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Abstract

As part of a continuing study pertaining to the use of Fe as a substitute for metals such as Cr and Co in the design and synthesis
of metal-complexed azo and formazan dyes, the synthesis of dye ligands containing ortho-trifluoroacetamido or mesylamido groups
in the diazo components was undertaken. It was anticipated that these groups would mimic the acidity and metallizing properties of
an ortho-OH group, thus producing new Fe-complexed dyes. The target ligands were synthesized in 4e5 steps and 80e91% yields

from commercially available intermediates. 1H NMR was used to confirm the structures of the target dye ligands. The resultant azo
and formazan systems readily formed 1:2 Fe-complexes when an ortho-NHSO2Me group was employed, while preparation of
Fe-complexes from dye ligands having an ortho-NHCOCF3 group proved difficult, with mixtures of unmetallized dye, Fe-complex,

and Fe hydroxide obtained despite variations in reaction conditions. Results of DFT calculations suggest that electron density at the
N-22 atom was significantly diminished by the electron-withdrawing power of the CF3 moiety, inhibiting complex formation.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The past decade has been marked by a growing
interest in the development and use of ecologically
friendly dyes. This concept led to the consideration of
Fe [1e5] and Al [6e10] salts as metallizing agents and
substitutes for metals such as Cr, Co and Ni, with Fe-
complexed dyes receiving much of the initial attention.

In previous papers from our laboratories, the
synthesis and the technical and mutagenic properties
of some Fe-complexed azo and formazan dyes (Figs. 1
and 2) were reported [11e14]. In those reports, it was
shown in a number of cases that Fe could be substituted
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for metals such as Cr and Co without adversely affecting
technical and mutagenic properties. While these results
suggested that the Fe-complexed analogs were potential
replacements for the commercially used Cr and Co
prototypes, characterization of the aquatic toxicity of
the new dyes was deemed an essential step in their
further development. With this point in mind, the
Lemna minor protocol was used to assess the aquatic
toxicity of selected azo and formazan dyes [15]. The
results showed that Fe-complexed dyes generally
exhibited lower chronic toxicity than the corresponding
Cr and Co analogs, before and after ozone treatment.
This was consistent with results from experiments
showing that the Fe (II) sulfate salt used in dye synthesis
had a lower EC50 value than its Co and Cr counterparts.
It was also apparent that aquatic toxicity correlated with
dyeefrond affinity before ozone treatment and with pH
levels after ozone treatment. In these studies, Cr- and
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Fig. 1. Structures of some dye ligands used to prepare Fe-complexed dyes [11e14].
Co-complex dyes generally afforded higher levels of dye
uptake by fronds (leaves), based on visual inspection,
and higher levels of aquatic toxicity than structurally
analogous Fe-complexes. The acidity levels in the ozone
treated solutions and the rate at which acidity decreased
during the test was directly related to increased frond
mortality and lower reproduction. While no single
structural feature correlated with elevated aquatic
toxicity, the azo dyes tended to exhibit higher aquatic
toxicity than the formazan dyes.

In more recent studies, the synthesis of monoazo and
formazan dyes containing ortho-trifluoroacetamido and
mesylamido groups in the diazo components was
undertaken (cf. 1e2). It was anticipated that these
groups would mimic the acidity and metallizing
properties of an ortho-OH group, thus producing
additional families of Fe-complexed dyes.

2. Experimental

2.1. General

The synthesis of dyes was carried out with the use of
commercial intermediates from Aldrich Chemical Com-
pany (Milwaukee, WI) or Fisher Scientific (Pittsburgh,
PA). The progress of reactions was monitored by TLC,
using silica gel 60 plates from Aldrich Chemical
Company (Milwaukee, WI) and toluene:EtOAc (2:1)
or using Alumina B plates from Selecto Scientific
(Norcoss, GA) and MeOH.

For molecular modeling studies, structures were
generated with the aid of a CAChe graphical editor
interface. Formal charges and partial charges were
assigned whenever appropriate. A process in the CAChe
editor interface called ‘‘Beautification’’ was used to
provide a starting structure having standard bond
lengths and bond angles, and the correct configuration
of each atom in the structure. Lone pairs of electrons
and hydrogen atoms were added where appropriate. The
equilibrium geometries of dyes 1aeb were located using
B88-LYP functional [16, 17] and TZVP basis set [18e20]
to conduct DFT (Density Functional Theory) - based
calculations implemented in CAChe Worksystem with
Degauss 5.0 [21] executed on a 1.7-GHz Pentium 4
computer with 256 MB RAM.

Visible spectra were recorded in EtOH using a Varian
Cary 3 UVevisible spectrometer. NMR spectra were
recorded using a Bruker AVANCE 500 MHz spectrom-
eter, and FAB mass spectra were recorded using a JEOL
HX-110 double focusing mass spectrometer.

2.2. 4-(2#-Aminophenylazo)-1-phenyl-3-methyl-
5-pyrazolone (6a)

ortho-Nitroaniline (1.38 g, 0.01 mol) was mixed with
HCl (2.5 ml, 37%) in a mortar, transferred to a 3-neck
round bottom flask, and additional HCl (2 ml, 37%)
was added. To the resultant suspension crushed ice
(25 g) and NaNO2 (2.5 ml, 4 N) were added.
Diazotization was carried out over 0.5 h at 5 �C, and
the diazonium salt solution was added dropwise at
5e10 �C to a solution of 1-Phenyl-3-methyl-5-pyrazo-
lone (1.74 g, 0.01 mol) in water (25 ml) containing
NaOH (1 ml, 30%) and Na2CO3 (1 g). The coupling
reaction was stirred overnight, and the pH of the
1a-b
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Fig. 2. Structures of dye ligands 1 and 2, where R Z H, Me, CF3 and X Z SO2Me (a), COCF3 (b).
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resultant mixture was adjusted to pH 7 using HCl
(6%). The dye was collected, washed with water, and
dried. The resultant 4-(2#-Nitrophenylazo)-1-phenyl-3-
methyl-5-pyrazolone (5a; 3.1 g, 95%) was dissolved in
DMF (50 ml) at 55 �C. To this solution, Na2S$9H2O
(7.5 g, 0.03 mol) dissolved in H2O (15 ml) was added
and the solution was stirred for 1 h at 60e70 �C. The
temperature was reduced to 20 �C, water (200 ml) was
added, and sufficient HCl (6%) was added to give pH
5. Dye 6a was collected by filtration, washed with
water, and dried, to give 2.8 g (91%). The coupling
and reduction steps were monitored by TLC, using
toluene:EtOAc (2:1) as the eluent. Rf (5a) Z 0.76 and
Rf (6a) Z 0.81.

2.3. 4-(2#-N-methylsulfonylaminophenylazo)-1-
phenyl-3-methyl-5-pyrazolone (1a)

A solution of 4-(2#-Aminophenylazo)-1-phenyl-3-
methyl-5-pyrazolone (2.94 g, 0.01 mol) in pyridine
(15 ml) was cooled to 10 �C and stirred as methane-
sulfonyl chloride (1.2 ml, 0.015 mol) was slowly added.
The solution was stirred overnight and poured into
an ice/water mixture to precipitate the product. The
mixture was stirred for 1 h, filtered, and the product
washed with water to give 3.2 g (85%) 1a. The synthesis
was monitored by TLC, using silica gel plates and
toluene:EtOAc (2:1). Rf (1a) Z 0.57.

2.4. 1:2 Fe-complex of dye 1a

Dye 1a (3.74 g, 0.01 mol) was dissolved in DMF
(20 ml) containing NaOAc (1 g). The mixture was
heated to 40 �C and a solution of FeSO4$7H2O
(1.39 g, 0.005 mol) in H2O (10 ml) was added. The
solution was stirred for 1 h and water (100 ml) was
added. The mixture was stirred for 3 h, filtered, and the
product was washed with water. After drying, 3.75 g
(89%) dye was obtained. The synthesis was monitored
by TLC using alumina plates and MeOH. Rf (1a) Z 0.48
and Rf (Fe-complex) Z 0.66.

2.5. 4-(2#-N-trifluoroacetamidophenylazo)-1-
phenyl-3-methyl-5-pyrazolone (1b)

4-(2#-Aminophenylazo)-1-phenyl-3-methyl-5-pyrazo-
lone (2.93 g, 0.01 mol) was dissolved in HOAc (30 ml) at
room temperature and trifluoroacetic anhydride (1.4 ml,
0.01 mol) in HOAc (5 ml) was slowly added. The
mixture was stirred for 1 h, slowly added to ice/water,
and stirred 1 h. The dye was collected, washed with
water and dried, to give 3.1 g (91%) product. The
synthesis was monitored by TLC using silica gel plates
and toluene:EtOAc (2:1). Rf (1b) Z 0.86.
2.6. 1-(2#-Nitrophenyl)-5-phenyl-3-cyanoformazan
(10a)

Aniline (0.95 g, 0.01 mol) was dissolved in water
(10 ml) containing HCl (3 ml, 30%). Diazotization was
effected by the addition of NaNO2 (2.5 ml, 4 N) at 0 �C.
The solution was stirred for 15 min and slowly added to
a mixture of methyl cyanoacetate (1.1 g, 0.011 mol) in
water (10 ml) at room temperature. During this time, the
pH of reaction was maintained at 3.6e4.0 by adding
saturated NaOAc solution. The mixture was stirred for
1 h, filtered and the product was washed with water. The
solid was mixed with water (20 ml) and KOH (3.3 g)
dissolved in water (10 ml) was added. The mixture was
heated to 80 �C, and kept at this temperature until
hydrolysis was complete (monitoring by TLC). The
solution of hydrazone 8 was cooled to below 10 �C and
acidified (pH 12) using HCl (30%). The diazonium salt
of ortho-Nitroaniline (1.4 g, 0.01 mol) was prepared as
described above for benzenediazonium chloride and
then added to the solution of hydrazone, maintaining
pH 12 by the addition of NaOH (30%). The reaction
was stirred overnight and the product was precipitated
by adding HCl (6%) to give pH 7. Dye 10a was
collected, washed with water and dried, to give 17.9 g
(91%). The synthesis was monitored by TLC using silica
gel plates and toluene:EtOAc (2:1). Rf (10a) Z 0.86.

The remaining steps reduction, acetylation (mesyla-
tion/trifluoroacetylation), and metallization were con-
ducted in the same manner described above for dyes
based on 1-Phenyl-3-methyl-5-pyrazolone.

3. Results and discussion

Target azo dye ligands 1 required the synthesis of
nitroarylazopyrazolones 5, reduction of the nitro group
of 5, and subsequent acylation of aminoarylazopyrazo-
lones 6. Formazan ligands 2 were synthesized in 5 steps.
The procedure required coupling compound 8 with
diazotized ortho-nitroanilines 9, reduction of intermedi-
ates 10, and acylation of the aminoformazans 11. The
synthetic routes employed to obtain ligands 1 and 2 are
shown in Figs. 3 and 4, respectively.

The conversion of dyes 1 and 2 to their 1:2 Fe-
complexes was conducted in DMF/H2O, using Fe (II)
sulfate in the presence of NaOAc, and the products were
isolated by triturating with H2O. The yields and key
physical properties of ligands 1 and 2, and their 1:2
metal complex are summarized in Tables 1 and 2. These
results indicate that azo and formazan dyes 1a and 2a

readily formed 1:2 Fe-complexes. However, the prepa-
ration of Fe-complexes of 1b and 2b proved difficult,
with mixtures of unmetallized dye, Fe-complex, and Fe
hydroxide obtained regardless of the reaction times
or temperatures employed. Results from molecular
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Fig. 4. Five-step synthesis of dyes 2aeb (X Z SO2Me, COCF3 and R Z H, Me).
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Table 1

Yields, mp and absorption data for azo dyes 1a (X Z SO2Me) and 1b (X Z COCF3)

Dye R N-mesyl (trifluoroacetyl) ligand 1:2 Fe-complex

Yield (%) Mp ( �C) lmax
a 3 ! 10�4 Yield (%) lmax

a 3 ! 10�4

1a (1b) H 85 (84) 228e230 (241e242) 392 (394) 2.33 (2.51) 89 (e) 422 (e) 2.69 (e)

Me 87 (84) 234e236 (251e252) 400 (402) 1.96 (2.44) 84 (e) 424 (e) 3.08 (e)

CF3 91 (87) 236e238 (254e256) 409 (390) 2.05 (2.54) 86 (e) 429 (e) 3.36 (e)

a Recorded in EtOH.

Table 2

Yields, mp and absorption data for formazan dyes 2a (X Z SO2Me) and 2b (X Z COCF3)

Dye R N-mesyl (trifluoroacetyl) ligand 1:2 Fe-complex

Yield (%) Mp ( �C) lmax
a 3 ! 10�4 Yield (%) lmax

a 3 ! 10�4

2a (2b) H 89 (83) 198e203 (208e212) 452 (440) 1.95 (2.01) 85 (e) 481 (e) 2.13 (e)

Me 80 (83) 219e222 (221e225) 448 (437) 2.04 (2.13) 97 (e) 479 (e) 2.31 (e)

a Recorded in EtOH.
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Fig. 5. Structures for 1aeb (R Z H), where X Z SO2Me (left) and COCF3 (right). For X Z SO2Me the X-ray structure is in the front and the

calculated structure in the background.
modeling studies using semi-empirical methods [16] to
study dye 1b suggested that the optimized structure has
the NeH moiety twisted out of position for metal
complex formation. Subsequently, we found that DFT-
based calculations gave improved results. In this regard,
it can also be seen from Fig. 5 and Table 3 that the
DFT-calculated structure for 1a was validated by X-ray
crystallography. It is also evident from the results in

Table 3

Comparison of experimental (X-ray) and calculated (DFT) torsion

angles for dye 1
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Torsion angle ( �) 1a (X Z SO2Me) 1b (X Z COCF3)

X-ray DFT DFT

15-16-22-22a �123.74 �117.3 42.5

20-15-14-13 �13.25 �14.94 4.15

14a-14-13-4 �2.83 �4.29 1.57

21-5-4-13 0.40 1.57 4.66

14a-14-15-16 �7.77 �12.005 �17.13
Table 3 that the 5 key torsion angles in 1a and 1b are not
significantly different. Hence, it is very likely that factors
other than geometry influenced Fe-complex formation.
With this point in mind, we examined the electronic
properties of the N-22 atom. Results of DFT calcu-
lations showed that the partial charge on the N-22 was
�0.716 for ligand 1a versus �0.388 for ligand 1b. This
significant difference in partial charges suggests that
electron density at N-22 was significantly diminished by
the electron-withdrawing power of the CF3 moiety,
inhibiting complex formation.

1H NMR data used to confirm the structures of the
target dye ligands are shown in Table 4. Compounds
1aeb were characterized by the expected hydrazone
forms, as judged by the broad peak at d13.3 ppm. In
each case the NH protons for the MeSO2NHe moiety
gave a broad peak near d9.50 ppm. For the sake of
brevity, entries for the ring protons are designated as
multiplets (m), while in actuality the expected combina-
tions of singlets, doublets and triplets were observed for
the aromatic systems. For instance, the spectrum for dye
1a (R Z H, X Z SO2Me) had doublets at 7.9, 7.85, 7.4,
and 7.25 ppm, with overlapping triplets at 7.45 and
7.25 ppm as shown in Fig. 6.

Negative ion FAB mass spectrometry was employed
to support the chemical structures of Fe-complexed
dyes. In each case a weak molecular ion [M]c peak and
a strong pseudo molecular ion [M�Na]� peak were
detected. The relative abundances are summarized in
Table 5 and a representative spectrum is shown in Fig. 7.

Incorporating an Fe-atom into dyes caused a 20-nm
bathochromic shift in lmax, along with broadening of the
absorption band and an increase in 3max. See for instance,
the Fe-complex and unmetallized form of 1a in Fig. 8.

Table 6 shows typical lightfastness data obtained
after 2% solutions of these solvent dyes were applied to
paper and given a 170-kJ exposure to xenon arc light in
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Table 4
1H NMR (300 MHz) data for dyes 1aeb and 2a in DMSO

1a 2a

NHMs

NMe

N N

N

H

CN

A

B
C

D D

N

N

OH

N

N

Me

NHX

R

A

B

C

D

E

E

Dye R 1H NMR e d (ppm)

A B C D E

1a H 3H, s, d3.1; 1H, s, d9.6 With E 1H, bs, d13.8 3H, s, d2.3 9H, m, d7.2e7.9

1a Me 3H, s, d3.1; 1H, s, d9.4 3H, s, d2.2 1H, bs, d13.6 3H, s, d2.3 8H, m, d7.1e7.9

1b H e With E 1H, bs, d13.2 3H, s, d2.3 9H, m, d7.3e7.9

1b Me e 3H, s, d2.2 1H, bs, d13.3 3H, s, d2.2 8H, m, d7.0e7.9

2a H 3H, s, d2.4 3H, s, d3.6; 1H, s, d9.5 1H, s, d12.8 8H, m, d7.3e7.8 e
a standard weatherometer. For both dye types, the best
results were obtained when RZH.

4. Conclusions

We found that Fe-complexed N-mesylarylazo-1-
phenyl-3-methyl-5-pyrazolone-based azo dyes exhibited
good color strengths and light fastness, but the colors
obtained were limited to yellow-brown shades
(lmax Z 390e402 nm). On the other hand, the applica-
tion properties for the corresponding formazan dyes
were much less than ideal, as color strength and light
fastness were reduced by substituting an ortho-
NHSO2Me group for an eOH group. It is also clear
that the present azo and formazan dye ligands are not
Fig. 6. 1H NMR spectrum for dye 1a (R Z H, X Z SO2Me).
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Table 5

Relative abundances of molecular ion species in FAB mass spectra of

1:2 Fe-complexed dyes

N
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N N
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1:2 Fe complex of 1a
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2
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2
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N

CN

N

N

N

N

N

CN

N

N

N

Fe

1:2 Fe complex of 2a

1:2 Fe-Complex of R FAB

Assignment m/z Rel. Int.

1aa H [M]c 817 10

[M�Na]� 794 100

1a
b Me [M]c 845 5

[M�Na]� 822 48

1ab CF3 [M]c 899 7

[M�Na]� 876 43

2a
b H [M]c 759 12

[M�Na]� 736 61

a Relative ion abundances are based on the matrix peak at

m/z Z 305.2 (3-nitrobenzyl alcohol, 100%).
b Relative ion abundances are based on the matrix peak at

m/z Z 459.2 (3-nitrobenzyl alcohol, 75%).
amenable to Fe-complex formation when an ortho-
NHCOCF3 group replaces an ortho-OH group.
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Fig. 8. Absorption spectra for dye 1a (R Z H, X Z SO2Me) and its 1:2

Fe-complex.
Fig. 7. FAB mass spectrum of Fe-complex of 1a (R Z H, X Z SO2Me).
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Table 6

Lightfastness data for metal complex of dyes 1a and 2a

Dye Metal Class Color DE GS value GS ratinga

1a (R Z H) Fe Azo Brown 1.58 4.32 4e5

1a (R Z Me) Fe Azo Brown 2.16 3.97 4

1a (R Z CF3) Fe Azo Brown 3.76 3.02 3

2a (R Z H) Fe Formazan Brown 0.02 4.99 5

a Follows a 170-kJ xenon arc exposure. Gray scale (GS) rating e 5 (highest) e 1 (lowest).
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