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Abstract

Abstract

The first part of this thesis describes the develept of new methods for the
introduction of an oxetane and azetidine ring ihteterocycles of interest for
medicinal chemistry. Small ring heterocycles arevalue to medicinal chemists
because they have the opportunity to bind to recemsidues whilst contributing
relatively little to overall molecular weight.

We have developed a new method for the introduatioan oxetane ring in the C4
position of sydnones and describe their utilizatiorthe development of oxetanyl-
substituted pyrazole compounds. In addition, theamolecular cycloaddition of

propargyl ether derivatives allows a small familyspiro-oxetane pyrazoles to be
prepared. Finally, the further functionalizationaf3-bromo spiro-oxetane pyrazole

can be exploited to provide a range of polycycétehnocycles.

We have also explored the direct coupling of smafj heterocycles. The synthesis
of oxetane and azetidine boronic acids under coppéalysis is first presented.
Unfortunately, these substrates were found to Ibeamtive to Suzuki-Miyaura cross-
coupling and conjugate addition to enone derivativlowever, we report the
successful preparation of the sodium sulfinates sdlazetidine and oxetane and their
introduction in the positions C2 and C3 of indoldhe application of this
methodology to the synthesis of analogues of a etack pharmaceutical is also

described.

The second part of this thesis describes the imat&in of the scope of a mild
cycloaddition of 2-pyrones and potassium alkyn§lunroborates in the presence of
a Lewis acid.
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Chapter I: The oxetane ring in organic chemistry

Chapter 1: The oxetane ring in organic

chemistry

1. Introduction

Oxetane was first prepared in 1878 by Reboul, dnd fragment is found in
numerous compounds that display a wide range ohpleetics activities.For this
reason, in the past few years, these small hetelexyave received considerable

interest.

In fact, due to its structural relationship witly@mdimethyl or a carbonyl group, its
high polarity and its ability to act as a hydrodend acceptor, the oxetane ring has
become an interesting framework for drug discoviryhis context, the replacement
of a carbonyl by an oxetane can increase the blile drug candidate without
increasing its lipophilicity. In the case of gemdimethyl group, which provides
steric protection but increases the lipophilicitydais a possible site for metabolic

attack, an oxetane can provide more stable andipegshilic alternative.

2. Oxetanes in nature and on the market

2.1. Marketed products

The oxetane framework is contained in some marketetmaceuticals, such as
paclitaxel () (Taxol®) and docetaxel (Taxotéte (2) (Figure 1.1). Both of these
compounds are derived from a family of natural picid named taxanes and have

anticancer properties.
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Paclitaxel (Taxol®) (1) Docetaxel (Taxotere®) (2)

Figure 1.1: Marketed pharmaceuticals containingyatane ring

Paclitaxel {) was first isolated from the bark of the Pacifiewy tree, Taxus
brevifolia, by the U.S. National Cancer institute and wasn theeveloped
commercially by Bristol-Myers-Squibb under the liamame Taxd§l? It is used to

treat breast, ovarian, leucopenia, liver and luemcers and Kaposi's sarcorha.

Due to the low natural abundance of paclitaxBl Gignificant research activity
commenced to find a scalable synthesis route anelr@analogues with similar
activities. These studies delivered the analogaeetdxel 2), found by Pierre Potier
and was then commercialized by Sanofi-Aventis untlee brand name of
Taxoter€.? This molecule is a semi-synthetic analogue of iEe@l (1) and an
esterified product of 10-deacetyl baccatin Ill, ahis extracted from the renewable
and readily available European yew tree. Docetd®elis mainly used in the
treatment of breast, gastric, prostate and noniso&dll lung cancers as well as

Squamous cell carcinoma of the head and the heck.

These two compounds stabilise the microtubuleseti6 @and prevent their normal
depolymerisation during cell division. Since itsabvery, SAR studies have been
carried out to determine the role of the oxetamgy rin the bonding between

paclitaxel and the tubulin dimer.

For this purpose, paclitaxell)( and its analogue D-secopaclitaxel, where D-
secopaclitaxel is the oxetane-ring opened analogpaclitaxel, were subjected it
silico biological studies. In these investigations, itswshown that the oxetane
framework influences the rigidity of the overallafiold of paclitaxel {), and,

orientates favorably the side chain in the C13 thiedbenzoyl group into the tubulin
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pocket® Because of its conformational properties, the amxetring is essential for
paclitaxel’s biological activity. The oxetane frawmk acts also as a hydrogen-bond
acceptor with the alcohol group of the Thr276 af thbulin proteir.In addition to
this bonding, the polarity and the direction of 8O bond in the oxetane ring
results in favorable electrostatic interactionshwibe surrounding protein. Other
studies concerning the replacement of the oxygetheroxetane ring by a nitrogen,
sulfur and selenium produced analogues with n@wet biological activity’® Even

if the role of this 4-membered ring in paclitaxetrains unclear, it appears to be very

important to its biological activity.

2.2. Other oxetane-based natural products

The oxetane moiety has also been found in numebmlisgically active natural
products (Figure 1.2). All of these compounds haWkerent activities, but many of
them come from the family of terpernoids. For exbBnphe sesquiterpene
merrilactone A B) is isolated from the fruit ofllicium merrilianum It displays
neurotrophic activity in fetal rat cortical neuronltures and has the potential to be
used in the treatment of neurodegenerative disé43&e antimetabolite compound
oxetin @) was isolated from the fermentation brothStfeptomyces sp. OM-2317
1984 by Omuraet al. This amino-acid presents herbicidal and antibategic
effects.’* The diterpene dictyoxetanes)( was isolated from the brown algae
Dictyoata dichotomalt is a natural product related to the classaébellanes which
present a wide spectrum of biological activitié®radyoxetin 6) was found to be in
the bacteriaBradyrhizobium japonicumnvolved in the synthesis of nodules in
soybeart?
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Merrilactone A (3) Oxetin (4) Dictyoxetane (5)
RN~
b»‘ ’d ~_-CsHi1
O O OH
Bradyoxetin (6) Thromboxane A, (7)
NH,
NN
Ly
N N
d_ 7" oH 3
MeO,C o)
OH
Maoyecrystal | (8) Oxetanocin A (9) Mitrephorone A (10)

Figure 1.2: Other oxetane-based natural products

Thromboxane A27) is produced by activated platelets and has vasstigotion,
platelet aggregation, and bronchoconstriction & * The diterpenoid
maoyecrystal | § was isolated fromlsidon japonicasand displays cytotoxic
activity.'® Oxetanocin A 9) was isolated from a culture filtrate from baateni
Bacillus It has shown inhibition activities against theeese transcriptase protein of
HIV by mimicking adenosin&® The diterpenoid mitrephorone A@) was isolated

from Mitrephora glabra and has cytotoxic activity against a broad parietancer
cells’
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3. Importance of the oxetane ring in medicinal chemistry

The oxetane moiety in medicinal chemistry can playmportant role to improve the
physicochemical properties of a drug candidatdatt, the oxetane framework can
change the steric hindrance, the metabolic liaésljtthe lipophilicity, the basicity,

and the solubility of a scaffold of interest.

3.1. Oxetanes as potential surrogates of gem-dimethyl and

carbonyl groups

Methylene groups are prone to metabolic derivatsdf Therefore, in the context
of drug design, gemdimethyl moiety is often introduced as a surrogatédnlock
metabolic and chemical attack by increasing stdriedrance. However, this
replacement often increases the lipophilicity a& tholecule. This in turn affects the
pharmacological and physicochemical propertieshef ¢compound. In principle, a
carbonyl group could be introduced to avoid thicréase of lipophilicity.

Unfortunately however, the carbonyl group is alsmne to metabolisrir

Due to its analogous properties, the oxetane rang ke considered as a potential
surrogate for thgemdimethyl and carbonyl groups. In fact, the oxetbaenework
occupies a similar volume to gemdimethyl by comparison of the partial molar
volumes of oxetane and propane in water, but, lipeneutral’® Moreover, oxetane
and carbonyl groups have structural similaritieggyFe 1.3). In fact, an oxetane ring
is essentially planar with a weak puckering (Figliré). In addition, thanks to its
electron lone pairs on the oxygen atoms, the oretiaug displays comparable spatial
arrangements, polarizes similarly to the carbonglug and acts as a hydrogen
bonding acceptdt This character comes from the inherent anglerstndiich has
the effect of decreasing the endocyclic C-O-C artblereby effectively exposing the
oxygen atom to donors of hydrogen-bonds. It was al®own that the oxetane unit
had a greater tendency to form hydrogen bonds tteabonyl groups such as

aliphatic aldehydes, ketones, and esters, but mieagroups. Oxetane rings can
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also be an alternative of carboxylic acid derivesivlike esters and amides, which

are potential targets of enzymatic cleavage inrgar@sm.

QG
- -

12 R 214

Figure 1.3: Structural similarities of carbonyl asxktane groups

84.1+0.7°
91.1+0.7°

112.4 +1.8° ©-°..0 100x76°

2.141 +£0.012 A

Figure 1.4: Structural properties of oxetanes

Overall therefore, the oxetane unit has the charatics of a good surrogate for the
methylene gemdimethyl and carbonyl groups to reduce lipophiand metabolic
liability (Scheme 1.1).

( metabolically Iabile}

Me_ Me H H (@)
RICRe T o, T - N

v metabolic stability v" water solubility improved

v  bulk increased \ v bulk increased

improved v H-bonding capacity
x lipophilicity increased o X metabolically labile
R1€2R2

v bulk increased

v metabolically stable

v liponeutral

v good H-bond acceptor
(similar to ketones)

Scheme 1.1: Comparison of methylegemdimethyl and oxetane frameworks
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3.2. Influence of oxetane on the lipophilicity, solubility, metabolic

stability and basicity

As discussed earlier, the replacement gémdimethyl group by an oxetane moiety
decreases the lipophilicity and compound clearandgle increasing solubility.
However, oxetanes are not unique in providing daldg fragments. Indeed, amino-
ketones have traditionally been exploited in drugsigh as these show good
lipophilicity and solubility profiles. However, tse compounds do possess a
metabolically labile carbonyl group. In this cortearreiraet al. undertook a
systematic study of the physiochemical propertieamino ketones whereby the
carbonyl unit was replaced lggmdimethyl group and oxetane groups (Figure 1.5).

(@]
O
(o]
X o
N N N5 N N
R R R R R

logP 2.0 2.3 2.4 1.3 12  log P=intrinsic
Sol. 5400 7700 2900 6000 100000 lipophilicity of the
hCL;,; 6 16 19 21 3 neutral base
"""""""""""""""""""""""""""" Sol. = intrinsic
O .
0 0 thermodynamic
Ejj (T (l (}ZO gg solubility (mg.mL™") in
N N NS0 N N 50 mM phosphate
R R R R R -

80 buffer (at pH =9.9)
log P 1.6 0.5 1.6 1.1 unstable 1CLin¢ = intrinsic
Sol. 17000 9000 27000 10000 clearance
hCL;,, 120 120 8 5 [min"!/mgeinmL"']

M M
e MeM Me_ Me o
e Me
CI L we =D

N N N N M N

R R R Me R ° R
logP 44 4.3 3.9 2.8 3.1
Sol. 890 53 120 1700 1700
hCL;,, 23 31 0 7 0

Figure 1.5: Intrinsic lipophilicity, solubility andlearance offemdimethyl, carbonyl,

and oxetane analogues
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The presence of an oxetane framework instead afl@onyl or a dimethyl group at
the B ory position of the amine was found to offer bettetabelic stability (Figure
1.5) On the other hand, when the oxetane unit wasdotred at the: position of
the amine, the oxetane counterpart of the ketomkedamethyl compound showed
greater metabolic liability due to the decreaséadicity of the compound which in
turn increased the overall lipophilicity. This hduk effect of enhancing exposure to

cytochrome P450 on the membrane.

Many drug molecule candidates have basic sitesatigaimportant for drug transport
around the body. It is therefore important to malthat the incorporation of an
oxetane moiety has an effect on the basicity ofaximal amine (Scheme 1.3).
This effect is dependent of the distance between ttho functional groups.
Moreover, the influence of the oxetane group onptka of cyclic amines is stronger
than acyclic ones. The incorporation of an oxetanoéety instead of a carbonyl, a
gemdimethyl or hydrogen atoms in different positioos an acyclic amine was
studied by Carreira, Rogers-Evans, and Miiller (figu6)'2°

The incorporation of an oxetane ring at theposition renders the oxetane
derivatives highly soluble at basic pH, providewdo lipophilicity and offers lower
clearance rates from human and mouse microsomavecto theirgemdimethyl

analogues_(Scheme 1.2 and Table 1.1). The intraoucf an oxetane ring at the

position 6 (12) andy (13) also increases the solubility of the compoundd an
decreases clearance rates, but has no effect dipappéilicity and on the basicity. In
contrast, the incorporation of the oxetane unitha o (15 andp (14) positions

results in a slight augmentation of the solubilignd a large increase of the
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lipophilicity. These phenomena are the result afeduction of the basicity, and

consequently a reduction in metabolic stability.

12 pK,=96 13  pK,=9.2
> I\Ille k4
o Ny, @
: W Me .
<1 tBu
s 11 pK,=99! N\
0 I\Ille I\|/Ie
N. o N
/@Aﬁﬁi/ Me Me
tBu tBu 0]
14 PKa = 8.0 15 pK,=72

Scheme 1.2: Influence of oxetane substitution erbtwsicity of proximal amine

Compound soff  hcLint”® mCLint logD (logP}¥  pKa&®

11 <1 16 417 1.8 (4.3) 9.9
o-substituted 4400 0 43 0.8 (3.3) 9.9
12 270 0 147 1.7 (3.9) 9.6
13 4100 6 13 1.7 (3.5) 9.2
14 25 42 383 3.3 (4.0) 8.0
15 57 13 580 3.3 (3.6) 7.2

[l Sol. = intrinsic thermodynamic solubility (mg.ml)-lh 50 mM phosphate buffer (at pH =
9.9); ™ hCLint = human intrinsic clearance [min-1/mgprataL-1]; ) mCLint = mouse
intrinsic clearance [mifymgproteinmCY]; @ log D = logarithm of then-octanol/water
coefficient at pH 7.4, log P = intrinsic lipophilig of the neutral base; [e] amine basicity in

water measured at 24°C.

Table 1.1:

10
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4. Synthesis of the oxetane ring

The strategies to synthesize the oxetane moietynanmgerous and varied. Among
them, two approaches can be considered as gemenadle to encompass most routes
(Scheme 1.3). The first one, the Williamson ethgmntlsesis, involves an

intramolecular cyclisation by nucleophilic displasent. The second one, the
Paterno-Buchi synthesis, involves a [2+2] cyclotiddibetween a carbonyl and an

alkene.

[1) Williamson ether synthesis }

R2 R3 Rt R
R1 X base R? .
—> o 4 X = Leaving group
OHR*R® RS

[g) Paterno-Buchi reaction J

RY
3 4 ,
JOL R IR RG
+
1" 2 . . 1 4i 1! 4i R3
R" "R RS RS R R e

Scheme 1.3: General approaches for the oxetandsesis

4.1. Cyclisation: Williamson ether synthesis

4.1.1. Generalities

The Williamson ether synthesis of oxetanes is @ ciosure reaction. In this process,
the oxygen plays the role of the nucleophile. Téngr4dmembered ring cyclisation is
usually slow due to unfavorable enthalpy and emntropsts associated with the
increase in the ring strain of the prodtfct.

11
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However, some modifications of the substrate’scétme can reduce the unfavorable
enthalpy effect. The most well-known effect is emmdimethyl effect, also known
as Thorpe-Ingold effect which increases the rateiraf formation. Specifically, in
1915, Thorpe and Ingold showed that the replacemietite hydrogens in the alkyl
chain by two alkyl groups on the same carbon reslube anglen between the
groups X and Y (Figure 1.7.In fact, the repulsion of the two R alkyl group#l w
cause an augmentation of the arfyynd so reduce the angleThis reduction of the

anglea will place the groups X and Y closer together fawilitate the cyclisation.
R X
BOa
R><Y

Figure 1.7:

In 1960, Bruice and Pandit suggested thatgeerdimethyl substitution increases
the concentration of reactive rotamers bringing thactive ends closer (Scheme
1.4)* In fact, the presence of themdimethyl substituents hinders the rotation of
the other groups into that region of space. Thestt@n state can adopt a
conformation with the loweAS°®, and so reduces entropy loss during cyclisation

resulting in faster ring formation.

R R R R R Ry

lower AS®

Scheme 1.4: Reactive rotamers

4.1.2. Examples

In 1960, Tamre=t al. reported a synthesis of 2-oxaspirane (Scheme®1a5)J a
year later Rosowsky and Tarbell reported the syshaf 3-oxaspirane (Scheme 1.7)
and 7-oxabicyclo-octane (Scheme 1%).In each case, the cyclisation was
undertaken under basic conditions. Indeed, undelicaconditions, the cyclisation
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was found to produce more side-reactions, suchngsadeavage, leading to low

product yields.

OH
Br KOH %
—
EtOH
68%

Scheme 1.5: Synthesis of 2-oxaspirane

O = On
—_—
OH 66% O

Scheme 1.6: Synthesis of 7-oxabicyclo-octane

OH 0
Cl kon
—_—
55%

Scheme 1.7: Synthesis of 3-oxaspirane

Tarbell et al. observed a mixture of unsaturated alcohols afeatient of the
corresponding chlorohydrin with potassium hydroxi@&w cyclisation appears to

occur when the leaving group is located on a tgrtiékyl group (Scheme 1.85.

cl
i /—OH o ~_-OH
—

Scheme 1.8: Formation of unsaturated alcohols

In 2000, Kuwajima and co-workers reported the fdaramaof the ABCD tetracyclic
moiety of taxol by treatment of the ABC tricyclimg system with DBU in toluene at
reflux with 86% yield (Scheme 1.9j.

13
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AcQ O OMOP AcQ O oOMoP

! . DBU |
: TN 9 ol e : AN\O
TBSO" N = tol, reflux TBSO" Rz
SO O O HO ~OH 86% SO O O HO
% %
Ph Ph

Scheme 1.9: Synthesis of the ABCD tetracyclic nyooéttaxol

4.1.3. Stereoselective Williamson ether synthesis

Chiral oxetanes can be prepangd a Williamson ether synthesis from enantiopure
alcohols. In 1986, Soat al. reported an asymmetric synthesis of 2-arylsulistitu
oxetanes by enantioselective reductiorfdfalogenoketone€ The reduction of-
halogenoketones with lithium borohydride in pregenof R,R)-N,N-
dibenzoylcystine X6) provided the R)-chloro-alcohol with 83% ee in 74% yield
(Scheme 1.10). The one-pot acetylation, followedaymlisation using KOH afforded
the R)-oxetane with 83% ee.

(R,R")-(16)
- LiBH,4 o 1) AcCl, CsHsN
E— e E——
'BUOH 2) KOH

O 74%, 83% ee OH 83% ee o)
H HO,C O
Ph.__N S,SVKH o
O COpH
(R,R)-(16)

Scheme 1.10: Preparation of chiral oxetanes byidiibon ether synthesis

In 2002, Dussault and co-workers reported a stefecisve synthesis of mono-, di-
or tri-substituted oxetané8The ring opening of chiral 2,3-epoxyalcohols wihd-
Al, LiAIH 4, or lithium dimethyl cuprate afforded enantiomalig enriched 1,3-diols.

The diol was then treated with tosyl chloride amtgsiuntert-butoxide to produce
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a mono-tosylated alcohol which delivered the oxetafter treatment by potassium
tert-butoxide. These two last steps could be perforimea one-pot reaction. This
method allowed the synthesis of enantioenriched-dB&@bstituted, 2,2,4-

trisubstituted and 2,2,3-trisubstituted oxetanesnimderate to good yield (Scheme
1.11).

Me o OH Reg-al ve, I PH 1) KotBy, TsCl, THE o
CyeH < 85%  C..H 2 KOBU .~ Mey
b CyeH
161133 16133 87% 161133
Me
Me OQH Me OH OH o)
Q2 Red-Al -~ 1 KOtBu, TsCl, THE Me_Jj\,

84% 2) KOtBu
40% p
Me, o OH o OH OH 0
Me,CuLi 1) KOtBu, TsCl, THF ~ Me=x Ve
6% 2)KOtBu
N 65% =~

Scheme 1.11: Stereoselective synthesis of sulestitutetanes

4.2. Photochemical pathway: The Paterno-Buchi reaction

4.2.1. Generalities

The Paterno-Buchi reaction is the synthesis of aetame ring by a [2+2]
cycloaddition between an olefin and a carbonyl grander UV-radiation. After the
observation of the photochemical transformationcafvone to camphor in 1909,
Paternd and Chieffi reported the first example 2#7] cycloaddition between the
olefin and the carbonyl to form the oxetane riffys.
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Me
Me
o Me Uy light 0 o—f-Me
)k + | - T .y +
Ph™ H Me™ “Me PR e Ph Me

Scheme 1.12:

In 1954, Buchkt al. studied the mechanisms and the structures ofrtiaupts of the

reaction>*
Me
i N MeIH UVllght ):( )Oi“Me
n-Pr= "H Me”™ "Me 4802/:3 n-P 'Me n-Pr Me
Scheme 1.13:

The general mechanism of the reaction is desciip&theme 1.1# In general, two
types of reactive radical intermediates are invj\&radical-ion pair (RI) and a 1,4-
biradical (BR). The radical-ion pair (RI) is gengrgdormed when an electron-rich
alkene reacts with an excited carbonyl compountie@tise, the 1,4-biradical (BR)
is involved in the reaction between an electronr@dkene and a ketone. In this case,
the excitation of the carbonyl compound by light\pdes a singlet excited state.
When its lifetime is long enough to interact willetalkene, the singlet biradical (S-
BR) intermediate can be formed directly by the riatéon between the singlet
excited state of carbonyl and the alkene. The singiradical can then form the
oxetane or give back the starting materials. Howewblen the intersystem crossing
(ISC) rate constant,dg, is faster than the diffusion rate constant, fihglst excited
state gives a triplet excited state which will tmeact with the alkene to give a triplet
1,4-biradical (T-BR). This intermediate can thewduce the oxetane ring after its
conversion to the singlet 1,4-biradical via ISC.

16
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n,n* singlet

excited state ko/x,

N O
<o o e A
S-BR  Kgec O| + ||

RI |

l |scl kisc ISCT
0%+ | > 0O

o I AN

n,m* triplet T-BR
excited state

Scheme 1.14: General mechanism of Paterno-Buchi

When unsymmetrically substituted alkenes or carb@woynpounds are used, the

reaction can produce regioisomers, and up to ttingal stereogenic centers.

4.2.2. Paternod-Buchi regioselectivity

The reaction regioselectivity is highly dependemtsabstrate type and on the radical
intermediate stability. In fact, when the nuclediglty of the alkene carbon atoms
are similar, the electrophilic oxygen can attackthb@arbon atoms to give
regioisomers. But, when nucleophilicities are digantly different, the oxygen will

attack preferentially one carbon to produce a mhybiradical intermediate.

Regioselective cycloaddition of aldehydes or ketooe furan and vinyl ethers were
reported by various groups. For example, in 1968kugi et al. reported a
regioselective formation of oxetane from aldehyaes furans (Scheme 1.1%).
They have shown that 2-alkoxyoxetanes were preti@aignformed. This formation
is explained by the fact that the bi-radical intechate formed by this pathway is
more stable than its regioisomer, formed by thacattof the oxygen on the 3-
position of furan. In fact, the biradical formedshaore resonance stabilization with
the delocalization of the unpaired electrons of thean. Moreover, the excited
oxygen will attack the site which has the large§&INHD coefficient. They have also

shown that, when the 2-methylfuran ring was useidiures of regioisomers were

observed (Scheme 1.16).
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H H
0 0 hy o}-0 0o—0©
I M )+ 11
A T AR Sk <
6 hrs H
R = Et: 17%
R = Ph: 35%

Scheme 1.15: Paterno-Buchi reaction between aldelgd furan

@ @)
R)kH ' UMG 5-10°C \1) ‘jl\%

6 hrs

©Ill

de >95de

R=Et: 17%
R =Ph: 32%

Scheme 1.16: Paterno-Buchi reaction between aldeagd 2-methylfuran

In 1969, the same resonance stabilization argunvastput forward by Orlandet

al. in the reaction of vinyl ethers and ketene dietlgétal derivatives with various
ketones or aldehydes (Scheme 137 1983, Tsunet al. reported the synthesis of
oxetane derivatives from ketone and enol trimetlyylgthers® In each case, 3-
alkoxyoxetanes were obtained as the major prodines. result could be predicted by

the consideration of the HOMO energies and theilstation of the intermediate

states.

JOL +8 ﬂ» R1/()):L

R'” R2 OR® R2 OR3

R', R? = alkyl, H, Ar
R3 = alkyl, SiMes

Scheme 1.17: Paterno-Buchi reaction between aldelgd vinyl ethers

4.2.3. Paterno-Buchi site-selectivity on unsymmetrical furans

18
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As highlighted earlier in scheme 1.14, the photogbal reaction of a carbonyl
compound on an unsymmetrical furan can provideregioisomerA andB. In fact,
the carbonyl excited state can interact with bathlde bonds_(Scheme 1.18).

0 R R 2
R
/B R% Z
+ — +
O R
A B

Scheme 1.18: General Paterno-Buchi reaction beteadronyl compound and

asymmetric furan

In 1965, Toki and co-workers reported the regicdman photochemical addition of
benzaldehyde on 2-methylfuran leading to 1:1 mitaf A and B type bicycles
(Scheme 1.19% However, in 1967, Rivast al. reported the selective synthesis of
higher substituted oxetanes of tyBeby the photoaddition of benzophenone on 2-
methyl and 3-methylfuran (Scheme 1.39).

H H Ph
(0] Ph/, = N N
L, e o T e+ (1T
Ph” “H o” Ve 32% O—~g 0-—=0
A Me
13:1

Scheme 1.19: regio-random photochemical addition

o H Ph

R, o Qe 22 T
Ph” “Ph o” Me _ioc 50
98% Me

Scheme 1.20: selective synthesis of higher substitoxetanes

Later work by Carless also showed the selectivehggis of higher substituted
oxetanes of typeB from aromatic aldehydes and acetylfurans (Scher@g)d’
Bicyclic products were generated with a site saldgtof up to 1:20A andB.
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hv H H o Ar
A" H 0" AT 70 % éI;*AC o0
A Ac
Ar = 4-CNC4H, <1:20

Scheme 1.21: selective synthesis of higher substitoxetanes

In contrast, Schreiber has reported the selectwghssis of the less substituted
oxetanes of typd from benzaldehydes and bulky 2-silylfuran (Schdn#?) and 2-
stannylfuran (Scheme 1.2%)A site-selectivity of up to 20:1 was reported fbe
addition of the aldehyde on the unsubstituted dobbhd.

o b v o, M 9 Ph
enzene N —
. @\SiiPr = :|/\>*SiiPr3 + m
Ph™ “H 0 3 17 hrs O—~¢ 0=
56 % H 0.1 Si'Prg
> :

Scheme 1.22: selective synthesis of the less sutestioxetanes

by p, H H ph
O benzene  — -
. @s BUs oo 1o @‘3”3“3 + (/T
Ph” “H o] NBY3 - 20 hrs O—~¢ o0
48 % H b5 SnBuj

Scheme 1.23: selective synthesis of the less sutestioxetanes

¢ Temperature effect on site-selectivit§’

The site-selectivity of the photo-cycloaddition aldehydes and 2-methyl or 3-
methylfuran is generally independent of reactiomgerature. In contrast, the
reaction of aromatic ketones and 2-methyl or 3-yiefitran is highly temperature
dependent. In fact, when the reaction between hmezrwne and 2-methylfuran was
carried out at -77 °C, both site-isomers (42:58)ajA:17aB) were obtained in high

yield. But, when the reaction was carried out at@1the higher substituted bicyclic
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oxetane was obtained as the major product (198194 17aB). In contrast, at high
temperature little selectivity (34:6617bA:17bB) was observed in the reaction of
benzophenone and 3-methylfuran, and at low temerah good selectivity (17:83)
(17bA:17bB) was observed.

R Ph
Ph
\ +
> 95°/ R o) O
Rl

17A 17B
a:R=H R'=Me T=-77°C: 42:58 (17aA:17aB)
T=61°C: 19:81 (17aA:17aB)
b:R=Me R'=H T=-77°C: 17:83 (17bA:17bB)

T =56°C: 34:66 (17bA:17bB)

Scheme 1.24:

+ Concentration effect on site-selectivity

Abe and co-workers have reported a concentratitectebn site-selectivity in the
reaction of acetone and 2-siloxy-3-methylfuralB)( (Scheme 1.25). They have
observed the selective synthesis of the highertutesl oxetane 19B) at low
concentration of 2-siloxyfuranl®), and a site-random synthesis of both bicyclic

oxetanes at higher concentration.

4
+
\%E:Ijg%—OTBDMS <;:¢Ié/

o OTBDMS
19A 198
02M » 50 : 50
2 el
18 > 10 : 90
0.01 M

Scheme 1.25: Concentration effect on site-selagtivi
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4.2.4. Paterno-Buchi Stereoselectivity

The Paterno-Buchi reaction can produce up to thteeocenters, and so the control
of stereochemistry in this reaction is particulachallenging. The selectivity of the
product is usually determined by the conformatibthe biradical-intermediate. The

biradical-intermediate can adopt different confatiores: endo, exo.

Griesbeclet al.reported, in 1994, an endo-selective formatiooxatanes during the
Paterno-Buchi reaction between benzaldehyde anidifuran (Scheme 1.26j.

0O / \ benzene
Ph)J\ 98 %
82:12

Scheme 1.26: endo-selective formation of oxetanes

Ph H
0 A 0 A
%ﬁ? . d&*HggPh
O 0

Scheme 1.27: conformation of the intermediate

Abe and co-workers have reported the site-randoieka-selective synthesis of
bicyclic oxetanes from benzaldehyde and 2-methatiar (Scheme 1.28). The
observed high stereoselectivity was explained byfalet that the conformation of the
biradical triplet intermediate is stabilized by #x@omeric effect (Scheme 1.29).

hv  p, H H  pn
9 1\ toluene "N /"
)J\ + — Me +
Ph” “H o 98 % O0—~¢ o= ©
H

> 95% de > 95% de

Scheme 1.28: exo-selective synthesis of oxetanes
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Ph Ph

i O/TKH — H%&O@a*
stabilized by

anomeric effect

Scheme 1.29: intermediate conformation

4.3. Other syntheses

4.3.1. Reaction of sulfoximine on ketones or epoxides

2,2-Disubstituted oxetane rings can be directlypared from ketones via an epoxide
intermediate, or directly by the expansion of awmxége starting material using a
methylene transfer reagent. Different groups haponted variants of the Corey-
Chaykovsky reaction for the preparation of oxetangimg sulfur ylides as strong
methylene transfer reagents. First, the ylide ktabe carbonyl group to form an
oxydialkylsulfoximine intermediate which will undgs a ring closure to form the

oxirane ring. The excess of ylide will react agamthe oxirane to form the oxetane.

Using this method, Welch and co-workers have regorthe transformation of
camphor to its oxetane equivalent in 1983 (Scher8) 1 They have shown that
the treatment of camphor by an excess (three deguitgd of SmethylS

(sodiomethyIN-(4-tolylsulfonyl)sulfoximine led in one step to erstereoisomer of

the oxetane equivalent with 59% vyield.

O«_.NTs

Me” ™ “CH,Na
3 equiv. @]
o (B equiv.) _ 7
DMSO, 40-45°C, iy

16 hrs, 59%

Scheme 1.30: formation of oxetane equivalent ofptaon
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Following their studies, Shibasai al. have reported a direct asymmetric synthesis
of 2,2-disubtituted oxetanes from a ket6f@he treatment of an alkyl methyl ketone
with dimethyloxosulfonium methylide with phosphiredditive and a catalytic
amount of a lanthanum comple20f produces epoxides in good yield and in good ee
(Scheme 1.31). An additional 15 mol% of the compdexi another equivalent of
ylide were added to compensate for the low reactaia of the ring opening of
epoxide to afford a 2,2-disubsituted oxetane indggield and up to 99% ee. They

have observed a chiral amplification in the secsteg.

cat. (S)-LLB /ArzPO (1:1)

() 0] 0,
L+ e g S | S
R” “Me Mo CHy 5AM.S., THF R
(1.2 equiv.) RT, 12 hrs 93% < ee < 97%

cat. (S)-LLB/ArsPO (1:1)
(15 mol%)

ylide (1.0 equiv.) >37
5AM.S., R
THF/hexane 58-88% yield
45°C, 72 hrs ee > 99%

Ar= § OMe

(S)-LLB (20)

Scheme 1.31: direct asymmetric synthesis of 2,@htliited oxetanes from a ketone

In 2010, Schreiner and Fokin reported the syntheSishiral oxetanes from chiral
epoxides with complete retention of configuratiamidg the ring expansion reaction

(Scheme 1.32% In fact, the mechanism of the reaction of the amgtnic epoxide
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with dimethylsulfoxonium methylide proceed$a a betaine intermediate, and so

leaves the stereogenic center untouched.

O
O C??%\ (2 equiv.)

»>
tBuOK (2 equiv.)
tBuCH, 70°C, 18 hrs
85%, ee > 98%

Scheme 1.32: synthesis of chiral oxetanes

4.3.2. Oxidative cyclisation of Michael adduct of malonate with

chalcones

Fan and co-workers have reported a solvent-coattasikidative cyclization for the
preparation of functionalized oxetanes and cyclpanes (Scheme 1.33j.The

treatment of a Michael adducts of malonates withla@mes in combination with
iodosobenzene and tetrabutylammonium iodide inedbfit solvents provides a
selective synthesis of oxetanes or cyclopropandse $elective synthesis of
cyclopropane is achieved in methanol, whilst thed®e synthesis of oxetanes is
achieved in water and in an open air flask. Moreogehigh diastereoselectivity

(anti:syn >95:5) was achieved by this method.

i ; CO,R
PhIO (3 equiv.), BuyNI (1.2 equiv.) 2
RO,C_ _CO,R
2 I;i Si0,, Na,CO5 (0.5 equiv.) ROij:O
H,0, 30°C o AR
1 2
Ar Ar 41-83% Ar ///
R = alkyl

Scheme 1.33: Synthesis of oxetanes from a Mictaukic
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4.3.3. Intramolecular cyclisation via carbene intermediates

A synthesis of oxetan-3-one compounds fra/repoxy diazomethyl ketones was
reported by Zwanenburet al. in 1992 (Scheme 1.34)The epoxide ring was first
opened by treatment with Sn@b produce &@-chloro-a-hydroxy diazoketone with
retention of configuration. This compound undergeesliazo decomposition by
treatment with a Lewis acid, BIOEb, to undergo an intramolecular ring closure to

produce the oxetanone compound with retention ofigoration.

o \R3 1) SnCI4, CH20|2 OH 0]
N -78°C, 18hrs WR3 BF3OEt,
R™ N2 2) NaHCO3, H0 or N2 choa X R3°0
R2 (0] 55-932/’0 2 R1 R2 O 52-83’%:1: R1 R2 R

Scheme 1.34: Intramolecular cyclisation from diaetml ketone

A gold catalysed synthesis of oxetan-3-one fronpargylic alcohols was recently
described by Zhangt al. in 2010 (Scheme 1.3%J.The terminal alkyne undergoes
an intermolecular oxidation with a gold catalysthe presence of a pyridiloxide
derivative to provide am-oxo gold carbene intermediate (Scheme 1?38n acid
species must be added in the reaction to quendbeatsie pyridine that can deactivate
the gold catalyst. This method is compatible witraage of functionalities such as
an aromatic, a vinyl, a MOM-protected alcohol oidazgroup. By this method
oxetan-3-one was synthesized in one-step with 7itdd,yunlike in four or five steps
with 23% or 13% yield, respectively, by traditiomakthods. Moreover, under these
conditions chiral non-racemic oxetan-3-ones canebsily synthesized from the

corresponding chiral propargylic alcohols.

(2-Biphenyl)Cy,AuNTf, (5 mol %)

\/\
oH . (@\/ THoNH (1.2 equiv), DCE, tt, 3-4 hrs O
RN N 57-81%

0
©

R = alkyl, Ar
R'= 3-MeO,C-5-Br

Scheme 1.35: Gold catalysed synthesis of oxetane3-o0
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N )
o OH [Au] ..
o —> ) —
A A Fo R
2 g 0
[AU] =

Scheme 1.36: Possible mechanism of formatiamrafo gold carbene intermediate

5. Applications of the oxetane ring in synthetic organic

chemistry

Oxetane rings can be important intermediates insyr@hesis of more complex

oxetane analogues.
5.1. Elaboration of 3-iodooxetanes

Elaboration of 3-substituted oxetanes has been detumented because these

transformations have the convenience of not intcotdpa stereogenic center.

Recently, Duncton and co-workers reported a preéjparaf aryloxetanes by nickel
catalyzed Suzuki coupling (Scheme 1.%7Jhey showed that the treatment of 3-
iodooxetane with a range of aromatic and heteroatiocnboronic acids in presence
of nickel iodide andtrans2-aminocyclohexanol produces the corresponding
aryloxetane. This method is also effective for th&oduction of aN-Boc-3-

lodoazetidine moiety to an aryl compound.

OH
O' (0.06 equiv.)
I ‘NH, Ar.
- >
+ ArBOH): - 570,06 equiv)
X X

(2€quiv.)  NaHMDS, iProH,
X =0, NBoc 80°C, uA, 20-30 min

Scheme 1.37: preparation of aryloxetanes by nickellyzed Suzuki coupling
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One year later, Duncton reported the preparationetéroaryloxetanes by a Minisci
reaction (Scheme 1.38).They showed that the dropwise addition ofOkito a
mixture of heteroaromatic bases, such as quinolpgidine and quinazoline
provides, in the presence of sulfuric acid and &lgdac amount of FeS§) the
heteroaryloxetane compound in low-to-moderate yielthis method is also
compatible for the introduction of an azetidine o into heteroaromatic
compounds.

FeS0O,.7H,0 (3 x 0.3 equiv.) /o)
H,0, (2 x 3 equiv.)

I m H,SO, (2 equiv.)
+ o
o NG DMSO, 32% A

~

N

Scheme 1.38: preparation of heteroaryloxetanesNdyisci reaction

5.2. Elaboration of oxetan-3-one

Oxetan-3-one also represents a good starting gomthe introduction of a 3-

substituted oxetane ring into various scaffolds.

5.2.1. Synthesis of oxetan-3-one

In 2006, Carreira and Rogers-Evans reported théhegis of oxetane-3-one from
dihydroxyacetone dimer (Scheme 1.39)he reaction of dihydroxyacetone dimer
with trimethyl orthoformate provides the correspmgddimethyl ketal which was
then treated with tosyl chloride in presence of Bahd later with sodium hydride to
allow the ring closure and afford the intermediatee deprotection of the ketone
was undertaken under acidic conditions using Monitonite K10 to furnish

oxetane-3-one.
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jQ/OH HC(OMe);  MeO OMe  1)Buli, TsCl Meoggo'we
“Tson Ho X _oH 2) NaH o
HO 33%
Montmorillonite  Q
K10
62%
0
21

Scheme 1.39: synthesis of oxetane-3-one from dixyaetone dimer

The synthesis of oxetane-3-one usually presents qoarctical difficulties, such as
the use of GC chromatography for purification. Muwer, the isolation and
purification of oxetane-3-one delivers the produnctow yield due to its volatility
and hydrophilicity. In 2010, Carreira and Rogersiy reinvestigated the oxidation
of oxetane-3-ol into oxetane-3-one in order to dvibiese complications (Scheme
1.40)*° They found that the oxidation of oxetan-3-ol withosphorous pentoxide in
DMSO in the presence of triethylamine provides pneduct in 48% vyield after
distillation.

P4O19, DMSO

OH NEt, o
—_—
g 48% ol_—/l/

21

Scheme 1.40: oxidation of oxetane-3-0l into oxetasmne

The same year, Zhang and co-workers reported astepegold-catalysed (Scheme
1.33) synthesis of oxetane-3-or#)(from propargyl alcohol with 71% yield without
purification (Scheme 1.4%Y.
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BrﬁCOzMe
| (2 equiv.)

N*
' o)

o
Ho A
(2-Biphenyl)Cy,PAUNTf; (5 mol%) o

Tf,NH (1.2 equiv.), DCE (0.05 M) 21
r.t., 5 min, 71%

Scheme 1.41: gold-catalysed synthesis of oxetamee3-

5.2.2. Synthesis of Michael acceptors from oxetan-3-one

Oxetan-3-onedl) is an important intermediate for the synthesioxétane-based
Michael acceptors (Scheme 1.42)The Wittig reaction between oxetan-3-o24)(
and an ylide furnishes aldehyde®), ketones Z7), a,p-unsaturated estergg) and
nitriles 23). The Horner-Wadsworth-Emmons reaction can prowddone 28),
ketone and phosphonat25] functionalized oxetane compounds. The condensatio
of oxetan-3-oneQ1) with nitromethane affords the nitroalkene oxetaeeivatives

(24) in good yield.

Na.HC(P(O)(OEt);) EtO. .0
EtO~

H—/°  PhyP=CHCHO 67%
o 81%

/ -

0

NC Ph3P=CHCN

PhyP=CHCO,Et
CH,Cl,, 95% O

/3 - 82% 26
O PhsP=CHCOMe o O
23 \. CH.Cl,, 95%
1) MeNO,, cat NEt; %
OoN 2) NEt3, MsClI o
y 83% PhO,S 27
o V4
Li. HC(P(O)(OEt),)(SO,Ph)
24 72% O
28

Scheme 1.42: Synthesis of Michael acceptors froetazx3-one
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5.2.3. Further elaboration of oxetan-3-one’s Michael acceptors

A wide range of 3,3-disubstituted oxetane compounds be obtained by the
elaboration of these Michael acceptors. In fact, dlerylate intermediate2¢) can
undergo conjugate addition with a large range ofleaphiles, such as amines,
nitromethane, cyanides, malonates, cuprates, arghisoacids, to form elaborated
oxetane scaffolds in good yield (Scheme 1'43).

(M602C)CH2
MeO,C. _CO,Me NaH R
2 2 82% MgBr
‘ — Tmscl
o) CO,Et Cul
~70% CO,Et

MeNO, MexNHCl | cat [Rh(COD)CI, KCN

cat. DBU NEtz, EtOH KOH, dioxane oH
92% quant. ~80% ~<CN

80%

R
NO, NMe, CN

CO,Et :| CO,Et

oj co,Et © 2 ° ?

Scheme 1.43: Further elaboration of acrylate inésliate

The acrolein intermediate compourZP) provides unstabl@-aminoaldehydes after
reaction with an amine. But, in reaction with agllaoronic acid, the acroleir2p)
provides only the 1,4 addition compound (Scheme4)4 The nitroolefin
intermediate Z4) can also react with different nucleophiles, sashacetaldehyde,
aryllithium reagents, and boronic acids (Schemé)t4
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Me,NH 0
cat. DBU, THE Me2>§\(
> H

O
4-tBuPhB(OH),
O KOH tBu H
cat. [Rh(cod)Cl],
7 aq dioxane, o
78% o

22 piperonylamine

cat. DBU, THF \\ 0
AN Eew

then CH,PPh3
78% o)

4-CI-PhLi, -78°C
THF, 35%

4BuPhB(OH), o
KOH NO,

O,N
p cat. [Rh(cod)Cl],
aq dioxane, rt  tBU
e} o

quant.

H3CCHO, NO,
cat. pyrrolidine O

46% @)

24

Scheme 1.44: Further elaboration of acrolein atrdalefin intermediates

The functional groups on these scaffolds can béulgm further elaborating these

structures.
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5.3. Ring opening reaction of oxetanes

The oxetane ring can be opened with a strong LewiBronsted acid or at high

temperature, but under basic conditions the rirgnoy reaction of oxetane is slow.

5.3.1. Intermolecular opening reaction

In 1982, Weberet al. reported the ring opening of oxetanes with tringksityl
cyanide in presence of diethylaluminum chlorideh@une 1.452 They noticed that
the opening of 2-methyloxetane was regioselectiveviding 4-methyl-4-

[(trimethylsilyl)oxy]butyronitrile in 47% vyield.

OS> TMSCN, EtAICI NC\/\(OTMS
R

0 rt., 24 hrs, 47% Me

Scheme 1.45: ring opening of oxetanes with trimistlyy cyanide

Three years later, Weber and co-workers reportedsimthesis of 5-hexen-1-ols

from oxetane and allylic trimethylsilanes in presenof titanium tetrachloride

(Scheme 1.46)°

SiMe;  DCM, -100°C, 85%

O

Scheme 1.46: synthesis of 5-hexen-1-ols

In 1983, Yamaguchi reported the preparatiory-bydroxy-acetylenes from oxetane
and metal-acetylide in presence of boron triflueriil good yield (Scheme 1.4%7)%°
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n-BuLi (3 equiv.)
BF;.0Et, Ph

(> + Ph—== > M
0 THF, -78°C, 84%  HO Z

Scheme 1.47: preparationyehydroxy-acetylenes

In 1997, Tomioka reported the enantioselective opgning of oxetanes (Scheme
1.48)°° They showed that the treatment of 3-phenyloxetaitie phenyllithium in
presence of a Lewis acid and a chiral liga?®) frovidesa,B-diphenyl alcohol with

a good yield and a promising ee.

Ph BFs.0Bup, L*(29) Ph—< OH |[L*= "% j PN
+ PhL ——Z > —< — fOMe
8 MeG O

Et,0
-78°C, 92%, 47% ee Ph

Scheme 1.48: enantioselective ring opening

In 2002, Dussault and co-workers reported the gsedective ring opening of
substituted oxetanes3§) with peroxides in presence of Lewis acid to pdevi
corresponding 3-peroxyalkanof31j in moderate yield (Scheme 1.49).

o t-BuOOH (1.5 equiv.)

Meos TMSOTY (0.1 equiv.) Vo, QOtBU

o ol
— Etzo, 54/) CSH11 OH

30 31

Scheme 1.49: preparation of 3-peroxyalkanols

In 2008, Pineschet al. reported the synthesis of 3-aryloxy alcohols lyogelective

and stereoselective ring opening reaction of epnantiched 2-aryloxetanes with

arylborates (Scheme 1.50).
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O— (ArO)3B (1.66 equiv.) OAr Cl
N THF, r.t., 1 hr> Ar =
83%, 93:7 e.r. OH

Scheme 1.50: synthesis of 3-aryloxy alcohols

.3.2. Intramolecular ring opening reaction

In 2009, Loy and Jacobsen described the enantaiseleintramolecular ring
opening of oxetanes (Scheme 1.81Jhey showed that the treatment of oxetanes
which have a pendant hydroxyl group with a catalgmount of cobalt(lll) salen
Lewis acids 82 and 33), leads to tetrahydrofurans and benzodihydrofuiansigh

yield and good enantioselectivity.

o) cobalt catalyst O
R (0.01to 10 mol%) &~ '\ 7

s :
[ ) 23°C, 76-98% w1, IR
S T0H 93-99% ee \OH

O

t-Bu

| t-Bu I : t-Bu

N O o_ N,
Co—OTf CO OTf TfO-Co
/. 7/ '\ /, 7/ \

@]
t-Bu t-Bu

_Z
o{éio

t-Bu
32

33
n=1-4

Scheme 1.51: enantioselective intramolecular ripgnang
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Both catalysts show efficiency for the ring openiegction. However, the dimer
catalyst 83) can be used with less than 0.01% loading and béghibetter

enantioselectivity than the corresponding monor&2ay. (

5.4. Ring expansion reaction of oxetanes

In 1966, Noyori and co-workers reported an asymimatng expension of 2-
phenyloxetane with diazoacetate catalyzed by cofapafford a cis-trans mixture of
tetrahydrofurans_(Scheme 1.53)The use of theR,R-chelate or $,3-chelate 85)

provides access to both product enantionigs (

Ph
35 cat. X
{>—Ph + N,CHCOOMe — -
0O (1 equiv.) 0"« COMe
(5 equiv.)
34
Ph Me

T

H
—N 0
T e
o} N=

A

Me
35

Ph

Scheme 1.52: asymmetric ring expension of 2-pheeyéme

In 2001, Fuet al. reported a stereoselective synthesis of tetraliydms from
oxetanes catalyzed by a bis(azaferrocene) coppaplea ¢86) (Scheme 1.53%°
They showed that the expansion of enantiomeriaailyched 2-substituted oxetanes
provides trans-producBg) or the cis-diastereomer compoudd)( depending on the

catalyst used.
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0 1% CuOTf 1% CuOTf 0
qCOzCMeCYz 1.1% (S,S-36 O rCOzCMeCyz 1.1% (R,R')-36 ( Z-“COzC'V'eCYz
- I: + | —
0, 0,
oh EtOAc, r.t.,74% Ph Ny EtOAc, r.t.,74% oh
37 38
95% cis ee 98% trans ee
84:16 trans:cis 95:5 trans:cis
Me Me
Me¥$Me
I\/IeFe
Ccﬁ/\@
Me_Fe Me
-
Me Me
Me
(R,R"-36

Scheme 1.53: stereoselective synthesis of tetrahydns

The same method of epoxide ring expansion by metig¢ can be carried out to
expand oxetane rings into oxolanes. Fokin and cdk@ve described the conversion
of oxetanes to oxolanes in the presence of dim&slfgikonium methylide under

heating up to 125°C in moderate to good yield (Buhd.54)° They also showed

the retention of configuration after reaction (Suoleel.55).

O
@®” Gequw)

< > NaH (10 equiv. ) 4@@
Diglyme, 125°C, 21 hrs

87%

Scheme 1.54: conversion of oxetanes to oxolanes

O
I@ ?'S'\ (6 equiv.)

> =0
'
@'—Q NaH (10 equiv.)

diglyme, 125°C, 0.5 hrs
ee > 98% gy 83% ee > 98%

Scheme 1.55: conversion of oxetanes to oxolandsrefiéntion of configuration
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6. Conclusion

The different points highlighted above show thaetaxes are valuable compounds
for pharmaceutical research. This has encouragedékelopment of new methods
for the synthesis of oxetane-containing compouAtsong them, the elaboration of
oxetane-3-one allows the preparation of variousiatale building blocks. These
intermediates can be derivatized later to obtairarege of substituted oxetanes.
Moreover, new methods have been developed for nhat®selective synthesis of
oxetanes. As highlighted in this review, the oxetaing can also be opened to

furnish valuableé3-functionalized alcohols or tetrahydrofurans.
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Chapter 2: Introduction of oxetane ring into

heterocyclic and aromatic scaffolds

1. Introduction

Since their discovery by Earl and Mackney in 1838ydnones have received an
extensive and continued interest over the lastucgnin fact, their structure, physical
properties, reactivities and functionalization habeen discussed in numerous
reviews®? Also, the discovery of useful biological propestief sydnones, such as

|’63

antibacterial,®® antineoplasti®® and anti-inflamatory activitie$€®> make them

interesting targets and have led to the developwieméw functionalisation methods.

©
@)
@]
‘N
N
R

Sydnone

| —

Figure 2.1:

Moreover, sydnones have also attracted significaterest with the discovery of
their ability to act as precursors to pyrazoles apthted species, through a
cycloaddition reaction with alkynes (Scheme 2%Ip fact, these heterocycles are
commonly found as biologically active agefifsas ligands for transition metal

catalysed reactions or in materials chemi&try.
O@ R3 R4 R4 R3
® 3_— p4
o) R°———R \ \
I = AN e AN
RZ7N- W R
R R’ R’

Scheme 2.1: cycloaddition of sydnones with alkynes




Chapter 2: Introduction of oxetane ring into heterocyclic and aromatic scaffolds

2. Properties and synthesis of sydnones

2.1. Properties of sydnones

Sydnones are five membered ring heterocycles belgrig the class of mesoionic
compounds. Therefore, a non-charged canonical septation of sydnones cannot
be drawn (Scheme 2.2). The electronic distributamd structure of sydnones has
been studied but, the recorded data do not offeingle general structur®.

Nonetheless, sydnones are usually represented byaate type exocyclic oxygen

and with a positive charge on the endocyclic oxygen

/

© o)
@
} g
\ "
/ _N o N'N
oN o &
R 06 o
C501
1/ \\
C4 N2
N3
o} R $
Sydnone o o
0 St Auintladls
@%/\N Zf?
ol N
R 0 !
T i 7 ®
s NO
N
R

Scheme 2.2: representation of sydnones

The electronic distribution of sydnones was widstydied by molecular-orbital
calculations in several reports (Figure 2%)According to the calculation of the
bond order 39), sydnones can be shown to have enolate type hgndir the

exocyclic oxygen. This conclusion is supported bg value of the net charges.
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Whereas, the calculated net charges 48)°¢° and @1)*° show some numerical
divergence, the bond orders and the relative vatfieget charges suggest that the
positive charge is mainly located on the nitrogemasition 3. The negative charge
located on the exocyclic oxygen is also ascribedthmy scaled dipole-moment
calculated by Coulsoft® However, the proton attached to the carbon intjoosi4
has a pKa of 18-26° which suggests that the conjugate base is stebillzy an
adjacent ketone moiety. Moreover, the absorbaned peound 1730 cthon the

infrared spectra of a range of sydnones suggestgrdsence of a ketone moiety.

o - 0.8% - 0.71) - 0.3%
1.52
11_3,67 Oqar + 0-19Z‘Q+ 0.33 + 0_24z_q+ 0.21 + 0.0BZ>Q+ 0.13
' N +003 N-034 +011( _N-043 -0.01 _N-0.14
1.64N1.64 Ny 0.73 Ny 057 N4 0.30
Ph Ph Ph Ph
39 40 41 42
Figure 2.2

Nevertheless, the representation 38)( (40), (41) and @2) suggest that the nitrogen
in position 3 has iminium-type character, and s®, acting as an electron-
withdrawing group on the attached phenyl ring. Hosveseveral contrasting reports
suggest that the nitrogen is neutral and share® sem@sonance with the attached
phenyl ring’* With all of these observations, the sydnone riag be drawn as

enolate type bonding for the exocyclic oxygen aritth & positive charge located on

the endocyclic oxygen. The reactivity profile ofdspnes can be summarized in

Figure 2.3.

1,3 dipole
cycloaddition reaction: pyrazole formation

)
oS
C4 is nucleophilic and bears ,\N
an acidic proton (pKa 18-20)] H - (N3 is electron poor]

Figure 2.3
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2.2. Synthesis of sydnones

Sydnones are classically synthesized in 2 stepan ffe corresponding substituted
amino-acids_ (Scheme 2.3). The amino-acid is fitsbsated to form ahl-alkyl or N-

aryl N-nitroso«-amino acid, which is then cyclodehydrated to fdlra mesoionic
compound. The substituent' Rannot be hydrogen as these compounds form a
diazonium salt during the nitrosation. TNenitrosation step is often accomplished
using sodium nitrite and concentrated hydrochlaea in water. The nitrosamine
intermediate is then usually heated in an excesacefic anhydride to produce the
cyclodehydrated compound. Alternatively, for acahsitive starting materials,
Turnbull et al. have described the use of IAN (isoamyl nitrite) foe nitrosation
step’? Moreover, to increase the rate of cyclisatiorflunroacetic anhydride can be
used instead of acetic anhydritfeMost sydnones are solids, air-stable and have
been synthesized in quantities of up to 106 g.

©
-0 O
N com NaNoyHCLHoO N Ac,0 S
RN - _N_COH ——— /R
2 or R or R2 N
R IAN, DME R2 TFAA, DCM N,

Scheme 2.3: Synthesis of sydnones

Azarifar et al. have reported an alternative nitrosation stepdangithe use of strong
acid by employing dibromo-dimethylhydantoin (DBHcheme 2.4} This one-pot
approach permits the use of a catalytic amount B and avoids the isolation of
the nitrosamine intermediate. Moreover, they haported the one-pot synthesis of

several sydnones in good yield.

S)
o ®

H DBH, NaNO, S
RN~ COH Ao 5 bem, 0-5°C /N

Scheme 2.4:
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Recently, Taran and co-workers have also repohedmne-pot synthesis of sydnones
from arylglycines without the isolation of the misamine intermediate using CDI
(Scheme 2.5%°

)
. o @
1) t-BuONO (1.1 equiv.) Z_O
pTol- N COM o e T equiv) N
92% N
p-Tol

Scheme 2.5: one-pot synthesis of sydnones

3. Functionalization of sydnones at the C4 position

C4 substituted sydnones have been extensivelyestudind are easily accessed from
a range ofi-substituted amino-acids that are either comméycaalailable or easily
synthesized. However, for the preparation of aahyprof sydnones, a divergent
strategy would be more efficient than the linedrasiation-cyclodehydration route.
For this purpose, different methods have been tegoior the homologation of
sydnones at C-4 using either the inherent nucldiofihiof the carbon in position 4,
or the acidicity of the proton. Specifically, twgpe of functionalisation can be
considered:

» Deprotonation followed by electrophilic addition

» Electrophilic aromatic substitution

3.1. Deprotonation followed by electrophilic addition

The acidity of the proton at C4 offers the oppoitiunto carry out direct

functionalization at this position. The deprotooatistep can be followed by the
addition of an electrophile, potentially after artsmetalation step, to allow further
chemistry to take place. In this way, lots of reépohave described the

functionalisation of sydnone by the method of dégumation.
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Fuchigamiet al. have reported the synthesis of arylthio, alkyltlselenide, arsenide

and phosphide derived sydnones by this method (&eH&6). The corresponding
sydnones was deprotonated by treatment wthutyllithium followed by the

addition of the electrophile.

AsCls, - 50°C \\ Ar = Ph, 99%
Ar = p-Tol, 100%

ZZO@

Q
(@)
(RS)s, - 50°C
/ 7 examples, 87 -100%
o o RS N’
O o O o Ar
O n-Buli, -50°C (@]
/ \\N —_— ) / \N
. L| P

N

Ar Ar
Ar = Ph, p-Tol

©
. O @
(PhSe),, - 50°C /Z/_o\ Ar = Ph, 99%

PhSe N N Ar=p-Tol, 100%
I

CIPPh,, - 50°C

®
IO\ Ar = Ph, 92%
thP N Ar= p-TOI, 97%
Scheme 2.6:

The introduction of carbonyl group at position 4swadescribed by Tien and co-
workers (Scheme 2.7).They have also reported the use of methyl magmesiu
bromide to generate the sydnone anion followedusnghing with an electrophile.
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O © S
® O o O o
%O nBuLi. -50°C IO 1) eleCtrOphileS, -50°C IO
I L L 2 " > N
N,N or M N/N 2) dil. HCI R N,N
| MeMgBr, -10°C | |
R R R
M = Li or MgBr
electrophiles Li=65-85%
Mg =68 - 85 %
(0] O O
)J\ J\ /U\ R = Aror Cy
NMe, H” "NMe, H R! = CHO, COMe, C(OH)Me
Scheme 2.7:

Turnbull et al. have reported the formation of fused tricyclic syde by dilithiation
of 3-(2-bromophenyl)sydnone followed by treatmerthwan electrophile_(Scheme
2.8)"8 They also demonstrated that the treatment of ahatwgenated sydnone with
butyllithium in presence of TMEDA followed by theeatment with an electrophile
provides di-halogenated-, di-alkylated- or dithfetsubstituted products in good
yield (Scheme 2.9%°

Q B Q i e}
0 o o e O @
Z/_Q "BuLi (2 equiv.) /Z/—Q 1 , i o
N -78°C : N | R'COR* Rt ‘N R' R2=alk Ph
N — 2~ = | Li N — N’N o .
] HO yield = 71-95%
Br\© LI\©
Scheme 2.8
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o B S) )

O @ O o
o "BuLi (2 equiv.) o o)

/ N 78°C Y / 'N | electrophile £ / N

N T > N

o Mol o

electrophiles
TMSCI = 93% > =92%
DMF = 89% Br, =91%
PhCHO = 86% Mel = 85%
(PhS), = 88%

Scheme 2.9

Kalinin et al. have shown that the lithiated sydnone intermedies® be
transmetalated by copper salts to generate thesmonding organocopper reagent.
The sydnonylcopper intermediate can undergo paihadiatalysed coupling with
alkenyl and aryl halides (Scheme 2.10).

| o@
5 O@ H, 90%

R

| '\ R=NO,92%

o o Pd(PPhs), N~ R=OMe, 91%
(0] @ (@) o) © mol%) R Ar

ZFO\ 1) n-Buli, -78°C /Z/»o

\ _— > W\

N 2) CuBr Cu N

N N g
@
o o Br\/\Ph /\IO\
PA(PPhy), 1 NN N
(5 mol%) Ar
86%
Scheme 2.10

Turnbull then extended this methodology to intraglan acyl and an aryl group in
position 4 on the sydnone ring (Scheme 2.11).
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Yield Yield

o ® 1) n-BuLi, -78°C o ® R (with [Pd]) (without [Pd])
Z»g 2)Cul___ OJQ Me 97 86
_N 3) RCOCI N Ph 96 93
" With or without N 4-CICgHy 78 82
AT Pd(PPh;),Cl, AT 4MeOCeH, 80 51
4-NO,CeH, 38 56
Bn 63 95

Scheme 2.11

3.2. Electrophilic aromatic substitution

Tien and co-workers have reported the direct aioyladf sydnones using perchloric
acid and acetic anhydride under sonication comuitischeme 2.1%}.Furthermore,
Turnbull et al. have developed an acylation process using heteeogs clay-
catalyst system (Scheme 2.£2)They have also reported the synthesis of related
carbonyl compounds. Of particular interest, thegcdbed the synthesis of primary
amide-sydnone using chlorosulfonyl isocyanate (8&h2.13)*

S S
O

O® Ac,0, HCIO,, sonication 0O O®
/N or > o I\
N K10 clay, Ac,0, 110°C N

R = Aror Bn
Scheme 2.12
o o@
@ CISONCO, MeCN 5
[N, \
5 oy LA
N .
N’ N
R H,N R
R = Aror Bn
Scheme 2.13
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Halogenated sydnones provide a good alternativestsaib for the synthesis of
functionalized products. Dumitgeu and co-workers have reported the synthesis of
C4 halo-sydnones using a source of electrophiliodem, acetic acid and sodium
acetate (Scheme 2.1%).Under these conditions, a range Mfaryl and N-alkyl
sydnones can be tolerated and furnished the 4-¢ydoone in good to excellent

yields with halogens, carboxylic acid, ethers, ileisr and esters on thH-aryl

substituent (Scheme 2.15).

o
® O e
%QN /Zf (‘)N X =Cl 75%
N NaOAc, AcOH _ XTN X = Br 77%
X =1 82%
XY = Cl, Br, ICl
Br
Scheme 2.14
o o
> NaOAc, ACOH /Z_O®
/N Il T / N,‘N
R R

R = Ar, Me, (CH,),CN

Scheme 2.15

The bromination reaction of sydnones has been wisieidied. Kato and Turnbull
have found that the use of bromine and sodium Ibasaate furnishes the brominated
N-arylsydnone in good yield (Scheme 2.¥8Interestingly, it was demonstrated that
for 3-aryl sydnones, the majority of electrophilaadergo substitution on the
sydnone ring and not on the 3-aryl ring. This i® da the electron-withdrawing
effect of the N3 which bears a significant positol&rge and so deactivates the aryl

substituent.
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O@ O@
O® Br, (4 equiv.) O®
/ \\N —_— / \N
N/ NaHCO3 Br N/
Ar Ar
%‘ Me 2‘ Me L&i OMez
: Me i MeO i MeO i
78% 78% 72% 79%
Scheme 2.16

4-Bromosydnones can be employed in transition mesaalysed cross-coupling
reactions. For example, Turnbull and co-workerseh@ported Sonogashira coupling

of 4-bromo-phenylsydnones catalysed by palladiufording 4-alkynylsydnones in
good vield (Scheme 2.1%.

R=H 79%
o R =Me 89%
@— O © R=Et86%
I I R=MeO 89%
Br N “Pa(PPha), (7.5 mol%) — " R=Et0 92%
Cul5mi%) g bn R=Cl 94%
NEts, 70-75°C R =NMe, 82%
R = OTHP 89%
Scheme 2.17

Recently, the Harrity group has investigated th&lsysis of 4-arylsydnones from 4-
bromosydnones via Suzuki-Miyaura cross-couplinghé®ee 2.18f’ A range of

boron-derivatives can efficiently undergo the cauplstep in good yield under
various conditions. It was shown that arylborontids, esters and trifluoroborates
can be coupled under microwave and thermal comditim furnish the desired

coupled products in good yield.
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Ar-B(OH),
o PdCly(PPhs), CsF °
0 e DME:H,0 (1:1) o o

/Z/»(\)\ 130°C, 30 min, MW /Z/»(\)\
Br N or Ar N

| reflux, 60 min thermal |
Ph Ar-B(OR),, Ar-B(OH),, Ar-BF 3K Ph

R = p-OMe 71%
e

N LLL‘% R = p-NO, 86% @/ z‘a
' R = 0-Me 56% S o

Cl
75% 69%
O o
= N
H
79% 78% 82%
Scheme 2.18

In the last few years, Moran and co-workers haweiileed the direct alkenylation,
alkynylation and arylation at the C-4 position pfisones (Scheme 2.1%)with this
method, a range of aromatic iodide and bromo-alkemepounds can be coupled in

moderate to good yield.

Pd(OAc); (5 mol%)

To@) PPhs (10 mol%) Io@
\\ > \
N N K,COs DMF, 120°C N
1
i\ R™-X
X=1 l‘sL X =Br
Ri= ©/ R'= ~
MeO
R=Ph 77% R=Ph 77%
R =Me 53% R =Me 53%

YLAA‘% Ph/\/a“«

ot oo

R=Ph 81% R=Ph 85%
R=Me 60% R=Me 57%

R=Ph 81% R=Ph 85%
R=Me 60% R=Me 57%

Scheme 2.19
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4. Cycloaddition reactions

Sydnones can undergo cycloaddition reactions wkiinas and alkenes to furnish

pyrazoles and pyrazolines with loss of carbon diexi

The cycloaddition-retrocycloaddition of sydnoneshwalkynes was first reported by
Huisgen in 1962 (Scheme 2.28)They demonstrated that the reaction is compatible
with various hydrocarbon-substituted alkynes. Itsvadso shown that a range of

functional groups such as acetal, alcohol, estdraayl can be tolerated under these

CO,Me CO,Me 92%

conditions.
1
© RN R3 R4 R4 R3
O R3 — R4 \ R4 -COZ \
I\\ O N — 2 / ,N + 2 / ,N
R2 ,N [4+2] / R N R
Il?1 0 R2 R3 R1 R1
1= D LR =
R'=Ph ps R4 Yield | R=Ph s R4 Yield
R2=H ' RZ=Me
H H 75% ! H Ph 79% (4:1)
H Ph 79% ! Ph Ph 97%
Me Ph 74% (1:1) CO,Me CO,Me 99%
H CO,Me 92% (3:1)

Scheme 2.20

Pyrazoles have attracted significant interest enldist few years due to their potential
biological activity. For this reason, the cycloadsh reaction between sydnones and
alkynes has attracted particular interest and nesthadologies to impact on the

reaction regiocontrol have been developed.

Usually, electron-poor alkynes are used in theaaadlition reaction of sydnon&s.
As shown in _Scheme 2.21, dimethyl acetylenedicaflade undergoes the
cycloaddition reaction with 4-iodd-arylsydnones in good vyield.
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S o MeO,C.  CO,Me
IO MeOzC — COzMe / \
\\ - N
| N/N toluene, reflux, 6 hrs | N
Il? R

R = Ar, Me, (CH,),CN, 70 - 85 %

Scheme 2.21

Moreover, unsymmetrical alkynes can also be usedfutmish orthogonally
functionalized pyrazoles, although this brings #Huded complication of reaction
regioselectivity. For example, Padwa and co-workéave investigated the
regioselectivity of the reaction between a rangeCdfsubstituted sydnones and
methyl propiolate (Scheme 2.2%).1t was shown that the reaction proceeds in
moderate yield and with modest regioselectivitywidaer, the favoured isomer was
in all cases, the 3,5-disubstituted pyrazole. LaRanganathaet al. demonstrated
that the cycloaddition of proline-derived sydnometh methyl propiolate proceeded
in high yield but with little regiocontrol (Schern2e23)*

o
CO,Me
0 e __ 2 R' = Me, R? = Bn, 62 % (7:2)
O _—002Me / \
AN T g AN R"=Ph, R? = Me, 42 % (3:2)
R N2 R' = Bn, R2 = Me, 44 % (9:2)
R?2 R
Scheme 2.22
o

COzMe MeOzC

O o
= _=—COgMe_
N,N xylene, reflux

40 % 35 %

Scheme 2.23

In order to understand the low regiocontrol in ttycloaddition of propiolate

compounds with sydnones, Wong and co-workers hauesl the influence of the
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substituent in the position 4 on the sydnone ring size of the ester group (Scheme
2.24)% It was demonstrated that the cycloaddition of mgeaof 4-substituted
sydnones with methyl propiolate furnishes the pomding 3,5-disubstituted
isomer with low or moderate regioselectivity. Howev an improvement of
regiocontrol was observed when the size of therestbstituent was increased
(Scheme 2.25). Indeed, complete regiocontrol waemed when diphenylmethyl

propiolate was used.

S o CO,Me
Ic\; &Y R =H, 90 % (76:24)
RGN =-come RN R =1, 81 % (56:44)
_ R =CN, 80 % (58:42)

PhCl, 130°C R = CH,OH, 71 % (63:37)
R = SPh, 71 % (52:48)

OEt OFEt
Scheme 2.24
o@ o CO,R
/Zf?N NG ﬂ R = Et, 80 % (58:42)
NC >y ==—CO,R N R =Bn, 76 % (57:43)

PhCI, 130°C R = t-Bu, 79 % (78:22)
R = CHPh,, 85 % (100:0)

OEt OEt

Scheme 2.25

Farifiaet al. have investigated the regioselectivity of the ogddition reaction of

substituted alkynyl esters and sydnones (Schem®).? They have observed an
inversion of the regioselectivity when propiolatbearing aldehydes, acetal or
carbinol groups were employed. Cycloaddition ofpgiotates bearing an acetal group
furnished preferentially the 3-ester pyrazole. Hesve the cycloaddition of

propiolates bearing an acetal group furnishes Hestdr pyrazole as the major
product. Nevertheless, no or low regiocontrol igaoked by using a propiolate
bearing a carbinol substituent.
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R2 = CH,OH : 72% (50 : 50)

o@ ® RZ2  CO,Me MeO,C R2
RZ——CO,Me
? / /R
/N > N + N
N’N toluene, reflux N’ N
RI'I R1 R']
-R'=Ph 5 -R'=Bn
R2 = CH(OMe), : 84% (79 : 21) ! R? = CH(OMe), : 80% (81 : 19)
R2=CHO: 93% (34 : 66) E R?= CHO : 90% (28 : 72)

R2 = CH,OH : 79% (40 : 60)

Scheme 2.26

Good regiocontrol has been obtained in cycloadditeactions of acetal-substituted
propionitriles?® o-B-acetylenic ketoné$ and trifluoromethyl-substituted alkynés.
Interestingly in the latter case, the formation4e€CF; substituted pyrazoles was
favoured even in the case of C4-substituted sydn{®eheme 2.27).

A& rR=cF SN R} CFs
T8OE=n .
R2 .N R N/ R2 N,N

R R R’

R? R? RS Yield (%)

Ph H 4-MeOCgH, 56 (93:7)

Ph H 4-O,NCgHs  93(93:7)

4-MeOCgH; H 4-CICgH,4 84 (93:7)

Bn H 4-CICgH,4 65 (91:9)

t-Bu H 4-CICgH,4 58 (93: 7)

Ph Me 4-CICgH,4 75 (84 : 16)

Ph 4-CICgHs  4-CICgH4 57 (60 : 40)

Ph Br 4-CICgH,4 43 (71:29)

Ph MeS 4-CICgH,4 62 (43 : 57)

Scheme 2.27

These last few years, the Harrity group has dewslop methodology to access
pyrazoleboronic ester compounds directly via thelaaddition of sydnones and

alkynylboronates (Scheme 2.78)This method can allow a further functionalisation
of the pyrazoles by established organoboron chemist
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They have demonstrated that the cycloaddition batweunsubstitutetl-phenyl-
sydnones and terminal alkynylboronates provides dbeesponding 3-borylated
pyrazoles in good regioselectivity, while modersgdectivities were obtained using
substituted alkynes_(Scheme 2.28). Interestingty,ireversion of selectivity was
observed when terminal alkynes were used. Howedesubstituted sydnones
generally provide the corresponding pyrazoles wgthod regiocontrol (Scheme
2.28).

S o R  Bpin pinB R
Z‘Q\ R—=8Bpin Z/ \<N . Z/ \<N R=H:54% (7 : 1)
N’N xylenes, reflux N’ [Tj R=Bu:64% (2:5)
|
Ph Ph Ph
Lo .
Oe ® pinB Ph ® . Bpin
o Ph———Bpin ! O =Bpin T
(T (L R R Mol
Ph N,N DCB, 180°C Ph™ N7 ! N’ xyler;le, reflux N
! 59% (>98:2) Fl’h : 78% (9:1)
Ph !
Scheme 2.28

Recently, Tararet al. have reported the regioselctive synthesis of Yrégwles
using arylsydnones and terminal alkynes catalysgdcdpper-(l)-phenanthroline
complexes under mild and environmentally friendnditions (Scheme 2.29).
Their method has associated advantages of chembg#jeand biocompatibility

associated with click type processes.

O@ CuSOQy/phenanthroline (0.2 equiv.) R
Z>O® N(CH,CH,OH); (1 equiv.) R
W\ — t o
/N’N ¥ Sodium ascorbate (2 equiv.) N’N
| tBuOH/H,0, 60°C, 16 hrs Ar
Ar R = Alk, Ar 61-99%

Scheme 2.29: Cu(l)-catalysed synthesis of 1,4-myeszZrom arylsydnones

They have also reported the one-pot synthesis &pyirazoles from arylglycines

without the isolation of the intermediate sydnoffe€ptimization studies showed
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that nitrosation and cyclisation using TFAA follodveby Cu-catalyzed alkyne
cycloaddition allowed the formation of pyrazole ‘one-pot’ from the glycine
starting material in good yield (Scheme 2.30).

=R
o
1)t-BuUONO (1.1equiv.) | O @ | CuSO4BPDS R
H COH 2) TFAA (2.5 equiv.) Z‘Q Na asc., NEt; I3
> —_—
ArT N 25°C N 60°C N
solvent free Ar tBuOH/H,0 Ar
99%
Scheme 2.30: ‘one-pot’ synthesis of 1,4-pyrazoles
5. Aims

In the past few years, the Harrity group has stlithe cycloaddition reactions of a
range of alkynes and sydnones to form a librargysézoles. In an effort to expand
the scope of this methodology, the introductionaaf oxetane ring to a sydnone
moiety offers a promising concept for the synthesisa range of pyrazoles

containing this usefuD-heterocycle fragment (Figure 2.4).

0 Elaboration via alkyne
— NS cycloaddition
(Functlonallsatlon] FG ‘--f--%--

=z

Early stage incorporation
of N-substituent

Figure 2.4

Indeed, using the acidity of the proton at C-4haf $ydnone ring, the sydnone can be
easily deprotonated and an electrophilic oxetatete® compound can be added to
furnish a C-4 oxetane substituted sydnone moiekys #-substituted sydnone can

then undergo a cycloaddition process with differalynes to furnish pyrazoles
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(Scheme 2.31). Also, this method has the potetatiptovide an interesting divergent

strategy for the elaboration of a library of oxetawntaining pyrazoles.

g o o R R?
base E 0) RI—R2 E \
/ N e / N
N .
N ’ N
I

N |
R 0 R

Scheme 2.31: Strategy

6. Investigations on the introduction of an oxetane ring

into a sydnone

The first goal was to investigate an efficient nogttior coupling the oxetane ring to
the sydnone C4 positiomN-Phenyl sydnonet3a was chosen for the optimization
studies as it can be prepared in two steps on 4gdth scale from commercially
availableN-phenylglycinein high yield (Scheme 2.32).

$)

0 0
H IAN, DME, r.t., Shrs N TFAA, DCM O
_N__CO.H > e /N
Ph™ N ~_-COzH rt., thr .

Ph” N

Ph
43a
93%

66.1 mmol scale

Scheme 2.32: Synthesis of phenylsydnone

N-Phenylglycine was first nitrosated with IAN in DMBt room temperature
following Turnbull’s methodology? The nitrosamine intermediate was then treated
with TFAA in DCM to promote the cyclodehydration darfurnish the desired
sydnone43ain good yield after concentration and recrystati@n in ethanol. Due to

the carcinogenic properties of the nitrosaminermgsliate, it was not isolated or

characterised.
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The next task was to investigate the introductibthe oxetane ring. We began with
a model study using cyclohexanone in place of 3amane for the optimization

studies because of the ready availability and losest of the larger ring compound.

6.1. Investigation of the introduction of cyclohexanone

derivatives

6.1.1. Synthesis of cyclohexanone electrophiles

For the optimization studies, two cyclohexanonaveer electrophiles were chosen:
ana,p-unsaturated estdd and ano,-unsaturated nitro compoud® (Figure 2.5).

CO,Et NO,

44 45

Figure 2.5: cyclohexanone derived electrophiles

The unsaturated ester intermediatd) (was synthesized from cyclohexanone using
Wittig reagents. The conditions described by Ro@emns, Muller, and Carreira
using 3-oxetanone with the Wittig reagedA6)(in dichloromethane did not provide
the desired cyclohexene ester intermediate (Enty' 1° Pleasingly however, the
conditions reported by Ando using the Wittig reagdi provided the desired
compound 44 in 46% yield (Entry 2)°® Unfortunately, the compound was
contaminated by 25% of an inseparable by-proddsY).(To optimize the reaction,
the previous conditions were examined with the eea@l6) instead of 47) (Entry

3). Unfortunately, no product was isolated, andrtaetion led to the recovery of the
starting material. When #O; was used instead of £30; with the Wittig reagent

(47), no improvement was observed (Entry 4). Howetteg, product was obtained
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with 62% and 36% respectively, and with no by-padiEntry 5 and 6) following
the conditions described by Gilmateor Hiatt*%.

0
0 !
A46ord7 7" "COLEt COzEt 'EtOzC _PPhs Et0,C__P(OEY), |
condltlons 46 47

by-product R S
44
Entry Wittig reagent Conditions Yield (44:44’)
1 461 DCM, r.t., 2 days No reaction
2 471°) DBU (1.5 equiv.), C£0; (1.2 equiv.), r.t., 1day  46% (4 :1)
3 46 DBU (1.5 ewiv.), C3CO; (1.2 equiv.), r.t., 2 days  No reaction
4 47! DBU (1.5 equiv.), KCOs (1.2 equiv.), r.t., 4 days  44% (3.3:1)
5 46 1°) Toluene, reflux, o/n 62% (1 : 0)
6 46 1°) NaH (1.05 equiv.), DME, r.t., o/n 36% (1:0)

B using 1.1 equiv. of Wittig reagent; using 1.2 equiv. of Wittig reagent.

Table 2.1: Optimisation studies for the synthe$id4

We planned to prepare the unsaturated nitro inteéiates @5) using nitromethane.
The first attempt using the conditions described Rygers-Evans, Miller, and
Carreira employing nitromethane in presence of thylamine, and then
methanesulfonyl chloride and triethylamine did nmmbvide the desired nitro
compound (Entry 1)Using the same conditions at a higher temperatidendt

provide the desired compound either (Entry 2). &etf 16% of a mesylated
compound was recovered. Yao and co-workers hawerided a one-pot method to

synthesize 2,2-disubstituted 1-nitroalkenes (Ef@rand 4)*°

Unfortunately, this
method did not provide the desired product. Véalal. described a method to form
nitroalkenes using nitromethane with a sodium bsdorm a p-hydroxy nitro
intermediate, which was then treated with acetybritle and sodium carbonate to
furnish the desired compour®. To obtain the hydroxyl intermediate, two bases
were tested: sodium methoxide and sodium hydroxisidortunately, using sodium
methoxide, no hydroxyl intermediate was observautr{Es). In contrast, the use of
sodium hydroxide provided the desired addition poydhowever, after treatment

with acetyl chloride and sodium carbonate, the so#8 of the desired nitroalkene
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45 was obtained in 19% overall yield (Entry 6). Attasygo prepared5 were

subsequently abandoned.

0 _MeNO, 2 No,
(j condltlons

Entry Conditions Outcome
1) MeNO; (20 equiv.), NE§(cat.), r.t., 2 hrs
1 2) MsCI (3 equiv.), NEf (4.4 equiv.), DCM, No reaction
-78°C-r.t.

1) MeNGO; (1.1 equiv.), NE#(0.2 equiv.), r.t., 1.5 hrs SM and 16% of
2 2) MsCI (1.1 equiv.), NEt(2 equiv.), THF, r.t.-40°C, mesylated product

2 days obtained
3 MeNGO,, piperidine, PhCkBEH, MeCN, reflux Complex mixture
1) MeNGQ,, piperidine, PhCkEBEH, MeCN, reflux '
4 . Complex mixture
2) mCPBA (4 equiv.), (CELCI),, reflux, 1 day
5 MeNG,, CH;ONa (1.1 equiv.), r.t. No reaction
1) MeNGO; (10 equiv.), NaOH (1.1 equiv.), r.t.
No product
6 2) AcCl (exc.), r.t.,, 2 hrs
19% of48

3) N&CO; (1.1 equiv.), THF, reflux, o/n

Table 2.2: Optimisation studies for the synthe$idD

6.1.2. Investigations of the conjugate addition of phenylsydnone 44 to

cyclohexenone derivative 44

Using the acidity of the proton at C-4 of the sydmaing, the coupling oN-
phenylsydnond3aand the cyclohexenorgl was attempted. Disappointingly, using
general conditions of deprotonation with a Grignagagent (Entry 1 and 2) followed
by the addition of the electrophile, no desireddouci was obtained. The use of a
lithium base instead of a Grignard in presence lofwais acid (Entry 3) also failed to

furnish the desired produt® In all cases the starting sydnone was recovered.
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o CO,Et

o@ ® 1) Base, THF, -78°C o o |
Z/»(\)\ 2) Cul (1.1 equiv.), -78°C-r.t. 1hr EtO,C ) QN
N'N 3) 44 (1.1 equiv.), T (°C), o/n ,}1
Ph Ph 44
43a 49
Entry Base T (°C) Outcome

1 MeMgBr r.t. No reaction

2 MeMgBr Reflux No reaction

3 n-BuLi @ Reflux No reaction

I BF;.0Et (1.1 equiv.) was added

Table 2.3: Conjugate addition attempts

The conditions developed by Kuwajima using a coratiim of chlorotrimethylsilane
and a copper (I) trimethylsilylacetylide reagenttxelerate the 1,4-addition reaction
between am,p-unsaturated ester and an alkyllithium were attechptithout success
(Scheme 2.33:3°* In this case, no desired produt® and no starting sydnone

compoundsgi4 were recovered.

S o
O @ 1)BuLi(1.1equiv.), THF, -78°C ®
Z/—g 2) Cu-CC-TMS (1 equiv.), -78°C, 1hr  EtO;C ) Q

NN 3) TMSCI (1.5 equiv.) 44 (1.5 equiv.), N
I -78°C -r.t,, o/n !
Ph Ph

43a 49
Scheme 2.33:

In order to explore the efficiency of the additiof electrophiles to sydnones,
Turnbull’s conditions were tested in two differestdlvents. The desired acetylated
phenyl sydnon&0 was obtained in 49% vyield when the reaction wasezhiout in
THF. In contrast, this reaction failed when carr@d in CHCl, (Table 2.4). In the
context of the cyclohexenone conjugate additiodisgioutlined earlier, these results
suggest that the deprotonation step occurs butthmtl,4-addition on the,f-

unsaturated estdd.

61



Chapter 2: Introduction of oxetane ring into heterocyclic and aromatic scaffolds

O S)
O @ 1) n-BuLi (1.1 equiv.), solvent, O @
0] -78°C, 30 min @]
I N\ _ > o/ '\
N 2) Cul (1.1 equiv.), -78°C-r.t., 30 min N’
| 3) AcCl (1.3 equiv.), r.t., o/n |
Ph Ph
43a 50
Entry Solvent Outcome
1 DCM No reaction
2 THF 49%
Table 2.4

To examine the introduction of an aromatic group tba a,f-unsaturated ester
intermediate, the reaction conditions of Davies eveexamined using an
organolithium reagent’® The reaction was carried out using bromobenzenk an
butyllithium in presence of copper cyanide (entjyal copper iodide (entry 2).
Unfortunately the desired compound was not obtaunetker either set of conditions
and starting ester was recovered.

1) BuLi (1.5 equiv.), THF, -78°C, 1hr

Br 2) [Cu] (1.5 equiv.), -78°C - r.t., 1hr
3) 44 (1 equiv.), r.t., o/n

CO,Et
51
Entry Copper Outcome
1 CuCN No reaction
2 Cul No reaction
Table 2.5

The lack of reactivity observed with the-unsaturated ester cyclohexanone
derivatives can be explained by a combination @& #teric hindrance of the
cyclohexane cycle during nucleophilic attack, ahd tow nucleophilicity of the
sydnone anion (Figure 2.6).
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HH{/E

Figure 2.6: steric hindrance of the attack of the®a

6.2. Investigation of the introduction of oxetanone

derivatives

Although the model studies proved to be disappagtithe incorporation of the
oxetane ring by conjugate addition of a sydnonetsuitably activated oxetane
system was investigated on the basis that the dratdkocyclic ring may be subject

to less steric hinderance as compared to the oyxéotone derived system.

6.2.1. Synthesis of oxetan-3-one electrophiles

To form the oxetan-3-one basedp-unsaturated ester, the optimal conditions
developed for their cyclohexanone analogues was (s&= Table 2.1: Entry 5 and 6;
and Table 2.2: Entry 6). The results for the sysithef the ester intermedia®2 are
summarized in_Table 2.6. The desiref-unsaturated ester of oxetaB@ was
obtained in good vyield using the conditions desatiby Gilmore for the cyclohexyl
derivatives. Due to the potential volatility of tkerget compound, dichloromethane
was used instead of toluene. Moreover, as expesteigomerisation by-product was

observed due to the ring strain present in thispmmd.
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46 or 47

:' 0 :

O (1 2 equiv.) ,jACO Et | i -

’tf 2 ' EtO,C.__PPhs EtO,C._ _P(OEY), !

condltlons ! 2N : 26~ PIOE: |

o : 46 47 ;

Entry  Wittig reagent Conditions Outcome
1 46 DCM, reflux, o/n 96%

2 47 NaH (1.05 equiv.), DME, r.t., o/n 22%

Table 2.6: Synthesis &2

Using the conditions found for cyclohexanone detivep-unsaturated nitro
intermediate, the corresponding oxetéb® was obtained in 25% vyield (Scheme
2.34).

o)
1) MeNO,, NEt; (cat) U%Noz
ol 2) NEt;, MsCl, DCM O
25% 53

Scheme 2.34: Synthesis%3

6.2.2. Investigations on the conjugate addition of phenylsydnone to

oxetanone electrophiles

The a,p-unsaturated ester intermediate of oxetdi® was chosen initially to
investigate the introduction of the sydnone ringe dw its easy and efficient
synthesis. For this purpose, different bases wested. No reaction was observed
using butyllithium or methylmagnesium bromide (gritrand 2). Unfortunately, the
addition of a copper additive (entry 3 and 4) amel ise of trimethylsilyl chloride as
a co-catalyst (entry 5 and 6) or a Lewis acid (mrand 8) did not furnish the

desired compoung4.

64



Chapter 2: Introduction of oxetane ring into heterocyclic and aromatic scaffolds

© ©

o o _ . o e /~CO,Et
Z/—(\)\ 1) Base (1.1 equiv.), THF, -789 EtO,C ) (\)\
NN 2)52(1.1 equiv.), rt, oln N |©O

. Y 52

Ph 0 Ph

43a 54

Entry Base Outcome

1 n-BuLi No reaction
2 MeMgBr No reaction
3 n-BuLi @ No reaction
4 MeMgBr!?! No reaction
5 n-BuLi @ [°) No reaction
6 MeMgBr @ P! No reaction
7 n-BuLi 1@ [Pl No reaction
8 MeMgBr®- Pl No reaction

I Cul (1.1 equiv.) adde® TMSCI (1.1 equiv.) added:;
[l BF,.0E%, (1.1 equiv.) added.

Table 2.7: Conjugate addition attempts

To investigate the nucleophilic addition to the taxe-ester intermediate?, the

addition of bromobenzene was attempted (Schemg.adBBortunately, no product
was observed when bromobenzene was treatednwithtyllithium and added to the
electrophile. Moreover, no reaction was observe@érwh copper additive (copper

iodide) and a co-catalyst (trimethylsilyl chloridegre also added.

Br 1) BuLi (1.5 equiv.), THF, -78°C, 1hr  Ph ,t(/\COQEt
0

©/ o:| CO,Et 52

2) 52 (1 equiv.), r.t.,, o/n
55

Scheme 2.35: attempted 1,4-additions&using aryllithium reagent

Gobbi et al. have described an alkylation method of the oxe&ster52 using

methyl magnesium chloride in presence of chlorathylsilane and copper iodide
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(Scheme 2.36)% Using these conditions, the desired prods@twas obtained in
56% yield. This result suggests that the additmnhe electrophilic estes2 is not
directed by steric interactions but more by theklad electrophilicity of the
unsaturated estes2 or the lack of nucleophilicity of the aromatic oydsone

organometallic compound.

,{COzEt 1) TMSCI (1.5 equiv.), Cul (0.1 equi\Q |
o)

2) MeMgCl (4 equiv.), THF, -15°C 4| ‘o et
52 56% 56

Scheme 2.36: conjugate addition of MeMgCl5éh

6.2.3. Use of oxetan-3-one for sydnone ring coupling

As the conjugate addition of C4-metallated sydnawoes,-unsaturated esters and
nitro compounds were unsuccessful, the 1,2-addibo8-oxetanone was attempted.
Initially, using n-butyllithium to deprotonate the position 4 of thglnone ring with
or without a copper additive followed by the adufitiof oxetane-3-one failed to
provide the desired product (Entry 1 and 2). Howete our delight, when methyl
magnesium bromide was used instead of a lithiune,i28% of target material was

obtained after purification by flash chromatograpysilica gel (Entry 3).

o €
0] @ 0 @
Z/»QN 1) Base(§1.1 equiv:), THF, -78‘2 HO ) Q‘N
'l\l, 2) (1.1 equiv.), r.t., o/n '}‘
Ph Oj o] Ph
43a 57
Entry Base Outcome
1 N-BulLi No reaction
2 n-BuLi @ No reaction
3 MeMgBr 20%

Bl Cul (1.1 equiv.) added

Table 2.8: 1,2-addition to 3-oxetanone
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In order to optimize the reaction, parameters aagkhe choice of the base, solvent
and temperature were investigated. The use otiiitthase (Entry 1 and 2, Table 2.9)
provided no or little conversion of starting maarHowever when a Grignard base
was used instead, the desired product was detetteduse of methylmagnesium
bromide instead of methylmagnesium chloride deéidea higher conversion of
starting material. The reaction temperature was sisdied, as shown in Table 2.9,
the conversion of starting material was greatedat°C or 0 °C than at -78 °C. But,
at 0 °C the reaction provided more degradationngys¢oluene as a solvent, low
conversion of starting material was observed. Betb@version was observed when

a more polar solvent was used, and, the best resmdt obtained using THF as

solvent.
e
o ® o @
0O O base (1.1 equiv.), o]
/ \\N + ,t/l/ [ HO / A\
N S solvent, T(°C) N
Ph 0~ Ph
43a 57

Base®  Conversion T(°C) ™ Conversion Solvent!? Conversion

n-BulLi 0% -78°C 50% THF 90%
t-BuLi 5% -15°C 90%M™ DCM 60%
MeMgCl 33% 0°C 90%!®! Toluene 30%
MeMgBr 50% Dioxane!” 70%

[l Reactions carried out in THF at -784¢:Reactions carried out with MeMgBr (1.1 equiv.);
[ Reactions carried out with MeMgBr (1.1equiv.) B6°C; ! Isolated yield: 90%! Isolated
yield: 65%; Reaction carried out at 10 °C.

Table 2.9: Optimisation of the addition of phenysgne to 3-oxetanone

The oxetane-containing sydnones were purified iyration with ethanol due their

instability on silica gel and their poor separatmnflorisil and alumina.

This method of introducing an oxetan-3-one was ed&pd to different N3-
substituted sydnones. Comparable yields were addairsingpara-methoxyphenyl
sydnone instead of phenylsydnone. The reaction dmiW-benzyl-sydnone and

oxetane-3-one gave a slightly lower yield.
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O@ @ o@ ®
Z/»Q\N 1) MeMgBr (1.1 equiv.), THF, -15°C= HO ) (\)\
N’ 2) 3-oxetanone (1.1 equiv.), -15°C-r.t. N,N
R 0~ R
Entry R Isolated Yield
1 Ph 69%b7
2  PMP® 63%58
3 Bn 54%059

&l 4-Methoxyphenyl

Table 2.10: Introduction of 3-oxetanone iNesubstituted sydnones

7. Investigations of the cycloaddition reaction of 4-

oxetanylsydnone intermediates

With oxetane substituted sydnones in hand, theoagdlition of these reagents with
alkynes was explored. In this study, the prelimyn@actions were carried on thie

phenyl-substituted sydno®@ because of its easy preparation on large scale.

As highlighted in_Table 2.11, the first investigati using an electron-deficient
alkyne, DMAD, was promising. In fact, by heatingden microwave irradiation in
DCB within a short time, the product was obtainecekcellent yield (Entry 1). A

slightly lower yield was obtained by heating atlugfover a longer time (entry 2).

o

o MeO,C CO,Me
0] MeO,C——CO,M HO
HKOX/T N =M LN
N’ N
|
O~ Ph O™ Ph
57 60
Entry solvent heating Time Outcome
1 DCB 180 °C, MW 5 min 92%
2 xylenes Reflux 6 hrs 78%

Table 2.11

68
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As preliminary investigations looked promising, thiéciency of the cycloaddition

was then explored with phenylacetylene, our resaéssummarized in Table 2.12.

Unfortunately, the product was obtained in poomurderate yield. As shown in

Table 2.11 and Table 2.12, the best conditionsi@fctycloaddition with an electron-

deficient or neutral alkynes is obtained by heatimgler microwave irradiations in

xylenes or DCB. The use of a Cu-Lewis acid was afs@stigated in order to

promote cycloaddition. However, this condition égilto provide any pyrazole in the

one-attempt examined (entry 8). The regioselegtiwit the reaction was assigned

compared to the precedent literattite.

S o H  Ph
HO JQ H=_Ph HQ | Y
N’ |
O~ Ph O~ Ph
57 61
Entry Solvent Conditions Time Yield
1 Xylenes Reflux 48 hrs 27%
2 Xylenes MW, 140 °C 6 hrs 51%
3 DCB MW, 180 °C 45 min -
4 DCB Sealed tube, 140 °C 2 hrs 5%
5 Xylenes Sealed tube, 140 °C 6 hrs 10%
6 Neat Sealed tube, 140 °C 2 hrs 11%
7 Neat MW, 140 °C 30 min 13%
gla Xylenes MW, 140 °C 30 min -
I Cu(OTf), added
Table 2.12

Using the optimized conditions, the scope of thelagddition

reaction was

investigated. The cycloaddition of sydnoB& with an electron deficient alkyne

promoted by microwave irradiation provided the esponding pyrazole80 and62

in high yield and good regiocontrol (entries 1 &)jd In contrast, neutral alkynes

such as phenyl- and trimethylsilyl-acetylene afémrdhe product61 and63in 51%

and 17% vyield respectively but with good regiocoh{entries 3 and 4). However,
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the cycloaddition ofN-para-methoxyphenylsydnoné8 with electron-deficient
alkynes was found to be less effective thanNkghenyl analogu&7 (entries 5 and
6). Moreover, the cycloaddition reaction ™-benzyl-substituted sydnon&9
furnished the corresponding pyrazoles in poor yeshdl regiocontrol (entry 7). In
fact, it appeared that it was less effective begdusnderwent decomposition at high
temperature during the cycloaddition process. Tdgioselectivity of the reaction

was assigned compared to the precedent liter&tlre.

o o R R? RZ R
N Vor h )
0 R xylene, MW, 140°Cc~ © R 0O R
a b
Entry R R? R® Yield (a:b)
11 Ph CQMe COMe 92%60
2 [P Ph H CQEt 66% (7:1) 62
3 Ph H Ph 51% (88:2) 61
410! Ph H T™S 17% (98:2) 63
5 @l PMP! CO:Me COMe 60%64
6 PMPL H COEt 44% 6:1) 65
7 Bn H COEt 21% @:1) 66

[l reaction carried out in DCB at 180°C under micreevaonditions™ reaction carried

out in xylene at 140°C under microwave conditidfgara-Methoxyphenyl

Table 2.13: alkyne cycloaddition reaction of syde®n

As it appeared that only a small array of substrasederwent an efficient
cycloaddition with oxetane-substituted sydnones, ghtential of the alcohol group
for promoting the decomposition of these mesoi@mumpounds was investigated.
The alcohol group was therefore acetylated to @ive which was subjected to
microwave irradiation in the presence of DMAD. Téesonditions furnished the
corresponding pyrazolé8 in 73% vyield. Unfortunately, the 49% vyield over t2[ss

presented no further advantage over the cycloaxhdrgaction with the free alcohol,

as this proceeded with a yield of 92%.
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S o AcCI (1.1 equiv.) S o MeO,C.  CO,Me
Ho ) Q EtN(1.25equiv) , / o DMAD AO ) {
N/N DCM, r.t., 1 day N,N MW, DCB, N
I 68% ) 180°C, 30 min 0 Fl’h
(@] Ph (0] Ph 73%
57 67 68

Scheme 2.37: cycloaddition 6% with DMAD

8. Elaboration of the scope of oxetane-substituted

sydnone cycloadditions

The poor yields observed in the majority of alkyeyeloadditions prompted us to
explore an intramolecular variant of this reactiSpecifically, it was anticipated that
the free alcohol on the oxetane ring would represemseful handle from which to

append a range of alkyne groups.

8.1. Alkylation of the alcohol group

In order to study the intramolecular cycloadditidhe preparation of a range of
propargyl ethers was explored. As shown in Tablel 2phenyl and PMP-sydnone
underwent propargylation in good yield after depnaition with potassium hydride
and treatment with propargyl bromide in presenceaetfabutylammonium iodide
(entries 1 and 2). The alcohol group of thd’henylsydnone derivativésT) also
underwent propargylation with bromoacetonitrileéhie presence of excess potassium
hydride to furnish the corresponding nitrilé0f in good vyield (entry 3). However,
the corresponding benzylsydnone appeared to bahlasand provided the desired
alkyne 72 in poor yield (entry 4). The instability of 4-suitsted benzyl sydnone
compared to its aryl analogues is consistent vighdbservations of Padwa and co-

workers®
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X ©
: °f 1)KH, THF, 1hr 2\ >
HO \\ ’ y I'= N e _
/N/N 2) TBAI (0.1 equiv.) © /N/N X=CHorN
o R Br\///x (4 equiv.) o i
Entry R X QOutcome
L Ph CH 79%68
2% Ph N 89%7C
3 pMPpLel CH 75%71
4 Bn CH <10%72

Bl using 4 equiv. of KH;® using 10 equiv. of KH! para-
Methoxyphenyl

Table 2.14: Propargylation of oxetane-sydnone déries

With an efficient route to access to alkyn@8 and 71, their conversion into
bromoalkynes was attempted. In fact, the intramdéeccycloaddition of these
substrates could allow the synthesis of bromopyeszthat would offer the chance

for further functionalisation, via, for example ssacoupling reactions.

Wu and co-workers described a methodology to obbaomoalkynes using silver
nitrate andN-bromosuccinimide in acetor® Pleasingly, when the alkyr9 was
treated under these conditions the correspondingdralkyne73 was obtained in
84% vyield.

\ Br
O
\\\ 0 o A \\ o
o AgNO; NBS 0 e
O / \\ _ > O
N acetone 0] /R
N 84% N’
(0] Ph |
(0] Ph
69 73

Scheme 2.38: Bromination of alky68

Unfortunately, when the PMP analogue was treatetbuthe same conditions, no

product was observed (entry 1). This was a surgyisesult and the underlying

72
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reasons for the stark difference in reactivity lvége two closely related substrates
are unclear. Nonetheless, alternative methods vexglored. The conditions

described by Verat al. using n-butyllithium and bromine furnished a complex

mixture (Scheme 2.39§?

Br

\ S o DnBui(izequv) |\ o

o o) THF, -78°C (@) ®
\ '
! N 2)Br, (1.4 equiv) o J <
N 78C-rt,20hrs N
0~ PMP |

0~ PMP

71 74

Scheme 2.39: Bromination attempt h

To our delight, when dichloromethane was used asstiivent instead of acetone,
30% of alkyne71 was converted to the bromo analogik(entry 2). The use of
silver species was explored. As described by RdWand Gémez-Campillds!
when using silver fluoride or silver acetate, thmnersion and the yield of the
reaction was improved (entries 3 and 4). Silvetateevas found to be the best silver
salt for the reaction. The choice of the solvens wWeen investigated to improve the
reaction (entries 4 to 7), and it was found that tbaction proceeded in good yield

using silver acetate arddtbromosuccinimide in dichloromethane (entry 7).

73
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S
\\\ 0] @ _ \\ o
o 7 e} [Ag] (0.1 equwi o) ®
\\ > O

N - Q
N NBS (1.5 equiv.) I\
| solvent, time N’
O PMP |
O PMP
71 74
Entry Silver salt Solvent Time Results
1 AgNG; Acetone 1 day SKf recovered
2 AgNG; CHClI; 1 day 30% conversion
3 AgF Acetone 18 hrs 32%
4 AgOAcC Acetone 1 day 69%
5 AgOAc MeCN 3h15 91%
6 AgOAC MeOH 4 hrs 72%
7 AgOAc CHCl, 3 hrs 94%

Bl SM = Starting material

Table 2.15: Optimisation of bromination o4

The possibility of further functionalization of ttedkyne was also explored, and the
synthesis of the alkyne boronic ester derivatives &ttempted. For this purpose,
different bases were tested to deprotonate thenalb@ before treatment with

iIPrOBpin. Unfortunately, as shown in Table 2.6, nadpict was observed under any

of these conditions.

74
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\ pinB
o
\\\ O @ \\ S
o O 1) Base, Et,0 o)
/ W\ —> O
N 2)iPrOBpin o /J x
N 3)HCI(1Mm) N
0] Ph |
O Ph
69 75
Entry Base Outcome
1 n-BuLi RSM
2 MeMgBr RSM
3 NaH RSM
4 KH RSM
5 t-BuLi RSM

6 t-BuLi, t-BuOK RSM
RSM: recovered starting material

Table 2.16: Borylation attempt 60

8.2. Intramolecular cycloaddition of alkynes and further

transformations

Microwave irradiation conditions were chosen to dgtuthe intramolecular
cycloaddition, so that a direct comparison couldniede with the intermolecular
processes. First, the cycloaddition of nitrile dative 70 was investigated. In fact,
this could represent an effective synthesis ofztd@ compounds which are
commonly found in the drug discovery sector. Unfodtely, when the nitrile

derivative70 was heated in xylene or DCB under these conditinageaction was

observed (Scheme 2.40).

xylene, 140°C

N
Vg o o) N
®  DCB, 180°C /R
0] /Q\ — > _N
N MW, 2hrs S N
N Ph

o) Ph
70 76
Scheme 2.40

75
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As the nitrile seemed to be unreactive, the padioon of this compound in
intermolecular alkyne cycloaddition reactions wasgestigated. The nitril@0 was
heated under microwave irradiation with DMAD in egk (entry 1) or DCB (entry
2). The cycloaddition produdt7 was obtained in moderate yield and within a long
reaction time. The lack of reactivity of the nigrigroup can be possibly due to steric
effects.

N N

W S W\ Meo,C  coMe
\\ O P MeO,C—=—CO0,Me 2 2
o IS o= 9
N xylene, MW, 140°C N
y o y
o Ph DCB, MW, 180°C o) Ph
70 77

Entry Time Yield
1 9 hrs 5596
2 2.5 hrs 6194

Bl 1solated yield;™ reaction carried
out in xylene;™ reaction carried out
in DCB.

Table 2.17

Pleasingly, all alkyne substraté®, 71, 73 and 74 underwent the intramolecular
cycloaddition to afford the corresponding pyrazatesxcellent yield. The results are
summarized in Table 2.18. These results highligat intramolecular cycloadditions
offer a more generally efficient means for prepaguimghly congested pyrazoles from
C4-substituted sydnones.
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X S8 X
\ | N xylene 140°C QT
© N\R MW, 15-30 min ! 'T'/N
o R
Entry R X Yield
1 Ph H 98%/ 8
2 Ph Br 94%/ S
3 PMPE H 93%80
4 PMPE  Br 89%81
B para-Methoxyphenyl
Table 2.18

The spiro-oxetanes9 and 81 represent an interesting intermediate for drug
discovery as it has a bromide which could allowHer functionalisation. Moreover,
their low molecular weight and log P, and their goity make them interesting
intermediates or possible candidates for drug dsigo Compound80 and81 also
represent an interesting fragment as the PMP-gcoujd be deprotected to provide

the free pyrazole.

As such fragments can be interesting intermedifethe fine chemicals industry,
the deprotection of the PMP-group 80 to access the free-pyrazole was examined
by using oxidation of the electron rich aromatmgrusing CAN. As shown in Table
2.19, the desired product was isolated in modeyiatd. Moreover, an unexpected
by-product derived from oxidation and hydrolysisloé 5-membered ring containing
the endocyclic oxygen was observed. The formatiothie product was found to be
dependent on the water concentration in the reaatnixture. After significant
optimization, it was found that both pyrazoles cobk selectively synthesized and

isolated in moderate yield.
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P
0 0
)
/N,N —CAN / N+ HQ BN
MeCN:H,0, T(°C) N )
7 Pwp ’ o— H N
O~ PMP
80 82 83

Entry MeCN:H 0O T(°C) CAN (equiv.) 82:83 (yield)

1 5:1 -15°C 3 1:0 (61%)

2 1:2 -15°C 3 45:55 (23%)

3 1:10 -15°C 3 4:6 (36%)

4 1:4.75 -15°C 3 0:1 (40%)

5 1:4.75 -78°C 3 25:75 (41%)
6 1:4.75 0°C 3 15:85 (42%)

7 1:4.75 r.t. 3 3:7 (27%)

8 1:4.75 0°C 1 20% conversion
9 1:4.75 0°C 5 0:1 (29%)

Table 2.19: Optimisation of PMP deprotection

However, on extending this study to the 3-bromdamee 81, it was disappointing
to find that this compound seemed to be less nemaind did not provide the desired
product when it was subjected to the conditionsviptesly optimized for the
pyrazole80. Moreover, no starting material was recovered armbmplex mixture
was observed on thel NMR of the crude mixture.

0O CAN (3 equiv.), 0°C
T > 9 )
N e (N
. . N~
) F|>MP MeCN:H,O (1:4.75) o N
81 84

Scheme 2.41: deprotection attemp8af

As the bromopyrazol&8l seemed to be unreactive to the CAN deprotectioa, t
bromination of the free pyrazo2 was studied. The bromination was attempted
using bromine (entries 1 and ¥ or N-bromosuccinimide in different solvents.

Unfortunately as shown in _Table 2.20, no trace edictd product was observed
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under any of these conditions, and the pyrad@lappeared to degrade to provide a

complex mixture.

Br, (3 equiv.) Br
O J N\ orNBS(1equiv) O ;
N !\
N base (4 equiv.) N’
O H solvent,r.t. O H
82 84
Entry ‘Br’ source Base Solvent Outcome
1 Br, NaOH HO Degradation
2 Br, NaHCQ Et,O Degradation
3 NBS - MeCN Degradation
4 NBS - DMF Degradation
5 NBS - EtO Degradation
Table 2.20

The bromo pyrazoles’9 and 81 can provide good intermediates for further
functionalisation. Among these, the direct arylatand the Suzuki coupling was

investigated.

Phenyl-substituted pyrazoled and 2-methylfuran were chosen to investigate and
optimize the direct arylation reaction. Differenallpdium catalysts and solvent
systems were tested, but unfortunately, traces atmmoiuthe desired compourttb
were obtained. Moreover, there appeared to befgignt levels of homocoupling of

the pyrazole observed in this reaction. The resuisshown in Table 2.21.

79
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Br  2.methylfuran (1.5 equiv.)

0 Y [Pd] (10 mol%)
N’ K3POy, (3 equiv.),
O Bh  HyO:solvent (1:4), 100°C
79
Entry [Pd] Solvent Conversion

_ 28% (Homocoupled product
1 PdChdppf.DCM dioxane
recovered)

19% (Homocoupled product

2 PdCH(PPh), dioxane
recovered)
3 Pd(PPE)4 DMF RSM
4 Pd(PPH), toluene RSM
. 30% (Homocoupled product
5 Pd(PPh)4 dioxane

recovered)

B'RSM: Recovered starting material.

Table 2.21: Direct arylation attempt

Pyrazole79 and phenylboronic acid pinacol ester were choserhfe optimization
studies on the Suzuki-Miyaura cross-coupling. Ritegg, conditions found
previously in the group for the Suzuki coupling myrazole with boronic acid
derivatives furnished the desired compow@&lin 93% vyield (Entry 1). Using the
condition found by Langer and co-workers by usindCRAPPh), instead of
PdCLdppf.DCM allowed an increase in yield to 97% (En2)y**When Pd(PP
was used in DMF and water the prod@6twas obtained quantitatively (Entry ‘3.
However, to simplify the isolation of the compourather solvent systems were
investigated. In toluene-methanol a slight decreafsgield was observed (Entry
4).*° Pleasingly, a total conversion and recovery ofdpoh 86 was obtained by

using a dioxane-water mixture as solvent (Entr{'5).

80
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Br ph-Bpin (1.5 equiv.) Ph
Q [Pd] (5 mol%) __ QT %
N’ K3POy, (3 equiv.), N’
O Fl’h solvent, 90°C O I|3h
79 86
Entry [Pd] Solvent Yield
1 PdChdppf.DCM HO:dioxane (1:4) 93%
2 PdCL(PPh); H,O:dioxane (1:4) 97%
3 Pd(PPk)4 H.O:DMF (1:4) Quant.
4 Pd(PPk)4 MeOH:toluene (1:4)  98%
5 Pd(PPh)4 H,O:dioxane (1:4) Quant.

Table 2.22: Optimisation of Suzuki-Miyaura crossxsling reaction

For the simplicity of use and isolation, Pd(RRIn dioxane:water (1:4) was chosen
as optimal reaction conditions. To highlight these of the reactiom-tolylboronic
acid, phenylboronic acid pinacol ester and a ma&avily substituted pinacol ester
were employed with phenyl- and PMP-substituted pyles79 and81. As shown in
Scheme 2.42, the cross-coupling reaction was fdarige very general, giving the

biaryl products in excellent yield in all cases mxaed.

Br Ar-BL, (1.5 equiv.) Ar
0 7 \N Pd(PPhg), (5 mol%) O I \N
N’ K3PO, (3 equiv.), N
O R H,O/dioxane (1/4), 90°C  © R
SNG4
% % W CF3
R=Ph quant. (86) 96% (87) 94% (88)
R=PMP 81% (89) 88% (90) 77% (91)

Scheme 2.42: Scope of Suzuki-Miyaura cross-coupkagtion

81
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9. Conclusions and future outlook

In conclusion, a general strategy for the introgucibf an oxetane ring in the C4
position of sydnones was developed. It was injtidkémonstrated that the oxetane-
substituted sydnone can offer an interesting ardcife intermediate for the
elaboration of a range of oxetane-subsituted pyeazeia alkyne cycloaddition
reactions. However, the intermolecular cycloaddgicshow some limitations and
this chemistry was unfortunately limited th-arylsydnones. Meanwhile, the
intramolecular variant proceeded in good yields alsd provided an effective route
to generate spiro-fused intermediates. Also, aoBAlbrpyrazole analogue that has the
potential to be further elaborated via Suzuki-Mrggross-coupling in good yield

has been developed.

Further studies on the development of new routeslaiforation via direct arylation
or other cross-coupling reactions could allow ateesive library of spiro-fused

oxetane pyrazoles to be produced.

Finally, these studies highlighted that the PMPrdigation of the spiro-oxetane
intermediate offered poor results. An obvious cdesition for further studies in this
area is to develop alternative protecting grougtsgies. Moreover, those that allow

the 3-bromo-analogue to be prepared could be v@fulindeed.
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Chapter 3: Synthesis and functionalisation of
azetidine and oxetane boronic acid

derivatives

1. Introduction

Boronic acids were first reported in 1860 by Franki:*’ but it is only since the
early 1980's that they have been the subject ar@st in the synthetic chemistry
community as the versatility of the carbon-boronddas become more established.
In particular, boronic acids became an attractiasscof synthetic intermediates for
both academia and industry since Suzuki and Miyaemorted their utility in
palladium catalyzed cross-coupling reactions wityl halides'*® A survey of some
applications of boronic acids derivatives are shaw&cheme 3.1*°

1
R
0,,
Pd(OAc), (cat.)
0
1) R'N;
OH R1J\H 2) NaOH H
P R-B(L), —> __N._,
R”R! Rh(acac)L', R™ R
(cat.) 0
N—X
Rh(acac)L, (cat.) RXH H,0,,
R1 — NaOH O
or X2, Hzo
R1
1 X-R1 - -
R)\VR R-X-R R-OH R-X

Scheme 3.1: Applications of boronic acid derivadive
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2. Synthesis of boronic acid derivatives

2.1. Synthesis from organolithium or magnesium reagents

Boronic acids or esters are classically synthesimad organolithium compounds or
via the corresponding Grignard reagents. Thesetiveamrganometallics are
subjected to borylation and hydrolysis to furnible tlesired products. This method
allows the large scale and efficient synthesis ofl, aalkyl, 1-alkynyl and 1-
alkenylboronic acid or esters (Scheme 322).

1)B(OR);  R-B(OH), M = Li, MgX
RM oo™ O R=MePr
) Hs R'-B(O'Pr), R' = Aryl, alkyl, alkenyl, alkynyl
nBu———B(O'Pr), Ph—=——B(O'Pr), tBu———B(O'Pr),
85% 86% 90%
B(OH), Cl
@ \/é\B(OiPr)z
86% 88%

Scheme 3.2: Synthesis of boronic acids and borsters from organometallic

reagent

In the same manner, organotrifluoroborates sales raadily synthesized from
organolithium or magnesium reagents. In fact, tnegit of the boronic acid
generatedn situ with KHF, allows the formation of the potassium trifluorodier
salt’®! This ‘one pot’ process allows the formation of maul range of potassium
organotrifluoroborates and avoids the isolation tbé boronic acid or ester
intermediates which can be unstable. Trifluorob®slts represent a moisture and
air stable class of organoboron reagents, althabgi maintain a high reactivity.
They can be easily isolated and purified as thégnoprecipitate and are not soluble
in solvents such as petroleum ether, dichloromethamd ethyl acetate. They can

however be purified by recrytallisation from acetole or acetone. Using this
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method, aryt?® allyl, *** alkenyl, *?® alkyny*'® 2* and alkyl'® potassium
trifluoroborate salts can be synthesized (Sche@ 3.

1) B(OR)3 M = Li, Mg
R-M ————» R-BFsK R = Me, 'Pr
2) KHF,

R' = Aryl, alkyl, alkenyl, alkynyl

Cl BF;K BF3K MeO BF;K
o O s
FsC

73% 91% 89% 78%
nBu—=——BF4K Ph—=——BF;K TMS—=—BF;K NBRK
78% 78% 88% 76%

P
©\/BF3K BFaK
62% 59%

Scheme 3.3: Synthesis of trifluoroborate saltgngaasmetallation

Unfortunately, this method has some limitationgleled, in the case of substrates
bearing functional groups sensitive to organolithicor Grignard reagent, an

alternative route has to be found.

2.2. Synthesis via hydroboration process

Alternatively to the method described previoushg thydroboration of alkenes and
alkynes furnishes the corresponding borylated al&ylalkenyl- species. Using this
method, the anti-Markovnikov product is obtainedigh yield (Scheme 3.45°

85



Chapter 3: Synthesis and applications of azetidine and oxetane boronic acid derivatives

1) HBBr,.SMe,
'

Bu.__~
nBu nBu. -~
2) H,0 BOOH):
94%
1) HB(Ipc), P
=S > TNZTSB(OEY),
2) MeCHO
=
BOL A pory, TS pomy, CI 7" B(OEY),
70% 52% 73%

Scheme 3.4: Synthesis of boronic acids and esiztsydroboration

As described previously, am situ treatment of the reaction mixture from the
hydroboration with potassium hydrogenfluoride pdes the desired alkenyl and
alkyl trifluoroborates in moderate to good yieldk®me 3.5}

Rl_— R? 1) HBcat

_ or HB(Ipc), BF;K

or —_— R1/\/ 3 or R\/\BF K

2) KHF, R2 3
R~
Ph. .~ X 3
BF,K V\g M _en X BF,K
81% 45% 74% 51%

Scheme 3.5: Synthesis of trifluoroborate saltshwdroboration

2.3. Synthesis via C-H bond activation

Another attractive alternative is the direct botigla of a carbon-hydrogen bond
using transition metal catalysis. It has been shtvah using palladium, ruthenium,
rhodium or iridium catalysts and pinacolborane is(ginacolato)diboron, aromatic,
heterocyclic and aliphatic alkanes containing oxygatrogen and fluorine can be
borylated in moderate to excellent yield (Schent. 3’
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1) [Ir(COD)(OMe)], (0.1 mol%)
dtbpy (0.2 mol%)
Bopin, (0.7 equiv.)

- @ THF, 80°C R@\
o |
.~ 2)aq. KHF, 2 BFK

Y

CF,
/@\ mBFQ,K
MeO,C BF3K MeO BF3K X

Scheme 3.6: Synthesis of trifluoroborate saltsGAld bond activation

3. Applications of boronic acid derivatives

As discussed earlier, boronic acid derivativeswigely used in modern synthetic
organic chemistry. In fact, organoboranes are coniynased in transition metal
catalysed reactions, such as Suzuki-Miyaura crosplmng which allows the
formation of a new carbon-carbon bond, typicalljween two aromatic sub-units. In
this reaction an organohalide reacts with an orgarame in presence of a base and a
catalytic amount of palladium. This method allovag ttoupling between an aryl-,
alkenyl- or allylhalide and a wide range of orgam@mes in moderate to good

yield.**®

[Pd] (cat.)
RX + RBL — "% RR

R = aryl, alkenyl, allyl

X=Br, Cl, I, OTf
R' = Aryl, alkyl, alkenyl
alkynyl

Scheme 3.7: General scheme of the Suzuki-Miyawaetion

Boronic acid derivatives are also used to form mavbon-heteroatom bonds under
copper catalysis. In 1998, Chan and Evans repdhedsynthesis of diaryl ethers

through a copper (ll) coupling of phenols and drgtonic acids in moderate to
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excellent yield (Scheme 3.88 A few years later, Batey and co-worker reported a
copper (1) catalysed protocol for the etherificatiof alkyl- and aryl- alcohols with a
range of alkenyl- and aryl-potassium trifluorobesafScheme 3.9¥° They reported
that boronic acids also undergo cross-coupling utise same conditions, but the

yields are lower.
e OH  Ar-B(OH),, Cu(OAC), N OAr
T NEts, CH,Cly, T.t. N~
®[|\®[F MeO,C
tBu N

73% 78% 98%

Scheme 3.8: Cross-coupling of boronic acids witbnats

1) Cu(OAc), (10 mol%)

DMAP (20 mol%), CH,Cl,
R'-BF; K* > p1Oge
2) R%-OH, r.t., 24h, O,

jonclonc NS

82% 67% 92%

o o@ @\/O\@CI

78% 71%

Scheme 3.9: Cross-coupling of trifluoroborate saith alcohols

Copper (ll) cross-coupling was also reported onnasi In 1998, Chan and Lam
reported the arylation of N-H containing compoundgg elemental copper in the
presence of a tertiary amine (Scheme 3X4BW few years later, Bategt al.

described the coupling between arylboronic acids@otassium trifluoroborate salts
with amines and anilines catalysed by copper inerette to excellent yield (Scheme

88
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3.11)**' They observed that anilines and more hindered esngjave lower yields of

products.
Cu(OAc), | N
B(OH —R
N (OH), . H or NEty P
= R R2 CH,Cly, r.t.
R1’N‘R2
0 O
H
N Y
&, o'a Y
tBu F S

93% 53% 92%
H /= =
SHSURA o Q“I D
CF, OMe

Scheme 3.10: Cross-coupling of arylboronic acids W-H containing heterocycles

1) Cu(OAC), (10 mol%) N
N CH,Cly, r.t., 5 min R1{L
R1_' | 3
[ » Pz N/R
Z>px, 2)R& _R®rt-40°C, Y
H  24hrs, O, R

BX,, = B(OH),, BFyK*

QD D oD

79% (from TFB) 83% (from TFB) 86% (from B(OH),)
91% (from B(OH),)

=
|
IS
ooy of ]
</O

84% (from B(OH),) 55% (from B(OH),)

Scheme 3.11: Cross-coupling of trifluoroboratessaith anilines catalysed by

copper
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In 2005, it was also shown by Wang and co-workieas & range of arylboronic acids
undergo cross-coupling with diphenyl ditelluridedadiselenide using a catalytic
amount of copper salt to furnish unsymmetrical ydiaellurides and selenides in
good to excellent yield (Scheme 3.1%).

Cul (10 mol%
PhZZPh + ArB(OH), ( o phzar
DMSO, 100°C, 7 hrs

Z=Se, Te
L OO0 O L
R R
R =H: 88% 60% R =Me: 71%
R = OMe: 84% R = OMe: 80%
R=ClI: 82%

R =-COMe: 63%

Scheme 3.12: cross-coupling of arylboronic acids ditelluride and diselenides

catalysed by copper

Organoboron reagents also participate in Rh-catdly®njugate addition reactions.
In 1997, Miyauraet al. reported the efficient 1,4-addition of alkenyl-daaryl-
boronic acids on enones catalysed by rhodium @yiding thep-alkylated ketones

in good to excellent yiel&® Following this communication, in 1999, Batey amd ¢
workers reported the addition of aryl- and alketmluoroborate salts to enones
catalysed by rhodium (1J** They observed that the reactions using potassium
trifluoroborate salts were proceeding more rapidhan their boronic acid
counterparts but the main benefits resulted from dhr and moisture stability of
these reagents. Using these methods, aryl-, heyrand alkenyl- groups were
incorporated into enones in good to excellent y{8lcheme 3.13).
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Rh(acac)(CO), (3 mol%)
dppb (3 mol%)
R-BX, + \/k > 1«*
0] MeOH/H,0, 50°C R 0]
BX,, = B(OH),, BF3K*

MeO
©\/\fo \©\/\fo O,N /©\/\fo

99% 86% 99%

éj\/\fo AN

quant. quant.

Scheme 3.13: 1,4-Addition of boronic acid derivasito enones catalysed by

rhodium

After the report of Miyaura on the rhodium catalysmnjugate addition of alkenyl-
and aryl-boronic acids to enones, several repottswed on the asymmetric version
of the reaction. In 1998, Hayashi and co-workengoreed the asymmetric 1,4-
addition of alkenyl catechol boronic esters ando alse asymmetric conjugate
addition of alkenyl- and aryl-boronic acids to eesft® In 2002, Genet and co-
workers reported the use of potassium trifluoroteorsalts in the enantioselective
1,4-addition to enoned®® They observed that potassium aryl- and alkenyl-
trifluoroborate salts can undergo conjugate additio both cyclic and acyclic
enones.
Rh(acac)(CoHy), (3 mol%)

or [Rh(cod),]PFg
o) (R) or (S)-BINAP (3 mol%) Ar O

+ Ar-BX
R1N\)LR2 " Dioxane/H,0, 100°C R1/'\/U\R2
BX,, = B(OH), or BF5K* or Toluene/H,0O, 110°C

0] (0] S
* "CsHqy
Ph = tBu * C5H1 1
99% 76% 99% 84%

Scheme 3.14: conjugate addition of organoboroner@ago enones catalysed by

rhodium
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It was subsequently shown by Miyawtal. that the methodology is applicable to
a,p-unsaturated ester§’ They reported that the asymmetric 1,4-addition of
arylboronic acids ta,pB-unsaturated esters proceeded in moderate to getwliand

in high enantiomeric excess. Later, Genet and codeve reported the use of
potassium aryltrifluoroborate salts in conjugateliadn to cyclic or acyclica,f-
unsaturated esters catalysed by rhodium in goodexiellent yield and high

enantioselectivity>%'3°

Rh(acac)(C,H,), (3 mol%)
or [Rh(cod),]PFg
(R) or (S)-BINAP (3 mol%) Ar

Dioxane/H,0, 100°C R1/'\/CO2R2

R1/\/C02R2 +  Ar-BX,

BX, = B(OH), or BF;K* or Toluene/H,0, 110°C
MeO o
Ph
CO,Me
/'\/COQMG Ph™ 2 /lffo
oty > COE Ph
96% 88% 60% 55%
84% ee 87% ee 93% ee

Scheme 3.15: 1,4-Addition to unsaturated esteedyssd by rhodium

In 2001, Hayashi and Miyauet al. reported the enantioselective conjugate addition
of arylboron reagents into cyclic and acyclic unsatied amides in modest to good
yield, and with excellent enantioselectivif A few years later, Genet and co-
workers extended this methodology to the applicatiof potassium
organotrifluoroborate salts in asymmetric 1,4-additto o,f-unsaturated amides in

good to excellent yield and in high enantiomericess-**
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Rh(acac)(CyHy)o (3 mol%)
or [Rh(cod),]PFg
(R) or (S)-BINAP (3 mol%) Ar O
N + Ar-BX
R1VLNHR2 " Dioxane/H,0, 100°C 1 NHR2

BX,, = B(OH), or BF3K* or Toluene/H,0, 110°C

, . T

_Ph N O
H CsHis Ph /\)I\ p
88% 89% 100%
90% ee 91% ee 88% ee

Scheme 3.16: conjugate addition of organoboronerago unsaturated amides

catalysed by rhodium

Hayashi also described the asymmetric conjugatiiaadaf boronic acid derivatives
to alkenylphosphonates and nitroalkenes (Scheni®.%They obtained-arylated
phosphonate angtaryl- and alkenyl-nitro compounds in moderatexoedlent yields

and with high selectivity.

Rh(acac)(CoHy)s (3 mol%)

X (S)-BINAP (3 mol%)
R1/\|/2 + RS-B(OH)Z - R1/'\(X
R

Dioxane/H,0, 100°C

X =P(0O)(OEt),

NO,
CF
3 OMe
o o
P—OEt Q ; P—OEt
OEt P-OEt OEt
94% 64% OFt 81%
96% ee 96% ee 95% ee
CsHi1
=
NO, NO, NO
89% 71% 33%
98.5% ee 60.7% ee 96.8% ee

Scheme 3.17: 1,4-addition of organoboron reageratkenylphosphonate and
nitroalkenes catalysed by rhodium
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In 1998, Miyaureet al. first published the 1,2-addition of alkenyl- amyléboronic
acids to aromatic aldehydes catalysed by rhodiumaderate to good yiefd® They
observed that the reaction was sensitive to eleicteffects of substituents borne by
both reacting partners. In fact, while the additairan electron-poor aldehyde with
electron-rich boronic acid was facile, the additmfran electron-rich aldehyde with
an electron-poor boronic acid was relatively slsfgiThey also observed that
aromatic ketones were unreactive under these cdonslitand the reaction was
specific to aromatic aldehydes. Later, Batey an@vodkers and Genedt al. reported
the 1,2-addition of alkenyl- and aryl-trifluorobtegasalts to aldehydes in good

yleld 134,137,144

Rh(acac)(CO), (3 mol%)
dppf (3 mol%) OH

R?" "H DME/H,0, 80°C R2R!
L, = B(OH),, BF5K*

R'-BL, +

OH OH OH
@)
) U T [/

Br
92% 88% 78%
OH OH
‘ ‘ NO,
82% 86%

Scheme 3.18: 1,2-Addition of boronic acid derivasito aldehydes catalysed by

rhodium
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4. Aims

Boronic acid derivatives have important applicasi@am modern synthetic chemistry.
It has been shown previously that the oxetane ecdd be an important framework
in medicinal chemistry. By synthesizing boronicdaderivatives of oxetane, useful
intermediates would be provided for the introductad small heterocyclic rings into

different scaffolds of interest.

The initial aim of this project was to synthesize tboronic acid or ester and
trifluoroborate salts of azetidine, then after optation, the methodology would be
applied to the oxetane moiety. After this, their plagation in different

transformations such as Suzuki-Miyaura reaction #mel addition to carbonyl

containing compounds would be examined.

FG  borylation BL, transformation R
,j —_— —_—
X

X =NBoc, O

Scheme 3.19: Project aim

5. Svnthesis of azetidine and oxetane boronic acid

derivatives

The commercially available 1-Boc-3-iodoazetidinal &tiodooxetane were chosen
as starting materials for this project. The roudgaedlopment and optimization studies

were carried on 1-Boc-3-iodoazetidine as it ischeaper of the two reagents.

A previous study carried out within the group shdwat the transmetallation
reaction between the azetidine organozinc and bcateohol borane failed to
provide the desired product. However, the dehyonadf iodo-azetidine successfully

provided the desired alkene in good vyield theredtyirgg the stage for a subsequent
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hydroboration reaction. The hydroboration strateg therefore pursued in the first

instance.
5.1. Synthesis of borylated heterocycles by hydroboration

The first attempted strategy was to dehydrate 8aadtidine to form the alkerg®
which would then undergo hydroboration to furnigte tboronic acid or ester
derivative. The N-Boc-3-iodoazetidine was succdbsfalehydrated using the
conditions reported by Landist al**® 3-lodoazetidine was treated with potassium
tert-butoxide intert-butanol at 80 °C overnight to furnish the alk&#88% yield
(Scheme 3.20).

| tBuOK, tBuOH ,i'
_ >
o BocN
BocN 80 C, o/n
92
88% (8.6 mmol)

Scheme 3.20: Synthesis @i

With the alkene92 in hand, the hydroboration was then attemptedst,Fir
pinacolborane was used in THFE (Scheme 3'ZW)infortunately, neither the desired
product 93 or starting material but decomposition and a cewphixture was

observed upon crude NMR spectroscopic analysis.

HBpin, THF Bpin

Boclllil %

0°C-r.t, 20 hrs BocN
92 93

Scheme 3.21: Hydroboration attemp®Oaf

In order to demonstrate that the hydroboration oecuand to establish whether or
not the desired product was unstable under the wpréonditions, the hydroboration
reaction was followed by an oxidation step usindiwm hydroxide and hydrogen
peroxide to furnish the alcohd®4 (Scheme 3.22). Unfortunately, no desired
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compound4 or starting material but a complex mixture wasestssd on analysis of
the crude reaction mixture.

1) HBpin, THF
0°C-r.t.,, 20 hrs OH

Bocllli| ; é Bocl\,lj

2) NaOH, H202
92 r.t, 3 hrs 94

Scheme 3.22: Synthesis attemp®af

Borane complexed with THF was then used under d@ngesconditions. Pleasingly,
the desired alcohol produ®4 was isolated but it was contaminated MyBoc-

azetidine, presumably generated by a protodebaglaide-reaction (Scheme 3.23).

1) BHg. THF, THF

—1 0°C-r.t, 20 hrs OH
— = T e
BocN 2) NaOH, H,0, Bocle BOC’Lj|
r.t., 3hrs 06:0.8
92 94

Scheme 3.23: Synthesis @4

These experiments suggested that borane-THF wagadls hydroboration agent,
but that the borylated intermediate might be urstabhe synthesis of the boronic
ester was attempted using borane as the hydrobgragient followed by addition of

acetaldehyde to form the boronic es@% (Scheme 3.24%* Unfortunately, no
desired boronic est®5 or starting material were isolated from this tfangation.

1) BH3. THF, THF
0°C-r.t., 20 hrs

Boclllil ; é Bocﬂ

2) CH4CHO,
92 0°C-r.t., 4 hrs 95

B(OEt),

Scheme 3.24: Synthesis %6
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Given that potassium trifluoroborate salts are Ugumore stable than their boronic
acid and ester counterparts, the synthesis of dh@spium azetidine trifluoroborate
salt was then attempted. The same process desquileetbusly followed by the
addition of potassium bifluoride provided the dedircompound6 in 7% yield
(Scheme 3.25)*°

1) BH5;. THF, THF
— 0°C-r.t, 20 hrs
T ,j
BocN 02O)CCHt3C4Hr?, BocN
92 -rt, rs 96
3) KHF,, r.t., 3 hrs 7% (0.77 mmol)

BF4K

Scheme 3.25: Synthesis of the trifluoroborate 3&lt

As the desired compounds were isolated in very poeld, the hydroboration
strategy was not developed further.

5.2. Synthesis from organometallic reagents

As the hydroboration strategy failed to provideugtable method to synthesise the
desired azetidine boronic ester and potassiunuariflborate salt, another strategy
was envisaged. In fact, we wanted to take advarmtédgiee halide group to make a

suitably reactive organometallic derivative.

First, the synthesis of the azetidine boronic agad attempted using butyllithium,
followed by trimethoxyborane and then by an acuark-up. Unfortunately, the
crude NMR analysis showed 45% of starting mategalained, together with 45%
of N-Boc-azetidine by-product and 10% of allylamineH&une 3.26).

| 1) nBuLi (1.05 equiv.) |

j 2) B(OMe ’ ,tl + NHB
BocN ) ( )3 (1 2 eqUIV.) BOCN =

3) HCI (aq.) 97 98
45% 45% 10%

Scheme 3.26: Synthesis attempt of boronic acid
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The recovery of N-Boc-azetidine suggests that trestallation took place but that
either this intermediate or the corresponding bigraster might have been too
unstable to be isolated. Accordingly the synthesite more stable pinacol boronic
ester was then attempted. 3-lodoazetidine wasetteatth n-butyllithium and then
with (iPrO)Bpin to form the pinacol boronic ester of adiee. Unfortunately,
analysis of the crude mixture showed only allyan@nd azetidine (Scheme 3.27).

| 1) nBuLi (1.05 equiv.)
THF, -78°C, 1 hr
: ’ » + NHBoc
Boclllj 2) (iPrO)Bpin (1.2 equiv.), Bocrllt| e
-78°C, 3 hrs

97 98
45% 10%

Scheme 3.27: Synthesis attempt of boronic &ger

Again, the observation of the azetidine by-prodraaild suggest that the borylation
did occur but that the organolithium species wasnghed during the work-up. The
synthesis of the trifluoroborate salt was thereforestigated next. 3-lodoazetidine
was treated wit-butyllithium followed by trimethoxyborane and th@otassium
hydrogen fluoride. Unfortunately, only traces obgwuct were observed (Scheme
3.28).

| 1) nBuLi (1.05 equiv.)

THF, -78°C. 1h BF 3K
BocN—)  2) B(OMe)s (12 equiv.), ey
-78°C, 3 hrs 96
3) KHF, (3 equiv.), traces

-78°C-r.t., 30min

Scheme 3.28: Synthesis of potassium trifluorobdéte

This strategy looked promising but the desired peb@ould only be isolated in trace
amounts. It was therefore decided to try an alteraaoute.
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5.3. Synthesis using copper catalyzed borylation

As the strategy of metal-halogen exchange provdzketansuitable for the synthesis
of the small-strained heterocyclic boronic acid ivives, we decided to take
advantage of a transition metal catalyzed borytatinethodology. Specifically,
Marder et al. recently reported a method for the synthesis kyllbronic esters
using copper catalysed borylation of alkylhalidésPleasingly, wherN-Boc-3-
lodoazetidine was subjected to these conditionsigusiopper iodide, lithium
methoxide and bis(pinacolato)diborane in DMF, tlesiced boronic este®93 was
isolated in 29% vyield_(Scheme 3.29). Using lithitemt-buthoxide instead of lithium
methoxide improved the reaction yield to 55%. Udlinikane instead of DMF as the
reaction solvent, also increased the yield to 64%.

B,pin, (1.5 equiv.) solvent = DMF
I Cul (0.1 equiv.) Bpin X = OMe: 29%
[j - — > X = OtBu: 55%
BocN LiX (2 equiv.) BocN solvent = dioxane
solvent 93 X = OtBu: 64%

Scheme 3.29: copper catalysed synthes@3of

The potassium trifluoroborate salt of the azetidives also successfully synthesised
in 71% in a one-pot process by treatment of theegead pinacol boronic est@s
with potassium bifluoride (Scheme 3.30).

Bopin, (1.5 equiv.)
LiOfBu (2 equiv.)
I Cul (0.1 equiv.) BF3K
Bocl\’j Dioxane, 1 day, rI Bocﬂ
then 96
KHF; 54 (10 equiv.) 71%

Scheme 3.30: Synthesis %6
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Optimization studies highlighted that the best ¢bois found for the synthesis of
93 were the treatment dfi-Boc-3-iodoazetidine with LiOtBu, Bin, and CuBr in
acetonitrile!*’ The desired product was then isolated in 97% ormmiol scale
(Scheme 3.31).

B,pin, (1.5 equiv.)

| CuBr (0.1 equiv.) Bpin
BocN:| LiGBu (2 equiv.) Boclllir
Acetonitrile 93
rt,1day  gg0, (71 mmol)

Scheme 3.31: Optimised synthesi®98f

The trifluoroborate salt was then synthesized ifo6yield on 42 mmol scale by
treatment of the pinacol boronic ester with potassbifluoride (Scheme 3.32).

Bpin - KHF, 44 (10 equiv.) BF3K

Boclllir Boclllj

93 96
67% (42 mmol)

Scheme 3.32: Optimized synthesiD6f

The methodology was then applied to 3-iodooxetahe. oxetane-pinacol ester was
successfully synthesized using the best conditfonsid for the azetidine, but it

could not be isolated in pure form. It was thenidiet to synthesize in a ‘one-pot’

process the trifluoroborate salt. Pleasingly, tb&agsium oxetane trifluoroborate salt
99 was isolated in 60% yield on 0.06 mmol scale (8&h8.33).

Bopin, (1.5 equiv.)
LiOtBu (2 equiv.)

I CuBr (0.1 equiv.) BF3K
0 Acetonitrile, 1 day,'r.t. 0
then 99

KHF3 54 (10 equiv.) 60% (0.06 mmol)

Scheme 3.33: copper catalysed synthes#9of

101
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Unfortunately during our investigations, Molandaral. described the synthesis of
the potassium organotrifluoroborate salt of nitroogand oxygen saturated

heterocycle in modest to good yiefff.

Bopin, (1.5 equiv.)
LiOMe (2 equiv.)
Cul (0.1 equiv.)
I PS-PPh; (0.13 equiv)
J:( DMF, 20 hrs, r.t. J:(
then

X = NBoc . X =NBoc: 54%, 96
X=0 KHF2 2 (4 €QUIV) ™y 6. 30%, 99

BF3K

Scheme 3.34: Molander’s synthesis of trifluorobeslt96 and99

6. Coupling chemistry of azetidine and oxetane boronic

acid derivatives

The application of these organoboron reagentsgaroc synthesis were first studied
on the azetidine derivatives as the starting metesimore readily available and less

expensive.

6.1. Suzuki-Miyaura cross-coupling reaction

With a large amount of azetidine pinacol boronieeand potassium trifluoroborate
salt in hand, the Suzuki-Miyaura cross-couplingctiea was investigated. The first
attempt of the Suzuki-Miyaura cross-coupling wasrried out using 4-

bromobenzonitrile100 and boronic este®3 with various palladium catalysts,

ligands, bases and solvents. The results are sugedan Table 3.1.
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4-bromobenzonitrile (100)

. [Pd], ligand BocN BP CN
Bpin Base (3 equiv.) O
solvent o
BocN 100°C, 1 day CN |\ O
93 101 102
Entry [Pd] Base Solvent Ligand Result
93
1@ Pd(OAcy  K,CO; Toluene:HO (10:1) XPhos
recovered
93 and10C
28 Pd(OAcy) CsCO; Toluene:HO (10:1) XPhos
recovered
93 and10C
3@ Pd(OAcy) CsCO; Toluene:HO (10:1) SPhos
recovered
93 and10C
4% pd(OAcy) CsCO; Toluene:HO (10:1) nBuPAd.HI
recovered
93 and10z
5@ Pd(OAcy) CsCO; Toluene:HO (10:1) DavePhos
recovered
Pd(dppf)C} 93 and10z
6! C$CO; Toluene:HO (10:1) -
.CH,Cl» recovered
Pd(dppf)Ch 93 and10z
70! (dpp) CsCOs Dioxane -
.CH.Cl, recovered
Pd(dppf)C} 93 and10z
gl (dpph) CsCOs Ethanol -
.CH,Cl» recovered
_ 93 and10z
9 Pd(PPR).  KsPOy Dioxane -
recovered

[l Reactions were carried out with Pd(OA¢R mol%) and ligand (3 mol%)® Reactions were
carried out with Pd(dppf)@ICH,CI, (8 mol%); [c] Reactions were carried out with PR, (6

mol%)

Table 3.1: Suzuki-Miyaura cross-coupling attemptvMeen93 and aryl bromide

As shown in_Table 3.1, unfortunately no cross-cedpiaterial could be detected
from any of these reactions. The use of Buchwajdnds (entries 1 to 3) returned
both starting materials. Surprisingly, after usihg conditions reported by Molander

and co-worker¥"® (entry 4) for the cross-coupling of cyclopropyldanyclobutyl
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trifluoroborates with aryl chlorides, no desiredngmound was observed. In many
other cases, the starting pinacol boronic estetlaagroduct arising from aryl halide
homocoupling were recovered (eg entries 5-9). Thesallts implied that the

oxidative addition step occurred but the transnaditath step was very slow.

Some attempts at cross coupling were also cartiedising 1-iodo-4-nitrobenzene,
Pd(OAc) and CsCQ; in toluene:water (10:1). The results are summdrineTable
3.2.

o Pd(OAC), (5 Mol%) BoeN
,Bpin \@ ligand (10 mol%)
+ _—
BocN NO, Cs,CO5 (2 equiv.) NG
Tol:H,0 (10:1) 2
93 103 100°C, 22 hrs 104

BP O NO,
O,N ‘

105
Entry Ligand Result
1 DavePhos 93 and10< recovered
2 SPhos 93 and10z recovered
3 RuPhos 93 and10z recovered
4 nBuPAd.HI 93 and10¢S recovered
5 XPhos 93 and10¢t recovered

Table 3.2: Suzuki-Miyaura cross-coupling attempiMeen93 and aryl iodide

As shown in_Table 3.2, no desired cross-coupledpoamd was isolated. In fact,
only the two starting materials were recovered msttases (entries 1 to 4). In the
case when XPhos was used as the ligand, the pradsittg from the homocoupling

reaction was again observed.

We next attempted to use a chlorobenzene couphnimgr bearing different groups
in order to establish if the reaction is sensitigearyl ring electronic effects. The

results are summarized in Table 3.3.
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Pd(OAC), (5 mol%)
Bpin cl DavePhos (10 mol%) BocN
o« L -
BocN R Cs,CO; (3 equiv.) R
93 106 T0|:H20 (101) 107
100°C, 1 day
Entry R Result

1 -H 93 and10¢ recovered

2 -NO, 93 and10¢ recovered

3 -CONH, 93 and10¢ recovered

4 -NH, 93 and10¢ recovered

Table 3.3: Suzuki-Miyaura cross-coupling attempieen93 and aryl chloride

As shown in_Table 3.3, both starting materials wereovered after each reaction
attempted. To help with our investigations, a dm@tion with AstraZeneca’s

catalyst screening service allowed a broader rafgenditions to be employed for
cross-coupling the azetidine trifluoroborate sal6 and 1-bromo-3,5-

dimethoxybenzene. The conditions attempted are suipned in_Table 3.4.

B OM [Pd], ligand BocN
r e
BF;K Base, solvent OMe
" S .
BocN
OMe
OMe
| | 2
. = wn = | > S s
" ES s ! & =
5 | B £l E L oL B £ g
£ & ~ S 5% 8 2 23 & S
s 25 g ER g 25 3 3 5
il g1l Bz 1 18s81% | ¢ 138 3 |8 )
g | 8 g 8 £ 8§32 ¢ s | 23 | & g 4 S
& i W g 3 & £z FL % 85 F st Pl
£ leT 2 | $ £ | 28 ;ei’,.;et.‘gi‘g:‘_ $a £ 3 £ £
T e d S 2 ] S & Sa 522 &g S 2 o S
g l1go& g | B Es | Bf | g5 igos| 58| % Ef g 2
5 e o S cE 63 62 6= £9 s 5 85 55
- i~ oo - | = —- m ~Z | A2 S 4 of W & —- & - J - =2
L e s 1 2 3 4 5 6 7 8 9 10 11 12
A
4M.K2C03 n-BuOH
AM.NaOH S —— B
4M.K2C03 NMP C
4M.NaCH | D
4M.K2C03 s E
Dioxane
aMMeCH [ . . oo oo F
4M.K2C03 G
Toluene
AM.NaOH | e H

Table 3.4: Suzuki-Miyaura cross-coupling attemptvMeen96 and aryl bromide
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Unfortunately, in all cases examined, the use aagmum trifluoroborate failed to

provide any cross-coupled material.

As the Suzuki-Miyaura cross-coupling reaction ads heterocycles appeared to be
unworkable, we decided to investigate another apptin of boronic acid

derivatives.
6.2. Addition to carbonyl compounds

The azetidine pinacol boronic ester was used in,Zaddition reaction with

K ’150

benzaldehyde. Following the conditions described Haydric we employed

diethylzinc in THF but unfortunately no productsamg from the 1,2-addition was

observed.

O
Bpin l Etzzn OH
g =<
BocN THF BocN
93 110

Scheme 3.35: zinc catalysed 1,2-additio®®f

Unfortunately, the rhodium catalyzed 1,2-additionsing 93 and p-

methoxybenzaldehyde also failed to deliver therddsalcohol.

Rh(acac)(CO), (3 mol%) OH

Bpin O| ligand (9 mol%)
+ >
Bocﬂ KEj\ : _ BocN/j)\©\
OMe DME:H,0 (1:1) OMe

93 111 112
Entry Ligand Result
1 dppf 93 andl111recovered
2 PPh 93 and111recovered
3 tBusP 93 and11lrecovered
4 nBusP 93 and111 recovered
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Table 3.5: 1,2-addition &3 and111 catalysed by rhodium

The 1,2-addition was then attempted following tbaditions described by Miyaura
using the azetidine trifluoroborate salt gmthethoxybenzaldehyde in the presence
of Rh(acac)(CQ) and dppf in DME:HO.**® Unfortunately, no desired compound
was observed (Scheme 3.36).

Rh(acac)(CO), (5 mol%) OH

BF,K O| dppf (5 mol%)
+ >
Bocllljr , , BocN/j)\©\
OMe DME:H,0 (1:1) OMe
96

111 112

Scheme 3.36: rhodium catalysed 1,2-additio@6f

The conjugate addition &3 to methyl vinyl ketone (MVK) was then attempted
using a combination of RhCl(cagdand cyclooctadiene in dioxane:water (Scheme
3.37). Unfortunately, no product from the 1,4-anditwas observed after reaction.

RhCl(cod), (3mol%)
cod (9 mol%) O

Bpin 1)
+ >
ul N
BocN S dioxane:H,0 (6:1) BocN/j/\)J\
93

113

Scheme 3.37: rhodium catalysed conjugate additi@3¢t0 MVK

As the addition to aldehyde aj-unsaturated ketone did not provide any interesting
results, we decided to investigate another appbicabf these small-strained

heterocyclic boronic acid derivatives.

107



Chapter 3: Synthesis and applications of azetidine and oxetane boronic acid derivatives

6.3. Nickel-catalysed cross-coupling

Recently, Duncton and co-workers reported a metloggao prepare aryl oxetanes
and aryl azetidines using 3-iodooxetaneNsBoc-3-iodoazetidine and arylboronic
acids catalysed by Nif®

OH
O/ , Nil,
| "/NH2 Ar

X =0:35-67%
+ Ar-B(OH), > ,j = _
)’j NaHMDS, iPrOH X X =NBoc: 24-57%

X =NBoc, O 80°C, pA, 20-30 min

Scheme 3.38: Synthesis of aryl oxetanes and azesidi

The azetidine pinacol boronic est®B8 and p-bromo cyanobenzene gr-iodo
nitrobenzene were subjected to the conditions fdoyduncton. Surprisingly, no
coupled compound was observed. At this point, tloer preactivity of these

organoboron derivatives was suspected.

OH
[:j’ , Nily R
“/NH,

NaHMDS, iPrOH
X=Br,R=CN 80°C or 100°C, 20 hrs BocN

X=1,R=NO,

Y

Bpin X
o+ L
BocN R

93

Scheme 3.39: nickel catalyzed cross-couplin§3f

Unfortunately during our investigations, Molandet al. demonstrated the
participation of these intermediates in the Minigziction-*® As shown in this paper,
potassium azetidine trifluoroborate saft has poor reactivity in the Minisci reaction
providing the corresponding azetidine containingterecycles in poor vyield.
Moreover, Molander did not report the applicatidntloe oxetane version in this

reaction.
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AgNO; (0.2 equiv.)
K>S,04 (5 equiv.)
BF3K _ TFA (2 equiv.) = |
+ .
BOC,\’:( | DCE:H,0 (1:1) SN
N rt., 1 day BocN
96 31%

Scheme 3.40: Minisci reaction using azetidineudfbborate sa®6

7. Conclusion

The boronic acid derivatives of azetidine and axetavere successfully synthesised
in good to excellent yield using copper-catalysetylation from their commercially
available corresponding halides. Unfortunately,our hands, their application in
Suzuki-Miyaura cross-coupling was unsuccessful. \Wencluded that these

heterocycles have a poor reactivity towards crasgiling reactions.

This trend of reactivity was also observed by Mdkaret al. It is worth noting that
our synthesis of the potassium trifluoroboratessaftazetidine and oxetane provided
better yields of these species under our slightfger@nt conditions.

In order to pursue our efforts to introduce smalaised heterocycles into
functionalised scaffolds of interest for medicirmald agrochemical chemistry, we
next decided to investigate the chemistry of satinsalts. The following section will

describe our efforts in this area.
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Chapter 4: Synthesis and applications of
azetidine and oxetanes sulfinate salts

1. Introduction

1.1. Reaction of sulfinate salts with heteroaromatic compounds

Recent studies by Barat al. have focused on the development of efficient reast
for the direct introduction of a range of usefubgps into heterocycles of importance
in medicinal chemistry. For this purpose, they hastablished zinc sulfinate salts as
useful reagents that allow a range of groups ttrdoesferred under mild conditions
(Scheme 4.15**

TBHP (3-6 equiv.)

_H + (RSOp),zn _(TFA(1equiv) _R
CH,Cly:H,0 (2.5:1)

r.t.

O / O._OEt
NP Wal @[N\ R B YU\
| N N~ "CFyH 0 H
R = CF5: 89% R = CF;: 75% 66% 55%
R = CF,;H: 73% R = CF,H: 50%
R = CH,CF3: 51% R = CH,CF3: 31%
R = CH,F: 80% R = CH,F: 56%

Scheme 4.1: Functionalisation of heterocycles using sulfinate salts

They also reported the synthesis and utilizationasfous sodium sulfinates in C-H
functionalisation of heterocycles (Scheme 4%3).
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TBHP (5-10 equiv.)
-H + R-SO,;Na = _R
CH,CI:H,0 (2.5:1)

23 -96%
o o)
NHAC F.C Ph
\ 3 NH
CF, | |\
N0 N~ CFs
H H
51% 87% 68%
0 /
e G LX-C
\) /
@E,\P_CFZNE NN 07NN
H |
80% 77% 49%

Scheme 4.2: C-H functionalisation of heterocycles

1.2. Reaction of sodium sulfinate salts with halogenated

compounds

A series of related transformations whereby thésel group is also integrated into
the product has also been developed. For exani@eaddition of sulfinate salts to
halogenated aromatic and heteroaromatic compouasidoéen described. In 2011,
Maloney and co-workers reported the one-pot syrmghef sulfonylated pyridines

from halogenated pyridines and sodium sulfinatéssal good to excellent yield
(Scheme 4.3}>3

TBACI (0.3 equiv.)
N HCI (1 equiv.) N
| /)—x + RSO,Na J | /)—SOZR

N DMAc, 100°C, 1 day N
X=Cl,Br, |, OTf
R = aryl, alkyl
SO,Me SO Tol SO, Tol SO,Tol
80% 95% 91% 90%

Scheme 4.3: Synthesis of sulfonylated pyridines
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A few years later, Cheat al. reported the synthesis of sulfonylated heterosyaie
moderate to excellent yield by simply heating a boration of heterocycle substrate

and sulfinate salt in DMSO (Scheme 4'%).

Y
r DMSO, 110°C Y,
R )>—X + RSO,Nag VSO MOL o -
i 2 R I,\Z/>—sozR

I\Z 10-20 hrs
X =Cl, Br,NO, 38 - 98%
Y=S,0,NH
Z=C,N
R' = aryl, alkyl
(@] Q /
S S (I)I N
| )—so,Ph | )—5< [ /)—S0,Tol
(@) N
83% 82% 68%

Scheme 4.4: Synthesis of sulfonylated 5-memberestdwycles

In 2013, Molander reported the synthesis of trdloethylated aromatic and
heteroaromatic compounds from the correspondingtureted trifluoroborate salts
and Langlois’s reagent in the presence of coppiés §acheme 4.5° Once again
the salts undergo loss of $ereby facilitating C-C bond formation.

NaSO,CF5 (3 equiv.)
CuCl or (CHzCN)CuPFg arene, heteroarene
(1 equiv.)
CF5
CF [
o o A
N —
BnO | Ph———~CF;

99% 28% 48% 50%

Scheme 4.5: Synthesis of trifluoromethylated aracraatd heteroaromatic

compounds
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1.3. Addition of sodium sulfinate salt to alkenes

The synthesis ad-trifluoromethyl ketones from enol esters ancs®B,Na catalysed
by copper was first described by Langlois in 1892They observed that the reaction
generally required an excess of sodium sulfinalietsgrovide the trifluoromethyl
product in moderate yield (Scheme 4.6).

OAc CF3SO,Na (1-4 eguiv.) o
R% TBHP (3-5equiv.) RWCFs
Cu(OSO0,CF3), (10-25 mol%)
R2 R R? R
0 O

i ey
)]\/CF3 nBu nBu

55% 55% 66%

Scheme 4.6: Cu(ll) catalysed addition of;&68,Na to enol esters

Recently Duan and co-workers reported the synthafsistrifluoromethyl ketones
from acetyl enol ester and §FO,Na catalysed by copper(l) salf€. Aromatic and
heteroaromatia-trifluoromethyl ketones were obtained in good #xeadlent yield
under these conditions (Scheme 4.7).

CF3802N8 (4 equiv.) 'e)

OAc TBHP (5 equiv.
AR e, R1J\(R2
R’ Cul (15 mol%)

MeCN, r.t., 2 hrs CF3
0 o) O
/@)\/CF:; /@)\/CF:; /@)J\/CF:i
MeO Cl O2N
94% 92% 75%
O o)
| Ny CF, s CF,
_— \ |
85% 64%

Scheme 4.7: Cu(l) catalysed addition of;&6,Na to enol esters
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In 2013, Maiti described the direct synthesis oafrifluoromethyl ketones from
alkenes in excellent yields® This method is compatible with a range of funcaion
groups, such as cyano, aldehyde and ester, anavdlssome heterocycles (Scheme
4.8).

CF3802N8 (2 equiv.) o)

N AgNO3/K;S,05 (20 mol%) CF
R > AN 3
Pz open flask (air), r.t. R+
=
i ? i CF
CF; Qj/U\/CF:; /©)k/ 3
S , 02N

92% 86% 83%

Scheme 4.8: addition of GEO:Na to alkenes

In 2010, Kuhakarn et al. reported the sulfonylation of alkenes using
(diacetoxyiodo)benzene and sodium aryl sulfina@shéme 4.9}>° Using their
method, a range of sulfones could be obtained idaraie to good yield.

PhI(OAc), (1.5 equiv.)

RN ArSO,Na (4 equiv.) . R/\/SOZAr
KI (1 equiv.)
MeCN, r.t., 1 hr
X _-SO,pTol SO,pTol
©/\/ O/ MeO,C - SOzpTol
85% 56% 62%

Scheme 4.9: addition of aryl sulfinate salts teeaks
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1.4. Addition of sodium sulfinate salts to amines

The addition of sodium sulfinate salts to amines lbeen recently described by Jiang
and co-workers®® They reported the oxidative copper catalysed ecosmling
between amines and sodium sulfinate using oxygddMBO as the oxidant in good
to excellent yield (Scheme 4.10). Various functiagr@up were tolerated under this
procedure, such as alcohol, halogen, methoxy anéeni

R S//O + H CUBI’Q (20 mol%) E o R1= alk, Ar
— NG > N_7 -
ona R R DMso,100°Cc  RUUS. R' = alk, Ar

g R R? = alk, Ar

Ts Ts /\ [N

! ! 0  N-SO,Me o N-s—<]
/N\/Ph HN\/\ 2 ~/ (”)

91% 77% 96% 97%

Scheme 4.10: reaction of sulfinate salts with asine

[~
=
=
(7]

As discussed in this thesis, oxetanes and azesidime important fragments in
modern synthetic chemistry and medicinal chemigitthough our efforts to employ
boronic acid derivatives of azetidines and oxetaimesoupling reactions were
unsuccessful, owing to the poor reactivity of thedermediates, we envisaged that
we could develop methods for transferring thesgnfients into other compounds by
exploiting the chemistry of the corresponding zsntfinate or sodium sulfinate salts

(Figure 4.1).

SO,M
I

X =NBoc, O
M =Zn, Na

Figure 4.1: sodium and zinc sulfinate of azetidin®xetane



Chapter 4: Synthesis and applications of azetidine and oxetane sulfinate salts

3. Synthesis of oxetane and azetidine sulfinate salts

The commercially available 1-Boc-3-iodoazetidinal &liodooxetane were chosen
as starting materials for this project. The roudgadlopment and optimization studies

were carried on 1-Boc-3-iodoazetidine as it ischeaper of the two reagents.

Our strategy for the synthesis of the sulfinatéssalas to realize the nucleophilic
substitution of the iodide by pyridinethiol, andethto perform the oxidation of the
thioether group to a sulfone. Nucleophilic aromatibstitution of the pyridine ring
with a good nucleophile would then release thersaté salt (Scheme 4.11).

/o 0
SN2 OX|dat|on RN g’ SNAr “S
o g

X =NBoc, O

Scheme 4.11: transformation of sulfinate salts

With regard to the first step of the sequence,digrotonation of thiolpyridine with
sodium hydride in THF was carried out before additof the 3-iodoazetidine. We
were delighted to isolate the desired proditt in 40% yield after workup and
purification. The solvent and the base used intr@aavere then optimized (Table
4.1). Surprisingly, when potassium hydride was usethe base in THF, no reaction
was observed (entry 2). However, when the reactiaa carried out in THF using
NaH, n-BuLi and LHMDS, the thioethel14 was produced in moderate to good
yields (entry 1, 3 and 4). When DMF was used irsstelaTHF, all bases provided
114in better yield (entry 5 to 8). However, whe+/BuLi was used, an unidentified
impurity was isolated with the desired produtd (entry 7). Ultimately, we opted to
use LHMDS in DMF as it provided clean product ircebent yield.
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1) Base (1.5 equiv.)

| \N SH  solvent, 1Ihr, rt . [jS\Q
Z 2) , r.t,o/n BocN
(1.5 equiv.) BOC,\’:( 114
Entry  Base Solvent Resuft’!
1 NaH THF 40%
2 KH THF NR®
3 n-BulLi THF 45%
4 LHMDS THF 2%
5 NaH DMF 70%
6 KH DMF 61%
7 n-BulLi DMF >100%
8 LHMDS DMF 95%

@ Reactions were carried out on 0.353 mmol of N-Bec-

iodoazetidine!! isolated yield! NR = No Reaction

Table 4.1: Optimisation for the synthesisla#

Using these optimal conditions, the reaction wasiexh on a larger scale (Scheme
4.12). Pleasingly, the reaction was found to beadycible and afforded the desired

product in a similar yield.

1) LHMDS (1.5 equiv.)

8 SH DMF, 1hrrt S@
N 2) I rt,on Bocl\’j N/
i 114

(1.5equiv.) BoeN 95%
(28.78 mmol)

Scheme 4.12: Scale-up of the synthesitlaf

With a large amount of the thioeth&d4 in hand, the oxidation step was then
investigated. First, different oxidising agents &vesmployed (Table 4.2). When

hydrogen peroxide was used, the sulfoxide produas wbtained as the major

product of the reaction, together with a small amai the desired sulfone (entry 1).

The oxidation using sodium periodate only furnisB8&b of sulfoxidel16 (entry 2).
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However, the use of mMCPBA provided better restit$act, when 2.1 equivalents of
MCPBA was used, a better conversion into sulfong etserved compared to®h
(entry 3). Moreover, when more equivalents of mCPBére used, the conversion

into the sulfonel16increased (entry 4 and 5).

S = f . ' (\)\ \\//
\ oxidant' S g —~=
- \
N—"" CH,Cl,, 0°C-r.t. N_/ u
BocN 2v2 BocN BocN N
115

116

Entry Oxidant (n equiv.) time 115116 (yield™)

1 H,0, (2.1) 1 day 3:1
2 NalQ, (4)™ 4 hrs 0: 1 (33%)
3 mCPBA (2.1) 1 hr 1:1
4 mCPBA (4) 1hr 1:3
5 mCPBA (5) 5 hrs 0: 1 (94%)

B ysing 0.1 equiv. of Ruglin CH,Cl,:MeCN:H,0; ™ isolated yield;

reaction carried on 3.7 mmol

Table 4.2: Optimisation for the synthesislab

Using these optimal conditions, the reaction wasiexh on a larger scale (Scheme
4.13). Pleasingly, the reaction was found to beadycible on a larger scale and

afforded the desired product with the same yield.

\Q mCPBA (5 equiv.) \”
CH,Cly, 0°C-rt.
BocN 22 BocN

116
94%
(27.31 mmol)

Scheme 4.13: Scale-up of the synthesisldf

With a large quantity of sulfon&l6 in hand, the synthesis of the sodium sulfinate
salt was next investigated (Table 4.3). When thactien was attempted using
sodium ethanethiolate at room temperature or at@0Ono reaction was observed
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(entry 1 and 2). However, when sodium hydride wdded to the reaction mixture,
the desired compound was isolated. Unfortunatbly,product was contaminated by
the remaining sodium ethanethiolate. Different radthof purification were then
attempted. Trituration of the crude mixture witlettiiyl ether failed to provide pure
product. Purification on different stationary ph&ses also attempted. For example,
using alumina or florisil as the stationary phasles,desired product was still found
to be contaminated by sodium thiosulfate. Howeubg purification on silica

provided the desired produti7in good yield (entry 3).

NaSEt (1.5 equiv.) )

0. additive (1.5 equiv.)
S—( 2 equiv) S~ONa
| NS THF, T(°C)
BocN BocN
116

117

Entry Additive T(°C) yield ™
1 - r.t. NR"

2 - 60°C NR!

3 NaH r.t. 97%

[l isolated yield™ NR = No Reaction.
Table 4.3: Optimisation for the synthesislaf7

Using the best conditions found earlier, the resctvas performed on a larger scale
and found to be reproducible (Scheme 4.14).

o 9 NaSEt (1.5 eqyiv.) (\)\
S\© NaH (1.5 equw.L S-ONa
N— THF, r.t., 1 day
BocN BocN
116 117
98%
(25.67 mmol)

Scheme 4.14: Scale-up of the synthesislof

Having optimized the route to the azetidine sutinsalt117, we decided to employ
these conditions to generate the oxetane derivaileasingly, the thiooxetariel8
and the sulfonel19 were obtained in good yield on large scale (Schdnis).
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However, when the nucleophilic aromatic substitutieaction was carried out using
sodium ethanethiolate, the desired prodi& could not be isolated in pure form. In
order to remove the organosulfur impurities morglgawe decided to employ a less
polar thiolate salt. In fact, when the reaction wasried out with benzylthiol and
sodium hydride, the desired produt?0 could be isolated in 93% vyield after

purification on a silica gel chromatography.

1) LHMDS (1.5 equiv.) o p
SH DMF, 1 hr, rt. @ mCPBA (5 equiv.) ~d @
\
| _N 2) It on ’t( N—/ CH,Cl,, 0°C-r.t. i | N_/
(1.5 equiv.) o 118 119
79% 97%
(18.74 mmol) (14.76 mmol)
BnSH (1.5 equiv.) q
NaH (1.5 equiv. \
aH ( eqqu S-~ONa
THF, r.t., 1 day
120
93%
(9.63 mmol)

Scheme 4.15: Synthesis 120

With the sodium salts in hand, we decided to expktransmetallation reaction to

generate the corresponding zinc salts. Howevernwihe azetidine sodium sulfinate

salt was treated with zinc chlorid® NMR spectroscopic analysis showed the
removal of the Boc protecting group. We discontthoer studies into changing the

counter ion at this stage.

4. Reaction of sulfinate salts with caffeine

As discussed at the outset of this Chapter, Barath @-workers reported the
utilization of zinc sulfinate salts for the incorption of medicinally relevant motifs
into heterocycles. As the synthesis of the zinéirsatle by counter ion exchange was
unsuccessful, then situ formation of these salts was attempted (Table.4.4)

Following the procedure of Baran and co-workersagsinCh in presence of TSOH
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and TBHP, no reaction was also observed (ent/y*1Xhe use of TFA and mCPBA
was also investigated, but unfortunately no degarediuct was observed under these

conditions either (entry 2 and 3).

caffeine (1 equiv.)

o ZnCl, (7 equiv.) o
\\ g . N~ N
S~ONa Additive (5 equw; N)t

yi( acid (1 equiv.) A N»_CNBOC

BocN H,0.DMSO, rt.  © N

116

Entry acid  Additive Outcome
1 TsOH  TBHP RSM!
2 TFA TBHP RSM?

3 TsOH mCPBA Boc deprotectdd?

Bl RSM = Recovered Starting Material.

Table 4.4: coupling attempts d17 on caffeine

The scope of reacting heterocycles was investigdtale 4.7). Unfortunately, when
other heterocycles were used in place of indolestiisg material or a complex
mixture was isolated. However, this preliminarydstitshowed that reaction could
work well with indoles, and so the scope of thefaullation process was

investigated by changing the groups on the indalg r

o heterocycle 9 o

\ I, (1.5 equiv. -7

S-0ONa 2 (1.5 equiv )> Het—S

MeOH, r.t., 1 day
BOCN NBOC
117
(3 equiv.)
Entry Heterocycle Result

1 Quinoline No reaction
2 Pyridine Complex Mixture
3 Imidazole No desired product
4 N-Methylimidazole No desired product
5 2-Methylfuran Complex mixture
6 5-Azaindole No desired product
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7 6-Azaindole No desired product
8 Caffeine No reaction
9 N-Methylindole 669!

[l isolated yield.

Table 4.5: Scope investigation

5. C2 functionalisation of indoles

5.1. Preliminary work

During our investigation on the incorporation okddine into caffeine, Deng and
co-workers and Kuhakaret al. reported the regioselective C2-sulfonylation of
indoles using sodium sulfinate salts and iodinéé®ue 4.16§°%*

I, (10 mol%)

TBHP (1 equiv.) ')
XN
Rz@ \ ACOH, 1-4hrs, it g2 mg/p
= R*-S0,Na o U
R (3 equiv.) I, (1.5 equiv.) R

MeOH, r.t., 2 hrs 10 - 96% yield

Scheme 4.16: C2 functionalisation of indoles

These methods appeared to be applicable for thibesia of azetidine and oxetane
derivatives. Accordingly, we applied Kuhakarn’'s diions using indole and the
azetidine sodium sulfinate sdli7. Pleasingly, the desired produ@1 was isolated
in 79% vyield (Scheme 4.17).

o o)
P I, (1.5 equiv. \_ 40
D) . ons tsemm_ [
” |j MeOH, r.t., 1 day b
BocN

H
NBoc

117 121
(3 equiv.) 79% (mmol)

Scheme 4.17: C2 functionalisation of indoles
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5.2 Optimisation

Deng and Kuhakarn’s methodology requires 3 equitalef sodium sulfinate salt.
In our case, this salt has to be synthesized irst&3 sequence, and so optimization
was attempted in order to limit the number of egleats required (Table 4.6). When
the reaction was carried out with less than 3 exjaits of sodium sulfinate salt, the
reaction required a longer time (entry 1 to 3). ldwer, when the reaction was
carried out with 3 equivalents dfl7 and 1.5 of iodine, the desired product was
isolated in 94% vyield (entry 4). When radical pmsou species, such as TBHP and
MCPBA, were added to the mixture, no improvemers wlaserved (entry 5 and 6).
The solvent was also investigated. However, whenréaction was carried in THF
or diethyl ether, poor conversion of starting mialeto 121 was observed (entry 7
and 8).

I, (n" equiv.) o
©\/> S-ona addiive mgﬁ
/i( MeOH, r.t., 1 day N b
BocN NBoc
117 121
(n equiv.)
117 lodide N _
Entry . . Additive  Time Result
equivalent  equivalent
1 1 1 - 3 days 60% conversion
2 1 15 - 3 days 75% conversion
3 2 1.5 - 3 days 90% conversion
4 3 1.5 - 1 day 9443
5 3 1.5 TBHP 1 day 749%
6 3 1.5 mCPBA 1 day 80
7 3 1.5 . l1day  33% conversiBn
8 3 1.5 - l1day  20% conversifn

[Blisolated yield™ reaction carried in THE reaction carried in ED.

Table 4.6: optimization of C2 functionalisationinélole
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5.3. Scope investigation

Using the best conditions found previously, thepgcof reacting heterocycles was
investigated (Table 4.7). Unfortunately, when otheterocycles were used in place
of indoles, starting material or a complex mixtuw@s isolated. However, this
preliminary study showed that reaction could worg&llwvith indoles, and so the
scope of the sulfonylation process was investigateadhanging the groups on the

indole ring.

heterocycle 9 o
\é\ONa I, (1.5 equiv.)> Het—S~*
MeOH, r.t., 1 day
BOCN NBOC
117
(3 equiv.)
Entry Heterocycle Result
1 Quinoline No reaction
2 Pyridine Complex Mixture
3 Imidazole No desired product
4 N-Methylimidazole No desired product
5 2-Methylfuran Complex mixture
6 5-Azaindole No desired product
7 6-Azaindole No desired product
8 Caffeine No reaction
9 N-Methylindole 6695!

[l isolated yield.

Table 4.7: Scope investigation

To investigate the scope of the reaction, indolearibg electron-donating and
electron-withdrawing groups were used. As shownStcheme 4.18, under the
optimized conditions the reaction proceeded in Kok yield with indole 121,

94%). A range of substituents at C5 were also wa#rated and furnished the
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desired product in good to excellent yield. Howevbe reaction was found to be
more effective with indoles bearing an electronatorg group such as an alkyla2,
91%) and a methoxy grouplZ3 100%), compared to a halidd2g 60%).
Moreover, the reaction was also effective with iedobearing a Me-group at
positions 1 and 3, furnishing the desired sulfotedaproductl26 and127 in good
yield. The promoting effect of the methoxy groupswaso found to be effective at

all positions on the benzene ring.

(@] AN O
R X N\ \\S\ I,(1.5 equiv.)‘ ng//o
{ _ N + ,j ONa 7 H b
H BocN N

MeOH, r.t., 1 day

Boc
117
(3 equiv.)

|C|) R 9 R = Me: 91%, 122
mszo mszo R = OMe: 100%, 123
N N R = OH: 95%, 124
H N R = Cl: 60%, 125
121, 94%

0 0 0
\_Lo0 mgﬁo E;j\y's';o
N N N

o M TN N

NB NB NBoc

128, 98% 129, 90% 130, 84%

Scheme 4.18: Scope investigation using azetitline

When the reaction was carried out on larger scal@arfiol) using 5-methoxyindole,
we were pleased to find that the chemistry procgedih high efficiency. The
sulfonylated indold.23 was isolated in 99% vyield.

Although this reaction generated the desired prisduncgood yield, when the indole
ring incorporated an electron-withdrawing groupe tteaction was less efficient

(Scheme 4.19). In fact, the esfi81 was obtained in poor yield (35%). Moreover,
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when the indole nitrogen included a Boc group herdryl ring was substituted by an

aldehyde or a nitro group, no reaction was observed

1) O
R NN S I, (1.5 equiv.) R!— Ny g7 -0
L + ~ONa > N
H ’j MeOH, r.t., 1 day b
BocN NBoc

H
117
(3 equiv.)
MeO,C 9 (I)I
AN S;O A\ S;O
Vo Yoo 7
NBoc Boc ~NBoc
131, 35% No reaction
o,N 9 CHO
NBoc NBoc
No reaction No reaction

Scheme 4.19: Scope investigation using azetitlire

The compatibility of this chemistry was also explbrwith the oxetane sodium
sulfinate salt. The same trends in the case oatetidine were reproduced with the
oxetane derivatives_(Scheme 4.20). In fact, indohethylated indoles and 5-
methoxyindole underwent the reaction in excellealdy However, the reaction with

5-hydroxy- and 5-chloro-indole were less effective.

e
R A\ S-ong _2(15eauiv) R msa
O

MeOH, r.t. 1day H

R = Cl: 62%, 137

o) 0 R o)
Tl n_ n_ R = Me: 100%, 134
ms‘o m =0 ms’o R = OMe: 100%, 135
N b N b N b R = OH: 64%, 136
o) o} o)

132, 100% 133, 98%

Scheme 4.20: Scope investigation using oxel&te

126



Chapter 4: Synthesis and applications of azetidine and oxetane sulfinate salts

5.4. Application of the method for the synthesis of an

atevirdine analogue

In order to show that this methodology can be ewggdoin the preparation of
compounds of relevance to medicinal chemistry, aalcgue of the marketed
compound Atevirdin@ was attempted (Figure 4.2). This compound is arseve
transcriptase inhibitor and is used in the treatnérHIV.*®? Our strategy was to
generate a close analogue of atevirdine where djilekatopiperazine was replaced

by a sulfonylazetidine.
MeO N 0] MeO N g//o
e, ~ I,
H
N HNJ

Atevirdine — Atevirdine analogue

Figure 4.2: Atevirdine and its analogue structure

For this purpose, the deprotection of the Boc gronhe nitrogen of the azetidine
moiety was attempted_(Table 4.8). Whd21 was stirred in a solution of
TFA:CH,Cl, at room temperature, no reaction was observedy(dnt When the
temperature was increased to 40 °C, the desiredeamas isolated in 73% yield
(entry 2). However, wheri21 was stirred in neat TFA, only degradation was

observed (entry 3 and 4).
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o) o)
m 4:0 TFA/CH,Cl, ©\/\>,§//O
e
N e N
NH

H
NBoc
121 138

Entry TFA:CH ,Cl; ratio T Result

1 1:2 r.t. NRY

2 1:2 40 °C 73%!

3 1:0 r.t. Degradation

4 1:0 75 °C Degradation

BI'NR = No Reactiont” isolated yield.

Table 4.8: Boc deprotection &1

With the best conditions in hand, the deprotectees then attempted ob23
Pleasingly, the desired ami@i89was isolated in quantitative yield (Scheme 4.21).

MeO O TFA:CH-Cl, MeO O
n_0 122 1n_0
V57 (12) D57
N N
RS &
N NH

Boc quant.

Scheme 4.21: Boc deprotectionl&3

With 139 in hand, the synthesis of the 3-aminoethyl-2-abpgridine was
investigated (Scheme 4.22). 3-Amino-2-chloropyrdimas treated with acetyl
chloride to furnish the desired amiddO in excellent yield. The amide was then
treated with lithium aluminium hydride to furnishet desired aminé41 in 67%
yield. Notably, 3-ethylamino pyridine was obsenasda by-product of this reaction.
In fact, if more than 2 equivalent of LAH was uswdf the reaction was stirred for
longer than 2 hours, more of this dechlorinategiyduct was observed.
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AcCl (3 equiv.)

Cl N_ _Cl
|w\m NEt; (3 equiv.) |\ O  LiAlH4 (2 equiv.) Ej[
_—
\h,  THF.70°C 7 N)k THF, 70°C ZINTN
2 1day, 91% H 2 hrs, 67% H
140 141

Scheme 4.22: Synthesis bl

With both compounds in hand, the nucleophilic arborsubstitution was attempted.
Following the procedure described for the largeessgnthesis of Atevirdine, no
desired compound was isolated and only startingrahtwas recovered (entry 1

As 139 was not fully soluble in toluene, the reaction vediempted in acetonitrile
(entry 2) but no reaction was observed after 5 ddgsg similar reaction conditions

to that described by Thomasal, no reaction was observed after 2 days (ent’y3).

MeO 0 Y

N_ _Cl e S

| A \©\/\>7§//O Base (2 equiv.) o Y\N
Z NI N e Salvent NH

N
H b reflux, Solvent /O | ~
H NH time SN %%

141 139 1427 |
(1 equiv.) (2 equiv.)
Entry Base Solvent Time Result
1 - Toluene 1 day NR
2 - Acetonitrile 5 day NE!
3 CsCO;  Acetonitrile 2 days NR!

@'NR = No Reaction.

Table 4.9: Attempted synthesis b2

As the nucleophilic aromatic substitution did néfoed any desired produc4?2, a
Hartwig-Buchwald reaction was then attempted. Faihg the reaction conditions of
Witulski et al, the reaction was attempted using 1 equivalechtdro-pyridine139
and 2 equivalents of azetidiri89 catalysed by Pd(OAg)and (+)-BINAP (Table
4.10)**°*When the reaction was carried out in toluene utuPNa or CsCO; as
base, no reaction was observed after 3 days (Enémyd 2). The poor solubility of

139in toluene was suspected to be the cause of thedactivity, and the reaction
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was attempted in more polar solvent. However, wtherreaction was carried out in
DMF no desired product or starting material wadaisal (Entry 3). When dioxane
was used instead the crude NMR analysis showed 26Bfersion (entry 4).
Delighted by this result, the reaction was therriedrout in acetonitrile and the

desired product was isolated in 67% vyield (entry 5)
Base (2 equiv.)

0
N c Meo O _ Pd(OAC), (3 mol%) X
B mé/p rac. BINAP (4 mol%) = \E\N \
7 N/\ N (o) NH N

H b reflux, Solvent / IJ
H NH 3 days NNTNF

141 139 142 H
(1 equiv.) (2 equiv.)
Entry Base Solvent Result
1 tBuONa Toluene NR!
2 CsCO; Toluene NF!
3 tBuONa DMF 142 not recovered
4 tBuONa Dioxane 25% conversion
5 tBuONa  Acetonitrile 67%"

BI'NR = No reaction®™ Isolated yield

Table 4.10: Synthesis optimisationlaf2

Although we were able to conduct the cross-coupteaction in good yield, the
process required 2 equivalents of azetidi3®. In order to decrease the required
amount of this valuable substrate, the reaction atBsmpted using 2 equivalent of
141 and 1 equivalent 0139 in acetonitrile (Table 4.11). Bidentate ligandfoafed
the desired product in moderate yield (entry 1 2ndHowever, when a monodentate
ligand was used instead, less than 10% conversis abserved (Entry 3 to 5).
When CgsCO; was used as the base, less than 10% conversiomls@®bserved
(entry 6). Unfortunately, when the reaction wasratited using a palladium (0)

species or a precatalyst, no reaction was obséergd; 7 and 8).
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Base (2 equiv.) 0 0

N_ _Cl MeO © [Pd] (3 mol%) S
E;\[ mg//o ligand (4 or 8 mol%) - Y\N N
e
NN ” b reflux, MeCN /O NH | A
H NH  3days NNTNF

141 139 1427 |
(2 equiv.) (1 equiv.)

Entry Base [Pd] Ligand Result
1 tBuONa Pd(OAc) rac.BINAP ¥ 40%!
2  tBuONa Pd(OAc) dppf® 49%!"
3  tBuONa Pd(OAg) XPhos!”! < 10% conversion
4  tBuONa Pd(OAc) PPh ! < 10% conversion
5  tBuONa Pd(OAc) dppe® < 10% conversion
6 CsCO; Pd(OAcy rac.BINAP™ < 10% conversion
7  tBuONa Pd(PPh), - NR !
8  tBuONa XPhos-precatalyst NR

B4 mol% used;™ 8 mol% used;' Chloro(2-dicyclohexylphosphinos2',6'-
triisopropyl-l,1—biphenyl)[2-(2-aminoethyl)phenyl)]palladium(lIgg,] Isolated yield®
NR = No reaction

Table 4.11: Synthesis optimisationlaf2

We next decided to investigate the reaction usirffj: 1) combination of starting
materials (Table 4.12). Unfortunately, no more thé#n yield was obtained.

tBuONa (2 equiv.) O 0

N. o MeO O _ Pd(OAc), (3 mol%) 8
o mé/p rac. BINAP (4 mol%) AR
P o N — > NH X
\ N reflux, MeCN |
H NH 3 days N =

141 139 142 |
n equiv. n' equiv.
Entry n n’ Result
1 1 1.1 < 10% conversiof
2 1.1 1 1494"

Flobserved on crude NMR analysi$;isolated yield.

Table 4.12: Synthesis optimization 32
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The atevirdine® analoguel42 was successfully synthesised. However, this
compound was obtained in moderate to good yiekl.syinthesis requires further

investigation and optimization.

5.5. Mechanistic studies

Kuhakarn and Deng proposed that the indole sultdioy reaction proceeds via a
radical pathway. A series of experiments were tb@mducted to provide evidence
for this hypothesis_(Table 4.13). In fact, when tlaction was carried out under the
standard conditionsl21 was isolated in 94% vyield (entry 1). However, whbga
reaction was conducted in the absence of iodingeaction was observed (entry 2).
When the reaction was carried out in the dark aleamnert atmosphere, the desired
product was isolated in lower yield (entry 3 and #hese observations would
suggest that the reaction requires a radical toitiaMloreover, the addition of a
radical scavenger (TEMPO) had major effect on thedy For example, when
TEMPO was added in a sub-stoichiometric amounlightsdecrease in the yield was
observed (entry 5). A considerable decrease wasredxd when 1 equivalent of
TEMPO was added (entry 6), and only trace&2ff was isolated when 3 equivalents
of TEMPO were added (entry 7). These experimenppat the proposal that the

reaction involves a radical pathway.
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ol l, (1.5 equiv.) mﬁs?/o
> S- additive _ ¢
ONa > N b
H
BocN N

MeOH, r.t., 1 day

Boc
117 121
(3 equiv.)
Entry Additive Isolated yield
1 None (Standard conditior®) 94%
2 None (No iodine) NE!
3 None (dark) 81%
4 None (argon) 30%
5 TEMPO (0.1 equiv.) 80%
6 TEMPO (1 equiv.) 24%
7 TEMPO (3 equiv.) Traces

B{1117(3 equiv.), } (1.5 equiv.), MeOH, r.t., 1 dal! NR = No Reaction

Table 4.13: Effect of conditions on the outcoméhef reaction

In order to further confirm the proposed radicathpay, we were intrigued to
explore the result of the reaction of 3-cycloprapgble under our optimised
conditions. To synthesize 3-cyclopropyl inddlé3 2-iodoaniline was treated with
trimethylsilyl-cyclopropylacetylene in presence BH(dppf)Ch.CH.Cl,, LIClI and
sodium carbonate. The obtained indole was thetetleaith TBAF in THF to afford
the desired produdi44 (Scheme 4.23).

|>%TMS

LiCl (1.05 equiv.)

@E ! Na,CO; (3 equiv.) TBAF (1.3 equiv.)
> »
NH, Pd(dppfCla.CHyCly N—TMS  THF, 70°C, o/n N
(0.1 equiv.) ﬁ N
DMF, 100°C, 6 hrs 143 144
thenr.t., o/n 61% 75%

Scheme 4.23: Synthesis of 3-cyclopropylindbi&
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Unfortunately however, when 3-cyclopropylindole44 was treated under the
reaction conditions, a complex mixture was obtaiffech which we were unable to
identify the major product (Scheme 4.24).

117 (3 equiv.)

I, (1.5 equiv.) .
» complex mixture
MeOH, r.t., 1 day

N
H
144

Scheme 4.24: Attempted reactionldf7 and144

Kuharkan and Deng also suggested that RS@s the reactive radical species
formed in situ In order to confirm this observation, the synibesf 145 was
attempted. In fact, if RSOis the reactive radical species, the reaction ®DRwith
indole would provide the desired product. To foihra todosulfinate of azetidiné17
was treated with iodine in a solution of water atldanol. The desired product was
isolated in 23% yield. Whei45 was subjected to the reaction with indole, the
desired product was observed but it was contamdnatth 3-iodoindole. When the
reaction was carried out with 5-methoxyindole ocy8topropylindole, no desired
product was observed in the NMR analysis of thelenixture. These disappointing
results might have been to the result of the intyabf the iodosulfone substrate.

Indole . 121
MeOH, r.t, 1day ~ Observed

SOzNa 1, (1 equiv.) SO | 5-OMe-indole
,j - = ,j » complex mixture
BocN H,O:EtOH  BocN MeOH, r.t., 1 day
117 23% 145

(1.5 equiv.)

3-cyclopropylindole .
> complex mixture
MeOH, r.t., 1 day

Scheme 4.25
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As the azetidine required a multistep synthesieemeadily available substrate was
chosen to carry out the mechanistic studies. Acéoghgl sodium benzene sulfinate
was treated with iodine to afford iodobenzenesatinin 9% yield. Sulfinate iodide
147 was then added to a solution of indole in dichieethane or methanol.

Unfortunately, no desired product was observed utise conditions.

SO,Na I, (1 equiv.) SOl Indole
: » complex mixture
H,O:EtOH MeOH or CH,Cl,

146 9% 147 r.t., 1 day
(1.5 equiv.)

Scheme 4.26

Unfortunately, these studies did not provide ansthier insight into the reaction

mechanism or intermediates involved in the reaction

6. C3 functionalisation of indoles

6.1. Preliminary work

Deng and Kuhakarn also reported the regioseledi8esulfenylation of indoles
using sodium sulfinate salt, iodine and triphengtgphine (Scheme 4.2%°

I, (10 mol%)

DMSO (3 equiv.)
N diethyl phosphite (2 equiv.) s-R®
Rz—lij\/\> 3 100°C, 15 hrs, anisole, Ar N
= N + R —SOzNa or > Rz_: \
R’ (3 equiv.) I, (1 equiv.) Z N
PPh; (1.5 equiv.) R
EtOH, 80°C 32 - 97% yield

Scheme 4.27: C3 sulfenylation of indoles
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Pleasingly, when we utilized this methodology odale and 2-methylindole using
the azetidine sodium sulfinate salt7 at room temperature, the desired proddd®

and149were isolated in 70% and 63% yield, respectively.

\ Q PPIh3 51 5 equiv.) S,CNBOC
H ;j EtOH, r.t., 1 day R
BocN N

117 H
(1.5 equiv.) R =H: 70%, 148
R = Me: 63%, 149

Scheme 4.28: C3 functionalisation of indoles
6.2. Optimization

In order to optimize this process further, the tieactemperature was investigated
(Table 4.14). As shown below, when the reaction eeted at reflux, a decrease in
yield was observed (entry 3). However, similar hsswere obtained when the

reaction was conducted at 70 °C, and at room testyoer (entries 1 and 2).

o I, (1 equiv.) S,CNBoc
A ) PPhs (1.5 equiv.)
S~
+ ONa » N\
N ;i( EtOH, T°C, 1 day
BocN H

117
149
(1.5 equiv.)

Entry T (°C) Isolated yield

1 r.t. 84%
2 70 °C 83%
3 reflux 63%

Table 4.14: optimization of C3 functionalisationindlole
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As before, we wanted to investigate the possibitfyreducing the number of
equivalents of sulfinate salt required in the rigsctAs shown in Table 4.15, when 1
equivalent each af17, PPh and } were used, the desired product was obtained in
moderate yield (entry 1). When the quantitiesla¥ and triphenyphosphine were
increased, 149 was obtained in better yield (entry 2 and 3). Hesve when 3
equivalents ofLl17 and PPhwere used, no desired compound was isolated (dintry
As using 1.5 equivalents df17 and PPk furnished a good vyield, an equimolar
amount of iodine was then used (entry 5). Howetler,product was obtained in a

poorer yield.

l, (n? equiv.) NBoc
% PPh; (n® equiv.) >
m S-ona 1 > N
|j EtOH, 70°C, 1 day
BocN N

H
149
(n' equ.)
RSO;Na PPhs 2 .
Entry . . . Isolated yield
equivalent  equivalent equivalent

1 1 1 1 55%
2 15 15 1 83%
3 2 1 100%
4 3 3 1 0%
5 15 15 1.5 76%

Table 4.15: optimization of C2 functionalisationindole

To our surprise, repeating the reaction on prepa&aicale using the optimized
conditions only produced the desired product in 64ékd (Scheme 4.29).

9 I, (1 equiv.) S/CNBOC
" PPhs (2 equiv.)
~ONa = N\
EtOH, r.t., 1 day
BocN N

17 Has
(2 equiv.) 64%

Scheme 4.29: Optimized conditions
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We next decided to screen a range of reaction std\a the elevated temperature of
70 °C. Surprisingly, when the reaction was carreed in methanol, no desired

product was isolated (entry 1).When toluene orawetvas used, poor to moderate
yield were obtained (entry 3 and 4). No reactiors waserved when hexane was
used (entry 5). Better results were obtained witmenréaction was carried in 1,4-

dioxane, dichloromethane, THF, acetonitrile or etidentry 2, 6 to 9). However, an

inseparable unidentified impurity was isolated wiile desired product in dioxane
and dichloromethane. As THF, acetonitrile and edhg@novided similar results, the

more environmentally friendly solvent EtOH was ahos

9 I, (1 equiv.) S/CNBOC
S PPhs (2 equiv.)
~ONa > N\
’j solvent
BocN N

H

70°C, 1 day N
2 ;;Ziv.) 149
Entry Solvent Isolated yield
1 Methanol 0%
2 1,4-dioxane 9794
3 Toluene 66%
4 Acetone 21%
5 Hexane NR!
6 Dichloromethane 97%%
7 Tetrahydrofuran 95%
8 Acetonitrile 94%
9 Ethanol 100%

B purity evaluated at 709%™ NR = No Reaction.

Table 4.16: optimization of C2 functionalisationindole
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6.3. Scope of the reaction

With the optimized conditions in hand, the scopéhefreaction was investigated. As

shown in_Scheme 4.30, indole and alkylated indoldeawent the reaction to furnish

the desired product in good yield. The reactioralso suitable with alcohol and

methoxy groups. Moreover, 3-methylindole was alsonfli to be suitable and

furnished the desired produdb4 in moderate yield, with incorporation of the

sulfinate salt at C-2. The reaction also afforded54 and 6-substituted indole in

moderate to good yield.

)
N W
|
H BocN

117

I (1 equiv.)

PPh; (2 equiv.)
EtOH, 70°C, 1day R--
= N
H

(2 equiv.)

NB
o Neoe

;
::N
H

84%, 148

NB
o Neae
A\

R\Cfg
N
H

OMe S/CNBOC
N

H
93%, 155

Scheme 4.30:

NB
S/C oc S/CNBOC
N

Co-
N N
H \

100%, 149 98%,150
R = Me: 97%, 151 AN S
R = OMe: 100%, 152 N

R = OH: 90%, 153

27

A\
o o N
N MeO N H

H OMe

86%, 156 66%, 157

Scope investigation using azetitlirie

NB
oo
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However, the reaction seemed incompatible with leslobearing electron-
withdrawing groups, and with benzofuran and benpptiene (Scheme 4.31).

o I, (1 equiv.) /CNBOC
X \ ; S
RIL A\ S PPh3 (2 equiv.)
| _ + ~ONa > X N\
” |j EtOH, 70°C, 1day R--
BocN Z N

117 H
(2 equiv.)

NBoc

NBoc /C

S/C P /CNBOC
S
A\

N N

H i30c X
. . X = O: No Reaction
No Reaction No Reaction X = S: No Reaction

Scheme 4.31: Scope limitation using azetidith@

7. Conclusion

The preliminary aim of this study was to investegtdte synthesis and the application
of zinc sulfinate salts of azetidines and oxetaneddferent heterocycles using
methods developed by Baran. We developed an effiggnthesis of azetidine and
oxetane sodium sulfinate salts, but found these b& unreactive towards
incorporation into caffeine. In contrast howeverg vaave been successful in
developing an efficient method for the regioselextsynthesis of C2 and C3
azetidine and oxetane functionalized indoles. Is Weaund that electron-rich indoles
were good substrates for this reaction. We alsavelldhat the Boc protecting group
on the azetidine can be easily removed, providing opportunity for further
elaboration of this scaffold.

Other applications of these salts could also bestigated, such as the reaction with
trifluoroborate, amine and halogenated heterocydlesafford a broader range of
azetidine and oxetane containing moieties. This ldvagive the opportunity to

medicinal chemist to enlarge their scope of acbéssargets.
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Part2: Lewis Base directed
cycloaddition of 2-pyrones with

alkynylboranes

1. Introduction

The cycloaddition of 2-pyrones, first reported bel® and Alder in 1931, allows the
synthesis of functionalized cyclohexenes and arimneampounds in 1 stef3’ When
alkynes are used in the reaction with 2-pyronesnatic compounds are obtained. In
fact, the intermediate obtained after the cyclo@midi undergoes a retro-
cycloaddition with expulsion of carbon dioxide (8afe 5.1):%

Scheme 5.1: cycloaddition between 2-pyrones anghakk

This process is compatible with a range of fun@lagroups attached to the alkyne

such as: silyl*®® phosphonate’’® stannane!’* ester,

amide,'”® ketone,'"*
hydrocarbon and boronat& However, this reaction requires high temperatares
often long reaction times, and generally providasable regiocontrol. In order to
improve this process, studies in the Harrity grelppwed that the use of a Lewis
acid-base complex allows the reactions to proceéddwaer temperature to provide

the cycloadducts with excellent regiocontrol (Schéh®)'"®
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N R—==—BF4K -
0 BF3.OEty, 40°C B’F/2
I CHClp, 10min [
54 - 93%
= N7 S 0
| I ) /
S V.
/ > O O
BF, BF, BF, BF,
Ph ™S Ph Ph
82% 70% 74% 67%

Scheme 5.2: Lewis acid-base complex induced cyditiad of 2-pyrones and

alkyne trifluoroborate

[~
=
=
(7]

Computational studies carried out within the gralpwed that the Lewis-base
directed cycloadditions of 2-pyrones involved tlenfation and disproportionation
of alkynylboranes. The first aim of this projectsM@ confirm some aspects of the

theoretical observations experimentally.

Theoretical investigations also showed that theisewid used in the reaction could
have a considerable effect on the reaction. In factheory, 1 equivalent of alkyne
and BXg should promote complete conversion of the reacilitve second aim of this
project was to investigate other Lewis acids thaild promote the reaction in an

effort to decrease the amount required in thesegsses.
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3. Mechanistic investigation

Theoretical studies carried out by Dr Julong Jiarigthis department led to a
proposed mechanistic scheme (Scheme 5.3).

R%BFgK
le3
R—=—=—BX, R—=——BX,
R—=—BX, =——= (R—=)BX = ~ (R—}8
-BX3 2 -BX3 3
pyrone l pyrone l pyrone
R R
R R
Z =z
8 B
Y DG DG |||
R BXs |
- R——BX,
BX, BX |
DG -R——BX,
0
pyrone = X\ O
DG

Scheme 5.3: Proposed mechanism

These computational studies suggested that trijgidyorane is formedh situ and
reacts with the 2-pyrones to form the cycloadd@anfirmation of the viability of
this process was achieved by generating trialkyorgbe following the method of
Sebert!”” Addition of this alkyne to pyronel58 provided the corresponding
cycloadduct 159 in 95% vyield (Scheme 5.4). This reaction confirméuht
trialkynylboranes could be competent intermediatdhis reaction.
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1) nBuLi, hexane

-20°C tor.t.

=—tBu > [ B{=—tBu) }
2) BCl; 3 DCE, 60°C
-78°C tor.t. 95%

Scheme 5.4: Synthesis b59

Theoretical studies also showed that disproportiona of dialkynylborane
cycloadducts occurred to form difluoroboranes sashl60. In order to gather
evidence for this hypothesis, treatmentl68 with boron trifluoride was carried out
and the desired difluoroboratté0was indeed generated in 99% yield (Scheme 5.5).

[ N
_N . | _N
X BF;.0Et, (3 equwi
B{= tB”)2 CH,Cly, r.t., 2 hrs BF,
99%
tBu tBu
159 160

Scheme 5.5: Equilibration d59to 160

4. Extension of the methodology using boron trichloride

Previous work within the Harrity group showed thia¢ reaction of 6-pyridine-2-
pyrones with 3 equivalents of phenylethynyl triftaborate potassium salt and 3

equivalents of boron trichloride afforded the degirdifluoroborane substituted

benzene in 82% vyield (Scheme 5.6).
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~N XN
| _N | N
Ph—=——BF;K (3 equiv.) Z
Z>0 BF5.OEt, (3 equiv.), CH,Cl, BF
X o 40°C, 10 min
0 Ph
158 82% 160

Scheme 5.6: cycloaddition of 2-pyrones using.BiEb

Theoretical studies showed that other boron trileslicould catalyse the reaction and
so we decided to look at these processes in maial.d€éhe reaction using 3
equivalents of BGlor BBr; was then attempted. Pleasingly, both desired mtsdu

were isolated in good yield (Scheme 5.7). Howebetter results were obtained with
BCls.

X N
LN |
Ph—=——BF:K (3 equiv.) X = CI: 89%, 161
> X = Br: 68%, 162
30 BX; (3 equiv.), CH,Cly BX2 ros
A 40°C, 10 min
0 Ph
158

Scheme 5.7: Use of alternative boron trihalides

With respect to boron trichloride, the number ofiigglents used in the reaction of
alkynes or Lewis acid was then optimized (
Table5.1). The number of equivalent of alkyne could be psduwithout affecting
the yield of the reaction (entries 1 to 3). The o$& equivalents of alkyne and
borane seemed to provide a good compromise andslfigch the desired product in
86% vyield (entry 5). However, when the equivalemtre decreased, the reaction
failed to reach full conversion and furnished thesiced product in moderate yield
(entries 6 and 7).
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A A
N N
Ph—==—BF;K (n equiv.) 2
Z 0 BCls (n' equiv.), CH20|27 BCl,
S 40°C, 10 min
0] Ph
158 161
Entry n n Result?
1 3 3 89%
2 2 3 88%
3 1.5 3 89%
4 1 3 62%
5 2 2 86%
6 1 2 56%
7 1 1 33%

Bl |solated yield.

Table 5.1: Optimisation studies for the synthe$isai

The temperature of the reaction was then optim{Zedble 5.2). When the reaction
was carried at 40 °C the product was isolated wdggeld (entry 1). The reduction
of the temperature to 0 °C or -15 °C did not sigaifitly affect the yield (entries 3
and 4). However, when the reaction was carriechbtbom temperature, the reaction
did not seem to be reproducible and gave on avetagelesired product in 68%
yield (entry 3). A reaction temperature of 0 °C veaa®sen as it was both practical

and efficient.
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N |
2 Ph—=—BF,K (equiv) “FN
'
Z>0 BCl; (2 equiv.), CH,Cl, BCl,
~ T°C, 10 min
0 Ph
158 161

Entry T (°C) Isolated yield

1 40 89%
2 r.t. 6894
3 0 84%
4 -15 °C 78%

el average yield

Table 5.2: Temperature optimization

We the best conditions in hand, the reaction scsae investigated. A series of
potassium alkyne trifluoroborates and 2-pyronesewsmthesized and used in the
cycloaddition. The pyridine or thiazole substitutgd/rones underwent the
cycloaddition reaction in good to excellent yielider mild conditions using phenyl,
n-butyl, t-butyl, cyclohexenyl or trimethylsilyl substitutedlkynes (Table 5.3).
However, the reaction between thiazole pyrone aneethylsilyl alkynes was slower

and required an elevated temperature.
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R! R!
P RZ——BF;K (2 equiv; @:Bcb
- BCl; (2 equiv.), CHyCly
o] 0°C or 40°C, 10 min R2
Entry R? R® T(°C) Isolated yield
1 N Ph- 0 84% 161)
, Lo nBu- 0 89% 164)
3 g tBu- 0 70% 165)
4 NN 1-cyclo hexenyl- 0 5494 66)
5 158 TMS- 0 47% 167)
6 S /:/\N ___________________ Ph- o 83%168)

7 nBu- 0 97% 169)
8 ~ 70 1-cyclo hexenyl- 0 84%4.70)
9 \163 © TMS- 40 51047 (171)

el The product of protodesilylation was isolated &% yield.

Table 5.3: Scope investigation

The reaction between 4-thiazoler2 and oxazolel73 substituted pyrones with
phenyl, n-butyl and 1-cyclohexenyl alkyne trifluoroborateffoeded the desired
products in moderate to good yield. However, thactien of oxazole substituted
pyrones 174 proved to be less reactive to cycloaddition anguired a longer
reaction time than its 2-methyloxazole countergarportantly however, this pyrone
174 was found to be completely unreactive towardsaaatlition in the presence of
BF;.OEL.
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R’ ) R’
R*———BF;3;K (2 equiv.)
Z>0 : e @:Bc'z
BCl; (2 equiv.), CH,Cl,
N0 40°C, Time R?
Entry R* R® Time Isolated yield
1 s Ph- 10 min 77%1(75)
2 VN nBu- 10 min 750%176)
Ze)
3 X0 1-cyclo hexenyl- 10 min 679477
172
04\( ___________________ Ph- 10 min  76%X78)
N nBu- 10 min 78%1(79)
o)
6 N0 1-cyclo hexenyl- 10 min 489%4.80
173
7 o Ph- 3d.  55%181)
N
g N nBu- 3d. 5398 (182)
e
9 Yy  1-cyclo hexenyl- 3d. 4285 (183)
174

@ The reaction did not reach full conversion.

Table 5.4: Scope investigation

5. Conclusion

To conclude, experiments in support of the propassttion mechanism of the
directed cycloaddition have been carried out. Is lieeen proposed that rapid
equilibration between alkynyldifluoroborane, bisdaris-alkynylboranes takes place
and that the latter undergoes cycloaddition folldveg disproportionation. We have
carried our experiments that show that these sepwviable. We have also shown
that other Lewis acid, Bxcould catalysed the reaction. Moreover, the reaatising

boron trichloride allows the cycloaddition of a gaenof alkyne trifluoroborate and 2-

pyrones, and improves the scope of substratepé#natipate in this process.
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Part 3: Experimental

1. General experimental

All reactions were conducted in flame-dried glasgmander ambient conditions and
inert atmosphere (nitrogen or argon) unless ottergiated. Microwave promoted

reactions were conducted in a CEM discover SP Miax@ Reactor.

Infrared (IR) spectra were recorded on a Perkin délfParagon 100 FTIR
spectrophotometer, Elmer Spectrum 100 spectrophaisymor Thermo Nicolet
Avatar 370 FT-IRymax in cmi’. Samples were recorded neat or as thin films using
sodium chloride plates, as a &, or MeOH solution. Bands are characterized as
broad (br), strong (s), medium (m), or weak (#).NMR spectra were recorded on a
Bruker AC-250 (250 MHz), AMX-400 (400 MHz) or Avaeel00 (400 MHz)
supported by an Aspect 3000 data system. Chenhdé are reported in ppm from
trimethylsilane with the residual protic solvensoeance as the internal standard
(CHCls: 6 7.27 ppm) unless otherwise stated. Data are @it follows: chemical
shift (multiplicity (s = singlet, d = doublet, t triplet, g = quartet, br = broad, m =
multiplet), coupling constant (Hz), integration aassignment)*C NMR spectra
were recorded on a Bruker AC-250 (62.9 MHz), AMXB4(100.6 MHz), Avance-
400 (101 MHz) or Avance-700 (176 MHz) with complgbeoton decoupling.
Chemical shifts are reported in ppm from trimethgle with the solvent as the
internal reference (CDgIs 77.0 ppm) unless otherwise stated. High-resolutiass
spectra (HRMS) recorded for accurate mass analy@sge performed on either a
MicroMass LCT operating in Electrospray mode (TO&HE a MicroMass Prospec
operating in FAB (FAB+), EI (El+) or CI (Cl+) mod@&r on a ThermoScientific
LTQ-FT.

Thin layer chromatography (TLC) was performed amrahium backed plates pre-
coated with silica (0.2 mm, Merck DC-alufolien Kedgel 60 Fs4) or pre-coated

glass plates with silica (Merck DC Kieselgel 6&4-which were developed using
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standard visualizing agents: Ultraviolet light ootgssium permanganate. Flash
chromatography was performed on silica-gel (BDHc8ilGel 60 43-60 or Davisil
60A). Melting points, performed on recrystallizedlids, were recorded on a
Gallenkamp melting point apparatus or on a Buchitibig point B-545 and are

uncorrected.

All solvents and reagents were purified using staddlaboratory techniques
according to methods published in “PurificationLaboratory Chemicals” by Perrin,
Armarego and Perrin (Pergamon Press, 1966). Gdgmeagents were titrated
against menthol using 1,10-phenantroline as arcatoi and dry THF as solvent.

Unless otherwise stated, all other solvents an@nads were used as supplied.
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2. Synthesis of sydnones

General procedure 1:

o
O @

N oy AN DME rt Z—Q\
R N"""2"0 2y TFAA, DCM, r.t. N,N

R

IAN (1.1 equiv.) was added to a solution of theig®bamino acid (1 equiv.) in
DME [0.5 — 1.5 M] under stirring. The resulting riixe was stirred at r.t. for the
designated time before concentraieadvacuoto form a thick oil. A mixture of
petroleum ether and diethyl ether (15:1) (50 mL¥06r00 g) was added to allow the
formation of a solid. The liquor was then decantbd,supernatant was removed and
the solid was driedn vacuo and used in the following step without further
purification. (CAUTION: These nitrosamine intermatlis are suspected
carcinogens). TFAA (2 equiv.) was added to a susiparnof the solid in CkCl; [1

M] under nitrogen atmosphere and the mixture whsvald to stir at r.t. for 1 hour.
A small amount of water was then added and thetisoluvas neutralized to pH=7
with a saturated aqueous solution of NaHCThe aqueous layer was then extracted
with CH,Cl, (3x 150 mL for 10.00 g). The combined organic tayeere dried over
MgSQ,, filtered and concentratad vacuoto afford the desired sydnone which was
then recrystallised with EtOH (100 mL for 10.00 g).

Synthesis ofN-Phenylsydnone (434}

o
o @
H 1) IAN, DME, r.t., 5 hrs Z/»c\)\
phe N~ COM o TEAn CHLCL 1t ‘N
1hr ’Tl
93% Ph
(66.1 mmol scale) 43a

Following general procedure 1 usihgphenylglycine (10.00 g, 66.1 mmol), DME
(40 mL), stirring for 5 hrsN-phenylsydnone43a) was isolated as a beige solid
(10.02 g, 93%).
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M.p. = 128 - 130 °C (lit. 131 — 134 °C'¥{ NMR (400 MHz, CDC}) § 7.76 — 7.70
(m, 2H, AH), 7.70 — 7.59 (m, 3H, Af), 6.74 (s, 1H, A); *C NMR (101 MHz,

CDCl) 6 169.1, 134.9, 132.6, 130.4, 121.4, 93.8; FTIR:334%), 3124 (m), 1758
(s), 1439 (m), 1362 (w), 1226 (w), 1082 (m), 948 53 (s), 719 (s); HRMS: m/z
[M+H] " calcd. for GH;N,O,: 163.0508, found: 163.0500.

Synthesis ofN-paramethoxyphenylsydnone (4342

o
O o

1) IAN, DME, r.t., 5 hrs Z>o

o \
pvp- N~ COH 2) TFAA, CH,Cly, r.t. N

1hr I
75% PMP

(68.99 mmol scale) 43b

Following procedure 1 using 2pdra-methoxyphenyl)amino)acetic acid (12.50 g,
68.99 mmol), DME (100 mL), stirring for 3 hrbl-(para-methoxyphenyl)sydnone
(43b) was isolated as a brown solid (9.91 g, 75%).

M.p. = 122 - 124 °C (lit.125-126°CJH NMR (400 MHz, CDGJ) & 7.65 (d,J = 9.0
Hz, 2H, AH), 7.08 (d,J = 9.0 Hz, 2H, AH), 6.73 (s, 1H, AH), 3.90 (s, 3H, €3);
13C NMR (101 MHz, CDGJ) 6 169.9, 162.8, 127.7, 122.9, 115.4, 94.0, 56.0RETI
3420 (br), 3116 (w), 1760 (s), 1610 (m), 1513 (@50 (m), 1263 (m), 1176 (m),
1023 (w), 826 (m), 723 (m); HRMS: m/z [M+HEalcd. for GHgN,Os: 193.0613,
found: 193.0610.

Synthesis ofN-Benzylsydnone (43c)°

1) IAN, DME, r.t., 5 hrs Z—o®
' o
2) TFAA, CH,Cly, r.t.
1hr |
89% Bn
(25.59 mmol scale) 43c

H
g N~ COH
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Following general procedure 1 usihgbenzylglycine (4.23 g, 25.59 mmol), DME
(50 mL), stirring 5 hrsN-benzylsydnone43c) was isolated as a white solid (4.03 g,
89%).

M.p. = 64 - 66 °C (lit. 67 °C)*H NMR (400 MHz, CDCYJ) & 7.48 — 7.43 (m, 3H,
ArH), 7.37 (dtJ = 4.5, 3.5 Hz, 2H, At), 6.17 (s, 1H, AH), 5.35 (s, 2H, B,); *°C
NMR (101 MHz, CDC}) § 169.3, 130.6, 130.3, 129.7, 128.8, 94.7, 57.4REBX63
(br), 3153 (m), 1730 (s), 1473 (m), 1180 (m), 1G63, 936 (W), 696 (s); HRMS:
m/z [M+H]" calcd. for GHgN,O,: 177.0664, found: 177.0658.

3. Investigation on the introduction of an oxetane rin

into a sydnone

Synthesis of ethyl 2-cyclohexylideneacetate (423

Et02C _PPh;

= ~CO,Et
toluene reflux

o/n
62% 44

(3 mmol scale)
(Carbethoxymethylene)triphenylphosphoradé) ((1.254 g, 3.6 mmol, 1.2 equiv.)
was added to a solution of cyclohexanone (0.3103mhmol, 1 equiv.) in toluene (2
mL). The resulting mixture was heated at reflux bafore being concentrated
vacua The residue was then diluted with petroleum efB8rmL) and filtrated. The
filtrate was concentrated vacuoand purified via flash column chromatography on
silica gel eluting with a gradient from 0 to 10%dtacetate in petroleum ether to

afford ethyl 2-cyclohexylideneacetat®l) as a pale yellow oil (0.314 g, 62%).

'H NMR (400 MHz, CDC}) § 5.59 (s, 1H, @), 4.13 (q,J = 7.0 Hz, 2H, E,-CHs),
2.85 — 2.78 (m, 2H, B,), 2.22 — 2.14 (m, 2H, I&,), 1.62 (it,J = 7.0, 6.0 Hz, 6H,
CH,), 1.26 (t,J = 7.0 Hz, 3H, CHCH3); *C NMR (101 MHz, CDG)) & 167.0,
163.7, 113.1, 59.6, 38.1, 29.9, 28.7, 27.9, 2644:IFTIR: 2980 (s), 2933 (s), 2856
(s), 1713 (s), 1646 (s), 1446 (s), 1380 (s), 131) (273 (s), 1236 (s), 1206 (s),
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1160 (s), 1040 (s), 993 (w), 850 (s); HRMS: m/z M+ calcd. for GoH170::
169.1229, found: 169.1235. Analysis are in accacdanith those reported in the

literature.

Synthesis of 4-acetyl-3-phenyl43-1,2,3-oxadiazol-1-ium-5-olate (53}

o S)
1) n-BuLi (1.1 equiv.), THF,

O o O o
o) -78°C, 30 min o)
/A » 0O /A
NV 2) Cul (1.1 equiv.), -78°C-r.t,, 30 min N
|

3) AcClI (1.3 equiv.), r.t., o/n

|
Ph 49% (0.62 mmol scale) Ph
43a 50

A solution ofn-BuLi (2.5 M in THF, 0.27 mL, 0.68 mmol, 1.1 eqyiwas added to a
cooled solution oN-Phenylsydnone4@a) (0.100 g, 0.62 mmol, 1 equiv.) in THF (1
mL) at -78°C under argon to form a red solutione Tésulting mixture was stirred at
-78°C for 30 min. Copper (I) iodide (0.129 g, Oréénol, 1.1 equiv.) was then added
and the mixture was allowed to warm to r.t. ovemd@ before acetyl chloride (0.06
mL, 0.80 mmol, 1.3 equiv.) was added dropwise. Tdwulting mixture was then
stirred at r.t. o/n. A 1 M solution of HCI (5 mL)as then added and the solution was
extracted with CECI, (3x 5 mL). The combined organic layer were theedlover
magnesium sulfate, filtered and concentrated. Thdecmaterial was then purified
via flash column chromatography on silica gel elgtwith 20% ethyl acetate in
petroleum ether to afford 4-acetyl-3-phenid-3,2,3-oxadiazol-1-ium-5-olatesQ),
as a pale yellow solid (0.062 g, 49%).

M.p. = 146 — 148 °C (lit. 143-145 °C'f NMR (400 MHz, CDCJ) 6 7.70 — 7.64 (m,
1H, ArH), 7.61 — 7.55 (m, 2H, At), 7.49 — 7.44 (m, 2H, At), 2.51 (s, 3H, E3);

%C NMR (101 MHz, CDGJ) 5 184.3, 166.3, 135.0, 132.4, 129.5, 124.9, 106.1;
FTIR: 3443 (br), 3063 (w), 2920 (w), 2850 (w), 16§, 1426 (s), 1053 (m), 990
(m), 770 (s); HRMS: m/z [M+H]+ calcd. for;gHgN,Os: 169.1229, found: 169.1235.
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Synthesis of ethyl 2-(oxetan-3-ylidene)acetate (52)

EtO,C.__PPhs
o 46 ,t(/\COZEt
—_—
O,i/l/ CH,Cly, r.t. (0]
o/n 52
96%

(5 mmol scale)

(Carbethoxymethylene)triphenylphosphoradé) ((1.910 g, 5.5 mmol, 1.1 equiv.)
was added to a solution of 3-oxetanone (0.3 mL,mdoim 1 equiv.) in CHCI, (5
mL). The resulting mixture was heated at reflux bAfore being concentrated
vacua The residue was then diluted with petroleum e{B8rmL) and filtrated. The
filtrate was concentrateid vacuoand purified via flash column chromatography on
silica gel eluting with 10% ethyl acetate in pettoh ether to afford ethyl 2-(oxetan-
3-ylidene)acetateb@) as a pale yellow oil (0.682 g, 96%).

'H NMR (400 MHz, CDCY) § 5.64 — 5.60 (m, 1H, B), 5.51 — 5.47 (m, 2H, 1&,),
5.31 — 5.27 (m, 2H, By), 4.15 (q,J = 7.0 Hz, 2H, E1,-CH3), 1.26 (t,J = 7.0 Hz,
3H, CHx-CH5s); **C NMR (101 MHz, CDGJ) § 165.4, 159.3, 111.2, 81.2, 78.6, 60.5,
14.4; FTIR: 2983 (m), 2930 (m), 2860 (m), 1720 (96 (s), 1443 (w), 1370 (s),
1346 (s), 1300 (s), 1266 (s), 1206 (s), 1100 @361(s), 963 (s), 870 (m), 836 (m);
HRMS: m/z [M+H]+ calcd. for GH1,05: 143.0708, found: 143.0714. Analysis are

in accordance with those reported in the literature

4. Synthesis of 3-hydroxyoxetan-3-yl)-N-aryl-sydnone

General procedure 2: Synthesis of 4-(3-hydroxyoxetta3-yl)-N-aryl-sydnone

A 3 M solution of methyl magnesium bromide in hexgii.1 equiv.) was added
dropwise to a solution of sydnone (1 equiv.) in @iF (10 mL for 1.00 g) under
argon at -15 °C. The resulting mixture was leftsto at -15 °C for 1 hour. 3-
Oxetanone (1.1 equiv.) was then added at -15 °@,tha resulting mixture was
allowed to warm to room temperature and left to &r 5 hours. The reaction

mixture was quenched with a saturated aqueousi@olat NH,Cl (20 mL for 1.00
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g), and the volatiles were removiedvacuo The residue was extracted with §&Hp
(3x 20 mL for 1.00 g) and, the combined organicctitms were dried over
magnesium sulphate, filtered and concentratedacuo The resulting oil was then
triturated with ethanol (20 mL for 1.00 g) anddiked to afford the title product.

Synthesis of 4-(3-hydroxyoxetan-3-yl)-3-phenyl43-1,2,3-oxadiazol-1-ium-5-
olate (57)

S) S)

(@) ® (0]

0 1) MeMgBr (1.1 equiv.), O
ZFjN THF, -15°C oot N
N ) 5 > N
@ ) ’i/I/ (1.1 equiv.), O @

o)
-15°C > r.t.

69%
43a (6.17 mmol scale) 57

Using general procedure 1 witiiphenylsydnone43a) (1.00 g, 6.17 mmol) in THF
(10 mL), 4-(3-hydroxyoxetan-3-yl)-3-phenyH31,2,3-oxadiazol-1-ium-5-olates ()
was isolated as a yellow solid (1.01 g, 69%).

M.p. = 126 - 128 °C*H NMR (400 MHz, CDCJ) & 7.88 — 7.84 (m, 2H, Af), 7.76
— 7.70 (m, 1H, AH), 7.69 — 7.63 (m, 2H, Af), 4.90 (s, 1H, ®), 4.75 (d,J = 7.5
Hz, 2H, GH,), 4.61 (d,J = 7.5 Hz, 2H, ©); *C NMR (101 MHz, CDGJ) § 167.2,
134.4, 132.9, 130.2, 124.1, 108.5, 80.6, 67.8; FBEB9 (br), 2950 (w), 2882 (w),
1721 (s), 1476 (m), 1267 (m), 1187 (m), 1140 (B (w), 1018 (m), 982 (m), 773
(m), 690 (m); HRMS: m/z [M+H] calcd. for GiHigN.O4: 235.0719, found:
235.07009.
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Synthesis of 4-(3-hydroxyoxetan-3-yl)-3-(4-methoxypenyl)-3H-1,2,3-oxadiazol-
1-ium-5-olate (58)

o ©
O@ O O@
% N 1) MeMgBr(1.1equiv), M [
N’ THF,-15°C N’
2 0 O
) ,ﬁ (1.1 equiv.),
° 15°C > r.t
-15°C > rt.
OMe 63% OMe
43b (10.75 mmol scale) 58

Using general procedure 1 with-p-methoxyphenylsydnone48b) (2.07 g, 10.75
mmol) in THF (20 mL), 4-(3-hydroxyoxetan-3-yl)-3-(Methoxyphenyl)-Bl-1,2,3-
oxadiazol-1-ium-5-olate5@) was isolated as a beige solid (1.80 g, 63%).

M.p. = 126 - 128 °C*H NMR (400 MHz, CDC}) § 7.78 (d,J = 9.0 Hz, 2H, AH),
7.10 (d,J = 9.0 Hz, 2H, AH), 4.86 (s, 1H, ®), 4.77 (d,J = 7.5 Hz, 2H, ©l,), 4.62
(d,J = 7.5 Hz, 2H, ), 3.93 (s, 3H, E3); **C NMR (101 MHz, CDG)) § 167.2,
162.7, 127.0, 125.5, 115.2, 108.3, 80.7, 67.8,:9518R: 3343 (m), 2878 (w), 1721
(s), 1606 (m), 1512 (s), 1469 (m), 1306 (w), 1286 1173 (m), 1115 (w), 1021 (m),
982 (m), 837 (m); HRMS: m/z [M+H]calcd. for G:H1:N»Os: 265.0824, found:
265.0819.

Synthesis of 3-benzyl-4-(3-hydroxyoxetan-3-yl)#3-1,2,3-oxadiazol-1-ium-5-
olate (59)

)
° O® 1) MeMgBr (1.1 ), O@
) eMgBr equiv. )
/ N THF, -15°C Ho 4 N
2) N
K© # (1.1 equiv.), 0 K©
-15°C > r.t.
54%
(1.70 mmol scale) 59

Using general procedure wiftl-benzylsydnone43c) (0.300 g, 1.70 mmol) in THF
(5 mL), 3-benzyl-4-(3-hydroxyoxetan-3-yl}-31,2,3-oxadiazol-1-ium-5-olate59)
was isolated as a beige solid (0.228 g, 54%).
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M.p. = 82-84 °C*H NMR (400 MHz, CDC}) 6 7.47 — 7.37 (m, 3H, At), 7.33 (dJ

= 3.5 Hz, 2H, AH), 5.60 (s, 2H, E,), 4.93 — 4.63 (m, 3H, I8, and (H), 4.40 (d,J

= 6.0 Hz, 2H, @); **C NMR (101 MHz, CDGQ) & 167.2, 130.4, 130.0, 129.4,
128.2, 106.1, 80.8, 69.2, 56.5; FTIR: 3317 (m),20b), 2881 (w), 1724 (s), 1495
(m), 1456 (m), 1328 (w), 1185 (m), 980 (m), 868,(#37 (m), 700 (m); HRMS: m/z
[M+H] " calcd. for GoH1oN2O4: 249.0864, found: 249.0875.

5. Synthesis of 4-oxetanylsydnone cycloadducts

General procedure 3: Cycloaddition of 4-(3-hydroxyaetan-3-yl)-N-aryl-

sydnone with alkynes

An alkyne (2 equiv.) was added to a mixture of @peropriate 4-(3-hydroxyoxetan-
3-yl)-N-aryl-sydnone (1 equiv.) in solvent (2 mL for 0.5§Qin a sealed microwave
vial. The vial was then placed in a CEM Microwaveptrer Reactor and heated at
the stated temperature for the required time. Tdectron mixture was directly

purified by flash chromatography on silica gel timad the title compounds.

Synthesis of dimethyl 5-(3-hydroxyoxetan-3-yl)-1-pényl-1H-pyrazole-3,4-
dicarboxylate (60)

S o MeO,C  CO,Me
o HO \
H%EN,N MeO,C—= COzNLG W
MW, 180°C, DCB
, ; 0
O 92%
(1 mmol scale)

57 60

Using general procedure 3 with57) (0.234 g, 1 mmol) and dimethyl
acetylenedicarboxylate (0.25 mL, 2 mmol), the migtwas stirred for 5 minutes and
purified by flash chromatography on silica gel {glg with 20% ethyl acetate in
dichloromethane), dimethyl 5-(3-hydroxyoxetan-3-44phenyl-H-pyrazole-3,4-
dicarboxylate §0) was isolated as a beige solid (0.306 g, 92%).
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M.p. = 114 - 116 °C*H NMR (400 MHz, CDC})  7.63 — 7.57 (m, 2H, At), 7.54
—7.47 (m, 3H, AH), 4.55 - 4.47 (m, 4H, 1&,), 4.16 (s, 1H, @), 3.97 (s, 3H, E53),
3.91 (s, 3H, El3); *C NMR (101 MHz, CDG)) 5 163.7, 162.1, 147.4, 143.9, 138.7,
130.0, 129.6, 124.8, 112.7, 81.0, 70.7, 52.8, S2ZIBR: 3399 (br), 2955 (w), 2880
(w), 1722 (s), 1542 (w), 1482 (m), 1316 (m), 1285 (080 (m), 988 (w), 769 (m);
HRMS: m/z [M+H] calcd. for GgH16N2Os: 333.1074, found: 333.1087.

Synthesis of 3-(1,3-diphenyl-Hi-pyrazol-5-yl)oxetan-3-ol (61a)

S Ph Ph

O @
o HO \ HO \
HO I Ph—= /N’N /N’N
N MW, 140°C xy|en§ "
. , 'e) O
0 51%
(0.98 mmol scale)

57 61a 61b

Using general procedure 3 with7) (0.230 g, 0.98 mmol) and phenylacetylene (0.22
mL, 1.96 mmol), the mixture was stirred for 5 memitand purified by flash
chromatography on silica gel (eluting with 20% ethgetate in dichloromethane), 3-
(1,3-diphenyl-H-pyrazol-5-yl)oxetan-3-o0l§1a) was isolated as a beige solid (0.142
g, 51%; >98:2).

M.p. = 33 - 35 °C}H NMR (400 MHz, CDCJ) § 7.91 — 7.80 (m, 2H, M), 7.64 —
7.55 (m, 2H, AH), 7.51 — 7.34 (m, 6H, Af), 6.59 (s, 1H, pyH), 4.72 (d,J = 7.0
Hz, 2H, (H>), 4.60 (dJ = 7.0 Hz, 2H, @l,), 3.62 (s, 1H, ®); **C NMR (101 MHz,
CDCl) & 151.6, 144.6, 140.0, 132.5, 129.2, 128.8, 12&8,4], 125.8, 124.6, 103.6,
82.9, 70.5; FTIR: 3393 (br), 2949 (m), 2881 (m)4Aagm), 1597 (m), 1550 (w),
1500 (s), 1460 (m), 1364 (m), 1270 (w), 1227 (w)38 (w), 1080 (w), 980 (m), 872
(w), 768 (m), 696 (m); HRMS: m/z [M+H]calcd. for GgH16N2O,: 293.1291, found:
293.1290.
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Synthesis of ethyl 5-(3-hydroxyoxetan-3-yl)-1-phemylH-pyrazole-3-carboxylate
(62)

S o CO,Et EtO,C

o)
O HO \ HO \

HO /& _ / /

EtO,C— N N
KZ;/N MW, 11210°C lene \ * KZ:\

A , Xylene 0 o)
O 58%

(1 mmol scale)

57 62a 62b

Using general procedure 3 witb7) (0.234 g, 1 mmol) and ethyl propiolate (0.21
mL, 2 mmol), the mixture was stirred for 30 min amrified by flash
chromatography on silica gel (eluting with a gradiigom 20 to 30% ethyl acetate in
dichloromethane),  5-(3-hydroxyoxetan-3-yl)-1-phet-pyrazole-3-carboxylate
(629 was isolated as a brown oil (167 mg, 58%) angleih(3-hydroxyoxetan-3-
yl)-1-phenyl-H-pyrazole-4-carboxylaté@hb) as a brown oil (25 mg, 8%).

(62a): *H NMR (400 MHz, CDC}) § 7.63 — 7.56 (m, 2H, At), 7.45 — 7.36 (m, 3H,
ArH), 6.78 (s, 1H, pyH), 4.64 (d,J = 7.0 Hz, 2H, El,), 4.57 (d,J = 7.0 Hz, 2H,
CH>), 4.40 (g,J = 7.0 Hz, 2H, @), 1.40 (t,J = 7.0 Hz, 3H, El3); *C NMR (101
MHz, CDCk) 6 162.3, 145.4, 143.5, 139.4, 129.21, 129.25, 1248,5, 82.6, 69.9,
61.4, 14.3; FTIR: 3365 (br), 3074 (w), 2981 (m)429m), 2877 (m), 1719 (s), 1593
(m), 1496 (m), 1453 (m), 1371 (m), 1238 (s), 11, (1123 (m), 1077 (w), 1023
(m), 987 (m), 919 (w), 876 (w), 836 (w), 775 (mB27(m), 689 (m), 646 (w);
HRMS: m/z [MH] calcd. for GsH1eN2O4: 289.1182, found: 289.1188.

(62b): *H NMR (400 MHz, CDC}) & 8.04 (s, 1H, pyH), 7.59 — 7.48 (m, 5H, At),
4.61 (d,J = 8.5 Hz, 2H, E©l,), 4.55 (dJ = 8.5 Hz, 2H, El,), 4.36 (g,J = 7.0 Hz, 2H,
CH,), 4.01 (s, 1H, ®), 1.42 (t,J = 7.0 Hz, 3H, E3); **C NMR (101 MHz, CDG))

8 164.0, 146.5, 141.8, 139.3, 129.6, 129.5, 12412,8, 81.3, 70.9, 61.0, 14.3; FTIR:
3415 (br), 2981 (w), 2942 (w), 2873 (w), 1711 (5397 (w), 1550 (m), 1500 (m),
1399 (m), 1381 (m), 1281 (m), 1238 (s), 1134 (MB7(m), 1034 (w), 987 (m), 876
(W), 764 (m); HRMS: m/z [MH] calcd. for GsH1gN>O4: 289.1175, found: 289.1188.
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Synthesis of 3-(1-phenyl-3-(trimethylsilyl)-H-pyrazol-5-yl)oxetan-3-ol (63a)

TMS TMS

O @
o HO \ HO \
HO I TMS—— /N’N /N’N
N MW, 140°C xy|en§ "
b y O O
0 17%
(1 mmol scale)

57 63a 63b

Using general procedure 3 with7) (0.234 g, 1 mmol) and (trimethylsilyl)acetylene
(0.29 mL, 2 mmol), the mixture was stirred for Hiss and purified by flash
chromatography on silica gel (eluting with 20% ethgetate in dichloromethane), 3-
(1-phenyl-3-(trimethylsilyl)- H-pyrazol-5-yl)oxetan-3-ol §38) was isolated as a
brown foam (51 mg, 17%, >98:2).

'H NMR (400 MHz, CDC}) 6 7.61 (d,J = 7.5 Hz, 2H, AH), 7.48 — 7.38 (m, 3H,
ArH), 6.48 (s, 1H, pyH), 4.75 (d,J = 7.0 Hz, 2H, @), 4.61 (d,J = 7.0 Hz, 2H,
CH,), 0.34 (s, 9H, €El3); *C NMR (101 MHz, CDG)) § 153.8, 143.2, 140.3, 129.2,
128.4, 124.8, 112.3, 83.2, 70.6, -1.0; FTIR: 3389, (2956 (m), 2881 (w), 1733 (w),
1600 (m), 1503 (m), 1410 (w), 1320 (m), 1249 ()94 (w), 1141 (w), 1073 (w),
983 (m), 912 (w), 840 (s), 757 (m), 729 (m), 696;(HRMS: m/z [M+HJ calcd. for
C1sH20N20,Si: 289.1368, found: 289.1372.

Synthesis of dimethyl 5-(3-hydroxyoxetan-3-yl)-1-(4nethoxyphenyl)-1H-
pyrazole-3,4-dicarboxylate (64)

S o MeO,C  CO,Me

Q HO \
H \
%Z/T\l,\[\l MeO,C CO,Me W
MW, 180°C,DCB 4

O 60%
(0.378 mmol scale)

OMe OMe

58 64

Using general procedure 3 withbg) (0.100 g, 0.378 mmol) and dimethyl
acetylenedicarboxylate (0.09 mL, 0.756 mmol), migtwas stirred for 20 minutes
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and purified by flash chromatography on silica @lting with 20% ethyl acetate in
dichloromethane), dimethyl 5-(3-hydroxyoxetan-3-14j4-methoxyphenyl)-Hi-
pyrazole-3,4-dicarboxylat&4{) was isolated as a beige solid (0.082 g, 60%).

M.p. = 135 - 136 °C*H NMR (400 MHz, CDC}) & 7.51 (d,J = 9.0 Hz, 2H, AH),
6.99 (d,J = 9.0 Hz, 2H, AH), 4.53 (s, 4H, @), 3.97 (s, 3H, €El3), 3.92 (s, 3H,
CH3), 3.87 (s, 3H, €El3); *C NMR (101 MHz, CDG)) § 163.8, 162.1, 160.7, 147.3,
143.6, 131.6, 126.2, 114.7, 112.3, 80.9, 70.8,,. 526, 52.6; FTIR: 3396 (br), 2952
(m),2878 (w), 2839 (w), 1724 (s), 1608 (m), 1514 (€83 (m), 1303 (m), 1255 (s),
1178 (m), 1078 (m), 1029 (m), 986 (m), 880 (w), 840, 798 (W), 734 (w); HRMS:
m/z [M+H]" calcd. for G7-H1gN,O7: 363.1190, found: 363.1192.

Synthesis of ethyl 5-(3-hydroxyoxetan-3-yl)-1-(4-nteoxyphenyl)-1H-pyrazole-
3-carboxylate (65)

©

0 e CO,Et EtO,C
O HO \ HO \
HO ) % / /
EtO,C— N N
KZT\IIN vy 1:000 | » KQ( + N
, , Xylene o) 0
O 44%
(0.378 mmol scale)
OMe OMe OMe
58 65a 65b

Using general procedure 3 withg] (0.100 g, 0.378 mmol) and ethyl propiolate
(0.08 mL, 0.756 mmol), mixture stirred for 1 hounda purified by flash
chromatography on silica gel (eluting with 20% éthgetate in dichloromethane),
ethyl 5-(3-hydroxyoxetan-3-yl)-1-(4-methoxyphen{ht-pyrazole-3-carboxylate
(659 and 5-(3-hydroxyoxetan-3-yl)-1-(4-methoxypheni-pyrazole-4-
carboxylate §5b) were isolated as an inseparable mixture (5:13 a&sown oil (53
mg, 44%).

'H NMR (400 MHz, CDCY) 5 8.01 (s, 0.2H, pyH), 7.74 (d,J = 9.0 Hz, 0.4H,
ArH), 7.56 — 7.50 (m, 2H, Af), 7.47 (d,J = 9.0 Hz, 0.4H, AH), 6.98 — 6.94 (m,
2H, ArH), 6.92 (s, 1H, pyH), 5.32 (s, 1H, ®), 4.83 — 4.75 (m, 2.4H, 1&,), 4.64
(d,J = 7.5 Hz, 2H, @l,), 4.59 (d,J = 4.5 Hz, 0.4H, €,), 4.45 (q,J = 7.0 Hz, 2H,
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CH,), 4.35 (q,J = 7.0 Hz, 0.2H, ©,), 3.93 (s, 0.6H, B3), 3.87 (s, 3H, €3), 1.43
(t, J = 7.0 Hz, 3.6H, E3); data reported only for the major isomé5§): 1°C NMR
(101 MHz, CDCY¥) 6 162.3, 160.0, 145.1, 143.3, 132.4, 126.5, 11408.2, 82.7,
81.3, 61.3, 55.5, 14.4; FTIR: 3360 (br), 2955 @976 (w), 2840 (w), 1720 (s), 1608
(W), 1517 (s), 1467 (m), 1380 (m), 1301 (m), 125)) (174 (m), 1124 (m), 1030
(m), 986 (w), 838 (m), 780 (w), 733 (w); HRMS: m[m+H]" calcd. for
C16H18N20s: 319.1281, found: 319.1294.

Synthesis of ethyl 1-benzyl-5-(3-hydroxyoxetan-3-){lH-pyrazole-3-carboxylate
(66)

Q HO \ HO \
HO % __ /N /N
KZT\I/N MWEtilzoczC_l . N ¥ v
: , Xylene 0 o)
o 21%
(0.403 mmol scale)

59 66a 66b

Using general procedure 3 with9j (0.100 g, 0.403 mmol) and ethyl propiolate
(0.08 mL, 0.806 mmol), the mixture was stirred 8 min and purified by flash
chromatography on silica gel (eluting with 20% éthgetate in dichloromethane),
ethyl 1-benzyl-5-(3-hydroxyoxetan-3-ylHtpyrazole-3-carboxylate6a) and ethyl
1-benzyl-5-(3-hydroxyoxetan-3-yl)H:-pyrazole-4-carboxylate66b) were isolated

as an inseparable mixture (2:1) as a brown 0iln(g6 21%).

'H NMR (400 MHz, CDC}) & 7.92 (s, 0.5H, pyH), 7.39 — 7.29 (m, 4.5H, A),
7.17 - 7.11 (m, 3H, At), 6.85 (s, 1H, pyH), 5.52 (s, 2H, @), 5.26 (s, 1H, €,),
5.00 (d,J =8.0 Hz, 1H, Ei,), 4.83 (dJ = 8.5 Hz, 1H, El,), 4.52 (s, 4H, €,), 4.44
(9, J = 7.0 Hz, 2H, El,), 4.30 (q,d = 7.0 Hz, 1H, Ely), 1.43 (t,J = 7.0 Hz, 3H,
CHs), 1.37 (t,J = 7.0 Hz, 1.5H, El5); **C NMR (101 MHz, CDGJ)  162.3, 160.4,
146.1, 143.8, 141.6, 138.2, 136.0, 129.0, 128.8,312128.2, 127.2, 126.7, 108.2,
102.3, 96.9, 82.9, 82.2, 71.0, 70.7, 61.2, 61.(,5%4.3, 14.4, 14.3; FTIR: 3394 (br),
2979 (m), 2878 (w), 1717 (s), 1556 (m), 1456 ("3B4.(m), 1223 (s), 1030 (m), 983
(m), 911 (w), 875 (w), 840 (w), 779 (m), 728 (sP07(m); HRMS: m/z [M+H]
calcd. for GeH1gN20,4: 303.1331, found: 303.1345.
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Synthesis of 4-(3-acetoxyoxetan-3-yl)-3-phenyH31,2,3-oxadiazol-1-ium-5-olate
(67)

S S)

0 0
HO o ACI(11equiv) o &
/ N NEts (1.25 equiv.) >\* /N
N ' N
CH,Cl,, 0°C
© 62% 0
(2.34 mmol scale)

57 67

Acetyl chloride (0.17 mL, 2.34 mmol, 1.1 equiv.)swadded to a mixture of 4-(3-
hydroxyoxetan-3-yl)-3-phenylt3-1,2,3-oxadiazol-1-ium-5-olaté{) (0.500 g, 2.13
mmol, 1 equiv.) and triethylamine (0.37 mL, 2.67 aijri.25 equiv.) in CECl; (10
mL) at O °C. The resulting mixture was then warn@d5 °C and left to stir for 2
days. The reaction mixture was then concentrated aarified by flash
chromatography on silica gel (eluting with 20% é¢thgetate in dichloromethane) to
afford 4-(3-acetoxyoxetan-3-yl)-3-phenyH3l,2,3-oxadiazol-1-ium-5-olate6() as
a pale brown solid (0.366 g, 62%).

M.p. = 150 - 152°C*H NMR (400 MHz, CDCJ) § 7.79 — 7.73 (m, 1H, At), 7.71 —
7.64 (m, 2H, AH), 7.59 — 7.54 (m, 2H, At), 5.05 (dd,J = 8.0, 1.0 Hz, 2H, B)),
4.68 (dd,J = 8.0, 1.0 Hz, 2H, B5), 2.09 (s, 3H, E3); **C NMR (101 MHz, CDG))

8 168.7, 165.6, 134.2, 132.9, 130.2, 124.6, 10811,772.6, 20.8; FTIR: 2959 (w),
2880 (W), 1763 (s), 1470 (w), 1373 (w), 1304 (W23 (m), 1174 (w), 1113 (m),
1040 (w), 990 (m), 914 (w), 824 (w), 780 (w), 69®);(HRMS: m/z [M+H] calcd.
for C13H1oN,0s: 277.0834, found: 277.0824.

Synthesis of dimethyl 5-(3-acetoxyoxetan-3-yl)-1-@myl-1H-pyrazole-3,4-
dicarboxylate (68)

. © o o MeO,C_ CO,Me
o o >\—o Y
/ N MeO,C—==—CO,Me "
N’ >
MW, 180°C, DCB 5

O 73%
(0.506 mmol scale)

67 68
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Dimethyl acetyelene dicarboxylate (0.072 mL, 0.5@®o0l, 2 equiv.) was added to a
mixture of 67) (70 mg, 0.253 mmol, 1 equiv.) in 1,2-dichlorobene (1 mL) in a
sealed microwave vial. The vial was then place& i@EM Microwave Explorer
Reactor and heated at 180 °C for 30 min. The m@actiixture was directly purified
by flash chromatography on silica gel (eluting watlyradient from 10 to 20% ethyl
acetate in CbCl;) to afford dimethyl 5-(3-acetoxyoxetan-3-yl)-1-ply&1H-
pyrazole-3,4-dicarboxylaté®) as a brown foam (70 mg, 73%).

'H NMR (400 MHz, CDC}) 5 7.56 — 7.48 (m, 5H, At), 4.96 (d,J = 9.0 Hz, 2H,
CH,), 4.55 (d,J = 9.0 Hz, 2H, ®,), 3.94 (2 x s, 6H, B3), 2.12 (s, 3H, E3); *°C
NMR (101 MHz, CDC}) & 169.2, 163.9, 161.5, 142.4, 140.4, 138.9, 13(29,4]
126.5, 94.6, 78.9, 75.7, 52.7, 52.6, 21.1; FTIRE®B@r), 2953 (M), 2918 (m), 2850
(w), 1735 (s), 1547 (w), 1470 (m), 1371 (m), 13d7, (1231 (s), 1080 (m), 989 (m),
907 (s), 839 (w), 765 (w), 728 (s); HRMS: m/z [M+Halcd. for GgH1gN,O:
375.1174, found: 375.1192.

General procedure 4: Synthesis of alkynes 69 - 72

To an ice-cooled suspension of potassium hydri@ewB% dispersion in mineral
oil) (4 equiv.) in THF (0.5 mL for 0.500 g) was adtla solution of the appropriate
oxetane sydnone (1 equiv.) in THF (0.5 mL for 0.%)0After 30 min of stirring,
tetrabutylammonium iodide (10 mol%) and propargyirbide (80% vw in toluene)
(4 equiv.) were then added. The reaction mixture then allowed to warm to room
temperature and stirred for 1 day. The reaction emsentrated, quenched with a
saturated aqueous solution of ammonium chloridenflLGor 0.500 g), and extracted
with CH,Cl, (3x 10 mL for 0.500 g). The organic fractions wembined, dried
over magnesium sulphate, filtered and concentratedcuo The crude product was
purified by flash chromatography on silica gel {glg with 10% ethyl acetate in
CH,Cl,) to afford the title products.
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Synthesis of 3-phenyl-4-(3-(prop-2-ynyloxy)oxetan-8l)-3H-1,2,3-oxadiazol-1-
ium-5-olate (69)

S S
o AN 0 o
O 1) KH (4 equiv.) O
H%ZFjN THF, 0°C, 30 min o N
N > N
0,
5 2)TBAI (1?4rgol %) o
— \ QUIV.)
Br

79%
57 (1.28 mmol scale) 69

Using general procedure 4 witb7) (300 mg, 1.28 mmol), 3-phenyl-4-(3-(prop-2-
ynyloxy)oxetan-3-yl)-81-1,2,3-oxadiazol-1-ium-5-olat&69) was isolated as a beige
solid (274 mg, 79%).

M.p. = 122 - 124 °C*H NMR (400 MHz, CDC})  7.84 — 7.80 (m, 2H, At), 7.75
—7.69 (m, 1H, AH), 7.68 — 7.62 (m, 2H, Af), 4.71 (ddJ = 7.5, 1.0 Hz, 2H, B)),
4.60 (dd,J = 7.5, 1.0 Hz, 2H, 8,), 4.33 (d,J = 2.5 Hz, 2H, @&,), 2.45 (t,J = 2.5
Hz, 1H, H); °C NMR (101 MHz, CDGCJ) & 167.5, 134.3, 132.8, 130.2, 124.1,
105.1, 79.2, 78.1, 75.0, 73.3, 53.2.; FTIR: 3248, @947 (w), 2882 (w), 1743 (s),
1479 (m), 1447 (w), 1277 (w), 1126 (m), 1043 (m)21 (m), 985 (M), 769 (m);
HRMS: m/z [M+H] calcd. for GsH1:N-O,4: 273.0881, found: 273.0875.

Synthesis of 4-(3-(cyanomethoxy)oxetan-3-yl)-3-phgh3H-1,2,3-oxadiazol-1-
ium-5-olate (70)

o N o
® ®

0 N o)
O 1)KH (10 equiv.) \ 0
H%ZF,N THF, 0°C, 30 min SN
N > N’
5 2) TBAI (10 mol %) .
N:—\B (4 equiv.) @
r

89%
67 (2.13 mmol scale) 70

Using general procedure 4 witl67) (0.500 g, 2.13 mmol, 1 equiv.) but with
potassium hydride (30 wt % dispersion in minerd) (2.845 g, 21.30 mmol, 10
equiv.), 4-(3-(cyanomethoxy)oxetan-3-yl)-3-phenii-3,2,3-oxadiazol-1-ium-5-
olate (70) was isolated as a grey solid (0.518 g, 89%).
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M.p. = 150 - 152°C*H NMR (400 MHz, CDC}) & 7.79 — 7.66 (m, 5H, At), 4.70
(dd, J = 8.0, 1.0 Hz, 2H, 8,), 4.60 (dd,J = 8.0, 1.0 Hz, 2H, B)), 4.42 (s, 2H,
CH.); *C NMR (101 MHz, CDGJ) & 167.4, 134.0, 133.3, 130.5, 123.7, 115.8,
102.8, 77.4, 74.7, 50.8.; FTIR: 2947 (w), 2882 (4J39 (s), 1476 (m), 1447 (w),
1277 (w), 1187 (w), 1119 (m), 1058 (m), 1036 (m§5gm), 888 (w), 769 (m), 737
(w), 690 (m); HRMS: m/z [M+H] calcd. for GaH1iNsO4: 274.0829, found:
274.0828.

Synthesis of 3-(4-methoxyphenyl)-4-(3-(prop-2-ynyky)oxetan-3-yl)-3H-1,2,3-

oxadiazol-1-ium-5-olate (71)

o S
O o \ O @
o) 0
HO I '\ 1D KH (4 equiv.) O I\
N THF, 0°C, 30 min N’
O 2) TBAI (10 mol %) O
=— (4equiv)
Br
OMe 75% OMe
(5.67 mmol scale)
58 71

Using general procedure 4 withg) (1.50 g, 5.67mmol), 3-(4-methoxyphenyl)-4-(3-
(prop-2-ynyloxy)oxetan-3-yl)3-1,2,3-oxadiazol-1-ium-5-olat&’{) was isolated as
a pale yellow solid (1.29 g, 75%).

M.p. = 96 - 98 °C}H NMR (400 MHz, CDC}) § 7.77 — 7.71 (m, 2H, M), 7.12 —
7.07 (m, 2H, AH), 4.75 — 4.71 (d) = 7.5 Hz, 2H, @), 4.62 (d,J = 7.5 Hz, 2H,
CH,), 4.31 (dJ = 2.5 Hz, 2H, El,), 3.93 (s, 3H, €3), 2.44 (tJ = 2.5 Hz, 1H, ©);
%C NMR (101 MHz, CDGJ) 5 167.6, 162.7, 127.0, 125.5, 115.2, 104.7, 79.2,78
74.9, 73.4, 55.8, 53.1.; FTIR: 3289 (m), 3084 (8947 (m), 2878 (m), 1735 (s),
1606 (s), 1512 (s), 1469 (s), 1389 (m), 1259 ($H91(m), 1126 (m), 1021 (s), 935
(m), 837 (s), 737 (m); HRMS: m/z [M+HEalcd. for GsH14N,Os: 303.0983, found:
303.0981.
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Synthesis of 3-benzyl-4-(3-(prop-2-ynyloxy)oxetan-$l)-3H-1,2,3-oxadiazol-1-
ium-5-olate (72)

o o
AN 1) KH (4 equiv.) \ A
equiv. )
oI\ THF, 0°C, 30 min QA N
» . \
. 2) TBAI (10 mol %) 5
© :_\B (4 equiv.)
r

10%
59 (0.403 mmol scale) 72

Using general procedure 4 with9j (0.100 g, 0.403 mmol), 3-benzyl-4-(3-(prop-2-
ynyloxy)oxetan-3-yl)-81-1,2,3-oxadiazol-1-ium-5-olate/2) was isolated as a pale
yellow oil (12 mg, 10%).

'H NMR (250 MHz, CDC}) 6 7.50 — 7.29 (m, 5H, At), 5.45 (s, 2H, @), 4.74
(dd,J =7.5, 1.0 Hz, 2H, 8,), 4.53 (ddJ = 7.5, 0.5 Hz, 2H, 8,), 4.10 (dJ=2.5
Hz, 2H, H,), 2.44 (t,J = 2.5 Hz, 1H, E). HRMS: m/z [M+H] calcd. for
CisH14N2O4: 287.1025, found: 287.1032. The compound was tostable to

generate sufficient quantities of pure materialfother characterization.

General procedure 5: Synthesis of 1-Bromoalkynes

NBS (1.5 equiv.) was added to a solution of alkyhe=quiv.) and silver salt (0.1
equiv.). The resulting mixture was then stirredaim temperature for the desired
time before volatiles were removéd vacuo Crude material was purified by flash

chromatography on silica gel to afford the titleqhuct.
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Synthesis of  4-(3-(3-bromoprop-2-ynyloxy)oxetan-3f+3-phenyl-3H-1,2,3-

oxadiazol-1-ium-5-olate (73)

Br

N\ 9 e \ 5
o O AgNO;3 (0.1 equiv.), \ o) O@
N NBS (1.5 equiv.) %Z/» )
N - N
acetone, r.t. N
© 84% 5
(1.43 mmol scale)
69 72

Using general procedure 5 wit69) (0.390 g, 1.43 mmol) in acetone (8 mL), the
mixture was stirred for 1 hr and purified by flashromatography on silica gel
(eluting with a gradient from 5 to 10% of ethyl tte in CHCI,), 4-(3-(3-
bromoprop-2-ynyloxy)oxetan-3-yl)-3-phenyH31,2,3-oxadiazol-1-ium-5-olate738)
was isolated as a yellow solid (422 mg, 84%).

M.p. = 102 - 104 °C*H NMR (400 MHz, CDC}) § 7.80 (d,J = 7.5 Hz, 2H, AH),
7.74 (t,J = 7.5 Hz, 1H, AH), 7.69 — 7.64 (m, 2H, At), 4.70 (d,J = 7.5 Hz, 2H,
CH>), 4.59 (d,J = 7.5 Hz, 2H, ), 4.34 (s, 2H, €,); *C NMR (101 MHz,
CDCl) & 167.5, 134.3, 132.9, 130.3, 124.0, 104.6, 78.15,783.3, 54.1, 47.2.;
FTIR: 3069 (w), 2947 (w), 2878 (w), 2211 (w), 1743, 1476 (m), 1274 (m), 1187
(m), 1122 (m), 1047 (m), 993 (m), 938 (w), 888 (WH9 (m), 733 (M), 690 (M);
HRMS: m/z [M+H]' calcd. for G4H11"°BrN,O,: 350.9970, found: 350.9980.

Synthesis of 4-(3-(3-bromoprop-2-ynyloxy)oxetan-3#¢3-(4-methoxyphenyl)-
3H-1,2,3-oxadiazol-1-ium-5-olate (74)

o
O U '\ AgNO; (0.1 equiv.), o J%
N’ NBS (1.5 equiv.) N

0] acetone, r.t. o 0
94%
(1.65 mmol scale)

OMe
7 74

OMe
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Using general procedure 5 witfilj (0.500 g, 1.654 mmol) in dichloromethane (10
mL), the mixture was stirred for 4 hrs and purifledflash chromatography on silica
gel (eluting with 10% of ethyl acetate in dichlorettmane), 4-(3-(3-bromoprop-2-
ynyloxy)oxetan-3-yl)-3-(4-methoxyphenyl}B1,2,3-oxadiazol-1-ium-5-olate (74)
was isolated as a pale brown solid (0.595 g, 94%).

M.p. = 81 - 82 °C*H NMR (400 MHz, CDC}) 6 7.72 (d,J = 9.0 Hz, 2H, AH), 7.10
(d, J = 9.0 Hz, 2H, AH), 4.71 (d,J = 7.5 Hz, 2H, @), 4.60 (d,J = 7.5 Hz, 2H,
CH>), 4.31 (s, 2H, €,), 3.92 (s, 3H, E3); *C NMR (101 MHz, CDG) § 167.6,
162.7, 126.9, 125.4, 115.3, 104.2, 78.1, 75.5,, Bb®, 54.1, 47.2; FTIR: 3083 (W),
2945 (w), 2881 (w), 2211 (w), 1742 (s), 1602 (14 (s), 1465 (m), 1261 (s), 1172
(m), 1124 (m), 1023 (m), 993 (m), 932 (w), 840 (0 (w); HRMS: m/z [M+H]
calcd. for GsHis"*BrN,Os: 381.0072, found: 381.0086.

Synthesis of dimethyl 5-(3-(cyanomethoxy)oxetan-3jyl-phenyl-1H-pyrazole-
3,4-dicarboxylate (77)

N o N
\ \\ MeOZC C02M6

N, o
%Z/‘ 2 o J3
N,N MeO,C—— COzl\/E _N
MW, 180°C, DCB N
o 61% 0
(0.73 mmol scale)

70 77

Dimethyl acetylene dicarboxylate (0.09 mL, 0.732 ohn2 equiv.) was added to a
mixture of 4-(3-(cyanomethoxy)oxetan-3-yl)-3-phef-1,2,3-oxadiazol-1-ium-5-
olate 70) (0.100 g, 0.366 mmol, 1 equiv.) in 1,2-dichlorobene (0.5 mL) in a
sealed microwave vial. The vial was then place& i@EM Microwave Explorer
Reactor and heated at 180 °C for 2.5 hrs. Theimantixture was directly purified
by flash chromatography on silica gel (eluting wiib?o ethyl acetate in G&l,) to
afford dimethyl 5-(3-(cyanomethoxy)oxetan-3-yl)-thgmyl-1H-pyrazole-3,4-
dicarboxylate 77) as a beige solid (74.5 mg, 61%).

M.p. = 124 - 126°C*H NMR (400 MHz, CDCY) § 7.62 — 7.58 (m, 2H, At), 7.56 —
7.51 (m, 3H, AH), 4.72 (s, 2H, €,), 4.56 (d,J = 9.0 Hz, 2H, @l,), 4.48 (d,J = 9.0
Hz, 2H, H>), 3.99 (s, 3H, @), 3.94 (s, 3H, E3); **C NMR (101 MHz, CDGJ) &
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163.3, 161.9, 144.1, 140.9, 138.2, 130.5, 129.5,7,216.0, 115.7, 78.1, 76.6, 52.9,
52.9, 51.1; FTIR: 2953 (m), 2881 (w), 1722 (s), %®), 1542 (m), 1477 (m), 1314

(m), 1228 (s), 1130 (m), 1083 (s), 1054 (m), 993, @42 (w), 831 (w), 766 (m), 697

(m); HRMS: m/z [M+HTJ calcd. for GgH17N30s: 372.1199, found: 372.1196.

General procedure 6: Intramolecular cycloaddition

Xylene (1 mL for 0.500 g) was added to the alkyhequiv.) in a sealed microwave
vial under nitrogen. The vial was then placed @EM Microwave Explorer Reactor
and heated at 140 °C for 15-30 min. The reactioxture was directly purified by

flash chromatography on silica gel to afford thike ttompounds.

Synthesis of 1-phenyl-1,4-dihydrospiro(furo[3,4-c]grazole-6,3-oxetane) (78)

AN o

® 0
\%Z»Q ﬂﬁ_\\N

/ N xylene, 140°C N’

N —> 0]
MW, 30 min
0O 98% @
(0.5 mmol scale)

69 78

Using general procedure 6 wite9j (0.136 g, 0.5 mmol), mixture stirred for 30 min
and purified by flash chromatography (eluting witb?o ethyl acetate in Gi&l,), 1-
phenyl-1,4-dihydrospiro(furo[3,4-c]pyrazole-6,3"@tane) 78) was isolated as a
yellow solid (112 mg, 98%).

M.p. = 104 - 106 °CH NMR (400 MHz, CDCJ) 5 7.88 (d,J = 7.5 Hz, 2H, AH),
7.55 (t,J = 7.5 Hz, 2H, AH), 7.44 (s, 1H, PyH), 7.39 (t,J = 7.5 Hz, 1H, AH),
5.07 (d,J = 8.0 Hz, 2H, El,), 4.97 (d,J = 8.0 Hz, 2H, El,), 4.93 (s, 2H, €,); ©°C
NMR (101 MHz, CDC)) 6 145.7, 139.4, 131.9, 129.6, 128.6, 127.3, 120287,8
81.3, 65.7.; FTIR: 2959 (w), 2923 (w), 2879 (m)6E5w), 1511 (m), 1489 (w),
1381 (w), 1046 (w), 970 (s), 819 (m), 751 (s), €88; HRMS: m/z [M+HT calcd.
for Cy3H12N20,: 229.0983, found: 229.0977.
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Synthesis  of  3-bromo-1-phenyl-1,4-dihydrospiro(furB,4-c]pyrazole-6,3’-
oxetane) (79)

Br.
e} Br
A\ o o o) ;
o) o I\
O / \\N xylene, 140°C N
. _—>
N MW, 30 min O
0 94%
(0.35 mmol scale)
73 79

Using general procedure 6 witii3) (100 mg, 0.35 mmol), the mixture was stirred
for 30 min and purified by flash chromatography silica gel (eluting with 10%
ethyl acetate in petroleum ether), 3-bromo-1-phdmtdihydrospiro(furo[3,4-

c]pyrazole-6,3’-oxetane)Q) was isolated as a white solid (82 mg, 94%).

M.p. = 142 - 144 °C*H NMR (400 MHz, CDC}) § 7.86 — 7.81 (m, 2H, At), 7.57
— 7.51 (m, 2H, AH), 7.44 — 7.38 (m, 1H, At), 5.05 (d,J = 8.5 Hz, 2H, El,), 4.93
(d, J = 8.5 Hz, 2H, El,), 4.88 (s, 2H, E>); *C NMR (101 MHz, CDGJ) 5 147.4,
138.7, 129.7, 128.6, 127.8, 120.7, 118.5, 82.4,&5.4.; FTIR: 2925 (w), 2885 (W),
1598 (w), 1551 (w), 1512 (w), 1458 (m), 1332 (W)55 (w), 971 (s), 902 (w), 823
(s), 755 (s), 690 (m); HRMS: m/z [M+Halcd. for GsHi1"°BrN,O,: 307.0083,
found: 307.0082.

Synthesis of 1-(4-methoxyphenyl)-1,4-dihydrospiro{fro[3,4-c]pyrazole-6,3'-

oxetane] (80)
o
\ O o 0 )
N xylene, 140°C ¢ N

0 MW, 15 min
93%
(0.66 mmol scale)

-

OMe OMe

7 80
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Using general procedure 6 witflj (0.200 g, 0.66 mmol), the mixture was stirred
for 15 min and purified by flash chromatography sitica gel (eluting with 10%
ethyl acetate in dichloromethane), 1-(4-methoxypheh4-dihydrospiro[furo[3,4-
c]pyrazole-6,3’-oxetaneB(Q) was isolated as a beige solid (158 mg, 93%).

M.p. = 100 - 102 °C*H NMR (400 MHz, CDCJ) & 7.74 — 7.68 (m, 2H, At), 7.40
(s, 1H, pyrH), 7.07 — 7.02 (m, 2H, Af), 5.04 (dJ = 8.0 Hz, 2H, &l,), 4.93 (s, 2H,
CH>), 4.91 (d,J = 8.0 Hz, 2H, ©l), 3.88 (s, 3H, €3); °C NMR (101 MHz, CDGJ)
§158.9, 145.8, 132.6, 131.4, 127.8, 123.1, 1126],81.0, 65.9, 55.5.; FTIR: 2947
(W), 2875 (w), 2835 (W), 1519 (s), 1443 (m), 1368,(1249 (s), 1209 (W), 1155 (m),
1072 (w), 1032 (m), 978 (m), 931 (w), 834 (m); HRMS/z [M+H]" calcd. for
C1aH14N,03: 259.1091, found: 259.1083.

Synthesis of 3-bromo-1-(methoxyphenyl)-1,4-dihydrgsro(furo[3,4-c]pyrazole-
6,3’-oxetane) (81)

Br
\\ O@ Br
® (0]
o 0 I '\
/N lene, 140°C N’
N/ Xy ) - O
o MW, 15 min
89%
(3.75 mmol scale)
OMe
OMe
74 81

Using general procedure 6 witf4) (1.430 g, 3.75 mmol), the mixture was stirred
for 15 min and purified by flash chromatography sitica gel (eluting with a
gradient from 10 to 20% ethyl acetate in petrolewether), 3-bromo-1-
(methoxyphenyl)-1,4-dihydrospiro(furo[3,4-c]pyraedd,3’-oxetane) &1) was
isolated as a beige solid (1.125 g, 89%).

M.p. = 149 - 151 °C*H NMR (400 MHz, CDC}) § 7.67 (d,J = 9.0 Hz, 2H, AH),
7.03 (d,J = 9.0 Hz, 2H, AH), 5.01 (d,J = 8.0 Hz, 2H, ), 4.90 — 4.84 (m, 4H,
CH,), 3.88 (s, 3H, El3); *C NMR (101 MHz, CDG)) § 159.3, 147.6, 131.9, 127.8,
123.1, 117.8, 114.7, 82.5, 81.6, 65.5, 55.6.; FIARL5 (br), 2945 (w), 2878 (w),
1742 (w), 1520 (s), 1447 (m), 1328 (m), 1300 (A (s), 1157 (m), 1032 (m), 977
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(m), 831 (m), 615 (w); HRMS: m/z [M+H]calcd. for G4H13 "BrN,Os: 337.0199,
found: 337.0188.

Synthesis of 1,4-dihydrospiro[furo[3,4-c]pyrazole-3’-oxetane] (82)

o OHC
I\ HO 1\
. N
S N CAN (3 equiv.) QT
— > +
MeCN:H,0 (1:5) N’ o
42% o H
OMe (0.54 mmol scale) Obte
80 82 83

A solution of ceric ammonium nitrate (0.296 g, Ord#ol, 3 equiv.) in HO (4.75
mL) was added to a solution @Q) (46.5 mg, 0.18 mmol, 1 equiv.) in acetonitrile (1
mL) at O °C. The resulting mixture was then warrteedoom temperature and stirred
for 15 min. The reaction mixture was concentrated extracted with CkCl, (3x 10
mL). The combined organic layers were washed wahtarated aqueous solution of
NaHCQ; (10 mL), dried over magnesium sulphate, filteretl a&oncentratedn
vacua The crude material was purified by flash chrorgedphy on silica gel
(eluting with a gradient from 50% to 100% ethyl ate in CHCI,) to afford 1,4-
dihydrospiro[furo[3,4-c]pyrazole-6,3’-oxetane$d) as a pale yellow solid (12 mg,
42%) and 5-(3-hydroxyoxetan-3-yl)-1-(4-methoxyphgiiyH-pyrazole-4-
carbaldehyde83) as a pale yellow solid (3 mg, 6%).

(82): M.p. = 118 - 120 °C*H NMR (400 MHz, CDCY) § 7.43 (s, 1H, pyH), 5.09
(d,J = 7.5 Hz, 2H, El,), 4.98 (m, 4H, E,); **C NMR (101 MHz, CDGJ) 5 158.6,
121.7, 120.9, 83.9, 79.7, 66.2; FTIR: 3143 (s),13(s), 3064 (m), 2912 (s), 2872 (s),
1590 (w), 1431 (m), 1329 (m), 1239 (m), 1160 (n)27 (m), 1080 (m), 1051 (m),
983 (s), 928 (m), 881 (m), 838 (m), 798 (m); HRMS8/z [M+H]" calcd. for
C7HgN,0,: 153.0661, found: 153.0664.

(83): M.p. = 147 - 150 °C!H NMR (400 MHz, CDCY) 5 9.93 (s, 1H, €0), 8.12 (s,
1H, pyrH), 7.49 (d,J = 9.0 Hz, 2H, AH), 7.02 (d,J = 9.0 Hz, 2H, AH), 4.62 (d,J

= 9.0 Hz, 2H, &l,), 4.53 (d,J = 9.0 Hz, 2H, El,), 3.89 (s, 3H, E3); °C NMR (101
MHz, CDCk) 5 186.2, 160.6, 144.7, 143.4, 131.6, 126.0, 12113,7, 81.0, 70.9,
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55.6.; FTIR: 3331 (br), 2945 (w), 2876 (w), 2840,(w680 (m), 1608 (w), 1535 (m),
1517 (s), 1463(w), 1304 (m), 1254 (m), 1185 (mBAQOm), 983 (m), 838 (m), 813
(m), 787 (m); HRMS: m/z [M+H] calcd. for G4H1aN.O4 275.1023, found:
275.1032.

Synthesis of 5-(3-hydroxyoxetan-3-yl)-1-(4-methoxyyenyl)-1H-pyrazole-4-
carbaldehyde (83)

o OHC
Y HO
. N
o N CAN (3 equiv.) N
MeCN:H,0 (5:1)  ©
61%
OMe (0.57 mmol scale) Onte
80 83

A solution of ceric ammonium nitrate (0.313 g, Orimol, 3 equiv.) in HO (1 mL)
was added to a solution @&Q) (50 mg, 0.19 mmol, 1 equiv.) in acetonitrile (h)at

0 °C. The resulting mixture was then warmed to rdemperature and stirred for 4
hrs. The reaction mixture was then concentratetlaebed with CHCI, (3x 10 mL).
The combined organic layers were washed with ara@h aqueous solution of
NaHCQO; (10 mL), dried over magnesium sulphate, filtered aoncentratedn
vacua The crude material was purified by flash chrorgedphy on silica gel
(eluting with 50% ethyl acetate in GEll,) to afford 5-(3-hydroxyoxetan-3-yl)-1-(4-
methoxyphenyl)-H-pyrazole-4-carbaldehyde3y) as a pale yellow solid (32 mg,

61%). Compound shows identical spectroscopic aeathdt described earlier.

General procedure 7: Suzuki-Miyaura coupling

A mixture of (1 equiv.), Pd(PRh (0.05 equiv.), KPO, (3 equiv.) and boronic acid
derivatives (1.5 equiv.) in dioxanefd (4:1) (1.25 mL) was stirred at 90 °C under
nitrogen for the stated time. The reaction mixtwaes then cooled, concentratied
vacuo and purified by flash chromatography on silica ¢elafford the desired
product.



Part 3: Experimental

Synthesis of 1,3-diphenyl-1,4-dihydrospiro[furo[3,4c]pyrazole-6,3’-oxetane]
(86)

Br Pd(PPhs), (0.05 equiv.),

O Y PhBPin (1.5 equiv.), o
N,N K3PO, (3 equiv.)
O dioxane/H,0 (4:1) 4 /
100%
(0.163 mmol scale)

79 86

Using general procedure 7 wit9) (0.050 g, 0.163 mmol) and phenyl boronic acid
pinacol ester (0.050 g, 0.244 mmol), the mixtures wtrred for 30 min and purified
by flash chromatography on silica gel (eluting watlygradient from 10 to 20% ethyl
acetate in petroleum ether), 1,3-diphenyl-1,4-dibggdiro[furo[3,4-c]pyrazole-6,3’-

oxetane] 86) was isolated as a beige solid (49 mg, quant.).

M.p. = 174 - 176 °C*H NMR (400 MHz, CDC}) § 7.97 (dd,J = 10.0, 2.0 Hz, 2H,
ArH), 7.71 (ddJ = 5.0, 3.5 Hz, 2H, Afl), 7.60 — 7.54 (m, 2H, M), 7.48 — 7.34 (m,
4H, ArH), 5.15 (s, 2H, €l,), 5.11 (d,J = 8.0 Hz, 2H, ®,), 5.02 (d,J = 8.0 Hz, 2H,
CH,); °C NMR (101 MHz, CDG) & 146.8, 143.9, 139.4, 132.0, 129.7, 128.9,
128.3, 127.2, 126.0, 125.9, 120.7, 82.7, 81.3,.66:HR: 3064 (w), 2952 (w), 2915
(W), 2878 (w), 1596 (w), 1550 (w), 1501 (m), 1468)( 1322 (w), 1154 (w), 1075
(w), 1005 (w), 974 (s), 862 (w), 752 (s), 694 (HRMS: m/z [M+H] calcd. for
C1oH16N202: 305.1304, found: 305.1290.

Synthesis of  1-phenyl-34-tolyl)-1,4-dihydrospiro[furo[3,4-c]pyrazole-6,3’-

oxetane] (87)

Br Pd(PPhs), (0.05 equiv.),
o) T\ 4-MeGCgHyB(OH), (18) (1.5 equiv.),
N K5POy4 (3 equiv.)

O dioxane/H,0 (4:1)
96%
(0.163 mmol scale)
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Using general procedure 7 witii9) (0.050 g, 0.163 mmol) and 4-tolylboronic acid
(0.033 g, 0.244 mmol), the reaction was stirred foday and purified by flash
chromatography on silica gel (eluting with 10% éthgetate in petroleum ether), 1-
phenyl-3-p-tolyl)-1,4-dihydrospiro[furo[3,4-c]pyrazole-6,3'xetane] 87) was
isolated as a beige solid (50 mg, 96%).

M.p. = 156 - 158 °C*H NMR (400 MHz, CDC}) & 7.96 (d,J = 8.0 Hz, 2H, AH),
7.63 — 7.53 (m, 4H, Af), 7.39 (t,J = 7.5 Hz, 1H, AH), 7.26 (d,J = 8.0 Hz, 2H,
ArH), 5.13 (s, 2H, @), 5.11 (d,J = 8.0 Hz, 2H, El,), 5.01 (d,J = 8.0 Hz, 2H,
CH,), 2.41 (s, 3H, E3); **C NMR (101 MHz, CDGJ) 6 146.7, 144.0, 139.5, 138.2
(2 signals), 129.6, 129.5, 129.2, 127.0, 125.8,71,282.7, 81.3, 66.5, 21.3.; FTIR:
3031 (w), 2949 (m), 2921 (m), 2872 (m), 1596 (NG5Q (w), 1507 (s), 1489 (s),
1465 (s), 1373 (w), 1328 (w), 1185 (w), 1151 (m)9Q (w), 974 (s), 938 (w), 819
(m), 761 (s), 691 (m); HRMS: m/z [M+HEalcd. for GgH1gN,0,: 319.1454, found:
319.1447.

Synthesis of 1-phenyl-3-(1-phenyl-5-(trifluoromethi)-3-(trimethylsilyl)-1 H-
pyrazol-4-yl)-1,4-dihydrospiro[furo[3,4-c]pyrazole-6,3’-oxetane] (88)

MesSi BPin

7\, (1.5 equiv.
F3Cl;§\‘( quiv.)

|
Br Ph

Q TN Pd(PPha)4 (0.05 equiv.),
N KsPO4 (3 equiv.)
O dioxane/H,O (4:1)
94%
(0.163 mmol scale)

79

Using general procedure 7 witi9) (0.050 g, 0.163 mmol) and pyrazole boronic
ester (0.050 g, 0.244 mmol), the mixture was sifiir 20 hrs and purified by flash
chromatography on silica gel (eluting with 10% éthgetate in petroleum ether), 1-
phenyl-3-(1-phenyl-5-(trifluoromethyl)-3-(trimethsilyl)-1H-pyrazol-4-yl)-1,4-
dihydrospiro[furo[3,4-c]pyrazole-6,3’-oxetanedg) was isolated as a beige solid (78
mg, 94%).
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M.p. = 138 - 140 °C*H NMR (400 MHz, CDC}) & 7.98 (d,J = 8.0 Hz, 2H, AH),
7.57 (d,J = 11.0 Hz, 2H, AH), 7.52 (s, 5H, AH), 7.41 (t,J = 7.5 Hz, 1H, AH),
5.14 (d,J = 8.0 Hz, 2H, El,), 5.06 (d,J = 8.0 Hz, 2H, El,), 4.91 (s, 2H, €5), 0.30
—0.23 (s, 9H, €3); *C NMR (101 MHz, CDG) 6 154.4, 146.1, 139.6 (d,= 35.3
Hz), 139.3, 136.2, 129.7, 129.3, 129.0, 127.2, 0,2622.0, 121.7, 120.3 (d, =
265.6 Hz), 119.0, 82.7, 81.6, 65.8, 29.7, -0.8;FET3424 (br), 3070 (w), 2955 (m),
2878 (m), 1599 (m), 1501 (s), 1447 (w), 1386 (W328(m), 1245 (m), 1200 (s),
1160 (s), 1127 (s), 1093 (m), 983 (s), 846 (s), (MBH 694 (m); HRMS: m/z [M+H]
calcd. for GgHosF3N4O,Si: 511.1797, found: 511.1777.

Synthesis of 1-(4-methoxyphenyl)-3-phenyl-1,4-dihydspiro[furo[3,4-
c]pyrazole-6,3’-oxetane] (89)

Br
(@) Pd(PPhs), (0.05 equiv.),

/ ,\N PhBPin (1.5 equiv.),
5 N K3PO, (3 equiv.)

dioxane/H,0 (4:1)
81%
(0.296 mmol scale)

OMe

OMe
81 89

Using general procedure 7 wit@1) (0.100 g, 0.296 mmol) and phenyl boronic acid
pinacol ester (0.091 g, 0.444 mmol), the mixtures warred for 22 hrs and purified
by flash chromatography on silica gel (eluting watigradient from 10 to 100% ethyl
acetate in petroleum ether), 1-(4-methoxyphenypndnyl-1,4-
dihydrospiro[furo[3,4-c]pyrazole-6,3’-oxetane}9) was isolated as a grey solid (81
mg, 81%).

M.p. = 219 - 221 °C'H NMR (400 MHz, CDC}) & 7.80 (d,J = 9.0 Hz, 2H, AH),
7.68 (d,J = 7.0 Hz, 2H, AH), 7.44 (t,J = 7.5 Hz, 2H, AH), 7.35 (t,J = 7.0 Hz, 1H,
ArH), 7.07 (d,J = 9.0 Hz, 2H, AH), 5.15 (s, 2H, €>), 5.07 (d,J = 8.0 Hz, 2H,
CH>), 4.95 (dJ = 8.0 Hz, 2H, ©l,), 3.89 (s, 3H, €3); °C NMR (101 MHz, CDGJ)
§ 158.9, 147.0, 143.5, 132.7, 132.1, 128.8, 1288,8, 125.2, 123.1, 114.7, 82.7,
81.0, 66.6, 55.6.; FTIR: 2955 (w), 2909 (w), 2839,(1517 (m), 1444 (m), 1303
(W), 1258 (m), 1175 (w), 1099 (w), 1072 (w), 1038)( 974 (s), 938 (W), 858 (W),
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825 (s), 801 (m), 691 (m); HRMS: m/z [M+Htalcd. for GgH1gN,Os: 335.1407,
found: 335.1396.

Synthesis of 1-(4-methoxyphenyl)-3pftolyl)-1,4-dihydrospiro[furo[3,4-
c]pyrazole-6,3-oxetane] (90)

Br
) R Pd(PPhs), (0.05 equiv.),
N 4-MeCgH4B(OH); (1.5 equiv.),
S N KsPO, (3 equiv.)
dioxane/H,O (4:1)
88%
(0.296 mmol scale)
OMe
OMe
81 90

Using general procedure 7 wit@1) (0.100 g, 0.296 mmol) and 4-tolylboronic acid
(0.060 g, 0.444 mmol), mixture stirred for 22 hredapurified by flash
chromatography on silica gel (eluting with a gradigom 30 to 50% ethyl acetate in
petroleum ether), 1-(4-methoxyphenyl){3+6lyl)-1,4-dihydrospiro[furo[3,4-

c]pyrazole-6,3’-oxetanePQ) was isolated as a beige solid (91 mg, 88%).

M.p. = 190 - 191 °C*H NMR (400 MHz, CDC}) § 7.79 (d,J = 9.0 Hz, 2H, AH),
7.57 (d,J = 8.0 Hz, 2H, AH), 7.24 (d,J = 8.0 Hz, 2H, AH), 7.06 (d,J = 9.0 Hz,
2H, ArH), 5.13 (s, 2H, €,), 5.07 (d,J = 8.0 Hz, 2H, @), 4.95 (d,J = 8.0 Hz, 2H,
CH,), 3.89 (s, 3H, E3), 2.40 (s, 3H, E3); **C NMR (101 MHz, CDG)) § 158.8,
146.9, 143.6, 138.1, 132.8, 129.5, 129.3, 125.8,01223.0, 114.7, 82.8, 81.0, 66.6,
55.6, 21.3; FTIR: 3029 (w), 2953 (W), 2901 (w), 288), 1519 (s), 1491 (m), 1443
(m), 1309 (w), 1254 (m), 1193 (w), 1099 (m), 1029),(974 (s), 937 (m), 858 (M),
828 (s), 721 (m); ); HRMS: m/z [M+H]calcd. for GiH0N>Os: 349.1561, found:
349.1552.
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Synthesis of 1-(4-methoxyphenyl)-3-(1-phenyl-5-(tiluoromethyl)-3-
(trimethylsilyl)-1 H-pyrazol-4-yl)-1,4-dihydrospiro[furo[3,4-c]pyrazole-6,3’-

oxetane] (91)

Me;Si BPin

/ \N (1.5 equiv.)

Br "3 ’}l
0] T Ph
N Pd(PPhs)4 (0.05 equiv.),
S N K4PO, (3 equiv.)
dioxane/H,0 (4:1)
77%
(0.296 mmol scale)
OMe
OMe
81 91

Using general procedure 7 witB1j (0.100 g, 0.296 mmol) and pyrazole boronic
ester (0.182 g, 0.444 mmol), the mixture was stifcr 1 day and purified by flash
chromatography on silica gel (eluting with 10% éthgetate in petroleum ether), 1-
(4-methoxyphenyl)-3-(1-phenyl-5-(trifluoromethyl}{8imethylsilyl)-1H-pyrazol-4-
yl)-1,4-dihydrospiro[furo[3,4-c]pyrazole-6,3’-oxata] ©1) was isolated as a beige
solid (124 mg, 77%).

M.p. = 128 - 130 °C*H NMR (400 MHz, CDC}) § 7.81 (d,J = 9.0 Hz, 2H, AH),
7.51 (s, 5H, AH), 7.07 (d,J = 9.0 Hz, 2H, AH), 5.11 (d,J = 8.0 Hz, 2H, El,), 4.99
(d,J = 8.0 Hz, 2H, El,), 4.90 (s, 2H, E,), 3.90 (sJ = 7.0 Hz, 3H, Ei3), 0.27 (s,
9H, CH3); **C NMR (101 MHz, CDGJ) § 158.9, 154.4, 146.2, 139.6, 135.6, 132.6,
130.1 (gJ = 36.4 Hz), 129.3, 129.0, 128.2, 126.0, 122.6,4,219.0 (q,) = 249.5),
114.7, 82.7, 81.2, 66.0, 55.6, -0.8.; FTIR: 3055, @252 (m), 2875 (m), 2839 (w),
1596 (m), 1520 (s), 1498 (s), 1456 (m), 1440 (n386L(M), 1316 (M), 1249 (s),
1203 (s), 1160 (s), 1133 (s), 1093 (m), 1029 (8D &), 938 (M), 843 (s), 767 (m),
694 (m); HRMS: m/z [M+H] calcd. for G/H,7/F3N4OsSi: 541.1881, found:
541.1883.
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6. Svnthesis of boronic acid derivatives of azetidine and

oxetane

Synthesis oftert-butyl azete-1(H)-carboxylate (92)'%?

| tBuOK, tBuOH —
’j ° > Boclllt|
BocN 80 C, o/n
88% 92
(8.6 mmol scale)
A solution of potassiuntert-butoxide (1.448 g, 12.9 mmol, 1.5 equiv.) tert-
butanol (20 mL) was added dropwise to 1-boc-3-iaétidine (1.5 mL, 8.6 mmol, 1
equiv.) under argon. The resulting mixture was égat 80 °C o/n and was then
allowed to cool at r.t.. Water (30 mL) was thenedidnd the solution was extracted
with petroleum ether (3x 30 mL). The combined orgasxtracts were dried over
magnesium sulfate, filtered and concentratedsacuoto afford tert-butyl azete-
1(2H)-carboxylate 92) as a clear oil (1.186 g, 88%). The compound was
characterised b{H, **C NMR and FTIR only.

'H NMR (400 MHz, CDCJ) § 6.59 — 6.52 (s, 1H, Ig), 5.53 — 5.47 (m, 1H, i&),
4.40 — 4.34 (m, 2H, B,), 1.46 (s, 9H, E3); *C NMR (101 MHz, CDGJ) § 151.9,
138.7, 111.8, 80.2, 58.4, 28.4; FTIR: 2976 (s),3L{), 1403 (s), 1153 (s), 956 (M),

860 (m). Analysis are in accordance with those nteylan the literature.

Synthesis oftert-butyl 3-hydroxyazetidine-1-carboxylate (94)%

1) HBpin, THF
= 0°C-rt, 20hrs OH
St
BocN—" 2)NaOH, H,0, goen

92 r.t., 3hrs 94

Borane tetrahydrofuran complex solution (1 M in THE8 mL, 1.8 mmol, 2 equiv.)
was added dropwise to a solutionteft-butyl azete-1(Bl)-carboxylate 92) (0.140 g,

0.9 mmol, 1 equiv.) in THF (2 mL) at 0 °C under @mng The reaction was then
allowed to warm to r.t. and was left to stir o/rfdve being cooled at 0 °C. An

aqueous solution of NaOH (1 M, 0.9 mL, 0.9 mmoggliv.) and hydrogen peroxide



Part 3: Experimental

(2 M, 0.9 mL, 0.9 mmol, 1 equiv.) were then addeduentially. The resulting
mixture was then warmed to r.t. and stirred forS W saturated solution of NGl

(5 mL) was then added and the solution was extlacith ethyl acetate (3x 5 mL).
The combined organic layer were dried over magmessulfate, filtered and
concentratedn vacuoto afford an orange residue which contairted-butyl 3-
hydroxyazetidine-1-carboxylate94) and N-Boc-azetidine. This compound was

tentatively assigned byd NMR spectroscopy only.

'H NMR (400 MHz, CDC}) & 4.65 — 4.58 (m, 1H, ), 4.19 (dd,J = 9.5, 7.0 Hz,
2H, CH,), 3.88 — 3.80 (m, 3H, &, and (H), 1.46 (s, 9H, E3). Analysis are in
accordance with those reported in the literature.

Synthesis oftert-butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-3#)azetidine-
1-carboxylate (93)

B,pin, (1.5 equiv.)

| CuBr (0.1 equiv.) Bpin
LiOtBu (2 equiv.)
BocN BocN
oc MeCN,rt, 1day g3
97%

(71 mmol scale)

CuBr (1.02 g, 7.1 mmol) and LiBu (11.37 g, 142 mmol) were added to a solution
of 1-boc-3-iodoazetidine (12.3 mL, 71 mmol) in MeGBOO mL). The resulting
solution was then cooled to 0 °C using an ice lbaith Bpin, (27.05 g, 106.5 mmol)
was then added portion wise to the mixture at O Tle resulting mixture was
allowed to warm to r.t. and stirred for 48 hrs. Tkaction was monitored via TLC
analysis over the 48 hrs period, whereupon twotehdil portions of CuBr (1.02 g,
7.1 mmol) were added at time intervals of 4 andhiZ2 In order to drive the reaction
to completion CuBr (1.02 g, 7.1 mmol) was added@laith BPin, (1.80 g, 7.1
mmol) after 24 hrs. The solvent was then remawedacuoand the crude mixture
was extracted with petroleum ether (3x 200 mL). €ombined organic layers were
dried over MgSQ filtered and concentrated vacuoto affordtert-butyl 3-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)azetidine-1hmatylate (93) as a clear yellow
oil (19.5 g, 97%).
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'H NMR (400 MHz, CDCJ) 6 4.01 (dd,J = 10.0, 8.0 Hz, 2H, B5), 3.91 (dd,J =
7.5, 7.5 Hz, 2H, €,), 2.16 — 2.05 (m, 1H, &), 1.43 (s, 9H, E3), 1.26 (s, 12H,
CHs); *C NMR (101 MHz, CDGJ) & 156.4, 83.9, 79.2, 50.6 (br), 28.5, 24'®B
NMR (160.5 MHz, CDGJ) 6 33.2 (s, br); FTIRVma/ cmi* (thin film, NaCl plates)
3373 (br), 2980 (s), 2937 (s), 2890 (M), 167915R5 (M), 1478 (s), 1451 (m), 1371
(s), 1331 (s), 1253 (w), 1217 (m), 1150 (s), 97851 (s), 774 (w), 677 (M);
HRMS: m/z [M+H]' calcd. for G4H./NO4 'B: 284.2033, found: 284.2037.

Synthesis of potassium (1tért-butoxycarbonyl)azetidin-3-yl)trifluoroborate (96)
148

Bpin  KHF, 54 (10 equiv.) BF;K
BocN:| 67% BocN:|
93 (38 mmol scale) 96

An aqueous saturated solution of KHR2.13 g, 27. 3 mmol) was added slowly to a
solution 0f93 (11 g, 38 mmol) in BED (50 mL) under stirring. The resulting mixture
was then stirred at r.t. for 24 hrs before the aoiwas removedh vacuoand the
residue was dried under high vacuum for an additi@hrs. The resulting crude
solid was extracted three times by stirring fomiis in acetone (50 mL) followed by
filtration to remove any undissolved solids. Thigrdie was concentratad vacuo
and the product was purified by trituration withnimhal amounts of CECl, (X 2)
and EtO (x 1). The resulting solid was then collected fifmation, washed with
E,O (50 mL), and dried under vacuum to afford potassi (1-tert-
butoxycarbonyl)azetidin-3-yltrifluoroborat®g) as a white crystalline solid (6.81 g,
67%).

M.p. = 60 - 61 °C *H NMR (400 MHz, DMSOY 3.69 — 3.46 (m, 4H, 8,), 3.35 (s,
1H, CH), 1.39 — 1.30 (m, 9H, I8s); *C NMR (101 MHz, DMSO) 155.6, 77.2,
51.9, 50.7, 28.3*%F NMR (235.1 MHz, DMSO) 145.1;'B NMR (160.5 MHz,
DMSO) & 4.04 (s, br); FTIRvVmad cmit (thin film, NaCl plates) 3594 (br), 2977 (s),
2883 (s), 1673 (s), 1478 (m), 1428 (s), 1367 (rBR4L(m), 1253 (W), 1146 (s), 1056
(m), 958 (s), 767 (w); HRMS: m/z [M-K]calcd. for GH1/NO,'BFs: 224.1070,

found: 224.1069. Analysis are in accordance witds¢hreported in the literature.



Part 3: Experimental

Synthesis of potassium trifluoro(oxetan-3-yl)boratg99):4®

Bopin, (1.5 equiv.)
LiOtBu (2 equiv.)

I CuBr (0.1 equiv.) BF3K
MeCN, 1day, r.t, then |
KHF3 54 (10 equiv.) 99
60%

(0.57 mmol scale)

CuBr (0.01 g, 0.06 mmol) and LiBu (0.09 g, 1.136 mmol) were added to a solution
of 3-iodo-oxetane (0.05 mL, 0.57 mmol) in MeCN (1L)runder stirring. The
resulting solution was then cooled to 0 °C usingcanbath and Bpin; (0.22 g, 0.85
mmol) was added portion wise. The reaction mixiwes allowed to warm to room
temperature and stirred for 24 hrs. A second audhti portion of CuBr (0.01 g, 0.06
mmol) was added after a time interval of 4 hrs. Sbivent was then removend
vacua The residue was diluted with,@ (1 mL) and an aqueous saturated solution
of KHF; (0.44 g, 5.7 mmol) was added. The resulting me&twas stirred at r.t. for
24 hrs and the solvent was then remoweglacuoand the residue was dried under
high vacuum for an additional 3 hrs. The resulttafjd was extracted three times
with MeCN (10mL) followed by filtration to removeng undissolved solids. The
filtrate was concentrateit vacuoand the product was purified by trituration with a
minimal amount of ChLCl,. The resulting solid was then dried under vacuom t
afford potassium trifluoro(oxetan-3-yl)bora®9) as a white crystalline solid (0.06 g,
60%).

M.p. = 212 -213 °C (lit. 211 — 213 °C'¥i NMR (250 MHz, DMSO) 4.53 — 4.32
(m, 4H, H,), 1.92 (s, 1H, @); **C NMR (101 MHz, DMSO) 75.1; *F NMR
(235.1 MHz, DMSO) 143.9;''B NMR (160.5 MHz, DMSO) 3.94 (q,J = 116.0,
57.5 Hz).; FTIR:Vmad cmi* (thin film, NaCl plates) 3433 (br), 2889 (w), 1649,
1309 (w), 1101 (w); m/z [M-K]125.0 (85%).
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7. Svnthesis of sodium sulfinate salt

Synthesis oftert-butyl 3-(pyridin-2-ylthio)azetidine-1-carboxylate (114)

sy 1) LHMDS (1.5 equiv.)

XX DMF, r.t., 1 hr S
| o] N

(1.5 equiv.)
BocN 114
96%
(17.3 mmol scale)

LHMDS (1 M in THF, 25.9 mL, 25.9 mmol) was addedpyridine-2-thiol (1.2 g,
17.27 mmol) in DMF (45 mL) at room temperature dhe resulting solution was
stirred at r.t. for 1 hrtert-Butyl 3-iodoazetidine-1-carboxylate (3.0 mL, 1712mol)
was then added and the mixture was stirred abvernight. A saturated aqueous
solution of NaHCQ (30 mL) was added and the solution was extractéud @H,Cl,
(3x 30 mL). The combined organic layers were dree@r MgSQ, filtered and
concentratedh vacuoto afford the crude product. The residue was fafifia flash
chromatography on silica gel eluting with a gratlitam 10% to 30% ethyl acetate
in petroleum ether affordingert-butyl 3-(pyridin-2-ylthio)azetidine-1-carboxylate
(114) as a white solid (4.42 g, 96%).

Mp = 48 — 49°C;H NMR (400 MHz, CDC}) & 8.36 (dddJ = 5.0, 1.5, 1.0 Hz, 1H,
ArH), 7.51 — 7.42 (m, 1H, M), 7.11 (ddJ = 8.0, 1.0 Hz, 1H, Ad), 6.97 (ddd,) =
7.5, 5.0, 1.0 Hz, 1H, M), 4.46 — 4.36 (m, 3H, Ig; andQ), 3.92 — 3.82 (m, 2H,
CH,), 1.42 (s, 9H, El5): **C NMR (101 MHz, CDG)) & 158.2, 156.1, 149.8, 136.2,
122.0, 119.8, 79.7, 56.3 (br), 31.4, 28.5; FTIRL3%br), 3391 (w), 3047 (m), 2975
(s), 2882 (s), 1707 (s), 1578 (s), 1556 (s), 1457 1452 (s), 1391 (s), 1302 (m),
1280 (m), 1248 (s), 1130 (s), 1044 (m), 986 (s)) @), 857 (s), 761 (s), 725 (s),
621 (m); HRMS: m/z [M+H]+ calcd. for £gH19N20,S: 267.1177, found: 267.1167.
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Synthesis oftert-butyl 3-(pyridin-2-ylsulfinyl)azetidine-1-carboxyl ate (115)°2

O 0 0

Scuy  H0, (2.1 equiv) S g
T @ o SR AR

14 (0.2 mmol scale) 115 116

59% 20%

Hydrogen peroxide (30% w/v inJ@, 0.5 mL, 2.1 equiv.) was added to a solution of
114 (53.3 mg, 0.2 mmol, 1 equiv.) in g, (1 mL). The resulting mixture was then
stirred at room temperature for 1 day before beatogcentratedn vacuo The
residue was purified by flash chromatography oitaigel eluting with a gradient
from 10% to 50% ethyl acetate in dichloromethanaftord tert-butyl 3-(pyridin-2-
ylsulfinyl)azetidine-1-carboxylatel(5 a white solid (33.2 mg, 59%) anert-butyl
3-(pyridin-2-ylsulfonyl)azetidine-1-carboxylatel16) as a beige solid (11.7 mg,
20%).

115 'H NMR (400 MHz, CDCY) & 8.74 — 8.68 (m, 1H, At), 8.10 (d, J = 8.0 Hz,
1H, ArH), 7.99 (td, J = 8.0, 1.5 Hz, 1H, A}, 7.58 (ddd, J = 7.5, 4.5, 1.1 Hz, 1H,
ArH), 450 — 4.42 (m, J = 8.5, 5.5 Hz, 1HH¥ 4.37 (s, 2H, @), 4.17 (t, J = 9.0
Hz, 2H, @H,), 1.43 (s, 10H); HRMS: m/z [M+H] calcd. for GaHi1gN,OsS:
283.1116, found: 283.1125.

116 Mp = 68 — 69 °C (lit. 74-78 °C}H NMR (400 MHz, CDC}) & 8.69 (dddJ =
4.5, 1.5, 1.0 Hz, 1H, Af), 8.07 (dt,J = 8.0, 1.0 Hz, 1H, Ad), 7.97 (dddJ = 8.0,
6.0, 1.5 Hz, 1H, AH), 7.56 (ddd,J) = 7.5, 4.5, 1.0 Hz, 1H, At), 4.48 — 4.26 (m, 3H,
CH, and @), 4.15 (t,J = 9.0 Hz, 2H, @), 1.40 (s, 9H, €3); **C NMR (101 MHz,
CDCl) 6 156.5, 155.8, 150.4, 138.5, 127.9, 122.4, 80.5, 4%), 48.2, 28.3; FTIR:
2982 (m), 2889 (w), 1703 (s), 1581 (m), 1456 (mM)31L (m), 1395 (s), 1320 (s),
1259 (m), 1166 (s), 1116 (m), 1087 (m), 990 (m)7 &), 779 (m), 746 (m);
HRMS: m/z [M+H]+ calcd. for @H19N20,4S: 299.1076, found: 299.1066.
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Synthesis oftert-butyl 3-(pyridin-2-ylsulfonyl)azetidine-1-carboxylate (116)

\\ //

S N mCPBA (5 equiv.)
BocN U CH20|2, r.t., 1 day BOCD/ O
114 94% 116
(3.7 mmol scale)

MCPBA (3.223 g, 18.7 mmol) was addedteat-butyl 3-(pyridin-2-ylthio)azetidine-
1-carboxylate 114) (0.995 g, 3.7 mmol) in Ci€l, (20 mL) at room temperature.
The resulting solution was stirred at r.t. for lydA saturated aqueous solution of
sodium bisulfite (20 mL) was then added and thatsm was extracted with G&l,
(3x 20 mL). The combined organic layers were droee@r MgSQ, filtered and
evaporated to afford the crude product. The resisgs purified via flash
chromatography on silica gel eluting with a gratitam 10% to 50% ethyl acetate
in  dichloromethane affording tert-butyl  3-(pyridin-2-ylsulfonyl)azetidine-1-
carboxylate 116) as a beige solid (1.05 g, 94%).

Analysis described above.

Synthesis of sodium 1grt-butoxycarbonyl)azetidine-3-sulfinate (117)°%

\\// NI\?SEt1155 equiv.) 9
O aH ( equw) S\O/Na
THF, r.t., 5hrs
BocN 70/ BocN
116 (7.42 mmol scale) 17

Sodium hydride (0.445 g, 11.13 mmol) was addedtexd-butyl 3-(pyridin-2-
ylsulfonyl)azetidine-1-carboxylate 116) (2.214 g, 7.42 mmol) and sodium
ethanethiolate (0.936 g, 11.13 mmol) in THF (45 nalt)room temperature. The
resulting solution was stirred at r.t. for 5 hrsaté (100 mL) were then added.
Volatiles were then removead vacuoand the solution was washed with £Hp (3x
40 mL). The aqueous layer was concentrated todaffee crude product. The residue
was purified via flash chromatography on silica gleking with a gradient from 20%
to 50% methanol in dichloromethane affording sodiumi-(tert-

butoxycarbonyl)azetidine-3-sulfinaté1(7) as a beige solid (1.75 g, 97%).
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Mp = 48 — 50°C ; 'H NMR (400 MHz, BO) § 4.13 — 3.89 (m, 4H, &,), 3.19 — 3.06

(m, 1H, CH), 1.39 (s, 9H, El5); *C NMR (101 MHz, RO) & 157.9, 81.9, 52.3, 48.0
(br), 27.6; FTIR: 3394 (s), 2979 (w), 2875 (w), 47(), 1674 (s), 1477 (w), 1424
(s), 1391 (s), 1370 (m), 1248 (w), 1151 (m), 1088, (1019 (s), 976 (s), 771 (W);
HRMS: m/z [M-Na]- calcd. for gH14/NO,S: 220.0644, found: 220.0637. Analysis

are in accordance with those reported in the liteea

Synthesis of 2-(oxetan-3-ylthio)pyridine (118)

SH 1) LHMDS (1.5 equiv.)
| X DMF, r.t., 1 hr
N 2) | r.t,o/n O
(1.5 equiv.)
0 118

46%
(5.68 mmol scale)

LHMDS (1 M in THF, 8.52 mL, 8.52 mmol) was addedptgridine-2-thiol (0.947 g,
8.52 mmol) in DMF (10 mL) at room temperature ahd tesulting solution was
stirred at r.t. for 1 hr. 3-iodooxetane (0.5 mL6& mmol) was then added and the
mixture was stirred at r.t. overnight. A saturasgfieous solution of NaHGJ30
mL) was added and the solution was extracted wiHpGL (3x 30 mL). The
combined organic layers were dried over MgSitered and concentrated vacuo

to afford the crude product. The residue was pdifvia flash chromatography on
silica gel eluting with a gradient from 10% to 3@hyl acetate in petroleum ether
affording 2-(oxetan-3-ylthio)pyridinel(8) as a yellow oil (0.44 g, 46%).

'H NMR (400 MHz, CDC}) § 8.33 (ddd,) = 5.0, 2.0, 1.0 Hz, 1H, At), 7.48 — 7.41
(m, 1H, AH), 7.09 (dt,J = 8.0, 1.0 Hz, 1H, At), 6.94 (dddJ = 7.5, 5.0, 1.0 Hz,
1H, ArH), 5.10 (ddJ = 7.5, 6.5 Hz, 2H, B,), 4.92 — 4.83 (m, 1H, I§), 4.63 (t,J =
6.5 Hz, 2H, &l,); *C NMR (101 MHz, CDGJ) 5 158.0 149.6, 136.1, 121.9, 119.7,
78.2, 36.8; FTIR: 3487 (br), 3047 (m), 2950 (s)724s), 1664 (w), 1578 (s), 1556
(s), 1456 (s), 1416 (s), 1280 (m), 1255 (m), 1196 1087 (w), 1044 (m), 976 (s),
904 (s), 822 (s), 761 (s), 725 (s), 621 (w); HRMSB/z [M+H]+ calcd. for
CsH1oNOS: 168.0491, found: 168.0483.
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Synthesis of 2-(oxetan-3-ylsulfonyl)pyridine (119)

_ mCPBA (5 equw) ‘\ A
\Q CH20|2 rt, 1 day O
118 88%
(2.04 mmol scale)

mCPBA (1.74 g, 10.2 mmol) was added to 2-(oxetart3ig)pyridine (L18) (0.341
g, 2.04 mmol) in CKCI, (12 mL) at room temperature. The resulting sofuticas
stirred at r.t. for 1 day. A saturated aqueoustgniwf sodium bisulfite (10 mL) was
then added and the solution was extracted withGTH3x 15 mL). The combined
organic layers were dried over Mg§{Qiltered and concentrated vacuoto afford
crude product. The residue was purified via flasihomatography on silica gel
eluting with a gradient from 10% to 30% ethyl ateta dichloromethane affording
2-(oxetan-3-ylsulfonyl)pyridinel(19 as a colorless oil (0.356 g, 88%).

'H NMR (400 MHz, CDC}) 6 8.68 (ddd,J = 5.0, 1.5, 1.0 Hz, 1H, At), 8.09 (dtJ =
8.0, 1.0 Hz, 1H, A), 7.99 (tdJ = 8.0, 1.5 Hz, 1H, Af), 7.60 — 7.54 (m, 1H, At),
5.13 — 5.07 (m, 2H, B,), 4.93 — 4.88 (m, 3H, Ig, and ); **C NMR (101 MHz,
CDCl) & 156.8, 150.3, 138.5, 127.9, 122.2, 70.3, 54.3REFB616 (br), 3061 (w),
2961 (m), 2889 (m), 1721 (w), 1578 (m), 1456 (m)24 (m), 1313 (s), 1266 (m),
1162 (s), 1108 (s), 1083 (m), 994 (s), 904 (s), (FTY 746 (s), 664 (M); HRMS: m/z
[M+H]+ calcd. for GH10NOsS: 200.0385, found: 200.0381.

Synthesis of sodium oxetane-3-sulfinate (120)
\\ 0 BnSH (1.5 equiv.)

NaH ( 15eqU|v) "
’_,r O THF, r.t, 1day |j S0
3%

119

(9.63 mmol scale)

Sodium hydride (0.578 g, 14.44 mmol) was added tox2tan-3-ylsulfonyl)pyridine
(119 (1.918 g, 9.63 mmol) and benzyl mercaptan (1.7 td.44 mmol) in THF (80
mL) at room temperature. The resulting solution wised at r.t. for 1 day. Water
(100 mL) was then added. Volatiles were remowedacuoand the solution was

washed with CHCI, (3x 40 mL). The aqueous layer was concentratedacuoto
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afford the crude product. The residue was puriiiedflash chromatography on silica
gel eluting with a gradient from 20% to 50% metHanalichloromethane affording

sodium oxetane-3-sulfinatéZ0) as a beige solid (1.292 g, 93%).

Mp = 223 - 224C ;'H NMR (400 MHz, MeOD) 4.82 — 4.77 (m, 4H, B,), 3.49 —
3.37 (m, 1H, ®); **C NMR (101 MHz, MeODY¥ 72.1, 61.1; FTIR: 2962 (w), 2889
(w), 1650 (s), 1028 (s), 964 (s), 904 (m), 775 (WRMS: m/z [M+Na]+ calcd. for
C3Hs0sSNa: 166.9755, found: 166.9751.

8. Coupling of sodium sulfinate salt to the position 2 of

indole

General procedure 8: sodium sulfinate of azetidineoupling to position 2 of

indole

lodine (39 mg, 0.154 mmol, 1.5 equiv.) was addedhi® desired indole (0.103
mmol, 1 equiv.)) and sodium ieft-butoxycarbonyl)azetidine-3-sulfinat&é17?) (75
mg, 0.309 mmol, 3 equiv.) in MeOH (0.5 mL) at rodemperature. The resulting
solution was stirred at r.t. for 1 day. All volatl were removeth vacuoand the
residue was purified via flash chromatography dictasigel to provide the title

product.

Synthesis oftert-butyl 3-((1H-indol-2-yl)sulfonyl)azetidine-1-carboxylate (121)

Q I, (1.5 equiv.) \_0
@ " SN . SZ
N MeOH, r.t., 1 day N b
NB

BocN 94%
117 (0.103 mmol scale) 121

Using general procedure 8 with indole (12 mg),gh@duct was purified eluting with
a gradient from 20% to 30% ethyl acetate in petnolesther affordindert-butyl 3-
((1H-indol-2-yl)sulfonyl)azetidine-1-carboxylatelZ1) as a grey-brown solid (33
mg, 94%).
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Mp = 138 - 139 °C!H NMR (400 MHz, CDC}) § 9.24 (s, 1H, M), 7.73 (d,J = 8.0
Hz, 1H, AH), 7.50 (dJ = 8.5 Hz, 1H, AH), 7.44 — 7.38 (m, 1H, At), 7.25 — 7.20
(m, 2H, AH), 4.33 (dd,J = 9.5, 4.5 Hz, 2H, B,), 4.17 — 4.04 (m, 3H, i&; and
CH), 1.40 (s, 9H, El3); **C NMR (101 MHz, CDG)) § 155.9, 137.5, 129.6, 127.2,
126.8, 123.0, 122.1, 112.6, 110.8, 80.9, 52.3,,48B%; FTIR: 3318 (br), 2975 (w),
2928 (w), 1680 (s), 1414 (m), 1328 (m), 1136 (€0 dw), 741 (m), 702 (m), 630
(m); HRMS: m/z [M+Na]- calcd. for ¢H20N>.OsSNa: 359.1041, found: 359.1046.

Synthesis  of tert-butyl  3-((5-methyl-1H-indol-2-yl)sulfonyl)azetidine-1-
carboxylate (122)

O

g;o

o) .
m g Na I, (1.5 equiv.)
+ \O/ t
N MeOH, r.t., 1 day b
H BocN 91% N

122

Ir= /g

Boc

117 (0.103 mmol scale)

Using general procedure 8 with 5-methylindole (13.§), the product was purified
eluting with a gradient from 20% to 30% ethyl atetin petroleum ether affording
tert-butyl 3-((5-methyl-H-indol-2-yl)sulfonyl)azetidine-1-carboxylatelZ2) as a
beige solid (33 mg, 91%).

Mp = 143 - 144 °C}H NMR (400 MHz, CDC}) 6 9.65 (s, 1H, W), 7.47 (s, 1H,
ArH), 7.38 (d,J = 8.5 Hz, 1H, AH), 7.22 (ddJ = 8.5, 1.5 Hz, 1H, A#), 7.15 (d,J

= 1.5 Hz, 1H, AH), 4.37 — 4.28 (m, 2H, Ig,), 4.16 — 4.02 (m, 3H, Ig; and (),
2.44 (s, 3H, @), 1.39 (s, 9H, El3); **C NMR (101 MHz, CDGJ) § 156.0, 136.2,
131.4, 129.2, 128.7, 127.3, 122.0, 112.4, 110.38,8R.2, 49.9, 28.3, 21.5; FTIR:
3323 (br), 2976 (s), 2925 (s), 2891 (m), 1683 15)16 (s), 1405 (s), 1315 (s), 1255
(m), 1135 (s), 1092 (s), 951 (m), 904 (s), 818 (A4 (s), 634 (m); HRMS: m/z
[M+Na]- calcd. for G/H2oN,O,SNa: 373.1198, found: 373.1183.
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Synthesis  of tert-butyl  3-((5-methoxy-1H-indol-2-yl)sulfonyl)azetidine-1-
carboxylate (123)

MeO @)
MeO O l, (1.5 equiv.) N\__&-0
\ + S\O,Na [ S S
N MeOH, r.t., 1 day N b
NB

BocN 100%
117 (0.103 mmol scale) 123

Using general procedure 8 with 5-methoxyindole 1fid), the product was purified
eluting with a gradient from 40% to 50% ethyl ateti petroleum ether affording
tert-butyl 3-((5-methoxy-H-indol-2-yl)sulfonyl)azetidine-1-carboxylatelZ3) as a
grey solid (38 mg, 100%).

Mp = 116 — 118 °C'H NMR (400 MHz, CDC}) § 9.82 (s, 1H, M), 7.38 (dJ= 9.5
Hz, 1H, AH), 7.14 (d,J = 1.5 Hz, 1H, AH), 7.07 — 7.02 (m, 2H, M), 4.32 (ddJ

= 9.0, 4.0 Hz, 2H, H,), 4.16 — 4.05 (m, 3H, &, and 1), 3.83 (s, 3H, E3), 1.38
(s, 9H, GH3); *C NMR (101 MHz, CDGJ) & 156.0, 155.4, 133.2, 129.4, 127.4,
118.6, 113.7, 110.2, 102.4, 80.9, 55.8, 52.2, 428%; FTIR: 2979 (w), 2889 (w),
2829 (w), 1676 (s), 1521 (m), 1401 (m), 1324 (mM)61L (m), 1136 (m), 1028 (w),
955 (m), 835 (m), 694 (m); HRMS: m/z [M+Na]- calctbr C;7H2:N,OsSNa:
389.1147, found: 389.1130.

Synthesis  of tert-butyl  3-((5-hydroxy-1H-indol-2-yl)sulfonyl)azetidine-1-
carboxylate (124)

HO

HO Q l, (1.5 equiv.) \_ga=0
Ny, S\O,Na > S
N MeOH, r.t, 1 day N b

H BocN 117 95% 4 NB

(0.103 mmol scale)

Using general procedure 8 with 5-hydroxyindole T18\9), the product was purified
eluting with a gradient from 40% to 50% ethyl atetin petroleum ether affording
tert-butyl 3-((5-hydroxy-H-indol-2-yl)sulfonyl)azetidine-1-carboxylatddZ4) as a
brown solid (34.5 mg, 95%).

M.p. = 158 - 160 °C*H NMR (400 MHz, MeOD) 7.34 (d,J = 9.0 Hz, 1H, AH),
7.06 — 7.01 (m, 2H, At), 6.95 (dd,J = 9.0, 2.5 Hz, 1H, A), 4.28 — 4.07 (m, 6H,
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CH,, CH and QH), 1.36 (s, 9H, E3); *C NMR (101 MHz, MeOD) 157.6, 153.2,
134.7, 130.9, 128.8, 118.5, 114.3, 110.2, 106.(8,83.1, 50.9 (dJ = 82.5 Hz),
28.4; FTIR: 3412 (br), 2982 (w), 1651 (s), 1517 (64914 (m), 1318 (m), 1173 (m),
1132 (m), 1091 (w), 953 (w), 854 (w); HRMS: m/z [Ma]+ calcd. for
Ci6H20N20sSNa: 375.0991, found: 375.0988.

Synthesis  of tert-butyl 3-((5-chloro-1H-indol-2-yl)sulfonyl)azetidine-1-
carboxylate (125)

Cl 0] . Cl o)
I I, (1.5 equiv.) 10
|I:l| BocN MeOH, r.t., 1 day b
N 7 61% 12 N
(0.103 mmol scale)

o IZ

Boc

Using general procedure 8 with 5-chloroindole (%), the product was purified
eluting with a gradient from 20% to 30% ethyl atetia petroleum ether affording
tert-butyl 3-((5-chloro-H-indol-2-yl)sulfonyl)azetidine-1-carboxylatelZ5 as a
brown gum (23.1 mg, 61%).

'H NMR (400 MHz, CDC}) § 9.41 (s, 1H, M), 7.70 (dJ = 2.0 Hz, 1H, AH), 7.43
(d, J = 9.0 Hz, 1H, Af), 7.36 (ddJ = 9.0, 2.0 Hz, 1H, Ad), 7.17 (ddJ = 2.0, 0.5
Hz, 1H, AH), 4.32 (dd,J = 9.5, 5.0 Hz, 2H, B5), 4.18 — 4.09 (m, 3H, I&, and
CH), 1.40 (s, 9H, E5); *C NMR (101 MHz, CDGJ) 5 155.9, 135.8, 131.0, 128.0,
127.9, 127.5, 122.2, 113.8, 109.9, 81.0, 52.4,,4%B3}; FTIR: 2975 (w), 2930 (W),
1679 (s), 1407 (s), 1325 (s), 1139 (s), 916 (w)P &), 699 (m); HRMS: m/z
[M+Na]+ calcd. for GeH1oN20,S*°CINa: 393.0652, found: 393.0638.

Synthesis  of tert-butyl  3-((1-methyl-1H-indol-2-yl)sulfonyl)azetidine-1-
carboxylate (126)

Q I, (1.5 equiv.) A o
@ " SN . SZ
N MeOH, r.t., 1 day N\ b
BocN NB

77%
117 (0.103 mmol scale) 126
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Using general procedure 8 with 1-methylindole (13,the product was purified
eluting with a gradient from 20% to 30% ethyl ateti petroleum ether affording
tert-butyl 3-((1-methyl-H-indol-2-yl)sulfonyl)azetidine-1-carboxylatelZ6) as a
pale brown solid (28 mg, 77%).

Mp = 104 - 106 °C!H NMR (400 MHz, CDC}) & 7.72 (d,J = 8.0 Hz, 1H, AH),
7.48 — 7.39 (m, 2H, M), 7.32 (s, 1H, AH), 7.24 (dddJ = 8.0, 6.5, 1.0 Hz, 1H,
ArH), 4.31 (ddJ = 9.0, 5.0 Hz, 2H, 8,), 4.13 — 3.99 (m, 6H, Ig3;, CH, and (),
1.42 (s, 9H, El3); **C NMR (101 MHz, CDGJ) § 155.9, 140.1, 130.6, 126.6, 125.3,
123.2, 121.7, 112.9, 110.7, 80.7, 52.1, 49.8, 3A8H4; FTIR: 2972 (w), 2925 (w),
1704 (s), 1469 (m), 1396 (s), 1323 (s), 1148 (8y11(w), 899 (w), 805 (w), 737
(m), 685 (w); HRMS: m/z [M+Na]- calcd. for :¢H2oN,O,SNa: 373.1198, found:
373.1186.

Synthesis  of tert-butyl  3-((3-methyl-1H-indol-2-yl)sulfonyl)azetidine-1-

o) . o)
MeOH, r.t., 1 day N b
NB

BocN 82% H
117 (0.103 mmol scale) 127

carboxylate (127)

Iz />>\
+

Using general procedure 8 with 3-methylindole (13.§), the product was purified
eluting with a gradient from 20% to 30% ethyl atetia petroleum ether affording
tert-butyl 3-((3-methyl-H-indol-2-yl)sulfonyl)azetidine-1-carboxylatelZ7) as an
orange oil (29.5 mg, 82%).

'H NMR (400 MHz, CDCY)  9.38 (s, 1H, M), 7.66 (d,J = 8.0 Hz, 1H, AH), 7.45
(d,J = 8.0 Hz, 1H, AH), 7.41 — 7.35 (m, 1H, Af), 7.21 (ddd,J = 8.0, 7.0, 1.0 Hz,
1H, ArH), 4.39 — 4.26 (m, 2H, 1&,), 4.18 — 4.02 (m, 3H, g, and (), 2.61 (s, 3H,
CH3), 1.39 (s, 9H, €El3); *C NMR (101 MHz, CDG)) § 156.0, 136.6, 128.2, 126.8,
125.2, 121.1, 121.0, 120.8, 112.6, 80.8, 52.4,,4887, 9.3; FTIR: 3335 (br), 2983
(W), 2921 (w), 1689 (s), 1406 (s), 1320 (s), 1208 (1144 (s), 904 (w), 801 (w), 750
(m), 694 (m); HRMS: m/z [M+Na]- calcd. for@H,,N,O,SNa: 373.1198, found:
373.1184.
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Synthesis  of tert-butyl  3-((4-methoxy-1H-indol-2-yl)sulfonyl)azetidine-1-
carboxylate (128)

OMe

OMe 0 O
I I, (1.5 equiv.
MeOH, r.t., 1 day N
” BocN 98% H
117 (0.103 mmol scale) 128 NBoc

Using general procedure 8 with 4-methoxyindole ifidp), the product was purified
eluting with a gradient from 30% to 40% ethyl ateti petroleum ether affording
tert-butyl 3-((4-methoxy-H-indol-2-yl)sulfonyl)azetidine-1-carboxylatelZ8) as a
brown foam (37.0 mg, 98%).

'H NMR (400 MHz, CDC}) § 9.28 (s, 1H, M), 7.36 — 7.32 (m, 1H, Af), 7.31 —
7.29 (m, 1H, AH), 7.06 (d,J = 8.5 Hz, 1H, AH), 6.56 (d,J = 8.0 Hz, 1H, AH),
4.35-4.26 (m, 2H, B,), 4.15 - 4.05 (m, 3H, &, and ), 3.95 (s, 3H, E3), 1.38

(s, 9H, GH3); °C NMR (101 MHz, CDGJ) & 155.9, 154.7, 138.9, 128.0 (2 carbons),
118.9, 108.6, 105.3, 100.7, 80.8, 55.6, 52.3, 428%; FTIR: 3241 (br), 2978 (m),
2934 (m), 2844 (w), 1688 (s), 1622 (m), 1588 (nH1& (m), 1411 (s), 1368 (s),
1331 (s), 1261 (s), 1137 (s), 1117 (s), 977 (W) 88), 777 (m), 736 (s); HRMS:
m/z [M+Na]+ calcd. for G;H2:N.OsSNa: 389.1147, found: 389.1147.

Synthesis  of tert-butyl 3-((6-methoxy-1H-indol-2-yl)sulfonyl)azetidine-1-
carboxylate (129)

2 I, (1.5 equiv.) N
MeO N MeOH, rt, 1 day MeO N b
H BocN 90% NBoc
17 129

(0.103 mmol scale)

Using general procedure 8 with 6-methoxyindole 1fid), the product was purified
eluting with a gradient from 40% to 50% ethyl ateti petroleum ether affording
tert-butyl 3-((6-methoxy-H-indol-2-yl)sulfonyl)azetidine-1-carboxylatelZ9) as a
grey solid (34 mg, 90%)).

Mp = 178 - 180 °C*H NMR (400 MHz, CDCJ) 5 9.72 (s, 1H, M), 7.55 (d,J = 9.0
Hz, 1H, AH), 7.17 (d,J = 1.5 Hz, 1H, AH), 6.91 — 6.84 (m, 2H, At), 4.33 (dd,]



Part 3: Experimental

= 9.5, 4.5 Hz, 2H, H,), 4.16 — 4.03 (m, 3H, &, and ), 3.84 (s, 3H, E3), 1.39
(s, 9H, GH3); *C NMR (101 MHz, CDGJ) & 159.7, 156.0, 139.2, 127.5, 123.6,
121.2, 113.9, 111.4, 94.0, 80.8, 55.6, 52.3, 49893; FTIR: 2985 (w), 2933 (w),
1674 (s), 1632 (s), 1507 (m), 1409 (m), 1310 (r@B3L(m), 1139 (s), 959 (w), 899
(w), 826 (m), 702 (m); HRMS: m/z [M+H]- calcd. fdE;7H23N-0sS: 367.1328,
found: 367.1330.

Synthesis  of tert-butyl  3-((7-methoxy-1H-indol-2-yl)sulfonyl)azetidine-1-
carboxylate (130)

o]
N\ Q G (5eauv) \_d-0
+ ~~-Na >
” O MeOH, r.t., 1 day ” b
OMe NB

S
BocN 84% OMe
117 (0.103 mmol scale) 130

Using general procedure 8 with 7-methoxyindole §48L), the product was purified
eluting with a gradient from 20% to 30% ethyl ateti petroleum ether affording
tert-butyl 3-((7-methoxy-H-indol-2-yl)sulfonyl)azetidine-1-carboxylatel30) as a
beige solid (31.7 mg, 84%).

M.p. = 128 — 130 °C'*H NMR (400 MHz, CDC}) & 9.25 (s, 1H, W), 7.29 (d,J =
8.0 Hz, 1H, AH), 7.20 (d,J = 2.0 Hz, 1H, AH), 7.14 (t,J = 8.0 Hz, 1H, AH), 6.79
(d,J = 8.0 Hz, 1H, AH), 4.32 (ddJ = 9.0, 4.5 Hz, 2H, 8,), 4.15 — 4.08 (m, 3H,
CH, and @), 3.98 (s, 3H, €El3), 1.40 (s, 9H, E3); *C NMR (101 MHz, CDGJ) &
155.8, 146.8, 129.3, 128.9, 128.3, 122.6, 114.9,9.1105.1, 80.8, 55.7, 52.2, 49.8,
28.3; FTIR: 3309 (br), 2978 (m), 2934 (m), 2889,(1§96 (s), 1583 (m), 1524 (m),
1411 (s), 1321 (s), 1256 (s), 1139 (s), 1108 (8%, @n), 905 (m), 771 (m), 726 (s),
695 (m), 606 (m); HRMS: m/z [M+Na]+ calcd. for;#1,,N,OsSNa: 389.1147,
found: 389.1130.
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Synthesis of methyl 2-((14ert-butoxycarbonyl)azetidin-3-yl)sulfonyl)-1H-indole-

5-carboxylate (131)
MeO,C o
+ S\O, Na >
i MeOH, rt, 1 day N b
N 35% NB

N
H Boc
(0.171 mmol scale)

o

117

Using general procedure 8 with methyH-indole-5-carboxylate (30 mg, 0.171
mmol) and sodium 1tért-butoxycarbonyl)azetidine-3-sulfinate (125 mg, @51
mmol), the product was purified eluting with a gead from 20% to 30% ethyl
acetate in petroleum ether affording methyl 2-(€r{butoxycarbonyl)azetidin-3-

yh)sulfonyl)-1H-indole-5-carboxylatel@1) as a yellow solid (23.6 mg, 35%).

M.p. =108 - 110 °C*H NMR (400 MHz, CDCY) 6 9.75 (s, 1H, M), 8.50 (s, 1H,
ArH), 8.08 (ddJ = 9.0, 1.5 Hz, 1H, Ad), 7.52 (dJ = 9.0 Hz, 1H, AH), 7.32 (dd)

= 2.0, 0.5 Hz, 1H, AH), 4.34 (ddJ = 9.5, 4.5 Hz, 2H, 8,), 4.18 — 4.10 (m, 3H,
CH, and @), 3.95 (s, 3H, €l3), 1.40 (s, 9H, E3); *C NMR (101 MHz, CDGJ) &
167.3, 156.0, 139.8, 131.3, 127.5, 126.6, 126.4,3,212.6, 111.8, 81.0, 52.3, 49.8,
28.5, 28.4.; FTIR: 3257 (br), 2975 (w), 2930 (W05 (s), 1617 (m), 1404 (m), 1311
(s), 1256 (m), 1139 (s), 905 (w), 768 (w); HRMS:zniM+Na]+ calcd. for
Ci1gH22N20sSNa: 417.1096, found: 417.1090.

General procedure 9: sodium sulfinate of oxetane opling to position 2 of

indole

lodine (39 mg, 0.154 mmol, 1.5 equiv.) was addedhi® desired indole (0.103
mmol, 1 equiv.)) and sodium oxetane-3-sulfinat2d (75 mg, 0.309 mmol, 3
equiv.) in MeOH (0.5 mL) at room temperature. Tasulting solution was stirred at
r.t. for 1 day. Volatiles were removét vacuoand the residue was purified via flash
chromatography on florisil to provide the title drat.
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Synthesis of 2-(oxetan-3-ylsulfonyl)-H-indole (132)

Q I, (1.5 equiv.) o

@ C e T N
N MeOH, r.t., 1 da b
H 0 y H o

95%
120 (0.103 mmol scale) 132

Using general procedure 9 with indole (12 mg),gheduct was purified eluting with
a gradient from 10% to 40% ethyl acetate in petnoleether affording 2-(oxetan-3-
ylsulfonyl)-1H-indole (L32) as a brown solid (23.1 mg, 95%).

M.p. = 136 - 138 °C*H NMR (400 MHz, CDCJ) 6 9.30 (s, 1H, M), 7.73 (d,J =
8.0 Hz, 1H, AH), 7.49 (d,J = 8.5 Hz, 1H, AH), 7.41 (dd,J = 7.5, 7.5 Hz, 1H,
ArH), 7.24 (ddJ = 5.0, 5.0 Hz, 2H, A), 5.04 — 4.98 (m, 2H, 18,), 4.85 (tJ = 8.0
Hz, 2H, (H,), 4.58 (it,J = 8.0, 6.0 Hz, 1H, 8); **C NMR (101 MHz, CDG) 5
137.6, 129.7, 127.2, 126.8, 123.0, 122.1, 112.6,71170.4, 58.2; FTIR: 3435 (br),
2953 (w), 2933 (w), 2853 (w), 1623 (w), 1320 (m)36 (s), 980 (w), 906 (w), 746
(m), 693 (m); HRMS: m/z [M+H]+ calcd. for @H1,NO3S: 238.0538, found:
238.0529.

Synthesis of 1-methyl-2-(oxetan-3-ylsulfonyl)H-indole (133)

o) O
\ 9, l(5equv) ms;o
N + \O/ N
Lo O

MeOH, r.t., 1day
6%

120 (0.103 mmol scale)

Using general procedure 9 witlrmethyl indole (13 pL), the product was purified
eluting with a gradient from 10% to 40% ethyl atetia petroleum ether affording
1-methyl-2-(oxetan-3-ylsulfonyl)H-indole (L33) as a brown solid (24.8 mg, 96%).

M.p. = 100 - 102 °C*H NMR (400 MHz, CDC}) § 7.72 (d,J = 8.0 Hz, 1H, AH),
7.49 — 7.40 (m, 2H, At), 7.31 (s, 1H, AH), 7.26 — 7.20 (m, 1H, Af), 5.04 — 4.97
(m, 2H, H,), 4.82 (t,J = 8.0 Hz, 2H, ®©,), 4.55 (tt,J = 8.0, 6.0 Hz, 1H, B), 4.01
(s, 3H, Hs); *C NMR (101 MHz, CDGJ) & 140.0, 130.8, 126.5, 125.3, 123.1,
121.7, 112.7, 110.7, 70.3, 57.9, 31.5; FTIR:295% @823 (m), 2890 (m), 2850 (w),
1613 (w), 1506 (m), 1466 (s), 1323 (s), 1146 (8% @m), 910 (s), 806 (s), 750 (s),
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676 (s), 626 (s); HRMS: m/z [M+H]+ calcd. for;£11sNOsS: 252.0694, found:
252.0682.

Synthesis of 5-methyl-2-(oxetan-3-ylsulfonyl)H-indole (134)

(0] .
I» (1.5 equiv.
\Ejj\> + qg\O/Na foea_
N MeOH, r.t., 1 day
H O~ 120 74% 1
(0.103 mmol scale)

Ir=z /E

bo

Using general procedure 9 with 5-methyl indole $18\9), the product was purified

w
S

eluting with a gradient from 10% to 40% ethyl ateti petroleum ether affording
5-methyl-2-(oxetan-3-ylsulfonyl)H-indole (L34) as a brown solid (19.1 mg, 74%).

M.p. = 132 - 134 °C*H NMR (400 MHz, CDCJ) 5 9.03 (s, 1H, M), 7.48 (d,J =
8.0 Hz, 1H, AH), 7.37 (dJ = 8.0 Hz, 1H, AH), 7.26 — 7.22 (m, 1H, Af), 7.15 (d,
J=15Hz, 1H, AH), 4.99 (ddJ = 7.5, 6.5 Hz, 2H, 8,), 4.90 — 4.79 (m, 2H, I8,),
4.62 - 452 (m, 1H, B), 2.45 (s, 3H, E3); **C NMR (101 MHz, CDGJ) § 135.9,
131.7, 129.6, 128.9, 127.5, 122.2, 112.2, 110.5,78.2, 21.5; FTIR: 3410 (br),
2960 (w), 2926 (w), 1636 (m), 1513 (w), 1316 (nd32 (m), 906 (w); HRMS: m/z
[M+H]+ calcd. for G,H14/NOsS: 252.0694, found: 252.0682.

Synthesis of 5-methoxy-2-(oxetan-3-ylsulfonyl)H-indole (135)

MeO o)
eO\©\/\> (.3. I, (1.5 equiv.) mggo
+ S\ ,Na >
N o MeOH, r.t., 1 day N b

H o 91% o
120 (0.103 mmol scale)

Using general procedure 9 with 5-methoxyindole 1fid), the product was purified
eluting with a gradient from 10% to 40% ethyl atetin petroleum ether affording
5-methoxy-2-(oxetan-3-ylsulfonyl)H-indole (L35 as a brown gum (25.1 mg, 91%).

'H NMR (400 MHz, CDCJ) § 9.46 (s, 1H, M), 7.39 — 7.34 (m, 1H, At), 7.15 (dJ
= 1.5 Hz, 1H, AH), 7.09 — 7.04 (m, 2H, At), 5.00 (ddJ = 7.5, 6.0 Hz, 2H, B,),
4.85 (t,J = 7.5 Hz, 2H, €ly), 4.57 (tt,J = 7.5, 6.0 Hz, 1H, B), 3.84 (s, 3H, El3);
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%c NMR (101 MHz, CDGJ) & 155.5, 133.0, 129.6, 127.6, 118.7, 113.6, 110.2,
102.5, 70.5, 58.2, 55.8; FTIR: 3423 (br), 2953 (2920 (w), 1633 (m), 1513 (m),
1316 (m), 1200 (m), 1166 (m), 1136 (m), 906 (w); MR m/z [M+H]+ calcd. for
C12H14aNO4S: 268.0644, found: 268.0632.

Synthesis of 2-(oxetan-3-ylsulfonyl)-H-indol-5-ol (136)

HO O
HO Q I, (1.5 equiv.) A\
A S. ._Na > S
+ \O/ - N
H 3 MeOH, r.t., 1 day H
64% 0
120 (0.103 mmol scale) 136

Using general procedure 9 with 5-hydroxyindole 7113\g), the product was purified
eluting with a gradient from 30% to 60% ethyl atetia petroleum ether affording
2-(oxetan-3-ylsulfonyl)-H-indol-5-ol (136) as a brown solid (16.8 mg, 64%).

M.p. = 120 - 122 °C*H NMR (400 MHz, MeOD) 7.33 (dd,J = 9.0, 0.5 Hz, 1H,
ArH), 7.04 - 7.00 (m, 2H, At), 6.93 (dddJ = 9.0, 2.5, 1.5 Hz, 1H, Af), 5.02 -
4.81 (m, 5H, €, and QH), 4.73 — 4.66 (m, 1H, ig); *C NMR (101 MHz, MeOD)
5 153.2, 134.6, 131.5, 128.8, 118.4, 114.3, 1098,Q, 71.5, 58.9; FTIR: 3425 (br),
2961 (w), 2538 (s), 1644 (s), 1442 (s), 1314 (mM);3L(m), 1129 (m), 967 (w), 902
(w); HRMS: m/z [M+H]+ calcd. for @H11;NO,S: 254.0487, found: 254.0495.

Synthesis of 5-chloro-2-(oxetan-3-ylsulfonyl)H-indole (137)

cl o)
Cl Q I, (1.5 equiv.) \_L-0
N + S\O/ Na S
N N MeOH, r.t., 1 day N b
H O 62% e}
120 (0.103 mmol scale)

Using general procedure 9 with 5-chloroindole (1m@), the product was purified
eluting with a gradient from 10% to 40% ethyl ateti petroleum ether affording
5-chloro-2-(oxetan-3-ylsulfonyl)H-indole L37) as a brown solid (17.3 mg, 62%).

M.p. = 108 — 110°C*H NMR (400 MHz, CDCJ) & 9.58 (s, 1H, M), 7.69 (d,J =
2.0 Hz, 1H, AH), 7.43 - 7.40 (m, 1H, At), 7.37 — 7.32 (m, 1H, Af), 7.17 (d,J =
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1.5 Hz, 1H, AH), 5.00 (ddJ = 8.0, 6.0 Hz, 2H, B,), 4.88 (t,J = 8.0 Hz, 2H, Ely),
4.65 — 4.55 (m, 1H, B); **C NMR (101 MHz, CDGJ)  135.8, 131.0, 127.9, 127.8,
127.4, 122.1, 113.8, 109.9, 70.3, 58.2; FTIR: 3@, 2956 (m), 2924 (m), 2885
(m), 1641 (w), 1507 (m), 1319 (s), 1268 (w), 1188 (097 (m), 979 (m), 950 (m),
905 (m), 807 (m); HRMS: m/z [M+H]+ calcd. for E1:,NOsS*Cl: 272.0148,
found: 272.0155.

9. Synthesis of Atevirdine analogue

Synthesis 2-(azetidin-3-ylsulfonyl)-H-indole (138)

Q Q
msgo TFA:CH,Cl, (1:2) N—g=0
Yo I B
NB NH

oc (0.06 mmol scale)

TFA (0.15 mL) was added teoert-butyl 3-((1H-indol-2-yl)sulfonyl)azetidine-1-
carboxylate 121) (20 mg, 0.06 mmol) in C¥Cl, (0.3 mL) at room temperature. The
resulting solution was stirred at 40 °C for 1 ddglatiles were removed under vacuo
and the residue was purified via flash chromatdgyapn silica gel eluting with a
gradient from 10% to 15% methanol in dichloromethaifording 2-(azetidin-3-
ylsulfonyl)-1H-indole (L38) as a brown solid (10.2 mg, 73%).

M.p. = 138 - 140 °C*H NMR (400 MHz, MeOD) 7.72 (d,J = 8.0 Hz, 1H, AH),
7.51 (d,J = 8.5 Hz, 1H, AH), 7.38 (dd,J = 7.5, 7.5 Hz, 1H, Ad), 7.28 (s, 1H,
ArH), 7.19 (ddJ = 7.5, 7.5 Hz, 1H, Af), 4.57 — 4.45 (m, 1H, 1€), 4.40 — 4.16 (m,
4H, CH); **C NMR (101 MHz, MeOD) 139.9, 130.5, 128.0, 127.3, 123.6, 122.5,
113.7, 111.6, 55.7, 47.3; FTIR: 3400 (br), 2917, (8851 (w), 1659 (s), 1425 (m),
1319 (s), 1189 (s), 1136 (s), 946 (w), 836 (M), #3763 (m), 716 (s); HRMS: m/z
[M+H]+ calcd. for G1H13N20,S: 237.0698, found: 237.0703.
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Synthesis 2-(azetidin-3-ylsulfonyl)-5-methoxy-H-indole (139)

MeO 0 MeO o
m 4-0 TFA:CH,Cl, (1:2) m8$0
SENNE S B+

N NH

Boc (0-1 mmol scale)

TFA (0.25 mL) was added to tert-butyl 3-((5-methoxy-H-indol-2-
yh)sulfonyl)azetidine-1-carboxylatd 23) (36.6 mg, 0.1 mmol) in Cil, (0.5 mL) at
room temperature. The resulting solution was stiae 40 °C for 1 day. Volatiles
were removed under vacuo and the residue was guinfa flash chromatography on
silica gel eluting with a gradient from 10% to 15%ethanol in dichloromethane
affording 2-(azetidin-3-ylsulfonyl)-5-methoxyHtindole (139 as a beige solid (26.5
mg, 100%).

M.p. = 102 - 104 °C*H NMR (400 MHz, MeOD) 7.40 (d,J = 9.0 Hz, 1H, AH),
7.21 (d,J = 1.0 Hz, 1H, AH), 7.15 (d,J = 2.5 Hz, 1H, AH), 7.04 (ddJ =9.0, 2.5
Hz, 1H, AH), 4.57 — 4.47 (m, 1H, &), 4.43 — 4.39 (m, 4H, I&,), 3.82 (s, 3H,
CHs); **C NMR (101 MHz, MeOD)5 156.7, 135.3, 130.1, 128.4, 119.5, 114.7,
111.4, 103.1, 56.0, 55.1, 47.4; FTIR: 3296 (br)1@%w), 2846 (w), 1670 (s), 1513
(m),1436 (m), 1316 (m), 1203 (s), 1136 (s), 1033 #A0 (w); HRMS: m/z [M+H]+
calcd. for GoH15N203S: 267.0803, found: 267.0796.

Synthesis ofN-(2-chloropyridin-3-yl)acetamide (140}%*

N, Cl AcCI (3 equiv.)

| B NEt; 3eqU|v) E/\[
140

84%
(1 mmol scale)

Acetyl chloride (0.21 mL, 3 mmol) was added to 2scbpyridin-3-amine (128.6
mg, 1 mmol) and triethylamine (0.42 mL, 3 mmol) THF (3 mL) at room
temperature. The resulting solution was stirredafC for 8 hrs and cooled to r.t..
Volatiles were then removed under vacuo and thielueswvas diluted with CpCl
(10 mL). Water (10 mL) was then added and the méxtuas extracted with Gl
(3x 10 mL). The combined organic layer were drigdranagnesium sulfate, filtered

and concentratedh vacuo The residue was purified via flash chromatography
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silica gel eluting with a gradient from 40% to 5@Xhyl acetate in petroleum ether
affordingN-(2-chloropyridin-3-yl)acetamidel40) as a beige solid (144.3 mg, 84%)

M.p. = 78 - 80 °C (lit. 81 — 83°C}H NMR (400 MHz, CDC}) & 8.70 (td,J = 8.0,
1.5 Hz, 1H, NH), 8.13 — 8.06 (m, 1H, Af), 7.65 (s, 1H, Ar), 7.28 — 7.19 (m, 1H,
ArH), 2.26 (s, 3H, €3); *C NMR (101 MHz, CDGJ) 5 168.8, 143.9, 132.0, 129.1,
123.5, 26.5, 25.0; FTIR: 3350 (s), 3021 (W), 29&7, @874 (w), 1695 (s), 1582 (s),
1519 (s), 1452 (s), 1362 (s), 1299 (s), 1236 @321(m), 1039 (s), 1013 (s) 952 (m),
803 (s), 729 (s), 643 (s); HRMS: m/z [M+H]+ calddr C;HgN,OCI: 171.0324,
found: 171.0325.

Synthesis of 2-chloroN-ethylpyridin-3-amine (141)'%

N_ _Cl _ _ N._ _Cl

| = O LiAlH4 (2 equiv.) EI

= NJ\ THF, 70°C, 2 hrs N SN\
H 67% H
140 (0.234 mmol scale) 141

LIAIH 4 (17.8 mg, 0.469 mmol) was added Nb(2-chloropyridin-3-yl)acetamide
(140 (40 mg, 0.234 mmol) in THF (1 mL) at room tempera. The resulting
solution was stirred at 70 °C for 2 hrs and codted.t.. Water (10 mL) was then
added and the mixture was extracted with,Clki(3x 10 mL). The combined organic
layers were dried over magnesium sulfate, filtemed concentrateth vacuo The
residue was purified via flash chromatography dieasigel eluting with 30% ethyl
acetate in petroleum ether affording 2-chldk@thylpyridin-3-amine 141) as an
orange oil (24.5 mg, 67%)

'H NMR (400 MHz, CDCY) § 7.69 (ddJ = 4.5, 1.5 Hz, 1H, At), 7.08 (dd, = 8.0,
4.5 Hz, 1H, AH), 6.86 (ddJ = 8.0, 1.5 Hz, 1H, A#), 4.26 (s, 1H, W), 3.22 - 3.11
(m, 2H, (H,), 1.31 (t,J = 7.0 Hz, 3H, E3); *C NMR (101 MHz, CDGJ) § 141.0,
137.0, 136.2, 123.5, 117.3, 38.0, 14.6; FTIR: 34303063 (W), 2973 (s), 2876 (M),
1586 (s), 1493 (s), 1383 (s), 1323 (s), 1273 (rAL31(s), 1150 (s), 1120 (m), 1076
(m), 1053(s), 790 (s), 730 (m), 710 (m); HRMS: iiviz-H]+ calcd. for GH1oN.CI:
157.0533, found: 157.0535. Analysis are in accacdanith those reported in the

literature.
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Synthesis of 2-chloroN-ethylpyridin-3-amine (141) andN-ethylpyridin-3-amine
(141)

Cl
| N0 L|AIH4 (2 equiv.) K/\[ @
Z NJ\ THF, 70°C, 6 hrs, N/\ N/\
H (0.234 mmol scale)

140 141 141'
41% 33%

LIAIH 4 (44.5 mg, 1.117 mmol) was added NKb(2-chloropyridin-3-yl)acetamide
(140 (40 mg, 0.234 mmol) in THF (1 mL) at room tempera. The resulting
solution was stirred at 70°C for 6 hrs and cooled.t. Water (10 mL) was then
added and the mixture was extracted with,Clki(3x 10 mL). The combined organic
layers were dried over magnesium sulfate, filtemed concentrateth vacuo The
residue was purified via flash chromatography dicasigel eluting with a gradient
from 30% to 100% ethyl acetate in petroleum ethéording 2-chloroN-
ethylpyridin-3-amine 141) as an orange oil (15.2 mg, 41%) axethylpyridin-3-
amine (9.4 mg, 33%)141’) as a yellow oil.

141'*H NMR (400 MHz, CDG}) & 8.01 (d,J = 2.5 Hz, 1H, AH), 7.93 (ddJ = 4.5,
1.5 Hz, 1H, AH), 7.08 (ddd, = 8.5, 4.5, 0.5 Hz, 1H, Af), 6.86 (ddd, = 8.5, 3.0,
1.5 Hz, 1H, AH), 3.16 (qJ = 7.0 Hz, 2H, ®,), 2.11 (sJ = 13.0 Hz, 1H, M), 1.27
(t, J= 7.0 Hz, 3H, E3); *C NMR (101 MHz, CDGJ) 5 144.5, 138.5, 135.9, 123.9,
118.6, 38.2, 14.8; FTIR: 3276 (br), 3096 (w), 3q43, 2973 (m), 2930 (w), 1590
(s), 1520 (m), 1483 (s), 1420 (m), 1323 (m), 12&f(), (1150 (m), 1106 (w), 1010
(w), 793 (m), 713 (s); HRMS: m/z [M+H]+ calcd. f@;H11N,: 123.0922, found:
123.09109.
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Synthesis of  N-ethyl-2-(3-((5-methoxy-H-indol-2-yl)sulfonyl)azetidin-1-
yhpyridin-3-amine (142)

N._Cl
(X
MeO 0 H S=
Tyt s .
N b tBUONa (1.5 equiv.) N
NH  Pd(OAc), (3 mol%) — N
139 rac. BINAP (4 mol%) 142 HN—C

MeCN, 100°C, 3 days
67%
(0.128 mmol)

Into a flame-dried Schlenk tube were introducedh@®-N-ethylpyridin-3-amine
(142 (10 mg, 0.064 mmol)BuONa (9.2 mg, 0.096 mmol), Pd(OAc{0.5 mg,
0.002 mmol) and rac. BINAP (1.6 mg, 0.0026 mmoliemargon. The Schlenk tube
was sealed, and the atmosphere was evacuated eged g8 times with argon. 2-
(Azetidin-3-ylsulfonyl)-5-methoxy-#-indole @39 (34 mg, 0.128 mmol) and
acetonitrile were then added. The Schlenk tube sgeated, and the atmosphere was
evacuated and purged 3 times with argon. The reguiblution was stirred at 100
°C for 3 days, cooled to r.t. and concentratedacuo The residue was purified via
flash chromatography on silica gel eluting with radient from 30% to 50% ethyl
acetate in petroleum ether affordingN-ethyl-2-(3-((5-methoxy-#-indol-2-
yhsulfonyl)azetidin-1-yl)pyridin-3-amineléd?2) as a beige solid (16.6 mg, 67%).

M.p. = 110 °C (dec.)H NMR (400 MHz, CDC}) 5 9.26 (s, 1H, W), 7.63 (ddJ =
4.5, 1.5 Hz, 1H, Ad), 7.34 (dJ = 9.0 Hz, 1H, AH), 7.19 — 7.16 (m, 1H, At), 7.09
—7.03 (m, 2H, AH), 6.79 — 6.71 (m, 2H, At), 4.44 — 4.38 (m, 2H, @and NH),
4.30 — 4.17 (m, 4H, B,), 3.85 (s, 3H, €l3), 3.01 (qJ = 7.0 Hz, 2H, El,), 1.21 (t,J

= 7.0 Hz, 3H, @3); *C NMR (101 MHz, CDG) & 155.4, 149.5, 135.6, 132.8,
130.4, 129.4, 127.7, 118.4, 118.2, 116.6, 113.8,0,1102.6, 55.8, 54.4, 51.5, 38.4,
14.8; FTIR: 3367 (W), 2954 (w), 2861 (W), 1575 (379 (m), 1445 (m), 1422 (s),
1282 (s), 1136 (m), 1096 (m), 1029 (m), 956 (m¥% &8), 789 (m), 716 (s); HRMS:
m/z [M+H]+ calcd. for GgH23N4O3S: 387.1491, found: 387.1492.
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10. Mechanistic investigation

Synthesis of 3-cyclopropyl-2-(trimethylsilyl)-H-indole (143}2°

| TMS%_<]
©j (1.1equiv)
NH,  LiCl(1.05equiv.) '\} ™S
Na,COj3 (3 equiv.) H
Pd(dppf)Cl, (0.1 equiv.) 143
DMF
61%

(0.2 mmol scale)

4 Reactions were set-up in quadruplicate: Pd(dppfi6.3 mg, 0.02 mmol) was
added to a mixture of 2-iodoaniline (43.8 mg, 0.tha¥), trimethylsilyl acetylene

(30.4 mg, 0.22 mmol), lithium chloride (8.9 mg, D.&ymol) and sodium carbonate
(63.6 mg, 0.6 mmol) in DMF (0.9 mL) in 4 differefthme-dried flasks under argon.
The resulting mixture was then stirred at 100 °C6ftars and at r.t. overnight. Water
(10 mL) and ethyl acetate (10 mL) were added aedntixtures were filtered on a
pad of celite and extracted with ethyl acetate 88xmL). The combined organic
layers were dried, filtered and concentraited/acuo The residue was purified via
flash chromatography on silica gel eluting with @dient from 3% to 5% ethyl

acetate in petroleum ether affording 3-cyclopropytrimethylsilyl)-1H-indole (143

as a brown solid (111.8 mg, 61%).

M.p. = 58 - 60 °C}H NMR (400 MHz, CDCJ) & 7.94 (s, 1H, M), 7.81 (d,J = 8.0
Hz, 1H, AH), 7.39 (d,J = 8.0 Hz, 1H, AH), 7.26 — 7.20 (m, 1H, At), 7.17 — 7.11
(m, 1H, AH), 2.02 (tt,J = 8.5, 5.5 Hz, 1H, 8), 1.05 — 0.98 (m, 2H, ig,), 0.91 —
0.85 (m, 2H, Ei,), 0.48 (s, 9H, El3); *C NMR (101 MHz, CDGJ) 5 138.0, 135.3,
129.1, 126.5, 122.3, 119.8, 119.2, 111.0, 7.8, @4; FTIR: 3436 (s), 3080 (m),
3006 (m), 2953 (m), 1640 (w), 1516 (m), 1456 (B33 (m), 1246 (s), 1153 (m),
1036 (m), 926 (m), 836 (s), 743 (s), 636 (m); HRMf/z [M+H]+ calcd. for
CigHooNSI: 230.1365, found: 230.1369. Analysis are inoagance with those
reported in the literature.
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Synthesis 3-cyclopropyl-H-indole (144)'%

TBAF (1.3 equiv.)

N—TMS  THF, 70°C, o/n N

N 75% N

H (0.479 mmol scale) H
143 144

TBAF (1M in THF, 0.62 mL, 0.62 mmol) was added tedution of 3-cyclopropyl-
2-(trimethylsilyl)-1H-indole (143 (110 mg, 0.479 mmol) in THF (2.5 mL). The
resulting mixture was stirred at 70 °C overnightl amoncentratedn vacuo The
residue was purified via flash chromatography dicasigel eluting with a gradient
from 10% to 20% ethyl acetate in petroleum ethfarding 3-cyclopropyl-H-indole
(144) as a brown solid (56.8 mg, 75%).

M.p. = 30 - 31 °C*H NMR (400 MHz, CDC}) § 7.84 — 7.70 (m, 2H, At and NH),
7.34 (d,J = 8.0 Hz, 1H, AH), 7.27 — 7.21 (m, 1H, At), 7.21 — 7.15 (m, 1H, At),
6.88 (d,J = 1.5 Hz, 1H, AH), 2.05 — 1.95 (m, 1H, ig), 0.97 — 0.89 (M, 2H, I&,),
0.71 - 0.65 (m, 2H, B,); *C NMR (101 MHz, CDGJ) § 136.4, 128.2, 122.2, 120.5,
119.3, 119.3 (2 signals), 111.2, 6.2, 6.1; FTIRL&4s), 3080 (m), 3003 (m), 2926
(m), 2853 (m), 1620 (w), 1456 (s), 1426 (m), 1389,(1230 (m), 1093 (m), 1030
(m), 743 (s); HRMS: m/z [M+H]+ calcd. for@H;,N: 158.0970, found: 158.0972.

Analysis are in accordance with those reportethénliterature.

Synthesistert-butyl 3-(iodosulfonyl)azetidine-1-carboxylate (145)

SOz;Na |, (1 equiv.) SO,

T homon o]
BocN H,O/EtOH BocN

117 34% 145
(1.5 equiv.) (2.05 mmol scale)

lodine (347.7 mg, 1.37 mmol) in ethanol (4 mL) wadded to sodium lt€rt-
butoxycarbonyl)azetidine-3-sulfinaté1(7) (500 mg, 2.05 mmol) in water (0.5 mL).
The mixture was stirred at r.t. for 1 hr and wasntkextracted with C¥Cl, (3x 10
mL). Hexane (10 mL) was then added and the mixtuas stored in a freezer
overnight, filtered and washed with hexane (3x 5 ).mlert-Butyl 3-

(iodosulfonyl)azetidine-1-carboxylatel 45 was isolated as a tan solid (161 mg,
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34%). The compound was found to be unstable andcvasacterized byH NMR

spectroscopy only

'H NMR (400 MHz, CDCY) § 4.43 — 4.35 (m, 1H, i), 4.10 — 4.00 (m, 4H, 1&,),
1.45 (s, 9H, El).

Synthesis benzenesulfonyl iodid¢L47) %

SOzNa

I, (1 equiv.)
R
S womer ()
9%

(1 51:qeuiv) (3.04 mmol scale) 147

SOyl

lodine (515 mg, 2.03 mmol) in ethanol (4 mL) wasedito sodium benzenesulfinate
(146 (500 mg, 3.04 mmol) in water (1 mL). The mixtwvas stirred at r.t. for 1 hr
and was then extracted with g, (3x 10 mL). Hexane (10 mL) was then added
and the mixture was stored in a freezer overnifijieéred and washed with hexane
(3x 5 mL). Benzenesulfonyl iodidd47) was isolated as a tan solid (76.2 mg, 9%).
The compound was found to be unstable and was ateamed by'H NMR

spectroscopy only

'H NMR (400 MHz, CDC}) 6 7.87 (dt,J = 8.5, 1.5 Hz, 2H, Ad), 7.73 — 7.61 (m,
1H, ArH), 7.60 — 7.52 (m, 2H, At). Analysis are in accordance with those reported

in the literature.

11. Coupling of sodium sulfinate salt to the position 3 of

indole

General procedure 10:

lodine (26.1 mg, 0.206 mmol) was added to indol@ fhg, 0.103 mmol),
triphenylphosphine (54 mg, 0.206 mmol) and  sodium -(teft-

butoxycarbonyl)azetidine-3-sulfinat&17) (50.1 mg, 0.206 mmol) in EtOH (0.5 mL)
at room temperature. The resulting solution wasestiat 70 °C for 1.5 days. All



Part 3: Experimental

volatiles were removedh vacuo and the residue was directly purified via flash

chromatography on silica gel to provide the tittequct.

Synthesis oftert-butyl 3-((1H-indol-3-yl)thio)azetidine-1-carboxylate (148)

o I, (1 equiv.) S/CNBOC
U PPhs (2 equiv.
@ + Sioha JTRESUL \
N EtOH, r.t., 1 day
H BocN 84% N
(0.103 mmol scale)

H
117 148

Using general procedure 10 with indole (12 mg), pheduct was purified eluting
with a gradient from 20% to 30% ethyl acetate itrgdeum ether affordingert-butyl
3-((1H-indol-3-yl)thio)azetidine-1-carboxylatel48 as a brown gum (26.3 mg,
84%).

'H NMR (400 MHz, CDC}) & 8.63 (s, 1H, M), 7.77 — 7.71 (m, 1H, Af), 7.42 —
7.37 (m, 2H, AH), 7.28 — 7.19 (m, 2H, M), 4.15 — 4.10 (m, 2H, I8,), 3.85 (dd,J

= 9.0, 5.5 Hz, 2H, H,), 3.78 — 3.70 (m, 1H, i), 1.35 (s, 9H, E3); **C NMR (101
MHz, CDCk) 6 156.4, 136.4, 130.6, 129.9, 123.0, 120.9, 1193,8, 102.7, 79.7,
56.2 (br), 35.7, 28.4; FTIR: 3278 (s), 2975 (s)828s), 1675 (s), 1407 (s), 1249 (m),
1156 (s), 1008 (m), 977 (w), 898 (w), 857 (m), {8% HRMS: m/z [M+H]+ calcd.
for C16H21N20,S: 305.1324, found: 305.13109.

Synthesis of tert-butyl 3-((2-methyl-1H-indol-3-yl)thio)azetidine-1-carboxylate
(149)

o I, (1 equiv.) S/CNBOC
o PPh; (2 equiv.
N EtOH, rt, 1 day
H BocN 100% H
149

117 (0.103 mmol scale)

Using general procedure 10 with 2-methylindole %1189), the product was purified
eluting with a gradient from 20% to 30% ethyl ateti petroleum ether affording
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tert-butyl 3-((2-methyl-H-indol-3-yl)thio)azetidine-1-carboxylated49 as a brown
solid (33.1 mg, 100%).

M.p. = 130 °C (dec.)*H NMR (400 MHz, CDC}) & 8.39 (s, 1H, M), 7.68 — 7.62
(m, 1H, AH), 7.32 — 7.28 (m, 1H, M), 7.19 — 7.15 (m, 2H, Af), 4.12 (tJ = 9.0
Hz, 2H, H,), 3.84 (ddJ = 9.0, 5.5 Hz, 2H, B,), 3.77 — 3.69 (m, 1H, I€), 2.54 (s,
3H, CH3), 1.37 (s, 9H, E3); °C NMR (101 MHz, CDGJ) § 156.4, 141.2, 135.4,
131.1, 122.1, 120.6, 118.6, 110.9, 99.5, 79.8, @&)Y 36.2, 28.4, 12.4; FTIR: 3283
(m), 2976 (m), 2880 (w), 1676 (s), 1473 (m), 1468,(1413 (s), 1363 (m), 1230
(w), 1153 (m), 743 (m); HRMS: m/z [M+H]+ calcd. f@:;7H.3N,0,S: 319.1480,
found: 319.1485.

Synthesis of tert-butyl 3-((1-methyl-1H-indol-3-yl)thio)azetidine-1-carboxylate
(150)

I, (1 equiv.) S/CNBOC

o)
@E\> L \a PPhs(2equiv)
+ N7 ’
N o EtOH, r.t. 1 day @\g
\ BocN 98% N\
117 (0.103 mmol scale) 150

Using general procedure 10 wiNimethylindole (13 uL), the product was purified
eluting with a gradient from 20% to 30% ethyl ateti petroleum ether affording
tert-butyl 3-((1-methyl-H-indol-3-yl)thio)azetidine-1-carboxylatel§0 as a beige
solid (32.3 mg, 98%).

M.p. = 86 — 88 °C!H NMR (400 MHz, CDCJ) § 7.75 — 7.71 (m, 1H, At), 7.37 —
7.33 (m, 1H, AH), 7.32 — 7.26 (m, 1H, At), 7.25 (s, 1H, Ar), 7.22 (ddd,) = 8.0,
7.0, 1.0 Hz, 1H, AH), 4.15 - 4.09 (m, 2H, Ig;), 3.88 — 3.82 (m, 2H, Ig,), 3.81 (s,
3H, CH3), 3.77 — 3.67 (m, 1H, @), 1.35 (s, 9H, E3); **C NMR (101 MHz, CDGJ)

6 156.3, 137.4, 135.0, 130.6, 122.6, 120.6, 1199,8, 100.7, 79.6, 56.2 (br), 35.9,
33.2, 28.4; FTIR: 3103 (w), 2973 (m), 2930 (m), @&B), 1700 (s), 1510 (m), 1460
(m), 1393 (s), 1366 (s), 1240 (m), 1156 (s), 1196743 (m); HRMS: m/z [M+Na]+
calcd. for G/H22N2,0,SNa: 341.1300, found: 341.1287.
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Synthesis of tert-butyl 3-((5-methyl-1H-indol-3-yl)thio)azetidine-1-carboxylate
(151)

o I, (1 equiv.) S/CNBOC

m g Na PPh3 (2 eQUiV-)

+ N >

N O EtOH, rt., 1 day \Cf\g
H BocN 97% N

(0.103 mmol scale) 151 H

117

Using general procedure 10 with 5-methylindole $118g), the product was purified
eluting with a gradient from 20% to 30% ethyl ateti petroleum ether affording
tert-butyl 3-((5-methyl-H-indol-3-yl)thio)azetidine-1-carboxylatel§1) as a pale
red solid (31.8 mg, 97%).

M.p. = 118 - 120 °C*H NMR (400 MHz, CDCJ) & 8.46 (s, 1H, M), 7.52 (s, 1H,
ArH), 7.35 (d,J = 1.5 Hz, 1H, AH), 7.29 (d,J = 8.5 Hz, 1H, AH), 7.08 (dd,J =
8.5, 1.5 Hz, 1H, Af), 4.16 — 4.08 (m, 2H, Ig,), 3.85 (dd,J = 9.0, 5.5 Hz, 2H,
CH>), 3.80 — 3.69 (m, 1H, ig), 2.48 (s, 3H, E3), 1.36 (s, 9H, E3); *C NMR (101
MHz, CDCk) 6 156.3, 134.7, 130.6, 130.4, 130.0, 124.7, 11818,4, 102.1, 79.7,
56.1 (br), 35.7, 28.4, 21.7; FTIR: 3282 (br), 24, 2877 (w), 1675 (s), 1478 (m),
1411 (s), 1368 (m), 1241 (w), 1161 (s), 797 (w); MR m/z [M+H]+ calcd. for
C17H23N20,S: 319.1480, found: 319.1473.

Synthesis oftert-butyl 3-((5-methoxy-1H-indol-3-yl)thio)azetidine-1-carboxylate
(152)

MeO o l2 (1 equiv.) S/CNBOC
m . I Na PPhsequiv) meo
SNAC _—
N 1 © EtOH, rt, 1 day D
H BocN 100% N
117 (0.103 mmol scale) 152 H

Using general procedure 10 with 5-methoxylindol®.11mg), the product was
purified eluting with a gradient from 20% to 30%hytacetate in petroleum ether
affording tert-butyl 3-((5-methoxy-H-indol-3-yl)thio)azetidine-1-carboxylatel $2)
as a pale red solid (34.2 mg, 100%).
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M.p. = 84 - 86 °C*H NMR (400 MHz, CDC}J)  8.69 (s, 1H, M), 7.33 (dJ=2.5
Hz, 1H, AH), 7.30 - 7.28 (m, 1H, At), 7.17 (d,J = 2.5 Hz, 1H, AH), 6.93 — 6.89
(m, 1H, AH), 4.16 — 4.10 (m, 2H, 1&,), 3.88 (s, 3H, E3), 3.87 — 3.83 (m, 2H,
CH,), 3.77 — 3.67 (m, 1H, ), 1.36 (s, 9H, €E3); **C NMR (101 MHz, CDG)) &
156.4, 155.2, 131.4, 131.3, 130.6, 113.4, 112.6,9,01.00.5, 79.8, 56.2 (br), 56.0,
35.7, 28.4; FTIR: 3283 (br), 2973 (m), 2930 (m)3@&w), 1676 (s), 1580 (w), 1486
(m), 1416 (s), 1370 (m), 1280 (m), 1206 (m), 1166 1036 (m), 923 (w), 803 (W),
733 (w); HRMS: m/z [M+Na]+ calcd. for £H2oN,OsSNa: 357.1249, found:
357.1263.

Synthesis oftert-butyl 3-((5-hydroxy-1H-indol-3-yl)thio)azetidine-1-carboxylate
(153)

HO o I, (1 equiv.) S/CNBOC
@ 1 s PPhiequv) o
+ ~ b :
N O EtOH, r.t., 1 day \Cf\g
H BocN 90% N

117 (0.103 mmol scale) 153 1

Using general procedure 10 with 5-hydroxylindole3.f1 mg), the product was
putified eluting with a gradient from 20% to 30%hytacetate in petroleum ether
affording tert-butyl 3-((5-hydroxy-H-indol-3-yl)thio)azetidine-1-carboxylatel $3)
as a brown gum (29.6 mg, 90%).

'H NMR (400 MHz, CDCY) § 8.74 (s, 1H, W), 7.27 (dJ = 2.5 Hz, 1H, AH), 7.22
—7.19 (m, 1H, AH), 7.14 (d,J = 2.0 Hz, 1H, AH), 6.85 — 6.81 (m, 1H, Af), 4.14
—4.06 (m, 3H, €, and H), 3.88 — 3.79 (m, 2H, I&,), 3.69 — 3.60 (m, 1H, Ig),
1.37 (s, 9H, El3); **C NMR (101 MHz, CDGJ) § 156.6, 151.1, 131.7, 131.4, 130.9,
113.0, 112.6, 103.5, 101.3, 80.1, 56.2 (br), 383&4; FTIR: 3422 (br), 2978 (w),
1648 (s), 1414 (m), 1366 (m), 1153 (m), 1015 (WMRMES: m/z [M+Na]+ calcd. for
Ci6H20N203SNa: 343.1092, found: 343.1106.
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Synthesis of tert-butyl 3-((3-methyl-1H-indol-2-yl)thio)azetidine-1-carboxylate
(154)

0 I, (1 equiv.)
@E\Q . §.oNa FPPha(@equi) Vs
N EtOH, r.t., 1 day N
H N

BocN 48% H

117 (0103 mmol scale) 154 Boc

Using general procedure 10 with 3-methylindole $118g), the product was purified
eluting with a gradient from 20% to 30% ethyl atetia petroleum ether affording
tert-butyl 3-((3-methyl-H-indol-2-yl)thio)azetidine-1-carboxylatel$4) as a white
solid (15.7 mg, 48%).

M.p. = 132 - 134 °C*H NMR (400 MHz, CDC}) & 8.06 (s, 1H, M), 7.55 (ddJ =
8.0, 1.0 Hz, 1H, Ad), 7.33 — 7.29 (m, 1H, M), 7.26 — 7.21 (m, 1H, At), 7.15 —
7.10 (m, 1H, AH), 4.22 — 4.15 (m, 2H, 1&,), 3.87 (ddJ = 9.0, 5.5 Hz, 2H, B)),
3.82 -3.73 (m, 1H, B), 2.41 (s, 3H, E3), 1.38 (s, 9H, E3); *C NMR (101 MHz,
CDCl) & 156.2, 136.8, 128.6, 123.6, 122.0, 119.8, 11916,5, 110.9, 80.0, 56.5
(br), 36.5, 28.4, 9.8; FTIR: 3408 (br), 2978 (W)3D (w), 2886 (w), 1682 (s), 1452
(w), 1414 (m), 1366 (m), 1156 (m), 744 (m); HRMS/znjM+H]+ calcd. for
Ci17H23N,0,S: 319.1480, found: 319.1485.

Synthesis oftert-butyl 3-((4-methoxy-1H-indol-3-yl)thio)azetidine-1-carboxylate
(155)

OMe o I, (1 equiv.) OMe S/CNBOC
I i
\ + S\O,Na PPh3 (2 equw.)>
EtOH, r.t., 1 day N
” BocN 93% N
117 (0.103 mmol scale) 155 H

Using general procedure 10 with 4-methoxyindole.{1B1g), the product was
purified eluting with a gradient from 20% to 30%hgtacetate in petroleum ether
affording tert-butyl 3-((4-methoxy-H-indol-3-yl)thio)azetidine-1-carboxylatel §5)
as a brown gum (32 mg, 93%).
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M.p. = 120 — 122 °C*H NMR (400 MHz, CDC}) & 8.49 (s, 1H, W), 7.18 - 7.13
(m, 2H, AH), 7.00 (dd,J = 8.0, 0.5 Hz, 1H, Ad), 6.57 (d,J = 7.5 Hz, 1H, AH),
4.17 —4.12 (m, 2H, By), 3.96 (s, 3H, El3), 3.94 — 3.87 (m, 3H, &, and H), 1.39
(s, 9H, Hs); *C NMR (101 MHz, CDGJ) & 156.5, 154.5, 138.5, 128.7, 123.9,
118.5, 105.1, 102.8, 101.0, 79.6, 55.7 (br), 5860, 28.5; FTIR: 3270 (br), 2970
(m), 2883 (m), 2836 (w), 1676 (s), 1586 (m), 15mf),(1413 (s), 1366 (m), 1316
(m), 1250 (s), 1163 (s), 1086 (m), 776 (m), 733;HARMS: m/z [M+Na]+ calcd. for
Ci17H2oN»03SNa: 357.1249, found: 357.1255.

Synthesis oftert-butyl 3-((6-methoxy-1H-indol-3-yl)thio)azetidine-1-carboxylate
(156)

o I, (1 equiv.) S/CNBOC

@\/\> 1 na PPhs2equiv)

+ ~A~ —_— >

MeO H ,j @) EtOH, r.t., 1 day m
BocN 86% MeO N

(0.103 mmol scale)

H
117 156

Using general procedure 10 with 6-methoxylindol®.11mg), the product was
purified eluting with a gradient from 20% to 30%hytacetate in petroleum ether
affording tert-butyl 3-((6-methoxy-H-indol-3-yl)thio)azetidine-1-carboxylatel $6)
as a brown gum (29.7 mg, 86%).

'H NMR (400 MHz, CDC}) 5 8.65 (s, 1H, M), 7.61 — 7.55 (m, 1H, At), 7.24 (dJ

= 2.5 Hz, 1H, AH), 6.90 — 6.85 (m, 2H, At), 4.12 (ddJ = 11.0, 6.5 Hz, 2H, B,),
3.88 — 3.81 (m, 5H, B3 and H,), 3.76 — 3.69 (m, 1H, 18), 1.36 (s, 9H, E3); *°C
NMR (101 MHz, CDC}) § 157.2, 156.4, 137.2, 129.5, 124.1, 119.8, 11002,4]
95.2, 79.8, 56.2 (br), 55.8, 35.7, 28.4; FTIR: 32Bf), 2960 (m), 2923 (m), 2856
(m), 1680 (s), 1630 (m), 1513 (w), 1456 (m), 1468 (370 (m), 1296 (w), 1243
(w), 1160 (s), 1033 (w), 806 (w); HRMS: m/z [M+Nagalcd. for G/H2oN,OsSNa:
357.1249, found: 357.1241.
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Synthesis oftert-butyl 3-((7-methoxy-1H-indol-3-yl)thio)azetidine-1-carboxylate
(157)

I, (1 equiv.) S/CNB“
A\

N 1 Na PPhs(2equiv)
N + \O/ a '
H EtOH, r.t., 1 day
OMe BocN 66% N
(0.103 mmol scale) OMe
117 157

Using general procedure 10 with 7-methoxylindol®.{1 mg), the product was
purified eluting with a gradient from 20% to 30%hgtacetate in petroleum ether
affording tert-butyl 3-((7-methoxy-H-indol-3-yl)thio)azetidine-1-carboxylatel 7)
as a brown solid (22.8 mg, 66%).

M.p. = 144 — 146 °C*H NMR (400 MHz, CDC}) § 8.64 (s, 1H, M), 7.38 — 7.29
(m, 2H, AH), 7.13 (t,J = 8.0 Hz, 1H, AH), 6.70 (d,J = 8.0 Hz, 1H, AH), 4.16 —
4.08 (m, 2H, ®©,), 3.96 (s, 3H, E3), 3.85 (dd,J = 9.0, 5.5 Hz, 2H, 8,), 3.78 —
3.69 (m, 1H, ®), 1.35 (s, 9H, El3); *C NMR (101 MHz, CDCJ) 5 156.3, 146.4,
131.2, 130.0, 126.9, 121.4, 111.8, 103.1, 102.85,796.3 (br), 55.5, 35.8, 28.4;
FTIR: 3309 (br), 2975 (m), 2882 (w), 1679 (s), 1§79, 1411 (s), 1311 (w), 1256
(), 1146 (s), 1091 (m), 1015 (m), 781 (m), 733 (MRMS: m/z [M+Na]+ calcd. for
Ci17H22N203SNa: 357.1249, found: 357.1255.

12. Synthesis of 2-pyrones

General procedure 11: Synthesis of 6-aryl-pyran-24tes

Aryl carboxaldehyde (5 equiv.) and tricyclohexyl ggphine (1.5 equiv.) were
dissolved in CHGl (1 M). To this mixture ethyl buta-2,3-dienoate €duiv.) was
added dropwise, resulting in a deep red solutiorchvivas stirred at 65 °C for 48
hrs. The reaction mixture was then cooled to roemperature and concentrated
vacuao The dark brown residue was purified via flashuowh chromatography on

silica gel eluting with a gradient from 20 to 50%ayg acetate in heptane.
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Synthesis of 6-(pyridin-2-yl)-H-pyran-2-one (158)!""

PCy; (5 equiv. )
+ X
H C\)J\o/\ CHCly, 65°C, 48 hrs
82%
(8.92 mmol scale)

Using general procedure 11, with picolinaldehyde244 mL, 44.59 mmol),
tricyclohexylphosphine (3.75 g, 13.38 mmol) andykthuta-2,3-dienoate (1.04 mL,
8.92 mmol) in CHJ (90 mL), 6-(pyridin-2-yl)-H-pyran-2-one 158 was isolated
as a pale yellow solid (1.27 g, 82%).

M.p. 106.8 - 108.6 °C'H NMR (400 MHz, CDCY) 6 8.64 (dddJ = 4.5, 1.5, 1.0 Hz,
1H, CH), 8.01 (dtJ = 8.0, 1.0 Hz, 1H, &), 7.82 (td,J = 8.0, 2.0 Hz, 1H, €), 7.48
(dd,J = 9.5, 7.0 Hz, 1H, 8), 7.33 - 7.35 (m, 2H, B), 6.37 (dd,J = 9.5, 1.0 Hz,
1H, CH); C NMR (101 MHz, CDG)) 6 161.6, 159.5, 150.0, 149.1, 144.0, 137.3,
125.1, 120.6, 116.1, 102.9; FTIR: 1739 (s), 163)) 0872 (w), 1542 (m), 1469 (w),
1435 (m), 1337 (w), 1073 (s), 991 (m), 845 (m), 18 737 (m); HRMS: m/z
[M+H]+ calcd. for GoH/NO,: 174.0550, found: 174.0548. Analysis are in
accordance with those reported in the literature.

Synthesis of 6-(thiazol-2-yl)-®-pyran-2-one (163)**’

o)
Sj)LH .S \ji PCys (1.5 equiv)
&‘\1 Cx~S0"™\  CHCly, 65°C, 48 hrs
93%
(4.46 mmol scale)

Using general procedure 11 with 1.02 equiv. of lde and 1.5 equiv. of
phosphine,  with  thiazole-2-carbaldehyde  (0.40 mL, .554 mmol),
tricyclohexylphosphine (1.88 g, 6.69 mmol) and éthyta-2,3-dienoate (0.52 mL,
4.46 mmol) in CHG (45 mL), 6-(thiazol-2-yl)-Bi-pyran-2-one 163) was isolated
as a beige solid (0.74 g, 93%).



Part 3: Experimental

M.p. 123.9 — 125.3 °CH NMR (400 MHz, CDC}) & 7.95 (d,J = 3.0 Hz, 1H, &),
7.55 (d,J = 3.0 Hz, 1H, ®), 7.45 (ddJ = 9.5, 7.0 Hz, 1H, €), 7.14 (ddJ = 7.0,
1.0 Hz, 1H, ®), 6.38 (ddJ = 9.5, 1.0 Hz, 1H, 8); *C NMR (101 MHz, CDGJ) &
160.2, 159.5, 154.9, 144.8, 143.4, 122.5, 116.3,RA0FTIR: 1744 (s), 1623 (),
1539 (m), 1488 (w), 1324 (m), 1261 (m), 1096 (n®54.(w), 946 (m), 797 (s), 734
(w); HRMS: m/z [M+H]+ calcd. for @HgNO,S: 180.0114, found: 180.0113.

Analysis are in accordance with those reportetiénliterature.

Synthesis of 6-(thiazol-4-yl)-Bi-pyran-2-one (172)!"®°

o
/VL . s PCy; (5 equiv.)
s\/\ H C\QJ\O/\ CHCly, 65°C, 48 hrs
N 76%

(4.46 mmol scale)

Using general procedure 11, with thiazole-4-carblaydle (2.52 g, 22.30 mmol),
tricyclohexylphosphine (1.88 g, 6.69 mmol) and éthyta-2,3-dienoate (0.52 mL,
4.46 mmol) in CHJ (45 mL), 6-(thiazol-4-yl)-Bi-pyran-2-one 172) was isolated
as a beige solid (0.61 g, 76%).

M.p. 134.5 — 135.2 °C'H NMR (400 MHz, CDCJ) & 8.81 (d,J = 2.0 Hz, 1H, &),
7.93 (d,J = 2.0 Hz, 1H, ®), 7.43 (ddJ = 9.5, 6.5 Hz, 1H, €), 7.02 (ddJ = 6.5,
0.5 Hz, 1H, ®), 6.27 (ddJ = 9.5, 1.0 Hz, 1H, €); *C NMR (101 MHz, CDGJ) &
161.3, 156.2, 154.0, 148.7, 144.0, 118.9, 115.@,6t0FTIR: 3060 (m), 1711 (s),
1631 (m), 1553 (m), 1490 (w), 1433 (w), 1364 (W3D% (m), 1267 (w), 1174 (w),
1119 (m), 1079 (s), 1027 (m), 907 (m), 867 (s), &4W 786 (s); HRMS: m/z
[M+H]+ calcd. for GHeNO,S: 180.0114, found: 180.0113. Analysis are in

accordance with those reported in the literature.
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Synthesis of 6-(2-methyloxazol-4-yl)42-pyran-2-one (173)!"®°

o)
o PCys (1.5 equiv.)
+ X >
O/TI)LH C%)LO/\ CHCl,, 65°C, 48 hrs

)’ 36%

(4.46 mmol scale)
Using general procedure 11 using 1.9 equiv of aldeland 1.5 equiv of phosphine,

with 2-methyloxazole-4-carbaldehyde (0.940 g, 8@6ol), tricyclohexylphosphine
(1.88 g, 6.69 mmol) and ethyl buta-2,3-dienoat&Z0nL, 4.46 mmol) in CHGI(45
mL), 6-(2-methyloxazol-4-yl)-B-pyran-2-one 173) was isolated as a beige solid
(0.29 g, 36%).

M.p. 120.0 — 120.9 °C'H NMR (400 MHz, CDC}) § 8.01 (s, 1H, &), 7.39 (dd,J

= 9.5, 6.5 Hz, 1H, 8), 6.72 - 6.74 (m, 1H, B), 6.25 (ddJ = 9.5, 1.0 Hz, 1H, @),
2.50 (s, 3H, El3); *C NMR (101 MHz, CDG)) 5 162.8, 161.3, 154.8, 143.9, 137.8,
134.4, 114.8, 101.5, 14.0; FTIR: 3119 (w), 1723 {6$3 (m), 1589 (m), 1535 (m),
1434 (w), 1389 (w), 1291 (m), 1085 (m), 933 (m)39in), 800 (m); HRMS: m/z
[M]+ calcd. for GH/NO3: 178.0499, found: 178.0498. Analysis are in acancg

with those reported in the literature.

Synthesis of 6-(oxazol-4-yl)-&-pyran-2-one (174)

o)
/ﬁ)k N o PCy; (1.5 equiv.)
o\/\ H C%)ko/\ CHCly, 65°C, 48 hrs
N 61%

(4.46 mmol scale)

Using general procedure 11 with 2.3 equiv of aldehgnd 1.5 equiv of phosphine,
with oxazole-4-carbaldehyde (0.986 g, 10.16 mntaijyclohexylphosphine (1.876
g, 6.69 mmol) and ethyl buta-2,3-dienoate (0.52 mé6 mmol) in CHG (45 mL),
6-(oxazol-4-yl)-H-pyran-2-one 174) was isolated as a white solid (0.45 g, 61%).

M.p. 158.6 - 160.2 °C*H NMR (400 MHz, CDCJ) § 8.16 (d,J = 1.0 Hz, 1H, &),
7.92 (d,J = 1.0 Hz, 1H, ®), 7.42 (ddJ = 9.5, 7.0 Hz, 1H, €), 6.81 - 6.82 (dd)
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= 7.0, 0.5 Hz, 1H, 8), 6.29 (dd,J = 9.5, 1.0 Hz, 1H, 8); *C NMR (101 MHz,
CDCls) 6 161.0, 154.4, 151.9, 143.7, 138.1, 134.3, 11502, % FTIR: 3150 (w),
3096 (w), 1709 (s), 1643 (s), 1573 (m), 1519 (MR (m), 1090 (m), 1064 (m), 911
(m), 859 (s), 793 (s), 624 (s); HRMS: m/z [M]+ ahldor GHsNOs: 164.0342,
found: 164.0341.

13. Synthesis of potassium alkynyl trifluoroborate salt

General procedure 12: Synthesis of potassium ethyliporate

n-Butyllithium (1.6 M in hexane, 1 equiv.) was addeda solution of alkyne (1
equiv.) in THF (40 mL) under nitrogen at -78 °C.eTtesulting mixture was stirred
for 1 hr at -78 °C before the addition of trimetlgdrate (1.5 equiv.). The resulting
mixture was then stirred at -78 °C for 1 hr anek&t °C for another 1 hr. A saturated
agueous solution of potassium hydrogen fluorided6iv.) was then added and the
mixture was stirred for 1 hr at -20 °C before toviermed up to room temperature
and stirred another 1 hour. The crude mixture Waas toncentrateith vacuoand the
resulting solid was dried under high vaccum, exé@avith acetone (50 mL) twice
and with warm acetone (50 mL) twice and filteredheTcombined filtrate were
concentrated and the resulting solid was driedftrcipotassium ethynylborate as a

white solid.

Synthesis of potassium trifluoro(phenylethynyl)borae *24°

1) n-BuLi (1 equiv.), THF, -78°C, 1hr
2) B(OMe); (1.5 equiv.), -78°C, 1hr
Ph———H then -20°C, 1hr » Ph———BF;K
3) KHF, (6 equiv.), -20°C, 1hr
thenr.t., 1hr

58%
(27.32 mmol scale)
Using general procedure 12, witkbutyllithium (1.6 M in hexane, 10.9 mL, 27.32
mmol), ethynylbenzene (3 mL, 27.32 mmol), trimettdrate (4.57 mL, 40.98
mmol) and potassium hydrogen fluoride (12.80 g,.963nmol) in THF (40 mL),
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potassium trifluoro(phenylethynyl)borate was isethtas a white solid (3.308 g,
58%).

M.p. > 230 °C (dec.)!H NMR (400 MHz, DMSO, 30°Cp 7.27 — 7.28 (m, 5H,
ArH); °C NMR (101 MHz, DMSO, 30°Cy 130.9, 128.2, 126.7, 125.5, 894
NMR (376 MHz, DMSO, 30 °Cp -132.09, -131.47; FTIR: 3080 (w), 3019 (w),
2359 (w), 2190 (m), 1486 (m), 1443 (m), 1234 (n74 (m), 977 (M), 756 (s), 690
(s); HRMS: m/z [M-K] calcd. for GHsBF3: 169.04309, found: 169.04433. Analysis

are in accordance with those reported in the liteea

Synthesis of potassium trifluoro(hex-1-yn-1-yl)borge 24

1) n-BuLi (1 equiv.), THF, -78°C, 1hr
2) B(OMe); (1.5 equiv.), -78°C, 1hr

nBu—=——p hen-20°C, 1hr » nBu—=—BF,K
3) KHF, (6 equiv.), -20°C, 1hr
thenr.t., 1hr

72%
(30.0 mmol scale)
Using general procedure 12, withbutyllithium (2.5 M in hexane, 12.0 mL, 30.0
mmol), hex-1-yl (3.45 mL, 30.0 mmol), trimethyl lade (5.0 mL, 45.0 mmol) and
potassium hydrogen fluoride (15.06 g, 180.0 mmol)THF (60 mL), potassium
trifluoro(hex-1-yn-1-yl)borate was isolated as atelsolid (4.082 g, 72%).

M.p. > 240 °C (dec.)*H NMR (400 MHz, DMSOY 1.95 — 1.99 (m, 2H, &,), 1.34
—1.31 (m, 4H, @), 0.83 — 0.87 (m, 3H, 83); *C NMR (101 MHz, DMSO0)5
31.1, 21.4, 18.5, 13.5°F NMR (376 MHz, DMSO, 30 °Cp -131.05, -130.88;
FTIR: 2956 (m), 2931 (m), 2861 (w), 2186 (w), 178}, 1645 (s), 1417 (w), 1363
(w), 1237 (w), 1121 (m), 967 (s); HRMS: m/z [M-Kalcd. for GHoBF3: 149.0749,
found: 149.0755. Analysis are in accordance wids#hreported in the literature.
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Synthesis of potassium (3,3-dimethylbut-1-yn-1-ylifluoroborate %

1) n-BuLi (1equiv.), THF, -78°C, 1hr
2) B(OMe)3 (1.5equiv.), -78°C, 1hr

then -20°C, 1hr
tBu———--~H » {Bu—=——BF;K
3) KHF, (6 equiv.), -20°C, 1hr

thenr.t., 1hr

42%
(10.0 mmol scale)
Using general procedure 12, withbutyllithium (2.5 M in hexane, 4.00 mL, 10.0
mmol), 3,3-dimethyl-1-butyne (1.23 mL, 10.0 mmadiimethyl borate (1.68 mL,
15.0 mmol) and potassium hydrogen fluoride (4.68@0 mmol) in THF (20 mL),
potassium (3,3-dimethylbut-1-yn-1-yl)trifluorobogatvas isolated as a white solid

(0.785 g, 42%).

M.p. > 260 °C (dec.)*H NMR (400 MHz, DMSO)5 1.09 (s, 9H, El3); *C NMR

(101 MHz, DMSO)$ 31.6, 26.9;'%F NMR (235 MHz, DMSO)5 -130.64; FTIR:
2970 (w), 2193 (w), 1643 (m), 1362 (w), 1255(w)496n), 892 (w); HRMS: m/z
[M-K] " calcd. for GH¢BF3: 149.0749, found: 149.0751. Analysis are in acancg

with those reported in the literature.

Synthesis of potassium (cyclohexenylethynyl)trifluemborate

1) n-BuLi (1 equiv.), THF, -78°C, 1hr
2) B(OMe); (1.5 equiv.), -78°C, 1hr

N\ then -20°C, 1hr .
——H > ——BF3;K
3) KHF, (6 equiv.), -20°C, 1hr

thenr.t., 1hr

91%
(17.01 mmol scale)
Using general procedure 12, witkbutyllithium (1.6 M in hexane, 6.80 mL, 17.01
mmol), 1-ethynylcyclohex-1-ene (2 mL, 17.01 mmadi)methyl borate (2.84 mL,
25.52 mmol) and potassium hydrogen fluoride (7.92.@2.07 mmol) in THF (30
mL), potassium (cyclohexenylethynyltrifluoroborateas isolated as a white solid
(3.266 g, 91%).

M.p. > 165 °C (dec.)*H NMR (400 MHz, DMSO, 30 °Cy 5.76 (dt, 1H, &), 1.94
- 2.01 (M, 4H, €l,), 1.45 - 1.56 (m, 4H, B,); °C NMR (101 MHz, DMSO, 30°C)
§ 130.1, 129.6, 122.3, 91.3, 29.5, 24.9, 22.1, 2'B;NMR (376 MHz, DMSO,
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30°C)6 -131.42; FTIR: 2928 (m), 2855 (w), 2830 (w), 217D, 1635 (s), 1445 (w),
1186 (s), 1051 (s), 1024 (s), 957 (s), 841 (w); HRMn/z [M-K]- calcd. for
CgHoBF3: 173.07518, found: 173.07549.

Synthesis of potassium trifluoro((trimethylsilyl)ethynyl)borate 124°

1) n-BuLi (1 equiv.), THF, -78°C, 1hr
2) B(OMe); (1.5 equiv.), -78°C, 1hr

TMS———H then -20°C, 1hr » TMS—=—BF;K

3) KHF, (6 equiv.), -20°C, 1hr
thenr.t., 1hr

88%
(5 mmol scale)
Using general procedure 12, withbutyllithium (1.6 M in hexane, 3.13 mL, 5.00
mmol), ethynyltrimethylsilane (0.71 mL, 5 mmol)intethyl borate (0.84 mL, 7.50
mmol) and potassium hydrogen fluoride (2.343 g080mmol) in THF (20 mL),
potassium trifluoro((trimethylsilyl)ethynyl)boratevas isolated as a white solid
(0.899 g, 88%).

M.p. > 210 °C (dec.)H NMR (400 MHz, DMSO, 30 °C} 0.05 (s, 9H, E3); °C
NMR (101 MHz, DMSO, 30°C¥ 93.3 (br), 78.6 (m), 0.5°°F NMR (376 MHz,
DMSO, 30°C)5 -132.47 § = 37.6Hz); FTIR: 2957 (m). 2900 (w), 2066 (s), 4G8),
1409 (w), 1253 (s), 1026 (s), 842 (m), 759 (w); HRMn/z [M-K]- calcd. for
CsHoBF3SI: 165.05242, found: 165.05264. Analysis are inoadance with those

reported in the literature.
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14. Mechanistic investigation

Synthesis of 2-(2-(bis(3,3-dimethylbut-1-yn-1-yl)biyl)-3-(tert-
butyl)phenyl)pyridine (159)

X
1) nBuLi, hexane 158 l _N
20°Ctort _ o )
By > ’BUH—_ B} > _H—
2) BCls ( 3 DCE, 60°C Bt=—"8u] 2
78°Ctort. 95%
(2.60 mmol scale) t‘Bu 159

A solution ofn-BulLi in hexane (2.4 M, 1.08 mL, 2.60 mmol, 3 equiwas added to
a solution oftert-butylacetylene (0.32 mL, 2.60 mmol, 3 equiv.) exAne (3 mL) at
-20 °C. The resulting mixture was then stirred2f °C for 20 min before warming
to room temperature and stirring for 1 hour. Thect®n mixture was then cooled to
-78 °C and trichloroborane (1 M in GEl,, 0.87 mL, 0.87 mmol, 1 equiv.) was
added. The mixture was allowed to warm to O °C @&/&pours, and was then stirred
at r.t. for 12 hours. A solution d58in DCE (1 mL) was added and the mixture was
stirred at r.t. for 20 minutes. GAIl, (10 mL) and a saturated solution of NaHO
(10 mL) were then added. The product was extragigd CH,Cl, (3x 10 mL), dried
over MgSQ, filtered, concentrated and purified via flashuroh chromatography on
silica gel eluting with a gradient from 5% to 25% ¢ acetate in petroleum ether to
afford 2-(2-(bis(3,3-dimethylbut-1-yn-1-yl)boryl-@ert-butyl)phenyl)pyridine 159
(105 mg, 95%) as a white solid.

M.p. 222 — 223°C*H NMR (400 MHz, CDC}) § 8.77 (d,J = 6.0 Hz, 1H, AH),
7.84 (td,J = 8.0, 1.5 Hz, 1H, Ad), 7.75 (d,J = 8.0 Hz, 1H, AH), 7.55 — 7.58 (m,
2H, ArH), 7.31 (ddd,J = 7.0, 6.0, 1.0 Hz, 1H, Af), 7.24 (t,J = 7.5 Hz, 1H, AH),
1.66 (s, 9H, El3), 1.14 (s, 18H, B3); *C NMR (101 MHz, CDGJ) § 157.1, 155.2,
143.3, 140.5, 137.5, 129.6, 126.9, 121.9, 119.9,411104.4, 38.0, 32.8, 31.6, 28.0;
FTIR: 2962 (s), 2894 (m), 2864 (m), 2178 (w), 1680 1488 (s), 1455 (s),1360 (m),
1252 (s), 1360 (m), 1039 (m), 860 (s), 762 (s); HRNin/z [M+Na]+ calcd. for
Co7Hss'BNNa: 406.2682, found: 406.2682.
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Synthesis of 2-(34¢rt-butyl)-2-(difluoroboryl)phenyl)pyridine (160)

= |
\ BF5.OEt, (3 equiv.) SN
B{=-"Bu)  GH,Cl, rt, 2 hrs
2 BF,

99% !
'Bu 159 (0.039 mmol scale) Bu 460

Boron trifluoride etherate in DCE (1 M, 0.12 mL,1R. mmol) was added to a
mixture of 159 (0.015 g, 0.039 mmol) in dichloromethane (0.5 nait)r.t. under

argon to give a dark brown solution. The resultmigture was stirred at r.t. for 2
hrs. CHCI, (10 mL) and a saturated solution of NaH{J®0 mL) were then added.
The product was extracted with @El,, dried over MgSQ filtered, concentrated
and recrystallised from petroleum ether (3 mL) &tCl, (0.5 mL) to afford 2-(3-

(tert-butyl)-2-(difluoroboryl)phenyl)pyridinel(60) (10 mg, 99%) as a beige solid.

M.p. 172 - 174 °C*H NMR (400 MHz, CDCJ) & 8.51 (d,J = 5.5 Hz, 1H, AH),
8.09 (m, 1H, AH), 7.87 (t,J = 7.5 Hz, 1H, AH), 7.56 — 7.61 (m, 2H, At), 7.46
(ddd,J = 7.5, 5.5, 1.0 Hz, 1H, M), 7.38 — 7.32 (m, 1H, Af), 1.49 (s, 9H, E3);

%C NMR (126 MHz, CDGJ) & 156.5, 156.4, 143.4, 141.2, 137.4, 130.1, 128.9,
123.2, 119.6, 117.7, 36.9, 31%F NMR (235 MHz, CDGCJ) & -152.3 (d,J = 65.0
Hz); FTIR: 2947 (m), 2910 (m), 2867 (m), 1621 ()67 (m), 1363 (w), 1160 (m),
1074 (s), 998 (m), 795 (m), 758 (s); HRMS: m/z [Mialcd. for GsHig'BF2N:
259.1344, found: 259.1333.
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15. Lewis Base directed cvcloaddition of 2-pvrones with

alkynylboranes

Synthesis of 2-(2-(dichloroboryl)-[1,1'-biphenyl]-3yl)pyridine (161)

g
Ph—==—BF3K (2 equiv.) SN
BCl; (2 equiv.), CH,Cl, BCl
0°C, 10 min Bh 2
84% 161

(0.26 mmol scale)

Trichloroborane (1 M in CkCly) (0.52 mL, 0.52 mmol) was added to a mixture of
158 (0.045 g, 0.26 mmol) and potassium trifluoro(pHethynyl)borate (0.108 g,
0.52 mmol) in CHCI, (2.6 mL) at 0 °C under nitrogen to give an orasgkition.
The resulting mixture was stirred at 0 °C for 10in€@HCl, (10 mL) and a saturated
solution of NaHCQ (10 mL) were then added. The product was extravigd
CHXCI, (3x 10 mL), and the combined organic layers wereddover MgSQ,
filtered, concentrated and purified via flash coluchromatography on silica gel
eluting with a gradient from 15% to 50% ethyl atetan heptane to afford 2-(2-
(dichloroboryl)-[1,1'-biphenyl]-3-yl)pyridinel61) (69 mg, 84%) as a beige solid.

M.p. 250 °C (dec.)’H NMR (250 MHz, CDC}J) & 8.80 (d,J = 6.0 Hz, 1H, AH),
8.17 (td,J = 8.0, 1.5 Hz, 1H, Ad), 7.97 (d,J = 8.0 Hz, 1H, AH), 7.84 — 7.76 (m,
3H, ArH), 7.60 — 7.35 (m, 6H, At); *C NMR (126 MHz, CDGCJ) & 155.8, 146.3,
143.7, 143.2, 141.5, 135.1, 134.3, 129.5, 129.8,0.2127.5, 123.7, 121.0, 118.3;
FTIR: 2918 (w), 1617 (w), 1492 (m), 1151 (m), 1q#8, 857 (m), 822 (m), 746 (s),
689 (s); HRMS: m/z [M]+ calcd. for GH1,'B**CI,N: 311.0440, found: 311.0448.
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Synthesis of 2-(2-(dibromoboryl)-[1,1'-biphenyl]-3yl)pyridine (162)

g
Ph————BF3K (3 equiv.) SN
BBr5 (3 equiv.), CH,Cl,
40°C, 10min IR BB,
68% 162

(0.29 mmol scale)

Boron tribromide (1 M in ChLCl,) (0.86 mL, 0.86 mmol) was added to a mixture of
158 (0.050 g, 0.29 mmol) and potassium trifluoro(pHethynyl)borate (0.163 g,
0.86 mmol) in dichloromethane (2.9 mL) at 40 °C emdrgon to give a dark brown
solution. The resulting mixture was stirred at @fdr 10 min before addition of an
aqueous saturated solution of NaHQ@O mL). The mixture was then extracted with
CH.CI, (3x 10 mL) and the combined organic layers welieddover magnesium
sulfate, filtered and concentrated under vacuuraffiard a dark residue. The crude
product was then recrystallized from &, (0.5 mL) and petroleum ether (3 mL) to
afford 2-(2-(dibromoboryl)-[1,1'-biphenyl]-3-yl)pitine (162 (79 mg, 68%) as a

beige solid.

M.p. 256 °C (dec.)*H NMR (400 MHz, CDCJ) 5 8.96 (d,J = 6.0 Hz, 1H, AH),
8.16 (td,J = 8.0, 1.5 Hz, 1H, A), 7.96 (d,J = 8.0 Hz, 1H, AH), 7.84 — 7.78 (m,
3H, ArH), 7.58 — 7.39 (m, 6H, At): *C NMR (126 MHz, CDGJ) 5 155.4, 146.5,
144.3, 143.7, 141.3, 134.6, 134.2, 129.7, 129.3,8.2127.5, 123.8, 121.2, 118.5;
FTIR: 2923 (), 2855 (w), 1623 (m), 1488 (s), 1469, 1160 (M), 1079 (s), 755 (s),
697 (m), 650 (s); HRMS: m/z [M+Na]+ calcd. for813"'BN"Br.Na: 422.9405,
found: 422.9409.

Synthesis of 2-(3-butyl-2-(dichloroboryl)phenyl)pyidine (164)

=
|
_ . N
n-Bu—=———=BF;K (2 equiv.)
BCls (2 equiv.), CHyCly BCl,
0°C, 10min 164
89%

(0.29 mmol scale)
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Trichloroborane (1 M in CkCly) (0.58 mL, 0.58 mmol) was added to a mixture of
158 (0.050 g, 0.29 mmol) and potassium trifluerditylethynyl)borate (0.109 g,
0.58 mmol) in CHCI, (2.9 mL) at 0 °C under nitrogen to give an orasgkition.
The resulting mixture was stirred at 0 °C for 10n€H,CI, (10 mL) and a saturated
solution of NaHCQ@ (10 mL) was then added. The product was extractigd
CH.CI; (3x 10mL), dried over MgSg) filtered, concentrated and purified via flash
column chromatography on silica gel eluting witgradient from 15% to 50% ethyl
acetate in heptane to afford 2-(3-butyl-2-(dichlmyl)phenyl)pyridine 164) (75
mg, 89%) as a beige solid.

M.p. 175 °C (dec.)*H NMR (400 MHz, CDC}) & 8.77 (d,J = 6.0 Hz, 1H, AH),
8.09 (td,J = 8.0, 1.5 Hz, 1H, Ad), 7.86 (d,J = 8.0 Hz, 1H, AH), 7.57 (dd,J = 7.0,
1.5 Hz, 1H, AH), 7.50 (dddJ = 7.0, 6.0, 1.0 Hz, 1H, Af), 7.38 - 7.33 (m, 2H,
ArH), 3.00 - 3.04 (m, 2H, B,), 1.74 - 1.79 (m, 2H, B,), 1.48 - 1.54 (m, 2H, B>),
1.00 (t,J = 7.5 Hz, 3H, E3); **C NMR (101 MHz, CDGJ) & 156.5, 146.9, 143.7,
143.0, 134.4, 133.1, 129.2, 123.4, 119.4, 118.%,38.3, 23.0, 14.2; FTIR: 2927
(m), 2859 (m), 2357 (w), 1625 (m), 1483 (m), 1468,(1160 (m), 1081 (m), 880
(m), 861 (m), 811 (m), 780 (s), 757 (s), 729 (81 6s), 647 (m); HRMS: m/z [M]+
calcd. for GsHis 'B*°CI,N: 291.0753, found: 291.0783.

Synthesis of 2-(34¢rt-butyl)-2-(dichloroboryl)phenyl)pyridine (165)

~
|
tBu—==—BF3K (2 equiv.) N
BCl3 (2 equiv.), CH,Cl, BCl,
0°C, 10min
165

70%
(0.23 mmol scale)

Trichloroborane (1 M in CkCly) (0.46 mL, 0.46 mmol) was added to a mixture of
158 (0.040 g, 0.23 mmol) and potassium trifluaestbutylethynyl)borate (0.087 g,
0.46 mmol) in dichloromethane (2.3 mL) at 0 °C und#rogen to give an orange
solution. The resulting mixture was stirred at 0fé€10 min. CHCI, (10 mL) and a
saturated solution of NaHG@10 mL) was then added. The product was extracted
with CH,CI, (3x 10 mL), dried over MgS§ filtered, concentrated and purified via
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flash column chromatography on silica gel elutinghve gradient from 10% to 50%
ethyl acetate in  petroleum ether to afford 2#3#butyl)-2-
(dichloroboryl)phenyl)pyridinel65 (47 mg, 70%) as a white solid.

M.p. 196-198 °C*H NMR (400 MHz, CDC}) 5 8.84 (d,J = 6.0 Hz, 1H, AH), 8.12

(td, J = 8.0, 1.5 Hz, 1H, AH), 7.91 (d,J = 8.0 Hz, 1H, AH), 7.66 — 7.70 (m, 2H,
ArH), 7.56 — 7.51 (m, 1H, M), 7.41 (t,J = 8.0 Hz, 1H, AH), 1.61 (s, 9H, El3);

%C NMR (126 MHz, CDGJ) & 155.9, 155.6, 143.4, 142.8, 135.9, 131.9, 129.2,
123.4, 120.3, 117.7, 38.0, 32.7; FTIR: 3378 (WRRQW), 2857 (w), 1455 (m), 1069
(w), 846 (m), 809 (m), 758 (s), 681 (s); HRMS: m[k]+ calcd. for
CisH16'B*CI,N: 291.0753, found: 291.0748.

Synthesis of 2-(3-cyclohexenyl-2-(dichloroboryl)pheyl)pyridine (166)

BCl5 (2 equiv.), CH,ClI,
0°C, 10min
54%
(0.29 mmol scale)

Trichloroborane (1 M in CkCly) (0.58 mL, 0.58 mmol) was added to a mixture of
158 (0.05 g, 0.29 mmol) and potassium trifluoro(cy@rbnylethynyl)borate (0.122

g, 0.58 mmol) in dichloromethane (2.9 mL) at O ¥@er nitrogen to give an brown
solution. The resulting mixture was stirred at 0f6€10 min. CHCI, (10 mL) and a
saturated solution of NaHG@10 mL) were then added. The product was extracted
with CH,CI, (3x 10 mL), dried over MgS§)filtered, concentrated and purified via
flash column chromatography on silica gel elutinghve gradient from 15% to 50%
ethyl acetate in heptane to afford 2-(3-cyclohekeny
(dichloroboryl)phenyl)pyridinel(66) (50 mg, 54%) as a beige solid.

M.p. 268 °C (dec.)!H NMR (400 MHz, CDGJ) & 8.80 (d,J = 6.0 Hz, 1H, AH),
8.10 - 8.12 (m, 1H, Ad), 7.89 - 7.91 (m, 1H, At), 7.64 (ddJ = 7.5, 1.0 Hz, 1H,
ArH), 7.53 (ddd,) = 7.0, 6.0, 1.0 Hz, 1H, M), 7.34 - 7.40 (m, 2H, At), 6.02 (it,J
= 3.5, 1.5 Hz, 1H, 8), 2.46 (ddtJ = 6.0, 5.0, 2.0 Hz, 2H, 18,), 2.24 (td,J = 6.0,
3.5 Hz, 2H, ®©,), 1.79 - 1.85 (m, 2H, B,), 1.73 (m, 2H, E,); *C NMR (101
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MHz, CDCk) § 143.5, 143.2, 132.7, 129.0, 127.7, 123.4, 12018,1t FTIR: 2923
(w), 1624 (m), 1490 (m), 1167 (m), 1141 (m), 1080,(867 (m), 817 (m), 758 (s),
748 (m), 688 (s); HRMS: m/z [M]+ calcd. fori#16"B>*CI,N: 315.0753, found:
315.0758.

Synthesis of 2-(2-(dichloroboryl)-3-(trimethylsily)phenyl)pyridine (167)

]
TMS—==—BF3K (2 equiv.) SN
BCl, (2 equiv.), CH,Cl, BC|
0°C, 90 min tus 2
47% 167

(0.17 mmol scale)

Trichloroborane (1 M in CkCly) (0.35 mL, 0.35 mmol) was added to a mixture of
158 (0.03 g, 0.17 mmol) and potassium trifluoro(trimgsilylethynyl)borate (0.071

g, 0.35 mmol) in ChKCI, (1.7 mL) at O °C under nitrogen to give a deepseldtion.

The resulting mixture was stirred at 0 °C for 9huates. CHCI, (10 mL) and a
saturated solution of NaHG@10 mL) were then added. The product was extracted
with CH,CI, (3x 10 mL), dried over MgS§ filtered, concentrated and purified via
flash column chromatography on silica gel elutinghve gradient from 15% to 50%
ethyl acetate in heptane to afford 2-(2-(dichlomybes-
(trimethylsilyl)phenyl)pyridine 167) (25 mg, 47%) as a white solid.

M.p. 250 °C (dec.)*H NMR (400 MHz, CDC}) 6 8.82 (dt, 1H, AH), 8.13 (ddd,) =
8.0, 7.5, 1.5 Hz, 1H, M), 7.90 (dtJ = 8.0, 1.0 Hz, 1H, A), 7.79 (ddJ = 7.5, 1.0
Hz, 1H, AH), 7.75 (ddJ = 7.5, 1.0 Hz, 1H, Afl), 7.52 — 7.55 (m, 1H, At), 7.40 (
t,J = 7.5 Hz, 1H, AH), 0.49 (s, 9H, E3); *C NMR (101 MHz, CDGJ) 5 156.0,
144.6, 143.4, 142.8, 139.3, 133.8, 127.8, 123.3,312117.8, 1.0; FTIR: 2948 (w),
2896 (w), 2359 (w), 1489 (w), 1235 (w), 863 (m)4q3), 742 (s), 679 (S), 559 (M);
HRMS: m/z [M-CH]+ calcd. for GsH16 " B*CILNSi: 292.0287, found: 292.0307.
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Synthesis of 2-(2-(dichloroboryl)biphenyl-3-yl)thiazole (168)

S/\>
SN

Ph———=BF3K (2 equiv.)
> BCl,

BCl5 (2 equiv.), CH,Cl,
0°C, 10min 168
83%
(0.17 mmol scale)

Trichloroborane (1 M in CkCly) (0.34 mL, 0.33 mmol) was added to a mixture of
163 (30 mg, 0.17 mmol) and potassium trifluoro(phetiyayl)borate (69.7 mg,
0.33 mmol) in CHCI, (1.7 mL) at O °C under nitrogen. The resulting tmig was
stirred at 0 °C for 10 min. Gi€l, (10 mL) and a saturated solution of NaHCJ@O0
mL) were then added. The product was extracted @HhCl, (3x 10 mL), dried
over MgSQ, filtered, concentrated and purified via flashuroh chromatography on
silica gel eluting with a gradient from 15% to 5@%hyl acetate in heptane to afford
2-(2-(dichloroboryl)biphenyl-3-yl)thiazolel68) (44 mg, 83%) as a beige solid.

M.p. 200 °C (dec.)!H NMR (400 MHz, CDG)) & 8.01 (d,J = 3.5 Hz, 1H, AH),
7.76 — 7.80 (m, 2H, At), 7.64 (ddJ = 7.5, 1.0 Hz, 1H, Ad), 7.55 (ddJ = 7.5, 1.0
Hz, 1H, AH), 7.44 - 7.50 (m, 4H, At), 7.39 (s, 1H, Ar); **C NMR (176 MHz,
CDCl) & 172.8, 146.3, 140.9, 134.7, 133.6, 131.8, 1298,3], 128.0, 127.6, 121.6,
121.2; FTIR: 3129 (w), 1631 (w), 1466 (w), 1331 (4195 (W), 947 (w), 854 (m),
810 (s), 772 (m), 757 (s), 734 (m), 691 (s), 54); MRMS: m/z [M]+ calcd. for
CisH10"'B*CILNS: 317.0004, found: 316.9976.

Synthesis of 2-(3-butyl-2-(dichloroboryl)phenyl)thazole (169)

ST

n-Bu————BF;K (2 equiv.)
) > BCl,
BCl; (2 equiv.), CH,Cl,
163 0°C, 10 min 169

97%
(0.17 mmol scale)
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Trichloroborane (1 M in CkCly) (0.34 mL, 0.33 mmol) was added to a mixture of
163 (30 mg, 0.17 mmol) and potassium trifluardutylethynyl)borate (63.0 mg,
0.33 mmol) in CHCI, (1.7 mL) at O °C under nitrogen. The resulting tmig was
stirred at 0 °C for 10 min. Ci€l, (10 mL) and a saturated solution of NaHQ@O
mL) were then added. The product was extracted @HhCl, (3x 10 mL), dried
over MgSQ, filtered, concentrated and purified via flashuroh chromatography on
silica gel eluting with a gradient from 15% to 5@yl acetate in heptane to afford
2-(3-butyl-2-(dichloroboryl)phenyl)thiazold 69 (48 mg, 97%) as a white solid.

M.p. 163.7 — 164.5 °CH NMR (400 MHz, CDC}) 6 8.01 (d,J = 3.5 Hz, 1H, AH),
7.44 - 7.47 (m, 2H, Ad), 7.39 (d,J = 7.0 Hz, 1H, AH), 7.33 (t,J = 7.5 Hz, 1H,
ArH), 2.97 - 3.01 (m, 2H, By), 1.71 - 1.78 (m, 2H, B5), 1.47 - 1.50 (m, 2H, B>),
0.98 (t,J = 7.5 Hz, 3H, El3); *C NMR (176 MHz, CDGJ) § 173.7, 147.0, 133.7,
133.5, 131.2, 129.1, 120.8, 120.0, 33.2 (x2), 2B402; FTIR: 2951 (m), 2928 (m),
2860 (m), 1643 (s), 1515 (m), 1469 (m), 1405 (nBB&L(m), 1246 (w), 1186 (m),
1151 (m), 1096 (w), 957 (m), 855 (m), 800 (s), (i@, 704 (s); HRMS: m/z [M-
Cl]+ calcd. for GaH14'B**CILNS: 262.0629, found: 262.0623.

Synthesis of 2-(3-cyclohexenyl-2-(dichloroboryl)pheyl)thiazole (170)

BCls (2 equiv.), CH,Cl,

0°C, 10 min 170
84%

(0.17 mmol scale)

Trichloroborane (1 M in CkCly) (0.34 mL, 0.33 mmol) was added to a mixture of
163 (30 mg, 0.17 mmol) and potassium trifluoro(cychodylethynyl)borate (71.0
mg, 0.33 mmol) in CkLCl, (1.7 mL) at 0 °C under nitrogen. The resulting tuig
was stirred at 0 °C for 10 min. GEIl, (10 mL) and a saturated solution of NaHLCO
(10 mL) were then added. The product was extragidd CH,Cl, (3x 10 mL), dried
over MgSQ, filtered, concentrated and purified via flashutoh chromatography on

silica gel eluting with a gradient from 15% to 5@yl acetate in heptane to afford
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2-(3-cyclohexenyl-2-(dichloroboryl)phenyl)thiazo{@70 (45 mg, 84%) as a white

solid.

M.p. 225 °C (dec.)'H NMR (400 MHz, CDGJ) & 8.00 (d,J = 3.5 Hz, 1H, AH),
7.51 (dd,J = 5.0, 3.5 Hz, 1H, Ad), 7.43 (d,J = 3.5 Hz, 1H, AH), 7.34 - 7.36 (m,
2H, ArH), 6.00 — 6.03 (m, 1H, ig), 2.43 - 2.45 (m, 2H, B,), 2.23 (m, 2H, El,),
1.80 - 1.83 (m, 2H, B,), 1.70 - 1.73 (m, 2H, B,); **C NMR (176 MHz, CDCJ) 5
173.0, 149.2, 137.1, 133.6, 133.3, 131.7, 128.8,112120.8, 30.2, 25.6, 23.3, 22.2;
FTIR: 2922 (w), 1513 (w), 1330 (w), 1152 (w), 94¥)(854 (w), 805 (s), 770 (m),
695 (s); HRMS: m/z [M]+ calcd. for £H14'B*CI,NS: 321.0317, found: 321.0303.

Synthesis of 2-(2-(dichloroboryl)-3-(trimethylsily)phenyl)thiazole (171)

S\ N B S\/\>
N

N TMS————BF;K (2 equiv.)

BCl5 (2 equiv.), CH.ClI,
40°C, 10 min
51%

(0.17 mmol scale)

BCl,
™S 171

Trichloroborane (1 M in CkCly) (0.34 mL, 0.33 mmol) was added to a mixture of
163 (30 mg, 0.17 mmol) and potassium trifluoro(trimasilylethynyl)borate (0.068
g, 0.33 mmol) in CKCl, (1.7 mL) at 40 °C under nitrogen. The resultingtonie
was stirred at 40 °C for 10 min. GEl; (10 mL) and a saturated solution of NaHCO
(10 mL) were then added. The product was extragidd CH,Cl, (3x 10 mL), dried
over MgSQ, filtered, concentrated and purified via flashutoh chromatography on
silica gel eluting with a gradient from 15% to 5@yl acetate in heptane to afford
2-(2-(dichloroboryl)-3-(trimethylsilyl)phenyl)thiate (171) (27 mg, 51%) as a white
solid.

M.p. 278.4 — 279.3 °CH NMR (400 MHz, CDCJ) & 8.01 (d,J = 3.5 Hz, 1H, AH),
7.80 (ddJ = 7.5, 1.0 Hz, 1H, Ad), 7.61 (dd,J = 7.5, 1.0 Hz, 1H, Ad), 7.43 (d,J =
3.5 Hz, 1H, AH), 7.37 (,J = 7.5 Hz, 1H, AH), 0.48 (s, 9H, El3); *°C NMR (176
MHz, CDCk) § 173.3, 145.2, 139.7, 133.6, 131.0, 127.9, 1230,7, 1.0; FTIR:
3125 (w), 3102 (m), 2949 (m), 2896 (w), 2360 (W§1Q (M), 1406 (m), 1329 (m),
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1237 (m), 1145 (m), 1045 (m), 837 (s), 796 (s), {88 776 (s), 750 (s), 703 (S);
HRMS: m/z [M-CHj]+ calcd. for GoH14"B¥*CLNSSI: 297.9852, found: 297.9855.

)
o
BCl,
M.p. 220 °C (dec.)’H NMR (400 MHz, CDCJ)  8.03 (d,J = 3.5 Hz, 1H, AH),
7.81 (d,J = 7.5 Hz, 1H, AH), 7.63 (d,J = 7.5 Hz, 1H, AH), 7.57 (td,J =75,1.0
Hz, 1H, AH), 7.48 (d,J = 3.5 Hz, 1H, AH), 7.39 (td,J = 7.5, 1.0 Hz, 1H, AH);
13C NMR (176 MHz, CDGJ) 6 173.6, 133.7, 133.6, 131.2, 130.5, 128.8, 122.4,

121.2; FTIR: 2094 (m), 1665 (s), 1332 (w), 1154,(88 (W), 761 (w), 693 (W);
HRMS: m/z [M]+ calcd. for GHs"'B**CI,NS: 240.9691, found: 240.9697.

Synthesis of 4-(2-(dichloroboryl)biphenyl-3-yl)thiazole (175)

| 2

N

Ph————~BF3;K (2 equiv.)
) > BCl,
BCl; (2 equiv.), CH,Cl,

40°C, 10 min 175
77%

(0.17 mmol scale)

Trichloroborane (1 M in CkCly) (0.34 mL, 0.33 mmol) was added to a mixture of
172(0.03 g, 0.17 mmol) and potassium trifluoro(phetityynyl)borate (0.070 g, 0.33
mmol) in CHCl, (1.7 mL) at 40 °C under nitrogen. The resultingtonie was stirred
at 40 °C for 10 min. CkCl, (10 mL) and a saturated solution of NaH{@O mL)
were then added. The product was extracted withGGH3x 10 mL), dried over
MgSQ,, filtered, concentrated and purified via flashumoh chromatography on
silica gel eluting with a gradient from 15% to 5@yl acetate in heptane to afford
4-(2-(dichloroboryl)biphenyl-3-yl)thiazolel75) (41 mg, 77%) as a white solid.

M.p. 266.5 — 268.8 °C (dec4 NMR (400 MHz, CDCJ) § 9.35 (d,J = 2.0 Hz, 1H,
ArH), 7.74 - 7.76 (ddJ = 5.0, 3.0 Hz, 2H, Ad), 7.59 (dd,J = 7.5, 1.5 Hz, 1H,
ArH), 7.38 - 7.47 (m, 6H, At); °C NMR (176 MHz, CDGJ) 5 155.7, 153.1, 146.9,
141.5, 132.8, 131.7, 129.6, 129.3, 127.9, 127.8,4,2108.3; FTIR: 3101 (w), 3022
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(w), 1643 (w), 1463 (w), 1067 (m), 906 (m), 886 (856 (m), 803 (s), 763 (M), 742
(s), 710 (m), 665 (m); HRMS: m/z [M]+ calcd. fordB10"B**CI,NS: 317.0004,
found: 317.0023.

Synthesis of 4-(3-butyl-2-(dichloroboryl)phenyl)thazole (176)

[ )
, N
n-Bu—==—BF3K (2 equiv.)
BCl, (2 equiv.), CH,Cl, BCl
40°C, 10 min 176

75%
(0.17 mmol scale)

Trichloroborane (1 M in CkCly) (0.34 mL, 0.33 mmol) was added to a mixture of
172(0.03 g, 0.17 mmol) and potassium trifluoro(n-batlgynyl)borate (0.063 g, 0.33
mmol) in CHCl, (1.7 mL) at 40 °C under nitrogen. The resultingtonie was stirred
at 40 °C for 10 min. CpCl, (10 mL) and a saturated solution of NaHQ®@O mL)
were then added. The product was extracted withGGH3x 10 mL), dried over
MgSQ,, filtered, concentrated and purified via flashumoh chromatography on
silica gel eluting with a gradient from 15% to 5@¥hyl acetate in heptane to afford

4-(3-butyl-2-(dichloroboryl)phenyl)thiazold 76) (37 mg, 75%) as a white solid.

M.p. 193 °C (dec.)!H NMR (400 MHz, CDG)) & 9.36 (d,J = 2.0 Hz, 1H, AH),
7.39 — 7.41 (m, 2H, At), 7.29 - 7.34 (m, 2H, At), 2.95 — 2.99 (m, 2H, 18,), 1.71
—1.78 (m, 2H, €>), 1.47 - 1.50 (m, 2H, B,), 0.98 (t,J = 7.5 Hz, 3H, Ei3); °C
NMR (101 MHz, CDC}) & 156.2, 153.0, 147.4, 131.4, 131.2, 129.2, 11808,Q,
33.4, 33.3, 23.0, 14.2; FTIR: 3094 (w), 2952 (w922 (w), 1475 (w), 1190 (w),
1150 (m), 1026 (m), 858 (m), 803 (s), 742 (S), E)9672 (s); HRMS: m/z [M-CI]+
calcd. for GsH14'B**CILNS: 262.0629, found: 262.0629.
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Synthesis of 4-(3-cyclohexenyl-2-(dichloroboryl)pheyl)thiazole (177)

s
S | )
| ) Q%BQK (2 equiv.) O N
N o

BCls (2 equiv.), CH,Cly BCl

o 172 40°C, 10 min 177
67%

(0.17 mmol scale)

Trichloroborane (1 M in CkCly) (0.34 mL, 0.33 mmol) was added to a mixture of
172(0.03 g, 0.17 mmol) and potassium trifluoro(cy@rbnylethynyl)borate (0.071
g, 0.33 mmol) in CKCl, (1.7 mL) at 40 °C under nitrogen. The resultingtonie
was stirred at 40 °C for 10 min. GEl, (10 mL) and a saturated solution of NaHCO
(10 mL) were then added. The product was extragidd CH,Cl, (3x 10 mL), dried
over MgSQ, filtered, concentrated and purified via flashuroh chromatography on
silica gel eluting with a gradient from 15% to 5@yl acetate in heptane to afford
4-(3-cyclohexenyl-2-(dichloroboryl)phenyl)thiazo{@77) (36 mg, 67%) as a white
solid.

M.p. 200 °C (dec.)!H NMR (400 MHz, CDCJ) 5 9.34 (d,J = 2.0 Hz, 1H, AH),
7.45 (ddJ = 7.5, 1.0 Hz, 1H, AH), 7.39 (d,J = 2.0 Hz, 1H, AH), 7.33 (tJ = 7.5
Hz, 1H, AH), 7.23 (ddJ = 7.5, 1.0 Hz, 1H, AH), 5.95 — 5.98 (m, 1H, i), 2.40 —
2.44 (m, 2H, €l,), 2.20 — 2.24 (m, 2H, 18,), 1.80 - 1.82 (m, 2H, B,), 1.70 - 1.73
(m, 2H, ,); °C NMR (101 MHz, CDGJ) § 155.9, 152.9, 149.8, 137.5, 131.6,
131.1, 129.0, 127.5, 119.5, 107.9, 30.5, 25.6,,224&; FTIR: 3108 (w), 2919 (w),
2831 (w), 1471 (w), 1151 (m), 1063 (w), 861 (M)4§), 746 (s), 715 (s), 677 (M);
HRMS: m/z [M]+ calcd. for GsH14'B*CI,NS: 321.0317, found: 321.0311.

Synthesis of 4-(2-(dichloroboryl)biphenyl-3-yl)-2-nethyloxazole (178)

0

l o) | )—
N/>\ Ph—==—BFK (2 equiv.) N
BCl; (2 equiv.), CH,Cl, BCl,

S 173 40°C, 10 min 178
76%

(0.17 mmol scale)
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Trichloroborane (1 M in CkCly) (0.34 mL, 0.34 mmol) was added to a mixture of
173(0.03 g, 0.17 mmol) and potassium trifluoro(phettyynyl)borate (0.070 g, 0.34
mmol) in CHCl, (1.7 mL) at 40 °C under nitrogen. The resultingtonie was stirred
at 40 °C for 10 min. CkCl, (10 mL) and a saturated solution of NaHQ®@O mL)
were then added. The product was extracted withGGH3x 10 mL), dried over
MgSQ,, filtered, concentrated and purified via flashumoh chromatography on
silica gel eluting with a gradient from 15% to 5@¥hyl acetate in heptane to afford
4-(2-(dichloroboryl)biphenyl-3-yl)-2-methyloxazol@ 78 (41 mg, 76%) as a white
solid.

M.p. 260 °C (dec.)*H NMR (400 MHz, CDCJ) 6 7.77 (s, 1H, Ai), 7.71 — 7.73 (m,
2H, ArH), 7.42 - 7.45 (m, 4H, At), 7.37 - 7.39 (m, 2H, At), 2.89 (s, 3H, El3);

%C NMR (176 MHz, CDGJ) & 162.5, 146.8, 141.6, 141.1, 132.5, 129.8, 129.7,
129.2, 128.1, 127.8, 127.3, 120.9, 12.8; FTIR: 2004 1643 (s), 1284 (w), 1146
(w), 1067 (w), 855 (w), 818 (w), 749 (w); HRMS: m/fM]+ calcd. for
Ci1eH12'B**CI,NO: 315.0389, found: 315.0406.

Synthesis of 4-(3-butyl-2-(dichloroboryl)phenyl)-2methyloxazole (179)

0
| N/>\
n-Bu————BF;K (2 equiv.)
BCl; (2 equiv.), CH,Cly BCl
40°C, 10 min 179

78%
(0.17 mmol scale)

Trichloroborane (1 M in CkCly) (0.34 mL, 0.34 mmol) was added to a mixture of
173(0.03 g, 0.17 mmol) and potassium trifluordutylethynyl)borate (0.064 g, 0.34
mmol) in CHCl, (1.7 mL) at 40 °C under nitrogen. The resultingtonie was stirred
at 40 °C for 10 min. ChCl, (10 mL) and a saturated solution of NaHQ®@O mL)
were then added. The product was extracted withGGH3x 10 mL), dried over
MgSQ,, filtered, concentrated and purified via flashuroh chromatography on
silica gel eluting with a gradient from 15% to 5@yl acetate in heptane to afford
4-(3-butyl-2-(dichloroboryl)phenyl)-2-methyloxazo(@79 (39 mg, 78%) as a white
solid.
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M.p. 211.2 — 212.8 °C (dec NMR (400 MHz, CDG}) & 7.70 (s, 1H, AH), 7.27
(s, 3H, AH), 2.94 - 2.98 (m, 2H, B), 2.93 (s, 3H, E3), 1.70 — 1.78 (m, 2H, 18,),
1.46 - 1.5 (m, 2H, B)), 0.98 (t,J = 7.5 Hz, 3H, El3); *C NMR (101 MHz, CDGJ)

§ 162.4, 147.2, 141.6, 131.1, 129.6, 129.1, 1278,3], 33.4, 33.2, 23.1, 14.2, 12.8;
FTIR: 2930 (w), 2860 (w), 1611 (w), 1465 (w), 1389, 1148 (m), 1064 (m), 856
(m), 808 (m), 753 (s), 722 (s); HRMS: m/z [M]+ adlcfor CiH:6"'B**CLLNO:
295.0702, found: 295.0692.

Synthesis of 4-(3-cyclohexenyl-2-(dichloroboryl)pheyl)-2-methyloxazole (180)

o)
0 | p—
[ )— Q%BF;;K(Zequiv.) O N
N o

BCl; (2 equiv.), CH,Cl, BCl;

S 173 40°C, 10 min 180
o

(0.17 mmol scale)

Trichloroborane (1 M in CkCly) (0.34 mL, 0.34 mmol) was added to a mixture of
173(0.03 g, 0.17 mmol) and potassium trifluoro(cy@rbnylethynyl)borate (0.072
g, 0.34 mmol) in CKCl, (1.7 mL) at 40 °C under nitrogen. The resultingtone
was stirred at 40 °C for 10 min. GEl; (10 mL) and a saturated solution of NaHCO
(10 mL) were then added. The product was extragidd CH,Cl, (3x 10 mL), dried
over MgSQ, filtered, concentrated and purified via flashuroh chromatography on
silica gel eluting with a gradient from 15% to 5@%hyl acetate in heptane to afford
4-(3-cyclohexenyl-2-(dichloroboryl)phenyl)-2-metbybzole 180 (26 mg, 48%) as

a white solid.

M.p. 250 °C (dec.)*H NMR (400 MHz, CDC}) § 7.70 (s, 1H, AH), 7.28 - 7.32 (m,
2H, ArH), 7.18 — 7.21 (m, 1H, M), 5.92 — 5.94 (m, 1H, 1g), 2.91 (s, 3H, E3),
2.39 - 2.40 (m, 2H, By), 2.19 — 2.24 (m, 2H, 18,), 1.77 — 1.83 (m, 2H, I8,), 1.68
— 1.74 (m, 2H, E,); **C NMR (101 MHz, CDGCJ) § 162.3, 149.7, 141.3, 137.4,
130.8, 129.5, 128.9, 128.0, 127.5, 120.1, 30.65,253.3, 22.2, 12.8; FTIR: 2925
(W), 2062 (w), 1633 (s), 1392 (w), 1148 (w), 106d),(811 (w), 752 (w), 723 (W),
682 (w); HRMS: m/z [M]+ calcd. for GHi6'B*CLNO: 319.0702, found:
319.0721.
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Synthesis of 4-(2-(dichloroboryl)-[1,1'-biphenyl]-3yl)oxazole (181)

| 2

N

Ph———BF;K (2 equiv.)

BCl, (2 equiv.), CHyCly BCl

40°C, 3 days 181
55%

(0.18 mmol scale)

Trichloroborane (1 M in CkCly) (0.37 mL, 0.37 mmol) was added 134 (0.03 g,
0.18 mmol) and potassium trifluoro(phenylethynybdte (0.076 g, 0.37 mmol) in
CH.CI, (1.8 mL) at 40 °C under nitrogen. The resultingtionie was stirred at 40 °C
for 3 days. CHCI, (10 mL) and a saturated solution of NaHQ®O mL) were then
added. The product was extracted with ,CH (3x 10 mL), dried over MgS§{)
filtered, concentrated and purified via flash coluwhromatography on silica gel
eluting with a gradient from 15% to 50% ethyl atetan heptane to afford 4-(2-
(dichloroboryl)-[1,1'-biphenyl]-3-yl)oxazolel81) (31 mg, 55%) as a white solid.

M.p. 230 °C (dec.)!H NMR (400 MHz, CDC}) 5 8.80 (s, 1H, AH), 7.97 (s, 1H,
ArH), 7.70 — 7.72 (m, 2H, M), 7.52 (dd,J = 7.5, 1.0 Hz, 1H, A), 7.37 — 7.48
(m, 5H, AH); **C NMR (126 MHz, CDGJ) & 149.8, 146.8, 141.4, 141.1, 132.9,
131.4, 129.6, 129.4, 127.8, 127.6, 127.4, 121.2RF3121 (w), 3060 (w), 1174 (m),
1147 (m), 850 (m), 816 (m), 755 (s), 721 (s), 681 HRMS: m/z [M]+ calcd. for
CisH10'B**CI,NO: 301.0233, found: 301.0226.

Synthesis of 4-(3-butyl-2-(dichloroboryl)phenyl)oxaole (182)

0
[ »
N
n-Bu—==—BF3K (2 equiv.)
BCl, (2 equiv.), CH,Cl, BCl
40°C, 3 days 182

53%
(0.18 mmol scale)

Trichloroborane (1 M in CECly) (0.37 mL, 0.37 mmol) was added 134 (0.03 g,
0.18 mmol) and potassium trifluorebutylethynyl)borate (0.069 g, 0.37 mmol) in
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CH.CI; (1.8 mL) at 40 °C under nitrogen. The resultingtionie was stirred at 40 °C
for 3 days. CHCI, (10 mL) and a saturated solution of NaHQ®O mL) were then
added. The product was extracted with ,CH (3x 10 mL), dried over MgS§{)
filtered, concentrated and purified via flash coluwhromatography on silica gel
eluting with a gradient from 15% to 50% ethyl atetan heptane to afford 4-(3-
butyl-2-(dichloroboryl)phenyl)oxazoledl82) (27 mg, 53%) as a white solid.

M.p. 180 °C (dec.)!H NMR (400 MHz, CDGJ)  8.79 (d,J = 0.5 Hz, 1H, AH),
7.89 (d,J = 0.5 Hz, 1H, AH), 7.29 - 7.33 (m, 3H, At), 2.94 — 2.98 (m, 2H, &),
1.70 — 1.77 (m, 2H, B,), 1.44 — 1.53 (m, 2H, i€,), 0.98 (t,J = 7.5 Hz, 3H, Ei3);

%C NMR (176 MHz, CDGJ) 6 149.8, 147.3, 141.6, 131.5, 131.2, 129.3, 127.0,
119.5, 33.3, 33.2, 23.0, 14.2; FTIR: 3124 (w), 2989, 2928 (w), 2858 (w), 2383
(W), 1465 (w), 1344 (w), 1224 (w), 1150 (m), 1058),(863 (s), 842 (m), 803 (s),
761 (s), 717 (s); HRMS: m/z [M]+ calcd. fori4E1,'B**CLNO: 281.0545, found:
281.0526.

Synthesis of 4-(3-cyclohexenyl-2-(dichloroboryl)pheyl)oxazole (183)

0
0 [ )
[ ) Q%BFSK (2 equiv.) O N
N _

BCl; (2 equiv.), CH,Cl, BCl;

J 174 40°C, 3 days 183
42%

(0.18 mmol scale)

Trichloroborane (1 M in CkCl,) (0.37 mL, 0.37 mmol) was added 1@4 (0.03 g,
0.18 mmol) and potassium trifluoro(cyclohexenyletyiyoorate (0.078 g, 0.37
mmol) in CHCl, (1.8 mL) at 40 °C under nitrogen. The resultingtonie was stirred
at 40 °C for 3 days. Ci€l, (10 mL) and a saturated solution of NaH{Q@O mL)
were then added. The product was extracted withGGH3x 10 mL), dried over
MgSQ,, filtered, concentrated and purified via flashuroh chromatography on
silica gel eluting with a gradient from 15% to 5@yl acetate in heptane to afford
4-(3-cyclohexenyl-2-(dichloroboryl)phenyl)oxazol&8@) (24 mg, 42%) as a white
solid.
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M.p. 150 °C (dec.)!H NMR (400 MHz, CDGJ)  8.78 (d,J = 0.5 Hz, 1H, AH),
7.90 (d,J = 0.5 Hz, 1H, AH), 7.31 - 7.38 (m, 2H, At), 7.22 (ddJ = 7.5, 1.5 Hz,
1H, ArH), 5.91 — 5.94 (m, 1H, ig), 2.38 - 2.40 (m, 2H, B,), 2.19 — 2.24 (m, 2H,
CH,), 1.79 - 1.81 (m, 2H, B,), 1.70 - 1.73 (m, 2H, B,); *C NMR (176 MHz,
CDCl) § 149.8, 141.3, 137.3, 131.3, 131.2, 130.2, 1297,68, 127.5, 120.3, 30.6,
25.5, 23.3, 22.2; FTIR: 3135 (m), 2923 (m), 2853, @848 (W), 1443 (w), 1346 (w),
1227 (w), 1149 (m), 1086 (w), 844 (m), 807 (m), 16), 719 (s), 674 (s), 586 (W);
HRMS: m/z [M]+ calcd. for GsH14'B**CI,NO: 305.0545, found: 305.0555.
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