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Anhydrous complexes of pentamethylenetetrazole (PMT) with Cu(I) and Cu(II) perchlorates were prepared by allowing

the ligand to react with copper(Il) perchlorate hexahydrate in acetic acid or 2,2-dimethoxypropane solutions.

Three com-

plexes, having the compositions Cu(PMT),ClOs, Cu(PMT )4(ClOy4)e, and Cu(PMT)s(Cl0,)s, were isolated and character-
ized. Physicochemical measurements indicate that the hexacoordinated PMT complex is situated in a tetragonal environ-

ment.

Introduction

In our previous communications? we described
complexes of pentamethylenetetrazole (hereafter abbre-
viated as PMT) with iron(II), manganese(II), cobalt-
(IT), nickel(II), and zinc(II) perchlorates. This work is
now expanded to include the PMT complexes of copper-
(I) and copper(1I) perchlorates.

Various investigators have reported the preparation
of hexaammine copper(Il) complexes. Recently Elliott
and Hathaway? prepared and examined a series of hexa-
ammine copper(Il) complexes of [Cu(NHs)s][Xe],
where X~ represents Cl—, Br~, I=, BFy~, or ClO;™.
Elliott, et al.,* have described a six-coordinate hexa-
nitro complex KoM [Cu(NO,)s] where M™ represents
Ph2+, Ba?™, or Cu?t and in which the copper(II) ion is
in a tetragonal environment.

Although from time to time the preparation of the
hexakis(pyridine)copper(II) complex has been re-
ported,® the assumption that these complexes contain
six pyridine molecules coordinated to the central cop-
per atom has not been adequately demonstrated. A
report by Royer® seemed to indicate that complexes
of the type Cu(pic)s(ClO,): and Cu(pic)s(NOs). (where
pic represents 3- or 4-picoline) were isolated but these
compounds have not been unambiguously character-
ized in the solid state” Biagetti, et al.® reporting
on the copper(II) nitrate-pyridine system, could omnly
find evidence for the existence of Cu(py):(NOs)., Cu-
(py)s(NOs)s, and Culpy)s(NOs)22py species in the
solid state. These three complexes form a reversible
system with interconversions by the addition or removal
of pyridine. All of the pyridine molecules in the bis-
and tetrakis(pyridine)copper(II) nitrate are coordi-
nated to the copper ion. Infrared data, however,
indicate that in the complex with six pyridine mole-
cules only four of them are actually coordinated with
the Cu(II) ion.

Various hexacoordinated copper chelate complexes
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have been reported. Inskeep,® for example, prepared
six-coordinated chelate copper(II) nitrate complexes
with 2,2"-bipyridine and 1,10-phenanthroline as lig-
ands.

This work was undertaken to determine the forma-
tion, stability, and structure of the copper(I)- and
copper(IT)-PMT complexes.

Experimental Section

Materials.—Nitromethane (CP grade) was first passed through
a cationic exchange resin,! refluxed over barium oxide for 24 hr,
and distilled directly into storage bottles.

Technical grade 2,2-dimethoxypropane (hereafter abbreviated
as DMP) was used without further purification. Hydrated
copper(11) perchlorate (G. F. Smith Chemical Co.) was dried
vacuo at 75° for 48 hr. The PMT used in this investigation was
obtained from the Knoll Pharmaceutical Corp. under the reg-
istered name ‘‘Metrazol’’ and purified by recrystallization from
anhydrous ether. It was stored over P;O;.

Bis(pentamethylenetetrazole)copper(I) Perchlorate.—A solu-
tion containing 3.71 g (0.01 mole) of copper(II) perchlorate hexa-
hydrate in 65 ml of DMP was prepared. The mixture was stirred
long enough to disperse the copper(Il) salt which has limited
solubility in DMP. To the mixture was added 3.45 g (0.025
mole) of dry PMT. A blue oily substance formed immediately.
The stirring was continued for approximately 3 hr during which
the oily substance slowly solidified to a white solid interspersed
in a brown decomposition mixture. The precipitate was washed
several times with chilled acetone (which removed the brown
impurity), filtered, and dried at 110°., The white solid was
slightly soluble in acetone and nitromethane but insoluble in most
other common solvents. It could not be purified by recrystal-
lization. The compound was stable at room temperature and
began to decompose at 226°. Anal. Caled for Cu(PMT),y-
ClOs: Cu, 14.46; C, 32.80; H, 4.56; N, 25.51. Found: Cu,
14.58; C, 32.41; H,5.05; N, 25.12.

Tetrakis(pentamethylenetetrazole )copper(II) Perchlorate.—A
3.71-g sample (0.01 mole) of copper(IT) perchlorate hexahydrate
was added to 50 ml of DMP. The mixture was stirred for about
5 min and then 5.52 g (0.04 mole) of dry PMT was added. After
approximately 5 min a blue precipitate was formed. This pre-
cipitate was filtered, washed several times with chilled ether, and
dried at 110°. The product was obtained in 969, yield and had a
melting point of 141-145°, Anal. Caled for Cu(PMT).(ClO,)s:
Cu, 7.80; C,35.39; H,4.95; N,27.52. Found: Cu, 7.60; C,
35.40; H, 5.14; N, 26.73.

This compound was also prepared by adding 3.72 g (0.01 mole)
of vacuum-dried copper(II) perchlorate hexahydrate to 200 ml of
anhydrous acetic acid. After the copper perchlorate was com-
pletely dissolved, a stoichiometric amount of acetic anhydride
(5.67 ml or 0.06 mole) required to react with the hydrated water

(%) R. G. Inskeep, J. Inorg. Nucl. Chem., 24, 763 (19862).
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of the copper(II) perchlorate was added, and Cu(ClO,):-xHOACc
precipitated as light blue crystals in 4-6 hr, These crystals were
filtered and redissolved in hot acetic acid. Dry PMT (11.04
g, 0.08 mole) was added to the hot solution which turned deep
blue. Large, deep blue crystals precipitated in 4-6 hr. The
ptoduct was obtained in a 43.29, yield. The crystals were
purified by recrystallization from acetic acid and dried at 110°.
Anal. Caled for Cu(PMT)(ClO4):: Cu, 7.80; C, 35.39; H,
4.95; N, 27.52; Cl, 8.71; ClOs, 24.52. Found: Cu, 7.71; C,
35.37; H, 5.06; N, 27.39; CI, 8.85; ClO,, 24.16.
Hexakis(pentamethylenetetrazole)copper(II) Perchlorate,—
This complex was prepared by the method described earlier.”
A light blue precipitate was obtained in 969, yield. The melting
point of the complex was 117.5°. Anal. Caled for Cu(PMT)e-
(Cl0y)s: Cu, 5.80; C, 39.65; H, 5.55; N, 30.83; ClO,, 18.20.
Found: Cu, 5.71; C, 39.62; H, 5.63; N, 31.10; ClO4, 18.75.

Elemental Analyses.—Copper was determined by EDTA
titration, and perchlorate was determined gravimetrically as the
tetraphenylarsonium salt. Carbon, hydrogen, nitrogen, and
chloride analyses were performed by the Spang Microanalytical
Laboratory, Ann Arbor, Mich.

X-Ray Powder Patterns.—These were taken with a 114.6-mm
camera (Type 52056) using nickel-filtered Cu Kea radiation.
The solid samples were first grcund to the consistency of fine
powder and packed into 0.3-mm thin-walled glass capillary tubes.
These data have been submitted to the A.S.T.M. X-Ray Pow-
der Diffraction File.

Spectral Measurements. Infrared Spectra.—Spectra in the
5000-680-cm ™! region were obtained with a Beckman IR5A
infrared spectrophotometer, using Nujol mulls.

Visible and Near-Infrared Spectra.—Spectra in the 380-1200-
mu region were obtained with a Cary Model 14 recording spec-
trophotometer.

Reflectance Spectra.—A Beckman DU spectrophotometer
equipped with a reflectance attachment was used to record the
reflectance spectra. These spectra were obtained by Professor
Luigi Sacconi, Institute of Inorganic Chemistry, University of
Florence, Florence, Italy. The visible and the reflectance spec-
tra are summarized in Table I.

TABLE I
ELECTRONIC ABSORPTION SPECTRA (IN my) OF THE CoOPPER(II)
COMPLEXES OF PENTAMETHVLENETETRAZOLE IN NITROMETHANE
AND IN THE SOLID STATE

X111!1)'(
Complex State (emolar for solution)
Cu(PMT)u(ClOy)2 Soln 670 (81)
Cu(PMT )(ClO:). Solid 625
Cu(PMT)e(ClO4)s Soln 680 (103)
Cu(PMT)s(ClO4)s Solid 740

Magnetic Susceptibilities.—Magnetic moments, wuers, of the
complexes were determined at 23.5° by the Gouy method.
The values are listed in Table II and have been corrected for the
diamagnetic susceptibilities of PMT, perchlorate anion, and
copper(I1) cation.

TasLE 11

Mac~ETIC MOMENTS OF CoPPER(II)
PERCHLORATE-PMT COMPLEXES

104xMm
Complex Color (corr) peff, BM
Cu(PMT)4(Cl104), Blue 20.324 2.21
Cu(PMT)e(ClO4); Light blue 12.424 1.74
Cu(PMT).ClO, White Diamagnetic

Thermogravimetric Analysis.—This analysis was performed
at the Dow Chemical Co., Midland, Mich. The analysis of Cu-
(PMT)s(Cl0y4)2 was carried out in a nitrogen atmosphere with a
heating rate of approximately 2° /niin.

Inorganic Chemistry

Results

The following three copper(II) perchlorate systems
were investigated spectrophotometrically in nitro-
methane.

Copper(II) Perchlorate Hexahydrate.—As increasing
amounts of PMT are added to a 0.01 M copper(II)
perchlorate hexahydrate solution in nitromethane, a
hypsochromic shift with an accompanying hyper-
chromic effect was noted. The solvated copper ion
absorption band shifted progressively from 770 mu
(molar absorptivity 153) down to 670 mu ata 4:1 PMT
to Cu®* ratio (apparent molar absorptivity 82.5).
As the PMT to copper ratio was increased further,
the peak started to shift in the opposite direction.
The maximum displacement was obtained at a PMT:
Cu?+ ratio of 40:1 at which point the absorbance
maximum was at 705 mu with an apparent molar
absorptivity of 113 (Figure 1). As additional PMT
was added, the maximum did not shift but the absorb-
ance increased. Although the limiting absorbance
was not reached, it appeared that the absorbance
tended toward a limiting value.

Hexakis(pentamethylenetetrazole)copper(II)  Per-
chlorate.—The apparent molar absorptivity of 0.01
M hexakis(pentamethylenetetrazole)copper(II) per-
chlorate in nitromethane was 103 at 680 mu (Table I).
When additional PMT was added, a bathochromic shift
to 705 mu with an accompanying hyperchromic effect
was noted, similar to the behavior described above.

Tetrakis(pentamethylenetetrazole)copper(II)  Per-
chlorate.—A 0.01 A solution of tetrakis(pentamethyl-
enetetrazole)copper(II) perchlorate in nitromethane
had an absorbance maximum at 670 myu with an appar-
ent molar absorptivity of 81. Upon addition of excess
PMT the peak shifted to a limiting value of 705 mgu
(apparent molar absorptivity 119) at a 20-mole excess
of PMT.

The absorption spectra of the respective complexes
(Figure 2) in nitromethane solutions closely resemble
those obtained by reflectance measurements except
for a moderate difference in the position of the absorp-
tion bands. It seems, therefore, that the absorbing
species in the solid and in solutions must be very simi-
lar in nature. From the shifting of the absorbance
maxima to higher wavelengths with the addition of
excess PMT, it appears that six-coordinated Cu(II)-
PMT complex must also exist in nitromethane solution.
The method of continuous variation!! was used in an
attempt to determine the stoichiometry of the PMT-
Cu(II) complex in solution. The total concentrations
were 0.025 and 0.05 M. Maxima were obtained at a
ligand mole fraction of approximately 0.8, The meas-
urements were carried out at four different wavelengths,
and the shifting of the maxima to lower values of mole
fraction of the ligand was noted as the wavelength
was decreased. The presence of more than one ab-
sorbing species in solution was thus indicated. There-
fore, the spectrophotometric study of the complex in

(11) P. Job, Ann, Chim., [1019, 113 (1928).
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Figure 1.—The spectrophotometric study of the Cu(ClO,);-6-
H,O0-PMT system in nitromethane. Concentration of the
complex is 1.0 X 1072 M. The PMT:Cu(ClO,); 6H,O ratios
are, respectively (starting with the lower curve), 0, 1, 2, 4, 5, 6,
10, 15, 20, 30, 40, and 50.
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Figure 2.—The reflectance spectra of Cu(PMT )s(Cl0O,). (solid
line) and Cu(PMT ),(ClO,): (broken line).

solution presented considerable difficulty since various
products of the stepwise dissociation of the complex
according to the general equations
Cu(PMT)a2+ === Cu(PMT),_:** + PMT
Cu(PMT)p—12" == Cu(PMT),—22* 4+ PMT, ete,
may be present in equilibrium in the solution depending
on the concentration of the ligand.
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Since we could not obtain a precise value of the limit-
ing absorbance of the (presumably) Cu(PMT)q2+
complex, it was not possible to use conventional spec-
trophotometric techniques!? for the determination of
successive formation constants.

Since the tetragonal distortion splits the E; and Ta,
levels, three transitions from the ds—,» to dg, di,
and degenerate (d,, d,.) otbitals, respectively, are
possible. The mole ratio study of copper(II) per-
chlorate hexahydrate and tetrakis- and hexakis(penta-
methylenetetrazole)copper(II) perchlorates (Figure 1),
as well as reflectance spectra (Figure 2) of the tetrakis-
and hexakis(pentamethylenetetrazole)copper(1I) per-
chlorates, all show a single unsymmetrical absorption
band in the 680-800 mu (15,000-12,500 cm~!) region.
This absorption consists of two and possibly all three
of the above-mentioned transitions.

The infrared spectra of Cu(PMT),Cl0;, Cu(PMT),-
(Cl04)s, and Cu(PMT)s(ClOy); in the sodium chloride
region were essentially those of the ligand. The spec-
tra also appeared, in all practical respects, to be iden-
tical with the infrared spectrum of hexakis(penta-
methylenetetrazole)manganese(II) perchlorate illus-
trated in our previous paper.?2 Evaluation of the
spectra indicates that the perchlorate ions are not co-
ordinated!®—1 to the copper ion since there is no split-
ting of asymmetric stretching vibration »; at 1100 cm—!
or activation of the theoretically infrared-inactive sym-
metric vibration », which usually appears as a very weak
band at 932 e~ ,

The thermogravimetric decomposition of Cu(PMT)e-
(ClOy); began at approximately 165°. The rate of the
reaction increased rapidly, and at 180° the rate of
volatilization reached explosive limits. The momen-
tum imparted to the sample holder carried it past the
point of 1009, weight loss. The reaction was exo-
thermic, judging by the increase in temperature at the
end of the decomposition of the sample.

X-Ray powder diffraction studies show that Cu-
(PMT)e(ClOy)s is isomorphous with the octahedral
PMT complexes of Fe(II), Mn(II), Co(II), Ni(II),
and Zn(II) perchlorates.?* Bis(pentamethylenetetra-
zole)copper(I) and tetrakis(pentamethylenetetrazole)-
copper(II) perchlorates are not mutually isomorphous
or isomorphous with hexakis(pentamethylenetetrazole)-
copper(II) perchlorate.

The magnetic moments of tetrakis- and hexakis-
(pentamethylenetetrazole)copper(II) perchlorates were
found to be 2.21 and 1.74 BM, respectively (Table 1I),
while the observed values of the magnetic moment for
most copper(II} compounds having ionic or rather
weak covalent bonds are 1.70-2.20 BM.® The mag-
netic moments of tetrakis- and hexakis(pentamethylene-
tetrazole)copper(II) perchlorates compare well with
these values.

(12) L. Newman and D. N. Hume, J. Am. Chem. Soc., 79, 4571 (1957).
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(16) B. N. Figgis and J. Lewis, ‘“Modern Coordination Chemistry,”
Interscience Publishers, Inc., New York, N, Y., 1960, p 406.
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Discussion

Experimental evidence seems to indicate rather umn-
ambiguously that pentamethylenetetrazole is a somnie-
what unusual monodentate ligand in that it readily
forms a hexacoordinated complex with Cu(II) ion.
This is surprising in view of the inability of ligands
such as pyridine to form similar complexes. Yet, in
general, pyridine seems to be a much stronger ligand
than PMT with regard to metal ions'” and nonmetallic
Lewis acids such as the halogens.!® Likewise, pyridine
has relatively pronounced basic properties which
parallel its complexing ability toward metal ions.
On the other hand, PMT does not seem to possess any
proton-acceptance ability, at least in aqueous solu-
tions, and behaves as a very weak base in such proto-
genic solvents as acetic acid.'”

An alternate configuration for the hexakis(penta-
methylenetetrazole)copper(II) perchlorate has been
considered, namely, [Cu(PMT):](Cl0O)s2PMT, but
was rejected on the following basis. (1) The X-ray
powder diffraction studies showed that Cu(PMT)e-
(ClOy), is isomorphous with the octahedral PMT
complexes of Fe(II), Mn(II), Co(II), Ni(II), and Zn-
(I1).22  (2) Electron spin resonance studies of the Cu-
(PMT)s(Cl0,), complex indicate that it has a distorted
octahedral symmetry.?® (3) Thermogravimetric de-
composition of the complex did not indicate any tran-
sitory formation of Cu(PMT),(ClOy),.

Spectral measurements on the PMT-Cu(Il) system
in nitromethane likewise seem to indicate that hexa-
coordination may exist in solution. It is interesting
to note that in aqueous solution the replacement of
water molecules by ammonia in the coordination
sphere of Cu?* ion causes a steady shift of absorption
maximum from 800 my (e 11) to 590 mu (e 50) until four
ammonia molecules are coordinated.!® The addition of

(17) A.I. Popovand R. D. Holm, J. Am. Chem. Soc., 81, 3250 (1959).
(18) A.I. Popov, C. C. Bisi, and M. Craft, ¢bid., 80, 6513 (1958).
(19) L. E. Orgel, J. Chem. Phys., 28, 1004 (1955).
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a fifth ammonia molecule shifts the absorption band
back to lower energy (660 mu). No spectrophoto-
metric evidence was found, however, for the
addition of a sixth ammonia molecule even in liquid
ammonia solution.!®* Ethylenediamine complexes be-
have similarly while pyridine does not seem to form
complexes with a pyridine:copper ratio greater than
4:1.

The absence of spectral shifts in aqueous solutions
upon addition of PMT to Cu(Il) indicates that PMT
cannot compete successfully with water for the co-
ordination position around the Cu(II) ion, at least
when water is present in a large excess. It should be
noted that similar behavior was observed with other
first-row transition metal ions with the exception of
Ni(II) where the PMT complex could readily be iso-
lated from the aqueous solution.?

The mechanism of formation of bis(pentamethyl-
enetetrazole)copper(I) perchlorate remains obscure.
The oxidation state of copper in the complex has been
unambiguously established by esr, magnetic suscep-
tibility, and polarographic studies (in acetonitrile
solutions), as well as by the elemental analysis. Since
the complex is prepared starting with copper(II) per-
chlorate, a redox reaction obviously takes place, but
the nature of the reductant has not been established as
yet.
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