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A series of purine N(1)-oxide { LH) complexes with
3d metal perchlorates were synthesized by refluxing
mixtures of ligand and salt in ethanol-triethyl ortho-
formate. In one case (M = Cr*), an apparently hexa-
coordinated monomeric complex of the [Cr(LH),-
(C,HsOH),(OClO4),](ClO,) type, with terminal
imidazole nitrogen-bonded LH was isolated (N(7)
and N(9) are considered as equally likely binding
sites for terminal unidentate LH). A number of penta-
coordinated M** complexes of the M{LH),(C,H s
OH)(ClO, ), type (M = Mn, Fe, Ni, Cu, Zn) seem to
contain exclusively bidentate bridging LH, coordi-
nated through the Of1) oxygen and one of the imida-
zole nitrogens (most probably N(7)); whereas, Co-
(LH),(C,HsOH),(ClO, ), (pentacoordinated) and
Fe(LH)3(ClO,)s (hexacoordinated) involve both
bidentate bridging ligands of the preceding type and
terminal unidentate imidazole nitrogen-bonded LH
groups. Since all of the new polymeric complexes
show normal ambient temperature magnetic
moments, structural types involving single —-M—LH—
M-LH— bridges were considered as most probable.
Simple linear chain-like structures with —-M-~LH-M—
LH— sequences were proposed for the Co*' and
Fe3* complexes (the latter compound also contains
a bidentate =0,ClO, ligand per Fe* ion), whilst for
the Mn*, Fe®, Ni**, Cu® and Zn* compounds, a
more complicated structural type, involving cross-
linking of linear chains of the preceding type, seems
to be most likely.

Introduction

Studies of metal complexes with biologically
important substituted purines have been the subject
of numerous publications in recent years [2, 3].
Analogous reports on the metal complexes of the
corresponding N-oxides are much more scarce and

*See Ref. 1.

limited to a number of complexes with the
N(1)-oxides of adenine [4—7], adenosine and inosine
[4, 8-—11]. Regarding the parent heterocycle
(purine), there was until recently a relative dearth
of information on its metal complexes (with only
a number of Cu? [12], Hg® [13] and heavy transi-
tion metal, such as W, Rh, Ir [14], complexes having
been adequately characterized), and a complete lack
of studies dealing with metal complexes of the known
purine N-oxides, i e., purine N(1)-oxide (I) and purine
N(3)-oxide (IT) [15]. These laboratories have recently
reported on the syntheses and characterization of 3d
metal chloride [16] and perchlorate [17] complexes
with purine, and it was felt that extension of our
work to include the corresponding metal complexes
with purine N-oxides was in order. In addition to
their interest from a purely inorganic chemical stand-
point, these metal complexes would be also of bio-
inorganic interest, in view of the oncogenic activity
[18] of the N-oxides of purine derivatives. Accord-
ingly, research in this direction was undertaken, and
a series of metal complexes with the commercially
available (Aldrich, Alfred Bader rare chemicals)
purine N(1)-oxide (I, puH-NO or LH) were prepared
and are being characterized. The present paper deals
with our synthetic and characterization studies of
puH-NO complexes with 3d metal perchlorates,
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Reagent grade puH-NO, hydrated metal perchlo-
rates and organic chemicals were generally used. 0.65
mmo! of the metal salt is dissolved in a mixture of 15
ml triethy! orthoformate (teof) and 35 ml absolute
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TABLE 1. Analytical Data for New Purine N(1)-Oxide (LH) Complexes with Metal Perchlorates.

Complex Color Analysis, Found (Calcd.) %
C H N M Cl
Cr(LH),(C104)3+2C,HsOH Dark green 23.86 2.80 15.53 760 15.26
(23.53) (2.82) (15.68) (7.28) (14.88)
Mn(LH);(ClO4)5*C;HsOH Yellow green 25.22 2.71 19.18 9.50 12.52
(25.19) 247 (19.59) (9.60) (12.39)
Fe(LH),(C104),+C,H5OH Maroon 24.87 240 19.78 9.88 12.08
(25.15) (2.46) (19.56) (9.75) (12.37)
Fe(LH)3(Cl04)3 Reddish purple 23.81 1.70 21.66 7.21 1442
(23.63) (1.59) (22.04) (7.32) (14.64)
Co(LH)7(ClO4)2+2C;,Hs OH Light brown 26.40 2.95 18.53 9.95 11.22
(27.02) (3.24) (18.01) 947) (11.40)
Ni(LH)7(Cl04),+C,HsOH Light green 24.66 2.58 19.77 10.62 1249
(25.03) (2.45) (19.46) (10.20) (12.31)
Cu(LH),(Cl04),-C,H sOH Light blue green 25.16 261 19.05 11.32 11.83
(24.82) (2.61) (19.30) (10.94) (12.21)
Zn(LH),(C104),+C,H;0H Pale yellow green 25.04 2.25 18.93 11.71 12.18
(24.74) (242) (19.24) (11.22) 1217
ethanol. Then, 1.2 mmol PuH-NO are added and the Discussion

resulting mixture is refluxed for 2—5 days (depend-
ing on the amount of precipitate formed). Precipi-
tates start forming after a few hours of refluxing,
and their amounts gradually increase. After the 2—5
days of refluxing, the volume of the supernatant is
reduced to about one-half its original volume, by
heating under reduced pressure. Then, the solid new
complexes are separated by filtration, washed with
anhydrous diethyl ether and stored in vacuo over
anhydrous CaCl,. Analytical data (C, H, N, CI by
Schwarzkopf Microanalytical Laboratory, Woodside,
N.Y.; metals by atomic absorption spectroscopy)
are given in Table 1. Yields (% of theoretical) of the
new complexes: M = Cr®* 20; Mn?** 69; Fe?* 33;
Fe3* 21; Co* 48; Ni?* 47; Cu** 47; Zn*" 43. With
the exception of the Cr** complex, which is some-
what soluble in a few organic solvents, such as
N,NN-dimethylformamide, the new complexes are
insoluble in organic media. All of the complexes
reported are stable in the atmosphere.

Spectral and Magnetic Studies .

Infrared spectra of the ligand and its metal com-
plexes (Table IT) were recorded on Nujol and hexa-
chloro-1,3-butadiene mulls between NaCl windows
(4000—500 cm ™) and on Nujol mulls between high-
density polyethylene windows (700—200 cm™),
in conjunction with a Perkin-Elmer 621 spectro-
photometer. Solid-state (Nujol mull) electronic
spectra and room temperature (298 K) magnetic
susceptibility measurements (Table IIT) were obtain-
ed by methods previously described [19].

Stoichiometries of the New Metal Complexes

Unlike adenine [20] and adenine N(1)-oxide
[7], which, under the synthetic conditions employed
in this work, produced 3d metal perchloratc com-
plexes, involving either neutral or anionic
(monodeprotonated) ligands or even mixed neutral-
anionic ligand complexes, the new complexes with
purine N(1)-oxide contain exclusively neutral ligand
groups (Table I). With Fe(ClO4);, a 3:1 puH-NO
to Fe* complex, not involving any additional
ligands, was obtained. In all other cases investigated,
2:1 puH-NO to metal ion complexes, also compris-
ing ethanol ligands (2 for M = Cr®, Co?" and 1 for
M = Mn%, Fe?, Ni** Cu?, Zn*"), were isolated. It
is noteworthy that no special precautions of operat-
ing under inert conditions and using previously
deoxygenated solvents were necessary for the prepa-
ration of any of the new complexes; this is of especial
interest for the Fe** compound, since precautions
of this type are quite often required, in order to pre-
vent possible oxidation of this metal ion during the
preparation of ferrous complexes with purine bases
and derivatives [7, 21].

Infrared Spectra of puH-NQO and its Metal Complexes

As it appears that no IR data have been published
for puHNO, its main IR absorption maxima at
4000—1700 cm™ are given below, while Table II
shows the IR spectra of the free ligand and its metal
perchlorate complexes at 1700—200 cm™' (along
with a number of pertinent IR bands occurring at
higher wavenumbers). IR spectrum of puH-NO at
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TABLE I11. Solid-state (Nujol mull) Electronic Spectra and Ambient Temperature (298 K) Magnetic Properties of Purine N(1)-

Oxide (LH) Complexes with 3d Metal Perchlorates.

Compound Amaxs nmP® 106 XM, cgsu Meff. B

LH* 222vs, 246vs, 272vs, 308vs, (965w,b, 1350w)

Cr(LH),(Cl04)3+2C,HsOH 222vs, 24 8vs,sh, 269vs,sh, 303s,sh, 44 7s,sh, 6013 3.80
562m,b, 655mw,sh, (955w, 1000w,sh, 1360w)

Mn(LH);,(Cl04),-C,HsOH 218vvs, 240vvs, 270vs,sh, 302vs,sh, 370ms,sh, 15,803 6.16
555w,b, 622w,b, (955w, 1000w,b, 1350w,b)

I’e(LH),(Cl04),*C2H5;OH 229vvs, 255vvs, 268vvs, 307vs,sh, 517m,vb, 12,361 5.45
560m,sh, 902w,vb, (960w,b, 1000w,b, 1350w,b)

Fe(LH)3(Cl04)3 228vvs, 252vvs,sh, 266vvs, 305vs,sh, 475m,vb, 14,467 5.90
(960w, 1004 w,b, 1350w,vb)

Co(LH);(Cl04)2+2C,Hs0OH 208vvs, 236vvs,sh, 250vs,sh, 277vs,b, 298vs,sh, 10,317 498
397s,sh, 480m,sh, 555m,sh, 760w,b, 84 7w,sh,
(960w, 995w,b, 1360w,b), 1860vw,b

Ni(LH),(ClO4),+C2HsOH 203vvs, 230vs,sh, 250vs,sh, 278vs,b, 302vs, 4721 3.37
367s,sh, 450m,sh, 545m,sh, 698w,sh, 760w,sh,
895w,b, (950w), 1020w, 1215w,b, (1350w,b)

Cu(LH),(ClO4),+C,HsOH 201vs, 225vvs, 241vvs, 273vvs,b, 297vvs,b, 2012 2.20

545m,b, 597m,sh, 655w,sh, (960w, 988w,b,

1360w,b)

Zn(LH)2(Cl04),+C,HsOH
1375w)

223vs,sh, 244vs, 273vs, 304s,sh, (955w, 1005w,b,

Diamagnetic

laReported solution spectrum of the free ligand (nm): at pH 1.2 230, 262, 318; at pH 6 230, 260, 316 [50] (the corresponding

spectra of purine N(3)-oxide are: at pH 3 224, 295; at pH 14 225, 300 {15]).

Near-IR bands, common in the spectra of the

free ligand and all of the metal complexes, and apparently due to vibrational overtones and combination modes originating from

purine N(1)-oxide [42], are shown in parentheses.

4000-1700 cm™, with some band assignments
[13, 22--28] given in parentheses: 3260w, 3155ms,
3130ms, 3070s, 3025s, (all five A" pym vgy + A’
im vey), 2725m (A’ im vygy), 2330m, 1870w,
1825w,sh, 1775vw (last four bands correspond to
overtones and combination modes). The preceding
bands are generally very similar to those observed in
the IR spectrum of the parent base (purine) [13, 22,
23]. However, below 1700 cm™ (Table II) differ-
ences are observed between the IR spectra of purine
[13, 16, 17, 22, 23] and its N(1)-oxide in certain
spectral regions. In addition to the bands corres-
ponding to the N—O function (¢n_g, Sn_o) [4, 29—
31], intensification and/or IR-activation of certain
vibrational modes of the parent base seem to occur
upon N-oxidation. Among the latter bands, most
notable is the medium-to-strong intensity doublet
at 1660, 1639 cm™. Purine shows a very weak maxi-
mum at 1669 cm™', with a possible shoulder at
1643 cm™; whereas pyrimidine shows a weak

combination band (A’ 6b + 12) at 1666 cm™ [25]
and imidazole exhibits weak absorption at 1630—
1625 cm™! (overtone or combination bands) [26—
28] . The appearance of medium-to-strong absorption
in the above region, upon N-oxidation of purine, may
be due to either intensification of the corresponding
bands of the parent base [32] or shifts of funda-
mental voc t+ von ring vibrations to higher wave-
numbers, arising by increased localization of the
double bonds in C=C and C=N vibrations [33].
The latter effect would be due to the appreciably
larger contributions of conjugated systems to the
resonance hybrid of the N-oxide relative to that of
the parent base [34, 35]. It is also worth noticing
at this point that oxidation of purine at N(1) would
result in significant alteration of the electron density
around the N(3) pyrimidine nitrogen, as well as the
N(7) and N(9) imidazole nitrogen atoms [4, 36].

The spectra of the new metal complexes are
generally characterized by the presence of A’ im
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YN absorption at 2705-2680 cm™, as would be
expected for complexes with neutral puH-NO ligands
[13, 16, 17]. Regarding the possibility of coordina-
tion of this ligand through the N(1)—O oxygen, the
IR evidence is quite clearcut. Thus, in five cases (M =
Mn?*, Fe?*, Ni**, Cu?*, Zn?), vy_o is shifted to
lower wavenumbers upon complex formation (the
very weak band at 1242 cm™ in the spectrum of the
Ni** complex is presumably due to A’ 8¢y of
purine; on the other hand, the shifted vy_g absorp-
tion is split in the spectrum of the Zn%" complex).
The negative vy_o frequency shifts observed in the
spectra of the preceding complexes demonstrate
that all the puH-NO ligands present are coordinated
through the N(1)-O oxygen [29, 30]. For M =
Cr**, no vy_o shift is observed, and so the ligands
in this complex are obviously not coordinated
through oxygen; whereas, for M = Fe3*, Co?*, the
Vn_o doublet (at ca. 1230 and 1190 cm™*) suggests
that some of the ligands are coordinated through the
N(1)-O oxygen and some are not. As far as coordina-
tion of puH-NO through one of the imidazole ring
nitrogens (N(7) or N(9)) is concerned, shifts of IR
bands attributable to the imidazole fragment of the
ligand (e.g., A’ im R, and R,), occurring upon com-
plex formation, favor the presence of N-bonded
puH-NO [13, 28]. Among the other potential ligands
present, ethanol seems to be exclusively coordinated;
in addition to the voy band at 3400—-3340 cm™!,
which is indicative of coordinated ethanol [37],
some of the oy bands of this ligand (at ca. 1400
and 880 cm™) [38, 39] were detected in the spectra
of the ethanol-containing complexes. The new M
complexes seem to contain exclusively ionic per-
chlorate, as indicated by the single nature of the v,
and v, (C10,4) bands, but the two M* (M = Cr, Fe)
compounds obviously involve both ionic and coordi-
nated perchlorate (split »3 and v, (ClO,) and IR-
active v; and v, (ClO,4) bands) [40, 41]. In the spec-
trum of the Cr** complex, each of the v; and v,
(C104) modes is triply split; this is suggestive of the
presence of both ionic ClO7 (T4 symmetry) and
unidentate coordinated -OClO; (C;, symmetry)
ligands. However, in the spectrum of the Fe** com-
pound, ¥3 (C10,) is split into four components, whilst
one of the bands of the seemingly triply split v,
(C10,) mode is broad; these features may be taken
as indicative of the presence of both ionic Cl0; and
bidentate coordinated =0,ClO, (C,, symmetry)
groups [40,41].

Tentative metal—ligand band assignments at 500—
240 cm™! (Table II) were based on previous far-IR
studies of 3d metal complexes with purines [16, 17,
20, 21, 42] and diazines [43, 44], aromatic amine
N-oxides [45—47], alcohols [48] and perchlorato
ligands [49]. These assignments favor coordination
number six for M = Cr3*, Fe** and five for M = Mn?*,
Fe?, Co?, Ni**, Cu?®,Zn? [16, 17,20, 21,42-49].
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The validity of our assignments is supported by the
fact that, in the M** complexes, all the metal-sensi-
tive bands (vy—o (N—O and C,HsOH) and vy-n)
show the anticipated trends of frequency increase
with metal ion variation (Irving-Williams series:
Mn? < Fe?* < Co? < Ni% < Cu? > Zn?).

Electronic Spectra and Magnetic Properties

The m > 7* (222272 nm) and n - 7* (308 nm)
UV transitions of the free ligand [50, 51] undergo
small shifts in either direction, as well as occasional
splittings, upon metal complex formation (Table
III). Of course, the bands observed below 250 nm
may involve contribution from ethanol absorption
[52]. Near-IR bands, present in the spectrum of
uncomplexed purine N(1)-oxide, and apparently due
to vibrational overtones and combination bands
of the ligand [42], appear also in the spectra of
all the new complexes and are shown in parentheses
in Table III. The new paramagnetic metal ion com-
plexes are generally characterized by the presence
of strong charge-transfer bands, originating in the
UV and trailing off well into the visible region.
Metal-to-ligand  charge-transfer  absorption  of
this type is quite common in the spectra of 3d
metal complexes with diazines [53], including
purine [16, 17], and with aromatic amine N-oxides
[54].

The d—d transition spectrum of the Cr>* complex
is compatible with a low-symmetry hexacoordinated
configuration [55], ie, “A,(F) - *T\(F) 447,
- 4T,(F) 562, 655 nm; Dq = 1659 cm™. The
calculated approximate Dq value for this complex
is consistent for a CrN,Q4 absorbing species (the four
oxygens corresponding to two —OClO; and two
ethanol ligands; vide infra) [56]. The spectra of the
Fe?*, Co?*, Ni** and Cu?* complexes are in apparent
agreement with the far-IR evidence, ie., suggestive
of pentacoordinated configurations. Thus, the pre-
sence of d—d transition maxima at 760—847 and
at 1860 nm in the spectrum of the Co?" complex
is heavily in favor of coordination number five
[55, 57], while the rich in d—d bands spectrum of
the Ni** complex at 350—1220 nm [58] and the
two maxima at 597, 655 nm in the Cu?** compound
spectrum [16, 20, 42, 59] can be also considered
as indicative of the same coordination number.
Finally, pentacoordinated Fe?* complexes, exhibit-
ing a single d—d transition band at 900—1020 nm,
have been also previously reported [60].

The ambient temperature magnetic moments of
the new metal complexes are generally normal for
high-spin 3d® and 3d%-3d® compounds or the 3d°®
configuration [61] (Table IIT). With the exception
of the apparently monomeric Cr** complex, the new
complexes seem to be bi- or poly-nuclear, in view of
their insolubility in organic media and the obvious
presence of bidentate bridging puH-NO ligands. The
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normal room temperature magnetic moments observ-
ed do not necessarily rule out polymeric configura-
tions. In fact, we have recently demonstrated that
the polymeric [M(puH),(0OH,)3]1(Cl0,), (M = Co, Ni,
Cu; puH = purine) complexes, which most probably
involve linear, chain-like, single-bridged polymeric
complex  cations (e, —~M-puH-M—puH-
sequences), but exhibit normal room temperature
magnetic moments, show clearcut evidence of
magnetic exchange interactions (significant Mgt
decreases with decreasing temperature, negative @
values, deviation from Curie-Weiss behavior at low
temperatures) when studied at 300-80 K [17].
Studies of the temperature dependence of the para-
magnetism of the new metal complexes herein report-
ed are planned for the near future.

Ligand Binding Sites and Likely Structures of the
Complexes

The IR evidence presented was clearcut as far as
whether coordination of puH-NO through O(1)
occurs or not is concerned (vide supra). Thus, in some
cases (M = Mn?', Fe?*, Ni*, Cu?', Zn?*), all the ligands
present are coordinated through O(1), whilst in the
and Co% compounds some ligands are O(1)
oxygen-bonded and some are not; the Cr** complex
does not contain any O(1) oxygen-bonded puH-NO
ligands. As regards the three potential ring nitrogen
binding sites of the ligand, the imidazole N(7) and
N(9) sites are much more likely candidates for
coordination to metal ions, relative to the pyrimi-
dine N(3) nitrogen [2, 13, 62]. Among the two
imidazole ring nitrogens, the most likely binding
site of a purine ligand appears to be the nitrogen
atom, which is protonated in the free ligand [2].
This does not always refer to the site of protonation
in the solid state or the most stable protonated iso-
mer. For instance, 8-azahypoxanthine (ahxH) is
protonated at N(8) in the solid [63a], but theoretical
calculations suggest that for the isolated molecule the
order of stabilities is N(9)—H > N(7)-H > N(8)-H
[63b]; nevertheless, contrary to any predictions
based on the general trends discussed above, [Cd-
(ahx),(OH,)4] was found to comprise N(7) nitrogen-
bonded ahx ligands [64]. The site of protonation
of puH-NO is unknown, but even if it is protonated
at N(7) (see (1)), as is the case with the parent base
in the solid state [65], the prediction of the most
likely ligand site among the imidazole ring nitrogens
would not be easy. In fact, although the reported
crystal structure of purine places the labile proton
at N(7) [65], it is equally well established from
carbon-13 NMR studies that the N(7)—H and N(9)—-H
tautomers of this compound are of comparable
energies [66]. In previous studies we had considered
the N(9) nitrogen as the most probable imidazole
nitrogen coordinating site for either unidentate
terminal or bidentate bridging purine ligands [16,
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17]; nevertheless, in light of the preceding discussion,
we now realize that the N(7) and N(9) nitrogens of
pul are equally likely to function as ligand sites.
With puH-NO, the likelihood of coordination through
N(7) is greater when this ligand acts as bidentate
bridging, being at the same time coordinated through
the N(1)—O oxygen. In fact, in the crystal structures
of complexes involving bidentate bridging purines,
coordinated through one imidazole and one pyrimi-
dine nitrogen, the N(7), N(1) [67, 68] or N(9),
N(3) [69—71] pairs of ligand sites seem to be quite
common; the N(7), N(3) or N(9), N(1) combinations
have not as yet been established, but can not be
completely ruled out, while the N(1), N(3) combina-
tion is highly unlikely [2]. As regards the probable
binding site of unidentate, imidazole nitrogen-bond-
ed puH-NO (N(3) nitrogen-bonding is again highly
unlikely [2]), the N(7) and N(9) sites are equally
likely. Hence, in the probable structure types dis-
cussed below, bidentate bridging puH-NO is desi-
gnated as O(N,, and the unidentate N-bonded
ligands as Ny, (im being either 7 or 9).

The Cr* complex is the only obviously mono-
meric species of the series, since it shows some
solubility in DMF and seems to contain exclusively
unidentate, N-bonded, puH-NO ligands. This com-
plex may be formulated as [Cr(Njpy),(C2HsOH),-
(0C105),}(ClO,). The rest of the new complexes
are insoluble in organic media and seem to involve
bridging puH-NO ligands; their consideration as bi-
or poly-nuclear is, therefore, justified, on the basis
of this evidence and the pronounced tendency of
purine-type ligands to function as bidentate bridg-
ing [2]. The fact that all these complexes, including
the Cu?* compound, show normal ambient tempera-
ture magnetic moments, is considered as favoring
linear, chain-like, single-bridged polymeric structures
over double- or multiple-bridged structural types
[16, 17]. In fact, structures of the latter types would
certainly favor subnormal room temperature
magnetic moments, especially for Cu?* [2, 7, 20, 72—
74]. Whereas, single-bridged, chain-like polymeric
metal complexes with large bridging ligands (purines,
aromatic diazines, naphthyridines and their N-oxides;
metal—metal separations in the chain exceeding 6.5
A) are quite often characterized by nommal room
temperature fes values, even in the case of Cu?,
and show evidence favoring magnetic exchange only
at lower temperatures [16, 17, 75-80].

In light of the preceding discussion, the simplest
linear polymeric structure for the Co?* complex
would be (III), with one bidentate bridging O,N-
bonded and one unidentate terminal N-bonded
puH-NO per Co? ion. For the Fe* complex, a
structure such as (IV), with both unidentate terminal
N-bonded and bidentate bridging O,N-bonded puH-
NO ligands and bidentate coordinated perchlorato
groups is consistent with the overall evidence. As far
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as the remaining M complexes (M = Mn, Fe, Ni, Cu,
Zn) are concerned, structure (V) would be the sim-
plest, but would require double puH-NO bridges,
which would certainly result in subnormal room
temperature paramagnetism, at least for M = Cu.
The most likely alternative is a more complicated
structure, such as (VI), which is derived by cross-
linking of linear —~M—LH-M—LH— chains. The fact
that structural types like (VI) have been proposed
for several 1:2 3d M?* (including Cu?) complexes
with bridging diazines, characterized by normal
ambient temperature magnetic moments [43], is in
support of this formulation for the new Mn%*, Fe?*,
Ni?*, Cu?* and Zn?* complexes.
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