are needed for
the analysis of the three-isomer situation, are given in the lower part of Table 6.
Application of the procedure described in Section 4 and already used in Section 6
leads to the results for the equilibrium schemes (2) and (3) as summarized in Table 7.
The considerations given in Section 6 in connection with the analogous Table 4 also
apply here for Table 7 and are therefore not repeated.

7.3. Dependence of the extent of the metal ion—adenine interaction on the solvent
composition

Though there are indications (see Section 6) that N-3 is the pertinent binding site
for Cu?* and that consequently (mainly) equilibrium scheme (3) is operating, a final
decision between the results given in the upper (Eq. (2)) and lower parts (Eq. (3))
of Table 7 cannot yet be made. Therefore, the isomers with the Cu®?*—adenine
interaction, which definitely exists be it via N-3 or N-7, are now designated simply
Cu(PMEA),yaq- It is most interesting to note from the results in Table 7 (see rows
2 and 5) that the addition of 1.4-dioxane to an aqueous solution containing
Cu(PMEA) initially lowers the formation degree of the Cu(PMEA),,sq isomer, yet
upon the addition of more 1,4-dioxane it increases again.
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A similar observation was made [37] for Cu(5-AMP), for which an isomeric
equilibrium exists between a simple phosphate-bound isomer, Cu(5'-AMP),,, and a
macrochelated species involving the phosphate group and the N-7 site, designated
Cu(5-AMP),. To illustrate this point further the pertinent results from Ref 37
are plotted in Fig. 4 together with those of Table 7. The formation degree of both
Cu(5-AMP),, and Cu(PMEA),s4 passes through a minimum upon the addition of
1,4-dioxane to aqueous solutions of these complex systems.

This fascinating observation means that independent of the fact that the overall
stability constants log K&s,.amp; [37] and log K&ipmea) (Table 5, column 7) increase
continuously upon the addition of dioxane, the formation degree of the various
isomers is altered differently and as yet unpredictably. Considering that in active-
site cavities of metalloproteins the ‘solvent’ polarity [32,33] and the activity of water
[34] are reduced, this is a remarkable result because it demonstrates how nature
may alter the structure of a substrate simply by moving it along a protein surface
from a more polar into a more apolar region or vice versa.

8. Formation of mixed ligand complexes also involving purine-stacked isomers

A further aspect that warrants consideration in studies aimed at elucidating the
properties of PMEA is its possible tendency to undergo stacking; purine derivatives
are well known for this property [ 387 and accordingly it is also expected for PMEA.
With this in mind a study was undertaken [87 of mixed ligand systems consisting
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Fig. 4. Formation degree of the adenine-chelated species (equilibrium schemes (2) and {3)) in the binary
Cu?* 1:1 complex systems with PMEA?~ (see Table 7) and 5-AMP2~ (from Ref. [37]) as a function of
the percentage of 1,4-dioxane added to the aqueous reagent mixtures at 25°C and I=0.1 M (NaNQ,).
Cu(PMEA)qaa represents Cu(PMEA)yon, and/or Cu(PMEA)yy, (see text in Section 7), while
Cu(5-AMP),, represents the macrochelate involving the phosphate group and N-7 of the purine moiety
[20,22]. Reproduced from Ref. [9] by permission of the American Chemical Society.
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of Cu**, PMEA?", and a heteroaromatic amine (arm), i.e., 2,2 -bipyridyl (bpy) or
1,10-phenanthroline (phen), with the aim of quantifying the formation degree of
the expected intramolecular stacks (cf. Fig. 5) and to compare the resuits with the
situation in the corresponding Cu(arm)(AMP) complexes. For these latter species
the position of the intramolecular equilibrium (24) (rib=ribose) has also been
determined [39]:

N - Ne. .
M —_— M
NT 0 =N
U @
Se OP
rﬁb\ 2 \rib/ 02
base

A major obstacle in such an attempt is the already mentioned metal ion-ether oxygen
interaction (Eq. (1)), i.e., the five-membered chelate ring formation in the binary
M(PMEA) complexes (Sections 5 and 6) [ 7], because such an interaction has to a
certain extent also to be expected in Cu(arm)(PMEA) complexes and this of course
will affect the formation of the intramolecular stacks between the purine moiety of
PMEA?~ and the aromatic rings of bpy or phen (cf. Fig. 5). To overcome this
problem again PME?" (see Fig. 1) was included in the study [8], as this ligand
should be able to undergo an ether oxygen—metal ion interaction in mixed ligand
complexes to the same extent as PMEAZ2™, yet it cannot form any stacks; hence, the
separation of these two different types of intramolecular interactions should become
possible.

8.1. Stabilities of Cu(arm)(R—POj; ) complexes
The results for the PME systems are summarized in the upper part of Table 8. As

the straight-line equations for log KEMm ¢ po.,) Versus pKigr.po, plots are known
[8] the measured stability constants of the ternary Cu(arm)(PME) complexes can

Fig. 5. Tentative and simplified structure of a species with an intramolecular stack for Cu(phen)(PMEA)
in solution.
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be evaluated in the way described in Section 3; these results are also listed in the
upper part of Table 8. Comparison of the data in columns 2—4 proves that the
Cu(arm)(PME) species are indeed more stable than expected on the basis of the
basicity of the phosphonate group of PME?~. Consequently via Egs. (9) and (13)
the intramolecular equilibrium constant K; and the percentage for the closed species,
Cu(arm)(PME),, can be calculated. It is evident that the formation degree of the
five-membered chelate involving the ether O-atom (Table 8, column 6) is at least
as pronounced in the mixed ligand Cu(arm)(PME) complexes as in the parent
Cu(PME) complex; in other words, equilibrium (1} is also operating in the ternary
Cu(arm)(PME) complexes.

The experimentally measured stability constants of the ternary Cu(arm)(PMEA)
complexes as well as the calculated stabilities of the ‘open’ isomers are listed in
columns 2 and 3, respectively, in the lower part of Table 8. The stability differences
108 Acy(armypmea) (=108 Apyza in Table 8) derived according to Eq. (22) are given in
the fourth column; these values are positive, thus confirming that additional intra-
molecular interactions occur in these PMEA?~ complexes, giving rise to a higher
stability than expected on the basis of the basicity of the PMEA?~ phosphonate
group. However, most important is the fact that the log Acy@myemra) values are also
significantly larger than those for log Acyam)emE), a5 @ comparison between the
corresponding values in the upper and lower parts of Table 8 (column 4) demon-
strates. This additional stability enhancement is more clearly seen in Fig. 6, where
plots of log KEa&™ ¢ posy Versus pKirrpo, are shown. The broken line refers to
the coordination of R-PO2~ to Cu(bpy)?™ and the solid line to the corresponding
reaction with Cu(phen)?*; it should be noted that here R-PO3~ represents phospho-
nates with a group R which is unable to undergo any kind of interaction within the
complexes. Clearly, the most remarkable observation is that the points due to
Cu(arm)(PME) and Cu(arm)(PMEA) are significantly above the correlation lines;
in addition, those for Cu(bpy)(PMEA) and Cu(phen)(PMEA) are even about 1 log
unit above the points of the corresponding Cu(arm)(PME) complexes, definitely
proving that further interactions must occur in the Cu(arm)(PMEA) species, i.¢., that
intramolecular stacks of the type shown in Fig. 5 are formed.

The vertical distances in Fig. 6 between the points due to Cu(arm)(PME) and
Cu(arm)(PMEA) and the base lines are evidently a measure of the extent of the
intramolecular interactions occurring in these complexes and the mentioned distances
also correspond here to the log A values as defined in Eqs. (12) and (22), respectively.
Of course, as already pointed out above, the increased stability of the Cu(arm)(PME)
species is due to the formation of the five-membered chelates shown in equilibrium
(1) and quantified in the upper part of Table 8. Further, PME?~ and PMEA*~ (see
Fig. 1) are equally well suited for the formation of the mentioned five-membered
chelates, but stack formation is possible only with PMEA?~. Hence, for the
Cu(arm)(PMEA) species the existence of (at least) three different isomers has to be
considered in solution.

8.2. Evaluation and mathematical treatment of the Cu(arm )( PMEA) systems

The formation of the five-membered chelates involving the ether oxygen of PME?~
or PMEA?~ certainly occurs within the equatorial part of the coordination sphere
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Fig. 6. Evidence for an enhanced stability of the Cu(armj(PME) and Cu{arm)(PMEA) complexes
based on the relationship between log K& ¢ po,; and pKiigeo, for the ternary Cu(bpy)(PME) and
Cu(bpy)(PMEA) (O), as well as for the Cu(phen)(PME) and Cu(phen)(PMEA) (®) complexes in
aqueous solution at I=0.1 M (NaNQ;) and 25°C. The plotted data are from Table & in Section 8 [87].
The two reference lines represent the log K versus pK, relationship for Cu(arm)(R-POj;) coruplexes; it
should be emphasized that R—-PO3~ symbolizes here phosphonates (or phosphate monoesters) with an R
group unable to undergo any kind of hydrophobic, stacking or other type of interaction; the broken line
holds for arm=bpy and the solid line for arm=phen. Both straight lines are calculated with the
parameters listed in Table 5 of Ref. [8] and they represent the situation for ternary complexes without
an intramolecular ligand-ligand interaction. Redrawn in a slightly altered way from Ref. [8] with
permission of the Royal Chemical Society.

of Cu?* because only weak interactions are possible with the apical positions [ 40,41]
and the stability increase as expressed by 10g Acyarmyevz) With about 0.6 is substantial
indeed (cf. Table 8). The corresponding chelated isomer with PMEA?~ is now desig-
nated Cu(arm)(PMEA),,o. Careful considerations [8] have led to the conclusion
that the adenine residue in such a species cannot stack well with the aromatic rings
of the also equatorially coordinated arm. A substantial and strain-free overlap is
possible only if the ether oxygen is not equatorially coordinated to Cu?*; this
situation is depicted in Fig. 5. However, from molecular models it becomes evident
that an apical ether oxygen coordination and simultaneous stack formation would
be compatible with each other. Hence, there are various intramolecularly stacked
Cu(arm)(PMEA) species possible, including those with somewhat different orienta-
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tions of the aromatic rings toward each other. As there is at present no way to
distinguish these various isomers and conformers from each other, all the stacked
species (st) are treated together and designated Cu(arm)(PMEA),,. The sum of these
reasonings then gives rise to the equilibrium scheme (25), where the pure phosphonate
coordinated (or ‘open’) isomer is designated Cu(arm)(PMEA),,,.

Cufarm)(PMEA) /0

A

K10

KCu(arm)
Cu(zu'm)(PMEA)Op
—————t= Cu(arm)(PMEA),, (25

Cu(arm)®* + PMEAZ

Ki/st

;

Cufarm)(PMEA);

It is evident that the upper branch of this equilibrium scheme reflects equilibrium
(1) while the lower branch is analogous to equilibrium (24).

Maybe one should mention in this context that a Cu(arm)?* isomer analogous to
M(PMEA)yn7 (Eq. (2)) or M(PMEA)0ns (Eg. (3)) can hardly form owing to
steric hindrance or even not at all owing to the absence of further equatorial sites
in the coordination sphere of Cu®*, respectively. Of course, an elimination of arm
from the coordination sphere of Cu®* via a binding site at the adenine residue is
also not possible to any significant extent. Hence, isomers of the indicated kind will
not form to any significant degree among the various Cu(arm)(PMEA) species.
Evidently, equilibrium scheme (25) thus describes the actual situation well.

Based on equilibrium scheme (25), which is analogous to scheme (2), one may
proceed as described in Section 4 and define the following expressions:

K& emea),, = [Cu(arm)(PMEA),, 1/([Cu(arm)** ]TPMEA?"]) (26)
Kyo=[Cu(arm)(PMEA)y,0]/[Cu(arm)(PMEA),, ] (27)
Ky =[Cu(arm)(PMEA), ]/[Cu(arm)(PMEA),, ] (28)

For the experimentally accessible equilibrium constant it holds,

o [Cu(arm)(PMEA)]
Chalarm)(PMEA) = [Cu(arm)** J[PMEA2" ]

(29a)

([Cu(arm)(PMEA)op] + [Cu(arm)(PMEA), 014 [Cu(arm)(PMEA), )
[Cu(arm)®>* J[PMEA?"]

(29b)

Cu(
KCE(::E;(PMEA)OP +Kyo KCu{arm)(PMEA)op + Kyt KCu(arm)(PMEA)OP (29¢)

= K&iEmemear (1 + Kyo+ Kys) (29d)
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and for the intramolecular interactions one obtains,

KCu(arm)

K= Kyjor = Kc?(l:::r?(PMEA) —1=10¢2—1 (30a)
Cu(arm)(PMEA),y,
_[Cu(arm)(PMEA )iny/io1] (30b)
[Cu(arm)(PMEA),, ]
_ ([Cu(arm)(PMEA), 0 ] +[Cu(arm)(PMEA), ]) (300
h [Cu(arm)(PMEA),, ]
=Kyo + Kyst (30d)

where Cu(arm)(PMEA),, .. refers to the sum of all the species present with
such an interaction. Clearly, in those cases where the stacked species, ie,
Cu(arm)(PMEA),,, are not formed, the above equations reduce to the two-isomer
problem (equilibrium (1)) treated in Egs. (6)—(13) in Section 3.

8.3. Formation degree of the various species formed in the Cu(arm )}( PMEA) systems

It is evident that K (= Kjuo; Eq. (30)) can be calculated according to Eq. (30a)
because the values for 1og Acyarmyemea) (EQ. (22)) are known and listed in the lower
part of Table 8 (=1log Apyga)- These K, values together with the formation degree of
Cu(arm)(PMEA),,, 0. (see Eqs. {30b, 30c)) are also given in the lower part of Table §,
i.e., in columns 5 and 6, respectively. From this information follows also the formation
degree of the open isomers, Cu(arm)(PMEA),, (see column 4 of Table 9). For the
calculation of the formation degree of the species forming the five-membered chelate
with the ether oxygen, ie., Cu(arm){PMEA)yo (Eq. (27)) again (cf. Sections 4, 5.2
and 6) the justified assumption is made that the species Cu(arm)(PME), (Table 8)
and Cu(arm)(PMEA);,, have the same stability. Knowing now K; and K, one
can calculate Kj, from Eq. (30d) and, bence, the formation degree of the
Cu(arm)(PMEA),, species. The results of these calculations are listed in Table 9.

Considering equilibrium scheme (25) and the corresponding data summarized in
Table 9, various aspects are immediately evident. (i) All three structurally different
species of Cu(arm)(PMEA) are formed in noticeable amounts. (ii) The stacked
species (Fig. 5) are clearly the dominating ones, reaching a formation degree of about
90%. (iii) Consequently, the formation degree of the five-membered chelates involving
the ether O-atom is suppressed to about 10% (and below) compared to the approx.
75% present in the Cu(arm)(PME) systems (see Table 8).

A further aspect that deserves emphasizing is the fact that the values for Ky, of
Cu(bpy)(PMEA) and Cu(phen)(PMEA) differ by a factor of about 2, ie., 26.31
(+4.92) versus 50.78 (+8.89) (Table 9). This is the result of the smaller aromatic
ring system of 2,2'-bipyridyl compared to that of 1,10-phenanthroline. Indeed,
the same factor of about 2 was also observed for Cu(bpy)(5-AMP) and
Cu(phen)(5'-AMP) with the K; values for stack formation of 4.37 (4+1.02) versus
8.77 (+1.81) [39]. Hence, it appears that this is a general phenomenon for the
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interaction between bpy or phen and an adenine residue. The actual formation
degrees of the intramolecular stacks in Cu(bpy)(5'-AMP) and Cu{phen)(5'-AMP)
are 81 (+4)% and 90 (3-2)%, respectively [39], and, in fact, these values are rather
similar to those observed for Cu(bpy)(PMEA) and Cu(phen}(PMEA) (see Table 9).

9. Comparison of properties of PMEA with those of 5-AMP

The dianion of 9-[2-(phosphonomethoxy)ethyl Jadenine (PMEA2™) is a
fascinating ligand which resembles in many respects adenosine 5'-monophosphate
(5-AMP?~; see Fig. 1). Indeed, those properties which depend only on the qualities
of the adenine moiety, such as H-bonding, stacking interactions, or metal ion
coordination, as long as no sites different from those of the adenine residue are
additionally involved, are expected to be very similar or even identical. In fact, that
the adenine residue of PMEA may form adenosine-type complexes has been shown
by the formation of monoprotonated M(H-PMEA)™ species { 7] in which the metal
ion is mainly located at the adenine residue and the proton at the phosphonate group.

The lengths of the D-ribose 5-monophosphate residue and of the (phosphono-
methoxy)ethane residue are also very similar; thus, a metal ion coordinated at the
phosphate group of 5-AMP?~ or at the phosphonate group of PMEA2~ is placed
at about the same distance from the adenine moiety; in other words, the ‘open’
isomers of the corresponding complexes (see Section 5) are structurally quite alike.
However, there are also crucial differences between 5-AMP?~ and PMEA?™ with
regard to the structures of metal ion complexes formed: with 5-AMP?™ alkaline
earth ions only bind to the phosphate group, while divalent 3d ions and Zn** or
Cd** form macrochelates involving N-7 of the adenine moiety [20,22]. In contrast,
with PMEA?~ all the metal ions studied interact not only with the phosphonate
group but to a remarkable extent also with the neighboring ether O-atom, forming
five-membered chelates as expressed in equilibrium (1) (Section 5). The adenine
residue of PMEA?~ is only exceptionally involved in metal ion binding, as e.g. with
Cu** and, if so, most probably via N-3 (see Section 6).

In other words, all enhanced complex stabilities observed so far for M(AMP)
complexes could always be attributed to an interaction with N-7 [20,227, while the
enhanced complex stabilities of the M(PMEA) complexes have to be attributed
mainly to the interaction with the ether O-atom [7]. This means that 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
PMEA?~. At this point it may be recalled that the ether O-atom is crucial for the
biological activity of PMEA, e.g. its antiviral action [4,43].

As said above, the stacking properties of 5-AMP and PMEA are expected to be
similar. In accord herewith, the mixed ligand species Cu(arm)(5-AMP) and
Cu(arm)(PMEA), in which stacking is dominating, appear to be quite alike
(Section 8), while the binary M(5'-AMP) and M(PMEA) complexes differ consider-
ably in their structures owing to the participation of the ether oxygen in the complex
forming properties of PMEA?~. However, there is the possibility that the ether
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oxygen also has a bearing in mixed ligand complexes: with metal ions such as Zn**
[42], which prefer an octahedral, square-pyramidal or tetrahedral coordination
sphere, it would be sterically possible in mixed ligand complexes of the kind described
(Section 8) to have ether O-coordination and stack formation at the same time. In
other words, for such metal ions the structures of mixed ligand complexes containing
5-AMP?~ or PMEA?~ would be different.

In this context one may also add that the extent of stacking in the Cu(arm)(AMP)
complexes containing 2'-, 3'-, or 5-~AMP?~ is rather different [39]. This is due to
the directing properties of the phosphate group, which is located at different positions
of the ribose moiety in these AMPs. Clearly, similar differences are not possible with
PMEA?"; for the latter in mixed ligand complexes stacks may only be formed in a
way similar (at least in a first approximation) to those of 5-AMP?~.

10. General conclusions and outlook

Nucleotides participate in cellular metabolism as substrates or products in diverse
biosynthetic pathways [ 6,15]. They also play a role in various regulation mechanisms
[44]. With these indications in mind, the attempts to exploit artificial nucleotide
analogues, including phosphonate derivatives owing to their similarity to phosphate
esters, are easy to understand. Further, as in nature reactions involving nucleotides
and other phosphate esters generally depend on the presence of metal ions, the metal
ion binding properties of nucleotide analogues [ 2,7-117 and phosphonate derivatives
[7-12,45] are receiving increasing attention.

In the described metal ion-binding properties of PMEA, an AMP analogue (Fig. 1),
we have seen that the ether O-atom plays a significant role. It is therefore remarkable
that exactly the same ether O-atom is important for the observation of any antiviral,
ie. the biological, activity of PMEA; deletion of this O-atom or replacement by
other groups leads to a loss or at least a considerable reduction of the biological
activity [ 3,4,43]. Fascinating in the present context is the finding that the only other
compound with comparable biological activity, ie. (5)-9-[3-hydroxy-2-(phos-
phonomethoxy)propyl Jadenine (HPMPA) [4,43], differs from PMEA (see Fig. 1)
only by the additional presence of a —CH,OH group in the chain bound to the
adenine moiety, ie., in the ~CH,~CH(CH,OH)-O-CH,—PO?" residue. As one
might expect, preliminary studies of the complexes of HPMPA?~ with Ca?*, Cu®",
or Zn*" indicate [11] that their stabilities and structures are similar to those
described in this review for the corresponding M(PMEA) species.

It is interesting that PMEA shows a biological activity spectrum which only
partially overlaps with that of HPMPA: whereas HPMPA is exclusively active
against DNA viruses [44,46], e.g., herpes viruses, adeno- and pox-viruses, PMEA is
virtually inactive against some of them (adeno-, pox-viruses); yet in contrast to
HPMPA, it is a potent inhibitor of retroviruses, including HIV [44,47]. It appears
that PMEA, e.g., in its activity against herpes simplex virus (HSV), acts via inhibition
of the viral DNA polymerase [5], while the mechanism of action of HPMPA seems
to be different [5,48]. It may be added that both phosphonate derivatives, PMEA
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and HPMPA, are converted in the cells to their mono- and diphosphates, which can
be considered as nucleoside diphosphate and triphosphate analogues, respectively
[49]. Taking into account the fact that the enzymes responsibie for DNA and RNA
synthesis, as well as for many other reactions involving nucleotides, are metal ion-
dependent, it is conceivable that the special metal ion-binding properties of PMEA?~
as well as of HPMPA2"™ play a role in the antiviral action of both compounds.

At this point one may recall that in active-site cavities of metalloproteins the
‘solvent’ polarity [ 32,337 and the activity of water [ 34] are reduced; this fact together
with the results described in Section 7 regarding the alteration of structures of the
complexes in dependence on the composition of the solvent should be kept in mind.
For example, similar results to those summarized in Fig. 4 for Cu(PMEA) and
Cu(5-AMP) species are also to be expected for other M"* ions with an affinity for
imidazole- or pyridine-type nitrogens. Among the biologically relevant ions, Zn?*,
which is also important in nucleic acid metabolism [ 6,50-527, has to be placed into
this category. It should be emphasized here again that with a decreasing solvent
polarity the overall complex stability steadily increases despite the (unpredictable)
changes in the isomeric ratios. This last-mentioned category of metal ions is distinctly
different from those such as Mg?* or Ca®* that do not undergo a direct adenine
interaction [ 16-18,20,22,26,537; however, for this latter category also a decreasing
solvent polarity will strongly favor the stability of the ~POZ7/M?* interaction
[54,55].

There are two more points which finally warrant emphasis. (1) The evaluation
procedures [7,8] for the quantification of isomeric equilibria between various com-
plexes in solution, as summarized in this account, are generally applicable, ie., tc
any other equilibrium system between structurally different species (or isomers) which
can be defined via equilibrium constants. (ii) The differences in free energy (AG®)
connected with the formation of low percentages of a ‘chelate’, e.g. of M(PME),,
are small: e.g., 5%, 21% or 50% M(PME), correspond to changes in log A (Egs. (12),
(22)) of only 0.02, 0.1 or 0.3 and regarding AG° to cnly —0.1, —0.6 or — 1.7 kI mol 1,
respectively [17,19]. It is evident that for an enzymic reaction a relatively small
amount, e.g. 20%, of a given isomer of a complex occurring in fast equilibrium is
enough to serve as substrate. In other words, here nature has a tool to achieve high
selectivity by connecting various such equilibria without creating high energy barri-
ers [56].
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