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ARTICLE INFO ABSTRACT

Keywords: Herein we report the chemical derivatization of the naturally occurring Tropolone (TRP) and its related com-
Tropolone pound p-Thujaplicin (B-TJP) as well as their in vitro assessment for inhibition of the physio/pathologically
Thujaplicin

relevant hCAs isoforms I, II, VA; VII, IX and XII to obtain a first set of inhibition data useful for driving selected

g::zz;uc anhydrase derivatives towards appropriate biomedical exploitation. The selected compound 17 was characterized for its
Regioisomer chemical stability and assessed for its antiproliferative activity on a multiple myeloma model and showed potent

pro-apoptotic features jointly with a safe toxicity profile on healthy cells. The binding mode of p-TJP within the
hCA II was assessed by means of X-ray crystallography of the hCA II/$-TJP complex and showed almost complete
superposition with the hCA II/TRP adduct reported in the literature. The data produced were used to elaborate a
binding prediction model of such compounds on the hCAs VA, IX, and XII which are directly connected to
important diseases. Overall, the achievements reported in this work are in the sustainment of the exploitation of
naturally occurring troponoloid-based structures for biomedical purposes and thus contribute to the field in
extending the variety of available chemical features.

Multiple myeloma

1. Introduction the presence of the two moieties makes TRP be regarded as a vinylog of

carboxylic acids, and in some cases, an effective bioisostere of benzoic

Tropolone (TRL, Fig. 1), also known as hydroxytropone, is a seven- acid [1]. In this context, it is recognized to establish a strong intra-

membered aromatic compound endowed with a cyclic ketone function molecular and intermolecular association due to an H-bond and to be

and a vicinal enolic hydroxyl group. The latter seems to correspond to a able to chelate metals through the two oxygen atoms of the molecule [2,
combination of enol and phenol properties. Besides the peculiar acidity, 3] (Fig. 1).
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The exceptional structure of TRP came from natural sources and in
particular it is produced by bacteria, fungi, and yeast, and was identified
for the first time as a virulence factor of a plant pathogen [4]. In addi-
tion, different cyclization synthetic approaches have been reported to
obtain the TRP nucleus in the laboratory [5-7]. However, it is often
found as part of more complex natural compounds, such as colchicine
[8], and about 200 molecules have been identified as natural TRPs [9].
TRP has been widely investigated for its antioxidant properties as well
as its antibacterial, antiparasitic [10], and in general, antimicrobial [11]
properties. On the basis of its polypharmacology, TRP is hypothesized to
act by perturbing microbial membranes [12] and metabolism, especially
due to its ionophoric, thereby metal chelating, action [13,14].

However, among tropolonoids, thujaplicins (TJPs, Fig. 1) attracted
the interest of the scientific community. This class of compounds bears
an isopropyl group in different positions of the TRP core, such as C2, C3,
and C4, resulting in a-, -, and y-TJP (Fig. 1), respectively, with the
Greek alphabet referring to the functionalization position with respect to
the OH moiety (Scheme 1). Naturally occurring from certain coniferous
trees, mainly the Cupressaceae family, e.g., Thuja species, which has
conferred the name to the derivatives. §-TJP, also known as Hinokitiol,
found large applications in cosmetics, food, oral care, and beauty
products due to its antioxidant [15], antimicrobial [16], anticancer
[17], antidiabetic [18], and other activities. Multiple pharmacological
potentialities of tropolonoids are associated with the chelating proper-
ties of the a-enolic ketone moiety, resulting in a bidentate ligand coor-
dinating the metal ions [19], able to act as ionophores [20], or
siderophores [21], thereby, affecting the homeostasis of metals in the
cell cytoplasm or depleting the levels of metal cofactors and as modu-
lators of enzymes function by impairing their folding or their catalytic
activity.

Moreover, several X-ray structures of TRP-metalloenzyme complex
have been deposited in the Protein Data Bank database (PDB,
https://www.rcsb.org), i.e., those of human tyrosinase-related protein 1
[22] and human Carbonic Anhydrase (hCA) II isoenzymes [3](discussed
later), proving the zinc-binding properties of the nucleus. Also, several
contrast agents with a tropolonoid-based structure have been reported
[23].

Notably, a previous study by Cohen and coworkers reported the
inhibitory activity of TRP and TJP towards hCA II, a human (h) isoen-
zyme of the superfamily of CAs (EC: 4.2.1.1), metalloenzymes catalyzing
the hydration of carbon dioxide into bicarbonate ion and proton. Along
with a large series of compounds, the two natural troponoloids were
investigated on their ability to chelate the zinc ion, the cofactor of the
enzyme. The study revealed low inhibition percentages (Inhib. % =
16-17 %) for both compounds when tested at 500 pM on the wild-type
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isoenzyme by means of the 4-nitrophenylacetate esterase assay.
Remarkably, kinetic studies on two hCA II variants, ie., H94C and
H94D, revealed a drop in the inhibitory activity (Inhib. % = 0%) and an
increase in potency (Inhib. % = 47-49%), respectively, proving a spe-
cific interaction network in the active site of the enzyme [24]. Some
years later, the same group reported TRP and its isostere thiotropolone
(TTRP) (illustrated in Fig. 1 in one of the tautomeric forms) to inhibit
the wild-type hCA II with inhibition constant (Kj) values of 1350 and 96
uM, respectively, proving the importance of the sulfur atom in the metal
binding ability of such compounds. Again, in this study, the enzymatic
assays on a different variant, hCA II L198G, containing a glycine residue
in place of a leucine, led to an increase in the potency of both compounds
(K;s = 245 and 61 pM, respectively). X-ray crystallization studies
confirmed the zinc-binding ability of TRP [3]. One year earlier, Costa
et al. performed a structure-based virtual screening on a library of
essential oils aimed at discovering new inhibiting chemotypes of the
mitochondrial hCA VA, an isoform involved in lipogenesis and associ-
ated with obesity. During this study, p-TJP emerged and deeper in silico
studies, i.e., molecular dynamic simulations, confirmed the role of the
tropolonoid zinc binding group in the interaction with the enzyme and
enzymatic assays assessed a micromolar inhibition of hCAs I, II, and VA,
with K; values of 4.98, 90.60, and 7.50 pM, respectively [25]. Alto-
gether, the potentialities of tropolonoids in inhibiting CAs and the
multifaceted physiopathological role of these enzymes led us to inves-
tigate TRP and TJP core by generating a library of O-functionalized
derivatives as putative inhibitors of representative a-CAs belonging to
humans (main text) or other microorganisms (Table S1 in the Supple-
mentary Material file).

2. Results and discussion
2.1. Synthesis of tropolonoid derivatives

Aimed at exploring the chelating properties of TRP and B-TJP,
different O-functionalized derivatives were developed and, in particular,
ethers and esters were prepared by reacting the tropolonoid nuclei with
the suitable chemical, mainly halide, in a basic environment (Scheme 1).

For these reactions, the presence of a base, being inorganic as KoCO3
or organic as N,N,N-triethylamine (TEA) and N,N-dimethylaminopyr-
idine (DMAP), all characterized by a pK, of approximately 10, is
necessary to allow the complete deprotonation of the enolic group of the
tropolonoid making it to act as a nucleophile. However, instead of TRP,
the treatment of p-TJP with such bases leads to the generation of two
resonance forms, namely the p- and the 3-TJP enolates, and the
following nucleophilic attack generates the corresponding p- and the
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Fig. 1. Chemical structure of natural tropolone (TRP) and f-thujaplicin (B-TJP, or Hinokitiol) with the latter isomers a-thujaplicin (a-TJP) and y-thujaplicin (y-TJP)
along with the synthetic derivative thiotropolone (TTRP). A representative example of tautomerism (-8 TJP) and the mechanism of chelation are illustrated in the
blue and red boxes, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Scheme 1. General reaction scheme involving O-derivatization on TRP or B-TJP in basic environment, generating TRP derivatives and p- and 8-TJP derivatives. pK,

values for TRP and B-TJP are reported [5].

8-TJP adducts (Scheme 1), as already reported [26-28]. However, the
isolation and identification of the two TJP regioisomers are not a trivial
job and require in-depth investigations, often based on a combination of
NMR experiments. In detail, a large library of TRP and TJP derivatives
was synthesized through different O-derivatization reactions, as depic-
ted in Scheme 2.

First, O-alkylation (i, Scheme 2) was performed via nucleophilic
substitution by using the suitable halogen derivative (RX) in a basic
environment for potassium carbonate, furnishing TRP derivatives 1-3,
7-13. Interestingly, when we employed p-TJP as the starting material, in
most cases the two p- and 5-regioisomers were generated. The isolation
of both the pure regioisomers was successful only when the O-benzyl
function was functionalized in the ortho position, e.g., the 2-nitrobenzy-
loxy TJPs 11 and 118 and the 2-trifluoromethylbenzyloxy derivatives
12p and 128. However, when the nitro group was moved to the para or

meta position, the two TJP regioisomers were not isolated and a 50:50
mixture was obtained (948 and 10p+-8, respectively). Similar results
were obtained for O-propargylated (1$-+8), O-chloropropyl (2p+38), 4-
cyano benzyloxy (8$-+8), and 2-(5-phenyl-1,3,4-oxadiazolyl)methoxy
(14p+8) TJIPs with p:3 ratios close to 50:50 (with the exception of 148
with 55:45 ratio). Otherwise, in some cases, we isolated just one pure
regioisomer and, in particular, 4-bromo benzyloxy TJP 78 and the 1-
naphthylmethoxy TJP 138 in a reaction yield (= 52% in both cases)
comparable to the others, thereby, we could assume they were the only
regioisomer produced from the reaction.

The O-alkylation with ethyl bromoacetate led to derivatives 5 and
5f+38, which were then hydrolyzed by lithium hydroxide to free car-
boxylic acids 6 and 6§+8 (ii, Scheme 2). Also, for these TJPs, the
regioisomer mixture was not solved. Interestingly, we synthesized a TJP
dimeric compound (48) by reacting 1,5-dibromopentane with an excess
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Scheme 2. Synthetic pathways for the preparation of TRP and TJP derivatives 1-17. TRP (R—H) and TJP (R = iPr) derivatives. The numbering code with Greek
letters B or 8 indicates the position of the isopropyl moiety on the TJP scaffold with respect to the hydroxyl group, as conventional (see Fig. 1). Compounds indicated
as B+8 are a mixture of the two isomers in different ratios (see Experimental Section for details). The R! substitution pattern is reported in Table 1.
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of p-TJP (iii, Scheme 2). The 'H and '>C NMR analysis for this compound
highlighted the presence of §-TJP scaffolds. Also, we prepared 4-nitro-
benzoyl and adamantanoyl derivatives by reacting the tropolonoids
with the suitable carboxylic acid or acyl chloride and, apart from the
TRP derivatives 15 and 16, the §-TJP regioisomer 158 was isolated as
the only product whereas the adamantanoyl TJP derivative was ob-
tained as a regioisomeric mixture (16p+38) (iv, Scheme 2). Peculiarly,
the latter was the only case of a product with a p:8 ratio of 85:15 with a
large preference for p-TJP regioisomer, resulting in being the major
isomer.

In the end, tosylation of the OH moiety of TRP and f-TJP was per-
formed by using tosyl chloride, and the corresponding tosylates 17, 178,
and 178 were afforded (Scheme 2). In this case, the products were
already characterized and structures elucidated, although obtained
through different reaction conditions, e.g., by using pyridine as a base
[28].

As already mentioned, we successfully isolated the two regioisomers
obtained in the synthetic pathway. However, in some cases, although we
did attempt to separate the regioisomers via direct phase, silica gel-
based column chromatography, and employing various eluent condi-
tions, the regioisomers often co-eluted, making the full separation not
feasible. This could be due to their small structure and high structural
similarity. As a result, we tested the mixture of regioisomers and relied
on in-depth NMR techniques to determine their ratio for the reaction
yield characterization and the following biological evaluation.

2.2. Insight into the chemical structure of TJP regioisomers mixtures
10p+6 and 8$+6 and pure products 11 and 118 via NMR experiments

In order to elucidate the chemical structure of the TJP regioisomers,
combined bidimensional NMR experiments were performed. In partic-
ular, Heteronuclear Single Quantum Correlation (HSQC), Heteronuclear
Multiple Bond Correlation (HMBC) NMR and Nuclear Overhauser Effect
Spectroscopy (NOESY) techniques were employed on the two p and &
regioisomers of two different TJPs (10p+8) and 8f+8. The former ex-
periments are generally used to determine the correlation of 'H and 13C
nuclei single bonds (HSQC) and the nuclei separated by two, three, or
more bonds. NOESY, instead, provides information on through-space
nuclei interactions (see NMR spectra in the Supplementary Material
file, Figs. S25-S28 and S37-540). Interestingly, the analysis of HMBC
NMR spectra for the investigated compounds 108+8 and 8p+8
revealed two sets of resonance lines corresponding to two regioisomers

a
|

o)
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in each sample (Fig. 2).

The main evidence for the unambiguous structural assignment of
these compounds lies in the carbon chemical shift of atoms numbered 3.
All four compounds analyzed show a 'H-'*C HMBC interaction between
the methyl doublets 9,10-CH3 and 8-C, which in turn show interaction
with 3-H. Based on the knowledge of the proton chemical shift of 3-H, its
associated carbon can be easily identified from the 'H-!3C HSQC spec-
trum. In the f§ isomers (marked in blue in Fig. 1), the 3-C chemical shifts
are 118.0 ppm and 117.6 ppm for 10$-+8 and 8p-+8, respectively. Both
8-TJP isomers (marked in red in Fig. 2) exhibit a carbon chemical shift of
3-C at 135.0 ppm. Additional confirmation for the elucidated structures
was found in the NOESY spectra, in which both $-TJP isomers show a
strong NOE interaction between 11-CH; and 3-H, while their §-TJP
counterparts exhibit the cross-peak between 11-CH; and 7-H. NMR
analysis for pure isolated regioisomers 11p and 118 was similar. In the
B-TJP isomer (11p), the carbon chemical shift of 3-C is 117.0 ppm, while
in the 8-TJP isomer (118) 3-C is found at 134.9 ppm. Analysis of NOE
contacts (Fig. 3) confirmed the assignment.

Thanks to this analysis, the structure elucidation of the pure TJP
regioisomers and the assessment of the p:5 ratio in the mixture was
performed and helped the structure-activity relationships (SARs) and in
silico further studies.

2.3. Inhibitory activity against a-carbonic anhydrases and SARs
considerations

TRP compounds along with TJP derivatives as pure regioisomers or
their mixture were tested against a panel of a-CAs endowed with specific
physio-pathological roles, belonging to humans (hCAs [, II, VA, VII, IX,
and XII) (Table 1), bacteria (VchCAa from Vibrio cholerae [29] and
HpCAa from Helicobacter pylori [30]), protozoa (TcCAa from Tripano-
soma cruzi [31]), and parasites (SmCAa« from Schistosoma mansoni [32])
to further assess potency and isoform selectivity (Table S1).

All the synthesized compounds turned out to be less potent than the
reference compound, acetazolamide (AAZ). The large dataset (Table 1)
allowed the establishment of preliminary SARs which are herein re-
ported based on the isoform.

- As regards the parent compounds, TRP did not show any activity on
hCA I whereas -TJP exhibited a low micromolar inhibitory activity
(K; = 4.98 pM). The majority of TRP and TJP derivatives were found
almost all inactive towards this isoform. The most potent compound,

(0]
42
O 17 —16
/ \wg \15
“ W

N No,

Fig. 2. Structure, numbering, and key 'H-'>C HMBC interactions marked with red arrows for §-TJP (blue) and 8-TJP (green) for compounds (a) 10p+8 and (b)
8p-+8. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Structure, numbering, and key 'H-'H NOESY interactions marked with red arrows for p-TJP and 8-TJP regioisomers of compounds (a) 11 and (b) 118. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

the O-propargylated TRP derivative 1 showed a K; of 0.05 pM, while
the corresponding mixture of - and 8-TJP, namely 1p+8, resulted in
being active as well, but less potent (K; = 0.66 pM). Moreover, 4-cya-
nobenzyloxy (8), 4-nitrobenzyloxy (9), and 2-nitrobenzyloxy (11)
TRP derivatives exhibited moderate results with K;j of 8.31, 6.22, and
8.01 pM, respectively, suggesting that nitro group led to inhibitory
activity on hCA I only in para or ortho positions, whereas when in
meta, as compound 10, this electron-withdrawing function led to a
decrease in potency (K; > 100 pM).

TRP and B-TJP were found inefficacious in inhibiting the physio-
logically relevant hCA II, whereas some derivatives showed a
micromolar inhibition, thus confirming the O-derivatization to
determine a gain in potency. In detail, the TJP isomers mixture of 3-
chloropropyl (2p+8) and 2-phenyl-oxadiazolyloxy (14p+8) de-
rivatives exhibited Kj values of 2.95 and 2.80 pM against hCA II,
respectively, representing the most active derivatives of the series.
Other promising compounds are the TRP-based compound with the
acetyl moiety (6), 1-naphthylmethylene-oxy-TRP (13), and 138 with
K; values between 3.02 and 3.96 pM, and to a lesser extent, com-
pound 48, with alkyl linker between the two 8-TJPs, 4-bromobenzy-
loxy &-TJP (78), 4-nitrobenzoate &-TJP (158), and p-
toluenesulfonate 8-TJP (168) with K; values between 6.39 and 8.72
pM.

Most of the synthesized compounds resulted in being inefficacious
inhibiting hCA VA, with the best-in-class compound being the tosy-
late 178, with a K; value of 4.45 puM. It is interesting to note that the
B-TJP analogue (17f, K; = 39.0 pM) exhibited weaker inhibitory
activity, whereas p-toluenesulfonate tropolone 17 was completely
inactive on hCA VA (K; > 100 pM), highlighting the importance of
the presence of isopropyl group nearby ketone moiety instead of O-
sulfonyl one, while compounds 2, 2$+8, 6, 78, 11f, and 12
exhibited K; values between 6.63 and 9.56 pM. In detail, the TRP
scaffold was favored than TJP core for compounds 2 (K; = 8.75 pM)
and 2p+38 (K; = 9.56 pM), while the elongation of the alkyloxy tail
with two methylene moieties, and the substitution of chlorine with
the bigger and more electron-withdrawing bromine, as in compound
3, led to a dramatically decrease of activity of tropolone scaffold (K;
= 84.16 pM). Tropolone scaffold was recommended for acetyl de-
rivatives (6, K; = 8.11 pM), where the presence of isopropyl group
led to an inefficacious compound (6+8, K; > 100 pM). Among the
benzyloxy derivatives, TJP was favored for 4-bromo- (78, K; = 7.95
uM), and 2-nitrobenzyloxy (11, K; = 8.96 uM; 118, K; = 21.67 pM)
compounds, whereas the substitution of the nitro group with the
other electron-withdrawing trifluoromethyl one, in position 2, led to
stronger results for tropolone derivative 12, instead of TJP ones 12§
and 128, with K; values of 6.63, 83.51, and >100 pM, respectively.
Further, independently from TRP and TJP scaffolds, the nitro group
was not tolerated only in positions 4 (9, 98+8, K; > 100 uM) and 3

(10, p+8, K; > 100 pM). Moreover, p-TJP was moderately active in
the inhibition of hCA VA, with a K; of 7.50 pM.

Both TRP and p-TJP did not display activity on hCA VII, while some
of their derivatives showed a better profile. In particular, 4-bromo-
benzyloxy 8-TJP (78) exhibited a Kj of 0.96 pM, resulting in being
the most potent derivative in this context, while its TRP analogue (7)
resulted to be completely inactive, with K; value > 100 pM. Among
the alkyl derivatives, compounds 2, 2f+8, and 3 exhibited moderate
inhibitory activity on hCA VII, with K; values of 5.20, 2.78, and 1.52
uM, respectively. The absence of isopropyl group of 6 increased more
than 14-fold the inhibitory activity (6, K; = 4.87 pM; 6$+38, K; =
71.3 pM). Conversely, for benzyloxy compounds, TRP was not the
first choice to reach potent hCA VII inhibitors, except for 2-trifluor-
omethyl derivative 12, with K; of 6.19 pM. Among the nitro de-
rivatives, position 3 led to the most potent compound 10p+38 (K; =
2.78 pM) than position 4 (9+8, K; = 33.91 pM) and position 2 (118,
K; = 5.41 pM; 118, K; = 6.18 pM). It is interesting to note that the 4-
nitrobenzoate, 158, structurally similar to 9p+8 resulted in being
3.5-fold more active. These data could be explained by the presence
of carbonyl moiety, capable of accepting H-bonds, or for the presence
of the single 6 regioisomer. Nonetheless, 8-regioisomer led to slightly
stronger inhibitory activity for p-tosylate derivatives (17, K; = 9.33
uM; 178, K; = 5.27 uM). Lastly, the bulkier naphthylmethylene-oxy
moiety showed moderate inhibitory activity, where the TRP scaffold
was more active than 8-TJP (13, K; = 2.82 uM; 138, K; = 3.95 pM).
As regards the two tumor-associated isoenzymes IX and XII, p-TJP
emerged for moderate activity versus hCA IX (K; = 23.88 pM).
Several derivatives showed strong activity in the inhibition of hCA
IX, with K; values less than 1 pM. Indeed, the most active compounds
against hCA IX are: 3 (K; = 0.54 pM), 78 (K; = 0.26 uM), 8p+38 (K; =
0.44 pM), 118 (K; = 0.94 pM), 138 (K; = 0.53 pM), 148+ (K;
0.49 pM), 158 (K; = 0.37 pM), 178 (K; = 0.42 uM), 178 (K; = 0.40
pM). Other promising compounds are 148, 2p+8, 48, 6B-+38,
10p+38, 11, 12, 13 with K; values between 1.41 and 4.30 pM. The
bromo-alkyl TRP 3 was the most selective compound toward hCA IX
over hCA I and II, with a Selectivity Index (SI) > 185 for both hCA I
and II (Selectivity Index was calculated as K; of hCA I or II/K; of hCA
IX or XII). Whereas, the most potent compound, 78, was not a se-
lective hCA IX inhibitor, with a SI of 28.6 over hCA II. The replace-
ment of bromine with another electron-withdrawing group as cyano
in position 4 (8f+8) led to a slight decrease of activity on hCA IX as
well as an increase of selectivity over hCA II (SI = 159.6). If on the
one hand nitro group did not show strong activity in positions 4 (9
and 9$4-8) and 3 (10 and 10p+8), on the other hand, this moiety
was suitable in position 2, especially for f- and §-derivatives. Indeed,
11p showed a K; of 1.41 pM and the most active and selective 118
exhibited a K; of 0.94 pM. The substitution of the nitro group in
position 2 with trifluoromethyl one (12f and 128) led to a dramat-
ical decrease in activity, especially for 8-TJP scaffold. Further, the
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Table 1
Inhibition data of TRP, TJP, and their derivatives, and reference compound AAZ on a panel of human (h) CA isoforms through the stopped-flow CO, hydration assay
o] OR'
o) OR' o)
OR’ _
[33]. TRP B-TJP 5-TJP  B+6-TJP mixture of B-TJP and &6-TJP
5 A *details on ratios in Exp. Section
CPD Core R! K; (uM)
hCA1 hCA T hCA VA hCA VII hCA IX hCA XII

TRP TRP -H >100 >100 >100 >100 >100 >100

TJP TJP -H 4.98% 90.6 7.50 >100 23.9 >100

1 TRP 0.05 >100 >100 >100 19.0 7.76

18+8 TJP ‘%’/\ 0.66 76.0 >100 >100 2.29 >100

2 TRP % "¢l >100 44.5 8.75 5.20 8.94 6.74

2p+8 TJP >100 2.95 9.56 2.78 3.77 7.50
3 TRP ‘,Z‘/\/\/\Br >100 >100 84.2 1.52 0.54 6.21
48 TJP >100 6.36 31.6 7.10 1.33 73.7
o 5
YN
6 TRP % ™GCoOH >100 3.96 8.11 4.87 25.6 4.24
6p+38 TJP >100 >100 >100 71.3 2.53 6.36

7 TRP % >100 >100 >100 >100 37.7 6.07
78 TJP /\©\Br >100 7.44 7.95 0.96 0.26 4.57

8 TRP % 8.31 >100 >100 >100 >100 1.35

8p+38 TJP /\©\CN >100 70.2 14.2 9.62 0.44 8.09
9 TRP % 6.22 3.43 >100 >100 13.3 0.99
96+38 TJP /\©\NO >100 >100 >100 33.9 39.5 5.84
2
10 TRP % >100 >100 >100 >100 34.5 2.64
108+ TJP /\Q >100 >100 >100 2.78 2.73 4.71
NO,

11 TRP % 8.01 27.6 >100 >100 >100 1.60
11 TJP /j@ >100 41.4 8.96 5.41 1.41 4.52
118 TJP OaN >100 >100 21.7 6.18 0.94 3.57

12 TRP % >100 >100 6.63 6.19 4.30 3.11
128 TJP /j@ >100 >100 83.5 >100 47.4 54.6
128 TJP FsC >100 >100 >100 >100 >100 2.08

13 TRP >100 3.70 61.1 2.82 2.28 7.28

s
133 TJP >100 3.02 89.4 3.95 0.53 5.31

14$+8 TJP >100 2.80 >100 5.73 0.49 5.03
g o\(‘
ey

15 TRP 0 84.4 43.9 >100 >100 >100 1.20
158 TJP %)‘\@ >100 8.72 >100 9.60 0.37 5.23
NO,

16 TRP o >100 >100 85.6 >100 43.5 2.11
16p+8 TJP H)KQ >100 >100 >100 >100 38.1 3.52
17 TRP 94.2 80.9 >100 >100 >100 >100
17p TJP 0\\5/©/ >100 >100 39.0 9.33 0.42 4.37
178 TJP A >100 6.97 4.45 5.27 0.40 8.09
AAZ Reference compound 0.25 0.01 0.06 0.002 0.03 0.01

K; values are reported as means of three independent experiments. Errors are in the range of + 5-10 % of the reported values.
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presence of naphthylmethylene-oxy (13, K; = 2.28 pM; 138, K; =
0.49 pM) and 2-phenyloxadiazole (14$+8, K; = 0.49 uM) moieties
led to selectivity only over hCA L. It is interesting to note that among
the ester compounds, TJP scaffold always led to the strongest activity
on hCA IX, indeed 158 was more than 270-fold stronger than 15,
while 17p and 178 were 238- and 250-fold more active than 17,
respectively. Even though 17p (SI > 238) was slightly weaker than
1738, the latter was less selective over hCA II (SI = 17.4).

TRP and p-TJP resulted in being both inactive on hCA XII, never-
theless, their derivatives did not show strong inhibitory activity as
for hCA IX, but, it is worth-noting that the strongest compounds are
benzyloxy-TRP derivatives, like 8 (K; = 1.35 pM), 9 (K; = 0.99 uM),
10 (K; = 2.64 pM), 11 (K; = 1.60 pM), 15 (K; = 1.20 pM), and 16 (K;
= 2.11 pM). All these compounds, except for the latter one, bear a
nitro group. The adamantanoyl 16 was the most selective towards
hCA XII over hCA I and II, with an SI of 47 for both isoforms. It is
interesting to note that the introduction of acyl moiety in compound
15 led to a slight decrease (1.21-fold) of inhibitory activity with
respect to 9. TRP scaffold seems to be preferable, except for
naphthylmethylene-oxy (13, K; = 7.28 pM; 13p+8, K; = 5.31 pM)
and p-tosylate (17, K; > 100 pM; 178, Ky = 4.37 pM; 178, K; = 8.09
uM) compounds.

In Fig. 4 the general SAR analysis about TRP- and TJP-derivatives as
hCAs IX and XII inhibitors:

The significance of such inhibitory data could be assessed within the
context of previously reported hCA inhibitors. In fact, the hCAs in-
hibitors landscape includes several chemical classes, with most potent
chemotypes, such as benzenesulfonamides, are typically endowed with
K; values in the nanomolar or even sub-nanomolar range. However, they
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often suffer from a lack of isoform selectivity [34,35]. In contrast, cou-
marins, although being less potent (in the medium-to-high nanomolar
range) show a better isoform selectivity, with a typical preference for
isoforms other than the physiologically relevant hCAs I and II [36].
Conversely, inorganic ions are reported as high-micromolar or even
millimolar inhibitors, with little discrimination among the isoforms
[371, whereas phenols and polyphenols generally exhibit micromolar
potency on several hCA isozymes [38,39].

In the light of such considerations, the herein-described tropolo-
noids, despite not exhibiting high inhibitory potency against the tested
hCAs, seem to demonstrate a good isoform preference. Unfortunately,
potency and selectivity of their inhibition do not follow a clear trend, as
the compounds activity and selectivity vary on a case-by-case basis,
depending on the structural features of each compound, as highlighted
by the performed SAR analysis and summarized in Fig. 4.

2.4. Crystallographic structure of hCA II and -TJP complex

The investigation of the binding poses of the compounds in the
enzyme catalytic pocket started with crystallization studies on 3-TJP.
The crystallographic structure of hCA II complexed with p-TJP was
obtained by soaking crystals of the enzyme in the inhibitor solution.
Analysis of the electron density maps showed a clear density for the
studied ligand, confirming its binding to the enzyme. The ligand forms
bidentate coordination with the catalytic Zn(II) ion, with Zn—-O bond
distances of 2.17 and 2.20 A (Fig. 5A). In the p-TJP-hCA II structure, the
aromatic ring of the ligand establishes hydrophobic interactions with
L198 and V121. Moreover, one of the oxygens on the $-TJP ring forms
water-bridge hydrogen bonds with the peptide NH and the OH of T199,
similar to the well-known interactions formed by the traditional

TRP-based scaffold
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Fig. 4. Main SAR considerations against cancer-related isoforms visualized through substitution patterns.
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Fig. 5. The structures show the active site of CA II complexed with (A) p-TJP (PDB ID: 9HOW) and (B) TRP (PDB ID: 5THJ) [3]. The gray sphere represents the
catalytic zinc ion while the coordination bonds are depicted as black dotted lines. (C) The active site of hCA II complexed with $-TJP (PDB ID: 9HOW). The ligands
B-TJP and TRP are represented in yellow and green sticks, respectively. Residues involved in the binding of the inhibitor are also shown in magenta sticks. Water
bridges and hydrophobic interactions are depicted as red and cyan dotted lines whereas coordination interactions are in gray dotted lines. The gray sphere represents
the catalytic zinc ion. A |2Fo-Fc| map is shown for the ligand contoured at 1 sigma. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

sulfonamide inhibiting chemotype (Fig. 5C). Comparing our structure
with that of hCA II with TRP, which was solved by Dick et al. [3] It is
observed that both inhibitors adopt the same orientation and establish
analogous interactions within the active site of hCA II (Fig. 5B).

2.5. In silico investigation on hCAs and tropolonoid derivatives

Modelling studies were carried out to investigate the binding mode
and the energy interaction between the different hCA isoforms and TRP
and TJP derivatives. Regarding the TJP derivatives in a mixture the
recognition analysis was performed considering both the p-TJP and 8-
TJP regioisomers.

Computational studies revealed that all the compounds are well
accommodated in the targets’ active site and are associated with a
favorable energy interactions profile (data are reported in the Supple-
mentary Material file, Tables S2-S4). In detail, the most active com-
pounds (1, 18, 11, 9, 8) on hCA I are accommodated in the catalytic
pocket engaging in an H-bond interaction with the GIn92. Interestingly,
the 2-nitrobenzyloxy group of compound 11 forms a pi-stacking inter-
action with Phe91, while compound 8 through the 4-cyanobenzyloxy
moiety establishes a pi-stacking interaction with His94 and metal co-
ordination with the zinc ion (data are reported in the Supplementary
Material file, Fig. S79).

Among the active compounds on the hCA 1II, zinc coordination is
observed for compounds 2p+8, 6, 48, 9, and 148+8. The 3-chloro-
propyl tail of 2B+8 establishes a halogen bond with Asn62,

meanwhile the 4-bromobenzoxy function of 78 forms three halogen
bond interactions: two with Thr199 and one with Thr200 (Fig. S80).
Interestingly, we notice that among the analyzed TJP derivatives,
compounds 2+8, 48, 78, and 14p+8 are involved in the same hy-
drophobic interactions observed in the TJP-hCA II crystallographic
structure.

For hCA VA, the p-tosyl moiety of the most active compound 178
establishes a pi-stacking with the Tyr100, and through the carbonyl of
B-TJP coordinates the metal in the binding site. Moreover, all other
active compounds, p-TJPs, 2, 28+38, 6, 78, 12, and 11, interact with
the zinc ion of the binding site (Fig. S81). Furthermore, 6 is also involved
in a salt-bridge interaction with Arg282, meanwhile, 11 is engaged in a
salt-bridge with Glu142.

Regarding the isoform VII, the 4-bromobenzyl tail of 78, the most
potent molecule in the inhibition of this isoform, establishes a halogen
bond with Thr199, a pi-stacking interaction with His94 and an H-bond
contact with GIn92. Moreover, the nitro derivative 10$+38 is involved in
the metal coordination and in two H-bond interactions with GIn67 and
Thr199 residues (Fig. S82).

Analyzing the most active compounds on the hCA IX isoform we
observed that most of them bind to the enzyme active site anchoring
themselves to the catalytic zinc ion. Moreover, an interesting network of
interactions takes place between ligands and the active site. In detail, the
4-bromobenzyloxy tail of 68 forms a halogen bond interaction with
Glul06, while the chlorine atom of 2f+8 forms the same interaction
with Tyr11. The naphthyl portion of compound 138 is engaged in two
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pi-stacking interactions with the imidazole ring of His94. Compounds
8p#+8 and 14$+-8 establish an H-bond interaction with GIn92 and a pi-
stacking interaction with His94. Interestingly, 17 isomer establishes
the same interactions of the two last compounds and, in addition, is able
to form another hydrogen bond with Thr201. Finally, the nitro deriva-
tive compound 118 establishes a hydrogen bond with GIn92 and a salt
bridge interaction with Glul06 (Fig. 6).

The binding mode of most of the highly active compounds on the
hCA XII isoform is characterized by the zinc atom coordination and polar
interactions. Specifically, the adamantane derivatives 16 and 16$+8
interact with the GIn92 via H-bond. The 4-nitrobenzyloxy TRP9 and the
cyano TRP derivative 8 are involved in a pi-stacking interaction with
His94 and form an H-bond with Thr200. Conversely, 15, through its
nitro group, forms a salt bridge with Lys170 (Fig. 7).
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2.6. Antiproliferative effect of representative tropolonoids on multiple
myeloma cells

We investigated the antiproliferative activity of representative
compounds of the series herein described using, as a model, multiple
myeloma (MM), an incurable malignancy characterized by the accu-
mulation of plasma cells in the bone marrow [40]. First, by Western blot
we analyzed the protein expression levels of hCA IX and hCA XII in a
panel of ten MM cell lines (namely AMO, AMO-BZB, NCI-H929,
NCI-H929-BZB, NCI-H929-CFZ, KMS26, KMS26-BZB, MM1S, JJN3,
U266) and peripheral blood mononuclear cells (PBMCs) from three
different healthy donors. Results indicate that MM cell lines overexpress
both hCAs IX and XII compared to healthy PBMCs, and hCA IX levels are
overall higher than hCA XII in these cells (Fig. S83A in the Supple-
mentary Material file). Thus, isoenzymes seem to play a crucial role in

Fig. 6. 2D interaction diagram for compounds A) 28; B) 78; C) 138; D) 118; E) 8f; F) 148; G) 178 in complex with hCA IX; H) shows the superposition of the seven
most active compounds 28 (orange sticks), 78 (violet sticks), 138 (light green sticks), 118 (light yellow sticks), 8f (magenta sticks), 148 (cyan sticks), and 17 (green
sticks). hCA IX is represented as a slate surface, the zinc ion and the coordinating histidine residues within the active site are shown as a yellow ball and slate sticks,
respectively. For derivatives in mixture, the best-scored isomer is shown. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)
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Fig. 7. 2D interaction diagram for A) 9; B) 8; C) 15; D) 15; E) 17f compounds in complex with hCA XII; F) shows the superposition of the five most active
compounds (9 in white carbon sticks, 8 (green sticks), 15 (salmon sticks), 15 (cyan sticks), and 17 (magenta sticks). hCA XII is represented as a forest surface, the
zinc ion and the coordinating histidine residues withing the active site are shown as yellow a ball and forest sticks, respectively. For derivatives in mixture the best
scored isomer is shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. A) Cell viability was evaluated using Cell Titer Glo assay (CTG) in H929-BZB cells treated with TRP derivatives; ICsq values are shown in the associated table.
B) The viability of H929-BZB cells treated with 7.5 pM 17p for 48 h, was evaluated under normoxic or hypoxic conditions, using the CTG assay; results are rep-
resented as the percentage of viable cells with respect to vehicle (DMSO); n.s.: not significant difference. C) Apoptosis was assessed via FACS analysis in H929-BZB
treated for 48 h with 17 at 2.5, 5, and 10 uM or vehicle (DMSO); dot plots show Annexin V-positive cells from independent biological replicates (n = 3). FACS
quadrants: Q1, Q2, Q3, and Q4 represent dead cells (7-AAD-+), late apoptosis cells (7-AAD + Annexin V+), early apoptosis cells (Annexin V+ 7-AAD-), living cells
(7-AAD— Annexin V-), respectively.
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the signature of these cells, being putative biomarkers for MM. Ac-
cording to these findings, the development of hCA IX and XII inhibitors
could be a suitable and fully exploitable strategy to selectively target
MM cells with no detrimental effect on healthy cells displaying low
levels of such enzymes. Interesting pieces of information came from
three of the investigated cell lines that showed a phenotype resistant to
Bortezomib (BZB) (namely AMO-BZB, NCI-H929-BZB, KMS26-BZB) and
one to Carfilzomib (CFZ) (namely NCI-H929-CFZ), two proteasome in-
hibitors. In fact, for most of these cell lines, the levels of hCA iso-
enzymes, especially hCA IX, seem to be slightly affected by the
acquisition of drug resistance.

Thus, we selected NCI-H929-BZB cells to perform the in vitro eval-
uation of the antiproliferative effect for representative compounds
(6p+8, 3,7, 12,118, 108, 158, and 17p). As a result, 17 emerged as
the compound with the lowest ICsg value (=7.46 pM, Fig. 8A), even
capable of decreasing MM cell survival in hypoxic conditions (Fig. 8B),
while sparing healthy PBMCs (Fig. S83B in the Supplementary Material
file)

Since H929-BZB cells express high levels of hCA IX while neglectable
levels of hCA XII, these data suggest that 17f exerts anti-tumor activity
against MM cell lines, even resistant to standard therapies, mainly via
hCA IX inhibition, and can be thus considered a bona fide hCA IX in-
hibitor with low micromolar anti-MM activity. Moreover, FACS analysis
indicates that treatment with 17 can trigger potent pro-apoptotic ac-
tivity, as demonstrated by the dose-dependent increase in Annexin V/7-
AAD staining (Fig. 8C). Altogether, these findings indicate that com-
pound 17 exerts anti-MM activity with a safe toxicity profile on healthy
cells.

2.7. Chemical stability of compound 17§

The presence of the tosyl ester moiety in 178 prompted us to
investigate its chemical stability at the pH values of the enzymatic assay.
This was assessed by dissolving the compound in a mixture of DMSO-ds/
D0 1/1 v/v and monitoring it through 'H NMR spectroscopy at
different times (till 120 h). At to (corresponding to the time of compound
solubilization in the deuterated solvents and stirring), we could also
slightly appreciate the presence of the signals of the two portions of the
molecule 17p after a limited hydrolysis, as evident by observing the
aliphatic ppm range, till 120 h (H NMR overlapped spectra are provided
in the Supplementary Material file, Fig. S84). However, further studies
through HPLC-MS will be performed to confirm our hypothesis.

3. Conclusions

In agreement with our research interests to identify new scaffolds
from natural sources worth investigating and developing for biomedical
applications, we report a multidisciplinary study on O-substituted tro-
ponoloids. Specifically, the naturally occurring TRP and B-TJP were
subjected to O-alkyl/acyl or sulfonyl substitutions under basic condi-
tions to afford a large library of compounds that accounted for TRP O-
derivatives and mixtures of - and 3-TJP regioisomers depending on the
keto-enolic rearrangement which takes place upon the deprotonation
step. Although, in some cases, we were not able to separate the
regioisomers resulting from the synthetic pathway, we decided to pro-
ceed with biological evaluation also for regioisomer mixtures after
identifying the molar ratio they were present in the mixture. Compound
regioisomeric structures were assigned by means of multidimensional-
and NOESY-NMR experiments before being assessed in vitro for their
ability to inhibit a panel of physio/pathologically relevant hCAs. Besides
the effectiveness of the screened compounds in inhibiting such metal-
loenzymes along with variegate kinetic trends, it is worth highlighting
that the reported K values constitute the first CA-directed structure-
activity relationship (SAR) dataset on synthetic TRP-and TJP-O-de-
rivatives. We are therefore confident that this work will contribute
substantially to the field by giving first-hand structural information
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necessary to validate troponoloids as a new class of scaffolds endowed
with biomedical features.

The binding mode of the natural product p-TJP within the hCA II
catalytic cleft was assessed by means of X-ray crystallography of the hCA
I1/B-TJP complex. Electron density maps clearly showed bidentate co-
ordination of the ligand with the catalytic Zn(II) ion further assisted by a
network of water-bridged hydrogen bonds with the T199 residue, and
thus similar to the canonical binding cluster reported for the prototyp-
ical CAIs of the sulfonamide type [41]. No relevant differences between
hCA 1I/B-TJP and hCA II/TRP [3] were spotted also considering that the
hydrophobic interactions with L198 and V121 place both ligands with
identical orientations within the catalytic cleft.

Based on available experimental data, the binding modes of TRP and
selected TJP-O-derivatives were predicted in silico on the mitochondrial
hCA VA, hCA VII and the tumor-associated IX and XII isoforms. Finally,
the selected 17f isomer was studied for its chemical stability and
screened along with other hCA IX/XII selective TJP derivatives for
antiproliferative activity on multiple myeloma (MM) cell lines. The
obtained data strongly indicated 17f as a potent pro-apoptotic inducer
with a safe toxicity profile on healthy cells used as a reference.

However, the bioactivity observed for the mixture of regioisomers is
clearly the result of the combined effects of the two regioisomers indi-
vidual effects, and, at the moment, we have limited knowledge
regarding their combination, which could be synergistic, additive, or
even antagonistic. However, observing the inhibitory data shown in
Table 1, we could assume that no large differences in K; values are
generated by the isolated regioisomers. This seems to suggest that the
regioisomerism does not significantly impact the affinity or bioactivity
of the compound couples. Nevertheless, to confirm our hypothesis, we
are still working on these compounds to gain and test the regioisomers
individually, by exploring various separation techniques and regiose-
lective syntheses. Overall, the data reported in our manuscript strongly
support troponoloids as a new class of naturally occurring compounds
potentially exploitable for biomedical applications by means of appro-
priate chemical manipulation. Further studies are currently ongoing in
this direction.

4. Experimental section
4.1. Chemistry

4.1.1. General chemistry

All commercially available chemicals and solvents were used as
purchased. Chromatographic separations were performed on columns
packed with silica gel (230-400 mesh, for flash technique). Reactions
were monitored through thin-layer chromatography (TLC) performed
on 0.2-mm-thick silica gel-aluminum-backed plates (60 F254). TLC spot
was visualized under short (254 nm) and long (365 nm) wavelengths
ultra-violet irradiation and stained with basic permanganate stains. *H
and 13C NMR were recorded on a Bruker Avance spectrometer operating
at 300/400/600 and 75/100/151 MHz, respectively. For compounds 8,
9,11, 15 and 17, H and '3C NMR were recorded on a Varian Gemini
500 (Palo Alto, CA, USA) spectrometer operating at 500 and 125 MHz,
respectively. Spectra are reported in parts per million (5 scale) and
internally referenced to the CDCl3, Acetone-dg, CD3OD, and DMSO-dg
signal, respectively at  7.26, 2.05, 3.31, and 2.50 ppm. Data are shown
as follows: chemical shift, multiplicity (s = singlet, d = doublet, t =
triplet, q = quartet, qi = quintet, m = multiplet and/or multiplet reso-
nances, br = broad signal), integration and coupling constants (J) in
Hertz (Hz). Chemical shifts for carbon are reported in parts per million (5
scale) and referenced to the carbon resonances of the solvent (CDCl3 at 6
77.0, CD3OD at 8 49.0, and DMSO-dg at 8 39.0 ppm). Melting points
were measured on a Stuart® melting point apparatus SMP3 (Merck s.r.1.,
Milan, Italy) and are uncorrected (temperatures are reported in °C).
Elemental analyses for C, H, and N were recorded on a PerkinElmer 240
B microanalyzer and the analytical results were within +£0.4% of the
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theoretical values for all compounds.

4.1.2. Synthetic procedures and characterization data for derivatives 1-16

4.1.2.1. General procedure for the synthesis of compounds 13, 7-14. Po-
tassium carbonate (4.0 equivalents) was added in a solution of TRP or
TJP (1.0 equivalent) and the proper halide (1.5 equivalents for the alkyl
halides, whereas 3.0 equivalents for benzyl ones) in refluxing acetoni-
trile (0.4 M). Then, the reaction mixture was poured into an over-
saturated aqueous solution of Na;CO3 and extracted with DCM three
times. The combined organic layers were dried over sodium sulfate
anhydrous, filtered, and evaporated in vacuo to obtain the crude prod-
uct. The compounds were purified through flash column chromatog-
raphy, employing silica gel and the suitable eluent (i.e., n-hexane/ethyl
acetate, n-hexane/diethyl ether, DCM/MeOH).

2-(prop-2-yn-1-yloxy)cyclohepta-2,4,6-trienone (1). Orangish
solid; m.p. 88-89 °C; 54 % yield. TH NMR (600 MHz, CDCl3): 6 2.54 (t,J
= 2.4 Hz, 1H, C = CH), 4.88 (s, 2H, OCHy), 6.90 (dddd, J = 10.8, 5.3,
3.9, 0.8 Hz, 1H, Ar), 6.96 (d, J = 9.8 Hz, 1H, Ar), 7.03-7.10 (m, 1H, Ar),
7.21-7.24 (m, 2H, Ar). 13C NMR (151 MHz, CDCl3) §56.7,115.8,129.2,
132.4, 138.0, 163.2. Anal. calcd for C1oHgO2: C, 74.99; H, 5.03. Found:
C, 74.84; H, 5.09. Characterization data are in agreement with the
previous literature [42,43].

4-isopropyl-2-(prop-2-yn-1-yloxy)cyclohepta-2,4,6-trienone
(1B+8). p:8 ratio assessed by 'H NMR analysis: 55:45. The reported
IUPAC name is referred to as the §§ isomer. Black-brown oil; 49 % yield.
11 NMR (600 MHz, CDCls): § 1.28 (d, J = 12.0 Hz, 6H, CHj iPro), 1.33
(d, J = 12.0 Hz, 6H, CHj iPro), 2.61-2.62 (m, 2H, 2 x C = CH),
2.89-2.93 (m, 2H, 2 x CH iPro), 4.92 (d, J = 6.0 Hz, 2H, OCH,), 4.96 (d,
J = 6.0 Hz, 2H, OCHy), 6.86-6.88 (m, 1H, Ar), 6.90-6.91 (m, 1H, Ar),
6.94 (s, 1H, Ar), 7.03-7.08 (m, 2H, Ar), 7.15-7.32 (m, 3H, Ar). '*C NMR
(75 MHz, CDCl3): § 22.0, 22.2, 38.3, 38.9, 56.4, 76.6, 76.8,114.7,117.8,
125.9, 130.6, 131.2, 135.1, 135.9, 136.9, 153.9, 157.6, 162.1, 162.4,
180.3. Anal. caled for C13H1402: C, 77.20; H, 6.98. Found: C, 77.14; H,
7.01.

2-(3-chloropropoxy)cyclohepta-2,4,6-trienone (2). Orange oil;
86 % yield. 'HNMR (300 MHz, CDCl3): § 2.70 (qi, 2H, CH>), 3.80 (q, 2H,
CICHy), 4.20 (t, J = 6.15 Hz, 2H, OCHy), 6.77-6.90 (m, 2H, Ar),
7.03-7.06 (m, 1H, Ar), 7.22-7.40 (m, 2H, Ar). '*C NMR (75 MHz,
CDClg): 6 31.6, 41.4, 65.7, 114.1, 128.5, 133.0, 136.8, 137.2, 164.8,
180.3. Anal. calcd for C1oH17ClO3: C, 60.46; H, 5.58. Found: C, 60.53; H,
5.61.

2-(3-chloropropoxy)-4-isopropylcyclohepta-2,4,6-trienone
(2+8). p:8 ratio assessed by 'H NMR analysis: 50:50. The reported
IUPAC name is referred to as the p isomer. Yellow oil; 57 % yield. 'H
NMR (300 MHz, CDCl3): § 1.73 (d, J = 6.9 Hz, 6H, CH3 iPro), 1.77 (d, J
= 6.3 Hz, 6H, CH3 iPro), 2.84-2.89 (m, 4H, 2 x CH>), 3.26-3.37 (m, 2H,
2 x CH iPro), 4.30 (g, 4H, 2 x CICHy), 4.66-4.75 (m, 4H, 2 x OCHy),
7.18-7.33 (m, 3H, Ar), 7.50 (q, 1H, Ar), 7.65-7.82 (m, 4H, Ar). 3¢ NMR
(75 MHz, CDCl3): § 23.6, 24.0, 32.2, 32.3, 38.9, 39.5, 42.0, 66.0, 113.5,
116.3, 122.8, 125.7, 128.2, 130.2, 132.3, 135.1, 135.7, 137.6, 137.8,
154.9, 158.3, 164.6, 180.6. Anal. calcd for C13H;7ClOs: C, 64.86; H,
7.12. Found: C, 64.81; H, 7.09.

2-((5-bromopentyl)oxy)cyclohepta-2,4,6-trienone (3). Yellow
oil; 21 % yield. 'H NMR (300 MHz, Acetone-ds/CDCl; mixture to
improve solubility): § 1.48-1.63 (m, 2H, CHy), 1.85-1.98 (qi, 4H, CHy),
3.24 (t,J = 6.2 Hz, 2H, CH2Cl), 4.03 (t, J = 6.2 Hz, 2H, OCHy), 6.72 (d, J
= 9.9 Hz, 1H, Ar), 6.78-6.84 (m, 1H, Ar), 7.03 (t, J = 10.2 Hz, 1H, Ar),
7.08-7.11 (m, 2H, Ar). '3C NMR (75 MHz, Acetone/CDCl3 mixture to
improve solubility): 6§ 24.7, 27.9, 32.3, 33.5, 69.0, 113.2, 127.8, 132.6,
136.3, 137.1, 180.6. Anal. caled for Ci5H15BrOs: C, 53.16; H, 5.58.
Found: C, 53.11; H, 5.55.

2-((4-bromobenzyl)oxy)cyclohepta-2,4,6-trienone (7). Pale yel-
low solid; m.p. 99-101 °C; 55 % yield. H NMR (600 MHz, CDCl3): 6
5.18 (s, 2H, OCHjy), 6.70-6.77 (m, 1H, Ar), 6.84 (dddd, J = 10.8, 7.0,
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2.2, 0.6 Hz, 1H, Ar), 6.96 (ddt, J = 10.8, 9.7, 1.0 Hz, 1H, Ar), 7.25-7.18
(m, 2H, Ar), 7.30 (d, J = 8.7 Hz, 1H, Ar), 7.49 (d, J = 8.4 Hz, 1H, Ar). 13C
NMR (151 MHz, CDCl3) § 70.2, 115.1, 122.3, 128.6, 128.9, 132.0,
132.5,134.5,136.5, 137.7, 164.3, 180.8. Anal. calcd for C;4H11BrO3: C,
57.76; H, 3.81. Found: C, 57.84; H, 3.86.
2-((4-bromobenzyl)oxy)-6-isopropylcyclohepta-2,4,6-trienone
(78). Pale red solid; m.p. 76-77 °C; 52 % yield. IH NMR (400 MHz,
CDClg): § 1.21 (d, J = 12.0 Hz, 6H, CH3 iPro), 2.74-2.79 (qi, 1H, CH
iPro), 5.17 (s, 2H, OCHy), 6.62 (d, J = 12.0 Hz, 1H, Ar), 6.74-6.92 (m,
2H, Ar), 7.19 (s, 1H, Ar), 7.25-7.31 (m, 2H, Ar), 7.49 (d, J = 10.0 Hz,
2H, Ar). 13C NMR (75 MHz, CDCls): 6 22.0, 37.7, 71.8, 118.6, 122.0,
124.6, 129.3, 131.8, 135.1, 136.0, 136.4, 153.9, 164.9, 180.5. Anal.
calced for C17H,7BrOs: C, 61.28; H, 5.14. Found: C, 61.36; H, 5.11.
4-{[(7-Oxocyclohepta-1,3,5-trien-1-yl)oxy] methyl}benzoni-
trile (8). Off-white powder; m.p. 143-145 °C; 48 % yield. 1H NMR (500
MHz, DMSO-dg): 5.27 (s, 2H, OCH>), 6.94 (dd, J = 10.6 Hz and 8.4 Hz,
1H, Ar), 7.04-7.06 (m, 2H, Ar), 7.12-7.16 (m, 1H, Ar), 7.29-7.33 (m,
1H, Ar), 7.64 (d, J = 7.8 Hz, 2H, Ar), 7.87 (d, J = 7.8 Hz, 2H, Ar). 13C
NMR (125 MHz, DMSO-dg): 6 67.5, 115.3, 125.4, 128.9, 129.6, 129.7,
132.2, 133.6, 134.7, 137.1, 147.5, 163.8, 179.6. Characterization data
are in agreement with the previous literature [44].
4-(((3-isopropyl-7-oxocyclohepta-1,3,5-trien-1-yl)oxy)methyl)
benzonitrile (8f+8). p:5 ratio assessed by 'H NMR analysis: 50:50. The
reported IUPAC name is referred to as the f§ isomer. Brownish oil; 70 %
yield. H NMR (600 MHz, CDCl3): § 1.15 (d, J = 7.0 Hz, 6H, CHj iPro),
1.23 (d, J = 6.6 Hz, 6H, CH3 iPro), 2.71-2.79 (m, 2H, 2 x CH iPro), 5.26
(s, 2H, OCHy), 5.31 (s, 2H, OCHy), 6.64 (d, J = 9.5 Hz, 2H, Ar), 6.70 (s,
2H, Ar), 6.79 (d, J = 8.8 Hz, 2H, Ar), 6.81 (dd, J = 11.4, 1.5 Hz, 2H, Ar),
6.92 (dd, J = 11.2, 9.7 Hz, 2H, Ar), 7.12 (d, J = 11.4 Hz, 2H, Ar), 7.19
(dd, J=12.1, 8.8 Hz, 2H, Ar), 7.19 (d, J = 1.5 Hz, 2H, Ar), 7.57 (d, J =
8.1 Hz, 2H, Ar), 7.59 (d, J = 8.4 Hz, 2H, Ar), 7.67 (d, J = 6.6 Hz, 2H, Ar),
7.68 (d, J = 7.0 Hz, 2H, Ar). 13¢ NMR (151 MHz, CDCl3): § 23.0, 23.1,
38.3, 38.7, 69.5, 69.7, 112.0, 114.3, 117.6, 118.5, 118.5, 125.8, 127.4,
127.4, 130.4, 131.1, 132.5, 135.0, 135.8, 136.9, 141.0, 141.2, 153.6,
157.6, 162.9, 163.1, 180.1, 180.2. Anal. caled for C;gH;7NO»: C, 77.40;
H, 6.13; N, 5.01. Found: C, 77.49; H, 6.16; N, 5.08.
2-((4-Nitrobenzyl)oxy)cyclohepta-2,4,6-trien-1-one  (9). Off-
white powder; m.p. 164-166 °C; 48 % yield. H NMR (500 MHz,
DMSO-dg): 5.33 (s, 2H, OCHy), 6.92-6.94 (m, 1H, Ar), 7.05-7.07 (m,
2H, Ar), 7.13-7.17 (m, 1H, Ar), 7.30-7.32 (m, 1H, Ar), 7.71 (d, J = 8.2
Hz, 2H, Ar), 8.26 (d, J = 8.2 Hz, 2H, Ar). '3C NMR (125 MHz,
DMSO-dg): & 69.2, 115.2, 124.1, 128.7, 128.9, 133.4, 137.1, 137.2,
144.3,147.6,163.9, 179.7. Characterization data are in agreement with
the previous literature [45].
4-isopropyl-2-((4-nitrobenzyl)oxy)cyclohepta-2,4,6-trienone
(9B+8). B:8 ratio assessed by 'H NMR analysis: 50:50. The reported
IUPAC name is referred to as the p isomer. Orange solid; m.p. 92-94 °C;
75 % yield. 'H NMR (400 MHz, CDCls): 1.16 (d, J = 8.0 Hz, 6H, CHj
iPro), 1.24 (d, J = 8.0 Hz, 6H, CH3 iPro), 2.74-2.82 (m, 2H, 2 x CH iPro),
5.30 (s, 2H, OCHjy), 5.35 (s, 2H, OCHj), 6.66 (d, J = 8.0 Hz, 1H, Ar), 6.73
(s, 1H, Ar), 6.81 (t, J = 8.0 Hz, 2H, Ar), 6.92 (t, J = 9.7 Hz, 1H, Ar),
7.13-7.25 (m, 3H, Ar), 7.64 (t, J = 8.9 Hz, 4H, Ar), 8.24 (dd, /= 7.1, 4.1
Hz, 4H, Ar). 13C NMR (75 MHz, CDCls): § 23.0, 23.2, 38.4, 38.7, 69.4,
69.5, 114.5, 117.8, 124.0, 125.9, 127.5, 127.6, 130.6, 131.1, 135.1,
136.0, 137.0, 143.0, 143.2, 153.7, 157.7, 162.9, 180.1, 180.2. Anal.
caled for C17H17NOg4: C, 68.22; H, 5.72; N, 4.68. Found: C, 68.28; H,
5.74; N, 4.63.
2-((3-nitrobenzyl)oxy)cyclohepta-2,4,6-trienone (10). Pale pink
solid; m.p. 130-132 °C; 77 % yield. H NMR (400 MHz, CDCl3): § 5.30
(s, 2H, OCHy), 6.81 (d, J = 9.8 Hz, 1H, Ar), 6.85-6.97 (m, 1H, Ar), 7.02
(t,J=8.1Hz, 1H, Ar), 7.25 (m, 2H, Ar), 7.59 (t, J = 8.0 Hz, 1H, Ar), 7.86
(d,J =7.7 Hz, 1H, Ar), 8.20 (d, J = 7.8 Hz, 1H, Ar), 8.29 (s, 1H, Ar). 13C
NMR (100 MHz, CDCl3): § 64.1, 110.0, 115.0, 121.6, 122.8, 128.6,
129.4, 131.8, 132.8, 136.0, 137.2, 137.4, 163.4, 180.0. Anal. calcd for
C14H711NO4: C, 65.37; H, 4.31; N, 5.45. Found: C, 65.42; H, 4.35; N, 5.49.
4-isopropyl-2-((3-nitrobenzyl)oxy)cyclohepta-2,4,6-trienone
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(108+8). p:8 ratio assessed by 'H NMR analysis: 50:50. The reported
TUPAC name is referred to as the  isomer. Yellow oil; 39 % yield. 'H
NMR (600 MHz, CDCl3): 6§ 1.18 (d, J = 7.0 Hz, 6H, CH3 iPro), 1.24 (d, J
= 6.6 Hz, 6H, CHj iPro), 2.75-2.82 (m, 2H, 2 x CH iPro), 5.29 (s, 2H,
OCHy), 5.34 (s, 2H, OCH>), 6.73 (d, J = 9.9 Hz, 1H, Ar), 6.80 (s, 1H, Ar),
6.80 (d, J = 10.0 Hz, 1H, Ar), 6.82 (dd, J = 11.0, 1.5 Hz, 1H, Ar), 6.95
(dd, J=11.0, 9.9 Hz, 1H, Ar), 7.12 (d, J = 12.5 Hz, 1H, Ar), 7.19 (d, J =
3.6 Hz, 1H, Ar) 7.19 (t,J = 10.3 Hz, 1H, Ar), 7.56-7.60 (m, 2H, Ar), 7.84
(d, J=7.7 Hz, 1H, Ar), 7.87 (d, J = 7.7 Hz, 1H, Ar), 8.14-8.16 (m, 2H,
Ar), 8.29 (t, J = 1.0, 1H, Ar), 8.33 (t, J = 1.0, 1H, Ar). 13¢ NMR (151
MHz, CDCl3): § 23.0, 23.2, 38.3, 38.7, 69.5, 69.6, 114.6, 118.0, 122.1,
122.2, 123.2, 125.9, 129.9, 130.5, 131.3, 133.3, 133.4, 135.0, 135.9,
137.0, 137.8, 138.1, 148.4, 153.8, 157.6, 163.0, 163.2, 180.1, 180.2.
Anal. caled for C;7H17NOg4: C, 68.22; H, 5.72; N, 4.68. Found: C, 68.29;
H, 5.68; N, 4.73.

2-((2-Nitrobenzyl)oxy)cyclohepta-2,4,6-trien-1-one (11). Off-
white powder; m.p. 151-153 °C; 43 % yield. 'H NMR (500 MHz,
DMSO-dg): 5.52 (s, 2H, OCHy), 6.96 (dd, J = 10.4 Hz and 8.2 Hz, 1H,
Ar), 7.06-7.09 (m, 2H, Ar), 7.14-7.18 (m, 1H, Ar), 7.30-7.32 (m, 1H,
Ar), 7.63-7.64 (m, 1H, Ar), 7.88-7.88 (m, 2H, Ar), 8.14-8.16 (dd, 1H, J
= 8.2 Hz and 1.1 Hz, 1H, Ar). 13C NMR (125 MHz, DMSO-dg): & 67.5,
115.3, 125.4, 128.9, 129.6, 129.7, 132.2, 133.5, 134.7, 137.1, 137.2,
147.5, 163.8, 179.6. Characterization data are in agreement with the
previous literature [44].

4-isopropyl-2-((2-nitrobenzyl)oxy)cyclohepta-2,4,6-trienone
(11p). Yellow solid; m.p. 139-141 °C; 52 % yield. 1H NMR (600 MHz,
CDCly): 6 1.19 (d, J = 6.6 Hz, 6H, CHj; iPro), 2.78-2.80 (m, 1H, CHj
iPro), 5.62 (s, 2H, OCHy), 6.76 (s, 1H, Ar), 6.80 (d, J = 8.4 Hz, 1H, Ar),
7.15 (d, J = 12.1 Hz, 1H, Ar), 7.20 (dd, J = 12.5, 8.4 Hz, 1H, Ar), 7.51
(td,J=7.8,0.8 Hz, 1H, Ar), 7.73 (td, J = 7.6, 1.1 Hz, 1H, Ar), 8.10 (d, J
= 7.7 Hz, 1H, Ar), 8.19 (dd, J = 8.1, 1.1 Hz, 1H, Ar). '3C NMR (151
MHz, CDCl3): § 23.2, 38.8, 67.4, 117.0, 125.0, 125.6, 128.6, 128.9,
132.6, 134.5, 135.7, 137.0, 146.6, 154.0, 163.0, 180.1. Anal. calcd for
C17H;7NOy: C, 68.22; H, 5.72; N, 4.68. Found: C, 68.13; H, 5.67; N, 4.74.
Characterization data are in agreement with the previous literature
[26].

6-isopropyl-2-((2-nitrobenzyl)oxy)cyclohepta-2,4,6-trienone
(118). Yellow solid; m.p. 139-140 °C; 31 % yield. 1H NMR (600 MHz,
CDCl3): 6 1.24 (d, J = 6.8 Hz, 6H, CH3 iPro), 2.76-2.81 (m, 1H, CH3
iPro), 5.58 (s, 2H, OCHy), 6.71 (d, J = 9.5 Hz, 1H, Ar), 6.82 (dt, J=11.0
Hz, 1H, Ar), 6.96 (ddd, J = 11.2, 10.2, 1.2 Hz, 1H, Ar), 7.21 (s, 1H, Ar),
7.50 (t,J = 7.9 Hz, 1H, Ar), 7.72 (t, J = 7.5 Hz, 1H, Ar), 8.08 (d, J = 8.1
Hz, 1H, Ar), 8.20 (d, J = 8.1 Hz, 1H, Ar). 13C NMR (151 MHz, CDCls): 6
23.0, 38.4,67.4,113.9,125.0, 128.6,128.7,130.3, 131.4, 132.6, 134.6,
134.9, 146.4, 157.6, 163.2, 180.2. Anal. calcd for C17H17NO4: C, 68.22;
H, 5.72; N, 4.68. Found: C, 68.27; H, 5.76; N, 4.73.

2-((3-(trifluoromethyl)benzyl)oxy)cyclohepta-2,4,6-trienone
(12). Pale pink solid; m.p. 99-100 °C; 58 % yield. 1H NMR (300 MHz,
CDCl3): 6 5.22 (s, 2H, OCH3), 6.76-7.03 (m, 3H, Ar), 7.23-7.26 (m, 2H,
Ar), 7.48-7.7.67 (m, 4H, Ar). 13C NMR (75 MHz, CDCl3): 6 70.1, 115.2,
123.9, 125.1, 125.1, 128.7, 129.3, 130.6, 132.2, 136.4, 136.5, 137.7,
164.1, 180.6. Anal. calcd for C15H11F304: C, 64.29; H, 3.96. Found: C,
64.33; H, 3.91.

4-isopropyl-2-((3-(trifluoromethyl)benzyl)oxy)cyclohepta-
2,4,6-trienone (12p). Orange oil; 31 % yield. 'H NMR (400 MHz,
CDCl3): 6§1.15-1.22 (m, 6H, CH3 iPro), 2.75-2.87 (m, 1H, CH iPro), 5.38
(s, 2H, OCHy), 6.77-6.90 (m, 2H, Ar), 7.22 (t, J = 3.7 Hz, 2H, Ar), 7.57
(t,J=7.4Hz, 1H, Ar), 7.65 (d, J = 7.4 Hz, 1H, Ar), 7.74 (d, J = 8.7 Hz,
2H, Ar). 13¢ NMR (100 MHz, CDCl3): 5 23.1, 38.8, 70.2, 117.6, 123.9,
124.0, 125.1, 125.7, 129.4, 130.6, 135.8, 136.9, 138.7, 153.8, 163.1,
180.3. Anal. calcd for C18H;7F304: C, 67.07; H, 5.32. Found: C, 67.00; H,
5.29.

6-isopropyl-2-((3-(trifluoromethyl)benzyl)oxy)cyclohepta-
2,4,6-trienone (1238). Orange oil; 36 % yield. IH NMR (400 MHz,
CDClg): 6§ 1.26 (tt, J = 6.7, 3.6 Hz, 6H, CH3 iPro), 2.81 (quint, 1H, CH
iPro), 5.28 (s, 2H, OCH>), 6.72 (d, J = 9.7 Hz, 1H, Ar), 6.83 (d, J = 11.2,
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1H, Ar), 6.96 (t, J = 10.5 Hz, 1H, Ar), 7.53 (t, J = 7.8 Hz, 1H, Ar), 7.61
(d, J = 8.0 Hz, 1H, Ar), 7.66-7.44 (m, 2H, Ar). '3C NMR (75 MHz,
CDCl3): 6 22.0, 38.4, 70.0, 114.3, 123.9, 123.9, 125.0, 125.1, 129.3,
130.3, 131.2, 135.0, 136.6, 157.6, 163.4, 180.3. Anal. calcd for
C1gH17F304: C, 67.07; H, 5.32. Found: C, 67.16; H, 5.36.

2-(naphthalen-1-ylmethoxy)cyclohepta-2,4,6-trienone (13). Or-
ange solid; m.p. 116-117 °C; 75 % yield. H NMR (300 MHz, CDCls): §
5.65 (s, 2H, OCH>), 6.84-6.60 (m, 3H, Ar), 7.23 (t, J = 6.5 Hz, 2H, Ar),
7.42-7.62 (m, 4H, Ar), 7.82-7.91 (m, 2H, Ar), 8.04 (d, J = 7.8 Hz, 1H,
Ar). 3¢ NMR (75 MHz, CDCl3) 6 69.5, 115.4, 123.1, 125.3, 126.0,
126.0, 126.6, 128.4, 128.8, 129.0, 130.6, 131.0, 132.5, 133.7, 136.3,
137.6, 164.6, 180.7. Anal. calcd for C,gH1405: C, 82.42; H, 5.38. Found:
G, 82.46; H, 5.42.

6-isopropyl-2-(naphthalen-1-ylmethoxy)cyclohepta-2,4,6-trien-
one (138). Pale red solid; m.p. 93-94 °C; 52 % yield. IH NMR (400
MHz, CDCls): 6 1.23 (d, J = 12.0 Hz, 6H, CHs iPro), 2.75-2.79 (m, 1H,
CH iPro), 5.68 (s, 2H, OCH,), 7.75 (d, J = 9.0 Hz, 1H, Ar), 6.84-6.88 (m,
1H, Ar), 7.21 (s, 1H, Ar), 7.41-7.60 (m, 4H, Ar), 7.81-7.90 (dd, J = 13.4,
12.0 Hz, 2H, Ar), 8.04 (d, J = 12.0 Hz, 1H, Ar). 13C NMR (75 MHz,
CDCl3): 6 23.0, 38.3, 69.3, 114.5, 123.2, 125.3, 126.0, 126.6, 128.8,
128.9, 129.9, 130.7, 131.0, 131.4, 133.7, 134.9, 157.3, 163.9, 180.5.
Anal. caled for Co1H2005: C, 82.86; H, 6.62. Found: C, 82.92; H, 6.66.

4-isopropyl-2-((5-phenyl-1,3,4-oxadiazol-2-yl)methoxy)cyclo-
hepta-2,4,6-trienone (14p-+8). p:8 ratio assessed by 'H NMR analysis:
50:50. The reported IUPAC name is referred to as the f isomer. Brownish
oil; yield 30 %. 'H NMR (300 MHz, DMSO-dg): 5 1.14-1.18 (m, 12H, 2 x
CHj3 iPro), 2.72-2.88 (m, 2H, 2 x CH iPro), 5.52 (s, 2H, OCHy), 5.62 (s,
2H, OCHy), 6.90-6.97 (m, 4H, Ar), 7.08-7.11 (m, 3H, Ar), 7.27 (dd, J =
12.3, 9.0 Hz, 1H, Ar), 7.57-7.65 (m, 6H, Ar), 7.98-8.01 (m, 4H, Ar). 13C
NMR (75 MHz, DMSO-dg): 6 25.9, 26.1, 42.3, 42.6, 64.3, 120.5, 123.5,
127.0, 130.6, 131.2, 131.3, 132.3, 133.0, 135.5, 136.1, 136.5, 138.1,
139.0, 142.6, 159.6, 164.1, 166.0, 166.1, 166.3, 166.4, 170, 184.2.
Anal. calcd for C19H1gN2Os3: C, 70.79; H, 5.63, N, 8.69. Found: C, 70.72;
H, 5.60, N, 8.75.

4.1.3. Synthesis of derivative 46
7,7’-(pentane-1,5-diylbis(oxy))bis(3-isopropylcyclohepta-

2,4,6-trienone) (48). Potassium carbonate (4.0 equivalents) was added
in a solution of B-TJP (2.0 equivalents) and 1,5-dibromopentane (1.0
equivalent for the alkyl halides, whereas 3.0 equivalents for benzyl
ones) in refluxing acetonitrile (0.4 M). Then, the reaction mixture was
poured into an oversaturated aqueous solution of Na;CO3 and extracted
with DCM three times. The combined organic layers were dried over
sodium sulfate anhydrous, filtered, and evaporated in vacuo to obtain the
crude product. The compound was purified through flash column
chromatography, employing silica gel and a mixture of 5% MeOH in
95% DCM as mobile phase.

Orangish oil; 19 % yield. 1H NMR (300 MHz, CDCl3): §1.22(d, J =
3.0 Hz, 6H, CH3 iPro), 1.25 (d, J = 3.0 Hz, 6H, CHs iPro), 1.54-1.76 (m,
2H, CH iPro), 1.54-1.70 (m, 4H, 2 x CH,), 1.96-2.01 (m, 3H, CH,),
2.73-2.77 (m, 2H, CH iPro), 2.81-2.83 (m, 1H, CH iPro), 4.02-4.10 (m,
3H, OCHy), 6.61-6.64 (m, 1H, Ar), 6.68 (m, 1H, Ar), 6.73-6.77 (m, 2H,
Ar), 6.96 (m, 1H, Ar), 7.07-7.09 (m, 1H, Ar), 7.12-7.16 (m, 2H, Ar). 13C
NMR (75 MHz, CDCly): § 22.7, 23.2, 23.5, 28.2, 28.3, 28.4, 29.8, 32.3,
38.4, 39.1, 62.6, 69.0, 112.6, 115.2, 124.7, 129.3, 131.8, 134.5, 135.2,
136.9, 154.4, 157.6, 164.3, 164.4, 180.2, 180.4. Anal. caled for
Co5H3204: C, 75.73; H, 8.13. Found: C, 75.80; H, 8.16.

4.1.4. Synthesis of derivatives 6 and 6$+3

Ethyl bromoacetate (1.5 equivalents) was added to a mixture of TRP
(1.0 equivalent) for 5 or TJP (1.0 equivalent) for 58+8 and KoCO3 (2.0
equivalents) in acetonitrile (0.4 M). The suspension was allowed to
reflux overnight. Then, the reaction mixture was poured into an over-
saturated aqueous solution of NaySO4 and extracted with DCM three
times. The combined organic layers were dried over anhydrous sodium
sulfate, filtered and evaporated under reduced pressure. Both
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intermediates were purified through column chromatography, with a
mixture of n-hexane/ethyl acetate 97:3. To reach compounds 6 and
6B+3, 5 (1.0 equivalent) or 54+8 (1.0 equivalent) was dissolved in THF
(0.12 M), whereas lithium hydroxide monohydrate (LiOH x H0) was
dissolved in water (0.5 M). The aqueous solution was added to the
organic solution dropwise, and the mixture was allowed to stir at room
temperature for 2 h. Once reaction was completed, the mixture was
diluted with water, and the pH was adjusted about 3.0. The reaction
mixture was extracted with EtOAc for three times, dried over anhydrous
sodium sulfate, filtered and evaporated under reduced pressure to
obtain compound 6 and 6$-+38.

2-((7-oxocyclohepta-1,3,5-trien-1-yl)oxy)acetic acid (6).
Yellowish solid; m.p. 119-120 °C; 51 % yield. 1H NMR (600 MHz,
DMSO-dg): 6 4.83 (s, 2H, OCHy), 6.90 (d, J = 9.9 Hz, 1H, Ar), 6.95 (dd, J
=10.8, 8.2, 1H, Ar), 7.05 (d, J = 12.1, 1H, Ar), 7.13 (m, 1H, Ar), 7.32
(m, 1H, Ar). 13C NMR (151 MHz, DMSO-de): 5 65.6, 115.4, 129.1, 133.5,
137.2, 137.4, 163.8, 169.6, 179.7. Anal. calcd for C9HgO4: C, 60.00; H,
4.48. Found: C, 60.09; H, 4.52. Characterization data are in agreement
with the previous literature [46].

2-((3-isopropyl-7-oxocyclohepta-1,3,5-trien-1-yl)oxy)acetic
acid (6p+8). p:8 ratio assessed by 'H NMR analysis: 57:43. The reported
IUPAC name is referred to as the p isomer. Yellow oil; 80 % yield. 'H
NMR (300 MHz, CDCl3): 6 1.25 (d, J = 7.2 MHz, 6H, CH3 iPro), 1.30 (d,
J =7.2 MHz, 6H, CH3 iPro), 2.82-2.90 (m, 1H, CH iPro), 2.91-3.02 (m,
1H, CH iPro), 3.93 (s, 2H, OCH3), 3.98 (s, 2H, OCH3), 7.02-7.14 (m, 4H,
Ar), 7.19-7.32 (m, 2H, Ar), 7.39-7.46 (m, 1H, Ar). 13C NMR (75 MHz,
CDCly): 6§ 22.0, 22.3, 38.4, 38.8,55.4,113.5,115.6,125.7,125.7, 129.7,
129.7, 133.0, 133.2, 133.5, 133.5, 138.7, 138.7, 156.4, 160.1, 174.7,
174.7. Anal. calcd for C1oH1404: C, 68.85; H, 6.35. Found: C, 68.80; H,
6.31.

4.1.5. General procedure for the synthesis of compounds 15 and 156

p-Nitrobenzoic acid (1.2 equivalents) was added to a stirring mixture
of N,N'-dicyclohexylcarbodiimide (DCC) (1.5 equivalents) and dime-
thylaminopyridine (DMAP) (0.2 equivalents) in dry DCM (0.2 M) at
room temperature under Nj. After the formation of the intermediate (ca.
h), TRP or p-TJP (1.0 equivalent) was added, and the mixture was
stirred for additional 24 h. Then, the reaction mixture was diluted with
DCM and filtrated under vacuum to remove N,N-dicyclohexylurea
(DCU). The filtrate was then evaporated to give the crude product. The
compound was purified through flash column chromatography,
employing silica gel and the suitable eluent (mixtures of n-hexane/ethyl
acetate)

7-Oxocyclohepta-1,3,5-trien-1-yl-4-nitrobenzoate  (15). Off-
white powder; 80 % yield, m.p. 175-177 °C 'H NMR (500 MHz,
DMSO-dg): 7.29-7.7.46 (m, 5H, Ar), 8.31 (d, J = 8.3 Hz, 2H, Ar), 8.40
(d, J = 8.8 Hz, 2H, Ar). Melting point data agree with the previous
literature [47].

5-isopropyl-7-oxocyclohepta-1,3,5-trien-1-yl  4-nitrobenzoate
(158). Orange oil; 60 % yield. 1H NMR (600 MHz, CDCls): 1.27 (d, J
= 6.0 Hz, 6H, CH3 iPro), 2.81-2.86 (m, 1H, CH iPro), 7.03 (d, J = 12 Hz,
1H, Ar), 7.13 (t, J = 9.0, 6.0 Hz, 1H, Ar), 7.22 (d, J = 12 Hz, 1H, Ar),
7.26 (d, J = 6.0 Hz, 1H, Ar), 8.32-8.36 (m, 4H, Ar). '3C NMR (151 MHz,
CDCly): 6 23.0, 38.5, 123.7, 131.7, 134.6, 151.0, 162.4. Anal. calcd for
C17H15NOs: C, 65.17; H, 4.83; N, 4.47. Found: C, 65.22; H, 4.85; N, 4.50.

4.1.6. General procedure for the synthesis of compounds 16 and 16$+3
TRP or p-TJP (1.0 equivalent) was added to a mixture of triethyl-
amine (TEA) (2.0 equivalents) and DMAP (0.1 equivalents) in DCM
(0.25M) at 0 °C. Then, 1-adamantanecarbonyl chloride was added to the
mixture and the yellowish reaction mixture was allowed to stir at room
temperature for 48 h. Then, the reaction mixture was poured into water
and extracted with DCM three times. The combined organic layers were
dried over sodium sulfate anhydrous, filtered, and evaporated in vacuo
to obtain the crude product. The compound was purified through flash
column chromatography, employing silica gel and the suitable eluent
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(mixtures of DCM/MeOH).

7-oxocyclohepta-1,3,5-trien-1-yl adamantane-1-carboxylate
(16). Yellow solid; m.p.: 118-120 °C; 65 % yield. IH NMR (300 MHz,
CDCl3): 8 1.76 (t, J = 2.7 Hz, 6H, adamantane), 2.08 (d, J = 6.6 Hz, 9H,
adamantane), 7.14-7.18 (m, 5H, Ar). '3C NMR (75 MHz, CDCl3): 5 27.9,
36.4, 38.8,41.2,133.0,133.9, 175.0. Anal. caled for C1gH2¢03: C, 76.03;
H, 7.09. Found: C, 76.10; H, 7.03.

3-isopropyl-7-oxocyclohepta-1,3,5-trien-1-yl =~ adamantane-1-
carboxylate (16p+8). p:8 ratio assessed by 'H NMR analysis: 85:15.
The reported IUPAC name is referred to as the p isomer. Yellow solid; m.
p.: 46-48 °C; 41 % yield. 1H NMR (300 MHz, CDCl3/Acetone mixture): §
1.40 (d, J = 6.9 Hz, 6H, 2 x CHj iPro), 1.44 (d, J = 6.9 Hz, 6H, 2 x CH;
iPro), 1.93 (s, 12H, adamantane), 2.25 (d, J = 8.4 Hz, 18H, ada-
mantane), 2.91-3.08 (m, 2H, 2 x CH iPro), 7.10-7.11 (m, 2H, Ar),
7.20-7.27 (m, 4H, Ar), 7.43-7.52 (m, 1H, Ar). 13¢ NMR (75 MHz,
CDCly): 6 22.9, 23.4 27.8, 28.0, 36.4, 36.5, 38.8, 41.1, 122.3, 132.0,
133.1, 133.5, 155.2, 175.1. Anal. calcd for Co;HogOs3: C, 77.27; H, 8.03.
Found: C, 77.20; H, 8.06.

4.1.7. General procedure for the synthesis of compounds 17, 17 and 176
Toluene 4-sulfonyl chloride (1.2 equivalents) in DCM (1.0 M) was
added dropwise to a DCM (5.5 M solution of TRP or $-TJP (1.0 equiv-
alent) and TEA (1.3 equivalents) at 0 °C. Then, the reaction mixture was
allowed to stir at room temperature for 5 days. Then, the reaction
mixture was poured into water and extracted with DCM three times. The
combined organic layers were dried over sodium sulfate anhydrous,
filtered, and evaporated in vacuo to obtain the crude product. The
compound was purified through flash column chromatography,
employing silica gel and the suitable eluent (mixtures of n-hexane/ethyl
acetate).
(7-Oxocyclohepta-1,3,5-trien-1-yl)-4-methylbenzenesulfonate
(17) Off-white powder, m.p. 157-159 °C, 88 % yield. '"H NMR (500
MHz, DMSO-dg): 2.41 (s, 3H, ArCHs), 7.08-7.11 (m, 2H, Ar), 7.24 (dd, J
=10.8, 8.3 Hz, 1H, Ar), 7.36-7.41 (m, 2H, Ar), 7.46 (d, 1H, J = 8.3 Hz,
2H, Ar), 7.81 (d, 1H, J = 8.3 Hz, 2H, Ar). Characterization data are in
agreement with the previous literature [48].
3-isopropyl-7-oxocyclohepta-1,3,5-trien-1-yl 4-methylbenzene-
sulfonate (17f). White solid, 48 % yield. 1H NMR (600 MHz, CDCl3):
§1.23 (d, J = 6.0 Hz, 6H, CHs iPro), 2.43 (s, 3H, ArCHj3), 2.77-2.82 (m,
1H, CH iPro), 6.91-6.93 (m, 1H, Ar), 7.01-7.03 (m, 1H, Ar), 7.13 (dd, J
=15.0,6.0 Hz, 1H, Ar), 7.34 (d, J = 6.0 Hz, 2H, Ar), 7.38 (d, J = 6.0 Hz,
1H, Ar), 7.91 (d, J = 12.0 Hz, 2H, Ar). 13¢ NMR (151 MHz, CDCl3): &
21.8,22.8,38.2,128.7,129.7,130.4, 131.8, 133.6, 137.0, 139.0, 145.5,
152.5, 154.6, 179.0. Anal. caled for C;7H1804S: C, 64.13; H, 5.70.
Found: C, 64.05; H, 5.75. Characterization data are in agreement with
the previous literature [28].
5-isopropyl-7-oxocyclohepta-1,3,5-trien-1-yl 4-methylbenzene-
sulfonate (178). White solid, 58 % yield. 'H NMR (600 MHz, CDCls):
§1.20 (d, J = 6.0 Hz, 6H, CHs iPro), 2.44 (s, 3H, ArCHj3), 2.72-2.76 (m,
1H, CH iPro), 6.87-6.90 (m, 1H, Ar), 6.87-6.99 (m, 1H, Ar), 7.06-7.07
(m, 1H, Ar), 7.35 (d, J = 6.0 Hz, 3H, Ar), 7.93 (d, J = 6.0 Hz, 2H, Ar). 13C
NMR (151 MHz, CDCl3): § 21.8, 22.8, 34.5, 128.7, 129.3, 129.6, 129.7,
133.7, 136.6, 138.0, 145.5, 154.8, 157.4, 179.3. Anal. calcd for
C17H1804S: C, 64.13; H, 5.70. Found: C, 64.18; H, 5.72. Characterization
data are in agreement with the previous literature [28].

4.2. NMR analysis of regioisomers 10p+6, 8+6, 11p, and 118

The solvents used for NMR analysis were purchased from Eurlsotop
(Saint-Aubin, France). Samples were dissolved in CDCl3 and tetrame-
thylsilane (TMS) was used as an internal reference. Full H and 13C as-
signments were made based on one- and two-dimensional NMR spectra
(*H, 3¢, COSY, NOESY, HSQC, and HMBC). All spectra were recorded at
25 °C on a Bruker Avance AV600 (Bruker Corporation, Billerica, Mas-
sachusetts, US) equipped with a 5 mm diameter BBO probe with a z-
gradient accessory. NOESY spectra were obtained with a mixing time of
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500 ms. The spectra were acquired using standard Bruker pulse se-
quences and the data was processed using ACD Spectrus software. Fully
assigned NMR spectra with experimental parameters can be found in the
Supplementary Material file.

4.3. X-ray crystallography

4.3.1. Crystallization and X-ray data collection

Crystals of the hCA II isoform were obtained using the hanging drop
vapor diffusion method in a 24-well VDX plate. 1 pL of 10 mg/mL of hCA
IIin Tris-HCI 50 mM (pH 8.0) was mixed with 1 pL of a solution of 1.5 M
sodium citrate, 20 mM Tris-HCI (pH 8.0) and equilibrated against 500 pL
of the same solution at 296 K. Crystal growth was observed after five
days. The protein complex with B-TJP was prepared by soaking the
crystals in the mother liquor solution containing the inhibitor at a
concentration of 10 mM for 3 h. Then, all crystals were flash-frozen at
100 K using a solution obtained by adding 15 % (v/v) PEG 400 to the
mother liquor solution as a cryoprotectant. X-ray diffraction data were
collected using synchrotron radiation at the ID30B beamline at ESRF
(Grenoble, France) with a wavelength of 0.87313 A and a DECTRIS
Eiger2 X 9 M detector.

4.3.2. Structure determination

The crystal structures of hCA II (PDB ID: 3HS4) without solvent
molecules and other heteroatoms were used to obtain the initial phases
of the structures using Refmac5 [49] from the CCP4 package [50]. Co-
ordinates of the inhibitor were obtained using the program JLigand [51]
and introduced in the model. 5 % of the unique reflections were selected
randomly and excluded from the refinement data set for Rgee calcula-
tions. The initial |[Fo-Fc| difference electron density maps unambigu-
ously showed the inhibitor molecules. The inhibitor was introduced in
the model with 1.0 occupancy. Refinements proceeded using standard
protocols of positional, and isotropic atomic displacement parameters
alternating with the manual building of the models using COOT [52].
Inhibitor-enzyme interactions were analyzed using the PLIP web tool
[53]. Atomic coordinates were deposited in the PDB (PDB ID: 9HOW)
and reported in Table 2. Graphical representations were generated with
UCSF Chimera [54].

Table 2
Summary of data collection and atomic model refinement statistics for hCA II.

Data collection statistics

hCA TI-p-TJP
PDB ID 9HOW
Wavelength (A) 0.87313
Space Group P1211

Unit cell (a, b, ¢, o, B, y) (A,0)
Limiting resolution (A)
Unique reflections

42.23, 41.05, 71.92, 90, 104.26, 90
41.05-1.44 (1.46-1.44)
43458 (2148)

Rmerge 0.094 (1.250)
Rmeas 0.102 (1.355)
Redundancy 6.7 (6.8)
Completeness overall (%) 99.9 (100.0)
<I/o(D)> 11.8 (1.5)

CC (1/2) 0.999 (0.522)
Refinement statistics

Resolution range (A) 41.05-1.44
Rfactor 0.1656

Rfree 0.1958
r.m.s.d. bonds (A) 0.0105
r.m.s.d. angles E) 1.9004
Ramachandran statistics (%)

Most favored 97.3
additionally allowed 2.7

Outlier regions 0.0

Average B factor (.&2)

All atoms 20.83
Inhibitor 23.00
Solvent 29.41
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4.4. Carbonic anhydrases inhibition assays

An Applied Photophysics stopped-flow instrument was used to
evaluate the ability of the test compounds to inhibit the CA-catalyzed
CO4 hydration [33]. 0.2 mM Phenol red was chosen as an indicator
(absorbance maximum = 557 nm), with 20 mM HEPES (pH 7.4) as a
buffer, and 20 mM NaySO4 (to maintain constant the ionic strength),
following the initial rates of the CA-catalyzed CO5 hydration reaction for
a period of 10-100 s. The CO; concentrations ranged from 1.7 to 17 mM
for the determination of the kinetic parameters and inhibition constants.
Enzyme concentrations spanned from 5 to 12 nM. Stock solutions of the
inhibitor (0.1 mM) were prepared in distilled—-deionized water and di-
lutions up to 0.01 nM were prepared with the assay buffer. Inhibitor and
enzyme solutions were preincubated for 15 min at r.t. for the formation
of the E-I complex. The inhibition constants were obtained by
non-linear least-squares methods using PRISM 3 and the Cheng-Prusoff
equation and represent the mean from at least three different de-
terminations. Apart from hCAs I and II purchased from Merck, all the
other CAs are recombinant and obtained in-house. [55-57].

4.5. Molecular modeling

4.5.1. Library preparation

The library of the compound was prepared by means of the LigPrep
tool. Hydrogens were added, salts were removed, and ionization states
were calculated using Epik at pH 7.4 + 0.2 and then were submitted to
MacroModel energy minimization, using OPLS_2005 as force field [58,
59].

4.5.2. Target preparation

The X-ray crystallographic structures of hCAs I, II, VII, IX, and XII
isoforms were retrieved from the PDB IDs: 2NMX, 3K34, 3ML5, 5FL4,
and 1JDO, respectively. For the hCA VA isoform, the model prepared
according to our previously published work was used [60]. The receptor
structures were optimized by means of the Protein Preparation Wizard
tool [61], using OLPS_2005 as the force field. Residual crystallographic
buffer components and water molecules were removed, hydrogen atoms
were added, missing side chains were built using the Prime module, and
side chains protonation states at pH 7.4 were assigned.

4.5.3. Molecular docking and eMBrAcE studies

In order to evaluate the reliability of our molecular recognition
approach, redocking calculations by using the Glide Standard Protocol
(SP) algorithm were performed. As reported in Table 3, Root Mean
Square Deviation (RMSD) values, calculated between the best docking
pose and the ligand co-crystallized into the catalytic binding site,
demonstrate a reproduction of the experimentally determined binding
modes for all examined models.

Molecular docking was carried out with Glide v. 8.9 software, by
using the Standard Precision (SP) algorithm, and 25 poses per ligand
were generated. [62,63]. Starting from the best docking pose of each
compound post-docking energy minimization was performed by using
the eMBrAcE tool [64] and the binding energies (E) of the
receptor-ligand complexes were calculated [65].

Table 3
PDB IDs and RMSD values calculated between the best docking pose and the
ligand co-crystallized.

hCA isoform PDB IDs RMSD values (A)
I 2NMX 1.01
11 3K34 1.13
VII 3ML5 0.33
IX 5FL4 0.27
XI1 1JDO 0.63
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4.6. Chemical stability

5.0 mg of 17 were dissolved in 0.5 mL of DMSO-ds/D20 1/1 v/v and
1H NMR spectra were recorded at to, 4, 6, 24, 48, 72, and 120 h to assess
chemical stability of the sulfonate ester.

4.7. Antiproliferative assays

4.7.1. MM cell lines

MM cell lines NCI-H929, U266, MM1S, and JIN3 were purchased
from DSMZ, with certified authentication performed by short tandem
repeat DNA typing. NCI-H929 cells resistant to BZB (namely NCI-H929
BZB) and CFZ (namely NCI-H929 CFZ) were obtained following pro-
gressive exposure to increasing concentrations of proteasome inhibitors
and kept at the final concentration of 20 nM of the two drugs. AMO and
AMO BZB cells were kindly provided by Dr. C. Driessen (University of
Tubingen, Germany). KMS26, KMS26 BZB were kindly provided by Prof.
Antonino Neri (University of Milan).

All these cell lines were immediately frozen and used from the
original stock within 6 months. Cells were cultured in RPMI-1640 me-
dium enriched with 10 % heat-inactivated fetal bovine serum (FBS)
(Gibco®, Life Technologies, Carlsbad, CA), 100 pug/mL streptomycin (P/
S) (Gibco®, Life Technologies, Carlsbad, CA), and 100 U/mL of peni-
cillin. MM cells were incubated at 37 °C in a 5 % CO; atmosphere; for
hypoxic conditions, cells were incubated in a dedicated Eppendorf
Galaxy 48R incubator in 1 % Oa.

PBMCs were isolated using Ficoll-Hypaque density gradient sedi-
mentation (Lonza Group, Basel, Switzerland), following the approval of
the Institutional Review Board n. 266,/2021 (University of Catanzaro,
Italy).

4.7.2. Western blotting

Cell lysis was performed in NP40 Cell Lysis Buffer supplemented with
Halt Protease Inhibitor Single-Use Cocktail (Thermo Fisher Scientific,
Waltham, MA, USA). Protein samples (30 pg) were subjected to 10 %
SDS-PAGE, and the gels were dry-transferred onto nitrocellulose mem-
branes using the Trans-Blot Turbo Transfer System (Bio-Rad Labora-
tories, Hercules, CA, USA), followed by incubation with following Abs
purchased from Cell Signaling Technology: CA IX (#5649S), CA XII
(#5864S), GAPDH (#5174). Densitometry was performed using the
ImageJ software.

4.7.3. Cell viability assay

Cell viability was evaluated by Cell Titer Glo (CTG) assay kit
(Promega, Madison, WI, USA), according to manufacturer’s instructions.
Briefly, MM cells were seeded in 24-well plates and, after 48 h of
treatment with tropolonoids, collected and plated in 96 well white
plates. Treated cells were incubated in both normoxic and hypoxic
conditions. Luminescence was recorded using the GloMax Multi Detec-
tion System (Promega, Madison, WI, USA). ICs¢ values were evaluated
using GraphPad Prism software.

4.7.4. Apoptosis assay

Apoptosis was evaluated by Annexin-V/7-Aminoactinomycin D (7-
AAD) staining and flow cytometric analysis using the PE Annexin-V
Apoptosis Detection Kit I (Thermo Fisher Scientific, Waltham, MA,
USA). After treatment with 16p compound, MM cells were collected in a
5 mL polystyrene tube, washed with PBS 1X, and exposed to Annexin V-
PE and 7-AAD probes for 15 min at room temperature. After incubation,
the samples were analyzed using a FACS Fortessa X-20 instrument (BD
Biosciences, San Jose, CA, USA), and the data were analyzed using
FlowJo software version 10. The histogram bars indicate the percentage
of early and late apoptotic cells.
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