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ABSTRACT 

Nerve agents, the deadliest chemical warfare agents, are potent inhibitors of acetylcholinesterase (AChE) 
and cause rapid cholinergic crisis with serious symptoms of poisoning. Oxime reactivators of AChE are used 
in medical practice in treatment of nerve agent poisoning, but the search for novel improved reactivators with 
central activity is an ongoing pursuit. Among the numerous oximes synthesized, in vitro reactivation is a 
standard approach in biological evaluation with little attention given to the pharmacokinetic properties of the 
compounds. This study reports a comprehensive physicochemical, pharmacokinetic, and safety profiling of 
five 3-hydroxy-2-pyridine aldoximes, which were recently shown to be potent AChE reactivators. The oxime 
JR595 was singled out as highly metabolically stable in human liver microsomes and non-cytotoxic oxime for 
SH-SY5Y neuroblastoma and 1321N1 astrocytoma cell lines and its pharmacokinetic profile was determined 
after intramuscular administration in mice. JR595 was rapidly absorbed into blood after 15 min with 
simultaneous distribution to the brain at up to about 40% of its blood concentration; however, it was 
eliminated both from the brain and blood within an hour. In addition, the MDCKII-MDR1 cell line assay 
showed that oxime JR595 was not a P-glycoprotein efflux pump substrate. Furthermore, preliminary antidotal 
study against multiple LD50 doses of VX and sarin in mice showed the potential of JR595 to provide desirable 
therapeutic outcomes with future improvements in its circulation time. 
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Introduction 

A class of 3-hydroxy-2-pyridine aldoxime compounds is 
currently being investigated as potentially centrally 
active antidotes in the case of organophosphate (OPs) 
poisoning ‒ i.e., poisoning with compounds used as 
pesticides (e.g. parathion, malathion) or chemical 
warfare nerve agents (e.g., sarin, cyclosarin, VX, tabun, 
soman).1–5 Oxime compounds generally act as 
reactivators of acetylcholinesterase (AChE; EC 3.1.1.7) 
inhibited by OPs although they are reversible inhibitors 
of AChE.6–10 Interestingly, reversible AChE inhibitors 
have been investigated as therapy for improving 
cognitive function in patient with Alzheimer’s disease 
and other neurodegenerative diseases.11,12 The activity 
of AChE is important for the control of cholinergic 
neurotransmission and normal functioning of both the 
central and peripheral nervous systems (CNS and PNS). 
Irreversible inhibition of AChE with OPs leads to muscle 
impairment, respiratory distress, seizures, and possibly 
death. Along with the reactivation of AChE in PNS, it 
seems that the reactivation of brain AChE is a key 
feature to prevent seizures and secondary mechanisms 
of brain damage,13,14 both being the cause of long-term 
neurological impairments (e.g., cognitive, behavioural) 
observed in cases of OP poisoning survivors.15,16 Also, 
prevention of seizures has been proven crucial for 
survival in OP poisoning.17 Therefore, treatment with 
oximes able to act both at the CNS and PNS should 
ultimately result in better prognosis after OP poisonings. 

 

Oximes used in clinical practice (HI-6, 2-PAM, 
obidoxime; Figure 1A) have a quaternary nitrogen atom 
in their structures and therefore cross the blood-brain 
barrier (BBB) poorly.18–21 In order to increase the BBB 
permeability of charged oximes, the addition of 
substituents that increase lipophilicity was recently 
introduced.22,23 Diacetylmonoxime (DAM) and 
monoisonitrosoacetone (MINA), compounds without a 
quaternary nitrogen atom (i.e., neutral oximes) were the 
first oximes that targeted the CNS (Figure 1B),24 and 
the development of different neutral oximes has been 
described since.1–3,25–30 Still, no centrally active oxime 
has been introduced into practice. One of the most 
studied centrally active oximes is 2-
hydroximinoacetamide oxime RS194B, which was 
shown to be a more effective reactivator than 2-PAM in 
vitro26 and a promising nerve agent antidote in vivo.26,31–

33 

Recently, we demonstrated that five 3-hydroxy-2-
pyridine aldoximes (Figure 1C) were efficient 
reactivators of human AChE (hAChE) inhibited by 
various OPs (nerve agents VX, sarin, cyclosarin, tabun, 
and pesticide metabolite paraoxon).3 JR595 and GM415 
showed the highest potency for AChE reactivation in 
vitro and ex vivo with for a broad spectrum of OPs. 
Moreover, the in vitro reactivation demonstrated most 3-
hydroxy-2-pyridine aldoximes to be more efficient or 
comparable to HI-6,3 and especially 2-PAM.23 In 
addition, good BBB penetration of the five 3-hydroxy-2-

Figure 1. Structures of oximes. A) standard charged oximes: 2-PAM, HI-6, and obidoxime, B) first neutral oximes DAM and MINA, C) 
neutral 3-hydroxy-2-pyridine aldoximes JR585, JR595, RM048, GM415, and GM508, D) other neutral oximes or oximes with increased 
lipophilicity. 
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pyridine oximes was predicted based on their 
physicochemical properties and in vitro brain membrane 
permeation assay (PAMPA).3 A study by Calas et al.4 
addressed the time-dependent fluctuation of GM508 
active concentration in blood, while Pashirova et al.5 
addressed the reactivation efficacy of GM415 in blood 
and brain in paraoxon-exposed rats; however, there is 
no data in the literature regarding the actual blood to 
brain ratio of a 3-hydroxy-2-pyridine oxime in vivo. 
This study aimed to establish lipophilicity, acid-base 
character, and metabolic stability with cytochrome P450 
enzymes of all five 3-hydroxy-2-pyridine aldoximes as 
properties that could help predict their pharmacokinetic 
behavior in vivo. In addition, the cytotoxicity profiles of 
these oximes were determined in neuroblastoma (SH-
SY5Y) and astrocytoma (1321N1) cell lines to address 
their safety for targeting the nervous system. Therefore, 
we singled out the JR595 oxime with the highest 
metabolic stability and the lowest cytotoxicity for the 
pharmacokinetic study in mice and determined the time-
dependent JR595 concentration profile in blood and 
brain after intramuscular (i.m.) administration. Finally, we 
gave preliminary data of antidotal efficacy of JR595 in 
VX- and sarin-exposed mice. 

Results 

Synthesis of oxime JR595 

For the preparation of the oxime JR595, we developed a 
new strategy based on a cross-coupling reaction 
(Sonogashira coupling reaction) between a protected 
bromo-pyridine and an alkyne functionalized by a 
morpholine ring (Fig. 2).  

Starting from the reduction by DIBAL-H of methyl ester 
1, previously described by Prof Renard’s group,1 the 
aldehyde 2 was obtained in quantitative yield. The 
protection of the latter as an acetal was carried out using 
ethylene glycol in the presence of Lewis acid BF3.OEt2 in 
98% yield. Alkyne 4 was obtained in good yield (78%) 
via a Sonogashira cross-coupling between 4-(but-3-yn-
1-yl)morpholine (prepared in two steps from 
commercially available 4-butynol and morpholine)34 and 
5-bromopyridine 3 in standard conditions. Compound 5 
was obtained by a sequential hydrogenation under 
pressure (12 bars) with the presence of palladium on 
charcoal followed by Pearlman’s catalyst, (Pd(OH)2 on 
charcoal), reducing the alkyne into the corresponding 
alkane and removing the benzyl group in 73% yield. 
Deprotection of acetal 5 was performed by using a 
mixture of formic acid and water under moderate heating 
conditions (60 °C) affording aldehyde 6 in 86% yield. 
The latter was converted to the corresponding aldoxime 
by treatment with hydroxylamine hydrochloride and 
sodium acetate in methanol. Treatment using one 
equivalent of TFA solution (1 M in EtOAc) afforded 
oxime JR595 as trifluoroacetate salt with 98% HPLC 
purity (Figure S1). Overall, oxime JR595 was obtained 
in 6 steps with an improved 34% yield as compared to 
the previously described synthetic pathway.3 

Lipophilicity and acid-base character of oximes 

Experimentally determined values of distribution 
coefficients (Chrom logD) of 3-hydroxy-2-pyrdine 
aldoximes, the first generation neutral oxime DAM and 
MINA, and standard charged oximes (cf. Figure 1) are 
presented in Table 1.  

Figure 2. Reagents and conditions for synthesis of oxime JR595: (a) DIBAL-H, CH2Cl2, -78 °C, 15 min, 99%.; (b) ethylene glycol, 
BF3.OEt2, CH2Cl2, 0 °C, 18 h, 98%; (c) 4-(but-3-yn-1-yl)morpholine, Pd(PPh3)4, CuI, Et3N, CH2Cl2, room temperature, 18 h, 78%; (d) Pd/C 
10 %, Pd(OH)2/C 20%, MeOH/EtOAc, H2, 12 bars, 19 h, 73%; (e) HCO2H/H2O, 60 °C, 18 h, 86%; (f) NaOAc, NH2OH.HCl, MeOH, 4 h, 
then 1 M TFA in EtOAc, 72%. 



Zorbaz et al.  ACS Chemical Neuroscience, 2020, 11, 1072−1084 

 

4 

 

Also, values of chromatographic hydrophobicity index 
(CHI) at three pH values enabled the determination of 
acid-base character for 3-hydroxy-2-pyrdine aldoximes 
(Figure 3). At pH 7.4 and 10.5, 3-hydroxy-2-pyridine 
oximes showed moderate to high lipophilicity (0 < Chrom 
logD < 5) and they were defined as basic (JR585, 
GM415, GM508) or amphiphilic (JR595, RM048) 
compounds. Neutral oxime DAM showed low lipophilicity 
at pH 2.7 and 7.4, and is characterized as a weak acid. 
As expected, standard oximes, but also neutral oxime 
MINA, were characterized as hydrophilic at all tested pH 
levels.  
 
Table 1. Chrom logD values of tested oximes at pH 2.7, 7.4, and 
10.5. 

Oxime Chrom logD2.7 Chrom logD7.4 Chrom 
logD10.5 

JR585 < -0.38 1.23 2.24 

JR595 < -0.38 1.41 0.31 

RM048 < -0.38 1.85 0.94 

GM415 0.10 2.69 3.77 

GM508 1.29 4.96 > 6.48 

DAM 0.10 0.22 < -1.76 

MINA < -0.38 <-0.32 < -1.76 

HI-6 < -0.38 <-0.32 < -1.76 

2-PAM < -0.38 <-0.32 < -1.76 

Obidoxime < -0.38 <-0.32 < -1.76 

 

 
Figure 3. Acid-base characterization of 3-hydroxy-2-pyridine 
oximes. Change of chromatographic hydrophobicity index (CHI) at 
three pH levels (2.7, 7.4, and 10.5) is specific for acidic, basic, and 
amphiphilic compounds. 

Various in silico platforms (ChemAxon’s Marvin 
software, Consensus or ChemAxon method, online 
platform Chemicalize, and ACD/Percepta) were 
validated for calculating logD7.4 of 3-hydroxy-2-pyridine 
oximes by comparison to experimentally determined 
Chrom logD7.4 (Figure S2). All of the platforms showed 
relatively high goodness of fit (R2=0.85-0.98) between in 
silico predicted and experimental Chrom logD7.4 values. 
Even though the best correlation was observed for 
results obtained by ACD/Percepta, Chemicalize 
(ChemAxon Ltd.) yielded values with a smaller offset 
compared to Chrom logD7.4 values. 

CYP metabolic stability of oximes 

As lipophilic compounds are more likely to be CYP 
substrates,35 we studied the CYP metabolic stability of 
lipophilic 3-hydroxy-2-pyridine aldoximes in the in vitro 
model with human liver microsomes.36,37 The half-life t1/2 
of the metabolic degradation of oximes is summarized in 
Table 2 and their degradation is visualized in Figure 
S3A. Therefore, JR585 and GM415, and especially 
oximes with a morpholine ring in their structure (JR595 
and RM048) were the most metabolically stable. The 
exception was the most lipophilic GM508 oxime with 
complex tetrahydroisoquinoline substituent, which 
underwent fast oxidative metabolism with CYP enzymes. 

Table 2. Half-life t1/2 of the CYP metabolic degradation of oximes. 

Oxime t1/2 (min) 

JR585 205 

JR595 > 207 

RM048 > 207 

GM415 139 

GM508 7.6 

Cytotoxicity of oximes 

We evaluated the 24h-cytotoxic effect of 3-hydroxy-2-
pyridine oximes on neuroblastoma SH-SY5Y and 
astrocytoma 1321N1 cell line by MTS–based assay. 
Results presented as oxime concentration-dependent 
cytotoxicity are given in Figure 4. SH-SY5Y cells were 
generally more chemo-sensitive to the tested oximes 
than 1321N1 cells. The highest toxicity for SH-SY5Y 

Figure 4. Cytotoxicity of 3-hydroxy-2-pyridine oximes on neuroblastoma SH-SY5Y and astrocytoma 1321N1 cell lines. MTS 
assay was used to determine cell viability after 24h-incubation with oximes. The results were expressed as IC50 curves of a cell death 
percentage in oxime-treated cells compared to untreated cells. 
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was observed with GM415 and GM508 which caused 
50% cell death at low concentrations, i.e., IC50 (± SD) 
values of 154 (± 1) and 47 (± 1) µM, respectively. Other 
compounds exhibited moderate cytotoxic effect at higher 
concentrations, i.e., IC50 for JR585 was 513 ± 6 μM and 
> 800 μM for other oximes. In the 1321N1 cell line, only 
oxime GM508 showed significant cytotoxicity (IC50 = 159 
± 5 µM). With standard oximes HI-6 and 2-PAM no 
cytotoxic effect was observed in neither of the cell lines 
at concentrations tested up to 800 µM (Figure S4). 

Pharmacokinetics of oxime JR595 in mice 

Upon i.m. administration of 100 mg/kg dose of oxime 
JR595, its concentration was determined in all blood 
samples, while JR595 in the brain homogenate was 
detectable in samples collected up to 45 min. As shown 
in Figure 5, the pharmacokinetic profile in blood was 
expected for intramuscular injection, and brain 
concentrations followed the blood concentration kinetics.  

 
Figure 5. Pharmacokinetic profile of JR595 in mice blood and 
brain. Blood and brain oxime concentrations after i.m. application of 
JR595 (100 mg/kg) in mice were determined by HPLC-DAD analysis. 
Each point represents the mean value ± SD (n=3). 

The calculated pharmacokinetic parameters are 
presented in Table 3.  

Table 3. Pharmacokinetic parameters of oxime JR595 (i.m. 100 
mg/kg) in mice. 

Parametersa Blood Brain 
Brain to Blood 
ratio (%) 

Cmax (µg mL-1 / µg g-1) 53.7 22.6 42 

tmax (min) 15 15 - 

AUC (μg min mL-1) 1694 428 25 

AUMC (μg min2 mL-1) 42233 6304 15 

MRT (min) 25 14.7 - 

λz (min-1) 0.0485 - - 

elimination t1/2 (min) 14.3 - - 
aCmax, peak plasma oxime concentration; tmax, time to reach maximum plasma 
concentration; AUC, area under plasma or brain concentration-time curve; AUMC, 
total area under the first moment curve; MRT, mean residency time; λz, terminal 
elimination rate constant and corresponding terminal elimination half-life (t1/2). 

Absorption of oxime JR595 to blood was relatively fast 
(tmax=15 min), followed by a fast distribution-elimination 
phase (elimination t1/2~14 min). The maximal blood 
concentration (Cmax) of oxime JR595 was ~140 µM, and 

the corresponding maximal concentration achieved in 
brain was about 40% of the blood concentration. Based 
on parameters such as area under the curve (AUC) and 
mean residency time (MRT), we observed that JR595 
was 1.7-times shorter in the brain than in the blood and 
that the brain was exposed to a 4-times smaller JR595 
concentration over time than the blood compartment. 

Permeability of JR595 and its susceptibility for efflux 
by P-glycoprotein 

Permeability and P-glycoprotein (P-gp) substrate 
assessment for JR595 was tested in Madin-Darby 
canine kidney epithelial cell line with over-expressed 
human MDR1 gene (MDCKII-MDR1), i.e., with over-
expressed P-gp. Results are summarized in Table 4 and 
show that oxime JR595 is a highly permeable 
compound, while its ER values suggest that it is not a P-
gp substrate. 

Table 4. Permeability (Papp) and efflux ratio (ER) of JR595 with or 
without P-gp inhibitor elacridar in MDCKII-MDR1 cell line. 

 - elacridar + elacridar 

Papp(AB) (nm/s) 37.6 51.8 

Papp(BA) (nm/s) 35.8 36.3 

ER 1.0 0.7 

Papp(AB) is permeability from the apical to basolateral side, Papp(BA) from 

the basolateral to apical side; Permeability classification: Papp < 2 low; 
Papp=2-10 moderate; Papp > 10 high; Efflux ratio (ER) in the absence of P-gp 

inhibitor is > 2 and significantly reduced (≥ 50%) in its presence. 

Reactivation efficiency of oxime JR595 in vitro and 
preliminary antidotal study 

Kinetic experiments in vitro with oxime JR595 showed 
that there was no significant difference in reactivation 
parameters between mouse and human AChE inhibited 
by VX and sarin (Figure 6A and Table S2). 
Furthermore, the reactivation of sarin-inhibited mAChE 
showed expected temperature dependence and we 
observed 2.5-times higher first-order reactivation rate 
(kobs) at 37 °C compared to 25 °C (Figure 6B). 
Therefore, these results taken together with 
concentrations determined in the pharmacokinetic study 
in mice promise considerable AChE reactivation with 
JR595 in VX- and sarin-exposed mice. 
Preliminary antidotal study of JR595 oxime was 
performed on mice exposed to a range of VX (31.8-126 
LD50) and sarin (4-10 LD50) doses that were within the 
range of the highest multiple doses of OPs LD50 fully 
counteracted by with HI-6 or 2-PAM oxime in previous 
studies.26,33,38 Treatment of mice with JR595 (100 mg/kg) 
and atropine (10 mg/kg) one minute after exposure led 
to a mitigation of cholinergic toxicity signs (Tables S3 
and S4) and provided partial protection at the tested OP 
doses. Although the antidotal effect of JR595 was not as 
one could expect based on in vitro reactivation in 
comparison to standard oximes, JR595 showed potential 
improvement over 2-PAM, while it was a less potent 
antidote than HI-6 (Figure 6C). It is interesting to note 
that mice exposed to sarin mostly died soon after the 
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exposure and upon strong tremor onset, while the time 
of death in VX poisoning studies was scattered within 24 
hours. This phenomenon might underlie different 
toxicokinetics of these nerve agents in vivo, i.e., sarin in 
tissues is rapidly decreased and biotransformed, while 
VX is more persistent with delayed systematic 
distribution as reported elsewhere.39 It should also be 
emphasized that each individual OP isomer exhibits 
different toxicity as well as toxicokinetics.40 

4. Discussion 

It has been implicated that antidotal effect in the CNS is 
of the utmost importance for counteracting long-term 
neurological impairment and for survival after an OP 
poisoning.14,17 This study aimed to characterize the 
antidotal potency of centrally active 3-hydroxy-2-pyridine 
potent reactivators of OP-hAChE3 in more details by 
determining parameters important for their 
pharmacological behaviour. 
First of all, 3-hydroxy-2-pyridine oximes were proven to 
be lipophilic (Table 1) and basic or amphiphilic 
compounds (Figure 3) both favourable for BBB 
permeability.41 Furthermore, the biotransformation of 3-
hydroxy-2-pyridine oximes by the main enzymes of the 

phase I metabolism CYP enzymes (Table 2) showed 
that oximes JR595 and RM048 were the most stable, 
while considerable degradation of GM508 is a serious 
drawback as it may demonstrate rapid elimination from 
the body. To compare, previous studies on hydrophilic 
standard oximes have shown that HI-6 was not 
metabolized by CYP in vitro,42 while in vivo both 2-PAM 
and HI-6 were excreted mostly unchanged in the 
urine.43,44 
Another essential point in pre-animal studies evaluation 
of lipophilic 3-hydroxy-2-pyridine oximes was to test their 
cytotoxic potential in brain-representative cell types, i.e., 
neuroblastoma SH-SY5Y and astrocytoma 1321N1 
(Figure 4). Oximes with the highest lipophilicity and with 
more complex structures (GM415 and GM508) were 
toxic in lower micromolar concentrations, while oximes 
JR585, RM048, and mostly JR595, showed favourable 
non-cytotoxic profile for both of the tested cell lines. 
These additional studies on all five oximes provided the 
rationale to single out JR595 for further in vivo studies 
as it was the most efficient AChE reactivator in the 
group3 and had the highest CYP metabolic stability 
along with the lowest cytotoxicity potential.

Figure 6. Reactivation potency of oxime JR595 in relation to species and temperature difference and antidotal potency of JR595 in VX- 
and sarin-exposed mice.  A) Human and mouse AChE inhibited with VX and sarin was reactivated with JR595 (5-1500 µM) at 25 °C. B) Sarin-
inhibited mouse AChE was reactivated with JR595 (10 μM) at 25 °C and 37 °C. The reactivation results are presented as mean ± SD from three 
experiments. C) Antidotal potency of JR595 is presented as the 24-hour survival of mice treated with JR595 (100 mg/kg), 2-PAM (26.4 mg/kg), or 
HI-6 (112.5 mg/kg) together with atropine (10 mg/kg) (i.m.) one minute after VX or sarin exposure (four mice per group). 
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The pharmacokinetic behavior of oxime JR595 was 
studied in mice after its i.m. administration, which is a 
standard route for antidote application. JR595 showed a 
relatively fast rate of absorption into the blood by 
achieving the maximal plasma concentration 15 min 
after application. However, the distribution-elimination 
phase was fast and resulted in complete elimination of 
JR595 in 1.0-1.5 hours post-application (Figure 5). The 
stability of JR595 was also confirmed in the test with 
mouse liver microsomes (Figure S3B), which suggested 
that fast elimination was not due to CYP metabolic 
degradation. However, other phase I or phase II 
biotransformation enzymes could have been involved 
and this should be studied in the future. Pharmacokinetic 
studies of charged standard oximes in rodents reported 
their relatively short circulation time mostly due to renal 
elimination, while the rate of absorption was comparable 
to JR595.43–46 The brain penetration of about 40% of 
blood concentration JR595 represents a significant 
improvement in the development of centrally active 
oximes considering that the maximal achieved brain 
concentration of standard oximes was 10% of the blood 
concentration.18–20 
Reactivation of 30% of blood AChE was an empirically 
determined limit for the occurrence of the systemic 
effects of OP intoxication,47 and even less muscle AChE 
activity (10%) is expected to improve neuromuscular 
function.48 Based on our in vitro reactivation results3 we 
reconstructed a graph that illustrates the dependency of 
the time needed for JR595 to achieve a 30% reactivation 
of AChE inhibited by different OPs on the JR595 
concentration (Figure S5). Taking into account the 

pharmacokinetic parameters of JR595 determined in 
mice blood (MRT=25 min, Cmax=137 μM), oxime JR595 
could be sorted out as an antidote in case of VX- and 
sarin-exposed mice. Furthermore, for more accurate in 
vitro-in vivo translation of results, some of the most 
important factors to consider are interspecies and 
temperature differences. Therefore, we excluded 
interspecies difference in the reactivation of mouse and 
human AChE inhibited by VX and sarin (Figure 6A), and 
we expected in vivo reactivation at physiological 
temperature to be more efficient (Figure 6B). It is known 
that other factors could also hamper an oxime’s efficacy 
in vivo, such as binding to proteins that can reduce 
active free-form available at the site of action. But, due 
to the observed pharmacokinetic profile (i.e., fast 
elimination), and molecular docking with serum albumin 
(data not shown), we did not expect significant plasma 
protein or tissue binding of JR595. 
The preliminary antidotal evaluation of oxime JR595 and 
atropine in mice showed its potential to provide 
protection against multiple LD50 of VX and sarin. It 
evidently reduced cholinergic toxicity symptoms and 
prolonged survival, especially in comparison to the 
therapy with atropine alone that did not provide 
protection of mice even at 1 LD50 of VX or sarin (Table 
S5). The superposition of pharmacokinetics and survival 
results in Figure 7 show that the short circulation time of 
JR595 is probably one of the main limitations, especially 
in the case of highly lipophilic and therefore highly 
persistent nerve agent VX. 

Figure 7. Superposition of results from the pharmacokinetic and antidotal treatment study with JR595 in mice. Each point represents 
the time of death of one mouse (or number of mice denoted above) exposed to multiple LD50 VX (red circles) or sarin (blue circles) that 
received oxime JR595 (100 mg/kg) and atropine (10 mg/kg) therapy (i.m.) one minute after OP exposure. The 24h-survival score denotes 
treated/dead mice after 24h of treatment (n=4). The green area represents a time-dependent blood concentration of JR595 after i.m. 
administration (100 mg/kg).  
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In comparison with the effect of oxime plus atropine 
therapy that included HI-6 or 2-PAM, oxime JR595 did 
not achieve better protection of VX and sarin-exposed 
mice than HI-6; only in case of VX it was more protective 
at higher nerve agent doses than 2-PAM.26,38 In other 
words, although the main advantage of JR595 over 
standard oximes is its higher propensity to pass the 
BBB, probably due to its short residency time in the 
brain, there was no overall improvement of its antidotal 
effect over standard oximes, which showed little or no 
penetration into the brain.18–20 Even though its brain 
concentrations mostly likely declined due to the 
simultaneous decrease of blood concentrations, oxime 
JR595 could be a substrate of efflux pumps. We show 
herein that JR595 was not a substrate of P-gp, one of 
the highly present efflux pumps in the BBB that can 
reduce the brain concentration of a drug.49 

So far, there have been a number of pharmacokinetic 
and antidotal studies with different plausible centrally 
active oximes. It has been proven that MINA reactivates 
brain AChE and, even though it was a less potent 
peripheral reactivator than 2-PAM, it showed protection 
of sarin-, VX-, and cyclosarin-poisoned guinea pigs.50 
Also, a lead charged phenoxyalkyl pyridinium oxime with 
lipophilic moiety showed brain neuroprotection against 
sarin and VX surrogates and paraoxon as opposed to no 
effect with 2-PAM.51,52 Oxime RS194B (i.m.) in mice 
showed rapid penetration to CNS (Cmax≈30% of plasma 
concentrations) with brain concentrations exceeding 
plasma levels after approximately 0.5 h 26,33, while a 
study on macaques demonstrated longer circulation 
times.31 RS194B showed a promising antidotal effect in 
vivo against VX, sarin, and paraoxon after one 
application26,31,32 or repeated oral administration 
following the initial intramuscular application.33 A study 
by Calas et al. 4 where active concentrations of 3-
hydroxy-2-pyridine oxime GM508 in blood were 
determined after i.p. administration in mice showed that 
GM508 had higher MRT in blood than JR595. However, 
maximal achieved concentrations reactivated less than 
30% of AChE, corresponding well with previously 
demonstrated poor reactivation efficiency of GM508 in 
vitro.3 Another study with promising 3-hydroxy-2-pyridine 
reactivator GM415 also demonstrated its short 
circulation time after i.v. application to rats (t1/2=18 min). 
The problem was addressed by encapsulation of GM415 
in solid-lipid nanoparticles which prolonged its circulation 
time by 8.5 times,5 resulting in 30% brain AChE 
reactivation in paraoxon-exposed rats compared to < 5% 
after administration of GM415 alone. The short 
circulation time of JR595 could be addressed either by 
repeated administration of the oxime or by using the 
infusion/sustained injection which would help achieve 
steady state oxime concentrations in the blood. The 
encapsulation of JR595 into nanoparticles is also a 
possibility that can increase the bioavailability and 
residency time of the oxime and provide its release over 
a longer period of time, while nanoparticles are at the 
same time vehicles that can deliver the oxime to the 

CNS.5,53 In addition, the addition of ligands (e.g. 
transferrin, folate, leptin, etc.) at nanoparticle surface 
which are specific for receptors expressed by endothelial 
cells of the BBB can additionally improve brain 
targeting.54 Finally, nanoparticles enable a combined 
therapy approach by loading two pharmacologically 
active substances5,54 which could be of interest for 
yielding potent reactivation for a broad spectrum of OP 
compounds. 

Conclusion 

The determined brain penetration and brain 
concentration of 3-hydroxy-2-pyridine reactivator JR595 
in this study truly confirmed an improvement in BBB 
penetration compared to standard oximes. Moreover, 
the study demonstrated that this class of centrally active 
oximes has a disadvantage of quick elimination, but 
offers a possibility of oral application due to sufficient 
penetration through biological barriers and no extensive 
first-pass metabolism with CYP, which promises high 
bioavailability. Finally, repeated administration or 
encapsulation of oxime in nanoparticles are also 
promising approaches for increasing and maintaining 
therapeutic dose of oxime JR595, as well as increasing 
its residency in the brain. 

Material and methods 

Reagents and synthetic protocols 
The synthesis and solvation of tested 3-hydroxy-2-
pyridine aldoximes was reported previously3,4 and in 
publication by Zorbaz et al.3 were denoted as “15” [3-
hydroxy-6-(5-(piperidin-1-yl)pentyl)picolinaldehyde 

oxime] (JR585), “16” [3-Hydroxy-6-(4-morpholinobutyl) 

picolinaldehyde oxime] (JR595), “17” [3-hydroxy-6-(5-
morpholinopentyl) picolinaldehyde oxime] (RM048), “18” 
[6-(5-(6,7-dimethoxy-3,4-dihydroisoquinolin-2-yl)pentyl)-
3-hydroxypicolinaldehyde oxime] (GM415), and “19” 

[6‐(5‐{1‐[4‐(dimethylamino) phenyl] ‐6,7‐ dimethoxy‐ 
1,2,3,4‐ tetrahydroisoquinolin‐2‐yl} pentyl)‐2‐[(1E)‐ 
(hydroxyimino) methyl] pyridin‐3‐ol] (GM508). Here we 
present a synthetic pathway for trifluoracetat salt of 
oxime JR595 using a six-step process via intermediates 
2, 3, 4, 5, and 6 (see Figure 2); its stock solution (100 
mM) was prepared in water. 2-PAM chloride, obidoxime 
dichloride, and HI-6 dichloride monohydrate were a gift 
from Prof Kamil Kuča and Dr Daniel Jun (Hradec 
Kralove, Czech Republic) and 100 mM stock solutions 
were prepared in water. First generation neutral oximes, 
MINA and DAM, were purchased from Sigma-Aldrich 
(St. Louis, MO, USA) and their 100 mM stock solutions 
were prepared in water. 
Solvents were purified by a dry solvent station MB-SPS-
800 (MBraun, Garching, Germany) immediately prior to 
use. Triethylamine was distilled from KOH. All of the 
reagents were obtained from commercial suppliers 
(Sigma Aldrich, St Quentin Fallavier, France; Acros 
Illkirch, France; TCI europe, Paris, France) unless 
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otherwise stated. The melting points were recorded on a 
Stuart SMP30 apparatus (Stuart, Staffordshire, UK). 
Column chromatography purifications were performed 
with prepacked columns SI-HP (30 μm) or SI-HC (15 
μm) from Interchim (Montluçon, France). Preparative 
normal phase chromatography was carried out on an 
automated flash purification apparatus Biotage Isolera 
One (Biotage, Uppsala, Sweden). Thin-layer 
chromatography (TLC) was carried out on Merck DC 
Kieselgel 60F-254 aluminium sheets (Merck, Darmstadt, 
Germany). Compounds were visualized by UV 
irradiation and/or spraying with a solution of vanillin, 
followed by heating. 1H and 13C NMR spectra were 
recorded with a Bruker DPX 300 spectrometer (Bruker, 
Wissembourg, France) and are presented in 
Supplemental information (S9. MNR spectra). Chemical 
shifts are expressed in parts per million (ppm) from 

CDCl3 (H = 7.26 ppm, C = 77.16 ppm). J values are 
expressed in Hz. Mass spectra were obtained with a 
Finnigan LCQ Advantage MAX (ion trap) apparatus 
equipped with an electrospray source (Thermo Electron 
Corporation, Waltham, United States). High-resolution 
mass spectra were obtained with a Varian MAT 311 
spectrometer (Varian MAT, Bremen, Germany) using 
electrospray analysis. HPLC quality grade acetonitrile 
and milliQ water were used for analytical and 
preparative HPLC. Preparative HPLC run was carried 
out with an Interchim 4250 apparatus (Interchim, 
Montluçon, France) with an Interchim puriflash C18 
column (Interchim, Montluçon, France), 30x250 mm, 
C18AQ-5 μm. Analytical HPLC was performed on a 
ThermoFisher UHPLC Ultimate 3000 instrument 
(Thermofisher, Waltham, United States) equipped with a 
PDA detector under the following conditions: 
Syncronis™ C18 column (3 μm, 3 x 100 mm) with MeCN 
and 20 mM NH4AcO as eluents [100% 20 mM NH4OAc 
to 100% MeCN over 30 min] at a flow rate of 0.5 mL/min 
and UV detection at 254 nm. 

Synthesis of 3-(Benzyloxy)-6-bromopicolinaldehyde 
(2). DIBAL-H (1 M in CH2Cl2) (68.4 mL, 2 eq.) was 
added dropwise to a solution of methyl ester 11 (11 g, 
34.2 mmol) in dry CH2Cl2 (227 mL) at -78 °C. The 
reaction mixture was stirred for 15 min, before MeOH 
(50 mL) was slowly added, and allowed to warm to room 
temperature and stirred for an extra 30 min. The solvent 
was evaporated and the residue dissolved with CH2Cl2 
(250 mL), washed twice with an aqueous solution of 
NaOH (1 M), aqueous layers was extracted twice with 
CH2Cl2. Combined organic layers were dried over 
MgSO4 and evaporated under reduced pressure to 
afford the aldehyde as a white powder (10.0 g, 99%). 
mp=118.1-119.7 °C. 1H NMR (300 MHz, CDCl3) δ 10.30 
(s, 1H), 7.61 (d, J=8.8 Hz, 1H), 7.49 – 7.36 (m, 6H), 5.30 
(s, 2H). 13C NMR (75 MHz, CDCl3): δ 188.7, 156.3, 
141.8, 134.9, 133.2, 132.4, 129.0, 128.6, 127.1, 125.2, 
71.2. HRMS (ESI+): m/z calcd. for [C13H11NO2

79Br]+ 

291.9975, found 291.9973. 

Synthesis of 3-(Benzyloxy)-6-bromo-2-(1,3-dioxolan-
2-yl)pyridine (3). Ethylene glycol (9.5 mL, 5 eq.) was 
added to a solution of picolinaldehyde 2 (10 g, 34.2 
mmol) in CH2Cl2 (228 mL) and previously activated in 
the presence of a bed of molecular sieve (4 Å). The 
reaction mixture was cooled at 0 °C with an ice bath 
before BF3.Et2O (8.4 mL, 2 eq.) was slowly added. The 
reaction mixture was allowed to warm to room 
temperature and stirred overnight. The molecular sieve 
was filtered off and the filtrate washed twice with water. 
Aqueous layer was extracted by CH2Cl2, dried over 
MgSO4 and evaporated under reduced pressure to 
afford the desired product as a light-yellow powder 
(11.26 g, 98%). mp=83-85 °C. 1H NMR (300 MHz, 
CDCl3) δ 7.47 – 7.35 (m, 6H), 7.17 (d, J=8.7 Hz, 1H), 
6.33 (s, 1H), 5.16 (s, 2H), 4.33 – 4.20 (m, 2H), 4.14 – 
4.02 (m, 2H). 13C NMR (75 MHz, CDCl3): δ 152.9, 147.6, 
135.6, 131.3, 128.81, 128.78, 128.4, 127.4, 123.3, 99.8, 
71.0, 65.8. HRMS (ESI+): m/z calcd. for [C15H15NO3

79Br]+ 

336.0235, found 336.0241. 

Synthesis of 4-(4-(5-(Benzyloxy)-6-(1,3-dioxolan-2-
yl)pyridin-2-yl)but-3-yn-1-yl)morpholine (4). Bromo 
pyridine 3 (1 g, 2.97 mmol) and 4-(but-3-yn-1-
yl)morpholine34 (414 mg, 2.97 mmol, 1 eq.) was 
dissolved in NEt3 (14 mL) and CH2Cl2 (29 mL). This 
mixture was degassed 5 min with argon, then Pd(PPh3)4 
(344 mg, 0.1 eq.) and CuI (57 mg, 0.1 eq.) were added 
and the reaction mixture was stirred overnight under 
argon. Solvents were removed and the crude material 
was purified by flash chromatography on silica gel 
(MeOH in CH2Cl2 0 to 5%) to afford the product as an 
orange oil (918 mg, 78%). 1H NMR (300 MHz, CDCl3) δ 
7.49 – 7.39 (m, 5H), 7.35 (d, J=8.6 Hz, 1H), 7.21 (d, 
J=8.6 Hz, 1H), 6.29 (s, 1H), 5.17 (s, 2H), 4.32 – 4.14 (m, 
2H), 4.14 – 3.98 (m, 3H), 3.79 – 3.74 (m, 4H), 2.79 – 
2.59 (m, 4H), 2.59 – 2.51 (m, 4H). 13C NMR (75 MHz, 
CDCl3) δ 152.6, 146.6, 135.8, 134.9, 128.7, 128.3, 
128.2, 127.5, 120.0, 101.1, 87.1, 80.8, 77.2, 70.6, 66.9, 
65.8, 57.2, 53.4, 17.6. HRMS (ESI+): m/z calcd. for 
[C23H27N2O4]+ 395.1971, found 395.1971. 

Synthesis of 2-(1,3-Dioxolan-2-yl)-6-(4-morpholino- 
butyl)pyridin-3-ol (5). Alkyne 4 (822 mg, 2.08 mmol) 
was dissolved in MeOH/EtOAc (3:2, 25 mL), the solution 
was degassed with Argon before Pd/C 10% (444 mg, 
0.2 eq.) was added. The mixture was stirred for 18 hours 
at a hydrogen pressure of 12 bars, then Pd(OH)2/C 20% 
(222 mg, 0.2 eq.) was added and stirred for an extra 
hour at a hydrogen pressure of 12 bars to complete the 
reaction. The suspension was filtered on Celite®, 
concentrated and purified by flash chromatography on 
silica gel (MeOH in CH2Cl2 0 to 10%) to afford an off-
white solid (470 mg, 73%). mp=105.7-105.3 °C. 1H NMR 
(300 MHz, CDCl3) δ 7.18 (d, J=8.5 Hz, 1H), 7.09 (d, 
J=8.5 Hz, 1H), 5.91 (s, 1H), 4.33 – 4.21 (m, 2H), 4.21 – 
4.11 (m, 2H), 3.82 – 3.68 (m, 4H), 2.86 – 2.70 (m, 2H), 
2.46 (dd, J=5.7, 3.6 Hz, 4H), 2.42 – 2.30 (m, 2H), 1.74 
(dddd, J=11.6, 7.3, 6.2, 2.7 Hz, 2H), 1.66 – 1.47 (m, 2H). 
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13C NMR (75 MHz, CDCl3): δ 153.3, 150.6, 137.6, 125.6, 
124.4, 105.9, 67.0, 65.1, 58.9, 53.8, 37.2, 28.0, 26.2. 
HRMS (ESI+): m/z calcd. for [C16H25N2O4]+ 309.1814, 
found 309.1418. 

Synthesis of 3-Hydroxy-6-(4-morpholinobutyl) 
picolinaldehyde (6). A solution of acetal 5 (596 mg, 
1.93 mmol) in a mixture of formic acid and water (1:1, 13 
mL) was heated at 60 °C and stirred for 18 h. The 
reaction mixture was neutralized with a saturated 
aqueous solution of NaHCO3 until pH=7 and extracted 
with EtOAc (3 x 50 mL). The organic phases were dried 
over MgSO4, concentrated and purified by flash 
chromatography on silica gel (MeOH in CH2Cl2 0 to 
10%) to afford the product as a yellowish solid (441 mg, 
86%). mp=56.6-57.3 °C. 1H NMR (300 MHz, CDCl3) δ 
9.98 (s, 1H), 7.31 – 7.20 (m, 2H), 3.74 – 3.60 (m, 4H), 
2.81 – 2.73 (m, 2H), 2.42 – 2.36 (m, 4H), 2.37 – 2.28 (m, 
2H), 1.73 (tt, J=8.9, 6.6 Hz, 2H), 1.59 – 1.46 (m, 2H). 13C 
NMR (75 MHz, CDCl3): δ 198.6, 156.9, 154.6, 135.7, 
129.6, 126.3, 66.9, 58.8, 53.7, 37.1, 27.4, 26.1. HRMS 
(ESI+): m/z calcd. for [C14H21N2O3]+ 265.1552, found 
265.1554. 

Synthesis of (E)-4-(4-(5-hydroxy-6-((hydroxyimino) 
methyl)pyridin-2-yl)butyl)morpholin-4-ium 2,2,2-
trifluoroacetate (JR595). NaOAc (142 mg, 1.74 mmol) 
and NH2OH.HCl (101 mg, 1.45 mmol) were added to a 
solution of aldehyde 6 (153 mg, 0.58 mmol) in MeOH 
(5.8 mL) and stirred for 4 hours at room temperature. 
The reaction mixture was concentrated to a syrup and 
dissolved in water/MeOH (4 mL), then purified by 
preparative HPLC (0 to 15% MeCN in H2O (0.1% AcOH) 
over 20 min, puriflash C18, 30 x 250 mm, C18AQ-5 
micro) as an acetate salt, then freeze-dried. The oxime 
previously formed as an acetate salt was treated with a 
saturated aqueous solution of NaHCO3 and extracted 
with EtOAc (3×25 mL). The organic phases were 
concentrated to afford 130 mg of neutral oxime. The 
latter was dissolved in EtOAc (2 mL), then treated with 1 
equivalent of CF3CO2H (0.47 mL, 1M in EtOAc) and 
evaporated slowly to allow crystal formation (See S8. 
Crystallographic data in the Supporting information for 
resolution by X Ray crystallography). The crystals were 
rinsed with Et2O and dried on high vacuum to afford the 
trifluoroacetate salt of oxime JR595 as colorless crystals 
(163 mg, 72%) with 98% HPLC purity (Fig. S1). 1H NMR 
(300 MHz, D2O) δ 8.24 (s, 1H), 7.34 (d, J = 8.6 Hz, 1H), 
7.20 (d, J = 8.7 Hz, 1H), 4.04 (dd, J = 14.4, 7.2 Hz, 2H), 
3.72 (s, 2H), 3.39 (s, 2H), 3.18 – 2.94 (m, 4H), 2.77 – 
2.57 (m, 2H), 1.65 (p, J = 3.9 Hz, 4H). 19F NMR (282 
MHz, D2O) δ -75.56. 13C NMR (75 MHz, D2O) δ 162.8 
(q, J = 35.5 Hz), 152.0, 151.9, 149.5, 133.6, 127.0, 
125.3, 116.32 (q, J = 291.8 Hz), 63.7, 56.8, 51.5, 34.5, 
26.1, 22.5. 

Chrom logD determination by HPLC 
Single gradient HPLC was used to evaluate the 
chromatographic hydrophobicity index (CHI) of oximes 

at three different pH values (2.7, 7.4, 10.5) and to 
determine their distribution coefficients (Chrom logD) as 
a measure of lipophilicity, along with their acid-base 
character when possible.55 Oxime sample (2 µL of 1.25 
mM) was prepared in acetonitrile and injected into a 
reversed phase HPLC column (Luna C18, 50 × 3 mm 
i.d., 5 µm particle size; Phenomenex, Torrance, USA) 
with fast acetonitrile gradient in HPLC-DAD instrument 
(1100 Series, Agilent Technologies, CA, USA) coupled 
with a mass spectrometer (Micromass Quattro API, 
Waters, MA, USA).Three set-ups of aqueous mobile 
phase were used: a) 50 mM ammonium acetate 
adjusted with ammonia solution for pH 7.4, b) 0.1% 
formic acid in water for pH 2.7, and c) 50 mM 
ammonium acetate adjusted with ammonia solution for 
pH 10.5. Fast-gradient elution (1 mL/min) was as 

follows: from 0 to 100% of acetonitrile (0−3 min), 100% 

of acetonitrile (3.0−3.5 min), from 100 to 0% of 

acetonitrile (3.5−3.7 min), and re-equilibration with 100% 

of aqueous mobile phase (3.7−5.0 min). MS analysis 

data is presented in Table S1. MassLynx software, 
version 4.1 (Water Corporation, MA, USA) was used for 
data acquisition and processing. 
The calibration step was performed for each of the three 
set-ups, and the CHI determination of compounds was 
performed in duplicate. A set of standard compounds 
with literature CHI values56 were plotted against gradient 
retention times to obtain a calibration equation, which 
was used to determine CHI value from the compound’s 
retention time when possible. Chrom logD values were 
calculated from the CHI values using the equation 
Chrom logD=0.0857 × CHI – 2.57In silico predictions of 
logD7.4 were performed with ChemAxon’s Marvin 
software (v. 16.11.7.0, Budapest, Hugary), online 
platform Chemicalize (ChemAxon Ltd., Budapest, 
Hungary; https://chemicalize.com/; 25th May 2019) or 
ACD/Percepta (v. 14.2.0; Build 2977; ACD/Labs, 
Toronto, Canada). 

CYP metabolic stability assay 
For liver microsomes metabolic degradation test, we 
used DMSO, β-NADP, glucose-6-phosphate (G-6-P), 
glucose-6-phosphate dehydrogenase (G-6-PDH), 
magnesium chloride hexahydrate (MgCl2×6H2O), DL-
propranolol hydrochloride, caffeine, PBS, and diclofenac 
purchased from Sigma-Aldrich (St. Louis, MO, USA), 
while testosterone was from Steraloids (Newport, RI), 
and human liver microsomes were from Corning 
(Cat.No. 452117, Batch No. 3829, Tewksbury, MA, 
USA). Acetonitrile and methanol were obtained from 
Merck (Darmstadt, Germany), while demineralized water 
was purified by Mili-Q Advantage Millipore System, on-
site production. 
Oximes (final concentration 1 µM) were incubated in 
phosphate buffer (50 mM, pH 7.4) for 60 min at 37 °C 
together with microsomes in the absence or presence of 
the NADPH cofactor (buffer stability control) 58. 
Testosterone and propranolol were positive controls and 
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caffeine was a negative control. Samples were analysed 
on a mass spectrometer (API 4000 Triple Quadrupole; 
AB Sciex, Division of MDS Inc., Toronto, Canada) 
coupled to a UHPLC (Nexera X2; Shimadzu, Japan). 
Samples were injected onto an HPLC column (Luna 50 
× 2.1 mm i.d., 5 µm particle size; Phenomenex, 
Torrance, USA) which was kept at 50ºC. Aqueous 
mobile solution was 0.1% formic acid in deionized water 
and the organic mobile phase was a 
water/acetonitrile/formic acid mixture (90/10/0.1, v/v/v). 
Mobile phase flow rate was kept at 700 µL/min for all 
measurements. Gradient elution was as follows: 2% of 

organic mobile phase (0.00−0.15 min), from 2 to 95% of 

organic mobile phase (0.15−0.70 min), 95% of organic 

mobile phase (0.7−1.1 min), from 95 to 2% of organic 

mobile phase (1.10−1.11 min), and re-equilibration with 

95% of aqueous mobile phase (1.11−1.50 min). Positive 

ion mode with turbo spray, an ion source temperature of 
550 °C, and a dwell time of 75 ms were utilized for mass 
spectrometric detection. Quantitation was performed 
using multiple reaction monitoring (MRM) at the specific 
transitions for each compound (listed in Table S1). 
Diclofenac was used as an internal standard. Using 
oxime concentration at time 0, [Ox]0, and remaining 
oxime concentration after incubation time t, [Ox]t, rate of 
degradation k was calculated:  

  (1) 

and the in vitro half-life (t1/2) of oxime’s metabolic 
degradation was determined as –ln2/k. 

Cell line cytotoxicity test 
Human neuroblastoma (SH-SY5Y, ECACC 94030304; 
Salisbury, UK) and human astrocytoma (1321N1, 
ECACC 86030402; Salisbury, UK) cell lines were 
cultivated in Dulbecco's Modified Eagle Medium (DMEM) 
F12 (Sigma-Aldrich, Germany) supplemented with 15% 
fetal bovine serum (FBS; Gibco, Paisley, UK), 2 mM 
glutamine, 1:100 P/S antibiotics, and 1% non-essential 
amino acids (NEAA) or in DMEM (Lonza, Verviers, 
Belgium) supplemented with 10% FBS, 2 mM glutamine, 
and 1:100 P/S antibiotics, respectively, and at 37 °C in a 
5% CO2 atmosphere. Cells were detached with 0.25% 
Trypsin/EDTA solution (Sigma-Aldrich, St. Louis, MO, 
USA), re-suspended and seeded two days (SH-SY5Y) 
or one day (1321N1) before experiments on 96-well 
plates in concentration of 1x105 cells/mL. On the day of 
the experiment, the medium was removed from cells and 
the complete medium containing oximes was added 
(120 μL volume per well) and incubated for 24 h at 37 
°C. Oximes were diluted 1:2 in a cell medium (at eight 
dilution series; final concentrations from 2.34 to 800 µM) 
on a compound plate and transferred to the test plate 
containing cells. After 24h incubation, cells were washed 
with PBS and incubated with MTS reagent for 1-4 h as 
previously described.59 MTS reagent that measures 
succinate dehydrogenase mitochondrial activity of living 

cells was used as described in the manufacturer’s 
protocol (CellTiter 96® AQueous One Solution Cell 
Proliferation Assay) and the method described by 
Mosmann 60. The absorbance of living cell-generated 
formazan dye was read at 492 nm on a microplate 
reader (Infinite M200PRO, Tecan Austria GmbH, 
Austria) and results were expressed as the cell death 
percentage compared to the untreated control cells. 
Data were evaluated using predefined eqn. for the half 
maximal inhibitory concentration IC50 from GraphPad 
Prism software (version 6.01, GraphPad Software, Inc., 
San Diego, CA, USA). IC50 depicts oxime concentration 
at which 50 % of cell line population in not viable. DMSO 
and MeOH did not show any cytotoxic effect at used 
concentrations of 0.8% and 0.5%, respectively. 

Permeability and efflux ratio of oxime JR595 in 
MDCKII-MDR1 cell line 
Madin-Darby canine kidney epithelial cell line with over-
expressed human MDR1 gene (MDCKII-MDR1) was 
purchased from Solvo Biotechnology (SB-MDCKII-
MDR1, Szeged, Hungary Szeged, Hungary). Chemicals 
DMEM, Minimum Essential Medium (MEM), MEM Non-
Essential Amino Acids (NEAA), Glutamax-100, 
Dulbecco's phosphate-buffered saline (D-PBS), 0.05% 
Trypsin-EDTA, warfarin sodium, formic acid, diclofenac, 
and DMSO were purchased from Sigma-Aldrich 
(St.Louis, MO, USA). Elacridar (P-gp inhibitor) was 
purchased from International Laboratory (CA, USA), 
Lucifer yellow from EndoTherm (Saarbrücken, 
Germany), and amprenavir from AK Scientific Inc. (CA, 
USA). 
MDCKII-MDR1 cells were grown in controlled 
atmosphere (37 °C, 95% humidity, 5% CO2) in DMEM 
supplemented with 10% FBS (inactivated at 56 °C for 30 
minutes; Biowest, TX, USA), 1% Glutamax-100, 1% 
antibiotic/antimycotic (Invitrogen, CA, USA), and 1% of 
MEM NEAA. Cultures were split every 3−4 days using 
0.05% Trypsin-EDTA. Cells were seeded 4 days prior to 
the study on 96-well plates at a concentration of 0.3x106 
cells/mL. On the day of the experiment, cell monolayers 
were washed with D-PBS and then equilibrated for 45 
minutes in CO2 incubator in D-PBS containing 1% 
DMSO with or without elacridar (2 µM). Oximes (final 10 
µM; duplicates) or assay controls amprenavir (0.5 µM) 
and diclofenac (10 µM) were prepared in transport 
medium containing Lucifer yellow (100 µM), DMSO 
(1%), and in the presence or absence of elacridar. 
Lucifer yellow, a fluorescent marker for the paracellular 
pathway, was used as an internal control in every 
monolayer to verify tight junction integrity during the 
assay. Since all Lucifer yellow Papp values were > 3x10-6 
cm/s, monolayer integrity was considered preserved. 
Aliquots were sampled from all receiver wells. Lucifer 
yellow calibration curve was prepared by serial dilution 
(12 points up to 100 µM) and fluorescence was 
measured using an excitation wavelength of 485 nm and 
emission wavelength of 530 nm. Transport assay 
solution containing the test compound was applied to the 



Zorbaz et al.  ACS Chemical Neuroscience, 2020, 11, 1072−1084 

 

12 

 

apical and basolateral side of the cell monolayer. The 
starting compound concentration (C0) was sampled 
immediately and the assay assembly was incubated for 
60 min at 37 °C under gentle shaking. Apical and 
basolateral compartments were sampled at the end of 
the experiment. Samples were analyzed by UHPLC 
column coupled to a mass spectrometer and under 
conditions described in paragraph CYP metabolic 
stability assay. Warfarin was used as an internal 
standard. Data for MS/MS analysis are in Table S1. 
In order to determine if oxime JR595 is a possible P-gp 
substrate, transport of test compounds is examined from 
apical to basolateral (AB), as well as from the 
basolateral to apical (BA) side of the MDCKII-MDR1 cell 
monolayer. Apparent permeability coefficient, efflux ratio 
and mass balance values were calculated as previously 
described.61 Apparent permeability coefficient (Papp) was 
calculated using the following equation: 

  (2) 

where dQ/dT represents the permeability rate, C0 is the 
initial compound concentration in the donor 
compartment, and A is the surface area of the cell 
monolayer (0.7 cm2). The ratios between compound and 
internal standard peak areas were used instead of real 
compound concentration. Classification of permeability 
was Papp < 2 for low, Papp =2-10 for moderate and Papp > 
10 for high permeability compounds. The efflux ratio 
(ER) in the presence or absence of the P-gp inhibitor is 
calculated from Papp (BA)/Papp (AB) ratio. A compound is 
considered to be a P-gp substrate when the efflux ratio 
(ER) in the absence of P-gp inhibitor (elacridar) is > 2, 
while being significantly reduced (≥ 50%) in its presence. 
For the validation of the assay, mass balance (MB)was 
calculated from (Md + Mr)/M0, where Md is a mass of drug 
in donor compartment at time 60 min, Mr is a mass of 
drug in receiver compartment at time 60 min, and M0 is a 
mass of drug in donor compartment at time 0 min. The 
mass of the drug was determined as: Analyte/IS ratio x 
volume of compartment. 

In vitro acetylcholinesterase reactivation study 
Acetylthiocholine iodide (ATCh), 5,5'-dithiobis(2-
nitrobenzoic acid) (DTNB), and bovine serum albumin 
(BSA) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). VX and sarin were purchased from NC 
Laboratory (Spiez, Switzerland) and their stock solutions 
(5000 μg/mL) were made in isopropyl alcohol, while 
further dilutions were made in water at the day of the 
experiment. Oxime JR595 (50 mM stock) was dissolved 
in water and recombinant mouse AChE (mAChE) was 
prepared as described previously62 and was a gift by 
Prof. Palmer Taylor, The University California, San 
Diego, CA, USA. Enzyme activity measurements were 
done using the Ellman spectrophotometric method at 25 
°C63 on a spectrophotometer (CARY 300, Varian Inc., 
Mulgrave, Australia). To evaluate the influence of 
experimental and physiological temperature difference 

on the reactivation rate, reactivation mixtures were 
incubated at 25 or 37°C using Thermomixer comfort 
(Eppendorf, Hamburg, Germany). The kinetic 
parameters were determined as described previously64,65 
and include: phosphylated enzyme-oxime dissociation 
constant (KOX), observed and maximal first-order 
reactivation rate constant (kobs and k+2), overall second-
order reactivation rate constant (kr), maximal percentage 
of reactivation (Reactmax) and the time needed to 
achieve it (tmax). 

Pharmacokinetic and preliminary antidotal treatment 
studies for oxime JR595 in mice 
For both pharmacokinetic and antidotal studies, 3-month 
old male CD-1 mice of 30-35 g body weight were 
purchased from Ruđer Bošković Institute, Zagreb, 
Croatia. Mice were fed with a standard diet (4RF21 GLP 
certificate, Mucedola s.r.l., Italy), had free access to 
water, and were kept in Macrolone cages at 22 °C, 
exchanging light and dark cycles every 12 h. For each 
experiment, mice were allocated to treatment groups at 
random. Unblinded outcome assessment was done. All 
experiments were performed with the approval of the 
Ethics Committee of the Institute for Medical Research 
and Occupational Health in Zagreb and, were carried out 
in compliance with international standards and national 
legislation to protect animal welfare. 
Oxime JR595 (40 mg/mL) was dissolved in saline or in 
atropine sulphate (5 mg/mL; Kemika, Zagreb, Croatia) 
just before use. An estimation of acute toxicity of oxime 
was based on the administration of fixed dose 100 
mg/kg (i.m.) to two mice and observation of clear signs 
of toxicity including 24 hour mortality (Chinedu et al., 
2013). No mortality or toxicity signs were recorded, and 
therefore, that dose was used for subsequent in vivo 
testings. Nerve agent VX and sarin (NC Laboratory; 
Spiez, Switzerland) stock solutions (5000 μg/mL) were 
prepared in isopropyl alcohol and further dilutions were 
made in saline just before use. Acute subcutanoues 
(s.c.) toxicity (LD50) of this compounds was based upon 
24-h mortality rates calculated according to Thompson66 
and Weil;67 each LD50 was evaluated from the results 
obtained from four to six doses of OP (four mice per 
group). 
For pharmacokinetics, 100 mg/kg JR595 was 
administrated i.m. to seven animal groups (three mice 
per group) sacrificed after 10, 15, 30, 45, 60, 90, and 
120 minutes and following an anaesthetic cocktail 
(Ketamidor 10%, Richter Pharma AG, Wels, Austria, 80 
mg/kg b.w.; Xylazine 2%, Alfasan International B.V. 
Netherland, 12 mg/kg b. w., i.p.) in accordance with the 
Guidelines for the Euthanasia of Animals (2013).68 Blood 
samples were collected into heparinized vacutainers (BD 
Vacutainer; Mississauga, Canada) via abdominal vena 
cava, and then stored at −80 °C. Mice were perfused 
with 20 mL of saline via the left heart ventricle and 
afterwards, brain samples were collected, weighted, 
immersed in liquid nitrogen, and stored at −80 °C.  
For antidotal study, mice received subcutaneously (s.c.) 
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a range of lethal dose multiples (specified in Table S3 
and S4) of the VX (LD50=35.6 μg/kg) or sarin 
(LD50=317.5 μg/kg) (four animals per dose). Oxime 
JR595 (100 mg/kg) was given i.m. with atropine (10 
mg/kg) one minute after exposure to OP. Clinical 
observations were followed for 24 h post challenge. 

Biological sample preparation, HPLC, and data 
analysis 
Blood and brain samples were thawed at room 
temperature. Brain samples were added 1 mL of 
deionized water and homogenized with T10 basic 
ULTRA-TURRAX® (IKA, Staufen, Germany). Proteins 
from both brain homogenate and blood sample (0.2 mL 
aliquot; diluted with 5% TCA if necessary) were 
precipitated by the addition of 2 mL and 1 mL of 
trichloroacetic acid (TCA; Sigma-Aldrich, St. Louis, MO, 
USA) (5% w/v), respectively. The mixtures were then 
centrifuged at 10000 rpm for 10 min at 4 °C on Micro 
22R (Hettich, Tuttlingen, Germany) for blood samples or 
on a Universal 320/320R centrifuge (Hettich, Tuttlingen, 
Germany) for brain samples. Supernatants were filtrated 
through PTFE-filter (pores 0.2 μm; Acrodisc CR13; 
Waters, Milford, MA, USA). A stock solution of oxime 
JR595 (292 µg/mL) was prepared in water and stored at 
4 °C and was used for the preparation of standard 
solutions (0.295, 0.730 and 1.461 µg/mL) in 5% TCA for 
HPLC analysis of spiked blood and brain samples for the 
recovery experiments and determination of efficiency 
and detection limits for the specified sample preparation 
method. Efficiency of recovery (% ± SD; n = number of 
analysed spiked samples) of 0.492 µg/mL and 1.476 
µg/mL concentration of oxime JR595 in the samples 
was: 75 ± 0.1 (n=5) and 102 ± 0.1 (n=6), respectively, in 
blood samples, and 50 ± 0.04 (n=5) and 92 ± 0.1 (n=7) 
in brain samples, respectively. The lower detection limit 
for oxime JR595 concentration was 0.130 μg/mL. 
HPLC analysis was performed on a Varian ProStar 
system equipped with a 230SDM pump, 410 
autosampler and 330 UV diode-array detector (Varian, 
Palo Alto, CA, USA). The chromatographic column was 
Gemmini C18 (250 mm × 4.6 mm) and precolumn 
Gemini C18 (4 mm x 3 mm), both of 5 μm in particle size 
(Phenomenex, Torrence, CA, USA). LC grade deionised 
water was prepared with a Milli-Q water purification 
system (Millipore, Bedford, MA, USA). The mobile phase 
consisted of acetonitrile (J.T. Baker, Deventer, 
Netherlands) and 0.5% formic acid (Kemika, Zagreb, 
Croatia) in water, pH 2–3. The elution was performed 
during 30 minutes in a linear gradient mode from 10% of 
acetonitrile (J. T. Baker, Deventer, Netherland) and 90% 
of formic acid (0.5%, m/v; Kemika, Zagreb, Croatia) until 
achieving 100% acetonitrile, and the flow-rate was kept 
at 1 mL/min. The injected sample volume was 100 μL. 
The UV spectra of all of the peaks were recorded from 
200 to 400 nm. The working wavelength for quantitative 
analysis was 230 nm and 330 nm.  
Since all of the time points in pharmacokinetic 
experiment were terminal, mean values per time point 

were used to calculate pharmacokinetic parameters. 
Non-compartmental analysis integrated in PKanalix 
software (Monolix Suite 2019, Lixoft, Paris, France) was 
used to analyse the data. Concentrations at time zero 
were assumed to be zero, as well as brain 
concentrations below the limit of detection. The area 
under the plasma or tissue concentration curve (AUC) 
was calculated using the linear trapezoidal method. 

Supporting Information 
Supporting Information available at the end: S1. MS analysis of 
oximes, S2. HPLC chromatogram of oxime JR595, S3. 
Distribution coefficient logD, S4. Metabolic stability with liver 
microsomes, S5. Cytotoxicity, S6. Reactivation efficacy in vitro, 
S7. Antidotal study in mice, S8. Crystallographic data, S9. 
NMR spectra. 
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SUPPLEMENTAL INFORMATION 

S1. MS analysis of oximes 

Table S1. Relevant data on MS analysis of oximes. 

Oxime MRM transition DPa CEb 

JR585 292.3  207.1 70 32 

JR595 280.3  193.2 50 27 

RM048 294.3  207.1 70 30 

GM415 400.2  236.2 70 36 

GM508 519.4  365.2 80 34 
aDeclustering potential; bCollision energy 

S2. HPLC chromatogram of oxime JR595 

 
Figure S1. HPLC chromatogram and related data for trifluoroacetate salt of JR595. 
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S3. Distribution coefficient logD 

 
Figure S2. Correlation of Chrom logD7.4 values and in silico determined logD7.4 obtained from ChromAxon’s Marvin using 

its Consensus (I) or ChemAxon (II) method, ChemAxon’s online platform Chemicalize or ACD/Percepta. 

S4. Metabolic stability with liver microsomes 

 

Figure S3. Metabolic stability of 3-hydroxy-2-pyridine oximes with liver microsomes. Time-dependent degradation 
of oximes by metabolic cytochrome P450 (CYP) enzymes from A) human and B) mouse liver microsomes. 

S5. Cytotoxicity 

 

Figure S4. Cytotoxicity of standard oximes HI-6 and 2-PAM on neuroblastoma SH-SY5Y and astrocytoma 1321N1 
cell lines. MTS assay was used to determine cell viability after 24-h incubation with oximes. The results were expressed 

as IC50 curves of a cell death percentage in oxime-treated cells compared to untreated cells. 
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S6. Reactivation efficacy in vitro 

 Table S2. Reactivation of sarin- and VX-inhibited human and mouse AChE by oxime JR595. 

OP Enzyme KOX (µM) k+2 (min-1) kr (min-1M-1) Reactmax (%) tmax (min) 

VX mAChE 270 ± 140 0.74 ± 0.14 2780 ± 990 100 5 

 hAChEa 300 ± 60 0.68 ± 0.07 2270 ± 240 100 10 

Sarin mAChE 253 ± 77 0.21 ± 0.03 842 ± 172 100 10 

 hAChEa 270 ± 90 0.29 ± 0.03 1080 ± 290 100 10 

KOX - dissociation constant for oxime-inhibited enzyme complexes; k+2 - maximal first-order reactivation rate constant; kr- 
overall second-order reactivation rate constant; Reactmax - maximal achieved reactivation; tmax - time needed to achieving 
Reactmax; 

a from ref. Zorbaz et al. 2018, Chemistry-A European Journal, 24, 9675-91. 

 
Figure S5. Assessment of therapeutic potential of oxime JR595 by analysis of in vitro reactivation and in vivo 
pharmacokinetic parameters. The chart depicts the JR595 concentration-dependent time needed to achieve 30 % 

reactivation (t30%), i.e. arbitrary determined blood AChE activity required for therapeutic effects. This representation is 
derived from in vitro reactivation hAChE inhibited by five different OPs (VX, sarin, cyclosarin, tabun, paraoxon) with 
JR595 (Zorbaz et al. 2018, Chemistry-A European Journal, 24, 9675-91). Maximal in vivo blood concentration (dotted red 
line) and mean residence time (dotted black line) of JR595 from PK analysis in mice (i.m. 100 mg/kg) indicate the highest 
expected therapeutic efficiency using in vitro-in vivo translation. 
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S7. Antidotal study in mice 

Table S3. Toxicity symptoms in VX-exposed mice treated with JR595 (100 mg/kg) + atropine (10 mg/kg) i.m. 1 min after 

VX exposure (s.c.) 

VX Died / 
treated 

Symptoms Time of death 

n x LD50 [µg/kg] 

31.8 1132.1 3 / 4  5 min – 120 min: Mice were hypoactive, occasional light tremor. 
 > 180 min: Strong tremor and one mouse died. Survived mice had very strong tremor 

and breathing disturbance. 
 4 h: Second mouse died.  
 21 h: Third mouse died. 
 After 24 h: One survived mouse was weak but active.  

1). 180 min 
2). 4 h 
3). 24 h 

40 1424.0 2 / 4  3 min: Mice had moderate tremor and dug in litter. 
 <5 min: Two mice died. 
 >20 min: Mice were calm and had moderate tremor. 
 45-60 min: Hypoactivity with breathing disturbances.  
 120-180 min: Mice were still calm but without breathing disturbances; they reacted to 

touch.  
 After 24 h: One mouse was weak with erected hair, while a second surviving mouse 

was more active but with edema of eyelids. 

1). <5 min 
2). <5 min 

50.4 1794.2 4 / 4  2-3 min: Mice became calm followed by very strong tremor onset and breathing 
disturbance. 

 >20 min: Hypoactivity with breathing disturbances and occasional strong tremor. 
 30-60 min: Mice were calm and stiff with breathing disturbances, and no reaction to 

touch.  
 120 min: One mouse died. 
 >120 min: The survived mice were calm, had breathing disturbances and erected hair.   
 20 h: Two mice died. Survived mouse was weak with no reaction upon stimuli. 
 23 h: Animals died. 

1). 120 min 
2). 20 h 
3). 20 h 
4). 23 h 

63 2242.8 2 / 4  3-4 min: Mice had very strong tremor. 
 7 min: One mouse died, while other animals were calm with strong tremor. 
 20 min: Second mouse died. 
 60->120 min: Survived mice were hypoactive, had breathing disturbances and 

occasional strong tremor. Animals moved just upon stimuli.  
 20 h: Mice were calm and stiff with erected hair. 
 24 h: Survived mice were calm and had light tremor. 

1.) 7 min 
2.) 20 min 

79 2812.4 2 / 4  2-3 min: Onset of tremor with increasing intensity. 
 6 min: One mouse died.  
 10 min: Mice were calm with breathing disturbances. 
 60 min: Second mouse died.  
 60-120 min: Survived mice were calm with breathing disturbances. 
 >180 min: Mice had occasional tremor.  
 20 h: Mice were hypoactive, and had occasional tremor and erected hair.  
 24 h: Survived mice were active although not fully recovered.  

1). 6 min 
2). 60 min 

100 3560 4 / 4  Immediately after application: Animals had very strong tremor and two mice died.  
 10 min: Third mouse died. Survived mouse had very strong tremor, breathing 

disturbances and no reaction upon touch.  
 60-120 min: Mice had light tremor and breathing disturbance.  
 20 h: Fourth mouse died.   

1). <5 min 
2). <5 min 
3). 10 min 
4). 20 h 

126 4485.6 4 / 4  2 min: Animals had very strong tremor.  

 5 min: Two mice died. Survived mice had breathing disturbances and occasionally very 

strong tremor.  

 30-180 min: Mice were hypoactive with breathing disturbances and reaction upon 

stimuli. 

  20 h: Two mice died.  

1). <5 min 
2). <5 min 
3). 20 h 
4). 20 h 

Increasing doses of VX (LD50 = 35.6 μg/kg) were administered in groups of four mice. 
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Table S4. Toxicity symptoms in sarin-exposed mice treated with JR595 (100 mg/kg) + atropine (10 mg/kg) i.m. 1 min 

after sarin exposure (s.c.) 

Sarin Died / treated Symptoms Time of death 

n x LD50 [µg/kg] 

4.0 1131.6 3 / 4  Immediately after application: Animals had very strong tremor.  
 2-3 min: Three mice died. Survived mouse was calm and had occasional 

tremor.  
 30-120 min: Mouse was hypoactive with erected hair. 
 180 min: Mouse reacted upon stimuli.  
 24 h: Survived mouse was stiff but recovered. 

1). 2-3 min 
2). 2-3 min 
3). 2-3 min 

5.0 1414.5 2 / 4  2-3 min: Mice had strong tremor.  
 3-4 min: Two mice died.  
 10-60 min: Survived mice were hypoactive with breathing disturbances.  
 2-5 h: One mouse was active, while other was calm with breathing 

disturbances.  
 24 h: One mouse was active, while other was calm with erected hair.  

1). 3-4 min 
2). 3-4 min 

6.3 1782.3 2 / 4  Immediately after application: Animals had very strong tremor and one 
mouse died.  

 5 min-6 h: Mice were calm with breathing disturbances. 
 21 h: Second mouse died. 
 24 h: Two survived mice were weak with edema of eyelids. 

1). < 5 min 
2). 21 h 

7.9 2234.9 4 / 4  Immediately after application: Mice had strong tremor.  
 2-4 min: All mice died. 

1-4). 2-4 min 

10 2829.0 3 / 4  Immediately after application: Mice had strong tremor. 
 3-8 min: Two mice died.  
 15 min: The surviving mice had moderate tremor with intensive respiratory 

difficulties.  
 30 min: Stronger tremor occurred. 
 60-120 min: Mice were hypoactive with no reaction upon touch and had 

breathing disturbances.  
 20 h: Third mouse died. A surviving mouse was weak with erected hair and 

had slow reaction upon touch. 

1). 3-8 min 
2). 3-8 min 
3). 20 h 

Increasing doses of sarin (LD50 = 282.9 μg/kg) were administered in groups of four mice. 

 

Table S5. Toxicity symptoms in OP-exposed mice treated with atropine (10 mg/kg, i.m.) 1 min after OP (s.c.) 

OP Died / treated Symptoms Time of death 

n x LD50 [µg/kg] 

Sarin    

1 317.5  4/4  7 min: Tremor onset, mice jumped around the cage and then calmed down. 
 10 min: Stronger tremor. 
 10-15 min: All mice died. 

1.-4). 10-15 min 

VX    

1 28.3  3/4  1-6 min: Strong tremor onset. 
 10 min: Two mice died. 
 Up to 24 h: Mice were hypoactive, had breathing disturbances and occasional 

tremors. 
 24 h: One mouse died. 

1.-2.) 10 min 
3.) 24 h 

2 56.6 4/4  6-8 min: Two mice died, other two were hypoactive and had breathing 
disturbances. 

 20 min: Another two mice died.  

1.) 6 min 
2.) 8 min 
3.-4.) 20 min 

 

S8. Crystallographic data 

Data collection 

The crystal structure of JR595.TFA [C16H22F3N3O5] was determined from single crystal X-ray diffraction. The chosen 
crystal was stuck on a glass fibre and mounted on the full three-circle goniometer of a Bruker SMART APEX 
diffractometer with a CCD area detector. Three sets of exposures (a total of 1800 frames) were recorded, corresponding 

to three  scans (steps of 0.3°), for three different values of . The details of data collection are given in Tables S6. 
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Table S6. Data collection for JR595.TFA 

Temperature / K RT 

Radiation Mo-K1 ( = 0.71073Å) 

Monochromator Graphite 

Collimator / mm 0.5 

Generator set 50 kV 40mA 

Crystal-detector distance / mm 60 

Detector 2 angle / ° -28 

 oscillations / ° -0.3 

 scan 1   = 54.7°,  = 0°, -28° ≤  ≤ -208° 

 scan 2   = 54.7°,  = 120°, -28° ≤  ≤ -208° 

 scan 3   = 54.7°,  = 240°, -28° ≤  ≤ -208° 

Time exposure / s 10 

Total number of reflections 15157 

Unique reflections [Fo > 4.0 (Fo)] 3879 / 2597 

 range / ° 1.16 to 26.41 

hkl range -7≤h≤7, -43≤k≤43, -10≤l≤10 

Rint = [|FO
2 – FO

2(mean)|] / [FO
2] 0.0438 

Completeness to  = 26.40 / % 99.8 

 

The cell parameters and the orientation matrix of the crystal were preliminary determined by using SMART Software1. 
Data integration and global cell refinement were performed with SAINT Software2. Intensities were corrected for Lorentz, 
polarisation, decay and absorption effects (SAINT and SADABS Software) and reduced to FO

2. The program package 
WinGX3 was used for space group determination, structure solution and refinement. 

Data refinement 

The standard space group P21/c (n°14) was determined from systematic extinctions and relative FO
2 of equivalent 

reflections. The structure was solved by direct methods4. Anisotropic displacement parameters were refined for all non-
hydrogen atoms. All hydrogen atoms were located from subsequent difference Fourier syntheses and placed with 
geometrical constraints (SHELXL5). The final cycle of full-matrix least-square refinement on F2 was based on 3879 
observed reflections and 274 variable parameters and converged with unweighted and weighted agreement factors of: R1 

= 0.0545, wR2 = 0.1540 for 2597 reflections with I>2I and R1 = 0.0836, wR2 = 0.1849 for all data. The refinement data 
are given in Table S7. The fluorine atoms were located and refined as disordered on two limit positions, with a statistical 

occupancy factor of 60/40%  

Table S7. Refinement data for JR595.TFA 

Number of reflections (n) (with FO > 4.0 (FO)) 2597 

Number of refined parameters (p) / restraints 277 / 0 

Final R indices [I>2sigma(I)] R1 = 0.0545, wR2 = 0.1540 

R indices (all data) R1 = 0.0836, wR2 = 0.1849 

Goodness of  Fit indicator (Restrained GooF) 1.050 

Maximum peak in Final Difference Map / e-Å-3 0.262 

Maximum hole in Final Difference Map / e-Å-3 -0.244 

R1 =  (||FO|-|FC||) /  |FO| 

wR2 = [  [ w (FO
2 - FC

2) 2] /  [ w (FO
2)2 ] ]1/2 

GooF = [ [ w (FO
2 - FC

2) 2] / (n - p) ]1/2
   

Crystallographic data and structural description 

The crystal data is collected in Table S8. The full crystallographic parameters (atomic coordinates, bond length, angles 
and anisotropic displacements) are reported in Tables S10-S16. 

                                                           
1
 SMART for WNT/2000 V5.622 (2001), Smart software reference manual, Bruker Advanced X Ray Solutions, Inc., Madison, Wisconsin, USA. 

2
 SAINT+ V6.02 (1999), Saint software reference manual, Bruker Advanced X Ray Solutions, Inc., Madison, Wisconsin, USA. 

3
 WinGX: Version 1.70.01: An integrated system of Windows Programs for the solution, refinement and analysis of Single Crystal X-Ray Diffraction Data, By LouisJ. Farrugia, Dept. of 

chemistry, University of Glasgow.  

L. J. Farrugia (1999) J. Appl.  Cryst. 32, 837-838. 
4
 Included in WinGX suite : SIR 92: A. Altomare, G. Cascarano, & A. Gualardi (1993) J. Appl. Cryst. 26, 343-350; SHELXS-97: Sheldrick, G. M., (1990) Acta cryst, A46, 467. 

5
 Included in WinGX suite: SHELXL-97 – a program for crystal structure refinement, G. M. .Sheldrick, University of Goettingen, Germany, 1997, release 97-2. 
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Table S8. Crystal data of the JR595. 

Chemical Formula [C16H22F3N3O5] 

Molecular Weight / g.mol-1 393.4 

Crystal System Monoclinic 

Space Group P21/c 

Z , Z’ (asymmetric units per unit cell) 4, 1 

a / Å 6.3752(5) 

b / Å 35.057(3) 

c / Å 8.6697(7) 

 / ° 90 

 / ° 101.119(1) 

 / ° 90 

V / Å3 1901.2(3) 

dcalc / g.cm-3 1.374 

F(000) / e- 824 

Absorption coefficient µ (MoK1) / mm-1 0.121 

The asymmetric unit is composed of one trifluoroacetic acid and one base (Figure S6). The acid molecule is 

deprotonated; the more basic nitrogen atom is N1 on the morpholine moiety. The two entities establish strong hydrogen 
bond through the carboxylate function toward N1-H and O3-H (Table S9, Figure S7). The intramolecular hydrogen bond 

(N3 toward O2-H) is not represented on the different figures. B mean soft hydrogen bonds, some dimers are formed 
(Figure S7). The cohesion between dimer is ensured by van der Waals interactions (Figures S8, S9, and S10). 

 

Figure S6. Asymmetric unit in thermal ellipsoidal representation (the fluorine atoms are disordered on two positions, the 

lighter green represents the 40% , and the brighter green 60% of occupancy). 

 

Figure S7. Dimer built from the hydrogen bond interactions. 

 

Table S9. Hydrogen bond table (Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y+1,-z+2). 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

N(1)-H(1)...O(2S)#1 0.91 1.88 2.779(3) 168.2 

O(2)-H(2)...N(3) 0.82 1.95 2.659(3) 144.9 

O(3)-H(3)...O(1S) 0.82 1.85 2.664(2) 170.2 

 

 

Figure S8. Projection along a. 
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Figure S9. Projection along [101]. 

 

Figure S10. Projection along c. 

Table S10. Atomic coordinates (x104) and equivalent isotropic displacement parameters (Å2 x 103). 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor 

 x y z U(eq) 

C(1S) 8082(4) 3253(1) 6911(3) 58(1) 

C(2S) 10013(5) 3144(1) 8138(4) 102(1) 

F(1S) 11878(9) 3201(2) 7830(8) 87(2) 

F(2S) 10055(7) 3422(2) 9436(5) 146(3) 

F(3S) 9916(14) 2819(2) 8798(10) 125(4) 

F(4S) 10523(15) 2751(3) 7142(16) 217(6) 

F(5S) 11671(19) 3262(5) 8034(19) 199(8) 

F(6S) 9820(20) 2989(6) 9259(14) 179(9) 

O(1S) 6448(3) 3306(1) 7423(2) 80(1) 

O(2S) 8340(3) 3279(1) 5568(2) 93(1) 

C(1) 5187(5) 6605(1) 17877(3) 67(1) 

C(2) 3743(5) 6905(1) 18354(3) 81(1) 

C(3) 4957(5) 7366(1) 16844(3) 73(1) 

C(4) 6510(4) 7096(1) 16326(3) 66(1) 

C(5) 7210(4) 6420(1) 15813(3) 59(1) 

C(6) 6243(4) 6034(1) 15406(3) 59(1) 

C(7) 7659(4) 5788(1) 14579(3) 57(1) 

C(8) 6514(4) 5427(1) 13936(3) 58(1) 

C(9) 7672(3) 5162(1) 13032(2) 52(1) 

C(10) 9865(4) 5180(1) 13050(3) 60(1) 

C(11) 10811(4) 4915(1) 12240(3) 62(1) 

C(12) 9572(4) 4632(1) 11424(3) 55(1) 

C(13) 7369(3) 4637(1) 11392(2) 49(1) 

C(14) 5895(4) 4365(1) 10492(3) 54(1) 

N(1) 5707(3) 6697(1) 16325(2) 48(1) 

N(2) 6463(3) 4897(1) 12195(2) 53(1) 

N(3) 6575(3) 4095(1) 9737(2) 57(1) 

O(1) 4656(3) 7273(1) 18379(2) 82(1) 

O(2) 10525(3) 4359(1) 10681(2) 73(1) 

O(3) 4919(3) 3866(1) 8966(2) 69(1) 
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Table S11. Hydrogen coordinates (x104) and equivalent isotropic displacement parameters (Å2 x 103). 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor 

 x y z U(eq) 

H(1A) 6496 6590 18660 81 

H(1B) 4486 6359 17827 81 

H(2A) 2385 6903 17621 97 

H(2B) 3471 6845 19390 97 

H(3A) 5494 7625 16836 88 

H(3B) 3597 7353 16116 88 

H(4A) 6702 7164 15277 79 

H(4B) 7886 7115 17031 79 

H(5A) 8452 6391 16649 71 

H(5B) 7693 6522 14903 71 

H(6A) 4853 6065 14728 71 

H(6B) 6036 5907 16360 71 

H(7A) 8061 5931 13725 68 

H(7B) 8955 5722 15315 68 

H(8A) 6153 5286 14811 69 

H(8B) 5180 5500 13257 69 

H(10) 10686 5371 13613 72 

H(11) 12268 4927 12241 74 

H(14) 4436 4389 10467 65 

H(1) 4462 6686 15607 58 

H(2) 9609 4218 10185 110 

H(3) 5390 3712 8407 104 

 
Table S12. Bond lengths (Å). 

C(1S)-O(2S) 1.210(3) C(5)-H(5B) 0.97 

C(1S)-O(1S) 1.223(3) C(6)-C(7) 1.525(3) 

C(1S)-C(2S) 1.513(4) C(6)-H(6A) 0.97 

C(2S)-F(6S) 1.140(11) C(6)-H(6B) 0.97 

C(2S)-F(5S) 1.155(12) C(7)-C(8) 1.512(3) 

C(2S)-F(1S) 1.284(7) C(7)-H(7A) 0.97 

C(2S)-F(3S) 1.281(7) C(7)-H(7B) 0.97 

C(2S)-F(2S) 1.485(6) C(8)-C(9) 1.499(3) 

C(2S)-F(4S) 1.691(11) C(8)-H(8A) 0.97 

C(1)-N(1) 1.482(3) C(8)-H(8B) 0.97 

C(1)-C(2) 1.507(4) C(9)-N(2) 1.329(3) 

C(1)-H(1A) 0.97 C(9)-C(10) 1.397(3) 

C(1)-H(1B) 0.97 C(10)-C(11) 1.371(3) 

C(2)-O(1) 1.413(3) C(10)-H(10) 0.93 

C(2)-H(2A) 0.97 C(11)-C(12) 1.378(3) 

C(2)-H(2B) 0.97 C(11)-H(11) 0.93 

C(3)-O(1) 1.419(3) C(12)-O(2) 1.359(3) 

C(3)-C(4) 1.501(3) C(12)-C(13) 1.400(3) 

C(3)-H(3A) 0.97 C(13)-N(2) 1.343(3) 

C(3)-H(3B) 0.97 C(13)-C(14) 1.455(3) 

C(4)-N(1) 1.489(3) C(14)-N(3) 1.274(3) 

C(4)-H(4A) 0.97 C(14)-H(14) 0.93 

C(4)-H(4B) 0.97 N(1)-H(1) 0.91 

C(5)-N(1) 1.492(3) N(3)-O(3) 1.390(2) 

C(5)-C(6) 1.498(3) O(2)-H(2) 0.82 

C(5)-H(5A) 0.97 O(3)-H(3) 0.82 

 

Table S13. Angles (°). 

O(2S)-C(1S)-O(1S) 128.5(3) C(1)-C(2)-H(2B) 109.3 C(7)-C(8)-H(8A) 108 

O(2S)-C(1S)-C(2S) 116.9(2) H(2A)-C(2)-H(2B) 107.9 C(9)-C(8)-H(8B) 108 

O(1S)-C(1S)-C(2S) 114.7(2) O(1)-C(3)-C(4) 110.6(2) C(7)-C(8)-H(8B) 108 

F(6S)-C(2S)-F(5S) 119.2(11) O(1)-C(3)-H(3A) 109.5 H(8A)-C(8)-H(8B) 107.2 

F(6S)-C(2S)-F(1S) 120.5(8) C(4)-C(3)-H(3A) 109.5 N(2)-C(9)-C(10) 120.8(2) 

F(5S)-C(2S)-F(1S) 13.8(11) O(1)-C(3)-H(3B) 109.5 N(2)-C(9)-C(8) 115.22(19) 

F(6S)-C(2S)-F(3S) 34.3(10) C(4)-C(3)-H(3B) 109.5 C(10)-C(9)-C(8) 124.0(2) 

F(5S)-C(2S)-F(3S) 118.4(10) H(3A)-C(3)-H(3B) 108.1 C(11)-C(10)-C(9) 120.1(2) 

F(1S)-C(2S)-F(3S) 111.0(6) N(1)-C(4)-C(3) 110.27(19) C(11)-C(10)-H(10) 119.9 

F(6S)-C(2S)-F(2S) 69.8(10) N(1)-C(4)-H(4A) 109.6 C(9)-C(10)-H(10) 119.9 

F(5S)-C(2S)-F(2S) 86.7(10) C(3)-C(4)-H(4A) 109.6 C(10)-C(11)-C(12) 119.1(2) 

F(1S)-C(2S)-F(2S) 99.9(5) N(1)-C(4)-H(4B) 109.6 C(10)-C(11)-H(11) 120.5 

F(3S)-C(2S)-F(2S) 103.9(5) C(3)-C(4)-H(4B) 109.6 C(12)-C(11)-H(11) 120.5 

F(6S)-C(2S)-C(1S) 120.9(8) H(4A)-C(4)-H(4B) 108.1 O(2)-C(12)-C(11) 119.1(2) 

F(5S)-C(2S)-C(1S) 119.2(8) N(1)-C(5)-C(6) 113.51(18) O(2)-C(12)-C(13) 122.6(2) 

F(1S)-C(2S)-C(1S) 118.4(4) N(1)-C(5)-H(5A) 108.9 C(11)-C(12)-C(13) 118.3(2) 

F(3S)-C(2S)-C(1S) 115.9(5) C(6)-C(5)-H(5A) 108.9 N(2)-C(13)-C(12) 121.9(2) 

F(2S)-C(2S)-C(1S) 105.1(3) N(1)-C(5)-H(5B) 108.9 N(2)-C(13)-C(14) 115.14(18) 

F(6S)-C(2S)-F(4S) 96.4(10) C(6)-C(5)-H(5B) 108.9 C(12)-C(13)-C(14) 122.91(19) 

F(5S)-C(2S)-F(4S) 89.0(10) H(5A)-C(5)-H(5B) 107.7 N(3)-C(14)-C(13) 120.9(2) 
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F(1S)-C(2S)-F(4S) 75.2(6) C(5)-C(6)-C(7) 111.57(19) N(3)-C(14)-H(14) 119.5 

F(3S)-C(2S)-F(4S) 62.3(6) C(5)-C(6)-H(6A) 109.3 C(13)-C(14)-H(14) 119.5 

F(2S)-C(2S)-F(4S) 160.8(4) C(7)-C(6)-H(6A) 109.3 C(1)-N(1)-C(4) 109.91(18) 

C(1S)-C(2S)-F(4S) 93.4(4) C(5)-C(6)-H(6B) 109.3 C(1)-N(1)-C(5) 113.42(18) 

N(1)-C(1)-C(2) 110.7(2) C(7)-C(6)-H(6B) 109.3 C(4)-N(1)-C(5) 111.83(17) 

N(1)-C(1)-H(1A) 109.5 H(6A)-C(6)-H(6B) 108 C(1)-N(1)-H(1) 107.1 

C(2)-C(1)-H(1A) 109.5 C(8)-C(7)-C(6) 111.11(19) C(4)-N(1)-H(1) 107.1 

N(1)-C(1)-H(1B) 109.5 C(8)-C(7)-H(7A) 109.4 C(5)-N(1)-H(1) 107.1 

C(2)-C(1)-H(1B) 109.5 C(6)-C(7)-H(7A) 109.4 C(9)-N(2)-C(13) 119.67(19) 

H(1A)-C(1)-H(1B) 108.1 C(8)-C(7)-H(7B) 109.4 C(14)-N(3)-O(3) 111.94(18) 

O(1)-C(2)-C(1) 111.7(2) C(6)-C(7)-H(7B) 109.4 C(2)-O(1)-C(3) 109.03(19) 

O(1)-C(2)-H(2A) 109.3 H(7A)-C(7)-H(7B) 108 C(12)-O(2)-H(2) 109.5 

C(1)-C(2)-H(2A) 109.3 C(9)-C(8)-C(7) 117.38(19) N(3)-O(3)-H(3) 109.5 

O(1)-C(2)-H(2B) 109.3 C(9)-C(8)-H(8A) 108   

 

Table S14. Anisotropic displacement parameters (Å² x 103). The anisotropic displacement factor exponent takes the form: 

-2 ² [ h² a*² U11 + ... + 2 h k a* b* U12] 

 U11 U22 U33 U23 U13 U12 

C(1S) 57(1) 61(1) 56(1) -8(1) 13(1) -11(1) 

C(2S) 50(2) 167(4) 89(2) 44(2) 11(2) 0(2) 

F(1S) 45(3) 116(3) 102(3) 13(2) 24(2) 14(2) 

F(2S) 99(3) 229(6) 93(3) -79(3) -26(2) 38(3) 

F(3S) 88(3) 111(4) 169(9) 77(4) 6(4) 5(2) 

F(4S) 192(9) 200(9) 237(13) 6(8) -15(8) 128(8) 

F(5S) 77(7) 317(18) 176(12) 71(11) -42(6) -99(8) 

F(6S) 109(6) 360(30) 64(5) 81(10) 8(4) 13(14) 

O(1S) 62(1) 78(1) 105(2) -19(1) 27(1) 2(1) 

O(2S) 79(1) 139(2) 59(1) 1(1) 11(1) -12(1) 

C(1) 96(2) 60(1) 51(1) 3(1) 26(1) -1(1) 

C(2) 109(2) 79(2) 67(2) -3(1) 45(2) 1(2) 

C(3) 99(2) 54(1) 72(2) -3(1) 29(2) 1(1) 

C(4) 79(2) 51(1) 74(2) -2(1) 28(1) -9(1) 

C(5) 57(1) 56(1) 68(1) -5(1) 18(1) 0(1) 

C(6) 65(1) 53(1) 60(1) -2(1) 16(1) -1(1) 

C(7) 61(1) 53(1) 57(1) -2(1) 12(1) 1(1) 

C(8) 58(1) 55(1) 61(1) -4(1) 13(1) 0(1) 

C(9) 52(1) 49(1) 53(1) 2(1) 8(1) 1(1) 

C(10) 56(1) 62(1) 62(1) -5(1) 9(1) -5(1) 

C(11) 45(1) 73(2) 68(1) -2(1) 14(1) -2(1) 

C(12) 51(1) 60(1) 56(1) 3(1) 14(1) 6(1) 

C(13) 51(1) 51(1) 48(1) 4(1) 12(1) 5(1) 

C(14) 50(1) 55(1) 58(1) -2(1) 13(1) 1(1) 

N(1) 51(1) 50(1) 44(1) 0(1) 10(1) -2(1) 

N(2) 50(1) 53(1) 56(1) -2(1) 13(1) 4(1) 

N(3) 61(1) 55(1) 55(1) -3(1) 12(1) 0(1) 

O(1) 117(2) 68(1) 65(1) -14(1) 30(1) 0(1) 

O(2) 56(1) 82(1) 85(1) -20(1) 21(1) 9(1) 

O(3) 71(1) 67(1) 70(1) -19(1) 12(1) -6(1) 
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Table S15. Torsion angles (°). 

O(2S)-C(1S)-C(2S)-F(6S) -152.7(13) C(10)-C(11)-C(12)-O(2) -177.0(2) 

O(1S)-C(1S)-C(2S)-F(6S) 27.5(13) C(10)-C(11)-C(12)-C(13) 3.2(3) 

O(2S)-C(1S)-C(2S)-F(5S) 37.5(13) O(2)-C(12)-C(13)-N(2) 176.7(2) 

O(1S)-C(1S)-C(2S)-F(5S) -142.3(12) C(11)-C(12)-C(13)-N(2) -3.5(3) 

O(2S)-C(1S)-C(2S)-F(1S) 21.7(6) O(2)-C(12)-C(13)-C(14) -3.6(3) 

O(1S)-C(1S)-C(2S)-F(1S) -158.1(4) C(11)-C(12)-C(13)-C(14) 176.3(2) 

O(2S)-C(1S)-C(2S)-F(3S) -113.9(6) N(2)-C(13)-C(14)-N(3) -177.0(2) 

O(1S)-C(1S)-C(2S)-F(3S) 66.3(6) C(12)-C(13)-C(14)-N(3) 3.3(3) 

O(2S)-C(1S)-C(2S)-F(2S) 132.1(4) C(2)-C(1)-N(1)-C(4) 51.5(3) 

O(1S)-C(1S)-C(2S)-F(2S) -47.7(5) C(2)-C(1)-N(1)-C(5) 177.5(2) 

O(2S)-C(1S)-C(2S)-F(4S) -53.3(6) C(3)-C(4)-N(1)-C(1) -53.2(3) 

O(1S)-C(1S)-C(2S)-F(4S) 127.0(5) C(3)-C(4)-N(1)-C(5) 179.9(2) 

N(1)-C(1)-C(2)-O(1) -56.7(3) C(6)-C(5)-N(1)-C(1) 69.5(3) 

O(1)-C(3)-C(4)-N(1) 59.4(3) C(6)-C(5)-N(1)-C(4) -165.5(2) 

N(1)-C(5)-C(6)-C(7) 168.34(19) C(10)-C(9)-N(2)-C(13) 1.9(3) 

C(5)-C(6)-C(7)-C(8) -170.6(2) C(8)-C(9)-N(2)-C(13) -177.46(18) 

C(6)-C(7)-C(8)-C(9) 177.64(19) C(12)-C(13)-N(2)-C(9) 0.9(3) 

C(7)-C(8)-C(9)-N(2) -165.37(19) C(14)-C(13)-N(2)-C(9) -178.89(19) 

C(7)-C(8)-C(9)-C(10) 15.2(3) C(13)-C(14)-N(3)-O(3) 179.58(18) 

N(2)-C(9)-C(10)-C(11) -2.1(3) C(1)-C(2)-O(1)-C(3) 61.7(3) 

C(8)-C(9)-C(10)-C(11) 177.2(2) C(4)-C(3)-O(1)-C(2) -63.0(3) 

C(9)-C(10)-C(11)-C(12) -0.5(4)   

 

Table S16. Calculated reflections from PowderCell6. 

h k l 2/° d/Å I/rel. |F(hkl)| h k l 2/° d/Å I/rel. |F(hkl)| 

0 2 0 5.04 17.53 14.20 27.90 1 4 1 21.69 4.09 6.62 59.09 

0 4 0 10.09 8.76 4.45 31.37 -1 6 1 22.01 4.04 4.72 50.68 

0 1 1 10.69 8.27 7.93 31.42 0 3 2 22.22 4.00 7.27 63.56 

0 2 1 11.55 7.65 4.15 24.59 1 7 0 22.73 3.91 2.09 34.86 

0 3 1 12.86 6.88 3.14 23.84 -1 0 2 22.89 3.88 4.49 72.85 

1 0 0 14.15 6.26 7.45 57.17 1 5 1 23.00 3.86 6.60 62.75 

0 4 1 14.50 6.10 8.14 43.34 0 4 2 23.23 3.83 24.33 121.73 

1 2 0 15.03 5.89 10.44 50.90 -1 3 2 24.13 3.68 3.11 45.34 

0 6 0 15.15 5.84 34.15 131.30 0 5 2 24.46 3.64 19.48 114.97 

1 3 0 16.06 5.52 2.93 28.86 1 6 1 24.51 3.63 11.43 88.27 

1 4 0 17.40 5.09 10.98 60.65 1 8 0 24.79 3.59 3.77 51.31 

-1 3 1 17.60 5.03 27.65 97.37 0 6 2 25.89 3.44 29.52 150.26 

-1 4 1 18.84 4.71 100.00 198.61 0 7 2 27.49 3.24 11.81 101.27 

1 1 1 19.32 4.59 5.89 49.45 0 10 1 27.50 3.24 3.99 58.90 

1 2 1 19.81 4.48 40.63 133.34 1 0 2 27.52 3.24 3.29 75.66 

0 8 0 20.25 4.38 10.43 97.73 -1 9 1 27.91 3.19 2.95 51.40 

0 7 1 20.56 4.32 7.43 59.25 1 2 2 27.99 3.19 11.68 102.68 

1 3 1 20.61 4.31 8.23 62.51 2 0 0 28.52 3.13 3.21 77.57 

1 6 0 20.79 4.27 8.33 63.44 -2 1 1 28.53 3.13 7.67 84.93 

0 0 2 20.87 4.25 3.69 59.96 1 3 2 28.58 3.12 5.14 69.65 

0 1 2 21.02 4.22 3.41 41.09 -2 2 1 28.88 3.09 4.34 64.68 

0 2 2 21.48 4.13 4.42 47.81        

Source: Cu-K1 ( = 1.540598 Å) 

Condition on reflections: I ≥ 2  

Range (2): From 3° to 30° 

                                                           
6 PowderCell for Windows (version 2.4) by Kraus W. & Nolze G., Federal Institute for Materials Research and Testing, Rudower Chausse 5, 12489 Berlin Germany 
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S9. NMR spectra 

1H NMR in CDCl3 of 2 

 
13C NMR in CDCl3 of 2 
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1H NMR in CDCl3 of 3 

  
13C NMR in CDCl3 of 3 
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1H NMR in CDCl3 of 4 
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13C NMR in CDCl3 of 4 
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1H NMR in CDCl3 of 5 

 
13C NMR in CDCl3 of 5 
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1H NMR in CDCl3 of 6 

 
13C NMR in CDCl3 of 6 
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1H NMR in CDCl3 of JR595.AcOH 

 
13C NMR in CDCl3 of JR595.AcOH 
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1H NMR (300 MHz, D2O) of JR595.TFA 

 
19F NMR (282 MHz, D2O) of JR595.TFA 
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13C NMR (75 MHz, D2O) of JR595.TFA 

 
 


