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G L Y I 3 Aigfdr iokeAnportant than knowledge For knowledge is limited to all we
now know and understand, while imagination embraces the entire world, and all there
ever will be to know and understaigd.

Albert Einstein



Abstract

Nitrogen based heterocyclicompounds constitie important building blocks for

organic synthesis since they are found in many pharmaceutical and agrochemical targets. In
this regard, heteroaromatic boronic acid derivatives are one of the most valuable classes of
intermediates in syritetic chemistry. Their value lies in their uniqgue combination of high
stability and rich reactivity, allowing them to participate in a wide range of functionalisation
reactions.The present study aims to provide new and easy methodologies for the syntfiesis
small heterocycles, such as pyridine derivatives, bearing CeBayon bonds tht could be

further functionali®d to give rise to more complex molecules.

This project $arts with the idea of synthesisg a group of starting materials bearing an
enyne and an oxime group. Importantly, in the context of boronic acid derivatives, we
envisaged that we could take advantage of catalytic diborylation methodology to transform
these readily available yrene2 EAYS& Ay (2 LR NRARAY Slecoogydi® y A O
reactionupon heating. The electrocydiion of oximesd an important subset of disrotatory
c -electrocycliation reactions because it offers a synthetic strategy to pyridines thralegh
novoring synthesis. Furthermore, this transformation hasereveen performed before in the

presence of a boron moiety.

This apparently straightforward transformation hasseda great number of questions
about the relationship betweessubstrate stereocheistry and the efficiency of electrocyclic
reactions. Specifically even though the effect of substituted hexatrienes in electrocyclic
reactions has been broadly studigduch less is understood about the related transformation
using oximes. We report hereia combined experimental and theoretical study of the
synthesis of borylated heterocycles through a thermally promoted disrotatopr 6
electrocyclization of oxime ether stereoisomers and the surprising finding that the efficiency of

the ring closure stepsidependent on oxime stereochemistry

Finally we haveused automated parallel library synthesis to demonstrate the broad
chemistry of these diverse heterocyclic boronate building blocks. Using Sanofi's internal
compound profiling wdtflow, we have shown potential points for diversification in these

compound series which give access to improved physicochemical and eADME properties.
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CHAPTER 1:
[eYy(KSaAaE 2T Likbdvdeylyf @dctiofisk NB dz

1. Introduction

The objective of this project relied on the synthesis of pyridine boronic ester heterocycles
through the disrotatory f-electrocyclisation of azatriene moieties. This approach to pyridine
heterocycles has been exploited recently in several catalytic syntheses where conjugated
oximes are the proposed intermediates that are formed transiently in the reaction. The
examples of azaelectrocyclic transformations from oxime moieties are, however, not
extremely abundant in the literaturegnd most ofthese have beeemployed in the synthesis

of alkaloids.
First azaelectrocyclic trasformations: Thermal cyclisation afisdienone-oximes

Even though the thermal equilibrium betweeasisdienones (X=0) andHpyrans was well
established A G &1 & y2G dzy At GKS t1GS wmoprnQa GKIFG G
synthesis of nitrogen based heterocycles using oxime derivatives (X= NOR). By analogy, these
compounds could enter into equilibrium with their valence isomér2-dihydropyridines

(Scheme )2

4

X = 0, NOR =

Schemel. Thermal equilibrium betweetisdienones and 2igyrans.

In this regard, Ringele and coworkers reported the transformation of aldofinwe5,6,7,8
tetrahydropyridine derivative3 at 70% ¥  @-aldctroayclisation tandem @ elimination
(Scheme 2)They studied the rates of this reaction, concluding thatdpelisation was the rate

determining step in this reaction{k> k); followed by elimination of water.

Scheme.t NB LJ2 & SR Y S @IKdirotycliation dfbxinee trienes.
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Evidence for the irmediacy of the 1,Aihydropyridines2, was gathered by trapping the

methyl substituted oxime intermediate through siatoaddition reactiorshown inscheme 3

NC  CN
b CN
i - Fh P NE N Ngc N
H H
N. —_— N.
Z Y NN oH 71 7<en
M M MeCN N
e e Me OH

Schemes. Cycloadduct formation vieycloaddition reaction with tetracyanoethylene.
Thermaland microwavel & & A &-@lgtfocyclisation of aldoximes

One of the firstapplicationsof this methodology was reported in the late 19®®y Wanner
and Koomerf. The racemictotal synthesis of natural produst anabame and 5
piperidylanabasinewere achieved starting from tetrahydroanabasine vém unexpectd
rearrangement of4 under acidic conditionsand an oxime inducedaromatisation process
(Scheme 4)

OMe OMe
N s S N
z 2N H'H,0 ~-N _O H'H,0 ~ |
— H H X
NH heat NH
N~ NH 56%
tetrahydroanabasine 4 5 () anabasine

Schemed. Synthesis of () anabasine

As described previously, the use of oximes towards the synthesis of heterocycles via
electrocyclic reactions has been focused mostly in the synthesis of alkadfottis.last decade,
Hibino and coworkers reported a list of bioactive nitrogen based fustertcycles that could

be synthesied using a microwavk & & A & {el8cRocydisation of aldoximes, via the
formation of a new carbomitrogen bond*> One of the most recent examples was reported in
2011; the total synthesis of benzjphenanthridine alkaloids6 based on a thermal

St SOGNER Oé Ot A Oeladtoh Ysteng. Thepofted méthodogy turned out to be

a great success and a number of glatives were accessad good to excellent yieldé&Scheme

5).5

C
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o-DCB

MW, 4 h, 180 °C

Schemeéb. Thermal electrocyclic reactiéh¥ | -Eléctron Systems.

The efficiency of tis transformation was found to bdependent onthe mode of thermal
promotion used microwavepromoted conditions proved to b¢ghe method of choice for a

broader variety of substrates

Similarly, in the lat016 Kaufmann reported another interesting alkaloid synthesis based on
a 6 -azaelectrocyclisation stratedyThe retrosynthetic analysis of the pyridine c@r@sent in

8 was envisaged as a thermal aaglisation of the oxim& (Schemes). This substrate proved

to be very sensitive to the reaction conditions andginThe authors notedhat longer times
contributed to lower yields due to decomposition. The stereochemistry of the oxime starting

material was tentatively assignedZbased omOe analysis.

Me
DMF ~ |N
MW, 140 °C, 20 min
77% MeO ll\l
OMe Ts

7 8
Schemeés. Synthesis of Bnethylaaptamine intermediate via an azaelectrocyclisation reaction.

Inspired by this workthe Moody group investigated the possibility to synthesjsearbolines
from easily accessible-30&f Ay R2f S a -eledtiotyclisétiEn8di microwaye

irradiation (Scheme)?

R3 R2
0-DCB // R’
——— R* PN
240 °C, MW N

Schemeé’. ¢ =electrocyclisation of-&cyl indole derivatives.

The transformation was found to be efficient only at 24D and bothE and Z alkenes were
successfully transformed into the desired carbolimesoderate to good yielddHowever, the

authors noted that his class of substrates underwefdcile and reversibleoxime ether

C
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isomerisation.A limitation to this chemistry appeared to be thahly electron rich indoles

furnished the desired products.

Metal catalysedcycloadditionsto pyridinesthat involve thecyclisation ofoximes

Ly fA3IKG 2F GKS KAIK §SY LIS NdedirdehchsationNgaditiozd, NS R (2 |
great number of researcherbave focused their attention on the development of metal
catalysedvariantsthat would perhapsallow this tansformation to be performednder milder
conditions.These metal catalysed methodologies are strongly oriented towards the synthesis

of highly substituted pyridines from the corresponding acyclic oximes.

Rhodium catalysed-8 activation of ketoximes

One of the first approaches towards metal catalysed pyridine synthesias reported by Chen
in 2009. They described an easy access to isoquinolines and tetrahydroisoquinolines-via one

pot rhodium catalysed €l activation of aromatiketoximes and alkyne$n moderate to good

yields(Scheme 8°
N,OH R2
1
| » Rh(PPhs)sCl (3 mol%) . AR
RS + Rl—R2 R |
Toluene, 130 °C, 12 h =
R4

Schemes. Rh (l) €H activation of aromatic ketoximes.

Inspired by £ £ YI yQa NK2RAdzY OlFGFfe@aSR g2N] GKI G NBI dzi
product® this group proposed a direct chelati@ssisted activation of a-B bond that

avoided the need for fuhter oxidation. A vast number of functionalities on the aromatic ring

were accommodated and gratifyingly the reaction appeared to be highly regioselective, with

only one regioisomer being isolated when unsymmetrical alkynes were tested. Surprisingly the

useof terminal alkynes gave poor yields even though the regioselectivity was still excellent and

only one product was obtained. Something particularly interesting is the applicability of this

YSii K2 R2t 2@écliciudsatirated ketoximes giving as a teselfrahydropyridine

derivatives (Scheme)9

N Rh(PPh3)3Cl (3 mol%) S

|
_— 2
Z>pp T R=R g
Toluene, 130 °C
Ph

Schem@.wSt OtG A2y 2F 1 S 2ekokyviSdoublelBoact S&Ay 3 Ly h
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Similarly, Chiéd also reported a rhodium (lll) catalyseeHCactivation of aromaticO-acyl
ketoximes and internal alkynés.Nonetheless, a methodology that was compatible with
terminal alkynes was still needed. Ellman reported in 2012 an extended methodology of their
rhodium (I) catalysed dihydropyridirexidation synthes providing access to pyridine
derivatives in a on@ot method using terminal alkyné$ By using triisopropylphosphite as a
ligand theywere able to suppress the undesired homodimerisation of terminal alkynes.
Different branched ketoximes were tested and found to be effective in this methodology and

mediumto goodregioselectvities were obtained (Scheme Y10

N-oH [RhCl(coe),] (5 mol%) R
r2 1 P(O'Pr); (20 mol%) N RZ2__A N
| R + Rt—= | P
R3 THF, 135°C, 24 h R3 R

major minor
Schemel 0. Rh (1) €H functionalisation to access pyridine derivatiRegioselectivities 10>

In order to access fubtereoselectivity on the rhodiuih) catalysed formation of pyridines
reported by Ellman, Neely and Rodisscribed in 2013 an improved strategy that allowed the
synthesis of pyridines with enhanced regioselecti¥itfhey envisagedhat the use ofh % i
unsaturatedoximes and alkenes (instead of alkynes) together &ithexternal oxidant could

represent an alternative means to obtain these heterocy¢Bsheme 11)
Ri RhCp*Cly], (2.5 mol% T
Ryt~ or  [RNCPChl@2.5mol%) g | N-O.
| N AgOAc (2.1 equiv) | N . )l\/g*Rs
% R
R R 1
R H R, DCE/AcOH, 85 °C 3 N Ry
. o (Rs)
via C-H activation

9 by-product 10

Schemell. Rhodium (lll) catalysed regioselective synthesis of substituted pyridines.

Interestingly, the reaction idighly dependenton the nature of the oxime moiety. They
observed that when R= H or an acetate grouponly isoxazole byroduct 10 is obtained.
Changing this group to pivaloyl derivative, howevdgves$ the formation of pyridin® in good

yieldsand excellent regioselectivities, generally by using electieficient alkenes

Another interesting approachowards the formation of bycyclic pyridines using rhodium(l)
catalysisvas reported by Harmva in 20094 It allows the synthesis afovel pyridine scaffolds
12 via a [4r2] cycloaddition reaction of -alkyryl-vinyl oximesl1 by cationic rhodium catalyst

in moderate to excellent yieldSchemel?2).

C
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0,
/ N,OMe [RhCl(cod)], (5 mol A;)‘ \N
x\/\)'\R AgSbFg (13 mol%) X L o
1

1 HFPI, r.t., 14 h

Schemel2. Synthesis of pyridines i, 2]cycloaddition reaction of -alkynytvinyl oximegX = heteroatom).
The fused fivenembered saturated pyridin@roducts represent an interesting precursor in
contrast of the highly studied fused aromatic heterocycles, such as isoquinolines. It is
interesting to note that the corresponding intramolecul&ielsAlder reaction was not

observed in the absence of the Rh(l) catalyst.

Interestingly the submission of the -dxime isomer of the precursotl into the catalytic

system led only to the recovery of tistartingsubstrate (Schemg3).

/RO\N [RhCI(cod)], (5 mol%) o
' X

X\/\)\R AgSbFg (13 mol%) g
1

1 HFPI, rt., 14 h
Z-11 12

Schemel3. No reaction was observed when the correspondiogithe isomer was submitted to the reaction
conditions.

Iron (1) catalysed cyclisation lofryl oximes.

Yokishai reported in 2013 a new iron (lll) catalysed protocol for the cyclisation ofangh®-

acetyl oximes (Scheme 14

Schemel4. Iron (1) catalysed cyclisation of biaryl oximes.

It is worth highlighting that the use of other metallic salts was not successful: Ni(ll), Co(lll) or
Mn(lll) were tested and found to be inefficient in promoting the desired cyclisation. Other
solvents like DMSO or toluene proved to be ineffective and lowering the catalyst loading to 10
or 5 mol% did not make a huge difference in the yield obtained. Howettempts to try to

lower the temperature dramatically diminished the efficiency of the reaction. Several groups
were tested in both aromatic rings and in the position adjacent to the ketoxime moiety, and

the reaction seemed tolerant to a range of groups.

C
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They also observed that when a mixtureEénd Z ketoximes were subjected to the reaction
conditions a good vyield of the cyclised product was obtained, showing that ketoxime
stereochemistry did not have an effect on the reactivity. The proposed mechanitnded a
FriedetCrafts activation of the acyl group that, after electrophilic attack of the aromatic ring

furnished the desed heterocycle (Scheme 115

O,
‘0 1l
—<Olti " [_</O\\@Fe ]
=N

7 'Fe
o4
—N H =N
&(.
=l

Schemel5. Proposed Friedelrafts likemechanism.

Metal free approaches to pyridines froraximes

One of the first approaches fg]-anndlated pyridinesvia an intramolecular hetero Dielslder
reactionwas described by Moody in 208%The transformation involved the reaction ofd -
unsaturated oxime etherl3, as the diene together with acetylenc dienophiles, readily
prepared from salicylaldehyde derivative§ he described pyridine pioducts 14 were only

obtained in moderate yields after the cycloaddition react{&theme 16)

/ o)
xylenes, 180 °C

o X
R2 |
. N
NNome 30 90% yield Ry
13 R 14 R

Schemel6. Synthesis of [c]lannellated pyridines via intramolecular Bikler reaction.
Another interestingstudy of the synthesis of pyridines from the corresponding acyclic oximes
and the correspondingd | -unsaturated derivatives without theise of metal ctalysis was

reported byHuang in 2016vith yields up to 90%Scheme 173’

o I5 (50 mol%)

NOAc EtsN (50 mol%) R,
Ph)J\ T ORSTH | D

R, Toluene (0.2 M) Ph N/

120°C, 3 h

Schemel7. Metal-free synthesis of polysubstituted pyridines from oximes and acroleins.

C



Chapter1{ 8 Vi KSaAad 27T L¥laddo&ydliveSclionsi KNR dz3 K ¢~

They used a combination of iodine and trimethylamine as a way to activate-bdbdhd.The
proposedradical pathway was confirmed by the use of radical scavengers, which dcatiyati
blocked the reaction. Further studies on the detailed mechanism of this transformatioa
not yet been disclosedTo their delight the obtained pyridine products showed great

derivatisationespecially towards € activation methodologies.
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2. Project overview: Aims

In an effort to devise a new approach to pyridine boronic esters, we planned to prepare a
series of eng/ne-oxime ethers15 that we could simultaneously functionalise and cyclise
(Scheme 18)In order to activate the alkyne towards electrocyclisation, we envisagedabat
could take advantage of a catalytic diborylation methodol&typon formation of substrate

16, beaing an activated diboryl alkene group, we hypothesised that after heating and
elimination of the corresponding methanol derivative we would furnish the desired
heterocyclic boronatel8. It is important to highlight that this key transformation step had

never been performed before in the presence of a boronic ester.

Bopin CI)R ?R
2pIn2 ' ' '
, RQ Pt. catalyst Ry Nx -~ 67-EC RN, -ROH RN -~
Ry N Prosest T eeEC_ Y FM L T
— Az . SR ) XN :
K 5 e Bpin e Bpin e Bpin
15 Bpin Bpin Bpin
16 17 18

Schemel 8. Catalytic alkyne diborylation6™ -electrocyclisation strategy to pyridine boronic acid derivatives.

Last but not leds the ultimate challenge to addres would be the differentiation of both

boronates at the end of the synthetic sequence towards furtbedectivecoupling reactions.

We expected to develop a straightforwarstep-wise synthetic route to a broadpectrumof
pyridine boronic esters using easily accessible starting materialsvatidestablished organic

chemistry.
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CHAPTER Metal-catalysedborylations:

Addition of diboron ester derivatives to alkynes

1. Introduction

Platinum-catalysed diboration of alkynes

The diboration of unsaturated compods was first explored using diboron tetrahalides.
Although boron tetrahalides Bs (X= F, Cl, Br, 1) have a very well established reactivity with
alkynes, they suéfr from low stability and preparative difficultiés. However,
tetraorganodiborane compounds such asRB are stable molecules when substituted by
sterically hindered R groups such-&8u or-CH-'Bu. The most stable R groups are those in
which goodp-donor groups are attached to boron, such as amido4N&t alkoxy (OR

derivatives.

One of the first attemfs to obtain synselective addition of diboron ester derivatives to
alkynes waseported by Miyaura and Suzuki in the early 19%03hese compounds are
characterised by aeakenergy B;B bondthat needs the help of a transition metal fiwsomote

the addition of these compound® unsaturatedorganic molecules through the formation of
an intermediate metaboron complex. The required alkoxy(diborons) can be prepared easily
starting fran (amido)diborons and the corresponding alcah@nd these are added to both
internal and terminal alkynes efficiently in the presence pfatinum (0) catalyst (Scheme)19
The pinacol ester boron derivative ,ff;) was chosen as the optimal reagent for this

transformation due to its high stability allowing the easy handimajr.

R—=— R, RO._OR

B—B, )\(é\
RO OR " pypphy), (3 mol%) R OR

DMF, 80 °C, 24 h R

) g ©:O\ /OD » /OMe ><:O\ /O:><
B—B B—B B—B B—B
4 \ / \ / \ / \

) (6] o O MeO OMe O (0]

BZDinz 82cat2

Schemel9. Pt-catalysed diboration of alkynes.
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Chapter2: Metal-catalysed borylations

The proposed mechanism of thgynselective diboration reaction involves the oxidative
addition of the bororboron bond to the platinum (0) complex to generate intermediat
Notably, intermediates such a0 have been isolated and fully characterised kyay
analysis® Coordination of the alkyne followed tsyninsertion to the P8 bondleads to21.
Reductive elimination furnished the desiragnbis-boryl alkene22, regenerating the Pt (0)

complex19 and completing the catalytic cycle (Schen®.2

R Ro
R—B\ /B—R Pt (0) R /R
R R 19 B~B
22 R R
Ri  Ra
= R R
—B\ Pt-B /B—PT—B\
21 R 20 R

Scheme20. Catalytic cycle of platinum (0) diboration of alkynes.

Preliminary results indicated that only platinum@mplexescould successfully promote this
transformation; Pd(0), Ni(ll), Rh(l) or Co(l) which are useful catalysts for similar metalations
were alsotested, however, with ineffective result?>2® The reaction was compatible with
both internal and terminal alkynes and it waompleted within 24 h at 8% in DMF to provide
isomerically pure 1;2isalkene diboronic esters. The stereochemistry of the products was

confirmed bynOespectroscopy.

More recently, Marderet al. documented a highly efficient method that allowed alkyne
diborations to be run at room temperature and using less polar solvents such as téfuene.
They studied a monophosphine catalggstem generated from [Pt(NBEand one equivalent

of afree phosphine ligand (Scheme)21

11
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Tk

[Pt(NBE)3]/PPh,(0-Tol) Ri_ R
_ (1:1) (5 mol%) ; (
R—=—R, 0-B  B-0

o o
Toluene, r.t.

Schemel. Pt-catalysed diboration of alkynes at r.t.

It was found that this reaction was more efficient in the presence of Pt(0) complexes bearing
electron donating phosphine ligands. A wide variation in reactivity was observed across
different phosphine ligands, and the reaction proved to be very sensdigchangesn size and
basicity; for example, catalysts based on £4y PBu; show markedly different reactivities
Whereas the later phosphine is more basic than the former, it turned out to be too sterically

hindered toallow thecatalystto interact with other reagents.

One of the most attractive characteristics of these diborated compounds is that they can
undergo a range of Rdatalysed coupling reactions. In the last decade, Kagzé. developed

a series of efficient microwavassisted ongot diboration/Suzuki crossoupling reactions
that furnished a series of multisubstituted alkenes throulgisituformation of bis(boryl)alkene
derivatives® The boration reaction was efficiently performed by Pt(Gatalyst in dioxane, at
180 °C for :60 min under microwave conditions, followed by the corresponding Suzuki
reaction with a largeumber of arylhalides (Scheme 2

1) Boping
Pt(PPh3), (2 mol%)

. o .
R—= Dioxane, MW, 180 °C, 1-60 min Ry
< ;R __

2 _
2) Br—Ar Ar Ar
Pd(OAc;,)/PPh; KOH
Dioxane/H50,
MW, 140 °C, 30 min

R

Scheme22. Microwaveassisted ongot diboration/Suzuki crossoupling.Yields 2198%

One of the mostattractive applicationsof this chemistry was reported by Coghlan and co
workers who were able to synthesise a number of benzoyloxepines viasyn
stereoselective diboration of highly substituted alkynes, bearing a number of different
functional groups, followed by an intrtaand an intermolecular Suzuki coupling sequence

furnishing a geometrically pure exocyclic alkenehéne 23.2

12
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R pinB R X
X _ I 9
Bopiny pinB _
X\ X /
0 Pt (0) | X o
Z gy = R

Scheme23. Synstereoselective diboration followed by an inteand an intermolecular Suzuki sequence.

Coppercatalysed boration of alkynes and arynes

The formation of €B bonds usingopper (l)catalysis has been also broadly exploited. In this
way, nucleophilic borylcopper species act as reaction intermedtafelse broad scope of this
reaction makes it a universal method to obtain-b@rylated alkenes in a more economical

way than the previouslyeported platinum (Oyeaction

Takaki and coworkers reported in 2012 a diboration reaction of alkynes with
bis(pinacolato)diboron in the presence of a ligand gp@ynd the commercially available
Cu(OAc)catalyst (Scheme 24° The reaction was tolerant of @ttron rich aryl groups and
internal highly hindered alkynefurnishing the vicinal boronates in moderate to excellent
yields

B,pin,

Cu(OAc), (2 mol%)

PCy; (7 mol%) Ri_ Re

pinB Bpin
Toluene, 80 °C

Scheme24. Cucatalysed diborylation of alkynes.

This reaction waslso applicable to transiently generated arynes. Diborylation of aromatic
compounds is an undexxplored area and so this discovery was of great interest. The
corresponding bidorylated benzene was produced in good yield from the in situ generated
benzynewith bis(pinacolato)diboron in the presence of [(BfluOAc] (Schenizs). Although
the scope of this reaction is narrow, and is only applicable to aliphatic substitution in the
benzyne adduct, this represents one of the first methods to directly obtasrbduiylated

aromatic species by this strategy.
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Bopin;
[(PPh3)sCuOAC] (2 mol%)
KF (3 equiv) )
@iﬂ\"s [18]crown-6 (1.5 equiv) @:Bp'“
R R
OTf 4 2.diethoxyethane, 100 °C Bpin

Scheme25. Cucatalysed diborylation of aryne¥ields up tp 80%.

A rather surprising feature of this chemistry was uncovered when it was applied to propargyl
ether substrates. In an effort to synthesise the corresponding diborylated adduct, 1,4
dimethoxy-2-butyne 23 was instead converted exclusively into the tetrabotgthproduct24,
where the ¢cOMe groups where replaced bgBpin groups under copper catalysis. When
applying this discovery to the reaction under Pt catalysis only the expected diborated product
25was funished (Scheme 26

Bapiny
Cu(OAc); (2 mol%)
__ P('Bu); (7 mol%) pinB Bpin
/ - \ > —
MeO OMe inB Bbi
Toluene, 80 °C, 9 h pin pin
23 62% 24

Bopin,
o Pt(PPhs), (3 mol%)
- > pr—
MeO OMe  pME 80°C,35h  MeO OMe

23 85% 25

pinB Bpin

Scheme26. Cu or Picatalysed reaction of 1;dimethoxy2-butyne with (pin)BB(pin).

The mechanism of this unexpected transformation could be explained by formation of the

corresponding borylallenby b-alkoxide elimination from an alkenyl copper species.
Addition of unsymmetrical diboron to alkynes

Transition metal catalysed diborations of unsaturated organic compounds using symmetrical
diborons give products with two available boron groups. This dzarefore have the
inconvenience of requiring a subsequent regioselective reaction at one of the boron groups.
For instance, Suzuki Miyaura coupling of diboration products of terminal alkynes apith B

has selectivity towards the terminal boron group.eTiesult is a monoborylated adduct that
can be further used in a second coupling reaction. Products derived from internal alkynes

represent more of a challenge however.
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Recently, Iwadate and Suginome reported a regioselective diboration of alkynes using
unsymmetrical diborons, compounds that have different groups at each boron #tom.

Specifically, they reported the reactivity of (piqEdan)26 (Figure ).

oy ()

/B_B\

&l
26

Figurel. (pin)B;B(dan) reagent.

This  unsymmetrical diboron was  prepared using a 1:1:1 ratio of
tetrakis(dimethylamino)diboron with 1;8iaminonaphthalene and pinacol, with a catalytic
amount of HCI (10%). After screening some transition metals they found Pt, as reported before
in these tpe of reactions, to be the most efficient transition metal to promote this
transformation. In addition, among all the phosphine ligands examined tris[3,5
bis(trifluoromethyl)phenyl]phosphine showed selectivity for incorporating the most reactive
pinacolbaane in the internal position of the product alkene. For instance, when studying the
diboration of phenylacetylene using unsymmetrical diboron under the conditions described

above they obtaine@7 and28in a 96:4 ratio (Schemny).

Pt(d ba)2

o HN—( ) BSCFoCaHalsP o o
Ph—=—H + B-B j/\Bdan+ j/\Bpin
O HN Toluene, 80 °C, 24 h Bpin Bdan
72%; 96:4

27 28
Scheme27. Diboration of phenylacetylene using unsymmetrical diboron.

It is worth highlighting thatn neutral Ir(I) complex showeal good catalytic activity and even
higher selectivity than the Pt complexes. This was an unexpected result due to the fact that Ir

had never been used for catalytic diborations before.

Suginome also studied the scope of this reaction. Good results were achieved with beth aryl
and alkylsubstituted alkynes. Arylalkynes bearing electwithdrawing or electrordonating
groups at eitherortho, para or meta positions gave rise to a tdboration product in high

yield and selectivity. Even heterocyclic reagents, such as ethynylthiophene furnished
successfully the corresponding product. Surprisingly, when studying an internal unsymmetrical
alkyne, the product was achieved with higher regiesglity when using Pt complexes

(Scheme 2B
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Bpin-Bdan
Pt(dba),
[3,5-(CF);CoHslsP Me Ve
Ph———Me - PP Npgan + PN Bpin
Toluene, 80 °C, 24 h Bpin Bdan
92%; 97:3
Bpin-Bdan
[IrCl(cod)], Me Me
Ph—=—Me Phj/\sdan + P Sgin
Toluene, 80 °C, 24 h Bpin Bdan
49%; 83:17

Scheme28. Diboration of internal alkyne using platinum and iridium catalysts.

The obtained products were subjected to Suzadikyaura coupling witharyl halides to prove

that compounds bearing both Bin and Bdan could be differentiated. In these cases, the
internal Bpin group reacted smoothly, leaving the Bdan group untouched. This was in contrast
with the early reported diboration of terminal alkgs using Ebin, whereby the products

underwent coupling with the terminal Bpin group (Sche2®

Ar-Br

RH/\ R1
2~ “Bdan PdCl,(dppf), K3PO4 %Bdan
Ar

Bpin
H,0, THF, 80 °C, 15 h

Scheme?9. Internal selective Suzukliyaura coupling of BpiBdan species.

It is worth highlightig that the crossoupled products can be further utilised for the synthesis
of the corresponding alcohols via Pdf@talysed hydrogenatiofollowed by deprotection of,

Bdan group using HCI and subsequepbibxidation (Schem&0).

Ar-Br 1) H, Pd/C Ny
PdCly(dppf), K3PO 1 2) 5N HClI aq.
R! 2 3PO4 R
%\Bdan %\Bdan R1j)\OH
Bpin H,0, THF, 80 °C, 15 h Ar 3) 30% H,0,, NaOH Ar

Schemes0.{ & y (i K S-ethiarolsY2els up to 780%.
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Diborylation of alkynes in d@rans-fashion

One of the main characteristic features of the reaction of unsaturated molecules with
tetraorganodiborane compounds is that the resulting products have both boron species on the
same face of the resulting alkenes. In all reported cases the reactions iggered by
interaction between a vacant orbital of boron angb#@rbital of the corresponding alkyne, and

therefore thecisaddition predominates.

One of the areas that has been more recently studied is the addition of diboron species in a
trans-fashion.Althoughtrans-hydroboration of alkynes and Ruhtalysedtrans-silaboration of
terminal alkynes were well establishettans-diboration of unsaturated €€ bonds took far
longer to discove?®®! In this regard, Uchiyama and -wmrkers presented in 2014 the first
trans-selective diborylation of alkyne$.Their method consisted of a pseudtdramolecular
reaction of diboronic ester, propargyl alcohol and a base without the use of any catalyst
(Scheme31). The mechanism would allow a considerable lowering in the activation energy by
coordination of the lithium propargyhlkoxide with the diboron species. After the first
borylation, the intramolecular second borylation is strongly energetically favored compared to

an intermolecular equivalent. Consequently the more thermodynamically stedhes adduct

is formed.
(RO),B—B(OR), Pseudo-Intramolecular N
B(OR
. % Borylation (RO)ZB%':" (\ )2
FG——

Internal alkyne with Lewis
base linker (X)

Scheme31l. Pseudantramolecular diborylation of alkynes.

Surprisingly, the present transformation gave as a result an oxaborole ring. Two determining
features were the temperature of the reaction and the conceritratof the base. At room
temperature only traces of the product were found in the reaction mixture, however at higher
temperatures the yield of the product increased dramatically. Use of MeLi"Baodi gave
comparable results whereas the use of non litebases furnished only small amounts of the

desired product (Schenf&?).
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Me 1) Base (1 equiv)
(=L e
OH

2) Bypiny
HO-B.
(@)

Scheme32. Transdiborylation of alkynes

When studying the scope of the reaction they found that electronic effects at acetylene
carbons had little or no influence on the reactivity. Heterocyclic propargylic alcohols were also
tested with good results, as were primary and secondary aliphatistisuénts. No formation

of the correspondingisisomer was detected. Tertiary alkyl groups slowed down the reaction,

presumably due to steric hindrance.

At this point, a sequential diborylation/SuztMiyaura crosscoupling in onepot was studied.
The baate intermediate was directly subjected to the conditions to couple with 4
iodotoluene, that furnished the desired olefin in good yield (Sch&®8e This result gave a

successfustrategyfor the regiocontrolledsynthesis of tetrasubstituted olefine gaod yields

Me 1) Base (1 equiv) B-0 (2 equiv)
7 N = {on 09/ —_—
_ . ~ Me
Me 2) Bypin, /B‘o PdCl,(dppf)
o ® Me dioxane/H,0, KOH

Scheme33. Sequential transliboration/Suzuki Miyaura crosoupling process

Alternatively, in 2015, Sawamura, Ohmiya and-wakers reported ananti-selective
diboration of alkynoatesising phosphine organocataly$tsThe limitation of this methodology
relies on the mechanism, which requires the formation of the allenoate phosphonate to
facilitate the addition in arans-fashion. Nonetheless, a wide range of aromatic R groups
bearing different electronic properties were successfully used. However, atltgpgfurnished

the desiredtrans-product in lower yield¢Scheme 3f

Bapin; pinB.© .
~Bpi inB (0]
Q PBuU;, THF ® Bpin P
R 80°C,8h R: \OEt Bpin

Scheme34. Anti-selective diboration of alkynoates using phosphine organocatalysis.

In order to overcome some of these limitations, earlier this year, Santos and collaborators

reported a very elegant transition metal fre¢rans-diboration of alkylamides using
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unsymmetrical (BpiBdan) diboron specie¥.The bespoke methodologpvolveda complete
regioselective additio of the boronates, where the Ba and the Bpin are added exclusively
on the h- | y Rpodition with respect to the carbonyl group, respectivelgh@ne 35.

Stereoselectivity was fully confirmed by means @& analysis.

0) pinB 0]
Bdan-Bpin S
// NHR - R NHR
R Base Bdan
0® jgg pinB\o
/\\N’R dang/ =0 9 R
NS
R & \ ( < R / RTX N
R = N Bdan

Scheme35. trans-Diboration of alkylamides.

As explaied before, the motivation for generating unsymmetrical olefinic diboron species
relies on their potential to be orthogonally functionalised. In this example, fully substituted
alkenes were obtained after a set of two completely selective palladium cathlgseuki
couplings (Schemeb).

Cs,CO3 (3 equiv O
Bpin O 2C03 (3 equiv) o)

g Pd(PPhs)4 (5 mol%) 2M H,S0,, pinacol
NHCH3 ) 5 N NHCH, >
Bdan Toluene, 10min, MW, 80 °C Bdan THF, r.t., 24 h
80 % 83 %

Pd(OAc), (5 mol%),
RuPhos (10 mol%),

NHCH, NaOtBu (3 equiv)

Toluene, 10min, MW, 80 °C
66 %

Scheme36. Synthesis of fully substituted alkenes via orthogonal Suzukpling reactions.
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2. Investigations towards the diborylation ofneoxime ethers

The initial objective of this project washe development of an efficient route tyne-ene
oximes the starting materials for our methodology studihe first attempted preparation of

h dcetylenic ketoximes3l and 32 was performed following the report by Sheariftg.
Benzaldehyde was condensed with the desired oximebtain 29 and chlorinated usind\-
chlorosuccimide. The obtained chloro oxim80 was then reacted with then situ formed
Grignard reagent furnishing our desired starting materials. Using this approach, cyclohexenyl

and isopropenyl derivatives were synthesised in good y&btthéme 3y

_OH
O NH,OH.HCI NC1 Nes _OH R—==—MgBr N
——— 0. ] Ph
Ph H 100% Ph H 96% Ph)\C| % R
29 30

31; R = cyclohexenyl 66%
32; R = isopropenyl 43%
Scheme37. Synthetic route to hydroxyl oxim84 and 32.

With our starting materials in hand, we focused our attention on the diboration reaction. We
began by preparinghe platinum catalystusing conditionspreviously established in the
literature. Potassium tetrachloroplatinate(ll) was efficiently transformed into the desired
tetrakis(triphenyl phosphine) platinum(@8in a 98% yield using excess of triphenylphosphine
under basic conditions in a mixture ethanol/water at 65°C (Scheme 38The formation of
this catalyst could be scaled up to 2 grams and it proved to be stable for several months if

stored in the refrigerator under a nitrogen atmosphere.

PhsP, KOH
K,PtCly Pt(PPhs),
EtOH/H,0, 65 °C, 16 h
98%

33

Scheme38. Synthesis of tetrakis(triphenyl phosphine) platinum (0).

With respect to the diboration reaction, we were aware that our substrates could prove to be
challenging as they contained an internal alkyne and a basic nitrogen doneover, this
reaction had never been performed before in the presence of an oxikmealiscussed earlier
Coghlarand ceworkers hadsucessfully performed a diboratioreaction in the presence @&
pyridine showing the compatibility of the catalyst wiihsic Natoms, and so wehoseto start

with this procedure (Scheme 39°
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pinB Me

Me B.pi
2PIN2 N
% Pt(PPh3)4 . | PdCIz(dppf)
pinB
| N\ O DMF, 80 oc ENj\/\O K3PO4
dioxane, 80 °C
= Br Z B

r

pinB

ag. KOH,

' NO, Pd(PPhs),
dioxane, 80 °C

45% (overall yield)

Scheme39. Synstereoselective diboration followed by an intra and an intermolecsilenuki sequence.

Coghlan used quite a high catalyst loading to perform this transformation (8 mol%), possibly
because of the many functionalities present in this system. Applying these conditions to our
oximes however, proved to be ineffective and the degdidiboronic ester derivative was never

formed. In all cases reported fable 1 we only recovered starting material.

B,pin, (1.1. equiv) HO-

HO\N Pt(PPhg), (Y Mol%)  pinB.

/ | Ph
: : T :Ph T (°C), solvent, time (h) pinB

Entry Y Solvent TC) Time (h) Yield[%]

1 8 DMF 80 24 0%
2 8 DMF 80 72 0%
3 3 DMF 80 16 0%
4 3 Toluene 100 16 0%

Table 1.Diboration optimisation conditions.

We envisaged that the free hydroxyl group could be interfering with the metal catalyst and so
the decision was taken to change the oxime moiety intoCamethyl oxime ether. For the
synthesis ofO-methyl oximes, the condensation reaction was performed usthmethyl
hydroxylaminehydrochloride. Chlorination 084, however, proved to be problematic. The

reaction was slower in the case Ofmethyl oxime reltive to the parent oxime, and so more
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equivalents ofN-chlorosuccinimide were added over time to furnish the compot
Unfortunately however, lie subsequent nucleophilic attack of the Grignard reagent did not

occur under these conditions, even usingefiént terminal alkynes (Schendé).

O NHOMeHCl  NOMe \cs \-OMe  R—=wgBr \-OMe
P el -
Ph™ H  100% Ph™ "H 43%  pn” el Ph” X
34 35 R

Schemet0. Proposed synthetic route to@ethyl oxime substrates.

In considering alternative routes to the key substrates, we were attracted to a report by Larock
et al,*® who showed that phenyl ynones could be formed from the skabwn Sonogashira
coupling reaction using benzoyl chlorided termind alkynes (Scheme A1Ynones could then

be successfully transformed into the correspondixgethyl oximes.

0 0 ) .OMe
)J\ Sonogashira Condensation NI
Ph”Cl T PhT N
R

Schemetl. Proposed route by Larock to form acetylenimé&thyl oximes.

In the event, arange of terminal alkynes were smoothly transformed into phenyl substituted
ynones in god to excellent yields (Scheme Y4Z'he isopropenyl alkyne substrate was very
prone to Glaser coupling, and so an increase in yield might have occurred had we régorted
using an excess of terminal alkyMonetheless, all the reactions could be performed on gram
scale so at this stage we decided to progress these towards the oxime forming reaction. With
regard to the condensation step, all three ynones furnished thgirdd O-methyl oximes in

very good yieldand as geometrically pure produdiSchemed2; yields over two steps).

R——
(PPh3)2PdC|2 (4 mol%) NHZOMeHCI OMe
j\ Cul (2 mol%) Q Na,SO,, Pyridine N
Ph)\
P ¢ EtsN, rt., 16 h SN\, MeOH, 16h,rt. P -

36; 71% R = Ph
37; 70% R = Cyclohexene
38; 33% R = Isopropenyl

Schemed2. Synthetic route to compounds$, 37 and 38.
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In an effort to broaden the scope of oximes for the diboration study, we employed a small

family of readily available propargyl alcohols in a cougtiriglation procedure to prepare
ynones42, 43and44 (Scheme 48

M
Br/\"r ©
Pd(PPh3),Cly (2 mol%)
OH  Cul (4 mol%), Pr,NH  OH MnO, 0
R N
R NN AN
RT ™y THE A Ve Acetone e
39; R = Me 78% (E/Z 1:1) 42;R=Me 76% (E/Z 1:1)
40;R=H 71% (E/Z6:1) 43;R=H 38% (E/Z6:1)
41;R=Ph 71% (E/Z1.2:1) 44;R=Ph 91% (E/Z1.2:1)

Schemed3. Synthesis of ynond®, 43and44 via a Sonogashira couplirggpxidation procedure.

Ynones42 - 44 were successfully transformed into the corresponding oximes in good to
excellent yields. Despite their rather low boiling point, we were able to synthesisahieH
substituted oximes in a sufficient amount to study the subsequent transformations &il d&s

will become important later, we noted in these cases that a mixture of oxime isomers was
evident in all cased5 ¢ 47 (Scheme 4} This is in contrast to when we ugkenyl substituted

ketoximes B6to 38), where a single oxime isomer was consislieobtained.

0 NH,OMe-HClI ;OMe 45;R=Me 83% (E/Z1:1)
Na,SO,, Pyridine N (E/Z oxime 1.2:1)
R NN - R S 46;R=H 67% (E alkene)
A ; .
Z e MeOH, 16 h, rt. X (E/Z oxime 1.4:1)

Me 47; R=Ph 97% (E/Z1.2:1)
Single oxime isomer

Schemet4. Synthesis of ketoximeb, 46 and 47.

Pleasingly, alkynes bearing tlemethyl oxime ethers turned out to be good substrates in the
diboration step, and compound36-38 and 4547 were successfully transformed into the

correspondig diboronic ester derivatived@to 53) (Table 2).
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B,pin, (2.2 equiv.) MeO\N
Pt(PPh3)4 (10 mol%) pinB ! R
|
)\/\ Toluene, 120°C, 0.5 pinB” R
R
Compound Product Yield Compound Product Yield
MeO.
N
pinB pinB !
48 | 72% 49 | Pn 74%
pinB pinB
MeO.
- N 8296*
B pin
50 pin | 68% 51 | P (E/zalkene
pinB PinB™ ) 1.2:1)
Me
MeO. MeO.
N N
: | 49%* : |
pinB Me pinB H 34%*
52 | (E/Zalkene 53 |
pinB pinB (E alkeng
| 1:1) |
Me Me
Table 2.Diboration of Gmethyl oxime substrates. *1.1 eq. Bpin,

It is interesting to note that there was a profound solvent effect observed in this reaction;

while the products were formed in toluene at 12T, the previously reported solvent,

dimethylformamide, proved to be ineffective. At this stage the high catalyst loading gave us

good results and so efforts to decrease the |logdivere not explored. Products to 50 were

obtained in good yields after Kugelrohr distillation at P80 Forthis group of compounds 2.2

equivalents of Bin, were necessary and all attempts to reduce the amount of this reagent

were unsuccessful. The three products were obtained in good yield as amorphous solids (Table

2). On the other hand, compound4, 52 and 53 could be purified on florisil and a reduction of

the equivalents of boronic ester reagent to 1.1 was effective.

Last but not least, we focused our attention on the synthesis -atkgnyl benzaldehyde

derivatives. These substrates would, upon diborylatiord cyclisation, furnish isoquinoline

boronate esters, giving us the opportunity to study other pyridine derivatives. The synthesis of

2-alkynylbenzaldehyde derivatigavasbroadly precedented in the literaturé?’383°
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=R 15eq R R
B Cul (5 mol%) I NH,OMe-HCI Il ome
Il PdCly(PPhs), (5 mol%) <|3 Na,SO,, Pyridine IN

R? o 2 i 2

Et;N, 50°C,16h R MeOH, 16 h,rt. R

Compound Product Yield Compound Product Yield

™S O

I -ome
54 | 71% 55 | -ome 72%

of
_OM _OMe
56 | N ¢ 74% 57 I N 68%
_OM
58 | -ome 82% 59 | N VL
o
| | _OMe | | _.OMe
60 IN 70% 61 I 55%
MeO cl
HO
| _.ome Il owe -

62 | 38% 63 IN

Table 3 Sonogashira coupling reactigd-methyl oxime formation. Yields over two steps.

Pleasingly, commercially availal@#dromobenzaldehyde was transformed into a large number

of derivativesin excellent yieldinder standardSonogashira coupling conditiorfaurthermore
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Chapter2: Metal-catalysed borylations

the desired ethynylbenzaldehydderivatives were successfully condensed to the oxime

precursors irgoodyieldsover two stepgTable 3.4

| | _OMe  Bapin, (1.1 equiv.)
Pt(PPhg), (10 mol%)

s
N
i _‘m
Py
N
jor
v vs)
© ©
=1 =

Toluene, 120 °C, 0.5 h

N\OMe
Compound Product Yield Compound Product Yield
TMS.__Bpin Ph.__Bpin
| |
64 @i[Bp‘” 72% 65 Bpin 82%
\ \
“OMe “OMe
| Bpin ‘ Bpin
|
66 Bpin 99% 67 ‘ Bpin 85%
| |
\OMe N \OMe
Bpin Bpin
| |
68 Bpin 73% 69 Bpin 51%
| N'
N\OMe “OMe
Bpin Bpin
Cl | ) MeO | .
70 Bpin 86% 71 Bpin 76%
u N
“OMe “OMe
Bpin HO |
72 Bpin 61% 73 73%

FsC

Z:Q_?

/

Z—

/
os] vs]
T T
= =}

OMe Qe

Table 4 Diboration of 2alkynyl aryloximes.

We were delighted to observe that thdiboration methodology optimised at theutset of

these studiesvas applicable tall the benzaldehyde derived-methyl oximes (Table 4).
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A range of alkynes were effectiia the Ptcatalysed diborationand a great number of
functionalities weretolerated in the aromatic ring. Both electredonating andelectron
withdrawing groups furnished the desired molecules in good to excellentsy{@®72) and

even the unprotected propargyl alcohafforded73in excellent yield (Table 4).

A relatively high catalyst loading was used in our scoping studies sththagactions were
complete in 30 min. However, we found it possible to lower the catalyst loading to 3 mol% and
this had only a minor effect on the reaction yield over a slightly increased reaction time of 2.5

h (Scheme 4p

R1

R'__Bpin
|| _OMe  B2pinz (1.1 equiv.) |
|N Pt(PPhs), (3 mol%) Bpin
Toluene, 120 °C, 2.5 h |
N.
OMe

67; R'= cyclohexene 72%
68; R'= Isopropenyl 60%

Schemedb. Lowering the catalyst loading.

We next decided to explore the suitability of ketoximes to deliver more substituted
heterocyclicderivatives Me-substituted ketoximes were synthesised from the Sonogashira
reaction wiKk O2 YY SNIA | f-brotnoate@phdnbnke @ith $he eofesponding alkyne
followed by condensation using methoxylamine hydrochloride. Three different substitutions
were chosen on the alkyne moiety: a terminal acetyl@ddformed by desilylation reactioof

TMS acetylene), alkgubstituted 75 (cyclopropyl) and a rather sterically hindered naphtalene
derivative76. The three derivatives were succesfully obtained in excellent yields over two (or

three) steps and as an expected mixtufeogime ether isomes (Scheme 46
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Chapter2: Metal-catalysed borylations

=——R 1.5 equiv. R R
B O Cul (5 mol%) l o NH,OMe-HCI l N OMe
PdCl,y(PPh3), (5 mol%) Na,SO,, Pyridine |
EtsN, 50 °C, 16 h MeOH, 16 h, r.t.
3:1 E/Z oxime isomers 74; 73%; R = H;

75; 84%:; R = &<

76; 95%; R = 3

Gratifyingly, these isomers could be separated upon careful column chrompatogra

Schemet6. Synthetic route to compoundél, 75and 76.

purification and thus studied individually fihe diborylation step (Scheme %17

OMe
N;OMe B,pin, (1.1 equiv.) N’
| Pt(PPhs), (10 mol%) '
“ Toluene, 120 °C, 0.5 h | Bpin
N H from E-74 to E-77; 57% H Boi
from Z-74 to Z-77; 88% pin
OMe
N OMe Bopin, (1.1 equiv.) N’
| Pt(PPh3), (10 mol%) '
Boi
“ Toluene, 120 °C, 0.5 h | pin
N from E-75 to E-78; 82% )
Bpin

from Z-75 to Z-78; 54%

OMe
N OMe Bopin, (1.1 equiv.) :

N
| Pt(PPha), (10 mol%) !

‘ “ Toluene, 120 °C, 0.5 h g | Bpin

N from E-76 to E-79; 61% -

O from Z-76 to Z-79; 81% O pin

Schemed?. Platinum catalysed diborylation of E andangthyl substituted ketoximes.

In the event, the six studied substrates furnished the desired vidibalylalkene azatrienes in
good to excellent yields. To our delight7/6 was synthesised as a crystalline solid and, in this
regard, we could unabiguously assign the stereochemistry of the oxime moiety usayg X
analysis(further discussion inChapter 3¢ Iy @S a G A 3 (i A 2 fléctrodygfisation af K S

borylated azatrienes
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Chapter2: Metal-catalysed borylations

Higher homologues of our ketoxime substrates were studied in this transformation as well.
Unfortunately these substrates turned out to be very prone to protodeborylation and thus we
coud not isolate the diboronate esters cleanly, althoulih NMR spectroscopy did confirm

their formation (cheme48).

Bopin, (1.1 equiv.)
Pt(PPh3)4 (10 mol%)

7

Toluene, 120 °C, 0.5 h

©%

Bpin
Me
Bopins (1.1 equiv.)

Pt(PPha), (10 mol%)
’ B
Toluene, 120 °C, 0.5 h pin
Bpin

Schemet8. Homologus ketoximes as a limitation for our tandem methodology.
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3. Investigations towards the hydroboration of alkynes.

Together with the addition of two boronic ester units, we were interested in the incorporation
of a single boron moiety by alkyne hydroboration. This hydroboration reaction could provide
some advantaged.he first and the most obvious one could be the fact that the differentiation
between two boronic esters in the product would be avoided, potentially simplifying any

further coupling studies on these substrates.

Even though hydroboration reactions havedn broadly studied we found it difficult to

successfully apply any of the reported conditions to our substrates (Table 5).

MeO.
MeQ, IN
L /N Conditions H | Ph

80
Entry Conditions Solvent T CC) Time (h) Yield
1 H-Bpin THFE CHCE 55/r.t 24 0%
3 Bopinz, CpZrHCI* (10 mol%) EtN 55 16 0%
4 Bopinz, CpZrHCI* (10 mol%) Toluene 100 16 0%

CuCI5 mol%, PPB (6 mol%),
5 NaCBu (20 mol%) THF r.t. 16 80; 66%
Bopinz (1.1 equiv), MeOH (2 equi

Table 5.Hydroboration optimisation. *Prepared in situ

First methodologies that we studied used only the hydroborating agespih in different
solvents and temperatures. None of them furnished the product, and recovery of starting
material was observed in each case. We also explored a zirconium catalysed hytiookBra
The Zrcatalyst had to be prepareih situusing LITEBH ar@ZrC} sinceit is very unstablé?
Unfortunately, Zcatalysed hydroboration was unsuccessful and as we were unable to confirm
if this was due tgooor reactivity or catalyst quality we decided to not pursue this strategy
further. We then uncovered a very interesting paper from Yun that @ssappersalttogether

with Bypin, and an excess of MeOH to furnish hydroborated alkene derivatives fromealkyn
precursors® Gratifyingly, applying these conditions tmmpound37 provided80in good yield

as a white solid.
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Encouraged by the success in formiogmpound 80 we studied the transformation into

precursors36 and38. (Scheme 49

MeO, Cul (5 mol%), PPh; (6 mol%), MeO.
N Bopin, (1.1 equiv), MeOH (2 equiv), o
R— # | Ph
Ph THF, r.t. pinB R
36; R =Ph

38; R = ispropenyl
Schemet9. Hydroboration o836 and 38.

Unlike boronic esteB0, these two substrates failed to deliver the hydroboration product. The
desired compounds could be identified in the crude mixtures vidBGanalysis, but isolation

and purifcation were very tedious and the results were not reproducible.

Even though the hydroboration strategy was ultimately abandoned, thissfiisstrate80 was
a crystalline solid and gave us the opportunity to conduct -aayXanalysis that gave us a solid
state structure of these borylated polyolefin syster(fsirther discussion inChapter 3¢

Ly @SaidaA 3l G iekegracychisytioreof bibridaded azatrienes

With all these precursors in hand, the next step was the study of effective conditions to

promote the desired cyclisation and formation of the corresponding heterocyclic boronates.
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4. Conclusions

Studies conducted on this aspect of the project highlighted that the use of alkyne oximes
bearing a free hydroxylvere ineffective in platinum catalysed diborylation reactions. In
contrast, alkynes bearindpe correspondingximeethers functioned well, allowing us to carry

out a great number of diborylations on a range of different substrates, and this methodology

seems general.

Optimised conditions could be applied to linear oxime derivatives as well as to benzene
tethered substrates. Even some methyl ketoximes were employed at this stage with successful
results. The use of higher homologues, however, has provee tthallenging and we have not

been able to obtain the corresponding vicinal borylated alkenes in sufficient purity.

In contrast, our preliminary studies on hydroboration techniques suggest this transformation is
very substrate dependent and thus, a démis was made to not pursue this aspect of the
project further. Importantly, one of the compounds obtained through this strategy was
isolated as a crystalline solid, and this will be shown later to have provided significant insight in

the later part of thigproject.

Most of the studied intermediates are unstable to column chromatography on silica but could
be purified on florisil insteadOnce purified, theproducts are stable and can be stored in a

refrigerator over several months.
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CHAPTER Ly @SadAaA3l A-eeftiocydlisailof G K S

of borylated azatrienes

1. Introduction

The thermally promoted disrotatory peelectrocyclisation of conjugated triene® form
cyclohexal,3-dienes is an established transformation that has attracted many theoretical and
experimental studies over the years. A notable aspect of these investigations is the finding that
the electrocyclisation rate can be influenced by theaduction of substituents on the triene
substrate?**54¢ |n general, it has been found that the incorporation of groups imis
configuration at the termini of the triene chain significantgtarded the cyclisation rate. This
observation has been explained in terms of reducing the propensity for the substrate to adopt

the reactive scigs-cisconformation (Figure 2

Relative rates of hexatriene EC reactions E0,C

MeNOC  EIOsC

Fh

e 0K relative rate

Figure2. Electrocyclisation rates faubstituted hexatrieneg”

Figure 2 shows a series of hexatriene examples and the@pproximate relative
electrocyclisationrates. Substrates bearing no substituents at the end termiaxhibit a
substantial increase orthe reaction rate; which is especially favoured when electron

withdrawing groups are present adjacent to the reactive positions. The addition of groups at
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the end of the triene dramatically decreases the reactiate; evenwhen those aretrans
oriented. However when groupsare incoporated at the terminin acisfashion the reaction
rate drops significantly. To the best of our knowledthe electrocyclisatiorof a hexatriens

bearing aciscisconformation at the triene terminus are unprecedented.

In this regard, while the influee of substituents and geometrical effects in electrocyclisation
reactions of trienes has been studied in some detail, much less is known about the related
reaction bearing heteroatoms instead. To exemplify this, Otero described in 1999 a theoretical
study on some imine based hexatrienes and the effect the stereochemistry of the C=N bond
has on the transformatioff The increased activation energy is appreciable in the case of
dienimine, where the rotation of the C=N bond constitutes a huge hindrance on the

electrocyclic reaction.

The dependence of oxime stereochemistiy the efficiency of electrocyclisation of azatrienes
is intriguing andhas never been deeply studied to the best of our knowledgee existence of
syn and anti oximes was first reported by Phillips and Lustig in 1958 using early NMR

techniques, however ey had rarely been isolated @ure separated forms (Figurg®3

_OX X0
) )
RL)\RS RL)\RS
E-oxime isomer Z-oxime isomer

Figure3. E and Z oxime isomers.

One of the first assignment @ixime configuration was achieved by Huntress and Walkeat

they observed thatsyn and anti oximes of phenyl yridyl ketoxime had considerably
different melting points (which isbservedas well by some of oUE/Zmixture ofoximes) In

this regard, Murmann studied in the early 1960s for the first time the rates of isomerisation of
these speciesX = Hl in the molten state at 1758C>! In this case the results showed a great
propensity of both oximes to equilibrate under thermal conditions. In contrast, the
replacement of the hydroxyl foa methoxy groupX = M¢ on the nitrogen atom makes oxime
ether isomers configurationally stable and thus significantly more resistant to thermal
equilibration®2 In this regard, McCarty and coworkers reported in 1966 a study of a group of
synand anti oxime ethers heated separately at 23Dfor over a week without angetectable

isomerisation.
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Like many electrocyicl reactions, the cyclisation of aldoxime and ketoxime derived azatrienes
takes place at elevated temperaturé®. The correlationof oxime stereochemistry with the
ease of cyclisation is complicatédr unsubstituted oximes (X = H because, as explained
above, these species are vagmyone to E/Zisomerisation undeelevatedthermal conditions.

However, this explanation can definitely not be applied in the case of oxime ethers.

The electrocyclisation of oxime ether based azatrienes has been dominated in the literature by
arene tethered examples (se€hapter 1 Synthesis of pyA RA Y S & -dléciBydid K ¢ -
reactiong and these processes are generally quite efficient. Although the C=N configuration
has generally not been unambiguously characterised in these cases, it can be assumed that the

E-configuration predominates, partidarly in the case of aldoximeBigure 3R = H.

Electrocyclisation reactions of substrates that have been assigioadne stereochemistry are
rare. Kaufman successfully cyclised a tetralone derived oxime syithstereochemistry
(apparentlyassignedising nOe techniques) while Moody showed thah@8olyl alkenyloximes
could be transformed t@-carbolines (Scheme0Oh’® The starting material is described &s
oxime va Xray analysis although these systems are reported by Moody to be prone to

isomerisation upon loss of the Bgeoup ¢ which does in fact take place during the cyclisation

/Ej\/ﬁ MW, 140 °C, 20min /&5

OMe Ts OMe Ts

2
RS R® OMe
1
M R 240 °C, MW
N
Boc

Schemées0. Azaelectrocyclic reactions bearing @¥me moiety.

reaction
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2. Studies on the gnthesis of pyridine boronic ester derivatives fromximetrienes

The first attempts to perform thelesired electrocyclisation of compound48 to 53 were
clearly focused on the impact that the boron ester moiety would have on this transformation.
The firsttrials to perform the desired transformation consisted of simply subjecting the
precursors to high temperatures. Inspired by Hibino andvookerswho performed similar
cyclisations on highly functionséid and complex substrates, we started our investigations
using compound 48 in o-DCB at high temperatures using eithegaled Schlenck tubes ro

microwave irradiation (Table)6

MeO\N
pinB | | o-DCB | SN
pinB pinB 7 Ph
48 Bpin
Entry Heating conditions T fC) Time (h) Product

1 Schlenk tube 180 16 RSM
2 Schlenk tube 180 24 RSM
3 Schlenk tube 180 48 Complex mixtures
4 Schlenk tube 200 24 RSM
5 MW 180 3 Complex mixtures
6 MW 160 3 RSM

Table6. Investigations int@ -electrocyclisation.

To our surprise, boronic esters seemed to be stable at high temperatures but none of the
conditions successfulljurnished the expected productAfter extensive heating, precursors
appeared to decompose whereas milder conditions read only starting material. None of
the studied conditions seemed successful and not even the use of microwave irradiation, a

heating systenthat generally offerexcellent results, promoted the desired transformation.

Inspired by EllmanChiba and Cheng who used rhodium catalysédd fOnctionalsation of
ketoxime derivatives to synthesise pyridine analogues, we envisaged a strategy involving the
dza S -ghilic acids to promote the transformation in our systeths:>* We scremed a

number of differentcoppercatalysts that could assist palectrocyclic process (Tablg 7
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MeO\IN MeO\lN MeO\IN
pinB | Ph Conditions N H | Ph Br | Ph
pinB pinB = Ph pinB Br

48 Bpin 80 81
Entry Lewis acid Solvent T @C) Time (h) Product

1 CuBr.DMS  Toluene 120 72 80; 10% + RSM

2 Cud Toluene 120 16 Complexmixtures

3 Cu(acag) Toluene 120 16 Complex mixtures

4 NBS DCM r.t. 24 81; 18% + RSM

Table7. Lewis acid screening.

None of the chosen Lewis acids appeared to facilitate the reaction and some undesired by
products were obtained instead. Copper bromiienethylsulfide complex appeared to furnish

the undesired protodeborylated product in low yield and the divalent salts@u@u(acaeg)
decomposed the mixtureThe regiochemistryof 80 was assigned by comparison with the
hydroborated adduct obtained byun’s methodology (seehapter 2, Section-3nvestigations
towards the hydroboration of alkyng® When changing to NBS, we obtained an unexpected
dibrominated substrate81. Trying to exploit our discovery we thought that a route to
dihalogenated pyridines would be of high énést However, no product was isolated after
submitting this substrate to high temperaturethis compound appeared to be inert to

cyclisation as wel&hemebl).

MeO.
!
B i
r | Ph Conditions | N
Br Br Z Ph
81 Br

Schemébl. ¢ =electrocyclisation of bproduct81.

Since this transformation has never been performed before in the presence of boronic esters,
we envisaged that maybe the use of highly hindem@gdiborylalkenes could be somehow
obstructing the transformationin this regard, monoborylated compoui®® was submitted to
different heating conditions; however this compound appeared to be inert to this

transformation as well (Schem@)5
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MeO.
Wi
H o
| Ph Conditions | XN
pinB pinB Z Ph
H
80

Scheméb2. ¢ =electrocyclisation of compour80.

The failure of these substrates to deliver the expected heterocycles prompted us to examine a
different group of molecules. Specifically, benzaldehyde derivatves3 were subjected to
high temperatures and pleasilyg all substrates underwent the key cyclisatigtap giving rise
to a large number of functionalised isoquinoline derivatives aémination of MeOBpin
(Scheme 8) (further discussion inChapter 3 Section 3¢ The importance of oxime

stereochemistry othe efficiency of electrocyclic reactigfs

Bpin Bpin Bpin
: 67 . -MeOBpin .
©é<8pm @Bpm ’
R R’
N N
Z"~oMe XN ome N

Schemes3. Proposed mechanism for key cyclisation step.

7\

This set of substrates represemn interesting way to obtairisoquinoline boronic ester
derivatives Moreover, since the later eliminatiomemoves one of the Bpin fragmentt)e

need to selectively functionalise the vicinal boronic estamework is avoided

1,2-Dichlorobenzeneproved to be the optimal solvent to perform this transformatiand a
reaction temperature of 200C led to completeonversionacross a series of examphedthin
16 h (Table B
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R'__Bpin

Bpin
Bpin o-DCB @/W
R2
16 h, 200 °C _N
Compound Product Yield Compound Product Yield
Bpin Bpin
82 S IR 5204 83 S 79%
N _N
Bpin Bpin ‘
84 88% 85 A 90%
N O 2N
Bpin Bpin
86 X 61% 87 X 58%
_N _N
Bpin Bpin
88 cl 75% 89 MGOW 68%
= N — N
Bpin
%0 ~ 91%
FsC N °
Table8. ¢ -electrocyclisation scope. * Reaction performed &at80°C

We observed that the sihdubstituted triene 64 required the use of slightly lower
temperatures to avoid protodesilylation and the free alcohol bearing substrateequired
protection as a TB&ther 91% to avoid protodeborylation during the electrocyclisation process
(Schemésd).

Bpin ;
HO™ P TBSO Bpin Bpin
TBSCI, imidazole | 0-DCB
Bpin Bpin ———— ~ OTBS
N\ DCM,r.t., 16 h N 180 OC 16 h N
Z " 0OMe 91;57% Z "~ OMe ’ Z

92; 63%
Scheméb4. TBS ether protection of substrai2.

Notably, chemoselective electrocyclisation was observed in the reactiod®, &and 86, and

the corresponding naphthalenes were not observedmy ofthese cases (Schemé)5
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Bpin

Bpin

I
N(OMe)
Schemés5. Formation of naphialene derivatives was not observed in any case.

We envisaged that this twetep strategy to boronic esters could be telescoped into a more
direct onepot method. In order to confirm this, we subjected alkyBé to Bypin; in the
presenceof the Ptcatalyst. Subsequent addition ofDCB and heating the mixture at 2800

for 16 h resulted in clean formation of the isoquinoline prodd4in good yield Scheme 6).

1) Bopin, (1.1 equiv),

I -oMe Pt(PPhs), (10 mol%) Bpin
N .
| Toluene, 120 °C, 30 min XN
_N

2) 0-DCB, 200 °C, 16 h

56 84; 71%

Schemes6. Onepot method.

We next decided to explore the suitability of ketoximes to deliver more substituted
heterocyclic prodats. Diboryl alkene substratds/Z77-79 were successfully synthesised in
good yields using ouestablished route.Moreover, and as observed before, only tlie
diborylated ketoxime furnished the isoquinoline derivative in good yielts. Z-substituted
diborylalkenesfailed to furnish the desired heterocycleeven after extensive heating.

Unreacted starting matéal was recovered in all cases (Schen1§.5

N/OMe
93; R= H; 739
| 0-DCB \N R=H; 73%
—_—
Bpin R YRS —<] 84%
E-T7 | 200 °C, 16 h
Bpin 95;R = ; 95%
E-79
MeO\N
| 93; R= H; <2%
O'DCB \N
 —— 94; R =< ; <2%
Bpin = R
200 °C, 16 h
z.77 | Bpin 95 R=} O  <2%
Z-78 R Bpin Q
Z-79

Schemés7. 6™ -electrogclisations ok Me substituted ketoxime azatrienes.
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The main objective at the very start of this project was the synthesis of pyiidirenic acid
derivatives. Since the bespoke transformation was found to be quite challenging our model
substrate was modified in order to prove our hypothegigperimental resultsuggested that
oxime stereochemistry could play a role in determining ef@ofclisation efficiencyAs our
understanding of this reactivity was growinge focused our attention into the design of a
reactive model that could furnish pyridin@ther than isoquinolineboronic esters5,6,7,8
Tetrahydropyridine boronate derivativagere the chosen molecules to focos. Thesekinds

of heterocyclic structuresre common in bioactive drugs and pharmaceuticdlst there is a

lack of easy and versatile ways to obt#nmese althoughtheir 1,2,3,4tetrahydroisoquinoline

partnerscan beformed by hydrogenation of isoquinolines.

The planned synthetic route included synthesis 96 via a VilsmeierHaack reaction to
Ay (i NP R dZDNP YiFudathrated aldehyde functionalifif®® Following our established
route 97 was transformednto the desiredO-methyl oxime98in excellent yield and as a single

isomer(Scheme 8).

H} 1.5eq

Cul (5 mol%) | | NH,OMe-HCI | |

O PBr;, DMF Br (l) PdCl,(PPhs), (5 mol%) (l) Na,SQy, Pyridine IN
ij DCM, 0 °C to r.t. @2 EtsN, 50 °C, 16 h MeOH, 16 h, r.t.
96; 73% 97; 94% 98; 91%

Schemeb8. Synthetic route to compour@B.

O-Methyl oxime precursor was subjected tepB, in the presence of the Riatalyst and we
were delighted to observe that it directly furnished the cyclised tetrahydropyridine boronate
99 in an excellentyield after 16 hours. Electrocyclisation occurred at 220in this non

aromatic precursor (Scheni9).

B,pin, (1.1 equiv)

Pt(PPhs)s (10 mol%) Bpin Bpin
| | .OMe |
N . | Q
! Toluene, 120 °C, 16 h Bpin | N
N\
98 90% ZN<ome 0

Not isolated

Schemeb9. Synthesis of 5,6, 75@trahydroquinolined9.

To our delight thisnethodology could be applied to other heterocyclic structyr@soute to

functionalisable 3,4lihydro-1H-pyrano[3,4c]pyridines is shown in schensé.
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H] 1.5 equiv.
Cul (5 mol%) | | NH,OMe-HCI | | OMe
0 PBr;, DMF Br (|3 PdCly(PPhg), (5 mol%) IO Na,SOy, Pyridine IN
—_— —_—
X X N
DCM, 0 °C to r.t. EtsN, 50°C, 16 h MeOH, 16 h, r.t. 100
o] 72% 0 49% o 100% 0

Bopin, (1.1 equiv) Bpin

Pt(PPh3), (10 mol%) Bpin

Il -OMe |

N . - X

' Toluene, 120 °C, 16 h [ Bein 5 | N
\ ~

72% 0] _N.
OMe
0 101
Not isolated

Schemes0. Route to functionadable 3,4dihydro-1H-pyrano[3,4c]pyridine boronic estetOl.

Oxime 100 was synthesised iexcellentyield and as a single isomer. Once again, and as
expected, tle cyclisedscaffold101 was obtained directly without isolation of the diboronate
intermediate. Noteworthy, this is the first time a fusedetrahydropyranopyridine boronate

has been synthesisedo other examples ahis scaffold can be found in the literature.

Challenged by the success of these previous examples we envisioned we could apply the
bespoke strategy to the synthesis of novel piperidine fused pyridines. In the event,
unprotected pperidinone was tosylated in good yield so as to avoid possible problems during
the subsequent modifications. It is worth highlighting that, even if the hegtreactions were
precedented once in the literature, we were unable teproduce the published results
successfully The first VilsmeieHaack reaction turned out to be very sensitive, not
reproducible and the productwhich wasseldom isolatedproved b be very unstable. We

were unable to successfully perform the following Sonogashira reaction in any®elseme

61).

o o Br O Bpin
E‘j TsCl, K;COs Conditions ﬁj) C@/{
= — |
—_—H P
TsN N
H 75% Ts Ts

Schemes1. Planned synthetic route taperidine fused pyridine boronésters.
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Following the same principleve choseo perform a latestage maodification otholesterolin
order to test that this method is applicable to highly complex molecules. Commercially
available cholesterol was selectively hydrogenated to awamig poential complications with
the alkene moiety® Swern oxidation furnished our ketone precursb®3 in good vyield.
Substrate 103 was synthesised asstablished in the literature and furnishedi04 in an
encouraging 18% yield over two steps. It is important to highlight tiratformation of thei -

0 N2 Y 2-undathirated aldehyde functionalityin similar cholesterol derivativebas been
highly precedeted in the literature>”° Unfortunately, we were only able to obtain and isolate
our alkynyl intermediatel04 using aonepot procedure after the subsequent Sonogashira
coupling transformationPleasinglyD-methyl oxime precursot05was formed quantitatively
and subsequentdiborylation-cyclisation occurred as expected at 12C in good yield

furnishing a functionalisableovelderivative106 (Schemes2).

H, (balloon),

Pd(OAc); (1 mol%), Swern
charcoal oxidation
_— 102 e
B 103
HO MeOH HO i 66% O 2
88% H
Cul (5 mol%),
DMF, PBrg OHC PdCI,y(PPh3), (5 mol%)
_—
CHClj reflux Br B Et3N, 16 h, 50 °C

H 18% (over two steps)
NH,OMe-HCI €O~ Baping (1.1 equiv)

NaySOy,, Pyridine

—_—

MeOH, 16 h, r.t
100%

Pt(PPhs), (10 mol%)
- 0
105 Toluene, 120 °C, 16 h
66%

Scheme52. Synthetic route to pyridine boronic estéotesterol derivative. 06.

From a synthetic viewpoint, the study of an effective synthetic route to pure pyridine boronic
ester scaffolds was still of huge interest. Highly encouraged by our previous results we
envisaged that the diboration of yrene-oxime ethers should ideally form our long desired
pyridine boronic esters. Different aryl substituted acetophenone derivatives were chosen as
potential starting materials to perform the initial incorporation of & N2 Y 2undathirated
aldehyde via a knowwilsmeierHaackreaction. This reaction, thoughurned out to be a

tedious and a rather slow transformation (Sche6®.°*
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R = §—© 107; 68% (48 h)
fe) DMF PBr3
R)J\ CH,Cl, 1t %—d 108; 42% (48 h)

s
R= ?-@ 109; 20% (96 h)

Schemes3. Vismeer-Haack reaction to accessd NP Y 2undatiirated aldehydes.

In spite of the low yield at this very first stage of the route, subsequent Sonogashira coupling
reaction using phenyl acetylentollowed by methoxyamine hydrochloride condensation
delivered compound413-115in good yields ands an expecte@&/Zmixture of oxime isomers

(Xhemeb4).

NIOMe
o Cul (5 mol%) NH,OMe-HCI |
| PdCly(PPh), (5 mol%) Na,SO,, Pyridine |
_ >
r EtsN (3 equiv), MeOH, 16 h,rt. R "X
R™ Br THF, rt, 16 h

110; 45% 113; 94%

1.5:1 E/Z isomers

0
111; 82% R= §—<\J/ 114; 88%

3:1 E/Z isomers

s
R = §—@ 112; 75% R = §—@ 115; 99%
1.5:1 E/Z isomers

Schemeb4. Synthesis of @nethyl oximed.13 114and 115

The successful synthesis of pyridine boronic estéasthis electrocyclisation strategyould
represent a novel andlitherto unexplored route to this class of heterocycl®&otably, access
to functionalised pyridine boronic ester analogues is not strdigtard. More specifically
these are classically furnisheafter a high number of steps via-)C borylation of pre

functionalised scaffolds.

Gratifyingly, our tandem platinum catalysed diborylatignelectrocyclisation reaction of
compounds 113 to 115 suaessfully delivered the corresponding pyridines (Scheggg
Compoundsl16to 118, bearing different aryl groups in thé"4osition were synthesised in
average yield. Generally, and as expected, these scaffolds were again furbjshedtingat

120 °C overnight without isolation of the intermediate alkyne diborylation produltttis also
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important to note that the productyields reflected the ratio of oxime isomers from the
starting materials based on the assumption that only tHeoxime was reactivgfurther
discussion irChapter 3 Section 3, The importance of oxime stereochemistry on the efficiency

of electrocyclic reactiofs

,OMe - .
N B,pin, (1.1 equiv) R §_© 116; 50%

Pt(PPhj), (10 mol%)
o)

R= \ | 117; 67%

S
R= §—@ 118; 47%

Schemesb. Synthesis of phenyl boronic ester pyridines.

o]
R % Toluene, 120 °C, 16 h

Encouraged by these results wext decided tobroaden the scope of this method. In this
context, we were particularly interested in the annellation of a heterocyclic moiety to the
central pyridine ring. Thienopyridines, thiazolopyridines, furopyridines myrazolopyridines,
although not naturally abundant, constitute synthetic targets of interest as replacements of
the highly exemplified isoquinoline scaffold. The main challenge remains still the development
of a synthetic route to further functionalisablscaffolds; since their accessibility hasen
found to be limited.For example Bennett successfully synthesised a thiazolepyridine boronic
acid derivative 119 for use as a betdactamase inhibitd? and Shishido showed an
unsubstituted pyrazolopyridine pinacol esté20as a TRPM8 antagonist (Sche6.5® Both
approachegelied, once moreon the elaboration of a prefunctionalised scaffold througi C

borylation.
N
AN
, N
S BN
N N
HN—Q | \\J;;
o B oo
HO” " ~OH
119 %

Schemes6. Examples of fused heterocyclic pyridine boronic esters present in the literature.

Pyrazolopyridinel20 was successfully employed in a subsequent palladium catalysed Suzuki

coupling reaction delivering highly complex heterocye (Schem&7).
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SN H_o
N ;@ F><:>$/:|// o) Pd(dppf)Cl,, NaHCO,
. F N
O/B\O 0 \/U\C'l Dioxane, E
= 100 °C, 3-15h F

Cl

Schemes7. Examples of fused heterocyclic pyridine boronic esters present in the literature.

We envisaged thathe successful application of the tandem-é#talysed diborylation/6 -
electrocycliation on heterocyclic substratesvould give access to functionalisable fused
heterocycles of this type. Specifically, the direct synthesis of annellated pyridine heterocycles
bearing a boronic ester moietyto the best of our knowledge hasnever been performed in

such a short reaction sequence.

Inspired by our reported route, ynene-heterocyclic oxime ethers were submitted to our
established conditions. In the event, furan derivatii/21 could be successfully transformed

into the desired @ime 122 in excellentyield and as a single isomg@cheme 8).

——"Bu
"Bu
Cul (5 mol%) n
Bu  NH,OMe-HCI
Br PdCl,(PPh3), (5 mol%) = Na28§34 Pyridine Vi
/] -/ : 77
o0 EtsN (3 equiv), o ! _0 MeOH, 16 h, r.t. o ~>Nome
THF, rt., 16 h 86%
79% 121 0 122

Schemeb8. Synthesis of (B-(hex1-yn-1-yl)furan2-carbaldehyde @nethyl oxime.

Other substrates however, proved to be more challenging. Even though the Sonogashira
coupling of some of the analogues required little optimisation (see experimental procedures
for more details) most of them furnished thexpected product in good yields. The
condensation,to our surprise turned out to be not as straightforward as expected. Some
substrates, such as the indole derivatives, gave mixtures of products when we applied the
conventional condensation condition§cheme69). When we changed the protic methanol
solvent to dchloromethane the reactionoffered much better results. Interestingly, the
transformation is base dependanin the presence of Etl the Boc deprotectedree indole
derivative 127 was obtained as major product. Using pyridine as a base gave the expected

NBoc protectedndole 126in excellent yieldScheme69).
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Ph
NH,OMe-HCI Ph
// NaySOy, Pyridine //
a \
N\__7 MeOH, 16 h, r.t. N
Eoc Complex mixtures E oc OMe
126
Ph
NH,OMe-HCI (1.5 equiv) Ph
/ EtsN (1.5 equiv) Vi
a \
A\ DCM, 16 h, r.t. _N
N 90% ” OMe
Boc 127
Ph
NH,OMe-HCI (1.5 equiv) Ph
/] Pyridine (1.5 equiv) VA
P \
N7 DCM, 16 h, r.t. _N
N ~
126

Schemes9. Synthesis of @nethyl oxime indoles.

With the optimised conditions in hand we were able to furnish all enethyl oxime
derivatives described in tabl®. Substrates122 125127 were obtained as single oxime
isomers¢g confirmed bycomparison of outH and**C NMRspectroscopic data with siilar
compounds from thditerature. These reports had aldoghlighted thepropensity of oximes to
adopt the less sterically hindergdans configuration® In this regardZoxime isomers of all
the pyrazole derivativesi28to 132) were indeed observed by NMR spectroscopy but their
isolationwas never investigatetbecause theywere formed in such smatjuantities (to see

accurate ratios checkhapter 7: Experimental proceduyes

47



Chapter3: L Y @S & 1 A 3| AededtrdcychisdtidreobaiyktSdazatrienes

=—R (1.5 equiv)
Cul (5 mol%) .
o R NH,OMe-HCI (1.5 equiv)
; Br PACI(PPh3), (5 mol%) _y = Pyridine (1.5 equiv)
XN base (3 equiv), X—\_0 DCM, 16 h, r.t
solvent, T, t = ’ P
Compound Product Yield Compound Product Yield
"Bu //
Z a
0,
122 & 68% 123 s ~Neome 95%
o >Nome

1/2 E/Z oxime isomers

Ph Boc

// N /N—OMe
N Y
124 </ | 85% 125 64%
S Z""OMe \\
TMS

1:5 E/Z oxime isomers

P4

E’ioc /N—OMe H /N—OMe
Y Y
126 62% 127 68%
Ph Ph
Ph
7
128 N 7 \ 63% 129 2%
N Z N\OMe
/
- Ph
Y7 \ //
\ 7 N
130 N 51% 131 N 27%
N, \ \ _N_
N\ _N_ OM OMe
e FsC
Ph
7
132 </N \ 82%
N Z N\OMe
/
Table9. Synthesis of heterocyclicr@ethyl oximes Yields over two steps.

In contrast substratesl23and 124 were obtained as mixture of oxime isomers.fidgt glance,
one would expect the major oxime isomer should be Eproduct Unexpectedliyhowever,

the stereochemistry of the majoi24 isomer was unambiguously assigned Aasia Xxray
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crystallography (Bure 4). Although tis result is intriguing and the nature of this observation
isunclear, it is not the first time thahe Z-aldoxime has been formed as the major component
in heterocyclic system9tto and Opatz reported recently the synthesis of sintitaophene

oximes wheresimilarE/Zratio was once again observét.

Figure4. X-ray structure of compoung-124.

Gratifyingly, furopyridinel33, thienopyridine134, indolopyridine derivatived 35, 136 and
138, thiazolopyridinel37 and pyrazolopyridined39 ¢ 142 were formed in good to excellent
yields (Schemé&l and 73. Upon using our ong@ot protocol, productsl33to 136 were
synthesised in alirect manner,furnishing theheterocyclic boronatesén a single stemfter
heatingover night at 120C(Scheme @).

Bopin, (1.1 equiv) X
PtPPhg)s (10 mol%) 1/ N

Toluene, 120 °C, 16 h pinB R

NZ | 0} NZ | S Boc Boc
Y Y QA N\
Bu HY / °N / N
Bpin Bpin = —
Bpin ™S Bpin Ph
133; 55% 134; 68% 135; 49% 136; 66%

Schemer0. Fuseeheterocyclic boronic ester synthesis at 220vernight.

In contrast substrates137 to 143 led to their corresponding cyclised produatsly ater
extensiveheating at 200°C. Nonetheless, lte different pyrazole derivatives were obtained in

goodto excellentyields (Scheme I).
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1) Bopin, (1.1 equiv)

y R Pt(PPhs)s (10 mol%) X
7 Toluene, 120 °C, 16 h ! 2
N
4 ‘ —
X\ \ N [¢)
x~ ~zN-gye  2)0-DCB, 200 °C, 16 h pinE R
S H N/
’ 2
N\ [ ) /N N\ I
Ph N = Ph
Bpin Bpin Ph Bpin Bpin
137; 65% 138; 70% 139; 93% 140; 85%
/
N/ N
g,
L Ph N
n .
P Bpin Bpin
141; 67% 142; 38% 143; Not determined

Schemer 1. Fuseeheterocyclic boronic ester synthesis.

Even though substraté43 could not beisolated in analytically pure forrdue to its high

polarity, product formation was clearlgonfirmedby LGMS and'H NMR spectroscopyWe

also noted that substrate142 bearing acCFk group led to a surprising low yielgfter the

diboration-cyclisation sequencgethis compound was extremelgrone to protodeborylation

and a significant amount of meborylated pyrazolepyridine was obtainedt the same time

Since substrate$23and 124 were synthesised as a mixture of oxime isomergse againpnly

the Eisomer of both substrates furnisid the desired heterocycle updmeating(Scheme 72).

Vi

7\ N

S Z " >OMe
E-123

Ph

Y /4

N

¢ N N

S “OMe
E-124

Bopin, (1.1 equiv.)
Pt(PPh3)4 (10 mol%)

2 S
o NS | /
Toluene, 120 °C,16 h
68% Bpin
134
1) Bopin, (1.1 equiv)
Pt(PPh3), (10 mol%) NZ
Toluene, 120 °C, 16 h « I »
> Ph N
2) 0-DCB, 200 °C, 16 h Bpin
65% 137

Schemer2. Thermal electrocyclisation of compound$ZBand E124.

50



Chapter3: L Y @S & 1 A 3| AededtrdcychisdtidreobaiyktSdazatrienes

3. The importance of oxime ether stereochemistry on the efficiency 6f6

electrocyclisation reactions.

The first substrates thagave us an indication thabxime stereochernstry could have an
impacton electrocycBation efficiencyarosewhen we examinedhe diboration of PR H- and

Me- substituted yne-oxime ethers. Specifically, we noted thahe diborylation of26 and 27
proceeded in a dramatically lower yield compared to the same transformation in the case of
28. We suspected that the low yield in the latter two cases could arise because some of the
product was undergoing electrocyclisation to a pyridine derivative whiethad not isolated
(Scheme 3).

. . MeO.
_OMe B,pin, (1.1 equiv.) IN
N Pt(PPha), (10 mol%)  pinB o
NFye Toluene, 120°C,0.5h  pinB |
28 32; 82% Ve
. . MeO.
,OMe Bopin, (1.1 equiv.) IN
N Pt(PPha), (10 mol%)  pinB e
Me N |
N F e Toluene, 120°C, 05h  pinB |
26 33; 49% Ve
. . MeO.
,OMe B,pin, (1.1 equiv.) IN
N Pt(PPhs), (10 mol%)  pinB Ny
RN |
N F e Toluene, 120°C, 0.5h  pinB |
27 34; 34% Ve

Schemér3. Platinum catalysed diborylation of substrag; 27 and 28.

In this regard, a decision was made teeseamine the diborylation d26 that had proceeded in
low yield when submitted to Bin; in the presence of the platinum catalyst (Scher. The
mass balance recovery from this reaction was unusually Meoveover, upon closer inspection
of the 'H NMR spectra of both the starting matgs and the productswe noted some
interesting changes. Oxini&6 was observedisa mixture of fourcompounds (or isomersh
1:1 mixture of& and Z-alkenes (arising from 1:H/Z1-bromo propene) and a 1:1.2 mixture of

E and Z-oxime isomers (Figurg).
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'H NMR (400 Mz, CDCL:) 8 6.33 (dq, /= 15.8, 6.9 Hz, 1H), 6.28 (dq, /=158,
6.9Fz, 1H), 6.16 (dq, /= 108, 6.9 Hz, 1E), 6.09 (dq, /= 10.5, 6.9 Hz, 1H)

ikt s M JL

T
g

0.96—
(il
3.06—

= = . 8 . - . . . . . = = - 1
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5]
f1 (ppm)

Figure5. NMR spectra of compourb.

The NMR spectrum shown in Figrehows the four signals for one of the alkenyl protons and
the four differentiable singlets for the methyl oximes. After subjecting compoR6do
diboration conditions, the major compound isolated after chromatography appeared to be a
mixture of two products only (Figures). The'H NMR spectrum shoed only two singlets for

the methoxy group adjacent to the nitrogen and the expanded area shows that the two
products are a mixture afisandtransalkenes. This data suggested that one oxime isomer had
undergme diboration as expected (leading to BfiZolefin mixture of diborylated azatrienes)
but that the other oxime isomer had undergone a different transformation that led to a
product that could not be isolated by chromatography (hence, yields <50%). Taseap

different reactivity of ketoxime isomer pairs was unknown, to the best of our knowledge.
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Figure6. NMR spectra of compourg8.

The next logical step was to repeat the reaction and to carefully analyse the érudVIR
spectrum of the reactin mixture. As shown in Figuve the crude spectrum showed that there
was another product in the mixture, which was later confirmed byMSCanalysis to be2,6-
dimethyt4-(4 4,5 5-tetramethyt1,3,2-dioxaborolan2-yl)-pyridine. This compound was formed

by apparent electrocyclegion and regioselective protodeborylation of one of the oxime
isomers ofthe starting material (Schemed@and Figure J. In the crude'H NMR spectrum, we
could unambiguously assign the peaks for this pyridine boronic ester by correlating them with
literature data®® Pyridine boronic esterl44 was isolated in a low 23% vyield due to its

extremely high polarity.

___________

121} >98:2!
\"_,\;;OMe B,pin, (1.1 equiv) Meo\lN""- Me
9 .
. | < i Pt(PPh3), (10 mol%)  ping e S
. e Tol, 120°C,05h  Ling | A pinB” N e
Me
33; 49% 144; 23%

Scheme74. Diboration reaction oP6.

53



Chapter3: L Y @S & 1 A 3| AededtrdcychisdtidreobaiyktSdazatrienes

3.74
373

<G

Me Me H
H A
r( Z H Z“Me
. X C(Me)NOMe
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BPin BPin

H
Z “Me
Me)NOM:
BPin\C(e)Oe

BPin
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Figure7. IH NMR spectra of crude diboration reactior26f

The results obtained in the cyclisation ©£226 suggested that oxime stereochemistry phay

a role in determining electrocyclisation efficiency. Since substi2®34 did not undergo this
electrocyclic reaction and were single oxime isomers we decided to continue our investigations
by assigning the stereochemistry of this class of precursamfortunately, it proved to be
impossible to crystallise any of thdiborylated products(29-34) as they were isolated as
foams However hydroborated substrat80 was found to be crystalline and-rdy analysis
showed it to haveE-oxime stereochemistryFigure 8) This compound, like substrat@9-34,

gl & TF2dzy R (0 2-eledt®cyclisdt®Iihis dieult prompted us to hypothesise that
oxime ethers bearing the alkoxiaésto the azatriene array would be less reactive than oximes

with atrans-alkoxy (with respect to the azatriene moiety).
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Figure8. X-ray structure oB0.

This hypothesis was consistent with the observation that intermediates bearing a phenyl group
in the centreof the molecule underwent smooth cyclisation, as they would have the reqéired
oxime configuration leaving the reacting site free to perform the desired electrocyclisation

reaction(Scheme 3).

R' Bpin Bpin Bpin
& Bpin Bpin R’
—_— \ —_— = —_— =
N NR SN |
ZNoR ZToR “OR N

Schemér5. Synthesis dboronic ester derivativesom Eoxime azatrienes

Support for the configurational assignment of these substrates was provided Ghevas
found to be a crystalline solid, allowing us to confirm the stereochemistry {ogty X

crystallography(Figure 9)

Figure9. X-ray structure of E64.

In order to fully investigateour hypothesis, we also prepared a series of substrates of this
compound class that could provide both oxime isomers. Accordimgithyl ketoximed€/Z77-

79were synthesied in good yieldfrom their separable mixture of ynene-E/Zoximes74-76.

The prger stereochemical assignment of our pair of oxime isomers was crucial to the further
understanding of our observations. In this regank focused our attention on the studies
made by Karabatsos and-emrkers who reported a list dD-methyl acetophenoneand their

preferred configuration together with their assignetH NMR spectr& Due to steric
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hindrance theseacetophenone derivativegrefer thetrans configuration, the ratio is shown in

scheme76.

MeO\
% N 2:98 N-OMe
O = O
Me Me

Schemer6. Conformational preferencef acetophenone @nethyl oximes.

In order to assign theorrectstereochemistry to alkynyl oximdsZ74-76 and diboryl alkenes
E/Z77-79, we comparecbur *H NMR spectra with thoseported by Karabatso®recisely, the
methoxy group adjacent to the nitrogen atom was correlataith the acetophenone
derivativesreported by Karabatsos (Column 2hnd the results forour alkynylE/Z 74-76
isomers Column 3) and our diborylalkene example& 77-79 (Column 4)are shown intable
10.

N-OMe N-OMe
©_<N—0Me y 7
/ Me Me
E- Substrate Me \ Bpin
R
R Bpin
3.98 (neat) E74; H :4.00 (CTk) E77, H :3.96 (CTh)
IH signal (ppm)
3.95 (C@) E75; Cyclop4.00 (CI3h) E78; Cycloprop3.96(CLLCk)
-OCH (Solvent)
3.96 (GHs) E76; 2-Napht:4.04 (C3k) E79; 2Napht:3.78 (CTk)
MeQ MeQ
MeQ /N /N
Z- Substrate @_/<N Me Me
Me AN < Bpin
R Bpin
3.82 (neat) Z-74; H :3.81(CDG) Z-77; H : 3.79 (CD$I

H signal (ppm)

3.73 (CQ) Z-75; Cyclop: 3.8{CDG)  Z-78; Cycloprop: 3.76 (CRCI
oCH (Salvent yclop: 3.8{CDG) ycloprop (CRC

3.82 (GH) Z-76; 2-Napht:3.85 (CITE) Z-79; 2-Napht: 3.61 (CLCE)

Table10. 'H NMR correition of EZ-acetophenone ketoximesi-79.

Table10 shows that the'H NMR shifts of th©-methyl substituent of our majoisomer closely
matches the values reported by Karabat$osthe trans configuration. These signals appear to
be more deshielded relative to those obtained for ttieisomers.One can observe that, once

again,the results for our minocisisomers alsocorrelate well to those reported.

Another interesting way to assign the stereochemistry of our moleculbg omparative**C

NMR analysis. Capoor and Fraser reported a series of substituted of@=i;OH and the
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correlation between certain groups artieir carbon NMR shift’ Interestingly, and to our
delight, acetophenone oximes were described and the resulidsely matched our
experimental observationgSchemer7 and Tablel ). In this regard, thé3C NMR of the methyl
group adjacent to the nitrogen atorwas correlated between the acetophenone derivatives
reported byCapoor and FraséColumn 2)and the results foour alkynylE/Z 74-76 isomers
(Column 3) and our diborylalkene examptg# 77-79 (Column 4jare shown irtable 11.

_.OH HO.
N N

.

E-oxime isomer

CH3

15.9 ppm

I
©);. 9 ppm

Z-oxime isomer

Schemeér7. 13C NMR shifts of adjacent methyl groups in acetophenone ketoximes.

N-OMe N-OMe
/ 7/
N-OH
E- Substrate @—(f \ Me B':;
Me A\
R
R Bpin
BCsignal(CDa) E74;,H:16.1 E77,H:16.5
signal(CD
CH( ) 15.9 E75; Cycloprop: 15.9 E78; Cyclopropi6.4
- ppm
E76; 2-Napht:16.2 E79; 2-Napht:15.2
MeQ MeQ
HO\ /N /N
Z- Substrate @_{N Me Me
Me \\ < Bpin
R Bpin
Z-74;H:21.3 Z-717;H:22.1

13C sigial (CDG)
-CH (ppm)

21.9

Z-75; Cycloprop: 21.2
Z-76; 2-Napht: 21.5

Z-78; Cycloprop: 21.8
Z-79; 2-Napht: 21.4

Tablel1. 13C NMR correlation eMe E/Zacetophenone ketoximest-79.

We could finally unambiguously assign the configuratiothefmajor oxime isomer of these

substrates whercrystals ofEe=76 were formed allowing us to confirm the stereochemistry by

X-ray crystallographyHgure 10).
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Figurel0. X-ray structure of &6.

Having made and assign#tk stereochemistry ol Z74 - 79, we decided to employ them in
the electrocyclisation reactiorAddition of 0-DCB and heating each of the compounds at 200
°C for 16 h resulted in clean formation of the isoquinoline prod9&L4 and 95in excellent
yield in the case of the substrat@assigned a& In contrast, oxime&-77-79 failed to provide
any isoquinolinewe were able to recover more than 60% of tharng materid (Scheme 8).

No conversionvas observed, even after prolonged heating

N/OMe
93; R= H; 739
| 0-DCB SN R=H; 73%
Bpin A\, 9%R= < ;84%
Bpin 95; R = O ; 95%
ET8  p o $ b
E-79
MeO\N
I 93; R= H; <2%
o-DCB \N
4. - . 0,
| 200°C, 16 h
z77 Bpin 95 R=} O ; <2%
Z-78 R Bpin Q
Z-79

Schemér8. 6 -electrocyclisation ofMe substituted ketoxime azatrienes.

We were now able to interpret somef the surprising results obtained in our earlier wolor
example, he diboratiorEC reactionsnly had deliveredhe corresponding 2,3;tisubstituted
pyridinesin modest overall yieldHowever, these reactions were carried out using a mixture of
oxime isomers Indeed on close inspection of the crude NMR spectitae Zoxime ether
isomers were discernible after overnight heating, highlighting their relatively poor reactivity in
comparison to theeisomers. ThseZ-diborylated molecules, however, turnealt to be quite
unstable and prondo decomposition and protodeborylation at room temperature, so they

were never isolated and fully characterisg@themer9).
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.OMe

MeO\N
Bopin, (1.1 equiv) |
| Pt(PPh3), (10 mol%) Bpin |
R ™ -~ Rox * R Bpin
Toluene, 120 °C, 16 h o |
~

Bpin

113; 1.5:1 E/Z isomers R =§—© 116; 50%; R = 3—@

o o Single oxime isomer
114; 3:1 E/Zisomers R =§_g 17; 67%; R = E—J Not isolated
in any case
115; 1.5:1 E/Z isomers R= §_§J 118; 47%; R = g_<J g

Schemér9. Synthesis of phenyl boronic ester pyridines and the observation of the unreactive diborjdaieizin
the crude!H NMRspectra

This observatioralso applied tcheteroaromatic ringtethered azatrienes (compoundk33 to
143). While allsubstrates obtmed mainly assingleoxime etherisomers smoothly furnished
the correspondingheterocyclic boronates in consistentfjood yieldsonly the Eoxime isomer
of intermediates E123 and E124 furnished the desired thienopyridine 134 and
thiazolopyridinel37 upon heating (Scheme 80)This issue will be addressed lateiChapter 4

¢ Photochemical isomestion/cyclisation of oxime triengs

// Bopin, (1.1 equiv.)
7 Pt(PPh3), (10 mol%) S
N .
7 oM |
®  Toluene, 120°C,16 h P
E-123 68% Boin
134
1) Bopin, (1.1 equiv)
y Ph Pt(PPh3), (10 mol%) NS
N 7 Toluene, 120 °C, 16 h g )
4 \ > Ph N
ST N\OMe 2) 0-DCB, 200 °C, 16 h Bpin
65% 137

E-124
Scheme0. Thermal electrocyclisation of compound$ZBand E124.

Researchto date has been focused onlgn borylated azatrienes performing the desired
transformation. In order to study the full picture on how both the oxime and the pendant
olefin residuesaffect the electrocyclic reaction we decided to dyesgise a series dfimple

hydrocarbon decorated-alkenyl acetophenone oxime ethefSchemes1l).
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H | H | Me | Me | H |
.0 O. .0 O. .0
H™ ™S NI H™ ™S IN H™ ™S NI HT ™ IN "Bu” Y N
145; E-oxime 145; Z-oxime 146; E-oxime 146; Z-oxime 148; E-oxime
unsubstituted alkene unsubstituted alkene trans-alkene trans-alkene cis-alkene

Scheme31. Benzene tethered olefin methyl oximes

The route to separableE/Z145 consisted of a Suzuki coupling reaction between- 2
bromoacetophenone and the corresponding trifluoroboronate partner. Subsequent

condensation gave the desired compounds in excellent yield (ScB&ne

KF3B .~ (4 equiv)

PdCI,(PPh 4 mol% .
Br 2(PPh3)s ( . 0) \ o NH,OMe HCI \©OMe
CsCO;3 (3 equiv) Na,SO,, Pyridine I
THF/H,0, 85°C, 48 h MeOH, 16 h, r.t
96% 98%

E/Z 5/1 mixture E/Z-145
SchemeB2. Synthetic route to compound E145.

Substrate€=146 and Z-146 were obtained by condensation of the commercially availdBle

1-(2-(prop-1-en-1-yl)phenyl)ethanl-one, and separation of the oxime ethers

Me Me
NH,OMe-HClI
X 2 ;OMe
Q Na,SO,, Pyridine N Nl
MeOH, 16 h, r.t
87% E/Z-146

E/Z 1.3:1 mixture

Scheme33. Synthetic route to compound E146.

Substrate148 was producedusingthe route described in schem@4. In this case, oly the &
oxime isomer was isolateth pure form, the small quantities ofthe Z isomer that were
produced made it difficult to access clean materidt147 was submitted to an alkyne

reductionto providethe correspondingisalkeneE148usingaLindlar reduction (Schent).
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"Bu "Bu

="Bu H,
B Cul (5 mol%) I o NHoMeHC | ome Lndar < _ome
Pd(PPh;),Cl, (5 mol%) Na,S0y,, Pyridine | Catalyst
_—
Et3N, 50 °C, 24 h MeOH, 16 h, rt EtOAgfﬂj h, rt.
88% 96% 147 b »

3:1 E/Z oxime isomers

Scheme34. Synthetic route to compoure148.

The f-electrocycliation of substratesl45, 146and 148 was studied by heating samples in
1,2-dichlorobenzene at 200C overnightthe results are shown in schen@b. Oxime ether
isomersE/Z145showed a dramatic difference in reactivity under these conditions, with&he
isomer delivering isoquinoliné49 in 54% yield, whil&Zisomer 145 failed to generate any
detectable quantities of the same product. In contrast, substratans-E146 and cisE148
were both found to undergo cysiition to deliver the expected productss0 and 151, albeit
with the Z-alkene isomer providing glightlylower 58 % yield. Once morgans-Z-146 proved

to be inert to theseconditions the desired isoquinoline wasohobserved.

OMe
N~ Me Me
| 149
Me 0-DCB N 149; R s = Ryans = H; 54% >N
_ _ 150; R;;s = H; Ryans = Me; 83% — H
| 200°C, 16 h R 151; Ryjs = "BU; Ryans = H; 58%
Reis Rirans Me
7 Me
MeO\N Me
|
Me 0-DCB SN 149; Reis = Ryans = H; <2% Me
—_— _ 150; Ryis = H; Rypans = Me; <2% N
| 200°C, 16 h R 151
7 "Bu
Rcis Rtrans

Scheme5. Electrocyclisation of benzene tethered olefin oximes.
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4. DFT calculations

As observed throughoudur studies, it has been experimentally demonstrated that the rate of
thermally promoted disrotatory pB-electrocyclisation of conjugated pentadiene oxime ethers
appears to be dependent on the stereochemistry of the C=N bond. Surprisingly however, this
transformation is relatively insensitive to the stereochemistry or ex@nsubstitution of the
5-alkenyl moiety (Schen5).

_.OMe \ |
N | i
| Fast = N,OMe SN Z>N
| E—— R E—— I
: N N R
- ZMR E-oxime . R .
| i !
MeO. \ |
) | '
Slow ASN-OMe Y ON
| E—— R —A— I
Zoxi N NAR
SONAYR -oxime R |

SchemeB6. The effect of oxime stereochemistry on the efficiency of electrocyclic reactions.

In order to further understand the origin of these observations, we decided to turn our
attention to theoretical calculations. Thanks to our collaborative work with the group of Prof
Enrigue GémeBengoa (Spain) we have been able to study the computed daiwation
energy of the cyclisation of various reaction substrates, narbé8/(cisandtrans), 79, 52 and

53, with a special focus on explaining the general insensitivity of the reaction to the
stereochemistry at the alkenyl terminus, and the high sirigi to the stereochemistry of the

oxime.

The Goémez Sy 32| AN dzLIQa Ol f Odzf | G A 220/63114B@IME LIS NF 2
IEFPCM(Toluene) level of theory, and are summarised in HifjuFeérst, theZ- and E isomeric
forms of all initial oxime substrateshew very similar relative stabilities, with differences

between them of only @.6 kcal/mol Fgure1l).
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+OMe
I
+OMe
N N;OMe
' ing_ i
Me P e | Bein
| E/Z-146 pinB | E/Z-52 O Bpin EZ9
Me Me
62.8 kcal .
-OXimerg
55.7 kcal Z-oximerg
435 keal Z-oximerg
32.8 kcal E-oximers 24.2 keal 31.3 kcal .
] E-oxime s E-oximerg
Z
E 0.3 kcal E
0.3 kcal E 0.6 kcal
A

4

Figurell. Relative stabilities of oxime pairs EVZ6, 52 and 79 (kcal/mol).

Also, in agreement with the experimental results, but surprisingly, the activation energies for
the cyclisation of thez-oxime isomers are between 20 and 30 kcal/mol higher than those of
their Ecounterparts, which corresponds ten or more order®f magritude lower reaction

rate (Figurel2). The reaction barriers for thE-isomers range from 24 kcal/mob?) to 33
kcal/mol (46). These barriers are easily surmountable at the experimental temperatures
typically used for the cyclisation reaction (up to 200 °C when using bettedrered
substrates, presumably due to the need to break the aromaticity of the phenyl ring in the TS).
Meanwhile,Z-oximes afford activation energies over 40 kcal/mol (even as high as 63 kcal/mol),
meaning that this general kind of substrates will probably never react, whatever the
experimental conditions employed. Thus, the stereochemistry of the oximerucial for the
reactivity, and the reasons underlying these exceptional energy differences betvesm Z-
cyclisations will be discussed later. Interestingly, oxiederived from a ketonepresents
moderately higher activation barrier than the lesrically demanding substrate3, derived

from an aldehyde, confirming the sensitivity of the process to changes at the imine position. In
any case, the activation barrier 88 is still low (24.3 kcal/mol) and ketoreimes present
good reactivity in geeral. Even though these substrat¢s2 and 53) are theoreticallysuitable
substrates for cyclisatiorihey are problematic to obtain experimentally pulee to their high

polarity and susceptibility to protodeborylation upon purification.
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In contrast to he oxime moiety, the computational data also predict that the structural

features on the alkene terminus do not exert any significant effect on the cyclisations,

consistent with the experimental results discussed above. For exarojgiE 146 presents

slightly lower activation energy than thdrans isomer trans-E146 (32.0 vs 32.8 kcal/mol,

Figure 12, confirming the surprising finding thaisalkenes can be as good substrates (or even

better) astrans-alkenes in this specific reaction. In fact, the highly hindered butyl derivative

148shows good reactivityScheme 8 in spite of its significant steric hindrance. Furthermore,

any substitution on the alkene seems to be well tolerated, and tetrasubstitaterivative79

shows comparable, slightly lower activation barrier than the simpeskenel146. Thus, the

substitution degree and pattern of the alkene have no significant impact on the reactivity.

OMe OMe OMe OMe OMe
N N N N N
inB inB
O P e P o
Bpi
| | | pin pinB | pinB |

Me Me Q Bpin Me Me

trans-146 cis-146 79 52 53
TS E-oxime 32.8 kcal 32.0 kcal 31.3 kcal 24.2 kcal 19.7 kcal
TS Z-oxime 55.7 kcal 66.0 kcal 62.8 kcal 43.5 kcal 43.4 kcal

Figurel2. Computed Free activatianergies (kcal/molfor cyclisations of oximes E and Z of different substrates,
computed at MO&X/6-311+G(d,p)(IEFPCM,toluene)

To find an explanation for the above findings, we analysed the structures of theliftenent
transition states of compountrans/cisE/Z146 (Figurel3). As expected, all the cyclisations
are disrotatory, and present very homogeneoubl ®ond forming distances, ranging from 1.90

A to 1.94 A. The transition states of the tE@ximeisomers(trans-E-146and cisE146, Figure

12) are structurally very similar, and so are their barriers (32.8 and 32.0 kcal/mol). Inspection
of the planarity of the reacting alkene provides an explanation for the good performance of
hindered Z-alkenes. ThePhCCMe dihedral angly is close to 0° in the initial state of the
double bond, but the value increases to 56° due to partial pyramidalisation during the
transition state ¢isE146), releasing part of the steric repulsion between the eclipsed aryl and

methyl substituents.

Inspection of the oxime moiety during the transition state is also very instructive. The isomeric

TStrans-E146 and TStrans-Z-146 are structurally very different, as are their energies (348
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55.7 kcal/mol, Figurd2). We hypothesis that the lone pair of the oximaitrogen is actively
participating in the electrocylisation, and its orientation is thus crucial for the reactivilySIn
trans-E146, the iminic nitrogen lone pair is pointing towards the terminal carbon of the
double bad (see tentative disposition, Figulé in red), whereas T Strans-Z-146, the lone

pair is pointing almost orthogonal to the formingNCbond. We measured the dihedrgd and

gs, describing the position of the alkene terminal carbon with respect to the oxime plane (see
description of the angles in Figui8). In its ideal position, the lone pair should be aligned with
the forming GN bond, forming dihedral angleg; = 0° andgs = 180°. Confirming our
hypothesis, the favoured structurésStrans-E146 and TScisE146 approach these valuesg){

< 10° andyz = 163°), whereas a clear deviation from them is observed in struciuBésans-Z-

146and TScisZ-146 (g2 > 50° andys < 120j.

TS-trans-E-146 TS-cis-E-146 TS-trans-Z-146 TS-cis-Z-146
Snc = 1.90 A 5=1.90 A& 5=1.94 4 5§=1.94 A
AAG* = 32.8 kcal/mol AAG* = 32.0 kcal/mol AAG* = 557 kecal/mol AAG* = 66.0 kcal/mol
0phene) = 7° 6, = 9° 0, = 50° 0, = 58°
03mecnG) = 163° 05 = 163° 05 = 120° 05 = 102°

04 = 56°
falkenet Me
N2 ANF=0 HE S-Me H%
03
C-N forming Initial state Transition state

bond

Figurel13. Structural features of the isomeric transition structures of compduiéd

During the transition state of the cyclisation, the nitrogen lone pair donates into the alkene
antibondingp*orbital, as evidenced in the plotted orbital interaction diagram i&trans-&

146 (B, Figurel4). This interaction is lacking iRStrans-Z-146, where the lone pair is not
participating in the transition state. Also, the electronegative region (red the ESP
diagrams) of reacting oxime Z is large around the lone pairs of nitrogen and oB;geguyre

14), showing the free electrons of nitrogen away from the formiAy @ond area. Meanwhile,
there is an absence of negative charge around nitrogeha Strans-E146 (A), since its lone

pair is involved in bonding.
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e Ky

. o

JJ‘: 9

TS-7E-oxE i TS-7E-oxZ

Figurel4. Orbital interaction diagram®(and Q) and Electrostatic Potential map& &nd D) for the cycliation
transition states of the isomeric Bnd Z 146- oximes
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5. Conclusions

The ¢ -electrocyclisation of oximdased azdrienes has prove to be challenging. This
reaction is very substrate dependent anehjuires high temperatures. Efforts to promote this

process with théhelp of Lewis acidiiled.

Benzaldehyde derived oximeare generally effective substrates for electrocyclisation
furnishing a number of isoquinoline boronates in good to excellent yields. The reaction was
found to be tolerant of electroslonating and electroswithdrawing groups in the aromatic
ring, and to a number of substitutions adjacent to the pyridine nitragetore challenging
protected TBS ether furnished a further functionalisable heterocycle in very good yield and
even substituted acetophenon®methyl oximes reacted as expected to form fully substituted

pyridine derivatives.

5,6,7,8Tetrahydropyridineboronic ester derivatives have been obtained using our tandem
methodology. Cyclohexanone aridHPderivatives have been transformed into our desired
heterocycles in a small number of steps and great yielgserilinone derivatives, however,
turned out to be chllenging precursors and the successful synthesis of the final product could

not be accessed throughout our studies.

The synthesis of aiverse number of fused heterocyclic pyridine boronic ester has been
achieved for the first time. In this regard, &nopyridines, thienopyridines, indolopyridine
derivatives,thiazolopyridires and pyrazolopyridines have been obtained in good to excellent
yields. These substrates akaluable precursors to further highly functionalised structures
(further discussion in Cipter 5 ¢ Design, synthesis and profiling of novel annellated pyridine

derivatives)

We conclude that therés a relationship between the stereochemistry of ketoximes and their
reactivity towards electrocyclic reactions. It has beerperimentally shown tha the
configuration of thisgroup affects its reactivity but not that of the alkene at the azatriene
terminus Specificallyour studies showthat the E oxime etherisomer - with respectto the

azatriene moiety ishighlyreactivetowards electrocyclisation

Thanks to the DFT calculations performed by the group of Professor E. Bémgaa in the
University of the Basque Country (Spain) some ofstimprising stereochemical aspeakthis

transformation could be successfully umdmod.
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Using computational methogswe have identified @one par [/ [P* orbital interaction
between the reacting termini of the azatriene that lowers the energy of the transition state in
electrocyclisation ofEoximes. This orbital interaction isoh available in the case of the
correspondingZ-oxime isomers, and the transition states for cyclisation are significantly higher
in these cases. In contrast, the stereochemistry and extent of substitution at the pendant
alkene do not play a significantleoin modulating reactivity as partial pyramidalisation at the
transition state offers a means by which steric congestion can be relieved during the

electrocyclisation process.
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CHAPTER 4:

Photochemical isomerisation/cyclisation aG-oxime
ether azdrienes.

1. Introduction

Isomerisation of the carbog nitrogen double bondf animine (CN) has beera subject of
great interest throughout the years. Even though the thermal isomerisatiommefes had
been studied in detail many years agiovas only much more recently that investigations into

C=N bondisomerisation were undertaken in thexcited photoclemical state.

One of the first studies in this field was conducted in the eB9R0s by Padwa and Albrecht. In
this regard, they were interested in studying both the theriyjaand photahemically
promoted interconversion of imingsomers. At that time, McCarty had already reportethat

the substituents on the nitrogetom contribute significantlyto the thermal configurational
stability of this functional group® Specificallythe exceptional configurational stability of
oxime methylethers was highlighted and compared to, for instance, thidiaryl or N-alkyl
partners. This thermal configurational stability neathose compounds perfect analogues to
study the C=N bond isomerisation under photochemical conditions since their isomerisation
could not be affected by heatinghe rapidcis¢ transisomerisation of acetophenone derived

ketoximes undeultraviolet irradiation (254 nmas firstreported in 1972 (Schenty).585°

O\N hv N,O
| E |
O)\Me ©)\Me
cis - Oxime isomer trans- Oxime isomer

Scheme37. cis¢ trans Isomerisation of acetophenone ketoximes under ultraviolet irradiation.

Pure cisoxime isomer was submitted tdhe reaction conditions. Satisfyinglya quick
isomeri@tion was detected and both isomers could be readily separated using
chromatograplic techniques. Moreover, isomerically pure oximes were tested once again
towards thermal interconversion. No isomerigat was noted after more than 5 days at

elevatedtemperatures.
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Photochemicdl induced electrocyclisation of azatrienes

The use of photochemistry for the synthesis of six membered ring nitrogen heterocycles has
been dominated by the use d¥-O-aryl and N-O-acyl basedoxime azdrienes. Photolysis of
these groups under UV irradiation has been broadly repor€@davage of the corresponding
NGO bondresults in the formation of the highly reactivieninyl radical intermediate that
smoothly reactsn anintramolecularfashion, leading t@romatic substitutiorand furnishing a

new &N bond(Scheme88).”071727374 This methodology has been broadly applied towards the

synthesis of phenanthriding/pe heterocycles.

I\ ,:] hv / Pyrex I\ ,: H=58%
Noor t-Butanol =N I\Pﬂﬁ:fg ;f
R via ./ \:] R
R'=Aryl, Acyl N
N
R

Scheme38. Proposed mechanism for the intramolecular cyclisation of iminyl radicals.

After an extensive searcit appearsthat the use of oxime methyl ethers in azaelectrocyclic
reactions undephotochemical conditionss rare As an exampld,ijser and cavorkers studied

I & S NRaflhenzal@dehydebxime ether precursors to furnish phenanthridine derivafives.
Curiously enough, theyidl not report the prevously described initial 0 bond homoltic
cleavag@ as the reaction mechanism.The theoretical mechanistic studies of this
transformation concluded that the first step involves an oxidation step to form a radical cation
intermediate (Scheme39). Immediately after the nucleophilic attack of the benzenegrin
occurs, the methoxy radical is eliminated. Furthermore, a small amount of unreZaigitne

was observed as a kproduct in some cases highlighting, as already reported before, the
existence of an equilibrium between the two isomeric species under qu@mical

irradiation.

hv Cyclisation O XN
_—
Oxidation Re-aromatisation

(

SchemeB9. Catalytic oxidative cyclisation under photoinduced conditions.
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2. Results and discussion

Inspired by these studieswe envisaged thatphotochemisry could be a useful tool for
promoting our transformation in the case othermally unreactiveZ-oxime substrates Our
planned strategy consistl of a Z/E switchvia photochemical isomeiasion followed by arin

situ cyclisation on to the desired heterodg (Scheme0).

Z-oxime isomer E-oxime isomer
MeO. OMe
) N
hv BN N
_—
R .. R .-o--- A NRm
| :\lsomerisation’l | L _Cycll_sat/_o_n B
R® R R "R
Unreactive Reactive

Schemed0. Photochemicdy induced Z/E isomestion followed by a B-electrocycliation.

Firstly, substrate~146 was subjected to irradiatiomnder a high pressure 300 Vltraviolet
lampin 0-DCB.To our delight full conversion to the isoquinoline was detectafler 3 hours
(Scheme9l). Isoquinolinel50 was isolated in an encouraging 51% yield from the previously
unreactiveZ-146 precursor. It is important to underlinéhat this was the very first time we

were able to isolate angyclised adducfrom the corresponding-oxime partner.

MeO.
B
hv, heat SN
—_—
=
| 0-DCB, 3 h Me
51% 150
Me

Schemed1. Photochemicdy promoted elecrocyclisation of16.

Since simple alkenesere stable to irradiation, the next logical step was to apply this
methodology to diborylalkene azatriends this regard, we were unsure about the impact of
irradiation on our borylated adductsThe behaviour of carbon¢ boron bonds under
photochemical conditions has been poorly studied over the yedosne examples from the
early 1970s report € B cleavage under the specified conditionfiraviolet irradiation, 33°C,
CCJ).”®* However, the boron handle was, in all cases, coordinatedatmitrogen atom.
Consequently, we decided to challenge substr@@9 (Scheme 9). To our delight, the
reaction was complete in 3 hours giving complete conversion to the corresponding
isoquinoline boronated5. No trace of protodeborylation adduct was olpged both via NMR

spectroscopy and LCMS analysis.
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MeO.
°USN
I
g Sve
Boi
| pin hv, heat N
Bpin 0-DCB, 3 h N 95

®
Schemed2. Photochemicdy promoted elecrocyclisation of 3.

Encouraged by this results we decided to further study this transformation. Photochemical
conditionsare able to significantly decrease activation energies of thermal reactions since they
offer an alternative pathwayo high energy intermediates. In thiggard, we were unsure if

the transformation was indeed proceeditigrough anisomerisation/cyclisatiopathway or,
simply via a photochemical promoted electrocgation reaction. In this regard, the
photochemical cyclisation @79 was monitored via L®IS analysis antHNMR spectroscopy.
Firstly, figures 15-16 show the LGMS and the'H NMR spectraof pure Z-79 and E79 as a

reference point

2-napht Bpin 2-napht Bpin E
1 E | N OET9
pinp Bpin
[\ Z-79

| [ \a \ 1

N 2 N. P
? K 5‘3 [ ? 1N§ 3
o N QN €
N o

Figurel5. LGMS of pure Z9and E79 substrate
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2-napht Bpin

Bpin

,‘N Z-79
‘ JII.L e

1 (ppm)

2-napht Bpin
|

Bpin

\ E-79

9.5 9.0 8.5 8.0 25 7.0 6.5 6.0 55 50 45 4.0 3.5 3.0 2.5 20 1.5 1.0 0.5 0.
f1 (ppm

Figurel6. IHNMRspectraof pure Z79and E79 substrate

CompoundZ-79 in 0-DCB was submitted taltraviolet irradiation The reaction was stopped
after regular timeintervals and a sample of the crude wassalysedusing both L@S and NMR
spectroscopytechniques.Figurel? shows the evolution of the transformation after 20 and 40

minutes respectivel.

After 20minutes (as observed in Figui&), one carunambiguously discerim the LGMS the
formation of an equilibrium betweer?-79 and E79. To our delight, it was also possible to
identify the slow formation ofthe expected isoquinolineboronic ester 95. All these
compounds couldalso be clearlyidentified in the *H NMIR spectrum of the same sample
(Figure 19). Characteristic peakg-protons corresponding taOMe and ¢Me) of the three
compoundsin question could be clearly discerneseé experimentabrocedures for more

detalils).

After 40 minutes (as observed inigkre 17) the equilibrium betweenz79 and E79 was
unambiguously clear; both oxime isomesgre present in an approximate 1:1 mixturas
judged bythe crude!H NMR spectrum inigure 19. Furthemore, the synthesis of the
isoquinoline boronate seems to proceemmoothly and a 33%NMR conversiorcould be

estimated(Figurel9).
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Subsequent Figurg8 show reaction times of 68nd80 minutes respectively.

After an hour not much difference igbserved, nonetheless, one can undoubtly spot the

increase on the conversion to the heterocyclic bororafe

After 80 minutes, interestingly, 50% conversion is achieved (Fifieed 19). No detectable
amount of protodeborylationproduct is observed athis stage, neither via LC/MS or NMR

analysis.

Since a 50% conversion was observed around 80 min, we decided to keep checking the

transformation to detect when the reaction was complete.

E-79
E-7T97\
Prod; g ! a §
5 o8 g S N
o~ pei. P .
i z19-~/) P 279,
S \ 2

1.322
[1.358
H4%
1685
2043
1.247
f1.481
1.831
2

Figurel7. LC/MS monitoring of the photochemical formatiorfsfafter 20and 40minutes.

E-79™ . . E-7T97Y,
: ‘ﬁ . 5 5
" Prod _ prod;
~— 95 Z79— 4 |2 95 z79— |/
P 3 .

2.052

~
L)

[1.304
11.685
1.761

Figure18. LC/MS monitoring of the photochemical formatiorféfafter 60 and 80minutes.
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£79 ¥ ¢
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Z-79 ¢
ET9 |
~N
11 L LJ \
A ) !
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E‘79 Z'79 1
) ‘
L b Jl J ‘
Y 9 Y
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~ ‘
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Figure19. IH NMR monitoring of the photochemical formatiorf&fover20 ¢80 minutes.Main peaks for

characterisation assigned accordingly.
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After 140 min the conversion was total and, gratifyingly, only the final product can be detected
in both LC/MS andH NMR spectra of the crud&igure 20 and 2fop). Comparable NMR of

the crude NMR at 140 min and the pure sample of isoquind@ean befound in Figure1-
down.

YMax 12076

1245

Prod;
~— 95

1.179
2161

12,064
12,297

Figure20. LC/MS monitoring of the photochemical formatiorf&fafter 140 minutes.

—_J-JA_LKIAL X .l "
0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 L0 0.5 0
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N 2-napht
l L
"
o
833528 8 o
T v - 1: v T -r T " T v T v T v T v T v T v T M! T T : 2 T T
) 8.5 8.0 75 7.0 6.5 6.0 55 _58._ A5 4.0 3.5 3.0 25 20 1.5 1.0 0.5 0.0

Figure21. IH NMR monitoring of the photochemidednsformation after 140 minutes showing full conversio®%5p
compared to théH NMR spectra gfure naphtalene boronic este5.
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Thesestudies suggest thahe reaction followsa Z/E-oxime ether isomertion, followed bya
c -electrocyclisatiomeactionto furnish the cyclised addu¢chemed3). This result, once
again, is in support of our hypothesis that oxime stereochemistry dicthtesfficiency of

electrocyclisation.

MeO. OMe
eOIN N
|
hv, heat NN
O, — O
Bpin [ pce Bpin
| ) | Bpin
Bpin Bpin
95

Z-79 E-79

Schemed3. Photochemical induced Z/E isonsation followed by a B-electrocycliation to furnish95.

Encouraged by these results, we envisioned we ctaltd adwantage of this methodology to
fully promote the synthesis of the cyclised adduofssome of the thermally unreactive- Z
azatrienes described earlier. We were especially interested in using this photochemical
methodology with the substrates that we synthesised with the-@xime ethers as the major
components. For exampleystrates123 and 124 were synthesised from a mixture of oxime
isomerswith the Z-oximebeingthe major isomer observedrherefore, substrateg123and Z-

124 were submitted to our newly developed photochemical conditions and we were delighted

to observe that both fused heterocyclic boronates were smoothly obtained (ScBdme

MeQ, B,pin, (1.1 equiv.) MeO\N .
S /N Pt(PPh3)4 (10 mol%) S | hv, heat | N
Toluene, 120 °C,16 h \ | Bpin | 9 h,7c1J-o/DCB Soin
Z123 \ o
\ BPin _| 134
MeQ  Bopin; (1.1 equiv.) MeO\N S .
S P(PPh)s (10 mol%) | o | oneat N
¥ QO , NN pp
Toluene, 120 °C,16 h N | Bpin | 9 h,GCSJ-O/DCB Boin
Z-124 \ b
\ Ph BPin_ 137
Ph

Scheme4. Photochemicalsomergation-cyclisation strategy to compound84 and 137.

It is worth noting that, in this case, both diborylalkenes were unstable to purification.
Therefore,we directly used the crude azatrienes in the cyclisation step. Accordingly, the
solvent wassimply evaporated after diboration and 1,@ichlorobenzene added to the mixture

followed by the submission to the photochemical conditions.
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3. Conclusions

We haveachieved the synthesis of pyridine boronic esters from the correspongdimgme
azatrienesg which were found to be thermally inert to this transformation in our preliminary
studies. Azatrienes bearing different groups could successfully be transformed into the desired
heterocycles in good to excellent yields. The boronic esters proved to bée dialthese
reaction conditions and the corresponding heterocyclic boronates were produced without

evidence of significant undesired protodeborylated adducts.

The mechanism of this transformation, once again, confirmed the effect of oxime
stereochemistryon the efficiency of electrocyclic reactionsZA photochemical oxime ether

isomerisation is observed followed by the formation of thsoquinoline derivative.

Interestingly, additional heating was not required to promote cyclisation. Photochemical
reactions are known to add a great amount of energy to the system and it was evident that the
medium was heating during the reaction (solvent was observed to be boiling during
photolysis). We therefore believe that this transformation proceeds indeed via a

photochemical induced isomerisation followed by a thermally promoted electrocyclisation.

Last but not least, we could improve the yields obtained on the thermal synthesis of novel
thienopyridine and thiazolopyridine boronic esteif34 and 137. In this re@rd, it is much more
convenient to obtain these scaffolds using photochemical conditions since the substrates are

synthesised with th&-oxime ethers as major components.
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CHAPTER 5:

Design synthesis andorofiling of novel pyridine
derivativesc Industrial library production

1. Introduction

The robust and rapid access tnovel nitrogenbased heterocyclic compounds remaias
attractive challenge fororganicchemists sincghese motifs are part omany pharmacaetical

and agrochemical target moleculés.In this context pyridine boronic acid derivatives
repreent a valuable class of interediates, as already described before, by constituting
relevantprecursors for theproduction of highly complex molecul&Furthermore, the design

and synthesis of groups of compounds that can be easily modified in order to access a desired
combination of physicocheral properties is of great interest for medicinal chemists. Indeed,

up to the 1990s, the clinical failure of drug candidates was mostly driven by inappropriate
pharmacokinetic (PK) parameters and lack of clinical effitdoy2000, the attrition rate due

to PK was significantly reduced to ca 10%, while failure due to lack of efficacy and drug safety
remained highi® One of the main reasons for this reduction was the improeat of the
physicochemical and-ADME profiling during the course of the lead optimisation process,
combined with the acceptance that drug discovery is indeed a fpaftimeter optimisation

effort. Compound optimisation workflows nowadays include the yeadxperimental
assessment of intestinal absorption (e.g. CaCo profiling), inhibition of CYP3A4 enzyme,
metabolic lability in microsome preparations (metabolic lability), solubility (important for
effect limitations) and log D (lipohilicity). These paramgteonstitute an initial parameter

screening for potentially active hits in the medicinal chemistry industry.

Throughout this PhD thesis, we have reported a novel synthetic pathway to access a broad
group of different heterocyclic boronates from easily essed starting materials. In this
regard, where synthetically feasible, we have applied library synthesis to access a sufficiently
large compound pool to optimise overall profiles in a chemical series with respect to biological

activity, physicohemicaland eADME properties.
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2. Resultsand discussion

We began our studies by carrying out the Suzuki coupling of boroB4dtaad 99 applied to a
parallel library synthesis approacRince the synthesis of the starting materials could be
approached in amappropriate bigger scale (up to 10 grams) we optimised the reaction
conditions for the corresponding coupling in the laboratdrythe event, the highest yield and
broadest reagent scope was achieved using‘@@neration $hos precatalyst in combinatio

with KsPQ, in THF (Schengs).

Bpin Br  Sphos 2" Gen. Precat. (10 mol%)
§ /\ . KsPO, (3 equiv)
l N Ri
Z THF, 16 h, 80 °C
1.2 equiv. 1.0 equiv.

Schemed5. Suzuki coupling reaction between aryl bromides and pyridine boronic acid derivatives.

Thanks to the automated library synthesis service provided by Sanofi we could complete the
synthesis of compound&.01to A.34 Reactions were performed in a heated stirring block of
96 positions on a 0.20 mmol scale by a specialised technician (seeneepti section for
detailed conditions characterisation and purity valuesCompoundsA.01 - A.34 were
characterised by*H NMR and 8IS spectroscopy (see experimental section for detailed
results) and subsequently subjected to physicochemical and eADbfiting to get logD,
solubility, CaCo, CYP inhibition and metabolic lability data.

— —_ O — )
§8 85 &. Zg S 2
E 0 = 2 o S = = IS
28 e 3 T 3 = =
o® cg = s = S &
1 AO01 ( 2463 80 3303 13 50 2.09
",
2 A02 @Kg{ﬁ 2473 77 4149  10.2 >2022 135
3 A03 O, 2754 82 1805 300 7 248
Y
4  AO4 2633 50 1193  >30.0 <4 4.65
O
5 A05 . 3244 20 1518 300 55 203
3
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A.06 Q0 324.4 24 98.3 >30.0 4 205
A\
e
A.07 277.3 58 936 >30.0 <4 5.06
e
A.08 O A 263.3 65 119.6 >30.0 <4 4.66
A.09 A 277.3 94 162.2 >30.0 <4 4.84
A.10 > A 288.4 84 116.4 >30.0 <4 4.99
se
A.ll OO A 270.3 79 182.7 >30.0 <4 3.76
il
A.12 270.3 63 1684 >30.0 <4 3.85
A.13 3455 18 NoVal >30.0 <3 6.13
el
A.14 I 289.4 98 NoVal >30.0 <4 4.22
A.15 277.3 50 113.0 >30.0 <4 5.02
A.16 277.3 73 89.1 >30.0 <4 5.25
A.1l7 293.3 100 8.3 >30.0 <4 3.39
A.18 249.2 65 365.8 >30.0 >2006 1.81
A.19 288.0 89 925 >30.0 <4 4.98
A.20 313.7 36 253 2.9 >392 0.84
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Ms

21 A.21 OA 316.3 73 133.8 15.7 <3 4.14
CIT

22 A.22 OA 293.3 71 133.8 >30.0 <3 4.27
Ly

23 A.23 285.4 35 98.4 8.3 <4 4.74

24 A.24 OA 316.4 93 152.9 17.1 <3 4.44
CY

25 A.25 337.4 64 217.8 >30.0 <3 3.10
Chdeo

26 A.26 OA 378.5 99 265.9 6.7 <3 3.95
CLy

S

@

27 A.27 ;N 3455 37 75.6 >30.0 <3 5.90
EZJ

28 A.28 330.4 31 120.0 >30.0 <3 3.98
AN
CIY

29 A.29 OA 3164 87  291.6  >30.0 187 2.41
G
|

30 A.30 @Eﬁ 317.4 72 437.1 >30.0 >1575 1.48

31 A31 N 300.4 68 2922 >30.0 37 240
\O“J\

32 A32 % 304.4 33 337.2 >30.0 >1643 202

33 A33 @W&A 239.3 97 190.3 >30.0 >2089 173

34 A34 L 276.3 5 280.8 >30.0 >1809 1.07

X
=N

Table12. Physical and biological properties of compounds A.
aTotal metabolised (Jono CYP inhibitor addedR Total (16cm/sec) G (INH) (uM) Isoform: CYP3A4 Substrate:
Midazolam.9pH 6.48.4 (uM). ¢ RRChromatography, MOPS Buffer pH: 7.4 T: 25 °C
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Even though a high metabolic lability was obserf@dmany of thesecompoundswe could
clearlyinfluencethe properties of the compounds by variation of residues in position 4 (Table
1). As expected, labile functionalities such as methyl esters (&@rand substituted anilines
(entries10 and 19) are rapidly metabolized. In comparison, hindeted-butyl esters showed

less metabolic lability (entrie$3 and 27), at the expense of high log D values, and polar
residues positively influenced the metabolic stability as expected (en&igs and 20). A
comparison of entrie@0 and 23 further showed that compounds with opposite solubility and
lipophilicity profiles can still show a similarly low metabolic lability. Compodng2and A.34

both showed a decent overall profile with low metabolic lability, high CaCo values, no CYP3A4

inhibition and reasondke logD values accompanied by a high solubility.

We then subjected the tetrahydroisoquinoline borond&8to Suzuki couplingssing the same
conditions as for the isoquinolines"{Zyeneration SPhos precatalyst,s3RQ, THF)Thanks to
the automated libray synthesis service provided by Sanofi we could complete the synthesis of

compoundsB.01to B.29(Tablel3, see supplementary material for detailed procedures).

1 B.01 N 293.4 6 137.5 >30.0 >604 1.39
)

2 B.02 5 250.4 96 2528 1.9 >1997 2.15

3 B.03 N?: 251.3 90 2574 15.6 107 1.40

4 B.04 | 279.4 91 127.4 24.6 14 253
B

5 B.05 F\ 267.4 85 77.9 >30.0 <4 4.75
K

6 B.06 F\ 281.4 89 90.5 >30.0 <4 5.15

7 B.07 F e 267.4 95 57.0 >30.0 <4 474

8 B.08 - 281.4 97 70.2 269 <4 501
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10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

B.09

B.10

B.11

B.12

B.13

B.14

B.15

B.16

B.17

B.18

B.19

B.20

B.21

B.22

B.23

w
N
N

_
° | N
N/

B.25

\
o

N 7

274.4

274.4

349.5

293.4

281.4

281.4

275.4

297.4

320.5

297.4

289.4

320.4

341.5

280.4

382.5

334.5

320.4

90

93

36

98

92

76

83

100

97

92

53

97

77

21

100

77

98

150.7

135.3

23.8

141.4

70.1

58.4

2457

26.5

100.9

91.4

57.0

113.8

1405

201.9

111.6

1189

183.0

>30.0

>30.0

>30.0

13.7

>30.0

>30.0

>30.0

>30.0

>30.0

4.1

8.0

>30.0

>30.0

4.4

10.4

>30.0

<4

<4

<3

<3

<4

<4

166

<3

<3

<3

<4

<3

<3

>1783

<3

<3

>1560

3.87

3.94

6.24

4.34

5.12

535

2.49

3.60

4.23

4.43

4.83

448

3.19

1.11

4.02

402

249
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26 B.26 4185 44 52.6 27.6 179 1.31
1
or

27 B.27 %{A 321.4 08 136.9 8.5 6 3.26
‘/\N

28 B.28 CE@ 304.4 97 2769 258 23 246
!

29 B.29 4205 96 924  >300 >1189 221
X

Tablel13. Physical and biological propertiescompounds B.
aTotal metabolised (Jono CYP inhibitor addetPTotal (18cm/sec) fGo (INH) (uM) Isoform: CYP3A4 Substrate:
Midazolam.dpH 6.48.4 (M). e RRChromatography, MOPS Buffer pH: 7.4 T: 25 °C

As expectedno dramaticdifference was observed when changiingm the isoquinoline core

to the tetrahydroisoquinolines (Table 13); bositaffolds are highly hydrophobic, exhibiting
rather high log D value#\ peculiar result is the different metabolic lability obtained in both
morpholinederivativesA.28and B.24 which might be an outlier due to the limited solubility of

the compounds.

Finally, isoquinoline boronateé36 was subjected to Suzuki couplingsing once again the
automated library synthesis service provided by San&theme96). In generalthis set of
compounds turned out to banore metabolically labile than the cyclopropyl adogues.

Relevant structures and data points are presented in Tadle

Bpin Br  Sphos 2" Gen. Precat. (10 mol%)
X + K3PO4 (3 eqUiV)
| N R4 ~
= THF, 16 h, 80 °C
1.2 equiv. 1.0 equiv.

Schemed6. Suzuki coupling reaction between aryl bromides and pyridine boronic acid derivatives.

= o — O — &) Q

§¢ 85 S = = 2

E 0 s 2 o o = 2

o o ) Qo 8 o =

£ 5 < g o 3] = o)

o g O 8 > > c n
1 Cc.01 0 2463 82 2434  <1.0 34 143
o co2 O 2754 89 1397  >30.0 59 1.79

I}
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10

11

12

13

14

15

16

17

C.03

C.04

C.05

C.06

C.07

C.08

C.09

C.10

cl

C.12

C.13

C.14

C.15

C.16

C.17

) %

o

e,

\

\;(

z

O'ﬂ

z

16 2
VLSSV KV,
g

\/O

/OO

\

z

\

z

263.3

277.3

263.3

277.3

270.3

270.3

3455

277.3

277.3

288.4

316.4

293.3

285.4

316.4

337.4

76

90

88

97

61

77

35

97

70

98

93

93

47

92

68

110.3

94.2

NoVal

936

178.8

199.4

53.3

145.0

94.8

112.0

141.9

115.6

81.6

132.4

194.5

>30.0

>30.0

>30.0

195

>30.0

>30.0

>30.0

>30.0

>30.0

6.1

6.8

11.7

4.2

4.2

21.7

<4

<4

<4

<4

<4

<4

<3

<4

<3

<3

<4

<3

36

3.82

4.23

3.80

416

2.99

3.07

5.26

4.19

4.38

4.11

3.28

3.62

3.86

3.57

241
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18 C.18 3785 99 1236 3.7 <3 325
19 C.19 3455 50 605  >30.0 <3 5.04
20 C.20 3304 61 1541 13.9 6 3.15
21 C.21 3164 92 1947 278 >1580 1.79
22 C.22 4144 23 648 16.9 >1207  0.72
23 C.23 3174 92 1894 153 7 242
24 C24 3004 85 2852  >30.0 >1665 177

25 C.25 416.5 94 134.2 >30.0 >1201 152
L

,N/\/O
26 C.26 @éﬁ* 279.4 35 162.6 >30.0 >282 0.40
3

27 C.27 2994 98 152.1 19.8 >230 1.74

28 C.28 239.3 79 1931 20.2 >2089 121

\,_/

Tablel14. Physical and biologicatoperties of compounds C.
aTotal metabolised (J%no CYP inhibitor adde®RTotal (16cm/sec) Gy (INH) (uM) Isoform: CYP3A4 Substrate:
Midazolam.9pH 6.48.4 (M). ¢ RRChromatography, MOPS Buffer pH: 7.4 T: 25 °C
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Figure22. Correlation log D vs Solubility. Point color: metabolic lability > 50 red; < 50 green.

Correlationsbetween the solubility and the log D of these analogues are illustrated in figure
22. As expected, no clear linear correlation is observed between log D and solubility values.
However, compounds having a log D below the threshold of sh&w highlyimproved
solubility. Several compound® this region show improved metabolic lability (amplified
graphic on the right hand side), highlighting the potential of the bespoke analogues to
generate favourable ADME profiles. The high metabolic stability found fones®f the

substrates with log D values between 3.5 and 5.5 might be erratic due to their low solubility.

Ar - Br (1 equiv.)

Bpin Sphos 2" Gen. Precat. (10 mol%)
R4 K3PO, (3 equiv) R1 = Cyclopropyl
| X R4 = Isopropenyl
=N THF, 16 h, 80 °C

Core structure 1
Ar - Br (1 equiv.)
Bpin Sphos 2" Gen. Precat. (10 mol%)

K3PO, (3 equi
N 3PO4 (3 equiv)

N THF, 16 h, 80 °C X

Core structure 2
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R3

DE@I®I®I®I®IG 9 ® | ® | @ D ) G
OOC C'JD@ CJD DOC CJ) @ © G |)Q( )C C‘%Q @ )OC CLDQG —® C‘J@OOC € lDQG) 2

\_/

Figure23. R, group matrix. Point color: solubility (red < 25 puM; green > 25 uM). Point Size: log D (Big: <2.5)
Core structurd.: Isoquinoline R= Cyclopropyl, Isopropenyl. Core struciréetrahydropyridine = Cyclopropyl.

Figure23 displays an R group matrix that correlates the R1 groups present in the two major
core systems, together with their solubility and log D valletgrestingly the structure of the

core shows no dramatic influence when comparing the twe sEtcompoundsin contrast,

the R1 groupsave a pronounced influena both parameters. At a glance, one can directly
notice how all the soluble substrates (represented in green in the matrix) exhibit favourable
log D valuesHowever, he matrixalsohighlightsa fewoutliers, and one pair whersolubility

changes significantlyith reduction of the left hand side phenghg.

In a next stepwe decidedto investigate more hydrophilic ether derivatives obtained by
alkylation of the corresponding hydroxy intermediat&€s5, 156 and 157; both isoquinoline
boronates 152 (-"Bu) and 153 (-Me) as well as tetrahydroisoquinoline boronatb4 were
transformed into thecorresponding phenol intermediates by oxidative treatment wit®Hn
DCM (Schem@7).

89



Chapter5. Design, synthesis and profiling of novel pyridine derivatives

Bpin OH
SN R H,0, (1.5 equiv) N R
L DCM, r.t,, 16 h N R = "Bu 155: 62%
R =Me 156; 63%
Bpin OH
N BU  Hz0, (1.5 equiv) | Bu
L DCM, rt., 16 h [N 157;68%

Scheme)7. Synthesis of phenqlyridine derivatives.
Compounddl55, 156 and 157 were then subjected to alkylation reactions to obtain a series of
4-alkyloxyisoquinoline andtetrahydroisoquinoline derivatives (Scher@8). Library synthesis
service provided by Sandéid to compound®.01- D.38 the corresponding profiling data are
shownin table15.

OH Br-R' (1.5 equiv) R'.

K>,CO3 (3 equiv) Q

| xR AR
=N THF, 16 h, 80 °C | _N

Schemed8. Alkylation of phenapyridine derivatives using aryl bromide reagents.

T O T 2 = o ©
ge 85 £ =" E z
E O E 38 ) o = = o
29 Q2 £ 2 £ 35 2 =
SRR SRS = s = < A
1 D.01 ‘“’\Nm 430.5 82 35.8 4.6 >1161 115
0/C/NH
2 D.02 C@* 374.4 88 NoVal <1.0 702 0.43
3 D.03 \j 262.4 98  Noval  >30.0 935 1.02
‘ N
N
4 D.04 244.3 100  182.0 28.6 210 2.88
jD
5 D.05 v 302.5 100 103.1  >30.0 808 1.40
(T
®
6 D.06 o 296.4 100 158.4 6.0 393 3.16
J
7 D.07 o 261.4 96 63.2 >30.0 <4 5.40
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10

11

12

13

14

15

16

17

18

19

20

21

D.08

D.09

D.10

D.11

D.12

D.13

D.14

D.15

D.16

D.17

D.18

D.19

D.20

D.21

353.5

2954

343.4

290.5

316.5

303.5

318.5

2994

333.5

303.5

335.9

426.5

258.3

240.3

100

99

100

96

100

99

100

100

99

99

95

51

98

90

1.9

1167

2.5

NoVal

172.0

160.5

165.1

1744

149.3

1618

NoVal

NoVal

1381

163.3

>30.0

>30.0

>30.0

>30.0

5.7

125

4.8

2.0

5.8

129

9.5

172

>30.0

>30.0

<3

314

41

>1721

299

150

1310

>1670

139

281

<3

>1172

>1936

>2081

4.68

1.07

3.69

1.03

3.45

4.3

2.46

191

422

3.69

5.58

1.03

0.85

262
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22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

D.22

D.23

D.24

D.25

D.26

D.27

D.28

D.29

D.30

D.31

D.32

D.33

D.34

D.35

D.36

312.4

300.5

2954

272.4

331.9

257.3

384.4

261.3

216.2

198.2

215.3

297.3

270.4

272.4

253.3

97

90

100

79

60

100

20

71

44

80

94

100

82

47

36

NoVal

135.1

198.5

129.3

NoVal

6.8

455

198.3

144.4

239.8

86.9

20

NoVal

NoVal

170

5.7

>30.0

5.0

>30.0

185

13.6

>30.0

>30.0

>30.0

>30.0

>30.0

>30.0

>30.0

>30.0

12.8

192

>1664

>1693

>1836

<3

>1943

>1301

>1913

>2312

>2522

<5

137

>1849

>1834

>1974

3.22

2.00

171

1.42

5.34

2.56

-0.11

0.89

-0.55

0.69

3.23

1.88

1.40

0.63

0.22
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37 D.37

38 D.38

Cl

:? 289.8 75 62.1 >30.0 <4 3.64

X
2N

™S

j) 285.5 89 33.4 >30.0 <4 5.28

A
N

Table15. Physical and biologicproperties of compounds D.

aTotal metabolised

(no CYP inhibitor addetTotal (18cm/sec)dGo (INH) (uM) Isoform: CYP3A4 Substrate:

Midazolam.9pH 6.48.4 (uM). e RRChromatography, MOPBuffer pH: 7.4 T: 25 °C

Generally, and

the previous lib

as expected, this ether series was more soluble than the biaryl derivatives of

raries. Again as expected, we observed a higher solubility for compounds with

lower logD. The metabolic lability of thetrahydroisoquinoline derivatives was significant,

while there were some representatives of the isoquinoline series with lower logD exhibiting an

improved metabolic lability CaCo values were overall acceptable to good with a few

exceptions (NoVal in thiontext means not tested). CYP inhibition was again influenced by the

residues at position ¢ with little correlation to log D values.

log [Solubility] pH 7.4 [pi]

10000000

1000,000

100,000

10,000

1,000
0,000 0,500

D.30

1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500 5,000 5,500 6,000 6,500
LogD (pH 7.40)

Figure24. Correlation log D vs Solubility. Point color: metababdity > 50 red; < 50 green.

Correlations between the solubility and the log D of these analogues are illustrated in figure

24. As already mentioned before, there is not a clear linear correlation between the solubility

and the log D values of these stiases. However, this set of compounds exhstét much
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better solubility than its partners in group8, B and C represented by the number of
compounds present on the upper left hand side of the graphic. Even thowglartirount of
moderately metaboliegd exanples seems rather lovihere is a strong (andxpected) effecof

the different substitutions in position.3Shorter alkyl chains, such as a methyl group, favour
moderate labilities whilelonger alkyl chains are rapidly and strongly metatsali This e#ct is

especially relevant when comparing substraiz83 D.20and D.30(highlighted in the graph).

Boi Ar-Br (1 equiv)
pin K3PO, (3 equiv.) Ar
R
NG | X Sphos 2nd Gen Precat (10 mol%) ; R
N =N N ‘ ~-N
/ THF, 8 h, 80 °C N
1.2 equiv. /

'Bu0” ~0O

E-01; 84% E-02; 99% E-04; 82%*

0~ "0Bu

E-09; 76% E-10; 74%

E-11; 38% E-12; 91% E-13; 76% E-14; 59%*

Scheme9. Synthesis of pyrazolopyridinE®1-E-14. *Compound&-04 and E-14, obtained by théaydrolysis of the
corresponding esters.

Finally, weinvestigatel the influence of the more polar pyrazolopyridine coreon the
properties offinal compounds derived from a library of Suzuki coupli@smpoundsE.01-
E.14were manually synthesiseth the labin good to excellent yields using our optimised

Suzukicoupling conditiongSee experimental section for further detai{fScheme 99).

Table 16 shows the list of isolated pyrazolopyridine derivativ€sO1 - E.14 bearing

modifications at positins 5 and 6.
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= o — O f- &) Q
8¢ EE = e 5 5 2
E O = 2 ) o = = 8
28 2& g¢ §3 2 =
SIS oS = s = c ?
1 E.O1 3174 88 1360 282 <3 3.20
2  E.02 385.5 16 555 >30.0 <3 433
/
N\’I '}N
®
3 E03 ~ Q0 356.4 88  149.3 3.6 <3 267
i
4  E.04 329.4 5 Noval  >30.0 >1518 0.64
5 E.05 3444 36 2069  >30.0 >1452 091
NI
N\’I "N
6 E.O06 o) 3264 62  202.4 9.9 168 0.97
\L/N
N
N\I "
®
7 EO07T 20 3564 68 2534 239 >1403 126
{
N\I "
8 E.O8 X 3084 36 1967  >30.0 >1621 0.85
\rN
{
N\’I "
9 E.09 W 281.3 96  119.1  >30.0 <4 342
10 E.10 349.4 17 478 >30.0 <3 469
11 E11 4 3204 56 2184  >30.0 >1561 121
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/
NN TN
12 E.12 V% 290.3 62 232.5 >30.0 54 0.83
N \N;N
/
0 N\’I T\N
13 E.13 Ql_os. 385.5 67 84.0 5.2 NoVal NoVal
/
0 N\’I ’;‘\N
14 E.14 on 3294 6 102.8 >30.0 >1518 091

o

Tablel16. Physical and biologicaroperties of compounds E.
aTotal metabolised (Yono CYP inhibitor addedPTotal(107cm/sec) fGo (INH) (uM) Isoform: CYP3A4 Substrate:
Midazolam 9pH 6.48.4 uM). e RRChromatography, MOPS Buffer pH: 7.4 T: 25 °C

Interestingly, the residueat position 5 (Ph vs Cyclopropyl) has litteffect on the overall
compound profile, whilemore polar aromatic groups added iposition 6 clearly show a
positive impact on the metabolic labilityhowever, this is again only the case for the previous
examples carrying theert-butoxycarbonyl residue, the pyridone moiety or certainly a
carboxylic acid functionalityolubility is slightlyimproved,indicatingthe effect of inceasing
the polarity on the ring. Overall, in terms of physchem and eADME profile, comp&u@ds
E.08and E.14showeda promising profile to build on for further compound optaaiion.

96



Chapters. Design, synthesis and profiling of novel pyridine derivatives

3. Conclusions.

We have successfully established an efficient route to -5a&hd 6,6 annellated pyridine
boronates from easily accessible starting material§he compounds are versatile
intermediates, and more than 140 derivatives have been successfully synthesised using
automated parallel library synthesis, either by Suzukipling reactions of the corresponding

boronic esters or by a®-alkylation transform#on of the oxidised phenolic derivatives.

The ability to derivatise these diverse heteroaromatic compounds has been demonstrated and
by using Sanofi’s internal compound profiling workflow. We have shown potential points for
diversification in these compmd series which give access to improved physicochemical and

eADME properties.

Interestingly, we have been able to process and correlate the different results ugjnoup
matrix and graphics. This represents a highly visual manner to rapidly classifiifférent
substrates according to some of their first physicochemical profiling. Furthermore, we were
able to join the suklgroup of Suzuki coupling compounds in a structure similarity map (Figure
25). These kind of charts are useful tools to quickly ssdeow similar structures generally
represent comparable interactions, properties and activit®serall, we believe that these
heterocyclic intermediates represent an interesting group of scaffolds for further compound

optimisation.

ooCb o °
s Ooo O e} ® o% e
o
®° 8p &
o ¢ ) ® 9
- ooo Oooo ° °
OoO @ (©]
°
)
e ©

Figure25. Structure similarity mapf the subgroup of Suzuktoupling products

Color: log D. Green 2305, Yellow < 2; Red > 3Pint size: solubility (big = high solubility); small low sdiybili
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CHAPTER 6: Final concluding remarks and future work

We have been able to carry out the diborylation of a large number ofoxiae ethers
and this process appears to be quite general. All the aproaches studied so far in this project
promote the cisaddition of the bispinacolatodiboron species on the alkyrgroup. The
achievement of easy methodologies foans-diborylation remains a big challenge for organic
chemists. The deep understanding of this transformation would represent the complete
stereoselective control of the synthesis of fully substituted a#ee from alkynes.
Unfortunately, even though we preliminary investigated tlans-borylation on some

substrates, no real conclusions could be made at the end of this PhD project.

The key subsequent” éelectrocyclisation has proved to be more challengimih
relatively low conversions to the appropriate pyridine boronates being observed in some
cases. Nonetheless, we have been able to design a group of substrates that appear to be very
NBI OGA @GS -gleptiddydidation aftér borylation, furnishing group of boronate
isoquinoline derivatives in good yield$his method provides an efficient and catalytic
approach to isoquinoline boronic acid derivatives, an important class of compounds in the
chemical sciences; together with tetrahydroisoquinolinesrivhatives such as the unique
cholesterol boronic ester derivative. Pure pyridine rings were successfully furnished using this
methodology, delivering a small set ofphenyl boronic ester pyridine examples. A great
number of fused heterocyclic boronatesre synthesised for the first time, delivering a group

of novel compounds that could be straightaway derivatised to access highly complex scaffolds.

Our current hypothesis, borne out by experimental and theoretical data gathered thus
far, is that the 6-electrocyclisation efficiency is dramatically dictated by substrate oxime
stereochemistry. Thanks to our collaborative work with the group of Prof Enrique Gomez
Bengoa, we could observe via DFT calculations how the lone pair of the-oitiogen seems
to be actively participating in the electrocylisation. Accordingly, its orientation appears to be

crucial for the efficiency of this transformation.

¢CKIy1la {2utofndted paralled dibrary synthesis and internal compound
profiling workflow, we have been able to design, study and profile a group of more than 140

pyridine compounds by derivatisation of our novel heterocyclic boronates.
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CHAPTER 7: Experimental procedures

1. General considerations

All reactions were conducted in flanttied glassware under ambient conditions unless

otherwise stated.

Infrared (IR) spectra were recorded on a Perkin Elmer Paragon 100 FTIR spectrophotometer
andb A 02t S bSEdzA n T AaxinCarl Samples)Beteired@dcdriesd diBEs thin
films using sodium chloride plates as a dichloromethsmi@tion. Bands are characterised as

broad (br), strong (s), medium (m), or weak (w).

H NMR spectra were reoted on a Bruker AVIII HD 400 (400 MHz), Bruker AVI 400 (400 MHz),

Bruker AMX400 (400 MHz) or DP200 (400 MHz) supported by an Aspect 3000 data system.

Chemical shifts are reported in parts per million (ppm) from tetramethylsilane with the

residual prott solvent resonance as the internal standard (ACIH T ®Hc X 5a{ hY {1 HO
otherwise stated. Data are reported as follows: chemical shift, integration, multiplicity (s =

singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet)pting constants (Hz),

assignments).

13C NMR spectra were recorded on a Bruker AVIII HD 400 (100.6 MHz), Bruker AVI 400 (100.6
MHz), Bruker AMMOO (100.6 MHz) or DRXO0 (100.6 MHz) with complete proton
decoupling. Chemical shifts are reported in ppm frimtnamethylsilane with the solvent as the

internal reference (CH®M + T T dmc 0 dzyf Sda 20KSNBAAS adl iSRo

1F NMR spectra were recorded on a Bruker AVIII HD 400 (235.1 MHz) or BrukdO@®MX
(235.1 MHz).

1B NMR spectra were recorded on a Bruker AVIII 0X(235.1 MHz).

Highresolution mass spectra (HRMS) recorded for accurate mass analysis, were performed on
either a MicroMasd.CT operating in Electrospray mode (TOF &Sa MicroMass Prospec
operating in FAB (FABEI (E) or ClI (C) mode.

Photochemstry was performed under ultraviolet irradiation using an OSR#M vitaluxqw5
lamp ¢ 300W (226220V).

ldzi2YF SR f A0NI NE LINBPRdAzOGAZ2Y 41 & LISNF2NXYSR Ay
according to an established protocole (see individuatocoles exemplified below) using 4 mL

vial heating and stirring racks containing up to 96 available positeactiors were folloned
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by LGMS and, uponcompletion, solvent evaporation wagerformed using Hettich
CombiDancer machine. Next, complete Yugp process was carried out using RG24 tubes (24
ml volume, thickwalled test tubes with screw caps) in stirring racks that allow phase mixing
and separationThen, organic phase was dried by passage through XTR Chromabond columns
and filtration over filte columnsFinally, each compounds were purified by reverse phase

chromatography and characterized by NMR andISC

Thin layer chromatography (TLC) was performed on aluminium backed platesgiesl with

silica (0.2 mm, Merck D&ufolien Kieselgel 60 B2) which were developed using standard
visualizing agents: UV light or potassium permanganate. Flash chromatography was performed

on silicagel (BDH Silica Gel 60-88). Melting points, performed on recrystallisedlids, were

recorded on a Gallenkamp rtieg point apparatus and are uncorrected. All solvents and
reagents were purified using standard laboratory techniques according to methods published

AY at dZNAFAOILIGARZY 2F [F062NI 2N [/ KSYAOIfaég oe
1966).

100



Chapter?7. Experimental procedures

2. Expeimental procedures.

General procedure A
PhCOCI

Pd(PPhs),Cly (4 mol%)
Cul (2 mol%) 0

Ph
Et;N, rt., 16 h X

To a round bottomed flask was added Cul (2 mol%) .fR¥%H). (0.4 mol%) and Bl (0.25 M).

R1

The flask was flushed with,Nand terminal alkyne (1.0 eq.) was added to the stirred
suspension followed by the immediate addition of benzoyl chloride (1.3 eq.). The resulting
mixture was stirred at room temperature overnight. Water was added and the aqueous layer
was extracted with Bxane.The organic phase was dried over anhydrous Mg8itered and

the solvent was removeth vacuo The residue was purified by flash column chromatography
on silica gel eluting with petroleum ether (40/60) and ethyl acetate to afford the

corresponding/nones.

Synthesis of-8ycloheenytl-phenylprop2-yn-1-one®

Following general procedure A, using ethynylcyclohexane (2.65 g, 25.0 ,@mb(P5 mg, 0.5
mmol), PAG(PPR)2 (70 mg, 0.1 mmol) in g (50 mL), followed by the immediate addition of
benzoyl chloride (4.57 g, 32.5 mmol) afforded the desired product asramge oil(5.01 g,
79%) 'H NMR (400 MHz, CREI { ¢B.80M1y, 2H GHy), 7.63¢ 7.54 (M, 1HGHy), 7.53¢
7.44 (m, 2HMH.), 6.63¢ 6.54 (M, 1HGH=Q, 2.33¢ 2.24 (M, 2HQH,), 2.24¢ 2.17 (M, 2HOH),
1.75¢ 1.60 (m, 4HHGH x 2).*C NMR (10MHz, CD@ {+ MTYy ®HIZ MO H®PT I
128.5,119.2, 95.8, 85.2, 28.4, 26.2, 22.0, 21.1.

Synthesis of ,3-diphenyt2-propyn1-one®
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Following general procedure A, using phenylacetylene (1.02 g, 10.0 r@uablj38 mg, 0.2

mmol), PAG(PPR). (23 mg, 0.04 mmol) in &4 (20 mL), followed by the immediate addition of
benzoylchloride (1.83 g, 13.0 mmol) afforded the desired product as a white E€bU® g,

72%) M.p.: 49¢ 50 °q(lit:®1 46 ¢ 47 °C)*H NMR (400 MHz, CREI { ¢ §.20Hne, 2B} 7.73¢

7.67 (m, 2H), 7.62 7.61 (m, 1H), 7.56 7.47 (m, 3H), 7.46 7.39 (m, 2H)**C NMR (101 MHz,

CDGh + MTy®dmMZ MOCPPE Mond®mMEI MooDdPMI mMondPyZ MHOPODC

Synthesis of #nethyt1-phenylpent4-en-2-yn-1-one (252

Following general procedure A, usingn2thyl-1-buten-3-yne (1.74 g, 26.3 mmoQul (100 mg,

0.53 mmol), PdgPPh). (74 mg, 0.11 mmol) in # (51 mL), followed by the immediate

addition of benzoyl chloride (4.80 g, 34.1 mmol) afforded the desired product as a pale brown

oil (1.83 g, 41%)'H NMR (400 MHz, @B + ¢B.@Hm, 2H), 7.7& 7.56 (m, 1H), 7.5§

7.45 (m, 2H), 5.71 (dd= 20, 1.0 Hz, 1H), 59 (dg,J= 2.0, 1.5 Hz, 1H),05 (dd,J= 1.5 1.0,

3H).3C NMR (101 MHz, CRLCI 1 MTYyPHZE MocdPYyZ MonPdPMZI MHPPcZ ™
22.4.

General procedure B

Br N Me

Pd(PPh;),Cl, (2 mol%)
Cul (4 mol%)
Pr,NH (2 equiv.) OH

//g

THF, r.t., 16 h TN ZMe

To a round bottomed flask was added Cul (4 mol%), R). (2 mol%) and
diisopropylamine (2.0 eq.) in THF (0.2 M). The flask was flushed witindN 2bromo-1-
propene (5.0 eq.) was added to thdarstd suspension followed by the immediate addition of
terminal alkyne (1.0 eq). The resulting mixture was stirred at room temperature overnight.
Saturated NELCI (ag.) was added and the aqueous layer was extracted with Ehe organic
phase was washedith aqueous HCI, saturated NaH{J@g.) and waterThe organic phase
was dried over anhydrous Mg&Qiltered and the solvent was removead vacuo The residue
was purified by flash column chromatography on silica gel eluting with pentane a@dtd:t

afford the corresponding alcohols.

102



Chapter?7. Experimental procedures

Synthesis of-phenylhexd-en-2-yn-1-ol (41) &

OH

N\ —

Following general procedure B, using benzyl alcohol (1.25 g, 9.47 n@uwbl(72 mg, 0.38

mmol), PdG(PPh). (133 mg, 0.19 mmol), diisopropylamine (1.92 g, 18.9 mmol) ametho-

1-propene (5.72 g, 47.3 mmol) in THF (48 mL) afforded the desired product as a yelkvd oil

as a 1:1 mixture oE/Zisomers(1.17 g, 71%)H NMR (400 MHz, CREIl 1 ¢7.84(m, H,

CHa), 7.43¢ 7.33 (m, 6HCH.), 6.29¢ 6.18 (br, H,=CH B, 6.06 (dgJ= 11.0, 7.Hz, 1H=CH

2), 5.68¢ 5.55 (m, H, CH=CH x p 2.25; 2.17(m, 2H CHOHx 2), 1.92 (dd,J= 7.0, 1.5Hz, 3H

(Hs), 1.82 (ddJ=7.Q 1.5 Hz, 3HH;). 2°C NMR (10MHz, CD@ + Mn n dy x2@o pPdPc T Mt
128.4(x2C) 126.7(x2C) 110.0, 109.4, 93.2, 86.9, 85.5, 83.5, 65.3, 65.1, 18.7, 16.1.

Synthesis dfiept-5-en-3-yn-2-ol (39)

OH

Following general procedure B, usingp@yn-2-ol (1.05g, 15.0 mmol)Cul (114 mg, 0.6 mmol),

PdCI(PPh). (211 mg, 0.3 mmol), diisopropylamine (3.04 g, 30.0 mmol) amomo-1-

propene (9.07 g, 75.0 mmol) in THF (75 mL) afforded the desired product as a yedod asl

a 1:1 mixture ofE/Zisomers(1.53 g,95%) '*H NMR (400 MHz, CREI + ¢ dmIB.0,6RIj

Hz, 1H, =8 B, 5.99 (dgJ= 11.0, 7.0 Hz, 1H&M 3, 5.54¢ 5.46 (m, 2HCH=CH, 4.73¢ 4.59

(m, 2H G4+-OH, 1.87 (ddJ= 7.0 2.0Hz, 3HOHs), 1.78 (dd,J= 7.0 2.0Hz, 3HOH), 1.50 (dJ=

6.5Hz, 3HOH), 1.46 (dJ= 6.5Hz, 3HOH:). °C NMR (101 MHz, CRCI + Mnnan®HZ Mo pdn
109.4, 95.6, 89.2, 82.8, 80.7, 59.0, 58.8, 24.6, 24.4, 18.6,HRM®SmM/z [MH]" GH.:0 calcd.

111.0804, found 111.080FTIRVma/ cmt (neat)3347 (br), 2983 (m), 2329 (w), 1670 (2442

(m), 1074 (s).

Synthesis dfiex4-en-2-yn-1-ol (40)%
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Following general procedure B, using propargy! alcohol (841 mg, 15.0 n@ubl)114 mg).6
mmol), PAG(PPh). (211 mg, 0.3 mmol), diisopropylamine (3.04 g, 30.0 mmol) abbio-1-
propene (9.07 g, 75.0 mmol) in THF (75 mL) afforded the desired product as a yellasa oil
6:1 mixture ofE/Zisomers(1.03 g, 71%3¥H NMR (400 MHz, CREI + ¢ PmIB5, DORIE, =
1H=G B, 6.01 (dgJ=11.0 7.0Hz, 1H=8 2, 5.54¢ 5.47 (m, 2H), 4.43 (d=2.0Hz, 2H), 4.36
(d, J= 15 Hz, 2H), 1.87 (ddl=7.0, 15 Hz, 3H), 1.78 (ddl= 7.0, 15 Hz, 3H)}*C NMR (101
MHz, CD@ { mn s 11p.5, 100.4, §5¥@ C)84.5(x2 C)51.7, 51.7, 18.6, 16.0.

General procedure C

R— R1
(PPh3),PdCl, (mol%) I
Br O Cul (mol%) 0
J\) "R N R
2~ 2
R EtsN, T, solvent R "L_\ J

-
~ ~

To a round bottomed flask was added Cul (5 mol%) &), (5 mol%) EtN @ equiv) and
solvent The flask was flushed withy lind the corresponding (hetero)aryl halidé.0 eq.) was
added to the stirred suspension followed by the immediate addition of terminal alkyne (1.5
eg.). The resulting mixture was stirredthe corresponding temperature until the reaction was
complete Saurated NHCI (ag.) was added and the aqueous layer was extracted etfityi
acetate The organic phase was washed with aqueous HCI and Bifigeorganic phase was
dried over anhydrous MgSiltered and the solvent was removea vacuo The residue was
purified by flash column chromatography on silica gel eluting with petroleum ether (40/60)

and ethyl acetate to afford the correspondingaikynyl aldehydes.

Synthesis a2-(2-(trimethylsilyl)ethynyl)benzaldehydé

Following general procedure, @sing2-bromobenzaldehyde (1.00 g, 5.4 mmdDul (51 mg,
0.27 mmol), PdgPPh), (190 mg, 0.27 mmol) and trimethyldicetylene (796 mg, 8.1 mmol)
in E&N (22 mL)the desired productvas isolatedas a vhite solid(909 mg, 83%M.p.: 50¢ 51
°C(lit:34 44¢ 48 °Q.*H NMR (400 MHz, CREI + M n P@HY), 8dEG¥.82Mrh, 1H CHa),
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7.64¢ 7.51 (m, 2K G, 7.48¢ 7.43 (M, 1K Gy, 0.31 (s, 9HSI(Gh)s). 13C NMR (101 MHz,
CDGH + MOMPPS M dA288HI6.IMBEBIUO2S, 10002.Pp T

Synthesis 02-(2-cyclopropylethynyl)benzaldehyde

Following general procedure, @sing2-bromobenzaldehyde (1.00 g, 5.4 mmdDul (51 mag,

0.27 mmol), PdePPh), (190 mg, 0.27 mmol) and cyclopropylacetylene (5358immol) in

EtN (22 mil.the desired productvas isolatedas an orange oil815 mg, 89%)}H NMR (400

MHz, CD@ 1 ™ PG, 7008 £82 ¥, 1HCH.), 7.53¢ 7.44 (M, 2HH,), 7.36 (td,J

= 7.5, 1.5Hz, 1H (Ha), 1.55¢ 1.48 (m, 1HQH), 0.97¢ 0.91 (m, 2HOH,), 0.88¢ 0.83 (m, 2H

CH). °C NMR (101 MHz, CRCl + M MPHPHZE Moc dPMI MOoOPTIEI MoOoODPOXE MI
8.9, 0.4.

Synthesis of -22-phenylethynyl)benzaldehyéfe

Following general procedurg, using2-bromobenzaldehyde (500 mg, 2.7 mmdDul (27 mg,

0.14 mmol), PdgPPh), (98 mg, 0.14 mmol) and phenylacetylene (418 mg, 4.1 mmolkhh Et

(11 mL) afforded the desired product as an orang€3&ll mg, 63%3¥H NMR (400 MHz, CRCI

1 ™ nde $.0 Hz1H, €0), 8.00¢ 7.96 (M, 1HOH.,), 7.70¢ 7.66 (M, 1HOHy), 7.62 (dd)=

7.5, 1.5Hz, 1H GHa), 7.61¢ 7.58 (m, 2H (Har), 7.51¢ 7.46 (M, 1K GHa), 7.44G 7.40 (m, 3H

(Ha). ®°C NMR (101 MHz, CRCl { MhMPYy S Mo p ®hE 1281 Y. 12MB 0 Po L MO
126.9, 122.3, 96.3, 84.9.
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Synthesis of 22-isopropenygthynyl)benzaldehydé

Following general procedur€ using2-bromobenzaldehyde (500 mg, 2.7 mmdDyl (27 mg,

0.14 mmol), PdEPPh). (98 mg, 0.14 mmol) and isopropenylacetylene (271 mg, 4.1 mmol) in

EtN (11 mL) afforded the desired product as an orangé4éib mg, 99%)*H NMR (400 MHz,

CDG)! M ®P=ri.0 WzRIH,HKD),7.92 (dt,J= 8.0, 1.0Hz, 1H GH), 7.59¢ 7.47 (m, 2H

QHar), 7.50¢ 7.36 (M, 1HCH.), 5.48 br, 1H, C=E)), 5.41¢ 5.35 (m, 1HC=@E{), 2.07¢ 1.95 (m,

3H, G4). *C NMR (101 MHz, CRCI 1 MpMmPy I Mo B8IBY 127.2nI269PI28.3, MO 0 PH X
123.4, 97.5, 83.8, 23.2.

Synthesis of -22-cyclohexenylethynyl)benzaldehyde

Following general procedure, @sing2-bromobenzaldehyde (500 mg, 2.7 mmdDyl (27 mg,

0.14 mmol), PdaPPh). (98 mg, 0.14 mmol) and cyclohexenyladete (435 mg, 4.1 mmol) in

EtN (11mL) afforded the desired product as a pale orangg4l7 mg, 72%}H NMR (400

MHz, CD@ { M A=z, BHHD), 791¢ 7.87 (M, 1HCH.), 7.54¢ 7.50 (M, 2HCH.),

7.41¢ 7.36 (M, 1HH.), 6.32¢ 6.28(m, 1H C=GEi), 2.28¢ 2.22 (M, 2HOH,), 2.20¢ 2.14 (m,

2H, G+), 1.74¢ 1.61 (m, 4H GH,). 3C NMR (101 MHz, CRLCI ! M®PHDPMEI MoOoC PPX MO
133.0, 128.1, 127.6, 127.1, 120.3, 98.5, 82.4, 29.0, 25.8, 22.2, 21.4.
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Synthesis of-£2-cyclopropylethyny-4-methylbenzaldehyde

Following general procedure, @sing 2bromo-4-methylbenzaldehyde (223 g, 1.1 mmdDul

(11 mg, 0.06 mmol), Pd®Ph). (42 mg, 0.06 mmol) and cyclopropylacetylene (112 mg, 1.7

mmol) in E4N (5mL) afforded the desired product as an orangg®il mg, 33%)H NMR (400

MHz, CD@ 10.42 (dJ= 1.0 Hz, 1H,HD), 7.77 (dJ= 8.0 Hz, 1HGH), 7.31¢ 7.27 (m, 1H

G, 7.22¢ 7.10 (m, 1K GHa), 2.37 (s, 3HG), 1.51 (tt,J= 8.0 5.0 Hz, 1HGH), 0.97¢ 0.90

(m, 2H GH,), 0.88¢ 0.82 (m, 2HQH,). °*C NMR (101 MHz, CRLClI + MM Py S mMnnPdPT I MO
128.9, 127.9, 127.1, 100.7, 71.6, 21.6, 8.9, BIRMS:m/z [MH]" G3Hi30 calcd. 185.0961,

found 185.0959. FTIRmad cm? (neat) 2926 (w)2218 (w), 1778 (m), 1688 (s), 1597 (s), 1257

(m).

Synthesis of -£2-cyclopropylethynyft-methoxybenzaldehyde

MeO

Following general procedure Gsing 2bromo-4-methoxybenzaldehyde (325 g, 1.5 mmayl

(15 mg, 0.08 mmolRdCJ(PPh). (53 mg, 0.08 mmol) and cyclopropylacetylene (152 mg, 2.3

mmol) in E4N (6 mL) afforded the desired product as a pale yelloW2a@b mg, 74%)H NMR

(400 MHz, CD@ M A=Plo0blz, BHRHD), 7.83 (dJ= 8.5Hz, 1H GHy), 6.93 (dJ= 2.5

Hz, 1H (Ha), 6.88 (dddJ= 8.5, 2.5, 1.8z, 1H (Har), 3.86 (s, 3HOH:), 1.55¢ 1.47 (m, 1HOH),

0.97¢ 0.91 (m, 2HQH,), 0.89¢ 0.81 (M, 2H@H,). 3C NMR (101 MHz, CRCl + M pn Py S McC O ¢
130.0, 129.9, 129.2, 117.0, 114.9, 101.1, 71.5, ¥6%,0.3.HRMSm/z [MH]" Ci3sH130, calcd.

201.0910, found 201.0907. FTiRa/ cm™ (neat) 2943 (w), 2161 (w), 1684 (s), 1600 (s), 1380

(m), 1259 (m).
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Synthesis of-£2-cyclopropylethynyif-chlorobenzaldehyde

Following general procedure Gsing 2bromo-4-chlorobenzaldehyde (20thg, 0.9 mmol),Cul

(10 mg, 0.05 mmol), Pd@?Ph), (35 mg, 0.05 mmol) and cyclopropylacetylene (93 mg, 1.4
mmol) inE&N (6 mL) afforded the desired product as an orang€1d@b mg,67%) *H NMR

(400 MHz, CD@ + M G=PInOMHz, A HRHID), 7.80 (dJ= 8.5Hz, 1H GHa), 7.46 (dJ= 2.0

Hz, 1H (Har), 7.33 (dddJ= 8.5 20, 1.0Hz, 1H (Ha), 1.55¢ 1.46 (m, 1HQH), 0.99¢ 0.93 (m,

2H, GHy), 0.89¢ 0.84 (M, 2H GHy). °C NMR(101 MHz, CD@ {+ M pn dPE Mnn dm S
129.3, 128.4, 128.3, 102.8, 70.4, 9.1, BIRMSmM/z [MH]* Gi2H10*>°CIO calcd. 205.0415, found
205.0415. FTIRgmad cm* (neat) 2130 (w), 1689 (s), 1614 (m), 1328 (s), 1169 (s).

Synthesis of -22-cyclopropythynyl}5-trifluoromethylbenzaldehyde

CF3

Following general procedure, sing 2bromo-5-trifluoromethylbenzaldehyde (304 g, 1.2

mmol), Cul (11 mg, 0.06 mmol), Pd@Ph). (40 mg, 0.06 mmol) and cyclopropylacetylene

(119 mg,1.8 mmol) in BN (6 mL) afforded the desired product as yellow(b#8 mg, 45%YH

NMR (400 MHz, CRGI { ™M 1 P@H@), 8.46C B.120nh, I1HOH.), 7.73 (br 1H CHay), 7.59

(d, J= 8.0Hz, 1H (Ha), 1.58¢ 1.50 (m, 1HQH), 1.03¢ 0.95 (M, 2HGHy), 0.94¢ 0.87 (m, 2H

). *C NMR (101 MHz, CRCI ¢+ M@Pn d®T X ™Mo c ®H I=38.5Ha) M3 (gfro M ® ™M <
4.0Hz), 124.2 (q)= 4.0Hz), 120.7 (q)= 272.0Hz),104.5, 70.7, 9.20.4.2°FNMR (377 MHz,

CDGL -83.1 HRMSm/z [MH]* GisHioRs0 caled. 239.0683, found 239.0678. FUR{ cm?

(neat) 2229 (w), 1699 (s), 1614 (m), 1328 (s), 1168 (s), 1128 (s).
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Synthesis of -£3-hydroxy1-propynyl)benzaldehyde

OH

=0

Following general procedure, @sing2-bromobenzaldehyde (500 mg, 2.7 mmdDyl (27 mg,

0.14 mmol) PdCi(PPh). (98 mg, 0.14 mmol) and propargitohol(230 mg, 4.1 mmol) in g

(11 mL) afforded the desired product as an orange(3i2 mg, 84%)H NMR (400 MHz,

CDGL 1 ™ @®n0Hz, BHREO), 7.89 (dtJ= 8.0, 1.0Hz, 1H CHay), 7.59¢ 7.51 (m 2H

CHar), 7.48¢ 7.39 (M, 1H(Hay), 4.56 (dJ= 6.0 Hz, 2HdH,). **C NMR (101 MHz, CRCI + MM PT X
136.0, 133.8, 133.5, 128.9, 127.5, 1®4.4, 81.3, 51.6.

Synthesis of Phex1-yn-1-yl)benzaldehyd&

Following general procedur€, using 2bromobenzaldehyde (8.0 g, 43.2 mmol), Cul (412 mg,

2.2 mmol), Pd@IPPh); (1.6 g, 2.2 mmol) and helxyne (5.3 g, 64.8 mmol) ind&t (173 mL)at

50 °C over night, the desired product was isolatezla dark orange oil (8.1 g, 99%) NMR

(400 MHz, CD@ + M ®p FHO), §.01NES85 (m, BH, k), 7.54¢ 7.48 (m, 2H, &),

741¢ 7.35 (M, 1H, Ba), 2.49 (t,J= 7.0 Hz, 2H,K), 1.63 (tt,J= 7.0, 6.0 Hz, 2HHg), 1.55¢

1.46 (M, 2H, B), 0.96 (tJ= 7.5 Hz, 3H,HB). *°C NMR (101 MHz, CRCl { MdH PHE mMoc ®dn X
133.3,128.0, 127.9, 126.9, 98.2, 76.3, 30.6, 22.1, 19.3, 13.6.

Synthesis of -£2-cyclopropylethynyl)acetopheme

Following general procedure, @sing2-bromoacetophenone (1.69 g, 8.5 mmaQul (76 mg,

0.4 mmol), Pd@IPPh), (281 mg, 0.4 mmol) and cyclopropylacetylene (846 mg, 12.8 mmol) in
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EtN (34 mL) afforded the desired mhact as an orange oil.33 g, 85%)H NMR (400 MHz,

CDGH + T ®X@.5 4.8 RRZ 1HMHa), 7.48¢ 7.44 (M, 1HGH), 7.41¢ 7.36 (M, 1H

(Ha), 7.33¢ 7.28 (m, 1HHay), 2.70 (s, 3HG), 1.50 (tt,J= 8.0, 5.0Hz, 1H GH), 0.94¢ 0.87

(m, 2H GH,), 0.87¢ 0.81 (M, 2HGH,). *C NMR (101 MHz, CRClI + HAndhpE mMnmModn
128.4,127.4,122.5, 99.8, 74.9, 30.0, 8.6, BBMSm/z [MH]* G3H130 calcd. 184.0883, found
184.0885. FTIRmad cm™ (neat) 2926 (w), 2226 (w), 1680 (356 (s), 1243 (s).

Synthesis of-{2-(naphthalen2-ylethynyl)phenyl)ethai-one®’

Following general procedure C, usingpéoacetophenone (2.0 g, 8.1 mmol), Cul (77.4 mg, 0.4
mmol), PAG(PPh). (291 mg, 0.4 mmol) and-&hynylnaphtalene (1.6 g, 10.6 mmol) it

(35 mL) afforded the desired product agellow foam(2.2 g, 98%)YH NMR (400 MHz, CRCI

1 8.08 (s, 1HGH), 7.86¢ 7.81 (M, 3HCH,), 7.78 (ddJ= 8.0, 1.0 Hz, 1HH.), 7.69 (dJ=7.5

Hz, 1H GHa), 7.60 (ddJ= 8.5, 1.5 Hz, LHHay), 7.53¢ 7.48 (m, 3HCHa), 7.42 (tdJ=7.5, 1.0

Hz, 1H GHa), 2.84 (s, 3HGH). °C NMR (101 MHz, CB)GI 200.3, 140.8, 134.0, 133.1, 133.0,
131.6, 131.4, 128.8, 128.3, 128.2, 128.1, 127.9, 127.8, 127.0, 126.7, 121.8, 120.2, 95.4, 88.9,
30.0.

Synthesis of -{2-(hex1-yn-1-yl)phenyl)etharl-one®

nBu

Following general procedur€ using 2bromoacetophenone (5.0 g, 25.1 mmol), Cul (239 mg,

1.3 mmol), Pd@PPh). (900 mg, 1.3 mmol) and heixyne (3.1 g, 38.0 mmol) in &k (60 mL)

afforded the desired product as a dark yellow(di¥4 g, 88%)H NMR (40 MHz, CDéll + T ®dcp
(dd, J= 8.0, 1.5Hz, 1H QHa), 7.47 (ddJ= 7.5,1.0 Hz, 1HCH.), 7.38 (td,J= 7.5, 1.5Hz, 1H

(Hay), 7.31 (td,J= 8.0 10 Hz, 1H QHy), 2.71 (s, 3HGHs), 2.46 (t,J= 7.0 Hz, B, GH), 1.65¢
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1.57 (m, 2H @), 1.53¢ 1.43(m, 2H G4,), 0.95 (t,J= 7.5Hz, 3H G). *C NMR (101 MHz,
ChDGb + HAMOPMZE MOMOMEI MonPdPnZ MOMOPMI MHYy PoZX MHT dp

Synthesis a2-(2-cyclopropylethynyil-cyclohexenecarboxaldehy®r)

=0

Following general procedur€, using2-bromo-1-cyclohexenecarboxaldehyele(227 mg, 1.2

mmol), Cul (11 mg, 0.06 mmol), Pd@PHh). (42 mg, 0.06 mmol) and cyclopropylacetylene

(119 mg, 1.8 mmol) in g (5 mL) at 50C over night, the desired product was isolated as an

orange 0il(123 mg, 59%)}H NMR (400 MHz, CBEI + ™ n & @), 283% 2.31Mrh, 2H /

QHy), 2.24¢ 2.19 (M, 2HGH), 1.67¢ 1.57 (M, 4HGH,), 1.46¢ 1.39 (m, 1HCH), 0.92¢ 0.88 (m,

2H, G+), 0.80¢ 0.75 (m, 2K GH,). *3C NMR (101 MHz, CRLCI ! MPOPHEI MAMPTZ MNO
73.2, 32.7, 21.9, 21.9, 21.1, 9.1, OMRMS:m/z [MH]" G2His0 calcd. 174.1039, found

174.1035. FTIRmad cmt(neat) 2931 (m), 2210 (m), 1670 (s), 1600 (m), 1216 (m).

Synthesis of-(2-cyclopropylethyn¥5,6-dihydro2H-pyran-3-carboxaldehyde

Following general procedur€ using4-bromo-5,6-dihydro-2H-pyran-3-carboxaldehyde(116

mg, 0.6 mmol), Cul (6 mg, 0.03mmol), PdG(PPR), (22 mg, 0.03 mma) and
cyclopropylacetyleng61 mg, 0.9mmol) in EfN (5 mL) afforded # desired productas an

orange 0il(53 mg, 496) *H NMR (400 MHz, CR&| 1 M N $EHO), 434(61= 219Hz, 2H

Hy), 3.76 (tJ= 5.5 Hz, 2H3H), 2.48¢ 2.37 (M, 2HGH,), 1.45 (tt,J= 8.0 5.0 Hz1H, CH), 0.98

¢ 0.89 (m, 2HQH,), 0.83¢ 0.77 (m, 2HGH,). ®C NMR (101 MHz, CRClI + M pn dT13E MO PpdPT =
105.5, 71.9, 63.5, 63.81.5, 9.3, 0.5HRMS:m/z [MH]" G1Hi:sO, calcd. 176.0832 found

176.0832 FTIRVmad ! (neat) 2834 (w), 2213 (m)668 (s), 1395 (m), 1264 (m).
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Synthesis ofE)3,5-diphenylpent2-en-4-ynaf%(110)

4
/
A

Ph

Ph

Following general procedure, using (B-3-bromo-3-phenylacrylaldehyd® (515 mg, 2.4

mmol), Cul (23 mg, 0.1r&amol), PdG(PPh). (87 mg, 012 mmol), ethynylbenzene (373 mg, 3.7

mmol) and EN (748 mg, 7.3 mmol) in THF (24 mL) afforded the desired product as a yellow oll
(252mg, 45%)*H NMR (400 MHz, CREI + ™ d=810Hz, AHID), 7.88¢ 7.84 (m, 2H

CHar), 7.62¢ 7.59 (M, 2KHCHay), 7.50¢ 7.46 (M, 3HCHy), 7.45¢ 7.40 (m, 3HGHy), 6.81 (dJ=

8.0 Hz, 1H=CH). *C NMR (101 MHz, CRCI + M PO PHIE MNHDPpPI MOpP DT MOH
128.9,128.7,127.2, 121.7, 102.2, 84.3

Synthesis ofZ)3-(methylfuran2-yl)-5-phenylpent2-en-4-ynal (111)

O
4

Following general procedur€ using(B-3-bromo-3-(5methylfuran2-yl)acrylaldehyd® (300

mg, 1.4mmol), Cul (13 mg, 0.0mmol), PdG(PPR), (50 mg, 007 mmol),ethynylbenzene (214

mg, 2.1mmol) and BN @27 mg, 4.2 mmol) in THF (14 mL) afforded the desired product as a
yellow 0il(269 mg, 82%}H NMR (400 MHz, CREI + ™ d=d8tbkiz, 14 RHD), 7.61¢ 7.54

(M, 2H QHa), 7.47¢ 7.38 (M, 3H (Hy), 6.98 (dJ= 3.5Hz, 1H GHa), 6.69 (dJ= 8.5Hz, 1H

=CH), 6.19 (ddJ= 3.5, 1.0Hz, 1H Q) 2.39 (S, 1HGH). °C NMR (@1 MHz, CD&@l + M H &n
157.0, 149.6, 132.0, 130.4, 129.8, 128.7, 125.5, 121.6, 117.4, 109.6, 98.7, 81.HHRM3:

m/z [MH]" GieH130; caled. 237.0910, found 237.09I5T IRVma/ cm™ (neat)3116(w), 2831 (w),

2214 (m), 1656 (s), 1510 (m), 1140 (8R4 (s)

Synthesis ofZ)}5-phenyt3-(thiopen2-yl)pent2-en-4-ynal (112)
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Following general procedur€, using(B)-3-bromo-3-(thiophen2-yl)acrylaldehyd®& (110 mg,
0.51mmol), Cul (5 mg, 0.08imol), PdG(PPh), (18 mg, 003 mmol), ethynylbenzene (78ng,

0.76 mmol) and BN (115mg, 1.5 mmol) in THF (5nL) aforded the desired productas an
intenseyellow 0il(90mg, 796).*H NMR (400 MHz, CR&I 1 ®,d4=480 iz, dHHO), 7.70
(d,J= 4.0Hz, 1H (Ha), 7.63¢ 7.59 (M, 2K (Hay), 7.51 (dJ= 5.0 Hz, 1HMHa,), 7.46¢ 7.40 (m,

3H, GHay), 7.14 (ddJ= 5.0, 4.0Hz, 1H GHy), 6.68 (dJ= 8.0 Hz, 1H=CH). 1°C NMR (101 MHz,
CDG + ™ dHIB7Z 1301 8@H 230.0, 129.8, 128.7, 128.5, 128.3, 121.4, 100.4, 83.3
HRMSm/z [MH]" GisHi1OS caled. 239.0525, found 239.05E81RVmad cm™ (neat) 3103 (w),

2824 (w), 2203 (m), 1654 (s), 1554 (m), 1175 (s)

Synthesis 08-(hex1-yn-1-yl)furan2-carbaldehyd€121)

O
) )

\

"Bu

Following general procedur€, using 3bromofuran2-carbaldehyde (200 mg, 1.1 mmol), Cul

(11 mg, 0.06 mmol), Pd*Ph), (41 mg, 0.06 mmol) and hexyne (141 mg, 1.7 mmol) in

EtN (5 mLat 50°C over night, the desired product was isolatesla yellow oil (160 mg, 79%).

IH NMR (400 MHz, CREI { b ®,1G40), .58 ¥d J=m1L5 Hz, 1HMH.), 6.53 (dJ= 1.5 Hz,

1H, QHa), 2.46 (tJ= 7.0 Hz, 1HH,), 1.65¢ 1.57 (M, 2HGH,), 1.52¢ 1.43 (M, 2HGH,), 0.95 (t,

J=7.0 Hz, 1HOH;). ®°C NMR (101 MHz, CBCI ¢+ MTCc ®MZ MpPpHDPYZ MNnTPNI MH.
30.4, 22.0, 19.6, 13.6IRMSm/z [MH]" CGi1H130; caled.177.0910, found 177.0911. FTiRa/

cmt (neat): 3379 (br), 2958 (m), 2233 (s), 1676 (s), 1420 (m).

Synthesis dert-butyl 2formyl-3-(phenylethynyhl Hindole-1-carboxylate

Following general procedur€ usingtert-butyl 3-bromo-2-formyl-1H-indole-1-carboxylate

(600 mg, 1.9 mmol), Cul (18 mg, 0.09 mmol), REEh), (65 mg, 0.09 mmol) and
ethynylbenzene (246 mg, 2.4 mmol) inNE{4 mL) and THF (4 ndt)r.t. for 1.5 h, the desired

product was isolate@s an intens yellow 0il(160 mg, 79%)H NMR (400 MHz, CR&l ¢+ wmMn dnH
(s, 1H GHO), 8.15 (dJ= 8.5 Hz, 1HGHa), 7.89 (d,J= 8.0 Hz, 1H(H.), 7.68¢ 7.65 (m, 2H
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CHa), 7.54 (dddJ= 8.5, 7.0, 1.5 Hz, 1idH.), 7.41¢ 7.37 (m, 4HCHa), 1.70 (s, 9HGH:x3).13C

NMR (101 MHz, CRGI 1 MymMedy ¥ MndpPo: MOoTPOoEX MOTPME MOHODPM
122.8, 122.0, 115.7, 113.3, 98.6, 85.9, 80.7, RMSm/ z[MH]* G2H0NQ; calcd. 368.1257,

found 368.1265. FTIRma/ cm™ (neat): 2983 (w), 1732 )s1671 (s) 1533 (m), 1323 (s), 1125

(m).

Synthesis dert-butyl 2formyl-3-((trimethylsilyl)ethynybLH-indole-1-carboxylate

Following general procedur€ using tert-butyl 3-bromo-2-formyl-1H-indole-1-carboxylate

(600 mg, 1.9 mmol), Cul (18 mg, 0.09 mmol), A&¢BR), (65 mg, 0.09 mmol) and
ethynylbenzene (246 mg, 2.4 mmol) inNE(4 mL) and THF (4 ndt)r.t. for 1.5 h, the desired

product was isolateds a yellow oil (160 mg, 79%) NMR (400 MHz, CR&I + m/Akon o

CHO), 8.10 (dJ= 8.5 Hz, 1H,H&), 7.79 (dJ= 8.0 Hz, 1H,H%), 7.51 (ddd])= 8.5, 7.0, 1.5 Hz,

1H, Gk, 7.39¢ 7.32 (M, 1H, B), 1.67 (s, 9H,KEXx3), 0.33 (s, 9H,HE x3).2°C NMR (101 MHz,

ChGb + mMymMdnI mMnpdoZ MoydPmMI MOTDPHIE MHPOPMZI MHY PP
28.1, 0.0.HRMS:m/z [MH]" GigHsNQsSi calcd.364.1339, found 364.1351. FTNRw/ cm™

(neat): 2959 (w), 2151 (m), 1750 (s), 16711523 (m), 1343 (s), 115m).

Synthesis of 4phenylethynyl)thiazol®-carbaldehyde

Following general procedui@ using 4chlorothiazole5-carbaldehyde (300 mg, 2.0 mmal), Cul

(19 mg, 0.1 mmol), Pd@PPRh), (73 mg, 0.1 mmol), BN (416 mg, 4.0 mmol) and
ethynylbenzene (311 mg, 3.1 mmol) in MeCN (20 a6 °C for 2 h, the desired product was

isolated as a pale yellow oil (387 mg, 89%).NMR (400 MHz, CREI + M1 ®PoHO), 0 0 NE M |
9.05 (d,J= 1.0 Hz, 1H,K&), 7.65¢ 7.59 (m 2H, Ek), 7.47¢ 7.39 (M, 3H, By). *C NMR (101

MHz, CD@b ¢ MYHOPE MpyodysE mMnpd®nE mMopdPMEI mMMDHDPHIE MO
[MH]* GiHeNOS calcd. 214.0321, found 214.03BIIRVma/ cm? (neat): 3057 (w), 2827 (w),

2210 (m), 167@s), 1504 (m), 1322 (s), 1220 (m).
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Synthesis of-methyt4-(phenylethynybl Hpyrazole5-carbaldehyde

Following general procedur€ using 4bromo-1-methyl1H-pyrazole5-carbaldehyde (300 mg,

1.6 mmol), Cul (15 mg, 0.08mol), PAG(PPh), (57 mg, 0.08 mmol), B (324 mg, 3.2 mmol)
and ethynylbenzene (243 mg, 2.4 mmol) in MeCN (16an&)°C for 2 h, the desired product
was isolatedas a yellow foam (250 mg, 75%). NMR (400 MHz, CR)GI 10.08 (s, 1H, 1),

7.66 (s,1H, G, 7.56¢ 7.47 (M, 2H, Ba), 7.40¢ 7.34 (m, 3H, Ba), 4.18 (s, 3H, N). 13C
NMR (101 MHz, CBE! 179.5, 140.9, 138.6, 131.6, 128.9, 128.5, 122.4, 112.4, 95.0, 77.8,
39.8. HRMSm/z [MH]" GisHiaN-O calcd.211.0866, found 211.087ZETIRVma! cm? (neat):
3050 (w), 2960 (w), 2221 (m), 1685 (s), 1538 (m), 1367 (m), 1202 (m).

Synthesis of4cyclopropylethynyl-methyt1Hpyrazoleb-carbaldehyde

Following general procedur€ using 4bromo-1-methylt1H-pyrazole5-carbaldehyde (2.0 g,

10.6 mmol), Cul (101 mg, 0.53 mmol), B@h). (379 mg, 0.53 mmol), & (2.2 g, 21.2

mmol) and ethynylcyclopropane (1.1 g, 15.9 mmol) in MeCN (106atm&) °C for 2 h, the

desired product was isolategls a yellow oil (1.35 g, 73%) NMR (400 MHz, CREI + ¢gddho o6 ax
1H, GO), 7.49 (s, 1H,Hz), 4.12 (s, 3H, &), 1.46 (td J= 8.0, 4.0 Hz, 1HH, 0.94¢ 0.88 (m,

2H, Gk), 0.84¢ 0.79 (m, 2H, B,). **C NMR (101 MHz, CRLCI ! MT PN MpandPcX MO
99.3, 63.8, 39.4, 8.5, 0.BIRMSm/z [MH]" GioHi1N>O calcd175.0866, found 175.086&TIR:

Vmad cmt(neat): 3014 (w), 2951 (w), 2232 (m), 1680 (s), 1430 (m), 1216 (m), 1198 (m).

Synthesis of-inethyt5-(phenylethyny3-(trifluoromethyl}1H-pyrazole4-carbaldehyde
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Following general procedur&, using 5chloro-1-methyl3-(trifluoromethyl}1H-pyrazole4-
carbaldehyde (300 mg, 1.4 mmol), Cul (13 mg, 0.07 mmol);(P&G). (51 mmol, 0.07 mmol),
E&N (289 mg, 2.8 mmol) and ethynylbenzene (216 mg, 2.1 mmol) in MeCN (&4 6°LC for

24 h, the desired product was isolated a white foam (115 mg, 30%H NMR (400 MHz,
CDGL + Mn ®HO), 068¢T.60(in,2H, By, 7.49¢ 7.42 (m, 3H, B), 4.07 (s, 3H,
(Hs). 23C NMR (101 MHz, CRCI + My m ®#bE= 39.6 M2p A32.4, 1314, 130.5, 128.8,
121.5, 120.3 (¢tkr = 270.0 Hz), 120.4, 102.5, 74.4, 38%.NMR (376 MHz, CRCI -61.3.
HRMSm/z [MH]* GiaHhoRsN2O calcd.279.0740, foud 279.0746. FTIRma/ cmt (neat): 2833
(w), 2225 (m), 1688 (s), 1504 (m), 1307 (m), 1125 (s).

Synthesis of-inethylt5-(phenylethynyll Hpyrazole4-carbaldehyde

/

NN
|
/i

O

Following general procedur€ using Sbromo-1-methyl1H-pyrazole4-carbaldehyde (300 mg,

1.6 mmol), Cul (15 mg, 0.08 mmol), BfRI®Ph), (57 mg, 0.08 mmol), B (324 mg, 3.2 mmol)

and ethynylbenzene (243 mg, 2.4 mmol) in MeCN (16an&)°C for 2 h, the desired product

was isolatedas a pale brown foam (1989, 58%)!H NMR (400 MHz, CB&l * wmndny 6azx
CHO), 7.65 (s, 1H,H&), 7.54¢ 7.50 (M, 2H, Ba), 7.39¢ 7.35 (M, 3H, Bay), 4.17 (s, 3H, NG).

BC NMR (101 MHz, CRCI + MT PPpI MnadPEI Moy dcI MoMDPCI MHY
39.8. HRMSm/z [MH]" GisHuuN2O calcd.211.0866, found 211.0865. FTNRw/ cm? (neat):

2959 (W), 2221 (m), 1695 (s), 1550 (m), 1366 (m), 1202 (m).

Synthesis of-inethyt4-(phenylettynyl}1Himidazole5-carbaldehyde

NP
i
AN

Ph

Following general procedur€, using 4bromo-1-methyl1H-imidazole5-carbaldehyde (250

mg, 1.3 mmol), Cul (13 mg, 0.07 mmol), A&Eh). (47 mg, 0.07 mmol), B (270 mg, 2.7

mmol) and ethynylbenzene (202 mg, 2.0 mmol) in MeCN (13am&)°C for 2 h, the desired

product was isolateds a pale yellow foam (247 mg, 88%). NMR (400 MHz, CREl ¢+ mMndno

(s, 1H QGHO), 7.57 (br, 3HCH.), 7.38 (br, 3HGH.), 3.95(s, 3H NG%). *C NMR (101 MHz,

ChGh ¢ MT PPTE MnNnodPoXZ MOTPOE MOHDPMZI HRMEM/@PSE MH PP
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[MH]* GisHiiN2O calcd211.0866, found 211.0868. FTWRx/ cmt (neat): 3116 (w), 2841 (w),
2217 (m), 1661 (s), 1510 (s), 1369), 1321 (m), 1206 (m).
General procedure D

OH Mn02

Corresponding alcohol (1.0 eq.) and manganese oxide (5.0 eq.) in acetone (0.1 M) were stirred
at room temperature for 24 hours. The mixture was filtered and the solvent wasoeatgal to
provide crude productThe residue was purified by flash column chromatography on silica gel

eluting with petroleum ether (40/60) and ethyl acetate to afford the corresponding ynones.

Synthesis of-phenylhexd-en-2-yn-1-one ¢4)*°

Following general procedure ,Dl-phenylhex4-en-2-yn-1-ol (1.11 g, 6.44 mmol) and
manganese oxide (2.78 g, 32.2 mmol) in acetone (65affitu)ded the desired product as a
yellow oil and asa 1:1 mixture of/Zisomers(1.00 g, 91%fH NMR (400 MHz, CRElI + ¢y ®H n
8.12 (M, 4HCH), 7.67¢ 7.59 (M, 2HCH), 7.55¢ 7.46 (M, 4HH.), 6.66 (dgJ= 16.0, 7.(Hz,
1HEC=G), 6.43 (dg,J)= 11.Q 7.0 Hz, 1 C=GJ), 5.82¢ 5.76 (m, 2HHGH=CH, 2.09 (dd,)= 7.0,

2.0 Hz, 3HCH), 1.95 (ddJ= 7.0, 2.0Hz, 3HOHy). 3C NMR (10MHz, CDG)+ 178.2, 178.1,

147.8, 146.1, 136.9 (x2 C), 134.0, 133.9, 129.5 (x2 C), 128.6, 128.5, 109.1, 108.4, 92.6, 92.0,
90.1, 85.9, 19.3, 17.0.

Synthesis dfiept-5-en-3-yn-2-one @2)*

Following general procedure, Dsing hept-en-3-yn-2-ol (1.40 g, 12.6 mmol) and manganese
oxide (5.45 g, 63.1 mmol) in acetone (125 matfprded the desired product as a yellow oil
(1.00 g, 91%}¥H NMR (400 MHz, CRXI 6.53 (dg,J= 16.0, 7.0 Hz, 1H, H®, 5.63 (ddJ=
16.0, 2.0 Hz, 1H), 2.37 (s, 3#)C1.90 (ddJ= 7.0, 2.0 Hz, 3HHE). *C NMR (101 MHz, CBCI
1184.7,147.6108.9, 89.8, 87.3, 32.6, 19.2.

117



Chapter?7. Experimental procedures

Synthesis dflex4-en-2-ynal @3) %2

Following general procedure, Dex4-en-2-yn-1-ol (440 mg, 4.56 mmol) and manganese oxide
(2.97 g, 22.8 mmp in acetone (8 mL)afforded the desired product as a yellow,@hd asa

6:1 mixture ofE/Zisomers(225 mg, 52%)H NMR (400 MHz, CREI +  ded.0 Hzo IRIY
CHO), 9.28 (dJ= 1.0 Hz, 1H,HD), 6.60 (dgJ= 16.0, 7.0 Hz, 1H, H®, 6.47¢ 6.37 (M, 1H,
=(H 2, 5.73¢ 5.62 (m, 2H, CH#{;, 1.99 (dd,J= 7.0, 2.0 Hz, 3KH,), 1.91 (ddJ= 7.0, 2.0 Hz,
3H,CHs). °C NMR (101 MHz, CRCI + ,@476%, 49.2, 147.6, 108.7, 107.8, 94.7, 93.1, 92.0,
87.6,19.4,16.9

General procedure E

R1 1
(/I NH,OMe-HCl [ Ome
Na,SOy, Pyridine |
2N R - L ONRS
R MeOH, 16 hrt. R T |

~_~-
~ \v/

Ketone/aldehyde (1.0 eq.fp-methylhydroxylamine hydrochlorid€2.0 eq.), Ng5Q (2.0 eq.)
and pyridine (2.2 eq.) isolvent(0.45 M) were stirred at room temperature and the reaction
was monitored via TL@&nalysis Upon completion, he mixture was diluted with water, and
extracted withethyl acetate The organic phase was dried over anhydrous Mgfi@red and

the solvent was removeth vacuo The residue was purified by flash column chromatography
on silica gel elutingwith petroleum ether (40/60) and ethyl acetate to afford the

correspondingd-methyl oximes.

Synthesis ofE)3-(cyclohexi-enyl}1-phenylpop-2-yn-1-one Gmethyl oxime §7) ¢

Following generaprocedure E using 3cyclohexenyll-phenylprop2-yn-1-one (2.18 g, 10.4
mmol), O-methylhydroxylamine hydrochloridé..74 g, 20.8 mmol), N&Q (2.95 g, 20.8 mmol)
and pyridine (1.81 g, 22.9 mmol) in methanol (23 mL) afforded the desired product as a yellow
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oil (2.28 g, 85%)H NMR (400 MHz, CREI { ¢17.80y(m, 2H G, 7.38¢ 7.33 (m, 3H
CHa), 6.40 (tt,J= 4.0, 2.0 Hz, THH=CH), 4.09 (8H, OCHs), 2.33¢ 2.23 (M, 2HG), 2.21¢
2.10 (M, 2HGH,), 1.74¢ 1.57 (m, 4HGhx 2).5%C NMR (1L0MHz, CDG)+ 140.2, 138.6, 133.8,
129.5, 128.3, 126.5, 120.0, 103.5, 77.1, 63.2, 28.9, 27.4, 25.9, 22.2.

Synthesis ofE)1,3-diphenylprop2-yn-1-one Gmethyl oxime36) %

Following general procedur& using1,3-diphenyt2-propynl-one (1.40 g, 6.8 mmol)O-
methylhydroxylamine hydrochlorid¢l.14 g, 13.6 mmol), N&Q (1.93 g, 13.6 mmol) and
pyridine (1.18 g, 15.0 mmol) in methanol (15 mL) afforded the desired product as a white solid
(1.23 g, B%) M.p.: 42¢ 44 °C (1i840c 42 °C)'H (400 MHz, CD@I { ¢ 7.89dnp, 2HGH.),

7.65¢ 7.60 (M, 2K GHy), 7.44¢ 7.35 (M, 6K (Hay), 4.15 (s, 3HOG,). 1*C (101 MHz, CRGI ¢
140.0, 133.6, 132.2, 129.7, 129.6, 128.5, 12B24.5, 121.8, 101.2, 79.5, 63.2.

Synthesis ofE)4-methytl-phenylpentd-en-2-yn Omethyloxime(38) %

Following general procedure, Eising 4-methyl1-phenylpent4-en-2-yn-1-one (1.82 g, 10.7
mmol), O-methylhydroxylamine hydrochloride (1.79 g, 21.4 mmol); 3@ (3.04 g, 21.4 mmol)
and pyridine (1.86 g, 23.5 mmol) in methanol (24 mL) afforded the desigEtlpr as a brown
oil (1.72 g, 81%)*H NMR (400 MHz, CREI { ¢7.@Y(m, 2H GHa), 7.44¢ 7.34 (m, 3H
QHa), 5.57 (dgJ= 2.0, 1.0 Hz, 1HH=C), 5.45dg, J=2.0,1.5 Hz, 1HGH=C), 4.11 (s, 3HT),

2.04 (dd,J= 1.5, 1.0 Hz, 3HH,). °C NMR(101 MHz, CD@ { Mo d®y S Mmoo dc S

126.5, 125.9, 124.8, 102.3, 77.2, 63.1, 23.1.
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Synthesis ofE)1-phenylhexd-en-2-yn Omethyloxime 47)

Following general procedure, Esing1-phenylhex4-en-2-yn-1-one (992 mg, 5.8 mmol)Q-
methylhydroxylamine hydrochloride (1.00 g, 11.6 mmol),9@ (1.65 g, 11.6 mmol) and
pyridine (1.00 g, 12.8 mmol) in methanol (13 mL) afforded the desired praduatbrown oil,
and asa 1.2:1 mixture oE/Zisomers(1.12 g, 97%)H NMR (400 MHz, CREI 1 ¢ 7.80y(nap
4H, (Ha), 7.41¢ 7.34 (M,6H, (Ha), 6.44 (dgJ= 16.0, 7.0 Hz, 1BCH E), 6.24 (dg,)= 11.0, 7.0
Hz, 1H=CH 3, 5.84¢ 5.78 (M, 2H=C), 4.11 (s, 3HOGH), 4.10 (s, 3HOG), 2.02 (ddJ= 7.0,
1.5Hz, 3HCGH), 1.88 (dd,J= 7.0, 1.8z, 3H G45). HRMSm/z [MH]" GisH1NO calcd. 199.0992,
found 199.0998. FTIRmad cmt(neat) 2935 (w), 2194 (w).

Synthesis ofE)/(Z)hept-5-en-3-yn-2-O-methyloxime(45)

Following generalprocedure E using hept-5-en-3-yn-2-0l (610 mg, 5.6 mmog] O
methylhydroxylamine hydrochloridéd67 mg, 11.2 mm®| NaSQ (1.6 g, 11.2 mmgland
pyridine @73 mg, 12.3 mmdlin methand (13mL) afforded the desired product as a yellow oll
and asa 1.2:1 nixture of E/Zolefin isomers and 1:1 mixture &/Zoxime isomerg630 mg,
82%. 'H NMR (400 MHz, CREl + ¢ ®0k6.0,d.BHg, AH, =8 B, 6.28 (dg,J= 16.0, 7.0
Hz, 1H, =B B, 6.16 (dq,J= 11.0, 7.(Hz, 1H, =B 2, 6.09 (dqJ= 11.0, 7.Hz, 1H, =B 2, 5.73

¢ 5.58 (m, 4HCH=CH, 3.94 (s, 3HOGH), 3.94 (s, 3H, O4), 3.93 (s, 3H, O), 3.92 (s, 3H
O(Hs), 2.07 (s3H CHs), 2.04 (s3H,CHs), 2.02 (s, 3HOHs), 1.99 (s, 3HOHs), 1.95¢ 1.90 (m,
6H, Ok), 1.86¢ 1.80 (m, 6HCOHs). ] CNMR (101 MHz, CRCGI ¢ MNno®d®oI MNHDpZI
140.9, 137.8, 109,91099, 109.3, 109.2, 98.3, 96.2, 90®.3, 87.2, 85.5, 83.9, 79.62.3,
62.3, 62.2, 62.2, 20.6, 20.9.0, 18.9, 16.7, 16.5, 16.4, 16HRMSm/z [MH]* GH2NO calcd.
137.0835, found 137.083F TIRVma/ cm*(neat) 2938 (w), 2204 (w), 1436 (m), 1304 (m), 1046

(s)-
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Synthesis ofE)/(Z)hex4-en-2-yn-1-O-methyloxime(46)

Following general procedure , Eusing hex4-en-2-ynal (209 mg, 2.2 mmol), G-
methylhydroxylamine hydrochloridé368 mg, 4.4 mmol), N&Q (625 mg, 4.4 mmol) and

pyridine (383 mg, 4.8 mmol) in methanol (5 mL) afforded the desired product as a yellow oil

and asa 1:1 mixture oE/Zoximeisomers(160 mg, 80%}H NMR (400 MHz, CR&I + T1Jbnn ORX
=2.0Hz, 1IHQON\H), 6.78 (dJ=2.0Hz, 1IHQONH), 6.41¢ 6.26 (m, 2K=CH), 5.72¢ 5.59 (m, 2H

=CH), 4.00 (s, 3HOCH;), 3.92 (s, B, OOHs), 1.86¢ 1.82 (M, 6HCH: x 2. 13C NMR (101 MHz,

CDGh ¢ M n o 983.Z 120.0, 409.6p &2 C), 98.8, 93.5, 80707, 62.8, 62.5, 19.0, 18.9

HRMSm/z [MH]" GH1oNO calcd. 124.0750, found 124.0768TIR Vma/ cm? (neat) 2938 (w),

2191 (w), 1442 (m), 1329 (m), BE).

Synthesis of (B}(2-(trimethylsilyl)ethynyl)benzaldehyder@®ethyl oximeg54)

TMS

—2Z

Following general procedure, Esing2-(2-(trimethylsilyl)ethynyl)benzaldehydé&45 mg, 2.7

mmol), O-methylhydroxylamine hydrochlorid@51 mg, 5.4 mmol), N&, (767 mg, 5.4 mmol)

and pyridine (470 mg, 5.9 mmol) in methanol (6 mL) afforded the desired product as a yellow

oil (528 mg, 85%)H NMR (400 MHz, CREI 1 vy &,NeG)070EC 7.86 (M, 1HGH),

7.49¢ 7.44 (m, 1HHy), 7.32¢ 7.27 (M, 2K (Har), 4.00 (s, 3HOGH:), 0.27 (s, 9HSIEL). °C

NMR (101 MHz, CRGI « MOTPHE MOODPPZ MOHDPYZ MHGPDPOZI MHY DT
0.1.HRMSm/ z [MH]* GisHh/NOS:i calcd232.1152 found232.1150 FTIRVmad cmt (neat) 2960

(W), 2156 (w), 1600w), 1448 (m), 1250 (m), 1053 (s).
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Synthesis of (B-(2-phenylethynyl)benzaldehyder@ethyl oximg55) 4°

| | _OMe
)

Following general procedute using2-(2-phenylethynyl)benzaldehyd@36 mg, 1.6 mmol-

methylhydroxylamine hydrochloride (267 mg, 3.2 mmol).3@ (454 mg, 3.2 mmol) and
pyridine (278 mg, 3.5 mmol) in methanol (4 mL) afforded the desired product as a yellow oil
(365 mg, 95%¥H NMR (400 MHz, CREI + y & &=eCH), & A6 7.90 (M, 1HH.), 7.58¢

7.51 (m, 3HQHa), 7.40¢ 7.30 (M, 5HHay), 4.02 (s, 3HOGE). 3C NMR (101 MHz, CREI 1
147.3, 133.3, 132.5, 131.6, 129.5, 128.7, 128.5, 128.4, 125.2, 123.0, 122.86%BL.82.2.

Synthesis of (B-(2-cyclopropylethynyl)benzaldehyden@thyl oximeg56) 4°

| -ome

Following general procedure, Eising 2-(2-cyclopropylethynyl)benzaldehydé341 mg, 2.0
mmol), O-methylhydroxylamine hydrochloride (334 mg, 4.0 mmol);$@ (568 mg, 4.0 mmol)

and pyridine (348 mg, 4.4 mmol) in methanol (5 mL) afforded the desired product as a bright
yellow 0il (352 mg, 90%)H NMR (400 MHz, CRE!I + y ®,NeCH) 0782 7.8 (m, 1H

CHay), 7.40¢ 7.35 (M, 1HGHy), 7.28¢ 7.21 (M, 2KHGHy), 3.99 (s, 3HOG,), 1.51¢ 1.44 (m, 1H

CH), 0.93¢ 0.85 (m, 2H H,), 0.86¢ 0.78 (m, 2H GH,). °C NMR (101 MHz, CRCI 147.6,
133.2,132.5, 129.3, 127.7,125.0, 123.8, 99.4, 72.7, 62.1, 8.8, 0.3.

Synthesis of (B+(2-isopropenydthynyl)benzaldehyde-@ethyl oximg57) 4°

Il ome

—Z
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Following general procedure, Rising 2-(2-isopropenyéthynyl)benzaldehydg451 mg, 2.7

mmol), O-methylhydroxylamine hydrochlorid@51 mg, 5.4 mmol), N&Q (767 mg, 5.4 mmol)

and pyridine (470 mg, 5.9 mmol) in methanol (6 rfif)rded thedesired product as an orange

oil (489 mg, 93%)H NMR (400 MHz, CREI 1 y ®,NrG)O7203¢ 7.86 (M, 1H MHa),

7.47¢ 7.42 (M, 1HGHy), 7.33¢ 7.28 (M, 2HCHa), 5.44¢ 5.41 (m, 1H=C), 5.34¢ 5.32 (m,

1H, =), 4.00 (s, 3HOG,), 2.03¢ 1.97 (m, 3H G43). 3C NMR (101 MHz, CRLClI + wMnT ®0 X
133.1, 132.5, 129.4, 128.4, 126.5, 125.2, 123.0, 122.6, 96.0, 85.1, 62.1, 23.4.

Synthesis of ()}(2-cyclohexenylethynyl)benzaldehydar@thyl oxime58) 4°

Il IN/OMe

Following general procedure, Eising 2-(2-cyclohexenylethynyl)benzaldehydd07 mg, 1.9

mmol), O-methylhydroxylamine hydrochloride (317 mg, 3.8 mmol);$@ (540 mg, 3.8 mmol)

and pyridire (331 mg, 4.2 mmol) in methanol (5 mL) afforded the desired product as a brown

oil (450 mg, 99%)H NMR (400 MHz, CREl + y &,NeC) 0789 7.84 (M, 1HGHay),

7.45¢ 7.39 (M, 1H(Hay), 7.32¢ 7.26 (M, 2K GHar), 6.24 (it,J= 4.0, 2.0Hz, 1H=CH), 3.99 (s,

3H, OG), 2.27¢ 2.20 (M, 2HOH,), 2.18¢ 2.12 (M, 2HGH), 1.72¢ 1.59 (m, 4HGH,). 3C NMR

(101 MHz, CD@l 1 MOTPpEZ MOPDPPE MOHDPPE MOHDPOXZ MHPDPNZ
62.1, 29.1, 25.8, 22.3, 21.5.

Synthesis of (B}(2-cyclopropylethynyii-methylbenzaldehyde -@nethyl oximg59)

Following general procedurg using2-(2-cyclopropylethynybhd-methylbenzaldehyd€56 mg,
0.3 mmol), O-methylhydroxylamine hydrochloride (50 mg, 0.6 mmdlgSQ (85 mg, 0.6
mmol) and pyridine (52 mg, 0.7 mmol) in methanol (1 mL) afforded the desired product as a
pale yellow 0i(50 mg, 76%)}H NMR (400 MHz, CREI + y & N-H),&.a3(d,Jm 8.0Hz,
1H (Ha), 7.22¢ 7.18 (m, 1H (Hy), 7.08¢ 7.02(m, 1H (Ha), 3.98 (s, 3HOCE), 2.30 (s, 3H
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CHs), 1.47 (tt,J= 8.0, 5.0Hz, 1H @H), 0.93¢ 0.85 (m, 2H G+), 0.83¢ 0.78 (m, 2H ). 1°C

NMR (101 MHz,CRCGl + MnT dcZX Mo(pPpEI MOHDPPE MondnI MHYy Dy .
8.8, 0.3.HRM5: m/z [MH]* CiaHisNO calcd214.1226 found 2141224. FTIRVma! cm™ (neat)

2923 (w), 2223 (w), 1611 (m), 1463 (m), 1262 (m), 1050 (s).

Synthesis of (E}(2-cyclopropylethynyii-methoxybenzaldehyde-@ethyl oximg60)

| | _.OMe
N

MeO

Following general procedure, Esing 2-(2-cyclopropylethynyi-methoxybenzaldehyd€205

mg, 1.0 mmol)O-methylhydroxylamine hydrochloride (167 mg, 2.0 mmol).$@ (284 mg,

2.0 mmol) and pyridine (174 mg, 2.2 mmol) in methanol (3 mL) afforded the desired product as

a pale yellow 0i{(221 mg, 94%)H NMR (400 MHz, CR&I + y & IN=e@),&7 37(dJw 9.0

Hz, 1H (Ha), 6.87 (dJ= 2.5Hz, 1H (Ha), 6.84¢ 6.79 (M, 1H (Hay), 3.96 (s, 3HNOEL), 3.80

(s, 3H COEk), 1.47 (tt,J= 8.0, 5.0Hz, 1H (H), 0.93¢ 0.87 (m, 2KH CHa), 0.85¢ 0.80 (M, 2H
CHy).°C NMR (101 MHz, CRCI ¢ MCn®PoX MNTPOX MHCPPpZEZ MHCPMZI ™
61.9, 55.4, 8.8, 0.3:-HRMSmM/z [MH]" Gi4H1sNC; calcd.230.1176 found 230.1175 FTIRVmal

cmrt (neat) D38 (w), 2223w), 1607 (m), 1496 (m), 1217 (m), 1063

Synthesis of (B}(2-cyclopropylethynyifi-chlorobenzaldehyde-@ethyl oximg61)

Cl

Following general procedure Hsing2-(2-cyclopropylethynyb4-chlorobenzaldehyd€105 mg,

0.5 mmol), O-methylhydroxylamine hydrochloride (84 mg, 1.0 mmol).$@ (142 mg, 1.0

mmol) and pyridine (87 mg, 1.1 mmol) in methanol (2 mL) afforded the desired product as a

bright orange 0i(99 mg, 83%)H NMR (400 MHz, CR&l + y &,MNpCH),67 & (dJw B.5

Hz, 1H GHa), 7.35 (dJ= 2.0Hz, 1H (Ha), 7.21 (dddJ= 8.5, 2.0Hz, 1H (H.), 3.98 (s, 3H

OGHs), 1.52¢ 1.41 (m, 1HQH), 0.94¢ 0.88 (m, 2HGH,), 0.86¢ 0.79 (m, 2HGH,). *C NMR (101

MHz,CD@ {1 wmMnc dcI MopPdPmMI NOHIDWME 716EMZPEB3.HRMSy dMZ MHC
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M/ z[MH]* GiaHis*5CINO calcd234.0680 found234.0679. FTIRVma/ it (neat) 2937 (w), 2225
(w), 1605 (m), 1462 (m), 1264 (w), 1050 (s).

Synthesis of (B}(2-cyclopropylethynydb-trifluoromethylbenzaldehyde -@ethyl oximeg62)

CF3

Following general procedure, Bsing2-(2-cyclopropylethynybp-trifluoromethylbenzaldehyde

(127 mg, 0.5 mmol)O-methylhydroxylamine hydrochloride (84 mg, 1.0 mmol),$@ (142

mg, 1.0 mmol) and pyridine (87 mg, 1.1 mmol) in methanol (2 mL) affordecieseed

product as a dark yellow qil19 mg, 84%}H NMR (400 MHz, CREIl + vy Qp+CH),B8aAZ wml

(br, 1H (Ha), 7.52¢ 7.45 (m, 2HH,), 4.02 (s, 3HOGE), 1.50 (tt,J= 8.0, 5.(Hz, 1HCH), 0.98

¢ 0.90 (m, 2HG+), 0.90¢ 0.82 (M, 2HGH). *C NMR (101 MHz, CRCI + Mnc ®0X ™Moo dy I
129.5(q, J= 33.0 Hz), 127.1, 125(8, J= 3.5 Hz), 123.{4, J= 272.5 Hz), 122(t}, J= 4.0 Hz),

102.1, 71.9, 62.4, 9.0, 0.8F NMR (377 MHz, CRELI -82.9 HRMSm/z [MH]" Gi4thsRNO
calcd.268.0944 found 268.0945 FTIRVmad cm? (neat) 2941 (w), 2226 (w), 1621 (m), 1318 (s),

1166 (m), 1051 (s).

Synthesis of (E}@-hydroxyl-propynyl)benzaldehyde-@ethyl oximg63)

OH

Il y-OMe

Following general procedure, Eising 2-(3-hydroxy-1-propynyl)benzaldehyde861 mg, 5.3

mmol), O-methylhydroxylamine hydrochloride (885 mg, 10.6 mmol),9@ (1.51 g, 10.6

mmol) and pyridine (925 mg, 11.7 mmol) in methanol (12 mL) afforded the desired product as

a yellow 0il(943 mg, 94%)}H NMR(400 MHz, CD@l 1 y &, NAGH), o7 & 7.88I(m, 1H

CHy), 7.48¢ 7.41 (M, 1HHa), 7.34¢ 7.27 (m, 2HOHy), 4.52 (s, 2HH,), 4.00 (s, 3HOGH).

BC NMR (101 MHz, CRCI ¢+ MNT®HZ MoO®PNI MOH®DPTI MHGPPPI MHY !
51.6. HRMS:m/z [MH]* G1Hi2NG; calcd. 190.0863 found 190.0860 FTIRVma/ cm? (neat)

3404 (br), 2935 (w), 2231 (w), 1608 (w), 1448 (m), 1266 (m), 1050 (s), 1038 (s).
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Synthesis of (E}@rop-1-yn-1-yl)benzaldehyde @nethyl oxime

Following general procedure, Esing 2(hex1-yn-1-yl)benzaldehyde (2.6 g, 14.0 mmoQy
methylhydroxylamine hydrochloride (2.4 g, 28.0 mmol),.$@ (4.0 g, 28.0 mmol) and

pyridine (2.5 g, 31.0 mmol) in methanol (31 mL) afforded the desired product as a dark orange

oil (2.3 g, 77%JH NMR (400 MHz, CREI + y & plaCH), .88 7.82 (M, 1H, B), 7.42¢

7.35 (m, 1H, Ba), 7.28¢ 7.23 (m, 2HCH,), 3.99 (s, 3H,HE), 2.08 (s, 3H,KB). *C NMR (101

MHz, CD@ ¢ MOTPTE MOOPHZE MOHPNIE MHPPNIZHRMSHU T Py S M™MH
m/z [MH]* CuHiNO calcd. 174.0913, found 174.0914. FUMR{ cm? (neat): 2936 (w), 2246

(w), 1607(w), 1477 (m), 1197 (m), 1051 (s).

Synthesis of (E}@ex1-yn-1-yl)benzaldehyde {nethyl oximé®

"Bu

Following general procedure, Esing 2(hex-1-yn-1-yl)benzaldehyde (2.6 g, 14.0 mmoQ;
methylhydroxylamine hydrochloride (2.4 g, 28.0 mmol),.®@ (4.0 g, 28.0 mmol) and

pyridine (2.5 g, 31.0 mmol) in methanol (31 mL) afforded the desired product as a dark orange

oil (2.3 g, 77%JH NMR (400iHz, CD@) 1 y & p=CH),¥.85E 7.82 (m, 1H, B), 7.39¢

7.35 (M, 1H, By), 7.25¢ 7.21 (M, 2H, By), 3.97 (s, 3H, 1), 2.42 (tJ= 7.0 Hz, 2H,1), 1.63

¢ 1.54 (m, 2H, B,), 1.50¢ 1.41 (m, 2H, B,), 0.93 (t,J= 7.5 Hz, 3H,H).23C NMR 101 MHz,

CDGh ! MAOT®PcX MOODPMZ MOHODPpZ 6HIBOS 22.1M10.3,IB16>Z MHpP PN
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Synthesis of (E/Z}(2-cyclopropylethynyl)acetophenoner@ethyl oxime(E75and Z75)

I ome || 1]

)
OMe

Following general procedure, Eising 2-(2-cyclopropylethynyBcetgphenone 868 mg, 2.0
mmol), O-methylhydroxylamine hydrochloride (334 mg, 4.0 mmol);$@ (568 mg, 4.0 mmol)
and pyridine (348 mg, 4.4 mmol) in methanolnfk) afforded the desired separable products
E75(293 mg, 70%) as a yellow oil ax@5 (50 mg, 12%) as a colourless oil.

E75. 'H NMR (500 MHz, CREI { ¢7.88n(m, 1HHy), 7.34¢ 7.30 (M, 1HCHy), 7.27¢

7.23 (M, 2HHay), 4.00 (s, 3HOG), 2.26 (s, 3HOH:), 1.45 (tt,J= 8.5 5.0 Hz, 1HH), 0.89¢

0.84 (m, 2HGH), 0.81¢ 0.75 (m, 2H Q). 13C NMR (101 MHz, CRLI 1 MPTPHZE MNnndnz
128.3, 128.3, 127.6, 122.4, 98.0, 74.4, 61.8, 15.9, 8 5HRAMSmM/z [MH]* CisHieNO calcd.

214.1226 found214.1225 FTIRVmad cm™(neat) 2933 (w), 2227 (w), 1483 (w), 1260 (w), 1049

(s)-

Z75. 'H NMR (500 MHz, CREI 1 ¢7.49n(m, 1HCH), 7.27 (dtJ= 7.5, 1.5 Hz, 1HH.),

7.23 (td,J= 7.5, 1.8Hz, 1H Ha), 7.11¢ 7.09 (M, 1HGH.), 3.81 (s, 3HOG), 2.18 (s, 3HMH,),

1.43 (tt,J= 8.0 5.0 Hz, 1HH), 0.90¢ 0.83 (M, 2HOH,), 0.81¢ 0.75 (M, 2H ). 3C NMR

(101 MHz,CD@®l + MppPHZ MOy DdPhPEZ MOHDPHI MHYZBAB7,MHT Po X |
0.3.HRMSm/z [MH]* Gi4H1sNO calcd214.1226 found214.1224 FTIRVma/ cmt (neat) 2931

(W), 2220(w), 1479 (w), 1259 (w), 10%6).

Synthesis of (E)/(Z}(2-((E}prop-1-en-1-yl)phenyl)etharl-one Gmethyl oxime (E146 and 2
146)

Following general procedure, Hsing(E)1-(2-(prop-1-en-1-yl)phenyl)etharl-one (5.0 g, 31.2
mmol), O-methylhydroxylamine hydrochloride (5.3 g, 62.4 mmol),®@ (9.0 g, 62.4 mmol)
and pyridine (5.7 g, 68.7 mmol) in meti@ (70 mL)fforded the desired producas al.3:1
separable mixture oE/Zisomers(5.2 g, 8%b)
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E-146. Pale yellow oil*H NMR (400 MHz, CB)3I 7.47 (d,J= 8.0 Hz, 1H,H&), 7.31¢ 7.26 (m,

1H, Gly), 7.24¢ 7.18 (M, 2H, By), 6.51 (ddJ= 16.0, 1.5 Hz, 1H, € 6.16 (dg,])= 16.0, 6.5

Hz, 1H, CH), 3.99 (s, 3H, 0§), 2.15 (s, 3H,1E), 1.88 (ddJ= 6.5, 1.5 Hz, 1HHg). °C NMR

(101 MHz, CD@lt 157.2, 136.3, 135.9, 128.9, 128.7, 128.6, 127.8, 126.8, 126.1, 61.8, 18.8,
17.0.

Z-146. Colourless oitH NMR (400 MHz, CR)GI 7.51 (d,J= 7.5 Hz, 1HMHa), 7.31¢ 7.26 (m,

1H, GHa), 7.25¢ 7.19 (M, 1HH.), 7.04 (dJ= 7.0 Hz, 1HMH), 6.30 (dJ= 16.0 Hz, 1HCHH),
6.21 (dg,J= 16.0, 6.0 Hz, 1HCHH), 3.80 (s, 3HOCGH), 2.13(s, 3H GHs), 1.88 (ddJ= 6.0, 1.0
Hz, 3H G45). *C NMR (101 MHz, CBQl 155.6, 134.7, 134.2, 128.4, 128.4, 127.7, 126.7,
126.4,125.2, 61.7, 22.3, 18.7.

E/z-146. HRMSM/z [MH]* GizHieNO calcd190.1226, found 190.122& TIRVimad cm? (neat):
2979(w), 2603 (m), 1673 (m), 1475 (m), 1387, 1172 (m), 1036s).

Synthesis ofE}1-(2-(hex1-yn-1-yl)phenyl)etharl-one Omethyl oximg147)

Following general procedure, Esing(E)1-(2-(hex1-yn-1-yl)phenyl)etharl-one (2.0 g, 10.0
mmol), O-methylhydroxylamine hydrochloride (1.70 g, 2rimol), NaSQ (2.9 g, 20.0 mmol)
and pyridine (1.8 g, 22.mol) in methaol (25mL) afforded the desired producas a3:1
mixture of separableE/Zisomers(2.2 g, 96860) E147'H NMR(400 MHz, CDgk 7.37¢ 7.33

(m, 1H QH), 7.27¢ 7.24 (M, 1HQHy), 7.21¢ 7.17 (M, 2HCH), 3.92 (s, 3HOCH:), 2.34 (tJ=

7.0 Hz, 2HGH,), 2.20 (s, 3HGH,), 1.55¢ 1.44 (m, 2HGH,), 1.45¢ 1.35 (M, 2HGH,), 0.87 (tJ=

7.5 Hz, 3HG%). ®*CNMR (101 MHz, CREA 157.3, 140.0, 132.9, 128.3, 128.3, 127.6, 122.6,
95.1, 79.2, 61.8, 30.6, 22.0, 19.3, 16.0, 1BBMSm/ z[MH]" GisHxoNO calcd. 230.1539, found
215.1542 FTIRVma/ cm? (neat): 2932 (w), 2230 (w), 1482 (m), 1364), 1318 (m)1186 (w),
1048(s).
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Synthesis of (KEY)-1-(2-(haphtalenr2-ylethynyl)phenyl)ethari-one O-methyl oxime(E76 and
Z-76)

Following general procedure, Esing1-(2-(naphthalen2-yl-ethynyl)phenyl)etharl-one (930
mg, 3.4mmol), O-methylhydroxylamine hydrochloride (586 mg, 61@mol), NaSQ (987 mg,
6.8 mmol) and pyridine (623 mg, h@mol) in methanol (10 mL)farded the desired product
as a 1.3:1 mixture afeparableE/Zisomers(1.0 g, 9%).

E76. Yellow solidM.p.: 69¢ 70 °CIH NMR (400 MHz, CR)31 8.02 (br, 1H(Ha,), 7.85¢ 7.79

(m, 3H QHay), 7.64¢ 7.61 (M, 1HCHay), 7.55 (ddJ= 8.5, 1.5 Hz, 1HH.), 7.52¢ 7.49 (m, 2K

CHar), 7.45¢ 7.42 (M, 1HGH.y), 7.38¢ 7.35 (M, 2K GHy), 4.04 (s, 3HGH), 2.41 (s, 3HOHs). °C

NMR (101 MHz, CDREI 156.8, 140.1, 133.1, 133.0, 132.9, 131.3, 128.5 (x 2C), 128.2 (x 2C),
128.1, 127.9, 127.8, 126.8, 126.7, 121.7, 120.6, 94.1, 88.6, 62.0, 16.2. HRMBIH]"
CuHisNO caled. 300.1383, found 300.1381. FUkR{ cm™ (neat): 2936 (w), 2236 (w), 1597
(m), 1483 (m), 1268 (m), 1049 (s).

Z-76. Pale yellow foam*H NMR (400 MHz, CRGI 8.03 (s, 1H, ), 7.85¢ 7.79 (m, 3H, Ba),
7.65¢ 7.62 (M, 1H, Bu), 7.56 (dd,J= 8.5, 1.5 Hz, 1HHg), 7.52¢ 7.48 (M, 2H, Ba), 7.37 (d, J

= 7.5, 1.5 Hz, 2HHg), 7.23¢ 7.20 (M, 1H, B), 3.85 (s, 3H, 1), 2.32 (s, 3H, K&). 1°C NMR
(101 MHz, CDgh 154.9, 139.1, 133.0, 132.9, 132.2, 131.4, 12823C) 128.2, 128.1, 127.8 (X
2C), 126.9, 126.8 126.6, 120.6, 120.5, 93.0, 87.9, 61.8, 21.5. HRYBIH]" G1HisNO calcd.
300.1383, found 300.1382. FTNRx/ cm (neat): 2935 (w), 2158 (w), 1598 (m), 1432 (m),
1268 (m), 1048 (s).

Synthesis of (EX)-1-(2-ethynylphenyl)ethasi-one O-methyl oximgE74 and 274)

\
f = ||<lIN

Following general procedure Hsingl-(2-ethynylphenyl)etharl-one (900 mg, 6.2nmol), O
methylhydroxylamine hydrochloride (1.0§, 12.4mmol), NaSQ (1.8 g, 12.4 mmol) and
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pyridine (1.1 g, 13.5 mmol) in methanol (%) dforded the desired products a 1.3:1

mixture of separablé&/Zisomers(1.0 g, 9%%0).

E74. *H NMR (400 MHz, CB)3I 7.54 (d,J= 7.5 Hz, 1HGH), 7.37¢ 7.35 (M, 2HH.), 7.34¢
7.30 (M, 1K GHy), 4.00 (s, 3HOCH,), 3.24 (s, 1HQH), 2.29 (s, 3HGH).°C NMR (101 MHz,
CDG) ¢ 156.6, 140.8, 133.7, 128.9, 1282 C) 120.6, 82.2, 81.6, 61.9, 16 IRMS:m/z
[MH]* GsH2NO calcd. 174.0913, found 173.0914. FUMR{ cmrt (neat): 3285 (br), 2899 (w),
1442 (m), 1136 (m), 1187 (w), 1046 (s).

Z-74. 'H NMR (400 MHz, CB)l 7.55 (dd,J= 8.0, 1.0 Hz, 1HH.), 7.38 (td,J= 8.0, 1.5 Hz,
1H), 7.30 (td)= 7.5, 1.5 Hz, 1HHy), 7.15 (ddJ= 7.5, 1.0 Hz, 1HH.), 3.81 (s, 3HOGH),
3.18 (s, 1HQH), 2.21 (s, 3HGH). *C NMR (101 MHz, CE)Gl 154.7, 139.7, 133.0, 128.8,
128.1, 126.7, 119.4, 81.6, 80.2, 61.8, 2HRMSm/z [MH]* Ci;HiNOcalcd. 174.0913, found
173.0918 FTIRVmaf/ ct (neat): 3282 (br), 2936 (w), 1432 (m), 1372 (w), 10841696 (s).

Synthesis ofE)2-(2-cyclopropylethynytl-cyclohexenecarboxaldehy@emethyl oximeg(98)

| | _.OMe

—2Z

Followinggeneral procedure ,Eusing 2-(2-cyclopropylethynytl-cyclohexenecarboxaldehyde

(114 mg, 0.7 mmol)XP-methylhydroxylamine hydrochloride (109 mg, 1.3 mmol); 9@ (186

mg, 1.3 mmol) and pyridine (122 mg, 1.5 mmol) in methanol (@ afforded the desired

productas a whitesolid (293 mg, 70%M.p.: 60¢ 61 °C 'H NMR (400 MHz, CR&l + y dom 064z
1H, N=GH), 3.88 (s, 3HOGH), 2.32¢ 2.28 (m, 2HCHy), 2.26¢ 2.19 (m,2H, GH,), 1.65¢ 1.58

(m, 4H G4), 1.44¢ 1.34 (m, 1H{H), 0.87¢ 0.80 (m, 2H ), 0.75¢ 0.68 (m, 2H ). °C

NMR (101 MHz,CRGI + wMpn®oX Mop®POoX MHCOPMZ MAnPHX Tnodnx
HRMSm/z [MH]* GsHisNO calcd204.1383 found 204.1379. FTIRVma/ cm? (neat) 2930 (m),

2211 (w), 1600 (W), 1434 (W), 1274 (1046 (S).
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Synthesis of(E) 4-(2-cyclopropylethyny 5,6-dihydro2H-pyran-3-carboxaldehydeO-methyl
oxime(100)

| -ome

Following general procedure , Eusing 4-(2-cyclopropylethynyt5,6-dihydro-2H-pyran3-

carboxaldehyde (46 mg, 0.25mmol), O-methylhydroxylamine ¥drochloride (45 mg, 0.5

mmol), NaSQ (74 mg, 0.5mmol) and pyridine (45 mg, 0.6 mmol) in methanol (2 mL) afforded

the desired produc{43 mg, 80%) as a whigslid.M.p.: 45¢ 47 °C.*HNMR (400 MHz, CRI

Ly ®MmpN=GHE4£37 (@J= 2.0Hz, 2H GH,), 3.87 (s, 3HOG), 3.76 (t,J= 5.5 Hz, 2HH,),

2.34¢ 2.29 (m, 2HOH,), 1.44¢ 1.35 (m, 1K), 0.90¢ 0.84 (m, 2HQH,), 0.77¢ 0.71 (m, 2H

CHy). °%C NMR (101 MHz, CBGI Mnc ®pE Moo dPy I MHOPANI MAMDPOZ THUC
0.3.HRMSn/z [MH]* CiaHhieNO; calcd.206.1176 found 206.1173 FTIRVimad cmt (neat) 2935

(m), 2214 (m), 1425 (w), 1398 (w), 1057 (s).

Synthesis of (2-(hex1-yn-1-yl)-1-cyclohexenecarboxaldehyden@ethyl oxime

"Bu

| -OMme

Following general procedure, Esing2-(hex1-yn-1-yl)-1-cyclohexenecarboxaldehyefe(3.4 g,

17.9 mmol),O-methylhydroxylamine hydrochloride (3.1 g, 35.7 mmol),%@ (5.1 g, 35.7

mmol) and pyridine (3.2 g, 39.3 mmol) in methanol (40 mL) affordedi#sired product as an

intense orange oil (3.9 g, 99%H NMR (400 MHz, CREI 1 y ®,dNgCH)03388 (s, 8H

OQHy), 2.35 (tJ= 7.0 Hz, 2HH,), 2.31 (br, 2HOH,), 2.27¢ 2.24 (m, 2HOH,), 1.65¢ 1.61 (m,

4H, GH:x2), 1.56¢ 1.50 (M, 2HOH,), 1.46¢ 1.39 (m, 2K GH), 0.92 (t,J= 7.5 Hz, 3HOH). °C

NMR (101 MHz,CRGI ¢+ wMpn®oX MOoOpdPMZEI MHC POZEX PTPMZI T EPDPHI
19.3, 13.6 HRMSm/z [MH]" Gi4H2NO calcd220.1696 found220.1697 FTIRVma/ cm™ (neat)

2927 (m), 2215 (w), 1687 (w), 1458 (w), 1377 (w), 1046 (s).
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Synthesis ofLE/Z, 2EB,5-diphenylpert2-en-4-ynal Omethyl oximé® (113)

N(OMe)
/
AN

Ph

Ph

Following general procedure, Eising(2)-1-(2-ethynylphenyl)ethanl-one (900 mg, 6.2 mmol),
O-methylhydroxylamine hydrochloride (1.05 g, 12.4 mmol);9@ (1.8 g, 12.4 mmol) and
pyridine (1.1 g, 13.5 mmol) in methanol (15 mL) afforded the desired product (1.0 g, 94%) as a
3:1 mixture ofE/Zisomers. *H NMR (400 MHz, CRGI 8.50 (d,J= 10.0 Hz, IHHN B), 7.91
(d,J=10.0 Hz, 1HHN 2), 7.84¢ 7.81 (m 2H QHa), 7.79¢ 7.76 (M, 2HCH), 7.59¢ 7.56 (m,

4H, GHa), 7.49 (dJ= 10.0 Hz, 1H=CH 2, 7.44¢ 7.36 (M, 12HCH.), 7.04 (dJ= 10.0 Hz, 1H

=CH B, 4.02 (s, 3HOG4 2), 4.00 (s, 3HOGL E). °C NMR (101 MHz, CR)GI 149.7, 146.2,

136.8, 131.8, 131.7 (x2 C), 130.4, 129.4, 129.3, 129.2, 129.1, 129.0, 128.7 (x2 C), 128.6, 128.5,
126.9, 126.5, 126.4, 122.6, 122.5, 119.7, 100.0, 99.1, 85.4, 85.3, 62.3 (x2 C).

Synthesis of (1E/Z, 2Z)5-methylfuran2-yl)}-5-phenylpent2-en4-ynal Gmethyl oximg(114)

N(OMe)

o
|
AN

Ph

Following general procedure BEsing(9-3-(5-methylfuran2-yl)-5-phenylpent2-en-4-ynal (231
mg, 1.0mmol), O-methylhydroxylamine hydrochloride (167 mg, Zx@nol), NaSQ (281g, 2.0
mmol) and pyridine (177 mg, 2.2 mmol) in methanolnfB) dforded the desired product (228
mg, 88%) as a2mixture of E/Zisomers *H NMR (400 MHz, CRAI 8.37 (d,J= 10.5 Hz, 1H
CHN B), 7.77 (dJ= 10.0 Hz, 1HHN 2), 7.57¢ 7.50 (m, 4HCHy), 739¢ 7.35 (M, 7HCHa +
=(H 2, 6.95 (dJ= 10.5 Hz, 1H=CH B, 6.70 (dJ= 3.0 Hz1H, €k 2, 6.62 (dJ= 3.0 Hz, 1H
(Har B), 6.09 (ddJ= 3.0, 1.0 Hz, 1HH, 2), 6.07 (ddJ= 3.0, 1.0 Hz, 1HH. B), 4.01 (s, 3H
OGH:2), 3.96 (s, 3HOG:E), 2.36 (s, 3HG:2), 2.34 (s, 3HGLE). 1°C NMR (101 MHz, CBHal
154.7, 154.1, 150.5 (x2 C), 149.2, 145.8, 131.8, 131.7, 129.2, 129.0(xx285122.4, 122.3,
121.9, 119.6, 118.8, 114.9, 113.7, 112.1, 108.7, 108.4, 97.2, 96.6, 83.1, 83.0, @&.344R.
13.9. HRMS:m/ z [MH]* G7HisNG; caled. 266.1176, found 266.118BTIRVmal cm? (neat):
2933(w), 2213 (w), 1599 (m), 1443 (m), 1172 (s), 1091
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Synthesis of (1E/Z, 28phenyt3-(thiophenyl)pen2-en-4-ynal Omethyl oximg153)

S
|/

N(OMe)
7

/
N

Ph

Following general procedure, Esing(d-5-phenyt3-(thiophenyl)pent2-en-4-ynal (90 mg, 0.4
mmol), O-methylhydroxylamine hydrochloride (65 mg, hvé@nol), NaSQ (110mg, 0.8 mmol)

and pyridine (70 mg, 0.85 mmol) in methaf@mL) afforded the destd product as an orange

oil and as a 1.1 mixture ofE/Zisomers (100 mg, 99%3H NMR (400 MHz, CR)GI 8.39 (d,J=

10.2 Hz, 1HAHN E), 7.82¢ 7.78 (m, 1HHN 2), 7.59¢ 7.54 (m, 4HHa), 7.52 (d,J= 4.0 Hz,

1H, Gk 2), 7.45 (d,J= 4.0 Hz, 1HH. B), 7.44¢ 7.36 (M, 6H, By), 7.36¢ 7.30 (M, 3HCHa +

=(H 2, 7.06 (dd,J= 9.0, 4.0 Hz, 2HHg), 6.90 (d,J= 10.0 Hz, 1H=GHE), 4.00 (s, 3HOG: 2),

3.97 (s, 3HOGH E). *C NMR (101 MHz, CBRQI 149.2, 145.6, 142.8x 2C) 131.8, 131.7,
129.3, 129.1, 128.6, 128.5, 127& C) 127.7, 127.3, 126.7, 126.6, 124.5, 124.2, 123.3, 122.3,
122.2, 117.6, 98.6, 97.9, 84.4, 84.3, 63 C)HRMSm/z [MH]" GHisNOS calcd268.0791,
found 268.0799F TIRVmad cm™ (neat): 2978 (), 2253 (w), 1565 (m), 1326 (s), 1125 (s), 1046

(s)-

Synthesis ofH}3-(hex1-yn-1-yl)furan2-carbaldehyde @nethyl oximeg122)

Following general procedure Esing3-(hex1-yn-1-yl)furan2-carbaldehydei54 mg, 0.9

o)
\

AN

N-OMe
/

"Bu

mmol), O-methylhydroxylamine hydrochloride (149 mg, 1.8 mmol);®@ (251 mg, 1.8 mmol)

and pyridine (158 mg, 1.9 mmol) in methanol (3 mL) afforded the desired product as a yellow
oil (155 mg, 86%}H NMVR (400 MHz, CRGI
6.42 (d,J= 2.0 Hz, 1HMH,), 4.00 (s, 3HOG), 2.40 (tJ= 7.0 Hz, 2H3H), 1.62¢ 1.53 (m, 2H
QHy), 1.50¢ 1.41 (m, 2HQH,), 0.94 (tJ= 7.5 Hz, 3HHs). 3C NMR (101 MHEDGD 1
143.6, 137.5, 114.1, 111.6, 96.9, 70.4, 62.5, 30.6, 22.0, 19.3HRB\6SM/ z [MH]" Gi2HisNO,
calcd.206.1176 found206.1177 FTIRVma/ cmt (neat) 2934 (m), 2233 (w), 1493 (w), 1327

(w), 1145 (w), 1050 ().

1

y & N=oCH),d.865d,Jm2.0 Hz, 1HH.),

Mny ®c =

1

33



Chapter?7. Experimental procedures

Synthesis ofE)/(Z)3-ethynylthiophene2-carbaldehyde @nethyl oximgE123and Z123)

II/\S/<_//N—OM9 l S/ /\N

Following general procedure Hsing3-ethynylthiophene2-carbaldehydg3 g, 22.0 mmol)Q-
methylhydroxylaminehydrochloride (3.8 g, 44.1 mmol), ¥0 (6.3 g, 44.1 mmol) and

pyridine (4.0 g, 48.5 mmol) in methanol (50 mL) afforded the desired product as an orange oil

andas a 1:2.3 separable mixture BfZisomers(3.3 g, 91%).

E123 'H NMR (400 MHz, CREI 42 (¢,J& 1.0 Hz, 1HN=CH), 7.22 (ddJ= 5.0, 1.0 Hz, 1H
CHa), 7.05 (dJ= 5.0 Hz, 1HGH.), 3.97 (s, 3HOGH), 3.31 (s, 1HCE). *C NMR (101 MHz,

ChGb ¢ MAOH®PTZEZ MOPPHZ MONDPHZ MHCPNZI MHHDPTZ YHOPHZ

7123 *H NMR (400 MHz, CBEl + TR }.0 Hzo IRNE=CH), 7.42 (ddJ= 5.0, 1.0 Hz, 1H
CHa), 7.13 (dJ= 5.0 Hz, 1HGH.), 4.10 (s, 3HOGE), 3.37 (s, 1HC®). 3C NMR (101 MHz,

CDGh 1+ Moy dpZ MOODPTI MHPPPEZ MHPPOIE MHOPYZ yHODMOZ

E/z-123 HRMSmM/z [MH]* GHNOS calcdl66.0321, found 166.0320. FTiRa/ cm (neat):
3287 (m), 2998 (m), 2107 (w), 1397 (m), 1247 (w), 1047 (s).

Synthesis of (B3-(phenylethynybl Hindole-2-carbaldehyde é@nethyl oximg127)

Following generalprocedure E using tert-butyl 2-formyl-3-(phenylethynyh1H-indole-1-
carboxylate(100 mg, 0.3 mmol)P-methylhydroxylamine hydrochloride (27 mg, 0.32 mmaol),

and EtN (33 mg, 0.32 mmol) in dichloromethane (3 mL) afforded the desired product as a
colourless oil (70 mg, 79%H NMR (400 MHz, CREI 1y &1 N=CH)) 8.39Ks, 1IN,

7.80 (d,J= 8.0 Hz, 1H,HG), 7.59¢ 7.56 (M, 2H, Ba), 7.40¢ 7.29 (m, 5H), 23¢ 7.18 (m, 1H,

(Ha), 4.02 (s, 3H, @6). °C NMR (101 MHz, CBLClI + Mo p®0 L MocC ®PnS MOHPPE
128.1, 125.2, 123.6, 121.0, 120.6, 111.3, 102.5, 95.3, 81.1, 62.5. HRMSIH]" CisHisN.O
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calcd.275.1179, found 275.1189. FTIRx/ cm (neat): 3422 (br), 2934 (w), 2205 (w), 1598
(W), 1455 (m), 1324 (m), 1047 (s).

Synthesis of terbutyl (E)2-((methoxyimino)methyiB-(phenylethynyhlHindole-1-carboxylate
(126)

Following general procedure, Eusing tert-butyl 2-formyl-3-(phenylethynyh1H-indole-1-
carboxylate(90 mg, 0.26 mmol)P-methylhydroxylamine hydrochloride (33 mg, 0.39 mmaol),
and pyridine (32 mg, 0.39 mmol) in dichloromethane (3 mL) afforded the desired product as a
yellow oil (79 mg, 81%JH NMR (400 MHz, CDI 8.62 (s, 1HN=CH), 8.14¢ 8.09 (m, 1H,

OHa), 7.82¢ 7.78 (M, 1H, B), 7.63¢ 7.58 (M, 2H, Ba), 7.43¢ 7.32 (m, 5H, Ba), 4.08 (s, 3H,
OQGH), 1.70 (s, 9H, KB x 3).1°C NMR (101 MHz, CB)Gl 149.6, 142.1, 135.9, 132.8, 131.7,
129.6, 128.4, 128.3, 126.3, 123x2 C) 120.6, 115.6, 105.9, 95.7, 85.4, 82.0, 62.5, 28.2. HRMS:
m/z [MH]* GesHasN2Os caled.375.1703, found 375.171ETIRVmad cmt (neat): 2936 (w), 1723

(s), 1451 (m), 1302 (s), 340 (s).

Synthesis of tebutyl(E}2-((methoxyimino)methyi3-((trimethylsilyl)ethynyhlHindole-1-
carboxylate(125)

TMS

N—-OMe
/)

Boc

Following general procedure, BEsingtert-butyl 2-formyl-3-((trimethylsilyl)ethynyh1H-indole-
1-carboxylate(350mg, 1.0 mmol)O-methylhydroxylamine hydrochloride (128 mg, 1.5 mmol),

and pyridine (122 mg, 1.5 mmol) in dichloromethane (10 mL) afforded the desired product as a
yellow oil (366 mg, 969 NMR (400 MHz, CR&I + vy & pl+3H),B.865d,Jm 8.0 Hz, 1H

(Ha), 7.69 (ddJ= 7.5, 1.0 Hz, 1HHa), 7.39¢ 7.34 (M, 1HQHay), 7.30 (tdJ= 7.5, 1.0 Hz, 1H

(Ha), 4.04 (s, 3HOGH), 1.67 (s, 9HGH:x3), 0.30 (s, 9HHs x3).3C NMR (101 MHz, CRCI +
149.5, 141.7, 135.7, 133.4, 129.7, 126.1, 123.6, 120.6, 115.4, 105.8, 101.5, 96.8, 85.3, 62.4,
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28.1, 0.0. HRMSN/z [MH]" GoHxN20sSi caled. 371.1785, found 371.17F5IR Vimad ct
(neat): 2932 (w), 2252 (w), 1730 (s), 1452 (m), 1331 (s), 124DE)(s).

Synthesis of (E)/(@)}(phenylethynyl)thiazol®-carbaldehyde @nethyl oximgE124and Z
124

MeQ,

S N-OMe S N
/) /)
le/ l\lll//

A\ W\

Ph Ph

Following general procedure, Eising 3-(phenylethynyl)thiazolé-carbaldehyde(1.4 g, 6.6
mmol), O-methylhydroxylamine hydrochloride (811 mg, 9.9 mmol) and pyridine (839 mg, 9.9
mmol) in dichloromethane (65 mL) afforded the desired product as a pale yellow solakand

1:6 separable mixture d/Zisomers(1.55 g, 99%).

E124. Paleyellow solidM.p.: 69¢ 70 °C!H NMR (400 MHz, CREI +  y O NwEH),BAE ™|

(s, 1H QHay), 7.60¢ 7.56 (M, 2K GHy), 7.40¢ 7.36 (M, 3K GHy), 4.00 (s, 3HOGL). 1°C NMR

(101 MHz, CD@l 1 MPODPHZ MOMPNZEZ MOy Py I 990 &1.Ds/627. MO MDY
HRMS:m/z [MH]" GisHiaN2OS calcd. 243.0587, found 243.0589I1RVmad cmt (neat): 2936

(W), 2210 (w), 1500 (m), 1417 (m), 1371 (m), 1044 (s).

Z-124. Colourless solidM.p.: 56¢ 57 °CH NMR (400 MHz, CR&I + vy ®yN=CGHHORE ™|

(br, 1H GHa), 7.62¢ 7.59 (M, 2HHay), 7.41¢ 7.36 (M, 3K CHa), 4.13 (s, 3HOGHK). °C NMR

(101 MHz, CD@l 1 MpcdPnX MNNPyzZ MOTDPPEZ MOMDPPEI MHPpDPO
HRMS:m/z [MH]" GisHiaN2OS calcd. 243.0587, found 243.058FIRVmad cmt (neat): 2937

(W), 2216 (w), 1596 (m), 1496 (m), 1459 (m), 1340 (m), 1052 (s).

Synthesis ofE}1-methyl4-(phenylethynyBlHpyrazole5-carbaldehyde @nethyl oximg128)

N®  NwoMm
N’N p e

|/

W\

Ph

Following general procedure, Eising 3-(phenylethynyl)thiazolé-carbaldehyde(1.4 g, 6.6
mmol), O-methylhydroxylamine hydrochloride (811 mg, 9.9 mmol) and pyridine (839 mg, 9.9
mmol) in dichloromethane (65 mL) afforded the desired product as a pale yellow solakand

6:1 nonsepanble mixture ofE/Zisomers(1.55 g, 99%)H NMR (400 MHz, CRQI 8.27 (s,
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1H, N=CH), 7.63 (s, 0.14H-CHa), 7.60 (s, 0.86HE-CHay), 7.50¢ 7.46 (M, 2H, By), 7.35¢ 7.31
(M, 3H, €k, 4.09 (s, 2.58HE-0GH), 4.03 (s, 0.42H-OGH), 4.02 (s, 2.58HENGH,), 3.86 (S,
0.42H,ZNGH). E128 ¥C NMR (101 MHz, CE)GI 140.6, 138.4, 135.7, 131.4, 128.4, 128.3,
123.1, 106.6, 93.6, 79.3, 62.6, 40.4. HRMBz [MH]* CiHuNsO calcd.240.1131, found
240.1138. FTIRma/ it (neat): 294Qw), 2222 (w), 1497 (m), 1441 (m), 1375 (m), 1048 (s).

Synthesis ofE}1-methyl4-(cyclopropylethynyl) Hpyrazole5-carbaldehyde @nethyl oxime
(129

Following general procedure , Eusing 1-methyl4-(cyclopropylethynyPlHpyrazole5-
carbaldehyde(1.3 g, 7.4 mmol)O-methylhydroxylamine hydrochloride (947 mg, 11.1 mmol)

and pyridine (915 mg, 11.1 mmol) in dichloromethane (75 mL) afforded the desired product as

a pale yellow oil ands a 101 nonseparable mixture oE/Zoxime isomerg1.48 g, 98% )&

129.H NMR (400 MHz, CREI ¢+ vy &,iNAGH),67 A4 (s, WHOH.), 4.04 (s, 3HOGH), 3.98

(s, 3H NGH), 1.46¢ 1.38 (m, 1HQH), 0.87¢ 0.82 (m, 2HGHy), 0.78¢ 0.74 (m, 2H GHy). 13C

NMR (101 MHz,CRCGl + wMnndnX Moy doZ mMopdPnI MRMSH/EIE ¢T Pp =
[MH]* Gi1HwuNsO caled. 204.1131, found 204.1131. FURY{ cm? (neat): 2941 (w), 2233 (w),

1484 (m), 1393 (s), 1180 (s), 1047 (s).

Synthesis of (E)rmethyl5-(phenylethynyiB-(trifluoromethyl}1Hpyrazole4-carbaldehyde ©
methyl oximg130)

E)Me

Following general procedure, Eusing 1-methyt5-(phenylethynyB3-(trifluoromethyl}1H-
pyrazole4-carbaldehyde(195 mg, 0.7 mmol)D-methylhydroxylamine hydrochloride (90 mg,

1.1 mmol) and pyridine (87 mg, 1.1 mmol) in dichloromethane (7 mL) afforded the desired

product as a pale orange oil aad a 5:1 nofseparable mixture oE/Zoxime isomerg200 mg,

93%).5130.'H NMR (400 MHz,OE40  +  y ®,WeCH) 07360 7.581 (M, 2H, B), 7.45¢C

7.38 (M, 3H, B), 4.03 (s, 3H,KE), 3.99 (s, 3H,%). °C NMR (101 MHz, CRLCI ¢+ Moy ®T S MO p ¢
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131.7, 129.8, 128.7, 126.6, 121.4, 120.8% = 269.5 Hz), 115.4, 101.0, 75.9, 62.3, 38A.
NMR (376 MHz, CRGl -61.3. HRMSm/z [MH]* GsHisRNsO calcd. 243.0587, found
243.0595. FTIRmad cm(neat): 2917 (s), 2222 (w), 1458 (m), 1376 (s), 1234 (s), 1128 (s), 1039

(s).

Synthesis of (E-methyl5-(phenylethynyhlHpyrazole4-carbaldehyde @nethyl oximg131)

/

NN
|
N,/

OMe

Following general procedure, Hsingl-methyl5-(phenylethynyl1H-pyrazole4-carbaldehyde

(100 mg, 0.5 mmol)P-methylhydroxylanme hydrochloride (61 mg, 0.7 mmol) and pyridine

(59 mg, 0.7 mmol) in dichloromethane (5 mL) afforded the desired product as a bright yellow

oil andas a 5.5:1 noseparable mixture of/Zoxime isomerg107 mg, 94%)H NMR (400

MHz, CD@ 1 y & NFE),&B3F(s, MISH-CHy), 7.60 (s, 0.85HECH.), 7.50¢ 7.46 (m,

2H, GHa), 7.35¢ 7.32 (M, 3H (Ha), 4.10 (s, 2.55HE0CHs), 4.04 (s, 0.45H7-OCHs), 4.02 (s,

2.55H ENGH), 3.87¢ 3.86 (M, 0.45HZNGH;). E131 *C NMR (101 MHz, CRCI + Mnadc X
138.4, 135.7, 131.4, 128.4, 128.3, 123.1, 106.6, 93.6, 79.3, 62.6, HRMS:m/z [MH]"

CuHuNzO calcd240.1131, found 240.1136. FTMRa/ cm (neat): 2938 (w), 2221 (w), 1685

(m), 1483 (s), 1377 (m), 1181 (m), 1050 (s).

Synthesis of (E)rmethyl4-(phenylethynyblHimidazole5-carbaldehyde @nethyl oximg132)

([\’] /N—OMe
N_/
AN

Ph

Following general procedure Esingl-methyl4-(phenylethynyh1H-imidazole5-carbaldehyde

(237 mg, 1.1 mmol)P-methylhydroxylamine hydrochloridél44 mg, 1.7 mmol) and pyridine

(139 mg, 1.7 mmol) in dichloromethane (11 mL) afforded the desired product as a pale orange

foam (252 mg, 93%JH NMR (400 MHz, CBEI 1 y &O,INpE),67HZ (s, MHOH.), 7.52¢

7.48 (M, 2HCHay), 7.32¢ 7.29 (M, 3HCHy), 3.94 (s, 3HOG,), 3.85 (s, 3HNGH,). °C NMR

(101 MHz, CD@l 1 MO nodPpE MoPpdPnz MoMPcEI MHYy dPcEX MHYy dn 2
35.4. HRMS:m/z [MH]" Gi4H14NsO calcd.240.1131, found 240.1134. FTNRw/ cm? (neat):

2941 (w), 2218w), 1511 (w), 1422 (w), 1248 (m), 1043 (s).
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Syntesis of tetrakis(triphenyl phosphine) platinum (3g3)

PhsP, KOH
K,PtCl, >  Pt(PPhs),
EtOH/H,0, 65 °C, 16 h
98%

A suspension of triphenyl phosphine (1.56 g, 5.96 mmol) in ethanol (19 mL) was heated to 65
C. When the mixture hatiomogenized, a solution of potassium hydroxide (214.1 mg, 3.61
mmol) in a mixture of ethanol and water (4.25 mL, 4:1), was added. Then a solutigt®f K
(530.2 mg, 1.20 mmol) in water (4.75 mL) was added over 5 minutes. A pale yellow precipitate
is fomed immediately and the reaction was left to stir over night. The reaction mixture was
allowed to cool to room temperature before being filtered and the precipitate was washed
sequentially with warm ethanol (20 mL), water (5 mL) and room temperature eth@namL)

then driedin vacuo Tetrakis(triphenylphosphine) platinum (0) (1.53 g, 98%) was isolated as a

yellow solid.
General procedure F

. ] MeO.
MeO B,pin, (2.2 equiv.) . IN
R N PtPPhy), (10 mol%)  pinB
\N\>;/< > |
R

R Toluene, 120°C,0.5h pinB |

R

B:Pin: (2.2. equiv) was added to a stirred solution of alkyne derivatited(equiv.)in toluene
(0.1 M). Then Pt(PBh (10 mol%) was added and the reaction was stirred at 120 °C fiir80
The reaction mixture was allowed to cool to room temperature and the solvent was
evaporated. The residue was purified bkugelrohr distilhtion at 150°C orflash column
chromatography on florisil eluting with petroleum ether (40/60) and ethyl acetate to afford

the corresponding boronic esters.

Synthesis of (E) -&sclohexenyR,3-bis(4,4,5,5etramethyll,3,2dioxaborolan2-yl)-1-
pherylprop-2-en-1-O-methyl oxime 48)

MeO.

pinB

pinB
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Following general procedure, Eising 3-(cyclohexl-enyl}1-phenylprop2-yn-1-one O-methyl
oxime (598 mg, 2.5 mmol), Birnx (1.40 g, 5.5 mmol) and Pt(PBh (290 mg, 0.25 mmol) in
toluene (25 mL) afforded the desired prodwdter kugelrohr distillatioras a pale yellow foam
(861 mg, 72%)H NMR (400 MHz, CREI 1+ ¢ 7.4dnm, 2HGH,,), 7.25¢ 7.20 (M, 3HCH.),
5.45¢ 5.40 (m, 1H=CH), 3.92 (s, 3HOG), 1.81¢ 1.75 (M, 2HGHy), 1.64¢ 1.55 (m, 2HOH,),

1.33 (s, 12HGH: X 4), 1.29 (s, 12H3Hsx 4), 1.18¢ 1.10 (M, 2HGH), 1.08¢ 0.97 (M, 2HGHY).
BCNMR (101 MHz,CRClI + Mcn®dT3I mMpn®dnI MOoPPTI Moc PP
83.7, 61.6, 27.2, 25.3, 25.0, 24.7, 22.0, 2¥BANMR (128 MHz, CREI { H.BIRMSMOzO6 NI
[MH]" GgHa2B.NG; calcd.494.3249 found494.3227 FTIRVma! cmt(neat) 2929 (m)1444 (w),
1307 (s), 1138 (s), 1052 (s).

Synthesis ofE) 2,3bis(4,4,5,5tetramethyt1,3,2dioxaborolan2-yl)-1,3-diphenylprop2-en-1-
O-methyl oximg49)

MeO.

pinB ‘ Ph

pinB

Following general procedure, Esing 1,3diphenylprop2-yn-1-one O-methyl oxime (589 mg,
2.5 mmol), BPin: (1.40 g, 5.5 mmol) and Pt(PBh (290 mg, 0.25 mmol) in toluene (25 mL)
afforded the desired producafter kugelrohr distillationas a white foam(899 mg, 74%):H
NMR (400 MHz, CRGl { ¢7.29dnp, 2HCHy), 7.13¢ 6.94 (M, 7HGH), 3.94 (s, 3HOCH),

Mono

1.33 (s, 12HGH x 4), 1.30 (s, 12HG4: x 4). °C NMR (101 MHz, CRCI ¢ MpdhdPnI mMnmdPp X

128.2, 127.6, 127.5, 127.2, 127.1, 127.0, 84.1, 84.0, 61.8, 24.91BANMR (128 MHz, CBCI
L 01 OHRVE: 0V/RIVNG GeHssBNONa calcd512.2756 found512.2765 FTIRVma cm
L(neat) 2979 (M), 1494 (w), 1496 (w), 1309 (s), 1140 (s), 1051 (s).

Synthesis of (E}#ethyt2,3-bis(4,4,5,5etramethy}t1,3,2dioxaborolan2-yl)}-1-phenylpenta
2,4-dien1- O-methyl oxime §0).

Following general procedure, Esing 4methyll-phenylpent4-en-2-yn O-methyloxime (757
mg, 3.8 mol), Bin (2.13 g, 8.4 mmol) and Pt(P{h(434 mg,0.4 mmol) in toluene (38 mL)
afforded the desired producafter kugelrohr distillationras an orange foarfil.15 g, 68%)H

140



Chapter?7. Experimental procedures

NMR (500 MHz, CGI

1

C 7.88p(m, 2HOHy), 7.27¢ 7.23 (M, 3H ), 4.75 (ddJ= 2.0,

1.0Hz, 1H=Q), 4.63 (dqJ= 2.0, 1.3Hz, 1H =CH), 1.47 (dd,J= 1.5, 1.0 Hz, 3H1), 1.34 (s,

12H GHsx 4), 1.27 (s, 12HHs x 4).2°C NMR (101 MHz, CRCI 1

Mp pdc =

127.8, 127.6, 114.2, 84.1, 83.9, 61.7, 25.0, 24.7, *B5NMR (128 MHz, CREI !
HRMSm/z [MN&* GsHsB,NO:Na calcd454.2936 found 454.2950 FTIRVma/ cm? (neat)
2978 (m), 1444 (w), 1308 (s), 1142 (s), 1053 (s).

Synthesis of 2;Bis(4,4,5,%etramethyt1,3,2dioxaborolan2-yl)-1-phenylhexa?,4-dien1-O-
methyl oximg51)

MeO.

—=Z

pinB

pinB |

Me

Mnc®Pnz MO

Hpdy

Following general procedure, Eising 4methyll-phenylpent4-en-2-yn O-methyloxime (757
mg, 3.8 mol), Bin (2.13 g, 8.4 mmol) and Pt(P§h(434 mg,.38 mmol) in toluene (38 mL)
afforded the desired producis an orange famand as 1.2:1 mix d&/Zalkenes(1.40 g, 82%)
IH NMR (400 MHz, CRGI 7.63¢ 7.60 (M, 2HQHay), 7.56¢ 7.53 (M, 2H, B), 7.28¢ 7.26 (m,
3H, G, 7.25¢ 7.23 (M, 3H, Ba), 6.04 (ddJ= 16.0, 1.5 Hz, 1H, HQ, 5.90 (dg,)= 16.0, 6.5
Hz, 1H, =B B, 5.73 (dgJ= 11.5, 1.5 Hz, 1H, HQ@, 5.31 (dgJ= 11.5, 7.0 Hz, 1H, B}, 3.89
(s, 3H, OBs), 3.89 (s, 3H, @), 1.62 (ddJ= 6.5, 1.5 Hz, 3HHg), 1.59 (dd,J= 7.0, 1.5 Hz, 3H,
Hs), 1.39 (s, 12H,H6x4), 1.35 (s, AH, Gk x4), 1.24 (s, 12HHex4), 1.19 (s, 12HHex4).13C

NMR (101 MHz, CB¥A 159.0, 158.2, 135.7, 135.5, 133.7, 133.2, 130.5, 128.7, 128.6, 128.5,

00 ND

128.2, 127.9, 127.0, 126.9, 84.0 (x 2C), 83.8, 83.7, 61.9, 61.8, 25.4, 25.2, 24.6 (x 2C), 19.1, 15.4.
1B NMR (128 MHz, CR)GI 29.8 (br). HRMSN/z [MH]* GsHss!'B,NG; calcd.454.2931 found
454.2942 FTIRVmad cnt(neat):2978(w), 2251 (w), 1474 (m), 1328 (m), 1142 (s), 149

Synthesis

oxime(52)

of

MeO.
0N

pinB I

pinB |

Me

Me

3;Bis(4,4,5,5etramethyt1,3,2dioxaborolanr2-yl)hepta3,5-dien2-O-methyl

Following generaprocedure F using hept-en-3-yn-2-O-methyloxime (124 mg, 0.9 mmol),
B.Pin (294 mg, 1.0 mmol) and Pt(P#(35 mg, 0.03 mmol) in toluene (9 mL) afforded the
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desired product as a yellow oil, and as a 1.3:1 mixturg/dfsomers(140 mg, 41%)*H NMR
(400 MHz, CD§I 6.12 (dd,J= 15.5, 1.5 Hz, #CB, 5.97¢ 5.87 (m, 2H, CH#{}, 5.61 (dg,)=
11.5, 7.0 Hz, 1H, #32, 3.73 (s, 3H, O®), 3.72 (s, 3H, @), 1.94 (s, 3H, i), 1.90 (s, 3H,
(Hs), 1.77 (ddJ= 6.5, 1.5 Hz, 3HHg), 1.67 (ddJ= 7.0,1.5 Hz, 3H, i), 1.38¢ 1.32 (m, 24H,
(Hsx 8), 1.28; 1.21 (M, 24H B: x 8).23C NMR (101 MHz, CB)GI 158.6, 158.2, 133.0, 132.9,
130.1, 128.9, 84.0, 83.7, 61.0, 61.0, 25.3, 25.1, 24.8, 24.7, 24.6, 24.6, 21.0, 19.7, 19'B 15.4.
NMR (128 MHz, CRE! 29.9 (br). HRMSM/ z [MH]* GooHss™'B:.NG; calcd. 392.2780, found
392.02780. FTIRmad cm?(neat) 2979 (m), 1316 (m), 1371 (m), 1137 (s), 1154 (s).

Synthesis of 2;8imethyt4-(4,4,5,5tetramethyt1,3,2dioxaborolan2-yl)pyridiné® (144)

Following general procedure Hsing (E5B-hept-5-en-3-yn-2-one O-methyl oxime(105 mg,
0.8 mmol), BPin (218 mg, 0.85mmol) and Pt(PR)y (29 mg, 0.02 mmol) inoluene (8mL)
afforded the desired producas awhite foam (86 mg, 4%) 'H NMR (400 MHz, CQRGI 7.31
(s, 2H QHay), 2.40 (s, 6HGH), 1.34 (s, 12H3Hsx4).2*C NMR (101 MHz, CBA1157.1, 125.2,
84.3, 24.9, 24.3'B NMR (128 MHz, CB)E130.9 (br).

Synthesis of  2;Bis(4,4,5,5etramethylt1,3,2dioxaborolanr2-yl)hexa2,4-dien1-O-methyl

oxime(53)

Following general procedure Esing hexd-en-2-yn-1-O-methyloxime (100 mg, 0.8 mol)Mr:
(227 mg, 0.9 mmol) and Pt(Ph(23 mg, 0.02 mmol) in toluene (8 mL) afforded the desired
product as a yellow 0{105 mg, 34%)H NMR (400 MHz, CR)QI 7.40 (s, 1H, N4), 6.43¢
6.35 (m, 1H, CHH{}, 5.97 (dgJ= 15.5, 7.0 Hz, 1H, CH9C3.84 (s, 3HQGHs), 1.80 (dd,J= 7.0,
2.0 Hz, 3H, &), 1.33 (s, 12H, K5 x 4), 1.28 (s, 12H,Hex 4).23C NMR (101 MHz, CBal
148.8, 134.4, 131.5, 84.2, 83.8, 61.4, 25.1, 24.6, FB3NMR (128 MHz, CRAI 30.7 (br).
HRMSm/z [MH]" GaHssB,NG; calcd. 375.2690, found 376.2692. FMR:/ cm? (neat) 2979
(m), 1557 (w), 1453 (w), 1313 (s), 1135 (s), 1052 (s).
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