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Abstract

This thesis describes some noveleagpt s  4dithiatiantrappirld ofN-Boc heterocycles,
including computational DFT modelling of the lithiation and kinetic studies of both the

lithiation and trapping reactions bfBoc heterocycles.

Chapter 2 details the useinfsitulR spectroscopy 0 moni t or t h-lghiafon o g r
reactions of a wide variety &f-Boc heterocycle substrates with vastly different reactivities.
Different s-BuLi/ligand combinations were also found to have a dramatic effect on the rate
of lithiation. Kinetic amlysis of thein situ IR spectroscopic data enabled the rates of
lithiation to be quantified which allowed the construction of a reactivity ordeN4Boc

heterocycles that were investigated.

| n Ch a p t-lghiatioB reacttors @f thél-Boc heterocyles studied in Chapter 2 were
modelled with DFT. Many of the reactivity differences of Mi&oc heterocycles that were
uncovered by the experimental investigation were accounted for by the DFT modelling.
Correlation of the experimental and computatioreduits allowed the reactivities of
unknownN-Boc heterocycles to h@edicted using only DFT modelling.

Chapter 4 describes the investigation of the rates of trapping of litthNeBeat heterocycles
usingin situ IR spectroscopy. Kinetic analysis of timesitu IR spectroscopic data revealed
some remarkable differences in the rates of trapping for a small selection of diXfé8ent

heterocycles and electrophiles.

Chapter 5 reports the use of synthesisitu IR spectroscopic analysis and DFT modelling
to investigate how the electrophile and ligand employed can affect the diastereoselectivity
of the lithiationtrapping of a 3,4isubstitutedN-Boc pyrrolidine.
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Chapter 1: Introduction

Nitrogen heterocycles, including pyrrolidines, piperidines and piperazigesngortant
structural motifs in both nature and phar
200 selling pharmaceuticals in US retai
piperidine, morpholine or piperazine suburifihe racemic and asymmetric synthesis-of 2
substiutedN-Boc heterocycles has become widespread using-Bi@ clithlation protocol

pioneered by Beak®

Since Beakos f i80,anuch pesebrthihasabéen carriediout invedigating
differentN-Boc heterocycle substrates, various ligands and a variety of electrophiles to trap
the lithiated intermediates. This has enabled the synthesis of a large variety of different
substitutedN-Boc heterocycles. In this thesis, synthetic, situ IR spectroscopy and
computational DFT modelling techniques have been used to investigate, find optimal

conditonsand et t er u n dithiatisrt reactions aNHBec hélerocycles.

Recently, interest in the 2,3tdsubstituted pyrrolidine motif has developed and such a motif
can be accessed enanti os el e clithiatiom ¢chgmistan d d
Subsequent trapping with an appropriate electrophile would give aidoaksed
heterocycle fragment which could then be further reacted to form the desired compound.
This 2,3,4trisubstituted pyrrolidine motif is present in drug compounds such as Bocéprevir
developed by ScherirBlough (now Merck) and TelapreVirdeveloped by Vertex
Pharmaceuticals, both of which are protease inhibitors used to treat hepatitis C (Figure 1.1)

N U(WQ(

Boceprevir

Uwékﬁ AW

Telaprevir

Figure 1.1. Boceprevir and Telaprevir protease inhibitors



1.1 Di flLighiatiore dThelComplex Induced Proximity Effect

T h edepyotonation oN-Boc heterocycles occurs for one key reastime directing effect
afforded by the carbamate that is attached tdNtheterocycle. This type of directing effect

has een used in synthetic organolithium chemistry for several decades and was coined the
6Complex Induced Proximity EffecdBdakand| PE
Meyers proposed a general mechanfemthe CIPE whereby the Lewis basic directing
group attached to the heteroatom (in this case nitrogen) of subktiae reversibly
coordinate to the organolithium reagent to form prelithiation compl&cheme 1.1). This
prelithiation complex placesé¢h or ganol i t hi um i n-pratdnovhieh pr
facil it adepeotonationh @2, U f o r sdithiatagl intdrmediate3. Lithiated
intermediate8 is dipolestabilised, as the positive charge in resonance 8troan stabilise

the adjacent carb@n® Upon addition of an etgrophile (E), lithiated intermediates

undergoes trapping to form trapped product

Scheme 1. 1. Gener al me c h dithiatiennto afheteroatonh e C1 |

R R R R R
R. H RLi R. H R. )<H R\@kH L H
PN Ao LR M Jet PN
R X R X~ R X R X R X
1 2 3a 3b 4
X=0o0orNR

The directing effect offered by the CIPE can also strongly influence the regioselectivity of
the lithiation of a substrate. For example,ititton of benzyl lactan®d with n-BuLi ati78
AC resulted in elithatedlatan eathér thantma thernmodynamicallyd

favoured enolat& (Scheme 1.2).

Scheme 1. 2. Ritigtionotlactarex t i ve U

O e Qe (O
N i N N

o -78°C ,
) Ph) )\ /
5

Ph Li
6

Many different types of direct i nlighiatgmod ups
amines. These directing groups need to be Lewis basic to allow coordination of the

organolithium species imlwed and resistant to nucleophilic attack from the alkyllithium

2



reagents used. Some of the directing groups that have been utilised are amides (used |
Beak®1%), formamidines (reported by Meyéfs®), nitrosoamines (reported by
Seebact?) and ureas (used by Metallinés)® (Figure 1.2).

T N oTX T
-

/ N | /

// | N\\ //
R/go R o} RoN™ "0
Amides Formamidines Nitrosoamines Ureas

Figure 1.2. Directing groups used to direct}lithiation of amines

Carbamates can al so be used t o -fithiatiomofia | i
carbamate was reported by Seebach in 29T8atment of hindered aryl carbam8teith
sBuLi/ TMEDA resulted in |ithiatiomCgHidt o |
providedthe respectivalkylated carbamate in 87% yield (Scheme 1B®xh the Ithiation

and trapping reactions &were conducted at 0 °C. In general, low temperatures (usually
between 0 °C antll00 °C) are required for the lithiation and trapping steps to prevent side
reactions and decomposition of the lithiated intermediate.

Schemre 1. 3. Dthiatienoftcarshmadik 8

t-Bu 1. s-BuLi/TMEDA

t-B t-Bu

! )oj\ THF, 0 °C, 90 min _ -BU o
~ 2.n-CgHq71,0°C

e} [Tj 8M17 O)J\N/\CBHw
t-Bu t-Bu |
8 87%
Some years | ater, B elithiktionr oé qydia amenels uding eert- d i r

butoxycarbonyl (Boc) carbamate to direct the lithiation in his seminal 1989 publiéation.

This methodology has two key advantages. First, the Boc group is a common amine
protecting group, so installation of the Boc group is well known and reagents are
commerically aailable. Second, the Boc group is easy to remove with acids such as TFA or
HCI , so further functional i s atfundionaligafion.t h e
The use of the Boc glithiatiorpreaetisns @N-Bdciheteracgles r  f
relevant to the work described in this thesis will be discussed in the next section of this

overview.



1.2 Lithiation-Trapping Reactions ofN-Boc Heterocycles
1.2.1N-Boc pyrrolidine and N-Boc piperidine

T h e flithiatisnttrapping reactions df-Boc pyrrolidined andN-Boc piperidinelOwere
reported by Beak in 1989Both heterocycles were treated wiBuLi/TMEDA at i 78 °C

in ELO for 3 h and then M&IiCl was addedbttrap the lithiated intermediates. This afforded
2-silyl N-Boc pyrrolidinelland 2silyl N-Boc piperidinel2in 81% and 94% isolated yields

respectively (Scheme 1.4).

Scheme 1. 4-lithiaRam drappingceadtons of N-Boc pyrrolidine 9 and N-Boc

piperidine 10
). 1.s-BuLi/TMEDA
{ ) -78 °C, Et,0, 3 h O\ ,
\ 2. Me,SiCl \ Sies N SiMes
. |
Boc ©3 Boc Boc
9 (n=1) 11 12
10 (n=2) 81% 94%

Later, the O6Brien dgreep dev dlittaaon df dHBot @ d i
heterocycle$® Lithiation of N-Boc pyrrolidine9 with s-BuLi/THF ati 30 °C and subsequent
trapping with MeSiCl furnished 2silyl N-Boc pyrrolidinellin 71% yield (Scheme 1.5).
With this methodology, a variety of-dubstitited N-Boc pyrrolidines11, 13-16 were

synthesised in moderate to good yield ranging frori 2%.
Scheme 1. 5f.r eBEDIi/BHRA lithiation -trapping of N-Boc pyrrolidine 9

Q\S"\Aes Q\[TH Q\Me
Boc Boc o Boc

1 13 14
_ . E* = Me;SiCl E* = DMF E* = Me,SO,
1. 1.3 equiv s-BuLi, THF 71% 67% 70%

{ \ -30 °C, 5 min .
N" 2 ]
OH Ph
Boc o Boc o

9
15 16
E* = CO, then H* E* = PhnCONMe,
49% 77%

When thes-BuLi/THF lithiation-trapping ofN-Boc piperidinelOwas attempted, no trapped

adducts were detected. It has been proven that alkyllithiums are less stable in THF thar



Et;0?%and recent unpublishedwarkn t he O6 Br i en gsBolLunedidgiedd o
decomposition of THF at higher temperaturesi 89 °C)?’ As N-Boc piperidinel0 is
significantly less reactive thadBoc pyrrolidine9, the decomposition of the THF solvent

is likely the kingically favoured reaction, meaning that no trapped adduct was observed.

The enantioselectiv@BuLi/(1 )-sparteinemediated lithiatiortrapping ofN-Boc pyrrolidine

9 was communicated by Beak and Kerrick in 13&dd reported in full in 199% Lithiation
usings-BuLi and the chiral diaming J-sparteine, followed by trapping with N®&CI gave
9-11in 87% yield and excellent 95:5 er (S
reported the sythesis of 2silyl N-Boc pyrrolidine R)-11 in 84%yield and 95:5 eusing

their chiral diamine, the (+9parteine surrogatel7, which behaves in an
enantiocomplementary manner i9-6parteine (Scheme 1.%)Throughout this thesis the
degree of enantioselectivity exhibited in an asymmetric reaction will be quantified using
enantiomeric ratios (er). This measure of enantiogeigc has been selected as it is
mathematically more simple than enantiomeric excess (ee), making it easier for the reade

to comprehend of the degree of enantioselectastyibited in a reactian

Scheme 1.6. Asymmetric lithiatiortrapping of N-Boc pyrrolidine 9 with (1)-sparteine

and (+)-17 chiral diamine ligands

1. s-BuLi/(+)-17

O\ Et,0, 78 °C, 5 h O\HS 1. s-Bulil )Spa"e'”eo
SiMe, ~—22 _78°C, Et,0, 5 h P sites

N Hr

I 2. Me5SiCl 2. Me3SiCl |
Boc 3°! BO ° Boc
(R)-11 9 (S)-11
95:5er H 95 5er
e :
(+)-sparteine surrogate 17 (—)-sparteine

Altmannet al. has performed lithiations with bo#iBuLi/(i)-sparteine and-BuLi/(+)-17
to synthesise the natural products-(afid {)-hygroline 183° The synthesis involved the
asymmetric lithiation oN-Boc pyrrolidine9 with eithers-BuLi/(1)-sparteine os-BuLi/(+)-
17 and then subsequent trapping with chiral epoxi&sdr (9-19, followed by reduction
with LiAIH 4 to give (+)} or (i )-hygroline 18 (Scheme 1.7).



Scheme 1.7. Synthesis of (+and (i )- hygroline via asymmetric lithiation trapping of
N-Boc pyrrolidine 9

H 1. s-BulLi/(-)-sparteine 1. s-BuLi/(+)-17 OH
O H Et,0,-78°C,4 h Et,0,-78°C,4 h
11, N >
N 2. (R)-19, BF5-OEty, 2 h N 2.(S)-19, BF;-OEt,, 2 h N
Boc then -78 °C to 0 °C Boc then —=78 °C to 0 °C Boc
35% for 30 min 9 for 30 min 47%
98:2 er 97:3 er
o, N oM
LiAIH, LA PN LiAIH,,
THF, reflux THF, reflux
86% (R)-19 (S)-19 90%
CH OH
11 ~ O\/v\
:N.: - N
Me Me
(+)-hygroline 18 (=)-hygroline 18

T h elithidtion reactions oN-Boc pyrrolidine9 with s-BuLi/(i )-sparteine oi-PrLi/(i )-
sparteine have both been subjected to mechanistic investigation. In 1991, Beak conducte
several lithiatiortrapping reactions ofN-Boc pyrrolidine 9 to determine whether the
enantioselectivity observed witk-BuLi/(i)-sparteine arises from an enantiosgle
deprotonation or whether the enantioselectivity is affordedgestotonatiorf.Racemic 2

lithio N-Boc pyrrolidine rac-21 was generated by botRBuLi deprotonation ofN-Boc
pyrrolidine 9 and tirlithium exchange of -3tannyl pyrrolidine20. (i )-Sparteine was then
added to the lithiated intermediage-21 followed by MeSiCl. The M&SiCl trapped adduct

11from both reactions was obtained as a racemate (Scheme 1.8).

Scheme 1.8. Determination of the source of enantioselectivity of treBuLi/(1)-

sparteine lithiation of N-Boc pyrrolidine 9

O\R s-BulLi Q\Li 1. (-)-sparteine Q\SiMe3

N >
| | i |
Boc Boc 2. MeSicl Boc
9 (R=H) rac-21 rac-11

rac-20 (R = SnBuj3)

Beak therefore concluded that the mi@selectivity afforded byi(-sparteine must arise
from an enantioselective deprotonation and does not occudpogi r ot onateton.

al. have also shown that the enantioselectivity afforded WiBoc piperidinel0 ands



BuLi/(+)-17 occurs by anmantioselective deprotonation using experiments similar to those

used by Beak!

In 1995, Beak and Gallagher conducted a mechanistic investigation ofPute/(i )-
sparteine lithiation oN-Boc pyrrolidine9 using kinetic experimenf&. They noted that the
lithiation had a zermrder dependence on the concentration of itReLi/(i)-sparteine
complex22, the structure of which had been determined previctisiis led them to
propose that the rapid formation of a prelithiation complex occurs before the rate
determinn g -ddprotonation, which accounted for the zerder dependence of the
alkyllithium (Scheme 1.9). Kinetic isotope experiments were also carried out and they
confirmed that t iteiatich evlee deprotsnatierpoccaig) ard e U

23is formed was rate determining.

Scheme 1.9. Proposed mechanism for thePrLi/(i)-s p a r t dithiatien ofUN-Boc
pyrrolidine 9

kK Pprelithiation _ K2 ()

N — Complex N ,'Li’N)

é k_1 /g / \N
oc jmmm e t-BuO” "0

9 L K ka>> ke (S)-23

_____________

Three possible structures for the prelithiation complex were sugg24te&.and26 (Figure
1.3). Beak and Gallagher suggested that the prelithiation comydexunlikely to be24 as
the (i )-sparteine was far removed frddaBoc pyrrolidine9 and would not likely be able to
of fer any e n alihiaiioo foom this distahce.ov er U

Figure 1.3. Proposed prdithiation complexes for the RLi/(i )-sparteine lithiation of

N-Boc pyrrolidine 9



Beak and Kerrick first reported theBuLi/(T)-sparteine lithiatiotrapping of N-Boc
piperidine10in 20023 Lithiation for 16 h and trapping with M8iCl gave the desired 2
silyl N-Boc piperiding(S)-12in a low ~8% yield and moderate 87:13 er, with gpdeducts
27 and 28 also isolated (Scheme 1.10). The slow rate of reaction bete8en.i/(7)-
sparteine antl-Boc piperidinel0 allows side reactions to occur. In particusBuLi can
perform a mcleophilic attack into the Boc carbonyl generatingpbyducts27 and28.

Scheme 1.10. Attempted-BuLi/(T)-sparteine lithiation of N-Boc piperidine 10

1. s-BuLi/(-)-sparteine
LH  _78°C, Et,0, 16h
N™ "H _ SlMe3 +
| 2. Me;SiCl /\H\{\
Boc

10 (
~8%
87:13 er

~ 9%

43%

Col dham and O6Brien al so atNtBecmpipetidnelOusinge a s
cyclohexyl diamine ligandR,R)-29 which had displayed high enantioselectivity for the
lithiation of N-Boc pyrrolidine9 (Scheme 1.113>% Lithiation of N-Boc piperidinel0 with
s-BuLi/(R,R)-29and trapping with M&SiCl provided 2silyl adduct(S)-12in only 13% yield

in 90:10 er. Comparison of this result with the 8% yield )12 obtained by Beak and
Kerrick with s-BuLi/(T)-sparteine (see Scheme 1.10), shows thatstBeli/(RR)-29
complex was more reactive and provided marginally highenterselectivity. However, the
lithiation of N-Boc piperidinel0 with s-BuLi/(RR)-29 still did not provide a synthetically

useful method of preparing enantioenrichesbiBstituted piperidines.

Scheme 1.11. Asymmetric lithiatiosrapping of N-Boc piperidine and N-Boc
pyrrolidine 10 with s-BuLi/( R,R)-29

(S)n 1. s-BuLi/(R,R)-29 <—<>)n ,L
Et,0, -78 °C, 3 or6 h N SiMe; O/ ~"tBu

N 2 Me,sicl

| 7, -
Boc Boc NN B
9n=1 (S)11n=1:3h,72%, 95:5 er |
10n=2 (S)-12n=2:6h, 13%, 90:10 er (R,R)-29
Later, O6Brien reattemptNMNBbc pgiparidineBdusinmset r i

BuLi/(+)-sparteine surrogate/. This afforded Zilyl piperidine R)-12in good 73% yield
with moderate 86:14 er (Scheme 1.3 cortrast to thes-BuLi/(i )-sparteine lithiation of



N-Boc piperidinel0, thes-BuLi/(+)-sparteine surrogate lithiation gives a greatly improved
yield which can be attributed to the more reacsBLi/(+)-17 lithiating complex.

Scheme 1.12s-BuLi/(+) -sparteine surrogate 17 lithiation of N-Boc piperidine 10

1. s-BuLi/(+)-17
O 78 °C, Et,0, 6 h Q

I}J 2. Me3SiCl l}l SiMej
Boc Boc
10 (R)-12
73%
86:14 er

The OO0Brien group hayv e -ligahdemantipselective lithtateom of a
N-Boc pyrrolidine9, using the combination of a sshoichiometric amount of afal ligand

(i )-sparteine or (+)L7 and stoichiometric quantities of achiral diaminé-&r bispidine30.%’
The presence of the achiral diamine allows ihjespartene or (+}17-complexed lithiated
intermediate to exchange ligands with-dRr bispidine30, freeing the chiral ligand to carry
out further lithiation cycles. Importantlg;BuLi/di-i-Pr bispidine30 has a slower rate of
lithiation thans-BuLi/(T)-spartei® ors-BuLi/(+)-17, meaning that the chiral ligand lithiates
the majority of the starting material, which gives the product in high er. UsBwifi with
0.2 eq. of eitheri()-sparteine or (+L7 and 1.2 eq. of di-Pr bispidine30to lithiate N-Boc
pyrraidine 9 and trapping with M¢SiCl gave 2silyl pyrrolidines §- and R)-11in 76%
and 66% vyields respectively with er varying between 90:10 and 96:4 (Scheme 1.13).

Scheme 1.13. Catalytic twdigand s-BuLi/(7)-sparteine/dri-Pr bispidine 30 and s
BuLi/(+) -17/di-i-Pr bispidine 30 lithiation of N-Boc pyrrolidine 9

1. 1.3 eq. s-BulLi
0.2 eq. (-)-sparteine or (+)-17

1.2 eq. di-i-Pr bispidine 30 &
! ~78 °C, Et,0,5 h <N>"'SiMe3 N~ SiMe;

N
| . | or |
Boc 2. Me3SiCl Boc Boc
9 (S)-11 (R)-11
% 76% 66%
f \N 90:10 er 96:4 er
i-Pr’ ~i-Pr
30

The lithiation ofN-Boc pyrrolidine9 using the chiral ligands J-sparteine and (¥}7 has
also been carried outin THF solvéhEar | i er wor k by OO6Brien i
act as ligand allowing raenic lithiation of N-Boc pyrrolidine9 (see Scheme 1.5) and

therefore it was uncertain whether enantioenrichment would be observed with the chiral

9



diamines. When the lithiation dfl-Boc pyrrolidine9 was conducted witls-BuLi/(T)-
sparteine in THF, trappedroductssyn and anti-31 were obtained as neesicemates
(Scheme 1.14). When the same reaction was conducted s1Buig/(+)-17, the trapped

adductssynandanti-31 were obtained in 95:5 er.

Scheme 1.14s-BuLi/(7)-sparteine ands-BuLi/(+)-17 lithiation of N-Boc pyrrolidine 9

in THF solvent

1. s-BuLi/(+)-17 1. s-BuLi/(-)-sparteine
H pn THRE -78°C,3h [ ) THF -78°C,3h O&{Ph
N

N N
I 2. PhCHO ! 2. PhCHO |
Boc M 3 NH,Clg goc 3. NH,Cliag) Boc O
syn and anti-31 syn and anti-31
45% syn, 20% anti 50% syn, 14% anti
95:5 er of both diastereomers 51:49 er of both diastereomers

Byusing® C and®Li NMR spectroscopy, OO0 Bf)ispaneinen ot
were required for thd §-sparteine to displace the THF coordinated to the alkyllithium. This

is likely the reason thatBuLi/(T )-sparteine lithiation in THF provides only racemic product

as the alkyllithium is preferentially coordinated to THF. On the other hand, addition of 1.0
eq. of (+}17 resulted in formation of a complex where the alkyllithi in coordinated to

both (+}17 and a molecule of THF. This means that enantioselective lithiation will occur
with 1.0 eq. of (+17 and is why an asymmetrgeBulLi/(+)-17 lithiation can be carried out

in THF.
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1.2.2. 4Substituted N-Boc piperidines

Several examples of the synthesis of-#jdubstitutedN-Bo ¢  p i p e r i-ldhiatioB-s U ¢
trapping chemistry have also been descri3éfi’®®°Be a k and L e elithratopor t
trapping reactions of-phenyl, 4t-Bu and 4ketal substitutedN-Boc piperidines32, 33 and

34.%8 Lithiation of substituted piperidined2, 33 and34 with s-BuLi/TMEDA followed by
trapping with Mel or MeSQy afforded methylated piperidiness-35, cis-36 and37in good
(71-83%) vyield (Scheme 1.15). It wanoted that the products of the lithiatimapping
reactions of 4ohenyl and 4-Bu piperidines32 and 33 were both obtained asis

di astereoi somer s. This diastereoselectiv
lithiation which allows the CIPE to occur. In thessutstituted piperidines, the equatorial
Uproton will becis to the C4substituent as this places the substituersn energetically
favoured equatorial position. Trapping then occurs with retention of the stereochemistry so

only thecis diastereomer was obtained.

Scheme 1.15. Lithiationtrapping of 4-substituted N-Boc piperidines with rationale for

the cis selectivty observed

Ph O. O 1. sBulLiTMEDA N o 0
fﬁ T fit
N N N 2.-20 °C, 30 min N M N M N M
I I I 3. Mel or Me,S0O,4 I © I © I ©
Boc Boc Boc Boc Boc Boc
32 33 34 cis-35 cis-36 37

Mel: 83% Me,S0,4:71% Mel: 74%

H
S
via t-BUO\\g/,Li\—N

N

R =Ph or t-Bu

Knochelet al. have also preparealrange of different 2;disubstituted piperidines using a
diastereoselective cressupling reaction between aryl iodides and substituted piperidinyl
zinc reagents, prepared y -littiation-transmetallatiod® T h e-arylaion of N-Boc
pyr r ol i dilithiaten-transmetalgtionland cressupling was reported earlier by
Campos! Using this methodology, Knochel et al. prepared a variety of -arylated
piperidines using a selection ofsdikstituted piperidines including-fethyl, 4phenyl and
4-OTIPS N-Boc piperidines38, 32 and 39. Zincation of thesé-Boc piperidineswith s-
BuLi/TMEDA then ZnC} and subsequent Negishi coupling with RuPhos or SPhos with 4

11



CRs substituted aryl iodide provided 2¢dsubstituted piperidinesis-40-42 in good to
moderate yield (864%) and very good 97:35:5 drs (Scheme 1.16).

Scheme 1.6. Diastereoselective crossoupling of 4-substituted piperidines 38, 32 and

39
R CF3-CgHsl

R
1. s-BuLi/TMEDA 2 mol% or 5mol%
Et,0, -78 °C d Pd,(dba)s.dba
2. ZnCl,

Me

ITI N~ Yzncl 2 mol% or 5 mol% N
Boc —78°Ctort | RuPhos or SPhos I
Boc THF, 55 °C Boc CF,
38 R =Me .
32 R =Ph cis-40
39 R =0TIPS 81%), 95:5dr
Ph OTIPS O
PCYZ
RO OR
: E g
B oc
oc CF, CF,
cis-41 cis-42 R = Me: SPhos
64%, 97:3 dr 81%, 95:5dr R = i-Pr: RuPhos

Knochel suggested that this diastereoselectivity observed in tha/ piperidineis-40-

42 was likely introduced during the lithiatiaf the piperidine substrates, as observed with
Beakds work (see Scheme 1.15). | trang2/b6e s ¢
disubstituted piperidiné4 by zincation and crossoupling of 2methylN-Boc piperidine43

was also attempted. However, eoof the expected produicans-44 was obtained. Instead,
2,5-disubstituted piperidindrans-45 was isolated in 90% yield (Scheme 1.17). It was
rat i on al-hydridedelintinatiart of the organopalladium intermediate occurs. The
PhPdl2H complex that i$ormed, remains bound to the same side of the tetrahydropyridinyl
ring andsynaddition occurs which places the Pd at the less sterically hindesgab€ition.
Reductive elimination would then afford the observedd2sbibstituted piperidingans-45.

Scheme 1.17. 1, Migration of Pd in the crosscoupling of 2methyl N-Boc piperidine

43
1. s-BuLi/ PhI
TMEDA 5 mol% Pd,(dba)s.dba «Ph
J\/j Et,0, 78 °C 18, o, 2 mol% RuPhos /(j /(j
Me” N7 T - &N\ Me” "N~ "Ph Me” N
Boc 2. ZnCl, Boc THFO Boc Boc
-78°Ctort 0to40°C
43 trans-44 trans-45

not observed 90%
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The asymmetric lithiatioftrapping reactions of-phenyl and 4ketal piperidines have been
reported but both offered trapped productenty moderate yield and &t The lithiation of
the 4substituted piperidines was conducted vg#BuLi/(T)-sparteine and-BuLi/(R,R)-29,
which Coldhamand®Br i en had found provided the be
of N-Boc piperidinelO (see Scheme 1.11)ithiation of 4-phenylN-Boc piperidine32 and
subsequent M&ICI trappingprovidedonly a 6% yield ofthe 2-silyl 4-phenyl piperidine
cis-46in a moderate 78:22 .efhe same lithiatiotrapping of4-ketal N-Boc piperidine34
provided none of the trapped silyl addudigt (Scheme 1.18)When the reactions were
repeated with the more reactss8uLi/(R,R)-27 complex, 2silyl piperidinesA6 and47were
obtained in improved 48% and 53% yiel@he er of trapped products was variable, with 2
silyl 4-phenyl piperidinecis-46 obtained in 87:13 er and-salyl 4-ketal piperidine47

obtained almost as a racem@&t&:53 er).

Scheme 1.18. Asymmetric lithiabn-trapping reactions of 4-phenyl and 4-ketal N-Boc
piperidines 32 and 34

Ph o, O 1. sBuliligand Bh o. O
N N 2. Me;SiCl fre N
Boc Boc

N""siMes " 'SiMes
Boc Boc
32 34 cis-46 (S)-47
(=)-sp: 6%, 78:22 er (=)-sp: 0%

(R,R)-29: 48%, 87:13 er  (R,R)-29: 53%, 47:53 er
Trapped adductsis-46 and 47 were obtained in significantly higher yield tharsi®/l
piperidine 12, obtained by the lithiatictrapping ofN-Boc pperidine 10 using the same
conditions (13% vyield, see Scheme 1.10). This suggested that thesestistiduted
piperidines have a higher reactivity than that MBoc piperidine 10. Competition
experiments with 4$henyl piperidine82 andN-Boc piperidinel0 have also indicated that
the lithiation of 4phenyl piperidine2is more facile?°

T h elithidtion-trapping of 4chloroN-Boc piperidine48was first reported by Beak in 1994

to synthesise bicyclic heterocycl&d.ithiation of 4-chloroN-Boc piperidine48 with 2 eq.
s-BULI/TMEDA for 8 h and subsequent quenching of the reaction prov[@etO]
azabicycle49 in 75% vyield (Scheme 1.19)When an electrophile was added after the
lithiation, a 2substituted bicyclic pyrolidine was obtained. For example, the addition of
BusSnCl after lithiation afforded-&tannyl bicycles0in 70% yield. Themechanism for the

bicycle formation likely involves intramolecular cyclisation of the lithiated interme8igte

13



which undergesfurther lithiation toprovide lithiated bicycle 52. If the lithiation is then
guenched, bicyclic pyrrolidind9 is generatedwhereas if an electrophile such as8aCl
is added, a-2rapped adduct such 86is formed.Similar syntheses of bicyclic heterocycles

have been reporteda lithiation of 40-nosyl and 40-tosyl N-Boc piperidines*43
Scheme 1.19. Bicycle formatiowia lithiation -trapping of 4-chloro N-Boc piperidine 48

Cl 1. 2 eq. s-BuLi/TMEDA

W 2 eq. s-BuLi/TMEDA ﬁj Et,0,-78 °C, 8 h

N Et,0, -78 °C, 8 h 2. Bu3SnCl N "SnBuj
Boc '\,‘ Boc
Boc
49 50
75% 48 70%
o N ﬁcl { Q { E
—_— —_— .
Boc” Li N H N
Boc Boc
51 49 52

Rayneret al.u s e d -lithiatien-trébping of 4chloro N-Boc piperidine48 to prepare
enantiopure chiral sulfoxides which could then be converted into enantiopure Grignard
reagent$? The s-BuLi/(RR)-29 lithiation of 4-chloro piperidine48 and trapping with
enantiopure sulfinates§)-53 afforded R R,Ss)-54in 51% yield and 99:1 er an&§§Ss)-54

in 25% yield and 87:13 er (Beme 1.20). Sulfoxide/Mg exchange &R,Ss)-54 formed
Grignard R R)-55which when trapped with CIC®e provided esteiSR)-56in 89% vyield

and 99:1 er.

Scheme 1.20. Chiral Grignard preparationvia synthesis of chiral sulfoxides

of
ﬁj 1. s-BuLi/(R.R)-29 .
Et,0,-78°C, 1h e ®
- L@ p-Tol ) p-Tol
N7 s PO ST

N 2. : I - I -
| N 00 0o
Boc Q@ Boc Boc
48 /é\ (R,R,Sg)-54 (S,S,Sg)-54
p-Tol"® O 70%, 99:1er  25%, 87:13 er
(S)-53 i-Pr
/I:,~ //,.‘ //,_‘
S @ p-Tol i-PrMgCl O\\ CICO;Me O\\
N~ S THF, it, 1min N~ MgCl N" "CO:Me
Boc 0© Boc Boc
(R,R,Sg)-54 (R,R)-55 (S,R)-56
99:1 er 89%, 99:1 er
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1.2.3.N-Boc piperazines

There are many e-lithatiop-trapping reactions éfeBecrpiperazitgs in

the literature>#™° The first of these was reported by Van den Hoogenband and Van
Maarseveen in 2005, wheN&Bn andNGMe N-Boc piperazine®7 and58 were lithiated

with s-BuLi/TMEDA and then trapped with M8ICl and BySnCI>! Trapping after
lithiation with BusSnClI provided both th&ldBn andN&Me stannane81 and62 in good

71% and 82% yields respectively. The trapping of lithid&Bn piperazine57 with
MesSiCl also provided the desireesyl piperidine59in a good 68% yield. However, when
NGMe piperazines8 was subjected to lithiation and trapping with J8&Cl, the desired -2

silyl piperazine60was obtained in only 5% yield (Beme 1.21).

Scheme 1.21. Lithiationtrapping of NGBn piperazine 57and NGMe piperazine 58

E 1. s-BuLi/TMEDA E E
[ ] Et,O, -78 °C, [ ]\ [ ]\
- or

'Tl :23 -10°C, 1h |
Boc Boc Boc

) N SiMej N SnBuj
. Me3SiCl or BuzSnCl l
-78 °C
57 R =Bn 59 R =Bn 68% 61 R=Bn71%
58 R = Me 60 R = Me 5% 62 R = Me 82%

No explanation was offered as to why thsil®l piperazine60 was obtained in such low
yield. However , inrtabarepeatdtherBuLi/TMERAdithiation@Q@dB r i
MesSiCl trapping ofN&-Me piperazine58.>° In their hands, none of the desiregiB/l
piperazine produdiOwas obtained. Instead, a mixture of fragmentation prodBand64

were obtained (Scheme 1.22).

Scheme 1.22. Repeatddhiation -trapping of N6Me pi per azi neet&d.8 by

s-BuLi/TMEDA | |

| |
N 1. NH NH N
() e C L L1
> +
N 2.-10°C, 1h NTX N~ “SiMe; N
Boc 3 oc Boc

SiMe3
. MegSiCl, -78 °C Boc B
58 63 64 60
37% 32% 0%

O6Brien encountered this piperazine frag
fragmentation occurs as the distal nitrogen reacts with the electrogkiterating an
ammonium intermediat@5 (Scheme 1.23%S u b s e galimimation dnd cleavage of the
weak NSi bond during workup would provide a vinylic carbamate as observed for the

repeated lithiatiottrapping ofNGMe piperazings3in Scheme 1.22. A subsequent vinylic
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lithiation and MeSiCl trapping of itermediate63 would also account for the additional
fragmentation produd@4 observed.

Scheme 1.23. Proposed mechanismf&Me piperazine 58 fragmentation

@ SiMe |
C|—SIMe3 \ 3 NH

\XM [l [ “SiMe3  work-up [
N N

J%

t-BuO t-Bu o t-Bu0” O t-Bu0” ~O
65 63

This mechanism may also explain why the same fragmentationt isbserved for the
lithiation and Me&SiCl trapping oN&Bn piperaziné7. The greater steric bulk on the distal
nitrogen afforded by the Bn group could perturb the attack of the distal nitrogen onto the
bulky MesSiCl electrophile, meaning that fragmendatican not occur. The high yield
obtained for the B4SnCl trappedNéMe piperazine9in Scheme 1.21 may arise from the
relative rates of B6nCl and MeS i C| trapping. Unpublished
has found that trapping with BSnCl is rapid® whereas trapping reactions with
chlorosilanes are known to be slow and work in this thesis has also confirmé®this.
Therefore, it is possible that with E&nCl the trapping process is faster than fragmentation
so the desired-8ubstituted piperazine is obtained. With the slows3#@l trapping, the
fragmentation may be faster than trapping so only products of the fragmentation are

obtained.

To date, there have only been two reports of the asymmetric lithiadipping reactions of
anN-Boc piperazines. McDermott at AstraZeneca reggbthe lithiation oNGt-Bu N-Boc
piperazine66 with s-BuLi/(i)-sparteine followed by trapping with GQvhich afforded
enantioenriched carboxylic aci®)¢67.>” The crude acid was subsequently coupled with
benzyl piperazine which praded amideR)-68in 48% yield and 89:11 er (Scheme 1.24).

Scheme 1.24. Asymmetric lithiatiortrapping of N&t-Bu N-Boc piperazine 66

D D %

N 1. s-BuLi/(-)-sparteine N Benzyl
[ ] Et;0,-78°C,5h [ ] plperazme [ ]
N 2.CO, N~ “COOH HATU DIPEA
| |
Boc Boc DMF Boc
66 (R)-67 ( )-68

48%, 89:11 er
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Mor e r e c e netdlhave repodtddl the asymmetric lithiatitapping of piperaines

with a wide range of different substituents on the distal nitr8§&hey initially performed
lithiation-trapping reattons of NGBn N-Boc piperaziné7 with s-BuLi/(i)-sparteine ang-
BuLi/(+)-sparteine surrogat&7. However, for each of the lithiatietnapping reactions
significant amounts of piperazine fragmentation occurred, as described in Scheme 1.22. A
discussed arlier, they suggested that a bulkier substituent on the distal nitrogen would
prevent this fragmentation by preventing the attack of the distal nitrogen onto the
el ectrophil e (see Schetahasedabake)andehamtopidsd o r
Umethyl benzyl piperazineSf-69 which both prevented the fragmentation and introduced
an additional stereocentre to the substrate. This additional stereocentre meant after th
asymmetric lithiatiortrapping the products were formed as diastereomersahdiemore
easily sepmetbhegld. bdheylU substituent -can
chloroethyl chloroformate allowing further functionalisation of the distal nitrogen after the
lithiation-trapping®® Lithiation of N&-U-methyl benzyl piperazines|-69 with s-BuLi/(+)-17

and trapping with a range of electrophiles providesuBstituted piperazineg0-75 in

moderate to good 31%4% yied and excellent to moderate dr (Scheme 1.25).

Scheme 1.25. Lithiationtrapping of N dJ-methyl benzyl piperazine §)-69

Ph Ph Ph
\( 1. s-BuLil(+)-17 \( \(

N N N
[ ] Et,0,-78 °C, 1h [ j\/\ [

N"  2.E%-78°C N X N Ph

Boc Boc Boc O
(S)-69 (R,S)-70 (S,S)-71

E* = CuCN then allylBr E* = PhCON(OMe)Me
95:5 dr 93:7 dr
79% of (R,S)-70 86% of (S,S)-71

Ph
\rPh \rPh \N( \(Ph
N N [ N
C C NJ¥P“ et
N N~ snB Ph N~ M
Bo éo e O%O I_I%oc )

| SpTol
c c
(R,S)-72 (R,S)-73 (S,S)-74 (R,S)-75
E* = (SpTol), E* = BusSnCl E* = Ph,CO E* = Mel
95:5dr 93:7 dr 90:10 dr 76:24 dr

86% of (R,S)-72 94% of a 93:7 ratio 31% of (R,S)-74 53% of (R,S)-75
of (R,S) and (S,S)-73
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1.2.4.N-Boc morpholines

T o d a t-lghjatioh ¢f enly BneN-Boc morpholine has been reported ia titerature’®
Bicyclic N-Boc morpholine 76 was subjected by Lautens to an enantioselective
desymmetrisation using-BuLi/(i)-sparteine, providing chiral substituted azepané8
(Scheme 1.26). At a reaction temperaturé®d °C, azepané8 was obtained in 46% vyield
and a moderate 73:27 er; at lower temperatul®g °C), azepan&8 was obtained in
improved yield and er (60%, 80:20 er). Lautens suggestthhatechanism of this reaction
occursvia formation of a lithio azepane intermediaf€ which then eliminates to form

ring opened azepars.

Scheme 1.26. Enantioselective desymmetrization NiBoc morpholine 76

O s-BuLi/ MO =
Mem\\ (-)-sparteine Me@\ \ MeO NBoc
L|’ > e
MeO N Et0,-78°Cor |MeO

Boc -105°C,1h HO

76 t-BuO 78
L - —78 °C: 46%, 73:27 er
via 77 —-105 °C: 60%, 80:20 er

The ony o t -litléation &f a morpholine that has been reported is the lithiatioN-of
benzoyl morpholine79 with LDA.%° After lithiation, the reaction was quenched with
NH4Clagq) which provided ring opened alcoh80 in 80% vyield (Scheme 1.27). The
mechanism for the ring opening is likely to be the same as that for the bicyclic morpholine
in Scheme 1.-lighéitjon isvibllewedby anfelemination that forms riogened
alcohol80. Typically, strong alkyllihium bases such aBuLi are required to remove the

Uproton but in this case, the weaker LDA base is sufficient.
Scheme 1.27. LDA/THF lithiation ofN-benzoyl morpholine 79

OH

[ j 1. LDA/THF, —78°C, 1 h [
2. NH4Cl(zq) N
0”7 “Ph O)\Ph
79 80

80%
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1.2.5. BicyclicN-Boc pyrrolidines

T h elithiationtrapping reactions of bicyclic pyrrolidines has become more common, with
many examples now avail ab l-lghiaiomtrappmgreakctionts e r a
of a bicyclic N-Boc heterocycle was reported by Krow in 2002 in order to syrsiesi
compounds to allow the study of conformational effects on collagen statjiyl. 1]-Aza

bicycle 81 was subjected to lithiation wits-BuLi/TMEDA followed by trapping with
CICO:Me (Scheme 1.28). Lithiation of bicycl@l can lead to the formation of two
regioisomers, as it is possible to deprotonate eithert met hy |l ene -pmton. br i
When lithiationtrapping of81 was conducted &8 °C, a 43:57 mixture of regioisom&3

and 83 was obtained in an 81% combined yield. However, lithiatrapping at 0 °C

provided exclusive formation of regioison&in 70% yield.

Scheme 1.28. Lithiationtrapping of bicyclic pyrrolidine 81

COOMe
Boc, .
»K 1. s-BuLi/ 1. s-BuLi/
TMEDA, 2 h 5 TMEDA, 2 h Boc COOMe
82 — ° 0oC_ ° N
81% : Et,0, -78 °C ﬂ& Et,0,0°C N
43:57 (82:83) 2. CICO,Me 2. CICO,Me
Boc, 81 82

Meooc. N 70%

83

Krow revisited the -lithigign of bieydlice mytrolidineé 81 yn ao f
subsequent computational investigation of the regiotelkyc®? The computational
modelling suggested that the energy barrier for rotamer interconversion is low at 0 °C, so
rapid rotamer conversion occurs. This means exclusive deprotonation of the more acidic ant
ki neti cal kpsotorpat thef bedgahead ocdiirs. On the other harid,8&tC, the
rotamer interconversion is slow thus the regioselectivity observed reflects the ratio of the
r ot a me r-lghiatiol df @achWotamer occurs more readily thanitierconversion of

rotamers. Hence, a 43:57 mixture of regioison8and83is observed.

Researchers at Ast r aZe Hithiatian-trdpping @f aaimikrobutp r e
symmetrical bicyclidN-Boc pyrrolidine, in the development of a synthésisards a potent
glyT1 uptake inhibitof3 T h elithidtion-trapping of bicyclic pyrroliding4 was conducted

with s-BuLi/TMEDA followed by trapping with a range of electrophiles including2CO
DMF, Mel and Weinreb amid&9. The trapped adduc&5-88 were obtained in 580%

yield (Scheme 1.29).
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Scheme 1.29. Lithiationtrapping of bicyclic pyrrolidine 84

Boc
N
Boc
Boc 4. s-BuLiTMEDA Boc Boc
Et,0, 0 °C,
A —= Ya 17 oS
2. E* |
84 HOOC HO Me =N
7\ o) 85 86 87 88
N / E*=CO, E*=DMF* E*=Mel E* =89
/N—O 53% 57% 90% 80%
89 *work-up included NaBH, reduction

Us i n g -lithidtionsnetiibdology, 28 g of glyT1 uptake inhibit®® was synthesised in
28% overall yield from bicyclidN-Boc pyrrolidine84 via a five-step synthesigScheme
1.30). s-BuLi/TMEDA lithiation of bicyclic pyrrolidine 84 and trapping with imine1
provided intermediateRR)-92 in 50% yield and was conducted @ ~200 g scale.
Subsequent hydrolysis of the sulfinami@2 provided primary amin®3 in quantitative
yield. Amide formation with 2&limethylbenzoyl chloride and Boc group cleavage with
HCI provided secondary amin®@4, which was then subjected to EscheeClarke

methylation to provide the desired inhibi&g.
Scheme 1.30. Fivstep synthesis of glyT1 uptake inhibitor 90
1. s-BuLi/TMEDA
Boc

N Et,0, 25 °C N o 11eq.
to =50 °C - Boc HC'(aq) N Ph
o HN...0 ~ ~ pod
. s~ oC
4 NH»>

/S |
84 N">~tBu tBu
)I (R,S)-92 (R)-93
Ph 50% quant.
(S)-91 .
1. 2,6-dimethyl
benzoylchloride
2. HCl(5q)
/@th @\KPh
H
HN (0] CHO 4 HN o
HCOOH
90 94
28 g 87% over 2 steps

61%, 28% over 5 steps
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T h elithidtion-trapping of bicyclic 3,4lisubstitutedN-Boc pyrrolidines was first reported
by Jdinson and Beak in 200Z'he asymmetris-BuLi/(i )-sparteine lithiationsf three 3,4
disubstitutedN-Boc pyrrolidinessyn95, syn96 andsyn97 were investigated. For each of
the disubstituted pyrrolidines, M®ICl was used to trap the lithiated intermediate. These
lithiation-trapping reactions afforded 2,3{dsubstituted prrolidines synanti-98-100 in
moderate 460% yield in good dr and variable er (Scheme 1.31).

Scheme 1.31.s-BulLi/(7)-sparteine lithiation-trapping of 3,4-disubstituted N-Boc
pyrrolidines syn-95,syn96 andsyn97

1. s-BulLi, (—)-sparteine

Et,0,-78 °C, 4 h H—{"H
- I,
2. Me3SiCl N SiMes
Boc
syn-anti-98
50%

95:5dr, 87:13 er

1. s-BulLi, (—)-sparteine

H—"H Et,0,-78°C, 4 h H—""H
Y
N 2. Me,SiCl N SiMes
Boc Boc
syn-96 syn-anti-99
48%
95:5dr, 73:27 er
Ph Ph 1. s-BulLi, (-)-sparteine Ph Ph
Hz_g H Et,0,-78 °C, 4 h H—("H
> 11
N 2. Me,SiCl N SiMes
Boc Boc
syn-97 syn-anti-100
46%

85:15dr, 58:42 er

For thes-BuLi/(i)-sparteinemediated asymmetric deprotonation of pyrrolidiegs95-97,

the preS proton is removed as expected when usiBuLI/(T)-sparteine, as discussed in
Section 1.2.1. Interestingly, the er varies significantly between the three sedsin#t the
trapped adducsynranti-98 having the highest 87:13 er. By the addition of only a double
bond on the cyclohexane ring, this er is eroded to 73:27. Diphenyl pyrradigivaanti-100

was formed in only 58:42 er. The ers observed indicate tkasubstrate has significant
control over the enantioselectivity of the lithiation reaction. High drs were observed for all
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three of the 2,34risubstituted pyrrolidine produc&3-100, this is reasonable as it will be
favourable to have theBuLi/(1)-spateine lithiating complex attacking the protanti to

the cyclohexyl ring to minimise steric interactions.

Beak and Johnson also carried outgtiguLi/(i)-sparteine lithiation and M8iCl trapping
of Co-symmetricN-Boc pyrrolidineanti-97. This lithiaton-trapping reaction afforded 2,3,4
trisubstitutedN-Boc pyrrolidine anti-anti-100 in >95:5 dr and high 78% vyield (Scheme
1.32).

Scheme 1.32.s-BuLi/(7)-sparteine lithiation-trapping of 3,4-disubstituted N-Boc
pyrrolidine anti-97

Ph  Ph 1. s-BuLi/(-)-sparteine  Ph ~ Ph
Zj’HR Et,0,-78°C,4h Z_)\
' N SiMe3

N ‘Hs 2. Me,SiCl .

Boc Boc
anti-97 anti-anti-100
96:4 er 78%

>95:5 dr

For the lithiationtrapping of anti-97, t -hitoget) selectivity is reversed and {iRo
deprotonation, which is usually a higher energy process-Buli/(i)-sparteine, occurred
giving productanti-anti-100. For a preS deprotonation ofinti-97, the phenyl substituent

and s-BuLi/(7)-spartei® complex would need to be on the same face; these steric
interactions may be significant enough to stop this occurring (Scheme 1.33.a). Alternatively,
and more likely in our opinion, the selectivity observed in this reaction may arise from the
trapping raction with MeSiCl, where preSdeprotonation cénti-97 does occur, giving the
lithiated intermediateanti-syn101 that would be expected witkBuLi/(i)-sparteine. If
MesSiCl trapping is slow or nepccurring, warming the reaction after adding the
electophile could lead to the lithiated intermediate becoming configurationally unstable
before it is trapped. This would allow a dynamic kinetic resolution to be established where
only the lithiated intermediatnti-anti-101is trapped, giving trapped thegaluctanti-anti-

100in the high dr observed (Scheme 1.33.b).

22



Scheme 1.33. Possible routes for the reversed selectivity observed for $HguLi/(T)-

sparteine lithiation of anti-97

a . Ph Ph
@ o ph s-BuLi/ < veusicl PP
N —)- i 1 N
e (-)-sparteine ~Hr €3
N" “Hg N° PLi-N N SiMe;
| J/ |
Boc t-BuO” "O N Boc
anti-97 anti-anti-101 anti-anti-100
b . Ph Ph
®) o ph s-BuLli/ N Ph,  Ph
\ H (-)-sparteine Hg 1.7T>-78°C N
R ” -, PP
\ "/Hs N /Li\’N 2. Me3SiCl N SiMes
| J/ |
Boc t-BuO @] N Boc
anti-97 anti-syn-101 anti-anti-100

The racemic a Hitiation-sappimm ©ft andther 3;@isubstitutedN-Boc
pyrrolidine, was investigated by a process development group at Vertex Pharmac¥uticals.
They proposed a series of disconnections for the blockbuster drygyéhetaBy cleaving
amide bonds, the target molecule can be simplified to five small molecular fragments
(Scheme 1.34).

Scheme 1.34. Proposed RSA for Telaprevir

[]Wﬁi(éfwv
O e 1

Telaprevir

N\ H O :
_N IR A
[ = OH R :QJ\OH R OH Ho—H
N < \N Iy,
H N
H

0]

HZNgSOrHW
g

They noted that the 2,3tfisubgituted pyrrolidine fragmenl02could be synthesised using

Ulithiation chemistry from bicyclic pyrrolidin@03 First, lithiation of bicyclic pyrrolidine
103was carried out asymmetrically with baHBuLi/(T)-sparteine and-BuLi/(+)-sparteine
surrogatel?, followed by trapping with O>. Use of s-BuLi/(i)-sparteine gave 2,3,4
trisubstituted pyrrolidinel04 in >95% conversion with 96:4 dr and 90:10 £BuLi/(+)-

23



sparteine surrogaggovidedent104in 44% isolated yield with 92:8 dr and 94:6 er (Scheme
1.35).

Scheme 1.35. Asymmetric thiation-trapping of 3,4 disubstituted N-Boc pyrrolidine

103
1. s-BuLi/(+)-17 or
L . s-BulLi/(-)-sparteine » . » .
VAR MTBE, -75 to =70 °C VAR AR
g N~ “COOH N~ TCOOH

N 2.CO, , ,
Boc Boc Boc
103 104 ent-104
(—)-sparteine: (+)-17:
> 95% conv. 44%
96:4 dr, 90:10 er 92:8 dr, 94:6 er

The group noted that the use ssBuLi/(+)-sparteine surrogate7 did provide promising
results but decided to opt for a diastereoselective racemic lithiatiowéal by resolution.

A racemic synthesis was decided upon due to the uncertainty of the availability of (+)
sparteine surrogatg7 which is synthesised using a platdrived starting material )-
cytisine. {)-Cytisine has an uncertain supply which wasmded too high a risk for the
production of the (+pparteine surrogate in industrial quantities.

The racemic lithiatiorirapping of bicyclic pyrrolidinel03 with s-BuLi/di-n-Pr bispidine
105and CQ offered a 95:5 diastereomeric mixture of carboxylic s.inti-106 and syn

106 which were isolated in 86% vyield (Scheme 1.36). Bispidid®was employed as the
ligand as optimisation studies showed that this sterically bulkier ligand offered better
diastereoselectivity and formed fewer sfgteducts in the tygping reaction than less bulky
ligands such as TMEDA. The lithiation forms prodaciti-106 preferentially as the less
sterically hindered protoanti to the pentane ring on theand 4positions of the pyrrolidine

ring is presumably easier to lithiate the bulkys-BuLi/105complex.

Scheme 1.36s-BuLi/bispidine 105 lithiation -trapping of N-Boc pyrrolidine 103

1. s-BuLi/di-n-Pr bispidine 105
Hoy—{H _MTBE -75t0-70°C,3h _  \ [ TR W A
N 2.C0; N~ 'COOH N~ TCOOH
[ [
Boc Boc Boc
103 N\ anti-106 syn-106

N
AN NN 86%
105 95:5 anti-106:syn-106
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Subsequent resolution of the mixtureaoti- andsyn106using a chiral amine furnished the
desiredanti-106 salt in 99:1 er and 100:0 dr in 31% overall yield. After Boc cleavage and
conversion of the carboxylate tdeat-butyl ester, key Telaprevir fragmeb®2was formed

in 27% overall yield from pyrrolidin@03in >99.5:0.5 er and dr. This process has beed use
to manufacture 200 kg of this key intermediate.

The lithiationtrapping of a similar bicyclicN-Boc pyrrolidine 107 with a fused
cyclopropane ring has also been repoftetithiation of bicyclic pyrrolidine107 was
attempted usings-BuLi and diamine ligands TMEDA, i-Pr bispidine105 and {)-
sparteine (Scheme 1.37). Use of TMED&vg a crude product which contained a 77:2:21
mixture ofsyn108 anti-108 and the 2,5lisubstituted adducd09 the major producsyn
108was isolated in 69% yield. The use of diamin@-dfr bispidinel05gave only pursyn

108 which was isolated in 74%ield. The s-BuLi/(i)-sparteine lithiation ofN-Boc
pyrrolidine 107 followed by trapping with C@gave carboxylic acidyn110in 32% vyield
and 87:13 er.

Scheme 1.37. Lithiationtrapping reactions of bicyclic pyrrolidine 107

oo\, .y 1. s-BULiITMEDA. . ! y ] ]
o vl (K] ol i "
MTBE, <-75°C, 5k OBn . OBn BnO
N 2.CO, N N \( )
Boc © Boc © o)

|
Boc  3.BnBr

107

syn-108 anti-108

77:2:21 (syn-108:anti-108:109)
69% of syn-108

- .y 1.s-BuLi/105
; : MTBE, <-75°C,5h H'/—\"H
’ ’ OBn
N 2.CO, N
Boc  3.BnBr Boc ©
107 syn-108
74%
1. s-BuLi/(-)-sparteine
H-:I II-H o HII II-H
MTBE, <-75°C,5h HO
I o |
Boc Boc
107 syn-110
32%
87:13 er
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The syndiastereoselectivity of the lithiation was unexpected asstBeLi/diamine must
have att gpmioreah the bame fate on which the cyclopropyl ring is located.
However, the conformational differences due to the cyclopropane substitasotmably
accounts for this. Computational modelling was used to model the lithiated intermediate of
N-Boc pyrrolidine107 with thelithium and din-Pr bispidinel05. The energies calculated
indicated that theyncomplex was 3.90 kcal mélower in energythan the respectivanti
complex. However, only the lithiated intermediates have been modelled and the kinetic
energy barriers fosyn and anti lithiation have not been considered. Therefore, these
calculations will only give an indication of the diasteselectivity of lithiation if the
transition state is produtike or if the lithiation is under thermodynamic control, which is
not likely to be the case &78 °C® For a more rigrous computational studgjodelling of

the deprotonation by optimisation of gr

deprotonation reaction needs to considered.

The exampl es pr es e nlithatbn dhemisttyishiow theodiversitywdF e w
Boc heterocycles thatota be subijfeantced onal iUs a t-lith@aton- u s i |
trapping protocol. This overview has also shown that desired products can be obtainec
enantioselectively or diastereoselectively by simply changing the diamine employed in the
lithiation. Many of the N-Boc heterocycles included in this review are included in the
reactivity study detailed in Chapter 2 of this thesis. In many of the examples presented, the
lithiating conditions are not optimised, and therefore long > 3 h reaction times have been
used. Previous unpublished work in our group has shown that many of these substrate
require < 1 h for complete lithiation rather than the several hours used. Knowledge of
substrate reactivity would be particularly beneficial for lasgale reactions, whe the

maintenance of low temperatures for extended periods of time is nedffaagive.
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1.3In situ IR Spectroscopic Studies of LithiationTrapping Reactions

This section explores previous work whereitu IR spectroscopy has been used to monitor
lithiation and trapping reactions. This has not only allowed determination of theoed
of the lithiation and trapping reactions but has been used to elucidate reaction mechanisn

and identify reaction intermediates.
1.3.1.In situ IR spectroscopic studis of lithiation reactions

One of the earliest examples of usingsitul R s pectroscopy to moi
heteroatom was reported by Beak and Smith in 1988nide 111 ands-BuLi were mixed

in IR stopped flow apparatus and upon mixing, two IR absorpts@re detected: the starting
material amidel11( &o= 1650 cm') and the prelithiation complek12( &o0= 1625 cm

1 which forms reversibly at the start of the reaction. After mixing, these two absorptions
disappeared and a new band appeared due to the formation of lithiated interm&8liate

( &o=1588 cm') (Scheme 1.38).

Scheme 1.38In situ IR stopped flow monitoring of the s-BulLi lithiation of amide 111

( &omeasured in cyclohexansolveny)

_Li(s-Bu)
i-Pr O i-Pr O i-Pr O----Il_i
,\ll/ s-BulLi N ’T/CHQ
. cyclohexane | .
i-Pr i-Pr y x i-Pr i-Pr i-Pr i-Pr
111 112 113
Lc=0 = 1650 cm™ Le=o = 1625 cm™” Lc=0 = 1588 cm™”

Subsequently in 1984, Smith monitored the lithiation of ketones,dmguohenyl ketone

114 with the same IR stopped flow appardtliEhese lithiations we carried out using-

BuLi or n-BuLi in noncoordinating hydrocarbon solvents, where most of the alkyllithium
will exist as aggregates (tetramer ®BuLi and hexamer fon-BuLi). Immediately after
mixing phenyl ketond14ands-BuLi in cyclohexane solvé, a new band was observed due

to the reversible formation of prelithiation complek5 which reacts irreversibly to form
enolate116 (Scheme 1.39). Kinetic analysis indicated that in these hydrocarbon solvent
conditions, both the aggregated and monomalkyllithium species are involved in the
lithiation reaction and the relative importance of each depended on the ketone substrate use

in the reaction.
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Scheme 1.39In situ IR stopped flow monitoring of the s-BulLi lithiation of ketone 114

o O’/LI(S-BU) OLi
(s-BuLi),
—_— JE— \
cyclohexane ©)J\(\
114 115 116

In 1997, Collumet al. usedin situ IR spectroscopy (Reactl®) to investigate the LDA
mediated deprotonation of estet7 to elucidate how the coordination of LDA changes
during the enolisation reactiéf Previous work had shown that LDA exists as a dimeric
speciesl18over a range of LDA and THF concentratiéh$’Upon addition of ester17to

a solution of LDA/THF in toluene, the estel7( &o= 1727 cm'’) absorbance disappeared
and an absorbance corresponding to the enbl®té¢ &0 = 16461664 cm') formed over
the period of the reaction. No prelithiation complex was observed by the Ré&actIR
apparatus during the course of the LDA/Thiediated lithiation. However, when
LDA/Et20 lithiating conditions were used, an absorptiue to prelithiation complek20

( &o=1703 cm") was observed (Scheme 1.4®Further kinetic analysis indicated that di
solvated LDA monomers-Pr.NLi (THF)2-117) were the reactive lithiating species for the
LDA/THF-mediated lithiation of esters suchsz.”

Scheme 1.40. ReactIR" monitored LDA/THF enolisation of ester 117

THF
i-Pr.,, Lio ipr
i-Pr” \Li, ~i-Pr .

0 THF QL
O)‘\Ot-Bu 118 O/\Ot-Bu
THF/toluene
117 119

ve=o = 1727 cm”™ Voo = 1646-1664 cm’’
(vc=0 in THF /toluene) (Lg=0 in THF/toluene)

LDA/Et,0 _-Li(Ni-Pry)
o
toluene
Ot-Bu

120
Vc=0 = 1703 Cm'1
(ve=0 in Et,Oftoluene)

The first ReactiR" mo n i t dithiaich redction of aiN-Boc substrate was reported by
Beak in 20012 The n-BuLi/(i )-sparteinemediated lithiation oN-Boc allylamine E)-121
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in toluene ai 73 °C was monitored using ReactfRequipment to investigate the kinetics

and mechanism of the reaction. Upon addition-8uLi to a prenxed solution of E)-121
and {)-sparteine in toluene, an absorbance assigneg)b2(1 ( &o = 1695 cnt) rapidly

decreased as the starting matefigt121was consumed. Meanwhile, an absorption for the
lithiated intermediatd 24 ( 8o = 1640 cmt) grewin at a slower rate. A third absorbance
peak was also observed during the reaction at 1675 winich increased in absorbance on

the addition oin-BuLi and decreased in intensity for the duration of the reaction and this

was ass i gespefdhe prelithiation eomplext23(Scheme 1.41). The presence of a

prelithiation complex for the alkyllithium/diamine lithiation dfBoc pyrrolidine9 was

previously identified by mechanistic work carried out by Beak and Gallagher (see Scheme

1.9)32

Scheme 1.41. ReactIR" monitored n-BuLi/ (i )-sparteine lithiation of allylamine (E)-
121( ®&omeasured intoluene solveny

)
n-BuLi/ Cy~ . .
Cy\/\ (-)-sparteine \/\ (n-BuLi)nLy Cy\/\/"l\ N

N._O — p
. N.__O
Ar/N\Boc — 73 °C, toluene Ar \|¢ Ar” \f
Ot-Bu Ot-Bu
(E)-121 123 124
ve=0 = 1695 cm’ Lc=0 = 1675 cm’ Vc=0 = 1640 cm’

Ar = p-methoxyphenyl

More recently, the OO0OBrien group MBos
piperidine 10 using s-BuLi/(i)-sparteine ands-BuLi/(+)-sparteine surrogatel7 by
ReactlRM .3 N-Boc pipeidine 10and { )-sparteine were combined in MTBEi&0 °C and
a peak at 1696 cfrwas observed and assigned\t@oc piperidinel0. Upon addition of-

BuLi, two more peaks were observed at 1675'camd 1644 cm and assigned to

prelithiation complext25and lithiated intermediatE26 respectively. After a 6 h lithiation,

a ~45:45:10 mixture of starting reageb®, prelithiation complex125 and lithiated

mo

intermediatel26 was obtained (Scheme 1.42). This mirrored the ~8% vyield of trapped

product §)-12 previously reported by Beakt al. (see Scheme 1.184.0On the other hand
the ReactIRM monitoreds-BuLi/(+)-sparteine surrogatE? lithiation of N-Boc piperidine

10 provided a much faster lithiation (< 6 h) which was consistent with the high yields of

trapped adducts obtained (see Scheme 1.12).
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Scheme 1.42. ReactIR" monitored s-BuLi/(T)-sparteine lithiation of N-Boc piperidine

10( ®&omeasured inMTBE solvent)

s-BuLi/ O O
—)-spartei
O (-)-sparteine O , N . , N'>

N —78 °C, MTBE N s-Bu /’L sy
Boc 6h Boc t-Buo” Yo-—L™N ) 4
N_) tBuOTTO
10 10 125 126
Le=o = 1696 cm™ V=0 = 1675 cm™” Lg=o = 1644 cm™"

~45:45:10 (10:125:126)
Coldham and O6Bri en ™hmoni®ringatb §ind optinsak rdactiGhe a ¢
conditions for the lithiations of -Bubstituted N-Boc heterocycles such aspkenyl
pyrrolidine 127 and 2phenyl piperidinel29.” For 2phenyl pyrroldine 127, the lithiation
was initially attempted witm-BuLi/THF ati78 °C. ReactIR" analysis showed that the
initial lithiation was fast with the pyrroliding27 ( &o= 1696 cnt) absorbance decreasing
concurrently with a new absorbance arising dueh@formation of quaternary lithiated
intermediatel28 ( &o = 1644 cmt). However, after two minutes the reaction stalled at
~40% lithiation. No further lithiation takes place due to the extremely slow interconversion
of rotamersl27aand127bati 78 °C anl the fact thab-BuLi/THF is not reactive enough to
lithiate rotamerl27a When the lithiation was repeated at 0 °C, interconversion of the
rotamersl27a and 127b did occur and complete lithiation was achieved in 2 minutes
(Scheme 1.43).

Scheme 1.43. Red®® ™ monitored n-BuLi/THF lithiation of 2 -phenyl N-Boc

pyrrolidine 127 ( &o measured inTHF solvent)

n-BulLi/ _78 °C
THF O\ O\ -BuLi Ph
\~Ph — \~Ph n-BuLi/THF Q<
%\ 0°C /g temp t, 2 min /§ Li
0O~ ~Ot-Bu t-BuO” O tBuO” 0O
127a 127b 128

Ve=o = 1644 cm™!
t=-78 °C ~40% conv.
t =0 °C complete conv.

Ve=o = 1696 cm™’

Similarly, then-BuLi/THF lithiation of 2phenylN-Boc piperidinel29was also monitored
ati 78 °C. In this case, complete formation of lithiated intermedia@svas achieved within

2 minutes (Scheme 1.44). Evidently, the rotamer interconversionpdredyl piperidine 29
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was much faster dt78 °C than that of-phenyl pyrrolidinel27. VT-NMR spectroscopic
studies confirmed this finding, indicating a substantial difference in the energsrédor
rotamer interconversion of@henyl pyrrolidinel27 and piperidinel29 (~64.5 and ~ 50.0

kJ mof! respectively).

Scheme 1.44. ReactlR" monitored n-BuLi/THF lithiation of 2 -phenyl N-Boc

piperidine 129( &o measured inTHF solvent)

O\ n-BuLilTHF @ph

N Ph —78 °C, 2 min N Li
éOC éOC
129 130
V=0 = 1694 cm™ V=0 = 1644 cm™

Coldham has also used ReactfRo find optimal reaction conditions for the lithiationNf

Boc tetrahydroisoquinolin€3174 A range of solvents was investigated includingE{THF

and toluene and two different alkyllithiums were triallaeBuLi ands-BuLi). The reactions
were also attempted with or without TMEDA. It was found that the lithiation temperature
was key. Ati 78 °C, ircomplete lithiation was observed due to the slow interconversion of
rotamers. However, at50 °C, rotamer interconversion was fast enough for complete
lithiation of 131to occur. Coldham found that the optimal lithiating conditions required
BuLi/THF ati50 °C for < 5 min. The choice of alkyllithium is also important as the use of
nBulLi ensured the regioselectivity U to
conditions and trapping with M8iCl, the desired-8ubstituted tetrahydroisoquinoliig2

was obtained in 74% vyield (Scheme 1.45).

Scheme 1.45. Lithiationtrapping of tetrahydroisoquinoline 131 using optimised

conditions ( &-o measured inTHF solvent)

©® n-BuLi/THF Me,SiCl
N o j N N
“Boc 50 °C, THF “Boc .

. Boc
4 min Li SiMes
131 132
Lg=o = 1698 cm™’ Ug=o = 1635 cm™” 74%

More recently, Coldham has reported the lithiatiappng of 2-phenyl azepan&33and
used ReactiR* moni t oring to find olihiatiomradction® & d i t
observed with other-phenylN-Boc heterocycles, the rotamer interconversionltedun

incomplete lithiation at low temperature7@ °C) (see Schemes 1.43 and 1.45). When the
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lithiation was conducted ats °C, complete lithiation was observed within 3 min. These
optimised conditions allowed the efficient synthesis ofdilButitutedazepanes, such as
134-136in good yield (Scheme 1.46).

Scheme 1.46. Lithiationtrapping of 2-phenyl N-Boc azepane 133

1. n-BuLi/THF Ph
—5 oC, 10 mln SnBu3 Me
N N N

;N Ph
Ph + Ph Ph
| 2. E | | O
Boc Boc Boc (@)
133 134 135 136
E* = BusSnCl E* = Mel E* = PhCHO
75% 76% 93%, dr 3:1

The examples presented show that RedttIRa powerful tool that can provide mechanistic
information and can allow determination of optimised reaction conditions for lithiation
reactions Additionally, Reactl® can help to diagnose problematic lithiations where little

or no lithiation is observed, for example where slow rotamer conversion prohibitsdithia
ReactIRM is a particularly valuable method for monitoring organolithium reactions as the
in situnature of the technique means that the water sensitivity of the organolithium reagents
and the low temperatures78 °C) that are typically required dwt pose a problem. For
these reasons, the Reactf/Rmo n i t o r -litmaton wedctions of substrates has now
become widespread. S o0 melithiadidn$é eeactiors uhave theea t e
monitored by ReactlR' include N-Boc piperazined37,°°°2 N-Boc dimethylaminel38°
esterl397 and ured 40’8 (Figure 1.4).

R
[Nj\ )OJ\ H MeH
Me.  ~ Ar O N N )J\ /[‘
N N L) Z>N7 N\ Ph
Boc Boc | |

137 138 139

Ar = 2,4 6-triisopropylbenzene

Figure 1. 4. S ditiationreadtienswere mongoeed With ReactlR™
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1.3.2.In situ ReactIR™ spectroscopic studis of the trapping reactions of lithiated
intermediates

Currently, there have only been a handful of examples where the trapping reaction of a
lithiated intermediate has been monitored usingitu ReactlRM. The firstof these was
reported by Yamamoto in008, where Reacti¥ was used to elucidate the mechanism of
the oxidative decarboxylation of bicyclic carboxylatéBhenyl estet41( o= 1763 cm

1y was treated with LDA &it78 °C which rapidly formed the lithium enolatd2 ( @&o =

1702 cmb). Upon the addition of PhNO, the rapid trapping (< 1 naihgnolatel42 was
observed and a new absorption corresponding to the spirocyclic intermbtidtes-o =

1763 cmt) was detected (which occwim 143). When the reaction was warmed 20 °C,
absorbance for intermediat44 decayed as the fragmentatiof 144 occurred. Two
additional absorptions appeared and increased in intensity as this fragmentation occurrec
These two new absorbances were assigned to the phenyl imine iderbérgn = 1695,

1679 cm') that are formed during the fragmentation (Scbd..47).

Scheme 1.47. ReactIR' monitored lithiation -trapping of phenyl ester 141and in situ

rearrangement to form imine 145( &o measured inTHF solvent)

LDA/THF ; PhNO
_—
-78 °C OPh —-78°, 1 min
LiO
142
Ve=o = 1763 cm™ Ve=o = 1702 cm”’
QL Ph
/ I / 7’ —— /
N~
Ph N —20°C
N
(0] OPh o o %Ph
143 144 145
Ve=o = 1846 cm”’ L=y = 1695, 1679 cm™”

A combinedin situ IR and online NMR spectroscopic study of thkiation and trapping
reaction of benzimidazot46has been reported by a process development group at$fizer.
The reaction involved the LDA/THmediated lithiation of benzimidazolel6followed by
nucleophilic addition of the generated organolithium into pyridinium triflatelgkdt The
product, dihydropyridon&50, is of interest as it is a precursor to an active pharmaceutical

ingredient (AP1)151, reported previously by Pfiz&t.Unfortunately, the desired product
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dihydropyridonel50 was only isolated in 560% vyield with 3640% of starting material
146 recovered (Scheme 1.48). Therefore, it was decided to monitor the reaction progress
using ReactlR" and NMR spectroscopy to attempt to find the cause of the disappointing

yields.

Scheme 1.48. ReactIR' and NMR monitored LDA/THF lithiation of benzimidazole
146 and nucleophilic addition into pyridinium triflate 148

OMe
X
® - -
N™ -OTf OMe
Me
X
N LDA N 148 | Bn
L) —w— | oy
N THF N —40 to —10 °C \ \
\ o
Bn —40to-10°C Bn Me N
146 147

0]
H* B H
M B
N —_—
N | H
7
LD s

150
151

The ReactIR" monitoring of the lithiation of benzimidazolet6 indicated that complete
lithiation had occurred. This lithiation was performed at a range of temperatures between
40 to110 °C and complete conversion occurred at each temperahiseindicated that
lithiation of 146 was not the reason for the poor yieldl&0. Next, the stability of lithiated
intermediatel47was investigated. Lithiated intermedid#7was incubated at temperatures
betweeni 40 andi 10 °C for 5.5 h and only smamounts of degradation were observed,
indicating that intermediat®47 was stable at these temperatures. Finally, the nucleophilic
addition of147into pyridinium triflate148 was monitored by Reacti® and online NMR
spectroscopy. After addition of tidte 148 an absorption for the desired enol ether product
149appeare@long with the reappearance of starting matédal This indicated that triflate
148could act as a proton source allowing the quenching of intermdgdid@téhus giving a
mixture of the desired producl50 and starting material46. Further kinetic studies

indicated similar reaction rates for formation of trapped prodd&and quenching of
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intermediatel47. It was concluded that these similar rates of reaction would make it Hifficu
for higher yields of the desired proddd0to be achieved.

The OO0 Br i en in gitudRI ppecttoscepy to monitor a opet lithiation,
transmetallation and Negishi couplinghBoc pyrrolidined,al | owi ng t he gei
arylated products such aR){127.8? To synthes s earylaled pyrrolidine R)-127, N-Boc
pyrrolidine9 was lithiated witrs-BuLi/(1 )-sparteine, underwent transmetallation with ZnCl
and then was subjected to Negi shi-argated pl i
product R)-127in a good 82% vyiel with excellent 96:4 er (Scheme 1.49).

Scheme 1.49. ReactlR' monitored s-BuLi/(1)-sparteine lithiation, transmetallation

and Negishi coupling ofN-Boc pyrrolidine 9 ( 8o measured inMTBE solvent)

[ ) s-BuLil(-)-sparteine / \ Nj 1. ZnCl,, =70 °C, 30 min O/,H
"“Ph

N MTBE. -70°C,3h N /'/',Li\N 2.-70°C - 20 °C, 30 min N
Boc Buo" =0 3. PhBr, 4 mol% Pd(OAc),, Boc
9 (S)-23 5 mol% 'BusP-HBF,, (R)-127
ve=o = 1697 cm”’ ve=o = 1644 cm!  20°C.16h ve=o = 1702 cm™!

82%
96:4 er

The ReactIRM monitoring indicated that thes-BuLi/(i)-sparteine lithiation ofN-Boc
pyrrolidine9required 1 h for complete lithiationaZ8 °C. During the lithiation, absorptions
were observed faN-Boc pyrrolidined ( &0=1697cmt) , t he prel i tchi at
= 1675 cm') and lithiated intermediateS-23 ( &o = 1644 cmt). After lithiation was
complete, the addition of Zngled to little change in the IR spectra but when the reaction
was warmed t620 °Ca new gpoedé53 ¢my was observed and assignedato
organozincspecies (RZnCl, &Zn or RZnLi). When the Negishi coupling reagents were
added, another new signal was observed and assigned to arylated pyrrBjidigeé ( &-o

= 1702 cm?).

Aggarwal et al. have used Reactl® to monitor the enantioreténé lithiation-trapping
reactions of enantioenriched benzoa®-15282 Lithiation of benzoate R)-152 with s-
BuLi/TMEDA formed configurationally stable lithiated intermediatB®)-(53 When
intermediate R)-153was trapped with CICiMe, trapped adducRj-154was obtained with
good stereoretentior{96:4 er). However, when the lithiatiarapping was repeadewith
MesSiCl, stereoretention was poor witR){155obtained in only 60:40 er (Scheme 1.50).
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Scheme 1.50. E nlithiation -toapping o benzoate R}152 ( So
measured inMTBE solvent)

Me3SiCl
o Ar or 0
M s-BuLimMEDA o= cico,Me g
A g s — E. .S~ Ar
: MTBE, -78 °C.
PR 5 min PN o N
(R)-152 (R)-153 (R)-154 (E = CO,Me)
99:1 er. Ve=o = 1585 cm! 77% 96:4 er.

(R)-155 (E = SiMe3)

Ve=o = 1680 cm™!
c=o 68%. 60:40 er.

Ar = 2,4 6-triisopropylbenzene

It was suggested tipoorstereoretentionbserved for MgSiCl-trapped adducR)-155may
result from a slow trapping reaction which allowed time for the erosion of stereochemistry
of lithiated intermediateR)-153 to occurvia configurational instability. To validate this
hypothesis, the lithiation oR)-152and trapping reactions with M&Cl and CICQMe were
monitored by Reacti®!. The ReactlR" indicated thas-BuLi/TMEDA lithiation of (R)-
152( &o= 1680 cm') was rapid with complete formation of lithiated intermedi&e1(53

( 8&o0=1585 cm') requiring only 5 min. Upon addition of CIGMe to lithiated intermediate
(R)-153 a fast trapping reaction was observed and complete trapping oostthieds min.
However, when the reaction was repeated angSM# was added to intermediat®){153

a slow trapping reaction was observed and after 1 h, only 50R)-@6@ had been trapped.
This evidence suggests that the slow rate of trapping witBSIE may indeed be

responsible for the poor stereoretention observedei 35

Fandricket al. have also used ReacffRt o moni t or t h elithiatioraamd i o r
boronate trapping of carbamal&6. The subsequent rearrangement of boroh&fewas

also observed by Reactl®R® When LDA was added to carbamafs6( &o= 1700 cm')

ati78 °C, a new peak appeared due to the formation of the-cddBamate prelithiation
complex157 ( &o = 1667 cm'). No lithiated intermediaté58 was observed and this was
desired as the lithiated intermedidt®8 was known to be cdigurationally unstable and
would result in poor stereorentention. It was planned that the boronate electrophile could be
added to the prelithiation complé&%7and then on warming up lithiation and trapping would
occur in rapid succession, not allowingé for the er of lithiated intermedial&8to erode.

When the boronic ester was added, no change was observed by RédditRreaction was

then warmed t®40 °C, where rapid formation of boronate comd&9( &-0= 1650 cmt)
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occurred and no signal for the lithiated intermediate was observed. After further warming to
25 °C, the boronate complebb9 peak decreased and rearrangement protié@twas
observed by HPLC in 99:1 er and 80% conversion (Scheme 1.51).

Scheme 1.51. ReactIR" monitored cryogenic lithiation and boronate rearrangement

of carbamate 156( &0 measured inMTBE solvent)

/'E'Pr)z (PN 0.0
T LDA t| j\ 1. h-Pr,~78°C
/©)\Me MTBE /©/I\!/I\eo N(i-Pr), 2 _40 °C >
cl -78°C ¢
156 157
vc=0 = 1700 cm™ ve=o = 1667 cm™

] e HPEN )§< S
i--- 0.0
! 00 —25°C B

/

< )\ - —_— O ..BZO —_—
/©/'\'7|\eo NP N\ n-Pr V' 'n-Pr
cl Me Me
Cl Cl

L 158 -
™ 159 160
not observed by ReactIR 991 er

80% conversion

Lg=o = 1650 cm™

UsingReactiR™t o moni t or t he dithizediptermegliateseaes notiprd n s
provide information on the time required for trapping to occur. The examples presented,
show that mechanistic features of the trapping reactions and subsequent rearrangements c
also be probed. In addition, the monitoring of the trapping can diagnegpeated results

such as poor enantioselectivity or quenching of the lithiated intermediate and provide

evidence to suggest how they occur.
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1. 4 Comput at i on al-Lithiatiom dReaetisns aof fN-Bac h e

Heterocycles

The as y mithiation reactionof N-Boc pyrolidine 9 has been subjected to several
computational investigations to investigate the source of the enantioselectivity. Wiberg and
Bailey investigated the enantioselectivity of thRrLi/(i)-s p a r t-geprotomatidn oiN-

Boc pyrrolidine9 with DFT modelling®#® Experimental work by Beak and Kerrick found

that the lithiation ofN-Boc pyrrolidine9 with i-PrLi/(i )-sparteine provided high levels of
enartioselectivity by favourable deprotonation of the{80-proton (96:4 erf Prelithiation
complexes and transition states were oggedi for both the pr&® and preS FPrLi/(T)-

s p ar t-deprotomatidth oN-Boc pyrrolidine9 using the B3P86 DFT functional within a
6-31G(d) basis set. The difference in enthalpy and free energy between the lower energ)
pro-Sand higher energy ptB transition states were 4.5 kcal m¢l giH”) and 3.2 kcal mol

1 ( of@ respectively. The significant energy differences between the transition states
indicated that pr& deprotonation is significantly favoured, which was consistent with the

high er obtained by experiment (Scheme 13%2).

Scheme 1.52. pr&s and pro-R pathways for thes-BuLi/(T)-sparteine lithiation of N-
Boc pyrrolidine 9

i-PrLi/ i-PrLi/
(-)-sparteine \‘HHS (-)-sparteine
., < _—
R A pro-R ’}‘ R pro-S STN
)J\ Boc
O\l Ot-Bu 9 t-BUO)J\N: :
pro-R prelithiation pro-S prelithiation
complex complex

________________________

i AAE} (pro-R — pro-S):
i AAH* = 4.5 kcal mol™!
| AAG* = 3.2 keal mol”!

l via pro-R TS Jvia pro-S TS

/N """"""""""""" / /N
N ) N )
/g ; N /go "

o] 'BuO
(R)-23 (5)-23

BuO

Wiberg and Bailey concluded that steric effects were responsible for the significant energy

differences between the pRand preS U-deprotonation pathways. This conclusion was
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reached by examination of the distances between atoms pPth#(i )-sparteine and\-

Boc pyrrolidine 9 moieties in the prelithiation complexes and transition states for the
formation of both enantiomers. the prelithiation complexes and transition states forpro
Udeprotonation, the distances between these moieties were smaller than thoseSfor pro

resulting in a higher energy system for {it@}deprotonation.

Computational modelling has also been used mo d el the enanti o
lithiation of N-Boc pyrrolidineQwi t h ot her chi r al dlithatonafes .
N-Boc pyrrolidine9 using chiral diamine§S)-161, which offers no enantioselectivity has
also been modelled computataly.2®8” When N-Boc pyrrolidine 9 was subjected to
lithiation with s-BuLi/(S9-161 and trapping with MeSICl, racemic zZilyl N-Boc
pyrrolidinerac-11 wasformed in 90% conversion (by GC) (Scheme 13%3).

Scheme 1.53. Lithiationtrapping of pyrrolidine 9 using chiral diamine (S,S)-161

[\ sBuLi(s,5)161 O\ ./ND Me-SiCl O\
N ,’LI\N L} SiMeg

N N
Boc guo” O Boc
9 / racemic rac-11
MezN ,’NMez 90% conv.
(S,S)-161

Computational modelling was conducted to investigate whether the modelling could
reproduce the lack of enantioselectivity that was observed experimentally. Prefthiat
complexes and transition states for th®rLi/(S9-161-mediated pre5 and preR
deprotonations dfl-Boc pyrrolidine9 were modelled and energies were calculated for each.
The difference in enthalpy and freeergy between pt8 and preR transition sates was

al so | ess HWEFbhkcal mokaamad G'op qncal mot) compared to the ~3
kcal mof! difference with ()-sparteine (see Scheme 1.52). These energy differences
indicated a much smaller preference for -Brdithiation, which was riéected in the

experimental result wherac-11 was obtained.

Kozlowski et al used a combined experimental and computational approach to investigate
the selectivity of the most simple chiral portion of-§parteine, fragment }-162 Diamine
ligand ()-162 was synthesised and employed in sBuLi/(i)-162 lithiation of N-Boc
pyrrolidine 9. After trapping with MeSiCl, 2-silyl N-Boc pyrrolidine R)-11 was formed in
45% yield and 67: 33 er (Scheme 1.54)) Su

gparteine reversed the enantioselectivity of the deprotonation forrRiagL( This result
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indicated that the 6A6 ring is essential
effect, as discover edsparginetsirregat®dBr i en gr 0|

Scheme 1.54s-BulL.i/(7)-162 lithiation and MesSiCl trapping of N-Boc pyrrolidine 9

H
O 1. S-BULi/(—)-162 & CN D
_7q 0 A B 2
\ Et,O, -78 °C \ SiMes N i
I 2. Me3SiCl ! .
Boc Boc (=)-sparteine
9 Me (R)-11 95:5 er
Me.., N 45% H
N 67:33 er N G
Me”
B N A
(-)-162
(+)-17
4:96 er

When thei-PrLi/(1)-162 lithiation of N-Boc pyrrolidine9 was modelled using DFT, the
modelling was able to account for the lowsslectivity observed with diaminé )(162
However, the modelling was not able to rationalise the reversal in the enantioselectivity that

was observed experimentally.

Anot her combined computational and expert
Wibergand Bailey to probe the enantioselectivity afforded bys@grteine surrogatk?.8°

DFT calculations which modelled théPrLi/(+)-17 lithiation of N-Boc pyrrolidine9 were

able to emulate the enantioselectivity observed experimentally. The energies calculatec
provided significant energy differences between andSmand preR U-deprotonation with
pd’= 3. 5 Ga=m2B kaglgmot'. These energies indicated a clear preference fer pro

R deprotonation which provided good agreement with the 94:6 er that was obtained

experimentally with-PrLi/(+)-17 lithiation of pyrrolidine9.

Wiberg and Bailey have also used DFT modelling to investigate the enantioselectivity
afforded by thé-PrLi/(i )-sparteine lithiation oR-Boc piperidinel0.2* The study found that

the lowest energy pr8and preR deprotonation pathways were similar in energy with only
small differences in eWer Qy4 e a=00B&kmtmolans i
1. Wiberg and Bailey claimed thtte small energy differences between the pamd pre

R deprotonation paways explained the reduced 87:13 er observed experimentally.
However, with the energy differences being this small, in the margins of calculation error, it
would be expected that very little or no enantioselectivity would be observed at all. The

activaton energies calculated for th€rLi/(1 )-sparteine lithiation oN-Boc piperidinel0
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were significantly higher than those calculated foritkeLi/(i )-sparteine lithiation oN-
Boc pyrrolidine9. This reflected the slower rate of lithiationfBoc pipeidine 10 versus

N-Boc pyrrolidine9 observed experimentally.

Wiberg and Deng later reattempted the modelling ofi#ReLi/(i )-sparteine lithiations of

both N-Boc pyrrolidine9 and N-Boc piperidine10 using QM/QM modelling® QM/QM
modelling was carried out using the ONIOM method developed by Moroktiadg* which

allows the system to be separhiato parts which can be treated with different levels of
theory. This methodology can be particularly useful for large systems where only a small
portion of the total system is chemically active. This chemically important part of the system
can be calcated using a more accurate, computationally expensive method and the rest car
be calculated using a less expensive method, without adversely affecting the quality of the
results. This method is particular useful for modelling enzymes and proteins whacgwbe

site can be modelled at a high level theory and the surrounding systems can be modelle
with lower levels of theory or molecular mecharfitViberg and Deng attempted many
different partitions for the lithiatio of bothN-Boc pyrrolidine9 andN-Boc piperidinelO.

These included treating the entirg-§parteine ring with a lower level of theory and treating
other half of the pyrrolidine and piperidine rings at lower levels of theory. Unfortunately,
each of theQM/QM partitioning schemes that were attempted were unable to sufficiently
describe the system and provided calculated energies that significantly differed to those
calculated when the entire system was modelled using a high level of theory. They did,
however, find that treatment of the other half of the piperidine or pyrrolidine ring at a lower
level of theory did not adversely affect the results, suggesting that the totality of the

heterocycle ring was not crucial for QM/QM calculations.

In summary, the mantioselectivity of the lithiation oN-Boc pyrrolidine 9 and N-Boc
piperidine10 can, to some extent, be rationalised with computational DFT modelling. In
many cases, the calculated differences in energy between the transition states o
enant i aem®tonation ptbvides a good description of the enantioselectivity that was
observed experimentally. These results suggest that DFT modelling may provide a sufficient
description of the system to allow reactivity differences that arise with difféd3ac

heterocycles and ligands to be modelled.
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1.5 Project Outline

This project aims t o st-itdayiontrappng edctionsiie k e
Boc heterocycles: the rate/kinetics and, where relevant, the diastereoselectivity. Both topics
will be investigated using a combination of experimental (synthesisirastiu IR
spectroscopy) and computational DFT modelling. Combining experimental and
computational techniques could potentially allow rates of reaction and the
diastereoselectivity (if apjglable) for unknown lithiation reactions to be modelled and
predicted computationally. The combination of these techniques may also help to rationalise

and/or quantify the chemical behaviour that is observed experimentally.

Chapter 2 of this thesis usegssitu IR spectroscopy to study the rates of lithiation when
different N-Boc heterocycle substrates and different ligands are employed in the lithiation
reaction (Scheme 1.55). We have found that both the structureNdBbe heterocycle and
ligand emplogd in the lithiation can have a dramatic effect on the reactivity observed. This
collated reactivity data can then help to identify reactivity trends which can be used to
rationalise why the rate of lithiation is fast or slow for particular substratégaods.

Scheme 1.55. Quantification of the rate of lithiation usingn situ IR spectroscopy

A]i jv s-Buli/ligand A]i j:
’Tl N Li
Boc

solvent, —-78 °C /g ,
t-BuO” O

lithiation time or ¢,
for lithiation reaction?

| n Chapt dithiatidh,reactiomsethatOwere conducted in Chapter 2 are modelled
computationally using DFT. This was condetttto determine whether a theoretical

t r e at me nlithiator reactiorecanUaccount for the reactivity differences that were
observed by experiment. If the DFT modelling can reproduce these reactivity differences
then there is a potential that the qautational modelling could be used to predict the

reactivity of unknowrN-Boc heterocycles or ligands.

The rates of the tr a-dlitpdted mptermesliatestandelectroptblest w
are studied usingn situ IR spectroscopy in Chapter 4 (Saiee 1.56). This investigation
explores the trapping reactions of a variety of different lithiated intermediates with a range
of different electrophiles. Our results show that the rate of trapping can differ by several
magnitudes when different combinatiafdithiated intermediate and electrophile are used.
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A knowledge of the rate of trapping of organolithiums is important for synthetic chemists so
that products can be obtained in high yield and er/dr.

Scheme 1.56. Quantification of the rate of trapping usg in situ IR spectroscopy

A]: j: electrophile (E¥) “]: j:

t-BuO”™ ~O ; ; Boc
trapping time or t,,,

for trapping reaction?

Finally, in Chapter 5, all the techniques utilised in the previous chapters are applied to
investigate the diastereoselective lithiatioapping of 3,4disubstitutedN-Boc pyrrolidine

96 (Schene 1.57). The diastereoselectivity of the lithiatiord6tan be altered by the ligand
employed in the lithiation and the identity of the electrophile used in the subsequent trapping
reaction. The effect of the ligand on diastereoselectivity is invedtigagéeng synthetic
experiments and DFT modelling. The effect that the electrophile has on diastereoselectivity
has been determined with synthetic experimentsimsitu IR spectroscopic analysis has

elucidated how the choice of electrophile affects thef dne products observed.

Scheme 1.57. General lithiatiortrapping reaction for N-Boc pyrrolidine 96

1. s-BuLi/diamine
H--I II-H H-II II-H + H-II II-H
2.E* .
N E N E
Boc Boc

96 anti syn
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Chapter 2: In situ | R Spectroscopic Mo n

Lithiation Reaction of N-Boc Heterocycles

Thein situl R spectroscopi c -lithiatom irdaaioni progdesousefult h e
information to synthetic chemists on how long such reactions require to reach completion
(Scheme 2.1). If the electrophile was added too early, only partial lithiation would have
occurred which would result in a decreased yield of the desired product and makes separatio
of the product and starting material necessary. Addition of the eleceowhin large
amounts of unreacted alkyllithium remain can pose a problem by formipgoblyicts that
further compl i clathiaton telcBonssae poatinedy tcanducted Z8°C

and it is important that the reaction is not allowed to warfarbehe electrophile is added

as the lithiated intermediates could become unstable at higher temperature.

Scheme 2. 1. Gen e tithiktionofcatNeBooechetdramycle t h e U

n]: j s-Buli/ligand A]: I
N N
Boc

L
solvent, -78 °C Li”
N

time ? /§ /

t-BuO (@)

In situ IR spectroscopic monitoring of theeaction should enable optimised lithiation
conditions to be obtained quickly without having to carry out many repeat reactions using a
process of trial and error. It is also advantageous to have the probe in the reaction flask du
to the low reaction tengratures required and the water sensitivity of both the reagents and
intermediates. Many alternative methods to monitor reaction progress require aliquots of the
reaction mixture to be taken from the reaction and then analysed. This method could be
problematic as it is possible to quench the reaction/aliquot by exposure to air/water, the
temperature of the aliquot needs to be maintained so that erroneous results are not obtaine

and concentration effects may occur due to the removal of portions of tHemmeantture.

On a large or industrial scale, maintaining low reaction temperatures, su¢8 &S, may

not pose a problem. However, it is important that the reaction is only conducted for the length
of time required for complete conversion to occur, teuea that the process is efficient.
Maintaining these low temperatures for longer than is required will significantly decrease

both the energy and cost efficiency of a reaction.

Previous work in the O6Brien gr osepgnusngt h

in situ IR spectroscopy (ReactlR) to determine the reaction time for te@uLi/diamine
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lithiation of a range of structurally differemtd-Boc heterocycled!->0°2:53.73:93.94Thig has
included using several diamines, including TMEDA)-¢parteine and the (-gparteine
surrogatel?7. Traditionally, these lithiation reactions have been allowed betwéeh Br
completion ai 78 °C but there is little synthetic evidence that thesgthey reaction times

are needed for the majority of the heterocycle substrates.

This chapter presents work that builds on this previogsaonp research. This work expands

the range oN-Boc heterocycles whose lithiation reactions have been studieddoyiR'.

There is a deeper focus on constructing a reactivity series for the different substrates an
attempts to rationalise the differences in reactivity of the substrates are provided. Researcl
in this chapter also applies kinetic modelling to the aiilon reaction. This allowekbbs

values to be extracted from the Rea¢¥Rlata to enable more accurate comparisons of

reactivity for the different substrates.

2.1 Reactivity Series for the s-BuLi/TMEDA Lithiation of N-Boc

Heterocycles

The ReactIR" moritoring of thes-BuLi/TMEDA lithiation reactions of a host of different
NNBoc heterocycles has already>%Maeyrofteser r i
lithiations were repeated in this investigation for two reasons. First, for the lithiation
reactions which took > 1 h, the monitoring waslesh prematurely in previous work due to
worries that the lithiated intermediate may not be stable over longer reaction times using the
ReactIRM setup. During this new investigation of reactivity, it was found that most lithiated
intermediates were stablising the ReactlR' apparatus for many hours. Second, some of
the previous lithiations were carried out by addings#BaiLi andN-Boc heterocycle first,
forming a presumably solvetigated prelithiation complex to which the diamine ligand was
then addedo initiate lithiation. However, this order of addition can provide unreliable
kinetic information, as work in this study indicated that the lithiation can still occur with just
s-BuLi/Et20, albeit at a slower rate. The additiors@uLi to a mixture othe substrate and
diamine provides more accurate and reliable data, as the reaction begins directly after th
addition of thes-BuLi. The reliability and accuracy of the kinetic data is particularly

important as we are attempting to compare reactivitissilodtrates.
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The first substrate monitored using Rea&!li this reactivity study wal-Boc pyrrolidine

9, one of the firsN-Boc heterocycles whose lithiation was reported by Beak in 1T8@.
s-BuLi/TMEDA lithiation of N-Boc pyrrolidineQu si ng Be ak 678 °CciroEiQ] i t i
was monitored usingn situ IR spectroscopy (Scheme 2.2). Our standard conditions for
lithiation used 1.3 eq. &FBuLi/TMEDA in 14 mL of EtO solvent. The only modification

to Beakds conditions was that the conceni
was concern that higher concentrations ofsiBeiLi reagent could damage the Rea¢¥R

probe.

For N-Boc pyrrolidine9, the carbonyl sttec hi ng f ¢&® af theeBoc group(can be
used as a spectroscopic handleCarbonyl group provide a particularly useful
spectroscopic handlelue to theirstrong IR absorbance signals which allow easy
identification and monitoringf the carbonyl species in the reactibmaddition, the were
no other absrbances in the 1800600 cm? region of the IR spectrum for this chemistry
which made tracking changes to these signals edssitoring of the lithiation using ¢4
stretching and bending frequencies was not possible for two reasons. First, the TeactIR
apparatus used can only monitor IR frequencies in the ranges 62250cm' and 2000

650 cm?, this meant that most-8 stretching frequencies were out of this observable
window. Secondthe diamine ligand and-BuLi (which is in cyclohexane solventyere
added after the solvent background was recorded, this meant nthay CH
stretching/bendindrequenciesvere observed upon additi@t the reactiorsetup These
overlapping frequencies meant that finding a correlation between reaction prograsg and

changes irsc.H absorbance intensity was not possible.

During the lithiation ofN-Boc pyrrolidine9, three different IR signals are observed for the
Boc carbonyl: the uncomplexed starting mateNaBoc pyrrolidine9 ( &o=1701 cm?),

the prelithiation complet63( &o0=1678 cm') and the lithiated intermediafé4 ( &o=

1647 cm') (Scheme 2.2.a). These three signals appear at different wavenumbers as the Bo
carbonyl has a different coor di nactofomtte e n:
carbamatalecreases in the three spec#sl63 and 164 This can be attributed to the
increasing coordination of the electropositive Li centre to the carbonyl bond during the

reaction which weakens tchholobeowadenumheds. t her
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Schene 2.2. The ReactIRM monitored s-BuLi/TMEDA lithiation of N-Boc pyrrolidine
9 with 3D and 2D ReactIRM traces
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Recording the absorption of the theeosignalsduring the reaction allows the aiges in
concentration of the three species to be observed over the course of the lithiation (Schem
2.2.b). I mpco signal ot N-Bpg pyrtolidiee 9 shows consumption of the
starting maiosgnal & lithiakediatermetiats4sracks the formation of the

product.
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T h e-oabsorbance of prelithiation compl&83 a reaction intermediate, indicates that a
pre-equilibria process occurs during the reaction, where the prelithiation corb@8is
formed rapidly at the start of the réian. The rapid formation of63 arises from the fast
equilibrium reaction between tHé-Boc pyrrolidine9 starting material and prelithiation
complex163 This fast equilibrium is evident in the ReactfRnonitored lithiation reaction,

as consumption ofrplithiation complext63 and the starting materi@l mirror each other
during the reaction once the equilibrium has been established. This is because as prelithiatio
complex 163 is consumed by the slow rate determining deprotonation step, the rapidly
occuring equilibrium reaction restores the original ratio of speBiesd 163 Previous
mechanistic work conducted by Beak provided evidence for this fast equilibrium between
the substrate and alkyllithium/diamine, followed by a slow rate determining deptiaio

for thei-PrLi/(i )-sparteine lithiation oN-Boc pyrrolidine9 (see Scheme 1.8j.

By visual inspection of Scheme 2.2.b, hBuLi/TMEDA lithiation N-Boc pyrrolidine9
requires 4 min for complete lithiation, at which point concentrations of starting m&terial
and lithiatedntermediatel64 no longer change. This 4 min reaction time is a stark contrast
to the 3.5 h lithiation time initially used by Beak and highlights how useful Redttan

be for the optimisation of reaction conditiohs.

To further probe the rate of the initial equilibrium reaction betweehltBec pyrrolidine9
starting material and prelithiation compl&83 the lithiation reaction was repeated using

the rapidcollect mode othe ReactIRV apparatus (Scheme 2.3). This allowed the collection

of IR absorbance data for each second rather than at the 15, 30 or 60 second intervals us
for normal ReactIR! experiments. This method did have two constraints. First, fewer scans
at eachinterval resulted in a low signal/noise ratio which provided a reaction trace with a
significant amount of noise. Second, due to the processing power required to process th
volume of data per second, the results were not given in real time and thedsaoaly
viewable after the experiment. This was not an issue for the lithiatiNFBafc pyrrolidine

9 as it was a repeat reaction and timings for the addition of reagents were known. The rapid
collect ReactIRM trace indicated that prelithiation complxmation was extremely rapid,
occurring in < 1s. This offered further evidence that a rapid equilibrium reaction exists
between the starting materiband prelithiation complet63and that the rate determining

step is the deprotonation/lithiation of theelithiation complexL63.
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Scheme 2.3. Rapigtollect ReactlR™ monitored s-BuLi/TMEDA lithiation of N-Boc
pyrrolidine 9
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The ReactIRM monitored lithiation ofN-Boc piperidine 10, another substrate whose
lithiationwas reported i n Bindichtédshata SghiBcantylonderitimen t i
was required for complete lithiation to occur. UssaBuLi/TMEDA in Et20 ati 78 °C the
lithiation of N-Boc piperidinel0 required 6 h to reach completion (Scheme 2.4). This
dramatic difference in reactivity highlights the significant effect that the structure b the
Boc heterocycle has on the lithiation reaction. These large reactivityetities between
substrates are a key reason why monitoring the lithiation of substrates is so important anc

explains why t Hihiation oeadtian® by iReagti® asfbecdining more
popular.
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Scheme 2.4. ReactIR' monitored s-BuLi/TMEDA lithiatio n of N-Boc piperidine 10
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Analogous to the lithiation oN-Boc pyrrolidine 9, t he cao6d thendBoe 3
heterocycle shifts to lower wavenumbers during the lithiation reaction as the degree of
coordination to thé&i atom is increased in speci#g, 165and166 A prelithiation complex
intermediate was also observed¥bBoc piperidine165( &o= 1674 cmt) and it displayed

the same prequilibrium kinetics which were more easily identified over the longer macti

time.

The same Reactl® monitoring procedure carried out for the lithiations NBoc
pyrrolidine9 andN-Boc piperidinelOwas then employed to investigate the reactivity of 12
additionalN-Boc heterocycle substrates (Figure 2.1). These substratesalected as they
provided a diverse selection of heterocycles with differing ring sizes, heteroatoms in the ring
and substituents. It was envisaged that a wide spectrum of reactivity would be observec
when lithiating withs-BuLi/TMEDA. Additionally, it was anticipated that the differing
structural aspects of thid-Boc heterocycles may provide some trends between certain

features of a substrate and the lithiation reactivity.
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Figure 2.1. 14N-Boc heterocyclesised for the reactivity study

Many substrates were selected as there was already precedent for their lithiation either in th
literature(9, 10, 32, 34, 39, 47, 48, 57, 58, 66, 84, 961 see section 1.2) or4group (67,
169°95394 All of the heterocycles except bicyclic pyrrolidirs® and 4amino N-Boc
piperidinel68were prepared using simple erme two-step proceduregvailable either in

group>%1% or from the literaturé®63.97.98

The synthesis andB u L i / T M-EtBigion Of bicyclic pyrrolidine84 was previously
reported by researchers at AstraZeneca as part of a synthetic route for the synthesis of
GlyT1 inhibitor for the treatment of schizophrenia (see Scheme % 8Bjfortunately, no
kinetic data or reaction times for the lithiation were reported so it was decided to explore the
lithiation with ReactIRM monitoring. Synthesis of bicyclic pyrroliding4 was achieved

using the literature synthetic route inviolg the Boc protection of amiroyclohexanoll70
followed by mesylation of the resultifg-Boc alcoholl171 and subsequent cyclisation of
mesylatel 72with KOt-Bu.?® Bicyclic pyrrolidine84 was afforded in mukgram quantities

and a moderate 46% vyield over three steps (Scheme 2.5).
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Scheme 2.5. Threestep synthesis obicyclic N-Boc pyrrolidine 84

OH OH OMs Boc
= z l \
Boc,0, NaOH EtsN, MsCl KOt-Bu N
1,4-dioxane, rt, 16 h CH,Cl,,0°C, 1h THF, rt, 16 h Lb
NH,.HCI NHBoc NHBoc 84
170 171 172 46% over
3 steps

4-Amino N-Boc piperidinel68was selected to probe how the reactivity ofsustituted
N-Boc piperidine would be affected with a heteroatom in tpegition that was not oxygen.
Therewasa pr e c e d elithitiorf 06168 althowgh thisynthesis of aminoN-Boc
piperidine168 was reported in the literatut® This synthetic route involved the reductive
amination ofN-Boc 4piperidonel73 with dimethyamine using K and Pd/C at elevated
temperature and pressure. However, a synthetic procedure more amenable to a resear
laboratory which had been used to prepare similar amine compg8twas employed to
synthesise aminoN-Boc piperidinel68 Reductive amination dfi-Boc 4-piperidonel73

with dimethylamine hydrochloride and NaBlkh the presence of Ti({@Pr) provided the
desired 4aminoN-Boc piperidinel68in moderate 40% yield (Scheme 2.6).

Scheme 2.6. Synthesis of@mino N-Boc piperidine 168

o N,
1. Et3N, Ti(Oi-Pr),, MesNH.HCI
EtOH, rt, 16 h .
'Tl 2. NaBHy, rt, 16 h N
Boc I_I%oc
173 168

40%

ForthesBu L i / T MEH=fAonsbf allN-Boc heterocycles, identical reaction conditions
were used and all lithiations were conducted7& °C to ensure trends in reactivity could
be drawn from the results. A wide range of reactivities were displayed by gwbidates
studied (Table 2.1). Many substrates, suciNa&oc morpholinel69 4-O-trisyl N-Boc
piperidinel67andN&Me andNGBn piperazine$8and57 exhibited fast lithiation reactions
with < 4 min lithiation times. Conversely, others such-asMno pperidine168andN-Boc

piperidinel0required several hours to reach completion.
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Table 2.1. Reactivity series for thes-BuLi/TMEDA lithiation at 178 °C of N-Boc

heterocycles
“K j“ s-BuLi/TMEDA “[:
N Et20, —-78 0C, tlith N L;Nj
| N
B N
oc t-BuO/gO
cl OTrisyl |
0 ﬁj ﬁj N
L) oo
) \ y \ \ \
|
Boc Boc Boc Boc Boc Boc
169 48 167 58 9 96
tiith / mMin <12 220 22.b.C 4 4 4
Bn \‘/ OTIPS Ph d
N N
Boc
() = ) fj fj ®
Y A i :
Boc Boc Boc Boc Boc
57 84 66 39 32 34
tiith / Min 4 15 22 45 90 100
Pj/
N ('.“j
Boc Boc
168 10
tiith / min 120 360

2.6 eq. ofs-BuLi and diamine were usebitesults from previous #group work33 ¢ Trisyl
= 2,4,6tri-i-propylbenzenesulfonyl

N-Boc morpholinel69was the fastest heterocycle to lithiate and underwent lipation

with s-BuLi/TMEDA with complete lithiation requiring < 1 min2.6 eq. of both the
alkyllithium and diamine were used as the initial lithiation forms lithiated intermetifate
which subsequently ring opens and is followed by vinylic lithiatiorfrom dtlithiated
intermediatel 75(Scheme 2.7.a). This mechanism is proposed as previous unpublished work
within the group described the successful trapping-tifldated specied75 (formed bys-
BuLi/(i)-sparteine lithiation 0169 with benzophenanto give trapped addut?6in 40%

yield (Scheme 2.7.5% The lithiation and similar ring opening of a bicycld-Boc

morpholine was also reported by Lautens (see Scheme®1.26).
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The ReactIR" monitoring of the lithiation reactions of bothchiloroN-Boc piperidine48
and 40-trisyl piperidinel67indicated that lithiation was rapitgaching completion within

2 min. Both lithiation reactions were carried out with 2.6 egBaLI/TMEDA, due to the
formation of a bicyclic intermedia#9 which then undergoes a second lithiation (believed
to be rapid due to the acidifying effect oethyclopropyl group) forming lithiated bicycle
52 (Scheme 2.8). It is presumed that it is lithiated bicys®ewhich is observed by
ReactIRM. Previous work has successfully trapped bicyclic interme&atgenerated by

the lithiation of 4chloroN-Boc pperidine48 (see Scheme 1.1%*

Scheme 2.8. Lithiation of 4chloro and 4-O-trisyl piperidines 48 and 167

R (_R
ﬁj s-BuLi/TMEDA @ W W
—_— —_—
Et,0, -78 °C .
’\Il ’ 2 min ’}l Li ’}1 : ’}‘ H
Boc Boc Boc Boc
167 (R = O-trisyl) L 49 _ 52
48 (R =Cl)

Lithiation times of 4 min wer@bserved foN-Boc pyrrolidines9 and 96 which was a
surprising result for two quite different pyrrolidine substrates. It was expected that the
additional steric bulk from the cyclohexyl ring fused to the pyrrolidine would hinder and
retard the rate ofthiation of pyrrolidine96. However, the identical reactivities of bdih

and 96 suggest that the steric bulk is too far away from the reaction centre to have a

significant effect on the kinetics of the lithiation.
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When the lithiation of bicyclic pyrrolide 84 was monitored using ReactlRit was initially
expected that the lithiation &4 would be extremely slow as the deprotonation occurs at a
sterically complex tertiary bridgehead carbon. However, it was discovered that only 15 min
were required for @amplete lithiation of bicyclic pyrrolidinég4 to occur. This faster than
expected lithiation may result from the rigid geometry imposed by the bridgehead making
the depr ot onat ipotan more fatolrable than intainkicyclic tettiary
pyrrolidine such as-Pnethyl pyrrolidinel4 (Figure 2.2).

Ha o Ha o

Me
; < N)J\Ot-Bu @NJJ\OT-BU
84 14

Figure 2.2. St er i-protoaimbicyaiopyrrlEine84 and 2-netng U
pyrrolidine 14

It is also evident that the rirgjze has a pronounced effecttbe lithiation reactivity with a
striking 6 h reaction time difference observed betweerNtBec pyrrolidine9 andN-Boc
piperidine 10 lithiations. It is possible that the difference in reactivity arises from the
conformational differences of the fivand sixmembered rings. However, rifgize is not

the only factor that can determine reactivity. Othefrsembered heterocycles includiNg

Boc morpholinel69, piperazine$7, 58 and66 and 4substitutedN-Boc piperidines such as
39all have significantlydster lithiation reactions tha®Boc piperidinel0.

N é8n andN éMle N-Boc piperaziness7 and58, both exhibited short 4 min lithiation times
whereas lithiation oNGt-Bu piperazing66 was more sluggish, requiring 22 min to reach
completion. The lower eetivity of NGt-Bu piperazing56 compared taNGBn andN&Me
piperazine$7and58is difficult to rationalise and, at present, we do not have an explanation
for the differences in reactivity. It is unlikely that steric bulk attached to the distal mitroge

would directly hinder the lithiation as the substituent is far removed from the reaction centre.

All three of the piperazines studied have significantly faster lithiation reaction§\ltBac
piperidinelO. Presumabl y, t he -protorcnmust arisedrdm theanibrageni t
atom present in in the heterocycle ring. We suggest that back donation can occur from the
CiH G b o n dprowrfintatiedowedlyingN G* orbital (Figur e
overlap would weaken the-8 bond and mia e  t-photon rbre kinetically acidie® The
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facile lithiation ofN-Boc morpholinel69 (1 min lithiation time)may also be the result of
the same orbital overlap effect (Figure 2.3.b).

(a) N?R (b) Y
BocN%%%%z BOCN%}%%?
H H
Figure 2.3. Proposed orbithoverlap for N-Boc piperazines (a) andN-Boc morpholine

169 (b) i nemteraasiditng t he U

The identity of the substituent on thed@®osition ofN-Boc piperidines alsbas a substantial
effect on reactivity and this is evident when comparing the respective 2 min and 6 h lithiation
times of4-chloroN-Boc piperidine48 and unsubstituteN-Boc piperidinel0. We propose

that a different type of orbital overlap could occur in theuBistituted piperidines which
would facilitate the -protanhacidity®iSpenificabyy badk n ¢ r
donation fromthe CH & o r b i -pratdntodthe C¢ h(ewhler e X = CI , |
(Figure 2.4). The conformation of the sixembered piperidine ring enables the overlap of
the orbitals on the @ and G4 carbons, analogous to the explanation ofd\&-coupling
thatcan occur between protons’id NMR spectroscop3P?193

X
BocN

H
Figure 2.4. Proposed orbital overlap for the 4substituted N-Boc piperidines

The various substituents (X) on thed(position will have differing electronic properties
which mayaffect the extent of orbital overlap and baldnation that occurs. This would
account for the wide range of reactivities observed with the differsabdtituted\-Boc
pyrrolidines. For example, both thechiloro- and 40O-trisyl substituted piperidine48 and
167 have 2 min lithiation times, presumably due to the eleetvitindrawing nature of the
substituents. ©©TIPSN-Boc piperidine39 has an intermediate reactivity, requiring 40 min
for complete lithiation to occur. Alkoxy groups are known to havemaller electron
withdrawing { I) effect than chloro group'$*this difference in inductive effect may explain
why 4-OTIPS piperidine39 exhibits a lower level of reactivity than that ofchloro
piperidine48. 4-Ph piperidine32, ketal34 and 4aminoN-Boc piperidinel68 are slower
still, requiring 1.52 h for complete thiation of the substrates to occur. However, all three
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lithiations still only require less than a third of the time needed for the lithiation of
unsubstituted piperidingQ, indicating a significant activating effect is still present. Both 4

Ph piperidine32 and 4amino piperidinel68 have groups on the-€ position of the
piperidine ring with weak electron withdrawing effects, meaning that these substituents will
offer a more modest activating effect for the lithiation reaction. An explanation of the lowe
reactivity observed with ket&4 is more complex. This could arise due to the geometry of
the ketal promoting poorer overlap between the C4 and C2 orbitals, resulting in a lessel
degree of back donation between orbitals and therefore a poorer actefiticigon the

p i p e r dprdtonnAdterndtely, it is possible that the oxygen atoms of the ketal substituent
may chelate the-BuLi/TMEDA lithiating complex leading to retardation of the lithiation

reaction.

In summary, a diverse selectionfBoc heteocycles have exhibited a wide spectrum of
reactivities for their respectiv@BuLi/TMEDA lithiation reactions. The use of ReactR

can not only allow optimal conditions for each of the substrates to be determined but also
allows construction of a reacttyi series for the substrates. Comparisons between the
experimental reactivity data and the structural differences of the substrates has allowec
hypotheses to be made to rationalise the reactivity trends we observe. Furthermore, th
experimentally obtainedreactivity series obtained will allow comparison with the
computationally predicted reactivity series for the same substrates, as described in Chapte
3 of this thesis.
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2.2 Reactivity Series for the Lithiation of N-Boc Heterocycle Substrates

with Differe nt Diamine Ligands

Five of the 14 substrates included in $ii@uLi/TMEDA reactivity series had rapid lithiation
reactions which were complete within 2 min. As the RedtIRquipment only gave
absorbance readings for each signal per minute (on theRéaetIRM iC10 apparatus used
during this part of the investigation), this meant that the lithiation time was only determined
to the nearest minute. This provides a significant amount of error in the lithiation times
determined for rapidly reacting subsés. It was hoped that the use of a different diamine
would slow the rate of the lithiation reactions so that more precise lithiation times could be
obtained, thus allowing the construction of a reactivity series for the more reactive substrates

First of all, a reactivity order was constructed ussBuLi/(i)-sparteine to lithiate thN-

Boc heterocycles that had a rapid lithiation reaction s/BuLi/TMEDA. Previous ingroup

data was pooled for theBuLi/(T)-sparteine lithiations of seven heterocycidsrates;
lithiation of N-Boc heterocycles witls-BuLi/(1)-sparteine has been studied extensively in
the group previously? It was initially expected that the reactivity order of the se\Boc
heterocycles witls-BuLi/(T)-sparteine would be idewtl to that withs-BuLi/TMEDA but

with longer lithiation times due to the more bulky-6parteine ligand. All of the lithiations
were slower but it was also noted that some substrates were placed in different positions i
the reactivity series usingtBuLi/(i)-sparteine lithiating conditions. We propose that the
difference in reactivity order observed for the substrates may derive from complications due
to the asymmetric lithiation that occurs w#BuLi/(T)-sparteine; these asymmetric effects

will be discussed in detail later in this chapter.

2.2.1 Synthesis of achiral diamine ligands and construction of a diamine reactivity
series

As the use ofs-BuLi/(T)-sparteine appeared to provide outlying results for substrate
reactivity, our aim was to find an lsical diamine that could be used to elucidate the
differences in reactivity for the most reactiNeBoc heterocycles. Additionally, it was also

of interest to investigate how the structure of the diamine affected the rate of lithiation. To
this end, four chmine ligands were trialled: TMCD#ans-161, di-pyrrolidino ethane (DPE)

177, tetraisopropyl ethan&78and TMPDAL179(Figure 2.5). These diamines were selected

for two reasons. First, they were either commerically available (TMRD®@ or had
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relatively short synthetic sequencdsafis161, 177 and178). Second, we hoped that the
differing levels of flexibility of the diamines and the different amounts of steric bulk around

the amine groups would provide a broad range of lithiation times when usesiBuith.

PPN
Me,N Nl\/le2 Q Q )\)\ l\/lezr\r\r\uwe2

trans-161 179

Figure 2.5. Diamine ligands used for the reactivity study

TMCDA trans-161was synthesised by Eschweilglarke methylation ofrans-cyclohexane
diamine 180 by refluxing in excess formaldehyde and formic acid follaya literature
procedure (Scheme 2.%¥. The diamine was purified by formation and subsequent
recrystallisation of the bibICl salt. Treatment with NaOH ldrated the free diamine
TMCDA trans-161in 42% overall yield.

Scheme 2.9. Synthesis of the ligand TMCD#ans-161
1. HCHO 44), HCO,H
Q reflux, 2 h Q
= 2. HCI, recrystallise =
H2N NH2 3. NaOH aq MezN NM62

trans-180 trans-161
42%

The tetraisopropyl TMEDA analoguél78 was synthesised by LiAlHreduction of bis
amide181which was formd using oxalyl chloride and dsopropylamine as described in
the literature (Scheme 2.18f.This furnished tetrésopropyl diaminel 78in 69% yield over
both steps.

Scheme 2.10. Synthesis tdrt-isopropyl diamine 178

CIHCI CH,Clp, 1t, 16 h )\ )\ THF, reflux, 16 h

181 178
69% over 2 steps

o p T o AL A
PN

TMEDA analogue dpyrrolidino-ethane 117 (DPE) was synthesised by a double

nucleophilic displacement reaction between-di¢hloroethane and pyrrolidine in the
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presence of BCOs (Scheme 2.11%° Subsequent fractional distillation gave the desired
diamine DPEL77in 65% yield.

Scheme 2.11. Synthesis of TMEDA analogue DPE 177

K,CO3 N N
e 8S - [ )
Cl Cl N H.,0, reflux, 16 h

177
65%

The s-BuLi/diamine lithiation & N-Boc pyrrolidine9 ati 78 °C was selected to investigate
the reactivity of the differens-BuLi/diamine lithiating complexes. A control lithiation
reaction ofN-Boc pyrrolidine9 was also conducted with identical conditions but no diamine
to ensure thathe diamines employed were participating in the lithiation reaction. Ti@ Et
solvent used for the lithiation reactions is a coordinating solvent and is known to offer a mild
enhancement in the reactivity efBuLi.!’” Therefore, slows-BuLi/Et,O lithiation of
pyrrolidine9 s still likely to occur if the diamine does not coordinate tostBeiLi. A range

of differents-BuLi/diamine lithiating complex reactivities were observed forlitmgation

of N-Boc pyrrolidine9; lithiation times ranged frorminutes to several hours (Table 2.2).
The | ithiati on -ftri eBubi/THF fithiatiom ef N-8at ipyarotidine®is

also included in Table 2.2 and provides insight into how acaentate ligand affects the
rate of lithiation% For all thelithiation reactions in Table 2.2 except that wetBuLi/THF,

an electrophile (PhCHO) was added to trap the lithiated intermediate and the crude produc

was analysed b¥H NMR spectroscopy to ensure complete lithiation had occurred.
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Table 2.2. ReactIRM obtained lithiation times (tit) for s-BuLi/ligand lithiation of N-
Boc pyrrolidine 9

s-BulLi/diamine

or s-BuLi/THF H
L) or s-Bui L _PhCHO OF\:P“
N b s Ny

N Li
) Et,0, 78 °C 0L . OH
Boc b t-BuO/gO Boc
9 31
R
L=N N
or L = THF (entry 4)
Entry Diamine tiith
1 Me,N NMe, TMEDA 4 min
TMCDA )
2 3 trans161 4 min
Me2N NMez
3 (i)-sparteine 45 min
4 @ b 177 46 min
5 THF 5h?2

6 )\N/_\NJ\ 178 9h
A X
7 A 179 12 h

Me,N NMe,

8 No diamine 12 h
aPhCHO trapping was not carried out for aBuLi/THF lithiation of N-Boc pyrolidine9

The lithiating complexes with the tetraethyl substituted diaminesBuLi/TMEDA ands-
BuLi/TMCDA trans161 provided identical reactivities for the lithiatioof N-Boc
pyrrolidine9 (Table 2.2, entries 1 and 2). This indicated thatadditional rigidity offered

by the cyclohexane ring has no effect on the reactivity ofstBaLi/TMCDA anti-161
lithiating complex. The steric environments of the amine groups in TMEDA and TMCDA
anti-161are very similar which may explain why the riq@ties of these two diamines are

so similar. This resul't mirrors previous

reactivity series for the-BuLi/diaminemediated lithiation ofN-Boc pyrrolidine9 was

61



constructed using competition experimefifsThe study found thad-BuLi/TMEDA or s-
BuLi/TMCDA anti-161 were the most reactive lithiating reagents, and were significantly

more reactive thas-BuLi/(T)-sparteine.

The s-BuLi/DPE 177 lithiating complex provided a moderate reactivity withBoc
pyrrolidine 9, with lithiation requiring 46 min to complete (Table 2.2, entry 4). This result
was initially a surprise, as it was expected that tmeebnbered pyrrolidine rings on the
ligand would costrain the steric bulk around the two amine groups resulting in a facile
lithiation with a similar reactivity to that cfBuLi/TMEDA. However, the slower rate of
lithiation of N-Boc pyrrolidine9 with s-BuLi/DPE 177 suggests that the pyrrolidinyl rings
have an increased steric bulk which retards the lithiation. SfBaLi/DPE 177 lithiating
complex appears to have a similar reactivity to thaBfiLi/(i)-sparteine which required

45 min for complete lithiation df-Boc pyrrolidine9 (Table 2.2, entry 3).

The s-BuLi/THF lithiation of N-Boc pyrrolidine9 offered an even slower rate of lithiation,
with the ReactIR" monitoring indicating that complete lithiation required 5 h (Scheme
2.12.a and Table 2.2 entry 5). Unlike te@uLi/diamine lithiation reaction®f N-Boc
pyrrolidine9, no prelithiation complex was observed during the lithiation reaction (Scheme
2.X.b). This absence of a prelithiation cdmp ¥-ohas been observed for the RealtlR
monitoreds-BuLi/THF lithiation reactions of other heterocycle substrété3®* Another
difference between theBuLi/diamine ands-BuLi/THF lithiations ofN-Boc pyrrolidine9

was that two IR signals were detected at 1663' @nd 1646 cm for the lithiated
intermediate formed bg-BuLi/THF. It is believed that they are bathu e t @ooftthe e 3
carbamate group in lithiated intermedia&2 and that the two signals may indicate that the

lithiated intermediate is present in two different aggregation states.
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Scheme 2.12. ReactIR" monitored s-BuLi/THF lithiation of N-Boc pyrrolidine 9

= -1
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The slow rate of lithiation observed for tedBuLi/THF lithiation of N-Boc pyrrolidine9

likely results from the steric bulk of the ligand as proposed with the diamine ligands. It is
conceivable thatie monodentate THF ligand means that two molecules of THF ligate the
alkyllithium. These two molecules of THF will have a sizeable steric bulk and an additional
entropic factor of having two molecules of ligand rather than one may lead to a hindered
high energy transition stat&83for the lithiation. However, this rationalisation of reactivity

IS uncertain as the aggregation states of the alkyllithium and intermediates is currently

unknown for lithiation reactions witkhBuLi/THF.

Lithiation of N-Boc pyrrdidine 9 with s-BuLi/tetraisopropyl TMEDA analogué78was a
significantly slower reaction, with the ReactdR monitoring indicating that complete
lithiation was only achieved after 9 h &8 °C (Table 2.2, entry 6). The slow rate of
lithiation observeds likely due to the large amount of steric bulk around the coordinating
nitrogen atoms of the ligand@his could retard the lithiation due to the sterically butky
BuLi/178 complex formed which performs the lithiatioresulting ina more sterically
hindered higler energy transition state. In addition, the increased steric bulk around the two
coordinating amine groups giaminel78afforded by the four-Pr groupscouldresult in

poor coordination between the diamine aRLiLi. A lesser degree of codrdition between
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alkyllithium and diaminewill likely mean that the less reactis®uLi/Et2O species (entry
8, Table 2.2) is also present in significant quantities whmely reduce the overall rate of

lithiation.

The slowest lithiations df-Boc pyrrolidire 9 were observed whesaBuLi/TMPDA 179or
s-BuLi/Et20 lithiating conditions were employed, with both lithiating complexes requiring
12 h for complete lithiatiomf N-Boc pyrrolidine9 (Table 2.2, entries 7 and 8). As both
lithiating complexes requiretiesame lithiation timéor N-Boc pyrrolidine9, this suggested
that eithers-BuLi/TMPDA ands-BuLi/Et2O have the same reactivities or more likely that
the TMPDA ligand179does not coordinate ®BuLi and so it is the-BuLi/Et.O reagent
that conducts théthiation. If the slow lithiation reaction ismdeedcaused by a lack of
coordination of TMPDAL79ands-Bulli, it is possible that the additional methylene group
in the linker between the two amines may be responsible. The longer linker means that the
coadinating amine groups are further apart, which may disruptdbedinatiorof TMPDA
179to thes-BulLi.

2.2.2 Investigating theN-Boc heterocycle reactivity series obtained witls-BuLi/DPE
177 and comparison withs-BuLi/()-sparteine ands-BuLi/TMEDA re activity series

As the s-BuLi/DPE 177 lithiating complex offered a moderate reactivity withBoc
pyrrolidine9 similar to that os-BuLi/(i)-sparteine, the construction of a reactivity series of
the more reactive substrates wstBuLi/DPE 177 lithiating conditions was attempteHive

of the most reactive substrates that were investigated usingsiBathi/TMEDA and s
BuLi/(7)-sparteine lithiating conditions were lithiated ussaBuLi/DPE 177. The lithiation
times for these five substrates wifBuLi/DPE 177 and the seven substrates studied using
s-BuLi/(i)-sparteine are presented in Table 2.3, along with the corresporsing
BuLi/TMEDA lithiation times. The order of the substrates in the reactivity series obtained
with both s-BuLi/DPE 177 and s-BuLi/TMEDA lithiating conditions were identical.
However, there were significant differences in the reactivity order of the substrates obtained
with s-BuLi/(T)-sparteine, which suggested tiNgMe andNGBn piperazine$8 and 57

were less reactive tha¥rBoc pyrolidine 9. This contradicted the reactivity series obtained
with boths-BuLi/TMEDA ands-BuLi/DPE 177 lithiating conditions.
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Table 2.3.s-BuLi/diamine reactivity series for rapidly lithiating N-Boc heterocycles

L)

s-BuLi/diamine

Et,0, -78 °C, tjith

LA »
B /Li\p

t-Bu0” O

OTrisyl Cl | Bn
) OO0 0
N h N N N N
Boc Boc Boc Boc Boc Boc
169 167 48 58 57 66
DPE 177
‘ 0.28% 12 52 30 -- --
tiith / min
(7)-sparteine
) 12 17 3¢ 90 60 >300
tiith / Min
TMEDA
. 1° 28 22 4 4 22
tiith / min

a2.6 eq. ofs-BuLi and diamine were used (see Scheme 2.8).

All three of thes-BuLi/diamine combinations indicated thgtBoc morpholinel69was the

most reactive substrate. BatBuLi/TMEDA ands-BuLi/(T)-sparteine required only 1 min

for complete lithiation of morpholin&69 to occur and withs-BuLi/DPE 177 the newer

ReactlRM apparatus (which takes reading every 15 s) provided a lithiation tif® ofor

169 This provides further evidence ththe presence of the oxygen atom in the six

me mber ed

r

ng

has a

s i g rdepfoioration. t

activati

4-O-trisyl and 4chloro piperidinesl67 and 48 were placed in the same positions in the

substrate reactivity series by each of the tls8aeiLi/diamine combinations. The slower

lithiation rates offered wite-BuLi/DPE 177ands-BuLi/(i )sparteine allowed the elucidation

of a reactivity difference between the two substituted piperidines, which indicated@hat 4

trisyl piperidinel67was moraeactive than <«hloro piperidine48. However, the lithiation
times obtained witls-BuLi/(i )-sparteine and-BuLi/DPE 177 for each of the substituted

piperidines167 and 48 differed significantly. This was a surprise as both $tiBuLi/(1)-

sparteine ands-BuLi/DPE 177 lithiating complexes showed similar reactivity for the

lithiation of N-Boc pyrrolidine9. This was particularly evident forehloroN-Boc piperidine
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48 which required only 5 min for complete lithiation wgHBuLi/DPE 177 but presented a
significantly slower 30 min lithiation witls-BuLi/(T )-sparteine.

We postulate that slow rotamer interconversion may be the reason for the slow rate of
lithiation observed with enantiopure ligands suchigssparteine; rotamers do not pose a
problem when arachiral ligand such as DPE/7 is utilised. Whens-BuLi and a chiral
diamine such ag J-sparteine are used to lithiate -@udbstitutedN-Boc piperidine, only one
rotamer has an energetically favoured, matched situation for the asymmetric deprotonation
For rotamerl84, the kinetically favoured pr& deprotonation will dominate (Figure 2.6).
However, for rotamet85, pro-Sdeprotonation is disfavoured as the protaeaiblin an axial
position on the piperidine ring. In this case, the Complex Induced Pty ifiect (CIPE)

cannot o c c4pmotondsinat inehe sameplakk as the coordinating Boc carbonyl

group.

He Hs2
N/M\X - HRZNX
tBuO—<g Hs o=
Ot-Bu
184 185
pro-S deprotonation favoured pro-S deprotonation disfavoured

Figure 2.6.Interconversion of rotamers for a 4substituted N-Boc piperidine

It is also unfavourable for th@peridine in rotamef85to ring-flip so that the kinetically

f av o upratod HAUs in an equatorial position, as the substituent (X) at thesition
would be placed in an energetically disfavoured axial position. If rotamer interconversion
can occuati 78 °C, rotamet85will interconvert to rotamet84, where preSdeprotonation

is the primary reaction path, providing the lithiated intermediate in an enriched er.
Conversely, very slow or neoccurring rotamer interconversion leads to either <50%
conversion as only one rotaméi8é) would be lithiated or a >50% conversion, where both
the preSand disfavoured higher energy gR{Hr2) deprotonation occur giving the product

in an eroded er. In the case of >50 % conversion the rate of lithiationersgwed due to

the higher energy pfB (Hr2) deprotonation occurring and/or dependency on the rate of
rotamer interconversion. This means that constructing a reactivity series using an
enantioselective ligand such a3-§parteine will provide unreliableactivity data as there

is also a dependency on the rate of rotamer interconversion for each substrate.

66



When the lithiation of £hloro piperidinet8with s-BuL.i/(i)-sparteine &t78°C was carried

out previously the enantioselectivity of the reaction ¥easd to be poor, with an almost
racemic product formed in 94% yietéi** This provided strong evidence that ttetamer
conversion may indeed be slow and that the disfavoured deprotonatioge afod$ occur.
Inspection of the Reactl® trace for thes-BuLi/(i )-sparteine lithiation of 4hloroN-Boc
piperidine48 suggests that the reaction may have two differegibns where the rates of
reaction differ (Scheme 2.13). The initial fast lithiation and subsequent slow lithiation can
be observed most clearly by monitoring the consumption of the prelithiation cofr§fex
However, visual inspection of the ReactfRdoesnot provide conclusive evidence. If the
two regions of differing lithiation rates are present forgtguLi/(i )-sparteine lithiation of
4-chloro piperidinet8, this would suggest a slow rate of rotamer interconversiofgfati

78 °C. If rotamer interaoversion is slow, one rotamer would undergo a fastSoro
deprotonation as is evident at the start of the reaction and concurrently the other rotame
would undergo a slower, energetically unfavourable;Rdeprotonation only evident later

in the reaction.

Scheme 2.13. ReactIR" monitored s-BuLi/(1)-sparteine lithiation of 4-chloro N-Boc

piperidine 48
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s-BulLi/
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The use ofs-BuLi/(T)-sparteine also provided some unexpected results for the rate of
lithiations of N6Me andNGBnN piperazines58 and 57. Lithiation with s-BuLi/TMEDA
suggests that both piperazines have similar reactivity-Boc pyrrolidine9 with each of

the three substrates requiring 4 min for complete lithiation. When the lithiatiNid idie
piperazineb8 was @arried out withs-BuLi/DPE 177, a 30 min lithiation time was observed
which indicated that piperazi®8is more reactive than-Boc pyrrolidined, which required

46 min for complete lithiation witls-BuLi/DPE 177. In contrast, the 60 and 90 msn
BuLi/(7)-sparteine lithiation times ™6Bn andN&Me piperazine$7 and58 suggested that
both substrates had similar or lower reactivity theBoc pyrrolidine9.

At present, we have no conclusive evidence for why the rates of lithiation dfié&th and

N&Me piperazineb7 and58 are significantly slower witls-BuLi/(i)-sparteine. However,

the issue of slow rotamer interconversion, discussed previously to explain the anomalous
reactivities of the 4ubstiuted piperidineg8 and 167 with s-BuLi/(i)-sparteine,may
provide a rationale for the slower rates of lithiation observed for pipera&iraesl58. This
explanation differs slightly for the piperazines, as the distal nitrogen can invert and then a
subsequent rinflip would always allow the pr& proton to e placed in an equatorial
position allowing preSdeprotonation in each rotamer (Figure 2.7). However, if the nitrogen
inversion or ringflip occurs slowly at 78 °C, this would mean that only one rotamer can
undergo the energetically favoured {8aleprobnation. Therefore, if >50% conversion
occurs, the rate of lithiation will be retarded as higher energirpleprotonation may occur
and/or the rate of lithiation becomes dependent on rotamer interconversion Nf the
inversion and ring flipLow temperate (60 °C) *H NMR spectroscopic studies have
indicated that both conformers df-N&dimethyl piperazine were visible on the NMR
timescale and that-N&dimethyl piperazine has a significantly higher ring -fliwersion
energy barrier than both morpholiardN-methyl piperidine-1®'Therefore, it is possible

that forN-Boc piperazines such &3 and58, the rate oN-inversion/ringflipping may be

slow ati 78 °C.
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Figure 2.7.N-Inversion and ring flipping of N-Boc piperazines

The s-BuLi/(1)-sparteine lithiation oNGt-Bu piperazines6 was the slowest of the seven
substrates, with lithiation still ongoing after a 300 min reaction time. This matcheaed the
BuLi/TMEDA reactivity series, wherBlot-Bu piperaziné6is al® the least reactive of the
seven substrates. However, it is difficult to ascertain whether there is any additional
retardation of thes-BuLi/(1)-sparteine lithiation reaction dfiét-Bu piperazine66, as
observed with piperazines7 and 58, because the aetion was not allowed to go to

completion.

In summary, a wide spectrum of reactivity was observed when the lithiatidihBafc
pyrrolidine9 was carried out with several differesaBulLi/ligand lithiating complexes. This
shows that the identity of the &gd can have a considerable influence on the rate of the
lithiation reaction. The reactivity series constructed with the less reacBuki/DPE 177
lithiating complex provided a strong agreement with the reactivity series constructed with
BuLi/TMEDA and allowed the subtler reactivity differences of the fast lithiating substrates
to be elucidated. The reactivity series constructed usBigLi/DPE 177 will be valuable
when the experimental and computationally predicted reactivities of the reactivamsbstr
are compared in Chapter 3 of this thesis. Comparison cfBi/DPE 177 ands-BulLi/(i
)-sparteine reactivity trends has indicated te&uli/(T)-sparteine provides conflicting
information about the reactivities of-sibstituted piperidines and pipgines. These
anomalous results obtained wgBuLi/(1 )-sparteine may arise due to the retardation of the
lithiation caused by slow rotamer interconversion. Therefore, lithiation times obtained using
s-BuLi and a chiral ligand may not provide a reliatsieasure of the reactivity of substrates

due to the possible rotamer interconversion complication.
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2.3 Quantitative Kinetic Analysis of thes-BuLi/TMEDA Reactivity Series

Whilst conducting the substrate reactivity investigations described so far, itdoapparent

that determining the lithiation of time of:Boc heterocycle by visual inspection of the
ReactlIRM trace can be unreliable and is not a robust method to quantify reactivity. The
unreliability in the lithiation times arises as the visual inipaof ReactIRM traces requires

the user to select an epdint for the reaction. The user determines when Bgifisignals

for starting material and lithiated intermediate plateau and no further change is observec
which can be difficult to pinpoint whtprecision. This determination can be made even more
difficult if the ReactlRM data is particularly noisy, especially towards the end of a reaction
where the signal/noise ratio will be small. This selection of thepend of a lithiation
reaction is aignificant source of error in the determined lithiation times for both slow (> 2
h) or fast reactions (< 5 min). As an example, for a fast lithiation reactiorN@-&le
piperazine58 wheretitn = 4 min), an imprecise erabint provides a significant mgin of

error (Scheme 2.14).

Scheme 2.14. ReactlR' monitored s-BuLi/TMEDA lithiation of N éVle N-Boc

piperazine 58 showing the difficulty in establishing a reaction engoint
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This problem is also compounded by the samgpinterval, which at the fastest scanning

70



speed (on the newer ReacttR15 apparatus) only records one data point per 15 s interval.
In this case, an engbint can only be selected after each 15 s interval for the reaction which

incurs a significant amau of error for a fast lithiation reaction.

For a slow lithiation reaction, determination of the reactiormidt can be problematic as

it can be very difficult to locate the point in time at which both the consumption of starting
material and formatiowf lithiated intermediate plateau. For instance, the lithiation-of 4
aminoN-Boc piperidinel68requires 2 h to reach completion and close to the end of the
reaction, the gradients of the consumption traces forNy@bc piperidinel68(3c=0=1700

cmh) and lithiated intermediateis-188 (3c-o0 = 1644 cmt) become very shallow (Scheme
2.15). These shallow gradients make accurately pinpointing the end of the reaction prone tc

significant amounts of error.

Scheme 2.15. ReactlB' monitored s-BuLi/TMEDA lithiation of 4 -amino N-Boc

piperidine 168 showing the difficulty in establishing a reaction engboint
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Initially, an attempt to mathematically locate at what point time both signals plateau was
undertakerto remove the source of human error that arises from the visual inspection. The
reaction engpoint was located by measuring the distance between the starting material trace

and the lithiated intermediate trace. At the point in time where this distancené&co
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constant, the two traces will have stopped diverging and the reaction is deemed to be
complete (Figure 2.8). A cuff parameter was included so that once the change in this
distance was below a certain value, an-paiht would be identified. This pameter was
included as the noise in the ReactfReadings meant that both traces would never have

perfectly parallel lines.

0.08 -
~ 0.07
] ]
< 0.06 Distance
® 0051 between
G 0.04- traces
2 003 should be
9 0.02] constant
Q0 el
< - at the
0.01 - :
] end-point
0.00 -
0.0 0.5 1.0 15 2.0 25

Time (h)
Figure 2.8. An attempt to mathematically find the endpoint for the lithiation reaction

of 4-amino N-Boc piperidine 168

Unfortunately, this method was not able to find an-paint for lithiation reactions due to
the ReactIR" instrument noise present in the data. The noise resulted in false positives,
where both lines ceased to diverge but then continued to diverge afereadings as the
reaction progressed. This problem prompted us to find an alternative method to measure
reaction rate without needing to accurately determine thgoeimd of the reaction. Hence,
we turned to a kinetic investigation of the reaction whises much more of the collected

absorbance data rather just the start anepennt.

As discussed previously, the lithiation reactions for allNFgoc heterocycles investigated
proceededvia a multistep reaction involving three different species-camplexed
substratel 89, prelithiation complext90 and the lithiated intermedia®1 This involves
two consecutive reactions where, initially, theagmplexed starting materiaB9 rapidly
converts into the prelithiation complé®0 via an equilibrium raction, with forward and
backward rate constants, andk:. Then, prdithiation complex190 undergoes the slow
rate determining deprotonation, with rate constantto form the lithiated intermediate
productl191(Scheme 2.16).
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Scheme 2.16. A generaleaction scheme for thes-BuLi/TMEDA lithiation of N-Boc
heterocycles showing the different reaction steps occurring

s-BuLi/TMEDA
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| 1 -
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As the deprotonation of the prelithiation comple) (is unimolecular, a first order
relationship is ®pected between the reaction rate and concentration of the prelithiation
complex. Unfortunately, for many of the lithiation reactions studied, the equilibrium
between urcomplexed starting materidB9 and prelithiation comple490lies toward the
un-compkexed reagents. This means that the IR signal for the prelithiation complex is small
and this results in a smaller signal/noise ratio which makes kinetic analysis using the
prelithiation complex more difficult. Additionally, for many lithiation reactiongsréhis
overlap of thesc=osignals of the prelithiation complex afhthiated intermediate; this also

can provide erroneous and unreliable results when consumption of prelithiation complex is
analysedThe overlap between prelithiation complex and littdateermediatec-osignals

can be observed in the 3D ReactfRrace forN-Boc pyrrolidine9 in Scheme 2.2.alhe
measurement déps for the lithiation using consumption of prelithiation complex and the
unreliability of these results is discussed latethis Chapter. It was therefore decided to
attempt to obtaikonsby measuring the consumptionfBoc heterocycle and applying the
pre-equilibrium approximation. As there is a rapid equilibrium reaction that forms between
prelithiation complex190 and he N-Boc heterocycle and-BuLi/TMEDA, the pre
equilibrium approximation can be applied for this reaction giving a rate equation for the
reaction (Equation 2.1).

QOD ¢ Mo Qi ¢ oocawa
Qo

VOB EOQ ¢ GHOWE 006 (Equation 2.1)

This provides a rate equation where the rate of lithiation is dependent on rate denstant
equilibrium constant betweefh89 and 190 K, and he concentrations of thl-Boc
heterocycle ands-BuLi/TMEDA reagents. The Reacti® tracescollected for thes-
BuLi/TMEDA lithiations of alIN-Boc heterocycle substrates in this study indicated that once
the equilibrium is established, both the startingemal 189 and prelithiation comple£90

are consumed at the same rate throughout the lithiation. These identical rates of consumptio
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for 189 and 190 are observed since, when the prelithiation complex is consumed, the
equilibrium will rapidly convert thein-complexed starting materidB9 into prelithiation
complex190to maintain the equilibrium. In addition, no dependencysesBULiI/TMEDA]

is observed at any point in the reaction, as first order kinetics are obsenadtdbthe
lithiation reactionsnvestigated in this thesfexcept forN-t-Bu N-Boc piperaziné6 which
appears to display kinetics consistent with two consecutive first order redctieasection

6.4). This suggests that either 1.3 eqs@uLi/TMEDA is a sufficient excess to maifia
pseudefirst order conditions or that the peguilibrium is responsible for the zeooder
kinetics observed with respect $BuLi/TMEDA. Previous kinetic studies by Beak have
provided evidence that thePrLi/(i )-sparteine lithiation oN-Boc pyrroldine9 has a zero
order dependency on the concentration of the alkyllithium/ligand but this study was
conducted using larger excesses of alkyllithium (> 10 ®dherefore, we propose that
dependency ons{BuLi/TMEDA] can be removed from the peguilibrium rate equation

for thepurpose of obtaining lewsfor the lithiation reaction (Equation 2.2).

QOB EMOQI £ DARAQ, | 4 . :
G a0 Q DQZ)é‘mc‘)'Qi ¢ @ (Equation 2.2

By using the integrated form of Equation 2.2, a first order kinetic plot can be constructed
that allows calculation okobs for lithiation reaction. Plotting the naturibgarithm of the
absorbance of the ewomplexed starting materiaB9vstime should provide a linear graph
where the gradient is equalitkuns This kinetic analysis was first applied to the lithiation of
N-Boc pyrrolidine 9 with s-BuLi/TMEDA at 178 °C for which visual inspection had
indicated 4 min were required for complete lithiation to occur (Scheme 2.17).

Scheme 2.17s-BuLi/TMEDA lithiation of N-Boc pyrrolidine 9

s-BuLi’/TMEDA [
o Me, OMe N
{ ) _Euo,-78°C N"s-Bu N Kobs NS
PN j - P "N
Boc t-BuO o \N t-BuO O/ |V|62
M82

9 163 164

Vg0 = 1700 cm™

The ReactIR" absorbance data for the consumptdiN-Boc pyrrolidine9 (Figure 2.9.a)
was used to construct a first order plot for the lithiatioN-&oc pyrrolidine9 (Figure 2.9.b).
The ReactIR" reading at = 0 s, where addition afBuLi occurs was not included in the

analysis as the period bet@re(15 s included the establishment of the equilibrium between
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uncomplexed pyrrolidine9 and prelithiation complex163 The preequilibrium
approximation cannot be applied before the equilibrium is established and if these data were
included, it would preide an erroneous result. The final 5% conversion for the reaction is
discounted as at these low concentratiord-Bbc pyrrolidine9, the ReactlR signal/noise

ratio becomes very small, resulting in erroneous dataofAthe points excluded from the

analysis are highlighted in red in Figure 2.9.a.
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Figure 2.9. (a) ReactIRM data for the consumption ofN-Boc pyrrolidine 9 and (b) the
resulting first-order kinetic plot for the lithiation of N-Boc pyrrolidine 9. Absorbance
is relative to the selecteend-point (t = 240s) of the reaction where absorbance has

been normalised to zero)

The first order kinetic plot provided a clear linear correlatioh£mR.991),suggestinghat

the deprotonation of prelithiation compl&83occursvia a first order reaen and that the
pre-equilibrium approximation can be applied for the lithiatiorNeBoc pyrrolidine9. An
observed first order rate constakdys= (2.70 + 0.12) x18 s! was obtained for the-
BuLi/TMEDA lithiation of N-Boc pyrrolidine9. A detailedprocedure for the kinetic analysis

and the calculation of errors for the lithiation reactions presented is detailed in section 6.2 of

this thesis.

A problem that is still encountered when conducting the first order kinetic analysis arises
from the fact than endpoint for the reaction is still required. This epdint is required to
correct for a nofzero baseline on the ReactfRequipment due to the baseline shift that
occurs during the lithiation. This gives a similar problem to that posed by thd visua
inspection method where determination of the -pait is difficult due to the low

signal/noise ratio at the end of a reaction on the Re&ttIR
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For the kinetic analysis of th@BuLi/TMEDA lithiation of N-Boc pyrrolidine9 the end

point was selecteds&40 s by visual inspection of the raw data, which provkeee (2.70

+ 0.12) x1@ s? for the lithiation reaction. However, by visual inspection, an-@oidt of

165 s could also be valid for the reaction if the decreasing absorbance of the lasa@oin

due to instrument noise. If the same kinetic analysis is conducted where the reaction is
deemed to end at 165 s the valukgefis changed significantlfa 20% difference)with kops

=(3.23 £ 0.12) x18s? (Figure 2.10). This indicates that otarate engboint determination

still has a significant effect on the kinetic results for the lithiation of each of the substrates.
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Figure 2.10. (a) ReactIRM data for the consumption ofN-Boc pyrrolidine 9 using a
different end-point and (b) the resuting first -order kinetic plot for the lithiation of N-

Boc pyrrolidine 9. Absorbance relative to selected reaction endpoint £ 165 s)

To eliminate this source of error, it was decided to improve upon this kinetic analysis by use
of nontlinear regressionotfit the consumption curve for tié-Boc heterocycle substrate.

By fitting a curve to the raw data, this eliminates the need to determine qoi@hdnd so
removes this source of error. This curve fitting method also has other advantages including
the fact that the lithiation does not have to be complete for extraction of a rate constant so
very slow reactions and/or data for incomplete reaction can still be used. Additionally, noisy
ReactIRM data poses less of a problem as the curve can be fit thedutite points to

average out the noise.

As the lithiation reactions of tHg-Boc heterocycles appear to be first order with respect to
the substrate, an exponential decay curve can be fitted once the equilibrium has beel

established aftdr= 0 (Equatior2.3).Using a curve fitting algorithm enables thgsfor the
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lithiation to be determined along with the curve constants A and c which are not required for

this analysis.
Wi £1 ek a® o1& Q & (Equation 2.3

For the lithation ofN-Boc pyrrolidine9, the curve fitting of the consumption ®provided

a rate constarkops = (3.34 *+ 0.15) x18 st (Figure 2.11). Theops Obtained by the curve
fitting matched more closely thkessfrom the linear plots when the epaint ofthe lithiation

was deemed to be 165s. This suggests that the changes in the absorbance observed after 1

for the lithiation of N-Boc pyrrolidine9 likely arise from the instrument rather than the

reaction.
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Figure 2.11. Nonlinear curve fitting for the s-BuLi/TMEDA lithiation of N-Boc
pyrrolidine 9 to obtain kobs

As thes-BuLi/TMEDA of lithiation N-Boc pyrrolidined appears displays first order kinetics,
the reaction halfife (t12) can be calculated usikg,sand Equation 2.4 hety for lithiation
provides a more easily comprehendible measure of the rate of reactiokys@amd this
makes comparison between the reactivities of the difféMeBbc heterocycles easidfor

the lithiation ofN-Boc pyrrolidine9 with s-BULi/TMEDA, t12= (20.7 £ 0.9k.
. a€ .
or o (Equation 2.4

A lithiation time can also be predicted fiS¢rBoc pyrrolidine9 using thety> value as it
requires 7 haklives for 99% conversion to occur. The for thes-BuLi/TMEDA lithiation
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of N-Boc pyrrolidine9 suggests thte09% conversion to lithiated intermedidt@4requires

3 min which differs to the 4 min lithiation time measured by visual inspection. For this fast
lithiation reaction, the difference between 3 and 4 min is a considerable margin of error. In
this case, isual inspection of the Reactl® trace overpredicts the lithiation time required

for N-Boc pyrrolidine9. As discussed previously, when using visual inspection it is easy to
overpredict lithiation time as it is hard to accurately locate where both ttiegtaaterial

and lithiation ReactI®' traces have ceased diverging.

Thes-BuLi/TMEDA lithiation of 4-aminoN-Boc piperidinel68ati 78 °C was subjected to
the same kinetic analysis (Scheme 2.18). Thelim@ar regression provided a fistder
decay cwve with a very good fit to the ReactiR data indicating that the lithiation of
piperidinel68obeys first order kinetics with respect to tiidoc heterocycle whereps=

(6.64+ 0.16) x10* st andty> = (1040+ 20) s (Figure 2.12).

Scheme 2.18s-BuLi/TMEDA lithiation of 4 -amino N-Boc piperidine 168
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Figure 2.12.Non-linear curve fitting for the s-BuLi/TMEDA lithiation of 4 -amino N-
Boc piperidine 168 to obtainkobs
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By comparing the1»s of bothN-Boc pyrrolidine9 (t12 = 20.7 £ 0.9 s) and-dminoN-Boc
piperidine168 (t12 = 1040+ 20 s), it is evident that piperidirk68is a much less reactive
substrate. Thei2s show thatN-Boc pyrrolidine9 is ~50 times more reactive than amino
piperidine168 The time requid for 99% conversion for-dminoN-Boc piperidinel68
was also calculated usitgewhich provided a 121 min lithiation time, which is remarkably

close to the 120 min lithiation time measured determined by visual inspection.

Finally, thes-BuLi/TMEDA lithiations of an additional eighM-Boc heterocycles whose
reactivities had already quantified using visual inspection were analysed using the kinetic
analysis procedure developed. BeuLi/TMEDA lithiation reactions of each of these eight
substrates alflisplayed first order kinetics with respect to the substrate (see seetifmm 6.

the kinetics plots for all substrates). Substrates withs8aiLi/TMEDA lithiations (< 3

min) such a®N-Boc morpholinel69were not included as these fast reactions woivkel tpo

few data points for regression analysis and provide results with large margins of error. The
kinetically obtainedops t1/2, the lithiation time calculated usinmgp (titn-harr) and the lithiation

time obtained by visual inspectioti(.visua) are presented for each of the eight additional

substrates pluN-Boc pyrrolidine9 and piperidinel0 are presenteth Table 2.4.
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Table 2.4. Haltlives for the s-BuLi/TMEDA lithiations of a selection of 10 N-Boc
heterocycle substrates

¥

Bn |
N N N
SO SIE
N
\ \ \ A5
Boc Boc Boc Boc
57 58 9 84 66
Kone/ g1a 379x1¢ 3.72x10° 3.34x10° 8.16x10° 6.56x10°
b
o +0.19 x1® +0.37 x1@? +0.15 x1® +0.43 x10° +0.18 x10°
tiz/ sP 18.3+0.9 18.7+1.8 20.7£0.9 84.9+4.4 105+ 3
tiith-hatf / Min © 2 2 25 10 12
tiith -visual/ Min 4 4 4 15 22
/\ N7
N N N N (’ﬁj
Boc Boc Boc Boc Boc
39 34 32 168 10
Kone/ s1@ 2.16 x16° 1.11 x10° 1.08 x1C° 6.64 x10¢ 2.17 x10*
b
o +0.05 x1¢®  +0.04 x16° +0.01 x16® +0.15 x16* +0.02 x16¢*
tiz/ sP 3208 624+ 22 642+5 1040+20 3190+ 30
tiith-hatf / Min © 37 73 75 121 372
tiith -visual / Min 45 100 90 120 360

2konsmeasured by ngelinear regression analysis fBoc heterocycle consumptigexcept
66 which has been modelled as two consecutive first order prodessesxperimental)
b t1/> calculated usingos

“tiith-nair calculated usingu x 7 (as fi2s = 99% conversion)

dlithiation of N-Boc piperidinel0 may not be complete (see below for discussion)

The rates of lithiation measured using the consumptfdhe N-Boc heterocycle provided

an almost identical reactivity order for all of the heterocycle substrates that was obtained
previously using visual inspection. The only difference in the reactivity trend was observed
with ketal34 and 4phenyl piperidie 32, which the kinetic analysis suggested have almost
identical reactivities, whereas visual inspection indicated that3taas less reactive with

a 10 min slower lithiation reaction. The kinetic analysis also allowed some of the subtle
differences irreactivity between the fast lithiating heterocycles piperazifeend58 and

N-Boc pyrrolidine9 to be elucidated. Visual inspection indicated that all three substrates
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required 4 min for complete lithiation withBuLi/TMEDA so no reactivity differencefor
these substrates could be extracted. However, the kinetic analysis suggebisBhat
piperazines7 is slightly more reactive thaN-Boc pyrrolidine9. Unfortunately, wher&lé
Me piperaziné8fits in this reactivity trend could not be further elwatied due to the large
margin of error in théy2determined for the lithiation &8.

It is important to note, however, that these small differences between the lithiatidar
substrate®, 57 and58 may not be of sufficient accuracy to construceactivity order for

these three substrates with complete certainty. This is first due to the significant amounts o
standard error that are provided by the ctitteng and secondly due to temperature
variations that have not been accounted for in kingtic treatment. These temperature
variations occur at the start of the reaction due to addition afBhe.i which is kept at 5

°C (cooling thes-BulLi further causes the cyclohexane solvent to freeze). It is also likely that
the lithiation will be exdtermic which may also cause the reaction temperature to increase.
When the temperature of treBuLi/TMEDA lithiation of N-Boc pyrrolidine 9 was
monitored using a thermocouple, an 8°C increase in reaction temperature was observed afte

the addition ok-BuLi, after 1 min the reaction temperature had returnéd&"°C.

Achieving complete conversion bfBoc piperidinelOto the trapped products proved to be
problematic using-BuLi/TMEDA, with starting material still present after the lithiation and
trappirg reactions. MsSiCl was used to trap lithiated piperidiné6 after the ReactlIB/
monitoring and this suggested that taBuLi/TMEDA lithiation was complete after 6 h.

The MeSiCl trapping reaction was allowed 12 h for complete trapping to occur and the
ReactIRM monitoring indicated trapping was complete within 8 h (the Re®itIR
monitoring of trapping reactions is discussed in detail in Chapter 4). The reaction was
attempted twice and, after each wank, *H NMR spectroscopic analysis indicated that a
90:10 ratio of the MgSiCl-trapped producfi2 and unreacted substrat® was present
(Scheme 2.19).

Scheme 2.19s-BuLi/TMEDA lithiation and Me 3SiCl trapping of N-Boc piperidine 10

O s-BuLi/TMEDA _ (j\ N Me;SiCl
D

Et,0, -78 °C, 6 h

[\IJ /§ N -78°C,8h [Tj SiMe;
Boc t-BuO O Boc
10 166 12

90:10 (12:10)
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The ample time allowed for the trappingaction of lithiated intermediat€66 and the
complete trapping observed by ReactRndicated that the lithiation reaction &0 was
likely responsible for the incomplete conversion observed in the final products. There are
two possible causes for thecomplete conversion during the lithiation. The first is that the
lithiation reaction is incomplete when the electrophile is added, so unreacted pipg@idine
starting material remains. Otherwise, the recové@aday result from instability of lithiated
intermediatel 66 during the 6 h lithiation which decomposes back to the starting material;
this decomposition could involve deprotonation of thgEsolvent by the reactive lithiated
intermediatel 66. Further analysis of the ndimear regression kinetic atysis applied to the
consumption of piperidind0 indicated that the reaction may not be complete after 6 h
(Figure 2.13). The kinetic analysis of th®uLi/TMEDA lithiation of N-Boc piperidinel0
suggested that it was not complete after 6 h and thatca®@f4ersion required a lithiation
time of 6.25 h.
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Figure 2.13. Nonlinear regression to obtainkobs for the s-BuLi/TMEDA lithiation of
N-Boc piperidine 10 with extrapolated curve of best fit to determine lithiation end

point

This again highlights theifficulty in determining an engboint for such a slow reaction by
visual inspection of the ReactiR data. However, the curve of best fit for tise
BuLi/TMEDA lithiation of piperidinel0 indicated that 98% conversion is expected at 6 h
but only 90% conversn was observed in the final crude product. This suggested that the
instability of the lithiated intermediate may be a problem with the long 6 h lithiatida of
Boc piperidinel .
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An attempt to measure thgss for the lithiation of the 1081-Boc heterocgles by noHdinear

regression analysis of the consumption of the prelithiation compiexr{in) was also

carried out. For comparative purposes, tiias calculated by consumption of prelithiation

complex,tipreiith and theti2calculated by consnption of theN-Boc heterocyclety /o substrate

are presented in Table 2.5. Tiaes obtained by notfinear regression of the consumption of

the prelithiation complexedi(opreiith) did differ somewhat from th,zs obtained by non

linear regressionfdhe N-Boc heterocycle consumptiof /§-substrat.

Table 2.5. Haltlives determined by consumption of N-Boc heterocycle and
prelithiation complex consumption for the s-BuLi/TMEDA lithiations of a selection of

10 N-Boc heterocycle substrates

Y

Bn |
N N N
SO RS
N
Boc Boc Boc Boc
57 58 9 84 66
t1/2-prelith [ S 152+16 93+66 17.8+0.5 101+4 655+3.7
tiith -prelith / MiN® 2 1 2 12 10°
tiz/ S 18.3+0.9 18.7+1.8 20.7£0.9 84.9+4.4 105+ 3
tiith-haif / Min2 2 2 25 10 15
tiith -visual/ Min 4 4 4 15 22
[\ SN
OTIPS Ofﬁo Ph ﬁNj
\ \ \ \ (Nj
Boc Boc Boc Boc Boc
39 34 32 168 10
tiz/ S 320+ 8 624+ 22 642+5 104020 3190+30
tiith-haif / Min2 37 73 75 121 372
t1/2-preiith / S 282 + 10 310+ 19 502 +7 806 +24 2850+ 30
tiith -prelith / MiNP 33 36 59 94 333
tlith -visual/ MiN 45 100 90 120 360

2t12, measured by nalinear regression analysis BfBoc heterocycle consumption

bt,, measured by nelinear regression analysis of prelithiation complex consumption
¢ lithiation of N-Boc piperidinel0 may not becomplete
dlithiation of 66 modelled as two consecutive first order processes (see experimental)
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For most of the substrates, an identical reactivity order was obtained using ttedculated

by both analysis of substrate consumption and prelithiaborptex consumption. However,
there were a few outlying results that did not follow the trends observed by both visual
inspection and kinetic analysis of theBoc heterocycle consumption. For example, the
reactivity order of bicyclic pyrrolidin@4 andNG&t-Bu piperazines6 is swapped wheh»s

are measured using the consumption of prelithiation complex. In additidn, theasured

for the lithiation of 4ketal piperidineé34 using prelithiation complex consumptioi/{preiitn

= 310 £ 19 s) is nearlydif that measured whety. is measured by the consumption of the
substrate t{>substrate= 624 £ 22 s). As mentioned previously, these unreliable results
provided by the measurement of prelithiation complex consumption likely arise due to the
overlap ofsignals for prelithiation complex and lithiated intermediate. This overlap will
affect the gradient of the prelithiation complex signal during the reaction and provide
unreliable data for regression analysis. Also, the smaller intensity ag¢tbsignalof the
prelithiation complex results in unreliable rate data as the signal/noise ratio is much smaller
than that of the uncomplex@#Boc heterocyclac-osignal. For these reasons, we believe
that thety> values calculated from the consumptior\sBoc heterocycle provide the most
reliable reactivity order; hence it is thésevalues that have been used when correlating the
results with the DFT reactivity study described in Chapter 3.

Next, thes-BuLi/DPE 177lithiation reactions oN-Boc heterocyclepresented in Table 2.6,

were also subjected to the same kinetic analysis procedure. Unfortunatshguh#DPE
177lithiations ofN-Boc morpholinel69and 4chloro and 40-trisyl piperidinesA8and167

were too rapid for sufficient ReactiR data to beollected for kinetic analysis. Even though

the s-BuLi/DPE 177 lithiation of 4-chloro piperidine48 was 5 min, ReactIR data@as only
collected every minute (due to the older iC10 apparatus that was used) so too few point:
were recorded for a reliable kiineanalysis. Therefore, ndimear regression analysis was
only carried out for the-BuLi/DPE 177 lithiation reactions oN-Boc pyrrolidine9 andN&

Me N-Boc piperazines8. Close fitting, first order decay curves were obtained forsthe
BuLi/DPE 177 lithiations of both substrates (Figure 2.14), confirming that the reaction is

first order with respect to thd-Boc heterocycle.
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Figure 2.14. Nonlinear regression to obtainkobsfor the s-BuLi/DPE 177 lithiations of
N&Me N-Boc piperazine 58 (apnd N-Boc pyrrolidine 9 (b)

Thetys, for each of the-BuLi/DPE 177lithiation reactions, calculated using the extracted
from the kinetic analysis, are presented in Table 2.6 along with the lithiation time calculated

usingti2 (titn-hair) and the lithiatiortime obtained by visual inspectiof(-visua).

Table 2.6. Halflives for the s-BuLi/DPE 177 lithiations of N6 Me N-Boc piperazine 58
and N-Boc pyrrolidine 9

|
ole

N
Boc
58 9
tiz/ s 282+ 4 680 + 12
tiith-haif / MiN 33 80
tiith -visual / MIN 30 60

Thetiss obtained for the-BuLi/DPE 177 lithiation of N-Boc pyrrolidine9 andN&Me N-
Boc piperaziné8, indicated that piperazing8 is over two times faster to lithiate th&h
Boc pyrrolidine9 with ti2s of 282 s and 680 s respectively. This fwlal increase in
reactivity is not observed for these two substrates sBlLi/TMEDA, which provided
very similartyzs of 18.7 and 20.7 s for heterocyct&and9 respectively. It is uncertain
whether theapid reaction rates make comparisonsiefunreliable for rapid lithiations or
whether subtle reactivity difference are present with $RuLi/DPE 177 and s
BuLi/TMEDA lithiating complexes. The 33 min lithiation time estimated ugindor the
lithiation of N6 Me N-Boc piperazin®8closelymatched the 30 min lithiation time measured
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by visual inspection. However, the estimated 80 sduLi/DPE 177 lithiation time forN-
Boc pyrrolidine9 differed significantly to the 46 min lithiation time obtainesing visual
inspection. This again highlights how unreliable measuring the rate of lithiation of substrates

can be using visual inspection.

In summary, the kinetic analysis provides a more reliable and precise method to determine
the reactivity of the litlation reactions of differenN-Boc heterocycle substrates. As
discussed, the lithiation reactions of tReBoc heterocycle substrates can be modelled as
first order reactions which allows an observed rate condtaydt to be obtained by fitting

an expoential decay curve Reacti® absorbance of the uncomplexed substrate. sthe
BuLi/TMEDA reactivity series of the 10 substrates studied using the kinetic analysis was in
good agreement with the reactivity series obtained by visual inspection and only
measurment of the reactivity of keté4 provided a differing result. The kinetic analysis
was particularly useful to elucidate reactivity trendsMeBoc heterocycle substrates with
fast lithiation reactions. For example, the kinetically obtatneslwere ale to identify that

N éBn piperazine57 is more reactive tham-Boc pyrrolidine9 using s-BuLi/TMEDA
lithiating conditions.
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2.4 Conclusions and Future Work

In this chapterin situ ReactlRM monitoring has provided a reactivity series forN-Boc
heterogcle substrates with differing ring sizes, heteroatoms in the ring and substituents on
the rings. Boths-BUuLi/TMEDA and s-BuLi/DPE lithiating conditions provided the same
reactivity series for th&l-Boc heterocycles studied, with te@BuLi/DPE conditionseing
particularly useful to elucidate the reactivity of fast reacting substrates suldbBirs
piperazines7 andN-Boc pyrrolidine9. Furthermore, a more reliable and precise method to
determine the reactivity of the substrates wstBuLi/TMEDA was devebped which
involved kinetic analysis of the lithiation reaction. This kinetic analysis has also aided in
elucidating some of the reactivity trends between the fast lithiating substrates. The more
precise measure of reactivity afforded by the kinetic arsalygl be beneficial when the
experimental reactivities and computationally predicted reactivities for substrates are
compared in Chapter 3. By combining the reactivity data forstBaLi/TMEDA and s-
BuLi/DPE 177 conditions and the kinetic analysis résuh reactivity series for the N

Boc heterocycle substrates studied can be constructed (Figure 2.15).
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Figure 2.15. Final reactivity series of the 14-Boc heterocycle substrates studied in
this thesis usings-BuLi/TMEDA and s-BuLi/DPE 177 lithiatin g conditions

The use o&-BuLi/(i)-sparteine provided some significant differences in the reactivity series
of the fast lithiating substrates compared to those obtained witlsBathi/ TMEDA ands-
BuLi/DPE. It was rationalised that the outlying reactestdisplayed by-¢hloro piperidine

48 and 40-trisyl piperidinel67with s-BuLi/(i)-sparteine, could be due to the combination
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of the enantioselective lithiation and slow rotamer interconversion8atC. A combination

of slow rotamer interconversion aadlow rate oN-inversion/ring flipping may also be the
reason thatN éMe andN éBn piperazine$8 and 57 also displayed lower than expected
reactivities withs-BuLi/(1)-sparteine. This effect could be probed further by investigating
whether the rotameanterconversion does occuriat8 °C for the 4substituted piperidines

and piperazines using VNIMR. However, the rates of rotamer interconversion obtained
may not be applicable as theBoc heterocycletBuLi/(1)sparteine prelithiation complex
could havea different barrier for rotation of the carbamate to the uncomplexed substrate.
Another possible experiment that could confirm whether the enantiopure nature of ligand is
responsible for the outlying reactivity of substrates would be to conduct thediisiatith
(x)-sparteine. If thes-BuLi/(£)-sparteine reactions were faster, giving similar results to
those obtained witls-BuLi/DPE 177, this would indicate the enantioselectivity of the
lithiation may be responsible for the retardation of the lithiation

The more detailed mathematic&inetic analysis of the lithiation reacti®nof N-Boc
heterocyclegpresentedn section 2.4 was developed in the latter stages of this,gtidy
meant thafurther investigationand elucidatiorof the reaction kinetics vganot possible.

Our current kinetic model for the lithiation reactiassumes that the lithiation is first order
with respect to thencomplexedN-Boc heterocyclethe consumption of the substrate does
appear toexhibit a first order decayuggesting thathis is the caseHowever,further
experiments could be conducteattmclusivelyconfirm whether the lithiation reaction does
indeed show zero order kinetics with respect to the concentratiaBoti/diamine
Repeatingthe lithiatiors of N-Boc heterocyles with varying concentrations ofs-
BuLi/diamine would provide clear evidence whether there is zero order response to the
concentration of-BuLi/diamine usedAdditionally, theaggregation state of the alkyllithium

and any aggregation state chandesng the lithiationreaction has not been investigated.

At presentit is assumd thatall alkyllithium species aren a monomeric form due to the
stoichiometric amounts of diamine ligand addad it possible thathesealkyllithium
species exist as aggregatin the reaction. A better understanding of the alkyllithium
aggregates, using methods such as Li NMR, may provide a more accurate kinetic model fo

these lithiationreactiors.

Further development of the kinetic analysis mettogly used in this investagion may also

be able to provide moneliable andaccurate values dnbs for particularly fast or slow
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lithiating N-Boc heterocycles.dt fast lithiating substratesich adN-Boc morpholinel69

it may be possible to use the ragiollect feature on theewer ReactIR! apparatus which
allows areading to be taken every second. This was used in this project to investigate the
fast equilibrium between the toomplexed heterocycle substrate and prelithiation complex
(see Scheme 2.3). Due to the more sigaift noise present in the ragidllect ReactIR"

trace it was not used to monitor the fast lithiation reactions as determining qoiahd
would be difficult by visual inspection. However, with the recently developed kinetic
analysis methad curve coud be fit to these data which would be less affected by the more
significant amount of noise preset@imilarly, kinetic analysis using curve fitting may
enablekopsandtyz values to be obtained for slow lithiation reactions as the curve fitting does
not require the reactions to reach completion. This would be particularly useful as
maintaining a temperature 6¥8 °C for over 10 h is problematic when monitoring slow
lithiation reactions by Reactf®. An interesting substrate to study would be the 7
membeed nitrogen heterocycléy-Boc azepand 92 (Figure 2.16), which kgroup data
suggests is even less reactive thaBoc piperidinel0. Thes-BuLi/TMEDA lithiation of
azepanel92 at 150 °C required 2 h for complete lithiation whereas piperidi@eonly
requred 35 min afi 50 °C.>3 This indicates that azepan82is significantly less reactive

than piperidinelO likely due to the conformational flexibility of the largentfembered

®

N
|

Boc
192

heterocycle.

Figure 2.16.N-Boc azepane 92
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Chapter 3: Comput at i o n-aithiatibnFol M

N-Boc Heterocycles

The DFT mod elithiatioma N-Bot heterbcgcleslhas previously been reported
by Wiberg and Bailey*®® as discussed in section 1.4. However, these previous
investigations were primarily focused upon reproducing the enantioselectivitwethser
when a chiral diamine such a$){parteine, was employed in the lithiation. The
computational study reported in this Chapter focuses on exploring the differences in

reactivity observed when different diamines and substrates are used in the lite@titon.

Previous | iterature pr ec elithiatiortreaetiondreseies ink i r
Chapter 2 indicate that deprotonation in the prelithiation complex is the rate determining
step’>?Therefore, in order to calc@)atert+hbke
lithiation reactions, it is this step that needs to be modelled. This requires the ground state
prelithiation complexi93 and transition state for the deprotonati®4f o r -lithiation U

of theN-Boc heterocycle to be constructed and optimised (Figure 3.1).

TNI-H\\
A

O~~~~|_/'/\
"N

MK [Nj R N transition state 194 N Li/N
fast i ' ' >

N /LL Il \‘ // N

EIBOC /K .- N> ; 3 t-BuO/g N

,R
t-BuO

- @]
t BuoreIitrfi)ation 2 AGH lithiated
+ s-BuLi/TMEDA P  itomaants

complex 193

Figure 3.1. Partial reaction c-tlwatiachi nat e

reaction of N-Boc heterocycles
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3.1 Computation al DF T Mo d e-LithiationdReaotions of N-8oc U
Pyrrolidine and N-Boc Piperidine

Fi r s t-lithiatiom reactions of botitN-Boc pyrrolidine9 andN-Boc piperidinel0 were
modelled and this required the optimisation of prelithiation complexetramsition states

for each of t he s ub s-lithiaBoh reactions ©MiBoc pyrroledimgdi 0 s «
andN-Boc piperidinelOwith i-PrLi/(i )-sparteine have been modelled previously by Wiberg
and Bailey (see section 1.#)88Their computational study also optimised préition
complexes and deprotonation transition states for-Br&i/(1)-sparteine lithiation 0® and

100. Wi berg and Baileyds work provided use
of the prelithiation complex and transition states for the litmativhich assisted the

construction of initial geometries for our computational study.

For t he mo dlehiation reagtiors oN-Bot pyrrolitined andN-Boc piperidine

10, i-PrLi was used as the alkyllithium andrdethyl bispidinel95as the diamine (Scheme
3.1). As with Wi bda-PrgiwaschbseBazs & hodejsaBidi asn€rtih o d
lacks a stereogenic centre. The absence of the stereocentre simplifies the calculations &
removing the complication caused by diastereomeric prelithiation complexes and transition
states. Dimethyl bispidinel95was selected as it hassemple and rigid structure making
optimisation faster and easier. It was expected that a flexible diamine such as TMEDA would
provide a shallow potential energy surface making the location of minima more complex
and time consuming. However, later in oumguutational study it was found that TMEDA
could be modelled as the diamine ligand without adding significant computational expense
to the optimisation process wit hlithxttedof mo d

N-Boc heterocycles with TMEDA andtar diamines will be discussed later in this chapter.
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Scheme 3. 1. Reacti on ¢ o nlithiatibn reactisns of NeBdc t o
pyrrolidine 9 and N-Boc piperidine 10

éoc gas phase, -78 °C' /g /,Li\ 195
tBuO” 0 - )\ \)\
n=19 Li Li

n=210 i-PrLi s-BulLi

)n )n Me\ /N N,
L) i-PrLi/bispidine 195 (()\ N Me Me
N

* = stereogenic centre

All calculations were conducted in the gas gghand the enthalpiebl and free energies

(G) calculated by frequency analysis were corrected®°C, as this is the temperature at
which the lithiation reactions were conducted experimentally. These conditions were used
as the standard for all of tmodelling carried out in this computational reactivity study.
Solvent corrections were not applied to the calculations but are discussed briefly in section
3.2.4. DFT scaling factors were not required as the calculated energies were only usec
relative toone another. i.e. only the trends between the experimentally determined rate of
reactionkhgy and the calculated activatiom®)ene]
were compared. Scaling factors are only required when absolute activatigiegner
comparable to experimentally determined activation energies are needed. All geometry

optimisation and frequency analysis calculations were carried out using GAUSSHARN 09.

For -ithiatdon t¢actions oN-Boc pyrrolidine9 andN-Boc piperidinel0, prelithiation
complexes and transition states were optimised using two different computational methods:
the ab-initio postHartreeFock MP2 method and DFT. When the optimisatioof
geometries was carried out using DFT, two different hybrid functionals were used,
B3LYP¥5a nd Truhl ar 6 s MO 6'1°BBLYIP is a wellestablished BFETt i o
functional that is commonly used for the modelling of oigasystemsl’ The MO06
functional is a more recently developed DFT functional which has been shown to better
describe dispersion interactioh;the inaccurate description of dispersion interactions is a
common pitfall when chemical systems are modelled using ‘##TThe DFT modelling

was conducted with two functionals to allamy outliers that may have resulted from the
fitting of functional to be identified. Additionally, it was envisaged that the M06 DFT
functional may provide a better description of the system as it more accurately accounts fol

dispersion interactions.
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Boththe DFT and MP2 optimisation methods were used within a moderately sized Pople 6
31G(d) basis set. This size of basis set was selected to provide sufficiently flexible
description of orbitals without making the computational expense of the calculations
prohibitively large. The systems modelled in this study are relatively large (~80 atoms)
which prohibits larger basis sets being used for optimisation as the additional basis functions
on each atom would increase the complexity and time required for théataltuFor both

DFT functionals, a larger than default, pruned (99,950) integral grid was used (GAUSSIAN
09 keyword Int=UltraFine).

Both the MP2 and DFT modelling with B3LYP and MO06 functionals provided nearly
identical optimised geometries for bolietprelithiation complex and transition stidethe
Ulithiation of N-Boc pyrrolidine9. The geometries optimised ft-Boc pyrrolidine 10
using B3LYP/631G(d) are shown in Figure 3.2.

Ot-Bu N O¢-Bu
Figure 3.2. B3LYP/6:31G(d) geometries for the prelithiation compex (a) and
transition state (b) of theN-Boc pyrrolidine 9 deprotonation (C and H atoms of the
di-methyl bispidine ligand 195 are hidden for clarity)

To confirm that t he dJtaaah of&-Bar pyrrolidined wastlzet e d
correcttrasi ti on state, correspondi ng-protan, anh h e

Intrinsic Reaction Coordinate (IRC) calculation was also conducted. The IRC calculation
followed the reaction coordinate in both a forward (towards the lithiated intermediate

product 196) and reverse (towards the prelithiation complex) direction from the transition
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state. This calculation was conducted at a B3LYJY6(d) level of theory using the
optimised transition state geometry obtained when the lithiatibhBxdc pyrrolidine 9 was
modelled As expected, the reaction coordinate converged toward prelithiation complex in
the reverse direction and the forward direction converged toward the lithiated intermediate
196 (Figure 3.3). This confirmed that the correct transition $tader -lithfateon dIN-Boc
pyrrolidine9 had been located.

a) | . b) n &
@ 0- ~ «— lransition b) & ro e
_ s state N
S 201 LT ithi YN 5 >
= - Towards lithiated c - .
-  intermediate 196 W
X -40 k J &
TR -
@) /
-60 4 s Ay
=~ Prelithiation ),
1 complex c S -
_80 T T T T .Hv
-5 0 5 -
Reaction Coordinate - .

Ot-Bu
196

Figure 3.3. B3LYP/6:31G(d) calculated reaction coordinate for the-PrLi/di -methyl
bispidine 195 lithiation of N-Boc pyrrolidine 9 (a) and an output geometry from the

forward path showing formation of the lithiated intermediate 196 and-propane (b)

Once prelithiation complex and transitio
lithiation reaction oN-Boc pyrrolidine9,t he acti vati on free&)ene
was calculated using both the MP2Gaauds DFT
were corrected t®#78 °C to replicate the temperature at which the lithiation reactions are
carried out exper i men® aduesywbtaingdwempnapgateifot u d ¢
a reaction that occurs a7 8 A C .G’ vlhes obtpined for the reaction from the DFT
functionals and MP2 were similar, suggesting that DFT does provide a sufficient description
for the interactions occurring in the reaction and a mayeotigh MP2 treatment may not

be required for this system.
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Tabl e 3. 1. Act i va®) caloulatédrfer e¢he kthiadon ofi M-Boc (

pyrrolidine 9
Method gGY / kcal mol?
B3LYP/6-31G(d) 13.77
MO06/6-31G(d) 13.63
MP2/6-31G(d) 13.87

Next, the i-PrLi/di-methyl bispidine195 lithiation of the corresponding-®embered
heterocycleN-Boc piperidinel0, was modelled with the same MP2 and DFT methods that
were used to model the lithiation dFBoc pyrrolidine 9. Optimisation of prelithiation
complexesand transition states for the lithiationfBoc piperidinelO was more complex,

as two possible reaction pathways were found. These reaction pathways differed by the
location of tha-PrLi during the reaction. In one of the reaction pathways Bréi sraddles

the piperidine -protandghatisdépmtonatadt hit ® it heddnot
deprotonation (Figure 3.4.a). The other reaction path placestthe reagent to the side of
the piperidine r i potontliphidaprotendtgdahts ésménotddas t h

0siochéd deprotonationd (Figure 3.4.b).

(b)

Figure 3. 4. Prelithiation compl exoensé f or
deprotonation (b) of N-Boc piperidine 10 (C and H atoms of the dmethyl bispidine
ligand 195are hidden for clarity)
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Geometries for the prelithiati omnocoamd e&
deprotonation oN-Boc piperidinel0 were optimised using MP2 and the B3LYP and M06
DFT functionals. All three methods provided very sanibptimised geometries for both
faces of attack from thePrLi. In all of the calculations, the experimentally observed
equatorial lithiation was lowest in energy. The B3LYBM5(d) optimised geometries of

the prelithiation complex and transiton stbte r t fo@ 660 finde 6t op &N- dep
Boc piperidinel0 are presented in Figures 3.5 and B@&:. the transition states located for
both t-&hed 6amdedt opd deprotonation pat hwa
ensure that the saddleipbcorresponded to the lithiation, as described previousif8oc
pyrrolidine 9. These IRC calculations confirmed that the saddle points located did indeed
correspond to the -lthiadon sfiNtBocopiperidineXD t(reactidno r

coordinate diagrams are included in the experimental datection6.5).

(b)

t-BuO t-BuO
Figure 3.5 B3LYP/6-31G(d) optimised geometries for the prelithiation complex (a)
and transiti on sotnadt ed e(pbr)o N-8wu pipéritosn 1M¢Sfand e
H atoms of the dimethyl bispidine ligand 195 are hidden for clarity)
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4
( N>"'H J-Pr O"H\(-Pr
Li—N N g
>:o/\\) _Li—N
N —QO \
t-BuO £BuG N\)

Figure 3.6. B3LYP/6-31G(d) optimised geometries for the prelithiation complex (a)
and transition state ( bN-Botpperidinehl® (Candeip é6 d
atoms of the dimethyl bispidine ligand 195 are hidden for clarity)

Activation fQ@)eeweeneeralies dad cuiloatbe danfdoro
deprotonation oN-Boc piperidinel0 with the three computational methods (Table 3.2).

I nteresti ngl @ valdeshimdicated that thhd MP2 @nd thegM06 DFT imesh
favoured thdaPoObLop@wheat éaskt oé& B3LYP DFT f

ond attack.

Table 3.2. Act i v@]calolatedffar thei-Prei/di enethyl bisgiding o
195 lithiation of N-Boc piperidine 10

Method Face of Attack o G /kcal mol?t
B3LYP/6-31G(d) Sideon 16.11
Top 16.39
Sideon 15.34
MO06/6-31G(d) Top 14.85
Sideon 15.58
MP2/6-31G(d) Top 15 33

Comparison of the activation energies calculated for bBoc pyrrolidine9 andN-Boc

piperidine10 with all methodsndicated a significant difference in the energy barriers for
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the lithiation of the two substrates. For example, using B3L8R®(d) the lithiation oN-
Boc pyrrolidine9 s h o w &'d= 13177 kcal mot whereas folN-Boc piperidinel0 it was
f ound Gt=H&all kcgd mot. This significant 2.34 kcal mdlgp B’ suggests thal-
Boc pyrrolidine9 should be substantially more reactive thaBoc piperidinelOati 78 °C.
Thisis supported by the experimental ReattIRetermined reactivity series, wheMeBoc
pyrrolidine 9 (tu2 = 20.7+ 0.9 s) was significantly more reactive thdsBoc piperidinel0
(tr2 = 3190+ 30 s).

We postulate that the significant difference in the &eergies of activation for the lithiation

of N-Boc pyrrolidined andN-Boc piperidinelOresult from differences in steric interactions

due to the differing conformations of thednd 6membered rings. Inspection of the non
bonding distances betweeR1Li, di-methyl bispidinel95and theN-Boc heterocycleq or

10) in the B3LYP optimised transition states did offer some differences irboding
distances between the protons on Mioc heterocycle andPr L i . Foondhe
lithiation of N-Boc pipeidine 10, there was a smaller ndoonding distance between the

PrLi protons and the axil -prdion on the\-Boc piperidinel0 which is not deprotonated
(2.438 ) (Figure 3.7). 't i s p-preo and the t |
i-PrLi could raise the energy for deprotonationNsBoc piperidine10. For t he
lithiation of N-Boc piperidinel0t he di st ance bpeotowane the-PrLh e a
protons are larger (3.099 and 3.412 A) so this steric effect is likely not to be responsible for
the higher energy required for lithiation. However, there are smaller distetvesen the
b-protons of the carbamate and the protonskof L i in the o6topd |it
N-Boc piperidine (2.470 and 2.346 A) than those in the transition state for lithiat\dn of
Boc pyrrolidine9 (2.658 and 2.349 A). The closer pimity of thei-Pr L i t rotobnk e s e
for the 0t &NBdc piperidinbld raaly beaesporsible for the larger calculated
energy barrier of the ONBoppyrolidineO.hi ati on c
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axial
proton

(©)

axial
proton

Figure 3.7. Nonbonding distances betweenm-PrLi and N-Boc heterocycle for the
O0stoche® | i tN-Batipnpefi di ne 10 N-Bapiperidingl®p 6 |
(b) and lithiation of N-Boc pyrrolidine 9 (c) (C and H atoms of the dimethyl bispidine
ligand 195 are hidden fo clarity)

The results in Table 3.2 also indicate that the modelling of the lithiatiNFBafc piperidine

10wi t h MP2 and MFlles forthe lithiatios dith eplarger variance to those
calculated forN-Boc pyrrolidine. F o r-lithiatiore of NdBoc pyrrolidine9, the three
computational me tGh\aldes foruthe eedctiop that variegt ©0d1-0.2p

kcal moft. However, for the lithiation oN-Boc piperidinel0t he s e ¢ &fvaried at e
more significantly by ~08.3kcalmot. The di f f er &hvalees daleutatedte e n
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by MP2 and B3LYP was 0.78 kcal moand between MP2 and M06as 0.48 kcal mol.
Clearly, the activation energies calculated with both DFT functionals deviate from the
energy calculated using MP2 and this may suggest that dispersion interactions are mor
significant for the deprotonation ®-Boc piperidinel0 than N-Boc pyrrolidine9, since

MP2 should describe dispersion interactions better than DFT.

However, optimisation of the prelithiation complex and transition states for the lithiation of
N-Boc pyrrolidine9 and N-Boc piperidinel0 at the MP2 level of theory pved difficult.

These MP2 calculations are more computationally expensive due to inclusion of electron
correlation effects by perturbation of the HF Hamiltonian. HF and DFT calculations scale to
N* (whereN is number of basis functions) whereas MP2 catira scale tdN® due to the
addition of correlation correctiortd’ The calculations also proved difficult due to the flat
potential energy surfaces of both the prelithiation complex and transition state and requirec
andytical calculation of the second derivatives of energy (Hessian matrix) for each iteration
of the geometry optimisation (using the Opt=CalcAll keyword in GAUSSIAN 09).
Calculation of the second derivatives of energy during every step of the optimisatien m
the calculation extremely computationally expensive. The MP2 optimisation of the
prelithiation compl eslthiaiondfNBocpymralidined reguireds t a t
nearly one month of calculation time on an-&re CPU. For comparison, tteame
optimisation using the B3LYP or M06 DFT functional required only two days using 2 CPU
cores. Therefore, optimisation using the MP2 method was used omMyBoc pyrrolidine

9 andN-Boc piperidinel0 due to the large computational expense involvedisindt used

in any of the modelling discussed further in this Chapter.
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3.2 Use of DFT to Explore te -Lihiation for a Range of N-Boc

Heterocycles

3. 2.1 Mo d dithiationrofgN-Bohheterdtycles to probe reactivity

With the modelling of the-PrLi/di-methyl bispidine195 Ulithiations of bothN-Boc
pyrrolidine 9 and N-Boc piperidinel0 completewe next f ocussed

lithiation reactions of a wider range lfBoc heterocycles. To this end, thErLi/di-methyl

bispidine 195 lithiation reactions of the 14 substrates included in the experimental
BuLi/TMEDA reactivity study in sectio 2.1 were modelled with DFT. The structures of

these 14N-Boc heterocycles are shown in Figure 3.8.
OSO,R

H
Boc
N |
; A7 : P 1
ocC ocC
Boc Boc 167R=Ar  D°C
9 96 84 10 48 197R=Me 39

Ar = 2,4,6-(i-Pr)sCsH2

O/ \O \N/ Bh | \‘/ $n
S0 oG & D
N N N N N N \
Boc Boc Boc Boc Boc

Boc Boc

34 168 32 58 66 57 169
Figure 3.8.N-Boc heterocycles included in the DFT reactivity study

ULithiation reactions of eadi-Boc heterocycle were modelled using the B3Laffl M06

DFT functionals used previously. It was envisaged that DFT modelling might be able to

reproduce the reactivity differences observed experimentally with the diffekr&dc

heterocycl es, alghiaions ofN-Bat pydraidined afd bl-Boc pigekdiné)

10. This would provide useful information about whether the structural features of the

substrates were responsible for the differences in the rates of lithiation observed.

The B3LYP optimised geometries of the transition states forCkfigiation of the 12
additionalN-Boc heterocycles are presented in Figure 3.9. For the lithiatioiDetrigyl N-
Boc piperidinel67, the lithiation of a similaN-Boc heterocycle 4©-mesyl piperidinel97

was modelled instead, to reduce the computdtion@ o mp |l exi ty of t-he
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ond and o6t opd fi-Brtidisnetlyfbismdindgl 35 weke modelied for lalleof

the sixmembered heterocycles, which includédBoc piperidinelO (discussed earlierN-

Boc morpholinel69, 4-substitited piperidine82, 34, 39, 48, 168, 197 and piperazines7,

58 and 66. Only the optimised geometry for the lowest energy type of deprotonation is

included in Figure 3.9.

Fi gur e -Lithiati®n. tranEition state geometries for the 12 additional N-Boc
heterocycles (excludindN-Boc pyrrolidine 9 and N-Boc piperidine 107 seeFigure 3.8),

the preferred type of deprotonation for 6me mber ed r-d md& so r6o sa tdep 6
next to the compound number

4871 0 s tocthé 19771 6 s toché
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571 6 s tochéd 1691 dopd

2 JHithiation of N-Boc pyrrolidine96 can occur eithecis or trans to the cyclohexyl ring,
lithiation transto the ring is lower energy and is used for this reactivity study (computational
modelling of thecig/trans selectivity of N-Boc pyrrolidine 96 lithiation is described in
Chapter 5).

b to simplify modelling, 4O-trisyl N-Boc piperidine167 was modelled as-®-mesyl
piperidinel97.

In general, when the lithiation reactions of theémbered heterocycles were modelled with
the B3LYP DFT f uwonncét idoenparl ot otnhaet irdysfar NageBs f a
piperazine66 andN-Boc morpholinel69was t he o6t opdé6 depr ot ona
contr ast ,-lithiatioesrof these esamerBembered heterocycles were optimised
using the M0O6 DFT functional, there was no clear preference foereof thei-PrLi
orientations. The | o w-deprotonagon eof the -fhemlizetedh w a

heterocycles with both the B3LYP and M06 DFT calculations are summarised in Table 3.3.
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Table 3.3. Lowestenergy-Pr Li or i e nt dithiationrof 6EmemberedNeéBocU
heterocycles with BALYP and M06 DFT functionals

ﬁolj OSO,Me OTIPS ofﬁo

Q N fj fj N
Boc Boc éoc éoc Boc
10 48 197 39 34

7z

B3LYP O0siochd Oseiochd Osiothed Osioched Osiohed

MO06 6top Osiohéd O6siohéd O6top Osiohd
N~ -
N Ph | [-Bu Bn
0) SRRSO
N N b \ N
Boc Boc Boc Boc Boc
168 32 58 66 57

B3LYP Osiothed Osiohd Osiodheéd 6top Osiohd

MO6 0t op O6siodhedd 0t op 0t op 0t op
0]
.
Boc
169
B3LYP 0t op
MO06 0siohed

Free energie®&) ofveaet tah t-littbationstotfeach ofthe t8h e U
Boc heterocycles in Figure 3.8 with the B3LYP and MO06 DFT functionals. These are
presented in the experimentally determined order of reactivity in Table 3.4. Afleof

c al ¢ u Badluesiwergcorrected to a temperature?d °C, the temperature at which

the lithiations were carried out experimentally. The experimentally determinetivialf

(tu2) for the lithiation reactions of all 14 substrates are showrgadath the computationally

c al c u G'atd allodv caqmparison between the theoretical and experimentally determined
reactivities for the substrates. For the substré®8s48, 167/197and 96 for which kinetic
analysis was conducted in Chapter 2, thetir@adalflives were estimated usitigy = tiin/7

(@as 7tizs = 99 % ¢ o n v& valsespresented inTTiakde 3. for each of the 6
membered heterocycles are t aken forrondttohped
| o we® valuegisee Takl3.3).
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Table 3.4. N-Boc heterocycle experimentally obtained reactivities t{2) and

B3LYP/MO6 calculated activation free energies

i-PrLi/bispidine 195 ”E j s-BULIITMEDA ”E j\ N

T T
Ay

t-BuO (0]

N
Li. > —78 °C, gas phase
N AGi? Boc

_________________________

'}l -78 °C, Et,0 Li >

ty2 ?

Cl OSO,5R | I?n
) ol
\ N N N [N]
Boc Boc Boc Boc Ilaoc
169 48 167/197 58 57
tie/ s <o <1? <17P 18.7+1.8 18.3%0.9
qﬁy (B3LYP)a 12.61 12.68 13.1F 14.59 14.43
CpSy (M06)a 11.79 11.67 12.96 13.85 13.48
f-Bu OTIPS
H: e eH N
{ \ Boc [ j
N
) e 7Y )
| | |
Boc Boc Boc Boc
9 96 84 66 39
tiz/ s 20.7+0.9 <38 849+4.4 105+ 3 320+ 8
CpIBy (BSLYF’)a 13.77 14.55 15.01 15.15 14.86
Y (M06)? 13.63 13.36 13.85 14.63 13.07
~,.,
O/_\O Ph ﬁNj
fﬁ‘ﬁ N N (“.‘j
Boc éoc Boc Boc
34 32 168 10
tuz/ s 624 + 22 642 +5 1040 £ 20 3190 + 30
qGV (BBLYP)a 15.45 15.20 15.58 16.11
qﬁy (M06)2 13.43 14.24 14.23 14.85

@DFT calculated activation free energies reported in kcat'mol

bkinetic data not availaé; t1/, estimated using lithiation timéx1 = tin/7)

¢ DFT results for 40-trisyl piperidinel67 (R = 2,4,6(i-Pr)sCsH2) were obtained by
modelling the lithiation of dnethanesulfonyN-Boc piperidinel97 (R = Me)
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By inspection of the experimentaks and theoreticalG’ values in Table 3.4, a correlation
between theory and experiment is observed for the lithiation di-Bec heterocyclesAs
expected, this general trend indicated that for most substh&teslculated energy barrier

of t he GCGlintréaseastthie substrages become less reactive with larger experimental

t1/2S observed.

Many of the reactivity trends observed experimentally that were attributed to key structural
features of thé&l-Boc heterocycles were reproducible with the DFT modelling. kamgle,

the DFT modelling with B3LYP and MO6 functionals indicated that th@ebnbered
pyrrolidine substrate®, 96 and 84, were more reactive thaN-Boc piperidine 10.
Additionally, DFT modelling reproduced the activating effects that were observeafér th
memberedN-Boc piperidines, when either a heteroatom was included in the ring or when a
C-4 substituent was present. For example, DFT modelling with B3LYP and M06 functionals
indicated that morpholing69 and piperazine$8, 57 and66 are more reactivhanN-Boc
piperidine 10. For the 4substituted piperidines, the DFT modelling could predict the
magnitude of the activating effect for many of thel Gubstituents. For example, the 4
chloro and 40-trisyl piperidinesA8and167/197were found to be muamore reactive than
4-amino piperidinel68using the DFT modelling with B3YLP and M06 functionals.

At this present time, no further computational evidence for these activating effects or anothel
rationale for the large differences in reactivity observetthénsubstrates can be suggested.
The dihedr al a pwtbrethatbie depr@omated and ¢he darbonyl of the
carbamate was measured in the prelithiation complexes of the 14 substrates, to establish
there was any relationship between this aagkthe rate of lithiation. It could be envisaged
that different dihedral angles may affect the coordination of the alkyllithium during the
lithiation and affect how facile the reaction is. No trend between this dihedral angle and the
rate of lithiation vas observed for thid-Boc heterocycles studied. This same analysis was
conducted by Gross and Beak for the lithiation of cyclic carbamates using competition
experiments and they also noted that no correlation between the dihedral angle and rate c

lithiation was observetf:

Both DFT funcionals did produce outlying results for a few of theBoc heterocycles,
where the reactivity order did not match that observed experimentally. For example, the
B3LYP functional suggested thiit-Bn andNG-Me piperazine$7 and58 are less reactive
thanols er ved by exper i n& waues fol both of chede piperazirtes d
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suggest that they were less reactive tRaoc pyrrolidine9 but the experiment#l» values
suggest that they are either more reactive or have similar reactivity to tiNxBot
pyrrolidine9. Also, the M06 DFT functional suggested tNétt-Bu piperaziné6 should be
one of the least reactivd-Boc heterocycles, with a similar reactivity kbBoc piperidine
10. However, experiment indicated teduLi/TMEDA lithiation of NGt-Bu piperazines6
Is ~30times faster than that &f-Boc piperidinelO.

Another outlier arose when the lithiation e DT IPS piperidine89was modelled with DFT.
Cal cul at i &nfor thd i-Prti/dienethgp bispidine lithiation195 of 4-OTIPS
piperidine39 with MO6 DFT functional suggested this substrate is extremely reactive, with
a similar reactivity predicted to that of-Gktrisyl pipeidine 167/197 However, the
experimental study found that@TIPS piperidine89is in fact ~20 times less reactive than
4-O-trisyl piperidine 167/197 with s-BuLi/TMEDA. Modelling with the B3LYP DFT
functional also suggested that th®ZIPS piperidine839 was more reactive than observed
experimentally but by a much smaller margin, suggesting a reactivity between that of 3,4

disubstitutedN-Boc pyrrolidine9 and bicyclic pyrrolidined4.

The differing trends and outliers observed with each of the DFT furadsidnighlight an
important point; different computational methods may not provide the same results. When
using computational modelling to help understand chemical reactivity it is important to
consider the level of theory and for DFT, the functional teaised. This is one of the
primary reasons why two different DFT functionals were used for the computational

modelling in this study.

With so many differenN-Boc heterocycles and such a large quantity of reactivity data, it
was difficult to judge presely the quality of the trend between theory and experiment.
Therefore, a method that allowed the linear correlation of these two sets of data was requirec
as this would enable the correlation between the experimental and theoretical results to b
analyse quantitatively. This was achieved using the Eyring equation which relates both the
rate constank and activation energy for a reactiapd) at a temperatur€ (Equation 3.1).

e

e QY Y .
Q ,,—QQ (Equation 3.1)

Using a linear form of this equation allowed linear regression of the experimentally obtained
kobs values fortheN-Boc het erocycle substratesGand

(Equation 3.2). In this linear form of the Eyring equation, the experimentally obtained
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In(koby data can be plotted against the computationally obtaisigdand the correlation

between the two sets of data can be analysed.

7 P Q7Y
G A )

O Go AmMido

D P s QY .

w af m vaNal: Q «a ) (Equation 3.2
This Eyring regression was first applied to the theoretical and experimental results for the
lithiation reactions for all of the 14N-Boc heteroycles included in Table 3.4. The
experimentally obtained kapsvalues were plottedersus h e ¢ a | G¥ valliea dbiided o
with both B3LYP andGMduésaimKk)nfolo allow analysissof s |
the gradient) (Figure 3.10). Error baase not included for the kasos values as thédons
standard error obtained by the kinetic analysis is too small to observe on the logarithmic

scale.

@ . (b)

obs / S-l)

In(k

-9 T T T T T T T 1 '9 T T T T T T 1
50 55 60 65 70 50 55 60 65

B3LYP DG’ (kJ mol™) M06 DG’ (kJ mol™)

Figure 3.10. Eyring linear regressions for experimentally obtaine#tobs and calculated

g’ values forthe lithiation of the 14 N-Boc heterocycle substrates in Table 3.4

The Eyring analysis with the B3LYP calculate}’ values for theN-Boc heterocycles in
Table 3.4 provided a promising correlatiorf €R0.716) between theory and experiment. On
the other A n d , G¥ vialees aglculated with the M06 DFT functional provided only a

moderate correlation with experiment?(R 0.510). The Eyring analysis for each DFT
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functionals indicated that the three substrates with rapid lithia88m8 and167/197with
edimatedtio;s , deviated from the trend Givaues Tt
calculated with B3LYP which are circled in Figure 3.10.a. These outliers are likely due to
large amounts of error in the experimental data which are further compboypdee rapid
rates of reaction. Therefore, it was decided to remove the substrates fortwhiechs
estimated from the Eyring analysis, includit®g, 48, 167/197and cyclohexyl pyrrolidine
96 and reevaluate the trend between theory and experimerthéoremaining 10N-Boc
heterocycles (Figure 3.11).
| Bn t-Bu
N N N
PG ENGEN e
N
Boc Boc Boc Boc

58 57 9 84 66
N,
OTIPS Ofﬁ/ \o Ph N
N N ﬁNj ) (Nj
Boc Boc |'300 Boc Boc
39 34 32 168 10
-2 - -2 -
1 y =-0.6044x + 32.435 1 y =-0.449x + 20.84
37 .\ == R*=0.802 37 =, = R°=0342
4 ~
‘N 1 ‘n
~~ _5 -~ ~~
(2] 7]
o] g o]
(o] o
X 6 X
) — N
S =
_7 .
-84
] 4 [ ]
-9 T T T T T 1 -9 T T T T T T T T
55 60 65 70 54 56 58 60 62

B3LYP DG’ (kJ mol™) M06 DG’ (kJ mol™)
Figure 3.11.Eyring linear regressions for experimentally obtainedkobs and calculated

i3’ for the lithiati on for the 10N-Boc heterocycle substrates above

Upon removal of thé-Boc heterocycles with estimatégbs, a considerable difference in
the correlations between experiment and theory were observedi@halues calculated

using the B3LYP DFT functionanow provided a good correlation {R 0.802) with the
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experimental results. However, it was noted that the lithiation reactions of the three fastest
substrates of the 10, pyrrolidi®eandNGBn andNGMe piperazine$7 and58, all had very
similar exper me nt al react i vi Givalues shggdstedtthegwoualdahave u |
more notable differences in reactivity. This could be due to deficiencies in the modelling or
the larger margins of experimental error for these fast lithiating substratesc@ssdis in
Chapter 2.Th e G'alues calculated with M06 DFT functional still provided poor
correlation with experiment. The quality of the fit can also be assessed by analysis of the
gradient of the line of best fit plotted through the regression of therdtical and
experimental data for the 18-Boc heterocycles. For these Eyring linear analyses, the
gradient is expected to equdl/RT as stated in Equation 3.2, whd®as the universal gas
constant and is the temperature. In this cadejs equal t0195 K as the experimental
reactions are conducted BI8 AC and al | t h@® cafculateé haeerbeen g i

corrected to 195 K. Therefore, the gradient of the line of best fit is expected to equal:

P p
YY U p T pTT p WL

e aé

For the Eyring regression using tips’ values alculated using the B3LYP DFT functional

the gradient of the line of best fit was equal @604 kJ mof!. This is very close to the value
expected and therefore provides further evidence of a good fit between experiment anc
theory. The line of best firém the Eyring analysis of the M06 calculated results provided

a gradient of 0.449kJ mol* which differed significantly to what was expected. The gradient
provided by the M06 results as well as the poor correlation between theory and experimen
suggeststhat modelling with the M06 DFT functional does not provide an accurate

description of this system.

Il n summary, DF T -litniatidreréattions of diffefeniBdc éhetetbeycles

does describe many of the reactivity differences that were obsexpedimentally. The

DFT modelling does not perfectly describe the reactivity of each substrate but does accoun
for most of the large differences in reactivity between substrates that were observed
experimentally. The Eyring regression analysis indicatgsod overall correlation between

t he B3LYP G'avalues laradt egperimantal reactivity data. This promising
correlation between theory and experiment provides an interesting avenue of further

investigation which is described in the next sectiothisf Chapter.
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3.2.2 Using DFT modelling to predict reactivities of unknowrN-Boc heterocycles

If a good correlation between the DFT modelling results and the experimentally obtained
reactivities is observed, it may be possible to use DFT modellingdacptiee reactivity of
N-Boc heterocycles for which reactivity is unknown. Even if modelling could only suggest
whether the lithiation would be slow (> 2 h), occur at a moderate rate (5 min to 2 h) or was
fast (< 5 min), this could be of great use to atlsgtic chemist. This estimated reactivity
would provide information about whether the lithiation is feasible and if so, provide an idea
of the reaction of condition®(g.reaction temperature) that would be required. This would
allow the suitability of tke -lithiation of a novel substrate to be assessed without any

synthetic or kinetic work being done beforehand.

A's tG¥ ealuap calculated with the B3LYP DFT functional had provided a promising
correlation with the experimentally obtained kinetic ddtayas decided to use the Eyring
regression in Figure 3.11 to attempt to predict the reactivity®bc heterocycles for which
reactivity is unknown. Hence, thdPrLi/di-methyl bispidinel 95lithiation reactions of three
N-Boc heterocycles with unknownagetivitiesanti-97, 198 and 192, were modelled using

the B3LYP DFT functional. The-BuLi/(i)-sparteine lithiation of dphenyl pyrrolidine
anti-97 had been reported previously but no reactivity data was collected (see Scherfie 1.32).
The lithiation of 2,5dimethyl piperidinel98has not been reported and it was expected that
the lithiation would have a high activation energy barriéi7&8t°C due to the methyl groups

at e a ¢ h-positions.tTheelithiation of -emberedN-Boc azepanel 92 has been
reported using higher reaction temperatuiie® (°C) but the rate of lithiatiomvas not
studied? preliminary ingroup data suggests tHétBoc azepand92is less reactive than
N-Boc piperidinel0.>3 For each of the threé-Boc heterocyclespG’ was calculated for the
respectivé-PrLi/di-methyl bispidinel951 i t hi at i on. Us G'najuespkae s e
for the sBUuLI/TMEDA lithiation of each shstrate was predicted by
interpolation/extrapolation of the Eyring regression obtained with the B3LYP calculated
¥ values in Figure 3.11. These estimaked values have been converted to a predicted
ti2and predicted lithiation time for each substiate are presented in Table 3.5.
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Table 3.5. B 3 IGhaRrd pedicltedtir (atd 78€@) forrpl-Boc heterocycles
anti-97, 198 and 192 with unknown reactivities

¢Ph
O e O
l}l Me ,\Il Me N
Boc Boc

Ph

Boc

anti-97 198 192
q&’ / kcal mol?t 11.94 16.57 16.11
g’ / kJ mol?t 49.96 69.33 67.40
Predictedti2/ s 0.074 8920 2790
Predicted tiith @ 05s 17h 55h

2the predictedit was calculated using 7 hdifes for 99% conversiortiy = ti2 x 7)

TheDFT modelling suggests that-dhenyl pyrrolidineanti-97 is very reactive, with a very
smallty2= 0.074 s predicted for the lithiation of pyrrolidirenti-97 with s-BuLi/TMEDA.

This small predicteti»for thes-BuLi/TMEDA of pyrrolidine anti-97 would mean only0.5

s would be required for 99% conversion. The DFT modelling therefore suggests that the
phenyl groups on the 3p@ositions of the pyrolidine ring will have a significant activating
effect on the reactivity of this pyrrolidine substrate. As tissal, the DFT modelling
predicted a prohibitively high energy barrier for te@8uLi/TMEDA lithiation of 2,5
dimethyl pyrrolidinel98 with a largety» = 8920 s that translates to & b reaction time for

99% conversion. The DFT modelling predicted tteg s-BuLi/TMEDA lithiation N-Boc
azepanel92 would require % h with a similar reactivity to that dfl-Boc piperidinel0
(azepand 92predictedt2 = 2790, piperidinelOty»= 3190 s) . Previous v
group suggests thal-Boc azepané&92lithiation is slower theiN-Boc piperidinel0so the
modelling may not provide a very accurate estimate of lithiation time for this substrate.
However, the modelling still predicts thidtBoc azepan&92 will be on the lower end of

the reactivity spectrum.df thes-BuLi/TMEDA lithiation of both 2,5dimethyl pyrrolidine
198andN-Boc azepané92 the predictive method developed indicates that higher reaction
temperatures may be required for complete lithiation to occur. Furthermore, the suggestec
low reactivity of 2,5dimethyl pyrrolidinel98 may suggest that the lithiation is unfeasible

due to the very high energy barrier for lithiation.
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3.2.3 Modelling thei-PrLi/TMEDA lithiation of N-Boc heterocycles

During this computational investigation;iethyl bispdine 195was selected as the diamine
ligand used to model the lithiation instead of TMEDA due to its rigidity which was expected
to make the location of a minima easier. It was thought that a diamine ligand such as TMEDA
would complicate the modelling, &se flexibility of the ligand would provide a shallow
potential energy surface, making location of a minima more difficult. However, when
modelling thei-PrLi/TMEDA lithiation of N-Boc pyrrolidine 9 was conducted, the

flexibility of TMEDA added little ad@ional computational expense to the calculation.

To investigate whether the use ofrdethyl bispidinel95 rather than TMEDA in the
modelling affected the correlation observed between the theoretical and experimental results
the lithiation of a selectioaf N-Boc heterocycles were modelled usiFerLi/ TMEDA. Six

of theN-Boc heterocycles modelled previously which spanned a wide range of reactivities
were modelled using the B3LYP DFT functional arferLi/TMEDA lithiating conditions.

The geometries of thoptimised prelithiation complexes and transition states of the lithiation
with i-PrLi/TMEDA did not differ substantially when the diamine used in the model was
changed. I n additi eom,6 tohlre Op roepfoda-RibEMMEDA foonra
for each of the five @nembered heterocycles was the same observedivwren/di-methyl

bispidine195was modelled as the lithiating complex.

When thei-Pr Li / TMEDA @ adluesuwera toengdaredpwith the experimentally
determinedkonsby Eyring linear rgression analysis, a very similar correlation was observed

to that obtained when thePrLi/di-methyl bispidinel95 lithiation was modelled (Figure
3.12). The Eyring regressions for the two different lithiating conditions that were modelled
provided linearegressions with very similar gradients antvalues (0.70 and 0799).

These results suggested that the identity of the diamine used in the modelling may not hav
any significant effect on trends of reactivity observed for substrates. Therefore, ngpdelli
thei-PrLi/di-methyl bispidinel95 lithiations of the substrates and making predictions for
the s-BuLi/TMEDA lithiation should not provide outliers due to the use of a different

diamine ligand in the DFT modelling.
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Figure 3.12. Eyring regression analysis for the-PrLi/di -methyl bispidine 195 andi-

PrLi/TMEDA modelled lithiation reactions of six N-Boc heterocycles

3.2.4 Application of solvent corrections to the modelling of the lithiation oN-Boc

heterocycles

The effect that the inclusion of solvent effects has on the DFT modelling ofthe/di-

methyl bispidinel95lithiation was also subjected to investigation. Solvent can be modelled
either explicitly, where molecules of solvent are included in the geometry that is optimised,
or implicitly, where the solvent is treated as a continuum medihith is characterised by

its dielectric constant and other electrostatic parameters. For the implicit modelling of
solvent, the molecule to be optimised is placed into a cavity inside this medium and
electrostatic properties can be calculated on pomth® boundary between the cavity and

the solvent field. Modelling of the solvent by implicit or explicit methods both have
advantages and disadvantaé@s-or example, explicit solvation is generally more accurate

as specific solvent interactions with the molecule modelled are accounted for, whereas the
treatment of solvent as an electrostatic field will not reproduce these interactions. On the
other hand, the treatment of the solvent as a continuum with only a few parameters is

considerably less computationally expensive than the inclusion of solvent molecties to t
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geometry that i s-lithiatijort reactiorss endbdelledAsse rdlatively laige
systems (~80 atoms), it was opted to model the solvent implicitly so that calculations would

not become prohibitively computationally expensive.

The same siN-Boc heterocycles used to investigate the effect of modelling with a different
diamine in Section 3.2.2, were used to investigate how solvent corrections affected the
modelling. Thei-PrLi/di-methyl bispidine195 lithiations of each of these sik-Boc
heterocyabs were modelled again using the B3LYP DFT functional with the inclusion of a
solvent correction to model the;BXsolvent used in experiment. This solvent correction was
carried out using the Polarisable Continuum Method (PCM) method included in the
GAUSSAN 09 software packag&?

The inclusion of the solvent correction did not chatlge geometries of the prelithiation
complexes and transition states forthediB o c het er ocycl es and t
ond or O6topb6 deprotonation was unchanged
corrected calculategiG’ valuesfor the lithiation of the six substrates provided a reactivity
order for the six substrates that significantly differed to the reactivity orders obtained by
modelling without solvent corrections and by experiment (Table 3.6). For exangtien
piperidine32which displays a moderate reactivity experimentally is predicted to be the most
reactive substrate to lithiate when solvent corrections were included. Additioddiyc
pyrrolidine9 for which experiment suggests is one of the mostireastibstrates, is placed
between the two least reactive substratesmyho piperidinel68 andN-Boc piperidinel0

in the reactivity series constructed with the solvent corrected DFT calculations.
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Tabl e 3. 6. So | & ralues foc the irPeLddi -meathyl dpispidine 195

lithiations of selected N-Boc heterocycles and experimentally obtainedi. for the

lithiation
N, .~
| \P Ph N
oo OO0 00

\ N \ N N N
Boc Boc Boc Boc Boc Boc
58 9 66 32 168 10

tial s 187+ 507109 105¢3 642+5 1040+20 51902
1.8 30

.

a5 (BBLEP) 14.59 13.77 15.15 15.20 15.58 16.11

/ kcal mol

Solvent corrected

opSV(B3LYP) 16.56 17.21 16.81 16.32 17.14 17.79

/ kcal mol?

The poor correlation of the solvent corrected DFT modelling with experiment became more
apparent when Eyring linear regression analysis between the experimental and theoretice
results was conducted (Figure 3.13). As mentioned previously, a good correlation between
experiment and theory is obtained when calculations are performed in the gas phase
However, a poor correlation R 0.172) between the solvent corrected B3LYP calteda

g valuesand the experimentally determindshs was observed. This poor agreement
between theory and experiment suggests that modelling with the B3LYP DFT functional
with an implicit solvent correction does not provide an appropriate description of the
lithiation reaction. It is possible that modelling solvent implicitly may not be suitable for this
reaction where coordination of the solvent and alkyllithium species may need to be
considered. As implicit solvation only models the solvent as a contintiencpbrdination

of alkyllithium and solvent is not accounted for. Therefore, for this reaction the explicit
modelling of solvent may provide a better description of the solvation during the reaction
and provide more accurate reactivity calculations. Uafately, explicit solvation is

substantially more computationally expensive and hence was not feasible for this study.
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Figure 3.13.Eyring regression analysis for the solvent corrected (blue) and gas phase
(red) DFT modelledi-PrLi/di -methyl bispidine 195lithiation of six N-Boc

heterocycles

In summary, the work presented in this Chapter indicates that the computational DFT
modelling can reproduce many of the reactivity differences that were observed
experimentally for th&l-Boc heterocycles studied. Quiication of the correlation between

the modelledyG’ valuesand the experimentabys indicated that a promising correlation
between theory and experiment was observed when the B3LYP DFT functional was used
Preliminary work suggests that the identitytbé ligand used in the modelling does not
affect the reactivity order of substrates provided by the DFT modelling. The addition of
solvent corrections to the modelling did not improve the correlation with experiment and
provided some outlying predicted oti@ities for substrates. We postulate that implicit
modelling of solvent may not be appropriate to describe the lithiation reaction, due to the
coordination of the solvent and alkyllithium species that is not specifically accounted for in

this solvent modl.
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3.3 Modelling the Effect -ithiationhoe L i ¢
N-Boc Pyrrolidine

With DFT modelling showing the ability to reproduce many of the reactivity differences of
theN-Boc heterocycles observed experimentally, we next turned temtian to attempt to
reproduce the differences in the rate of lithiation observed when different ligands were used
In section 2.2, we detailed how the rate of lithiationNsBoc pyrrolidine 9 can be
significantly altered when different ligands were eoygld in the lithiation reaction. In an
attempt to reproduce the experimentally observed differences in reactivityR thidigand
lithiation of N-Boc pyrrolidine9 was modelled using five of the achiral ligands used in the
reactivity study presented {Dhapter 2 (Figure 3.14). An attempt to model the lithiation of
N-Boc pyrrolidine9 with i-PrLi/tetraisopropyl diaminel78 was made but the severe steric
bulk of the ligand and overall size of the system meant that the location of minima for the
prelithiaion complex was not possibl€hei-PrLi/di-methyl bispidinel95 lithiation of N-

Boc pyrrolidine was included in this comparison, as the calculation had already been
performed for the previous DFT modelling of substrate reactivity in section 3.1. This mean
that a prediction for the reactivity of tiseBuLi/di-methyl bispidinel95 lithiation complex

could be made using the experimental and DFT data collected for the other five ligands.

2 S sfs U
MesN NMe, MesN NMe,

TMEDA TMCDA trans-161 DPE 177 TH
(9\?
Me,sN NMe N .
2 2 Me” Me
TMPDA 179 195

Figure 3.14. Ligands used to model thePrLi/ligand lithiation of N-Boc pyrrolidine 9

Prelithiation complexes and trsition states for thePrLi/ligand lithiation reactions df-

Boc pyrrolidine9 were constructed for each of the six different ligands. The resulting
geometries were optimised using the B3LYP and M06 DFT functionals used previously and
the activation free n e r g@’)dos ea¢hqf the differeritPrLi/ligand lithiation reactions

were calculated and corrected®8 AC. The D® Valuesdol teewiffesetite d g
PrLi/ligand lithiation ofN-Boc pyrrolidine9 and experimentally determineeBuLi/ligand

lithiation times are presented in Table 3.7.
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Table 3.7. Calculatedi-Pr Li / I i gand l ithiationG)and i va
experimental ReactlR™™ determined s-Buli/ligand lithiation times for N-Boc

pyrrolidine 9
O\ | iPrifigand [\ s-BuLilligand O\ )
N /Li: —78 °C, gas phase ’}1 —-78 °C, Et,O/THF N /Li/\
/§ S L AGE? Boc time ? L
t-BuO @] : 9 t-BuO @)
{ computational DFT study | {experimental ReactlR™ study

_____________________________________________________

ReactlR™ lithiation  qGY(B3LYP)  qGY(MO06)

Entry Ligand .
time / kcal mol? / kcal mol?t
1 MeyN NMe, 4 min 12.51 13.53
TMEDA
2 2 4 min 12.88 12.88
MezN NMez
TMCDA trans-161
N N
3 Q Q 60 min 13.32 14.84
DPE 177
4 THE 5h 13.78 14.38
5 Me,N  NMe, 12 h 12.76 13.18
TMPDA 179
6 N&\? ?? 13.77 13.63
Me/ \Me
195

By comparing the experimental and computational results in Table 3.7, it was noted that the
B3LYP DFT functional was able to repnack the experimental ligand reactivity series for
each of the five diamines except TMPDA. However, modelling with the M06 DFT
functional provided a substantially different reactivity trend for the lithiating complexes that

did not correlate with experiment

Both B3LYP and M06 DFT functionals predicted that the reactivity of4Rei/TMPDA
complex would be similar to that of thePrLi/TMEDA and i-PrLi/TMCDA trans161
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lithiating complexes. In fact, the experimental data indicated ¢iaiLi/ TMPDA 179
provided one of the slowest lithiation reactiond\sBoc pyrrolidine9, which required 12 h

to complete. As discussed previously in Chapter 2, it was thought that the slow rate of
lithiation with s-BuLi/TMPDA 179may arise from a lack of coordination of giyllithium

and that it is actually-BuLi/Et2O lithiation that occurs. The DFT modelling explicitly
modelled the TMPDAL79diamine coordinated to the alkyllithium, so will not account for
preferential coordination of the alkyllithium to the solvent ratih@n diamine. This is the
likely reason why the DFT modelling suggests thRtLi/TMPDA 179 lithiation is more

facile than was observed experimentally vatBuLi/TMPDA 179,

Even though the B3LYP predicted the correct trend in reactivity farfnkei/ DPE177and
i-PrLi/THF lithiations ofN-Boc pyrrolidine9, the functional provided only a small 0.46 kcal
mol?! difference in activation energy for each reaction. However, the experimental results
showed that a significant -f6ld difference in reactivityresulted with the two different
lithiating complexes. This magnitude of reactivity difference should require a more
substantial difference in the activation energies for the two different lithiations (~1.5 kcal
mol?). Conversely, DFT modelling with the MGunctional suggested thiaPrLi/DPE 177

IS less reactive thainPrLi/THF for the lithiation ofN-Boc pyrrolidine9, contradicting the

experimental results.

Modelling with the MO06 functional also suggested that tHerLi/TMEDA and i-
PrLi/TMCDA trans-161 lithiations of pyrrolidine9 have a significant 0.65 kcal mbl
difference in activation energy. However, the experimental results indicateds-that
BuLi/TMEDA and s-BuLi/TMCDA trans161 have similar reactivities with complete
lithiation of N-Boc pyrrolidine 9 requiring 4 min for both of the-BuLi/diamine complexes.

The B3LYP DFT modelling suggests that therLi/di-methyl bispidinel95complex has a
similar reactivity to thatof-Pr Li / THF, wi t h n e &Y valiesda h3t77 c a |
kcal mot* and 13.88 kcal mot respectively, for the lithiation oN-Boc pyrrolidine 9.
Therefore, modelling with B3LYP advocates that #BuLi/ di-methyl bispidine195
lithiation of pyrrolidine9 will require several hours, with similar reaction time to that of the

5 hs-BuLi/THF lithiation. The M0O6 DFT functional does not provide a clear trend with the
experimental results, so prediction of the reactivity ofgtiBaiLi/di-methyl bispidinel95
lithiating compl ex i s Ghaluetalcdatet ferthePlddire v e r
methyl bispidinel95 andi-PrLi/TMEDA lithiations of N-Boc pyrrolidine9 with the M06
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DFT functional may suggest that tedBuLi/di-methyl bispidinel95 lithiation of N-Boc
pyrrolidine9 would be fast with similar reactivity to the lithiation wgkBuLi/TMEDA.

These results provide evidence that computational modelling can reproduce some of the
trends in reactivity observed for the differerBuLi/ligand lithiating complexes. Although

the B3LYP DFT functional was able to predict the correct reactivity series for four of the
five I|lithiating c o®pduesxddsnpt quariti@atively aeflectuthea t
differences in the rate of reactivity observed experimental. This suggesstthiatpoint in

the project, the DFT modelling used provides qualitative rather than quantitative information
about the reactivities of the different lithiating complexes. The DFT modelling also does not
account for additional factors that can affectréte of lithiation. For example, how well the
ligand binds to the alkyllithium and whether the solvent binding to the alkyllithium is more
favourable, which is likely why the lithiation reactions wefBuLi/TPMDA 179 were
predicted to be faster than obsed. As observed with the computed reactivity trends of the
substrates in section 3.2, it is also clearly evident that the DFT functional used can provide

very different reactivity series for the differenBuLi/ligand complexes.
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3.4 Conclusions and~uture Work

In conclusion, this Chapter described the application of DFT modelling to attempt to
reproduce and better understand the differences in the reactivities afforded when different
N-Boc heterocycl es a n-dithidtian geaction. sNVork reported is thid i
Chapter has indicated that it is possible to reproduce many of the reactivity differences
observed when di f f er e dithiatisnuTlhis ihchdadthe significarg s L
reactivity difference between unsubstitutecaBd 6membered heterocycle rings observed
with N-Boc pyrrolidine 9 and N-Boc piperidine10. DFT modelling was also able to
reproduce the activating effects observed experimentally with6thremberedN-Boc
heterocycles, when substituents are added to #he@sition or additional heteroatoms are
included in the heterocycle ring. The DFT modelling has indicated that differences in the
rates of lithiation of these substrates must arise dugrtictural differences between the
substrates. Future work further could explore why these reactivity differencesNrBibe
heterocycles are present. We postulate that conformational and electronic orbital overlay
effects may be the reason for thedéedences in reactivity. More idepth computational
studies may be able to probe whether these effects are the cause of various reactivitie
observed. For exampl e, protompaciditeed may medvtide ¢ a

evidence for the electronicfetts that are postulated to facilitate the lithiation reaction.

Linear correlation of the modelled activation fieergies and experimentally obtairigek

values indicated that the two DFT functionals used did not provide identical amounts of
agreementvith experiment. This highlighted the significant impact that using differing
levels of theory of DFT functionals can have on the results obtained. In this study, the
correlation between theory and experiment suggested that modelling with the MO06
functioral may not provide an accurate description of the system. Thiswassing as it

is reported that MO6 better describes dispersion interactions, which are likely to be
signi f i c aithiationireaction,nwdereUnultiple chemical species are present. In
contrast, a good correl at Goaueshaad experenentat h e
results was obtained. This correlation was then used to predict the reactivities of three
additionalN-Boc heterocycles for which little or no reactivity data was available. The use of
the computational modelling for a predictiverpose provides an interesting avenue for
further investigation and this model could be further developed to provide reliable
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predictions of reactivity for substrates. This in turn would allow optimal reaction conditions
to be foundn silico without the ned to conduct the reaction in the laboratory beforehand.

The computational investigation also focussed on investigating the reactivities of
alkyllithium/ligand lithiating complexes. ThePrLi/ligand modelled lithiations oN-Boc
pyrrolidine 9 with the B YP DFT functional provided a qualitative agreement with the
experimentak-BuLi/ligand results, for four of the fivePrLi/ligand lithiating complexes
modelled. The DFT modelling suggested the alkyllithium/TMPD lithiating complex

was significantly rore reactive than what was observed by experiment. This is likely due to
TMPDA 179 having a lower affinity for alkyllithium compared to the.Btsolvent; the
competing affinities of the ligand and solvent are not accounted for in the DFT modelling
conductd. This demonstrates that other processes that occur during the reaction which are
not accounted for by the modelling may significantly affect the reactivity observed in

experiment.

The computational modelling used for all the studies in this chapter lsewdveloped and
investigated further. This could include the investigatio QM or QM/MM modelling,

where less significant parts of the molecular geometry can be treated with lower levels of
theory (or molecular mechanics) to decrease the compuhtost. This would also allow
more crucial parts of the molecular geometry to be treated at higher levels of theory which
may improve the accuracy and reliability of results without significantly increasing the
computational expense. The QM/QM modellir@rLi/(7 )-sparteine lithiation oiN-Boc
pyrrolidine9 andN-Boc piperidinel0 have been reported by Wiberg and Deng (see section
1.4)%0

Another aspect of modelling that could be explored is the effect of basis set supposition errol
(BSSE) upon the results of the calculations, which has not been explored in this
investigation. The BSSE results from the overlap of the basis functioasoms that are

close to each other and where this overlap does occur, that portion of the molecule has a
effectively increased basis sdh the regions of themolecular geometry where this
effectively increased basis set occurs, the calculations gyowed as the location of
electrons are better described due to the larger number of basis functions present. As onl
small portions of the molecular geometry that is modelled experience these increases in bas
set size, this provides a source of erroewlenergy and other properties are calculated for

the entire system. BSSE can provide a significant source of error in the calculated energie:
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of systemsespeciallywhereintermolecular reactions such as lithiation are modéhetr®

There are many methods that can be used to attemptrextctor the occurrence of the
BSSE such as using larger basis sets or by employing a counterpoise (CP) correction. Thes
methods to correct for BSSE were not attempted in this study due to large computational

expense of the correction calculations.

Finally, the use of alternative DFT functionals could be investigated. For example, it may be
possible to screen a ssbt of theN-Bo ¢ h e t e 4litiation adaaticns with many
different DFT functionals, to find a functional that provides the best description of the
lithiation reaction. Alternatively, methods that pair DFT functionals with empirical energy
corrections could alsdoe utilised. DFT functionals with combined corrections are
particularly useful as effects like dispersion can be better accounted for without the
significant increases in computational expense that would result from using a higher level of
theory. For example, BSLYRD3 combines the B3LYP DFT f
DFT-D3 dispersion correction, allowing the inclusion of dispersion energy corrections
throughout the calculatiott®*?’ As previously mentioned in this Chapter, DFT in general
does not accurately describe leramge dispersion interactidn® and these longange
interactions are likely to play an important role in the intermolecnldti species lithiation
reaction Therefore, inclusion of dispersion correctioshould mean that tke lithiation
reactiors can be more accurately modelled using DMbre recently, Grimmet al. have
developed a B3LYRJCRD3 scheme which includes badhdispersion correction (D3) and

a BSSE correction (gCPJ® This combinationof DFT functional ancenergy corrections

may be particularly beeficial for the modelling of the lithiation chemistry presented in this

thesis
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Chapter 4: Investigation of the Rates of Trapping of LithiatedN-

Boc Heterocycles with Different Electrophiles

Ensuring a complete and efficient lithiation reaction oNaBoc heterocycle is only half of
the challenge when optimising the lithiatitlapping reaction of a substrate. It is also vital
to ensure that complete trapping occurs with reaction conditions which ensure that the

desired product is obtained with minimadaireactions (Scheme 4.1).
Scheme 4.1. General scheme for the trapping reaction of a lithiated intermediate

N]: I electrophile (E*) “]i j“\
/’L H N"E
y Boc

t-BuO” O

The use oin situlR spectroscopy to monitor the trapping reactions of lithiated intermediates
Is less common #n monitoring the formation of the lithiated intermediates. More recently,
however, the Reacti® monitoring of the trapping reaction and in some cases the
subsequent rearrangements of the trapped adducts is becoming popular (see section 1.3..
Monitoring the progress of the trapping reaction can in some cases be very useful to ensure
that the trapped product can be obtained in a good yield and er/dr. It is well known that
lithiated intermediates can become configurationally unstable at higher tempeaatliiés

the trapping is not complete before the reaction is warmed up then this can result in the
product being formed in an eroded&t?*13Monitoring the rate of tqgping can also allow

the optimisation of reaction conditions for the trapping, particularly where the trapping may
be slow at low temperatures suchi@8 °C which are typically used for the preceding

lithiation step.

The rate of trapping between a selectof different lithiatedN-Boc heterocycles and

el ectrophiles at 178 AC has previously be¢
reaction times for the trappitgSo me of these trapping reac

and only smallamounts of incomplete trapping were observed; for these reactions,

comparison of the trapping rates was not possible. Work in this chapter expands upon thi:
previous work by measuring the rate of the trapping using a quantitative kinetic analysis,
similart o t hat used t olithiatonreactiors intChapter 2. Anisevidl allonf  C
guantitative comparisons of trapping rates for different lithiated intermediates and

electrophile combinations.
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4.1 Use ofin situ IR Spectroscopy to Study the Rate®f Trapping of
Lithiated N-Boc Heterocycles

I n a similar f as hi on-littiabon of IN@oc meienocytles,r then g
subsequent trapping reaction of the lithiated intermediate can also be followedhusitng

IR spectroscopy with the ReaRfM apparatus. For example, the 48&CI trapping of
lithiated N-Boc pyrrolidine9, whose ReactIR' monitoreds-BuLi/TMEDA lithiation was
discussed in section 2.1, required 10 min for complete trapping to occur (Scheme 4.2).
During the trapping reactionywb different species are observed: lithiated intermediéte

( &o= 1648 cmt) and the trapped adductsiyl pyrrolidine 11 ( &0 = 1693 cm'). The
ReactIRM monitoring showed the consumption of the lithiated intermedi#é and
formation of the trapped productsilyl pyrrolidine 11 during the course of the aetion.
After the trapping was complete, B&CI trapped adduct1 was afforded in 87% isolated
yield.

Scheme 4.2. ReactlR" monitored MesSiCl trapping of 2-lithio N-Boc pyrrolidine 164
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During the trapping reaction, éh c=3 of the carbamate in speci&64 shifts to a higher
frequency during the trapping reaction since the C=0 bond becomes stronger during the

trapping reaction. This occurs as the species is converted frordithe Dyrrolidine 164,
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where the carbamaiC=0 is strongly coordinated to the lithium, into the trapped adduct
which will have little or no coordination between the carbamate C=0 and Li.

As discussed in Chapter 2, the visually obtained reaction times from the R¥actiR
monitoring can be inatrate and unreliable, therefore it was decided to subject the
ReactIRM data to kinetic analysis to quantify the rates of trapping. The trapping reaction of
the lithiated intermediates occurig an S2 reaction for tetrahedral electrophiles such as
MesSiCl, Me:SQ; and Mel and a nucleophilic addition mechanism fof sarbonyl
electrophiles such as PhCHO. Both trapping mechanisms are bimolecular and therefore th
rate of the trapping reaction is expected to be dependent on both the concentration o
electrghile and lithiated intermediate (RLi) (Equation 4.1).

QY0 Q. S ;
a5 Q YO Q& QweQa&n (Equation 4.1

As it is a complex task to obtain a second order rate constant for a reaction, in thispcase
it was decided to apply a pseufilst order approximation. This allowskasto be meaured

which is only dependent on the concentration of the lithiated intermediate (Equation 4.2).

QYD Q. .
a5 Q YOQ (Equation 4.2

The standard reaction conditions for the trapping of lithiated intermediates use 2.0 eq. of
electrophile, which is onlg moderate excess. However, it would be beneficial if this amount
of excess electrophile could be used to obtain kinetic data for several reasons. First, all the
previously collected Reacti® kinetic data in the group used a 2.0 eq. excess of
electrophie>® Therefore, if the kinetic analysis requires a larger excess of electrophile then
all of the experiments would need to be repeated. Second, the addition of large excesses
electrophile (i.e. 10.0 eq.) could result in anomalous kinetic datagfisim the addition of

large volumes of electrophiles that would be added to the reaction. Finally, it would be useful
to obtain kinetic data from a reaction which is still conducted for a synthetic purpose
allowing the trapped product to be easily isetbat the end. If a large excess of electrophile
wasaddedthen this may result in a more complex separation due to the large qoéntity

unreacted electrophile present.

With this in mind, we decided to use the synthetic reaction conditions and maiBt@iacg
excess of the electrophiles and only use kinetic data from the first 20% of conversion of the

trapping reaction, obtaining effectively an initial rate for the trapping reaction. During the
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first 20% of conversion, the concentration of the eledtitg should only change by a
relatively small amount, effectively providing psetfitst order kinetics with respect to the

lithiated intermediate.

The MgSiCl trapping reaction of-fithio pyrrolidine 164shown in Scheme 4.2 was the first
trapping reactin that was subjected to kinetic analysis. A semilogarithmic plot was
constructed using React® kinetic data for the first 20% conversion of the trapping
reaction, to obtain a pseudiost orderkons for the reaction (Figure 4.1.a). Additionally, a
secom semilogarithmic plot was constructed which included up to 90% conversion for the
trapping reaction. This second plot (Figure 4.1.b). was constructed to identify whether
pseudefirst order kinetics were observed over the entirety of the trapping reactimi. A
nortlinear correlation in th@0% conversion plot would suggdisst order kinetics were not
exhibited throughout the reaction, thus suggeshayj2.0 eq. of the M&iCl electrophile is

not sufficient to provide pseudost order reaction catitions throughout.

(@ 3 ®) s
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Figure 4.1. Semilogarithmic plots for (a) the first 20% conversion and (b) up to 90%
conversion for the MaSiCl trapping of 2-lithio N-Boc pyrrolidine 164

The semilogarithmic plots for both 20% and 90% conversion-ladhi® pyrrolidine 164
provided strong linear correlationsR0.997 for both plots, Figure 4.1). This indicated that

a pseuddirst order reaction with respect to the lithiated intermedié#was observed for

the whole MeSiCl trapping reaction of-Bthio pyrrolidine164. This also suggested that 2.0
eq. of the electrophile (M8ICl) is sufficient for pseuddirst order conditions to be
maintained throughout this particular trapping reaction. Both semilogarithmic plots offered
very similarkopsvalues for the trappg which were within the margins error of one another.

Calculation ofkeps Using the first 20% conversion providigs= (8.55 + 0.34)x18 s* and
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for 90% conversiotkos = (8.21 + 0.11)x18 s*. To enable easy comparison of the rate of
trapping with oher substrates and electrophilesyafor the trapping of (81.1 + 3.2) s was
calculated using thikwss measured for 20% conversioh.detailed procedure for the kinetic
analysis carried out for the trapping reactions of the lithiat@&bc heterocyclepresented

in Chapter 4 is detailed in section 6.2 of this thesis.

When a similar kinetic analysis was carried out for the Mel trappinglithia NéBn N-

Boc piperazinel99, a deviation from pseuefrst order kinetics during the reaction was
observed. RactlR™ monitoring of this reaction indicated that 3.5 h were required for
complete trapping to occur, after which the trapped productethyl piperazin00was
obtained in 80% yield (Scheme 4.3). By visual inspection of the Reddii&e, it is evidet

that the curve for the consumption of lithiated intermedi@@appeared to match that of a

multiple order reaction.

Scheme 4.3. ReactlR" monitored Mel trapping of 2-lithio N éBn N-Boc piperazine
199
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Semilogarithme plots were constructed for both 20% conversion and 90% conversion of the
Mel trapping of 2lithio N6-Bn piperazinel 99 using ReactIR" kinetic data, as carried out
for the MaSiICl trapping of Zithio pyrrolidine 164 (Figure 4.2).
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Figure 4.2. Semibgarithmic plots for (a) the first 20% conversion and (b) up to 90%
conversion for the Meltrapping of 2-lithio N&Bn N-Boc piperazine 199

The first order plot that was constructed using the kinetic data for up to 90% conversion of
2-lithio N&éBn piperazie 199 (Figure 4.2.bdid not provide a good linear correlation. It is
evident that a deviation from pseufist order kinetics occurs roughly 600 s into the
trapping reaction. This deviation from first order kinetics in the trapping reaction likely
arisesfrom the development of an insufficient excess of electrophilereddtion.At this
point 600 s into the trapping reactisecondorder kinetics are observex$ the rate of
trapping becomes dependant on both the concentration of lithiated intermediate a
electrophile The semilogarithmic plot of the first 20% conversion for Mel trapping-of 2
lithio N&:Bn piperazinel 99 (Figure 4.2.a) provided a good linear correlation, indicating that
during this initial portion of the trapping reaction, psefidst order conditions with respect

to the lithiated intermediat®99 were observed. This plot providedkas = (1.22 + 0.06)
x10° st andti2= (569 + 30) s for the Mel trapping oflzhio N6-Bn N-Boc piperazind 99

With a viable method to quantify the rabé the trapping reaction between a lithiated
intermediate and electrophile established, our attention centred on investigating the trend:
in reactivity for both the different lithiated intermediates and different electrophiles. To this
end, kinetic data weacollected for the M&SiCl, MeSQs, Mel and PhCHO trapping reactions

of three different lithiatedN-Boc heterocyclesi64, cis-201 and 199 (Figure 4.3). It was
envisaged that these 12 trapping reactions would provide useful information about the trend:

in reactivity for both the electrophile and lithiated intermediate.
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Lithiated N-Boc Heterocycles: Electrophiles:

Ph B
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Figure 4.3. 12 Combinations of lithiated\-Boc heterocycles and electrophiles

A variety of different rates of trapping were observed with the different c@tbns of
lithiated intermediate and electrophile used. Many of these combinations of lithiated
intermediate and electrophile displayed fast trapping reactions. For trapping reactions where
the time for complete trapping was < 3 nishsandti,s wereestimated as kinetic analysis
could not be carriedut as too few data points were available to measure rate constants for
the trapping. For these trapping reactions, estintatedvere approximated usitgp a tiap/7

(as 7ty2s = 99% conversion), whetyap was the time taken for complete trapping. For
example, the PhCHO trapping oflithio pyrrolidine 164 was extremely fast (complete
within the 1 min time lapse between scans of the Re8¢}IRith atizof < 8.6 s (Scheme
4.4.a)> After work-up and purification, the PhCHO trapping ofithio pyrrolidine 164
provided a mixture of benzyl alcohol diastereon®rsn 93% yield. The Mel trapping of 2

lithio phenyl piperidinecis-201also displayed a relatively fast trapping reaction, \kgtb=

(3.18 + 0.02)x1G st andti» = (218 * 1) s calculated by kinetic analysis of the first 20%
conversion of the trapping. After wotip and purification of the Mel trapping oflithio

phenyl piperidinecis-201, 2-methyl 4phenyl piperidinecis-35 was affaded in 64% yield
(Scheme 4.4.b).
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Scheme 4.4. (a) PhCHO trapping of Athio N-Boc pyrrolidine 164 and (b) Mel
trapping of 2-lithio 4-phenyl piperidine cis-201
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On the other hand, there were trapping reaction#loéted intermediates that displayed
very slow rates of trapping. The §8&CI trapping of Aithio N6Bn piperazinel99was the
slowest trapping reaction observed in this investigation, ksit/+ (1.37 + 0.01)x18s!and

ti2 = (51300 £ 100) s measurdy kinetic analysis of the first 20% conversion of the
trapping. After a 13 h trapping time a¥8 °C only partial trapping of-Bthio N&Bn
piperazinel99was observed (Scheme 4.5). As thes$€l trapping ofl99was so slow, a
second fast trapping aophile, PhCHO, was added to trap the remainingrapped
lithiated intermediatd99. This second electrophile was added to ensure that the preceding
lithiation was complete and to measure the baseline absorbance at 1648/tdoh is

required for th&inetic analysis. Purification after the addition of both electrophiles provided
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the MeSiCl trapped addud&9in 40% yield and a 60:40 mixture of PhCHO trapped benzyl
alcoholssyn andanti-202in 42% yield.

Scheme 4.5. M&SiCl trapping of 2-lithio NG&Bn piperazine 199
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Thekonsandty/zs for all 12 trapping reactions with isolated yields of the trapped adduct, are
presented in Table 4.1. Due to their faster rates of trapping (time for complete trapping < 3
min), theresults from the methylations oflihio N-Boc pyrrolidine164 and the PhCHO
trapping reaction are estimatkg@sandty2 values. All othekonsandtyzvalues in Table 4.1
were determined by kinetic analysis of the first 20% of trapping conversiois@ssed
earlier; in all of these cases the first order plots for up to 20% conversion provided good
linear correlations, suggesting that during this initial portion of the trapping reaction, pseudo
first order kinetics with respect to the lithiated intediate were observed (see sectidn 6.
for semilogarithmic plots). In fact, for all of the trapping reactions with3#el, pseude
first order kinetics with respect to the lithiated intermediate were observed over the course
of the trapping reaction (up @0% conversion fod64 and cis-201, and up to PhCHO
trapping for199. Conversely, all of the trapping reactions with J8& and Mel which
were subjected to kinetic analysis showed deviation from psknstiorder kinetics at some
point midreaction (afte 20% conversion).
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Table 4.1. Measuredkobs, t12s and isolated yields for the M&SiCl, Me2SQ4, Mel and
PhCHO trapping reactions of lithiated intermediates 164¢is-201 and 199

MesSiCl Me2SOs4 Mel PhCHO
. Kobs = (8.55 * . Kobs 2.7 Kobsd 8.1
QI\U Otés4)x(103 S_l kobs? 41_X11702 Sla Xltc))-SZ S—l ab xlté-SZ S—l ae
Boc t=(81.1+3.2) s 1’(266%) S ti2< 26 t12< 8.6
164 (81%) (40%) (93%)
Ph
kObS: (757 i kObS: (274i kobsz (318 "_'
0.07)x1C°s? 0.06)x10%s? 0.02)x103s? 4
N Li | t,=(9160+80)s t2=(250+50)s tp=(218%1)s
Boc (73%) (63%) (64%)
cis-201
?n
N Kobs= (1.37 + Kobs = (2.14+ Kobs = (1.22 Kobs& 8.1
[ ]\ 0.01)x10Ps? 0.06)x10°5s? 0.06)x16°s? x102 slac
N™ L | tiz=(51300 + 400) S ti2=(32400 £ 900) s ti2=(569+30)s tr<8.6s
Boc (40%) (35%) (80%) (52%)
199

2konsandtyzs for these trapping reactions are estimatedd(trapping time / 7)

b ypon addition of Mel, gelation was observed and this provided unreliable kinetics (this is
discussed in more detail later)

¢previous irgroup work>3

d the trapping of ithio 4-phenyl piperidinecis-201 has been carried out using a
cyclobutanone electrophifeand estimatedopsd 8 . “Ad! an@ti, of < 8.6 s vere

calculated

The reactivities of the differentthiated intermediate and electrophile combinations
presented in Table 4.1 were also quantified using initial rate analysis. As the initial
concentrations of all reagents were kept constant for each lithiagipping experiment it

is possible to comparehe reactivities of the different lithiated intermediates and
electrophils using the initial reactionrates. Initial rates were calculated by plotting the
decaying absorbance of the lithiated intermediate during the trapping reaction and then
calculating agradient of a tangertb the initial consumption where the concentratiohs
lithiated intermediate and electrophdee known. For example, the initial rate analysis for
the MegSICl trapping of lithiatedN-Boc pyrrolidinel64 provided initial rate, ratg: = (4.99
+0.18)x104 s (Figure 44).
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Figure 4 4. Initial rate analysis for the MesSiCl trapping of lithiated N-Boc
pyrrolidine 164 (the tangent for initial rate is shown in red on the plot)

The initial rates for the trapping reactigmesented iTable 4.1 are presented in Table 4.2
(initial rates for the trapping reactions with PhCHO are not includedeasrtractions were
too rapid for kinetic analysis).he reactivity trends provideoly both initial rates and the
calculatedkops for the lithiated intermediates and electrophil@® identical suggestinga

good agreement between both methods of trapping rate quantification.

Table 4.2. Measurednitial rates (rateinit) for the MesSiCl, Me2SOs and Mel trapping
reactions of lithiated intermediates164,cis-201 and 199

MesSiCl Me2SOs Mel
NT U raten=(4.99+  raten = (8.41 +
Boc 0.18)x10*s? 0.13)x10?s?
164
Ph
d ratenit = (4.76 £ ratent = (1.39+  ratent = (1.34
N L 0.12)x10° st 0.09)x10° s 0.31)x10*s?
Boc
cis-201
I?n
N
[ j\ ratenit = (9.70 ratenit = (2.53 £  ratenit = (8.90
N L 0.70)x10’ s? 0.37)x10°s? 0.46)x10°s?
Boc
199

2this initial rate was not calculated gzom addition of Mel, gelation was observed &nis
provided unreliable kinetics (this is discussed in more detail later)
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On inspection of the trapping reactiaps and initial ratesobtained for the three different
lithiated heterocycles and four different electrophiles, trends in reactivity dibr the
lithiated intermediates and electrophiles are apparent. A clear trend in reactivity of the
lithiated intermediate464, cis-201 and 199 was evident with M¢SiCl, MeSQ; and Mel
electrophiles, which provided trapping reactions that were slow erfougtfifferences in
reactivity of the lithiated intermediates to be observed. For each of these three electrophiles
the same lithiated intermediate reactivity series was observed wihtrie Pyrrolidine 164

> 2-lithio 4-phenyl piperidinecis-201> 2-lithio NéBn piperazinel 99

At first glance, therapping reactivity of these thré&Boc heterocycleappears to showo
relationship with the lithiation reactivity order for the same substrates (Tak)leFbr
example,N&Bn piperazines7 affords the famest lithiation reaction witls-BuLi/ TMEDA

with t12 = 18.3 s but the respective lithiated intermedi&®provides the slowest trapping
reactions of the three substrat&n closer inspectiondwever, there may be a possible
correlation between the lithiion and trapping reactivitiesf the two 6membered
heterocycles in Table 4.2;phenylN-Boc piperidinecis-201 andN&Bn N-Boc piperazine

199 For these two-Bnembered heterocycles we observe that a more facile lithiation means
a slower rate of trappgnwith MesSICl. At present, only kinetic data for the trapping
reactions of the two-Ghembered heterocycld®99 and201 has been collected and hence
this trend may be an artefact from the small amount of data rather than an actual physica
effect. Kinetic analysis of the trapping react®af other Gmembered heterocycles would
need to be carried out to bet@etermine whetheis there is an inverse trend between
lithiation and trapping reactivitiesf these émembered heterocycles this trend is not an
artefact it is possible that orbital overlapffecs may be responsible for this inverse
correlation in lithiation and trapping reactivities. In Chaptene& proposed that orbital
overlap in the @nembered heterocycles cotigtilitate the lithiatiorvia back donatiorfirom
theGH G o r b i-pretdnmakifgit indreeaciditWith the lithiated intermediates this
same process coutdsult inthestabilisation of the carbanion intermedigit@the same back
donation processTherefore the 6-membered heterocycle witihe most facile lithiation
would have the most stabilised carbanion intermediate which would offer the slowest rate of
trapping.In this caseN&Bn piperazinel99 would be the more stable carbanionah 4-

phenyl piperidinecis-201 resulting in its slowerate of trapping.
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Table 43. Comparison of thetizs of MesSiCl trapping and s-BuLi/TMEDA lithiation
for lithiated N-Boc heterocycles 164;is-201 and 199

MesSiCl S-BuLi/TMEDA
Substrate : o
trapping tiez lithiation ti2
Boc (811+£3.2)s (20.7+£0.9) s
164
Ph

()

NN (9160 = 80) s (642 £ 5) s
éOC

cis-201

I?n
N
[Nj\Li (51300 + 400) s (18.3+0.9)s
I
Boc

199

The four electrophiles used for the trapping reactions presented in Table 4.1 displayed the
same redovity trend for each of the lithiated intermediates where the rate of trapping
followed the order PhCHO > Mel > MBQ, > MesSiCl. For the MgSO, and Mel trapping
reactions of dithio N-Boc pyrrolidinel64, it appears that the Mel trapping is slower than
that for MeSQuw. However, gelation of the reaction mixture was observed upon addition of
the Mel electrophile which provides unreliable kinetics due to the inhomogeneity of the
reaction. For the Mel trapping reactions ditBio 4-phenyl piperidinecis-201 and 2lithio

N&Bn piperazinel 99 negligible amounts of gelation occurred. A more detailed discussion

of the gelation observed with Mel is presented in section 4.2.

For both the lithiated intermediates and electroplplesentedn Tables 4.1 and 4.2 clear
reactivity trends are displayed but it is difficult to provide a general rationale for why these
differences in reactivity occur. Generalising the trapping reactivity for each of the lithiated
intermediates is likely to be misleading, as the rergtwith different electrophiles is
probably dictated by different effects that are particular to the electrophile that is used. For
example, the reactivity of some electrophiles may be primarily dictated by steric interactions
and others due to the elemtic properties of the lithiated intermediate. This would mean
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that direct comparison of certain properties of the lithiated intermediates may not provide an
explanation for all the different trapping reactivities observed. This point is highlighted by
the rates of reaction observed for the J8&C1 and MeSQ; trapping reactions of-Ethio

bicyclic pyrrolidine203 which are presented below.

The MeSiCl trapping of lithiated bicyclic pyrrolidin203is an extremely slow reaction with
t12 & 166000 stf2is approximate as no second electrophile was added to measure baseline
shift) and is much slower than the analogous trappinglithid N6-Bn piperazinel99 (t12

= 51300 s)XScheme 4.6.a). Howevdhe MeSQ; trapping of 2lithio bicyclic pyrrolidine
203is relatively fast witht12 = (1740 + 90) s and is much faster than the3@ trapping
observed with 2ithio N6Bn piperazinel99 (t12 = 32400 s) (Scheme 4.6.b). This indicated
that the lithiated intermediate with the slowestBI€l trapping does not necessarily mean
that it will have the slowest trapping reactions with other electrophiles such.&8OMEor

the case of-Aithio bicyclic pyrrolidine203 it is likely thatthe slow M&SiCl trapping results
from the steric interactiorisetween the hindered tertiary organolithium and sterically bulky
MesSiCl electrophile. It is possible that the rate of.B@; trapping with 2lithio bicyclic
pyrrolidine 203 is dictated by electronic effectsther than steric effects arnklis could
expldn the large difference in reactivity observed between theSM# and MeSQy
trapping reactions of lithiated pyrrolidir2®3
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Scheme 4.6. MsSICl (a) and MeSOs (b) trapping reactions of 2lithio bicyclic
pyrrolidine 203

Boc (a) Boc (b) Boc
N N N
Me3S|CI 45 M82804
-t —_—
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Providing a complete rationale for the reactivity observed with the four electrophiles
presented in Table 4.1 is also difficult. The PhCHO trapping reactions of each of the three
lithiated intermediates were rapid, with complete trapping oca@ub@tween the 1 min time
lapse between scans on the ReadIBpparatus. In fact, all trapping reactions conducted
with PhCHO in this study, which involved five different lithiated intermediates, occurred
rapidly with complete trapping occurring within themin window between scans on the
ReactIRM apparatus (Figure ).

B on
oC
O NI
8 L
N L HoY—{H 4\5 [ j\ N
Boc '?' "L Li N L Boc
164 Boc 203 Boc 199

Figure 45. Lit hiated N-Boc heterocycles trapped using PhCHO
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Clearly, the carbonyl group is the key to the fast trapping reactions observed with these
electrophiles Both literaturé and unpubl i shed wor’khave glsot he
provided evideoe that carbonyl electrophiles such as benzophezaeyclobutanon207

and CQ also exhibit rapid, < 1 min, trapping reactions (Figuf).4.

0]
(0]
PhCHO O O W CO,
206 207

Figure 4.6. Rapid trapping carbonyl electrophiles

For each of the three lithied intermediates whose trapping reactions were investigated
(Tables4.1and 4.2, MesSIiCl provided the slowest trapping reaction. It is well known that
the trapping of organolithium reagents with chlorosilane electrophiles can provide slow
reactions¥ %8 It is likely that the slow ratef trapping observed with M8iCl is due to the

steric bulk of the electrophile which hinders the trapping process. There is evidence that the
rate of the trapping reactions with chlorosilane electrophiles does depend on the size of the
electrophile. Forxample, it is known the trapping reactions of organolithiums with the
bulkier PhSiCl electrophile are slower than those withsBi€|.131:132

Two of our key findings from thi€hapter, the fact that M8iCl trapping reactions tend to

be slow and that trapping with carbonyl electrophiles are fast, is mirrored by work conducted
by Aggarwal (see scheme 1.50). Aggarwal noted that the slow trapping of a particular
enantioenriched thiated intermediate with M8iCl was problematic, as the rates of
trapping and racemisation of the intermediate were similar which resulted in the trapped
products being obtained in poor er. Conversely, fast trapping electrophiles such asI€ICO
providedthe trapped product in high er as the fast rate of trapping outcompeted the slower

rate of lithiated intermediate racemisation.

Both MeSQ; and Mel electrophiles provided moderate trapping reactivities between those
of MesSiCl and PhCHO. However, the reaswhy MeSQu afforded slower trapping
reaction than Mel is currently unclear. Based on a simple analysis, it was perhaps expecte
that the trapping reactions with the hard alkyllithium and hargS@¢electrophile would

be faster than the soft Mel elegtiole.
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4.2 Investigation of the Gelation of the Reaction Mixture When Using Mel

as the Electrophile

As mentioned in section 4.1, the Mel trapping reaction-tithi N-Boc pyrrolidinel164
provided unreliable kinetic data and this was attributed toigelaf the reaction solution
occurring upon addition of the Mel electroph(ileable 4.1 and Scheme 4.7). When Mel was
added, the bulk reaction mixture solidified, stirring of the reaction ceased and the solution
developed a turbid appearance. The ReatRonitoring of the trapping reaction indicated
that the reaction stalled mr@action (circled in Scheme 4.7.a) and then the trapping
continued. It is likely that the lack of stirring and inhomogeneity of the solution are the

reason for these anomalousddic data.

Scheme 4.7. ReactlR' monitored Mel trapping of 2-lithio N-Boc pyrrolidine 164 (a)

and the observed gelation in the reaction flask (b)
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For the Mel trapping reactions oflighio 4-phenyl piperidinecis-201 and 2lithio N éBn

piperazinel99, only very small amounts of gelation were visually observed at the edge of

the reaction flask. For each of these Mel trapping reactions, no detrimental effects on the

kinetic data collected were observed due to the ssmatlunts of gelation. It is possible that

the fast rate of trapping between Mel anlitt#o pyrrolidine 164 may result in the gelation
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of the entire bulk solution, whereas slower trapping reactions of lithiated intermexisates
201 and 199 which require>1 h for complete trapping to occur, may result in only small
amounts of gelation. This hypothesis is further supported by the fast Mel trapping of lithiated
4-amino N-Boc piperidinecis-208 where the complete gelation of the bulk solution also
occurred (8heme 4.8). Upon addition of the Mel electrophile, the Re&étiRonitoring
indicated that trapping reaction had stalled after 15 min. After the-umrkH NMR
spectroscopy of the crude product indicated thatrdno N-Boc piperidinel68 starting
materialwas present and subsequent purification provided methylated pragi2€o in

40% vyield and recovered starting matetiéi8 in 21% yield. The recovery of unreacted
starting material likely arises from incomplete trapping where the gelation of the solutio
prevents complete trapping from occurring, as the lithiation argsi@étrapping reaction

of 4-amino N-Boc piperidinel68 provided complete conversion to the #8eCI trapped

adduct (see section@).

Scheme 4.8. ReactIlR' monitored Mel trapping of 2-lit hio 4-amino piperidine cis-208
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The gelation during the trapping reactions of lithiated intermediates was not observed with
any electrophiles other than Mel that were used in this investigation. Therefore, we conclude

that the gelation may arise from the formation of Lil salts during the trapping reaction. To
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probe whether Lil was responsible for the gelation observed, an attempt to recreate the
gelation using Lil salts was explored (Scheme 4.9). Lil salt (2.0 mmol), OMEL.30

mmol) and E4O (14 mL) were stirred at rt for 30 min and then cooled%8 °C but no
gelation was observed. A second reaction was conducted wBeila (1.3 mmol of a 1.3

M solution in cyclohexane) was added to a stirred solution of TMEDA (in8ljrand Mel

(2.00 mmol) atf 78 °C. Upon addition of Mel, the solution developed a turbid appearance,
similar to that observed during the trapping reactions6df cis-201 and199and a small
amount of gelation was observed. This experiment suggesthéhbtberation of Lil salts

from the reaction between the alkyllithium reagents and Mel may be responsible for the
gelation observed. Furthermore, we postulate that rapid trapping reactions with Mel may
form the Lil salts over a short period of time whitduses the gelation of the entire bulk
solution, as observed with the Mel trapping reactionsladh pyrrolidine 164and 2lithio

4-amino piperidinesis-208

Scheme 4.9. Attempted recreations of the gelation observed with the Mel trapping
reaction using (a) Lil and TMEDA and (b) s-BuLi/TMEDA and Mel

(@)

(b)
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