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Abstract

In the last decades, inhibitors of histone deaesgd (HDAC) have become an important class
of anti-cancer agents. In a previous study we destrthe synthesis of spiro[chromane-2,4'-
piperidine]hydroxamic acid derivatives able to lmhihistone deacetylase enzymes. Herein, we
present our exploration for new derivatives by aeplg the piperidine moiety with various
cycloamines. The goal was to obtain highly potemmpounds with a gooth vitro ADME

profile. In addition, molecular modeling studiesawelled the binding mode of these inhibitors.
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1. Introduction

Post-translational modifications on histones hasenbdemonstrated to be essential regulators of
the gene expression.[1] Among these, acetylatiah deacetylation of the-amino groups of
lysine residues represent crucial modificationshefse proteins. The positively charged lysines
present at thé\-terminal tail of the histones allow tight bindirng negatively charged DNA
around them. This strong histone-DNA interactionckk the binding sites of promoters and thus
inhibits gene transcription. The neutralizatiortloé charge through the acetylation of the amino
groups of the lysines reduces the electrostatierastions with the DNA leading to the
nucleosome unwrapping.[2] This unfolding of thearhatin allows the transcriptional factors to
access the gene promoter regions with the consegegre expression. The balance between
hyperacetylation and hypoacetylation is maintairgd two counteracting enzyme families,
namely histone acetyltransferases (HATs) and hestdeacetylases (HDACs). Currently, 18
different human HDACs have been identified and gnauped into two families: the classical
HDACs and the silent information regulator (Sirfated proteins (sirtuins). Classical HDACs
are Zrf* dependent metalloenzymes and based on their semussmology to the yeast
analogues can be further divided into 4 classess<dlcomprises HDACs 1, 2, 3, and 8, class lla
HDACs 4, 5, 7, 9, class llb HDACs 6 and 10 andsIBs HDAC11.[3-9] Sirtuins, also known

as class Il HDACs, form a structurally and mecktaoally distinct group and comprise Sirtl to



Sirt7. Class Ill HDACs are characterized by theipendency on NADas cofactor.[10] Since
the acetylation status of histones is criticaltfa@ gene expression modulation and cell fate, there
is no surprise that its dysregulation is involvadthe development of several cancers. Recent
studies revealed that HDACs are responsible forddecetylation of several non-histones too,
such as proteins relevant for tumorigenesis, farcern cell proliferation, and for immune
functions.[11, 12]

In the past two decades the inhibition of HDACs easerged as an attractive therapy to reverse
aberrant epigenetic changes associated with canc#ammation and neurodegenerative
diseases.[13-18] Several compounds reached climeastigations and they demonstrated to be
particularly efficacious in the treatment of diéat hematological malignancies.[19-21] So far,
the clinical studies have culminated in the madgiroval of four distinct chemical entities (see
Fig. 1). The hydroxamic acid vorinostat, known adsSAHA or Zolinza®[22], and the cyclic
depsipeptide romidepsin, known FK228 or Istodax®,[24] have been approved for the
treatment of the cutaneous T—cell lymphoma (CTCIhe disulfide romidepsin, which is
converted in cells into the active (reduced) foB#,[25] has also been approved for the
treatment of peripheral T-cell lymphoma (PTCL) asllvas the hydroxamate belinostat, known
also as PXD101 or Beleodag®[26, 27]. Finally, orbreary 2015 the FDA approved oral
panobinostat (known also as LBH589 or Farydak®)combination with bortezomib and
dexamethasone in patients with recurrent multipieeloma.[28] Despite these successes, the
known HDAC inhibitors are less efficacious in othemors, in particular in solid malignancies.
Therefore, there is still a need to develop HDAGiIbitors with a better clinical profile.[19, 20,
29]

(Insert Figure 1 here)

In previous studies we described a spiropiperidiypgroxamic acid scaffold with potent HDAC
inhibitory activity.[30] Structure-activity relatrship studies (SAR) showed that modifications
on the spirochromane core moiety had a substanfiaence on the biological activities. The

shift of the N-hydroxyacrylamide moiety or the replacement of ttileromane ring by



spirobenzofuran generally furnished less active pmmmds. Furthermore, the exploration at the
4-oxo moiety demonstrated that the ketone grougpritecal for the target inhibition. In fact,
modification of this group was detrimental for HDA(@d antiproliferative activity. On the other
hand, variousN-substitutions on the piperidine group were welletated, and no major
differences in the activities between these comgsuwere found. Considering that HDAC
inhibitors are composed by a Zrbinding moiety, a spacer, which can be furtheidgig into
linker and connecting unit, and a cap group,[31] 8#s minor effect of the different
modifications could be ascribed to an outside ¢aon of the N-substituents as the cap
group.[33] Based on these observations we furtkploeed this scaffold in order to find more
active inhibitors maintaining their good ADME prapes. For this purpose, various cycloamines
were studied as replacement of the piperidine moikt the present study, we describe the
synthesis of spirochromane azetidines, pyrrolidimegpanes and piperidin-3yl derivatives with
variousN-substitutents as well as their biological activitydetail. At the same time, molecular
modeling investigations were performed on a numierspirochromane inhibitors. Hence,
molecular docking combined with Semi-empirical Quam Mechanics (SQM) optimization
allowed us to elucidate the ligand-binding modéhelse molecules and to understand their SAR

at the atomic level.

2. Results and Discussion
The synthesis of compounda to 1¢c has been previously described.[30, 33]

The secondary amind$-18 were prepared starting from commercially availableydroxy-5-
bromoacetophenon&)( as illustrated in Scheme 1. Cyclization of commb@ with N-BOC
protected cycloamine-ones in methanol in presericpygolidine gave the spirocycle3-6
which were then coupled with methylacrylate in pre=e of palladium acetate [Pd(OAg¢)ri(2-
methylphenyl)phosphine (P(o-tg)) triethylamine (TEA) affording the spirocyclic rgtic
methyl ester§—1Q The methyl esterg and9 were hydrolyzed with sodium hydroxide (NaOH)
in a water/dioxane mixture, while intermediateand 10 were treated with hydrogen chloride
(HCI) in acetic acid (AcOH). The resulting carbaryacids were coupled with NOTHP O-
(tetrahydropyran-2-yl)hydroxylamine) in presence BEDC (N-(3-dimethylaminopropylN'-



ethylcarbodiimide hydrochloride) and HOBW-fiydroxybenzotriazole). Cleavage of the THP
protecting group with HCI in diethylether or dioxagave the requisite hydroxamic acids-18

(Insert Scheme 1 here)

N-substituted spirocycle8la—hto 34a—h were prepared starting from the spirocyclic acryli
methyl ester&—10 by cleaving thdert-butyloxycarbonyl (BOC) protecting group with HGI i
dioxane as outlined in Scheme 2. The free pipezgll®—22were then either directly alkylated,
acylated or reductively alkylated using sodium dei@mxyborohydride (NaBH(OAg) as
reducing agent. Hydrolysis of methyl est@3a—hto 26a—h with NaOH in a water/dioxane
mixture or HCI in acetic acid and subsequent inicdidhn of the hydroxamic acid according to
the procedure described above for compoub®isl8 (Scheme 1) furnished the requisitke

hydroxy-spirochromaneacrylamidd%-hto 34a-h

(Insert Scheme 2 here)

The synthesis of the pure enantiomers of thidenzyl-spiro(chromane-2,3’-pyrrolidine)
analogues32i and 32j was accomplished by attaching (S)-(6-methoxynagatii2yl)propionic
acid to the free amin20. The resulting two diastereoisomers were sepatayedormal phase
column chromatography and subsequent re-cryst@tiisafrom i-PrOH (Scheme 3).
Subsequently, the chiral auxiliary group was clelaire HCI in acetic acid under microwave
(MW) irradiation providing the corresponding amiraxids 35 and 36, which were then
converted into the methyl esteBY and 38. The following steps to obtain the requisite
enantiomeric hydroxamic acid@i and32j were carried out according to the procedures ef th

racemic32d as outlined in Scheme 2.

(Insert Scheme 3 here)



Scheme 4 summarizes the preparation of the [1'yb&raxo-spiro(chromane-2,3’-piperidine)-
6-ylJacrylhydroxamide enantiome88i and33). Spiropiperidined was first deprotected in acidic
conditions. The coupling with (R)-2-acetoxy-2-phlaagtic acid, separation of the two resulting
diastereoisomers by column chromatography and rahafthe chiral auxiliary were performed
following the previously described method for thegée enantiomer of 4-oxo-spiro(chromane-
2,3 -piperidine).[34] The free piperidines of theparated enantiomef and 40 were then
protected with BOC anhydride. Heck reaction of B@C protected compounds and42 with
methyl acrylate in presence of Pd(OAdp(o-toly and TEA afforded the acrylic acid methyl
esters, which were converted to the desired hyanoxaacids 33i and 33j following the

procedures described for the racemic spiropipezi@8d as outlined in Scheme 2.

(Insert Scheme 4 here)

The putative HDAC inhibitors were profildd vitro for their activity against the enzymes and
the ability to block proliferation of tumor cell¥he inhibitory effect of the compounds was
assessed using a commercially available fluoresibas¢d assay with partially purified HelLa
nuclear extracts as enzyme source, which is acuprai the manufacturer’s instruction a rich
source of HDACs 1 and 2 (http://www.enzolifesciencem/BML-AK500/fluor-de-lys-hdac-
fluorometric-activity-assay-kit/). A comparative gbein expression analysis of some HDACs
between HeLA nuclear extract and total HeLa extveas performed in house and the Western
blot results are in line with the manufacturer estaénts (see Fig. 2). Furthermore, reducing the
protein expression of HDACs 1, 2 and 3 by sequkemtiimmnunoprecipitation in the HelLa nuclear
extract demonstrated that the observed histoneetidase activity of HeLa nuclear extract is
mainly imputable to HDAC1 and HDAC?2 and not to HDAC

(Insert Figure 2 here)

The results are summarized in Table 1, which inetudiso the biological data of vorinostat as

well as the 4-oxo-spiro(chromane-2,4’-piperidinejisslato 1cas references[30, 33]. The most



potent spiro(chromane-2,3’-azetidines) were theethyi-indol-3-yl and the benzyl analogues
31f and31d with 1Cso values of 0.062 and 0.0, respectively. On the other end, the acetyl
derivative 31b had with an 1G, value of 0.485uM the lowest activity within this subseries.
Major variations in activity were observed for thlpiro(chromane-2,3-pyrrolidine) and
spiro(chromane-2,3’-piperidine) subseries. The nyethyl derivative32g exhibited an 1G
value of 0.027uM, and its spiro(chromane-2,3’-piperidine) analo@3g was even more active
inhibiting at 1 nM. The acetyl substituent emergésb in these two sub-series to be detrimental:
compound32b (ICso = 0.955uM) was substantially less active than all othemeples within the
subseries of the spiropyrrolidines. Furthermore, dlcetyl analogu83b had an 1Gy value of
0.207uM and was equipotent to the methyl (0.28V) and to the ethyloxycarbonyl (0.23@1)
inhibitors33aand33c The 2-phenylethyl derivativé4g was, with an 1G, value 0.056.M, the
most potent compound among the spiro(chromane&zdpane) analogues, and almost six times
more active than the acetyl and the ethyloxycarbamalogues34b and 34c (ICso values of
0.323 and 0.30QM, respectively). In summary, several compound$iwitll four cycloamine
subseries emerged to be potent HDAC inhibitors, esainthem were more potent than their

corresponding spiro(chromane-2,4’-piperidine) agaés.[30, 33]

(Insert Table 1 here)

Furthermore, we evaluated the biochemical selégtiprofile of some selected inhibitors
considering HDAC2 and HDAC3 as representatives ©fABs of class | and HDAC6 as
representative of class Il HDACs. As shown in Tahléhe potency of the tested spirochromanes
as well as for vorinostat was in the in the nan@noange. Neither vorinostat nor any of the
spiro derivatives showed preferential activity wersany of the isoforms, and thus the studied

inhibitors can be classified as typical pan HDAGiltors.

(Insert Table 2 here)



The antiproliferative activities of the HDAC inhibrs were determined against three tumor cell
lines of different tissue origin: K562 (chronic nhygenous leukaemia cell line), A549
(carcinomic human alveolar basal epithelial cedis)l HCT116 (human colon cancer cells). As
shown in Table 1, several compounds had a significdhigher antiproliferative activity than
their spiro-2,4’-piperidine analogues. In specitive indolyl derivative31f was the most potent
compound in K562 cell line among the spiro(chromasg-azetidines) with an I§ value of
0.046uM, and showed together with the benzyl analogle a superior cellular activity in the
A549 and HCT116 cell line than the other spiro(chane-2,3’-azetidines). On the contrary, the
acetyl spirocycle31b resulted substantially less potent than the otleamples in the
antiproliferative assays with ¥gvalues more than 1AM in all three cell lines. The indolyl
derivatives32f and 34f were the most potent compounds also within theoggiromane-2,3’-
pyrrolidine) and spiro(chromane-2,4’-azepane) seiiethe K562 cell line. Furthermore, these
two compounds, the benzyl and the 2-phenylethylogn@s32d, 34d, 32g and34g as well as
the methyl and para fluorobenzyl spiroazepadws and 34e exhibited 1Gy values lower than
100 nM in HCT116 cells. The methyl analogB8a emerged as the most active compound
within the spiro(chromane-2,3’-piperidine) subsgrie the K562 and A549 cell lines with 4
values of 0.056 and 0.103Vl, respectively. Compoun83a the 2-phenylethyB3g and the
indolyl analogues33f had a superior antiproliferative activity in HCTltells than the other
spirochromane-2,3’-piperidines. Furthermore, wenfbthat the unsubstituted spiropiperiditié
was substantially more potent than the other fram@s15, 16, and18. In specific, compound
17 exhibited antiproliferative activity in the threell lines with 1G values of 0.555M (K562),
0.714uM (A549) and 0.228M (HCT116), respectively. Overall, the antiproldéive activity

of the spirocyclic inhibitors was generally higherK562 and HCT116 cells than in the A549
cell line. In particular, thirteen compounds extehi cellular growth inhibition with 165 values
ranging between 0.040 and 0.1AM in HCT116 cells and resulted to be substantiatigre
potent than vorinostat (Kg=0.757 uM) and the previously disclosed spiropiperidineerefice
compoundsla-c (ICsp values of 0.474uM, 0.777 uM and 0.201uM, respectively). All four
cycloamine subclasses are present in this list aed find indolyl, (4-fluoro)benzyl, 2-
phenylethyl and methyl analogues for the variddssubstitutions. On the other hand,
unsubstituted and acyl spirocycles, in particulse acetyl derivatives, exhibited in general a

lower cellular potency in all three cell lines.



With exception of the achiral spiro(chromane-2,3&tdine) and spiro(chromane-2,4'-
piperidine) subseries, the other compounds disdusb®ve were prepared and biologically
tested as racemic mixtures. Thus, in order to gasights if there are differences in the
biological activities of stereoisomers, the pureargiomers of the benzyl substituted
spiro(chromane-2,3’-pyrrolidineB2d (32i and 32j, respectively) and spiro(chromane-2,3'-
piperidine) hydroxamic acid derivative33d (33i and 33j, respectively) were prepared and
tested. The (-)-spiropyrrolidin®2i exhibited an 1g value of 26 nM in the enzymatic assay,
which is virtually identical to that of the (+)-em#émer (37 nM). Both enantiomers were
equipotent as cell growth inhibitors in the threstéd cell lines. Nonetheless compo@2dwas
around 5 times more active th@&2a in the enzyme inhibitory assay, the two compounds
exhibited comparable antiproliferative activity K662 and A549 cells. It is often difficult to
rationalize a link between the biochemical actiatyd the cellular potency on the sole basis of
the pharmacodynamic properties of a molecule. ¢, feveral factors contribute to the activity
in cells, such as cellular membrane permeabilitp-cellular compartmentalization, and cellular
mechanisms for efficiently extruding xenobioticall Ahese contributions could justify an
observed discrepancy between biochemical and aelhatency.

A similar behavior was found for the two enantioio&lty pure spiro(chromane-2,3’-piperidine)
derivatives 33i and 33j. Also in this case, no significant differences their biochemical
inhibitory activity with 1Gy values of around 100 nM were observed between wWe t
stereoisomers. In addition, both compounds hadipedly the same antiproliferative potency in
the K562, A549 and HCT116 cell lines.

To elucidate the mode of interaction of spirochragginhibitors with class | HDAC enzymes
molecular modeling studies were performed. The ibmpatonformations were predicted with
molecular docking and later optimized at the Sempigical Quantum Mechanics level as
described in the Experimental section. For thislgtihe structure of HDAC1 in complex with
an acetate molecule[35] and the structure of HDAG&mplex with the inhibitor vorinostat[36]
were prepared and used. These two structures wmrge to account for the conformation
variability of the L2 loop, which is involved in ¢hbinding of the substrate and of the inhibitors
as shown for HDACS8.[37] The ligand-binding deteration procedure was applied first on three

reference inhibitors: vorinostat, trichostatin Adgmanobinostat and the results (data not shown)



were in good agreement with the experiments (X-tagding affinities, etc.). Then, for the
exploration of the binding mode of spirochromanssyeral representative molecules were
docked against the two protein structures. In paldr, the N-methyl and theN-benzyl
derivatives of all studied spiro-ring sizes (4,65,and 7 membered rings) were fitted into the
binding sites and optimized. The well-accepted mizaophoric model of Zn-binding HDAC
inhibitors identifies four parts of the ligand bdsmn its interactions with the target.[32] The &in
binding group' (ZBG) that in the case of vorinostatl the spirochromanes is the hydroxamic
acid, the 'linker' making hydrophobic contacts gldine channel (connecting the binding site to
the outside), the ‘cap’ which is the part interacivith the outer surface of the enzyme and the
‘connecting unit' between the linker and the capresponding to the amide in vorinostat. In the
case of the herein described inhibitors, the regubinding mode with the HDAC proteins, in
line with the pharmacophore, is presented in Fign@ 4. In Fig. 3 the interaction of the common
substructure of the spirochromanes is depictedaanekpected the metal is coordinated through

the hydroxamate group.

(Insert Figure 3 here)

In addition, this group, as described by Vanomnezgia et al.,[38] makes three polar
interactions with residues histidine 140 and 14t tyrosine 303. The next portion of the ligand
structure, the propenyl-benzene, is the linker thdends toward the outside and fits into the
channel making hydrophobic contacts with the glgci49 and leucine 271. But the main feature
of this interaction is theTt stacking in between the conserved phenylalanisielues 150 and
205 as investigated by Zhou et al..[39] The coringcunit of the studied inhibitors is
represented by the second ring of the chromanejfgadly its carbonyl group is found in the
same region as the amide’s one in vorinostat (gpetk

(Insert Figure 4 here)



In general, this part of the pharmacophore is dtaraed by an sp2 group.[32] It appears to
serve more as a geometric constraint, to direqigutg the cap group, instead of interacting with
the target. This observation would explain the lafsactivity observed by the replacement of this
carbonyl with various non-sp2 atoms in ligands d&fe tsame chemotype previously
published.[30] Some of these modifications were alsbmitted to the docking protocol and
showed a lower SQM energy after optimization (adetashown). Lastly, the variable part of this
series of ligands is found outside of the protemseen in Fig. 4, and it is the cap group of the
pharmacophore interacting with the outer surfacéhefprotein. To understand the role of the
cap group in the HDAC ligand-protein complexes, liyedrophobic favorable interaction areas
were visualized as shown in Fig. 4 (see the Expantal section for details). These regions,
close to the protein surface, specify the areasravfevorable interactions can be made with
aliphatic atoms of the ligand. In the case of tluglied inhibitors, the ring of variable size (47to
atoms) attached to the chromanone moiety does aké rany additional interaction while it
derivative can to a certain extend. About thesestsuibions, a trend of the enzymatic values is
observed for the various spirochromane series, peciBc acetyl > methyl > benzyl >
phenylethyl with the best activity for the phenidtand the worst for the acetyl (see Table 1).
The explanation is likely to be related to the tur's portion approaching the favorable
hydrophobic interaction regions. When the acetypiigsent, a sub-optimal binding with the
target would be achieved because of the polaritthefgroup. While growing the size of the
hydrophobicN-substituent from methyl to phenylethylene the loor structure can fill a larger
area enhancing the binding with the target. Funtioee, the hydrophobic interaction area
extends in various directions around the openintp@fchannel (see Fig. 4), explaining the same
level of activity for the different stereoisomeisserved for the spiro(chromane-2,3'-pirrolidine)
and spiro(chromane-2,3'-piperidine32(, 32j, 33i and 33j in Table 1) and for different

conformations of the symmetric ligands as resultirogn docking solutions.

As already outlined our efforts were directed taygacompounds with an excellent potency and
retaining the ADME profile compared to vorinostatiahe spiropiperidine referencesg 1b and

1c. Thus, we selected the hydroxamic acid derivatiwdsch demonstrated to be highly active in
the biochemical assay and havingd®alues of< 100 nM in at least one cell line for ADME
studies. The chosen compounds were first testethéar metabolic oxidative Phase | stability in

mouse and human. For this purpose the inhibitore weeubated in mouse and human hepatic



microsomal preparations at 37 °C and the percerdhg®n-metabolized product was assessed
after 30 min.[33, 40, 41] As shown in Table 3, tm@st evident result is that all indolyl
analogues were found to be highly metabolicallyabke in applied conditions, with the only
exception of the azetidine derivatidf in human microsomes. In specific, more than 70% of
compounds32f, 33f, and34f were metabolized after 30 min of incubation. Tlkeayl derivative
31d with 44% unmetabolized product after 30 min indidrain mouse and human hepatic
microsomes resulted to be more stable than thelime analogue82d, 32i, and 32j (more
than 70% of the product was metabolized in mougskhaiman microsomes), and the azepane
derivative34d (25% remaining in mouse and 19% in human microsdnide methyl analogues
33aand34aemerged as the most stable compounds with a coblpavain some cases even
superior stability than that of the spiropiperidine¢erence compounds, 1b, andlc. For further

in vitro characterizations, we decided not to iniggede those compounds, which were
metabolized over 80% in the microsome preparatairthe given experimental conditions and
thus resulted to be less stable than the lead @pendine compounds. The additionally
characterized inhibitor81d, 31f, 32d, 32g 33a 34a and34g exhibited a good solubility, being
in particular> 500uM at a pH value of 4.5. Furthermore, the same itdrib did not exhibit any
relevant inhibition of human cytochrome CYP1A2: #mezyme activity was blocked less than
10% at 10 uM concentration. More interaction wasnfb for the other three tested human
isoenzymes CYP 2C19, CYP 2D6 and CYP 3A4. In paldic the indolyl derivative31f
blocked 84% of the CYP 3A4 enzyme activity at 10 gdhcentration and the phenylethylene
analogue34g 81% of the CYP 2C19 enzyme activity. On the ottend, the methyl derivative
34ashowed virtually no interference with the CYP 3@2% inhibition at 1quM), and the other
two cytochromes (CYP 2C19 and CYP 2D6 activitiess lthan 10% at at 30M). Eventually,
the methyl derivatives33a and 34a the benzyl derivative8ld and the phenethyleng2g
exhibited human cytochrome inhibitory activitiesngmarable to the lead spiropiperidines and
these results provided us a pool of compounds ailuperior activity and with good in vitro
ADME properties.

(Insert Table 3 here)



3. Conclusions

In previous studies we had identified a HDAC intoby scaffold based on privileged
spiropiperidine structures.[30] Chemical modificat of the spirochromane moiety resulted in a
number of compounds with good HDAC inhibitory patgnas well as in vitro and in vivo
ADME properties.[33, 42] Herein, we describe ourtier exploration of the scaffold through
the replacement of the piperidine moiety by varioysloamines. The main goal was to achieve
derivatives with good in vitro potency while maimiag their good ADME properties. For this
purpose, we prepared and evaluated the biologicaVvitg of a series of spirochromane
azetidines, pyrrolidines, azepanes and piperidine®yivatives with variousN-substitutents.
Enzyme inhibition experiments revealed that theati&mn of the ring size ranging from 4 to 7
atoms attached to the chromanone moiety does satt i@ major changes in the biochemical
activity. These observations are in agreement withecular modeling studies, which showed
that these moieties do not make any specific iotena with the protein, while thE-substitutent
does interact to a various extend. In specific, tifpe of the group found at this position can
contribute, positively or negatively, to the binglilhased on its complementarity with the
identified favorable hydrophobic interaction regoat the outer surface of the enzyme. We
found several potent inhibitors and selected 12 pmmds, which exhibited a potent
antiproliferative activity in tumor cell lines witlCso values of less than 100 nM, for further in
vitro ADME characterization. Hepatic microsomallsli#y and inhibition studies of selected
human CYP450 isoenzymes allowed the identificatmin several candidates for further
development. In specific, the methyl derivatid3a and34a, the benzyl derivativ81d and the
phenylethylerB2g exhibited stability to Phase | oxidative condiBoand cytochrome inhibitory
activities comparable to the lead spiropiperidines.

4. Experimental

4.1 Chemistry. All reagents and solvents were of commerciallgilable reagent grade quality
and were used without further purification. Flasimotnatography purifications were performed
on Merck silica gel 60 (0.04—0.063 mm). Nuclear meiig resonance spectr&(NMR and*C
NMR) were recorded on a Bruker spectrometer at BBz and 75 MHz, respectively, with

TMS as internal standard, and, unless stated oibenat 300 K. The spectra are referenced in



ppm ©) and coupling constants)(are expressed in hertz (Hz). Standard abbrewnsiidicating
multiplicity were used as follows: s=singlet, d=tet, t=triplet, g=quartet, m=multiplet and
bs=broad signal. HPLC purity of the target compauwas assessed either using a Waters 2777
Sample Manager and a Waters 1525 Binary HPLC Pwawppped with a Waters 2996 diode
array and a Micromass ZQ 2000 Single quadrupoleté¥®h Method 1, 2, and 5) or on an
Acquity UPLC apparatus, equipped with a diode amaag a Micromass ZQ single quadruple
(Waters) (all other methods). The flow rate wasustdjd to 2.0 mL/min foMethod 1 and
Method 5, 0.3 mL/min forMethod 2, and 0.6 mL/min for the other methods. Mobile phase
was composed by a mixture of water and acetoni@te5) containing 0.1% TFA and mobile
phase B by a mixture of water and acetonitrile $p:®ntaining 0.1% TFAMethods 1, 3, and
7). Methods 2and5 were run with a mobile phase A composed by watetaining 0.1% TFA
and a mobile phase B composed by acetonitrile contp0.1% TFA. Mobile phase A was
composed by a mixture of water and methanol (9&oBj}aining 0.1% formic acid fdvlethod 4
and by water and acetonitrile (95:5) containing7@e0formic acid forMethod 6. Mobile phase

B was composed by a mixture of water and methami@5] containing 0.1% formic acid for
Method 4 and by water and acetonitrile (5:95) containin5@6 formic acid forMethod 6.
Purity refers to UV detection at 254 nm.

METHOD 1: XBridge C8 (3.5um, 4.6 x 50 mm) column; gradient: 0.00-1.00 min §8%, B:
5%), 1.00-8.00 min (A: 0%, B: 100%), 8.00-8.10 ri¥n 90%, B: 10%), 8.10-8.50 min (A:
95%, B: 5%), 8.50—9.50 min (A: 95%, B: 5%).

METHOD 2: Atlantis dC18 (3um, 2.1 x 50 mm) column; gradient: 0.00—0.20 min $8%, B:
5%), 0.20-5.00 min (A: 0%, B: 100%), 5.00-6.00 r(¥n 0%, B: 100%), 6.00-6.10 min (A:
95%, B: 5%); 6.10—7.00 min (A: 95%, B: 5%).

METHOD 3: BEH C18 (1.7um, 2.1 x 50 mm) column; gradient: 0.00-0.25 min 9A%, B:
5%), 0.25-3.30 min (A: 0%, B: 100%), 3.30—4.00 rt¥n 0%, B: 100%), 4.00-4.10 min (A:
95%, B: 5%); 4.10-5.00 min (A: 95%, B: 5%).



METHOD 4: BEH C18 (1.7um, 2.1 x 50 mm) column; gradient: 0.00-0.25 min 9A%, B:
5%), 0.25-3.30 min (A: 0%, B: 100%), 3.30—4.00 r(n 0%, B: 100%), 4.00-4.10 min (A:
95%, B: 5%); 4.10-5.00 min (A: 95%, B: 5%).

METHOD 5: XBridge C8 (3.5um, 4.6 x 50 mm) column; gradient: 0.00-1.00 min 8%, B:
5%), 1.00-7.50 min (A: 0%, B: 100%), 7.50-8.50 rt¥n 0%, B: 100%), 8.10-8.50 min (A:
95%, B: 5%), 8.50—9.50 min (A: 95%, B: 5%).

METHOD 6: BEH C18 (1.7um, 2.1 x 50 mm) column; gradient: 0.00 (A: 98%,2B%), 0.00—
3.00 min (A: 0%, B: 100%), 3.00-3.50 min (A: 0%, H0%), 3.50—4.50 min (A: 98%, B: 2%).

METHOD 7: BEH C18 (1.7um, 2.1 x 50 mm) column; gradient: 0.00-0.25 min 9A%, B:
5%), 0.25-3.30 min (A: 0%, B: 100%), 3.30-4.00 ridn 0%, B: 100%), 4.00—4.10 min (A:
95%, B: 5%); 4.10-5.00 min (A: 95%, B: 5%).

(x)-6-bromo-4-oxo-spiro(chromane-2,3'-pyrrolidine)-1'-carboxylic acid tert-butyl ester (4)

A mixture of 2-hydroxy-5-bromoacetophenor# $.00 g, 23.3 mmolN-BOC pyrrolidin-3-one
(4.30 g, 23.3 mmol) and pyrrolidine (3.87 mL, 4é&&ol) in MeOH (20 mL) was heated under
microwave irradiation for 4 h at 70 °C. The solatwas concentrated and the crude mixture was
purified by column chromatography (eluent: petrateether/EtOAc 95:5 to 7:3) to give thert-
butyl ester4 (6.00 g, 68%) as a yellow solitH NMR (CDCk) & (ppm): 8.00 (d,J = 2.64 Hz,
1H), 7.58 (ddJ = 8.80, 2.05 Hz, 1H), 6.89 (d,= 8.80 Hz, 1H), 3.68-3.85 (m, 1H), 3.50-3.66
(m, 2H), 3.23-3.46 (m, 1H), 2.88-3.04 (m, 1H), 2(84) = 16.73 Hz, 1H), 2.23-2.39 (m, 1H),
1.84-2.02 (m, 1H), 1.47 (s, 9H). LC-MS: (ES+) MBb: 326.

The bromospirochromané&s 5 and6 were prepared analogously starting from compduadd

the appropriate amine following the procedure fdeimediatel (see Sl).

(¥)-(E)-3-[1'-tert-Butoxycarbonyl-4-oxo-spiro(chromane-2,3’-pyrrolidine)-6-yl]-acrylic acid
methyl ester (8)

A mixture of compound! (4.70 g, 12.3 mmol), Pd(OAc)55.1 mg, 0.246 mmol), P(o-telj149
mg, 0.490 mmol), TEA (5.13 mL, 36.8 mmol), methghdate (3.32 mL, 36.9 mmol) in dry



DMF (10 mL) was heated under tmosphere to 100 °C for 3 h. After cooling dowrR(T, the
solution was poured into water (100 mL) and exgdcivith EtOAc (3 times 100 mL). The
organic phase was dried over JS@y, filtered, and evaporated. The crude residue was
recrystallized in petroleum ether:diisopropyletlierl) to give the acrylic acid methyl est@r
(3.85 g, 81%) as a light yellow solitH NMR (CDCk) & (ppm): 8.06 (d,J = 2.05 Hz, 1H), 7.69
(dd,J =8.80, 2.05 Hz, 1H), 7.66 (d,= 15.85 Hz, 1H), 7.03 (d] = 8.80 Hz, 1H), 6.41 (d] =
16.14 Hz, 1H), 3.82 (s, 3H), 3.69-4.00 (m, 1H),33%69 (m, 2H), 3.26-3.48 (m, 1H), 2.81—
3.07 (m, 2H), 2.25-2.35 (m, 1H),1.81-2.05 (m, 1H38 (bs, 9H). LC-MS: (ES+) MH56: 332.

The acrylic acid methyl esterg, 9 and 10 were prepared analogously starting from the

corresponding bromo derivatives following the picho® for intermediat8 (see Sl).
(E)-3-[1'-tert-Butoxycarbonyl-4-oxo-spiro(chromane-2,3'-azetiding6-yl]-acrylic acid (11)

1 M NaOH (1.60 ml) was added to a solution of meésyer7 (450 mg, 1.20 mmol) in water (11
ml) and dioxane (22 ml). The mixture was stirredRat overnight, then aqueous HCI 10% was
added until reaching pH 7. The dioxane was remaratl the residue was diluted with water.
The aqueous layer was acidified to pH 5 with 10%eags HCI and the product was extracted
with CH,Cl,. The collected organic phases were dried oveSNaand concentrated to give the
acrylic acid (430 mg, 100%) as a yellow softth NMR (DMSO-ds) 3 (ppm): 2.33 (bs, 1H),
8.00 (dd,J =8.51, 2.05 Hz, 1H), 7.96 (d,= 2.35 Hz, 1H), 7.60 (d] = 16.14 Hz, 1H), 7.20 (d,

J = 8.51 Hz, 1H), 6.48 (d) = 16.14 Hz, 1H), 4.01 (d] = 9.68 Hz, 2H), 3.91 (d] = 9.39 Hz,
2H), 3.20 (s, 2H), 1.39 (s, 9H); LC-MS: (ES+) NH#56: 304.

(¥)-(E)-3-[1'-tert-Butoxycarbonyl-4-oxo-spiro(chromane-2,3’-pyrrolidine)-6-yl]acrylic acid
(12)

5 mL of an 20% aqueous HCI (5 mL, 30 mmol) was ddiea suspension & (464 mg, 1.2
mmol) in glacial AcOH (5 mL). The mixture was séidr at 85 °C for 3 h and was then
evaporated to give (£)-(E)-3-[4-oxo-spiro(chromahd=pyrrolidine)-6-yllacrylic acid (370 mg,
quantitative) as a white solid (hydrochloride sdl) NMR (DMSO-d) & (ppm): 12.30 (bs, 1 H),
9.79 (bs, 1 H), 9.67 (bs, 1 H), 7.87-8.19 (m, 2°H§1 (d,J=15.85 Hz, 1 H), 7.08 (d1=9.39 Hz,



1 H), 6.48 (dJ=15.85 Hz, 1 H), 3.24-3.66 (m, 4 H), 3.21 §&17.02 Hz, 1 H), 3.11 (d=17.02
Hz, 1 H), 2.22-2.43 (m, 1 H), 2.10 (d&13.86, 9.94 Hz, 1 H). LC-MS: (ES+) MH274.

TEA (0.50 mL, 3.6 mmol) was added to the suspensibft)-(E)-3-[4-0x0-spiro(chromane-
2,3-pyrrolidine)-6-yl]acrylic acid (370 mg, 1.20mml) in 10 mL of CHCI,. After complete
dissolution of the acid, BOC anhydride (314 mg4lmmol) was added and the mixture was
stirred at RT for 1 h. The solution was poured water (10 mL), neutralized with aqueous 5%
citric acid solution and extracted with @E,. The organic phase was dried over,3a,
evaporated resulting in a white solid (406 mg, 9¥oacrylic acid12, which was used in the
next step without purificationH NMR (DMSO-dg) & (ppm): 7.78-8.20 (m, 2H), 7.57 (d,=
15.85 Hz, 1H), 7.11 (dl = 9.10 Hz, 1H), 6.46 (d] = 15.85 Hz, 1H), 3.61 (dl = 12.32 Hz, 1H),
3.25-3.55 (m, 3H), 3.15 (d,= 16.73 Hz, 1H), 2.98 (d] = 17.02 Hz, 1H), 2.11-2.28 (m, 1H),
1.88-2.11 (m, 1H), 1.27-1.52 (m, 9H); LC-MS: (ESH *-56: 318.

(2)-(E)-3-[1'-tert-Butoxycarbonyl-4-oxo-spiro(chromane-2,3’-piperidire)-6-yllacrylic  acid
(13)

The methyl este® (500 mg, 1.25 mmol) was suspended in 20 mL ofoxatie/water mixture
(2:1). 1.62 mL 1 M NaOH was added and the solutias stirred at RT overnight. After
acidification with an aqueous solution containirg Bitric acid the product was collected by
filtration and dried giving the acrylic acitB (490 mg, quantitative) as a white soffed NMR
(DMSO-d) 3 (ppm): 12.30 (bs, 1H), 7.80-8.05 (m, 2H), 7.59)¢; 15.85 Hz, 1H), 6.83-7.11
(m, 1H), 6.44 (dJ = 16.14 Hz, 1H), 3.69-4.02 (m, 2H), 3.02-3.16 (m,,14$8-3.00 (M, 3H),
1.92-2.15 (m, 1H), 1.58-1.90 (m, 2H), 0.90-1.5916H); LC-MS: (ES+) MH: 388.

The acrylic acidl4 was prepared following the procedure for interraesli2 (see Sl).
(E)-3-[4-Oxo-spiro(chromane-2,3’-azetidine)-6-yl][N-hydroxy-acrylamide (15)

Acrylic acid 11 (430 mg, 1.20 mmol) was converted into the (E}2grt-butoxycarbonyl-4-
oxo-spiro(chromane-2,3'-azetidine)-6-WKtetrahydro-pyran-2-yloxy)-acrylamide  (0.40 g,
73%, pale yellow solid) following the procedures fmmpound16. *H NMR (DMSO-ds) &
(ppm): 11.13 (bs, 1 H), 7.93 (d, J=2.35 Hz, 1 H847(d, J=8.80 Hz, 1 H), 7.50 (d, J=15.85 Hz, 1



H), 7.21 (d, J=8.51 Hz, 1 H), 6.50 (d, J=15.85 HH), 4.91 (bs, 1 H), 4.00 (d, J=9.39 Hz, 2 H),
3.93-3.98 (m, 1 H), 3.90 (d, J=9.39 Hz, 2 H), 3444 (m, 1 H), 3.20 (s, 2 H), 1.48-1.84 (m, 6
H), 1.39 (s, 9 H); LC-MS: (ES+) MH83: 375. Cleavage of the THP-protecting group (380
0.78 mmol) in CHCI, (14 mL) was carried out by adding dropwise 1.90414 HCI in dioxane
and stirring the solution overnight at RT. The fedrprecipitate was filtered off, washed with
CH.Cl,, dried to give the requisite hydroxamic adiel (154 mg, 65%, hydrochloride salt) as a
white solid."H NMR (DMSO-dg) & (ppm): 10.71 (bs, 1H), 9.42 (bs, 1H), 9.24 (bs),TH92 (d,

J =2.05 Hz, 1H), 7.86 (dd] = 8.80, 2.05 Hz, 1H), 7.46 (d,= 15.85 Hz, 1H), 7.21 (dl = 8.80
Hz, 1H), 6.46 (d,) = 15.55 Hz, 1H), 4.03 = 4.33 (m, 4H), 3.31 (s, 2H); LC-MS: Method 1,
n=1.27; (ES+) MH: 275.

(x)-(E)-3-[4-Oxo-spiro(chromane-2,3’-pyrrolidine)-6-yl]- N-hydroxy-acrylamide (16)

TEA (0.271 mL, 1.95 mmol) was added to solutiorthe# acrylic acidl2 (484 mg, 1.29 mmol)
in CHCI, (10 mL). The mixture was cooled down to 0 °C, &iiC (372 mg, 1.95 mmol) and
HOBLt (263 mg, 1.95 mmol) were added. The mixturs atared at 0 °C for 3 h, then NEITHP
(182 mg, 1.56 mmol) was added and the mixture weed at RT overnight. The solution was
washed with aqueous 5% NaHg®6plution and brine. The organic layer was theredover
NaSO, and evaporated. The crude residue was purifie¢diymn chromatography (eluent:
CH.Cl,/MeOH 98:2) to give th&l-(tetrahydro-pyran-2-yloxy)-acrylamide intermedi&d®9 mg,
89%) as a light yellow solidH NMR (DMSO-d;) & (ppm): 11.13 (bs, 1 H), 7.94 (8:2.05 Hz,

1 H), 7.81 (dJ=9.10 Hz, 1 H), 7.49 (dJ=15.55 Hz, 1 H), 7.12 (d]=8.80 Hz, 1 H), 6.48 (d,
J=16.43 Hz, 1 H), 4.91 (bs, 1 H), 3.81-4.03 (m, 1 81§2-3.69 (m, 2 H), 3.32-3.52 (m, 3 H),
3.15 (d,J=17.02 Hz, 1 H), 2.98 (d]=17.31 Hz, 1 H), 2.09-2.24 (m, 1 H), 1.90-2.09 (mH)l
1.70 (bs, 3 H), 1.54 (bs, 3 H), 1.40 (m, 9 H). LCSI(ES+) MH: 473.

1 M HCl in E&O (5 mL, 5 mmol) was added dropwise to a solutibiNdtetrahydro-pyran-2-
yloxy)-acrylamide intermediate (280 mg, 0.59 mmplCH,Cl, (2 mL). The mixture was stirred
at RT for 1 h. The precipitate was filtered off,skiad with CHCI,, dried and collected giving
the requisite hydroxamatk6 (108 mg, 57%) as a white solid (hydrochloride sal) NMR
(DMSO-dg) 8 (ppm): 9.74 (bs, 1H), 9.61 (bs, 1H), 7.93Jd; 2.05 Hz, 1H), 7.82 (dd] = 8.80,
2.05 Hz, 1H), 7.45 (d] = 15.55 Hz, 1H), 7.09 (d]l = 8.80 Hz, 1H), 6.46 (d] = 15.55 Hz, 1H),



3.55 (dd,J = 12.47, 5.72 Hz, 1H), 3.42 (bs, 2H), 3.24-3.37 (i), B.20 (d,J = 17.02 Hz, 1H),
3.10 (d,J = 17.02 Hz, 1H), 2.21-2.43 (m, 1H), 2.09 (dt= 14.09, 9.83 Hz, 1H). LC-MS:
Method 7, rt=0.91; (ES+) MH 289.

The N-hydroxy-acrylamided7 and18 were prepared following the procedure for compoiéd
(see SI).

(x)-(E)-3-[4-Oxo-spiro(chromane-2,3'-pyrrolidine)-6-yl]-acrylic acid methyl ester (20)

4 M HCI in dioxane (10 mL, 80 mmol) was added tecdution of spirocycle8 (4.30 g, 11.2
mmol) in 15 mL CHCI, and the mixture was stirred at RT for 1 h. Thecipéate was filtered
off, washed with CHCI,, dried and collected (3.3 g, 92%) giving the me#ster20 as a white
solid (hydrochloride saltfH NMR (DMSO-dg) & (ppm): 9.65 (bs, 2H), 7.97-8.11 (m, 2H), 7.70
(d,J =15.85 Hz, 1H), 7.09 (dl = 9.39 Hz, 1H), 6.60 (d] = 16.14 Hz, 1H), 3.73 (s, 3H), 3.50-
3.67 (m, 1H), 3.35-3.49 (m, 2H), 3.25-3.31 (m, 1821 (d,J = 17.02 Hz, 1H), 3.11 (d] =
17.02 Hz, 1H), 2.20-2.43 (m, 1H), 2.10 @t 14.01, 9.87 Hz, 1H). LC-MS: (ES+) MH288.

The acrylic acid methyl esters9, 21 and 22 were prepared following the procedure for
intermediate20 (see Sl).

(¥)-(E)-3-[1'-Benzyl-4-oxo-spiro(chromane-2,3’-pyrolidine)-6-yl]-acrylic acid methyl ester
(24d)

A suspension of spirocycl20 (440 mg, 1.36 mmol) in aqueous 10% NaHCDIution was
extracted with CEHCl,. The organic phase was dried over8@, and evaporated. The resulting
oil was dissolved in C§Cl, (15 mL), treated with benzaldehyde (0.166 mL, 1n&®ol) and
NaBH(OAc) (433 mg, 2.04 mmol), and the resulting clear sotutvas stirred at RT for 2 h.
Water was added to the mixture and the pH was Itotgy basic conditions with Ngd The
mixture was extracted with GBI,. The organic layer was dried, evaporated, andcthee
residue was purified by column chromatography (®upetroleum ether/EtOAc 7:3) to give
compound24d (482 mg, 94%) as a light yellow solitH NMR (CDCk) & (ppm): 8.02 (d,) =
2.35 Hz, 1H), 7.65 (dd] = 8.80, 2.35 Hz, 1H), 7.65 (d,= 15.55 Hz, 1H), 7.13-7.39 (m, 5H),
7.03 (d,J = 8.80 Hz, 1H), 6.39 (dJ = 16.14 Hz, 1H), 3.82 (s, 3H), 3.71 @= 12.91 Hz, 1H),
3.66 (d,J = 13.20 Hz, 1H), 2.95 (d] = 16.43 Hz, 1H), 2.89 (d] = 16.43 Hz, 1H), 2.80-2.97



(m, 2H), 2.63-2.80 (m, 2H), 2.26 (ddil= 13.35, 7.78, 5.28 Hz, 1H), 1.92-2.12 (m, 1H). LC—
MS: (ES+) MH 378.

The alkylated methyl esteB3a 23d—g 24a 24e—f 25a 25d—g 26a and26d-f were prepared
analogously starting from the appropriate amine afdkhyde following the procedure for
intermediate24d (see Sl).

(x)-(E)-3-[1'-Acetyl-4-oxo-spiro(chromane-2,3’-pyrrolidine)-6-yl]-acrylic acid methyl ester
(24b)

A suspension of methyl est2® (400 mg, 1.23 mmol) in Ci&l, (15 mL) was treated with acetyl
chloride (0.105 mL, 1.49 mmol) and DIPEA (0.264 nil49 mmol) and stirred at RT for 1 h.
The solution was then evaporated and the crudeuptadas purified by chromatography column
(eluent: CHCI,/MeOH 95:5) to give the 1'-acetyl derivati2db (240 mg, 59%) as a white solid.
'H NMR (CDCLk) & (ppm): 8.06 (dJ = 1.76 Hz, 1H), 7.65-7.78 (m, 1H), 7.65 (& 16.14 Hz,
1H), 7.00 (d,J = 8.51 Hz, 1H), 6.40 (d) = 16.14 Hz, 1H), 3.82 (s, 3H), 3.34-4.13 (m, 4H),
2.82-3.12 (m, 2H), 2.292.57 (m, 1H), 2.11 (s, 3H), 1.87-2.09 (m, 1H); LCSMES+) MH:
330.

The acyl derivatives23b—g 23h, 24¢ 24h, 25b—¢ 25h, 26b—c and 26h were prepared
analogously starting from the appropriate amine aeyl chloride following the procedure for
intermediate24b (see Sl).

(¥)-(E)-3-[1'-(2-Phenyl-ethyl)-4-oxo-spiro[chromane2,4'-pyrrolidine]-6-yl]-acrylic acid
methyl ester (249

A suspension of methyl est2d (500 mg, 1.55 mmol) in 15 mL GBI, was treated with 0.33
mL DIPEA (1.86 mmol) and 0.251 mL phenethyl brom{de86 mmol), and stirred at RT for 8
days. The mixture was concentrated and the crudgdue was purified by column
chromatography (eluent: petroleum ether/EtOAc T03yive methyl este24g as a yellow solid
(280 mg, 46%JfH NMR (CDCk) & (ppm): 8.05 (dJ = 2.35 Hz, 1H), 7.67 (dd] = 8.80, 2.35
Hz, 1H), 7.66 (d,J = 15.85 Hz, 1H), 7.12-7.39 (m, 5H), 7.06 {d; 8.51 Hz, 1H), 6.40 (d] =
16.14 Hz, 1H), 3.82 (s, 3H), 3.09 @= 10.27 Hz, 1H), 2.84-3.03 (m, 4H), 2.52-2.84 (m, ,5H)
2.18-2.42 (m, 1H), 1.84-2.16 (m, 1H); LC-MS: (EMH™: 392.



The 2-phenyl-ethyl derivative6g was prepared following the procedure for interratsi24g
(see SI).

(¥)-(E)-3-[1'-Benzyl-4-oxo-spiro(chromane-2,3’-pyrolidine)-6-yl]-acrylic acid
hydrochloride (28d)

The methyl esteR4d (472 mg, 1.25 mmol) was then hydrolyzed in aquezi$d HCI solution
and AcOH following the procedure described for iyerolysis of8 giving the acrylic aci®8d
(450 mg, 90%) as a white solid (hydrochloride sat) NMR (DMSO-ds, 353K) 3 (ppm): 7.96
(d,J = 2.35 Hz, 1H), 7.93 (dd] = 8.51, 2.35 Hz, 1H), 7.53-7.71 (m, 3H), 7.36—7.52 3i),
7.14 (d,J = 8.51 Hz, 1H), 6.44 (d) = 16.14 Hz, 1H), 4.44 (d] = 13.50 Hz, 1H), 4.40 (d] =
13.79 Hz, 1H), 3.36-3.68 (m, 4H), 3.22 Jd= 17.02 Hz, 1H), 3.10 (dl =17.02 Hz, 1H), 2.22—
2.47 (m, 2H). LC-MS: (ES+) MH 364.

The methyl ester7a 27d—-e 27g 28a—¢ 28e-h 293 29c—d 30a-d and 30g-h were
hydrolysed following the procedure for the acrydicid 28d (see Sl), while the methyl esters
27b—¢ 271, 27h, 29b, 29e—hand30e—fwere prepared as described for the acrylic adigsee
Sl).

The N-hydroxy-acrylamides31a 31d, 31h, 32a-h, 33a 33c 33d, 33¢ 33h, 34a-¢ and34g-h
were prepared following the procedure for compourd (see Sl), while theN-hydroxy-
acrylamides31b-g 31e-g 33b, 33f, 33g, and34f were prepared as described for compolsd
(see SI).

(-)-(E)-3-[1'-Benzyl-4-oxo-spiro(chromane-2,3’-pyrolidine)-6-yl]-N-hydroxy-acrylamide
(32i)

1.89 mL (13.6 mmol) of TEA was added to solution 67 g (6.81 mmol) (S)-2-(6-
methoxynaphthalen-2-yl)propanoic acid in 80 mL &f,Cl,. The mixture was cooled down to 0
°C, and 1.95 g (10.2 mmol) EDC and 1.38 g (10.2 mH®Bt were added. The mixture was
stirred at 0 °C for 2 h, then the 2.20 g (6.81 mnactylic acid methyl ester hydrochloric sag,

previously treated with 0.947 mL, (6.81 mmol) of A;En 20 mL CHCI, was added and the
mixture was stirred at RT overnight. The solutioaswwashed with aqueous 5% NaHCO

solution and brine. The organic layer was thenddoger NaSQO, and evaporated. The crude



residue was purified by column chromatography (@ueH,Cl./i-PrOH 99:1) and the 6-
methoxynaphthalen-2-yl diastereoisom88sand 36 were separated. The less polar isomer was
re-crystallized from-PrOH to give 980 mg (29%) of (+)-acrylic acid mgtbster35 as a white
solid. '"H NMR (CDCk) & (ppm): 8.01 (d,J=2.35 Hz, 1 H), 7.48-7.82 (m, 5 H), 7.38 (ddd,
J=10.78, 8.73, 1.61 Hz, 1 H), 7.10-7.25 (m, 2 H),17ahd 6.59 (dJ=8.51 Hz, 1 H), 6.41 (d,
J=16.14 Hz, 1 H), 4.02-4.17 (m, 1 H), 3.96 (s, 3 BI82 (s, 3 H), 3.65-3.91 (m, 3 H), 3.28-3.57
(m, 1 H), 2.95 and 2.79 (d=16.73 Hz, 1 H), 2.86 (d]=16.73 Hz, 1 H), 2.15-2.39 (m, 1 H),
1.69-2.15 (m, 1 H), 1.56 (d=6.16 Hz, 3 H); LC-MS: (ES+) MH 500; optical rotationop=
+5.9°, ¢=1.025 g/100 mL in Gigl,. 926 mg (1.85 mmol) of the methyl esB& suspended in 5
mL of glacial AcOH, was then treated with 5 mL (@dnol) of 20% aqueous HCI. The mixture
was stirred in the microwave oven at 120°C for § ImL of water was added and the reaction
mixture was extracted three times with £Lp. The agqueous phase was evaporated, then 25 mL
of methanol and a catalytic amount of3@, were added and the mixture was heated to reflux
overnight. The solution was poured into water atts Was added to adjust the pH to 9-10. The
aqueous phase was extracted with,Cll dried over NgSQ,, filtered, and the solvent was
evaporated to give the (+)-oxo-spiro(chromane-pystolidine) methyl ester37 (210 mg,
39.5%) as a yellow oil (free baséji NMR (DMSO-d;) & (ppm): 7.99 (d,J=2.05 Hz, 1H), 7.96
(dd,J=8.51, 2.35 Hz, 1 H), 7.67 (d:16.14 Hz, 1 H), 7.06 (d=8.51 Hz, 1 H), 6.56 (d]=16.14
Hz, 1 H), 3.72 (s, 3 H), 2.74-3.10 (m, 6 H), 1.88@(m, 1 H), 1.65-1.85 (m, 1 H); LC-MS:
(ES+) MH': 288; optical rotationop= +1.97°, ¢=0.72 g/100 mL in GBl..

180 mg (0.63 mmol) of the methyl est87 was then treated with benzaldehyde and
NaBH(OAc) according to the procedure used for compo24d to give 180 mg (76%) of the
(+)-(E)-3-[1'-benzyl-4-oxo-spiro(chromane-2,3'-pgtidine)-6-yl]-acrylic acid methyl esterHl
NMR (DMSO-d&) & (ppm): 7.97 (dJ=2.35 Hz, 1 H), 7.97 (dd]=9.39, 2.35 Hz, 1 H), 7.66 (d,
J=16.14 Hz, 1 H), 7.17-7.35 (m, 5 H), 7.10 §¢9.10 Hz, 1 H), 6.56 (d]=16.14 Hz, 1 H), 3.72
(s, 3 H), 3.61 (s, 2 H), 2.91-3.04 (m, 2 H), 2.682(m, 2 H), 2.53-2.67 (m, 2 H), 1.86-2.21 (m,
2 H); LC-MS: (ES+) MH: 378; Optical rotationop=+1.68°, ¢=0.96 g/100 mL in Gi&l,)],
which was first hydrolyzed using aqueous HCI (2086jution and AcOH following the
procedure described for compoub2 giving 120 mg (88%) of the corresponding acrylkadeas

its hydrochloride salt and as a white sofid NMR (DMSO-d&) & (ppm): 11.01-11.75 (m, 1 H),
7.91-8.12 (m, 2 H), 7.53-7.71 (m, 3 H), 7.37-7.68 8 H), 6.95-7.26 (m, 1 H), 6.30-6.57 (m, 1



H), 4.29-4.58 (m, 2 H), 2.91-3.67 (m, 6 H), 1.982(m, 2 H); LC-MS: (ES+) MA 364,
Optical rotation:op= -3.4°, ¢=0.43 ¢g/100 mL in MeOH)], and then trelteith NH,OTHP
following the procedure described for compour@giving 80 mg (63%) of thé&l-(tetrahydro-
pyran-2-yloxy)-acrylamide as a light yellow solitH{NMR (DMSO-d;) & (ppm): 11.13 (bs, 1
H), 7.90 (d,J=2.05 Hz, 1 H), 7.67-7.84 (m, 1 H), 7.47 §&15.85 Hz, 1 H), 7.16-7.39 (m, 5 H),
7.10 (d,J=8.80 Hz, 1 H), 6.46 (d)=16.14 Hz, 1 H), 4.79-5.00 (m, 1 H), 3.86-4.10 (mH)L
3.62 (s, 2 H), 3.47-3.58 (m, 1 H), 3.01 (&17.02 Hz, 1 H), 2.95 (d]=17.02 Hz, 1 H), 2.55-
2.88 (m, 4 H), 1.88-2.18 (m, 2 H), 1.47-1.83 (mHB LC-MS: (ES+) MH: 463]. The THP
protected hydroxamic acid was then hydrolyzed atingrto the procedure for compouié
giving 31.3 mg (44%) of the requisite hydroxamiéda®2i as its hydrochloride saltH NMR
(DMSO-s) & (ppm): 7.92 (dJ=2.35 Hz, 1 H), 7.80 (dd1=8.36, 2.49 Hz, 1 H), 7.34-7.61 (m, 6
H), 7.12 (d,J=8.22 Hz, 1 H), 6.51 (d)=16.14 Hz, 1 H), 4.34 (bs, 2 H), 3.11-3.53 (m, 6 H),
2.29-2.44 (m, 2 H); optical rotationp= -4.4°, ¢=0.27 g/100 mL in MeOH; LC-MS: Method F,
r=1.22; (ES+) MH: 379.

The synthesis of (+)-(E)-3-[1'-benzyl-4-oxo-spitm@mane-2,3’-pyrrolidine)-6-yIN-hydroxy-

acrylamide 82)) is disclosed in the supplementary information.

(-)-(E)-3-[1'-Benzyl-4-oxo-spiro(chromane-2,3’-pipedine)-6-yl]- N-hydroxy-acrylamide
(33i)

5 mL of 4 M HCI in dioxane was added to a solutai2.50 g (6.31 mmol) of intermediafe
dissolved in 20 mL of CkCl,. The mixture was stirred for 5 h at RT and theiltésy precipitate
was collected by filtration to give 2.079 g (89%)(#)-6-bromospiro[chroman-2,3'-piperidin]-4-
one hydrochloridéH NMR (DMSO-dg) & (ppm): 9.69 (bs, 1H), 8.83 (bs, 1 H), 7.821d2.93
Hz, 1H), 7.80 (dd)=6.75, 2.64 Hz, 1H), 7.11 (d79.10 Hz, 1H), 3.39-3.54 (m, 1H), 3.10-3.26
(m, 2H), 3.00 (dJ=17.02 Hz, 1H), 2.86 (d]=17.31 Hz, 1H), 2.62-2.86 (m, 1 H), 1.98-2.18 (m,
1H), 1.78-1.98 (m, 1H), 1.56-1.78 (m, 2H); LC-M®72 1.577 mL (11.32 mmol) of TEA, 1.085
g (5.66 mmol) of EDC and 0.866 g (5.62 mmol) of HOHBO were added to a solution of 0.732
g (3.77 mmol) of (R)-2-acetoxy-2-phenylacetic agid50 mL CHCI, and the mixture was
stirred at RT for 10 min. Then, 1.39 g (4.12 mnufithe racemic spiropiperidine intermediate
was added and the mixture was stirred at RT fon.18fter washing with 5% NaHC{and with



brine the organic layer was dried over,8@, and evaporated to dryness. The crude mixture of
diastereoisomers was purified by silica gel chragegtphy (eluent: petroleum ether/EtOAc from
6:4 to 3:7). The less polar isomer that eluted f#80 mg, 22%'H NMR (DMSO-ds) 3 (ppm):
7.68-7.83 (m, 2H), 7.19-7.65 (m, 5H), 6.94 §&8.80 Hz, 1H), 6.38 (s, 1H), 4.11 (#13.50

Hz, 1H), 3.45-3.87 (m, 1H), 2.88-3.19 (m, 2H), 2(@7J=17.02 Hz, 1H), 2.67 (d]=17.02 Hz,
1H), 2.10 (s, 3H), 1.36-2.02 (m, 3H), 1.00-1.32 (H,)) was then dissolved in 25 mL of EtOH
and 25 mL of 12 M HCI. The resulting mixture wasret at reflux overnight. Then EtOH was
evaporated and the residue was brought to baswitftH20% NaOH and extracted with EtOAc.
The organic phase was dried over,8@, and evaporated to dryness to give 216 mg (80%) of
the (-)-6-bromospiropiperidin intermedis88.*H NMR (DMSO-ds) & (ppm): 7.76 (dJ=2.35 Hz,
1H), 7.71 (dd)=8.51, 2.64 Hz, 1H), 7.04 (d=8.80 Hz, 1H), 2.91 (d]=16.73 Hz, 1H), 2.78 (d,
J=17.02 Hz, 1H), 2.74-2.90 (m, 2H), 2.65-2.74 (m, 1B{p4-2.64 (m, 1H), 1.80-1.90 (m, 1H),
1.52-1.79 (m, 2H), 1.31-1.47 (m, 1H); optical raiat ap= -19.28°, ¢=0.5 g/100 mL in MeOH
(hydrochloride salt).

798 mg (2.69 mmol) of the (-)-6-bromospirochromateimediate89 was dissolved in 30 mL of
CH.CI,. 0.939 mL (6.74 mmol) TEA and 588 mg (2.69 mmaoD @ anhydride were added and
the solution was stirred overnight at RT and wantivashed with 5% citric acid followed by
5% NaHCQ. The organic layer was dried over JS&, and evaporated to dryness. The crude
product was purified by column chromatography (etu@etroleum ether/EtOAc 6:4, v:v) to
give 1.00 g (94%) of theert-butyl esterd1l. 'H NMR (DMSO-ds) 3 (ppm): 7.79 (d,J=2.35 Hz,
1H), 7.74 (d,J=8.22 Hz, 1H), 6.67-7.10 (m, 1H), 3.59-3.99 (m, 2P161-3.18 (m, 4H), 1.90-
2.07 (m, 1H), 1.63-1.83 (m, 2H), 1.48-1.55 (m, 1H}¥7 (s, 9H); LC-MS: (ES+) 395; optical
rotation:ap = +20.67°, ¢=0.505 g/100 mL in MeOH.

587 mg (6.81 mmol) of methyl acrylate and 0.950 (6181 mmol) of TEA were added to a
solution of 900 mg (2.27 mmol) of intermedidtein 3 mL DMF and the mixture was degassed
with nitrogen. 27.7 mg (0.091 mmol) P(o-todnd 10.2 mg (0.045 mmol) Pd(OAayere added
and the mixture was heated at 100 °C under nitrégeB h. Further Pd(OAg)10.2 mg, 0.045
mmol) was added and the solution was heated fotiadal 5 h and then partitioned between
Et,O and water. The aqueous phase was washed withdeid the collected organic layer were
washed with water, dried over p&O, and evaporated to dryness. The crude product was

purified by column chromatography (eluent: petrateether: EtOAc 9:1 to 7:3) to give 734 mg



(81%) of (+)tert-butyl 6-[(E)-3-methoxy-3-0xo-prop-1-enyl]-4-oxoisp[chromane-2,3'-
piperidine]-1'-carboxylateH NMR (DMSO-ds) & (ppm): 7.89-8.09 (m, 2H), 7.68 (d=16.14
Hz, 1H), 6.97-7.09 (m, 1H), 6.57 (d716.14 Hz, 1H), 3.75-4.03 (m, 2H), 3.72 (s, 2H),22.6
3.21 (m, 3H), 2.03 (bs, 1H), 1.65-1.87 (m, 2H),81262 (m, 3H), 1.00-1.26 (m, 9H); LC-MS:
(ES+) 402; optical rotatiorap = +22.40 ¢=0.25 g/100 mL in MeOH. 710 mg (1.77 jrobthe
acrylic acid methyl ester was dissolved in 50 mL,CH 2 mL of 4 M HCI in dioxane was
added and the mixture was stirred at RT for 3 he Pphecipitate was filtered, washed with
CH.Cl, and dried to give 516 mg (86%) of the free amimermediate as its hydrochloride salt [
'H NMR (DMSO-dg) & (ppm): 9.08 (bs, 2H), 8.05 (dd=8.80, 2.35 Hz, 1H), 8.02 (d=2.35
Hz, 1H), 7.69 (d,J)=16.14 Hz, 1H), 7.15 (d]=8.51 Hz, 1H), 6.59 (d)J=16.14 Hz, 1H), 3.73 (s,
3H), 3.42-3.56 (m, 1H), 3.13-3.27 (m, 2H), 3.02Jd17.02 Hz, 1H), 2.86 (d]=16.73 Hz, 1H),
2.78-2.88 (m, 1H), 1.59-2.11 (m, 4H); LC-MS: (ES302; optical rotation: ap = -43.67 ¢=0.24
g/100 mL in MeOH], which was then converted witmbaldehyde and NaBH(OAgcaccording
to the procedure used for compoud®t into theN-benzyl analogue (547 mg, 93%J. NMR
(DMSO-dg) & (ppm): 7.98 (ddJ=8.80, 2.35 Hz, 1H), 7.90 (d=2.05 Hz, 1H), 7.65 (d]=16.14
Hz, 1H), 7.14-7.28 (m, 5H), 7.10 (d=8.51 Hz, 1H), 6.54 (dJ=16.14 Hz, 1H), 3.72 (s, 3H),
3.53 (d,J=13.79 Hz, 1H), 3.45 (d1=13.79 Hz, 1H), 2.96 (d]=16.73 Hz, 1H), 2.89 (dI=16.73
Hz, 1H), 2.53-2.59 (m, 1H), 2.38-2.46 (m, 3H), 191 (m, 3H), 1.41-1.61 (m, 1H); LC-MS:
(ES+) 392; optical rotatiorap = -29.92 ¢=0.26 g/100 mL in MeOH. Hydrolysis ofsbaig (1.34
mmol) of the methyl ester according to the procedor compoundL1l gave 435 mg (86%) of
the corresponding acrylic acid{ NMR (DMSO-dg) & (ppm): 12.29 (s, 1H), 7.94 (dd=8.66,
2.20 Hz, 1H), 7.86 (dJ=2.05 Hz, 1H), 7.57 (d)=16.14 Hz, 1H), 7.15-7.29 (m, 5H), 7.09 (d,
J=8.80 Hz, 1H), 6.43 (d]=15.85 Hz, 1H), 3.53 (dl=14.09 Hz, 1H), 3.45 (d]=14.09 Hz, 1H),
2.96 (d,J=16.73 Hz, 1H), 2.89 (d1=17.02 Hz, 1H), 2.54-2.61 (m, 1H), 2.33-2.46 (m, 3H}9-
1.93 (m, 3H), 1.48-1.65 (m, 1H); LC-MS: (ES+) 3'otical rotation:ap = -18.96 ¢=0.25 g/100
mL in MeOH], which was then converted following theocedure described for compouh@
into the requisite hydroxamic ac88i, that was purified by trituration inRPrOH (81.5 mg, 18%,
hydrochloride salt}H NMR (DMSO-ds) 3 (ppm): 10.71 (bs, 1H), 10.21 (bs, 1H), 7.78-82 (
2H), 7.35-7.76 (m, 6H), 7.25 (d=8.51 Hz, 1H), 6.44 (d)=15.55 Hz, 1H), 4.36-4.53 (m, 1H),
4.26 (dd,J=12.91, 5.58 Hz, 1H), 3.46-3.59 (m, 2H), 3.10-3.28 (H), 2.99 (dJ=17.02 Hz,
1H), 2.86-2.95 (m, 1H), 2.79 (d=17.02 Hz, 1H), 1.87-2.18 (m, 2 H), 1.71-1.87 (m),1H51-



1.71 (m, 1H); LC-MS: Method C, rt=3.11; (ES+) MHB93; optical rotationap = -12.30 ¢c= 1
g/100 mL in MeOH.

The synthesis of (+)-(E)-3-[1'-benzyl-4-oxo-spifm@mane-2,3’-piperidine)-6-yIN-hydroxy-
acrylamide(33j) is disclosed in the supplementary information.

4.2 Biological Assays.
4.2.1 HDACs Inhibition Assay

The in vitro activity of HDAC inhibitors was assayed using tH®AC fluorescent histone
deacetylase activity assay kit (Biomol Researchotafories, Plymouth Meeting, PA). In
specific, 15uL of a nuclear extract from HelLa cells was dilutecb0 pL with the assay buffer
containing the HDAC inhibitor and a peptide conitagnacetylated lysine as substrate at a
concentration of 20QM. The samples were incubated for 15 min at roamptrature and then
exposed to a developer for a further 10 min. Sabstfluorescence was measured using an
excitation at 355 nm and emission at 460 nm, aed%hinhibition was calculated relative to
untreated samples. In order to eliminate possiatk@round interferences the fluorescence was
measured for each compound at the test concemisaiiothe assay buffer in absence of the
enzyme. G, values were determined using a non-linear regmessanalysis of the
concentration/inhibition data.

The in vitro activities of recombinant human HDAZs3 and 6 (BPS Bioscience, San Diego,
CA) were assessed using a fluorescent substrates@@KBiomol Research Laboratories,
Plymouth Meeting, PA). 6.pL of the recombinant HDAC proteins (which corresgsnio 20
pg/well, 6 pg/well and 50Qug/well for HDACs 2, 3, and 6, respectively) weréuthd to 25uL

with the assay buffer containing the HDAC inhibg@nd 25uM of the substrate. The samples
were incubated for 15 min at room temperature &wed exposed to a developer for another 10

min.

4.2.2 Immunoblots and Antibodies



Whole cell extracts were obtained by lysis in buffapplemented with proteases inhibitors (20
mM Tris HCI pH 7.5, 25% glycerol, 420 mM NacCl, 15vmMgCl,, 0.2 mM EDTA, 0.1%
NP40). Proteins were separated by SDS-PAGE, blatt¢al PVDF membranes and probed with
the indicated antibodiesThe employed antibodies were anti-HDAC1, anti-HDAGHti-
HDACA4, anti-HDAC5 and anti-HDACG6 (Cell Signalingeiden, The Netherlands), anti-HDAC2
(Abcam, Cambridge, UK) and anti-tubulin (Sigma-Aldrich, Milan, Italy). Horseradish
peroxidase—conjugated secondary antibodies (Sigltiaeh, Milan, Italy) were used with

enhanced chemiluminescence (Amersham PharmaciedBiofor detection.

4.2.3 Cell Growth Assay

The effect of the HDAC inhibitors on cell proliféian was evaluated against K562 (chronic
myeloid carcinoma), A549 (non-small-cell lung cancend HCT-116 (human colon cancer)
tumor cell lines using the CellTiter—Glo Luminest@ell Viability Assay (Promega, Madison,
WI, USA) according to the manufacturer's instrucsioK562, A549 and HCT-116 cells were
first incubated for 72 h with the inhibitors atféifent concentrations. Then, an equivalent of the
CellTiter—Glo reagent was added, the solution wasedhfor 2 min in order to induce cell lysis,
and the luminescence was recorded after anothemibO The IGo was calculated using
GraphPad Software.

4. 2.4 Molecular Modeling
Target Preparation

The protein structures of the catalytic domain &®AC1 and HDAC2, pdb identifiers 4BKX
[35] and 4LXZ[36], respectively, were prepared ftarcking with Autodock[43] and Plants[44]
as well as a for a final optimization with Mopac[49he pdb files of the structures were
downloaded from the Protein Data Bank (www.rcsh.cagd prepared with same multi-step
procedure here described. In Chimera software[A6]HDAC proteins, the zinc ions and the
ligands (vorinostat in 4LXZ and the acetate in 4BKiere kept while the other molecules were

removed. Hydrogen atoms were added to the resmhukeptimized for thél-bonding networks



both automatically (Chimera defaults) and manuéidy glutamine, asparagine and histidine
residues). In particular, the histidine 140 (nunmpaccording to the human HDAC1 sequence
Uniprot identifier Q13547 or HDAC1 HUMAN) was codsied protonated based on the
interaction with the hydroxamic group of the ligdB8, 47] Then, hydrogens were optimized for
positions with a 100 Steepest Descent minimizat®oth structures were then energetically
optimized at Semi-empirical Quantum Mechanics (SQ&el of theory in Mopac software;
with localized molecular orbital method (MOZYME),M7[48] as Hamiltonian and the
Conductor-like Screening Model (COSMO)[49] to siatel the water environment. Firstly, the
Lewis structure was properly assigned and the ipasitof the hydrogen atoms were minimized
till a gradient norm of 50 kcal/mol/A. Then, allettatoms of the complexes were geometrically
optimized for 50 cycles. The resulting structuresewsed to create the input files for Autodock
and Plants. Partial charges for the proteins wesgaed by Chimera based on the Amber
ff12SB Force Field. In addition, the Zn ion was ralbed with charge +1 as calculated at the
SQM optimization step. The two proteins were supseg onto each other and an area of 15
Angstroms around the geometrical centre of themasttat ligand in HDAC2 was considered for
the binding site. Finally, the grid maps necesdaryAutodock docking were generated with

Autogrid software.
Docking Procedure

After several docking trials with Autodock and REm two stages protocol was selected to
explore the ligand binding against the 2 HDAC prege First, the common substructure of the
ligands presented in this study (the hydroxamiaigriinked to the chromane ring system) was
placed, by means of the rigid protocol in Autodoicko to the binding site. This part has a high
degree of delocalized electrons resulting in adrignd planar structure. Afterwards, the rest of
the molecule was added to the putative complexguBlants with the function 'shape_constraint’
which uses a specified three-dimensional structareonstrain the volume occupied by the
ligand in that protein region. Based on the scares the visual inspection of the docking poses
the best solutions were selected for the follonapgimization. The hydroxamic acid moiety of

the studied ligands was modelled always in its dyadeprotonated form (hydroxamate) as

suggested by various studies on the Zn bindingpg$82, 47]



Optimization and Scoring

Class | HDAC proteins are zinc-dependent enzyniesntetal is used to catalyse the reaction
and to bind both, the protein and the ligand. Bseano explicit electrons are described in
Molecular Mechanics (MM), this level of theory hisitations in representing the nature of
these ligand-enzyme complexes. Thus, although inertaodifications to MM were
suggested[50], we used the Semi-empirical Quantwrohignics to optimize the interactions of
the studied complexes. The best hypotheses of rignpredicted at the docking step for the
investigated molecules were optimized, in SQMaitjradient norm of 10 kcal/mol/A, inside the
fixed and previously treated target structure (seget preparation), with the MOZYME method,
PM7 Hamiltonian, COSMO solvent model and with tHe rGutine.[51] Finally, the energy for
each complex is estimated by subtracting the hdarmations of the target and the ligand alone
from the one of the complex. This is a rough estintd the energy gained by the interaction but

gives an indication for comparing the strengthiatling of similar molecules.

The graphical representations of the coordinateth®fprotein-ligand complexes were created
with PyMOL[52]. The hydrophobic favorable interaxti areas are derived from exploration of
the interaction energy, in protein regions, withadiphatic carbon atom as probe by means of
Autogrid software for Autodock. In the figure therface representation of the grid points with

energy value smaller than -0.25 kcal/mol was dottle thie Autodock plugin for PyMOL.[53]

4. 2.5 Metabolic Stability in Hepatic Microsomes

The inhibitors at 1uM concentration were pre-incubated for 10 min at°87in potassium
phosphate buffer (pH 7.4) together with 0.5 mg/mbuse or human hepatic microsomes
(Xenotech, Kansas City, USA). The cofactor mixtureluding NADP, G6P and G6P-DH was
added and aliquots were taken after 0 and 30 nfie. Samples were analyzed on an Acquity
UPLC, coupled with a Sample Organizer and intedaagh a triple quadrupole Premiere XE
(Waters, Milford, USA). Mobile phases consistedagihase A [0.1% formic acid in a mixture of
water and acetonitrile (95:5, v:v)] and phase BL$9.formic acid in a mixture of water and
acetonitrile (5:95, v:v)]. Separations were carraad at 40 °C on Acquity BEH C18 columns

(50mmx2.2mmx1jm, flow rate of 0.45 mL/min or 50mmx1mmxum, flow rate of 0.2



mL/min). The column was conditioned with 2% of Ria&sfor 0.2 min, then brought to 100% of
Phase B within 0.01 min and maintained at theseditons for 1.3 min. The operating
parameters of the MS were set as follows: capilaryage 3.4 kV, source temperature 115 °C,
desolvation temperature 450 °C, desolvation gas 860 L/h, cell pressure 3.3x%0nbar. Cone
voltage and collision energy were optimized for rgveompound. LC-MS/MS analyses were
performed using a positive electrospray ionisatié8Il’) interface in MRM (multiple reaction
monitoring) mode with verapamil as internal staddarhe percentage of the compound
remaining after 30 min incubation was calculatecbading the following equation: [area at time

30 min]/ [area at time 0 min]*100%.

4. 2.6 Inhibition of Human CYP450 Isoenzymes Actity

The cytochrome P450 inhibition experiments wereiedrout by adapting previously described
protocols [54, 55] and following the manufacturaristructions (BD Biosciences, New Jersey,
USA). The compounds were dissolved in a 96-wellepit 10uM concentration in a potassium
phosphate buffer (pH 7.4) containing a NADPH regetieg system. The final cofactor
concentrations were 1.3 mM NADP3.3 mM glucose 6-phosphate and 0.4 U/ml glucese-6
phosphate dehydrogenase for all enzyme/substrate Pphe reaction was initiated by adding the
specific isoenzymes (Supersomes, Gentest) andratéssiat 37 °C. Furafylline (for CYP1A2,
100 uM), tranylcypromine (for CYP2C19, 50QM), quinidine (for CYP2D6, 0.5uM), and
ketoconazole (for CYP3A4, 1.66M) were employed as control inhibitors. Incubatiomere
carried out for 15 min (0.5 pmol CYP1A2uM 3-cyano-7-ethoxycoumarin (CEC)), 30 min (0.5
pmol CYP2C19, 25uM CEC; 1 pmol CYP3A4, 50uM 7-benzyloxy-4-(trifluoromethyl)-
coumarin; 1.5 pmol CYP2D6, 1.pM 3-[2-(N,N-diethylN-methylamino)ethyl]-7-methoxy-4-
methylcoumarin). The reaction was stopped by ad@imgL of a mixture of 80% acetonitrile
and 20% 0.5 M TRIS base and the plates were rea@ dimorimeter at the appropriate
emission/excitation wavelengths.[55] The percentafjenhibition was calculated relative to

enzyme samples without inhibitors.

Supplementary data.Synthesis and characterization of prepared commudBLC purity of
the obtained hydroxamic acid derivatives. This maltds available free of charge via the

Internet.
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Table 1. HDAC Enzyme and Antiproliferative Activity Datarf&/orinostat and Spirochromanes
la—G 15-18and31a-h to 34a-h

Enzyme K562 A549 HCT116
R m n (LM) M) (UM) (LM)
vorinostat (see Figl) 0.102 0.645 1.079 0.757
12[30] benzyl 1 1 0.121 0.399 0.773  0.477
1b[33] 4-F-benzyl 1 1 0.108 0.681  1.32 0.777
1¢[33] Ph-(CH)- 1 1 0.113 0.180 0.551  0.201
15 H 0 O 0.228 258  8.58 3.68
3la CHs 0 o0 0.168 0.168 0.429  0.178
31b acetyl 0 © 0.485 15.1 477 10.5
31c ethyloxycarbonyl 0 0 0.286 1.88 4.87 1.23
31d benzyl 0 O 0.067 0.175 0.245  0.076
3le 4-F-benzyl 0 o0 0.130 0.301 0.684  0.190
31f L-methyldFHindol:3- 0062 0046 0242  0.078
ylmethyl
31g Ph-(CH)- 0 O 0.219 0.250 0.896  0.220
31h benzoyl 0 © 0.081 0.376  1.33 0.294
16 H 1 0 0.131 414  2.32 2.27
32a CHs 1 0 0.119 0.198 0.357  0.146
32b acetyl 1 0 0.955 >50 >50 >50



32c
32d
32i
32

32e
32f

329
32h
17
33a
33b
33c
33d
33i
33

33e
33f

339
33h
18
34a
34b

34c

ethyloxycarbonyl
benzyl
(-)-benzyl
(+)-benzyl
4-F-benzyl

1-methyl1H-indol-3-
ylmethyl

Ph-(CH)2-
benzoyl
H
CHs
acetyl
ethyloxycarbonyl
benzyl
(-)-benzyl
(+)-benzyl
4-F-benzyl

1-methyl1H-indol-3-
ylmethyl

Ph-(CH)2-
benzoyl
H
CHs
acetyl

ethyloxycarbonyl

0

o O o o

1

1

0.150
0.052
0.026
0.037

0.196

0.085

0.027
0.187
0.136
0.237
0.207
0.232
0.056
0.084
0.143

0.034

0.183

0.001
0.165
0.134
0.114
0.323

0.300

0.721
0.271
0.119
0.130

0.283

0.051

0.102
0.533
0.555
0.056
5.6
0.936
0.430
0.441
0.523

0.552

0.147

0.106
2.01

5.99

0.329
5.18

1.66

0.837
0.389
0.332
0.303

0.642

0.180

0.272
2.11
0.714
0.103
14.5
2.28
0.839
1.063
1.461

1.16

0.425

0.157
4.13
3.12

0.534
20.1

5.75

0.351
0.072
0.066
0.071

0.178

0.047

0.043
0.510
0.228
0.063
3.24
0.678
0.385
0.326
0.447

0.372

0.078

0.052
1.326
1.08

0.098

3.51

1.01



34d benzyl 2 1 0.073 0.162 0.371 0.047

34e 4-F-benzyl 2 1 0.149 0144 0333  0.063

34f l-methyHHindol-3- 0.114 0.046 0260  0.060
ylmethyl

34g Ph-(CH)»- 2 1 0.056 0188 0.184  0.062

34h benzoyl 2 1 0.110 111 378 0617

& Assays done in replicates¥). Mean values are shown and the standard dengtire <30%
of the mean



Table 2. HDAC Selectivity Profile for Vorinostat,a-c 32d and34d®

Enzyme HDAC2 HDAC3 HDACG6
R m n (LM) (LM) (LM) (LM)
vorinostat (see Figl) 0.102 0.197 0.055 0.029
14[30] benzyl 1 1 0.121 0.270 0.065 0.103
1b[33] 4-F-benzyl 1 1 0.108 0.320 0.092 0.192
1¢[33] Ph-(CH).- 1 1 0.113 0.199  0.130  0.138
32d benzyl 1 0 0.052 0.082 0.028 0.123
34d benzyl 2 1 0.073 0.072 0.030 0.151

& Assays done in replicates¥2). Mean values are shown and the standard densatire <30%

of the mean



Table 3. Microsomal Stability Data for Selected Spirochromé

Microsomal = Cytochrome P450 [% inhibition at
Stability [%0] 10 pm]
Cpd. R m n Mouse Human 1A2 2C19 2D6 3A4
vorinostat (see Fig 1) 82 93 o5 69 o5 35
13(30] benzyl 1 1 32 55 5 41 56 48
1b[33] 4-F-benzyl 1 1 47 63 5 61 43 34
1c[33] Ph-CH)> 1 1 57 66 13 42 41 40
31d benzyl 0O O 44 44 5 40 64 53
1-methyl1H-
31f indol-3- 0 0 27 51 8 68 74 84
ylmethyl
32d benzyl 1 O 27 24 5 39 70 69
39i (O)-benzyl 1 0 19 23 nd n® nd nd
321 (+)-benzyl 1 0 19 11 nEI ncF ncF ncF
1-methyl1H-
32f indol>-/3- 0 8 16 I’]B ncP ncP ncP
ylmethyl
32g Ph-(CH)» 0 31 31 5 59 41 64
33a Me 2 0 72 42 5 12 14 51
1-methyl1H-
33f indo?_’ 3. 0 23 19 nti n® nd nd
ylmethyl
33g Ph-CH) 2 0 19 16 i nd nd nd
34a Me 2 1 62 79 5 9 5 12
344 benzyl 2 1 25 19 ndy nd’ nd’ nd’
3de AFbenzyl 2 1 25 11 ndl nd’ nd’ nd’



1-methyl1H-

345 indol-3- 2 1 19 38 nd nd nd nd
ylmethyl
349 Ph-CH)> 2 1 39 27 5 81 52 41

@ Assays done in replicates¥2). Mean values are shown and the standard dengatire <30%

of the mean*,3 nd: not determined



Figure 1. FDA approved HDAC inhibitors.

Figure 2. Nuclear HelLa extract (Biomol N. E.) and total Hedatract were prepared and
analyzed by SDS—PAGE. Level of histone decaetyldse®, 3, 4 and 6 were detected using

rabbit polyclonal and mouse monoclonal antibod@wed by ECL detection.

Figure 3. Interaction between the hydroxamate-chromane tngtee common part) and the

HDACI1 structure. The secondary structure of theyenezis depicted as well as the ligand and
the neighbor residues (labeled for type and numbgrs sticks. The image is color-coded for
atom-type and carbon atoms are in grey for theetaagd in green for the ligand. The metal

coordination is also present as the main polaracten of the complex (yellow dashed lines).

Figure 4. Hydrophobic interactions of spirochromanes wita tuter portion of the target. The
protein is depicted as surface (in light-grey) aalvas the region of favorable hydrophobic
interaction (in yellow). The ligand is in stickspresentation and the carbon atoms are color-
coded: green and light-green for the two stereo&snof spiro(chromane-2,3'-piperidin3{
and33j in Table 1). For comparison also the referencéitdr, vorinostat, is depicted as ball-

and-sticks.

Scheme 1Reagents and condition&@) MeOH,N-BOC-cycloamine-one, pyrrolidine, 70°C, 4 h;
(b) DMF, TEA, Pd(OAc), P(o-toly, methyl acrylate, 100°C, 3 h; (c) dioxangfH NaOH, RT,
overnight or forl2 and 14 AcOH/HCI, 85°C, 3 h, then Ci€l,, TEA, BOGO, RT, 1 h; (d)
CH.CI,, EDC, HOBt, TEA, NHOTHP, RT, overnight; (e) Ci€l,, ELO, HCI, RT, 1 h or fod5
CH.Cl,, dioxan, HCI, RT, overnight.

Scheme 2Reagents and condition&) dioxane, HCI, RT, 1 h; (b) f@&3a-26a 23d-26d 23e-
26¢ 23f-26f, 23g and25g, R'CHO, NaBH(OAQ), RT, 2 h; for23b-26k 23c-26¢ 23h-26h,
RCI, DIPEA or TEA, RT, 1 h; fok4gand26g, Ph-(CH),-Br, DIPEA, RT, 8 days foR4g and
15 days for26g (c) AcOH/HCI, 85°C, 3 h or foR7b, 27¢ 27f, 27h, 29b, 29e-h and 30e-f
dioxane/HO, NaOH, RT, overnight; (d) , EDC, HOBt, TEA, NBITHP, RT, overnight; (e) ,
Et,O, HCI, RT, 1 h or foB1b-¢ 31e-g 33b, 33f-g and34f, dioxan, HCI, RT, overnight.



Scheme 3.Reagents and conditionga) , EDC, HOBt, TEA, (S)-2-(6-methoxynaphthan-
yhpropionic acid, RT, overnight; (b) AcOH, 6 N HQWW, 120°C, 3 h; (c) CkDH, H,SO,,
reflux, overnight; (d) gHsCHO, NaBH(OAc}, RT, 2 h; (e) CHCOOH, 6 N HCI, 85°C, 3 h; (f)
CH.Cl,, EDC, HOBt, TEA, NHOTHP, RT, overnight; (g) C}Cl,, EtO, HCI, RT, 1 h.

Scheme 4Reagents and condition&@) CHCI,, dioxane, 4 M HCI, RT, 5 h; (b) G&l,, EDC,
HOBt, TEA, (R)-2-acetoxy-2-phenylacetic acid, RT8 h; (c) GHsOH, 12 N HCI, reflux,
overnight; (d) CHCIl,, BOGO, TEA, RT, overnight; () DMF, TEA, Pd(OAg)P(o-tol},
methyl acrylate, 100°C, 8 h; (f) GBlI,, dioxane, HCI, RT, 3 h; (g) d8lsCHO, NaBH(OACc),
RT, 2 h; (h) dioxane/kD, NaOH, RT, overnight; (i) C¥Cl,, EDC, HOBt, TEA, NHOTHP, RT,
overnight; (j) CHCI,, EtO, HCI, RT, 1 h.
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Resear ch Highlight

A spirochromane hydroxamate scaffold was designed and evaluated for its HDAC
inhibition.

Severa inhibitors displayed potent antiproliferative activity in tumor cell lines.

Molecular modeling studies were carried out to unravel the binding mode of these
inhibitors.

Selected compounds showed good microsomal stability.



