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The ortho-substituted phenyl ring is a basic structural elementin
chemistry. Itis found in more than three hundred drugs and agrochemicals.

During the past decade, scientists have tried to replace the phenyl ring

in bioactive compounds with saturated bioisosteres to obtain novel
patentable structures. However, most of the research in this area has been
devoted to the replacement of the para-substituted phenyl ring. Here we
have developed saturated bioisosteres of the ortho-substituted phenyl
ring with improved physicochemical properties: 2-oxabicyclo[2.1.1]
hexanes. Crystallographic analysis revealed that these structures and the
ortho-substituted phenyl ring indeed have similar geometric properties.
Replacement of the phenyl ring in marketed agrochemicals fluxapyroxad
(BASF) and boscalid (BASF) with 2-oxabicyclo[2.1.1]hexanes dramatically
improved their water solubility, reduced lipophilicity and most importantly
retained bioactivity. This work suggests an opportunity for chemists to
replace the ortho-substituted phenyl ring in bioactive compounds with
saturated bioisosteres in medicinal chemistry and agrochemistry.

The phenyl ring is a basic structural element in chemistry. Moreover,
itis one of the most common rings in bioactive compounds'. However,
organic compounds with more than two phenyl rings often have poor
solubility and low metabolic stability—undesired effects in medici-
nal chemistry”. In this context, during the last decade, the concept
‘escape from flatland’ became popular®*. Today, medicinal chemists
prefer using F(sp®)-rich structures in drug discovery projects®°. The
replacement of the phenylring in bioactive compounds with saturated
bioisosteres has become a popular tactic to obtain novel structures
with an improved physicochemical profile" . However, most of the
researchinthisareais devoted to the replacement of monosubstituted
and para-disubstituted phenyl rings'>"*,

Ortho-disubstituted phenyl rings are found in more than three
hundred drugs and agrochemicals (www.drugbank.ca; Fig. 1a)
(ref. 50). For example, aspirin, which is widely known, contains an

ortho-disubstituted phenylringinits structure.In2008, the first exam-
ple of mimicking an ortho-disubstituted phenyl ring in a bioactive
compound with asaturated bioisostere, cyclopropane, appearedinthe
literature (Fig. 1b) (ref. 51). Later, similar studies were performed with
1,2-disubstituted cyclopentanes and cyclohexanes (Fig. 1b) (ref. 52).
Inthe past two years, great progress has been achieved with saturated
bicyclic scaffolds, which, compared to previously used monocyclic
counterparts, are intrinsically conformationally rigid. In particular,
1,2-disubstituted bicyclo[1.1.1]pentanes (Fig. 1c) (refs. 53,54) and bicy-
clo[2.1.1]Jhexanes (Fig. 1c) (refs. 55-61) were used as saturated bioisos-
teres of the ortho-disubstituted phenyl ring. In this work, we report
on the preparation, characterization and biological validation of the
next generation of these saturated bioisosteres, 2-oxabicyclo[2.1.1]
hexanes, analogues of the ortho-substituted phenyl ring withimproved
physicochemical properties (Fig. 1c).
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Fig.1| The ortho-substituted phenyl ring and its saturated bioisosteres. a,
The ortho-substituted phenyl ring is a part of >300 drugs and agrochemicals. b,
Previous examples of replacement of the ortho-substituted phenyl ring in
bioactive compounds with monocyclic saturated rings by Qiao (2008) (ref. 51)
and Shinozuka (2020) (ref. 52). ¢, Previous examples of replacement of the
ortho-substituted phenyl ring in bioactive compounds with bicyclic saturated
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scaffolds: bicyclo[1.1.1]pentane (Ma, 2020 (ref. 53); Baran, 2021 (ref. 54)) and
bicyclo[2.1.1]hexane (Mykhailiuk, 2020 (ref. 55); Brown, 2022 (ref. 56); Procter,
2023 (ref. 57)). The aim of this work is the replacement of the ortho-substituted
phenylringin bioactive compounds with 2-oxabicyclo[2.1.1]hexane.[+O],
replacement of a methylene group (—CH,- ) with an oxygen atom (-0-).

Design

In the design of a core with a similar structure to bicyclo[1.1.1]pen-
tanes and bicyclo[2.1.1]hexanes, but having reduced lipophilicity and
enhanced water solubility, we decided to insert an oxygen atom. Replac-
ingthe methylene group inbicyclo[1.1.1]pentane with the oxygenatom
leads to astrained oxetane structure (Fig.1c), whichisinteresting but
couldbelabile due to possible ring opening with nucleophiles®. Analo-
gous replacement inbicyclo[2.1.1]hexanes, however, gives the substi-
tuted tetrahydrofuran (Fig. 1c). That core should be more chemically
stable, sowe decided to make it. From amedicinal chemistry perspec-
tive, having the ether oxygenatomin the moleculeis also useful, since
it could serve as an additional binding site to a receptor.

Inspiration came from our previous work, where we synthesized
bridgehead disubstituted 2-oxabicyclo[2.1.1]hexanes and believed
they could mimic the meta-disubstituted phenyl ring in bioactive com-
pounds®. This hypothesis, however, was not validated. Therefore, here
wedecided to prepare the disubstituted 2-oxabicyclo[2.1.1]hexanes and
biologically validate them as bioisosteres of the ortho-disubstituted
phenylring.

Synthesis

The photochemical [2 + 2] cycloaddition between alkenes proved tobe a
powerful strategy to construct cyclobutanes®®. In this context, we won-
deredif diene1(easily obtained from the commercially available start-
ing materials; Fig. 2a) would undergo anintramolecular cyclizationinto
the needed 2-oxabicyclo[2.1.1]hexane core. Directirradiation of diene
linacetonitrile under different wavelengths gave only traces of prod-
uct (Table1, entries 1-4).Irradiation with aHanovia broad wavelength
mercury lamp gave the needed product along with many side products
(entry5).Next, we tried the addition of available organic ketones for the
triplet sensitization of the styrene moiety. Indeed, smooth formation
of the needed product 1a (d.r. = ~4:1) was observed under irradiation
at368 nm. The best result was obtained with benzophenone (entry 7),
whereas acetophenone and substituted benzophenones also worked
but provided lower yields of the end product (entries 6, 8and 9). Among
all tested solvents (entries 10-13), the best outcome was obtained in
acetonitrile. Without irradiation, the reaction did not take place at
room temperature or with heating (entries 14 and 15).

Under optimized conditions, cyclization of dienelled to arather
cleanformation of adiastereomeric mixture of productsla(d.r. = 4:1);
however, the pure majorisomer 1awas isolated by column chromatog-
raphyinonly 56% yield. The separation of isomers was problematic and
led to anotableloss of yield, which needed to be solved.

Scaled-up synthesis

The optimized synthetic protocol is shown in Fig. 2a. It was impor-
tant to identify a method that employed only available and cheap
starting materials. The synthesis started from propargyl alcohol (2).
Copper-catalysed reaction with phenyl magnesium bromide gave
alcohol 3in 71% yield following the reported procedure®. A Michael
addition of the latter with methyl propiolate (4) in the presence of
(1,4-diazabicyclo[2.2.2]octane) (DABCO) provided the needed diene1.
We mentioned that compound 1 partially decomposed during column
chromatography and under storage atroom temperature. Therefore,
we decided to generate crude diene 1in situ and use it directly in the
photochemical step (Supplementary Information, page 6). A mixture of
isomerslawas obtained. After extensive experimentation, we found a
way to avoid column chromatography and not lose theyield. The crude
reaction mixture afterirradiation (isomers1aand benzophenone) was
saponified with sodium hydroxide. A standard workup (removal of
benzophenone) followed by crystallization from a hexane-MeO¢Bu
mixture to remove the minorisomer allowed the isolation of pure major
isomer 1b at 71% yield in three steps from alcohol 3. Product 1b was
obtained on a ten gram scale with no column purifications.

Scope

Next, we studied the scope of the developed method. The photocycliza-
tionmethodtoleratedvarioussubstituentsonthearomaticcore(Table2).
Among them were alkyl groups (5a-8a), fluorine atoms (9a-11a) and
chlorine atoms (12a and 13a), methoxy groups (14a-16a) and trifluoro-
methylgroups (17a-19a). The reaction was also compatible with various
substituted pyridines (20a-24a). In all cases, we isolated analytical
quantities ofintermediate esters 5a-24aby column chromatography
to characterize them. Onagramscale, however, we directly used crude
reaction mixtures with 5a-24a after photocyclization in the subse-
quent saponification step. In half of all cases, we could obtain the final
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Fig.2|Synthesis and crystallographic analysis of 2-oxabicyclo[2.1.1]
hexanes. a, Gram-scale synthesis of compound 1b. THF, tetrahydrofuran; quant.,
quantitative. b, X-ray crystal structures of compounds 5b and 9b. Hydrogen
atoms are omitted for clarity. Carbon, grey; oxygen, red; fluorine, green. c,
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substituted phenyl ring and 2-oxabicyclo[2.1.1]hexane are shown as examples.

d, Geometric parameters d, r, ¢, 9, and |0 for ortho-substituted benzenes
(valsartan, telmisartan), the saturated literature bioisosteres 25-27 and water-
soluble saturated bioisosteres 5b and 9b. *Data is taken from ref. 67. °Dataiis taken
fromref. 68.Datais taken from ref. 54. Datais taken from ref. 55.

carboxylic acids by simple crystallization of crude reaction mixtures
from various solvents (Table 2). In the other half of the cases, column
chromatography was still needed. The structure of carboxylic acids
5b and 9b was confirmed by X-ray crystallographic analysis (Fig. 2b).

Chemical stability

We also checked the chemical stability of three representative car-
boxylic acids, 1b, 19b and 22b (Table 2), because we suspected that
some of them could decompose via aretro-Michael-type reaction.
Treatment of them withaqueous 1M hydrochloricacid oraqueous1M
sodium hydroxide at room temperature for one day did not lead to any
decomposition. All products were crystalline solids, and we stored all
of themin closed vials at room temperature on the shelf. The 'H-NMR,
liquid chromatography-mass spectrometry (LC-MS) inspection after
three months did not reveal any decomposition.

Crystallographic analysis

Next, we compared the geometric parameters of 2-oxabicyclo[2.1.1]
hexanes with those of the ortho-substituted phenyl ring and their
previously suggested saturated bioisosteres, bicyclo[1.1.1]pentanes
andbicyclo[2.1.1]hexanes. For that, we employed the exit vector plots
tool®. In this method, substituents at the disubstituted scaffold were

simulated by two exit vectors n, and n, (Fig. 2c). The relative spatial
arrangement of vectors is described by four geometric parameters:
thedistance between C-C atomsr; the plane angles ¢, (betweenn, and
the Catom) and ¢, (betweenn,and the Catom); and the dihedral angle
0 defined by vectors n,, C-C and n,. An additional important param-
eter—the distance d between two carbon substituents (Fig. 2c)—was
also measured.

We calculated the values of d, r, ,, @, and 6 of 2-oxabicyclo[2.1.1]
hexanes from the X-ray data of compounds 5b and 9b. The related
parameters for bicyclo[1.1.1]pentane 25 (ref. 54) and bicyclo[2.1.1]hex-
anes26 and 27 (ref. 55) were calculated from their X-ray data published
intheliterature. The corresponding parameters for ortho-substituted
phenylrings were calculated from the reported crystal data of two anti-
hypertensive drugs—valsartan® and telmisartan®® (Fig. 2d). Analysis of
this datarevealed that the geometric properties of 2-oxabicyclo[2.1.1]
hexanes in general were similar to those of the ortho-substituted
phenyl ring. In particular, the distance r in 2-oxabicyclo[2.1.1]hex-
anes was ~0.2 A longer than that in the ortho-phenyl ring: 1.56-1.57 A
versus 1.38-1.44 A, respectively. The distance d between substitu-
ents in 2-oxabicyclo[2.1.1]hexanes was also ~0.5 A longer than that
in the ortho-phenyl ring: 3.6 A versus 3.0-3.1 A, respectively. Angles
@, and @, were almost identical in both scaffolds. Moreover, ¢, and
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Table 1| Optimization of the synthesis of compound 1a

CO,Me
A=368nm =
1L T e
Ph < CH4CN o
1 A ()-1a (d.r. = 4:1)
Entry Conditions Yield (%)**
1 419nm, CH;CN n.d.
2 368nm, CH,CN <5
3 313nm, CH;CN <5
4 254nm, CH,CN <20
5 Hanovia mercury lamp, CH;CN 39
6 368nm, CH;CN, PhC(O)Me 47
7 368nm, CH,CN, Ph,CO 81(56)°
8 368nm, CH,CN, (p-MeOC¢H,),CO 61
9 368nm, CH,CN, (p-NO,C¢H,),CO 38
10 368nm, CH,Cl,, Ph,CO Al
n 368nm, Me,CO, Ph,CO 68
12 368nm, PhMe, Ph,CO 42
13 368nm, EtOAc, Ph,CO 29
14 No light, rt n.d.
15 No light, reflux n.d.

Reactions were performed on a 20mmol scale. °The 'H-NMR yield of the major isomer
(CH,Br, as an internal standard). °Isolated yield of major sterecisomer of 1a. rt, room
temperature; A, wavelength; n.d., not determined.

@, in 2-oxabicyclo[2.1.1]hexanes were much closer to those in the
ortho-phenyl ring, than to those of the previously used saturated
bioisosteres: bicyclo[1.1.1]pentanes and bicyclo[2.1.1]hexanes. The
difference in planarity was notable: while ortho-phenyl was almost
flattened (/6] = 7-8°), 2-oxabicyclo[2.1.1]hexanes had a substantial
three-dimensional character:|6] = 80°. It must be noted, however, that
non-planarity was also presentinbicyclo[1.1.1]pentanes (|6| = 58°) and
bicyclo[2.1.1]Jhexanes (16| = -75°; Fig. 2d).

In general, vector characteristics of 2-oxabicyclo[2.1.1]hexanes
were very similar to those of the previously used bioisosteres of the
ortho-substituted phenyl ring: bicyclo[1.1.1]pentanes and bicyclo[2.1.1]
hexanes. Moreover, theimportant angles ¢, and ¢, in 2-oxabicyclo[2.1.1]
hexanes were even closer to those in the ortho-phenylringthanto those
inbicyclo[1.1.1]pentanes and bicyclo[2.1.1]hexanes.

Incorporationinto bioactive compounds
Theincorporation of the 2-oxabicyclo[2.1.1]hexane scaffold into bioac-
tive compounds was attempted next. We chose four bioactive prod-
ucts with the ortho-substituted phenyl ring: agrochemical fungicides
fluxapyroxad and boscalid, antibacterial agent phthalylsulfathiazole
and lipid-lowering agent lomitapide (Fig. 3).

Synthesis of the saturated analogue of fluxapyroxad was under-
taken from carboxylicacid 11b (Fig. 3a). The standard Curtius reaction
followed by acylation of the intermediate amine with the substituted
pyrazole carboxylic acid gave the needed compound 29. Using an anal-
ogoustactic, compound 31—asaturated analogue of boscalid—was also
obtained from carboxylic acid 17b (Fig. 3b). The saturated analogue
of phthalylsulfathiazole was obtained by converting carboxylic acid
16b firstinto the methyl ester followed by the oxidation of the phenyl
ring. Amide coupling of the formed acid with the para-substituted
aniline followed by saponification of the methyl ester gave the final

compound 33 (Fig.3c). Amide coupling of carboxylic acid 19b with the
correspondingly N-substituted 4-aminopiperidine gave compound 35,
asaturated analogue of lomitapide (Fig. 3d).

In all cases, in addition to bioactive compounds with a
2-oxabicyclo[2.1.1]hexane core (29, 31, 33 and 35), we also synthe-
sized analogous carbocyclic analogues 28, 30, 32 and 34 (Fig. 3 and
Supplementary Information, pages 34-42).

Physicochemical parameters

In the next step, we studied the effect of the replacement of the
ortho-phenyl ring by 2-oxabicyclo[2.1.1]hexanes on the physicochemi-
cal properties of bioactive compounds. For the comparison, we also
used the corresponding carbocyclic core, bicyclo[2.1.1]hexane.

Water solubility
Replacement of the ortho-substituted phenyl ring in fluxapyroxad
by bicyclo[2.1.1]hexane (28) slightly increased its solubility (Fig. 3a).
However, incorporation of the 2-oxabicyclo[2.1.1]hexane in fluxapy-
roxad (29) resulted in a dramatic sixfold increase in solubility: 25 uM
(fluxapyroxad) versus 34 pM (28) versus 155 pM (29). An analogous
trend was also seen with boscalid and its analogues 30 and 31 (Fig. 3b).
Replacement of the phenyl ring in boscalid with bicyclo[2.1.1]hexane
(30) led to the increase of solubility by ~50%. However, the correspond-
ing replacement with 2-oxabicyclo[2.1.1]hexane (31) increased the
solubility by more than ten times: 11 uM (boscalid) versus 17 pM (30)
versus 152 pM (31). Replacement of the phenyl ring in phthalylsulfathia-
zole with bicyclo[2.1.1]hexane (32) decreased its solubility, while the
incorporation of the 2-oxabicyclo[2.1.1]hexane core (33) restored it:
170 pM (phthalylsulfathiazole) versus 101 uM (32) versus 158 uM (33;
Fig. 3c). Lomitapide had poor solubility in water, and replacement of
the phenyl ring in lomitapide with saturated bioisosteres (34 and 35)
did not have any substantial impact on the solubility (Fig. 3d).
Insummary, intwo (fluxapyroxad, boscalid) out of four bioactive
compounds, replacement of the ortho-substituted phenyl ring with
2-oxabicyclo[2.1.1]hexane led to adramaticincrease in water solubility
by about one order of a magnitude.

Lipophilicity

Toestimate the influence of the replacement of the ortho-substituted
phenyl ring with saturated bioisosteres on lipophilicity, we used two
parameters: calculated lipophilicity, log P, where Pis the partition
coefficient (clogP), and experimental lipophilicity, log D, where D is
the distribution coefficient (logD).

Replacement of the phenyl ring with bicyclo[2.1.1]hexane either
led to an increase of clogP (fluxapyroxad, boscalid; Fig. 3a,b) or did
not affect it (phthalylsulfathiazole, lomitapide; Fig. 3c,d). However,
inall four bioactive compounds, incorporation of 2-oxabicyclo[2.1.1]
hexane instead of the ortho-substituted phenyl ring led to a decrease
of the clogP index by about one unit.

The effect of the replacement of the ortho-substituted phenyl ring
with saturated bioisosteres on the logD index was more complex. In
fluxapyroxad, incorporation of the bicyclo[2.1.1]hexane coreincreased
logD, while the incorporation of 2-oxabicyclo[2.1.1]hexane slightly
decreasedit: 3.5 (fluxapyroxad) versus 4.3 (28) versus 2.8 (29; Fig. 3a).
Inboscalid, theincorporation of the bicyclo[2.1.1]hexane core did not
affectlogD substantially, while the incorporation of 2-oxabicyclo[2.1.1]
hexanereducedit:3.6 (boscalid) versus 3.5 (28) versus 2.7 (29; Fig. 3b).

In summary, in all tested compounds, replacement of the
ortho-substituted phenyl ring with 2-oxabicyclo[2.1.1]hexane
decreased the lipophilicity as measured by both clogP and logD indexes
by 0.5-1.4 units.

Metabolic stability
The effect of saturated bioisosteres on the metabolic stability of
bioactive compounds was complex and depended on the chemical
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Table 2| Scope of the reaction

™
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\)JI\/O A =368 nm J\Q b) Crystallization
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1,5-24 ‘}: h'; (1, 5-24)a chromatography (1, 5-24)b
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In situ generated

No purification
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X-ray Me

: ; COH
o)

(£)-5b (65%)°
(+)-5a (d.r.=7:2)

COH
Eo

(£)-1b (71%)2
(#)-1a (d.r. = 4:1)

. : g0zH
0

(+)-10b (71%, d.r. = 5:1)
(£)-10a (d.r. = 4:1)

(+)-6b (61%)°
(+)-6a (d.r. = 4:1)

(#)-11b (49%, d.r. = 9:1)
(#)-11a (d.r. = 4:1)

(o]

(£)-16b (74%)?
(x)-16a (d.r. = 4:1)

MeO
CO.H

(o]
(+)-15b (51%)°
(+)-15a (d.r. = 3:1)

Me

Vi (:302H 7 ?OZH
W \
N N =~
o o)
(+)-20b (74%)° ()-21b (69%)°

(£)-20a (d.r. = 4:1) (+)-21a (d.r. = 3:1)

(+)-12b (51%)°
(+)-12a (d.r. = 3:1)

(£)-17b (59%, d.r. = 3:1)°
(x)-17a (d.r. = 7:3)

()-22b (67%)°
()-22a (d.r. = 4:1)

tBu

COH

o
£)-7b (59%)° (£)-8b (53%)2 (+)-9b (44%)°
(+)-7a (d.r. = 4:1) (+)-8a (d.r. = 3:1) (+)-9a (d.r. = 4:1)

0]

(£)-13b (60%, d.r. = 7:1)2
(x)-13a (d.r. = 3:1)

(+)-14b (59%)°
(+)-14a (d.r. = 4:1)

CFs
COoH

(o]

(£)-19b (59%, d.r. = 4:1)°
(x)-19a (d.r. = 3:1)

CO,H

MeO— 7/ \ ;2
N~

o

()-24b (65%)°
(+)-24a (d.r. = 4:1)

(o)

(+)-18b (58%)°
(x)-18a (d.r. = 4:1)

+)-23b (71%)°
(+)-23a (d.r. = 3:1)

All reactions were performed on a gram scale. Diastereomeric ratio of esters ‘a’ in crude reaction mixtures after the photochemical step is given. Isolated yields of acids ‘b’ are given in three
steps from allylic alcohols. *Product was isolated by crystallization from hexane-MeOtBu mixture. *Product was isolated by crystallization from acetone-water mixture. °Product was isolated

by column chromatography.

structure. In fluxapyroxad, the incorporation of bicyclo[2.1.1]hexane
(28) decreased the metabolic stability (Fig. 3a). However, incorpora-
tion of 2-oxabicyclo[2.1.1]Jhexane (29) unexpectedly increased it: the
experimental metabolic stability in human liver microsomes, intrinsic
clearance, Cl,,, (mg min™ pl™) = 28 (fluxapyroxad) versus 35 (28) versus
23 (29).Inboscalid, incorporation of the bicyclo[2.1.1]hexane (30)
increased the metabolic stability, but theincorporation of 2-oxabicyclo
[2.1.1]hexane (31) increased it even more: Cl;,, (mg min™ pl™) =26
(boscalid) versus 12 (30) versus 3 (31; Fig. 3b). All three compounds,
phthalylsulfathiazole and its two saturated analogues 32 and 33, were
metabolically stable (Fig. 3c).Inlomitapide, incorporation of the bicy-
clo[2.1.1]hexane core (34) decreased the metabolic stability, but the
incorporation of the 2-oxabicyclo[2.1.1]hexane core (35) somewhat
restored it: Cl,,. (mg min™ pl™) = 55 (lomitapide) versus 157 (34) versus
87 (35; Fig. 3d).

Insummary, replacement of the ortho-substituted phenyl ring with
2-oxabicyclo[2.1.1]hexane in bioactive compoundsimproved metabolic
stability (Cl;,,) in boscalid and fluxapyroxad; slightly decreased it in
lomitapide; and did not affect it in phthalylsulfathiazole.

Bioactivity
Finally, we wanted to answer a key question: can 2-oxabicyclo[2.1.1]
hexanesindeed mimic the ortho-substituted phenylringin real-world

bioactive compounds? Fluxapyroxad and boscalid are marketed fun-
gicides, developed by BASF, that have been approved for use in the
United States and the European Union. Therefore, we measured their
antifungal activity and compared it to that of their saturated analogues
28-31. In strict contrast to medicinal chemistry, the use of racemic
mixtures in agrochemistry is common®’; therefore for the primary
validation of the proof-of-concept, we directly studied the biological
activity of the available racemic compounds 28-31 (Fig. 4).

First, we measured the antifungal activity of all compounds using
the agar well diffusion method (Supplementary Information, pages
238-243).Fluxapyroxad, andits saturated analogues 28 and 29, showed
asimilar trend in activity at the inhibition of fungi growth (Fig. 4a,b).
The2-oxabicyclo[2.1.1]hexane analogue 29 was active, but less potent
compared to the original fungicide. Compound 29 and fluxapyroxad
almostidentically inhibited the growth of Fusarium oxysporum at high
concentrations; however, at low concentrations, analogue 29 showed
lower activity (Fig. 4a). Similarly, 29 and fluxapyroxad effectively inhib-
ited the growth of Fusarium verticillioides at high concentrations;
however, at low concentrations, only fluxapyroxad remained active,
while analogue 29 did not (Fig. 4b).

Boscalid and both saturated analogues 30 and 31 also effectively
inhibited the fungi growth (Fig. 4c,d). However, 2-oxabicyclo[2.1.1]
hexane 31 was slightly less potent than boscalid at the inhibition of
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F. oxysporum (Fig. 4c) and notably less potent at the inhibition of F.
verticillioides, especially at low concentrations (Fig. 4d).

Additionally, we measured a minimal inhibitory concentration
(MIC) of all compounds (Fig. 4e). Interestingly, fluxapyroxad and its
2-oxabicyclo[2.1.1]hexane analogue 29 exhibited equal MIC values
of 0.250 mg ml ™ at the inhibition of the growth of F. verticillioides.
Carbocyclicanalogue 30 was two times as potent: MIC = 0.125 mg ml™.
Atthe sametime, boscalid and its 2-oxabicyclo[2.1.1]hexane analogue
31also exhibited equal MIC values of 0.250 mg ml at the inhibition of
the growth of F. oxysporum. Carbocyclic analogue 30 was much more
potent: MIC =0.031 mg ml™.

Conclusion

The ortho-substituted phenyl ring (as well as meta and para isomers)
isabasicstructural elementin chemistry. In this work, we synthesized,
characterized and studied 2-oxabicyclo[2.1.1]hexanes as saturated
bioisosteres of the ortho-substituted phenyl ring (Fig. 1c). These

scaffolds were synthesized from readily available starting materials
on a multigram scale. Crystallographic analysis revealed that these
structures and the ortho-substituted phenyl ring indeed have similar
geometric properties. Replacement of the ortho-substituted phenyl
ring in bioactive compounds with 2-oxabicyclo[2.1.1]hexanes, in two
out of four cases, dramatically improved water solubility (up to more
than ten times) and metabolic stability. Moreover, in all four cases,
such replacement also reduced lipophilicity by 0.5-1.4 clogP or logD
units (Fig. 3b). In addition, the 2-oxabicyclo[2.1.1]hexanes 29 and 31
showed a similar antifungal activity compared to that of the original
fungicides fluxapyroxad and boscalid.

Given the commonplace nature of the ortho-substituted phenyl
ringin chemistry, we believe that its saturated bioisosteres described
in this work will soon become very popular. One must always keep
in mind, however, that the replacement of the phenyl ring in bioac-
tive compounds with saturated isosteres can fail, if the phenyl ring
isinvolved in integrations with the receptor: m-m stacking, m-amide
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stacking, m-Asp/Glu/Arg stacking, mtoamideN-H, mto O-H, mtoS-H,
1 to ammonium salts and so on. Therefore, the replacement of the
phenylring in bioactive compounds with saturated isosteres must be
careful and balanced®.
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Methods

General procedure for the photochemical [2 + 2] cycloaddition
The solution of diene1(16.79 g, 0.077 mol, 1.0 equiv.) and benzophe-
none (1.40 g,0.0077 mol, 0.10 equiv.) in 850 ml of dry CH,CN (concen-
tration = 0.091 M) was putinto astandard chemical 11glass flask. The
reaction mixture was degassed by the bubbling of argon for 15 min. The
flask was closed by aseptum and irradiated with luminescent UV lamps
at368 nm (24 lamps; Sylvania368 Blacklight F25/T8/18/BL3368; each
lamp has nominal power of 25 W; total power is 600 W), under stirring
atroomtemperature for 48 h. The reaction mixture was concentrated
under reduced pressure to provide the crude product 1a that was used
inthe next step (saponification) without any purification.

NMR spectrawere analysed with MestreNova (11.0.3-18688).

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Experimental data as well as characterization data for all new com-
pounds prepared during these studies are provided in the Supple-
mentary Information of this manuscript. The X-ray crystallographic
coordinates for compounds 5b and 9b have been deposited at the
Cambridge Crystallographic Data Center (CCDC) with accession codes
2166325 (5b) and 2166326 (9b). These data can be obtained free of
charge from the Cambridge Crystallographic Data Center via www.
ccdc.cam.ac.uk/structures/.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X XX X XX &
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  The irradiation experiments were performed using lamps Sylvania 368 Blacklight F25/T8/18/BL3368. Product purification was performed
using HPLC AGILENT 1260 INFINITY (a column Chromatorex C18 SMB 100-5T, 100*19 mm, 5 microm) or PuriFlash XS420 Plus. The NMR data
acquisition was performed using Varian UNITY 111 400; Varian VNMRS 500; Bruker AVANCE DRX 500 and Bruker AVANCE Il 400 spectrometers.
HRMS data acquisition was performed using Agilent 6224 TOF LC/MS. Lipophilicity (clogP) was calculated with “Cxcalc” ChemAxon, version
22.5.0.

Data analysis The NMR data analysis was performed using Mestrenova software (11.0.3-18688). The data acquisition and system control was performed
using Analyst 1.6.3 software from AB Sciex.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All data are available in the SI (Supporting Information)
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size All syntheses were performed on 100mg-20g scale. Analysis of reaction mixtures was performed with NMR and HRMS techniques. Typical
sample size for analysis is 20 mg.
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Data exclusions | no data were excluded from the analysis

Replication All attempts at replication were successful. Experiments were performed minimal twice: on small scale first (20 mg), and on gram scale (5-20
g).

Randomization | not relevant in organic synthesis.

Blinding In antifungal experiments, control tests (vehicle) were also performed.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies XI|[] chip-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Single-spore isolates of Fusarium oxysporum Schlitdl. and F. verticillioides (Sacc.) Nirenberg (formerly known as F.
moniliforme J. Sheld.) were obtained from organic corn plants with rot symptoms and with no previous history of exposure to
any fungicides.

Authentication Identification of Fusarium species was performed according to specific morphological characterization of their sporulation
structure. Sing-spore isolates were grown at 20°C in complete darkness for 14 days on synthetic nutrient-poor agar (SNA) to
examine the production, type, and arrangement of microconidia and conidiogenous cells. Isolates were incubated at 25°C
with a 12-h photoperiod for 14 days on carnation leaf agar (CLA) to examine the shape and size of macroconidia.
Microconidia, macroconidia, and chlamydospores were measured based on 30 random selections.

Molecular genetic identification of isolates proved that they belonged to Fusarium genus. The verification was carried out by
using method of polymerase chain reaction (PCR) with detection of amplification products in agarose gel. The DNA was
extracted out by using guanidine-thiocyanate method with sorption on silicon oxide. Primers that flank part of ITS region of
ribosomal DNA of Fusarium spp., 431 n.p. were used. After amplification in thermocycler 2720 (Applied Biosystems)with
appropriate temperature mode its products were analyzed by separation in 1,5 % agarose gel.
https://www.researchgate.net/
publication/338875694 _Interlaboratory_aprobation_of_primers_for_molecular_genetic_identification_of_Fusarium_link_fu
ngus]

020Z fudy

Mycoplasma contamination Fusarium strains were not tested for mycoplasma contamination.




Commonly misidentified lines
(See ICLAC register)

Representatives of genus Fusarium are ubiquitous fungi and one of the most important economic plant pathogens causing
significant crop losses and contamination of grain by their secondary metabolites (mycotoxins) on a global basis. Many
Fusarium species are causative agents of wide range of plant diseases that affect many crops including major food cultures
such as wheat, barley, corn, often with social and economic impact.

Fusarium disease is very difficult to control, bacause of its often development in the plant vascular system. Therefore,
development of new bioactive compounds against Fusarium fungi is an important research in global scale.
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