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Importantes agentes para defesa contra armas de guerra química são reativadores da 
acetilcolinesterase humana (huAChE) inibida por compostos organofosforados neurotóxicos (OP), 
e precisam de uma permeabilidade razoável pela barreira hematoencefálica (HB). Neste trabalho, 
oximas neutras, que penetram HB melhor do que as oximas catiônicas atualmente utilizadas como 
agentes de defesa, foram testadas como reativadores da huAChE inibida com paraoxon usando o 
método de Ellman modificado e pralidoxima (2-PAM) como padrão positivo. A oxima neutra mais 
ativa foi a 2-tiofenoaldoxima, que reativou 93% da huAChE inibida, sendo 12% mais eficiente 
do que a 2-PAM. Os resultados mostraram que oximas neutras simples possuem potencial para 
atuarem como antídotos para intoxicação com OPs neurotóxicos, sugerindo maior investigação 
no desenvolvimento de agentes de defesa neutros.

Important defense agents against chemical warfare weapons, which are reactivators of human 
acetylcholinesterase (huAChE) inhibited by neurotoxic organophosphorus compounds (OP), need 
a reasonable permeation of the hematoencephalic barrier (HB). In this work, neutral oximes, which 
permeate HB better than the cationic oximes currently used as defense agents, were tested as 
reactivators of huAChE inhibited with paraoxon using the modified Ellman test with pralidoxime 
(2-PAM) as positive standard. The most active neutral oxime was (thiophen-2-yl)aldoxime, which 
reactivated 93% of the inhibited huAChE and was 12% more effective than 2-PAM. The results 
showed that simple neutral oximes have potential to function as antidotes for intoxication with 
neurotoxic OPs, suggesting further research on the development of neutral defense agents.

Keywords: neutral oximes, huAChE reactivation, paraoxon, chemical warfare, (thiophen-2-
yl)aldoxime

Introduction

Intoxication with neurotoxic organophosphorus 
compounds is a serious problem caused by some pesticides 
used in agriculture, such as paraoxon (1) and malathion (2) 
(Figure 1) and chemical warfare agents.1-11 According to 
the World Health Organization, there are about 220,000 
intoxications with organophosphorus pesticides throughout 
the world every year, leading to approximately 20,000 
deaths.1,12-14 The most dangerous neurotoxic compounds are 

the chemical warfare agents soman (3), sarin (4), tabun (5) 
and VX (6) (Figure 1). Though their use is prohibited by 
the United Nations, these agents have been employed as 
weapons by terrorist groups and by countries that did not 
sign the Chemical Weapon Convention administered by 
the Organization for the Prohibition of Chemical Weapons 
(OPCW).

The principal target for the action of neurotoxic 
organophosphorus compounds is the enzyme acetyl
cholinesterase (AChE), a serine hydrolase that controls 
the nerve impulses at the cholinergic receptors in the 
central and peripheral nervous systems.1,15-20 As shown in 
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Figure 2, the function of AChE (7) is the hydrolysis of the 
nerve impulse transmitter acetylcholine (8). In the AChE 
active site, a serine residue is responsible for the extraction 
of the acetyl group of acetylcholine, forming choline (9). 
If an organophosphorus compound (10) is present, 
phosphorylation of the serine of AChE may occur, thereby 
forming the inhibited enzyme (11). This may suffer the loss 
of an R+ group (referred to as the aging process), leading 
to an irreversible form of the inhibited enzyme (12). The 
aging process occurs at different times, depending on the 
nature of the organophosphorus compound.1,21-25 

An understanding of the processes and mechanisms 
behind the reactivation of the inhibited AChE (11) is required 
to develop new drugs for the treatment of intoxication with 
neurotoxic organophosphorus agents.10 The most effective 
reported reactivation compounds are cationic oximes 
prepared from pyridine aldehydes. As shown in Figure 3,1,26-41 

when they are converted to their conjugated bases, oximes 
are believed to function as nucleophiles. In this example, 
pralidoxime (2-PAM, 13) is converted to the anionic form 
(14), which makes a nucleophilic attack on the phosphate 
group, forming the phosphorylated oxime (15) and releasing 
the activity of AChE.

There are several reports of new oximes that perform 
better AChE reactivating activity than 2-PAM.34-39 The 

problem with the performance of oximes as reactivators 
of AChE is that, so far, none of them possess an effective 
reactivating performance independent of the nature of 
the intoxicating organophosphorus compound. For this 
reason, it is desirable to develop new compounds capable 
of dephosphorylation of inhibited AChE. Several potential 
AChE reactivating oximes have been proposed,27-30,34-39 as 
well as other types of nucleophiles.40 A second important 
point is that the defense agents should be able to act 
in the brain, making necessary their permeation of the 
hematoencephalic barrier. Unfortunately, ionic compounds, 
like the cationic oximes, normally can not permeate the 
hematoencephalic barrier. One example of an oxime 
with capacity for hematoencephalic barrier permeation 
is pro‑2‑PAM,42 a neutral compound that is converted to 
2-PAM by oxidation after permeation,43 but possesses 
poor AChE reaction activity.44 On the other hand, neutral 
compounds with a polar surface area (PSA) lower that 60 Å2 
and molecular mass below 450 Da have better permeation 
possibility.45-47

Another enzyme similar to AChE is butyrylcholinesterase 
(BChE), which displays about 65% of amino acid sequence 
similarity with AChE.48 However, while AChE is involved 
in the control of nerve pulse transition by hydrolysis of 
acetylcholine in cholinergic synapses, BChE performs 

Figure 1. Neurotoxic organophosphorus compounds.

Figure 2. Hydrolysis of acetylcholine by AChE and phosphorylation of AChE.
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actions in pharmacological and toxicological processes by 
hydrolysis of drugs containing ester groups and some AChE 
inhibitors.49,50 It is also important to mention that while 
AChE is abundant in the brain, erythrocyte membranes and 
muscles, which are the tissues from it is usually extracted, 
BChE is active in the liver, heart, kidneys, intestines and 
lungs.51 

In our previous work, the molecular dynamic 
simulation of the access of oximes to the active site of 
AChE inhibited with tabun confirmed that the cationic 
oxime 2-PAM reaches the active site easily, while its 
anionic form is rejected.41 Clearly, the anionic form of 
2-PAM is formed inside the AChE active site. In that work, 
it was also shown that a neutral oxime analogue to 2-PAM, 
deazapralidoxime or 2-methylphenylaldoxime  (16) can 
effectively access the active site of AChE, indicating 
that neutral oximes could function as inhibitors of 
AChE or potential reactivators of AChE inhibited by 
organophosphorus compounds, with potential to act in 
the human brain.

Because non-ionic compounds better penetrate the 
hematoencephalic barrier, this work explores twelve simple 
neutral oximes and evaluates their capacity to reactivate 
human AChE inhibited with paraoxon (1) using the Ellman 
in vitro test.52 The results confirm that neutral oximes can 
act as AChE reactivators.

Experimental

Reagents and solvents

All the reagents (2-methylbenzaldehyde, 3-nitro
salicylaldehyde, 5-nitrosalicylaldehyde, 3-amino
benzaldehyde, 4-N,N-dimethylaminobenzaldehyde, 
4-methoxybenzaldehyde, pyridine-2-carboxaldehyde, 
furfuryl-2-carboxaldehyde, thiophene-2-carboxaldehyde, 
pyrrol-2-carboxaldehyde, N-methyl-2-imidazolealdehyde, 
4-methyl-5-imidazolecarboxialdehyde, hydroxylamine, 
(5,5’-dithiobis(2-nitro-benzic acid) (DTNB), acetyl
thiocholine iodide and ethyl paraoxon) were bought from 
Sigma-Aldrich and used as received. All solvents bought 
from Merck, were previously distilled using standard 
procedures.

Equipments

IR spectra were obtained from a Perkin-Elmer 457 
grating FT spectrometer using KBr pellets prepared using 
1.0 mg of the sample in 100 mg of anhydrous KBr. The 
1H and 13C NMR spectra were recorded on a Varian Unity 
300 NMR spectrometer using CDCl3 or DMSO-d6 as the 
solvent in sample tubes of 5 mm diameter, with TMS as 
the internal reference for the chemical shifts. The sample 
temperature was controlled using the variable temperature 
(VT) system of the spectrometer, with an accuracy of ± 0.1 oC.  
The UV-Vis spectra and analyses were obtained using a 
diode array spectrophotometer from Hewlett‑Packard Co. 
(Mod. 8451A). The refrigerated centrifugation was carried 
out using a Hitachi Co. centrifuge (Model Himac CR21E).

General synthesis procedures for oximes

Reactions at room temperature
In a 50 mL round bottom flask, 0.226 g (4.0 mmol) of 

hydroxylamine hydrochloride was dissolved in a mixture of 
10 mL of ethanol and 3 mL of distilled water, after which 
2.0  mmol of the respective aldehyde were added. The 
reaction medium was stirred at room temperature for 24 h and 
monitored by thin layer chromatography. When the aldehyde 
was consumed, the solid product was filtered under vacuum, 
washed with distilled water and dried. The purification was 
carried out by recrystallization using ethanol, methanol or 
water, and the products were dried with an infrared lamp for 
12 h. The yields varied from 70 to 80%. 

Reactions using microwave heating
In a 100 mL flask, 0.226 g (4.0 mmol) of hydroxylamine 

hydrochloride was dissolved in a mixture of 20 mL 
ethanol and 6 mL of distilled water. Then, 2 mmol of the 
respective aldehyde were added. The reaction mixture was 
maintained for 10 min in a microwave reactor at 160 W, 
with a frequency of 2450 MHz, fitted with a condenser 
and a thermostat bath. The reaction was monitored by 
thin layer chromatography. When the aldehyde was 
completely consumed, the reaction mixture was cooled to 
room temperature, and the solid product was separated by 
vacuum filtration, washed with distilled water and dried. 

Figure 3. Reactivation of phosphorylated AChE by the action of 2-PAM.
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The products were recrystallized with ethanol, methanol 
or water. The products were dried under an infrared lamp 
for 12 h. The yields varied from 80 to 90%. 

2-Methylbenzaldehyde oxime (16)
It was prepared using 0.23 mL (2 mmol) of 2-methyl

benzaldehyde. After recrystallization with methanol, 0.202 g 
(75%) and 0.243 g (90%) of the oxime were obtained as white 
crystals, with conventional and microwave heating, respec
tively; mp 51-53 ºC (Lit. 52‑54 oC).53 NMR and UV spectra 
data are displayed in the Supplementary Information section.

3-Nitrosalicylaldehyde oxime (17)
It was prepared using 0.334 g (2 mmol) of 3-nitro

salicylaldehyde. After recrystallization with ethanol, 
0.234  g (70%) and 0.267 g (80%) of the oxime were 
obtained as yellow solids, with conventional and microwave 
heating, respectively; mp 207-209 oC. 1H NMR (ppm, 
DMSO-d6) d 11.84 (s, 2H), 8.44 (s, 1H), 7.94 (dd, 1H, 
3J 8.2 Hz, 4J 1.5 Hz,), 7.84 (dd, 1H, 3J 7.8 Hz, 4J 1.5 Hz,), 
7.07 (t, 1H). 13C NMR (ppm, DMSO-d6) d 150.3, 146.7, 
137.2, 133.6, 125.8, 122.0, 119.5. IR (KBr) nmax/cm-1  
3409, 3087-3004, 1631, 1584-1531-1434, 1343, 863. CHN 
(C7H6N2O4): calc. C (46.2%), H (3.3%), N (15.4%); found 
C (44.9%), H (3.0%), N (14.8%).

5-Nitrosalicylaldehyde oxime (18)
It was prepared using 0.240 g (2 mmol) of 5-nitro-

salicylaldehyde. After recrystallization with ethanol, 0.240 g 
(72%) and 0.267 g (80%) of the oxime were obtained as yellow 
solids with conventional and microwave heating, respectively; 
mp 230-232 °C. 1H NMR (ppm, DMSO-d6) d 11.66 (s, 2H), 
8.40 (d, 1H, 4J 3.0 Hz,), 8.34 (s, 1H), 8.10 (dd, 1H, 3J 9.1 Hz, 
4J 3.0 Hz,), 7.05 (d, 1H, 3J 9.1 Hz,). 13C NMR (ppm, DMSO-d6) 
d 161.3, 144.3, 139.9, 126.0, 122.5, 119.4, 116.6. IR (KBr) 
nmax/cm-1 3308, 3099-3068, 1621, 1576-1519-1483, 1339, 839. 
CHN (C7H6N2O4): calc. C (46.2%), H (3.3%), N (15.4%); 
found C (45.3%), H (3.4%), N (14.9%). 

3-Aminobenzaldehyde oxime (19)
It was prepared using 0.298 g (2 mmol) of 3-amino

benzaldehyde. After recrystallization with ethanol, 0.190 g 
(70%) and 0.217 g (80%) of the oxime were obtained as 
white crystals with conventional and microwave heating, 
respectively; mp 142-145 °C. 1H NMR (ppm, CDCl3) d 8.09 
(s, 1H), 7.41 (d, 1H, 3J 8.1 Hz,), 7.18 (t, 1H), 6.81 (d,1H, 

3J 7.7 Hz,), 6.32 (s, 1H). 13C NMR (ppm, CDCl3) d 151.5, 
150.5, 133.4, 132.8, 128.2, 119.7, 111.9. IR (KBr) nmax/cm-1 
3307, 3006, 2966‑2937, 2838, 1608, 1574-1458, 1252, 963. 
CHN (C7H8N2O): calc. C (61.7%), H (5.9%), N (20.6%); 
found C (59.8%), H (5.6%), N (19.6%). 

4-N,N-Dimethylaminobenzaldehyde oxime (20)
It was prepared using 0.298 g (2 mmol) of N,N-

dimethyl-p-amino-benzaldehyde. After recrystallization 
with methanol, 0.229 g (70%) and 0.262 g (80%) of the 
oxime were obtained as white crystals with conventional 
and microwave heating, respectively; mp 151-153 oC 
(Lit. 152-154 oC).54 NMR and UV spectra data are displayed 
in the Supplementary Information section.

 
4-Methoxybenzaldehyde oxime (21)

It was prepared using 0.24 mL (2 mmol) of 4-methoxy
benzaldehyde. After recrystallization with methanol, 
0.211 g (70%) and 0.242 g (80%) of the oxime were obtained 
as white crystals with conventional and microwave heating, 
respectively; mp 131-133 °C (Lit.  131‑133  oC).55 NMR 
and UV spectra data are displayed in the Supplementary 
Information section.

Pyridine-2-carboxylaldehyde oxime (22)
It was prepared using 0.19 mL (2 mmol) of pyridine-

2-carboxyaldehyde. After recrystallization with ethanol, 
0.183 g (75%) and 0.207 g (85%) of the oxime were 
obtained as white crystals with conventional and microwave 
heating, respectively; mp 110-112 °C (Lit. 112.5-113 oC).56 
NMR and UV spectra data are displayed in Supplementary 
Information section.

Furane-2-carboxyaldehyde oxime (23)
It was prepared using 0.16 mL (2 mmol) of furane-

2‑carboxyaldehyde. After recrystallization with methanol, 
0.173 g (78%) and 0.197 g (89%) of the oxime were 
obtained as amber crystals with conventional and microwave 
heating, respectively; mp 71-73 °C (Lit. 70‑72 oC).57 NMR 
and UV spectra data are displayed in the Supplementary 
Information section.

Thiophene-2-carboxylaldehyde oxime or (thiophen-2-yl)
aldoxime (24)

It was prepared using 0.18 mL (2.0 mmol) of 
thiophene-2-carboxyaldehyde. After recrystallization with 
distilled water, 0.203 g (80%) and 0.228 g (90%) of the 
oxime were obtained as white solids with conventional 
and microwave heating, respectively; mp 135-137 °C 
(Lit. 135‑136 oC).58 NMR and UV spectra data are displayed 
in the Supplementary Information section.

Pyrrol-2-carboxyaldehyde oxime (25)
It was prepared using 0.190 g (2 mmol) of pyrrol-

2-carboxaldehyde. After recrystallization with ethanol, 
0.176 g (80%) and 0.198 g (90%) of the oxime were obtained 
as beige solids with conventional and microwave heating, 
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respectively; mp 183-185 °C (Lit. 182-184  oC).59 NMR 
and UV spectra data are displayed in the Supplementary 
Information section.

1-Methylimidazole-2-carboxyaldehyde oxime (26)
It was prepared using 0.220 g (2 mmol) of 1-methyl

imidazole-2-carboxyaldehyde. After recrystallization 
with ethanol, 0.212 g (85%) and 0.225 g (90%) of the 
oxime were obtained as beige solids with conventional 
and microwave heating, respectively; mp 169-171 °C 
(Lit. 168‑169 oC).60 NMR and UV spectra data are displayed 
in the Supplementary Information section.

4-Methylimidazole-5-carboxyaldehyde oxime (27)
It was prepared using 0.220 g (2 mmol) of 4-methyl

imidazole-5-carboxyaldehyde. After recrystallization with 
ethanol, 0.212 g (85%) and 0.225 g (90%) of the oxime 
were obtained as beige solids with conventional and 
microwave heating, respectively; mp 170-172 °C. 1H NMR 
(ppm, DMSO-d6) d 8.38 (s, 1H), 8.18 (s, 1H), 2.55 (s, 
3H). 13C NMR (ppm, DMSO-d6) d 146.8, 139.4, 135.8, 
127.3, 11.7. IR (KBr) nmax/cm-1 3407, 3131, 3044, 2926, 
2872, 1655, 1609, 1490, 1434, 1327. CHN (C5H7N3O): 
calc. C (48.0%), H (5.6%), N (33,6%); found C (46.4%), 
H (5.2%), N (31.9%).

Blood samples

Venous blood samples (10 mL) were obtained 
by venipuncture from volunteers not exposed to 
organophosphorus pesticides. All the collected blood 
samples were mixed and homogenized by gentle hand 
shaking. To obtain the active AChE, 1.8 mL blood samples 
were mixed with 200 µL of phosphate buffer (120 mmol L-1, 
pH 7.6) to a final volume of 2 mL. To obtain the paraoxon 
inhibited AChE blood samples, 1.8 mL of blood were first 
incubated with 20 µL of ethyl paraoxon (0.125 mg mL-1) at 
room temperature for 15 min. A 2 mL final volume of the 
paraoxon inhibited AChE blood sample was obtained by 
the addition of 180 µL of phosphate buffer. For all cases, 
the homogenized samples were centrifuged for 10 min to 
separate the plasma from the cells. Aliquots of 500 µL of 
the cells were suspended in 4.5 mL of lysis buffer (sodium 
phosphate 20 mmol L-1, pH 7.6) and frozen for 24 h. Then, 
the cell samples were thawed and centrifuged (4000 g) 
under refrigeration (5-8 °C). The supernatant was poured 
off, and the precipitate was suspended in 4.5 mL of the 
initial buffer. This procedure was repeated three times. The 
final residue was suspended in 500 µL of analysis buffer 
(sodium phosphate 120 mmol L-1, pH 7.6), and called 
the ghost. The AchE activities were determined in the 

ghost fractions. The stabilities of the enzymatic activities 
were tested by freezing the ghost samples for 28 days 
and evaluating their activities after melting the samples. 
All buffer solutions were stable for more than 3 months 
when refrigerated. The acetylthiocholine solutions 
(6.6 mmol L-1), which were prepared in water, were stable 
for 2 weeks when frozen (-20 °C).

AChE activity measurement

Each ghost sample activity was kinetically determined 
as follows. An aliquot of 50 µL of ghost sample was 
incubated at 25 °C for 1 min with 4 mL of buffer (sodium 
phosphate 120 mmol L-1, pH 7.6) and 1 mL of a 2 mmol L-1 
solution of dithio-nitrobenzene (DTNB) prepared in the 
same buffer. The reaction was initiated by adding 1 mL 
of acetylthiocholine iodide (6.6 mmol L-1 in distilled or 
deionized water) to the incubated mixtures. The absorbance 
of this mixture was measured at 412 nm, immediately 
after addition of the acetylthiocholine and used as a blank. 
Further absorbances were measured at 30, 60, 90 and 120 s 
after the addition of acetylthiocholine, and the average 
absorbance variation per min was used to calculate the 
enzymatic activity.

The analyses were performed at room temperature. The 
cholinesterase activities were calculated using standard 
curves of L-cysteine, according to the equation below,

where E is the enzyme activity in nmols min-1 mL-1, Abs is 
the absorbance, 2.96 and 2.11 are the linear coefficient and 
the slope of the curve, respectively, experimentally obtained 
for L-cysteine, and 20 is the dilution factor.52

Protein concentration

The AChE concentration was determined for each 
ghost  sample by adding 50 µL of the ghost sample to 
4.45 mL of deionized water with 200 µL of 20% m/v NaOH 
and 300  µL of Folling reagent (used pure from Sigma-
Aldrich Co) and by comparing this solution to the standard 
albumin solutions (1 mg mL-1) prepared as described in 
Table 1. In all cases, after mixing for 5 min, the absorbance 
was determined at 660 nm.

The standard curve for albumin was obtained from the 
absorbance measurements of standards 100 and 300, and 
graphs of the absorbance values of the ghost samples were 
made to determine their concentration of AChE in mg mL-1. 
To calculate the AChE specific activity (Ea), the values of 
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the AChE activity (E) were divided by the concentration 
of protein (P) and expressed in μmol min‑1 mg-1 of AChE.

Reactivation of huAChE inhibited with paraoxon

Aliquots of 192 µL of each ghost sample obtained from 
blood samples contaminated with paraoxon were used to 
determine each oxime capacity to reactivate AChE inhibited 
with paraoxon. This volume of each ghost sample was 
mixed with 32 µL of the assay buffer (sodium phosphate 
120 mmol L-1, pH 7.6) and 16 µL of the respective oxime 
at a concentration of 25 mmol L-1 and 1 mL of a 2 mmol L-1 
solution of dithio-nitrobenzene (DTNB), both diluted in 
the same buffer (sodium phosphate 120 mmol L-1, pH 7.6). 
After 30 min, the reaction was initiated by adding 1 mL 
of acetylthiocholine iodide (6.6 mmol L-1 in distilled or 
deionized water) to the incubated mixtures. The activity 
determination was performed by monitoring the UV-Vis 
absorbance at a l 412 nm using the methodology previously 
described. All the tests were performed in triplicate.

Results and Discussion

The oximes were prepared using two methodologies: 
(i) the reaction of aldehydes with hydroxylamine 
hydrochloride at room temperature for 24 h and (ii) the 
reaction using microwave irradiation for 10 min. Both 
procedures lead to oxime yields of 70 to 90%, but the 
microwave irradiation method lead to shorter reaction times 
(10 min) and greater yields (80 to 90%, Figure 4).

The reactions had relative yields greater than 70%, and 
all the oximes were obtained as E-isomers, as determined by 
analysis of the 1H NMR spectra of the reaction mixtures (in 
the Supplementary Information section). As the mixtures 
were not separated, all the compounds were tested as the 
Z/E mixtures, but with more than 95% of E-isomers.

The Ellman tests were conducted using human blood 
from volunteers who have low possibilities of being 
intoxicated with organophosphorus compounds.52 To 
obtain the active AchE, the erythrocytes were separated 
by centrifugation of a 1.8 mL blood sample, ruptured 
by freezing the cells in phosphate buffer (20 mmol L-1, 
pH 7.6) at -10 °C and then centrifuged to separate the 
hemoglobin. Finally, the membranes were treated with a 
lyophilizing phosphate buffer and subsequently centrifuged 
to yield 500 mL of clean AChE solution. The hydrolytic 
activity of the enzyme was confirmed with the Ellman 
test using acetylthiocholine as a substrate in the presence 
of dithionitrobenzoic acid. The same procedure was 
employed with other fractions of the blood samples that 
were previously treated with a paraoxon at a 3.64 mmol L-1 
concentration for 15 min at room temperature, leading to 
100% inhibition of AChE, as confirmed with the Ellman 
test. The capacities of the oximes to reactivate the inhibited 
AChE were determined by repeating the Ellman test in 
the presence of different concentrations of the oximes. 
All the tests were repeated three times. The results for the 
reactivation tests using a 1.8 mmol L-1 concentration of 
each oxime in 224 mL of the solution of inhibited AChE 
are shown in Table 2. Today, there are several oximes with 
very good AChE reactivation capacity, but in this work, 
pralidoxime (13) was used as the positive test due to its 
structural similarity to the tested neutral oximes in order 
to determine the effect of is cationic nature.

Since all the oximes were tested as reactivators at the 
same concentration (16 mL of 25 mmol L-1 solution of each 
oxime), Table 2 shows that the neutral oximes have the 
capacity to reactivate huAChE inhibited with paraoxon, 
with (thiophen-2-yl)aldoxime (24) displaying a better 
performance (93%) than 2-PAM (83%). It is interesting 

Table 1. Albumin solutions for absorbance comparison with ghost samples 
for the determination of the concentration of AChE

Solution name H2O / mL
Albumin solution 

volume / mL

White 4.50 0

Standard 100 4.45 50

Standard 200 4.40 100

Standard 300 4.20 300

Ghost samples 4.45 50

Figure 4. Synthesis of the oximes.
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that the nitrated oximes 17 and 18 are also effective, with 
a reactivation capacity of 62 and 58%, respectively. This 
indicates that electron withdrawing groups could increase 
the reactivation capacity of the aromatic oximes. A medium 
reactivation capacity (38 to 40%) was obtained with the 
oximes of 2-furfuraldehyde (23), 3-aminobenzaldehyde 
(19) and 1-methyl-2-imidazolaldehyde (26). In contrast, 
aromatic oximes with electron donating groups at 
para or ortho positions lead to the lowest reactivation 
capacities (oximes of 4-methoxybenzaldehyde (21, 
14%), 4-dimethylaminobenzaldehyde (20, 16%) and 
2-methylbenzaldehyde (16, 18%)). These results indicate 
that the presence of electron donating groups in conjugation 
with the oxime C=N bond, which is not the case for the 
oxime of 3-aminobenzaldehyde (19, 38%), leads to lower 
reactivation capacities possibly due to the induced decrease 
of the acidity of the oxime O-H hydrogen. This observation 
is supported by the reactivation mechanism shown in 
Figure 3, where the active form of the oxime at the active 
site of the phosphilated AChE is the conjugated base. 

For the most active oximes, (thiophen-2-yl)aldoxime 
and 2-PAM, it is clear that the oxime acidity is increased 
by the electrophilicity of their aromatic rings. For 2-PAM, 
the positive charge at the nitrogen atom of the pyridine ring 
leads to a strong stabilization of its conjugate base. In the 
case of (thiophen-2-yl)aldoxime, the negative charge of the 

conjugated base is stabilized in the five conjugated forms, 
including the case where the sulfur atom becomes negative, 
as shown in Figure 5. Evidently, the (thiophen‑2‑yl)
aldoxime is much less acid than 2-PAM, but it seems 
that the presence of the sulfur atom due to it potential for 
polarization helps to stabilize the negative charge of its 
anionic form.

Similar stabilities should be found for the anionic forms 
of the nitrated oximes (17 and 18), but these compounds 
display a lower reactivation activity possibly due to the 
electrostatic or steric effects of the nitro groups in the AChE 
active site, as well as the presence of the electron donor 
hydroxyl group at the ortho position. 

To determine if there was a correlation between the 
acidity of the oximes and their AChE reactivating capacity, 
energy calculations were completed for the most stable 
conformer of each oxime in the protonated (neutral) and 
deprotonated (anionic) forms, and the energy difference 
between the two forms for each oxime was used as an 
indicator of its acidity. Alternatively, the oximes acidities 
could be determined using their pKa values. However, the 
accuracy of the pKa values reported for oximes has been 
questioned.61 

The energy calculations were executed via the 
Spartan’06 program using B3LYP and the base system 
6-311++G(d,p). The results are shown in Table 2. 

Table 2. Results of oximes reactivation capacity of AChE inhibited with ethyl paraoxon and comparison with the pKa values and the calculated energy 
difference (DE) between the neutral and the deprotonated form of each oxime

Oxime
AChE 

reactivationa / 
(%, ± 1)

pKa DE / au Oxime
AChE 

reactivationa / 
(%, ± 1)

pKa DE / au

13 83 7.68 −0.406 22 22 10.00 -0.567

16 18 11.47 −0.571 23 38 10.56 −0.457

17 62 11.39 −0.537 24 93 10.63 −0.560

18 58 11.39 −0.535 25 21 17.69 −0.568

19 38 11.60 −0.465 26 40 10.54 −0.561

20 16 11.87 −0.582 27 19 15.32 −0.450

21 14 11.49 −0.575

aAll the oximes were tested with the same concentration (0.167 mmol L-1).

Figure 5. Stabilization resonance of the anionic forms of 2-PAM (13) and (thiophen-2-yl)adoxime (24).
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Interestingly, neither the pKa values nor the calculated 
DE values correlate directly with the experimental AChE 
reactivation capacity of the oximes. Analysis of the data 
indicates that electron withdrawing substituents on the 
aromatic rings of the oximes play an important role 
in increasing their efficiency as reactivators of AChE 
inhibited with paraoxon. However, it is very clear that 
other factors must be considered in relation to the activity 
of these compounds. For example, 2-PAM, which is the 
reference material, is the second most active compound 
(83% reactivation) and the most basic oxime (pKa 7.68 and 
DE -0.406 au), but it is less effective than (thiophen-2-yl)
aldoxime (93% reactivation), which is much less acidic 
(pKa 10.63) and exhibits lower stability in its anionic form 
(DE  -0.560 au). Thus, although the less acidic oximes 
would generate more effective nucleophiles for AChE 
reactivation, these conjugated bases are more difficult to 
be generated at the huAChE active site. On the other hand, 
the more acidic oximes should be easily deprotonated, 
explaining why 2-PAM is one of the best reactivators of 
AChE inhibited with paraoxon. 

Conclusions

The penetration of oximes on the hematoencephalic 
barrier is a very important point for their activity 
as antidotes against neurotoxic organophosphorus 
compounds.62 This study provides evidence that neutral 
oximes, which possess better capacities for membrane 
and hematoencephalic barrier permeation, exhibit 
potential as reactivators of human acetylcholinesterase 
inhibited with paraoxon. The comparison of the activities 
of the different oximes with their acidities (pKa values 
and DE = Eprotonated - Eanionic) did not reveal a clear direct 
correlation between these values and the respective AChE 
reactivating capacities. The comparison between the DE 
values and the reactivating capacity for 2-PAM and oximes 
16 to 22, which have similar structures, displays a R2 value 
of 0.62, indicating that there is some correlation between 
DE and the percentage of reactivation of huAChE. Despite 
the fact that the oximes acidity seems not directly involved 
with their AChE reactivation capacity, these results 
suggest that exists some dependence of oxime activity 
on its acidity, indicating that there should exist different 
pathways for oxime deprotonation at the huAChE active 
site mostly due to their differences in structure and the 
substitution groups at the aromatic ring. This is evident 
by the observation that neutral oximes containing electron 
deficient substituents on their aromatic rings, especially 
at positions that permit a direct conjugation with the 
oxime C=N bond, are the most effective. In addition to 

the capacity of an oxime to be deprotonated inside the 
enzyme active site, it is clear that other important factors 
are involved in determining the oxime AChE reactivating 
capacities.63 Future studies are needed to elucidate the 
nature of these other factors.

It is also necessary to carry out evaluation tests using 
AChE inhibited with other compounds, like chemical 
warfare agents to determine the potential of neutral oximes 
for the general treatment of intoxication with neurotoxic 
organophosphorus agents.

Another potential point to correlate oxime structures 
with AChE reactivation activity is to perform the tests 
using the pure form of the E and Z isomers. Unfortunately, 
this topic is difficult because for most oximes when the 
isomers are separated they rapidly become an E/Z mixture. 
We have separated some E isomers from oximes by fast 
chromatography followed by rapid solvent elimination, 
but when their solutions are prepared for analysis they 
start to transform in the E/Z mixture, and the speed of 
transformation depends on the solvent and the oxime 
structure.

Because neutral oximes can reactivate phosphorylated 
human AChE, it is also possible that they could lead to the 
development of new AChE inhibitors, with potential as 
drugs for Alzheimer disease.

Supplementary Information

Supplementary data are available free of charge at  
http://jbcs.sbq.org.br as PDF file.
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NMR and IR Data of the Oximes Previously 
Reported in the Literature 

2-Methylbenzaldehyde oxime (16)
mp 51-53 ºC (52-54 oC); 1H NMR (ppm, DMSO-d6) d 

11.26 (s, 1H), 8.32 (s, 1H), 7.62 (m, 1H), 7.22 (m, 3H), 
2.36 (s, 3H); 13C NMR (ppm, DMSO-d6) d 147.0, 135.9, 
131.1, 130.7, 128.9, 126.1, 126.0, 19.5; IR (KBr) nmax/cm-1 
3189, 3069, 2991, 2870, 1624, 1599, 1453, 750. 

4-N,N-dimethylaminobenzaldehyde oxime (20)
mp 151-153 oC; 1H NMR (ppm, CDCl3) d 7.98 (s, 1H), 

7.42 (d, 2H, 3J 8.8 Hz), 6.70 (d, 2H, 3J 8.8 Hz), 2.94 (s, 
6H); 13C NMR (ppm, CDCl3) d 151.7, 149.0, 128.2, 121.5, 
112.4, 40.0; IR (KBr) nmax/cm-1 3243, 3138, 2985, 2913, 
1609, 1556, 1445, 1361. 

4-Methoxybenzaldehyde oxime (21)
mp 131-133 °C; 1H NMR (ppm, DMSO-d6) d 8.13 (s, 

1H), 7.75 (d, 2H, 3J 8.6 Hz), 6.91 (d, 2H, 3J 8.6 Hz), 3.85 
(s, 3H); 13C NMR (ppm, DMSO-d6) d 160.1, 147.6, 127.8, 
125.6; 114.2, 55.2; IR (KBr) nmax/cm-1 3307, 3006, 2966, 
2838, 1608, 1574,1466, 1252. 

Pyridine-2-carboxylaldehyde oxime(22)
mp 110-112 °C; 1H NMR (ppm, CDCl3) d 8.64 (m, 

1H), 8.34 (s, 1H), 7.80 (m, 1H), 7.73 (m, 1H), 7.30 (m, 
1H); 13C NMR (ppm, CDCl3) d 151.8, 150.2, 149.3, 136.8, 
124.0, 121.0; IR (KBr) nmax/cm-1 3285, 3187-3005, 1653, 
1593-1472, 1322, 737. 

Furane-2-carboxyaldehyde oxime (23)
mp 71-73 °C; 1H NMR (ppm, CDCl3) d 7.54 (s, 1H), 

7.47 (dd, 1H, 3J 1.7, 4J 0.6 Hz), 7.35 (dd, 1H, 3J 3.5, 4J 0 Hz), 
6.53 (dd, 1H, 3J 3.5, 3J 1.7 Hz); 13C NMR (ppm, CDCl3)  
d 145.1, 143.4, 137.0, 118.2, 112.3; IR (KBr) nmax/cm-1 
3165, 3080-3042, 1645, 1567-1477, 1449, 750.

Thiophene-2-carboxylaldehyde oxime (24)
mp 135-137 °C; 1H NMR (ppm, DMSO-d6) d 11.86 

(s, 1H), 7.84 (s, 1H), 7.73 (d, 1H, 3J 3.9 Hz), 7.47 (d, 1H,  

3J 3.9 Hz), 7.12 (t, 1H); 13C NMR (ppm, DMSO-d6) d 139.8, 
131.1, 131.0, 131.0, 126.2; IR (KBr) nmax/cm-1 3121, 3017, 
1632, 1507-1435.

Pyrrol-2-carboxyaldehyde oxime (25)
mp 183-185 °C; 1H-NMR (ppm, DMSO-d6) d 11.14 

(s, 1H), 7.26 (s, 1H), 6.88 (d, 1H, 3J 3.2 Hz), 6.55 (d, 1H,  

3J 3.2 Hz), 6.10 (t, 1H), 3.37 (s, 1H); 13C  NMR (ppm, 
DMSO-d6) d 137.1, 129.4, 120.8, 113.8, 108.3; IR (KBr) 
nmax/cm-1 3426, 3419, 3033, 1646, 1586, 1461, 1429, 1304, 
834, 745. 

1-Methylimidazole-2-carboxyaldehyde oxime (26)
mp 169-171°C; 1H NMR (ppm, DMSO-d6) d 11.59 

(s, 1H), 8.06 (s, 1H), 7.24 (d, 1H, 3J 3.0 Hz), 6.98 (d, 1H,  

3J 3.0 Hz), 3.80 (s, 3H); 13C NMR (ppm, DMSO-d6) d 141.4, 
140.2, 128.5, 124.6, 34.8; IR (KBr) nmax/cm-1 3413, 3118-
3078, 2994-2917, 1628, 1556-1523-1477, 1357. 
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Figure S1. 1H NMR (300 MHz, DMSO-d6) of 2-methylbenzaldehyde oxime (16).

Figure S2. 13C NMR (75 MHz, DMSO-d6) of 2-methylbenzaldehyde oxime (16).
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Figure S3. Expansion of 13C NMR (75 MHz, DMSO-d6) of 2-methylbenzaldehyde oxime (16).

Figure S4. 1H NMR (300 MHz, DMSO-d6) of 3-nitrosalicylaldehyde oxime (17).
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Figure S5. Expansion of 1H NMR (300 MHz, DMSO-d6) of 3-nitrosalicylaldehyde oxime (17).

Figure S6. 13C NMR (75 MHz, DMSO-d6) of 3-nitrosalicylaldehyde oxime (17).
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Figure S7. 1H NMR (300 MHz, DMSO-d6) of 5-nitrosalicylaldehyde oxime (18).

Figure S8. 13C NMR (75 MHz, DMSO-d6) of 5-nitrosalicylaldehyde oxime (18).
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Figure S9. 1H NMR (300 MHz, CDCl3) of 3-aminobenzaldehyde oxime (19).

Figure S10. 13C NMR (75 MHz, CDCl3) of 3-aminobenzaldehyde oxime (19).
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Figure S11. 1H NMR (300 MHz, CDCl3) of 4-N,N-dimethylaminobenzaldehyde oxime (20).

Figure S12. Expansion of 1H NMR (300 MHz, CDCl3) of 4-N,N-dimethylaminobenzaldehyde oxime (20).
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Figure S13. 13C NMR (75 MHz, CDCl3) of 4-N,N-dimethylaminobenzaldehyde oxime (20).

Figure S14. 1H NMR (300 MHz, DMSO-d6) of 4-methoxybenzaldehyde oxime (21).
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Figure S15. 13C NMR (75 MHz, DMSO-d6) of 4-methoxybenzaldehyde oxime (21).

Figure S16. 1H NMR (300 MHz, CDCl3) of pyridine-2-carboxyladehyde oxime (22).
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Figure S17. 13C NMR (75 MHz, CDCl3) of pyridine-2-carboxyladehyde oxime (22).

Figure S18. Expansion of 13C NMR (75 MHz, CDCl3) of pyridine-2-carboxyladehyde oxime (22).
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Figure S19. 1H NMR (300 MHz, CDCl3) of furane-2-carboxyaldehyde oxime (23).

Figure S20. Expansion of 1H NMR (300 MHz, CDCl3) of furane-2-carboxyaldehyde oxime (23).
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Figure S21. 13C NMR (75 MHz, CDCl3) of furane-2-carboxyaldehyde oxime (23).

Figure S22. 1H NMR (300 MHz, DMSO-d6) of thiophene-2-carboxyladehyde oxime (24).
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Figure S23. 13C NMR (75 MHz, DMSO-d6) of thiophene-2-carboxyladehyde oxime (24).

Figure S24. Expansion of 13C NMR (75 MHz, DMSO-d6) of thiophene-2-carboxyladehyde oxime (24).
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Figure S25. 1H NMR (300 MHz, DMSO-d6) of pyrrol-2-carboxyladehyde oxime (25).

Figure S26. 13C NMR (75 MHz, DMSO-d6) of pyrrol-2-carboxyladehyde oxime (25).
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Figure S27. 1H NMR (300 MHz, DMSO-d6) of 1-methylimidazol-2-carboxyladehyde oxime (26).

Figure S28. Expansion of 1H NMR (300 MHz, DMSO-d6) of 1-methylimidazol-2-carboxyladehyde oxime (26).
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Figure S29. 13C NMR (75 MHz, DMSO-d6) of 1-methylimidazol-2-carboxyladehyde oxime (26).

Figure S30. 1H NMR (300 MHz, DMSO-d6) of 4-methylimidazol-5-carboxyladehyde oxime (27).
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Figure S31. 13C NMR (75 MHz, DMSO-d6) of 4-methylimidazol-5-carboxyladehyde oxime (27).

Figure S32. Graphic of ethyl-paraoxon inhibition on human AChE (in vitro).


