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Abstract

The tetrahydroginoline (THQ) moiety is found in many natural products and compounds
which have biological activity. This thesis describes the development of methodologies to carry
out lithiatiori substitution reactions df-Boc-2-aryltetrahydroquinolines. Most of the THQ
compounds fully deprotonated within a few minutes and the lithiated intermediates were

configurationally stable at low temperature.

A variety of novelUssubstituted products were obtained in good to excellent yields. Kinetic
resolutions were attempted ngithen-BuLi/(+)-s par t ei ne O6chir al baseb
starting materials were recovered in good yields and excellent enantiomer ratios (ers). The
enantioenriched recovered starting materials were then used in litrgatistitution reactions

in order to give thé&ksubstituted products in good to excellent yields and ers.

When cyanoformates were used as the electrophiles in the lithisilostitution sequence, the
ortho-substituted products were formed as opposed t0-substituted products obtained when
chloroformates were used as the electrophiles. This change in regioselectivity when different

electrophiles were used was unprecedented in the area of organolithium chemistry.
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When triethylborane was added to the lithiated intermediate, & Bbc migrationwas
promoted. The secondary amine product was obtained in good yield and in high er when

enantioenrichetl-Boc-2-phenyl THQ was used in the reaction.

Kinetic resolutions using theBuLi / (+)-sparteinaxhiral baséhave also been attempted on
a number of N-Boc-3-aryl-1,2,3,4tetrahydrel,4-benzoxazines While no Usubstituted
products could be obtained duefx@limination, the starting materials were recovered from

these reactions in good to excellent yields and ers.
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Chapter 171 Introduction

1.1 Organolithium chemistry

1.1.1 General introduction to organolithium chemistry

Organolithium chemistry is one of the most widely used and important areas of organic
synthesis. Functionalisation by lithiation and electrophilic ngheis among the most
fundamental of synthetic transformatidriBhere are a wide variety of compounds that can be
accessed via this, oftesimple, chemistry which makes it a very attractive technique. It is
thereforebroadly integrated and widely applied in studies that bridge inorganic, physical,

organic, and theoretical chemistry.

Organolithium reagents contaistaongly polarised carbohithium bond thought to be largely

ionic in natureand it is this polarisation which is the key to theiactivity> The difference
between the electronegativity of the two atoms means that most of the electron density is on
the carbon and sbe& bond can be thought of as having a similar type of reactivity to a carbanion

which gives an organolithium reagent its strongly basic and nucleophilic properties.

The formationohewQC 0 bonds with a high degranee of se
for researchers in a wide variety of fields. Therefore, the area of organolithium chemistry is

very active with publications being reported on a regular basis. In 2016, Capriati-and co
workers, demonstrated the progress made in this area of researdheyears and showed

that it was O0a | &Theyrsported d remarkable reactomaihloro-i n g 0 .
phenylbutanl-one 1 with methyllithium which gave2-methyt2-phenytetrahydrofurar? in

good yield at room temperaty under aiwith water aghe solvent (Schemg). Thisreaction

would have been unthinkable a number of years ago as it had always been assumed that
reactions employing organolithium reageotailldnd be successful unless they took place

underanhydrousonditions and inert atmospheres.

0]

Cl MeLi, H,O, under air (o]
Me
10 min

1 2, up to 82%

Scheme 1



1.1.20rganolithium reagents in solutioni aggregation and reactivity

Organolithium reagents are typically highly reactwelare therefore usually storedsalvents

in which they are soluble and stable, such as hydrocarbons. The eldefiment lithium atom

cannot be adequately stabilised by a single carbanionic ligand and with very little stabilisation
provided by the ¥ydrocarbon solvent, freeziqgpint measurements indicate that
organolithiums are typically aggregated as hexamers, tetramers or diimsrsifference in
aggregation state is mainly due to steric hindrance with bulky organolithiums such as
benzyllithium pimarily existing as dimers, whereas primary organolithiums sucim-as
butyllithium primarily exist as hexamers (Table!T).h e s e -agigeamd e s étructurei t h a
conssting of a core of alternatinig and C atomshave a much lower reactivity than what is

typically needed from an organolithium reageht.

Hexameric Tetrameric Dimeric Monomeric
EtLi I-PrCHLI PhCHLI None
BulLi i-PrLi

t-BuLi

Table 17 Typical aggregation state of organolithiums in hydrocarbon solution

The aggregation states need to be lowered in order to increase the reactivity of organolithiums
to a suitable level and this can be done by introducingrdmating ligands or soénts to

provide electron density for the electrdaficient lithium.In co-ordinating solvents such as

diethyl ether or THF, tetramers and dimers become typical aggregatioriatatbsityllithium

which are much more reactive states than the hexamerd fioinydrocarbon solutions. Other
ligands, usually amines or ethers (Figure 1), can also be used to deaggregate the organolithiums,
even in the absence of a-oadinating solvent. These @wdinating solvents and ligands form

Ohetagmo egatesgpiwbathyamach mor e grge edtait e 6t. h &

Jiy ;i
Me I
~N -
N -
o) PN " U MezN/\/ \/\NMeZ MezN/EMNMez
e
; ; (0] MezN/\/ €2 2
THF Et,0 TMEDA DMPU PMDTA HMPA
Figure 1



However, as the solvents and ligands in the figure above tend to react to some ektent wit
organolithium reagents, reactions usually need to be carried out below ambient temperature.
THF readily decomposes in the presence ganolithium reagents at room temperature by one

of two pathways (Scheme 2)°

The first pathway involves abstraction of @proton of THF3, followed by a reverse [3+2]
cycloaddition of the anion to form ethylene and the lithiurolate of acetaldehyd&!! The
second pathway, which was first reported in solution by Fleming amadcers in 1998, only
seems to be observed when very basic organolithiums aré4sedolves the formation of
but-3-en-1-oxide5 but it is not known whether this is formea a disfavouredetro5-endo

trig reaction or as a result of the rearrangement of a catBene.

RLi reverse [3+2] \
O\ Li > > =
i

ST

Q})@ a-elimination
O H

N

. @ retro 4_\\

base @) 5-endo-trig o)
5

Scheme 2

The halflives of organolithiunfsolvent mixtures vary greatly depending both on the ability
thatan organolithium reagent has to react with the solvent it is dissolved in and also how fast
theorganolithium species can selécompose (Table 2)*1°Changes in temperature can have
averylagpe effect on an organolithium reagentos

increase of 20 °C shortens the lifetime of an organolithium by a factor’of 10.



Organolithium Solvent Temperature (°C) Half-Life

MelLi EO 25 3 months
PhLi Et.O 35 12 d
n-BuLi Bu.O 150 35 min

DME 0 <5 min
EO 35 31h

EO 25 153 h
EtO + TMEDA 20 10 h

THF 35 10 min

THF + TMEDA 20 30 min
THF + TMEDA 0 5h
THF + TMEDA 20 50 h
t-BuLi Et.O 0 1h
EtO 120 8h

THF 120 45 min

Table 21 Stabilities of organolithium reagents in common solvents

1.1.3U-Amino-organolithiums

Hydrocarbons lithiate very slowly under normal conditions and the organolithium intermediate
species must be sufficiently stabilised for the deprotonation to occur at a reasonadlbesge.

are two possible ways in which the intermediate can be stabilised. There can either be an
intramolecular ceordination of the electredeficient lithium atom to a nearby heterat,

such as oxygen or nitrogen, or the electron ri¢lhi®ond can be stabilised by a proximal

empty orbital or electromwithdrawing group.

The coeordination of organolithium reagents to nearby heteroatoms pribthiation was
reviewedby Beak and Meyarin 1986*The ef fect, which they call
proximity effectd (ClIPE), involves compl exa
substratéétotheoganol i t hi um redgeéemti at 0 ¢@cam B)apThie xde
complex brings theeactiveU-proton of the substraténto proximity of the reagent and this

facilitates deprotonation to form the lithiated intermed8atéBeak and Meyers postulated that



this effect could be as important as resonance, stereoelectronic, inductive and steric effects in

determining the course of reactions involving these reagents.

R4
L
L, = XL L
R" °N” "R® R" "N” "R® R" °N” "R®
R2 R2 R2
6 7 8
Scheme 3

Lithiations adjacent to dwlr, phosphorus, oxygen and nitrogen based functional groups are
favoured with the acidity of the proton being removed inénggs it is benzylic, allylicor
attached t@smallring saturated heterocycle:Amino-organolithium compounds are formed
when lithiation takes pladgto a nitrogen atom and these intermediates are important as they
can readily react with electrophiles to form various substituted amines. There are three main
classifications of thesspecies: Unstabilised, dipestabilised and mesomericaiyabilised

(Figure 2)*®

D o L 0%
i N 1 f?\i)\ < > R1 J\\ﬁ)\ R3

Li R . R3
R2 R2

Unstabilised a-amino-organolithium Dipole-stabilised a-amino-organolithium
Li
Noe S\~  LDA N NRA
| — |
= =

Mesomerically stabilised a-amino-organolithium

Figure 2



6 Un s t a baminoosgarmblibhium compounds are derived from tertiary amines where the
nitrogen atom is not acylated. The lone pair on the nitrogen cardamate to and stabilise the
incoming organolithium reagent. The lone pair also destabiliseadjaeent carbofithium

bond by an artbonding interactiorbut will stabilise the lithium by cordination, normally
through a dimeric structur&he two main strategies of making these compounds asithiex

tini lithium exchange reactions or deprotaoatof quaternary ammoniugomplexes, although

a degree of dipole stabilisation will be present in the latter to give some extra stability to the
organolithium specie§Scheme 4). The chemistry of these compounds has so far been less
developed than statsiédU-amino organolithiums?

SnBU3 Li
1
R, oo RLi R, -
R R
© H © Li
HeB ) _ RLi HsB, .
_N e
R® R/'Tl@ !
Scheme 4

If the nitrogen lone pair is in conjagon with a carbonyl group, the interaction between the

lone pair and th&€i L i bond is |l essened. The delocali sa
into the amide carbonyl, or similar functional group, gives a dipolar resonance form with a
positively chaged nitrogen atom adjacent to the carbanionic carbon atom. This is called a
dipole-stabilised carbanion. Various groups have been used for this stabilisation, including

amide?® formamidine?! nitrosd® and carbamatégroups (Schems).
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Me O 1) s-BuLi, TMEDA, Me O i
. _ THF.-78°C 5h N

Me Me k 2) MeOD Me Me K
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1) t-BuLi, THF,
Q—\/C\N\\\ 25 °C, 45 min Q:QN\\\
N N\é N e N\é
2) Mel, =78 °C o

0 1

|
Me
Me 84%
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1) LDA, THF, Mo
Me\N,Me _80°C \N/\Me
|
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75%
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t-Bu Me 1) s-BuLi, TMEDA, tBu Me
O. _N. THF, 0 °C, 90 min O._N
e I
o] 2) Mel e
t-Bu Ty : tBu t-Bu
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Scheme 5

In 1989, Beak and Lee reported the first use oftémebutoxycarbonyl (Boc) group as a
convenient directingroup for thelHithiation of amine$? They showed thathe Ulithiation

of N-Boc-piperidine9 with s-BulLi, followed by quenching with a range of electrophiles,
proceeded smoothly to give the produlddsn good to excellernyields (Scheme 6).his group

can usually be addessing standard procedures and readily removed by mild acid treatment
which has made it the most prevalent directing grfoughe Uithiation of aminessince this

time.



O s-BuLi, TMEDA Q , E* Q

N N /L| - = N E
P Et,0, -78 °C, 3.5 h P

9 10
E* = Me;SiCl = 94%

E* = PhSSPh =61%
E*= M92804 =53%

Scheme 6

There are two importarstructural types of mesomericaiyabilisedJ-amino-organolithium
compounds; these are lithiated allylic or benzylic amines, aadadllyl anions. Lithiated
allylic or benzylic amines contain varying degrees of resonance stabilisation of the negative
chage and the position of the lithium atom is not always clear. For exaifitajo N,N-
dimethylbenzylaminell shows a dynamic equilibrium, in solution, betweghand o
bonding?® The positionof the equilibrium varies depending on the temperature, @ith

bonding predominant at lower temperatures (Scheme 7).

Scheme 7

1.2 Asymmetric synthesis using organolithium reagents

In reactions involving organolithiums, chiral diamines can not only be used to stabilise the
organolithium intermediate, but these ligandgehalso been shown to be remarkably efficient
aids for enantioselective synthe€islhe most common chiral diamines in use are the lupine
alkaloid (i )-sparteinel2 which can be obtained from Scotch Braéhg+)-sparteinel 3 which

is a component of the shri@mphorapachycarpa C. A. Me$f or the(+)-sparteine surrogate

14, devel oped bworkedstFRuré3¥nh and co
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Figure 3

When carrying out a reaction with a chiral organolithium species to induce asymtnetey,

are three key factors which determine the stereoselectivity (Scheme 8).

1) The selectivity of the proton abstraction of the subs#atie form B andepiB.

2) The rate of epimerisation @& and epi-B relative to their rate of reaction with the
electrophile.

3) The stereochemical course of the electrophile substitution (retention or inversion).

. . Asymmetric Deprotonation Electrophile k3 retention
L - R - AS
X B Y D . X Y
ynamic
Kinetic C
Resolution
RLi H H | ki ko Inversion
'*)i* I L
XY L* X~ Yo .
Dynamic Inversion
A Thermodynamic Dynamic
Resolution Kinetic
Resolution
*L/Li)i—| E H
X Y X>\Y
Asymmetric Deprotonation epi-B Electrophile k4 retention epi-C
Scheme 8

Four pathways are possible for the transfer of stereochemical information:

1) Asymmetric Deprotonation

2) Kinetic Resolution (KR)

3) Dynamic Thermodynamic Resolution (DTR)
4) DynamicKinetic Resolution (DKR)



1.2.1 Asymmetric deprotonation

Asymmetricdeprotonation is the simplest method of asymmetric synthesisargjagolithium
reagents. It involves an organolithium reagent forming a complex with a chiral ligand, such as
(r)-sparteine t o form a &échiral baseb6. This <can
energetically norequivalent diastereomeric transition states, from an achiral sul¥Stidter
guenching the lithiated intermediate, which mustbefigurationally stable in order for this
method to be viable, with an electrophile, products with a high enantiomeric ratio can be

formed.

The work of Nozaki and cworkers, over 45 years ago, was pioneering in this field as they
were the first to showhat the use of an organolithium reagent in a complex Wjtsdarteine

could induce asymmetry in a lithiatibsubstitution sequencé.

Hoppe and cavorkers, over 25 years age;stimulated interest in this aréaTheyfound that
deprotonation gdcent to the oxygen of the carbam&saisings-BuLi in Et2O, in the presence

of (i )-sparteine, formed trmmplex(S)-164i )-sparteine with high diastereomeric excess. This
proved that the O6chiral based can 15hndanr i mi
selectively abstract thero-S proton. This was confirmed by quenching the intermediate with
various electropiles as excellent enantiomeric ratios of the prodliétwere obtained in all

reactions (Scheme 9).

H, H s-BuLi / (—)-sparteine H, .Lil(-)-sp E* H, .E
H3C(HZC)5 OCbx Etgo, -78°C,5-6 h H30(H20)5 OCbx H3C(H2C)5 OCbx
15 (5)-16-(-)-sparteine 17
E"=CO, = 70%; er (R:S) > 97.5:2.5
o E* = Me;SnCl = 86%; er (S:R) > 97.5:2.5
E* = Mel = 81%; er (S:R) 98:2
Cbx= O

Scheme 9

An excellent example of asymmetric deprotonation was reported by Beak and Kerrick in
19912 They described the application of Hopp
of N-Boc-pyrrolidine 18. The s-BuLi/(i)-sparteine complex facilitated éhasymmetric

deprotonation of one of thero-S -pibtons to give the chiral organolithium intermediate

10
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(9-19which was quenched with a range of electrophiles to give the pralictgoodyields

and excellent ers (Scheme 10).

) s-BuLi / (-)-sparteine L), E* L),
N -~ N Lil(-ysp  ———— "E

N
|
Boc  Et,0,-78°C,4-6h Boc Boc
18 (S)-19 20
o) E* = Me3SiCl = 76%; er (S:R) 97:3
Boc = >L )g( E* = Mel = 76%; er (S:R) 97.5:2.5
9) E* = (CgH5),CO = 75%; er (R:S) 95:5

Scheme 10
In order to confirm that this reaction was taking place viaagymmetric deprotonation

pathway and not via asymmetric substitutitinj lithium exchange reactionsere carried
out3Firstly, the racemic organolithium intermedid@was formed both by deprotonation of

18 with s-BuLi and by tiri lithium exchange of the racemic stann@igE = SnBu) with n-

BuLi. Addition of TMSCI to this intermediate, followed bi){sparteineyielded the product

20a(E = SiMe) with very poor ers in both cases. These results supported their view)that (
sparteine didndét induce the enantioselectivi

with the electrophile.

Furthermore,enantioenghed stannaneS(-21 underwent tiinlithium exchange tayive the
organolithium intermediateS-19. This was quenched with TMSCI to give the prodi8)t (

20ain good ers in both cases (Scheme 11). This confirmed that the organolithium intermediate
(9-19 wasconfigurationally stable under the reaction conditions which further supported the

asymmetric deprotonation hypothesis.

Z N B"'SnBu3 n-BulLi, Et,0, ligand Z N S"'Li TMSCI Z N B"'TMS

Boc —-78°C, 2-4 h, Boc Boc
(8)-21 (5)-19 (S)-20a
98:2 er

ligand = none, er 96.5:3.5
ligand = TMEDA, er 87:13

Scheme 11

11



Beak and cavorkers expanded this methodologyNidBoc-indoline22 a few years latet* The
sBuLi/(i)-sparteine o6chiral b ransoee the pvo<s protan ®f8-Boct 0 s e |
indoline 22 to form the configurationally stable organolithium intermedi&e2@. This was
guenched with a range of electrophiles to obtain the enantioenriched pratimog®od yields

and excellent er6Scheme 12).

.
©j> s-BuLi / (-)-sparteine @""Li/(—)-sp E ©j>. OE
N - N N\
Boc  cumene, -78 °C, 6 h Boc Boc
22 (5)-23 24

E* = Me;SiCl = 57%; er (S:R) 97.5:2.5
E* = Me3SnCl = 70%; er (S:R) 99:1
cumene = E* = Me,SO, = 52%; er (S:R) 98.5:1.5

Scheme 12

To support their asymmetric deprotonation hypothesis, the saréthithm exchange
reactions used fa¥-Boc-pyrrolidine 18, as described above, were carried out. A similar set of
results were obtained, which confirmed the pathway followed in these reaai&nalso

asymmetric deprotonation, not asymmetric substitution.

In 1995, Evans and ewmorkers reported the asymmetric deprotonation of
aryldimethylphosphinédoranes, followed by oxidative coupling, to give diphosphine
precursors® Phosphineborane25 was deprotonated using tiseBuLi/(i )-sparteinecchiral

baséto give the chiral organolithium intermedig®-26. This underwent oxidate coupling

with coppel(ll) pivalate to form the desire@.-symmetric produc(SS)-27 in good yield and
excellent er (Schemd3). The Cy-symmetric product was separated from these
diastereoisomer by column chromatography and this precursor was conveniently converted to

the diphosphin€S,S-28 upon treatment with diethylamine.
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BH . BH BH BH
1% s-Buli/(-)-sp TS Cu(OPiv), S 73 Et,NH
Aru\P\ Arn‘P\ . Ar"‘PvFi"Me _— Arn‘PvF;//Me
4 Me 4 CHyli | ]
Me Et,0, -78 °C Me Me Ar 55°C Me Ar
25 (5)-26 (5.5)-27 (5.5)-28
59%, >99:1 er 96%
O
Ar= Piv = ;%H<
Scheme 13

As both enantiomers of sparteine are expensive, a method which uses the ligand in
substoichiometric amounts is desirable. McGr
asymmetric deprotonian which involved a ligand exchange proc&sshey found that using

a substoichiometric amount of ){sparteine in the asymmetric deprotonationNsBoc-

pyrrolidine 18 led to a much poorer yield and er of the prod@20awhen comparetb the
stoichiometric amounts used by Beak andvmokers (Scheme 14).

1) 1.3 eq. s-BuLi/ 0.2 eq. (-)-sparteine,

[ \ Et,O, -78 °C, 5 h / §
> N IIISiMe3

N

|

Boc  2) Me,SiCl Boc
. (S)-20a

34%, 75:25 er
(cf. 76%, 97:3 er)

Scheme 14

This suggested that the chiral ligand did not readily dissociate from the lithiated intermediate
formed in the reaction and so the reacts8uLi/(1)-sparteine complex could ndie
regenerated. However, they found that when they added an achiral diamine, such as bispidine
29, to the reaction mixture, this formed prod@6éain a yield and er comparable to the one
obtained by Beak and amorkers. An even better enantioselectivitblgs obtained when

O06 Br i egpérteine(surrpgate was used as the chiral ligand (Scheme 15).

13



1) 1.3 eq. s-BuLi/ 0.2 eq.(-)-sparteine,

{ \ 1.2 eq. 29, Et,0,-78°C,5h / \
N IIISiMeg

N

|

Boc  2) MesSiCl Boc
18 (5)-20a

76%, 90:10 er

1) 1.3 eq. s-BuLi/ 0.2 eq.(+)-sp surr.,

L) 1.2 eq. 29, Et,0, -78 °C, 5 h &

N SiMe
| N 8
Boc  2) Me;SiCl Boc

18

/L (R)-20a

N 66%, 94:6 er
29 = N

Scheme 15

These results implied that not omlig ligand exchangtake place but also, both organolithium
species were configurationally stable under the itimm3$ and the complex of-BulLi/29
deprotonated8s | ower than the Ochiral based compl ex

work with the asymmetric deprotonation®falkyl carbamates and phosphine borafies.
1.2.2Kinetic Resolution (KR)

Kinetic resolution is the achievement of partial or complete resolution of the enantiomers in a
racemate, by virtue of unequal reaction rates with a chiral &g@th.e n usi ng a 6échi
if no ligand exchange process is occurring, there needs to be more (or at least the same number

of) equivalents of the chiral ligand present than of the organolithium reagent in order that the
entire organolithium reagent is complexed with the ligahchi s 6 c héam thén bas e
preferentially deprotonate one enantiomer of starting material, allowing the other enantiomer

to be recovered in good er. Using an electrophile to quench the reaction can give the product

in high er as long as the organolithium intermediateithfirmed is configurationally stable.

A drawback of this procedure is that, theoretically, a maximum yield of only 50% of the

recovered starting material and product are able to be obtained in good er.
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In 1997, Beak and eworkers reported a moderate &t resolution of the carbama@é by

deprotonation (Scheme 18)This study showed that a kinetic resolui n
of n-BuLi complexed with i{)-sparteine could be achieved albeit with limited success.

Lithiation of30wi t h 0.

5

equivalents

of

usi ng

t he

t he

the recovered starting materidR®){30, in 55%yield and 75:25 er with the produ®)(31 being

formed in 22%

yield and 87:

13

er .

used to 0.8 gavéRj-30and R)-31in 12% and 66% yield with er 81:19 and 57:43 respectively.

While these resultsidd n 6 t

enabl e the

start.

ng

that this methodology had the potential to be extended to other substrates.

Me

Me, H
Boc )\
~ B N
N Ph oc N/<Ph
1) n-BulLi, (-)-sparteine
PhMe, -78 °C
OMe 2) CO, OMe
30 (R)-30
0.5 eq. of (—)-sparteine: 55%
75:25 er
0.8 eq. of (-)-sparteine: 12%
81:19 er
Scheme 16

Me COzH

Boc\N/’<

Ph

OMe
(R)-31

22%
87:13 er

66%
57:43 er

mat er i

More recently, Coldham and -workers reported the kinetic resolution of-Boc-2-
arylpiperidines’® They used 0.7 equivalentsofBuLiand {)-s part ei heahs basédh
selectively deprotonate one enantiomeNeaBoc-2-phenylpiperidine82ain toluene ai 78 °C

before they quenched, after 3 hours, with ethyl chloroformate. This gave the recovered starting

material R)-32ain an excellent yield and er (Schei®. The organolithium reagemBulLi,

was added last to a mixture of the starting material Bnsiparteine, as prmixing then-BuLi

with the {)-sparteine resulted in lower ers.
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N Ph N~ “Ph

| ) |
Boc toluene, —78 °C, 3 h Boc

0
Q 1) 0.7 equiv. n-BuLi / (-)-sp. O . O\\o‘”\oa
" N"~Ph
Boc

32a 2) EtOCOCI (R)-32a (S)-33a
45%, 96:4 er 51%, 86:14 er

Scheme 17

Ethyl chloroformate was used in this methodology as a sacrittedtrophile in order to
consume the reactive enantiomer of starting material to form the pro8u884 The
recovered starting material obtained from these kinetic resolutions was then used in lithiation
substitution reactions to form 2dsubstitutedproducts33 in excellent yields and with

minimal or no loss in er (Scheme 18).

Ar = 2 B
O 1) n-BuLi, THF QN \©\ \©\
2 > N Cl F

N™ “Ar _7g°C, 5min N™ E Py
Boc Boc
2)E*
(R)-32 33
er > 94:6 67-88%, er > 91:9

E* = EtOCOCI, Mel, allyl bromide

Scheme 18

Reactions or reaction sequences that include two kinetic resolution processes are far less
frequently encounterethan those that include onand yet can be very effeativin 2015,

Doulcet and Stephenson reported a double kinetic resolution procedure of 7,8
dipropyltetrathia[7]helicene34*° The sBuLi/(i)>s part ei ne 6échir al bas
deprotonate helicene34 (Scheme 19). This gave, after they quenched with
chlorotrimethylsilane, a mixture of enantioenriched recovek&d3d, TMS-helicene P)-35

and diTMS helicene P)-36. The enantioenriche(M)-34 was then subjected to the same

reaction conditions in order to obtaid)-34 with a higher er than that obtained from the first

kinetic resolutionFurthermore,R)-35was able to be recrystallizéal enantiomeric purity
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from hexanes and so thisggedure allowed the synthesis of 3 helicenes with ers greater than

97:3.

1) s-BuLi / (-)-sparteine

Et,0 /PhMe, -78 °C, 4 h

2) TMSCI

2) TMSCI

(M)-34
82:18 er

16%, 87:13 er
*+  (enantiopure
after recryst.)

(M)-34

56%, 82:18 er
(P)-36

(P)-35

+ notisolated,
+ 71.5:28.5 er

(M)-34
84%, 97:3 er

(P)-36
4%, 99:1 er

Scheme 19

In the methods described above, the enantioenrichavents in the initial deprotonation. If

the enantioenrichment of the product arises after the initial deprotontimplies that the

intermediate organolithium is configurationally unstable. This means that, in the presence of a

chiral ligand, the two organolithium stereoisomers form interconverting diastereomeric

complexes. There are two possibilities when thisasion is present artlese will be explained

below.
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1.2.3Dynamic Thermodynamic Resolution (DTR)

If the rate of interconversion of the diastereomeric complexes is slow on the timescale of the
addition of the organolithium to the electrophile, the prodatb in this case reflects the
relative proportions of the complexes and so to obtain a good enantioselectivity, the
equilibrium between them must lie heavily to one side. This reaction is under thermodynamic
control and is called a Dynamic ThermodynafRiesolution or a Dynamic Resolution under

Thermodynamic control (Figure #).

enantioselectivity
determined by AG

(R)-RLi/L*
(S)-R-E (R)-R-E
E+ k1 . E+
(S)-R-E = (S)-RLIIL" =< = (R)-RLiL > (R)-R-E
k3 kz k4
Ky, k3 < K3, kq
Figure 4

The DTR is a twestage process. The first stage is reaching equilibrium between the two
interconverting diastereomeric complexesl éhe second stage is locking this equilibrium at a
lower temperature before the electrophile reacts to give the enantioenriched product (Scheme

2002This procedure -tcsokdownotscal Swar m
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H L H, LiL* Add E* =

B B C
] i
H H RLi L cool
8 > > —_—>
X>\Y warm "
A
*L/Li>i'| UL >\H Add E* E >\H
X Y X Y X Y
epi-B epi-B epi-C

Scheme 20

Beak and cavorkers reported an excellent example of a DTR which involves the

complexatiorsubstitution of dilithio compoun8@8 (Scheme 21§34

The amide87was deprotonatedith s-BuLi and the intermediaté8was conplexed with 1)-
sparteine in order to form the diastereomeric complexes. It was found that the reaction
conditions used for complexation of compowd&lvith (i )-sparteine were very important and

had a large effect on the enantiomeric ratios of the mtazhtained. When the organolithium

was complexed withi {-sparteine at 78 °C, the produc39 was obtained after the addition of
TMSCI with a poor enantiomeric ratio. However, if the complex dfsparteine an@8 was
allowed to stir for 45 minutes a5 °C, before cooling t678 °C, §-39was obtained with an
excellent enantiomeric ratidt was clear that this incubation periodi@5 °C allowed the

complexes to equilibrate prior to the reaction with the electrophile.
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PiV\ . . PiV\

NLi  Li/(-) NLi  SiMej
: Me;SiCl :
-78 °C
(R)-38:(-)-sp (R)-39
Pivs Piv
NH , SNLi L
s-Buli (rsp o5 e cool g 5C
37 38 Pive, . . i
NLi LVE-sP e sic) PYNLi siMe,
-78 °C
Entire reaction at -78 °C, er (S:R) 56:44
With warm/cool cycle, er (S:R) 92:8 (5)-38-(-)-sp (5)-39

Scheme 21

Addition of 0.1 equiv. of MsSIiCl after the warm/cool sequence provided the prodee3q

with a higher enantiomeric ratio (99:1) than addition of 2.4 equfithe same electrophile
(91:9). This clearly showed that the two pequilibrating complexes reacted with the
electrophileat a different rate, with the more populated complex reacting faster. This suggests
that it would be better to add TMSCI slowlyid@5 °C and this example also illustrates the
possibility that a DTR can be combined with a kinetic resolution in order &naibre highly

enantioenriched products.

In 2002, Coldham and eworkers reported the first ambient temperature DTR process of an
unstabilised U-amino organolithium, N-isobutyk2-lithiopyrrolidine 41.454¢ Tini lithium
exchange was carried out on the racemic stardi@nsingn-BuLi at room temperature. This
organolithium specie$l wastreated with the chiral ligand Y-sparteine or giroline derivative

43 and the complexes were allowed to equilibrate. The mixture was then cooled and quenched
with various electrophiles to give thesRbstituted pyrrolidine42a-c in good yields and good

to excellent enantiomeric ratios (Scheme 22).
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[\ o

N
I

/NO Q‘Li/L*
Me E*,-10°C &
H/ ’ E

43-OLi
(R)-41-L" H/

O\ n-BuLi, hexane/Et,0, 22 °C
SnBus

N
1 h, then L", 30 min
L* = (-)-sp L* = 43-OLi
40 T T
Ny E*,-10°C NH/E
(S)-41-L" 42

Resolution with (-)-sparteine

42a: E*= Me3SiCl; E= SiMes; Yield = 78%; er (R:S) 85:15

42b: E*= PhNCO; E= C(O)NHPh; Yield = 57%; er (S:R) 82:18

Resolution with 43-OLi

42a: E*= Me3SiCl; E= SiMes; Yield = 75%; er (S:R) 96:4

42b: E*= PhNCO; E= C(O)NHPh; Yield = 61%,; er (R:S) 97:3

42c: E*= acetone; E= C(OH)Mey; Yield = 54%; er (R:S) 96:4

Scheme 22

It is interesting to note that the major enantiomer of the prafiazibtained from the dynamic
thermodynamic resolution witfi }-sparteine has the opposite configuration to the prdzilect

obtained from the asymmetric deprotonatiofNeBoc-pyrrolidine mentioned earlier.

Recently, Capriati and eworkers have reported the first DTR of a racemic oxirdittylum
specied’ Usings-BuLi, lithiation was carried out on the racemic oxirafewhich was pre

mixed with the chiral ligand i{-sparteine (Scheme 23). The configurationally labile
organolithium complexe45 were allowed to equilibrate for 30 minutes before Mel was added

to form the disubstitutkoxirane46. When an excess of the electrophile was used, the product
formed had a moderate 76:24 er. However, when a substoichiometric amount of the
electrophile was used, the er of the product was 52:48. This difference in enantiomeric ratio
provided eidence for a dynamic resolution under thermodynamic control. The essentially
racemic product obtained when 0.1 eq. of the electrophile was used supported the view that the

thermodynamically less populated diastereomeric complex reacted faster with titogplbikc
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O (0]
<LaLir <LiMe
-, Mel 2
) )
(R)-45-(—)-sp (R)-46
(0]
H s-BuLi / (-)-sp.
30 mins
FAC solvent, T
44
(o) Mel 0
o Li/L* «wMe
FQC F3C
(5)-45-(-)-sp (5)-46

5 eq. of Mel (solvent = hexane, T = -78 °C) : 70%, er (R:S) 76:24
0.1 eq. of Mel (solvent = pentane, T =-120 °C to —78 °C) : 10%, er (R:S) 52:48

Scheme 23

1.2.4Dynamic Kinetic Resolution (DKR)

Dynamic Kinetic Resolution is when the rate of interconversion of the two diastereomeric

complexes is fast on the timescale of the addition of the organolithium to the electrophile. The
productratio in this case reflects the different rates of reaction that the complexes have with
the electrophile, not the ratio of the complexes in the equilibrium. This reaction is under kinetic

control and is called a Dynamic Kinetic Resolution (Figuem8 Sbeme 24).
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\ """""""""""""""""""" enantioselectivity

---------------- determined by AAG*

Note: Indicated
AAG” is only
applicable if
complexes have
identical energies

(S)}-RLIL*  (R)-RLiL*

(SR-E (R}-R-E
E* ki E*
(S RE <*—— (S)}RLIL* = ~ (R}-RLIL* ——> (R)}-RE
k3 k2 k4
ki, ko > ks, kg
Figure 5
H Ll E+
H E
X>\Y X>‘\Y
B FAST C
H H RLi L
X>\Y
A
“LLi, H E E H
M e - Ny
XY SLOW '
epi-B epi-C
Scheme 24

Beak and cavorkers have reported an excellent example of a BRThe amide47 was
lithiated by the addition ofs-BuLi/(i)-sparteine to form the rapidly interconverting
intermediate complexet8. These were quenched with alkyl halides to fohe productgl9a

and49bin good yields and enantiomeric ratios (Scheme 25).
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(Pr),N_O Li/(-)-sp (Pr),N__0O R
| R-CI 1

(5)-48+(=)-sp 49a : R= n-Bu; Yield= 95%; er (R:S) 90:10
49b : R= Bn; Yield= 52%; er (R:S) 84:16

(Pr),N__O
s-BuLil(-)-sp
MTBE / pentane, -78 °C
47 i (Pr);N___O
(FrzN \j/o Lil(-)-sp R-OTs [ R
o0 (R)-48:(=)-sp

Tez WS 49a : R= n-Bu; Yield= 52%; er (S:R) 99:1

49b : R= Bn; Yield= 26%; er (S:R) 89:11

Scheme 25

Interestingly, when alkyl tosylates were used, the products with the opposite configurations
were observed. They hypothesized tthet noncomplexing halide electrophilegproacted

the carbanion from the sterically less encumbered face resultinginventive substitution
product. On the other hand, they postulated that slower reacting tosylaistiraied to the
organolithium intermediate to form an ipair prior to GC bond formationThis process

could allow delivery of the alkyl group to the carbanionic reon the same face as the lithium

and result in a net retentive substitution

In order to confirm that the reaction was taking place via a DKR pathwalthiom exchange
reactions were carried oukreatment of the stannyl compoub@, of varying enatiomeric

ratiog with n-BuLi in the presence of J-sparteine at 78 °C followed by reaction with allyl
chloride providedR)-49cwith high enantioenriaments, imlependent of the enamenrichment

of 50 (Scheme 26)They hypothesized that if the complexes were not equilibrating at the
reaction temperature, the enantiomeric ratio of the product would have depended on the
enantiomeric ratio of the stannane. Theyestathat as the two enantiomeric ratios were
independent, the complexes were equilibrating faster than their reaction rate with the
electrophile and therefore, the enantioselectivity was due to a dynamic kinetic resolution

pathway.
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'Pr);N.__O i
(P12 SnBu; (PN__O A

1) n-BulLi/ (-)-sp, MTBE / pentane, -78 °C

2) allyl chloride

50 (R)-49c¢
50:50 er 94:6 er
67:33 er 92:8 er
82:18 er 92:8 er
91:9 er 919 er

Scheme 26

A tinTlithium exdchange reactionn the absence ofi J-sparteinefollowed by electrophilic
guench with allyl chloride generated virtually racemic prod@ct(Scheme27). This shoved
the configurational instability of the intermediate organolithium with respect to theofates

reaction with the electrophile.

'Pr),N___O i
(P12 SnBus (Pr)N._O
1) n-BuLi/ TMEDA, pentane, —78 °C

X

2) allyl chloride

S0 er (SiR) 93.5:6.5 49¢ : er (S:R) 50.5:49.5

Scheme 27

Coldham and cavor ker s have c a rlithiogrdolidioas usindp&vargety of o f
chiral ligands*® N-Boc-pyrrolidine 18 was treated witls-BuLi (2.6 eg.) and chiral ligand3

(1.5 eq.) in EXO ati 78 °C. After 6 h, a large excessmsBuLi (10 eq) was added and M8iCl

(5 eq.) was addedasvly over 30 minutes to give the produ&)-0a with an excellent er
(Scheme 28).
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{ \ 2.6 eq. s-BulLi, 1.5 eq. 43, Et,0 / \
N~ SiMes

N
Boc ~78 °C, 6 h, then 10 eq. n-BuLi Boc
18 then —20 °C, slow addition of MesSiCl (S)-20a

57%, er (S:R) 95:5

Scheme 28

This procedure was actually an asymmetric deprotonation which took plaé8 a€ {ide
suprg followed by equilibration ai 20 °C. They found that not only dia warmcool protocol
give lower selectivitiedut also different erwereobtainedwhendifferent reaction conditions
and different rates of addition of the electrophiiere used, thereby supporting the view that

the reaction took place via a DKR pathway.

In 2004, Wilkinson and cavorkers reported a DKR combined with a DTR in order to enhance
the enantioselectivit§?>°They usedi()-sparteine (1.1 eq.) complexed witBuLi (1.1 eq.) to
deprotonate the diphenylmethane derivatye in ELO at 178 °C. This formed the
organolithium speies52 that was configurationally stable at this low temperature. Warming
the mixture toi 20 °C promoted the equilibriunowards the more thermodynamically stable
complex in 1 h. The mixture was-ceoled toi 78 °C and a substoichiometric amount (0.5 eq

of allyl tosylate was addedhis reacted with the fasteeacting, more stable complex and after
another warrrcool cycle and addition of a further 0.5 equivalents of the electrophile, the

product53was obtained with an excellent er (Scheme 29).
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OMe

O Lil(-)sp
Ph
J/OMe (R)-52-(—)-sp oMo
o . J
s-BuLi/(-)-sp cool to —78 °C, 0.5 equiv. allyl-OTs o7 X
Ph -
©/\ -78 °C, Et,0 then —20 °C, 1 h then -78 °C, 0.5 equiv. allyl-OTs Ph
then =20 °C, 1 h
DKR
51 (R)-53
OMe 93%, 97:3 er
O Li/(-)-sp
Ph
(8)-52:(—)-sp
DTR
Scheme 29

Recently, Wilkinson has revisited this work and has provided evidence for a DKR pathway in
the asymmetric allylation of-Benzylanisolés4.>* Compounds4 was deprotonated usirge
complex of ()-sparteine (1.2 eq.) withBuLi (1.2 eq.). Various substoichiometric amounts of
allyl bromide were used to quench the organolithium interme8tasnd they observed that

the enantiomeric ratio of the proddtiremained approximately conatgScheme 30) which

suggested a dynamic kinetic resolution pathway.

OMe Li/(-)-sp OMe ¢ X
allyl bromide, over 45 min
o T > Ph
(8)-55:(=)-sp (5)-56
Eq. allyl Yield er (R:S)
i 0
OMe - bromide (%)
s-BuLi/ (-)-sp 0.1 7 85.5:14.5
Ph —
Et,0, -20°C, 2 h 0.2 17 86:14
54 0.5 40 85:15
0.75 68 90:10
R /\
OMe IE_I/( Fsp allyl bromide, over 45 min PMe :
Ph Ph
(R)-55:(—)-sp (R)-56
Scheme 30
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1.2.5Hoffmann test

Hoffmann and ceworkers developed a chemical test of the figumational stability of
organolithium intermediatelsased on kinetic resolution during the electrophilic substitution
step®?°® This test gives a qualitative guide to the stability of the organolithium on the timescale

of its addition to the electrophife.

The Hoffmann test includes two reactions. The first reaction is a control reaction where the
racemic organolithium reacts with a racemic mrgt of a chiral electrophile. The second
reaction consists of the racemic organolithium being treated with an enantiopure sample of the

electrophile (Figure 6).

In the control reaction, as both enantiomers of the electrophile are available, both emantiome
of the chiral organolithium species will react identically even if it is configurationally unstable.
Therefore a racemic mixture of products will be formathough the dr must not be 50:50 in
order for the test to be successftiis desirablghat he diastereomeric ratio of the resulting
products lies between 1.5 and 3®the second reaction, if the organolithium intermediate is
stable on the timescale of its addition to the electrophile, 50% of the product will arise from
the R-enantiomer and 36 will arise from theS-enantiomer, with it being of no consequence
that one product usually forms faster than the other. However, if the organolithium is
configurationally unstable on the timescale of its addition to the electrophile, an imbalance in
the obtained products can be obtained. If one enantiomer reacts faster than the other, the
configurational instability will continually restore more of that enantiomer and more product
arising from that enantiomer will be observét.is critical that the redmn with the
enantioenriched electrophile proceeds wiijhhconversion to give a reliable result and so

excess electmhile is usually used+2
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Reaction one

Racemic organolithium reacting with a racemic electrophile

/'ﬂ (£)-E /IVE\R Es
XY Nyt Ny
R
®) (R, R) (R. 5)
configurationally A B
stable
or A=B
unstable
Li ()-E Er Es
X/\Y - X/\Y + X/\Y
(S) (S, R) (S, S)
ent-B ent-A
Reaction two
Racemic organolithium reacting with an enantiomerically pure electrophile
Li ) Er
BS (R-E >50%
X"y [fast] XY
(R) (R, R)
A
A=zB
configurationally
unstable
Li (R)}E Er <50%
X/-\Y —_— N
[slow]
S (S.R)
B
Li (R)-E Er
B8 PY 50%, formed quickly
XY XY
[fast]
R) (R, R)
A —
configurationally A=B
stable
Li (R)-E '?R 50%, formed slowly
X/\Y X/\Y
[slow]
) (S. R)
B
Figure 6

1.26Poormano6s Hotest mann

As the Hoffmann test requires the use of a chiral electrophile which can be expensive, a

modification of the test was carried out to allow the use of achiral electroBeiaks.called
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thisthebpoor manés Hoffmann testd and it rel.i
transition state$>7° The test quantiés this rate difference by observing the outcome of a
reaction in which enantiomeric organolithiums compete for a deficit of achiral electrophile in
the presence of an enantiomerically pure chiral ligand, sudh-apdrteine (Figure AThere

is a different outcome for configurationally stable and unstable organolithiums. The latter
should give the same er with either an excess or defieiectrophile whereas the amount of

A obtained will be the same as the amourB abtained when using excess electrophile for a
configurationally stable, racemic organolithium complexed with a chiral ligand.

Configurationally stable organolithium reacting with excess of electrophile

(-)-sparteine E* excess
. -~ . .
R-Li R-Li/(-)-sp R-E 50%
A
config.
stable
) (-)-sparteine E* excess
Skl ———»  Sli(-ysp —— SE 50%
B
Configurationally stable organolithium reacting with deficit of electrophile
(-)-sparteine E* deficit
R-Li - -Li/(—)- I —— -
R-Li/(-)-sp fast R-E >50%
A
config.
stable
] (-)-sparteine E* deficit
SLi —  Sli(-)sp —> SE <50%
slow B

Configurationally unstable organolithium reacting with deficit or excess of electrophile

(-)-sparteine E* deficit or excess
R-Li D _Li/(—)- [ -
R-Li/(-)-sp et R-E >50%
A
config.
unstable
(-)-sparteine E* deficit or excess
SLi —  Sli(-)sp ——> SE <50%
slow B

Figure 7
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1.3 Previous work in the group

Recently, Coldham and cavorkers have been investigating the synthesis of substituted
tetrahydroisoquinoline (THIQ) derivativesing organolithium chemisty}:6%®2 The fthiation

of THIQ derivatives ha previouslyalso been studieid otherresearclgroups® 68

Substituted tetrahydroisoquinolines are abundant in natural products and compounds that have
medicinal propeigs (Figure 8%° Many derivatives of THIQs exhibit a wide range of antitumor,
antimicrobial, antHIV and various other biological and pharmacological activifidgdethyl-
1,2,3,4tetrahydroisquinoline57 exists in the brains of mice, rats and humans and has been
found to be related to the “fR-ipghengk2Bgtsi s of
tetrahydroisoquinoline58 has been deveped as a general anaesthetic adenthile

laudanosin&9 has been found to have an effect on the cardiovascular s{fstem.

©?NH

1-methyl-1,2,3,4-tetrahydroisoquinoline

57 (R)-1-phenyl-1,2,3,4-tetrahydroisoquinoline
laudanosine
58
59
Figure 8

Coldham and cavorkers carried out a study of the lithiatioof N-Boc-1,2,3,4
tetrahydroisoquinoline60 using in-situ IR spectroscopy andH NMR spectroscopic
monitoring® It was found, by usingn-situ IR spectroscopy, that there was slostation of

the Boc group at 78 °C which limited the rate of lithiation. When the reaction temperature
was increased tb50 °C, the lithiation was complete in a few minutes which meant that the
Boc group must rotate more rapidly at this temperature. alidife of the rotation at these
temperatures was calculated using coalescence line shape analysis dath ¥R specta

and it was found to be about 30 80 °C and about 50 min a¥8 °C. This data fitted well

with thein-situ IR spectroscopic redts.
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Using this data, THI@0was lithiated at 50 °C in THF using-BuLi for 4 minutes. Addition
of a variety of electrophiles gave the produ&istg in good to excellent yields (Scheme 31
and Table 3%°

@@ n-BuLi, THF
> N\
N\B Boc

oc -50 °C, 4 min
then electrophile (E¥) E
60 61
Scheme 31
Product E* Yield (%)
6la TMSCI 74
61b BnBr 72
61c allyl bromide 74
61d Mel 78
6le n-BuBr 62
61f n-BusSnCl 79
61g PhCHO 90 (dr 1.7:1)
Table 3

Lithiationi substitutions of6,7-dimethoxytetrahydroisoquinoline derivativé2 were also
attempted and producé8af were obtained in good to eallent yields (Scheme 32 and Table
4) 50

MeO MeO
n-BuLi, THF
N. > N.
MeO Boc -50 °C, 4 min MeO Boc

then electrophile (E+) E
62 63
Scheme 32
Product E* Yield (%)

63a TMSCI 78
63b BnBr 90
63c allyl bromide 59
63d Mel 64
63e n-BusSnCl 66
63f PhCHO 61 (dr 1:1)

Table 4
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Attempts at dynamic resolutions usinggeecompounds were unsuccessfespite the poor
mandés Hof f maingiconfigarational iinstability; aven at100 °C. However, a
number of racemic THIQ alkaloids (splsolidine64, (x)-camegine5, (x)-laudanosines6

and (x)norlaudanosinég7 were successfully synthesised just two steps from THIb2

(Scheme 33).
MeO
Meom‘H

Me

TFA, CH2C|2, r.t.
64, (+)-salsolidine
96%

Me 83%

LiAlH,, THF, heat MeO

Meom n-BuLi, THF
MeO N-goc -50 °C, 4 min

then 3,4-(Me0),CgH3CH,CI

62 75%

LiAlH4, THF, heat TFA, CH.Cly, r.t.

70% 99%

MeO

MeO

66, (+)-laudanosine 67, (x)-norlaudanosine

Scheme 33
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Coldham and cevorkers have more recently extended the chemistry with Ta2lghd shown

that this chemistry applies to a number of other THIQ derivaffBso more natural products,

(x)-crispine A68 and (x}dysoxyline69 were synthesised in good yields in two steps from

THIQ 62 (Scheme 34).

n-BuLi, THF,
-50 °C, 4 min

then Br(CH2)3V

62

n-BuLi, THF, \

-50 °C, 4 min

then <O®/\/Br
(¢}

MeO

TFA MeO
N. N
MeO Boc CH,Cl, MeO
68
Br _—
63h (x)-crispine A
52% over two steps
MeO O LiAIH,
—_—
MeO “Boc THF, heat
o}
0
63i 69
(+)-dysoxyline A
54% over two steps
Scheme 34

The lithiation of two N-Boc-1-phenyltetrahydroisoquinolineg0 and 72 have aso been

optimised recently by using-situ IR spectroscop§! The previously mentioned lithiation

conditions ofi 50 °C in THF usingr-BulLi for 4 minutes were also found to be suitable for

these substrates. Lithiatiosubstitutions of these racemic substrates gave prodliatisand
73af in excdlent yields (Schemes 35 and 36, Tables 5 and 6).

( I iN\
Boc

Ph
70

n-BulLi, THF
-50 °C, 4 min N\Boc
then electrophile (E*) E Ph
71
Scheme 35
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Product E* Yield (%)
7la BnBr 92
71b Mel 92
71c n-BusSnCl 93
71d n-BuBr 90
71e MeOCOCN 91
71f allyl bromide 98
719 EtOCOCN 93
71h BnOCOCN 94
71i 4-BrCeH4CH2Br a0

Table 5
MeO MeO
n-BuLi, THF
MeO Boc -50 °C, 4 min MeO Boc
Ph then electrophile (E*) E Ph
72 73
Scheme 36

Product E* Yield (%)
73a BnBr 88
73b Mel 84
73c n-BusSnCl 88
73d n-BuBr 91
73e MeOCOCI 97
73f allyl bromide 81

Table 6

Lithiationi substitution with enantiopureSE70 led to products §-71a, b, ti in good to
excellent yield and excellent er (Scheme 37 and Table 7). This set of results implied that the

organolithium intermediate was configurationally stable.

n-BuLi, THF
N. : ~ N
Boc -50 °C, 4 min < “Boc
Ph then electrophile (E*) E Ph

(5)-70 (S)-71

Scheme 37
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Product E* Yield (%) er
71la BnBr 94 98:2
71b Mel 90 97:3
71f allyl bromide 92 97:3
719 EtOCOCN 78 97:3
71h BnOCOCN 60 98:2
71i 4-BrCeH4CH-Br 82 99:1

Table 7

Kinetic resolutions, a dynamic kinetic resolution and a dynamic thermodynamic resolution
using THIQ70have recently been attempted within the group with limited suégkihiation

did not take plae when usingi()-sparteinet-BuLi and so the (+sparteine surrogate was used

as the chiral ligand irhe kinetic resolutions. Poorsewere obtained for both the product and

the recovered starting material (Scheg8and Table8). The yield of the produdn each

kinetic resolution was high and threecases, higher than the theoretical maximum of 50%
which indicates that the («9parteine surrogate not the best chiral ligand to use in these
reactionsin reaction 1 of the table, inaccuracy may alsa lf@ctor as more of the product has
been obtained than the theoretical maximum considering that only 0.5 equivalents of each

component of the o&6chiral based were used.
Q;)\I\Boc 1) n-Buli, (+)-sp surrogate, solvent, —78 °C, t @\Boc + @\/3] .
Ph 2) MeOCOCN Ph Ph" "COOMe
70 ($)-70 (S)-71e
Scheme 38
Entry | Solvent | Equivalents of t Yield | erof | Yield of er of
(+)-sparteine | (min) of RSM | product | product
surrogate/n- RSM (%)
BuLi (%)
1 PhMe 0.5 40 36 64:36 63 65:35
2 PhMe 0.7 45 43 62:38| 48 61:39
3 PhMe 1.0 20 24 66:34 64 59:41
4 EO 1.0 20 18 59:41 71 54:46
Table 8
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Attempts at a dynamic kinetic resolution and a dynamic thermodgnasolution yielded the

product7lein good yields but with poor ers (Scheme 39).

Dynamic Thermodynamic Resolution

1) n-Buli, (+)-sp surrogate, PhMe, —78 °C
N. N
Boc 2)then0°C, 1h X Boc

Ph 3) then cooled to —78 °C, MeOCOCN Ph™ 'COOMe
4) warm to r.t. overnight, MeOH
70 (S)-71e

78%, er = 60:40

Dynamic Kinetic Resolution

1) n-BulLi, (+)-sp surrogate, PhMe, —78 °C
N. > N
Boc 2)then 0°C, 1 h “Boc

Ph 3) MeOCOCN added over 50 min Ph" COOMe
70 4) warm to r.t. overnight, MeOH
T1e

74%, er = 52:48

Scheme 39

As the THIQ work within the group gave some excellent results, it seemed natural for
tetrahydroquinolines (THQs) t o Hiuenchemistrg st i ga
methodology. These are a similar class of compound to THIQs and synthesising them in
enantioenriched form is just as important. Therefore, investigating the chemistry of THQs has
been the basis of the majority of my PhD work and this wotkbei explained in detail in

Chapter 2.
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Chapter 2 i Synthesis and Lithiationi Substitution of N-Boc-2-

aryltetrahydroquinolines

2.1 Tetrahydroquinolines in chemistry

Tetrahydroquinoline$§THQs) area class of compound whose derivatives are of grestesit
to synthetic organic chemists. They are ubiquitm@seties in natural producisith many
naturally occurring alkaloids containing the structure, suchi pangustureinez4,’* (i)-

galipeine75,"4"> (i )-galipinine76’® and { )-cusparein@7’’ (Figure9).

©\/'T'\/|\/\/\ ©\/,},j%/\©:o"'
Me Me OMe
74, (-)-angustureine 75, (-)-galipeine

’, ’y OM
M M
© o © OMe

76, (-)-galipinine 77, (-)-cuspareine

Figure 9
Tetrahydroginoline derivatives are also found in a wide variety of compounds that have

medicinal propertiestor example, §-flumequine78’® is an antibacterial agent, torcetrapib
79980 s a pdent inhibitor of the cholestengster transfer proteiryirantmycin 80% is an

antiviral, antibioticcompoundand oxamniquing1®?is a schistosomicide (Figure 15).

F
MeO)J\N CFs
Fs;C
, F
N”"Me N CFs
0N o/go
CO,H )
78, (S)-flumequine 79, torcetrapib

HO,C

80, Virantmycin 81, oxamniquine

Figure 10
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Various methods of synthesising THQ derivatives have been reported over the years as a result
of their potential usage in pharmaceutical compounds. In 1994, Crabb-amatkars reported

a synthesis of a mixta of THQscis-84 andtrans-84 by using chemistry over a century old
(Scheme 40§¥8 Reacting 1 mole op-toluidine 82 with 2 moles of acetaldehy®S in the
presence of exce$gdrochloric acid formed the mixture ois-84 andtrans-84in a 1:2 ratio

as determined by NMR spectroscopy.

OH OH
Me o Me ~ Me
1) HCI (aq), rt, 18 h .
M )J\H
NH, e 2) NaOH (aq) ” Me ” Me
82 83 trans-84 cis-84
54% 28%

Scheme 40

U-Arylaminosulfones are usually crystalline compoundsaadhereforeonvenient eagents
from which THQs can be prepardd 1996, Beifuss and eworkers used this methodology to
prepare a variety of THQ derivativesThe U-arylaminosilfone 87 was easily prepared from
the reaction of anilin®5 with aqueous formaldehyde apeoluenesuifnic acid86. The U-
arylaminosilfone was then cleaved upon treatment with %Gl form the cationic 2
azabutadiene intermedis@8 which underwent cycloaddition with styrene to form the desired
THQ product89in excellent yield (Scheme 41).

‘ $ 0°C, 30 min
Me OH
85 86

cl
Cl Me \©\
0L, 0, e Sy
+ I
NH -0 Me Q

Me
87

96%

Ph |
cl cl )
Ph™ ,SnCly
-« S =
N o CH,Cly, -78 °C to 1t

N/Ie Me
89 88

89% = .
Scheme 41
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Organolithium chemistry has been used a number of times to prepare substituted THQs. In
1989, Beak and Lee reported the lithiatisnbstitutionof THQ 90in their first reported use of

the Boc group as a directing group foiithiation.?* However, a mixture o&-BuLi and
TMEDA in EtO ati78 °C lithiated theortho-position of the aromatic ring to form the
intermediate91. This was quenched with a small number of electrophildésrio theortho-

substituted produc®2in good to excellent yields (Scheme 42).

N e N _— N
Li E
920 91 92
E* = Me;SiCl = 82%
E* = Mel = 78%
E* = Br(CH,)5Cl = 60%
Scheme 42

Meyers and Hellring had previously investigated the lithiation of TBI& with the
formamidine directing group, usingBuLi.®8 They had found thathis gave the}lithiated
intermediate94. Quenching this intermediate with benzaldehyde gave, after cleavage of the

directing group, the produ@6in good yield (Scheme 43).

(j\/Nj t-BuLi, THF O\/Nj\u 1) PhCHO, -78 °Ct0-30°C, 1 h %OH

K\N 78 °C to —20 °C, 45 min k\N 2) H,0 Ph
)< )< 3) LiAlH,4, THF, reflux, overnight 95
64%, 1:1 dr
93 94
Scheme 43

After Beak had reported the unexpected results using the Boc direobing, dleyers and
Milot re-investigated the lithiation of THQ80 and93.2° They doubly deuterated THEB in
the U-position to give TH) d>-93. Then, they attempted the lithiation of this compound to see

whether the kinetic acidity of thertho-aryl proton would compete with the strongerBC
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bonds. However, northo-lithiation was observed and only THi2 93was recovered (Scheme
44).

[:::I:At] 1) t-BuLi, THF, —20 °C [:::Ijﬂil:D
N 2) MeOD N<p 1) tBuLi, THF, -20°C

THQ d,-93 recovered and

k\N 3) t-BuLi, THF, —20 °C k\N 2) MeOD decomposition observed
Kk 4) MeOD
93 d,-93

93-95% dideuteration

Scheme 44

They also attempted the deuteratiolNsBoc-THQ d:-90 which already had a deuterium in
the ortho-position (Scheme 45). They found that there was high deuterium incorporation into

the U-position which proved that the Boc group was capable of direCklitgiation when the
ortho-position was blocked.

1) s-BuLi, TMEDA ©\/j\
/’L Et,0, -78 °C N~ D

D O (@] 2) MeOD D o/go
K K
d;-90 d,-90

90% dideuterated
Scheme 45

While the examples above describe efficient methods of synthesising THQ derivatives, there
is no enantioselectivity in any of thieactions. As reactions with high enantioselectivity are

crucial in the pharmaceutical industry, methods which produce THQs with a high er are
desirable.

In 2003, Zhou and cworkers reportedthe first example of highly endéinselectve
hydrogenation of guoline derivaties using ariridium catalyst’>% A wide variety of 2

substituted quinoline86were hydrogenated under high pressure with a chiral iridium complex
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formed in-situ from [Ir(COD)CI]. and (R)-MeO-BIPHEP 98, with iodine additive, to form

enantioenriched THQ derivatived in excdlent yields and ers (Scheme 46).

2 2

R N R
\O\/j\ 0.5 mol% [I(COD)Cl], / 1.1 mol% (R)-MeO-Biphep \O\/l
—
N~ "R’ N~ YR

PhMe, l,, H, (600-700 psi), rt, 12-15 h N
96 97

up to 95% yield
up to 98:2 er

MeO PPh,

MeO l PPh,

(R)-MeO-Biphep 98

Scheme 46

While this method is very useful, the high pressures and transition metal catalyst involved are
drawbacks if the products need to be synthesised on a large scale. Therefore, methods which

dondt r e g u conddionswouldhbe mere dedirable.

To this end, in 2010, Kim and emorkers reported thirst organocatalyticenantioselective
intramolecular 1,5ydride transfer/ring closure reactitmform highly enantioenriched THQs
with two contiguous stereoceas® For example, cinnamaldehyde derivatd9 was treated
with (i )-camphor sulfonic acid, in the presence of the chiral organocatflysind stirred at
120 °C for 4 days in 1,1;fichloroethane. This formed the rifigsed THQ100 via the
pathway shown below, in good yield and excellent en¢8we 47).
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¢]] Ar = ‘EQ

TCE = C'\)\m CF,
D -
N Al TES= —$Si
o H OTErS E ) \

catalyst 101

CHO
(-)-CSA, catalyst 101 _
60% yield
N R N 97:3 er
Q TCE, -20°C,4d Q 91:9dr

100

6-endo cyclisation
then hydrolysis

O‘ﬁ O

OTES [1,5] H-shift

N Ar
- . ©\/\/ OTES
z

FAC)

Scheme 47

In 2011, Akiyama and ecworkers reported chiral phosphoric acidatalysed asymmetric
C(sp)i H functionalizatiorof a variety of benzylidene malonatga aninternalredoxprocess
to form highly enantioenriched THQ derivativ&sor example, benzylidene toaate 102
was heated at 80 °C for 40 hours in toluene, in the presence of chiral phositiia4, in

order to produce THQO3in excellent yield and er (Scheme 48).
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FsC

Ar
O Ar =
o_ 0

N7

~P.
O™ oH FsC
Ar
MeO.C.. -COMe catalyst (S)-104
| CO,Me
10 mol% catalyst (S)-104 CO,Me
N~ Ph > N ,,,l
) PhMe, 80 °C, 40 h ) Ph
Ph Ph
102 103

83%, 97.5:2.5 er
Scheme 48

They carried out some mechanistic studies using both enantiomerszgfitbeme malonate
102 and found that the enantiomers exhibited totally different reactivities. While the reaction
with (S)-102 proceeded efficiently and gave the product with excellent er, the reaction with

(R)-102 was very slow in comparison and the pradl05had a much lower er (Scheme 49).

MeO,C.__CO,Me

| 10 mol% catalyst (S5)-104 CO,Me
/'\6 CO,Me
PhMe, 80 °C, 24 h \''Ph
,Tj Ph '}l Me
Me Me
(8)-102 (5)-105
>99:1 er 89%, 95:5 er
M902C COzMe
| 10 mol% catalyst (S)-104 CO,Me
Me CO,Me
NAph PhMe, 80 °C, 40 h N ;Me
Me Me
(R)-102 (R)-105
97.5:25er 9%, 82:18 er
Scheme 49

Interestingly, they found that treatment &-002 with an achiral acid, [Yb(OT$}, gave a
product which retained most of the enantioenrichment. They postulated that these results
supported their view #t the reaction proceedeha O me mory of chiralityd
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chiral information being memorised as an axial chirality in the cationic intermebiéte
(Scheme 50).

MeOZC COzMe

| 10 mol% [Yb(OTf)s] COzMe
)M\e - CO,Me
PhMe, rt,4 h \''Ph
'Tl Ph 'Tj Me
Me Q, CF3 Me
/S:O
(S)-102 oTf= -0 (5)-105
>99:1 er 98%, 92.5:7.5 er

106
Scheme 50

More recently, in 2015, Anderson andworkers reporte@n efficient aymmetric synthesis
of cis-2-aryl-3-nitrotetrahydroquinolinesvia an enantioselective tandem reduction/nitro
Mannich reactioff® tert-Butyl Hantzsch estef07was used as a transfer hydrogenateagent
in the presence of thiourea cataly8and stirred with th@-iminonitrostyrenel09in toluene
for 18 hours at 0 °C. This formed the desifétlQ productl10as a single diastereoisomer in

excellent yield and er (Scheme 51).

tBUOchICOZtBU
| |

Me N Me
H

NO; NO,
~ 107
N/ L
/\©\ 5 mol% catalyst 10€ ” O
Br Br

PhMe, 0 °C, 18 h

109 110
CF3 99%, 99:1 er
|\I/|e\5/ S
108=Me""" N N)j\N CF;
H H
6]
Scheme 5
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In early 2017, Yan, Wang and-eeorkers reported a similar thiourea catalysed cascade process
to form a wide variety op-trifluoromethyl and 2perfluoroalkyl-THQ derivatives with three
contiguous stereocentr&The chalcond 11 with the nosyl protecting group on the nitrogen,

in the presene of the cinchona alkaloid derivatitd4, was stirred with alkeng12in toluene

for 2 hours at 0 °C. The enantioenriched TH{Bwas formed in excellent yield with a high

er and dr (Scheme 52).

0 o
X ~_NO,
O OO + FCngo 10 mol% catalyst 114' ©\/j,,
NH ’ PhMe, 0 °C, 3 h N” "CFy
Nos Nos
111 112 113

O
1l

Scheme 52

2.2 Previous THQ work in the group

Work on this project startiein my fourth year undergraduate research prejedithe aim was
to investigate the lithiatidrsubstitution chemistry of N-Boc-2-phenytl,2,3,4
tetrahydroquinolind 18a%° The starting material was synthesised in 3 stepshieutoute was
not ideal due taot only the use of excess Grignard reagent and sodium nhetiahlso a
moderate yieldvasobtainedn the second stegfschemes3).
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N PhMgBr, THF X Na. EtOH
_ _ — = 117a
N reflux, 16 h N Ph reflux, 3 h N Ph 37%
H
115 116a

95%

1) n-BuLi, THF, | 2) Boc,0, warm to
-78°C,1h rt overnight

l}l Ph
Boc

60%

Scheme 53
With N-Boc-2-phenytl,2,3,4tetrahydroquinoline118a in hand, the initial lithiation

substitutionsvere carried out using-BuLi in THF ati 78 °C, with a lithiation time of 1 hour.
The reactions, both with and without the ligand TMEDAelded promising resugt with
moderate to good yields of produd9abeing obtained (Schenl and Table9).

1) n-BulLi, additive, THF
Me
N Ph -78°C,1h N

\ \ Ph
Boc 2) Mel Boc
118a 119a
Scheme 54
Product | Additive | Yield (%)
119 | TMEDA 80
119a None 53
Table 9

At this point, the work was continued by another member of the Coldham Yrdine.
conditions of the lithiation were optimised by usinesitu IR spectroscopy and it was found
that the Boc group rotatiowasrapid, even ai 78 °C and that the lithiatiowas complete
within a fewminutes with no decompositionbserved (Figure 11However, decomposition
wasdetectedat temperaturelSsigherthani 78 °C(Figure 12)*
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A *+n-Buli +SM +n-BuLi
1 Vo= 1641 cm1
H]
] Ve=o1705cm™! _ 010 l l
o |
rs a4
ﬂfj z — Peak at 1641 cm-1
j £ 005 — Peak at 1705 cm-1
] 3
= o
0.00 = ,
00:00:00 00:05:00 00:10:00 00:15:00
Relative Time
METTLER TOLEDO
B +n-Buli .
< +
”'J Voo 1641 cm! +SM  +TMEDA Bl
j Vero1710 cm _ l l l
2
] % 01 — Peak at 1641 em-1
;;:j T = Peak at 1710 cm-1
_‘
j a
1 . v
00:00:00 00:05:00 00:10:00 00:15:00 00:20:C
Relative Time

METTLER TOLEDOD

Figure 11. A). In-situ ReactlRM 3D and D plots of the lithiatio of rac-118awith n-BulLi
at1 78 °C in THF. Blue line represents intensity of C=0 stretching frequenacdfl8a
(1705 cm'1) and red line of lithiatedac-118a(1641 cm?) over time. B)In-situ ReactIRM
3D and 2D plots of the lithiation ac-118awith n-BuLi/TMEDA ati 78 °C in diethyl ether.
Blue line represents intensity of C=0 stretching frequencg®fi18a(1710 cm?!) and red
line of lithiatedrac-118a(1641 cm?) over time.

Ve, 1705 cm!

+5M +nBuli
:I +n-BuLi 0100 1 ‘

| Vo—o1642 cm™! +MeOH

z l — Peak at 1642 cm-1
_-§. 0.050 —— Peak at 1686 cm-1
T
% = Peak at 1705 cm-1
o
e 0.000 v v v
:"n.? i 00:00:00 00:10:00 00:20:00 00:30:00 00:40:00
Cm1) 1600 Relative Time

METTLER TOLEDO

Figure 12. In-situ ReactIRM 3D and D plots of the lithiation ofac-118awith n-BulLi at
50 °C in THF. Blue line represents intensity of C=0 stretching frequenac-df18a(1705
cm'1); red line of lithiatedac-118a(1642 cm?) and purple line of decomposition (1682

cm'l) over time.
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On account of this data, TH118awas lithiated at 78 °C in THF usingn-BuLi. Addition of
a variety of electrophileafter 6 minutegiavethe majority ofproductsl194 k in moderate to

excellent yielddut some reactions formed little to no prod{#&themes5 and Table 10

1) n-BuLi, THF
E
N~ Ph N

| —78 °C, 6 min \ Ph
Boc 2) Electrophile (E*) Boc
118a 119
Scheme 55
Product E* Yield (%)
119a Mel 87
119b MeOCOCI 90
119c EtOCOCI 71
119d allyl bromide 78
119e BnBr 75
119f 4-BrCsH4CH2Br 63
1199 n-BusSnCl 53
119h TMSCI 22
119i n-BuBr 0
119j PhNCO 0
119k PhSSPh 0
Table 10

Kinetic resolutions were thesttempted in order to try and recover enantioenriched starting
material. After optimisation, it was found that prexing 1.2 equivalents afi-BuLi and 1.3
equivalentf (i )-sparteine in toluene a78 °C before adding the racendielQ 1183 stirring

for 2.5 h and then adding the sacrificial electrophile, methyl chloroformate, gave the recovered
starting materialg)-118awith excellent er (Scheme 56he absolute configuration oR)-
118awas determined by remmg the Boc group anthen comparinghe opical rotation with

the known secondary amine.

@\/j\ 1) 1.2 eq. n-BuLi/ 1.3 eq. (-)-sp @\/j n ©\/j\\\\COZMe
N~ “Ph N~ "“Ph N~ “Ph

! PhMe, =78 °C, 2.5 h ! !

Boc Boc Boc
rac-118a 2) MeOCOCI (R)-118a (5)-119b
43%, 97:3 er 56%, 81:19 er
selectivity factor (s)
(by RSM) = 20
Scheme 56
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Usingthis enantioenriched starting material, lithiatisnbstitutions were attempted and these
gave productsll1Qif in good to excellent yields There was little to no loss of the
enantioenrichment fot1%i ¢ (Scheme 57 and Table 11). However, prodddi8d f were
virtually racemic and it was thought that this might be due to the electrophiles in these examples

being converted to stabilised radicals, making a radical pathway most likely.

1) n-BuLi, THF
g mph
N~ "Ph ~78°C, 6 min N~ YE

Boc 2) Electrophile (E*) Boc
(R)-118a,97:3 er 119
Scheme 57
Product E* Yield (%) er
(R)-11% Mel 91 94:6
(R-11% MeOCOCI 90 97:3
(R-11% EtOCOCI 78 97:3
11d allyl bromide 74 54:46
11% BnBr 70 52:48
119 4-BrCeH4CH-Br 58 52:48
Table 11

2.3 Results and Discussion
2.3.1 Synthesis oN-Boc-2-aryl-1,2,3,4tetrahydroquinolines

The main aim of my PhD project has been to extiedsuccessful results with-Boc-2-
phenytl,2,3 4tetrahydroquinoline 118a to other 2aryl-1,2,3,4tetrahydroquinoline

derivativesand to explore further the reactivity these substrates

The targetN-Boc-2-aryl-1,2,3,4tetrahydroquinolinesvere unavailable commercially and
needed to be prepared from readily available starting materfasfirst step of the synthesis
involved the preparation of-2rylquinolines. A mdtod had been reported in the literature
which involved adding a variety of Grignard reagents to quindlisand heating under reflux
for 16 hours to form the desired molecui&$his method was used in my fourth year research
project to synthesise-@henylquinolinell6ain excellent yield yide suprg. However the

method was quite hazardous with large amounts of the Grignard reagent required and poor
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yields of productd16aand116bwere obtained when these reactions were attempted in my
PhD projec{Scheme 58).

@(j AngBr THF BN
reflux 16 h “

AN AN
O O
F
116a 116b
33% 25%

(1it.% = quantitative yield
supposedly for dihydroquinoline)

Scheme 58

A literature search was therefore carread in order to find an alternative method of forming
these compounddn 2008, Martinez and eaorkers reported a relatively simpledirect
Friedlander synthesis of-&ylquinolines from readily available, inexpensive starting
materials’’ Therefore,2-aminobenzyl alcohsl120, acetophenone$21, benzophenone and
potassiuntert-butoxide were stirred in THF or tdioxane and heated under reflux overnight.
The benzophenone is required in this gass fora Meerweiri Ponndorf Verley (MPV)
reduction whichoxidises the alcohoto an aldehyde which then allows the Friedlander

synthesis to proceetlhis method produced the desired compouridBah in much improved
yields (Scheme 59).
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R OH 0 #BuOK, Ph,CO X
+ N _
NH, Ar” 'Me  THF or 1,4-dioxane N~ TAr

90 °C, overnight

120 121 116
o9 o ® P
O O O =
F OMe
116a 116b 116¢ 116d
64% (lit.%7 99%) 56% 88% 70% (lit.%7 95%)
b (j\“ (jt‘ ®
C e
\‘\/j\‘ N
MeO CF3
116e 116f 116h
79929 80% 116g 57%%°
72%
Scheme 59

With the 2arylquinolines in hand, the second step of the synthesis required a reduction in order
to form the 2aryl-1,2,3,4tetrahydroquinolinesAs the reduction method used in my Level 4
project gave low yields and involved a hazardous, unpredictable procedumapenvead
strategy was requirett.was thought that the4@ube® continuous flow hydrogenation reactor

was a possibility to carry out this reduct@m0 °C, in methanol, using a 10% Pd/C cartritige.
However,when thisprocedure wasattempted with bhenylquinolinel16g only a low yield

of the desired produdl7awas obtained with 74% of the starting material being recovered
(Schemes0).

N”>Ph 40 °C, MeOH N7 Ph

H-Cube®
116a 117a, 16%

74% Recovered
Starting Material

Scheme 60
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Another literature search was carried out andimple methody Toste and cavorkers
involving the use of sodium cyanoborohydrideas found'®® Adding sodium
cyanoborohydride in one portion to a solution of theryquinolinesl16ah in acetic acid at
room temperature, and stirring the solution under air overnight gave the deamdd ,2,3,4

tetrahydroquinolined17ah in mostlygood to excellent yields (Scheme 61).

m NaBH5CN, AcOH ©\/j\
~
N Ar i N~ Ar

rt, overnight

H
116 117
C L L Ao
N
SO TV, Y C T
F OMe
117a 117b 117¢ 117d
52% (1it.%8 74%) 88% (1it.%8 71%) 72% 84%
Cl
N
MeO CF3
117e 117f 117h
80%99 65% 117g 96%

27%
Scheme 61
With suitable conditions now in hand for the first two steps of the synthesis, the final step

required waghe Boc protection of themine It had been found in my fourth year research
project that 8rring the starting material wittli-tert-butyl dicarbonatd 22 (Boc,O) in THF at

0 °C and then either warming to room temperature overnight or heating the mixture at reflux
for 3 days yielded very little produttThis islikely due to the lone pain thep-orbital of the
sp’-hybridisednitrogen being in conjugation with the aromatic ring which makesiithless
nucleophilicthan an alkyleine To alleviate this problenm:BuLi was used to deprotonate the
2-aryl-1,2,3,4tetrahydroquinolined17ah in THF ati 78 °C. After 2060 minutes, a solution

of BocO in THF was added to the mixture and the produt&ad, f-h were mostly obtained

in good to excellent yields (Scheng@). The R on silica of all of the products excepi8d

were close to the {®f the unreacted Be®© which made the separations difficdfi.the case

53



of 118e the polarities were virtually identical. Therefore, an altéveateagent,2-(tert-

butoxycarbonyloxyiminoR-phenyhcetonitrile123 (Boc-ON), was used in thisase®®

©\/j\ 1) n-BuLi, THF, -78 °C, 20—60 min ©\/j\
N Ar > N Ar

H 2) Boc,0 122 or Boc-ON 123, THF, warm to rt overnight !

17 3) NaHCOg3 (aq.) 118

>Loj\oj\0)< ©)\
‘\/j\‘ ‘\/j\‘\ ‘\/jc\‘\ EOC | N/\
OMe

118a 118b 118¢ 118d
83% 82% 72% 94%

Cl

C C o

N N N
v O O T L e U
Boc oc CF,
118e 118f MeO 118h
68%99 65% 118g 70%
99%
Scheme 62

2.3.2 Further work on N-Boc-2-phenyl-1,2,3,4tetrahydroquinoline

While the organolithim chemistry carried out so far in this project had centreN-&oc-2-
phenyt1,2,3,4tetrahydroquinolindd 183 there were still multiple reactions that we wished to

study on this parent compound in order to further explore its reactivity.

Firstly, a racenu lithiation-substitution was attempted using methyl bromoacetate as the
electrophile. Using the optimum conditions found witksitu IR spectroscopyvide supra,

THQ 118awas deprotonated with-BuLi in THF and stirred for 6 minutes before methyl
bromoa&etate was added. The prodai&Blwas obtained in good yield (Scheme 63).
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COOMe
N Ph ~78 °C, 6 min N Ph

| |
Boc 2) MeOCOCH,Br Boc

118a 1191

Scheme 63

As the highly selective kinetic resolutions of THQ8ahad only usedi(-sparteine as the
chiral ligand so far, it was thought that by using the now more readily avaitgkdparteine

as the chiral ligand instead, it would be a convenient way of obtaining the other enantiomer
of the starting material and product in good er. To this end, TH8awas deprotonated using

the premixedn-BuLi / (+)-sparteine complex in tolae and the mixture was stirredi&8 °C

for 2.5 hours. Methyl chloroformate was added as the sacrificial electrophile and this gave both
the recovered starting material and product in excellent yieldw#imgoode r 6 s ( Sc h e me
While the structure ahe organolithium intermediate these kinetic resolutions has not been
determined, it is assumed that the organolithium is complexed to one sparteine molecule before
addition of the electrophiléorms the disubstituted product, as shown in the scheiogvbe
Future spectroscopic studies or DFT calculations could be carried out in order to support this

hypothesis.

©\/j\ 1) 1.2 eq. n-BuLi/ 1.3 eq. (+)-sp ©\/j\ mph
+ \
N~ “Ph N~ ~Ph N” ~CooMe

| PhMe, - 78 °C, 2.5 h '

Boc Boc Boc
2) MeOCOCI
rac-118a (S)-118a (R)-119b
45%, 92:8 er 42%, 93:7 er

s (by RSM) = 14

Scheme 64

Pleasingly, it was possible to obtain theray crystal structure of produdR}-119b using a

C u Kddurce in order to determine the absolutafigoration. It was determined that the
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electrophile added with retention of configuration to give tRepefantiomer as the major

product (Figure 13 and Appendix 1a).

Figure 13

X-ray crystal absolue configuration
determination of compound R)-119b

Flack parameter = 0.03(6)

The enantioenriched starting materi§)-{18awas then lithiatedvith n-BuLi in THF and
stirred for 6 minutes. Methyl bromoacetate was added as the electrophile to give gRpduct (

119lin good yield with the enantioenrichment maintained (Scheme 65).

COOMe
©\/j\ 1) n-BuLi, THF ©\/j\ |
ITJ Ph 78 °C, 6 min [Tj Ph

Boc 2) MeOCOCH,Br Boc

(S)-118a (R)-1191
92:8 er 71%, 92:8 er

Scheme 65

It was pleasing that the-Ky crystal structure of this product could@lbe obtained on the
C u Kddurce in order to determine the absolute configuration. This further confirmed that the

electrophile added with retention of configuration as it was determined that the major product
was the R)-enantiomer (Figure 14 and Apperdib).
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Figure 14

X-ray crystal absolute configuration
determination of compound R)-119I

Flack parameter = 0.11(12

The kinetic resolutions that had been attempted with this substrate so far all involved pre
mixing then-BuLi and (+)}sparteine in order to form the chiral base complex before the starting
material was added,spa | | ed 0 i n.\efousddhata didetictreésautiod where the

nNnBuLi was added to a mixture of staneniyng mat
gave recovered starting material in a moderate 75:25Hwwever, he conversion was only

40% and so this procedure needed to be teste
the best method to use for these kinetic resolutions.

Therefore,n-BuLi was added to a mixture of THQL8aand (+}sparteine in toluene.ne
mixture was stirred dt78 °C for 2.5 hours and ethyl chloroformate was added to give both the
recovered starting materigb)(118aand the productR)-119cin good yields and ers (Scheme
66).

©\/j\ 1) 1.3 eq. (+)-sp, PhMe, —78 °C ©\/j\ mph
+ \
N~ Ph N~ Ph N" ~COOE

) 2) 1.2 eq. n-BuLi, 2.5 h |

Boc Boc Boc
3) EtOCOCI
rac-118a (S)-118a (R)-119¢
45%, 90:10 er 40%, 90:10 er

s (by RSM) = 11

Scheme 66
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This shows that both addition methods give good selectinityfor the remaining kinetic

resolutions in this chapter, the O6inverse ad

It would be very useful if it were possible to remove the Boc protecting group from these
compounds as it would not only allow a wider variety of compotmds accessed but it would

also allow further functionalisation of the molecules. While Li was able to deprotect the
enantioenriched starting material, none of the substituted products were deprfdtected.
Therefore, racemic THQ%19aand 119Iwere dissolved in C¥Cl, and stirred in the presence

of TFA under air at room temperature. The reactions proceeded slowly but pleasingly, after 3
days, the desired produd4aand124bwere obtained in excellent yieldScheme 67).

Me TFA, CH,Cl, ©\/j<,v,e
_ =
N° Ph N~ “Ph
H

| rt,3d
Boc
119a 124a, 86%
CcCOoOM
® TFA, CH,CI, ©\/jj oo
N” “Ph ft 3d N~ Ph
Boc
1191 124b, 86%
Scheme 67

It would be highly desirable to remove the Boc group from enantioenriched products and so
the enantioenriched produdR)¢119l was treated with TFA and the produ&®){124b was
obtained in good yield and the product was still highlgreioenriched. This was pleasing as

it proved that the Boc group could be removed without loss of the enantioenrichment (Scheme
68).

COOM
177 TFA, CH,Cl

_ =

rt, 3d

W

(R)-1191 (R)-124b
92:8 er 69%, 88:12 er
Scheme 68
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As shown multiple times so far, chloroformate compounds have given good results when used
as electrophiles in lithiani substitution sequences. Therefore, it was assumed that a similar
class of compounds, namely cyanoformates, would also be good electrophiles to use in these
reactions. As the cyanoformates only had a different leaving group to the chloroformates, the
products obtained from these reactions were predicted to be the same as the products obtained

when chloroformates were used.

However, after multiple attempts at lithiatisabstitution reactions with these electrophiles, it

became clear that different prodsiovere being obtained. For example, when methyl
cyanoformate was used as the electrophilelth&IMR spectrum of the expected product,

THQ 119b, had marked differences to th& NMR spetrum of the compound obtained (Figure

15). The patterns for both the aromatic protons and th®é GH wer e cl ear |l y di f f
noticeably, the benzylic proton remained in the unknown product and there was one fewer

O COOMe
N
Boc

119b

aromatic proton.

o i § ‘ - e e P S i

: ) ' : ' ' i ' ' : ' ' trem]

Unknown

¥ L 4 2 Depen]

Figure 15
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After careful analysis of th&H and**C NMR spectra of both compounds, it was postulated
that the product obtained from the reaction with methyl cyanoformate was comp2bind
where the substitution had taken place in dhino-position of the aromaticing in the 2

position (Scheme 69).

O 1) n-BuLi, THF, —78 °C, 6 min O COOMe
N
N 2) MeOCOCN | O
Boc Boc

Scheme 69

This difference in reactivity that was observed just by changing the electrophile was a
remarkable result and as far as | could see, unprecedented in the area of organolithium
chemistry. Therefore, more reactionseded to be carried out in order to explore potential

mechanisms of this reaction.

Firstly, a kinetic resolution was carried out in order to obtain enantioenriched starting material.
Therefore, THQL18awas deprotonated using the pnixed n-BuLi / (1 )-sparteine complex

in toluene and the mixture was stirred a8 °C for 2.5 hours. Methyl chloroformate was added
and this gave both the recovered starting matéR)al {8aand product$)-119bin good yields

and ers (Scheme 70).

©\/j\ 1)1.2 eq. n-BuLi/ 1.3 eq. (-)-sp ©\/j mph
- ‘s, + 7,
N~ Ph N N" “COOMe

| PhMe, - 78 °C, 2.5 h '

Boc Boc Boc
2) MeOCOCI
rac-118a (R)-118a (S)-119b
43%, 92:8 er 40%, 87:13 er

s (by RSM) = 11

Scheme 70
The enantioenriched starj material R)-118a obtained from this kinetic resolution was

deprotonated witm-BuLi and stirred at 78 °C in THF for 6 minutes. The intermediate was

guenched with methyl cyanoformate to give the prod@éi(Scheme 71).
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©\/j 1. n-BuLi, THF, —78 °C, 6 min O COOMe

N

N 2. MeOCOCN ! O
Boc Boc

(R)-118a 125
92:8 er 43%, 61:39 er

Scheme 71
This product had a much lewer than the starting material and this supported the view that

the reaction was taking plasga a lithiation in theU-position and not simply in thertho-
position as the enantioenrichment was being lost. It was hypothesized that the organolithium
species existed as @ intermediatel 26 with the lithium ceordinated to thd}, ipso- and

ortho- carbons as well as toahcarbonyl oxygen of the Boc grotffy.On addition of a
cyanoformate electrophile, the substitution could take place inrthe-position to give the
intermediate 127 which would explain the decrease in the enantioenrichment when
enantioenriched starting material was usBuken, a deprotonation of thertho-positionand
protonation of thé}position would give the produt®25but as concerted thermal dhgdride

shifts are not formally allowed by Woodwaidoffmann rules, it is assumed that this proton
transfer takes place in a stepwise, rather than concerted, manner (SéBeniehe
intermaliates126 and 127 are chiral and addition of methyl cyanoformate is likely to occur
preferentially to one face and so it is anticipated that the intermediatd 28teitl have high

er, although this could not be confirmed. Proton transfer occurs tohgiy@oduct with a low

er, but this is not completely racemic. Therefore the process is at least partially competitive
with racemisation. One possibility is that as this proton is likely todyg acidic (being
adjacent to an ester and alkenesmild kase, possibly LICN which is formet-situ, promotes

deprotonation and the resulting organolithium is chiral but racemises on warming.

O 1. n-BuLi, THF, 78 °C, 6 min O COOMe
’}l N
Lo 2. MeOCOCN 1
118a 125

O O O H. COOMe
~ N\ A

N° N

/g / Boc

0

/i\ 127

Scheme 72
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In order to support this hypothesis, computational DFT studies have been carried out by Dr.
Anthony Meijer withinthe Department of Chemistry at the University of Sheffi@dnsity
functional theory (DFT) calculations were performed using Gaussian09, version D.01.
Gaussian was compiled with Gausssupplied versions of BLAS and ATLAS. The B3LYP
functional was usedhtoughout with the GDBJ correction to account for dispersion
interactions, whereby it is noted that in this case this correction did not change the answers
significantly compared to the bare B3LYP functionghe 6-311G** basis set was used
throughout wih the ultrafine setting for the integrals. All of the structures were fully optimized
without any symmetry restrictionsAll calculations were performed in THF solvent, as
modelled through the polarizabtentinuum model (PCMyising the standard parameters

implemented in Gaussiaft

Frequency calculations in the harmonic approximation were carried out to characterize all
stationary points obtained to confirm them as local minima. Aflimim-energy structures

were identified through the absencedrfiginaryfrequencies®!

The calculations carried out so far have focussed on the lithiated intermediate, since this is
clearly where the divergence between the different electrophiles takes(ptegrotonation

| e ads °c¢oordirmtion af lithium to the deprotonated species. However, in such a case
lithium is coordinationally unsaturated. The empty coordination sites will be taken up by the
solvent (THF) or the electrophiles.

The calculationperformed so far have shown that there is certainly a difference in the position
of the lithium in the minimum energy structures when methyl chloroformate, methyl
cyanoformate or THF are added to the lithiated intermediate of TH8Q(Figure16). When

methyl chloroformate or THF are added, the lithium is situated directly above-taeoon
whereas in the case of methyl cyanoformate, the lithium is situated closeptthtiposition

of the aromat i c coroidinagon.iThus, mecaneconcldde thatrdidation

of methyl cyanoformato the lithiated compound changes coeordination of lithium, which
rationalizes the experimental result. However, more calculations will be needed to further

elucidate the mechanism of this transformation.
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Figure 16: DFT structures of lithiated intermediate. Panel (a): bare
lithiated structure. Panel (b): lithiated structure with coordinated
THF. Panel (c): Lithiated structure with methyl chloroformate.
Panel (d): Lithiated structure with methyl cyanoformate
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In order to further confirm this potential reaction madbhm and to eliminate the possibility
of the reaction taking placga an ortho-lithiation pathway, reactions involving-Boc-THQ

118awith deuteriums incorporated into the structure were attempted.

Firstly, THQ 118awas deprotonated witltBuLi and stired ati 78 °C in THF for 6 minutes.
D20 was added and this gave the deuterated THQL8ain good yield with around 95%

deuterium incorporation in tHéposition (Scheme 73).

©\/j\ 1. n-BuLi, THF, 78 °C, 6 min ©\/j<[)
N" > Ph N

. 2. D,0 Y Ph
Boc Boc

118a d;-118a
76%, 95% D

Scheme 73

An attempt was then made to deprotonate T#Q18ausing the same conditioas had been
used previously. Therefore, 1.2 equivalentr@ulLi were added to TH@:-118aand the
mixture was stirred &t78 °C for 6 minutes in THF before methyl cyanoformate was added.

However, only the starting material was recovered in almost daiaveiyield (Scheme 74).

©\/j<D 1) 1.2 eq. n-BuLi, THF, —78 °C, 6 min
% RSM
e en 96% RS

I 2) MeOCOCN
Boc

d;-118a

Scheme 74

Therefore, in a further attempt to lithiate this compound, a large excess (3.0 equivalents) of
BuLi was added and the mixture was stirredd 8 °C for a longer reaction time of 1 hour in
THF before methyl cyanoformate wadded. Product25was obtained in a very poor yield
with a large amount of starting material again being recovered. The pda#thwias formed
with a complete loss of the deuterium in thposition (Scheme 75).
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©\/j<'3 1) 3.0 eq. n-BuLi, THF, =78 °C, 1 h O Oy OMe
N~ >Ph ‘ N

) 2) MeOCOCN .

Boc Boc

d;-118a 125
81% RSM, 8% 125 (100% H, 0% D)
Scheme 75

The large kinetic isotope effect in tlea®actions along with the loss of deuterium incorporation
in the U-position of the product were very pleasing observations as they supported both the
hypothesis that northo-lithiation was taking place and that the mechanism shown above in

Scheme 72 waglausible.

Reactions were then attempted using another THQ compound with deuteriums incorporated in
the aromatic ring. Using a literature method, benzkri8, was subjected to a Fried€rafts
acylation reaction with acetyl chloride in the presencalwhinium trichloride in C5to give

the acetophenords-121a(Scheme 76392

D o)
D D Mecocl, AlCl,, CS, D Me
b b 0°C —= 50°C b b
overnight D
128 ds-121a, 93%
Scheme 76

Then, using the 3 steps outlined earlier in the chapter, d&Q8awas made in a good overall

yield, via compoundsis-116aandds-117a(Scheme 77).
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D t-BuOK, Ph,CO
OH + Me >
1,4-dioxane
NH,

D D 90 °C, overnight

120a ds-121a ds-116a , 86%

NaBH3;CN, AcOH
rt, overnight

D
O 1) n-BuLi, THF, —-78 °C, 40 min
N

D
Elioc O b 2) Boc,0O, THF, warm to rt overnight
D 3) NaHCO3 (aq.)
ds-118a, 76% ds-117a, 63%

Scheme 77
With THQ ds-118ain hand, two lithiatiofhsubstitution reactions were able to be carried out on
this substrate. Firstly, 1.2 equivalentsneBuLi were used to deprotonate the molecule using
the same conditions as described earlier. Methyl chloroformate was then added as the

electrophile to give, as expected, theubstituted produats-119bin good yield(Scheme 78).

b COOMe
O 5 1) n-BuLi, THF, =78 °C, 6 min D
N D
Boc O 2) MeOCOCI N
D D Boc
D D P
ds-118a D

ds-119b , 81%
Scheme 78

Then, the same reaction was attempted but this time, methyl cyanoformate was added as the
electrophile. Thertho-substituted produatys-125was obtained in moderate yield with a 2:1

ratio of deuterium:hydrogen in tHéposition (Scheme 79).

D @) OMe
O D 1) n-BuLi, THF, -78 °C, 6 min O X D
e ) e )
B 2) MeOCOCN B
oc b ) oc D

dy/5-125, 46%, X = 2:1 D:H

Scheme 79
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This was a very pleasing result as it again clearly showed that the mechanism described in
Scheme 72 was viable and supported the view that the deuterium lost frorthtihposition

was not shiftingd theU-position in a concerted manner.

It was noticeable that the yields of the products obtained from reactions using a cyanoformate
as the electrophile were consistently lower than the yields obtained when chloroformates were
used. Also, when a chlorafmate (or other electrophile) was added, the mixture changed
colour from the bright orange of the lithiated intermediate to colourless whereas it changed to
a deep red colour when a cyanoformate adsed (Figuréd7). This potentially indicatethe
different mechanism that was taking place when a cyanoformataduzsi.

Left flask = Reaction of18awith MeOCOCI

.

Right flask = Reaction o118awith MeOCOCN

Lithiated intermediate af18a

Figure 17

Satisfied with these results, the focus then shifted to another piece of chemistry that it was

thought would yield good results with these substrates.

In 2008, Coldham, Aggarwal and-emrkers reported the asymmetiithiation of amines,
such asN-Boc-indoline 22, followed by the addition of trialkylborané®® The borane
intermediate $-129 underwent a rearrangement which, following oxidation, gave the chiral
secondary alcoho§-130with a high er (Scheme 80).
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1) s-BulLi, (-)-sparteine e H,0, z
" |BEt3 ~
N N OH

Boc  2) BEts, TMSOTf, 78 °C ! NaOH, 25 °C NH

Boc Boc
22 (5)-129 (85)-130, 67%, 97:3 er
Scheme 80

It was envisioned that carrying out similar reactions ary2 THQ derivatives would yield
chiral tertiaryalcohols such as alcohb81 (Figure 18).

OH

L, U

I
Boc

131
Figure 18

To this end, THQL18awas deprotonated with-BuLi and stirred at 78 °C in THF for 6
minutes. Triethylborane was added and after stirring for 16 hoe®@s,ahd NaOH were added

in order to oxidise the expedt&orane intermediate. However, it quickly became apparent that
the expected chiral alcohol was not being formed and instead, an interesting reaction was taking
place where the Boc protecting group migrated tolpesition to form the amin&32ain

good yield. It was shown that the reaction only needed to be quenched with MeOH as the
H20./NaOH oxidation was not required (Scheme 81).

©\/j\ 1) n-BuLi, THF, —78 °C, 6 min ©\/j<C02tBu
N~ Ph

, 2) BEt; N Ph
Boc
118a 132a

H,0, / NaOH quench: 69%
MeOH quench: 76%

Scheme 81

N to C migrations are known in the literatti'°® and Boc group migrations specifiyghave
been observed in aziridine, pyroglutamate and acyclic amine compBnAtisit has been
postulated that the mechanism of this reaction is a [1,2\\itteg rearrangement which goes
via the intermediatd 33 (Scheme?2).1*?

68



©\/j<'°“
N“OL | — Ph — ©\/j<Ph
N

/& / N o CO,'Bu

0 G < y
4\ \ OLi H
BEt,

133

Scheme 82
It was thought that a reaction with triethylborane using enantioenriched starting material would
be very interesting as the amib&2acould be formed with high enantioenrichment.

To this end, a kinetic resolution was attempted with TH®ausing tle optimum conditions
from earlier. The starting materiab)¢118awas recovered in excellent yield and with the

highest er obtained from this kinetic resolution procedure (Scheme 83).

©\/j\ 1)1.26q.1-BuLi/ 13 eq. (+)5p ©\/j\ ©\/j\
N~ Ph COOMe

I PhMe, — 78 °C, 2.5 h

Boc
2) MeOCOCI
rac-118a (S)-118a (R)-119b
43%, 98:2 er 54%, 82:18 er
s (by RSM) = 24
Scheme 83

The enantioenriched starting materid)-{18awas deprotonated witm-BuLi and stirred at
178 °C in THF for 6 minutes before triethylborane was added. Delightfully, the praguct (
132awas obtained in good yield with the same enantioenrichment as the starting material

(Scheme 84).

©\/l 1) n-BuLi, THF, —78 °C, 6 min mcoztsu
N~ Ph Ph

2) BEt N
éOC ° H
(5)-118a (S)-132a
98:2 er 71%, 98:2 er
Scheme 84
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It was also pleasing thalhe product was a solid and so after recrystallization, the absolute
corfiguration was determined by-My crystallographysing aC u Ksdurce. From this, it was
determined that the Boc group migrated with retention of configuration to give tH&)-

erantiomer as the major product (Figure 19 and Appendix 1c).

Figure 19

X-ray crystal absolue configuration
determination of compound §)-132a

Flack parameter = 0.08(7

It was thought that the Boc group migration could potentially take place without the addition
of triethylborane and so after deprotonating TH{Bawith n-BuLi ati78 °C in THF, the

mixture was left to warm to room temperature overnight before it was quenched with methanol.
The productl32awas obtained although the yield was only moderate and impurities could be

seen in the crude mixture on the TLC plate which were not present whenliboedimg was

added (Scheme 85).

1) n-BuLi, THF, =78 °C
COztBU
l}l Ph 2) warm to rt over 16 h N Ph
Boc H

3) MeOH
118a 132a, 42%

Scheme 85

It was therefore hypothesized that the triet
due to its Lewis acidity, that it significantly accelerated the reaction. Due to its suspected
catalytic activity, a reaain was then carried out using just 0.2 equivalents of triethylborane.

While the yield of produci32awa s nd6t as high as the yields o
higher than when no triethylborane was added (Scheme 86).
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©\/j\ 1) n-BuLi, THF, —78 °C, 6 min ©\/j<COZ‘Bu
N~ Ph N
H

I 2) 0.2 eq. BEt3 Ph
Boc

118a 132a, 59%
Scheme 86

Finally, a reaction was caed out atlie higher temperature 050 °C. The productl32awas
obtainedin 47% yield. It ispossible that some of the decomposition that was observed in the

ReactIRM at this temperatureould have been due to the®group migration taking place.

The syperbasic Schlosser base mixtureneBuLi / t-BuOK has been used for over 30 years to

rapidly carry out reactions that are sluggish in either individual compétiedtie to the
changes in reactivity somet usetevee hypdireszedthatd wh e
after carrying out a reaction of THQ@8au si ng Schl osser s base wit

as the electrophile, th@tho-substituted product25 could potentially be obtained.

However, when this reaction was carried out@seibstituted produdt19bwas formed along
with the producti34wherenot only hadhe Boc groupnigrated buthe CO,Me wasalsonow
bonded tahe nitrogen (Scheme 87).

O\/j\ 1) n-BuLi / BuOK, THF, —78 °C, 6 min ©\/j<COOMe ©\/j<cozt8u
N~ Ph

I 2) MeOCOCI
Boc COOMe

118a 119b, 21% 134, 24%

Scheme 87
Both of these products were obtained in poor yield but the relatively substardiahtaon the

Boc migrated compound obtained after just 6 minutes indicated that the Schlosser base mixture
also accelerated the migration. Therefore, a reaction was attempted without the addition of
methyl chloroformate. THQ18a was deprotonated with tt&chlosser base mixtuagi 78 °C

in THF, the mixture was left to warm to room temperature overnight before it was quenched
with methanol (Scheme 88). The yield of prodl@2awas lower than expected and this might
have been due to the suflErse causingosne components of the reaction mixture to

decompose.
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O\/j\ 1) n-BuLi / t-BuOK, THF, -78 °C ©\/j<002t8u
N~ Ph ]

| 2) warm to rt over 16 h H Ph
Boc
3) MeOH
118a 132a, 50%
Scheme 88

Previous work in the group oN-Boc-2-phenylpiperidine32a has shown that by using a
trialkyltin chloride as the electrophile in kinetic resolution reactions, the stannane product of
the reaction83b could be recycled back to racemic starting material by carrying out a tin
lithium exchange at room temperature before quenching the lithiated intermediate with acetic
acid (Scheme 89). This racemic starting material can then be used in a further kinetic
resolution and so this methodology allows a greater anaiweriantioenrichedR)-32ato be
obtained from the kinetic resolutions than would normally be possible which would be useful

if the starting material was particularly valuable.

Q 1)0.7 eq. n-BuLi/ 0.7 eq. (=)-sp. O (j\\\SnMe3
> ‘1, + \

N™ Ph PhMe, -78 °C, 3 h N™ “Ph N° "Ph

Boc 2) Me3SnCl Boc Boc

32a (R)-32a 33b
42%, 94:6 er 47%

| |

n-BuLi, THF, rt, 15 min, AcOH
84%, 50:50 er

Scheme 89

Therefore, in order to test whether this chemistry was viable withsT @ stannanel19g
was prepared in a good yield by a lithiatisubstitution reaction using the optimum conditions.
n-BuLi wasthenadded to stannaril9gin THF and the reaction mixture was left to stiii at
78 °C for 10 minutes before acetic acid wasdad to quench the reaction mixture.
Disappointingly, the reaction was unsuccessful and only the stadd&gevas recovered
(Scheme0).
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©\/j\ 1) n-BuLi, THF, —78 °C, 6 min ©\/j<sm3u3 1) n-BuLi, THF, 78 °C, 6 min oo ered
N~ Ph N~ “Ph

| 2) n-Bu3SnCl | 2) AcOH 119g only
Boc Boc
118a 119¢
Scheme 90

Attempts were also made to hydrolyse the methyl ester prad@ttunder basic conditions

by using two differeniethods but in both cases, only the e$f&dbwas recovered (Scheme

91).
©\/j<COOMe LiIOH, THF/H,0, reflux, overnight Recovered 119b
N Ph only

é OR KOH, MeOH/H,0, reflux, overnight
oc

119b

Scheme 91

The final work carried out on THQ18awas a NMR spectroscopic study in order to determine
the kinetics of the rotation of the Boc group at the reaction temperature. This was@ssu
be fast as the Reactl® study by Lj who worked on the project previousfyshowed that the
lithiation was complete within a few minutes and high yields weresistently obtained with

a lithiation time of 6 minutes. Also, no rotamer peaks were observed in any afrtheent

temperaturédNMR spectra of these compounds.

A variable temperature NMR study was carried out in IdglBnd coalescence of thdoutyl

signal took place at arouni@®8 °C (Figure 20)Line-shape analysis was carried out and this
reveal ed act i Wat ikimol' @ m ddadme K'emol3. Thepse values led to

a Ghvalue of around 4%J mof* ati 78 °C and so the halife of the Boc group rotation was
calculated to be 02sec (Appendix 2). This value corresponds well to the experimental data
observed and supported the prediction that the Boc group was rotating gdmkiver, these

values assume an equal proportion (1:1) of each rotamer and therefore the values obtained
would only be approximat®ynamic NMR studies were also carried out due to the fact that
the rotamers aractuallypresent in approximately a 1.8:1 rafidis study also supported the

experimental data observed amdexplanation of this method can leaifid in Appendix 2.
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Figure 20

IH NMR spectra obtained at various temperatures in

THF -ds, 500 MHz

2.3.3 Work on other N-Boc-2-aryl-1,2,3,4tetrahydroquinoline s

24 °C

3°C

115 °C

124 °C

138 °C

142 °C

147 °C

156 °C

169 °C

With work on the parent compodicompleted, the focus turned to other THQ compounds with

various aryl groups in the-f2osition.

Firstly, N-Boc-2-(4-fluorophenyl}1,2,3,4tetrahydroquinolinel118b was investigatedThis

compound was chosen as it was thought that introducing an eladgthatrawing fluorine

atom onto the aromatic ring wouttecrease thela of the benzylic proton and therefore the

reactivitycould changeAlso, fluorine atoms are very important in a wide variety of medicinal
compounds*For example, compour5, Talazoparib BMN-673), is a PARPL/2 inhibitor

which can be used in the treatment of humamcees with DNA repair deficiency (Figure

21).115
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135, Talazoparib (BMN-673)
Figure 21

The conditions that were optimistat N-Boc-2-phenyt1,2,3,4tetrahydroquinolind 18awere

used to test whether the same conditions were suitable for sutkd®atd he starting material

was dissolved in THF, cooledt@8 °C anch-BuLi was added. The mixture was left to stir for

6 minutes before the organolithium intermediate was trapped with a variety of electrophiles
(Scheme92 and Tablel?2). Good to excellenyields of the 2,2disubstituted products were
obtained whemethyl chloroformategthyl chloroformate and methyl iodide were diss the
electrophiles to give produciis364d c. A moderate yield was obtained with allyl bromide to

give productl36d No product was isolated when phenyl isocyamate used

1) n-BuLi, THF, -78 °C, 6 min O E
| O + I O
B
Boc F 2)E oc E

118b 136
Scheme 92
Product E* Yield (%)
136a MeOCOCI 75
136b EtOCOCI 86
136¢ Mel 90
136d alyl bromide 46
136e PhNCO 0
Table 12

Ethyl and benzyl cyanoformate were also used as electrophiles amthbesubstituted
productsl37d b were obtained in moderate to excellent yields (Sche3ran@ Table 13).
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E
1) n-BuLi, THF, 78 °C, 6 min O N
. : e
B
Boc F 2)E oc F

118b 137
Scheme 93
Product E* Yield (%)
137a EtOCOCN 84
137b BnOCOCN 50
Table 13

Pleasingly, product37b was crystalline and so the-pdy crystal structure was able to be
obtained in order to completely confirm that tiwtho-substituted product was being formed

in these reetions (Figure 22 and Appendix 1d).

Figure 22

X-ray crystal structure determination of
compound 137b

Kinetic resolutions with THQ118b were attempted using both enantiomers of sparteine
(Scheme 8 and Table 14). Attempting to use the optimum conditions as used forIT8&)

led to the starting material beingcovered in only moderate er (Entry 1). Therefore, different
conditions needed to be found in order to increase the enantioselectivity. Leaving the reaction

for a longer time (Entry 2) or adding larger amounts of each component of the chiral base
(Entry3and 4) didndét noticeably increase the se

the productinterestingly, when methyl cyanoformate was used as the electrophile (Entry 5),
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both theortho-substituted product and thesubstituted product were obtained which showed
that the different reaction conditions led to a different reactivity of the organolithium
intermediate when the cyanoformate was added. While the selectivity increased when ethyl
cyanoformate was used as tdlectrophile, the conversion was lower than required and no
product was obtained (Entry 6fter further attempts with various amountsreBuLi and
(+)-sparteine being used (Entriesll), it was clear that the enantioselectivity of the kinetic
resoluton with this derivative was lower than that of the parent compound. This may have been
due to the predicted increased acidity of the benzylic proton in this substrate leagoogtera

selectivity in the deprotonation.

O 1) n-BuLi, L*, PhMe, —78 °C, ¢
e U
| 2)E*
B
oC F

rac-118b

Scheme 94

RS M Product
Entr L" ti me eqgn- eq. Yiel er . o er s (
Buli (%) (SR Y el sp rswm)

1 (i)sp 2.5 1.2y 1.3 50/|109: 33 89: 8
2 (1)-sp 4 1.2 1.3 40| 22: 13 89: 4
3 (i)s p 2.5 2.0 2.5 42 |11: N/ A N/ Al 8
4 (i)s p 2.5 2.0 2.5 30/|12: N/ A N/ Al 4
5 * ( +s)p 2.5 1.0 17 29 | 98: 23 19: 8
6= * *| ( +9)p 2.5/ 0.8 1.5 62]|76: N/ A N/ Al 20
7 ( +s)p 2.5/ 0.9 1.6/ 36/|85: 16 12: 5
8 ( +9)p 1 0.9| 1.6/ 50| 84: 46 5: 9] 11
9 ( +s)p 1.5 1.0 1.7 45 8 9: 4 3 7:9 10
10 ( +s)p 1.5 1. 2 1.9 4 8 8 4 : 10 10: 9
11 ( +9)p 1.5 1.0| 1.7 36| 94: 42 15 : 8

Table 14

Electrophile used was MeOCOCI in all entries except entries 5 and fig*scale** = MeOCOCN used, also
obtainedortho-substituted product37c¢(28%,56:44 €}. *** = EtOCOCN used.

Lithiation-substituton reactions were then attempted on the enantioenriched starting material
(9-118bobtained from the kinetic resolutions outlined in entry 9 and 11 above and pleasingly,
the products §-136a and §-136b were obtained with no loss of the enantioenrichmen

(Scheme 8). While the absolute configurations of these compounds have not been determined
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by X-ray crystallography, it has been assumed that the configurations are the same as the parent
THQ 118a

O 1. n-BuLi, THF, -78 °C, 6 min
N

Boc 2) MeOCOCI

(5)-118b (5)-136a
89:11 er

O 1. n-BuLi, THF, =78 °C, 6 min
N =
Boc O 2) EtOCOCI
F

(5)-118b (S)-136b
94:6 er 89%, 93:7 er

Scheme 95

Another substrate investigated widsBoc-2-(2-naphthyl}1,2,3,4tetrahydroquinoline 118f.
This was chosen as it was thought that the acidity of the benzylic proton would be similar to
the parent compound and so there could be more séhgatithe kinetic resolutiondNaphthyl
groups can also betind in pharmaceutical compounds such as Cinacalcet, one of the top 100

largest selling drugs in the world, which is used to tseabndarhyperparathyroidism!®%7

Lithiationi substitutions were attempted witacemicTHQ 118f using the same conditions
found tobe suitable for the previous substrafBlse starting material was dissolved in THF,
cooled toi 78 °C andh-BuLi was added. The mixture was left to stir for 6 minutes before the
organolithium intermediate was trappeith the electrophile. A good yield tie Usubstituted
productl138a was obtained when methyl iodide was used while only a moderate yiEB#nf

wasobtained when methyl chloroformate was used (Sch&haa® Table 15).
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O 1) n-BulLi, THF, -78 °C, 6 min O E
LCO T e L0
Boc Boc

118f 138
Scheme 96
Product E* Yield (%)
138a Mel 73
138b MeOCOCI 47
Table 15

Interestingly, when methyl cyanoformate was used,Usebstituted product38b and the
ortho-substituted products39 and140were obtained in modest yields (Schenig 9he R

on silica of theortho-substituted compounds were very similar and soidure of these
products was obtaine®resumablythe energy differences associated Witbubstitution and
ortho-substitution when methyl cyanoformate is used in this case are approximately equal

which leads to an approximate 1:1 mixture of thandortho-substituted products.

O 1) n-BuLi, THF, —78 °C, 6 min
N
! OO 2) MeOCOCN
Boc

21%

Scheme 97
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It was thought that if benzaldehyde was used as the electrophile, an alcohol would be produced
which would quickly attack the Boc group in order to form a polycyclic molecule. This proved

to be the case as the cyclic compd141was produced in good overall yield in just over a 2:1

dr (Scheme 8).

O 1) n-BuLi, THF, =78 °C, 6 min
'}j 2) PhCHO
Boc )

cis-141, 45% trans-141, 19%
Scheme 98

Pleasingly, the diastereocisomers were separable by column chromatography and both isomers
were also solids which allowedfter recrystallization, the major diastereoisomerb®

identifiedas thecis-isomer by Xray crystallography (Figure 23 and Appendix 1e).

Figure 23

X-ray crystal structure determination of
compoundcis-141

Kinetic resolutions with THQ18fwere then attempted using {3parteine as the chiral ligand
(Scheme 9 and Table 16). Attempting to use the optimum conditemsised for THQ 18a

led to the starting materiab)-118fbeing recovered in a very low yield with only a moderate

er (Entry 1). Therefore, the reaction was left for a shorter time with the s&8uaki / (+)-
sparteine ratio found to be optimal for thaddic resolution of THQ18b(Entry 2) While this
improved the yield and the er also increased, the selectivity was still only moderate and so
fewer equivalents of both components of the chiral base were used (Entry 3). This led to the

starting material9)-118fbeing recovered in good yield with an excellent er. Interestingly, high
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yields of theortho-substituted product mixtur#39 and 140 were observed in each kinetic
resolution even thougmethylchloroformate was used as the electrophile. The smailats

of theU-substituted producR)-138bthat were obtained in each case had poor to moderate ers
and the sticky nature of this compound may have been the reason why the total yield of the
kinetic resolution in entry 8ame to beslightly over 100%These results showed again the
different reactivity of the organolithiuintermediate under these kinetic resolution conditions
compared to the racemic lithiation conditions. Also, when methyl chloroformate was used to
guench the kinetic resolution, the sadatturned deep red and so this showed that this colour
was not just observed when methyl cyanoformate was used as the electrophile but rather it was

observed wheportho-substitution took place.

Ly
O 1) n-BuLli, (+)-sp, PhMe, —78 °C, t Boc Boc
N

; R)-138b
! OO 2) MeOCOCI (S)-118f ®)

Boc
rac-118f
+ * E N
Boc
MeOOC
139 140
Scheme 99
ORT H-O ALPHA
Ent RS M Product Prodt
tim eqgn- eqg. - Yiel er Yi el er Yi e er s (1
(h) BulLi s p (%) | (SR (%) (%)] (RY9 RS M
1 2.3 1. 1.3 19 |82: 55 N/ Al 15 |64: 2
2 1. 5 1.0 1.7 30 92: 50 N/ A 14 71: 5
3 1. 5 0. 8 1. 3 39 95: 49 N/ A 14 78: 11
Table 16
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The recovered startynmaterial §-118ffrom the reaction in entry 3 was deprotonated with

BuLi using the optimal conditions and after addition of benzaldehyde as the electrophile the
cyclic compoundsRK,S-141and §9)-141were formed in good yield, in just over a 2:1 ldr.

both cases, the enantioenrichment was maintained to give er 95:5 (Sdd@me

O 1) n-BulLi, THF, -78 °C, 6 min
,}l 2) PhCHO
Boc )

(S)-118f, 95:5 er

(R,S)-141, 42%, 95:5er  (S,5)-141, 20%, 95:5 er
Scheme 100

While the absolute configurations of these compourage not been determined byry

crystallography, it has been assumed that the configurations are the same asnth&Hi@r
118a

Finally with this substrat&18f, triethylborane was added to the lithiated intermediate in order
to try and effect the Boc rearrangement reaction and pleasingly, the H32ine/as obtained
in good yield (Schem&01).

O 1) n-BuLi, THF, =78 °C, 6 min O CO,'Bu
N 2) BEts N
Boc

118f 132b, 60%

Scheme 101

Another substrat investigated wasN-Boc-6-chloro-2-phenytl,2,3,4tetrahydroquinoline
118e Chlorine atoms can be found in a wide variety of pharmaceutical compounds, including
L-689,560142which is a potent antagonist of the NMDA receptor (Figure'#4).
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(@]
) HNJkHQ

"'CO,H
H 2

142, L-689,560
Figure 24

Some of the work on this substrate was carried out by a final year undergraduate student who
worked in the grop alongside me in a research profd&.racemiglithiation substitution with
methyl iodide yielded th&substituted product43ain good yield (Schem#02).

ci ci
\©\/j\ 1) n-BuLi, THF, —78 °C, 6 min \©\/j<Me
N~ >Ph

. 2) Mel N “Ph
Boc Boc

118e 143a, 68%

Scheme 102

When cyanoformate elecophiles were used, tleetho-substituted products44were obtained
exclusively in moderate yields (SchemeHnd Table 17).

Cl Cl
O 1) n-BuLi, THF, -78 °C, 6 min O E
,Tl 2)E* N
Boc Boc
144

118e
Scheme 103
Product E* Yield (%)
144a MeOCOCN 51
144b BNnOCOCN 50
Table 17
A couple of kinetic resolutions hagégle n at t empted i n the undergra

a better selectivity being obtained when the-gparteine surrogate was used as the chiral
ligand (Table 18, Entries 1 and 2). However, manetic resolutions needed to be carried out

in my project and so various reactions were attempted in which both the number of equivalents
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of each component of the chiral base and the reaction times were changed. Using a large excess
of n-BuLi / (+)-sparteine gave the recovered starting material in only a @mwedgeld and er

(Entry 3).The number of equivalents of each component of the chiral base was then lowered
and the time of the reaction was shortened (Entry 4). This led to a reaction with high selectivity
but with a low yield of productAttempting to us the optimum kinetic resolution conditions

for THQ 118aled to the starting material being recovered in a good yield but with an er lower
than that desired (Entry 5). Three further kinetic resolutions were then attempted varying both
the time and numbeif equivalents of each component of the chiral base (Ent@& <6t this

gave no improvement in the selectivifgnally, the optimum conditions were found (Entry 9)

which gave the recovered starting material in excellent yield and er (Sdtdnaed Tabé

18). These conditions were a slight variation on the optinconditions used for THQ18b

(vide supra.
cl cl cl
\©\/j\ 1) n-BuLi, L*, PhMe, ~78 °C, t \©\/j mE
+
N~ Ph . N"“Ph N pp
I 2)E I I
Boc Boc Boc
rac-118e 118e 143
Scheme 104
RS M Product
Entr L tin eogn: eq. Yi el er : 0 er s (
(h' Buli (%) (R YHeld) oo prsw
12 (i)sp 2-' 2.0 2.5 35 11: N/ A N/ A 5
1
pa (S*'j)rp 2.t 1.2 4y 3 33 98: N/A* N/A 10
3 (¥sp 2.!' 2.0 2.5 35 75: 23 20: 3
4 (Fsp 1 0.7 1.0 53 87: 16 9: 9 24
5 (+)p 2.! 1.3 1.2 42 87: N/ A N/ A 7
6 (+s)p 2.! 0.8 1.5 30 88: 34 22: 4
7 (+s)p 1 0.8 1.5 44 85: 37 9:9 7
8 (+p 1.!' 1.1 1.8 36 93: 49 13: 7
9 (+s)p 1.2 1.0 1.7 41 92: 42 14: 10
Table 18

Electrophile used was MeOCOCI in all entries except entty Reaction carried out by undergraduate student.
* = MeOCOCNused, mixture obrtho-substitutecandU-substituted product obtained

With enantioenriched starting material in hand, the undergraduate student carried out a
lithiation-substitution reaction with methyl chloroformaiging recovered starting material
(R)-118efrom the reaction outlined in egtl.. This reaction yielded produd®)¢143bwith no

loss of enantioenrichment (Schemé)l0
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o Cl @
\©\/Nj 1) n-BuLi, THF, =78 °C, 6 min m/o,we
Boc © 2) MeOCOCI Boc O

(R)-118e (R)-143b
89:11 er 45%, 89:11 er
Scheme 105

A further reaction was then carried out in my project with the enantioenriched starting material
(9-118eobtained from the reaction outlined in entry 9. ™tating material was deprotonated
with n-BuLi using the optimal conditions and after addition of methyl iodide as the electrophile,
the product$-143awas formed in good yield with a slight loss of enantioenrichment (Scheme
106). This was a similar olesvation to that found by Li with the parent compound TH@a
(Schemes7).

1) n-BuLi, THF, =78 °C, 6 min
Boc O 2) Mel
(5)-118e (S)-143a
92:8 er 69%, 87:13 er
Scheme 106

Again, while the absolute configurations of these compobads not been determined by X
ray crystallography, it has been assumed that the configurations are the samarantiié{)
118a

The (+)}sparteine surrogate that was used in a small number of the kinetic resolutions was
prepared in 4 steps fromaburnum anagyroideseeds using the method outlined in the
literatur e bworkedsyBhemeon).t%Appdoxincately 8 g ofi()-cytisine145

was extracted from 700 g of the seedstlledamine was protected with methyl chloroformate

to give the carbamate46in excellent yield. This was then hydrogenated in the presence of a
platinum oxide catalyst to give compouhd7in excellent yield. Finally, compournt#7was
reduced to the (+3parteine surrogat&48in a moderate yield by using lithium aluminium
hydride.
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MeOOC
CH,Cl,, MeOH HN N
Laburnum anagyroides 22 = | NEt3, MeOCOCI, CH,Cly = |
seeds N R
NH,OH, 3 days 0°C—rt,4h N

(0] (0]
145, (-)-cytisine 146, 97%
Me H MeOOC. H
"@/\) LiAIH,, THF N Hz, PtO;
N reflux, 16 h N MeOH, rt, overnight
(0]
148, 57% 147
Scheme 107

The next substrate to be investigated waéBoc-2-(4-methoxyphenyl}1,2,3,4
tetrahydroquinolinel18c It was thought that by introducing an electaonating methoxy
group ontathe aromatic ring, the acidity of the benzylic proton walddreasevhich would

influence the reactivity

Initial lithiationi substitution reactions with this substrate used the optimum conditions that had
worked well for all of the previous THQ substtédowever, these initial reactions gave
inseparable mixtures of starting material and product with large amounts of starting material
being recovered. Therefore, it was decided to carrinesitu IR spectroscopy on this substrate

in order to find suitale conditions for the lithiatiorA solution of118cin THF at 178 °C
exhibited a peac-o at 1703 crt (Figure 25). Upon addition of 1.2 equivalentsneBulLi,

the intensity of the starting material peak slowly started to decrease with the gradual appearance
of a peakBc-o at 1641 crit which was assigned to the organolithium intermed#adelition of

another 1.2 equivalents af-BuLi seemed to accelerate the lithiation but it still took
approximately 1 hour for the lithiation to approach completion. This supported the hypothesis
that the lithiation time for this substrate was consideraisiger than the lithiation time for the

other substrates investigated so far which was probably due to the decreased acidity of the

benzylic proton.
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100

— Paak at 1641 cm-1
= Peak at 1703 cm-1
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METTLER TOLEDD

Figure 25. In-situ ReactlRM 3D and D plots of the lithiation ofac-118cwith n-BulLi at
178°C in THF. Blue line represents intensity of C=0 stretching frequenacef18c(1703

cm'Y) andred line of lithiatedntermediatg1642 cm?') over time.

Therefore, with this data in hand, it was decided to use 3.0 equivalenBubi and to kave

the reactions for 90 minutes before addition of the electrophile in order to ensure that the
starting material was fully lithiate@&ood to excellenyields of the 2,2disubstituted products

were obtained whemethyl chloroformategthyl chloroformater methyl iodidewere useds

the electrophiles to give produdtg9d c (Scheme 18and Table 19)

E

1) 3.0 eq. n-BuLi, THF, —78 °C, 90 min O
N
I + I
Boc O 2)E Boc O
OMe OMe

118¢ 149
Scheme 108
Product E* Yield (%)
149a MeOCOCI 80
149b EtOCOCI 79
149c Mel 84
Table 19
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Kinetic resolutions withhis substrate were then attempted using eithesgajteine or the (+)
sparteine surrogate as the chiral ligand (Schereath@ Table 20). Poor conversions and/or
selectivities were observed in all reactions, even when conditions that had worked well for

other derivatives were used. Therefore, work on this substrate was discontinued.

OMe
O 1) n-BuLi, L*, PhMe, -78 °C, t O ©\/j\\\©/
N O N O + N~ "COOMe
! 2) MeOCOCI '
BOC BOC
OMe Boc OMe

rac-118¢ (S)-118¢ (R)-149a
Scheme 109
RS M Product
Ent L” Solv timeag- eq. Yiel er YielerR'SQ s
(h) Buli (%) (SR ( %) S
1 (;)'jf PhMe 2-° 1-2 41 3 80 59:. 3 97:: [/
[~
2 (;’Ep PhMe 2-° 1-2 41 3 g2 59:. 20 97:: 12
3 (+)p E40 2.5 1.2 1.3 56 64:: 26 88:1 3
4 (+)p E#O 2.EFE 1.0 1.7 58 66:: 22 88:1 3
[~
5 (;S)f THE 1-% 2.0 5 5 g3 54:. 15 g85:1 2
Table 20

Again, while the absolute configurations of these compobads not been determined by X
ray crystallography, it has been assumed that the configurations are the same as the parent THQ
118a

Unfortunately lithiation-substitutionreactionswith three substratebl-Boc-2-(2-pyridinyl)-
THQ 118d N-Boc-2-(2,6-dimethaxypheny)-THQ 118gandN-Boc-2-(4-trifluoromethyl)-
THQ118hgave poor results.

While productl50was obtained with THQ18d the yield was only moderate and there was
noticeable decomposition of the reaction mixtures of this substrate, even tiérepta were

made to shorten the reaction times considerably. This may have been due to an increase in the
acidity of the benzylic proton predicted for this substrate. The crude reaction mixtures obtained

from reactions with THQ@ 18hwere unstable to columchromatography (Schem0).
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1) n-BuLi, THF, —78 °C, 6 min Me

NT Y NS
Boc N__~ 2) Mel Boc N__~
118d 150, 43%

1) n-BuLi, THF, 78 °C, 6 min
C (L Le
AP X v )
B B
¢ CF, ¢ CF,

2)E*

Crude mixtures decomposed on column

Scheme 110

The aim of usingTHQ 118gwas to see whether th#substituted product would form when
methyl cyanoformate was used as the electrophile due to thettveepositions being blocked.
However, no lithiation was observed with only starting material being recovered which may
have been due to the steric bukthe ortho-methoxy groups hindering the deprotonation
and/or the reduced acidity of this substrate (Schkiip

O OMe 1y h-BuLi, THF, 78 °C, 6 min
N > No reaction, only starting material visible on
éoc O 2) MeOCOCI TLC plate
MeO
118¢g
Scheme 111

Due to the disappointing results with these substrates, no kinetic resolutions were attempted
with THQs118d 118gor 118h

Finally, the gnthesis of the naphthyridine compoutiil was attempted as it was thought that

the reactivity of this substrate could be interesting and the naphthyridine moiety is also found
in pharmaceutical compounds such as Pagocd&2ewhich is used to treat anxye(Figure

26).120

152, pagoclone

Figure 26
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Firstly, by using the Friedhder synthesi®-phenyt1,8-naphthyridinel54was synthesised in
good yield. However, while the reduction using sodium cyanoborohydride produced a mixture
of products which was difficult to purify, it was clear to seel\NMR spectroscopy that the
major product was thendesired 5,6,7;8trahydronaphthyridin@55 presumably due to the

less hindered aromatic ring being preferentially reduced (Sch&e

An alternative strategy for the synthesis of compotbd was therefore required. It was
thought that by fistly usings-BulLi to lithiate theU-position of the unsubstituted-Boc-1,8-
naphthyridinel56, the intermediate formed could be transmetalated with de@bre carrying
out a Negishi crossoupling reaction in order to obtain the desired compdisidScheme
113).

Firstly, aminealcohol 153 was stirred int-amyl alcohol157 at 130 °C overnight, in the
presence of ethanol and substoichiometric amounts§€CR)» and the ligand Xantphds58
This method followeda reported literature proceduamd formedl59 in a moderate vyield
(Schemel 14).121
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