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isosteric replacement

ABSTRACT: Replacement of the aromatic rings in drug candidates with isosteric rigid sp®-rich scaffolds can improve physico-
chemical properties and increase the chance of progressing the molecule in the development and open new chemical space.
Isosteres of meta-substituted benzenes remain challenging due to the difficulty of mimicking the exit vector angles and bond dis-
tances. Herein, we report the synthesis of 1,5-disubstituted 3-oxabicyclo[3.1.1]heptanes (oxa-BCHSs), which can serve as saturated
isosteres of meta-substituted phenyl rings, with similar geometric arrangement. This structural motif can be obtained under mild
reaction conditions via acid-mediated isomerization of (2-oxaspiro[3.3]heptan-6-yl)methanols using catalytic quantities of pyri-
dinium chloride (PyrHCI). We demonstrate the utility of this methodology by preparing various building blocks for use in medici-
nal chemistry and incorporating the 3-oxa-BCH into the anticancer drug Sonidegib, improving its physicochemical properties, such
as permeability, metabolic stability and solubility.

Isosteric replacement of aromatic rings with rigid saturated
analogues has been used in medicinal chemistry to enhance
the physicochemical properties and ADME properties of a
molecule, such as solubility, lipophilicity, permeability, and
pharmacokinetic properties.! This approach addresses the
intrinsic properties of phenyl rings, which can contribute to
the overall poor physicochemical properties of drug candi-
dates, limiting their prospects of being further developed
into drugs. Bridged bicyclic saturated hydrocarbons, such
as bicyclo[1.1.1]pentanes (BCPs), bicyclo[2.2.2]octanes
(BCOs) and cubanes have been successfully used as para-
substituted aromatic ring replacement.? On the other hand,
isosteres of meta- and ortho- substituted benzenes have re-
ceived less attention due to difficulties with establishing
vectorial arrangements similar to corresponding aromatic
systems. Recently, the bicyclo[3.1.1]heptane (BCH) scaffold
has been suggested as a bioisostere of meta-substituted
benzenes.?* Its shape mimics the meta-arenes' 3D arrange-
ment of exit vectors (119° vs. 120°). Anderson and co-work-
ers have validated the bioisosteric approach by comparing
BCH-containing drug analogues to the parent drugs:
Sonidegib and URB597(Scheme 1, A and B).3 In both cases,
BCH analogues showed reduced clearance rates and im-
proved membrane permeability compared to their arene
congeners. However, it did not affect the solubility. Re-
searchers from Enamine have shown that replacing one car-
bon atom with oxygen on saturated para- and ortho-

Scheme 1. Prevalence of meta-substituted phenyl rings in
drugs and isosteric approaches
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isosteres can significantly improve the aqueous solubility of
the molecule.> Moreover, Mykhailiuk and co-workers re-
ported 3-azabicyclo[3.1.1]heptanes as an isostere of meta-
substituted pyridines.¢ We envisioned that incorporating an
oxygen atom into the BCH skeleton could also improve the
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solubility, permeability and clearance while keeping the 3D
space arrangement close to the parent meta-aromatic sys-
tems. Herein, we report the synthesis of 1,5-disubstituted 3-
oxabicyclo[3.1.1]heptanes (oxa-BCH) as isosteric replace-
ments of meta-arenes, which can be obtained via a mild
acid-catalyzed rearrangement of 6-substituted (2-ox-
aspiro[3.3]heptan-6-yl)methanols (Scheme 1, C). We
demonstrate the scope of the reaction, including acid
groups and product diversification into valuable building
blocks. Moreover, the effects on some physicochemical
properties of the oxa-BCH analog of the anticancer drug
Sonidegib were investigated.

Table 1. Reaction Optimization

Acid (x equiv.)
> OH
1,4-dioxane (0.3 M)
ol Temp. (°C), time 0
1 2
LBl é:igi?.l)t L.CO | Time (Llfoﬁfelj yield)
1 HCI (1.0) 20 30 min 99 (85%)
2 PTSA (1.0) | 20 30min | 96
3 TFA (1.0) 20 3days | 95
4 AcOH (1.0) | 60 24h 3
5 HC1(0.1) 20 15 min 98 (89%)
6 PTSA (0.1) | 20 30min | 97
7 PyrHF (1.0) | 20 24h 99
8 PyrHCI (1.0) 20 24 h 87 (80%)
9 PyrHCI (1.0) | 40 Ih 96
10 PyrHCI (0.1) | 40 4h 95
11 Pyridine (1.0) | 60 3 days 0
12 LiCl (1.0) 60 24 h 0

For a long time, the synthesis and study of rigid bridgehead
bicyclic structures have been of interest to theoretical and
physical organic chemists; however, relatively few methods
for the preparation of oxabicyclo[3.1.1]heptane (oxa-BCH)
scaffolds have been reported. The strategies can be divided
into two categories: a) simultaneous formation of cyclobu-
tane and pyrane rings, typically achieved via intramolecular
[2+2] cycloaddition; and b) construction of a pyrane ring
from a substrate already containing a cyclobutane moiety.
78 The former methods require the utilization of prefunc-
tionalized bisallyl ethers or 3-oxa-1,6-enynes and harsh re-
action conditions, which limit reaction scope. The latter ap-
proach is much less explored, and to the best of our
knowledge, only 3 single examples have been reported. The
pyrane ring is formed through ring-opening or substitution
reaction and relies on strongly acidic or basic reagents (HCI,
H2S04, KOH), which makes this methodology incompatible
with substrates possessing sensitive functional groups.

We aimed to develop an expeditious synthetic methodology

that allows access to the oxo-BCH core in a facile fashion and
has the possibility of incorporating this moiety into more

complex target molecules. Moreover, we envisioned that
the oxa-BCH containing a primary alcohol functionality
could be converted into a valuable variety of building blocks
using conventional oxidation chemistry, substitutions or
coupling reactions. For this purpose, we prepared (6-phe-
nyl-2-oxaspiro[3.3]heptan-6-yl)methanol (1) from com-
mercially available ethyl 2-phenylacetate in 2 steps (see SI).
Using compound 1 as a model substrate, we systematically
evaluated the acid-catalyzed 2-oxaspiro[3.3]heptane rear-
rangement. In the presence of 1 equiv. of strong acids, such
as HCl or pTSA in 1,4-dioxane, compound 1 gave the desired
product 2 after 30 minutes in >95% yield (Entries 1 and 2).
Trifluoroacetic acid gave a similar reaction profile, how-
ever, at a much lower rate, and completion was achieved
only after 3 days (Entry 3). Treatment of 1 with acetic acid
failed to promote the rearrangement, even at higher tem-
peratures (Entry 4). Further exploration revealed that the
presence of catalytic quantities of strong acids is sufficient
to obtain the desired product in comparable high yields (En-
tries 5 and 6). We then performed the reaction on a multi-
gram scale using 10 mol% HCI to afford oxa-BCH 2 in 89%
isolated yield (Entry 6). Although utilization of HCI gave ex-
cellent results, we were interested in finding conditions that
would be compatible with acid-sensitive groups. In this con-
text, we have identified pyridinium chloride and fluoride as
alternatives; both reagents resulted in full conversion at
room temperature after 24 hours, with the latter giving a
slightly improved yield of the desired product (Entries 7-9).
Due to the corrosive nature of the pyridinium fluoride,
which necessitates special glassware and safety concerns,
we have chosen pyridinium chloride for further exploration.
To our delight, pyridinium chloride gives similar results in
catalytic quantities (Entry 10). Control experiments with
pyridine and LiCl further supported the acid-catalyzed
mechanism of this reaction (entries 11 and 12).

Scheme 2. Acetylation of 1
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We have also evaluated the alternative methods for the oxa-
BCH preparation. In this context, we have found that the
presence of acetyl chloride substrate 1 gives the acetylated
product 3 containing the oxa-BCH core in 52% yield
(Scheme 2). Interestingly, treatment of the same starting
material 1 in pure acetic anhydride results in clean acetyla-
tion of the alcohol with the preservation of oxetane frag-
ment 4. These results further support the acidic nature of
the rearrangement. They are explained by the high acidity
of HCl, which can be present in acetic chloride or is gener-
ated in situ upon acetylation.

With the optimized conditions, the substrate scope for the
acid-catalyzed rearrangement of (2-oxaspiro[3.3]heptan-6-
yl)methanols into the corresponding oxa-BCH derivatives
was investigated (Scheme 3). The initial focus was to exam-
ine substrates containing non-aromatic groups. Alkyl sub-
stituents at the 6 position of the (2-oxaspiro[3.3]heptan-6-
yl)methanol derivatives, such as methyl, cyclopropyl, and
primary alcohols, are well tolerated during the reaction, giv-
ing the desired oxa-BCH derivatives in excellent yields (6-
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8). Alcohol 5, with R being hydrogen (Scheme 3), could be
isolated in a good yield (71%), although a longer reaction
time was required. Additionally, compared to the phenyl
substituted model substrate 2, the rearrangement of other
aromatic moieties, such as ortho-, meta or para-halogenated
arenes to the oxa-BCH derivatives 9, 11 and 12, also works
efficiently. Electron withdrawing -CF3 (10) and m-donating
- OCF3 (14) groups were tolerated in this transformation.
We observed a slightly higher yield for the latter substrate
14 when 10 mol% HCI was used. Oxa-BCH containing pyri-
dine 13 can be prepared; however, it necessitated 50 mol%
of PyrHC], most likely due to the basicity of the pyridine
moiety. The best result to reach compound 13 was to use
1.1 equiv. of pTSA, however, a side-product was obtained in
both cases, resulting from a competing nucleophilic attack
of chloride or tosylate on the oxetane ring (See SI). We as-
sessed how the reactions performed with an acid labile
group in the starting material as a final test of the mild con-
ditions. Gratifyingly, we isolated the acid labile Boc-pro-
tected amine 15 using PyrHC], giving the desired product in
62% yield without losing the protecting group.

Scheme 3. Substrate scope
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Several representative modifications of oxa-BCH alcohol
moiety of compound 2 have been undertaken to show its
utility in medicinal chemistry programs (Scheme 4A).
Treatment of 2 with Dess-Martin periodinane gave alde-
hyde 16, while oxidation with NMO/TPAP yields the ter-
tiary carboxylic acid 22. Alcohol 2 can be converted into
corresponding bromide 21 via Appel reaction or into iodide
20 by displacement of its mesylate analogue 19 with so-
dium iodide. 4-Fluorophenol can be engaged in a Mitsunobu
reaction with 2 giving aryl ether 17, all in synthetically use-
ful yields. Following the MacMillan deoxygenative Csp?-Csp?
coupling procedure with Br-Flumazenil afforded oxa-BCH
derivative 18 in 32% yield.® Carboxylic acid 22 itself serves
as an excellent starting point of diversification: primary and

Weinreb amides (24, 25), as well as a redox-active ester
(RAE) 26, can be obtained in a single step (Scheme 4B) in
moderate to good yields. Generation of RAE in situ using
PITU and subsequent with Bzcatz under blue LED emission
gives tertiary boronic ester 28 in 48% yield.'° Conversion in
tertiary fluoride 27 occurs smoothly using Selectfluor with
silver nitrate in 60%. Finally, boc-protected amine 23 can
be accessed using Curtius rearrangement. Scheme 4C de-
picts the synthesis of diester 29, which, upon lithium hy-
droxide mediated mono hydrolysis, gives the intermediate
30. This compound is then further converted into tertiary
nitrile 32, converted to the corresponding primary amide
31 via TFAA dehydration in excellent yield over two steps.
Using silica-supported DCC, molecule 30 was converted to
the corresponding RAE 33, which is further engaged in an
electrocatalyzed Csp?-Csp? decarboxylative coupling, re-
cently developed by Baran and co-workers, to give product
34 with a promising yield of 21%.11

We evaluated the effect of replacing a meta-substituted ben-
zene ring with a 2-oxabicyclo[3.1.1]heptane core on physi-
ochemical and ADME properties (Table 2). For this purpose,
we have prepared molecule 36, an oxa-BCH-containing an-
alogue of the anti-cancer drug Sonidegib 35 (See SI for de-
tails). Both molecules 35 and 36 have similar molecular
weights and topological polar surface areas. Replacement of
meta-arene with oxa-BCH decreased the experimental CHI
logD value by 0.5 units. Next, we observed that isosteric
substitution resulted in a slight decrease of human microso-
mal stability: 26 uL/min/mg for Sonidegib 36 vs 35
uL/min/mg for oxa-BCH analogue 35 Moreover, the intrin-
sic permeability was increased for oxa-BCH-Sonidegib, as
evident in the MDCK-MDR1 permeability assay, along with
reduced the efflux ratio. Finally, a > 2-fold increase in solu-
bility was observed for the saturated analogue 36, com-
pared to the parent drug 35: 6.61 vs 2.51 pM in the FaSSIF
assay.

Table 2. Physicochemical and metabolic profile of Sonidegib
35 and oxa-BCH-Sonidegib 36

S A

Sonidegib Oxa-BCH-Sonidegib
35 36
MW [logD* |[TPSA®|CLin |t |2 Parp Sol.¢
A>BS, |B>A /A>Bf
351485 (4.1 63.7 |26.6 |52 |0.051 (9.47 2.51
36491 (3.54 (729 |354 (39 |7.44 |1.72 6.61

aExperimental CHI logD at pH7.4; ® Calculated topological po-
lar surface area, A% ¢ Intrinsic clearance, human liver microsomes,
uL/min/mg; ¢ metabolic half-life, min; ¢ Cyprotex MDCK-MDR1-
KO permeability assay, 10 cm/sec; f Efflux ratio; 9 FASSIF ther-
modynamic solubility assay, pM.
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Scheme 4. Product diversification
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In summary, we have developed 3-oxabicyclo[3.1.1]hep-
tanes as novel isosteres of meta-substituted phenyl rings,
which closely mimic the exit vectors and bond distances of
the parent aromatic systems. The oxa-BCH core can be ob-
tained from 2-oxaspiro[3.3]heptan-6-yl methanols under
mild conditions using catalytic quantities of pyridinium
chloride, has a broad scope and is compatible with acid-
sensitive functional groups. We have demonstrated that
using this methodology, a variety of building blocks suita-
ble for medicinal chemistry programs can be easily ac-
cessed. Finally, we observed the improvement of physico-
chemical and ADME properties, such as logD, solubility,
permeability and efflux ratio, upon incorporation of the
oxa-BCH core in the analogue of anticancer drug
Sonidegib.1?
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