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Abstract 

Hydroxamic acids are outstanding zinc chelating groups that can be used to design potent and 

selective metalloenzyme inhibitors in various therapeutic areas. Some hydroxamic acids display 

a high plasma clearance resulting in poor in vivo activity, though they may be very potent 

compounds in vitro. We designed a 57-member library of hydroxamic acids to explore the 

structure-plasma stability relationships in these series and identify both which enzyme(s) and 

which pharmacophores are critical for plasma stability. Arylesterases and carboxylesterases 

were identified as the main metabolic enzymes for hydroxamic acids. Finally, we suggest 

structural features to be introduced or removed to improve stability. This work provides thus 

the first medicinal chemistry toolbox (experimental procedures and structural guidance) to 

assess and control the plasma stability of hydroxamic acids and realize their full potential as in 

vivo pharmacological probes and therapeutic agents. This study is particularly relevant to 

preclinical development as it allows to obtain compounds equally stable in human and rodent 

models.  



 

 

Introduction  

The hydroxamic acid function is a strong zinc chelating group. It can be used to design 

potent and selective metalloenzymes inhibitors that can serve both as biological probes1 and 

leads. Hydroxamic acids can also be used as bioisosters of carboxylic acid thanks to their weak 

acid properties.2 In the field of infectious diseases, several hydroxamic acid series have been 

reported as antibacterials : inhibitors of peptide deformylase (PDF)3, inhibitors of the 

neurotoxin A metalloprotease of bacterium Clostridium botulinum (BoNTA)4, or inhibitors of  

UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine deacetylase (LpxC) of gram-negative 

bacteria.5 Antivirals targeting HCV replication via a yet unknown mechanism,6 HIV integrase 

inhibitors,7 or inhibitors of metalloproteases of the Plasmodium falciparum parasite,8 have also 

been disclosed. Recently, inhibitors of the essential nematode-specific metalloprotease DPY-

31 were discovered via combined in silico and experimental methods.9 Several groups have 

explored the use of hydroxamic acids in other therapeutic areas inhibitors of glutamate 

carboxypeptidase II (GCPII) in neuropathic pain;10 inhibitors of Insulin-Degrading Enzyme in 

type-2 diabetes11, inhibitors of Matrix metalloprotease (MMP) in fibrinolysis control12. In 

osteoarthritis, matrix-metalloproteinase13  or aggrecanase inhibitors14 have been proposed, 

while inhibitors of Tumor Necrosis Factor Converting Enzyme (TACE, ADAM17) were 

designed for autoimmune diseases such as psoriasis or Crohn’s disease.15-16 In the area of 

cancer, several hydroxamic acids have been designed to inhibit various proteases such as the 

sheddase of HER-2.17 Importantly, with the growing interest in epigenetics, many teams 

explored the possibility to inhibit other zinc hydrolases, like histone deacetylases (HDACs). 

Several hydroxamic acid inhibitors of these targets have already been approved: vorinostat, and 

belinostat for T-cell lymphoma and recently panobinostat for multiple myeloma (Figure 1). 

Many other hydroxamic acids are currently following on these first clinical successes, not only 

in cancer, but also in several other therapeutic areas.18-19 



 

 

vorinostat (SAHA) belinostat panobinostat  

Figure 1: Marketed hydroxamic acid drugs. 

The hydroxamic acid function undergoes phase I and phase II metabolism: it is mainly 

hydrolysed to the corresponding carboxylic acid,20 but also it can be reduced to the 

corresponding amide21, O-glucuronylated or O-sulfated22. The carboxylic acid is usually much 

less active on the target and possesses different physical-chemical and permeability properties, 

than its hydroxamic acid analogue.23 Depending on the fragility of the hydroxamic acid 

function, and the substituents in α- or β-position,24 metabolism is driven towards the production 

of carboxylic acid, or the production of O-glucuronides. For example, the main metabolite of 

belinostat is the glucuronide form.25  

We and other groups have tried to improve the pharmacokinetics properties of 

hydroxamic acids thanks to chemical modulation.8,26 We have published a preliminary study of 

in vitro structure-plasma stability relationships (SPSR) of such compounds.24 Here, we show 

that susceptibility to the esterase activity in plasma is a critical driver of the stability of 

hydroxamic acids.  

Although often overlooked, esterases are worth considering in medicinal chemistry as 

they are involved in the metabolism of 10% of drugs.27 Also, in specific situations, esterase 

activity can be used to release a parent drug from the ester prodrug (e.g. angiotensin-converting 

enzyme inhibitors, oseltamivir, tenofovir disoproxil)28 or to inactivate rapidly a compound like 

in the soft-drug strategy29  (ROCK inhibitors30). Esterases can be sorted in two main types. Type 

A (arylesterases) includes paraoxonase-1 (PON-1) and other aryl esterase activities. Type B 

(serine esterases) includes acetyl- and butyl-cholinesterases (AchE and BuChE) as well as 

carboxylesterases (CES1 and 2) (Table 1). Along with these main enzymes, other esterases like 

arylacetamide deacetylase and acylpeptide hydrolase have been described.27 Last but not least, 



 

 

albumin, which is the most abundant protein in plasma, possesses a pseudo-esterase activity 

resulting in acylation of several of its nucleophilic residues such as Tyr411.31 

Table 1:Esterases classification.a 

 Type A esterases Type B esterases Others 
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Catalytic dyad His/His 
Ca2+ activated 

undefined 
Serine catalyzed 

Catalytic triad Ser, Glu, His 

Irreversible 
acetylation of 
Tyr411 and 

other 
residues 

Substrates & Inhibitors 

S
u

b
s

tr
a
te

s
 

RCOOAr 
R1O (R2O)-PO-OAr 

RCOOPh CH3COOR 
BuCOOR, 
AlkCOOR 

numerous prodrugs  
R1COOR2 

CH3COOR 

S
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v
e
 

In
h
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it
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rs

 

EDTA DTNB 
PMSF; tacrine; 

huprine 
PMSF; tacrine; 
profenamine 

PMSF; BNPP undefined 

a EDTA: Ethylenediaminetetraacetic acid; DTNB: 5,5-dithio-bis-(2-nitrobenzoic acid); PMSF: 

Phenylmethylsulfonyl fluoride; BNPP: bis-para-nitrophenylphosphate. 

 

These enzymes display different substrate specificities (Table 1). Using a histidine 

dyad,32 PON-1 hydrolyzes both arylesters and phosphotriesters and is inhibited by chelating 

agents such as EDTA. On the opposite, other plasma arylesterase activity do not have the ability 

to cleave the phosphotriesters33 and are inhibited by 5,5'-dithiobis(2-nitrobenzoic acid) 

(DTNB).34 BuChE displays a larger hydrophobic pocket that accounts for its less stringent 

substrate specificity over AChE. Both AChE and BuChE are inhibited by phenylmethylsulfonyl 

fluoride (PMSF), an irreversible inhibitor of serine proteases and tacrine, a prototypal 

cholinesterase inhibitor, or by specific non-covalent inhibitors (huprines35 and profenamine 

respectively). CES1 and 2 are both inhibited by PMSF and bis-(4-nitrophenyl)-phosphate 

(BNPP) but CES1 recognizes substrates with either small or large acyl groups.36  



 

 

Importantly, tissue distribution of these enzymes differs among species,37 in particular 

in plasma.38-39 While CES are the major esterases in rodent plasma, they are absent in human 

plasma.40 On the contrary, AChE and BuChE are present at lower concentrations in rodent 

plasma. The major esterase in human plasma is BuChE while AChE is only present in trace 

amounts.41 Along with the plasma isoform of AChE, the E isoform of AChE (also called H for 

hydrophobic) is found in erythrocytes.42 Interestingly, PON-1 which is associated to HDL, 

displays a high polymorphism that impacts its expression and activity.32,43 Moreover, along 

with a presence in the serum, some esterases can be found in both liver and intestine. 

Importantly, CES1 is largely expressed in liver microsomes while CES2 is expressed in 

intestine microsomes,40 where they participate actively in drug metabolism.28 For these 

enzymes also, species differences in distribution have been reported.39,40  

Compounds that are unstable in plasma tend to display a high clearance, resulting in 

poor oral bioavailability and thus poor or undetectable activity, though they may be very potent 

compounds in vitro. The utility of such compounds as tools to probe in vivo 

pharmacokinetic/pharmacodynamic relationships in animal disease models in early drug-

discovery is thus compromised.44  

The goal of this study is to establish Structure Plasma Stability Relationships (SPSR), 

identify enzymes at play in hydrolysis, and provide structural guidance to chemists in the design 

of hydroxamic acids that show sufficient stability in rodents. Obtaining hydroxamates that are 

equally stable in rodent and human is key to engage the target in preclinical disease models at 

the lowest dose, generate animal proof-of-principle and make a first assessment of the safety 

window. This is of particular importance as rodent plasma is much more aggressive to 

hydroxamic acids than human plasma, a cause of poor systemic exposure in preclinical models. 

A common practice in drug discovery is to optimize compounds potency on both a human target 

and its rodent ortholog, as well as stability on human and rodent liver microsomes to allow for 



 

 

a proof of concept in animal models. Optimization of rodent plasma stability is of similar 

importance for the particular case of hydroxamic acids, even if the lead compound is already 

stable in human plasma.  

In order to provide medicinal chemists with tractable information for improving stability 

of hydroxamic acids, we report here a set of protocols and results (the toolbox) that comprises 

tools to assess plasma stability of hydroxamic acids, structure-plasma stability relationships and 

dashboards for the identification of involved esterases.  

 

Figure 2: Hydroxamic acid library design.a 

a n= 0-6; m =1-3; In gray highlight: diversity within each hydroxamic acid library subset; Cy = Bz or cHx or 

adamantyl; Ar = Bz, p-fluorobenzyl, 4-pyridinyl, biphenyl, heteroaryl. 

Results 

Library Design. 

To maximize the relevance of our study for medicinal chemists, we selected 

substructures found in a wide range of biologically active hydroxamic acids. The resulting 57-

member library inspired from inhibitors of several classes of Zn metallohydrolases, allows in 

turn to explore different esterase pockets. We study the impact of chain length and volume (1-

12, Figure 2A), nature of the linker (1,13-21, Figure 2B); α-substituents (13,20,22-51, Figure 

2C); unsaturation (52-57, Figure 2D) and cyclic constraints (36,42,44,50-51, Figure 2E), and 

compare compounds. 



 

 

Among the compounds selected, linear alkyl hydroxamic acid series (Figure 2A) with 

various chain length and terminal cycles or linkers (Figure 2B) have been partially inspired by 

HDAC inhibitors and BoNTA inhibitors.4 Diversely α-substituted hydroxamic acids (Figure 

2C) were inspired by PfAM1 malonic inhibitors,8 LpxC inhibitors45 and hIDE inhibitors11. 

Other compounds were selected by homology to sulfonamides or sulfone-derived inhibitors of 

matrix-metalloproteases (MMP).46 Hydroxamic acids inspired by inhibitors of aggrecanases 

(AGG)47 or TACE48,16 were also designed and synthesized. Series of compounds with an 

unsaturation in α-position of the hydroxamic acid function (Figure 2D) have been inspired by 

cinnamic HDAC inhibitors49-50, PfAM1 inhibitors8, or BoNTA inhibitors4. Finally, a number of 

hydroxamic acids displaying cyclic constraints in α-position (Figure 2E) complete the library. 

They were inspired by MMP51-52, LpxC53 and TACE54 inhibitors.  

 

Synthesis of the library. 

The studied 1-57 compounds were obtained either as previously described24 (37-38, 40-

42, 57) or via diverse synthetic approaches (1-36, 39, 43-56) summarized in schemes 1-7. 

Hydroxamic acids, scheme 1, were obtained either from the corresponding carboxylic acid by 

coupling with O-tritylhydroxylamine,55 or from the corresponding ester by aminolysis with 

either hydroxylamine hydrochloride and KOH56 or hydroxylamine and catalytic KCN57 (12, 15-

17, 19-20, 30-37, 39, 43-45, 50-51). Non-commercial precursors (22b-29b, 46b-49b, 52b, 54b-

56b) were synthesized as described in schemes 2-7. 

Commercial 2‐(adamantan‐1‐yl)ethan‐1‐ol was tosylated and the resulting sulfonate 

was substituted using cyanide to afford 58. Then, the nitrile was hydrolyzed under basic 

conditions giving the corresponding carboxylic acid, which was converted into the methyl ester 

12a (Scheme 2). 

 



 

 

Scheme 1. From carboxylic acid or ester precursors to final hydroxamic acids.a 

a or b

c or d e

1-36, 39, 43-56

1b-11b, 13b-14b, 21b-29b, 46b-49b, 52b-56b

12a, 15a-20a, 22a-26a,

29a-36a,39a, 43a-51a, 55a

 
a Reagents and conditions: (a) KCN, aq. NH2OH 50 wt.%, MeOH, room temp., 2 h – 48 h, 4%-88% ; (b) 

NH2OH.HCl, KOH, MeOH, room temp., 16 h, 36% yield for 18; (c) (i) 2M NaOH, EtOH/THF, room temp., 16 h, 

(ii) 1N HCl, 52%-99%; (d) TFA, CH2Cl2, room temp., 2 h, quantitative yield; (e) (i) O-tritylhydroxylamine, EDCI, 

HOBt, N-methylmorpholine, DMF, room temp., 16 h; (ii) TFA, TIS, CH2Cl2, room temp., 15 min, 8%-99%. 

 
Scheme 2. Synthesis of adamantane derivative 12a.a 

58 12a

a, b c, d

 
a Reagents and conditions: (a) 4-methylbenzenesulfonyl chloride, pyridine, room temp., 20 h, 75%; (b) KCN, 

DMF, 80 °C, 15 h, 84%; (c) KOH, EtOH, H2O, 90 °C, 20 h, 97%; (d) SOCl2, MeOH, 0 °C to room temp., 4 h, 

21%. 

 

Scheme 3. Synthesis of the secondary amines 17a, 27b-28b and cynnamyl precursors 52b, 54b, 

55a and 56b.a 

17a

f

27b R = Me

28b R = Bn

g,h

c,d,e

b

i

54b

55a

52b

56b

a

 
a Reagents and conditions: (a) benzylamine, EtOH, room temp., 18 h, 84%; (b) malonic acid, pyridine, reflux, 1 h, 

quantitative yield; (c) MeOH, H2SO4, reflux, 16 h, 79%; (d) N,N-diethylethylenediamine, Et3N, dioxane, 90 °C, 

16 h, 65%; (e) valeraldehyde, SnCl2.2H2O, AcOH, MeOH, 40 °C, 16 h, 48%; (f) (i) LiOH.H2O, MeOH, room 

temp., 20 min, (ii) benzaldehyde, room temp., 1 h, (iii) NaBH4, room temp., 30 min, 76%-100%; (g) chlorosulfonic 

acid, 10-12 °C, 16 h, 30%; (h) aniline, pyridine, CH2Cl2, room temp., 16 h, 66%; (i) iodobenzene, silver acetate, 

palladium acetate, acetic acid, 110 °C, 6 h, 61%. 

 



 

 

Hydroxamic acid analogs bearing a secondary amine (17, 27 and 28) or a cinnamyl 

moiety (52 and 55) were synthesized as described in Scheme 3. The linear ester precursor 17a 

was obtained via an aza-Michael reaction whereas a reductive amination from benzaldehyde 

and the corresponding amino-acid afforded acidic precursors 27b and 28b.58 Benzenepropenoic 

acids 54b and 55a, analogues of HDAC inhibitors, were obtained according to the literature.49-

50 Compound 52b, the acid precursor of a botulinum neurotoxin A protease inhibitor59 was 

synthesized by a Döbner-Knöevenagel condensation from malonic acid and 2,4-

dichlorobenzaldehyde. At last, disubstituted alkene 56b was synthesized by palladium-

catalyzed Heck diarylation60 (Scheme 3). 

 

Scheme 4. Synthesis of malonic precursors.a 

15b R = H, R1 = Ph

20b R = H, R1 = Bn

33b R = 2-naphtyl-CH
2
-, R1 = Bn

59 R = H

60 R = 2-naphtyl-CH
2
-

b

R = R' = H (commercial)

  61 R = H, R' = 4-pyridinyl-CH
2
-

R = H, R' = Bn (commercial)

R = Me, R' = H (commercial)

  62 R = Me, R' = Bn

R = R' = Me

R = R' = cyclopropyl

15a R = H, R1 = Ph

20a R = H, R1 = Bn

33a R = 2-naphtyl-CH
2
-, R1 = Bn

c

f g

R = H

  63 R' = Me

  64 R' = Bn

  65 R' = 4-pyridinyl-CH
2
-

66 R = Me, R' = Bn

67 R = R' = Me

68 R = R' = cyclopropyl

R1 = Bn

  30a R = H, R' = Me

  31a R = H, R' = Bn

  32a R = H, R' = 4-pyridinyl-CH
2
-

  34a R = Me, R' = Bn

  35a R = Me, R' = Me

  36a R = R' = cyclopropyl

R = H, R' = Bn

  39a R1 = pF-C
6
H

4
-CH

2
-

  43a R1 = 4-pyridinyl-CH
2
-

a

e

d

 
a Reagents and conditions: (a) (i) 2-naphthaldehyde, MeCN, room temp., 1.5 h, (ii) Hantzsch’s ester, L-proline, 

MeOH, room temp., 16 h, 68%; (b) aniline, MeCN, 80 °C, 2 h, 48% 15b, benzylamine, MeCN room temp., 3 h, 

63% 20b, benzylamine, MeCN, MW 80 °C, 1.75 h, 95% 33b; (c) SOCl2, MeOH, 0 °C to room temp., 0.5-5.25 h, 

43%-89%; (d) (i) NaH, THF, 0 °C to room temp., 30 min, (ii) 4-(chloromethyl)pyridine hydrochloride, 40 °C, 5.5 

h, 23%; (e) (i) Sodium, abs. EthOH, 0 °C to 50°C, 1 h, (ii) bromomethylbenzene, 50 °C, 19 h, 37%; (f) KOH, 

EtOH, room temp., 24 h, quantitative yield; (g) amine, HBTU, DIPEA, DMF, 0 °C to room temp., 4h-18h, 41%-

75%. 

 



 

 

Malonic precursors were synthesized to explore the impact of substitution in α-position 

of the hydroxamic acid function. A one-pot Knoevenagel-reduction catalyzed by L-proline gave 

precursor 60.61 The dissymmetric opening of the Meldrum’s acids 59 and 60 with primary 

amines, and subsequent methyl esterification, afforded 15a, 20a, and 33a. Precursors 61 and 62 

were obtained via alkylation of commercial malonic esters. Mono-saponification, followed by 

coupling with the corresponding amine resulted in compounds 30a-32a, 34a-36a, 39a, 43a 

(Scheme 4). 

Scheme 5. Synthesis of phenylalkyl ester precursors 16a, 22a-26a.a 

22a

24a R = Ph, R' = H

25a R = Ph, R' = Me

69 R = Me, R' = H

26a R = Me, R' = Bn

23a

a

b

c

d

e

16a

e
 

a Reagent and conditions: (a) methyl-2-bromoacetate, DIPEA, DMF, 0 °C to room temp., 4 h, 54%; (b) 

LDA, MeI, THF, -78 °C to room temp., 85%; (c) (i) (2-iodoethyl)benzene, NaH, DMF, 70 °C, 3.5 h, 79%, (ii) 

benzyl bromide, NaH, DMF, toluene, room temp., 60 h, 83%; (iii) KOH, 2-methoxyethanol/H2O (10/1 v/v), 130 

°C, 1.5 h, then 6N HCl, 83%. (d) (2-bromoethyl)benzene, NaH, DMF, 0 °C, 1 h then room temp.,16 h, 90%; (e) 

methyliodide or bromomethylbenzene, NaH, DMF, 55 °C, overnight, 71%-78%. 



 

 

Ester precursors 16a, 22a-26a were obtained as follows (Scheme 5). The 2-phenylethan-

1-amine was alkylated by methyl-2-bromoacetate to give ester 16a, while alkylation of methyl 

4-phenylbutanoate with methyl iodide afforded compound 22a. Alkylation of dimethyl 

malonate with (2-iodoethyl)benzene followed by hydrolysis and decarboxylation gave methyl 

ester 23a. Treatment of ethyl (methylsulphonyl)acetate and ethyl (phenylsulphonyl)acetate with 

both sodium hydride and (2-bromoethyl)benzene afforded 69 and 24a respectively. 

Phenylsulfonyle 24a was alkylated with methyl iodide and sodium hydride to give 25a. In a 

similar manner methylsulfonyl 69 was treated with benzyl bromide, giving 26a. 

 

 

Scheme 6. Synthesis of amides 18a, 29a, 44a-45a.a  

(  )n (  )n

18a R = R1 = H, R2 = Bn, n = 0

29a R = CH
2
OH, R1 = H R2 = 4-biphenyl, n = 0

44a R,R1 = -CH
2
-CH

2
-, R2 = Ph, n = 1

45a R = 1-piperidine, R1 = H, R2 = Ph, n = 1

R = R1 = H, n = 0

R = CH
2
OH, R1 = H, n = 0

70 R,R1 = -CH
2
-CH

2
-, n = 1

R = 1-piperidine, R1 = H, n = 1

a or b

 
a Reagent and conditions: (a) phenyl-acetic acid, HOBt, EDCI, DIEA, DMF, room temp., 12 h-48 h, 70%-84%; 

(b) benzoyl chloride, DIPEA, CH2Cl2, 0°C to room temp., 1 h-2 h, 41%-62%. 

 

Ester precursors 18a, 29a, 44a and 45a were synthetized via acylation reactions 

(Scheme 6). Sulfonamides 46a-47a46 and 50a-51a16 were synthesized by acylation with 

benzenesulfonyl chloride. At last, D-valine and D-phenylalanine underwent N-sulfonylation (71, 

73), followed by esterification (72, 74) and N-alkylation to afford compounds 48a and 49a 

respectively (Scheme 7). 

  



 

 

Scheme 7. Synthesis of sulfonylated precursors 46a-51a.a 

50a R = R' = 4-oxane, R1 = Me, R2 = H

51a

b

R = i-Pr, R' = H

  71 R1 = H, R2 = H

  72 R1 =  t-Bu, R2 = H

  48a R1 = t-Bu, R2 = Bn

  46a R1 = Et, R2 = H

R = Bn, R' = H

  73 R1 = H, R2 = H,

  74 R1 = t-Bu, R2 = H

  49a R1 = t-Bu, R2 = Bn

  47a R1 = Et, R2 = H

c

c

d

d

a, b

 
a Reagents and conditions: (a) SOCl2, MeOH, 0 °C to room temp., 10 days, 64%; (b) benzenesulfonyl chloride, 

base, solvent, 0 °C to room temp., 2 h-18 h, 24%-66%; (c) di-tert-butylacetal, toluene, DMF, 95 °C, 16 h, 65%-

71%; (d) benzyl bromide, K2CO3, DMF, 2 days, room temp., 87%-96%. 

 

Relations between chemical structure and plasma stability 

Compounds 1-57 were evaluated for their stability in both rat plasma and human plasma. 

Rat was chosen as its plasma displays high hydrolytic properties62 and it is a species often used 

for regulatory toxicology studies to determine therapeutic window. Half-lives in rat plasma are 

presented in four tables (2 to 5) highlighting the influence of chain length and composition, and 

nature of substituent in alpha to the hydroxamate function. 

Linear compounds with saturated aliphatic linkers (1-7, Table 2): Several phenyl linear 

compounds were synthesized to explore the influence of the chain length on plasma stability of 

the hydroxamic acid function. Interestingly, when phenyl or benzyl substituents are directly 

linked to the hydroxamic acid function (n = 0 and 1), compounds are stable while the most 

unstable compounds were obtained with medium chain length (n=2, 3 and 4). Then compounds 

with aliphatic extended linear chain (n = 5, 6) have long half-lives (4-6 hours). 

Cyclohexane (8, 9-10) and adamantane derivatives (11, 12) behave the same way as 

their phenyl analogues (2-4) (Table 2). Indeed, linker with n = 2 or 3 are hydrolysed rapidly in 



 

 

plasma (t1/2 < 0.5 hours), while for n = 1, compounds are stable. Interestingly both lipophilicity 

and size impact the rate of hydrolysis. This is exemplified by the decreasing stabilities of 

adamantane 12   > cyclohexane 9 displaying cLogP of 2.2 and, 2.01 and molecular volume of 

161 and 120 Å3 respectively.  

Table 2: Influence of chain length, aromaticity and volume on plasma stability. 

1-12

(  )
n

  
Cpd R- n t1/2 (h)a 

1 Ph- 0 >6b 

2 Ph- 1 >6 b 

3 Ph- 2 0.8 b 

4 Ph- 3 2.0 b 

5 Ph- 4 0.9 

6 Ph- 5 4.5 

7 Ph- 6 >6 

8 cHx- 1 >6 

9 cHx- 2 0.06 

10 cHx- 3 0.05 

11 Adamantyl- 1 >6 

12 Adamantyl- 2 0.5 
a Half-life in rat plasma. bFrom reference 24. 

Linear compounds with heteroatom-containing linkers(Table 3): Regardless of its size, 

the nature of the linear linker impacts plasmatic stabilities of hydroxamic acids Indeed, half-

lives vary from 0.6 to more than 6 hours for a 3-atom linker and from 0.3 to more than 6 hours 

for a 4-atom linker respectively. Interestingly, linear alkyl compounds 4 and 5 are not the most 

stable hydroxamic acids in the series. Introduction of a secondary amine is either beneficial for 

stability (13 vs 4 or 17 vs 5) or deleterious (16 vs 5). The presence of an amide function in β- 

or γ- position of the hydroxamic acid is critical for stability (20 vs 21 and 18 vs 19). Also, 

hydroxamic acids 14 and 18 derived of glycine are far less stable than their retro-amide analogs 

15 and 20 respectively, which are the most stable compounds in the series (Table 3). 

 

  



 

 

Table 3: Influence of the nature of the linear linker. 

4-5,13-21
length "n"

 

Cpd Linker “n” t1/2 (h)a 

4 -CH2-CH2-CH2- 3 2.0 b 

13 -CH2-NH-CH2- 3 3.6 

14 -CO-NH-CH2- 3 0.58 

15 -NH-CO-CH2- 3 >6 

5 -CH2-CH2-CH2-CH2- 4 0.93 

16 -CH2-CH2-NH-CH2- 4 0.5 

17 -CH2-NH-CH2-CH2- 4 2.1 

18 -CH2-CO-NH-CH2- 4 0.29 

19 -CO-NH-CH2-CH2- 4 2.5 

20 -CH2-NH-CO-CH2- 4 >6 

21 -NH-CO-CH2-CH2- 4 0.43 

a Half-life in rat plasma. bFrom reference 24. 

Impact of the substituent in α-position to the hydroxamate (Table 4): In the series of 4-

phenylbutanehydroxamic acid 4, introduction of a substituent in α-position results in a higher 

plasma stability (22-26). On the contrary, in 2-(benzylamino)ethanehydroxamic acid series (13, 

27-29) and malono-hydroxamic series (20,  30-43), introduction of benzyl substituent or aryl-

methyl groups is deleterious for stability (28, 31-34, 39-40, 43), in comparison with smaller 

substituents like methyl (27, 30, 38). Interestingly, the size and nature of the aryl-methyl group 

in alpha positions impacts stability: pyridine > phenyl > naphthyl (31-33).  

Surprisingly, groups at long distance from the hydroxamic acid can also impact stability. 

Indeed, pyridinyl compound 43 is much more stable (t1/2 = 3.3 h) than benzyl and p-

fluorobenzyl analogues (31, 39) (t1/2 = 0.8 h), although 43 contains a benzyl group in α-position, 

a substructure shown above to accelerate hydrolysis by plasma. Gem-dimethyl substitution or 

introduction of a cyclopropyl group allow obtention of stable compounds (35-36; 41-42). 

Introduction of a methyl group in α-position moderately restores stability for benzyl-substituted 

compounds (34 vs 31; 40 vs 39): t1/2 of 1.5 vs 0.8 hours. In the beta-alanine series (44, 19, 45), 

introduction of a cyclic constraints protects from hydrolysis (44, t1/2 > 6 h) while introduction 

of a positive charge results in poorly stable compound (45 t1/2 = 0.4 h). In comparison with 



 

 

these beta-alanine derivatives, serine-base compound 29 is stable. Finally, in the sulfonamide 

series the presence of an isopropyl group prevents hydrolysis (46, 48) while a benzyl group 

promotes it (47). Interestingly, substitution of the nitrogen of the adjacent amide function by a 

benzyl group restores plasmatic stability (49 vs 47) but freezing α-position substituent with the 

amide substituent into a tetrahydroquinoline is deleterious for stability (51). As gem-

substitution was tolerated in other series, it is also protective in sulfonamide series (50).  

Table 4: Impact of substitution in α-position of the hydroxamic acid function. 

4,13,19,22-51

( )n

 
# Ar- n X -R’ -R -R1 t1/2 (h)a 

4 Ph- 1 CH2 -H -H  2.0b 

22 Ph- 1 CH2 -H -CH3  >6 

23 Ph- 1 CH2 -H -CH2-Ph  >6 

24 Ph- 1 CH2 -H -SO2-Ph  >6 

25 Ph- 1 CH2 -SO2-Ph -CH3  >6 

26 Ph- 1 CH2 -SO2-CH3 -CH2-Ph  >6 

13 Ph- 1 NH -H -H  3.6 

27 Ph- 1 NH -H -CH3  >6 

28 Ph- 1 NH -H -CH2-Ph  1.8 

20 Ph- 1 NHCO -H -H  >6 

30 Ph- 1 NHCO -H -CH3  >6 

31 Ph- 1 NHCO -H -CH2-Ph  0.8 

32 Ph- 1 NHCO -H -CH2-4-pyridinyl  4.5 

33 Ph- 1 NHCO -H -CH2-2-naphthyl  0.1 

34 Ph- 1 NHCO -CH3 -CH2-Ph  1.5 

35 Ph- 1 NHCO -CH3 -CH3  >6 

36 Ph- 1 NHCO           -cyclopropyl-  >6 

37 pF-C6H4- 1 NHCO -H -H  >6 

38 pF-C6H4- 1 NHCO -H -CH3  >6 

39 pF-C6H4- 1 NHCO -H -CH2-Ph  0.8 b 

40 pF-C6H4- 1 NHCO -CH3 -CH2-Ph  1.5 b 

41 pF-C6H4- 1 NHCO -CH3 -CH3  >6b 

42 pF-C6H4- 1 NHCO           -cyclopropyl-  >6b 

43 4-pyridinyl-CH2- 1 NHCO -H -CH2-Ph      3.3 

19 Ph- 0 CONHCH2 -H -H -H 2.5 

44 Ph- 0 CONR1CH2 -H -CH2-CH2- >6 

45 Ph- 0 CONHCH2 -H -piperidinyl -H 0.4 

29 4-biphenyl- 0 CONH -H -CH2OH -H >6 

46 Ph- 0 SO2NR1 -H -iPr -H >6b 

47 Ph- 0 SO2NR1 -H -CH2-Ph -H 0.1 

48 Ph- 0 SO2NR1 -H -iPr -CH2-Ph >6 

49 Ph- 0 SO2NR1 -H -CH2-Ph -CH2-Ph >6 

50 Ph- 0 SO2NR1 -CH2-CH2-O-CH2-CH2- -H  >6 

51 Ph- 0 SO2NR1 -H 

 

0.7 

a Half-life in rat plasma. bFrom reference 24. 



 

 

Introduction of a double bond in α-position of the hydroxamic acid impacts stability. 

For example, compound 57 is stable while its saturated analogue 3 is rapidly hydrolyzed (t1/2 = 

0.8 h) (Table 5). Other unsaturated compounds inspired by bioactive structures are stable in rat 

plasma (Table 5). 

Table 5: Influence of unsaturation. 

52-573  
Cpd R R’ t1/2 (h)a 

3 Ph- H- 0.8 

52 1,3-dichlorophenyl- H- >6 

53 4-biphenyl- H- >6 

54 p-(Ph-NHSO2)-C6H4- H- >6 

55 

N

N

N

 

H- >6 

56 Ph- Ph

- 
>6 

57 Ph- H- >6 b 

a Half-life in rat plasma. bFrom reference 24. 

 

 

Impact of physical-chemical properties on stability. 

 Table 6 presents the measured stability and physical chemical properties of the 57 

hydroxamic acids. In an attempt to correlate these properties of compounds with plasma 

stability, we looked at the distribution of 6 continuous parameters for stable (t1/2 > 6 h) and 

unstable (t1/2 < 6 h) compounds: cLogP, cLogD7.4, Polar Surface Area (PSA), aqueous solubility 

(cLogS), Molecular Weight and Volume. No difference of distribution between unstable and 

stable compounds were observed for cLogS, Volume or PSA. However, unstable hydroxamic 

acids tend to have a higher cLogP (36% of compounds with cLogP in [0;1.5[ range and 52% 

with cLogP in [1.5 ; 3[) than stable compounds (50% of compounds with cLogP in [0;1.5[ range 

and  28% with cLogP in [1.5;3[) (Supplementary Figure S8). The same difference in distribution 

is observed for cLogD (Supplementary Figure S8). This is well illustrated in the malonic-



 

 

derived hydroxamic acids 20-43 (Table 4) where compounds displaying short half-lives have a 

higher cLogP than those displaying a higher half-life. For example pyridine lowers cLogP in 

comparison with benzene, and also impacts positively stability (32 and 43).  

We then performed an analysis including the (categorical) HBD and HBA parameters. 

Indeed, a  Chi-square test showed a link between stability and HBD <3 (p = 0.068). This led us 

to perform a multivariate analysis using HBD along with the 6 other continuous variables. A 

stepwise logistic regression yielded a model with HBD, MW and Volume. It shows that HBD 

<3 favors stability (OR = 4.80), along with a higher molecular weight (OR = 1.06) and lower 

volume (OR = 0.91). 

 

Table 6: Physical-chemical properties of compounds. 
Cpd t1/2 (h)a cLogPb cLogDb PSAb cLogSb MW Volumeb HBDc HBAc 

1 >6 0.84 0.83 49.3 -1.41 137.1 80.9 2 2 

2 >6 0.88 0.87 49.3 -1.72 151.2 99.1 2 2 

3 0.8 1.34 1.33 49.3 -2.13 165.2 108.7 2 2 

4 2.0 1.79 1.79 49.3 -2.58 179.2 122.8 2 2 

5 0.9 2.25 2.25 49.3 -3.07 193.2 131.7 2 2 

6 4.5 2.70 2.70 49.3 -3.57 207.3 143.7 2 2 

7 >6 3.16 3.16 49.3 -4.09 221.3 158.1 2 2 

8 >6 1.55 1.55 49.3 -1.90 157.2 110.8 2 2 

9 0.06 2.01 2.01 49.3 -2.41 171.2 121.4 2 2 

10 0.05 2.46 2.46 49.3 -2.94 185.3 135.5 2 2 

11 >6 1.77 1.77 49.3 -2.69 209.3 145.8 2 2 

12 0.5 2.23 2.22 49.3 -3.27 223.3 159.5 2 2 

13 3.6 0.23 -0.34 61.4 -1.89 180.2 119.7 3 3 

14 0.58 -0.10 -0.24 78.4 -1.81 194.2 119.7 3 3 

15 >6 0.15 0.15 78.4 -1.83 194.2 121.8 3 3 

16 0.5 0.56 -0.01 61.4 -2.34 194.2 129.7 3 3 

17 2.1 0.48 -1.41 61.4 -2.23 194.2 129.3 3 3 

18 0.29 -0.06 -0.20 78.4 -2.10 208.2 131.7 3 3 

19 2.5 0.15 0.15 78.4 -2.00 208.2 132.1 3 3 

20 >6 0.15 0.15 78.4 -2.15 208.2 131.0 3 3 

21 0.43 0.18 0.18 78.4 -1.99 208.2 132.1 3 3 

22 >6 2.25 2.25 49.3 -2.95 193.2 133.8 2 2 

23 >6 3.74 3.74 49.3 -5.00 269.3 181.4 2 2 

24 >6 2.72 2.87 91.9 -4.44 319.4 199.6 2 4 

25 >6 3.03 3.02 91.9 -4.61 333.4 212.3 2 4 

26 >6 3.01 3.00 91.9 -4.91 347.4 225.4 2 4 

27 >6 0.72 0.12 61.4 -2.31 194.2 130.0 3 3 

28 1.8 2.27 2.26 61.4 -4.30 270.3 180.4 3 3 

29 >6 1.02 0.99 98.7 -4.05 300.3 180.4 4 4 

30 >6 0.62 0.63 78.4 -2.67 222.2 143.4 3 3 

31 0.8 2.10 2.12 78.4 -4.50 298.3 192.8 3 3 

32 4.5 0.95 0.95 91.3 -4.04 299.3 190.4 3 4 

33 0.1 3.01 3.03 78.4 -6.20 348.4 226.0 3 3 

34 1.5 2.52 2.52 78.4 -4.76 312.4 204.8 3 3 

35 >6 1.03 1.03 78.4 -2.95 236.3 155.0 3 3 



 

 

36 >6 0.66 0.66 78.4 -2.49 234.3 148.2 3 3 

37 >6 0.36 0.35 78.4 -2.45 226.2 137.9 3 3 

38 >6 0.82 0.83 78.4 -2.98 240.2 152.6 3 3 

39 0.8 b 2.31 2.32 78.4 -4.77 316.3 198.9 3 3 

40 1.5 b 2.73 2.73 78.4 -5.01 330.4 212.7 3 3 

41 >6b 1.24 1.24 78.4 -3.24 254.3 165.7 3 3 

42 >6 0.87 0.87 78.4 -2.77 252.2 154.0 3 3 

43 3.3 0.95 0.95 91.3 -4.03 299.3 190.7 3 4 

44 >6 0.41 0.41 69.6 -1.75 234.3 149.2 2 3 

45 0.4 1.10 0.64 81.7 -2.67 291.4 193.5 3 4 

46 >6 0.93 0.93 103.9 -2.87 272.3 167.7 3 4 

47 0.1 1.65 1.64 103.9 -4.06 320.4 193.8 3 4 

48 >6 2.72 2.71 95.1 -4.61 362.4 236.0 2 4 

49 >6 3.44 3.43 95.1 -5.77 410.5 257.6 2 4 

50 >6 -0.48 -0.48 113.1 -2.00 300.3 182.8 3 5 

51 0.7 1.61 1.61 95.1 -3.60 332.4 200.7 2 4 

52 >6 2.64 2.64 49.3 -3.96 232.1 136.5 2 2 

53 >6 2.83 2.83 49.3 -4.75 239.3 150.9 2 2 

54 >6 1.80 1.80 103.9 -4.36 318.4 192.1 3 4 

55 >6 3.71 2.28 70.4 -5.80 358.5 256.6 2 4 

56 >6 2.79 2.79 49.3 -4.30 239.3 148.9 2 2 

57 >6 1.31 1.31 49.3 -2.41 163.2 99.1 2 2 
a Half-life in rat plasma.b cLogP, cLogD, PSA in Å2 , S in mol/L, Volume in Å3 calculated by PipelinePilot. c 

Hydrogen-bond donors; Hydrogen-bond acceptors. 

 

Implication of esterases 

 

Figure 3: Inhibitor-based esterase profiling scheme. 

 

To find which esterase(s) was (were) responsible for the hydrolysis of the unstable 

compounds, and attempt to rationalize SPSR with the structure of their catalytic sites, we 

measured and compared half-lives of unstable hydroxamic acids in the presence and absence of 

non-selective and selective esterase inhibitors (Figure 3 and Figures S1). We then calculated a 

score S for each esterase activity for a given hydroxamic acid and displayed results as 



 

 

dashboards (Figure 4 and Supplementary methods) to provide a visual tool to compare the 

behavior of compounds in the light of the structure. 

First, none of the hydroxamic acids is stabilized by the addition of EDTA to plasma, 

excluding paraoxonase from the set of hydroxamates hydrolyzing enzymes. Most linear 

analogues (A, B, Figure 4) that are unstable in plasma are usually stabilized by both DTNB 

(arylesterase inhibitor) and PMSF (serine esterase inhibitor), while branched hydroxamic acids 

(C, Figure 4) are not stabilized by DTNB. 

In linear series, where the linker bears either methylene groups, amide groups or 

secondary amines, our study reveals implication of various esterases activities. In the first series 

(A), shorter chain lengths (≤ 3) are highly hydrolyzed by arylesterases and carboxylesterases 

(3, 4) (Figure 4). Longer chains (n = 4 or 5) are moderately hydrolyzed by these enzymes (5, 6) 

(Figure 4). Compound 12 is not stabilized by DTNB addition to plasma, in strong contrast with 

other linear hydroxamic acids, probably due to both bulkiness and lipophilicity of adamantyl 

group in comparison to phenyl (12 vs 3). Also, cholinesterases are only moderately implicated 

in the instability of these series. Interestingly, while BuChE is not involved in the hydrolysis of 

5 (n = 4), it does participate in the instability of shorter compound 4 (n = 3) (Figure 4). 

Noteworthy, we were unable to stabilize hydroxamic acids 9 and 10, both bearing a cyclohexyle   

side chain.  

Introduction of a positive charge in β-position of the hydroxamic acid protects from 

hydrolysis by BuChE (13 vs 3) when chain length is 3 while, it protects from hydrolysis by 

arylesterases (16 vs 5) when chain length is 4. Conversely, introduction of a positive charge in 

γ-position of the hydroxamic acid, though improving stability, does not change the esterase 

activities implicated (17 vs 5). 



 

 

Figure 4 : Involvement of esterase activities in the hydrolysis of a given hydroxamic acid.a 

A 

 

n=2 n=3 n=4 n=5 

     

B 

 

 Amine (β,β) b Amide –CONH- (α,β) b 

n=3 

  
 (γ,β) b (β,γ) b (β,β) b  (α,γ) b 

n=4 

    

C 

 

R : -CH2Ph 

     
R : -CH2-4pyridinyl  R : -CH2-2-naphthyl 

 

 

 
R : -CH2Ph ; X : NH R : -1-piperidinyl X : SO2N ; R : -CH2Ph 

    

 
a Using score S calculated as given in Supplementary Methods. b Positions of the amine or the amide (from Ph-; 

from -CONHOH). 



 

 

 

In the linear series, carboxylesterases seem more implicated in the hydrolysis of amide-

containing compounds. Though no clear differences could be seen between 14, 18 and 19, no 

esterase inhibitor was able to stabilize related amide 21, the reverse amide of 19. 

Substitution in α-position (C, Figure 4) prevents hydrolysis by arylesterases while 

reinforcing hydrolysis by carboxylesterases. In malonic series (31-34, 39-40, 43), presence of 

a benzyl group, or 2-naphthyl-methyl or 4-pyridinyl-methyl analogues, results in similar 

susceptibility profiles. Interestingly, introduction of a positive charge (secondary amine) in β-

position of the hydroxamic function reduces the involvement of BuChE as previously described 

in linear series (28 vs 13 or 17), while introduction of a positive charge (tertiary amine) in β-

position (45) has no effect. This can be attributed to both steric constraints in 45 and to the 

absence of a benzyl substituent. At last, in sulfonamide series, generally quite stable, 

introduction of the benzyl group in α-position of the hydroxamic acid increased sensitivity to 

carboxylesterases, and AChE to a lesser extent. 

Our study has also identified highly unstable hydroxamates 9, 10, 21 (Tables 2,3) for 

which no esterase inhibitor could restore stability in plasma. Co-incubation with a mixture of 

highly concentrated esterase inhibitors only slightly improves their half-lives by two-fold. We 

hypothesized that these hydroxamic acids were extremely affine substrates for esterases. To 

check this, we used them as competitors for other hydroxamic acids. For example, compound 

4, which displays an average half-life of 2 hours, is highly stabilized in the presence of either 

competitor 9, 10 and 21 and its half-life is increased by 10-fold at least (Table 7 and Figure 5). 

Table 7: Stabilization of 4. 

competitor t1/2 (h)a 

none 2.0 

21 20.0 

10 30.9 

9 22.6 
a Half-life in rat plasma of 4 (10 µM) in the absence or presence of competitor at 80 µM. 



 

 

 

Figure 5 : Stabilization of 4 by highly unstable hydroxamic acids 9, 10 and 21.a 

a  % of 4 remaining in the absence () or presence of 9 (), 10 (), 21 (). 

 

As one of the AChE isoforms (isoform E) is found anchored to erythrocytes, we checked 

for stability of hydroxamic acids in whole blood. No significant differences between plasma 

and whole blood stabilities were observed. This suggests that this isoform does not contribute 

significantly to the hydrolysis of hydroxamates.  

As well, outside the plasma compartment, two isoforms of carboxylesterases are present 

in liver (CES1) and intestine (CES2) microsomes. We therefore checked for stability of 

compound 3 on microsomes in non-oxidative conditions. 3 that displays a half-life of 0.8 h in 

plasma is also very unstable in liver microsomes (t1/2 = 0.25 h) while stable on intestine 

microsomes (t1/2 > 6 h). This result suggests an implication of CES1 rather than CES2, in the 

hydrolysis of this compound. This implication of CES1 was further confirmed by the fact that 

3 is hydrolyzed by both rodent and human CES1 isolated enzymes, like several other 

hydroxamic acids (Supplementary Table S2). 

 

To draw general trends, we compared Box and Whisker plots for each physical-chemical 

parameters (Supplementary Figures S9-11) for substrates and non substrates of ArE, AChE and 

CES. No differences were evidenced for AChE and CES substrates. On the contrary, 



 

 

hydroxamic acids hydrolyzed by ArE display a cLogS and lower molecular weight and volume 

(Supplementary Figure S11). Because aryl esterase activity of plasma is not attributed to a 

specific enzyme, these results cannot be correlated with structural data. 

Discussion 

 

Figure 6 : Structure-Plasma Stability Relationships of hydroxamic acids: molecular 

properties and structural features increasing or decreasing stability. 

 

Figure 6 summarizes Structure-Plasma Stability Relationships of hydroxamic acids. 

Regarding physical-chemical properties, HBD <3 is beneficial for plasma stability. In the 

malonic series cLogP > 1.5 is deleterious for stability. Regarding structural features, 

combination of the nature or length of the linker with the hydrophobicity of the substituents is 

critical for stability. The presence of a tertiary carbon in α-position, in a cycle like cyclopropyle 

or tetrahydropyrane, stabilizes compounds. Also, bigger substituents like sulfonamides in β-

position are usually beneficial for stability. Hydroxamic acids bearing a double bond in this 

study, proved to be stable towards esterase hydrolysis. Absence of an aryl-methyl substituent, 

either constrained or not, in α-position of the hydroxamic acid function, protects from 

hydrolysis. 

CES recognize α-arylmethyl-substituted hydroxamic acids 

CES is the prominent esterase involved in the hydrolysis of all unstable compounds 

(Figure 4). The preference of carboxylesterases for hydroxamic acids that display an aryl-



 

 

methyl group in α-position was rationalized by docking of 33, 47, 51 in a model of rat CES1 

(Figure 7). Catalytic Ser221 points towards the carbonyl of the hydroxamic acid, with distances 

and angles compatible with the hydrolysis (Supplementary methods). Interestingly, the aryl-

methyl group in α-position interacts nicely with Phe304 and Phe318. Moreover, Phe 318 

position shifts in function of the size and distance of the aromatic group. For example, with the 

naphthyl analogue 33, Phe 318 is pushed backwards, while for constrained analogue 51, it 

moves closer (Figure 7). Interaction with these Phe side chains helps better positioning in front 

of the catalytic Ser. Consistently, docking of compounds less sensitive to CES-mediated 

hydrolysis showed that the hydroxamic carbonyls are further away from the catalytic Ser221 

due to the lack of aryl-methyl group in α-position. 

    

Figure 7 : Docking of 33, 47, 51 in rat CES1.a 

a Carbon atoms for 33, 47 and 51 and key residues in orange, magenta and cyan respectively. Arrow points carbonyl 

group of the hydroxamic function.  

 

Shifting or inverting an amide dramatically impact stability. 

To understand why compound 20 was stable while close amide analogues 18, 19 and 21 

were not (Table 3), these four compounds were docked in both mAChE and in rCES 

(Supplementary Figure S6-S7). For example, hydroxamic acid 18 is stabilized within mAChE 

pocket by hydrogen bonds between the carbonyl of the hydroxamic acid function and the 

oxyanion hole, a hydrogen bond with Ser125 and a H-π stacking to Tyr124. Similarly, the 



 

 

carbonyl of the hydroxamic function of 21 interacts with the oxyanion hole. An additional 

hydrogen bond between its amide function and Glu202, via a water molecule, is observed in 

the model. In comparison with 18 and 21, hydroxamic acid 19 makes fewer interactions with 

mAChE and the hydroxamic acid function is further away from the catalytic Ser203 (2.45 Å vs 

2.24 Å for 18, Supplementary Table S4). Finally, the stable hydroxamic acid 20, does not appear 

to make significant interactions with the catalytic site of mAChE. As a consequence, the 

carbonyl of the hydroxamic acid function is too far to allow the attack by Ser203 (3.03 Å, 

Supplementary Figure S6 and Table S4). Similar results were obtained for rCES1 

(Supplementary Figure S7). Binding of unstable hydroxamic acids 18 and 21 is driven by the 

interaction of the amide function with a water molecule in the vicinity of the oxyanion hole on 

one side, and π-stacking (parallel or T-shaped) with Phe304 and Phe318. Slightly more stable 

compound 19 is engaged in a H-π stacking with Leu255. In all these three cases, distances and 

angles to catalytic Ser221 are compatible with hydrolysis, in strong opposition with stable 

compound 20 (Supplementary Table S4). These results support the differences in stabilities for 

compounds 18-21 and corroborate the critical role of the amide position. 

 

Plasma esterase activities differ between species. 

All compounds of this study were shown to be stable in human plasma (t1/2 > 6 h) with 

the exception of compound 21. This compound, though far more stable in human plasma (t1/2 = 

2.4 h) than in rat plasma (t1/2 = 0.43 h), is still rapidly hydrolyzed in human plasma (Table 3). 

The greater stability of hydroxamates in human plasma compared to rat plasma can be explained 

by both structural differences in the catalytic pockets (Supplementary Figure S2-S5), and 

relative concentrations and activities of the esterases between species. 

Regarding cholinesterases, hAChE and hBuChE catalytic pockets are narrower than that 

of rodent AChE and BuChE (Supplementary Figure S5) respectively. Importantly, there is only 



 

 

a low concentration of AChE in human plasma, while BuChE is the most abundant esterase in 

human plasma40. 

We showed for a representative set of hydroxamic acids sensitive to CES hydrolysis that 

they are substrates of both rodent and human enzymes (Supplementary Table S2), in spite of  

structural differences in catalytic pockets (Supplementary Figure S5 E and F respectively). 

While CES are the main esterases involved in rat plasma hydrolysis of hydroxamic acids, the 

fact that CES are the most abundant esterases in rodent plasma while they are absent in human 

plasma, explains the difference of stabilities in rat and human plasma.40 Moreover, because 

CES are present in liver and intestine microsomes, in both species, reducing the susceptibility 

of an hydroxamic acid to this enzyme is likely to have an impact on rodent plasma stability and 

human first-pass metabolism. 

 

All the results obtained from this study can be used to guide the optimization of the 

plasma stability of hydroxamic acids. Some empirical rules are illustrated in Figure 8. For 

example, introduction of cyclic constrains, small α-substituents, removal or shortening of α-

aryl-methyl groups improve stabilities, especially towards CES. 

 

Figure 8 : Examples of the use of the medchem toolbox to stabilize hydroxamic acids. 

 

Conclusion 



 

 

We designed and synthesized a 57-member library of hydroxamic acids based on 

templates found in inhibitors of the main classes of Zinc metallohydrolases. This library was 

used to explore the Structure-Plasma Stability Relationships in chemical series relevant to the 

medicinal chemistry of this important class of therapeutic targets. In addition to including 

various chemical templates, the library covered a fair range of physical-chemical parameters 

(i.e.137<MW<410, -1.4<logD<3.4, 49.3<tPSA<113). 

Finding 1: at the exception of one compound, all hydroxamates were found to be very stable in 

human plasma. In contrast, many hydroxamates were unstable in rat plasma. This difference 

between species may pose a difficulty during preclinical development, as it may preclude 

systemic exposure and engagement of target in species used in toxicological studies. 

Finding 2: Thanks to a deconvolution scheme that uses a series of inhibitors of increasing 

selectivity, we were able to determine which enzyme was responsible for the hydrolysis. 

It appears that hydrolysis of unstable hydroxamates is performed by a limited number of plasma 

enzymes, mainly CES.  

Finding 3: This limited number of enzymes have defined structural requirements, in contrast 

with the large variety promiscuous metabolic enzymes such as CYP450 and phase 2 enzymes 

that account for the majority of transformations performed on xenobiotics. It was thus possible 

to identified structural features that are beneficial or deleterious for plasma stability. We 

identified for example that aryl-methyl substituent in α-position of the hydroxamic acid is well 

recognized by CES. Also, in linear amide-bearing compounds, the position and orientation of 

the amide bond relative to the hydroxamate is critical to recognition and stability: a NHCO in 

β-position of the hydroxamic function are stable while other amides are highly recognized by 

AChE and CES, leading to low stability. We also show that BuChE does not hydrolyze 

hydroxamic acids bearing a positive charge or bulky groups.  



 

 

In term of molecular properties, we saw that stable hydroxamates are found in the low range of 

logP, while a systematic multivariate analysis yielded a model where HBD <3 favors stability 

(OR= 4.80). 

 

As the hydroxamic acid function is often critical for the pharmacological activity, its 

replacement by isosters is often not possible. Also, stability in rodent plasma is essential to 

achieve proof-of-concept in animal, to assess secondary and safety pharmacology, and finally 

to estimate the safety window of drug candidates. Therefore a large difference in metabolic 

stability between human and preclinical species, especially when it involves transformation of 

a key element of pharmacophore can compromise developability of a drug candidate. Although 

the use of esterase inhibitors could partially restore adequate plasma concentration in animal 

models, these inhibitors have themselves side effects that could impede the interpretation of 

pharmacodynamic studies. In all, our study provides a toolbox that includes a validated protocol 

for hydroxamates stability testing, an esterase deconvolution procedure and SPSR that guide 

structural changes during optimization on the target of interest. It can help prioritizing hits and 

leads based on structural liabilities (templates and physical-chemical properties). This is the 

first comprehensive rule of thumb to obtain hydroxamic acids as stable in rodent as in human 

plasma, thus bridging the gap between species during preclinical development.  



 

 

Experimental section 

Chemistry. 

General Chemistry. Merck Millipore aluminum-backed sheets TLC silica gel 60 F254 were 

used for TLC. GraceResolv Cartridge columns (4 to 120 grams) were used to purify chemicals 

by flash column chromatography helped by Interchim Puriflash 430 equiped with evaporative 

light scattering detector (ELSD). 1H and 13C NMR were recorded at room temperature on a 

Bruker DPX 300 at 300 and 75 MHz, respectively. 1H NMR spectra chemical shifts are in parts 

per million (ppm) relative to the peak of DMSO-d6 (2.50 ppm), CD3OD (3.31 ppm), or CDCl3 

(7.26 ppm); 13C NMR spectra chemical shifts are in parts per million (ppm) relative to the peak 

of DMSO-d6 (39.52 ± 0.06 ppm), CD3OD (49.00 ± 0.06 ppm), acetone-d6 (2.05± 0.06 ppm) or 

CDCl3 (77.16 ± 0.06 ppm). Coupling constants (J) are reported in hertz (Hz) and peak 

multiplicities are reported as singlet (s), doublet (d), triplet (t), quadruplet (q), broad (br) and 

multiplet (m). Purity (%) was measured by reverse-phase chromatography HPLC using UV 

detection (215 nm) and all final compounds showed purities greater than 95%. Mass spectra 

were recorded on a LCMS system (Waters) composed of solvent manager 2695, photodiode 

array detector 2996, micromassZQ and a C18 Xbridge 3.5µm particle size HPLC column, 

dimensions 4.6 x 50 mm. Analytical reverse phase HPLC gradient starting from 100% aqueous 

buffer pH = 3.8 ± 0.3 (NH4OH 0.01%, HCOOH 0.02%) and reaching 100% acetonitrile buffer 

(NH4OH 0.01%, HCOOH 0.02%) within 3.25min at a flow rate of 2 mL/min was used.  When 

needed, compounds were purified by preparative HPLC on a LCMS Waters-2 system composed 

of solvent manager 2545, dual wavelength absorbance detector 2487,  3100 single  quadrupole 

mass detector and using a Xbridge™ prep C18 5 µM OBD™ dimensions 50 mm x 250 mm 

column. Reverse phase preparative HPLC linear gradients started from 100% of aq. buffer pH 

= 3.8 ± 0.3 (NH4OH 0.01%, HCOOH 0.02%) or aq. buffer pH = 9.2 ± 0.3 (NH4OH 0.03%, 

HCOOH 0.01%) and reached corresponding 100% acetonitrile buffer (NH4OH 0.01%, 



 

 

HCOOH 0.02%) or (NH4OH 0.03%, HCOOH 0.01%) within 25 min at a flow rate of 80 mL / 

min. High-resolution mass spectrometry (HRMS) was measured with a quadrupole time-of-

flight (TOF) micromass Waters. Melting points were recorded on a Büchi melting point B-450. 

All commercial reagents and solvents were used without further purification. The synthesis of 

37-38;40-42 has been previously described.8a;24   

Highly toxic compound. Potassium cyanide extracted in aqueous phase was stirred and 

basified with KOH 15% (pH has to be superior or equal to 14). Then sodium hypochlorite 

(NaClO) 2.6% active chloride was added in very large excess (compared to the amount of 

potassium cyanide) and stirred at room temperature for 10 min. Iodide strip was used to evaluate 

the oxidative potential of the mixture. A purple-blue color indicates a strong potential, allowing 

disposal of the treated phase in the adequate waste tank for destruction. 

General procedure A for the synthesis of compounds 22b, 24b-26b, 29b, 46b-47b, 55b. Ester 

(1.00 mmol, 1.0 equiv) was dissolved in ethanol/THF (1:2) and aqueous NaOH 2M (13.00 

mmol, 13.0 equiv) was added. The solution was stirred at room temperature for 16 h. HCl 1 N 

was added to bring the pH up to 2-3. The resulting mixture was extracted with dichloromethane. 

The organic layer was dried over MgSO4 and evaporated to give the corresponding carboxylic 

acid. 

 

General procedure B for the synthesis of compounds 1-11, 13-14, 21-29, 46-49, 52-56. 

Commercial carboxylic acid (2.00 mmol, 1 equiv) and HOBt (2.20 mmol, 1.1 equiv) were 

dissolved in DMF (10 mL). A solution of EDCI.HCl (2.70 mmol, 1.5 equiv) and N-

methylmorpholine (6.01 mmol, 3 equiv) in DMF (6.5 mL) was slowly added to the previous 

solution cooled to 0 °C. Then a solution of O-tritylhydroxylamine (2.50 mmol, 1.25 equiv) in 

DMF (2.5 mL) was added. The mixture was stirred at room temperature overnight. The solvent 

was evaporated under reduced pressure and the residue was dissolved in DCM and washed two 



 

 

times with aqueous sat. NaHCO3 and two times with aqueous sat. NH4Cl. The organic layer 

was dried over MgSO4, filtered and concentrated under reduced pressure to give the desired O-

tritylhydroxamic acid. The corresponding O-tritylhydroxamic acid (1 mmol, 1 equiv) was 

dissolved in DCM (9.50 mL) and liquid TFA (0.25 mL) and triethylsilane (0.25 mL) were 

added. The mixture was stirred at room temperature for 30 min. Solvents were removed under 

reduced pressure and the crude product was washed three times with pentane/diethyl ether 

75:25 (v:v) affording a residue. The corresponding residue was purified by preparative HPLC 

using a linear acetonitrile/water (ammonium acetate/formic acid buffer, pH = 3.8) gradient 

(2:98 to 100:0 over 25min), for hydroxamic acids 3-4, 9-10, 14. Or the residue was washed with 

diethyl ether/petroleum ether (1:4) to give a crude product which was purified by flash silica 

gel column chromatography to give desired hydroxamic acid 1-2, 5-8, 11, 13, 21-29, 46-49, 52-

56. 

 

General procedure C, for the synthesis compounds 30-32, 34-36, 39, 43. To a solution of diethyl 

2-methylmalonate (3.56 mmol, 1 equiv) in ethanol absolute (5 mL, 0.7 M) was added solid 

KOH (5.34 mmol, 1.5 equiv). This mixture was stirred for 24 h at room temperature before 

EtOH was evaporated in vacuo. The residue was dissolved in aqueous sat. NaHCO3 and washed 

with EtOAc. The aqueous phase was acidified to pH 1-2 with aqueous HCl 1M. The desired 

carboxylic acid was extracted thrice with ethyl acetate, organic phases were pooled and 

evaporated to give pure carboxylic acid 63-68. To a solution of the appropriate carboxylic acid 

(2.70 mmol, 1 equiv) in anhydrous DMF (6.60 mL, 0.5 M) at 0 °C were added HBTU (2.97 

mmol, 1.1 equiv) and anhydrous DIPEA (8.1 mmol, 3 equiv). This mixture was stirred 5 min 

before benzylamine (2.83 mmol, 1.05 equiv) was added. The mixture was stirred 10 min at 0 

°C, and 4h30 at room temperature. The solvent was evaporated under high vacuum and the 

crude product was partitioned between aqueous sat. NaHCO3 and EtOAc. The organic layer 



 

 

was washed 3 times with aqueous sat. NaHCO3, dried over MgSO4 and evaporated under 

vacuum. The residue was purified by flash silica gel column chromatography 

(cyclohexane/EtOAc 1:0 to 1:1 (v:v)), affording the corresponding ethyl 2‐(benzylcarbamoyl)‐

2‐methylacetate 30a-32a, 34a-36a, 39a, 43a. To a solution of the latter (1.94 mmol, 1 equiv) 

in MeOH (4.31 mL, 0.45 M) was added a solution of aqueous hydroxylamine 50% (4.31 mL) 

and KCN (0.012 g, 0.019 mmol, 0.1 equiv). The mixture was stirred 15 h 30 min at room 

temperature before it was concentrated under vacuum. The residue was partitioned between 

water and EtOAc (1:50, v:v). The organic layer was evaporated under vacuum and purified by 

preparative HPLC using a linear acetonitrile/water (ammonium-acetate/formic acid buffer, pH 

= 3.8) gradient, (2:98 to 100:0 over 25min). This afforded pure hydroxamic acids 30-32, 34-36, 

39, 43. 

 

Benzhydroxamic acid (1). Obtained following the general procedure B from benzoic acid. 

White solid (0.075 g, 17%). Purity: 98%. mp: 129 °C. tR,LCMS = 1.37 min. MS (ESI-): m/z = 

136 [M-H]-, MS (ESI+): m/z = 138 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 11.19 (s, 

1H), 9.02 (s, 1H), 7.74 (dd, J = 1.5 Hz, J = 7.5 Hz, 2H), 7.53-7.41 (m, 3H). 13C NMR 75 MHz 

(DMSO-d6) δ (ppm): 164.1, 132.8, 131.1, 128.3, 126.8. HRMS m/z calculated for C7H8NO2 

[M+H]+: 138.0555. Found: 138.0566. 

 

2-Phenylethanehydroxamic acid (2). Obtained following the general procedure B from 2-

phenylacetic acid. Light brown solid (0.063 g, 13%). Purity: 96%. mp: 119 °C. tR,LCMS = 1.52 

min. MS (ESI-): m/z = 150 [M-H]-, MS (ESI+): m/z = 152 [M+H]+. 1H NMR 300 MHz (DMSO-

d6) δ (ppm): 10.65 (s, 1H), 8.81 (s, 1H), 7.32-7.19 (m, 5H), 3.27 (s, 2H). 13C NMR 75 MHz 

(DMSO-d6) δ (ppm): 167.0, 136.0, 129.3, 128.9, 128.1, 126.4, 39.4. HRMS m/z calculated for 

C8H10NO2 [M+H]+: 152.0712. Found: 152.0734. 



 

 

 

3-Phenylpropanehydroxamic acid (3). Obtained following the general procedure B. White solid 

(0.084 g, 26%). Purity 98%. mp: 80 °C. tR,LCMS = 1.76 min. MS (ESI-): m/z = 164 [M-H]-, MS 

(ESI+): m/z = 166 [M+H]+. 1H NMR 300 MHz (CDCl3) δ (ppm): 10.35 (s, 1H), 8.70 (s, 1H), 

7.29-7.14 (m, 5H), 2.82-2.78 (t, J = 7.5 Hz, 2H), 2.27-2.22 (t, J = 7.5 Hz, 2H). 13C NMR 75 

MHz (CDCl3) δ (ppm): 171.1, 140.3, 128.8, 128.4, 126.7, 34.9, 31.5. HRMS m/z calculated for 

C9H12NO2 [M+H]+: 166.0868. Found: 166.0882. 

 

4-Phenylbutanehydroxamic acid (4). Obtained following the general procedure B. Brown oil 

(0.176 g, 51%). Purity 95%. tR,LCMS = 1.94 min. MS (ESI-): m/z = 178 [M-H]-, MS (ESI+): m/z 

= 180 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 10.36 (s, 1H), 8.69 (br s, 1H), 7.31-

7.15 (m, 5H), 2.57-2.55 (t, J = 7.5 Hz, 2H), 1.99-1.94 (t, J = 7.5 Hz, 2H), 1.83-1.73 (m, 2H). 

13C NMR 75 MHz (DMSO-d6) δ (ppm): 169.1, 141.9, 128.5, 126.0, 34.8, 32.0, 27.2. HRMS 

m/z calculated for C10H14NO2 [M+H]+: 180.1025. Found: 180.1049. 

 

5-Phenylpentanehydroxamic acid (5). Obtained following the general procedure B from 5‐

phenylpentanoic acid. White solid (0.036 g, 10%). Purity: 90%. mp: 74 °C. tR,LCMS = 2.47 min. 

MS (ESI+): m/z = 194 [M+H]+. 1H NMR 300 MHz (acetone-d6) δ (ppm): 7.27-7.12 (m, 2H), 

2.61-2.57 (m, 2H), 2.15-2.10 (m, 2H), 2.08-2.03 (m, 2H), 1.70-1.59 (m, 4H). 13C NMR 75 MHz 

(acetone-d6) δ (ppm): 170.2, 142.3, 128.3, 128.2, 125.6, 35.2, 30.9, 25.0. HRMS m/z calculated 

for C11H16NO2 [M+H]+: 194.1181. Found: 194.1180. 

 

6-Phenylhexanehydroxamic acid (6). Obtained following the general procedure B from 6‐

phenylhexanoic acid. White solid (0.247 g, 45%). Purity: 99%. mp: 71 °C. tR,LCMS = 2.72 min. 

MS (ESI+): m/z = 208 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 10.31 (br s, 1H), 10.00 



 

 

(br s, 1H), 8.64 (br s, 1H), 7.28-7.13 (m, 5H), 2.57-2.49 (m, 7H), 1.92 (t, J = 14.4 Hz, 2H), 

1.59-1.51 (m, 4H), 1.29-1.27 (m, 2H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 169.5, 142.7, 

128.7, 128.7, 126.1, 35.5, 32.7, 31.2, 28.7, 25.4. HRMS m/z calculated for C12H18NO2 [M+H]+: 

208.1338. Found: 208.1334. 

 

7-Phenylheptanehydroxamic acid (7). Obtained following the general procedure B from 7‐

phenylheptanoic acid. White powder (0.060 g, 13%). Purity 96%. mp: 66 °C. tR,LCMS = 2.97 

min. MS (ESI+): m/z = 222 [M+H]+. 1H NMR 300 MHz (acetone-d6) δ (ppm): 7.27-7.11 (m, 

5H), 2.58 (t, J = 7.5 Hz, 2H), 2.09 (t, J = 7.5 Hz, 2H), 1.62-1.55 (m, 4H), 1.34-1.29 (m, 4H). 

13C NMR 75 MHz (acetone-d6) δ (ppm): 170.3, 142.6, 128.3, 128.2, 125.5, 35.5, 32.3, 31.3, 

29.0, 25.3. HRMS m/z calculated for C13H20NO2 [M+H]+: 222.1494. Found: 222.1494. 

 

2-Cyclohexylethanehydroxamic acid (8). Obtained following the general procedure B from 2‐

cyclohexylacetic acid. White solid (0.107g, 18%). Purity: 80%. mp: 146 °C. tR,LCMS = 2.20 min. 

MS (ESI+): m/z = 158 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 10.31 (br s, 1H), 8.64 

(br s, 1H), 1.81 (d, J = 6.3 Hz, 2H), 1.62 (d, J = 7.5Hz, 6H), 1.20-1.06 (m, 3H), 0.92-0.85 (m, 

2H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 168.6, 40.8, 34.9, 32.9, 26.3, 26.0. HRMS m/z 

calculated for C8H16NO2 [M+H]+: 158.1181. Found: 158.1179. 

 

3-Cyclohexylpropanehydroxamic acid (9). Obtained following the general procedure B. 

Colorless oil (0.072 g, 21%). Purity 99%. tR,LCMS = 2.49 min. MS (ESI-): m/z = 170 [M-H]-, 

MS (ESI+): m/z = 172 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 1.96-1.91 (t, J = 7.5 

Hz, 2H), 1.67-1.63 (m, 5H), 1.41-1.33 (m, 2H), 1.23-1.08 (m, 4H), 0.88-0.78 (q, J = 10.2 Hz, 

2H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 169.3, 36.5, 32.6, 32.5, 29.8, 26.1, 25.7. HRMS 

m/z calculated for C9H18NO2 [M+H]+: 172.1338. Found: 172.1354. 



 

 

 

4-Cyclohexylbutanehydroxamic acid (10). Obtained following the general procedure B. White 

solid (0.034 g, 9%). Purity 98%. mp: 81 °C. tR,LCMS = 2.42 min. MS (ESI-): m/z = 184 [M-H]-, 

MS (ESI+): m/z = 186 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 10.28 (br s, 1H), 8.63 

(br s, 1H), 1.89 (t, J = 7.5 Hz, 2H), 1.66-1.62 (m, 5H), 1.53-1.42 (quin, J = 7.5 Hz, 2H), 1.24-

1.06 (m, 6H), 0.88-0.77 (m, 2H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 169.1, 36.8, 36.4, 

32.8, 32.5, 26.2, 25.8, 22.5. HRMS m/z calculated for C10H20NO2 [M+H]+: 186.1494. Found: 

186.1517. 

 

2-(1-Adamantyl)ethanehydroxamic acid (11). Obtained following the general procedure B from 

2‐(adamantan‐1‐yl)acetic acid. White solid (0.120 g, 48%). Purity 99%. mp: 173 °C. tR,LCMS = 

2.63 min. MS (ESI+): m/z = 210 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 10.20 (br s, 

1H), 1.90 (s, 3H), 1.68-1.54 (m, 14H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 167.2, 47.1, 

42.5, 36.9, 32.6, 28.5. HRMS m/z calculated for C12H20NO2 [M+H]+: 210.1494. Found: 

210.1507. 

 

3-(1-Adamantyl)propanehydroxamic acid (12). To a solution of 2-(1-adamantyl)ethanol (1.984 

g, 11 mmol, 1 equiv) in pyridine (13.7 mL, 0.8 M) was added 4-methylbenzenesulfonyl chloride 

(2.098 g, 11 mmol, 1 equiv) and the resulting yellow mixture was stirred 20 h at room 

temperature. Pyridine was evaporated under vacuum and the crude product was dissolved in 

EtOAc. The organic phase was washed twice with 1 N HCl then twice with aqueous sat. 

NaHCO3, dried over MgSO4, filtered and concentrated to afford 2-(1-adamantyl)ethyl 4-

methylbenzenesulfonate (3.003 g, 75%) as a colorless oil. Purity 91%. tR,LCMS = 3.95 min. MS 

(ESI+): m/z = 357 [M+Na]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 7.79 (d, J = 8.3 Hz, 2H), 

7.48 (d, J = 8.3 Hz, 2H), 4.05 (t, J = 6.9 Hz, 2H), 2.42 (s, 3H), 1.85 (s, 3H), 1.63-1.49 (m, 8H), 



 

 

1.37-1.33 (m, 8H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 144.8, 132.4, 130.1, 127.6, 67.4, 

41.8, 41.5, 36.3, 31.2, 27.8, 21.0. To a solution of this tosylate (2.342 g, 7.00 mmol, 1 equiv) 

in DMF (8.75 mL, 0.8 M) wad added KCN (0.911 g, 14.00 mmol, 2 equiv). The resulting 

suspension was stirred at 80 °C for 15 h. It was diluted with water and extracted with Et2O. The 

combined organic phases were washed with water and brine, dried over MgSO4 and 

concentrated in vacuo to give 1.126 g of a yellow oil. This crude product was purified by flash 

silica gel column chromatography (cyclohexane/ethyl acetate, 90:10 to 70:30). Pure 3-(1-

adamantyl)propanenitrile 58 (1.126 g, 84%) was obtained as yellow needle crystals. No signal 

by LCMS. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 2.40 (t, J = 8.0 Hz, 2H), 1.92 (br s, 3H), 

1.62 (br q, J = 12.3 Hz, 6H), 1.44 (d, J = 2.5 Hz, 6H), 1.36 (t, J = 8.0 Hz, 3H). 13C NMR 75 

MHz (DMSO-d6) δ (ppm): 121.6, 40.9, 36.6, 31.7, 27.8, 10.2. To a solution of 58 (0.869 g, 4.59 

mmol, 1 equiv) in EtOH (9.20 mL, 0.5 M) was added a solution of KOH (0.901 g, 16.07 mmol, 

3.5 equiv) in H2O (9.20 mL, 1.75 M). The mixture was heated to 90 °C for 20 h. Solvents were 

evaporated in vacuo then the residue was dissolved in aqueous HCl 1M and EtOAc. The organic 

phase was washed three times with HCl 1M, once with brine and dried over MgSO4. EtOAc 

was evaporated in vacuo affording 3-(1-adamantyl)propanoic acid (0.942 g, 97%) as white 

crystals. TLC cyclohexane/EtOAc 70:30 (v:v) Rf = 0.5. To a solution of this acid (0.309 g, 1.48 

mmol, 1 equiv) in anhydrous methanol (5 mL, 0.33 M) cooled to 0 °C was added dropwise 

thionyl chloride (0.323 mL, 4.45 mmol, 3 equiv). The reaction was stirred at room temperature 

for 4 h 30 min before solvents were evaporated under vacuum. White crystals were obtained 

which were dissolved in EtOAc (a white precipitate appear) and washed with aqueous NaHCO3 

5% (The white precipitate disappear when aqueous phase was added). The crude product methyl 

3-(1-adamantyl)propanoate 12a was obtained as a white powder (0.071 g, 21%) by evaporating 

the solvent and was used in the next step without further purification. TLC cyclohexane/EtOAc 

70:30 (v:v) Rf = 0.90. To a solution of 12a (0.071 g, 0.31 mmol, 1 equiv) in MeOH (0.700 mL, 



 

 

0.45 M) was added a solution of aqueous hydroxylamine 50% (0.700 mL) before KCN (0.02 g, 

0.028 mmol, 0.1 equiv). The mixture was stirred 12 h 30 min at room temperature. It was 

concentrated under vacuum and an aqueous workup was performed using H2O/EtOAc (1:50 

(v:v)). The organic layer was evaporated under vacuum and purified by preparative HPLC using 

a linear acetonitrile/water (ammonium-acetate/formic acid buffer, pH = 9.2) gradient (2:98 to 

100:0 over 25min) affording 3-(1-adamantyl)propanehydroxamic acid 12 as a white powder 

(0.026 g, 36%). Purity 99%. mp: 153 °C. TLC cyclohexane/EtOAc 70:30 (v:v) Rf = 0.50. tR,LCMS 

= 2.57 min. MS (ESI-) : m/z = 222 [M-H]-, MS (ESI+): m/z = 224 [M+H]+. 1H NMR 300 MHz 

(CD3OD-d4) δ (ppm): 10.31 (s, 1H), 8.62 (d, J = 1.2 Hz, 1H), 1.91-1.85 (m, 5H), 1.61 (q, J = 

12.1 Hz, 6H), 1.41 (d, J = 2.1 Hz, 6H), 1.25 (td, J = 5.4 Hz, J = 2.8 Hz, 2H). 13C NMR 75 MHz 

(CD3OD-d4) δ (ppm): 169.8, 41.5, 36.5, 31.6, 27.9, 26.0. HRMS m/z calculated for C13H22NO2 

[M+H]+: 224.1651. Found: 224.1664. 

 

2-(Benzylamino)ethanehydroxamic acid (13). Obtained following the general procedure B from 

N-benzylglycine hydrochloride. White powder (0.070 g, 25%). Purity 99%. mp: 169 °C. tR,LCMS 

= 1.47 min. MS (ESI+): m/z = 181 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 10.94 (br 

s, 1H), 9.31 (br s, 1H), 9.26 (br s, 1H), 7.45-7.42 (m, 5H), 4.16 (s, 2H), 3.55 (s, 2H). 13C NMR 

75 MHz (DMSO-d6) δ (ppm): 162.2, 131.9, 130.5, 129.5, 129.2, 50.4, 45.2. HRMS m/z 

calculated for C9H13N2O2 [M+H]+: 181.0972. Found: 181.0977. 

 

N-[2-(Hydroxyamino)-2-oxo-ethyl]benzamide (14). Obtained following the general procedure 

B. White solid (0.008 g, 5%). Purity 97%. mp: 149 °C. tR,LCMS = 1.43 min. MS (ESI-): m/z = 

193 [M-H]-, MS (ESI+): m/z = 195 [M+H]+. 1H NMR 300 MHz (CD3OD-d4) δ (ppm): 7.88-

7.85 (dd, J = 0.9 Hz, J = 8.1 Hz, 2H), 7.54 (tt, J = 0.9 Hz, J = 7.5 Hz, 1H), 7.46 (td, J = 7.5 Hz, 

J = 8.1 Hz, 2H), 3.99 (s, 2H). 13C NMR 75 MHz (CD3OD-d4) δ (ppm): 170.7, 169.1, 135.2, 



 

 

133.1, 129.8, 128.7, 42.1. HRMS m/z calculated for C9H11N2O3 [M+H]+: 195.0770. Found: 

195.0799. 

 

3-(Hydroxyamino)-3-oxo-N-phenyl-propanamide (15). A solution of commercial Meldrum’s 

acid (0.332 g, 2.30 mmol, 1 equiv) and aniline (0.631 mL, 6.91 mmol, 3 equiv) in MeCN (1.85 

mL, 1.25 M) was stirred for 2 h at 80 °C. The mixture was evaporated under vacuum and the 

residue was partitioned between aqueous sat. NaHCO3 and EtOAc. The aqueous phase was 

acidified to pH 1-2 with HCl 1M and extracted with ethyl acetate. Solvents were evaporated 

under reduced pressure to afford 3-anilino-3-oxo-propanoic acid 15b (0.202 g, 48%) as white 

crystals. tR,LCMS = 1.60 min. MS (ESI-): m/z = 178 [M-H]-, MS (ESI+): m/z = 180 [M+H]+. 

Caution: a 40% rate of degradation was observed after 3 days at room temperature (brown color 

appears on crystals). Impure carboxylic acid 15b (0.202 g, 1.12 mmol, 1 equiv) was solubilized 

in anhydrous MeOH (3.5 mL, 0.32 M) at 0 °C. SOCl2 (0.246 mL, 3.38 mmol, 3 equiv) was 

added dropwise and the mixture was stirred for 1 h at room temperature. The mixture was 

dissolved in EtOAc (10 mL) and water (20 mL). The aqueous phase was extracted twice with 

EtOAc, organic phases were pooled, dried over MgSO4 and evaporated under vacuum, 

affording Methyl 3-anilino-3-oxo-propanoate 15a as a white powder (0.189 g, 43%) with a 

purity of only 50%. 15a was anyway used in the final step without further purification. tR,LCMS 

= 2.02 min. MS (ESI-): m/z = 192 [M-H]-, MS (ESI+): m/z = 194 [M+H]+. To a solution of 15a 

(0.189 g, 0.98 mmol, 1 equiv) in MeOH (4 mL, 0.25 M) was added a solution of aqueous 

hydroxylamine 50% (4 mL, ) and KCN (0.032 g, 0.49 mmol, 0.5 equiv). The solution was 

stirred overnight at room temperature. It was concentrated under vacuum and an aqueous 

workup was performed using H2O/EtOAc (1:50 (v:v)). The organic layer was evaporated under 

vacuum and purified by preparative HPLC using a linear acetonitrile/water (ammonium-

acetate/formic acid buffer, pH = 3.8) gradient (2:98 to 100:0 over 25 min), affording the 



 

 

hydroxamic acid 15 as a white powder (0.015 g, 8%). Purity 96%. mp: 149 °C. tR,LCMS = 1.55 

min. MS (ESI-): m/z = 193 [M-H]-, MS (ESI+): m/z = 195 [M+H]+. 1H NMR 300 MHz (DMSO-

d6) δ (ppm): 10.10 (s, 1H), 7.59-7.56 (m, 2H), 7.30 (t, J = 7.4 Hz, 2H), 7.04 (t, J = 7.4 Hz, 1H), 

3.11 (s, 2H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 165.5, 163.6, 138.9, 128.7, 123.4, 119.0, 

42.0. HRMS m/z calculated for C9H11N2O3 [M+H]+: 195.0770. Found: 195.0801. 

 

2-(2-Phenylethylamino)ethanehydroxamic acid (16). To a solution of 2-phenylethanamine 

(0.162 g, 1.33 mmol, 1 equiv) and anhydrous DIPEA (0.244 mL, 1.40 mmol, 1.05 equiv) in 

anhydrous DMF (2.40 mL, 0.55 M) at 0 °C was added dropwise methyl 2-bromoacetate (0.123 

mL, 1.33 mmol, 1 equiv). The mixture was stirred for 1 h at 0 °C and 3 h at room temperature. 

Solvents were evaporated in vacuo and the brown crude product was purified by flash silica gel 

column chromatography (cyclohexane/EtOAc, 100:0 to 30:70) affording methyl 2-(2-

phenylethylamino)acetate (16a) as a colorless oil (0.146 g, 54%). tR,LCMS = 1.65 min. MS 

(ESI+): m/z = 194 [M+H]+. To a solution of 16a (0.086 g, 0.44 mmol, 1 equiv) in MeOH (0.490 

mL; 0.45 M) was added a solution of aqueous hydroxylamine 50% (4.90 mL) and KCN (0.003 

g, 0.05 mmol, 0.1 equiv). The mixture was stirred for 3 h 30 min at room temperature. It was 

concentrated under vacuum and an aqueous workup was performed using H2O/EtOAc (1:50 

(v:v)). The organic layer was evaporated under vacuum and purified by preparative HPLC using 

a linear acetonitrile/water (ammonium-acetate/formic acid buffer pH = 9.2) gradient (2:98 to 

100:0 over 25 min), affording the hydroxamic acid 16 as a white powder (0.032 g, 36%). Purity 

98%. mp: 146 °C. tR,LCMS = 1.47 min. MS (ESI-): m/z = 193 [M-H]-, MS (ESI+): m/z = 195 

[M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 7.30-7.14 (m, 5H), 3.03 (s, 2H), 2.68 (s, 4H). 

13C NMR 75 MHz (DMSO-d6) δ (ppm): 167.8, 140.2, 128.5, 128.2, 125.8, 50.5, 49.8, 35.7. 

HRMS m/z calculated for C10H15N2O2 [M+H]+: 195.1134. Found: 195.1140. 

 



 

 

3-(Benzylamino)propanehydroxamic acid (17). To a solution of methyl prop-2-enoate (0.316 

mL, 3.48 mmol, 1 equiv) in ethanol (1.70 mL, 2 M) was added benzylamine (0.381 mL, 3.48 

mmol, 1 equiv) and the mixture was stirred for 18 h at room temperature. The crude product 

was purified by flash silica gel column chromatography (DCM/MeOH, 100:0 to 90:10) 

affording methyl 3‐(benzylamino)propanoate 17a (0.603 g, 84%) as a colorless oil. Purity 94%. 

tR,LCMS = 1.47 min. MS (ESI+): m/z = 194 [M+H]+. To a solution of 17a (0.603 g, 3.12 mmol, 

1 equiv) in methanol (6.80 mL, 0.45 M) was added a solution of aqueous hydroxylamine 50% 

(6.80 mL) and KCN (0.02 g, 0.28 mmol, 0.1 equiv). The mixture was stirred for 3 h 30 min at 

room temperature. It was then concentrated under vacuum and an aqueous workup was 

performed using H2O/EtOAc (1:50 (v:v)). The organic layer was evaporated under vacuum and 

purified by flash column chromatography (DCM/MeOH, 100:0 to 85:15) affording the 

hydroxamic acid 17 as white crystals (0.097 g, 15%). Purity 99%. mp: 118 °C. tR,LCMS = 1.17 

min. MS (ESI-): m/z = 193 [M-H]-, MS (ESI+): m/z = 195 [M+H]+. 1H NMR 300 MHz (DMSO-

d6) δ (ppm): 7.30 (m, 4H), 7.22 (m, 1H), 3.66 (s, 2H), 2.67 (t, J = 6.9 Hz, 2H), 2.12 (t, J = 6.9 

Hz, 2H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 168.3, 140.8, 128.1, 127.9, 126.5, 52.7, 45.0, 

33.0. HRMS m/z calculated for C10H15N2O2 [M+H]+: 195.1134. Found: 195.1140. 

 

N-Hydroxycarbamoylmethyl-2-phenyl-acetamide (18). To a solution of hydroxylamine 

hydrochloride (2.12 g, 30.57 mmol, 7 equiv) in MeOH (35 mL) was added KOH (2.70 g, 48.0 

mmol, 11 equiv). The mixture was stirred 30 min at room temperature. This solution was then 

filtered and added to a solution of methyl 2‐(2‐phenylacetamido)acetate 18a (0.905 g, 4.37 

mmol, 1 equiv) in MeOH (25 mL). The mixture was stirred at room temperature for 16 h. 

Solvent was removed under reduced pressure. The residue was dissolved in H2O, acidified to 

pH = 5 with 6 N HCl, and neutralized with aqueous sat. NaHCO3. Precipitate was collected by 

filtration to give compound 18 as a pasty amorphous solid. Purity 99%. tR,LCMS = 1.53 min. MS 



 

 

(ESI-): m/z = 207 [M-H]-. 1H NMR 300 MHz (CD3OD-d4) δ (ppm): 7.31-7.23 (m, 5H), 3.74 (s, 

2H), 3.55 (s, 2H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 170.3, 165.3, 138.5, 129.6, 128.4, 

126.2, 44.4, 40.3. HRMS m/z calculated for C10H13N2O3 [M+H] +: 209.0926. Found: 209.0917. 

 

N-[3-(Hydroxyamino)-3-oxo-propyl]benzamide (19). To a solution of methyl 3-

benzamidopropanoate (0.123 g, 0.59 mmol, 1 equiv) in MeOH (1.60 mL, 0.45 M) was added a 

solution of aqueous hydroxylamine 50% (1.30 mL) and KCN (0.004 g, 0.05 mmol, 0.1 equiv). 

The mixture was stirred for 2 h 15 min at room temperature. It was then concentrated under 

vacuum and an aqueous workup was performed using H2O/EtOAc (1:50 (v:v)). The organic 

layer was evaporated under vacuum and purified by preparative HPLC using a linear 

acetonitrile/water (ammonium-acetate/formic acid buffer, pH = 9.2) gradient (2:98 to 100:0 

over 25 min), affording the  hydroxamic acid 19 as a white powder (0.077 g, 88%). Purity 99%. 

mp: 156 °C. tR,LCMS = 1.48 min. MS (ESI-): m/z = 207 [M-H]-, MS (ESI+): m/z = 209 [M+H]+. 

1H NMR 300 MHz (DMSO-d6) δ (ppm): 8.52 (t, J = 5.5 Hz, 1H), 7.85-7.81 (m, 2H), 7.54-7.41 

(m, 3H), 3.44 (td, J = 7.1 Hz, J = 5.5 Hz, 2H), 2.26 (t, J = 7.1 Hz, 2H). 13C NMR 75 MHz 

(DMSO-d6) δ (ppm): 167.2, 166.1, 134.4, 131.1, 128.2, 127.1, 36.0, 32.4. HRMS m/z calculated 

for C10H13N2O3 [M+H]+: 209.0926. Found: 209.0926. 

 

N-Benzyl-3-(hydroxyamino)-3-oxo-propanamide (20). A solution of Meldrum’s acid (0.445 g, 

3.08 mmol, 1 equiv) and benzylamine (0.800 mL; 7.33 mmol, 2.37 equiv) in MeCN (2.50 mL, 

1.2 M) was stirred at room temperature for 3 h. A light yellow color appeared and white crystals 

quickly formed. They were filtered and washed with diethyl-ether affording the carboxylic acid 

20b as white crystals (0.374 g, 63%). mp: 176 °C. tR,LCMS = 1.68 min. MS (ESI-): m/z = 192 

[M-H]-, MS (ESI+): m/z = 194 [M+H]+. To a solution of 20b (0.340 g, 1.76 mmol, 1 equiv) in 

MeOH (5.90 mL, 0.3 M) at 0 °C was added dropwise thionyl chloride (0.383 µL, 5.28 mmol, 



 

 

3 equiv). The reaction mixture was stirred at room temperature for 30 min, then solvents were 

evaporated in vacuo. White crystals were obtained. These crystals were dissolved in EtOAc and 

washed with aqueous 5% NaHCO3 . EtOAc was evaporated in vacuo and methyl ester 20a was 

crystallized from methanol affording colorless crystals (0.168 g, 46%). mp: 108 °C. tR,LCMS = 

1.98 min. MS (ESI-): m/z = 206 [M-H]-, MS (ESI+): m/z = 208 [M+H]+. To a solution of 20a 

(0.159 g, 0.76 mmol, 1 equiv) in MeOH (1.60 mL, 0.45 M) was added a solution of aqueous 

hydroxylamine 50% (1.60 mL) and KCN (0.005 g, 0.06 mmol, 0.1 equiv). The mixture was 

stirred 17 h at room temperature. It was concentrated under vacuum and an aqueous workup 

was performed using H2O/EtOAc (1:50 (v:v)). Solvents in the organic layer were evaporated 

under vacuum and purified by preparative HPLC using a linear acetonitrile/water gradient, 

containing ammonium-acetate/formic acid buffer (pH = 9.2), starting with H2O 98% to reach 

acetonitrile 100% in 25min. Pure hydroxamic acid 20 was obtained as white crystals (0.069 g, 

42%). Purity 98%. mp: 135 °C. tR,LCMS = 1.55 min. MS (ESI-): m/z = 207 [M-H]-, MS (ESI+): 

m/z = 209 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 10.84 (s, 1H), 8.91 (s, 1H), 8.46 

(t, J = 5.8 Hz, 1H), 7.34-7.20 (m, 5H), 4.28 (d, J = 5.8 Hz, 2H), 2.96 (s, 2H). 13C NMR 75 MHz 

(DMSO-d6) δ (ppm): 166.3, 163.7, 139.1, 128.2, 127.2, 126.7, 42.2, 40.8. HRMS m/z calculated 

for C10H13N2O3 [M+H]+: 209.0926. Found: 209.0935. 

 

N-Hydroxy-N’-phenyl succinamide (21). Obtained following the general procedure B from 3‐

(phenylcarbamoyl)propanoic acid. White powder (0.040 g, 12%). Purity 99%. mp: 122 °C. 

tR,LCMS = 2.20 min. MS (ESI+): m/z = 209 [M+H]+. 1H NMR 300 MHz (acetone-d6) δ (ppm): 

7.63 (d, J = 6.9 Hz, 2H), 7.26 (t, J = 6.9 Hz, 2H), 7.02 (t, J = 6.9 Hz, 1H), 2.65 (br s, 2H), 2.46 

(br s, 2H). 13C NMR 75 MHz (acetone-d6) δ (ppm): 170.0, 169.4, 139.4, 128.6, 123.1, 119.0, 

31.8, 27.5. HRMS m/z calculated for C10H13N2O3 [M+H]+: 209.0926. Found: 209.0923. 

 



 

 

N-hydroxy-2-methyl-4-phenyl-butyramide (22). Obtained following the general procedure B 

from 22b. White powder (0.160 g, 25%). Purity 99%. mp: 134 °C. tR,LCMS = 2.57 min. MS 

(ESI+): m/z = 194 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 10.42 (br s, 1H), 8.72 (br 

s, 1H), 7.29-7.14 (m, 5H), 2.49-2.45 (m, 2H), 2.13-2.10 (m, 1H), 1.80-1.74 (m, 1H), 1.56-1.54 

(m, 1H), 1.02 (d, J = 6.6 Hz, 3H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 172.7, 142.3, 128.8, 

128.6, 126.2, 36.9, 35.8, 33.5, 18.4. HRMS m/z calculated for C11H16NO2 [M+H]+: 194.1181. 

Found: 194.1182. 

2-Benzyl-4-phenyl-butanehydroxamic acid (23). Obtained following the general procedure B 

from 23b. White amorphous solid (0.037 g, 13%). Purity: 95%. mp: 131 °C. tR,LCMS = 2.58 min. 

MS (ESI+): m/z = 270 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 10.45 (br s, 1H), 8.78 

(br s, 1H), 7.28-7.11 (m, 10H), 2.84 (dd, J = 8.4 Hz, J = 13.5 Hz, 1H), 2.63 (dd, J = 6.9 Hz, J 

= 13.5 Hz, 1H), 2.50-2.31 (m, 3H), 1.83-1.73 (m, 1H), 1.64-1.53 (m, 1H). 13C NMR 75 MHz 

(DMSO-d6) δ (ppm): 171.1, 142.2, 140.2, 129.3, 128.8, 128.6, 128.5, 126.5, 126.2, 44.8, 38.6, 

34.4, 33.5. HRMS m/z calculated for C17H20NO2 [M+H]+: 270.1494. Found: 270.1503. 

2-Benzenesulfonyl-N-hydroxy-4-phenyl-butyramide (24). Obtained following the general 

procedure B from 24b. White powder (0.07 g, 63%). Purity 99%. mp: 176 °C. tR,LCMS = 2.70 

min. MS (ESI+): m/z = 320 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 10.94 (br s, 1H), 

9.32 (br s, 1H), 7.79-7.73 (m, 3H), 7.65-7.60 (m, 2H), 7.25-7.18 (m, 3H), 7.09-7.06 (m, 2H), 

3.76 (s, 1H), 2.50-2.37 (m, 2H), 1.99 (br s, 2H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 160.7, 

140.4, 137.4, 134.7, 129.6, 128.9, 128.6, 126.7, 67.1, 32.2, 28.7. HRMS m/z calculated for 

C16H18NO4S [M+H]+: 320.0957. Found: 320.0956. 

2-Benzenesulfonyl-N-hydroxy-2-methyl-4-phenyl-butyramide (25). Obtained following the 

general procedure B from 25a. White powder (0.020 g, 12%). Purity 99%. mp: 159 °C. tR,LCMS 

= 2.82 min. MS (ESI+): m/z = 334 [M+H]+. 1H NMR 300 MHz (CDCl3) δ (ppm): 7.82 (d, J = 

7.5 Hz, 2H), 7.73-7.68 (m, 1H), 7.60-7.55 (m, 2H), 7.32-7.14 (m, 5H), 2.69-2.55 (m, 3H), 2.24-



 

 

2.14 (m, 1H), 1.58 (s, 3H). 13C NMR 75 MHz (CDCl3) δ (ppm): 165.1, 140.0, 134.7, 134.5, 

130.1, 129.3, 128.6, 128.3, 126.5, 71.0, 35.1, 30.3, 16.7. HRMS m/z calculated for C17H20NO4S 

[M+H]+: 334.1113. Found: 334.1113. 

2-Benzyl-N-hydroxy-2-methanesulfonyl-4-phenyl-butyramide (26). Obtained following the 

general procedure B from 26a. White solid (0.047g, 10%). Purity 99%. mp: 105 °C. tR,LCMS = 

2.90 min. MS (ESI+): m/z = 348 [M+H]+. 1H NMR 300 MHz (CD3OD-d4) δ (ppm): 7.40-7.32 

(m, 5H), 7.30-7.13 (m, 3H), 7.10 (d, J = 6.9 Hz, 2H), 3.85 (d, J = 13.8 Hz, 1H), 3.40 (d, J = 

13.8 Hz, 1H), 3.06 (s, 3H), 2.85-2.80 (m, 2H), 2.36-2.26 (m, 1H), 2.11-2.00 (m, 1H). 13C NMR 

75 MHz (CD3OD-d4) δ (ppm): 165.4, 141.4, 134.7, 130.2, 128.7, 128.2, 127.9, 127.1, 125.7, 

73.9, 38.2, 36.6, 35.7, 29.9. HRMS m/z calculated for C18H22NO4S [M+H]+: 348.1270. Found: 

348.1288. 

(S)-2-Benzylamino-N-hydroxy-propionamide (27). Obtained following the general procedure B 

from 27b. White powder (0.030 g, 8%). Purity 87%. mp: 154 °C. tR,LCMS = 1.22 min. MS (ESI+): 

m/z = 195 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 8.81 (br s, 1H), 7.31-7.20 (m, 5H), 

3.66 (d, J = 13.2 Hz, 1H), 3.49 (d, J = 13.2 Hz, 1H), 2.99 (q, J = 6.9 Hz, 1H), 1.11 (d, J = 6.9 

Hz, 3H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 171.7, 140.9, 128.6, 128.3, 127.1, 54.4, 51.1, 

19.9. HRMS m/z calculated for C10H15N2O4 [M+H]+: 195.1134. Found: 195.1124. 

(S)-2-Benzylamino-N-hydroxy-3-phenyl-propionamide (28). Obtained following the general 

procedure B from 28b. White solid (0.095 g, 13%). Purity: 99%. mp: 163 °C. tR,LCMS = 2.25 

min. MS (ESI+): m/z = 271 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 11.00 (br s, 1H), 

9.56 (br s, 1H), 9.34 (br s, 1H), 7.46-7.42 (m, 5H), 7.32-7.27 (m, 3H), 7.17 (d, J = 6.9 Hz, 2H), 

4.03 (s, 2H), 3.77-3.72 (m, 2H), 3.20-3.00 (m, 2H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 

163.3, 135.2, 132.0, 130.5, 129.8, 129.5, 129.2, 129.0, 127.7, 59.0, 49.4, 36.0. HRMS m/z 

calculated for C16H19N2O2 [M+H]+: 271.1447. Found: 271.1438. 



 

 

N-[(1S)-2-(Hydroxyamino)-1-(hydroxymethyl)-2-oxo-ethyl]-4-phenyl-benzamide (29). 

Obtained following the general procedure B from 29b. White solid (0.046 g, 8%). Purity 90%. 

mp: 179 °C. tR,LCMS = 2.53 min. MS (ESI+): m/z = 301 [M+H]+. 1H NMR 300 MHz (CD3OD-

d4) δ (ppm): 7.97 (d, J = 8.1 Hz, 2H), 7.73 (d, J = 8.1 Hz, 2H), 7.67 (d, J = 7.5 Hz, 2H) 7.46 (t, 

J = 7.5 Hz, 2H), 7.38 (d, J = 7.5 Hz, 1H), 4.63 (t, J = 5.7 Hz, 2H), 3.89 (d, J = 5.7 Hz, 1H). 13C 

NMR 75 MHz (CD3OD–d4) δ (ppm): 168.4, 168.2, 144.6, 139.8, 132.3, 128.6, 127.8, 126.7, 

126.6, 61.5, 53.9. HRMS m/z calculated for C16H17N2O4S [M+H]+: 301.1188. Found: 301.1198. 

N-Benzyl-3-(hydroxyamino)-2-methyl-3-oxo-propanamide (30). Obtained following the 

general procedure C from commercial 1,3‐diethyl 2‐methylpropanedioate. White powder 

(0.025 g, 4%). Purity 99%. mp: 138 °C. tR,LCMS = 1.65 min. MS (ESI-): m/z = 221 [M-H]-, MS 

(ESI+): m/z = 223 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 10.38 (br s, 1H), 8.90 (s, 

1H), 8.17 (t, J = 5.7 Hz, 1H), 7.33-7.22 (m, 5H), 4.26 (d, J = 5.7 Hz, 2H), 3.07 (q, J = 7.1 Hz, 

1H), 1.22 (d, J = 7.1 Hz, 3H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 169.6, 167.4, 139.3, 

128.2, 127.1, 126.7, 44.3, 42.2, 14.6. HRMS m/z calculated for C11H15N2O3 [M+H]+: 223.1083. 

Found: 223.1086. 

N,2-Dibenzyl-3-(hydroxyamino)-3-oxo-propanamide (31). Obtained following the general 

procedure C from commercial 1,3‐diethyl 2‐benzylpropanedioate. White crystals (0.201 g, 

27%). Purity 99%. TLC dichloromethane/methanol 95:05 (v:v) Rf = 0.55. mp: 179 °C. tR,LCMS 

= 2.22 min. MS (ESI-): m/z = 297 [M-H]-, MS (ESI+): m/z = 299 [M+H]+. 1H NMR 300 MHz 

(DMSO-d6) δ (ppm): 10.43 (s, 1H), 8.92 (s, 1H), 8.19 (t, J = 5.7 Hz, 1H), 7.28-7.09 (m, 10H), 

4.29 (dd, J = 6.1 Hz, J = 15.2 Hz, 1H), 4.18 (dd, J = 5.5 Hz, J = 15.2 Hz, 1H), 3.30 (t, J = 7.5 

Hz, 1H), 3.04 (t, J = 5.7 Hz, 2H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 168.1, 165.7, 139.1, 

138.9, 128.8, 128.1, 127.0, 126.6, 126.1, 52.3, 42.2, 34.6. HRMS m/z calculated for C17H19N2O3 

[M+H]+: 299.1396. Found: 299.1399. 



 

 

N-Benzyl-3-(hydroxyamino)-3-oxo-2-(4-pyridylmethyl)propanamide (32). To a solution of 

commercial dimethyl malonate (1.068 g, 8.08 mmol, 1 equiv) in THF (15 mL, 0.5 M) at 0 °C 

was carefully added NaH 60% dispersion in mineral oil (0.679 g, 17 mmol, 2.1 equiv) the 

mixture was allowed to come back to room temperature and stirred for 30 min before  4-

(chloromethyl)pyridine hydrochloride (1.193 g, 7.27 mmol, 0.9 equiv) was added and the 

mixture was stirred at 40 °C for 5 h. Solvents were evaporated in vacuo and the residue was 

purified by flash silica gel column chromatography (cyclohexane/EtOAc, 100:0 to 50:50) 

affording 61 as a colorless oil. tR,LCMS = 1.62 min. MS (ESI+): m/z = 224 [M+H]+. Degradation 

occurs very quickly, the oil turning rapidly reddish, then blackish and solids then start to form. 

A degradation rate of 55% was calculated based on UV-LCMS. This intermediate (0.870 g, 

23%) was engaged in the next step, following general procedure C without further purification. 

32 was thus obtained as a white solid (0.02 g, 7%). Purity 99%. mp: 87 °C. tR,LCMS = 1.52 min. 

MS (ESI-): m/z = 298 [M-H]-, MS (ESI+): m/z = 300 [M+H]+. 1H NMR 300 MHz (DMSO-d6) 

δ (ppm): 10.46 (s, 1H), 8.97 (s, 1H), 8.44 (d, J = 1.4 Hz, 2H), 8.26 (t, J = 5.8 Hz, 1H), 7.30-

7.11 (m, 7H), 4.29 (dd, J = 15.1 Hz, J = 6.0 Hz, 1H), 4.19 (dd, J = 15.1 Hz, J = 5.7 Hz, 1H), 

3.35 (t, J = 7.6 Hz, 1H), 3.06 (dd, J = 7.6 Hz, J = 2.6 Hz, 1H), 3.08 (dd, J = 7.6 Hz, J = 3.5 Hz, 

1H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 167.7, 165.3, 149.3, 147.8, 139.0, 128.2, 127.0, 

126.7, 124.2, 51.0, 42.2, 33.6. HRMS m/z calculated for C16H18N3O3 [M+H]+: 300.1348. 

Found: 300.1376. 

N-Benzyl-3-(hydroxyamino)-2-(2-naphthylmethyl)-3-oxo-propanamide (33). Meldrum's acid 

(0.500 g, 3.47 mmol, 1 equiv) and 2-naphthaldehyde (0.542 g, 3.47 mmol, 1 equiv) were 

dissolved in acetonitrile (4 mL, 1 M) and stirred at room temperature for 1 h 30 min. A solution 

of Hantzsch's ester (0.879 g, 3.47 mmol, 1 equiv) in methanol (3 mL) was added to the mixture, 

followed by L-proline (0.080 g, 0.69 mmol, 0.2 equiv). The resulting mixture was stirred 

overnight at room temperature. A precipitate was formed and dissolved when the mixture was 



 

 

diluted with acetonitrile. Solvents were evaporated in vacuo and the residue was triturated in 

methanol, affording 2,2-dimethyl-5-(2-naphthylmethyl)-1,3-dioxane-4,6-dione 60 as a white 

solid (0.676 g, 68%). Purity 99%. tR,LCMS = 1.17 min. MS (ESI+): m/z = 285 [M+H]+. 1H NMR 

300 MHz (CDCl3) δ (ppm): 7.82-7.76 (m, 4H), 7.50-7.42 (m, 3H), 3.84 (t, J = 4.9 Hz, 1H), 3.65 

(d, J = 4.9 Hz, 2H), 1.73 (s, 3H), 1.50 (s, 3H). 13C NMR 75 MHz (CDCl3) δ (ppm): 165.4, 

134.9, 133.5, 132.6, 128.7, 128.4, 128.0, 127.9, 127.7, 126.3, 126.0, 105.3, 48.4, 32.3, 28.6, 

27.3. A solution of 60 (0.097 g, 0.34 mmol, 1 equiv) and benzylamine (0.037 mL, 0.34 mmol, 

1 equiv) in acetonitrile (0.480 mL, 0.7 M) was heated under microwaves irradiation at 80 °C 

for 1 h 45 min. The product spontaneously crystallized from the light yellow reaction mixture 

at room temperature. It was filtered off and washed with diethyl ether, affording 3-

(benzylamino)-2-(2-naphthylmethyl)-3-oxo-propanoic acid 33b (0.112 g, 95%) as light-yellow 

crystals. tR,LCMS = 2.62 min. MS (ESI-): m/z = 332 [M-H]-, MS (ESI+): m/z = 334 [M+H]+. To 

a solution of carboxylic acid 33b (0.112 g, 0.33 mmol, 1 equiv) in methanol (1 mL, 0.3 M) at 

0 °C was added dropwise thionyl chloride (0.073 mL, 1.00 mmol, 3 equiv). The reaction 

mixture was stirred at room temperature for 5 h before methanol was evaporated in vacuo. A 

white powder was obtained and dissolved in ethyl acetate, washed with sat. aqueous NaHCO3 

twice. Organic fractions were pooled and evaporated under vacuum, affording methyl 3-

(benzylamino)-2-(2-naphthylmethyl)-3-oxo-propanoate 33a as a white powder (0.105 g, 89%). 

tR,LCMS = 2.98 min. MS (ESI-): m/z = 346 [M-H]-, MS (ESI+): m/z = 348 [M+H]+. To a solution 

of 33a (0.105 g, 0.30 mmol, 1 equiv) in MeOH (0.660 mL, 0.45 M) was added a solution of 

aqueous hydroxylamine 50% (0.660 mL) and KCN (0.02 g, 0.028 mmol, 0.1 equiv). The 

mixture was stirred for 4 h at room temperature. It was concentrated under vacuum and an 

aqueous workup was performed using H2O/EtOAc (1:50 (v:v)). Solvents in the organic layer 

were evaporated under vacuum and the residue was purified by preparative HPLC using a linear 

acetonitrile/water gradient, containing ammonium-acetate/formic acid buffer (pH = 9.2), 



 

 

starting with H2O 98% to reach acetonitrile 100% in 25min. Pure hydroxamic acid 33 was 

obtained as a white powder (0.039 g, 36%). Purity 99%. tR,LCMS = 2.52 min. MS (ESI-): m/z = 

347 [M-H]-, MS (ESI+): m/z = 349 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 10.43 (s, 

1H), 8.93 (s, 1H), 8.25 (t, J = 5.9 Hz, 1H), 7.88-7.78 (m, 3H), 7.69 (s, 1H), 7.51-7.36 (m, 3H), 

7.15-7.01 (m, 5H), 4.31 (dd, J = 6.2 Hz, J = 15.3 Hz, 1H), 4.17 (dd, J = 5.4 Hz, J = 15.3 Hz, 

1H), 3.43 (t, J = 7.5 Hz, 1H), 3.22 (t, J = 7.5 Hz, 2H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 

168.1, 165.7, 139.0, 136.6, 133.0, 131.8, 128.0, 127.7, 127.6, 127.5, 127.4, 127.0, 126.9, 125.9, 

125.4, 52.3, 42.2, 34.9. HRMS m/z calculated for C21H21N2O3 [M+H]+: 349.1552. Found: 

349.1545. 

N,2-Dibenzyl-3-(hydroxyamino)-2-methyl-3-oxo-propanamide (34). To a solution of alcoholate 

ethoxysodium (3.8 mL, 13.33 mmol, 1.2 equiv) cooled to 0 °C with an ice bath was added 

commercial diethyl 2-methylpropanedioate (1 mL, 8.61 mmol, 1 equiv). Then the mixture was 

heated to 50 °C for 1 h and bromomethylbenzene (0.927 mL, 7.75 mmol, 0.9 equiv) was added. 

The mixture was heated again to 50 °C during 19 h and solvent was evaporated under vacuum. 

The crude product was dissolved in EtOAc and aqueous sat. NaHCO3 then the organic layer 

was washed three time with aqueous sat. NaHCO3 and one time with aqueous NaOH 10% then 

dried with MgSO4 and evaporated under vacuum to give not pure diethyl 2-benzyl-2-methyl-

propanedioate 62 (1.409 g, 37%) as an orange oil. Purity 60%. tR,LCMS = 3.28 min. MS (ESI+): 

m/z = 265 [M+H]+. This synthesis intermediate was used for general procedure C without 

further purification. 34 was obtained as a white solid (0.089 g, 12%). Purity 99%. mp: 66 °C. 

tR,LCMS = 2.33 min. MS (ESI-): m/z = 311 [M-H]-, MS (ESI+): m/z = 313 [M+H]+. 1H NMR 

300 MHz (DMSO-d6) δ (ppm): 8.23 (t, J = 5.5 Hz, 1H), 7.32-7.08 (m, 10H), 4.28 (t, J = 5.5 Hz, 

2H), 3.17 (d, J = 13.2 Hz, 1H), 3.08 (d, J = 13.2 Hz, 1H), 1.16 (s, 1H). 13C NMR 75 MHz 

(DMSO-d6) δ (ppm): 171.4, 169.1, 139.4, 137.1, 130.1, 128.1, 127.8, 127.1, 126.6, 126.3, 52.9, 

42.5, 41.7, 18.8. HRMS m/z calculated for C18H21N2O3 [M+H]+: 313.1552. Found: 313.1560. 



 

 

N-Benzyl-3-(hydroxyamino)-2,2-dimethyl-3-oxo-propanamide (35). Obtained following the 

general procedure C from commercial 1,3‐diethyl 2,2‐dimethylpropanedioate. White solid 

(0.02 g, 7%). Purity 99%. mp: 133 °C. tR,LCMS = 1.73 min. MS (ESI-): m/z = 235 [M-H]-, MS 

(ESI+): m/z = 237 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 8.33 (s, 1H), 8.07 (t, J = 

5.8 Hz, 1H), 7.36-7.18 (m, 5H), 4.26 (d, J = 5.8 Hz, 2H), 1.31 (s, 6H). 13C NMR 75 MHz 

(DMSO-d6) δ (ppm): 172.5, 170.1, 139.6, 128.1, 126.8, 126.5, 52.3, 48.2, 23.2. HRMS m/z 

calculated for C12H17N2O3 [M+H]+: 237.1239. Found: 237.1247. 

N-Benzyl-1-(hydroxycarbamoyl)cyclopropanecarboxamide (36). Obtained following the 

general procedure C from commercial 1,1‐diethyl cyclopropane‐1,1‐dicarboxylate. Colorless 

oil (0.02 g, 4%). Purity 99%. tR,LCMS = 1.73 min. MS (ESI-): m/z = 233 [M-H]-, MS (ESI+): m/z 

= 235 [M+H]+. 1H NMR 300 MHz (CD3OD-d4) δ (ppm): 8.54 (s, 1H), 7.34-7.21 (m, 5H), 4.40 

(s, 2H), 1.40-1.28 (ddd, J = 5.9 Hz, J = 8.7 Hz, J = 19.4 Hz, 4H). 13C NMR 75 MHz (CD3OD-

d4) δ (ppm): 172.0, 170.0, 139.8, 129.4, 128.4, 128.2, 44.4, 28.4, 15.5. HRMS m/z calculated 

for C12H15N2O3 [M+H]+: 235.1083. Found: 235.1092. 

 

2-Benzyl-N-[(4-fluorophenyl)methyl]-3-(hydroxyamino)-3-oxo-propanamide (39). Obtained 

following the general procedure C from commercial 1,3‐diethyl 2‐benzylpropanedioate. Light 

yellow crystals (0.046 g, 4%). Purity 97%. mp: 185 °C. tR,LCMS = 2.63 min. MS (ESI-): m/z = 

315 [M-H]-, MS (ESI+): m/z = 317 [M+H]+. 1H NMR 300 MHz (CD3OD-d4) δ (ppm): 7.25-

7.19 (m, 5H), 7.13-7.09 (m, 2H), 7.00-6.94 (m, 2H), 4.36 (d, J = 15.0 Hz, 1H), 4.23 (d, J = 15.0 

Hz, 1H), 3.33 (t, J = 7.8 Hz, 1H), 3.15 (d, J = 7.8 Hz, 2H). 13C NMR 75 MHz (CD3OD-d4) δ 

(ppm): 168.7, 165.0, 161.7 (d, JCF = 22.4 Hz), 139.3, 135.6 (d, JCF = 2.3 Hz), 130.3 (d, JCF = 

8.4 Hz), 130.0, 129.5, 127.7, 116.2 (d, JCF = 22.4 Hz), 54.7, 43.4, 37.2. HRMS m/z calculated 

for C17H18FN2O3 [M+H]+: 317.1301. Found: 317.1303. 



 

 

2-Benzyl-3-(hydroxyamino)-3-oxo-N-(4-pyridylmethyl)propanamide (43). Obtained following 

the general procedure C from commercial 1,3‐diethyl 2‐benzylpropanedioate. White powder 

(0.080 g, 22%). Purity 98%. mp: 204 °C. tR,LCMS = 1.37 min. MS (ESI-): m/z = 298 [M-H]-, MS 

(ESI+): m/z = 300 [M+H]+. 1H NMR 300 MHz (CD3OD-d4) δ (ppm): 8.37 (dd, J = 1.5 Hz, J = 

4.5 Hz, 2H), 7.28-7.23 (m, 5H), 7.11 (dd, J = 1.5 Hz, J = 4.5 Hz, 2H), 4.46 (d, J = 16.5 Hz, 

1H), 4.31 (d, J = 16.5 Hz, 1H), 3.40 (t, J = 7.8 Hz, 1H), 3.19 (d, J = 7.8 Hz, 2H). 13C NMR 75 

MHz (CD3OD-d4) δ (ppm): 171.3, 168.6, 150.5, 149.9, 139.3, 130.1, 129.6, 127.8, 123.6, 54.7, 

42.9, 36.9. HRMS m/z calculated for C16H18N3O3 [M+H]+: 300.1348. Found: 300.1361. 

1-Benzoylpyrrolidine-3-carbohydroxamic acid (44). To a solution of commercial O-1-tert-butyl 

O-3-methyl pyrrolidine-1,3-dicarboxylate (0.200 g, 0.87 mmol, 1 equiv) in anhydrous DCM (2 

mL, 0.43 M) was added dropwise TFA (0.513 mL, 6.97 mmol, 8 equiv) at 0 °C. The cooling 

bath was removed and the mixture was stirred 1 h at room temperature. Then DCM was 

evaporated in vacuo, the residue was dissolved in DCM and evaporated again under vacuum (5 

cycles) to eliminate TFA. Methyl pyrrolidine-3-carboxylate 70 (0.112 g, 99%) was obtained as 

yellow oil. To a solution of amine 70 (0.112 g, 0.86 mmol, 1 equiv) and DIPEA (0.161 mL, 

0.95 mmol, 1.1 equiv), in anhydrous DCM (2 mL, 0.43 M) at 0 °C was added dropwise benzoyl 

chloride (0.101 mL, 0.87 mmol, 1 equiv). The ice bath was removed and the solution was stirred 

2 h to rt. Solvent was evaporated under vacuum and the residue was partitioned between 

aqueous HCl (1M) and EtOAc. The aqueous phase was extracted two times with EtOAc and 

the three organic layers were pooled, dried over MgSO4 and evaporated to give a yellow crude 

product which was purified by flash column chromatography cyclohexane/EtOAc. Pure methyl 

1-benzoylpyrrolidine-3-carboxylate 44a (0.167 g, 62%) was obtained as colorless oil. tR,LCMS = 

2.45 min. MS (ESI+): m/z = 234 [M+H]+. To a solution of 44a (0.167 g, 0.71 mmol, 1 equiv) 

in MeOH (2.97 mL, 0.24 M) was added a solution of aqueous hydroxylamine 50% (2.97 mL, 

aq. NH2OH/MeOH 1:1 (v:v)) and KCN (0.023 g, 0.35 mmol, 0.5 equiv). The solution was 



 

 

stirred overnight at room temperature (convenience). Crude product was concentrated under 

vacuum and an aqueous workup was performed using H2O/EtOAc (1:50 (v:v)) then the aqueous 

layer was dissolved in a mixture of aqueous 15% KOH/NaClO 75:25 (v:v) and discarded in an 

appropriate waste tank. The organic layer was evaporated under vacuum and purified by 

preparative HPLC using a linear acetonitrile/water gradient, containing ammonium-

acetate/formic acid buffer (pH = 3.8), starting with H2O 98% to reach acetonitrile 100% in 

25min. Pure hydroxamic acid 44 was obtained as colorless oil (0.027 g, 16%). Purity 97%. 

tR,LCMS = 1.37 min. MS (ESI-): m/z = 233 [M-H]-, MS (ESI+): m/z = 235 [M+H]+. 1H NMR 

300 MHz (CD3OD-d4) δ (ppm): 8.52 (s, 1H), 7.54-7.50 (m, 2H), 7.49-7.43 (m, 3H), 3.85-3.37 

(m, 2H), 3.69-3.50 (m, 2H), 2.94 (t, J = 7.6 Hz, 1H), 2.23-2.17 (m, 1H), 2.11 (dd, J = 6.8 Hz, J 

= 13.8 Hz, 1H). 13C NMR 75 MHz (CD3OD-d4) δ (ppm): 172.3, 171.6, 137.7, 131.4, 129.6, 

128.1, 42.7, 41.1, 31.0, 29.2. HRMS m/z calculated for C12H15N2O3 [M+H]+: 235.1083. Found: 

235.1114. 

N-[3-(Hydroxyamino)-3-oxo-2-(1-piperidyl)propyl]benzamide (45). To a solution of 

commercial methyl 3-amino-2-(1-piperidyl)propanoate 74 (0.437 g, 2.34 mmol, 1.1 equiv) and 

DIPEA (0.396 mL, 2.32 mmol, 1.1 equiv) in anhydrous DCM at 0 °C was added benzoyl 

chloride (0.248 mL, 2.13 mmol, 1 equiv). The solution was allowed to warm at room 

temperature and stirred 1 h. Then DCM was evaporated under pressure and the residue was 

partitioned between aqueous HCl 1M and EtOAc. The aqueous layer washed twice by EtOAc 

and basified with K2CO3. Then the desired product was extracted by EtOAc. Solvent was 

evaporated in vacuo to afford methyl 3-benzamido-2-(1-piperidyl)propanoate 45a as yellow oil 

(0.257 g, 41%). tR,LCMS = 1.86 min. MS (ESI+): m/z = 291 [M+H]+. To a solution of 45a (0.100 

g, 0.35 mmol, 1 equiv) in MeOH (1.43 mL, 0.25 M) was added a solution of aqueous 

hydroxylamine 50% (1.43 mL, aq. NH2OH/MeOH 1:1 (v:v)) and KCN (0.011 g, 0.17 mmol, 

0.5 equiv). The mixture was stirred overnight at room temperature (convenience). Crude 



 

 

product was concentrated under vacuum and an aqueous workup was performed using 

H2O/EtOAc (1:50 (v:v)) then the aqueous layer was dissolved in a mixture of aqueous 15% 

KOH/NaClO 75:25 (v:v) and discarded in an appropriate waste tank. The organic layer was 

evaporated under vacuum and purified by preparative HPLC using a linear acetonitrile/water 

gradient, containing ammonium-acetate/formic acid buffer (pH = 9.2), starting with H2O 98% 

to reach acetonitrile 100% in 25min. Pure hydroxamic acid 45 was obtained as brown solid 

(0.029 g, 29%). Purity 98%. mp: 93 °C. tR,LCMS = 1.48 min. MS (ESI-): m/z = 290 [M-H]-, MS 

(ESI+): m/z = 292 [M+H]+. 1H NMR 300 MHz (CD3OD-d4) δ (ppm): 8.42 (br s, 1H), 7.88-7.78 

(d, J = 7.2 Hz, 2H), 7.56-7.42 (m, 3H), 3.80 (dd, J = 6.2 Hz, J = 13.2 Hz, 1H), 3.62 (dd, J = 7.8 

Hz, J = 13.2 Hz, 1H), 2.72-2.67 (q, J = 5.4 Hz, J = 9.2 Hz, 4H), 1.62 (m, 4H), 1.46-1.51 (q, J = 

5.4 Hz, J = 11.1 Hz, 2H). 13C NMR 75 MHz (CD3OD-d4) δ (ppm):170.4, 168.9, 135.6, 132.8, 

129.6, 128.3, 66.3, 42.5, 39.5, 27.0, 25.3. HRMS m/z calculated for C15H22N3O3 [M+H]+: 

292.1661. Found: 292.1693. 

(S)-2-Benzenesulfonylamino-N-hydroxy-3-methyl-butyramide (46). Obtained following the 

general procedure B from 46b. Pink solid (0.080 g, 12%). Purity 99%. mp: 160 °C. tR,LCMS 

=1.80 min. MS (ESI+): m/z = 273 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 10.49 (br 

s, 1H), 8.77 (br s, 1H), 7.92 (d, J = 9.0 Hz, 1H), 7.78-7.74 (m, 2H), 7.62-7.51 (m, 3H), 3.28 (t, 

J = 8.4 Hz, 1H), 1.78-1.71 (m, 1H), 0.73 (d, J = 6.6 Hz, 3H), 0.70 (d, J = 6.6 Hz, 3H). 13C NMR 

75 MHz (DMSO-d6) δ (ppm): 167.1, 142.0, 132.6, 129.3, 126.8, 60.2, 31.2, 19.4, 19.0. HRMS 

m/z calculated for C11H17N2O4S [M+H]+: 273.0909. Found: 273.0898. 

(S)-2-Benzenesulfonylamino-N-hydroxy-3-phenyl–propionamide (47). Obtained following the 

general procedure B from 47b. White powder (0.020 g, 11%). Purity 97%. mp: 97 °C. tR,LCMS 

= 2.47 min. MS (ESI+): m/z = 321 [M+H]+. 1H NMR 300 MHz (acetone-d6)
 δ (ppm): 7.71-7.54 

(m, 5H), 7.48-7.10 (m, 5H), 3.96-3.90 (m, 1H), 2.75 (dd, J = 7.5 Hz, J = 13.5 Hz, 2H). 13C 



 

 

NMR 75 MHz (acetone-d6) δ (ppm): 166.9, 141.2, 136.6, 132.3, 129.3, 128.9, 128.2, 126.7, 

126.6, 55.9, 38.9. HRMS m/z calculated for C15H17N2O4S [M+H]+: 321.0909. Found: 321.0916. 

(R)-2-(Benzenesulfonyl-benzyl-amino)-N-hydroxy-3-methyl-butyramide (48). Obtained 

following the general procedure B from 48a. Colorless oil (0.02 g, 4%). Purity 99%. tR,LCMS = 

2.92 min. MS (ESI+): m/z = 363 [M+H]+. 1H NMR 300 MHz (acetone-d6)
 δ (ppm): 7.71-7.68 

(m, 2H), 7.58-7.52 (m, 1H), 7.46-7.40 (m, 4H) , 7.21-7.19 (m, 3H), 4.77 (s, 2H), 3.94 (d, J = 

10.8 Hz, 1H), 2.05 (m, 1H), 0.79 (d, J = 6.6 Hz, 3H), 0.79 (d, J = 6.6 Hz, 3H). 13C NMR 75 

MHz (acetone-d6) δ (ppm): 166.2, 141.1, 137.9, 132.3, 129.2, 128.7, 127.8, 127.1, 127.0, 63.8, 

48.1, 26.6, 18.9, 18.6. HRMS m/z calculated for C18H23N2O4S [M+H]+: 363.1379. Found: 

363.1372. 

(R)-2-(Benzenesulfonyl-benzyl-amino)-3-phenyl-N-hydroxy-propionamide (49). Obtained 

following the general procedure B from 49b. Colorless oil (0.020 g, 4%). Purity 98%. tR,LCMS = 

3.07 min. MS (ESI+): m/z = 411 [M+H]+. 1H NMR 300 MHz (acetone-d6)
 δ (ppm): 7.82-7.79 

(m, 2H), 7.61 (t, J = 7.5 Hz, 1H), 7.52 (t, J = 7.5 Hz, 2H), 7.39 (d, J = 6.6 Hz, 2H), 7.27-7.15 

(m, 6H), 7.03-7.01 (m, 2H), 4.81 (s, 2H), 4.56 (dd, J = 4.8 Hz, J = 10.2 Hz, 1H), 3.14 (dd, J = 

10.2 Hz, J = 13.2 Hz, 1H), 2.60 (dd, J = 4.8 Hz, J = 13.2 Hz, 1H). 13C NMR 75 MHz (acetone-

d6) δ (ppm): 165.5, 140.5, 138.7, 136.7, 132.7, 129.2, 129.0, 128.3, 128.2, 127.9, 127.2, 126.9, 

126.6, 58.8, 48.3, 37.1. HRMS m/z calculated for C22H23N2O4S [M+H]+: 411.1379. Found: 

411.1395. 

4-(Benzenesulfonamido)tetrahydropyran-4-carbohydroxamic acid (50). To a solution of 

commercial methyl 4‐aminooxane‐4‐carboxylate (0.105 g, 0.66 mmol, 1 equiv) in pyridine 

(0.942 mL, 0.7 M) was added dropwise liquid benzenesulfonyl chloride (0.101 mL, 0.79 mmol, 

1.2 equiv). This solution was stirred 2 h at room temperature (starts light yellow then becomes 

dark red). The mixture was partitioned between EtOAc and aq. HCl 1 M and the organic phase 

was washed once again with aq. HCl 1 M. Celite was added to the organic phase and EtOAc 



 

 

was evaporated under vacuum affording a solid deposit purified by flash column 

chromatography cyclohexane 100% to cyclohexane/EtOAc 1:1 (v:v). Colorless oil (0.179 g, 

66%). Purity 98%. TLC cyclohexane 100% Rf = 0.05. TLC cyclohexane/EtOAc 1:1 (v:v) Rf = 

0.75. tR,LCMS = 2.12 min. MS (ESI+): m/z = 298 [M+H]+, MS (ESI+): m/z = 300 [M+H]+. 1H 

NMR 300 MHz (CDCl3) δ (ppm): 7.87-7.84 (m, 2H), 7.57-7.47 (m, 3H), 3.60-3.56 (m, 4H), 

3.47 (s, 3H), 2.11-2.03 (m, 2H), 1.91-1.85 (m, 2H). 13C NMR 75 MHz (CDCl3) δ (ppm): 172.8, 

141.1, 132.9, 129.2, 127.3, 63.0, 59.1, 52.6, 33.2. To a solution of methyl ester 50a (0.018 g, 

0.06 mmol, 1 equiv) in MeOH (0.133 mL, 0.45 M) was added aqueous hydroxylamine 50% 

(0.133 mL, 1.98 mmol, 33 equiv) and solid KCN (0.001 g, 0.06 mmol, 0.1 equiv). The mixture 

was stirred 48h (convenience) at room temperature. The crude product was concentrated under 

vacuum and the residue was dissolved in acetonitrile with some drops of acidic water 

(0.1%formic acid) under the fume hood filtered and the solution was purified by preparative 

HPLC using a linear acetonitrile/water gradient, containing ammonium-acetate/formic acid 

buffer (pH = 3.8), starting with H2O 98% to reach acetonitrile 100% in 25min. CH3CN was 

evaporated under vacuum (37 °C under 148 mbar) and aqueous solution was sublimated 

affording 50 as a white powder (0.011 g, 57%). Purity 95%. mp: 61 °C. tR,LCMS = 1.57 min. MS 

(ESI-): m/z = 299 [M-H]-, MS (ESI+): m/z = 301 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ 

(ppm): 10.40 (s, 1H), 8.71 (s, 1H), 7.81-7.78 (m, 2H), 7.61-7.52 (m, 3H), 3.40-3.24 (m, 4H), 

1.87-1.76 (m, 4H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 169.4, 143.1, 132.1, 128.9, 126.2, 

62.4, 58.1, 32.8. HRMS m/z calculated for C12H17N2O5S [M+H]+: 301.0858. Found: 301.0860. 

2-(Benzenesulfonyl)-3,4-dihydro-1H-isoquinoline-3-carbohydroxamic acid (51). To a solution 

of commercial 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (0.200 g, 0.94 mmol, 1 equiv) 

in anhydrous methanol (3.12 mL, 0.3 M) under argon at 0 °C was added dropwise SOCl2 (0.204 

mL, 2.80 mmol, 3 equiv). The mixture was stirred at room temperature 10 days then the mixture 

was dissolved in EtOAc (10 mL) and washed with water. The aqueous phase was extracted 2 



 

 

times with EtOAc. Organic phases were pooled, dried over MgSO4 and evaporated under 

vacuum. Methyl ester product 79 was obtained as white powder (0.120 g, 64%). tR,LCMS = 1.53 

min. MS (ESI+): m/z = 192 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 7.25 (s, 4H), 

4.50 (m, 1H), 4.30 (s, 2H), 3.79 (s, 3H), 3.28 (dd, J = 3.8 Hz, J = 16.8 Hz, 1H), 3.17 (m, 1H). 

To a solution of secondary amine 79 (0.120 g, 0.62 mmol, 1 equiv) in anhydrous DCM (2 mL, 

0.3 M) at 0 °C was added liquid TEA (0.254 mL, 1.88 mmol, 3 equiv) and benzenesulfonyl 

chloride (0.096 mL, 0.75 mmol, 1.2 equiv) then the cooling bath was removed and the solution 

was stirred 3 h at rt. Solvent was evaporated under reduced pressure and the residue was 

dissolved in aqueous sat. NaHCO3 and EtOAc. The product was extracted 2 times with EtOAc, 

dried over MgSO4 and evaporated in vacuo. The residue was purified by flash column 

chromatography cyclohexane/ethyl acetate to afford the desired sulfonamide 51a as colorless 

oil (0.048 g, 23%). tR,LCMS = 2.97 min. MS (ESI+): m/z = 332 [M+H]+. To a solution of methyl 

ester (0.023 g, 0.07 mmol, 1 equiv) in MeOH (0.298 mL, 0.23 M) was added a solution of 

aqueous hydroxylamine 50% (0.298 mL, aq. NH2OH/MeOH 1:1 (v:v)) and KCN (0.002 g, 0.03 

mmol, 0.5 equiv). The solution was stirred overnight at room temperature (convenience). Crude 

product was concentrated under vacuum and an aqueous workup was performed using 

H2O/EtOAc (1:50 (v:v)) then the aqueous layer was dissolved in a mixture of aqueous 15% 

KOH/NaClO 75:25 (v:v) and discarded in an appropriate waste tank. The organic layer was 

evaporated under vacuum and purified by preparative HPLC using a linear acetonitrile/water 

gradient, containing ammonium-acetate/formic acid buffer (pH = 3.8), starting with H2O 98% 

to reach acetonitrile 100% in 25min. Pure hydroxamic acid 51 was obtained as white powder 

(0.009 g, 41%). Purity 99%. mp: 116 °C. tR,LCMS = 2.27 min. MS (ESI-): m/z = 331 [M-H]-, MS 

(ESI+): m/z = 333 [M+H]+. 1H NMR 300 MHz (CD3OD-d4) δ (ppm): 7.79 (m, 2H), 7.61 (tt, J 

= 1.4 Hz, J = 7.5 Hz, 1H), 7.46 (tt, J = 1.4 Hz, J = 7.5 Hz, 2H), 7.11-7.00 (m, 4H), 4.55 (d, J = 

4.7 Hz, 2H), 4.47 (t, J = 5.8 Hz, 1H), 3.01 (dd, J = 5.6 Hz, J = 15.5 Hz, 1H), 2.78 (dd, J = 6.4 



 

 

Hz, J = 15.5 Hz, 1H). 13C NMR 75 MHz (CD3OD-d4) δ (ppm): 170.2, 139.3, 134.2, 134.1, 

133.8, 130.3, 128.8, 128.6, 128.5, 127.8, 127.2, 56.1, 47.0, 32.1. HRMS m/z calculated for 

C16H17N2O4S [M+H]+: 333.0909. Found: 333.0928. 

(E)-3-(2,4-Dichloro-phenyl)-N-hydroxy-acrylamide (52). Obtained following the general 

procedure B from 52b. White powder (0.030 g, 6%). Purity 99%. mp: 175 °C. tR,LCMS = 2.63 

min. MS (ESI+): m/z = 232 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 10.89 (br s, 1H), 

9.16 (br s, 1H), 7.73-7.64 (m, 3H), 7.48 (d, J = 15.9 Hz, 1H), 6.53 (d, J = 15.9 Hz, 1H). 13C 

NMR 75 MHz (DMSO-d6) δ (ppm): 162.3, 134.9, 134.5, 132.9, 132.2, 129.9, 129.3, 128.5, 

123.5. HRMS m/z calculated for C9H8NO2Cl2 [M+H]+: 231.9932. Found: 231.9935. 

(E)-3-Biphenyl-4-yl-N-hydroxy-acrylamide (53). Obtained following the general procedure B 

from commercial (2E)‐3‐{[1,1'‐biphenyl]‐4‐yl}prop‐2‐enoic acid. White powder (0.110 g, 

38%). Purity 99%. mp: 168 °C. tR,LCMS = 2.73 min. MS (ESI+): m/z = 240 [M+H]+. 1H NMR 

300 MHz (DMSO-d6) δ (ppm): 10.78 (s, 1H), 9.05 (br s, 1H), 7.73-7.63 (m, 6H), 7.53-7.35 (m, 

4H), 6.50 (d, J = 14.4 Hz, 1H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 163.2, 141.4, 139.8, 

138.3, 134.4, 129.5, 128.6, 128.3, 127.6, 127.1, 119.6. HRMS m/z calculated for C15H14NO2 

[M+H]+: 240.1025. Found: 240.1007. 

 

(E)-N-Hydroxy-3-{4[(phenylamino)sulfonyl]phenyl}prop-2-enamide (54). Obtained following 

the general procedure B from 54b. Pink solid (0.080 g, 18%). Purity 99%. mp: 171 °C. tR,LCMS 

= 2.47 min. MS (ESI+): m/z = 319 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 10.85 (br 

s, 1H), 10.32 (br s, 1H), 9.12 (br s, 1H), 7.76-7.68 (m, 4H), 7.43 (d, J = 15.9 Hz, 1H), 7.24 (t, J 

= 7.5 Hz, 2H), 7.08 (d, J = 7.5 Hz , 1H), 7.00 (t, J = 7.5 Hz, 2H), 6.52 (d, J = 15.9 Hz, 1H). 13C 

NMR 75 MHz (DMSO-d6) δ (ppm): 162.5, 140.1, 139.5, 138.0, 136.9, 129.6, 128.5, 127.7, 

124.7, 122.8, 120.6. HRMS m/z calculated for C15H15N2O4S [M+H]+: 319.0753. Found: 

319.0764. 



 

 

(E)-3-[2-Butyl-1-(2-diethylamino-ethyl)-1H-benzoimidazol-5-yl]-N-hydroxy-acrylamide (55). 

Obtained following the general procedure B from 55b. Yellow oil (0.22 g, 57%). Purity 97%. 

tR,LCMS = 2.19 min. MS (ESI+): m/z = 357 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 

9.50 (br s, 2H), 7.76 (s, 1H), 7.60 (d, J = 15.9 Hz, 1H), 7.47-7.44 (m, 2H), 6.45 (d, J = 15.9 Hz, 

1H), 3.35-3.30 (m, 10H), 3.12-3.05 (m, 4H), 2.89 (t, J = 7.8 Hz, 2H), 1.82 (m, 2H), 1.48 (m, 

2H), 1.18 (t, J = 7.8 Hz, 3H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 163.7, 156.8, 143.1, 

139.9, 136.7, 136.3, 129.3, 121.7, 119.6, 115.7, 110.7, 47.0, 46.1, 40.2, 29.2, 26.4, 22.4, 14.2, 

9.0. HRMS m/z calculated for C20H31N4O2 [M+H]+: 359.2447. Found: 359.2447. 

N-Hydroxy-3,3-diphenyl-acrylamide (56). Obtained following the general procedure B from 

56b. White solid (0.44 g, 46%). Purity: 99%. mp: 134 °C. tR,LCMS = 2.63 min. MS (ESI+): m/z 

= 240 [M+H]+. 1H NMR 300 MHz (DMSO-d6) δ (ppm): 10.60 (br s, 1H), 8.80 (br s, 1H), 7.34-

7.13 (m, 11H), 6.27 (s, 1H). 13C NMR 75 MHz (DMSO-d6) δ (ppm): 163.2, 150.1, 141.9, 139.3, 

129.1, 128.9, 128.1, 128.1. HRMS m/z calculated for C15H14NO2 [M+H]+: 240.1025. Found: 

240.1029. 

General Biology 

Ethylenediaminetetraacetic acid (EDTA), 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), 

phenylmethanesulfonyl fluoride (PMSF), bis-(4-nitrophenyl)-phosphate (BNPP), 

ethopropazine hydrochloride (profenamine), enalapril maleate salt, eucatropine hydrochloride 

and prasugrel were obtained from Sigma-Aldrich, tacrine hydrochloride from Tocris. Huprine 

2 was obtained as previously described.35 Trandolapril was obtained from Sequoia Research 

Products. Solvents were from common sources and of LC-MS grade. Stock solutions of all 

compounds were prepared in methanol at a concentration of 1 mM. Rat plasma, and human 

plasma, mixed gender, were purchased from Seralab. Rat whole blood male and female were 

purchased from Charles River, France (SANOFAHEL005) and pooled upon reception. Rat and 



 

 

human liver microsomes and rat intestinal microsomes were purchased from Tebu-bio. Solvents 

were from common sources and of LC-MS grade. 

 

Plasma/ Whole Blood stabilities 

Plasma or whole blood incubations were performed in duplicate, at 37 °C, in Eppendorf tubes. 

The incubation contained 10 µM test compound (1% methanol) in rat or human plasma in a 

final volume of 0.5 mL. Sampling points were taken at 0, 15, 30, 60, 120, 240, 360 min and 

reactions were terminated by adding ice-cold methanol containing 500 nM internal standard (9 

volumes). The samples were centrifuged for 10 min at 10000 g, 4 °C to pellet precipitated 

protein and the supernatant was transferred in Matrix tubes for LC-MS/MS analysis. 

Incubations with specific esterases inhibitors were performed in duplicate, at 37 °C, in 

Eppendorf tubes. The incubation contained 10 µM test compound (1% methanol) in rat or 

human plasma and the appropriate esterase inhibitor (1.25 mM PMSF, 0.25 mM BNPP, 1 mM 

DTNB, 0.05 mM profenamine, 0.5 mM EDTA or 0.5 mM huprine2), in a final volume of 0.5 

mL. Sampling points were taken at 0, 15, 30, 60, 120, 240, 360 min and reactions were 

terminated by adding ice-cold methanol containing 500 nM internal standard (9 volumes). The 

samples were centrifuged for 10 min at 10000 g, 4 °C to pellet precipitated protein and the 

supernatant was transferred in Matrix tubes for LC-MS/MS analysis. Control incubations were 

performed in duplicate, with methanol instead of the inhibitor compound. Each experiment 

included a reference compound tested in the same conditions and allowing the validation of the 

experiment: eucatropine (10 µM, t1/2 = 9 min, human plasma or whole blood) and enalapril (10 

µM, t1/2 = 13 min, rat plasma or whole blood).   

 

Microsomal Stability 



 

 

Microsomal incubations were performed in duplicate, at 37°C, in glass tubes. The incubation 

contained 1 µM test compound (1% methanol) in rat liver microsomes, human liver microsomes 

or rat intestinal microsomes (1mg of microsomal protein/mL) in a final volume of 0.25 mL. 

Sampling points were taken at 0, 15, 30, 60, 120 min and reactions were terminated by adding 

ice-cold methanol or acetonitrile containing 200 nM internal standard (4 volumes). The samples 

were centrifuged for 10 min at 10000g, 4°C to pellet precipitated microsomal protein and the 

supernatant was transferred in Matrix tubes for LC-MS/MS analysis. Control incubations were 

performed in triplicate, with denaturated microsomes with acetonitrile containing 200 nM 

internal standard and sampling points were taken at 0 min and 120 min (to evaluate the 

compound chemical stability in the experimental conditions). Each experiment included a 

reference compound tested in the same conditions and allowing the validation of the 

experiment: trandolapril (t1/2 human = 20 min, t1/2 rat = 7 min, 1µM, CES1 substrate) for liver 

microsomes and prasugrel (t1/2 rat = 1 min, 1 µM, CES2 substrate) for intestinal microsomes. 

 

LC-MS/MS analysis 

Samples analysis were performed on a liquid chromatography coupled to a triple quadrupole 

mass spectrometer (Aquity I Class - Xevo TQD, Waters, Les Ulis, France) with an electrospray 

ionisation source. Chromatographic separations were carried out using an Acquity BEH C18, 

1,7µm, 50 x 2.1mm column (Waters) maintained at 40°C. Mobile phase solvent A was 10 mM 

ammonium acetate in water and solvent B was acetonitrile with 0,1% of formic acid. The 

following gradient was applied: 2% B during 10s, 2-98% B in 1’50; hold at 98% B for 30s; 

98%-2% B in 5s; 2% B hold for 1’30. The injection volume was 1 µL and the flow rate of 600 

µL/min. The desolvation and cone gas flow were respectively 1200 and 50 L/h; the source 

temperature was 600°C. The capillary and cone voltages, the collision energy and the observed 

MRM transitions were automatically optimized for each compound. 



 

 

Quantitation of each compound was achieved by conversion of the corresponding 

analyte/internal standard peak area ratios to percentage drug remaining, using the T0 ratio 

values as 100%. The slope of the linear regression from log percentage remaining versus 

incubation time relationships (-k) was used in the conversion to in vitro t1/2 values by: in vitro 

t1/2  = -0.693/k. 

Statistical analysis  

Half-lives were calculated using XlfitTM (IDBS Ltd). Data for Box-Whisker plots were 

calculated using Microsoft Excel. Univariate and multivariate statistical analysis was performed 

using SPSS v19 (IBM. Armonk. NY). 
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ABBREVIATIONS 

AChE, acetylcholinesterase; AGG, aggrecanase; aq., aqueous; ArE, arylesterase; BNPP, bis-

(4-nitrophenyl)-phosphate; BoNTA, neurotoxin A metalloprotease of bacterium Clostridium 

botulinum; BuChE, butyrylcholinesterase; CES1, carboxylesterase-1; CES2, carboxylesterase-

2; CNS, central nervous system; DIPEA, N,N-diisopropylethylamine; DMF, N,N-

dimethylformamide; DTNB, 5,5'-dithiobis(2-nitrobenzoic acid) ; EDCI, N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride; EDTA, ethylenediaminetetra-

acetic acid; equiv, equivalent; EtOH, ethanol; GCPII, glutamate carboxypeptidase II; HBTU, 

2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; HCV, hepatitis C 

virus; HER-2, human epidermal growth factor receptor 2; HIV, human immunodeficiency 

virus; HOBt, hydroxybenzotriazole; IDE, insulin-degrading enzyme; LDA, lithium 

diisopropylamide; LpxC, UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine 

deacetylase; MeCN, acetonitrile; MeOH, methanol; MMP, matrix metalloprotease; OR, Odd-

ratio ; PDF, peptide deformylase; PfAM1, Plasmodium falciparum aminopeptide-1; PMSF, 

phenylmethanesulfonyl fluoride; PON-1, paraoxonase-1; profenamine, ethopropazine 

hydrochloride; ROCK, rho kinase; SA, serum albumin; TACE, tumor necrosis factor-α-

converting enzyme; TFA, trifluoroacetic acid; THF, tetrahydrofuran; TIS, triisopropylsilane. 
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