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ABSTRACT

The kinetics and mechanisms of the hydrolysis of some model pyrimidyl
reactive dyes have been studied using *H NMR. Evidence indicating that
Meisenheimer complexes (or o-adducts) should occur in the hydrolysis
process was obtained from the experiments and it is also shown that a
quantitative measurement of the kinetic data is possible. The molecular
mechanics method was used to interpret the experimental resullts.

1 INTRODUCTION

The various techniques used for kinetic studies of chemical reactions all have
advantages and disadvantages. Thus, UV-visible spectroscopy, titration,
and high-pressure liquid chromatography (HPLC) are widely used in dye
chemistry, but have a disadvantage in that they are relatively non-
diagnostic. In addition, with HPLC, considerable time is needed for the
measurement of the kinetic data, although the method can separate
effectively each component in the reaction system.
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High-resolution nuclear magnetic resonance spectroscopy is much less
sensitive than UV-visible spectroscopy (often by several orders of
magnitude) but has a great advantage as a diagnostic tool and can provide
much more information about the detailed molecular structure of the
species observed. Because of this, it has become one of the most widely used
spectroscopy techniques for the identification of compounds in equilibrium
systems and in chemical reaction systems.

The object of this paper is to use NMR to study the reactions of reactive
dyes. The system chosen for the study was the hydrolysis of pyrimidyl
reactive dyes, an area in which there has been considerable interest.

In general considerations,! the hydrolysis of 2-methylsulfonoyl-4-chloro-
(or methyl-)-pyrimidyl and 2-chloro-4-methyl-pyrimidyl reactive dyes has
been suggested as a typical nucleophilic hetero-aromatic substitution.
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According to the reaction mechanism hypothesized above, a Meisenheimer
complex (or g-adduct) should occur in the hydrolysis process, and the rate
expression of the second-order reaction can be deduced by using the
steady-state approximation, as follows:

1 Cao(Cgo — 2J’)>
In =kt
Cpo —2Cyo < Cpo(Cao — )

where C,, and Cg, are the initial concentrations of components A and B,
and y is the concentration of the product C.

To simplify the problem, a series of model reactive dyes was used. The
hydrolysis of these compounds was studied by NMR and some evidence
that Meisenheimer complexes occurred in the hydrolysis was obtained, and
a second-order hydrolytic reaction constant was evaluated based on eqn (1).

For the actual measurements, the substrates used were of the general
formulae I and II, attack of hydroxyl ion on which may yield products IIL

(1)

CH, CH, CH,
/ / /
" O O
N N N
R~ O )-80,cH, ca~<O)-a R~ O )—OH
N N N
R, CH, R,

1 1 111



Hydrolysis of model pyrimidy! reactive dyes 245

PY-2: R,=CH,, R,=Cl, PY-4:1I,
PY-8 R,=Br,R,=CH,, PY-9:R,=H, R,=C],
PY-11:R, = Br, R, =Cl.

PY-10, PY-20, etc., correspond to the g-adducts which occur in the
hydrolysis.

2 RESULTS AND DISCUSSION

Figure 1 shows the 'H NMR spectra of PY-2 in the CD;COCD,;-NaOH-
H,O system. In the range 5-6:5ppm, two peaks were observed at the
beginning of the hydrolysis and these decreased with the reaction time.
Similar peaks were observed in the 'H NMR spectra of PY-4, PY-9 and
others, which were hydrolyzed in the CD;COCD;—NaOH-H,O system (see
Figs 2-5). However, these peaks were not observed in the 'H NMR spectra
of the CD;COCD;-NaOH-H,0 system (see Fig. 6), in the spectra of the
model reactive dyes on hydrolysis in CD;COCD,;-NaOD-D,0 (see Fig. 7),
or in the CD;COCD;-NaOH-D,0 system (see Fig. 8). It is therefore
apparent that these peaks correspond to ‘active hydrogen’ and relate to the
hydrolysis reaction.

One reasonable suggestion is that the peaks in the range 5-6:5 ppm are
probably due to the formation of hydrolysis intermediates having structures
such as IV or V. The hydrogen in —OH is ‘active hydrogen’, and no signals
can be found in the spectra of systems which contain deuterium oxide.
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When the reaction temperature was raised to 60°C, the peaks, chemical
shift and shape are the same as those at 30°C (see Fig. 9). But, with decrease in
the amount of sodium hydroxide the peaks become sharper, and the distance
between the two peaks increases (see Figs 1 and 10). The explanation of this
phenomenon is that the decrease in hydroxyl ions will stow down the
exchange rate of the ‘active hydrogen’ which is displayed by the two peaks.

Attempts were made to define the steric effects in the intermediate
(structure IV or V) by application of the molecular mechanics method.? One
of the parameters given by the molecular mechanics calculation is the steric
co-ordinates for the arrangement of the molecule for minimum energy.
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Fig. 1. 'H NMR spectra following the hydrolysis of PY-2 in alkaline solution, at 30°C.
(a) = 1-5min; (b) ¢=3min; (¢) 7= 16 min; (d) =131 min.
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Fig. 2. 'H NMR spectra following the
hydrolysis process of PY-4, at 30°C. (a) r =
4 min; (b) t= 11-5min; (c) t=20min.
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Fig. 4. 'H NMR spectra following the

hydrolysis process of PY-11 in alkaline

solution, at 30°C. (a) f=1min; (b)
t =7 min.
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Fig. 3. 'H NMR spectra following the
hydrolysis process of PY-8, at 30°C.
(a) t=1min; (b} =17 min; (¢} =27 min;

(d) £==42 min.
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Fig. 5. Modes of attacking of OH™.
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Fig. 6. 'H NMR spectrum of alkaline solution (containing 0-1ml NaOH solution,
0-5ml acetone).
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Fig. 7. 'H NMR spectra f«csﬁewmg the i:yéreiyszs of PY-2 in a&aiine solution (NaOD,
1,0, CD,;COCD,), at 30°C. {a) 1= 3 min; (b) r=20min; {¢) r=45min; {d) r=60min.
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Fig. 8. '"H NMR spectra following the hydrolysis of PY-2 in alkaline solution (NaOH,
D,0, CD;COCD,), at 30°C. (a) =3 min; (b) =20 min.
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Fig. 9. 'H NMR spectra following the hydrolysis of PY-2 in alkaline solution, at 60°C.
(a) t=1-5min; (b) =3 min.
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Fig. 10. 'H NMR spectra following the hydrolysis of PY-2 in alkaline solution (0-05ml
NaOH solution added to 0-5ml acetone), at 30°C. (a) ¢ = 1 min; (b) =4 min; (c) ¢ = 22 min;
(d) r=30min.
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TABLE 1
The Co-ordinates of PY-2, Calculated by the Molecular Mechanics
Method

X y z Atom No.
—025312 005595 —0-38218 C 1
—1-33971 026193 —1-23414 C 2
—1-58661 153207 —175511 C 3
—-0-74212 2-58708 —141010 C 4
0-34191 2-:37027 —0-55611 C 5
061723 1:099 41 —003105 C 6
2:53544 —0-18287 0-397 61 C 7
3-25942 —2:37420 0-78155 C 8
4-15385 —-1-24258 —1-03554 C 9
337785 —011387 —0-72587 C 10
2:369 14 194228 1-501 62 C 11
1-943 80 —3:606 02 3-08139 C 12
443943 —4-068 78 2:43044 (o) 13
2:67322 —4-945 80 095218 O 14
1-68270 083732 0-836 65 N 15
250213 —1-323 14 1-11791 N 16
4-08129 —2-34781 —027734 N 17
525728 -1-27506 —2-42267 Cl 18
315423 —3-86082 1-788 23 S 19
347475 1-103 44 —1-61499 C 20
304219 1-548 43 229879 H 21
1-869 83 —4:52379 370725 H 22
2:99248 2:54030 0799 55 H 23
1-63419 261384 2-003 46 H 24
225333 —2-748 71 372080 H 25
095077 —3-38926 2-626 80 H 26
—0-090 58 —0-958 35 001980 H 27
—2:00518 —0-578 54 —1-494 41 H 28
—2:443 68 1-70128 —2-428 59 H 29
—093343 3-596 07 —1-81314 H 30
097714 3-236 30 —0-31062 H 31
2774 55 192063 —1-35156 H 32
324092 083678 —2:67060 H 33
450015 1-53544 —1-568 08 H 34

By using the steric co-ordinates obtained from the molecular mechanics
calculation (see Tables 1 and 2) the least-squares equation of the plane of the
pheny! ring and pyrimidyl ring in PY-2 or PY-20 are

(a) phenyl ring in PY-2:

x —0-3601y — 1-366z — 0-2543 = 0 )
(R = 0-9999)
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TABLE 2
The Co-ordinates of PY-20, Calculated by the Molecular Mechanics
Method
x y z Atom No.
006315 0-068 99 —095777 C 1
—0-808 58 0-489 83 —196252 C 2
—090517 1-84546 —227939 C 3
—-0-128 11 2:766 36 —1:57744 C 4
074159 2-33337 —0:57326 C S
0-867 22 097492 —0-246 88 C 6
2-59531 —0-51734 034629 C 7
317707 —2-82758 038737 C 8
467809 —1-36999 —0708 94 C 9
373554 —0-298 15 —-0-51201 C 10
2:30573 1-434 68 171265 C 11
064011 —4-12184 0-08443 C 12
2:85005 —5-047 86 —103725 o 13
1-89743 —294777 —193717 (0] 14
3406 24 —371064 1-476 42 o 15
171955 0-498 90 075577 N 16
2:35695 —1-68561 0-836 28 N 17
4-476 50 —2:55045 —024910 N 18
6203 26 —1-108 85 —1:57562 S 19
2-15505 —3-79900 —079232 Cl 20
403148 1042 30 —1-14189 C 21
2-80529 0-876 14 2-538 53 H 22
—0-04043 —470919 —0:57196 H 23
4-049 58 —4-363 56 1-264 95 H 24
3-067 54 2-:096 41 1-24204 H 25
1-51276 2-:06103 2:18377 H 26
0-84586 —4-709 40 1-006 88 H 27
0-13728 —3-16841 0-359 37 H 28
0-106 88 —1-007 55 —072692 H 29
—142371 —024779 —2:50523 H 30
—1-592 60 2-18506 —307240 H 31
—020197 3-84063 —1-81747 H 32
1-33228 310130 —0-048 85 H 33
3-18038 1-75131 —1-11220 H 34
427246 0-92546 —222252 H 35
4-89177 1-529 66 —062943 H 36
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(b) pyrimidyl ring in PY-2:

x+ 04701y + 0-7841z — 2758 =0 3
(R =09999)
and (c) phenyl ring in PY-20:
x—01415y — 09308z — 09503 =0 4)
R =09999)

Excluding the Cg atom, the least squares equation of the plane of the
pyrimidyl in PY-20 is

x + 04954y + 1-563z — 2-842 =0 (5
(R =09992)

Substituting the co-ordinates of N, (1-682 70, 0-837 32, 0-836 65), (1-719 55,
0-498 90, 0-75577) into eqn (3) or eqn (5) gives

PY-2:  left =—0-0257
PY-20: left = 0-3060

The amino nitrogen N, atom is displaced significantly above or below the
plane of the pyrimidyl ring in PY-20 and the equation of the least squares
plane of the pyrimidyl ring, including all 6-atoms, in PY-20 is

x+03913y + 1613z —2:927=0 (6)
(R =0-9876)

Substituting the co-ordinates of Cg (3-17707, 2827 58, 0-387 37) into eqn
(5) gives

PY-20: left = 04603

Both the results deduced above mean that the Cq atom is out of the plane
which consists of N, N,, C;, C,, Cs (see Figs 5 and 11), so, around the
hydrogen atoms Ha and Hb, the chemical environments are not the same.
Two peaks would be observed due to the absorption of Ha and Hb. This
explains why there are two peaks in the range 5-6-5 ppm in the 'H NMR
spectra following the hydrolysis process of the model reactive dyes.

Fig. 11. Labelling of the constituent atoms in the pyrimidine ring.
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Fig. 12. 'H NMR spectra following the hydrolysis of PY-9 in alkaline solution (0-05ml
alkaline solution and -5 ml acetone), at 30°C. {a) 1= I min; (b) 1= 6min; (¢) t=75min,
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Fig. 13. 'H NMR spectra of the mixture of PY-9 and its hydrolysis product.

More exact evidence is given by the spectra of PY-9 during hydrolysis in
the CD,COCD;-NaOH-H,O0 system (Fig. 12). Besides the two broad peaks
noted above, three narrow peaks are observed at 6-44, 5-28 and 4-69 ppm,
respectively. The lower field signals (6-44 and 528 ppm) correspond to the
hydrogens in the pyrimidyl ring of PY-9 (the substrate) and PY-90 (the
hydrolysis product) (see Fig. 13). The signal which is observed at 4:69 ppm is
due to the formation of the hydrolysis intermediate. The broken hetero-
aromatic system and large electron density in the pyrimidyl ring force the
absorption of the hydrogen in the pyrimidyl ring to shift to the higher field.
Such phenomena have been noted by other workers.?

=N —N N
SRSt G S

Hydrolysis of the model reactive dye in acidic medium was also
attempted. Even after 5 h (Fig. 14) no signals of the hydrolysis product were
apparent in the 'H NMR spectra. The hydrolysis of the pyrimidyl model
dyes is thus negligible in acidic medium. A peak at 5-1 ppm may be due to the
formation of hydrogen-bonding between a hydrogen and a nitrogen atom.

Since the area of a signal due to a given nucleus is proportional to the
concentration of this nucleus in solution, NMR can be used to make kinetic
measurements, provided there are no saturation effects. The measurement of
kinetic data of hydrolysis was carried out in the CD;COCD;-NaOD-D,0
system. The rate of hydrolysis of PY-2 was determined from the areas of the
respective signals of the methyl substituent in the pyrimidyl ring signal at
1-48 ppm. Under the conditions stated in the experimental section, the
hydrolysis follows second-order kinetics. A linear relation between the
concentration of species and reaction time ¢ was found (Fig. 15) and the
constant of hydrolysis calculated by eqn (1) was 0-07194mol™ ! min™".

Even though the 'H NMR spectra of the hydrolysis in CD;COCD ;-
NaOH-H,O also changes regularly, from the viewpoint of evaluating the
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Fig. 14. 'H NMR spectra following the hydrolysis of PY-2 in acidic solution, at 30°C.

(a) t=1-5min; (b) t=5h.
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Fig. 18, Kinetic plot for the hydrolysis of PY-2.
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TABLE 3

“The Kinetic Data of PY-2, Measured by NMR
t (min) ¥ k (mol™ ' min™")

3 0-001 29 0-083 64

6 000217 0-07200

12 0004 17 007308

20 0-006 44 0-07230

30 0-008 50 0-067 80

45 001133 0-066 00

60 001412 0-068 64

?Cpo =0-000042 5mol, Cy,=0-0000750mol.

kinetic parameters it is not favourable for calculating the area of the peaks
accurately (see Table 3).

CD;COCD; is used as a field lock and to dissolve the model compounds
to make a homogeneous reaction system. During the hydrolysis process,
CD,COCD; plays a role in the proton exchange reaction (see Fig. 16)

HO™

CD,COCD, === CD,HCOCD, + DO~

and this is shown in the ?H NMR spectra following the D-H exchange (see
Fig. 17). Because of this, the concentration of deuterium in the hydrolysis
system continuously increases and this leads to the fast disappearance of the
peaks which are due to the absorption of the ‘active hydrogen’ in the
intermediate. As mentioned above, the hydrogen in the pyrimidyl ring of the
hydrolysis intermediate (PY-8) is not an ‘active hydrogen’, and does not take
part in the exchange reaction with deuterium. After 75 min reaction time, the
signal of this hydrogen was still observed in the 'H NMR spectrum.

Fig. 16. 2H NMR spectrum of acetone (CD,COCD,).
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Fig. 17. 2H NMR spectra following D-H exchange reaction. (a) CD;COCD;-NaOH-H,0

system, at 1Smin. (b) CD;COCD;-NaOH-H,O system, at 60min. (c) The peaks of the

alkaline system which contain PY-2, at 30 min. (d) The peaks of acetone in alkaline system,
as (c). (e) The peaks of the alkaline system, as (a), at 120 min.

3 EXPERIMENTAL

MS and NMR data for the model reactive dyes are shown in Table 4.

'"H NMR spectra were measured on an FX-900 instrument at the specified
temperatures. Neutral molecules were examined in solution in CD,;COCD,
tetramethylsilane as internal standard.

The alkaline hydrolysis of the model dyes were carried out in the
CD;COCD;-NaOH-H,O system which comprised 0-5ml CD;COCD,
and 0-1 ml or 0-05 ml of 3% aq. NaOH. For the other systems, the volumes of
the components were as above.

The acidic medium used was of 0-1 ml HCI solution (3-4 ml of 36% HCl
diluted to 50 ml) and 0-5ml of CD,COCD,.

TABLE 4
The Data of Mass Spectra and NMR Spectra
Name N Element analysis M H NMR spectra (ppm)
Calc. Obs. SO,CH, NCH, py-CH,
PY-2 13-48 1319 311 333 3-58 2:48
PY-4 15-67 1569 267 — 348 2-36
PY-8 11-79 11-54 357 3-32 3-56 2-52
PY-9 14-11 13-80 297 330 357 —

PY-11 11-16 11-13 377 332 3-60 —
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The concentration of the product was calculated by the following
equation:

__area of the methyl signal
- 3

5
X T
total area of the phenyl signal
x (initial concentration of the substrate)
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