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Abstract ||

Heterocycles are prevalent within biologically active molecules, with >70% of FDA
approved drugs featuring at least one nitrogen heterocycle. Amafyke literature has revealed that
over the past 40 years, chemists have shifted from using cyclisation reactions to incorporating cyclic
motifs using preformed building blocks. Boronic atderivatives represeatversatileclassbuilding
blocks dueto their routine preparation, scope of transformations, stability, and ease of handling.
However, there is a significant disparity in the number of heterocyclic boronates reported in the
literature compared with carbocyclic. This discrepancy is furthezezkated by comparisons in the
availability of sp-rich boronates compared with saturated heterocyclic building blocks.

We have developed two synthetic routes to borylated lactams using a reliable conjugate
borylation/cyclisation strategy. Initial invesstion of our first methodology reveal&dalkyl amino
enoates cyclise upon borylation, with the resulting borylated lactams showing an intolerance to
chromatographic purification. Reducing the nitrogen nucleophilicity through the preparation of
N-aryl amiro enoates halts the cyclisation during the conjugate borylation reaction, allowing for
isolation of the linear boronic ester products. Aciddiated cyclisation then furnishes the desired
lactams without the need for further purification. We have demdaedttiaat this process can be made
enantioselective through using a-Catalyst ligated with a chiral phosphine ligand. Furthermore, we
have shown that these scaffolds are suitable for a range of transformation including reduction to the
corresponding cyadti amine and Suzul¥iyaura coupling with aryl bromides. Building on this
success, we have developed a second methodology utiNsBmr amino enoates that allows for
expanded complexity of the scaffolds such as increased ring size, substitution og tredradkyl
or no substitution on the nitrogen. In addition to this we have optimised an enantioselective conjugate
borylation procedure which furnishes boryl amino esters with excellent distaard

enantioselectivities.
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Additionally, pyridines are an important unsaturated motif within biologically active

molecules, which can influence the potency and pharmacokinetic properties of the molecule.
Borylated pyridines are typically obtained through Miyaura 4t Borylation.There exist relatively

few examples of anulative methods to directly prepare borylayedipes, which is surprising

consi

der i

ng the synthetic value

of

t hes e

bui

electrocyclisation previously reported by Harrity andwiarkers to incorporate hydrazones, as a

suitable alternative to aldoxinmethers, overcoming issues observed with isomeric mixtures. Using

this procedure, we have prepared three examples of the thienopyridine scaffold. We have also shown
that a desilylation procedure offers improved combined yield, compared with the prevepasted

one step procedure, for the preparation of monosubstituted scaffolds.
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General Introduction ||

1.1  Privileged Scaffolds in Medicinal Chemistry

Over the pastentury,medicinal chemistry has undergoaeapid and seismic changat
theturn of the 20 century drug molecules were simple modifications of the active ingredients found
in traditional remedied-or examplewillow bark has been used for centuriedreat simple aches
and pains due togsthigh concentration of salicylic aci@ne commorside effectof this drug was
stomachpains, whichcould often be worse than t@mentthey would be treatingConversion of
the alcohol functionality to the cormending acetyl ester alleviatehese issues in the form of

Aspirin, the worldoés first blockbuster drug.

o (0] (@]
9] (1.5 equiv.)
Me)]\O)J\Me (:f‘\ori
OH >
150 °C,2h (@]
OH

oA

Salicylic acid Asprin

Me

Schemel: Hof f mands original 2patented rout

Inthe latel 9 8 0 s , Evans poviegededr et bteut es on tho descr
between a particular structural motif and the therapeutic use of the molecule in qtiasttbe.field
of medicinal chemistry has expandsghonyms with slightly different meaniadpave appeared
Concerninghisworkt he t er m A mo |l e c usl bhuilding bkdoekfmbleculalféaturthg@a c r i
desirable motif witlpotentialtherapeutic qualitie$.

Aspirin is not the only dru@pased a themolecularframeworkof salicylic acid. Numerows
amincsalicylates have aninflammatory propertiesMycophenolic acid is an immunosuppressant
used to prevent organ rejection in transplant patiemd Repaglinide is an antidiabetic drug and
possible alternative to insulin theraffigure 1).5'® In total, there are 30 approved drugs based on
t his f@Apr tvubhewng thespedifictilerapeutic utility of the motit.Very fewof these
moleculescan be prepared directly from salicylic acidereforejt is not considered a scaffoly

this definition.

o o 0 o) )
H,N Me o
OH OH OH O\l o OH
OH OH  H,N OH  MeO OH P N OEt
0. _OH H
Me

Salicylic acid Mesalazine Aminosalicylic acid Mycophenolic acid Repaglinide

Figurel: Approved drug molecules based on the moledutenework of Salicylic acid



Over the 28 century there was a dramatic shift in medicine away from traditional remedies

and toward rational drug desigMany natural products, including those found in traditional
remedies, have either been used as drug canslmfegerved as inspiration for their desigiowever,
studying natural products kEghly challenging and has led many pharmaceutical companiigg to

different strateigps?©

Trends in natural products, bioactive molesidad successful drug candidates have been

studied and used asguideline for rationadrug designLipinski developed higi R u | eivedp f

defining molecul ar propert i e'%Asisthd natuwraaf rulesttleey a

are often brokenand manynew drugs do not obey the rules?*® Analysis shows that 85% of
biologically active molecules feature a heterocyelih piperidines,pyridines piperazines and
pyrrolidinesbeing amag the most common motif found in FDA approved drifgSThis observed
preferencdor saturation was also noted by Loverigtgal, who found thatinincreasd number of
sp’ carbons correlated tive increased complexity of molecules and translatdddmeasedsuccess
during clinical studies®

Over the last 50 yearsiedicinal chemisthave devealped a robust toolbox oéactiors that
consistentlygive economic yields” 2! At the same timenew parallelmethoalogiessuch as High
Throughput and DNA Encoded Library Screenimyve made the development of large libraries
featuring hundreds ofibusandef screening molecules advantageous and desii@tilee successful
development of newharmaceutical entiti€€?® By virtue of this, there is @refeenceto use
building block molecules with a pletra of orthogonally reactivaufictional handleshat can be
quickly diversifiedin a divergent bottorup fashion.In turn, this has driven the demand by the
pharmaceutical industry for increasingly novel building blocks in the pursuit of differentibging t

libraries from thecompetition.?6:

d



Analysis of literature relevant tthe development of pharmaceutical drugs shows tha
roughly half of all transformatianundertaken by medicinal chenssare carborheteroatom
formations which can be further divided in half to represent acylation and-&kylations whilst
carboncarbon bond formations account for only a tenth of risections2>2! This suggess that
medicinal chemist rely heavily on inefficient protectiddeprotection strategiesf preformed
building blocks despite advances in modern cadsanbonbondforming methodologiesihe single
most employed carbecarbon bondorming strategy is SuzuiMiyaura coupling which couples
aryl halides with boronic acid derivativeBue to its robust reliability and regioselectivity, it is
typically only when this reaain fails that other carbecarbon bondorming reactios are
employedt® This indicateghe types of functional handle of most interest to medicihamistsare
heteroatorrhydrogen (amines, albols, thiols, amidesetc), protected heteroatomgarbonyls
(carboxylic acids, aldehydes, acyl halides, ketet), alkyl-/aryl-(pseudohalidesand boronic acid
derivatives’’

Given the prevalence of heterocycles within drug molecubesghly only 8% of reactions
lead to the formation oheterocyclic ringg® Analysis of theJournal of Medicinal Chemistry
highlighted thaheterocycle synthesis hdsninishedfrom 1984 to 2014ln 1984 this was theost
common reaction class reported in the journal, whereas in R0tetl dropped tseverth.?! Despite
this, analysis of patent literature by Schneieeal.indicated that occurrence of heterocycle formation
had remained constant for the past 50 y&ars.

Journal data primarily represents the research and development aspects of drug design,
whilst patent data depicts the industrial processes used in large scale prodheti@mbination of
these two data setsiplies that modern medicinal chemists depengreformed building block&
introduce heterocyclic motifduring the drug design proces&iven the utility & Suzuki-Miyaura
coupling amongst other transformatiorgeterocyclic boronate®present a verglesrable class of

building blocks.



1.2  Synthesis ofSaturated HeterocyclicBoronate Scaffolds

Boronic acid derivatives have become ubiquitous in modern synthetic chenistty their
stability and vast array of possible transformatidiee Lewis acidity, andfundamentateactivity of
boron originates from its vacanigubital; the result of its three valence electrons forming thrée sp
hybridised orbitals in a trigonal planar fashidhenthe p-orbital is attacked by a nucleophiie
forms a tetrahedral bor@te anionactivatingthe weakest bontypically carborboron)to become

nucleophilic itself.

X=H,
R=C
some Michael
)' additions known
O/X OOH O O /4——4— Me \ ’," \\
© Rr—B R—B O @
Nu \ L R—B\ - - B——R E
0™ 0 o O N
0 O Me F
Borane Boronic acid Pinacolato Boronic ester Trifluoroborate
No stabilisation ~ Orbital back donation Orbital back donation Complete occupation
+ inductive stabilisation of the p-orbital
< Reactivity
Stability >

Figure2: Reactivity and stability of boronic acid derivatives

Boranes feature boron atoms bonded t@mbinatiorof threecarbon hydrogenpr halogen
atoms, which offer minimal stabilisation to the vacantrpital (Figure 2). Typically, these
organoboron compounds are the most electrophiliey are highlysuseptible to attack by a
nucleophile and consequently the least staDie.the other hand, boronic acids are more stable
featuing two hydroxyl groups on the boron which donate electron density from the oxygen lone pairs
to the vacanp-orbital, stabilising it and reducinglectrophilicity(Figure?2).

The hybridisation of the adjacent carbons can also play an important role in the stability of
boronic acid derivative§.he GB bonds of aryl and alkenyl boronic acate stronger than their alkyl
counterparts bbemdiage8eetThs fs tharessltobtie mesomeric capability of the
U a n dcarbonsbeing able to resonance stabilise the vaeathiital (Scheme). This translates
to their high stability with regards to aerobic oxidation and protodeboronation under neutral
conditions?® On the other hand, alkylboronic acids are relatively stable to protodeboronation but are

liable to sluggish atmospheric and basic oxidation.

/OH ® @/OH
R B -« R —B
A 7\ \

OH OH

Scheme2: Mesomeric stabilisation aryl boronic acids



Replacing the hydroxyl groups with alkogyoupsgive the structure of boronic esters which
offer increasedstability, a result of the inductive effect ofdhalkyl groups(Figure 2). The most
commonboronic esters featured in the literature @recolato boronic este(Bpin) sincetheyoffer
the best tradeff between stability and reactivitAnother factor in theiprevalence ishe ease of
handling of bis(pinacolato)diboron(B2pinz) and pinacolborangHBpin), common reagents in
borylation reactions.

The stability can be increased further by usingrBtected boronic acid8.The three most
common aréN-methyliminodiacetic acid boronic esters (BMIDAjoronamidediaminanaphthalee
boronic acid (Bdan) and organotrifluoroboratéBF:K) (Figure3). These operate by increasing the
electron density of the-prbital, reduang their reactivity andsynthetic utility.In the case of B,
the porbital is completely occupied, and requsiia situ transformation to the boronic acid through
hydrolysis orthe borane bfluorine abstraction to participate in certain reactjatteough the CBF3

bond is nucleophilic enough participate irsomeMichael additions(Figure2).3%32

Me\
ey HTR e
>0 \ I>F
(@]
BMIDA Bdan BF;K

Figure3: Structure of Bprotected boronic acid

Given the wide range of methods available to form boronic acid derivatives, the focus of this
section will be to specifically examinenethodologies that have been used to prepare saturated
borylaied heterocyclesAlthoughthis sectiordoesnot go into detaitegarding the transformation of
boronic acid derivativeghe majority of these reports feature study of the onward reactivity of their
scaffolds,especially the more recent publicatiomgpically, they demonstrate theoxidation of the
boronic acid derivative, althougtmore interesting derivatisations have been performed such as
aminatiors (including CharkEvansLam), arylation (including SuzuiVliyaura), halogenation,

homologations and olefitians (Schemes).

Oxidation Olefination

R—OH R—B

R—NHPG
R

R—NHR’ R—X

Scheme3: Possible transformation bbrylatedscaffolds describe irSection1.2



1.2.1 Hydroboration

The first example of the preparation sdturated boryl heterocycigas achieved by the
hydroboration of silyprotected allylic amine®aboulene and eworkersshowed that after treatment
with boranethe resultanamino boranesould be deprotected Isyirring in protic solvents, oxidised
to the aminoboronic acid by refluxing in dillagueous HC{Schemet).®3 Hydroboration oterminal
alkenesusing borass typically gives anti-Markovnikov products, although regioselectivity
reactionf internal alkenes is lesgell defined and a limitation of this methodologyminoboronic
acids3 and4 were found to bénseparable and althoudjie ratio of products as determined by GC

the ratio and yields were not reporféd®

B(OH),
Meﬁi@ 1. BH; SMe, HI\O/ ’ HO\
2. MeOH B(OH)

2

1 3. aq. HCI 3 4
—_—
N
Me3Sil\,:> HN B(OH),
2 5

Schemet: Preparation of aminoboronic acids via hydroboration

Hydroboration with less reactive boron reagents, HBpin ampihB requires the use of an
activated alkenegatalysis,or a combination of the twd hese reagentalsotypically give much
better regioselectivity and ttability to control the stereochemical outcomigh chiral ligands. The
choice of boron reageman alsanfluenceregioselectivity.Reagenimediated regioselectivitwas
exploitedby Yun and ceworkers in a divergent strategy for the borylation of heteodbornadienes
(6) using aCu catalyst ligated with bisphosphini,Ry)-taniaphos $chemes).°



0]

@bein

7 0}

88% Bpin
97% e.e. HBpin (1.2 equiv.) B,pin, (1.2 equiv.)
Boc CuCl (3 mol%) CuCl (3 mol%)
N (R.Rp)-taniaphos (3 mol%) (R,Rp)-taniaphos (3 mol%) 10
o
NaO'Bu (10 mol%) X NaO'Bu (10 mol%) 9470/%
. MeOH (2 equiv.) R MeOH (2 equiv.) 0 e.e
Bpin _ 7 7 _
8 PhMe, 40 °C, 24 h R THF, rt, 24 h E‘OC
85% 6 .
>99% e.e. X=N,0 @b/Bpm
Boc
N 1
MeO 90%
Bpin >99% e.e.
MeO
9

Me Me,N Me Me

Schemeéb: Boron reagent controlled regdivergent hydroboration

The origin of the observed regioselectivity originates with the initial formation of active
catalyst.HBpin will react with the alkoxy cuprates torim a nucleophilic metal hydride, addition to
an alkene followedby transmetalation with another molecule of HBpin ultimately gives the
Markovnikov borylated produciConversely using $in, generates a nucleophilic borgliprate
which undergoes the samddition to the alkene, instead depositing the boron functionality instead

of the hydride, ultimatelgiving theanti-Markovnikov product $chemes).

CuX

'

CuOMe

MeOBpin

CuBpin
Bpin
)\/ H .
R Bypin,
Markovnikov
[Cu}

. Cu
HBpin [ ] CuOMe

Bp|n

7_<H
MeOH R)\/Bp'”

anti-Markovnikov
Schemeb: Mechanistic explanation of the boron reagent controlled

regio-divergent hydroboration



The most straightforward method for controlling regioselectivity is by the incorporation of
a ligand.Engle and cawvorkers used a bisphosphine ligatéd catalyst ¢ perform a hydroboration
on benzylidenezetidines andoxetans 12 to give theanti-Markovnikov borylated product$3
(Scheme?).3’ In this examplejt is believed that -stacking interactions between the ligand and

substrateid the regioselectivity dhis reaction

B,pin, (1.5 equiv.)

E' Ar,P ; CuCl (10 mol%)

iF Ar : 4-F-dppbz (15 mol%)  eeeeeeeeo,
! |L | NaOBu (1.0 equw) PAr2
! i Bpin

' ! MeOH (1 equiv.)

H \ [} Ar X ( q

1 Cu- Bpm E X ! PAr2

/ N THF, 23 °C ! 4-F-dppbz !
/_E\ 12 1A = 4-CH,F |
! x=NOo . juomssssmess
| n-Stacking
"""""""""""""""""""""""""""" S\N
Boc Boc
15
: 99% 94% 74%

Schemer: Hydroboration obenzylideneazetidines anebxetanes

Ito and ceworkers developd a dearomatisation/borylation strategy to prepare borylated
1,2,3,4tetrahydrepyridines and-quinolines; a common motif in optically active biologically relevant
molecules’®3® Hydride reduction of théieterocycle leads tthe activateddiene18 or styrene21
functionaliies suitablefor metal hydroborationwith the addition of R R)-QuinoxP* as a ligand
resuling in excellent enantioselectivitysChemes).

R2 2
NaBH, (0.5 equiv.) X A Bpin
CICOst (1 equiv.) | B,pin, (1.2 equiv.) /(j/ ____________________
; CuCl (5 mol%) 4 ‘ Me !
MeOH, -78 °C, 1h RN (R,R)-QuinoxP* (5 mol%) RN : T
CoR3 MeOK (20 mol%) CO,R® E AN .
18 MeOH (2 equiv.) 19 H :E ;
> 67 - 93% : N paMe:
THF, rt, 2h 74 - 99% e.c. : NTOR
up to 98:2 d.r. ! Bu |
R N R! Bpin i (RR)-QuinoxP*
NaBH4 (4 equiv.) m
ACZO AcOH R2 N R? N
Ac Ac
21 22
NMR yields 27 - 99%
68 -98% e.e.

SchemeB: Dearomatisationtrylation strategyfor borylatedl,2 dihydropyridines and
1,2,3,4tetrahydroquinolines



Hou and ceworkersalso investigate@u-catalysed hydroboratioof 1,2dihydroquinolines
(Scheme9).*%41In this work they found that then efficient kinetic resolution could be performed
using substrates substitutatthe 2position Borylation onlyoccurred to give theyn-product25
whilst 24 was returned unreacted in high 8cheme9A).*° When d-MeOH was used in the
reaction, deuterium incorporation was only observed in the borylated product, showing tBat the
dihydroquinoline is unable tooordinateto the ligatedCu speciesand undergo borylationThis
selectivity is not observed without substitution at theogition(SchemedB).*

A B,pin, (1.2 equiv.)
CuCl (5 mol%)
(R.Sp)-JosiPhos (5mol%)
NN Moo o o) N X Bpin Q/Pph i
R1—: MeOH (2 equiv.) R1—: R1—: TN 25
7 3 F “ga * = . : : .
" R THF, rt, 2h NOR N7 RS 5 Me |
CO,R? CO,R? CO,R2 i (R,Sp)-JosiPhos 1
23 24 25 0 eeeedeieaiaiiooo
40 - 47% 43 -48%
98-99% e.e. d.r. > 99:1, 90 - 99% e.e.
B B,pin, (1.2 equiv.)
CuCl (5 mol%)
(R,R)-QuinoxP* (5 mol%) .
XX MeOK (20 mol%) SN Bpin
R1—: MeOH (2 equiv.) RIL
= N > >
| THF, r.t, 2 h N
COzR? CO,R?
26 27
27 - 85% NMR yields
90 -98% e.e.

Schemed: Cu-catalysed hydroboration of Xdthydroquinoline

Solventscan also influence the regioselectivity of a reaction and ceworkers found that
whenN-methylpyrrolidone (NMP) was used as a solvent the Markovrpkogtuct(29) was observe
using Bzpinz.42 Deuterium labelling experiments showed that this was the reshitdsbgen atom
transfer (HAT) due to the active catalystability to abstract a pratdrom the amide solvent, forming
a metal hydride that behaves in the same way as previously mengifeciezmes). Although this
reaction is catalysed by iron, the proposetidsele for solvents incapable of HAS the same as the
cycle previously described for GuUsing this method, they were able to prepare 3° borylated

piperidines, a thiane and a thiabd-dione using an irothased catalysSchemelO).



B,pin, (2.5 equiv.)
Fe(OTs)3 (10 mol%)

¢
(:/( LiO'Bu (3 equiv.) QLBPI” O/\Bpm
X

NMP, 80 °C, Ar, 18 h

28
X=N,0 X= NO X= NO
Markovnikov anti-Markovnikov
"""""" Me  Tme T T Me
i Bpin Bpin Bpin
1CbzN S 0=S
: /7
' O
31 32 33
77% 85% 71%
97:3 rr. >99:1 rr. 98:2rr.

SchemelO: Ligandfree iron catalysed regioselective hydroboration of terminal alkenes

Hydroboration has also been achieved using a bbased catalystFontaine and
co-workers found thaaminoboranesindergo hgroboration with indole$4, f ol |l chered
metathesis with HBpin to give the igihydroindoles 35 with Markovnikov regioselectivity and
regenerabn of the catalys{Schemell).*® Further study showed thabranewas a more efficient

catalyst and allowed for easier purification of the borylated proddetsto quantitative conversion.

S)

BF,
©:® (10 - 20 mol%) Bpin
NHMe, ' BH, !
ri N HBpin (1.5 -2.6 equiv.) R A : !
Z~N > Z~N H |
\ H NMe; ¢

\ neat, 100 °C

Ts Ts \Active catalyst!
34 35 0 “cosccscssceced

53 - 96%

Schemell: Boranecatalysed dearomative hydroboration of indoles
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Lautens and cavorkers have also applied hydroboration to the direct synthesis of borylated
lactams usinga carbamoyl chloride to intercept the alkyl cuprate, leading to lactam formation
(Schemel 2).*4 The>20:1 cis-diastereoselectivity they observed is rationalised byt rotation
to the thermodynamically favourable transition state afteinsertion across the double bohithe
case of lacta2 only two dastereoisomers were observedHyNMR analysis, with the completely
syn product being identified asnajor by NOSEY experimentswith no reference to other

diastereoisomers formed.

B,pin, (1.5 equiv.)
u(MeCN),PFg (4 mol%)
dppe (6 mol%)

C
o R?
)]\ NaO'Bu (1.5 equiv.) N —
cl N = N
|
R3 O THF, rt, 16 h R? \_
Bpin

36
l Syn insertion T

RpINB H RpINB H
meo_ T Meo_ T e T Meo_ T
N Ph N N ° | N Ph N Ph
\
Me'
Bpin B Bpi Bpin Bpin
38 39 40 Yl 42
97% 83% 94% 85% 69%
>20:1 d.r. >20:1d.r. >20:1d.r. >20:1 dr 15:11d.r.

Schemel2: Intramolecular cyclisation triggered by hydroboration
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1.2.2 Conjugate Borylation

Conjugate borylation, imilar to some hydroboration methodsjses metal catalysis to
generate a weak boron nucleophile. Dugtgoveakly nucleophilicnature it is able to partake in
Mi chael additions with el ect? fpnopoded tatalytic e/cletis a c c
outlined inSchemel3wi t h f or mati on of the &key b ologd CUFL
metathesis between the alkoxy cuprate and diboron reagent. LigationQxf tinéhe alkene triggers
theldaddi ti on t eborgatkyl upratetwhichtwil eactwith an aleol additive to yield

the product and the regenerate the alkoxy cuprate.

Bpln (e}
Bypin,
j CuOR3®
R30OH R30Bpin
p|nB
Cquln
[CU]

(0]

Schemel3: Conjugate borylation catalytic cycle

Ito and ceworkers initially applied this reaction to the synthesid cis-borylated
dihydroindoleg(44), imparting enantioselectivity with chiral bisphosphine ligdddSchemel4).4°
This study showed that the methodology was general in providing excellentioenand
diastereoselectivity, althougi+-methylated and Fmoc protected indoles failed to participate in the
reaction. Similar work was reported by Xu andveorkers showing that ketone and nitrile

functionalities could be used as the electron withdrawing functiondiities.

B,pin, (2 equiv.)
Cu(O'Bu) (10 mol%)

(R, R)-45 (10 mol%) Bpin
t S e \
\ \ NaOBu (10 mol%) N S Ve, Mo b
CO,Me BUOH (2 equiv.) R'SF “11CO,Me ' |
Z N L PAr, PAr, |
THF, 30°C,4-18h \ ' 45 ]
Cbz {Ar = 3,5-Mey(CeHy)!
(S,R)-44 — 21763
’""""""B’;i.ﬁ """""""""""" Bpin T Bpin
F N
1CO,Me /©j>----c02w|e /©j> 1CO,Me
N Ph N\ MeO N
Cbz Cbz Cbz
(S,R)-46 (S,R)-47 (S,R)-48
75% 71% 76%
97:3d.r., 95% e.e 93:17 d.r, 89% e.e 94:6 d.r., 93% e.e

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

Schemeél4: Enantioselective conjugate borylation of indoles

12



Alcoholysis is not the only route in which the alkoxy cuprate can be regenerated to continue
the catalytic cyclePendenmmesylats or phosphonasfeaturean electrophilidJ carbonwhich can
be used to turn over the catalyghong and ceworkers were able to force an intramolecular
cyclisation of enoate@9 and50) to givecis-borylated heterocyclg$1 and52) using these internal
electrophilefSchemel5A).%8 Mechanistic investigation suggest that the turnover limiting step of the
reaction is addition of the boryl cuprate, and the diastereoselectivitygtlasure is controlled
through the coordination of the enolate oxygen to the boron atom.

Lautens and cavorkers have also reported an intramolecular cyclisationghaggered via
conjugate borylation. They were able to prepare tetrahydroquinals#@sthrough a Mannich
cyclisation with the alkyl cuprate formed from borylatioBchiemel5B).*° Again coordination
between the carbonyl and boron is thought to help explain the obsemwgdetelysynrelationship
between the boroniand methylestes. This helps control the conformation of thkyl cuprate
which undergoes Maiich cyclisation, presumably through a helfair transition state, to give the
major productwhere there is ransrelationship between the ester and phenyl groNpgeference
to other diastereoisomers was given by the authors.

A CO,Et
CO,Et Soin
B,pin, (1.2 equiv.)
MSO\/\O P4 CuCl (10 mol%)
dppe (10 mol%) (¢} 51
49 f .
(OB (1 equiv) 63%11
_—

DMF, 25°C, 16 h CO,Et

(EtO),0PO = Bpin

2 \/\l}l/\/\COZEt
Bn l}l
Bn
50 52
62%
inB ECU] Bond rotation B ?O2Et
L P S=co,Et Lo ™, iy,
VI o 1 e
X X
8 B,pin, (1.5 equiv.)

Cu(MeCN)4PFg (4 mol%)
JosiPhos 2 (4 mol%) )
Bpin

NaOBu (30 mol%)
A COzMe {AMOH (2 equiv.) mooz’me
/ .,
N Et,0, rt, 18 h N7 “Ph

H
53 54
62%
88% e.e.
>20:1d.r.

Schemeél5: Intramolecular cyclisation of enoates via conjugate borylation
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The previously mentioned weak boryl nucleophile generated thrGugiatalysis has also
been shown ttakepart in substitution reactior’8>*Molander and cavorkers used this methodology
to prepare borylated piperidigiepyrroles, azetiding, tetrahydropyras) and oxetargefrom the
corresponding alkyl bromide or iodi®5) moderatejields Schemel 6).52 Although not a conjugate

borylation, the reactivity profile of this trarmsation is comparable.

B,pin, (1.5 equiv.)
Cul (10 mol%)
PS-PPh; (13 mol%)

X LiOMe (2 equiv.) X
Q—Br/l - Q—BQK
n DMF, r.t., 20 h n

55 then KHF, 56
X=N,0
n=0,1,2
BocN )
BOC,\O\ BocN:l CO\
BF4K BE.K BF,K BF4K
57 58 59 60
| 72% 59% 54% 52%

Schemeél6: Synthesis of borylated heterocycles by nucleophilic substitution.
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1.2.3 Lithiation -Borylation and Homologation

Using lithium bases to generate nucleophiles for amiib boron has also been proven to
be a useful technique to prepare borylated heterocybliesn treated witlsecbutyl lithium, N-Boc
pyrrolidine 61 is deprotonatedl to the nitrogenand the subsequent organolithium can undergo
addition tothe boratereagent Including a chiral diamine ligand such asparteineenables the
deprotonation step to occenantioselectivelyThe final boronic este(62) is generated throing

hydrolysis of the boronate ani¢g8chemel7).53>

pmmmm e . 1.°BulLi, (+)-sparteine, 5 h : H
i O Me Me :  Boc 5 iprogpin, 1h Boc : N
:\QJ\O Me! Q Q....Bpin : N B
: Boc : Et,0,-78 °C 5 H
' eessecccccnens 61 (R)-62 ‘...._Et)___sf)?_rtﬁ'[]? _____
88%
90% e.e

Scheméel 7: Enantioselectivéorylation ofpyrrolidine

Due to the high cost and fluctuation in the availability of sparteine, researchers have tested
a number of diamine ligands for asymmetric lithiation reactions, notably DIANANE ligands.
Hodgson and cavorkers used DIANANEG4 to borylatetert-butoxythiocarbony(Botc) protected
azetidine yielding the enantioenriched building bl6é&k(Schemel8).%® It is notable that the Botc
protecting group isiseddue to is superiordirecting effectscompared with other carbamatiesading

to greater enantioselectivity for azetidirtés

NMe,
NMe,

6

oo, . 1.5BuLi, 1 h !' |
: Me Me ! 2. PrOBpin, 2 h NBotc :
5\21\ DN D\'Bom |:L ; NR, |
5 Bootc Me: pentane, -78 °C Bpin 5NR 2:
: ! INR; !
............... 63 (R)-65 i DIANANE
92% Semmmmeeaoa !

86% e.e.

Schemél8: Preparation of enantioenriched boryl azetidine
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However, thetert-butoxycartonyl (Boc) group is still a useful directing group for the
U-deprotonation of azacycles due to the configurational stability of the organolithium intermediates
as well as extending stabilisation to the boronatenantioenriched Boc protesct

tetrahydroisquinoline66 has been borylatagsing this methodologgschemel 9).8

1. "BuLi (1.2 equiv.), 0.5 h N
) ) - OBu
2. HBpin (1.5 equiv.), 2.5 h -_
NBoc

NN/
o¢|:3~~o
THF, -78 °C Me o
Ph
Me
Me Me
66 67

92%
>98% e.s.

Schemel9: Enantiospecific borylation of Boc protecttetrahydroisoquinoline

Alkyl lithiums will also attack the boron centre of boronic esters formaibgrate anionlf
there is a sufficient leaving group to the newly formed @ bond, this addition triggers a
1,2-migration This sequence is called homologation amdexploited in thesynthesis o range of
3° azetidine boronic esters by Aggarwal andwawkers®® Although the nitrogen atom of the
azabicyclo[1.1.0]butane is not a formad¥eng group, it will undergo 1;&nigration upon protonation
through a strain release driven procesScheme20). It was also shown that othetectrophilic

functionalisation of the nitrogeeyond Boc protectiorpuld be usednotably SIAr reactiors (76).

H
i h\g\ N o H-\2 E\N
Bpin Li (1.2.equiv.) Boin AcOH (2 equiv.), -78 °C, 1 h N E
=Y Bpi —_—> Bpin
r2 R®  THF -78°C,2h RI- thenrt., 1h pin 1 s
2 R3 R'I R3 R R
R B2 R2
68 69

=
[0} N

N\

N

A e |
Ph H
BocN BocN BocN N N ]
Bpin % ~Bpin Bpin Bpin Bpin E
pinB 7 E
N i

72

Ph
Me Me Boc
70 71 73 74 75 76
66% 90% 66% 29% 61% 70% 65%
i 100% d.e.

_________________________________________________________________________________________________________________________

Scheme0: Strain release driven boryian of azabicyclo[1.1.0]butane

16



Homologations have also been useful in the preparation of subshatiesn baransformed
into borylated hetergecles.Carboniandcavor ker s used Matteson -homol
halo boronic esteys whi ch upon treat ment with a 4ithi
aminoboronates featuring pendent alkgi@€s (Scheme21). Using ring closing metathesis they were

able to prepare mnge of borylated cycliallylic amines81.°

PCy,
ch, |

Boc\ | CI,R’lu:\Ph S
Br. Br Bng X PCys
\r " 5 BocN n
Bpin  THF, -78 THE, 780 acetons THF, -78 TR 7sec . BooN I GH,Cl,, reflux, 4 h
Bpin Bpin Bpin
Bpin
77 80 81
n=1 86% 91% 78% 87%
75% 70% 55% 58%

Scheme2l. Matteson homologation/ring closing metathesis route to borylated cyclic allylic

amines

Homologations do not always require strong alkyl lithium bases if the proton being removed
has a low enough pKa&ontinuing from their studies of the amination of boronic estmsisg
electrophilic aminesunder basic conditionsMorken and ceworkers turned their attention to
intramolecular cyclisations->® Whilst studying the regioselectivity of the reactitteyshowedhat
the 6membereding intermediateformed upon treatment of amiB2 with potassiumert-butaxide,
furnishedborylated pyrrolidine84, not azetiding5 (Scheme22).

OMe OMe
/

Bpm Ts
. N © /
Bpin KOBu Bpln Bpln TsCI
Bpin —_— Vs.
MeOHN PhMe:THF, 110 °C
Bpin Bpln Bpm
82 Disfavored Favored
% 51%
/Bpin

N
|:K/Bpin

85
not observed

Scheme&2: Regioselectivity in nitrogen centred homologations
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1.2.4 C-H Borylation

C-H activation is an appealing methodology for borylation as the substrates typically require
no prefunctionalisation and so potentially can be applied to iatage modification of complex
moleculesGiven the possible onward reactivity of boronic acid denxes, CH borylation has been
used in multiple studies to prepare borylated heterocythescatalyst usedin these reactiahare
usuallyelectronrich late transition metals such as Bitgroup of metalsl(, Os, Pd Pt, RhandRu)
and the catalyticycle typically followsaM"/M"*? pathway where polyboryl Ms the active catalyst.

The proposed catalytic cycle ofcatalysed €H borylation is shown belowscheme3).54 The active
catalyst, generated by the addition gpB> to the precatalyst, undergoesxidative addition with the
C-H, followed by reductive elimination of produ&egeneration of the active catalyst is achieved by
oxidative addition of Bpinz (or the HBpin byproduct) followedby reductive elimination of HBpin

(or Hz if oxidative addition with the byroduct occurre).

) C T R—Bpi
XBpin L I\Bpin pin
X = Bpin, H Bpin

Scheme23: Ir catalysed €H borylation

The regioselectivity of €4 borylation can be dependent on multiple factors including
sterics, electronics and-E bond strengthOne of the most effeise methods for controlling the
regioselectivity ishy way of a directing groupAmides, hydrosilanes, pyridinesxdureas have all

been shown to be efficient directing group for thel Gorylation ofazacycles.
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Sawamura and eworkers achievedN-adjacentborylation of cyclic amides and amines
using Rh catalysis ligated with silicaupported triaryl phosphin®8 (Scheme24A).%° Due to the
formation of HBpin as a bproduct in the reaction and its suitalyilas a coupling partner, they found
that usingB2pinz in substoichiometric amounts yields above 100% where observed (relative to the
diboron reagent)ollowing on from this work they were able to imparbderate enantioselectivity
using phosphoramiditggand 89 and expanded the scope to the synthesis of a borylated morpholine
(+)-95 (Scheme?24B).%¢ Significant improvement of theenantioselectivitywas achievedusing
monophosphite liganfl0 (Scheme24C).5” Similar pyridine directed borylatiehave been reported

by Ackermann and cworkersusingRu catalysi$®

DG\N/\q ),  Conditions DG\N )\q )n
—_—
L_x

86 87
X=C,0
n=0,1
W
| Pr3Si
Ph
S Me o ©
i ~
. e 20
_P
o
‘O \ " Q
| 88 89 90
A: B,pin, (0.5 equiv.), [Rh(OMe)(cod)], (0.5 mol%), 88 (0.5 mol%), hexane, 80 °C
| XN Bpin | NN Bpin )]\ Bpin
0 ” :) O
91 92
125% 130% 107%
5h 12h 5h

B: Bypin, (0.5 equiv.), [Rh(OH)(cod)], (2 mol%), 89 (2 mol%), CPME, 60 °C, 15 h

| NN Bpin O\ Bpin O\l\ Bpin
0 0
Lo

(+)-91 (+)-94 (+)-95
95% 90% 99%
31% e.e. 53% e.e. 46% e.e.

C: B,pin, (0.5 equiv.), [Rh(OH)(cod)], (2 mol%), 90 (2 mol%), 2,6-lutidine (0.5 equiv.), MeCN, 60 °C, 15 h

| NN Bpin Bpin @\l\ Bpin
SLL G
L_o

(R)-96 (S)-92 (S)-95
98% 92% 93%
96% e.e. 99% e.e. 97% e.e.

Scheme24: C-H borylation of azacyclegsing amide and pyridine directing groups
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Xu and ceworkers developed their own novel chiral bidentate boryl liga@€ and 100
for enantioselectivér-catalysed sbC-H borylation®® Although the yields and stereoselectivity of
this work are comparable to the methods described by Sawamura, the nursperiaf bory+

azacycles that they were able to prepsuggnificant(Scheme2b).

Ph Ph
B,pin, (1.5 equiv.) : Ph 7—\ !
n( [IrCl(cod)], (2.5 mol%) n( : NN N ]
R ; o R Bpin . / B !
L Ligand (5 mol%) L I \ ]
N - N ' =N _SiMe, :
! Ph R i
)Eo "hexane, 70 °C, 24-48 h )io : Ph :
R2,N RZ,N 5
97 98 ; 99 R=Cy
' 100 Bu
""""""""" />~ B
z, = o N
Do Ty () (L
N N N Bpin N Bpin N Bpi
E EtZN)§ © EtzN)§ © iPr,N /go iPr,N /go "Per/gO
101 (99) 102 (99) 103 (99) 104 (100) 105 (100)
99% 86% 42% 57% 88%
94% e.e. 90% e.e. 84% e.e. 80% e.e. 81% e.e.

Scheme25: Diverse enantioselective-B borylation of saturated azacycles

Hartwig and ceworkers showed thdat y dr os i | y | g r o u pdrecteco@Hl d
activation using arr catalyst’° When using borylsilane, EiBpin, as the boron reagent superior
yields were obtained due to efficient generation of the active catalyst wherareaihip Bpin,.
Boryl-piperidines and oxanes where only isolated in modest yikldso bisborylation occurring
(Scheme26). The excellendiastereoselectivitgf this reaction is attributed to thee t reférace

to sitin a pseudo equatorial positionthe transition statkeading toanti-selectivity.

Et;SiBpin (1.3 equiv.) H |

mes : IrL,, jm !
: \ SiHEt, |

S|Et3
» ; 1
O\/ "'\ (@moi%) O/Bpm : A
SiHE, - , SHEG ! H
109 A
66% E SiEt,
iso-octane, 80 °C, 16 h >20:1dr. . :an
Bpin :
MGI\O\/ MGU p +
SiHE o, - SIHEL A
2 1 2 \ Bpin
107 110 SIEtZ
55% : —> SHE, |
e. ' 24

Minor

Scheme26: C-H borylation of heterocycles usirachydrosilyl directing group
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When a directing grougs bound to a nitrogen, activation typically occurs on the adjacent
UCH, which | ed Agui |l er aireateddnetidoiodgysingrd(Sthemene™v e | o p
Previous methagito achieve this goahvolv e ei t her st e rCiHooedeaktiyating via ¢ ki n
protonation of the aminélowever they wereable to use a pendent fluorinated amide as thetaige
gr oup t o-Hactivation peoposed 6 occuhrough the formation of bodike transition state
112 After preformation of this intermedigte wasfound to be reactive with a range of electrophiles,
including Bpinz.

C,F:N i R ESRREETCEEEE .

7 Me Bpin Vo A :

NHC,F pd' Me NHC,F; ! F
E Pd(OAc), (1 equw) N B,pin, (3 equiv.) N/R H E
— > H i

DMSO 100 °C,1h 100 °C,3h E F FE

1M1 112 113

Scheme27: o-Directed GH borylation

C-H activation of heterocycles typically favoursfCbondsU to heteroatom due to the
weaker bond strengthising a phenanthrolindigatedIr catalyst Hartwig and ceworkers repoed
the remarkable undirected borylation of saturated heterooybiek occurredt theb ando positions
(Scheme28).”? Although diastereoselectivitipr the borylation of substituted heterocycles is poor,
improvedsynselectivityof themore conformationally rigi tetrahydropyrafi17suggestthe catalyst
preferentiallyreacts at aequatorialC-H bond The trueorigin of this reaction selectivity is not fully
understoodComputational studies of similar reactgsuggest th€-H activation at thé+positionis
reversiblebut thatthe energy barriefor borylationat thispositionis too high instead promoting
boryl at i-positond®t t he b

B,pin, (2-3 equiv.)

[I(OMe)(COD)], (2.5 mol%) ; N
X 2-mphen (5 mol%) H _ |
H Bpin : N Me:
n cyclooctane, 100 °C, N, KN :
114 115 ! !
X=N,0 ! —— 2-mphen
n=0,1,2,3
O#CFS
f Bpin
o ST O
BocN Bpin
116 17 118 119
51% 51% 52% 26%
6:1d.r.

Scheme28: Undirected ® /-Fbborylation of saturatedeterocycles
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1.2.5 Radical Borylation

Generation of radical species foetformation of carbotboron bonds is another powerful
strategy for the formation of borylated heterocycles, with the major advantage being the high
functional group tolerancéhe use of catalytizn' by Marder and cavorkers provided the first
example othis and although not conclusive, the demonstration of a radical clock experiment strongly
suggests the reaction involves the formatioarmidical Scheme29A).”* A similar catalytic pathway
was also shown to be achievable usir@uh catalyst Scheme29B).”® With bothreactions it is not
clear whether homolytic cleavage of theX(hbond initiates the reaction, or the generation of an

unobserved radical boryl species.

A Bopin, (2.2 equiv.) B B,pin, (1.2 equiv.)
ZnCl, (15 mol%) CuCl, (1 mol%)
Imes (15 mol%) Imes (1 mol%)
O\ KO'Bu (2.2 equiv.) Q )O\ KOMe (1.2 equiv.) O\
Br MTBE, rt, 2h Bpin Br THF, rt, 0.5-1h Bpin
120 121 120 121
X=N,0 X=N,0
CbzN oYy v T/ ‘: Csz BocN
L CL CL CL
Bpin Bp|n Bpin Bpln
122 123 Imes 122 124
' 79% 86% & “oossssssssssas ' 71% 81%

Scheme29: Radical borylation methods reported by Marder andvookers

The mechanism for the addition of alkyl radical species to boron reagents hasdreen
thoroughly documented within the literatur@&he most prominent methodoieg employ
photocatalged decarbopation to generate ra alkyl radical typically this is done through the

activation of a carboxylic acid redox active esters sudi-asyloxyphthalimide$Scheme30).”6""

X o) [Ir(ppy),dtbpy]PFg (1 mol%) X
R B,(OH), (4 equiv.)
N > BF,K
DMF, 45 W CFL, 12 h

o o then KHF,
125 126
X=N, O X=N,0
CbZ’\O\ o(j\
BF;K BF;K
127 128
\ 83% 73%

Scheme30: Ir catalysed radical borylation df-acyloxyphthalimides
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Baran and cavorkersfound that thesame precursors could generate alkyl radjcahich
could beborylatedusing aCu' catalystunder basic conditionsithout promotion by ligh{Scheme
31).”® The nechanism ofhis transformatiois believed to occur bfprmation of a Cliboryl species
that promotes a SET with the phthalimide substrate. This generates botibar@ispecies and an
alkyl radical, with the former beingble to borylate the radical and regenerate tHec&ralyst.The
report by Baran and emorkerssuggestshat radicall-borylation of heterocycles is less efficient than
CH-activation and lithiation strategies.

N-Hydroxyphthalimide T REEEECEEREEEED .

. . Boc
Me B,pin, (3 equiv.) H
Me N\\C )\ Cu(acac), (30 mol%) i N )
\r N e LiOH.H,0 (15equiv.) ; Bpin
Q Me X o MgCl, (1.5 equiv.) Q : 62
o i : i : >20%
COH DCM ~N dioxane:DMF, r.t., 10 mins Bpin o
o e BocN
o H
' Bpin Bpin
129 125 121 ! 123 124
X=N,0 X=N,0 X=N,0 66% 68%

Scheme31: Cu-catalysedadical borylation oN-acyloxyphthalimides

Other functional groups can be activated arder to undergo lightinediated radical
borylationn amines carbe converted toKatritzky salts through the reaction with pywyin salts
(Scheme32A) %8¢ in addition,alcohols can be converted to the phattive xanthatefunctionality
(Scheme32B).8*#2 In both of these methods bis(catecHddpron (Bzcab) is required as the boron
reagentind then converted to the pinacol ester through transesterifichtigris due to the increased
ability of catecholboranes to stabiligesradical through delac| i s at i-odoitals® v e r

A Ph
®
07N
I

= © )
XN Ph Ph BF, x N 0= ° B,cat, (1.2 equiv.) XN
—~NH, > —N / Ph BF, > —Bpin
- EtOH, reflux \ DMA, 5 W blue LEDs, 30 °C, 6 h -
; /

or AcOH, DCM, r.t. then pinacol, Et3N, r.t. 1 h

Ph
130 131 132
X=N,0 X=N,0 X=N,0
n=0,1 n=0,1 n=0,1
i Boc
BocN N
Bpin Bpin Bpin Bpin
123 124 133 134
72% 91% 81% 77%
B [ AT
B,cat, (1.3 equiv.) i
! BocN
Et;N (2 equiv.) 'BocN
Bocw/\ )L j@ BooN Y 1B
DMF, blue LED, 26 °C, 12 h —~Bpin ' .
then pinacol, EtsN i i Bpin Bpin
135 136 5 124 137
n=0,1 n=0,1 ; 2% 36%
52:48 d.r.

Scheme32: Radical borylation of alkyl Katritzky salts and xhates
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It is also possible to performtransition metal freeradical borylations without
Apfeanctional i sat .iStuder and tovorkdisewers able sothonwlitieally cleave
carboniodine bonds to generate alkyl radical for borylation ugisgvisible lightin DMF (Scheme
33A).84 After addition of the radical to 8at, DMF trapsout the boryl radical promotingarbon
boran bond formationand breakn g o f t h e-bamd(Schemd33B) t r on

A B O,
\
B—I
/
o R—I

B,cat, (4 equiv.) R’

X DMF, blue LED, r.t. X
R—I
| then pinacol, Et;N Bpin

R—Bcat

Scheme33: Radical borylation of alkyl iodides

Boron-centredradicals can alste utilisedin the synthesis oheterocyclesWang and
co-workers used nucleophilicNHC-stabilised boryl radicalgenerated from borane compl&40
with a radicalinitiator, for the cascade cyclisation of enyn@$e electronic properties of the
unsaturateccarbon bondslictatethe ragioselectivity within the reaction, with the boryl addition
occurring at the most electron deficient positidaldition to enoatesand styrened 39 formed
completely saturatetieterocyclesl41 (Scheme34A), whereas addition to phenyl acetyleeel45
gave borylated alkenyl heterocycl&46 (Scheme34B).8 As a continuation to this worthey also
disclosed thailN-allylcyanamides150 and 155 could be used to form cyclicmadines 151 and
quinazolinoned 56 respectivelySchemed4C, D).8 All 3 reports showed that the products could be

converted into the more synthetically useful pinacol ester.
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X
[T\e AIBN (20 mol%)
X . Me—N<N~Me  CoH19C(CH3),SH (0.5 equiv.) )
|| ® MeCN, 80 °C, 12 h ~ BHz NHC
2 eCN, 80 °C,
R R BH3 R R2
139 140 141
(1.2 equiv.) (1 equiv.) (1 equiv.)
X=N.0 =N.O
T Ts T s 3
! N o N ]
s “BH, NHC 'BH, NHC 'BH, NHC!
iMe  Ph Ph CO,Me !
' 142 143 144 :
' 64% 52% 58% ]
B Ts Ts
N N
/T\e® AIBN (20 mol%)
S . Me—NaN~Me  CoH1gC(CH3),SH (0.5 equiv.)
| | e > BH, NHC
R BH, MeCN, 80 °C,2-11 h ;
Ar R Ar
145 140 146
(1 equiv.) (1.5 equiv.) (1 equiv.)
"""""""""""""""""""""""""""" s
N h
BH,NHC  Me”™ N “BH,NHC !
Ph i
149 :
55% ]
NH
c R' _CN [T\e AIBN (20 mol%) R
N . Me—N<N~Me  CoH1gC(CH3),SH (0.2 equiv.) N R2
V\Rz 8n, MeCN, 80 °C
BH, NHC
150 140 151
(1 equiv.) (1.2 equiv.) (1 equiv.)
HENN :
! I N NH F NH !
N /L i
¢ N N TsN BocN ;
' mPh aan WPh i
: BH, NHC BH, NHC BH, NHC|
: 152 153 154 :
| 78% 83% 66% ]
l A
D o — R
oN @ AIBN (1.4 equiv.) N
X N~ Me= N sN~Me - . |
R'T k/\ S MeCN, 80 °C 07N wPh
% = Ph BH,
BH, NHC
155 140 156
(1 equiv.) (1 equiv.) (1 equiv.)
N e N OO N S RH e
!
| | | E9 Ne
07 N ~uPh 07 N «Ph

07 N7 NuPh § 'BH,NHC =

Schemed4: Sythesis of heterocycles using boryl centred radicals
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1.2.6 Cycloadditions

Alkenes have a similar reactivity profile to aromaticand methoddike Miyaura type
borylation are applicable to the synthesis of vingtonate$’ These vinyl substratesan also be
prepared through hydroboration of alkynes using various tiatalystems$® Multiple 1,3dipolar
cycloadditionprotocolshave been developed for the coupling of alkenes witteglto form new
heterocycle$? Given the plethora of vinyl boronates available as building blocks, cycloadditions
have also beeaxploredas a route to novel $pich borylated heterocycles.

An early study by Carboni and emorkers found thathe regioselectivity of cycloaddition
for vinyl boronatesl60 with nitrone 161 was crucial For the majority of substrates a dominant
transition state is preferred leading to complete regind stereselectivty (Scheme35A).%°
However when al,l-substitutedvinyl boronatel67 was used insteadhe regioselectivity was
flipped giving rise td-boryl-1,2-oxazolidinel69. Due to the boron beinldto oxygenthis compound

was prone to aerobic oxidation and subsequent ring opéaamgeme35B).

A
0® CHS R PhN~©.
R (o — > T pinBZ H ‘ "
pin o N Np, PhMe, rit PhN/' PhOC®
~x<LCcoPh Bpin
160 161 162 163
f PhN—©, PhN—©, N
v
{PhOC" \\8 Phoc" \\8 PhOC‘\\\\e
Bpin Bpin Bpin
164 165 166
: 65% 70% 81%
B ° pinB Ph o
Bpin ) O o T PhN— Bpin NHPh O
* I e | TR \\%Ph - AN
Ph Ph” NS Ph PhMe, r.t. PhNI\Q///C,;OPh phoc™ PhOC Ph
167 161 168 169 170

65%

Scheme35: Cycloaddition of vinyl boronates with isoaimbhes
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Less exotidoryl pyrrolidinescan be formed using azomethiyledes generated from the
decarboxylation of amino acids with formaldehyde shown byCarboni and cavorkers this
cycloaddition could only take place if the vinyl boronafd features an electron withdrawing group
(ester, sulfone or amidéd activate the alken&Vhen testednonosubstitutedinyl boronateand
styrylboronatefailed to yieldthe desireaycloadduct(Schemes6).! In the case pyrrolidingé75the
lack d diastereoselectivity suggests the cycloaddition does not occur through a concerted mechanism.

R3HN" NCO,H (2 equiv) — R3

AN

PinBW/\R2 CH,0 (2 equiv.) . N uR2

R? PhMe, 110 °C, 12 h R
§1 Bpin
171 172
Ba. T Me_ Me. o 7] Me. Me.
\N AN \N /O \N \N
1CO,Me 'Ts ! < Me 'Ph
X ) HN—<
Bpin mé Bpin mé Bpin P Bpin Bpin
173 174 175 176 177
85% 59% 53% n.d. n.d.

>20:1d.r. >20:1d.r. 1:1d.r.

Scheme36: Cycloaddition of vinyl boronates witdizomethine

Cycloadditions are not limited to XBpoles Dérien and cavorkers used &h-catalysed
carbene insertion on amino enyr{@g8and179 to generate borylated azabicycloheptane scaffolds
(180and181) (Scheme37A), whilst Harris and ceworkers performe&immonsSmith reactions on
cyclic allylic amine182in order to obtain similabicyclic scaffoldsl83(Scheme37B).°2%3These are
both formally 1,%dipolarcycloadlitions that occur through the generationaithera carbene or a
methylene radicakespectively

A Bpin Bpin
TsN | Toh

% Me Me,Si
N,CHSiMe; (1.2 equiv.)

- Me

178 * o, Z-180

RuCp*cod (5 mol%) - 70%
Et,O,rt,3-5h 95:5d.r. .
Bpin Bpin

TN TsN
Q\ Me;Si .
179 181
67%

6:4d.r.

8:2ZE

B 1. ZnEt, (8 equiv.), CH,l, (16 equiv.),

TFA (8 equiv.), DCM, -40°C - r.t.

BocN 2. Boc,0 (5 equiv.), Et3N (10 equiv.), BocN
DMAP (0.25 equiv.), THF, r.t., 24 h
Y

Bpin pinB
182 183
72%

Scheme37: Synthesif borylated azabicycloheptane scaffolds

27



As with other thermally disallowed cycloaddition it is possible to promote cyclisation using
a photocatalyst and light irradiatioBchindler and cevorkers used anir photocatalyst teexcite
cyclic oximes 184 to the triplet state so that theyan take part in a [2+2] cycloaddition with
unactivated alkenegScheme38). However, n this work they were able to prepamely a single
example of the unusual borylat2ebxa1-azabicyclo[3.2.0]heptane scaffd85°* Again, due to the

nature of these reactiarstereoselectivity is at the discretion of the substrate.

Bpin

Me/& (1.5 equiv.) pinB : F h

/I‘\ILO)<Me fac-[Ir(dFppy); (1 mol%) ~ MesZ__ =0l pe : =\
F |
MeO,C Me " MeCN, blue LED, 18 h \q'w,%Me i N_7 i
M602C : depy
184 185 L A
77%
5:1d.r.
171 rr.

Scheme38. Photochemical [2+2] cycloaddition for the synthesis of borylated heterocycles

Molander and cavorkers usedh RhcatalysedC-H functionalisationto performa formal
[4+2] cycloaddition or alkene insertiortp prepareboryl tetrahydroisoquioline 189.°° Ligation of
Rhto theamidopivalatefunctionality directedC-H activationto theorthoaromatic GH bond, which
can insert into the alken&87. The Rh-alkyl intermediatel88 could then undergo Bl reductive
elimination and subsequent reoxidatafrthe Rh through reaction with the weak-® bond(Scheme
39). The regioselectivity of this reactias isomeric comared with other alkenew/hichis believed
to be an electronic effect unique tetkaction. It is also beneficial adibcksb-hydride elimination

further promoting reoxidation of the catalyst.

[CP*RCl,], (0.5 mol%) o o
o BocValOH ( 1 equiv.) JOPiv
. K,CO3 (1 equiv.) AN N Bu,NOH (1.5 equiv.) N
OPiv 23 \ 4 q NH
X N7 + A BEK rHL Rh R
1 3 T ;
R A" PPIOH, rt, 24 h Z DCM:H,0, 1., 2h _
H
BF3K BF;NBu,
186 187 188 189
(1.1 equiv.)
"""" o T e T e o T
NH NH ~ NH
(6]
—
Me
BF;NBu, BF3NBu, BF;NBu,
190 191 192
66% 79% 60%

Scheme89: C-H activation of sp-H for alkene cycloaddition
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As an extension to these of vinyl boronates, Yudin and-emrkers have deveped aroute
to BMIDA-substituted azetidiminesrom alkenyl boronatesThis relies on formation of a
MIDA -borylketeniminantermediatel 94 as a linchpin in th€u-catalysed cycloaddition with imines
and ketones$o givethe boryl-azetidimines and aroxetanmine 195 (Scheme40A).°” The products
were obtained igooddiastereoselectivity foreaction ofN,C-diaryl substituted iminesonversely
N-alkyl imines gave poor selectivities. Diastereomeric mixtures can be epimeassad
triethylamine to gve the thermodynamailly favouredproduct(Schemet0B).

A =——BMIDA (1 equiv.)
R3N; (1 equiv.)
Cul (10 mol%) R3N R3N
X NMM (2 equiv.) | X
t - ~_ X >
R MeCN, rt., 24 h ) I
MIDAB R' MIDAB R'
193 194 195
(1.5 equiv.)
X =NRZ% 0O X =NR%, 0
""""""""""" N P N,
POTeN _Ph N 0
' N -, NsN
5 ] MIDAB / N MIDAB
MIDAB Ph .
: oMe MIDAB Ph 0!
' 196 197 198 199
72% 77% 66% 66%
\ >95:5d.r. >95:5d.r. 1.8:1d.r.
B TsN Ph TsN Ph
N EtsN N
MeCN, r.t., 24 h
MIDAB Ph MIDAB Ph
1.6:1d.r. >95:5d.r.

Schemed0: Use of Boryketenimineto synthesisdoryl-azetidimines aneoxetaniming
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1.2.7 Difunctional Borylations

In the previously mentionedu-catalysed borylation reaction elimination of the preicand
regeneration of the catalystusuallytriggered by the introduction @inelectrophile So far this has
been limited to HBpin, Epinz, an alcoholor an internal electrophildn the pursuit of increasing
molecular complexity multiple studies hashownthat many electrophiles can take part in such
reactionsMiura and ceworkers were able to incorporate both the boryl and amino functionalities

acrossheterenorbornadienef00by using electrophilic amine coupling partsé®chemet3).*®

Bopin, (1.5 - 4 equiv.)
BzONR*R5 (1.5 - 4 equiv.)
CUSCN (5 - 10 mol%)

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

X R3 phe;n (5 - 10 mol%) AN E
LiO'Bu (2 - 4 equiv. ' |
= ( ) Bpin/dan ! _ :
R s / NR4R5 N™
R? DCE, rt., 4 h N h
200 (then 1,8-diaminonaphthalene, 201 Z |

X=N, 0 FeClz (10 mol%) X=N, O : phen

imadazole

MeCN:H20, r.t.)

. N ;
Bpin @j::m Boin @%Bdan E
2 ]
@ iNB”Z NBn, sl
202 203 204 205 |
92% 92% 99% 65%

Schemetl: 1,2-Aminoboration otheterenorbornadienes

Aminoboration reactiomare not limited td.,2-additions Engle and cawvorkers showed that
1,1-difuntionalisation was possibleusing a sterically encumbered ligand to control the
hydroaminatior?® Using an alkyne tethered to afectrophilic amin€06 they were able to form a
borylated azetidin@07and pyrrolidine208 (Schemet 3).

HBdan (1.2 equiv.)

CuBr (5 mol%) ‘o
(R)-DTBM-Segphos (6 mol%) '< O

PMHS (2.5 equiv.) Bdan | 0 PA, :
BzO n LiO'Bu (3.125 equiv.) Bdan B ! ‘Bu !
>N R N [Ie) PAr, ]
% BnT:, or BnN ' ;
Bn THF, rt., 16 h < Ar= OMe!
+ O |
206 207 208 B !
n=1,2 n=1 n=2 ' u !
63% 77% L (R)-DTBM-Segphos :

89% e.e. 95% e.e.

Schemet2: 1,1-Aminoboration of alkynes featurigenden electrophilic amines

Using HBdan as the boron reagarith aCu' catalystgeneratea metal hydride that hydroborates an
alkyne, the vinyl boronate product can then be subjected to a hydroamination reaction with the same
active catalys{Schemed43). Regeneration of the catalyst in the hydroamination cycle is achieved
through the addition of polg{ethylhydrosiloxang(PMHS).
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HBdan, CuBr, Ligand

PMHS, LiO'Bu BzO\N,(/\)”\
A

PMHS, LiO'Bu Bn

Hydroboration
cycle

Bdan Hydroamination

BAN—" cycle \
M

BzO \
Cu'H/L* \NW\Cu'/L*
Bn
BzO
Bn—--Cu'L*
~11Bdan
n( HBdan

BzO "
\NW\Bdan

Bn

Schemed3: Combined hydrobration/hydroamination cycle for XAminoboration of alkynes

Arylborations are another reaction of interest for the preparation of borylated hetergcycles

athough due to the large oxidation potential associated with tH€@ucycle, Cuwill not undego
oxidative addition aryl halides electrophiles without the use of electron rich lig&iison the other
hand has been shown to be a much better catalyst for such readtioatalysed arylorations have
been shown to work for unactivated cyclic allylic ansi@@9, heterocyclic styrenedl1land indoles
217(SchemetdA, B, C).101193n the latter example regioselectivity can be contrdigdubstituting
the indole at the 2 positio@Z1) or alternating the position of the protecting gr¢2p3). The chirality
of the substrate not featuring the protecting group on the indole werendoto impart
enantioselectivity on the reacti¢223). The low oxidation potential of NiNi"' has even been shown
to be suitable for the oxidative addition of benzyl chloriieheme44D).1%* All examples gave the

syndiastereoisometue to thesynmigratory insertiorof the boryINi catalystinto the alkene
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B B,pin, (2 equiv.)
ArBr (3 equiv.)
NiCl,(DME) (5 mol%)

X KOEt ( 2 equiv.) X Ph
. . ) Ph > \
B,pin, (2 equiv.) n( DMA,0°C-rt.,24h  nl Ar
PhBr (1.5 equiv.) Boin
NiCl(DME) (5 mol%) 211 Ar = 3,5-Me,(CgHs) s
BocN LiO'Bu (1.5 equiv.) BocN X=N,O X=N,O
/ Ph n=1,2 n=1,2
THF, 30 °C, 24 h ‘ Boc
Bpin H N
209 210 e Ph O BocN
66% ! Ar o 11Ph 1Ph 1 11Ph
>20:1d.r. H Ar Ar Ar
; Bpin Bpin Bpin Bpin
' 213 214 215 216
' 42% 66% 76% 84%
L >20:1dr >20:1d.r. >20:1d.r. >20:1d.r.

B,pin, (2.5 equiv.)
ArBr (3 equiv.)

NiCl,(DME) (5 mol%) Ar Bpin
A NaOBu (2 equiv.) AN AN Ar
R1_: N—ro > R1—: Bpin  or R1—: Re
= N\ THF:DMA, 10 °C, 24 h Z N\ Z N\
Rz RZ R2
217 218 219

Ph Bpin

220 221 222 223
76% 58% 73% 47%
>40:1 d.r. >40:1 d.r. >40:1d.r. 96% e.e.

>40:1 d.r.

B,pin, (3 equiv.)
BnCl (1 equiv.)
Ni(cod), (5 mol%)

X NaOAmyl (1.5 equiv.) BocN o
/ Bn or Bn

DMA, 30 °C, 24 h

Bpin Bpin
224 225 226
X=N,0 54% 27%
>20:1d.r. >20:1d.r.

Schemel4: Ni-catalysed carboboration$ alkenes



The groups of Xu and Lautens have both lBgdatalysed borylation to synthesis scaffolds

based on indoleXu and ceworkers showed that n  tPd mtermmediate of mntra moleculaHeck

reacton will reactwith Bopin, to form spirocyclic boronategScheme45A).1% Lautens and co

workers also employed a Heck reaction to perform arylboration on indole suhsinategh the use

of a chiralphosphoramiditégand and diboron reagent they were able to impart enantioselectivity on

to thereaction.(Scheme45B).19

A
B,pin, (1.5 equiv.) i
Me Pd(PPhs), (10 mol%) 52:;
N O Br, R NaOBu (1.5 equiv.) ?
Y/ > Me Me
MeN R2 PhMe, 80 °C, 7 h 0 0
227
B

pinB-BMIDA (3 equiv.)

NN\, Pd(dba), (5 mol%)
Rl R 233 (10 mol%)
Z N

EtsN (5 equiv.) ;]

E Ar

J \ , MTBE, 100 °C, 18 h
/R3
231CI 233
Ar = 4-MeO-(CgHy)

""""""" Bn  Bpin  Bpin
F Me L Ph Me

N (T T

0] o 0]

234 235 236
H 59% 73% 88%
\ 91% e.e. 94% e.e. 68% e.e.

Schemed5: Pd-catalysed carboborations of alkenes
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1,1-Carboboration haalso been exploited for the synthesis of heterocyclic boronic esters.
Basepromoted decomposition ofsulfonylhnydrazones238 leads to the generation of carbene
intermediateswhich in the presence afboronic acidjnsert into the €B bond This cross coupling
strategy was utilised by Qin and-wmrkers in order to form novel 3° heterocyclic boron&a3g

(Schemet6).107

X " X " RB(OH), (3 equiv.) X "
mesSO,NNH, (1 equiv.) Cs,CO3 (3 equiv.)
% MeOH, rt., 2-12h \ PhCI, 100 °C, 5 h Bpi

in
N\NHSOZmeS then pinacol, 1 h R P
237 238 239
X=N,0,S X=N,0,S X=N,0,S
n=0,1,2 n=0,1,2 n=0,1,2
1CbzN BocN BocN o] S
. Bpin Bpin Bpin Bpin
: Bpin Me
240 241 242 243 244
59% 45% 82% 85% 88%

Schemet6: Carbene insertion of heterocycles into bor@uicls

The insertion of two boron functionalities across an unactivated alkene bond has also been
reported by Morken and emorkerthrough aPtcatalysed diborylatioSchemet7).1% The origin of
the diastereoselectivity of this reaction is believed to ueetd thesynaddtion of the bisboryl Pt
catalyst.It has previously be observed tlggneration of the active bisoryl P{0) complex from
Pt(PPh)a is too slow for insertion in to alkene bond to geteracatalytic cycle, whereas:(ebak

serves as a much more effigigorecatalyst for this transformatdf®

2 2
R B,pin, (1.2 equiv.) R
X Pt{dba)s (0.5 mol%) X
/ L +11Bpin
PhMe, 50 °C, 6 h
R’ R’ P
Bpin
245 246
X=N,0 X=N,0
""""""""""""""""""""""""""""" o TR
H Boc ]
iTsN 0 ) BocN N :
' +1Bpin +1Bpin Bpin!
' / / TBDMSO / S
: z £ 2 Bpin |
H Bpin Bpin Bpin :
! 247 248 249 250 |
H 74% 47% 49% 73% !
i >20:1 d.r. >20:1 d.r.

Schemed7: Diborylation of unactivated alkenes
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1.2.8 Reduction ofsp>-Rich Heterocycles

Direct reduction ofsp>-rich heterocycless also an efficienstrategy for the synthesis of
borylatedsaturatecheterocyclesGiven their richnesswithin the literaturg(Table 1), such methods
could be expedient for transfoing the wide range of commercially available boronates irftoicip
building blocks.One of the earliest reports forethynthesis of a borylated heterocycle was achieved
in this mannerKelly and ceworkers employed a lithiatiehorylation strategy trepareN-Boc-
pyrrole-2-boronic acid 252) and reduced ihrough aPd-catalysed hydrogenatiq®chemet8A).110
Similarly, Carboni and cavorkers also accomplished hydrogenation of their partially saturated
heterocycle$81) formed through the cycloaddition reaction discussed ed8ehemet8B).5°

1. LITMP

B°° 2. B( OEt) E"C Hy, [Pd] Boc
—_—
Q THF, -78 °C | ) B(OH), AcOEt &B(OH)Z
251 252 253
83% 97%
B A &
Hy, [Pd] @
BocN o —— 3 H—N )
MeOH H
Bpin then HCI Bpin
81 254
n=1 75%

86%
Schemed8: A. Lithiation-borylation/hydrogenation of pyrragl&. Hydrogenation of borylated
cyclic allylic amine

The most significant work in this area has been undertaken by Glorius-aatlcers who
were able to prepare a range of pyrrolidine, piperidioeshydroindoles and octahydrobenzofurans
through Rhcatalysed hydrogenatio(Scheme49).111:112 They found that he use ofa cyclic
(alkyl)(amino)carbene (CAAC) ligateleh catalyst256was crucial irthis both stepeconomical and
diastereoselective reaction

' Boc
Me H
Me : N Q
DippN B@ ! &Bp'"
#2-Rh-Cl f 62 258
U : 99% 97%
~

256 (1-2 mol%)

X X Boc E
N MLk O Q N o
) N > — Y 1 Bpint

3 Bpin CH,Cly, 25 °C, 24 h ~ABpin “Bpin \D pin

Bpln
255 257
_ _ 259 260 261
X= C;,:N1H ,2NBoc X On,:N1H,2NBoc 75% 95% 99%
’ ’ 97:3 dr 98:2 dr 91:1dr

Schemel9: Rh-catalysed reduction of borylated heterocycles
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1.3 Conclusiors

More than 85%of the of protocols reported previously for the synthesissafurated

borylated heterocycles have been disclosed in the last 10 geggesting that the new synthetic

methods to prepare this class of building bl@ek of considerablenterest to current synthetic

chemists. Furthermore, a significant number of the more resgorts also feature concentrated study

of the synthetic value of the boronate building blocks, through their elaboratiorin@icatesthat

the development of mel borylated scaffolds represerdscurrent interest of synthetic chemist

aiming to expand the possibilities of building block design

Our analysis of boronate building blocks is summarisedahble 1, focusing nainly on

monaonitrogen heterocycles, with borylated benzenes and cyclohexanes for comparison.

observations show a wealthlodteroaryboronates in the literature, with more tha®;900 building

Initial

blocks being commercially availablBoronic acid,pinacol esters and trifluoroborates appear to be

the most common boron functional handles. Given this lack®aicpboronate building blocks, we

noticed a sufficient gap in the literatui@nd marketthat merits investigation. The development of

novel functionalityrich boronic acid scaffolds could benefit medicinal chemistry by enabling rapid

access to new areas of underexplored chemical space.

R
N

R
N

£

Benzene Pyridine Pyrrole Cyclohexane Plpendlne Pyrrolidine
HO\—i >59,000 >6,000 744 156 78 >1,000
Boronic acid B
H >19,000 >3,000 341 38 7 226
Me“”;to\ ] >83,000 >13,000 >1,000 886 281 392
Bpin /B
MTV'e © >19,000 >8,000 539 90 38 19
or'o, >3,000 362 89 130 72 12
BF3;K K /B—i
F 466 74 20 13 8 1
; 883 125 81 17 1 5
e L’H 111 34 6 1 0 0
O NH 617 11 16 33 0 19
BDan :B—i
Q NH 48 0 0 1 0 0

Tablel: Analysis of 5 and 6memberedN-heterocyclic boronatdsiown in the literature

andcommercially available!®
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Synthesis of Boryl Lactam BuildingBlocks via
a Conjugate Borylation/Cyclisation Strategy

2.1  Cu-Catalysed ConjugateBorylation

Cu-catalysed conjugate borylation was first reported by Ito andarkers at the turn of the
millennium!4In this seminal work they found that the usegfhosphine ligate@u' catalyst could
suitabl activate diboron reagents for 4addition(Schemes0). They noted the requirement of alkyl
phosphine ligandas less electron rich ligandgsve only moderate yieldand polar solvents are
preferred NMR experimentgonfirmed that thelominantrole of the phosphineras coordination to
the Cuand considered this to lamimportant factor in diboron activatioit.is worth noing that no
electrophilc proton sourcés adled to this reactionnlike other conjugate borylatiorfs.

B,pin, (1.2 equiv.)
CuOTf (10 mol%)

o PBug (11 mol%) Bpin O
R1/\)J\R2 DMF, r.t, 10 h R1J\)J\R2
262 263

67 -97%

Scheméeb0: First reportedCu-catalysed conjugate borylation

Thecatalytic cycleof this reaction, briefly discussed in Secthf.2(Schemel3), has been
examinedn silico by Marder and cavorkersto investigatehe specifics of the mechanis®daheme
51).1° These studies were able to explain why Ito anevodkers did not require proton sourcén
their reaction.Nucleophilic addition of the boryl ligand to thepésition ofa carbonyl enoat264
generates alkyCuenolate265wh i ¢ h ¢ a n n-bond metatdesis wjtman &dditional molecule
of the diboronreagent Instead, the Cu migrates to the oxygen of the enolate through a
tautomerisati on, -bond retathesiswith 8:pin, withbut the nted rfor an
electrophilc proton source When the carbonyl enoate is replaced with a carboxyl enoate,
tautomerisatiorof cuprate269 does not occur due to the lower reactivity of the ester functionality.
To promote the readion introduction of electrophilic proton source is required for
alcoholysis/hydrolysis of the alkyl cupra#ddition of an alcoholtoreactiss uch as |t ods

increase the rate as the energy barrieafllition across the alkeirserate deternming.
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tautomerisation _[Cu] _Bpin  hydrolysis

Bpin O Bpin O B,pin, Bpin O H,0 Bpin O
™ J\)\
1 2 1 2 1 2 N 1 2
R R R R -Cu'Bpin R R HOBpin R R
[Cu]
o 265 266 267 268
/\)J\ Cu'Bpin
R? R%/OR? —] B,pin,
264 -Cu'Bpin
alcoholysis
Bpin O MeOH Bpin O
> _—
R! OR?> _culoMme R’ OR?
[Cu]
269 270

Schemebl1: Substrate control of conjugate borylation mechanism

Yun and ceworkerswere the first to achieve an enantioselective vaigntisingchiral
JosiPhosas aligand (Schemeb2).11 Since thismanychiral phosphine ligands have been employed
in the reaction as well as some chiral NHC ligamdsch can promote the borylation ctiallenging

sterically encumbered enoaféd!?3

B,pin, (1.1 equiv.)
CuCl (3 mol%)
(R,Sp)-JosiPhos 2 3 mol%)

NaO'Bu (9 mol%) : Q/ 3
MeOH (2 equiv.) OH iph,p” Fo S Y2

CN _ ;
THF, rt. Ph ; '
2 then NaBOj, THF:H,0 272 i (R,Sp)-JosiPhos 2
' 84%  ‘memememmmememmmseeoes
82% ee

Scheméb2: Enantioselective conjugate borylation

Protic solvents are not the only electrophilagable for reaction with the alkyl cuprate.
Severalstudies have shown specifically that aldehydes, ket@®eectfluor sulfonate esters and
imines can be used as electrophiles Cu-catalysed conjugate borylatidekectrophile addition

tandem reactionéSchemeb3).#849.124128

o
@\ + Selectfluor o)
z Bpin Lam and co-workers Fernandez and co-workers \''Me
OH E Bpin
Carbonyl Electrophilic fluorine source 274
273
LCuBpin
CO,Me
PN
Q—COzEt A co,et N” Ph CO,Me
. Zhong and co-workers Lautens and co-workers “ry
Bpin N Ph
275 Mesylate Imine H
276

Scheméb3: Alternative electrophiles faCu catalysed conjugate borylation
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As previously mentioned in Sectidr2.2 conjugate borylation has been employethnee
studies to prepare borylatedterocyclesdowever, the scope is somewhat limitkdd and Lautens
method produce het®cycles in which the fusedng is only partially saturatedvhereazhong and
co-workers generated completely saturated borylated rings, but only two -resembered
heterocyleg®*84°\What s notable in all of these studies is that the readaiesignenabledhigh
disteree andenantioselectivityo be achievethrough the addition of a chiral liganddditionally,
the methodologies described by Zhong and Lautens use the alkyl cuprate iflotinedatajsis to
trigger a cyclisation via reaction with an intramolecular electrophile.

These initialinvestigationggive the proof that conjugate borylation canubiéised for the
synthesis of heterocyclic building blocksiventherelativelyundedevelopedcope of heterocycles
that have so far been preparatlisation of this strategy could badvantageous preparing more
biologically relevant structusesuch as piperidines and pyrrolidings.

Conjugate borylation has been demonstrated to be suitaheforo r y | a-unsaturated) , b
amides.!'® Additionally lactams can be reduced to the corresponding cyclic arffit@g.analogy it
should be possible to preparerylatedlactams, from the correspondit,-umsaturateadarbonyl,
which could serve as suitable precursors for the synthesis of novel piperidine and pyrrolidine building
blocks

Given tre abovat is surprising there exisbnly a single example of the direct borylation of
a n -Wwhsafurated lztam in the literaturdn their derivatisations of tetrapetalop@7, Marcus and
Sarpong found conjugate borylation such a substrate to be sluggis2% yieldand47% reurned
starting material(Scheme54).2*° Furthermore in this report they did not isoldte borylated

intermediate279, instead oxidising tgive alcohol280.

B,pin, (1.1 equiv.)
CuCl (8 mol%) Me H = Me H =
278 (8 mol%) == ==

NaO'Bu (16 mol%) NaBO; (5 equiv.)

TBSO""* TBSO""*

R —
THF:H,O, rt, 2h

R AL N OMe

o /T\e 279

ECyN\?NCy; 52%
o | 47% RSM
c

Schemé&4 Conj ugat e Bo r-ynsawrateddactanof an U, b
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2.2 Aims

U ,-Unsaturated lactams araost commonly prepared from ring closingetathesisof
dieneyl amidesising aRu Grubbstype catalyst$31132Currents trend# transition metal catalysis
focus on the shift away from scarce and depletablar®d 3 row transitions metals to more dart
abundant first row element® Cuis an earth abundant transition metal witstrang precedent for
catalytic borylation methodologies availaps® we chosthis to be the focus of our studi&d

Furthermore, t ruasatsrdtenl lactams vauld requifeir prefdomation
which is anadditionalsynthetic stepGiven thatseveraltandem borylation/cyclisations have been
reported (Sectiori.2), we envisioned tandem conjugate borylatiacfamisation could be a more
stepeconomic methodology for the synthesis bafrylated lactam building blockdn turn, the
reduction of the lactams could yield elusive and desirable boryl pyrrolidines and ipieerlt
successfulthe development of an enantioselective procedure should be relatively straightforward
through the addition of a chiral ligand.

Another common methof the synthesis of lactams is th@ramolecularcyclisation of
amino esterg283) and is preferable to use of amino ac{@81) which require activationwith a
peptide coupling reagemt® ¥’ It is such a powerful strategy that unprotected 1° and 2° aming ester
(285 will readily cyclise to the correspdinglactam if configurationally allowet?® 14° Removal of
this barrier through the reduction of an enoag83 will allow carborcarbon bond rot&on to a

conformation suitablé285) for the cyclisation®f 1° and 2° amino estet* 143

281
Peptide coupling reagent 282

O
R1
— N
v
/N \/\)J\ORZ 286

283

Deprotection required Rj
—— H— l\\l'\-f OR? EE—

285

(]
'11 \/\)J\ | conformationally allowed
H™ OR?

284
Configurationally disallowed

PG

Schemes5: Synthesis of lactams from amino acid derivatives

40



E-Amino enoate estei287 are one such exampile which cyclisation ionfigurationally
disfavoured To the best of our knowledge, these substrates have not yet been ineestighe
conjugate borylation reactiofherefore,our aims are to produce a rangeamino enoates and
develop a protocol for their transformations iftorylatedlactamsand determine if they can be
reduced to boryl cyclic aminekastly, we will test theonwards reactivity of thef the products,

confirming their application as heterocyclic scaffo{8shemes6).

(0]
@ 3 ooy | @ 80O Q, Q
E—

N
n
Bpin Bpin
287 288 289 290

Transformation of Bpin

Q, Q,
n 3%
291 292

:'Possible scaffolds

O O
Me Ph

Bpin Bpin Bpin Bpini

Scheméeb6: Proposed synthetic route to botgd lactams and cyclic amines
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2.3 Results and Discussion

2.3.1 |Initial Investigation of theConjugate Borylation of N-Alkyl Amino

Enoates

In order to initiate oustudieswe had toselect a model substrate for the conjugate borylation
procedureB a |l d wi n Otene theurdagbdity af ing closures based e tangle of attack of an
nucleophile and intramolecular electrophiie addition the &exoctrig cyclisation is significantly
faster then @&xotrig due to better alignment of orbitat§' 146 With this in mind we decidkthata
model substrate for the initial investigation of conjugate bdojat would be a
(2E)-4-aminobutenoateype structure(287, n = 1)

The two most common methods for the synthesis of amines are alkylation and reductive
amination.Given the multiple electrophilic sites in the enoate structure, we decided that reductive
amination would be unsuitable. We instead dedide dkylate an amine with methyl 4
bromocrotonate293 Alkylation of 1° amines is notoriously difficult due to the increased
nucleophilicity of the product leading to over alkylatidime main way to controhts is through the
adjusting thestoichiometry of amine and alkyl halid® that one reagent is in excelssorder to
improve the yield of the desired prodi24) we first screened the stoichiometry of the alkylation
benzylamingTable2). As expectd, a 1:1stoichiometryeadsto a significant amount afialkylation
andin order to promotenonalkylation an excess of the amine is requitddwever, when 4 or 5
equivalents of the amine are used the crude NMR stoavcomplex mixtureThe most likely
explanation for this is that thedditionalbenzyl amine undergoesMichael addition with294 to

generate amino est286, which could cyclise to give lacta@®7 (Schemes7).

B NP coMe _ PN e SN Ncome P NN co,me
2 DCM, rt., 2 h H A copme
293 294 205
Entry BnNH:2 (equiv.) 204 295
! 1 0% 31%
2 2 63% 8%
3 3 72% 6%
4 4 complex mixture
S 5 complex mixture

Table2: Stoichiometry screen for the alkylation of benzylan(N®R yields calculated

using 1,3,5trimethoxybenzene as an internal standard)
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= BnNH N/\(\COQMe Ph
n
Ph/\N /\/\COZMG 2 H

H D —— rNH —

Ph
HN—/
294 296 297

Schemes7: Possible side reaction in the alkylation reactioberizyamine with293

When the reaction was run using 3 equivalents of benzytathiea crude NMR showed
mostly formationof 294, as consistent with the screening experimdttiough after purification
instead of the desired produatpure fractions of lactan297 whereobtained Silica gel used in
chromatography is slightly acidichich may have promoted the unwantethvel addition with the
excess amimon the columnThe reaction was rerun using only 2 equivalents of benzylamine, which
furnished amino enoat294 in poor yield of 20%(Schemeb58A). This poor isolatedyield of the
product is likely caused by the side reaction on the coluhe reaction was repeated using
cyclopropyl amine andert-butyl amine, however in these reacsahe dialkylated product was
isolated as the major produstth the monoalkylated product only being isolated in trace amounts
(Scheméb8A). These two reacti@were repeated using 2.5 equivalents of the amine, which although
yielding a modest amount of the desired prodisb gave significant amounts of the dialkylated
product(Schemes8B).

‘; PN RN (equiv) R~ PNo e RN come
r CO,Me >
DCM, r.t,, 2 h H = COo,Me
293 R=Bn 294, 20% 295, Not isolated
R = CyPr 298, 2% 299, 52%
R = Bu 300, 3% 301, 21%
: PN RNH, (2 equiv.) R\N/\/\COZMS . R\N /\/\COZMe
r CO,Me >
DCM, rt, 2 h H FZ COMe
$Q2.32 R = CyPr 289, 25% 299, 35%
R = Bu 300, 37% 301, 8%

Schemes8: Synthesis oN-Alkyl amino enoates
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With theN-alkyl amino enoates in hdrwe turned our attention to the conjugate borylation
reaction.Using the procedure describby Zeng and cavorkers, we submittednoate294 to the
reaction conditionsinder an inert atmosphef@chemes9).14’ To our initial delightthe crudeNMR
showed not only that the borylation had occurred, but also that borylated amin80ddtad also
cyclised under the reaction conditidndactam303 However, isolation of the produittrough either
column chromatographgr distillation failed to yeld the productFrom our analysis of the residue
returned after attempted purification it was not entirely clear why this compound degraded, we
assume this is due to either protodeboronation or oxidation of the boronidésteipts were made
to transfaom the boronatento the more stable trifluoroborate safid alcohal After treatment with
KHF2 the expead producttrifluoroborate303was not observedxidation using HO./NaOH was
attempted but no alcohol was observed, likely due to a degradatiovgyatesulting from the strong
interaction between hydroxide and the boron atWvinen oxidation usinghe less nucleophilic
NaBQO: was carried outcrude NMR showed oxidation had occurieat the alcohol305 was not

isolated.

B,pin, (1.2 equiv.)
Cul (2 mol%) (0]
K,CO3 (1.7 equiv.)

MeOH (2 equiv. N Ph™ N
Ph/\N/\/\COZMe (2 equiv.) Ph u/\(\cone N
H dry THF, r.t., Ar, 24 h Bpin
Bpin
294 302 303
Not isolated

KHF, (5 equiv.) NaBO; (6 equiv.)
THF:H,O, rt, 1 h THF:H,O, rt., 2h

(0] (6]

Ph/\,\\f? Ph/\&

BF,K OH
304 305

Not isolated

Schemes9: Conjugate borylatioand attempted derivatisatioh 294
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Given the oxyphilic nature of borcemd theability of neighbouringcarbonyl oxygens to
stabilise boronic esterthrough donationinto the vacant grbital, we wondered if sterically
restricting cyclisation would allow for isolation of the borylated amino encét&ge amine
functionality of both298 and 300 features adjacent carbons with increasing substitution, 3° and 4°
respectivelywhich could possilglhinder cyclisationConjugate borylation d&298gavea mixture of
both the uncyclise@06 and cyclised307 products, wherea300 gave only the uncyclised product
308 (Schemes0). Attempts to isolate these compounds were unsuccessful, we believe instability of
these ompounds is similar ttactam303. Submission othe crude mixtures of the boronic esters

the oxidation procedure was successful but isolation of the alc840Js311 and 312 was not

possibé.
B,pin, (1.2 equiv.)
Cul (2 mol%) 1)
K,CO3 (1.7 equiv.) R
R MeOH (2 equiv.) Ro ~
\N/\/\COZMe _Mepnifeaw N/Y\COQMe . N
H dry THF, rt., Ar, 24 h ' Bpin
Bpin
298 R = CyPr 306 307
300 R =Bu 308 309 (Not observed)

. R R
NaBOj; (6 equiv.) \N/Y\COZMe N
_— +
H

THF:H,0, r.t, 2 h OH
OH
R = CyPr 310 (Not isolated) 311 (Not isolated)
R =1Bu 312 (Not isolated)

Schemes0: Conjugate borylation and attempted oxidatio2®8and300

45



2.3.2 Initial Investigationand Development ofa Conjugate

Borylation/Cyclisation Procedure for N-Aryl Amino Enoates

Given the attempt to sterically hinder the cyclisation had not allowethé& successful
isolation of either the borylatedmino ester or lactam, we instead attempted to reduce the
nucleophilicity of the nitrogen atom\romatic aminesare known tdoe less nucleophilic than their
aliphatic counterparts due to delocalisatiorlectron density into the aromatic systéffe decided
thatN-aryl amino enoat@14would serve as a betterodel substratel'o prepare this amino enoate,
aniline was teaed with NaH to generatean amide, which underweniucleophilic substitution with
methyl 4-bromocrotonate§chemesl). This alkylation methodology is significantly more efficient

than the previously described methgiving a 58% of the desired produc

1. NaH (1.1 equiv.), 1 h oh _
PhNH, 2.293 (1equiv). 3h SN coMe
> H
313 THF, rt. 314
58%

Schemesl: Initial synthesis oN-aryl amino enoat814

As expectedwhen submitted to the conjugate borylation conditions only the borylated
amino enoate was observiedthe crude NMRMore importantly,this compound was found tme
stable tochromatography on silica which allowed our first isolation of a borylated pro@®id,
(Schemes2). This result suggests the amino es@38and308should have been stable to silica and
isolable. It is possiblenat they in fact cyclise on the column generating the unskitdetams307
and309

Bopin, (1.2 equiv.)
Cul (2 mol%)
K,CO3 (1.7 equiv.)

MeOH (2 equiv.)  Ph
Ph\N/\/\COZMe eOH (2 equiv.) \N/Y\COZMe
H dry THF, rt., Ar, 24 h H Bpin
314 315

63%

Scheme2: Conjugate borylation @314

46



We could now turn our attention to the cyclisation of the amino erB#&eGiven the
difficulties observed with the purification of tié¢-alkyl boryl lactams, we would have to develop a
procedure with two main featurek) the reaction must give 100% conversion of the amino ester into
lactam and?2) any additives used muse leasily removed such that the lactam is isolated clean from
the work up.The most obvious method of cyclisation would be to stir the amino eabatevated
temperatures, although this gave only 21% yield of the product (enfigble 3). With this sample
we also noted degradation of the boronic ester (33.1 ppm) due to the appearance of a borate
(22.5ppm) in 1B NMR analysis of the crude materidllext, we decided to examinpossible
additives Bases were founatbe ineffective in the promotion of cyclisati¢entries 24, Table 3),
and asmall amount of degradation of the boryl amino ester were also noticed when pyridine was
used Acids were significantly more effectiveshilst the use of aqueous HCI gave a 71% yield it also
led to degradation of the boronic estentry 5,Table3), whereas the use of AcOMith THF as a
co-solvent,gave a quantitative yield of the product with@uty degradation of the boronic ester
(entry6, Table3).

Ph N COo,Me conditions Ph SN
H Bpin
Bpin
315 316
Entry Conditions Yield Observation
1 THF, 70 °C, 40 h 21% Partial degadation of boronate
2 NaH (1.2 equiv.)anhydrou$HF,0 °C,4h 0% No degedation of boronate
3 THF:E&N, r.t., 40 h 0% No degedation of boronate
4 THF:pyridine, r.t., 40 h 0%  Some degdation of boronate
5 THF:1M aq.HCI, r.t.,, 40 h 71% Partial degadation of boronate
6 THF:AcOH, r.t., 40 h >99%  No degrdation of boronate

Table3: Screen of cyclisation condition f84.5 NMR yields calculated using

1,3,5trimethoxybenzene as an internal standard

With this positive development, we decided to explowem temperaturecetic ad
promoted cyclisation furthetJsing acetic acid as the solvef@% conversion was measured after
18 h without any degradatiaof the boronic esteExtending the reaction time to 24 h oimgreased
the conversion ta00%, with boryl lactam316 being i®lated in a moderate yield of 568cheme
63). This lowyield is thought to be due to aqueous solubility of the prolbacting to loss in the
work-up. Although this significant losef mass isundesirablewe choseto explore furtherthese

initial cyclisation conditions
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We next wanted to reduce the reaction time for this regotwdich should be possible
through the incre@sg the reaction temperatur®onitoring of the reaction at 50 °C revealed that
complete cyglisation occurs after 4 houtSombined with using the minimum amount of sat2G@s
to remove the AcOHluring the workup, we were able to isolate the product in 86% yi&dheme
63).

Ph
Ph ~
N co,Me AcOH N
H Bpin rt., 24 h
Bpin
315 316

rt., 24 h, 56%
50 °C, 4 h, 86%

Schemes3: Synthesis oboryl lactam316
2.3.3 Synthesis ofN-Aryl Amino Enoates

With the cyclisation now optimised féd-aryl amino enoates, we embarked on the task of
synthesising a range of enoat&he previously described ninetd using NaH for the alkylation of
aniline unfortunately proved to less general than we were hoMigen using toluidine,
3-bromaniline and 2,5xylidine only the starting aniline were returned from the reaction mixture
(Schemeb4).

1. NaH (1.1 equiv.), 1 h

2.293 (1 equiv.), 3h Ar
Ar—NH, ( ) . AN come
THF, r.t. H
317, Ar = 4-Me(CgH,) 320, Ar = 4-Me(CgHy)
318, Ar = 3-Br(CgHy) 321, Ar = 3-Br(CgHy)
319, Ar = 2,5-Me,(CgHy) 322, Ar = 2,5-Me,(CgHy)

Schemes4: UnsuccessfuN-alkylation of anilines317, 318and319

Instead of using a stoichiometric base we found that using 20 mol%Cé¥:Kn MeCN to
be suitable for the kylation of aniline.However, when using the same stoichiometry of aniline as

alkylating agent over alkylation of the aniline was obser@&hémes5).

PhNH, (1 equiv.)

Ph =
K,CO, (20 mol%)  ph SN "Scom
Br/\/\COZMe - \N/\/\CC)zMe + e
- H
MeCN, 65 °C, 4 h co,Me
293 314 323
14% 33%

Schemess: KoCOs promoted alkylation of aniline in MeCN
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Soinstead,using 2 equivalents of the aniline we were able to promote monoalkylation to
prepareN-aryl amino enoatesThese reactions typically took hours although all reaction were
monitored by TLCand run to completionScheme66). The reaction proceeded smoothly toe
majority ofanilinesubstratetestedand was able to furnish enoates with all820, 322), ester(324),
halide (322), nitrile (325, methxy (326) and trifluoromethyl(327) functionalitieson the aromatic
ring, with 320, 321and324all being prepared on multigram scaldkhough one heteroaryl example
was achievedsing an amino pyrazole substrédtee reaction oévery isomer oaminopyrdine failed
to yield any reactionwhich could bea result of the increase nucleophilicity of the pyridine nitrogen
over the aming329 - 331).14¢ In addition we found phenol to be an unsuitable functional group,
presumably due to the in situ formation of phenoxide, which has increased nucleophilicity of the

oxygen atom compatgewith the aniline, leading t@-alkylation 332).

ArNH, (2 equiv.)
K,CO3 (20 mol%) Ar_ =
Br/\/\COZMe _ N/\/\COZMG

MeCN, 65 °C
: ‘N/\/\cone : > /\/\COZMe i > /\/\CO Me ; /\/\COZMeE
! H 1
: 314 320 321 322 :
70% 59% (25 mmol scale) 90% (25 mmol scale) 63% '
1EtO,C. : i \©\ :
: N/\/\002Me /\/\COZMe /\/\cone : > /\/\COZMel
' H !
: 324 325 326 327 !
74% (60 mmol scale) 46% 66% 65% :
Me [
\ N |
& g g g
\ :
! N/\/\COZMe X N/\/\COZMe X N/\/\COZMe X N/\/\COZMSE
: H :
: 328 329 330 331 |
! 67% 0% 0% 0%
i H,N :
5 O/\/\COZMe
' 332

Schemes6: Scopeof N-aryl amino enoateynthesig5 mmol scale)

In the case of amino este&333 334, 336and338a second upfield signal was @bpged by''B NMR

at roughly 20 ppm. Initially we believed this was the MeOBpinpbyduct of the conjugate
borylation, however, this was not observed'HyNMR analysis. We believe that the extra signal in
the!'B NMR spectra is due to the formation of ewis adduct with tle boron atom. It is not known

whether this is an intrar intermolecular adduct.
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2.3.4 Conjugate Borylation/Cyclisation of N-Aryl Amino Enoates

Gratifyingly all the N-aryl amino enoates prepared underwent successful conjugate
borylation, andmost were successfully isolateBoheme67). Monitoring of these reactiohy *H
NMR analysis revealed that borylati@ecurred in under 1 h, significantly shorter than the 30 h
reported by Zeng and esorkers4’ Unfortunately, loryl amino ester839 and 340 could not be
isolated from the mixture due their instability to chromatographgespite crude NMR confirming

complete conversion.

Bopin, (1.2 equiv.)
Cul (2 mol%)
K,COj3 (1.7 equiv.)

Ar MeOH (2 equiv.)
\N/\/\COZMG - N CO,Me
H dry THF, rt., Ar, 1 h H  Bpin
T oSoolTIIIIonofooosIITTTIIooiiooooosoiioioooooooooo
N/Y\COZMe N/Y\002Me N/Y\COZMe
! H Bpin H Bpin H Bpin ]
H 315 333 334 !
E 65% 82% (25 mmol scale) 92% (25 mmol scale)
H CN :
EtO,C i MeO FsC ]
: : ‘N/\(\cone N/Y\COZMe : ‘N/\K\COZMe : ‘N/\(\cozlvlei
H H . H . H . H . !
' Bpin Bpin Bpin Bpin ‘
335 336 337 338
76% (44.4 mmol scale) 79% 80% 67%
Me
Me
N—-N
QI
N CO,Me N CO,Me
H H .
Bpin Me Bpin
339 340
0% 0%

Schemes7: Scope of boryN-aryl amino ester synthegis mmol scale)

Although this instability would modikely be mirrored in the boryl lactam, we decide to
attempt to cyclise the amino es@t0and isolate it as the oxidised produstkemes8). Alas this
was not possible as the substrate did not cyclise with eedlenegction times or elevated temperature

and so we deemed that this substrate woatdesuitable forthe methodologywe had developed

B,pin, (1.2 equiv.)

Cul (2 mol%) Me
Me K,COs (1 7 equiv.) o)
MeOH (2 equw) AcOH N
/
m/\/\COzMe dry THF, rt., Ar, 1 h /\ﬁCOzMe TS C 2 Me
Me

Bpin
80 C 4 h Bpin
341

Schemes8: Incomplete synthesis of boryl lacte841
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Thecyclisation of the other amino enoates was relatively straight forwattipaltisolated
were converted to the corresponding lactams using our reaction condiahes(e69). Monitoring
of the reaction byH NMR analysis revealed that electron withdrawing substituents on the aromatic

ring reduced nucleophilicity of the nitrogen, such that complete cyclisation required extended reaction

times.
o
Ar
Ar AcOH N
>N CO,Me c0 N
H Bpin 50°C,4h
Bpin
--------------------------------------------------------------------- BT s
Me
SWERS W o
Bpin Bpin Bpin !
316 342 343 .
86% 94% (12 mmol scale) 74% i
' CN E
\EtO0,C MeO. F3C ]
QO o O Qg
: Bpin Bpin Bpin Bpin:
: 344 345 346 347
89% (5 mmol scale)? 72% 88%P 74%°

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

Schemes9: Scope of boryIN-aryl lactams (0.5 mmol scaléyeaction extended to 24 h,

reaction extended to 5 freaction extended to 9 h

The most similar procedure reported in the literature for the preparation of borylated lactams
is the procedure described bgutens and cavorkers Schemel?2). A limitation of their procedure
was that the hydroboration required a styrene type substrate, whichimpalda n ar yl ri ng
carbonyl. This position featuseelatively acidc protons which canbe deprotonatet form reactive
enol ates for further functionalisation. Our p
carbonyl. This in turn leavehis position fredor the user of the scaffold farther functionalis the
lactam at thé}position withsubstituents beyond aryl units
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Given the success of our racemic procedure we decided to try using an asymmetric variant.
Based on the asymmetgonjugate borylation procedure reported by Lee and Yun, we choose to use
a JosiPhos type ligand to impart stereoselectivity in our borylation reattiddpon successful
isolation of the borylated amino ester, we submitted it to the cyclisation conditions followed by
boronic ester oxidatiorSchemer0). The 1,2 metidate rearrangement involved in the oxidation of
boronic acid derivatives iseteospecific, occurring witholss of stereochemical integrit PLC
analysis and Xay crystallography of the resultant alcoli8)-348 was used to determine that this

specific ligand favoured formation of tiseenantiomer in 90% enantiomeric excess.

B,pin, (1.1 eq.)
CuCl (3 mol%)

(R, Sp)-Josiphos 2 (3 mol%)
NaO’Bu (4.5 mol%) 0
@\ MeOH (2 equiv.) AcOH, 50 °C, 4 h N
N/\/\COZMe /\/\COzMe
H

then NaBO3 H,0 (5 equiv.)

dry THF, rt, Ar, 1 h Bpin THF:H,0 (1:1), rt., 2 h {
OH
314 (S)-315 (5)-348
56% 54%

90% e.e

Schemer0: Asymmetric borylation and cyclisation 814
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2.3.5 Comparison with the Conjugate Borylation o f -Uhsakurated L actams

As stated in the aims of this project, the most obvious way to prepare borylated lactams is
through the c¢onj ug-ansaturatedolactarh§o t we alecided that eenshodlg b
prepare342in this mamerfor comparison to aumethodologyTop r e p a r ansaturated ldctam
we first alkylated toluidine with allyl bromid849, which yielded both the mon@nd dialkyl
products(Scheme71A). The monealkyl amine 350 was thenacylaed with acryloyl chloride
followed by ring closing metathesis willboveydaGrubbs GZatalyst toyield lactam353 (Scheme
71B).

A

MeCN, 65 °C, 4 h

4-Me(CgH4)NH, (2.5 equiv.) Me
K,COj (20 mol%) \©\
Br/\/ /\/ + NK/:/
=

349 350 351
61% 13%

B
MesN NMes

Tm

Ru-
" 2ot cl’|
)]\/ (1.2 equiv.) Me iPrO Me

Me cl \©\ o \@\
EtsN (1.4 equiv.) HG-II (4 mol%) 0
\©\N/\/ NJ\/ N
H /

DCM, 0 °C-rt, 3h PhMe, 80 °C, Ar, 6 h

350 352 353
85% 88%

Schemér1: Synthesis ob) ,-umsaturated lacta®b3

Unlike the conjugate borylation reported Marcus and Sarpong, our rection gave full
conversion to the boronic ester; most likely due to the less sterically encumbered nature of our
substraté3° Like our previous attempts isolatethe borylated lactam directlfrom the conjugate
borylationreaction mixture342wasunstable to column chromatograptschemer2). Furthermore
whenrecrystallisatiorwasattemptedthe product was inseparable fraypinacol impurity giving the
lactam342in 29% yield with a purity of 72%.

B,pin, (1.2 equiv.) Me

Cul (2 mol%)
K,CO3 (1 7 equw)
é MeOH (2 equw

dry THF, r.t., Ar, 1 h

N

Bpin
353 342
29%

72% purity with pinacol

Schemer2: Conjugate borylation of lactaBb3
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This result demonstrates that our methodology is superior to the conjugate borylation of
U ,-umsaturated lactanas isolation of pure product was rmahievedMoreover,our method is more
step economical, requiring onllgreesteps andwo purificationsto the desired lactam compared to

the extra step and purification required via this route.
2.3.6 Transformation of N-Aryl Borylated Lactams

For these borylated lactams to be considered scaffolds we next needed prove their onward
reactivity. Given that there maye difficulties understandg any issues encountered in these
reactionsH NMR analysiof reaction mixtures may be usefDlue to the simplified aromatic region
and the easily identifiable methyl signal, we choose to use |&842mas a model substrate for these
transformations.

Given that @e of the aims of this project was to use the wgaje borylation/cyclisation
strategy to prepare boryl cyclic aminesduction of the lactams would be an important reaction to
achieve An initial attempt at the reduction of lacté842with two equivalents of banein refluxing
THF for 3 h yielded noaaction.It was found that increasirtge equivalency of borane and reaction
time was required to in order to promote the reduction to bertdm342(Schemer3). Interestingly
this compound was stable to chrongaphy, suggesting that some function of the carbonyl group is

involved in the observed degradation of the lactam boronic esters.

Me Me

BH; THF (2.25 equiv.)
N > Tj}
THF, 0-70°C,24 h
Bpin Bpin
342 354

81%

Schemer3: Reduction of lactar842
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We chose to begin our boronatwersification studies with oxidation, as this is the most
common transformation of boronic acid derivativEsWe had previously had issues using
H>0O2/NaOH for the oxidation of boryl lactanitom crude mixtureschemes9, 305. Using this
oxidationmethodologythe alcohol wasnlyisolatedn poor yield(Schemer4A). Gratifyingly using
NaBQ:s as the oxidant insteade were able to isolate alcol@B5directly fromwork-upin excellent
yield (Schemer4B).

A Me Me

0 30% w/v H,0, (2 equiv.) o)
NaOH (2 equiv.)
N N

THF:H,O, rt., 5h

Bpin OH
342 355

44%

B Me Me

e} 0
NaBO3; H,0 (5 equiv.)
N > N

THF:H,O, rt., 2h

Bpin OH
342 355
92%

Schemer4: Oxidation of lactan842

Aldehydes are a more reactive functional handle then alcohols due to their electrophilic
nature and so their synthesis with regards to building blocks is of interest. They can be formed from
boronic acid derivativ&356 through sequential Matteson homologation and oxidatidine resultant
U-halo boronat&58 (Schemers).

1,2-Metallate
[Ox]
rearrangement
Cl .
LICHX, >QC| Bpin OoH 0
R—Bpin —_ R_/;e H — R—ﬁH — R—ﬁH _— R—<
>0 cl cl H
o_/
356 357 358 359 360

Schemers: Mechanism for formylation of boronaxid derivatives
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Boronic ester342 was subjected to this Matteson homologation proceduhMass
spectrometryanalysisof the crude materidiom our firstattemptatthe formylation of342identified
alcohol355(m/z192.1 ) as the only identifiable pduct(SchemeZ6A). This result suggests that
the initial homologation of the boronic ester with alkyl lithild®2 does not occursuggesting the
alkyl lithium had not been formed or did not undergo homologation @it substrate Variations
on the conditions used tenerate the alkyl lithium also failed to give the desired prod64t
(Schemer6B). It was decided at this point not to pursue aléive conditions for thigransformation.

A Me

(0]
LDA (1.2 equiv.) 342 (1 equiv.) \©\

CHyCly ———— % [LiCHCIZ] - .
(12 equiv) THF, 0°C,1h THF, 60 °C, 1.5 h

361 362 - 363 -
Me Me

30% w/v H,0, (18 equiv.) 0] e}
NaOH (12 equiv.) é
> N

THF:H,O, rt,, 20 h
o) OH

364 355
Observed in mass spec

B Me

(6]
"BuLi (1.3 equiv.) 342 (1 equiv.) \©\
CH)Cl, —— X% » [LiCHCIzl - . N
(1:3equiv)  tyE goc 1h THF, 60°C, 1.5 h
then oxidation
=0
361 362 364

Schemer6: Attempted brmylation of lactan842

Amines are also of synthetic value and can be prepared from boronic esters. A common
method to do this is through Chitam-Evans crgs coupling with amines. However, the application
of this reaction to alkyl boronic esters is significantly underdeveloped and challenging, so we decided
not to investigate thi®° Instead there exist methods more similar mechanistically to oxidation that
utilise an electrophilic nitrogen with a sufficient leaving group. The conditions for these reactions
are considerably harsher than those required in #92/NaOH oxidation. Alhough this may hinder

the transformation, we believed that the value of the product merited investigation.
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Both procedures reported by Morken andnarkers require the use of anhydrousi@iVle,
which due to its hydroscopic nature must be prepared befatdby stirring with NaOH and a
desiccanf!®? Using this method we prepared 1a36 M solution of NHOMe in THF, the
concentration was calculated using 1;Bifethoxybenzene as an internal standard “%®h#MR
analysis confirmed theolution was anhydroy$chemer7A). The exact yield of tlsi reaction could
not be calculated as the volume of solution was not determined. The second reported method
developed by Morken and -aorkers uses a weaker base and capable of aminating sterically
hindered 3° boronic esters, so we began our investigatitbnthis method. Unfortunately, after
stirring at 80 °C for 22 h no conversion was observed, and the reaction returned boron8:42ster
unchanged from the reactioBghemer7B). So, we then attempted their figocedure usingBulLi
as a base. This gave a complex mixture from which we were unable to isolate any p&xhertse(
77C), although it was clear that the boronic ester had either been consumed in this réddgon.
suggested that both this aminating reagent"&udli were unsuitable reagents for the amination of

the substrate.

NaOH (1 equiv.)
MeONH,.HCI B ——— MeONH,
THF, rt., 16 h
365 then Drierite, 48 h 366
(1.36 M in THF)
B Me Me

> N

PhMe, 80 °C, 22 h

\©\ o 366 (1.5 equiv.) \©\ o
é KO'Bu (1.5 equiv.) é
N

then Boc,O (1.5 equiv.), rt, 1h

Bpin NHBoc
342 367
RSM
c 1. "BuLi (3 equiv.), -78 °C, N5, 30 mins Me
2.342 (1 equiv.), -78 - 60 °C, N,, 22 h o)
3. Boc,O (3 equiv.), 1h
MeONH, > N
THF
366 NHBoc
(3 equiv.) 367

Schemer7: Attempted amination @42 using methods developed by Morken andworkers
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Liu and ceworkers have developed another electrophilic amination re&g8ittat is based
on a DABCO salt thas reported to be benestable 5chemé&8A).1%! When submitted to the reaction
conditiors the tH NMR analysis of the crude produ@vealed a complex mixtur&¢heme78B).
Whereas the simplet'B NMR analysis showed the expected boronic ester signal (33.7 ppm)
alongside a new upfield signal (7.5 pprRigure4). The origin of this signal is most likely from the
formation of an amidoborate, such 380 This implies that although amination of the boronate
occuss, the reaction conditions are not forcing enough to promote thmédt@late rearrangement.
Given the difficulties so far experiengevith amination 0f342 we decidé to focus our efforts

exploring other literature reactions.

A 1. H,NOSO3H (1 equiv.), H,0, 90 °C, 1 h
2. K,COj5 (1 equiv.), rt., 10 mins 2° ®n
QN 3. 57 wt% HI (aq., 1 equiv.), -30 °C, 1 h QN/
N\) N\)
HN" @

DABCO 368

(3 equiv.) 38%
B _Me ]

> +

THF, 100 °C, Ar, 1h
then TFAA (2 equiv.), 1 h HN\\< Me

Me
. oW,
o 368 (1 equiv.) o N
KO'Bu (3.5 equiv.) N
Né °

Bpin

342 369 _ 370 -

Scheméer 8. Attempted amination d42using methods developed byuland ceworkers

33.7

'-”.
~

T T T T T T T T T T T T T T T T T
50 40 30 20 10 0 -10 -20 -30
ppm

Figure4: !B NMR of crude reaction mixture fro®cheme78B
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We decidé to turn our attention to carbeararbonbondforming reactions.Given that
alkyl/amidelithium reagents are highly nucleophjliwe believed that reactieemployingGrignard
reagentsnay be more successfdlhe reduced nucleophilicity of these reagents is the result of the
metabs electronegativityleading to reduced idn character and thus a strong carnoetal bond:>?
Gratifyingly our first attempat Zweifel olefination o842 furnished the desired produ&f1in good

yield without the need for optimisatioB¢hemer9).1°3

Me Me

1./\MgBr (4 equiv.), 30 mins
(0] 2.1, (4 equiv.), MeOH, 30 mins
3.NaOMe (8 equiv.), MeOH, 1 h

N N
THF, -78 °C

Bpin 1
342 371
74%

Schemer9: Zweifel olefimtion 0f342

This result led us to ponder whether our previously unsuccessful attempts to using
alkyl/amide lithium was not due just to the strength of the nucleophile, but due to the lack of
stabilisation of boronate. Although the Zweifel olefinationctemn is facilitated by the large excess
of Grignard forming a tetracoordinate borate, any trigonal borane intermediates could be stabilised
by the Gsp-hybridised substituents.

We began to investigate methodologhestare facilitated by the additiorf a sg-hybridised
organolithium to trigger the nucleophilicity of the carbmoron bond, as these may better stabilise
the tetrahedral boron intermediate. To test this hypothesis, we attempted the arylation procedure
described by Aggarwal and -weorkers sing furan as our coupling partn&chemes0).1>* As we
anticipated this reaction gave the desired coupled pr@&i{&in moderate yield. Along with the
postulated stabilisation imparted fronfgpganometallics, both this reaction and thefiohtion are

facilitated through d,2-metallate rearrangement.

Me

1. "BuLi (1.2 equiv.), -78 °C -rt., 1 h
2.342 (1 equiv.), -78°C-r.t, 1h O
0. 3.NBS (1.2 equiv.), -78 °C - r.t., 3 h N

THF

furan 372
(1.2 equiv.) 47%

Scheme30: Organolithiummediated arylation a342
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Under similar conditions, a halogenation reaction has also been reported yalgaad
coworkers™ I n this reaction the boronate is activa
with an electron deficient arfithium to facilitate an §2 reaction. Unfortunately, when the reported
conditiors were applied td342 no discernible product was observed by NMR analysis or mass
spectrometry$cheme8l). Alternating the electracs of the aryl lithium and electrophilic coupling
partner, eitheN-bromosuccinimide (NBS) or iodine, did not lead to successful halogenation.

To better understand this reaction, we took an aliquot of the reaction b&d42and373
and analysed the ntixe using!!B NMR spectroscopy Due to the sensitive nature the
intermediate, the aliquot was dissolved in chlorofafmvithout removal of the reaction solvent and
immediately analysed. Although the spectruwas weak, the absence of a peak aroung3t
indicates that the reaction consumed the starting boronic ester. Furthermore, the only observable
peakisat5ppm si gni fi es 373wasformédwitte o degradatprh of the boronic
ester. This suggests that altho@gtbwas formed,the Sy2 reaction is not possible with our substrate
under these conditions, presumably due to the steric congestion from using a cyclic (rather than
acyclic) boronic ester.

Li CF, — —

CF, . N E®(1.2 equiv.) o
373 342 (1 equiv.) NBS orl,
(1.2 equiv.) © 1

THF, -78 °C, 30 mins

or ovB—ar THF, -78°C-rt, 1h
i Me
Li Me/ fe) £
Me
Me
OMe — _
374 375 376
(1.2 equiv.) "ate" E=Br |

Scheme88l: Gener at € 0 nc o pIawitreasyl lithilmsand attempted\2

halogenation

~
)

T T T T T T T T T T T T T T T T T
50 40 30 20 10 0 -10 -20 -30
ppm

Figure5:'8 NMR anal ysis of fdateo compB4wthf or med
aryl lithium 373
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In combination, thesessults indicate thahenuc |l eophi | eds strength
the favourability of the transformation. Instead, the way the nucleophilic cédrom bond
transitions is keyfor successful reaction. Oxidation, olefination and arylation reacsbiosvn
previously all feature the intramolecular -Iyetallate rearrangement as a key step in their respective
mechanisms Higure 6A), whereas the unsuccessful halogenation reaction operates through an
intermolecula transition of the carbehoron bond Figure 6B). It is also worth noting that
stoichiometry may play a significant role in these transformations. Both the formylation and
amination reactions would also functidhrough a 1,anetallate rearrangement but were not
successfulScheme76-Scheme78). The olefination reaction utilised a large excess of reagents
compared with the previous reawtis (Schemer9). Using a large excess of theylating (362 or
aminating 866 or 368 reagents could lead to the generation of boronates similar to those observed
as intermediates in reactions of bor@he r i v ecdmpléxas Figure6C).>® Given that there is a
precedent for these reactions to operate intermolecularly, this stoichiometry change may promote
successful ansformations of our boronic ester. Due to time constraints this premise was not

examined, and we continued to investigate other transformations.

A B C
LG%)\ A A
r r
€ ©) 10 @\ 10
R/B\”IX E A;,B\-'IX E R1,B;'lAr
X X Ar
1,2-Metallate Intermolecular Intermolecular
Rearangement Nucleophilic Attack Nucleophilic Attack
favourable disfavourable not tested

Figure6: Possible transition pathways of nucledightarborboron bonds

To halogenate boryl lactaBd2we had to use transition metal catalysis. Li andvookers
have reported Ag-catalysed fluorination procedure for alkyl borondféswhen applied t@42, we
were able to isolate fluorolacta®@7in moderate yield§cheme32). It is noteworthy that unlike the
other procedures listed so far, this reaction proceeds througttal raéchanism, which presumably
would lead to racemic products from chiral racemic boronates. However, this was not a concern

for our studyas342was used as a racemate.

Me AgNO3 (20 mol%) Me

® .
o Selectfluor® (3 lequw.) 0
TFA (4 equiv.)
Ti?
F

N >
DCM:H,0, 60 °C, 24 h
Bpin
342 377
53%

Scheme32: Ag-cataly®d fluorination 0f342
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With the knowledge that transition metal catalysed reast@re suitable for our chosen
substrate, we retued our focus to carborarbonbondformingreactiors. In recent years there have
been numerous advandesSuzukiMiyauracoupling that have allowed for the use of alkyl boronic
acid derivatives as suitable nucleophilic coupling parthér$? These methods typically guioy
electron rich phosphine ligands to overcome issues with the difficult transmetallation step of the
reaction. Choosing-#romotoluene as a the model electrophile coupling partner we initiated our
studies of this transformation by trialling two reportedsscoupling proceduresschemes3).163.164

Unfortunately after 24 h neither of the reaction mixtures showed any conversiotHroVIR

analysis.
4-Me(CgH,)Br (2 equiv.)
Pd(OAc), (15 mol%)
PCys (30 mol%) Me
Cs,CO3 (2 equiv.) pmmmmmme o mmmmmmey :
Me > \©\ 2 E :
PhMe:H,0 (10:1), 100 °C, 24 h H !
o] N 5 PCyzi
T:ﬁ 4-Me(CgH,)Br (1 equiv.) Hipro oier |
Pd,(dba); (10 mol%) ! 1
RuPhos (20 mol%) ' O i
) Cs,CO; (2 equiv.) ; :
Bpin > ' RuPhos |
THF:H,0 (10:1),70°C,24h \ M. /
Me
342 378
Scheme33: Attempted SuzukMiyaura coupling o342
The | ack of reactivity in these reactions

Lewis acidity, hindering transmetallation. Trifluoroborate salts have been reported to be suitable
coupling partners for Suzuldliyaura reactions. Lloydones ad coworkers have studied such
reactions and found that the borate is hydrolysed to the corresponding boronic acid under the reaction
conditions®! This process is slow and avoids accumulation of the more reactive boroniwlaicial,

in turn also reduce any possible degradative side reactions. To test the suitability of trifluosoborate
for SuzukiMiyaura coupling with aryl halides, boron&&9was prepared according to a literature

procedure $chemes4).16>

Me Me

i
( ] KHF, (5 equiv.) ( ]
'\é

N
MeOH:H,0, r.t., 1 h

Bpin BF;K
342 378
90%

SchemeB4: Preparatiorof trifluoroborate salB78

Londregan and cworkers have reported a coupling procedure optimised for boryl
pyrrolidines using a third generation Buchwald precatalystQe¢itan A Pd G3)?2 Pleasingly when
342was submitted to these reaction conditions, coupled pr@d&was observedut only isolated

in poor yield Table4, Entry 1).
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With this promising result in hand, we techour attentionto improving the reaction
conditions, detailed ifable4. Increasing the temperature to 110 °C had a positive effect on yield
(Entry 2), but further increase tamperatur@nly hindered the reaction (Entry 3). This could be due
to an increase in the rabé hydrolysis being greater than the increase in the rat@amémetallation,
leading to an increase in degradative side reactions. Alternating the base had little effect on the yield
(Entry 4), whilst increasing the equivalency led to a significant increase in yield (Entry 5). The
addition of CuO gave a slightmprovement in yield at 100 °C (Entry 6), presumably due to its ability
to aid in transmetallation as a cocataff$CCombinatioms of the most promising results revealed that
the best yield was achieved running the reaction at 110 °C with 4 equivalent&C@:{Bntry 7).

All combinatiors featuring the addition of GO showed a reduction of yield compared to the results

where theadditive was omitted (Entries- 10).

Me

Me . 2 i
4-Me(CgH,4)Br (2 equiv.) '

o cataCXium A Pd G3 (5 mol%) N : nBu —p

Cs,CO3 (3 equiv.) |

N
PhMe:H,0 (9:1), 100 °C, 24 h Mso Pd=NH,

BF3K

Me '\_C?_t??_x_'f‘_”]_’*_f’_d__e_?,
379 378
Entry Devation from standard conditions Yield
1 None 23%(9%)
2 110 °C 34%
3 120 °C 26%
4 K3PQy instead of C££Os 22%
5 4 equiv. Of CsCOz 45%
6 Addition of 1 equiv. Of CeO 30%
7 110 °G 4 equiv. Of CsCOs 54%
8 110 °C, Addition of 1 equiv. Of CO 20%
9 4 equiv. Of CsCQOs, Addition of 1 equivOf CwO 35%

10 110 °C, 4 equiv. Of GE0s, Addition of 1 equivOf C,eO 41%

Table4: Initial optimisationof SuzukiMiyaura coupling NMR yields calculated using
1,3,5trimethoxybenzene as an internal standard, isolated yields given in parentheses
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We then looked to further optimise these new conditions by alternating the stoichiometry of
the reactants andlsent compositionTable5). Increasing the concentration of water in the reaction
led to significant reduction in the yield (Entries 2 and 3). Reducing the stoichiometry of the boronate
gave the best yield obser/get, whereas making the aryl bromide the limiting reagent led to a
reduction in yield (Entries 4 and 5). We tested conditions reported by Biscoe amorkays
(Entry6), however found our conditions to be superior for reactioB7&%° Finally we tested
whether our conditions would work for boronic e8P, but unfortunately the coupledquluct378
was only detected in poor yield (Entry 7). Disappointingly, when the reaction was performed on larger

scale using phenyl bromide, we were only able to isolate the product in a yield of 30% (Entry 8).

Me Me

o)
M
© ArBr \©\ \©\
o cataCXium A Pd G3 (5 mol%) N N
Cs,CO; (4 equiv.)

N or
PhMe:H,0 (9:1), 110 °C, 24 h

BF,K

Me
379 378 380

Devation from

Entry RBFsK 4-Me(CeH4)Br PhMe:H20 standard conditions Yield
1 1 equiv. 2 equiv. 9:1 - 54%
2 1 equiv. 2 equiv. 2:1 - 6%
3 1 equiv. 2 equiv. 1:1 - 2%
4 1 equiv. 1 equiv. 9:1 - 66%
5 1.5equiv. 1 equiv. 9:1 - 30%
6 1.5equiv. 1 equiv. 2:1 K2COs (3 qquiv.) 6%
7 - 1 equiv. 9:1 RBpin (1 equiv.) 5%
8 1 equiv. - 9:1 PhBr (1 equiv.) (30%)

Table5: Further optimisation of Suzuliliyaura coupling, NMR yields calculated using

1,3,5trimethoxybenzene as an internal standewlaed yields given in parentheses
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Throughout our investigations of the Suzikiyaura coupling 0f342 NMR and mass
spectrometry analysis showed that the boronic ester did not take part iactterand was returned
with minimal degradation. This led s consider whether the boron moiety could be orthogonal to
otherPd-mediated transformations. Whilst exploring the scope of the reaction we were able to prepare
a boryl lactam featuring the aryl bromide functionaB#3 Due to the large prevalence ofrogen
containing bioactive molecules, Buchwaértwig coupling has quickly become the third most used
method for carbomitrogen bond formation in medicinal chemisttyfhe mechanism of couplins
similar to that of SuzukMiyaura coupling. The major differences are that the nucleophilic coupling
partner coordinates directly to the metal, with a stronger sterically hindered base being required to
promote the reductive eliminatioB¢hemes5).1” Due to this the reaction can, and often is, carried
out under dry conditions. Under these conditions, the lactam boronic ester should be stable to
degradation. There is no water to promote hydrolysis and the weakly nuéteophire of the base

shoul dn 6 ther degradative pathways for the boronic esters.

ArRNH

/Lw\

L- Pd” -NHR L- Pd”
{

RNH,
BH+X
L- Pd” NH,R
L

Schemed5: Mechanism of BuchwaliHartwig coupling
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The first attempt atthis coupling using a literatuggrocedurewith morpholine,Pc(dbak
andrac-BINAP failed to give any of the desired prod@&2 (SchemeB6A).1%8 We next attempted
to use these conditions again, instead switchingRtidigand combination for the precatalyst
(cataCXium A Pd G3) This again failed to yielthorpholine382 which we assumed was a result of

the weak basdiowever, use of a stronger bagas also unsuccessfl@¢heme36B).

A

Pd,(dba)s (5 mol%)
rac-BINAP (10 mol%)
K,COj3 (3 equiv.) O

Br dry PhMe, 100 °C, N,, 19h

Qg . C
T\J§ + cataCXium A Pd G3 (5 mol%) PPh, !

H K,CO3 (3 equiv.)

N
Bpin KO'Bu (1 5 equiv.) ; rac-BINAP

> Bpin  TTTTotssssssssssoss
343 381 dry PhMe, 100 °C, N,, 1 h 382

(1.2 equiv.) B

SchemeB6: Initial attempts at Buchwaltiartwig coupling 0f343with morpholine.

Instead, we found that CyJohnPhos was crucial in ordgsrtamote the coupling. Using a
literature procedure, we were able to synthesis morph888éut disappointingly we were not able
to purify the crude materiglScheme87).1° The issues with isolation were attributed to e
stability of the boryl lactam on silica his result issimilar to those observed with the isolatiorBdf
from the conjugate borylation &f ,-umsaturated lacta®63 This indicates that although our lactam
scaffold can feature orthogonal functionalities, priority should be given to the transformation of the

boronic ester in a reaction sequence for successful derivatisation of our scaffolds.

O

Br Pd,(dba); (5 mol%) : ;
o CyJohnPhos (7.5 mol%) : :

0o [ j NaOBu (1.5 equiv.) @\ PCya:

+ i

dry PhMe, 90 °C, N5, 2 h

Bpin é . CyJothhos E

343 381 382
(1.2 equiv.) not isolated

Scheme37: BuchwaldHartwig coupling of343and morpholine
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2.3.7 Initial Investigation of theConjugate Borylation/Cyclisation of N-Boc

Amino Enoates

Theoverridingobjectiveof this study is to prepasp*-rich borylated heterocycleslowever
the lactams that we haw® prepared are completely saturated in the heterocyclic ring, they also
feature an aryl substituent on the nitrogen atom. Although this has allowed us to hinder cyclisation in
borylation $age of our procedutte better understand the cyclisatidtris somewhat counterintuitive
to our aims.To prepare scaffolds thaiave increasetlinctionality andare sp*-rich we decided to
study a new model substrate.

The most obvious way to add an exteactive handle would be to remove the nitrogen
substituent completely. For the cyclisation to be possible and the scaffold to retain a NH functional
handle, the model substrate would require a primary amine. To the best of our knowledge the
conjugate boylation of a substrate featuring a 1° alkyl amine as ap@sticipating functional group
has yet to be reported in the literature. This lack of data could be a result of the functionality not being
tolerated by the reaction conditions. We observed nessborylating 2° alkyl amine2%4, 298and
300); except for the problematic purification of the lactam boronic esters.

To avoid complicating our studies further we decided to design a new substrate with a Boc
protecting group on the nitrogen. This wduleactivate the amine functionality, hopefully both
making it compatible with the Ceatalysed borylation and shutting down reactivity with regards to
cyclisation. Also, as previously stated, theX®trig transition is preferential to-éxotrig, thus
increasing the carbon chain length by one should further hinder cyclisation. Furthermore, Boc
protected amines have been shown to be suitable for a rangexofrig cyclisations but not-@xo
trig 170172

By combiningtheserequirementsye choos&84as our model substrate. This was prepared
through the sequentiBoc protection of amin883 hydrolysis of the acetal and a Wittig reaction of
the aldehyde with methyl (triphenylphosphoranylidene)acefateagme38). This sequence is straight
forward, no purification is requéd between each step and gives end8tein moderate yield'H
NMR analysis of the crude material showed iNgtig reaction to be completelf-selective
evidenced by the coupling constant of the alkenyl protdrsl6.8Hz). As designed, whe&84was
submitted to the borylation conditions only the boryl amino e28&mwas observed and isolated from

the reaction mixture.

Bopin, (1.2 equiv.)

1. Boc,0O (1.1 equiv.), MeCN, r.t.,, 4 h Cul (2 mol%) .
OEt 2. AcOH:H,0 (3:1),rt., 18 h K,CO3 (1.7 equiv.) Bpin
/\)\ 3. Ph;PCHCO,Me, DCM, r.t., 22 h N COMe MeOH (2 equiv.) /\)\/COZMS
H,N OEt BocHN ——— > BocHN
383 384 dry THF, rt, Ar, 1h 385

54% 56%

Scheme38: Synthesis oboryl amino este885
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Removal of the Boc protectingroup is typically achieved through the addition of an acid.

These acidic conditions could also be suitable to promote the cyclisation of the boryl amino ester.

Deprotection is typically achieved through the addition of trifluoroacetic acid (TFA) whinkrgtes

isobutylene and Cfas the byproducts. Both TFA and isobutylene are volatile and easily removed

through evaporation which should simplify the isolation of the desired boryl |&3&n\nalysis of

the crude material byd and'B NMR showed thatyclisation had not occurre8¢hemes9). Instead,

the amine had been deprotected and a signal at 22.8 pgpBhspectrum indicated the boronic ester

had been partially hydrolysed liberating hydroxy boB&8(Figure7, Lit. 22.4ppm)1"3

Bpin TFA (10 equiv.)
M >
COMe " hem e, 4

BocHN

385

H,N

(e}
Bpin H
/\)\/COZMe + /\)\/COQMe + HOBpin + HN
H,N
Bpin

386 387 388 389
not observed

Schemed9: Deprotection oB85using TFA

33.6

22.8

T T T T T T T T T T T
20 10 0 -10 -20 -30
ppm

Figure7: 1B NMR spectrum of the crude reaction mixture for the TFA mediated deprotection

of 385
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TFA is a strongr acid than acetic acidout we were surprised to observe tapparent
hydrolysis given that thal-aryl amino esters had all been stable togreviously desribedacidic
conditions.Predicting385would not undergo deprotection or cyclisation in acetic acid at 5WéC
tried stirring at 100 °C. This too was unsuccessiturning only the starting material unchanged.
However, increasing the temperature 25 *Cgavethe desired lacta®89, but with significant mass
loss (15%yield of 389). The reaction was repeated, although the yield had improved (B8%)was
no immediate explanation for the mass loss, as laB@®was obtained clean from the weulk.
Reaction monitoring experimentsvealed that complete conversion of amino €8to lactam389
occurred within 1 hwith no observed degradation of the boron functionality. The intermediate
deprotected aming86was not observed in these experimenggesting that at this temperature the

amino ester immediately cyclises.

A 0
Bpin AcOH
coMe ———X—> HN
BocHN/\)\/ 2Me 100 °C, 24 h
Bpin
385 389
RSM
B o)
Bpin AcOH
/\)\/COZMe > M\
BocHN 125°C, 24 h
Bpin
385 389

15, 33%

Schemed0: Acetic acid deprotection/cyclisation 885

Given the lack of decomposition products observed and the signifitass loss, it was
concluded that this was a result of the agueous solubility of the |&&8ro improve the yield of
this reactiorwe decided to try to optimise a procedure in which the lactam doesnotintexvater
at any stageHClI dissolved in gganic solvents is another common reagent for removal of Boc groups,
which is usually removed by evaporation to give the hydrochloride amine sakp&stedwhen
amino esteB85 was stirred atoom temperatureonly hydrochloride amine saB90 was isolaed
(Schemedl).

Bpin HCI (8 equiv.) Bpin
CO,Me ’ CO,Me
BocHN/\)\/ 2 dioxane, r.t, 1Th  HCLH,N 2
385 390

80%

Schemeé1: Synthesis of hydrochloride amino sa&0
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We next decided to investigate whether increasing the reaction temperature coeidhggg

cyclisation, giving the hydrochloride salt of the lact3®i. A test scale reaction revealed that running

the reaction at 80 °C still only gave only the hydrochloride amine388l{Schemed2A). In this

readion, double the volume of HCI in dioxane was useeénsure stirring of the reaction mixture,

given the small reaction volume on this reduced scale. When the reaction was quenchegNwith Et
and diluted with EXO, so that EN.HCI could be removed by filition, only desired lactaBB9was
observedScheme92B). Unfortunately, when repeated on a large scale for isolation, the reaction

produced a mixture of the free amino es286 and lactani389 making the smalscde reaction

somewhat anomalouS¢hemed2C). This is likely due to the cyclisation of the amino ester requiring

elevated temperatures to cyclise, which are not providen the largescale reaction. Presumably

thereason we observed only the lactam in the sstlle experiment is due to the heat transfer from

the vial being sufficient for the transformation. When hydrochloride amin8%@ivas treated with
EtN at 80 °C in THF the lacta®89was isolated in quditative yield Schemed2D). The reaction

was repeated, and the result replicated confirming the reproducibility of our new pro&zhemé

92D).

BocHN

BocHN

BocHN

Bpin
CO,Me

385

Bpin

CO,Me

385

Bpin

CO,Me

385

Test Scale
HCI (16 equiv.)
—_—
dioxane, 80 °C, 5 h

Test Scale
HCI (16 equiv.)
_—
dioxane, 80 °C, 5 h
then Etz;N

0.5 mmol Scale
HCI (8 equiv.)
_—
dioxane, 80 °C, 5 h
then EtzN

Bpin

/\)\/002Me
HCLH,N

Schemed2: Optimisation of the synthesis 889

390

Bpin
HCILH,N
390
only product
Bpin
HCL.H,N
390
not observed
Bpin
H,oN

386
not isolated

Et3N (10 equiv.)

THF, 80 °C, 18 h

CO,Me

CO,Me

CO,Me

0

Bpin

389
100%

(0]

+ HCI.HI\é\
Bpin

391
not observed

(0]

Nl-é\
Bpin

389
only product

0]

Nl-é\
Bpin

389
not isolated
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2.3.8 Synthesis ofN-Boc Amino Enoates

With the knowledge tat our deprotection/cyclisatiostrategywas possiblewe desired to
isolatethe N-alkyl borylated lactamsvhich had peviously not been possible. In order to do this, we
decided to modify our synthetic procedure féralkyl amino eoatesto prepare the required
substratesAddition of ditert-butyl dicarbonate to the crude mixture along vittther stirringgave
the desiedN-Boc amino enoatg$Scheme3), featuring alkene394) and silyl ether395) functional

handles.

B /\/\CO M RNH, (2 equiv.) BOCI}I/\/\Cone
r e
2 DCM, r.t,, 2 h R

then Boc,O
i BocN /\/\COZMe BocN/\/\COZMe BocN/\/\COZMe BocN /\/\COZMeE
5 ) TBDMSO '
P A N
: 392 393 394 395
64%3 39% 30% 56%"

Scheme3: Synthesis oN-Boc amino enoates from freenine tBnNH: (2.5equiv.),
"TBDMSO(CH)2NH2 (2.2 equiv.)

Amino acids and their derivativesare a valuabléeedstock in chemical synthesis due to
their relatively simple biosynthesis from sugars with modified bacté&idlsing a literature
procedure for the alkylation of alkyl bromides witydrochloride amine salts, we prepaB8b with
a pendent ester group from glycine methyl ester hydrochl¢8deemed4).1”® Dialkylated amine
397was isolated as the minor product.

EtO,CCH,NH, HCI (1 equiv.)  BocN /\/\002Me MeOzC/\/\ N/\/\C02Me
> +

Br/\/\cozlvle >
M;)zf’;‘ érgé 40 h CO,Et CO,Et
293 2 396 397
56% 42%

Schemed4: Synthesis oénoate396

As a continuation to the previous section, we wished to prepale the yattamwith no
substitution on the nitrogefhis could possibly be done using the same synthetic procedure as we
had used foenoate384 using an adal protected amino acetaldehyde. However amino alcohols are
a more common chemical feedstock, readily prepared from the reduction of amino acids. We believed
that the development of a synthetic procedure for the conversion of amino alcohols into the
corresponding amino enoateould be advantageau§iven the vast numbgrof commercially
available amino alcohols this should allow us to readily prepare substrates that could have increased

complexity on the heterocyclic ring system.
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Unfortunately, we werenable to prepare aldehy@®®9 using several standard oxidation
procedures§chemed5A, B or C). Typically, in the reactions using chromium reagents or Swern
conditions very little product was observedByNMR anaysis of the crude material. Dekartin
periodinane (DMP) gave complete conversion of the alcohol to aldehyde. FurthermdreNM&
analysis of this crude reaction mixture showed tB@® was the major componenFEiQure 8).
However, the product that was detected in the crude material could not be isolated upon purification
from any of the oxidation methods. To check this result, we attempted the hydrolysis ofi@@etal

but the same issues with isolation werpalbserved3chemedsD).

A.PCC (2 equiv.), DCM, r.t,, 3 h
B. DMSO (4 equiv.), (COCI), (2 equiv.)

DCM, -78 °C - r.t.,, Ny, 3 h, then Et3N
i : : OEt
/\/OH C. DMP (1.25 equiv.), DCM, r.t.,, 20 h _ _o D. AcOH:H,0 (3:1) BocHN/\r
BocHN BocHN «
rt., 14 h OEt
398 399 400

not isolated

Schemed5s: Attempted preparation of aldehyd@@9

(o) ocwNoOoOInMT M T N~ o 0 o ONONTIN OO TANONL

8 388833 aXIRR ] % 28 RRS8388a 8RG8

(o)} WOOWOWONNNNNNNDN mn un <+ < NANANANAN ™S ™

| e \/ % T\

|

| L L A o il

1 1 2 13
T T T T T T T T T T T T T T T T T T T T T T T
11 10 9 8 7 6 5 4 3 2 1 0

Figure8: CrudeH NMR analysis obxidation 0f398using DMP

We believed that the instability of aldehy8@9 could be result of its mildly acidic protons
U to the nitrogen atooldiead td imwanted aktipe dide actphswe n at u
tested this theoryyboxidising alcohok01, which featurggemd i met hyl substituti o
eliminating sel-condensation of the product. Treatment of the alcohol with DE\Rthe desired
aldehyde402 in quantitative yield clean from wotlkp (Scheme96). Olefination of the aldehyde
using a Wittig procedure occurred without issue producing ertd®eas a singlestereoisomer,
assignedE by 'H NMR analysis of the alkenyl proton$£ 15.9 Hz)

Me Me DMP (1.1 equiv.) Me Me Phz;PCHCO,Me (1.1 equiv.) Me  Me
OH > /O =
BocHN DCM, rt., 2h BocHN DCM, rt., 17 h BocHN CO,Me
401 402 403
98% 84%

Schemed6: Synthesis oénoate403
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In order to overcome the instability 899we submitted the crude oxidation produc868
to the Wittig olefination conditions. The yield of this reaction was poor even if it did allow for the
isolation of enoatd04 (Schemed7A). Marsden and cawvorkers have reported the synthesis of the
ethyl ester o404 using a ongot oxidation/Wittig procedur€’® This should reduce any possible
aldoktype side reaction as they wouldw be in competition with the olefination. Using an adaption
of this procedure we were able prepdfd alongside three othé&t-Boc amino enoatevhich could
be usedo prepare borylated lactams with different ring sizes and substitution patterns amgthe r
(Scheme9d7B). All enoates were formed as single stereoisomémnéortunately, this procedure was
not suitable for all of the alcohols that we used. Alk&B&could not be easily separated from alkene

migrationproduct409. Additionally, the attempted synthesestdd and411 were not successful.

A DMP (1.1 equiv.) Ph;PCHCO,Me (1.5 equiv.)

OH (6] =
BocHN/\/ [ BocHN/v ] BocHN/\/\Cone
389 DCM, rt., 18 h 399 DCM, rt., 24 h 404
36%
B P DMP (1.2 equiv.) P
¢ \ oH Ph3sPCHCO,Me (2 equiv.) ¢ \ _
\N/\/ \N/\/\Cone

DCM, r.t., o.n.

N
Boc
404 405 (S)-406 407
61% 19% 50% 61%
NHBoc NHBoc :
Ph Ph com P '
e h
)\/\ ¥ )\/\ /7 CO,Me !
BocHN CO,Me  BocHN CO,Me ]
(S)-408 409 410 411
not isolated 0% 0%

Scheme&d7: Onepot Oxidation/Wittig synthesis dd-Boc amino enoates

The limitations of this procedure woudgbpear to be the use ephenylethanol derivatives
as we were also unable to prepét@ or 411. This is most likely due ttabile benzylic proton causing
anunwanted side reactioEnoate410 was not observed B4 NMR analysis, which isotsurprising
given the low reactivity of the ketone intermediacl{eme98A). In the caseof 411, mass
spectrometry analysis of the crude material showed a small peak that could possibly correspond to
the Na adduct o411 (m/z314.1 Da), although it could also be the alkene migration product similar
to 409.
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Attempts to increase the yield 408 by separating the oxidation and olefination reactions
failed to give the desiteproduct.Instead,only enamine409 was isolated in paoyield (Scheme
98A). We found the best way to increase the yield of this product was to initiate the reaction at 0 °C
before warming to room temperature, this still gave a modest yield of 88keif1e98B). HPLC
analysis of enoatd08 showed that the starting material was enantiopure and no erosion of the

stereocentre had occurred in the reaction.

A 1. DMP (3 equiv.), 0 °C - rt., 6 h
Ph 2. Ph3PCHCO,Me (2 equiv.), r.t., 4 h Ph
OH > )\/\
BocHNJ\/ DCM BocHN X CO,Me
(5)-412 409
25%
B DMP (1.2 equiv.)
Ph PhsPCHCO,Me (2 equiv.) Ph
OH > )\/\
BocHNJ\/ DCM, 0 °C -rit,, 24 h BocHN™ 7 Co,Me
(S)-412 (5)-408

43%
>99% e.e.

Schemed8: Improvemets to the synthesis @hoate408

The synthesis of enoadd4 was considerably simpler. Refluxing ketat with ylide gave
the desired product in quantitative yield without need for further purificaBehgme99A). This
successful reaction prompted us to test unsymmetrical kdtthedJsing the same conditions we
observed roughly equal formation of eno4té andU ,-umsaturated lactadil7 (Schemed9B). The
lactam most Kely originates from the cyclisation &enoate418 at elevated temperatures, given
that enoatd16has not cyclised under these conditions it is assumedhib& theZ-enoate Attempts
to lower the reaction temperature had no effect on the steretbagfeof the reactio{Scheme9C).
Analysis of the crude materials B4 NMR spectroscopghowed both products were formed but

only theZ-enoate was isolated.

A O PhyPCHCO,Me (2 equiv.) 2> coMe
BocN PhMe, 110 °C, 15 h BocN

413 414
97%
B 0
BOCHN/YO Ph;PCHCO,Me (2 equiv.) BOCHN/\(\COZMe . BocN
Ph PhMe, 110 °C, 19 h Ph /
Ph
415 416 417
35% 39%
¢ 0
BOCHN/YO Ph;PCHCO,Me (2 equiv.)= BOCHN/Y\COZMe . BocN
Ph PhMe, 80 °C, 24 h Ph Y
Ph
415 416 417
38% not isolated

Schemed9: Wittig reactions of ketone4l3 and415
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Independent of ylide stabilisation effects, with a few exceptions, Wittig reactions are thought
to be under kinetic control, irreversibly forming an oxaphosphetane intermediate through a
cycloadditon!’’ The stereochemical outcome of thectén is determined at this point by steric and
electrostatic interactions in the transition st&ehemel00). It has been proposed that the factors
influencing transition states are dominated by minimisatioh@fipoledipole interactions; which
for stabilised ylide, such as the one used, is I&tjEhe next determinant factor is the sterics of the
ketone substituents. From this perspective, formatidaefioate418 should be favoured due the
larger Avalue of the phenyl substituent, preferring the pseagleatorial position (TS1Brediction
of the dominat transition state is complicated by the additional electrostatic interactions of the
pendent amine. Unfortunately, our reactions on ket did not result in an excess of oB&
isomer. Instead, it is assumed under our reaction conditions the corresponding transitions states for

formation of theE andZ isomers are of similar energy, resulting in both stereoisomers being formed.

r O

BocHN _/;(02'\"9 ,OE/;?ZMG CO,Me .
/. oC
o - Ph
BocHN /Y / 6/ e Ph
Ph -
415

asPh Ph

TS1 TS2 418 417
E-enoate

"
i CO,Me CO,Me
PhsPs. _CO,Me \ ElxPh_/ o 2
X2 S / 74

\ Ph
6/ BoocHN Ph

eq
TS3 TS4 416
Z-enoate

Schemel00 Possible transition states in the Wittig reactioemmdated 15
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We returned to the transformation of alcoAab in order to prepardl0 using elevated
temperature to promote reaction wilidg. However the desired product was not observed in‘the
NMR analysis of the crude mixture. Initially unsure of what had been isolated from this reaetion
analysed the product by single crystatag diffraction. This revealed thatkehe bond migation
hadoccurredfor this substratgiving enaminet20 as the only productSchemel01). 410 was not
observed in the bjH NMR analysis of the crude material and sodeeided noto investigate the
compound anyurther.

NHBoc
CO,Me

NHBoc 1. DMP (2 equiv.), DCM, 0°C, 2 h 410
2. PhsPCHCO,Me (2 equiv.), not observed
PhMe, 80 °C, 18h
OH s = + (W™

NHBoc e

‘ 'I CO,Me |

420
46%

419

Schemel01: Synthesis of enaming20

Given that the synthesis ehoatet10 and411 had been unsuccessful, we still wished to
prepare a substrate that could be used to prepare a paditated polycyclic scaffoléiven the
issues that we had so far observed in the synthesis of enoates we decided to be selective about wha
substrate we should use. We need to select an alcohol which upon oxidation would feature no benzylic
or enolisake protons. The simplest alcohol fitting this description “an#inobenzylalcoho#21.
Oxidation using Mn@followed by olefination via a Wittig reaction furnished desiesmated22 in
excellent yield $chemel02). 'H NMR analysis of the alkenyl protons indicate this also was the
E-enoate { = 15.8 Hz). Although this enoate does not feature a Boc protecting group to hinder

cyclisation, we believed that the weak nucleophilic of the aniline should be sufficient.

NH,

1. MnO, (4 equiv.), 20 h NH,
OH 2. Ph3PCHCO,Me (1.5 equiv.), 15 h . _CO,Me
DCM, r.t.

421

422
90%

Schemel02 Synthesis of enoad22
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2.3.9 Development ofa Conjugate Borylation/ Cyclisation Procedure for N-Boc

Amino Enoates

Some of the enoates we had prepared in the previous section are significeatbomplex
than those that have so far been tested. We began our development by running testoaatiioe
of the enoates using the previous borylation conditions. When eAG&teas submitted to the
reaction we only observed 75% conversion to amester423 after 1 h Schemel03A). Attempts to
separate the product from the starting materials by chromatography were unsuccessful due to the
extremely similar polarities of the two species. Likewise, when end@&snd414 were submitted
to the reaction conditions, incomplete conversions were obseB8aterinel03B). These results

showed that this borylation method would not be suitable fdl{Bec amino enoates.

Schemel03 Test conjugate borylation of enoatd¥3 404 and415

Before testing other borylation procedures we also investigated the borylatiga wfing
the previous conditionsSchemel04A). Interestingly*H NMR analysis of the crude material from
this reaction revealed that the amino ester had cyclised, but it was undeacerhpounds were in
the residue. Mass spectrometry revealed that amino €28ewas predominantly cyclised and
oxidised to Zhydroxyquinoline427 (m/z 146.1 Da). The cyclisation of amino es#?6 was
somewhat surprising due to the amine function&l@yngan aniline. In our previous studies we had
specifically used aniline to stop cigdtion in order in isolate a more stable intermediate.
Furthermore, this is a-éxotrig cyclisation which should be less favourable than the previous
5-exotrig cyclisation which required promotion using an acid solvent. We deduced that the
cyclisationof this substrate must be a result of tlggdrnature of the fused aromatic ring, similar to
the cyclisation that resulted in the formation of lactddy. Additionally, the generation of

aromaticity through oxidation likely also promotes this reaction.
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