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Complexes of hydrazones of heterocyclic compounds with organic acceptors are investigated through the
evaluation of spectroscopic and thermodynamic properties. Values of the formation constants and compari-
son between uv-visible and ft-ir determinations on liquid and solid phases indicate these systems are weak
complexes. Contributions from hydrogen bonding and the effects of 7-7* or n-7* transitions on the spectro-
scopic and thermodynamic properties of the complexes are discussed.
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Introduction.

Hydrazones behave as electron donors in molecular
complexes (MC) with organic acceptors in a variety of sol-
vents with the formation constants characterized by low
values [1-3]. With moderately large acceptors, like 2,4,7-
trinitrofluoren-9-one or (2,4,7-trinitro-9-fluorenylidene)-
malononitrile, the formation of solid complexes has been
reported [4].

In the investigation of the molecular associations be-
tween hydrazones with 7*-acceptors, it has been hypothe-
sized that the C=N-N group can be considered the active
donor center on the basis of spectroscopic and thermody-
namic evaluations [5]. We have also reported that the pres-
ence of two donor centers diversifies the approaching
mode of the acceptor molecule [6].

In this work complexes of hydrazones, bearing an het-
erocyclic moiety as an additional donor center, are in-
vestigated.

Results and Discussion.

We have used as donors hydrazones 1-10 and as accep-
tors 2,4,7-trinitrofluoren-9-one (TNF), (2,4,7-trinitro-9-fluo-
renylidene)malononitrile (DTF), 1,3,5-trinitrobenzene
(TNB) and tetracyanoethylene (TCNE). The A max of the
complexes in solution, together with some values of the
formation constants (K), are reported in Table 1, while, in
Table 2, uv-visible and ir data are listed. The acceptors
TNF and DTF formed solid complexes with all the donors
1-10, while TNB gave an isolable complex only with the
donor 10, and tetracyanoethylene, after formation of a
transient species, only gave tricyanovinyl adducts [7].

UV-Visible Results.

All the complexes show one or two bands in the visible
region, in some cases as a shoulder, reported in Table 1.
The overlapping and the broadness of the bands are re-
sponsible for some degree of uncertainty in the N\ max
values. Mass spectra at low energy fields, as well as thin
layer chromatography, do not indicate the formation of
any adduct but only the presence of the original reagents;

these facts can be indicative of the absence, between the
components, of interactions strong enough to be charac-
terized by the above techniques [4,8,9). These weak forces,
together with lattice interactions, allow us to obtain solid
complexes [4]. A 1:1 ratio was established by elemental
analysis and by the Job continuous variation method [10].

Table 1

Formation Constants (K¢, fmol-l, TNB as Acceptor, Chloroform,

20°) and Absorptions Maxima (A max, nm) of Complexes of Donors
1-10 with TNB, TNF, DTF and TCNE in Various Solvents

Donor TNB TNF DTF
K¢ CHCl3 Cy[a] CHCI3

TCNE
CHCl; CCl, Bz[b]

1 512 508 530 650 620 780 775 832
2 1.2440.28 540 532 550 692 688 840 718 875
3 490 464 498 608 752 770 760
4 0.75+0.68 510 792 498 616 528 764 835 827
5 0.5210.35 475 465 484 610 540 718 765 752
6 1.4510.40 502 496 498 610 530 760 844 826
7 498 [c] 570 748 79 685 697
8 470 452 468 562 680 760 750
9 520 [d] [d] [d] NOMC NOMC
10 551 [d] [d] 664 884 880 897

[a] Cyclohexane. [b] Benzene. [c] Donor 7 is not soluble in cyclo-
hexane. [d] The complex was not soluble.

We were unable to determine the A max of all the com-
plexes in an unique solvent due to the low solubility, insta-
bility and extinction coefficients of some the reactants and
adducts. Spectra in the visible region of complexes of TNF
and, in some cases, of DTF show two new bands with
respect to the reactants. As expected from the w-acid
strengths of the four acceptors (TCNE > DTF > TNF >
TNB), a red shift of the A max was seen in going from TNB
to TCNE complexes [11,12].

The overlapping of the bands and the low solubility of
complexes of DTF or TNF as well as the reactivity of the
ones of TCNE, limited the evaluation of the formation
constants to complexes of TNB. Furthermore, due to sta-
bility and solubility problems, quantitative measurements
were restricted to the systems 2, 4, 5, 6 and 8/TNB.
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From te experimental data in solution, the following re-
sults are seen: (1) in almost all the cases, complexes of
methylphenylhydrazones absorb at higher wavelengths
with respect to the simple phenylhydrazones (a reverse be-
haviour is found in complexes of donors 7, 8 with TNB,
TNF and DTF); (2) the comparison of the A max (chloro-
form) of complexes of benzaldehydemethylphenylhydra-
zone (514 nm)[13] and of methylphenylhydrazones 2, 4, 6,
8 and 10 with TNB (Table 1) indicate that the contribution
to the transition energy by the heterocyclic ring, in terms
of transmission of electronic effects, is similar to the one
induced by the phenyl ring; this fact allows us to hypothe-
size that 7 orbitals of the heterocyclic moiety, mainly, are
involved in the MC transition [14]. Exceptions can be
found in complexes of 2 and 10 where hydrogen bonding
can be responsible for the higher A max values.

The K values in complexes of methylphenylhydrazones
2, 4 and 6 (where hydrogen bonding by the hydrazone
group is forbidden) are related to the nature of the hetero-
atom, with the sulfur atom contributing more than nitro-
gen or oxygen (Table 1)[15]. In the complex 2/TNB, either
m-7* interactions and hydrogen bonding contribute to the
association while in systems 4/TNB and 6/TNB #-7* inter-
actions are operating mainly [a,15]. The K, value quoted
for the system 8/TNB (0.24 + 0.47 fimol™"), can not be con-
sidered reliable (all attempts to optimize the experimental
procedure were unsuccessful). A discrete contribute to the
value of the formation constant comes from the hydrazone
moiety (Table 1) [3]: as a matter of fact, K, values of pyr-
role/TNB (0.2 fmol™!, chloroform) and thiophene/TNB (0.1
fmol™!, chloroform) [16], appear much lower than those of
complexes of hydrazones 2 and 6 with the same acceptor.

For sake of comparison, we also considered the value of
the formation constant for the system benzene/TNB [17].
The value (0.82 fmol™!, chloroform) appears unlikely if
compared: (i) with the K; of the complex benzaldehyde-
methylphenylhydrazone/TNB (0.77 fmol™, chloroform)
[13]; (i) with K, values quoted in the systems ben-
zene/TCNE (1.0 fmol™, carbon tetrachloride and 0.8
fmol~!, dichloromethane) and thiophene/TCNE (1.04 or
1.0 fmol™?, carbon tetrachloride and 0.84 fmol~*, dichloro-
methane) and furan/TCNE (0.56 fmole™", carbon tetrachlo-
ride) [15,18].

In Figure 1 the plot of » MC for complexes of TNF
against » MC for the corresponding complexes of DTF
with donors 1-8 is reported. The linear correlation and the
unit gradient in both cases can derive from the fact that
the two acceptors involve in the complex the same orbitals
[4,19-21]. Similar plots for complexes of acceptors
TNF/TNB or DTF/TNB, even if linear, do not have an unit
gradient. In the uv-visible spectra of solid complexes of
TNF and DTF (Table 2), the main bands have the same

features of those in solution, meaning that similar interac-
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tions are operating in the two phases. Even if the broad-
ness of the bands do not allow detailed considerations, the
red-shifts of the main bands in the solid state with respect
to those in solution, can be a consequence of the crystal-
lization [22,23]. The ranges of the shifts in the complexes
of TNF, DTF and TNB are 100-150, 20-100 and 80 nm
(10/TNB), respectively.

Scheme
Donora Acceptors
NO,
,I,z 0, NO,
S 9
b @ 0y Noy
i
X NO,
R, Ry 1:X=0 ™D
11 : X =CICN}p
1 2-pyrrolyl n
2 2-pyrrolyl cry
3 2-furfuryl nt NN CN
! omcl
4 2-furfuyl’ cliy N cN
5  2-thiophenyl [t TONE
6  2-thiopheny! City
7 2-pyridyl n
8 2-pyridyl [N
9 2:indolyt i
10 2-indolyl Clls
15
10
10

4 =q ]
X 10 (cm ') TNF

Figure 1. Plot of v MC bands for complexes of TNF against v MC
bands for the corresponding complexes of DTF with donors 1-8 in
chloroform solution.

Infrared Results.

The » NH stretching modes of the hydrazone moiety in
complexes of donors 1, 7, 9 and of donors 3, 5 with TNF
and DTF display apparent shifts to higher and to lower
wave numbers, respectively; in the second group, an addi-
tional band can be found at ca 3245 cm™.

This behaviour can be related to the presence of two
types of interactions: n-7* interaction (from the amino ni-
trogen of the hydrazone rather than from the endocyclic
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nitrogen atom, due to the higher basicity of the former complexes [30]. In these systems the formation of hydro-
with respect to the latter [24,25]) and hydrogen bonding gen bonded complexes by the carbonyl group has been ex-
(with » NH of the donor to higher and to lower wave num- cluded by the same authors [4,31]. The intensity of y C=N
bers, respectively [26]). In the first group of complexes bands of the donors is diminished or completely elimin-
both effects can operate and the absorptions are to be con- ated; in the former case the absorption frequency remains
sidered a compromise between the two effects. practically unaffected. Even if the literature discusses the

The change in environment of the NH group of the het- difficulty in localization of this band (owing to the prox-
erocyclic ring in complexes of donors 1, 7, 9 and its in- imity of strong aromatic » C=C bands) [32-34], this pro-
volvement in hydrogen bonding with one NO, group of the blem can be overcome by using a high-resolution spec-
acceptor, is evidenced by the red shift and by a marked trometer (Figure 2) [29] and bands splitting procedures
broadening in profile [27-29]. (Figure 3a,b). The decrease of the ¥ C=N band intensity,

The » CN stretching modes, present in DTF as two indicative of some contribution to the association, support
bands at 2230 and 2222 cm™, in the complexes usually are the hypothesis that the imino group can also participate as
resolved in a single band at slightly lower wave numbers a donor in the association with planar acceptors {2,32-38].

: -1
with respect to the band at 2230 cm™. The shifts to lower wave numbers or the decrease in

The carbonyl band of TNF exhibits none or small shifts band intensity in the stretching modes of CN, CO and
to lower wave numbers; in the latter case, the shift can be C=N, are indicative of an unique trend caused by an en-
due to an higher polarization and an increased charge hancement of charge density and asymmetry in the mole-
density on the CO group for the formation of 7-7* stacked cule of the acceptors [39,40]

Three bands are detected for NO, asymmetrical in DTF
and for NO, asymmetrical and NO, symmetrical in TNF,
while only two bands are recorded for NO, symmetrical in
DTF. In the complexes of TNF and DTF, small shifts to
higher wave numbers are displayed by the NO, asymmetri-
cal modes, with bands better resolved with respect to the
acceptors alone and with the highest intensities corre-
sponding to the lowest energy band. It is known that a
shift to higher energies denotes the occurrence of an inter-
action involving a n-7* transition or an hydrogen bonding
and, by contrast, a shift to lower energies result from mm*
transitions (as a consequence of an increased polarization
of the nitro group in the complex). The overall values of
NO, asymmetrical stretching modes allows one to suppose
o YT oo PP a prevailing occurrence of hydrogen bonding and n-7*

Wavenumbers (cm-1) over w-7* transitions (even if these are to be considered a

compromise between the three types of interactions)
Figure 2. A view absorptions in the region 1620-1560 em-1: [1] TNF; [25 38]
f2] hydrazone §; [3] system 5/TNF. o

Absorbance

Avhilrary ¥
Arbitrary ¥
-

1600 1600
Arbitrary X Arbitrary X

Figure 3a,b. Bands splitting the region 1620-1560 cm-1: (a) hydrazone 5. (b) system 5/TNF. The arrow points out the v C=N absorption.
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Shifts to higher wave numbers are found in NO, sym-
metrical vibrations, too, except for the second band in
complexes of DTF which falls at lower energies than the
one of the free acceptor. In almost all the complexes, the
NO, symmetrical modes of DTF (two bands) are resolved
into three bands revealing a higher differentiation in the
energies of the nitro groups in the complex [41].

As reported above, in the case of TNB, we were able to
synthesize only the solid complex 10/TNB. In this complex
the » NH band absorbs at lower wave numbers while no
change in frequency is observed in » C=N with respect to
the starting hydrazone. In the complex, NO, asymmetrical
and NO, symmetrical stretching modes of TNB fall at
lower frequencies [42].

With respect to the components, the 6 CH and the y CH
of the acceptors and of the donors shift in the complexes
to lower and to higher wave numbers, respectively, as a
consequence of some w-m* contribute of the aromatic
rings to the bonding in the complexes. The following shifts
are registered in the complexes with respect to the accep-
tor: (a) 6 CH of TNF (1086, 1069 cm™), 1-9 cm™; (b) 6 CH
of DTF (1105 cm™), 3-5 em™%; (c) ¥ CH of TNF (839-739
cm™), 1-15 em™; (d) v CH of DTF (830-730 c¢m™), 1-14
cm™ (e) 6 CH of TNB (1088, 1077 cm™), 14-18 cm™; (f) vy
CH of TNB (830, 827, 755 cm™), 9-12 cm™; (g) a group of
bands, representing the § CH (1130-1000 ¢cm™) and the +y
CH (850-730 cm™) modes of the donors, are shifted 1-6
cm™ [41-44].

The band around 920 cm™ (attributed to the C-N
stretching vibration), in the complexes is found at lower
wave numbers, with the following shift ranges: TNF (921
cm™), 2-8 cm™!; DTF (910 cm™), 2-7 cm™'; TNB (920 cm™)
4 ¢cm™ (10/TNB).

ESR Results.

We have reported in previous work that, in complexes of
hydrazones with quinoid acceptors like chloranil, the for-
mation of radical species allows one to hypothesize that
the complex may be an intermediate in the mechanism of
dehydrogenation of hydrazones [45]. In order to obtain
evidence of the electron transfer in our systems, we tried
to experiment in the presence of trichloroacetic acid or po-
tassium tert-butylate, that increases the electron withdraw-
ing or electron releasing character of the acceptor or of
the donor, respectively. By dissolving our complexes in
polar media, or by adding trichloroacetic acid as well as
potassium tert-butylate to a solution of the complex in
apolar solvents, weak and unresolved esr signals were de-
tected. On the other side, no signal was detected in solu-
tions of the donor or the acceptor alone with trichloroace-
tic acid or potassium tert-butylate, respectively. Even if
the results do not allow any definite conclusion, they sug-
gest that there should be some contribution from a dative

Molecular Associations of Hydrazones of Heterocyclic Systems. XI 1335

structure to the energy of the complex in the ground state
[46].

Acetonitrile solutions of complexes of TCNE always
gave an esr spectrum of nine resolved lines attributable to
the TCNE anion radical. This fact, however, can not con-
stitute definite proof that the radical anion comes from the
complex, due to the possibility to detect it from a solution
of TCNE if rigorously anhydrous conditions are not used

[47).
EXPERIMENTAL

The uv-visible measurements in solution were carried out on a
Perkin Elmer 554 spectrophotometer equipped with a MgW-K2R
thermostat system and the temperature was kept constant within
+0.1°. The uv-visible solid-state spectra were obtained on the
same spectrophotometer equipped with a Perkin Elmer in-
tegrating sphere. The ft-ir measurements in the solid state were
carried out on a Nicolet Fourier Transform Infrared 20-SX spec-
trometer, equipped with a Spectra Tech. Multiple Internal Re-
flectance ‘‘Collector’’. Band splittings were performed using a
Galactic package software, supposing a Gaussian character. Melt-
ing points were determined on a micro hot-stage apparatus and
are uncorrected. Mass spectra were obtained with a Carlo Erba
Model QMD 1000 mass spectrometer. The esr spectra were
recorded on a Varian E-4 spectrometer using a deaerated two-leg
inverted cell described previously [48]. Hydrazones 1-10 were
synthesized following the literature [1,49]. All solvents were Fluka
spectroscopic grade and purified according to the literature [50].

General Procedure for the Synthesis of Solid Complexes of
Donors 1-10.

Almost saturated acetonitrile solutions of the reagents were
mixed together at room temperature, the coloured precipitates
were filtered off. Melting points and elemental analysis are
reported in Table 1.

General Procedure for the Synthesis of Complexes of Donors
1-10 in Solution.

Equimolar solutions of donor and acceptor in the solvents
reported in Table 1, were mixed at room temperature with stir-
ring and the \ max of the MC bands were measured.

Formation Constants Determinations.

The formation constants were measured spectrophometrically
in chloroform solution at 20°. According to the Benesi-Hilde-
brand method [51], the concentration dependence of the ab-
sorbance of the charge-transfer band (d) for a 1:1 complex is
given by:

[AL/d = UK dD], + lle

under conditions in which the total concentration of the electron
donor [D], is in large excess with respect to the total concentra-
tion of the acceptor [A], and for a 1 cm light path. The K, is the
formation constant and e is the molar extinction coefficient of the
complex at the monitoring wavelength. Plots of [AL/d against
1/[D], for solutions in which [D},> >[A], should be linear.

For the calculation of the formation constants, the experimen-
tal data were computed by using a program from Dr. J. A.
Chudeck, University of Dundee (Scotland), whom we ac-
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knowledge.

As a general procedure, we report the uv-visible spectropho-
tometric measurements on the complex 6/TNB in chloroform at
20°.

Twenty samples of donor 6 were weighed out to have a range
of concentrations from 0.04 to 0.24 M. To each sample, 1 ml of
TNB solution (9.41 mmoles) was added. The final volume was 3
ml. An average of the absorbance from three different determina-
tions was taken. A linear correlation was obtained by plotting
[Al/d against 1/[D], and the correlation coefficient was greater
than 0.999. The presence of termolecular species (D,A) was ex-
cluded in the light of the Scatchard method.

ESR Determinations.

The reagent solutions were poured in each of the two legs of an
inverted U cell and degased by nitrogen [48}; then, the solutions
were mixed into an aqueous cell which was then transferred into
the esr cavity. In other experiments, trichloroacetic acid or potas-
sium tertbutylate were introduced in one leg of the cell and the
reagents solution in the other one, working as described above.
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