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Anhydrous complexes of pentamethylenetetrazole (PMT) were prepared with iron(II), manganese(II), cobalt(II), nickel(II), 
and zinc(I1) perchlorates b y  treating the ligand with the respective hexaaquo transition metal perchlorates in 2,2-dimeth- 
oxypropane solutions. Powder X-ray diffraction studies 
as  well as the magnetic and spectral properties of these complexes indicate that  they are isomorphous and have an octa- 
hedral configuration 

The composition of the complexes is given by M11(PMT)6( CiOa)a. 

Introduction 
Complexing abilities of I- and &substituted tetra- 

zoles vis-&vis metal ions have been studied by several 
investigators3r4 who have isolated and characterized 
several transition metal complexes of the above ligands. 
Likewise solid complexes of a 1,5-substituted tetrazole, 
pentamethylenetetrazole (hereafter abbreviated as 
PMT) with silver nitrate and with iodine rnonochloride 
have been It is interesting t o  note that 
although PMT was shown to be a moderately strong 
electron donor, i t  has an exceptionally weak affinity 
for protons.j>* Thus the donor properties of PMT 
differ from those of most of the heterocyclic amines 
(such as pyridines) where a definite correlation exists 
between the pKb of the base and its donor strength. 
This work was undertaken to determine the formation, 
stability, and structure of PMT complexes with first- 
row transition metal ions. 

Experimental Section 
Materials.-Nitromethane (CP grade) was first passed through 

a cationic-exchange resin,Q refluxed over barium oxide for 24 hr, 
and then fractionally distilled through a 1-m column directly 
into storage bottles. Technical grade 2,2-dimethoxypropane, 
obtained from the Dow Chemical Co., and hydrated transition 
metal perchlorates (G. F. Smith Chemical Co.) were used with- 
out further purification. The P M T  used in this investigation 
was a product of the Knoll Pharmaceutical Corp. (under the 
registered name “Metrazol”). It was purified by recrystalli- 
zation from anhydrous ether and stored over PzO:,. The melting 
point of the crystals was 61”. 

Preparation of the Transition Metal Complexes of PMT.- 
Hydrated transition metal perchlorates (0.01 mole) were added 
to  50 ml of 2,2-dimethoxypropane. The  mixture was stirred 
for 5-10 min to  disperse the metal salts which all have limited 
solubility in 2,2-dimethoxypropane. A slight excess of P M T  
(0.08 mole) was then added t o  the solution, and the respective 
transition metal complexes of PMT precipitated in about 5 min. 
The products were filtered, washed several times with chilled 
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ethyl ether, and then dried at room tempcraturc. hnalytical 
and physical data are given in Table I. 

Attempts to  prepare these complexes in aqueous solutions were 
unsuccessful with the exception of the nickel complex. Xi- 
(PMT)6(C104)2 was prepared by acldiiig a 20 molar excess of PMT 
to an aqueous solution of nickel(I1) perchlorate. The complex 
slowly crystallized out of solution over a period of 5-10 days. 
The light blue product (decomposition point 235”) was ideiitical 
in all respects with that  obtained by the 2,2-dimethoxypropane 
method. In all other cases the complexes could not be isolated 
from the aqueous mixture and, in fact, addition of a large excess 
of P M T  to at1 aqueous solution of a transition metal perchlorate 
did not produce any change in the absorption spectrum of the 
metal ion. 

Attempts to prepare the respective iron(II1) compound wcrc 
unsuccessful and resulted in a material that ,  in all probability, 
contains a mixture of the iron(I1) and iron(II1) complexes. 

All the complexes are nonhygroscopic microcrystalline powders 
which are quite stable below 160’. When heated gradually they 
reach their respective melting or decomposition points smoothly. 
However, if they are heated strongly, they may explode. The 
complexes are all soluble in water (the nickel(I1) complex is 
only slightly soluble) and many polar nonaqueous solvents, 
but they are insoluble in most nonpolar solvents. Karl Fischer 
titrations and elemental analyses indicate that  these complexes 
are cssentially anhydrous. 

Kumerous attempts were made to  purify the complexes by re- 
crystallizations from a variety of polar solvents. In  all cases 
solids appeared only when the solvent was essentially completely 
removed. The residues w-ere either dense, oily liquids or micro- 
crystalline yiwders. 

Analyses.-The complexes were analyzed for thc transition 
metal by the conventional complexometric titration with ethyl- 
enediaminetetraacetic acid. Perchlorate analyses were done grav- 
imetrically by precipitating the anion as the tetraphenylarsouium 
salt. Carbon, hydrogen, and nitrogen analyses were performed 
by the Spang Microanalytical Laboratory, Ann Arbor, Mich. 

X-Ray Powder Patterns .-The measurements were obtained 
with a North Anlerican Phillips Co. 114.6-mm camera (Typc 
52056) using nickel-filtered Cu KCY radiation. The solid samples 
were first ground to  the consistency of fine powder and then 
packed into 0.3-mm thin-walled glass capillary tubes. These 
data have been submitted to  the “ASTM X-Ray Powder DiffrdC- 
tion File.” 

es.--I\.Iagiietic moments, !+fir of the 
complexes were determined a t  23.5’ by the Gouy method. 
These values along with the corrected molar susceptibilities of 
the respective complexes are listed iti Table I1 and have becn 
corrected for the diamagnetic susceptibilities of P M T  and the 
central metal ion.’O 

Spectral Measurements. Infrared Spectra.----Spectra i l l  

Magnetic Susceptib 

(10) J. Lewis and I<, G. Wilkins, “5lodern Coordination Chemist!-y,” In t e r -  
science Publishers, Inc. ,  New York, N. Y., 1960, p 408. 
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TABLE I 
ANALYTICAL AND PHYSICAL DATA OF SOME TRANSITION METAL COMPLEXES OF PENTAMETHYLENETETRAZOLE 

% MP, --%M---. ---%C- c----%H- r---%N-- 7% 

Complexa Color yield OC Calcd Found Calcd Found Calcd Found Calcd Found Calcd 
Mn(PMTj~(Cl0a)z White 9 4 . 5  195-212 5 . 0 8  5 . 3 0  3 9 . 9 7  3 9 . 1 1  5 . 5 9  5 . 5 4  31.07 31 .05  18 .34  
Fe(PMT)e(C104)2 Light brown 86 194 dec . , . , . . 39.93  3 9 . 1 1  5 . 5 4  5 . 6 0  31 .05  3 0 . 3 0  1 8 . 3 3  
Co (PMT) 6( Clod) z Rose 9 4 . 5  195-205 5 . 4 3  5 . 6 1  3 9 . 8 2  38 .74  5 .57  5 . 4 1  30.96 29 .59  18 .28  
Ni(PMT)s(ClOa)? Light blue 95 237dec 5 . 4 0  5 . 4 6  39 .79  39 .42  5 . 5 7  5 . 7 0  30 .94  30 .75  18 .28  
Ni(PMT)s(ClOa)zb Light blue 91 236dec 5 . 4 0  5 . 4 3  39 .79  39 .67  5 . 5 7  5 . 5 6  30 .94  31 .09  18 .28  
Zn(PMT)6(ClOa)z White 97 148-150 5 . 9 8  5 . 9 8  3 9 . 5 8  38 .83  5 . 4 9  5 . 3 9  30 .77  3 0 . 6 4  18 .16  

CHz-CHz-N-N 
\\ 

N. * This complex was precipitated from water. 
/ 

a P M T  = C6H10N4, CHz 
\ I /  

CHZ-CH~-C=N 

clOa-- 
Found 
1 9 . 7 4  
1 9 . 8 4  
1 9 . 2 4  
18 .52  
18 .36  
1 8 , 9 8  

TABLE I1 

OF PENTAMETHYLENETETRAZOLE 

P M T  2.22 . .  
Mn(PMT)dC104)2 143.51 5.90 

co(PMT)~(C104)* 98 72 4 60 

MAGNETIC MOMENTS O F  SOME TRANSITION METAL COMPLEXES 

Complex 104~;yh.[(c0~) Psif. BM 

Fe(PMT)~(c104)2 111.51 5 20 

Ni(PMT)G( ClO& 35 22 2 92 

the 5000-680-cm-1 region were obtained with a Beckman 
IR-5A infrared spectrophotometer with the samples dis- 
persed in Nujol. The infrared spectrum of P M T  and a represen- 
tative complex M ~ ( P M T ) G ( C ~ O ~ ) ~  are shown in Figure 1. The 
infrared spectra of the complexes were interpreted relative to the 
spectrum of P M T  and the literature values for the various per- 
chlorate bands. No attempts were made in this study to assign 
the bands of P M T  or any of the complexes prepared. 

reflectance spectra. These spectra were obtained by Professor 
Luigi Sacconi, Institute of Inorganic Chemistry, University of 
Floreme, Florence, Italy. The data  are summarized in Table 
111. 

Results and Discussion 
It is interesting to note that  the six-coordinate 

species M " ( P M T ) G ( C ~ O ~ ) ~  are readily formed with 
PMT as the ligand while only the four-coordinate 
species M " ( P ~ ) ~ ~ +  can be isolated in solid form. Wein- 
land, Effinger, and Beck1' reported the preparation 
and isolation of complexes of the type M"(py)6(ClOd)s. 
However, there is some doubt that  these complexes 
were actually prepared. Drago and Rosenthal12 
spectrophotometrically determined the existence of 
hexakis(pyridine)nickel(II) ion in nitromethane solu- 

Figure 1.-Infrared absorption spectra of: A, PMT in Nujol mull; B, Mn(PMT)@(C104)2 in Nujol mull; +, Nujol bands; +, 
perchlorate band. 

Visible and Near-Infrared Spectra.-Spectra in the 380-1200- 
mp region were obtained with a Cary Model 14 recording spectro- 
photometer. The electronic absorption spectra are summarized 
in Table 111. 

equipped with a reflectance attachment was used to record the 

tion in the presence of an excess of pyridine. Quag- 
liana, ~ u f f ~ ~ ~ i ,  and vallarino13 found that on addition 

(11) R. Weinland, K.  Effinger, and V. Beck, Avck. Pharm., '266, 352 
(1927). 

Reflectance Spectra-A DU spectrophotonleter (12) R. M. Rosenthal and R. S Drago, Inovg. Chem , 4, 840 (1965). 
(13) L. M. Vallarino, S. Buffagni, and J. V.  Quagliano, rbzd , 3, 671 (1964). 
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TABLE I11 

METAL COMPLEXES OF PENTAMETHYLENETETRAZOLE IN 

SITROMETHANE AND IX THE SOLID STATE 

ELECTRONIC ABSORPTION SPECTRA (IN Chl-') O F  SOME TRANSITION 

Complex State u m S x ( m  for soh)  

Co(PMT)c(C104)2 SO~II 20,600 ( 0 2 2 ) ,  ~ 8 3 0 0  ( - 5 )  
Co(PMT)e(C104)2 Solid 20,400, 8500 
Ni(PMT)B(C10& S o h  17,400 (9 .5) ,  10,500 (8.0) 
Ni(PMT)s(ClOa)a Solid 26,300, 16,000, 9760 
Fe(PMT)e(C104)2 Solid 10,000 

of an excess of 3,4- or 3,5-lutidine to a yellow dichloro- 
methane solution of tetrakis(3,4-lutidine)nickel(II) 
perchlorate, the blue hexakis(3,4- or 3,5-lutidine)- 
nickel(I1) perchlorate complex forms in solution. 
However, attempts to isolate the solid complex failed 
as it reverted back to the respective tetrakis(3,4- or 
3,5-lutidine ) complex. 

Some general information about the configurations 
of all of these complexes can be obtained from their 
respective infrared spectra. The infrared region (5000- 
650 cm-I) yields little information concerning the 
complexation of the PMT ligand to the metal. Some 
information is obtained, however, from the symmetric 
stretch v1 ( ~ 9 3 2  cm-l) and asymmetric stretch v3 
(-1090 cm-I) of the perchlorate ion. Inspection of 
the spectra shows that, in all cases, the broad, degener- 
ate ~3 band is not split and the vi symmetric stretching 
frequency, when i t  appears, is very weak. This sug- 
gests that the perchlorate group in these complexes is 
ionic, and i t  appears that the PMT ligands are arranged 
octahedrally around the central metal ion.14 

Hexakis(pentamethylenetetrazole)nickel(II) Per- 
chlorate.-The spectrum expected for octahedral 
complexes is obtained in nitromethane for Ni(PMT) 6- 

(C10,)~ (Figure 2) with the vl and v2 absorption bands 
located at  10,500 cm-I (955 m p ,  apparent enlRx 8.0) 
and 17,40(J cm-l (575 mp, apparent elllax 9.5). The 
high-frequency absorption band, located a t  approxi- 
mately 25,000 cm-I, is shifted to higher ener,' vies on com- 
plexation and is not observed on-ing to the opacity 
of the solvent absorption a t  frequencies higher than 
25,650 cm-' (300 mp). 

This spectrum compares favorably with that of tris- 
(ethylenediamine)nickel(II) ion15 indicating that PMT 
forms a fairly strong complex with the nickel ion. This 
may explain why Ni(PMT)G(C1O4)2 can be precipitated 
from aqueous solution. The ratio v2/v1  for the complex 
is 1.66 which is the same as that observed for tris- 
(ethylenediamine)nickel(II) ion and compares well 
with the calculated value of 1.8 which is one of the dis- 
tinguishing features of octahedrally coordinated com- 
plexes. l5 

The reflectance spectrum of the solid complex (Figure 
3) is in good agreement with the above values and shows 
absorbances at  9760 (vi ,  1025 m p ) ,  1t3,000 ( v 2 >  625 mp), 
and 26,300 cm-I ( v g ,  380 nip). 

When a nickel(I1) atom is surrounded by six identical 
groups such as the hexaaminine- or hexaaquonickel(I1) 
ions, the orbital contribution in excess of the "spin- 

(14) B. J .  Hathaway and A. E. Underhill, J .  Chew Soc., 3091 (1Y61). 
(14) W. Manch and W. C. Fernelius, J .  Chem. Edtic., 38, 192 (1961). 
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Figure 2.-The visible and near-infrared spectra: A, 1 X 10-2 

AM CO(PA~T)s(C1O& (solid line, l-cxn cells) and 5 X M 
Co( C1O4)? .6H?O (broken line, 5-cm cells) in nitromethane; B, 
1 X M r\Ti(PMT)B(C101)2 (solid line, 1-cm cells) and 6.72 X 

A[ S i (  C10a)2. 6H20 (broken line, 10-cm cells) in nitrometh- 
ane. The spectrum obtained for Ni( PMT)s( C101)2 precipitated 
from water is identical nith that  given by the solid line. 

so0 1000 IS00 2000 
I 

so0 IO00 Id00 2000 

mtL 
Figure 3.-The reflectance spectra of: A ,  Fe(PMT)e( C10,)1 

(solid line) and C O ( P M T ) ~ ( C ~ O ~ ) ?  (broken line); B, Si(PMT)e- 
( precipitated from 2,2-dimethoxypropane (solid line) and 
water (broken line). 

only" value of 2.83 BM is small; and magnetic mo- 
ments of the order of 3.1-3.2 BLI are observed.16 >.lag- 
netic susceptibility measurements show that the 
Ni(PMT)G(ClO& complex has a magnetic moment 
of 2.92 BM corresponding to two unpaired electrons, 
as expected for the octahedral complex. 

The high-spin octahedral spectrum of Cor' ion is char- 
acterized by three absorption bands of low molar ab- 
sorptivity found a t  approximately 8350 ( V I ) ,  17,850 
( y e ) ,  and 20,000 (v3) cm-' (1196, 560, and 500 m p ,  

(16) R. S. h-yholrn, Chern. Rev,, 59,  263 (1953). 
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respecti~ely).~’ The most intense band is v2 having a 
molar absorptivity of approximately 10 while v3 usually 
appears as a shoulder on the high-frequency side of the 
u p  band. 

The expected spectrum for octahedral complexes 
is obtained in nitromethane for C O ( P M T ) ~ ( C ~ O ~ ) ~  
(Figure 2) having a weak broad absorption band v1 
a t  8300 cm-l (1205 mp, emax 5) and a more intense 
unsymmetrical band a t  20,600 cm-I (485 mp, emax 
22) which is made up of v2 and v3. The shift of the 
absorption bands of cobalt(I1) perchlorate hexahydrate 
upon addition of PMT (Figure 2) indicates that in this 
system PMT may be a slightly stronger ligand than 
water. 

The reflectance spectrum of the solid complex (Figure 
3) shows two absorption maxima, one a t  8500 cm-l 
(1178 mp) and the other a t  20,400 cm-l (491 mp). 
It is seen that the spectrum correlates closely to that 
in the nitromethane solution. 

The magnetic moment of Co(PMT)6(C104)2 was cal- 
culated to be 4.60 BM which agrees well with litera- 
ture values of high-spin complexes ranging from 4.30 
to 5.20 BM.18 

Hexakis(pentamethylenetetrazole)zinc(II) Perchlo- 
rate.-Since there are no ligand field stabilization 
effects in zinc(I1) compounds because of their com- 
pleted d shells, the stereochemistry of these complexes 
is determined by the zinc(I1) ion size as well as by the 
electrostatic and covalent bonding forces. While a 
coordination number of four, which utilizes a tetra- 
hedral configuration, is more common for zinc(I1) 
compounds, a coordination number of six and octa- 
hedral configuration have been observed with the 
hexaammine-, l9 hexaaquo-, and tris(ethy1enediamine)- 
zinc(I1) complexes.20 Pauling21 states that  a square- 
coplanar configuration is theoretically not possible for 
metal ions that  have filled shells, and, accordingly, 
only four tetrahedral or six octahedral bonds are to 
be expected. 

Hexakis (pentame thylenetetrazo1e)manganese (11) 
Perchlorate.-The electronic and reflectance spectra 
of Mn(PMT)6(C104)2 could not be obtained owing to 
its limited solubility and extremely low molar absorp- 
tivity.22 The magnetic moment of the complex was 
5.90 BM, indicating a spin-free system. 

Hexakis(pentamethylenetetrazole)iron(II) Perchlo- 
rate.-The reflectance spectrum of Fe(PMT) 6- 

(c104)~ (Figure 3) is that expected for an iron(I1) ion 
in an octahedral field.23 The magnetic moment of 
the complex was 5.20 BM which indicates a spin-free 
system. 

The properties of the C O ( P M T ) ~ ( C ~ O ~ ) ~  and Ni- 

(17) C. J. Ballhausen, “Introduction to  Ligand Field Theory,” McGraw- 
Hill Book Co., Inc., New York, N. Y., 1962, pp 256-258. 

(18) J. Lewis and R. G. Wilkins, ref 10, p 406. 
(19) F. A. Cotton and G. Wilkinson, “Advanced Inorganic Chemistry,” 

(20) C. K. J$rgensen, “Inorganic Complexes,’’ Academic Press Inc., 

(21) I,. Pauling, J. Am. Chem. Soc., 63, 1367 (1931). 
(22) L. E. Orgel, “An Introduction to Transition-Metal Chemistry,” John 

123) Reference 17, p 252. 

Interscience Publishers, Inc., New York, N. Y., 1962, p 480. 

New York, N. Y., 1964, p 18. 

Wiley and Sons, Inc., New York, N. Y., 1962, p 94. 

(PMT)6(C10& complexes indicate that they have an 
octahedral configuration. The configurations of the 
remainder of the (PMT)e transition metal perchlorates 
are postulated to be octahedral since the X-ray powder 
diffraction data showed that all of these six-coordinated 
complexes are isomorphous. 

The electron spin resonance dataz4 indicate that  the 
complexes are in a distorted octahedral or tetragonal 
Configuration, and the metal-ligand bond is about 91% 
ionic. These findings are in good agreement with 
Pauling’sZ6 proposed criterion for distinguishing be- 
tween essentially ionic and essentially covalent bonding 
between the metal ion and its ligands. 

A complete and satisfying explanation for the forma- 
tion of the hexacoordinated transition metal-PMT 
complexes cannot be given a t  the present time. How- 
ever, there are factors other than ligand field energies 
of the transition metal ion which must be considered. 
The actual geometry and coordination structure which 
define the ligand field in a given complex are largely 
determined by the bonding interaction between the 
metal ion and the ligand.26 Certain configurations 
appear to be obtainable only with the assistance of 
certain anions such as the perchlorate ion. 

Since the perchlorate ion is one of the least polariz- 
able anions known, i t  has a very slight tendency to 
serve as a ligand in complexes which allow for more 
complete electrostatic polarization type of bonding of 
the PMT molecules to the respective central metal ion. 

In contrast to the 1- and 5-substituted tetrazoles, 
the 1,5-substituted tetrazoles are incapable of forming 
simple salts with metal ions. In the case of PMT 
the complexation can occur through any one of the four 
nitrogen atoms or by the interaction of the T electrons 
associated with the tetrazole ring. Physicochemical 
properties of the complexes described in this paper 
agree with the former possibility. Steric considerations 
also indicate that the lone pair of electrons on the apex 
nitrogen (position 3) of the tetrazole ring form the bond 
with the respective metal ions. A detailed X-ray 
study of these complexes, which is now being carried 
out in this laboratory, should unambiguously resolve 
this problem. 
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