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Considerando os produtos de reagdo do dcido etilenodiaminotetraacético (EDTA) com 1,2-
fenilenodiamina (0-PDA), um novo processo para a decomposicdo térmica do EDTA € proposto.
O meio 4cido forte e a presenca de 0-PDA facilitam a decomposi¢do de EDTA, como evidenciado
pela temperatura relativamente baixa de reacdo. Em adicio aos passos descritos na literatura,
um processo de rearranjo estd presente na reacdo de decomposicdo. Os intermedidrios
rearranjados condensam com o-PDA, formando um inesperado composto biologicamente ativo
2,2,4-trimetil-3H-5-hidro-1,5-benzodiazepina, proporcionando a possibilidade de explorar um
mecanismo de decomposi¢@o alternativo para este quelante amplamente utilizado.

Based on the reaction products of ethylenediaminetetraacetic acid (EDTA) with 1,2-
phenylenediamine (0-PDA), a novel thermal decomposition pathway of EDTA is proposed. The
strong acidic medium and the presence of 0-PDA facilitate the decomposition of EDTA as
evidenced by the relatively lower reaction temperature. In addition to the steps described in
literatures, rearrangement process is involved in the decomposition reaction. The rearranged
intermediates condense with 0-PDA, forming an unexpected biologically active compound 2,2,4-
trimethyl-3H-5-hydro-1,5-benzodiazepine, thus provides the possibility to explore an alternative
decomposition mechanism for this widely used chelator.

Keywords: ethylenediaminetetraacetic acid, heterocycle, reaction mechanism, thermal
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Introduction

Ethylenediaminetetraacetic acid (EDTA) is one of the
most extensively used chelating agents in chemistry,
biochemistry, medicine, environmental sciences, and
paper industry.'® As a scavenger for metal oxides or a
stabilizer for metal ions, EDTA is also used at elevated
temperatures to prevent scale deposits in high-pressure
boilers or nuclear reactors owing to its thermal stability.”
Nevertheless, the behaviour of EDTA in waste water
effluents®® and natural aquatic systems'® has incurred lots
of threats to the natural environment. EDTA not only
increases the total nitrogen contents, but also remobilizes
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most toxic heavy metals from solid matter into water
solution and thus extends their biological life cycles."
Hence, great attention has been paid to the study on
decomposition mechanism'>!” and treatment technique'®
for this aminopolycarboxylic acid complexing agent.

Both EDTA and its disodium salt are stable to heat
even at 423 K. EDTA begins to decompose at about 463
K and nearly 50% breaks down at 483 K in the presence
of metal ions.'? Stepwise decarboxylations and hydrolysis
procedures of the ethylene C-N link of EDTA have been
suggested by earlier researchers.'*'* As shown in Figure
1, the decomposition mode may differ greatly with
temperature changes.'*"

Other factors such as acidity and reaction medium can
also influence the decomposition of EDTA. For example,
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"O0CH,C CH,COO0" using KBr pellets. The "H NMR spectra were obtained at
NCH,CHN 293 K on a Bruker DRX-500 spectrometer using standard
-00CH,C CH,C00"

pulse sequences. Electrospray mass spectra were recorded
> 448 Kl -CH,COO0" on a LCQ electron spray mass spectrometer (ES-MS,
alkalescent solution Finnigan) in a full scan range. Single-crystal X-ray diffraction
-00CH,C -00CH,C measurement was carried out on an Enraf-Nonius CAD-4
NH + NCH,CH,0H diffractometer with /20 scan mode. The data were corrected
-O0CH,C -0O0CH,C for Lorentz and polarization effects and the absorption
IDA HEIDA correction were made using the psi-scan method. The crystal
structures were solved by the SHELXTL software package.”
z 535:(%\ 2%% l 4T3 K Crystallographic data have been deposited with Cambridge
Crystallographic Data Centre. Deposition number for 2,2,4-
HaC HOCH,CH,OH trimethyl-3H-5-hydro-1,5-benzodiazepine (1) and 2,3-
/N—R + diamino-5-hydrophenazinium chloride trishydrate (2) are
“OOCH,C "O0CHC CCDC-229001 and CCDC-229002, respectively. Copies of
- 533 K i NH the data can be obtained free of charge from the Cambridge
-CO, 1 OOCH,C Crystallographic Data Centre, 12, Union Road, Cambridge,
IDA CB2 1EZ, UK; Fax: +44 1223 336033; e-mail:

H"‘C\N R deposit@ccdc.cam.ac.uk.

H3C/

(R= H or CH,CH,0H)

Figure 1. Different routes proposed for the decomposition of EDTA with
temperature changes.

when ammonia was used as a reaction medium and reactant
in a high pH system, both ammonolysis and hydrolysis of
EDTA occurred with the production of N-(2-aminoethyl)
iminodiacetic acid, N-(2-hydroxyethyl)iminodiactic acid
(HEIDA), and iminodiactic acid (IDA) over a temperature
range of 418-448 K.'® Kinetic study of EDTA degradation
showed that EDTA decomposed quite rapidly at 463 K and
pH 104 withk  of 0.37 h'and a half-life of 1.9 h."” However,
the detailed mechanism has not yet been fully elucidated
and little is known about the decomposition of EDTA in
acidic media.

We report herein the decomposition of EDTA in 6
mol L' hydrochloric acid aqueous solution in the presence
of 1,2-phenylenediamine (0-PDA) at 373 ~ 383 K. The
reaction provides some new insights into the decompo-
sition mode of EDTA. The o-PDA seems to be able to
trap some of the decomposition intermediates, giving rise
to the formation of a medically important compound,
2,2 ,4-trimethyl-3H-5-hydro- 1,5-benzodiazepine.

Experimental
General
Elemental analyses were performed with a Perkin-Elmer

240C elemental analyzer. Infrared spectra (400-4000 cm™)
were recorded on a Bruker VECTOR22 spectrophotometer

Reaction of EDTA with o-PDA

Under vigorous stirring, 372.2 mg (1.0 mmol) of EDTA-
2Na was added to 50 mL of 6.0 mol L' hydrochloric acid
aqueous solution. The solution was heated to about 363 K
till EDTA-2Na dissolved completely. To the resulting solution
432.8 mg (4.0 mmol) of o-PDA was added and allowed to
reflux at 373-383 K for 60 h. During the reaction, an aliquot
of 0.2 mL solution was taken out every 3 h to monitor the
reaction process by ES-MS. Dark green crystalline solid (I)
was obtained from the reaction solution after standing
overnight. Yellow precipitates (II) were formed after the pH
of the mother liquor was adjusted to 6 ~ 7 with concentrated
ammonia. The precipitates were dissolved in 25 mL of diethyl
ether and the resulting suspension was filtered and the filtrate
was dried on a rotatory evaporator to afford a yellowish
crystalline solid that was identified as compound 1 (68 mg).
Single crystals suitable for X-ray diffraction determination
were obtained by slow evaporating the diethyl ether solution.
The above dark green crystalline solid (I) was quickly washed
with minimum amount of water and then fully with diethyl
ether. The diethyl ether solution was dried to afford a dark
solid, which was characterized as compound 2 (30 mg). The
solid was then dissolved in methanol and dark needlelike
single crystals suitable for X-ray diffraction determination
were obtained after slow evaporation of the solvent.

The analytical data for compound 1 are as follows. IR
(KBr) v__/cm™: 3296, 3083, 3061, 2964, 2954, 1633,
1594, 1514, 1476, 1432, 1381, 1374, 1323, 1307, 771. 'H
NMR (D,O, ppm): 6 7.03-6.91 (m, 4H, ph-H), 2.22-2.21
(d, 3H, -CH,), 2.11 (s, 2H, -CH,), 1.19 (s, 6H, -C(CH,),);
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'HNMR (CDCI,, ppm): 6 7.14-6.73 (4H, ph-H), 2.97 (1H,
-NH), 2.37 (3H, -CH,), 2.23 (2H, -CH,), 1.35 (6H,
-C(CH,),). ES-MS (positive ion mode): m/z = 189.2.
Elemental anal. calc. (found) for C H N, (%): C, 76.55
(76.50); H, 8.57 (8.41); N, 14.88 (14.61). The analytical
data for compound 2 are as follows. IR (KBr) VmaX/cm“:
3313, 3149, 1688, 1630, 1534, 1368, 1239, 1206, 771. 'H
NMR (D,O, ppm): 6 7.62-7.48 (4H, ph-H), 6.53-6.35 (2H,
o-amino-ph-H). ES-MS (positive ion mode): m/z = 211.1.
Control experiments were conducted under the same
conditions as described above except that only EDTA-
2Na (EDTA control) or 0o-PDA (0-PDA control) was
included as the reactant.

Results and Discussion

During the reaction of EDTA with o-PDA in 6.0 mol L"!
hydrochloric acid at 373-383 K, a gradual color change of
the solution was observed within 2 h with pink appearing
first, followed by orange, and eventually sustained dark green.
The reaction was monitored by ES-MS technique (positive
ion mode). When the reaction solution started to turn pink, a
peak with m/z value of 140.7 was observed, which could
be attributed to one positively charged species 1,2-
phenylenediamine-N, N-dioxide (3, C 6H8N202, Calc. 140.14).
The '"H NMR and IR data also confirmed this assignment.
The intensity of this peak decreased remarkably as the
reaction time extended to ca. 40 h and nearly disappeared
when the reaction continued to 60 h. Compound 3 may further
condense oxidatively forming 2,3-diaminophenazine (2,
C,H N, Calc. 210.24), a known compound.*"*> The
observed color change from pink to dark green corresponds
well to the species conversion from 3 to 2. Peaks with m/z
values of 365.2 and 437.2 appeared 5 h after the reaction
started and their intensity increased gradually with time.
Condensation of o-PDA with carboxylic acids to form
benzimidazoles is a conventional reaction.”> From the
synthesis of N, N, N’, N’-tetrakis-(2’-benzimidazolylmethyl)
-1,2-ethanediamine (EDTB) reported previously in the
literature,> the former peak was ascribed tentatively to one
positively charged N-2-benzimidazolylmethyl-1,2-
ethanediamine-trisacetic acid (4, C,/H, N,O,, Calc. 364.36)
and the latter to one positively charged N, N’-bis(2-
benzimidazolylmethyl)-1,2-ethanediamine-bisacetic acid (5,
C,H,N.O,, Calc. 436.47). Compounds 4 and 5 may be the
intermediates of the stepwise reaction of EDTA with o-PDA
to form EDTB. Compound 5 became the dominant product
after 20 h reaction. The crystalline product with m/z = 211.2
was determined by the X-ray diffraction determination
method and confirmed to be 2. The formation of compounds

2 and 3 appeared to be related only to 0-PDA as illustrated
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by the control experiment (vide infra). Figure 2 shows a
representative ES-MS spectrum detected with the reaction
solution.
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Figure 2. ES-MS spectrum detected with the reacting solution of EDTA and
0-PDA in the 6 mol L' hydrochloric acid at 373-383 K (40 h) (positive ion
mode). Attribution: 140.8, 1,2-phenylenediamine-N, N-dioxide; 189.2, 2,2,4-
trimethyl-3H-5-hydro-1,5-benzodiazepine; 212.3, 2,3-diaminophenazine;
293.0, EDTA; 365.2, N-2-benzimidazolyl methyl-1,2-ethanediamine-
trisacetic acid; 437.2, N, N’-bis(2-benzimidazolylmethyl)-1,2-ethanediamine-
bisacetic acid; 459.3, N, N’-bis(2-benzimidazolylmethyl)- 1,2-ethanediamine-
bisacetic acid monosodium salt; 581.2, EDTB.

The most unexpected observation is that some 10 h
after the beginning of the reaction, a new peak at 189.2
appeared in the ES-MS spectrum and its intensity
increased gradually with time. Assisted by the 'H NMR,
IR, and elemental analyses, the peak was assigned to one
positively charged 1 (C,H, N,, Calc. 188.3), also a known
compound,?® which was further confirmed by X-ray
crystallography. The crystal structures and numbering
schemes for 1 and 2 are shown in Figure 3.

Figure 3. Crystal structures of 2,2,4-trimethyl-3H-5-hydro-1,5-benzodi-
azepine (1) and 2,3-diamino-5-hydrophenazinium chloride trishydrate
(2). Selected crystal data for 1: a = 12.210(2) A b= 7.3120(15) A c=
11.977(2) A; N1-C6 1.406(7) A, N1-C7 1.293(8) A, N2-C1 1.401(7) A,
N2-C9 1.480(7) A, C7-C8 1.499(9) A, C8-C9 1.503(8) A; N1-C6-C1
124.8(5)°, N1-C7-C8 123.3(5)°, N2-C1-C6 121.8(5)°, N2-C9-C8
109.1(5)°, C7-C8-C9 114.0(5)°. Selected crystal data for 2: a=6.8000(14)
A, b=9.902(2) A, ¢ = 11.235(2) A, o = 74.49(3)°, B = 78.26(3)°, y =
84.77(3)°; N1-C9 1.331(6) A, N2-C10 1.331(7) A; N1-C9-C10 119.7(5)°,
N2-C10-C9 117.9(5)°.

From the structure of 1, it can be presumed that EDTA
has taken part in the formation of this compound. To



Vol. 17, No. 5, 2006 Thermal Decomposition of

validate this presumption, EDTA and o-PDA control
experiments were performed respectively. In the former
experiment, only different forms of EDTA sodium salts
and EDTA itself were detected in the ES-MS spectrum.
The latter experiment was somewhat complex. The ES-
MS spectrum showed a peak at 140.8 within one hour,
which was attributed to 3 as mentioned above. This peak
maintained, though decreased slightly, a considerable
intensity till the end of the experiment (60 h). Another
peak at 211.2 in the ES-MS spectrum is ascribed to 2 and
its intensity increased significantly with time. No trace of
1 was found in both control experiments and thus its
formation must be related to the decomposition of EDTA
and the participation of o-PDA. Taken the above
experimental results together, a reaction pathway of EDTA
with o-PDA in strong acidic solution at 373-383 K can be
summarized in Figure 4.

With 0-PDA as a starting material, to form the seven-
membered ring in 1, the other reactant should be a six- or
at least a three-carbon unit. However, in the starting
materials, none has consecutive six- or three-carbon
moieties besides o-PDA, thus the unit must come from
the decomposition intermediates of EDTA. Moreover, to
generate such intermediates, rearrangement of the original
decomposition fragments is indispensable. Therefore, it
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can be inferred that in addition to the previously reported
C-N and C-C bond cleavages, some amount of EDTA
decomposition intermediates may undergo further
rearrangement in the presence of 0-PDA and hydrochloric
acid. Although the rearranged intermediates have not been
directly detected in the EDTA decomposition, some
potential fragments can still be proposed. It is reported
that compound 1 could be prepared by condensation of
0-PDA with 4-methyl-3-penten-2-one,*® acetone,?*3!
acetonedicarboxylic acid,* or 2, 4, 4-trichloro-2-metyl-
pentane* under different conditions (Figure 5). These facts
suggest that the rearranged intermediates might be one or
some of these reactants. o-PDA may play as a catcher to
prevent some rearranged unstable intermediates of EDTA
such as acetone from escaping from the reaction system.
We are currently unable to outline the exact mechanism
for such steps.

The chemical bond energies of C-N, C-O, C-C, C-H,
O-H and C=0 in EDTA are 276, 331, 339, 410, 456 and
724 KJ mol’!, respectively.* Therefore, C-N, C-O, and
C-C bonds are relatively weaker than other bonds and
could be cleaved more easily at certain temperature. The
strong acidity coupled with 0-PDA somewhat decreased
the thermal stability of EDTA and render it decompose at
temperatures just above the boiling point of water. o-PDA

Z
N NH,
2
HOOCH,C_ _CH,COOH
_NCH2CH,N 6.0 mol LT HCI | oxidative
HOOCH,C CH,COOH 373~383 K condensation
NH NH
6.0 mol L! HCI 2 z
373~383K [l ctttomtmmmmmetemmmmememes >
NH, NH,
; 6.0 mol LM HCI |[0]
C-N, C-C bond ! 373~383 K
cleavage and ! H
rearrangement ! H, N ?
: HOOCH,C o= :@ NH;
\ ONCH.CHN.  NTN2 (]
CH, HOOCH,C CH,COOH
| NH2
N=C 4 ¥
N
CH, 3 O
N—C NH,
H 1 CHs
HaC
1 NH,
§
Ho
HOOCH,C_ JES :O
N _NCH,CHNT N
S—ch, CH,COOH
N
H
5

Figure 4. Thermal decomposition pathway proposed for EDTA in the pre

sence of 0-PDA in strong acidic solution at 373-383 K.
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NH,
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Nc=o0 H /7 >CH,
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HOOCH,C HyC
or 1
cl CH,
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HiC—C—C —C—CH;
Cl cl

Figure 5. The known materials or intermiates for synthesis of 2,2,4-trimethyl-3H-5-hydro-1,5-benzodiazepine under different conditions.

plays a pivotal role in the decomposition process because
control experiment indicated that EDTA alone is stable
in 6.0 mol L' hydrochloric acid solution at 373-383 K.
The benzodiazepines are a class of compounds with
wide biological and pharmaceutical properties*?’ and are
valuable scaffolds for the preparation of some fused ring
benzodiazepine derivatives.***? Several methods for
preparing these compounds have been reported in the
literature.>2 To our knowledge, the formation of the 1,5-
benzodiazepine skeleton by the reaction of EDTA with
0-PDA in strong acidic medium has not been reported so
far. Although this reaction may not be an economic route
for the preparation of compound 1, it helps us to sketch a
new potential thermal decomposition mechanism for EDTA.

Conclusions

The present study shows that the presence of o-PDA
and strong acidic environment facilitate the thermal
decomposition of EDTA at moderately lower temperature.
The decomposed fragments of EDTA may undergo a
rearrangement process and then react with o-PDA, giving
rise to the formation of 2, 2, 4-trimethyl-3H-5-hydro-1,
5-benzodiazepine. These unexpected findings suggest that
an alternative pathway for EDTA decompsiton may exist
under certain special conditions and this concealed
property may cause some uncommon events when EDTA
be used in strong acidic medium.

Supplementary Information

The '"H NMR and ES-MS spectra for compounds
characterization, and the ES-MS spectra for monitoring the
reactions of EDTA with 0-PDA in acidic media are available
free of charge at http://jbcs.sbq.org.br, as PDF file.
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Figure S1. ES-MS spectrum of compound 1.
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Figure S2. 'H NMR spectra of compound 1 in CDCI, (left) and D,O (right).
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Figure S5. ES-MS spectrum of compound 3.
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Figure S7. ES-MS spectra detected with the reacting solution of EDTA
and 0-PDA in the 6 mol L' hydrochloric acid at 373-383 K (15 h, 30 h,
and 60 h).



Vol. 17, No. 5, 2006

2831

40 3151
3371

Relative Abundance
&

|
200 300

N

e \560 600 700 800 500

Thermal Decomposition of Ethylenediaminetetraacetic Acida

2
A

,‘;Iinl.‘ bk

2831

Relative Abundance
@
kil

o (15h)

miz

.1
| A I
= e UM = T

200 3do

Relabve Abundance
g

i (30h)

A il .
400

Figure S8. ES-MS spectra detected with the solution of EDTA in the 6
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mol L hydrochloric acid at 373-383 K (15 h, 30 h, and 60 h).
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Figure S9. ES-MS spectra detected with the solution of 0-PDA in the 6
mol L' hydrochloric acid at 373-383 K (15 h, 30 h, and 60 h).



