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1. Abstract

Alkyl boronreagentsvhile possessingiuchpotential have not beepplied in synthesias
widely as their arjdoron analoguedn particular,catalytic transformations of alkybronic
esters are underdevelopé&ar instance, th€hanlLam reaction forC-N bond formation with
arylboronic acids has been widely investigated. Howeveported methodsising the
correspndingalkylboronic estecounterparts are limite&uccessfutlevelopment ofin alkyl
variant of the Chaham reactionwould provide a usefutool to produce alkydmines

complementar to existingsynthetic methods

This thesis outlines twdivergent strategieshich have been developed for theidative
coupling of alkyl pinacol boronic esters with anilireasd aliphatic aminesrespectively The
first generatioralkyl CharnLam conditionsfrom the Partridgegroupinvolve the coupling of
anilines with benzylic and allylicdsonic estersThe method employs stoichiometric quantities
of Cu(OAcy under an inert atmospher#hich wasrequired to minimise agation side
products. The scopef reaction was found to bfinctional group tolerantwith mono
alkylation of1° anilines observedHowever the conditions wertow yielding usingeither2°®
aliphatic amines ononbenzylic boronic estersandno reaction occurred when usidg

alkylamines.

Cu-catalysed conditions for the coupling ¢fdnd 2° alkyhmineswith benzylic boronic
estershave been subsequentigveloped Thesesecond generation conditions require only
10 mol% CuBg, with O from air usedasthe terminabxidant.Low conversions with sterically
demanding 1° and 2° amines highligmitations of themethodology.Initial mechanistic
studies for bottmethodsndicate ttat transmetation of boronic estenccurs through a single

electron process

H,oNAr (4 equiv) #—%

N Cu(OAc), (2 equiv), o _0 HNR3R? (3.5 equiv) R3\N/R“
_Cs,C04(0.5 equiv) B CuBr, (10 mol%) J\
R! R2 MeOH:Pyr (3:1), J\ toluene:IPA (1:1), R! R2
50/65 °C, Argon, 16/48 h ~ R' "R?2 air, 80 °C, 18 h
47 examples 43 examples
30-83% yield 19-87% vyield
15t generation conditions 2" generation conditions

In addition,mild and operationally simple conditions for the nickatalysed allylboration
of aldehydes have been developed. Bétand2° allylboronic esters react to give hoatiglic

alcohol products in high yields and diastereoselectiVibe diastereoselecgwutcomesare



consistent with allylbration occurring through well-defined6-membeed transition state,

with the Nicatalyst acting as a Lewis acid.

R1 R

R3 o 0 Ni(OAc)z.:lHZO (12 mol%.) OH R3
. BI\ JJ\ dppf (5 mol%), KF (1.2 equw)> . SRS
= o RS “H THF, Ny, RT, 18 h R
R2 R*
)

(1.2 equiv, 27 examples

42-99% yield
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1. Introduction

Research on the synthesis of boronic acids, their derivatives and subsequently their
transformations has expanded greatly in the past fifty yeHngese organolyon derivatives
are nowubiquitous in synthesis, namely in the SuzMkyaura cross couimg reactior??
Organoboron reagents are now commonplace in pharmaceutical aodhegical
development due to theirthogonal reactivitgo many other functional grougs

§ s The nature of trivalent(sp? hybridised boron stability and
"
(X subsequenprecticality in synthesis is derived from thewis acidity of
Figure 1. the vacantp-orbital. The reactivity and properties of these organoboron
Igu Loo-
backbonding and reagents areffected by the attached alkyl or hydroxyl substituehts.
electron density Increased oxygen coordination decreases the Lewis acidity of the vacant
donation from p-orbital (Figure 1). This is a consequence of the increase® Bond

oxygen to boron.  irangth compared to-B bonds, due to the conjugation of the oxygen

lone pair intothe emptyp-orbital of boron. Triorganobanes are prone to atmospheric
oxidation to borinic acids, which can undergo Hiert oxidation to boronic acids. Reduced

Lewis acidity is displayed for the analogous borinic and boronic esters. The additiooal carb
enabidesnadii on to oxygen, I ncr e as ibaclgdonatiore el ec
reducing the polarisation ttie GB bond as a result. These borinic and boronic esters are more
robust but less reactive than their acid counterparts, enaddisyg purification and further
manipulation. Their increased stability originates from the additional ligand increasiieg ster

bulk around borof.

BR3 BR,OH BR,OR BR(OH), BR(OR), B(OH); B(OR);
> > > > > >
Borane Borinic acid Borinic ester Boronic acid Boronic ester Boric acid Borate

f
-

Decreasing Lewis Acidity

Figure 2: Organoboron reagents with decreasing Lewis acidity related to increasing electron density
on boron.

Catalytic transformations of rglboronic acids and estersave been extensively
researched and well reportddvestigations into th@nalogous onwards transformations of
alkylboronic acids and esters are underdevelopbki$ is in part de to enhanced reactivity of
arylboronic acids and esters towards transmetalation. Once transmetalation has taken place aryl
metal speciec annot uhiyddlide reljmonatidn which alkyl metal species can be

susceptiblgo. In addition,the expansion of methods to synthesisebanygnic acids and esters



consequently enabled research growth into their transformation®ofayic acids and esters
are now widely commercially availabiélhis has supported large developments in the use of

arylboronic acids iad esters in € and Gheteroatom bond forming reactih

While there are now growing number of methods to synthesise afloronic esters
their onwards transformationsing transition metal catalydtave not been widely explored.
Difficulties remain due to a relativeleducedrate oftransmetalation and the resultiatkyl
metal propensityfor b-hydride elimination. Whilst there have been a number of reported
stoichiometric transformations of allkgdronic esters in GC and Cheteroatom bond
formations, these strategies often employ harsh reaction conditions and subsequently suffer
from lack of functional group compatibility Scheme 1).° Consequetly, development of
complimentary transformation under mild and catalytic conditions could negate these issues
and expand the scope of the reactibmgaticular, methods for the metathediated formation
of C-C bondsusing alkylboron reagentse scarcewith even fewereportsfor C-heteroatom
bond formation(Screme1).®

Lithiation Borylation® 10

B(OR),
R2
R3
Oxidation® R! Halogenation™
R _OH Li R _X

R? R3” Nocb R2
Hz0,

NaOH

ArLi
Electrophile

Protodeboronation” TM free coupling'?

CsF, H,0

R R\ B(OR), R _Ar
- -
b b T
R? R? ii) Oxidant R2
[Pd] ‘
" ™ . TM catalysed
TM catalysed catalyst . yse
C-C coupling'3-1® AN C-Het coupling
1
R! Ar RYAr/AIkyI
he RL_X
R2 Y R2
2
R R1YNHR

R2

Few examples!

Scheme 1: Examples of transformations of alkylboronic esters.”'15



1.1 Methods of Alkylboronic Ester Synthesis

Transformations of alkjporon reagents coulgrovide access to functionaliseds@®
centresfor synthetic applications in medicinal and biological fieldBhe potential for their
onwards transformations has promoted research intabalkgiic ester synthesiBreparation
of 2°and3° alkylboronic esters can now be achieved easily through numerous procedures, with
asymmetric borylation strategies availalfié® Discussed below are a relevant selection of

borylation methods to prepa2é and 3° boronic esters.

1.1.1 Borylation of Organic Halides

Traditional methods tsynthesiseorganoboronic acids or esteusilise reactions of
organolithium or Grignard reagents. The organometallic reagents are formed from aryl, alkenyl
and alkyl halids, subsequently reacting with an electrophilic boron source, producing the
organoboron reagenkigure 3). This form of electrophilic borylation has several limitations
due to the basic carbon nughtles produced, including functional group tolerance, air and
moisture sensitivity> Overalkylation can also occur due to the high reactivity of the
organometallic reagentsyrining bis and trialkylboran&$.This can be mitigated through the
use of sterically bulky triisopropyl borates and reaction temperatures/&f°C2%23
Methodologies have been subsequently develtpedilise pinacolborane under Grignard or
Barbier conditions to effectively synthesise alkyl and moydnic esterd! These procedures
do minimise the propensity for overalkylation but do not negate issues associated with

functional group tolerance.

OR OR OR
Li/Mg _ _g _g _
X—R ——» M—R X—B, —> R B\ <« | X—R M—B
OR OR OR
Electrophilic Borylation Nucleophilic Borylation

Figure 3: Electrophilic and nucleophilic borylation strategies.

Although useful for simple organoboron synthesis with limited functionality, the
requirement for specific reaction conditions and propensity to atkgation led to
investigations intorainsition méal mediated borylations of organohalides. These nucleophilic
borylations of organohalides can be mediated by numerous transition metals including Cu, Pd,
Ni, Fe, Zn and Mn$cheme?).



Cul, PPhg, Bopin,,
Li'OBu, THF, RT

N

X =Cl,Brl, OTs

Pd,(dba)s, P(‘Bu),Me.HBF,
B,pin,, NaOMe, Dioaxne, RT

R)VR
R

X=Cl,Br, |

B,pin,, KOEL, Pr,0/DMA, RT

NiBr,.diglyme, pybox ligand /

Fe(acac);, EtMgBr, Bopin,,

Y

TMEDA, THF, RT

ZnCl,, IMes, B,pin,,

A
R

R = H, Alkyl

AN

KOBu, MTBE, RT

MnBr,, EtMgBr, B,pin,,

TMEDA, RT

X
A
R

X=Cl,Br|

Scheme 2: Transition metal mediated nucleophilic borylations of alkyl halides.

F29

Usingvarious transition metal and ligand comliaas 1°, 2° and 3° alkyl substituents

with CI, Br, | and OTs moieties can be coupled. Although a large number of systems exist

limitations related to substrate generality persisipfiercan be used to mediate tbeupling

of 1° alkyl halides, whilsR° substrates are limited to the use of alkyl bromides and iodides

(Scheme2, A).?®> The Pd catalysed transformation only functions withrfmides(Scheme

2, B).28 Utilising Zn facilitated the coupling with 1°, 2° and only one reported 3° alkyl bromide

(Scheme2, E).?” The use of Ni, Fe and Mn mediated borylations enabled the most general
strategies to access 1°, 2° and 3° boronic esBtheme2, C, D, F)2%30 The mild and

functional group tolerant conditions of transition metal mediated nudléoborylation allow

access to a wide range of boronic est&ss.

1.1.2 Hydroboration

Hydroboration of alkenes and alkynes in a regioselective manner has become widespread

in boronic ester synthesis since it was first reporteBroyvn (Scheme).3* The hydrobortion

can be performed without a catalyst when employing highly reactive boranes. The uncatalysed

hydroboration of unsymmetrical alkenesually proceedsn an antiMarkovnikov fashior®

The addition of pinacolborane to unsaturated hydrocarbons largelyeete use of a catalyst

due to the reduced electrophilicity of bor§iTransition metal atalysd reactions have since

emerged allowing control over the chemnaegio and stereoselective outcomes of

hydroboration. The divergent products are thought to originate from different reaction

mechanisms.The regioselectivity ofboth catalysed anduncatalged

reactionscan be

influenced by substrate sties and electronic®. The first reported metal catalysed

hydroborabon emp oy ed Wi | ki

nsonos

catal yst

n3t he

This methodology delivered the same regioselectivity as unsathlygiroborations, forming

a (



the1° alkylboronic ester. Rh(l) catalysed hydroborations provided an additional benefit, in the

presence of a ketone hydroboration would proceed chemoselectively at the alkene.

HBR, R~ BR2

R
~___HB(OR), BOR);
TM cat. R)\

Scheme 3: Generalised reaction outcomes of uncatalysed hydroboration forming anti-Markovnikov
products and catalysed hydroboration forming Markovnikov products.

Interest in rhodium catalysed hydroborations provided aahging reports employing
a number of diphosphénligands® Complimentary to uncatalysekactions a switch in
regiosegctivity was detected with the use of cationic rhodium complexes, forming the
Markovnikov product® Investigation into the mechanism of both processes highlighted
differences when altering the rhodium cataly&igQre 4). The proposed mechanisms both
proceed via an oxidative addition/insertion/reductive elimination pathway. Importantly, when
using the cat i on$%benzyriodiumicamplekysfoomed deermiming the
regioselective outcomef the reaction. Due to steric factors forming the Rh comgléxe

neutral pathway forms thE® product.

Neutral Cationic
L Oxidative ®
Cl Additi L H
S L—Rn(I_ tion SRR, SN
H BOOR)2_  HB(OR), L B(OR),
- L, = BINAP
Migratory I)‘(Z_ F:Ph3 X2= BF \<
Insertion =C 4
L\@ -~
L/Rh(III)\B(OR)
! 2
HooNo g XRh(1)L, -
LU
B(OR
(OR). Reductive Reductive
Elimination Elimination
? L\Rh(lll) B(OR)
i 2 Migratory

H oA Insertion
B(OR), \/\O
B(OR)
Ph/\/ 2 )\ 1

Ph

Figure 4: Simplified neutral and cationic Rh catalysed hydroboration cycles.

Research has since expanded, focusing on the more abundant first row transition metals,
reports of catalysealydroborations employing Fe, Co, and Cu have emerged. A Cu(l) catalysed
hydroboration of styrenes with pinacolboea employing bisphosphine ligand Tangphos was

reported by Yun and eworkers Scheme4).%® Although the scope remained limited to



styrenes, the group latetilised (S-DTBM-Segphosas a ligandn their methodologygiving

produds with excellent enantioselectiviti€s.

Ar=| By
OMe
CuCl (3 mol%) H O
NaO'Bu (6 mol%) Bpin % < Bu
HBpin (1.2 equiv) R P H P o P
X _R Ar
AT L (3 mol%) Ar n

B4 “Bu o PAr,
toluene, RT, 24 h (S,S,R,R)-Tangphos < O
o

(S)-DTBM-Segphos

Scheme 4: Cu-catalysed hydroboration of styrenes.3839
Hartwig and ceworkers firther expanded substrate compatibility of -€ialysed
hydroborations to internal alkené€Schemes).*® Using a directing group (DG) strategy and
(S9-DTBM-Segphos,

enantioselectivity. Regioselectivity was greater for stipstits bearing more electron

hydroborations could be performed with high +egamd

withdrawing moieties3 when compared to less electraithdrawing groupg. Proximal polar

groups are able to stabilise negative charge accumulation created at carbon during formation
of the CuC bond?%*! Regioselectivity was also dimished when the distance between the
olefin and DG is increaseftom a 5membered5 to an increased 6 memberadg CuDG

chelate6.

CuCl (2.5-10 mol%)
KO'Bu (5-20 mol%)

/\/\/DG (S)-DTBM-Segphos (3-11 mol%)‘ R
R cyclohexane, RT o

OMe
o)
GO
o)

P—ar

0 PAI‘Z

T e
E /\/\/O F /\/\/O E o
' Bpin :
F P Br

épin
3 4

! F
W 77%,98% ee, 7.9:1 rr 78%, 98% ee, 4.4:1 rr K

(S)-DTBM-Segphos

T Me” > "pe |
Bpin épin !

: 5 6
1 80%, 97% ee, 9.6:1 rr 17%,1.2:1 rr

Scheme 5: Cu-catalysed hydroboration of unactivated alkenes.404!

Yun proposed a mechanism for foemationof the benzylic boronic ester products from
the hydroboration of styrené$Mechanistic investigations relating to the hydroboration of

unactivated alkenes were also subsequently performed by Hartwig awdrkers?®4! Both

6



mechanistic proposals of atalysed hydroborations were generally in agreenkeéguiEe5).
Initially transmetadtion of a Cu(l) complex witlpinacolborane, forms Chaydride7. Alkene
insertion into the CdH bond generates Galkyl 8, which can undergo transmetabn with
pinacolborandorming 9. Formation otthe desiredenzylic boronic esteand regeneration of
Cu-hydride7 is then achieved.

Bpin

1 xR’
R R L-Cu-H RN

CuL

~

L-Cu ,,Bpln R’
R

R

/\ 1\_( 8
R

9 HBpin

Figure 5: Proposed mechanism for Cu-catalysed hydroboration of alkenes.384041

1.1.3 1,2-Metallate Rearrangements

A boronde 1,2metallate rearrangement encompasses boron bound to an R group
mi gr at i ncgrboh cheaer6) .U Upon migrati on, | oss of
carbon forms aewC-C bond?!’ The process can be repeated in a sequentialenaxtending
the carbon chain. The rearrangement proceeds only when greaptanar alignment of the
migrating and leaving groups is achieved. The migration is therefore stereospecific with
inver si on o caanban’® Nonracenaid honologatio ¢an be accomplished via
substrate control, utilising a chiral auxiliary on the boronic ester component. Alternatively,
enantioselectivity can be imparted with reagent control by use of an enantioenriched carbenoid.

M
M* IG OrR M R
LG OR
/OR RQJ\LG A é/ 1) -MX L>_E/\ -MX B(OR)
R1—B\ —_— _; ~OR - M R3\’ OR | ———> 2 2
R R?
- R3J\LG R R R

Scheme 6: Iterative 1,2-metallate rearrangements of a boronic ester.

Di spl acement o0 -halodlkarie bayomio assters by cmumaleophiles was first
noted by Matteson and M&hGeneral utility of this homolgation method was halted due to
di fficulty shyloakamebsrong estegprecurs@Thelpotential importance of
the onwards homotmtion was noted, resulting in reports of synthetically useful procedures to
a ¢ ¢ ehalealkahe boronic estefs Matteson first repded the use of dichloroethyllithium



i n the s ychldroalkyborosic estéré®*UExtending this work Matteson described a
1,2-metallate rearrangement with a chidibl ligated boronic ester, exploiting substrate
controlled homologation(Scheme7).484° The method proceeds in a sequential -stap
reaction, initially with addition of dicleromethyl lithium to the boronic est&6, forming an
enant i o eatkylbororficeesterl 1) Subsequent addin of a nucleophile, frequently a
Grignard reagent delivered boronic est@rwith excellent diastereoselectivity. Subsequent
reports highlighted the use of zinc chloride to improve stereoselectivity of the boronic ester
products and promote 1,2 megdd rearrangemeptt.

R! cl R R2 R!
N N W
/O X LiCHCI, /o X R2-MgBr 2 /O X
R—B — 2 B —_— B
\ \ / \
(0] R R (e) R R [e] R
1

10 12

Scheme7:Matt esonds s e tcentrdllad admolagatibns t r at e

Substrate controlled homologation whilst powerful, is problematic, as stereochemical
outcanes are dependent on stereochemistry of the boronic ester. If a switch in stereocisomer
is required a nodrivial replacement of the chiral auxiliary is necessafgeagent controlled
homologation provides adntageous access to the desired enantiomer by easily selecting the

appropriate stereochemical reagent.

Reagent controlled homologation was first reported by H¢®pleemes).>2> Lithi ated
chiral carbamates were utilised in the asymmetric synthesis of boronic esters. The methodology
presented followed the stepwise Mattesygpe homologation.Retentive stereochemical
deprotonation of alkylcarbamates in the presence-B@iLi and ( 1-sparteire, produced
enantioenriched lithiated carbamatds3. Trapping with a borane and subsequent
transesterification produced boronic esidr with retentive stereochemicalonfiguration.
Access to the 1;hhetallate rearranged produth is achieved with addition of a Grignard
reagent. The carbamate, alongside being able to provide an activated leaving group to fulfil
1,2-metalate rearrangeent requirements also provides several stabilising effects throughout
the reaction. Lithiatio is directed alpha to the carbamate due to coordination of the carbonyl
oxygen. The carbamate stabilises the lithiated intermediate, avoiding decompositien of th
carbenoid intermediate. The resulting boronic esters are likewise thought to be stabilised b
electron density donation from the carbonyl into the emgiybjtal on boron.
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Scheme 8: Hoppe carbamate lithiation in boronic ester homologation.52:53

Aggamwal and ceworkers simplified the methodology using carbamates reporting-a one
step lithation borylation§cheme9).>* The strategybi | t on the same princ
homologation. Reagent controlled carbamate lithiation prodigte/ere stereoretentively
reacted with boronic esters, forming the boronate conthbcan undergo steroinvertive 41,2
metallate rearrangement tpve boronic ested7. This methodology negated the use of a
Grignard reagent to induce homologatigrndirectly using the boronic ester. The-in2tallate
rearrangement is slower for boronic ester substrates than for bétahesagreement with
Mattesonos obser vat i oanids, spetifeally amhghestumn dmomide f Le

enhanced the ate rearrangement in these eé2es.

N

N .
0 sBulLi \* 1) R"'Bpin, Bpin
Li=—0 -78 °C to RT

H
‘\ )j\ (-)-sparteine )]\
Y i — o —_— W
RYI™0” “NiPr, TEL,0,-78°C }\ _ 2)MgBry, 40°C R l\R*
H 2 72 R Do Snpr, 2 MIB H
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Scheme9:Aggar wal 6s | ithiatior* borylation metho

Aggarwal was able to expand the homologation reaction to aBtéssane or bmnic
esters(Schemel10).5”®! Interestingly, when using thes® carbamates the stereochemical
outcome is dependent on the boron reagent. Inversion of stereochemistsgrissdbwvhen
using borane$8and a retention of stereochemisiis detected when using boronic esférs.

This outcome is thought to be due to the ester moiety present in boronic esters. The oxygen in
theester can coordinate with the lithiated carbamate, delivering the boronic ester to the same
face as the metal. Lacking oxygdimgranes are unable to complex and react on the opposite
face to the metal. This is due to avoidance of the buildup of electrmitylaround the metal
caused by the flattened nature of the benzylic carbamate. The structure of the boron only
influences steeochemical outcomes when benzylic carbamates are employed, due to its
influence on electron density. Consequently, when usikygl &larbamates all substrates

proceed with stereochemical retention.
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Scheme 10: Stereochemical outcomes of lithiation borylations of 2° carbamates with boronic esters
or boranes.

1.2 Methods to Prepare C-N Bonds

Carbonnitrogen bonds are prevalent in mgarmaceuticals, agrochemicals and dyes
(Figure 6).1°2 During an analysis of synthetic methodologies used inicimed chemistry it
was f ound -Nboadforndngeeactons©cdf The synthesis of ®l bonds is still
a challenging processs common methodshow poor selectivityseof expensivecatalysts
and/or requireharsh reaction conditio’8.The developrant of new methods to form-8
bonds, with high functional group tolerance and mild reaction conditions, is therefore highly

desirable.

Me OH OH

cl Z g CO,H H
=S OH
Clopridogrel Lavendustin A Molindone
Blood thinner Tyrosine kinase inhibitor Anti-psychotic
O H COMH

Me_ Me )\/\

NH, o NH, N CO,H HO OH y O

ALK : YO

NN M NN SN o7 >N OH
|

)l\ Z 7 Me

H,NT N7 N

Isobutylidene diurea (IBDU) Methotrexate Glyphosate
Fertiliser Anti-infammatory Herbiside

Figure 6: Examples of carbon-nitrogen bonds present in pharmaceuticals and agrochemicals.
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1.2.1 Nucleophilic Substitution

One such method to form a n&aN bond is the nucleophilic substitution of a nitrogen
nucleophile and alkylating agerf¢hemell). The propensity for ovalkylation to occur is
high, due to the increase in nucleophilicity of the products. This often results in further
substitution reactions occurring, eventually legdim the formation of gaternary ammonium
sals. The selectivity of the reaction is therefore often limited, and a mixture of substituted
amines is generally produced. Formatior2dhmines can sometimes be controlled by using
an excess amount of amine. This is consetly an unrealistic strategy for use in large scale

syntheses or when using a costly amine.

-HX H -HX R? R2 R?
R-NH, *+ R%ZX —— N_ ——> N
R TR? R “R2

X=LG
Scheme 11: Nucleophilic substitution of amines resulting in overalkylation.
An alternative protecting group strategy can be employed, such as in the Gabriel
synthesis to form° amines(Schemel 2).56 However, protecting group strategies require extra

steps tonstall and removthe protecting group, reducing the efficiency and atom economy of

the overall process.

O (0]

KOH NH,NH, NH
F R
NH o+ — N— — + |
©:l<‘< RO X o ©:l<‘< = RTNR, NH
0

0 o}

Scheme 12: Gabriel synthesis of 1° amines.
1.2.2 Reductive Amination

Another more versatile methodology to control amine formation is redutiveation.
This relies on condensing an i@ with an aldehyde or ketone to form an iminium ion. The
second step is reduction of the iminium ion with a weak reducing a8eheinel3). This
proces can be carried out as two single steps. Alternatively, the reduction can be penformed
situ if a selective reducing agent is chosen that will not reduce the carbonyl preceugor
sodium cyanoborohydride and sodium triacetoxyborohydride (STAB).

11
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Scheme 13: Reductive amination of aldehydes or ketones, reduced with a weak reducing agent.
Reductive amination is an advantageous alkylation method adatistalbf the alkyl
groupscan becontrolled. Sequential reductive aminations can be employed ta3famines.
The protocol is generally highly functional group tolerant and high yielding, with minimal side
products when only one carbonyl isngloyed. However, this method is limited to the

formation of Csp-N compounds.

1.3 Transition metal mediated cross coupling reactions in the formation of C-
N bonds

1.3.1 Ullmann Coupling

Transition metal mediated cressuplings offer an alternative method foetsynthesis
of C-N bonds. These methods were introduced to overcome issues associated with previous C
N bond form&on and allowed access to agiines.

Initially there were two established methods for the transition metal catalysed formation
of C-N bonds, UllmanrGoldberg and Buchwaltiartwig coupling. Ullmann reported in 1903
the copper mediated coupling of aryl halides and amines to form aNboGd(Schemel4,
A).%” Goldberg reported shortly afterwards a similar Cu catalgeagling of amide¢Scheme
14, B).®® These reactions despite the use of cheap Cu were limited by the range of scope, low

yields and harsh coitibns %° Excess Cu was often essential due to its poor soluHility.

A) Ulimann coupling 1903
CO,H H

Cl NH, .
. Cu (1.1 equiv) N
—_—
210 °C
CO,H

B) Goldberg 1906

o o]
Br
. NH cat. Cu
2 210 °C ”

50%

Scheme 14: Cu-mediated couplings to form C-N bonds.
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Initial reports of UllmanrGoldberg couplings did not include ligarfdslt was
proposed that some ketones and esters could promote the reaction, mainly attabuted t
improved solubility of Cu? Liebesknd and Buchwald reported the addition of thiophene
carboxylate and naphthoic acid respedyive giveimproved yeld.”>”® These additives were
each initially attributed to differing roles, either aiding oxidative addition or enhancing
solubility. SubsequentjyBuchwald and cavorkers employed stoichiometric phenanthrel
and dibenzyligneacetone as an additi{eThis prompted stdies on further bidentate ligands,
which appear more active than monodentate ligdhdest commonlyN- andO-basedigands
are usedri Ullmann coupling$® The use of ligands allowed the reduction of reaction
temperatures and sigoichiometric amounts of Cu, resulting in milder reaction condifidns.
Taillefer and ceworkers investigated the reaction mechanism using cyclic voltammetry and
SAR./%7 Buchwald and cavorkers also performed mechanistic studies using kin&fés.
Whilst these mechanistic probes have been undertaken, the role of the ligand is still

underexplored?
Severafeviews on the Ullmann couplirttave been reportéd®

1.3.2 Buchwald Hartwig Coupling

Buchwald and cavorkers hter developed a palladium catalysed cross coupling, utilising
in situ generated organostannangshemel5, A).8* Independently Hartwig and egorkers
reported similar crossoupling conditions to forma new GN bond(Schemel5, B).& These
reactionconditions also suffered drawbacks, the usexpensive Pd and the toxicity of Sn, as
well as high reaction temperatures and strong bases. The avoidance of Sn was later overcome

afterstudiesinto the reactiomechanisnby Hatwig and ceworkers®®

A) Buchwald and co-workers

Br NRR'
° 1-2.5 mol% Pd X
BUsSINEL, + HNRRT  —0 C AT Bu;sn-NRR! + | = |
-HNEt2, // 105 °C //
R? R?
10 examples
B) Hartwig and co-workers 55-88%

Br [(0-MeCgHy)sP1,PdX NR2
o-Me
+ BuzSnNR, 648 E T
90-110 °C

75-85%

Scheme 15: Pd-catalysed Buchwald-Hartwig cross couplings.
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The use of bulky R{tolyl)s was common in initial reports and is often referred to as a
0fF 8§t generati ond c atladminestcouldndobeeffecevely undertekep | i n g
due to t he -hydden plieninatidrf] Evelutiob of the reaction to avoid harsh
conditions, expand scope and improve selectivity was controlled mdlidesigrf®

Aims to generalise the reaction were aide
These were aromatic bisphosphiigahds defined by their chelating nature. BINAP and dppf
ligands were primarily utilised~{gure7). Chelation of the ligands to the metal centre supressed
b-hydride elimination, promoting reductivelimination and therefore increasing yiéld.
Despite improvement, the amination of aryl chlorides were limited dgd reaction
temperatures were required.

99
PPh,
PPh, Fe

BINAP dppf

Figure7: Bl NAP and dppf O0second generationd aromatic

Focus shifted to the use of biaryl monophosphine ligands in a mard i ve o6t hi
generationd catalyst. The most devel offed 1| ig
DavePhos, JohnPBpXPhos, BrettPhos, SPhos and RuPhos have enhanced the reactivity of

aryl chlorides under mild conditionBigure8).

O OMe
O O PCy; MeO ‘ PCy, O .
PCY, PBY o Proipr iPr 72
] NMe, ] O O RO O OR
iPr iPr

DavePhos JohnPhos XPhos BrettPhos E : ",\;; 2‘;5120:
Figure8: Biaryymonophosphine | iggadeser at & dn-BamBidgocathlysta. i d

Alongside this,N-heterocyclic carbenes encompassing strong electron donating and
sterically hindered components were developed for the coupling of aryl halides and heteroatom
nuclkeophile€’8® Due to their robustness and tunability a number ofNMLC catalyst
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precursors were reporté®i The coupling of aryl chlorides at room temperature could be

mediated by the use 80, which had been modified to include a cinnamyl! ligafidre9).%*

Figure 9: Pd(Il) NHC complex with tuned cinnamyl ligand.

Despite increasetkaction scope, these catalysts still suffered with selectivity issues,
often producing mixtures of monand diarylation products and regulargquired increased
loadings of palladiur® An extremely hindered, electron donating aneséable JosiPhetype
ligand21wasusedby Hartwig andcco-workers to overcome key issues with previous catalysts
(Figure10).8° The use of ligan@1 enabled the coupling of heteroaryl or aryl chlorides Wfth
amines, including ammonia to selectively produce the monoaryabeldct. Thiols could also
be coupled with haloarenes to form aryl thioethers. Whilst there has been considerable

development towards generality, no ligand is superior for all substfates.

Me

ngau2
PCy,

Fe

21
Figure 10: JosiPhos CyPFtBu 6f emetlat gondé | i gand.

BuchwaldHartwig couplings to form CSEN bonds are limited, although
stoichiometri€?% and catalytic examples have been repottéd.This is due to the
challenging reductive elimination dalkyl-PdNR> complexes to form alkgimines. The
formation of these alkgimines is highly desirable due to their useharmaceuticals, therefore

the advancement of methodology to reliably form@ss required”’

Severalreviews on the Buchwald Hartwig coupli@®®® and is applicationshave been
reported-%°
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1.3.3 Chan-Lam Coupling

A further breakthroughcame in 1998whena coppemmediated oxidative coupling of
boronic acids and heteroatdmased nucleophiles was reported tonfonew GN and GO
bonds. Chan and eworkers published the coupling of avgronic acids with alcohols and
amines mediated bgopper acetateSchemel6, A).1° Evansand ceworkers indepndently
reported the copper acetate mediated coupling adbamyhic acids and phenols to form ethers
(Schemel6, B).1%2 Another report by Chan, Lam and-amrkers came on the coupling of
arylboronic acids and heteroaryl compounds to form neM libnds also mediated by copper
acetate $chemel6, C)103

A) Chan and co-workers N- and O- arylation

B(OH X
Xy 2O . R Cu(OAc), (1.2 equiv) | Xr” R
-
|// X Et3N or pyridine //
R! CH,Cl,, air, RT R
X = OH or NHR? 15 examples

4-96%
B) Evans and co-workers O-arylation

X B(OH), o

O
| + | S Cu(OAc), (1 equiv) | A | A
R1// // Et;3N or pyridine &% \/
R

R2 CH,Cl,, air, 4 AMS, RT R

2

27 examples
7-98%

C) Chan, Lam and co-workers N-arylation

B(OH) R? TN
2 X . X
| AN . HN /x Cu(OAC), (1.5 equiv) - N N\X\R2
1// Xz pyridine, CH,Cl, |//
R air, 4 AMS, RT /
R
X =N, CH

R = Substituents

or benzofused 13 examples

6-88%

Scheme 16: Chan, Evans and Lamd s r e pcoppér-siediatéd coupling of boronic acids
and heteroatoms.

These simultaneous reports afppermediated cross couplings of boronic acaiwl
heteroatorrbased nucleophiles had a number of similarities in method, which are frequently
referred to as ¢ lamddes itoctlaelestablishmand of tthe inmmn
reaction. Early publications often used Cu(Ofa9 the copper source, triethylamine as a base,

DCM as the solvat, requiring no ligand or additive at room temgdare. In general, the Chan
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Lam coupling has been found to be functional group tolerant and have a broad reaction scope.
An additional benefit is that the copper acetate catalyst employed is cheapee thaltetium

catalysts required for Buchwaldartwig amination.

1.3.4 General Mechanistic Insight of the Chan-Lam Reaction

To give background to the discussion of substrate scope and reaction variables
consideration needs to be given to the mechanism of hlaelGam coupling. A number of
studies into the nehanism have been undertakéfi®¥ 11 Despite this there remain key holes
in knowledge, due in part to theraplex role of copper, the formation ofdpyoducts and the

alteration of variables which could impact the kinetics and pathway.

The Stahl group investigated the mechanism of the Cham etherification
reactiont?”1% The group aimed to elucidate information surrounding the catalyst resting state,
the turnoveitlimiting step and the copper mediation of a-®lectron oxidative couplingrhe
investigation was based upon a model system, coupliatylboronic acid dimethyl ester with
methanol under catalytic copper conditiosxlfemel?). They performed a number of gas

uptake neasurements and kinetic EPR studies.
B(OMe), OMe
Cu(OAc); (5 mol%)
MeOH B(OMe),
MeOH, O,, 27 °C
Me Me

Scheme 17: Model system used in mechanistic insights into Chan-Lam etherification.

Their first study was able to confirmramber of mechanistic insights, such that the
group were able to offer a proposed a mechanism foCtteLam etherification Figure
11).1%8 The mechanism begins with an undefined Cu(ll) spe22esewis pairing of22 with
the organoboron compound leads to Cu(ll) comf@axThis specie®3 then undergoes the
turnover limiting transmetalation to form Cu(ll) comp[24 Disproportionation with another
Cu(ll) species forms Cu(lll) speci@s, which undergoes reductive elimination with methanol
to release the desired coupled product and a Cu(l) corgplé@xidative turnover of Cu(I26

with O, HX and tke by-product of transmetalation reforms the Cu(ll) spe2i&s
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Oxidative (1N
turnover CuX;

+ HOB(OMe),
Cu(l) ArB(OMe),
CuX + 1/2 O,+ HX CuX,
+ XB(OMe), 22 Lewis Pairing
Cu(ll)
CuX
26 Cul) [CuXy* ArB(OMe),]
Cu(ll) 23
Ar-OMe
+ HX
Reductive
elimination Transmetalation
MeOH  cyanX, cu(lly Cu(l)
25 Cu(AnX XB(OMe),
24
CuX CuX,
Cu(l) Cu(lr)

Disproportionation

Figure 11: Proposed mechanism of Chan-Lam etherification.

The groups experimental findingsformed and solidified their proposed reaction
mechanism. The relativaoichiomety of Cu(ll):product was determined to be 2:1, supporting
the need for a second equivalent of Cu(ll) for disproportionation. The reaction proceeds
without & present, theefore Cu(ll) can act as an oxidant, which also supports the idea of
disproportionation. From kinetic studies it was found there was a first order dependence on
[Cu(OAc)], saturation dependence on [ArB(OMleggnd zero order with respect toOThese
dependencies suggest that Cu(l}aedation is quicker than initial substrate oxidation.
Consequently, the turnover limiting step is proposed to be the transmetalation of the aryl group
to Cu. During EPR studies it was found almost all Cu imtsmt was Cul), which lacked
strong donor ligands, reinforcing the hypothesis that transmetalation is the turnover limiting

step.

Stahl 6s second study wundertook further K i
ChanLam etherificatios, foctsing oninhibitory efects and a proposal of the mechanism of
transmetalatiof’ The addition of AcOH or AcOwas found to have an inhibitory effect on
the reaction when using Cu(OA@s a catalyst. Substiing Cu(OAc} for Cu(CIQy) rendered
the reaction inactive. Reactivity could be reinstated with the addition of, Agflighting its
importance. Activity when using Cu(CiPcould also be enhanced with the addition of MeO
From these findings they weable to suggd resting states prior to transmetalatibig(re
12). Theinactive copper paddlewhe&f enablesdrmation of acetate bridged heterobimetallic
Cu(Il)/boron specie28. Upon loss of acetate, compl@8 can undergo rearrangement to
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methoxide bridged speci@9, where transmetalation can then occur. These insights offered a

foundation for future mechanistic studies i@barrLam couplings.

[Cu(OAc),], -AcO CuLntt
27 O—[Cu(OAc)Ln] +MeO- /[ uLn] -B(OMe), .
——> Me \ B a— Meo\ — » [Cu(Ar)Ln]
Ar-B(OMe), O—B(Ar)(OMe), B(Ar)(OMe),
28 29
cu(ll) cu(ll) cu(ll)

Figure 12: Proposal of catalyst resting states prior to transmetalation.

Building on the work of the Stahl group the Watson grexjplored spectroscopically the
reaction of aryboronic acids and esters with alkyl and arginest®® After extensive work the
group proposed the following reaction mechanisigyre 13). Cu(OAc), which gaerally
exists in solution as a paddlewheel dirBéy is denucleated to an active mononuclear Cu(ll)
species31 by the amine. This Cu(ll) speciéd is also in equilibrium with its dime32 and
tetramer33. A Lewis pairing event occurs tveeen the hydroxy group on copper and the
organoboron species to fodd. This species allows transmetalation\ksiing the aryl copper
complex35. Disproportionation with a second Cu(ll) complex give Cu(lll) intermediéte
Reductive elimingon can then occur, to form the coupled produad a Cu(l) speci€¥7. The
Cu(l) specie87is then oxidised back to the reactive CuBil)complex by oxygen, completing
the cycle. If the oxidative turnover is inefficient, products fromtgdeboronation, oxidation,

and oxidative homocoupling can occur.

Catalyst @activation can be promoted by both acetic acid and pinacol, resulting in a
detrimental effect on the yield of the Chaam reaction. The paddlewheel dingf can be
reformedby AcO, preventing the formation of the active catalgst AcOH in the system
prevents denucleation via protonation of the amine and can subsequently form thediata
paddlewheeB8. The use of pinacol boronic esters is thought to be tesobie incCharLam
reactions due to catalyst inhibition through coordination of pinacol, formed apradbyct of

transmetallation, to give compl&8.
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o MeCN ' OAc 34

Ar” Ar /CG\ Cu(i
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36 Transmetalation
MeCN\ /OAc
LN HOB(OR),
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35

+ HX
LnCu(I)X,

Disproportionation

Figure 13: Mechanism for the Chan-Lam amination suggested by Watson and co-workers.

The formation of byproducts in the Chabham reaction is commonplace. Their
production is often derived from the degradation of the organoboron reagent, or as a
consequence of further reactions of the organmb reagent with its degradani@-igure
14)109112° Alongside the desired -Geteroatom bond formation, oxidation, oxisat
homocoupling and protodeboronation fadiquently occut!? Less commonly observed is the
reductive homocoupling produ@1°for which themechanism foits formationuncertain'*
The oxidation of the boronic acid allows the formation of phenol, whichrmdan react in a
ChanLam etherification with the boronic acid to form the diaryl ethephyduct!®® Lam
reported that the oxidation product forms from water present in theéoe#ttherefore the
use of anhydrous reaction conditions and molecular sieves can thddoemation of phenol,
and subsequently the etherification proddét*Organoboron protodeboronation using Cu(ll)

has been docoented since 1938>1%and can occur when no other pathway is pre$ént.
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By-products:

RXH  cucatayst | p-"Npr | a—on A ar Ar—H Ar—Ar
+ —_— o
- oxidation  ©oxidative proto- reductive
Ar-B(OH), desired homocoupling deboronation homocoupling !

i C-X bond

Figure 14: By-product formation during Chan-Lam reactions.

Typical ChanLam conditions are relatively similar across most reportsugh
challenging substrates oftemquire further reaction optimisation. Some common features

include:

1. An excess of the boron reagent is often used, due to the formatiopaidycts originating
from the organoboron reagent.

2. The copper source used in these reastis usually Cu(OAg) with early examples
employing supestochiometric loading®? 1% Copper acetate is relatively ir@ensive,
making it a practical choice. The reaction requires two equivalents of Cu(ll)}Xdyadd
formed10711L117\Where sukstoichiometric loadings of copper are used, oxygen or another
oxidant is required for catalyst turnover. Some solid oxidants, such as TEMPO and pyridine
N-oxide have been used in Chham couplings, but increase complexity aodst
efficiency 118120

3. The solubility of copper is critical and therefore solvent choice is signtfidéhe use of
DCM is most prevalat in ChanLam couplings-*? Alcoholic solvent additives can be used
to improve solubility, however, their use can result in competing etherificifion.

4. The majority of ChaflLam reactions do not employ a ligand, a more limited number include
them oradd a preformed Gligand complex!!? If included, the ligands often have a-bis
nitrogen  structuré®!?128  Repots  of preformed complexes include
[Cu(OH)- TMEDA]:Cl,,1951% [Cu(DMAP)I]I'®and Schaper os i |l ored

5. Many of the reactions do not require an additivee @tidition of boric acid has been shown
to enable the effective coupling of @gronic esters by preventing pinacol inhibitionlod t
catalystt°

6. An equivalent of HX is produced in the disproportionation step, therefore addition of a base
in some systems is required to prevprdtonation of te amine coupling partner, which
would inhibit denucleation. Initial Chalbam couplings reported the addition of a base

enhanced reactionigd.}%19 Sybsequent reports have often used weak organic bases,
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namely triethylamine and pyridiré? Despite this a number of baBee couplings have
been documenteld®122.130134 The amine could realise the role of the base in this instance.

7. ChanLam couplings are often germed at room émperature, with some substrates
requiring heating. Increased temperature has been used to improve efficiency or promote
solubility of the copper sourdé?

8. The organoboron substrate scope of initial reports of €Claam couplings was limited
primarily to aryboronic aas. The use of alkploronic acids was less frequent. The
analogous boronic esters use is limited due to the copper inhibition by piffasark to
increase substrate scope of the organoboron reagent and the coupling partner has been

ongoing since the discovery of the reaction.

1.3.5 Substrate variation of the Chan-Lam Reaction

Method development has expanded the substrate scope of the organoboron reagent to
include boronic esters, trifluoroborates, boroxines and triolboroh&tasyl boronic acids are
still the predominant boron substrate used for Glean cowplings. However, the use of

boronic esters in Chalnam couplings would be advantageous due to their increased stability.

1.3.5.1 Arylboronic Acids and Esters

There has been reported difficulty in utilising boronic esters under classicalL@an
reaction conditionsYchemel8).1%° It is thought that reduced yields for reactions of pinacol
boronic ester are due to the release of pirgftet transmetalation, which can inhibit the copper
catalyst!® Diols such as pinacol are known to form complexes with Cu(ll) sources, therefore
calsing immediateslowing of reaction raté33!%6 Boronic esters also have a lower general
reactivity when compacketo boronic acids, this consequently leads to lower yields in the-Chan
Lam reaction®” Highlighted in a study by Wate and ceworkers arylboronic acid40

produced coupled product in good yield when compareayiboronic ested1.1%°
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Cu(OAc), (1 equiv), H

B(OR), ;
Et;N (2 equiv N
/©/ PhNH, — (2 equ) “Ph
o CH,Cl,, 4 A MS, N

air, RT, 16 h

(2 equiv) (1 equiv)

B(OR); = B(OH), (40) 92%
B(pin) (41) 16%

Scheme 18: Comparison of the yields of a boronic acid and boronic ester in a Chan-Lam reaction.10°

Watson and cavorkers explored methods to ovenge this dficulty when using boronic
esters in Chaham couplings:3® The group developed a ngidt solvent method in the coupling
of arylboronic esters with argimines $chemel9). The use of the solvent system in a ratio of
20:1, acetonitrile toteanol, minimised the formation of the etherification product. The reaction
could not be performed usingubstoichiometric loadings of Cu(OAg) due to pinacol
inhibition. Therefore stoichiometric quantities are thought to aid reactions when using boronic
esterst38Many functional groups are tolerated under these reaction conditions. However, when

performing the reaction with alkgimines the addition of ethanol was not required.

Cu(OAc), (1 equiv)

: R
.Bpin : Et3N (2 equiv) )
Ar A2 R MeCN/EtOH (20:1), PERA

3AMS,80°C,24h
20 examples
24-87%
Scheme 19: Mixed solvent method in the coupling of arylboronic esters and amines.

Watson and cavorkers later discovered that boric acid can sequester pinacol during the
reaction, reducing inhibition of the copper catalyStieme20).1%° The substitution of
triethylamine for boric acid as an additive@promotes oxidation of Cu(l) to Cu(ll), enabling
turnoveri®® The reaction conditions were found to be suitable for coupling of alkyl and

arylamines, phenols, and thiols.

’ Cu(OAc), (20 mol%) X
L _XH . = AR
r R B(OH); (2 equiv), MeCN,
4 AMS, 0,,80°C,24h

1 equiv 2 equiv 56 examples
(1 equiv) (2 equiv) N

X =N (aryl + alkyl)

»wOoz

Scheme 20: Boric acid promoted Chan-Lam coupling of arylboronic acids.1%°

ChanLam couplings do not generally employ the use of a ligangreformed Cu

complex Despitethis Collman reported the use of JOH)TMEDA].CI; as a preformed
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catalyst (Scheme21).1% The preformed catyst had been previously used in aerobic
oxidations, with @ regenerating the catalySf'4° The catalystwas able tomediatethe
coupling of aryboronic acids and imidazoldsower conversions were reported using ambient

air rather than @ highlighting the importance of efficient-oxidation.

FN
X8O HN—\  [Cu(OH)TMEDAICI, (10 moi%) N ,\’>
\ 2 Xy~ YYR?
| \/Q/N Pyr (2 equiv) |
>~ R2 CH,Cl,, RT, 05,24 h )
R? R1
(2 equiv) Atmosphere:
Air = 62%
0,=71%

Scheme 21: Imidazole coupling with a preformed complex under 02.1%5

Cu-complexes have since been reported to promote the coupling bbranyic acids
with aryl and alkyhminesNitrogen, oxygen and dulr bi-, tetra andmultidentate ligands have
been reported to enable a wider scope of coupling partner under mild and catalytic conditions.
Schaper and eworkers reported a pyridylamino arylsulfonate complex efficiently coupling
boronic acids with varied nuclphiles inclding sterically demandingert-butylamine

(Scheme22).11° Common oxidation and degradation-pgoducts were not observed when
using complexX2.

e /
BOH), N / \N
©/ N Cu 42 (2.5 mol%) @/ R3 /Q/N\ /
r2” "R MeOH, O, Cu
R RT or50°C12h R S—O/ \OTf
(1.5 equiv) 30 exam O//“
ples O 42

15-100%

Scheme 22: Coupling boronic acids with a pyridylamino arylsulfonate complex 42.110
Aberi and ceworkers have reported a solvent free, polydtn pyridyl Cu complex

facilitating coupling of boronic acids and heteroaromat®sheme23).14! The heterogenous

Cu complex43 can bereused for seven cycles with minimal reduction in efficiency.

e N

=
R
BOH, r'uz N@
N Cu 43 (10 mol%) RS Q N
Nops ————m > ]
R2 R NaOBu, air, \C
R1 RT, 1.5-4 h o o "o
A J

(1 equiv) 12 examples 43
65-95%

Scheme 23: Polydentate Cu complex mediated coupling.4!
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Langand ceworkers sought to develop a homogenausen watersoluble CharlLam
catalyst (Scheme24).24? Incorporation of hydrophilic moieties into the catalyst such as
imidazolium salts and ammonium groups could achieve thaionic bidentate ligand
forming 44 could catalyse theotipling of aryboronic acids with imidazoles and andi in

agueous media.

B(OH),
NH Cu 44 (2 mol%) “Het/Ar
Het/Ar” N *

MeCN:H,0 (1:2)

R! 0,,60°C, 24 h _1 Z N—'Cu
(2 equiv)

15 examples
15-95%

Scheme 24: Chan-Lam coupling employing bi-dentate Cu complex in aqueous media.4?

Bora and ceworkers also reported the use of-Salen complex®5in water to efficiently
couple anilines and imidazoles with drgtonic acid{Scheme25).14® Arylboronic acids are
stable inagueousnedia, enabifig enhanced solubility for bases to activate the boronic acid.
In-situ generated catalysts produced significantly decreased yields when compared to the use
of preformed catalyst3 his difference in yield was suggested to be due to slow formation of

the ative complex45in situ.

B(OH),
©/ _NH Cu 45 (20 mol% “Het/Ar
Het/Ar K,COj3 (3 equiv),
R’ H,0, air, RT, 16-24 h
(1.5 equiv)

14 examples
63-94%

Scheme 25: Tetradentate Cu-complex mediated Chan-Lam coupling.143
The use of oxidants to facilitate and provide efficient conversmm Cu(ll) to Cu(ll)
when using Cuas a cailystwas investigated by Lam and-emrkers(Scheme26).118 Mild
oxidants were tested, aiming to improve upon substrate scope reported by Colmann (see
Scheme2l). A number of oxidants were screened, with the three highest performing being,
pyridineN-oxide, TEMPO andN-methymorphdhe-N-oxide. When oxidant systems were
extended to a variety of substratessingle systemould begenerdly applicable
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Q Cuy0Ac, (0.1 equiv), O
B(OH), \\N)]\NH oxidant (1.1 equiv) \\ )]\
Et;N (2 equiv) N N
/©/ @ CH,Cl,, RT, air, 24 h @

Oxidants:

(2 equiv)

Pyridine-N-oxide > TEMPO > NMO
69% 62% 64%

Scheme 27: Test of oxidants in the Chdram coupling of an amidé?®

1.3.5.2 Alkylboronic Acids and Esters

Despite continued explorations and improved methodology, kakyhic acids and
esters are not widely employed in CHaam couplings ad are often limited to privileged
structures, including cyclopropyl armmnzyboronic acids and ester. Utilising alkylboron
substitents would allow for the formation of C5pl bond formation. Such bonds are prevalent
in pharmaceuticand agrochemicalynthesistherefore, development of new methodology for
their construction is highly desird@t44 146

Lam and ceworkers initially explored in unpublished work the coupling of
cyclohexyboronic acid46 with p-tert-butyl anilineto produce coupled produ47 (Scheme
28).147 Alteration of the organic base from triethylamirto pyridine offered no yield
improvement. Notwithstanding the modest yield, the proof of concept was promising for future
method development of alkydron moieties in Chabham couplings.

H

B(OH), NH, N
Cu(OAc),
e (T
DCE,
70°C, 2 d

Et3N (16% yield, 64% SM returned)

46 pyridine (6%, 80% SM returned)

47

Scheme 28: Cyclohexyl boronic acid Chan-Lam coupling with an arylamine.#”
Cyclopropyamines are common motifs in pharmaceutical and agrochemical
substrate$?® New methods for the formation of this functional group is therefore desirable.
Cyclopropyl reagents generally leamcreased reactivity due to the strained ring system, giving
the CH bondsnoresp’ hybridised charactéf? Utilisation of this cyclopropyl boron motif in

ChanlLam coupling is therefore slightly easier than with other &ldgdn reagents.
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Despite thé an unsuccessful attempt at the Gham coupling of cyclopropyoronic
acid48 with anilines and phenols, utilising classical conditt8h¥° was eported by Wallace
and Chen$creme29).14°

Cu(OAc),,

Et3
B(OH), W
O CH,Cl, @

X=NH, O

Scheme 29: Attempt at the Chan-Lam coupling of cyclopropyl boronic acid with phenols and

anilines.14®

A number of successful Chdram couplings of cyclopropibronic acids were later
reported after optimisation of the reaction conditions. Tsuritani afwdockers first reported
the coupling of cyclopropploronic acid48 with indoles and cyclic amides in good yield
(Schemes0).1°°The reactions were performed both with stoichiometric anesgaibhiometric
loadings of Cu(OAg) All reactions gave a higherejd with stoichiometric quantities of Cu
with the exception of electron donating substrates.

Cu(OAc), (10 mol% or 1 equiv) \
B(OH), A DMAP (3 equiv) R y
Q R NaHMDS (1 equiv), dry air,
N Toluene, 95 °C ﬁ
48 H
(2 equiv)
16 examples
5-93%

Scheme 30: Chan-Lam coupling of cyclopropyl boronic acid with indoles and cyclic amides.15°

SubsequentlyZhu and ceworkers published the coupling of cycloprapgtonic acidt8
with heterocycles, amides and sulphonamides in good ysaheme31).1>! Excess boronic
acid was required to minimise the impact of oxidation-pidelucts Addition of a ligand and
base was beneficial to the yield of coupled amine prodtitdeever,reduced yields were
reportal for the coupling withalkylamines and carbamat&3oupling with anilines were not

attempted under these reaction conditions.

. ~ Y.
el LY Cu(OAc), (1 equiv), Ry Ry
BOH, ¢ I =X Bipy (1 equiv) i |
;; SN \Z,NH Na,COj (2 equiv), air, Rt \Z/NW
DCE, 70 °C, 2-6 h
48
(2 equiv) 19 examples

36-99%

Scheme 31: Chan-Lam coupling of cyclopropyl boronic acid with heterocycles, amides and

sulphonamides.15?
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The same groupfurther reported a more general CHaam scope, coupling
cyclopropyboronic acid withl® and2° aliphatic anines and anilines in good yieldSgheme
32).1%2The group emplyged the same reaction conditions reported in their previous paper (see
Scheme31). The reaction did proceed with satwichiometric loadings of Cu(OAg)however
the yield was much decreased. Usihe method by Tsuritani and-emrkers (se&cheme30)
on some of their substrates failed to produce the cyclopropylated compéu@udy after

resubmission of produd9to the reaction conditions was thalétylation producb0observed.

Cu(OAc), (1 equiv),

1
B(OH), $ Bipy (1 equiv) '?1
; Rz'N\H Na,COj (2 equiv), air, o N

RZ
DCE. 70°C AV

16 examples
40-99%

: Y
/©/ N [Cu] conditions N
\V —_— > ~
O,N /©/
2 50

49 O2N

48
(2 equiv)

14%

Scheme 32: Further substrate expansion employing the same reaction conditions from Scheme 31.1%2

The reaction caditions reported by the Zhu grddp'°? have now beensed in the total
synthesis of analogues of a tuberculosis drug (Verapamil) to investigate theSsA&me
33).153

/
o~ | o
Cu(OAc), (1 equiv), o

o o] o
B(OH), - Bipy (1 equiv) - CN
d N CN Na,CO; (2 equiv), arr, ~
o N DCE, 70 °C, 12 h 0 N
H A

19%
Verapamil Analogue

Scheme 33: SAR investigation using a Chan-Lam coupling reaction to produce analogues of
Verapamil.153

Cruces and cwvorkers reported the first coupling ofldalkylboronic acid and anilines
(Scheme34).2%* The group tried to employ palladium chemistry for the transformation, this
afforded no methyl at ed -lpamecahditions formédsthe regired c | a s
product in only a % yield after 3 d. Optimisation using DoE highlighted the importantasof
order of addition. The coupling required an incubation period of 15 minutes mixing the copper
and aniline substrate prior to the addition of the méthygnic acid to proceed. The
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corresponding dimethylated product was observed when reaction timesewtendedor
greater equivalents of boronic acid or Cu were empldgetbnes and esters, oftehallenging
substratesn reductive amination reactions due kit own reduction were tolerated under
these conditionRudlo and cavorkers implemented this methodology in the synthesis of hit

molecules fothe treatment oflzhiemeks diseasé®®

H
N

NH, .
MeB(OH), R Cu(OAc), (2.5 equiv) . Me
Pyr (3.5 equiv), R

dioxane, reflux

; 18 examples
(2.5 equiv) 30-88%

Scheme 34: Coupling of a 1° alkylboronic acids with anilines to form a new C-N bond.5*

Thegroup were able to further expand the scope of thelakghic acids with substrate
dependent alteration dforonic acidand Custoichiometries $cheme35).1°® Longer chain
alkylboronic acids could be coupled in good yield. Howewegd reagent excesskhincreased
reaction times are reqed for electron paoanilines.Yields were also substrate dependent,
performing best with electredonating groups. Reaction conversion was again reliant on on
the order of addition. Following the same pattern as their previous report, boronic acid is
required to be added #w final step®*

Cu(OAc), (1.3-4 equiv)

R .
\/\B(OH)Z _NH, Pyr (3 equiv) R\/\N/R
Ar dioxane, reflux, 10 h
(1.3-4 equiv) H
R = alkyl, Ph

46 examples
6-95%

Scheme 35: Extended scope of coupling alkylboronic acids and anilines.156

Kuninobu and Sueki reported an expansion to the reaction scope to includ®madhid
esters $chemes6).1%” 1° and2° alkyl and benzydoronic esters could be coupled with anilines
and phenols in good yield. However, aliphatic amines were not tolerated and the scope of the
boronic esters reported is limitedhe coupling with morpholine and busyhine were
unsuccessiu The use of the strong oxidant,-tért-butyl peroxide is also undesirable.
Dialkylated product could be formed preferentially if the equivalency of boronic ester was
increased to two.
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XH X
R1,Bpin R? cat. Cu(OAc), (5 mol%) - R
(tBuO), (2 eq), PhMe, 2

50 0r 100 °C, 24 h

(1.1 equiv) _ 30 examples,
R' = alkyl or X=NRoro 42-99%
benzylic

Scheme 36: Alkyl or benzylic boronic esters catalytically coupled with anilines or phenols.57
Alkyl boronic esters could also be utilised in couplings with amitiadlefer and ce
workers developed the coupling of 2° cyclic and acyclic amides tolerating alkyl and aryl groups
forming 3° acyclic amide§Scheme37).1%8 Other oxidants were tested in the reaction such as

pyridine N-oxide, however no imrovement in yield was observed when compared to dry air.

o) Cu(OAc), (1 equiv) o
Bpin J]\ R Pyr@equiv) R1J\N’R2
R °N Cs,CO5 (0.5 equiv)
. H toluene, dry air, 110 °C, 24 h
(2 equiv)

20 examples
37-95%

Scheme 37: Amide coupling with cyclopropyl boronic ester.158

Watson and cavorkerslaterreported the use of diketimine (NacNac) ligands to promote
the coupling ofl° and2° alkylboronic esters witd° amides Scheme38).1%° Ligands usually
employed in aromatic Charam reactions (2;®ipyridine, 1,10phenanthrolie , and 2, 20,
tripyridine) gave low yielding result§®Ligand51 could be used for the coupling of 1° boronic
esters.The use ofalternative ligands2 for the coupling of2° boronic esters limited the
formation d the linear rearranged product, providing high regioselectivity. The methoxy

groups present in both ligands are thought to aid metal chelation.

Cu(OAc), (10 mol%), o R | o

R2 o L (10 mol%), NaOSiMe (1.6 equi :
: 5 (1.6 equiv) . -
A DTBP (3 equiv), 4 A MS > 3J\ A i R3JLN/RVR
1 Bpin R3 NH ( equw), ’ R N R H
R pi 2 t-BUOH, 75 °C, 18-24 h H : H
34 examples, ! Linear rearranged product !
31-86% ! ND '
Me Me N e .
N N IN N
| Sue 1L
e OMe
OMSMMeOMe Mo = Me
51-Primary boronic esters 52-Secondary boronic esters

Scheme 38: Chan-Lam coupling of 1° and 2°alkylboronic esters with amides.'>°
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Whilst the scope of the boronic ester has increased to include aryl, benzyli¢ amdi
2° alkyl compounds it is clear there is some work required to expand further thaf use

alkylboronic esters and improve reaction generality @s¢h@anLam reactions.

1.3.5.3 Arylamines

Arylamines are a common substrate for coupling with boronic acids in-lGman
reactions. However, diminished yields are often reported for the corresponding coupling with
arylboronic esters$® Watson and cevorkers reported a 16% yield when coupling laoybnic
ester41 with aniline under classical Chdram conditiongo give coupled produé&3 (Scheme
39 .138

Bpin Cu(OAc), (1 eguiv), :
/©/ PANH, EtsN (2 equiv) ~Ph
Ph CH,Cl,, 4 A MS,
air, RT, 24 h Ph
41 (1 equiv) 53

(2 equiv) 16%

Scheme 39: Low-yielding Chan-Lam coupling of arylboronic esters and anilines.6?

The group performedeaction optimisation to overcome this anyline coupling
problem. The addition of ethanol increased the yield of the desired product to 43%, although
by-product formation, namely the ether coupling prod4cincreased significantlyScheme
40). The improved yield is thought to arise from the alcohol aiding formation of the active
mononuclear Cu(lljrom the paddlewheel complex. The use of a mixed solvent system of
MeCN:EtOH (20:1) minimised the formation ofetlether byproduct, and allowed amination
in good yield. The reaction conditions were found to show broad functional tolerance across

both couplingpartners $chemet0).

Cu(OAc), (1 equiv)

A H i R
. 1,Bpln N Et3N (2 equiv) ’\|l . OEt
d A2T SR MeCN/EtOH (20:1), AT AR

3AMS,80°C,24h

54 ether
(1 equiv) (2 equiv) 24-87% by-product

24 examples

Scheme 40: Conditions for the coupling of arylboronic esters and anilines.
A mechanistic investigation from the same group was able to further explain the
associated issues with theseu of aryhmines compared to allarhines in Chatham
couplings!® EPR studies highlighted that the dissociation of the copper paddlewheel dimer

was slower with aniline than with piperidin€his dissociation event is vital in starting the

31



mechanistic cycle as the paddlewheel complex is unreactive-{@ee 13).1°%112 This event

is therefore deperdt on the Lewis basicity of the aminacreasing the am@aconcentration
could force forward this dissociation. WWis spectroscopy studies also uncovered another
issue when using anilines in Chham reactions. The oxidation of Cu(l) to Cu(ll) is generally
quicker with piperidine than anile, this key step igequired to complete the catalytic cycle.
To overcome these issues they proposed the use of boric acid as an additivinarehse in

the amine stoichiometry, a reversal from standard conditions, would be ben&fieialddition

of boric acid was seeto promote the oxidation from Cu(l) to Cu(ll) aiding turnover of the
catalytic cycle. The alteration of aniline stoichiometry would help promote the oxidation step,
but would also encourage denucleation of the coppeidlewheel to the active complex.
Employing these optimised reaction conditiowgh boronic este1 yielded comparable

results with aniline and piperidin8¢hemetl).

Bpin H Cu(OAc); (20 mol%) |
o N
RVN\RZ B(OH)3 (2 equiv), MeCN, Ar” OR?
4 AMS, 0,,80°C,24h
Ph
4 (2 equiv) Aniline 82%

(1 equiv) Piperidine 70%

Scheme 41: Mechanistic insight allowing optimisation of the coupling of arylboronic esters and
anilines.1%°

1.3.5.4 Alkylamines

1° and 2° alkylamines areommonsubstratesn CharLam couplings. They are often
coupled witharylboronic acidsbut ChanLam coupling with the analogous boronic esters are
less explored. Watson ard-workers reported decreased yields when using boronic4dster

to couple with piperidine versus boronic adlunder classical conditior{Schemet?2).1%°

B(OR), CuEtOﬁc)g (1 equw)
CH,CI 4A MS,
. e
Ph

air, RT, 16 h

(2 equiv) (1 equiv)

B(OR), = B(OH), (40) 87%
Bpin  (41) 28%

Scheme 42: Coupling of boronic acid or ester with piperidine with differing yields.1%°
There have now been a number of reports of €tean coupings with aryboronic esters
and alkybmines. Hartwig and eworkers first described the use of a boronic ester in a-Chan

Lam coupling with1° amines $cheme43).1%2 Previous conditions for the coupling of
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arylboronic esters reported by Batey and Quach did matyme the desired product with both
alkyl and aryhminest?? An excess of amine and the inclusion of potassium fluoride, thought

to aid transmetalation, provided the coupled products in moderate yield.

R3
1 |

R Bpin Cu(OAc),.H,0 (10 mol%) R! N
KF (1 equiv) “H
H,NR3
MeCN, 4 AMS, O,, 80 °C

2
R R?

(2 equiv) 14 examples
31-67%

Scheme 43: First reported Chan-Lam coupling of a boronic ester with 1° amines.162
Watson and cavorkers reported the coupling of dvgronic esters with® and 2° amines
(Screme44).1%8 6 C1 a s s i -tamlcdupli@yidid not afford product. These conditions can
be altered with the addition of ethanol to allow coupling with anilines$steme40). This
highlights reaction conditions for Ch&mam couplings are not general, they still require

optimisation for the alteration of substrates.

Cu(OAc), (1 equiv)
H Et3N (2 equiv)

.N
R “R2 MeCN, R1'N\R2
3AMS,80°C,24h

. Ar
Ar/Bp|n |

38 examples
10-91%

Scheme 44: Chan-Lam coupling of arylboronic esters with alkylamines.138
Whilst there is a large scope of d&gtorrarylamine and arydoronalkylamine Chan
Lam couplings there aralited reports of alkydoronalkylamine couplings. The report by Zhu
and ceworkers (se&cheme32) to the best of our knowledge is the only account describing a
ChanrLam coupling between an alkybronic acid and alkgiminest>? This methodoloy is

limited to the use of the privileged cyclopropgtonic acid.
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2. 15t Generation Alkyl Chan-Lam Reaction i Coupling of Anilines

2.1 Aims

ChanLam reactions reporting the useatiylboronic acids are often limited to privileged
structures, namely cycloprofpgdronic acids(see Sectiorl.3.5.2 Scheme30, Scheme31,
Scheme32, Scheme37). The analogous alkigbronic esters are underdeveloped for use in
amination reactions. Limited examples detail the coupling of cyclodropytic esters and to
the best of our knowledge onlgne reports the use of alkgronic acid coupling with
alkylamines(Schemeg?2).152151159\while some of the reactions can be performed catalytically
this necessitates the use of harsh terhormlants such as dert-butyl peroxide. Scope with
respect to both coupling partners is often limited. Reaction conditire unpredictable and

are frequently substrate dependent with reaction generality yet unattainable.

The aim of this project as to improve the scope of the Chaham reaction by
investigating theoupling ofanilines with2° benzyboronic estersThese boroniesters were
targeted as we hypahesised thattransmetalationcould be promoted througleharge
stabilisation of thentermediateorgan@uprateby the aryl ring In addition,it was plannedo

determine if the reaction is stereoselective when using chiralaz@mic boronic esters.

Once conditions are developed, planned to apply the method to the reactiorof
boronic estersand allyboronic esterswill also be investigatedThese substrates, to our
knowledge, have not been reported as coupling partners inl@mameactionsln particular,
the coupling of3° boronic estergiould enable access to 3° amas, which cannot be formed

through reductive amination

2.2 Results and Discussion: Aryl Amination of Alkylboronic Esters

2.2.1 Method Development for the Amination of Boronic Ester 55

Optimisation reactions were carried out By JamesD Grayson. In order to give
background to the discussion dadher optimisation work undertaken, included in this section

are select optimisation reactidios method development. For a complete overview of reaction
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optimisation please refer r JameD Gr a y s o n B34l reattiens and tables completed

by JamesGraysorar e denoted with 0JDG6O.

For optimisation, the reaction @ benzyboronic esteb5 coupling with anilinewas
explored, usingNVatson and covorker$ classical Chatham conditionsas a starting point
(Scheme45).1%1 Promisingly amine56 was produced, albeit in low yield. Alongside this,
oxidation byproducts ketoné&7 and alcohol58 were identified:® The incomplete mass
balance is thought to be due to protodeboionaif 55 to give ethybenzene, which is volatile

andsonot deteatd after work up

Cu(OAc), (1 equiv),
Bpin Aniline (2 equiv) _Ph

)\ EtsN (2 equiv) HN j\ )Oi
Ph MeCN:EtOH (20:1) Ph)\ Bh Ph
57 58

4 AMS, 80 °C, Air, 16 h

55 9% 21% <5%

Scheme 45: Amination of boronic ester 55 using Watsonandco-wor ker s ¥!'dbCGdi ti ons.

Through a sytematic alteration of conditiont)e yield of amin&6 was increased which
coincided with a redudion of oxidation byproducts57 and 58 noted from earlier work
conducted within the group and previous Gham cauplings.}!21% An overview of selected
optimisation results towards the CHaam coupling of alkyoronic esters with aniline is
shown inTable 1.1%° Throughoutthis studythe alkyboronic ester was the limiting reagent
partner as they are regarded as the more valuable reagent when compared to many anilines. In
contrast, many reported Chaam couplings emply an excess of the boron reagent to
diminish sde-products often originating from this coupling parth&rConsequently, method
development was focad on the reduction aide-products from the boronic ester component
(seeSchemetb).
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Bpin Aniline (X equiv), OMe

Ph
7
)\ Cu(OAc), (X equiv) HN j\ )Oi )\
Ph Cs,CO;3 (X equiv) Ph)\ Ph Ph Ph
56 57 58

MeOH:pyridine (XX:XX) 0
5

55 50 °C, Atmos, T ND
Cu  Aniline . Cs2COs3 Time Yield (%)

ENUY  oquiv equiv. MEOHPYT oyt AIMOS Tyt 55 55 57 s
1 2 2 3:2 2 Air 4 0 16 34 48
2 2 2 3:2 0.5 Air 4 0 30 32 5
3 2 2 3:2 - Air 4 0 6 60 <5
4 2 2 3:2 0.5 Ar 4 0 39 6 6
5 2 4 3.2 0.5 Ar 4 23 48 <5 6
6 2 4 31 0.5 Ar 4 51 38 <5 <5
72 2 4 31 0.5 Ar 16 ND 73 ND ND
82 1 2 3:1 0.5 Ar 16 ND 36 ND ND
9a 15 3 3:1 0.5 Ar 16 ND 67 ND ND
102 2 1 3:1 0.5 Ar 16 ND 46 ND ND
11 0 4 31 0.5 Ar 16 ND 0 <5 33
12 2 4 1.0 0.5 Ar 16 45 37 <5 0

Table 1: Overview of the optimisation of the amination of boronic ester 55 with aniline. Yields
determined using *H-NMR analysis and 1,3,5-trimethoxybenzene as an internal standard. Reactions
conducted on a 0.05 mmol scale of 55. a) Reactions conducted on a 0.5 mmol scale of 55, yield of
isolated material. JDG.

Cu(OAc) is the most widely used Cu source for Cham couplings-*?> For the
coupling of boronic esteb5 with aniline the only Cu source tproduce amines6 was
Cu(OAc). Performing the reaction under aliaplel, Entry 1, 2, and Bwhilst forming amine
56 in moderate yield alsorpducedarge quanties of oxidation byproducts57 and58.108109
112164166 Decreasing the equivalents ofC€s (Entry 2) increased thgeld of amine56 and
decreased the formation of alcol®8l The use of an inert atmosphere (Entry 4) decreased the
formation of byproducts57 and 58, which is consistent with ©being involved in their
formation'® Consequently without the use of air or an external chemical oxidant,
stoichiometridoadings of Cu(OAg)are requiredTwo equivalents of Cu werfeund togive
a consistently high yieldf the corresponding amine produictcreasing the aniline equivalent
to provide a 2:1 ratio of aniline:Cu(OAgENtry 5) provided a boost in amiBé production.
Lowering of the pyuline content to a 3:1 ratio gave a better overall mass balance (Entry 6).
This could be du¢o decreased protodeboronation occurring under these conditions. The use
of an alcoholic solvent medn in aryl ChanLam reactions magometimes provide¢he
correspondingetherification product?®1® During optimisation and assessing the scope of the
reacton no etherification byroduct59 was observedlincreasing the reaction time to 16 h
(Entry 7, 8 and 9allowed the boronic ester to be fully consumaahdudng good yields of
amine56. Attempts to decrease Cu loading and amine equivalency provided lower%inine
yield (Entry 8 and 9). Due to the low cost of Cu(OAahd often dw costs of the coupling

partner amine, 2 equivalents of Cu(OA@nd 4 equivalents of amine were used as the
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optimised reaction conditions (Entry 7). An inverse ofdtoechiometryof reagents was tested
(Entry 10). With only onequivalenbf aniline a moderate yield of amibé was still obtained,

allowing a reduction in the amine coupling partner if this were the more valuable reagent.

In control reactions, Cu was required to produce any coupled pragi(Eentry 11). This
suggess the reaction proceeds via a mateddiated process. The removal of pyridine from the
reaction conditions reduced amib@yield (Entry 12). Pyridine could be working to break up

aggregates of Cu(OAg)allowing a larger portion of active catalystlie present®®

2.3 Scope of the Reaction for the Amination of Alkylboronic Esters

2.3.1 Aniline Scope

The work in this section was completed collaboration withJamesGrayson.The
reaction was frequently perimed in duplicate by both Jam& aysonand myself. The
reactions performed by Jam€saysonare included to allow a full overview and complete

discussion of this project.

Using the optimised reaction conditigtise scope of the amination reaction westéd.
A number ofl° and2° amines were coupled with a range26fand3° boronic esters. During
optimisation reactions were carried out on a Or@Bol scale with the yield determined ty-
NMR analysis Once the reactioscale was increased to @nol consideration needed to be
given to the workup procedure to remove Cu salts. Extraction vaithmonium hydroxide
facilitated the removal of the majority of Cu salts to improve purification. In some instances,
during columnchromatography purification eelution of the amine product and unreacted
boronic ester occurred. In this casexidation of tle remaining boronic ester to the
corresponding alcohol was carried out using sodium perbatiieiing betterseparabn and
therefore purificationof the amine productThe yields of compounds that required the
additional oxidation step were mparable tahe correspondin@iMR vyield from the crude

reaction mixturesuggesting minimdbssof materialduring theoxidation

Boronic esteh5 was coupled with a range @f anilines Gcheme46). Both electron
donating and withdrawingubstituent®n the anilinevere toleratd. However,electronpoor
anilines generally requirednore forcing conditions including higher temperatures and
increased reaction times to obtain a good yield. A wide range of functional groups are tolerated
including alkeres 60, sulfides 62 and trifluoromethyl 65. A reduced yield was obtained for
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sterically hindered 2;8imethyl aniline71 despite increased temperature and reaction time.
This is comparable to other Chaam couplings of amporonic acids, which have been
reported to be sensitive to the sterics surrounding the dtrifie electroit properties of
methoxy substituted anilinegppear to impact reactivity more so than their steric interactions.
Comparablgields are achieved foeaction op-anisidine6l and the sterically more congested
o-anisidine69. Whereasn-anisidine68 only reacted ira modest yield even after an increased
reaction time. The electronic effect of an additiopdidromo substituenn 70 detrimentally
impacts the yield when compareénisidine, likely due to its electramithdrawing properties.
The reaction can also be scaled up to 1 g with no impact on theofiélld No Ulimann
coupling products from gt halides were observed. Bromisabstituted anilines tended to
result in a reduced yield of coupling prodégtand70. In all casesno dialkylation products

were observed.

Cu(OAc), (2 equiv),

Bpin NH,
Cs,CO3 (0.5 equiv)
MeOH:Pyridine (3:1)
R! 50 °C, Argon, 16 h

55 (4 equiv)

/©/O\/\ /©/OM9

HN HN

Ph)\ Ph)\ Ph)\ Ph)\ F’h)\
61

60 799,06 62 63 56

73%JDG,C

67%®

HN HN HN
Ph)\ Ph)\ Ph)\
64 65 66
589,/DG.a 369%/DG.ab 61%7DG.a.b

L L

67 68
449,90G.b 47%3DG.b

HN : OMe

MeO
HN: :
Ph)\

69
719%7DG

Meojij/Br Me

HN HN ;
)\ )\ Me

Ph Ph

70 7
55% 30%9/DG.a,b

Scheme 46: Scope of anilines with boronic ester 55. Yields are of the isolated material. Reactions
performed on a 0.5 mmol scale of 55. a) Reaction temperature of 65 °C. b) Reaction time of 48 h. c)
Reaction performed on 1 g scale of 55.
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Heteroaromatic and carbazole derived anilines produced thet@mnimproducts2, 73
and74 in moderateyield (Scheme47). Conversely, when coupling pgime-derived anilines
purification became an issudespitethe corresponding products being observed\iMR
analysisand masspectrometryof the crude reaction mixture. Isolation was therefore not
possible presumablylue b the compounds apparent water solubility and incompatibility with
purification. Lam and caevorkersalsoreported diminished yields df-arylatedproducts when

using aminepyridine substrate¥."1%” This could be due to theoordinatingnature of these
compounds.

1
Bpin Cu(OAc), (2 equiv), R

/NH2 Cs,CO3 (0.5 equiv)
—_—_—
R! MeOH:Pyridine (3:1)
50 °C, Argon, 16 h

-

55 (4 equiv)
N’N/ MeOC O /@ /@ /@1
HN/“\) HN L O N~me AN SN N N
Ph)\ Ph)\ HI Ph)\ Ph)\ Ph)\
Ph)\
72 73 74 75 76 77

599JDG.a 45% 29% ND ND ND

Scheme 47: Scope of heteroaryl amines with boronic ester 55. Yields are of the isolated
material. Reactions performed on a 0.5 mmol scale of 55. a) Reaction temperature of 65 °C.

A number of2° anilinesaretolerated with the correspondingroducs formedin good
yield (Scheme48). However, with icreased steric himdnceof the amine, theeactivity
decreasedN-Methyl aniline78 and tetrahydroquinolinédonly required an increase in reaction
temperature to 65 °C to produce good yields. The more sterically demaxasogropy!
aniine required both increased temperature and reaction time to produce a moderatkt yield
80, whilst diphenyl aniliné81 did not undergalkylation Whenaminationproduct56 was re
subjected to the reaction conditiofigither coupling did occur in low yieldo giveamine82.

This modest dialkylation suggests that whilst possible it is challengatgntiallyexplaining

why generally dialkylation productgerenot detected.
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Bpin
R! R2

AN

Iz

55 (4 equiv)

Cu(OAc), (2 equiv),

Cs,CO3 (0.5 equiv)
MeOH:Pyridine (3:1)
50 °C, Argon, 16 h

R1\N/RZ

o

78
839,JDG.a

79
67%9DC.a

80 81 82
449,JDG.ab 0%1DG 18%32P

Scheme 48: Scope of 2° amines with boronic ester 55. Yields are of the isolated material. Reactions
performed on a 0.5 mmol scale of 55. a) Reaction temperature of 65 °C. b) Reaction time of 48 h.

The generality of the reaction was tested further with a wider class of anSnkerge

Bpin

(4 equiv)

49). Morpholinewas coupled in a moderate yidl8B), howeverpiperidinedid not undergo
reaction 84). Benzylamine and cyclopropylamine (leading8®and 86), imidazole87 and
tosylamine88 were not tolerated under these reaction conubtiorhe incompatibilityof
alkylamines, imidazole and sulphonamides shows potential for further optimisation of the

current reaction conditions to expaihe reactiord generality.

Cu(OAc), (2 equiv),

Cs,CO3 (0.5 equiv)
MeOH:Pyridine (3:1)
50 °C, Argon, 16 h

®

sallen

83

319%9JDG.ab

RLN,R2
H
55

P

HN Ph

o

85
09%9DG

o

86 87 88
09%9DG 09%7DG 09%9DG

Scheme 49: Scope of wider amines with boronic ester 55. Yields are of the isolated material.

Reactions performed on a 0.5 mmol scale of 55. a) Reaction temperature of 65 °C. b) Reaction time

of 48 h.

The chemoselectivity ahe reaction was tested with difunctional anilB@(Scheme

50). Coupling was solely observed at the amine position. The alternative amide coupling was
not detectedby either NMR analysis omass spectroetry. The moderateyield of 90 is
presumably due to the electranthdrawing properties of the amide grougeducing the
reactivity of the anilineThe chemeelectivity of this reactionis complementary to amide

coupling reports of Watson and-emrkers!6819
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. NH; Cu(OAc), (2 equiv), NH
Bpin N Cs,C0; (0.5 equiv) 2
ph)\ 2 MeOH:Pyridine (3:1) HN
o 50 °C, Argon, 36 h )\
Ph

57 89 90
(4 equiv) 449,JDG

Scheme 50: Chemoselectivity of amine or amide. Yields are of the isolated material. Reactions
performed on a 0.5 mmol scale of 55.

2.3.2 Boronic Ester Scope

The scope oR° boronic esters was next investigat&tijemes1). All boronic esters
presented in the scope were prepared usiogvkrliterature rethodsIn some instances, when
using aniline as the coupling partneralation of the product and the boronic ester starting
material occurred during silica chromatography. To aid purificationaad ceelution, p-
anisidine was used as the coupling partner lfdsaonic esters tested. This negated the need
for an additional oxidative worlip step. Both electredonating and withdrawingryl
substitents on the2° benzylic boronic esters were compagilith the reaction conditions.
However,increased reaction times and temperatures were requirdtefaroreelectron poor
boronic ester(96). Sterically demanding-methylsubstituted benzylic boronic estér00)
reacted in comparable yield {@methylsubstituted boronic estgB3). Increasing steric
hindranceusing Xnaphthytsubstitutedoronic estelted to a slight reduction in yield of amine
101. No coupling product was observed whesing aboronic ester with additional steric
hindranceof an isopropyl group alpha to bor¢h02). Aryl halide substituted boronic esters
94, 95, 98 and99 are compatibleproducing no observable Ullmann coupling products.
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Cu(OAc), (2 equiv),

Bpin Cs,C03 (0.5 equiv)

J\ Ar/NH2
2

R1 R MeOH:Pyridine (3:1)

50 °C, Argon, 16 h
Ar =4-MeOCgH,
(4 equiv)

HN

MeO

91
69%

OMe

97
78%

HN

Ar Ar
HN” HN”
93 94

92

64% 71%

Ar
HN” Ar
HN”
B : Me
r

98 99 100
61%JDC.a 48% 69%7DG

70%

Cl

Ar Ar
HN” HN”
95 96

56% 42%3P

: _Ar
Ar” &/

101 102
45% 0%3DS

Scheme 51: Scope of the amination of 2° benzylic boronic esters. Yields are of the isolated material.
Reactions performed on a 0.5 mmol scale of boronic ester. a) Reaction temperature of 65 °C. b)

Reaction time of 48 h.

The amination reaction was next tested Wittbenzylic boronic esters witaxtenad U-

alkyl chain length $cheme52) .

C o mp anethytborohioestdss, a modest decrease in

reactivity was typically observed. Subsequently, an increased temperature 6€ 6bas

necessary, with longer reaction time required for some exanfp@s 105 and 106).

Functional groupsolerated include azidé04, ketonesl09 and an unprotected alcohbls.

Heteroaromatic boronic estdi06 wa s

al so

c-asten fhardnic ledtee formda an

inseparable mix of amin&07, as well as theorresponding transesterification methyl ester

productl108in a ratioof 1:2.B o t Jestefa n dket@ioronic estes reacto form amines 107

and 109 respectively, albeitin diminished yield. This could be attributed fwoduct

decomposition through a rethannich reaction.
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Cu(OAc), (2 equiv), Ar

Bpin . -
J\ /NHZ Cs,CO; (0.5 equiv) . HN
R17 O R2 Ar MeOH:Pyridine (3:1) J\
o R'" “R?
65 °C, Argon, 16 h
Ar = 4-MeOCgH,4
(4 equiv)
Ar
HN”
Ar Ar Ar
HN™ HN” N N=N OH
)\/\ )\/\/ )\/\/ I\/)\/ I ove
N N
Ph 0" > Pn Ph 8 Ph N
Boc
103 104 105 106
59%70Ca 58%70¢ 52%70C0 56%"
Ar Ar Ar
SNH O SNH O SNH O
Ph)\/U\OEt Ph)\/U\OMe Ph)\/u\ Ph
107 108 109
12%JDG 26%JDG 20%JDG
Ratio of crude material 1:2

Scheme 52: Scope of the amination of 2° alkyl substituted benzylic boronic esters. Yields are of the
isolated material. Reactions performed on a 0.5 mmol scale of boronic ester. a) Reaction time of 32 h.
b) Reaction time of 48 h.

1° benzylic anchon-benzylic boronic esters were tested to fertexplore the generality
of the amination reactionS€heme53). 1° naphthyl benzylic boronic estavas coupled
effectivelyto produce anme 110 in good yield. No dalkylaton of 110 was observed, which is
contrary tosome exampleseportedoy Kuninobu and ceworkers!®’ Conversely, bott° and
2° alkylboronic esters displayed reduced reactigtyrmation of amine$11 and112 were not
tolerated under the current amination procedure. Cyclohesgtic ester was coupled to
produce aminé13, albeit in a low yield. The increased reactivitypenzylic boronic esters is

presumably due to stabilisation of a benzyl Cu intermediate bgryheng.

, Cu(OAc), (2 equiv), Ar
f” _NH, Cs,C05 (0.5 equiv) HN”
RO R2 Ar MeOH:Pyridine (3:1) ; )
50 °C, Argon, 16 h R 'R
Ar = 4-MeOCgH,
(4 equiv)
) > Ar
(0] (0] -
N/Ar N,Ar HN
H H
N/Ar
H
110 111 112 113
62% 0%1DG 0%2DG 119%4JDG.a

Scheme 53: Amination scope of 1° benzylic, 1° and 2° alkylboronic esters. Yields are of the isolated
material. Reactions performed on a 0.5 mmol scale of boronic ester. a) Reaction temperature of
65 °C.
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2.3.3 Aryl Amination of 3° Boronic Esters

Transformations of 3° boronic esters under transition metal meditated conditions are
limited. ChanLam couplings of 3° boronic esters to our knowledge have not been previously
reported. @upling ofboth daryl and dalkyl 3° boronic esters wasvestigated $chemeb4).

During reaction optimisation for the coupling of 3° boronic esters a number of unidentified by
products were faned. Alongside thisprotodeboronated and alcohol sji®ducts were
formed.The alcohol sidgroduct had been observed after several days to undergo dehydration
to form an alkeneReactions performed best at room temperapnesumably due to increased
stabilisation provided by a tertiary intermediatpromoting trasmetalation even at reduced
temperaturesCouplingan aniline with an electron donating group formed artittan higher

yield than with an electron withdrawing grodd6. No Ullmanncoupling products were
observed when couplingp-chloro aniline. Boronic esters with electron withdrawing
substituats could be coupled to produce amiri@ and118. When using p-trifluoromethyl

group an increase in reaction temperature was nedjid promote couplingCoupling with
dialkyl 3° boronic ester also required an increased reaction temperature for full consumption

of starting material to produce amih&9 in moderate yield.

Cu(OAc), (2 equiv), HN AT

Bpin
R3 _Ar Cs,CO3 (0.5 equiv) _ R
R2 H2N MeOH:Pyridine (3:1) R?
25 °C, Argon, 16 h
R’ R

pey . Ne

R=H 114 42%°¢
= OMe 115 59%P¢
=Cl 116 42%/°¢

O

19
R=Cl 117 44%°C 4492

= CF; 118 25%7P¢:2

Scheme 54: Coupling of 3° boronic esters. Yields are of the isolated material. Reactions performed
on a 0.5 mmol scale of boronic ester. a) Reaction temperature of 50 °C.

2.3.4 Mechanistic Insight into the Reaction

The amination of enantiomerically enriched boronic €865 was undertaken in order

to explore if the amination reaction proceeded stereoselecti8eheMmes5). The amineb6

44



was brmed in high yield, however, only as a racemate. This complete loss of stereochemical
information could be due to the formation of a radical intermediate during transmetalation.
Another possible explanation could be attributed to the configuratios@bility of an
organocupate intermediate. Knochel and-amrkers have previously reported tiZtalkyl

Cu(l) species epimerise abova0 °C.1%°

Bpin NH Cu(OAc), (2 equiv), /@
2 Cs,CO4 (0.5 equiv) HN
MeOH:Pyridine (3:1)
50 °C, Ny, 16 h

(S)-55 : 56
er=97:3 (4 equiv) 73%

er = 50:50°P¢

Scheme 55: Amination and subsequent racemisation of enantioenriched boronic ester (S)-55. Yields
are of the isolated material. Reactions performed on a 0.5 mmol scale of (S)-55.

In order to gain further mechanistic insight a radical clock experiment was proposed.
Cyclopropyboronic esterl20 was subjected to amination conditions to explore ifakyl
radical is forming $cheme56). If the cyclopropane ring remains intact, this implies
transmetadtion occurs via a twelectron process. Alternatively, if rimgpening of the
cyclopropyl isobserved, this suggests a radimtermediate is likely to have formed. This
radical intermediate could form in two ways, by H atom abstraction alpha to boron or by
homolytic GB bond cleavage. Amination @P0 provided solely the ring opened prodaet.

This is presumably due to the reaction proceeding through a radical intermediate.

Bpin Cu(OAc), (2 equiv), H
_NH, _Cs2CO5 (05 equiv) A N
Ar MeOH:Pyridine (3:1)
65 °C, Argon, 48 h OMe
120 Ar = 4-MeOCgH, 121
(4 equiv) 39%

Scheme 56: Amination of cyclopropylboronic ester 120 to form the ring opened product 121. Yields
are of the isolated material. Reactions performed on a 0.5 mmol scale of 120.

2.3.5 Amination of Allylboronic Esters

To expand the scope of boroeisters, allyoronic esters were tested under the amination
condtions. To the best of our knowledge no abigronic esters have been used as coupling
partners in Chatham couplingsnsymmetrical boronic estéf? formed both lineat23 and
branchedproduct124 in a 1:1 ratio cheme57). An explnationfor formation of both

regioisomers in this ratio is currently unknown. Transmaetali on coul d occur at
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O positions, pr ovi Atermagvelygl 3allyliz transposition df thepatlyb d u c t s
Cu linear isomecould occur prior to reductive eliminatidf? Good yields were obtained for

all couplings with allyboronic esters, suggesting the allylic position provides similar
stabilisation to that of benzylic boronic esters.

. Ar
Cu(OAc), (2 equiv), “NH
X-"Bpin A _Cs:004 (05 equiv) N N P
HaN MeOH:Pyridine (3:1) H
65 °C, Argon, 48 h
122 Ar = 4-MeOCgH, 123 124
(4 equiv) 33% 30%

1:1 ratio of crude

Scheme 57: Amination of boronic ester 122 with p-Anisidine.

Another norsymmetrical allyboronic estet 25 was submitted to the reaction conditions
to further test th regiomeric outcomeschemes8). In this case a 1:2.5 ratio of linear amine
126 to rearranged isomet27 was isolated, matching theatio in thecrude material Cu
catalysed allylic substitutions with organometallic nucleophiles typically fesubstituted
products though he substitution pattern depends on a number of factors including reaction
solvent, temperature and both coupling spelteBhe increased formation of amih&7 could

be attributed to formatioof a more stabl8° allyl-Cu or radical intermediate.

Cu(OAc), 2 equiv) H Ar

= Bpin A Cs,C0; (0.5 equiv) % Nar P
2 MeOH:Pyr (3:1)

50 °C, Argon, 18 h

Ar = 4-MeOCgH, 126 127

125 (4 equiv) 17% 43%

1:2.6 ratio of crude
Scheme 58: Amination of boronic ester 125 with p-Anisidine.
Next, thecoupling of a symmetrical allgbronic ested 28 was tested§cheme59). A
2.4:1 ratio of amin@é29was poduced in moderate yield alongside dialkylated arh@e This
wasthe only example of dialkylatioduring this investigatiorfexcept wherresubmittinga
productbackto reaction conditionseeSchemel8). Presumablythis could be due to the less

sterically demanding nature of the #igronic estel28 compared to benzylic boronic esters.
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Cu(OAc), 2 equiv)

_Ar Cs,CO; (0.5 equiv) _

Bpin H,N

MeOH:Pyr (3:1)
50 °C, Argon, 18 h

Ar = 4-MeOCgH, 129 130

128 (4 equiv) 43% 18%

3.2:1 ratio of crude

Scheme 59: Amination of boronic ester 128 with p-Anisidine.

The use ofN-methyl amine was employed in the coupling with boronic e$B8r
(Schemes0). This amine was chosen to avoid dialkylation and enable a test of steric tolerance
when coupling allyoronic esters. Aood yield of amie 131 was achieved when compared
to the coupling with benzylic boronic ester requiring the use of forced reaction conditions (see
Scheme48, 78).

MeOH:Pyr (3:1)
50 °C, Argon, 18 h

Cu(OAc), 2 equiv) |

)\/ Cs,CO0; (0.5 equiv) N
Bpin \N
H

. 131
128 (4 equiv) 57%

Scheme 60: Amination of boronic ester 128 with N-methyl amine.

2.3.6 Initial Kinetic Studies

Preliminary kinetic investigations were performed under standard reaction conditions.
This work was completed in collaboration with the Centre for Rapid Online Analysis of
Reactions (ROAR) at Imperial College, London. Data onrdte of production of aminél
and consumption of starting material boronic eSkewas collected usinReactIR and LCMS
analysis of aliquots of the reaction mixture. During initial data collection the order of addition
of reagents had a large impact on yield of antiheThe standard methodology developed
comprised a 6siadpli & iagents w@thereatdtidn vessel prior to addition of
solvent. For the kinetic studies the reaction needed to be initiated by addition of a key reagent
at 50 °C to control and monitor the starting point of the reaction. Initial attemptsuioate
Cu, base rad amine at 50 °C for 30 mins prior to the addition of boronic &steroduced a
significantly reduced yield of 20% of ami6& after 4 h Schemes1, A). The reduction in yield
suggests &u-complex formed fronp-anisidine and Cu(OAg)is inactive for the coupling.
Changing the order of addition to incubate Cu, base and boronic5&stéth subsequent
addition of a solution of amiresulted in aminél being produced in comgedle yield to the
6one pot 6 SckemédbB)Ool ogy (
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A) 1) Cu(OAc), (2 equiv) OMe
Cs,CO3 (0.5 equiv)
NH, MeOH:pyr (3:1)
/©/ 50 °C, Argon, 4h HN
2 . P
MeO ) Bpin Ph

Ph)\ 61

55 ~20%

(4 equiv)

B) 1) Cu(OAc), (2 equiv)

OMe
Cs,CO3 (0.5 equiv)
Bpin MeOH:pyr (3:1)
)\ 50 °C, Argon, 4 h HN
Ph 2) p-Anisidine (4 equiv) Ph)\

55 61
~64%

Scheme 61: Order of addition tests of aniline and boronic ester 55. Yields determined using *H-NMR
analysis and 1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.5 mmol
scale of 55. Reaction concentration of 0.38 M.

Utilising this methodology, ReactIR data waslecied for the formation of amirgl
and consumption gf-anisidine figurel15). Aliquots of the reaction mixture were also taken
and analysed by LCMS to evaluate the concentration of aBdirfEigure16). A correlation
was observed between the LCMS and ReactIR results for the formation of &mifieis
suggests ReactIR could provide a method to suitably monitor the reactione AL was
produced in approximately 60% yield after 4 h from LCMS analysis. This result is comparable
to reaction optimisation data, usifg NMR analysis producing a 55% yield after 4.
Unfortunately, due to the COVHR9 pandemic, plans for further investigation of the reaction
mechanism aROAR were not able to be carried out.
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Figure 15: Concentration change of p-Anisidine (blue) and amine 61 (orange) over time determined
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Figure 16: Change in concentration of amine 61 formation over time. Yields determined by LCMS

analysis, using biphenyl as an internal standard.
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2.4 Conclusions and Future Work

Work was focued on the expansion of the substrate scope wesdablished conditions
for the amination of alkydoronic estrs and anilinesDeviating from arylamine coupling
partners to incorporate allyhines resulted in reduced yiel@®&everal noteworthy products

were synthesised that merit further investigation.

w Cu(OAc), (2 equiv), R _Ar

°N B/O R{N,Ar Cs,CO; (0.5 equiv) N
MeOH:pyr (3:1), J\
J\ H o R1 R2
R R?2 50/65 °C, Argon, 16/48 h
. 47 examples
(4 equiv) 30-83% yield

Scheme 62: Overview of the amination of alkylboronic esters with anilines.

Coupling of alkyboronic esters and allamines is underdeveloped and to our knowledge
has only been reported when utilising cycloprdoybnic acid®? Consequently, thé\-
alkylation of noncyclic boronic estef5and morpholine provides a valuable proof of concept

albeit in moderate yield under forcednditions

) (0]
Bpin
E j Cu(OAc), (2 equiv),
N Cs,C0; (0.5 equiv) N/w
H MeOH:pyr (3:1), k/o
65 °C, Argon, 48 h
55 (

4 equiv) 83
31 %JDG

Scheme 63: Successful coupling of an alkylboronic ester and alkylamine.

ChanLam couplings with allyporonic esters, to our knowledge have not been previously
reported. N-Alkylations with unsymmetrical alljdoronic esters proceed successfully.

However, reasang for the regioisomeric ratio formed is still unknown.
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Cu(OAc), (2 equiv),

R Bpin _Ar Cs,CO;5 (0.5 equiv) R N
W H,N MoOH oy 1) %\/ Ar

R? 50 °C, Argon, 16 h R2
Ar = 4MeOCgH,
(4 equiv)
Ar ’
Ar [ H <
H HN Do N HN
Ph \/\/ N\Ar )\/ E 1 Y\/ Ar M
P 126

123 124 o 17% 127
33% 30% h ! ° 43%

1:1 ratio of crude E E 1:2.6 ratio of crude

Scheme 64: Regiomeric outcomes from the amination of unsymmetrical allylboronic esters.

3° boront esters were also shown to be viable coupbagners. These substrates have
also, to our knowledge not been reported in Cham couplings. These investigations, while
modest, provide access to 3° amines which are synthetically challenging td hefiormation
of a large number of sidgroducts wien utilising these substrates highlights a limitation to the

methodology.

w Cu(OAc), (2 equiv), HN/Ar

ON B/O A Cs,CO05 (0.5 equiv)
H,N MeOH:pyr (3:1), | SN R?
25/50 °C, Argon, 16 h
A R? ’ ’ / P>
|/ P> (4 equiv) R
R! 8 examples

21-59% yield
Scheme 65: Overview of the amination of 3° alkylboronic esters.

Future work would look to develop divergemaction conditions to enable the coupling
of alkylboronic esters and allginines.Further optimisation work could look to develop the
reaction conditions by reviewing the use of ligands and additives. The userdinating
groups or ligands coulélso enable stabilisation of allyl Cu intermediates to influence

regiomeric outcomes.

Although the transfer of stereochemistry was not achieved under current conditions the
development of an asymmetric amination methogyplwould deliver a powerful synthetic
procedurelnitial mechanistic studies suggest the formation of a radical inteateedihis
accounts for theadical clock ringopening product and loss of stereochemistry. Development
of reaction conditions to toleachiral ligands could be investigated to access an asymmetric

amination reaction.
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3. 2"4 Generation Alkyl Chan-Lam Reaction i Coupling of
Alkylamines

3.1 Aims

The focus of this project was develop conditions to extend the scope of the reaction to
the amination of alkyloronic esters with alkgmines. This would provide a complimentary
approach to the coupling of allkdronic esters and anilines. Curreritdyour knowledge, there
is only one reported example of alkgronicacid and alkyaminecouplingby Zhu and ce

workers®? This report idimited to the use of privileged cyclopropyironic acid.

Intentions to usenild reactionconditiors with the avoidanceof unfavourablegerminal
oxidans would be beneficial in producinghatherpractical CharlLam coupling method. An
asymmetric variant of the coupling will be investigatdufough the us of either an
enantioenriched alkigbronic ester or through the use of chiral ligatedc@uplexesEfforts

to expand the scope to include the coupling of 3° boronic esters will be undertaken.

3.2 Results and Discussion: Development of an Alkyl Amination of
Alkylboronic Esters

This section of work wadone in collaboration witlbr Antonio RomereArenas and
built on initial resultsfrom MChem stidentJonatharAndrews(d e n o t e d. Optiyisaiiah A 6
tablesandaminesubstrateproducedy AntonioRomerocArenasar e denot edseby 06 AR

resultsare included to allow a congik discussion of the method development.

3.2.1 Method Development for the Alkyl Amination of Boronic Ester 55

Initial investigations were focused on the reaction of 2° benzylic borotec ¥sand
morpholine in the presence of Cu salts based on iederdnditions$chemes6). 2° Benzylic
boronic esters wermitially used due to ourpreviousresultsfor the coupling of anilines
(Chapter2). Theseshowed that transme#dion of the benzylic boronic estevgaspromoted
presumablydue to charge stabilisation from tlaeyl group of the resulting benzyl copper
species. Optimisation reactions were performed on a8l scale, unlesstherwise stated,
with yields determined throughH-NMR analysis of the crude material using 1;3,5
trimethoxybezene internal standard. The oles@ formation of aminég3 (and otherside

products) were confirmedhrough comparisorof daa from an authentic sample, and
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subsequent doping and comparison of NMR samples. It has been assumed that throughout
optimisation anyncomplete mass balance is due to protodeboronation, to give ethyl benzene,
which is presumably lost during work up due its low boiling point. Optimisation was
completed with morpholine as the coupling partasithe produ@3 hasan indicative benzylic

proton, distinct from any residual solvent pedésilitating accurate quantification of reaction

yields through'H NMR analysis

(0]
Bpin
[ j CuBr, (2 equiv),
N pyridine (40 equiv) N/\
H Toluene, Ny, 50 °C, 64 h K/O
(4 equiv)

55 83

Scheme 66: Inherited alkylamine coupling conditions. JA.

Initial resultshad been previously performed in the group dyalhan Andrews o8°
benzylic boronic estes5 with morpholine and piperidine as coupling partn&shemes7).
Yields using conditions A developedor the coupling of anilines an2° boronic esters (see
Section2.2.1) were modest bulemonstrated proof of concejotr the coupling of aphatic
amines. After systematically adjusting the conditiomsailanwas ableo increasehe yields
of the couplingproducts by using 2 equivalents of CuByridine in 40 equivalents in toluene
at50°C. However, in order to aeve these increased yields an extended 64 h reaction time

was required.

X

Bpin X . .
A: Cu(OAc); (2 equiv), Cs,CO3 (0.5 equiv)
N Pyridine (40 equiv), MeOH, Ny, 50 °C, 24 h N/ﬁ
H B: CuBr; (2 equiv), pyridine (40 equiv) K/x
X=0 Toluene, N,, 50 °C, 64 h
55 X = CH X = O yield 38%A
2 X = CH, yield 14%%*

(4 equiv) X = O yield 39%"A
X = CH, yield 93%*A

Scheme 67: Alkylamine Chan-Lam coupling with A) aniline optimised conditions and B) previously
optimised conditions by JA. Yields determined using 'H-NMR analysis and 1,3,5-trimethoxybenzene
as an internal standard. Reactions conducted on a 0.05 mmol scale of 55. Reaction concentration of

0.1 m.

Using trese conditions Jonathanperformedthe coupling of boronic estes5 with
morpholineand piperidineon larger scaléScheme68). Amine products83 and 84 were
isolatedin good yield and showed promise for the expansion of alkyl coupling partners with
boronic estebb5. These initial results weligreproducibleandfurther reactioroptimisationwas

thereforeundertaken
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X
Bpin [ ]
CuBr, (2 equiv),
N pyridine (40 equiv) N/ﬁ
H Toluene, Ny, 50 °C, 64 h k/x

55 i f SH 83 X = O yield 63%
N 2 = i o/ JA
(4 equiv) 84 X = CH, yield 60%

Scheme 68: Coupling of boronic ester 55 with morpholine and piperidine. JA.

To increase the practicality of the reaction conditions, both reducing reaction time and
aiming to decrease catalyst loading, further method developwashundertakenJtilising
these inherited conditions, temperature and time frames were first investigatad ).
Reaction temperatures of 3G, over both timeframes fored amine83 in poor yield Table
2, Entry 1 and 2). An increased temperature of 80 °C and a reduced time frame of 16 h gave
comparable yields of amir@3 to those recorded by JElitry 4).Further elevated temperatures
were teted Increased temperatures decreased product formation and lowered the amount of
unreacted starting materiab, presumalyl due to an increase in protodeboronation (EBtry
and 9.

(o}

Bpin CuBr, (2 equiv),
pyridine (40 equiv)
N Toluene, N,, T °C, th
H k/o

55 (4 equiv)
. o Y|eld %
Entry Time (h) Temperature (°C) 83 (%) 55
1 40 50 21 76
2 16 50 25 50
3 40 80 36 58
4 16 80 46 51
5 16 90 25 61
6 16 100 24 39

Table 2: Effect on the temperature and time on the amination of 55. Yields determined using *H-NMR
analysis and 1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol
scale of 55. Reaction concentration of 0.1 m.

The copper source was next investigated with a range of Cu(l) and Cu(ll) sources trialled

(Table 3). Cu(l) sources were generally poor in producing andBewith the exception of

CuBr (Table3, Entry 1). This is potentiallglue to the ease of oxidation of CuBr to CuBr
Most Cu(ll) sources tested also failed to form the desired amine p@&giltsing CuCl (Entry

5) produced some ami®8, however, less starting neaital remained when compared to CaBr
(Table2, Entry 4). Acetate counterions are often prafide over halogenated ions in Chan
Lam couplings®® Previously reported yields when employing theseh@logen catalysts are
often low; including coupling alkydoronic acidsand alkyhmines®*1°2172 However, it has
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been proposed thahe halide could be promoting the reamh by acting as a Lewibase

activator of theboronic estet’3

(0]
Bpin E j 9
Cu source (2 equiv),
N pyridine (40 equiv) N/\
H Toluene, N,, 80 °C, 16 h K/O
55 83 57

(4 equiv)

Yield (%)

Entry Cu source 83 55 57
1 CuBr 51 36 0
2 CuCl 5 43 3
3 Cul 0 84 0
4 CuSO4 0 25 0
5 CuClz 22 42 2
6 Cu(CFsS0:s): 0 0 0
7 Cu(acac): 0 0 2
8 Cu(OAc)2 0 53 2
9 CuO 0 86 3
10 CuBr.DMSO 7 60 0
11 Cu 2-ethylhexanoate 0 0 0
12 Cu(ClO4)2.6H20 0 0 0

Table 3: Screening Cu sources for the amination of 55. Yields determined using 'H-NMR analysis and
1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol scale of 55.
Reaction concentration of 0.1 M. Alcohol not detected.

Many ChanrLam reactions employ organic or inorganic bases fulfilling a gugbose
of ligating copper and neuwlisation of acid produced in the reactfdf.In previous work on
the optimisation of the alkylation of anilines with 2° benzylic borasters5, JDG utilised
C=2CQGs to reduce the formation of the oxidation side product ke®hend aid amine
formation geeSection 2.2.1$%° Amine bases, includintriethylamine, DABCO and DBU
produced no coupled produ88B. Inorganic bases were therefore screened to assess if the
formation of amineB3 could be increasedr@ble 4). Both caesium chloride and potassium
fluoride halted amin®&3 formation(Entry 2 and 4)The use of carbonateBrtry 3, 5 and 7)
generally gave the best gmects with comparable yields to the reaction with the absence of
base Table3, Entry 1). However, the use base alsoeducedhe amount of unreactdmbronic

ester, diminishing thpotential for increased yields.
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Bpin

CuBr; (2 equiv),
pyridine (40 equiv)

(4 equiv)

Toluene, N,, 80 °C, 16 h >
Base (2 equiv)

O

Y|eld %

Entry Base 83 55 (%) 57
1 CsF 26 51 0
2 CsCl 0 77 3
3 Cs2C0s3 29 49 0
4 KF 0 0 13
5 Na2COs3 30 32 0
6 NaHCOs 18 64 2
7 K2COs 22 48 0
8 KO'Bu 35 0 0
9 NaOMe 21 64 2

Table 4: Effect of bases on the amination of 55. Yields determined using H-NMR analysis and 1,3,5-
trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol scale of 55.

Reaction concentration of 0.1 M. Alcohol not detected.

The use of ligands to aid reactivity in the CHaam reaction has beepreviously

reportedt0510611011712111281411143 1 g\ever,attempts taiseligands duringinvestigation obur

alkyl ChanLam couplingwith anilinesgenerally shut down the formation of ami@® The

need foranimprovedyield andreaction tolerancéed toa ligand screening hieg undertaken

(Tableb). If ligands were tolerated in the reaction this could also enable-eanemic version

of the reaction through aral ligated Cu specieé range ofmono-phosphorus, dnitrogen

andbisphosphorus ligands were testédsubstoichiomtric loading of ligandvith an excess

of CuBr was tested as it was hypothesitieat the ligand culd act as the activeatalyst with

the remaining CuBracting as an oxidantAll of the ligands trialledn general diminished

yields of amineB3 andthe quality ofstarting material remaining was reducBgsphosplne

ligands largely shut down the reactiandno GN couplingwas observedEntry 12,13 and

15).
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@ (;J

CuBr; (2 equiv),
pyridine (40 equ

IV

Ligand (20 mol%)

Toluene, N, 80 °C, oh

sgpelen

55 (4 equiv)
. Yield (%

Entry Ligand 83 55 (%) 57
1 1,10 Phen 13 56 0
2 DMPhen 16 46 0
3 2 , -@igyridyl 20 34 0
4 128 9 58 0
5 129 13 42 0
6 130 0 0 6
7 131 18 40 0
8 132 35 39 0
9 133 17 52 0
10 134 16 43 0
11 dppBz 13 56 0
12 dppm 0 0 6
13 dppe 0 0 6
14 BINAP 25 0 0
15 Xantphos 0 0 0
16 DPPF 18 61 0
17 135 13 60 0
18 RuPhos 22 0 0
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_ __ Bu Bu
4 N ¢ =D Y

4,4'-Di-tert-butyl-2,2'-dipyridyl

1,10-Phen DMPhen 2,2’-dipyridyl 128
NH, NH, NH, H
t
@ ,BU/N\/\N/BU
NH, H
1,8 Diamino naphthalene 1,2-Phenylenediamine (1S, 28)-(-)-1,2 Diphenyl N,N'-Di-tert-butylethylenediamine
129 130 ethylene diamine 132

131

&5 &5

1,3-Bis(2,4,6- trlmethylphg;yl Jimidazolium chloride 1,3-Bis (2-6-diisopropyl phenyl imidazolium chloride

134
PPh,
PPh
X T
PPh,
1,2-Bis(diphenylphosphino)benzene Bis (diphenyl phosphino) methane Ethylene bis (diphenyl phosphine)
(dppB2) (dppm) (dppe)
OO PPh2 PPh, PPh3 o'er
PPhy
PPh3
99
O'Pr
BINAP Xantphos dppf Tri n butyl phosphine RuPhos
135

Table 5: Effect of ligands on the amination of 55. Yields determined using *H-NMR analysis and 1,3,5-
trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol scale of 55.
Reaction concentration of 0.16 M. Alcohol not detected.

The potential for the reduction of Cu equivalency was then considérablg 6).
Employing only 1 equivalent of Cu produced comparable results tog u€Sia in
superstiochiometric quantitie¥dble 6, Entry 1). This resultalso showedthe mostpotential
for an increaseniproduct yielddue to the large amount of boronic e&gremaining. The use
of substoichiometric Cu reduced yield of amB&alongside a reduction in starting material
presen{Entry 2 and 3). The formation of ami2 when using substiochiometric quantities of

Cu shows potential for the reaction to be performed catalytically with further optimisation.
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Bpin ©
CuBr, (X equiv),
N pyridine (40 equiv), N/ﬁ
H Toluene, Ny, 80 °C, 16 h K/o
55 (

4 equiv) 83
) Yield (%)
Entry Cu eq Morpholine eq 83 -
1a 1 4 33 68
22 0.5 4 34 45
32 0.3 4 13 82
4 0.5 2 11 72
5b 1 4 53 70

Table 6: Alteration of Cu equivalency for the amination of 55. Yields determined using H-NMR
analysis and 1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol
scale of 55 Reaction concentration of 0.16 M. a) Average of 3 reactions. b) 0.3 m. Alcohol and ketone

not detected.

A further screening of ligands was undertak€able7). A number of bidentate ligands
and Schiff basewere testedDi-oxygenligand 136 and Schff base137 formed amine83 in
moderate yield with diminished starting mate®&l remaining.Pyridyl ligand 138 reduced
coupled produc83 yield. NacNac ligand139 which had been previously utilised within the
group for the oxdation of boronic esters and by Watson for amide €lean coupling was
examined->%1%4 | jgand139 produced amin&3 in poor yield but did not produce any oxidised
product(Table7, Entry 6)!%* Ligand 140, dba,produced a moderate yield of prod88talbeit
with decreased starting material remainfggtry 7). Schiff basel4l (Entry 8) gave aminé&3
in 49% yield with 52% starting materidb remaining to further develop the reaction.
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. (0]
Bpin CuBr, (1 equiv),
[ j pyridine (40 equiv),
N Ligand (equiv) _ N/\
H Toluene, N, 80 °C, 16 h k/o

55 (4 equiv) 83
Ent Li q Li q Yield (%)
ntr 1gan Igand e
y g g q 83 55
1 1 33 50
136
2 0.5 14 85
3 1 32 65
137
4 0.5 30 53
5 138 1 23 67
6 139 1 22 63
7 140 0.5 37 52
8 141 52

0.5 49
(o}
X _Ph
o Ej/\N (ﬁ\/
7 OH
N/ N
137 138

136

e

a, O e
o)
/\)J\/\ \N
N N NS =
Ph Ph
140 141

139

Table 7: Effect of ligands on the amination of 55. Yields determined using *H-NMR analysis and
1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol scale of 55.
Reaction concentration of 0.16 M. Alcohol and ketone not detected.

Schiff bases are a class of organic ligands syrg@d$rom condensation reactions of
anilinesand aldehydes and have baeed widelyin catalysist’* These ligands are able to
form stable complexes with metals and a number of Cu complexes have been fépdrted.
Cu complexes using Schiff basdl have been reported and usedNiarylation reactions’®
Schiff typeN- O- tetradentate ligands have been previously used in-Caancoupling of
arylboronic acids and aniles*® Schiff basel4l was subjected to systeraglteration of
reaction conditionsT@able8). Using 1 equivalent of Cu with only 0.25 equivalents of ligand
141 produced good yields of ami@3 (Entry 1 and 2). Using pyridine appeared &xigtase
starting material boronic est&s (Entry 1). Increasing the ligand equivalency had a detrimental
effect on production of coupled prod@X(Entries 38). Decreasing themount ofCuto match
the ligandoadingof 25 mol% significantly diminished the yield of ami&a (Entry 9)
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) (o}
Bpin CuBr, (X equiv), 0
pyridine (40 equiv or none), N/ﬁ
N Ligand 141 (X equiv)
H Toluene, N,, 80 °C, 16 h K/O
55 (

4 equiv) 83 57
Entry 141 equiv Cu eq Pyr eq vield ()

83 55 57

1 0.25 1 40 49 30 3
2 0.25 1 - 62 43 6
3 0.5 1 40 30 52 0
4 0.5 1 - 23 91 0
5 1 1 40 21 69 0
6 1 1 - 30 97 0
7 2 1 40 56 54 0
8 2 1 - 18 79 0
9 0.25 0.25 - 7 91 0

Table 8: Effect of ligand and Cu equivalency on the amination of 55. Yields determined using *H-NMR
analysis and 1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol
scale of 55. Reaction concentration of 0.16 M. a) Reaction conducted open to air. Alcohol not
detected.

A further range of Schiff base ligands were synthesised to test the effect of the electronics
and steric®f theimine part of the moleculel@able9). Ligand142 with ano-OMe substituent
produced amin83in comparable yields to that of ligaddl (Table9, Entry 1 and 2se€Table
8, Entry 2. However, no starting material was deteatdubn usingligand 142 with pyridine,
thoughwithout pyridine yield of amin@&3 was decreased (Entry 1 and 2). Ligatd3 and
144 with parasubstituents formed coupled prod@8tin moderate yield (Entry-8). With dr
substituted ligand$45 and 146 also produmg amine83in modest yieldDimethoxy lgand
146 saw an increase in formation of ketdYe Repeating the use of ligahdl without pyridine
and increased concentration (Entry 11) gave concordant results to HialiojeB. The role of

the base in this instance could be fulfilled by the ligand or the affine.
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CuBr, (1 equiv),

. o
Bpin pyridine (40 equiv or none), o OH
©)\ Ligand (25 mol%) _ N/ﬁ
N Toluene, Ny, 80 °C, 16 h [ j ~ [ j ~
H k/O
55
57 58

(4 equiv) 83
Ent Li d b Yield (%)
ntr 1gan re
Y g yred 83 55 57 58
1 40 60 ND 4 0
142
2 - 47 64 0 0
3 40 34 50 5 0
143
4 - 34 69 3 6
5 40 49 ND 0 0
144
6 - 20 89 0 0
7 40 36 37 0 0
145
8 - 49 34 6 0
9 40 35 36 12 0
146
10 - 36 57 15 0
112 61 45 0

141 - 6
MeO OMe Me
NS NS NS
©/\N ©/\N ©/\N
142 143 144
Me MeO OMe
oH OH jg/ OH @
X X X
N N N
Me
145 146 141

Table 9: Effect of ligands on the amination of 55. Yields determined using *H-NMR analysis and

1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol scale of 55.
Reaction concentration of 0.16 M. a) Reaction concentration of 0.3 M.

The importance of solubility in the Chduam reaction habeen noted, with solubility of
Cu salts likely to be cruciat? At this point in reaction optimisation it was observed that current
reacton conditions were unable to fully solvate CuBXs increasing concentration had been
seen to be beneficial to reaction yiet@€Table9, Entry 11) it was decided to test running the
reaction neafTo this end reactions were conducted with either 40 or 10 equivalents of amine
and no solventTable 10). Encouragingly full conversion to amir8 was achieved when
running the reaction in 40 siyalents of either morpholine or piperidine (Entry 1 and 2). The
solubility of the reactions was visibly increased. When no ligh#idwas employed this
resulted in a drop in yield of ami@3 (Entry 3). Lowering the amine equivalency to 10 with
no pyridinepresentoroduced comparable results to using 40 equivalents of amine (Entry 4).

The use of pyridine under these reaction conditions led to a reduction in formation of amine
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83, though theboronic esteb5 was also consumggntry 5 and 6). Whilst promising results,
the viability of using the starting material amine in such excess wouldenstitable except

for the most inexpensive amines.

. X
Bpin CuBr, (1 equiv),
[ j pyridine (40 equiv or none),
N 141 (25 mol%) N/ﬁ
H N, 80 °C, 16 h k/x
55 (

X equiv) 83 or 84
X =0 or CH,
. ] Yield (%)
Entry Amine Amine eq Pyr eq 83 or 84 -
12 Morpholine 40 - >95 <5
22 Piperidine 40 - >95 <5
3ab Morpholine 40 no ligand - 69 <5
4¢ Morpholine 10 - 92 <5
5¢ Morpholine 10 20 70 <5
6¢ Piperidine 10 20 53 <5

Table 10: Absence of solvent on the amination of 55. Yields determined using 'H-NMR analysis and
1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol scale of 55. a)
Reaction concentration of 0.025 M. b) No ligand. ¢) Reaction concentration of 0.1 M. Alcohol and
ketone not detected.

With a consistent method to produce coupled arBB)edbeit with large quantities of
amine required, efforts were turned to using chiral ligands to try and deliver-@ecemic
reaction methodl{able11). Commercially available ligandst7, 148 and149were used in the
first instance. Due to lower temperatures often enhanstegeoselectivitythe reaction
temperature waalso loweedto 40 °C for norracemic method development. Rigazoline
andPhox ligandL55have been used in various asymmetriccalysed transformations?1’®
However the use of thedggandsin the amination reactiogaveonly racemic amin&3 (Entry
1,2 and 3).
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Bpin ©
CuBr, (0.25 equiv), ,
N Ligand (0.25 equiv) N/\
H air, 40 °C, 18 h K/O
55

(40 equiv) 83
) Yield (%)
Entry Ligand e.r. 83 -
147 <5
148 <5
149 <5
o o FsC
% AP
NN ‘<
)
147 148 149

Table 11: Effect of chiral ligands on the amination of 55. Yields determined using H-NMR analysis
and 1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol scale of
55. a) Reaction concentration of 0.025 M. ARA. Alcohol and ketone not detected.

With the aim of increasing the solubility of Cu, the wdeaminebased solvents was
tested Table 12). Using eitheN-methymorpholine or pyridine as a solvent led to reduced
yields of coupled produd®3 with both morpholine and piperidine substrates (Ent4).1
Reducing the equivalency of amine when running the reactiah dexreased the yield of
coupled produc83 with both amine substrates but more dramatically for morpholine (Entry 5
and 6). Yields of coupled amir83 could not be translated when performing the current best
neat reactions at preparative scalet(¥8 and 9). Encouragingly, the reaction coulddmied
out underair whenusing10 equivalents of amine to provide amB&in excellentyield with
no oxidative sidgroducts formed (Entry 10). This could pide an opportunity to perform
the reaction catalytically using air as an oxidant.
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©A E;]

CuBr, (1 equiv),
solvent (20 equiv or none),

141 (0.25 equiv)

N,, 80 °C, 16 h
55 (X equiv) 83 or 84
X =0orCH,
. ) Yield (%)
Entry  Amine Amine eq Solvent

83 or 84 55
12 Morpholine 4 N-methyl morpholine 13 116
22 Morpholine 4 pyridine 53 19
32 Piperidine 4 N-methyl morpholine 23 104
4a Piperidine 4 pyridine 17 72
56 Morpholine 5 - 20 75

6° Piperidine 5 - 64 0
8cd  Morpholine 10 - 27 82
9¢d  Morpholine 5 - 28 84

10°¢ Morpholine 10 - 93 0

Table 12: Solvent effects on the amination of 55. Yields determined using *H-NMR analysis and
1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol scale of 55.
A) Reaction concentration of 0.05 M. b) Reaction concentration of 0.2 M. ¢) Reaction concentration of
0.1 m. d) Reactions conducted on a 0.5 mmol scale of 55. E) Reaction conducted under air. Alcohol

With large excesses of amine starting material producing the best yields but not providing

a practical solution an alternative strategy was tested. It was noted when performing tests for

and ketone not detected.

the kinetic reactions at ROAR that order of the additd reagentsvas linked to coupled

product yields (see secti@3.6) In the coupling of aniline, incubating boronic esg8mwith

Cu prior to the addition of amine resulted in good yields. Cruces ambd@rs have also

highlighted the importarecof the order of additiot?* Modestyields were only achieved when

incubation of Cu and aniline was performed in the coupling with ladikghic esters. Order

of addition tests were therefore performed. Previously in method development reagents were

all added to the reaction vessel befooelsv e n t

and

t hen

heati-ng

formation methods, either incubating Cu, ligand and boronic &3fer 30 mins or Cu, ligand

and amine for 30 mins were testéhlle 13). Incubating boronic esteb5 first generally

produced better yields of coupled prod88tthan incubating amine first (Entry 3, 6 and 8).

Reactions performed without ligand resulted in lower yields of a®@é&ntry 6 and 7).

Opening the reactioto air led to an increase oxidised products57 and58 (Entry 1, 37)

when compared to Entry 2 which was performed undefhenusing only 0.25 equivalents

of Cuandincubating with boronic ester first gave comparable yields to usieguivalent of
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Cu (Entry 8 versus 3)mportantly, this reaction demonstrated for the first time that turnover

of the Cucatalyst could be achievedsing air as the oxidant, to give amei83 as the major

product.
Boi o
pin [ j CuBr, (1 equiv), 0 OH
141 (0.25 equiv or none)
©)\ N Toluene, air, 80 °C, 18h O ©)}\ ©)\
H o)
55 (4 equiv) 83 57 58
Order of Yield (%)
- Entry o
addition 83 55 57 58
1 One Pot 27 47 31 17
22 One Pot 31 >905 1
Bpin first 47 85 30
Amine first 53 37 12
5p One Pot 0 0 32 13
6P Bpin first 29 18 31
7b Amine first 19 45 11
8¢ Bpin first 47 0 16 0

Table 13: Order of addition effects on the amination of 55. Yields determined using *H-NMR analysis
and 1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol scale of
55. Reaction concentration of 0.16 M. a) Reaction performed under N2. b) No ligand. ¢) 0.25
equivalents of CuBrz and ligand used.

Addition of a base to the incubation of boronic e&®prior to addition of amine was
tested to try and decrease the presence of ké&b(Eable14). Bases previously investigated
and shownd produce amin&3 were investigated again here (Sesble 4). Alongside this,
boric acid was examined due to its reported use in previousIGimrcouplings° Boric acid
can form esters with pinacol, effectively diminishipgacob snhibitory effectsthrough
coordination to Cud%79181 None of the bases tested redudbe yield of ketone 57
significantly. The use of cesium and sodium carbonate halted production of &mivieen
using piperidine as a substrate (Entry 7 and 8). Conversely, when sodium carbonate was used
when coupling morpholine moderate yield of amir&3 and a slifptly reduced formation of
ketone57 was observed (Entry ZJhe use of sodium bicarbonate andism methoxide has
a beneficial impact on thgield when using piperidine only (Entry 10 and 1Bpric acid
appeared to have a positive impact on couphitly piperidine and a nedetrimental influence

on the formation of amin@3 when coupling with morpholinfentry 6 and 12)
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. X
Bpin CuBr, (0.5 equiv), o
Base (0.5 equiv) _ N/ﬁ
N 141 (0.25 equiv)
H Toluene, air, 80 °C, 18 h K/x
55 (

4 equiv) 83 or 84 57
Yield (%)
Entry Base Substrate

83 or 84 55 57
1 Cs2C0s3 Morpholine 30 <5 34
2 Na2COs3 Morpholine 54 <5 13
3 KOtBu Morpholine 40 <5 11
4 NaHCOs Morpholine 49 <5 18
5 NaOMe Morpholine 35 <5 14
6 Boric acid Morpholine 48 <5 10
7 Cs2C0s3 Piperidine 0 <5 24
8 NazCOs Piperidine 0 <5 20
9 KOtBu Piperidine 70 <5 13
10 NaHCOs3 Piperidine 85 <5 11
11 NaOMe Piperidine 70 <5 16
12 Boric acid Piperidine 78 <5 12

Table 14: Base effects on the amination of 55. Yields determined using 'H-NMR analysis and 1,3,5-
trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol scale of 55.
Reaction concentration of 0.16 M. CuBrz, ligand 141, base and boronic ester 55 incubated at 80 °C for
30 mins prior to addition of amine. Alcohol not detected.

The best performing bases were next tested with decreasing ratios of Cu:ligand:base
(Table 15). The use of sodium carbate in all instances formed more ami@® than
incorporating boric acid into the reaction conditioEsit(iesl, 3, 5, 7, 9). The formation of
ketone 57 was only negated when using a 1:1:1 ratio of Cu:ligangCiQea (Entry 1).
Decreasing thequivalents of Cu:ligand:base produced a drop off in yield of coupled product
83 (Entry 9 and 10).
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) (0]
Bpin CuBr; (X equiv), 0
[ j Base (X equiv) _ N/ﬁ
N 141 (X equiv) o
H Toluene, air, 80 °C, 18 h K/O
55 (

4 equiv) 83 57
, Yield (%)
Entry Cu:Ligand:Base eq Base
83 55 57
1 1:1:1 Na2COs 83 <5 ND
2 111 Boric 28 <5 40
acid
3 1:0.5:0.5 Na2COs 93 <5 7
4 1:0.5:05 Boric 66 <5 13
acid
5 0.5:0.5:0.5 NaCOs 57 <5 17
6 0.5:0.5:0.5 Boric 43 <5 22
acid
7 0.5:0.25:0.5 NaCOs 56 <5 25
. . Boric
8 0.5:0.25:0.5 o 51 <5 9
9 0.25:0.25:0.25 Na2COs 30 <5 12
10 0.25:0.25:0.25 Boric 45 <5 20
acid

Table 15: Effects of decreasing catalyst and base loading on the amination of 55. Yields determined
using 'H-NMR analysis and 1,3,5-trimethoxybenzene as an internal standard. Reactions conducted
on a 0.05 mmol scale of 55. Reaction concentration of 0.16 M. CuBrz, ligand 141, boronic ester 55 and
base incubated at 80 °C for 30 mins prior to addition of amine. Alcohol not detected.

Increased loadings of M@0z and decreased catalyst loading were subsequently tested
to assess if this could further decrease kewhérmation (Table 16). Increasing the base
loading only served to increase ketdiveformation (Entry 25) when compared tdable 15,

Entry 5, 7 and 9. The only exception being Entry 1, howevene®3 formation was reduced
compared to the use of greater catalyst loadseg Table 15, Entry 1, 3, 5 and 7). The
incubation method and one pot method both appeared to produce comparablénrestitts
the production of coupled produg&3 and ketone formatiof7 (Entry 3 and 4)Overall,it was
determined the addition of MaOs as a base was not beneficial to the reaatmmpared to

yields achieved in itabsencéseeTable9, Entry 11)
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_ o
Bpin CuBr, (X equiv), 0
[ j Na,CO; (X equiv) _ N/ﬁ
N 141 (X equiv) o
H Toluene, air, 80 °C, 18 h K/O

55 (4 equiv) 83 57
) o Yield (%)
Entry Cu:Ligand:Base eq Order of addition
83 55 57
1 0.5:0.5:1 Bpin first 43 <5 16
2 0.25:0.25:1 Bpin first 30 <5 26
3 0.5:0.25:1 Bpin first 56 <5 31
4 0.5:0.25:1 One pot 50 <5 27
5 1:0.5:0.5 One pot 45 <5 24

Table 16: Effects of decreasing catalyst and base loading on the amination of 55. Yields determined
using *H-NMR analysis and 1,3,5-trimethoxybenzene as an internal standard. Reactions conducted
on a 0.05 mmol scale of 55. Reaction concentration of 0.16 M. CuBrz, ligand 141, boronic ester 55 and
base incubated at 80 °C for 30 mins prior to addition of amine. No alcohol detected.

A final test of incubation conditions with and without the addition of ligand was carried
out (Table17). Lowering theCu loading, even with incubation, decreafieglyield of amine
83 (Entry 2 and 3). The addition of ligaridil did appear to have a beneficial impact on the
formation of coupled produd3 (Entry 4). However, yields using preformation did not
improve upon using 1 equivalent of Cu alongside 0.25 equivalents of liganich{de®, Entry
11).
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Bpin (e}

CuBr, (X equiv), - N
141 (X equiv) /ﬁ
Toluene, air, 80 °C, 18 h K/O

\

(4 equiv) 83 57
. o Yield (%)
Entry  Ligand eq Cu eq Order addition

83 55 57
1 - 1 Bpin first 43 0 10
2 - 0.5 Bpin first 45 0 13
3 - 0.25 Bpin first 25 0 9
4 0.25 0.5 Bpin first 52 0 16

Table 17: Effects of decreasing Cu and ligand loading on the amination of 55. Yields determined using
IH-NMR analysis and 1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a
0.05 mmol scale of 55. Reaction concentration of 0.16 M. CuBr2, ligand 142, boronic ester 55 and

base incubated at 80 °C for 30 mins prior to addition of amine. No alcohol detected.

At this stage it was decided test if preformation of C«complex150 and its addition to
the reaction condiins could improve couplingroduct83 yield. Cucomplexes have been
previously usé in ChanLam conditions successfylt?5106110117129 Complex synthesis was
initially attempted using a modification of a procedure by Nordlander atvdodgers using
CuBr: (Schemes9).178182 Unfortundely all efforts to form the complex via this method were
unsuccessfulHowever,when usingCu(OAc), complex150 was obtainedn moderate yield
(Schemer0).282 The structure 0150 wasconfirmed by Xray crystallography

oY

CU\O
MeOH, 65 °C, 24 h ’:
=

Scheme 69: Attempted synthesis of Cu-complex 150 using CuBro.
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= G e 2 ;
OH _ - g / \ s
o /@ Cu(OAc), (0.5 equiv) O\Ci‘:ojij — ,‘ l/ \: /—r\ /\
[j N MeOH, 65 °C, 24 h A \ == e 2

141 150

Scheme 70: Synthesis of Cu-complex 150 using Cu(OAc)2. Reaction concentration of 0.33 M.
Cu-complex 150 was then submitted to the current reaction conditi@théme71l).
Boronic esterl51 was additionally tested due to its easimualisation of the correspoimuy
producton TLC during purification.However, the reaction djoth boronic esteb5 and 151
produced no coupled amine prod(82%and152) under these reaction conditions. This suggests
that bisligation to Cu dos not lead to an active catalyst. This is presumably due to Cu being

coordinatively saturated, with ligand dissociation sluggish under the reaction conditions.

(o}
Bpin o E j
[ j Cu complex 150 (1 eq) N
N Toluene, air, 80 °C, 18 h
55 H
83
(4 equiv)
(0]
Bpin E j
P Oj Cu complex 150 (1 eq) N
[N Toluene, air, 80 °C 18 h
151 H 152

(4 equiv)

Scheme 71: Submission of Cu-complex 150 to the amination of boronic ester 55 and 151. Reactions
conducted on a 0.5 mmol scale of 55 and 151. Reaction concentration of 0.1 M.

Parallel work wasundertaken by AntonidRomereArenas (ARA) to alter solvent
conditions to enable a reduction in catalyst loadirap(e18). Alcoholic media was tested due
to its beneficial results, often when using Cu(QAe)promote Cu dissociatidii®1°°However,
the use of IPA could alsiead tocompeting etheritiation®* Promisingly, exellent results
were achieved with only 25 mol% catalyst loading with both polar protic ang@lanaprotic
solvents. Oxidation sidproducts57 and58 are present when using singular solvent systems
(Entry 1, 3, and 7). The use of IPA both oroiten and in mixtures with dioxane, propylacetate
and toluene produced amiB8in excellent yieldwith very minimal oxidation sid@roducts

observed and no etherification product detected (Entry 2, 4, 5, 6 and 8).
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. 0
Bpin 0 OH
CuBr, (0.25 equiv), - N/ﬁ
N 141 (0.25 equiv)
H solvent, air, 60 °C, 18 h K/O
83 57 58

55 (4 equiv)
. Yield (%)

Entry Solvent Solventll  Ratio 83 55 57 58
1 Toluene - - 91 <5 10 11
2 IPA - - >95 <5 <5 3
3 Dioxane - - >05 <5 11 2
4 Toluene IPA 1:1 >95 <5 <5 2
5 Toluene IPA 31 >95 <5 <5 3
6 Dioxane IPA 1:1 >95 <5 5 1
7 PrOAc - - >95 <5 6 3
8 PrOAc IPA 1:1 96 <5 <5 2

Table 18: Effects of solvent on the amination of 55. Yields determined using *H-NMR analysis and
1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.25 mmol scale of 55.
Reaction concentration of 0.3 M. ARA.

At this point in optimisation, it was decided to tesable reaction conditions on
preparative scale to assess the effect on the yield of &3iuq@on scaleup. Boronic estet51
was used throughout the coupling reactions due to ease of visualisation during purification.
Use of 1 equivalent of Cu tether with 0.5 equivalents of ligaridll was first examined
(Schemer2). Upon completion of the reaction, it was decided to oxidise boronic ¥sit¢o
allow easier separation during iwitipurification. Coupled product52 was isolated in a
moderate yield alongside oxidised alcohol prodis&& No alcohol153 was identified in the
crude reactiomixture so it can be assumed the massathied alcohol53 is derived from
boronic estel51. The decrease in yield of amih& when compared to test scale optimisation
reactions could be related to solubility issues or oxidative turnover being decdessénl

decreased sface area
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Bpin CuBr, (1 equiv)

141 (0.5 equw Bpin
Toluene
Air, 80 °C, 18 h
151

(4 equiv)

NaBO;3-H,0 (2.5 equiv),
H,O, THF,
1h

o&‘“

152 153
38% 16%

Scheme 72: Preparative scale amination of boronic ester 151 with oxidative work-up. Reaction
conducted on a 0.5 mmol scale of 151. Reaction concentration of 1 M.

The necessity of liganti4l in the coupling reaction was then investigat®dhiemer3).
The formation of amind52 was reduced when compared to the yield obtained when using
ligand 141 (seeSchemer2). No oxidised sidg@roducts were isolated, although a return of

38% of starting material boronic estigsl was obtained.

O
Bpin
CuBrz (1 equiv) N Bpin
E j Toluene,
air, 80 °C, 18 h OO
(4 equiv) 152 151
30% 38%

Scheme 73: Preparative scale amination of boronic ester 151. Reaction conducted on a 0.5 mmol
scale of 151. Reaction concentration of 1 m.

Due to the presence of boronic est®&l remaining, the potential for an increase in
reacion time to promote formation of amiié&2 was tested§chemer4). Leaving the reaction
for 48 h provided no increase in yield of amit&® when compared to the standard reaction
time (seeSchemer2).
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(o}

Bpin CuBr; (1 equiv) E j

141 (0.5 equiv) N Bpin
Toluene,
air, 80 -G, 48 h OO OO

(4 equiv
aul) 152 151
37% Not isolated

Scheme 74: Preparative scale amination of boronic ester 151. Reaction conducted on a 0.5 mmol
scale of 151. Reaction concentration of 1 m.

Applying substoichiometric quantities of catalyst to the reaction was subsequently tested

(Schemer5). This approach produced coupleaduct152 in a decreased yield compared to
using a stoichiometric quantity of Cu (seehemer2).

Bpin CuBr, (0.25 equiv)

141 (0.25 equiv) Bpin
Toluene
air, 80 °C, 18 h

(4 equiv) 152 151
17% Not isolated

Scheme 75: Preparative scale amination of boronic ester 151. Reaction conducted on a 0.5 mmol
scale of 151. Reaction concentration of 1.6 M.

Finally, substoichiometric quantities of catalyst were examined using IPA as an
alternative solvenwith a lowerreaction temperatur&¢hemer6). These conditions provided
a similar yield of amind52 to stoichiometric conditions used (seehemer2). However, this
method also produced a significant amount of alc@b8l This could be due to increased water
content from using an alcoholic media which has been notedrease oxidised bygroduct
formation% With unsatisfactoryields of aminel52 obtained using current best conditions,

optimisation was continued.

O
Bpin CuBr, (0.25 equiv)
141 (0.25 equiv) Bpin
[ j IPA,
air, 60 °C, 18 h
4
(4 equiv) 152 151 153
32% 22% 28%

Scheme 76: Preparative scale amination of boronic ester 151. Reaction conducted on a 0.5 mmol
scale of 151. Reaction concentration of 1.6 M.

A re-examination of a combination of thieest reaction conditions thus far was
undertaken Table 19). A solvent mixture of 1:1 toluene to IPA was employed. Using

stoichiometric Cu produced ami@3 in moderate yield (Entry 1). Decreasing the Cu and

74



ligand loading to 25 mol% at 6@, Entry 2 provided a similar yield of ami®8 to Entry 1.
However, at this temperature and catalyst loading kekdhwas present in a significant
qguantity (Enty 2). Fortunately, increasing the temperature to 80 °C, negated the production of
ketone57 and formed amin83in excellentyield (Entry 3).

) (0]
Bpin CuBr, (X equiv), 0
141 (X equiv) - N/ﬁ
N Toluene:IPA (1:1), o
H air, T°C, 18 h K/O

55 (4 equiv) 83 57
- 3 Yield (%)
Entry Cu:Ligand eq Temperature (°C) 83 ec 57
1 1:0.5 80 59 <5 0
2 0.25:0.25 60 57 <5 15
3 0.25:0.25 80 94 <5 0

Table 19: Effects of decreasing Cu and ligand loading on the amination of 55. Yields determined
using 'H-NMR analysis and 1,3,5-trimethoxybenzene as an internal standard. Reactions conducted
on a 0.1 mmol scale of 55. Reaction concentration of 0.3 M. No alcohol detected.

A larger screening of substrates with varying solvents was performed to detémmine
wider effects of the solvenTable20). For the coupling of boronic est®8b with morpholine
both toluene:IPA 3:1 and its inverse provided good yields of a@héEntry 2 and 4).
Coupling piperidine performed best when using a 3:1 mix of toliReAgENtry 6). Using
tetrahydroisoquinoline as a coupling partner forrttexldesied coupled producin poor yield
independent of solvent used (Entry 7 and 8). Naphtrghic ested 51 produced aminé52
in improved yield when using a 1:1 xturre of toluene:IPA (Entry 9). Coupliragyclic 2° N-
methybenzylamine preferred the opposite solvent system of 3:1 toluene:IPA to afford more
coupled productThe N-alkylation of N-methybenzylamine was performed on preparative
scde with a toluene:IPA 1:1 solvent system (Entry 1Bie isolated yield wasonsiderably
redwed when compared to NMR yield (Entry 11).
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Bpin CuBr, (0.25 equiv), o OH
- R G
H air, 80 °C, 18 h R?
R' = Ph (55) (4 equiv)
= 2-naphthyl (151)
Yield (%)
Entry Bpin Amine Solvent Starting
Product material
1 55 Morpholine Toluene:IPA 1:1 57 28
2 55 Morpholine Toluene:IPA 3:1 77 28
3 55 Morpholine Dioxane:IPA 1:1 62 37
4 55 Morpholine Toluene:IPA 1:3 76 22
5 55 Piperidine Toluene:IPA 1:1 72 <5
6 55 Piperidine Toluene:IPA 3:1 90 <5
7 55 Tetrahydroisoquinoline Toluene:IPA 1:1 25 62
8 55 Tetrahydroisoquinoline Toluene:IPA 3:1 26 59
9 151 Morpholine Toluene:IPA 1:1 76 <5
10 151 Morpholine Toluene:IPA 3:1 49 <5
11 55 N-Me benzylamine Toluene:IPA 1:1 54 <5
12 55 N-Me benzylamine Toluene:IPA 3:1 62 <5
132 55 N-Me benzylamine Toluene:IPA 1:1 31 <5

Table 20: Effects of solvent on the amination of 55 and 151. Yields determined using *H-NMR
analysis and 1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.25 mmol
scale of 55 or 151. Reaction concentration of 0.3 M. a) Reaction conducted on a 0.5 mmol scale. No
alcohol or ketone detected.

To try and improve yield upon scalg an increase in concentration was tested.

Alongside this larger reaction vessels were investigdiell€21). The aim of using a larger

vessel was to enable a greater surface area to come in to contact with air, allowing a faster

catalystturnover. Usingstandard microwave vial$ mL), which had been used throughout

optimisation, produced good yields of amB8&alongside significant amounts of ketdsiéin

either IPA or a 3:1 toluene:IPA mix (Entryahd 2). Performing the reaction either a large

microwave vial20 mL)or roundbottom flask(10 mL)formed amine83in quantitative yield

with no sideproducts detected (Entry 3 and 4). The use of large microwave vials was deemed

advantageous due to the ease of use. Therefosetdaction vessel was used for all future

coupling reactions.
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. 0
Bpin CuBr, (0.25 equiv), o
141 (0.25 equiv) _ N/ﬁ
N Toluene:lPA (XX:XX),
H air, 80 °C, 18 h K/O

55 (4 equiv) 83 57
Yield (%)
Entry Solvent toluene:IPA Vessel

83 55
1 3.1 Standard microwave vial 67 39
2 IPA Standard microwave vial 70 35
3 3.1 Large microwave vial >95 <5
4 31 RBF with condenser >95 <5

Table 21: Effects of solvent and reaction vessel on the amination of 55. Yields determined using *H-
NMR analysis and 1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.5
mmol scale of 55. Reaction concentration of 0.6 M. No alcohol or ketone detected.

At this point in the optingation, due to good conversions to am@&3dt was decided to
challenge the reaction conditions by lowering amine and catalyst loadladme (22).
Generally, decreased catalyst loadings led to decreased 8&preduction. Lowering the
amine equivalency to 3 whilst also lowering the catalyst loading to 15 mol% and below led to
a drop off in formation of coupled produ8 (Entries 7, 8, 11 and 12). Ketob& formation
was generally larger with a 3:1 sel ratio with decreased catalyst loading (Entry 10 and 12).
Yields of coupled amin83 were mostly greater when employing a 1:1 ratio of toluene:IPA
solvent mx. Consequently, this solvent mixture was applied téuaher coupling reactions.
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) o]
Bpin CuBr, (X equiv), 0
141 (X equiv) o N/ﬁ
N Toluene:lPA (XX:XX),
H air, 80 °C, 18 h K/O

55 (4 equiv) 83 57
i 0,

Entry cu an(quigand Toluene:IPA Amine equiv 83 YIE|:5( %) .
1 0.25 1:1 4 87 <5 10
2 0.25 3:1 4 93 <5 3
3 0.25 1:1 3 >905 <5 6
4 0.25 31 3 >95 <5 7
5 0.15 1:1 4 >905 <5 3
6 0.15 31 4 80 <5 <5
7 0.15 1:1 3 74 <5 9
8 0.15 31 3 71 <5 10
9 0.1 1:1 4 >95 <5 3
10 0.1 31 4 82 <5 19
1 0.1 11 3 79 <5 6
12 0.1 31 3 77 <5 15

Table 22: Effect of decreasing catalyst and amine equivalency on the amination of boronic ester 55.
Yields determined using *H-NMR analysis and 1,3,5-trimethoxybenzene as an internal standard.
Reactions conducted on a 0.5 mmol scale of 55. Reaction concentration of 0.6 M. No alcohol
detected.

A range of amine equivaleres were tested with both 15 and 20 mol% of catalysble
23). Using a catalyst loading of 15 mol% and amine equivalencies of either 3.5 or 4 produced
good yields of amin83 and minimal keton&7 (Entry 3 and 4). Reducing amine equivalency
at this catalyst loading to 3 or 2 was deemed unfavourable due to the slightly reduced yield of
amine83 (Entry 1 and 2). Increased catalyst loading of 20 mol% provided no benefit with
respect to amin83 production (Entry 5 and 6). The reduction of amine to 3.5 equivalencies
and the use of 15 mol% catalyst loading seemed a viable solution to decreasing both catalyst

loading and substrate required (Entry 3).
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) 0
Bpin CuBr, (X equiv), o
141 (X equiv) _ N/ﬁ
N Toluene:IPA (1:1), o
H air, 80 °C, 18 h K/O
55 (

X equiv) 83 57
) ) Yield (%)
Entry CuandLigandeq Amineeq

83 55 57

1 0.15 2 77 <5

2 0.15 3 84 <5

3 0.15 35 89 <5
4 0.15 4 90 <5 11

5 0.2 3 85 <5

6 0.2 35 83 <5

Table 23: Effect of decreasing catalyst and amine equivalency on the amination of boronic ester 55.
Yields determined using *H-NMR analysis and 1,3,5-trimethoxybenzene as an internal standard.
Reactions conducted on a 0.5 mmol scale of 55. Reaction concentration of 0.6 M. Reactions
performed in duplicate and are reported as averages. No alcohol detected.

In a final effort tosimplify reaction conditions, removal of ligartdl was tested
alongside decreasing Cu loadin@slfle24). If the reaction performed well without the ligand
141 this would make the reaction more accessible, both avoiding the need to isgnthes
ligand and also providing a simplification of the reaction procedure. Formation of 86ine
without ligand using only 10 mol% Cu loading produced comparable resuitlusion of
ligand 141 (Entry 3 \ersis 1). Reducing catalyst loadingGanol% produced an unacceptable
decrease in yield of amir8 and formation of more ketort¥. The addition of ligand 41 had
a beneficial impact on the yield of ami8@during early optimisation. The role of ligathdl

is presumablyiding solvation of the Cu salt rather than the formation of an active Cu catalyst.
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Bpin

R2 R3 CuBr, (X equiv), (0]
SN 141 (0.15 equiv or none) - N/ﬁ
H Toluene:IPA (1:1),
air, 80 °C, 18 h (j k/o

55 (3.5 equiv)

83 57
Entry Li(g:;:r?giq Substrate Ligand 83 Ylefs(%) -
12 0.15 Morpholine Yes 93 <5 5
2b 0.15 Morpholine - 83 <5 6
3¢ 0.10 Morpholine - 99 <5 0
4 0.05 Morpholine - 78 <5 7
5 0.15 bg'ng’l'g:?r’]'e - 90 <5 15
6 0.15 Piperidine - 87 <5 3

Table 24: Effect of decreasing catalyst equivalency and removal of ligand on the amination of boronic
ester 55. Yields determined using *H-NMR analysis and 1,3,5-trimethoxybenzene as an internal
standard. Reactions conducted on a 0.5 mmol scale of 55. Reaction concentration of 0.6 M. a)
Average of 4 yields. b) Average of 3 yields. c) Average of 2 yields. No alcohol detected.

3.2.2 Control reactions

Several control reactions were undertaken deviating framdsrd reaction conditions
(Table25). Using no CuBrin the reaction produced no coupled amine pro88¢Table 25,
Entry 1). This suggss that amine formatiois a metatmediated processn this reaction,
formation of alcohob7 presumably occurs through direct reaction with oxyigem the air

With the vessel sealed a slight decrease in the formation of #88inas observed
presumably ashe reaction stalls once af the O> present isconsumedEntry 2). In the
absence of air, performing the reaction under an argon atmosphere formation dZwase
halted with starting material boronic esf&remaning and no oxidative side products detected
(Entry 2 and 3). This suggests tiaatfrom air is acting as aaxidant toturnover thecatalyst

When the reaction was stopped aftér, 4 55% yield of amin&3 was produced with no
other side products detected and only starting material remaining. This rate of reaction is
consistent witiN-alkylation ofanilinewith alkylboronic estersn the same timefram@?

Performing the reaction at room temperature prodaceitie83 in reduced yieldwith
larger amounts oketore 57 andalcohol58 observed, alongvith starting material remaining

(Entry 5). The formation of relatively large quantities of alcob®lcould be attributedo
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decreased solubility of Cu at lower temperatures allowing oxidation of boronic5&ster
proliferate. The reduced temperature could also reduce reaction rate allowing the formation of
increased oxidation side produclsverting the stoichiomets d boronic ester and amine
resulted ina poor yield of coupled produ88 (Entry 6). Utilising first-generation conditions

with inverse stoichiometries and only one equivalent of amine produced moderate yields of
coupled product (s€kablel, Entry 10Q. Thisis suppoted bythe secondjeneration conditions

dependence on amine concentratangood yields (se&able10).

. 0}
Bpin o OH
Conditions N/\
N . .
N Toluene:IPA (1:1) K/O ©)\
55 ( 57 58

3.5 equiv) 83
. Yield (%)
Entry Deviation from standard
83 55 57 58
1 No Cu <5 <5 4 58
2 No needle (not purged) >05 <5 5
3 Purged Ar 3 93 0
4 4h 55 44 0
5 Room temperature 13 52 6 31
6 Inverse equiv of _morphollne 10 105 ND 0
and Bpin
7 Standard >95 <5 0 0

Table 25: Control reactions deviating from standard conditions. Yields determined using H-NMR
analysis and 1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.5 mmol
scale of 55. 18 h reaction time. Reaction concentration of 0.6 M.

3.3 Scope of Reaction for the Alkyl Amination of Alkylboronic Esters

Using the optimised coiittbns, a selection of 1° and 2° cyclic aagyclic amines were
coupled with a range of boronic estersalimited number ofcases, celution of the amine
product and ketoneide productoccurred during chromatographic purification. In these
instan@s, an additional step to reduce tketoneusing NaBH was carried out to aid
purification. No significant loss @mineproduct was observed when employihgreductve
work-up. Work on expanding the scope of the reactith respect to both coupling partners

is on-going within the group.
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3.3.1 Amine Scope

The scope of the reaction coupling boronic e&Brwith 2° cyclic amines was
investigated $chemer7). Five andsix membered rings, including protected piperazines and
tetrahydroisoquinoline were tolerat€fommon amine protecting groups were tolerated, with
no deprotedbn observedyhen usingTosyl or Bocpiperazine(155 and156). Submitting 2
methylpiperidine to the reaction conditions produeel:1.2d.r. of amines158 and 159,
suggesting the reactios notdiastereoselective, which is consistemth a radical mechanism
Attempts to use unprotectdd;methyl andN-allylpiperazine were unsuccessflib), 161 and
162). Only ketone, alcohol and returned starting material were observed in these cases. This
could be due to decreased dmlity of simple piperazines or #tligation of the 3° amineto
Cuinhibits thecatalyst'® Proline esteralso failed to produceotipled amine produdi63 and
164. This ispresumablyduet o-amiihoesterpotential ability to chelate to Gor insolubility

of the aminesinder the reaction conditioA¥

Bpin RL-F CuBr, (10 mol%) N7
H Toluene:IPA (1:1),
55 (3.5 equiv) 80°C, 18h
[Oj 'I's I|3oc
N N
Jo0 QN

ND 164

Scheme 77: Scope of 2° cyclic amines coupled with boronic ester 55. a) Reaction performedona 1l g
scale, b) Reductive work-up.
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A range of 2°acyclic and 1°aliphaticamines were next explore&c¢hemer8). 2° N-
methylamines were generally coupled in good yi€léy 166 and 167). However, pyridyl
containingN-methylaminel68 returned starting material and produced ketone and alcohol by
products only. Thidifficulty when couplingsubstrates with a chelating nitroghas been
previously noted by Lam and -aworkers!4"1%7 |[ssues arose when trying to couple more
sterically demanding 2° amines. Replacing methyl aitliclopropylgroup failed to produce
amine 169 and returned starting materi&l5, presumably due tocreased steribindrance
around nitrogen, which has been noted in other dlazan reactions!’ The use of Boc
protected amine was unsuccesdfd, presumably due to deactivation of the am@eupling
with 1° amines was achieved, albeit wilbicreased reactivity when compared to 2°-agciic
amines. Using anorpholinecontainingamine provided coupled produt?l in moderate
yield. However, onlya low yield was olained when using furfurydmine 172. Redwed
compatibility with 1° amines could be in part due to their decreased nucleophilicity. Benzylic
1° amines have also been reported to undergo aerobic oxidation with Cu(l/lIl) bromide to the
imine 184185 An alternative competing pathway okidative N-dealkylation has also been
reported f or -hydrogen’$’ Consisteht todimdings with the coupling of

anilines (seeChapter 2)no dalkylation products were observed.

. R? RZ
Bpin R _R? N7

N7 CuBr, (10 mol%) _
H Toluene:IPA (1:1),
55 (3.5 equiv) 80°C,18h
: 166 ©)1; ©)1;

63% 53% 64%

ot © ot P ot Yt

49% 1%

Scheme 78: Scope of 2° non-cyclic and 1° amines coupling with boronic ester 55.
Whilst theseconditions were optimised for the coupling of alkylines, attempts were
made toexploreif anilineswere also reactivéScheme79). Under forced aniline coupling
conditions, morpholine could be used as a substrate to form 88im&81% yield (se&ection

2.3.1, Scheme 48Aniline and electron donating and withdrawing substituents on the arene
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could be couled under current conditions with no modificati@hbeitin moderate yield56,
61and173). Under previous aniline coupling conditions electdonatinganilines performed
best, with electrowithdrawingsubstrates genergltoupling in lower yields (seechemet6).
The opposite trend was observed using alkyhe coupling conditions witp-fluoroaniline
performing better thap-anisidine.Coupling withN-methyhknline was poor, consistent with
lower yielding results for more sterically demanding atkyines(78) (Schemer8, 169 and
170). The boronic esteb5 was fully consumed and alcohol andde sideproducts were

present for all reactions with anilines

Ar

-

Bpin CuBr, (10 mol%) HN

_Ar >
HoN -
Toluene:IPA (1:1),
80°C, 18 h
55 (3.5 equiv)

ReRNs Vs GiN'e
oo O O O

173 78
45% 28% 49% 19%

Scheme 79: Coupling of boronic ester 55 with anilines.

3.3.2 Boronic Ester Scope

The scope withliespect to boronic ester was next exploAdtiboronic estergpresented
in the scope were prepared usingkm literature nathods Several 2° benzylic boronic esters
with both electron donating and withdrawing groups oratlyeringare toleratedScheme30).

All amines were formed in good yield, wigldeactivating trifluoromethydroupstill producing
58% yieldof aminel79without the need for an extended reaction time. When alild178

was subjected to the reaction conditions no Ullman coupling products were observed.
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o O
Bpin CuBr, (10 mol%)
o) N
R’ N Toluene:IPA (1:1),
H 80°C,18h R1J\
(3.5 equiv)
® () ) )
N N [Nj N

174 175 177 178
74% 65% 73% 78%

(0]

O OO )

N

o o ot

179 OMe 180 181 152

58% 80% 85% 71%

Scheme 80: Scope of the amination of 2° benzylic boronic esters with morpholine.

Additional classes of boronic esters were investigédeti€dmed1). 1° Benzylic boronic
esterwas coupled in moderate yigltl82). Increasing thehain length of théenzylicboronic
ester was also explorethougha decrease in yielof aminel83 was noted when compared to
U-Me boronic esterdmportantly, amination of the boronic ester was seledtivgive 183,
with nucleophilic substitution of the alkyl chlorideot observed Reaction ofisobutyt
substitutedooronic esteigaveaminel84, albeit in low yield Presumablyheincreased steric
hindrancereduces the reaction efficienche reactions of 2° nelmenzylic boronic esterdid
not form any coupling producti§5 and 186). In the case of cycloprogybronic estethe
starting material boronic ester wasturned unreactedMass spectrometry data suggested
amine 186 was present, however ketordd7 was the only is@table sideroduct with
presumed degradation of boronic esteleasingly 1° no#benzylic boronic esters could be
coupled with tetrahydroisoquinoline to form amit® and189. Tetrahydroisoquinoline was
used in place of morpholine for the cting of these boronic esters to ease visualisation during
purification. The unsuccessful attempts to couple 2° +fmnzylic boronic esters could be
repeated with tetrahydroisoquinoling @ couplingpartner b-estera n dketéboronic estermn
contrast to first generation conditiodsl not produce any coupled prod@t®0 and191) (see
Section2.3.2, Scheme52). The elimination productvas identified in the crua reaction

mixture. This couldbe attributed t@ retreMannich reactiorof the coupled produc
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j‘f” [ j CuBr, (10 mol%)

R2 N Toluene:IPA (1:1),
80°C,18h

() (]

R’l

(3.5 equiv)

__/
186 187
185
ND ND 6%
[:O:] [:O:]
ph >N NN

188 189 191
66%ARA 359ARA 190 ND

Scheme 81: Extended scope of the amination of 1°, 2° and non-benzylic boronic esters with
morpholine.

A test of the chemoselectivity of the reaction was undertaken usitgmaeition
experiment $cheme82). Amine 192 containing both an aniline ar2f amine moiety was
submitted to the reaction conditions. Coupling vittamine to forml93 was observed in 24%
yield. Starting material boronic est&5, ketone57 and alcohob8side products werebserved
in the crudereaction mixture but were not isolated. No coupling with anii;mérm amine
19 or dialkylation coupling producti95 was isolated. Despite the relatively low yield, these
results initially suggest theaetion conditions are chemoselective ditkylamines rather than
anilines. An intermolecular competition experiment could provide more insight into the

chemoselectivity of these reaction conditions.

H
N
H,N
Bpin
CuBr; (10 mol%)

Toluene:IPA (1:

N 80 °C, 18h
H
55 192 193 194 195
(3.5 equiv) 24% ND ND

Scheme 82: Competition experiment with amine 192.
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3.3.3 Investigation into the Mechanism of the Reaction

To assess whether the alkyl amination reaction is stereoselective, enantiomerically
enriched bronic este(S)-55 was submitted to the reaction conditioSsliemeB3). As with
the amination utilising aniline (segection2.3.4 a total loss of stereochemical information
was observed. This similarly suggests the potential formation of either a radical intermediate

or the configurational instability of an organocuprate intermediate.

®

CuBr; (10 mol%)
Toluene:IPA (1:1),
(S)-55 80 °C, 18 h
83

98:2 er (3.5 equiv)

70%ARA
50:50 er

Scheme 83: Alkyl amination of boronic ester (S)-55.

To investigate whether an alkyl radical is formed during the amination reaction a radical
clock experiment was performed using cyclogtibpronic estel20. If ring opening of the
cyclopropyl is observed a radical intermediate could occur. Altermgti¥ehe cyclopropane
ring remains thisvould suggesthat transmetation occurshrougha two-electron process.

This exgriment had been previously undertaken to assess the outcome with the aniline
coupling conditions (see Secti@mB.4 Schemes6), providing ring opened aminated product

121 only. In contrast, under é#se amination conditions when coupling morpholine, both ring
closedl196 and ring opened product97 were observedScheme34). The observation of both
compounds suggests tlzasingle electron transfer pathway is occurring, butréambination

with Cu occurs on a comparable rate to ring opening of the cyclopr@pigueel7).

O

Bpin

CuBr, (10 mol%)
Toluene:IPA (1:1),
80°C, 18 h
(3.5 equiv) 196 197
36% 3%

Scheme 84: Amination of cyclopropyl boronic ester 120.
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Figure 17: Possible mechanism for the alkyl amination of boronic ester 120.

3.3.4 Alkyl Amination of 3° Alkylboronic Esters

With theprevioussuccess fahe amination of 3° boronic esters with aniline (see Section
2.3.3) coupling of3° boronic esterl98 with morpholine was attempted undée standard
reaction conditions§cheme85). Coupling productl99 was formed, albeit in low yield.
However, the major product from the reaction was the elimination product @ken€hese
alkene sideproducts have been previously identified to form from dehydration of the
correspondin@® alcohol which couldform from oxidation ofthe boronic este®In this case
no alcohol product was identified, suggesting this degradation pathway could occur more
quickly under these reaction conditions. Alternatively, the boronic ester is more susceptible to

this elimination under these conditions loe productl99is also unstable.

(o)
Bpin [ j
CuBr, (10 mol%) N
‘)<‘\ Toluene:IPA (1:1), g ‘)<‘\ O O
cl 80°C,18h O O cl

(3.5 equiv)

199 Cl 200
8% 64%

Scheme 85: Reaction of boronic ester 198 with morpholine.

Due to the observation of alkene side prod2( test eactions with various reaction
conditions were trialled Table 26). Completing the reaction under standard akyhe
coupling conditiongproducedonly a very minimal amount of amir99 alongsde an equal
amount of starting materiab8 and alken@00(Entry 1).When thereactionwas performedh

the absenceof Cu, only starting materiall98 was returned,though presunably
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protodeboronation occurretlie b the low mass baland&ntry 2). Running the reaction in
neat morpholine, which has been seen to improve yields with 2° amindafse#0), did not
increase amin&99 yield (Entry 3). Undertltese neat conditions no starting mateti28 was
returned and only some alkeR@0 was formedInterestingly, wherthe morpholine coupling
partner isomitted, starting materiall98 is returnedcompletely (Entry 4). Stoichiometric
guantities of Cu were next tested to try and mitigate -gidduct formation and
protodeboronation (Entry). Unfortunately, only starting materia98, a very small amount of
alkene 200 and presunably protodeboronation occurred. Lower temperatures were next
employed as this had been beneficial in coup8h@oronic esters and anilines (seeheme

54). At both 50 °C and room temperatutike main component of the reaction mixtwas
returned starting material boronic esi®8 (Entry 6 and 7). Lower temperatures appear to
decrease protodeboronation and alk&0® formation when compageto using standard
reaction temperature (Entry 1). The exclusion of oxygen under stoichiometric conditions was
examined (Entng). This provided no improvement in yield of amit@9, but did improve on

thereducing theamount ofprotodeboroation occurring

o

o
Bpin
CuBr, (X equiv) N
N
O O H Toluene:IPA (1:1) or none, O O
80°C, 18h O O cl
Cl

cl (X equiv)
198 199 200
Cu o Morpholine Yield (%)

BNty oquiv | C Atmos equiv 199 198 200
1 0.1 80 Air 3.5 4 27 27
2 - 80 Air 3.5 0 30 0
32 0.1 80 Air 10 5 0 17
4 0.1 80 Air - 0 100 0
5 1.0 80 Air 3.5 1 65 4
6 0.1 RT Air 3.5 0 83 0
7 0.1 50 Air 35 3 73 11
8 1.0 80 Ar 3.5 2 95 8

Table 26: Systematic variation of conditions on the alkylation of boronic ester 198. Yields determined
using *H-NMR analysis and 1,3,5-trimethoxybenzene as an internal standard. Reactions conducted
on a 0.25 mmol scale of 198. Reaction concentration of 0.63 M. a) Reaction run neat.

With no clear pathway for improving amination usingugll 3° boronic ested 98,
attention was turned teaction ofdialkyl 3° boronic ster201. Amination of boronic este&t0l
was performed under neat conditions gadeamine202 in low yield (Scheme36). However,
unlike with boronic estef 98, no side productsvere observeduch asalkenes203 and 204.
Also, no boronic este201 starting material was returnetnfortunately, no furtheride

productscould be identified from the complex crude reaction mixture
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[:] [:] [Oj

CuBr, (10 mol%) -
80 °C, 18 h A
(10 equiv)
201 204
ND

202 203
1% ND

Scheme 86: Amination of 3° boronic ester 201 with morpholine.

3.4 Conclusions and Future Work

This work was directed athe development of a methodology for the amination of
alkylboronic esters with alkgmines.Optimisation reactions fosed on the use of benzylic
boronic esteb5 due to the ptential for charge stabilisation of an organaedg intermediate.
Through the systematic alteration of conditions, a practically simple and mild procedure for
the coupling of a range of boronic esters and alkyhes has been developédcitalytic
guantties of Cu can be efficiently used with air as an oxidBneviously reported successful
couplings of alkyboronic acids and alkyhmines are limited to the cyclopropylation of
alkylaminest>? Coupling with anilines under thesecondgeneration conditions produce

reducel yieldsin comparison to firsgeneration conditions

R4 CuBr, (10 mol%) N

N, R3\
B N~ toluene:IPA (1:1), 1J\ )
R1J\R2 H 80 °C, air, 18 h RY R
. 43 examples
(3.5 equiv) 19-87% yield

Scheme 87: Overview of alkylboronic ester amination with alkylamines.

Preliminary mechanistic investigations, indicated by loss ofesiehemical information

and cyclopropyl ring opening sugge#ie formation of a radicahtermediate

Future work would look at the expansion of substrate scope to incorporate further
activated boronic estdispotentially with the use ofmore forcing reaction conditions.
Investigations t@vercome troublesonmsde products during the alkylation of 3° boronic esters

would be undertaken.
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4. Development of a Nickel Catalysed Allylboration of Boronic
Esters

4.1 Allylboration Reactions

Homoallylic alcolols are common intermediates in pharmaceuticals and natural product
synthesig®8 These products contain an alcohol and alkene moiety, whichathrserve as a
functional handles for further transformatidfi$®® The use of Bylboronatesand their
addition to aldehydeis a common method to produce homoallylic alcoiBtshemed8). The
construction of homoallylic alcohols is subsequently the most prevalent use of allylboronates
in synthesig:1%

R3 cl)R o OH R
R! B R4
W “OR R5JJ\ y RSJ\e\Iﬁ
RZ R4 R1 R2?

Scheme 88: Overview of the addition of allylboronates to aldehydes to produce homoallylic alcohols.?

The extended use of allylboronates in #iisa is down to their increased stability when
compared to allylboranes. This is due to the partial donation of the lone pair of electrons on the
oxygen atoms into the emppyorbital of boront Organoboronatealsotypically exhibit low-
toxicity, and areonsequently assumed to be environmentally besudpstrate$®1%2Another
reason for their popularity is the high degree of diastereoselecthtigyned in allylboration
reactions. They can thefore be reliably used when planning a synthesis of a complex
molecule!®*This method has also been extended to allow the production of chiredceEmic
products using either a chiral boron reagent or a chiral catalyst during asymmetric synthesis.

4.1.1 Reaction Selectivity

Allylation reactions generally proceed wigitedictable outcomes, this was noted by
Denmark and Weber who progped an allylation classification systéfi.This enabled the
prediction of allylation products dependent on the metal andgtanaterial used=jgure18).
Allylboration is thought to proceed through a-smembered, chaiike transition stateA,
which is an example of a Type | allylation reactidhe diastereoselectityiof Type | reactions
is dependent on the starting allyl geomefgure 18).11%° Other allylation reagents for
example, trialkylsilanes, are categorised as Type Il reactions. These reactions often require the

addition of a Lewiscid (L.A.). Type Il reactions proceed through an alternative open transition
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stateB, mainly formingsynhomoallylic alcohols, independent of initial allyl geomefiygure

18).1 Type Il allylations can also occur via addition of allylic organometallic reagéntg(,

Ti) generated in situ from the corresponding allylic halides, proceeding through a closed chair
like transition stateC. Type Il reactions predominantly forranti-homoallylic alcohols
independent of the initial allyl halide geometrgiue to the organomeligks lack of

corfigurational integrity(Figure18).1%

Type | Type Il Type il
R1
—~— \
ML, LA. K/\ML RN,
R' [/ ~_ o~ "
-—R:{\O Jl\A/\
R2 R® “H R ML,

g R!

7
=2
:I_

T
RZ

>

c
OH OH
OH
J\(\ R3J\‘/\ RZJ\:/\
R1

R3S
R R2 R'/R?

E = anti E/Z = syn _ .
Z =syn M = Sn, Si Mi/ii_gfﬂZn
M =B, Al, Sn , Cr,

Figure 18: Type |, Type Il and Type llI allylation reactions and their respective stereochemical

outcomes.

The high stereoselectivity of the allylboration reaction is thought to be due to this cyclic
chairlike transition state of Type I, due to its closeture The diastereoselectivity achieved
is therefore often superior to those of Type |l reacti#ityThis enables the pdiction of the
stereochemical outcome for the majority of allylborations. The reaction usually proceeds with
retention of the allylboronates geometry, wittallylboronateRe) leading toanti-products
andZ-allylboronateqR7), leading tosynproducts $chemed9).! In all cases, the aldehyde is
oriented so that the R group is in the equatorial posih order to minimise sterics between
the aldehyde and the substituents on the tailgnl®® Density Functional Theory (DFT)
calculations have suggested that themsembered cyclic transition structure is the lowest
energy stte relative to other possibilitiés?1° This helps to explain the high stesetectivity
obtained when purE- or Z-allylboronates are reacted with aldehy&&sIhe strength of the

interaction between the coordination bond of the boron to the carbonyl oxygen of the aldehyde
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is the most significant factor iregulating the overall reaction rate of the production of the

alcohol®’

OR OR t
| | OH

R B B

E\|/\/ “OR ﬂ, Re {& " NoR _— R/'\(\
Rz R o Rf

Rz E Rz

Scheme 89: Initial allylboronate geometry transferred to product diastereoselectivity.

A potential source of difficulty wist using allylboron compounds is this stereochemical
dependence of the starting material. Allylboroagents, in particular, boranes, are able to
undergo reversible borotropic rearrangements, which can result in the scramblind=(# the
geometry cheme90).

R! BR R,B R2 BR
j/\/ 2 . 2 »Q\ j/\/ 2
R’I

R2 R1 RZ
Scheme 90: Representation of borotropic rearrangement.?

Conversely allyl pinacol boronic esters are configurationally stable, thereforarthey
much less prone to rearrangement and are geyeralte widely deployed in this area of
chemistry Figure19).1192199

E z B(pin)

Figure 19: E/Z isomers of allyl pinacol boronic esters stable enough to prepare independently.

4.1.2 Allylboration

Mikhailov and Bubnoz reported the first acknowledged addition aflghboron reagent
to a carbonyl in 1964° They were able to react triallylborane with various aldehydes. The
same group were also accountablethie first evidence of the addition of an allylboronic ester
to a carbonyl compourid? Allylboronates have become prevalent in stereoselective synthesis
due to their predictable diastereoselectivity, this was first documented by Hofémdrdeiss
in 197922
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4.1.3 Asymmetric Allylboration

There wee initially two main strategies for controlling the absolute stereochemistry of
allylboration reactions. The first strategy is to use allylboronateswi -ahiral darbon, which
are generally hard to prepare. The alternative is to use boronates tiithl #ack bone which
help to control addition to one face of the aldehyde.

Hoffmann and Herold reported the first asymmetric version of the allylboration reaction
(Scheme91).2% In this irstance they used a modified campbased scaffold, altering the
boron backbon205. This helped to control the absolute stereochemistry &tthemoallylic
alcohol206. This initial modest production of asymmetry piqued interest, enciogyégrther
exploration tgproduce efficient stereoselective allylboration methods.

o. ) MeCHO
O/B\/ﬁ ) N(CH,CH,0M); 2N

206
93%, 60-70% ee

Scheme 91: First asymmetric allylboration using a camphor-based scaffold.2%3

Brown and Jadhav reported thee of a dialkyhllylborane to induce stereoselectivify.
Nat u rpméneddiived allyl borane207 reacted with aldehydes to produce highly

enantioselective homoallylic alcohd88 (Schemed?2).

‘7\25\/\ MeCHO oH
A"Me

208

207 >99% ee

Scheme 92: U-pinene based allylboration producing high enantioselectivity.204

Another attractivelevelopment in the production asymmetric allylations was detailed
by Roush and cavorkers?® They described the use of diisopropyl tartrate (DIPT) as a chiral
auxiliary to derivatise allylborona09to producesnantioenrichedleohol 210 (Schemed3).

The group later reported enhanced allylboration stereoselectivity when usingtetart

allylboronateg
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O \F
iPro,Cin.(’ B CyCHO OH
O —_—

iPrO,C

210

209 72%, 87% ee

Scheme 93: Implementing the use of DIPT as a chiral auxiliary in allylborations.?%®

Corey and cavorkers documented the use of the readily accessible and recoverable tosyl
amide of 1,2diamino1,2-diphenylethane as a chiral auxilla2§1, enabling the formation of
alcohol 212.297 A limited number of homdylic alcohols are reported albein high

enantiomeric excesS¢hemed4).

Ts\
No g \F PhCHO OH
I

- =
Ph~</N /\)\Ph

< N
N Ts
Ph

212

2n 90%, 95% ee

Scheme 94: Production of homoallylic alcohols from tosyl amide boronates.2%”

The enantioselective examples above proceed via substrate control, requiring
stoichiometric lgels of chiral boron compounds. An alternative method is to use catalyst
control. This approach uses a@ahboron reagents, where enantioselectivity is induced using a
chiral catalyst in substiochiometric levels. This potentially leads to increaseermefficand
decreased costs. This method has been implemented usingatilsiél .A.), Brgnsted acids,
or metal catalysts which all employ a chiral ligand as well as chiral diols functioning

independently. These scenarios will be discussed further iretttisrs.

4.1.4 Lewis Acid Catalysed Allylboration

Generally an aldehyde and allylboron reagent doreguire an external additive to
react1% It would thereforeappear that the addition of a promoting agent would be of limited
benefit. The introduction of an external catalyst (e.g. Lewid) could potentially compete
with the boron for the aldehyde, feasibly leading to a less selective Type Hcbpen
mechansm (seeFigure 18, Section4.4.1), resulting in detrimental selectivityRecently
however, reports have shown the addition can be advantageous to the reagtigrto large

rate enhancement®
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Protection of an allylboron with pinacol increases compound stability, ingadssier
handling and purification at room temperattf&This improved stability camiturn mitigate
reactivity in allyboration reactiorf§??!°The electronic effect of the pinacol renders the empty
boron p-orbital less accessibl& The Lewis acidity of pinacol allylboronates is therefore
reduced leading to diminished reactivity with carbor{lsmplementation of an external

catalyst could therefore enhance the reactivity of pinacol boronic esters.

Despite concerns of reduced diastereoselectivity Kennedy and Hall initially reported rate
enhancementsased on the addition of a L.Aatalyst Gchemed5).2° The reaction was seen
to proceed at 108C lower than that of the uncatalysed reaction, whilst retaining the same level
of stereoskectivity. This therefore suggested that the reaction was proceeding via the same
chairlike transition state. The additiamf 2-carboxyester allylboronatéd3 to benzaldehyde
gave lacton@14, from the cyclisation of the homoallylaicohol group with the carboxyester
group. Under uncatalysed conditions the reaction took 2 weeks, however with the presence of
the LA. catalyst, Sc(OT#§) the reaction was complete within h2highlighting the possible
rate enhancements achievable whsimg L.A. catalysts.

O Sc(OTf %
)5 (10 mol
Et Bpin  PhCHO c(OTf); (10 mol%) _ o)
=z Toluene, RT, 12 h Me =—

Et Ph

214

213 12 d with no catalyst 93%, dr >19:1

Scheme 95: Lewis acid catalysed allylboration.208

Miyaura and ceworkers later screened a variety of L.A. catalysts in the remctio
pinacol allylboronate215 with benzaldehyddorming alcohol 216 (Scheme96).2*! The
screening showed numerous Leadsds were able to catalyse the reaction, most notablysAlCI

and Sc(OTH. At-78°C, in the absergcof a Lewisacid the reaction did not proceed.

i Lewis acid =
_A~-BPn prcHo :
Z Toluene, -78 °C, 16 h  pp” "

215 216
AICI, (
Sc(OTh;  (
Ticl, (63%)
BF;OEt, (
sncCl, (

Scheme 96: Screening of Lewis acid catalysts for allylboration.?1%

The same group also investigated competitlglation of electrorgally divergent
aldehydes. Under L.A. catalysed conditions an elegimor aldehyde€17 was found to be
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allylated preferentially in the presence of a more eleatidnaldehyde?18 (Scheme97).21t

During uncatalysed extion conditions at room temperature, only mild selectivity was
imparted and a mixture of allylboration products was formed. However, no reaction was carried
out atroom temperaturgvith a L.A. for comparison. Selectivity is coolied by the relative
reactivity of the electrophiles. Addition of a L.A. allows the reaction to occur at a lower

temperature, which in turn imparts a larger effect on the different transition state energies.

CHO CHO OH
Bpin Lewis acid o AN
/\/ + +
Toluene, 16 h
R
CF3 OMe

R =CF;: OMe
215 217 218
(1 equiv) (1.1 equiv) (1.1 equiv) none (RT, 89%, 81:19)
AlCl3 (-78 °C, 57%, 99:1)

Sc(OTf)s (.78 °C, 72%, 99:1)

Scheme 97: Selective allylboration of aldehydes under Lewis acid catalysis conditions.2!1

The control of diastereoselectivity in L.A.talysed allylboration suggests that the
reaction mechanism still occurs through the-reembered chailike transition stee (see
Figure 18, Type I, Section4.4.]). The production of isomerically puranti- and syn
homoallylic alcohols fromE- or Z-allylboronic esters respectively suggests a Type Il reaction
is notinduced (se€igure18, Sectiord.1.1).21!

The enhanced reactivity when using Lewatsds is thought to be due to an increase in
electrophilicity of the boron atom following binding of the L.A. to one of the boronate oxygens
(T.S. A, Figure20) as opposed to one of the carbonyl oxygens (T.Fidire20). Transition
stateA with coordination of the L.A. to thboronate oxygen is thought to disrupt the orbital
overlap of the emptp-orbital of boron with the oxygen lone pairs, rendering the boron centre
more electrordeficient. The boron centre compensates by strengthengngotfoncarbonyl
interaction, therefre lowering the activation energy of the reactid®¥.This theory follows
the calculations of Omoto and Fujimoto, who showed the coordination between boron and the

aldehyde carbonyh the allylboration reaction is the turnodeniting step?*?
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Figure 20: Possible transition states for Lewis acid catalysed allylboration.!
Further mechanistic studies have been undertaken to differentiate between the two
possible modes of L.A. activation. Prenyl BBIIO was reacted with aldehy@20 at- 78 °C
with and without Sc(OT#)(Schemed8).2** No rate enhancemefur the formation of alcohol
221 with the LA. present was observed, this therefore suggests that the boronate oxygens are

required for the L.A. activatin to take place, consistent with TAS(see Figure20).
OH

with and without Sc(OTf);
% /\/CHO
Y\/ B/g Ph 78 °C Ph AN

221
No rate accelaration with Sc(OTf)3

219 220

Scheme 98: Mechanistic study into the mode of Lewis acid rate enhancement.?13

DFT calculations have been used to investigate the coordination of the L.A. to the two
possible boronate oxygef$.The L.A. could operate through coordiiaat to the accessible
pseudoequatorial boronate position TASr the basic pseudoaxial oxygen TBSFigure21).
Coordination of the L.A. closest to the allyl group, TBSis 6.2kcal/mol higler in energy
compared to the A. coordination further from the allyl group, T./&. This energy difference
was assigned to the distortion that occurs in the dioxoborolane ring attributed to repulsive

forces between the allyl group and the BA.

R' OR L.A H
o |/
Rs& \F,Bl R OR
o orR RO\ ™ |
RZ J _-B
i o7
! R2 OR
L.A.
A B
pseudoequitorial pseudoaxial
boronate activation boronate activation

Figure 21: Possible Lewis acid boronate activation sites.*

In another study, alljploronates containing chiral dioR22 were subjected to L.A.

catalysis and produced enantioenriched prodi#23 (Scheme 99).2*° This suggests
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transmetalation from boron to the L.A. is improbable, otherwise the chiral auxiliary would be

lost and a racemic product would be formed.

oH
Ph, oreHO Sc(OTf; (10 mol%) :
0 CH,Cl,, -78°C Ph/\‘/\
Me __~_ B Me

223
222 60%, 97% ee

Scheme 99: Enantioenriched product using a Lewis acid catalyst.?!®

Miyaura and ceworkers were the first to report a catalytic asymmetric allylation of an
allylboronate224 using substichiometric amounts of chiral direr.2!* They obtained modest
chiral induction and excellent diastereoselectiviof alcohol 223 using the L.A.
diethylaluminium chloride andS)-BINOL as a ligand$chemel00).

PhCHO OH
Et,AICI/(S)-BINOL (10 mol%)

- N
Toluene, -78 °C, 6 h Ph/\‘/\

Me

223
224 OO 40%, 99% anti, 51% ee
OH

Me\/\/ Bpin

Scheme 100: Allylboration using (S)-BINOL to induce enantioselectivity.

Lewis acid catalysed allylborations have been employed in the production of natural
product precursors. Elford and Hall completeddjmethesis of a precursor to chinensiolide B,
which has been shown to display cytotoxic behaviour against human primary liver cancer
(HepG2) Gcheme101).2® The L.A. catalysed tandem allylboration/lactonisation ef 2
alkoxycarbonyl allylic boronat825wi t h asubstituted addéhydBP6 was a key step
in producing an advanced intermedia& in the total synthesis of the diterpene. Without the
L.A. catalyst present no reaction occurred. The reaction proceeded tveitis
diastereoselectiwt this is consistent with reaction through a-gigmbered chailike

transition state, reactirgglectvely with theZ- allylboronate.
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CHO
o o

BTBS BF;OEt, (2.5 mol%)
Toluene, 0 °C, 48 h

225

+ OTBS

TBDPSO

CO,Me
TBDPSO” NP Spin

226 227
ZIE 3.5:1 87%, >19:1 dr

Scheme 101: Lewis acid catalysed allylboration/lactonisation forming a diastereoselective product.?16

4.1.5 Brgnsted Acid Catalysed Allylboration

Jain andAntilla and described the first highly stereoselective chBagnsted acid
catalysed allylboration of aldehydes in the absence of &% .Fhe group employed chiral
phosphoric catalystR)-TRIP-PA 228 in the allylation of benzaldehyd® produce the
homoallylic alcohoR29in excellent yield and stereoselectiviychemel02).

228 (5 mol%) OH
Toluene, -30 °C Ph/\/\

A~-Bein PhCHO

229

215 99%, 98% ee

(R)-TRIP-PA 228

Scheme 102: Bransted acid catalysed allylboration of aldehydes.2%”

Production ofanti- and syn diastereomers from the correspondiBgZ allylboron
starting materials led the group to suggest the reaction was indeed proceeding through a six
membered chailike transition state of Type I, similar to that of the L.A. promoted reactidns.
They proposed the reaction was activated via protonation of the boronate oxygen by the chiral
phosphoric acid catalysfFigure 22). Other Brgnsted acid catalysed reactions of carbonyl

compounds have now bessportec!®
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Figure 22: Proposed transition-state for chiral phosphoric acid catalysed allylation of aldehydes.21”

Goodman and cworkers performedFT and QM/MM hybrid calculations on the
addition of1° allylboronates to aldehydg'® The results suggested, in agreement with Antilla
and ceworkers, that phosphoracid-catalysed allylborations involved a sixembered chair
like transition stateRigure23). Within this transition state there is reported to be a hydrogen
bonding interaction from the catalgdtydroxyl group to the pseudoaxial oxygen of the cyclic
boronate. There is also thoudbtbe an additional stabilising interaction from the phosphoryl

oxygen of the catalyst to the hydrogen of the aldehyde.

Figure 23: Computational calculations proposing a double coordination mode of phosphoric acid-
catalysed allylborations.?1°

Malkov and ceworkers also performed DFT calculations to determine the influence of
steric bulk of the cyclic boronate moiety on /& ratio of the homoallylic alcohol when using
a Brgnsted acid catal{??° The group also aimed to investigate if the double coordinatime
proposed by Goodman and-amrkers would extend t@° allylboronates (se€igure 23).219
This theory held and the twaoint activation mode was favoured for all boronate fragments
(Figure24). The steric sizefdhe boronate fragment appeared to influetgpreference, with
the larger steric boronates (ii (Epin) > i (Bpin) > iii) having the greateference for th&
isome. This knowledge enabled the group to use Epin to favouZtbelective pathway,
highlighting the reaction tunability of allylboration based on substrate and catalyst.
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Figure 24: Computational calculations of transition state structures of varying 2° boronate
fragments.22°

4.1.6 Chiral Diol Catalysed Allylboration

Schaus ando-workers reported the first catalytic asymmetric allylboration employing
substoichiometric diolsScheme103).2?! They postulated that chiral diols would act as
exchangeable ligands with Brgnsted acid characteristics to promote the allylboration of
ketones. After optimisation, §-3 , -BréBINOL 231 catalysed the reaction between
allyldiisopropoxyboran®30 and acetophenor@oducing the3° homaallylic alcohol232 in
good yield and stereoselectivity. Interestingly, the reaction did not proceed whbeoralhyt
acid pinacol ester is used, this is thought to be due to the stability of the cyclic boronate

resulting in diminished reawity.

OH

Bo )j\ 231 (15mol%)
ok Ph”” “Me  1:3 Toluene:PhCF, Me“‘M
-35°C, 15 h Ph
—_—— 232

230

OO Br 83%, 97:3 er
OH

99 i
Br

231

| —

Scheme 103: Catalytic chiral diol promoting the allylboration of ketones.?2

Further optimisation by the same group enabled a reductiatatyst loadin@31 to as
little as 2 mol% upon the addition@uOH (Schemel04).221t was also noted that the reaction

proceeded without solvent and at room temperature. The use of cyclic boronate
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allyldioxaborinane233 was also tolerated under these allylboration conditions to produce the

3° homoallylic alcohoR34 in excellent yield and stereoselectivity.

231 (4 mol%) OH

?/j (0] tBuOH (2 equiv) )\/\
> Me'' Y/
Me B, Ph)J\Me RT, 24 h Ph ’\:A oS
e

234

232 96%, 99:1 er, 97:3 dr

Scheme 104: Improved asymmetric allylboration of ketones using chiral diol catalyst.?2?

4.1.7 Metal-catalysed Allylboration

Metal salts and chiral ligands have also been used in stereoselective allylborations.
Previous metaleeported to catalysallylboration reactions are extensive and include!3Pd,

223228229 235 Cu,236|' 242 C0,243244 |n,245 |r,246,247 Zn,248 and RhZ.49' 251 Conversely N‘icatalysed

transformations of allylboron reagents are understudrécf

Shibasaki and cavorkers reported the first catalytic stereoselective allylipmraof
ketones using 3 mol% of CuBH>O and 6 mol% oR35as a chiral catalyst, La{@r) was
employed as a cocatalySdhemel05).225237 Allyl boronic esteR15 could be coupled in high
yield and stereoselectivity to form 3° alcoh®B2. Under these optimised conditions
allylboration of a wide range d&fetones proceeded in high yield and good stereoselectivity to
produce3°® homoallylic alcohols!'B NMR experiments suggest the mechanism of allylation
proceeds through transmetbn of the boron to an allylcopper species. It is suggested ¢at th
addition of La(@-Pr)xaids transmetalation aiding production of the actildapper reagent

without interfering with the transition state structure.
o CUF,.2H,0 (3 mol%) oH

/\/Bpin )j\ 235 (6 mol%) .
Ph Me La(0i-Pr) (4.5 mol%) Me'"' 2
DMF, -40 °C, 1 h Ph

Me Me,
Me—/ Me
q |
M /~Me

e

232

215 94%, 82% ee

Me Me

(R,R)-i-PrDUPHOS - 235

J

Scheme 105: Copper catalysed enantioselective allylboration of ketones.236.237
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Kobayashi and cavorkersreportedan unprecedented example of the catalytic use of
In(0) in asymmetric allylboration in wateB¢hemel06).2*> The allylation ¢ acetophenone
with allylboronic este215 using 5 mol% of In(0) combined with chiral bis(oxazoline) ligand
236 gave the homoallylic alcohd@32 in a high yield in water. The reaction is thought to
proceed via catalytic transmetalation at the Inasef This is seen as a significant discovery
in metatcatalysed allylations; other high yielding reactions previously required strictly
anhydrous conditions. The implementation of In(0) is also an important move towards catalysts

that are nontoxic, inexpsive and watecompatible.

e} In(0) (5 mol%) OH

o~ Bein )]\ 236 (5 mol%) _ ‘
Ph Me H,0 (1M), 10 °C, 24 h Me‘F:‘h N

232
215 68%, 52% ee

fo) o)
&w- N N
236

Scheme 106: In(0) catalysed allylboration of ketones in water.24°

Barker and Jarveeported the use of iridium to catalyse the allylboration of ketéffie
They used [Ir(cod)C}as a catalyst for the production of homoallylic aldd&2®2 from boronic
esterr15 (Schemel07). The reaction proceeded at room temperature, employing a diene ligand
to afford the3° homoallylic alcohoR32 in good yield The group screenathiral ligands with
limited success producing both enantiomers in equal quanhigdtighting there is scope for

improvement in metatatalysed enantioselective allylborations.

o [I(COD)Cl], (2 mol%) oH
i {BUOK (40 mol%)
/\/Bpln )J\ - .
Z Ph™ “Me B(OH)s (20 mol%) Me* AN
THF, 23°C,3h Ph

232

215 : 78%

cob
Scheme 107: Ir catalysed allylboration of ketones.

Zhang and Morkereported the use afickelto catalyse the 1;additionof boronicester
215to dienalg(Schemel08).2°2 The rateacceleratiorusing nickel was limited tadienals. The

catalysed reactioproducedaninversion of sibstrate olefin genetryto provde themajorE:Z
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isomer The enantisdectivity and stereoselectivity of the reaction could be improved by

performing the reaction a5 °C.Scope othereaction was limited to functionalisation at the

U carbon.

o 10 mol% Ni(cod), R Ph_ Ph

i 10 mol% phosphonite ligand [o)

/\/Bpln W - N O A

R H THF, -35°C, 18 h HO™ R >< b—ph

215 H o d
10 examples, 68-92% Ph Ph
73-94% ee, o

dr >20:1-7:1 (E:Z):(E:E) phosphonite ligand

Scheme 108: Nickel catalysed allylation of dienals.
4.1.8 ~ -Allyl Nickel Species

Molander and cavor ker s have previously regiyprted
complex?® Treatment o237 with nickel(0) cod after only half an hour led to quantitative
conversion to the corresponding trimethiylss u b s t i-atlyunicleeldhalile complex38
(Schemel09).

SiMe; )
Ni(COD), SiMe
Toluene, RT, 0.5 h Ji
Br I!liBr
238

87%
Scheme 109: For mat i oallyl mckel camplex.?%*

237

In an earlier study Heimbach and-workers reportec bis” -allyl nickel specie39
formed240when reacted with benzaldehyahich, when hydrolysed, produced homoallylic
alcohol 241 (Schemel10?®®*Thi s shows precedence f-alyl the
species reacting Wi a carbonyl, which could be a plausible reaction pathway fikehi
catalysed allylborations.

=

o OH

o]
<,Ni > + )j\ — > )\/\ — > )\/\ + Ni(OH),
\ Ph H Ph AN Ph X
239 240 241

Scheme 110: Reaction of a bis-" -allyl nickel species with an aldehyde to form a homoallylic
alcohol.2%5
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4.1.9 Applications of Homoallylic Alcohols

The homoallylic alcohol products formed in thiylaoration reaction are important
starting materials, intermediates or motifs in pharmaceuticals, polyketides, natural products
andpesticideg>8 2%

Recently Takao and eworkerg®® performed the first synthetic analysis on)-(
callophycoic acid A242 (Schemel11). Compound242 has been shown to have antimalarial
properties and cytotoxicity against human cancer cell it1é%2 The synthetic strategy the
group utilised to form the attarbon quaternary stereocentre vaflglboration of243 with
aldehyde244to form the homoallylic alcoh@45 Neopentyglycolester243was the preferred
boronic ester due to increased diastereoselectivity for the desired isbrB3éb (35,4R).
Selective silylation wastilised to aid separation from the starting mate2#&s. A number of

further transformations were performed in order to form the tricyclic ca2d f

A(\?
-B CcHO OH

(¢}
/\.:/ 1) CH,Cl,, 0 °C to RT A

= SN} — > 0O : B

2) TBDPSCI, imidazole, o 2
DMF, RT \L

OTBDPS
OH 245
(3S,49)

243 244 (3S,4R) 51% d.r. =17:1

(3R, 4R) 3%

Radical cyclisation
or

Pd catalysed
reductive cyclisation

242
(-)-Callophycoic acid A

Scheme 111: Quaternary stereocentre formed by allylboration in the total synthesis of (- )-
callophycoic acid A.260
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4.2 Aims

During my Masterso6 pr o] enckelcatalysed allydbaration o n
of aldehydes was optimised and a small test of the reaction scope was und&thieene(
112). The excessickel to ligand ratio was unintentiondloweverinverse atios were tsted
andgave comparative yields.

o Ni(OAc),.4H,0 (45 mol%) OH
dppf (20 mol%) KF (1.2 equiv)
e Yo U o
Ph Bpin RJ\H THF, RT, 18 h R Y™
122 Ph

8 examples,

57-99%

d.r. >19:1

Scheme 112: Previously optimised nickel-catalysed allylboration conditions.

Thefocusof this project is to further optimise the niclagtalysed allylboration reaction
with an emphasis on decreasing catalyst loading. The scdpe aflylboration reaction will
then be explored to assess the generality of the reaction conditions. A whrdétand 2°
allylboronic esters will be synthesised in order to investigate their reactivity and stereochemical
outcomes undethe nickelcatalysed conditions. Another main objective will be to explore
whether the nicketatalysed reaction proceeds via L.A. activabovia transmetalation. Such
insight is important to the design of further nickaltalysed transformations. Praming an
asymmetric nicketatalysed allylboration will also be attempted with the use of chiral ligands.

4.3 Results and Discussion: Nickel-catalysed Allyboration

4.3.1 Previous Optimisation

Some initial optimisation of the nickehtalysed allylboration of aldehydes was

c

C

undertaken and encompasses my Mas(eeSclede pr oj e

112). The optimisation reactions were carried out using phenylbalighic ester with
substituted benzaldehydes to form homoallylic alcohols. Variables including ligand,
temperature, base, softe nickel @atalyst, catalyst loading, and stoichiometry of starting
materials were all investigated in order to improve the yield and diastereoselectivity of the
reaction(Schemel13). This section gives a brief overview oinse of the optimisation results

obtained inorder to give a background to the chosen reaction conditions.
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R3 OH R®

fe) .

. Ni], ligand, base 4

R! Bpin [ > R
\2\( R5JJ\H solvent, T, t RS g A

RZ R4 R R2

Scheme 113: Optimisation of nickel-catalysed allylboration of aldehydes.

4.3.1.1 Temperature Variation

After an initial ligand screeninghe reaction temperature was varidatfle27). Room
temperature led to the highest yield of homoallylic alc@®t (Entry 2). Both higher and
lower temperatures led to decreased y@l@47. This is consistent wh a report of Brown
and ceworkers, who observed aimilar temperature dependence for allylboration reactions
with allylboronateg®as well ather groups employing metal catalysts for allylboraff#*®
At higher temperatures, is presumed that competitive protodeboronation reduces the

efficiency of allylboration.

0] OH

Ni(OAc),.4H,0 (45 mol%),
dppf (20 mol%), KF (1.2 equiv
Ph/\/\apin y depf( o), KF (1.2 equiv) XN
THF, T °C, 18 h =
Ph
Cl Cl

122 246 247
(1.2 equiv)
Entry T (°C) Yield 247 (%)
1 0 39
2 RT 70
2 40 28
3 65 29

Table 27: Effect of temperature variation on the allylboration of 122. Yield determined by 'H NMR
analysis using 1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol
scale of 122. Reaction concentration of 0.11 m.

4.3.1.2 Ligand Variation

From an initial ligand screen, the use of dppf gave the highest yield of pr@dict
However, this test was carried out while the reaction was still undergoing optimisation.
Therefore, afurther ligand screen was conducted using improved conditibablg 28).
Bisphosphine ligands (Entries 1, 2 and 3) generally led to the highesoly4d, but the use
of bidentate nitrogeihasedigands (Entry 6 and 10) also gave a high yield. None of the ligands
tested gave an improvement upon the 84% yield obtained when using dppf as a ligand (Entry
1).
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OH

o Ni(OAc),.4H,0 (45 mol%),
Ligand (20 mol%), KF (1.2 equiv
PN w Hoand( c) KF (0.2 ey TN
THF, RT, 18 h H
Ph
Cl Cl

122

(1.2 equiv) 246 247
Entry Ligand Yield (%)
1 dppf 84
2 Xantphos 78
3 dppbz 82
4 PyPhos 52
5 IMes 42
6 248 68
7 249 54
8 250 20
9 133 68
10 251 81
PPh, N
@_PPhZ ,%é, @ = | 4} cr
PPh, XN PPh,
PPh2 PPh, PPh, \©/
dppf XantPhos dppbz PyPhos IMes

H,N NH
H Ph Ph 2 2 tBu_ /—\ ,tBu W
N/\/N > J N N | |
H H N N
H HoN NH,

248 249 250 133 251

Table 28: Effect of ligands on the allylboration of 122. Yield determined by *H NMR analysis using
1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol scale of 122.
Reaction concentration of 0.11 m.

4.3.1.3 Solvent variation

The effect of solvent on thgeld of allylborationto form alcohol247 was investigated
(Table29). Polar and notpolar solvents performed equally. While the use of DCM,A&tO
and petroleunether all led to acceptable yields247, performing the reaction in THF (Entry
8) gave the highest yield 84%
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(e} OH

Ni(OAc),.4H,0 (45 mol%),
/\/\ H dppf (20 mol%), KF (1.2 equiv) AN
Ph Bpin H
P solvent, RT, 18 h I;h
Cl Cl

122 246 247
(1.2 equiv)
Entry Solvent Yield 247 (%)
1 DCM 77
2 Diethyl ether 56
3 Dimethyl carbonate 44
4 DMF 5
5 Ethyl acetate 74
6 Petrol 40/60 72
7 Toluene 50
8 THF 84

Table 29: Effect of solvent on the allylboration of 122. Yield determined by *H NMR analysis using
1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol scale of 122.
Reaction concentration of 0.11 m.

4.3.2 New Optimisation Work
4.3.2.1 Decreasing Catalyst Loading

Having established the bdistand, solvent, base and temperature for the nickilysed
allylboration reaction, catalyst loading was investigated. A series of reactions with different
catalyst loadings were performed, with aliquots taken over the course of the re@abtn (

30). The reaction without catalyst (background reaction) showed a consistent yield of around
30%of 247between 2 and 24 h (EntrieslQ). The use of 30 mol% Ni(OAcyave 85% yield

of 247 after 8 hours (Entry 3), whereas a 12 mol% loading led to a nteds%o yieldof 247

(Entry 8). The aim was to reduce catalyst loading to below 20 mol% and so a further test was
conducted.
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(¢} OH

Ni(OAC),.4H,0 (X mol%),
dppf (X mol%), KF (1.2 equiv,
Ph/\/\Bpin y  depf( 0), KF (1.2 equiv) N
THF, RT :
Cl Cl Fh

123 246 247
(1.2 equiv)
Loading of [Ni] Loading of dppf
Entry (X mol%) (X mol%) T (h) 247 (%)

1 30 15 2 48
2 30 15 4 75
3 30 15 8 85
4 30 15 24 72
5 12 55 2 49
6 12 5.5 4 53
7 12 5.5 8 54
8 12 5.5 24 55
9 0 0 2 33
10 0 0 4 38
11 0 0 8 29
12 0 0 24 34

Table 30: Effect of catalyst loading on the allylboration of 122. Yield determined by *H NMR analysis
using 1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol scale of
122. Reaction concentration of 0.11 M.

To confirm whether it was viable to reducéatgst loading below 20 mol%our further
reactions were carried out to determinields of isolated produgcprimarily to reduce any
uncertainty associated with NMR yields. The catalyst loading was varied for two different time
frames using two differergldehydegTable31). Comparablegields of isolated prodiavere
achieved for both catalyst loadings over their respective time frames. The allylborgtion of
chlorobenzaldehyd246 gave homoallylic alehol 247in 76% yield over 4 h using 30 mol%
of Ni (Entry 1). However, lowering the catalyst loading to 12 mol% and increasing the reaction
time to 18 h gave an equivalent result of 74% yield (Entry 2). Similar results were obtained
when using the morelectronpoor p-cyanobenzaldehyd252 A slightly higher yieldof 253
was achieved when employing 12 mol% of Ni over 18 h (Entry 4) compared to the reaction
over 4 h using 30 mol% Ni (Entry 3). With the two different catalyst loadings mirror@hgdsy
over different time frames, a concession of either time or catalyst loading would need to be
made. Compromising a shorter reaction time for a lower catalyst loading was seen as the better
option, due to reduced cost which could make the reaction mabée on larger scale.
Therefore, all further reactions used 12 mol% of Ni(QA).O and were conducted over
18h.
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(¢} OH

Ni(OAc),.4H,0 (X mol%),
dppf (X mol%), KF (1.2 equiv
Ph/\/\Bpin y opp ( o) ( quiv) . X
THF, RT 5
Ph
R R

122 R = Cl 246 R = Cl 247

(1.2 equiv) R = CN 252 R =CN 253
Entry R Loading of [Ni] Loading of dppf h) Yield 247
(X mol%) (X mol%) or 253 (%)

1 Cl 30 15 4 76

2 Cl 12 5.5 18 74

3 CN 30 15 4 67

4 CN 12 5.5 18 70

Table 31: Effect of catalyst loading on the allylboration of 122. Isolated yield. Reactions conducted on
a 0.33 mmol scale of 122. Reaction concentration of 0.11 M.

4.3.2.2 Asymmetric Allylboration

Next, the possibility of developing an enantioselective variant of the reaction was
explored, by employing a number ahiral ligands in place of dppfTable 32). The
Ni(OAC)2.4H0, potassium fluoride and chirggand were mixed in THF for 30 min prior to
the addition to the aldehyde and allylboronic edf2# in order to allow ligation of the Ni
catalyst.To try and overome the known racemic background reaction, the catalyst loading
was increased for these tests. The yield247 varied within the ligand classes. However,
generally bidentate nitrogen ligands (Entry 6 and 7) did not work well. Bulkier bisphosphine
ligands (Entry 3 and 4) largely outperformed the less bulky ligands (Entry 1 and-6yandN
259 is a class dfgand used in a range of enantioselective intramoleculaaf®1,4addition
reactionswhich also led to a high yield of alcoh®47.263265 However, despite triding a
variety of chiral ligands, all reactions returned racemic product. This bedlak toinefficient
ligation, so thata welldefined catalystioes not fornin situ. Another possible factor hindering
formationof theasymmetric variant could be the catalysts lack of discrimination between the
aldehydes Re/Si faces.
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OH

o Ni(OAc),.4H,0 (45 mol%),
Ph/\/\B . y _Ligand (20 mol%), KF (1.2 equiv) N
n H
P THF, RT, 3h :
Cl Cl Fh

122 246 247
(1.2 equiv)

Entry Ligand 247 (%) e.r.
1 Duanphos 31 50:50
2 Quinox P 67 50:50
3 S-Binapine 50 50:50
4 254 71 50:50
5 255 44 50:50
6 256 58 50:50
7 257 21 50:50
8 258 81 50:50

D £_Bu
P ut-Bu N P
P »1-Bu
P—=t-Bu N

Duanphos Quinox P (S)-Binapine

4[]

Me Me E“
o) H o ~
(:[ Me t-Bu t-Bu
" N pe" ~N N
N~/ N 5 ( Il
o) o)
Me, O =__: [e} Me Me Me
)———NH 7 HN—<
Ph )—@ Ph
o) o)
254 255 256
Me

Ph\ Me
Ph NH N Phsp-Ph
) ( !
HN Ph o
Ph

257 258

Table 32: Use of chiral ligands in the allylboration of 122. Yield determined by 'H NMR analysis using
1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol scale of 122.
Reaction concentration of 0.11 m.

Previous reportsof asymmetric allylboration reactions employing chiral ligands
generally used | ow temper &tThisiepesumablydietog f r on

decreased relative rate of uncatalysed racemic background reaction in comparison to the
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catalysed allylation at lower temperatures. Therefore, asdig58 led to the highest yield,
comparable with dppf, it was decidedtty decreasing the temperature of the reaction® 0
(Table33, Entry 2) and35 °C (Entry 3) to assess if the catalgseaction could be promoted.

A small amount of homoallylic alcohd@47 was formed at35 °C, however, no internal
standard was added, in order to make purification easier prior to HPLC analysis, and so no
NMR yield is available for this entry. It wésund that decreasing the temperature led to lower
yields of 247 and stil no stereoselectivity was induced. At this point, it was decided not to

pursue an asymmetric variant further.

0O OH

Ni(OAc),.4H,0 (45 mol%),
Ph/\/\Bpin /©)l\H 258 (20 mol%), KF (1.2 equiv) . . AN
THF, 3h E’h
Cl Cl
122 246 247
(1.2 equiv)

Entry T (°C) Yield 247 (%) er
1 RT 81 50:50
2 0 38 50:50
3 -35 - 50:50

Table 33: Effect of temperature variation using chiral ligands in the allylboration of 122. Yield
determined by *H NMR analysis using 1,3,5-trimethoxybenzene as an internal standard. Reactions
conducted on a 0.05 mmol scale of 122. Reaction concentration of 0.11 m.

4.3.2.3 Control Reactions

In order to investigate the roles of each reagent, a numbewsndfol reactions were
undertaken Table 34). When the reaction was performed without catalyst the background
reaction gave a 41% yielaf alcohol247 (Entry 1). When utilising only potassium fluoride in
the allylboration eaction a 34% yieldf 247was achieved (Entry 2). This shows the presence
of KF does not increase the yield of background reaction alone, and the d.r. remained
unchanged when compal to catalysed reaction conditions. Removing potassium fluoride
from the reaction and using a higher loading of Ni(Q2amd dppf, gave a decreased yield of
70%for the formation o247 (Entry 3) when compared to the final optimised conditions (Entry
5). Altering the relative stoichiometry of Ni(OAcand dppf to equal loaags (Entry 4) gave

a slight decrease in yietef alcohol247when compared to the optimised conditions (Entry 5).
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0 OH

Ni(OAc),.4H,0 (X mol% or none),
dppf (X mol% or none), KF (1.2 equiv or none
oo b depf (X mol% ), KF (1.2 equiv ) PN
THF, RT, 18 h H
Cl Cl Fh

122 246 247
(1.2 equiv)
Entry Nickel (mol%) dppf (mol%) KF (equiv) Yield 247 (%)
1 - - - 41
2 - - 1.2 34
3 45 20 - 70
4 5 5 1.2 79
5 12 55 1.2 84

Table 34: Control reactions of the allylboration of 122. Yield determined by *H NMR analysis using
1,3,5-trimethoxybenzene as an internal standard. Reactions conducted on a 0.05 mmol scale of 122.

Reaction concentration of 0.11 m.
4.3.3 Scope of the Nickel-catalysed Allylboration Reaction

4.3.3.1 Allylboration of Aldehyde Compounds

With optimised conditions in hand, the scope of the allylboration wasdtegth a
number of different aldehydes using boronic ed® (Schemell4). In all cases thanti-
diastereoisomer of the corresponding homoallylic alcehals pr oduc edb:5 wi t h
good to excellent yield. The reaction is general and functional group tolerant producing yields
of up to 95%. The allylboration proceeds well with substituted benzaldehydes tolerating
methoxy, nitro, nitrile, trifluorometl and halide group&259 268 253 263 and262, 267).
Substitution at the hindered ortposition did not diminish yield266-268). A variety of
heteroaromatics, pyridylfuryl- and thiophenyderived aldehydes were alsuerated, albeit
reacting in slightly lower yield270-272). The process was not limited to benzaldehydes and
undergoes reaction witl? and2° aliphatic aldehydes in good yie{@d73and274). However,
the reaction did not proceed with hexanal ammbugyraldehyde showing there are small
limitations to the reaction of long chain alkyl groups and sterically hindered aldehydes.

The relative configuration of the homoallylic alcot283 was unambiguously assigned
by X-ray crystallographyRigure25). This confirms the relative stereochemistry of the product
showing that theanti-homoallylic alcohol is formed. The remainder of the products were

assignedased on the literature data or by analog®58
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Figure 25: X-ray structure depicting stereochemistry of 253.
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Scheme 114: Scope of the reaction of the allylboration of 122.
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The reaction ofS)-275provided homoallylic alcohd[S,S,R)-276, isolated as the single
synanti diastereomer Schemell5). The absolute configuration was confirmed byray
crystallographyigure26).

O Ni(OAC), 4H,0 (12 mol%),
122 (S)-275 (S,S,R)-276

(1.2 equiv) 42%
dr > 6:1

Scheme 115: Employing a chiral aldehyde under nickel catalysed allylboration reaction conditions.
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Figure 26: X-ray structure of (S,S,R)-276

The diastereoselectivify6:1) is greater than for the corresypling reaction of aldehyde
(S)-275 with boronic esterl22 as described by Roush and-workers, which gave a 1:1
mixture of syn,anti and anti,anti products’®” The formation of the majorsyn,anti
diastereoisomer is consistent with a chelate coertt@htiCram addition to aldehyd&)-275
(Figure27, Chelation model§%825°Presumablyth e-alkdxy aldehyde aardinaesto the metall
providngan addi t-memhér e&d i ¥weng6 stabilisation pi
enhancing the electrophilicityf the carbonyl. The alternate minanti- diastereomer would
be formed through theowest energy Felkinh model, with attack occurring at the least

hindered trajectoryRigure27, Felkin-Anh model)?7%271
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Chelation Model:
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Figure 27: Models to determine diastereoselective outcomes of the reaction of carbonyls.

The nickelcatalysed allylboration reaction between aldeh2dé and an allyoronic
ester122 was scaled up to a grasaale without loss of efficiency producing thanti-

homoallylic alcohoR47in excellent yield $chemel16).
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Scheme 116: Gram-scale nickel catalysed allylboration reaction.

4.3.3.2 Allylboration of Boronic Ester Compounds

A variety of boronic esters were reacted under standard nickel catalysed allylboration
conditions with aldehyd246. All boronic eserspresented in the scope were prepared using
known literature nathods.The allylboration of the linear boronic esg&# gave the branched
anti-homoallylic alcohol277 (Schemell7). The production o277 in lower diastereomeric
ratio is thought to be due to using the starting mat2glas a mix of thd&e/Zisomers, as the
same ratio is carried through to the product. This is presumably dueHagbeer producing
the anti-homoallylic alcohol andte Z-isomer forming thesynisomer, with no isomerisation

occurring on the allylboration timescale, therefore the ratio does not change.
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Scheme 117: Allylboration using the linear methyl boronic ester.

To test if the diastereoselectivity of the reaction would be altered by changing the
stereoisomer of the allybronic ester, commercially availaldecrotylboronic este78 was
reaced, to givesynrhomoallylic alcohoR79in excellent yield Schemel 18). This is consistent
with having used pur&-isomer of boronic est 278 as only one diastereomer is obtained.
This outcome of the diastereoselective dependency on the starétegials geometry is
consistent with reaction occurring through anémbered transition stateln addition,
isomerisation of the double bond does not occur during the reaction.

Me o Ni(OAC),.4H,0 (12 mol%), oH
dppf (5.5 mol%), KF (1.2 equi
vam ., dPPf (5.5 mol%), KF (1.2 equiv) N
THF, RT, 18 h
Me
ci cl

278 246 279
99%

Scheme 118: Allylboration using Z-methyl linear boronic ester.

The useof p-chloracinnamyboronic este280in the allylboration would gauge if adding
a mildly electroawithdrawinggroup to the cinnamylboronic ester would impact on reactivity
(Schemel19). Reactivity was not hindered and proceeded well producingniirdomoallylic
alcohol281in good yield and excellentd

0 Ni(OAC),.4H,0 (12 mol%), OH
dppf (5.5 mol%), KF (1.2 equiv)
X Bpin H X
THF, RT, 18 h :
cl cl cl Q
281 Cl
280 246 89%
dr>19:1

Scheme 119: Allylboration using the p-chlorocinnamylboronic ester.
The trisubstitted boronic egr 125 was synthesised to determine if a quaternary centre
could be formed. Allylboration proceeded well and homoallylic alc@8@was formed in
good yield Echemel20). This reactioralso demonstrates that 4a8ylic transposition does

not occur prior to allylatioR!?
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Scheme 120: Allyboration of trisubstituted boronic ester to form a new quaternary centre.

The reaction of the-8ubstituted allyporonic ested 28 proceeded in high yield to form
the 2substituted homoallylic alcoh@B3(Schemel21l).

O Ni(OAG),.4H,0 (12 mol%), OH
., 9P (5.5 mol%), KF (1.2 equiv)
Bpin THF, RT, 18 h
cl cl
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95%

Scheme 121: Allylboration to form a 2-substitued homoallylic alcohol.

Cyclohexyboronic este84 was reactednder the standard reaction conditions to give
synthomoallylic alcohol285 (Schemel22). The synisomer is formed due to the fixef
isomer of the boronic ester. This demonstrates thatfdlysed allylboration is not limited to
1° allylboron reagents.

(0]

Ni(OAC),.4H,0 (12 mol%), OH
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Scheme 122: Allylboration using the cyclohexylboronic ester.

The 2° methyboronic ester286 was reacted with -¢hlorobenzaldehyd@46 under
standard reaction conditions to gi¥ehomoallylic alcohol287in modest selectivity in good
yield (Schemel23). Theformation of theZ-homoallylic alcohoR87as the major product from
the reaction of 2° boronic ester is consistent with a number of other previous allylborations.
Hoffmann and Weidmann used the safiallylboronic ester to form theomoallylic alcohol
in 77:23Z:E ratio with benzaldehyd&?Malkov and ceworkers also reported on the same
reaction a 67:3Z:E ratio of the homoallylic alcohol product in the presenceRpTRIP.22°
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Scheme 123: Allylboration using the 2° methyl boronic ester.

In contrast2° phenyboronic esteP88reacted to giv&-homoallylic alcohol as the major
product289 (Schemel24). Usually in order to produce dfselective homdgylic alcohol a
sterically unhindered allpbronic ester is required? 2’ However, it has been previouslytad
that formation of th&-homoallylic alcohol occurs preferentially when using aryl substituted
2° allylboronic estef8%281 This switch toE-selectivity could be accounted for by Ni actirsy a
L.A. catalyst. This moderate change in selectivity has been previously observed when using a
L.A. catalyst?82284

Bpin O OH
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THF, RT, 18 h
cl cl
288 246 289
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Scheme 124: Allylboration using the 2° phenyl boronic ester.

Theisomericratioswhen reactin@° allylboronic ester86and288 can be explained
using Figure 28.2° Transition stated shows the formation of thE-homoallylic alcohol. In
T.S. A, steric clashes are present between the pinacol backbone and the R group°of the
boronic estef2%2’3 This interaction, however, is relatively small when R = phenyl, due to the
flat nature of the aryl ring. In comparison, TBSforms theZ-homoallyic atohol, where there
is a 1,3diaxial interaction between the-gRoup and a pseuesxial hydrogen. Presuably,
when R = phenyl, this 1;8iaxial interaction is greater than the steric clash present irAT.S.
resulting in E-homoallylic alcoholas the majo product?®® Instead, when R = methyl,
presumably the steric clash between the methyl group and the boronatdirs Tu®ater than
the 1,3diaxial interaction in T.SB, resulting in Z-homodlylic alcohol as the major

stereoisomer.
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Figure 28: Allylboration transition states of 2° allylboronic esters forming either E or Z isomers.

The observed diastereoselectistigom the reaction of the boronic esters suggests that
the nickelcatalysed allylboration occurs through a wadfined 6membered cyclic transition
state. However, the mode of action of the nickel catalyst could beociawéral possibilities,
namely bynickel promoting the reaction by acting as a Lewis aéigure 29, Pathway 1 and
2) or alternatively by transmetalation from bottormickel to generate aucleophilic
allylnickel speciesKigure29, Pathway 3 and 4). This Lewis acid catalysis could occur through
coordination of nickel to an oxygen of either the bateror the aldehyd&ormation of the:-
homoallylic alcohol is unfavoured under nickeltalysed contions. The Lewis acid
activation of the boronate group by Ni is unlikely to reduce the steric environment iB,T.S.
therefore favouring Pathway 1 and the formation ofztt@moallylicalcohol. This provides
tentative evidence that such a Lewis acid megdm is in operation.

Figure 29: Allylboration transition states under Lewis acid catalysis A and B, Nickel transmetalation
transition states C and D.
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