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Abstract

Azo coupling of 6-amino-4-hydroxy-2-naphthalenesulfonic acid (y-acid) with 2,4-dinitrobenzenediazonium ion in
alkaline solution gave a mixture of aminoazo and hydroxyazo dyes. The use of dry diazonium salt, stabilised as o-
benzenedisulfonimide derivative, afforded a higher quantity of desired hydroxyazo dye compared to use of diazonium
salt prepared via nitrosylsulfuric acid. The addition of a highly acidic diazonium salt solution determines a local pH-
value decreasing. In the mixing zones the acid-base equilibrium corresponds to the “microscopic”, lower pH-values
and the aminoazo dye is formed. Only hydroxyazo dye was obtained when N-acetyl derivative of y-acid was used as a
coupling agent. In any case, the use of 2,4-dinitrobenzenediazonium o-benzenedisulfonimide allowed for an easier
experimental procedure. '"H NMR analysis, in particular 'H-'H COSY and '"H-'H NOESY techniques, elucidated the
structure of dyes evidencing that coupling took place at the para-position to the hydroxy group in hydroxyazo dye and
at usual ortho-position in aminoazo dye. Preliminary spectroscopic study showed that p-hydroxyazo dye gave change
in colour in the physiological range of pH, an important requisite for its use in a sensor applicable for the monitoring
of blood parameters. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The blood gas measurement is often required in
modern diagnosis and during the treatment of cri-
tically ill patients. Blood gas measurement is a
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E-mail address: guido.viscardi@unito.it (G. Viscardi).

term that has come to stand for the measurement
of pCO,, pO, and pH. These blood parameters are
regarded as critical measures in the clinical assess-
ment of pulmonary and cardiovascular function.
The current hospital practice involves the use of
instruments placed in the hospital laboratory and
is time-consuming and expensive. The placing of
blood gas analyser instruments in or near surgical
and other critical care units saves time but does
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not reduce the costs and the required specialised
training of laboratory personnel.

A variety of more economical methods and, in
particular, near patient blood gas measurements
have been proposed. Direct blood contact mea-
surements, made by sensors placed within the
extracorporeal circulation system during open
heart surgery or by bringing blood to sensors out-
side the patient’s body, appeared very promising.
In particular, the evolution of fibre-optic technol-
ogy has been fundamental for the development of
on-line blood gas measurements systems. Studies
on useful indicators sensible to pH variation,
dependent on luminescence [1] or absorptive [2]
properties, in physiological range have been made
by several investigators. Fibre-optic technology
permits lighting chemichromic film and reading of
the relative optical answer. If the chemichromic
membrane is in direct contact with the blood, its
variation in optical properties gives information
about the pH of the physiological liquid.

The same sensor may also be used to measure
the concentration of gases (CO, or O,) in blood.
In this case, a membrane that is permeable to the
gas to be measured is placed over a chamber to
isolate it from the blood. The gas permeates the
membrane and reacts with a liquid or liquid-con-
taining media in the chamber to shift the pH, evi-
denced by the chemichromic film in contact with
the liquid.

The choice of the indicator structure is funda-
mental because it has to allow: (i) the variation of
optical properties over the physiological pH range
(6.8-7.8), (ii)) absorption of red LED light to
guarantee the economy of device, (iii) the linking
formation to useful membrane, (iv) photostability,
(v) stability during the required gamma or ethyl-
ene oxide sterilisation process.

In a common project finalised to develop a sen-
sor for the monitoring of blood parameters, azo
dyes appeared particularly promising for meeting
stated requirements. The pioneering work of
Wenker [3] on indicator properties of azo dyestuff
proved very informative. When diazonium salt of
2,4-dinitroaniline or 2,6-dinitroaniline, and rela-
tive sulfonic acids, reacts with 1-naphthol, and
relative 6-, 7-, 8-sulfonic and 3,6-disulfonic acids,
azo dyes are obtained showing changes in the

absorption/transmission in the physiological pH
range. On the contrary, when 1-naphtol-4-sulfonic
acid is used as the coupling agent, azo dyes with
colour change at higher pH, are isolated. Wenker
suggested that para coupling operates in the for-
mer azo dyes and ortho coupling in the last one.
The Wenker conclusion is in agreement with the
general consideration that unwelcome halochro-
mism in textile fabrics is shifted to the highest pH
values if ortho coupling on naphthol systems
occurs. The formation of a strong hydrogen bond,
involving azo/hydrazone equilibrium, in o-hydro-
xyazo compounds causes them to be much weaker
acids than their p-isomers [4].

One of the previous requirements is the possibi-
lity to immobilise the indicator to membrane.
Because cellophane was chosen as membrane,
reactive dyes containing azo chromogen appeared
particularly interesting. So, our interest was
focused on 6-amino-4-hydroxy-2-naphthalene-
sulfonic acid (y-acid) 1 as coupling agent and, on
the basis of Wenker data, structure 2 was hypo-
thesised, whose amino group can react with cya-
nuric chloride converting the acid azo dye in
reactive one 3 (Scheme 1).

A detailed literature search on the synthesis of
dye 2 evidenced a work of Wolthuis et al. [5] where
the same strategy has been performed for realising
analogous sensors. Wolthuis et al. proposed
structure 4 for their indicator, suggesting for the
precursor acid azo dye that ortho orientation
occurred during the coupling of 2,4-dini-
trobenzenediazonium salt on y-acid 1. The study
of the change in colour with the variation of pH
solution justifies the use of dye 4 for this kind of
sensor but the relative structure is doubtful
because the ortho substitution in azo chromogen
is incoherent with spectroscopic properties that
the authors reported [5]. The interesting spectro-
scopic data but the uncertainty in the structure
and the complete lack of structural and pre-
parative information suggested we perform a
study on the synthesis of dye 2. The classical
procedure gave a low yield of the desired pro-
duct, whose structure was elucidated by 'H-'H
COSY and 'H-'H NOESY techniques, so a
study for optimising the relative synthesis was
also performed.
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2. Results and discussion
2.1. Synthesis

The y-acid is largely used as intermediate for the
synthesis of commercial azo dyes. The regioselec-
tivity of the attack of diazonium salt to y-acid is
tuneable acting on the pH of reaction medium
owing to co-presence of amino and hydroxy
groups on the coupling agent. At moderate acidic
conditions (pH 4-5) the rate of azo coupling
dominates in the molecular segment containing
the amino group while at pH 8 the substitution
predominates at ring which carries the hydroxy

one [6]. In basic conditions, the ortho/para isomer
ratio depends on steric and electronic factors act-
ing in the reaction intermediate, and electrophilic
character of diazonium ion [6,7]. With no parti-
cular electrophilic diazonium ions, substitution
takes place mainly at ortho position to hydroxy
group. This was observed for benzenediazonium,
3-trifluoromethyl and 4-nitrobenzenediazonium
salts [8—11]. No experiment is reported in the litera-
ture about the reaction of y-acid with the strongly
electrophilic 2,4-dinitrobenzenediazonium salt.

In Scheme 2, two different approaches are
described for obtaining dye 2. In method a, the
2,4-dinitrobenzenediazonium salt was added to
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the basic (pH 10) solution of y-acid. In a first
experiment, the diazonium salt of the weak base
2,4-dinitroaniline was prepared by nitrosylsulfuric
acid following a usual procedure [12]. Because the
high acidity of diazonium salt solution could pro-
duce local variations of pH in the reaction med-
ium, high dilution and very slow dropwise
addition of equimolar diazonium and coupling

agent solutions to a buffered (pH 10) solution
were used, with efficient mixing and checking pH
by pHmeter. Zollinger et al. applied the same
experimental conditions in the reaction of y-acid
with 4-nitrobenzenediazonium ion to minimise
local variation of pH [8]. In our experimental
conditions, a mixture of two dyes was obtained.
After chromatographic separation, the '"H NMR
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analysis showed that in this conditions dye 5
(aminoazo dye), usually obtained in acid condi-
tions, is the main product (yield 50%) while dye 2
(p-hydroxyazo dye) was obtained in lower quan-
tity (16% yield). Analogously, Zollinger et al.
observed in a kinetic study that the azo coupling
of vy-acid with 3-trifluoromethyl- and 4-nitro-
benzenediazonium ion in concentrated aqueous
alkaline solutions gave both aminoazo and ortho
hydroxyazo compounds, and the relative increase
of the aminoazo dyes was attributed to a micro-
mixing effect [8]. Similar effect can be invoked in
the present conditions, i.e. the addition of a highly
acidic diazonium salt solution determines a local
pH-value decreasing. In the mixing zones the acid-
base equilibrium corresponds to the “micro-
scopic”, lower pH-values and the aminoazo dye
(5) is formed. Our experimental expedients (high
dilution, slow dropwise adding, buffering of cou-
pling solution, stirring) were not enough to com-
pensate for the micromixing effect, charged
evidently with the high reactivity of 2,4-dini-
trodiazonium ion. The formation of ortho hydro-
xyazo dye can not be excluded but, from a
preparative point of view, we can conclude that it
is not present in recoverable quantity in the pre-
vious experimental conditions. This is in agree-
ment with the observation that strongly
electrophilic ~ diazonium ions, as 2,4-dini-
trobenzenediazonium salt, essentially couple with
1-naphthol-3-sulfonic acid in the para position to
hydroxy group [13]. Finally, the '"H NMR analysis

evidenced the non-equivalence of amino hydro-
gen’s suggesting a hydrogen bond with the azo
group as Zollinger et al. reported for similar dyes
[8].

The low yield in dye 2 and, in particular the high
dilution incompatible with large scale preparation,
justified the research of alternative procedures. In
a second set of experiments, the 2,4-dinitroaniline
was diazotised by a recent method that furnishes
dry benzenediazonium salt, stabilised as o-benze-
nedisulfonimide salt 6, also from deactivated bases
without using nitrosylsulfuric acid [14]. The salt 6
has low solubility in water and its aqueous sus-
pension, showing a moderate acidity (pH 5), was
added to the basic (pH 10) solution of y-acid. Also
in this case a mixture of dyes 2 and 5 was obtained
without recovery of o-hydroxyazo dye. An
increased global yield was observed with a higher
quantity for dye 2 (yield 48%) than dye 5 (yield
28%). The higher global yield can be attributed to
the higher concentration of reaction medium that
favours the recovery of dyes partially soluble in
water. Inversion of hydroxyazo and aminoazo
dyes ratio was obtained but the tedious required
step to eliminate dye 5 suggested the development
of an alternative procedure.

In method b (Scheme 2) the amino group of y-
acid 1 was deactivated by acetylation with acetic
anhydride obtaining the N-acetyl y-acid sodium salt
derivative (7). The following coupling step on inter-
mediate 7 was performed with 2,4-dinitrobenzene-
diazonium ion prepared both via nitrosylsulfuric acid
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and as salt 6. Both experiments gave only dye 8
and in comparable yields but the use of dry 2,4-
dinitrobenzenediazonium o-benzenedisulfonimide
allowed to work in higher concentrations of reac-
tion medium and with lower inorganic salts that
can co-precipitate and contaminate dye. As the
last step of method b, acid hydrolysis of acetamide
group restores the amino group of dye 2, needed
for obtaining a reactive dye by reaction with cya-
nuric chloride.

2.2. Structural analysis

Lycka et al. used '"H NMR technique for the
structural analysis of dyes obtained by coupling of
benzenediazonium chloride with 7-amino-4-
hydroxy-2-naphthalenesulfonic acid (J-acid), 5-
amino-4-hydroxy-2,7-naphthalenedisulfonic acid
(H-acid), and 6-amino-4-hydroxy-2-naphthalene-
sulfonic acid (y-acid) [10]. '"H-'H NOESY experi-
ments were particularly useful. This bidimensional
NMR technique offers a means of determining
spatial relationships between nuclei in a molecule
by allowing the observation of Nuclear Over-
hauser Effect (NOE) cross peaks between neigh-
boring nuclei [15]. Lycka et al. observed a cross
peak between the doublet of Hg and a singlet that
can be assigned to H; unambiguously, suggesting
that benzenediazonium ion attacked position 3 of
naphthalene ring.

The same experiment was performed for the
coupling agent 1, showing the expected cross peak
between the doublet at 7.94 ppm of Hg and the
singlet (lightly broad) at 7.63 ppm of H;. On the
contrary, no cross peak was evidenced in the
'H-'H NOESY spectrum of dye 2 between the
doublet at 8.29 ppm of Hg and the alone singlet at
7.07 ppm, that can be assigned to Hj;. Except the
singlet at 7.07 ppm signal, all signals of "H NMR
were easily assigned by their multiplicity and
'H-'H COSY experiments (Fig. 1). As a con-
sequence, the attack of 2,4-dinitrobenzene-
diazonium ion on y-acid involved the position 1
(para substitution) of naphthalene ring.

Similarly, the substitution position for dye 5 was
assessed. By '"H-'"H COSY experiment the signals
of benzene and naphthalene protons were identi-
fied. The absence of a naphthalene doublet with

meta coupling constant already suggested that the
attack of diazonium ion was directed to 5 posi-
tion. The 'H-'H NOESY experiment (Fig. 2)
confirmed this hypothesis showing a cross peak
correlation between the doublet at 7.95 ppm of Hg
and the singlet at 7.57 ppm, that was assigned to
H;. As a consequence, the remaining singlet at
7.30 ppm was attributed to H;_ suggesting for dye
5 the reported structure.

A preliminary spectroscopic study showed that
dye 2 changed colour in the physiological range of
pH (Fig. 3), confirming the applicability of this
dye for monitoring blood parameters and that
Wolthuis et al. [5] erroneously assigned the struc-
ture of dye 4, for which para substitution has to be
invoked.

3. Experimental

The '"H NMR (400 MHz) spectra were recorded
on a Jeol EX400 NMR spectrometer in DMSO-dj
solution (3%) using DMSO as reference (0 =2.52
ppm). The two-dimensional homonuclear proton
NOESY and COSY experiments were performed
with a spectral width of 4800 Hz over 1024 data
points. The mixing time of '"H-'H NOESY was set
at 50 ms. The spectrum (16 scans) was obtained
after multiplying the data with a sine square bell
function in both dimensions.

3.1. Synthesis procedures

2,4-Dinitroaniline (Aldrich) was used as received.
6-Amino-4-hydroxy-2-naphthalenesulfonic acid
monohydrate (1, y-acid, Fluka) [8] and 6-acetam-
ido-4-hydroxy-2-naphthalenesulphonic acid sodium
salt (7, N-acetyl y-acid sodium salt) [16] were
respectively purified and prepared following lit-
erature methods. 2,4-dinitrobenzenediazonium
o-benzenedisulfonimide (6) was prepared accord-
ingly to literature method [14] and supplied by the
research unit, co-ordinated by Prof. Iacopo
Degani.

3.1.1. Method a: experiment 1
v-Acid (0.51 g, 2.0 mmol) were solubilised in 100
ml of water containing 0.16 g (4.0 mmol) of
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Fig. 1. Aromatic portion of "H-'H COSY spectrum of dye 2.

sodium hydroxide. 0.37 g of 2,4-dinitroaniline (2.0
mmol) was diazotised by nitrosylsulfuric acid
accordingly to the literature [12]. The solution of
diazonium salt (10 ml) was diluted to 100 ml with
cold water. The coupling agent and diazonium salt
solutions were added by two different burettes at
the same time to 1 1 of buffer solution (pH 10)
maintaining the temperature at 0-5 °C and check-
ing the pH by pH meter. The buffer solution was
prepared mixing 500 ml 0.05 M NaHCO;, 107 ml
0.1 M NaOH, 164.3 ml 1 M KClI and diluting to 1
1 [8]. After 2 h of stirring at 05 °C, conc. H,SOy,
was added until neutrality and the resulting mix-
ture was lyophilised overnight. The solid was
treated with 50 ml of cold water and filtered. The
crude product was purified by flash chromato-
graphy on silica gel using BuOH:EtOH:NHj5:pyr-
idine (4:1:3:2) as eluent, affording 0.14 g of dye 2
(yield 16%), and 0.43 g of dye 5 (yield 50%).

3.1.2. Method a: experiment 2

v-Acid (5.1 g, 0.020 mol) were solubilised in 80
ml of water containing 1.60 g of NaOH (0.040
mol) of sodium hydroxide and the required
volume of 1.0 M NaOH to obtain pH 10 of reac-
tion medium. During 30 min, 8.3 g (0.020 mol) of
2.,4-dinitrobenzenediazonium o-benzenedisulfoni-
mide (6) were added as suspension in 40 ml of
water to ice-cold basic solution of coupling agent
under efficient stirring, continuously checking the
pH of reaction medium by pH meter and main-
taining 10 value by dropwise addition of NaOH
0.1 M. After 1,5 h of stirring, 37% HCI was added
to neutralise the reaction medium. The pre-
cipitated solid was filtered and dried under
vacuum. The crude solid was purified by Flash
Chromatography as described in experiment 1,
affording 4.77 g of dye 2 (yield 48%) and 2.77 g of
dye S (yield 28%).
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Fig. 2. Aromatic portion of 'H-'H NOESY spectrum of dye 5.

3.1.3. Method b: experiment 1

N-acetyl y-acid sodium salt (12.13 g, 0.040 mol)
(7) and equimolar quantity of NaOH were dis-
solved in 160 ml of buffer solution at pH 10,
prepared as reported previously. 7.32 g of 2.4-
dinitroaniline (0.040 mol) was diazotised by
nitrosylsulphuric acid according to the literature
procedure [12] obtaining a final aqueous solu-
tion of 100 ml that was added dropwise at 0-
5 °C to coupling solution, checking con-
tinuously the pH of reaction medium by
pHmeter and maintaining 10 value by dropwise
addition of 0.1 M NaOH. After 2 h of stirring
at 0-5 °C, conc. H,SO, was added until neu-
trality. The solid was filtered and crystallised
from water obtaining 16.71 gr of dye 8 (yield
84%).

3.1.4. Method b: experiment 2

N-acetyl y-acid sodium salt (12.13 g, 0.040 mol)
of (7) and equimolar quantity of NaOH were
dissolved in 160 ml of water; 0.1 M NaOH solu-
tion was added to obtain pH 10. 16.6 g (0.040 mol)
of 2,4-dinitrobenzenediazonium o-benzenedisulfo-
nimide (6) were added to 100 ml of water. The ice-
cold suspension of diazonium salt was added to
the basic solution of coupling agent in 30 min at
0-5 °C under efficient stirring, checking con-
tinuously the pH of reaction medium by pHmeter
and maintaining 10 value by dropwise addition of
0.1 M NaOH. After 1,5 h of stirring, 37% HCI
was added to neutralise the reaction medium. The
precipitated solid was filtered and crystallised
from water, obtaining 14.92 g of dye 8 (yield
75%).
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Fig. 3. Absorption spectra of dye 2 in various buffered pH solutions.

3.1.5. Method b: hydrolysis of dye 8 acetamide
group

A mixture of 10 g (0.02 mol) of dye 8, 42 ml of
37% HCI, 150 ml of water was stirred at 100 °C
for 8.5 h. After cooling at 5 °C and neutralisation
with 10 M NaOH, filtration afforded 6.10 g of
chromatographically pure red solid. 'H NMR
analysis confirmed that it was equivalent to the
product synthesised by method a and identified as
dye 2 (yield 67%).

3.1.6. Synthesis of dye 5§ in acid solution

v-Acid (5.1 g, 0.020 mol) were solubilised in 80
ml of water by addition of 1.60 g of NaOH (0.040
mol). Glacial acetic acid was added to aqueous
solution of y-acid until 4.5 pH was obtained. A
solution of 2,4-dinitrobenzenediazonium sulfate
(0.020 mol), prepared according to the literature
procedure [12] with a final volume of 50 ml, was
added dropwise at 0—5 °C to suspension of y-acid,
checking continuously the pH of reaction medium
by pHmeter and maintaining 4,5 value by addition
of sodium acetate. After 15 h of stirring, filtration
gave a blue-black solid that was crystallised from
water affording 3.92 g of a dye that resulted from
"H NMR analysis equivalent to a product identified

as dye 5, chromatographically isolated from mix-
ture obtained by method a (yield 43%).

3.2. '"H NMR data

3.2.1. 6-Amino-4-hydroxy-2-naphthalenesulfonic
acid (1)

'"H NMR: 7.21 (d, 1H, Jys_p;=2.1 Hz, H-3),
7.37 (dd, 1H, J7_s=8.7THz and Jy7_py5=2.2 Hz,
H-7), 7.63 (s, 1H, H-1), 7.94 (d, 1H, Jys_y,=28.6
HZ, H-8), 8.00 (d, 1H, JH5—H7:2~0 HZ, H-5)

3.2.2. 6-Amino-1-(2,4-dinitrophenylazo )-4-
hydroxy-2-naphthalensulfonic acid, sodium salt (2)

'H NMR: 7.07 (s, 1H, H-3), 7.10 (dd, 1H,
Ju7—ns=238.8 Hz and Jy,_ys=2.4 Hz, H-7), 7.26
(d, 1H, Jys_y,=2.2 Hz, H-5), 8.15 (d, 1H,
JH6’—H5’:9-4 HZ, H-6/), 8.29 (d, IH, JHg_H7:8.8
HZ, H-8), 8.44 (dd, lH, JH5’7H6':9~4 Hz and
Jus_y=2.7 Hz, H-5'), 8.82 (d, 1H, Jyz_5=2.6
Hz, H-3'), 13.98 (s, 1H, OH).

3.2.3. 6-Amino-5-(2,4-dinitrophenylazo )-4-

hydroxy-2-naphthalensulfonic acid, sodium salt (5)
'"H NMR: 7.09 (d, 1H, Jy,_ps =9.2 Hz, H-7),

7.30 (d, 1H, Jy3_y;=1.8 Hz, H-3), 7.57 (s, 1H, H-
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1),7.79 (d, 1H, Jyys_»=9.2 Hz, H-6'), 7.95 (d, 1H,
JH6’—H5’:9-1 HZ, H-8), 8.57 (dd, 1H, JH5’—H6’:8-9
and JH5’7H3’ =2.1 HZ, H-5/), 8.84 (d, 1H,
Jus—ns=1.9 Hz, H-3), 10.10 (broad s, 1H, NH)
11.65 (broad s, 1H, NH) 12.29 (s, 1H, OH).

3.2.4. 6-Acetamido-1-(2,4-dinitrophenylazo)-4-
hydroxy-2-naphthalensulfonic acid, sodium salt (8)

'"H NMR: 2.11 (s, 3H, COCH3), 7.11 (s, 1H, H-
3), 798 (dd, 1H, Jg7_ps=8.9 and Jy7_pys=2.2 Hz,
H-7),8.25(d, 1H, Jys_pns =9.4 Hz, H-6'), 8.28 (d,
lH, JH5—H7: 2.0 HZ, H—5), 8.40 (d, 1H,
JH8—H7:8~9 HZ, H-8), 8.47 (dd, IH, JH5’—H6’:9-2
and JH5'—H3 =2.6 HZ, H-5/), 8.84 (d, 1H,
Juy_ms=2.6 Hz, H-3), 1031 (s, 1H, CONH),
14.05 (s, 1H, OH).
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