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Abstract 5-Nitro-2-hydroxy benzaldoxime (I), 3-nitro-4-
hydroxy benzaldoxime (II), 3,5-dinitro-2-hydroxy ben-
zaldoxime (IIT), and 3,5-dinitro-4-hydroxy benzaldoxime
(IV) were prepared from their respective nitrated alde-
hydes. Prepared oximes were characterized by IR spec-
troscopy, elemental analysis, and mass spectrometry.
Suitable crystals of compounds II and III were obtained
and molecular structures were determined by means of the
single crystal XRD method. All benzaldoximes were
investigated by TG. At temperatures above 140 °C, it was
observed that compounds II and IV lost one H,O and was
converted to the respective benzonitriles. Only thermal
analysis peaks of 3,5-dinitro-4-hydroxy benzonitrile
(V) were found proper for both experimental and theoretic
calculations; whereas, compounds I and III were converted
to phenoxazines by Beckmann rearrangement along with
dehydration. Beckmann product of compound III is refer-
red as compound VI and its tautomer as compound VIIL.
Similarly only 3,5-dinitro phenoxazine (VIII) was inves-
tigated experimentally and theoretically since its thermal
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analysis peaks were proper for the purpose. DFT-based
structure optimizations and frequency analyses were per-
formed at the B3LYP/cc-pVDZ level of theory. The
enthalpies of formation for compounds III-VIII were
calculated by means of the complete basis set (CBS-4M)
method of Petersson and coworkers to obtain accurate
energies. The enthalpies of decomposition for compounds
III and IV were obtained from calculated enthalpies of
formation according to Hess’ law and were compared with
the experimental values which were available from DSC
analyses and were found to be in good agreement with the
theoretic values.

Keywords Oxime - CBS-4M - TG - DSC -
Thermal decomposition

Introduction

Oximes, which are products of condensation of carbonyl
compounds and hydroxyl amine, have been in the literature
for nearly 100 years [1]. Owing to their role in Beckmann
rearrangement reaction, oximes are frequently used in the
industrial field. For this reason, a part of the literature
related to oximes focus on cyclohexanone [2-12]. In
addition, the oximes having appropriate geometric struc-
ture, behave as strong ligands. In the literature, there are
many studies about complexes of oximes, especially tran-
sition metal complexes with 2-pfyridine carbaldehyde and
other oximes [13-20]. Some complexes of oximes are
inhibitors of nerve gas so there are a number of studies
about the inhibition effect of oximes in the literature
[21-23]. However, there are only a few studies about
thermal decomposition of oxime complexes and a small
number of studies about synthesis of paracetamol from
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Fig. 1 Prepared nitro hydroxy O,N
benzaldoximes
I
O,N
O,N OH

2-hydroxy acetophenone oxime via Beckmann rearrange-
ment [24, 25].

In this study, 5-nitro-2-hydroxy benzaldehyde, 3-nitro-
4-hydroxy benzaldehyde, 3,5-dinitro-4-hydroxy benzalde-
hyde, and 3,5-dinitro-2-hydroxy benzaldehyde were syn-
thesized using corresponding nitrated forms of 2-hydroxy
benzaldehyde and 4-hydroxy benzaldehyde. These alde-
hydes were converted to nitro hydroxy benzaldoximes by
condensation reaction with NH,-OH in EtOH medium
(Fig. 1).

This study had been planned to examine the behavior of
oximes as energetic materials. All prepared compounds
were characterized by IR, Elemental Analysis, and direct
inlet MS. Afterward thermal behavior of nitro hydroxy
benzaldoximes were investigated by TG.

In addition, the theoretic values were calculated. First,
geometric optimizations of all molecules were done with
the help of Gaussian 09 software. Then, the standard
enthalpies of formation of these molecules were calculated
theoretically with CBC-4M algorithm. CBC-4M algorithm
was chosen because of its success in the calculation of
formation enthalpies [26]. After calculation of the enthalpy
of formations, enthalpy of reaction was calculated by
Hess’s Law [27].

o _ o _ o
AI_IReaction - E :AHProducls E :AHReaCtants

The nature of the observed exothermic peaks in the TG
curves at approximately 200 °C were close to Gaussian
peaks so the heat of reactions were determined by DSC
and compared with experimental results and theoretic
findings.
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Experimental

General: In this study, Shimadzu Infinity model FTIR-
Spectrometer with three reflectional ATR attachment was
used for IR spectra. Elemental analyses were performed on
Elemantar Vario Micro Cube instrument. Mass Spectra
were obtained using Shimadzu, 2010 plus with DI unit and
electron impact ionizer. DI temperature was varied in
between 40 and 140 °C and the ionization was achieved
with 70 eV electrons. Thermogravimetric analyses were
performed using Shimadzu DTG-60H. In thermogravi-
metric analyses, temperature was varied between 30 and
600 °C. They were performed at 10 °C min~' temperature
raise rate, under N, atmosphere and in Pt pans. Calibration
of the instrument was done with metallic In, Pb, or Zn.
Used chemicals were Merck or Fluka brands and purifi-
cation was not needed.

Nitration of 2-hydroxy benzaldehyde

Reaction was performed in two steps according to the litera-
ture [28]. 10 mL 2-hydroxy benzaldehyde and 10 mL HNO;
(63 %) were dissolved in 50 mL of CH3;COOH and the
mixture was stirred for half an hour in ice-water bath at
0-5 °C. After that, the reaction vessel was kept at room
temperature and the solution became warmer because of the
exothermic nitration reaction. Before starting to boil, this
solution was poured into a 250 mL of ice-water mixture.
Mixture of 3-nitro-2-hydroxy benzaldehyde and 5-nitro-2-
hydroxy benzaldehyde were the precipitates which were then
filtered and air dried. Yield of this reaction is found tobe 90 %.
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Separation of 3-nitro-2-hydroxy benzaldehyde
and 5-nitro-2-hydroxy benzaldehyde

10 grams of the dried mixture was weighed, put into
125 mL NaOH (8 %) solution, stirred, and heated under
hydrothermal conditions. This dark red solution was
allowed to stand for a day and the crystalline precipitate
was filtered. This crystalline substance was sodium salt of
3-nitro-2-hydroxy benzaldehyde. Obtained crystalline
substance was dissolved in 100 mL of 4M HCI; the sepa-
rated yellow organic substance was filtered and air dried.
The remaining part was the solution of sodium salt of
5-nitro-2-hydroxy benzaldehyde and this part was added to
100 mL of 4M HCI; the separated yellow organic sub-
stance was filtered and air dried.

Melting point of 3-nitro-2-hydroxy benzaldehyde is
109 °C and the reaction yield is calculated as 65 %.

Important IR Data of 3-nitro-2-hydroxy benzaldehyde
(crn*l) are the following:
vo-u = 2804 vc—o = 1653 vc_c = 1631
=0 = 1334 vc_g(arn = 30913068

ve-H(ald) = 2887 dc_n(an = 751

The results of elemental analysis of 3-nitro-2-hydroxy
benzaldehyde are as follows:

Expected C% = 50.31, H =3.01, N = 8.37
Found C% = 49.80, H = 3.36, N = 8.12

Melting point of 5-nitro-2-hydroxy benzaldehyde is 127 °C
and the reaction yield is found as 72 %.

Important IR Data of 5-nitro-2-hydroxy benzaldehyde
(cm™") are the following:
VO—H = 2812 Vc=0 = 1654 Ve=Cc = 1625
vN=o0 = 1331  vc_g(ar = 3068—3047

VC—-H(Ald) = 2887 5C—H(Ar) =743

The results of elemental analysis of 5-nitro-2-hydroxy
benzaldehyde are as follows:

Expected C% = 50.31, H = 3.01, N = 8.37
Found C% = 50.17, H = 3.41, N = 7.86

Synthesis of 3,5-dinitro-2-hydroxy benzaldehyde

10 grams of pulverized mixture of 3-nitro-2-hydroxy benz-
aldehyde and 5-nitro-2-hydroxy benzaldehyde was weighed
and dissolved in 100 mL of H,SO4 (98 %) between 0 and
10 °C. After that, 20 mL of HNO5 (99.5 %) was added to
this solution slowly. The temperature was kept in between 10
and 30 °C. After the addition of HNOj;, the solution was
stirred for about 1 h and poured into 500 mL ice-water
mixture. Six hours later, 3,5-dinitro-2-hydroxy benzalde-
hyde was separated by filtering and was air dried.

For 3,5-dinitro-2-hydroxy benzaldehyde, MP: 56 °C,
yield 90.95 %
IR data of 3,5-dinitro-2-hydroxy benzaldehyde/cm™

VO-H — 2774 Ve=0 = 1672 Ve=C = 1629—1606
VN=0 = 1320 VCfH(Ar) =3102-3072
VC—H(Ald) = 2839 5C—H(Ar) =756

1

The results of elemental analysis of 3,5-dinitro-2-hydroxy
benzaldehyde:

Expected C% = 39.64, H = 1.90, N = 13.20
Found C% = 39.72, H = 2.19, N = 12.94

Synthesis of 3-nitro-4-hydroxy benzaldehyde

It was synthesized according to the method described in the
literature [29]. 5 g of 4-hydroxy benzaldehyde was dis-
solved in 25 mL of CH;COOH at hydrothermal conditions
and the solution was heated. 10 mL of HNO5 (63 %) was
added to this solution and the mixture was stirred while
keeping the temperature below 110 °C. Then, the solution
was poured into 250 mL ice-water mixture, filtered, and
dried in the oven at 60 °C.

For 3-nitro-4-hydroxy benzaldehyde, MP: 142 °C, Yield
82 %

IR Data of 3-nitro-4-hydroxy benzaldehyde (cm™")

VO-H — 3228
VN=0 = 1329
ve-H(alg) = 2871

V=0 = 1683 Ve=Cc — 1610

Ve—H(an = 3092—3063

Oc—H(ar) = 740

The results of elemental analysis of 3-nitro-4-hydroxy
benzaldehyde:

Expected C% = 50.31, H = 3.01, N = 8.37

Found C% = 50.14, H =3.22, N =791

Synthesis of 3,5-dinitro-4-hydroxy benzaldehyde

5 grams of 3-nitro-4-hydroxy benzaldehyde was put into
the solution of 20 mL of H,SO, and 20 mL of fuming
HNO; and the mixture was stirred for 1 h at 0 °C and for
6 h between 20 and 50 °C afterward. This solution was
poured into 500 mL ice-water mixture, the precipitated
yellow substance was filtered and dried in the oven at
60 °C.

For 3,5-dinitro-4-hydroxy benzaldehyde, MP: 142 °C,
yield 82 %

IR data of 3,5-dinitro-4-hydroxy benzaldehyde (cm™")

VO-H = 3150 V=0 = 1695 VC:C(Ar) = 1616
vN—o = 1321 ve_pan = 3070-3042  Sc_y = 763

The results of elemental analysis of 3,5-dinitro-4-hydroxy
benzaldehyde:
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Expected C% = 39.64, H = 1.90, N = 13.20
Found C% = 40.07, H = 2.28, N = 12.67

Synthesis of oximes

All oximes were synthesized following the same procedure.
The aldehyde component was dissolved in 50 mL of MeOH.
An equivalent mole of NH,OH.HCI with the aldehyde
component was dissolved in 20 mL of MeOH: H,O (1:1)
mixture and this solution is added to the aldehyde solution.
After that, 5 mL MeOH solution of equivalent moles of Et;N
was added to this solution. The final solution was heated until
boiling. After 24 h, the crystalline precipitate was filtered
and air dried. It was recrystallized in MeOH. Data of the
analyses for obtained oximes are as follows.

5-Nitro-2-hydroxy benzaldoxime

IR data of 5-nitro-2-hydroxy benzaldoxime/cm ™
VO—H(oxime) = 3288 ve_n = 1621
vN=0 = 1331 Vo_y(phenol) = 2762—2802
ve—H(ar) = 3097-3066  dc_p(ar) = 750
MS data: m/z = 182

VC:C(Ar) = 1575

The results of elemental analysis of 5-nitro-2-hydroxy
benzaldoxime:
Expected C% = 46.16,H = 3.32,N = 15.37

Found C% = 45.97,H = 3.21,N = 15.18
C3-Nitro-4-hydroxy benzaldoxime

IR data of 3-nitro-4-hydroxy benzaldoxime/cm ™'

V07H(0x1m6> = 3286 VC=N = 1624 vC:C(Ar) = 1601
vofH(Phenol) = 3142 vC*H(Ar) = 3092-3059
5C7H(Ar) =763 VN=0 = 1323

MS data: m/z = 182, 134, 109, 86, 63

The results of elemental analysis of 3-nitro-4-hydroxy
benzaldoxime:
Expected C% = 46.16, H = 3.32, N = 15.37

Found C% =45.85, H =3.44, N = 14.92
€33,5-Dinitro-2-hydroxy benzaldoxime

IR data of 3,5-dinitro-2-hydroxy benzaldoxime/cm ™"

ve=N = 1629  vn_o = 1324
VO—H(Phenol) = Unidentified

vC—H(Ar) = 3098—-3078 5C—H(Ar) =749

MS data: m/z = 227(molecular peak)

VO—H(oxime) = 2285

The results of elemental analysis of 3,5-dinitro-2-hydroxy
benzaldoxime:
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Expected C% = 37.02, H = 2.22, N = 18.49
Found C% = 36.86, H = 2.17, N = 18.31

3,5-Dinitro-4-hydroxy benzaldoxime

IR data of 3,5-dinitro-4-hydroxy benzaldoxime/cm ™'

VO—H(oxime) = 3215 VCc=N = 1631

vN=0 = 1340  vo_H(phenol) = 2787

Ve m(an = 3124—3062 ¢ pan) = 773
MS data: m/z = 227 (molecular peak),
211(thermal peak), 209, 165,119,91, 62

The results of elemental analysis of 3,5-dinitro-4-hydroxy
benzaldoxime:

Expected C% = 37.02, H = 2.22, N = 18.49
Found C% = 36.58, H = 2.37, N = 19.13

X-ray crystal structure analysis of 3-nitro-4-hydroxy
benzaldoxime and 3,5-dinitro-2-hydroxy benzaldoxime

The diffraction measurements of 3-nitro-4-hydroxy ben-
zaldoxime were done at room temperature on an oxford
diffraction xcalibur (TM) Single crystal x-ray diffractometer
with sapphire CCD detector using MoK, radiation
(4 =0.71073 A) and w-20 scan mode. Unit cell dimensions
were determined and refined using the angular settings of 25
automatically centered reflections in 2.93 < 6 < 26.37
range. The empirical absorption corrections were applied by
the semi-empirical method via CrysAlis CCD software [30].

The X-ray diffraction intensity data of 3,5-dinitro-2-
hydroxy benzaldoxime were collected at 100 K using an
Enraf—-Nonius CAD 4 diffractometer [31] working with
MoK radiation and on /26 scan mode. The cell param-
eters were determined from least squares of 16 centered
reflections in the range of 3.07 < 0 < 28.31. Three stan-
dard reflections for every 120 min were periodically mea-
sured during data collection and they showed no significant
intensity variation.

Both models were obtained from the results of the cell
refinement and the data reductions were carried out by means
of the solution software SHELXI1.97 [32]. The structures of
each compound were revealed by direct methods by means
of SHELXS97 in the WinGX package [33].

Note that the displacement ellipsoids were drawn for the
probability level of 50 % in the PLATON drawings.

Theoretical calculations

All theoretical calculations were carried out by means of
Gaussian GO9W (revision B.01) software package [26].
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The structure and frequency calculations were per-
formed by Becke’s B3 parameter hybrid functional by
means of the LYP correlation functional (B3LYP) [34]. For
all H, C, N, and O atoms, a correlation-consistent polarized
double-zeta basis set was used (cc-pVDZ) [35].

The enthalpies (H) and free energies (G) were calculated
by the complete basis set (CBS) method of Petersson and
coworkers to obtain accurate energies. The CBS models
use the known asymptotic convergence of pair natural

orbital expressions to extrapolate from calculations using a
finite basis set to the estimated CBS limit. CBS-4 begins
with an HF/3-21G(d) geometry optimization; the zero point
energy is computed at the same level. It then uses a large
basis set SCF calculation as a base energy level and a MP2/
6-31+G calculation with a CBS extrapolation to correct the
energy through second order. A MP4(SDQ)/6-31+(d,p)
calculation is used to approximate higher order contribu-
tions. In this study, we applied the modified CBS-4M

Fig. 2 The ORTEP drawings
of 3-nitro-4-hydroxy
benzaldoxime and 3,5-dinitro-2-
hydroxy benzaldoxime

Table 1 Data and structure refinement for compounds II and III

Compound I 11
Empirical formula C;HgN,04 C7H5N304
Formula mass/g mol ™' 182.14 227.14

T/K 293(2) 100(2)
Crystal size/mm 0.50 x 0.32 x 0.04 mm 0.45 x 0.29 x 0.19
Crystal system Triclinic Monoclinic
Space group P! P2,/c

a/A 7.0936(7) 6.6837(3)
b/A 7.2149(7) 9.5550(4)
c/A 8.0660(5) 13.4563(6)
Alpha 106.821(7) 90.00

Beta 100.963(7) 100.008(2)
Gamma 91.116(8) 90.00

VIA? 386.72(6) 846.28(6)

V4 2 4

Calc. density/g cm™> 1.564 1.783
w/mm™! 0.131 0.159

F (000) 188 464
Tinin—Tmax 0.9374-0.9948 0.9646-0.970
O range/° 2.93-26.37 2.63-28.36

Index ranges

Reflections collected

Reflections unique

Ry, WR; (20)

R}, WR; (all)

Data/parameters

GOOF of F

Largest difference peak hole/e A3

—-8<h<8, -9<k<8§,
—-10<1<7

-7<h<8,-10<k <12,
—-17<1<17

7290 7681
245711536 2108/1676
0.0477/0.1010 0.0504/0.1068
0.0817/0.1154 0.0372/0.0960
1536/124 2108/147
1.085 1.036
0.221/-0.175 0.393/—-0.264
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method (M referring to the use of minimal population
localization), which is a reparametrized version of the
original CBS-4 Method and also includes some additional
empirical corrections [36, 37].

Table 2 Selected bond lengths (A) and angles (°) of compounds II
and IIT

Compound II

C(1)-N(1) 1.266(3)

C(5)-0(2) 1.344(3)

C(6)-N(2) 1.448(3)

N(1)-O(1) 1.411(2)

N(2)-0(4) 1.213(2)

N(2)-0(3) 1.229(2)

O(4)-N(2)-0(3) 122.08(19)
O(4)-N(2)-C(6) 119.35(19)
O(3)-N(2)-C(6) 118.6(2)

N(1)-O(1)-H(1A) 103.5(18)

Compound IIT

O(1)-N(1) 1.3957(16)
O(3)-N(2) 1.2384(15)
O(5)-N(@3) 1.2266(16)
O(6)-N(3) 1.2279(16)
O4)-N(2) 1.2153(16)
0(2)-C(3) 1.3302(16)
N(1)-C(1) 1.2749(18)
N(2)-C(4) 1.4544(18)
N(3)-C(6) 1.4611(17)
C(1)-N(1)-O(1) 111.11(12)
O(1)-N(2)-0(3) 122.26(12)
O4)-N2)-C(4) 119.19(12)
O(3)-N(2)-C(4) 118.54(12)
O(5)-N(3)-0(6) 123.84(12)
O(5)-N(3)-C(6) 118.25(12)
O(6)-N(3)-C(6) 117.90(12)

Table 3 Possible inter and intra H bonds and angles for IT and III

Results and discussion

The ORTEP drawings of 3-nitro-4-hydroxy benzaldoxime
and 3,5-dinitro-2-hydroxy benzaldoxime are given in
Fig. 2a, b, respectively. XRD Data and structure refinement
for compound II and III are given in Table 1, the selected
bond angles and bond lengths obtained from the X-ray
diffraction studies are given in Table 2, and the possible
inter and intra H bonds and angles for II and III are given
in Table 3. TG curves of compounds I, I, III, and IV are
given in Fig. 3a—d, respectively. Average thermoanalytical
data are given in Table 4.

As seen from Table 4, 3,5-dinitro-2-hydroxy ben-
zaldoxime (III) remains as a solid up to 190 °C. Although
it should be the otherwise due to the intermolecular
hydrogen bonding, 3,5-dinitro-2-hydroxy benzaldoxime
(IIT) remains as a solid up to a higher temperature than 3,5-
dinitro-4-hydroxy benzaldoxime (IV). One melting peak
can be seen in the thermogram of 3,5-dinitro-4-hydroxy
benzaldoxime (IV) at around 180 °C. This peak is followed
by an 8 % mass loss. Then, it turns into a stable compound
which decomposes between 160 and 190 °C with an exo-
thermic reaction. Therefore, 3,5-dinitro-4-hydroxy ben-
zaldoxime (IV) was kept between 175 and 178 °C in a
temperature-controlled oven. After this treatment, a new
band was observed between 2123 and 2228 cm™' in the
IR spectra of the obtained stable compound. It probably
corresponds to breaking away a water molecule from
CH=N-OH because 8 % mass loss points that way (Fig. 4).

The C=N vibration was observed in the IR spectrum of
the aforementioned stable compound. But, Vo_poxime)
stretching band of oximes at 3280-3300 cm ™" has not been
observed for the newly formed dinitro-hydroxy benzoni-
trile. In addition, a molecular peak was observed
(m/z = 209) in the direct inlet mass spectra. Other impor-
tant peaks were m/z = 228, 150, 88, and 62. m/z = 227,
211, 165, 119, and 91 peaks appeared more clearly with

Donor-H-Acceptor D-H H-A D-A D-H-A
Compound II
O(1)-H(1A)-N(1) #1 0.915(17) 1.99(2) 2.846(2) 155(2)
0O(2)-H(2A)-0(3) 0.827(17) 1.92(2) 2.619(2) 141(3)
O(2)-H(2A)-0(3) #2 0.827(17) 2.34(2) 3.027(2) 140(2)
Compound IIT
O(1)-H(1)-0(2) 0.84 2.15 2.8781(15) 145
O(1)-H(1)-N(1) 0.84 2.18 2.8682(16) 139
O(2)-H(6)-0(3) 0.84 1.85 2.5736(16) 143
O(2)-H(6)-N(2) 0.84 2.45 2.8974(16) 114
O(2)-H(6)-0(5) 0.84 2.57 3.1031(15) 123
O(2)-H(6)-0(6) 0.84 2.39 2.9742(15) 127
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Fig. 3 a TG curve of compound I; b TG curve of compound II; ¢ TG
curve of compound III; d TG curve of compound IV

increasing DI temperature. m/z = 209 and 211 are com-
mon peaks for compounds IV and V. m/z = 228 peak is of
only compound IV. m/z = 228, 227, and 211 peaks are due
to molecule IV not undergoing thermal reaction. All the
other m/z values can be explained easily with the help of
the thermal analysis results.

3,5-Dinitro-4-hydroxy benzonitrile which is formed at
160 °C decomposes at 255 °C with an exothermic reaction
as expected.

3,5-Dinitro-2-hydroxy benzaldoxime (III) remains as a
solid up to 190 °C. Between 191 and 195 °C, an endo-
thermic peak was observed, but in this thermal reaction
there was no mass loss. So, this was the most probable
melting. After that, an exothermic peak was observed.
In this exothermic reaction, an 8 percent mass loss was
observed. This exothermic peak was followed by another
exothermic thermal reaction between 230 and 280 °C. This
compound was kept for 4 h in a temperature-controlled
oven between 160 and 190 °C. The IR signal around
2100-2200 cm ™' ceased to exist after the treatment. In
addition, higher number of wave than 3200 cm™! was not
observed. However, thermal peak was observed at DI-MS
spectrum around m/z = 209. At that time, according to
literature, Beckmann rearrangement must be observed.
After Beckmann rearrangement, most probably product
was dinitro phenoxazine [38].

As shown in the Fig. 5, compound III was converted to
dinitro phenoxazine with three intermediate reactions.

After the formation of dinitro phenoxazine, it decom-
posed thermally with an exothermic reaction. Therefore,
thermal study was conducted by means of computerized
TG. Temperature was increased at 10 °C min~' rate up to
180 °C and was kept constant for half an hour. Then, it was
increased to 190 °C by means of a rate of 2 °C min~' and
was kept constant for another half an hour. After that, the
rate of temperature rise was always 10 °C min~'. A con-
tinuous and sharp exothermic peak was observed at
280 °C. Most probably, this exothermic reaction was the
decomposition of dinitro phenoxazine.

In fact, the melting points of many p-substituted organic
compounds are higher than their o-substituted counterparts.
However, in contrary to the general case, melting point
of 3,5-dinitro-2-hydroxy benzaldoxime is higher than
3,5-dinitro-4-hydroxy benzaldoxime. The melting range of
3,5-dinitro-2-hydroxy benzaldoxime is between 193 and
195 °C and it is between 163 and 166 °C for 3,5-dinitro-4-
hydroxy benzaldoxime. After melting, both of these com-
pounds turned into new substances. The oxime group of
3,5-dinitro-4-hydroxy benzaldoxime (IV) is turned into a
—C=N group by departing of an HO molecule. 3,5-dini-
tro-2-hydroxy benzaldoxime shaped up as dinitro phenox-
azine via Beckmann rearrangement. The most important
difference between compound III and IV is the strong
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Table 4 The thermoanalytical data of investigated benzaldoximes

Compound Melting point/

First thermal reaction (H,O elimination)

Second thermal reaction

¢ Temperature range/  Calculated mass loss ~ Found mass loss =~ Temperature range/  Found mass loss

°C % % °C %

I 240 240-280 9.89 86 - -
DTA peak 265
Exotherm

II 165 198-224 9.89 10.46 £+ 0.84 246-295 58.96 + 1.89
DTA peak 213
Exotherm

11 191 195-230 7.92 8.21 £ 0.46 276-324 65.23 + 2.96
DTA peak 208
Exotherm

v 161 175-224 7.92 7.48 + 0.27 255-304 66.38 £ 3.58
DTA peak 182
Exotherm

Fig. 4 Dehydration reaction of O,N O,N

compound IV

160°C
HO ﬁ:N—OH —» HO CN + H0
OoN O.N

v

intermolecular hydrogen bonding of compound III. There
are some studies in literature about strong hydrogen
bonding in 2-hydroxy schiff bases [39]. And, in some
cases, even the phenolic proton of dinitro compounds
passing through the iminic nitrogen, iminic structure con-
verts to amine [40, 41] (Fig. 6).

There is a similar situation between compounds I and II.
Compound I degrades at a higher temperature than 5-nitro-
2-hydroxy benzaldoxime (260 °C) and probably goes
through Beckmann rearrangement. However, the loss of
water is not clearly observable in the TG curves. 3-nitro-4-
hydroxy benzaldoxime (II) behaves like 3,5-dinitro-4-
hydroxy benzaldoxime. This compound loses one H,O at
about 160 °C. At this step, formation of benzonitrile is
observable by IR. The only significant difference between
3-nitro-4-hydroxy benzonitrile and 3,5-dinitro-4-hydroxy
benzonitrile is in the decomposition reactions of these two.
3-nitro-4-hydroxy benzonitrile decomposed with a weak
endothermic reaction, whereas the other decomposed with
an exothermic reaction.

As mentioned in the introduction, heats of thermal
reactions of compound III and compound IV between 160
and 220 °C were estimated theoretically with the help of
Gaussian 09 software and were determined experimentally
by DSC. All these data are given in Table 5. The theoretic
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findings and the experimental data are in good agreement
with each other.

The kinetics of the three reactions is fast enough to
calculate the enthalpies.

First reaction (Beckmann rearrangement);

AI{ionusrmediate reactionl — —376.479 — (_192481)
= —183.999 kJ mol !

Second reaction (prototropic form exchange):

AH; — 248.408

intermediate reaction2 ~

— (—376.479)= 128.071 kJ mol "

Third reaction:

o

A[_Iimermediate reaction3 [( —102. 727) + ( - 24Oa 605 )]

— (—248.408)= — 94.924 kJ mol !
Enthalpy of total reaction:
AH_, ion = (—183.99) + (128.07) + (—94.92)
= —150.85 kJ mol !
Experimental data was —142.31 + 5.36 kJ mol "
Similarly, for reaction given in Fig. 3,

AHcion = [(—68.71) + (—240.61)] — (—141.07)
= —168.248 kJ mol !
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Fig. 5 Possible intermediates
following Beckmann
rearrangement reaction

(l)H
N
=
HC”
/@iOH
0]

a=0
T

HN

Beckmann Rearrangement OH

N
/@iOH Keto-Enol Tautomerization OH

- Hzo O
OH >
O,N

Fig. 6 Tautomeric forms and OH

resonance structures of

compound III Ne
He?

ON” i i

For the same reaction, data were
—144.89 4 9.90 kJ mol .

In one of the studies about the formation of benzonitrile in the
literature, product analysis was performed by GC. In this study,
waste products were determined except benzonitrile. Yield of
formation of benzonitrile was 80-85 % [42]. Most probably,
owing to the same reason, there is a significant difference

between the theoretic and experimental data of compound I'V.

experimental

Computational aspects

The molecular structures of compounds III-VIII were
fully optimized without symmetry constraints at B3ALYP/

NO,

NO, O,N NO,
OH
| b ‘
T WP v o
©
o) § .
NC2 O=N NO> O,N NO,

cc-pVDZ level of theory to C; symmetry in all cases
(Fig. 7). The frequencies were calculated at the same level
of theory and compared with the experimental values
(Table 6).

The enthalpies of the gas-phase species M were com-
puted according to the atomization energy method (Eq. 1)
(Tables 7, 8, 9) [43-45]. In Eq. 1, A;H°(g,M) stands for the
gas-phase enthalpy of formation of the molecule, M, under
investigation, H(M) represents the CBS-4M-calculated
enthalpy of the molecule M (H,og in Table 7), X omsH®
denotes the CBS-4M-calculated enthalpies for the indi-
vidual atoms (see bottom of Table 7), and X omAfH®
stands for the experimentally reported literature values for
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Table 5 Comparison of experimental and theoretic data of compound III and compound IV

Reactant and enthalpy of Estimated intermediate Final compound and Reactions Measured
formation / kJmol™ compound and theoretical theoretical enthalpy theoretical enthalpy of
enthalpy of formation/ kJmol™ | of formation/ kJmol™ | enthalpy of reaction at
formation/ | DSC/kJ mol™
kJ mol”!
/OH o T N=—
W HN/LH . \\O
OH OH OH
OoaN —146.81 —142.31 £5.36
NO,
ON NO, ON NO, oN N2
AH"=192.481 AH"=-376.479| AH=-316.558| AH =-102.727
OH N
-~
N
A l
-168.24 —144.66 £ 2.40
O,N NO,
O,N NO,
OH
OH
AH’=-141.074 AH=-68.71
AH"=-240.605
Fig. 7 Optimized molecular @
structures of III (top left), ° [~} @
IV (top center), V (top right), Y [ ] o ‘
VI (bottom lefr), VI (bottom ® ‘ -9” " " a
center) and VIII (bottom right) 5 9 & 9 ® 2 9 ° ® o ‘ o 0
g @ ? 9 e
@ 9 D o : 9 2
b A e T ® 0 o
o ° 7 o
@ &
° o s 9 )
¢ " ) ® o4
e o , @ Ty 9
s Y & o e
a9 .9 o o 9 o, J
@ 2

Table 6 Comparison of the calculated (B3LYP/cc-pVDZ) and experimentally observed vibrational frequencies of compounds I, IT and III

Assignment I v v VIII

Calculated Observed IR Calculated Observed IR Calculated Observed IR Calculated Observed IR

frequencies/  frequencies/  frequencies/ frequencies/  frequencies/ frequencies/ frequencies/  frequencies/
~1 ~1 ~1 ~1 ~1 ~1 ~1 ~1

cm cm cm cm cm cm cm cm
vC-H(Ar) 3224 3158 3219 3125 3236 3163 3250 3086
vC-H 3130 2870 3035 2901 - - - -
(Aldehydic)
vC-H - - - - - - 3276 2877
(Phenoxazinic)
vC-C (Ar) 1656 1570 1601 1543 1602 1610 1644 1608
vNO, 1383 1333 1388 1359 1388 1344 1385 1343
vOH (Phenolic) 3197 3265 3237 3216 3228 3290 - -
vOH (Oxime) 3764 3238 3548 3460 - - - -
vC=N 1702 1630 1675 1633 - - 1576 1631
vC=N - - - - 2348 2223 - -

@ Springer



Some new energetic benzaldoximes 1597
Table 7 CBS-4M Results

Compound p.g*? NIMAG" —H*¥a.u.° —G*®a.u.’
11 C 0 884.001225 884.057159
v C; 0 883.985558 884.042014
v C, 0 807.692661 807.744725
VI C, 0 884.070201 884.125708
VII C, 0 884.047341 884.102597
VIII Cy 0 807.707429 807.757262
H 0.500991 0.514005
C 37.786156 37.803062
N 54.522462 54.539858
¢} 74.991202 75.008515
2 Point group; ° Number of imaginary frequencies; © CBS-4M calculated enthalpy; ¢ CBS-4M calculated free energy

the enthalpies of formation for the corresponding atoms g . — 1887, J mol " (2)

(AfH0298 in Table 8)
ArH{ vy = Hor) — ZHC + ZAH' (1)

The enthalpies of sublimation for all species ITI-VIII
were estimated according to Trouton’s rule (Eq. 2, Table 9)
[46] with observed melting points from the TG curves, 191,
136, 288, 208, 208, and 256 °C. The validity of Trouton’s
law reflects the fact that the entropy of vaporization is
approximately constant for many compounds and that
AHgy, ~ AHyy, + AHpgion, With AHp >> AHgygion SO
that AHg,, & AHyqp.

Table 8 Literature values for atomic AH°Z*%/kcal mol ™!

Ref. [43] NIST [46]
H 52.6 52.1
C 170.2 171.3
N 113.5 113.0
O 60.0 59.6

The calculated molar enthalpies of formation for the
compounds I-VI are summarized in Table 9.

The calculated and experimental enthalpies of decom-
position have been compared. Compounds IIT and IV are
transformed to VIII and V, respectively, in Table 10,
including the elimination of water.

Table 9 Enthalpies of the gas-phase species M, enthalpies of subli-
mation (AHg,,) and enthalpies of formation (A¢H°) of the compounds

M AH (g M)/KT mol™"  AHg/kJ mol™'  AHO(s,M)/kJ mol™"
o —113.1 87.2 (464 K)  —192.5
v —64.2 76.9 (409 K)  —141.1
A% 36.8 105.5 (561 K) —68.7
VI —286.0 904 (481 K)  —376.5
VII  —226.1 904 (481 K)  —316.5
VIII 20 100.8 (529 K)  —102.7

Table 10 Comparison of the calculated and experimental enthalpies of decomposition for compounds III and IV

AH/KJ mol~™' (CBS-4M) AH/KT mol™" (exp.)

OH N
P It
He? c
— > + HyOp
oN NO, oN NO,
OH OH
OH
N
He? NQ\
OH 0
+ H,Oq
o,N
ON NO, NO,

—168.25 (exothermic) —144.66 £ 2.40 (exothermic)

—146.81 (exothermic) —142.34 £ 5.40 (exothermic)
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Conclusions 13. Hull JF, Hilton ST, Crabtree RH. A simple Ru catalyst for the
conversion of aldehydes or oximes to primary amides. Inorg

.. Chim Acta. 2010;363(6):1243-5.

The thermal decomposition of compounds III and IV have 14. Milios CS, Stamatatos TC, Perlepes SP. The coordination

been studied theoretically and experimentally. III was seen chemistry of pyridyl oximes. Polyhedron. 2006;25(1, 2):134-194.

to lose water more easily with respect to III and consec- 15. Papatriantafyllopoulou C, Kostakis GE, Raptopoulou CP, Terzis A,

utively transform into benzonitrile. This confirmed the Perlepes SP, Plakatouras JC. Investigation of the MSO,xH,0
.- . .. . . M =7Zn, x=7; M =Cd, x = 8/3)/methyl 2-pyridyl ketone

stability of I and its transformation into phenoxazine via oxime reaction system: a novel Cd(Il) coordination polymer versus
the Beckmann rearrangement. The formation enthalpies mononuclear and dinuclear Zn(IT) complexes. Inorg Chim Acta.
and decomposition reaction enthalpies were calculated by 2009;362(7):2361-70.

means of the CBS-4M theoretic program for both situa- 16. Smith AG, Tasker PA, White DJ. The structures of phenolic

. . . . oximes and their complexes. Coord Chem Rev. 2003;241(1-2):

tions. Theoretic and experimental results were in harmony. 61-85.

17. Georgieva I, Trendafilova N, Bauer G. Spectroscopic and theo-

Acknowledgments Financial support of this work by the University of retical study of Cu(IT), Zn(II), Ni(IT), Co(IT) and Cd(IT) complexes

Ankara Scientific Research Fund under contract no. 12B4240003 and Ahi of glyoxilic acid oxime. Spectrochim Acta Part A Mol Biomol

Evran University Scientific Research Fund under contractno.4001.12.014 Spectrosc. 2006;63(2):403-15.

are gratefully acknowledged. We are indebted to and thank Prof. 18. Kriza A, Dianu ML, Andronescu C, Rogozea AE, Musuc AM.

Dr. Wolfgang Donner for providing laboratory facilities at TU Darmstadt. Synthesis, spectral and thermal studies of new copper (IT) com-

plexes with 1,2-di(imino-2-aminomethylpyridil) ethane. J Therm
Anal Calorim. 2010;100:929-35.
19. Kukushkin VY, Pombeiro AJL. Oxime and oximate metal com-
plexes: unconventional synthesis and reactivity. Coord Chem
Rev. 1999;181(1):147-75.
References 20. Soleimani E. Synthesis, spectral and thermal behaviour of two
novel complexes of Cr(IIl) with dibromobenzyloxime. J Therm
1. Rappaport Z, Liebman JF. The chemistry of hydroxylamines, Anal Calorim. 2012;. doi:10.1007/s10973-012-2438-80nlineFirst.
oximes and hydroxamic acids. West Sussex: Wiley, 2009. 21. Ley JP, Bertram HJ. Hydroxy- or methoxy-substituted benzal-
pp. 343-395, 515-551. doximes and benzaldehyde-o-alkyloximes as tyrosinase inhibi-
2. Peng J, Deng Y. Catalytic Beckmann rearrangement of ketoximes tors. Bioorg Med Chem. 2001;9(7):1879-85.
in ionic liquids. Tetrahedron Lett. 2001;42(3):403-5. 22. Master HE, Khan SI, Poojari KA. Design and synthesis of low
3. Zicmanis A, Katkevica S, Mekss P. Lewis acid-catalyzed Beck- molecular weight compounds with complement inhibition activ-
mann rearrangement of ketoximes in ionic liquids. Catal Com- ity. Bioorg Med Chem. 2005;13(16):4891-9.
mun. 2009;10(5):614-9. 23. Gutch PK, Jitendra S, Alankar S, Anurekha J, Gunesan K.
4. Chandrasekhar S, Gopalaiah K. Beckmann rearrangement in the Thermal analysis of interaction between 2-PAM chloride and
solid state: reaction of oxime hydrochlorides. Tetrahedron Lett. various excipient in some binary mixtures by TGA and DSC.
2001;42(45):8123-5. J Therm Anal Calorim. 2011. doi:10.1007/s10973-011-2100-x.
5. Marziano NC, Ronchin L, Tortato C, Vavasori A, Bortoluzzi M. 24. Ghiaci M, Aghaei H, Oroojeni M, Aghabarari B, Rives V, Vicente
Catalyzed Beckmann rearrangement of cyclohexanone oxime in MA, Sobrados I, Sanz J. Synthesis of paracetamol by liquid phase
heterogeneous liquid/solid system: Part 2: influence of acid cat- Beckmann rearrangement of 4-hydroxyacetophenone oxime over
alysts and organic promoters. J Mol Catal A: Chem. 2008; H;PO4/Al-MCM-41. Catal Commun. 2009;10(11):1486-92.
290(1-2):79-87. 25. Loupy A, Régnier S. Solvent-free microwave-assisted Beckmann
6. Bordoloi A, Halligudi SB. Catalytic properties of WO,/SBA-15 rearrangement of benzaldehyde and 2-hydroxyacetophenone
for vapor-phase Beckmann rearrangement of cyclohexanone oximes. Tetrahedron Lett. 1999;40(34):6221-4.
oxime. Appl Catal A. 2010;379(1-2):141-7. 26. Gaussian 09, Revision B.01, Gaussian, Inc., Wallingford CT,
7. YouK,Mao L, Yin D, Liu P, Luo H. Beckmann rearrangement of USA, 2009.
cyclohexanone oxime to e-caprolactam catalyzed by sulfonic acid 27. Atkins P, De Paula J. Atkin’s Physical Chemistry. Oxford:
resin in DMSO. Catal Commun. 2008;9(6):1521-6. Oxford University Press; 2006. pp. 45.
8. Li D, Shi F, Guo S, Deng Y. Highly efficient Beckmann rear- 28. Wv Miller. Nitrierung des Salicylaldehyds. Chem Ber. 1887;20:
rangement and dehydration of oximes. Tetrahedron Lett. 2005; 1927-8.
46(4):671-4. 29. Ionita P. A coloured spin trap which works as a pH sensors. S Afr
9. Augustine JK, Kumar R, Bombrun A, Mandal AB. An efficient J Chem. 2008;61:123-6.
catalytic method for the Beckmann rearrangement of ketoximes 30. Oxford Diffraction, CrysAlis CCD and CrysAlis RED. Version 1.
to amides and aldoximes to nitriles mediated by propylphos- 170. 14. Oxford Diffraction, Oxfordshire, England. 2002.
phonic anhydride. Tetrahedron Lett. 2011;52(10):1074-7. 31. Enraf-Nonius, Cad-4 Exspress. Version 1.1, Delft; 1993.

10. Chung YM, Rhee HK. Solvent effects in the liquid phase Beck- 32. Sheldrick GM SHELXS97 and SHEXL97 Program for Crystal
mann rearrangement of 4-hydroxyacetophenone oxime over Structure Solution and Refinement, University of Gottingen,
H-Beta catalyst. ] Mol Catal A: Chem. 2000;159(2):389-96. Gottingen. 1997.

11. Loupy A, Régnier S. Solvent-free microwave-assisted Beckmann 33. Farrugia LJ. WinGX program for crystallography package.
rearrangement of benzaldehyde and 2-hydroxyacetophenone J Appl Cryst. 1999;32:837.
oximes. Tetrahedron Lett. 1999;40(39):6221-4. 34. Becke AD. Correlation energy of an inhomogeneous electron gas:

12. Chauhan NPS. Terpolymerization of p-acetylpyridinoxime, a coordinate-space model. J Chem Phys. 1988;88:1053-62.
p-methylacetophenone and formaldehyde, and its thermal studies. 35. Woon DE, Dunning TH Jr. Gaussian basis sets for use in corre-

J Therm Anal Calorim. 2011. doi:10.1007/s10973-011-2094-
4Onlinefirst.

@ Springer

lated molecular calculations. III. The atoms aluminum through
argon. J] Chem Phys. 1993;98:1358-71.


http://dx.doi.org/10.1007/s10973-011-2094-4Onlinefirst
http://dx.doi.org/10.1007/s10973-011-2094-4Onlinefirst
http://dx.doi.org/10.1007/s10973-012-2438-8OnlineFirst
http://dx.doi.org/10.1007/s10973-011-2100-x

Some new energetic benzaldoximes

1599

36.

37.

38.

39.

40.

41.

Ochterski WD, Petersson GA, Montgomery JA Jr. A complete
basis set model chemistry. V. Extensions to six or more heavy
atoms. J Chem Phys. 1996;104:2598.

Montgomery JA Jr, Frisch MJ, Ochterski JW, Petersson GA. A
complete basis set model chemistry. VII. Use of the minimum
population localization method. J Chem Phys. 2000;112:6532.
Thomas B, Sugunan S. Rare earth (Ce3+, La3+, Sm>" and RE® )
exchanged Na-Y zeolites and K-10 clay as solid acid catalysts
fort he synthesis of benzoxazole via Beckmann rearrangement of
salycilaldoxime. Micropor Mesopor Mater. 2006;96:55.
Freedman HH, Intramolecular H. bonds. J Am Chem Soc.
1961;83:2900-7.

Nazir H, Aric1 C, Emregiil KC, Atakol O. A crystalographic and
spectroscopic study on the imine-amine tautomerism of 2-hydroxy
aldimine compounds. Z Kristallogr. 2006;221:699-704.

Uzarevi¢ K, Rubci¢ M, Stilinovié¢ V, Kaitner B, Cindri¢ M. Keto—
enol tautomerism in asymmetric Schiff bases derived from
p-phenylenediamine. J Mol Struct. 2010;984:232-9.

42.

43.

44.

45.

46.

Rappaport Z, Liebman JF. The chemistry of hydroxylamines,
oximes and hydroxamic acids. West Sussex: Wiley; 2009. pp. 398.
Curtiss LA, Raghavachari K, Redfern PC, Pople JA. Assessment
of Gaussian-2 and density functional theories for the computation
of enthalpies of formation. J] Chem Phys. 1997;106:1063.

Byrd EFC, Rice BM. Improved Prediction of heats of formation
of energetic materials using quantum mechanical calculations.
J Phys Chem A. 2006;110:1005.

Rice BM, Pai VSh. Hare Predicting heats of formation of ener-
getic materials using quantum mechanical calculations. J Com-
bust Flame. 1999;118:445.

Linstrom PJ, Mallard WG. Eds.; NIST Chemistry WebBook,
NIST Standard Reference Database Number 69; National Insti-
tute of Standards and Technology, Gaithersburg. 2005. p. 20899.
http://webbook.nist.gov.

@ Springer


http://webbook.nist.gov

	Some new energetic benzaldoximes
	Synthesis, structure and a comparison of theoretic and experimental results of thermal decomposition
	Abstract
	Introduction
	Experimental
	Nitration of 2-hydroxy benzaldehyde
	Separation of 3-nitro-2-hydroxy benzaldehyde and 5-nitro-2-hydroxy benzaldehyde
	Synthesis of 3,5-dinitro-2-hydroxy benzaldehyde
	Synthesis of 3-nitro-4-hydroxy benzaldehyde
	Synthesis of 3,5-dinitro-4-hydroxy benzaldehyde
	Synthesis of oximes
	5-Nitro-2-hydroxy benzaldoxime
	3-Nitro-4-hydroxy benzaldoxime
	3,5-Dinitro-2-hydroxy benzaldoxime
	3,5-Dinitro-4-hydroxy benzaldoxime
	X-ray crystal structure analysis of 3-nitro-4-hydroxy benzaldoxime and 3,5-dinitro-2-hydroxy benzaldoxime

	Theoretical calculations
	Results and discussion
	Computational aspects
	Conclusions
	Acknowledgments
	References


