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Following our recent synthetic and characteriza-
tion studies of adenine (adH) complexes with 3d
metal perchlorates [2], we extend our work to the
study of the corresponding complexes of adenine
N(1)-oxide(adH-NO; I). Thus far, Co?*, Ni** and
Cu?" perchlorate complexes with the N-oxide ligand
have been isolated by the following synthetic proce-
dure and characterized: 1.4 mmol metal(Il) per-
chlorate is dissolved in a mixture of 15 ml triethyl
orthoformate (teof) and 35 ml ethanol. Then, 2.5
mmol adH-NO are added, and the mixture is refluxed
for 48 hr. Under these conditions, Co(ClO,), forms
a brick red solid complex, which starts precipitating
after ca. 2 hr of refluxing and its amount gradually
increases as refluxing continues. After 48 hr of reflux-
ing, the volume of the reaction mixture is reduced
to about one-half the original volume, and the new
complex is separated by filtration, washed with
anhydrous diethyl ether and stored in an evacuated
desiccator over anhydrous CaCl,. Analytical data
indicate that this complex is of the Co(adH-NO),-
(Cl04);-2C,HsOH type [found(calc.)%: C, 25.42-
(25.78); H, 3.65(3.40); N, 21.55(21.47); Co, 8.87-
(9.0411); Cl, 11.17(10.87); yield 72% of the theore-
tical] .
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*See ref. 1.
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With Ni?* and Cu?" perchlorates, small amounts
of precipitate (golden-orange for M = Ni and maroon
for M = Cu) started depositing after 12 hr of reflux-
ing. However, upon continuation of refluxing these
precipitates were gradually dissolved in the mother
liquor and replaced by small amounts of green-
colored precipitates (light green for M = Ni and olive-
green for M = Cu) at the end of the 48 hr. The
amounts of these green precipitates were increased
by reducing the volume of the supernatant to about
one-half its original volume, and the new complexes
were separated by filtration, washed and dried in
the manner described above. Analytical data indi-
cate that these complexes involve both neutral
(adH-NO) and monodeprotonated (ad-NO) adenine
N(1)-oxide ligands, being of the following types:
Ni(ad-NOXadH-NOXC10,4)-2C,H;0H: Found (Calc.)
%: C, 30.12(30.47); H, 3.71(3.84): N, 25.80(25.38);
Ni, 10.70(10.64); Cl, 6.79(6.42); and Cu,(ad-NO),-
(adH-NOXCIO,),: Found (calc.)%: C, 22.86(23.18);
H, 193(1.69; N, 26.75(27.03); Cu, 16.40(16.34);
Cl, 9.57(9.12). Both of the preceding complexes
were obtained in yields of ca. 55% of the theoretical.
It should be pointed out here that the golden-orange
and maroon solids precipitated at the early stages
of refluxing of the mixture of Ni** of Cu®" (res-
pectively) perchlorate with adH-NO in teof-ethanol,
are assumed to be the analogs of the Co?" complex
herein reported, ie., of the M(adH-NO),(ClO,),*
xC;HsOH (M = Ni, Cu) type. We are currently
involved in attempts at the preparation of quantities

of these compounds, sufficient for characteriza-
tion.

The three new complexes reported are insoluble
in organic media and were characterized by means
of solidstate spectral and magnetic studies; perti-
nent data are shown in Table I, whilst some addi-
tional spectral features are discussed below. The
ir spectrum of the Co*' complex (Nujol mull) is
characterized by triply split »3 (1137vs, 1095vvs,
1052vs,b) and v, (641w, 628m, 621m,sh) ClO,4
bands (in cm™!), thus indicating the simultaneous
presence of ionic (T symmetry) ClO4 and uniden-
tate coordinated —OClO; (C;, symmetry) ligands
[3, 4]. In contrast, the Ni?* and Cu?* complexes
exhibit doubly split v3 (1100vs,b, 1045vssh for M =
Ni; 1092vvs, 1056vs for M = Cu) and v, (619m, 611m
for M = Ni; 632m, 614m,sh for M = Cu) perchlorate
bands; these can be interpreted in terms of the
exclusive presence of unidentate coordinated per-
chlorato ligands [3, 4]. Ligand absorption in the
v, and v, (ClO,) regions prevents the detection of
ir-active bands due to the coordinated —OClO4
ligands.

Previous studies of adenine N(1)-oxide com-
plexes with CuX; (X = Cl, ClO4, %S04) and of
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TABLE 1. Spectral and Magnetic Data for Adenine N(1)-oxide Complexes with M?" Perchlotates.?

Pertinent ir data, cm ™! adH-NO M= Co M = Ni M=Cu
NH, sym in-plane deformation 1663ms 1670s 1660ms 1656s
vN-0 + NH, asym out-of-plane deformation 1272m 1273ms 1270w
1240m 1238ms 1236m 1248m
1195ms,b 1198s 1199s
vm—0(N-O) 361w 377m 461s,421m,sh
vM—0(C2HsOH) 347w,b 355mw
vM—0(0ClO3) 312w,b 307mw 372ms
YM~N 255w, 232w 258w, 234w 319m, 302m, 271m
Solid-state electronic spectra, nm
d—d transition bands 468m, 512m, 395s, 625m, 617sh, 660s,b
990w,sh, 747m, 1025w,b,
1300w,b 1265w,b
Magnetic data (298 °K)
108387, cgsu 10,930 4600 1174
Hett. B 5.13 3.33 1.68

31r and electronic spectra were obtaine on Nujol mulls on the complexes.

Cu(ad-NO), [5], as well as stability constant studies
of the complexes of this ligand with 3d M** ions (M =
Mn through Zn) [6], led to the conclusion that adH-
NO or ad-NO function as bidentate ligands,
coordinating through the NH, (or =NH in the mono-
deprotonated ligand) and N(7) nitrogen atoms
without any involvement of the N(1)-O oxygen
in coordination [5, 6]. On the other hand, adeno-
sine N(1)-oxide has been considered as having the
tendency to chelate through the N(1}-O oxygen
and the NH, nitrogen [6-8], although it has been
also concluded that the N(7) nitrogen site is the
most favored site for bonding in this ligand [9, 10].
Examination of the NH, symmetric in-plane and
asymmetric out-of-plane deformation modes in the
ir spectra of free adH-NO and of the complexes
herein reported (Table I), indicates that almost negli-
gible shifts of these bands occur upon metal complex
formation. These features tend to rule out the parti-

cipation of the NH, nitrogen in coordination [9,

11-13]. On the other hand, all the new complexes
show a medium-to-strong or strong band at 1199—
1195 cm™, while adH-NO shows only a weak absorp-
tion at 1210 cm™ (A'Scy [14]). The new band at
11991195 cm™ in the spectra of the complexes
cannot be attributed to either the above A’Scy
band of the ligand, which tends to undergo positive
frequency shifts upon metal complex formation
[14, 15], or to a substantial shift of the NH, asym
out-of-plane deformation mode, since the NH,
sym in-plane deformation band does not undergo

such a shift. Hence, it is most likely that this new
absorption is due to a substantial shift of the
vn—o mode (which is probably associated with the
band at 1272 cm™ in the spectrum of the free
ligand [16], partially overlapping with the NH,
asym out-of-plane deformation absorption at 1240
cm™') to lower wavenumbers. This is indicative of
coordination of at least part of the ligands through
the N(1)-O oxygen [17, 18]. The complete disap-
pearance of the band at 1272 cm™ in the spectrum
of the Cu?" complex suggests that all the adenine
N(1)-oxide ligands in this complex are coordinated
through the N(1)-O oxygen; whereas the spectra of
the Co?* and Ni®* new complexes are characterized
by bands attributable to both uncoordinated (1273~
1270 cm™) [16] and coordinated (1198—1195 cm™)
[17, 18] N(1)-O oxygen sites. Coordination through
oxygen is also supported by the tentative identifica-
tion of low-frequency ir bands attributable to vy
(N-oxide) vibrational modes [17, 19-21]. Bands
attributable to vy (N-bonded ligands) [2, 22, 23],
as well as vy (-OCIO3) [2, 24] and vg, OF
vni—o (ethanol) [2, 25], modes, were also identified
in the ir spectra of the new complexes (Table I). The
location of the various metal-ligand bands favors
coordination number six for M = Co, Ni, and coordi-
nation number four for M = Cu [19-25]. The Co**
and Ni?®* complexes show the voy mode of coordi-
nated ethanol at 33603330 cm™ [26].

The d—d transition spectra of the Co?* and Ni**
complexes (Table I) are consistent with low-sym-
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metry hexacoordinated configurations. An approx-
imate Dq value of 873 cm™!, calculated from the
spectrum of the Ni** complex, is not incompatible
with a NiN,O,4 absorbing species (the four oxygens
corresponding to one —OClO3, one N-oxide and two
ethanol ligands; vide infra) [17, 22] . The occurrence
of the split d—d band maxima at 617 and 660 nm in
the spectrum of the Cu?" complex can be attributed
to a square-planar configuration with adenine N(1)-
oxide functioning as a bidentate O/N-igand [17,
22].

The ambient temperature magnetic moment of the
Cu?" complex (1.68 uB) is somewhat low for
magnetically normal Cu®* compounds, and reminis-
cent of the magnetic behavior of several compounds
involving the quadruple-bridged [Cu(adH)4Cu]**
cationic species, in which adenine functions as a
bidentate bridging ligand, coordinating through the
N(3) and N(9) nitrogen atoms [27]; such an arrange-
ment of the four bridging adenine ligands between
two Cu®’ jons leads to antiferromagnetic exchange
even at room temperature, at which moments of 1.5—
1.7 uB are observed [2, 22, 28-30]. The new Co?*
and Ni?>* complexes exhibit normal ambient tempera-
ture magnetic moments. The moment of the Co?*
complex (5.13 uB) is within the limits of the “octa-
hedral” region for cobaltous compounds, while that
of the Ni** compound (3.33 uB) is slightly higher
than the upper limit (3.30 uB) of the corresponding
region for Ni%*; this is not unusual for hexacoordi-
nated complexes of this metal ion with aromatic
amine N-oxides [31].

The insolubility of the new complexes in organic
media may be taken as suggestive of bi- or poly-
nuclear structures, with part or all of the adenine
N(1)-oxide ligands present acting as bidentate,
bridging, O,N-bonded, coordinating through the
N(1)-O oxygen and one of the imidazole nitrogens
(N(7) or N(9)). As regards the actual nitrogen binding
site of the ligand, it should be noted that the parent
base (adenine) shows a pronounced tendency to use
the N(9) site in its coordination [27, 32-34] ;in fact,
coordination through the N(7) nitrogen has been
established only for Zn(adH,)Cls, which contains the
monoprotonated adeninium cation [35]. Among
other biologically important purines, guanine and
xanthine also show the tendency to coordinate
through the N(9) nitrogen [36, 37], while theophyl-
line prefers coordination through the N(7) site [38,
39]. As far as established structures of metal com-
plexes with bidentate bridging purines are concerned,
most common appears to be coordination of the
ligands either through the N(3), N(9) [27, 32-34]
or the N(1), N(7) [40, 41] sites, although quite
recently a Hg?" complex with bidentate, bridging,
N(7), N(9)-bonded adenine was also reported [42].
Bridging of ddenine N(1)-oxide through the N(1)-O
oxygen and the N(9) nitrogen sites would not be
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inconceivable; nevertheless, the fact that no metal
complexes with N(1), N(9)-bonded bridging purine
ligands have been established, combined with the
previously ascertained tendency of adenine N(1)-
oxide to use the N(7) nitrogen as ligand site [S, 6,
9, 10], can be considered as favoring the coordi-
nation of the bridging ligands in the complexes
herein reported through the N(1)-O oxygen and
the N(7) nitrogen. It is worth noting, in this con-
nection, that the substitution of the aza group in the
1 ring position with an N-O group would signifi-
cantly alter the electron density distribution around
the rest of the ring nitrogen atoms (N(3), N(7) and
N(9)), relative to that in unsubstituted adenine
[17,43].

On the basis of the overall evidence presented, a
triple-bridged, binuclear structure of the [(0;ClO)-
Cu(ad-NO),(adH-NO)Cu(OClO;)] type, with exclu-
sively bidentate, bridging, O,N-bonded adenine
N(1)-oxide ligands, would account for the subnormal
room temperature paramagnetism of the new Cu®*
complex. The Co?" and Ni?* complexes appear
magnetically normal at room temperature; this
does not preclude bridged structures for these com-
pounds, since several magnetically normal (at room
temperature) bi- or poly-nuclear complexes of these
metal ions, with such bridging ligands as diazines
[44] and aromatic amine N-oxides [17], are known.
Thus, binuclear structures of the types [(C,HsOH),-
(03C10)(adH-NO)Co(adH-NO),Co(adH-NO)(OClO 3)-
(C;HsOH),](C10,);  and  [C,Hs0H),(05Cl0)
(ad-NO)Ni(adH-NO), Ni(ad-NOXOCIO; XC,HsOH), ] ,
with both terminal unidentate and bridging biden-
tate adenine N(1)-oxide ligands, may be considered
as likely for these complexes. Regarding the probable
bonding site of the terminal adenine N(1)-oxide
ligands in the preceding complexes, nitrogen is
favored over oxygen, since the ir spectra of the Co?”
and Ni?* complexes show vy_o bands attributable
to both uncoordinated and coordinated N(1)-O oxy-
gen sites (vide supra).
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