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ABSTRACT  

Histone deacetylase 6 (HDAC6) is an important drug target in oncology and non-oncological 

diseases. Most available HDAC6 inhibitors (HDAC6i) utilize a hydroxamic acid as zinc-

binding group which limits the therapeutic opportunities due its genotoxic potential. Recently, 

difluoromethyl-1,3,4-oxadiazoles (DFMOs) were reported as potent and selective HDAC6i, 

but their mode of inhibition remained enigmatic. Herein, we report that DFMOs act as 

mechanism-based and essentially irreversible HDAC6i. Biochemical data confirm that DFMO 

6 is a tight-binding HDAC6i capable of inhibiting HDAC6 via a two-step slow-binding 

mechanism. Crystallographic and mechanistic experiments suggest that the attack of 6 by the 

zinc-bound water at the sp2 carbon closest to the difluoromethyl moiety followed by a 

subsequent ring opening of the oxadiazole yields the deprotonated difluoroacetylhydrazide 13 

as active species. The strong anionic zinc coordination of 13 and the binding of the 

difluoromethyl moiety in the P571 pocket finally results in an essentially irreversible 

inhibition of HDAC6. 
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INTRODUCTION 

Histone deacetylases (HDACs) are epigenetic drug targets that have originally been 

assumed to modify histone modifications by removing acetyl groups from lysine 

residues. Meanwhile, however, it has turned out that the substrate spectrum of the 

enzyme family is more complex.1 In agreement with the usual division into four 

classes, it is now clear that only class I HDACs (HDACs 1, 2, 3, and 8) actually 

regulate histones.1 Class III HDACs differ from the other zinc-dependent isoforms by 
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the fact that they are NAD+-dependent, whereas class IV consists of no more than one 

isoform, HDAC11, whose biological role is yet unclear.2,3 A more versatile class of 

HDACs is class II with class IIa enzymes (HDACs 4, 5, 7, 9) playing a crucial role in 

gene expression, despite their poor deacetylase qualities.1,4–6 Class IIb, on the other 

hand, includes HDAC6 and the polyamine deacetylase HDAC10 which are both 

mainly located in the cytosol.1,7,8 Tailored to fit the highly-conserved active sites of the 

different isoforms, HDAC inhibitors (HDACi) typically consist of a zinc-binding 

group (ZBG), a variably sized cap group and a suitable linker connecting the two 

units.9 In contrast to unselective or class I-specific HDAC inhibition by HDACi such 

as vorinostat, belinostat, panobinostat, and romidepsin, which have been introduced as 

FDA-approved anticancer drugs in the past two decades, HDAC6 inhibition has no 

effect on histones and is thus presumed to cause less severe adverse effects.10,11 

Originally considered to be a tubulin deacetylase, HDAC6 has since been found to 

regulate a range of other proteins as well; most notably cortactin, the Alzheimer-related 

tau, and the chaperone Hsp90.7,12–15 Serving this particular range of substrates, HDAC6 

regulation has been investigated as a promising treatment option for non-oncological 

conditions, for example neurodegenerative diseases13,14,16,17, several rare disorders, like 

Rett syndrome and Charcot-Marie-Tooth disease18,19, autoimmune diseases, and other 

chronic conditions including idiopathic pulmonary fibrosis and inflammasome-

mediated disorders.20–22 Through enabling aggresome formation, HDAC6 is further 

involved in cellular protein degradation which makes it a prominent target for 

synergistic drug combination approaches with proteasome inhibitors.23–25 On the 

clinical level, this synergism is already being addressed by the combination of 

bortezomib, dexamethasone, and the pan-HDACi panobinostat for the treatment of 

multiple myeloma while further combination studies using the HDAC6-preferential 

inhibitor ricolinostat are ongoing.26 Other promising targets for synergistic activities 
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with HDAC6i that are currently being investigated include BET-proteins27,28, 

topoisomerases29, the lysine-specific demethylase 1 (LSD1)30–33, and Hsp9034–38. In 

consequence, and despite having limited clinical anticancer potential on its own, 

HDAC6 has turned out as a prominent drug target for combination therapies but only 

few of the many selective HDAC6i presented so far have yet entered clinical trials.39–42 

One major limitation in this regard seems to be the fact that most HDAC6i incorporate 

hydroxamate ZBGs which affect the drug’s tolerability and overall performance by 

promoting off-target interactions and the appearance of toxic metabolites. In fact, 

hydroxamate groups have long been suspected of releasing hydroxylamine or 

undergoing the Lossen rearrangement yielding isocyanates under physiological 

conditions.11,43 Given that both species are highly mutagenic and thus unsuitable for 

long-term therapy, there is an urgent need for alternative ZBGs but even after several 

years of intensive research, there are only few candidates with pleasing chelating 

properties and low toxicity levels.44 Beside ethyl hydrazides45 and several non-

hydroxamate compounds of yet undisclosed structures that are currently in phase II 

trials, the most promising HDAC6-selective binding motif seems to be the 

difluoromethyl-1,3,4-oxadiazole (DFMO) group that has been discovered by Kim et 

al.46 According to their study, the DFMO group exhibited excellent HDAC6 inhibition 

in the low nanomolar concentration range with a high selectivity over HDAC1.46 

Despite frequently appearing in patents46-50, this ZBG is relatively underrepresented in 

research manuscripts. However, in 2022, the DFMO derivative SE-7552 was used as a 

selective HDAC6 inhibitor to overcome leptin resistance in obesity, marking its first 

appearance in scientific literature.51 In the same year, we successfully incorporated the 

DFMO warhead into proteolysis-targeting chimeras (PROTACs) to selectively degrade 

HDAC6.52 However, the mechanism by which DFMOs inhibit or degrade HDAC6 

remained enigmatic. In a conference abstract published in 2022, we disclosed that a 
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DFMO derivative underwent an enzyme-catalyzed ring opening reaction, resulting in 

an acylhydrazide that was co-crystallized in an extended conformation within the 

active site of HDAC6.53 More recently, Barinka and co-workers54 conducted a 

comparative assessment of a hydroxamate-based HDAC6 inhibitor and its 

corresponding DFMO analog. Biochemical and cell-based assays unequivocally 

demonstrated the superior potency and selectivity of the DFMO ZBG.54 Similarly, the 

high HDAC6 selectivity of DFMOs compared to related hydroxamic acid-derived 

HDAC6i was confirmed in a recent patent.55 

In 2023, Steinkühler and co-workers56 reported the structure of the HDAC6 complex 

with a hydrazide inhibitor resulting from a double hydrolysis of a related oxadiazole 

inhibitor. The authors speculated that the crystallized hydrazide may not be solely 

responsible for the remarkable HDAC6 inhibition observed. Instead, they proposed the 

existence of a high-affinity intermediate that forms a tight and long-lived enzyme-

inhibitor complex. This intermediate may take the form of a closed hydrated 

intermediate or a protonated acylhydrazide, both of which were proposed as possible 

active species. However, the nature of the active species could not be conclusively 

confirmed.56  

Herein, we report the full experimental details of our 2022 conference abstract53 

demonstrating that DFMOs act as selective, mechanism-based, and essentially 

irreversible inactivators capable of inhibiting HDAC6 via a two-step slow-binding 

mechanism. Our findings reveal that that the zinc-bound water attacks the sp2 carbon 

nearest to the difluoromethyl moiety of the DFMO group followed by a subsequent 

ring opening of the oxadiazole, thereby yielding a deprotonated 

difluoroacetylhydrazide as active species. 
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RESULTS AND DISCUSSION 

Design, synthesis, and HDAC inhibition of difluoromethyloxadiazole-based HDAC6 

inhibitors. To identify key structural requirements for selective HDAC6 inhibition by 

DFMO-derived inhibitors, we decided to pursue a fragment-based approach. In the first step, 

to investigate the influence of the (hetero)aromatic linker, HDAC6i fragments containing 

phenyl (1), pyridinyl (2), and pyrimidinyl (3) linkers attached to the DFMO ZBG were 

included in the design and synthesis of initial prototypic compounds. For the synthesis of the 

fragments 1, 2, and 3 the respective carbonitriles were transformed into the corresponding 

tetrazoles by the treatment with sodium azide, followed by the reaction with difluoroacetic 

anhydride (DFAA) to generate the DFMO group via a Huisgen 1,3,4-oxadiazole synthesis 

(see Scheme S1, Supporting Information).57 The three synthesized fragments were screened 

for their inhibition of HDAC6 and HDAC1-4 using biochemical HDAC inhibition assays. 

The pyrimidinyl derivative 3 displayed the highest inhibitory potency against HDAC6, while 

all fragments were inactive against the control isoforms HDAC1-4 (Table 1). 

Due to the initial activity of the pyrimidinyl fragment 3, we designed full sized HDACi 

including a benzyl as well as a para-methoxy benzyl cap group, an aminopyrimidinyl linker, 

and the DFMO ZBG. To obtain 6 and 7 the respective benzylamines were subjected to a 

nucleophilic aromatic substitution reaction with 2-chloropyrimidine-5-carbonitrile. The 

resulting carbonitrile intermediates were converted into the corresponding DFMO derivatives 

as described above (Scheme 1A). In subsequent HDAC inhibition assays we observed 

submicromolar inhibitory activities against HDAC6 for both full-sized HDAC6i (6 and 7), 

with IC50 values of 0.193 µM and 0.337 µM, respectively, and no activity against HDAC1-4 

(Table 1).  
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Additionally, the DFMO ZBG was introduced in potent well-established HDAC6i such as 

nexturastat A and our previously published peptoid-based HDAC6i.58,59 For the synthesis of 

the nexturastat derivatives (9, 10), n-butylamine was alkylated with methyl 4-

(bromomethyl)benzoate. Next, the resulting intermediate 8 was treated with phenyl 

phenylcarbamate or benzoyl chloride to provide the corresponding urea and carboxamide 

derivatives. The respective products were subjected to a hydrazinolysis followed by a 

difluoroacetylation reaction with DFAA. The resulting acylhydrazides were converted into the 

desired DFMO ZBG via a dehydrative cyclization reaction using Burgess reagent (Scheme 

1B). The peptoid derivative (12) was synthesized starting from an Ugi four-component 

reaction.59,60 The formation of the DFMO moiety was accomplished in three steps from 

methyl ester intermediate 11 via the hydrazinolysis, difluoroacetylation, and dehydrative 

cyclization sequence described above (Scheme 1C). Interestingly, the nexturastat A analogs 9 

and 10 and the peptoid-based HDACi 12 displayed only moderate inhibitory activity against 

HDAC6 and were inactive against HDAC1-4. The typical structural features of selective 

hydroxamate-based HDAC6i include a benzyl linker in combination with a bulky or branched 

cap group.61 Our results for the DFMO derivatives 9, 10, and 12 indicate that this HDAC6 

pharmacophore cannot be directly translated to DFMO-based HDAC6i. A possible 

explanation for this phenomenon could be a different binding mode in the active site of 

HDAC6. Due to the highest HDAC6 inhibitory activity in this set of compounds, we selected 

6 for elucidating its binding mode in the second catalytic domain 2 (CD2) of Danio rerio 

(zebrafish) HDAC6. 
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Scheme 1. A: Synthesis of full sized HDAC6i 6 and 7. a) Benzylamine, DIPEA, EtOH, 

90 °C, 18 h (4); b) 4-methoxybenzylamine, DIPEA, EtOH, 90 °C, 18 h (5); c) i: NaN3, 

NH4Cl, LiCl·H2O, DMF, 100 °C, 18 h; ii: DFAA, 70 °C, 18 h. B: Synthesis of 

nexturastat analogs 9 and 10. a) n-Butylamine, THF, rt., 3 h; b) phenyl phenylcarbamate, 

TEA, THF, 66 °C, 2 h (9); c) benzoyl chloride, CH2Cl2, rt., 2 h (10); d) i: hydrazine 

monohydrate, MeOH, 70 °C, 3 h; ii: DFAA, DMF, 70 °C, 1 h; iii: Burgess reagent, THF, 60 

°C, 18 h. C: Synthesis of the peptoid-based HDACi 12. a) TEA, MeOH, rt., 72 h; b) i: 

hydrazine monohydrate, MeOH, 70 °C, 3 h; ii: DFAA, TEA, DMF, 70 °C, 1 h; iii: Burgess 

reagent, TEA, THF, 60 °C, 18 h. 
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Table 1. Inhibitory activities of the synthesized difluoromethyl-1,3,4-oxadiazoles against 

HDAC6 and the control isoforms HDAC1-4; IC50 values [µM, mean ± SD] or percent 

inhibition at 10 µM; n. e.: no effect = < 15% inhibition at 10 µM; n. d.: not determined.a 

 

Cpd HDAC6 HDAC1 HDAC2 HDAC3 HDAC4 

1 n. e. n. e. n. e. n. e. n. e. 

2 39% n. e. n. e. n. e. n. e. 

3 56% n. e. n. e. n. e. n. e. 

6 0.193 ± 0.006 µM n. e. n. e. n. e. n. e. 

7 0.337 ± 0.026 µM n. e. n. e. n. e. n. e. 

9 76% n. e. n. e. n. e. n. e. 

10 75% n. e. n. e. n. e. n. e. 

12 27% n. e. n. e. n. e. n. e. 

Vorinostat 0.039 ± 0.005 µM 0.128 ± 0.009 µM 0.158 ± 0.033 µM 0.079 ± 0.016 µM n. d. 

TMP-269 n. d. n. d. n. d. n. d. 0.753 ± 0.010 µM 

apreincubation of HDAC1-4 or 6 and inhibitor: 1 h at 25 °C. 

 

Compound 6 is a substrate analog of HDAC6 that undergoes an enzyme-catalyzed ring 

opening reaction. Oxadiazole 6 was cocrystallized with HDAC6, and crystals diffracted X-

rays to 2.00 Å resolution. The initial electron density map of the enzyme-inhibitor complex 

was phased by molecular replacement using the structure of the unliganded enzyme (PDB 

5EEM)62 as a search probe for rotation and translation function calculations. After a 

molecular replacement solution was achieved and initial rounds of crystallographic structure 

refinement were completed, we attempted to fit oxadiazole 6 into strong |Fo|–|Fc| difference 

electron density in the active site (Figure 1A, B). Surprisingly, the intact oxadiazole would not 
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fit satisfactorily in this electron density map (Figure 1C). After studying the electron density 

map and considering the possible reactivity of the oxadiazole moiety, we concluded that the 

oxadiazole ring had undergone nucleophilic attack by the zinc-bound water to yield a ring-

opened form – acylhydrazide 13 – which fits the initial, unbiased electron density map 

perfectly (Figure 1D). The structure of the HDAC6–13 complex was refined to convergence 

with R/Rfree = 0.185/0.223.  

 

 

Figure 1. The initial |Fo|–|Fc| map (two orientations (A) and (B)) calculated from X-ray 

diffraction data collected from crystals of HDAC6 cocrystallized with inhibitor 6 reveals 

strong, unbiased electron density for the bound inhibitor in the active site. Surprisingly, this 

difference density could not be fit satisfactorily with intact oxadiazole 6 (C); instead, it could 

be fit perfectly with acylhydrazide 13 resulting from hydrolysis and ring-opening of the 

oxadiazole (D). 
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A Polder omit map of the final enzyme-inhibitor complex is shown in Figure 2A. Inhibitor 

binding does not trigger any major structural changes in the protein, and the root-mean-square 

deviation is 0.177 Å for 315 Cα atoms between the inhibitor-bound and unliganded enzyme 

(PDB 5EEM). Interestingly, the structure reveals an extensive array of intermolecular 

interactions that stabilize the bound inhibitor (Figure 2B). Key among these interactions is 

coordination of an acylhydrazide nitrogen to the catalytic zinc ion (N•••Zn2+ distance = 

2.0 Å). This interaction requires deprotonation of the acylhydrazide NH group closest to the 

difluoromethyl group to form a nitrogen anion – this could result directly from the mechanism 

of ring-opening, or it could result from deprotonation of the neutral acylhydrazide (as 

discussed later).  

 

 

Figure 2. A: Stereoview of the Polder omit map of 13 contoured at 3σ (PDB 8GD4). B: 

Stereoview highlighting intermolecular interactions in the enzyme-inhibitor complex in the 

active site of HDAC6. The catalytic zinc ion is shown as a gray sphere; metal coordination 
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and hydrogen bond interactions are shown as solid and dashed black lines, respectively (PDB 

8GD4).  

The bound inhibitor makes numerous hydrogen bond interactions with active site residues. 

One carbonyl group of the acylhydrazide forms hydrogen bonds with H574 and the backbone 

NH group of G743, and the other carbonyl group forms a hydrogen bond with Y745. 

Interestingly, both C–F groups engage in hydrogen bond interactions: one C–F group forms a 

hydrogen bond with C584 and the other forms a hydrogen bond with Y745. Finally, the 

benzylamino NH group forms a hydrogen bond with S531, and both aromatic rings of the 

inhibitor engage in offset stacked and edge-to-face aromatic interactions with F583 and F643.  

Overlay of the structure of the HDAC6 complex with acylhydrazide 13 and the recently-

reported structure of the HDAC6 complex with the hydrazide Cmpd3 resulting from 

hydrolysis of another oxadiazole inhibitor (ITF5924, PDB 8A8Z)56 reveals slight shifts of 0.9 

Å in the orientation of the zinc-binding group and the aromatic linker region; unlike the 

situation for zinc coordination by an amide NH group, the primary amino group of the 

hydrazide does not have to be deprotonated to coordinate to zinc (Figure 3). Other differences 

between the binding of acylhydrazide and hydrazide inhibitors include the hydrogen bond 

with catalytic tyrosine Y745, which at 2.1 Å is 0.4 Å shorter in the complex with the 

hydrazide (making this a very short hydrogen bond), and the binding of a water molecule in 

the P571 pocket. 
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13

Cmpd3

 

Figure 3. A: Stereoview of the oxadiazole-derived hydrazide inhibitor Cmpd3 bound in the 

active site of HDAC6 (PDB 8A8Z). B: Overlay of the oxadiazole-derived acylhydrazide 13 

and hydrazide inhibitor Cmpd3 bound in the active site of HDAC6. 

 

 

Difluoromethyl-1,3,4-oxadiazoles are mechanism-based and essentially irreversible 

HDAC6 inhibitors. The enzyme-catalyzed ring opening reaction observed for 6 in the 

presence of HDAC6 prompted us to investigate the structural requirements for this unique 

mode of action in detail. To this end, we synthesized the cocrystallized acylhydrazide 13 as a 

reference compound as well as the corresponding methyl-1,3,4-oxadiazole (15), 

monofluoromethyl-1,3,4-oxadiazole (16) and trifluoromethyl-1,3,4-oxadiazole (17) analogs of 

6 (Figure 4; see Scheme S3 and S4 for synthetic details, Supporting Information). 

Furthermore, due to the crystal structure reported by Steinkühler et al.56 we synthesized the 
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hydrazide 14 (Figure 4, see Scheme S4 for synthetic details, Supporting Information). The 

subsequent HDAC6 inhibition assays revealed that the protonated acylhydrazide 13 and the 

methyl-1,3,4-oxadiazole derivative 15 displayed only very weak inhibitory properties with 

less than 15% inhibition at the highest concentration tested (10 µM). Furthermore, the 

hydrazide 14 and the monofluoromethyl-1,3,4-oxadiazole 16 showed only weak HDAC6 

inhibitory activity with 30% and 54% inhibition at 10 µM. These results suggest that the 

oxadiazole C=N bond is insufficiently activated for nucleophilic attack in methyl- and 

monofluoromethyl-oxadiazoles 15 and 16 to yield a zinc-bound nitranion comparable to 

deprotonated 13. The low inhibitory potency of 13 itself suggests that there is a higher 

energetic barrier for deprotonation to yield a zinc-bound nitranion compared with the 

hydrolysis of oxadiazole 6 which would directly yield a zinc-bound nitranion. The nitranion 

makes a strong charge-charge interaction with zinc, whereas the amino group of 14 would 

make a weaker dipole-charge interaction once deprotonated. This may account for the weaker 

inhibitory potency observed for 14. 

In contrast, the trifluoromethyl-1,3,4-oxadiazole (TFMO) 17 displayed submicromolar 

HDAC6 inhibitory activity against HDAC6 (IC50: 0.531 µM) and no inhibition of the four 

control isoforms HDAC1-4. Consequently, we focused on the difluoromethyl-1,3,4-

oxadiazole 6 and the trifluoromethyl-1,3,4-oxadiazole 17 in our in-depth evaluation of the 

binding kinetics. Most hydroxamates are HDACi with fast-on and fast-off binding kinetics, 

while HDACi with alternative ZBGs such as aminoanilides and alkyl hydrazides are often 

slow- and tight-binding inhibitors.63-65 To investigate whether 6 and 17 display slow-on 

binding properties we performed HDAC6 inhibition assays with different preincubation times 

using vorinostat as control; the results are summarized in Figure 5A. As expected, the 

HDAC6 inhibition by vorinostat did not depend on the preincubation time. In contrast, the 

observed concentration-effect curves of 6 and thus the IC50 values were highly dependent on 

the preincubation time (5 min IC50: 0.347 µM; 1 h IC50: 0.193 µM; 2 h IC50: 0.129 µM), 
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thereby indicating a slow-binding profile. Similarly, 17 also showed a substantial decrease in 

the HDAC6 IC50 values upon preincubation (5 min IC50: 0.840 µM; 1 h IC50: 0.531 µM; 2 h 

IC50: 0.601 µM).  

 

 

Figure 4. Structures of the acylhydrazide (13), hydrazide (14), methyl-1,3,4-oxadiazole (15), 

monofluoromethyl-1,3,4-oxadiazole (16) and trifluoromethyl-1,3,4-oxadiazole (17) analogs. 

Inhibitory activities of prepared compounds against HDAC1-4 and HDAC6; IC50 [µM, mean 

± SD] or percent inhibition at 10 µM; n.e.: no effect = < 15% inhibition at 10 µM. 

 

To determine whether 6 and 17 are tight-binding inhibitors of HDAC6, we analyzed the 

dissociation behavior of both compounds by 100-fold jump dilution experiments using 

vorinostat as control. Briefly, HDAC6 in assay buffer was incubated with an excess of the 

respective inhibitor (at least 10-fold IC50) or with blank (DMSO 1%) for 1 hour at room 

temperature. Subsequently, this mixture was diluted 100-fold either with the respective 

inhibitor at the original concentration or assay buffer. The substrate (Z-Lys(Ac)-AMC 
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(ZMAL)) and trypsin were added to all samples and the time-dependent in situ AMC release 

was monitored continuously following our previously reported protocol.63 In the case of the 

100-fold jump dilution of vorinostat (Figure 5B, left), HDAC6 regained full deacetylase 

activity compared to blank (DMSO 1%) which is in excellent agreement with the fast-on/fast-

off binding behavior of vorinostat. Conversely, the HDAC6 activity could not be restored 

after 100-fold dilution of 6 (Figure 5B, middle), hence indicating that 6 or the ring-opened 

deprotonated acylhydrazide 13 disengages very slowly from HDAC6. Dialysis experiments 

with 10,000-fold excess of buffer over 21 hours confirmed the tight-binding properties of 6 

(Figure 5C), suggesting that the unique binding mode of 6 leads to essentially irreversible 

inhibition of HDAC6. In contrast, the deacetylase activity of HDAC6 was nearly completely 

restored after the 100-fold jump dilution of 17 (Figure 5B, right). These results indicate that 

the closely related analogs 6 (tight-binding, essentially irreversible inhibitor) and 17 (fast-off 

binding properties) differ in their dissociation behavior and might therefore act via different 

modes of action. 
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Figure 5. Analysis of the association and dissociation behavior of 6 and 17 at HDAC6. A: 

Representative dose-response curves and IC50 values of vorinostat (left, control), 6 (middle), 

and 17 (right) after preincubation with HDAC6 for 5, 60, and 120 min. B: Progression curves 

of 100-fold jump dilution experiments with vorinostat (left, control), 6 (middle), and 17 

(right) at HDAC6. Inhibitor concentrations are indicated on the left. Fluorescence of cleaved 

AMC is measured in relative fluorescence units (RFU). C: Recovered HDAC6 activity from 

samples incubated with DMSO, 6, and trichostatin A (TSA, control) after dialysis against 

10.000-fold excess fresh buffer. D: The apparent first-order rate constant kobs (mean ± SD) 

was plotted against the corresponding inhibitor concentrations [I]. The resulting curves were 

fitted into Equation 2 or 3 (see Supporting Information). (left) 6: the hyperbolic relationship 

between kobs and [I] indicates slow-binding, “induced-fit” mechanism II; (right) 17: the linear 

relationship between kobs and [I] indicates slow-binding mechanism I.63  
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The trifluoromethyl analogue 17 similarly undergoes HDAC6-catalyzed ring opening based 

on LC-MS analysis of the product mixture resulting from incubation with HDAC6 (Figure S3 

and S4, Supporting Information). However, in contrast with DFMO analogue 6, jump dilution 

experiments with 17 revealed that it binds to HDAC6 reversibly. The crystal structure of the 

HDAC6–13 complex shows that the difluoromethyl moiety binds in a small pocket defined in 

part by P571. We hypothesize that the trifluoromethyl group of 17 is sufficiently larger than 

the difluoromethyl group of 13 so as to destabilize binding of the trifluoromethyl group in the 

P571 pocket, which results in reversible rather than irreversible inhibition. Substitution of the 

CHF2 group of 13 with a CF3 group to generate a model of 17 bound in the HDAC6 active 

site suggests a steric clash as well as an unfavorable electrostatic interaction between the C–F 

group and the backbone carbonyl of G582 (Figure 6).  

 

 
Figure 6. A: Binding pocket of HDAC6 in purple mesh generated by GetCleft showing the 

orientation of the difluoromethyl group determined in the crystal structure of the complex 

with 13 (PDB 8GD4). B: Substitution of the CHF2 group with a CF3 group yields a model of 

the complex with hydrolyzed 17 in the ring-opened form. The additional fluorine atom results 

in a clash with the backbone carbonyl of G582.  
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Quantitative LC-MS experiments were conducted with compounds 6 and 17 (Figure S3, 

Supporting Information) revealing that both compounds can undergo a second hydrolysis 

reaction, thereby resulting in the formation of the hydrazide 14. Notably, the concentration of 

the generated hydrazide differs by a factor of two. When HDAC6 was incubated with 100 µM 

of 6, 9 µM of 14 was produced, while 17 yielded 18 µM of 14. The second hydrolysis 

reaction from the respective acylhydrazide to hydrazide 14 requires the restoration of the Zn2+ 

coordination sphere by the entry of a second water molecule. The fast-off binding kinetics of 

17 may facilitate the entry of a second water molecule, potentially explaining the increased 

concentration of 14 when HDAC6 is incubated with 17. 

 

To confirm the hypothesis of different binding mechanisms for the difluoromethyl and the 

trifluoromethyl analogs, we performed HDAC6 kinetic studies. Our preincubation 

experiments demonstrated that 6 and 17 are slow-binding inhibitors of HDAC6. The most 

common types of slow-binding mechanisms are “simple slow-binding” (mechanism I) and 

“induced-fit” (mechanism II) (see Figure S1, Supporting information).63, 66 While mechanism 

I represents a single-step slow-binding mode of inhibition, mechanism II is characterized as a 

two-step slow-binding inhibition mode.63, 66 The slow-binding mechanisms I and II can be 

distinguished by their respective relationships between the rate constant for the onset of 

inhibition (kobs) and the inhibitor concentration.63, 66 To determine the binding mechanism of 6 

and 17 at HDAC6, we utilized the Progression-Method63, 66 and measured a series of 

progression curves using fixed concentrations of enzyme, substrate, and different inhibitor 

concentrations. Subsequently, the generated data were fitted into the Equation 1 (see 

Supporting Information) to calculate the kobs values for the different inhibitor concentrations. 

The resulting kobs vs inhibitor concentration plots are depicted in Figure 5D. In the case of 6 

we observed a hyperbolic relationship between kobs and the inhibitor concentration (Figure 
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5D, left), suggesting that 6 inhibits HDAC6 via the slow-binding “induced-fit” mechanism II. 

For 17 the relationship between inhibitor concentration and kobs was linear (Figure 5D, right), 

indicating binding via the single-step slow-binding mechanism I. As discussed above, the 

DFMO 6 is hydrolyzed by HDAC6 and afterwards essentially trapped in the active site in a 

small pocket defined in part by P571, while the trifluoromethyl analog 17 is hydrolyzed and 

dissociates fast out of the enzyme. These differences might explain the different slow-binding 

mechanisms observed for 6 and 17.  

 

Proposed reaction mechanism. DFMO 6 is an essentially irreversible inhibitor of HDAC6, 

even though deprotonated 13 does not form a covalent bond with any residues in the enzyme 

active site. We have determined that the generation of deprotonated acylhydrazide 13 requires 

the enzyme, since 6 does not undergo hydrolysis in the absence of enzyme to yield 13. This 

implicates the reactive zinc-bound water molecule as the nucleophile for oxadiazole 

hydrolysis. Moreover, a mass shift of 2 is observed by mass spectrometry for acylhydrazide 

13 when HDAC6 is incubated with 6 in H2
18O instead of H2

16O. Subsequent hydrolysis of the 

18O-labeled acylhydrazide yields hydrazide 14 without the 18O label as determined by mass 

spectrometry (see Figure S5, Supporting Information). These results indicate that the 18O label 

was contained in the second hydrolysis product, difluoroacetate, which further implies that the 

initial nucleophilic attack of zinc-bound water at oxadiazole 6 occurs exclusively at the C=N 

bond closest to the difluoromethyl moiety. This result supports our proposed reaction 

mechanism depicted in Figure 7, in which the described C=N bond undergoes nucleophilic 

attack by the zinc-bound water molecule to form a tetrahedral intermediate. Electron 

rearrangement results in the ring opening of the oxadiazole, directly forming the deprotonated 

acylhydrazide. The negatively charged nitrogen can strongly coordinate to the zinc ion, 

supporting the assumption for essential irreversible inhibition. Due to the crucial strong 
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anionic zinc coordination, the proposed mechanism is in agreement with our results, that the 

synthetic acylhydrazide 13, bearing a protonated nitrogen, does not show any inhibitory 

activity. In other words, it is easier to generate the nitrogen anion of 13 through oxadiazole 

hydrolysis, captured and stabilized by Zn2+ coordination during the ring opening mechanism, 

rather than by direct deprotonation of synthetic 13. While this manuscript was under review, a 

similar mechanism for the generation of zinc-bound 13 was proposed on the basis of 

computational chemistry calculations.67  

 

Figure 7. Proposed reaction mechanism of Zn2+ catalyzed ring opening reaction of DFMO 

compound 6.  

The histidine dyad H573/H574 plays a crucial role as proton shuttle in the deacetylation of 

native acetyllysine peptide substrates of HDAC6 and, presumably, in the enzyme-catalyzed 

ring opening reaction of DFMOs/TFMOs.62 Furthermore, recent reports by Steinkühler and 

co-workers56 as well as Barinka and co-workers54 highlighted the importance of Y745 for the 

kinetics of the second hydrolysis reaction. Both groups observed a significant increased 

conversion rate into the respective hydrazide derivative when Y745 was mutated into 

phenylalanine. To gain further insights into the reaction mechanism, we prepared H573A, 

H574A, and Y745F mutants of HDAC6 and conducted quantitative LC-MS analysis after 

incubation of wild-type HDAC6 and the respective mutants with DFMO 6 and TFMO 17 (see 

Figure S6, Supporting Information). For the histidine mutants H573A and H574A, we 

observed a notable reduction in the formation of the acylhydrazides 13 and 20. In addition, 
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both mutants were unable to hydrolyze 6 and 17 to the hydrazide 14. These results clearly 

confirm the critical role of the histidine dyad H573/H574 in the ring opening reaction of 

DFMOs and TFMOs as well as the second hydrolysis reaction to the corresponding 

hydrazide. When incubating the Y745F mutant of HDAC6 with 6 and 17, we observed an 

increased formation of the hydrazide 14 compared to wild-type. In fact, in the case of 

incubation with the TFMO 17, the hydrazide was detected as the main reaction product. Our 

crystal structure of the HDAC6–13 complex revealed that one carbonyl group and one C-F 

group of deprotonated 13 form hydrogen bonds with Y745 (Figure 2). Due to the absence of 

two important hydrogen bonds with Y745, deprotonated 13 may disengage from the catalytic 

center of the Y745F mutant, thereby facilitating a second hydrolysis reaction after the 

restoration of the Zn2+ coordination sphere by the entry of a second water molecule. Based on 

our crystallographic data (Figure 2) and LC-MS experiments with wild-type and Y745F 

HDAC6 (Figure S6, Supporting Information), we conclude that Y745 is critically important 

for the binding mode of deprotonated 13 and significantly contributes to the essentially 

irreversible binding of this active species.  

CONCLUSION 

In summary, we have characterized the DFMO derivative 6 as potent and selective HDAC6 

inhibitor. In IC50 shift experiments with various preincubation times compound 6 showed 

slow-on binding properties with decreasing IC50 values. By analysis of the slow-binding 

characteristics we found that 6 inhibits HDAC6 via a two-step slow binding mechanism. To 

investigate the dissociation characteristics, we performed jump dilution experiments that 

revealed an essentially irreversible binding mode of DFMO 6 to its target. Additional dialysis 

experiments further confirmed the tight-binding properties of 6.  The trifluoromethyl analog 

17, on the other hand, acts as a slow-binding inhibitor following a single-step slow binding 

mechanism. In contrast to 6, compound 17 was observed to disengage from the enzyme with 
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fast-off binding properties in jump dilution assays, thus confirming that the two derivatives 

act via different modes of inhibition.  

Steinkühler et al. recently reported the structure of the HDAC6 complex with a hydrazide 

inhibitor resulting from hydrolysis of a related oxadiazole inhibitor.56 The authors postulated 

that the remarkable HDAC6 inhibition is not solely attributed to the crystallized hydrazide, 

but rather to a high-affinity intermediate that forms a stable and long-lasting enzyme-inhibitor 

complex.56 They suggested a closed hydrated intermediate and a protonated acylhydrazide as 

potential active species.56 Using our crystallographic and mechanistic data, we are now able to 

confirm that DFMOs serve as substrate analogs and therefore as mechanism-based inhibitors 

undergoing an HDAC6-catalyzed ring-opening reaction which is initiated by the attack of the 

zinc-bound water at the sp2 carbon closest to the difluoromethyl moiety. Ultimately, this leads 

to the formation of the deprotonated acylhydrazide 13 as the active species. The analysis of 

the resulting HDAC6-13 complex reveals an extensive array of intermolecular interactions 

that stabilize the bound inhibitor, particularly the strong anionic zinc coordination of 13 in 

combination with the binding of the difluoromethyl moiety in the P571 pocket. These 

structural features contribute to an exceptionally tight enzyme−inhibitor complex, thereby 

leading to an essentially irreversible inhibition of HDAC6. 

 

EXPERIMENTAL SECTION 

Chemistry. Chemicals were obtained from abcr GmbH, Acros Organics, BLDpharm, 

Carbolution Chemicals, Carl Roth, Fluorochem, Sigma-Aldrich, TCI Chemicals or VWR and 

used without further purification. Technical grade solvents were distilled prior to use. For all 

HPLC purposes, acetonitrile in HPLC-grade quality (HiPerSolv CHROMANORM, VWR) 

was used. Water was purified with a PURELAB flex® (ELGA VEOLIA). Air-sensitive 

reactions were carried out under argon atmosphere utilizing standard Schlenk techniques. 

Thin-layer chromatography (TLC) was carried out on prefabricated plates (silica gel 60, F 
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254, Merck). Components were visualized either by irradiation with ultraviolet light (254 nm 

or 366 nm) or by staining appropriately. Column chromatography was carried out on silica gel 

(NORMASIL 60®, 40-63 μm, VWR or MACHEREY-NAGEL silica gel 60 ®, 40-63 μm). 

Mixtures of two or more solvents are specified as (“solvent A”/”solvent B”, 67/33, v/v) 

meaning that 100 mL of the respective mixture consists of 67 mL of “solvent A” and 33 mL 

of “solvent B”. Preparative silica gel flash column chromatography was performed on an 

Interchim puriFlash XS520Plus with diode-array detection (DAD) from 200 to 400 nm. The 

uncorrected melting points were determined using a Büchi Melting Point M-565 apparatus or 

Barnstead Electrothermal 9100 apparatus. Nuclear Magnetic Resonance Spectroscopy (NMR): 

Proton (1H), carbon (13C) and fluorine (19F) NMR spectra were recorded either on Bruker 

Avance DRX 500 (500 MHz 1H NMR, 126 MHz 13C NMR), a Bruker Avance III 600 (600 

MHz 1H NMR, 151 MHz 13C NMR), a Bruker Avance III HD 400 (400 MHz 1H NMR, 101 

MHz 13C NMR, 377 MHz 19F NMR), a Varian/Agilent Mecury-plus-400 (400 MHz 1H NMR, 

101 MHz 13C NMR, 376 MHz 19F NMR) or a Varian/Agilent Mecury-plus-300 (300 MHz 1H, 

75 MHz 13C NMR, 282 MHz NMR 19F NMR). The chemical shifts are given in parts per 

million (ppm). Deuterated chloroform (CDCl3) and deuterated dimethyl sulfoxide (DMSO-d6) 

were used as solvents. The residual solvent signal (CDCl3: 
1H NMR: 7.26 ppm, 13C NMR: 

77.1 ppm; DMSO-d6: 
1H NMR: 2.50 ppm, 13C NMR: 39.52 ppm) was used for calibration. 

The multiplicity of each signal is reported as singlet (s), doublet (d), triplet (t), quartet (q), 

pentet (p), multiplet (m) or combinations thereof. Multiplicities and coupling constants are 

reported as measured and might disagree with the expected values. 19F NMR spectra were 

recorded proton-decoupled if not stated otherwise. Mass Spectrometry: High resolution 

electrospray ionisation mass spectra (HRMS-ESI) were acquired either with a Bruker 

Daltonik GmbH micrOTOF coupled to a LC Packings Ultimate HPLC system and controlled 

by micrOTOFControl3.4 and HyStar 3.2-LC/MS, a Bruker Daltonik GmbH ESI-qTOF 

Impact II coupled to a Dionex UltiMateTM 3000 UHPLC system and controlled by 
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micrOTOFControl 4.0 und HyStar 3.2-LC/MS, a Bruker micrOTOF-Q mass spectrometer 

coupled with a HPLC Dionex UltiMate 3000 or a LTQ Orbitrap XL. Low resolution 

electrospray ionisation mass spectra (LRMS ESI) were acquired either with an Advion 

expression® compact mass spectrometer (CMS) coupled with an automated TLC plate reader 

Plate Express® (Advion), an API 2000 mass spectrometer coupled with an Agilent HPLC HP 

1100 using an EC50/2 Nucleodur C18 Gravity 3 μm column or on an Agilent Infinity Lab 

LC/MSD-system coupled with an Agilent HPLC 1260 Infinity II using an EC50/2 Nucleodur 

C18 Gravity 3 µm column. High Performance Liquid Chromatography (HPLC): For 

analytical purposes HPLC measurements were performed on a Thermo Fisher Scientific 

UltiMateTM 3000 UHPLC system with a Nucleodur 100-5 C18 (250 x 4.6 mm, Macherey 

Nagel), using a flow rate of 1 mL/min and a temperature of 25 °C with an appropriate 

gradient. Detection was implemented by UV absorption measurement at a wavelength of λ = 

220 nm and λ = 250 nm. Bidest. H2O (A) and MeCN (B) were used as eluents with an 

addition of 0.1% TFA for eluent A. For preparative purposes a AZURA Prep. 500/1000 

gradient system with a Nucleodur 110-5 C18 HTec (150 x 32 mm, Macherey Nagel) column 

was used with a flow rate of 20 mL/min and an appropriate gradient. Detection was 

implemented by UV absorption measurement at a wavelength of λ = 220 nm and λ = 250 nm. 

Bidest. H2O (A) and MeCN (B) were used as eluents with an addition of 0.1% TFA for eluent 

A. Purity: The purity of all final compounds was 95% or higher. Purity was determined via 

HPLC at 250 nm using the protocols described above, if not stated otherwise. 

 

General procedure A. The respective carbonitrile (1.0 eq), NaN3 (2.0 eq), NH4Cl (2.0 eq), 

and LiCl (0.8 eq) were suspended in DMF (2 mL, 1 M) and the resulting mixture was 

subjected to microwave irradiation at 150 W and 100 °C under vigorous stirring for 24 h. The 

reaction mixture was then filtered over a 5 cm layer of silica (CH2Cl2/MeOH, 9/1, v/v). Upon 
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removal of the solvent under reduced pressure, the crude tetrazole intermediate was dissolved 

in CH2Cl2 (30 mL) and difluoroacetic anhydride (DFAA, 6.1 eq) was added dropwise at 0 °C. 

The resulting solution was allowed to warm to rt and stirred for 24 h. After completion of the 

reaction, the mixture was diluted with CH2Cl2 (30 mL) and washed with 1 M NaOH (2 x 

10 mL), water (1 x 10 mL), and brine (1 x 10 mL). Drying of the organic layer over Na2SO4 

and subsequent evaporation of the solvent afforded the desired product. 

 

General procedure B. The respective methyl ester (1.0 eq) was dissolved in MeOH (0.2 M). 

Hydrazine monohydrate (10.0 eq.) was added and the reaction mixture was stirred at 70 °C 

for 3 h. After completion of the reaction, the solvent was removed under reduced pressure. 

The crude product was used directly in the next step. The resulting hydrazide (1.0 eq) was 

dissolved in DMF (0.1 M). DFAA (1.3 eq) and Et3N (2.0 eq) were added and the reaction 

mixture was stirred at 70 °C for 1 h. The mixture was concentrated under reduced pressure 

and used without further purification in the next reaction. The resulting 

difluoromethylacylhydrazide (1.0 eq) was taken up in dry THF (0.1 M). Et3N (3.0 eq) and 

Burgess reagent (3.0 eq) were added, and the reaction mixture was stirred at 60 °C for 18 h. 

The solvent was removed under reduced pressure and the crude was purified by preparative 

HPLC. 

General procedure C. The respective carbonitrile (1.0 eq) was dissolved in DMF (0.25 M). 

NaN3 (2.0 eq), NH4Cl (1.3 eq), and LiCl (0.5 eq) were added and the reaction mixture was 

stirred at 100 °C for 18 h. After completion of the reaction, the mixture was quenched with 

ice water (8 mL) and acidified with 1 M HCl to pH = 2. The precipitated solid was filtered 

and washed with cold water. The tetrazole product was used without further purification in the 

next step. The tetrazole derivative (1.0 eq) was dissolved in toluene (0.05 M). DFAA (3.0 eq) 
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was added and the solution was stirred at 70 °C for 18 h. The reaction mixture was 

concentrated under reduced pressure and purified by preparative HPLC. 

 

2‐(Difluoromethyl)‐5‐phenyl‐1,3,4‐oxadiazole (1). Benzonitrile (206 mg, 2.00 mmol, 

1.0 eq), NaN3 (260 mg, 4.00 mmol, 2.0 eq), NH4Cl (213 mg, 4.00 mmol, 2.0 eq), and LiCl 

(66 mg, 1.56 mmol, 0.8 eq) were suspended in DMF (2 mL) and the resulting mixture was 

subjected to microwave irradiation at 150 W and 100 °C under vigorous stirring for 24 h. 

After evaporation of the solvent, the mixture was dissolved in 1 M NaOH (20 mL) and 

washed with EtOAc (2 x 10 mL) to remove excess benzonitrile. The aqueous layer was 

acidified using 10% HCl (pH 4) and extracted with CH2Cl2 (3 x 50 mL). The combined 

organic layers were dried over MgSO4 and concentrated under reduced pressure. The 

intermediate 5-phenyl-1H-tetrazole was obtained as a white solid (216 mg, 1.47 mmol) and 

used without analytical characterization for the next reaction step. A solution of 5-phenyl-1H-

tetrazole (180 mg, 1.22 mmol, 1.0 eq) in CH2Cl2 (18 mL) was cooled to 0 °C and DFAA 

(0.75 mL, 6.10 mmol, 5.0 eq) was added dropwise. The resulting solution was allowed to 

warm to rt and stirred for 24 h before water (20 mL) was added. The mixture was extracted 

with CH2Cl2 (3 x 30 mL) and the combined organic layers were washed with brine (10 mL) 

and dried over MgSO4. Removal of the solvent under reduced pressure and recrystallisation 

from EtOAc (2 mL) and petrol ether (20 mL) afforded the desired product 1 as a white solid 

(193 mg, 0.98 mmol). Yield: 81%; mp. 101–105 °C; 1H NMR (300 MHz, CDCl3): δ 8.19–

8.07 (m, 2H), 7.67–7.46 (m, 3H), 6.92 (t, J (H, F) = 51.7 Hz, 1H); 13C NMR (101 MHz, 

CDCl3): δ 166.3, 158.3 (t, 2J  (C, F) = 28.8 Hz), 132.9, 129.4, 127.6, 122.8, 106.0 (t, 1J  (C, F) 

= 240.9 Hz; 19F NMR (377 MHz, CDCl3) δ -127.0, -127.1; HRMS (ESI) m/z [M+H]+ calcd 

for C9H7F2N2O
+

 197.0521, found 197.0516; HPLC (95% H2O 1 min, then to 95% MeCN in 

7 min, then 100% MeCN to 17 min, 254 nm), tR = 8.86 min, 95% purity. 
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2-(Difluoromethyl)-5-(6-methylpyridin-3-yl)-1,3,4-oxadiazole (2). The product was 

synthesized according to the general procedure B, using methyl 6-methylnicotinate (453 mg, 

3.00 mmol, 1.0 eq) as starting material. The reaction mixture was purified by silica gel 

column chromatography (DCM/MeOH, 97/3, v/v) to afford 2 as yellow oil (146 mg, 

0.70 mmol). Yield: 23%; Rf = 0.58 (DCM/MeOH, 95/5, v/v) ; 1H NMR (600 MHz, DMSO-d6) 

δ 9.08 (d, J = 2.3 Hz, 1H), 8.31 (dd, J = 8.1, 2.3 Hz, 1H), 7.56 (t, J (H, F) = 51.4 Hz, 1H), 

7.53 (d, J = 8.2 Hz, 1H), 2.59 (s, 3H); 13C NMR (151 MHz, DMSO-d6) δ 164.0, 162.8, 158.6 

(t, 2J (C, F) = 29.2 Hz), 147.3, 135.0, 123.9, 116.6, 106.7 (t, 1J (C, F) = 238.8 Hz), 24.4; 

19F NMR (565 MHz, DMSO-d6) δ -121.5, -121.6; HRMS (ESI) m/z [M+H]+ calcd for 

C9H8F2N3O
+

 212.0630, found 212.0620; HPLC (95% H2O 5 min, then to 95% MeCN in 

5 min, then 100% MeCN to 20 min, 254 nm), tR = 10.98 min, 95% purity. 

 

2-(Difluoromethyl)-5-(pyrimidin-5-yl)-1,3,4-oxadiazole (3). Synthesis according to the 

general procedure A starting from 5-cyanopyrimidine (208 mg, 2.00 mmol, 1.0 eq) afforded 3 

as a yellow solid (80 mg, 0.41 mmol). Yield: 20%; mp. 104–107 °C; 1H NMR (400 MHz, 

CDCl3): δ 9.49–9.40 (m, 3H), 6.97 (t, J (H, F) = 51.6 Hz, 1H); 13C NMR (75 MHz, CDCl3): 

δ 162.1, 161.5, 159.2 (t, 2J (C, F) = 29.3 Hz), 155.4, 118.4, 105.7 (t, 1J (C, F) = 241.9 Hz); 

19F NMR (377 MHz, CDCl3) δ -119.2, -119.3. HRMS (ESI) m/z [M+H]+ calcd for 

C7H5F2N4O
+

 199.0426, found 199.0425; HPLC (95% H2O 1 min, then to 95% MeCN in 

7 min, then 100% MeCN to 17 min, 254 nm), tR = 6.59 min, 97% purity. 

 

2-(Benzylamino)pyrimidine-5-carbonitrile (4). Benzylamine (0.328 mL, 3.00 mmol, 1.0 eq) 

and 2-chlorpyrimidine-5-carbonitrile (837 mg, 6.00 mmol, 2.0 eq) were dissolved in EtOH 
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(4 mL, 0.3 M). DIPEA (1.56 mL, 6.00 mmol, 3.0 eq) was added and the reaction mixture was 

stirred at 90 °C for 18 h. After completion of the reaction, the solvent was removed under 

reduced pressure. EtOAc was added and the organic phase was washed with brine, dried over 

Na2SO4, filtered and evaporated. The crude was purified by silica gel column using 

cyclohexane/EtOAc gradient (16% to 25% EtOAc) to obtain the desired product as a yellow 

solid (598 mg, 2.85 mmol). Yield: 95%; mp. 170-172 °C; Rf = 0.5 (cyclohexane/EtOAc, 3/1, 

v/v); 1H NMR (600 MHz, DMSO-d6) δ 8.80 (t, J = 6.4 Hz, 1H), 8.71 – 8.65 (m, 2H), 7.33 – 

7.29 (m, 1H), 7.31 – 7.25 (m, 3H), 7.25 – 7.19 (m, 1H), 4.55 (d, J = 6.4 Hz, 2H); 13C NMR 

(151 MHz, DMSO-d6) δ 161.9, 161.6, 139.1, 128.5, 127.2, 127.0, 117.2, 95.6, 44.1; LRMS 

(ESI) m/z [M+H]+ calcd for C12H11N4
+ 211.1, found 210.9.  

 

2-[(4-Methoxybenzyl)amino]pyrimidine-5-carbonitrile (5). 4-Methoxybenzylamine 

(0.235 mL, 1.80 mmol, 1.0 eq) and 2-chlorpyrimidine-5-carbonitrile (502 mg, 3.60 mmol, 

2.0 eq) were dissolved in EtOH (6 mL, 0.3 M). DIPEA (0.943 mL, 5.40 mmol, 3.0 eq) was 

added and the reaction mixture was stirred at 90 °C for 18 h. After completion of the reaction, 

the solvent was removed under reduced pressure. EtOAc was added and the organic phase 

was washed with brine, dried over Na2SO4, filtered and evaporated. The crude was purified by 

silica gel column using cyclohexane/EtOAc gradient (16% to 25% EtOAc) to obtain the 

desired product as a yellow solid (455 mg, 1.70 mmol). Yield: 94%; mp. 177-178 °C; Rf= 

0.18 (cyclohexane/EtOAc, 3/1, v/v); 1H NMR (600 MHz, CDCl3) δ 8.53 (d, J = 2.9 Hz, 1H), 

8.18 – 8.14 (m, 1H), 7.26 – 7.21 (m, 2H), 6.90 – 6.85 (m, 2H), 6.42 (s, 1H), 4.56 (d, J = 

5.6 Hz, 2H), 3.79 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 161.6, 161.4, 160.6, 159.4, 129.2, 

129.2, 116.3, 114.2, 97.0, 55.3, 45.2; LRMS (ESI) m/z [M+H]+ calcd for C13H13N4O
+ 241.1, 

found 240.9. 
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N-Benzyl-5-[5-(difluoromethyl)-1,3,4-oxadiazol-2-yl]pyrimidin-2-amine (6). The product 

was synthesized according to general procedure C, using 4 (55 mg, 0.26 mmol, 1.0 eq) as 

starting material. The crude was purified by silica gel column chromatography (cyclohexane/ 

EtOAc, 4/1, v/v) to afford 6 as a white solid (31 mg, 0.10 mmol). Yield: 38%; mp. 174-

176 °C; Rf = 0.28 (cyclohexane/ EtOAc, 3/1, v/v); 1H NMR (600 MHz, DMSO-d6) δ 8.87 (s, 

2H), 8.71 (t, J = 6.4 Hz, 1H), 7.51 (t, J (H, F) = 51.4 Hz, 1H), 7.34 – 7.28 (m, 4H), 7.26 – 

7.19 (m, 1H), 4.60 (d, J = 6.4 Hz, 2H); 13C NMR (151 MHz, DMSO-d6) δ 163.3, 163.1, 157.7 

(t, 2J (C, F) = 29.2 Hz), 157.3, 157.2, 139.3, 128.5, 127.2, 127.0, 106.7, 106.5 (t, 1J (C, F) = 

237.4 Hz), 44.2; 19F NMR (565 MHz, DMSO-d6) δ -121.1, -121.2; HRMS (ESI) m/z [M+H]+ 

calcd for C14H12F2N5O
+

  304.1004, found 304.0995; HPLC (95% H2O 5 min, then to 95% 

MeCN in 5 min, then 100% MeCN to 20 min, 254 nm), tR = 12.71 min, 99% purity. 

 

5-[5-(Difluoromethyl)-1,3,4-oxadiazol-2-yl]-N-(4-methoxybenzyl)pyrimidin-2-amine (7). 

The product was synthesized according to general procedure C, using 5 (336 mg, 1.40 mmol, 

1.0 eq) as starting material. Purification by RP flash column chromatography using a 

water/ACN gradient (5% to 95% ACN) yielding 7 as a white solid (225 mg, 0.70 mmol). 

Yield: 50%; mp. 165-166 °C; 1H NMR (600 MHz, DMSO-d6) δ 8.89 – 8.83 (m, 2H), 8.65 (t, 

J = 6.4 Hz, 1H), 7.51 (t, J (H, F) = 51.4 Hz, 1H), 7.27 – 7.22 (m, 2H), 6.89 – 6.84 (m, 2H), 

4.52 (d, J = 6.3 Hz, 2H), 3.71 (s, 3H); 13C NMR (151 MHz, DMSO-d6) δ 163.3, 163.0, 157.7 

(t, 2J (C, F) = 29.2 Hz), 157.3, 157.2, 131.2, 128.7, 113.9, 107.5 (t, 1J (C, F) = 238.4 Hz), 

106.4, 55.2, 43.7; 19F NMR (565 MHz, DMSO-d6) δ -121.1, -121.2; HRMS (ESI) m/z 

[M+H]+ calcd for C15H14F2N5O2
+

  334.1110, found 334.1113; HPLC (95% H2O 5 min, then to 

95% MeCN in 5 min, then 100% MeCN to 20 min, 254 nm), tR = 12.66 min, 98% purity. 
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Methyl 4-[(butylamino)methyl]benzoate (8). Methyl 4-(bromomethyl)benzoate (263 mg, 

1.15 mmol, 1.0 eq) and butylamine (0.568 mL, 5.75 mmol, 5.0 eq) were dissolved in THF 

(3 mL, 0.4 M) and the reaction was stirred at room temperature for 1 h. After completion of 

the reaction, the mixture was diluted with NaHCO3 (30 mL) and extracted with DCM (3 x 

30 mL), dried over Na2SO4, filtered and the solvent was removed under reduced pressure. The 

crude product was purified by silica gel column chromatography (DCM/MeOH, 95/5, v/v) to 

afford 8 as a colourless oil (221 mg, 1.00 mmol). Yield: 87%; Rf = 0.28 (DCM/MeOH, 95/5, 

v/v); 1H NMR (600 MHz, DMSO-d6) δ 7.92 – 7.87 (m, 2H), 7.48 – 7.44 (m, 2H), 3.83 (s, 3H), 

3.75 (s, 2H), 2.47 (t, J = 7.3 Hz, 2H), 1.40 (dq, J = 8.6, 7.0 Hz, 2H), 1.34 – 1.24 (m, 2H), 0.84 

(t, J = 7.3 Hz, 3H); NH-proton was not detectable; 13C NMR (151 MHz, DMSO-d6) δ 166.4, 

146.9, 129.2, 128.2, 128.1, 52.7, 52.1, 48.5, 31.7, 20.1, 14.0; LRMS (ESI) m/z [M+H]+ calcd 

for C13H20NO2
+ 222.1, found 222.1. 

 

1-Butyl-1-{4-[5-(difluoromethyl)-1,3,4-oxadiazol-2-yl]benzyl}-3-phenylurea (9). The 

product was synthesized according to general procedure B, using 19 (340 mg, 1.00 mmol, 

1.0 eq) as starting material, affording 9 as a white lyophilized solid (29 mg, 0.071 mmol). 

Yield: 9%; 1H NMR (600 MHz, DMSO-d6) δ 8.38 (s, 1H), 8.06 – 8.02 (m, 2H), 7.53 (t, J (H, 

F) = 51.4 Hz, 1H), 7.51 (d, J = 8.1 Hz, 2H), 7.45 (dd, J = 8.2, 6.9 Hz, 2H), 7.25 – 7.19 (m, 

2H), 6.96 – 6.90 (m, 1H), 4.68 (s, 2H), 3.36 – 3.32 (m, 2H), 1.49 (p, J = 7.5 Hz, 2H), 1.26 (h, 

J = 7.4 Hz, 2H), 0.86 (t, J = 7.4 Hz, 3H); 13C NMR (151 MHz, DMSO-d6) δ 165.4, 158.4 (t, 

2J (C, F) = 29.5 Hz), 155.4, 144.7, 140.6, 128.4, 128.3, 127.4, 122.0, 121.1, 120.3, 106.8 (t, 1J 

(C, F) = 238.3 Hz), 49.4, 46.5, 30.2, 19.6, 13.9; 19F NMR (565 MHz, DMSO-d6) δ -121.4, -

121.5; HRMS (ESI) m/z [M+H]+ calcd for C21H23F2N4O2
+ 401.1784, found 401.1791; HPLC 

(95% H2O 5 min, then to 95% MeCN in 5 min, then 100% MeCN to 20 min, 254 nm), tR = 

17.05 min, 96% purity. 
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N-Butyl-N-{4-[5-(difluoromethyl)-1,3,4-oxadiazol-2-yl]benzyl}benzamide (10). 8 (211 mg, 

1.00 mmol, 1.0 eq) was dissolved in DCM (2.5 mL, final concentration 0.2 M). Benzoyl 

chloride (280 mg, 2 mmol, 2 eq) was separately dissolved in DCM (2.5 mL) and added 

dropwise over 10 mins to the reaction. The mixture was stirred at room temperature for 2 h. 

After completion, the reaction was quenched by the addition of water (10 mL) and extracted 

with DCM (3 x 10 mL), dried over Na2SO4, filtered and the solvent was removed under 

reduced pressure. The crude intermediate methyl 4-((N-butylbenzamido)methyl)benzoate was 

purified by silica gel column chromatography (cyclohexane/EtOAc, 3/1, v/v) to afford a 

yellow oil (187 mg, 0.57 mmol). This intermediate was used without analytical 

characterization for the next reaction step. 10 was synthesized in the next steps according to 

the general procedure B using methyl 4-((N-butylbenzamido)methyl)benzoate (187 mg, 

0.57 mmol, 1.0 eq) as starting material, affording 10 as a white lyophilized solid (32 mg, 

0.084 mmol). Yield: 15%; 1H NMR (600 MHz, CDCl3, mixture of 2 rotamers in 0.6:0.4 ratio) 

δ 8.11 (d, J = 7.8 Hz, 2H), 7.54 (d, J = 7.8 Hz, 1H), 7.42 (d, J = 19.2 Hz, 6H), 6.92 (t, J (H, F) 

= 51.7 Hz, 1H), 4.93 – 4.79 (m, 1.2H), 4.68 – 4.54 (m, 0.8H), 3.55 – 3.43 (m, 0.8H), 3.28 – 

3.13 (m, 1.2H), 1.75 – 1.58 (m, 0.8H), 1.55 – 1.44 (m, 1.2H), 1.42 – 1.31 (m, 0.8H), 1.16 – 

1.06 (m, 1.2H), 1.01 – 0.90 (m, 1.2H), 0.79 – 0.67 (m, 1.8H); 13C NMR (151 MHz, CDCl3, 

mixture of 2 rotamers) δ 172.5, 166.0, 158.3, 158.2 (t, 2J (C, F) = 29.1 Hz), 142.9, 142.6, 

136.0, 129.7, 128.7, 128.6, 127.9, 127.6, 126.5, 121.7, 115.7, 113.8, 105.8 (t, 1J (C, F) = 

240.9 Hz), 52.4, 48.7, 47.6, 45.0, 30.4, 29.1, 20.2, 19.6, 13.8, 13.5; 19F NMR (565 MHz, 

CDCl3) δ -120.0, -120.1; HRMS (ESI) m/z [M+H]+ calcd for C21H22F2N3O2
+ 386.1675, found 

386.1674; HPLC (95% H2O 5 min, then to 95% MeCN in 5 min, then 100% MeCN to 

20 min, 254 nm), tR = 13.40 min, 98% purity. 
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Methyl 4-({N-[2-(benzylamino)-2-oxoethyl]-4-

(dimethylamino)benzamido}methyl)benzoate (11). Compound 11 was synthesized as 

described.59 

 

N-[2-(Benzylamino)-2-oxoethyl]-N-{4-[5-(difluoromethyl)-1,3,4-oxadiazol-2-yl]benzyl}-4-

(dimethylamino)benzamide (12). The product was synthesized according to general 

procedure B, using 11 (135 mg, 0.30 mmol, 1.0 eq) as starting material, affording 12 as a 

white lyophilized solid (13.7 mg, 0.026 mmol). Yield: 9%; 1H NMR (600 MHz, DMSO-d6) δ 

8.44 (t, J = 5.9 Hz, 1H), 8.04 (d, J = 8.0 Hz, 2H), 7.59 (t, J (H, F) = 51.7 Hz, 1H), 7.55 (d, J = 

7.8 Hz, 2H), 7.35 – 7.29 (m, 4H), 7.24 (t, J = 7.3 Hz, 3H), 6.65 (d, J = 8.5 Hz, 2H), 4.73 (s, 

2H), 4.30 (d, J = 5.9 Hz, 2H), 3.94 (s, 2H), 2.93 (s, 6H); 13C NMR (151 MHz, DMSO-d6) δ 

172.0, 168.3, 165.4, 158.4 (t, 2J (C, F) = 29.5 Hz), 151.4, 143.1, 139.4, 128.8, 128.4, 127.4, 

127.0, 121.3, 111.2, 106.8 (t, 1J (C, F) = 238.3 Hz), 42.3; 19F NMR (565 MHz, DMSO-d6) δ -

121.4, -121.5; HRMS (ESI) m/z [M+H]+ calcd for C28H28F2N5O3
+ 520.2155, found 520.2075; 

HPLC (95% H2O 5 min, then to 95% MeCN in 5 min, then 100% MeCN to 20 min, 254 nm), 

tR = 15.29 min, 99% purity. 

 

2-(Benzylamino)-N'-(2,2-difluoroacetyl)pyrimidine-5-carbohydrazide (13). 18 (371 mg, 

1.50 mmol, 1.0 eq) was dissolved in MeOH (10 mL, 0.2 M). Hydrazine monohydrate 

(0.75 mL, 10.00 mmol, 10.0 eq) was added and the reaction mixture was stirred at 70 °C for 

3 h. After completion of the reaction, the solvent was removed under reduced pressure. The 

crude was used directly in the next step. The resulting hydrazide (1.0 eq) was dissolved in 

DMF (15 mL, 0.1 M). DFAA (0.205 mL, 1.65 mmol, 1.1 eq) was added and it was stirred at 

70 °C for 1 h. The solvent was removed under reduced pressure and the crude was purified by 

preparative HPLC to afford 13 as a white lyophilized solid (82 mg, 0.26 mmol). Yield: 17%; 
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1H NMR (600 MHz, DMSO-d6) δ 10.90 (s, 1H), 10.45 (s, 1H), 8.73 (s, 2H), 8.45 (t, J = 

6.4 Hz, 1H), 7.31 (d, J = 4.8 Hz, 4H), 7.26 – 7.20 (m, 1H), 6.42 (t, J (H, F) = 53.0 Hz, 1H), 

4.58 (d, J = 6.4 Hz, 2H); 13C NMR (151 MHz, DMSO-d6) δ 163.3, 163.1, 161.7 (t, 2J (C, F) = 

25.8 Hz), 158.4, 158.0, 139.7, 128.4, 127.2, 126.9, 114.6, 108.3 (t, 1J (C, F) = 246.6 Hz), 

44.2; 19F NMR (565 MHz, DMSO-d6) δ -127.1, -127.2; HRMS (ESI) m/z [M+H]+ calcd for 

C14H14F2N5O2
+

  322.1110, found 322.1110; HPLC (95% H2O 5 min, then to 95% MeCN in 

5 min, then 100% MeCN to 20 min, 254 nm), tR = 11.28 min, 98% purity. 

 

2-(Benzylamino)pyrimidine-5-carbohydrazide (14). 18 (243 mg, 1.00 mmol, 1.0 eq) was 

dissolved in MeOH (5 mL, 0.2 M). Hydrazine monohydrate (1.00 mL, 10.00 mmol, 10.0 eq) 

was added and the reaction mixture was stirred at 70 °C for 3 h. After completion of the 

reaction, the solvent was removed under reduced pressure. The solvent was removed under 

reduced pressure and the crude was purified by preparative HPLC to afford 14 as a yellow 

lyophilized solid (203 mg, 0.83 mmol). Yield: 83%; 1H NMR (600 MHz, DMSO-d6) δ 9.53 

(s, 1H), 8.65 (s, 2H), 8.24 (t, J = 6.4 Hz, 1H), 7.31 – 7.27 (m, 4H), 7.24 – 7.18 (m, 1H), 4.54 

(d, J = 6.4 Hz, 2H), 4.38 (s, 2H).; 13C NMR (151 MHz, DMSO-d6) δ 163.9, 163.0, 157.8, 

157.3, 139.9, 128.4, 127.2, 126.8, 115.8, 44.1; HRMS (ESI) m/z [M+H]+ calcd for 

C12H14N5O
+

  244.1193, found 244.1186; HPLC (95% H2O 5 min, then to 95% MeCN in 

5 min, then 100% MeCN to 20 min, 254 nm), tR = 10.56 min, 96% purity. 

 

N-Benzyl-5-(5-methyl-1,3,4-oxadiazol-2-yl)pyrimidin-2-amine (15). 4 (105 mg, 

0.50 mmol, 1.0 eq) was dissolved in DMF (0.25 M). NaN3 (65 mg, 1.00 mmol, 2.0 eq), 

NH4Cl (35 mg, 0.65 mmol, 1.3 eq) and LiCl (11 mg, 0.25 mmol, 0.5 eq) were added and the 

reaction mixture was stirred at 100 °C for 18 h. After completion of the reaction, the mixture 

was quenched with ice water (4 mL) and acidified with 1 M HCl. The precipitated solid was 
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filtered and washed with cold water. The tetrazole product was used without further 

purification in the next step. The tetrazole derivative (126 mg, 0.50 mmol, 1.0 eq) was 

dissolved in toluene (0.05 M). acetic anhydride (6 mL, 63 mmol, 126.0 eq) was added and it 

was stirred at 70 °C for 18 h. The reaction mixture was concentrated under reduced pressure 

and conducted without purification in the next reaction step. The mixture was dissolved 

(MeOH/H2O, 0.15 M, 1/1, v/v), K2CO3 (207 mg, 1.50 mmol, 3.0 eq) was added and the 

reaction mixture was stirred at room temperature for 12 h. The crude product was 

concentrated under reduced pressure and purified by RP flash column chromatography using 

a water/ACN gradient (5% to 95% ACN) yielding 15 as a white solid (72 mg, 0.27 mmol). 

Yield: 54%; mp. 189-192 °C; 1H NMR (500 MHz, DMSO-d6) δ 8.78 (s, 2H), 8.53 (t, J = 

6.3 Hz, 1H), 7.34 – 7.26 (m, 4H), 7.26 – 7.18 (m, 1H), 4.58 (d, J = 6.3 Hz, 2H), 2.53 (s, 3H); 

13C NMR (126 MHz, DMSO-d6) δ 163.1, 162.9, 161.5, 156.6, 156.2, 139.5, 128.4, 127.2, 

126.9, 107.6, 44.2, 10.6; HRMS (ESI) m/z [M+H]+ calcd for C14H14N5O
+

  268.1193, found 

268.1189; HPLC (95% H2O 5 min, then to 95% MeCN in 5 min, then 100% MeCN to 

20 min, 254 nm), tR = 12.29 min, 96% purity. 

 

N-Benzyl-5-(5-(fluoromethyl)-1,3,4-oxadiazol-2-yl)pyrimidin-2-amine (16). Synthesis 

according to the general procedure A starting from 14 (100 mg, 0.41 mmol, 1.0 eq.), using 

monofluoroacetic acid (0.028 mL, 0.49 mmol, 1.2 eq.) to afford 16 as a white lyophilized 

solid (4.6 mg, 0.016 mmol). Yield: 4%; 1H NMR (500 MHz, DMSO-d6): δ 8.85 (s, 2H), 8.64 

(t, J = 6.4 Hz, 1H), 7.34 – 7.27 (m, 4H), 7.27 – 7.18 (m, 1H), 5.71 (d, J = 46.7 Hz, 2H), 4.60 

(d, J = 6.2 Hz, 2H); 13C NMR (126 MHz, DMSO-d6): δ 163.0, 162.9, 160.9 (d, 2J (C, F) = 

19.5 Hz), 157.1, 156.8, 139.4, 128.4, 127.2, 127.0, 107.0, 73.6 (d, 1J (C, F) = 165.3 Hz), 44.2; 

19F NMR (471 MHz, DMSO-d6) δ -74.2. HRMS (ESI) m/z [M+H]+ calcd for C14H13FN5O
+
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286.1099, found 286.1101; HPLC (95% H2O 1 min, then to 95% MeCN in 7 min, then 100% 

MeCN to 17 min, 254 nm), tR = 12.44 min, 96% purity. 

 

 

 

N-Benzyl-5-[5-(trifluoromethyl)-1,3,4-oxadiazol-2-yl]pyrimidin-2-amine (17). The 

product was synthesized according to general procedure C, using 4 (105 mg, 0.50 mmol, 

1.0 eq) and trifluoracetic anhydride (TFAA, 0.139 mL, 1.00 mmol, 2.0 eq) as starting 

material. The crude was purified by silica gel column chromatography (cyclohexane/EtOAc, 

4/1, v/v) to afford 17 as a white solid (88 mg, 0.27 mmol). Yield: 54%; mp. 185-187 °C; Rf = 

0.4 (cyclohexane/EtOAc, 4/1, v/v); 1H NMR (600 MHz, DMSO-d6) δ 8.89 (d, J = 1.5 Hz, 

2H), 8.78 (t, J = 6.4 Hz, 1H), 7.34 – 7.28 (m, 4H), 7.23 (ddd, J = 8.6, 5.3, 3.3 Hz, 1H), 4.61 

(d, J = 6.2 Hz, 2H); 13C NMR (151 MHz, DMSO-d6) δ 164.2, 163.2, 157.6, 157.5, 153.4 (q, 

2J (C, F) = 43.8 Hz), 139.3, 128.5, 127.3, 127.0, 117.4 (q, 1J (C, F) = 270.3 Hz), 106.1, 44.2; 

19F NMR (565 MHz, DMSO-d6) δ -65.0; HRMS (ESI) m/z [M+H]+ calcd for C14H11F3N5O
+

  

322.0910, found 322.0481; HPLC (95% H2O 5 min, then to 95% MeCN in 5 min, then 100% 

MeCN to 20 min, 254 nm), tR = 13.21 min, 97% purity. 

 

 

Methyl 2-(benzylamino)pyrimidine-5-carboxylate (18). Benzylamine (0.220 mL, 

2.00 mmol, 1.0 eq) and methyl 2-chlorpyrimidin-5-carboxylate (345 mg, 2.00 mmol, 1.0 eq) 

were dissolved in EtOH (10 mL, 0.2 M). DIPEA (0.524 mL, 3.00 mmol, 1.5 eq) was added 

and the reaction mixture was stirred at 80 °C for 18 h. After completion of the reaction, the 

solvent was removed under reduced pressure. EtOAc was added and the organic phase was 
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washed with brine, dried over Na2SO4, filtered and evaporated. The product was obtained as a 

yellow solid (371 mg, 1.50 mmol) and used without further purification. Yield: 76%; mp. 

151-153 °C; 1H NMR (600 MHz, DMSO-d6) δ 8.74 (d, J = 3.1 Hz, 2H), 8.61 (t, J = 6.4 Hz, 

1H), 7.32 – 7.29 (m, 4H), 7.25 – 7.21 (m, 1H), 4.58 (d, J = 6.4 Hz, 2H), 3.78 (s, 3H); 

13C NMR (151 MHz, DMSO-d6) δ 164.7, 163.5, 159.8, 159.8, 139.4, 128.4, 127.2, 126.9, 

112.6, 51.7, 44.2; LRMS (ESI) m/z [M+H]+ calcd for C13H14N3O2
+ 244.1, found 243.9. 

 

Methyl 4-[(1-butyl-3-phenylureido)methyl]benzoate (19). Phenyl phenylcarbamate 

(149 mg, 0.70 mmol, 1.0 eq) and 8 (197 mg, 0.84 mmol, 1.2 eq) were dissolved in THF 

(7 mL, 0.1 M). Et3N (0.195 mL, 1.40 mmol, 2.0 eq) was added and the reaction mixture was 

stirred at 60 °C for 2 h. The reaction was allowed to cool down to room temperature and 

quenched by the addition of water (10 mL). The mixture was extracted wit EtOAc (3 x 5 mL). 

The combined organic layers were washed with brine, dried over Na2SO4, filtered and the 

solvent was removed under reduced pressure. The crude product was purified by silica gel 

column chromatography (cyclohexane/EtOAc, 3/1, v/v) to afford 19 as colourless oil (207 mg, 

0.60 mmol). Yield: 87%; Rf = 0.36 (cyclohexane/EtOAc, 3/1, v/v); 1H NMR (600 MHz, 

CDCl3) δ 8.05 – 7.98 (m, 2H), 7.36 (d, J = 8.2 Hz, 2H), 7.31 – 7.27 (m, 2H), 7.25 – 7.22 (m, 

2H), 7.00 (tt, J = 7.1, 1.3 Hz, 1H), 6.29 (s, 1H), 4.61 (s, 2H), 3.90 (s, 3H), 3.34 – 3.30 (m, 

2H), 1.65 – 1.56 (m, 2H), 1.35 (h, J = 7.4 Hz, 2H), 0.92 (t, J = 7.3 Hz, 3H); 13C NMR 

(151 MHz, CDCl3) δ 166.8, 155.3, 143.1, 138.8, 130.2, 129.5, 129.5, 128.9, 127.1, 123.2, 

119.9, 52.1, 50.5, 47.8, 30.5, 20.2, 13.8; LRMS (ESI) m/z [M+H]+ calcd for C20H25N2O3
+ 

341.2, found 341.2. 
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Biological experiments 

HDAC Inhibition Assays  

Preincubation assay for HDAC1-4 and HDAC6. In vitro inhibitory activity assays against 

HDAC1-3 and HDAC6 were performed using a modified protocol based on our previously 

published assays.63 In vitro inhibitory activities against HDAC4 were measured using a 

previously published protocol with slight modifications.68 For compounds and controls, 3fold 

serial dilutions of the respective DMSO-stock solution in assay buffer (50 mM Tris−HCl, pH 

8.0, 137 mM NaCl, 2.7 mM KCl, 1.0 mM MgCl2•6 H2O, 5 mg/mL BSA), were prepared and 

5.0 μL of this serial dilutions were transferred into OptiPlate-96 black micro-plates 

(PerkinElmer). Then, 25 μL assay buffer and 10 μL enzyme solution (human recombinant 

HDAC1 (BPS Bioscience, Catalog# 50051); HDAC2 (BPS Bioscience, Catalog# 50052); 

HDAC3/NcoR2 (BPS Bioscience, Catalog# 50003); HDAC4 (BPS Bioscience, Catalog# 

50004); HDAC6 (BPS Bioscience, Catalog# 50006) were added. Enzyme and inhibitor were 

preincubated at 25 °C for 60 minutes. Afterwards, the fluorogenic substrate ZMAL (Z-

Lys(Ac)-AMC69; 10 μL; 75 μM in assay buffer) was added. In the case of HDAC4 the 

fluorogenic substrate Boc-Lys(Tfa)-AMC (Bachem, Catalog# 4060676, 10 μL;  42.86 μM in 

assay buffer) was added. The total assay volume (50 μL, max. 1% DMSO) was incubated at 

37 °C for 90 min. Subsequently, 50 μL trypsin solution (0.4 mg/mL trypsin in buffer: 50 mM 

Tris−HCl, pH 8.0, 100 mM NaCl) was added, followed by additional 30 minutes of 

incubation at 37 °C. Fluorescence (excitation: 355 nm, emission: 460 nm) was measured 

using an FLUOstar OPTIMA microplate reader (BMG LABTECH). Compounds were tested 

at least twice in duplicates; the 50% inhibitory concentration (IC50) was determined by 

plotting normalized dose response curves using nonlinear regression (Prism 8).  

 

https://doi.org/10.26434/chemrxiv-2023-6kt1w-v4 ORCID: https://orcid.org/0000-0001-9765-5975 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-6kt1w-v4
https://orcid.org/0000-0001-9765-5975
https://creativecommons.org/licenses/by-nc-nd/4.0/


IC50-shift experiments at HDAC6. For IC50-shift experiments we used the preincubation 

assay for HDAC6 as stated above and varied the preincubation period as follows: enzyme and 

the respective inhibitor dilutions were preincubated at 25°C for 5 to 120 minutes. Afterwards, 

the assay protocol was continued as stated above. Compounds were tested at least twice in 

duplicates.  

 

Determination of binding kinetics via the Progression Method.63, 66 HDAC6 deacetylase 

activity was evaluated at varying inhibitor concentrations. Appropriate inhibitor 

concentrations were chosen based on the previously determined IC50 values. To ensure 

substrate excess during the experiment, the substrate concentration was set to five times KM. 

KM was determined using a series of substrate concentrations (see Figure S2). The respective 

steady-state velocities were plotted against the corresponding substrate concentrations [S] and 

fitted to the Michaelis-Menten equation (KM HDAC6 = 19.27 µM). For the progression 

curves, the enzyme was incubated with the fluorogenic substrate and inhibitor in assay buffer 

(50 μL; 50 mM Tris−HCl, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1.0 mM MgCl2•6 H2O, 

5 mg/mL BSA) and 50 μL trypsin solution (40 ng/μL; buffer: 50 mM Tris−HCl, pH 8.0, 

100 mM NaCl). The total assay volume (100 μL) contained the following final 

concentrations: HDAC6 (Lot #: 220419-GC; 220 pg/μL), ZMAL (93.0 μM) and trypsin 

(20 ng/μL). In situ AMC release was monitored continuously by fluorescence readings 

(excitation: 360 nm, emission: 460 nm; TECAN Spark® multimode microplate reader) 

recorded every 0.5 min for 45 minutes at 37 °C. The relationship between AMC concentration 

and relative fluorescence units (RFU) was determined and the measured RFU were 

transformed into the respective AMC concentration in μM. The data of each progression 

curve were fitted to obtain the apparent first-order rate constant kobs (Eq. 1). The apparent 

first-order rate constants kobs were replotted against the corresponding inhibitor concentrations 
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[I] and the curves were either fitted into Eq. 2 or Eq. 3. Compounds were tested in triplicates. 

Data were fitted to the relevant equations using Prism 8. 

 

100-fold Jump-Dilution experiments. HDAC6 (22 ng/μL) in assay buffer (50 mM 

Tris−HCl, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1.0 mM MgCl2•6 H2O, 5 mg/mL BSA) was 

incubated with an inhibitor-concentrate (at least 10fold IC50) or blank (DMSO 1%) for 1 hour 

at room temperature. Afterwards, this “incubation-mix” was diluted 100fold either in the 

presence of the respective inhibitors at their original concentrations or solely with assay 

buffer. The substrate ZMAL (25 µL; 372 µM in assay buffer) and trypsin (50 μL; 40 ng/μL; 

buffer: 50 mM Tris−HCl, pH 8.0, 100 mM NaCl) were added to all samples. The total assay 

volume (100 μL) contained the following final concentrations: HDAC6 (Lot #: 220419-GC; 

220 pg/μL), ZMAL (93 μM) and trypsin (20 ng/μL). The time-dependent in situ AMC release 

was monitored continuously by fluorescence readings (excitation: 360 nm, emission: 460 nm; 

TECAN Spark® multimode microplate reader) recorded every 0.5 min for 60 minutes at 

37°C. Compounds were tested in triplicates. 

 

LCMS Experiments 

General information. Danio rerio HDAC6 catalytic domain 2 (zCD2) was expressed and 

purified as previously described, with the modification of 0 mM imidazole in Buffer A.70  

zCD2 Mutagenesis. Two mutants were generated of zCD2, Y745F and H573A were 

prepared using the Q5 Site-Directed Mutagenesis Kit (New England Biolabs) with the 

addition of 5% DMSO. PCR primer sequences and annealing temperatures were generated 

using NEBaseChanger and listed in Table 2. Following sequence confirmation, the plasmids 

were transformed into BL21(DE3) cells expressed and purified by the same method as wild-
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type zCD2. Mutant H574A was generated previously, and expressed then purified by the 

same method as wild-type zCD2.62  

Table 2. Primers for zCD2 Mutagenesis 

Primer: Sequence: 
Annealing 

Temperature: 

Y745F Fwd 5’-GGAAGGCGGTTTTAACCTGACCA-3’ 
63 °C 

Y745F Rev 5’-AGGATAATCAGCACACGAC-3’ 

H573A 

Fwd 

5’-

TCCGCCGGGCGCGCACGCAGAAAAAGATACCGC-

3’ 72 °C 

H574A Rev 5’-CGCACGATGGCCACCGCA-3’ 

 

LC-MS to study oxadiazole hydrolysis. To study the zHDAC6 CD2-catalyzed ring-opening 

reaction of 6 to yield 13, 50 µM enzyme in size exclusion buffer (50 mM HEPES (pH 7.5), 

100 mM KCl, 1 mM TCEP, 5% glycerol (v/v)) was incubated with 100 µM inhibitor 

overnight, total volume 100 µL. Control experiments were also performed with 100 µM 

inhibitor in size exclusion buffer only, to prove that the ring-opening reaction only occurs in 

the presence of enzyme. Following overnight incubation, protein was precipitated using 

100 µL of methanol followed by filtering through a 22-µm GV DURAPORE filter. A 2 µL 

aliquot was injected over a C18 reverse phase column on a Waters Acquity UPLC-MS using a 

2-min gradient of 95:5 H2O:MeCN to 5:95 H2O:MeCN. Mass spectra were analyzed using 

Mestrenova.  

 

LC-MS to determine H2
18O incorporation. To ascertain the utilization of H2

18O in the 

zHDAC6 CD2-catalyzed hydrolysis of 6 to yield 13, 100-µL samples of 50-µM enzyme in 

size exclusion buffer (50 mM HEPES (pH 7.5), 100 mM KCl, 1 mM TCEP, 5% glycerol 

(v/v)) were dialyzed against size exclusion buffer lacking glycerol overnight (50 mM HEPES 
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(pH 7.5), 100 mM KCl, 1 mM TCEP). Samples were then lyophilized for 2 h before being 

resolubilized in 100 µL buffer including 100 µM inhibitor in H2
16O and H2

18O. Samples were 

then incubated overnight and subject to LC-MS analysis as described above.  

 

Irreversibility of inhibition. To determine the irreversibility of binding, 300-µL samples of 

1 µM of zCD2 were incubated with 100-µM inhibitor for 1 h before being subject to dialysis. 

Initial measurements of inhibition were made through the standard discontinuous assay using 

the commercially available HDAC substrate RHKK(Ac)-AMC. A 25 µL sample was taken 

from dialysis and incubated with 25 µL of 250 µM substrate for 30 minutes. Following this 

50 µL of developer solution was added consisting of 1 µM trypsin to cleave the AMC group, 

and 10 µM TSA to stop the reaction. Fluorescence of the AMC group was measured using an 

Infinite M1000Pro plate reader at excitation 360nM and emission 460 nM.  

Samples were dialyzed against 3 L of size exclusion buffer [50 mM HEPES (pH 7.5), 

100 mM KCl, 5% glycerol (v/v), and 1 mM TCEP] supplemented with 0.25% DMSO (v/v) at 

4º C. Samples were taken at 6 hours post incubation and subjected to the standard 

discontinuous assay as above. The remaining 200 µL was subjected to dialysis overnight in 

2 L of size exclusion buffer supplemented with 0.25% DMSO (v/v) and a sample taken at 

21 hours before being measured as described above. Experiment was performed in triplicates. 

 

X-Ray Crystallography 

Crystal structure determination. The zHDAC6 CD2–6 complex was crystallized by the 

sitting-drop vapor diffusion method. A 100-nL drop of protein solution [10 mg/mL HDAC6 

CD2, 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.5), 100 mM 

KCl, 5% glycerol (v/v), 1 mM tris(2-carboxyethyl)phosphine (TCEP), and 2 mM 6] was 
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combined with 100 nL of precipitant solution [0.04 M citric acid, 0.06 M bis-Tris propane 

(pH 5.0), 16% (w/v) polyethylene glycol 3,350] and equilibrated against 80 µL of precipitant 

solution in the well reservoir at 4º C. Plate-like crystals formed within 24 hours and were 

harvested after 48 hours. Crystals were flash-cooled in mother liquor supplemented with 20% 

ethylene glycol prior to data collection.  

X-ray diffraction data were collected on the NSLS-II AMX beamline at Brookhaven National 

Laboratory.71 Data were indexed and scaled on the AMX automated fast-dp pipeline. The 

electron density map was phased from these data by molecular replacement using the program 

Phaser and the structure of unliganded HDAC6 CD2 less water molecules (PDB 5EEM).62 

Atomic coordinates were built and manipulated in Coot72 and refined using Phenix.73  

The Patterson map calculated for these data revealed a substantial peak (49.4% of the origin 

peak height) indicating severe translational non-crystallographic symmetry. Therefore, we 

indexed and scaled the data in space group P1 using iMOSFLM and Aimless to validate the 

space group.74, 75 This data were phased with Phaser76 and the program Zanuda77 was used to 

validate the space group (P212121) and crystallographic origin with 2 molecules in the 

asymmetric unit. 

Upon discovering that 6 had undergone hydrolysis to yield 13 in the enzyme active site, the 

atomic coordinates of 13 were built into the electron density map during the later stages of 

refinement. All data collection and refinement statistics are recorded in Table S1.  

PAINS analysis 

We filtered all compounds for pan-assay interference compounds (PAINS) using the online 

filter http://zinc15.docking.org/patterns/home/.78 
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ASSOCIATED CONTENT 

Accession Code 

The atomic coordinates and crystallographic structure factors of the HDAC6-13 complex have 

been deposited in the Protein Data Bank (www.rcsb.org) with accession code 8GD4. Authors 

will release the atomic coordinates upon article publication.  
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DCM, dichloromethane; EtOAc, ethyl acetate; HDAC, histone deacetylase; HDACi, histone 
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