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Abstract

Since several decades oximes have been used ad fragtment of nerve agent intoxication
with the aim to restore the biological functiontibé enzyme acetylcholinesterase after its
covalent inhibition by organophosphorus compoun$ &s pesticides and nerve agents.
Recent findings have illustrated that, besides esingertain Mannich phenols can reactivate
the inhibited enzyme very effectively, and may #ifere represent an attractive
complementary class of reactivators. In this payefurther probe the effect of structural
variation on the in vitro efficacy of Mannich phéhased reactivators. Thus, we present the
synthesis of 14 compounds that are close varidriteeqreviously reported 4-amino-2-(1-
pyrrolidinylmethyl)-phenol, a very effective nonime reactivator, and 3 dimeric Mannich
phenols. All compounds were assessed for theiityhil reactivate human
acetylcholinesterase inhibited by the nerve ageéMtstabun, sarin, cyclosarin and paraoxon
in vitro. It was confirmed that the potency of tmmpounds is highly sensitive to small
structural changes, leading to diminished readgtowgbotency in many cases. However, the
presence of 4-substituted alkylamine substitueagskemplified with the 4-benzylamine-
variant) was tolerated. More surprisingly, the dimeompounds demonstrated non-typical
behavior and displayed some reactivation potenayedis Both findings may open up new

avenues for designing more effective non-oximetregors.
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1. Introduction

Nerve agents and a number of pesticides belondamay of organophosphorus (OP)
compounds that exert their toxicity through thealewt inhibition of the enzyme
acetylcholinesterase (AChE).[1,2] Examples of Gff&sthe commonly used pesticides (e.qg.,
chlorpyrifos, malathion, paraoxon), but also neagents (e.g., VX, soman, sarin and tabun).
AChE is present on synaptic neurons, and catalymebydrolysis of the neurotransmitter
acetylcholine (ACh) in the synaptic clefts.[2,3hibition of the enzyme by OP’s occurs
through the formation of a covalent bond betweenatttive site serine-203 residue and the
OP, resulting in the permanent phosphylation. Bleskage leads to accumulation of ACh,
over-stimulation of the ACh receptors, which inntlgads to severe symptoms and death.[4]
Part of the treatment of OP poisoning involvesatministration of compounds that contain
a nucleophilic oxime functionality, which reactieatthe enzyme by attack of the oximate
anion on the phosphorus atom of the blocking phgsgisidue.[5,6] The most well-known
examples of these reactivators of OP-inhibited A@h&the clinically employed HI-6,
Obidoxime and 2-PAM (Figure 1), that were all deypad in the fifties/sixties of the last
century. From a structural point of view, all oé#e compounds have a pyridinium aldoxime
group in common. The charged pyridinium moiety losvine pKa of the oxime, necessary
for the generation of a sufficient fraction of reae oximate anions under physiological
conditions, and contributes to the requisite af§inif the compound for the inhibited enzyme.
The presence of charge(s), however, also resulisitted brain accessibility of the

oximes.[7] Another limitation is the lack of brog@ectrum activity: not one oxime is capable
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of reactivating AChE inhibited by one of the mank’& Hence, a tremendous effort has
been devoted over the last six decades to res&argbing on the design, synthesis and
evaluation of novel compounds with the aim to inyerbrain permeability and increased
spectrum activity.[8—11] The design of preferaldwImolecular weight compounds that lack
charge (or possess overall neutrality, such agemahic compounds), but have sufficient
affinity for the enzyme and are at the same tinaetree enough (appropriate pKa) for the
intended phosphyl displacement reaction, is stiéaormous challenge. While a great
variety of chemical structures have been reportenl the years, the use of an oxime
functionality as the nucleophilic moiety has beetually ubiquitous. Despite all of these
efforts, none of these compounds has reachedithe @ date. Clearly, a complementary

design strategy leading to fundamentally differ@rpounds would be highly welcome.
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Figure 1. Structures of currently employed oximed eecently discovered non-oximes for
the reactivation of nerve agent inhibited acetylatesterase. While the oximes work via
direct nucleophilic attack on the phosphyl moiéty mmechanism of reactivation by non-

oximes is still unclear.
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Several years ago, Katz reported that a Mannich@hH@&DOC, 1a in Figure 1) was capable
of reactivating OP-inhibited AChE in vitro.[12] Abugh the reactivation rates were far
inferior to those of the current oximes, the disgwof a reactivator that lacked the oxime
group (hence the expression ‘non-oxime’) was sanpgiand appealing, as this discovery
pointed at the possibility of developing reactivatthat were fundamentally different from
current reactivator design. Moreover, the absefcharge, its relatively low molecular
weight and its short route of synthesis are equathactive features from a medicinal
chemistry point of view.[13] The mechanism of r@ztion of OP-inhibited AChE by
ADOC remains to be unraveled, but both a nucleaphiechanism (arguably through the
phenolate) as well as an acid-base mechanism @ereof reactive hydroxyls by
reactivator-mediated deprotonation of water) haaenbhypothesized (Figure 1).[14,15] Not
long afterwards, Cadieux presented a number of Alb@&@atives in which the chemical
space around ADOC was explored, by varying nuntgpg and bulk of substituents and
substituent positions, and their effect on thetreatton potency.[16] Unfortunately, none of
these new derivatives showed any potency as avatmt We have recently reported a
systematic investigation that focused solely onanstructural variations around the
benzylic amine group.[17] Thus, a set of aliphatiglic and unsaturated benzylic amine
derivatives of ADOC were prepared and tested iroviAlthough most of the structures had
no significant potency as a reactivator, we wegplyao find that the ring-closed derivative
of ADOC (1b or PADOC in Figure 1) was at least ten times martem than ADOC in the
reactivation of human AChE (hAChE), inhibited byrieas OP’s.[18] Moreover, for VX and
paraoxon (POX) inhibited hAChE its potency was ¢éguauperior to that of HI-6, one of
the best reactivators know to date. Another intrigdinding was that the potency of these
non-oximes was very strongly influenced by smalicural changes, thwarting analyses of

structure-activity relationships. For instance, angon of the pyrrolidine ring in PADOC
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with just a single methylene group (to gil@in Figure 1) resulted in a dramatic decrease of
reactivation potency. Determination of the reactoraparameters,Kreactivity rate constant)
and K, (apparent dissociation constant) revealed thatehetivation potency of PADOC
mainly stems from a high affinity for the inhibitettizyme. In line with the previous work,
we here report 17 novel, non-oxime compounds (Ei@)rand their in vitro biological

evaluation.
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Figure 2. Non-oxime compounds synthesized in thdy/s

Compound® and3 are close variants of the current lead compdimdnd were selected on
the basis of results previously reported by Hadatla-workers. They found that 2-
methylpyrrolidine variants of structurally relatedmpounds, designed for re-alkylation of

aged OP-inhibited AChE, exhibited an increaseayfifor AChE. These compounds lacked
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the 4-amine irl, and featured a pyridine instead of a benzenetmfi€] In an analogous

fashion, the pyridine feature was adopted in compe@.

Compoundg! represent structures in which the substituenteatitposition ofltb was varied.
These substituents featured electron withdrawioggs, electron donating groups and

moieties that may be able to exert further intéoacte.g., H-bonding) with enzyme residues.

Finally, we synthesized three dimeric compoundsyhich two Mannich phenol units were
connected through spacers of varying length. Tasgh was inspired by the suggestion that
interaction of two ADOC molecules to the enzyméhatsame time may be required for
efficient reactivation.[12] The chemical linkagetbése molecules could possibly result in
more efficient binding of the two non-oxime moistisompared to 2 separate molecules. In
the absence of in silico models the design of campe5 was merely based on synthetic

accessibility.

2. Materialsand Methods

The synthetic procedures for all compounds areigeavin this section. General information
(chemicals, equipment, suppliers, etc) are providdgte supporting information. The
biological experiments (determination ofsiCreactivation screening, and reactivation
kinetics) were carried out as previously descrild&].Brief descriptions are provided below,
while details are provided in the supporting infatian2.1 2-Step synthetic procedure

compounda/2b

4-acetamidophenol (1.8g, 11.9mmol; 1.2eq) and paraildehyde (0.3g, 10.2 mmol; 1eq)
were dissolved in ethanol (20 ml). (R)-(-)-2-methytolidine (or the S-isomer, 0.84ml, 7.7
mmol; 0.76 eq), was added and the mixture wasxeflat 86C for 24h. After concentration

in vacuo, the residue was dissolved in MeOH (2anf) applied on a silica gel column,
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which was subsequently eluted with a gradiént @0 MeOH in EtOAc. Yield 0.33g;
1.33mmol (17%)*H-NMR (400MHz, MeOH-d4} 7.29(s, CH); 7.22(d, CH); 6.69(d, CH);
4.22(d, CH); 3.44(dt, CH); 2.67(q, CH); 2.37(q, CH); 2.10(s, CH); 1.81(p, CH); 1.54(m,
CH,); 1.24(d, CH). **C-NMR (101MHz, MeOH-d4p 169.90(C=0); 154,20(C-OH);
129.93(CH); 122,62(C); 121.20(C); 120,91(CH); 1B%AH); 59,98(CH); 55,56(CH);

53,45(CH); 32,33(CH); 17,63(CH3). [M+H]: 248 Da.

The product from the previous step (0.33g, 1.33mmwd|) was dissolved in 10% HCI (10
ml). After 6h reflux at 11%C, the mixture was concentrated and coevaporattd wi
acetonitrile (2-3x). Yield: 0.38g; 1.52mmol; 19.§2steps)'H NMR (400 MHz, Methanol-
d4) 5 7.55 (s, 1H), 7.39 (d, J = 8.7 Hz, 1H), 7.09 (¢,87 Hz, 1H), 4.62 (d, J = 12.9 Hz,
1H), 4.24 (d, J = 13.0 Hz, 1H), 3.72 — 3.61 (m, 13452 — 3.44 (m, 1H), 3.35 (d, J = 16.1 Hz,
7H), 2.39 (dd, J = 12.9, 5.0 Hz, 1H), 2.14 (dd, 162, 6.4 Hz, 1H), 2.02 (s, 1H), 1.81 (dd, J
=13.0, 8.7 Hz, 1H), 1.50 (d, J = 6.4 Hz, 3HC NMR (Methanol-d4, 101 MHz} (ppm)
156.85, 127.04, 126.05, 122.05, 118.54, 116.446643.91, 51.25, 31.23, 21.05, 15.30.

[M+H] *: 206 Da.

2.2  2-Step synthetic procedure compo@ad

5-hydroxy-2-pivalamidopyridine (180 mg, 927 pmokd) was dissolved in ethanol (5 ml).
Formaldehyde solution (37% in water, 64 pl (0.9 eqd diethylamine (89 ul, 0.93 eq)
were added. The mixture was refluxed for 240h &t®5After concentration in vacuo, the
mixture was purified by automated column chromadpfy (Biotage Isolera 4, using a
gradient of 0-90 % EtOAc in heptane, containingt8#&thylamine). Yield: 80 mg, 285 pmol
(33%)'H NMR (400 MHz, Methanol-d4j 7.77 (d, J = 8.8 Hz, 1H), 7.12 (d, J = 8.7 Hz, 1H)

3.91 (s, 2H), 2.71 (q, J = 7.2 Hz, 4H), 1.31 (s),9H15 (t, J = 7.2 Hz, 6HJ*C NMR (101
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MHz, Methanol-d4)p 177.77, 151.94, 142.55, 140.52, 124.98, 115.18,7546.90, 39.10,

26.36, 10.15.

3-hydroxy-6-pivalamido-2-(diethylaminomethyl)pyniai was dissolved in 10% HCI and
refluxed for 96h at 110 °C. Progress was monitémgtd C-MS. After complete conversion
the mixture was concentrated in vacuo and co-ewpadwith acetonitrile (2-3 x).
Quantitative yield*H NMR (400 MHz, Deuterium Oxide) 7.63 (d, J = 9.5 Hz, 1H), 7.03 (d,
J=9.5Hz, 1H), 4.36 (s, 2H), 3.24 (g, J = 7.3 #), 1.28 (t, J = 7.3 Hz, 6H°C NMR

(101 MHz, Deuterium Oxide) 149.11, 146.01, 135.28, 122.38, 117.28, 48.704&.11.

2.3  2-Step synthetic procedure compo@hd

5-hydroxy-2-pivalamidopyridine (61 mg, 312 pmokd) was dissolved in ethanol (5 ml).
Paraformaldehyde (9 mg, 300 pumol, 0.96 eq) andpgime 23.4 pl (280 pumol, 0.90 eq)
were added. The mixture was refluxed for 168h5at® and concentrated in vacuo. The
product was purified by automated column chromatplyy using a gradiént of 0-90 %
EtOAc in heptane, containing 3% Triethylamine. Wied4 mg, 195 pmol (70%)H NMR
(400 MHz, Methanol-d4) 7.76 (d, J = 8.8 Hz, 1H), 7.15 (d, J = 8.8 Hz, 13496 (s, 2H),
2.82 — 2.72 (m, 4H), 1.97 — 1.85 (m, 4H), 1.319¢). *C NMR (101 MHz, Methanol-d4)

177.87,151.62, 142.31, 140.61, 124.95, 115.34%%3.37, 39.09, 26.30, 23.12.

3-hydroxy-6-pivalamido-2-(pyrrolidinomethyl)pyridenwas dissolved in 10% HCI and
refluxed for 96h at 110 °C. Progress was monitémetd C-MS. After complete conversion
the mixture was concentrated in vacuo and co-ewpdwith acetonitrile (2-3 x).
Quantitative yield*H NMR (400 MHz, Methanol-d4§ 7.74 (d, J = 9.5 Hz, 1H), 7.16 (d, J =
9.4 Hz, 1H), 4.59 (s, 2H), 3.54 (m, 4H), 2.17 (1) 4°C NMR (101 MHz, Methanol-d4)

146.14, 135.07, 117.09, 54.35, 49.36, 22.57.
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2.4  Synthetic procedure compoufal

Nitrophenol (5,28g, 37mmol, 1.2eq) and paraformayde (0.95g, 31.5mmol, 1eq) were
dissolved in THF. Pyrrolidine (2.5ml, 31.5mmol; leeps added and the mixture was
refluxed at 78C for 3h. After concentration purification was asgaished using column
chromatography (0-15% MeOH in EtOAc). Yield 3.91@,6mmol; (56%)*H NMR (400
MHz, DMSO-d6)5 8.04 (s, 1H), 7.96 (d, J = 9.1 Hz, 1H), 6.57 (&,91 Hz, 1H), 3.96 (s,
3H), 2.85 (s, 4H), 1.85 (s, 4HFC NMR(DMSO, 101 MHz)5 (ppm) 170.54, 135.22,

126.43, 126.33, 122.62, 117.41, 56.03, 53.33, 23\6tH]": 222 Da.

2.5 Synthetic procedure compoudial

4-hydroxybenzylalcohol (2.48g, 20mmol; 1.2eq) aadyformaldehyde (0.53g, 16.6mmol;
leq) were dissolved in MeOH (13.3ml) MeOH. Pyrrmial(1.39ml, 16.6mmol; 1eq) was
added and the mixture was refluxed for 3h atZ0After concentration the mixture was
purified by column chromatography (0-15% MeOH i®Bt). Yield: 2.84g; 13.7mmol;
(82%). *H NMR (400 MHz, DMSO-d6p 7.03 (s, 2H), 6.75 — 6.61 (m, 1H), 4.37 (s, 2H),
3.73 (s, 2H), 2.54 (s, 4H), 1.76 (s, 4EC NMR (DMSO, 101 MHz)5 (ppm) 156.31,

132.97, 127.64, 127.06, 123.20, 115.24, 63.3045562.53, 23.69. [M+H} 207 Da.

2.6 Synthetic procedure compouda

4-methoxyphenol (2.48g, 20mmol; 1.2eq) and paraétdehyde (0.60g, 16.6mmol; 1eq)
were dissolved in toluene (13.3 mL). Pyrrolidined(8l, 16.6mmol; 1eq) was added. After

refluxing (19h at 116C) and concentration the product was purified dyom
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chromatography (20-0% pentaan in EtOAc. Yield: 2B86mmol; (76%)'H NMR (400
MHz, DMSO-d6)5 6.68 (s, 1H), 6.66 (d, J = 2.9 Hz, 1H), 6.63 (&,9.1 Hz, 1H), 3.69 (s,
2H), 3.66 (s, 3H), 2.51 (s, 8H), 1.75 (s, 4HT NMR(DMSO, 101 MHz)5 (ppm) 152.28,

151.03, 124.56, 116.00, 114.56, 113.39, 57.0345%3.56, 23.67. [M+H} 207.

2.7  Synthetic procedure compoui

4-hydroxybenzamide (1.74g, 12.7mmol; 1,2eq) andfpamaldehyde (0.30g, 10.0mmol;
leq) were dissolved in MeOH (8mL). Pyrrolidine @8, 10mmol; 1eq) was added and the
mixture was refluxed for 16h at 70. The mixture was concentrated in vacuo and [@atifi
by column chromatography, using a gradient of O-Ns@®H in EtOAc. Yield 1.64q;
7.45mmol (60%)'H NMR (400 MHz, Methanol-d4§ 7.71 (d, J = 8.5 Hz, 1H), 7.66 (s, 1H),
6.76 (d, J = 8.4 Hz, 1H), 3.96 (s, 2H), 3.37 (s),3433 (s, 5H), 2.80 (s, 4H), 1.93 (s, 4H).
13C NMR(Methanol-d4, 101 MHz) (ppm) 170.94, 163.19, 128.75, 128.63, 122.58,7¥21.

115.66, 57.13, 52.91, 23.06. [M+4P20 Da.

2.8  Synthetic procedure compoudel4f

4-cyanophenol (3.60g, 30mmol, 1.2eq) and parafateigide (0. 799, 25mmol, 1eq) were
dissolved in toluene (20 mL). Pyrrolidine (2.08@5mmol; 1eq) was added and the mixture
was refluxed for 3h at 11C. After completion of the reaction the mixture veasicentrated

in vacuo and purified using column chromatograplity an eluent of 0-15% MeOH in
EtOAc. Yield (4e): 3.11g; 15.4mmol (62%H NMR (400 MHz, DMSO-d6p 7.54 (d, J =

6.6 Hz, 2H), 6.84 (d, J = 9.0 Hz, 1H), 3.78 (s, 2M%7 (s, 4H), 2.51 (s, 4H), 1.77 (s, 4H).
13%C NMR(DMSO, 101 MHz)5 (ppm) 162.46, 133.12, 125.35, 120.14, 116.87,440.

55.70, 53.43, 23.65. [M+H] 202 Da.
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2,6-(dipyrrolidinomethyl)-4-cyanophenaddf( was isolated as well from the column
purification.'H NMR (400 MHz, DMSO-d6p 7.45 (s, 2H), 5.67 (s, 4H), 3.72 (s, 4H), 2.54
(s, 9H), 1.74 (s, 8H)*C NMR(DMSO, 101 MHz)5 (ppm) 161.94, 131.81, 125.39, 120.34,

99.46, 55.08, 53.51, 23.67. [M+H]85 Da.

2.9  Synthetic procedure compouiml

2,5-dihydroxybenzaldehyde (2.09g, 15mmol; 1eq) @iasolved in 1,2-dichloroethane
(39.5ml) and stirred at room temperature for 5 neauNext, pyrrolidine (1.02ml, 18mmol;
1.2eq) and acetic acid (0.857ml, 15mmol; 1eq) veeilded. The mixture was cooled t&0
and sodium triacetoxyborohydride (4.45g, 21.0mrhgleq) was added. The ice bath was
removed and the mixture was stirred for 16h. THelsavere filtered and dissolved in water.
Then 10% HCI was added until pH 2. Dichloromethaas added and the organic layer was
separated from the water layer. The water fraatiaa brought to pH 10 using 5M NaOH
solution, followed by extraction with EtOAc (2x)h& combined EtOAc layers were dried
with magnesium sulfate, and filtered. After concation (in vacuo) the product was
obtained. Yield: 1.99g, 10.3mmol (69%#§ NMR (400 MHz, DMSO-d6}p 6.51 (s, 3H),

3.63 (s, 2H), 2.51 (s, 5H), 1.74 (s, 4FC NMR(DMSO, 101 MHz)5 (ppm) 149.91,

149.64, 124.31, 115.98, 115.61, 114.66, 57.09,%23.66. [M+H]: 193 Da.

2.10 Synthetic procedure compoutid

LiAIH 4 (0.35g. 9mmol, 6eq) was dissolved in THF (2 mb.this solution was carefully
added a solution of 2-(pyrrolidinomethyl)-4-cyanepbl 4e (0.32g, 1.5mmol,1eq) in THF (2
ml). After complete addition, the mixture was reda for 24h at 7. The mixture was

cooled to 0oC and water (6ml) was added. Next, 4MDN (3 ml) was added as well and the
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resulting mixture was stirred for 15min at room parature. Next, MgSwas added and the
mixture was stirred for another 15min at room terapee. The solids were filtered and
washed with MeOH. The combined filtrates were coftreged in vacuo. Purification was
accomplished by silica gel column chromatographggia gradient of 0-15% MeOH in
EtOAc in the presence of 1% ammoniumhydroxide. &i6l3g, 1.45mmol (97%jH NMR
(400 MHz, Methanol-d4j 7.10 (d, J = 8.2 Hz, 1H), 7.04 (s, 1H), 6.71 (&,810 Hz, 1H),
3.82 (s, 2H), 3.68 (s, 2H), 2.65 (s, 4H), 1.87f). *°C NMR (Methanol-d4, 101 MHz}
(ppm) 156.44, 132.65, 127.64, 127.35, 122.68, P152.31, 53.01, 44.83, 23.15. [M+H]

206 Da.

2.11 2-Step synthetic procedure compodind

2-(pyrrolidinomethyl)-4-cyanophendk (0.17g, 0.86 mmol) was dissolved in a cooled (ice
bath) solution of HCI in MeOH (3M, 2 ml). Acetylahide (3.12ml, 43.7mmol, 51.4eq) was
added. After 15 min of stirring the ice bath wasmoeed and the mixture was refluxed for
24h at 75C. After cooling the precipitate was collected bydtion and washed with EtOAc.
Yield: 0.18g, 0.79mmol (92.8%)H NMR (400 MHz, Methanol-d4§ 8.04 (s, 1H), 7.89 (d, J
= 8.4 Hz, 1H), 7.14 — 6.96 (m, 1H), 4.44 (s, 2HB53(s, 2H), 2.19 (s, 2H), 2.06 (s, 2/C
NMR (Methanol-d4, 101 MHz)$ (ppm) 170.01, 159.55, 132.21, 131.14, 125.11,19,7.

115.02, 53.72, 53.20, 22.59. [M+HP35 Da.

The product from the previous step (0.1g, 0.42mrbed)) was dissolved in ammonia (7N, 3
ml) and stirred for 24h at room temperature. Acetide was added and the mixture was
concentrated in vacuo. The addition of acetonittitd concentration was repeated until
dryness’H NMR (400 MHz, DMSO-d6p 9.15 (d, J = 60.2 Hz, 4H), 8.14 (s, 1H), 7.77Xd,

= 8.6 Hz, 1H), 7.20 (d, J = 8.6 Hz, 1H), 4.26 (4),23.18 (s, 4H), 1.93 (s, 4HY’C NMR
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284
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287

288

289

290

291

292

293

294

295

296

297

298

(DMSO, 101 MHz)$ (ppm) 165.29, 161.98, 133.65, 131.15, 119.07,1218.16.29, 53.29,

52.05, 23.14. [M+H]: 219 Da.

2.12 4-Step synthetic procedure compodind

4-aminophenol (1.891g, 17.3mmol; 1,15eq) was diesbin MeOH (20ml). After addition of
benzaldehyde (1.528ml, 15.0mmol, 1eq) the mixtume vefluxed for 20min at 90 °C. After
cooling till about 40 °C, NaB§CN (1.3g) was added and the mixture was refluxed fo
another 2h. After completion of the reaction, thgtare was concentrated in vacuo, and the
product was isolated by column chromatography,giaigradient of 10-100 % EtOAc in
toluene. Yield: 2.7g, 13.6mmol (90.2%H NMR (400 MHz, Acetone-d6j 7.40 (d, J = 7.6
Hz, 2H), 7.31 (t, J = 7.5 Hz, 2H), 7.22 (t, J = A3 1H), 6.63 (d, J = 8.8 Hz, 2H), 6.55 (d, J
= 8.8 Hz, 2H), 4.28 (s, 2H}°C NMR (101 MHz, Acetone-d&) 148.94, 142.18, 140.85,

128.21, 127.30, 126.55, 115.65, 113.94, 48.40.

4-(benzylamino)phenol (179mg, 898 umol, 1 eq) anerd-butyl dicarbonate (239mg, 1.1
mmol, 1.2 eq) were added in water (4ml). The mixtwas stirred vigorously. After the
release of gas ceased (approximately 30 min) tlveunai was concentrated in vacuo. Yield:
269mg, 898pumol (quantiH NMR (400 MHz, Acetone-d&) 7.20 — 7.07 (m, 5H), 6.83 (d, J
= 7.8 Hz, 2H), 6.60 (d, J = 8.7 Hz, 2H), 4.66 (d),21.27 (s, 9H)**C NMR (101 MHz,

Acetone-d6) 155.37, 139.09, 128.19, 127.64, 126.87, 121.22,98] 79.17, 53.59, 27.57.

N-Boc-4-(N-benzyl)aminophenol (218mg, 728umol, lg3was dissolved in MeOH (20 ml).
Pyrrolidine (47ul, 558umol, 1.0 eq) and 37%-fornedigde (42 pl, 564umol, 1.01 eq) were
added. The mixture was refluxed for 72h at 75°Ce fifixture was concentrated in vacuo,

and the title compound was purified by column chatrgraphy, using a gradient of 0-10 %

MeOH in EtOAc. Yield: 66mg, 173pmol (31% yieldH NMR (400 MHz, Methanol-d4j
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7.23 —7.02 (m, 5H), 6.69 (d, J = 33.1 Hz, 2H)36, J = 8.6 Hz, 1H), 4.62 (s, 2H), 3.58 (s,
2H), 2.45 (s, 4H), 1.69 (s, 4H), 1.30 (s, 9HC NMR (101 MHz, Methanol-d4) 155.98,
155.72, 138.37, 133.36, 128.01, 127.68, 127.58,00271.26.88, 122.85, 115.31, 80.19,

56.75, 53.79, 52.94, 27.29, 23.08.

4-(N-benzylN-Boc)-amino-2-(pyrrolidinomethyl)phenol (66 mg, @.thmol) was dissolved

in a solution of HCI in MeOH (1M). The mixture wesfluxed for 5h at 85°C. After
completion (LC-MS) the mixture was concentratestacuo and coevaporated 2-3 times with
MeOH to yield the title compound (quantitative wie'H NMR (400 MHz, Methanol-d4j
7.45 (s, 1H), 7.38 — 7.29 (m, 5H), 7.25 (d, J =#8z7 1H), 6.93 (d, J = 8.7 Hz, 1H), 4.49 (s,
2H), 4.28 (s, 2H), 3.36 (s, 2H), 3.08 (s, 2H), 201J = 50.1 Hz, 4H)*C NMR (101 MHz,
Methanol-d4) 157.25, 130.52, 130.26, 129.43, 128.79, 127.16,22 126.08, 118.75,

116.34, 55.61, 53.71, 52.53, 22.52.

2.13 General 2-step procedure for the synthestoofpound$a-c

4-N-Acetamidophenol (0.75g, 5mmol) was dissolved irarbl (20 ml). Paraformaldehyde
(0.15g, 5mmol) and the requisite diamine (2.5 mma@je added. The mixture was refluxed
for 20h and concentrated. The residue was purifiesilica gel column chromatography
using a gradient of 5-15% MeOH in EtOAc. The prdduas dissolved in 10% HCI and
refluxed for 5h. Upon completion (monitoring by IMIS) acetonitrile was added and the
mixture was concentrated. The residue was coevegabsaveral times with acetonitrile to

yield the product.

5a: 'H NMR (400 MHz, Deuterium Oxide) 7.29 (d, J = 7.6 Hz, 4H), 7.02 — 6.89 (m, 2H),
4.47 — 4.20 (m, 4H), 2.79 (s, 3HJC NMR (101 MHz, Deuterium Oxide)155.98, 126.60,

126.33, 122.05, 117.89, 116.70, 55.86, 40.81. [M*+R]3.88.



323 5b: 'H NMR (400 MHz, Methanol-d4y 7.66 (d, J = 2.7 Hz, 2H), 7.44 (dd, J = 8.7, 227 H
324 2H), 7.14 (d, J = 8.8 Hz, 2H), 4.56 (d, J = 39.6 &), 3.91 (d, J = 18.7 Hz, 4H), 2.96 (s,
325  6H).*3C NMR (101 MHz, Methanol-d4) 157.11, 127.59, 126.54, 122.18, 116.88, 116.66,

326 54.63 (d, J = 7.9 Hz), 49.91, 39.73. [M+HB31.06.

327 5¢: 'H NMR (400 MHz, Methanol-d43 7.62 (d, J = 2.7 Hz, 2H), 7.43 (dd, J = 8.7, 227 H
328 2H), 7.13 (d, J = 8.7 Hz, 2H), 4.49 (d, J = 67.5 #H), 3.38 (s, 4H), 2.92 (s, 6H), 2.58 —
329 2.39 (m, 2H)C NMR (101 MHz, Methanol-d4y 157.06, 127.44, 126.30, 122.16, 117.39,

330 116.52, 54.09, 52.75, 39.52, 19.27. [M+H345.15.
331
332 2.14 1Ggdetermination

333  Native hAChE was incubated with several concertrati(1 -1000 uM) of non-oxime and the
334 enzyme activity was measured using the Ellman addagsurements were conducted in
335 duplicate. The Ig values were calculated from semi-logarithmic pliftthe compound

336 concentration versus the hAChE activity.
337
338 2.15 Enzyme inhibition

339  Human erythrocyte (ghosts) were incubated withnduibitor (paraxon, or one of the nerve
340 agents) to achieved5% of inhibition. Both the inhibited and the caritsamples were
341 dialyzed overnight at®€C to remove residual inhibitor. Aliquots of inhigit enzyme were

342  stored -8C0°C.
343

344 2.16 Reactivation of OP-inhibited hAChE



345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

OP-inhibited hAChE was incubated with several cotregions of non-oxime. The fraction
of reactivated enzyme (with respect to the 100%ronwvas determined by taking aliquots
at several time points, during a total incubatiametof 60 minutes, and measure enzyme

activity using the Ellman assay. Experiments wareied out in duplicate.

3. Results and Discussion

3.1. Chemistry

The synthesis routes of all compounds are depintétjure 3. Synthesis of
methylpyrrolidine derivative (Panel A) was accomplished by treating the comrabyci
available compoun@a with formaldehyde and the requisite pyrrolidiff® or 7c).[19] After
purification, the resulting intermediate was sutgddo acid to remove the acetyl group,
which gave the target compounds as the ammonius sak similar sequence of reactions
pyridine derivativeS8a and3b were prepared (Panel E). In these cases, the caraier
available N-(4-Hydroxyphenyl) Pivalamidéb was used as the starting compound.
Compoundgla-4e (Panel B) were all accessible via Betti reacti@ssng formaldehyde and
7a) on their respective 4-substituted phenol preasre-g). The conversion of cyanidig
to 4e gave a double-substituted byprodutf) that was also isolated. Compoudelalso
served as an intermediate for further derivatizafféanel D). Thusje was reduced to give
aminomethyl-substituted compoudl, and converted tdi in a two-step process via
Compoundig was (Panel C) accessible via reductive aminatiatitofdroxybenzaldehyde
6h and pyrrolidine Ta), under the influence of NaBH(OAc)The synthesis dfl-Benzyl
substituted compound] (Panel Fproved to be more challenging. The first step édai
reductive amination of benzaldehyde wpHdaminophenol §h) giving 9. This compound

proved to be unstable, so it was used directlybisequent reactions after its purification by
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column chromatography. Direct conversiorfdb target compoundj was not productive as
the benzylic amine i8 competed with pyrrolidin@a in the Mannich reaction. Therefore, the
amine in9 was protected with a benzyloxycarbonyl (Boc) grdaptallation of the Boc

group was initially attempted using BGin dichloromethane or THF, in the absence and in
the presence of triethylamine. This reaction seffédrom a preference for the formation of
thetert-butoxycarbonate (Boc protection of the phenol grmQ), leading to a mixture dD-
tert-butyloxycarbonyl-4-benzylaminophenol a@dN-di-(tertbutyloxycarbonyl)-4-
benzylaminophenol as the major products. Howevselective and quantitative conversion
of 9into the desired compouri® could be accomplished by treatmen®Bafith Boc,O in
water, with vigorous stirring.[20,21] The subseduBetti reaction was carried out in
refluxing MeOH, instead of refluxing EtOH, as tla¢tér led to premature loss of the Boc
group (thermal deprotection). Finally, Mannich pwotiLl1 was treated with HCIl in MeOH to
furnish the desired compoudfl The dimeric compoundsa-c (Panel G) were synthesized
from 6a using a Betti reaction in the presence of methyh@nt 5a), or in the presence of
N,N’-dimethylethylenediamine*5b) or in the presence & N’-dimethyl-1,3-
propanediamine 5c). All compounds were satisfactorily characterizéth *H-NMR ,*C-

NMR and mass spectrometry.
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389  Figure 3. Synthesis routes for the various compsund
390

391 3.2.In vitro biological evaluation

392  The 50% inhibitory concentration (3§} was measured by exposing human erythrocyte
393 AChE to various concentrations (1-1000 uM) of alinpounds and recording the enzyme
394  activity using the well-known Ellman assay.[22,ZR]tails are provided in Sl, paragraph 2.6.

395 The results are summarized in Table 1.
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Table 1. The inhibition of native human AChE by-pgime compounds was tested with 11

concentrations (1-1000 puM) in duplicate. Data areeqp as mean = SD.

Compound  ICso (UM)  Compound  ICso (UM)
1b 6.3+ 0.0 [17] 4e >1000
2a 9.21+0.03 Af >1000
2b 42.7+0.8 49 19.9+0.5
3a 973 + 27 4h 348 £ 9
3b 135+45 4 >1000
4a 300.5+14.9 4 196 £ 5.3
ab >1000 ba >1000
4c >1000 5b 838+ 76
4ad >1000 5c 368 £5.1

Next we used an in vitro reactivation assay toss#ee ability of all compounds to reactivate

OP-inhibited hAChE.[24] To this end, human erytiytecAChE (ghosts) was inhibited with

VX, paraoxon-ethyl (PXE), tabun (GA), cyclosarinfGand sarin (GB) and subjected to 3-5

concentrations (10-1000 puM) of each reactivatoe &hzymatic activity was measured at

various time points within 60 minutes. The enzyrogvity at each time point was corrected

for the blank (no reactivator) and expressed apdneentage reactivation with respect to the

100% control. All experiments were carried out uplicate. The reactivation curves of

selected compounds are provided in the suppomifgmation. Table 2 shows the

percentage reactivation achieved after 60 min iattab with 10, 100 and 1000 pM
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concentrations of each reactivator / OP-hAChE coatimn. The potencies of compounds
3a, 4b and4c were negligible and were therefore omitted frorbl€&. None of the
compounds reactivated GA-inhibited hAChE and theeethe column for GA is lacking in
Table 2 as well. The red/italic values in Table&evexpected to be higher (judging from
reactivation percentages at lower concentrati@rg),were most probably attenuated by
reversible inhibition or denaturation of the enzyatdigher reactivator concentrations (vide
infra). Note, that cells in Table 2 were left blamken reactivation was less than 5%.
Consequently, Table 2 allows for a quick but roughew of the performance of the
reactivators, because compounds with a higher nuoflveactivation percentages

(especially at lower concentrations) have, in galherhigher potency.

Table 2. Reactivation-%, after 60 min. incubatiathvitO, 100 and 1000 UM concentrations

of reactivator of OP-inhibited hAChE

Compound Concentration PXE VX GF GB

(M)

1000 <5% <5% <5% <5%
2a 100 <5% 38 11 22

10 7 13 6

1000 21 16 10 6
2b 100 53 62 34

10 34 10 21

1000 8 36 29 26
3b 100 6
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4a

1000

100

10

4d

1000

100

10

de

1000

100

10

4f

1000

100

10

10

49

1000

100

10

28

16

20

10

4h

1000

100

10

21

16

4

1000

100

10

10

4]

1000

100

10

22

69

52

26

19

42

10
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1000 33 73 6 423

5a 100 34 6
424
10
AD)C
1000 13 48 17
5b 100 6 25 9 426
10 18 6
427
1000 16 26 6 6
5c 100 6 9 428

Judging from the amount of numbers and their vailuéise corresponding columns, GF-
hAChE was the most difficult to reactivate, whilXMAChE was the easiest to reactivate. It
is also evident that compoungs4j and5 were the most active from this seri@sselection

of the reactivation curves of those compounds es@aled in Figure 4, and from some of
these compounds the reactivation parametdire&ctivation rate) andg<(dissociation
constant) were determined (Table 3). The paramé&ield, the most potent non-oxime
reported to date, were added for comparison inefabCompoun@b appreciably

reactivated VX-, PXE- and GB-inhibited hAChE. AtGand 1000 uM concentrations the
reactivation of OP-hAChE b%a and2b was attenuated, after an initial steep increase in

enzyme activity, and followed by a progressing thecin activity over time. This
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458

phenomenon is in line with previous observationsafoumber of PADOC derivatives[17],
and was postulated to be due to a combinationvefrséble inhibition (compare Kgs in
Table 1) and by denaturation or covalent modifadtl 7] of the liberated AChE by the
reactivator at higher reactivator concentratior3(&d 1000 uM). The possibility of re-
inhibition of the enzyme by a putative OP-inhibitmtduct formed during reactivation (see
the nucleophilic reactivation mechanism in Figuyechnnot be excluded but was deemed
less likely, as a synthetic PADOC-OP conjugate m@&san inhibitor of hAChE and the
decline in enzyme activity was also observed wétive AChE incubated witha or 1b [17].
The previously observed sensitivity towards smallctural changes was corroborated by the
nearly 5-fold lower 1Gy of 2a compared to its isomeh, as well as the approximately 50-
fold loss of potency toward VX-AChE reactivation ewhcompared t@b, which lacks the
methyl substituent on the pyrrolidine ring. Theigyre-pyrrolidine compoun@b was not
very potent, but it was more potent than the dieshipstituted variar8a, which corresponds

to the higher potency achieved by the same substitin ADOC.[17]
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Figure 4. Selection of reactivation curves (athet curves are provided in the supporting

information).

From the 4-substituted compourdjshad a mediocre and relatively broad spectrum iagtiv
(except for tabun) and it was the only compoundftbe 4-substituted series that displayed
some potency, suggesting that a 4-N-alkyl substitoeay be better tolerated in these designs
than all other substitutions. The latter was coméid by Cadieux and co-workers who
reported that the 4-N-ethyl-derivative Id (Figure 1), had a higher potency tHamitself

(but lower tharilb).[15] Another interesting observation was thateacline in enzymatic
activity over time occurred with this compound whiecubated with the enzyme at high
concentrations. Whether this resulted from thecttine (4-N-alkyl substituent) or simply
because of a moderate affinity {96 uM) of the compound for the enzyme remairtzeto

investigated.



474  In light of the rather strong response of the rigatibn potency towards small structural
475  changes in the compounds reported here and inquewccounts [16,17], the observed
476  potency of compoundswas rather surprising. Whereas in most cases #sepce of

477  substituents to the benzylic amine, in particulakip ones[16,17], leads to a diminished
478  potency, compoundswereactually capable of reactivating VX-inhibited hACh#oreover,
479  compoundba, having the bulk more closely located around #@ml benzylic amine is
480 more active thabb and5c, that have their substituents at more remote ntsts,

481  respectively. Another peculiar observation was thataffinity for the native enzyme (4§
482  decreased going froBa to 5¢ (>1000, 838 and 368 M, respectively), while thpEitencies
483  respectively decreased. Although thegj@alue cannot be used to predict thedf the

484  overall potency, it is not uncommon that compouth@s exhibit a low IG, have a lower K
485 as well, which increases their chances of exhipiiome reactivation potency (e.g., compare
486  3a/3b, 4b-f (IC50>1000 and no or low potency), ta/1b [17]). In the case of compoun8s

487  this ‘trend’ is reversed.
488

489  Table 3. Kinetic parameters for the reactivatiorGR-inhibited hAChE for some compounds

490 and OPs.

Compound Agent k. (min™) Kp (UM) kro (min"mM™)

1b VX 0.93+0.00 451 20.67 £ 0.10 (ref. 18)
2a VX 0.02+0.00 411 0.46 = 0.02 (this work)
2b VX 0.07+0.01 209 £55 0.35 + 0.06 (this work)
4 GB 0.04+£0.00 1164 +129 0.03 +0.00 (this work)
4 VX 0.09+0.00 51611 0.17 = 0.01 (this work)

491



492 4. Conclusion

493  The goal of this work was to further explore thermical space for Mannich phenol based
494  non-oximes in relation to their reactivation potgwt nerve agent inhibited hAChE. To this
495  end two isomers of 2-methylpyrrolidine derivativadslb (= 2a/2b), two pyridine derivatives
496  of 1la andlb (-=>3a/3b), nine 4-substituted derivatives 4§ (-=>4a-j) and three dimeric

497  Mannich phenols5a-c) were synthesized. These 17 compounds were sabjezin vitro

498  assays to determine their inhibitory potenciesd)l@®wards native hAChE and their

499  reactivation potencies towards a number of OP-itddthAChE. Although none of the

500 compounds had a potency that exceeded that oé#uerlon-oximéb, some interesting

501 features were revealed, that may guide future desigiovel non-oximes. For instance, the
502  4-N-benzylamine substituted compoufjdshowed reasonable and relatively broad spectrum
503 reactivation potency, without denaturation of theyeme, and this result motivates us to
504 further explore othe-alkylamine substituents at the 4-position. The Meah phenol dimers
505 5, in particularsa, also showed some potency for reactivation. Tkeesgounds are trend
506 breaking, considering that the introduction of lyutkibstituents on the Mannich phenol

507 system usually leads to diminished reactivatiorepoy. Secondly, the correlation of higher
508 potency with lower IG is usually not observed. Future quantum mechamalcsilations and
509  molecular modeling (QM/MM) may provide clues to &ip these observations and aid the

510 design of future dimers.
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Highlights

» Synthesis of new Mannich phenol (non-oxime) derivatives

* New 4-N-akylamine derivatives of PADOC show reactivation potential
* Mannich phenol dimers show surprising reactivation potential

» Theresults point at potential new avenues for design of non-oximes
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