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Chapter One

1. Introduction

1.1Us e -Aryl Piperidines and Pyrrolidines in Biologically-Active

Molecules

Nitrogencontaining heterocycles occur frequently in small molecule dangsastudy

by Njardarsoret al. of U.S. FDA approved unique smatioleculedrugsshowed that

59% contained at leasine nitrogen heterocycteThe most frequently occurring
nitrogen heterocycle is piperidine, whilst the fifth is pyrrolidimedepth analysis of the
piperidine moieties found in this dataset showed that 58% of the small drug molecules
that containd piperidine were 4substituted, whilst 92% of pyrrolidirgontaining drugs

ar e sub st iposilianeTteretote, thierk is a riged to improve upon and develop
met hods t h adrylaton ef pyrraidine and 4ublstituted piperidines and, in
partiaular, to obtain methods that enable the ciamspling of heteroaryl halides due to

the prevalence of heteroaromatics in biologicaltyive molecules.

Examples of biologicalha ct i v e mo |l e c ul e-aryl mgperidihea matifi n g
includel, an NK1 antagonist developed by chemists at Memokl Ledipasvi(Figure

1.1). Harrisonet al. originally reported the discovery of the NK1 antagodistvhich

was further investigated by Xiao, Lavey andweorkers and shown to have good

vitro activity for the treatment of nausea associated with chemothédp¥he
molecule possess a Alsubstituted piperidine ring, the alkyl substituent having been
introduced via benzylic lithiationtrapping. Ledipasvir was developed by Gilead
Sciences and is useith combination with sofosbuvir, to treat hepatitis Gedipasvir is

an inhibitor of NS5A which, whilst the exact mode of action is not defined, prevents
virus productionar ylt knoind gé d s mippyeoldinegainn éJ :
highlighting the ubiquity of these motifs.

MeOYoMe
CF3 Me NH

e,
Ph /i

O 0 0 s~N~ Me
H

HN—
'/—N e \\l‘\l )\X\Me
Me - o 0
HN /)\*/‘. O HN
\gMe

1 Ledipasvir

P4
‘\
\
O
Bl
w
\\\ ?Z

Figure 11: Structures of biologicalbaci v e ¢ o mp o u n daylpipeoidinesa i ni n
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T h earylpyrrolidinemotif is pregnt in several important biologicalbctive molecules
(Figure 12). For exampleit is presentn Aticaparant, which was developed by Huang
and ceworkers at Eli Lilly to treat depression through its utility as a kappa opioid
receptor antagoni§t. T h e-arylpyrrolidine motif is also presenin Larotrectinib, a
compound that was originally discovered by Array Biopharma and showraue
antitumor activity in patients with tropomyosin receptor kinase (TKR) fupasitive
tumours>® In 2018 Larotrectinibwas approved as a first-class and highly selective
TKR inhibitor. Devel oped by Acerta Phar ma, Acal ¢
kinase (BTK) inhibitor and is used to treat leukaemia; it has been approved for use in
the U.S. and th&.U.° Inhibition of BTK leads to tumour detleath in leukaemia cells

and is used to delay the progression of cancer. Acalabrulait possesses thé

arylpyrrolidinemotif.

Me
NH, N
O N
| I Me H\
O 5/ N
F )/’
Aticaprant Larotrectlnlb

N
\

%

N

O)\
Me

H

N
N
0] / A\
Acalabrutinib —

Figure 12: Structures of biologicalba ct i ve ¢ o mp o u-arydpgrrolicioen t ai ni

Recently, Denis, Cons and-wmrkers at Astex Pharmaceuticals reported the results of
an electrophilic covalent fragment screen against extracellular sepahted kinase 2
(ERK2)M ERK2is an important oncological target due to its role in cell proliferation.
As part of a fragmerpased drug discovery programme, a fragment screen with
covalent fragmentsvas carried outFrom this, U-arylpiperidine2 was shown to have
good activty (Figure 13). This fragment was furthedeveloped. First, the aromatic

group was modified to givétarylpiperidine 3 and the it was improved further by
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replacing thepiperidine core with a pyrrolidine rintp give U-arylpyrrolidine 4. The
structural changes that gaukarylpyrrolidine 4 were shown to increase the activity

against ERK2[J}arylpyrrolidine4 exhibitedan|Cso of 7.8£M.

N N

\ \
Me
N / “NH NH
ﬁo H/goMe “/§O Me
2 3 4

Figurel.3: Covalent EKR2 fragment optimisation

Collectively, these selected examples demonstratewthed e s pr ead nat ur e
arylpi per i ddarglgrroldimedmotif)in important pharmaceutical atecules and
compounds in development. In 2009, Lovering andwookers highlighted the
importance of spcentres in medicinal compounds, studying the fraction dteptres

in all biologically-active molecules that had gone through medicinal developsirerd

1980. It was reported that prospective drug candidates were more likely to succeed at
each step if they possessed a greater fraction bfcaptres, indicated by higher
proportions of these molecules making it to {sti@ge development and ultimatehe

market. Lovering and ewor ker 6 s report has since tri
saturated systems and a shift in attention toward motifs with more 3D shapalsbhis
highlights the importance of the development of methods for the functionalissdtion
piperidine and pyrrolidine, particulariia methods that deliver products with a high
degree of stereoselectivity. These methods would enable medicinal chemists to

synthesise molecules with greater chances of ultimately becoming commercial drugs.
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1.2Sel ected Overview of AppAygaches f
Piperidines and Pyrrolidines

There are numerous different methods for the arylation of saturated nitrogen
heterocycles U to nitrogen and each. meth
This overview covers selected examples of the main unique approaches that have been
r epor t e darylation of dittrerepyridlidine or piperidiria which the heterocycle

is typically functionalisedbn the nitrogen

One of the mai n -aglptipor of loth pyerslidinesoand pipéridinedis

the lithiationtransmetallatiorNegishi crossoupling methodology developed by
Camposet al, examples of which are shown in Schente'd This methodology makes

use ofa Boc group on nitrogen and-K activation by lithiation withs-BuLi/diamine,

which is directed by the carbonyl of the Boc group. The lithiated species is
transmetallated to an organozinc intermediate and a pallachtatysed Negishi cross
coupling readon is then performed. Campes al. developed this methodology for use

on N-Boc-pyrrolidine 5 (for exampleto give R)-6 and R)-7) and it was subsequently
adapted by Col dham -ayhatibn df B-Batc-pipenidinef8dfor t he
exampleto give 9 and10).™® One particular advantage of this methodology is that the
lithiation can be conducted asymmetrically through the use of a chiral diamine ligand in
the lithiation step and stereochemistry is then retained through the procedure to afford
U-arylpyrolidines in high er. A disadvantage of this methodology is the use of a strong
base and the limitations that this places on substituents already present in the pyrrolidine
or piperidine ring. This methodology is discussed in detail in Chapter 2.

1. s-BuLi/diamine

(l)I i MTBE/Et,0, 78 °C, 3 h (l}l\w
> Ar

N 2.ZnCl, N
Boc —78 °C, 30 min then rt, 30 min Boc
n=15 3. ArBr, Pd(OAC)2
n=28 t-BusP-HBF,, 1t, 18 h
—
/\_/\ NH Z 5
I, N e, O
N \ N N
B Boc CN B B >
oC ocC oC
OMe O
(R)-6 (R)-7 9 - 65% 10 - 57%
77%, 96:4 er 80%, 96:4 er
Scheme 1L
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Biscoe et al. reported a method for the stereospecific Stille comagpling of
enant i oe-stannylNICEICK Pyrrolidine R)-11'* The key step in the

sy nt h e stanaytNeC{O)CH pyrrolidine R)-11u s e d EI'l mandés au»
investigation, it was found that the C(O)Cprotecting group was superior to a Boc
group and, i n combination with Jacki ePho
aryl-N-C(O)CFR; pyrrolidines. A key feature of this metthmlogy was the use of
cyclohexyl groups instead ofb u t vy | g +stanmypNsC(Q)CRpytiolidine R)-11.

It was found that cyclohexyl groups underwent transmetallation less readily-thepl

groups and thus the desired pyrrolidine group underwentetiigired transmetallation

to palladium, reducing undesired sigducts. Stille crossoupling with Pd(dba)
Jacki ePhos, CuCl and K Farylpymrolidmestinthighheo. Theat 9
reaction proceeded with high enantiospecificity (es) armanges are shown in Scheme

1.2. For example, the S crossc o u p | i-stagnypyrfolidite (R)-11 (99:1 er) with

4br omo ani s edypyrotidme ©)-120n 70% vyield with 96% es. Key
advantages of this methodology include the ability to synthesisea nt i oenr i ct
arylpyrrolidines in good yield and from an isolatable and crystalline starting material.
However, this methodology involved the use of toxic organotin reagents which make it

less appealing for use in medicinal chemistry.

ArBr (1.0 eq.)
Pd(dba)2 (0.05 eq.)
()\ JackiePhos (0.15 eq.) (}\ CF
N~ YSnCy, > N~ YAr ® Meo
/g CuCl (2.0 eq.), KF (2.0 eq.) /& O
F,C~ O MeOH, 90 °C, 12 h F,c7 Y0
(1.3 eq.) FsC P OMe

i~Pr i-Pr
(R)-11
; g g g S CF3 i—Pr
D JackiePhos
OMe CN l\@

(S)-12 (S)-13 (S)-14 (S)-15
70%, 96% es 72%, 95% es 70%, 93% es 50%, 94% es

Schemel.2

Yu and ceworkers have developed methodology for the enantioselective palladium
catalysed €H -adylation of pyrrolidine16 and piperidinel7 using a thioamide
directing group and BINOL phosphoric acid R{18'° The bulky
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triisopropylbenzothioamide directing group gave the best reactivity and enantiocontrol.
U-C-H functionalisation was achieved by reacting the substrates wi(tiifag, BINOL
phosphoric acidR)-18, 1,4berzoquinone and KHC®in t-AmylOH at 65 °Cfor 16

hours. Under these conditions, good yields and enantioselectivities wereedcivieh
pyrrolidine (Scheme 1)3 Increased equivalents of,4-berzoquinone (5.0) and
arylboronic acid(3.0)wer e r e qu i famlationfobpiperidire eas well as a
reaction temperature of 8 5 -arjl Qiperidiheswerg e r |
al so obtained i n good yGHadrythtioraal piperslinel7 For
with4met hox yphenyl b oarylpiperidine B-€1ind66% yeld @and 95:5

er. Yu and ceworkers reported that the triisopropylbenzothioamide directing group
could be removed, although harsh conditions were required (INaBid BC}).
Nevertheless, the reaction possesses notable banefitdingthe ability to synthesise
Uaryl heterocycles, piperidine in particular, in high er which is not otherwise easy to
achieve. Also, the reaction proceeds byHGctivation without the requirement of a
strong base. However, the disadvantages of the procedure include the necessity for
directing group manipulation as well as the high equivalents of reagents required.

2 pd(dba), (0.2 eq.), 18 (0.22 eq.) ] -Pr ¥V
n=116 i-Pr °N 1,4-benzoquinone (1.2 or 5.0 eq.) { I§ 1-2 =
n=217 > "*Ar S
S KHCO; (2.0 eq.), ArB(OH), (2.0 or 3.0 eq.) . ,
t-AmylOH, 65 or 85 °C, 16 h i-Pr i-Pr
i-Pr
(R)-19 (R)-20
84%, 99:1 er 78%, 94:6 er
: OMe :
(R)-21 (R)-22 BINOL phosphoric acid (R)-18
66%, 95:5 er 48%, 93:7 er
Schemel.3

The methodology of Yu and emorkers was subsequently developed further by Zhang,
Gong and caworkers using the same thioamidieecting group for the enantioselective

U-arylation of pyrrolidines and piperidiné$Similar conditions were used for the cross
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coupling: 3.0 equivalents of atybronic acid, Pgdba) and 1,4berzoquinone int-

AmylOH at 85 °C for 12 hours. Theifferences were the use of 3A molecular sieves

( MS) , chiral €SHk2a and ligand R24. 8Vvith these conditions,
thioamidgyrrolidine 16 and piperidinel7 could be crossoupled with boronic acids in

good vyields and with excellent enantilesivity. This work generally showed an
improvement in the enantioselectivity compared to those reported by Yu and co
workers™® For example, crossoupling with 4methoyy pheny |l boroni c ac
arylpiperidine R)-21in 74% vyield and 99:1 er (Schemel)l.It should be noted that no
examples oftte crosscoupling of heteroarigoronic acids were included. Zhang, Gong
andcewor ker sdé6 adaptations included the add
sieves, as well as using three equivalents of boranetand a directing group, which
renders the procedure less attractive. On the other hand, this work improved the

enantioselectivity and demonstrated a good substrate scope.

2 ArB(OH), (3.0 eq.), Pd,(dba), (0.05 eq.) l ipr v
116 “PreN A~(S,S)-23 (0.12 eq.), (R)-24 (0.1 eq.) 12 R=
n=217 - NS A S
’ S 3A MS, 1,4-benzoquinone (5.0 eq.) )
t-AmylOH, 85 °C, 12 h R i-Pr i-Pr
i-Pr i-Pr
C -/\“" Oll
N
O L @L
OMe
(R)-19 (R)-21 (R)-22
68%, 99:1 er 74%, 99:1 er 87%, 99:1 er

_ o ® ‘ CFs
Na
t-Bu
O

ON
0 PN )
CIOA (0)
SN (3
B

A-(S,S)-23 (R)-24

Schemel.4

Doyle, MacMillan and ceavorkers reported that, with the combination of
photocatalysed decarboxylation and niekatalysed cross o u p | i nagylatiortoi e U

U-carboxytN-Boc-pyrrolidine 25 could be accomplished with a wide range of aryl
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halides!” The methodology relied on an interwoveatalytic cycle, involving iridium

catalysed decarboxylation to generate a pyrrolidine rafliéglire 14). Independently,

the aryl halide would undergo oxidative addition to the nickel catalyst, which would

then take up the pyrrolidine radical andh d er g o

arylpyrrolidine A single electron transfer would return the transition metals to their

reducti ve

el

original oxidation levels ready to repeat the cycle. Doyle, MacMillan anrdarkers
used iridium photocataly£6 and NiCbA g | wlomg with dtbbpy and GEO; in DMF;
the reaction was irradiated with two standard 26 W lights at rt for 72 hours. Aryl

mi

chlorides, bromides and iodides all worked well under the reaction conditions and

examples are shown in Schemg. 1.

0021 H N
|
Boc Boc
Single e” (5'\1-2
*Ir transfer \ Ar
(1IT) Ir |
(IT) Boc
Reductive
Single e L,Ni—I Elimination
transfer (M
Photoexcitation i
Ir o L,Ni—Ar
(1) |
LnNi NfBOC
(0) | .
(I1I)
Oxidative Addition |
I
Ar-l L,Ni—Ar I
(1) Y12
h
Boc

Figure14Cat al yti c

-ay ¢l a t-darbaxy-NsBoehetérocycles

I



Chapter One

Ir[dF(CF3)ppyl,(dtbbpy)PFg 26 (0.01 eq.),

_ 2 NiCl2-glyme (0.15 eq.), ArX (1.0 eq.) )
n=1,25 N~ ~CO,H > N7 Ar
n=230 Boc dtbbypy (0.15 eq.), Cs,CO;5 (1.5 eq.) .

26W light, DMF, t, 72 h oc
(1.5eq.)
Ph
DRSS )
Boc N 2N ||300 _N Boc OMe BoC Me
27 - 65% 28 - 85% 29 - 74% 31-829% ©
X =Cl X = Br X=1 X = Br
@, ©
o PR C
1 N
ICI /N'/I \\\‘ F Z
Ni_ olr
t-Bu 4 |
l t-B Z
t-Bu Fe Y F =
NiCl,eglyme Iridium catalyst 26 dtbbpy

Schemel.5

The reaction tolerated the cressupling of heteroaryl halides such &gromo4-

phenylpyrimidine which cross o u p | e dcarlvoxykN{Boc-pyrrolidine 25 to afford

U-arylpyrrolidine27i n

65% yield.

A yé ad-tambbxgiNvBot- Ut h e

piperidine 30 was also reported: crossupling with 4-bromoacetophenone gavé

arylpiperidine31 in 82% yield. The ability to crossouple heteroaryl halides in good

yields 1is

a

highlight

arylpyrrolidines and piperidines.

Subsequently and independently, MacMillat al. r e p o r t e-drylatiorh ef

of t hi s met hoedol

U

unsubstituted\-Boc-pyrrolidine 5.8 The approach taken was to use the hydrogen atom

transfer (HAT) reagent32 to selectively abstract a hydrogen atom from the most

electronrichposi ti on

on t he

-gositionr; to penataite meyrrolidine g

radical. The HAT catalyst was activated by the excitation of iridium photocaéyst

which then underwent a single electron transfer with Hé&dgemn 32. The pyrrolidine

radicalcould then enter into a catalytic cycle with nickel cataBgand undergo cross

coupling wi

t h an

electron transfer from iridium to nickel closed the catalytic cycle. Using these three

catdysts in DMSO at rt and with the application of blue LENsBoc-pyrrolidine5 was

0]

a-arylpyrrolidimeo Rrotohelosst and sandlef o r d
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Uarylated with both aryl bromides and aryl chlorides in good yields (ScheiheAl.
singl e ex aangatioa ofd-Boc-fipkrigineBwas also disclosed. Heteroaryl
halides, such as-dromopyridine, were shown to be competent camgpling partners.

As an example, the crossuplingof4br omopyri di ne was &ccCcOo0mg
arylpyrrolidine 34 in 65% vyield. This method benefitofn being able to functionalise
unsubstituted nitrogen heterocycles in good yields and is an efficient way of generating

r a ¢ e faiylpyrrolidines and piperidines.

Iridium catalyst 26 (0.01 eq.)

] HAT reagent 32 (1.1 eq.) I
1-2 Nickel catalyst 33 (0.01 eq.) 1-2
\
Boc

> N Ar
H,0 (40 eq.), ArX (1.0 eq.) EI3
34W blue LEDs, DMSO, rt, 12-18 h oc
(2.0eq.)
n=1,5
n=2,8
Me
Y YL Y \
I
N Boc Boc Boc
Boc Nz N™ “CF3 CO,Me
34 - 65% 35-81% 36-70% 37 -42%
X =Br X=Cl X =Br X =Br
@ C)
MeO_~ FsC A F—| PFs
I t-Bu
- Y/
OAc X N\ _Br 1 Y N
N ’N.,Ilr S F
[N z N r \N' | F
| t-Bu ~= /N
MeO” X |
: Fe Y F
HAT reagent 32 Nickel catalyst 33 3
Iridium catalyst 26

Schemel.6

Gong and cavorkers reported an alternatimekelc a t a | -grydatiod pratedure that

also used a HAT catalyst.The reaction made use of elemental zinc as the external
reductantand (t-BuO), as the oxidant. The proposed reaction mechanism involved the
initial reduction of {-BuO), by the nickekatalystto foomaBu OA r adi cal , wt
abstract a hydrogen from the pyrrolidine. The pyrrolidine radical could then be
intercepted by the nickel catalyst and subsequent zinc reduction of the catalyst,
oxidative addition with an aryl bromide and wvetive elimination would then afford the
U-arylpyrrolidine The reaction was heated at 50 °C in a 3:1 mixture of DMSO and

MeCN. Pyridine and BINI were used as additives to facilitate the reaction although,

10
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for the crosscoupling ofelectrondeficientaryl bromides, it was found that FeGlas

superior to BuN | . With these c¢ondiatylipyorolidines ware br o a
obtained (Scheme ); for example, the crossoupling ofN-Boc-pyrrolidine 5 with 3-

br omot hi o p{aglpyeolidine3d im 40% yield. Gong and eworkers also
descri bed t-dryatios of a s of dtherl nitrdgreontaining heterocycles
including N-Boc-piperidine8, which crosscoupled with 4br o moani s ocare t o
piperidine9 in 60% vyield. Overall, thisnethodology possessed the advantages of not
requiring a prdunctionaliseds ubst r at e a n darylatd & wide bange ioft y t
heterocycles in good yield. The methodology was also showngoateble with a 10 g

example being reported. However, dudhe use of both oxidants and reductants in the

reaction mixture, there were limitations on the tolerated functional groups.

Zn (2.0 eq.), ArBr (1.0 eq.)

(l)| NiBr,(dtbbpy) 33 (0.06 eq.) (l)l\
1-2 BuyNI (1.1 eq.), pyridine (1.5 eq.) 1-2
\

Boc

(t-BuO), (4.0 eq.), |
DMSO/MeCN (3:1), 50 °C, 12 h

(2.4 eq.)
n=1,5
n=2,8
OMe
Boc Boc Z Boc
S Boc N~ “OMe OMe
38 -40% 39 - 80% 40 - 66% 6 - 60%

Schemel.7

More recently, Hueet al. described a method for the enantioselective nick&lysed
photoredox crossoupling of nitrogen heterocyclé®.This work built on the nickel
catalysed work of Doyle, MacMillan and -eeorkers and used iridium cataly®6 and
NiClL,A g | y'riTke. initial steps of the reaction proceeded by a radical pathway;
however, Hueet al. made use of chiral ligan&,§-41to induce stereochemistry during
the reductive elimination step to afford ehain o e n r-arytpyrrelidinesUThe reaction

was irradiatedvith 427 nm light in isopropycetate at rt with NRO, as the base and
the nickell/iridium catalyst. Under these conditions, a broad scope was established that
included the successful cressupling of heteroaryl chlorides (Scheme B.&ood
yields and egellent enantioselectivities were observed. For example, theasapsing

of N-Bz-pyrrolidine 42 with 4-chloro2-me t h o x y p y r {aglpymotiding(R)43¥ U

11
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in 81% vyield and 94:6 er. It was also reported that aryl bromides could becorgsdsd

in conparable yields albeit in slightly lower ers. Two examples were reported of the
crosscoupling of piperidines; both proceeded in good vyield. In addition, étual.
described that the benzoyl group could be replaced with other groups, such as Boc or
Cbz, athough these gave either lower yield or enantioselectivity. This methodology
possesses the significant baeyh heeteroci/clesoirf pr
good yields without the need for a directing group or strong base. However, a
disadvantage ithe use of 3.21.0 equivalents of the nitrogen heterocycle, which would

prove wasteful if the heterocycle was the more precious material.

t-Bu t-Bu
(S,S)-41 (0.16 eq.), dtbbypy (0.15 eq.),
NiCl,eglyme (0.10 eq.), ArCl (1.0 eq.)
Ir[dF(CF3)ppylo(dtbbpy)PFg 26 (O 01 eq ) N N
» L=
Cy N

N NagPO, (3.0 eq.) "
Bz 427 nm Blue LEDs 40 W
42 -PrOAc, rt, 24 h
(3.0-4.0 eq.) (S,S)-41
C(OMG \|
N @ (:(j\
= Bz CO,Me Bz Bz @W
(R)-43 (R)-44 (R)-45 (R)- 46
81%, 94:6 er 79%, 97:3 er 46%, 95:5 er 60%, 98:2 er
Schemel.8

Opatzet al.r e p o r t <uglatidn lofenitrdgen heterocyclesa a light induced and
transition metafree crosscoupling proceduré This methodology makes use of a
radical pathway where photoexcited benzophenone abstracts a hydrogen atom from the
saturated het er oamno tadical which gap then uemgp a radical U
crosscoupling with either Zhlorobenzoxazole, -2hloro-N-Boc-benzimidazoleor 2-
chlorobenzothiazoldd AT to the nitrogen atom of the heteroaromatic and elimination of
HCI compl et es t he c adryhheteroayctes. €he cebcBonsaverd a f
performed with NaOAc in a 13:2 mixture of MeCN and water, conducted at rt and
irradiated with two 25 W mergy saving UVA lamps for 24120 h. Using this
methodology, Optazt al. s u ¢ ¢ e s srfylatdd N-Boc-pyrrolidine 5 and N-Boc-
piperidine8 in moderate to good yield (Schem®&)1For example, the cros®upling of
N-Boc-pyrrolidine 5 with 2-chlorobenzoa z o | e -agylpywaidin®47 in 78% vyield.

12
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The reaction procedumgas limited in scopgalthoughit completely avoiddthe use of
transition metalswas conducted under mild conditions and prodidemethod to cross

couple otherwise challenging heteroaromatics.

] Ph,CO (1.0 eq.), ArCI (1.0 eq.) ]
1-2 NaOAc (2.5 eq.), 25 W UV-A 1-2
l}l N
Boc

> Ar
MeCN/H,0 (13:2), rt, 24-120 h
e 20 (13:2) Boc
(2.0 eq.)
n=1,5
n=2,8
@ doc @ Boc s@ (S\S@
47 - 78% 48 - 49% 49 - 35% 50 - 61%
24 h 36 h 120 h 24 h

Schemel.9

Aggarwal, Leonori and Harvegt al,have reported -akylatentohod f
heteroaromatics using lithiation and organoboron methoddfoBiacing the focus on

the al kyl Bpin reagent, tahriyd am@porheBdod | dlg y
pyrrolidine51. The reaction proceeds by the lithiation of heteroaromatics, such as furan,
with n-BuLi followed by the addition of an alkyl Bpin form a boronate intermediate

and then subsequent addition of NBS to trigger andigtation of the €B bond to from

the desired € bond. The migration was shown to proceed with complete
enantiospecificity and the er possessed by the alkyl Bpin reagertavaferred to the
final product . Only a singl e -ayattomeflae wa
pyrrolidine or p iBpireN-Bodpyrroldine (R)-Blawitht lithiated o f

f ur an -agypwraiding(5-52 in 74% yield and 96% (es) (Beme 110). The

met hodol ogy has <cl ear advantage¢detaayw | i m
pyrrolidines in high er is particularly powerful as heteroaromatics are normally more
challenging to crossouple. However, the methodology is clearhyited by the range

of heteroaromatics that can undergo the initial lithiation step.

13
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1. n-BuLi (1.2 eq.)

THF, rt1 h
</\/|| > N //

O ]
D T T
(1.2 eq.) N Bpin ' ' (S)-52
éoc 74%, 93:7 er
(R)-51 96% es
-78°C, 1h

3.NBS (1.2 eq.), -78°C, 1 h

Schemel.10

Sugaandcovor ker s devel op e darylationnot dubbstitudedN-Baz-r t he
piperidines via the formation of aN-acyliminium ion which was subsequently reacted

with nucleophile€® UPhenylsulfanyl piperidines were prepared by lithiation veith
BuLi/TMEDA and subsequent trapping with diphe$ulfide. The piperidineN-
acyliminium ions were then generated from lowe mper at ur e el ectr ol
phenylsulfaylpiperidines with ArS(ArSSAf)(Ar = 4-F-C¢Hy) in CH,Cl,. Treatment of

the N-acyliminium ions with nucleophiles at7 8 AC for 5 mi n t
functionalisedpiperidines (Scheme 111). Suga and cworkers @&monstrated that a
range of nucleophiles coul d basyl piperidites.i nc |
For example, the reaction of theplAenytN-acyliminium ion, generated r o m U
phenylsulfanyl4-phenypiperidine, with PhMgBr gve 2,4diphenypiperidinetrans-53

in 87% vyield and 85:15 dr. The reactions were reported to all be highly
diastereoselective, the diastereoselectivity arising from the preferential direction of
approach of the nucleophile to tidacyliminium ion, which adopted a hathair
confamation. The methodology was limited by the use of electrochemistry and the
nucleophile scope, although Suga andwwokers mainly explored nearomatic
nucleophiles. However, the methodology also gave access #na@sAdisubstituted
piperidines which are otherwise difficult to synthesise.

14
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PhMe ATS(ASSAN* (13eq) | Fh/Me
(\/J\ Anodic oxidation ('j Me/Ph\(j /(j PhMgBr (2.5-5.0 eq.)
- ©) ©) @ ) >
N”SPh CH,Cl,, 78 °C, 10 min | N7 N7 Me/Ph” SN | -78°C. 5 min
) ) )
Boc Boc Boc Boc
Ar = 4-F-CgH, - -
Ph Me
/., /, U J\/j\
l}l Ph l}l Ph l}l Ph Ph l}l Ph
Boc Boc Boc Boc
trans-53 trans-54 cis-55 cis-56
87%, 85:15 dr 93%, 97:3 dr 97%, 96:4 dr 56%, 92:8 dr
Schemel.11

A met hod -afylation ot nitregentheterocyclaga an imine intermediate was
reported by Seidel and aworkers®® In this approals, pyrrolidine or piperidine was first

lithiated with n-BuLi to remove the NH proton. Then, a hydride acceptor was added
which generated the imine situand this could then be reacted with a nucleophile such

as an ar yl | i-arjihaienocydlso The lithfatiom step Was conducted in

Et,O ati 78 °C and this temperature was maintained during the addition of the hydride
acceptor and the organolithium before the reaction was warmed to rt and stirred for 2
hours. Benzophenongpbutylphenyketone ortrifluoroacetophenone were used as the
hydride acceptors depending on the substrate. The aryllithiums were prepared by
halogenlithium exchange of aryl bromides usimegBuLi. This methodology was used

t o-arylate pyrrolidine, piperidine and other heterdeg with a variety of aromatic

groups (Scheme 12) . One example of paaylatton af bdtha r n
pyrrolidine and piperidine with-B i t hi opy r i darylpgrolidine58anf56% r d U
y i e | d-ardpipetiding60in 58% yield.Seidel ancco-workers also noted that when
4-phenypiperidine was crossoupled with PhLi, the reaction was diasteseective

and gave 24liphenypiperidinetrans-61in 72% yield with >96:4 dr. A key advantage

of this methodology was that a directing group was nequired on the heterocycle
nitrogen, unlike all the other approaches covered in this section. Additionally, Seidel
andcewor ker 6s procedure did not require tfF
methodology was restricted to the crassipling of ary bromides that would readily

form organolithiums and the functional group compatibility issues that that entailed.
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]1_2 1.n-Buli(1.0eq), |1_2
Et,0, -78 °C, 10 min
H > N Ar

(2.0 eq.)

H
2. hydride acceptor (1.2 eq.), 10-90 min
3.ArLi(1.5eq.),rt,2h

h
N Q\@ % %
H H | H / H |
Z S N~ YPh
OMe N NZ H

57 - 48% 58 - 56% 59 - 50% 60 - 58% trans-61
benzophenone benzophenone benzophenone t-butylphenylketone ftrifluoroacetophenone
72%, >96:4 dr

10

Schemel.12

To concl ude, these examples cover -a ran
arylation of piperidine and pyrrolidine using palladium catalysis, directing groups,
photochemistry, HATs and lithiation. As highlighted throughout, there are advantages
and dimdvantages to each of the different methodologies. For example, although the
photoredox and HAT methods of Doyle, MacMilleh al, Gong and ceworkers and

Optaz et al. have wide scopes including heteroaryl halides, they afforded racemic
products:"#1%?1 Conversely, the photocatalytic method of Heipal. allows for the

s y nt h e-aryl seterodyclet)with excellent enantioselectivity, but the method has its
own issues such as the large excess430eq.) of heterocycles required for a good
yield > Other methods are limited in their scope or the use of strong bases or redox
reagents. Thus, alt hough -amylation of pigeredinenaadt h o d
pyrrolidine, more methods and improvements to existing methodology are always
beneficial. Increasing the variety of available methods would improve the number of
tools in a medicinal chemi stdos tool kit a

successful synthesis of pharmaceuticadlievant molecules.
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1.3 Project Outline

In this thesi s-arylaton of mittagen fheterocydleae pallabium
catalysed crossouplingwereinvestigated.This chaptehighlightsthe significance of
nitrogen heterocyclegheir prevalencein biologically-active molecules and thus the
i mportance of taglatibnoTHefocus of thistheBiswasrto establish
methodology that wuld be particularlyuseful for medicinathemistsmethodology that
would be synthetically straightforwardeasy to carry ouaind tolerable of the cioss
coupling of nitrogercontaining heteroaryl halidewhich areprevalentin biologically-
active moleculesThe secondary aim was to developethodologythat would be

amenable to rapid screenifay theusein structure activity relationship programmes.

The objective of Chapte2 wast o i mprove upon existing
arylation of 4-substituteeN-Boc-piperidine Therewas only a single reporp f the U
arylation ofa 4-substituted\-Boc-piperidinewith a heteroaryl halidé” thusthe aimof

this workwasto develop methodology compatible with the crosapling of heteroaryl

halides. The diastereoselectivity and enantioselectivity of this reaetms also

i nvestigated wit h -aryl-4-sabstituteeN-Boc-mpgridinehweite i s i n
both highdiastereoselectivitgnd enantioselectivity (Scheméd.3).

Chapter 2 . Chapter 3
R Pd-catalysed R : Pd-catalysed
Negishi : (—)\ Suzuki-Miyaura &
- PN Bl —————— 3 N YA
a-arylation . ! a-arylation !
l:l ’}l Het Ar : Boc Boc
Boc Boc Stereospecific?
Schemel.13

The objective of Chapter3wa t o pr ovi de an al-ardatiomaft i ve
pyrrolidine. As detailed in Chapter Whilst t her e e X1 st-aryltionr ange
proceduresone notably underexplorecapproachwas that of the SMCC. There we

only | imited ex amprhorepgrrolmihes,thbse frod M@ @pose U

low yielding and the others we within a paper thatassincebeen retractetP?® This,

therefore, represesd an opportunity to fill a niche and provide an alternative method

f or -anfaton &f pyrrolidine with its own advantages. The stereospecificity of this
reaction was also investigated with an ainio synthesing enanti oe-nri ch

arylpyrrolidines (Scheme 13).
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Ch a pt elithia®ian -Atylation a n d-Littiation -
Functionalisation of N-Boc-piperidines

In the first part of this chaptefsection 2.1) an overview is given of the existing
met hods famglation toth substititedN-Boc-piperidines via Negishi cross
coupling. This covers key findings from multipgoupswhose work underpins the
field and gave rise to theurrent methodologylt also cwers investigations into the
asymmetric lithiatioffunctionalisation of substituted and unsubstitutetl-Boc-
piperidines. After setting out the planned approach and objectives in section Az U
arylation of 4substituted N-Boc-piperidines via lithiation-transmetallatiorNegishi
crosscouplingis presented in section 2.8Bhe plan was to improve the existiog-
diastereoselectiv&tarylation methodology througkolventand reaction optimisation
and to develop methodology for the successful ecospling of a wide range of aryl

halides and heteroaryl halides in particcheme 2).

R 1. s-BuLi, TMEDA R
solvent, -78 °C, time
>
N 2. ZnCI2 N Ar

! 3. [Pd], ligand, ArX |
Boc  temperature, time Boc

Scheme A

A study on the racemic and asymmetiitithiation-functionalisation of 4ubstituted\-
Boc-piperidines is presented in section 2.4. Here, the aim wassytothesise 24

disubstituted piperidinesith high diastereoand enantioselectivitgScheme 2).

R 1. s-Buli, chiral ligand R
solvent, -78 °C, time . L.
> e enantioselectivity

l}l 2.E* I}l E
Boc Boc
Scheme?.2

Finally, the further functionalisation oftaryl-4-substitutedN-Boc-piperidines would
also beinvestigated (section 2.5Here,a s e clithiatbn-flthctionalisationand an

intramolecular {Ar reaction would be explored.
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2.10v er v i dithiatmr -Fudctionalisation of N-Boc-piperidines

In 1989 Beakand Leereportedthe ability of theN-Boc group to direct the lithiation of
N-heterocycles to th&}position; subsequent trapping with electrophiles affordéd
functionalisedN-heterocycle$! This discoverysparked interest in this area of research

and over the past 33 yearsumerousgroupshave contri buted to
lithiation-functionalisation ofN-Boc heterocycles.This methodology is particularly
attractive as it enables the activation and functionalisation of nominally unreaetive C
bonds and is also amenable to further functionalisation due to the ease of Boc group
removal. This overviewcoversimportant develomentsin the field with a focus on

piperidine and -ap/atiort ofNeBacipiperidings. on t he U

2.1 . dlithlation -Trapping of Unsubstituted and Substituted N-Boc-piperidines
Beak and Lee reported that thé}ithiation-trapping ofN-Boc heterocycles could be
accomplished withs-BuLi/TMEDA in EtO at 178 °C for around 3.5 hour¥.
Subsequenaddition of an electrophilgave U-substitutednheterocycles Among other
heterocyclesthe lithiation-trapping of N-Boc-piperidine 8 and 4substitutedN-Boc-
piperidines werer epor t ed. F o €lithiagion aofriypBoepijperidine & andJ
trapping with MgS i C1|  a fsflylpipetidind62 it 94%yield.

1. s-BulLi (1.2 eq.), TMEDA (2.2 eq.)

Et,0,-78°C, 3.5 h

N 2. Me3SiCl (1.2 eq.) l}l SiMej;

éOC -78°C - rt Boc

8 62 - 94%
Scheme &

The lithiationtrapping of 4-phenypiperidine 63 with MesSiCl, methyliodide and
allylbromide provide®,4-disubstitute@iperidinescis-64, cis-65 and cis-66 in 77-99%
yield (Scheme 2). Althoughnot initially reported, subsequent work from Beak and co

workers demonstrated that these reactions proceededisfiiastereoselectivity.
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Ph 1. s-BuLi(1.2 eq.), TMEDA (2.2 eq.) Ph
Et,0, -78 °C, 2.5 h
N 2.E*, -78°Ctort N E
] ]
Boc Boc
63
e VsiMes 2 D N
cis-64 cis-65 cis-66
E* = Mel E*=Me,SiCl  E*= allyl bromide
83% 99% 77%
Scheme 2

In a subsequent paper, Beak and Lee further exploredithirtion-trapping of 4
phenytN-Boc-piperidine63.28 Lithiation and trapping with benzaldehyde delivethd
cyclised 2,4disubstitutegiperidine67 and U-functionalisedpiperidine cis-68 (Scheme
2.5). Reaction of the lithiated intermediate with benzhigke generated two
diastereomeric alkoxidene of which could cyclise through attackito the Boc
carbonyl to give the cyclised 24isubstitute@iperidine 67. For the other
diastereomac alkoxide,there would be a steric clash between pienyl groupandthe
tert-butyl groupwhenthey aligned in such a way to enable cyclisatibhis prevented
cyclisation from occurring antdenceU-functionalisegiperidine cis-68 was obtained.
The stereochemistry of these functionalised piperidines was assign&d bR
spectroscopic analysis and byry crysallography of 2,4disubstitute@iperidinecis-
69 generated by the removal of the Boc group. This provided the evidence fos-the
selectivity of the lithiatiortrapping of 4substituted piperidines.
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h

Ph
N cyclisation
0] -
% Ph NIN-Ph
© PRt

Ph 4. s-BuLi, TMEDA (1.3 eq.) | t-Bu-©

3eq. H 5
Et,0, 78 °C
- - 67 - 23%
2.-20°C, 30 min B

1
J
10

\ _
] o (o]
Boc 3-PhCHO,-78°Ctort HN Ph gsgl?s?et i
63 &
H —>
t-Bu~ | <
_Ju:’h Boc OH
E)h E)h cis-68 - 33%
X NaOH =
v
(N\/l\_/Ph EtOH, 80°C, 30 min  ~p-TNe PP
' H = HH =
Boc OH OH
cis-68 Cis-69 - 92%

Scheme &

Cis diastereoslectivity arises from preferential equatorial lithiatiant tpbsiion U
and asthelowest energy conformer has thesubstitutentn an equatoriaposition this
results inlithiated intermediatecis-70 (Scheme &). The electrophilic substitution is

thenassumed to occur with retentiofh stereochemistryo preferentially afford &is-
2, 4-disubstituted piperidin€

H
Ph
m 1. s-Bui H Ph| 2.E* H Ph
Boc” — o_ N — N
H
TMEDA | 1By” K,'—i Boc” g
N
63 cis-70

Scheme &

Beak andL e e @lithiatidh-trapping methodology was utilised by chemists at Bristol
Myers Squibb during the synthesis of CCR3 antagonists for the treatment of asthma
(Scheme 2)*° Using lithation with s-BuLi/TMEDA followed by trapping with
butyraldehyde, the syhesis of 2,4isubstituedpiperidineis-72 was achieved in 18%

yield. It was reported that the silyl groups were necessary to prevent lithiation of the
aromatic ring ortho to the fluorine atom.
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SiMe3
F
SiMes 1. s-BuLi, TMEDA
2. n-BuCHO
N
Boc
71 cis-72 - 18%
Scheme 7.

Further examples of the synthesis of-8igubstituted piperidines were described by
Kantlehneret al. (Scheme ®).3* The Ulithiation-functionalisation of OTBDMS-N-
Boc-piperidine 73 gave Ufunctionalised piperidines cis-73-d, cis-74 and cis-75
diastereoselectivelyThe reactions were conducted in@&tand the lithiation performed

with s-BuLi/TMEDA at 120 °C for 4 h, the reaction was then cooled down8o °C

prior to the addition of the electrophil®f note when 40TBDMS-piperidine73 was

lithiated and trapped with JO, piperidinecis-73-d wasisolatedin 92% yield, indicating

near complete lithiation under these conditidfdswever, lower yields were obtained

with dimethykulfate (67%) and phenidocyanate (59%)Despite the differences in
lithiation procedureKantlehnerand coworker® r esul ts are in agr

published by Bealand Leewith the preferential formation ofis-2,4-disubstituted

piperidines?®
1. s-BuLi, TMEDA
OTBDMS Et,0, -80 °C OTBDMS OTBDMS OTBDMS
warm to -20 °C, 4 h
g s
[}] 2. ctiol to -80 °C [}j D l}l Me l}l “Ph
Boc 3.E",warmtort, 18 h Boc Boc Boc O
73 cis-73-d cis-74 cis-75
E*=D,0 E* = Me,SO, E+=PhNCO
0,
92% 67% 59%
Scheme &

Beak and Park reported that thénibtion of 4chloropiperidineN-Boc 76 with s
BuLi/(i)-sparteine in BED ati7 8 A C -siiyépipaiding R)-77 in 77% yield and
60:40 er (Scheme @.** Upon | it hi apositiannthe #thiated piperiding

undewent an intramolecular substitution reaction. Through the use of two equivalents
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of sBuLi, a second deprotonation occurred at the cycloprogylosition and
subsequent trapping with N&i C| a f-silytpipatiding R)477. This reaction was
further develeg.¢d Iy a Bin&onalisaton & these [3.1.0]

bicyclic systems in 99:1 er through the use of an asymmetric deprotonation and trapping

wi t h Ander s’tThesesreastians highliytatdddesimportance of the choice of

the group in the 4$ositionwhen carrying out lithiation reactions, as a substituent that

could act as a leaving group could lead to an unwanted intramolecular reaction

% 1. (-)-sparteine (Cl
s-BuLi (2.2 eq.) 2. Me;SiCl
e ——— — | A
N Et,0,-78°C, 4 h Naadl N L N “SiMe,
| | Boc Boc
Boc Boc
- - - - (R)-77
76 77%, 60:40 er

Scheme 2

| nvest i gat ilithiateon-funatignalisatiom & 4nethy-N-Boc-piperidine 78
were carried out by Cossy and BeldttiThis was the first report of exact diastereomeric

ratios obtained from the lithiatiemmapping of 4substituted piperidines. Beka and L e e ¢

previous work had assumed, or had sufficient evidence to surmise, that the products

were entirely thecis diastereomer. Lithiation of -thethylpiperidine 78 using s
BuLi/TMEDA in Et;0 ati90 AC and trapping wi-th
functionalisedpiperidine cis-79 exclusively in 60% yield (Schem2.10. Cossy and
Belotti observed a peculiar feature when trapping with alkyl chloroformates;atine
diastereomersvere the major products. Metleylloroformate afforded a 65:35 mixture
of piperidinestrans-80 and cis-80 (in 58% yield); ethythloroformate gave a 70:30
mixture of piperidinesrans81 and cis-81 (in 60% vyield) and benzylchloroformate
yielded a 95:5 mixture of piperidingsans-82 and cis-82 (in 35% yield). A potential
explanation for the unusuarans selectivity could be the epimerisation of the
disubstituted piperidines. Whilst it is likely that tlees disubstituted piperidines are
formed on trapping, these may then epimerise tardnes compoundvia enolate/enol
formation either in the reaction mixture, durimgprk-up or upon purification by flash
column chromatography. If the ester grougs equatorial then thereomd be a steric
clash with the Boc group, thus thieans compoundwould be likely to be more
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thermodynamically stable as the methyl groopld be eqgatorial whilst the ester group

was axial.

Me 1. s-Buli, TMEDA(1 5eq.)

2.E* (1.6 eq.) 002

N CO,H “co,Me COzEt
| warmtort, 12 h

Boc
78 cis-79 trans-80 trans-81 trans-82
dr cis-trans E*=CO, E* = CICO,Me E* = CICO,Et E* = CICO,Bn
60%, 100:0 dr 58%, 65:35 dr 60%,70:30 dr 35%, 95:5 dr
Scheme 2.10

In 1990, Beak and Lee reported the diastereoselective lithiiipping of 2
substitutedN-Boc-piperidine?® The lithiationtrapping of 2methylpiperidine83 with
dimethykulfategave 2,6disubstitute@iperidinetrans-84 in 71% vyield(Scheme 2.1).
This stereochemical outcomess due to the fact that the lowest energy conformetr of 2
methylpiperidine83 hasthe methyl groupaxial in order to avoid Agzlike interactions
with the Boc group. Thuydithiation generates the lithiated intermediatens-86 and
subsequent trapping with electrophiles generatass2,6-disubstituted piperidines.
Trans selectivity wasalso observed when trapping with MeOD andvB, affording
2,6-disubstitute@iperidines trans83-d and trans85 in 90% and 87% Yyields
respectiely (Scheme 4.1).*° In this work it was observed that, whilst aldehydins-

85 was the product of lithiatietrapping with DMF, during chromatography on silica
gel it epimerisedgresumablyia enol formation) to afford aldehyadss-85 as the major
isolated product. Aldehydeis-85 has both substituents axial to avoid sstrain with
the Boc group and, whilst it will possess;Adiaxial interactions between the
substituents, these will beducedby the sp nature of the aldehyde gnoumaking the

diaxial conformation preferable.
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/(j. /(j, H
N “n Me” N7
Boc

1. s-BuLi, TMEDA (1.3 eq.)

/(j Et,0, -78 °C /(j
]
Me N ‘

Boc

Me” N 2.-20°C, 30 min Me Me \ n’
Boc 3.E',-78°Ctort Boc O
83 trans-84 trans-83-d trans-85
E* = Me,SO, E* = MeOD E* = DMF
71% 90% 87%
t—BU\O Me
)\Nﬁ
O=----- Li
trans-86
Scheme 2.1

Hart and Wutook advantage of thiganss e | e ¢ t i v-lithiajion of 2-subbstitiged U
piperidines duringthe total synthesis of (+Himbeline and (+Himbacine®® The

lithiation-trapping of2-substituteeN-Boc-piperidine(R)-87 with methyliodide afforded
2,6-disubstitute@iperidinetrans-88 in 41% vyield with retention othe R stereocentre
and introduction of a second stereogenic centre due to the aforementiansd
selectivity(Scheme 2.2).

1. s-BuLi (1.4 eq.), TMEDA (1.5 eq.)
\/(j Etzo, ereen \/(j
PhS PhS )
N > N"“M

| 2. Mel,-78°Ctort, 18 h '
Boc Boc

(R)-87 trans-88 - 41%

Scheme 2.2

Chackalamannilet al. published an alternative route t@)-Himbeline and (+)
Himbacine thatalso utilied the lithiationtrapping ofa 2-substituted piperidin&’. 2-
Methyl-N-Boc-piperidine(S)-83 was lithiated and trappeslith DMF and in this work
epimerisation on purificationwas avoided anda 97:3 mixture of 26
disubstititecpiperidines cis-85 andtrans-85 was obtainedh 86% yield(Scheme 2.3).

1. s-BulLi (1.2 eq.), TMEDA (1.0 eq.)
/(j Et,0, —72 °C, 15 min
/, H
Me” >N > Me” N7

é 2. warm to —20 °C, 30 min é o
OC 3. DMF, —72°C, 15 min oc
(S)-83 trans-85
86%, 97:3 dr

Scheme 243
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The lithiationtrapping methodology oP-substituted piperidirewas alsoutilised by
Stoltz and ceworkers during the synthesis ofi -Lobeline, {)-Sedamine and (+)
Sedamin€? Lithiation-trapping of 2-substtuted-N-Boc-piperidine 89 with DMF was
carried outto afford 2,6-disubstitute@iperidine cis-90 in 76% yield (Scheme 2.4).
Epimeiisation of thealdehyde during flash column chromatographgnabled the

synthesis othe desiredisisomer as opposed to the expedradsisomer.

1. s-BuLi (1.75 eq.), TMEDA (1.8 eq.)
Et,0, —78 °C, 15 min

Ph 2.-42 °C, 45 min Ph
» H
TBDMSO N TBDMSO N

] 3. DMF, —42 °C 1h |
Boc warm to rt, 30 min Boc O
89 4. silica cis-90 - 76%

Scheme 24

Collectively, these examples demonstrate the utility of Beaal Leé s di scovery
the ability to synthesise disubstituted piperidinggh high diastereoselectivities
methodology that has been usedhbiot natural product synthesis awithin medicinal
chemistry programmes. This also highlights the importance oistchemistry and the

benefits that further developments would affordgbientific community.

2.12A s y mme tlLithiaton -Trapping of N-Boc-pyrrolidine s andPiperidines
Beak and Kerrick denb nst r at e d -lithiatioa-functianalisationU of N-Boc-
pyrrolidine 5 could beconducted enantioselectivetlyrough the use of ehiral diamine
instead of TMEDA®“° The lithiationtrappingof pyrrolidine 5 with 1.2 equivalents of
s-BuLi/(i )-sparteined3in EbO ati7 8 AC  ¢gunati@nalisédpyrrolidines with high
enantioselectivity (Scheme 1%). For example, lithiatiofrapping with BySnCI
af f o r-staengipyrrolidine (9-92 in 70% yield and 97:3 e(i)-sparteine93 and s-
BuLi form a chiral complexwhich leads to asymmetric deprotonation pfrrolidine 5

to formlithiated intermediat®1.
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1. s-BuLi (1.2 eq.) <!
{ } (-)-sparteine 93 (1.2 eq.) /\_/\ ,N 2.Bu3SnCl (1.5 eq.)
> z -” —_— ( )/Il
’}j Et,0,-78°C, 4 h N 'Ll\"‘N\ warm tort, 3 h N SnBuj
’ ’ ]
Boc >|\O/§O/ | Boc
5 91 (S)-92
70% - 97:3 er
/
\N w H N
’i‘\ H
(-)-sparteine 93
Scheme 25

Beak et al. also performed the asymmetric lithiatitmapping ofN-Boc-pyrrolidine 5
using {)-sparteined3 with Me;SiCl in three other solvents besides@{Table 21).*
Lithiation-functionalisation irEt,O g a v -silyl (§)-94in 87% yield and 98:2 er, in line
with the results with other electrophiles (entry 1). The use of EI§Bve a lower yield

o f -silypyrrolidine (9-94 (56%) but a comparable er (95:5) (entry 2). When the
lithiation was conducted in pentn e |, a hi gdiylpyyrolidine ¢9-94 Wwas U
observed (85%) but there was a significant decrease in the er compared to that obtained
in ELO (83:17) (entry 3). Lithiation in THF gave a mixture of products and only a small
amount of t -bilgpyrralidire i (9)-84d (er Wot reported) (entry 4).
Independently, Hoppe and -weorkers reported that when the lithiation of 3
methylindene witm-BuLi/(i)-sparteine93 was conducted in THRhe product obtained
was racemié’ In contrastwhen lithiationtrapping was conducted in £ a 95:5 er
was obtainedHoppe and ceworkers postulated that this was because THF had co
ordinated to the lithium, displacing )¢sparteine93, thus the subsequent proton
abstraction was not stereoselective and
Hilmersson and Carbone showed, throfighNMR spectroscopythat 1.0 equivalent of
(i)-sparteine93 in THF did not form a chiral complex wati-PrLi and only THF
solvatedi-PrLi was observetf Thei-PrLi/(i )-sparteineéd3 complex was only observed
wi t h exc e s B)-spariBed30whieh explaird(why racemic lithiation was
observed by Beaket al. and others when performing the lithiatioof N-Boc
heterocycles in THF withi {-sparteined3, as the deprotonationomld occur from the

racemics-BuLi/THF complex?®*?
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Table2.1: Solvent effect on the asymmetric lithiatimapping ofN-Boc-pyrrolidine5

1. s-BulLi, (-)-sparteine 93 (1.3 eq.)

O solvent, -78 °C, 4 h ! 5
,l .
> N7 SiMe,

5 (S)-94
Entry Solvent Yield / % er
1 Et,O 87 98:2
2 MTBE 56 95:5
3 pentané 85 83:17
4 THF <10 -

a) 140 °C lithiation temperature

Overall, these results from Beak andworkers showed thatvhilst there was potential

for the lithiationrtrapping procedure to be atuncted in alternative solvent$e original

choice of E40O afforded the best result§hrough the use of React,IR6 Br i en, Cam
and ceworkers later reported that the lithiatiasf pyrrolidine 5 with s-BuLi/(i)-
sparteine93 in MTBE was complete in under an hour, as opposed to the 4 hour
lithiation time first reported by Beak and -wmrkers** Unpublished work fromour
groupdemonstrated that the lithiation pyrrolidine 5 with s-BuLi/(i)-sparteine93 in

Et,O was complete i60 minutes”

Beak and Kerrick demonstr at edfunctiohadised t he
pyrrolidines were introduceda an asymmetric deprotonation pathwaywo potential
mechanisms were initiallgroposé. One was thati()-sparteine93 ands-BuLi formed a
complex whicheffected the enantioselective deprotonatiomNeBoc-pyrrolidine 5. The
alternative mechanism was asymmetric substitution where racemic lithiation would
occur followed by complexsmn of the chiral ligand which, together with a
configurationally unstable organolithium, would lead to two possible diastereomeric
transition statesone of which would trap preferentially to predominantly give one
enantiomer. This second pathway wagpdisoved t hr oug h-stanfyd- | i t h
Boc-pyrrolidine 92 and §-92 (Scheme 2.6). Tin-lithium exchange was performed
withsB u L i o n -stanmyfgymolidne 9Pto give the lithiated intermedial in
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sity; this was then treated withi)¢sparteined3 and subsequently trapped with 3&ClI

t o g e nsdytparolidine 84 with 53:47 er, indicating thagtereoinductiorwas not
imparted after the deprotonation step. The lithiatrappn g o f enanti oen
stannypyrrolidine §-92 with s-BuLi/TMEDA and MeS i C| a f-sflypyrrdlidime U
(9-94 in 83.5:16.5 er. This indicated that there was a high degree of configurational
stability to the lithiated intermedia@d ati7 8 A C. etabl&ar demanstrated that

the asymmetric lithiatio of N-Boc-piperidine5 followed a similar pathway, i.e. the

stereogenic centre was set wip asymmetric deprotonation as opposed to asymmetric

substitution*®
1. s-BulLi/(-)-sparteine 93 2. Me3SiCl
[}] SnBu3 . N Li —_— N SiMe3
Et,0, -78 °C, 30 min | !
Boc 2 ’ /
Ne
92 o © 94 - 60%
- - 53:47 er
91
, 1. s-BuLi/TMEDA 2. Me3SiCl y
. (7P
N7 SnBuj > N s _— [}j SiMe,
] .
Boc Etzo, -78 OC, 30 min ﬂ\ )\\ III Boc
(S)-92 | 0 0 i (S)-94 - 62%
98:2 er 91 83.5:16.5 er
Scheme 2.6

I n 2002, the OO06BTr i eparteineswuragatedswhiohtwasmspiresd e d a
by the lack of availability of (+sparteined3 at the time'’ Asymmetric lithiation ofN-
Boc-pyrrolidine 5 with s-BuLi/(+)-sparteinesurrogated5in Et,O ati 78 °C andrapping
with MesSi Cl a f-dilybpyrdlielide )94 in 84% vyield and 95:5 er (Scheme
217) . The wor ket ab provided Bccessetn the opposite enantiomer in
comparable yield and er to that obtained withgparteine93 (87%, 95:5 er). It should
be noted thatt the time of writing for unknown reasons, (-sparteine93 is now
commerciallyavailable andi()-sparteined3 is not. Studiesn our groupdemonstrated
that the lithiation times of various heterocycles, includwgoc-pyrrolidine 5 and N-
Boc-piperidine8, with s-BuLi/(+)-sparteinesurrogateds in Et,O ati 78 °C were shorter
than those conducted with both TMEDA arid-¢§parteine93.*> For example the

lithiation of N-Boc-pyrrolidine in Et,O ati 78 °C was complete in 2 minutes with the
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(+)-sparteinesurrogate95 compared to 5 minutes with TMEDA and 60 minutes with

(I)-sparteine93.

1. s-BulLi, (+)-sp sur 95 (1.3 eq.) Me~N H
O Et,0, -78°C, 5 h O\
N > N7 YSiMes N

) 2. Me,SiCl (1.5 eq.) !

Boc warmtort, 10 h Boc )
(R)-94 - 84% (+)-sparteine surrogate 95
5 95:5 er (+)-sp sur 95
Scheme A7

Beak and cawvorkers subsequently demonstrated giBuLi and { )-sparteined3 could

be used to enantioselectively deprotonstBoc-piperidine 8.%% Lithiation of N-Boc-
piperidine8 in EL,O with s-BuLi/(1)-sparteine93 at 1 78 °Cfor 16 hours followed by
trapping with MgS i C1  -gilgpiperidiie ©)-62in 9% yield and87:13 er (Scheme
2.18). Through computational studies, it was reported that the low yield and long
lithiation time required were due to a high activation energy for the deprotonation step.
O 6 B r at al."demonstrated byn situ reaction monitoring usindgreact IRthat after
stirring piperidine8 in Et,O with s-BuLi/(i)-sparteined3 ati 78 °C for 6 hours, only
around 10% of piperidin® had undergone lithiatioff.

1. s-BulLi, (-)-sparteine 93 (1.3 eq.)

O Et,0, -78 °C, 16 h O
>

N

Boc

[}j 2. Me3SiCl (1.5 eq.), 3 h
Boc 3. warm to rt

'SiMe3

8 (S)-62 - 9%
87:13 er

Scheme 28

Coldhamet al. reported the use of dynamic resolution in an attempt to get around the
poor enantioselectivities/yields obtained with the asymmetric deprotonatisrBot-
piperidine 8.*° The process of dynamic thermodynamic resoluDiR) involves a
racemic lithiation of the substrate, warming the reaction mixture up to a point where it
is configurationally unstable and treating it with a chiral ligand. The lithiated substrate
forms a complex with the ligand and will preferentially favane diastereomeric
complex over the otheiThis sets up thetereogenic centre and thus #m@antiomeric

ratio. The reaction mixture is then cooled dawrprevent further epimerisatiand the
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electrophileis added. In this waythe functionalised produetill be obtainedin an er
matching the ratio of diastereomeric complexes. An alternative method is dynamic
kinetic resolution(DKR); this approacirelies on the rate of interconversion of the
lithiated complersbeing faster than the rate of trapping witle electrophile, so that

the electrophile preferentially traps one complex to afford one enantiomeric product in
excess. The difficulty witlDKR is that the asymmetric induction achieved will change
depending on the electrophile and how fast it trapgch can necessitate changing the
temperature at which the trapping is conducted. This in turn means that there cannot be
a general method for all electrophiles, unliR&R which should yield a very similar

enantioselectivity for all electrophiles.

Coldham et al. had initially reported the use of both DTR and DKR fibve
enant i o sfanctemaltsationeofN-Boc-pyrrolidine 8 and subsequenthapplied

DTR for the successfulU-functionalisation ofN-Boc-piperidine 8 with a range of
electrophiles? Using ligand 96 (pretreated with s-BuLi), the electrophile scope
included MgSiCl which affordedUsilylpiperidine ©-62 in 65% vyield and 85:15 er
(Scheme 2.9). Thiswas a comparable dvut significantly higher yieldo that obtained

by Beaket al. (seeScheme 2.18 demonstrating the utility of this methodolody.one
example, trapping with propionaldehyde gave a mixture of diastereomeric alcohols and
the major diastereomer was used in the total synthesis of the naturally occurring
alkaloid (+)b-conhydrine(2R,R)-98.

1. s-BuLi, TMEDA (1.2 eq.)

O Et,0, -78°C, 3 h O !
'
1, MezN
E

N 2.96 (1.2 eq.), 30 °C, hexane, 1 h N
Boc 3.E',-78°C,warmtort18h Boc HO
8 96

(pre-treated with s-BuLi)

: H
O/,, . O/,, O/,,, OH : (jY\
N" "'SiMes N” "SnBu, N "’ H

Boc Boc Boc O ' OH
(S)-62 (R)-97 (S)-30 ' (+)-B-conhydrine (2R,R)-98
E* = Me,SiCl E* = Bu,SnCl E*=CO, : 48% (over 2 steps) :
65%, 85:15 er 67%, 84:16 er 62%, 87:13 er
Scheme 249
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Coldhamet al. performed a@DKR procedure orN-Boc-piperidine8.%° In this case, the
racemic lithiated species was generated in THF and then the lithium alkoxide ligand
derived from99 was added. fapping with MgSiCl ati20 °C over 1 houafforded -
silylpiperidine §-62 in 62% vyield and 8:5 er (Scheme 20). This was the only
electrophilereportedin this DKR procedureand highlights the key limitation of the
DKR approach.

1. s-BuLi, TMEDA (1.2 eq.)

THF, -78°C, 3 h
- () 9
N 2.99 (1.5 eq.), —20 °C N " SiMes, N N
Boc 3. Me3SiCl (4.0 eq.) over 1 h Boc

8 HO
(S)-62 9

E* = Me3SiCl ) )
60% 955 er (pre-treated with n-BulLi)

Scheme 20

Gawleyand Beng built upon Coldham and-eoo r s BKRGprocedure andhrough

the use ofdilithiated ligand derived from amino alcohol§SS)-100 and (SR)-100
accomplished the DKR df-Boc-piperidine8wi t h a range of el ect
(Scheme 21).>* An advantage of this methodology was the use siflzstoichiometric
amount of the chiral ligand(1 equivalenfsand for this reasojthe method was named

a catalytic dynamic resolutio(CDR). Using diastereomeridigands (S,9-100 and
(SR)-100Q the synthesis of)stannypiperidine 97 in both enantimeric formswas

carried outin excellent er Other electrophiles were also shown to be compatible with
this methodol og-unctionalised piperiflifie® indi9rg 6 U er . 1
methodology was also used $gnthesisesix naural products and biologicaHgctive
compoundgontaining piperidine rings such &-(1 )-ropivacaine $cheme 21).
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1. s-Buli (1.2 eq.), TMEDA (4.0 eq.)

Et,0,-78°C,3 h
>

N 2. (S,S)-100 or (S,R)-100 (0.1 eq.) |

Boc ~45°C, 3h

8 3.E*(>1.5€eq.),-78°C, 2-4 h

snv|e3 Qs Bu, co2 002
(S)-62 (S)-97 (R)-97 (R)-30 (R)-101
E* = Me;SiCl E* = Bu3SnCl E* = Bu3SnCl E*=CO, E* = MeOCOCI
Ligand = (S,S)-100 Ligand = (S,S)-100 Ligand = (S,R)-100 Ligand =(S,S)-100 Ligand = (S,S)-100

74%, 96:4 er 66%, 96:4 er 62%, 97:3 er 78%, 98:2 er 88%, >99:1 er

PRPR[ | FeL

. Me
)-100 )-100 E (S)-(-)-B-ropivacaine (S)-104
(pre -treated with s- BULI) ! 61% (over 3 steps)

Scheme 21

O06Brien a n et al.Onvéstigated malternative ligands for the asymmetric

deprotonation oN-Boc-piperidine8.%2 12 Chiral ligandswere synthesised or acquired

for use in the lithiatiortrapping of piperidine8 with either MgSICl or PhMeSiCI.

These reactions were conducted ipCEati 78 °C and piperidin8 was treated witls-

BuLi/ligandfor 6 hours before addition of the electrophieljeme 22). Out of these
12ligands t he onl y -sitylpiperidine §)-62fwithaan e gréater thar:30
was diamine R R)-105, initially introduced by Alexakis® When used in the lithiation,
diamine R,R)-105affordedUsilyl piperidine §)-62in 90:10 er but only 13% yiel@he
next bestigands (9-103and R,S)-104, affordedU-silylpiperidine §)-62in 50% yield

in both cases but only modest er, 65:35 and 60:40 respectively.
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1. s-Buli, Ligand (1.3 eq.)

Et,0,-78°C,6 h
o Ligand = (S)-103 50%, 65:35 er
2. Me5SiCl (2.5 eq.) i = (R,S)-104 50%, 60:40 er
’}l warsm tort, 16 h '}I SiMe; = (R,R)-105 13%, 90:10 er
Boc Boc
8 (S)-62
I\I/Ie
Ph N~
Ph,  Ph tBu
H 4, A 1-BuU
N
Me,N NMe, Me,N NMe, I\'/Ie
(S)-103 (R,S)-104 (R,R)-105
Scheme 22

Building upon their previous wor® 6 B r eit a&. applied the (+sparteinesurrogate9s

to the lithiationtrapping ofN-Boc-piperidine8.*® The lithiationwas conducteth Et,O

with s-BuL.i/(+)-sparteinesurrogateds with a lithiation time of6 hours Scheme 23).

Under these conditionsi¢ synthesis of}silylpiperidine (R)-62 was accomplished in

73% vyield and 86:14r. This wasa significantly higher yield than that obtainedth
(i)-sparteine93 (seeScheme 2.8), but a lower er that that obtained by eitligmamic
resolution method (see Scheme&0Zand 221). Other electrophiles were shown to give
similar levels of succes$pr exampleuse of BySnCl afforaed U-stannypiperidine R)-

97 in 82% vyield and 88:12 eHowever, it was observed that a lower yield and er was
obtained when the electrophiles PHSEI, dimethylsulfate methyiodide and
allylbromide vere used. For example, withmethybkulfate -mithylpiperidine R)-83

was obtained in 45% yield and 60:40 er. This was shown to be due to slow trapping and
configurational instability of the lithiated intermediate as it warmed up, resulting in
degradatiorof the er and loss of yield. Whendithiumexchag e of enanti oen
stannypiperidine R)-97 was performed in THF witin-BuLi followed by electrophilic
trapping withdimethykulfate -midthypiperidine R)-83 was obtained in good yield
(54%)andhigh er 87:13.
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1. s-BulLi, (+)-sp sur 95 (1.3 eq.)

Et,0, -78 °C, 6 h
>
N”YE

N 2.E*(1.5eq.),warmtort, 16 h
) |

Boc
QSlMe QSnBu Qco H QSlPhMez (j‘
(R)-62 (R)-97 (S)-30 (R)-106 (R)-83
E* = Me,SiCl E* = Bu3SnCl E*=CO, E* = PhMe,SiCl E* = Mel
73%, 86:14 er 82%, 88:12 er 92%, 88:12 er 85%, 73:27 er 45%, 64:36 er
Scheme 23
A cl assical resol ut i on -aglp\NgBocpiperidines wsing e n a n

lithiation-trapping has been described by Coldhamal®® This was performed by
starting f raoylhl-Bacpipesiding lithiatng with n-BuLi/(i)-sparteined3

in toluene at 78 °C and then adding the electrophilé &8 °C and allowing the mixture

to warm to rt. 0.7 Equivalents af-BuLi/(i)-sparteine93 were used, resulting in
deliberateincomplete lithiation. Due to the presence of the chiral ligand one of the
enantiomers would be lithiated preferentially over the other and subsequently trapped
by the electrophile. Thiefore, theU-aryl piperidine that was not lithiated would be
enantioenriched when isolated as it could be separated from the functionalised
piperidine. By nature of this procedurie maximum yield that could be obtained
would be~50%, but Coldham demonstrated thatvas a viable procedure on a range of
Uar vyl pi peridines a fafylopipatidinegy (ScekemaZ)t Wsionge nr i ¢
(+)-sparteinesurrogate95s, the opposite enantiomer could be obtained.

1. n-BulLi, (-)-sparteine 93 (0.7 eq.)

(j\ toluene, =78 °C, 3 h O
?
t,,

N~ TAr 2. EtOCOCI (1.5 eq.) warm to rt, 16 h N~ “Ar

P P P b
Boc Boc OMe Boc N~ Boc cl

(R)-107 (R)-9 (S)-108 (S)-109
45%, 96:4 er 49%, 90:10 er 39%, 80:20 er 42%2, 84:16 er

a) (+)-sparteinesurrogated5 used instead of §-sparteine93

Scheme 24
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The first asymmetric deprotonation of adbstituteeN-Boc-piperidinewas reported by

O6Bri en

a netlal.’t b h ellithi&@tion-functionalisations of $henytN-Boc-

piperidine 63 and 4,4(ethylenedioxy)N-Boc-piperidine 110 were carriedout using

chiral ligands The reactions were conducted Et,O and with a lithiation time ob
hours before the addition of M®ICl to give U-silyl piperidinecis-65 or (S)-111(Tables
2.2 and 22).

Table2.2: Asymmetric lithiationtrapping of 4phenytN-Boc-pyrrolidine 63

Bh 1. s-BulLi, Ligand (1.3 eq.) z
Et,0, 78 °C, 6 h
>

N 2. Me3SiCl (2.5 eq.) N~ "'SiMes

1 warm tort, 16 h |

Boc Boc

63 cis-65

Entry Ligand Yield / % er

1 (i)-sparteineéd3 6 78:22
2 (9-103 68 58:42
3 (R9-104 24 56:44
4 (RR)-105 48 87:13
5 (+)-sp surr95 89 30:70

The results of these investigations showed that only diarRiRg-{05gavea degree of

enantiocontrolpproaching a synthetically useful valafording cis-65 in 48% vyield
and 87:13 er (Table 2.2 entry 4). However, when dianf®){L05was used to effect

the asymmetric lithiation of 4;@ethylenedioxy)N-Boc-piperidinel10,
silylpiperidine R)-111was only obtained in 53% yield and 53:47 Ealfle 2.3 entry 4).
Neither ligand §-103 or (R,S-104 accomplished an er greater than 60:40 with either

piperidine sibstrate

t he

-r esul

O 6 Br i -warkera aso applied the (sparteine surroga@b

to the asymmetric lithiatiotrapping of 4phenytN-Boc-pipeiidine 63.>° The use of this

| i g a n d-silgp#peridinedis-65in 70:30 er and a significantly higher yield of 89%

(Table 2.2 entry 5). The higher yield can be attributed to the greater reactivitysf the

BuLi/(+)-sparteine surrogat®5 complex compared to that sfBuLi/(i)-sparteined3.

These
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disubstituted piperidinesia lithiation-trapping was possible, relatively low ers were

obtained.

Table2.3: Asymmetric lithiationtrapping of 4,4(ethylenedioxyjN-Boc-piperidine110

[\ .
o. .0 1. s-BuLi, Ligand (1.3 eq.) o O
fj Et,0, —78 °C, 6 h fj
2. Me3SiCl (2.5 eq. - .
'}l w:r?’mlto r(t, 168:11 ) '}l SiMes
Boc Boc
110 11
Entry Ligand Yield / % er
1 (i)-sparteine93 0 -
2 (9-103 47 60:40
3 (R9-104 6 60:40
4 (RR)-105 53 47:53

SubsequentlyQ 6 B r d@ndasworkersr e p o r t -thiation-furectiontalisation of 4
phenytN-Boc-piperidine 63 with further electrophile?> These reactions were
perfamed using the Alexakis diamir{§S-105asthis ligand gave the highestiarthe
previous studysee Table 2). 2,4-Disubstituted piperidinesis-64, cis-112andcis-113
were obtained in-90:10 er, indicating the utility of the Alexakis diamine§)-105
(Scheme 2.25)

Ph  1.s-BuLi, (S,5)-105 Ph Ph Bh
Et,0,-78°C, 1h
- H
+ - . N\

N 2.E N”Me w SiPhMe, N Ph

éoc warm tort, 18 h Boc Boc Boc O

63 (2R,4R)-64 (2R,4R)-112 (2S,4R)-113
E* = Me,SO, E* = PhMe,SiCl E*= PhNCO
22%, 91:9 er 43%, 92:8 er 25%, 89:11 er

Scheme 25

These reports have demonstratedt the asymmetric lithiatiotrapping of substituted
and unsubstitutedN-Boc-piperidine is possible However, the enantioselectivity

achieved from the direct lithiatiemapping of N-Boc-piperidines is lower than that
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when the method is applied Boc-pyrrolidine 5. Lithiation with s-BuLi/(i )-sparteine
93 which, u pon t r ap gunaianalisedNsBecsyrralidines in good yield er,
has been shown to be far lesicient with N-Boc-piperidine 8. Instead the ligand
affording the highest degree of enantioselectivity is the Alexakis diar§jBp105 or
(RR)-105. Nevertheless, through the use of DTR and DKRunctionalisedN-Boc-

piperidines can be obtained with >95:5 er.

2.1.3 Racemic andAsymmetric U-Arylation of N-Boc-pyrrolidine and Piperidines
via Negishi CrossCoupling

As briefly covered in Chapter 1hemists at Merck led by Campos expanded upon the
utility of theN-Boch e t e r ofangtioralesatidh methodology by demonstrating that,
instead 6 using an electrophile, the lithiated pyrrolidine could be transmetallated to an
organozinc species using ZnClThe organozinc species could then undergo a
palladiumcatalysed Negishicrossou p | i ng r e a c tarylation ofNeBoca b | i n
pyrrolidine’ Through the use afBuLi/(i )-sparteined3, the lithiation step was carried

out enantioselectively and this asymmetric information was carried through the
transmetallation to zinc, transmetallation to palladium and subsequent reductive
eliminationtog i v-@r YJI at ed pyrrolidines in 096: 4
(Scheme 26). During the investigatignt was reported that both RuPhos and QPhos
gave comparable yields and enantioselectivities when utilised in theatnggling step,

but, for reasons of cost, availability and practicaliyBusP-HBF,was selected. It was

also observed that Pd(OA@rovided a significantly faster rate of reaction compared to
other palladium sources such as Rdéhd that both precatalysts R&usP) and
[PdBr(t-BusP)]. gave lower conversions. Overall, this led to the ugeBakP-HBF, at 5

mol % and Pd(OAg)at 4 mol %. As an example, asymmetric lithiation followed by
transmetallation with 0.6 equivalents of Zp@kve an organozinc species which was
crosscoupled with bromobenzene using Pd(@QAand t-BusP-HBF, a t rt -to gi
phenylpyrrolidine(R)-114 in 82% vyield and 96:4 er. A selection of the aryl bromides
reported to be compatible with this methodology are shown in Sche26g kiath
electronrich and electrondeficient aryl bromides were tolerated as well as
heteroaromatics. Interestingly, the lithiation step was performed in MTBE pOt Et
which may have been due to the higher flash point of MTiB&king it a safer solvent

to work with whilst still pssessing similar physical properties to,Et It was
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demonstrated that chlorobenzene could be used in the-crossp | i ng -t o
phenylpyrrolidine (R)-114, although with a lower vyield (48%) compared to that
achieved with bromobenzene (82%). The cimmgpling was attempted with PhOTs and
PhOTTf but, in both cases, no product was obtained. WHaor8opyridine was cross
coupled the Negishi reaction required an elevated temperature of 60 °C and with this
change in conditiond}pyridylpyrrolidine (R)-119was obtained ir60% yield and 96:4

er.

1. s-BulLi, (-)-sparteine 93 (1.0 eq.)

MTBE, -78 °C, 3 h
Z > - Z S/,I

N 2.ZnCl, (1 M in Et,0) (0.6 eq.) N
Boc —78 °C, 30 min then rt, 30 min Boc
5 3. ArX (0.83 eq.), Pd(OAc), (0.04 eq.)

t-BusP-HBF,4 (0.05 eq.), rt, 18 h

In, [ >’ " ( )’ I ( )
i,}l)’ Ph N ' QNH N I @ ©\
Boc 2 Boc NMe,

Boc
(R)-114 (R)-115 (R)-116 (R)-7
X = Br, 82%, 96:4 er X =Br X =Br X =Br
X =Cl, 48%, 96:4 er 70%, 96:4 er 78%, 96:4 er 80%, 96:4 er
/
( B/I:, NH
In, In, I,
Boc CO,Me
Boc
(R)-117 (R)-118 (R)-119 (R)-6
X=Br X=Br X = Br X =Br
81%, 96:4 er 81%, 96:4 er 60%2. 96:4 er 77%, 96:4 er

a) Crosscoupling conducted at 60 °C

Scheme 26

The methodology was developed by the chemists at Merck in pursuit of glucokinase
activator12l, for which t haeyhtiorpoéN-Bopyrnolielide5 with 8- U
fluoro-4-bromophenylaminé® This reaction was performed on a large scale to deliver
over l-arfpyrrolidine(R}121in 63% yield and 96:4 65cheme 27).

39



Chapter Two

63%, 964 er : N __

MeO

N E

/4 \ !

1. s-BuLi, (-)-sparteine 93 (1.0 eq.) = :

,\—/\ MTBE, -68 °C, 3 h Q ;
> Z S III, :

N 2.ZnCl, (1 M in Et,0) (0.7 eq.) ©\ :
Boc -68 °C, 30 min then rt, 1 h /N 5
5 3. ArBr (0.83 eq.), Pd(OAc), (0.04 eq.) HN '
t-BusP-HBF, (0.05 eq.), rt, 17 h (R)-120 ; TN
----------------------------- -'

glucokinase activator 121

Scheme 27

Camposet alf s-lithiation-arylation procedure was applied kbBoc-piperidine8 by

Col dham and L e ocanybpipéridirtesin gpad yields ¢Stheme®.*The
lithiation was performed racemically usingBuLi/TMEDA in Et,O followed by
transmetallation with ZnGlprior to Negishi crossoupling with Pd(OAc) andt-BusP-

HBF,. Similar conditions to those reported B\amposet al. wereused except thatl-
Boc-piperidine8 was the limiting reagent (instead of the aryl halide) and the Pd:ligand
ratio was increased to 1*2Electronrich anddeficientaryl bromides were tolerated in

the crosscoupling and a single example of the coupling of a heteroaryl halide was
reported, using-®ro mo py r i di n epyridylpiperadind 188rind51%Jyield. The
pyridine crosscoupling step was conducted at 40 °C velasr the rest of the aryl
bromides were successfully cressupled at rt. The effect of varying the halide was
reportedand successful crossoupling was achieved with bromobenzene (75%) and
iodobenzene (61%)However onl y t r ac e -phenmypiperidines 107onvere U
detected when chlorobenzene was cossu p | e d . N o n e-aryd piperidinee d e ¢
was observed when PPWwas used as a ligand although it was shown RQag-HBF,

was a viable alternative ligandcrosscoupling wi t h bromobenzene
phenypiperidinel07in 52% yield.
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1. s-BuLi, TMEDA (1.06 eq.)

Et,0, -78°C, 3 h
2.ZnCl, (0.8 M in THF) (1.3 eq.), N DAr

N
Boc ~78 °C, 30 min then rt, 30 min Boc
3. ArBr (1.3 eq.), Pd(OAc), (0.04 eq.)
8 t-BugP-HBF, (0.08 eq.), rt, 18 h
O
\© \©/ Me OMe Cl
107 - 75% 122 - 73% 123-61% 9-65% 109 - 59% 124 - 72%
5 ?S OMe
A SR R C o >
NH, \©:o> O OMe N
125 - 68% 10 -57% 126 - 53% 127 - 71% 128 - 51%?

b) Crosscoupling conducted at 40 °C

Scheme2.28

The OO6Brien group s ub sayptior of N-Bocpipergipe@r t e d
could be conducted enantioselectively through the use sd@ulLi/(+)-sparteine
surrogate95 in the lithiation steff® Using the same catalytic system as reported by
Camposetal. (al bei t wi th a hi-grjpperidine &t13a7 wass t I
formed in 336 yield and 82:18 er (Scheme 2)2%he er was slighyl lower than those
obtained by direct trappings with electrophiles such as,, CBuSnCl and
methykhloroformate (88:12 er, see Schem25R. It is not clear why there was this

discrepancy.

1. s-BulLi, (+)-sp sur 95 (1.3 eq.)

O Et,0,-78°C, 6 h
> OMe
N

N 2.ZnCl, (0.65 eq.) in Et,0, =78 °C, 30 min )
] .
Boc then rt, 30 min Boc OMe
3. 3,4-(MeO),C¢H3Br (1.0 eq.)
8 Pd(OAc), (0.08 eq.), t-BuzP-HBF, (0.12 eq.) (S)-127
33%, 82:18 er
r, 16 h
Scheme 2.29

Coldhamet al.devel oped a met hod faolationtoidBoce nant

piperidine 8 proceedingvia e n a nt i o estannypipbridide D7, which was
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obtained through the DTR method in 84:16 er (see Sche®.*2.The lithiated
intermediate was generateig tin-lithium exchange using-BuLi/TMEDA in Et,0 ati
78 °C for 1 hour.The ransmetallationof lithium to zinc was carried oui&nd the
subsequent crosupling step was performed using Pd(OAGO mol%) and-BusP-
HBFs( 20 mo | %grylatiol prdedure Was performed with bromobenzene 4nd
br omoani s o laglpigerdines R)f1@ (7% yigld, 82:18 er) andR{-9 (56%
yield, 82:18 er) respectively (Scheme®. This work demonstrated that there was

retention of stereochemistry during-tithium exchange and subsequent crosspling.
1. n-BuLi, TMEDA (1.1 eq.)
Et,0, -78 °C, 1 h
>
N

) _ O,
N /I'SnBU3 2. ZnC|02 (1.3 eq..) in THF, . \ ““bh l}l ©\
Boc —-78 °C, 30 min, rt, 30 min Boc Boc OMe

1
3. ArBr (1.3 eq.), Pd(OAc), (0.10 eq.)

(S)-97, 84:16 er t-BUap-HBF4 (020 eq.), rt, 16 h (R)-107 (R)-g
71%, 82:18 er 56%, 82:18 er

Scheme2.30

Gawley and Beng expanded upon their previous research into the CDRBot-
piperidine 8 b y adapting their or i gi naylatonm#t hod
piperidine 8, using the ligand$SS)-100 and §R)-100 and through Negishi cross
coupling®”** E,O wasreported to besuperior to MTBE, affording higher yields and
superior enantiosel@eities whilst decreasing the amount of ligand used in the
resolution increased the er. The transmetallation to zinc was performed using 1.3
equivalents of ZnGlin THF at 745 °C for 30 minutes, followed by warming the
reaction mixture to rt and stirrinfgr a further 30 minutes. The cressupling was then
performed using the same conditions as originally reported by Coldham and L*&onori.
The CDRarylation procedura f f or de d a -aryl digeridines mgaod yeld U
(46-75%) and very good ga séection of examples are shown in Schen&120f note,

the successful crosoupling o f sterically hi nder ed me s
arylpiperidine R)-129 was accomplished (64% vyield, 92:8 er) alongside the <ross
coupling of three nitrogenontaining heteroaryl halides: -l@omopyridine, 3
bromopyridine and -bromopyrimidine. For the heteroaryl haligéise crosscoupling
reactions were carried out at 60 i@dicating the increased difficulty of cressupling
these aryl br omi de s-hetedaryl pigedidynes werehleverdghars o f

t hose of -atylhpgperidinesh k was demonstrated that this was due to some
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configurational instability othe organozinc intermediate at higher temperatures. With
the exception of heteroaryl hal i deas, Gaw
piperidines in superior ers compared to the asymmetric deprotonation method, a definite

advantage of this methodokng

1. s-BuLi (1.2 eq.), TMEDA (4.0 eq.)
Et,0,-78°C,3 h
2.(S,S)-100 or (S,R)-100 (0.05 eq.)

-45°C,5h
S -
N A

N 3.2nCl, (1.0 M in THF) (1.3 eq.) r
éoc —45 °C, 30 min then rt, 30 min ' éoc
. 4. ArBr (1.3 eq.), Pd(OAc), (0.04 eq.)

t-Bu,P-HBF, (0.08 eq.), rt, 18 h

I:@\ O @/’I,@\ QIIIIQCFB
Boc | I Boc
Boc t-Bu N H2

(R)-129 (R)-130 (R)-131 (R)-132
Ligand = (S,S)-100 Ligand = (S,S)-100 Ligand = (S,S)-100 Ligand = (S,S)-100
64%, 92:8 er 63%, 92:8 er 69%, 95:5 er 60%, 93:7 er

O O/, N

(lel,l N N | X '}l ‘, @ l}l I:II/ J
]

II30c lN/ Boc N/ Boc N~ Boc N~

(R)-128 (S)-128 (R)-108 (R)-133
Ligand = (S,S)-100 Ligand = (S,R)-100 Ligand = (S,S)-100 Ligand = (S,S)-100
46%32, 88:12 er 51%%2, 90:10 er 50%2, 93:7 er 53%?%?, 85:15 er

a) Crosscoupling conducted at 60 °C

Scheme: &1

Baudoinandcavor ker s demonstrated t hat -aiylationwas
of N-Boc-piperidine 8 usi ng a Negi shi -zangcged gigeridine f r o1
(generatedsia UHithiation-transmetallationy® This was achieved through the judicious
choice of ligand in the crosupling step. Flexible biagyhosphine ligands favoured

t h earyléted product wer eas mor e r i g i-aylatédi pgoduntdThe g a v
crosscoupling step used®d(dbgs (2.5 mol%) and a solvent switch from €t to

toluene prior to the crossoupling step (instead of conducting the whole procedure in a
single solvent) the reactios were conducted in Schlenk tubes and th® Bwas
removedin vacuo The catalyst, ligand and aryl halide were premixed in toluene and

then added to the organozinc intermediate and the reaction was heated at 60 °C. This
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solvent switch enabled the cresaupling step to be conducted at a higher temperature
that would not otherwise be possible in@t The optimisation studies are summarised

in Table 24. When crossoupling was attempted using DavePhos (5 mol%) and a
temperature of 60 °Qyood yields of aated piperidinesl34 and 135 were obtained

with toluene (68%, entry 1), THF (55%, entry 2), TMO (68%, entry 3), MTBE (62%)
and mesitylene (54%). Under these conditan® | v modest b sel ecti
in the range of 41:59 27:73. The effect of he ligand on selectivity was investigated
whilst conducting the crossoupling in toluene. Ligand studies showed that eross
coupling using DavePhos and -aRlpipehdngl3s5f av ou
(entries 1 and 6), whilst SPhagémost exclusivelyg a v -@arylpiperidine 135 in high

yield (78%, 94:6 ratio, entry 7). However, the usd8baff or ded a 91-2 9 mi
arylpiperidine134 a n daryliperidine135in 59% yield. Temperatures of 2M0 °C

were investigated for the cressupling step an@0 °C was found to be optimal.

Table2.4:1 nvest i g a-@in daryltoh ofN-Boepipdlidines

CF3
1. s-BuLi, TMEDA (1.2 eq.)

Et,0, 78 °C, 3 h N
|
@ - ¢ b
2.2ZnCl, (1.2 eq.) in THF CF;

! —78°C, 30 min, then rt, 1 h !

Boc 3. 4-BrC4H,CF; (0.7 eq.), Pdy(dba); (0.025 eq.) Boc

8 Ligand (0.05 eq.), Solvent, 60 °C, 17 h 134 135

Entry Ligand Solvent Yield / % 134135
1 DavePhos toluene 68 39:61
2 DavePhos THF 55 41:59
3 DavePhos T™MO 68 29:71
4 DavePhos MTBE 62 36:64
5 DavePhos mestylene 54 2773
6 SPhos toluene 78 6:94
7 RuPhos toluene 65 10:90
8 136 toluene 59 91:9

a) Combined yield of134 and 135 unless otherwise stateth) Ratio of 134 and 135 determined by*H NMR
spectroscopior GCMS analysis of crude produc) Yield of isolated134
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Cy,P E Cy,P Cy,P O\P(/ Pr), 7O<Me
NMe, MeO OMe i-PrO Oi-Pr © oY
® e

DavePhos SPhos RuPhos 136 TMO

Supported byDFT studies Baudoinet a. pr esent ed a nmaglatbrani s mw
(Figure 2.1) It was proposed thatansmetallation from zinc to palladium occurred first

to give 137, followed by a ringflip to the twist boat conformatioh38f r o m wh i c h
hydride elimination could occur to givé39. There would then be rotation of the
coordinated palladium followed by reinsertion to giv40 with the palladium now in

t he b ;phs svould beofollowed by a rinflip back to a chair conformation to

give 141 Finally, reductive elimination wouldcoc u r t -arylpiperidime148 In

this proposed mechanisrthe palladium stag/coordinated to theasne face of the

piperidine ring throughout the process.

Boc? —Pd-L
137 138 Ar—Pd—H

Nm Boc’N< ;
oc- - Boc —

Pd-Ar H  Pd-Ar

141 L 140 L

Ar

Figure2l: Pr opos ed meaylaton ofNsBoc-pipéridire 8

Subsequentlyt h e s c o paylatmh was imestigated usigtBoc-piperidine 8
and conducting the crogeupling step in toluene. The cressupling ofelectronrich,
electrondeficientand 3bromopyridine could all be successfully carried out, although in
the case of bromopyriding the Negishi step required an elevated temperature of 80

AC. A sel ect i earylpiperidinesase shownénsSchema2 Bespite the
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success wit N-Boc-piperidine8, t -argatioh methodology was unsuccessful when

applied toN-Boc-pyrrolidine 5, N-Boc-azepane anN-Boc-azocane.

1. s-BuLi, TMEDA (1.2 eq.)

Et,0, -78°C, 3 h Ar
® -, - (J
N 2.ZnCl, (1.2 eq.) in THF N" Ar N
Boc

! —78°C, 30 min, then rt, 1 h !

Boc Boc
3. ArBr (0.7 eq.), Pd,(dba), (0.025 eq.)
8 136 (0.05 eq.), toluene, 60 °C, 17 h
CFs CN NMe, &
N N h h
Boc Boc Boc Boc
134 143 144 145
59%2, 91:9 a:B 51%2, 85:15 a.: 48%%2, 78:22 o:p 62%2P, 91:9 a:p
a) I s ol a-and pperidinee d)Cdosscofipling conducted at 80 °C

Scheme: &2

T h earyfation ofN-Boc-piperidine8 was subsequently observed by Beng and ®tx
was reported that during the synthesis Gfrylpiperidine 146, a 32% vyield ofb-
arylpiperidinel47was observed as a{pyoduct(Scheme &3). Unlike Baudoinet ald s
methodology, Beng and Fox conducted the comesling in THF and witht-BusP-
HBF,.

1. s-BuLi (1.1 eq.), TMEDA (1.2 eq.) CFs
Et,0, -80 °C, 4 h
® -
. CF,

N 2.ZnCl, (1.0 M in THF) (0.6 eq.), N + CFj
Boc ~80 °C, 30 min then rt, 30 min Boc

3. THF added N

4. ArBr (1.1 eq.), Pd(OAc), (0.04 eq.) CF; Boc
8 t-BusP-HBF, (0.08 eq.), 40 °C, 24 h 146 - 58% 147 - 329%

Scheme: &3

Zhong and Traret al.at Cal i br -arywapon of N-Bod-piperidiee8 i0 THF

with 2-bromopyridine by lithiation in THF, transmetallation with Zp@nd Negishi
crosscoupling; t hi s -arylpipecdine b08 in 40%f yietld gl U
advantage of conducting the lithiation in THF was that it avoided the need foreatsolv
switch prior to the crossoupling step and, as THF has a higher boiling point thgd, Et
the Negishi step codlbe heated to 70 °C (Scheme 23.34
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1. s-BuLi, TMEDA (1.06 eq.)

THF, -78 °C, 3 h
>
X

N 2.2ZnCl, in Et,0 (1.1 eq.) N |
Boc ~78 °C, 30 min then rt, 30 min Boc Nz
3. ArBr (1.4 eq.), Pd(OAc), (0.05 eq.)
8 t-BuzP-HBF, (0.04 eq.), 70 °C, 15 h 108 - 10%
Scheme: 24

These reports hav e -lithiationifunctiongisationprocedeire ang i s t i
improved its utility by enabling the installation of aromatic groups. HoweveriNfor
Boc-piperidines, as with lithiatiorapping, the enantioselectivity of methods that
proceedvia direct lithiationtransmetallationcrosscoupling have been shown to be
lower than those obtained witk-Boc-pyrrolidines. Nevertheless, Beng and Gawley

have shown that this is a problem that can be circumvented with CDR. A recurring
trend throughout the existing reports is the challengecroEscoupling nitrogen
containing heteroaryl halideg almost all caseghey require higher temperatures to
crosscouple relative to other aryl halides.

2.1.4 U-Arylation of Substituted N-Boc-piperidines via Negishi CrossCoupling
Coldham and Leonori e por t e d -atylatien of a sulsstituted piperidingy
per f or mi naylation h& 2mgthy-N-Boc-piperidine 83 by lithiation
transmetallatiorNegishi croszoupling™® The Negishi step was performed using 4
mol% Pd(OAc), 8 mol%t-BuP-HBF, at rt. 4Bromo-1,2-dimethoxybenzene was cress
coupl ed -arg-6-mehylpperidinetthns-148in 39% vyield (Scheme 2.35The
preferential formation of therans diastereomers consistent with théndings of Beak
and Ledn direct electrophile tgping (see Scheme 21).2

1. s-BuLi, TMEDA (1.06 eq.)

Et,0,-78°C, 3 h
) - :
Me NT 7/

, OMe
Me” >N 2.2ZnCl, (0.8 M in THF) (1.3 eq.), \
é —78 °C, 30 min then rt, 30 min Boc
oc OMe
3. ArBr (1.3 eq.), Pd(OAc), (0.04 eq.)
83 t-BuzP-HBF, (0.08 eq.), rt, 18 h trans-148 - 39%
Scheme: &5

Knochelet al.pr ovi ded t he f tarylatibn of 4sybstitutedN-Bos- t h e
piperidines via lithiation, transmetallation and Negishi cressupling to afford 2,4

disubstituted piperidine$. After transmetallationthe lithiation solvent (ED) was
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removedin vacuobefore performing the crosoupling step with aryl iodides (as the
limiting reagent) in THF at 58C using Pd(dba)and either SPhos or RuPhos. This
procedure successfully furnished a range -ofiethyt, 4-phenyt and 40TIPSUaryl
piperidines in goodiye | d s  wadistsdlecti@t9 (Schéme 26). For example, cross
coupling the organozinc intermediate generated fre@T#PSN-Boc-piperidine 149

with 4iodobenzoni t failpiperidiaetis-160ind8ao yield and 97:3 dr. A
range of aryl iodideswere successfully crosoupled including those with both
electronrich and deficient groups. There was a single example of the-coogding of

a heteroaryl iodide, -tbdopyridine, which was coupled with the organozinc
intermediate derived from-ehethyl-N-Boc-piperidine 78 in 73% yield and 95:5 dr.
Using DFT calculationsit was shown that there wagreference for all the substituents

of the organozinc species to sit equatorehd it was postulatedhat this could
contribute to the very high diastessbectivity observed. The observeid-selectivity

and DFT calculations were in agreement with the findings of Beak and Lee for the
preferential ciss el ect i v i dityiatiomfunctipnaligatiold due to equatorial
lithiation (see Scheme 4).2° The cis-stereochemistry was definitively proven through
two X-ray crystalstructures, which also showed that the disubstituted products adopted

a twist boat or a chair conformation.
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SPhos (0.02 eq.)

1. s-BuLi (1.2 eq.), TMEDA (1.0 eq.) Conditions A Pd(dba), (0.02 eq.)

R Et,0,-78°C, 4 h R 15h
2. ZnCI2 (1.2 eq..) in THF RuPhos (0.05 eq.)
=78 °C, 15 min then rt Conditions B Pd(dba), (0.05 eq.)
> 15 h
N 3. solvent removal N Ar
é 4. Arl (0.7 eq.), Catalyst, Ligand éoc RuPhos (0.05 eq.)
oc THF, 55 °C, time Conditions C  Pd(dba), (0.05 eq.)
60 h
Me Me Ph Ph
CN
NN A A \
Boc _N Boc Boc N Boc CF5
cis-150 cis-151 cis-152 cis-153
Conditions A Conditions A Conditions B Conditions B
73%, 95:5dr 64%, 97:3 dr 79%, >99:1 dr 64%, 97:3 dr
OTIPS OTIPS OTIPS OTIPS
N N N N
Boc OEt Boc Boc Boc
F CN CF;
(0]
cis-154 cis-155 cis-156 cis-157
Conditions C Conditions C Conditions C Conditions C

84%, 97:3 dr 83%, 95:5dr 81%, 97:3 dr 83%, 95:5dr

Scheme &6

r e p -@nylatiendof 3matkeykN-Boc-piperidine 158 The

same lithiationtransmetallatiorcrosscoupling procedure was performading RuPhos

Knochelet al.al s o

and carrying out the crog®upling step at 40 °C (Schem&2. 4-lodobenzonitrile and
ethyl 4iodobenzoate were cressupled to givdrans159in 62% yield and 96:4 dr and
trans160 in 59% vyield and 95:5 dr. Thieans stereochemistry vgathe result of the

substituent sitting equatorially and subsequent equatibhiation givingtrans-161
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1. s-BuLi (1.2 eq.), TMEDA (1.0 eq.)
Et,0, -78°C, 4 h Me
2.2ZnCl, (1.2 eq.) in THF Me

Me -78 °C, 15 min then rt \(j \(jm
- L Nl
3. solvent removal | Boc
N Boc ©\CN COZEt

| 4. Arl (0.7 eq.), RuPhos (0.05 eq.)

BOoC  py(dba), (0.05 eq.), THF, 0 °C, 6 h
158 thenrt 12 h then 40 °C, 12 h trans-159 trans-160
62%, 96:4 dr 59%, 95:5 dr
t BU\O Me
IS
0%----- Li
trans-161
Scheme &7

Knocheletal.uni nt enti onal | y -aplationf obNeBaooegpiperidine83. f i r s
The arylation of 2methytN-Boc-piperidine 83 with RuPhos (5 mol%), Pd(dbka}5

mol%) and heating to 40 °C in the craso up !l i ng <snyl@-pubstjutest e D
piperidines, rather than 2disubgituted piperidines (Scheme 2)38The successful
crosscoupling of a heteroaryl halide was accomplishex of 3iodopyridine affored
b-arylpiperidinetrans163in 60% vyield and 95:5 dr. Knochel al. proposed that the
transsel ecti vity was due t o-hygridel elinanatioravinere mi g r ¢
the palladium stad coordinated on the same face of the piperidine ring before
reingertion occurred. HEaptorial lithiation of 2methybpiperidine 83 would afford the
translithiated intermeliate (see Scheme 2)14and therans stereochemistry would then

be maintained during migration. Camhation of this proposal has since been obtained

by Baudoinand cavor ker s t hrough t hei r-aryl@goo bfl-ni st i
Boc-piperidine8 (see Scheme2.32).°® Knochelet al.also proposed that the use of a 1:1

ratio of ligandandcatalyst favoured migration.
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1. s-BuLi (1.2 eq.), TMEDA (1.0 eq.)
Et,0,-78°C,4 h

2.2ZnCl, (1.2 eq.) in THF Ar
/(j 78 °C, 15 min then rt /(j\“
Me N 3. solvent removal Me N
Boc 4 Arl (0.7 eq.), RuPhos (0.05 eq.) éoc
Pd(dba), (0.05 eq.), THF, 0 °C, 12 h
83 then rt 12 h then 40 °C, 12 h
©/CN ©/OM6 Z |
Me I}l Me l}l Me l}l

Boc Boc Boc

trans-162 trans-163 trans-164
53%, 94:6 dr 61%, 94:6 dr 60%, 95:5 dr

Scheme 2.38

T h earylation of substitutetl-Boc-piperidines has not been explored as thoroughly as
that of unsubstitutetN-Boc-piperidine8. However, pioneering work from Knochet

al. has shown that high diastereoselectivities can be obtained; a key part of this
methodology is the solvent switch from,8tto toluene, allowing the cros®upling

step to be conducted at the higher temperatures required for good Aighdsigh the
solvent switch is effectiveit can certainly be consideretb be a drawback of this

procedure.
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2.2 Proposed Approaches and Objectives

The aim of t hi s wor k-arylattos of #dsubstitutedNeBect | g a t
piperidines in detail. Althought her e are mul ti pl e raglNor t s
Boc-piperidines via lithiation-transmetallation crossc o u p | i n garylation hoé U
substitutedN-Boc-piperidines via this methodology has not been covered in as much

I2*Al t ernati ve

detail, with the only irdepth r@ort coming from Knochekt a
arylation methods do exist, such as that reported by Suga amdrkers(see Scheme
1.11).% However,these methods are limited in scope by the availabiftyeagents

such as Grignard reagent$ie desire waso deepen the understanding of this area with
an aimof making the methodology more accessibleuse bymedicinalchemists The

key objectives toward this goal were: to remove the need for the solvent switch in the
middle of the procedure, texpand the scope to incorporate heterobafides and to
investigate the asymmetrici t hi at i o {iuncsonatishdd-sulistautedNBoc-
piperidines could be synthesisad both high diasteree andenantioselectivity (Scheme

2.39).

R R

R 1. Lithiation (asymmetric)
solvent 3. Negishi cross-coupling
2. Transmetallation Heteroaryl halides N Ar

,}l with ZnCl, '}l ZnCl same solvent \
Boc Boc Boc
Scheme &9

Br o ad | dithiatian-Fuectiokhlisation oN-Boc heterocycles has been conducted in
Et,O although there are noteworthy examples of other solvents being utilised either for
|l ithiation or -alylation stegp. Far bxamplBeakei a. emonsirated

that the lithiation ofN-Boc-pyrrolidine 5 could be successfully conducted in,@&t
MTBE and pentan& The direct lithiatiortrapping of N-Boc-piperidine 8 has only

been conducted in #D, althoughColdhamand ceworkershave performed a DKRof
piperidine8in THFand a D-KriR piperidined in toluen&** There are two
examples of the lithiatiotransmetallation crossoupling being conducted in a solvent

other than BEO, both instead using THR & Br i e n, Ca mpepastedtamel Bar
arylation of pyrrolidine5 in THF under diamindree conditiond® However, these

conditions were shown not to be applicable for the lithiatioN-8oc-piperidine8. The
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w h o |-aeylatidn procedure haalsobeen conducted in THF by Zhong, Tran and co
workers albeit with a single low yielding resulsde Scheme 24).°° Other than tase
repors, there are no examples of a solvent, other tha®,Ebeing used for both
lithiation and crossoupling. Finally, Knocheét al. havereportedthat theNegishi step

i n tahylationdf substituted\-Boc-piperidines could be conducteth THF whilst
Baudoin has reported that the crassipling of the organozinc intermediate derived
from N-Boc-piperidine 8 could be conducted in toluene, THF, TMO, MTBE and
mesitylene®* Therefore, we set out to investigate the lithiation e$ubstituted
piperidines in alternative solvents with an aiof identifying one that was suitable for
both lithiationand crosscoupling. This would enable the entire process to be conducted
in a single solvent, simplifying the procedure by removing the arduous solvent switch

and thus making it more accessible and useful for medicinal chemists.

There is only a single erap | e  o-drylatioh @& substitutetN-Boc-piperidines with

a nitrogencontaining heteroaryl halidg-iodopyridine),reportedoy Knochelet al, and
thecrosc oup !l i ng pr o-argpipdrdinecist143in Gd%wield dil55 °Gsee
Scheme 86)** Ther e are a f e-arylatioa sfuwhsubstituted-Bod h e U
piperidine8 with nitrogencontaining heteroaromatics. Coldhamd Leonorreported a
51% vyield when crossoupling 3bromopyridineat 40 °C (seeScheme 28).*% Gawley
and Beng haveeported the crossoupling of piperidine8 at 60 °C in moderate yield
with three heteroaryl halides usiag"DR methodseeScheme 2.31°" Finally, there is

a single example from Calibr involving the crassipling of 2bromopyridineat 70 °C
to afford U-arylpiperidine108in 10% yield 6eeScheme &4).°° All of these examples
required elevated temperatures relative to thosportedin the rest of thie respective
scope studies This demonstrates thahe crosscoupling of nitrogercontaining
heteroayl halides isboth challenging and undexploredand, as a result, shall be a

focus of this work.

Recently Seideland ceworkersdeveloped an alternative route Ebaryl piperidines
goingvia an imine intermediate and a hydride transfer mechaffigie synthesisf 2-
(3-pyridyl)-piperidinewas accomplishegtia this method in a 63% yiel(see Scheme

1.12) Aside from this, t h e r earylatiore of N-Bow r ot
piperidines with heteroaryl halidesDieter and Li performed a palladiurmatalysed
crosscoupling using copper and antimony to install a thiophene®fiMaruokaet al.

performed a radical coupling ™-Boc-piperidine8 to install asingle heteroaromatic
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group®® Both Wang et al. and Kamijo and ceworkers reported the use of
photochemistry to instabenzothiazolé n t he U NBa-pipetidin®srusing f
iridium cataysts. Finally, Opatz Lipp and Lahmreported a metdtee lightinduced
coupling of N-Boc-piperidine 8 with benzoxazole using sodium acetate and
benzophenon&®>?* As shown by theseeportst her e are | i mi t-ed e>
arylation of N-Boc-piperidine8 with heteroaryl halides and almost all only include a
single example rather than an extensive sc@pe. couplingof heteroaromaticss of
importance to medicinal chemists due to thdaquitous nature in biologicalkactive
compounds. Therefore, it would be beneficial for the scientific community for there to
be met hodol-argajion bf substitutédeBodipiperidine that was widely
applicable to heteroaryl halides and with a more substantial scope.

The enantioselectiveU-arylation of 4substituted piperidineshas not yet been
investigatedWork by Beaket al.and Knochelnd ceworkers showed h alithiation
functionalisation and arylation both proceedwith high diastereoselectivitié&?*

O 06 Br et alnand Coldhamand ceworkers have shown that 4substitutedN-Boc-
piperidines anb e -fuittionalisedwith reasonable enantioselectivitiegp to 92:8 er)
using the Alexakis diamineS©)-105 or (R,R)-105 althoughin only modest yield>>°
The asymmetric lithiation of substitutdd-Boc-piperidines has only been conducted in
Et,O, although the asymmetric lithiation df-Boc-pyrrolidine 5 has also been
conducted in MTBE? The asymmetric lithiation of piperidin8 and 4substituted
piperidines in solvents other than@tis essentiallyan unexplored field which shaile

investigate prior to theexploration of th@ s y mme-drylaiion. U
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2.3 U-Arylation of 4-Substituted N-Boc-piperidines

231Sol vent | nv elsttiatiog unctionalisatiomr U
4-OTIPSN-Boc-piperidine149 was chosen as the substratdégin the investigations
due to it being one of the threesdbstitutedN-Boc-piperidines investigatedy Knochel

et al.?*

Piperidine 149 was synthesised in excellent yield froaBac-4-piperidonel65
following a procedure from within the grolif Ketone reduction was carried out at
room temperature using NaBlfbr 64 roursto afford 4hydroxy-N-Boc-piperidine169
in 99% vyield. Subsequent protection with TIPSCI in DMF afforggeeridine 149 in

95% vyield Gcheme 2.40

O TIPSCI (1.4 eq.) OTIPS
NaBH, (1.5 eq.) Imidazole (2.5 eq.)
>
N EtOH, 20 °C, 64 h DMF, 20 °C, 17 h N
]
Elioc I Boc
165 166 - 99% 149 - 95%
Scheme 2.40

To achieve the first objective set outgection 2.2 an alternative solventb ELO was
required that would be compatible with both lithiation and the subsequent Negishi
crosscoupling. As highlighted in section 2.1.3, the Negishi step typically requires
elevated temperatures tchieve the succsful crosscoupling of nitrogercontaining
heteroaryl halideshence the need to replace@®&tas the solveniTherefore, based on

the temperature used in Knocletlald s  wsolvekts with boiling points greater than

55 °Cwereinvestigated” The first step wasotdetermine if these alternative solvents
wer e ¢ o mp adithidtidn¢rapping tisings-BULI/TMEDA. Consequently, He
lithiation-trapping of 40TIPSN-Boc-piperidinel49was conducted in MTBE, CPME,
toluene, THF, 2MleTHF and TMO as well as £ for comparisonMesSiCl was used

as an electrophile to provide easy comparison with existing published results.

Unpublished work from the OO6Brien group
OTIPSN-Boc-piperidine 149 using s-BUuLi/TMEDA is ~33 minutes in BO at i78

°C.%® This was determined through the use of RéBcby monitoring the change in
absorbance of the carbonyl stretching frequency in the Boc gfldnpomplexed
piperidine 149 has a different frequency to that of the lithiated intermediate, allowing

the reaction to be followed in real time by the decrease in intensity of one frequency and
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the increase of the other. However, the exact time required for complete lithiation of
piperidne 149ati 78 °C in other solvents is not known and would have required further
ReactlR studies to determine.fiortunately theReactlR equipment was not available

at the time. Therefore, piperidiid9 waslithiated usings-BuLi/TMEDA ati 78 °Cfor

1 hour in E;O, MTBE and CRIE. As CPME and MTBE are etheresdlvents it was
assumed that they would behave similarly teCE&nd thust was presumedhat the
lithiation would be complete withinl hour. The lithiation reactions conducted in
toluene, THF, 2MeTHF and TMO were all stirred for a conservative 3 houi8t°C

to increase the chance obmplete lithiatiorsincethere wereno direct comparisons to
existing reactions that could be madéer trapping with MgSICl, the results shown in

Table 25 were obtained.

Lithiation of 4-OTIPSN-Boc-piperidine 149 was conducted in ED with s
BuLi/TMEDA ati 78 °Cto afford Usilylpiperidinecis-167 in 64% yield(entry 1) The
reactions conducted in MTBE, THF and tolueasoaf f or ded goed yi
silylpiperidine cis-167 (74-77% entries 2, 4 and 9). These yields are comparable to
thoseo f -arylt4-substituted piperidines obtained by Knocle¢lal, indicating that
comparable levels of lithiation were accomplishet.was noted that toluene from an
Innovate Techology Inc. PSMD-7 solvent dispenser afforded a higher yield than
HPLC grade toluendreshly distilled over calcium hydride potentially due to the
unwanted introduction of oxygen during the distillation proc®gken thelithiation-
functionalisationwas conducted intoluenefor 1 hour, Usilylpiperidine cis-167 was
obtainedin a lower yield of 62% (entry 8) demonstrating the necessityr a longer
lithiation time in tole n e . Mo d e r adilypiperidinedis-d 67 wevef obtdihed in
CPME (43%, entry 3) and TMO 7%, entry 6). The use of-®leTHF afforke d no U
silylpiperidinecis-167 (entry 5).
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Table2.5: Solvent effects on lithiatiefunctionalisation of OTIPSN-Boc-piperidine
149, Me;SiCl

OTIPS 4 sBuLi, TMEDA (1.3eq) QTIPS
Solvent, -78 °C, 1-3 h

v
|}| 2. Me3SiCl (2.0 eq.) [}j SiMe,
Boc -78°C,1h Boc
rt, 14-20 h
149 cis-167
Entry Solvent Time / h Yield / %"

1 Et,O 1 64
2 MTBE 1 74
3 CPME 1 43
4 THF 3 75
5 THF® 3 0
6 2-MeTHF 3 0
7 TMO 3 57
8 toluene 1 62
9 toluene 3 77

a) Yield after chromatography; Reaction carried out in the absence of TMEDA

A possible explanation fahe lack ofcis-167 obtained from the reaction inMeTHF is
that the deprotonation of the-RleTHF methyl groupcould have occurred, consuming
the s-BuLi before it could react with piperidine49 (Scheme 2.4), as hagpreviously
been reportettyt h e 06 B r % The extrarsteric pindrance around the oxygen in
TMO may prevent coordination ®BuLi and deprotonation of the methyl group$ie
lithiation-trapping of piperidinel49 was attempted in THF without TMEDA based on
previous findingsin t h e O6 Br brediamirgfree lthpationsusing s-BuLi in

THF.**However, noe of thed e s i -silglpiperidinecis-167wasobserved

'\\I_Me
O

Me I) H — ( \\\

Me- ----LI\ A

! Ts-Bu Me’N—"-LI\oW
NI Mo
N"Me
Me

Scheme 21
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The ™M NMR spectrum ofUsilylpiperidinecis-167 was broad due tootamers caused
by the Boc group and it was not possible to determine the relative stereochemistry by
value analysisTherefore, the exaatiastereoselectivity of each reaction could not be
obtained directly. As a result, tledfect of the solvenbn the diastereoselectivityas
not investigated at this stage. However, ¢isestereochemistry ahe sample ot}silyl
piperidine cis-167 obtained from the reaction in THWwas assigned by Boc group
removal. U-Silyl-N-Boc-piperidine cis-167 was treated with TFA to afford
silylpiperidine cis-168 in 30% yield Scheme 22). As anticipated, th¢éH NMR
spectrum ofU-silylpiperidine cis-168 was well resolved and the splitting pattemsre
clearly defined. The dr otis-168 and by extensiorcis-167, could therefore be
determined from theatio of the integrals of characteristic proton signals in'th8IMR

of the crude reaction mixture.

OTIPS OTIPS

TFA (10 eq.)

>
N7 VsiMe; CHeClz 1t 200 N” VSiMes
! H
Boc
cis-168
cis-167 30%, 97:3 dr
Scheme 22

The splitting patterns and values of the protons in the- 2nd 4positions of U-
silylpiperidinecis-168 show that they both occymxial positions (Figure 2). Proton
Hg in the 4position possessetwo J valuesof 10.0 Hz and two of 4.5 Hzhese
correspondo two *Ja.a interactions and tW&Jax.eq interactions respectively, indicating
it occupiesan axial position. Proton Hn the 2position possessd values of 13.0 Hz
and 2.0 Hzwhich corresponslto a®Ja.a interaction and &Ja.e interaction, showing
that it is also axial. The axial protoncHn the 3position confirmed these assignments
as it posseseshe two correspondinila.a coupling constantsf 13.0 Hz and 10.0 Hz
Thus, thecis-stereochemistry ot} silylpiperidinecis-168 could be assigned confidently
and by extension the cis-stereochemistry ofJsilyl-N-Boc-piperidine cis-167. On
closer inspection, it was shown thasilylpiperidinecis-167 was obtained in a 97:3 dr
as signals from the minadiasteeomer trans-167, could be seen in théH NMR

spectrunof the crude product.
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ddd, J=13.0, 13.0, 10.0 Hz
I C

SiMe; OTIPS
H

Ha Hg
dd, J=13.0,2.0 Hz dddd, J=10.0, 10.0, 4.5, 4.5 Hz

cis-168

Figure2.2: Conformation a | d i a-gimedhyisilydpiperidinecis-168

Bocremovawas al s o p silyliNBocmipedidinecis-16@obtained from the
lithiation-functionalisation reaction conducted in toluefi@ble 25, entry 9) This
react i on-silgfipéridinedi®168in(29% vyield and 97:3 dr, demonstrating that
the reaction in toluene also gave tbis diastereomer as the major product and in
excellent dr. These Boc removal reactions gave confidence that lith&tion-
functionalisation in the other solvents would ai&xis-selective

Given the success that had been observed thigh lithiationfunctionalisation of
piperidine 149 in toluene when trapping with M8ICl, EtO and toluenewere
compared when trapping with BSnCl Due to the resultshown in Table 3, the
lithiation in toluene was stirred a7 8 AC f o r -Lithiatibnefunatianalisatibrgave

a 64 % vy istenhybiperdineci®)169in EL,O and a 75% yield in toluen@able
2.6). The diastereomeric ratio of these reactions could not be deterchirgetb the
broad peaks in thtH NMR spectrumof piperidinecis-169 which in turn was due to

the nature of thetannylgroup andotamers caused by the Boc group

Table2.6: Solvent effects on lithiatiofunctionalisation of OTIPSN-Boc-piperidine
149, BusSnCl

OTIPS 4. s.BuLi, TMEDA (1.3 eq.) OTIPS
solvent, —-78 °C, time
>
N 2.Bu3SnCl (1.3 eq.) [}j SnBuj
]
Boc ~78°C,1h Boc
20 °C, 14-18 h
149 cis-169
Entry Solvent Time / h Yield / 9%
1 Et,O 1 64
2 toluene 3 75

a) Yield after chromatography
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Prior to the investigation of tHé-arylation procedure in alternative solverite solvent
switch methodology reported by Baudoa al. and Knocheland ceworkers was
attempted®** Two U-arylations of 40TIPSN-Boc-piperidine 149 were performed to
establishan understanding of both the cressupling step and the practicality issues
with the existing solvent switch methodologyransmetallation from the lithiated
intermediate was achieved using a solution of freshly prepared-taetZnCl, in
THF. The Negishi step was conducted usidy(dba) (2.5 mol%) and SPhos (5 mol %)
with iodobenzene. Based on the differing times of the eroapling step in the work of
Baudoinet al. and Knocheland ceworkers, to reactions were conducted in parallel,
with the Negishi step being heated& °C for 22 hoursn oneand 69 hoursn the
other -Phkknybiperidinel70was obtainedn comparableyield in both reactions50%
from the reaction conducted for 69 houi&lfle 27, entry 1) and 53% from that
conducted dr 22 hours (entry 2)}Phenypiperidinel70was isolated as an inseparable
mixture with the startingd-OTIPSN-Boc-piperidine 149 and, therefore,he yield was
calculated from the ratio 0f70 and 149 in the '"H NMR spectrumof the product
mixtureafter purification by chromatography.

Table2.7: U-Arylation of 4OTIPSN-Boc-piperidine149via solvent switch
methodology

OTIPS 1. s.BuLi, TMEDA (1.3 eq.) OTIPS
Et,0, -78°C, 1 h
>
N 2.2ZnCl, (1.3 eq.) in THF, =78 °C, 30 min N Ph
éoc rt, 45 min éoc
3. Phl (0.7 eq.), Pday(dba)s (0.025 eq.)
149 SPhos (0.05 eq.), toluene, 60 °C, Time cis-170
Entry Time / h Yield / %* dr’
1 69 50 93:7
2 22 53 96:4

a) Product isolated as a mixture, yield determiinech the ratio ofl70and149in the'H NMR spectrunafter
purification by chromatography) Ratio determined b{H NMR spectroscopgf the product mixture after
chromatography
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The drof U-phenypiperidinel70was determined by the integration of the signal due to
the benzylic NCH proton in théH NMR spectrum A detailed analysis of théH
spectrum and conformation ois-U-aryl piperidines is presented in section 2.3Hedr
wasthenconfirmedby Boc removal fromJ-phenypiperidinecis-170 derived from the
reaction conducted for Z®urs Scheme 23). Stirring UphenytN-Boc-piperidinecis-
170with TFA for 24 hours afforded}phenypiperidinecis-171in 26% vyield and 94:6

dr based orthe™H NMR spectrunof thecrude product.

OTIPS OTIPS
TFA (10 eq.)
'
N Ph CH,Cl,, rt, 24 h N Ph
]
Boc H
cis-170 cis-171
96:4 dr 26%, 94:6 dr
Scheme 23

Analysis of the splitting patterns in ttel NMR spectrum ofJ-phenypiperidine171
after purification by chromatograptshowed that the major product after Boc group
removal wa<is-171 (Figure 23). Proton H at the 2position had’J values of 11.5 and
2.5 Hz, corresponding to ... interaction and ef'JaX-eq interaction respectively,
showing that it was axial. ProtongHit the 4position had®J values of 10.5, 10.5, 4.5,
and 4.5 Hz, corresponding to twia.a interactions and m&Jax_eq interactions,
showing that it was also axial. This showed that the major préauntt h earylation

reaction wagis-170asexpected.

H

Ph OTIPS
H

Ha  Hg
dd, J=11.5,25Hz dddd, J=10.5,10.5, 4.5, 4.5 Hz

cis-171

Figure2.3: Conformational diagram of-@TIPS2-phenylpiperidinecis-171

Boc removal also demonstrated that the peaks that had been observetHMM&
spectrumo f -phenytN-Boc-piperidine170 were indeed due to the diastereomers and
not caused byotamersTherefore, the diastereoselectivity of the Negishi comegling
reactions could be assigned by the integral ratios of the two benzylicsid@alsin the
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'H NMR spectrumof the product aéir chromatographyThis method was applied to
obtain the ratio of diastereomers of fiarylation reactionsn Table 27 and was also
used f or a katylatisrurdastiengThus,both of the U-arylation reactions in
Table 27 proceeded with veriiigh diastereoselectivitiesn agreement witiKnochelet
al. (see Scheme 2.38*

Using the informati on farylation of 40FIPSINBbcy e n t
piperidine149 was attempted using THF, MTBE and toluene since these solvamts h
shown goody i e | dsilylpipdridingcis-167. It was desirable to use aryl bromides in
the crosscoupling reaction due to their greater availability and lower cost compared to
aryl iodides. Therefore, the conditions for the Negishi step from Bawdoab s wo r k
were used sincélarylation of N-Boc-piperidine 149 with aryl bromides had been
reported in that worR® As a result, the crossoupling conditions selected used
Pdx(dba) (0.025 equivalentsand SPho$0.05 equivalents) and the reaction was heated
to 50 °C Based on the results shown in Tabl8, 2 reactiortime of 19-24 hours was
selectedascomparableyields had been obtained when the Negishi step was heated for
both 22 hours and 69 hours. Reactions were conducted itbrbbenstrifluoride in
excess (1.3 eq.) and also with the aryl halidehaslimiting reagent (0.65 eq.).h&
results are presented in Tabl8.2.

T h earylation ofN-Boc-piperidinel49i n MTBE gave -aryl@péridineyi el d
cis-157in 93:7 dr(entry 1), compared ta 22%yield (99:1 dr)in THF (entry 2) anca

58%yield (91:9 dr) intoluene (entry 3). The reactiom toluene was repeated afford
U-arylpiperidine cis-157 in 59% vyield and 90:10 dr (entry 4)demonstrating the
reproducibility ofthis result.T h e-arylationwas also carried ot toluene with the

aryl bromide as the limiting reagent (0.65 em.h d t h iasylpigeadinecis-157in

47% yield and 99:1 dr (entry 5), a yield that was ~10% lower thanhachieved with

excess aryhalide (entries 3 andl). Unfo r t u n aatylpipedineci§l157 wasisolated

as an inseparable mixture with piperidit9. In addition, \ariable diastereoselectivities

were observed in tlsereactions for reasons that are unclear.

62



Chapter Two

Table2.8: U-Arylation of 4OTIPSN-Boc-piperidine149in different solvents

OTIPS 1. s-BuLi, TMEDA (1.3 eq.) OTIPS
Solvent, -78 °C
=
N 2.2ZnCl, (1.3 eq.) in THF N
|'30c —78 °C, 30 min then rt, 45 min éoc
3. 4-BrC¢H,CF3 (1.3 eq.), Pdy(dba); (0.025 eq.) CF3
149 SPhos (0.05 eq.), 50 °C, 19-24 h cis-157
Entry Solvent Yield / % dr°
1 MTBE 24 93:7
2 THF 22 99:1
3 toluene 58 91:9
4 toluene 59 90:10
5 toluene 47° 99:1

a) Product isolated as a mixture, yield determifreth the ratio ofl57and149in the'H NMR spectrunafter
purification by chromatography) Ratio determined b§H NMR spectroscopgf product after chromatographg)
0.65 eq. of ArBr

To confirm that the major produetas U-aryl-N-Boc-piperidine cis-157, Boc group
removal was performedl he pr oduct -&rylaiom reactioe pefformesin U
toluene (Table 3, entry 3 was isolated in two separate fractions, one as a mixture of
diastereomers along with piperididd9 and the other as a single diastereomer mixed
with piperidine157. Boc removal was performeaith TFA on the mixture containing
only the major diastereomemnd piperidinel49 (Scheme 24). Analysis of the'H

NMR spectrum showed that the major product w#sl72 as expectedDue to
literature precedent and the evidence frdh NMR spectroscopic analysis of
piperidinescis-168 and cis-171 (see Figures 2.and 23), observation of the same
pattern of signals due teenzylic NCHprotons inth¢éH NMR spect-argd o f
piperidines led to the assumptionaid-stereochemistr§’ Theintegration ratio between

the peaks was used -atylpipaidines. gn t he dr of
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OTIPS OTIPS

TFA (10 eq.)

>
CH,Cl,, rt, 24 h
N 2Clp, 1t N
| H
Boc CF4 CF3
cis-157 cis-172 - 65%
Scheme 24

The resultsshownin Tables & and 2.8demonstrated the applicability of toluene as a
sol vent f dlithiatibondundionalishtien addhe U-arylation of 40TIPSN-
Boc-piperidine 149 Therefore, toluene was used as the lithiation solvent in all future

investigations.

2.3.2 Initial Studieso f  t-Arytatiot) of 4-Substituted N-Boc-piperidines

It had not been possible to is@at pur e s samipHOEIRSN-Bdc-piggridines
due to separation issues during chromatography. To solve this pratiemative silyl
protecting groups were exploretOTBDPSN-Boc-piperidine173 and 40TBDMS-
N-Boc-piperidine 73 were synthesised in good yielétsdlowing the procedure used to
syntresise4-OTIPSN-Boc-piperidinel149 (Scheme 25).

OH OTBDMS OTBDPS
R3SiCl (1.1 eq.)
imidazole (2.5 eq.)
N DMF, rt, 24-88 h N N
[} [} |
Boc Boc Boc
166 73 -99% 173 -70%
Scheme2.45

The -lithiation-transmetallatiorcrosscouplings of 4OTBDMS-piperidine 73 and 4
OTBDPSpiperidine 173 were carried out in toluenéhe lithiation was conducted
using Ss-BuL/TMEDA at i78 °C for 3 hours 1.3 Equivalents of 4-
bromobenzotrifluoride, R@ba) (0.025 equivalents) and SPhos (0.05 equivalents)
were used during the cressupling step, which was heated to 50 °C for 20 hoths.
results are shown in Table92.with those using -DTIPSpiperidine 149 included in
entry 1.A moderate yield51%, 96:4 drof U-aryl-piperidinecis-174 was achievedor

t h earylétion of 4-OTBDPSpiperidine 173 ( e n t r 3Aryl&ion.of 4DTBDMS-
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piperidine 73 gavea high yield(80%) of p u r -arylplperidinecis-175in excellentdr
(98:2( ent ry -ayation of 4OIBDMS-piperidine73 wasalso carried oudvith

a commercial solution of Zngin THF, which affordedJ-arylpiperidinecis-175in 79%

yield and 98:2 dr (entry 4). The comparable yield achieved with a commercial solution
of ZnCl, demonstrated its viability as an alternative to freshly prepared -thine
ZnCl,. Fresh Pgdba)y was prepared and recrystadid from CHC} following a
procedure published by Ishét al, a n d-aryldtion performed with this palladium
source® Recrystdlised Pd(dba) did not afford any improvement over commercial
Pd(dba); Uarylpiperidine cis-175 was obtained in 72% yield using recrystallised
Pd(dba} (entry 5). Therefore, fopracticality and greater consistenayommercial

Pdx(dba) was used in the subsequent reactions.

Table2.9: U-Arylation of 4-Osilyl-N-Boc-piperidines in toluene

OR 1. s-BuLi, TMEDA (1.3 eq.) OR
toluene, =78 °C, 3 h
>
N 2.2ZnCl, (1.3 eq.) in THF, =78 °C, 30 min N
I'BOC rt, 30 min éoc
3. 4-BrCgH,CF5 (1.3 eq.), CF,4
Pd,(dba);z (2.5 mol %), SPhos (5 mol %)
50°C, 20 h
Entry R Yield / %° dr° Product
1 TIPS 58, 59 91:9, 90:10 cis-157
2 TBDPS 51 96:4 cis174
3 TBDMS 80 98:2 Cis-175
4 TBDMS 79° 98:2 Cis-175
5 TBDMS 7% 98:2 cis-175

a) Yield after chromatography) Ratio determined by'"H NMR spectroscopy oproduct after chromatographyc)
Ratio determined bjH NMR spectroscopypf the product mixture after chromatography@mmercial 0.7 M
solution of ZnC} in THF usede) Freshly prepared and recrystallised(@Ha) used

Pl eas i n g laylpiperidime tcis-174Ua n d-aryliperidine cis-175 could be
separated from theespective 40silyl piperidine startingnaterials Due to being a gum,
4-OTBDPSpiperidine 173 was harder to work with than-@TBDMS-piperidine 73,
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which is an oil.For this reasonand the fact that a higher yield was achieved with 4
OTBDMS-piperidine 73, 4-OTBDMS-piperidine 73 was selected as the substrate for
further investigationWe currently haveno explanation for the improweent observed

in diastereoselectivityin toluene on moving from 4O0TIPSpiperidine 149 to 4
OTBDMS-piperidine73.

T h e-arylation of 40TBDMS-piperidine 73 was explored withother aryl halides
(Scheme 26). The same crossoupling conditions were used as in Table (ith 1.3
equivalents of the aryl halide) except that the organozinc reagent was prepared from
flame-dried ZnC} due to the reactions being conducted at the same time as those in
Table 29. Crossc oupl i ng wi t h br ophenypmeridiecsel76anf f or d
excellent yield(81%) and dr(96:4). U-Arylation with 4-fluorobromobenzengave U-
arylpiperidine cis-177 in only 18% vyield. The use of electrondeficient 4-
bromobenzonitrilegave U-arylpiperidine cis-178 in 42% yield and 91:9 dr, whereas
electronrich 4-bromoanisole gave 4 8 % y i earyidiperdineci&l179in 98:2 dr.
Disappointingly, these results did show substanteductionsin yield between
bromobenzene and<gubstitutedaryl bromides Unfortunately, the crossoupling of 3

bromopyridinegave none of thd e s i -argpiberitinecis-180.

OTBDMS 1 s.gyLi, TMEDA (1.3 eq.) OTBDMS
toluene, -78 °C, 3 h
N 2.2ZnCl, (1.3 eq.) in THF, —78 °C, 30 min N Ar
] f ]
Boc rt, 30 min Boc
3. ArBr (1.3 eq.)
73 SPhos (0.05 eq.), Pd,(dba); (0.025 eq.)
50°C,20 h
\Ph SS\ Se Ss> | A
~
CF,4 F CN OMe N
cis-176 cis-175 cis-177 cis-178 cis-179 180
81%, 96:4 dr 80%, 98:2 dr 18%32 99:1 dr 42%, 91:9 dr 48%, 98:2 dr 0%

a) Product isolated as a mixture, yield determined from the rafld 8and73in the’H NMR spectrum after
purification by chromatography

Scheme: 26
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2.3.3 Optimisation of the NegishiCross-Coupling Step

Theresultsin Scheme 216 highlighted the need for further optimisation, particularly to
enable the crosscoupling of nitrogercontaining heteroaryl halidesuch as 3
bromopyridine To begin theoptimisation procesgshe effect of the palladium source
was exploredThe research groups @ampos, Coldham and Gawley used Pd(QAc)
whereaghose ofKnochel and Baudoin used a-BHda complex (formulated as Pd(dba)
or Pg(dba)).'?'3"%824 Therefore, thd}arylationof 4-OTBDMS-N-Boc-piperidine73
was performedisingPd(dba}, Pd(OAc) and[Pd(allyl)Cl], and crossouplingwith 4-
bromoanisole which was chosenlue to the ease of separationf the Fesul:
arylpiperidine cis-179 from 4-OTBDMS-piperidine 73 (Table 210). Performing the
Negishi step withPc(dbay gave a 8% vy i e |-adylpipefidineltis-179 (entry 1)
compared to a 5% vyield with Pd(OAdqentry 2)and a 54% vyield witfjPd(allyl)Cl],»
(entry 3) The results b these reactions showed areference forthe use of

[Pd(allyl)Cl],, which was used in subsequent investigations.

Table2.10.l nvesti gati on into t he-argatidnect s of p

(e} ]

OTBDMS 1. s-BuLi, TMEDA (1.3 eq.) OTBDMS

toluene, -78 °C, 3 h

=
N 2.2ZnCl, (0.7 M in THF, 1.3 eq.) N
éoc ~78 °C, 30 min then rt, 30 min éoc
3. 4-BrC4H,OMe (1.3 eq.) OMe
73 Pd source (0.025 eq.) cis-179
SPhos (0.05 eq.), 50 °C, 16 h
Entry PdSource Yield / %* dr°

1 Pcb(dba) 48 99:1
2 Pd(OAc) 5 99:1
3 [Pd(allyClI], 54 96:4

a) Yield after chromatographip) Ratio determined by'H NMR spectroscopy of product after chromatography

It is important to consider theatalyticcycle and the mode of activatiaf the catalyst.
Pd(dba} exists as a Pd(0) species and can thus directly enter the catalytic cycle

undergoingligand exchange andubsequentxidative addition. Both Pd(OAg)and
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[Pd(allyl)CI], exist as Pd(ll) species afiigist require reduction to Pd(OPrganet al.

reportthe development of a PEPRi®Ir precatalyst for Negishi cressupling in which

the mode of activation is the loss of a sacrificial ligand followedragsmetallation

with two equivalents of the organozinc reag®&nthis is then followed by reductive
elimination to afford the homocoupled product of the organozinc reagent and a Pd(0)
speci es. A similar mode eafylatiancof piperi@iher3o n i S
with [Pd(allyl)Cl], (Scheme2.47).

2 PCy,A
Cha  _CI__ MG Y2 ArCy,P H2G
(\_Pd\ /Pd_l> > 2 /Pd_l)
CH, Cl H,C cl H,C
(I1) (in) 181 (I0)
ArCsz\ H,G RZnCl ArCsz\ H2C Reductive AN
Pd—) ——> Pd—) —————> +  Pd—PCy,Ar
CI/ H,C R/ H,C Elimination R
(1) 182 - (1) 183 (0)
OTBDMS
PCy,Ar = O RZnCl = d
MeO OMe l}l ZnCl
Boc
184
SPhos
Scheme: 247

In the reaction satp, SPhos, [Pd(allyl)Cjandthearyl halide are stirred in toluene at rt
under Ar for 10 minutes. Therefore, the first step Wkitly be the addition of SPsdo

the catalyst to generate afpglladium(ll) precatalystt81 An analogous precatalyst
generation was performed by Colaat al. in THF to generate Pd(allyl)(SPhos)CI,
which was subsequently isolatédn the piperidinel-arylation procedure precatalyst
181was presumed to have been fornmreditu. The solution of precatalyst81and aryl
halide in toluene was then added to the solution containing the organozinc reagent.
Based on the report of Organmd ceworkers,it is preaimed that transmetallation with
one equivalent of organozinc intermediaig84 occurs to generate palladium
intermediatel82 This palladium intermediate can then undergo reductive elimination
to afford the catalytically active Pd(0) species with SPhos u n d -adlytaed U
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piperidinel83as a byproduct. This proposal is supported by the work of Neal.
where the reductive elimination oftdutyl alkoxide and an allyl substituehgatedto
palladium is proposed as the mechanfenreductionof Pd(l1) to Pd(0)"* This process
consumesone equivalent of organozinc intermediafi84 for every equivalent of
palladium. In theU-arylation procedure(.025 equivalent®f [Pd(ally)Cl], is used,
equating to 0.05 equivalents of palladium. THbe maximum yield f -aryl piperidine
could be as low a85% as 5% of therganozindntermediate will have been consumed

to generate the catalytically active Pd(0) species.

OnceligatedPd(0) has been generatédcan enter the catalytic cycle, firshdergoing
oxidative addition to generatgalladiun(ll) intermediate 185 (Scheme 28).
Transmetallation then occurs withe organozincreagentto generate palladiugi)

intermediatel86, releasing ZnGl Finally, reductive elimination affords the degdre- U

aryl piperidire and regenerates the pallad{Ojrcatalyst.

Ar-R L—Pd Ar-X

. (0) .
Reductive Oxidative
Elimination Addition

/Ar /Ar

186 - (1) L—Pd L—Pd 185 - (11)
\ \
R X

Tramsmetallation

ZnCl, RZnCl

Scheme: 2.48

Having determined the utility of [Pd(allyl)Gl] the crosscoupling of 4O0TBDMS-N-
Boc-piperidine73 with 3-bromopyridine was targeted and iamestigation conducted to

identify a suitablecatalytic system(Table 211). A wide range of ligands were tested
(Figure 24), predominantly focusing on the Buc
ligands,ad he groups of Campos, Baudoin and K

arylation of N-Boc heterocycles with RuPhos and SPhos in particidat alsowith
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QPhos and DavePhds?2* In 1998, Buchwald and eworkers reported the use of the

first dialkylbiarylphosphine ligandDavePhos, for the amination and Suzhkyaura

crosscoupling (SMCC) of aryl chlorides”? Further Phos ligands wemubsequently
developed by Buchwaldnd ceworkers notably SPhofor SMCC reaction$® RuPhos

for challenging biaryl Negishi crosupling reactionsand hos in 2009*"

Buchwald et al. identified CPhosas the best ligand for therosscoupling of sp

hybridised isopropygincbromide with aryl halides and proposed that it was a good

ligand forforming sg-sp’ C-C bondsvia Negishi crosscoupling.

® =
O Cy,P ~=~P(t-Bu), Bz
Cy2P i-Pr i-Pr  Ph Ph
Me,N NMe, O Phlliph
O Ph 1
i-Pr ©2
CPhos XPhos QPhos APhos
/\/\Me
PPh, P(t-Bu)
- | = 2 R
Fe Fe
thp/© (t-Bu)QP/©
dppf dtbpf CataCXium A

Figure2.4: Ligands forPd catalysed crossouplingreactions

The organozinintermediatel84 generated from piperiding3 was crossoupled with

3-bromopyridineusing[Pd(allyl)Cl]2 (2.5 mol%) and a ligand (5 mol%) in toluene at 50

°C. The only catalyst systems to afford isolable product were those using either RuPhos

(entry 1) or ®hos (entry 2). The redcto n

wi t h

R u Rdnylpiperidanécis-o r d e d

180 in a higher yield (29%), albeit with a slightly lower dr (93:7), compared to that

achieved when (ks was use(il8%, 98:2 dr). Surprisinglywith SPhospnly a trace

a mo u n taryimperidibkecis-180 was observed (entry 3). Trace product was observed
by HRMS whenthe Buchwald Phos ligands XPhos (entry 4) and DavePhos (entry 5)

were used as well as when Pd(dppf) was used (entry 10Lrosscoupling wasalso

conducted with CPhos and fdba} to givea

7 %

y i-aeylpipleridinécis-180 as a

single diastereomdentry 14). This resulurther highlighted the improvement in yield
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achieved on changinthpe palladium sourcéom Pd(dba} to [Pd(allyl)ClL. In all the
r e a atylpipendise cis-180 wasUdetected and only-@TBDMS-

ot her

piperidine 73 starting material was observed in tHel NMR spectrum of the crude

reaction mixture.

Table2.11: P a |

| adi

um

sour ce -ayhtbn df 40FBDME-N-Boc-r e e n

piperidine73with 3-bromopyridine

OTBDMS 4 s5.BuLi, TMEDA (1.3 eq.) OTBDMS
toluene, -78 °C, 3 h
>
N 2.2ZnCl, (0.7 M in THF, 1.3 eq.) N A
Boc ~78 °C, 30 min then rt, 30 min Boc | P
3. 3-Bromopyridine (1.3 eq.) N
73 [Pd] (0.025 eq.), Ligand (0.05 eq.)  cis-180
50 °C, 15-18 h
Entry Pd Source Ligand Yield / %* dr°

1 [Pd(allyDClI], RuPhos 29 93:7
2 [Pd(ally)ClI], CPhos 18 98:2
3 [Pd(allyDClI], SPhos trace -
4 [Pd(allyDClI], XPhos trace -
5 [Pd(allyDCI], DavePhos trace -
6 [Pd(ally)ClI], QPhos - -
7 [Pd(allyClI], cataCXium A - -
8 [Pd(ally)ClI], PCys - -
9 Pd(PPBR).Cl, PPh - -
10 Pd(dppf)Ch dppf trace -
11 Pd(dtbpf)C} dtbpf - -
12 Pd(AmPhos)Gl APhos - -
13 Pd(dba) SPhos - -
14 Pd(dba) CPhos 7 100:0

a) Yield after chromatographip) Ratio determined by'H NMR spectroscopy of product after chromatography
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Having identified RuPhos andRBos as promising ligasdthe crosgoupling step was
attemptedat higher temperatures. The benefit of conducting the reaction in toluene was
that the Negishi crossoupling step could be heated up to 1W@) The groups of
Campos, ColdhapGawleyand Baudoirall found that the crossoupling of heteroaryl
halidesrequred higher temperaturgban the rest of the substrates in their respective
scope studies o a f-arybpipetidifgsn good yield, demonstrating the importance of
temperature in the crossupling step'?***"*® The effect of temperature on thé
arylation of 40TBDMS-N-Boc-piperidine 73 is shown in Table 42 The cross
coupling step was performed withbBomopyrdine, RuPhos o€Phos (5 mol%) and
[Pd(ally)Cl]» (2.5 mol%) in toluene. The use of CPhos affordkarylpiperidine cis-
180in increasing yieldassociated with an increase in temperatupeto 42% at 100 °C
(entries 2, 3 and 5pimilarly, with RuPhoswhen the temperature was increased from
50°C (entry 1) to 100C (entry4) , t h e -ayyipigelidihecis-180ihtreased from
29% to 54%.

Table2.12: U-arylation of 40TBDMS-N-Boc-piperidine73 at elevated temperatures

OTBDMS 1. s-BuLi, TMEDA (1.3 eq.) OTBDMS
toluene, =78 °C, 3 h
-
N 2.2ZnCl, (0.7 M in THF, 1.3 eq.) N SN
Boc ~78 °C, 30 min the rt, 30 min Boc | _
3. 3-Bromopyridine (1.3 eq.) N
73 [Pd(allyl)Cl],, (0.025 eq.) cis-180
RuPhos or CPhos (0.05 eq.)
temperature, 15-18 h
Entry  Temperature iC Ligand Yield / 9% dr°
1 50 RuPhos 29 93:7
2 50 CPhos 18 98:2
3 80 CPhos 38 96:4
4 100 RuPhos 54 95:5
5 100 CPhos 42 95:5

a) Yield after chromatographip) Ratio determined by'H NMR spectroscopy of product after chromatography
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The best set of crosoupling conditions thus far us@@d(allyl)Cl], andRuPhosheated
at 100°C. Next, the effect of the equivalents of aryl halide was investigateth e- U
arylation was conducted with 1.0, 1.3, 1.5 and 2.0 equivalents -bfdnopyridine
(Table 213). The reaction setp was improved by increasing the siethe round
bottomel flask and replacing the oil bath withmetalheating blockto improve heat
transfer from théneat sourcéo the reaction mixture. With the changedwset the result
previously obtained witli.3 equivalents of-Bromopyridine(54%)wasimproved and
U-arylpiperidinecis-180was obtained in 62% yield.i@n this successthis setup was
used for all subsequent reactiokghen 1.0 equivalenvf 3-bromopyridine vas used
arylpiperidine cis-180 was obtained in a lower yield (52%gntry 1).In contrast,
increasing the equivalents to 1.5 affordédrylpiperidinecis-180in 69% vyield (entry
3). Further increasing the equivalents2t@ gavea 48% yield(entry 4).

Table2.13: U-arylation of 40TBDMS-N-Boc-piperidine73with varied equivalents of
3-bromopyridine

OTBDMS 1. s-BuLi, TMEDA (1.3 eq.) OTBDMS
toluene, -78 °C, 3 h
'
N 2.ZnCl, (0.7 Min THF, 1.3 eq.) N BN
! —78 °C, 30 min then rt, 30 min ! |
Boc o Boc Z
3. 3-Bromopyridine (1.0-2.0 eq.) N
73 (Pd(allyl)Cl),, (0.025 eq.), RuPhos (0.05 eq.) cis-180
100 °C, 18 h
Entry Equivalents  Yield / %" dr°
1 1.0 52 97:3
2 1.3 62 96:4
3 15 69 96:4
4 2.0 48 95:5

a) Yield after chromatographip) Ratio determined by'H NMR spectroscopy of product after chromatography

To examine the effect of changing the halide, the ecospling of 40TBDMS-N-Boc-
piperidine 73 was carried out with -8hloro-, 3-bromo and 3iodopyridine using 1.3

equivalents of aryl halide (Tablel12). Crosscoupling with 3chloropyridine afforded
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U-arylpiperidinecis-180in 67% yield (entry 1) whereas the use eb8opyridine only
accomplished a 40% vyield (entry 3). The yield witltHoropyridine was therefore
higher than that achieved withiBomopyrdine (62%), although lower than the result
with 1.5 equivalents of-Bromopyridine (69%, see Tablel3, entry 3).

Table2.14: U-arylation of 40TBDMS-N-Boc-piperidine73 with 3-halopyridines

OTBDMS 1. s-BuLi, TMEDA (1.3 eq.) OTBDMS
toluene, -78 °C, 3 h
>
N 2.ZnCl, (0.7 M in THF, 1.3 eq.) N S
Boc ~78 °C, 30 min then rt, 30 min Boc ~
3. ArX (1.3 eq.), [Pd(allyl)Cll,, (0.025 eq.), N
73 RuPhos (0.05 eq.), 100 °C, 18 h cis-180
Entry X Yield / %® dr°

1 Cl 67 97:3

2 Br 62 96:4

3 | 40 97:3

a) Yield after chromatographip) Ratio determined by'H NMR spectroscopy of product after chromatography

Due to the highyield of U-arylpiperidine cis-180 achieved with &hloropyridine an
investigation was carried out with-tHalopyridine to provide another point of
comparisonIn light of the resultshownin Table 214, these reactions were conducted
with 1.5 equivalents of aryl halidrable 215). -Abjlation of 40TBDMS-N-Boc-
piperidine73with2-b r omo py r i d i-arypipaidineas18Y ia 86%ield and
99:1dr (entry 2). Use of Zhloropyridine gave a 23%ield of U-arylpiperidinecis-187
(entry 1)whereas Zodopyridine gave a 19% yield (entry Heassuringlythe results
accomplished with the aryl bromide anthe aryl chloride were comparable.
Unfortunately, the yielsl of crosscoupled U-arylpiperidine cis-187 obtainedwith 2-
halopyridines were substantially lower than those wiha®pyridines. Gawleyand
Bengreported comparable yieldghenusing2-bromopyridineand 3bromopyridine in
related crossouplings:’ although Tran an@hong et al.reportedonly 10%yield when

crosscoupling piperidined with 2-bromopyridine®°
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Table2.15: U-arylation of 40TBDMS-N-Boc-piperidine73 with 2-halopyridine

OTBDMS 1. s-BuLi, TMEDA (1.3 eq.) OTBDMS
toluene, -78 °C, 3 h
>
N 2.ZnCl, (0.7 M in THF, 1.3 eq.) N SN
Boc ~78 °C, 30 min then rt, 30 min Boc N. .2
3. ArX (1.5 eq.), [Pd(allyl)Cl],, (0.025 eq.),
73 RuPhos (0.05 eq.), 100 °C, 18 h cis-187
Entry X Yield/ %° dr°
1 Cl 23 >99:1
2 Br 26 99:1
3 | 19 97:3

a) Yield after chromatography) Ratio determined by!H NMR spectroscopy of product after chromatography

One final investigation was made into the effect on the arospling of the choice of

aryl halide (Table 216) . Wh e tarylatidn evas performed with-Bromoanisole
usingRuPhos andPd(allyl)Cl],, heating the reaction at 100,°C a 7 2 % -ayyl e | d
piperidinecis-179 was obtained (entry 1). This represented an improvement over the
previous conditions usingPhos at 50 °C with Bftba), wherea 48% yield had been
accomplisheddeeScheme 216). By comparison,he crosscoupling of 4chloroanisole
gave a 62 %aryy piperidide ci®lf79 (edtry 2), lower than that with-4
bromoanisole although still high yielding. This further demonstrated the tolerance of the
crosscoupling conditions for both aryl bromides and acflorides T Fasylatidh
procedure was alswarried outusing 1.5 equiglents of 4dbromoanisole, which gavét
arylpiperidine cis-179 in 78% vyield and 96:4 dr (entry 3highlighting a marginal

improvement over the reaction conducted with 1.3 equivalents.
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Table2.16: U-arylation of 40TBDMS-N-Boc-piperidine73 with 4-haloanisole

OTBDMS 1. s-BuLi, TMEDA (1.3 eq.) OTBDMS
toluene, -78 °C, 3 h
>
N 2.2ZnCl, (0.7 M in THF, 1.3 eq.) N
! 78 °C, 30 min then rt, 30 min B
Boc oc
3. ArX (1.3-1.5 eq.), [Pd(allyl)Cl],, (0.025 eq.), OMe
73 RuPhos (0.05 eq.), 100 °C, 17-18 h cis-179
Entry X Equivalents  Yield / %* dr’
1 Br 1.3 72 97:3
2 Cl 1.3 62 97:3
3 Br 1.5 78 96:4

a) Yield after chromatographip) Ratio determined by'H NMR spectroscopy of product aftechromatography

Theresults achieved with aryl chlorides and aryl bromideese comparablealthough
aryl bromides were selected for tlevestigation of thescope of theU-arylation
proceduredue to the marginally higher yields observed with thé&tthough lower
yields were accomplished with aryl iodides, this was of less concern due to the greater

commercial availabilityf aryl bromides and chlorides.

Based on our studies, the optimisdeegishi crossoupling conditionswere 1.5
equivalents of aryl bmoide, 0.05 equivalents of RuPhos, 0.025 equivalents of
[Pd(allyl)CI] (i.e. 0.05 equivalents of Pd) tolueneat 100 °C for 18 hoursTheinitial
lithiation step wasconducted in toluene using 1.3 equivalents-&uLi/TMEDA and
stirred ati78 °C for 3 hours which was$ollowed by transmetallation with 1.3

equivalents of a commercial solution of 0.7 M Zn@I THF.

Using these conditionghe scope of thedJ-arylation of 40TBDMS-N-Boc-piperidine
73 was investigated. First t -&rydatiod reactions previoushgportedin Scheme2.46
(Conditions A) werecarried out undethe optimised conditions (Conditions B) (Scheme
2.49). Reactions wit-bromofluorobenzened-bromobenzonitrile and-bromoanisole
af f o radylpiperidihescis-177, cis-178andcis-179in good yieldg61-78%). In each
case an improvement in yield was obseryealde improvement for the reaction with 4

bromofluorobenzene was particularly pronounced, increasing from 18% toyiet%o
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T h earylation of 40TBDPSN-Boc-piperidine173with 4-bromobenzotrifluoride was

also revisited and an increasetirh ey i-ayl piperidifiecis 74 from 51% to 67%

was observed. This result highlighted the advantageeofTBDMS protecting group
over TBDPS as the resulfrom this reactiorwas still lower than that achievewth
TBDMS. The dr values obtained with the two sets of conditions remained broadly the
samewith the only noticeable difference being the change from 91:9 dr to 98:2 dr with
4-bromobenzonitrile. In carusion, the optimised cros®upling conditions afforded

higher yields with a range of aryl bromides as well-&#sd@nopyridine.

Conditions A
B - ArBr (1.3 eq.)

Pd,(dba)s, (0.025 eq.
OR 4. s-BuLi, TMEDA (1.3 eq.) OR szh(os (())?055 eq) a)

toluene, -78 OC, 3h 50 OC, 15-20 h
. >
N~ 2.ZnCl, (0.7 Min THF, 1.3 eq.) N Y znel Conditions B N7 VAr
]

! —78 °C, 30 min then rt, 30 min ArBr (1.3 eq.) !

Boc Boc [Pd(allyl)CI],, (0.025eq.)  BOC
L - RuPhos (0.05 eq.)
100 °C, 15-18 h
R =TBDMS - 73
TBDPS - 173
8 & 2 NS
L.

F CN OMe N CF3
cis-1772 cis-1782 cis-1792 cis-1802 cis-174°
Conditions A Conditions A Conditions A Conditions A Conditions A
18%¢, 99:1 dr 50%, 91:9 dr 48%, 98:2 dr 0% 51%, 96:4 dr
Conditions B Conditions B Conditions B Conditions B Conditions B
65%, 96:4 dr 61%, 98:2 dr 78%9, 96:4 dr 69%9, 96:4 dr 67%, 98:2 dr

a) OTBDMS; b) OTBDPS c) Product isolated as a mixture, yield determifrech the ratio ofL77and83in the'H
NMR spectrumafter purification by chromatographg) 1.5 equivalents of ArBr

Scheme: 29

The o pt {argiatisnepdcedire was then applied to a broader range of aryl
bromides and heteroaryl bromides and a full scope was inviestig@cheme 30).

Some of these reactions were conducted with 1.3 equivalents of aryl bromide due to
being runat the same time asarlier reactions. Pleasingly, the coupling with sterically
hindered 20 r o mo me s i t y | -arylpgeridirie ¢isadl88dne3206 yigld and 98:2

dr. Although this yield is lower than other results, the aryl bromide posses®rtivo

groups giving it substantial steric hindrarened making it a challenging substrate to
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crosscouple The crosscoupling of 3-fluoro-2-bromotolueneafforded only a trace
amo u nt of t -drydpipeddine (deteetat! byUHRMB As the crosgoupling
reaction had been shown to tolerate high degrees of steric hindrasqepposedhat
the failure ofthis reaction was not solely due to steric effe@spportfor this proposal
came from the low yield obtained withfliorobromobenzene 6 yield o f -aryd
piperidine cis-189 compared to the significantly higher yield obtained with 4
fluorobromobenzene (65%ield o f -arylpiperidine cis-177). Likewise, there was a
significant drop in vyield wan comparing ®romopyridine (69% vyield of - U
arylpiperidine cis-180) with 2-fluoro-3-bromopyridine (8% yield o f -arydpiperidine
cis-193. Collectively, these resulsuggested the existence afdetrimental electronic
effect when a fluorine atom was in tbetho position, which was not present when it
was in thepara position. Steric hindrance is evidently still important as the attempted
crosscoupling of 1,2dibromobenzeneafforded only a tra&de amount ofproduct

although this is perhaps not surprising due to the large size of the bromine atom.

Good yields and excellent diastereoselectivities were accomplishedawiinge of
nitrogerrcontaining heteroaryl bromideBor example, the crosouwling of 5bromo
2-(trifluoromethyl)pyridine afforded}-arylpiperidinecis-191in 66% yield and 99:1 dr
and 5bromo2-methoxypyrimidine gavé&karylpiperidinecis-195in 52% yield and 97:3
dr. The crosscoupling of Sbromo2-c h| or o py r i-aylpipeiding@asis¥® U
selectively. No traces of the@ridyl regioisomer were observed by HRMS, indicating
that the bromine had reacted selectively over the chlorine. The reactionithnd 7-
azaindole gave muc h | ower  y-anypipatidinecls398 camparet to that
from the crossowpling of other nitrogercontaining aryl halides. In all casexcellent
di astereosel ect i48d)t Howewes o prodocs veas ebsedved (Whed
crosscoupling reactions were attempted witlhldmoacetanilide4-bromopyridin2-ol,
2-bromopyrazine, ®romopyridineN-oxide and 4bromopyrazole.The failure ¢ 4-
bromopyrazole tacrosscouple was not surprising due ifts nature asa challenging

coupling partnef®
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OTBDMS 1. s-BuLi, TMEDA (1.3 eq.) OTBDMS
toluene, =78 °C, 3 h
>
N 2.2ZnCl, (0.7 M in THF, 1.3 eq.) N~ YAr
. . ]
éoc —78 °C, 30 min then rt, 30 min Boc

Me

X

Me Me

cis-188
32%32, dr 98:2

AN
P

F N
cis-193

26%?2, dr >99:1

3. ArBr (1.3 or 1.5 eq.), [Pd(allyl)Cl], (0.025 eq.)
RuPhos (0.05 eq.), 100 °C, 18 h

F :
cis-189
27%, dr 96:4

ss‘ \Me
| N

cis-194
67%, dr 97:3

8. lN\ Ph ;\(j s"\(j
Z N7 CFj NZ > al

cis-190
60%, dr 94:6

PN
LA
cis-195
52%%2, dr 97:3

cis-191
66%, dr 99:1

;T*/@ ;\@@

P P
N N
cis-196

66%, dr 98:2

cis-192
43%, dr 98:2

OMe

cis-197
67%?2, dr 96:4

Me
S N s & s Ny S N
T 0 U
y Z '~
N H F Br N N
Ce
cis-198 cis-199 cis-200 cis-201 cis-202
trace trace - -

13%32, dr 96:4

;\QO Sfl\OH ;I\N
NJ]\ ~-N N,

H H
cis-203 cis-204 cis-205
a a a

a) 1.3 equivalentsf ArBr

Scheme: &0

Three of the unsuccessful crassupling reactions used aryl bromides tbamtainedan
acidic proton, either NH or OHandthe aryl bromide that gave the lowest yi€l8%)

in the scope was-bromazandole To investigatewhether tle acidic proton was the
cause of the problenthe crosscouplings of protected variants of these aryl bromides

were conducted. First;BromoN-tosyl7-azaindole207 was preparedsing an adapted
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literature procedurérom 206in 57% yield using sodium hydie and then reaction with
tosylchloride Gcheme &1).”

1. NaH (3.0 eq.),

Br : Br
A CH,CI5, 0 °C, 30 min D
T = O
~ Z
N ” 2.TsCl (1.2 eq.), rt, 18 h N N
Ts
206 207 - 57%
Scheme A1

T h earylation of 40TBDMS-piperidine73 was then performed usirigsyl protected
bromaazaindole207 and other commercially available substrates including methyl and
Boc protected bromopyrazole (Scheme 52). Crosscoupling with tosykprotected
bromeza ndol e a-dryipiparidine tis-208 in 46% yield, a significant
improvement over the 13% vyieldbw@ined with the unprotected azaindole. The use of
methylpr ot ect ed panyl@iperoihecis-20%iv % yigld and 96:4 dr,
whereas the wuse of Boc pr otayatedepiperiginer az o
Whilst disappointing, these reactionsntmnstrated that pyrazoles are still challenging
crosscoupling partners i n {arylatisn procedue endhss r e .
conducted witiN-Boc-4-bromoaniline only a trace amount of product was observed by

'H NMR spectroscopyand HRMS. This potentially suggested that the aniline required
double protection to be a viable substrate in the erospling reaction. Finally, 4
bromo2-methoxypyridine was testedsurprisingly,only a trace amount of the desired
product was observedespite thereviously successful cros®upling of 2methoxy5-
bromopyrimidine. Overall, these results broadly supported the theory that acidic protons
interfered with the crossoupling reaction and whilst a substantial improvemant

yield was not obsged with 4brom@yrazoles, a usefulincrease was seen with tosyl

protected azaindol207.
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OTBDMS 1. s-BuLi, TMEDA (1.3 eq.) OTBDMS
toluene, -78 °C, 3 h
>
N 2.2ZnCl, (0.7 M in THF, 1.3 eq.) N~ VAr
Boc ~78 °C, 30 min then rt, 30 min Boc
73 3. ArBr (1.3 or 1.5 eq.), [Pd(allyl)Cl], (0.025 eq.)

RuPhos (0.05 eq.), 100 °C, 18 h

P S
Sfm \[\\N \[\\N 55)\@\ ss> |\ OMe
N/ N '\{' N N'BOC _N
Me E H

Ts Boc
cis-208 cis-209 cis-210 cis-211 cis-212
46%32, dr 100:0 9%2, dr 96:4 - trace? trace
a) 1.3 equivalents of ArBr

Scheme: A2

The full scope of thesuccessful examples of thgarylation of 40TBDMS-N-Boc-
piperidine 73 is shown in Scheme 23. In each casethe highest yield achieved is
reported along with the associated -dr of
arylation procedure can be applied to a wide range of aryl halitles:eaction tolerates
electrondeficientaryl halides ¢is-174andcis-178), electronrich aryl halides ¢is-179),

sterically hindered aryl halidesi$-188) and a wide range of heteroaryl halides.
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OTBDMS

OTBDMS 1. s-BuLi, TMEDA (1.3 eq.)
toluene, =78 °C, 3 h
N 2.2ZnCl, (0.7 M in THF, 1.3 eq.)
éoc —-78 °C, 30 min then rt, 30 min
3. ArBr (1.3 or 1.5 eq.), [Pd(allyl)Cl], (0.025 eq.)
73

RuPhos (0.05 eq.), 100 °C, 18 h

- fl
l}l Ar
Boc

Aolasih oo oW

cis-176
81%2P, 96:4 dr

; Me
Mej i Me
cis-188
32%2, dr 98:2

2 X
P
N~ CF,

cis-191
66%, dr 99:1

- X

cis-196
66%, dr 98:2

;m A
N/CI Z

cis-177
65%°2, 96:4 dr

cis-174
80%2P, 98:2 dr

E LN
P
F N
cis-180
69%, 96:4 dr

cis-189
27%, dr 96:4

F N

cis-193
26%2, dr >99:1

s
m
N/”

cis-198
13%°2, dr 96:4

cis-192
43%, dr 98:2

cis-197
67%%2, dr 96:4

cis-178
61%2, 98:2 dr

N =
cis-187
26%, 99:1 dr

cis-179
78%, 96:4 dr

cis-190
60%, dr 94:6

6 SN

cis-194
67%, dr 97:3

o
N N
Ts

cis-208

46%?2, dr 100:0

a) 1.3 equivalents of ArBb) 2.5 mol% Pgdba}, 5.0 mol% SPhos, 50 °C

Scheme: 2.53

2.3.4 Conformation of 2,4-Disubstituted N-Boc-piperidines

cis-195
52%2, dr 97:3

| N
/
N
\
Me
cis-209
9%32, dr 96:4

In order to definitively prove theiss t e r e o ¢ h e m-aryl pipeydines,fa Xtral e

crystal structure ofUaryl 4OTBDMS-piperidine cis-175 was obtainedwhich

confirmed the expectedis-stereochemistryFigure 25). However interestingly, both

the aryl group and TBDMS group occupied axial positions in the sedizte.
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OTBDMS

N

]
Boc
CF;

cis-175

Figure2.5: X-ray crystal structure of-@ TBDMS-2-(4-(trifluoromethyl)phenyhN-Boc-
piperidinel75

To determine whether a similar diaxial conformation was observed in softHidtMR
spectroscopy was useth the '"H NMR spectrum of piperidineis-175, the benzylic
NCH proton ha J values of 7.8Hz and 2.5 Hz which correspositb a *Ja.eq coupling
to proton H andaSJeq.eq coupling to proton drespectively (Figure B). If the benzylic
NCH proton had been axial, as was observedHerunprotected}phenyt4-OTIPS
piperidinecis-171 (seeFigure 23), then a largePJs.a coupling constanwvould have
been expectedProton Hs possessea large®J coupling to H;, the 7.5 Hz coupling to
and a coupling constand proton H, of only 3.0 Hz This 3.0 Hz coupling can be
assigned to &Jax-eq couplingas a®Ja.a couplingwould be expected to be larger. In
conclusion,the J value analysiddemonstrated that both the aromatic group and the
OTBDMS group are axialin solutionand that the diaxiatonformation in the Xay

crystalstructure was not just a product of crystal packing.

OTBDMS
Ar

multiplet
/~ HoHp ™P

’N
Boc dddd, J = 14.0, 4.5,2.5, 2.5 Hz
Ha H

B
dd, J=7.5,25Hz ddd, J=14.0,7.5,3.0 Hz

cis-175

Figure2.6: J value assignments of@TBDMS-2-(4-(trifluoromethyl)phenylN-Boc-
piperidinecis-175

It is expected thai N u n s u basyt piperidine ¢hd arygroup would occupy an
axial position to avoid a steric clash with the Boc gr¢sge Scheme %).%® However,
the presence of the@TBDMS g r o u paryi4rOTBDMS-piperidinecis-175 meant
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that there would be a competing -Hiiaxial interaction. The added steric strain could be
predicted to make the diequatorial conformation lower in energy, or to enakat or
twistboat conformation prefer enaryl-A0TBDM&GNne po
piperidine cis-173 adopting the observed diaxial conformation is that there may be
interactions betweeane ofthe lone pas on the OBDMS oxygen and the LUMO of

the aromatic’-system Such an interaction would stéibe the system and therefore
makea diaxial conformation more favouratded accessibleSimilar interactions have

been reported b$ankararamakrishnaet al. between oxygen lone pairs in water atoms

and the LUMO of aromatic rings in proteiffsGamez,Reedijk and Mooibroekhave
examined Xray crystal structures of compounds in the Cambridge Structure Database

and concluded that thesdone pair inteactions areelativelycommon’®

As has been shown in Figure32vi t -phenyt4-OTIPSpiperidine171, when there is
no Boc goup presentthe aromatic grup and Osilyl group adopt a edjuatorial
conformation. It can therefore be concluded that the steric clash between the Boc group
and the aromatic ring is more significant than any potential interaction between the

oxygen longoair and the LUMO of the aromatiesystem

Three other Xray crystal structure® f -aryll4-OTBDMS-N-Boc-piperidines were
obtained (Figures 2, 28 and 29). In all casesthe aryl group and TBDMS group
werecis and adopted a diaxial conformation. The same splitting patterns were observed
in the 'H NMR spectrafor all of these compoundsss well as the rest of tHéaryl
piperidines showm Scheme &3, with only one exception.

OTBDMS

N | X
]
Boc Z
N CF;

cis-191

Figure2.7: X-ray crystal structure crystal of@TBDMS-2-[6-(trifluoromethyl)3-
pyridyl-N-Boc-piperidine191
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OTBDMS

F

YO
Boc Z

cis-193

Figure2.8: X-ray crystal structure crystal of@TBDMS-2-(2-fluoro-3-pyridyl)-N-Boc-
piperidine193

Q OTBDMS

Figure2.9: X-ray crystal structure of-©@ TBDMS-2-[1-(p-tolylsulfonyl)pyrrolo[2,3
b]pyridine-5-yl]-N-Boc-piperidine208

The only exception to the pattern of diaxial conformaons was i R t he
arylpiperidinecis-188which adopted a diequatorial conformation as showHbMMR
spectroscopy. Presumabthe greater steric bulk imparted by theho methyl groups
increased the energy penalty of the aryl group adopting anpos#lonand therefore
forced itto adopt arequatorialconformation Analysis of thel values of the protons in
the 2 and 4p o s i t i -aryipiperidirfecisi88 show that they both occymxial or
pseudeaxial positions (Figure 2.10 Proton H, possessed values of 13.5 and 4.5 Hz
which correspondo a 3J.a and a3Jax_eq coupling. Proton g possessed values of
10.5, 7.0, 5.5 and 5.5 Hz which could correspond to’fly, couplings and twJa.eq
couplings. However, it is also possible that the piperidine ring adopts a twist boat
conformation, which could explain the difference between the’iwg, couplings, as it

would be expected that they would be similar if the molecule adopted a chair
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corformation. Although it cannot be confirmed which conformation is adopted, it is

clear that, in either case, the aryl and OTBDMI®ups are equatorial or pseddo

equatorial.
dd, J=13.5,4.5Hz dddd, J = 10.5, 7.0, 5.5, 5.5 Hz
t-BuO H
B
O*N Ha H! ?—-OTBDMS
Me H
Me
Me dddd, J= 105, 7.0, 5.5, 5.5 Hz
dd, J =135, 4.5 Hz
Me
cis-188 cis-188

Figure2.10: Potential conformational diagram of@TBDMS-U-arylpiperidinecis-188

Knochelet al. reported twoX-ray crystalstructureso bt ai n e d -afylationnof 4 h e
substituted piperidinestaryl-4-phenypiperidine cis-148 which adops a diequatorial
conformation (Figure 21) andU-aryl-4-methylpiperidinecis-147 which adoptsa twist
boat conformation with both substituents equatdfijure 212).2* The twistboat is a
higher energy conformer relative to a chair, although it does allow both-dhd 2
substituents to sit in pseudgyuatorial positions and avoid id8xial interactionsThe
conformations of these compounds are different to the omatton adopted by all but
one of theJ-aryl-4-OTBDMS-piperidines. The compounds reported by Knochel and co
workers lack aroxygenatomin the 4position removing the possibilitgpf a stabilising
oxygen lone pair to aromatic LUMO interactidPresumablythe steric repulsion of the
1,3-diaxial interactiorhasa | ar ger e farfl 8ac interactioarasulting ie theU
compounds adojptg diequatorial conformationg.he steric bulk of the group in the 4

position could also be affecting the conformatigvhilst theOTBDMS group islarger

than a methyl or a phenyl group, the atom directly attached to the piperidine ring is

oxygen whichallowsthe large sric bulk of the silyl group tpoint away from the ring.
Conversgy, the methyl group in-nethypiperidine cis-147 will have the largessteric
bulk in the immediate vicinity of the piperidine ringhich would result irgreaterl,3-
diaxial interactionswith the aromatic group if both groupgereaxial. The same would
be true of the phenyl grouplthough to a slightly lesser extent due to the ability of the
phenyl group to rotate and sit perpendicutarthe ring This could also explain the
difference in conformatibetweem-phenypiperidinecis-148 and4-methypiperidine
cis-147.
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CN

cis-148

Figure2.2 X-ray crystal structure of-@4-cyanophenyb4-phenytN-Boc-piperidinel148

<
(]
[

CN
N .
Boc

cis-147

Figure2.3 X-ray crystal structure of-4-cyanophenyb4-methytN-Boc-piperidinel47

In conclusionthis overview of our results, together with those reported by Knathel
al., indicates thathe nature of the group in thep#sition directs the conformation
adopt e daryl-dsubstitited piperidine$. T h e -aryl4-OTBDMS piperidines
synthesised in our worilmost exclusively adopt a diaxial conformation with the lone
exception of the highly sterically hindered mesitylene derbtadyl-piperidinecis-188
Thediaxial conformation could beade favourable by interaction fraam oxygerione
pairand theLUMO o f t h e a&ystenmthet steric nature of the group in the 4
position, the presence ajrtho gr ou p s -@nmomatic trieg olUmore likely a

combination of all three effects.
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2.4 UrLithiation -Functionalisation of 4-Substituted-N-Boc-piperidines

24.1R a c e mlitliatidnh -Trapping of 4-Substituted-N-Boc-piperidines

As part of the development of the lithiatitmansmetallatiorNegishi crosscoupling of
4-substituted N-Boc-piperidines, te direct lithiatiortrapping of 40TIPSN-Boc-
piperidine149in toluenehad been investigated, trapping with J8&Cl (see Table 5).
To broaden the scope of the lithiatibmpping in toluene, a wider range of electrophiles
was briefly studiedLithiation of 4-OTBDMS-N-Boc-piperidine 73 was condctedin
tolueneati 78 °C withs-BuLi/TMEDA and stirred for 3 hoursThen,2 equivalents of
the electrophile were added and the reactias stirred for 3660 minutes ai 78 °C
before being warmed to rt. Lithiatigrapping withmethyliodideafforded U-methyl-4-
OTBDMS-piperidine74 in moderate yield (45%) and good dr (93:Talfle 2.7, entry
1). The use ofdimethykulfatein Et,O gave U-methy+4-OTBDMS-piperidine 74 in
good yield(66%) but low dr (83:17fentry 2) whilst in toluene a high yield (72%) and
good dr (92:8) were achieved (entry 3).

Table2.17: U-Lithiation-functionalisation of OTBDMS-N-Boc-piperidine73

OTBDMS 1 s BuLi, TMEDA (1.3 eq.) OTBDMS
solvent, -78 °C, time
>
N 2.E*(2.0eq.) N~ "Me
Boc ~78 °C, 30-60 min Boc
73 thenrt, 17-19 h )
cis-74

Entry Solvent Time/h Electrophile  Yield®/ % dr°

1 toluene 3 Mel 45 93:7
2 Et,O 1 Me,SOy 66 83:17
3 toluene 3 Me,SOy 72 92:8

a) Yield after chromatography) Ratio determined by'H NMR spectroscopyf product after chromatography

This demonstrated the competency of toluene as a solvent for the lithrajppmg of
piperidine73, affordingU-methyt4-OTBDMS-piperidine74 in high yield and drin all
cases, the dr was | o w-arylatian lpracedure, thés tcoul@d loeh i e \
due tothe slow trapping othe lithiatedpiperidineby Mel anddimethykulfate at low

temperatures. Upon warming the solution during trapping, the trapping @areiccur
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at a temperature where the lithiated piperidine is configurationally unstable. A similar
effect, albeit on er, has been observeday Br i e n , Col@remapdoceworkers in
the trapping of enantioenriched lithiatseBoc-piperidine(see Schemg.23).%°

The Wlithiation-functionalisation of OTBDMS-N-Boc-piperidine 73 in toluenewas
explored withotherelectrophiles, particularly thodbat possessedV chromophors,
which would be required fonvestigationsinto asymmetric lithiation and subsequent
analysis by CSHPPLC (Scheme 2&4). The use ofi-Pr OBpi n aBpin-or d e d
piperidine cis-213 in 67% vyield and 98:2 drThe trapping of piperidin€/3 with
phenylsocyanatey a v -tunctibnalisedpiperidinecis-75in 41% yield and®3:7dr. The
use of3-pyridyl Weinreb amide gave-unctionalisedpiperidinecis-214 in only 17%
yield but 99:1 dr. However, tapping with 4fluorophenyl Weinreb amide gave-
functionalisedpiperidine cis-218 in 42% yield and 97:3 diithiationtrapping with
MesSi Cl  gilglpiperiditke cis-215 in 73% and 93:7 dr. In this casthe drwas
determined byBoc removal (using TFAjo afford the free amine, which sharpened the
peaks in théH NMR spectrumand enabled analysi§ h ey i -silylgiperiifieci®)
215was comparable to that achieved in the analogous reactiofOdnRS piperidine
149 which gavea 77%yield o f -sil{dpiperidinecis-167 (seeTable2.5). Trapping with
methyc h | or o f o r Hfuactioealisgdpipeedindtis-216 in 39% yield and 86:14
dr (determined by Boc removalYhe dr was lower than those l@eved with other
electrophiles,which was assumed to bdue to epimerisationLow levels of cis-
selectivity had been observed by Cossy and Belottng the lithiationtrapping of 4
methykN-Boc-piperidine78 with methylchloroformatgsee Scheme 2.1.8*
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~

Me

cis-74
E*= Mest4

72%, 92:8 dr?

VSiMe,

cis-215
E* = Me;SiCl
77%, dr 93:7°

OTBDMS 4 s BuLi, TMEDA (1.3 eq.)
toluene, =78 °C, 3 h
’
N 2.E* (2.0 eq.)
Boc ~78 °C, 30-60 min
thenrt, 17-19 h
73
H
- N e
o]
cis-213 cis-75
E* = i-PrOBpin E* = phenylisocyanate

67%, 98:2 dr? 41%, 93:7 dr?

7]
N
Nco,Me 3
0]
cis-216 cis-217
E* = CICO,Me E* = Weinreb amide

46%, 84:16 drP 22%, 95:5 dr?

OTBDMS

cis-214
E* = Weinreb amide
59%, 98:2 dr?

F

X

0]
cis-218
E* = Weinreb amide
42%, 97:3 dr?

a) Ratio determined by NMR spectroscopy of product after chromatography; b) Ratio determinti WyR
spectroscopy of crude mixture after Boc group removal with TFA

Scheme: &4

Overall, the yields obtained from these results were not particularly tdin,the
highest yields being achievedwhen trappingwith MesSiCl (73%), dimethylsulfate

(72%) and i-PrOBpin (67%) In general,

(093:7)

good diastereoselectivity was observed

e X ¢ e p tthatvhadt the padntetie trap slwtyioftoecause
epimerisatiorvia enolisation

At this point, we also considered the investigation of the lithiatigmping of other 4

substituted N-Boc-piperidines. With this in mind,

it was planned to study 4

dibenzylamineN-Boc-piperidine 219, Thus 4-dibenzylamineN-Boc-piperidine 219
was synthesisedn 63% vyield from ketone 165 via reductive amination using

dibenzyamine and sodiurtriacetoxyporohydride®

O NBn,
1. HNBn, (1.1 eq.), AcOH (0.1 eq.)
CH,Cl,, rt, 21 h
N 2. NaBH(OAc); (1.4 eq.), rt, 21 h
1 |
Boc
165 219 - 63%
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The lithiationfunctionalisation of 4dibenzylamineN-Boc-piperidine 219 was
investigated in toluend?revious work in the groupad demonstratedhrough the use

of ReactlRM, that 4dimethylaminopiperidin€19 had a lithiation time 094 minutes
when carrying out the deprotonation ussBuLi/TMEDA in Et,O ati 78 °C.°® Based

on earlier workit was known that ©DTIPSN-Boc-piperidinel49wasslower to lithiate

in toluene than in EO and it was assumed that the same Wobe true with 4
dibenzylamingiperidine219. Thus, Ithiation was carried outvith s-BuLi/TMEDA at

178 °C for 5 hours andhte lithiated intermediatevas trapped with MgSICl. This
afforded U-silyl-N-Boc-piperidinecis-220 in 36% yieldafter chromatographgScheme
256) The dr was determined by Besidylpipeadne v a |
cis-221 on which'H NMR spectroscopic analysis could be performed. As before, the
pattern ofJ values indicated that both the NBand SiMg groups occupied equatorial

positions.

NBn, 1. s-BuLi, TMEDA (1.3 eq.) NBn, NBn,

toluene, -78 °C, 5 h TFA (10.0 eq.)

. DCM, rt, 20 h .

N 2. Me3SiCl (2.0 eq.) N7 YSiMe, N7 YSiMe,
Boc -78°C, 30 min Boo H

r, 16 h
219 220 221

36%, 100:0 dr 30%, 100:0 dr
Scheme: &6

The lithiationfunctionalisation ofdibenzylaminpiperidine 219 was also performed

with dimethylsulfate Unf or t-methytd-didenzylamirgiperidine 222 was
inseparable from piperidings-219 and the product was isolated aS@50mixture of

the two compoundérom which a 46% yieldf cis-222 could be calculated)Scheme

2.57) Whilst the'H and**C NMR spectracould be interpeed and the peal
methypiperidine cis-222 identified by comparison with the spectra of piperid2ie,

the dr of the eaction could not be determinetije tothe presence diroad peaks in the

'H NMR spectrum In this casegis-stereochemistry was assumed, given the precedent

in the reaction with MsSiCl.

91



Chapter Two

NBnz 4 sBuLi, TMEDA (1.3eq) NBN2
toluene, -78 °C, 3 h
>
[}j 2. Me,S0O, (2.0. eq.) [}j Me
Boc —-78 °C, 30 min Boc
219 18 h 222 - 46%
Scheme: 2.57

With moderately promising lithiation results irhand, h e -ar{dation of
dibenzylamingiperidine 219 was attemptedisingthe initial U-arylation conditionsof
SPhog(0.05 equivalenysand Pdx(dba) (0.025 equivalenjswith heatingat 50 °C This
reaction afforded an inseparal86:20 mixture of the desi e dphebypiperidine cis-
223 and piperidine219 by 'H NMR spectroscopyScheme 2.58)This equate to a
yield of around 10%of Uphenypiperidinecis-223 It is proposedhat a higheryield
could be achievedwith the optimisedconditions; however, this reactiorwas not
revisited due to the geparable nature of the product and starting material.

1. s-BuLi, TMEDA (1.3 eq.)

toluene, -78 °C, 3 h
NBn2

2.2ZnCl, (1.3 eq.) in THF, =78 °C, 30 min NBn;
rt, 30 min
-

N 3. PhBr (1.3 eq.), Pd,(dba); (0.025 eq.), N Ph

Boc SPhos (0.05 eq.), 50 °C, 16 h Boc

219 cis-223 ~10%

Scheme: &8
Overall, neither the [Hithiation-functionalisation or  Uarylation  of

dibenzylamingiperidine 219 gave comparableyields to those performed on -4
OTBDMS-N-Boc-piperidine73. As difficulties wereencountered witlthe separation of
dibenzylamingiperidine219fromt h e r e -functiohalisedg n darylpiperidines
the lithiationfunctionalisation opiperidine219was not investigated further.

2.4.2 Asymmetric U-Lithiation -Trapping of 4-Substituted N-Boc-piperidines

O6Br i en, Cdidhampands ¢geworkers had demonstrated thasymmetric
lithiation of N-Boc-piperidine8 followed by transmetallation and cressuplingcan be
used to delivere nant i o earyt piperidiees(sed) Scheme 2.2%° Their work

demonstrated that there was retention tdrechemical information duringhe
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transmetallation and crossupling steps Therefore, it wagheorisedthat the same
would be true with 4ubstituteeN-Boc-piperidines, namely,that asymmetric lithiation
during the lithiation and subsequent transmetallation emedscoupling would lead to
enant i oearyt piperdiees Thi8 would enable the synthesis cit-U-aryl-4-

substitutedpiperidineswith both high diastere@and enantioselectivity

First, the asymmetric lithiatiotrapping of 4OTBDMS-N-Boc-piperidine73 would be
investigated as there aneo reports of the asymmetric lithiation of yaiN-Boc
heterocycle in toluenéNork by Coldham,0 6 B r et alrhad shown that diamines
(§9-105 (or (RR)-105) gave the highest enantioselectivity when applied {0 4
substituteeN-Boc-piperidines,®* whereasthe sparteinesurrogate95 gave the highest
yield. For thesereasos, these two ligands were targeted for synthesis and subsequent

investigation.

The original synthesis of diamin&$)-105 was reported by Alexakis and-emrkers

but a shorter and more eff ietai>8dhefirstotept e w
was the resolution of (#yans-cyclohexanel,2-diamine using tartaric acid’his step

had already been carried out on egéascale by another member of the group and a
substantial quantity of both resolved sal&S)-224 and R R)-224 were available.
Alexakis diamine $9-105was targeted as this would give the same sense of induction
as the (Hsparteinesurrogateds. The er of the resolved salf§)-224 was determined

by synthesising TMCDA $9-225 (Scheme 2.59 and carrying out'H NMR
spectroscopic studsein the presence of 2,2{@fluoro-1-(9-anthryl}ethanol R)-226

(al so known a sas & chirak dhi#t teageffaTwe sepamtesimples of
TMCDA (59-225 in CDCl; were preparedavith a portion of R)-226 in one and $-

226 in the other. The'H NMR spectra could then be compared by examining the
resonance due to the methyl protorsnce the resulting complexesvould be
diastereomeric. Therefore, by comparing the two spectra, the presence and size of the
peaks could be identified and from thike er of the resolved salt determined. When

this procedure was carried out, edehNMR spectrumcontained only one resonance

(in a different position) for the methyl protons, indicating that TMCI¥9)¢225 and,

by extension, the resolved sa&kS)-224, was of >99:1 er.
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® o Me HO_LCF3
«NHz 0,C _OH Formic acid .~ wNeve

® O I Formaldehyde, 100 °C, 16 h N-Me

NH; 0,C” "‘OH A

Me
(S,5)-224 (S,5)-225 - 46% Pirkle's alcohol
(R)-226
Scheme 2.59

The synthetic route published 6 B r et alnwas followed §cheme 2.60 The
sequene involved the formation of hisethycarbamate 5)-227 from resolved salt
(S9-224 with 2 equivalents ofmethylchloroformateThe carbamate grospvere then
reduced tomethybmines via a LiAIH,4 redwction in THF to afford dimethgiamine
(§9-228in 92% yield Reaction ofdimethylamine (S9)-228 with 2 equivalents of-
butylacetylchloride and sodium hydroxide affordeddimethydiamide §S)-229 in

98% yield SubsequentiAlH 4 reductiongavethe desired Alexakis diamin& §)-105
However, poblems were encountered with the LiAlHeductions and, since no
purification was performed until a Kugelrohr distillation after the last step, this resulted
in impurities being carried through. This was solved by the introduction of a 6 M
NaOHaq wash after filtration througfCelite®, which was implemented to aid the
removal ofaluminiumrelated byproducts However, purification difficultiesesultedn

the low 10% yield of diamineSS)-105in the final step.

(@) OMe Me
® O CICO,Me (2.0 eq.) Y NH
NH  LiaH, (5.0 .
O:NH3 0,C OH NaOH (8.0 eq.) N iAlH, (5.0 eq.) \
> B
® O I ) THF, reflux, 48 h
NH; 0,C /,OH toluene/H,0 (3:1), rt, 18 h jl-l '\l}/IIH
e
(0) OMe
(S,S)-224 (S.S5)-227 (S,5)-228
94% 92%
t-Bu
@)
t-butylacetylchloride (2.0 eq.) \ Me
NaOH (4.5 eq.) o LiAlH, (5.0 eq.) \\N\/\
> Me - t-Bu
CH,Cl,/H,0 (2:1), 1t, 48 h N.Me THF, reflux, 48 h NN t-Bu
|
M
OJ\ (8,9) 1605
t-Bu ’10%
(S,5)-229
98%
Scheme 2.60
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The synthesis of+)-sparteinesurrogate95 was carried oufollowing the procedure
initially r e por t e d eba). andsabBeaqueety verified idrganic Synthese¥??
The synthesis made use of the naturally occurringcgtisine 230 which could be
extracted from the seeds bhburnum anagyroidesa procedure which itself had been
reported by Lasnand ceworkers® The use of a naturally occurring alkaloid ensured
that the starting material would be enantiopure and, as Wesr@o change to thé )
cytisine 230 core duringthe synthesisof (+)-sparteinesurrogateds, it could safely be
assumed that thesulting ligand would also be enantiopure.

Laburnum anagyroideseeds were blended and extracted with a mixture ofCGH
MeOH and 35% aqueous ammonium hydroxide before Hetaged and acidified with
3 M HClq The layersvereseparated and the aqueous layasbasified and extracted
to afford {)-cytisine230in 0.7% vyield.Crude {)-cytisine 230 was stirred at rtwith
methylchloroformateto afford methytarbamate231 in 98% yield. Methylcarbamate
231 was then hydrogenated over Rt@ reduce the pyridine on thexoface.
Subsequent reduction tfe methytarbamatevith LiAIH 4 to anN-methyl group gve
(+)-sparteinesurrogate95 in 39% yield (Scheme 2.6]1 Equipment difficulties were
encountered during purificationhich resulted in the low yieldieverthelesssufficient

pure (+}sparteinesurrogateds was obtained foasymmetridithiation investigations.

1. CH,Cl,/MeOH/ 35% NH,OH

blended (18:5:2), rt, 5 days HN CICO,Me (10.0 eq.)
Lobo filter z | Et,N (10.0 eq.)
anagyroides - N -
seeds 2.3MHCI, rt. 4h CH,Cl,, rt,3.5h
o
(-)-cytisine 230
0.7%
JOL 1. PtO, (0.1 eq.), H,
EtOH, rt, 16/22h (twice)
MeO Me.

H
2. filter, remove solvent N
r
3. LiAlH4 (6.0 eq.) N

THF, reflux, 18 h

(+)-sparteine surrogate 95 - 39%

231 -98%

Scheme 2.61

The electrophile scopen Scheme 2.54had demonstrated that the best lithiation
trapping yields were accomplished witflesSiCl, dimethylsulfate and i-PrOBpin
however noneof these electrophiles had strody chromophores. An electrophile that

wouldi mpart a good c¢ hor omoefynttionalisedpipgridine wash e
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necessary to enable determination of ¢hby CSRHPLC. Therefore, the electrophile

of choice was phenyl Weinreb amide, as this had given a gééd 5y i el-d of
functionalisedpiperidine cis-214 in excellent 8:2 dr. However, it was subsequently
determined that the resultidgfunctionalisedpiperidinecis-214 was not stable under
ambient conditionsipon storageAs a result, 4luoro-N-methoxyN-methylbenzamide
(4-fluorophenyl Weinreb amide) was also used as a comparable dr (97:3) had been
observed with this el ectr dyndiondligedipendinet he
cis-218hadonly beenslightly lower(42%)

Firth andO 6 B r at &. haverepored on the reactivity of a range sfBuLi/diamines
used in the lithiation ofN-Boc heterocycle§®>*° Collectively, these reports
demonstratedhat the s-BuLi/(+)-sparteinesurrogate95 complex was more reactive
than s-BuLi/TMEDA and s-BuLi/Alexakis diamine §9-105, both of which in turn
were more reactive thas-BuLi/(i )-sparteined3. Although the relative reactivity o
BuLi/diamine R R)-105 ands-BuLi/TMEDA is not known, it isreasonabléo assume
that lithiation with s-BuLi/diamine RR)-105 would be slower than withs-
BuLi/TMEDA due to the greater steric bulk of the ligamdrth had shown that in ED
at178 °Cthe lithiation of 4OTIPSN-Boc-piperidinewas complete in 30 minutes with
s-BulLi/(+)-sparteinesurrogateds and in 40 minutes witls-BuLi/TMEDA. In separate
work, Beak and ceworkers had shown that the lithiation of unsubstitutseBoc-
piperidine8 with s-BuLi/(i )-sparteine93 wasvery slow and low yielding® In addition
as shown in Table 2,5the lithiation of 40TIPSN-Boc-piperidine 149 using s
BuLi/TMEDA is slower in toluene than in £2. Taking all of this information together
suggested thafor the asymmetric lithiation of -©TBDMS-N-Boc-piperidine 73 in
tolueneusings-BuLi/chiral diaminesjong lithiation times (greater than 3 heumould
be required when usin@)-sparteine93, but 3 hours could be sufficient withe (+}
sparteinesurrogate9s. For the lithiation with diamineRR)-105 in tolueng around 3
hours wouldikely be required bua longerlithiation time might be preferable to obtain

complete lithiation.

Five lithiation-functionalisation reactions of-@TBDMS-N-Boc-piperidine 73 were
carried out usinghe following general conditions (Table 3)1 1.3 equivalents fos-
BuLi/chiral diamine in BIO or toluene at 78 °C with a lithiation time ofl-7 hours
before theaddition of theNeinreb amide. Using-BuLi/(+)-sparteined3in toluene with
a7lurl i t hi ati on t i nketgipeddindcs-244of 67833 af(bycCSR U
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HPLC) was obtained (entr). For comparison, the analogous reaction isOEvas
attemptedunderthe same conditiorend this afforded}ketapiperidinecis-214in 74:26
erand24% vyield (entry5). The enantioselectivitwas very similar to thaachieved by
O 0 B ret @ with 4-phenytN-Boc-piperidine63 in ELO with (+)-sparteined3 (78:22
er) (seeTable 2.2.>° Disappointingly, tle initial result in toluene shoed both lower
yield and enantioselectivitythan that achieved in g3. Lithiation-trapping with s-
BuLi/diamine (S9-105 in toluene for 6 hours gava meagre 7% vyieldo f - U
ketgpiperidinecis-214in 76:24 er (entry6). The same reactiowas performed in EO
with a lithiation time of 1 hour anaéncouraginglya 2 7 % y-keeopiperidinetis- U
214 was achievedn 83:17 er (entry7). Unfortunately,given our longterm aim of
performing onepot lithiation-transmetallatiorNegishi crosscoupling in tolueneit was
shown that a higher er was accomplished wheritii@tion was conducted in ED.
Lithiation-functionalisation of piperidin€3 using 4-fluorophenyl Weinrekamide with
s-BuLi/(+)-sparteinesurrogate9ds for 1 hourin Et,O gaveUketapiperidinecis-218 in
only 8% yield and 69:31 er (ent8). Thelithiation time was based on RedBtstudies
from our group where it was reportéidat the lithiation of OTIPSN-Boc-piperidine
149 using s-BulLi/(+)-sparteinesurrogate95 in EL,O ati78 °C was complete in 40
minutes?® The enantioselectivity achievedatchel the analogous reaction conducted
by OO06a& al.ioredphenytN-Boc-piperidine63 with MesSiCl, where a 70:30 er was
accomplishedsee Scheme 2.25” Due to the low enantioselectivity achieved inQEt
the analogous reaction in toluene wasattemptedF o r  bkettpiperidinescis-214
and cis-218 the sense of inductioirs assumed based on thextensive literature

precedent and previous work with the same set of chiral diamine ligfaids.
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Table2.18: Asymmetric lithiationtrapping of AOTBDMS-N-Boc-piperidine73

OTBDMS | " ot Ligand (1.3 eq.) OTBDMS
solvent, —78 °C, time R
>

N 2. Weinreb amide (2.0 eq.) N

Boc ~78°C, 30 min to rt or 16 h toe &

XX R =H cis-214

F cis-218
Entry Ligand Solvent Time/h Product Yield/%* dr° er

1 TMEDA toluene 3 cis-214 59 98:2 50:50
2 TMEDA toluene 3 cis-218 42 97:3 50:50
3 TMEDA Et,O 1 cis-218 35 97:3 50:50
4 (+)-sparteine  toluene 7 cis-214 15 97:3 67:33
5 (+)-sparteine Et,O 7 cis-214 24 >99:1 74:26
6 (§9-105 toluene 6 cis-214 7 96:4 76:24
7 (59-105 Et,O 1 cis-214 27 >99:1 83:17
8 (+)-spsur 95 Et,O 1 cis-218 8 >99:1 69:31

a) Yield after chromatography) dr determined byH NMR spectroscopy of product after chromatogramher
determined by CSPIPLC, forcis214R = H OD-H column 1 mL/min 90:10 hexane?rOH, forcis-218R =F IC
column 1 mL/min 99:1 hexariePrOH

Overall, the asymmetric lithiatiomesults were disappointinghe yieldsfrom all the
asymmetric lithiatiortrapping reactionsvere low (827%) However,in al | -cas e s
ketopiperidines cis-214 ( B9 dr) andcis-218 (>99:1 dr) were generated with high
diastereoselectivityL ithiation-functionalisationwith both s-BuLi/(+)-sparteine93 and
s-BuLi/diamine §9)-105 affordedU-ketapiperidinecis-214in higher erin EO than in
toluene. Therefore, des githiatien-atyl&tien prodeduiei t y
tolueneappears to bénferior to EtO for the asymmetric lithation of 4-OTBDMS-

piperidine 73. This was consistent with he f i ndi n gGldhaniand@® Br i e |
workerswhere,during the asymmetric lithiation of-ghenytN-Boc-piperidine63, the

best enantioselectivity was achieved wstBuLi/Alexakis diamine $9-105 in EL,O

(87:13 eJ (seeTable 2.2).°* Modifications of the Alexakis diamind05 have been
investigatedoy McGlacken and cavorkers, albeit with limited succeasd, due to this,

further investigations of these ligand®re not pursued® Overall, br the asymmetric
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lithiation to be synthetically useful, the accomplishedvould need o be B8 90: 1
the erin toluene was lower than that in Bt further irvestigationswith the available

ligandswer e not <conduct eatylagonwas @ohattemptgdmmet r i c
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2.5 Further Functionalisations of 2,4Disubstituted-N-Boc-piperidines

To demonstrate the utility of the 2¢dsubstitutedJ-aryl piperidinesgenerated from the
Negishi crossoupling reactions, it was decided to briefly explore some
functionalisation reactions on tHearyl piperidines Two aspects werenvisioned a
cyclisation reaction between the aryl group and the hydroxyl group (after TBDMS
removal) and a lithiatiorapping reaction at the benzylic position.

To start, the cyclisation reaction was explor¥eray crystal structures andH NMR
spectroscopicara | y s i saryl-4@TBDMS-N-Boc-piperidine identified that the
OTBDMS group and the aryl group adopted a diaxial conformaseeKigures 27 i
2.9). This inspired a brief investigation into whether the proximity of these groups could
be utilised for thecyclisation reactionlt was theorised thafollowing removal of the
TBDMS group, if a suitable group a8 present on the aromatic riroyclisationcould
occur from the alcohabnto the aromatic ringia an SyAr reaction. © this aim,an U-
arylation of 40TBDMS-piperidine 73 had beencarried out with Zbromo2-
fluoropyr i d-arylpperidinecisdd3fTig wbuldgive theopportunityfor
the hydroxyl groupto atack the pyridine ring at the-f@osition to give fused tricyclic
piperidine 232 The reaction was first attempted bgacting U-arylpiperidine cis-193
with TBAF to effect the removaf the silyl protecting group antthen heating t&0 °C
to facilitate the §Ar reaction. This reactiogave onlya trace araunt of the desired
tricyclic piperidine232 (detected by HRMB

OTBDMS N
1. TBAF (1.5 eq.) in THF |
F THF, rt, 24 h Z~0
'
N SN 2.50°C, 26 h /- H
]
Boc Z Boc’N H
cis-193 232 - trace
98:2 dr
Scheme 2.62

An alternative twestep approach wabérefore undertaken (Scheme 3.6arst, U-aryl
piperidinecis-193was reactedvith TBAF at rtto remove the TBDMS group, affording
alcohol cis-233 in 80% yield. Examination of the'H NMR spectrum of 4
hydoxypiperidinecis-233 demonstrated that it still adopted a diaxial conformatidre

cyclisation reaction was then attemptelprotonation of the hydrokyproton was
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achieved usingodium hydridein DMF and the reaction was heated at 90 tder

these conditions, an intramoleculagA® reaction did occur anthe desired tricyclic

piperidine232was obtainedh 23% yield.

OTBDMS OH N
E TBAF (1.5 eq.) in THF> F NaH (1.3 eq.) | o
_——

N N THF, rt, 17 h N N DMF, 90 °C, 17 h /‘ H
] ]
Boc l = Boc S Boc’N H

cis-193 cis-233 - 80% 232 - 23%

>99:1 dr

Minimal amounts of unreactetarylpiperidine cis-193 were present in the crude
reaction mixturewhich suggestd that other side reactions were occurring, potentially
due to the elevated temperatufiehe low yield could have been due to these side

reactions or simplyhe steric requirements of the reaction. Overall, this reaction gave a

Scheme 2.63

proof of concept that the diml conformation of theJ-aryl-4-OTBDMS-piperidines

could be exploited for further functionalisation to synthesise a molecule with a novel

tricyclic core.

I n

2012,

Boc-piperidines to give 2,2di substi tuted
e x aphepykNeBoc-pigeridine107 was lithiated withn-BuLi in THF
at 140 °C and trpped with methybdide to afford2,2-disubstitute@iperidine 234 in

2608 For

91%yield.
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1. n-BuLi (1.2 eq.)
THF, 40 °C, 40 min

v

Co | d h avarkers @poedithe Iithiadein d a © © i-anygN- o f

pi per i (btchanes

I}l Ph 2.E*(2.0-3.5eq.)warmtort, 16 h N EPh
Boc Elioc
107
(erPh (vaPh N Ph N Ph
i1 Me i SnBuj i1 CO,Me i "Bu
Boc Boc Boc Boc
234 235 236 237
E* = Mel E* = Bu3SnCl E* = CICO,Me E* = "BuBr
91% 91% 83% 89%
Scheme 2.64

U
n



Chapter Two

Col dham, O 6 Bworkersndemanstchated ctlwat the lithiatidrapping of
enant i oephenyN-Boemperidine (S-107 with n-BuLi in THF ati78 °C
proceeded with retentiomf stereochemistry (Scheme 2285 Enanti oe-nri ch
phenytN-Boc-piperidine (§-107 was prepared in 99:1 ania an asymmetric imine
reducti on reacti on and S uUb s e ehbeayi\tBocr ecr y
piperidine (§-107 was carried out in THF witm-BuLi at 150 °C. Then, the reaction
mixture was cooled t678 °C and the electrophile was added. When the trapping was
conducted withmethyliodide a 77% yield of 2, 2lisubstitutedpiperidineSj-234in 97:3

er was obtained, vereas trapping with B&nCl afforded 2,lisubstituteg@iperidine
(9-2351in 79% vyield and 94:6 er. Both of these reactions proceeded with minimal
reduction in er, demonstrating a retentiontloé original S stereocentrainder these

conditions.

1. n-BuLi (1.2 eq.)

Q THF, -50 °C, 30 min (j,_ (j,_
.
N ,’_ Ph >=Ph

\ 2.E* (2.0-3.5eq.) -78 °C N 2
Boc warm to rt, 16 h Boc Me Boc SNBU
(S)-107 (S)-234 (R)-235
99:1 er E* = Mel E* = BuszSnCl
77%, 97:3 er 79%, 94:6
Scheme 2.65

Independently, and more recentypldhamet al. reported the further functionalisation

of enant i-aryMBoc miper&ides via benzylic lithiation usingn-Buli in

THF ati 78 °C and trapping to affordrange of 2,isubgituted piperidines (Scheme
2.67).>* For examplelithiation-trappingo f -(4-Chlorophenylpiperidinewas performed

with n-BuLi in THF at178 °C for 5 minutesand thertrapping withmethyliodidegave
2,2-disubstitutedpiperidineR)-238 in 88% yield and 96:4 erAs had been reported by

Col dham, O 6-Borkersg the reiemtobn of siereochemistry was reported with

no changein er during lithiationtrapping.Coldhamet al6 s r epor t demons

other aryl groups could be used faxilitate the benzylic lithiation besides a phenyl

group.
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1. n-BuLi (1.1 eq.)

O THF, —78 °C, 5 min
/1, > "Ar

l}l Ar  2.E*(1.5eq.)warmtort, 16 h N
Boc éoc
) ()
N | N
| Boc OEt 1
Boc Me (0] Boc Me
(R)-238 (R)-239 (R)-240
E* = Mel E* = CICO,Me E* = Mel
88%, 96:4 er 78%, 93:7 er 76%, 95:5 er

Scheme 2.67

Thus, based on this literature precedent, theer t her functarypnal i
piperidinesusing this methodology was explordgenzylic lithiation was attempted on
Uphenyt4-OTBDMS-piperidine cis-176 based orthe procedure used by Coldhaeh

al..>* UPhenybiperidinecis-176 (96:4 dr)waslithiated usingn-BuLi in THF ati 78 °C

for 5 min and then trappedith methylchloroformateo give trisubstituted piperidine
cis-241in 50% yieldand96:4 dr(Scheme &8). For consistencyficisO amadsd i n
these trsubstituted piperidines refés the relatioship between the aromatic group and

the OTBDMS group in the 4osition The reactionclearly proceeded witlkomplete
retention of stereochemical informatioinitially, cis-241 was assigned based on the
previous precedent from t>*hahiatestragpingpdgfd Col d
phenypiperidine cis-176 with dimethylsulfategave trisubstitutedpiperidineis-242 in
excellent yield(99%) but low dr (86:14). The erosion in dr was unexpectatthough it

should be highlighted that other trappings wdiimethylsulfatecan lead to lower dr,
potentially due to slow trapping and configtional instability of the lithiated spesias

it warms up (see Scheme 2)2Bhe lithiationt r a p p i-anylpipeddinecis-179(94:6

dr) was also carried outtrapping with methylchloroformateand dimethylsulfate
afforded trisubstitutegiperidinescis-243 (91:9 dr) and cis-244 (946 dr) in 46% and

40% vyields respectivel{Scheme 2.68
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OTBDMS OTBDMS 1. n-BuLi (1.3 eq.) OTBDMS
THF, -78 °C, 5-15 min
Or ; > Ar
N Ph N 2.E*(2.0eq.) N 2,
é EIB -78 °C, 30 min é E
oc oc OMe 1418 h oc
cis-176 cis-179
96:4 dr 94:6 dr
OTBDMS OTBDMS OTBDMS OTBDMS
OMe OMe
., 7, /,, ",
'}l COzMe ’}l Me '}l COzMe '}l Me
Boc Boc Boc Boc
cis-241 cis-242 cis-243 cis-244
E* = CICO,Me E*=Me,SO, E* = CICO,Me E*=Me,SO,
50%, 96:4 dr 99%, 86:14 dr 46%, 91:9 dr 40%, 94:6 dr
Scheme 2.68

The relative stereochemistry of the trisubstituted piperidimess initially assumed and
could not beeasily determined b{H NMR spectroscopyTherefore, to confirm that the
benzylic lithiationtrapping reaction occurred with the expected retention of
configuration, attention turned toX-ray crystallography The TBDMS group was
removed from trisubstitutgdperidine cis-241 (96:4 dr) using TBAF to give

trisubstituted4-hydroxypiperidine cis-245 in 40% yieldand asa single diastereomer
(Scheme 2.69

OTBDMS OH
TBAF (1.5 eq.) in THF
Ph > Ph
N”""CO,Me THF, 11,20 h N”""CO,Me
Boc Boc
cis-241 cis-245
96:4 dr 40%, >99:1 dr
Scheme 2.69

An X-ray crystal structureof trisubstituted 4hydroxypiperidine cis-245 was obtained
which confirmed thathe cis-stereochemistryf the starting material in the lithiation
trapping reactio had been retained (Figure 21Biterestingly, thdwydroxyl group and
the phenyl groupadopted a diequatorial conformation. Due to rotamiers/as not

possible to analyse th#l NMR spectrumto determine if the same conformatioras
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