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Abstract

This thesis describes novelmethod forthe cyclisation of linear gecursorspossessing
multiple internal nucleophilewvia multi internal nucleophile ring expansiomglti-INRE)
cascadeeactions tg/ield novelheterocycliemacrocyclic lactones

Section 2.1 describes the design of proposed novel limedti-INRE precursr A and
associatesgynthetic stratags Section 2.2 presents the multistep synthesis rtouiaear
multi-INRE precursorA which, after considerable optimisatiowas achievedmathree
gramscale with an overall yield of 50%ection 2.3 details thar$t reported multiNRE
reaction, with the synthesis of heteyolic-macrocyclic lactoneB. Section 2.3 also
comments orthe atroposelectivityof the multiINRE reactionA Y wiBh a kinetic model
proposed to explain the selectivitection 3.3 details the synthesis and subsequent
cyclisation oftwo aliphaticlinear precursor§C) via multi-INRE reactions. In this section,
two novel aliphatic linar precursorpossessingwo internalaminenucleophiles €) and
their respective muliNRE heterayclic-macrocyclic lactone produc(P) aresynthesised.
Section 3.4 details the screening of multNRE reactionA Y , dBlminating in the
discovery of conditionthat enable gield of 73% forthe initial multFINRE. Finally,chapter
four details the design of three other potential linear precursors containing twaintern

nucleophiles andescribeghe progress made towarite synthesiof each(E, F andG).
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Introduction

1.1 Medium-sized rings and macrocycles

Mediumsized rings and macrocycles are important in severals#ivaereas of chemistry and
applied science; for examplthey are present in many bioactive natural prodtittsnd
medicinal compound®(g 1i 2),>° as well as in countless mamade molecules with varied
applications, including ligands, sensaegy(3), advanced materials and lacularmachines
(Figure 1)7"*°Molecules containing mediwsized rings and macrocycles are therefore in
high demand, promptinghemists to develop improved routespreparethem However,

bothmacrocyclesndmediumsized rings can behallenging synthetic targst

HN NH
Z\ N~ |
I
X NH HN X
o. ,0
HO (0] (e}
NH
, ~
OH 0 NO,
1 2 3

Figure 1: Mediumsized rings and macrocycles in relevant compouhdg-ovatolidg 2 PI3KU inhibitor, 3

NMR chiral shift reagent.

Theclassicalay to make medium sized ringsxd macrocycless via the direct entb-end
cyclisationof linear precursorgFigure 2)!! However, when the target ring sizedght
atoms or more.endto-end cyclisation § often unsuccesadf this is due to several
thermodynamic factorssuch asthe statistical improbability of either end of the linear
precursor coming in contactnatloss of entropyn the cyclisationand transannular strain

present in théargetrings (and associatedansition statesy
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Figure 2: Simple diagram showing the difficulty of eftd-end cyclsation using longer linear precursors.

When cyclisation is relatively inefficientintermolecular coupling becomes a major
competing pathway, resulting in the unwanted formation of dimers and polymers (Figure
2).13 To minimise these unwanted intermolecular side reasfidifferent approaches have
been adopted over the years, including, but not limitedhiggh-dilution,** pseudo high
dilution,!® kinetic templation, and thermodynamic templattdt.However these methods

are often impractical and can introduce new problems of their own, for example, the
increased financiadnd environmental cost of running reactions with very high solvent to
substrate ratio€ One strategy which avoids the dilution problem is the use of ring
expansion reaction'$.Ring-expansion reactions, in general, take already formed rings and
enlarge the ringia a rearrangement reactiddy keeping the size of cyclic transition states
lower, ths can dramatically reduce the impact of competing intermolecular reactions
(providing the rearrangement process is efficient), and as a result such reactions often do nc

require a specialised sep or highdilution.?°

There is a tverse aray of literature on the topic of ring expansiii:?! This thesiswill

cover several ring expansion strategies, focusing mainly on sequential/cascade ring
expansion, as this subgenre of ring expansion reacttatesmost closely to the work done

in this thesis. Howevelselectednonsequential ring expansion reactions have also been
included, eitheto introduce a complex sequential ring expansion strategy, or to exemplify

key preliminary work.



1.2 Synthesis of Medum-Sized Rings and Macrocycles via Sequential
Ring ExpansionReactions

1.2.1Transesterification/Transamidation

In general, tansestaficationtransamidationnvolves the exchange of acyl subunits of an
amide/ester with an amine/alcohgln instructiveexample of the use of transamidation in
the ring expansion field isr@action sequence known as thip reactiod a termcoined by

its pioneey the lateManfred Hessé? which starts withthe N-alkylation of a lactamd
(Scheme 1)In the example below, sodet lactamd was alkylatedy undergoing conjugate
addition with acrylonitrile and redeed by hydrogenation to form primary amideThe
tethered amine d was then alkylated a second time in similar fashion to §ivehen,
addition of the strong base potassium daminopropylamide (KAPA) promotes
intramolecular cyclisation via a kineticallgvourable énembered cyclic transition sta (
Y 7a) beforefragmertation of the bridging bon@é  ¥b), thus forming the 1-Tnembered
ring, 7b. The same type of ring expansion process then takes place a second time, with the
primary amine o¥b attackng into the lactam, again via anfembered ring transitions state,

to form the 2imembered macrocyck

® )2 ZCeN ) ZCeN
b) H,/Pt, H,SO, d) Ho/Pt, H,SO4
e) KAPA
NNa N )N
0 0 0 o
4 H,oN 6, 78%
5, 82% \—\;
HoN NK ‘
NK
@ HN f) H;0" // -
-~ ~
N ©
5 ((; Q7N
H,N N
07 NN b N /\
H H
8, 90% o KHN 7a

Scheme 1The first reported incident ofAp reaction using a simple cyclic amide

The zip reaction has thmotental to increase the size of the starting lactam greatly, with the
reaction taking its name from an analogy to the ring expansion resembling a zip unfurling.

Scheme2 shows the extent of this method, witte 53-membered macrocycl&0 being



formed from the 3-membered lactam with a long linear alkyl chain containing multiple
secondary amine®)?® It is worth nding that while he yield reported is highly impressive
(38%), the resulting 5Bhembered lactarhOwas characterised only by IR and TLC, and not
by NMR spectroscopyr mass spectrometry, so the presence of isomeric impurities in the
product cannot be rulemlt.

HzN\/\/H\/\/H\/\/H
0

(13) H H H H H

N~ N~ N AN AN AANC~NH

9
KAPA, H;0"
45 min

N N~ " NH

H H
NH
KL NH

NH
v~ \NH
NH KL
KL NH
”M
10, 38% ©
Scheme2: A zip reactionforming a 53membered macrocycle.
Transamidatiomas been frequently used in the total synthesis of macrocyclic lactam natural
products (Figure 33% 26 A distinct feature of transamidation productsris\i N relationship
separated by three to five carbons wWithctionalised amides, an artefact of the branched
linear chain attached to the starting matlernd the five to seven membered ring transition

states used to make them. This relationship is highlighted in red in total synthesis product:
(Figure 3).



i o \N/w HN A~ N
N/\/\
/EJ\/H\/\/N Ph N\/\/\ ﬁ ©
Ph” >N ) N N—
H 0 o 5
Ph ‘Ph NH;
1 12 13

Figure 3: Natural products formed using zip reactio@islacinninell, homalinel2, andinandenirl2-onel3.

There are also examples of related ring expansion transesterification reactions that procee
from esters and thiots's2"?® For example, Scheme 3 showan@mbered lactond4
undergoing ring expansioria transesterification, to form the ring expanded lactbien
excellent 97% yield. e transthioesterificatiocascade shown in Scheme 4 is an interesting
example ® macrocyclic peptide synthesis, where the linear peptide with several free thiols,
represented in a simplified form &, first forms the thioestet7a before going on to
undergo repeated revéske transthioesterificatioexchange reactiong.g.17a  Y7b)lto

form the macrocyclic peptidE8, which is the thermodynamic product in this reaction.

0]
®
COH 5 . 0
TsOH, DCM
[Q —_—_—
@ B_\OH 25 °C @
14 15, 97% OH

Scheme3: Corey and Nicolaoil transesterification ringxpansiorto make a 12membered ring.

SH SH SH SH HS\CC;)(?H j)ONHz HE SH SH SH SH/_\S</O

()
H,oN LS HoN
16 17a
Thioacetone
Exchange
HS— H , HS ?
N |
P Repeate SH SH SH S
SH ~
HS H,N
SH
17b
SH 18 SH

Schemed: J.P. Tamet al.i the use of transthioesterification to make large peptide macrogjtesminal

cysteine in orange and-t€rminal residues in gregn



However transamidation/transesterification reactions become far less effectivetnyimg

to make mediunrsized ringswhich arelessthan ten atom# size?! This is largely due to

the detabilising transannulamteractionswhich arevery often present beveen the
functional groups in functionalised meditsized rings €.g torsional strain and lone pair
repulsion). This problem is especially important in reactions under thermodynamic control
(which transamidation reactions usually are), because if tloeingas are lower in energy

than the ring expanded products, thisdens ring expansion unfeasible via this approach.

1.2.2 Radical Cascade Reactions

The formation of mediursized rings and macrocycles ring expansion reactions which
involve free rattal intermediates has been well documenteatétiterature?® Many radical
cyclisations involve a single ring expansistep, such as the DowBeckwith reaction
shown in Scheme.® In this example, pentanor#) was alkylated with dibromomethane
to form 20. The bromine in20 was abstracted by @ibutyltin radical generated using
classicalazobisisobutyroniite (AIBN) initiation, to give the free radicahtermediate?1a,
which then cyclises to form a cyclopropane unit, giving the bicyclic interme2iiaterhe
bridging bond of the bicyclic intermedia@&lb then fragments, forming cyclohexane
structure2lc, in which the radical imuchmorestable Finally, this radial ges on to abstract
a hydrogen from tributyltin hydride to give the target mole@2len a yield of 73%. This is

a simple example of how free radicals can be used in a ring expansion.

(\'SnBu3

o o Jgr
a) NaH c) AIBN, BuzSnH
COzMe b) CHzBrz COzMe
19 20, 78%
SnBu 0]
3 ( Jn
COzMe COzMe
CO,Me CO Me
22, 73% 21c 21b 21a

Scheme 5Free radical ring expansion ofmdembered rind.8 into 6-membered rin@1.

Free radical ring expansion can also be paired with other ring expansion reactions as part ¢
sequential ring expansion strategi@ewd and Zhag introduced sequential ring exaons

mediated by free radical generatitnallowing for the generation of much larger cyclic

6



ketones (Scheme 6). Thus, silyl enol2Beunderwent a [2+2] cyckddition witha ketene
formedin situ from acid chloride24, thusforming cyclobutane5. Next, free radicaR6a
was created from the abstraction of bromine fizBrusingtributyltin hydride and AIBN.
The free radical6a went on to cyclise and then fragntewhich is pesumably driven by
relief of ring strain in the cyclobutene unit, affordidgo. Hydrogen was abstracted from
tributyltin hydride to give27 before radical dehlorination furnished the bicyclic ketoge.
Reduction, mesylation and deprotent gave 30, which underwent a final Gretype
fragmentation to form the final hembered macrocycki in an overall yield of 20%.

Bu3sp H

Br Cl
OTMS b) AIBN, | TMSO ClI TMSO )
a) E;N, -20°C  TMSO HSnBuj )
- — 71—
SN e:=C ‘(
o] cl o)
z N 25, 44% 26a 266

SnBu
24 SnBU3 C 3
TMSO g

c) LiAIH,4 TMSO ¢
d) MsClI, Et;N
e) Buy,NF, 0 °C
MsO 0]

30, 90% 29, 56% 27

0!

@
/

31,91%

Scheme 6Cascade radical ring expansion followed by Grob fragmentation.

Pattenden andcBulzalso reported a radichlased cascade rirexpansion reaction method,

that showcases the ability to use free radicals in two discrete sequential ring expansion:
(Scheme 7¥ The initial vinyl radical 33a, was made from the alky®32 using HSi(SiMe)s

and AIBN. Then, free radicaB3a readily cyclised to form the bicycle intermedi&éb.
Fragmentation of the bridged bond of bicyclic molecB®® led to the formation of 8
membered intermediaB3c, whi ch t hen recycl i s-silglradical f or
33d. Free radicaB3d then reacted with the oxime group to form an unstable cyclopropane
unit 33e, which ring expanded to formaembered ring3f beforea silane radical was



ejected, thupropagating the chain, and forming the ring expanded®34hin a good yield

of 70%.
(Me3SI)3SI Sl(S|Meg)3
BnO—N'%| BnO—N, <E|

OBn (MesSi)sSi

I
N HSi(SiMes); BnO=<N |

Y —_— T |
AIBN, A Y
/
/

32 33a 33b 33c
(I)Bn BnO\ Si(SiMe3z); BnO\. Si(SiMe3)3 BnO\N ___Si(SiMes)s
o T ¥
34, 70% 33f 33e 33d

Scheme 7Radical cascade for the conversion of four membered ring B&drimto 6 and 5 membered bicyclic
oxime 34.

1.2.3Fragmentation Reactions

A classic methodor forming macrocyclesrbm polycyclic precursords throughsigma
bond fragmentationof bicyclic precursorsThis is arguably best demonstrated through
GrobWharton/Eschenmosgype fragmentations® which are all reactions in which a
bridging bond ima bicyclic starting materiafragments, forming a single, larger ring. Work
doneby Thommenet al, showsan impressive example of r@action sequence featuring
sequentialcrob fragmentation reactions, in whitB-membered ketondl was maddrom
thetricyclic ketone35 (Scheme 8§*Reduction of keton85 gave he tricyclic triol36, which
was tosylated to giv@7. Diol 37 underwent Grob fragmentation promotediégt-butoxide,
thus ejecting the tosgtegroup, resulting in the ring expansion3¥into 38 in ayield of
59%. The Grobfragmentation process was then repeated, with reduction of Ke@arseng
lithium aluminium hydride to givediol 39, tosylation to form40 then a second Grob
fragmentation to furnish the Ifembered ketonél, with definedZ,Z stereochemistry, in

excellent yield of 90%.



OH c) 'BuOK

-15°C
p
OTs
; 37, 100%
0 ‘AOH , . OH .. . OH
) e) 'BuOK TsO d) "BuLi, TsCl g b) LIiAH, o
@) EC -
41, 90% 40, 100% 39, 85% 38, 59%

Scheme 8Double ring expansionia Grob fragmentation.

As detailed before (Scheme 6), Griohgmentation can be used in conjunction with other
ring expansion reactis. This is demonstrated tkedaet al®® in the synthesis of the naal
product (x}phoracantholide M(Scheme 9). In this example, an initial Gitype
fragmentation 44 Y 46) preceded an oxidative ring expansion fragmentation of bicyclic
molecule46, to formthe 12membered lactoné?. Initial cyclisation of tethered alker®2

was achieved through a [2+2] photocycloaddition, forming the strained tricyclic structure of
43. Mesylation of the alcohal3 gave44, which underwent Grob fragmentation giviag,
which tautomesed to form the bicyclic ethei6. Oxidation of the moreucleophilic alkene

of diene46 to epoxide47 with m-CPBA andsubsequent ring expansion4f furnished the
12-membered lactord8 in ayield of 58%.

o Q4 MO 4
a) hv _ (jj c) MsCl, pry, CHsCl (33
b) NaBH,, MeOH >
5 ) 4 3 D ?;,
A 43, 78% 44
0= i LN
7 (o
0 |HG
12N _ o) (P d) mCPBA . ’
o g o) o o
0
48, 58% R 47a - 46 =" 45 -

Scheme 9Grobfragmentation followed by oxidative expansion leading to a cascade ring expansion.
Work from Maio et al® showsan interesting oxidativeragmentation reaction preceding

transesterification to giveequential ring expansiortbus forming the :-inemberedactore
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54 (Scheme 10)Nucleophilic attack ot}silyl cycloalkanone enolatd9 into oxetanes0
gave the bicyclic hemiketabl. Oxidative fragmentation of hemiket&l with ceric
ammonium nitrate (CAN) then formed thev@mbered lactong2. Lactones2 was reduced
by hydrogen on palladium before undeiryg acid catalysed transesterificati@3 ¢ 4,
forming the 1imembered lacton®4, in yield of 47%.

OSiMe;

HO)
a) MeLi, THF, 0 °C ¢) CAN, MeCN/H,0
b) BF 5 OEt,, -78 °C OTBS
. OTBS
SiMes DO\) MeSiY 51, 61%
49 et ]
® 0
0.° o |"Q/~ °
<0 d) H,/Pd 0
@ e) TsOH OH
N
54, 47% 53 52, 70%

Scheme 100xidative fragmentation followed by a transesterificatio

With numerous routes to build multicyclic ringad the ability to combine fragmentation
with other classes of ring expansion, fragmentation readtiavesyreat scope and versatility
when forming mediunsized rings and macrocycles through sequentgl expansions.

1.2.4Pericyclic Reactions

A pericyclic reaction is the process bywhich bonds are made or brokevia
aconcertedcyclic transition staté’ They have been ad to make mediursized ring and
macrocycles in cascade ring expansion sequences, examples of wkiomeararised in this
section The examples shown focus threuse of heteraonjugated species with sigmatropic

rearrangements mediated by nitrogen arnifiis

Taking advantage of the diverse reactivity of sulfur ylides, a reactiores@ucby Vedejs
et d.,%® (Scheme 11) is goodexample of consecutive sigmatropic rearrangements. Acid
catalysed addition of diazb6 to cyclic sulfide 55 formed sulfide salt 57, which was
subsequently deprotonated to form sulfur ylisi® The first of two [2,3]sigmatropic
rearrangements then gave the expandetbered ring9. Next,sulfide59wasconverted

into 60 via a Wittig olefination befae the alkylation progss was then repeated with the

10



addition of diazdb1 to form the ylide62, followed by a sigmatropic rearrangement to form

the 1tmemberedulfidering 63, with Z,Z stereochemistry.

7, -
CIO
Ph _>—Ph S
0

Ph
N 57, 60% 58 59, 75%

256 lC) PPhsCH,

Ph o N

Ph
| _ 0413 d) Cu, 100 °C
@S CO;Me o\ N2 °
CO,Me Ph
CO,Me _M602C ] MeOZC)J\COZMe
63 62 61 60

Scheme 11Successive sigmatropic rearrangement usinfyisylides to form an membered ring.

This strategy of consecutive ring expansia sigmatropic rearrangements of cyclic
sulfideswas simplified and expanded ISchmidet al*® who built upon the procedure
presented by Vedejs through simple alkylation of cyalifidesusing alkylhalides and FA

as part of a twstep addition/expansion. This is illustrated in Scheme 12; alkylation of
sulfide 55 with allyl bromide which gavsulfidesalt64, and sibsequentleprotonation with
potassium hydroxide gave sulfur ylifig. Ylide 65 then rearranged towg the ring expanded
sulfide66. This is the key point whefgchmidd s si gmatropi c rearran
to that ofVedejsis that66 now is ready for alkylation without further modification, making
cascadeing expansions much easier gwfer stepsThus,Scheme 12 also shows a second
iteration of alkylation/expansion forming the-friembered rindg9 with overall yield of

49%.
a) TFA @G)Br b) KOH, pentane
S @Si S \

66, 65%

_d) KOH, pentane Cj\\ TFA

69, 76% 68 67
Scheme 12Ring expansiowia alkylation and sigmatropic rearrangement.
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However,a drawback to the simplified alkylation rearrangement method (Scheme 12) was
highlighted by Vedejst al.?° who isolated asideproductin equal quantities to the ring
expanded produd@sb, thus revealing an unwanted side reaction. As is shown in Scheme 13,
deprotonation of the r o t- tosulfud on the ringn sulfide 70, rather thante exocyclic
proton, forms ylider1 and this led to a rearrangement to form undesiredsioiduct 72.
Sulfide 72 can go on to become alkylated and disrupt the reaction further. This problem is
caused by the lack of regioselectivitgm the DBU i the deprotonation stepdY 71); as

both environments appear to be relatively simigaung hence would be expected to have a

similar pKa valug arguably this side reaction is not surprising.

7 o
I o
@Si s \
S a) DBU 65 66
Eé; oTf = —— 66:72, 1:1 ratio
N\ N\ X
70 Y Y/, J—
@S" S
71 72

Scheme 13Undesired side product formationsalfurylide sigmatropic rearrangement.

Sequential ringexpanding sigmatropic rearrangements of molecules containing nitrogen are
less common than those containsufur, butthere arenotable exceptions. Work done by
Backet al** (Scheme 4) showstwo [3,3-sigmatropic rearrangemesaf a pyrrolidine to
form the 14memberedN-heterocycle80. Electrophilicaddition of theacetylenic sulfonéo
heterocycle73 gave ammonium zwitterio4 which underwent az&ope sigmatropic
rearrangement, expandirig to the neutral 1dnembered enaminé. Enamine75 was
selectively hydrogenated in the presence of palladium on carbon toegaraine76.
Alkylation of enaminerZ6 with a Grignard reagent and removal of the tosyl group furnished
the saturated heterocyd8, which underwent electrophilic addition with acetylenic sulfone
to give ammonium zwitteriorv9. The unstable ammonium zwitten 79 once more
undewent a sigmatropic rearrangement forming the expandedeMbered ring0 in a
good yield of 89%.

12



O_\a)DCM QT\\\ Cj\ b) Hp PA/C Cj\
N N\ SO,Ar

SO.Ar | B SOLAr
Bn 2
73 7 ArOZS 75 91% 6
74 c) TfOH
~ ~ /\/MgBr

N N7 7| <0DCM |_e) Na/Hg|

Bn -— Bn~ | I I SOZAI'
§ %é‘ SO,Ar  Bn Bn
SOzAr ArO2S

80, 89% - 79~ 78, 56% 77. 64%

Scheme 14Consecutive az&opesigmatropic rearrangement.

Scheme 15 shows a tertiagninemediatedsigmatropic rearrangemeby Suhet al,*? who
demonstraté the use of az&laisen rearrangements in consecutive ring expassidheir
total syntheses of fluvirucinineEnolisation of the cyclic amid®l to enolate82 gave the
conjugation needed for tlrezaClaisenrearrangemenfThis rearrangement proceeded v
the breakingof the cyclic NC bond and formation of the cyclic-C -hbnd and
thermodynamically favoureB-i s o mlgond in turn expanding the ring into the medium
sized lactam§&3). After several steps88 Y 4 not showj the same process was repeated
to convert85 into 87. Cyclic secondary aming85 was then acylated before undergoing

enolization and sigatropic rearrangement to give lact&min good yield of 74%.

MR a) LHMDS, A . )\% = Several Steps
N N~ N
™ o N
o L oLi | o}
81 82 83, 74% TBSO

b) EDCI, HOBt, Et5N
trans-pentenoic acid

/\C\/j/

c) LHMDS,A

87, 74% - 86 - 85, 96%

Schemel5: azaClaisen rearrangemeng#ving ring expanded macrocycles.
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A creative method of expanding a ring in an iterative fashion is predeyn®eyderPenne

et al.** who reported a way to expandtsrated lactones by one carbon at a time. This is
done through the generation of chlorocarbenes and their subsequent cycloaddition with sily
enolates to form cyclopropane units which collapse into rings one atom largethéhan
precursor (Scheme 16). 8iag with enolization of lacton88, silyl enolate89 was reacted

with a chlorocarbenéormedin situ) to form the strained bicyclic syste®d® which readily
collapsed into the much less strained lact®heAfter hydrogenaon 91Y 3B, the same
processan be repeated until the desired sized lactone is formed, in this caseeanb@red

lactone was forme®8) through two more iterations.

Cl
OTMS ¢
c o] OTMS
aba N S
by TMSCI Q
89, 82%
\¢:) repeata) to d) <\:/</ H2, Pd/C(\j

92, 95% 91, 81%
Schemel6: Formation of macrocycles through iterative carbene cyclopropanatioexaadsion.

This sngle atom ringexpansion strategy could theoretically be performed any number of
times to make any ring size desired; however, the overall yié8 ¥f Dis 63%, ax this
restricts the utility of the reaction somewhat, as after only three iterations, the ring is
expanded by three atoms with an overall yield of 25%. Compared to other methods which
allow for ring expansion of similar magnitudes with lieg yields, sinte atom ring

expansion is therefore lefm/ourable, at least when larger changes in ring size are required.

1.2.5Ring Expansion MetathesidPolymerisation

Olefin metathesis is a reaction popular in synthesis that involves the excliaogstduents
between a pair of alkenes to generate a new pair of different afkeRais. reaction has

been expanded on greatly since its incept@od, has been used in many areas of synthetic
chemistry, including macrocycle formation. However, many methods to make macrocycles
through metathesis do so through ririgsing metathesis (RCM}Y,using a long, linear

precursor, which can encounter the same problems with competing intermolecular reactior
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discussed earliéf. In order to avoid this, metathesis can be used to expand the size of an

olefin containing cyclic compounds.

Scheme 17 is an example of ring expansion metathesis polgtiwerigREMP), first
showcased by Grublet al *64’ Cyclopenten®5, Grubbs catalyst 1194) and acyclic diene
96 were heated at reflux for 12 hours in DCM to yield the ring expanded pra@Q0ah
43% yield, in going from a-fnembered ring to an M®embered ring. Mechanisticallyhis
proceeded through the ring opening metathesB5d6 form 97b, which underwent cross
metathesis with dien@6 to award the long linear dier88. Diene98 then umerwent ring
closing metathesis (RCM) using the same cat&@4gb yield the final macroycle 100in
yield of 43%.Scheme 1&hows the formation of an 48embered ring using the bisnyl
ketone96 which reacts selectively with terminal olefins in exaellgields, minimising by
products and driving the reaction forward. The largest ringreperted in this manuscript
using REMP was 26, however, i worth noting that once ring opening metathesis of
pentene $5) occurs the molecule becomes linear. For this reason, it could be argued that
with the ring opening of penten@7&  Y7b) @iminishes the advantages that ringpansion

has over endio-end cyclisation.

N_ N @
Mes™ “Mes CH-CI
T 95, 2T L |L\Ru — =

RU:\ (0] (0] i
Cl7 1 LyRu
PCySh \)W N ﬁ
ySP 1 L ora = -
94 96 97b
40°C,12h

100, 43%

Scheme ¥: Formatbn of 18membered macrocyclE0through REMP.
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This idea was developed further by Veigeal,*® who reported a tungsten cataly$0{)
able tocyclise norbornene mononseinto a single large cyclic polymer using successive
REMP in a catalytic cycle. A generic exam@shown in Scheme 18, in which amumber

of norbornenainits are cglised to form aing which is % carbons in size.

104

103c

Scheme B: Catalytic cycle of successive REMP throyglymerisation of norbornene units

Tungsten catalystOlis activated by aorbornenghrough the [2+2] cycloaddition between
the alkene group of theorborneneandthe catalysto form complex103a. Intermediate
103a thenunderwent a [2+2] cycloaddition to give the less strained active caldlyist
possessing a reactive alkene whichderwent metathesis with anotheprborneng
expanding the intermediate ring, to giM@c. This process is repeateqtiithe intermediate
undergoes a final RCM step, to yield a macrocycle witlcdrbons irsize, wheren is the
number ofnorbornenaunits Once the macrocycle product is detachE@B¢ Y 104) the
active catalysfl03b can go on to react further to generate more macrocyclic polymers. A
noteworthy point is the ring expanded macrocycle containsasblkene isomers, and is

highly syndiotacti¢c demonstrating the stereoselectivity of thialyest.

Although REMP allows for the construction of large macrocycles and cyclic polymers alike,
there are few examples of using{uactionalised rings and reagents, most likely due to the
diffi culty of finding suitable reaction conditions that avoidnpeting cross metathesis and
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linear polymerisatiort’ This somewhat limits the scope of this reaction for the synthesis of
bioactive molecules and natural products, angrasent, there are no examples of this

method being used total synthesis.

1.2.6 Rhodium-Catalysed Ring Expansion

Over the past decade there has been keen interest in the use of rhodium complexes to expa
strained cyclopropane/cyclopropetirggs into larger medium sized rings the generation

of rhodacyclopetanoneg? Expansion of a ring through ti@sertion of a rhodium complex

was first reported in 2010 by Waegal.,>° who expanded a strained cyclopropené into

a 5,6bicyclic molecule in a Rh(fatalysed carbonylative carbocyclsation reaction
(Scheme 9).

The catalytic cycle isummarised in Scheme 19, for the formation of bicyclic arhb&
from propenel05 using [Rh(CO)CI]2 (5% mol) in DCE at 80C for 12 h.The rhodium
catalyst undergoes an oxidativéd#tion reaction via insertion into the cyclopropdis to
form intermedate 4memberedhodium complexL06a, partially relieving the strain of the
previous cyclopropene uniinsertion of carbon monoxide into the ritigen increasethe
size of the rhodiurtontainingring from a 4 to a 5membered ring affording the
rhodacycbpentenone compled06b whichthenundegoesa[3+1+4 cycloaddition with the
tethered alkyneto give rhodium intermediat206¢c. Reductive elimination of intermediate
106c then takes place to regenerate the active catalyst and yield the tarbatyblié

compoundL07, which tautomeses to form the aromatic compouh@ in yield of 83%.
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OH 0 [Rh(CO),Cl], TsN
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Ph Ph Rh(CO)CI PH
108, 83% 107 105
TsN TsN
S
N
Me N
x [Rh] Me
Rh] =
PN\ | Ph
Ph
Ph o 106a
106¢
TsN CcO
N
[Rh] Me
Ph—\,
0
Ph
106b

Scheme 9: Proposedcatalytic cycle for Rh(Bcatalysedcarbonylativecarbocyclsation ofcyclopropene

This work has since been exyed on, by increasing the ring size of the target molecule and
by the introduction of heteroatoms into the ring. Boeteal.showcase both of these features

in their work summarised in Scheme 20, with the directed ring expansion of an
aminocyclopropanento an 8memberedN-hetrocycle’! The rhodium catalyst inserts into
cyclopropane unit of indol&09to give the 4membered rhodium ringfl0a. Next, chelation

to the amide carbonyl group direth® insertion of CO, formindhodacyclopentenorie Ob.

The nucleophilic Cosition of the indole unit oh10b can coordinate to the rhodium metal
centr e, a process tliag amd the tficgchcpstruaturél@c thent o
icol | ap s e simy rebugtiveteliminationg in turn gaining a proton and forming the

8-membered target{Heterocyclelll, in a good yield of 77%.
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[Rh(cod)OMel, (3.75 mol%) Bn,

<LN_Bn P(4-FCgH4)3 (22.5 mol%) A Nﬁ?]
@\/\>—§ 2-NO,CoH4CO,H (150 mol%) \_.-
N o  PhCN,CO N ©O
H 140 °C, 72 h
1

09

Bn
Bn\N NQ .

=0 —— )= D RN
HN HN O

11, 77% 110c

Scheme 20i C a p-t a I k airpctedcarbodylative CC ring expansion of aminocyclopropane

It is also possible for rhodium to insert into cyclobutane unitsetital >2 showcasedthe

ability of rhodacyclopentanone complexes to form lactones from cyclobutene units via the
ring expansion of cyclobutanoriel?2 (Scheme 21). In this study, the rhodium complex
inserts inb thecyclobutanoneunit of 112 to generate rhodacyclopentanone comgl&sa.

Thus, the rhodium atom first coordinated to the phenolic hydroxy grolp2pbringing the
rhodium into close proximity o t hGebond, al®wing foiinsertion and formation of
113D, and dhydnda élilmiyation yields the targetniembered lacton#14 in 86%

yield. It is worth noting that although the reaction was carried out under a CO atmosphere,
CO is not diretty involved in the reaction mechanism unlike previous rhodoatalysed

ring expansion reactions (See Scheme 19).

[Rh(cod),5]BF 4 (5 mol%) o
PCyPh, (12 mol%), m-xylene, CO [Rh]
] > N
[e] \\
100 °C, 6 h o
HO H
112 113a
_ l [RhIH
-
O% -Rh]H,
114, 86% 0~ ©
— 113b -

Scheme 2: Lactoneformation byrh o d icatma | y z rd cléavage oftyclobutanone
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1.2.7 Successive Ring Expansion

Successive ring expansion (SURE) is a method pioneered in York by Unsival{® and

is based on the iterative insertionf hydroxy acids/ amino- aci
ketoesters to form lactones/lactams. The iterative nature of the method enables ring
expansion to be performed several times to form a range of different sized rings via a
relatively short reaction seqoce. An early example is summarised in Schemén2this
reaction 12me mb e rketakstefl 15 was reacted with acid chloridel6 in the pesence

of magnesium chloride and p yketoedterRodowingo p |
acylation,the Fmoc potecting group on the tethered amineld7 was cleaved using
pipeidine, exposing primary amirEl8a which then underwent rapid cyclisatiom form

118b, via a 6membered ring transition, and fragmented to form the ring expanded
macrocyclic lactanl19, in an impressive overall yield of 80%. As the prodlit9 also
contains acyclic b-ketoestemmotif, the same sequence of reactions can then be repeated,;
thus, the process was repeateding the same conditionso yield the 28membered
macrocyclel20, and then again to form th&rge24-membered macrocycll.

a) MgCl,, pyr, DCM,

(0]
0] (0] (0]
H CO,Et CI)J\/\NHFmoc HE b) piperidine,
116 CO,Et moc DCM
@ RT, 2h RT, 2 h
117
115
NH,
0 HN CHN ]
HO (@]
CI)J\/\NHFmoc © . < . )
11‘; : COEt =— CO,Et = et
repeata)tob
119, 80% over several steps - 118b 118a -
i /\).i
H (@]
(0] N (0] N NH
\/Y CI)J\ﬁ;NHFmoc H
HN
repeat a) to b)
EtO,C O HN" O
O
120, 70% CO,Et
121, 62%

Scheme22Successive ring exgmmnidfagmemtseacti ons with b
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Successive ring expansion allows for theylation of rings with amino acid fragments
varying from three or four atoms long, and the high yielding nature of succesgjve r
expansion allows for up to three iterations, before inefficient acylation prevents further
expansion This makest an appealingand practicakoute formacrocyclesynthesis. The
linear fragments can be phenctionalisedwith a variety of useful hanes before ring
expansionmake SURE an attractive way to construct diverse functional macrocycles and
medium sized rings, artd exemplify this, the group used the methodreat a of library
mediumsized ring scaffolds for inclusion in a higlroughputscreeninglibrary. °*

Successive ring expansion can also be used for the expansion of lactam starting materia
(Scheme 23)° For example, 1anembered lactarhi22 can be aylated with acid chloride

123 at reflux in DCMwith 4-dimethylaminopyridine (DMAP) and pyridine. In this work,
tethered amind25awas revealed through Fmoc cleavagd ®4, this time using DBU as

base, and this amine underw@nsitu cyclisation to 125b and fragmentation, forming the

ring expanded lactait26in an excellent overall yield of 91%actam126 can be acylated

and expanded again in the same way, and thus, using this procedure the expansion (step:s
and b) was repeated three tgrte form the 24nembered lactarh28. After three iterations

of the SURE method, the lactd®2 hadneardoubledin size with an overall yieldf 58%.

a) DMAP, pyr _ NHBn |
_Fmoc
NH ClI En NJJ\/\I}IFmoc OJ
123 B b) DBU N~ 0
@ 50 °C
124

122 125a
Bn
O N En Bn
N
\/¥0 © l HQ l
BnN repeat a) to b) HN™ ~O 3 o S0
@ O _—
_F
H,\t\l\o CI)J\AE e L@
n
123 125b
126, 91% over 2 steps ' — —
127, 81% 0
BnN
® & Q
repeat a) to b) y 0
Bn
O NH ij
Cl)J\/\N/Fmoc )——/’ I
123 Bn O 128, 77%
Scheme23Successive ring expans-aninoacidsragments.si mpl e | act @
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The insertion of hydroxy acidragments is also possiblesing lactam starting materials
allowing for the synthesis of macrocyclic lactoi@Fhe chemistry outlined in Scheme 24

IS conceptually similar to the amino acid variant shown in Scheme 23, withathe
acylation conditions used to convert lactd@9into 131, but in this case acylation was done
with a benzyl potected hydroxy acid derivativé30. Now, the deprotection step was
performed viahydrogenolysis to cleave the benzyl group and reveal the tethered alcohol
(1 3 1 Y a) an@ifollowing addition of triethyhmine as a weak basactam132a underwent
smooth ring expansion to form lactot@3 in high yield of 94%. Expanded lact&lti3 could

then be acylated and ring expanded twice more in the same way, to forhi-finsimbered

macrocyclel34, and then the 2finembered macrocycls5 in 84% vyield.

a) DMAP, pyr
O

OBn B OH |
0
CI)J\/\OBn o) @

NH 130 N /ﬁ b) hydrogenolysis i
50 OC (:ZN 0 C) CHC|3, Et3N N 0

129 131 132a
0 H
O o O HO. O
D
repeat a) to c) — <Y
9 @) ° ) e
o~ o HN CI)J\/\OBn
KAO 130 133, 94%  132b
134, 84% 0 0]
repeat a) to c) O)J\/\O
CI)J\/\OBn 07 07 TN
130 OH
135, 84%
Scheme24Successive ring expan s-hydroxyacsl fragments.i mpl e | act @

Hydroxy and ami no aci dbelusedirgenteangeably i $ucceskive U
ring-expansiorreactions. This is illustrated by the successive ring expansion pribg)ct
where the starting material, -I8embered lactahi23, was acyl ated -and
hydroxy acid fragmentl30 (red) beforeb ei ng acyl at ed -aminaacie® x p 8
fragment137 (blue), to furnish the 2tnembered macrocyclE38in overall yield of77%,

with several similar mixed examples also having been reported.
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d) DMAP, pyr,

a) DMAP, pyr, HN
0 @) 0

0
0 Cl
NH C|)J\/\OBn o/\/[< O O/j/\
130 - 137
@ b) hydrogenolysis @ NH e) DBU o” N
¢) NEts, CHClI3, N

RT H
123 136, 95% 138, 81%

Scheme 25Successive ring expansion with both hydroxy and amino acids.

1.2.8Internal Nucleophile Ring Expansion

Internal nucleophile ring expansion (INRE) is a methodology discovered and reported
recently (2019) by the Unsworth graitpand is a method by whighediumsized rings can

be made directly from linear precursera a cyclisation/ring expansion cascade. A central
design feature of this approach is to ensure that all cyclisation reactions involved in the
overall process proceed via thermodynamicalixotaable transition states in terms of ring
size (specifically bB7-membered ring cyclic transition states). In contrast, medized ring
transition states, which are typically destabilised by transannular interactions and strain, are
completely avoidedrhis is done by installing an internal nucleophilic into the lirstarting
material, to promote a cyclisation/ring expansion cas¢adgire 4).By ensuring that the
reaction proceeds through Anor mal 0 esultzed
in a more kinetically favourable reaction profiléhis morefavourable reactioprofile will

be followed, as illustrated in the stylised reaction coordinatecyatisation of linear
precursors which d@dlueline) and do nofredline) contain annternal nucleophilejepicted

in Figure5. In turn, this lower ermgy pathway reduces likelihood that intermolecular side
reactions compete with the desired process, even at normal dilution, which contrasts tc
classical endo-end cyclisations of mediumized rings, in which high dilution is often
required to minimise die reactions. TiB concept is summariseas agenericschemein

Figure 4.
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Classical End-to-end Cyclisation

Ko ()

139
140

Nucleophile Induced Ring Expansion

141 145 143

6-Membered Ring
Intermediate

Figure 4: Model demonstrating function of the internal nucleophilic catdty®en) in an internal nucleophile

ring expansion reaction.

A .

’ AN Without internal
’ AN nucleophile
’ M 139 Y 1.

S

Q With internal 142

w 139/141 nucleophile
141 Y 1.

140/143

Reaction Coordinate

Figure 5: Hypothetical reaction coordinate afgeneridNRE reaction.

An illustrative example is shown in Scheme 26, for the lactonisation of linear hizdyl
144. First, carboxylic acid44is activated bythe coupling reagemropanephosphonic acid
anhydride(T3P) to form the activated acidls. It is then proposed thahe pyridinemotif
present inl45 attacks the activate acidtramolecularly toform the positively chargeé-
membereding acyl ammoniunintermediatel46a. The tethered alcohalf 146a canthen
attack the same carbonytyrming bicyclicintermediatel46b, beforefragmentingto form
the medium sized lactorid7, in anexcellent yield of 90%Crucially, if the same conditits
are used on an analogous starting reagent lacking an internal nucleophile pgA8inthé
only product isolated is dimé&b0, with none of lacton&49 formed, clearly highlighting the

importance of the internal-Nudeophile (Scheme 27).
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Scheme 26INRE with a biaryl linear precursor.
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Scheme 27Dimerization of Nfree precursot48.

An interesting feature of INRIS its atroposelectivity. Atropisomesimcan play avital role

in drug discovery and developmegtven the key role shape and conformation play in any
ligand-target interaction in biolog3? Due to the biaryl nature of the compouthére is a

lack of free rotation around the-© bondconnecting the two aryl groups in the products
(supportedby DFT studies)As a result of this, it is possible to form amsdlate single
atropisomerf mediumsized ring products using this chemistBor example, in biaryl
systems containing secondary alcohols as the terminal nucleophile, two atropisomers ar
possible, but only one atropisomgformed exclusively. Schen28 shows a kinetic model

for why it is thought that only one atropisomer is observed, based on a sterically preferred

Si faceattackto form the acyl ammonium intermediate.
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It is proposed that theiemberedransition statd46a is similar to that of a chair/bodike
conformation. hie observedtereochemicalutcomel47(i) arises from the facial selectivity
of thealcoholattackng theprochiralintermediatéN-acylammoniumon, and when attacking
via the Si face, this placéise methylgroup of the secondary alcohol apseudeequatoria
orientation(146a Y 6b{i)# However, when the alcohol attacks the Re fdetsg Y
146h(ii)), this would force the methyl group to be insepdeaxial orientation, presumably

resulting in increasedtaic repulsion and leading to the transition state being higher in

energy.

=

i)
N@_ Si Face ® N
N\
D (e} Me (@) M
Y wm o® | 0 ©
H _ 147(i)
146a 146b(i)

=N
OH Re Face H 0 o N/
(@)
Me
Me' (@]
© o)

27 Ster
Me Steric
Hindrance 146b(ii)

146a 147(ii)
Scheme28: A kinetic model based on diastereoselective attackgraohiral Nacyliminiumion
It is also possible to use INRE with precursors Wwhise free amines instead of alcohols as
the terminal nucleophile to form lactams, suchsY 36 (Scheme 29). Equally, aliphatic
tertiary amines can be used as the intemoaleophilic catalysti51Y 32), and the length
of the linear precursor can also be varied, with ring sizes from 8 (latfahe¢o 11 atoms

(lactonel52) all being madeia INRE
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Scheme 29Diverse selection of INREeactions.

1.3 Project Aims

Heterocyclic mediunsized rings and macrocycles are interesting compounds in medicinal
chemistry, and developing improved ways to make complexemsgstof this type is
important>® Therefore, in this project, we wanted to further develop the INRE strategy, with
specific focus on development of more elaborate cascade sequences to form larger, more
complex ring systems more quickly. Thus, a new strategy was conceived, wheredy long
linear precursors would be designed, that contain more than one internal nucleophile. In
theory, ths would allow for multiple cyclisation/expansion processes in a single cascade
sequence, thus enablitige formation of larger macrocycles from a linpagcursor in one

pot, in a multi internal nucleophile induced ring expansion (FINRE).

A generic epresentation of thisoncept isshown is Scheme 30 whXdor ea M A

represent i nt er @AHMOl sn waoli & a pehsi | ae silThass natineara | |
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precursorl59 would be activated by a coupling reagent before cyclising to form the
intermedia¢ 160a. The carbonyl of this intermediate could then be attacked by the internal
nucleophiledy 6 of 160a to form the 1@membered intermediat0b, beforefinally being
attacked by the tethered nucleophilddéand expanded again, to form the ring expanded
14-membered macrocycle produddl As with single internal nucleophile ring expansion,
the system in questias expected tdollow a morekinetically favourable reactioprofile
when compared with the analogous direct-emdnd cyclisation Figure 6 illustrates a
hypothetical reaction coordiate for cyclisation of a generic linear precursor which
constitutes two internal nucleophildstriguingly, there is also nobviousreason why the

linear starting material could not be extended even furtbein¢lude more internal

nucleophiles.
XTI TNk RN n
Coupling agent_ CE/Y ZH
159 Base Co 160a
(0] OH ¢

— 160b —

Scheme 30Example of an internal nucleophile ring expansion reaction with two internal nucleophiles.

- - o

e AN Without internal
’ N nucleophiles

Energy

With internal
nucleophiles
159 Y 161

160

Reaction Coordinate

Figure 6: Hypothetical reaction coordinaté a generaimulti-INRE reaction
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The overriding aim of this project wasdstablish the muKINRE concept as an important
new method for macrocycle synthesis.faailitate this, he following objectives were

devised

1 To explore the viability othe muti-INRE strategy using a simple model system.

1 To optimise themulti-INRE reactionby screening against an array of different
reaction conditions.

1 To explore the scapand limitations othe multtINRE strategy by building and
testing an assortment of limgarecursors.

1 To gain insight into the diastereoselectivity mtlti-INRE when used on longer
precursors.

1 To gain further insight into the mechanistic pathway byctwihNRE proceeds.
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Initial Multi-Internal Nucleophile Ring Expansiomgursor Design
and Synthesis

2.1 Designingan Initial Precursor

To explore the viability of anulti-INRE system with more than one internal nucleophile,
we first designed a linear starting material that contains two internal nucleophiles which
were previaisly shown to be successfulsimgleINRE reactions in the Unsworth gro@p.

It was hoped that by incorporating an additional nucleophile into a system already known to
undergosingleINRE with one internal nucleophile, it would allow two successive ring
expansions to aur in a cascade process. It was also hoped that the tooflsynathetic
procedures already in place for makisgqgleINRE precursors would facilitate the

preparation of novehulti-INRE precursors.

The first precursor conceiveandthe proposedhulti-INRE mechanistic pathways shown

in Scheme 3. The precursofl62 is based on the use of two tertiary amine groups as the
internal nucleophiles, the first a pyridine, which was the most successful internal nucleophile
in the previoudJnsworth group work,rad the second a simple aliphatic tertiary amirte

idea wasthat the carboxylic acid iA62 would be activated by a suitable coupling agent
beforeundergoing nucleophilic attack withe pyridine internal nucleophile to give the first
intermediatel63a, a 6membered pyridinium ring. Thieope then was that theartonyl
generatedwould then be electrophilic enough to be attacked by the second internal
nucleophile, the tertiary amine, to give therh@mbered ammonium rintH3b. Then,the
10-membeed intermedhte 163b would beprimed to undergo anotheng expasionasthe
terminal alcohol attacls the electrophilic carbonymoiety to open the ring and form

macrocyclic lactoné64.
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(@) OH 162

Scheme 3: Mechanistic pathway of ring expsion using precursd62.

Scheme 3 showsour plannedetrosynthetic route to precursbbl It was envisaged that
the initial precursorl51 would be constructed from the pyridid60 containing two
synthetic handlesinortho-halidefor crosscoupling andanortho-methylgroupsuitable for

lithium ion-trapping

Protection of the carboxylic acid when building the precunsasthought to be prudent to
avoid unwanted side reactions, and this could be doaeesterification. The key
retrosynthetic disconngon would be the € biaryl bond, which splits the precursor into
two synthetic targets, arlblide167 and borylated arydsterl66, which would be connected
through a crossoupling reaction. Borylated aryl esté86 would be accessed through a
Miyauracrosscoupling between haloaryl est&88 and BPirp. The tertiary amine internal
nucleophile present in pyriding67, would be preparedvia an S2 reaction between
secondary amin&69 and alcoholl70. Finally, secondary amink9 would be synthesised
vialithiation-trapping of the2-methyl present in pyriding71 with electrophilic iminel72
With a synthetic strategy in place, the synthesehaflaaryl of the form169was attempted.
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Scheme32: Retiosynthetic route towards the initiaulti-INRE precursod62

2.2 Building Initial Multi -INRE Precursor 162

We started by seeking to establish conditions for the lithidtegping ofbromyridine
173 with imine 172. Severalithiation-trapping reactions were performed using conditions
previously identified for similar reactioféTable 1shows all the different conditions tested,
each with their respective yield. Thus, when using two equivalents of both 17rend
LDA (Entry 1) a moderate yield of 70%as obtained for amin&74. However, both TLC
andH NMR spectroscopynalysis of the unpurified reaction mixture showed pyridif@
was still present. In an attempt to convert all starting matefinto product, theeaction
time was increased froB0 minutesto two hoursEntry 2, which led to an increase in yield
to 81%. Next, we questioned whether the use of two equivalents of LDA was necessary,
given that only one deprotonation was requitkds,the reaction wasialed using reduced
equivalents of LDA (12 equiv.) but this led to a significant drop in yield from 81% to 60%
(Entry 3. Furthermore, aumber of uncharacterisaldele products were also observed by

TLC and 'H NMR spectroscopyunder these conditionsnost likely caused by the
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polymerisation of173 via SVAr. Simultaneouslya lithiation-trapping reaction with both
reduced equivalentsf imine 172 and LDA wastrialled in the samehope of generating a
more efficientithiation-trapping reactionEntry 4). Using only 1.5 equivalents of imirr2
and LDAgave the best result, furnishing amitv@ in 80% yield; this result was particularly
pleasing as the amount of imid&2 could be reduced, allowing for a more efficient

synthesis.

Table 1: Lithiation trapping optimisation for amink74 synthesis

X
Jl\/i a) LDA, THF, -78 °C, 1 h | Ph
— e
Br~ N7 b) N _Ph,-78°C Br” N H

173 172 174
Entry LDA (Equiv.) Imine 172 (Equiv.) Reaction Time (bjh | Yield/ %
1 2.0 2.0 0.5 70
2 2.0 2.0 2 81
3 1.2 2.0 2 60
4 1.2 15 2 80

The next step in the synthesis towgpdscursorl62was the alkylation of secondary amine
174 1t was envisioned that am&reaction between amiig4and a halogenated propanol
should be an efficient and high yielding way to install the terminal alagybap. However,

this reaction transped to be the most challenging to optimise, with the conditions okihe S

reaction requiring five revisions until the yield was brought up to an acceptable level.

Scheme 3 shows the different reaction conditions égsfor the synthesis of alcohbr6.
Scheme 3 (i) shows he first attempted & reaction, in which amin&74 was heated at
reflux in acetonitrile for three hours with 2.0 equivalents of potassium carbonate and 1.5
equivalents of chloropropand?5. Surprsingly, TLC andH NMR spectrunanalyss of the
unpurified reaction mixture showed no evidence of prodd& being formed,despite
believing that secondary amii&4 would be reactive enough to undergo the desirg?l S
reaction. This lack of reactivity is thought to be caused by arhidebeing a worse

nucleophile than initially thought.

In an attempt to improve the reactivity, bromopropad@l/ was usedinstead of
chloropropanoll75 in the hope that this switch to a superior leaving group would help
promote theSy2 reaction (Scheme3J(ii)). The Sy2 reaction was heated overnight to give
the best chance of success. This change did have a positive effegrosuctl76 isolated

successfully, but the yield was poor (24%). TLC dHINMR spectrumanalysis of the
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unpurified reaction mixture agashowed starting materiav4 was still present, indicating
that the reaction did not go to completi@dcheme 3 (iii) shows the next modification:
leaving the reaction over the weekend to allow all starting matefato be consumed.
Pleasingly, the igld increased to 53%, however, starting mateifdl was again identified
in the unpurifiedreaction mixture. This prolonged reaction time was also impractical, as a

threeday reaction would likely create a bottleneck in the synthesis of predi&or

More forcing conditions were therefore used in an attempt to convert all starting material
174 into product. Scheme33iv) shows an increase in bromopropat@dl equivalents to

2.5 afforded product76in a yield of 65%. However, starting material was gtitsent in

the reaction mixture, suggesting that the yieldZ6 could be increased furthescheme 3

(v) showcases a final attempt to increase the yield, using a better electrophile, iodopropana
178, at a higher concentration (0.5 M) to drive convarsof starting material74 into
productl76. The reaction furnished alcohdf6 in a good yeld of 75% whichsignifiesa

major improvement upon the initial reactions. However, a small amount of starting material
174 was still identified from the unpurifée reaction mixture in both TLC antH NMR
spectroscopyalbeit in much smallequantities, suggesting that further optimisation could
still be possible in future studieklse of a stronger bassuch as sodium hydrideyas
avoided as it wasuspectedhat a stronger base wouldad tothe E2 elimination of the
haloalkane.

(i)
Xy ONH  KyCOj (2.0 equiv.), MeCN (0.1 M), Xy N oM

» »

Br” N ph CI” >""OH (1.5 equiv.), 85°C,3h Br~ N Bh
174 175 176, 0%
B SN0
Br N Ph Br/\/\OH (1.5 equiv.), 85°C, 18 h Br N/ Ph
174 177 176, 24%
B SNTon

Xy ONH K>COj3 (2.0 equiv.), MeCN (0.1 M),
~

Xy ONH  K,COj; (2.0 equiv.), MeCN (0.1 M),
Z

Br” N Ph Br” " OH (1.5 equiv.), 85°C,3d B~ "N Bh
174 177 176, 53%
(iv
| SNH  K2CO3 (2.0 equiv.), MeCN (0.1 M), S SNN"0H
Br N/ Ph Br™ " “OH (2.5 equiv.), 85°C, 18 h Br N/ Ph
174 177 176, 65%

Xy ONH  K,COj (2.0 equiv.), MeCN (0.5 M), |
~

Br” N ph 17" 0H (2.0 equiv.), 85°C, 18h B~ N7 Bh
174 178 176, 75%
Scheme 3: Sy2 reactiondor precursorl64synthesis.
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The next step was to start making the other half of the preca®)meeded to crossouple

with bromopyridinel76. As previously shown in Scher3g, the targetoleculel66 should
possess a boron synthetic handle, which could be made from an aryl halidd&®ter (
However, o such aryl halide ester was commercially available, so a commerciallgideali
acid analoge, bromaryl acid 179, was used instead and converted into an ester, via the
simple procedure shown in Schemk Bus, esterification of acitl’9 using sulfuric acid in

methanol at reflux for 90 mins afforded methyl ed&0in an excellent yield of 99%.

Br Br
MeOH, H,SO,
70 °C, 90 min
O~ OH 0O~ "OMe
179 180, 99%

Scheme &: Fischer esterification of aryl halide.

With the carboxylic acidgroup protected as a methyl ester, the bromide could now be
converted into the desired pinacol bordf®l using a Miyaura crosscoupling. Using
conditions based on previous literat@feryl bromide180 was stirredn dioxaneat 80°C
overnight under argon wit[ 1 -bid(dyghenylphosphino)ferrocene]dichloropalladium(ll)
potassium acetate, and bis(pinacolato)diboronue gryl boratel81in an isolated yield of
56% after purification(Scheme 8). While successful, this reaction was a bottleneck in the
construction of precursd62 for several reasons. First, for the subsequent -@asgling
reaction (66 + 167 Y 165) aryl borate181 was used in excess of 2.0 equivalents, which
meant that a largguantity of181needed to be produced. This in turn required a relatively
large quantity of reagents, includiagarge amount ahe expensive catalyst Pd(dppfCl
Second, the lromatographic purification of boronic ester pinad®1 was extremely
difficult, especially on scales of 2 g and aboAmealysis usin@D TLC revealed that boronic
ester pinacoll81 slowly decomposesn silica. This instability coupled wih the presence

of an undesiredideproduct in the crude reaction mixture, which had a simitaioRhe
boronic ester pinacdl70 in all tested solvent systems, made the isolatiod&if from
chromatographic purification very challenginghird, to make prification eager, a
proportionally large column was required for the purification, which was costly in terms of
solvent silica requirements, and in time. This limited the amount of pra&oivhich could

be successfully purified in a single column to 2his required the purification oboronic

ester pinacol81to be performed in batches.
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Br Bis(pinacolato)diboron, AcOK, (x)/?
Pd(dppf)Cl, (5 mol%), dioxane B
80 °C, 18 h
O~ OMe

180 O~ 'OMe
181, 56%

Scheme 3: Miyauracrosscoupling of aryl bromidd.70with bis(pinacolato)diboron.

Having successfully synthesised both halves of the targetimorl62 the next stage of
the synthesis was to couple the two molectiE&sand181. Scheme 8 shows the Suzuki
Miyaura crosscoupling reaction, which was adapted from conditioeportedin the
literature®’ Aryl bromide176and boronic ester pinach81were sirred overnight at 80C
under argon with potassium phosphate and Pd(dppf)@ THF/HO mixture to make the
biaryl 182in a pleasingly high yield of 87%s the SuzukiMiyauracrosscoupling reaction
was high yielding, no further optimisation was reqdi and every repeated synthesi$&#

used the conditions shown in Schenge 3

B(Pin)
e ~N e
Br” N N~ 181 CO,Me SN N
K4PO,, THH,0, B

Pd(dppf)Cl, (5 mol%),
176 OH 80°C,18h 07 >OMe  “OH
182, 87%

Scheme 8: SuzukiMiyauracrosscoupling of boronic ester pinacb81and bromopyridind. 76.

The final step in the synthesis of precur$6® is the hydrolysis of the methyl est&82
(Scheme 3). Typical ester hydrolysis conditions were used; és88was stirred overnight
in a lithium hydroxide/THF solution abom temperaturt yield the desired precursb82
Althoughit was thought thathe hydrolysis cleanly converted all starting matet&? into
product162, based ofH NMR spectrumanalysis, the product was still purified via column
chromatography to remove any trace impurities carried through from previous reactions.
After purificaion, precursorl62 was isolated in an excellent yietd 96%. The purified
product was isolated aspowder. We believe that hydroxy acié2 takes the form of
zwitterion 162a based on typical acid and aminezpkalues howeverthe *H NMR peaks
of envirommentsnear the protonated quaternary antloenot show aignificant change in
chemical shifivhen compared to tHel NMR of methyl estet 82, which would be expected
after protonating the tertiary amine.
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Scheme 3: Hydrdysis of methyl estet82.

With the initial precursor synthesised and each &t@png good yieldwe focused on
making a relatively large quantity of precurs@? in order to screen the initial internal
nucleophile ring expansion reactidi®2 Y 164) against a large array of conditions. Scheme
38 shows all the reactions involved in the synthesis of the linear preciué&ofrom
bromomethyl pyridinel73 in an overdlyield of 50%. Considering the number of steps in
the synthesis, with each orequiring chromatographic purification in highly polar solvent
systems, the overall yield is pleasing. With an optimised synthetic route in hand, 3 g of
bromomethyl pyridind 73 was used to furnish 3.5 g of hydroxy a&&R, which was ample

for initial screening to commence.

C) K2CO3, MeCN,

N
) 2)LDA THF -78°C, 1h R " 473 ©H
~ o “ -~ o
B N b)_Ng_-Ph,-78°C,2h Br” "N H 85 °C, 18h
173 172 174, 80%
Xy Ph
- _ e)Pd(dppf)Cly,
N N K3PO,, THF/H,0, 80 °C, 18 h _ _
/\) Br™ °N N
HO
07 “OMe 176, 75%
182, 87%
f) LIOH, H,O/THF o o
RT, 18 h I d) Bis(pinacolato)diboron, '
B-g Pd(dppf)Cl,, AcOK,
AN Ph dioxane, 85 °C, 18 h
P P _ 07 o~
N N 0" o 180
/\) 181, 56%
HO
07 “OH
162, 96%

50% over four steps

Scheme 8: Synthesis route to linear precurd62.
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2.3 Initial Multi -INRE Reaction

With access to a sufficient quantity of precur$6, we could now attempt a muliNRE
reaction. The INRE reaction as performed on precursd62 by adapting conditions
previously reported for ring expansion by the Unsworth group. It was assumed tleat mor
energy would be required to promote this mINRRE reaction as two successive
intramolecular nucleophilic substitahs needed to take place, compared to singRE
reactions which used precursors containing one internal nucleophile. With this cessider
the initial multrINRE reaction using precurs@62 washeatedovernight at reflux (60C)

to allow for the bestl@ance of success (Sche®. Thus, hydroxy acid62was refluxed

in chloroform with the coupling agent T3P and DIPEA which afforded laciéden an
isolated yield of 17%Notably, baryl lactonel64was isolated as a single atropisonméth

thereasong behind this stereoselectiviéxplainedbelow.

= | Ph
x _ T3P (1.5 equiv.),
N N" DIPEA (5.4 equiv.),
ﬁ CHCI3, 18 h, 60 °C
o~ on o 164, 17%
162 ’

Scheme39: First trialled mul#INRE using hydroxy acid62

Cyclisation of hydroxy acid62to form macrocyclic lacton&64was confimed by HRMS,
and IR, 'H NMR and **C NMR spectroscopic analysis. Figure 7 shows {HeNMR
spectrum of macrocyclic lactod€4with all nonaromatic peaks assigned to their respective
environments. In lactont64, free rotations expected to beestrictedrelative to the linear
precursoyindeed this is seerin theH NMR spectra, witlthe aliphatic protons that were
previously equivalentin precursor162 distinguishablein the *H NMR spectrum of
macrocyclic lactond64 This is clearly seen witthe CH protons adjacent to the carbonyl
in lactonel64 (H; and H in Figure 7). In the linear precurs@62 the two protons are
indistinguishabldy *H NMR, however, due to theresumablynorerigid confirmation, they
can be differentiated vidd NMR spectrosc@y, with H and H presenting a distinct doublet
atnd i 4 6 1400,despectivelyThus, wth evidence obtained from tladl spectroscopic
methods described, including tAel NMR spectrum (Figure 7), we could confidently
confirm the synthesis of novel macrocyclic lagd®4via a multtINRE reaction, the first
of its kind.
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Figure 7:*H NMR Spectrunof multi-INRE product lacton&64.

The isolation and characterisation of macrocyclic lacttBedemonstrates that INRE can

be achieved using linear precursemtaining more than oniaternal nucleophile. This
gratifying discovery underpinned the direction taken for the rest of the project; focus was
turned towards increasing the yield and exploring the limitations of #NRE reactions

using linear precurssrcontaining multiple i@rnal nucleophiles.

Interestingly, analysis of thid and'3C NMR spectra of lacton&64 also gave additional
insight into the stereoselectivity of muINRE systems which use precursors containing
multiple internal nucleophile®oth *H and**C NMR spectra provided evidence suggesting
thatthemulti-INRE reactionl 6 2  Yprobu®d only one diastereoisomer. Figi#ehows
the 13C NMR spectrum of the isolated lactoh®4, with all appropriate peakassigned to
their respective carbon environment. @ NMR spectrunof lactonel64shows a notable
absence of peaks corresponding to a chemically different diastereomer, suggesting that onl
one diastereoisomeas formed in the mulkINRE reaction.lt could be argued that such a
diastereoisomer could have been removed during chromptograurification of the
unpurified reaction mixture containing lactordi®4. However, only one macrocyclic
compound could be identified frofH NMR spectroscopy of thenpurified reaction

mixture.
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164(i) 164(ii)

Figure 8: Possiblediastereoisomers which could yield from the miMRE reaction.
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Figure 9: 3C NMR spectrunof macrocyclic lacton&64.

To assigrthe relative stereochemistry H64, we turnedo X-ray crystallography. Thus, a
crystal was grown (froni64) and the result is shown figure 10. The structure of the
crystal grown regded it to be atropisomerl64(i), which possessed trsamesense of

stereochemistry a@bat seen ithe previously reported singIBIRE biaryl lactonel47.%7
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, J 9 164(i) (CCDC 2004423)

Figure 10: Single crystal XRD structure of macrocyclic lactdré(i).

This atroposelectivitys presumed to have the same origin as in the previous work, resulting
from facial ®lectivity of the attacking internal nucleophile. Similar to previous siigiRE
reactions, this system allows for petotaxial chirality transfef® The atroposelectivityin

both single and mult:INRE reactionscan be explained using the same kinetic argument
(Scheme @). It is presumed thahe observedtereochemicalutcome(formation of164(i))

arises from the facial Btivity of the tertiary amineattackng into the prochiral
intermediateN-acylammoniumion, and when attacking via the Si face, it plaitesphenyl
groupin a pseudeequatoris orientation(1 6 3 a Y ).1HbBebef, iwhen the tertiary
amine attacks theRface{ 6 3 a Y )ltBisSwouldifarce the phenyl group to be placed

in a pseudeaxial aientation, presumably causing steric hinderance, and leading to the
transition state being higher in energy, in turn preventing the formation of atropisomer
164¢(ii). It waspleasingio see that the diastereoselectivity of INRE reactions was transferred
when synthesising larger macrocycles from linear precursors containing two internal

nucleophiles.
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Scheme 8: A kinetic model basd on diastereoselective attack into prochikacyliminiumion.

24 Summary

The first cyclisation of a linear precursor containing two internal nucleophiles via a multi
INRE reaction has been reported. The design and subsequent synthesis of theandvel bi
linear precursol62was achieved in 50% overall yield over four stepge $ynthetic route

to access novel precurstB2was optimised to ensure all reaction steps gave their respective
product in good yield, allowing for the efficient generatiompdcursorl62 for subsequent

screening.

The initial cyclisation of precursat62 affording novel heterocyclimacrocyclel64 via
multi-INRE was successfully achieved in 17% yield, using modified conditions previously
identified for singleINRE reactions. fis result demonstrates that INRE reactions are

possible with precursors comiang two internal nucleophiles.

A single diastereoisomer of heterocyafi@acrocyclic lactond64was isolated and
characterised vitH and*3C NMR spectroscopy and single crys(®RD. This data
suggested that the multNRE reaction was atroposelectiveloaling for pointto-axial
chirality transfer. A kinetic argument based on siAQIRE atroposelectivity was also

developed.
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Multi-INRE Screening and Aliphatic Precursor Sysibe

3.1Initial Screening of multi-l NRE r eactid4on 162 Y 16

Having established that a mulNRE reaction using a precursor containing two internal
nucleophiles is possible, the next step was to increase the yield of plddutirough
optimisation of reaion1 6 2 Y. Thisévds done by testing a range of reactionditions
for the INRE of precursat62 Screening was carried out on 100 mg suoaless statednd
the variables changed during the initial screening process of redcio® VY wete6 4
solvent temperature, reaction time, concentration, and couptjegta Table2 shows the
reaction conditions tested and the respective yield from each reaction.

Table 2: Initial screening conditions for reactidn6 2  Yand tBe# respective isolated yield®erformed
on 300 mg scale.

= Ph
| - ; N Ph
x> _ coupling agent (1.5 equiv.), |
N N"  DIPEA (5.4 equiv.), - N N~
solvent (conc.), time, temperature
ﬁ (conc.) p . S
0~ OH OH 0164
162
Entry Czlépélrl]rtlg Solvent Concethratlon/ Time Tempscr:ature/ Yloe/Ld /
1 T3P CHCIs 0.1 18 h 60 17
2 T3P CHCls 0.001 18 h 60 7
3 T3P DCE 0.1 18 h 85 9
4 T3P CHCls 0.1 18 h 25 6
5 T3P CHCls 0.1 1w 60 8
6 T3P DMF 0.1 18 h 60 33
7 T3P DMA 0.1 18 h 60 19
8 CDlI DMF 0.1 18 h 60 11
9 HATU DMF 0.1 18 h 60 19

First, the concentration of hydroxy adié2in solution was changed from 0.1 M to 0.001 M
(Table 2, Entry 2). It was assumed tha higher dilution would lower the probability of
hydroxy acid162reacting with other hydroxy acid molecules, and althadghlly we did
not wantto resort to higldilution in INRE reactions, wastill considered thaestirg at loner
concentrations wodlallow for greater insight into mutNRE systems. If a higher yield of
product 164 was observed using high dilution, it could inderred that intermolecular
reactions and the formation of polymargthe underlying reasdior the poor yield ofLl64

at standard concentrations of 0.1 M. However, the yield of the diluted reaction was lower,
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7%, suggesting th@bmpetingntermolecular reactions were not tim@incause of the poor

yield of productl64.

Next, the reaction solvénvas switched from chloroforrio a chlorinated solvent with a
higher boiling point, 1,2lichloroethane (DCE) (Entry 3), allowing the reaction temperature
to be raised to 85C. It was hoped that increasing the reaction temperature would supply
intermediated 63aand163bwith enough aergy to overcome any possilidmetic barriers

that may have begureventing formation of the produt64. However, the decreased yield

of 9% cortradicted the proposed hypothesis. Next, the opposite was testiedhe hope

that lowering the reaction terarature and in turn reducing the energy supplied to the INRE
system we would reduce the prevalence of competingsatgionghat could be consning
starting materiall62 and in turn reduce theumberof undesired sid@roducts (Entry 4).

However, a laver yield of 6% was observed which once again contradicted this assumption.

In an attempt to allow complete conversion of starting mat&@alinto product164, the
reaction time wasicreased to one week (Entry 5), however this also led to a lowernyield
8%. Next, a change to the more polar solvent DMF was explbesid on a notion that a
more polar would helptabilise any charged intermediatformediuringthe reactionX63a
and 163b). We hoped this would in turn lower the energy required to forermediates
163aand163b, thereby increasing the rate of prodi6d formation (Entry 6). Pleasingly,
this led toa relatively large increase yneld to 33%, nearly double the yield of the initial
multi-INRE reaction (Entry 1). Dimethylacetamide (DMA)other polar solvent, was also
screened in the reaction (Entry 7) but a lower yield of 19% was obtained.

As DMF gave the best resultsr multi-INRE reactionst this stageit was therused as a
standard when screening other variables, suchthascoupling agent.Both 1,1-
carbonyldiimidazol€CDI) (Entry 8) and hexafluorophosphate azabenzotriazole tetramethyl
uronium(HATU) (Entry 9) were used as alternative coupling agents to T3P in the hope of
finding a more suitable coupling agent, however, both régaded to a decrease in the yield

of lactonel64to 11% and 19% respectively.

With moderate screening of reactibré 2 Ywela¢higved a significant increase in yield
(17% to 33%). Although there is substantial room for improvement, the noteworthy increase
in yield arising from a small number of screening experiments suggests that with more
intensive screening of theulti-INRE reactionl 6 2 Y andl féirther optimisation, a

considerable increase in the yield of lactded is possible. Interestingly, throughout the
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initial screening process, none of starting matdré could be identified in the unpurified
reactionmixture by TLC or*H NMR spectroscopy, suggesting that all starting material had
been consumed. Due to the low yields of lactbé4 it was assumed that hydroxy adie2

was instead being converted to an undessiéléproduct in greater quantities thamet
desired lactond 64. At this point, optimisation of this reaction was paused, to examine
alternative substrate&ection 3.3) andhe reaction mechanisifsection 3.2). However,
additional optimisation of this systefleading to much improved yields) described later

in the thesis (section 3.4).

3.2 Theorised INRE Reactionintermediate

When performing the INRE reactiaieaddition of T3P to the hydroxy acidb2causes the
reaction solution to instantaneously urgtera colour change, from colourlessdeep red
This suggestethat a highly conjugateidtermediatecould be formed in the reactidn6 2 Y
164, given that strong colours in organic molecules are often associated with extended
conjugation Scheme 2 showsthe proposedformation of a highly conjugated, aromatic
specieg183) which could be formed from intermedidté3a Thus, aprotonatia Uto the
carbonyl of charged intermediaté3awould give conjugated heterocyd83 which would

be both aromatiand neutralhence this putativentermediatel83 might be expected to be
more thermodynamically stable than intermedib®@a It was therefore speculated that
intermediate 163aand183are in equilibrium, and in order for ring expansion to procced,
heterocyclel83would first need to revert to intermedidi®@3a thusintroducingan energy
barrier that slows the rate of formation of prodi64 A hypothetical reaction coordinate
for this scenario (which assumes th88is lower in energy thah63g) is depicted in Figure
11.
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Scheme 4: Mechanism for the formation of the theorised undesiregdrbguct183
It was believed that if the reaction pathwiays 2 Y prabe®died without formation of by
productl83(blue), the reaction would proceed to form prodié as the two intermediates
163a and 163b possess favoured energy minimums. However, if the reaptdimvay

proceededvia the formation of byproduct183 (red), then the energy minimum would

hypothetically be much lower than the energy minimum possessed by charged intermediate

1633 in turn creating a steep energy barrier which slows the rate of fomudtiotermediate
163band in turn produci64

J
Without formation

of 183

163a

With
(reversible)

formation of
183 183

Energy

162

Reaction Coordinate

Figure 11: Hypothetical reaction coordinate illustrating energy minimums with and without formation of by
product183

All attemps to isolateintermediatel83 from the reatton mixturewere unsuccessfulhis
is presumed to be due tis decomposition either during chromatographic purification or

upon work up of the reaction mixture with water. Nevertheless, there is evidence suggesting
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thatproducts of similar type td83 areformed inrelatedwork corducted in théJnsworth
group,whichled to the isolation of a similar aromatic heterocy@®9. Scheme 2 shows
the formation of aromatic heterocyd@&9 using standard singl®&JRE conditions.In this
example there is a ke difference with the precursaccompared with typical starting
materials the terminal nucleophile of the INRE precur$8ris protected with a TBS group,

making INRE unfeasabf.

When unprotectedyldroxy acid184was reacted with T3P and DIPEA using typical single
INRE conditions lactone 186 was formedin excellent yield of 90%. However, when the
alcohol was protected byBS (187) and reacted using the same conditions, the now
protected alcohol of intermediat&8 cannot promote ring expansion, which instead allows
deprotonation and ssbquent aromatisah of intermediatel88 to occur to form the
aromatic heterocycl&89in over 99% vyield. Heterocycl&89 canbe isolated whilsside
productl83cannot. It is assumed that the toluene group present on heterb@9pl@vides
further conpigation into the @matic moiety, in turn increasing the stability of heterocycle
189 and making the conjugated molecule less prone to decompositiois,allowing

aromaticl89to be isolated and characterised.

T3P, DIPEA
—_— >

CHCl,
RT, 30 min

oTBS
OH T3P, DIPEA
CHCl3
RT, 30 min
187 189, >99%

Scheme 2: Attempted INRE ofa precursor that doe$&7) and does notl84) have a protected alcohol.
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3.3 Exploration of Aliphatic Precursors

In an attempt to circumvent the formation sifleproduct183 we decided to design an
aliphatic linear precursor which gl undergo anulti-INRE reaction without the possibility

of a highly conjugatedtableintermediate forming. This proposed precurd®(j contains

two tertiary benzylic amines functioning as internal nucleophiles as well as a primary alcohol
group functoning as theerminal nucleophile. Scheme 4hows the designed aliphatic
precursorl90andthe proposed muliNRE mechanistic pathway. Thus, the carboxylic acid

of 190 would undergo activation by the coupling agent T3P, in turn activatingl&€id
allowing for the frst internal nucleophile (benzylic amine) to attack into the carbonyl to form
cyclic intermediatel91a The second internal nucleophile (benzylic amine) would then
attack into the same carbonyl, displacing the first internal nucleophilerto toe 9
membeed intermediatel91h Finally, the terminal nucleophile (primary alcohol) would
attack into the carbonyl, displacing the second internal nucleophile before stabilising the
chargevia deprotonation to form the saturated ring expanded ladi®2dt was hged that

the lack of aryl groups in the main carbon backbone would remove the possibility of
aromatisation during the reaction, and hopefully in turn would reduce the formation of any

competing conjugateside-products.

Bn 'n
[~ B /j Bn .
J) DIPEA LO Q 5 Cﬂ\o/\)
190

191a

191b
Scheme 8: Proposed mukINRE mechanism of aliphatic precurst®0to form aliphatic lacton&92

We envisaged the synthesis of precudsi2to procced via repeatedSreactions between

alkyl bromides 193 with secondey amines {94) to aford longer alkyl chains containing
primary alcohols195 which could be converted into alkyl bromid&8@) in order to repeat

the sequence. Schemd dutlines the general synthetic stratagged If successful, this
strategywould allow for the synthesiof multiple alkyl precursors of differing lengths from

a single synthetic strategy. It was also hoped that by altering the alkyl chain length betweer
functional groups and in turn altering the ring size of individual interatesli greater insight

into the optimum intermediate ring size for mUNIRE reactions would be obtained.
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Scheme 4: General synthetic strategy for the synthesis of aliphatic #iNIRE precursors.

For the synthesis of prarsorl90, we startedwith methyt4-bromobutyrate97) (Scheme
45). Alkyl bromide 197 underwent nucleophilic attack from benzylic amir88in an &2
reaction to afford hydroxy estd99 in a yield of 39%. As with similar & reactions
previously conducted with an alkyl bromidesetrophile, the yield of produd99was not
ideal, however, we could not readily access the iodoester analogue of brorh@®eatet in
turn could not easily test@viously optimised & conditions for the synthesis of precursor
190. For future optimisabn, a catalytic amount of sodium iodideuldbeaddedo the &2
reactionto formanalkyl iodidein situ, whichin turncould lead to amcreasedn yield of
199

KzCOs, MeCN
B ~
0 TN oH 0 Bn
H 198 I
B - N OH
MGOM r 85 OC, 3h MeO)J\/\/ ~
197 199, 39%

Scheme &: Sy2 of bromobutyratd 97to yield hydroxy estet 99

With the hydroxy estet99in hand we then looked to install the second benzylic amine and
terminal alcohol. To prepare hydroxy esi®9 for a another & reaction using benzylic
aminel98 the nucleophilic alcohol would first need to be swapped f@leatrophile. This
was achieved ursg an Appel reaction, in which the terminal alcohol was converted into a
bromide (Schemeg}; thus, hydroxy estek99was stirred in DCM with carbon tetrabromide
and triphenylphosphine at°C for one houto give alkyl bromide200in good yield of 72%.

O Bn ) Bn
| CBr4, PPh3, CHQCHz |
N OH
MeO)J\/\/ ~ N 0°C.1h MeO)J\/\/N\/\/Br
199 200, 72%

Scheme &: Appel reaction of hydroxy esté®9to alkyl bromide200.

The next step in the synthesis of aliphatic precui€fywas an §2 reaction between
benzylic aminel98and alkyl bromid€00(Scheme 4). The conditios for the &2 reaction
were identical to the conditions used in the previoy® i®@action197 Y 199 The alkyl

49



bromide200was reacted witl3-(benzylamino)propati-ol (198) andpotassium carbonate

in acetonitrile at 88C for 3 h to afford hydroxy est@01in yield of 45%.The yield for this
reaction was not ideal, and could potentially be improved with further optimisation (see
future work) nevertheless, sufficient quantitie$ hydroxy ester201 was synthesised to

allow the synthesis of precurst®0to continue.

0 Bn Bn\”/ES/\OH qr\'ln/\/\N’Bn
Meo)K/\/N\/\/Br K,CO3, MeCN OMe /H

200 85°C, 3 h o)

201, 45%

Scheme Z: Alkylation of alkyl bromide200to yield hydroxy este201
The final step of the synthetic route was hydrolysis of e&féto reveal the hydroxy acid
precursor 190 that would undergo the aliptiamulti-INRE reaction. SchemeB4hows the
hydrolysis of esteR01 using previously identified conditiond (8 2 16%). Accordingly,
hydroxy ester201 was vigorously stirred in a solution of water and THF with lithium
hydroxide for 18 hat room temperaterto afford hydroxy acid90in yield of 40%. As we
would expect the hydrolysis of methyl es2€d.into acid190to proceed to completiamder
the conditions usedhe 40% yield obtained was disappointing. It is assumed that the poor
yield was caused bywo key factors. First, impurities carried forward from previous
reactions were removed in a more polar chromatgcgpurification solvent system (ethyl
acetate and methanol), reducing the isolated mass retrieved. Second, the impurities carrie
forward were eluting at similar R to productl90, makingseparatiorof product190from
sideproductsvia columnchromatography morehallenging. It is hoped that revising the
synthesis of hydroxy acitio0, the quantity of impurities could be severely reduced.

Bn
[
/\/\ .Bn _ N/\/\N/Bn
LiOH, THF/H,0O
RT, 18 h OH J)
O
HO

201 190, 40%

Scheme &: Hydrolysis of esteR01to yield INRE precursot90.

With the synthesis of linear precurst80 complete, we now had a synthetic route (albeit
unoptimised) to access both the aliphatic precursor at, hhatdcald also be applied to
makeother aliphatic linear precursors of differing lengths. Scheme 50 shows the synthetic

route for hydroxy acid 90, which has an overall yield of 5% over four steps. As previously
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mentionedwe are confident thahe synthetic roie could bemproved if nededin future
work, with specific focus on improving thend reaction conditions. Nevertheless, a
sufficient quantity of aliphatic hydroxy aci®Owas synthesised and could now be used to
perform the first multiNRE reaction wth an aliphatic linear prirsor.

H
Br - N OH
MeOM K,CO3, MeCN MeOJ\/\/ TN
199 85°C,3h 199, 39%
CBr4, PPh3,
CH,CH,, 0°C, 1 h
/\/\ o Bn\N/\/\OH j\/\/$n
198 N B
H MeO ~ Bl
K,CO3, MeCN 200 729
85°C,3h ren
201,45%
/\/\N Bn
LiOH, THF/H,0
RT, 18 h
190, 40%

Scheme49: Synthetic route for the aliphatic precurd®0

As well as having precurs@®0available for INRE testing, a Ifembered analogu@?

was inherited from a previous membédrtioe Unsworth grougT. Stephens)which was
synthesised using a similar synthetic strat®¥gith both aliphatic linear precursoi®0
and202in hand, it was time to conduct muINRE tests on both (Scheme 51). Precursors
190and202were stirred with T3P and DIPEA at 6G dvernight to yield lactonek92and

203in yieldsof 29% and 15%, respectively. Surprisingly, the shorter prect@bgave a
higher yield than the standarehtembered precurs@02, despite the formation of a more
strained Bmembered ring intermediat&his is speculated to be due to the shorter distanc
between the activated acid and the first internal nucleophile, in turn providing a higher

chance of contact between the two groups.

Nevertheless, the yield aofeitherproduct192 nor 203is greater thn the yield of lactone
164 from the multtINRE of biaryl precursorl62 As aromatisation of the aliphatic
intermediatel91ais impossiblethe formation of unwantesideproducs of the form183
cannot beaeason for low yield, in these systems aakt However, the aliphatic precursors
lack any confamational bias imparted by aromatic rings and possess more flexibility from

unrestricted &C rotation, leading to higher degrees of freedom when compared to aromatic
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precursorl62, leading to a higher ¢nopic penalty when cyclising, which could explaie th

decreasein yields.

N/\/\ .Bn Ll%n Bn
g _T3P, DIPEA _ {;I;\/\/\N/
"60°C,18h
no O/\)

190,n-1 192, n =1, 29%
202,n=2 203,n=2, 15%

Scheme 50INRE reactions yielding 3and 14membered lactone492/203.

In spite of this unsatisfying result, the isolation of macrocyclic lactdrggsand 203
confirmed that multiNRE reactionsare possible with aliphatic linear precursors containing
two internal nucleophiles to make both-18nd 14membered heterocyclic lames.
Lactones192 and 203 were characterised by HRM3R, and both'H and *C NMR
spectroscopyThe key evidence for cyshtion of both linear hydroxy acid®2and203is
the change in chemical shift of ti€ NMR peak representing tisarbonyl environment (a
in Figure B). Figure 2 shows the stackddC NMR spectra bbiaryl lactonel 64 (top), 13-
membered aliphatic lamhe192 (middle) and 4-membered aliphatic lactor2®3 (bottom)

It can be seen that the carbonyl peak ofitBeand 14-membered aliphatic lactones ate
Uc 174.3 ppmandic 174.0 ppm respectivelgnd the carbonyl peak bfaryl lactonel64is

S e e nc1@2tl. ppm. The chemical shift of thekey carbonyl peak of the 1&and 14
membered aliphatic lacton&82and203is near identicato the carbonyl peatif the biaryl
lactonel64, strongly suggesting thtte carboxylic acid $90and202 have been converted
into their respectivéactonesvia INRE. The chemical shift of the carbosyh *C NMR,
alongwith other means of characterisatietrondy supportthe successful mMuHNRE of
linear hydroxy acid 190and202to form the novel aliphatic macrocyclic lactoh®2 and
203 As anticipated, there was no proton peak splitting in'theéNMR which indicated

restricted rotation of € bonds in thedrmed aliphatic macrocycles.
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Figure 12: 3C NMR spectra obiaryl lactonel64 (top), 13-membered aliphatic lactord®2 (middle), andl4-
membered aliphatic lactor2®3 (bottom)

3.4Screeningof Multi-INRE Reactionl 6 2 YWith éternal

Standard

With the multiINRE reactions of aliphatic precursors constantly presenting low yields,
attention was directed back to the biaryl mUXRE precursorl62 with the intention to
further screerconditions forthe reaction ofl 6 2 Y in bré@e# tofind higheryielding
reaction conditions which could be used for the cyclisation of all linear -hNRiE
precursors. As the purification and isolation of prodiéetfrom several reactiongerformed
simultaneously would be time comsing, amore efficientscreeningnethod employing an
internal standard was used to avoid purification of the crude reaction mixtures. Thus, a
known amount of internal standard was added to the crude reaction mixture before
performing an aqueous workup temmove water soluble impuritiesych as the T3P by
product tripropyddiphosphonic acid. With the use 't NMR spectroscopy, the unpurified
reaction mixture is then analysed, where a ratio of the quantifiable internal standard and

product164 can be calcated. From this, the yield of produt64 present in the crude
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reaction mixture could be determined. Figure 12 shows an exampléidfiIR spectrum

of the unpurified reaction mixture from a mulNRE reaction containing the internal
standard.1,3,5Trimethoxybenzene (TMB) was chosen as the internal standard, as its
aromatic protons g4 6/08 ppm ina iclsat regioe dfie 't NMRg | e t
spectrum of the reaction mixtuté4 (Figure B). Screeningoll 6 2 Y was Befformed

on a 0.1 mmol scal therefore addition of 100 pyL of a 0.1 M solution of internal standard,
added 1 mmol of internal standard into each reaction. Thusevery 1.0 equivalent of
starting materiall62 therewas 0.1 equivalents of TMBTo account for thisthe internal
standardsingletat 6.08 ppm(which correlates to three identical proton environmeists)
integrated and set to3so thatheyield of productl64is proportional to the integration of

its environmentsAn example of this is shown ithe following spect (Figure 13) the area
integated at 4.51 ppmcorrelatesto two overlapping peaks produced by two protons
(Ha+Hp+) belonging to producl64, thusthe yield of product164 is equal to halbf the

mu | t i iptégeatiord(a 100% yield the multipleat+Hy+ would integrate for 2.00)in
Figure BtheHat+Hp+ peak integrates to 0.57, thus the yield of prodédtis 29%. Like with

all INRE reactions conducted, there is no evidence of starting mat&2abresent, so

complete starting material consumption istamed.

/| Ph F3.8 3
N - 3.6 §
N N' T3P, DIPEA DMSO e
J) 60 °C, 18 h 2 8
then TMB (0.01 mmol) 5o 3
HO” SO HO Hp- e 8
162 (0.1 mmol) 164, 29% s 2
PR
2.2 E

2.0

T™MB 18

1.6

r1.4

r1.2

1.0

0.8

0.6

Ha + Hp« 0.4

0.2
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Figure 13: *H NMR spectrunof crude reaction mixturand internal standard 1,3t6methoxybenzene.
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By using this method of high throughput screening, eight reactontd beset up
simultaneously,and analysedelatively quickly, increasing our screening capabilities
considerably. In total, 21 INRE reactions were conducted using this method, as seen in Tabl

3, with modifications to the temperature, coupling agent and solvent.

Table 3: Screening coditions usig internal standard and their respective yieBblvent dried out.

= | Ph DIPEA _ Ph
~ _ Solvent (0.1 M), |

N N"  Coupling agent (1.5 equiv.) N N
Tempereture, 18 h

then TMB (0.01 mmol)

HO” SO HO °
164
162 (0.1 mmol)

Entry CouplingAgent Solvent Temperaturé °C Yield / %
1 T3P DMF 60 30
2 EDC DMF 60 15
3 2-Chloro-1-methylpyridinium DMF 60 0

iodide
4 T3P DMSO 25 29
5 T3P PhMe 25 16
6 T3P THF 25 22
7 T3P MeCN 25 31
8 T3P CHCls 25 10
9 T3P DMSO 60 29
10 T3P PhMe 60 5
11 T3P THF 60 20
12 T3P CHCls 60 15
13 T3P DMSO 190 oP
14 T3P PhMe 110 7
15 T3P THF 66 trace
16 T3P MeCN 82 trace
17 EDC + HOBt DMF 25 72
18 EDC + HOBt DMSO 25 40
19 EDC + HOBt PhMe 25 69
20 EDC +HOBt THF 25 66
21 EDC + HOBt MeCN 25 70

The first modification came from replacing T3P for otheupling agenteommonly used

in peptide coupling reactions in an attempt to find a betterdsweeipling agent. The
coupling agents tested weteethyl-3-(3-dimethylaminopropyl)carbodiimid@eDC) (Entry

1) and 2-chloro-1-methylpyridinium iodide(Entry 2). Disappointingly, when using these
coupling agents the yield df64 was dramatically reducedvhich led us to focus our
attention on changing otheariables, such as solvents. Five solvents, DMSO, toluene, THF,

acetonitrile, and chloroform were screened at room temperatur€, 6ad reflux (Entry @
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16). It was hoped that using a diverse seledaf@olvents with varying polarities and boiling
points would give further insight into how the reaction proceeded, and in turn would lead to
further optimisation. However, after screening each solvent at the aforementioned
temperatures, none of these sults proved to be particularly effective, however ltmu
INRE reactions conducted in DMSO and acetonitrile gave yields similar to thelNiRE
reactions carried out in DMF. The ~30% yield obtained in different polar solvents further
supports the idea tha charged intermediate, such as pyridiniL68aandammoniuml63b

are formed during the reaction. Also, the yield of lacth6éwas reduced when solvents
were heated to reflux (Entry 1B6), indicating that temperatures above @D are

unfavourable fomulti-INRE reactions.

EDC waghenusedonceagain but now withtheaddition ofahydroxybenzotriazol€HOBt)
additive using DMF as the solvent. Pleasingly, this gave a significant increase in yield of
productl64, with an increase in yield from 30% to%4Entry 17).The HOBt additive was
tested incombination with other solvents in hope of finding a less toxic alternative which
was more volatile. Pleasingly, a solvent swap to acetonitrile was found sonidarly
successfyland due to easier removat (fiew of its volatility) and lower toxicitgompared

with DMF, it was retained for future studies

Scheme 51 shows the optimised conditions; EDC and HOBt (1.5 equivalents), and DIPEA
in acetonitrile (0.1 M) at room temperature for 18 h, as well as tbbanem for carboxylic

acid activationusing EDC The electrophiliccarbodiimide 204 was attacked by the
deprotonated carboxylic acid of precur&é@to give the intermediat205a The now more
electrophilic carbonyl of intermediag®5awas then attackedgain by the hydroxylamine

of HOBLt (206), ejecting a urea bgroduct and forming the activated a2iabh. The carbonyl

of the activated aci@05b was then attacked by the pyridine internal nucleophile, starting
the multiINRE cascade which subsequentlglgs productl64. Pleasingly, we foundhe
isolated yieldfollowing column chromatographyising these conditions to be 73%, slightly

higher than what was seen using internal standard.
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Scheme 51Mechanism of activationfgrecursorl62 using finalised multiNRE reaction conditions.

The aliphatic multtINRE precursord 90 and 202 were then cyclised usinipe improved

HOBt and EDCconditions Pleasingly, both saw a significant increase in yidldheir
respective produ¢Scheme 52¢ompared to previously tested conditiomgwever, the yield

of neither product wakigher tharb0%, suggesting that the biaryl INRE precur$6g2 is

more susceptibleto cyclisationin the presence oHOBt and EDCwhen compared to
aliphatic preursors190 and202 However, as previously mentioned, precurst®6 and
202may be less prone to cyclisation due to a larger loss of entropy during cyclisation when

compared to cyclisation of precursig2

N/\/\ _Bn ?n Bn
g HOBLt, EDC, DIPEA=<;h”l\/\/\N/
MeCN, RT, 18 h
n O/\)

o)
190, n—1 192, n =1, 49%
202,n=2 203, n =2, 20%

Scheme 52Multi-INRE of aliphatic precursors90and202using finalised conditions (EDC, HOBt and
MeCN).
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3.4 Summary

The yield for the cyclisation of linear precurddi2into heterocycliemacrocyclel64via a
multi-INRE reaction has been raised from the initid?o to amuch moresatisfying B%.

The increase in yield was achieved through the high throughput screening of the INRE
reaction with use of an internal stand&®C was found to be the optimal coupling reagent
along with an HOBt additive and aceton#rivas the optimal solvent.

A novel aliphatic linear mukINRE precursorX90) was prepared in a foustep synthesis.
Using aliphatic precursors90 and202, novel aliphatic heterocychmacrocyclesl 92 and

203were synthesised via a muINRE in yields ¢ 49% and20% respectively. Thus, multi
INRE reactions have proven to be successful when synthesising bathdlB4membered

aliphatic heteroyclic-macrogcles

The possible formation of a conjugatsideproduct (83 from the multINRE of biaryl
precusors has been explored, although no firm conclusions have been matseraledn

the mechanistic pathway is stilhclear
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FurtherExploration of Scope

4.1 Synthetic Targets

With the conditions for muKINRE reactions finalised, we movedatards exploring what
macrocycles could and could not be made via RINRE, giving insight into the limitations

of the multiINRE reaction. Sevat precursors and their respective products were designed
in order to investigate factors which could conttédtowards the success or limitation of the
INRE reaction (Scheme3h

The first precursor designed, amino a2, possesses an aniline moiety the terminal
nucleophile A similar systemwasenvisionedwhen designing precurs@09, but withthe
changeof the second internal nucleophile from a tertiasthyl amine to a less nucleophilic
tertiary phenylamine. The third precursor designed, the ragylogprecursor21l, is near
identical to precursal62 except with the absence of an aryl group adjacetitet@yridine

internal nucleophile.

| Xy Ph
> - | \/ Ph )
_ N N
HO™ O HN/H Ow/\)
207 Ph 205h
[ N
N/ N’Ph | ~ _Ph
N N
it —
HO” S0 HO 0210
209
| t N B N e
N N N/ N/
it o~
HO” SO HO © 212

211
Scheme B: Designed multiNRE precursors and their respective INRE products.

It was hoped that a synthetic route could be developed for most, if not all, precursors listed
in Scheme 3. Due to complicationgaused by th6&ARSCoV-2 pandemi®? laboraory

work was abruptly stopped, and many envisioned synthetic routes could roliybe
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developed and no further INRE reactions could be carriedNouietheless, progress to date

on each route is provided.

4.2 Synthess ofa Precursor with Phenylamine Terminal Nucleophile (207)

A full synthetic route was designed for precur@@r. As the carbon framework of precursor
207is identical to the initial mukINRE precursofl62 much of the synthetic route to access
precusor207is based on the routgsed to access precurdd2 The main deviation from
the synthetic route to precursb2is the alkylation of secondary amit&4 (Scheme 8).

In order to install a phenylamine as the tertiary nucleophilenarréaction wa attempted
using bromo phergmine 213 Thus, secondary aming74 was stirred with bromo
phenylamine213 in acetonitrile with potassium carbonate for 18 h at’@3o give the

tertiary amine214in yield of 30%.

_Ph
Br~ "N
g 213 H Bh
| X NH K,CO3, MeCN | Xy NN
- H
/ o
Br N Ph 85°C,18h Br N/ Ph
174 214, 30%

Scheme 8: Alkylation of secondary amin&74to give phenylamin@14.

Although the &2 reaction shown in Schemd Wvas low yielding, a more electrophilic
replacement for bromo phenylami@&3with a better leaving group (such as iodide) was
unavailable. This is ipart due to the unstable nature of rea@di® which contains both an
electrophilic bromide and nucleophilic phenylamine, which causes reag@md cyclise
slowly over time. Dued the instability of phenylamin213 it was prepared the day of use
through a separateng reaction (Schemesh Aniline (215 underwent a single addition to
dibromopropane16), which was in large excess (6.0 equivalents), in acetonitrile at reflux
for 3 h to afford bromo phenylamir®.3in ayield of 33%. The secondary areiof product
213would then undergo an additionalZto cyclise and form heterocy@é7when left for

a prolonged time at room temperatuhe.view of boththe low yield of produic214andthe
instability of reagen213 this step of the synthetic r@uto precurso207 would need to be

revigtedand improvedn future work.
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MeCN,

Nm, B > Br
2 216 _ sow [ ]

85°C, 3h N *Ph
215 213, 33% 217

Scheme 5: Synthesis of bromo phenylami@é&3and its subsequent decompositbri 3 Y. 217

The following steps of the synthetic route towards precu28@rare near identical to the
final steps towards precursb82 (Scheme 6). Bromopyridine214wascoupled to bornic
ester pinacoll81 in a SuzukiMiyaura crosscoupling reaction withpotassium phosphate
and Pd(dppf)CGl to afford hydroxy este?18 in yield of 76%, before subsequently
undergoing hydrolysis with lithium hydroxide to furnish the final precu2€atin yield of
68%. Pleasingly, both reactions provided their respectiveuptod adequate yield, leading

to no further consideration of r&#on optimisation.

@ P|n)
181 CO,Me ” b) LIOH/THF
KsPO,, THF/HZO RT, 18 h
NH Pd(dppf)Cl5 (5 mol%),
' 80°C, 18 h
214 L
218 76%
- |
N N/

0O~ OH
207, 68%

Schemeb6: SuzukiMiyauracoupling and subsequent hydrolysis of bromopyridihéto award precursor
207.

Scheme 3 shows all the reaans involved in the synthesis of the linear precu28aifrom
bromomethyl pyridinel 73 with an overall yield of 14%. As previously mentioned, there is
room for further optimisation if time had alloweWith the synthesis of precurs@07
complete, we codl now test this substrate in a novel miMRE precursor using a free
amine as the terminal nucleophile, which in turn could be used for the synthesis of the first
macrocyclic lactam containing multiple internal nucleophil@98( via multi-INRE.

Becausef the SARSCoV-2 pandemic, this reaction has not yet been tested.
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C) K2CO3, MeCN,

/\/\ /Ph
ma) LDA, THF, -78°C, 1 h ) PhoBT LN
“ -
B~ SN \P)_N_Ph, 78°C,2h Br” N N 85°C, 18h \

173 172 174, 80%
Xy  Ph
- _ ) Pd(dppfiCl, N e
N N K5PO,, THF/H,0, 80 °C, 18 h —
— 2 Br” N N~
H Ph\N
07 “OMe H
218, 76% 214, 30%
f) LIOH, H,O/THF o .
RT, 18 h / d) Bis(pinacolato)diboron, r
B~o” ™ Pd(dppf)Cl,, AcOK,
| X Ph dioxane, 85 °C, 18 h
= P _ 07 o~
N N o~ 0 180
Ph\N&) 181, 53%
H
0”7 “OH
207, 68%

14% over four steps

Scheme 3: Synthesis route to linear precur@ay7.

4.3 Work Towards a Precursor with Phenylamine Internal Nucleophile
(210)

Considerable progress towardh linear precursor containing a phenylamine internal
nucleophile 210 was also made. The first synthetaute to precursoR10 attempted to
alkylate phenylamin@21with an alkyl halide, similar to previousy® attempts shown in
Scheme 3 and Scheme4% It was initially hoped that bromomethyl pyridid&3 could be
reacted with a phenyl imine analogue similar 182 however, no @ch imine was
commercially available. Insteadynthesis of phenylamin@21 was achieved via the
lithiation-trapping of bromomethyl pyridind73 and its subsequent reductive amination,
using conditions previously reported in titerature (Scheme8).>” Bromomethyl pyridine
173 was deprotonated by LDA before subsequently attacking MumethoxyN-
methylacetamid219, consequentlyndergoing nucleophilic substitution to give ket@2@

in a yield of 84%. Keton220then underwent reductive amtitan with aniline using the
reducing agent sodiutnacetoxyborohydrid¢STAB) to afford phenylaming21in a yield

of 88%.
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c) PhNH,, AcOH,

Ph.
| N a)LDA,-78°C,1h | ] O NaBH(OAc); DCE | AN NH
— o ~
Br” N b)j\ ,-78°C,2h g~ >N RT, 18 h .
173 N-OMe 220, 84% 221.88%
|
219

Scheme B: Lithiation-trapping and subsequent reductive amination of bromomethy! pyidid® afford
phenylamine21

With a large quantity of phenylami@21 at our disposal, alkylation was attempted using a
variety of akyl halides. SchemeYshows all the alkylation reaohs attempted ithe hope

of synthesising alcohd22 Using typicalSy2 conditions alkylation of phenylamine was
attempted with electrophilic reagents including chloropropdi@ bromopropanoll77,

and iodopropanoll78 These alkylation reactions were all unsuccessful, with none of
product222identified from either TLC or th&H NMR spectrum of the unpurified reaction
mixture, and darge quantity otinreactedtarting materia21was observed ithe reaction
mixtures. Thisis likely due to the fact thahe aniline group a221is much less nucleophilic
than analogous aliphatic amines used in other systhragpdelocalisation intahe bonded

phenyl group.

X = Cl, 175
Ph X =Br, 177 Ph
mi X" >"SoH X=1,178 _ WOH
— o
BN K,COs, MeCN, 85°C, 181 A =
221 222, 0%

Schane 3: Attempted alkylation of phenylamirg21using alkyl halided 75 177and178

With realisation that phenylamir#21is unable to undergo am&reaction, an alternative
strategy was conceived, where ketd20 would undergo reductive amination witn
phenylamine to give tertiary amin222 (Scheme60). The first reductive amination
attempted was with phenylamir#g23 acetic acid, andodium triaetoxyborohydride
(STAB) in 1,2dichloroethene (DCE) overnight at room temperature. Disappointingly, this
did notyield product222

Phe o~~~
N OH Ph
Y ¢ _H 223 WOH
Br” N7 AcOH, STAB,DCE g~ ~N?
220 RT, 18 h 222, 0%

Scheme60: Attempted reductive amination of ketoR20with phenylamine223
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However, an uncharacterissidle product was identified by HRM®&lthough full data was
not obtained to confirm thist was speculated that the alcohol present in phenyla228e
was acting as a competing nucleophile, in turn attacking ke@bte produce a heraminal
species(225 (Scheme #). Thus, the alcohol present ghenylamine223 could have
attacked into the ptonated carbonyl of ketor@20to give the hemiketal intermedis2@4a
which wouldthen eject watervia condensationo give intermediat@24b that ould be

attacked once more by the secondary phenylamingclse to give hemiamin&25.

Ph.
H Ph H
N ot 0T N NS i>
| § " 23 H T NH:050
= ~
Br N AcOH Br N
220 224a

l

Ph.H
N
- XN [©)
“Ph | q)
~
_Br N -

224b

225

Scheme @: Proposed mechanistic route for the formation of hemiaminalmsiolduct225

To preventpossible interference from a competing nucleophile, the alcoh@ak®fvas
protected usingBS, to give reagerti26 (Scheme 8). However, when reductive amination
of 220was attempted using protected phenylanigg the'H NMR spectrum and TLC of
the unpuified reaction mixture showed no evidence of prod#tbeing formed.

Phe, o~~~
N OTBS Ph
B H 226 R WOTBS
Br” N7 AcOH, STAB, DCE B N7
220 RT, 18 h 227, 0%

Scheme62: Attempted reductive amination of ketoB20with protected alcohd?26.

A final reductive amination reaction was attempted in hope of synthesising a precursor
possessing a phenylamine internal nucleophile. It was anticipatea ithate electrophilic
carbonyl, such as an aldehyde, would be more susceptible to attack fronaphieaeg10,

and in turn would allow for reductive amination to proceed. Sche&shéws than situ
synthesis of the aldehyd@28 from bromomethyl pyridind73, followed by thesubsequent
reductive amination of aldehyd28 with phenylamine223. Thus, bromomethyl pyridine
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173 underwent deprotonation with LDA before undergoing nucleophilic substitution with
DMF to form aldehyde228, which subsequently underwergductive amination with
phenylamine23to afford tertiary amin229in a yield of 24%. Pleasingly, the reactioas
successful, with the novel prodi#29 being isolated and characterised.

| A
a)LDA, -78 °C, 1 h P _Ph
| A b) DMF, -78 °C, 2 h Br N N
Br~ N7 c) AcOH, STAB, RT, 18 h J)
Ph.
173 N~ >""0H HO
H 223 229, 24%
via | A 0 ‘
_ I
Br N
228

Scheme 8: Lithiation-trapping and subsequent reductive amination of bromomethyl pydéie

This is the extent of progress before lab work was hah&tth bromopyridine229 in hand,

the next steps to prepare precurad would be a Suzuki crossupling reaction with
bororc ester pinacoll81 followed by a hydrolysis to furnish the final precursor. It is
assumed that the conditions for the stated reactions would again be identical to the othe

Suzuki crosscoupling and hydrolysis conditions used previously in thisntepo

4.4 Work Towards a Mono-Aryl Precursor (211)

Finally, a monearyl precursor with a pyridine internal nucleophigl]) was designed
which would be used to fornrNRE product212 However, a singNRE moncaryl
precursor with a similar carbon framesk containing one internal nucleophile had not been
previously synthesisebly the Unsworth groupTherefore, ¢ test the viability of a single
INRE with a monearyl system, a monraryl precursor containing one internal nucleophile
was designed and its dfiess was attempted. Schemé ghows the desired precurs30
and its respective singI&lRE product231.
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Xy Ph

2 e
N N" EDC, HOBt, MeCN
J) DIPEA, RT, 18 h
HO” SO HO
211
o X
»
N OH EDC, HOBt, MeCN _ NG
DIPEA, RT, 18 h
o)
o}
HO™ ~O 231
230

Scheme @: Both single- and multiiINRE of precursa211and230to give lacton®12and231

The biggest challage in the synthesis of morasyl precurso230was the G2 alkylation of
bromopyridine220 with a linear alkyl carboxylic acigScheme 6). Any Heck or Wittig
reactions requiring athembered alkyl carboxylic acid or ester with arteval alkene would

be difficult, as the oubf-conjugation alkene would readily tautomerise in acidic or basic
conditions at high temperatures to form the more thermodynamically stable conjugated
alkene (Schemeg).

(0] SN 0
ROMX | —
m 232 . N
~
Br N
220
(@) OR

233

Scheme 6: Alkylation of C-2 position of bromopyridin@20with linear ester/acid. X represents a possible

synthetic handle.

i/\ Acid/Base 0
RO N Heat ROJ\/\
234a 234b

Scheme 6: Tautomerisation obut-of-conjugation alkene to thermodynamically stable conjugated alkene.

To combat this, anepot borylationSuzukiMiyaurareaction based aaliteratureexample
was attempteff using viryl ester235 and bromopyridin€20 (Scheme 8). It was hoped
that the conditions used for the initial formation of borylated @8@would be mild enough

to avoid potential tautomerisation. Th@shorabicyclo[3.3. 1Jnonang€-BBN) was added
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to vinyl eser 235 in THF at 0°C before being brought taom temperature for four hours
to form the borylated est@66 in situ. Bromopyridine220was then added befoheating to

95 °C withPd(PPBh)s for 90 min before being cooled and directly concentratee¢hcuo
Unfortunately, none of produ287 could be identified from the unpurified reaction mixture
via TLC or'H NMR spectroscopyindicating that the reaction had been unsuccessful. It is
possille that 9BBN instead reacted with the estleading to a sideeaction which
interfered with the synthesis of alkyl boreé2® and in turn stopped the formation of product
237. Although less likely,tiis also possible that vinyl est285 underwent tautomerisation
during the addition of 88BN, even with such mild resion conditions, again interfering

with the synthesis of alkyl borar37.

D
o) a) 9-BBN, THF, 0 °C, 15 min then RT, 4 h NT
MeOM b) | N O  THF, NaOH, DMA,
235 _ Pd(PPhs)y,
Br N 95 °C, 90 min 0~ "OMe
220 237, 0%
Borylati i Suzuki
orylation UZuki
- BBN
MeOJ\/\/
236

Scheme @: Attempted onepot borylationSuzukiMiyauracoupling of vinyl esteR35 with bromopyridine
220

With borylation of este35 and subsagent SuzukiMiyaura crosscoupling unlikely, we
moved onto other methods of installing an alkyl group onto bromopyrififieThe next
attempt to synthesis237 utilised a Negishi crossoupling which is commonly used to
install alkyl groups onto aryl rirsg An organozinc bromide reagent would first need to be
synthesised before undergoing crossipling with bromopyridin@20. The required reagent
was organozinc bromid&39, which was synthesised from bromoedt@r via the formation

of iodoester238 (Schane @). Thus, bromoestet97 was heatedwith sodium iodide in
acetonitrile for 90 mins to afford iodoest288. Separategl, 1,2-dibromoethane was then
stirred vigorously with solid zinc in DMF at 9 for 30 minutes, before triettsilane
chloride was aded to the solution which was then stirred at room temperature for 15
minutes. Finally, iodoest&38 in THF was added tthe reaction before heating to 45 for

2.5 hours to afford organozinc bromi@87, which was then immediately used in the

following Negishi reaction.
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a) Zn, DMF, 90 °C, 30 min O
A~ _Br , DMF, ’
Br b) Et;SiCl, RT, 15 min MeOMZ”Br

c) 0O THF 239

|1 45°C,2.5h
Meo)J\/\/

238

d) Nal, MeCN
o 70 °C, 90 min

MeOMBr

197
Scheme 8: Formation of organozinc bromi@s39 from bromo estet 97.
The organozinc produ@39 was taken forward in solution to react with bromopyridd2é
in a Negishi crossoupling reaction (Schemed Bromopyridine220 was stirred with
organozinc bromid239 and Pd(PP4)-Clz in THF at reflux for 4 hours to furnish keester
237 in an isolatedyield of 33%. Althougtwe werepleased that some of the desired product
has been formedH NMR spectroscopand TLC analysis dhe unpurified reaction mixture
identified a large quantity of starting material still presewctounting for the modest yield
of product237. One possible solution which could increase the amount of starting material
conversion, anth turn increase thgield of product223 would be to leave the reaction to

reflux overnight.

0]

X o
N 5 MeOManr P
| 239 _ N
B N7 Pd(PPhs),Cly (5 mol%),
220 THF, 55°C, 4 h
MeO @]
237, 33%

Scheme 6: Negishi crossoupling of bromopyridin20with organozinc bromid&39.

With keto-ester237 synthesised, the rest the synthetic route towards precur2sdf would

only require two final steps, a reduction of the ketone to an alcohol followed by a hydrolysis
of the methyl ester to give the acid. Similar compounds have been hydrolysed and reduce
in the literature, which would likdy allow for an unproblematic synthesis of precui2a0

in future work.
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4.5 Summary

A novel linear muliINRE precursor containing a phenylamine terminal nucleopBd@)(
was synthesised over four steps and can notgdied in a mulkINRE reactionTwo other
novel multiINRE precursors were also designed; a linear RiNFRE precursor containing
a phenylamine internal nucleophil21Q) and a linear singfNRE mongaryl precursor
(288). Considerable progress has dieen made towards a syntheticteoto access the two

aforementioned precursors.
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Future Work

5.1 ShortTerm Objectives
As previously stated, the SARSoV-2 pandemic abruptly halted all lab work prematufély.

As a result of the pandemimany shorterm objectives were left unfinished, e predict

that theycould be completed quickignd would provide muchsight into the multiNRE
reaction. The most straightforward of these skemin objectives is conducting INRE tests
on allsynthesised precursausing thebestconditions HOBt, EDC, MeQ\, DIPEA, 25°C

for 18 h (Schem&0). If the optimised conditions are successful with the system shown in
Scheme70 it would suggest that the finalised conditions would be well suited foinuse

future multrINRE reactions using novel linear precursors taoing several internal

nucleophiles.
| N Ph N
>~ - | Ph
__EDC, HOBt, MeCN, DIPEA | N7 N~
J) RT, 18 h N/\)
HO™ ~0 HN © pn
207 Ph 208

Scheme70: Cyclisation of precursd?07 via INRE using finalised conditions.

Another shorterm objective is the synthesis of the phenylamine internal nucleophile
precursor209 and he monearyl singleINRE precursor230 as well as forming their
respective INRE products using the finalised conditions. Schémsbadivs the completion

of the synthetic route to build precur&i@from previously synthesised tertiary amz#s.
Thus, tertary amine229 would undergo a Suzuiliyaura crosscoupling reaction with
boronic ester pinacal81 to afford hydroxy esteR40 before undergoing hydrolysis to
generate hydroxy acig09. Hydroxy acid209 could then undergo cyclisation via a muilti
INRE reation using EDC and HOB to give lacto2&0 As all reactions shown in Scheme
71 are based on previous conditions foundtlie literature®’ the reactions would be

hopefully be unproblematic and could be carriedio@in efficient manner.
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Br N N/\/\OH """""""""" >
. K3PO,, THf/H,0,
Ph Pd(dppfCl, (5 mol%),
229 80°C, 18 h MeO O HO
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' b) LiOH,
| HyO/THF
| RT, 18h
\
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= _Ph
N J)N
210 HO”™ “O HO
209

Scheme71: Synthesis of precurs@09from tertiary amin€29 andsubsequent INRE to award lacta2i0,
Schemér2 shows the sfes necessary to complete the synthesis of precBB8oReduction

of keto-ester237 using sodium borohydride should furnish hydroxy e2tdrwhich could
then undergo hydrolysis to give hydroxy a@ighD. Hydroxy acid230 could then undergo
cyclisation vialNRE to yield lactone231. Again, all steps use conditions reported in the
literature for the synthesis of near identical analogues, therdfersynthesis of precursor
230 should be unproblematic. If formation of lactd28l via INRE of hydroxy acid®30is
successful, work could be then focus towards preparing the-arghprecursor with two

internal nucleophileg11

X
»
N OH
o
241
'b) LiOH,
' H,O/THF
‘RT, 18 h
]
N
= |
| —
Sy C) EDC, HOBt, DIPEA, MeCN | N OH
RT, 18 h
o
%31 HO™ "0 230

Scheme72: Synthesis of precurs@30from ketoester237 andsubsequent INRE to award lactdzgil.
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5.2Long-Term Objectives

There are also many lorigrm objectives which could build upon the foundations achieved
so far in this project. The most apparent would be further exploration of scope via the
synthesis of a diverse array of linear miiMRE precursrs. The easiest woulde the
synthesis of precurs@11, as again most of the steps used to build the precursor have been
reported in the synthesis of previous mURRE precursors in this report. Schei#8shows

the synthetic route which could potentiyalbe used to make prersor 211 from
bromopyridinel76, and the subsequent INRE reaction. Thus, bromopyritiiéewould
undergo a Negishi crosoupling with organozinc bromid#39 to give hydroxy este?42,

which could then be hydrolysed to give precuradl Finally, hydroxy acid211 could
undergo cyclisation via a mWiNRE reaction using the finalised conditions to furnish the
14-membered lacton212

a)  Q N Ph
N ZnBr |
| Ph Meo)J\/\/ N/ N/
_ _ 239
B NN B - )
Pd(PPhs),Cl, (5 mol%), THF HO
HO 55 °C, 4 h
(e} OMe

N
176 242
' b) LIOH, H,O/THF
'RT, 18 h
\
Xy  Ph
7P - P
N N
NS
N N~ <¢).EDC, HOBt, DIPEA, MeCN __ Ny
HO
o/\) RT, 18 h
0
212 0O OH211

Scheme73: Synttesis of precursa211from bromopyridinel 76 andsubsequeniNRE to award lactong12

To further build on the work done in this report, additional optimisation of previous synthetic
routes would allow for streamlinesynthese®f both multtINRE precursors which have
been previously madand also struarally similar novel analogues, inrtumaking future
substrate scopgtudieseasier. One such route which could be optimised is the synthesis of
saturated alkyl precursors, such as aliphatic hydroxy a8 Optimisation could be
achieved through the sthesis ofan alternative electrophii reagent that possesses a
different leaving group, which could in turn lead to higher yieldigg r8actions. Scheme

74 outlinesonestrategy which could potentially increase the efficiency of the synthetic route
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andin turn increase the yield of precursk80 Scheme Z shows the tosylation of alcohol
199with tosyl chloride to give the electrophilic alkyl tosyla#8 which could then undergo
Sn2 with benzylic amindl98to award hydroxy esté201 It is hoped hatan Si2 reaction

between benzylic amir98and tosylat€43 would allow for a higher yield of hydroxy acid

201 compared to anN2 reaction with its bromide counterp@a0.

Bn Bn g, Bn

Q | |
N
MeOMN '_I'f,(}_l_ _p}/_r_> I\/N _____ H 198 N .
e K2CO3, MeCN

85°C,3h o s
199 OH 243 OTs
201

Scheme #: Alternative route for synthesis of tisoxy este201; tosylation of alcohol99followed by an
Sy2 reaction with benzylic amink98

This alternative stratggcan also be employed in the synthesis of the phenylamine precursor
207. Scheme Zshows the sythesis of secondary phenylami4from alcoholl76. Rather

than performing anN2 reaction between secondary aniiiié and bromo phenylamirsl3,

the synthetic methodhown below instead start from alcoHale. Scheme 3 shows the
formation of tosylat®44 from alcoholl76and the subseque8t2 reaction with aniline to

give phenylamin€14. This strategy would avoid the use of the unstable reagent bromo
phenylamine213 streamlining the synthetic route and potentiatigreasing the yield of
phenylamine214

= Ph
=
<4 Ph /| Ph | _
~ Br~ "N N
Br™ N N™ TsCl, pyr g X\ N~ PhNH,
--------- > S
~_7 KyCO3, MeCN
TsO o

85°C,3h NH
176 OH 244 214 by

Scheme B: Alternative route for synthesis of phenylamRiet; tosylation of alcohol 76 followed by an
S\2 reaction with aniline

A key step for the synthetic route of biaryl precursors is the synthesis and subsequent cross
coupling of boronic pinacasterl81L However, as previously stated, the purification of this
compound is difficult due to the susceptibility of boronic estedeicompose on sili¢dA
potentially simple solution to this problem would be to purify bloeonic ested 81 crude
reaction mixture using aluminium oxide column chromatography. It is hoped that boronic
pinacol estel81would be stable in the presence of aluminium oxide, in turn decreasing the

rate of degradation and increasing the retrieval of isolated bgimacolesterl81
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Finally, a number of novel linear precursors could be developed and subsequently cyclisec
via INRE in order to explore the scope and limitations of MIMRE. Scheme & shows
variety of designed precursors and their respective pradDots ésigned precursor could
contain two different heteroatoms that both function as internal nucleoph#¥8)s If the
subsequent INRE reacti@d#5 Y & was successful, it would prove that INRE is possible
with heterocyclic linear precursors contaminlifferent heteroatoms acting as internal
nucleophiles, which could lead to further exploration of other nucleophilic heteroatoms such
as phosphoroudDesi gning precursors which have |
nucleophiles in the linear chain wduprovide insight into the importance of the order of
internal nucleophiles. An example is hydroxy a2d¥, which structurally is similar to
precurso 162, however, the pyridine and tertiary amine internal nucleophiles have
iswappedo t h bdlineargasbern chainolintre yiéldnof reactdv Y 248 is
significantly lower or higher than the yield of the reactl®2Y 164 it could be concluded

that the success of a mulNRE reaction is determined not only by what internal
nucleophiles aresed, but also where the internal nucleophiles apipeitwe linear carbon

chain relative to the carboxylic acid.

A precursor containing three internal nucleophiles could be desi@¥&) (f INRE is
possible with such a precurs@4g) it would not only allow for the synthesis of even larger
heterocyclic macrocycles from linear precursors but would suggest that INRE could
hypothetically be used to build macrocycles of impressive sizes with numerous internal
nucleophiles. Finally, atrayselectivity could be explored further, by designing precursors
which passessed chiral centres adjacent to both nucleophiles, such as pr2brsiothe

yield of 251is significantly higher or lower than the yieldbfé 2 Y it @alld give further

insight into how the muliiINRE mechanistic pathway proceeds.
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Scheme B: Potential INRE precursors and their respective ring expanded products.
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Conclusion

In conclusion, multiINRE reactionshavebeen developed for the synthesis of 48d 14
membered macrocycles from linear,fwactionalised precursors caming more than one
internal nucleophile in up ta3% yield. This strategyulds on previous work using internal
nucleophile induced cyclisations of single internal nucleophile precursors, allowing for
efficient endto-end cyclisation of longer linear grursors to form subsequently larger

heterocyclic macrocycles.

We have showrhat macrocyclic heterocycles which both do and do not possess an aryl
moiety can be synthesiseda INRE of linear precursors containing several internal
nucleophiles (Scheme&ry. As part of this process, multiple novel synthetic routes to access
precurses containing several internal nucleophiles have been developed, allowing for a
streamlined route tonake analogues for future scope. There have also been successful
attempts to build an array of other precursors with slightly altered structures, with each

precursor in different stages of their development.

X
| Ph S
= - |
N N” EDC, HOBt, DIPEA, MeCN N7 N~
RT, 18 h
1 OA)
HO™ "0 HO 164 73%
162
/\/\ .Bn L|°>n 5
EDC, HOBt, DIPEA, MeCN NN
RT, 18 h O/\)
o)
o HO .
202 203, 20%
I? Bn Bn
/\/\ -
gg"' N EDC, HOB, DIPEA, MeCN Cr#\/\/\N’Bn
RT, 18 h
1 J) 1 O/\)
HO 192 49%
190

Scheme 7: All macrocycles synthesised in this report.

We have also shown that internal nucleophile induced ring expansion reactions of biaryl
precursors containing twiaternal precursors show atroposelectivity, allowing for ptoant

axial chirality transfer (Scheme) This form of diastereoselectivity, and the construction

of heterocyclic macrocycles, is of evermore importance in drug disc®Veis/hoped that
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the development of INRE shown in this work has allowed for INRE to become a more
reliable and practical tool for the synthesis of important bioactive madescyi@a the

internal nucleophile ring expansion of grenctionalised linear precursors.

= | Ph —

SN N (j@_\
K
@) N

HO™ “O HO H
- 163a
162 )
via

Si Face

Scheme B: Atroposelectivity of INRE of precursors containing two internal precursors.
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Experimental

7.1 Generd Experimental

Except where stated, all reagents and solvents were purchased from commercial sources al
used directly without further purification. Thlayer chromatography was carried out using
Merck silica gel 60F254 preoated aluminium foil sheets@nisualised usg UV radiation

(254 nm) before being stained with basic aqueous potassium permanganate. Flash colum
chromatography was carried out using Fluka silica gel48670 ,e n60 U unde
positive pressure, eluting with the specified solvsystem.

All *H and®*C NMR experiments were recorded on a JEOL B08 operating at 400 MHz

and 100 MHz respectively. Samples were taken at a temperature of 298 K dissolvedsin CDCI
unl ess specified otherwise. pembiani(ppng,lwiths hi |
resi dual s T v2h tc¥midbaing usedi for internal reference. Coupling
constants (J) are reported in Hertz (Hz) and are quoted to the neardgt GAultiplicity
abbreviations are as follows: s, singlet; d, douylletriplet; g, quartet; m, multiplet; dd,
doubletof doublds; td, triplet of doubletsgddd, doublet of doublets of doubletghere br
indicates a broad signaH experiments are reged as: chemical shift, ppm (integration,
multiplicity, coupling contnt and assignment (where possibléfC experiments are
reported as: chemical shift, ppm (carbon assignment). Assignment of compounds was
achieved through use of DEPT, CO@\dHMQC experiments.

High resolution mass spectra were recorded on a BrukenoMIOF spectrometer using
electrospray ionisation (ESI). Infred spectra were recorded on a PerkinElmer UATR 2
spectrometer, either as a thin film dispersed with DCM or neat. M@ltiimgs were obtained

using a Gallenkamp melting point apparatus.
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7.2 List of Experimental Procedures and Characterisations

2-(6-Bromopyridin -2-yl)-N-methyl-1-phenylethan-1-amine (174)

X Ph

|
Br™ “N” N~
H

N,N-Diisopropylamine 4.35 mL, 35.1mmol) was dissolved in THF {6 mL) and cooled to

0 C DbBulti (/5 Kl sotution in hexanesl4.0mL, 35.1mmol) was added dropwise
and stirred for 30 mins. The LDA-bomd6ut i o
metylpyridine (173 (1.98 mL, 17.5mmol) was added dropwise antirred for 1 h. N-
Benzylidenemethylamine4(35mL, 35.1 mmol) was added and stirred for a furti2en at

178 AC before slowly warming to RgNHCIhe
(150 mL) and extracted with ethyl acetate (380 mL) and washe with brine (50mL).

The combined organic extracts were dried over MgSikered and removed in vaou
Purification by flash column chromatography (§i6% methanol inethyl acetate) afforded

the title compound as a yellow 08.82g, 81%); R. 0.23(5% methanolire t hy | ac et e
(400 MHz, CDC$) 7.36i 7.27 (7H, m, ArH), 6.& (1H, d,J =70 Hz, ArH), 3.8 (1H, dd,J

= 8.4, 6.1 HzCH.CHNMe), 3.22 (1H, dd,J = 13.7,6.1 Hz, CCHH NjC H B.a1)1H, dd,J
=13.7,8.4Hz, CCHH BHPh), 2.3 (3H, s, NHCGH3), 1.68 1.65 (1H,br s, NH).

Spectroscopic data matched those reported in the litefature.
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3-{[2-(6-Bromopyridin -2-yl)-1-phenylethyl](methyl)amino}propan-1-ol (176

N Ph

~
Br” N ITI/\/\OH

2-(6-Bromopyridin2-yl)-N-methyl 1-phenyletharl-amine (174) (1.00 g, 3.45 mmol), 3
iodo-1-propanol(178) (660puL, 6.89mmol) and ptassium carbonat®%3mg, 6.90 mmol)
weredissolved in acetonitrile7(mL). After stirring at 85 °C fod8 h the reaction mixture
wasdiluted with water(5 mL) and extracted witlethyl acetat¢3 x 5 mL). The combined
organic layers were dried with anhgds MgSQ, filtered,and then purified by flash column
chromatography (Si§&) 5% methanol in ethyl acetate) affording titee compoundas a
colourless 0i(900mg, 53%); R. 0.23(5% methanol in ety a ¢ enh/ant 1¢ngat) 3369,
3029, 2943, 2850, 2237, 1583, 1553, 1435, 1406, 1175, 1156, 1116, 1068iHL08R)
MHz, CDCk) 7.37i 7.24 (7H, m, AH), 6.92 (1H, d,J = 7.0 Hz, AH), 419 (1H, t,J= 7.0
Hz, PhGHN), 3.7 3.68(2H, m, GH20H), 3.55 3.50(1H, dd,J= 13.7, 7.4 Hz, @H'CHPh),
3.20i3.14 (1H, ddJ = 137 8.0 Hz, CHH'CHPh), 2.782.67 (1H, dddJ = 12.1, 7.9, 4.3 Hz,
NCHH'CHy), 2.62 2.56 (1H, ddd,) = 121, 7.0, 4.2 HZNCHH'CH>), 2.31 (3H, s, GH3N),
1.741.63 (2H, m, El2); Uc (100 MHz, CDC}) 160.8 (AC), 141.4 (AC), 138.5 (AC),
137.9 (ACH), 128.8 (ACH), 128.1 (ACH), 127.5 (ACH), 125.6 (ACH), 122.7 (ACH),
69.1 (CHCHN), 64.0 CH20H), 54.6 (CCH2CH), 40.4 (NCH2), 37.5 CH3N), 27.8 CH>);
HRMS (ESI): calcd. for &H22"°BrN20O, 349.0910. &und: [MH], 349.0906 (1.1 ppm

error)].
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Methyl 2-(2-bromophenyl)acetate (80)

Br

o0” o~

To a stirring solution of Z2-bromophenyl)acetic acid 79 (6.00g, 28.0mmol) in methanol
(60 mL) was added concentrated sulfuric ad®@ mL) and the resulting solution was
refluxedfor 90 mins After cooling toRT, the reaction was quenched with wa#0 (nL)
and extracted with diethyl ether (3568 mL). The organic exti was washed witkat. aqg.
brine @0 mL), dried over anhydrous Mgailtered and concentrated in vacuo to afford
the title compound as a clear d.33 g, ¥%) n (4@0 MHz, CDC}) 7.57 (1H, d,J=82
Hz, ArH), 7301 7.26 (2H, m, AH), 7.19i 7.12 (1H, m, AH), 381 (2H, s, GH2), 3.72 (3H,

s, (H3).

Spectroscopic data matched those reported in the litefature.
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Methyl 2-(2-(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)phenyl)acetate (81)

o
B

)

0% o~

To a stirring solution of methyl-2-bromophenyl)acetatd 80 (2.05g, 8.98mmol) in 1,4
dioxane 86 mL), was added bis(pinaedb)diboron 2.51g, 9.88mmol), potassium acetate
(3.35¢, 34.2mmol) and PdCldppf)-CHCl. (367mg, 450 umol). The reaction mixture was
flushed with argon and heated under reflux I8rh. The reaction mixturevas quenched
with water @0 mL) and extraed with diethyl ether (3 80 mL). The organic extract was
washed withsat.brine 30 mL), dried over anhydius MgSQ, filtered and concentrated in
vacua Purificationvia silica gel chromatographyLQ0% hexane in dichloromethgngelded
the pure productsaan offwhite solid (.40g,56%) # (4@0 MHz, CDCI3) 7.83%H,d,J=
7.6Hz, ArH) , 7 .74161im7ArE), 7.201 7.25 (1H, m, ArH), 7.19 (1H,d, J = 75 Hz,
ArH), 3.8 (2H, s, H2), 3.66 (3H,;5,0CH3), 1.2 (12H,s,4 x CH3).

Spectroscopic data matchiése reported in the literatui®.
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Methyl 2-[2-(6-{2-[(3-hydroxypropyl)(methyl)amino]-2-phenylethyl}pyridin -2-
ylphenyllacetate (82)

3-{[2 -(6-Bromopyridin2-yl)-1-phenylethyl](methyl)amino}propaf-ol (176) (683 mg,
1.96mmol), methyl 2(2-(4,4,5,5tetramethyll,3,2dioxaborolar2-yl)phenyl) acetatel81)
(813mg, 2.94mmol), potassium phosphat833 mg, 3.92mmol) and PdCldppf)-CHCl
(80.0mg, 89.0 umol) were charged into ammund bottom flaskpurged with nitrogen. THF
(20 mL) and deionised water 178 pL, 9.81 mmol) were added and heated to 80 &€,
reflux, for 18 h. Upon completion the solution was cooled to room temperatutedduwith
water (15 mL), extracted with ethyl acetate (3»nfL) and washed witkat.brine (10 mL).
The combined organic extracts were dried over MgSidered, and emovedin vacuo
Purification by flash column chromatography (i00% methanol intyl acetate) afforded
thetitle compoundas abrown oil (713mg, 87%); R:. 0.38 (10% methanol in ethyl acetate);
3madcm' ! (neat) 3367, 3061, 3025, 2950, 2852, 1736, 1587, 1570, 1496, 1448, 1339, 1254,
1211, 1159, 10713 (400 MHz, CDC4) 754 (1H, t,J= 7.8 Hz, AH), 7.417.21 (10H, m,
ArH), 6.91 (1H, d,J = 7.6 Hz, AH), 422 (1H, t,J=8.0Hz, NCHPh), 3.853.74 (2H,m,
CH2CO,), 3.64 (2H, t,J = 5.1 Hz, G420H), 3.573.51 (4H, m, C@CHz andCHH NJCH N ) ,
3.253.19(1H, dd,J = 13.6 80 Hz, CHHNjC HN) 72.52(2H, t, NEi2), 2.30 (1H, s,
NCH3), 1.70 1.60 (2H, m, Ei2); Uc (100 MHz, CD@3) 172.5(C0O»), 159.0 (AC), 158.6
(ArC), 140.7 (AC), 138.2 (AC), 136.7 (ACH), 132.4 (AC), 131.4 (ACH), 130.1
(ArCH), 129.1 (ACH), 128.5 (ACH), 128.2 (ACH), 127.5 (ACH), 126.8 (ACH)* 122.1
(ArCH), 121.7 (ACH), 69.4 NCHPh), 64.3 CH20OH), 55.1(NCH>), 52.0 CO.CHj3), 40.7
(CH2CHN), 39.2 (¢H2C0y), 37.4 (NCH3), 27.8 CH2); HRMS (ESI): calcd. for €sH31N203,
419.2329. Found: [MH] 419.2326 (0.7 ppm error)].

*Peak obtained from HMQC, no detectable signaha3C NMR spectrum.
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[2-(6-{2-[(3-Hydroxypropyl)(methyl)amino] -2-phenylethyl}pyridin -2-yl)phenyl]acetic
acid (162

Methyl 2-[2-(6-{2-[(3-hydroxypropyl)(methyl)amineR-phenylehyl}pyridin -2-
yl)phenyllacetate 182 (713 mg, 1.70mmol) was dissolved in aqueous lithium hydroxide
solution (0.5v, 17 mL, 8.52mmol) and THF 17 mL). The resulting bphasic solution was
vigorously stirred for 18 lat 25°C. Upon completion, the solvewas removedn vacuo
Purification by flash column chromatography (i80% methanol in ethyl acetate) afforded
the title compoundas abrown powder (687 mg, 96%); m.p. 73i 76 °C Rf 0.20 (50%
met hanol i n mgdniWmdat) 3823e3064,13028943, 2244, 1717, 1571, 1493,
1453, 1375, 1158, 10664 (400 MHz, CDC}) 7.36 (1H, s, AH), 7.477.45 (1H, dJ=7.6
Hz, ArH), 7.387.17 (9H, m, AH), 6.96 (1H, s, Ad), 4.044.03 (1H, t,J = 70 Hz,
NCHPh), 3.723.59 (2H, br, E12CO,), 3.55 3.48 (3H,m, CH20H andCHH NJCH N) ,
(1H, br, CHHNJCHN) , 2 J5BOH¢, NEHp), 2128 (3H, s, NEl3), 1.75 1.53 (2H,
m, CH2); Uc (100 MHz, CDC$) 175.4 CO»), 157.9 (AC), 157.6 (AC), 138.4 (AC), 138.2
(ArC), 136.4 (ACH), 134.1 (AC), 131.3 (ACH), 130.0 (ACH), 129.1 (ACH), 129.0
(ArCH), 128.3 (ACH), 127.9 (ACH), 127.1 (ACH), 123.0 (ACH), 122.6 (ACH), 69.4
(NCHPh), 62.7 CH20OH), 53.9 NCHy), 42.1 CH2CHN), 39.7 (t2C0Oy), 37.3 (NCH3),
27.6 CH2); HRMS (ESI): calcd. for €8H20N20s, 405.2173. Found: [MH] 405.2176 ( 0.8

ppm error)].
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14-Methyl-15-phenyl-10-oxa-14,2tdi azatri cycl o[ 41®1),34,6]117,18]| ,
hexaen9-one (164)

To a stirring solution of [2-(6-{2-[(3-hydroxypropyl)(methyl)amincp-
phenylethyl}pyridin2-yl)phenyllacetic acid162) (202 mg, 0.52 mmol) in acetonitrile(5
mL), was added diisopropylethylaming30 uL, 2.47 mmol), followed by the addition of
EDC-HCI (144 mg, 0.75 mmol) and HOBt (01 mg, 075 mmol). After stirring for 18 h at
25 °C, the reaction mixture wadirectly concentratedh vacuo Only onediastereomewas
observedPurification by flash columohromatography (Si£50%ethyl acetaten hexaneps
afforded thetitle compoundasa red oil (142 mg, 73%); R 0.59 (ethyl acetate ;mad@m'!
(neat) 3069, 3025, 2941, 2851, 1735, 1590, 1569, 1450, 1360, 1341, 1289, 1213, 1173, 108
1008; Un (400 MHz, CDC}) 7.71 (1H, t,J = 7.7 Hz,ArH), 7.51 (1H, dd,J = 6.9, 2.1 Hz,
ArH), 7.427.26(9H, m, AH), 7.18 (1H, dJ = 7.7 Hz, AH), 4.48 4.40 (2H, m, NE&IPh
and ArcHH 6 G)4.00 (1H,dJ=17.5Hz, ArCHH €0,), 3.803.75 (1H, m, O€IH 6 G)H
3.693.62 (2H, m, OCHl &H> and Arc(HH 6 CH) 3.08 (14, @d,J = 15.2 4.5 Hz,
ArCHH €H), 2.8G32.73 (1H,m, NCHH 6 G)H2.28 2.20 (4H, m, NCH &H. and NH3),
1.66'1.60 (2H, m, CHCH2CHy); Uc (100 MHz, CDC}$) 172.0 COz), 160.0 (AC), 158.9
(ArC), 140.2 (AC), 138.0 (ACH), 137.0 (ACH), 133.1 (AC), 132.3 (ACH), 130.2
(ArCH), 128.6 (ACH), 128.4 (ACH), 128.0 (ACH), 127.7 (ACH), 127.3 (ACH), 121.5
(ArCH), 120.6 (ACH), 67.4 (NCHPh), 613 (CQ:CH2CHy), 47.5 (NCH>), 40.6 @ signals,
ArCH2CH and ACH2CQ), 37.6 (NCH3), 24.9 (CHCH2CH); HRMS (ESI): calcd. for
Ca2sH27N202, 387.2067. Found: [MH] 387.2065 (0.5 ppm error)].
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M ethyl 4-[benzyl(3-hydroxypropyl)amino]butanoate (199

(0] Bn

\OJ\/\/'{‘\/\/OH

Methyl 4-bromobutyrat€197) (0.69 mL, 5.54 mmol) and-@enzylamino)propati-ol (199
(1.32 mL, 8.29 mmolyveredissolved irecetonitrile (55 mL) angbotassium carbonafé.53
g, 11.05 mmol) was added and the solution heated, at reflux, 8 86r 3 h. Upon
completion the solution wadiluted with water (50 mL) before beirextracted with ethyl
acetate (3 x 50 mL) and washedhwat. agbrine (40 mL). The combined organic extracts
were dried over MgSH) filtered and removedn vacuo Purification by flash column
chromatography (Si§) ethyl acetatpafforded thetitle compoundas a colourless 0ib{2
mg, 3%%); R 0.30 (ethyl acetatg ;mad@M? (neat) 3424, 2950, 2813, 173%; (400 MHz,
CDCl) 7.33i 7.26 (5H, m,Ph), 3.73 (2H, tJ = 3.7 Hz, G120H), 3.63 (1H, s, OB3), 3.58
(2H, s, NGH2Ph), 2.6 (2H, t,J = 2.7 Hz, G12C(Oy), 260 (2H, t,J = 2.5, NCH2CH_), 229
(2H, t, J = 2.3, NCH2CH.), 1.881.81 (2H, m, CHCH2CH,), 1.761.68 (2H, m,
CH2CH2CHy) ;c (100 MHz, CDC}$) 173.6 CO2Me), 138.0 (C), 129.2 CH), 1286 (CH),
1274 (CH), 64.2 CHz0), 58.8 CH20H), 54.0 CH2N), 52.9 CH2N), 517 (CH2N), 31.8
(CH.CH2C(O,), 281 (CH.CH2), 22.0 (CH2CH2); HRMS (ESI): calcd for @H24NOs
266.1751. Found: [MN@] 266.1744 (2.6 ppm error).
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Methyl 4-[benzyl(3-bromopropyl)amino]butanoate (200)

(@] Bn

\OJJ\/\/'\II\/\/Br

Methyl 4-[benzyl(3hydroxypropyl)amino]butanoaf@99 (572mg, 2.17mmol) and carbon
tetrabromide 187 mg, 2.37 mmol) weredissolved in CHCI> (8.6 mL) and cooled to 0 °C
before triphenylphosphin&22 mg, 2.37 mmol) was added portiewise. After stirring for

1 h at25°C, the reaction mixture was concentrated directly and then purified by flash column
chromatography(SiO,, 30% ethyl acetate ihex anes Y 40% et hyl a
affording thetitle compoundas ayellow oil (582 mg, 72%); Rr 0.81 (50% ethyl acetate in

h e x a npaJsn)';(neat) 2950, 2806, 1734, 1494, 1452, 1436, 1365, 1256, 1199, 1170,
1125, 1074, 10283 (400 MHz, CDC}) 7.27 7.20 (5H, m, Ph), 3.60 (3H, sHz30), 3.52

(2H, s, GH2Ph), 340(2H, t,J = 6.8 Hz, G12Br), 254 (2H, t,J = 6.7 Hz, NGH2), 242 (2H,
t,J=6.9 Hz, N®12), 230(2H, t,J= 7.3 Hz,CO2CH>), 1.99 1.94 (2H, m, €l2), 1.811.76

(2H, m, CH2); Uc (100 MHz, CDC4) 1744 (CO), 1395 (ArC), 1292 (ArC), 128.6 (AC),

1274 (ArC), 59.0 (CH2Ph), 53.2 CH2N), 522 (CH2N), 519 (CH30), 32.2 CH>), 31.9
(CH2), 30.8 CH>), 227 (CH2); HRMS (ESI): calcd. for GH23"°BrNO,, 328.0907. Found:
[MH] ", 328.0899 (2.3 ppm error)].
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Methyl 4-[benzyl({3-[benzyl(3-hydroxypropyl)amino]propyl})amino]butanoate (201)

I?n Bn
N/\/\N,
0 J)

°~ ho

Methyl 4-[benzyl(3bromopropyl)amino]butanoate2@) (1.21 g, 3.71 mmol), -3
(benzylamino)propai-ol (198) (885 uL, 5.56 mmol) and potassium carbonate (1.03 g, 7.42
mmol) weredissolved in acetonitrile (37 mL). After stirring at 85 °C for 3 h the reaction
mixture was concentrated directly and then purified by flash column chromatography (SiO
5% methanoln ethyl acetapaffording thetitte compoundas ayellow oil (710 mg, 4$%);
R.O.53 (10% met han edlcmt (neate3ulr y3027, 2948, 2803, £7B5,
1602, 1494, 1452, 1366, 1170, 1071, 1028(400 MHz, CDC}) 7.337.23 (10H, m, 2 x
Ph), 3.733.70 (2H, m, EG20H), 3.64 (3H, s, OH3), 3.56 (2H, s, €2Ph), 3.51(2H, s,
CH2Ph), 2.652.62 (2H, tJ=5.9 Hz, N®H2), 2.47 2.38 (6H, m, 3 x N€l2), 2.31 2.27 (2H,

t, J=7.5 Hz, OCEl2), 1.7591.65 (6H, m, 3 x E2); Uc (100 MHz, CDC}) 174.2 CO),
139.6 (AC), 138.3 (AC), 129.1 (AC), 128.8 (AC), 128.4 (AC), 128.1 (AC), 127.2
(ArC), 126.8 (AC), 64.0 CH20H), 58.9 CH2Ph), 58.6 CH2Ph), 54.0 CH2N), 52.8
(CH2N), 51.9 CH2N), 51.7 CH2N), 51.4 (CQCHs), 31.7 CH>), 28.0 CH2), 24.3 CH>),

22.4 CHy); HRMS (ESI): calcd. for @Hs7N20s, 413.2799. Found: [MH] 413.2795 (1.0

ppm eror)].
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4-[Benzyl({3-[benzyl(3-hydroxypropyl)amino]propyl})amino]butanoic acid (190

I?n Bn
N/\/\N,
0 J)

OH

HO

Methyl 4-[benzyl({3-[benzyl(3 hydroxypropyl)amo]propyl})amino]butanoate201) (710
mg, 1.72 mmol) was dissolved in aqueous lithium hydroxide solutiorm(012 mL, 6.03
mmol) and THF (12 mL). The resulting-phasic solution was vigorously stirred for 18 h.
Upon completion, the solvent was remowed/acuo The crude material was then passed
through a silica plug and eluted with 50% methanol in ethyl acéaséford thetitle
compoundas acolourless 0il(272 mg, 40%); R 0.17 (20% methanol in ethyl acetate);
3malcm' ! (neat) 2943, 2811, 1575, 1494, 1453, 1407, 104400 MHz, CDC4) 7.31
7.21 (10H, m, 2 x Ph), 3.69.64 (4H, m, €12Ph and HOGEi2), 3.54 (2H, s, G12Ph), 2.62
2.55 (4H, m, 2 x @2N), 2.48 2.45 (2H, m, E2N), 2.38 (2H, t,J = 7.1 Hz, ¢i2N), 226
(2H, t,J = 6.5 Hz, G12COH), 1.791.68 (6H, m, 3 x @>2); Uc (100 MHz, CDC}) 179.3
(CO2H), 137.9 (AC), 136.4 (AC), 129.7 (ACH), 129.4 (ACH), 128.6 (AICH), 128.5
(ArCH), 127.8 (ACH), 127.4 (ACH), 62.6 CH20H), 53.9 (CH2Ph), 58.3 CH2Ph), 53.6
(CH2N), 52.8 CH2N), 51.5 CH2N), 51.2 CH2N), 35.4 CH>), 31.0 CH>), 28.3 CH>), 23.4
(CH2); HRMS (ESI): calcd. for G4H3sN203, 399.2624. FoundMH] *, 299.2640 (0.5 ppm
error)].
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5,9-Dibenzyl-1-oxa-5,9-diazacyclotridecan13-one (192

B

’\lln/\/\N,Bn
)

O

To a stirring solution of 4benzyl({3-[benzyl(3
hydroxypropyl)amino]propyl})amino]butanoic acid190) (186 mg, 047 mmol) in
acetonitrile(5 mL), was added diisopropylethylamirg86¢ L2.50mmol), followed by the
addition ofEDC-HCI (144 mg, 0.75 mmgland HOBt (101 mg, 0.75 mmolAfter stirring
for 18 h at25 °C, the reaction mixture was concentrated directly and pheified by flash
column chromatography (Sg50% ethyl acetate in hexanes) to affordtitte compound
as acolourless 0il(87 mg,49%); R.040( 50% et hy | a c ent/an!éeat) n
3027, 2928, 2796, 1728, 1602, 1494, 1452, 1372, 1346,1231, 1208, 1171, 1119, 1070,
1028;UH (400 MHz, CDC#$) 7.297.20 (10H, m, 2 x Ph), 4.23.20 (2H, m, OEl2), 3.49
(2H, s, GH2Ph), 3.47 (2H, s, B2Ph), 2.652.62 (2H, tJ = 6.3 Hz, NGH12), 2.51 2.44 (4H,
m, 2 x NGH2), 2.352.31 (4H, m, NEi2 and (H2C0O,), 1.191.68 (4H, m, 2 x @2), 1.59
1.53 (2H, m, E2); Uc (100 MHz, CDC}) 174.3 CO»), 140.1 (AC), 139.8 (AC), 129.2
(ArCH), 129.0 (ACH), 128.3 (ACH), 128.2 (ACH), 127.0 (ACH), 126.9 ArCH), 62.1
(CH20), 59.4 CH2Ph), 59.2 CH2Ph), 52.7 CH2N), 52.6 CH2N), 52.2 CH2N), 49.7
(CH2N), 31.9 CH2COy), 26.6 CH>), 26.4 CH>2), 23.3 CH2); HRMS (ESI): calcd. for
C24H33N202, 381.2537. Found: [MH] 381.2530 (1.7 ppm error)].
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5,9-Dibenzyl-1-oxa-5,9-diazacyclotetradecanl4-one (203

I?n Bn
C;\/\/\N/
O/\)

To a stirring solution of 5-(benzyl(3(benzyl(3
hydroxypropyl)amino)propyl)amino)pentanoic aci@02 (261 mg, 0633 mmol) in
acetonitrile(6 mL), was added diopropylethylamie (650¢ L3.17mmol), followed by the
addition ofEDC-HCI (182 mg, 0.95 mmol) and HOBt (128 mg, 0.95 mméfjer stirring
for 18 h at25 °C, the reaction mixture was concentrated directly and then purified by flash
column chromatograph{siO,, 50% ethyl acetate in hexanes) to afford title compound
as acolourless 0i(52 mg, 20%); R 0.45 (ethyl acetat® ;ma/@m’ (neat)2930, 2795, 1730,
1699, 1494, 1452, 1238, 1238, 1155, 1070, 1028400 MHz, CDC}$) 7.23i 7.20(10H, m,
2 x Ph, 4.24 (2H, t,J = 5.3 Hz, O®2), 3.51 (2H, s, E2Ph), 3.48 (2H, s, B2Ph), 2.63
(2H, t,J=6.8 Hz,NCH>), 2.47 2.34 (8H, m3 x NCH2 and GH2C(O,), 1.90'1.84 (2H, m,
CH2), 1.731.60 (2H, m, €i2), 1.56 1.48 (2H, m, E12); Uc (100 MHz, CDC$) 174.1 CO»),
1398 (2 x ArC), 128.8 (ArCH), 128.8 (ArCH), 128.3 (ACH), 128.2 (ACH), 126.9
(ArCH), 1268 (ArCH), 61.4 (CH20), 60.0 (CH2Ph), 8.7 (CH2Ph), 524 (CH2N), 522
(CH2N), 49.8 (CH2N), 48.5(CH2N), 34.7 (CH2C(O), 26.6 (CH>), 25.5(CH>), 24.5(CH>),
231 (CH2); HRMS (ESI): calcd. for @H3sN202, 395.2687 Found: [MHT", 3952693(1.6

ppm error)].
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N-(3-bromopropyl)aniline (213

Br/\/\”,Ph
1,3-Dibromopro@ne(216) (19.6 mL, 0.19mol) and aniline (2.94 mL, 32.2 mmol) were
dissolved in acetonitrilé65 mL). After stirring at 85 °C for 3 h the reaction mixtwas
diluted with water $0 mL), extracted with ethyl acetate (338 mL) and washed witsat.
brine (30 mL). The combined organic extracts were dried over Mg%iered, and then
purified by flash column chromatography (2iG%diethyl ethetin hexanes) affording the
titte compoundas @ orangeoil (2.23g, 33%); R. 0.39 (10% ethyl acetate in hexanesix
(400 MHz, CDC$) 7.237.19 (2H, m2 xPHH), 6.80'6.71 (3H, m3 x PHH), 3.51 (2H, tJ
= 6.5 Hz, Br®2), 3.35 (2H, tJ = 6.6 Hz, G12N), 2.22 2.15 (2H, m, CHCH2CHy).

Spectroscopic data matched those reported in the litefature.
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NZ-(2-(6-Bromopyridin -2-yl)-1-phenylethyl)-N*-methyl-N3-phenylpropane-1,3-
diamine (214)

X  Ph

_ _Ph
Br~ N T/\/\H

[2-(6-Bromopyridin2-yl)-1-phenylethyl](methyl)aming174) (1.53 g, 5.31 mmol), N3-
bromopropyl)aniling213) (1.69 g, 7.96 mmol) and potassium carbonate (1.46 g, 10.6 mmol)
was dissolved in acetoniteil(50 mL). After stirring at 85 °C for 18 h thheaction mixture

was quenched with water and extracted with ethyl acetate (3 x 30 mL). The combined
organic layers were dried with anhydrous MgS@ltered, and concentrateid vacuo
Purificationvia flash column chromatography (S¥®0% diethyl ethem hexane) afforded

the titte compound as a yellow oil (667 mg, 30%)0R 6 1 ( et hpadem dnea)t at
3030, 2941, 2856, 2796, 1602, 1583, 1563, 1505, 1434, 1405, 1319, 1259, 117841115;
(400 MHz,CDCls) 7.34 7.17 (9H, m, AH), 6.93 (1H, dJ= 7.4 Hz, AH), 6.71 (1H, tJ =

7.3 Hz, AH), 6.54 (2H, dJ = 7.8 Hz, AH), 4.18 (1H, tJ=7.0Hz, NCHPh), 3.543.48

(1H, dd,J =13.7, 70 Hz, ArACHH 6 CH) 73.18 (1H, 6d,J=13.7, 70 Hz, CCHH6 CH) ,
3.08'3.03 (2H, m, €12NHPh), 2.602.53 (1H, dtJ=12.8, 6.2 Hz, CeNCHH 6 G)}2.47

2.41 (1H, dtJ = 12.8, 6.2 Hz, CENCHH &H), 2.26 (3H, s, E3N), 1.78 1.67 (2H, m,
CH2CH2CHy); Uc (100 MHz, CDC#) 161.6 (AKC), 148.6 (AC), 141.3 (AC), 138.8 (AC),

138.3 (AC), 129.7 (AC), 128.8 (AC), 128.0 (AC), 127.3 (AC), 125.4 (AC), 122.7
(ArC), 116.8 (AC), 112.8 (AC), 68.3 (PICHN), 52.2 (CHNCHy>), 42.1 (CHCH2NHPh),

40.3 (GCH2CHN), 377 (CHs3N), 26.2 (CHCH:CH.); HRMS (ESI): calcd. for
Ca3H27"°BrNs, 424.1383. Found: [MH] 424.1388 ( 1.1 ppm error)].
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Methyl  2-(2-(6-(2-(methyl(3-(phenylamino)propyl)amino)-2-phenylethyl)pyridin -2-
ylphenyl)acetate 218

N-(2-(6-bromopyridin2-yl)-1-phenylethy)N*-methytN3-phenylpropand ,3-diamine

(214 (667 mg, 1.85 mmol), methyl -@-(4,4,5,5tetramethyll,3,2dioxaborolar2-
yl)phenyl) acetat€181) (765 mg, 2.77 mmol), potassium phosphate (784 mg, 3.69 mmol)
and PdCl(dppf).CHCI> (75.0 mg, 0.092 mmol) were charged into an RBF purged with
nitrogen. THF (18 mL) and déonised water (140 uL, 4.37 mmol) were added and heated to
80 °C, at reflux, for 18 h. Upon completion the solution was cooled to room temperature,
diluted with water (20 mL), extracted with ethyl acetate (3 x 30 mL) and washed with brine
(15 mL). The combined organic extracts were dried over Mg8itred, and remvedin

vacua Purification by flash column chromatography (§i6% methanol in diethyl ether)
afforded theitle compoundas ayellow oil (715mg, 76%); R 0.70 (10% methanol in ethyl

ac et ad/o) (neat} 3403, 3025, 2948, 2848, 2803, 1733, 1602, 1569, 1506, 1447,
1320, 1254, 1211, 1157, 1083, 1044, 1084400 MHz, CDC%) 7.49 (1H, tJ = 7.7 Hz,
ArH), 7.407.18 (10H, m, AH), 6.92 (1H, dJ = 7.7 Hz, ArH), 664i 6.66 (1H, m, AH),

6.46 (2H, dJ=7.9, AH), 4.19 (1H, dd) = 8.3 6.7 Hz, NCHPh), 3.802H, d,J = 9.9 Hz,
CH2CO:Me), 3.553.50 (4H, m, C@CHzand CGHH 6 CH P h Y3.18 @H, dd3 = 134,

8.3 Hz, CCHH &€HPh), 3.062.99 (2H, m, CHHCH2CNHPh) 2.58 2.51 (1H, dtJ = 13.4,

6.7 Hz, MeNGiH 6 G)H2.482.41 (1H, dtJ=12.9, 6.7 Hz, MeNCH &Hy), 2.27 (3H, s,
CHsN), 1.751.64 (2H, m, CHCH2CHy); Uc (100 MHz, CDC$) 172.4 (CO:Me), 159.1
(ArC), 158.8 (AC), 148.6 (AC), 140.6 (AC), 139.3 (AC), 136.5 (ACH), 132.4 (AC),

131.4 (ACH), 130.0 (ACH), 129.1 (ACH), 128.9 (ACH), 128.4 (ACH), 128.0 (ACH),

127.4 (ACH), 127.1 (ACH), 122.0 (ACH), 1213 (ArCH), 116.8 (ACH), 112.7 (ACH),

68.5 (NCHPh), 52.4 (MelCH2CHz), 51.8 (CQCHs), 42.2 (CHCH2NHPh), 40.5
(CCH2CHPh), 39.1 (CH2COy), 37.7 CHzN), 26.3 (CHCH2CH>); HRMS (ESI): calcd.

For GsoHzeN302, 494.2802. Found: [MH] 494.2809 ( 1.4 ppm error)].
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