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NMR Studies of Hindered Rotation and Thermal
Decomposition of Novel 1-Aryl-3,3-dialkyltriazenes
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1-Aryl-3,3-dialkyltriazenes have been synthesized by coupling the corresponding diazonium salts of substituted
aniline derivatives with dialkylamines. The thermostability of these compounds was investigated by differential
scanning calorimetry; activation energies of 240-280 kJ mol™' were determined for the thermal decompoesition.
The hindered rotation of the dialkylamino group was studied by 'H NMR exchange measurements. Both experi-
ments are interpreted in terms of an involvement of a 1,3-dipolar structure of the —N=N-—N— functional group.
The influence of substituents, both on the aromatic ring and at the amino group, on the kinetic and activation
parameters is investigated; results are analysed on the basis of mesomeric and steric effects on the dipolar charge
distribution in the molecule.
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which contain the characteristic N=N-—N functional . The re;ult of such a resonance hybtjidization is an
group, were first synthesized in 1903.! These com- increase in the effective rotation barrier around the
pounds (with R = phenyl) are unstable in acids, and N*—N? single bond. In this study, rotation barriers for
decompose?? into substituted anilines (R” = H) a series of differently substituted triazenes were deter-
benzene derivatives and nitrogen. Furthermore, tri- mined by NMR techniques. The influence Of the substit-
azenes can be photolysed by UV illumination with uents on the thermal stability of the triazenes was
release of nitrogen.* This photolability, as well as the investigated by differential scanning calorimetry (DSC)
discovery of antitumour activity for certain derivatives,’ me]z‘itslurements. . o
have been the reasons for the recent interest in this class fe triazenes were prepared accordmg to SCheme "
of compounds. In particular, the effect of 1-aryl-3,3-di- Six compounds have been synthesized which differ in
alkyltriazenes as antitumour reagents has been studied their substituents (R, to R,), as specified in Table 1.
in some detail.’® However, to our knowledge, the
thermal decomposition behaviour has not been investi- Ry B2 Ry R, R2 Ry
gated. _H0 54 |
Akthar et al.® have proposed that the n electron dis- N NaNO2 NP
tribution in triazenes partly corresponds to the 1,3- ? o2
dipolar resonance structure (II) shown in Scheme 1. R R2gr; R, Rz,
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Table 1. Substituted triazene compounds investigated in this-

study
Compund R, R, Ry R,® Ay (Hz2)®
1 H H COOH C,Hy 36.2
2 H H COOH  n-C,H,  27.0°
3 H H COOH i-C3H, 40.9
4 COOH H COOH C,Hg 36.2
5 H COOH H C,H, 38.1
6 H CN H C,Hy 39.6
? Positions of the substituents R, ..., R, are shown in Scheme 2.

® Chemical shift difference of the two CH, groups in the R, sub-
stituents,
© Chemical shift difference of the two N—CH,, groups.

EXPERIMENTAL

Reagents

Aniline derivatives and amines were obtained from
Aldrich and Fluka in the highest available purities
(99%). All solvents were freshly distilled before use. Syn-
theses were carried out in the dark.

General synthesis procedure (LeBlanc and Vaughan™)

Diazotization. The  appropriate  aromatic  amine
(1 x 1072 mol) was dissolved in 30 ml of aqueous
hydrochloric acid solution (10%) and cooled to —10°C.
A solution of 1 x 1077 mol sodium nitrite in 20 ml of
water was then added slowly with vigorous stirring. The
reaction temperature was kept below —5°C. The
mixture was stirred for a further 15 minutes and was
used in the following step without separation of the cor-
responding diazonium salt.

Coupling with dialkylamines. An aqueous, precooled solu-
tion of the dialkylamine (2 x 107% mol, ie. a twofold
stoichiometric excess) was added to the freshly prepared
diazonium salt solution. The temperature was kept
below 0°C throughout the entire time of reaction. An
intense yellow colour appeared, and the triazene
product precipitated immediately. The product was fil-
tered off, washed with water and dried over phosphor-
ous pentoxide. The products were recrystallized in
either methanol or methanol-water mixtures. The char-
acterization data of all products are compiled in the
Appendix.

Synthesis of 1-(3-carboxyphenyl)-3,3-diethyltriazene (1)

Diazotization of 1 x 107 * mol of 3-aminobenzoic acid
and coupling of the corresponding diazonium salt with
diethylamine were carried out according to the general
synthesis procedure. The product dissolved on depro-
tonation of the carboxylic acid groups during addition
of the amine in stoichiometric excess. The triazene was
reprecipitated by adjusting the pH to a value of 5 by the
addition of a 0.1 M aqueous hydrochloric acid sofution.
The yield was 1.4 g, i.e. 63% based on the amount of the
3-aminobenzoic acid reactant.

Synthesis of 1-(3-carboxyphenyl)-3,3-di-n-propyltriazene
?

Diazotization of 1 x 1072 mol of 3-aminobenzoic acid,
the coupling reaction with di-n-propylamine and the
purification procedure were carried out as described for
compound 1. The yield was 1.7 g (67% based on the
3-aminobenzoic acid reactant).

Synthesis of 1-(3-carboxyphenyl)-3,3-diisopropyltriazene
3

Diazotization of 1 x 10~ 2 mol of 3-aminobenzoic acid,
coupling with diisopropylamine and purification were
performed as described for compound 1. The yield was
1.9 g (76% based on the 3-aminobenzoic acid reactant).

Synthesis of 1-(3,5-dicarboxyphenyl)-3,3-diethyltriazene
“)

Diazotization of 1 x 1072 mol of 5-aminoisophthalic
acid and the coupling with diethylamine were carried
out according to the general synthesis procedure. As a
consequence of the insolubility of the aniline derivative
in water, the suspension had to be stirred for 30 minutes
until diazotization was complete. After addition of
diethylamine in excess, the product was purified as
described for compound 1. The yield was 1.1 g (34%
based on the 5-aminoisophthalic acid reactant).

Synthesis of 1-(4-carboxyphenyl)-3,3-diethyltriazene (5)

Diazotization of 1 x 10~ 2 mol of 4-aminobenzoic acid,
coupling with diethylamine and purification were per-
formed as described for compound 1. The yield was 1.7
g (76% based on the 4-aminobenzoic acid reactant).

Synthesis of 1-(4-cyanophenyl)-3,3-diethyltriazene (6)

Diazotization of 4-aminobenzoic acid nitrile and the
coupling of the corresponding diazonium salt solution
with diethylamine were carried out according to the
general synthesis procedure. The yield was 1.6 g (81%
based on the 4-aminobenzoic acid nitrile reactant).

Instruments

NMR measurements were performed on 250 MHz
(Bruker, Model AC 250) and on 300 MHz (Bruker,
Model AC 300) spectrometers. The temperature was
controlled by a variable temperature unit (Bruker,
Model B VT 1000). Thermal analysis runs were carried
out on a differential scanning calorimeter (Perkin-
Elmer, Model DSC 7) using a temperature scan rate of
10 K/min. Infra-red spectra were recorded on a Fourier
transform instrument (Digilab, Model FTS-40). Elemen-
tal analyses were performed at the Analytisches Labor-
atorium llse Beltz, D-W-8640 Kronach.



1180 TH. LIPPERT, J. DAUTH, O. NUYKEN AND A. WOKAUN

RESULTS

NMR observation of intramolecular rotation

NMR spectra of compounds 1-6 were recorded on the
300 MHz NMR spectrometer for a series of tem-
peratures. Coalescence temperatures were determined
for the signals of the methyl protons for compounds 1
and 3-6. The chemical shift difference of the methyl
groups in 2 is too small to derive the kinetic param-
eters; the methylene groups attached to nitrogen were
therefore used for the determination of coalescence.

At low temperatures the relevant signals of com-
pounds 1, 2 and 4-6 show two triplets of equal inten-
sity, which broaden at higher temperatures. Above the
coalescence temperature the signals change to a single
triplet, as shown in Fig. 1. Two doublets are observed
for the methyl groups of the i-C;H, substituents in 3.
The large difference in chemical shifts (4.15 and 5.35
ppm, Av = 358 Hz at 263 K) for the signals of the two
non-equivalent i-C;H, methine protons might be due to
the involvement of the ionic resonance structure II in
Scheme 1. As a consequence of the hindered rotation,
the two isopropyl groups have Z and E geometries with
respect to the aniline moiety.

The temperature dependence of the exchange rate
was examined by the line width method® both above
and below the coalescence temperature. Vaues for AG*,
AH?*, AS*, and the activation energy, E,, of the hin-
dered internal rotation, which exchanges the two R,
substituents, have been determined from standard equa-
tions, which were used in the form given by Anderson
and Lehn® adapted for linear regression analysis.

T
AG* = 2.3RT<10.32 + log I) (1)
k AS*  AH*
log = = 10. -
o8 7 = 10324 3R T 23RT @
E
log k = C — ~—=2
o8 23RT 3)

In these equations k is the rate constant (in s™!) of

1
323K - —

substituent exchange by internal rotation, C is the
logarithm of the corresponding frequency factor and T
is the temperature in K. The free energy AG™, enthalpy
AH7” and energy of activation, E,, for the internal rota-
tion process are given in kJ mol ™!, and the activation
entropy, AS¥,in Jmol ! KL,

As an example, a typical plot of experimental data for
the calculation of AH* and AS™ according to Eqn (2) is
shown in Fig. 2. The entire set of kinetic parameters
derived from least-squares linear regression analysis is
summarized in Table 2.

Thermoanalytical measurements

Thermolysis of the synthesized triazene derivatives was
carried out in the solid state by DSC measurements. A
typical DSC curve for compound 2 is shown in Fig. 3.
An endothermic melting peak at 84°C is followed by a
broad exothermic decomposition event at =~ 120 °C.
Rate constants and activation energies for thermal
decomposition have been determined from the DSC
curves using the analysis for first-order kinetics. This
assumption is suggested by the structural similarity of
the thermolabile triazene group with aryl-alkyl-azo
compounds.®!® The procedure used for the determi-
nation of the temperature-dependent rate constants k(T)
is illustrated using the example of the DSC curve shown
in Fig. 4. In the DSC instrument, the heat flow dH/d¢
[W1] is measured as a function of time. Temperature is
simply related to the time axis by the linear temperature

program T(t) = T(0) + at @)

where « is the scan rate in K s~ . The total area 4 [J]
of the DSC curve is proportional to the initial amount
of material, n(0) {mol]

n(0) = CA 5

Similarly, the undecomposed number of moles at time ¢,
n(1), is given by (cf. Fig. 4)

n(t) = C(4 — a) (6)

and the rate of decrease is proportional to the instanta-
neous heat flow

dn() _dH [dH
a - a (dt <O> @
~CH,4

b

,J[\

methanol-dy

233 K JMLAR

| J——

L
3.8 3.4 3.0 2.6
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22 18 14

Figure 1. NMR spectra of compound 1, recorded at 300 MHz in methanol-d, at the temperatures indicated.
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Figure 2. Determination of the activation enthaipies and entropies for internai rotation, AH* and AS*, according to Eqn (2). The quantity
log[k(T)/T], determined from NMR measurements of the temperature-dependent exchange rate k(T) in methanol-d,, is plotted as a func-

tion of 1/T for compounds 1, 3 and 6.
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Figure 3. Thermal decomposition of triazene 2 monitored by dif-
ferential scanning calorimetry.
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Figure 4. Determination of the temperature dependent decompo-
sition rate constant k(T) from the differential scanning calorimetry
curve, according to Egn (9).

From the standard first-order kinetic equation

dn(r) _
s k(T)n(t) 8)
one obtains
1 dH
D=7l a ©)

This analysis is valid as long as

1
— T _
KT <o (Tmen

k(Tmin)
In this equation, T,;, and T,,, signify the initial and
final temperature of the decomposition peak, defined as
the temperatures where |dH/dt| has decreased to 10%
of its peak value. The quantity [1/(T,,, — T,..)] is the
time required to scan over the peak. This time should
be much shorter than the half-life of the reaction,
[1/k(T,;)], at the peak onset, and longer than the half-
life [1/k(T,,,,)] at the end of the peak.

An Arrhenijus plot for 4 derived from three indepen-
dent measurements is shown in Fig. 5. The activation
energies of thermal decomposition for the triazene
derivatives 2, 4 and 5 derived from the DSC data are
summarized in Table 3.

It was not possible to calculate A and E, for 3
because of the overlap of the melting and decomposi-
tion peaks. Compound 6 sublimes before decomposi-
tion, with the result that again the parameters of
thermal decay could not be determined.

Tmin) < (10)

Table 2. Activation parameters and coalescence temperatures derived from NMR analysis

Compound T, (K} AG?* (kJ mol~") AH?* (kd mol-") AS* (J mol-' K-1) £, (k4 mol-") C=logA/s~?
1 266 +05 57529at293K 405+29 -57.0+115 468+ 1.8 11.0+0.03
2 274+ 0.5 56.9+£2.9 at 268 K 31.3+39 ~95.2+14.1 37721 9.1 £0.02
3 285+ 0.5 58629 at273 K 489+3.0 -36.0+10.2 53.4+18 1200.03
4 280+0.5 583+29 at 280 K 41.1+49 -60.0+18.0 47.7+29 11.0+£0.04
5 283+0.5 61.4£3.1 at 310 K 50.56+10.9 -34.7+106 458+ 4.6 10.0 £ 0.06
6 302+05 62.8 + 3.1 at 302 K 50.5+3.8 -39.9+127 53.4+1.1 11.0+£0.02
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Figure 5. Arrhenius plot for the decomposition of compound 4.

Table 3. Thermal decomposition parameters of compounds 1-6
derived from DSC measurements

Compound T > (7€) E, (kJ mal-") In A/s-?
1 113 282 +10 -84 +0.02
2 128 2218 -62+0.04
3 136 e
4 151 2823 -76 £ 0.01
5 148 24212 -66 +0.02
6 c <

2 T ax = temperature of maximum heat flow |dH/dt |.
® Not measurabie because of the overlap with the melting peak.
¢ Sublimation before decomposition.

DISCUSSION

Both the hindered rotation around the N*—N? bond,
as monitored in the NMR measurements, and the
thermal decomposition determined by DSC are strongly
influenced by the electronic structure and the charge
distribution in the triazene functional group. We have
indicated earlier that the charge distribution in the
N!=N2—N? fragment corresponds to a 1,3-dipolar
structure, with a partial negative charge on N!, duc to a
contribution from the mesomeric resonance structure 11
shown in Scheme 1.

The possibility of a further delocalization of this
negative charge from N' on to the phenyl ring can be
considered, which would give rise to a para-quinonoid
type structure. The importance of such a shift of charge
can be judged from the spectral pattern of the aromatic
protons. For a quinonoid limiting structure a hindered
rotation around the phenyl—N! bond would be
expected, and hence an AB XY type spectrum for the
para-substituted compounds (R, = R, = H). However,
clean spectra corresponding to AA’XX' spin systems
were recorded, which indicates rapid rotation around
the phenyl—N' bond. Hence charge delocalization on
to the aromic ring appears not to be important.

However, the amount of shifted charge, as related to
the 1,3-dipolar structure, is expected to be strongly
influenced by mesomeric effects due to substituents on
the phenyl ring, and by inductive and steric effects due
to the alkyl substituents on the nitrogen atom N3,

Among the substituents in the compounds studied
(Table 1), a cyano group in the para position to the tri-
azene moiety should give rise to the strongest meso-

meric effect, followed by one carboxy substituent in the
para position. The mesomeric effect of the latter is
roughly comparable with the inductive effect of two
carboxy substituents in the meta position. A smaller
inductive effect is expected for a single carboxy substit-
uent in the meta position. It is worthwhile noting that
the chemical shift differences of the two CH; end groups
in the N3—ethyl substituents, as recorded at low tem-
peratures, reflect this sequence precisely. The chemical
shift differences Av [Hz], which reflect the cis- and
trans-positions of the alkyl substituents R’ with respect
to the aniline moiety in the R

/
Phe—N —N=N*
N
R’
group, are included in the last column of Table 1. They
are largest for the 4-cyano-substituted derivative 6, and
smallest for the 3-carboxy derivative 1.

With regard to the steric influence of the two alkyl-
substituents on N?, the largest effect is expected for two
isopropyl groups, as a consequence of their bulkiness.
Among the substituents included in Table 1, the smal-
lest steric effects will be caused by two ethyl groups.

As an alternative explanation, the possibility that
internal rotation might be acid catalysed by proto-
nation at N* should be discussed. Differences between
the investigated compounds would then be due to dif-
ferences in the basicity of N*. Although compounds 1-5
do contain a carboxylic acid group that might act as a
source of protons, this is not the case for the p-cyano
derivative 6. Traces of acid introduced together with the
residual water present in the solvents, CD,0OD and
C¢D,,, respectively, would have to be invoked. More
important, triazene compounds are known?? to be
unstable in acid, where they are rapidly decomposed
subsequent to protonation. In contrast, no signs of
decomposition have been found in our NMR experi-
ments, and therefore this interpretation can be excluded.

Hindered rotation

The coalescence temperatures shown in Table 2 will
now be discussed in sequence. First, we consider the
series of compounds 1 —+4—->5-6 (cf. Table 1), in
which the electron-withdrawing character of the substit-
uents on the aromatic ring is increased, with the N3
substituents held constant. The coalescence tem-
peratures increase in the same sequence as the meso-
meric effect is enhanced and the formation of the 1.3-
dipolar structure is favoured.

Steric effects are evident when considering the series
1 - 2 - 3. Replacing two ethyl groups by two n-propyl
chains increases the coalescence temperature by 8 °C as
a consequence of the higher mass of the —N3(R,),
rotor. Exchanging the n-propyl substituents for the
bulkier i-C3;H; groups results in a further increase of T,
by 11 °C, which may be due to either steric or electron-
donation effects.

The free energies of activation, AG*, are also strongly
influenced by the mesomeric effect. Generally, AG* is
found to increase with T,. (The triazene derivative 3,
with a comparatively low AG¥ value, represents the
only exception from the monotonic increase of AG*
with 7,.) The values derived for AH* and AS™ should
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only be discussed in a qualitative manner, in view of the
large error bars. Comparable values for 1-aryl-3,3-di-
alkyltriazenes have been published elsewhere.®

The observed dependence of the internal rotation rate
constant, k, on the substituents on the phenyl ring can
be represented by a Hammett type equation

log k/s ™' = log ko/s ™' + po (11)

where k, is the rate constant for the reference com-
pound without substituents at the aromatic ring and ¢
is the Hammett substituent parameter. A Hammett plot,
including data from some additional triazene deriv-
atives, is shown in Fig. 6 for a temperature of 273 K.
Linear regression of the data yields log ko/s ™' = 2.38
+0.08 and p = —1.95 + 0.21. This value of p is in
excellent agreement with published data,® where values
of around —2 have been reported for similar systems.
According to Sieh et al,® the negative sign and the
observed magnitude of p suggest that the rotational
barrier is due to m-overlap between the amino and azo
nitrogens, which is lost when the dialkylamino group is
rotated by 90°. Thus, the observed Hammett correlation
provides further support for our interpretation in terms
of the 1,3-dipolar structure.

Thermal decomposition

The above-mentioned trends are also supported by the
DSC measurements. The decomposition temperature
(temperatures T, of maximum heat flow in the DSC
measurements) increase with the electron-withdrawing
effect of the substituents at the aromatic ring. As a con-
sequence, triazene 6, with the cyano group in para posi-
tion, shows no decomposition below 280°C. The
bulkiness of the dialkyl groups at N* appears to be of
lesser importance, as the decomposition temperatures
increase only by smaller increments.

It is interesting to compare the activation energies
determined for the thermal decomposition of the tri-
azenes (typicaily, 240-280 kJ mol ™', cf. Table 3) with

|
i
1 |
! 2

Figure 6. Hammett plot of the rate constant k of internal rotation
at T=273 K. The effect of substituents on the aromatic ring is
represented by standard Hammett parameters, o. Triazene deriv-
atives used for the piot are: (a) 1-(p-methoxyphenyl)-3,3-
diethyltriazene; (b) 1-phenyl-3,3-diethyitriazene; (¢} 1-(m-carbo-
xyphenyl)-3,3-diethyltriazene (compound 1); (d) 1-(p-car-
boxyphenyl}-3,3-diethyltriazene  (compound 5); (e} 1-(p-
cyanophenyl)-3,3-diethyltriazene (compound 6); (f) 1-p-nitro-
phenyl)-3,3-diethyitriazene.

the corresponding values determined!® for a variety of
aryl-alkyl-azo compounds (typically, 120-140 kJ
mol ™). The E, values observed for the triazenes are sig-
nificantly higher, i.e. by a factor of two. Quantification
of this phenomenon is currently in progress. Explana-
tions could include the effects of hydrogen bonds
formed by the carboxy or dicarboxy groups, and the
possible importance of decarboxylation reactions.

15N chemical shift data

The results obtained in this study are helpful in inter-
preting !N chemical shielding data of triazenes
published elsewhere.!!''*> A series of 1-phenyl-3,3-
dialkyl triazenes has been investigated; the relevant
chemical shift values are given in Table 4. We have

Table 4. '5N chemical shift values® for substituted” triazenes, from Wilman'!

R, R, R, R,
H OCH, CH, CH,
H CH, CH, CH,
H H CH, CH,
H Cl CH, CH,
H COOH CH, CH,
H CF, CH, CH,
H NO, CH, CH,
COOH H CH, CH,
(CFy), ¢ H CH, CH,
H CONH, CH, CH,
H CONH, C,H, C,Hs
H CONH, i-C4H, i-C5H,
H CONH, CH, C,Hq
H CONH, CH, i-C4H,
H CONH, CH, {CH,),CH,
H CONH, CH, (CH,),,CH,

@ Chemical shifts are given in ppm relative to nitromethane, CH;NO, .

b For the numbering of substituents, refer to Scheme 2.
°R, = CF;; R, =CF,.

S(N') (ppm) S(N?) (ppm) S(N3) (ppm)
-22.80 66.35 -228.16
-23.68 68.12 -226.29
-25.49 69.22 -224.23
-30.99 69.25 -221.83
-32.41 71.28 -217.67
-34.41 71.62 -217.23
-39.26 73.01 -210.64
-30.15 69.75 -221.48
-42.01 71.38 -213.30
-30.77 70.55 -220.15
~33.58 68.05 -195.44
-35.72 66.62 -180.01
-31.47 69.53 -207.14
-32.87 68.81 -198.26
-31.32 7013 -208.24
-31.70 70.02 -209.14
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maintained the numbering of the substituents intro-
duced in Scheme 2; in cases where the two alkyl
substituents at N> differ, they have been labelled R, and
R,., respectively.

Before going into details, we comment on the range
of chemical shifts covered by the data in Table 4. Nitro-
gen atom N2 is less shielded than expected for an ali-
phatic amine [e.g. 6 = —331.7 ppm for N(C,H;); in
CH;OH solution.!®] At the same time, nitrogen N is
more shielded than expected for an N=N double bond
[e.g. 6 = +129 ppm for trans-azobenzene in CDCl;;
Webb et al.'®]. These facts are compatible with the
involvement of the 1,3-dipolar resonance structure II
shown in Scheme 1, as has been pointed out by other
workers.!2

The influence of substituents in para-position (R,)
and in meta-position {R;) on the phenyl ring is now dis-
cussed. The changes agree with our expectations from
the NMR and DSC measurements. Introduction of an
electron-withdrawing substituent R, promotes the
development of the 1,3-dipolar structure, with the
consequence that N' is more shielded and N3 is de-
shielded compared with R, = H (cf. Table 4). In con-
trast, the dipolar charge distribution is reduced by
electron-donating substituents in the para-position
(R, = —OCH; or CH;, respectively), and the chemical
shift values of N' and N? are altered in the opposite
direction (Table 4).

The effect of the meta-substituents R; generally has
the same sign but is considerably smaller than that of
para-substituents because the negative charge from N*
is less well delocalized over the aromatic ring for meta
substitution.

Additional data are provided by Wilman!! for a
series of compounds in which the substituent R, =
—CONH,; is held constant, and one or both alkyl sub-
stituents R, at the N position is varied (Table 4). Gen-
erally, substitution by longer or bulkier alkyl
substituents increases the shielding of N* and decreases
the shielding of N3, In the light of this argument, this
implies that formation of the 1,3-dipolar structure is
again promoted by heavier alkyl substitution. This
might be interpreted either as an effect of electron dona-
tion, or more likely as a secondary effect, as heavier R,
substituents decrease the rate of the internal rotation
around the N?—N? bond.

Whatever the interpretation, the chemical shift
changes observed on variation of the substituent R, are
fully consistent with our present data on the hindered
rotation and thermal decomposition of compounds 1-3.
The coalescence temperature, activation parameters,
and decomposition temperatures were all observed to
increase as the substituent R, was varied in the
sequence C,H; —» n-C;H, - i-C3H,.

The variation of the chemical shift values for the
central nitrogen atom N? are more complex to inter-
pret. No changes can be predicted from the simple res-
onance structures of Scheme 1. Inspection of Table 4
suggests that two opposing effects may be active for
8(N?), i.e. the formation of the dipolar resonance struc-
ture and steric effects. Thus in the series of substitutions
R,=CH; - C,H; —i-C3H,, the shielding of N3
decreases while the shielding of N? increases. A similar
trend has been reported for substituted hydrazines

(CH4),—N?—N3—(R,R,), where the chemical shifts of
N* and N? exhibited opposite changes on variation of
the substituents R, and R,. .*¢

CONCLUSIONS

In this study information on the structure of phenyl-
dialkyltriazenes,
R
R—-N’=N2*N3<
R”
has been obtained by three independent techniques.
Thermoanalytical characterization of the thermal
decomposition, NMR studies of the exchange of substit-
uents R’ and R”, and 3N chemical shift values from
published data’! all indicate that internal rotation
around the N2—N? bond is hindered, and that the elec-
tronic structure contains a contribution from a 1,3-
dipolar resonance structure
R’
R—N-—N=N"
Ng

The importance of this dipolar structure is increased
by the introduction of electron-withdrawing substitu-
ents on the phenyl ring, R, due to mesomeric effects.
Introduction of cyano or carboxy groups in the 4-
position with respect to N' results in the strongest
increase in the N?*—N3> double bond character. As
expected, the presence of one or two —COOH groups
in 3-position has much weaker effects. In addition, the
charge separation is also influenced by the nature of the
substituents, R’ and R”, at the amino nitrogen N°.
Introduction of longer or bulkier alkyl substituents also
favours the development of the 1,3-dipolar structure;
here the consequences of the increased mass on the
internal rotation, as well as steric effects, are important.

Thermal decomposition temperatures increase from
113°C to greater than 150°C in the sequence of com-
pounds 1 — 5 in which the N2—N? double bond char-
acter increases. No decomposition was detected up to
the sublimation point at 280°C for the 4-cyano deriv-
ative 6. Activation energies of decomposition increasing
from 240 to 280 kJ mol ™! have been determined.

The kinetic parameters of hindered internal rotation
around the N2—N?3 bond, determined from NMR line
shape and coalescence measurements, follow the same
trends. The free energies of activation, AG*, increase
from 57 to 63 kJ mol™*' in the sequence of triazene
derivatives 1 — 6.

15N chemical shift values from references 11-14 are in
agreement with this interpretation. The shielding of
nitrogen atom N2 is smaller than that found in aliphatic
amines, confirming the presence of a partial N2—N3
double bond. On the other hand, the nitrogen nucleus
N! is more shielded than, e.g., the nuclei in, trans-
azobenzene, as a consequence of the negative charge at
this atom. Changes in the chemical shift values have
been followed as a function of substitutions, both on the
aromatic ring and at the amine nitrogen. The variations
expected as a consequence of both mesomeric and steric
effects have been fully confirmed.
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APPENDIX

Characterization of reaction productions 1—6 (cf.
Experimental Section)

Product 1. Melting point, 105 °C; decomposition, 113 °C.
'H NMR in DMSO-d; at room temperature: 6 = 1.25
ppm (t, 6H); 3.80 ppm (q, 4H); 7.40-8.00 ppm (m, 4H);
12.95 ppm (s, 1H). IR in KBr pellet: WC=0) = 1686
cm ™l

UV in DMSO: A
cm” 1.

Elemental analysis: C,;H,N;0, (M, = 221.26). Calc.
C 59.71%, H 6.83%, N 18.99%; found C 5993%, H

6.53%, N 18.53%.

=292 nm; ¢=15900 | mol~!

max

Product 2. Melting point, 84 °C; decomposition, 128 °C.
'H NMR in DMSO-d,: § = 0.80-0.95 ppm (t, 6H);
1.55-1.75 ppm (m, 4H); 3.55-3.75 ppm (t, 4H); 7.3-7.9
ppm (m, 4H); 12.7-13.1 (s, 1H).

IR in K Br pellet: (C=0) = 1690 cm ™.

UV in DMSO: i_._ =293 nm; &= 14800 | mol™*
cm” L

Elemental analysis: C,3;H4N;0, (M, = 249.26). Calc.
C 62.64%, H 7.67%, N 16.86%; found C 62.57%, H
7.59%, N 16.52%.

max

Product 3. Melting point, 129 °C; decomposition, 136 °C.
'H NMR in DMSO-dg: 6 = 1.1-1.6 ppm (d, 12H);
3.95-4.25 and 5.05-5.3 ppm (m, 2H); 7.35-7.9 ppm (m,
4H); 12.75-13.0 ppm (s, 1H).

IR in KBr pellet: {C=0) = 1682 cm ™'

UV in DMSO: A, =288 nm; g¢= 15000 1 mol™!
cm”t,

Elemental analysis: C,;H, N3O0, (M, = 249.26). Calc.
C 62.63%, H 7.68%, N 16.85%; found C 62.31%, H
7.71%, N 16.57%.

Product 4. Decomposition at 151 °C, before melting.

'H NMR in DMSO-d,: 6 = 1.15 ppm (t, 6H); 3.75 ppm
(g, 4H); 8.0-8.2 ppm (m, 3H); 13.0-13.3 ppm (s, 2H).

IR in KBr pellet: WC=0) = 1697 and 1686 cm ™ ..

UV in DMSO: A_._ =300 nm; ¢= 17400 1 mol™!
cm L.

Elemental analysis: C,H,N;0, (M, = 265.27). Calc.
C 54.33%, H 5.70%, N 15.84%; found C 54.17%, H
5.84%, N 15.10%.

max

Product 5. Decomposition above 148 °C, before melting.
‘H NMR in DMSO-dy: 6 = 1.0-1.4 ppm (m, 6H); 3.65-
3.90 ppm (m, 4H); 7.25-8.0 ppm (m, 4H); 12.6-12.75
ppm (s, 1H).

IR in KBr: C=0) = 1676 cm ..

UV in DMSO: 4, =330 nm; ¢=20500 I mol™'
cm™ L

Elemental analysis: C,;H,;sN;0, (M, = 221.26). Calc.
C 59.71%, H 6.83%, N 18.99%; found C 59.59%, H
6.85%, N 18.23%.

Product 6. Sublimation starting at 280°C, without
decomposition.

'H NMR in DMSO-dg: é = 1.05-1.45 ppm (dt, 6H);
3.65-3.95 ppm (m, 4H); 7.35-7.85 ppm (m, 4H).

IR in KBr pellet: C=N) = 2216 cm %,

UV in DMSO: A, =334 nm; ¢=26300 1 mol !
cm™

Elemental analysis: C,,H,,N, (M, = 202.26). Calc. C
65.32%, H 698%, N 27.70%; found C 6528%, H
6.93%, N 27.35%.

max



