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Co-ordination ChemistrIY of Adenine (HAde): Synthesis and
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The five-co-ordinate complexes [Cu"(tren)(H,0)]1Cl, 1, [Cu"(tren)(HAde)]Cl, 2, [Cu"(tren) (HAde)]-
[NO,], 3 and [Cu"(tren)(Ade)]CI-2H,0 4 [tren = tris(2-aminoethyl)amine and HAde = neutral
adenine] have been synthesized and characterized. The geometry and structures of the complexes
were studied by electronic and IR spectra and, in addition, the structure of complex 4 has been
determined by X-ray crystallography. The physicochemical data for complexes 2 and 3 support the
presence of neutral adenine co-ordinated to Cu", whereas in complex 4 the adenine molecule is
bound in its monoanionic form, as confirmed by the X-ray analysis [monoclinic, space group P2,/a,
a=15.001(2), b=28.422(1), ¢ =15.039(2) A, B =105.90(6)°, Z=4; R =0.065 for 2596 unique
diffraction data]. The co-ordination polyhedron around the Cu?* ion is approximately trigonal
bipyramidal, with the equatorial sites occupied by the three primary amino nitrogen atoms and the
axial positions occupied by the tertiary amino nitrogen and the imidazole N® nitrogen from the
adenine monoanion. The Cu-N(9) distance is rather short at 1.965(9) A. Such selective metal
bonding in adenine is very probably promoted by the trigonal-bipyramidal geometry around Cu" and
by the relatively low steric hindrance of the Cu"(tren) moiety.

The co-ordination chemistry of adenine (in its various forms:
adenine monoanion, neutral adenine, adenine monocation and
adenine dication) is of great interest since this purine base,
contained in DNA in relative amounts depending on genetic,
evolutive and polluting factors, possesses nitrogen sites suitable
for hydrogen and metal binding. Moreover, the target for anti-
cancer pharmaceuticals containing platinum and some other
metals probably involves adenine.

It is known that adenine (in its various forms) can co-ordinate
to metal ions through all five of its nitrogen atoms, i.e. N, N3,
NS, N7 and N° but binding occurs preferentially at the
imidazole N® atom. When N° is bound to an alkyl or ribosyl
group and thus is no longer available for metal co-ordination,
N7 becomes the preferential binding site and only subsequently
are the other nitrogen-binding sites involved.!-?

There is growing interest in the interaction of metal ions
with nucleotides and nucleic acids. In the last few years
there have been advances ** in addressing metal ions to bind
selectively to particular nitrogen sites of DNA nucleobases by
using metal complexes with different steric hindrances and
hydrogen bonding capabilities. Since our interest is in DNA
metal-nucleotide binding, we have prepared and characterized,
also by X-ray diffraction, some metal complexes of the
tetradentate ligand tris(2-aminoethyl)amine (tren) with various
steric hindrances and hydrogen bonding, such as Ni complexes
with octahedral geometry or Cu', Cu" and Zn" with trigonal-
bipyramidal geometry. We have demonstrated by X-ray
crystallography that the bulky octahedral complex [Ni(tren)-

t Supplementary data available: see Instructions for Authors, J. Chem.
Soc., Dalton Trans., 1995, Issue 1, pp. xxv-xxx.

Table 1 Approximate absorption maxima (cm™) in the electronic
spectra of trigonal-bipyramidal Cu" complexes

Complex 1073 y/em!
[Cu(tren)(NH,)][CIO, ], " 11.4 15.2 (sh)
[Cu(hmtren)Br]Br* 10.4 13.3
[Cu(hmtren)(CIO,)]CIO, ¢ 11.2 13.8 (sh)
[Cu(hmtren)(NO,)JNO, 112 14.3 (sh)
[Cu(tren)(H,0)1C1,* 11.4 13.8 (sh)
[Cu(tren)(HAde)]Cl, ¢ 12.4 15.4 (sh)
[Cu(tren)(HAde)][NO;], * 12.5 15.4 (sh)
[Cu(tren)(Ade)]Cl-2H,04 12.5 15.4 (sh)

® Polycrystalline, ref. 7. ® In CHCl;. < In EtNO,, ref. 6. ¢ In EtOH, this
work.

(H,0)CI]CI-H,0° can react with adenine (HAde) and
selectively recognize its pyrimidine N* nitrogen, forming
octahedral [Ni(tren)(HAde)CI]Cl in which a new exclusive
Ni-N3 pyrimidine bond does occur.* In order to check the
molecular recognition of DNA nitrogen-binding sites by tren
metal complexes and in particular to verify whether the N3
nitrogen is also the preferential binding site for five-co-ordinate
complexes with lower steric hindrance, we have synthesized and
studied the following complexes: [Cu"(tren)(H,0)]Cl, 1,
[Cu"(tren)(HAde)]Cl, 2, [Cu(tren)(HAde)][NO,;], 3 and
[Cu'(tren)(Ade)JCI-2H,0 4. In addition the crystal and
molecular structure of complex 4 has been determined.

The chemical investigation of the binding of neutral adenine
to metal tren complexes is also of interest from a biological
point of view, since free adenine is present in various human and
animal tissues, where the appropriate intracellular phospho-
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ribosyl-transferase enzyme contributes to the salvage of adenine
by catalysing its phosphoribosylation at the N° site to form
adenosine 5-monophosphate (AMP).® Furthermore, free
adenine or its N®-substituted derivatives are also present
in vegetable cells, for instance the cytokinins, a class of
Né-substituted adenine derivatives, are contained in plants and
play an important role as phytohormones.’

Results and Discussion

Electronic Spectra.—The assignment of electronic absorption
spectra for trigonal-bipyramidal copper(i1) complexes has been
discussed extensively in the literature.®® The absorption
maxima observed in the visible electronic spectra of
[Cu"(tren)(H,0)]Cl, 1, [Cu"(tren)(HAde)]Cl, 2, [Cu'(tren)-
(HAde)}[NO;], 3 and [Cu'(tren)(Ade)]JCI-:2H,O 4 are
compared in Table 1 with those of trigonal-bipyramidal
[Cu(tren)(NH;)][CIO,], and [Cu(hmtren)X]X (hmtren =
hexamethylamino derivative of tren; X = Br~, ClO,” or
NO,;7).2? The visible spectra of complexes 1-4 show the same
features found for five-co-ordinate complexes of a d° ion in a
trigonal-bipyramidal field, i.e. two characteristic broad peaks
occur at frequencies very close to those reported for trigonal-
bipyramidal Cu" complexes. In agreement with Duggan ez al.,’
it is therefore reasonable to assign the intense bands at 11 400
(1), 12400 (2), 12 500 (3) or 12 500 (4) cm™! respectively to the
d,,.d,:_,» — d,: transition which is allowed in C; and D,
and the less intense shoulders at 13 800 (1), 15 400 (2), 15 400 (3)
or 15 400 (4) cm™* respectively to the d,,,d,, — d,: transition
which, although allowed in C; symmetry, is forbidden in D,,
but which may occur weakly by a vibronic mechanism. This
assignment is in agreement with that suggested for analogous
solid trigonal-bipyramidal copper(ir) complexes,® so that the
close similarity of the spectra for the present complexes in
ethanol with those of the solid-state complexes also indicates
that their stereochemistry does not change appreciably on
dissolution.

The formulation of complex 1 as [Cu"(tren)(H,0)]Cl, is
strongly supported by thermogravimetric measurements (see
Experimental section) which indicate that the H,O molecule
occupies the fifth co-ordination position to Cu".

The neutral adenine molecule is able to substitute the co-
ordinated water molecule in [Cu"(tren)(H,0)]Cl, 1, giving
five-co-ordinate [Cu™(tren)(HAde)]Cl, 2, whereasthe analogous
reaction of CuCl, tren and neutral adenine produces
[Cu"(tren)(Ade)]CI1-2H,0 4, whose structure was confirmed by
X-ray crystallography.

Infrared Spectra.—Table 2 summarizes the IR absorption
spectra of complexes 1-4 in comparison with those of free
adenine (HAde), tren and the related complexes [Cu(HAde),-
(C10,),]-EtOH, [Ni(Ade)(ClO,)]-EtOH-2H,0, [Ni,(Ade),-
. CI}+6H,0 and [Cu(Ade)(HAde)]CI-H,0.'%!2 Band assign-
ments refer to data available in the literature for crystalline
powders or single crystals (9-methyladenine).'* High-resolution
spectra of adenine isolated molecules have also been obtained at
low temperature (11 to 7 K) by using the matrix isolation
method,'® but they are not completely comparable with our
data because of the presence of ‘the matrix effect’. Nevertheless,
those assignments of the strongest bands at 1626 and 1612 cm™!
respectively to 8(NH,) and to v(C=C) and v(C=N) ring mode
vibrations,!5 are in accordance with our assignments. With
respect to the free ligands, differences are observed in particular
in the (O-H) and v(NH,) (3400-3100 c¢m™), v(C-H) and
v(N-H) (30002550 cm™!) stretching regions and 8(NH,)(tren)
(1700-1600 cm™) bending regions. Differences are also found
in the 16001300 and 1300-1200 cm™! regions, in which v(C=C),
V(C=N), y(CH,), ring vibrations and v(C-NH,), WC-N) and
ring modes are respectively known to occur. In particular, the
v(N-H) region (2900-2550 cm™) can indicate whether metal-
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bonded adenine is present in its neutral or monoanionic form.
Neutral adenine-containing complexes show four strong
V(N-H) absorption bands, whereas complexes containing
monodeprotonated adenine only exhibit one or two weak
maxima in this region.!? Although the situation is slightly
complicated by the presence in the 2990-2800 cm™ range of
four v(CH,) stretching frequencies due to the tren ligand, it is
reasonable to conclude that in complexes 2 and 3 adenine is
co-ordinated to Cu" in its neutral form, whereas in complex 4 it
is bound as a monoanionic ligand. Furthermore, the spectra of
complexes 2, 3 and 4 indicate that the adenine N®H, amino
group is not involved in metal bonding since the free adenine
bands at 1675vs and 1252s cm™, assigned to symmetrical
in-plane and asymmetrical out-of-plane NH, deformation
modes respectively, only undergo small changes.

As shown in Table 2, the spectra of complexes 2 and 3 are very
similar. In fact, apart from specific absorptions due to the NO, ~
anion in the 1370, 825 and 720 cm™ regions, only slight
differences are observed in the 8(NH,) region (the band of 3 at
1669 cm™ is split into two bands at 1669 and 1661 cm™ in 2)
and in the 8(N-H),,., region (the shoulder at 1236 cm™ in 3 is
resolved as a weak band at 1238 cm™ in 2), suggesting only a
different pattern of hydrogen bonds. Of course, it is not easy to
ascertain the metal-binding site of these complexes on the basis
of IR spectra alone, but comparison of the frequencies of
complexes 2-4 shows similar behaviour, in particular for the
stretching vibrations of the imidazole and pyrimidine rings,°
thus suggesting the same metal-binding site for these three
complexes. Table 2 also shows that the IR frequencies of the six-
co-ordinate complex [Ni(tren)(HAde)CI]Cl, whose crystal
structure revealed adenine co-ordination at the N2 site,* are
different from those for the similar Cu" complexes 2 and 3,
indicating that a binding site different from N* is involved here
even though all these complexes contain adenine as a neutral
species.

Moreover, a perfectly trigonal-bipyramidal MX, molecule
exhibits two IR-active stretching vibrations, v, of symmetry
A,”, and v; of symmetry E’.1® The distortion from such perfect
D3, symmetry, due to constraints in the tren ligand and the
presence of the bulky adeninate ligand, causes the appearance
of Raman-active stretching absorptions, so that the v, and v,
(Cu-N) stretching vibrations split into three IR-active
stretching modes and v(Cu-N,,.,) absorptions are observed in
the 500-430 cm™ region. Lastly, two vibrational frequencies
occur at 301m and 260m cm™, in the region in which Mikulski
et al.'? assigned the adenine v(Cu-N,,,,.) stretching mode in
the complex [Cu(Ade)(HAde)]CI-H,O.

Single-crystal Structure of [Cu'(tren)(Ade)]CI-:2H,0 4.—
The crystal contains discrete [Cu"(tren)(Ade)]" cations, Cl1~
anions and water of crystallization molecules which reinforce
packing through a complicated hydrogen-bonding network. As
shown in Fig. 1, the [Cu'(tren)(Ade)]* cation has nearly
trigonal-bipyramidal geometry, similar to that found for the
[Zn"(tren)C1]* cation !’ but with some further distortion from
trigonal-bipyramidal geometry occurring, for instance, at the
N(12)-Cu-N(13) angle, whose large value of 126.8(4)° may be
related to accommodating the adeninate ligand. Final atomic
coordinates, bond lengths and angles with their estimated
standard deviations are reported in Tables 3 and 4.

One interesting feature of this structure is the selective Cu"
bonding to the N° nitrogen site of monodeprotonated adenine.
The Cu-N(9) bond distance of 1.965(9) A is shorter than that
found either in square-pyramidal fac-[Cu"(dien)(Ade),]-H,O
(dien = diethylenetriamine) [mean value 2.017(6) A]'® or
tetrahedral [Cu"(H,Ade),X,1X, [2.013(5) A for X = Br!°and
2.012(Q)AforX = Cl;2°H,Ade* = monoprotonated adenine]
and is comparable to the Co™-N? distance of 1.949(3) A found
for cis-[Co™(en),(Ade)CI]Br-H,O (en = ethylenediamine).2*
This shortening may be ascribed both to the presence of a
negative charge on the adenine molecule and to Cu" five-co-
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Fig. 1 Molecular structure of the trigonal-bipyramidal [Cu"(tren)-
(Ade)]* cation with the atomic numbering scheme used. Thermal
ellipsoids are drawn at the 50% probability level

Table 3 Fractional atomic coordinates for [Cu'(tren)(Ade)]C1-2H,0
4 with estimated standard deviations (e.s.d.s) in parentheses

Atom X/a Y/b Zlc

Cu 0.4671(1) -0.7990(1) 0.2384(1)
N(1) 0.6633(6) —0.4585(9) 0.0318(6)
NQ@3) 0.5573(6) —0.5119(10) 0.1221(6)
N(6) 0.7459(6) —0.6525(9) —0.0209(6)
N() 0.6415(6) —0.8866(9) 0.0700(7)
N(©9) 0.5420(5) ~0.7936(10) 0.1498(6)
N(10) 0.3960(5) —0.8016(10) 0.3367(6)
N(11) 0.3939(6) —1.0125(10) 0.1917(7)
N(12) 0.3828(6) —0.6030(10) 0.1884(6)
N(13) 0.5807(6) —0.8042(10) 0.3508(7)
C(2) 0.6026(7) —0.4193(10) 0.0773(8)
C@4 0.5769(6) —0.6666(9) 0.1124(7)
C(5) 0.6372(6) —0.7227(10) 0.0653(7)
C(6) 0.6832(7) —0.6128(10) 0.0238(7)
C(8) 0.5833(8) —-0.9167(10) 0.1210(9)
C) 0.3225(8) —1.0292(10) 0.2423(10)
C(10) 0.3601(8) —0.9650(10) 0.3390(9)
ca1) 0.3465(9) —0.5432(10) 0.2614(9)
C(12) 0.3182(8) —0.6846(10) 0.3093(8)
C(13) 0.4611(8) ~0.7585(10) 0.4257(8)
C(14) 0.5533(8) —0.8353(10) 0.4356(8)
o(1wW) 0.5189(6) 0.7221(10) 0.2502(7)
O(2W) 0.8388(7) —-0.0066(9) 0.5665(7)
Cl 1.2991(3) —0.8481(4) —0.3896(3)

ordination. In particular, the conformation of fac-[Cu(dien)-
(Ade),]-H,0, described as distorted square pyramidal,'® may
be better described as trigonal bipyramidal, like the present
complex, since three equatorial sites are occupied by N(10),
N(11) and N(9") and two apical positions by N(9) and N(11).!®
The present complex does not have the usual dimeric or
polymeric structure observed for several Cu?* nucleotide base
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Table4 Bonddistances(A)andangles(®)for[Cu''(tren)(Ade)]CI-:2H,0
4 with e.s.d.s in parentheses

Cu-N(©9) 1.965(9) Cu-N(10) 2.046(9)
Cu-N(11) 2.124(8) Cu-N(12) 2.090(8)
Cu-N(13) 2.046(9) N(1)-C(?) 1.322)
N(1)-C(6) 1.35(1) N(3)-C(2) 1.332)
NG)-C(4) 1.35(1) N(6)-C(6) 1.34(2)
N(7)-C(5) 1.38(1) N(7)-C(8) 1.33Q2)
N©)-C(4) 1.38(1) N(9)-C(8) 1.34(1)
N(10}-C(10) 1.48(1) N(10)-C(12) 1.50(1)
N(10)-C(13) 1.47(1) N(11)-C(9) 1.48(2)
N(12)-C(11) 1.44(2) N(13)}-C(14) 1.472)
C@)-C(5) 1.38(2) C(5)-C(6) 1.40(1)
C(9)-C(10) 1.51(2) C(11)-C(12) 1.51(2)
C(13)-C(14) 1.50(2)

N(12)-Cu-N(13)  126.8(4) N(I1)-Cu-N(13)  119.6(4)
N(11)-Cu-N(12)  110.0(4) N(10}-Cu-N(13)  83.3(4)
N(10}-Cu-N(12)  83.4(4) N(0-Cu-N(11)  84.6(4)
N(9)-Cu-N(13) 93.4(4) N(9)-Cu-N(12) 98.0(4)
N(9)-Cu-N(11) 97.8(4) NOCu-N(10)  176.6(4)
CR}-N(1)}C(6)  119.2(9) C2)»-N(G)»-C@  110.79)
C5-N(7-C(8)  101.0(8) Cu-N(9)-C(8) 127.1(6)
Cu-N(©9)-C(@) 130.3(7) C@)-N©)-C@8)  102.009)
Cu-N(10-C(13)  107.9(7) Cu-N(10)-C(12)  108.4(7)
Cu-N(10}-C(10)  107.0(6) C(12}-N(10}-C(13) 111.2(8)

C10}-N(10)-C(13) 111.3(8) C(10}-N(10)-C(12) 110.9(9)

Cu-N(11)-C(9) 107.0(7) Cu-N(12-C(11)  108.6(7)
Cu-N(13}-C(14)  110.7(7) N()-CQ-NG3)  129.4(9)
NG)-C@)-N@©)  125.9(9) N(©)-C@-C(5)  108.7(7)
NG)}C@)-C(5)  125.4(8) N(-C(5-C(4)  110.2(8)
C(4)-C(5)-C(6) 118.4(9) N(7)-CG-C(6)  131.49)
N@6)-C(6)-C5)  123.909) N()-C(6)-C(5)  116.809)
N()-C(6)-N(6)  119.3(9) N(7)-C(8-N(9)  118.2(9)
N(11)-C(9)-C(10)  109.2(10) N(10)-C(10-C(9)  110.6(9)

N10)}-C(12)-C(11) 110.5(11)
N(13)-C(14)-C(13) 107.909)

N(12-C(11)-C(12) 107.5(9)
N(10)-C(13)-C(14) 110.4(9)

complexes, in which bridging adenines link two or three metal
ions through N3 and N° 22-24

Table 5 reports the bond lengths of the five metal-adeninato
structures available in the literature containing adenine as a
unidentate monoanion bound through N°. Comparison of the
adeninato bond lengths in complex 4 with those of fac-
[Cu(dien)(Ade),]-H,0,'® cis-[Co(en),(Ade)C1]Br-H,0,?!
[HgMe(Ade)]-H,0 %’ and trans-[Pd(PBu";),(Ade), ]-
4MeOH 2?° shows good agreement, the highest deviations being
lower than 0.03 i for the three last complexes and slightly
higher for cis-[Cu(dien)(Ade),]-H,0. In particular, the highest
deviations are observed for the distances involving N(1) and
N(9). These slight differences may be due to a different
hydrogen-bonding network. Lastly, the molecular geometry of
the Cu(tren) moiety is in accordance with the results obtained
from [Cu(tren)(bzim)]J[ClO,], (bzim = I-benzylimidazole)2®
and, in particular, it is confirmed here that the Cu-N (tertiary
amine) distance is the shortest metal-nitrogen(tren) distance
followed by the axial Cu—~N(imidazole).

As mentioned above in the IR discussion, complex 4 contains
adenine in a rather unusual form, ie. as a unidentate
monoanion. This is supported by the following considerations.
(a) Besides protonation at its original N? site, adenine may be
protonated at N!, N* N’. A very sensitive test for recognizing
protonated sites is the valence angle at ring nitrogen atoms,
which increases by 3-5° upon protonation.?°*? Table 6 lists
the values of these angles for complex 4 in comparison with
those found for the adenine monoanion (Ade ™), neutral adenine
(HAde, with H at N®), and mono- (H,Ade*, H* at N') and
di-protonated (H;Ade?*, H* at N! and N7) adenine. As may be
observed, N! or N7 protonation increases the valence angle by
about 5°, whereas the angle values for 4 fit those of the adenine
monoanion. Protonation of adenine nitrogen atoms also causes
changes in the C-N ring bond lengths, although such variations
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are often too small to be diagnostic.3' (b) The most
important feature is that the hydrogen-bonding network
formed by the adenine monoanion is very different from that
formed by HAde, H,Ade* and H;Ade?*. In fact, Table 7
shows that the N!, N and N7 nitrogen atoms are involved in
hydrogen bonds as acceptors, thus indicating that they possess
an electron lone pair. (¢) The neutral adenine moiety exhibits a
dihedral angle between the imidazole and pyrimidine rings
larger than 2°,33 whereas in complex 4 this angle is 0.81(30)°,
indicating almost complete planarity of the adenine skeleton,
which parallels its deprotonation. (d) The copper ion was
ascertained to be a paramagnetic Cu" ion through both EPR
and proton NMR spectra, which show clear paramagnetic
characteristics. (¢) No proton attached to N!, N* or N7 is
present in the final Fourier difference synthesis.

The torsion angles for the three N-CH,-CH,-NH, tren
helical chains are practically equal, with a mean value of * 51.2
(1.2)° which is in the normal range, as already discussed.!’

In conclusion, the synthesis and characterization of these
trigonal-bipyramidal [Cu(tren)(nucleobase)]X, complexes
and in particular the crystal structure determination of
{Cu"(tren)(Ade)]CI-2H,O 4 reveal the formation of a selective
and exclusive Cu™-N® bond, whereas the synthesis and X-ray
analysis of the octahedral complex [Ni"(tren)(HAde)CI]Cl
demonstrate the formation of a new selective and exclusive
Ni''-N?3 (adenine) linkage.*

Although the adenine N° site in DNA is not free for metal-
complex binding, being involved in a glycosyl bond, it was
interesting to verify the binding affinity among the free adenine
nitrogen sites as a function of different metal-tren complexes,
with different steric hindrances and co-ordination geometries,
and in particular, to examine whether the selective N?

Table 5 Comparison of bond lengths (A) in N unidentate monoanion
of adenine

a b ¢ d e
(mean value)
N(1)-C(2) 1.32(2) 1.333(11) 1.344(5) 1.33(2) 1.332(6)
N(@1)»C(6) 1.35(1) 1.293(11) 1.377(5) 1.36(2) 1.351(6)
NG)C@2) 1.33(2) 1.322(11) 1.333(5) 1.332) 1.326(5)
N@3)-C@) 1.35(1) 1.300(11) 1.369(5) 1.35(2) 1.366(5)
C(4)-C(5) 1.38(2) 1.387(10) 1.384(5) 1.37(2) 1.378(5)
C(5-C(6) 1.40(1) 1.373(11) 1.414(5) 1.40(2) 1.412(5)
N(6)»-C(6) 1.34(2) 1.366(10) 1.352(5) 1.34(2) 1.346(5)
N(7»-C(5) 1.38(1) 1.331(11) 1.383(5) 1.38(2) 1.373(5)
N(@-C®) 1.33(2) 1.350(10) 1.340(5) 1.35(2) 1.319(5)
N@O)»C4) 1.38(1) 1.334(10) 1.371(5) 1.36(2) 1.356(5)
N(@-C@®) 1.34(1) 1.330(11) 1.341(5) 1.38(2) 1.359(5)

¢ [Cu(tren)(Ade)]C1-2H,0 4. ® fac-[Cu(dien)(Ade),]-H, O, ref. 18. cis-
[Co(en),(Ade)CI]Br-H,0, ref. 21. ¢[HgMe(Ade)]-H,0, ref. 27.
¢ trans-[Pd(PBu";),(Ade),]-4MeOH, ref. 25. Although some other
complexes containing the monoanion are known, they are not reported
here, due to adenine positional disorder or the presence of bridging
chelated adenine, refs. 22 and 26.
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pyrimidine site* found in the bulky six-co-ordinate complex
[Ni(tren)(HAde)CI]Cl, occurs preferentially or not in the
analogous five-co-ordinate Cu” complex with lower steric
hindrance. The present results support the important role of
steric hindrance and co-ordination geometry in recognizing a
pre-determined nitrogen donor site in DNA nucleobases.
Moreover, it appears that once the N site of the free adenine
present in animal cells is involved in Cu"-tren bonding, the
formation of AMP by adenine phosphoribosyltransferase is
probably inhibited. Further studies on adenine metal-complex
binding will be carried out using N substituted adenine or
adenine nucleotides directly.

Experimental

Infrared spectra were measured as KBr pellets or Nujol
mulls on a Nicolet 5Sxc FT-IR (20 far IR) spectrometer. The
UV/VIS spectra were measured in ethanol solutions on Perkin-
Elmer Lambda 15 and Beckman DK-2A spectrophotometers.
Thermogravimetric measurements were carried out on a Perkin-
Elmer TGS-2 analyser equipped with a Fourier-transform IR
(Bruker IFS-66) spectrometer. The EPR measurements were
performed on crystalline samples using a Bruker ER 200D
X-band spectrometer (equipped with nitrogen gas cryostat).
Proton NMR spectra were recorded on a model FX 90Q, JEOL
FT spectrometer at 296 K in CD;0D, using SiMe, as internal
standard.

Synthesis of [Cul(tren)(H,0)]Cl, 1.—To an emerald green
ethanol sotution (40 cm?) of CuCl,-2H,0 (1.278 g, 7.5 mmol),
tren (1.15 cm?, 7.5 mmol) was added, dissolved in the same
solvent (10 cm®). The colour changed to blue and the solution
was stirred at room temperature for 2 h. The addition of diethyl
ether precipitated a blue compound, which was filtered off,
washed with a EtOH-Et,0 (1:2 v/v) and dried under vacuum.

Table 7 Possible intermolecular hydrogen bonds (A) and angles (°)

Angle

D-H...A“ D-H D«.-A H.---A (°)

O(W1)-H(1W1) - - - N(3') 1.16(1) 2.92(1) 1.85(1) 152.3(6)
O(W1)-H(2W1)...CI" 0.79(1) 3.14(1) 2.37(1) 163.4(7)
O(W2)-H(1W2)...CI™ 1.08(1) 3.14(1) 2.19(1) 145.6(4)
N(13)-H(2)N(13) -- - O(W2%¥) 0.91(1) 2.91(1) 2.07(1) 152.1(7)
O(W2)-H(2W2) ... CI¥ 1.10(1) 3.15(1) 2.77(1) 100.1(5)
N(6)-H(1)N(6) - - + N(7"") 1.09(1) 3.02(1) 1.94(1) 167.6(5)
N(6)-H(2)N(6) - - - N(1*™) 1.15(1) 2.94(1) 1.98(1) 139.5(6)
N D-H@Q)N(11)---O(WIVH) 0.89(1) 2.90(1) 2.02(1) 169.6(7)
N(12-H(2)N(12) - - - N(1'¥) 0.92(1) 3.23(1) 2.70(1) 118.0(6)
N(13)-H(1)N(13) - - - CI¥ 0.88(1) 3.40(1) 2.63(1) 147.5(6)

¢ Equivalent positions: L x,y + 1,z II, —x + 2, —y, —z; III, —x + 2,
—y =1, —zIV, = x +3+ 1L, y—4 —z+ L V, x -} —y—4
z+ L VL, —x+ 3+ 1L, py+4 -z VI, =x+ 5+ 1, y—4% —z
VIILx,y - 2,z;IX, -=x+ 1, —y — 1, —z; X, —x + 2, —y — 2, —=z.

Table 6 Valence angles (°) at the ring nitrogen atoms in the adenine monoanion (Ade ~), neutral adenine (HAde), monoprotonated (H,Ade*) and

diprotonated adenine (H;Ade?*)

Ade™
HjAde?*?
a b ¢ d HAde* H,Ade* Hat N?®,
(mean value) HatN°® HatN?® N! NI N7

C(2)-N(1)-C(6) 119.2(9) 119.0(7) 118.1 118.8(3) 119.8 1236 124.0
C(2-N(3CH4) 110.7(9) 110.8(7) 111.6 111.2(4) 111.0 112.1 111.8
C(5-N(T7)y-C(8) 101.0(8) 102.6(7) 101.8 103.0(3) 104.4 103.5 107.3
C(4)-N(9)-C(8) 102.009) 102.4(6) 103.6 104.3(3) 104.8 105.6 107.9

@ [Cu(tren)(Ade)JC1-:2H,0 4. ® fac-[Cu(dien)(Ade),1-H, 0, ref. 18. © cis-[Co(en),(Ade)Cl]Br-H,O0, ref. 21.  trans-[Pd(PBu";),(Ade),]-4MecOH, ref.
25. ¢ Average of a number of adenine structures, ref. 33. / Average of five structures, ref. 34. ¢ Average of three structures, ref. 31.
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Table 8 Crystallographic data for [Cu'(tren)(Ade)]CI-2H,0 4

Formula C;1H;¢CICuN,O,
M 415.39

Crystal size/mm 0.20 x 0.20 x 0.10
Colour, habit Blue-green, prism

Crystal system Monoclinic
Space group P2,/a
alA 15.001(2)
bjA 8.422(1)
c/A 15.039(2)
B/° 105.90(6)
U/A? 1827.3(7)
z 4
D./gem™ 1.510
p(Mo-Ka)/ecm™ 13.684
F(000) 868

O nax/® 25.0
Measured reflections 5110
Unique reflections 2596

+h(£28), £k (£10), +1(+21)
h(£16), +k(+10), +1(+17)

Indices explored (max.)
Indices of observed and merged

reflections

Merging R (based on 1) 0.015

Data with F, > 4c(F,) 1524

Parameters refined 217

R 0.065

R 0.063

Goodness-of-fit 1.261

Weighting scheme w = 1/[c*(F) + 0.001 622F%]
Largest shift/e.s.d. 0.12

Higl}fst peak in difference map/ 0.8
e -3

Yield 2.04 g, 91% (Found: C, 24.10; H, 6.70; Cl, 23.65; N, 18.60.
Calc. for C¢H,,Cl,CuN,O: C, 24.10; H, 6.75; Cl, 23.75; N,
18.75%).

The assignment of the molecular structure was supported by
UV/VIS and IR spectra and, in particular, by thermogravimetric
measurements. The loss of H,O from the complex (dehydration)
took place between 428 and 499 K with a mass loss of 6.75%
(6.03% theoretical). The resulting gas was also identified as
water vapour by its vibrational and rotational spectra. From
499 to 746 K decomposition occurred, with loss of tren and
chlorine (mass loss 58.82%;, theoretical 60.90%) leading to the
formation of CuO.

Synthesis of [Cu"(tren)(HAde)]JCl, 2.—To an ethanol
solution of [Cu"(tren)(H,0)]Cl, (0.597 g, 2.0 mmol in 40 cm?),
adenine (0.270 g, 2.0 mmol) was added, previously refluxed to
dissolution in 70 cm? of the same solvent. The solution was
stirred at room temperature for 1 h and the solvent then allowed
to evaporate slowly. The blue-green precipitate was filtered off,
washed with EtOH-Et,0 (1:2 v/v) and dried under vacuum.
Yield 0.71 g, 85% (Found: C, 32.10: H, 5.75; Cl, 16.95; N, 30.55.
Calc. for C;;H,;5Cl,CuNg: C, 31.75; H, 5.55; C, 17.05; N,
30.30%).

Synthesis of [Cu(tren)(HAde)][NO;], 3.—To a stirred
pale blue solution of Cu(NO;),+2.5H,0 (0.281 g, 1.21 mmol)
in a mixture of water (13 cm?®) and ethanol (10 cm?) an aqueous
solution (10 cm?) of tren (0.18 cm?, 1.21 mmol) was added. The
reaction mixture suddenly turned blue. After about 30 min
adenine (0.163 g, 1.21 mmol) dissolved in hot water (180 cm?)
was added slowly under stirring. Aliquots of NaOH were added
until the pH of the solution was 7.0. The mixture was refluxed at
60 °C for 8 h. The solution was allowed to concentrate slowly
at room temperature. A pale blue powder precipitated, which
was separated by filtration, washed with H,0 and EtOH, and
dried under vacuum. Yield 0.48 g, 84%, (Found: C, 28.60; H,
5.00; N, 32.30. Calc. for C,; H,5;CuN,,0: C, 28.15; H,4.95; N,
32.85%).
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Synthesis of [Cu"(tren)(Ade)]C1-2H,0 4.—This complex
was prepared by adding tren (0.35 cm?, 2.29 mmol) in ethanol
(20 cm3) to CuCl1(0.226 g, 2.29 mmol) dissolved under stirring in
100 cm? of the same solvent. After about 30 min adenine (0.309
g, 2.29 mmol) dissolved in ethanol (100 cm®) by refluxing for
1 h, was added slowly under stirring and the solution then
allowed to cool. Slow evaporation of the ethanol from the
blue-green solution at room temperature after 4 weeks gave
blue-green crystals, which were isolated, washed and air-dried.
Yield 0.74 g, 78%;, (Found: C, 31.85; H, 6.30; Cl, 8.50; N, 30.45.
Calc. for C;,H,,CICuN,O,: C, 31.80; H, 6.30; Cl, 8.55; N,
30.35%).

Single-crystal Structural Determination of [Cu'(tren)(Ade)]-
Cl-2H,0 4.—Crystallographic data and collection and
structure refinement details are given in Table 8. A suitable
crystal was mounted on a glass capillary (slightly coated with
diluted polystyrene cement) on a Philips PW 1100 diffractometer
equipped with graphite-monochromated Mo-Ka radiation.
5110 Reflections were collected in the ®-26 mode to 20,,,, =
50°, exploring several quadrants of reciprocal space, and were
then merged to give 2596 independent reflections. The internal
consistency index (based on I) was 0.015, indicating good
agreement between equivalent reflections. Intensity data were
collected at 293 K and Lorentz and polarization corrections
were applied. Absorption corrections were deemed unnecessary
due to the low values of the internal consistency index and linear
absorption coefficient (1) and the small size of the crystal. The
structure was solved by the standard Patterson method and
successive Fourier maps, and was refined by the full-matrix
least-squares method using anisotropic thermal parameters for
non-H atoms and isotropic ones for H atoms. All crystallo-
graphic calculations were performed with the SHELX 763 and
PARST 3° set of programs and the molecular illustration was
drawn using ORTEPII.3?

Additional material available from the Cambridge Crystallo-
graphic Data Centre comprises H-atom coordinates, thermal
parameters and remaining bond lengths and angles.
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