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Imidazolylmethylbenzophenones as Highly Potent ~ Chart 1. Structures of the Studied Compounds
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The structures of the new compounds are reported in Chart 1.

Receied March 14, 2007 The synthesis was performed, according to Scheme 1, via
FriedeCraft acylation of benzene or biphenyl with the
Abstract: Suppression of tumor and plasma estrogen levels by inhi- appropriately substituted benzoyl chloride to gbee-d, 7, 9,
bition of aromatase is one of the most effective treatments for post- and10, followed by bromination of the methyl group with NBS
menopausal breast cancer patients. Starting from an easy, syntheticallland subsequent substitution with imidazole to provide com-
accessible, benzophenone scaffold, a new class of potent aromatasgoundsla—d and2—4. 2-Methyl-5-nitrobenzoic aci8, which
inhibitors was synthesized, endowed with high selectivity with respect \y35 not commercially available, was prepared via nitration of
to 17o-hydroxylase/17,20-lyase (CYP17). Compounttls and 1d o-toluic acid. For the synthesis of compousd 2-methyl-5-
proved to be among the most potent inhibitors described so far. nitrobenzophenon® was reduced with Hand Pd/CaC@to
o . give 2-methyl-5-aminobenzophenob#& and the amino group
Estrogens are known to be implicated in breast cancer a5 sybstituted by a bromine atom to gi2via the formation
occurrence and development, and different strategies have beepy the diazonium salt followed by addition of CuBr. This
devised to control or block the progression of hormone- iniermediate was then reacted as reported above to provide the
dependent breast cancer. The action of estrogens on theif,q compound.
receptor can be blocked by the use of selective estrogen receptor
modulators (SERMy, like tamoxifen. These compounds have
been widely used as first line therapy in post-menopausal women
with advanced breast cancer, but they are known to posses
proestrogenic effects, particularly on the endometrium and
vascular system, and this partial agonism has been associate
with the possible development of tumadra. different approach
comes from the reduction of hormone levels by inhibition of
cytochrome P450 aromatase (CYP2@)key enzyme involved
in the synthesis of estrogens, promoting the aromatization of
the A ring of androgen precursors. Third generation aromatase
inhibitors (Als), such as letrozole, anastrozole, and exemestane
are now considered a valid alternative to tamoxifene as first
line treatment of advanced breast caricehe search for potent .
and selective Als still remains an attractive subject, and some The results repo_rted in Table 1 showed that all t_e;ted
interesting compounds have recently been developed by differentCompounds were highly potent Als, some of them exhibited

groups working in the field=7 In addition, in a previous paper, activity in the low nanomolar range and they were selective

we described some xanthenone-based molecules as I:)Otentpward aromatase with respect to CYP17. Interestingly, despite

inhibitors® an increase in conformational flexibility, this series of molecules
In this letter, we report on a new class of potent inhibitors of turnetd .ou:j to .be nf10re poten; than.thel confgg:trg?btlonally
aromatase, characterized by a rather flexible imidazolylmeth- constrained series of compounds previously repc an
ylbenzophenone scaffold, which offers the advantage of a |argepror_‘np_tly be Ot’_sef"ed that the posmon_o_f the imidazole s_|de
synthetic accessibility. Moreover, these compounds could allow .‘i?am IS of;_:ruc;al |mportan((l:e f[or;hfbactlvgay, EecaUSﬁ moving
us to establish whether the conformationally constrained scaffold ' r(im p0|5| dlotn (igf;?olléﬁ 3 to (. )ont € egzop enoge
of the previously synthesized series of molecules is an essentiaf'UCc'eus led to a -lold Increase in potency. | ompole
element for optimal interaction with the enzyme and to n W_h'Ch the imidazolylmethyl chain is in eosmon 4, whose
determine the best positioning on this scaffold of the imidazole previously reported 16 value was 10 nM; proved to be

nitrogen that coordinates the iron atom of the heme group. To s:anlgc?hntly less active when_ tesﬁed in Oll” assta)lg({l_ﬁ 252
this aim, the position of the imidazole ring on the benzophenone nVi, both assays were run using human placenta microsomes),
showing activity comparable to thertho-derivative 1a (for

further details see Supporting Information). The introduction

The new compounds were tested for inhibition of aromatase
using human placental microsomes incubated wifii*H]-
androstenedione and measuring the tritiated water formed during
$he aromatization of the substrate, as previously descfibbe.
iphibitory activity of the compounds toward d+ydroxylase/

7,20-lyase (CYP17), another cytochrome P450 involved in the
synthesis of androgens, was also assessed to evaluate their
selectivity toward a related enzyme. For the CYP17 inhibition
tests, human CYP17 expressedEncoli and P450 reductase
were used? Another benzophenone derivativieg(,11 previously
reported in the literature as part of a large series of azole
‘compounds tested for inhibition of aromatase, was also included
in the evaluation and tested in our assays.
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University of Bologna. active onelb, but highly beneficial forla, because it increased
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a Abbreviations: SERMs, selective estrogen receptor modulators; CYP19, ItS potency of more than one log unit. Looking at this result in
aromatase; Als, aromatase inhibitors; CYP1@-hiydroxylase/17,20-lyase.  view of the possible binding mode of these molecules at the
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Scheme 1.Syntheses of the Studied Compoufnds
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Figure 1. Docking complexes between aromatase aadyellow),

1b (orange), 1d (violet), and 3 (green) as outcome of docking
simulations carried out with GOLD and cluster analysis performed with
ACIAP. The heme group and the I-helix are explicitly indicated for
convenience. Moreover, some aromatase active site amino acids are
also reported.

influenced by the presence of an additional phenyl ring in
position 4. For compoundda, 1b, and3, the introduction of
this additional substituent (compounis, 1d, and 4, respec-
tively) led to an increase in potency, which, though small, still
showed that a bulky group in that position could be beneficial.
In particular, compoundd proved to be among the most potent
Als synthesized so far (g = 5.3 nM).

To further investigate the SAR of the present series of
derivatives and to additionally validate the previously postulated
“H-bonding hypothesis® docking experiments were also per-

aReagents and conditions: (i) SOCrteflux, then AIC} or trifluo-
romethansulfonic acid, benzene or biphenyl, rt; (i) NBS, benzoyl per-
oxide, CCl, reflux; (i) imidazole, CHCN, Ny, reflux; (iv) KNOz, H2SOy,
0 °C; (v) THF, H,, Pd/CaCQ, rt; (vi) HBr, NaNG,, 0 °C, then hot CuBr
solution, rt.

Table 1. Biological Activities of the New Compounds toward CYP19

and CYP17 formed using the recently developed homology-built aromatase
CYPIF  CYPLP model (PDB code 1TQAY In Figure 1, the putative binding
CH,imid to % inhib. modes of compoundka (yellow), 1b (orange),1d (violet), and
compound R R position nM at 2.5uM 3 (green) as outcome of docking simulations and cluster
1a 2 560 NAS analysi$®14are reported. Docking simulations were carried out
1b 3 7.3 NA constraining ligands to properly coordinate the heme iron atom,
lc Ph 2 260 24 while leaving the rest of the molecules free to move (see
12 Ph f 25;"3 l\’}‘:‘ Supporting Information). This also allowed a proper orientation
5 6-NO, 3 31 NA of the noncoordinating nitrogen of the imidazole ring that could,
3 5-NO; 2 25.9 NA therefore, establish a H-bond with Thr310 (average distance
4 Ph  5-NQ 2 17.7 17 between the heteroatoms 8.1 A). From Figure 1 it clearly
5 5-Br 2 400 15 arises that themeta (1b) and theortho- (1a) derivatives
fadrozole 52 NA

interacted with the target in quite a different way. In details,

aHuman aromatase, placental microsomes, and subspgie]andros-
tenedione, 500 nMEHuman CYP17 expressed iE. coli, substrate

progesterone, 2BM. ¢ The given values are mean values of at least three
experiments. The deviations were withif5%. ¢ NA = no activity detected.

the carbonyl oxygen atom dfb was positioned at-3—4 A
from the carboxyl group of Asp309 of the I-helix and—6 A
from the hydroxyl group of Ser478 of the very flexible

C-terminal loop. Either residue could reasonably interact by

means of a H-bond with thib carbonyl group, thus accounting
enzyme active site (see below) and assuming that the coordinafor the higher activity of this compound relative e, in which
tion of the heme iron by the imidazole moiety would be the the same moiety is not properly oriented to establish similar
primary interaction, it could be reasoned that, while the ketone interactions. In particulada carbonyl oxygen is far too distant
in compoundlb could be located at the optimal distance from (more than 7 A) to interact with either Asp309 or Ser478. A
the imidazole moiety to properly interact via H-bond with the comment is required on Asp309 that in this study was treated
enzyme, this is not possible fda. If this is the case, the nitro  as ionized. While in this form it obviously cannot interact by
group is only critical for compoung, as its position relative to  means of H-bond, it is widely accepted that during the
the imidazole could be the appropriate one to give the molecule aromatization Asp309 can be protonated and, therefore, able to
the possibility to establish a correct H-bond interaction with favorably interact with our compourid.Concerning Ser478,
the enzyme. A further evidence to support this hypothesis cameboth ligand!®17 and target-baség2° computational studies
from the introduction on the structure d& of a bromine atom point to this residue as a fundamental amino acid for the
which, unlike the nitro group, is devoid of H-bond potential, interaction with nonsteroidal Als belonging to different classes.
leading to compound: the potency did not improve with the  Also, mutagenesis experiments show that this residue is one of
introduction of this substituent. Activity seemed to be slightly the amino acids located in the aromatase active site and involved
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in the interaction with ligand&t The proposed binding mode (5) Su, B.; Diaz-Cruz, E. S.; Landini, S.; Brueggemeier, R. W. Novel

i ; ; ; sulfonanilide analogues suppress aromatase expression and activity
(Figure 1) well Conﬁrmed the difference in pot_enc_y between in breast cancer cells independent of COX-2 inhibitibrMed. Chem.
the meta (lb, |C50 =73 nM) and theortho-derivative O.a, 2006 49, 1413-14109.
ICs50 = 560 nM). (6) Léze M. P.; Le Borgne, M.; Pinson, P.; Palusczak, A.; Duflos, M.;

In Figure 1, the putative binding mode 8fcarrying a NQ o1 5 (A Imidagon Lyhmethy - £ indoles: Poten; and seleo.
grogp ,'n para-position with respgct to.the methyllmlldazole tive aromatase inhibitor&ioorg. Med. Chem. Léteooe 16, 1134~
chain, is also reported. Docking simulations clearly pointed out 1137.

the possibility for this additional group to establish H-bond  (7) Gobbi, S.; Cavalli, A.; Rampa, A.; Belluti, F.; Piazzi, L.; Palusczak,

interactions with either Ser478 or Asp309, which are equidistant A.; Hartmann, R. W.; Recanatini, M.; Bisi, A. Lead optimization
providing a series of flavone derivatives as potent nonsteroidal

from the —NO, oxygen (distance between heteroatoms.0 inhibitors of the cytochrome P450 aromatase enzymbled. Chem.
A), thus accounting for the significantly increased potency(IC 2006 49, 4777-4780. _ _ _
= 25.9 nM) with respect to the parent compoutal Further- (8) Recanatini, M.; Bisi, A.; Cavalli, A.; Belluti, F.; Gobbi, S.; Rampa,

. . . . A.; Valenti, P.; Palzer, M.; Palusczak, A.; Hartmann, R. W. A new
more, to investigate the effects of the introduction of bulky class of nonsteroidal aromatase inhibitors: design and synthesis of

substituents on the benzophenone scaffold, docking simulations chromone and xanthone derivatives and inhibition of the P450

were also performed withd, namely, themetaderivative with ecrrl]zymg(s) g{oﬂatés; %%% 17 alpha-hydroxylase/C17,20-§dded.

. . . . . em. , )
an addlt!or.]al phenyl ring in pOSIthHAA pose repr_esentatlve . (9) Thompson, E. A., Jr.; Siiteri, P. K. Utilization of oxygen and reduced
of a statistically populated cluster is reported in Figure 1. This nicotinamide adenine dinucleotide phosphate by human placental
binding mode showed that aromatase can accommodate steri- microsomes during aromatization of androstenedidnBiol. Chem.

f i H i H i ; i 1974 249, 5364-5372.
Callﬁldhlndegle.dh“g?ndsfm rt]hls_reglon .Of Its. aCtlve. Slre’m h (10) Hutschenreuter, T. U.; Ehmer, P. B.; Hartmann, R. W. Synthesis of
could establish a few further interactions, in particular, either hydroxy derivatives of highly potent nonsteroidal CYP 17 inhibitors
w—am with His475 and His480 or hydrophobic with Ala223 and as potential metabolites and evaluation of their activity by a non
Ala226. Actually,1d proved to be the most potent Al that we cellular assay using recombinant human enzydné&nzyme Inhib.

2004 19, 17-32.

reported so far’ with an 45 value of 5'3 nM. (11) Lang, M.; Batzl, C.; Furet, P.; Bowman, R.; Hausler, A.; Bhatnagar,
In conclusion, a new class of highly potent Als was A. S. Structure-activity relationships and binding model of novel
synthesized, endowed with high selectivity with respect to aromatase inhibitorsl. Steroid Biochem. Mol. Biol993 44, 421~
CYP17, which C(.)mb"?e remarkable. "’.“?t""tY (in the. low nano (12) Favia, A. D.; Cavalli, A.; Masetti, M.; Carotti, A.; Recanatini, M.
molar range) with higher accessibility via straightforward Three-dimensional model of the human aromatase enzyme and
synthetic procedures when compared to the conformationally density functional parameterization of the iron-containing protopor-
constrained xanthone derivativé€ompoundld turned out to phyrin 'pr”tm°'§%‘é}§r6‘§y’1%’;‘£slgt8%dy of heme-cysteinato cyto-
chromes Proteins : .
be ou_r mo_st pote_nt A!' compa}rab_le to (?urrently markete_d drugs. (13) Bottegoni, G.; Cavalli, A.; Recanatini, M. A comparative study on
Docking simulations in combination with cluster analysis were the application of hierarchical-agglomerative clustering approaches
also carried out, providing a fairly good explanation for the tzoogggzglzse&_)ggtggzts of reiterated docking rufisChem. Inf. Model.
binding mOde.Of the present series of new inhibitors at the (14) Bottegoﬁi, G, Ro-cchia, W.; Recanatini, M.; Cavalli, A. ACIAP,
aromatase active site. Autonomous hierarchical agglomerative cluster analysis based pro-
) tocol to partition conformational dataseBioinformatics2006 22,
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