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A Computational Study on & and o Modes of Metal lon Binding to Heteroaromatics
(CH)5-mXm and (CH)s—mXm (X = N and P): Contrasting Preferences Between Nitrogen-
and Phosphorous-Substituted Rings
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Thesx ando complexation energy of various heteroaromatic systems which include mono-, di-, and trisubstituted
azoles, phospholes, azines and phosphinines with various metal ions, viklatj K+, Mg?", and C&", was
calculated at the post Hartre€ock MP2 level, MP2(FULL)/6-313G(2d,2p)//MP2/6-31G*. The azoles and
azines were found to form strongeicomplexes than the correspondimgomplexes, whereas the phospholes

and phosphinines had higheicomplexation energy with i Mg?+, and C&" while theirzz ando complexation
energies were very comparable with Nand K'. The strongestr complex among the five-membered
heteroaromatic system was that of pyrrole with all the metals except with,Mdnile benzene formed the
strongestr complex among the six-membered heterocyclic systems. The nitrogen heterocyclic system 4H-
[1,2,4] triazole and pyridazine formed the strongestcomplex among the five- and six-membered
heteroaromatic systems considered. The complexation energy af éinel 0 complexes of the azoles and
azines was found to decrease with the increase in the heteroatom substitution in the ring, while that of
phospholes and phosphinines did not vary significantly. The azoles and azines preferreddatonplexes
wherein the metal had bidentate linkage, while the phospholes and phosphinines did not show binding mode
preference. In ther complexes of both azoles and phospholes, the metal binds away form the electron-
deficient nitrogen or phosphorus center.

1. Introduction nonbonded binding strength with the adjacent arene moieties,
facilitating concerted action of noncovalent interactiéhis.has
also been shown that extendedystems enhance the strength
of metal ion complexatiort2-23

Theory experiment interplay appears to be indispensable in
understanding the structure, bonding, and function of metal ions.
First, it is important to understand the structural preferences
for the metal ion binding and also to quantify the strength of
the significance of catiorr interactions was also recognized the interaction of metal lons W'Fh the aromatic systems. Ol.Jr
in the design of organic nanotubes, biological receptor models, recent report on the metal lon Interactions with the aromatic

side chain motifs of the amino acid residues was aimed to

and ionophore$:8 Recently, a number of experimental and dd th n¥eTh ide chai e " let
theoretical studies have appeared which were aimed at under2CAress the sameinese side chain moleties are not complete
standing the catiore interactions. These studies have revealed representative of the various heteroaromatlcs presentin chemical
that cations interactions are arguably the strongest noncovalent and b|olog|c_al systems. Thus, we “?a"z?d that Itis important
interactions with high complexation energfeblany of these to §ystemat|cally study the metal lon mteracuons with the
studies were carried out on aromatic systems such as benzenda!ous nitrogen and phosphorus containing molecules because

and aromatic amino acid residues such as tryptophan, phenyl-Of ther:r widespread Ccl)ccurrsnce. loved hanical
alanine, tyrosine, histidine, ete:12 Zhu et al. have employed In the present study we have employed quantum mechanica

the density functional theory to evaluate the various cation- calculations to gauge tmﬁnda bindi+ng strengths of cations
and cation-heteroatom complexes of nucleobases with alkali SUch as LT, Na’, K¥, Mg?*, and C&" to a number of five-
and alkaline earth metal4.Rodgers et al have employed the 2nd six-membered heterocyclic ring systems, given in Chart 1.
threshold collision-induced dissociation of metal complexes with Our objective in this study was to explore the metal ion
xenon by guided ion beam mass spectrometry to probe thebinding to the heteroaromatics and address the following
cationst interactionsi5-19 Their study took into consideration ~ 1SSues: (a) the relative strength@fndz binding modes, (b)
small five- and six-membered nitrogen ring compounds with the regioselectivity of metal ion binding, and (c) all possible
alkali metal ions, viz. Lt, Na*, and K*. Earlier reports on minima of metal ion and ring complexes. We have not come
nitrogen containing heterorings indicated that the metal ion seem@Ccross any computational study on the metal ion binding to
to prefer bidentate binding compared to monodentate whereverPhosphorus containing ring systems. While metal ion binding

possible?® The cationz unit also appears to enhance the to phospholes and phosphinines has not been widely studied,
our search in the Cambridge Structural Database (CSD, CSD

* Corresponding author. E-mail: gnsastry@yahoo.com. V5._26)24 revealed that there are about a dozen crystal structures
T1ICT communication No: 060339. which have Li- and Na bound to phosphorus systeg¥sThus,

The role of metal ions has been clearly recognized and
established in the regulation of enzymatic activity, function,
folding, and stability of biological systems? Following the
pioneering work of Dougherty and co-workeérs, the impor-
tance of cationg interaction in biological systems was clearly
established. In addition to their role in sculpting the 3-dimen-
sional structure of biological macromolecules and their function,

10.1021/jp062448d CCC: $33.50 © 2006 American Chemical Society
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CHART 1: Various Mono-, Di-, and Trisubstituted Aromatic Compounds Considered in the Study
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our present study provides the first theoretical insight on the The complexation energy so obtained was then corrected for
cationst complexation of phosphorus containing heteroaromat- the basis set superposition error (BSSE) by using the Boys
ics, and importantly, the study also highlights the contrasts in Bernardi counterpoise correcti§rscheme and also for the zero-
the structural and binding affinities between the nitrogen and point vibrational energy correction.
phosphorus containing heterocyclic systems. The final complexation energy, which has been reported, is
) ) defined as

2. Computational Details

All the structures considered in the study were fully optimized ~ complexation energy (Chg = AE, -+ AZPE+ BSSE
using the default gradient techniques as employed in the Gauss-
ian 03 suite of prograr?f The heteroaromatic systems and their The complexation energy obtained at MP2(FULL)/6-303-
complexes with various metal ions were initially optimized at (2d,2p) level was corrected for ZPE by using the values ob-
the density functional level of theory using the Becke's three tained at MP2/6-31G* level. The BSSE corrected complexation
parameter hybrid method with the Le¥ang—Parr correlation energy obtained at the B3LYP/6-31G* and MP2/6-31G* levels
functional (B3LYP) in conjugation with the 6-31G* basis set. has been given in the Supporting Information. Unless otherwise
These geometries were taken as the starting point for furtherspecified, the complexation energies of the various metal
optimizations at the post Hartre€ock MP2 level with the complexes at the MP2(FULL)/6-3#1G(2d,2p) level on MP2/
6-31G* basis set. Frequency calculations were then carried out6-31G* optimized geometries has been taken for the discussion
to ascertain the nature of the resultant stationary point obtainedin the paper.
and to also obtain the zero-point vibrational energy corrections.
Most structures were thus characterized as minima with real 3. Results and Discussion
frequencies. For the structures characterized as transition states, a total of 29 aromatic compounds, which include 14 five-

the normal mode of vibration was foII.oyved using thg MOPLOT  membered ring systems and 15 six-membered ring systems, have
program packagé to locate the minima connecting them. pheen considered in the study. The computational strategy
Unscaled thermochemical data obtained at the MP2/6-31G* i olved the identification of all the possibteando complexes
level was used in the study. This was followed by single-point of the metal ions with the heteroaromatic systems. The results
calculations at the MP2(FULL)/6-331G(2d,2p) level on MP2/ ¢ the present work have been organized in the following way.
6-31G* optimized geometry. The 6-315(2d,2p) basis setis  \ye start our discussion with thecomplexes of five-membered
a split valence triple5 basis set which is augmented with two 54 six-membered rings. Next we present theomplexes of
sets of d type polarization functions on heavy atoms and two fjye-membered and six-membered fings.
sets of p type polarization functions on hydrogens and a set of 3 1 x Complexes Five-Membered Heterocyclic Syster@sit
diffuse functions each on heavy atom. For the mettefteroaro-  of the 147 complexes considered in this category, only 9 could
matic complexes considered, the complexation enefds.f be located and were characterized as minima on the potential
was calculated as the difference of the total energy of the energy surface. All our attempts to obtain theomplex (with
complex and sum of 'the energies of the aromatic system andany metal) of imidazol® and triazolest, 5, and7 were futile.
the metal under consideration: Sustained efforts on the putative structures forttmmplexes
N yieldedo complexes, viz3(c3), 4(c®), 5(c19), and7(c1?), upon
AEge= Ecomplex™ (Enetero-aromaict En ) geometry optimization. In case of pyraz@lea stabler complex
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Figure 1. The variation in ther complexation energy (CE) in kcal/
mol of the five-membered ring system at the MP2(FULL)6-3G-
(2d,2p)/IMP2/6-31G* level. The phospholes are represented by hollow
symbols, while the azoles are represented by solid symbols.

with Li*™ alone could be located while it converged to a more
stablec complex @(c?)) with the rest of the metals. Figure 1
presents ther complexation energy of the five-membered
heterocyclic systems with the various metal ions.

A steep decrease in tlecomplexation energy of the azoles
was observed with the increase in the nitrogen atom substitution
in the ring. In case of Lfi complex of azoles, the complexation
energy was found to decrease by about 8 kcal/mol from pyrrole
1 to pyrazole2 (diazole) and by about 10 kcal/mol froto 6
(triazole). In contrast, for phospholes the increase in the
heteroatom substitution in the ring led to a slight increase in
the complexation energy. Here, the maximum increase in the
complexation energy was observed for the 2¥igphosphole
complexes, which was about-3 kcal/mol from mono- to
disubstitution and about 2 kcal/mol from di- to trisubstituted
phospholes. Pyrrole formed the strongesomplex among the
five-membered heterocyclic systems with all the metals except
Mg2t. With Mg?", 1H-[1,3,4] triphospholel4 formed the
strongestr complex. All the Mg* phosphole complexes were
found to be more stable than pyrrole ftgcomplex.

Six-Membered Heterocyclic SystenfQut of the 157
complexes, our geometry optimization efforts yielded only 12
stationary points on the potential energy surface, with all efforts
to locate ther complexes forl7, 20, and21 turning out to be
futile. The putative starting geometry to locate theomplex
for 17, 20, and21invariably ended up collapsing tocomplexes
of the typesl7(c%), 20(c), and21(0*?), respectively. However,

a stabler complex of pyridinel6 could be obtained with L
and Mg", while it collapsed td.6(c?) with Na*, K+, and C&".
The Na", KT, and C&" z-complexes of pyrimidind.8 and K"
complex of pyrazinel9 were characterized as transition state,
while the K" complex of 1,3,5-triazin@2 was characterized
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Figure 2. The &= complexation energy (CE) in kcal/mol of benzene
and the mono-, di-, and trisubstituted azines at the MP2(FULL)6-
311+G(2d,2p)//IMP2/6-31G* level.
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Figure 3. Thes complexation energy (CE) in kcal/mol of the mono-,
di-, and tri substituted phosphinines at the MP2(FULL)6-8GL2d,-
2p)/IMP2/6-31G* level.

membered ring systems was formed by Benzet®, (while
triazine 22 formed the weakestr complex. In general, the
substitution of carbon ring with either nitrogen or phosphorus
led to a decrease in the complexation energy. A small deviation
to this generalization was observed for the ghosphinine
complexes. It was observed that with Mgphosphinines form

sz complexes with almost the same complexation energy as
Mg?* benzene complexes. In case of ldomplexes of azines,

the complexation energy decreased by about 10 kcal/mol from
mono- to disubstitution and by about 16 kcal/mol from mono-
to trisubstitution. This decrease in complexation energy was
about 20 and 40 kcal/mol from mono- to di- and mono- to
trisubstituted azines, respectively, if the Mgomplexes were
considered. Such a marked decrease in the complexation energy
with the increase in the heteroatom substitution was not observed

as a second-order saddle point. The remaining stationary pointsn the phosphinines. For the phosphinines, the decrease in the

were all characterized as minima. In the cases whererthe
complex was not characterized as minima, geometry optimiza-
tion following the normal mode of vibration resulted in the
complex. Thexr complexation energy of the azines and the
phosphinines with the various metals is given in Figure 2 and
Figure 3, respectively. The strongestomplex among the six-

complexation energy as one move from mono- to di- and from
di- to trisubstitution was only about23 kcal/mol. As seen with
the phospholes, Mg shows a preference to bind to the
phosphinine analogues.

Previous studies indicated that sequential replacement of
carbon or methine units in benzene skeleton does not lead to
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. S S0 Figure 4. The variation of thes complexation energy (CE) in kcal/
mol of the various nitrogen heterocyclic systems and the experimental
M M values are included for comparison where available.
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loss of aromaticity’® Neither the partial charges nor the nuclear * N
independent chemical shift values (NICS) which are popular / \ ¥
100 .

aromaticity index to gauge aromaticity show any linear cor- %
relation with the complexation energy. *

Similar to phospholes, the complexation energy of the di- */ y
and trisubstituted isomers of phosphinines was also found toZ / \
be highly competitive. The phospholes and phosphinines form © 60 *
strongerr complexes compared to their nitrogen counterparts. ! o
Owing to the diagonal relationship between carbon and phos- 4 — \ o .
phorus, there seem to be higher propensity:faielocalization _/' '\o \o/o
between carbon and phosphorus. This preference to have a | O/<>”"<>\./'\_/
higher = complexation for phosphorus over the nitrogen O/O\o
compounds may be understood due to the higher compatibility | - , ' , , , '
of the carbon and phosphorous orbitals for delocalization. 2 3 46 5 s 6

3.2. 0 Complexes.The 28 heterocyclic systems considered Structureft
in the study provide a possibility to realize large numbetof  Figure 5. The s complexation energy (CE) in kcal/mol of the di- and
complexes with the metal ions. The di- and trisubstituted trisubstituted azoles at the MP2(FULL)6-3%G(2d,2p)//MP2/6-31G*
analogues display multiple ways in which a metal ion can bind level.
with the o lone pair of the heteroatom. Chart 2 presents the
various ¢ binding modes that have been considered. The pyrazole2(c?). The complexation energy d&f{(o?) was lower
complexes of azoles and azines with"L.Na", and K" have by over 5 kcal/mol with monocations and over 10 kcal/mol with
been studied experimentally by Rodgers et al. by the thresholddications compared t8(¢%). In case of traizoles, the metal
collision-induced dissociation method. In Figure 4, a correlation always preferred to bind in a bidentate fashion. For triaZole
of the experimentally and theoretically obtained complexation and 7, stablec complexes4(o®) and 7(o*4) could be located
energy at MP2(FULL)/6-312G(2d,2p) level has been plotted.  wherein the metal had a bidentate linkage. All attempts to lo-
Clearly, the complexation energies computed are in excellent cate a stationary point for the complexes of the ®), 4(o"),
agreement with the experimental results, which firmly establish or 7(c*®), where the metal has monodentate linkage con-
that the level of theory employed is adequate enough to give verged to the stable compleXo®) and 7(¢'%). In the case of
quantitative results. The order of the binding energies of a given 1H-[1,2,4] triazoleb, where the metal (in monodentate linkage)
hetero aromatic system with various metals considered is ascan bind at two electron-rich nitrogen sitegd®) and5(¢'9)),
follows: Mg?" > C&" > Lit > Na" > K™, the metal always preferred to bind away from the electron-

Five-Membered Heterocyclic Systeriifie ¢ complexation deficient nitrogen center. TH&o'% isomer was preferred over
energy of the azoles with various mono- and dications is 5(c°) isomer by about 5 kcal/mol with monocations and by about
presented in Figure 5. All the complexes were characterized as10 kcal/mol with dications. Among the various azole isomers,
minima on the potential energy surface. Among the disubsti- 2, 3, 4, 5, § and7 the stability of theo complex decreased in
tuted azoles, imidazol&(¢®) had higher complexation than the following order: 7(¢%) > 4(c®) > 3(0%) > 2(0?) > 5(c19)

cal/mol)
8
1
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Figure 6. Theo complexation energy (CE) in kcal/mol of the di- and 0 . ; : : . | . 1 |
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. Structure#

9 1 i ; ;
> 5(0) > 6(0™9). The following points emerged after analyzing Figure 7. Theo complexation energy (CE) in kcal/mol of the mono-,

the stability of theo-complexes: (a) the metal preferen- ™34 yisubstituted azines at the MP2(FULL)6-313(2d, 2p)//MP2/
tially binds in a bidentate fashion whereever possible; (b) the §.31G* level.

complexes with metal in bidentate linkage always had higher

complexation energy than those with metal in monodentate linkage. 1H-[1,2,4] triphosphol&2 formed stable complex of
linkage; (c) for complexes with monodentate linkage with the the typess® ando?and like the nitrogen analogie the metal
metal, the complexation energy was greater when the metal-preferred to bind away from the electron-deficient phosphorus
binding center was away from the electron-deficient nitrogen atom. The complexi2(c1% was about 3-4 kcal/mol (with
center; (d) The complexation energy for the disubstituted azolesmonocations) and about 5 kcal/mol (with dications) more stable
was found to be higher than that for the trisubstituted azoles. than 12(¢%).

The variation in the complexation energy of phosphole with  Six-Membered Heterocyclic SystenT$e variation in the
various metal ions is depicted in Figure 6. It was interesting to complexation energy of various mono-, di-, and trisubstituted
note that a cursory look at Figure 6, especially comparisons azines is presented in Figure 7. Th&eomplexation energy of
with Figure 5, revealed that the extent of variation in the azines was found to be higher than the correspondicgmplex
complexation energies of phosphole was much smaller eitherenergy of phosphinines with any of the metals considered. All
from one system to the other, whether the complex was of mono-the azinesr complexes considered were characterized as minima
or bidentate type. In sharp contrast to the complexation energyon the potential energy surface, with the exceptior2@{*°).
difference of about 515 kcal/mol between the two regio Like the azoles, the azines also preferred to forma@mplex
isomers of disubstituted azoles, the corresponding differencewhere the metal has bidentate linkage. In the case of pyridazine
for the disubstituted phosphole8(c?) and 10(c%), was ap- 17, though there exists the possibility to form twaomplexes
proximately about 1/10 of that of azoles! Thus, the regioselec- of the typesl7(¢?) and17(c%), the more stabld 7(c*) (metal
tivity of the disubstituted phospholes was virtually insignificant has a bidentate linkage) alone could be located. Similarly for
compared to the azoles. 1H-[1,2,3] triphospHdldormed three 1,2,3-triazine20, the complex of the type” could not be located
types ofo complexes;11(¢®), 11(¢7), and 11(¢®), where the on the potential energy surface. Although a complex of the type
metal binds to the phosphorus center in monodentate fashiono® could be located where the metal had monodentate linkage,
in the first two and bidentate fashion in the third. Similarly, the it was characterized as a transition state and, following the
trisubstituted phosphol&4 also formed two differentr com- normal mode of vibration, led to the more stable comple} (
plexes depending on whether the metal had monodentate linkagevhere the metal had bidentate linkage. The same was observed
14(0"3) or bidentate linkagé&4(c'). The remaining triphosphole  for [1,2,4] triazine21. This aromatic system could form four
isomers12 and 13 had metal in the monodentate linkage. The complexes of the typ&1(c9), 21(09), 21(c1?), and 21(c1?),
complexation energy of thegecomplexes were quite competi-  wherein the first three complexes had monodentate metal linkage
tive, irrespective of the metal ion. It was interesting to note while 21(¢*?) had bidentate linkage. Out of the fo@1(c° and
that in the case of phospholes, both the mono- and bidentate21(c%) collapsed t®21(c'?). Between21(01% and21(c?), the
complexes were found to be minima on the potential energy latter was more stable by over 15 kcal/mol with monocations
surface. This was in contrast to the situation with azoles, where and by over 30 kcal/mol with dications compared2tt{¢'9).
most monodentate complexes were not even stationary points, Among the azines, the complexation energy seemed to gradually
when an alternative possibility existed for the bidentate com- decrease with the increase in the heteratom substitution in the
plexation. However, the energy difference between the mono- ring system. Like the azoles, the bidendate complexes of azines
and bidentate complexes of phospholes was marginal, albeithad higher complexation energy, well over 15 and 30 kcal/mol
bidentate was preferred in most cases. All attempts to locate afor the mono- and dications, respectively, when compared to
complex of the type® for 11 with dications converged to the  corresponding complexes, which had metals with monodentate
more stablec® type complex where the metal has bidentate linkage.
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L o andsr complexation energy. The complexation energy of
120 : z? monosubstituted phosphini@8was higher than the complex
A% 2 for Li*, Mg?", and C&", while for Na" and K, both the
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the disubstituted phosphinines, thecomplexes were either
more stable or had comparable complexation energies with the
o complex. The trisubstituted phosphini?¥ formed more
stableo complex with most of the metal ions, while for the
other two isomers28 and 29, the & and o complexes had
comparable complexation energy.

The current study revealed that metal ion-binding strength
of bothx and o complexes are similar between the five- and
six-membered ring systems. However, there is strong contrast
between the nitrogen- and phosphorus-susbtsituted systems. The
ot complexation of phosphorus-containing ring systems are much
stronger than that of nitrogen-containing ring systems. Perhaps
this is due to higher compatibility of carbon and nitrogen
orbitals owing to the diagonal relationship.

Figure 8. Theo complexation energy (CE) in kcal/mol of the mono-,  Conclusions

di-, and trisubstituted phosphinines at the MP2(FULL)6-8G(2d,-

20)IMP2/6-31G* level, The paper presents the and x complexation energies of

heterocyclic ring systems such as azoles, phospholes, azines,
The variation in the complexation energy of the various and phosphinines with cations such ag,LNa‘, K*, Mg?",
mono-, di-, and trisubstituted phosphinines with various metal and C&". The theoretical study reveal that azoles and azines
ions is presented in Figure 8. Though most of the phosphinine form strongers complexes, which is in agreement with earlier
o complexes were characterized as minima, a few exceptionsexperimental and computational studies. In sharp contrast, the
did exist. Theo complexe23(c?) with Mg2*, 24(c*) with all phospholes and phosphinines form strongeomplexes with
the metals except K 28619 with Mg2*, and28(¢1?) with Li™, the metal ions LT, Mg?*, and C&*. With Na" and K' there is
Mg?+, and C&" were characterized as transition states. Fol- little difference between the ando complexation energies for
lowing the normal mode of vibration resulted in complexes phosphorus heteroaromatics. Thhando complexation energy
wherein the metal was displaced from the plane of the ring. of azoles and azines is found to decrease as the heteroatom
The 27(¢7) collapsed ta27(0®) and 27(0®) with K+ and Ca&, substitution increases in the ring. In contrast, the complexation
respectively27(c®) with all monocations collapsed to a complex energies of both phosphole and phosphinines show little
that has monodentate linkage, wH2g(c'?) with Na* collapsed dependence on the number of phosphorus atoms in the ring.
to 28(¢9), a structure with monodentate linkage. Thheom- The complexation energy of a given heteroaromatic system with
plexation energies of phosphinine were found to be lower than various metals followed the order Mg> C&* > Li* > Na’
their azines counterparts. Unlike the azines, phosphinine didnot> K*. Among the chosen metals, g show a higher
show high binding mode preference. Such complexes wherepropensity to bind to the phosphorus systems while forming a
the metal had bidentate linkage such 2#c%), 27(c®), and 7z complex. The phosphinine Mg complexes were found to
2801 all had complexation energies comparable to the have comparable complexation energy to benzen&"Ngm-
complexes that had monodentate linkage. Also, in such com-plex. The metal preferred to bind in the bidentate fashion to
plexes the metal was slightly displaced from the plane of the azoles and azines, whereas for the phospholes and phosphinines,
ring. All the bidentate complexes where the metal lies in the no such binding preference was observed. For both azoles and
plane of the ring, with the exception @&3(¢*) of K, were phospholes, the metal binds away from the electron-deficient
characterized as a transition state, and the minimum was oneheteroatom. Thus, the present computational study revealed a
wherein the metal was displaced from the plane of the ring. very important contrast between nitrogen- and phosphorus-
3.3. Comparison of the # and ¢ Complexes. Five- containing heteroaromatics. The strongonding ability of the
Membered Heterocyclic Systeni$e o complexation energy ~ phospholes and phosphinines is worthwhile for experimental
of the azoles was found to be much higher than the  Vverification.
complexation energy. The tio complex of pyrazole had a
complexation energy 10 kcal/mol greater than that of the
m-complex. Similarly, thes complexation energy of trisubsti-
tuted azoleb is about 5-10 kcal/mol (with monocations) and
about 14-20 kcal/mol (with dications) greater than the
complexation energy. The disubstituted phosphéesd 10
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Supporting Information Available: The BSSE corrected
complexation energies of theandsr— complexes at the MP2-
preferred to form stronger complexes with LT, Mg?", and (FULL)/6-311+G(2d,2p)//MP2/6-31G*, B3LYP/6-31G* and
Ca*, while for Nat and K*,  ando had comparable energies. MP2/6-31G* level and the principal geometric parameters of
If the trisubstituted phospholes were to be considered then in the complexes at the MP2/6-31G*. This material is available
general, thewr complexes were either more stable or had free of charge via the Internet at http://pubs.acs.org.
comparabler and o complexation energies.

Six-Membered Heterocyclic Systeffiseo complex of azines
W_ere found to be almost 2 times more Stat,"e tha_mtbemple_x (1) McFail-Isom, L.; Shui, X.; Williams, L. DBiochemistryl998 37,
with most of the metal ions. For the azines, increase in the 17105.
heteroatom substitution in the ring led to a decrease in both the  (2) Eichhorn, G. LAdwv. Inorg. Biochem1981, 3, 1.
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