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ABSTRACT

BASICITY AND COMPLEXATION PROPERTIES OF
SUBSTITUTED TETRAZOLES

By Thomas C, Wehman

The complexing ability of the tetrazole ring was investigated
in order to determine the tr=doner ability ef tetrazoles, It has been
shown that 5-substituted and 1,5-disubstituted tetrazoles readily form
charge-transfer complexes with m—-acids such as tetracyanocethylene,
tetracyanequinod imethane, p-chleranil, 1,3,5-trinitrobenzene and
24,44,7=trinitroflourenone, Formation constants of these complexes were
measured spectrophotometrically in dichloromethane at 259, There is
& reasonable agreement between the magnitudes of the formation cen-
stants and the inductive effects of the substituent groups on the tetra-
zole ring, The fornatlén constant of the pentamethylenetetrazole
complex with 1,3,5-trinitrobensene has alse been measured by nuclear
magnetic resonance techniques,

The proton accepting properties of tetrazole and substituted tet-
razoles were studied uaing the protogenic solvent, formic acid, Cenduce-
tance measurements made on formic acid solutions show that tetrazele,
Semethyl-, 5-phenyl-gand pentamethylenetetrazole behave as weak bases
with PK,, values ranging frem 1,78 to 2,06,

Precise conductance measurements were also carried out at 25 on
solutions of twelve 1:1 electrolytes in anhydrous formic acid, in
particular en alkali metal perchlorates, formates, chlorides and bre-

mides, It was found that iodides, nitrates, thiocyanates and fluorides
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were rapidly solvolyzed by tormic acide Most inorganic salts are
completely dissociated in formic acid solution. Hydrogen chloride,
however, behaves as a weak electrolyte with a dissociation constant
of 1L X LU “, Single-ion limiting conductances were calculated from
the conductance data. Tnese data also indicate that the upper limit
tor the self-ionization constant of formic acid at 25% should be

2.2 x 10~/,

Preliminary studies of pentamethylenetetrazole (PMT)-transition
metal complexes were performed in formic acid to observe the effect of
tetrazole protonation upon complex-coordination. The following seven
perchlorate hexahydrate salts were used in this investigation: chromium(III),
manganese (II), iron(III), iron(II), cobalt(II), nickel(II), and copper(II).
It was found that the coordinating ligands about the transition metal ion
are not PMT or protonated PMT molecules, but rather formate ions,

Since these investigations involved tetrazoles which could not be
obtained commercially, several different syntheses were used in their
preparation, Tne syntheses of thirteen 5-substituted tetrazoles, three
J>y5-ditetrazolyls, five 1l,>-disubstituted tetrazoles, and three substitut-

ed pentamethylenetetrazoles are described,
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INTRODUCTION



TETRAZOLES

I. General

Substituted tetrazoles have been the object of numerous inves-
tigations because of their interesting physiological and physiochemical
properties, Since the first tetrazole was prepared in 1885 by the
Swedish chemist, J. A, Bladin (1), over 400 members of this class of
nitrogen heterocycles have been synthesized and characterized (3).

The structures I, II and III represent 5S-monosubstituted and

1,5-disubstituted tetrazoles of particular interest,

(5) (1) (5) (1)
R C N H R C N
(4)N N(2) (4)N N(2)
\/ /
(3) (€:)) (3)
CH,
(1) RN an
(7)cH, faz(9)
(6)ch, sz(IO)
(S)ICI:  — r(l)
(4)N /N(Z)
N////
3)
(111)

Pentamethylenetetrazole (PMT), structure III, represents a special case
of the 1,5-disubstituted tetrazoles, In this structure a carbon and a
nitrogen of the tetrazole ring are connected by a five membered methyl-
ene chain forming a fused ring system, The pharmacological and physio-
chemical properties are dependent upon the substituent groups on the

tetrazole ring or the groups on the methylene chain of PMT,
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In a series of studies, Gross and Featherstone (2) have shown that

the neurological activity of these tetrazoles range from strong stimulation
of the nervous system to a depressant action, It is conceivable that

the neurological activity is related directly to the physiochemical prop-
erties of the tetrazoles,

I1. Acid-Base Properties

The most comprehensive review of tetrazole chemistry to date was
published in 1647 by F. R, Benson (3). A discussion of 2-substituted,
l-substituted, and 2,5-disubstituted derivatives is also included in this
review,

The 5-monosubstituted tetrazoles were first shown to behave as weak
acids in aqueous solution by Olivera-Mandala (4). He states that their
acid strength is approximately equal to that of acetic acid (Kasl x 10'5).
Later investigations by Herbst and co-workers (5) were in fair agreement
with Mandala's work. However, due to variation of the solvent mixtures
in which pK, values were determined, the relative acid strengths of the
tetrazoles are in question. In a recent publication by Caruso et al., (6)
the effect of substituent groups on S-monosubstituted tetrazoles was
studied by conductance methods. The basic solvent, 1,1,3,3-tetramethylguan-
idine, was used in order to enhance the acidity of the tetrazoles. Be-
cause of the low dielectric constant of this solvent (p = 11,00 at 25%)
extensive ion-pair formation occured. As a consequence, the resulting
acld-base equalibria were complex and only the overall dissociation con-
stant could be calculated. The inductive effect of the substituent
groups on the acidity of the 5-substituted tetrazoles is demonstrated by

& linear Taft plot,
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The disubstituted tetrazoles would be expected to have some proton
affinity since all four nitrogen atoms in the ring contain an electron
pair available for coordination., However, neither Dister (7) nor
Zwikker (8) observed any basic character in aqueous PMT solutions. When
PMT is dissolved in a strongly protogenic solvent, such as acetic acid,
it behaves as a weak monoprotic base and can be titrated with perchloric
acid (9). The basicity of PMT and other substituted tetrazoles is
further accentuated by the stronger protogenic medium, formic acid (21).
I11. Complexation-Coordination

Since the tetrazole ring itself has nucleophilic properties it is
able to form moderately strong complexes with a number of Lewis acids,
Various complexes have been reported with halogens (28) and transition
metal ions (39), Also, salt-like compounds have been prepared with
S-substituted tetrazoles by simple neutralization with relatively strong
bases (10).

The first silver and copper salts of tetrazole and 5-substituted
tetrazoles were prepared by Bladin (11). Recently, transition metal
complexes with l-substituted and 5-substituted tetrazoles have been re-
ported by Brubaker and co-workers (12, 13, 14), Brubaker and Daugherty (13)
have suggested that the bonding in these complexes may occure either
through one or two nitrogens of the tetrazole ring or that the central
metal ion may coordinate to the fT-electron system of the tetrazole ring.
The last alternative was originally favored by Jonassen and ¢o-workers (15)
in their preparation of microérystalline iron (II) complexes, However, in
& more recent study of transition metal complexes, Jonassen (16) cites
stronger evidence for a "s" bond from a nitrogen to the metal ion,

The first crystalline halogen coordination compound to be reported

was the iodine monochloride-PMT charge-transfer complex (40, 41), This
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complex was studied along with several other iodine monochloride complexes
using infrared techniques by Person et al.(40). They noted systematic
changes in infrared spectra of the iodine monochloride stretching vibra-
tions as the halogen formed complexes of increasing stability. Using this
relationship it was concluded that the donor properties of PMT were slightly
weaker than th;so of pyridine, This study was expanded by Popov et al. (41)
to include iodine and iodine monobromide complexes, The formation con-
stants of thgse halogen-PMT complexes were determined spectrophotometrically
in carbon tetrachloride solution. Although solid iodine monobromide-PMT

and iodine-PMT complexes could not be obtained, their stoichiometry in
solution was shown to be the same as the 1:1 iodine monochloride-PMT
complex,

In a later paper by Vaughn et al. (42) the formation constants of
iodine monochloride complexes of 7-methyl, 8-sec-butyl, and 8-t-butyl PMT
were also determined spectrophotométrically. While solid compounds
could not be prepared, the complexes were all shown to be more stable
than the unsubstituted PMT cdmplex.

Recently, two independent structure determinations have been carried
out on the iodine monochloride-PMT complex by the use of X-ray crystallo-
graphic techniques (43)., The two determinations are in complete agreement
with regard to the overall structure and specific parameters, The PMT
acts as a unidentate ligand with the iodine of the halogen molecule
bound to 4-nitrogen of the tetrazole ring, The nitrogen-iodine monochlor!de
group is linear and coplanar with the flat tetrazole ring, v@ile the
seven-membered methylene ring of PMT is in a chair conformation.

There have been several reported preparations of PMTametal complexes(9)
in acetonitrile solutions., Although all of these complexes had the same

general formula, (PMT)2!4’, and approximately the same stability constants,
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only the unsubstituted PMT-silver nitrate complex could be prepared in

solid form. Polarographic studies also showed that the cadmium-thall ium-,
and cobalt-PMT complexes in aqueous solutions were almost completely
dissociated,

In a recent series of papers by Popov and co-workers (39, 62),
anhydrous transition metal complexes of PMT have been prepared and char-
acterized, These complexes were prepared with iron(II), manganese(II),
cobalt(II), nickel(II), and zinc(II) by treating PMT with the respective
hexaaquo transition metal perchlorates in 2,2-dimethoxypropane solutions,
The composition and structure of the complexes have been shown to be
MII(PMT)6(0104)2 in an octahedral configuration., Electron spin resonance
spectra of several of these complexes show that the metal-ligand bonds

are highly ionic with only small distortions from the octahedral symmetry,



OBJECTIVES OF INVESTIGATION

With the exception of the iodine monochloride-PMT complex (43), the
manner in which the tetrazole 1igand is bonded to other Lewis acids is
not clear (13, 16), It seemed to us that an investigation of the elec-
tron donor properties of the tetrazole ring would indicate the bonding
nature of these complexes, Thus, & study of possible complex formation
between various tetrazoles and Lewis T-acids should indicate the extent
of the m-electron donor ability of the tetrazole ring. Chapter III of
this thesis, then, deals with the complexes between substituted tetrazoles
and a few strong ﬂ-electronlacceptors. Complexation between several tetra-
zoles and tetracyanoethylene were studied since it is one of the strongest
T—acids known (44). Also, for comparison, complexes with other m-acids
such as tetracyanoquinodimethane (45); p-chloranil (46); 1,3,5-trinitro-
benzene (46, 48); and 2,4,7-trinitrofluerenone (47) were investigated,

The proton accepting properties of tetrazole and suybstituted tetrazoles
may be studied using a protogenic solvent to enhance their basicity. An-
hydrous formic acid was chosen as the solvent in this study since it's
properties remain largely unexplored., Thus, in Chapter IV, preliminary
studies using this acidic medium were performed on PMT-transition metal
complexes in order to observe the effect of tetrazole protonation upon
complex-coordimation, Also, described in Chapter IV, are conductance
measurements wirich were carried out on solutions of 1:1 electrolytes and
tetrazole derivatives,

Since the above investigations all involved tetrazoles which could
not be obtained commercially, many had to be synthesized using the methods

described in Chapter II of this thesis,



CHAPTER 1II

SYNTHETIC WORK



With the exceptién of pentamethylenetetrazole, all of the tetra-
zoles used in this investigation were synthesized by the following
methods:

I. 35=-Substituted Tetrazoles
A, Procedure (A)~ Aro-#tic Substituents
These tetrasoles were obtained by treating sodium azide with the

corresponding nitriles following the general reaction (27):

LiC1 or NH,C1

RCN « NaN, > R

> N
in Dimethylformamide 120® l

ZT/———0O0

N
\/
N
The reactions were allowed to proceed in dimethylformamide for 20 to
40 hours using either lithium chloride or ammonium chloride as a Lewis
acid catalyst. Since the synthesiged tetrazoles were very insoluble.
in aqueous solution, they could be easily recovered from the reaction
mixture by the addition of a dilute mineral acid. The crude product
was filtered from the solution and purified by several recrystalli-
zations,
B, Procedure (B) — Alkyl Substituents
Because of appreciable solubility of the 5-alkyl tetrazoles in

aqueous solution, Procedure (A) could not be used for their prepara-

tion, A method described by Mihina and Herbst (38) which makes use of
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a sealed tube reaction was then successfully employed.

contents poured into an evaporating dish,

Benzene
RCN ¢ HN3 > R

c
5 days 140° "

N\N//

After the reaction was completed, the sealed tubes were opened and their

to dryness in vacuo, andyfinally, the crude product was purified by

sublimation at reduced pressure,

properties are recorded in Table I,

The two new compounds which had

not been previously reported were sent out for elemental analysis,

II.

Anal, Calcd for 5-p-Chlorobengyltetrazole:
Found: C, 49,08; H, 3.,61; N, 28,70,
Anal, Calcd for S5-p-Methylbengzyltetrazole:
Found: C, 62,043 H, 5,783 N, 32,10,

Ditetrazolyls

C, 49.34; H, 3.62;

¢, 62,07; H, 5.78;

The ditetrazolylsil,4, bis(S5-tetrazolyl)-butane and 1,3 bis

(5-tetrasolyl) propane were prepared by procedure (A) above using

adiponitrile and glutaronitrile respectively,

LiCl or NH,pl
CN(CHz)xCN + NaN,

~

Dimethylformamide 120°

H——N——C——(CH

LT
\/ \/

m“r" X - 1’ 2’ 3 e o o

The mixture was then brought

The synthesized compounds and their

N, 28.80,

N, 32,15,
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In order to prepare S,SL-ditetrazolyl, S-cyanotetrazole was allowed to

react with sodium azide using procedure (A). The 5-cyanotetrazole

had been previously prepared in this laboratory from cyanogen, using

a similar procedure.

LiCl1 or NHACI
> H N c

C CN ¢ N&N3 > C
" Dimethyl formamide | l I l
N

'f
\/ \/ \/

The results are listed in Table II,

II1. 1,5-Disubstituted Tetrazoles

The overall synthesis involved a two step procedure (29).

/0 (D (11)
PCl R HN
! 32— [ \c_—_mzl} =
Benzene 10° Cl/ Benzene 20°
(a) (b)
R |<|: T R}
Q\\‘//N
N
(c)
Ste 1

The starting amides (a), could either be purchased commercially

or obtained by reacting an acid chloride with the appropriate amine.

0 Benzene 25° 0
V.
R-—cf + R'MH > R——C~——NR'H + PyridineHCl
C1 Pyridine (a)

The pyridine hydrochloride was filtered off, the solvent was evaporated
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Table II. Ditetrazolyls.

Recrys.,
Compound mp Lit, mp % Yield Solvent
5,5!-Ditetrazolyl 2559D 2549D (3) 42%  95% Ethanol
1,3-bis=(5-Tetrazolyl)- 197-200° Not prev. prep. 94% 95% Ethanol
Propane
1,4-bis-(5-Tetrazolyl)- 205-206® 205-205°D (27) 89% 95% Ethanol
Butane

The following compounds were sent out for elemental analysis:

Anal., Calcd for 1,3-bis-(5-Tetrazolyl)-propane: C, 33,33; H, 4.48;
N, 62,20, Found: C, 33,31; H, 4.50; N, 62,21,

Anal, Calcd for 1,4-bis-(5-Tetrazolyl)-butane: C, 37.11; H, 5.193
Ny 57.70, Found: C, 37.10; H, 5.25; N, 57.90,



14

and the crude amide was purified by recrystallization,

Ste 11

The imide chlorides (b) were never isolated since upon comple-
tion of reaction (I), hydrozoic acid was immediately added to the
mixture. Solutions of hydrozoic acid in benzene were prepared by
reacting sulfuric acid with sodium azide in benzene.(30),

The final tetrazole was recovered and purified by repeated extrac-
tions and recrysgallizatlons of the reaction mixture after step (II)
was completed, The amides used in the syntheses are listed in Table
II11 while the final tetrazoles are listed in Table 1V,

IV. Substituted Pentamethylenetetrazoles

Although many alkyl-substituted pentamethylenetetrazoles have been
reported and characterized, (31, 32) no halogenated derivatives have
been prepared. The following methods were used in an attempt to pre-
pare monochlorinated PMT.

A, Preparation I Pentamethylenetetrazole

In order to test several possible procedures for the synthesis of

monochlorinated derivatives, the following methods were used to prepare

unsubstituted PMT,

1, Cyclohexanone Method (33) CH,
c CH cu/ \ca
2 2 2
/ K (N X (11) J |
cil, CH,  NH,OH o c‘:ﬂ2 NaN, . ‘Hz c':n2
CH, CH,  Hy0-CH4CH20H  CH, CH,  C1S0,0H; c—N
4 CH,CICH,C1
i \T/ S u / 'I'
o L—oa \u
(a) (b)

The overall synthesis involves a two step procedure. The purchased start-

ing material, cyclohexanone (a), was converted into an oxime (b) by
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treating it with hydroxylamine. The cyclohexanone oxime (b) was
separated from the reaction mixture by filtration and was recrystallized
from an ethanol-water mixed solvent before it was used in reaction (II)
mp 889-90° 1it, mp 90° (34)., Step (II) involved the slow addition of
an l,2-dichloroethane solution of the oxime to a mixture of sodium
azide and chlorosulfonic acid in the same solvent, After the reaction
was completed, the mixture was neutralized with aqueous sodium hydroxide
solution, The 1,2-dichloroethane layer was separated and dried in
vacuo, The final product was obtained from the remaining residue and
purified by repeated extractions and recrystallizations with ethyl ether,

2. €-Caprolactam Method

This synthesis involves a two step procedure which is similar to

the preparation of 1,5-disubstituted tetrazoles described above,

0 I c1) cH,
/caz—c N /cuz—c/ (11) cH, \ctnz
CH, NH PClg H, N HN, : ) c,
[ ma N B G &

CH Benzene 1 H CH Benzene N

S 2 \2 Y 200800 || L
cH, CHj N /
i _ N\

(a)

The starting material, € -caprolactam (a), which may be purchased
commercially, is a cyclic amide in contrast to the straight chain amides
encountered previously, The reaction conditions were the same as those
described for the 1,5-disubstituted tetrazoles. The final product was
separated and purified by repeated extractions with ethyl ether and

sublimation,
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B, Preparation II - 10-Chloropentamethylenetetrazole
The same general method described in the cyclohexanome - PMT pro-

cedure was used for this synthesis., The overall synthesis involved the

following two step procedure: ,CH2
c CH { \CH
H
yd i (n / & (11) f 2 \z
CH CH NH,OH CH CH NaN CH CHC1
2 2 2 2 3 "2
_ | | 2 S ‘
CH, CHC1 H,0-CH4CH,OH CHz CHC1 CH2CICH 2C 1 c— T
1 e L
l0 |tl—OH \N/
(a) (b) (Major product)

The starting material, 2-chlorocyclohexanone (a), was purchased
from commercial sources. After reaction (I) was completed, the
2-chlorocyclohexanone oxime (b), was recovered but could not be purif-
fed, However, the oxime was used in its  impure form for reaction (II).

After reaction (I1) was completed, the mixture was treated in the
same fashion as described for the cyclohexanone-PMT preparation., Unfor-
tunately, only a few grams of black oily material were obtained which
could not be purified or identified.

C. Preparation 11l - 8-Chloropentamethylenetetrazole
The same general method described in the preparitlon of 10-chloro-

ventamethylenetetrazole above was used for this synthesis,

c1 <|:1 Cil
CH cH cH

R (1 VRN (1n N\

. CH, CH,  NH,OH cfl, CH,  NaN, CH, c‘n2

: ———4
H CH,  H,0-CH,CH,OH CH CH, CH,CICH,C1 CH cH
K 2 29°+H3t 2 2 g 030112 U 2
C

I - ]
(a) (b) \N/
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Since 4-chlorocyclohexanone (a) could not be purchased from commercial

sources, the following procedure was used in its preparation (35, 36).

OH cl (|21
cl: CH CH
PN
cH, CHy)  Sealed Tube  CH, CHy K, Cr0,  CH, THZ
cl:n cl:uz 80°-90%: _  CH CH H,SO J:a CH
2 =997 5 2 2 Be & 2 2
Fuming HC1 2
C \\\CH \\\\‘C//
I I |
OH OH (o]
() (®) (c)

Commercial cyclohexane - 1:4 diol (a) was placed in a sealed
tube with fuming hydrochloric acid at 90® for 24 hours. After reac-
tion (I) was completed the 4-chlorocyclohexanol (b) was separated by
fractional distillation under reduced pressure with a yield of 56%,
nlo'g 1,4960; 1it, (35) 2}6'2 1,4964, This material was then ox-
idized to 4-chlorocyclohexanone (c) by an acidic potassium dichromate
solution, the final product being obtained by fractional distillation
under reduced pressure with a yield of 14%, n21.2 1.4878; 1it, (36)

g?l‘g 1.4867,. Upon separation, the pure material was used to form
A-chloroc;clohexone oxime in Step I of the 8-chloropentamethylenetetrazole
synthesis., Although the oxime could not be purified, it still was used
in the final reaction (II).

After the final reaction (II) was co;pleted, the end product was
obtained by repeated extractions and & vacuum sublimation., Only a
trace aiﬁunt of an impure brown oil was recovered from the reaction
mixture, However, an infrared spectrum of this material indicates that
there is a tetrazole ring present because of the characteristic absorp-
tion in the 6M to 12M region. Also, strong absorption in the 13,3m to

14.3}&region indicates an aliphatic carbon-chlorine stretching vibration,
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No further characterization of the final product could be made,
D, Preparation IVe 6-Chloropentamethylenetetrazole
The same general method described in the € -caprolactam preparation

of PMT was used for this synthesis,

c 0 —c1 cr]

\CH— c/ \cnz—c/ CH,

/ 0\ m / 4\ | ao A\
CH, NH  PClg cH, N | HN, cH, CH,
Lu clm B 100 La C/H B '|n c|n

engene enzene
2 yd 2 2\ 2 | S0e.808 1 2 | 2
CH | cd, c————N
(03 B | | |
N

Sinceqa - chloro-€Ccaprolactam (a), could not be purchased commercially,

it was prepared by the following three step procedure (37):

0
cH c//o (<I>) cH / 0 an
r r
/
fﬂz \TH ¢ (HsC-C1 c{z \N!!C6H5 50,C1,
cai CH,  N,N,Dimethylaniline J:HZ /lﬂz Cyclohexane 409
crz/ \cn
(a) 3
c1 0 c1 0
\cu—/ 0 (111) \cu—!
N )
cH, i Cells H,S0, CH,
S S
CH H 400 H cH
2 / 2 2 2
cH \-c/
(¥ a$

Step (I) - Preparation of N-Benzoylaf-Caprolactam (b)
To a mixture of 90,4 g (0,80 mole) of € =caprolactam and 114 ml

(0.88 mole) of N,N-dimethylaniline was slowly added 102 ml (0.88 mole)
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of benzoyl chloride., The mixture was heated and stirred at 90® for
four hours, cooled to 60, and poured into 800 ml of dilute hydrochloric
acid (0.05 molar). The crystalline lumps were broken up, filtered,
air dried and recrystallized from a methanol-water solution giving
146 g (84%): mp 70,0-70.5%; 1it. mp 68-70.5% (37),

Step (II) - Preparation of N-Benzoyl-a-Chloro-£-Caprolactam (c)

To a suspension of 87 g (0,4 mole) of N-benzoyl-€-caprolactam (b)
in 22 ml of carbon tetrachloride and 66 ml of cyclohexane was added 34 ml
(0,42 mole) of sulfuryl chloride, The mixture was heated and stirred
at 40° for 36 hours., The material was then evaporated to dryness
in vacuo and recrystallized from isopropyl alcohol giving 64 g (63%):
mp 122-123%; 1it. =mp 120-121,5% (37).

Step (III) - Preparation of a-Chloro-€-Caprolactam (d)

To 90 ml of concentrated sulfuric acid was added, in portions, 64 g
(0,26 mole) of N-benzoyl-g-chloro-€ -caprolactam (c). The mixture was
heated and stirred at 50° for three hours, cooled to 25° and poured
onto 500 g of ice., After neutralizatlon with concentrated ammonium
hydroxide solution, the mixture was extracted with three 250-ml por-
tions of chloroform. The chloroform solution was evaporated, and the
residue was recrystallized from petroleum ether giving 33 g (88%):
mp 90-929%; 1it, mp 91.5-939,

The 6 -chloropentamethylenetetrazole was then prepared in the
following manner: To a mixture of 140 ml of dry benzene and 29,6 g
(0,20 mole) of a-chloro-€-caprolactam (d) was added 41.7 g (0.20 mole)
of phosphorus pentachloride over a period of one hour., The temper-
ature was maintained at 15° by use of an ice bath., After all of the
phosphorus pentachloride was dissolved, 360 ml of 0,67 N hydrazoic

acid (0,24 mole) in bengzene was slowly added. The mixture was allowed
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to stand overnight at room temperature and was then refluxed at 80°
for two hours, The yellow solution was evaporated to dryness in vacuo,
redissolved with 50 ml water and again brought to dryness. The residue
was extracted several times with chlqroform and a light brown oil was
obtained. The final product, & clear viscous liquid, was obtained by frac-
tional distillation of the oily residue at reduced pressure (70, 0,2 mm
pressure), Several attempts were made to crystallize this material by
seeding and freezing, but,apparontly;it is & 1iquid at room temperature,
The boiling point at atmospheric pressure could not be determined because
of extensive decomposition of the tetrazole at temperatures above 150°,
The final yield was 5 g (14%):

Anal. Calcd for6 -chloropentamethylenetetrazole: C, 41.75; H, 5,263
N, 320(‘6; CI’ 20.5“, Foundz c’ 41.86; H’ 5.36; N’ 32.12; CI, 20'60.

The ir spectrum of 6-chloropentamethylenetetrazole along with &
spectrum of unsubstituted pentamethylenetetrazole may be seen in Figure I,
A comparison of the two spectra show the similarity in the tetrazole
region (6p-12p), while only in Spectrum (B) are there strong absorptions
at 13.3p to 14.3u, presumably from a carbon-chlorine stretching vibration.
Although inmr spectra show small amounts of impurities in the final pro-
duct, they are in essential agreement with the 6-chloropentamethylene-

tetrazole structure, A summary of all the results may be seen in Table V,
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Figure 1, Infrared absorption spectra of A, PMT using a KBr pellet;
B, 6-chloropentamethylenetetrazole using KBr plates,
(vavelength in p)
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CHAPTER III
STUDY OF m-«-COMPLEXATION
OF

SUBSTITUTED TETRAZOLES
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HISTORICAL

In recent years there have been substantial developments in the
investigation of molecular complexes, particularly for those that
can be studied spectrophotometrically., These coordination compounds
have stabilities which range from the very stable, predominately ionic
complexes such as those found between ammonia and boron trifluoride
(83) to the weak association complexes of solvent molecules found in
liquid benzene and nitroanaline (84)., These complexes are often
referred to as donor-acceptor complexes with the donor molecules be-
ing grouped into two catagories (85); "n" donors, such as alcohols,
organic sulfides, and nitrogen bases which donate a non-bonded
electron pair and, secondly, ™" donors such as alkenes, alkynes and
aromatic hydrocarbons which contain m-molecular orbitals, The accep-
tor component of the complexes, of which there are numerous types,
include metal ions, halides (n- or m- bonding), and m-acids,

The nature of the intermolecular forces between the components
of a molecular complex is a matter of considerable controversy. The
heats of formation are generally small, and there is abundant evi-
dence that the bonding forces are smaller than those of covalent bonds
(85). The equilibria involved in complex formations are generally so
rapia that kinetic studies can not be made by ordinary procedures (110),.
Bennett and Willis (86) were the first to notethat the bonding
forces in these complexes arose from some type of electron donor-acceptor
interaction and proposed the actual formation of covalent bonds., How-
ever, it has since been shown that the bond distances are far greater
than those corresponding to covalent bonds (87), but still less than

those expected from Van der Wall's forces alone (96),

26
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Pfeiffer (88), upon observing complexes of aromatic hydrocar-
bons with inorganic and organic compounds, assumed that the complex
bond arose as a result of unsaturated secondary valences present in
the aromatic ring. On the other hand, Lewis (89) treated these
complexes in terms of acid-base theory and proposed that bonding
occures by a base donating an electron pair to the recipient acid,

Briegleb and Schachowskoy (90) observed that the heats of
formation for 1:1 complexes of nitro-compounds with aromatic hydro=
carbons decreased with a decrease in the polarizability of the
hydrocarbons, The above trend in the heats of formation led Briegleb
(91, 92) to postulate that these complexes are formed as a result of
electrostatic attraction between molecules with permanent dipoles
and non-polar species which can be polarized by induction. However,
this theory does not explain complexation involving substances
lacking even partial dipole movements such as those found in iodine=
benzene complexes,

It has long been noted that marked spectral changes accompany
complex formation, especially in the case of aromatic complexes 593).
Hammick and Yule (94) and Gibson and Loeffler (95) suggest that
these spectralshifts arrise from electron transfer between the complex
components during noxrmal collisions if the molecules are properly
oriented. Orgel and Mulliken (97) later expanded upon this work
showing that in some cases spectralshifts do indeed arrise from short
lived collision interactions which they called "contact charge-
transfer™ transitions.

Weiss (98) postulated that spectral shifts arrise by the forma-
tion of singly charged ions from the donor molecule (D:), and the

acceptor (A), which are then held together by electrostatic forces, 1.e.
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Ds + A—>[D.JTAT"

He suggested that the stability of the complex should be dependent
on the ionization potential of the donor and the electron affinity
of the acceptor. However, since the heats of complex formation are
generally too low for ion formation (99), Brackmann (100), proposed
that a complex formed from an electron-transfer is actually a
resonance hybrid of & non-bonded and a dative bonded structure,

The most widely accepted theory of charge-transfer complexation
is that proposed by Mulliken (101)., Mulliken considers a 1:1 donor-
acceptor complex to have a stable ground state,‘f';, which is made up
of contributions from a no-bond state,ﬂ’o (DA), and a dative polar
state, Y, (0%, A”), and is given by the expression:

Y; - "l"o (DA) ¢+ a \" (D*. A-)o 1.

The complex in the excited state,ﬁif, iss

Y1 = ¥, @A) + bY @O 2,

The coefficients a and b, which are approximately equal, are generally
small wvhen compared to unity;' The charge-transfer absorption band
of the complex arrises from the transition Y’%——*‘f:. The energy of
this transition is related to the ionization potential of the donor
(D) and the electron affinity of the acceptor (A).

Several semi-emperical relationships relating the charge-transfer
absorption frequency (i%e) to the donor ionization potential (ID)
and the electron affinity of the acceptor (E,) have been proposed
(102-108), McConnell, Ham and Platt (102) found that the equation

h‘DCt = I~ E‘ -W 3.

P

vhere W = dissociation energy of charge-transfer excited state fits
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the data they obtained for a series of iodine complexes and a plot
of “aLt yversus Ip of the donors yields a straight line. Walkley
et al. (107) expanded these studies to include iodine complexes of
"n® donor and "n® donor solvents obtaining similar linear relation-
ships.

Linear relationships between hiLt and donor lp have also been
reported for aromatio-r-acid complexes of p-chloranil (46),
~153,5=trinitrobenzene (46, 48, 103-105), and 2,4,7-trinitrofluorenone
(103-105). The equation suggested by Merrifield and Phillip (44),
to fit the data they obtained from tetracyanoethylenee=methylbenzene

complexes,

h?

ct - 0.&87 Ip - 1030 ‘G.

was later expanded to include other aromatics by Voigt and Reid (106).
Mulliken and Person have recently published a very good review of

charge-transfer complexes and related calculations (108).



THEORETICAL
The basic equation used in quantitative spectrophotometric cal-

culation is Beer's law,

"' - ew 50

where

absorbance at a given wavelength

molar absorptivity at the same wavelength
pathlength in centimeters

concentration in moles per liter,

0O ®»

The importance of this relationship lies in the fact that at a given
wavelength and pathlength the absorbance (A) is directly proportional
to the concentration of the absorbing species,

In order to spectrophotometrically calculate equilibrium constants,
or more accurately equilibrium quotients, since activity coefficients
are not used, the method originally reported by Benesi and Hildebrand
(111) or some variation (115) of this procedure is generally used,
The method was originally derived for 1:1 complexes between iodine
and organic solvents, but it can be altered to include complexes of
different stoichiometries, For the donor-acceptor complex (DA) the
equilibrium constant K is given by:

D + A—DA

K =

(D) (A) (Cp=Cpa) (Cp-Cpy)
where
CD = initial concentration of donor

CA = initial concentration of acceptor
an? concentration of complex at equilibrium,

30
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let

CD>> CA 3 thus CD>> CDA

and

Cpa
CD (CA-Cm)

7.

from equation 5:

CDA - [‘/s‘b] - ‘flé DA] for = lcm,. 8.

If a wavelength is chosen such that

A p = O

then by substituting Equation 7 into Equation 6 and rearranging we
obtain the final equation:

1 1
ir © *
€ K€ p,

: 9.
€
where A‘l‘ - tot:l absorbance of solution at same wavelength.

A plot of [‘/ versus /CD for a series of solutions gives
a straight line with a slope of [I/KCDJ and an intercept of
1/8 .

In cases where e‘ 4 0, a new equation, which is similar to

Equation 9, can be derived (112):

1 1 1 1
- ° L) e 100
- - e -
€.~ €s €a-€1 ¥ DA™ A
where
‘t
€ e " s for a weak complex,

(CA * CDA) Cy
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A plot of (1/ € .-€,) versus (1/Cp) for a series of solutions gives
a straight line with a slope of (I/elu-e:A e 1/K) and an intercept of
(1/epp-€,)e

Person (113) has shown that these equations give linear plots
with meaningful slopes and intercepts only if the donor concentration
(CD) is greater than 0.1 (1/K). Also, Johnson and Bowen (114) have
pointed out, by the use of synthetic data for the complex systems DA,
DZA and DA,, that & linear plot from the Benesi-Hildebrand and
Ketlelaar equations (Equations 9 and 10) is not always indicative of
the cogplex stoichiometry assumed in the original derivation. The
true test of complex stoichiometry is the agreement between calculated
equilibrium constants at several different wavelengths,

Recently, a new method for the determination of complex formation
constants in solutions using nuclear magnetic resonance spectroscopy
has been proposed by Hanna and Ashbaugh (116), They have shown that
for a 1:1 charge-transfer complex, the chemical shift of the acceptor
protons is related to the strength of the donor-acceptor interaction,
They derived a relationship analogous to that of Benesi and Hildebrand
(Equation 9)

1 1

—_— - — 11,
A K4Cp

1
* —
Ao
wvhere A is the difference between the observed shift of the acceptor
protons in the presence of the donor and the chemical shift of the
uncomplexed acceptor;Ao is fhe difference between the shift of the
acceptor protons in the pure complex and the shift of the uncomplexed

acceptor; K is the formation constant of the complex; and C_. is the

D

total concentration of the donor. Just as in the case of optical

spectra, one measures the chemical shift of the acceptor protons in a
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series of solutions containing varying concentrations of the donor

and plots (1/A) versus (1/Cp). A straight-line plot is obtained

in the case of 1:1 complexes and the values of A, and K are obtained
from the slope and the int:ercopt. The NMR technique was used very
successfully by Foster and Fyfe in the study of the dinitrobengene

and trinitrobenzene complexes with aromatic compeunds (117).



EXPERIMENTAL
I. Solvents
The following five procedures were used to purify the solvents
in this investigation.

Procedure A

Cyclohexane, 1,2-dichloroethane, carbon tetrachloride, dichlorometh-

ane, n-heptane, and bengene were purified in the following manners
Step 1. The solvent was washed several times with concentrated
sulfuric acid until the acid layer remained colorless,
Step 2. The acid was drained off and the solvent was washed with
water, sodium bicarbonate solution (0.5 M) and, then, water again.
Step 3. The water was drained off, and the wet solvent was dried
for two days over anhydrous barium oxide,
Step 4, The solvent was then refluxed for six hours over fresh
barium oxide and fractionally distilled ‘a.t atmospheric pressure
through a 30 in, column packed with glass beads, collecting only
the middle portion,
Procedure B
Triethylamine, piperidine, 2,6-lutidine, pyridine, and nitro-
methane were all purified by first drying the solvents over anhydrous
barium oxide for two days. They were then vacuum (0.10 mm) fraction-
ally distilled through a 30 in,Vigreaux column using fresh anhydrous
barium oxide as the drying agent.
Procedure C
Acetone was purified by simply refluxing it for six hours over
anhydrous calcium chloride and then fractionally distilling it at

atmospheric pressure through a 30 in,column packed with glass beads,
34
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collecting only the middle portion. Stronger dehydrating agents

could not be used because of possible acetone condensation,

Procedure D
Methanol was purified by the following procedure:
Step 1. Solid iodine and concentrated aqueous sodium hydroxide
solution were added to the methanol and allowed to stand for
several hours to remove any aldehydes or ketones present,
Step 2. A large excess of silver nitrate solution (0.1 m) was
added to the mixture to remove the unreacted iodine and any other
reducing impurities,
Step 3. The above mixture was fractionally distilled to remove
most of the water present, The remaining solvent was refluxed
over magnesium ribbon for six hours. It was then fractionally
distilled at atmospheric pressure through a 30 in, column packed
with glass beads, collecting only the middle portion.

Procedure E
Acetonitrile was purified in the following manner:
Step 1. The impure solvent was allowed to stand over calcium
hydride for two days., It was then fractionally distilled at
atmospheric pressure through a 30 in,column packed with glass
beads, collecting only the middle portion.
Step 2. The distilled solvent was next refluxed for 24 hours over
phosphorus pentoxide and finally fractionally distilled, collect-
ing only the middle portion.

II. Reagents
Substituted tetrazoles used in this investigation were synthesized

and purified according to the procedures described in Part II of this

thesis, Pentamethylenetetrazole, however, was obtained from
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Knoll Pharmaceutical Co., and purified by several recrystallizations
with anhydrous ethyl ether: mp 60-61%; 1lit, mp 61° (28), The
1,2,4-triazole was purchased from Calbiochem and recrystalliged
twice from dichloromethane-methanol,

Tetracyanoethylene was originally obtained from the du Pont Co,
and subsequently from Eastman, It was recrystallized twice from
chlorobenzene and then sublimed twice in an inert atmosphere. The
potassium salt of the tetracyanoethylene anion radical was prepared
and purified using the method of Webster et al. (118), Tetracyano-
ethane was obtained by reducing tetracyanocethylene with hydrogen iodide
and was purified by recrystallization from ethyl acetate-hexane (119),
The remaining mr-acids used in this study are listed in Table VI,

I11. Apparatus

Absorpt ion measurements in the visible and ultraviolet regions
were made on a Cary recording spectrophotometer Model 14, in silica
cells of 1,00, 5,00, and 10,00 & 0,01 cm pathlengths., Measurements
were done at room temperature of approximately 259,

All NMR measurements were made on carbon tetrachloride solutions
with a Varian Associates A-60 spectrometer operating at 60 Hz/sec. The
probe temperature was approximately 35%, Tetramethylsilane was used
as the reference for chemical shift measurements,

Infrared measurements were made on a Beckman recording spectro-

photometer Model IR-5, using potassium bromide pellets,
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RESULTS AND DISCUSS ION

The possible complex formations between tetrazoles and Lewis m-
acids were studied in order to indicate the extent of T - electron
donor ability of the tetrazole ring., The greater part of this work
was performed using tetracyanoethylene (hereafter abbreviated as TCNE)
since it has been shown to be one of the strongest Tr-acids avall-
able (44), Howevor; the complexing tendencies of the tetrazoles were
studied with other m-acids such as tetracyanoquinodimethane (TCNQ),
p-chloranil (CA), 1,3,5=trinitrobenzene (TNB), and 2,4,7=trinitrofluorenone
(TNB).

The choice of solvents for these studies had to take into account
two major factors; the general insolubility of the substituted tetra-
zoles and the reactivity of the m-acids, especially TCNE, Solubility
studies were made with various tetrazoles,and it was found that they
dissolved to an appreciable extent in several chloronated hydrocarbon
solvents and alcohols,

In order to test for m-acid = solvent interaction, Beer's law
studies were preformed in the following solvents; dichloromethane,
1,2-dichloro§chune, methanol, acetonitrile, and absolute ethanol
(Figure 2), Solutions of TCNE in all five solvents adhered to Beer's
law; spectra were obtained immediately after making up the solutions,
However, drastic spectral changes were observed within & short period
of time in methanol, ethanol and acetonitrile$ thus, the use of these
solvents was discontinued,

Because of greater. solibility of the tetrazoles in dichloromethane
than in 1,2-dichloroethane, the former solvent was chosen for the re-

mainder of this study, Beer's law studies were run on the rest of the
38



Figure 2,

39

Beer?'s law study of TCNE in: A, dichloromethane (268au);
By 1,2-dichloroethane (263 mu); C, methanol (235 mu);

Dy nitromethane (278 mp), and E, ethanol (240 mu)

using l-cm-pathlength cells,
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m-acids (TCNQ, CA, TNB, and TNF) in dichloromethane (Figures 3 and 4),
All four compounds obeyed Beer's law and their solutions showed no
spectral changes with time,

A series of solutions with TCNE and PMT were made in dichloro-
methane and their absorption spectra were determined., As. the PMT/TCNE
mole ratio increases, the TCNE absorption band at 268 mp gradually de-
creases in intensity and broadens at the base, The seriés of curves
(Figure3) pass through a rather poorly defined isobestic point, indi-
cating the presence of only two absorbing species,

In order to make quantitative spectral measurements, higher cone
centrations of TCNE (wl x 10'3) had to be used. Since the tetrazoles
did not absorb radiation in the region studied (300-450 mp), spectral
measurements were taken directly from the TCNE absorption band.

It is interesting to note that in all the tetrazole-TCNE complexes
the absorption maxima of charge~transfer bands were not observed, but
rather the absorption band of the TCNE broadened considerably and
extended to lower frequencies (Figures 6-13), Absorption measurements
were, consequently, carried out on the rathef steep side of the new
absorption band with consequent loss of accuracy. An absorption
maximum, however, was obtained in the case of S5-benzyltetrazole (Figure
14).

The experimental data were evaluated according to the method of
Kelelaar, et al, (112) using Bquqtion"u)p 31. Since this treatment
1nvol€§s the use of a least squares aﬁgiysis, & Fortran computer pro-
gram was used on a Control Data Corporation 3600 computer, The results
plus their corresponding average deviations are listed in Table VII,

The values of the formation constants are independent of the wavelength
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Figure 3, Beer's law study of: A, TCNQ (400 mu); B, TNF (280 ’x);
and C, TNB (260 mp) in dichloromethane using l<cm-
pathlength cells,
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Wavelength in m
Figure 5, Spectrophotometric study of 5,0 x 10’511 TCNE(A) with

PMT mole ratios of B, 1085; and C, 4330, in dichloro~
methane using & kemepathlength cell,
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Figure 6,

T L
300 320 340 360
Wavelength in mp
Spectrophotometric study of 1.0 x 10-3 M TCNE with

various mole ratios of PMT in dichloromethane using
a l-cm-pathlength cell,
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Figure 7, Spectrophotemetric study of 2,0 x 10'3 M TCNE with

various mole ratios of l-eyclohexyl-3-ethyltetrazole
in dichloromethane using a kcm-pathlength cell,
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Figure 8, Spectrophotemetric study of 4,0 x 10-3 M TCNE with

various mole ratios of l-cyclohexyl-S-methyltetrazole
in dichloromethane using & lcm-pathlength cell,
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Figure 9, Spectrophetometric study of 4,0 x 10-3 M TCNE with
various mele ratios of l-methyl-3-cyclohexyltetrazole
in dichloromethane using & lcm-pathlength cell,



Absorbance x 10

- >0
7.0
5.0 1
3.0 1
1.0 1

310 320 330 340

Wavelength in mu

Figure 10, Spectrophotemetric study of 4,0 x 103 M TCNE with
various mole ratios of S-prepyltetrazole in dichloro-
methane using a lcm=pathlength cell,
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Figure 11, Spectrophotometric study of 1.0 x 10'3 M TCNE with
various mole ratios of 1,5-diphenyltetrazole in

dichloremethane using a lcm pathlength cell,
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Figure 12, Spectrephetometric study of 4,00 x 10-3 M TCNE with

varieus mele ratios of l-ethyl-S-phenyl tetrazele
in dichloromethane using a l-cm pathlength cell,
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Figure 13, Spectrephotometric study ef 4,0 x 10°3 M TCNE with
varieus mole raties of l-phenyl-3-ethyltetrazole
in dichloremethane using & l-cm-pathlength cell,
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Pigure 14, Spectrephetemetric study of 5,00 x 10™3 M TCNE with
various mele ratios of S-benzyltetrazele in
dichloremethane using a 5-cm=-pathlength cell,
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