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Abstract

A series of new aromatic N-oxide ligands have
been prepared by converting the 2-amino group of
2-aminopyridine N-oxide, 2-aminopicoline N-oxides
and 2-amino-4,6-lutidine MN-oxide into a urethane.
Two series of copper(II) complexes have been pre-
pared and characterized by their infrared, electronic
and ESR spectra along with other physicochemical
methods. One series has the stoichiometry [Cu-
(UOH)4](Cl0y4), and involves monodentate coordi-
nation via the N-oxide oxygen and the other series
is prepared from copper(I) acetate and has the
stoichiometry [Cu(UO),]. In this latter series coor-
dination occurs via the N-oxide oxygen and the de-
protonated amino function.

Introduction

Our laboratory has been involved in the prepara-
tion and characterization of metal ion complexes
of 2-substituted pyridine N-oxides. One series of
copper(Il) complexes that has been studied exten-
sively involves the various 2-aminopyridine N-oxides
such as 2-alkylaminopyridine N-oxides [1], 2-di-
alkylaminopyridine N-oxides [2] and 2-aminopico-
line NV-oxides [3]. Metal ion complexes of the unsub-
stituted 2-aminopyridine N-oxide have been reported
by others [4,5] as well as by this laboratory [6].
Most recently, we have prepared some copper(Il)
complexes of 2-alkyl- and 2-dialkylamino-6-picoline
N-oxides [7] and the related 3-picoline N-oxides
[8]. While most of these copper(Il) complexes have
involved neutral N-oxide ligands, these later reports
have included some molecular copper(ll) complexes
with deprotonated ligands, and a study of molecular
complexes of a number of these ligands has been
communicated [9]. In contrast to the neutral N-oxide
ligands, excepting the dialkyl-derivatives, the de-
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protonated form of the ligands coordinate via the
amido nitrogen as well as the N-oxide oxygen.

As a continuation of the alteration of the amino-
pyridine N-oxide ligand, we have prepared a series
of ligands from 2-aminopyridine N-oxide, the various
2-aminopicoline N-oxides and 2-amino-4,6-lutidine
N-oxide by converting the amino group to a urethane
(Fig. 1). Although the ethoxycarbonylaminopyridine
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Fig. 1. An example of a substituted 2-urethanylpyridine N-
oxide.

N-oxide, UOH, has been prepared previously [10],
the other substances have to our knowledge not been
reported. Recently, there has been a report [11] on
complexes of UOH with Co(II), Ni(II) and Cu(Il),
but none of the complexes that these authors pre-
pared are the same as the ones that we report on
here. Their complex prepared from Cu(ClO,4), had
the formula Cu(UOH),(ClO,), with coordination
occurring via the MN-oxide and carbonyl oxygens,
while ours has four ligands per Cu(Il) center (vide
infra). We were interested in preparing species with
four ligands per Cu(Il) ion in order to compare them
to the various 2-aminopyridine N-oxide ligands in
terms of the steric effect of the ethoxycarbonyl
group. Also, formation of anionic ligands occurs with
ease because of the electron withdrawing effect of
this group and a new series of molecular Cu(Il)
complexes is included in this report. There is con-
siderable interest in molecular copper(I) complexes
due to their solubility in lipids and, therefore, poten-
tial pharmaceutical use [12].

Experimental

UOH and the remaining 2-urethanylpyridine M-
oxides described in Fig. 1 were prepared from 2-
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aminopyridine, the various 2-aminopicolines and
2-amino-4,6-lutidine by the method of Katritzky
[10]. Modifications were necessary since not all of
the ethoxycarbonylpicoline intermediates were inso-
luble in water. Alternatively, the ligands can be
made by reaction of ethyl chloroformate with the
appropriate 2-aminopicoline N-oxide. These N-
oxides were prepared from the pyridines by oxida-
tion with m-chloroperoxybenzoic acid in methanol
[13]. The melting points and chemical shifts (ppm)
for the protons of the methyl, ring methyl and
methylene groups, respectively, are the following:
UOH: 78 °C; 1.34t, 2.29q; 2MUOH: 208 °C; 1.32t,
2.37s, 4.25q; 4MUOH: 77 °C; 1.35t, 2.37sm, 4.32q;
5MUOH: 218 °C; 1.36t, 2.27, 4.29; 6MUOH: 174
°C; 1.37t, 2.53s, 4.30q and 4,6MUOH: >280 °C;
1.34t,2.32s,2.52s,4.31q.

The perchlorate solids were isolated from a 4:1
molar ratio of ligand to Cu(ClO,4), in ethanolic solu-
tion, while the molecular solids were prepared in
aqueous solution using copper(Il) acetate. All solids
were filtered with suction and dried in a vacuum
desiccator over calcium sulfate. We were unable to
isolate a solid of either type with 3MUOH which
gave meaningful elemental analyses. Partial elemental
analyses of the isolated solids were performed by
Micro-analysis, Inc. of Wilmington, Del. All instru-
mentation used in the characterization of these solids
was the same as in our previous studies [1-8, 6—9].

Results and Discussion

The stoichiometries of the various solids isolated
are shown in Table I along with their colors, partial
elemental analyses and molar conductivities. All of
the complexes prepared from copper(Il) acetate
contain only deprotonated ligands and presumably
these ligands bind in a bidentate manner via the
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exocyclic nitrogen and the N-oxide oxygen resulting
in five membered chelate rings. The dark green color
of most of the solids derived from the perchlorate
salts suggest that they contain ligands bound via the
N-oxide oxygen in a similar manner to the various
2-aminopyridine N-oxides [7,8]. As would be ex-
pected the complexes containing the deprotonated
ligands have molar conductivities consistent with
their non-electrolytic behavior while the solids having
perchlorate anions behave as 1:2 electrolytes in ace-
tonitrile [14]. The latter result is consistent with
the non-coordinating nature of the perchlorate
anions. The most notable result shown in Table 1
is the blue color of Cu(6MUOH),(ClO,),°2H,0,
which is the first 4:1 pyridine N-oxide complex
reported that is not green.

In Table II we show the results obtained from
thermal experiments for the molecular solids con-
taining the anionic bidentate ligands. The initial event
in each thermogram is an extremely sharp endo-
therm which is accompanied by a weight loss con-
sistent with the loss of one ligand (L) or one ligand
less an oxygen (L"). The enthalpy value for the re-
moval of one ligand ranges from 8.6 kcal/mol to 14.1
kcal/mol and averages 11.6 kcal/mol. This is usually
followed by a large exothermic peak resulting from
extensive bond formation in the new substance
having either one ligand or one ligand and an oxygen
per metal ion. Interestingly, the two compounds
having ligands with substituents in the 6-position
appear to lose only a pyridine moiety rather than the
complete N-oxide ligand.

In Table III we have compiled the IR bands asso-
ciated with the ligand that are most useful in estab-
lishing its mode of coordination. For the perchlorate
solids the »(NH) band is found at considerably higher
energy than in the spectra of the free urethanes
indicating non-coordination of the nitrogen as well
as decreased involvement in hydrogen bonding.

TABLE 1. Colors, Partial Elemental Analyses and Molar Conductivities (ohm™! ¢cm? mol™) for Two Series of Copper(II) Com-

plexes of some 2-Urethanylpyridine N-oxides

Compound Color Calculated (%) Found (%) AM?
(ohm~lcm? mol™h
C H N C H N
Cu(UO), dull green 447 4.2 13.0 454 41 12.8 4
Cu(4MUO), dark green 47.6 49 12.3 47.6 4.7 124 4
Cu(5MUO), olive green 47.6 49 12.3 48.3 4.8 11.9 4
Cu(6MUO), green 476 49 12.3 47.8 4.6 12.1 3
Cu(4,6MUO), mint green 49.8 54 11.6 49.8 5.2 11.6 3
Cu(UOH)4(Cl104), mint green 38.1 4.2 37.8 3.9 256
Cu(4MUOH)4(C104), green 413 4.6 40.7 4.5 256
Cu(SMUOHR)4(C104), dark green 41.3 4.6 41.0 42 238
Cu(6MUOH)4(Cl04),*2H,0 dark blue 399 48 393 47 264
Cu(4,6MUOH)4(C104),°2H,0  dark 422 53 9.8 423 49 10.0 262

acg. 1073 M CHaCN.
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TABLE II. Thermal Decomposition Data for the Molecular Copper(Il) Complexes
Compound DSC H Weight loss —Lor-L'
(&) (kcal/mol) (%) (% calculated)
Cu(U0), 222v,sh +12.0 44.0 42.5
257sh -575
Cu(4MUO), 231v,sh +12.6 41.0 42.5
252 -51.7
Cu(5MUO), 251v,sh +8.6 46.5 42.5
262sh -56.7
Cu(6MUO), 228v,sh +14.1 36.0 39.0 (LY
265 -11.1
Cu(4,6MUO), 212v,sh +11.1 37.5 39.3 (L")
234v,br +5.3
258 -20.3

TABLE III. Infrared Spectral Assignments (cm™Y) for some 2-Urethanylpyridine N-oxides and Two Series of Copper(I) Com-

plexes
Compound v(NH) v(CO) §(NH) v(NO) 8§(NO) v(CuO) v(CuN)
UOH 3230s 1732s 1639m 1219m 842m
Cu(UO), 1686s 1187m 825m 437m 355m
Cu(UOH)4(Cl04)2 3350m 1782s 1619m 1199m 861m 412m
4MUOH 3265m 1722s 1629m 1205sh 843m
Cu(4MUO), 1670s 1189m 830m 423s 352m
Cu(4MUOH)4(C104), 3285m 1771s 1618m 1212m 825m 423s

3299sh
6MUOH 3258w 1745s 1623m 1212m 824m
Cu(6MUO), 1700s 1200m 836m 388m 340m
Cu(6MUOH)4(C104)2°2H,0 3305 1730s 1613sh 1197m 828m 400sh

3265sh (Cu—OH,) = 345s
4,6MUOH 3200w 1720s 1620m 1238sh 818sh
Cu(4,6MUO), 1710s 1199m 839m 380m 347m
Cu(4,6MUOH)4(Cl04),:2H,0 3360w 1733s 1636m 1208sh 822m 422m

Similarly, the band for »(CO) is shifted to higher
energies in these complexes which indicates that
the carbonyl oxygen is not bonding directly to the
copper(Il) centers. 5(NH) is also shifted to a differ-
ent position in the perchlorate solids but the shift
is to both lower and higher energies indicating that
loss of hydrogen bonding upon complexation is not
the only factor affecting this band. Complexation of
the N-oxide oxygen is generally accompanied by a
shift to lower energy of this band with the energy
in the complexes being as low as 1180 cm™! [1, 3, 6].
The magnitude of the shift is not as great for these
complexes because of both the hydrogen bonding
in the free ligands and the steric crowding-involved
with having four of these ligands about a single
Cu(Il) center. The 6§(NO) band often remains un-
changed in energy upon complexation due to two
opposing effects [15]. There is a general tendency
in the spectra of the perchlorate solids for this band
to be found a somewhat higher energy indicating
that the metal ion effect is more important than

the loss of double bond character. The »(CuO)
band is found in the 400 to 430 cm™! range in agree-
ment with other 2-substituted pyridine N-oxides [1].

The molecular complexes have no assignable bands
for (NH) of the exocyclic nitrogen indicating its
loss on complex formation. The »(CO) band is found
at lower energy in these complexes due to the loss of
the proton and the accompanying loss in polar
character of the C—-O bond. The decrease in energy
is not sufficient in the spectra to indicate bonding
of the carbonyl oxygen although it is possible that
the urethane oxygens occupy the axial coordination
position(s) of either the same or an adjacent
copper(Il) center. Coordination of the N-oxide
oxygen is indicated by the lower energy of »(NO),
the sporatic changes in §(NO) and the appearance of
bands in the 400 cm™! region assignable to ¥ CuO)
in this series of complexes. Coordination of the exo-
cyclic nitrogen is suggested by the appearance of a
band in the 340-365 cm™! region for this series of
complexes. Therefore, the infrared spectra help to
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confirm the bidentate bonding (O,N) of the de-
protonated ligand and the monodentate bonding
(O) of the neutral ligand. The non-coordination of
the perchlorate anions is confirmed by the presence
of a very strong band at 1080—1120 cm™! assignable
to v3(Cl0Oy), a very strong, sharp band at ca. 625
cm™?! due to p4(Cl0,), and a weak, sharp band at ca.
935 cm™! assignable to »4(Cl0,). The small distortion
from T, symmetry that is observed for this anion is
probably due to its involvement in hydrogen bonding
rather than direct bonding to the Cu(II) center,

The blue perchlorate solid prepared with 6MUOH,
Cu(6MUOH)4(Cl04),°2H,0, has a strong band at
345 cm™! assignable to ®(Cu—OH,) and this band is
not present in any of the other spectra of the per-
chlorate solids including the complex prepared with
4,6MUOH which also has two water molecules per
Cu(II) center. Therefore, the latter solid’s two water
molecules are not coordinated. In addition, a relative-
ly sharp band is present at 3365 ¢cm™ ! which is assign-
able to »(OH) of a coordinated water molecule.
The DSC of the blue solid has a endothermic peak at
120 °C which is unique to the series and is presum-
ably due to loss of coordinated water. All of this
evidence suggests that the blue color is caused by
coordination of one or more water molecules which
increases the coordination number above 4.

The electronic spectral assignments for solid and
solution spectra are shown in Table IV. All of the
spectra show a band in the 25—-27 kK region common
to Cu(ll) complexes of 2-substituted pyridine N-
oxides and assignable to a O(p) - Cu(Il) charge
transfer band [16]. In some cases the band is ob-
scured by more intense intraligand bands and,
possibly, other charge transfer bands such as N(p)
- Cu(Il) which would be expected for the neutral
complexes. An energy range for this band unfor-
tunately has not been established for previous com-
plexes from this laboratory [9] or by other workers
[17].
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The d—d bands are found at higher energy for the
molecular complexes as would be expected for CuO,-
N, chromophores compared to CuO4 chromophores.
The appearance of a second peak or resolved
shoulders on some of the d—d composite bands
suggests a planar arrangement of the donor atoms
about the Cu(II) center. A comparison of the energies
of the d—d bands to those found for the analogous
complexes formed with 2-methylaminopyridine N-
oxideM) (ie., Cu(M—H),, (d—d)=17.86, 13.04
kK [9] and Cu(M)4(ClO4),, »(d—d)=15.63 kK
[1]) shows the present centers to have lower energies
in both cases presumably due to less planar arrange-
ments due to the greater steric requirements of these
ligands. When larger alkyl groups than a methyl
group are present on the amino nitrogen (i.e., ethyl,
propyl and isopropyl), the energy of the main d—d
band increases for the perchlorate solids presumably
due to steric interference to increasing the coordina-
tion number by axial bonding of either perchlorate
ions or bridging N-oxide oxygens from adjacent
copper(I1) sites [1]. However, in the analogous series
of molecular solids »(d—d) reaches a maximum with
the ethyl derivative and then decreases indicating
that the nature of the solid and its packing arrange-
ment play an important role in determining the
stereochemistry of the copper(II) center and its
resulting d—d spectrum [9]. Finally, Cu(UOH),-
(Cl0,4), has p(d—d)=15.38 kK [11] compared to
1435 for Cu(UOH),(ClO,), indicating that a
stronger crystal field is achieved by the O, O chelat-
ing ligand. This is probably due to steric factors
since the N-oxide oxygen would in general be the
stronger donor atom.

The plasticity [18] of the copper(Il) coordination
sphere allows for numerous modes of distortion and
the two series of compounds being studied here
appear to exemplify this characteristic. For both
series of solids substitution on the ring seems to
increase the energy of the d—d band suggesting

TABLE 1V. Electronic Spectra (kK) of Two Series of Copper(Il) Complexes of 2-Urethanylpyridine N-oxides

Compound Solid Solution?
CT d-d CT d—d

Cu(U0), 27.27 16.84,12.17 28.09 16.03
Cu(4MUO), 25.19 16.18 27.78 16.05
Cu(SMUO), 26.32 16.56 27.25 15.97
Cu(6MUO), 26.11 16.39 27.25 15.90
Cu(4,6MUO), 26.60 16.10 27.55 16.08
Cu(UOH)4(C104), 26.67 14.08 26.25 14.35
Cu(4MUOH),(C104)2 25.64 13.74 26.32 14.49
Cu(SMUOH),(C104), 25.64 15.67,13.89sh 26.31 14.53
Cu(6MUOH)4(C104)2+2H,0 27.03 16.10, 14.18sh 26.18 1475
Cu(4,6MUOH)»(C104),°2H,0 27.25 14.97 25.00 1499

2Molecular complexes in CHCl3, perchlorate solids in CH3NO,.
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TABLE V. Powder Electron Spin Resonance g-values for Two Series of Copper(Il) Complexes of 2-Urethanylpyridine N-oxides

Compound Temperature? £l g1 Zav OT &iso A (G)
Cu(U0), RT 2234 2.057 2.116
77K 2.227 2.053 2.111
Cu(4MUOQ), RT 2.055 ?
77K 2.056 ?
Cu(SMUOQ), RT 2254 2.031 2,105 162
77K 2.064 ?
Cu(6MUO), RT 2.059 ?
77K 2.056 ?
Cu(4,6MUO), RT 2.055 ?
77K 2.049 ?
Cu(UOH)4(Cl04), RT 2270 2.062 2.131
77K 2257 2.061 2.126
Cu(4MUOH)4(C104), RT 2272 2.066 2.135
77K 2267 2.050 2.122
Cu(SMUOH)4(Cl04), RT 2242 2.061 2.121
77K 2.240 2.060 2.120
Cu(6MUOH)4(Cl04)2+2H,0 RT 2.233 2.058 2.116
77K 2.216 2.055 2.109
Cu(4,6MUOH)4(C104),°2H,0 RT 2239 2.055 2.116 176
77K 2,244 2.056 2.119 181

AR T = room temperature.

reduced axial bonding due to steric hindrance.
Upon dissolution in chloroform there is little change
in the d—d spectra except that those solids having
two bands or resolved shoulders have only one
broad band assignable to d—d transitions. The small
changes in energy appear to be due to a medium
effect rather than a change in the nature of the
coordination spheres of these complexes. This
suggests little bonding in the axial positions of
these complexes in the solid state.

The ESR parameters derived from the spectra of
the powdered solids are shown in Table V. While
many of the spectra of the molecular complexes
appear to have broad isotropic spectra, assignment
as such gives g, values which appear to be far too
low compared with both those samples having ani-
sotropic spectra and the previously studied molec-
ular CuO,N, chromophores. Our inability to ob-
serve the features associated with gy for most of the
solids is probably due to it being obscured by the
larger g, feature rather than it being. broadened
beyond detection. The expected value for g for
CuO,N, chromophores having very weak axial
bonding is 2.22 [19] and a feature having this value
would be difficult to detect in these spectra. When
we are able to observe gy, its value, as well as the
values of g,,, are higher than those of the previously
studied molecular complexes [9]. The resolution of

the g, feature for the room temperature spectrum
of Cu(5MUO), is surprising and its values for g
and A are considerably higher and lower, respective-
ly, than would be expected for a CuO,N, chromo-
phore.

The perchlorate solid spectra are consistent with
a dy2_,2 ground state and the values in general
are what we have come to expect for CuO,4 chromo-
phores involving pyridine N-oxide ligands [1]. These
complexes do have g values that are higher than
those found for the various 2-aminopyridine N-
oxide Cu(Il) complexes. This indicates weaker
bonding by these ligands which may be due to
greater axial bonding or a tetrahedral distortion of
the Cu(Il) center. Resolution of the g feature in
the spectra of the 4,6MUOH complex is more than
likely due to the size of this ligand being sufficient
to reduce dipolar and exchange interactions between
adjacent Cu(II) centers to give a ‘diluted’ spectrum
[20]. This along with the two absorptions assignable
to d—d transitions in the electronic spectra of some
of these compounds allows for calculation of co-
valency parameters [20]. For Cu(UO),: k; =0.65,
k; =0.72; for [Cu(5SMUOH),](CiO4),: ky=0.71,
k;=0.75; and for [Cu(6MUOH)4(H,0)](ClO,),:
ky=0.70, k; =0.74. For all three of these solids
the values of k, are larger than the values for k|
indicating that in-plane n-bonding is more important
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TABLE V1. Solution (CHCl3) ESR Parameters of the Molecular Cu(11) Complexes

Compound 298 K 77K

o A (G) gl A(G) g2 A2G)
Cu(U0O), 2119 68 2.226 172 2.066 16
Cu(4MUO), 2.121 68 2.237 169 2.063 17.5
Cu(5MUO), 2.120 67 2.232 175 2.064 13
Cu(6MUO), 2.121 66 2.232 176 2.066 11
Cu(4,6MUO), 2.120 67 2.232 173 2.064 14

8Calculated from g = (3g, — £1)/(2) and 4| = (34, — AP/(2).

than out-of-plane n-bonding. The greater #-bonding
and covalency of the Cu(UQ), is probably due to
the chelation which forces the aromatic rings to be
coplanar with the CuO,N, portion of the molecule
as well as the lower electronegativity of the nitrogen
atoms. Since the values for the two CuO, chromo-
phores are close to the 0.77 value expected for ionic
bonding, it is likely that these complexes have the
N-oxide rings twisted out of the coordinate plane
which reduces their potential for involvement in
m-bonding to Cu(lIl). A crystal structure determina-
tion of Cu(M)(Cl104)2 (M = 2-methylaminopyridine
N-oxide) showed that the four pyridine N-oxide
rings were twisted out of the CuQO, plane to give a
propellar-like structure [22], which we envision for
these two compounds.

In Table VI we show the CHCl; solution ESR
parameters for the five molecular complexes. The
ionic solids undergo decomposition resulting in
multiple Cu(II) centers in solvents such as aceto-
nitrile and methanol and these solutions were not
studied in detail. All of the samples in Table VI
give similar parameters indicating little effect on the
nature of the Cu(II) center with substitution on the
ring. The g, and Ay values of these solutions are in
reasonable agreement with 2.224 and 175 G pro-
posed for CuO;N, chromophores [23]. The only
significant difference between the spectra of these
compounds is the ability to resolve nitrogen super-
hyperfine. As in our previous studies [8], greatest
resolution of the isotropic spectra occurred at ca
—25°C and Cu(4,6MUO), provided the most highly
resolved spectra at all temperatures. Example A(N)
values for Cu(4,6MUO), are the following: at 248 K:
AN)=12 G; at 77 K: 4y(N)=9 G, 4 (N)=14 G.
The resolution of these spectra confirm planar nitro-
gen coordination and the five lines in the room tem-
perature spectrum indicate that two nitrogens are
coordinated.

A preliminary single crystal study has shown
Cu(4MUO), to have the two ligands bound in a cis

arrangement with some distorition from planarity
[22].
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