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New donor—acceptor-substituted azo dyes, such as 2-({4-[(E)-(2,4-dinitrophenyl)diazenyl]-2-
nitrophenyl}amino)propane-1,3-diol, (25)-1-{4-[(E)-(2,4-dinitrophenyl)diazenyl]-2-nitrophenyl}-
pyrrolidine-2-carboxylic acid and methyl-(2S5)-1-{4-[(E)-(2,4-dinitrophenyl)diazenyl]-2-
nitrophenyl}pyrrolidine-2-carboxylate have been obtained in a single step by nucleophilic
aromatic substitution of (E)-1-(2,4-dinitrophenyl)-2-(4-fluoro-3-nitrophenyl)diazene with
2-aminopropane-1,3-diol, (S)-proline and (S)-proline methyl ester hydrochloride. The
solvatochromism of the diol- and (S)-proline-methyl-ester-containing azo dye was studied and
analysed using the empirical Kamlet-Taft and Catalan solvent parameter set. The dyes undergo a
reversible protonation—deprotonation equilibrium in a concentration range of 5-12 M
hydrochloric acid. The UV/Vis absorption spectra show a bathochromic shift with increasing acid

strength of the medium.

Introduction

Azo dyes have gained wide interest and found many uses in
materials for optical applications and in analysis. Due to their
properties, including optical storage capacity,' optical switch-
ing,? holography'®® and non-linear optical properties (NLO),*
polymers with azo units represent promising candidates
for photoactive materials. Donor—acceptor-substituted
azobenzenes are a well-known family of organic dyes. Their
colors can be changed by selection of the strength of the
donor and/or acceptor groups.’ Such push—pull-substituted
compounds can also act as acid-base (pH dependent),® and
solvent-sensitive (solvatochromic)’ indicators.

Interactions of solvatochromic dyes with pure solvents or
solvent mixtures are a combination of many effects.® Many
intermolecular specific and nonspecific solute—solvent interac-
tions can be described using the concept of linear free energy
relationships (LSERs)%*? (general eqn (1a)).

(XYZ) = (XYZ)y + ad + bB + ¢C (1a)

Here (XYZ), represents the physico-chemical property
in a nonpolar medium; a, b and ¢ are solvent—independent
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coefficients, which reflect the dependence of the physical and
chemical properties (XYZ) in a particular solvent on various
solvent parameters (4, B, C).

The original Kamlet-Taft® equation has been verified in the
literature many times and is one of the most promising and
successful quantitative methods of describing solvent effects
with a multiparameter equation. In its simplified form, as in
eqn (1b), the effect of the acidity o”® (« corresponds to A)
(hydrogen bond donor capacity), the basicity f°° (8 corres-
ponds to B) (hydrogen bond acceptor capacity) and the
dipolarity/polarizability 7*°? (z* corresponds to C) of a
solvent can be expressed using a multiparameter equation.
For the determination of the o, ff, and ©* values, Kamlet and
Taft drew on a large number of medium-dependent chemical
processes, among which were a large number of solvatochromic
dyes. The disadvantage of the Kamlet-Taft parameter is
as follows. It is not based on a defined reference process, but
represents the average of several solvent-dependent processes.
In spite of these critical aspects, the Kamlet-Taft parameters
have been used for the interpretation of physico-chemical
processes in many areas during the last three decades.

In the last 10 years Catalan et al. have developed four
empirical solvent parameter scales.'® On the basis of o and §,
the SA4 (SA corresponds to A) (solvent acidity)'°* and SB (SB
corresponds to B) (solvent basicity)'®? scales were established.
The dipolarity/polarizability is reflected by the parameter
SPP.1% comparable with Kamlet-Taft’s =* value. A further
parameter, the so-called SP parameter'® (solvent polarizabil-
ity) is really new. Up to now empirical polarity scales, such as
7*, have always described the dipolarity and the polarizability
of a solvent at the same time. This presupposes that a change
in the polarity of the solvent is accompanied by a clear change
in the dipole moment of the solvatochromic probe. Abe'! has
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already proposed that these scales are reaching their limits
with low polarity substances. For this reason Catalan et al. has
now developed an empirical scale which describes only one of
these effects, the polarizability.'% Thus, C from eqn (la)
corresponds to SPP (eqn (1c)) and SP (eqn (1d)), respectively.
The advantage of the Catalan scales lies principally in the fact
that they are based on a defined reference process. Because of
this, there are certain clear differences between them and the
Kamlet-Taft parameters.'>

In this work we present the new diol- and amino-acid-
functionalized azobenzenes 2a—c, which are synthesized by
nucleophilic aromatic substitution of the fluorine-functionalized
azo dye (E)-1-(2,4-dinitrophenyl)-2-(4-fluoro-3-nitrophenyl)-
diazene (1)."* The synthetic aspects, the structural considerations
of the structure in the solid state and the hydrogen bonding
pattern are discussed as well. Specific functionalization by diol
substituents allows binding to boronic acids'* and fatty acids to
detect fluoride and cyanide ions, as well as for the construction
of chromophoric lipid layers. N-substituted amino acids can be
coupled with other amino acids, dipeptides or oligopeptides.'
Thus, new types of non-fluorescent dyes are accessible as
temporary markers in peptide chemistry.'® This specific choice
of substituent offers the possibility of building up many types of
coupled structures. A possible challenging application is the
functionalization with these chromophores of, for example,
dendrimers either at the focal point or at the periphery. The
solvatochromism of these substances could therefore be studied
as a function of a particular generation number.

With regard to these potential applications we investigated
the solvatochromism of the new diol- and proline func-
tionalized azo dyes 2a and 2c¢. In this work we wanted to
show particularly whether and how the diol and the proline
moiety has an effect on the chromophoric n-electron system as
an result of interactions with the surroundings of the mole-
cules. It is to clarify, what proportions of these environment
effects are dipole—dipole and/or hydrogen bond or acid—base
interactions. By use of LSER (eqn (1a)) the individual solva-
tion effects between the probe (2a, 2¢) and the solvent can be
described and separated. The empirical solvent parameters of
Kamlet-Taft and Catalan can thus be compared.

Results and discussion
Synthesis

The nucleophilic aromatic substitution of activated fluoro-
aromatics with amines provides an easy route to the synthesis
of new donor-acceptor-substituted chromophores.!” The most
frequently used procedure for the synthesis of chromophoric
azo dyes, the coupling of diazotized aromatic amines with
electron-rich aromatics, cannot be used for the synthesis of
fluorine-functionalized azo substances. Electron-poor azo aro-
matics are, however, accessible via azo condensation. In this
work, we used the nucleophilic aromatic substitution of highly
active fluoroaromatics 1 described by Neunhoeffer ez al., who
were compelled to replace 2,4-dinitrofluorobenzene (DNFB)
by compound 1, which, like the Sanger reagent, had a readily
substituted fluorine atom. However, the chromophoric group
needed to be present in the molecule at the same time, and this

leads to deeply colored derivatives, compared with dinitro-
phenylamino acids, which are easier to determine colorime-
trically. The reaction with various amines and amino acids
showed that the colorimetric determination is approximately
100 times more sensitive than that of the known DNFB
derivatives.'> The NMR spectroscopic data for 1 have not
previously been described.

Compounds 2a—c are obtained under mild conditions (room
temperature, NaHCOj3-containing medium) by nucleophilic
aromatic substitution of 1 with the corresponding amines
(Scheme 1).

Single-crystal X-ray structure analysis

Crystals of 2a suitable for single-crystal X-ray structure
analysis have been obtained by slow diffusion of n-hexane
into an acetone solution of 2a. Compound 2a crystallizes in
the triclinic space group Pl with one acetone molecule
connected via a hydrogen bridge (O5-HS50- - -09, 2.739(2) A).
The molecular structure of that aggregate is shown in Fig. 1,
giving the atomic labeling. The crystallographic data and
collection parameter as well as bond lengths and angles are
provided as ESL.¥

Compound 2a posses in the solid state zrans-configuration
with respect to the N—N double bond, as typically observed
for azo compounds.'® The azobenzene unit together with the
nitro groups N1,01,02 and N6,07,08 is almost coplanar
whereby the nitro group ortho to the azo group is pushed
out of the plane. As expected, there is an intramolecular
hydrogen bond between the amino proton and the ortho-nitro
group (N5-H5N---07, 2.639(2) A).lg In the solid state, dimers
are formed by intermolecular hydrogen bonding between the
diol groups (O6—H60- - -O5A, 2.767(2) A) with the additional
“A” letter invoking symmetry operation 2 — x, 1 — y, 1 — 2).
In addition, m—m stacking interactions between the nitro-
functionalized azobenzene units are observed, giving rise to
the formation of 2D-layers (Fig. 2).

Solvent effects on the UV/Vis absorption spectra

The new dyes 2a—c were investigated for their activity as
solvent-sensitive indicators.

UV/Vis spectroscopic investigations on 2b indicate a self
aggregation behavior. It is known that intermolecular hydro-
gen bonds exist between carboxylic acid molecules and this
aggregation is dependent on parameters such as concentration
of the acid, temperature and solvent polarity.'>'® In a con-
centration range of (2.514-0.402) x 107> M the UV/Vis
absorption maximum of 2b in methanol undergoes a bath-
ochromic shift from Amax 463 to 469 nm. Since the
aggregation behavior of 2b and analogous solvatochromic
chromophores containing carboxylic acid groups in protic
solvents is not yet fully understood,'> compound 2b was
not investigated further with regard to its solvatochromic
behavior.

Concentration-dependent UV/Vis spectroscopic investiga-
tions of compounds 2a and 2¢ did not show a shift of the
UV/Vis absorption maxima. Compounds 2a and 2¢, which thus
do not self-aggregate can be investigated with regard to their
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Scheme 1 Synthesis of compounds 2a—c by nucleophilic aromatic substitution of the fluoroazo dye 1 with 2-aminopropane-1,3-diol, (S)-proline

and (S)-proline methyl ester.
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Fig. 1 ORTEP of the molecular structure of 2a with displacement
ellipsoids shown at 50% probability level.

solvatochromic properties. Table 1 shows the UV/Vis absorp-
tion maxima of 2a and 2¢ in a variety of solvents.

The substances show the shortest wavelength shift in
1,1,1,3,3,3-hexafluoro-2-propanol (/.<(2a) = 408 nm) and
in 2,2, 2-trifluoroethanol (Ayax(2¢) = 429 nm). Dye 2a exhibits
the largest bathochromic shift of the UV/Vis absorption
maximum A, in triethylamine (An.(2a) = 442 nm). On
the other hand compound 2c¢ shows the longest wavelength
absorption band in the solvent dimethyl sulfoxide (DMSO)
(Amax(2¢) = 459 nm). These shifts correspond to a positive
solvatochromism with a solvatochromic range of Ar(2a) =
1890 cm ™! and A#(2¢) = 1520 cm™'. Because of the strong

o0

&,

electron-donating proline substituents, compound 2¢ always
absorbs at a longer wavelength than compound 2a (Fig. 3).

The UV/Vis absorption bands of 2a in pyridine, N,N-
dimethylacetamide, N,N-dimethylformamide (DMF) and
DMSO (HBA solvents, higher dipolarity/polarizability term)
exhibit an unsymmetrical band shape with a bathochromic
shoulder toward the UV/Vis absorption maximum.

Solvatochromic measurements were therefore carried out in
room temperature ionic liquids (RTILs) (Table 2). For the
investigations we chose the 1-butyl-3-methylimidazolium salts
[C4-mim] " with [C]]” and the weakly coordinating [PF¢]~ und
[BF,]™ anions. Variation of the anion offers the possibility of
varying the HPA capacity of the RTIL, which generally
shows a higher dipolarity/polarizability term. In particular
[C4-mim][C]] allows the use of the solvent with a high f value.

The UV/Vis absorption spectra of 2a and 2¢ show,
as expected, a bathochromic shift from [C4-mim][PF¢] to
[C4-mim][C]] with increasing capacity of the anion of the ionic
liquid to act as a hydrogen bond acceptor (HBA) or electron
pair donor (EPD). The UV/Vis absorption bands of 2a have
an unsymmetrical band shape because of a bathochromic
shoulder to the UV/Vis absorption maximum.

LSE correlation analyses

The position of the UV/Vis absorption maxima of 2a and 2¢
with regard to dipolarity/polarizability (z*, SPP and SP,
respectively) and hydrogen bonding capacity («, §, S4 and

6C
HBOC -
058 e R - S |
e °
R e .
0
e«

| E d=3255A,%=0°

Fig. 2 Part of the 2D-layer of 2a formed in the solid state due to hydrogen bonding between diol moieties and n—r interactions with d giving the
average distance of the aromatic units and ¥ giving the interplanar angle of adjacent aromatic units. The acetone molecules as non-interacting
packing solvents have been omitted for clarity. The symmetry operations invoked by the A, Band C labelsare (2 — x, 1 —y,1 — z), (x — 1, y, z) and

(1 —x,1—y, 1 — z), respectively.
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Table 1 UV/Vis absorption maxima of 2a and 2¢c measured in 28
solvents of different polarity and hydrogen bond ability

10 3 Fmax/om ™!

Solvent 2a 2c

Triethylamine 22.62 22.42
Tetrachloromethane ¢ 22.22
Toluene 23.15 22.22
Benzene 23.15 22.22
Diethyl ether 23.26 22.62
1,4-Dioxane 23.20 22.47
Anisole 22.88 22.08
Tetrahydrofuran 23.09 22.22
Ethyl acetate 23.26 22.47
Chloroform 23.47 22.22
Pyridine 22.68 21.83
Dichloromethane 23.53 22.27
1,2-Dichloroethane 23.42 22.12
Benzonitrile 22.88 21.79
Acetone 23.53 22.47
N,N-Dimethylacetamide 23.04 21.98
N,N-Dimethylformamide 23.04 22.08
Dimethyl sulfoxide 23.04 21.79
Acetonitrile 23.58 22.52
Nitromethane 23.59 22.47
1-Decanol 22.78 22.22
1-Butanol 23.20 22.42
2-Propanol 23.31 22.57
1-Propanol 23.31 22.47
Ethanol 23.47 22.57
Methanol 23.75 22.73
2,2,2-Trifluoroethanol 24.39 23.31
1,1,1,3,3,3-Hexafluoro-2-propanol 24.51 23.26
Avjem™! 1765 1520

“ Probe is insoluble in this solvent.

SB, respectively) of the solvent can be interpreted using the
Kamlet-Taft equation (simplified eqn (1b)) and the Catalan
equations (eqn (lc) and (1d)).

Umax = Dmax,O + ao + bﬁ + sm* (1b)
ﬁmax = ﬁmax,O + aSA + bSB + sSPP (1C)
Z’}max = ﬁmax,o + aSA + bSB + sSP (ld)

The solvent parameters % p.3 n* 3¢ 54,10 §B 1% gpp!0a
and SP'¢ used for the multiple linear regression analysis are

0.559
0.507 — in 2,2,2-trifluoroethanol
0.45- // \\ — in triethylamine
0.40- / \l‘ in dichloromethane

\ ~— in toluene
0.357 \

in dimethyl sulfoxide

absorbance [a.u.]

T T T T T Ed T L4 1 - 1
300 350 400 450 500 550 600 650 700
wavelength A [nm]

given in the ESI.f The regressions of 2a and 2c¢ which
are qualitatively the best according to the solvent scales of
Kamlet-Taft and Catalan are shown in Table 3.

The Kamlet-Taft and Catalan solvent scales show clear
differences with regard to the weighting of the individual solvent
parameters, which are reflected in the correlations of 2a and 2¢
shown. Thus, for example, acetone has an o value of 0.08 and
hence, shows a very low acidity.3? The S4 scale shows, however,
a value of 0, through which acetone is estimated to be a weaker
hydrogen bond donor than, for example, pyridine, 1,2-dichloro-
ethane or benzonitrile.'® Differences between the scales are also
clear for the hydrogen bond acceptor capacity (HBA ability). In
comparison with triethylamine (8 = 0.71),%/ according to
Kamlet—Taft, 1-propanol (§ = 0.90)%? s classified as a stronger
hydrogen bond acceptor. On the other hand Catalan classifies
triethylamine (SB = 0.885)!%“ as having a clearly higher affinity
to accept hydrogen bonds than l-propanol (SB = 0.782).!1%
Further examples of such an inversion have been established
between N,N-dimethylacetamide and DMSO (ESIL,f Table
Sl).s‘“o" Furthermore, there are also significant differences in
the dipolarity/polarizability terms. With a n* value of 0.73%¢
2,2,2-trifluoroethanol (TFE) and anisole are estimated to be the
same, although the dipole moment of TFE is almost double
that of anisole (urpp = 2.46 D, tanisole = 1.26 D).?! While the
SPP parameters of the solvents are of the same order of
magnitude (SPPrpe = 0.908, SPP,so = 0.823),'% the SP
parameters clearly differ significantly. Thus anisole with
SP = 0.8204'% has a significantly higher value than TFE
(SPrrg = 0.5431).1%

The results of the regressions of 2a and 2¢ show that the
LSERs according to Catalan are most significant with the
parameters S4, SB and SP having the greatest significance
(r > 0.90). Unlike the multiple linear regression analysis of
2a taking into account the polarizability of the solvent
(SP value), the correlation coefficient becomes markedly
smaller with regard to n* and SPP. The correlation of 2a
and 2c taking into account the SP value shows as well that the
absolute s value is significantly greater than the coefficients a
and b. This shows that the UV/Vis absorption spectrum is
more strongly dependent on the change in the polarizability of
the chromophore surroundings than on the capacity of the
solvent to act as a hydrogen bond donor or acceptor.

1.07
0.9 — in 2,2,2-triflucroethanol
0.8 ~— in triethylamine
\ in dichloromethane
= 0.71 \ :
3 \ in toluene
-g- 0.6 \\ in dimethyl sulfoxide
§ 0.5 \ oN
2
8 0.4 . NON' =
2 / \ C N—{ )—NO
® 0.31 / 7 N ! COOCH; .
: 4 \ O,N
0.2 ™ 2c
o1t
0.0

T T T T - T T —r
300 350 400 450 500 550 600 650 700
wavelength A [nm]

Fig. 3 UV/Vis absorption spectra of 2a and 2¢ in different solvents.
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Table 2 UV/Vis absorption maxima of 2a and 2¢ measured in three RTILs>

10 3 nan/om ™!

Kamlet-Taft parameters

Tonic liquid 2a 2¢ o p n*

[C4-mim][PF] 23.31 22.32 0.54 0.44 0.90
[C4-mim][BF4] 23.37 22.42 0.53 0.55 0.96
[C4-mim][Cl] 22.73 21.79 0.31 0.95 1.13

Table 3 Solvent-independent correlation coefficients a, b and s of the Kamlet-Taft parameters «, f and =n* and Catalan parameters S4, SB, SPP
and SP, respectively, solute property of the reference system .« o, significance (f), correlation coefficient (r), standard deviation (sd), and number
of solvents (n) calculated for the solvatochromism of compounds 2a and 2¢

Eqn Compd. Umax.0 a b s n f r sd

(1b) 2a 23.431 0.591 —0.729 — 27 <0.0001 0.881 0.216
(£0.082) (£0.080) (+0.141)

(1¢) 2a 23.429 1.143 —0.712 — 26 <0.0001 0.806 0.230
(£0.092) (£0.210) (+0.174)

(1d) 2a 25.252 0.540 —0.912 —2.694 26 <0.0001 0.928 0.148
(+0.370) (0.168) (£0.116) (+0.467)

(1b) 2c 22.675 0.517 —0.345 —0.529 28 <0.0001 0.873 0.187
(+0.138) (0.069) (£0.121) (£0.176)

(1c) 2c 23.105 1.113 — —1.123 27 <0.0001 0.769 0.217
(£0.329) (£0.196) (£0.400)

(1d) 2c 25.036 0.235 —0.352 —3.594 27 <0.0001 0.972 0.080
(£0.200) (£0.091) (+0.060) (£0.254)

In the case of the calculated LSERs of 2¢, the solvent
independent correlation coefficients @, b and s are all in the
same area of magnitude, taking a, f and n*, as well as S4 and
SPP into consideration. However, the correlation coefficients r
obtained for 2¢ are markedly less than 0.90, which strongly
reduces the relevance of this correlation, when compared with
the correlation taking SP into consideration.

Compound 2a is able to form intramolecular hydrogen bonds
to the ortho-nitro group'® because of the secondary amino
functionality. Thus, the ability of the amino group in 2a to form
hydrogen bonds to the solvent would be about as small as in 2c.
The effect of the f§ term of the solvent on the shift of the /.« of
the azo dye 2a is clearly greater than in 2c. This strongly
positive solvatochromic effect with regard to the HPA ability
of the solvent can be justified on the one hand, in terms of a
specific solvation of the diol unit by hydrogen bond formation.
We found a similar effect of the f§ parameter in the solvato-
chromic investigations of N-(2-hydroxyethyl)-substituted
Michler’s ketones and N-(methyl-N-[1-(2,3-dihydroxypropyl)])-
4-nitroaniline derivatives."**??> On the other hand, 2a shows the
longest wavelength UV/Vis absorption band in the strongly
hydrogen bond accepting solvent triethylamine (SB = 0.885).
Unlike the high polarity HBA solvents (pyridine, N,N-dimethyl-
acetamide, DMF and DMSOQO), a symmetrical band shape is

obtained in triethylamine. This result is explained in terms of
the specific interaction between the protons of the amino
group of 2a with the tertiary amine in competition with the
intramolecular hydrogen bonding to the ortho-nitro group,
which is correspondingly suppressed. In order to verify this,
the UV/Vis absorption maximum of 2a was determined in a
further tertiary amine solvent. In triethylamine, compound 2a
also shows a symmetrical band with A,., = 448 nm. The
previously made predictions with regard to the possible
interactions of 2a with HBA solvents are therefore reinforced.
In all the regressions of 2a and 2¢ the correlation coefficients
b and s are always negative, which corresponds to a batho-
chromic shift of A, with increasing hydrogen bond acceptor
capacity or with the polarity of the solvent (positive solvato-
chromism). This allows one to conclude that the first excited
state is more stabilized as a result of solvation than the ground
state. The positive sign of the correlation coefficient a for both
azo dyes 2a and 2c¢ indicates a hypsochromic shift of A,,,,x with
increasing hydrogen bond donor capacity of the solvent
(negative solvatochromism). This suggests a stabilization of
the ground state, compared with the first excited state.
Solvatochromic measurements in RTILs, which act as hydro-
gen bond acceptors and have a high dipolarity/polarizability
term, confirm the differentiating solvatochromic behavior of 2a

Table 4 Solvent-independent correlation coefficients a, b and s of the Kamlet-Taft parameters o, f and 7*, respectively, solute property of the
reference system a0, significance (f), correlation coefficient (), standard deviation (sd), and number of solvents (n) calculated for the
solvatochromism of compounds 2a and 2¢

Eqn Compd. 1073 Umax.0 a b K n f r sd

(1b) 2a 23.442 0.591 —0.763 — 30 <0.0001 0.885 0.206
(£0.077) (£0.076) (£0.129)

(1b) 2¢ 22.686 0.52 —0.361 —0.534 31 <0.0001 0.878 0.181
(£0.117) (£0.066) (£0.110) (+0.145)
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2a in common solvents
2¢ in common solvents
2ain RTILs

1,1,1,3,3,3-hexafiuoro-2-propanol 2

®rOD

T T T T T T T T T T T T T T T T T T T T 1
212 216 20 224 228 232 236 240 244 248 252
measured v, 10° (cm™)

Fig. 4 Relationship between calculated and measured ,,,x values for
2a and 2¢ according the Kamlet-Taft eqn (1a).

compared with HBA solvents with dipolarity/polarizability
terms of differing strength (Table 4, Fig. 4).

Acidochromism

Azo dyes are known acid—base indicators, where the color
reaction and hence the change in the UV/Vis absorption is
attributed to a protonation equilibrium. The azo dyes have
two possible positions for a protonation either the amino
function or on the B-nitrogen of the azo group.’® The amino
group serves as an electron donor; protonation at this position
leads to a neutralization of the +M effect, and thus, to a loss
of the push—pull character of the aromatic system. A hypso-
chromic shift in the UV/Vis absorption spectrum would there-
fore be evidence of this type of protonation. Such a shift was,
however, not observed with 2a, 2b or 2¢, and can therefore be
ruled out. A protonation on the B-nitrogen of the azo group
leads to an increase in the —M effect of this group, whereby the
aromatic push—pull system is reinforced. This results in a

Lo

in propionic acid (pK, = 4.88)

in acetic acid (pK, = 4.75)

in formic acid (pK, = 3.70)

in trifluoroacetic acid (pK, = 0.26)

in 36% hydrochloric acid (pK, = -6.00)

marked shift of the UV/Vis absorption maxima to longer
wavelengths.

Compounds 2a—c dissolve in 36% aqueous hydrochloric
acid with an intense red color (Aax(22) = 537 nm, Aax(2b) =
542 nm, Apax(2¢) = 543 nm). When the pH value is increased
by addition of water, this UV/Vis absorption band is reduced,
while at the same time, a new shorter wavelength band is
formed (Anax(2a) = 424 nm, A,,x(2b) = 448 nm, /,.4(2¢) =
445 nm). An isosbestic point can thus be observed (/;sos(2a) =
468 nm, Apnax(2b) = 479 nm, Jis05(2¢) = 477 nm). The position
of the newly formed band is representative of the neutral form,
as here the absorption maxima found are identical to those
observed in the neutral comparison solvent acetone (Ayax(2a)
= 424 nm, Apa.(2b) = 448 nm, Z,..(2¢) = 445 nm). The
investigations in aqueous media are, however, limited by the
low solubility of the azo dyes (5-12 M HCI). For this reason
we investigated the influence of the acid strength on the
position on the UV/Vis absorption maxima (Fig. 5). In weak
acids such as, for example, acetic acid (Anax(2a) = 440 nm,
Amax(Zb) = 436 nm, A,.x(2¢) = 440 nm), or propionic acid
(Amax(2a) = 424 nm, A,.x(2b) = 437 nm, A.x(2¢) = 441 nm),
where no protonation is observed, the azo dyes absorb in the
same region as in acetone. On the other hand, marked
differences are observed when formic acid is used. Compound
2a absorbs in acetic acid at A, = 418 nm and shows a
shoulder in the region around 500 nm. This is evidence of
incomplete protonation. On the other hand, molecules 2b and
2¢ show a different pattern of absorption bands. 2b and 2¢
absorb in these medium strength acids with a very broad band,
where the maxima are at A,,4(2b) = 513 nm and 2,,,x(2¢) =
509 nm, respectively, and show a shoulder in the area of
450 nm. This points to a stronger protonation than in com-
pound 2a. The azo dyes tested show a bathochromic shift in
trifluoroacetic acid, an example of a strong acid (4,.x(22) =
523 nm, Apax(2b) = 527 nm, and Z,.4(2¢) = 532 nm). The
observed shift is, however, somewhat smaller on the basis of
the reduced acid strength compared with concentrated

0.6 H 0.67
N— SN =
/—% N~>(_>7No2
0.57 HO- s o 0.5
2a
3 0.4+ T 0.4
KA o KA
@ @ @
€ 03- v, \ £ 03
g / g
| 029\ / 9 024™\
N
0.1 01
\
0.0 T T T T 1\;"*-‘ L . ' 0.0 T T T T —r e 1
300 350 400 450 500 550 600 650 700 300 350 400 450 500 550 600 650 700
wavelength i [nm] wavelength i [nm]
Fig. 5 UV/Vis absorption maxima of 2a and 2c measured in five acids of different pK, values.?

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008

New J. Chem., 2008, 32, 2180-2188 | 2185


http://dx.doi.org/10.1039/b809055f

Downloaded by University of Belgrade on 01 January 2013
Published on 08 September 2008 on http://pubs.rsc.org | doi:10.1039/B809055F

View Article Online

hydrochloric acid. The difference in behavior compared with
formic acid can be attributed to the different amino substi-
tuents. Proline (2b) or proline methyl ester (2¢) as secondary
amines have a stronger +M effect compared with the amino
substituent of 2a. In this respect, the B-nitrogen of the azo
group is more nucleophilic and is more easily accessible for
protonation.

Conclusions

The new azo dyes 2-({4-[(E)-(2,4-dinitrophenyl)diazenyl]-2-nitro-
phenyl}amino)propane-1,3-diol (2a), (25)-1-{4-[(£)-(2,4-dinitro-
phenyl)diazenyl]-2-nitrophenyl}pyrrolidine-2-carboxylic acid (2b)
and  methyl-(25)-1-{4-[(E)-(2,4-dinitrophenyl)diazenyl]-2-nitro-
phenyl}pyrrolidine-2-carboxylate (2¢) were synthesized via
nucleophilic aromatic substitution of the fluoro-functionalized
azo dye (E)-1-(2,4-dinitrophenyl)-2-(4-fluoro-3-nitrophenyl)-
diazene (1) with 2-aminopropane-1,3-diol, (S)-proline and (S)-
proline methyl ester. The structure of 2a in the solid state was
determined. This shows the formation of a dimer. The solvato-
chromic behavior of dyes 2a and 2¢ was investigated in 31
solvents of differing acidity, basicity and polarity. The individual
solute/solvent interactions were described with the aid of LSER
correlations. As well as the established analysis according to
Kamlet-Taft, the newer solvent parameters of Catalan were
applied. The results of the multiple linear correlation analyses
led to the conclusion that the influence of the polarizability of the
solvent is the most dominant effect on the UV/Vis absorption
maxima of 2a and 2¢. The effect of the acidity and/or basicity of
the solvent is marginal compared with the effect of SP. The
influence of the acid strength on the protonation of the azo dyes
2a— was investigated in five different acids with various pK,
values. Strong acids preferentially protonate the nitrogen in the
B-position of the azo group, whereas no protonation was
observed with weak acids. UV/Vis spectroscopic differences
between 2a and 2b/c were evident, when formic acid was used,
in that the UV/Vis absorption maximum of compounds 2b and 2¢
showed a bathochromic shift compared with 2a.

Experimental
General

Solvents (Merck, Fluka, Lancaster and Aldrich) were
redistilled over appropriate drying agents prior to use. All
commercial reagents were used without further purification.
They were purchased from the following supplier: Merck:
(S)(—)-proline ( = 99%); Fluka: (S)(—)-proline methyl ester
hydrochloride ( > 99%), 2-aminopropane-1,3-diol (97%).

All melting points (mp) were measured on a Boetius melting
point apparatus and were uncorrected. The UV/Vis absorp-
tion spectra were obtained with an MCS 400 diode array
UV/Vis spectrometer from Carl Zeiss, Jena, connected via
glass-fibre optics. '"H and '>*C NMR spectra were measured at
20 °C on a Bruker Advance 250 NMR spectrometer at 250
and 69.9 MHz. The residue signals of the solvents (DMSO-dj)
were used as internal standards. The solid-state '*C{'H}
CP-MAS NMR experiments (100.6 MHz) were recorded on a
Bruker Digital Avance 400 spectrometer equipped with 7-mm

double-tuned probes capable of MAS at 12 kHz. Data acqui-
sition was performed with proton decoupling (TPPM). NMR
spectra were referenced to adamantane (6 = 38.5 ppm). The
FT-IR spectra were measured by means of diffuse reflection
diluted with KBr at room temperature in the wavenumber
range from 400 to 4000 cm~ ' on a Perkin-Elmer Fourier
transform 1000 spectrometer. Elemental analysis was
determined with a Vario-EL analyser.

Correlation Analysis: Multiple regression analysis was per-
formed with the Origin 5.0 statistics program.

Syntheses

(E)-1-(2,4-Dinitrophenyl)-2-(4-fluoro-3-nitrophenyl)diazene
(1). Compound 1 was prepared as described in the literature.'?

Orange solid. 72% yield. Mp 152 °C (lit.,'* 152—153 °C). '"H
NMR (250 MHz, DMSO-dg, 25 °C): 6 7.89 (1 H, dd, *J =
8.9 Hz, *Jry = 10.7 Hz, ArH) 7.93 (1 H, d, 3J = 8.8 Hz,
ArH), 8.37 (1 H, ddd, °J = 8.9 Hz, *J = 2.5 Hz, *Jpy =
4.1 Hz, ArH), 8.61 (1 H, dd, *J = 2.5 Hz, *Jg; = 7.1 Hz,
ArH), 8.70 (1 H, dd, *°J = 8.8 Hz, *J = 2.4 Hz, ArH), 9.00
(1H,d,* = 2.4 Hz, ArH). '3C NMR (69.9 MHz, DMSO-d,
25 °C): 6 120.25 ((Jep = 22.1 Hz), 120.36, 120.42, 120.81
(Jer = 1.9 Hz), 128.85, 130.83 (Jcr = 10.1 Hz), 137.82
(Jer = 9.1 Hz), 146.07, 147.02, 147.41 (*Jer = 3.4 Hz),
148.18, 157.04 ("Jc.r = 269.7 Hz). IR (KBr): #jem™" = 3106,
1609, 1535, 1364, 1259. Anal. Calc. for C,sH4N¢Os: C, 43.00;
H, 1.80; N, 20.89. Found: C, 42.87; H, 2.15; N, 20.45%.

2-({4-|(E)-(2,4-Dinitrophenyl)diazenyl]-2-nitrophenyl }amino)-
propane-1,3-diol (2a). 2-Aminopropane-1,3-diol (0.035 g,
0.386 mmol), NaHCO; (0.065 g, 0.772 mmol) and (E)-1-
(2,4-dinitrophenyl)-2-(4-fluoro-3-nitrophenyl)diazene 1 (0.129 g,
0.386 mmol) were dissolved in 50 mL of acetone and the
reaction mixture was stirred for 48 h at room temperature. It
was poured into 50 mL of water and neutralized with 1 M HCL.
The resulting red precipitate was recovered by filtration and
washed with water to give 2a (0.113 g, 0.279 mmol) as a red
solid. 73% yield. Mp 190 °C. '"H NMR (250 MHz, DMSO-dg,
25°C): 6 3.62-3.67 (4 H, m, CH>»), 3.96-3.99 (1 H, m, CH), 5.11
(2H,t, 3% = 55Hz OH), 742 (1 H, d, *J = 9.6 Hz, ArH),
7.96 (2 H, m, ArH), 8.60 (1 H, dd, >J = 8.8 Hz, *J = 2.1 Hz,
ArH), 8.69 (1 H, d, *J = 2.4 Hz, ArH), 8.94 (1 H, d, *J = 2.1
Hz, ArH), 9.01 (1 H, d, *J = 8.5 Hz, NH). >°C CP MAS NMR
(400 MHz, 12 kHz, 25 °C): ¢ 57.3, 60.5, 61.5, 114.6, 119.3,
124.2, 126.6, 130.5, 134.1, 139.2, 144.7, 146.8, 147.1, 149.1. IR
(KBr): pjem™! = 3400, 3324, 3095, 2948, 1615, 1566, 1528,
1430, 1339. Anal. Calc. for C;sH4N¢Og: C, 44.34; H, 3.47; N,
20.68. Found: C, 44.32; H, 3.37; N, 20.37%. UV/Vis: Anax-
(MeOH)/nm 423 (¢/L mol™! em™" 34 100), Amax(HCl)/nm 537
(¢/L mol~" em™" 59700).

(25)-1-{4-|(E)-(2,4-Dinitrophenyl)diazenyl]-2-nitrophenyl }-
pyrrolidine-2-carboxylic acid (2b). (S)-Proline (0.150 g, 1.303
mmol) and NaHCO; (0.219 g, 2.606 mmol) were dissolved in
20 mL of water. To this solution was added (FE)-1-(2,4-
dinitrophenyl)-2-(4-fluoro-3-nitrophenyl)diazene 1 (0.437 g,
1.303 mmol) dissolved in 35 mL of acetone. The reaction
mixture was stirred for 48 h at room temperature and then
poured into 50 mL 2 M HCI. The resulting red precipitate was
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recovered by filtration and washed with water to give 2b
(0.395 g, 0.918 mol) as a red solid. 70% yield. Mp 138 °C.
'"H NMR (250 MHz, DMSO-d;, 25 °C): 6 1.87-2.08 (3 H, m,
proH-3/4), 2.45-2.50 (1 H, m, proH-3 or proH-4), 3.17-3.49
(2 H, m, proH-5), 4.61-4.67 (1 H, m, proH-2), 7.12 (1 H, d,
3] = 9.3 Hz, ArH), 7.90 (1 H, d, *J = 8.9 Hz, ArH), 7.96 (1 H,
dd,*J =9.3Hz %/ = 2.4Hz ArH),8.32 (1 H,d,*J = 2.4 Hz,
ArH), 8.60 (1 H, dd, °J = 8.9 Hz, *J = 2.5 Hz, ArH), 8.93
(1 H, d, *J = 2.5 Hz, ArH), 13.17 (1 H, s, COOH). '*C CP
MAS NMR (400 MHz, 12 kHz, 25 °C): 6 26.4, 31.1, 52.8, 64.2,
114.7,118.9, 129.1, 135.7, 137.9, 141.8, 146.0, 180.6. IR (KBr):
plem™! = 3626, 3104, 2986, 2885, 1727, 1605, 1530, 1345,
1294, 1158, 1060, 836. Anal. Calc. for C;H4NeOg: C, 47.45;
H, 3.28; N, 19.53. Found: C, 47.37; H, 3.45; N, 19.61%.
UV/Vis: Amax(HCl)/nm 542 (¢/L mol~! cm ™' 41 700).

Methyl-(2.5)-1-{4-[(E)-(2,4-dinitrophenyl)diazenyl]|-2-nitro-
phenyl}pyrrolidine-2-carboxylate (2¢). (S)-Proline methyl ester
hydrochloride (0.247 g, 1.492 mmol) and NaHCO; (0.251 g,
2.984 mmol) were dissolved in 20 mL of water. To this
solution was added (E)-1-(2,4-dinitrophenyl)-2-(4-fluoro-3-
nitrophenyl)diazene 1 (0.500 g, 1.492 mmol) dissolved in 35 mL
of acetone. The reaction mixture was stirred for 48 h at room
temperature and then poured into 50 mL 2 M HCIL The
resulting red precipitate was recovered by filtration and
washed with water to give 2¢ (0.517 g, 1.164 mol) as a dark-
red solid. 78% vyield. Mp 244 °C. "H NMR (250 MHz, DMSO-
ds, 25 °C): 6 1.84-2.09 (3 H, m, proH-3/4), 2.39-2.47 (1 H, m,
proH-3 or proH-4), 3.19-3.27 (1 H, m, proH-5a), 3.39-3.50
(1 H, m, proH-5b), 3.69 (3 H, s, COOCH3), 4.74-4.79 (1 H, m,
proH-2), 7.11 (1 H, d, °J = 9.4 Hz, ArH), 791 (1 H, d, *J =
8.9 Hz, ArH), 7.95 (1 H, dd, 3J = 9.4 Hz, *J = 2.3 Hz, ArH),
8.34(1H,d,*/ = 2.3Hz, ArH), 8.61 (1 H, dd,*J = 89 Hz,*J =
2.4 Hz, ArH), 894 (1 H, d, *J = 24 Hz, ArH). *C NMR
(69.9 MHz, DMSO-ds, 25 °C): § 24.2, 30.1, 51.9, 52.5, 61.9,
118.0, 119.8, 120.1, 125.1, 125.8, 128.2, 136.7, 141.7, 144.5,
146.2, 147.0, 147.2, 171.3. IR (KBr): #/em™" = 3102, 2956,
2882, 1746, 1602, 1520, 1341, 1153, 1061, 832. Anal. Calc. for
C1gHgNgOg: C, 48.65; H, 3.63; N, 18.91. Found: C, 43.21; H,
3.67; N, 18.58. UV/Vis: Apmax(MeOH)/nm 440 (¢/L mol™' cm™
26 500), Amax(HCI)/nm 543 (¢/L mol ™' em™" 53 300).

Crystal data and structure refinement for compound 2a. Data
collection were performed at 100 K on a Oxford Gemini
diffractometer equipped with a graphite monochromator uti-
lizing Cu-Ka radiation (4 = 1.54184 A). The structure was
solved by direct methods using SHELXS-97°* and refined by full-
matrix least-square procedures on F2, using SHELXL-97.%°
Non hydrogen atoms were refined anisotropically. All
hydrogen atoms were added on calculated positions, except
for OH and NH protons which were found in difference
Fourier synthesis.

CgH20NgOo, M = 464.40, crystal size 0.2 x 0.2 x 0.01 mm,
triclinic, P1, a = 6.7800(10), b = 8.0970(8), ¢ = 19.7070(16) A,
V = 1068.02) A>, Z = 2, D. = 1.444 Mg m >, 7626
reflections collected in the 4.54-60.46° 6 range, 3106 unique
(Rine = 0.0194) which were used in all calculations. The final
WR(F?) was 0.0917 (all data).
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