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THEOPHYLLINE ADDUCTS WITH 3d METAL
PERCHLORATES'

CHESTER M. MIKULSKI, MATTHEW K. KURLAN, SCOTT GROSSMAN,
MONICA BAYNE, MICHELE GAUL

Department of Chemistry and Physics. Beaver College, Glenside. PA 19038, U.S.A.

and

NICHOLAS M. KARAYANNIS

Amoco Chemicals Co., P.O. Box 400. Naperville, 11. 60566, U.S.A.
(Received April 26, 1986)

2:1 adducts of theophylline (tpH) with 3d metal perchlorates were prepared by refluxing mixtures of ligand and
metal salt in ethyl acetate-triethy} orthoformate. The new complexes appear to be generally monomeric.
involving terminal N7-bonded tpH ligands. Mn?*, Co?* and Zn?* perchlorates afforded water-free adducts of
the types [M(tpH),(OCl0,)(=0,C10,)].(M = Mn, Co) and | Zn(tpH),(OCIO,),|. The former two complexes are
pentacoordinated with one unidentate -OClO, and one bidentate chelating = O,ClO, ligand, while the
Zn** complex is analogous to the previously reported Cu?™ complex, ie. tetrahedral with two unidemate
-0ClO, ligands. The Co?* complex is moisture-sensitive, being converted to the dihydrate |Co(tpH),(OClO;),
(OH,),| immediately upon exposure to the atmosphere. The rest of the new complexes were isolated in the form
of hydrates and are of the types: [Ni(tpH),(OC10,),(OH,),] hexacoordinated with exclusively coordinated
-0ClO,, I[Fe(tpH),),(OCI0,)} OH,)|CIO,, distorted tetrahedral, and [M(tpH),(OClO,),},]C10, (M = Cr. Fe),
hexacoordinated, involving both terminal -OCIO, ligands and ionic C1O;,

INTRODUCTION

Amongst substituted xanthines, theophylline (tpH; 1,3-dimethylxanthine: I) has been
studied to the largest extent as a model of guanine (guH)-metal ion interactions.?* The
weakly acidic proton of neutral tpH is bound to N7 in the solid.*:* while protonation at
N9 can occur under relatively acidic conditions.®” Numerous metal complexes with
theophylline have been reported.f-#~% Determination of the formation constants of
Cu** complexes with substituted purines resulted in the following series of decreasing
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values: adenine (adH) > purine (puH) > hypoxanthine (hxH) > xanthine
(xnH) > tpH.3* Crystal structure determinations of several metal complexes with
terminal tpH or tp~, prepared from neutral or basic solutions, establish the general
trend of theophylline preferably binding through the N7 imidazole nitro-
gen$-11-13,21,24,25.30,32 [ Jge of the somewhat sterically hindered (owing to the presence of

tPresented in part at the 189th National Meeting. Am. Chem. Soc., see ref. L.
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the methyl substituent at N3) N9 site for binding of theophylline to metal ions occurs®
only when the metal complexes are prepared under sufficiently acidic conditions to
preclude ionization at N7' or when N7 is blocked by prior metal coordination.2®*** Two
complexes prepared from acidic media were found to involve N9-bonded terminal
tpH.2*2* while the presence of N7.N9-bonded bridging tp~ was invoked in order to
rationalize the formation of a trimeric Pt** complex.? The presence of strong Hg-N7
(2.08 A) and weaker Hg-N9 (291 A) bonds in a Hg?* complex with tp~ was recently
established Bridging of tp~ through N7. N9 was also postulated for [(CH,Hg),tp]NO,#
whose interaction with excess CHyHgNO;, under conditions leading to C2 substitution
in N-methylimidazole’” and C8 substitution in xanthosine®® and inosine did not
result in C8 substitution® In this respect. theophylline resembles unsubstituted
imidazole. which also does not demonstrate carbon-methylmercury bond formation
under similar conditions.? Finally. the presence of chelating 06, N7-bonded tp~,
involving weak Cu-Q6 interaction (bond lengths 2.919-3.340 A), was established for a
number of Cu?* complexes with this ligand.**-**

As regards the involvement of these laboratories in studics of theophylline metal
complexes. the |[Cu(tpH),(OClO,),] tetrahedral adduct was prepared in early work from
ethanol-triethyl orthoformate (teof) and has been characterized.?® Subsequent synthetic
work aimed at the isolation of theophylline complexes with other 3d metal perchlorates
(MM = CP* Mn?*, Fe2t. Fe*, Cot*. Nitt, Zn?") from ethanol-teof resulted in failure to
produce solid complexes. At that time a new synthetic method involving use of ethyl
acetate (ea)-teof as the interaction medium for the syntheses of metal perchlorate
complexes with purines was developed.*® This method proved to be significantly better,
in that itis much more rapid and lcads to substantially higher yields than the procedure
involving use of ethanol-teof in the cases of ligands that afford solid metal perchlorate
complexes from the latter medium. eg. xnH?*~** By employing ea-teof as the
interaction medium we were able to isolate solid or semi-solid adducts of tpH with the
whole series of 3d metal perchlorates in good yields.! and a number of these adducts
(M= Mn?* Ni** Zn?**)were discussed in a preliminary communication.? It should be
noted that use of ea-teof resulted also in the precipitation of the [Cu(tpH),(OCIO;),]
adduct in the form of a crystalline powder in 90% yield.”® while when the same
compound was prepared from ethanol-teof, it was initially isolated in the form of a
viscous semi-solid. which eventually solidified to a hard glassy green solid upon
desiccation.” The present paper deals with the preparation of metal(11l) (Cr. Fe) and
metal(1) (Mn. Fe. Co. Ni. Zn) perchlorate adducts with tpH and their characterization
by means of spectral. magnetic and conductance studies.

EXPERIMENTAL

The following synthetic method was employed'-?: 1.25 mmol hydrated metal
perchlorate is dissolved in a mixture of 35 cm?® ea and |5 cm? teof. 2.5 (for M* ) or 3.75
(for M**) mmol tpH are added. and the resultant mixture is refluxed for 6 h or until no
further sigmificant change in appearance is noted. The mixture is then allowed to cool to
ambient temperature. 15-20 cm?® anhydrous dicthyl ether added and the volume is
subsequently reduced at low heat to ca 20 cm®. The residue is separated by filtration,
washed with 30 em?® diethyl ether and stored in vacuo over anhydrous CaSQ,. The new
metal complexes are generally adducts involving 2:1 tpH to metal ion molar ratios, of
the following types (analytical results are given in Table I): M(tpH),(C10,),: 2H,0
(M = Cr. Fe). M(ipH),(ClOy), (M = Mn, Co. Zn). Fe(tpH),(C10,),- H,O and
Ni(tpH),(C10,),* 2H,0. The Fe!* and Fe** complexes were isolated in the form of
tacky semi-solids. which would not solidify completely upon desiccation, whilst the rest
of the new complexes were obtained as crystalline free-flowing powders. The purple
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TABLE I
Analytical Data for tpH Adducts with Metal Perchlorates.?
Complex Colour Yield% C% H% N% M% Cl%
Cr(tpH),(C10,),* 2H,0 Khaki 97.6 2278 281 15.06 6.76 14.50
(22.52) (2.70) (15.01)  (696) (14.24)
Mn(tpH),(ClO,), White 472 27.51 2.55 18.48 8.65 11.09
27.38) (2.63) (18.24)  (893) (11.54)
Fe(tpH),(Cl10,),- H,0 Brown 59.3 26.82 2.82 18.03 8.97 11.46
(26.56) (2.87) (17.70)  (8.82) (11.20)
Fe(tpH),(C10,),- 2H,0 Brown 29.6 2287 238 1530 1.57 14.44
(22.40) (2.69) (1493)  (7.82) (14.17)
Co(tpH),(Cl10,), Purple 80.4 27.23 2.52 18.35 9.70 11.39
(27.20) (2.61) (18.13) (933 (11.47)
Co(tpH),(Cl10,),* 2H,0 Orange b 25.46 32] 17.17 8.82 11.00
(25.70) (3.08) (17.13) (9.0 (10.84)
Ni(tpH),(Cl10,)," 2H,0 Light green  74.6 25.75 315 17.44 9.09 10.62
(25.71) (3.08) (17.13)  (898) (10.84)
Za(tpH),(C10,), Cream white 65.8 27.18 259 18.23 10.20 11.22

(26.92) (2.58) (17.94) (10.47) (11.35)

“Found%, with Calc.% in parentheses. "The hydrated Co?* complex was obtained by exposing the
anhydrous analogue to atmospheric moisture (see Experimental Section).

Co** complex is extremely moisture-sensitive, being immediately converted to the
orange-coloured Co(tpH),(ClO,),* 2H,0 species upon exposure to the atmospherc. The
latter product was also studied. The rest of the new complexes do not appear to be as
moisture-sensitive as the anhydrous Co?* complex. All the complexes exhibit limited
solubility in organic solvents, and especially in various binary solvent mixtures. Their
molar conductivities were measured in 107 M solutions in nitromethane-acetone
(1:1 v/v).

The IR spectra of tpH and the new complexes (Table 1I) were recorded in KBr discs
{4000-500 cm™') and in Nujol mulls between NaCl (4000-500 cm™") and high density
polyethylene (700-200 ¢m™!') windows, in conjunction with a Perkin-Elmer 621
spectrophotometer. Solid-state (Nujol mull) electronic spectra, magnetic susceptibility
(298 K) and conductance measurements (Table III) were obtained by methods
described elsewhere.*

RESULTS AND DISCUSSION

IR and Conducrance Data

Complete or partial IR spectral data for tpH have appeared in several publica-
tions$9-16—19.28,29.33.45 Band assignments in Table II were based on these previous
works, as well as complete assignments for xnH**** and partial assignments for
theobromine (tbH; 3,7-dimethylxanthine)®-4":#® and caffeine (caf; 1.3.7-trimethyl-
xanthine).28-44~%° The spectra of the new metal complexes are quite interesting as far as
the differences observed in the fundamental vibrational modes of the perchlorate
groups are concerned.’*+5? In fact, the Ce*+. Fe?* and Fe’* complexes exhibit triply split
v, and v, (ClO,) bands. while the strongest and broadest v4(ClO,) absorption
(1100-1090 c¢cm™!) has the characteristic shape of the single band observed in
compounds involving exclusively ionic ClO;; hence, the spectra of these three
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complexes are interpreted in terms of the simultaneous presence of ionic ClO; and
unidentate coordinated —OCIO, ligands*!*** The Ni**, Zn** and the hydrated Co**
complexes exhibit doublets in the vy and v,(ClO,) regions, and are presumably similar
to [Cu(tpH),(OCIQ,),|.®-? as far as the exclusive presence of unidentate coordinated
—QCIQ, is concerned.*!*5? However, the Mn?** and anhydrous Co** complexes show
quintuply split v; and v,(ClO,) bands, which were previously?® attributed to the
simultaneous presence of unidentate —OClO, and bidentate chelating =0,ClO,
ligands.s!**? Actually, the Mn?>* and anhydrous Co** complexes exhibit doublets or
complexes, as would be expected for compounds containing coordinated perchlorato
ligands.’*5? Actually, the Mn?* and an hydrous Co** complexes exhibit doublets or
very broad maxima in the v, and v,(C10,) regions. A single voy band at 3420-3380 and
asingle 8oy absorption at 1638-1630 cm™! indicate that exclusively coordinated water
is present in the new hydrated metal complexes.”

As regards the tpH IR bands, all the new adducts exhibit the vey + vy bands of
the ligand practically unchanged (3130-2600 cm™* region), since they comprise neutral tpH.
Among these bands, those at 3120 and 2820 cm™ involve v¢g_y contribution 4630
whilst the rest (3060, 2980 and bands at 2790-2620 cm™') are most probably purely vay
absorptions.** =% The vc=g bands of free tpH are generally insensitive to 3d metal
perchlorate adduct formation, so that it can be concluded that the new complexes do
not involve tpH binding through one of the C=0 oxygens.®®16719:28,29,41743,46,54
Coordination of tpH through a ring nitrogen is suggested by the more significant shifts
and splittings of wvarious vc—c, Ve=ny and ring vibrational modes at
1620-1150 ¢m™!6:9:16719,28,29,41743,46.5  Tentative , Vy_jgand band . assignments
(Table 1I), based on previous studies of tetra-, penta- and hexa-coordinated 3d metal
complexes with various purines$:28:41:43.35758  34319.41.43,55760  and  perch-
loratg?®-41,43,36,57,60,61 }igands, are in favour of the following coordination numbers:
four for the Fe?* and Zn?*,'9:28:55.57:60 five for the Mn** and anydrous Co?* ¢1:53:57,58
and six for the CrPt, Fe*t, Ni2t and hydrated Co?* 41:43:3576! complexes. The spectrum
of free tpH at 600-200 cm ™! recorded during our study agrees with published data'®; the
free ligand bands below 500 cm™! are mostly due to out-of-plane ring vibrations.*

The molar conductivities of the Cr*t, Fe?* and Fe’* complexes (Table I1I) are within
the range of values corresponding to 1:1 electrolytes,®® and indicate that among the
perchlorate groups present in these compounds only one is ionic. The remaining M**
complexes involve exclusively coordinated perchlorate in the solid state, on the basis of
the IR evidence (vide supra). In nitromethane-acetone solutions they show Ay values
corresponding practically to non-electrolytes (Mn?* and anhydrous Co** complexes)
or intermediate between non- and 1:l-electrolytes (Zn?*, Ni** and hydrated Co**
complexes).®® In the latter cases, partial displacement of —OCIO; by solvent
{((CH;),C=0 or CH,;NQO,) ligands presumably occurs in solution, as was also the case
with [Cu(tpH),(OClO,),| 2

Electronic Spectra and Magnetic Moments

The magnetic moments of the new paramagnetic metal complexes (Table III) are
generally normal for high-spin 3d*>-3d® compounds or the 3d® configuration* In
addition, the p.g values of the two Co** perchlorate adducts are consistent with the
far-IR evidence, ie, indicative of coordination number five for the anhydrous
(4.52 BM)** and six for the hydrated (4.84 BM)** cobaltous complexes. The UV spectrum
of tpH (Nujol mull*® and aqueous solution® spectra previously reported; Table HI)
generally undergoes shifts of the m — #* transition bands (223, 276 nm) toward lower
energies, as well as splittings of the same bands, upon 3d metal perchlorate adduct
formation. The n — #* transition of free tpH is observed at 300 nm in the Nujol mull
spectrum?®:6” and appears at 298-304 nm in the spectra of the new complexes. The new
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paramagnetic metal complexes exhibit strong metal-to-ligand charge-transfer
absorptions, originating in the UV and trailing off into the visible region® The d-d tran-
sition spectra of the Cr**, Ni** and hydrated Co*>* complexes are consistent with low
symmetry hexacoordinated configurations®® vis nm: M = CrP% *A, (F) — *T,(F) 435. 460:
T, (F) 581, 602, 653 (approximate Dq = 1634 cm™'); Ni** ? 2(F) -8 1o(P) 431;
~ 5T, (F) 640, 717: = *T,,(F) 993, 1171 (approximate Dq = 923 cm*): Co** T, (F)
= ‘Ty(P) 471; — *Ayy(F) 525, 551; — *T,,(F) 960, 1185. The approximate Dq values
calculated for the Cr’“g and Ni** complexes for pure Oy, symmetry are compatible with
MN,O, chromophores.’-57-7° The d-d spectrum of the anhydrous Co?* complex is
characteristic of pentacoordinated compounds of this metal ion (multiple maxima at
463-1910, including bands at 760-870 and 1910 nm).**:" Finally, the spectrum of the
Fe** adduct, with maxima at 560, 828 and 952 nm, is consistent with distorted
tetrahedral symmetry.572.73

The overall evidence presented indicates that the new adducts of tpH with 3d metal
perchlorates are monomeric species. The inner coordination sphere of the central
metal ions is occupied by two terminal unidentate tpH ligands, which are presumably
bound by the N7 iidazole nitrogen of this ligand.$-'171%:21.24.25.30732 The coordina-
tion is completed by two, three or four oxygen ligands tfrom perchlorato and. in the
hydrated species, water molecules, depending on whether the coordination number is
four, five or six, respectively. Among M** perchlorates, only the Zn?* salt produced a tetra-
hedral adduct analogous to the corresponding Cu?t complex® ie, [Zn(tpH),(OClQ,),].
The Fe** complex is also tetrahedral, but involves one water in place of one of the
perchlorato ligands and one ionic Cl1O; group, viz, [Fe(tpH),(OC10,;)(OH,)]CIO,. The
Mn?* and anhydrous Co** complexes contain four ligands, but are pentacoordinated
with one of the perchlorato ligands functioning as a chelating bidentate:
[M(tpH),(OCl0,)(=0,C10,)] (M = Mn, Co). It is somewhat surprising that in the
environment of the same four ligands, Co** in the preceding complex is
pentacoordinated, while the corresponding Zn** complex is tetrahedral; in fact, Co’"
and Zn*" tend to produce isomorphous complexes, as, for instance, the tetrahedral 1:1
adducts of their chlorides with 9-methyladenine.”*”* The rest of the new complexes are
dihydrates. involving coordination of two of each of the following three ligands:
tpH. —OCIlO, and water. The Mt complexes contain also one ionic CIO},
ie, [M(tpH)(OClO;),(OH,),]CIO, (M = Cr, Fe), while the M?* complexes are neutral
of the [M(tpH),(OClO,),(OH,),] (M = Co, Ni) type.
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