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Abstract

This thesis describes the synthesis of a library of novel sp*-rich N-heterocycles
containing orthogonal functionality via a palladium-catalysed allylation-condensation
sequence. The employment of a readily available cyclic carbamate in the presence
of a palladium catalyst generates a palladium-stabilised zwitterion, which reacts with
a wide range of carbonyl substrates to provide the corresponding U-allylated
compounds. These products can be further converted into six-membered

N-heterocycles through a TFA-mediated deprotection-condensation step.

The scope of this methodology to 1-aryl-2-indanones, 1-aryl-2-tetralones, U-fluoro-b-
ket oe st e-rifuoranetbylthio-ketones is discussed, and the potential of the
final heterocyclic compounds to undergo further derivatisation is demonstrated.
Furthermore, the application of this methodology towards the synthesis of lysergic

acid is presented.
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1.Introduction

1.1. Tsuji-Trost Allylic Alkylation Reaction

A core aim in organic synthesis is the development of novel synthetic methodologies
for the generation of carbon-carbon and carbon-heteroatom bonds, which are
fundamental transformations for the elaboration and extension of carbon frameworks.
To this end, palladium-catalysed carbon-carbon and carbon-heteroatom bond-
forming reactions have emerged as powerful synthetic processes, and are therefore
extensively adopted by the synthetic community. The ability of palladium catalysts to
gener at e p-alyl tatod species via oxidative addition of allylic electrophiles
led to the development of the Tsuji-Trost allylic alkylation reaction, which has been
widely incorporated to the sydtalysed pracesx he mi st
allows the smooth addition of allyl moieties to a large number of nucleophiles

(Scheme 1).**

x WP S P Nu
A NS PdL, ~ | pgo i
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X = OAc, OTf, OCO5R, Br, CI

Scheme 1 - Pd-catalysed allylic alkylation reaction

It is established that the reaction first proceeds via coordination of the low valent

pall adi um(O0) t o t he? aoniplexn whictpundergdes oxidagive a n  d



addition and thereby generating a n 3-"dtallylpalladium complex.® This intermediate
is then attacked by a nucleophile to deliver the allylated product and regenerate the

palladium(0) catalyst (Figure 1).
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Figurel-Tsuji-Tr ost allylic alkylation react.i

Depending on the nature of the nucleophile, the attack could proceed via two distinct

mechanistic pathways, outer-sphere or inner-sphere, resulting in different

stereochemical outcomes (Figure 2).*®’ A Sof t & or s ophilesi dushsae d

on¢

nuecl

enol ates and those that derive fromattacknj ugat
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therefore result in net retention of configuration. In contrast, non-stabil i sed o
nucleophiles (c onj ugat e aci ds, attack first the Walladism centr@ t6 )
form a neutral intermediate, followed by reductive elimination to deliver the organic
product. This inner-sphere pathway delivers the allylated compound with an overall

net inversion of stereochemistry.
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Figure 2 - Stereochemical outcome for inner- and outer-sphere pathways

1.2. Palladium-Stabilised Zwitterionic Species

Palladium catalysis offers an efficient method for the formation of dipolar
intermediates, which enable rapid access to a variety of functionalised heterocycles
via formal cycloaddition reactions.® These versatile zwitterionic reagents generally
comprise an el ect r op kallyl domplexpaamd & audléophiiic stabilised
anion, which could be carbon-, nitrogen-, or oxygen-centred. As the primary
objective of this thesis is the formation of N-heterocycles, the following parts of this
chapter will focus on the palladium-catalysed synthesis of nitrogen-containing

compounds.

1.2.1. Palladium-Stabilised Zwitterions Containing a Carbanion

Almost forty years ago, Trost and Chan disclosed one of the important
breakthroughs in ring-forming cycloaddition processes.® It was shown that palladium-
trimethylenemethane (Pd-TMM), a zwitterionic intermediate, could be generated

from 2-[(acetoxymethyl)allyl]trimethylsilane in the presence of a Pd(0) catalyst. This

9



palladium-stabilised zwitterion could then engage in a formal [3+2] cycloaddition
process with alkene acceptors to deliver a range of exo-methylenecyclopentane

adducts (Figure 3).

............

Figure 3 - Generation and reactivity of Pd-TMM

Since the initial disclosure of Pd-TMM cycloaddition processes, significant progress
was achieved to explore and further expand the scope of this chemistry.’*?* More
related to the work presented in this thesis, Pd-TMM annulation reactions were also
applied to the synthesis of saturated nitrogen heterocycles. In 1986, Jones and
Kemmitt have initially demonstrated that allylic acetate 1 and mesylate 2 are able to
undergo palladium mediated annulation with a narrow selection of imine acceptors to
give substituted pyrrolidine products.”® For example, phenyl imine 3 and
dibenzylidenehydrazine 4 underwent [3+2] cycloaddition to provide the

corresponding cycloadducts in moderate yields (Scheme 2).

Pd,(dba);.CHCl5 (5 mol%)

y; P(OEt); (40 mol%)
TMS\)I\/OAC " Ph/_N PhMe, 110 °C, 16 h N
PH  Ph
......... T B T3
Pd,(dba)s.CHCl; (5 mol%)
_R P(OEt); (40 mol%)
TMS\)I\/OSOzMe A PhMe, 110 °C, 16 h N
P R
2 R=Ph; 3 R=Ph; 52%
R=NCHPh; 4 R=NCHPh; 55%

Scheme 2 - [3+2] cycloaddition of Pd-TMM to aldimines
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A couple of years later, the scope was expanded by Trost and co-workers, who
showed that this process could be further generalised to a wide range of imines.
Their initial attempts to perform the palladium-catalysed annulation with unactivated
aliphatic aldimines proved unsuccessful.?® To address this limitation, the initial
strategy was converted into a two-step process which involved the use of a synthetic
equivalent of TMM, organostannane 5, and a Lewis acid to activate the imine
(Scheme 3). Subsequent addition of a Pd complex initiated the cyclisation and led to

the corresponding pyrrolidines in high yields.?

2 2
nR . BF.ELO  RNH Pd(OAC),/PPh,
I BuzSn OAc ch,cl J\)I\/ "BuLi, DBU, dioxane
R! 2Ll2 R OAc , , N
5

R'2 = alkyl/aryl

Scheme 3-Tr o st &tep seéqueace towards pyrrolidines

Although this strategy was applicable to a wide range of imines, the toxicity of
organostannane compounds and the two-step sequence lured the authors to
develop a one-step Pd-catalysed process. N-tosylimines, which exhibit enhanced
electrophilicity, were therefore examined in the Pd-catalysed cycloaddition and found
to readily react with TMM to provide an array of pyrrolidine compounds in excellent
yields.?” N-activated imines bearing electron-rich and electron-poor aromatics were
both tolerated (Scheme 4). Additionally, the employment of allylic carbonate 6 as

TMM precursor allowed the reaction to be achieved at lower temperatures.
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Pd(OAc), (10 mol%)

\)J\/ . /:NTs PR3 (52 mol%) _
™S X Ar "BuLi (1 eq.), THF, 40 °C or 64 °C NTs
1; X=OAc
e B RTOC0 e
NTs Cl NTs Ts
O,N
97% 90% 95%  Me 95% N 94% 98%

Scheme 4 - Pd-catalysed [3+2] annulation with various aryl N-tosyl imines

Interestingly, unsaturated substrates showed chemoselective cycloaddition at the
imine rather than the alkene (Scheme 5). For instance, aldimine 7 derived from
cinnamaldehyde reacted with Pd-TMM to give solely the pyrrolidine adduct. The
conjugated aldimine 8 was also tolerated and gave the five-membered N-heterocycle

in high yield, although as a mixture of diastereomers.

Pd(OAc), (10 mol%)
A P(O'Pr3) (52 mol%)
PhS"Snrs TMS\J\/OCOZMG THF, 40 °C N

X
Ph Ts
7 6 99%
X Pd(OAc), (10 mol%)
NTs . \)]\/ P(O'Prs) (60 mol%) \
™S OAc PhMe, 100 °C Ts
Me
8 1 Me 80%

1:1dr

Scheme 5 - Chemoselective [3+2] cycloaddition of conjugated aldimines
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Furthermore, various aliphatic N-activated aldimines underwent [3+2] cycloaddition
with Pd-TMM, however sterically hindered substrates necessitated higher reaction
temperatures (Scheme 6).2” The lower yields obtained in some cases were attributed
to substrate synthesis rather than the Pd-catalysed annulation process itself, since

the aldimines were employed without prior purification.

Pd(OAc), (10 mol%)

. P(O'Pr); (3.6 eq.)
TMS\)I\/OAc R NTs PhMe or dioxane NTs
1 100 °C, 4 h R
T™MS
M
NTs 0e NTs
Me Me NTs
Me Me Me Me 7/\0
Me Me
90% 50% 80% 50%

22% 76%; 20:1 d.r

Scheme 6 - Pd-catalysed cycloaddition with aliphatic N-activated aldimines

Strained camphorsulfonic acid derived imine 9 and U , -unsaturated ketimine 10 also
performed well in the formal [3+2] cycloaddition (Scheme 7). Moreover, nitro-
activated ketimines, such as nitrimines 11 and 12, were also examined and found to
undergo smooth cycloaddition with the Pd-stabilised zwitterion to provide the

corresponding cycloadducts in good yields, and in the case of 11, with a 17:1

13



diastereomeric ratio. However, unhindered nitrimines generated from cyclooctanone
and 2-hexanone failed to participate in the cycloaddition reaction, a lack of reactivity

that was ascribed to the greater likelihood of these activated ketimines to enolise.

Me 1 Me ' 1

Me Me '
Pd(OAc), (10 mol%) Node(OAc) (10 mol%) OzN\N
N P(O'Pr); (3.6 eq.) P(O'Pr); (3.6 eq.)
// PhMe, 100 °C M THF, 65 °C Me Me
SO,
Me
9 94% 87%; 17:1 d.r
1 : 1
N~TS Pd(OAc), (10 mol%) TS\ ; N-NO2  Pd(OAc), (10 mol%) - OoN,
| P(OP), (36 eq.) : | POPr); (3.6eq)  Me N
Me ~pnme, 100 °C i) E Me\/Kr'V'e THF, 65 °C
e , Me
! Me Me Me Me
10 72% 5 12 72%

Scheme 7 - Pd-catalysed cycloaddition with N-activated ketimines

This transition metal-catalysed [3+2] annulation process allows rapid access to
densely functionalised sp®-rich heterocycles, therefore its potential prompted the
authors to develop an asymmetric variant of this methodology. In 2007, Trost et al.
reported the first enantioselective Pd-catalysed cycloaddition of trimethylenemethane
with aldimines.? It was found that chiral phosphoramidite ligands were successful in
promoting the reaction with high levels of enantiocontrol. Notably, the
phosphoramidite ligand L1 with a bis-2-naphtyl substituted pyrrolidine effectively
catalysed the cycloaddition and provided the corresponding N-heterocycles in high
yields and enantioselectivities. Interestingly, the reaction also performed well with N-
Boc and N-aryl aldimines, which were found to be unreactive in the initial reaction

conditions. This highlighted the increase in reactivity that these BINOL-derived
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phosphoramidite ligands were able to provide to the palladium-stabilised zwitterion.
Furthermore, the process demonstrated to be insensitive to the electronic nature of
the aryl group on the nitrogen atom and proceeded efficiently in the presence of N-
aryl imines bearing electron-rich or electron-poor aromatics. Heterocyclic-based
imines were also tolerated and provided the corresponding cycloadducts in high

enantiomeric ratios, although slightly lower yields were obtained (Scheme 8).

Pd(dba), (5 mol%) OO 2-naphtyl
—NR L1 (10 mol%
TMS\)J\/OAC t A /= ( 3 d

r PhMe, T °C NR O-p—n

1 Ar o N
(1.6 eq.) OO 2-naphtyl
L1

N N OMe N

N@ Q Q
Cl OMe Cl F F
T=45 °C; 80%; 82% ee T=45 °C; 80%; 84% ee T=45 °C; 87%; 83% ee T=4 °C; 83%; 83% ee

NBoc NBoc NBoc NBoc NBoc
\ 7 o
MeO F N

T=4°C; 84%; 91% ee T=4°C;94%;93% ee T=4°C;91%;90% ee T=4°C; 75%; 86% ee T=4 °C; 71%; 91% ee

Scheme 8 - Asymmetric Pd-catalysed cycloaddition of N-Boc and N-aryl

aldimines. Adapted from ref. [8]

Inspired by the success of this asymmetric methodology with aldimines, Trost et al.
examined the palladium-catalysed asymmetric cycloaddition of cyano-TMM to the
less reactive ketimines in order to generate highly substituted pyrrolidines.?® C-aryl

and C-alkyl substituted activated imines were demonstrated to react smoothly

15



leading to the desired pyrrolidines in high yields (Scheme 9). N-Boc imines proved to
be inefficient in this case, presumably due to their tendency to isomerise to the
enamine tautomer. However, N-tosyl imines were less susceptible to the
tautomerisation issue. The reaction performed well in almost all cases, providing the

desired product in high yield and selectivity.

CpPd(n*~C3Hs) (5 mol%)

_Ts
TMS\)%/OAC . j“l\ L1 (10 mol%) o CN
- PhMe, 4 °C, 2-4 h R?

CN R1
13
CN CN
TsN CN T CN TsN ‘""Me TsN "iMe TsN CN
s """Me S "Et s ""1Me
O MeO
‘ Cl
91%; 99% ee  99%; 99% ee 99%:; 99% ee 90%; 99% ee  99%; 98% ee
>20:1d.r. >20:1 d.r. >20:1 d.r. >20:1 d.r. 10:1 d.r.
CN CN
TsN—/, CN
'Me TsN ln TsN “IMe TsN CN
0N
MeO —
89%; 99% ee 99%; 99% ee 99%; 81% ee 86%; 95% ee
>20:1 d.r. >20:1d.r. 15:1d.r. dr

Scheme 9 - Asymmetric Pd-catalysed [3+2] cyano-TMM cycloaddition to

ketimines. Adapted from ref. [8] and [29]

The proposed model for the cycl|l oadrRiguré¢4 onos
and was based on the imine geometry, which was revealed by NOE analysis.? It

was proposed that the top conformer would lead to the observed diastereomer,

16
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which appears to be the thermodynamically less favoured one based on theoretical
calculations (by an energy difference of 1.09 kcal/mol relative to the other
diastereomer), whereas the bottom conformer would lead to the second
di astereomer , which would be disfavalylred du

system and the tosyl group.

s
L*Pd N e
_\J H N/Ts
Favoured
-
Ar Me Ar-XX ~CHj !
' NC© H
cN TTTTTTTTTTTTT
Is_
L*Pd\'ﬁ_ N T
DY H NS
Disfavoured
Listavoured & —
Me Ar H;C- Ar
NC H
CN

Figure 4 - Proposed model for the diastereoselectivity of the reaction

Unsymmetrical aliphatic ketimines proved to be challenging substrates for
cycloaddition and suffered from a lack of selectivity when subjected to the standard
reaction conditions in the presence of L1. However, further ligand optimisation led to
the use of azetidine-based phosphoramidite ligand L2, which provided the desired
products in high yields and with high levels of enantio- and diastereoselectivity

(Scheme 10).
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1o CPPA(I’-CoHs) (5 mol%) OO Ph
rd
TMS\)krOAC . N L2 (10 mol%) _ O;P b

AL PhMe, 4 °C,2-4h . TsN
R2

CN
CN CN
TsN Q TsN TsN
b “"Me
Me Me \ Me
Me
Me
83%; 95% ee 99%; 95% ee 77%; 88% ee

10:1 d.r. 5:1d.r. >20:1 d.r.

Scheme 10 - Pd-catalysed [3+2] cyano-TMM cycloaddition to aliphatic imines

The reactivity of palladium-trimethylenemethane is not limited to [4+2] annulation
processes and was thereby exploited in various other cycloaddition reactions. For
instance, Pd-TMM precursors have also been shown to undergo [3+3] cycloaddition
reactions with a range of nitrogen-containing acceptors to provide six-membered N-
heterocycles.® Hayashi and co-workers have disclosed the Pd-catalysed [3+3]
cycloaddition process with azomethine imines to form hexahydropyridazine
cycloadducts in high yields.*® Substrates containing alkyl, electron-rich and electron-
poor aromatics were all tolerated (Scheme 11). Although, when the azomethine
imine bearing a sterically bulky t-Bu group was employed, a significant drop in the
yield was observed. Substrates substituted with alkyl groups on the pyrazolidinone
also performed well in the [3+3] reaction and gave the corresponding products in

excellent yields.
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D C0 ke
N N N Me N
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Me Me
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71% 20% 94% 87%; 96:4 d.r.

Scheme 11 - Pd-TMM [3+3] cycloadditions with azomethine imines. Adapted

from ref. [8] and [30]

The authors also demonstrated that substituted trimethylenemethane precursors
could undergo asymmetric palladium-catalysed [3+3] cycloaddition with nitrone
substrates to produce tetrahydro-1,2-oxazine products as single regioisomers, with
good diastereocontrol and high levels of enantioselectivity (Scheme 12).3* However,
a racemic mixture was obtained when unsubstituted TMM precursor 1 was employed,

although the six-membered heterocycle was isolated in high yield.
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N

g
e) o. _AP ‘O 2-naphtyl
™S oA 0D Ar® CpPd(r-allyl) (5-8 mol%) N o YiMe
C 4 JNl\ L7 (10-16 mol%) opg2 o PN
2 CH,Cl,, 40 °C, 48 h ‘O )—=Me

2-naphtyl

N N N N
0, ©\ “, ©\ ‘0, ‘",
Ph
CF; CF3

95%; 89:11 d.r; 92% ee  99%; 84:16 d.r.; 91% ee  92%; 85:15 d.r.; 92% ee 99%; 76:24 d.r.;; 91% ee

CO,Et CO,Et

, oO QL

98%; 85:15 d.r.; 93% ee 85%; 88:12 d.r.; 89% ee 90%:; racemic

CF;

Scheme 12 - Asymmetric Pd-TMM [3+3] cycloadditions with nitrones.

Adapted from ref. [8] and [32]

Furthermore, Kemmitt and co-workers reported the first Pd-catalysed [3+3]
cycloaddition of trimethylenemethane with activated aziridines to produce piperidines

(Scheme 13).** N-Tosyl and N-p-nitrobenzoate aziridines were both tolerated and

gave the corresponding piperidines in good yields.

\)]\/ . ):NR Pd(PPhs), (5 mol%)
T™S OAc M PhMe, 110 °C, 16 h NR
Me

R=Ts; 75%
R=PNB; 71%

1

Scheme 13 - Initial Pd-TMM [3+3] cycloaddition to activated aziridines
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Harrity et al. revisited this palladium-catalysed process and expanded its scope to a
range of enantioenriched alkyl and aryl-substituted aziridines (Scheme 14).3* * The
cycloaddition showed excellent regioselectivity with the ring-cleavage occurring at
the less hindered carbon of the three-membered heterocycle, with the exception of
2-phenylazirdine in which unsurprisingly ring-opening also occurred at the benzylic
position, thereby leading to a mixture of regioisomeric compounds. Notably, the [3+3]
cycloaddition reaction proved to be enantiospecific providing all the nitrogen-
containing compounds with complete retention of stereochemistry. Aziridines bearing
a silyl-protected alcohol or an allyl fragment were also tolerated in the process,

providing a synthetic handle for further transformations.

1(1.0eq.)
Pd(OAc), (10 mol%)
PNTS P(OPr); (60 mol%)
"BuLi (20 mol%) NTs
THF, 65 °C

o

82% 72% 52% 65%°!
1(1.0eq.)
);NTS Pd(OAc), (10 mol%)
. P(O'Pr); (60 mol%)
"BuLi (20 mol%)
THF, 85 °C 68% (1:1.6) [@

Scheme 14 - Pd-TMM cycloaddition with 2-substituted aziridines. [a] Reaction

performed on racemate. Adapted from ref. [34]
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Later, Harrity and co-workers showed that this process was also applicable to a
variety of disubstituted aziridines.®® For instance, 2,2-substituted aziridines were

successfully employed and provided a range of spirocyclic piperidines (Scheme 15).

1 (1.0 eq.), Pd(OAc), (10 mol%)
-7DNTs P(O'Pr); (60 mol%), "BuLi (20 mol%)
THF, 65 °C R: N

A

TsN
74% 54% 70% 43%

Scheme 15 - Pd-TMM cycloaddition with 2,2-disubstituted aziridines. Adapted

from ref. [8] and [35]

The use of 2,3-disubstituted substrates led to the corresponding trans-fused bicyclic
systems, although in low yields (Scheme 16). The poor reactivity of these substrates
likely arises from the increased steric bulk at the electrophilic carbon of the aziridine,

therefore limiting the nucleophilic addition of Pd-TMM.*

R 1 (1.0 eq.), Pd(OAc), (10 mol%)
NTs  P(O'Pr); (60 mol%), "BuLi (20 mol%) R:
THF, 65 °C N

HTs

T

S

H
15% 31% n.r.

Scheme 16 - Pd-TMM cycloaddition with 2,3-disubstituted aziridines. Adapted
from ref. [8] and [35]
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Alternative palladium-stabilised zwitterionic species that contain a carbanion have
also been shown to undergo palladium-catalysed cycloaddition reactions with

various nitrogen-containing electrophilic partners.®

Tsuji et al. first described the palladium-catalysed [3+2] cycloaddition of activated
vinylcyclopropanes with aryl i S ocy alacam e
compounds (Scheme 17).% Several years later, Shi and co-workers expanded the

scope to diazooxaindole substrates to give highly functionalised pyrazolidine

products.>" 3
R'0,C_ CO,R!
=
N°
N®
CO,R!
R'0,CJ 2 s o Pd(0) .
@N\ N Ar/ \\C\\ O
®N F b2 o
) R o1 ® R'0,C Ar
©f3= -GN R0,
N R OZCW __
R2 R'0,C

Scheme 17 - Pd-catalysed [3+2] cycloaddition of vinylcyclopropanes to

isocyanate and diazooxaindole acceptors

Furthermore, Hayashi et al. disclosed a new palladium-catalysed cycloaddition
process for the synthesis of N-heterocycles, which involves the employment of
v ar i emethylidene-u-valerolactones. In the presence of a palladium(0) complex,
these lactones generate a four-carbon zwitterionic intermediate, which was found to

32,40 imines* and

react with a number of acceptors, such as nitrones,* isocyanates,
aziridines* to give a series of nitrogen-containing heterocycles (Scheme 18).
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YN

N—-Ts

Scheme 18-Pd-c at al ysed cy enethdidbneilialemlactones to o

various acceptors

1.2.2. Palladium-Stabilised Zwitterions Containing a N-Centred Anion

The utility of palladium-stabilised dipolar reagents containing a nitrogen-centred
anion has also been investigated in the synthesis of N-heterocycles. The most
common precursors used for the generation of amide zwitterions are vinylaziridines
and vinyloxazolidinones. It was demonstrated that in the presence of catalytic
palladium(0), these systems undergo ring opening to generate a N*-1,3-dipole which

could then be intercepted by an electrophile (Scheme 19).2
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0 ®

) PdL - X=-y

Az RN A~ R’N\/\IJ/ RN A

Scheme 19-Gener ati on and c y-alyl amadd dmttérionon o f

Alper and co-workers reported the first Pd-catalysed [3+2] cycloaddition reaction of
vinylaziridines with a number of heterocumulene substrates, such as isocyanates,
isothiocyanates and carbodiimides, to provide the corresponding five-membered
heterocycles (Scheme 20).** The methodology was further extended to the
analogous vinylazetidine and vinylpyrrolidine substrates to give six- and seven-

membered heterocycles, respectively.***’

R2 Pd(OAc), (2 mol%) X
N . N PPh; (10 mol%) RZ_NJ\Y
. A~ THF, 2-20 h )_kf
! X=0, Y =NR R —
X=Y=NR
X=NR,Y=8S
o o) o
Cy\NJ\N,PMP Cy\NJ\N,PCP BU~NJ\NfPCP
\_«: \_—«: Me)_«:
88% 82% 97%
_Ph _Ph _PCP
\ \ \
96% 60% 61%

Scheme 20 - Palladium-catalysed [3+2] annulation of vinylaziridines with

heterocumulene acceptors. Adapted from ref. [8] and [43]
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Furthermore, the successful palladium-catalysed [3+2] cycloaddition reaction of

isocyanates to vinylaziridines prompted Trost and co-workers to develop an

enantioselective process. It was demonstrated that in the presence of L8, racemic

vinylaziridines substrates could undergo dynamic kinetic asymmetric cycloaddition

reaction with isocyanates to provide a range of enantioenriched imidazolidin-2-ones

(Scheme 21).%®

g
0 L
HsPdCl), (2 mol%) R1‘NJ\N’R3 o < 0

Nco _(n°Cs
3

NH HN
by westtgmine g (o el o
ACOH (10 mol%) — O PPh, Pph2

Bn< )J\ Bn Bn\NJ\ Bn< JL

98%, 95% ee 94%, 13% ee 60%, 80% ee 61%, 65% ee

Scheme 21 - Pd-catalysed dynamic kinetic asymmetric cycloaddition of

vinylaziridines to isocyanates. Adapted from ref. [8]

The synthesis of N-heterocycles using N*-1,3-dipoles derived from vinylaziridines is

not limited to heterocumulene cycloadditions. Yamamoto et al. disclosed the

palladium-mediated annulation of vinylaziridines with a number of doubly activated

alkenes to give the corresponding pyrrolidine products in high yields, albeit with low

levels of diastereocontrol (Scheme 22).%
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Pd,dbas.CHCI3 (5 mol%) R!

Ts 1 1
! . 1\;\ P(4-FC(E|_H|:'):3 ﬁo mol%) Tsy r4 22
w ZZ , I.L.
R' = Alkyl, Aryl —
Z'=CN, CO,R
Z? =CN, CO,R
Ph 4-MeC¢H, 4-FCgH,
CN CN CN SO,Ph
Ts<N CN Ts\N\i\L‘cN TS‘N\%N TS\N%OZPh
99% 902% 84% 78%
45:55 48:52 46:54

Scheme 22 - Pd-catalysed [3+2] annulation of N-tosylvinylaziridine with highly

activated alkenes. Adapted from ref. [8]

Later, Knight et al. reported the Pd-catalysed decarboxylative [3+2] annulation of
vinyloxazolidinones to highly activated olefins.®® Yamamoto has previously
demonstrated that in the presence of a palladium(0) complex, vinyloxazolidinone
substrates could readily undergo decarboxylation to give the corresponding
vinylaziridines.®® Therefore, Knight reasoned that vinyloxazolidinones could be
employed in place of aziridine derivatives to form a N*-1,3-dipole which would then
undergo a formal [3+2] cycloaddition reaction with activated alkenes to produce
pyrrolidine compounds. Their i ni tial [
substrate provided the desired product, although in low yield. Further optimisation
studies found the addition of halides to dramatically improve the yield of the reaction

(Scheme 23).*?
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~ Pd.,dbas.CHCls (5 mol%) 22 =
0/6 z! PPhs (20 mol%), "Bu,NI (2 eq.) z N

+ -
o)\N Ar\/\zz THF, 40 °C, 2-18 h N

Ts Z'=CN, CO,R Ts
Z? =CN, CO,R
Me
o)
Me\)/o\&o CN =<
AN FaO
© \
o /N o” "N
Ph Ts Ts
77% 78% 58% 73%

Scheme 23 - Pd-catalysed decarboxylative annulation of vinyloxazolidinones

with doubly activated Michael acceptors. Adapted from ref. [49]

In related work, Aggarwal et al. demonstrated that singly activated Michael acceptors
were also viable electrophiles. In 2011, the authors reported the Pd-catalysed
annulation of enantioenriched vinylaziridines with methyl vinyl ketone and ethyl
acrylate to provide substituted pyrrolidine compounds with high levels of
diastereoselectivity.”® However, as previously reported by Knight, the presence of
halides additives proved critical to the success of the annulation reaction. The
stabilisation of the in situ generated amide anion by the palladium complex may slow
its nucleophilic addition to the electrophile. Halide additives could improve the
nucleophilicity of the amide anion by disrupting its interaction with the Pd-" -allyl

cation (Scheme 24).% %% %3
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a)

(o] R1 R2
Ts Pd,dbag.CHCI3 (5 mol%) —
b . \)OL P(4-FCgHy)3 (25 mol%)
A , \ X "BuyNCI (1 eq.) Ph
Ph '/\R solvent N
R'=H, Me R X = Me, SEt Ts
R?=Ar, H
©

\’“pc&“ Ph P
o
Ts /\f ® 0l _Me
AL R Me BuN ]
Ph” N ® ¢ R

Scheme 24 - a) Pd-catalysed annulation of vinylaziridines with methyl vinyl ketone
and ethyl thioacrylate b) Rationalisation of the enhanced reactivity in the presence of

halides

Further examples of palladium-stabilised zwitterions containing a nitrogen-centred
anion were reported by Tunge and co-workers.>* The authors showed that 6-alkenyl-
1,3-oxazinones could undergo decarboxylation in the presence of Pd° to form a N*-
1,4-dipole intermediate, which could then be intercepted by doubly activated alkenes
to provide highly substituted piperidines in good yields and high levels of

diastereoselectivity.
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CN
TS‘NJ\O ” + A CN pd(PPhy), (5 mol%) TSNN :y
Q _< CH,Cl,, t R
W\R3 CN zre SN R3
R! R
Ph
Ts ENen
N
yZ
cl
87%; >19:1 d.r.
4-ACOC6H4
CN
Ts. CN
N
pZ
54%; 10:1 d.r. 66%; 8.3:1d.r. 76%; >19:1d.r.

Scheme 25 - Pd-mediated [4+2] cycloaddition of 6-vinyl oxazinones to highly

activated Michael acceptors

Furthermore, Tunge extended this annulation process to vinyl benzoxazinanone
substrates.” In the presence of a Pd® catalyst and electron-deficient alkenes, a
formal [4+2] cycloaddition reaction occurs to produce highly substituted
hydroquinoline compounds (Scheme 26) . The wuse ofL9 dlloned thed s
reaction to perform with high levels of diastereo- and enantiocontrol.
Benzoxazinanones bearing both electron-rich and electron-poor substituents were

tolerated in the Pd-catalysed process.
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Z Pd,dbas (5 mol%) Z
20baz (o molo CN
o Arn_ £ L9 (11 mol%) CN N N
R » N "
CN CH5Cl,, rt, 4-6 h PPh, Ph.P
N o N Ar 2 2
1 1
Ts Ts L9
. y,
=z
CN C CN
CN Me Me CN
Ph I C6H4002M9'p I C6H4CF3'O ';l C6H4N02'p
Ts
87%, 97% ee 76%, 96% ee 85%, 98% ee 90%, 99% ee
50:1dr 25:1dr >99:1dr >99:1 dr
=z
C C F CN
CN
CGH4N02'p I CGH4CF3'p I CGH4OAc-p bll CGH40AC'p
Ts
91%, 99% ee 93%, 84% ee 90%, 80% ee 60%, 87% ee
25:1 dr 37:1dr 50:1dr >99:1 dr

Scheme 26 - Pd-catalysed [4+2] cycloaddition of vinyl benzoxazinanones to

highly activated alkenes. Adapted from ref. [8] and [55]
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2. Functionalised Polycyclic Piperidines

2.1. Introduction

Nitrogen-containing molecules are valuable building blocks for pharmaceuticals and
agrochemicals. Almost two-thirds of FDA-approved small-molecule drugs contain a

nitrogen heterocycle, among which piperidine is the most commonly used.®

Over the past decade, molecules that are rich in sp* carbon atoms, particularly sp®-
rich heterocycles, received increasing interest from the drug discovery community. It
was shown that the fraction of sp® hybridised carbon atoms (Fsp® = number of sp®
carbon atoms/total carbon atom count) in drug candidates is correlated to important
physical properties, such as solubility and melting point. Increasing the sp®character
of the drug resulted in higher aqueous solubility and lower melting point. Furthermore,
it has been demonstrated that sp>-rich compounds are more likely to successfully
progress through clinical trials. Additionally, the presence of stereogenic carbon
atoms was found to positively impact the clinical progression of a drug-like

molecule.>” >

In this context, the Harrity group has developed a novel precursor to a dipolar
reagent (Figure 5), which can react with readily available carbonyl compounds to

give nitrogen heterocycles. These building blocks are able to undergo orthogonal
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functionalisation with the potential to form sp®-rich products in a stereocontrolled

manner.

The dipolar intermediate can be generated in situ from a cyclic carbamate precursor

in the presence of a palladium catalyst and a phosphoramidite ligand.

©
© o) NH
e | "7 1ol J? |
Xy H
OJ% Dipolar® O)B ®

intermediate

B Orthogonal functionality 4—,

® Scope for further derivatisation Condense

o =[5 | A

4

® NR b
© o
1
Dipolar Pd-stabilised Cyclic carbamate
intermediate zwitterion precursor

Figure 5 - New strategy for the synthesis of highly functionalised N-

heterocycles

2.1.1. 1.3-Dicarbonyl Substrates

This palladium-stabilised zwitterion has been proven to react effectively with a range

of 1,3-dicarbonyl substrates, such as 1,3-diketones, lactones, cyclicandacy cl-i ¢ b
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ketoesters, to give the corresponding allylated products in good to excellent yields

(Scheme 27).*°

Pd(dba), (5 mol%)

N
i H Hk‘ o NHB >P—N
R L10 (15 mol%) oc o~
N oc CH,Cly, 1t, 3 h O )
L10 )

2 eq. 0 N
1,3-diketones
0 NHBoc NHBoc NHBoc o NHBoc
M
e (0]
Me Me
65% 84% 64% 97%
o NHBoc NHBoc NHBoc
Me Me
Me
Me
74% 6% 86%
1,3-ketoesters
(0] NHBoc NHBoc NHBoc (0] NHBoc
Me
Me' o
OEt -
'Pro
64% 62% 6% 68%
0 NHBoc O NHBoc
Me
Me
iPro
71% 60%

a-acyl-y-butyrolactones|

NHBoc (o} NHBoc (0] NHBoc (o) NHBoc
Q o o o 0 o)
Ph i

‘Bu
57% 85% 88% not isolable

(o)
o
(o)

=
@
o
=

Scheme 27 - Previous scope of Pd-catalysed 1,3-dicarbonyl allylation
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Treatment of these allylated substrates with TFA, allowed the deprotection of the N-
Boc group and the condensation of the ketone with the amine, to give a wide range
of piperidine derivatives (Scheme 28) . Under t hese-acykoondi t i
butyrolactones gave only the spiro-piperidine products and 1,3-ketoesters gave the
fused systems, whereas unsymmetrical 1,3-diketones raised a regioselectivity matter

during the condensation step and led to a mixture of regioisomers (Scheme 28).%°

1. Pd(dba), (5 mol%) N\
L10 (15 mol%)
CHzc|2Y rt, 3h
2.TFA, 1, 1 h

N N N N N
I I I I Me I
" e CO,Et CO,Et CO,Et CO,)Pr Me CO,Pr

96% 83% 70% 75% 57%
1,3-diketones
Symmetrical 1,3-diketones Unsymmetrical 1,3-diketones
N
HN N NI | NI
|
NS R Me
Me R + o o + o
o Me
Me (o] R Me R
Me
82%

R=Me; 74% spiro:linear 85:15 R=Me; 54% spiro:linear >98:2
R=Pr; 80% spiro:linear 40:60 R="Pr;57% spiro:linear >98:2
R=Bu; 51% spiro:linear 50:50 R='Bu; 49% spiro:linear >98:2

Scheme 28 - Allylation-condensation to give a wide range of N-heterocycles
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2.1.2. Asymmetric Allylation: 1,3-Dicarbonyl Substrates

A powerful development of this methodology would be to perform these reactions
enantioselectively, and an asymmetric catalytic variant of this process was therefore
considered. Based on TP casrangesof chiral pliosphorous-based ligands
was screened. It was found that chiral phosphoramidite ligands L11, L12 and L13
are able to induce enantioselectivity. Nevertheless, only a limited class of substrates

gave the corresponding products with high enantiomeric excesses (Scheme 29).>%

2 )

R
R2
Ph
>-lMe 12: R=
N wN L ,R—iH
)—-Me \ L13; R='Pr
=]
R

Ph
L11

\
U
S
=,

2

’)H o o Pd(dba), (5 mol%)  © NHBoc __, N

O. _NBoc + X\b)LR Ligand (15 mol%) X o R

i CHLCly, T, th X=0 o
0

2 eq. Me fo)
e R LR e L e e L L LR e R EEEEEEETEEEE
! [1,3-diketones
!
i (0] NHBoc O NHBoc
]
! o (o}
]
E Me iPr
62%; 94% ee 66%; 92% ee E 86%; 86% ee 74%: 92% ee
L11,-20°C,16 h L11,-20°C, 16 h H L13,rt, 3 h L13,rt, 3 h
]
E (0] NHBoc
H
i o
)
i Bu
85%; 94% ee 850/0; 98% ee : 80%: 88% ee
L11,-20°C,16h L11,-20°C, 16 h ! L12.rt, 3 h

Scheme 291 Asymmetric allylation of U-acyl-o-butyrolactones and 1,3-

diketones
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2.1.3. Hypothetical Reaction Mechanism

It was proposed that the mechanism of this palladium-catalysed allylation reaction
would first proceed with coordination of palladium to the alkene resulting in a three-
coordinate complex (I) (Figure 6). The resulting catalyst-substrate complex | would
then undergo an oxidative addition that could cleave the carbon-oxygen bond and

result in a n -aflyl complex (I).

o o NHBoc N
H ., PdL, l
(o] NBoc TFA

~

(o)
PdL,
© ®
---[Pd] 0
»\ + Py
(o} NBoc D
\H/ IV NHBoc
' o
(o)
® ® H
[Pd]\) [Pd]\)
o(:)n/NBOC NBoc
o \—(( "o

Figure 6 - Proposed mechanism of the Pd-catalysed U-carbonyl allylation

Subsequently, an irreversible decarboxylation could occur and lead to zwitterionic
intermediate Ill. The resulting amide anion would then be able to deprotonate U to
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the carbonyl to give the corresponding enolate. The mechanism would continue with
nucleophilic at t ack of t h e -alyl ooimplax,epredurnablyt threugh an
outer-sphere pathway,’ thereby leading to the allylated compound. Finally, a TFA-
mediated deprotection-condensation step would provide the desired six-membered

N-heterocycle.

2.1.4. 1-Substituted-2-Tetralone Substrates

Extension of this procedure to a range of 1-aryl-2-tetralone substrates (Scheme 30),
delivered the corresponding allylated compounds in high yields and with the
expected regioselectivity.>® This methodology proved to be tolerant of a range of aryl

groups, as well as alkyl and ester moieties.

NHB
% R o Pd(dba); (5 mol%) . o¢
0,
o MBoc * L10 (15 mol%) o
\ﬂ/ CH.Cly rt, 3 h
o]

90% 89% 93% 82%
" O NHBoc o NHBoc NHBoc
e Me
o EtO o o
75% 90% 74%!@l

Scheme 30-Pd-c at al yumaichali€ation of 2-tetralone substrates. [a]

Reflux
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A deprotection-condensation step in TFA followed by reduction of the cyclic imine
with NaBH,, allowed the formation of tricyclic piperidine products as single
diastereomers (Scheme 31). However, their isolation proved difficult, leading to low
isolated product yields. The in situ protection of the amine with a Cbz group prior to
purification, improved the overall yield. The relative stereochemistry was assigned as

trans by X-ray crystallography.

...............

NHBoc ' via :

R 1.TFA, rt, 1h : :
o) 2.NaBH4 MeOH, rt, th R Nk : R 5

3. CbzCl, Nay;CO3, CH,Cly, H,0 2 _N;

rt, 1h 5 :

..............

Q) R
EtO Me

74% 80% 70%

Scheme 31 - Formation of Cbz-protected tricyclic piperidines

Based on previous investigations that have been undertaken within the group, the
aim of this work was to further develop the palladium-catalysed annulation strategy,
initially by expanding its substrate scope and then by developing an enantioselective

synthesis of functionalised piperidines. Furthermore, the diastereoselective
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functionalisation reactions of these heterocyclic compounds would be studied in
order to exhibit their utility, and the application of this methodology to the synthesis

of a natural product would be investigated.

2.2. Results and Discussion

2.2.1. Pd-Stabilised Zwitterion Precursor Synthesis

The synthesis of Pd-stabilised zwitterion precursor 17 started with the
desymmetrisation of 2-methylene-1,3-propanediol 14 through an Appel reaction.
Exposure of 15 to AgOCN, delivered the cyclic carbamate 16, which was then
protected with a Boc group on the nitrogen atom to give the desired precursor

(Scheme 32).2

|2, PPh3 HH HJ\ BOC2O HJ\
imidazole AgOCN cat. DMAP

OH OH ¢y ci, Etoac (1:1) OH 1 PhMe, 110 °C, 22 h O\H/N"' CH,Cly, 1t, 3 h O\H/NB“
rt, 24 h, dark (o] (o]
14 15 16 17
51% 85% 82%

Scheme 32 - Synthesis of the Pd-stabilised zwitterion precursor 17

The first step proceeds in only modest yield as allyl iodide product 15 competes with
starting material 14 in the Appel reaction, to form the diiodide as a by-product.
Furthermore, allyl iodide 15 is unstable to light and decomposes slowly during

chromatographic purification.
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In an effort to improve the overall yield, it was reasoned that replacing the iodide with
a tosylate might make the mono-functionalisation of 14 more controlled due to steric

hindrance, and at the same time increase the stability of the product to light.

After subjection of diol 14 to classical tosylation conditions, in dichloromethane at
room temperature, two compounds were isolated (Scheme 33). The first structure
characterised proved to be the desired compound 19, although the product was
isolated in just 7% vyield. The major product isolated from the reaction was
monochlorinated compound 18, which was obtained in 92% vyield. Exposure of 18 to

silver cyanate resulted in 88% conversion to cyclic carbamate 16 after six days.

........

TsCl, Et;N E HJ\ : AgOCN %

OH OH CH,Cl, 1OH Cl: PpMe, 110 °C, 6 d O_ NH
14 poo18 16 O
\_92% . 88%la]
OH OTs
19

Scheme 33 - Alternative route to precursor 17. [a] % conversion determined

by *H NMR spectroscopy

Although this new approach to precursor 17 requires long reaction times by
comparison, it may have some advantages in terms of atom economy and overall

yield.
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2.2.2. 1-Substituted-2-Indanone Substrates

In order to expand the substrate scope of the palladium-catalysed allylation process,
a range of 1-substituted-2-indanone substrates was synthesised. These substrates
were particularly interesting as the regioselectivity of enolate formation and hence its

selective reaction with the Pd-stabilised zwitterion was not obvious.

1-Phenyl-2-indanone 22 was accessed through reaction of phenylmagnesium
bromide with 1-indanone 20 followed by acid-promoted dehydration in HCI to give
alkene 21 in 70% vyield. The latter was oxidised to product 22 by using a mixture of

Oxone® monopersulfate with NaHCOs (Scheme 34).%°

o (D
©i§ 1. PhMgBr Oxone, NaHCO3
2. HCI 6M, rt O‘ acetone/H,O/EtOAc

20 21 22
70% 61%

Scheme 34 - Synthesis of 1-phenyl-2-indanone 22

However, this two-step procedure proved to be rather limited and substrates bearing
substituted aryl groups were unsuccessful in this transformation. A longer route to
the l-aryl-2-indanone substrates was considered. Minehan and co-workers have
previously reported a six-step process to a range of para-substituted 1-aryl-2-

indanones (Scheme 35).%*
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1. NaH, benzyl alcohol, CI)M
I/\H/OH THF 0/\n/N\ _ArLi, THF,
0 2. MeONHMe.HCI, ©/\ I T ELO O/\

Im,CO, Et3N, -78 °C->rt
CH20|2‘ 0 °C->rt 23 R= CF3, 68%, 24
90% R = Me, 67%, 25
(2 steps) R = p-OMe, 65%, 26
R .
1. LIHMDS, Tf,NPh, THF,
DMPU, -78 °C->rt
(o] 2. KO'Bu, THF, -78 °C
o 3. PhMe, 60 °C
R = CF3, 24 R = CF3, 56%, 27
R = Me, 25 R = Me, 58%, 28
R = p-OMe, 26 R = p-OMe, 47%, 29
(3 steps)
via
[3,3]-sigmatropic
rearrangement
+ 5-exo-dig
cyclisation

Scheme 35 - Alternative synthesis to 1-aryl-2-indanones

The six-step process began with treatment of commercially available iodoacetic acid
with sodium hydride and benzyl alcohol, followed by a coupling reaction with N,O-
dimethylhydroxylamine to provide Weinreb amide 23 in 90% yield. The addition of
the appropriate aryllithium intermediate to Weinreb amide 23 provided U-alkoxy
ketones 24 to 26 in good yields. Treatment of these substrates with LIHMDS at
-78 °C, followed by addition of phenyl triflimide in THF/DMPU, led to the enol triflates.
These were rapidly filtered through silica gel, then immediately treated with
potassium tert-butoxide to give the corresponding benzyl alkynyl ethers. When these
intermediates were heated to 60 °C in toluene, a [3,3]-sigmatropic rearrangement
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followed by a 5-exo-dig cyclisation occurred to give the para-substituted 1-aryl-2-
indanone products 27 to 29 in moderate overall yields. Meta-substituted 1-aryl-2-
indanone 31 was synthesised in four steps (Scheme 36), using a procedure that was
previously described by Baran and coworkers.®® The Grignard addition of 3-
methoxyphenylmagnesium bromide on to the commercially available 1-indanone,
followed by acid-mediated dehydration with HCI, gave 30 in 90% vyield.
Dihydroxylation of indene 30 with OsO,4 and 4-methylmorpholine N-oxide followed by
an acid-promoted pinacol rearrangement in toluene, provided indanone 31 in 59%

yield over two steps.

OMe

0 ; O OMe 4 NMO, 050, (cat.)
1. MgBr, THF, reflux acetone/H,0 (9:1)
©:‘§ 2. HCI 6M, rt 2. PTSA, PhMe,
O‘ 110 °C

30 31
90% 59%
(2 steps) (2 steps)

Scheme 36 - Synthesis of 1-(3-methoxypheny)-2-indanone 31

Alkyl-substituted 2-indanone 33 was synthesised in a slightly different fashion
(Scheme 37). Treatment of 1-indanone with methylmagnesium bromide followed by
acid-mediated dehydration gave indene 32 in 78% yield. Epoxidation of 32 with
MCPBA followed by BFsz-promoted Meinwald rearrangement provided 1-methyl-2-

indanone in 33% yield.
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o Me 1.MCPBA, NaHCOs, Me

1. MeMgBr, THF, rt CH,Cl, H,O
2. HCI 3M, rt O‘ 2. BF4.0Et,, CH,Cl, )

32 33
78% 33%
(2 steps) (2 steps)

Scheme 37 - Synthesis of 1-methyl-2-indanone 33

1,3-Ketoester 34 was readily prepared in a one-step reaction (Scheme 38).%°
Treatment of 2-indanone with sodium hydride and diethyl carbonate gave

compound 34 in 57% yield after two hours.

EtO

(Et0),CO, NaH
©:>:o rt->130 °C, 2 h 0

34
57%

Scheme 38 - Synthesis of 1-ester-2-indanone 34

Having synthesised a range of 1-substituted-2-indanone substrates, their reactivity in
the Pd-catalysed allylation process was investigated. Most of the substrates
underwent the allylation reaction with carbamate 17 efficiently (Scheme 39). Allylated
compounds 35 to 40 were isolated in good to excellent yields. However, 1-methyl-2-
indanone 33 raised a selectivity issue and a mixture of two regioisomers was

obtained (Scheme 40).
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HH R Pd(dba), (5 mol%) < NHBoc
" L10 (15 mol%)
O\H/NB“ 0 CH,Cly tt, 3 h o
o)

17 1.5eq
FsC Me MeO
O NHBoc O NHBoc O NHBoc O NHBoc
(L= e Ul (D=
35 36 37 38
90% 99% 78% 61%
OMe
o)
NHBoc
NHBoc
O EtO NHBoc Me
(o ° °
39 40 41
80% 74% n/a

Scheme 39 - Pd-catalysed allylation of 1-substituted-2-indanones

This lack of selectivity suggests that both enolates, kinetic and thermodynamic, are
formed and react with the Pd-stabilised zwitterion. Furthermore, allylated compound

41 could not be isolated as co-elution with regioisomer 42 occurred.

Me
. y)J\ LoPd” Me NHBoc | o
(o] NBoc
° \n’ o NHBoc
o)

............................................

...........................................

Scheme 40 - Non-selective allylation of substrate 33
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After exploring the scope of the palladium-catalysed allylation with indanone
substrates, attention was moved towards the conversion of the allylation products
into fused 6-5-6 tricyclic piperidines. It was envisioned that a TFA-mediated
deprotection-condensation sequence followed by a reduction step would allow rapid

access to densely functionalised N-heterocycles (Scheme 41).

NHBoc
R 1. TFA R

o 2. Reduction NH

Scheme 41 - Formation of fused 6-5-6 tricyclic core

However, reduction of the cyclic iminium intermediate proved challenging. Initial
attempts to perform the reduction with a range of hydride reducing agents were

unsuccessful and resulted in complex mixtures.

It was postulated that the issue arising in this apparently simple reduction step is the
formation of an unstable strained trans-5,6 ring system imposed by the attack of the

hydride from the opposite side to the aryl group (Figure 7).

Ar ”
— ----3 Strained trans-5,6 ring system

Figure 7 - Formation of an unstable strained trans-5,6 ring system
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Based on this hypothesis, it was reasoned that reduction of the iminium salt via a
radical pathway might ease the ring strain by either forming a free radical that could
interconvert to the thermodynamically more stable conformation or by directly

producing the most stable conformer (Figure 8).

+ 1e’

Figure 8 - Proposed radical reduction resulting in a more stable conformation

Therefore, iminium salts were subjected to a recent visible-light photoredox reduction
reported by Wenger and co-workers.®” Using Ru(bpy)s(PFe), as a photocatalyst in
the presence of 3-mercaptopropionic acid and sodium L-ascorbate in MeOH,
enabled the formation of the desired tricyclic piperidines 43 to 48 as single

diastereomers in acceptable yields (Scheme 42).

Analysis of the crude NMR and mass spectrometry data suggests that the moderate
yields could be due to side reactions, such as radical dimerisation. Despite extensive
efforts to optimise the photoredox reduction, reduced products could not be isolated

in higher yields. Nevertheless, the photo-induced ruthenium-catalysed reduction
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enabled the diastereoselective synthesis of highly substituted piperidines with

contiguous quaternary and tertiary stereogenic centers.

LTFA Th L eiiiieeans .

NHBoc 2- Ru(bpy)s(PFg)z (5 mol%)
HS(CH,),CO,H, MeOH, rt R
Na L-ascorbate NH
blue LED

R

53%, 98:2 d.r 52%, 98:2 d.r 57%, 98:2 d.r

Scheme 42 - Visible-light photoredox reduction of iminium salts

The product stereochemistry was assigned as cis by analogy to compound 46, and

on the basis of a positive nOe correlation between the CH proton (adjacent to the N-

atom) and the aromatic protons (Figure 9).
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.
¢
«%‘ nOe observed MeO

Figure 9 - nOe correlation observed to assign the stereochemistry

2.2.3. Asymmetric allylation

Having confirmed the viability of this chemistry to access a variety of polycyclic fused
piperidines, attention was turned to the investigation of an asymmetric synthesis. As
previously described, earlier work in the group showed that the use of monodentate
chiral phosphoramidite ligands provided promising levels of enantiocontrol.®
Therefore, a series of chiral phosphoramidite ligands (Figure 10) with different amine
substituents was prepared and investigated in the Pd-catalysed allylation process

with substrate 22 (Table 1).

R
HN
) R
OH  PCl, Op_g o)

I i OH base, THF I l o~ base, THF l i (o) R

Scheme 43 - Synthesis of chiral phosphoramidite ligands
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Phosphoramidite ligands L11, L14, L16 and L19 were readily prepared in a two-step
sequence, by reacting first the appropriate diol with phosphorous trichloride to give
the chlorophosphite, followed by addition of the commercially available amine in the
presence of a base (Scheme 43).°® The other chiral ligands were either commercially

available or produced by other members of the Harrity group.

iPr

Figure 10 - Structures of examined phosphoramidite ligands

Subjecting ligands L11, L12 and L14 to the standard allylation conditions provided
the desired allylated product, albeit with poor enantioselectivities (Table 1).
Increasing the steric bulk on the BINOL or the amine moiety in order to improve the

selectivity resulted in a complete lack of reactivity (L13 and L15). However, the use
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of ligand L16, bearing an achiral planar amine, improved the enantiomeric excess.
Chiral phosphoramidite ligands L17 and L18, which consist of a spiro backbone,
were also investigated in the Pd-catalysed process. However, similar levels of
enantiocontrol to the BINOL-based phosphoramidite ligands were obtained. The
dibenzazepine-based ligand L19 with an octahydro-BINOL backbone, led to a lower
enantiomeric excess compared to the BINOL analogue L16. In the case of the

bidentate phosphoramidite ligand L20, no reaction occurred.

O Pd(dba), (5 mol%) O NHBoc
Ligand (15 mol%)
+
O.__NBoc CH,CI, rt, 16 h
T (=0 =
o)

17 22
1.5 eq.
Entry Ligand (L) Conv (%)™ ee (%)M
L14 100 <5
2 L11 100 14
3 L12 100 6
4 L13 0 -
5 L15 0 -
6 L16 100 30
7 L17 100 10
8 L18 100 16
9 L19 100 22
10 L20 0 -

Table 1 - Screening of chiral phosphoramidite ligands. [a] % conversion

determined by *H NMR spectroscopy. [b] Determined by chiral HPLC
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It was thought that the fpseudo-symmetryo of the 2-aryl indanone 22 might have
been responsible for the poor levels of enantiocontrol observed generally. As shown
in Figure 11, the two faces of the enolate are ftoo similarg which may lead to poor

facial discrimination by the chiral catalyst.

Figure 11 - Enantiotopic faces of enolate 22

Thus, 2-ester indanone 34 was investigated in the allylation reaction with ligands L16

and L12 (Table 2). However, indanone 34 gave similar selectivities to the aryl

analogue.
Pd(dba), (5 mol%) NHBoc
. CO,Et Ligand (15 mol%) EtO,C

O.__NBoc CH,Cly, rt, 16 h

hig o) 0

o]

17 34

1.5eq.
Entry Ligand (L) Conv (%)™ ee (%)"

1 L16 100 33
2 L12 100 16

Table 2 - Investigation of 34 in the enantioselective allylation [a] % conversion

determined by *H NMR spectroscopy. [b] Determined by chiral HPLC
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After screening a range of chiral phosphoramidite ligands in dichloromethane at
room temperature, attention turned to the effects of changing the solvent and
decreasing the temperature. Since ligand L16 led to the most selective palladium-
phosphoramidite catalyst, it was used to further optimise the reaction conditions. The
allylation step was investigated in different solvents at room temperature and at

-25 °C (Table 3).

O Pd(dba), (5 mol%) O NHBoc
. L16 (15 mol%)
(0] NBoc Solvent, T, 16 h
Y ()=o ()=o
o)
22

17
1.5 eq.
Entry Solvent T (°C) Conv (%)™ ee (%)M
1 CH2Cl> rt 100 30
2 THF rt 100 36
3 PhMe rt 100 42
4 PhMe -25 100 58
5 CH:Cl -25 100 36

Table 3 - Solvent and temperature optimisation study. [a] % conversion

determined by *H NMR spectroscopy. [b] Determined by chiral HPLC

It appeared that the selectivity increased in THF and toluene. Furthermore,
decreasing the reaction temperature down to -25 °C had a beneficial effect on the

enantioselectivity.
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Other palladium sources were investigated and Pd(OAc), was found to give
comparable yields and enantioselectivities to Pd(dba), in CH)Cl, at room

temperature, however [PdCl(allyl)], failed to catalyse the allylation reaction (Table 4).

O Pd source (5 mol%) O NHBoc
Ligand (15 mol%)
+
O\n/NBoc CH,Cly rt, 16 h O’ o
(o)
T O
22

17

1.5 eq.

Entry Ligand (L)  Catalyst  Conv (%)® ee (%)"

L16 Pd(dba), 100 30
2 L16 Pd(OAc). 100 34
3 L12 Pd(OAc), 100 10
4 L16 [PdCI(allyl)]2 0 -

Table 4 - Screening of different Pd sources. [a] % of conversion determined

by *H NMR spectroscopy. [b] Determined by chiral HPLC

As only a moderate enantiomeric excess was obtained from the phosphoramidite
ligands screening (Table 3, entry 4), the utility of chiral phosphine ligands in the

allylation reaction was also probed.

Based on literature precedent,? ®°

a range of commercial chiral phosphine ligands
(Figure 12) was screened with indanone 22 in dichloromethane at room temperature

(Table 5).
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L23

PPh,

®
0 O PPh,

Figure 12 - Structures of the examined chiral phosphine ligands

Pd(dba)2 (5 mol% NHBoc
Ligand (15 mol%)
NBoc CHyCl, rt, 16 h
’ o ’ °

1. 5 eq
Entry Ligand (L) Conv (%)™ ee (%)™
L21 100 40
2 L22 56 4
3 L23 100 5
4 L24 0 -
5 L25 0 -
6 L26 0 -

Table 5 - Screening of chiral phosphine ligands. [a] % of conversion

determined by *H NMR spectroscopy. [b] Determined by chiral HPLC
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Unfortunately, higher enantioselectivities could not be obtained. The (R,R)-DACH-Ph
Trost ligand L21 was found to be the most selective phosphine ligand, resulting in an
enantiomeric excess of 40%. Ligands L22 and L23 successfully underwent the
allylation reaction, however with poor selectivities. Bulkier phosphines ligands L24 to

L26 failed to promote the reaction.

Further asymmetric investigations in the palladium-catalysed allylation of 2-aryl
indanones could not be completed within the time constraints, however other
enantioselective strategies in the synthesis of 3-fluoropiperidines will be discussed in

Chapter Three.

2.2.4. Product Derivatisations

Having successfully synthesised a series of polycyclic piperidines that contain

orthogonal functionality, attention turned toward examining product functionalisation.

B Orthogonal functionality
B Scope for further derivatisation

Figure 13 - Potential sites for derivatisations
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The oxidative cleavage of the exo-alkene was therefore investigated. Exposure of
the reduced product 47 to OsO,4 and NalO, failed to provide the desired product.
However Boc-protection of the nitrogen followed by oxidative cleavage using RuCls
and NalO,4 in the presence of 2,6-lutidine allowed the formation of 50 as a mixture of
carbamate rotamers.”® Subsequent deprotection with trifluoroacetic acid led to

ketone 51 in 67% yield over three steps (Scheme 44).

2,6-lutidine,
0s0y4, NalOy4
dioxane/H,0O 3:1, rt

Boc,O, DMAP
CH2C|2, rt

2,6-lutidine,
RuClj(cat.), NalOy4,
CH,Cl,/MeCN/H,0 1:1:1.5, rt

Scheme 44 - Oxidative cleavage of the alkene

Notably, compound 51 closely resembles an intermediate converted into

haouamine A by Fiirstner and co-workers (Scheme 45).”
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6 steps

—

f H Firstner et al. 2008
HO

R = OMe; haouamine A 51 47
R = H; deoxy-haouamine A

Scheme 45 - Retrosynthetic analysis of deoxy-haouamine A

After showing the ability of indanone-based polycyclic piperidines to undergo further
derivatisation, the imine functionalisation of tetralone-based products was
investigated. N-Alkyl ketimines exhibit a lower electrophilicity compared to imines
bearing electron-withdrawing groups at nitrogen, therefore they usually require the
presence of a Lewis acid or a transition metal to activate the carbon-nitrogen double
bond.”? Hence, compound 52 was treated with a range of organometallic reagents
and Lewis acids, but as expected nucleophilic addition to the cyclic imine proved
difficult. An iridium-catalysed addition of trimethylsilylacetylene’® was attempted at
room temperature and at 50 °C, however no traces of the propargylic amine product

was observed and all starting materials were recovered (Scheme 46).

O Tms  [FCICOD)], (5 mol%) O
+ NH
N i THF, rt or 50 °C
X
™S

52

Scheme 46 - Attempted Ir-catalysed addition of TMS-acetylene
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The 1,2 addition of organoaluminium and organomagnesium reagents, such as
triethylaluminium and ethylmagnesium bromide, were also probed, however no
conversion was observed (Scheme 47). The Strecker reaction using trimethylsilyl
cyanide in the presence of BF3;.OEt, was unsuccessful and starting materials were

recovered.

O EtMgBr, O EtAl O
O‘ NH THF, 66 °C /N CH,Cl,, 1t O‘ NH

52

TMSCN, BF;.OEt,
CH,Cl, 0 °C -> rt

NH
CN

(7
.Q

Scheme 47 - Attempted derivatisations with organometallic species

The Hosomi-Sakurai reaction using allyltrimethylsilane and TiCl, as a strong Lewis
acid, was also performed in an attempt to form the highly functionalised product 53
(Table 6, entries 1 and 2). Unfortunately, the cyclic imine was found to be unreactive
under these conditions. The use of potassium allyltrifluoroborate gave a similar
outcome. However, the reaction of compound 52 with allyldiethylaluminium in CH,ClI,
at room temperature provided the desired homoallylic amine product 53 in a
moderate yield and as a single diastereomer (Table 6, entry 4), although the relative

stereochemistry could not be assigned from the spectroscopic data. Heating the
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reaction mixture to reflux or using triallylaluminium as the allyl source did not have

any significant effect on the reaction yield (entries 5 and 6).

allyl source
O‘ N solvent, T O‘ NH
X
52 53

Entry Allyl source L:c\:/ivclis Solvent T (°C) (T,/'Oe)l[(aj] d.r.
1 Allyl-TMS TiCly4 CH.CI, rt 0 /
2 Allyl-TMS TiCly DCE reflux 0 /
3 Allyl-BF3K - THF rt 0 /
4 AllylAl(Et), - CH.CI, rt 57 98:2
5 AllylAl(Et), - CH.CI, reflux 56 98:2
6 (AllyhsAl - CH.CI, rt 51 98:2

Table 6 - Allylation of cyclic imine 52. [a] Yield of isolated product

2.3. Conclusions

A readily available cyclic carbamate 17 was used in the presence of a palladium

catalyst to form a palladium-stabilised zwitterion, which reacts with a range of 1-

substituted-2-indanone and 1-substituted-2-tetralone substrates to provide the

corresponding allylated substrates.

1-Aryl-2-indanone and 1-ester-2-indanone

substrates successfully underwent the allylation reaction at room temperature

providing the desired products in high yields. However, 1-methyl-2-indanone 33

raised a selectivity issue and led to a mixture of regioisomers. The allylated
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compounds were then converted into 6-5-6 tricyclic iminium intermediates through

an acid-mediated deprotection and condensation sequence.

Further functionalisation of these nitrogen heterocycles was achieved via visible-light
photoredox reduction of the imine and oxidative cleavage of the alkene. The simple
reduction reaction using hydride sources proved a challenge and led to complex
mixtures. This has been attributed to the formation of an unstable strained trans-5,6
ring system, which is imposed by attack of the hydride from the opposite face to the

aryl group.

Oxidative cleavage of the alkene employing RuCl; and NalO4 allowed the formation
of the corresponding ketone, which closely resembles an intermediate converted into

haouamine A by Furstner et al.

Imine derivatisation of tetralone-based product 52 with allyldiethylaluminium allowed
the formation of a highly functionalised homoallylic amine product in good yield and

as a single diastereomer.

The asymmetric Pd-catalysed allylation was investigated and a range of chiral
phosphoramidite and phosphine ligands were examined. However, despite extensive
efforts only moderate levels of enantioselectivity were obtained. Unfortunately, the
development of an asymmetric variant of the Pd-catalysed allylation of 1-substituted-

2-indanone and 1-substituted-2-tetralone substrates remains a key challenge.
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3.Pd-catalysed Synthesis of Functionalised

Fluorinated Piperidines

3.1. Introduction

In recent decades, the scientific community has shown growing interest in
organofluorine compounds which has arisen from their useful properties in

74-79 In

agrochemicals, pharmaceuticals, molecular imaging and materials science.
particular, the incorporation of a fluorine atom or a fluorinated moiety into a
biologically active molecule can have a significant impact on its pharmacokinetic and
physicochemical properties, such as an improvement in metabolic stability,

absorption and binding affinity.%* 8

As described in Chapter Two, nitrogen-containing molecules are important structures
in medicinal chemistry and the majority of FDA-approved small-molecule drugs
contain a nitrogen heterocycle, among which piperidine is the most prevalent motif.>®
It was demonstrated that in addition to the increased metabolic stability,
incorporating a fluorine atom into the piperidine ring of bioactive compounds reduces
the basicity of the amine, and thereby can lead to an improvement of the
bioavailability. For instance, fluorination at the C3-position of the piperidine has been
an effective strategy to enhance the pharmacological properties of a series of drugs

that exhibit inhibition towards SYK,®> CGRP # and MET kinase ® (Figure 14).
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Furthermore, 3-fluoropiperidine-based structures were also investigated as

85, 86

radiotracers for PET imaging.

CGRP receptor
antagonist

SYK inhibitor MET kinase inhibitor

Figure 14 - Bioactive molecules containing a 3-fluoropiperidine motif

Despite the relevance of 3-fluoropiperidine structures, only a few synthetic
approaches towards this class of fluorinated compounds are available in the
literature. The electrophilic fluorination of piperidone has been reported, however this
approach suffers from a lack of regioselectivity when non-symmetrical substrates are

used (Scheme 48).878°
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fﬁ ﬁj F® fﬁ/F
N N
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N
R R

X = 0", OSiMe;

Scheme 48 - Electrophilic fluorination of piperidone

The deoxofluorination of 3-hydroxypiperidine derivatives has also been documented,

however this process requires pre-functionalised substrates and exhibits low atom

economy (Scheme 49).% 9

N
R

OH F
(" e (Y
N
R

Scheme 49 - Deoxofluorination of 3-hydroxypiperidine

Another common synthetic route relies on the intramolecular aminofluorination of
alkenes by employing hypervalent iodine reagents with or without the use of

palladium-catalysis (Scheme 50).°° The drawback of this method lies in the use of

stoichiometric amounts of toxic or expensive reagents.

R, P R4 F
RZT\/ [TM] or AriX, th/
"IlH fluorine source 'ﬂ
R3 R3

Scheme 50 - Intramolecular aminofluorination of alkenes
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Recently, Glorius and co-workers have reported the one-pot dearomatisation-
hydrogenation of fluoropyridines thus enabling the diastereoselective formation of a
range of 3-fluoropiperidine compounds (Scheme 51),% however the required high

pressure of hydrogen decreases operational simplicity.

[Rh], HBpin
Y H, (50 b '
R—! F o5 ( ar) . R—\ jF
\N/ then TFAA N
TFA

Scheme 51 - Hydrogenation of fluoropyridines

Based on previous results described in Chapter Two, it was envisioned that the
palladium-catalysed annulation methodology would enable the formation of 3-
fluoropiperidine products through al | y | at iflooro-b-ketbesterU substrates

followed by a chemoselective cyclisation - imine reduction sequence (Scheme 52).

®
"
NHBoc
NBoc
HN
- © (o) TFA
then reduction F
CO,Et F CO,Et
CO,Et

Scheme 52 - Pd-catalysed synthesis of 3-fluoropiperidines

Therefore, the applicability of this process to a seriesofr eadi | y UV avifbiraob | e

ket osstwas examined. The subswastex [slwarpesdri n t

me mbsorf t he Harrity group.
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A numbelf | o-bk ®t 0s8stveer e subj epatkHdacsaouart yhsee d

allylationwiddnddaycloincsl 7Exmphsmateet he correspo
allyl ated tcompbuondsoacettilce adda pr oalelcotweodn o f
foll owed by chemosel ectdevseregct Neat enpatgodl gs

(Scheme 53).

Ar vyl ket oester s-ddmratrimg e ealdeatwi oy moi et i e

pafrpaosition on the phen(®b550i nSou bgsatviet ahtit-gohn vyaite

posi tion wi {6) was mat spl wel | hyd | eamad e d hi d\mhpd
containing (6slutbXwerract essl so converted into the
i minens excel llemt agdidlfidaiipk ot osst ewrari ous fl uot

subst satcdesUhb uk ot oni6tdr, il Iku-bbk ®t osubBand- (
fl umk et oarfi)dedér wantessf ul &loinyle atyieetanc d & nodh s
Howevtehlhe r ewic tUiflumropropiophenone failed to provide the desired

product and unreacted starting materials were recovered in this case.

Furthermore, alkyl substituted Uf | u-fok @t 0 e sweerres foboeandunder go
regied ective allylation @6 7tlhe mgewvt aoeui dihc t
previous results descri bedUfinuftkheat poteearé eTewso . H
tolerated anwho comeecbedesponding cyclic i mi
pr otbiasseed substrate was al so exapri mdH@Bitannd pr -

acceptyalkl eéwidarmd moder ate diastereoselectivity.
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o Pd(dba), (5 mol%) 0
L10 (15 mol%) TFA,
BocN_ _O CHyCl,, rt., 18 h CH,Cl, Z
F NHBoc N
1.5 eq. 1.0 eq.
B a) 2-Aryl 3-fluoropiperidines
(0] (o) 0 (o)
OEt OEt OEt OEt
F F F F
Z Z ~
N N N N
F
54 55 OMe 56 cl 57 CFs
84% 94% 84% 76%
(o] o o o
OEt OEt OEt OEt
F F F F
Z — ~
” " ) O
Me NO, Me
71% 74% 85% 99%
CN S0,C4H Me-p Q NP""e
N” Ph NZ > Ph z
N Ph
63 64 65
86% 87% 87%
B b) 2-Alkyl 3-fluoropiperidines
(0] (0]
A OEt ? OEt OEt OEt
F F
F F
T% = Me Z Me
P = N N
N~ "Me N Et Me
Me Me
66 69
80% 86% 78%
(o] (0]
OEt OEt
F F
Ts
N/ N/ N
70 72
78% 92% 49%, 4.2:1 dr

Scheme 53 - Synthesis of fluorinated N-heterocycles
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After the successful synthesis of a library of fluorinated and sp®-rich N-heterocycles
that contain orthogonal functionality, attention was focussed on showcasing the utility

of these new compounds (Scheme 54).

Compound 54 was subjected to a number of selected transformations involving the

ester, imine and alkene moieties. Theuseof Na BH( QAn) acetic acid al l
chemoselective reduction of the 1iminm3nto gi
high yield and diastereopebteetivohypraAavsdbde
74in 88%angdeXrdagnal pnsil ®9wed the determinatior
stereochemistry of t h®c hneanmped-rusr3t)h @ s mer e o mearh e
group eaevalsc erd chemoselectitthaeby pwobvhdilLngAl Hhe
deri viad nvb0%Ayhetddol ytic decarboxyl ath4on occ
was hde agteAGOGOgueous HICé decar boxylewaedf oampgou
to undergo further tgtaonsgiowenatth e nr evd/ide d\ aBeHt
gooyli el d and as a s.ilmgltehedimrsda xere@Ganeblbs Hov
secognedner ation catalyst, the exocyclic aléke
through olmeftian hesoss to pi78as de mioxmpwmuer dof i
Further more, tr 8dwii tdlg metomplodiingxeicrtaende y pr ovi
the oxaproddBihre goodr agtihelrd t han Tthhee reepl oaxtiidves

stereochemi strgy9 soyetcompobeddet er mi ned.
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OAc

NN
I o’N
Ph Ph
F CO,Et F CO,Et
78 79
54%, 2:1 63%, >98:2

(V
- NI
B Chemo- & (iv) Ph
diastereoselective | — >
2

HN
Ph” ™3 (i)

F CO,Et « functionalisation F
73 76
90%, 96:4 quant.

(ii\ \ (iif) / (v)
BocN NI HN
Ph Ph Ph
F OH

F CO,Et

F
74 75 77
88% 50% 77%, >98:2

Reagents and(icoonNaB@®@&c)) , Ac A, hrB@c( 2.0
eqg. )sN (E2.0 eq.), JNHE}}A2 HQ ,d @ HiF, (ki ad®. 5HAI
(1L5@qgq), 100 ACNaBBRhO ,¢gqMeOH, 0 AC)t ®xoheE18
(25kqg.), NaHX®q.), adet one/ RUHha6ydbBs 2

Gen(.5 mol %3enlpentbcetaje DBMOD 9. 18 .h then r el

Scheme 54 - Chemoselective transformation of compound 54
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Having established the utility of this robust methodology, attention turned to the
development of an asymmetric variant of this chemistry so that enantioenriched

3-fluoropiperidine products could be made available.

3.2. Results and Discussion

3.2.1. Asymmetric Synthesis of 3-Fluoropiperidines

For the following asymmetric investigations, compound 80 was used as a model
substrate. It was synthesised in a two-step sequence from acetophenone and

diethyl carbonate followed by fluorination with Selectfluor™.

(0]
j\ . j\ 1. NaH, THF, 68 °C CO,Et
Ph Me EtO OEt 2. SeIectﬂuorTM, Ph
MeCN, 50 ° C F
80
82%
(2 steps)

Scheme 55 - Synthesis of substrate 80

Selected chiral phosphoramidite ligands (Figure 15) were screened under the

standard allylation conditions (Table 7).
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Figure 15 - Selected phosphoramidite ligands

Ligands L11 and L27 performed well in the palladium-catalysed reaction, however
the product was isolated with low enantiomeric excess. Furthermore, the use of
sterically demanding ligands L12 and L13 did not improve the enantioselectivity and
chiral dibenzazepine-based ligands L16 and L19 led to similar levels of
enantiocontrol. In the presence of the bidentate phosphoramidite ligand L20,
substrate 80 did not undergo the allylation reaction and starting materials were

recovered.
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Ph)oj\rcOZEt ¥ BocN (o] w Ph | G
T e CH,Cl, rt, 18 h NHBoc
0
80 17 81
1.5 eq. 1.0 eq.
Entry Ligand (L) Conv (%)@ ee (%)M
1 L11 100 <5
2 L27 100 6
3 L12 100 <5
4 L13 100 <5
5 L16 100 8
6 L19 100 <5
7 L20 0 -

Table 7 - Screening of chiral phosphoramidite ligands. [a] % conversion

determined by *H NMR spectroscopy. [b] Determined by chiral HPLC

As described in Chapter Two, preliminary asymmetric investigations have shown that
cyclic 1,3-dicarbonyl compounds undergo the palladium-catalysed allylation reaction
with high enantioselectivities. Furthermore, several examples from the literature
show that acyclic b-keto esters lead to reversed or reduced enantiomeric ratios
compared to the cyclic analogues.?*°* Additionally, Goodman et al. highlighted the
relationship between the enolate stereochemistry of acyclic b-keto esters and the

alkylation enantioselectivity.*

Therefore, it was proposed that the poor selectivities obtained with the fluorinated
acyclic substrates could be a result of a competition between Z and E enolates

leading to opposite enantiomers (Scheme 56). In order to investigate this
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hypothesis, it was decided to synthesize the silyl enol ether derivatives of acyclic b-
keto esters and examine their reactivity and stereochemistry in the palladium-

catalysed allylation.

o O NBoc NHBoc O@ R 0@
Hee L~ L X
F “® 1@  Et0,COF  FUCO,Et
L,Pd L,Pd < <

Re Si

Scheme 56 - Formation of Z and E enolates

Accordingly, silyl enol ether 82 was prepared from compound 80, unfortunately

however, this was formed as a 2:1 mixture of E/Z isomers (Scheme 57).

(0] OTMS
COzEt 1. NaH, Et20, 0°C-rt ~ _F
Ph)H/ 2. TMSCI Ph
F CO,Et
80 82

95%, 2:1 ZIE

Scheme 57 - Formation of silyl enol ether 82

It was proposed that the introduction of a bulkier silyl group would increase the E/Z
ratio of the silyl enol ether.’®® Compound 83 was thus synthesized in one step as a
5:1 mixture of isomers (Scheme 58), and further purification allowed the isolation of
83 in higher E/Z ratios. The stereochemical assignments were made on the basis of
carbon-fluorine coupling constants (*Jc.r) in agreement with the relative size of J

values reported in the literature.*®®
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o OoTBS

CO,E TBSOT, EtsN, ~F
Ph)l\( THF, 0 °C - 1t Ph
F CO,Et
80 83

98%, 5:1 Z/E

Scheme 58 - Formation of silyl enol ether 83

Silyl enol ethers 82 and 83 were then subjected to the palladium-catalysed allylation
reaction with cyclic carbamate 17 and chiral ligand L16. TMS-enol ether 82 was
readily converted into compound 81 with similar levels of enantiocontrol to that
measured with substrate 80 (Table 7, entry 5). Interestingly however, TBS-enol ether
83 underwent the allylation reaction with higher selectivity. Although, increasing the

E/Z ratio of silyl enol ether 83 did not translate into higher enantioselectivities.

Op-
OSiR; HJ\ Pd(dba), (5 mol%) lr CO,Et OO L16

N el 3
CO,Et \[o]/ S NHBoc
17 81
1.5 eq. 1.0 eq.
Entry  Silyl enol ether Z/E ratio Conv (%)@ ee (%)™
82 2:1 100 10

2 83 3.6:1 100 38
3 83 6.8:1 100 38
4 83 11:1 100 36

Table 8 - Investigation of silyl enol ethers. [a] % conversion determined by *H

NMR spectroscopy. [b] Analysed by chiral HPLC
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The data shown in Table 8 suggests that the increase in the enantiomeric excess
results from the increasing steric hindrance of the silyl group (TMS to TBS) and is

not, as initially hypothesised, related to a higher E/Z ratio.

As silyl enol ether 83 was found to give a higher enantiomeric excess than substrate
80 under the same reaction conditions, it was decided to examine its selectivity

towards the allylation reaction using different chiral ligands (Figure 16).
OMe
(O, M O
(o) >"'Me o wiMe
~P—N ~P—-N
o >—-Me 0o Me "1Me
OO o
OMe
L27 iPr
Q_ iPr
(., OO .
~P—N >P—N
OMe
o 9, e Q
L12 L13

L29 iPr
() Ty 0
/
’ O-o_N 0\ _N Ph,PR, NH HN PPh,
w /P \M \‘ P \\Me
o
L17 L21

Figure 16 - List of screened ligands with 83
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The chiral ligands shown in Figure 16 were screened with silyl enol ether 83 under
the standard palladium-catalysed reaction conditions. All the above ligands
performed well in the allylation reaction, with the exception of L18, where starting
materials were recovered (Table 9). Regarding the enantioselectivities, unfortunately

none gave a higher enantiomeric ratio than the chiral phosphoramidite ligand L16.

OTBS HH Pd(dba), (5 mol%) 'l co,Et
AT e
CO,Et \g/ Zra NHBoc
83, 3:1 Z/E 17 81
1.5 eq. 1.0 eq.
Entry Ligand (L) Conv (%) ee (%)
1 L16 100 38
2 L11 100 18
3 L27 100 26
4 L28 100 10
5 L29 100 20
6 L12 100 <5
7 L13 100 <5
8 L17 100 6
9 L18 0 -
10 L21 100 23

Table 9 - Screening with silyl enol ether 83. [a] % conversion determined by

'H NMR spectroscopy. [b] Analysed by chiral HPLC
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Given that the conventional enantioselective approach using chiral ligands failed to
provide the desired products with high enantiomeric ratios, it was decided to explore
alternative strategies. The following part of this chapter will focus on various
approaches that were proposed and investigated to overcome the poor

enantiodiscrimination in this palladium-catalysed allylation reaction.

The initial approach that was proposed involves the formation of a chiral enolate via
coordination to a chiral Lewis acid complex, which would then allow asymmetric

induction in the allylation reaction (Scheme 59).

o
® LA L Pd® o
0 and\) © / = n \) F
NBoc o o NHBoc CO,Et
CO,Et -~ N . Ph™ 3
Ph . . _ .. Ph OEt o .
+ chiral Lewis acid asymmetric induction
F NHBoc

complex F

80 chiral enolate? 81

Scheme 59 - Asymmetric induction by chiral Lewis acids

104

Based on literature precedent,” " a range of metal-based bis(oxazoline) complexes

were subjected to the palladium-catalysed reaction conditions (Table 10).
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....................................

OaP'N)_Me N NJ 1
] t
O L1oM€ Bu |5 BY
o S :
o Pd(dba), (5 mol%) F cO.Et ; 5
)K(cozEt . L10 (15 mol%) _ Ph” 2 5 !
Ph B°°N\n/0 M(OTf)y (25 mol%) :HN\H/O E
F 4 L30 (27 mol%) NHBoc & 1
80 47  CH:Clp 20°C, 18 h 81 16
1.5 eq. 1.0 eq.
Entry M(OTf)x Yield (%) Outcome
Cu(OTf), 0 80 + 16
2 Al(OTf)s 0 80 + 16
3 Zn(OTf), 0 80 + 16
4 Sc(OTf)s 0 80 + 16

Table 10 - Attempted catalytic enantioselective allylation

However, in all cases, *H NMR analysis of the crude mixtures showed the presence
of starting material 80 alongside the unprotected cyclic carbamate 16. Furthermore,
a titanium complex derived from (R)-BINOL was also examined; the reaction gave

the desired product although as a racemic mixture.

o Pd(dba), (5 mol%) 2 cont
)krcozEt . L10 (15mol%)  ph” 902
Ph

BocN_ _O CH,Cl, 20°C, 4 h
F i 2-2 NHBoc
; O
80 17 81
O._ 0i
15 eq. 1.0 eq. TP gglal <59 ee
q g O™ “oipr ’

Scheme 60 - Attempted enantioselective allylation with Ti-BINOL complex. [a]
Isolated product contains traces of (R)-BINOL
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As chiral Lewis acids failed to deliver an effective asymmetric allylation reaction,
attention turned to the employment of a chiral Brgnsted acid promoter. In this case it
was planned to use a preformed enamine, in a similar fashion to the asymmetric

U-allylation of aldehydes reported by List and co-workers (Scheme 61).1%

_ ¥
RO, OR*
0" o DF
Y | ph [ COaE
H Pd
RN N then - NHBoc
ph_g\_«o \( hydrolysis
S OEt NHBoc

"chiral counteranion"

Scheme 61 - Asymmetric induction by a chiral Brgnsted acid

Chiral phosphoric acid 86 (called (S)-TRIP) was synthesized in a six-step sequence

from (S)-BINOL,'% 1" and enamine 87 was formed by condensation of compound

80 with aniline in 64% yield (Scheme 62).*%®
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1. Mel, K,CO3 Br  4.2,4,6-triisopropylphenylMgBr,
UL wecosann XL wiepnci qomom
OH 5 TMEDA. "BuLi, OMe Et,0, rt-35°C, 24 h
OH Et,O, 1t, 16 h OMe 5. BBr, CH,Cly,
OO 3. Bry, Et,0, OO 0°C-rt, 16h
-78°C-rt,3.5h Br
84

56% (3 steps)

6. POCls, pyridine, rt, 2.5 h
followed by hydrolysis

85 86
65% (2 steps) 52%
o] NH, PhNH
-TsOH
CO,Et p . X CO,Et
Ph)K( PhMe, 110 °C, 24 h Ph
F F
80 87
1.0 eq. 1.5 eq. 64%

Scheme 62 - Formation of enamine 87 and Brgnsted acid 86

First, the reactivity of enamine 87 was examined under the palladium-catalysed
allylation reaction conditions without chiral Brgnsted acid 86. The desired allylated
product was obtained in 85% vyield. Enamine 87 was then subjected to the same
reaction conditions in the presence of (S)-TRIP, however, no reaction occurred and
starting materials were recovered (Scheme 63). The reason for this difference in

reactivity is still unclear.
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o)

PhHN 1. Pd(dba), (5 mol%), L10 (15 mol%), F CO.Et
N _CO,Et 4 (S)-TRIP (10 mol%), CH,Cly rt, 16 h  pp”” 2
Ph BocN_ _O 2. HCI 1M
F \ﬂ/ NHBoc
(o)
87 17 81
1.5e€q. 1.0 eq. without (S)-TRIP : 85%

with (S)-TRIP : no reaction

Scheme 63 - Attempted asymmetric induction

As previous strategies involving the use of chiral Lewis acids or Brgnsted acid 86
failed to provide any enantioselectivities, an asymmetric allylation reaction mediated
by a chiral phase-transfer catalyst was envisaged (Figure 17). Many examples of
enantioselective alkylation reactions using cinchona-alkaloid-based phase-transfer
catalysts (PTCs) are reported.’***'? Therefore, it was proposed to examine PTC 88

in the palladium-catalysed reaction.

o ( )
--- PdL, paL® o 9 F 9 oOrganic 2 I
n~. Br CF
® j NBoc Ph OEt Q) 3
(o) NBoc
hig NHBoc Ao
o NS o o CF;
@@ C] Asymmetric allylation \_ *PTC Br 88 Y,
Nag~ o PTC. © 4 mediated by chiral PTC ?
)%(U\ Interface
Ph I OEt Ph)\HJ\OEt
F
NaOH H,0 NaBr Aqueous

Figure 17 - Asymmetric phase-transfer catalysis

Compound 80 was first reacted with a base in the presence of the chiral phase-

transfer catalyst, and then added to a solution containing the palladium catalyst and
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cyclic carbamate 17. However, although the desired product was obtained, these

reactions resulted in no enantioselectivity.

o Pd(dba), (5 mol%), L10 (15 mol%), 0 COLEL
/u\rCOZEt + aq. base 0.3M (1.1 eq.), Ph” > 2
Ph B°°N\n/° PTC.Br (10 mol%)
F o PhMe, rt, 16 h NHBoc
80 17 81
1.5 eq. 1.0 eq.
Entry Base Conversion (%)™ ee (%)
- 100 0
2 NaOH 100 0
3 NaszPO,4 81 0
4 Na,HPO,4 53 0
5 KH2PO4 43 0

Table 11 - Attempted asymmetric allylation with PTC.Br 88. [a] % conversion

determined by *H NMR spectroscopy. [b] Analysed by chiral HPLC

In the pursuit of an enantioselective allylation, the use of chiral hydrogen-bonding
catalysts was proposed. Thiourea catalysts derived from quinine alkaloids are well
documented in the I|iterature for the -reactd.i
fluoro-b-ketoesters) with a range of electrophiles.***?° These hydrogen-bonding
catalysts offer multiple sites for potential substrate interactions and are readily

available as well (Figure 18).
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/

R
[ H “OH “OH
< N~ HN-Ar N = N = N y
pi-stacking
interactions quinine (QN) cinchonine (CN)  cinchonidine (CDN)
H- bondlng
R=0OMeorH

Figure 18 - Chiral H-bonding thiourea catalysts

It was proposed that the in-situ formed enolate would interact with the chiral thiourea

catalyst via hydrogen-bonding, and thereby form a chiral nucleophile (Figure 19).

L,Pd

_ S ®

v =E ., . 653 __, Ph 3 OEt
PhMOEt o o F
NHBoc NHBoc

Figure 19 - Asymmetric induction by the chiral thiourea

Chiral hydrogen-bonding thioureas 92 - 100 were readily synthesised in a three-step
sequence from the corresponding commercial hydroxy-alkaloid (Scheme 64). The
synthetic sequence involves a Mitsunobu reaction to convert the alcohol to an azide,
followed by selective reduction to the amine under Staudinger reaction conditions,
and then nucleophilic attack to the isothiocyanate compound to give the desired

thioureas.
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=z =z =z
OMe
Heq /LN Hea /N Hax LN
“ .Y OH
| A ‘OH | A ‘OH | A OH =
N -~ N~ N~
quinine (QN) cinchonidine (CDN) cinchonine (CN)

1. PhsP, DIAD, (PhO),P(O)N;

H H
OH THF, rt,20h NH,  Ar—NCS NN,
2. PhsP, 50 °C, 2 h THF, tt, 16 h \g/ r
QN-NH,, 89, 55%
CDN-NH,, 90, 95%

CN-NHj, 91, 79% XI\QCH ;‘i@\ !{©\
Ar =
oF, OMe CO,Et

QN-thiourea 92, 35% 93, 69% 94, 60%
CDN-thiourea 95, 52% 96, 75% 97, 70%
CN-thiourea 98, 54% 99, 62% 100, 72%

Scheme 64 - Synthesis of various chiral H-bonding thioureas

With a range of chiral hydrogen-bonding thioureas in hand, their utility in the
palladium-catalysed allylation was investigated. However, despite the formation of
the allylated product, no enantiocontrol was achieved. It is not clear whether the lack
of selectivity arises from a lack of interaction between the chiral thioureas and the
enol at e, or the necessity for an i rmllyler act.i
complex in the transition state, which prevents the hydrogen-bonding with the chiral

thiourea catalyst.
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0 Pd(dbal (5 mol%) F o
Ph)J\(COZEt ¥ BocN__0 thil;l(r)eg fsrc?(:r:c/;)%) -
F \g/ CH,Cl,, 20 °C, 16 h NHBoc
80 17 81
1.5 eq. 1.0 eq.
Entry Thiourea Conversion (%)™ ee (%)
92 100 0
2 93 100 0
3 94 100 0
4 95 100 0
5 96 100 0
6 97 100 0
7 98 100 0
8 99 100 0
0 100 100 0

Table 12 - Attempted asymmetric induction with chiral H-bonding thioureas. [a] %

conversion determined by *H NMR spectroscopy. [b] Analysed by chiral HPLC

In an effort to overcome the lack of enantiocontrol within the palladium-catalysed
allylation reaction, a dynamic kinetic resolution of the condensed and decarboxylated
product 76 was investigated. It was hypothesised that in the presence of a chiral
Brgnsted acid catalyst, compound 76 would rapidly interconvert between both
enantiomers via an iminium/enamine tautomerisation. Therefore, an enantioenriched
product could be obtained if reduction of one of the two iminium diastereomeric salts

is faster than the other (Figure 20).**
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chiral Brgnsted acid = HA*

S ©
*A *A
@ @
HS, HN H.E
| — — |
NS
Ph Ph Ph v
F F E
\ fast iminium reduction slow
\]
Ph Ph” Y
F F

Figure 20 - Dynamic kinetic resolution approach

To investigate the dynamic kinetic resolution approach, compound 76 was first
reacted with (R)-(-)-mandelic acid and L-(+)-tartaric acid. However, NMR analysis
showed that the cyclic imine was not protonated (Scheme 65), and therefore a

stronger chiral acid was sought.

O
* *Ae
N H% “\% . HN
I HA" (1 eq), | + |  reduction
Ph EtOAc, 40 °C, 16h Ph Ph” Ph
F no protonation F F F

76 S , 77

1.0 eq. ' c:)H o :

: OH Ho_ -~ :

| : OH ;

. | or Z |

HA*= | o O OH ;

E (R)-(-)-mandelic acid L-(+)-tartaric acid E

Scheme 65 - Attempted DKR with chiral carboxylic acids
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The reaction of 76 with (1S)-(+)-10-camphorsulfonic acid (CSA) provided a 2:1
mixture of pseudodiastereomeric pairs, which after treatment with sodium
triacetoxyborohydride gave piperidine 77 as a racemic mixture of a single
diastereomer (Scheme 66). In an attempt to carry out an asymmetric protonation of
an aza-enolate derived from 76, this compound was subjected to LDA prior to
addition of the chiral acid. Unfortunately, this led to the formation of pyridine 101

after fluoride elimination.

F

"H niH
-1 Ph 110SO,R*
H OSO,R* H Ph

N HN
| CSA (1.1 eq.), (2R.3R) (253R) Na(OAC);BH (2.0 eq.)
Ph EtOAc, rt, 1 h H H EtOAc, rt,2h  Ph
76F CTTMe T - Y\/IF T\/IF 77 ’
: : 110SO,R* Ph
1.0eq. | Me ! N 2 N 68%, racematel?!

H Ph H OSO,R*

E : >98:2dr.
5 ! (28,39) (2R,3S)
LON o .
| /S‘\O ! 2:1 mixture of
1 HO E pseudodiastereomeric pairs
S CSA .
1. LDA (1.1 eq.),
N Me
| THF, 0 °C, 45 min NI N
Ph 2.CSA (2.5eq.), Ph Z
F THF, rt, 30 min
76 101
1.0 eq. 100% !

Scheme 66 - Attempted DKR with CSA. [a] Analysed by chiral HPLC. [b] %

conversion determined by *H NMR spectroscopy
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The use of chiral phosphoric acids 86 and 102 provided the corresponding

diastereomeric salts in a 1:1 ratio, which after reduction led to a racemic mixture of

piperidine 77.
H F
N miF i HN
| HA* (1.1eq), _ @ @ NaBH,4 (2.0 eq.)
Ph EtOAc, 40 °C,2h »© N° Ph .o 'N” "Ph MeOH, rt,2h  Ph

F A A H F

76 1:1 mixture of diastereomeric salts 77

1.0 eq. 59%, 0% eel?
>08:2d.r.
HA* =

Scheme 67 - Attempted DKR with chiral phosphoric acids 86 and 102. [a]

Analysed by chiral HPLC

Furthermore, it was attempted to perform a kinetic resolution through
enantioselective reduction (CBS reduction'”?or Noyor i 6s HiYafthegenat i
cyclic imine 76. Therefore, (S)-( 1-2rmethyl-CBS-oxazaborolidine 103 and RuCl(p-
cymene)[(R,R)-Ts-DPEN] 104 were selected as suitable catalysts and investigated in
the kinetic resolution approach. The reaction of compound 76 and oxazaborolidine

103 in THF led to a complex mixture of products (Scheme 68).
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N BH3.SMe; (1.1 eq.),
| THF, rt, 16 h .
> complex mixture
Ph
Ph

H
76 N o Ph (10 mol%)

-

/
Me 103

Scheme 68 - Attempted imine CBS reduction

Additionally, performing the reaction with Noyori-type ruthenium catalyst 104 did not
improve the result, despite several different attempts (Table 13). In most cases, the

cyclic imine was isolated alongside the undesired pyridine 101.

Me
Me Me—@—(
o SV “NH,
S 1 mol%) ST
NI ) \ (1mo HN
Ph hydrlde source (x eq.) )\/)/
F R additive (x eq.),
solvent,rt, 16 h e
R = CO,Et, 54 R = CO,Et, 74
R=H, 76 R=H,77
Entry Substrate H source (x eq.) Additive (xeq.) Solvent Outcome
1 76 HCOzH (4.7) EtsN (11.4) - 101 (pyridine)
2 54 HCO,H (6.1) EtsN (14.8) - 54 + 101
3 54 HCOzH (6.3) EtsN (2.5) MeCN 54 + 101
4 54 HCOzH (6.3) piperidine (2.5) MeCN 54 + 101
5 54 H TFA (1.0) MeOH complex mixture!®

Table 13 - Attempted asymmetric Noyori hydrogenation. [a] At 40 °C and 15

bar H, pressure
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Given the failure of the aforementioned approach and the lack of alternative options,
a conventional strategy requiring the use of a chiral auxiliary was envisaged
(Scheme 69). It was hypothesised that if compound 106 were to be formed, the

menthol derived chiral auxiliary would perhaps induce a highly diastereoselective

allylation.
Me
Me @ B
: LPd) © o_o
o9 NBoc “
. j Ph T O
Ph o" -
F Diastereocontrol ? BocHN Me” “Me
Me Me
106 107
( N
F
wo\n)\rph
o 0°
si face
blocked
\ J

Scheme 69 - Chiral auxiliary approach

As ethyl fluoroacetate and L-menthol have the advantage of being readily available
and inexpensive, they were chosen as starting materials for the synthesis of
compound 106 in a two-step sequence (Scheme 70). First, ethyl fluoroacetate
underwent a transesterification reaction with L-menthol to give ester 105 in 34% yield,
and a subsequent Claisen condensation with benzoyl chloride provided the desired

Uf | ufok ot o elsOtbenr 51 % yi el d.
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L-menthol (1.5 eq.), : BzCl (1.1 eq.) (o)

)
0 .
NaH (1.1 eq.), LIHMDS (3.0 eq.) \
F CO Et \\
T oluene, 112 °C, 16 F\)J\o\“ Ph,POCI (1.0 eq.) PN o
THF, - 78 °C - 1t, 16 h Me” “Me
105 Me” “Me 106
34% 51%, d.r. 1.1:1

Scheme 70 - Formation of Uf | u-fok et o elsOt6e r

CompoumMdvas then investigated Whn tthidel galladtyddat

prodwastobtained i n a good i sol at ed yi el d,

unexpect edIl(Sghemeert)y | ow

ng
®

ns
1]

Pd(dba), (5 mol%)

O _oO
o o . L10 (15 mol%) F
S BocN__O  CH,Cl, 20°C, 4 h Ph” 3 ~ov
Ph o e 2Cl, :
F Me” “Me (o) BocHN Me~ "Me
106 17 107
1.0 eq. 1.4 eq. 75%, d.r. 1.1:1

Scheme 71 - Attempted diastereoselective allylation

An alternative strategy was proposed involving the employment of a biocatalyst to
perform an enzymatic kinetic resolution via asymmetric hydrolysis of lactone 108
(Scheme 72). This compound could be readily synthesised from the commercially
available dimethyl fluoromalonate, using the palladium-catalysed

allylation - condensation sequence.
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o o 1. Pd(dba), (5 mol%) F
. L10 (15 mol%) MeO NH
MeO OMe

BocN\n/O CH,Cl, 40 °C, 16 h
17 O

F 2. TFA 108
1.5 eq. 1.0 eq. 95% (2 steps)
hydrolase
v

oO_0oO O_0o0O

F J F
Meo 4-1---.I—.IV|_§_C_|’_ _E_t:f’}l Meo = NH " Ho 1, NH
2. Nu (e.g. RLi)

Scheme 72 - Synthesis of 108 and enzymatic approach

Furthermore, an enantioselective enzymatic hydrolysis of an almost identical
fluorinated substrate using Candida antarctica lipase B (CAL-B) has been described
in the literature.*®® Therefore, the enzymatic protocol was applied to lactone 108

(Scheme 73).

F CAL-B lipase )0 £ 9 F
MeO NH phophates buffer 60 mM_ HO” “} “NH + MeO”
pH 7.3, 20 °C, 16h

108 (R)-109 (S)-108

Scheme 73 - Attempted enzymatic kinetic resolution

However, CAL-B failed to provide any traces of the hydrolysed lactone, and the
unreacted starting material was recovered. After further literature examination, it was
noted that pig liver esterase (PLE) is able to enantioselectively hydrolyse prochiral
malonic diesters.'?® '¥" |t was therefore decided to apply the desymmetrisation

reaction to dimethyl fluoromalonate 110 (Scheme 74). Whilst the diester successfully
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underwent hydrolysis, the product was obtained as a racemic mixture. Indeed, the
addition of (R)-(+)-U-methylbenzylamine to the acid gave a 1:1 mixture of
diastereomeric salts observable by NMR. Dimethyl fluoromalonate 110 was also

examined with CAL-B, however no hydrolysis of the diester was observed.

O _o0
9 F a PLE F
MeO OMe phophates buffer 60 mM MeO OH
NHBoc pH7.3,377°C, 20N NHBoc
110 11

(R)-(+)-a-methylbenzylamine

Ph___Me O o0 Ph_ _Me

NHBoc \“/\NHBoc

1:1 mixture of
diastereomeric salts

(0} (o]
a F a CAL-B F
MeO OMe phophates hyffer 60 mM MeO OH
NHBoc PH7.3,37°C, 20N NHBoc
110 111

Scheme 74 - Attempted stereoselective enzymatic hydrolysis

3.2.2. Synthesis of 3-Trifluoromethylthio Piperidines

The incorporation of trifluoromethylthio (SCF3) groups into organic compounds has
also gained considerable interest in drug and agrochemical discovery research. Due

to its electron-withdrawing nature and high lipophilicity, the SCF3; moiety can
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significantly modulate the pharmacological properties of bioactive compounds.*?*3?

Nevertheless, the availability of synthetic methods that deliver saturated
N-trifluoromethylthiolated six-membered heterocycles are scarce, and those that are
documented suffer from limited substrate scope.’****" According to the current
literature on SCFs-containing N-heterocycles, only two examples of 3-SCFs-
substituted piperidines have been reported.'*® *3" Therefore, the palladium-catalysed
allylation-condensation methodology would be of significant value to the
pharmaceutical and agrochemical sectors, and would stimulate developments in the
field of fluorinated N-heterocycle synthesis. Based on the work previously described,
it was envisioned that the palladium-catalysed annulation methodology would enable
the formation of 3-trifluoromethylthiopiperidine products through allylation of
U-SCFs-ketone and U-S C kb-k e t 0o essiisteates followed by a chemoselective

cyclisation - imine reduction sequence (Scheme 75).

®
*[Pd]
NHBoc
(o) NBoc HN
o s 0 __TRA
then reduction

SCF,
SCF,

Scheme 75 - Pd-catalysed synthesis of 3-SCF3-piperidines

Trifluoromethylthio-substituted starting materials 112 - 123 were readily synthesised
in a single step fr om-habketomes!’® cThearéattipn wasy ai | ab |
conducted in the presence of AgSCF; and KI, which generates in situ an active

trifluoromethylthiolate nucleophile (Scheme 76). St art i ngl@danéewat e
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produwieed ectrophilic trifluoromethiketbieselati
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o o
AgSCF3 (2eq.), Kl (2eq.)
R)J\/Br Me,CO, rt R)J\/SCF?»
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o o]
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\ S ©)\FCF3 \)J\/SCF3 %SCFB
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N AgSCF; (2eq. \ NaH, THF, rt
N-cl —~9SCFs (2eq.) N—SCF, — 2 ' »
MeCN, rt, 1 h o SCF3;
(0] 124,76% O ph)l\/R R= CO,Et, 125, 91%

R= SO,Ph, 126, 98%

Scheme 76 - Synthesis of SCF3-containing starting materials

The applicability of the palladium-catalysed process to these r eadi |y Gvail ab
SCkketones was t ISehemeéP dmiyhedufpstituted ket on
el ecwrohdr awi ngd omra teil neqc t g rpaupess iatti arheon t he &
provided the desired allylated products i n
points on the a®eydah Iro rnogmtestuncyhlo radsthebt hoxy wer e
al so well tolerated. The h e tuebrsotcryactlei cwatshi &
converted into the corresponding allyl ated
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Exposure of the corresponding allylated com
by reductionmiohi umhes dlFtAs wi th sodium borohy
range of tri f | uNehreotneertohcygherhber8p | (a tAe ¢ | ket ones
el echeonr al armdbdnalt e atgr ao ipeatrpae si taitont hoen t he
ring gave t he desired saturated pi peridi

di astereoselectivity.

SCF
SCF3 TFA | ®  NaBH, MeOH _ SCF3
CHCl, N/ 0°C->rt, 16 h
NHBoc

u/,©\
Me

M
139, 76% 140, 71% 141, 72%
98:2 d.r. 98:2d.r. 98:2 d.r.
Yj“\SCH SCF, SCF,
N ‘1, N N
O %
(o CF, NO,

142, 54% complex mixture complex mixture
98:2 d.r.

N :'l,@ N “w, -
D L0
MeO

143, 64% 144, 56%
98:2 d.r. 98:2 d.r.
SCF
N
A0l - :
145, 35% 146, 90% 147, 51%
98:2 d.r. 5:1d.r. 3:1d.r.

Scheme 78 - Synthesis of 3-SCF3 piperidines

98



Fur t he Xy crgstal structure analysis of aryl substituted products 139 and

144 confirmed t h e rel ative stereochemistr yhe of t h
stereochemistry of all other aryl-substituted products has been assigned by
inference.Unf ortunately however, swbgdthrdataavs ngo rgtr a
were found to decompedicatdad i chg mpddetce &ltFiAom st e
| eadtiongaplcexm mi xtur e. Sourbtghos i i oan wat ht he met
al so tol er atle3db.e a3 u mgt raattehi ophenyl was succe
the corresponding piperi di3&nidndegroiowi kg efl rdom
trifluoromethylthio propiophenone and a | k y Is-k & € &vere also found to undergo

successful condensation-reduction, however the corresponding products were

obtained as a 5:1 and 3:1 mixture of diastereoisomers, respectively (major
diastereomer not determined). Surprisingly, exposing the allylated U-S C kb-

ket oels3t8a TpRA Vi ded a 2: 1 miSchemer/® .o fT hgr amay ootr
compound resulted from the intramolegul ar z
whereas the minor product resultedDdspitem t he

extensive efforts to optimise the TFA-mediated cyclisation step, similar or less

selective results were obtained.

(o) SCF o SCF;
3
CO,Et CH,Cl, CO,Et . CO,Et
> ~
TFA _SCF, N
NHBoc |l:l|
138 148 149

2:1 mixture of 148 and 149

Scheme 79 - TFA-mediated deprotection-condensation of 138
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3.3. Conclusions

The results presented in this chapter show that the palladium-c a t a | yaflymtibn U
of fluoro- and trifluoromethylthio-containing keto-substrates followed by a
condensation-reduction sequence allowed the generation of a library of novel
fluorinated nitrogen-containing compounds. The current literature provides very few
synthetic methods for the efficient synthesis of fluorinated six-membered
N-heterocycles, particularly 3-fluoro- and 3-trifluoromethylthio-substituted piperidines.

This methodology is therefore of great synthetic utility.

The palladium-catalysed allylation reaction proved general for a wide variety of
U-fluoro- a n d -triflloromethylthio-keto substrates providing the corresponding
allylated compounds in excellent vyields. Whilst the TFA-mediated
deprotection-c ondensati on s e qu efiuareb-keioesteradorhppundst e d U
was general, allylated aryl U-trifluoromethylthio-ketones b e ar i n g -weiltehcdtrraowii n g

groups were found to decompose and resulted

The development of an asymmetric palladium-catalysed synthesis of
3-fluoro-piperidines was investigated and a range of chiral phosphoramidite ligands
were examined. Furthermore, various enantioselective synthetic approaches
employing chiral Lewis acids, Brgnsted acids and chiral hydrogen bonding catalysts
were studied. Dynamic kinetic resolutions, as well as enzymatic resolutions were
investigated. However, despite all these different attempts to control the

enantioselectivity, only low enantiomeric excesses were obtained. The
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enantioselective palladium-catalysed synthesis of fluorinated N-heterocycles remains

an ongoing challenge in the Harrity group.
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4. Application

4.1. Studies Towards the Synthesis of Lysergic Acid

In order to showcase the potential of the Pd-catalysed process, its application
towards the synthesis of lysergic acid was investigated. Lysergic acid is a fungal
natural product and a precursor to a range of ergot alkaloids, which possess

valuable biological activities.*

O+ _OH

| H
NMe

/

Lysergic acid

HN

Figure 21 - Structure of lysergic acid

Retrosynthetically, lysergic acid 149 would be accessible in three steps from
fragment 150, which in turn could be formed from fragment 151 after a deprotection-
condensation sequence followed by reduction (Scheme 80). Compound 151 would
be accessed from the fused tricyclic compound 152 and cyclic carbamate 17 through
the palladium-catalysed allylation process, which is the key reaction of this

retrosynthetic analysis. The key synthetic intermediate 152 would arise from base-
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mediated cyclisation of indole 153, which could be traced back to indole-4-
acetonitrile 154 through a C3-alkylation step. Finally, indole 154 could be accessed
from the commercially available indole-4-carboxaldehyde 155 via functional group

interconversion involving aldehyde reduction, alcohol activation and nucleophilic

substitution.
Hydroboration
. / + oxidation
Elimination
NHBoc
NC
3 steps Deprotectlon
+ reductive amination
Lysergic acid; 149 150 151
Pd-catalysed
allylation
A )
0x NC NG CN
CO,Et O
(0] NBoc
N 3 steps N C3- alkylatlon Base-mediated / \ﬂ/
cylisation RN 0
15 152 17

Scheme 80 - Retrosynthetic analysis

The synthesis began with the N-Cbz-protection of indole 155 followed by reduction of
the aldehyde with sodium borohydride to give alcohol 157 (Scheme 81). The alcohol

was then converted into the chloro-derivative 158 with thionyl chloride. Alkyl chloride
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158 underwent a nucleophilic substitution with sodium cyanide in DMF to provide the

nitrile compound 154 in 68% yield.

Cl

Oy Oy HO
Cbz-Cl. LIHMDS, NaBH,, SOCly,
N THF -78°C N MeOH, 0°C N} ACOEt, - 40 °C N\
N

Chz Cbz Chz

155 156 157 158
40% 97% 95%

NC

Cbz

159
68%

Scheme 81 - Synthesis of indole 159

Initially, formation of 160 was envisaged via a four-step sequence; acylation resulting
from electrophilic aromatic substitution of indole 159 with oxalyl chloride, conversion

of the acid chloride into the ester, thioacetal formation and then carbonyl reduction

with Raney nickel (Scheme 82).

OEt
NC NC 0 1. 1,2-ethanedithiol, NC CO,Et
1. C20:C, Et:0 O _HCLE©OH _,
\ 2. EtOH \ 2. Raney Nickel N
N N N
159 Cbz Cbz 160 Cbhz

Scheme 82 - Attempted route to compound 160
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However, acylation of indole 159 was unsuccessful. It was thought that the
Cbz-protecting group on the nitrogen might perhaps decrease the nucleophilicity of
the C3 position, thus rendering the indole unreactive towards electrophilic aromatic
substitution. The acylation reaction was therefore envisaged prior to the N-protection

step (Scheme 83).

Compound 155 underwent clean conversion to alcohol 161 with sodium borohydride.
However, reaction of compound 161 with thionyl chloride was unsuccessful. The
reaction led to complex mixtures, presumably due to polymerisation issues. The
mass spectra obtained from the crude sample showed the presence of dimer and
trimer by-products. The employment of a different chlorinating agent did not improve

the outcome of the reaction.

SOCl,,
] AcOEt, -40 °C
NaBH,, _NaCN, DMF_
N MeOH, 0 °C Ny T N N
N N N N
N N PCls, H H
155 161 CHClj, rt 162

quantitative

Scheme 83 - Attempted synthesis of compound 162

The one-step synthesis of indole-4-acetonitrile 162 from the readily available alcohol
161 was investigated. Attempts using trimethylsilyl cyanide and a Lewis acid or
sodium cyanide in the presence of sodium iodide and trimethylsilyl chloride failed to
provide the desired product. No conversion was observed and starting materials

were recovered (Scheme 84).
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HO NC HO

\\ _BFs.Et;0, TMSCN A NaCN, Nal, TMSCI, N
H
161 162 161

Scheme 84 - Attempted one-step synthesis of 162 from alcohol 161

A procedure reported by Somei and co-workers, which used sodium cyanide in a 1:1
mixture of methanol and formamide, described the formation of indole-3-acetonitrile
from the corresponding alcohol precursor.**! Application of this procedure to alcohol
161 led to the desired product 162 but in low yields (Scheme 85). Despite multiple

attempts using different solvents mixture, product 162 could not be isolated in high

yields.
NaCN,
HCONH,/MeOH 1:1, 100 °C
23%
HO NC

NaCN,

A\ HCONH,/MeOH 3:1, 100 °C A\

H 12% H

161 162

HCONH,/MeOH 1:1, 100 °C

Scheme 85 - Direct conversion of indole-4-methanol into indole-4-acetonitrile

Asensio and co-workers described the conversion of indole-5-methanol into the
corresponding acetonitrile in a two-step sequence.**? Applying their procedure to
substrate 161 allowed the synthesis of compound 163 in a very low yield (Scheme
86). The benzoylation step performed well, however substitution of the benzoyl

group with potassium cyanide proved to be less effective. Analysis of the *H NMR
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spectrum of the crude material showed high levels of starting material alongside the
desired product. Furthermore, no traces of dimer or trimer adducts were observed,
as had previously been experienced. It was reasoned that the addition of 18-crown-6
might improve the nucleophilicity of the cyanide anion by complexing the potassium
cation. Indeed, treatment of indole 163 with potassium cyanide in the presence of

18-crown-6 allowed the synthesis of the desired nitrile product in 65% yield.

KCN,

HO Ph. _O NC
DMF, 105 °C, 48h
EtsN, BzCl, o ] 10%
N THF, 0 °C->rt, 16 h A\ A\
N N . ] N
H H KCN, 18 czown 6,' H
161 163 DMF, 105 °C, 12h 162

65%

Scheme 86 - Synthesis of indole 162

Dicarbonylation of compound 162 with oxalyl chloride followed by ethanol addition to
the acid chloride, provided the desired product 164 in 81% yield over two steps

(Scheme 87).

NC NC o OEt
1. CzOzClz’ Etzo (0]
N 2. EtOH A\
N
H N
162 164

81%

Scheme 87 - Dicarbonylation of indole 162

107



It was envisioned that compound 164 would be converted to indole 166 in two steps,
involving dithioacetal formation followed by a desulfurisation step with Raney nickel.
However, despite multiple attempts to convert the ketone into the dithioacetal,

product 165 was not obtained and starting material 164 was recovered (Scheme 88).

Scheme 88 - Unsuccessful attempts for the thioacetalisation of 164

Therefore, a different route was considered. The reduction of the ketone via ionic
hydrogenation, in the presence of trifluoroacetic acid and triethylsilane, was

attempted, but no reaction was observed (Scheme 89).

Scheme 89 - lonic hydrogenation of 164
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